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Abstract Nitrogen (N) uptake and nitrogen use effi-
ciency (NUE) are closely related through feedback mech-
anisms to soil N availability and N cycling in forested
ecosystems. We investigated N uptake and NUE not only
at the leaf, litterfall, and aboveground levels but also
belowground and whole stand levels along a topographic
gradient of soil N availability in a cool temperate decid-
uous forest in Japan. In this study, we addressed how
whole stand level N uptake and NUE affect C and N
cycling in forested ecosystems. At the leaf, litterfall, and
aboveground levels, N wuptake decreased and NUE
increased with decreasing soil N availability. This pattern
resulted from decreasing leaf N concentrations and
increasing N resorption efficiencies as soil N availability
declined. Low N concentrations in litterfall may have
resulted in little soil N being available to plants, due to
microbial immobilization. In contrast, when belowground
components were included, N uptake and NUE were not
correlated with soil N availability. This was mainly due to
higher levels of fine root production when soil N avail-
ability was low. Higher fine root allocation can result in a
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high input of detritus to decomposer systems and, thus,
contribute to accumulation of soil organic matter and
immobilization by microbes, which may result in further
soil N availability decline. Our results suggest that allo-
cation to the fine root rather than whole stand level NUE is
important for C and N cycling in forested ecosystems, as is
the feedback mechanism in which litterfall level NUE
shifts with changes in the N concentration of litterfall.
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Introduction

Nitrogen (N) limits plant production in many terrestrial
ecosystems (Vitousek and Howarth 1991; Elser et al.
2007). Therefore, determining the efficiency with which
plants use this resource in relation to soil N availability is
important in understanding forest productivity and N
cycles of forest ecosystems (Vitousek 1982, 1984; Shaver
and Melillo 1984; Birk and Vitousek 1986; Aerts and
Chapin 2000; Silla and Escudero 2004). N use efficiency
(NUE) is defined as the amount of organic matter produced
per unit of N taken up (Hirose 1971; Vitousek 1982), and
the ratio of dry mass to N (the inverse of N concentration)
of litterfall is often used as an index of NUE at the stand
level (Vitousek 1982). In many forested ecosystems, the
NUE of litterfall production increases as the availability of
soil N decreases (Vitousek 1982, 1984; Enoki et al. 1997).
Furthermore, the inverse of the N concentration of leaf
litter has been used as the NUE of leaf production (Tateno
and Kawaguchi 2002; Yasumura et al. 2002). Higher lit-
terfall and leaf level NUEs are caused in part by lower
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concentrations of N in living tissues, as well as greater
resorption of N (Vitousek 1982, 1984; Eckstein et al. 1999;
Aerts and Chapin 2000).

Litterfall qualities are important in determining the
relationship between plant production and decomposition.
Indeed, many studies have shown that the decomposition
rate of leaf litter correlates with qualities such as N
concentration, the carbon (C) to N ratio, and the lignin to
N ratio (Melillo et al. 1982; Hobbie 1992, 1996; Hobbie
et al. 2006; Aerts and Chapin 2000; Osono and Takeda
2001). A slow decomposition rate results in lower soil N
availability and, thus, lower productivity. Evidence from
several studies indicates that dominant plant species
enhance soil nutrient dynamics via feedback effects
through litterfall (Hobbie 1992; Hobbie et al. 2006; van
Breemen and Finzi 1998; Finzi et al. 1998; Knops et al.
2001). Plant C to N ratios may also play an important role
in the progressive limitation of nitrogen under elevated
CO, (Luo et al. 2004).

Aboveground production, including stem wood incre-
ments, changes with soil N availability (Pastor et al.
1984; Reich et al. 1997). Birk and Vitousek (1986)
reported that aboveground NUE increased as soil N
availability decreased. However, NUE is not always low
in fertile sites, given that the balance of net primary
production (NPP) and N uptake determine aboveground
NUE (Berendse and Aerts 1987; Eckstein et al. 1999). For
example, the decrease of leaf N with decreasing soil N
availability is a primary plant response to a low fertility
environment (Chapin 1980). However, woody production
decreases less than the degree of leaf N concentration,
resulting in greater declines of aboveground NUE than of
soil N. Berendse and Aerts (1987) defined NUE as the
product of N productivity (rate of dry matter production
per unit N in the plant per unit time) and mean residence
time (MRT) of N in a plant (plant N divided by plant N
uptake) and suggested that plants improve NUE either by
increasing N productivity or the MRT of N. The MRT of
N can be increased by extending leaf longevity and/or
resorption of N prior to leaf abscission (Aerts and Chapin
2000). Moreover, a higher MRT of N and lower N pro-
ductivity may be more important in a low soil N envi-
ronment than is NUE itself (Berendse and Aerts 1987).
Thus, aboveground NUE is not always correlated with
soil N availability.

Fine root production varies with soil N availability.
Some studies have reported that fine root production
increases as soil N availability decreases (e.g., Keyes and
Grier 1981; Gower et al. 1992; Tateno et al. 2004).
However, others have reported the opposite, that fine root
production decreases with decreasing soil N availability
(Nadelhoffer et al. 1985; Nadelhoffer 2000; Hendricks
et al. 2006). Fine root production also plays an important
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role in decomposition and nutrient cycling (Keyes and
Grier 1981; Grier et al. 1981; Meier et al. 1985; Hendrick
and Pregitzer 1993; Steele et al. 1997). Recent studies
have suggested the importance of nitrogen uptake and
NUE, including belowground processes, such as fine root
production, in ecosystem responses to elevated CO, (Luo
et al. 2004; Finzi et al. 2007; Franklin et al. 2009). Fine
root production accounts for a considerable amount of N
uptake compared to aboveground uptake, as fine root N
concentrations are similar to those of leaves (e.g., Reich
et al. 1998) and can match aboveground biomass pro-
duction (e.g., Vogt et al. 1986). Furthermore, fine roots
supply soil decomposer systems; thus, belowground pro-
cesses comprise a substantial proportion of the carbon and
nutrient dynamics of forested ecosystems (Edwards and
Harris 1977; McClaugherty et al. 1982; Vogt et al. 1986;
Hendricks et al. 1993; Steele et al. 1997; Iversen et al.
2008; Lichter et al. 2008). A growing body of literature
suggests that the allocation patterns between aboveground
and belowground forest components play important roles
in determining the relationships between production and
decomposition (Vogt et al. 1986; Hendricks et al. 1993;
Steele et al. 1997; Iversen et al. 2008; Lichter et al.
2008). However, how belowground processes, such as fine
root production and fine root N uptake, change with soil
N availability gradients is still a matter of debate.

In this study, we investigated N uptake and NUE,
including belowground processes, along topography-
mediated soil N availability gradients. The study was
conducted in a cool-temperate deciduous forest in central
Japan. The study site was along a short slope (approxi-
mately 200 m in length) that comprised two soil habitats,
as defined by N mineralization and transformation pat-
terns. The lower portion of the slope exhibited high N
mineralization rates and nitrification, whereas the upper
slope region showed low N mineralization and no nitri-
fication (Table 1; Tateno and Takeda 2003). Thus, soil N
availability was higher on the lower than on the upper
slope. Topographic differences in soil N dynamics have
been shown to affect species distribution patterns in cool
temperate deciduous forests (e.g., Garten et al. 1994;
Tateno and Takeda 2003) and a boreal forest (Giesler
et al. 1998). In addition, NPP and NPP allocation have
been shown to change, even at a small scale, along a
topographic N resource gradient (Tateno et al. 2004). We
used topography-mediated soil N availability gradients to
investigate (1) whether plants increase fine root produc-
tion in response to decreased N availability and (2)
whether whole stand level NUE and its components (N
productivity and MRT) change with soil N availability.
We also discuss possible mechanisms underlying stand
level NUE and allocation to fine roots, in terms of carbon
and nitrogen cycling in a forested ecosystem.
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Table 1 Soil net N mineralization and nitrification rates and the relative dominance of tree species along the topographic sequence

Distance Soil N mineralization Nitrification % Relative

from the type rate® rate® Nitrification dominance®

lower slope

0-20 m Mull 2.09 +£0.26 1.21 +0.18 65.8 £ 14.6 Acer mono var. marmoratum f. dissectum (25.6),
Quercus crispula (20.4), Fagus crenata (15.6),
Carpinus tschonoskii (15.1)

20-40 m Mull 2.58 £ 0.54 1.08 + 0.2 53.8 £ 14.8 Quercus crispula (35.0), Fagus crenata (24.7),
Carpinus tschonoskii (8.3), Kaiopanax pictus (8.3)

40-60 m Mull 1.73 + 0.21 0.52 £0.12 315+ 6.5 Fagus crenata (43.9), Quercus crispula (32.3), Acer
mono var. marmoratum f. dissectum (11.3),
Carpinus iaxifiora (8.6)

60-80 m Mull 1.19 +£0.2 0.22 £ 0.08 17.1 £ 49 Fagus crenata (36.0), Sorbus alnifolia (20.2),
Quercus crispula (16.5), Carpinus iaxifiora (12.4)

80-100 m Moder 1.01 + 0.21 0.04 + 0.01 38+ 1.6 Fagus crenata (31.3), Quercus crispula (23.6),
Carpinus laxifiora (16.9), Malus tschonoskii (8.1)

100-120 m Moder 092 £0.11 0.01 +£ 0.00 0.8 £0.3 Carpinus laxifiora (26.4), Fagus crenata (18.5),
Acer sieboldianum (11.1), Ciethra barvinervis
(10.7)

120-140 m Moder 0.78 £0.14 0.01 £ 0.00 1.2 £0.7 Clethra barvinervis (23.4), Fagus crenata (17.3),
llex macropoda (14.4), Acer sieboldianum (9.6)

140-160 m Moder 0.61 £ 0.10 0.00 £ 0.00 0+ 0.0 Quercus crispula (25.0), Fagus crenata (16.1),
Lyonia ovalifolia var. elliptica (12.6), Sorbus
alnifolia (8.2)

160-180 m Moder 0.53 £0.11 0.00 £ 0.00 03+£03 Evodiopanax innovans (29.6), Lyonia ovalifolia var.
elliptica (16.8), Acer micranthum (10.5), Clethra
barvinervis (9.4)

180-200 m Moder 0.94 £+ 0.16 0.00 £ 0.00 0.5+03 Lyonia ovalifolia var. elliptica (19.2), Clethra

barvinervis (17.1), Fagus crenata (16.9), Sorbus
alnifolia (9.2)

The data are from Tateno and Takeda (2003)

? Values are means + SE, mg kg_l day_l

® Relative dominance based on basal area. Percent of total basal area in parentheses

Materials and methods
Study site

The study site was a mountainous area in a cool temperate
broad-leaved deciduous forest at the Kyoto University
Ashiu Forest Research Station, central Japan (35°18'N,
135°43’E). The study forest, which is dominated by broad-
leaved deciduous tree species, such as Fagus crenata
Blume and Quercus crispula Blume (Tateno and Takeda
2003), has been intact since at least 1898. Fagus crenata
and Q. crispula are major components of cool temperate
deciduous forests in Japan (e.g., Masaki et al. 1992) and are
common on slopes such as those of the study site (Tateno
and Takeda 2003; Tateno et al. 2005a, b). Mean annual
temperature and precipitation at the weather station (640 m
a.s.l.) approximately 1 km from the study site were about
10°C and 2,495 mm, respectively.

The study site contained two types of soil habitat, with
differences in N transformation patterns along a slope. The

lower part of the slope, which exhibited large nitrate pools
and high net nitrification rates, was thought to have high
soil N availability, whereas the upper part of the slope,
which contained small nitrate pools and showed low net
nitrification rates, was thought to have low soil N avail-
ability (Table 1; Tateno and Takeda 2003). Although most
tree species occurred on only one soil type, some were
found on both types (Tateno and Takeda 2003). Table 1
summarizes the vegetation and soil conditions of the study
site (Tateno and Takeda 2003; Tateno et al. 2004). The
lower end of the slope (0—80 m) was mull type soil, which
is characterized by a thin humus layer, whereas the upper
slope (80-200 m) was moder type soil, with a thick humus
layer (Table 1). The thickness of the mull soil humus layer
was 1-2 cm, whereas that of the moder soil was 4—-12 cm.
Some NPP values for these slopes have been reported
elsewhere (Table 2; Tateno et al. 2004). We used the net N
mineralization rate (net change of NH4* and NO;~ pool
size) of the surface mineral soil (0-5 cm) as an index of
soil N availability (Table 1).
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Table 2 Net primary

. Distance from Leaf Litterfall Fine root Aboveground  Belowground = Whole
production (NPP) of each tree . a . g . a a a
. .. the lower slope  production production production NPP NPP stand
organ with slope position a
NPP
0-20 m 32 42 0.92 8.6 1.5 10.1
20-40 m 3.6 4.7 1.96 8.1 24 10.6
40-60 m 3.0 4.0 3.71 7.0 4.2 11.2
60-80 m 35 44 4.19 7.5 4.7 12.3
80-100 m 32 39 3.51 6.7 4.1 10.9
100-120 m 32 39 2.74 7.5 3.6 11.1
120-140 m 3.0 35 3.62 6.2 44 10.6
140-160 m 32 39 2.34 59 29 8.8
D;(‘)tgfre from Tateno et al. 160-180 m 3.0 3.5 6.82 6.4 7.7 14.1
( ) 180-200 m 2.8 34 6.20 5.6 6.9 12.5

* tha™! year™'

Plant sampling procedures

We established a belt transect plot (0.6 ha) from the valley
bottom to the top of the ridge of the northwest facing slope.
This plot was 30 m wide and 200 m long and was divided
into sixty 10 x 10 m subplots. We measured the diameter
at breast height (DBH) and height of all trees greater than
5 cm DBH in these subplots.

To measure green leaf N concentration, we collected
sunlit leaves from dominant tree species of the lower and
upper slopes (Tateno et al. 2003). Leaves of F. crenata and
Q. crispula were collected from both the upper and lower
slopes, because these species were distributed throughout
the study site (Osada et al. 2004). Detailed sampling pro-
tocols are reported elsewhere (Tateno et al. 2003; Osada
et al. 2004).

Litter traps (0.25 m? area) were placed at the center of
each 10 x 10 m subplot (60 traps in all). Litter was col-
lected monthly between late April and early December
(except during periods of snow cover). All collections were
sorted into leaves and debris of other origin, dried at 70°C
for 72 h, and weighed. As almost all trees at the study site
were deciduous, leaf production and biomass were calcu-
lated by leaf weight collected by litter traps.

To estimate fine root biomass, we collected eight
cylindrical upper soil cores (5 cm diameter; 20 cm depth
below the litter layer) at 20-m intervals along the slope in
November 2000. We measured fine root production using
the root ingrowth core method. Ingrowth cores are volu-
metric soil cores that are surrounded by nylon net mesh
(2 mm) and inserted into the hole in soil made by a
cylindrical soil corer. The nylon net mesh is filled with
sieved, practically root-free humus and mineral soil
originating from the same plot. Ingrowth cores were
packed with soil and humus to the original bulk density
and sampled in November 2001 after 1 year in the
ground.
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Several studies have reported a high density of fine roots
in the upper soil layer, with approximately 70-90% of fine
roots in the upper 20 cm of soil (Harris et al. 1977; John
et al. 2001). Preliminary studies at our site showed the
proportion of fine root biomass in the upper 20 cm of soil
to be 71.1% on the upper slope and 85.3% on the lower
slope (Hirobe et al., personal communication).

Roots in the soil cores and ingrowth cores were wet-
sieved, using 0.5- and 2-mm meshes. We sorted fine roots
less than 2 mm in diameter by hand into living and dead
roots, based on their morphology and condition. Residual
roots on the 0.5-mm mesh sieve were sorted using a
microscope. Preliminary examinations revealed that few
fine roots were able to pass through the 0.5-mm mesh sieve
(T. Hishi, personal communication). Roots more than
2 mm in diameter were not used for the coarse root anal-
ysis. Root dry mass was measured after drying at 70°C for
72 h.

Leaf, litter fraction, and fine root samples were ground,
and the total N concentration was determined using an NC
analyzer (NC-900; Shimadzu, Kyoto, Japan). We estimated
green leaf N concentration at the stand level using the
following equation:

N concentration at the stand level
=) (NixBA;)/ ) BA,

where N; is the N concentration of species i, and BA; is the
total basal area of species i in each plot. Unfortunately, the
number of tree species in this mixed forest was so large that
we were unable to measure the green leaf N concentration
of all of them. To estimate the N concentrations of
unmeasured species, we calculated weighted mean con-
centrations based on the basal area of each species in each
plot. Tree species with measured green leaf N concentra-
tions accounted for approximately 73-99% of the basal
area of all subplots but one, in which they accounted for
42% of the basal area.
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Estimation of plant biomass, net primary production,
nitrogen uptake, and nitrogen use efficiency

We subdivided the transect plot into ten 20 x 30-m sub-
plots and estimated the biomass of stems, branches, and
coarse roots in each subplot, using the allometric rela-
tionship established at a deciduous broad-leaved forest near
our study site (Ogino 1977). Leaf biomass was estimated
using the amount of leaf fall collected in litter traps, as
almost all the trees at the site were deciduous. Above-
ground biomass was calculated as the sum of stem, branch,
and leaf biomass. Belowground biomass was estimated as
the sum of coarse root biomass, calculated allometrically,
and fine root biomass, as measured by soil cores.

Biomass increments were based on the DBH increment
of each individual; we assumed the biomass increment of
dead individuals to be zero and did not consider the bio-
mass of new trees in the >5-cm DBH class. Aboveground
NPP was defined as the sum of the aboveground biomass
increment and fine litterfall, whereas belowground NPP
was the sum of the coarse root biomass increment, calcu-
lated using the allometric relationship, and fine root pro-
duction, determined using the ingrowth core method.
Further details of biomass and NPP estimation are reported
elsewhere (Tateno et al. 2004).

Nitrogen uptake was defined as the sum of the N
content of litter, fine root ingrowth into a core, and
annual wood increment (stems, branches, and coarse
roots). The N uptake of fine root production is often
calculated by multiplying fine root production and the N
concentration of living fine roots, as fine root N is not
resorbed into perennial tissue prior to root death
(Nambiar 1987; Aerts et al. 1992). We assumed the N
concentration of wood to be 0.78 mg g~ ', based on a
previous analysis of the dominant trees at this study site
(Fukasawa et al. 2005).

NUE values of leaf and litterfall production (including
leaves and other organs) were calculated based on the
Vitousek (1982) method of using the inverse of the N
concentrations of leaf fall and litterfall, respectively.
Aboveground and whole stand level NUEs were calculated
by dividing NPP by N uptake at the aboveground and
whole plant levels (including belowground coarse and fine
roots), respectively. NUE can be divided into two com-
ponents: N productivity (NPP divided by plant N content)
and the MRT of N (plant N content divided by N uptake) in
the plant (Berendse and Aerts 1987). Plant N content was
defined as the sum of N in wood increments (not including
N in old woody organs), leaves, and fine roots. MRT was
calculated as plant N content divided by N uptake at the
aboveground and whole stand levels.

N resorption efficiencies of leaves were calculated as
follows:

(Green leaf N content — leaf litter N content)/
Green leaf N content x 100.

To test the relationships between N uptake, NUE, MRT,
N productivity, and N resorption efficiency with the net N
mineralization rate as an index of soil N availability, we
applied reduced major axis (RMA) regression, using
SMATR ver. 2 (Falster DS, Warton DI, Wright 1J;
http://www.bio.mq.edu.au/ecology/ SMATR).

Results
Nitrogen concentrations of leaves and fine roots

The N concentrations of each tree species are summarized in
Table 3. The N concentrations of green leaves and leaf litter at
the stand level were significantly correlated with soil N min-
eralization rate (Fig. 1a;p < 0.05), but the N concentration of
living fine roots was not (Fig. 1b; p > 0.05). The canopy leaf
N content at the stand level was also significantly correlated
with soil N mineralization rate (Fig. 1c; p < 0.05).

Nitrogen uptake

Because leaf production was not correlated with the soil N
mineralization rate, a significant positive linear relationship
existed between the rates of soil N mineralization and N
uptake at the leaf level (Fig.2a; p < 0.01), due to the
decrease of leaf litter N concentration as the soil N min-
eralization rate decreased (Fig. 1a) (Tateno et al. 2004;
Table 1). There was also a significant positive linear rela-
tionship between the rates of soil N mineralization and N
uptake at the aboveground level (Fig. 2b; p < 0.01). This
pattern can be explained by leaf N uptake, which accounted
for 70.1-78.4% of aboveground N uptake.

In contrast to N uptake at the aboveground level,
belowground N uptake was negatively correlated with soil
N mineralization rate, although this relationship explained
only 27% of the variance (Fig. 2¢; p = 0.128). In addition,
fine root production increased as soil N mineralization rate
decreased (Table 3).

The relationship between the rates of soil N mineraliza-
tion and N uptake at the whole stand level was not significant
(Fig. 2d; p > 0.05), most likely because of the contrary
responses of aboveground and belowground N uptake to a
decreasing soil N mineralization rate (Fig. 2b, c).

Nitrogen use efficiency
The rates of soil N mineralization and NUE values at the

leaf and litterfall levels showed significant linear relation-
ships (Fig. 3a, b; p < 0.01). At the aboveground level,
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cT:r:ll:n?ratci};iegfliij(r)liti?eg:n Species Slope position n z\rlnzo;lseltl)lutration
species
Fagus crenata Lower 5 20.71 £ 1.87
Upper 4 19.12 + 0.98
Quercus crispula Lower 4 21.99 + 1.26
Upper 3 22.38 + 0.92
Sorbus alnifolia® Lower, Upper 5 19.99 £ 1.68
Acer sieboldianum® Lower, Upper 5 18.68 £ 1.67
Carpinus laxiflora® Lower, Upper 5 22.82 £ 1.75
Pterostyrax hispida® Lower 5 30.72 £ 1.31
Acer mono var. marmoratum Lower 5 21.27 £ 091
f dissectum®
Swida controversa® Lower 5 30.29 £ 3.21
Aesculus turbinata® Lower 5 23.55 £ 1.05
Carpinus tschonoskii® Lower 5 2544 + 1.99
Lyonia ovalifolia var. elliptica® Upper 5 17.08 £ 1.46
2 Mean + SE Acanthopanax sciacf)ophylloidesb Upper 5 2491 + 2.40
Clethra barvinervis Upper 5 17.07 £+ 1.04

® Data from Tateno et al. (2003)

a negative linear relationship existed between the rates of
soil N mineralization and NUE, although this relationship
explained only 38% of the variance (Fig. 3c; p = 0.059).
In contrast, the rates of soil N mineralization and NUE at
the whole stand level were not significantly related
(Fig. 3d; p > 0.05).

We defined NUE as the product of MRT and N pro-
ductivity. At the aboveground level, we found significant
negative linear relationships between the rates of soil N
mineralization and MRT (Fig. 4a; p < 0.01), but no sig-
nificant relationship between the rates of soil N minerali-
zation and N productivity (Fig. 4b, p > 0.05). At the whole
stand level, MRT decreased, and N productivity increased,
as the net soil N mineralization rate increased; however,
these relationships explained only 19 and 31% of the
variances of MRT and N productivity, respectively
(Fig. 4c, d; p = 0.205 and p = 0.091, respectively).

Finally, we found a negative linear relationship between
the rate of soil N mineralization and the N resorption
efficiency of leaves, but this relationship explained only
37% of the variance (Fig. 5a; p = 0.061).

Discussion

Nitrogen cycle and nitrogen use efficiency at the leaf
and litterfall levels

Leaf fall and litterfall production (including leaves and
other organs) did not differ between the slope locations
with high and low soil N availability (Tateno et al. 2004).
However, the N concentration of leaves and litterfall
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decreased with increasing elevation. This decrease of leaf
fall N concentrations along a soil N availability gradient
has been explained as an adjustment to decreasing soil N
availability (Vitousek 1982). Specifically, plants growing
on infertile soil exhibit decreased green leaf N concen-
trations and reduced N loss from the whole plant. Toge-
ther with previous studies (Vitousek 1982; Enoki et al.
1997), our results suggest that leaf and litterfall NUE
values increase as soil N availability decreases. The lower
N levels observed in leaf fall and litterfall may affect
decomposition rates (e.g., Hobbie 1992). Such a rela-
tionship between soil N availability and plant N use has
been widely recognized as an important feedback mech-
anism in forested ecosystems (Hobbie 1992; Hobbie et al.
2006; Enoki et al. 1997; Van Breemen and Finzi 1998;
Luo et al. 2004).

Feedback through litterfall has been reported in both
mixed forests and single species plantations (Hobbie 1992;
Enoki et al. 1997). Tree species at our study site had been
previously categorized into three types, based on their
distribution patterns along the slope: valley species dis-
tributed on the lower slope with high soil N, ridge species
distributed on the upper slope with low soil N, and uniform
species distributed at all slope positions (Tateno and Tak-
eda 2003). The two dominant species, F. crenata and Q.
crispula, were categorized as uniform species. However,
the green leaf N concentration of these two species did not
differ between locations of high and low soil N availability
(Table 3). Stand level patterns of litterfall N concentration
may vary mainly because of differences in species com-
position between locations with high and low soil N
availability.
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Aboveground and belowground nitrogen uptake

As in previous studies (Pastor et al. 1984; Reich et al.
1997), aboveground N uptake at our site increased as soil N

<« Fig. 1 The relationship between the net nitrogen (N) mineralization

rate of surface soil (0-5 cm) and the N concentration of leaf litter and
green leaves (a), N concentration of living fine roots (b) and canopy
leaf N content (c¢). For, open circles indicate leaf litter and closed
circles represent green leaves. Solid lines indicate the reduced major
axis (RMA) regression equations. The RMA regression for N
concentration of leaf litter (a) was y = 0.8675x + 10.35 (n = 10,
= 0.852, p <0.001) and that of green leaves was y = 0.7950
x + 17.51 (n = 10, # = 0.712, p < 0.01). The RMA regression for
canopy leaf (¢) N content was y = 4.497x + 4835 (n =10,
7 =0.624, p < 0.01)

mineralization increased. This can be mainly explained by
increases in N uptake for leaf production. However, N
uptake, including belowground uptake, was rather high at
locations with lower soil N availability, because of higher
N uptake for fine root production. Recently, Hendricks
et al. (2006) reported that fine root production is not neg-
atively correlated with soil resource availability. However,
at our study site, high fine root production may stem from
severe competition between plant N uptake and microbial
immobilization, especially in the thick humus layer with
low N availability. A higher allocation to fine root pro-
duction could effectively sustain stand production and
result in greater organic matter input to soil systems, pos-
sibly triggering further N immobilization at the study site.

The patterns we observed may be closely related to soil
organic matter accumulation patterns and soil inorganic N
dynamics. The soil on the upper slope, with low soil N
availability, was characterized as moder type, with a thick
humus layer, reduced N mineralization rate, and domi-
nance of ammonium in inorganic N (Takeda et al. 1987;
Tateno and Takeda 2003; Tateno et al. 2004). Conversely,
the soil on the lower slope, with high soil N availability,
was characterized as mull type, with a thin humus layer,
high N mineralization rate, and high nitrification rate
(Takeda et al. 1987; Tateno and Takeda 2003; Tateno et al.
2004). In addition, microbial immobilization is likely
greater on the upper than on the lower slope. Higher N
allocation to fine roots may be an effective strategy for
plants to maintain leaf biomass and canopy leaf N content,
even when little N is available.

Hendricks et al. (2006) reported that estimates of fine
root production and root turnover vary widely, based on the
measurement method used. At our study site, fine root
biomass ranged from 2.4 to 11.6 Mg ha™' and tended to
increase as soil N availability decreased. In contrast, leaf
production ranged from 2.8 to 3.6 Mg ha~' and did not
correlate with soil N availability. Several studies have
suggested constant allocations of fine root production to
leaf production (e.g., Hendricks et al. 2006). If this constant
allocation is assumed at our study site, fine root turnover
was approximately 2—4 times higher at sites with high soil
N availability. If so, the fine root decomposition rate is also
approximately 2—4 times faster in high soil N availability
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sites, even though the leaf decomposition rates of dominant
tree species did not vary with slope position (Osono and
Takeda 2001, 2005). Further studies evaluating fine root
turnover using other methods, such as rhizotrons and root
decomposition processes, are required to clarify this
matter.

We questioned why NPP, including that of belowground
parts, did not change along the soil N mineralization gra-
dient, even though canopy N, which is correlated with
canopy photosynthesis, was slightly lower at the site with
lower soil N availability than at the site with higher soil N
availability. This may have been due to differences in leaf
arrangement within the canopy. At the forest floor, light
tends to be greater at sites with low soil N availability than
at those with high soil N availability (Tateno and Takeda
2003). This suggests that more light penetrates the lower
canopy layers, reaching more leaves, at low soil N avail-
ability locations. Thus, production efficiency, defined here
as NPP per unit canopy N, may be higher at low soil N
availability locations than at high soil N availability sites
due to greater light acquisition by leaves of lower canopy
layers. Elucidating the precise mechanisms by which NPP
failed to change along the soil N availability gradient at our
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site was beyond the scope of this study. However, further
study is needed to better understand whole stand level NPP
along this gradient.

Nitrogen use efficiency at the aboveground and whole
stand levels

Berendse and Aerts (1987) suggested that higher MRT and
lower N productivity are primary responses to low N
availability, even when NUE does not change along a soil
N availability gradient. At our study site, aboveground
NUE increased with decreasing soil N availability. In terms
of aboveground processes, the relationship between NUE
and soil N availability was the same as that reported in
previous studies (Birk and Vitousek 1986), in part because
MRT tended to increase as soil N availability decreased.
Most tree species within the study site are deciduous and
exhibit similar leaf life spans (Aikawa et al. 2002; Tateno
et al. 2005b). N resorption efficiency was higher at the site
with higher soil N availability than at the site with lower
soil N availability, suggesting that N resorption before leaf
senescence is an important mechanism increasing NUE at
this site, as suggested by Aerts and Chapin (2000).
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Conversely, N productivity did not change with soil N
availability.

Whole stand level NUE did not show a clear relationship
to soil N availability. MRT at the whole stand level, as well
as aboveground MRT, decreased with increasing soil N
availability. In contrast to MRT, N productivity at the
whole stand level decreased slightly with decreasing soil N
availability. This pattern may stem from the higher N
content of the fine root biomass. Thus, NUE trends differ
when considered from a whole stand, as opposed to a solely
aboveground, perspective, as suggested by Aerts and de
Caluwe (1994).

Effects of plant nitrogen use and allocation
on aboveground and belowground processes

Our litterfall quality results for aboveground processes
indicated that NUE and soil N availability are closely
related, which is consistent with several other reports (e.g.,
Hobbie 1992). However, at the whole stand level, NUE
was not correlated with soil N availability, suggesting that
NUE does not always work as a positive feedback. Instead,

allocation patterns may play a more important role in the
relationship between production and decomposition pro-
cesses at this study site.

As is the feedback mechanism in which litterfall level
NUE shifts with changes in the N concentration of litterfall,
changing allocation to fine root may be crucial to C and N
cycling and be one of causes of progressive N limitation in
forested ecosystems. Steele et al. (1997) suggested that high
fine root production contributed to high soil organic matter
accumulation in boreal forests. More recently, several
studies have emphasized the importance of fine root pro-
duction to C and N cycling under elevated CO, (Finzi et al.
2007; Iversen et al. 2008). The total litter input to the soil
organic matter pool from both above- and belowground parts
was far greater at locations with high soil N availability than
at those with low soil N availability (Tateno et al. 2004),
where immobilization by microbes may be greater and plants
may increase the allocation of resources for fine root pro-
duction. High humus layer accumulations could be
explained by the slow decomposition of litterfall and low
mineralization rates (e.g., Takeda et al. 1987; Takeda and
Abe 2001). However, at our study site, increased fine root
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well as the N uptake strategies of species. Further inves-
tigations of whole stand level processes are needed to
further elucidate C and N cycling in forested ecosystems.
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