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The effects of understory grazing by deer on aboveground N input to soil and soil N

mineralization in a forest on Mt. Ohdaigahara in Japan

Hitomi Furusawa'*, Teruaki Hino? Shinji Kaneko', and Makoto Araki'
'Forestry and Forest Products Research Institute
*Faculty of Agriculture, Meijo University

According to some studies, herbivores reduce plant productivity, N input to the soil, and soil N mineralization, hence decelerating
N cycling in forest ecosystems. However, few studies have been conducted on plant productivity and N dynamics in forest ecosys-
tems, where herbivores have grazed on understory plants. In the temperate mixed forests of Ohdaigahara in central Japan, sika deer
(Cervus Nippon centralis, Temminck, hereafter “deer”) graze on understory dwarf bamboo (Sasa nipponica, Makino et Shibata, here-
after “sasa”). We studied the effects of deer grazing on the aboveground N input to the soil and soil N mineralization at the deer ex-
closure in the forest for 4 years. Deer exclusion increased the aboveground biomass of sasa, and thus the N input from sasa litter to
the soil. The N input from the aboveground sasa litter inside the exclosure was nearly twice the sum of the N input from the above-
ground sasa litter and the N input from the deer excrement outside the exclosure. This suggests that deer grazing decreased the
aboveground productivity of sasa. We could not verify that deer grazing decelerated the soil N mineralization rate. Because the differ-
ence in the total N input was relatively small when N from woody litter was added to the N input, and the acceleration of the soil N
mineralization rate by N input through excrements may partly compensate for depression by the decrease in the total aboveground N
input. Long-term monitoring is needed to understand the effect of grazing on N dynamics in forest ecosystems.
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1. Introduction

Grazing or browsing by herbivores often influences the N
cycling in grassland ecosystems (McNaughton, 1979; Holland
et al. 1992; Frank and McNaughton 1993; Ritchie ef al. 1998;
Olofsson et al. 2004) and forest ecosystems (Pastor et al.,
1993; Smit and Kooijman, 2001; Stark er al., 2003). Herbi-
vores have been shown to sometimes enhance (McNaughton,
1979; Frank and McNaughton, 1993) and sometimes retard
(Pastor et al., 1993; Ritchie et al., 1998) the rate of N cycling
in these ecosystems. Changing the quantity and quality of litter
by grazing or browsing is an important factor that drives N cy-

cling in ecosystems affected by herbivores.

T

In a study of north temperate grassland grazed by elk and
bison in the Yellowstone National Park, Wyoming, herbivores
increased the aboveground productivity (Frank and McNaugh-
ton, 1993), increased the N content and reduced the C/N ratio
of plant materials (Tracy and Frank, 1998), thus increasing the
N input from plants to the soil. Frank and Groffman (1998)
observed that net soil N mineralization was faster in the grazed
grassland than in exclosures. They indicated two possible rea-
sons for this. First, the relative increase of the N input com-
pared with the C input of grazed plant materials would in-
crease the net N mineralization because of the reduced micro-
bial demand for N (i.e., microbial immobilization) during de-

composition. Another possibility is that N added as herbivore
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excrement, which be thought to have more easily decompose
composition (Hobbs, 1996), may increase the rate of N miner-
alization in the grassland soil. An increased N availability to
plants through an increase in the soil N mineralization rate
helps grazed plants re-grow. Thus, herbivores enhance a posi-
tive feedback process, which increases aboveground plant pro-
ductivity and the rate of N cycling.

In forest ecosystems, the situation is more complicated than
grassland ecosystems because trees dominate the upper layer
and there are understory plants on the forest floor. In boreal
forests in Isle Royale, Michigan, selective foraging of hard-
woods by moose increased the abundance of conifer species
that have a slow growth rate, a low N demand, a low N con-
tent and a high C/N ratio in litter (Pastor ef al., 1993). Moose
diminished both the mass and N content of litter input to the
soil by increasing the abundance of conifer species, and as a
result, the N mineralization and net primary productivity out-
side the exclosures were lower than inside the exclosures. In
the case of boreal forests, where nutrient availability is gener-
ally low, changing the quantity and quality of litter may have a
considerable effect on N mineralization and N availability.

Browsing dominant tree species in the upper layer may also
have important effects on the N dynamics of the forest ecosys-
tem in temperate regions. However, herbivores would affect
the N dynamics through grazing on understory plants even if
herbivores do not change the quantity and quality of litter from
the upper layer. Herbivores in a Scots pine forest in the Neth-
erlands do not directly browse the forest stands but graze
dominant understory grasses (Smit and Kooijman, 2001). Graz-
ing leads to an overall decrease in grass productivity and N in-
put, and presumably slows down N cycling because of the de-
crease in importance of the grass layer. In general, the biomass
herbivores consume would be relatively large compared to
standing crops, particularly in low-productivity environments
such as forest understories with an overabundant population
(Brathen and Oksanen, 2001). Thus, Coté et al. (2004) hy-
pothesize that herbivore grazing reduces plant productivity and
decelerates nutrient cycling in forest ecosystems. However, few
studies have been conducted on plant productivity and N dy-
namics, such as the N input from plants and soil N mineraliza-
tion in forest ecosystems where herbivores grazed understory
plants.

Populations of sika deer (Cervus nippon centralis Tem-
minck; hereafter, “deer”’) have grown for the past several dec-
ades in many areas of Japan (Natural Environmental Research
Center, 1997). In forests, this increase in the deer population
has changed the species composition (Takatsuki, 1977) and
biomass of plants, especially for dwarf bamboo species, which
are the dominant species in the forest understory in Japan (Fu-
rubayashi and Yamane, 1997; Yokoyama and Shibata, 1998).

Mt. Ohdaigahara in central Japan also has a high population
density of deer, estimated to be 20 to 30 individuals per km’,
and this population has remained stable for the past 20 years
(Fukushima et al., 1984; Maeji et al., 1999; Environmental
Agency of Japan, 2001). Deer grazing has decreased the culm
height and biomass of Sasa nipponica Makino et Shibata
(hereafter, “sasa”), a species of dwarf bamboo that dominates
the forest floor on Mt. Ohdaigahara. Within 4 years of the es-
tablishment of deer exclusion areas in the forest, the above-
ground biomass of sasa increased to between 123 and 550 g
m~ there (Furusawa et al., 2003). However, we still do not
know whether deer decrease both aboveground N input from
sasa to the soil by decreasing the net aboveground productivity
and soil N mineralization rate.

In order to study the impact of understory grazing on N dy-
namics in the sasa-dominated forest at Ohdaigahara, we con-
ducted a 4-year study using an experiment based on deer treat-
ments (exclusion and control). The aim of this paper is to de-
scribe the effect of deer grazing on the aboveground N input

to the soil and the soil N mineralization rate.
2. Materials and methods

2.1 Study area and experiment design

This study was carried out in a temperate mixed forest with
a 5°to 9° slope at Mt. Ohdaigahara on the Kii Peninsula in
central Japan (lat. 34°10'44"N, long. 136°5'22E; altitude
1,540 m). The annual precipitation exceeded 4,000 mm. The
mean annual temperature was 6.4°C at the study site in 2001
(Furusawa et al., 2006). The stem density and total basal area
of live trees were 693.3 trees ha™' and 40.6 m® ha™' respec-
tively at the study site (Ito and Hino, 2004). The dominant tree
species are Fagus crenata Blume (48.2% of basal area) and
Abies homolepis Sieb. et Zucc. (23.9%) (Ito and Hino, 2004).

Although sasa covers more than 90% of the forest floor, it
remains less than 0.1 m tall as a result of deer grazing. The
mean deer population density has been estimated to be 20 to
30 individuals km™ from 1982 to 2000 (Fukushima et al.,
1984; Maeji et al., 1999; Environmental Agency of Japan, un-
published data). Deer usually use the study area during the
snow-free season from April to November (T. Hino, unpub-
lished data).

We used five pairs of plots (each plot was 5 x 10 m), estab-
lished in May 1997 in the forest. One plot of each pair ex-
cluded deer by means of a surrounding 2-m-high fence (here-
after, the “deer-exclusion plot”), and the other did not exclude
deer (control, hereafter, the “deer-grazing plot”). These two
plots were adjacent to each other, and were also used for other
research, including research on seedlings, insects, and soil in-
vertebrates (e.g., Hino et al., 2003; Ito and Hino, 2004; Ito and
Hino, 2005; Ueda et al., 2006). Thus, we could not obtain
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samples from all five plot pairs for some measurements be-
cause we had to avoid any physical disturbance that would
have resulted from taking large samples. A more detailed de-
scription of the study site is provided by Furusawa et al.
(2003) and Furusawa et al. (2005).

2.2 Field and laboratory methods

2.2.1 Biomass, N concentration and N stock of sasa

We measured the aboveground biomass of sasa in May 1997,
and September or October from 1998 to 2001. Aboveground
sasa was clipped into a 0.5 m x 0.5 m quadrat in each plot in
three of the five pairs chosen randomly at each sampling. We
measured the dry weight of the leaves and the culms. The total
N concentrations of the leaves and the culms in each plot in
2001 were measured using an automatic NC analyzer (NC800,
Sumika Chemical Analysis Service, Ltd., Japan), which was
also used for all measurements of the N concentrations de-
scribed below. The N stock in sasa aboveground in each plot
in 2001 was determined by multiplying its biomass by its N
concentration.

The N stock in the sasa belowground in 2000 was deter-
mined by multiplying the biomass of new roots with the total
N concentration of new roots, and the biomass of old roots
with the total N concentration of old roots. We used the
biomass data of new and old roots measured by Terai et al.
(2009). To determine these biomass values, the sasa below-
ground was dug up to a depth of 0.2 m in a 0.5 m x 0.5 m
quadrat in each plot in all five plot pairs and was divided into
old and new roots, then was dried and weighed (Terai et al.,
2009). New roots were distinguished from old roots by their
white color, their softness and their epidermis-covered nodes.
We then measured the N concentration in the samples they
collected.

2.2.2 The aboveground N input from sasa litter

The N input from aboveground sasa litter in 2001 was not
measured directly. Instead, we estimated it by multiplying the
above-mentioned biomass in 2000 by the total N concentration
in dead leaves and culms. The culms and leaves of this species
sprout in spring, stop growing by autumn, overwinter, and die
by the autumn of the next year. Thus, we assumed that the
biomass in October in 2000 represented the litter input for
2001. We used the total N concentration of the dead leaves
and culms sampled and measured in 2006 (16.5 mg g™, 5.4
mg g in the deer-exclusion plots, and 16.9 mg g™, 8.6 mg g™
in the deer-grazing plots, respectively) (Furusawa et al., sub-
mitted).

2.2.3 The N input from woody litter

We used previously published data for the N input from
woody litter, which was measured with a litter-trap technique
(Furusawa et al., 2003), to compare it with the N input from

aboveground sasa litter. The trapped woody litter was collected

from May 1997 to June 2000 in the forest (n = 10), and their
oven-dried weights and N concentration were measured. It was
assumed that the N input from the woody litter was not (yet)
seriously affected by deer exclusion.
224 The amount of sasa consumed by deer and the
deer’s N intake from sasa

We investigated deer’s N intake from sasa, which was pre-
sumed to equal the N input from deer excrement, from May to
December 2001. To determine the amount of sasa consumed
by deer, we established 40 quadrats (each 1.5 m x 1.5 m) out-
side the plots. We established a 1.5-m’ cage made of steel
pipes, with the sides and top enclosed by a 40-mm mesh nylon
net, in each of the 20 quadrats to exclude deer grazing in May,
while the other 20 quadrats were used as control. We clipped
the sasa aboveground in each quadrat in December, and oven-
dried and weighed the leaves and culms (105°C, 24 hr). The
difference in the quantity of leaves and culms between the
deer-grazing and the deer-exclusion quadrats was considered to
be equal to the annual quantity of sasa consumed by deer in
the study area, as the deer were unable to graze on sasa in
winter because of the deep snow. The deer’s N intake from the
sasa leaves and culms was determined by multiplying the
quantity consumed by deer and the overall mean N concentra-
tion (measured in the deer-grazing plots for 5 years, 1997-
2001). We assumed that the quantity consumed by deer did
not change during the study because the deer density had re-
mained roughly stable for the past 20 years (Environmental
Agency of Japan, unpublished data).
2.2.5 Litter decomposition rate

We investigated the decomposition rate of the litter from the
leaves of F. crenata (hereafter, “beech leaves”), sasa leaves,
and sasa culms using the “mesh bag” technique in 1998. We
chose the beech leaves because it was the most abundant spe-
cies in the study area, and because beech leaves accounted for
more than half of the litter collected in the litter traps. The
beech leaves were collected from September to October 1997
using the litter traps described above. Because fresh dead ma-
terial of sasa is difficult to collect in the forest, we obtained
dried samples (70°C, 24 h) of living leaves and culms that
were clipped in October 1997, and used these samples to
measure the litter decomposition rate. The C and N concentra-
tions in these materials were obtained using the NC analyzer.
Each litter type was placed in a separate mesh bag (0.15 m x
0.15 m with a 1-mm mesh size), with 4.28 g of beech leaves,
1.61 g of sasa leaves, and 1.54 g of sasa culms (based on their
ash-free and oven-dried weight at 105°C). In May 1998, one
bag of each litter type was then fixed to the forest floor of
each plot in all five plot pairs using metal pins. All bags were
collected 1 year later, and their contents were dried and

weighed in the laboratory.
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2.2.6 Potential net N mineralization

Potential net N mineralization was measured in May, July,
and October 2000. Soil samples were taken from each plot of
the five plot pairs in May, July and October in 2000. The sam-
ples were taken from an 0.1 m x 0.1 m sampling area (0.01
m’) from O to 0.05 m in depth. The soil samples were trans-
ported in an icebox and refrigerated at 8°C in the laboratory on
the same day. Incubation started in the laboratory on the next
day and was based on the method of the Committee of Analy-
sis and Measurement for Forest Environment (1999). Two 50 g
subsamples were sieved through a 2 mm screen, and then
transferred into 100 mL glass jars. The jars were covered with
thin aluminum foil to prevent the samples from drying out.
The soil samples were then incubated for 6 weeks at 15°C,
which is the mean soil temperature during the growing season
(May to October) at the study site.

At the start and end of the 6-week incubation period, we ex-
tracted mineralized ammonium (NHs-N) and nitrate (NOs-N)
with the 2 M KCl, and quantified these components using the
steam-distillation method described by the Committee of Stan-
dard Soil Analysis and Measurement (1986). The increases in
NOs-N and the sum of increase in NH+-N and NOs-N during
the 6-week incubation were defined as the net nitrification rate
and the net soil N mineralization rate respectively.

2.2.7 The N stock of the O layer and surface soil

To evaluate the N stock in the O layer of the soil, all the
materials in this layer were collected from 0.5 m x 0.5 m sam-
pling areas (0.25 m’) in each plot of three randomly selected
pairs in October 2000. The samples were sorted into fine (< 4
mm) and coarse (> 4 mm) fractions using sieves. Coarse mate-
rials were further separated into woody and sasa residues. The
dry weight (70°C, 24 h) of each fraction of the residues was
measured and corrected on an oven-dry basis (105°C, 24 h).
The N stock of each fraction was determined by multiplying
the oven-dried mass by the corresponding N concentration. We
then calculated the N stock in the O layer as the total N stock
for all fractions combined.

We determined the total N concentration and bulk density to
evaluate the N stock in the surface soil (0-0.05 m in depth per
1 m’). The total N concentration was measured in the samples
used for measuring the soil N mineralization rate. To estimate
bulk density, in July 2000 we took three core samples of the
surface soil outside the plots using a 0.0004-m’ stainless-steel
cylinder (0.1128 m in diameter, 0.04 m in depth). Bulk density
was estimated to be 284.4 kg m™ according to the method of
the Committee of Analysis and Measurement for Forest Envi-
ronment (1999). We then calculated the mass of the surface
soil (0—0.05 m in depth) as 14.2 kg m™. We determined the N
stock in the surface soil by multiplying this mass by the total

N concentration of the soil in each plot at each sampling sea-

son and then taking the average of the three sampling seasons.
2.2.8 Statistical analysis

All the statistical tests were performed with Statview soft-
ware (Hulinks Co., Japan). The Mann-Whitney test was used
to reveal the effect of deer on the aboveground biomass of
sasa in 2001, and the total N concentration of sasa leaves,
culms, and roots. The Mann-Whitney test was also used to re-
veal the effect of the N stocks in sasa, the O layer, and the
surface soil when the sampling seasons were pooled, as well as
the N input from the aboveground sasa litter.

We analyzed the effect of deer and the litter types on the
proportion of the litter mass remaining after 1 year using the
materials in the mesh bags and a two-way ANOVA after
arcsine transformation. Two-way ANOVA was also used to
examine the effect of deer and of the sampling on the potential
net soil N mineralization rate (NHs-N + NO;-N), the net nitrifi-

cation rate and the N stock in the soil.
3. Results

3.1 The aboveground biomass and N concentration of sasa
While the aboveground biomass tended to increase slightly
in the deer-grazing plots throughout the study period, the
aboveground biomass showed a ten-fold increase in the deer-
exclusion plots by September 2000 and remained at that level
in the following autumn (Table 1). The aboveground biomass
was significantly higher in the deer-exclusion plots than in the
deer-grazing plots in 2001 (p < 0.05). The N concentrations of
leaves and culms were 29.6 + 1.8 mg g™ and 6.2 + 0.6 mg g
in the deer-exclusion plots and 30.1 + 1.9 mg g™ and 8.8 +
0.4 mg g™ in the deer-grazing plots (average + SD). Deer ex-
clusion had a significantly negative effect on the total N con-
centration in the culms (p < 0.05), but not in the leaves.

The N concentrations of new and old roots were 10.1 + 1.0
mg g and 8.9 + 1.4 mg g in the deer-exclusion plots and
94+ 19 mg g and 7.2 + 2.2 mg g™ in the deer-grazing plots
(average + SD). Significant differences were not found be-

tween plots in the N concentration of new and old roots.

Table 1. Aboveground biomass of sasa (g m™>) (n = 3)

May 1997 Oct. 1998 Sep. 1999 Sep.2000  Oct. 2001
Deer-exclusion  33.5 (1.7) 903 (32.7) 185.0 (87.1) 319.4 (197.7) 339.0 (190.7)
Deer grazing ~ 23.5(7.3) 409 (5.1) 433 (13.1) 610 (17.8) 823 (6.4)

Values in parentheses represent SD.
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Fig. 1. N stocks in sasa (n = 3) and in the O layer of the soil
(n = 3), surface soil (n = 5), and annual N input from plants to
the soil (n = 3 for N input from litter, n = 20 for N input from
deer)

Soil depth was defined as 0 to 0.05 m for surface soil. The units of N in-
puts and stocks are g m™ yr™! and g m™, respectively. Values in parenthe-
ses represent SD. The numerical values presented in the figure were meas-
ured in 2001, with the following exceptions: N in tree litter represents the
average from 1997 to 1999 (n = 10), and N stocks in the O layer, in soil
and in belowground Sasa components (n = 5) were measured in 2000.

3.2 The N stock and aboveground N input to soil

Fig. 1 summarizes our results on the N stock and N input in
2000 or 2001, except the N input from woody litter that was
measured from 1997 to 1999. Deer exclusion had a signifi-
cantly positive effect on the N stock in sasa aboveground (p <
0.05). The effect of deer exclusion was not significant on the
N stock in the sasa belowground. Deer exclusion had no sig-
nificant effect on the total N stock of the O layer. The N stock
in the surface soil ranged from 141.0 to 163.6 g m™ 0.05m™
in the deer-exclusion plots, and from 121.8 to 174.0 g m™
0.05m™ in the deer-grazing plots for three sampling seasons.
The effects of deer exclusion and sampling season on the N
stock in the surface soil were not statistically significant. When
sampling seasons were pooled, deer exclusion had no signifi-
cant effect.

The quantities of leaves and culms consumed by deer were
estimated at 31.3 and 5.4 g m™ respectively, based on a com-
parison of sasa biomass between caged and uncaged quadrats.
The mean N concentrations of leaves and culms for 4 years
were 30.1 mg g' and 9.5 mg g' in the deer-grazing plots. The
N amounts for leaves and culms consumed by deer were calcu-
lated at 0.9 g m™ and 0.1 g m™ respectively. Accordingly, the
deer’s N intake from sasa and the N input from excrement to
soil was estimated at 1.0 g m™.

The N input from aboveground sasa litter in the deer-
exclusion plots (3.2 g m™ yr') was four times higher than in
the deer-grazing plots (0.8 g m™? yr') (p <0.05), and was
nearly double the total N input from aboveground sasa litter

and deer excrement (1.8 g m™ yr™') in the deer-grazing plots.

Table 2. The proportion of the litter mass remaining after
one year, the soil N mineralization rate, and the nitrification
rate in the deer-exclusion plots and the deer-grazing plots
(n = 5 at each plot)

Deer-exclusion Deer-grazing

The proportion of the litter mass remaining

Sasa leaves 0.55 (0.03) 0.55 (0.04)

Sasa culms 0.71 (0.03) 0.69 (0.02)

Beech 0.80 (0.04) 0.83 (0.03)
The soil N mineralization rate (mg kg'1 day'l)

May 3.6 (1.9 2.5 (1.6)

July 42 (2.4) 3.3 (1.6)

October 2.3 (0.9) 3.6 (2.3)

The nitrification rate (mg kg™ day™)

May 2.3 (1.0) 22 (1.5)
July 2.4 (0.6) 2.1 (0.7)
October 2.1 (0.9) 2.3 (0.7)

Values in parentheses represent SD.

Table 3. Two-way ANOVA results for the proportion of the
litter mass remaining, the soil N mineralization rate, and
the nitrification rate

The proportion of the litter mass remaining

Deer treatment 0.3  0.60
Types of litter 155.7 <0.01
Deer treatmentxTypes of litter 1.7 0.20

The soil N mineralization rate

Deer treatment 0.1 0.73
Sampling season 0.5 0.61
Deer treatmentxSampling season 1.2 031

The nitrification rate

Deer treatment 0.1 0.78
Sampling season 0.01 0.99
Deer treatment<Sampling season 0.2 0.82

If the N input from woody litter was not seriously affected by
deer exclusion, the N input was 3.7 g m™ yr! in the both plots.
The total aboveground N input, including from sasa, wood,
and deer excrements, was 6.9 g m™ yr! in the deer-exclusion
plots, and 5.5 g m™ yr! in the deer-grazing plots respectively.
The N input from excrement to soil was 22% of the N input
from sasa and woody litter in the deer-grazing plots.
3.3 Litter decomposition rate

The proportion of the litter mass remaining after 1 year dif-

fered significantly between the three types of litter. It was low-
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est for sasa leaves and highest for beech leaves in all treat-
ments (Table 2 and 3). The initial C/N ratios were 15.0 in sasa
leaves, 31.9 in sasa culms and 40.1 in beech leaves, corre-
sponding to the order of the proportion of the litter mass re-
maining. Deer exclusion had no significant effect on the pro-
portions of the litter mass remaining (Table 3).
3.4 Potential net N mineralization

The net soil N mineralization rate ranged from 2.3 to 4.2
mg kg™ day™ in the deer-exclusion plots, and from 2.5 to 3.6
mg kg™' day™ in the deer-grazing plots for three sampling sea-
sons (Table 2). The net nitrification rate ranged from 2.1 to 2.4
mg kg™ day™ in the deer-exclusion plots, and from 2.1 to 2.3
mg kg™ day™ in the deer-grazing plots for the three sampling
seasons (Table 2). The effects of deer exclusion and of sam-
pling season on the net soil N mineralization rate and the net
nitrification rate were not statistically significant (Table 3). The
ratio of nitrification to mineralization ranged from 0.71 to 0.91
in the deer-exclusion plots, and from 0.74 to 0.82 in the deer-
grazing plots for three sampling seasons. The effects of deer
exclusion and of sampling season on the ratio were not statisti-

cally significant.
4. Discussion

Deer exclusion increased the aboveground biomass of sasa
and thus the N input from its litter to soil. The N input from
aboveground sasa litter in the deer-exclusion plots was nearly
twice the total N input from the aboveground sasa litter and
deer excrement in the deer-grazing plots. This result suggests

that the aboveground productivity of sasa was decreased by

deer grazing, and supports the hypothesis of Coté et al. (2004).

We took the aboveground biomass of sasa in September or
October as the N input from aboveground sasa litter in the
deer-grazing plots. This may lead to an overestimation of sasa
litter because deer grazing continues until November (T. Hino,
unpublished data). The aboveground biomass tended to in-
crease slightly in the deer-grazing plots throughout the study
period, probably because of spatial and temporal variation in
the measurement of sasa biomass. In fact, according to addi-
tional observation of the aboveground biomass from 2002 to
2005, the aboveground biomass ranged from 31.7 to 58.1 g
m™, and thus did not increase (Furusawa, unpublished data).
The biomass of old roots and the total biomass of roots were
not significantly different between plots (Terai et al., 2009),
nor were the N concentration of roots and the total N stock of
sasa belowground. These results suggest that sasa would in-
itially increase its aboveground biomass and leaf area to ac-
quire more energy from sunlight than belowground when deer
are excluded (Terai and Shibata, 2002). Thus we propose that
belowground productivity and the amount of root litter would

not increase through deer exclusion.

Deer grazing has a few properties that depress rates of N ac-
cumulation in the forest ecosystem at Ohdaigahara. In the
deer-exclusion plots, sasa keeps N in its large biomass and the
input N of litter to the soil is the same as woody litter. Sasa
would help to maintain N in the forest ecosystem at Ohdaiga-
hara. Deer grazing decreased this effect of sasa by decreasing
sasa productivity. Instead, deer input N through excrement.
Forty percent of excreted N by ungulate (cattle and sheep) is
urea N that is soluble and would rapidly mineralize (Haynes
and Williams, 1993) and tends to leach easily. Therefore, N
from excrement by deer may not so accumulate as well.

A decrease in N input from plant to soil decelerates the soil
N mineralization rate (Pastor et al., 1993). However, we could
not verify that deer grazing decelerated the soil N mineraliza-
tion rate. There are two possible reasons for this. First, the dif-
ference of the total aboveground N input (from sasa, wood,
and deer excrement) was relatively small between the experi-
mental plots (6.9 g m™ yr™' in the deer-exclusion plots, and 5.5
g m™ yr! in the deer-grazing plots) if woody litter input were
the same. There might have been a time lag between the
change of litter N input from sasa and N mineralization. Deer
exclusion had no effect on the total N stock in the O layer and
the surface soil, which are substrates for mineralization. The
relatively rapid decomposition rate of sasa litter, as shown in
the mesh-bag experiment, also may decelerate the accumula-
tion of sasa litter in the O layer. The rapid decomposition rate
of sasa, especially its leaves, was probably due to its lower C/
N ratio (Kawahara, 1985; Berg and McClaugherty, 2003). The
increase in litter input from sasa aboveground through deer ex-
clusion would lead to an increase in N stock in the O layer
and surface soil in the future. It will take several decades be-
cause the difference in the total aboveground N input between
the experimental plots is small (1.4 g m™ yr") compared to the
N stock of the surface soil. The second reason is the soil N
mineralization rate would increase by adding soluble N, which
would rapidly mineralize in the excrements of herbivores
(Hobbs, 1996). This positive effect of herbivore excrement is
important when most of the N returns through excrement
rather than plant material. For example, Frank ez al. (1994)
showed that the estimated rate of N input from ungulates to
the soil was approximately 4.5 times the amount of N in se-
nescent plants in temperate grassland in Yellowstone National
Park, and that the soil N mineralization rate for the grassland
was higher than that measured in other temperate grassland
ecosystems. In our study, the N input from deer to the soil was
only 22% of the N input from sasa and woody litter to the soil
in the deer-grazing plots. However, the acceleration of the soil
N mineralization rate by N input through excrements may
partly compensate for depression by the decrease in the total

aboveground N input.

767



Jpn J For Environ 53 (1), 2011

Many long-term studies that use herbivore exclosures have
demonstrated the significant effect of grazing on soil N
mineralization (e.g. 15-30yr, Stark et al., 2003; 33-37yr,
Frank and Groffman, 1998; 37-39yr, Pastor et al., 1993).
These experimental periods of these experimental sites were
longer than our sites. At our study site, the increase of above-
ground litter input from sasa because of deer exclusion may in-
crease the N mineralization in soil in the future, as already dis-
cussed above. Moreover, we predict that belowground sasa in
deer-exclusion plots will increase in biomass and its litter due
to the increased photosynthetic products. In fact, the increase
in belowground biomass was confirmed in a study in 2004 (S.
Shibata, personal communication). The belowground litter in-
put from sasa to soil may also influence the N mineralization
in the soil. Long-term monitoring is needed to understand the

effect of grazing on N dynamics in forest ecosystems.
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