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Abstract We assessed the above- and below-ground bio-
mass and net primary production (NPP) in a mature (85-
year-old) Pinus densiflora forest established on a lava
surface of Mt. Fuji in central Japan. The nitrogen (N) con-
centration of the forest soil was low (1.25%), and the mean
soil carbon/nitrogen (C/N) ratio was 34.2; therefore, both
plants and microorganisms would compete for N in our
research forest. The total biomass was 192.62Mgha�1, of
which 67.28% was in the stems and 25.71% was in the roots.
The fine-root biomass was 1.12% of the total biomass. The
total NPP of the forest reached 11.89Mgha�1 year�1, which
fell within the values reported for other cool temperate P.
densiflora forests established on non-volcanic-related sub-
strata. The below-ground production was about 39% of the
total NPP; the value was relatively small under the condi-
tions of low total N concentration and high soil C/N ratio.
Our study suggested that P. densiflora could recruit and
grow on geologically new substrata without increasing the
allocation of its annual carbon budget to below-ground
organs (i.e., roots).

Key words Japanese red pine · Lava surface · Nitrogen-
poor stand · C/N ratio

Introduction

The amounts of nutrients, particularly nitrogen (N), that are
available in the soil, affect the biomass allocation and total
primary production of plants, and forest growth is generally
limited under nutrient-poor conditions (Gower et al. 1992).
When the N supply is limited, the annual carbon investment
in fine roots increases, and consequently the growth of
above-ground parts decreases (Keyes and Grier 1981). In
contrast, N fertilization has been shown to increase the total
foliage mass and leaf area at the stand level (Gower et al.
1992).

Under soils formed on new substrata, such as a tephra
layer, lava, or bare ground that developed after volcanic
eruptions or a glacial recession, trees generally suffer from
low N availability (Vitousek et al. 1989). N and phosphorus
are both important for plant growth; N is the factor limiting
production at an early stage in soil development, while low
phosphorus is the factor limiting production at a later
stage (Vitousek et al. 1993). Forest tree species can recruit
on these new substrata only after N-fixing plants have
increased available N. For example, Bormann and Sidle
(1990) reported that soil N increased rapidly after glacial
recession when a nitrogen-fixing shrub (Alnus sinuata)
dominated, leading to the establishment of spruce trees
(Picea sitchensis).

Pine species, however, can grow even on new substrata
and occupy sites in the early stages of primary succession.
The ability of pines to become established on N-poor sites
may be determined by N2 fixation in the rhizosphere of pine
trees (Bormann et al. 1993). However, other studies have
found very low levels of non-symbiotic N2 fixation in pines
(Hendrickson 1990; Limmer and Drake 1996; Barkmann
and Schwinter 1998), and they have concluded that the
regeneration success of pines in N-deficient soils was not
attributable to N2 fixation. Thus, it is still unclear how pines
can regenerate on geologically new substrata.

Pinus densiflora Sieb. et Zucc. is widespread in Japan
and can occupy sites consisting of new substrata in the
early stages of primary succession. Previous studies of P.
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densiflora have dealt mostly with the biomass and pro-
ductivity of above-ground parts (Hachiya et al. 1989) or of
forests established on non-volcanic-related substrata
(Karizumi 1974). The variation in nutrient status can ex-
plain the variation in both root net primary production
(NPP) and total biomass, although root NPP does not solely
correlate with nutrient availability for many pine species
(Vogt et al. 1996). Information on biomass and productivity
of below-ground parts of forests established on volcanic
surfaces is needed to understand the mechanisms of the
establishment and growth of pine on new substrata. In the
present study, we quantified the above- and below-ground
biomass and the NPP in relation to the soil N condition of a
mature P. densiflora forest established on a volcanic surface
(i.e., lava flow) of Mt. Fuji. We also compared the biomass
allocation and ecosystem productivity of the P. densiflora
forest with those of other cool temperate P. densiflora for-
ests established on non-volcanic-related substrata.

Methods

Study site

The study was carried out in a cool temperate P. densiflora
forest (85 years old) on the north-facing slope (35°27�N,
138°45�E; 1043m above sea level) of Mt. Fuji in Yamanashi
Prefecture, located about 5km south of Fujiyoshida City,
central Japan. The study site was located on a lava flow
called Kenmarubi, approximately 650–1500 m in width. The
flow occurred at 890 � 90 y.B.P. (Gak-633) (Miyaji 1988).
The bedrock is basalt (Miyaji 1988). The pine forest was

established without any human management. No charcoal
was observed within the soil profile, suggesting that the
forest developed without fire disturbances. According to a
90-year-old local resident (K. Kobayashi, personal commu-
nication), the study site was wasteland before the establish-
ment of the forest. This information indicates that the forest
is younger than 90 years. Organic soils have not yet devel-
oped; only a little humus (about 20cm in depth) has accu-
mulated in the solidified lava.

The mean annual air temperature is 10.1°C, and the
mean annual precipitation is 1436mm based on the records
collected from 1961 to 1990 at Kawaguchiko Meteorologi-
cal Station. Precipitation is concentrated in the summer
season. Several typhoons approach this area almost every
year, and some standing dead trees and living trees are
knocked down by strong winds.

A 30-ha plot was established in 1993 within the pine
forest, and a census of canopy tree species was made. The
tree layer was dominated by P. densiflora (98.1% of the
total basal area), followed by Larix kaempferi (Lamb.)
Carriere (0.8%). In 1998, a 20 � 20m plot was established
within the 30-ha plot. Species, heights and diameters at
1.3 m above ground (D1.3) of all trees (D1.3 � 1 cm) and sub-
tree and shrub layers in the plot were recorded (Table 1).
Ilex pedunculosa Miq. dominated in the sub-tree layer. “N-
fixing plants”, such as legumes and alder species, were not
observed. The ages of these pine trees, determined from
annual rings of nine sample trees (described below) at 30cm
above-ground, ranged from 65 to 83 years in 1998. The tree
density of P. densiflora in this plot was 927 trees ha�1 as
measured in early 1999 (825 trees per 0.89 ha�1; Toshiyuki
Ohtsuka, Yamanashi Institute of Environmental Sciences,
Japan, unpublished data).

Table 1. Stand characteristics of the study site. Values are averaged over trees (D1.3 � 1 cm)
within a 20 � 20 m plot

Species Mean D1.3 Mean height Basal area
(cm) (m)

(m2 ha�1) (%)

Pinus densiflora 23.6 18.5 47.0 82.0
Ilex pedunculosa 5.5 6.1 4.2 7.3
Quercus crispula 5.8 6.6 1.3 2.2
Lyonia ovalifolia var. elliptica 3.9 5.2 1.3 2.2
Pieris japonica 3.8 3.6 1.1 1.8
Prunus jamasakura 8.6 10.5 0.5 0.8
Betula platyphylla var. japonica 14.7 11.5 0.4 0.7
Vaccinium oldhamii 2.6 3.6 0.4 0.7
Clethra barbinervis 4.3 6.1 0.4 0.7
Sorbus alnifolia 4.0 5.6 0.2 0.3
Juniperus rigida 8.1 8.8 0.1 0.2
Euonymus macropterus 2.8 5.6 0.1 0.2
Ilex macropoda 4.9 5.4 0.1 0.2
Tilia japonica 3.2 4.6 0.1 0.1
Abelia spathulata 1.6 2.8 0.1 0.1
Fraxinus lanuginosa 2.5 4.3 0.1 0.1
Hydrangea paniculata 3.0 3.9 0.1 0.1
Euonymus alatus 2.6 3.0 0.0 0.0
Corylus sieboldiana 1.7 1.7 0.0 0.0

Total 5.6 6.2 57.3 100.0

D1.3 is the stem diameter at breast height (1.3m above the ground)
Latin names follow Satake et al., (1989a, 1989b)
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Soil and fine-root sampling

A 2.5 � 5m rectangular quadrate was established at each of
two separate sites in the 30-ha plot. Each rectangle was
further divided into two 2.5 � 2.5 m squares.

In April 2000, prior to the fine-root sampling, the per-
centages of N and C (dry-mass base) of the soil samples
were analyzed. Soil samples were taken from the same four
2.5 � 2.5m quadrats that were used for fine-root analysis.
Soil samples were air-dried and sieved through a 2-mm
mesh sieve. Samples were oven-dried at 70°C for 7 days,
weighed, and chemically analyzed using an NC analyzer
(Sumigraph NC-900; Sumika, Tokyo, Japan).

In every month from May 2000 to May 2001, except
February and March 2001 because of snow accumulation,
after removal of the litter layer, soils (containing roots)
were collected from one 15 � 15cm square within each of
the four larger (i.e., 2.5 � 2.5m) squares; thus, four repli-
cates were collected for each sampling time. Soil sampling
positions were at least 50cm apart from each other. Whole
soil was sampled from the surface to the lava layer. When
we excavated coarse roots, we confirmed that the fine roots
were mostly concentrated above the lava layer (about 5–
30cm in depth). Soil samples were stored in a refrigerator
until they were analyzed. Fine roots (�5mm) were sorted
into live and dead roots using forceps within 5 days after
sampling and were oven-dried at 70°C for 7 days for mea-
surement of dry mass.

Destructive sampling

Nine P. densiflora trees blown down by strong winds in 1998
and 1999 were chosen inside the 30-ha plot to estimate the
allometric relationships between D1.3 and biomass of each
component. Their D1.3 values ranged from 10.0 to 34.4cm,
with an average of 21.9cm. The fresh masses of above-
ground living components (stems, branches, and leaves)
and coarse roots (�5mm in diameter) of these sample trees
were weighed separately in the field. The coarse roots were
excavated carefully by hand and winch with minimal loss of
fractions. The dry mass of each component was calculated
using the corresponding dry/fresh mass ratio that was ob-
tained from an oven-dried (70°C) sample. The allometric
relationship between the D1.3 and dry mass of each compo-
nent was derived by the least-squares regression method.

From the P. densiflora sample trees, stem disks were
taken at 1.3m in height. Wood diameters of each sample
tree in 1993 and 1996, were determined by measuring the
outer diameters of the annual rings of these years. Bark
thickness in these years was calculated by the assumption
that the bark width proportionally increases year by year.
D1.3 was assumed to be the sum of the wood diameter and
the bark thickness in these years.

Estimation of biomass

The forest biomass of each component was calculated by
multiplying the mean biomass of that component in an indi-
vidual P. densiflora tree by the tree density of P. densiflora.

We have original census data from 1998 but not from 1996.
To unify the calculation method of forest biomass with data
from 1996 and 1998, we did not apply the classical allometry
method by using each diameter-weight regression for the
original census data directly. The biomass of each com-
ponent (stems, branches, leaves and coarse roots) of the
sample trees in 1997 was calculated from D1.3 based on
allometric relationships between D1.3 and biomass. The den-
sity in 1997 was determined from aerial photographs taken
just above the research forest. The center of the area was
magnified 10 times and the numbers of P. densiflora cano-
pies inside the four 50 � 50 m squares were counted. The
densities in 1997 and 1999 were studied early in each of
these years; the decrease in tree density during each winter
season was ignored here.

The fine-root biomass was calculated as the mean living
biomass during the period from May 2000 to May 2001
(four replicates � 11 sampling times). In April 2001, we
collected additional soil samples outside each of the four
square quadrates to test microsite differences in fine-root
biomass.

Litterfall

Litterfall was collected monthly over a 570-day period from
September 1, 1998, to March 23, 2000, using 0.64m2 frame
traps (n � 9) placed within the 20 � 20m plot. The collec-
tions were sorted into four fractions (leaf, twig, bark, and
cones) by species, and masses were determined after drying
at 70°C.

Estimation of net primary production

NPP was estimated by summing the annual biomass incre-
ment and detritus production (litterfall) according to the
summation method (Kira and Shidei 1967). The loss of dry
matter by grazing was ignored. We defined NPP as a half of
the increment of woody parts (stem, branch, and coarse
root) between 1996 and 1998.

Fine root production (P) was calculated according to the
method of McClaugherty et al. (1982). In this method, P �
ΣPi where i is the month and Pi is the monthly change in
both live and dead fine-root biomass (DL and DD, respec-
tively), subject to the following rules: when both DL and DD
are positive, Pi � DL � DD; when DL is positive and DD is
negative, Pi � DL; when DL is negative, Pi � 0.

Results

Soil characteristics

Soil properties of the study forest are shown in Table 2. The
soil total N% averaged 1.25%, ranging from 1.15% to
1.40%, and the total C% averaged 42.61%, ranging from
37.18% to 47.01%. Soil depth averaged about 20cm, rang-
ing from 7.5 to 29.0cm.
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The NPP of the P. densiflora forest was 11.89Mgha�1

year�1 (Table 3). The total NPP consisted of short-lived
components (litterfall production and fine-root production,
76.96%), mainly pine-needle litter (27.64%) and fine-root
production (32.32%).

Table 2. Percentage N and organic C of dry mass of soil, the C/N ratio
and soil depth of a Pinus densiflora forest established on a lava flow of
Mt.Fuji

Parameter Mean SD

%N 1.25 0.11
%C 42.61 4.15
C/N 34.20 3.05

Mean depth (cm) 20.38 9.34

The soils (15 � 15 cm) were sampled in April in 2000; each value was an
average of four soil samples
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Table 3. Above- and below-ground biomass and net primary production rates in an 85-year-old
Pinus densiflora forest established on a lava flow of Mt.Fuji

Component Biomass Net production

(Mg ha�1) (%) (Mg ha�1year�1) (%)

Above-ground
Stems 129.60 67.28 1.44 12.11
Branches 10.59 5.50 0.49 4.12
Needles 2.91 1.51
Detritus

P. densiflora needle 3.29 27.64
P. densiflora otherb 2.02 17.00
Total detritus 5.31 44.64

Total above-ground 143.10 74.29 7.24 60.87
Below-ground

Coarse roots (�5 mm) 47.36 24.59 0.81 6.81
Fine roots (�5 mm) 2.16a 1.12 3.84c 32.32
Total below-ground 49.52 25.71 4.65 39.13

Ecosystem total 192.62 100.00 11.89 100.00
a Mean fine root biomass during May 2000 to May 2001
b Including cones, twigs and bark
c The data during May 2000 to May 2001 were calculated by McClaugherty et al. (1982)

Biomass and NPP

Prior to the biomass estimation, the variances of the D1.3s of
the sample trees in 1993 were compared with those of all the
P. densiflora trees within the 30-ha plot (2cm min, 54cm
max, and 20.07cm mean) by the F-test. The variances of
D1.3s of the sample trees (42.634) and whole trees (38.462)
within the plot were not significantly different (P � 0.3536),
indicating that the sampled trees were representative of the
whole stand. The dry mass of each component was posi-
tively correlated with D1.3 for the P. densiflora sample trees
(Fig. 1). The values of the coefficient of determination (r2)
in these regressions ranged from 0.72 to 0.97. The density of
P. densiflora of the study forest in 1997 was 936 trees ha�1.

The total biomass (above- and below-ground) of the P.
densiflora forest was estimated to be 192.62Mgha�1 in 1998,
of which about 67% was in the stems and 25% was in the
coarse roots (Table 3). The fine-root biomass was only
about 1.0% of the total biomass. The variance in fine-root
biomass did not differ between the samples taken inside the
plot (n � 4) and the same samples plus four additional
samples taken outside the plot (n � 8) (P � 0.7072, F-test),
suggesting that four replicates were sufficient to evaluate
fine-root biomass for each sampling time. Consequently,
about 26% of the total biomass was stored as below-ground
components.

Fig. 1. Allometric relationships between the dry mass of different tree
components (kg tree�1) and tree diameters of Pinus densiflora trees
growing on a lava flow of Mt. Fuji. Allometric relationships were
approximated by the power-form equation, y � axb (r2 � square of
adjusted correlation coefficient), where x is stem diameter at breast
height (D1.3). Coefficients a and b of each organ were as follows; coarse
root: 0.0277, 2.3946; leaf: 0.0085, 1.8724; branch: 0.0078, 2.3023; stem:
0.8048, 11.6568. Nine sample trees of P. densiflora were employed for
the approximation
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Discussion

We found that the total NPP of our research forest was
relatively high despite the fact that the biomass and net
production of the fine roots were relatively small in view of
the low total soil N percentage and the high soil C/N ratio.
These results are important for understanding how pine
trees adapt to new substrata under N-poor conditions. It has
been reported that N fertilization increases NPP of forests
(Gower et al. 1994) and that carbon allocation into below-
ground parts decreases with increasing soil-N availability
(Haynes and Gower 1995). However, the forest in this study
behaves differently from the forests studied by Gower and
Haynes.

In our research forest, the soil C/N ratio was high (34.2)
as a result of low total soil N. Kitayama et al. (1997) re-
ported that the total N in topsoils in Hawaiian forests in-
creased from 1.0% to 3.0% as the substrata age increased
from 400 years to 4.1 � 106 years. The total N percentage of
soil in our forest was similar to the values obtained for the
four youngest sites investigated by Kitayama et al. (1997).
The mean soil C/N ratio in our study was higher than the
ratios in some boreal larch forests in Siberia (23.4–25.9)
(Matsuura et al. 1997). The C/N ratio that is most favorable
for microbial decomposition ranges between 10 and 30
(Larcher 1995). The high soil C concentration in our pine
forest suggests that microbial litter decomposition was rela-
tively slow, potentially resulting in highly immobilized N.

The productivity of our P. densiflora forest is compa-
rable with the NPP values reported for other cool temper-
ate P. densiflora forests established on non-volcanic-related
substrata (Table 4), ranging from 10.3 to 38.2Mgha�1

year�1. Because of the low N availability in our study site
(Table 2), we expected that the NPP would be much lower
than that of other forests. Moreover, the ratio of above-
ground NPP to the total NPP in our research forest
(74.29%; Table 3) lies within the range of ratios reported
for P. densiflora forests established on non-volcanic-related
substrata (65.5–76.4%; Table 4). The below-ground NPP in

our study (4.65Mgha�1 year�1) was similar to the values
reported for these other P. densiflora forests, which ranged
from 3.0 to 11.4Mgha�1 year�1 (23.6%–34.5% of total NPP;
Table 4).

Allocation patterns generally shift to maximize total
plant growth (Bazzaz 1997), and root proportion generally
increases with decreasing N availability (Keyes and Grier
1981). The variation in nutrient status can explain the varia-
tion in both root NPP and total biomass, although root NPP
does not depend solely on nutrient availability for many
pine species (Vogt et al. 1996). The relatively low NPP of
roots in our research forest supports this finding.

Mineral nutrients taken up by mycorrhizae appear to
have a major role in the growth of P. densiflora trees in our
forest. Many pine species require ectotrophic mycorrhizae
(Schlesinger 1997), and nude P. densiflora lateral roots (i.e.,
non-associated roots with ectotrophic mycorrhizae) are
rather rare under field conditions (Yamada 1996). Symbi-
otic mycorrhizal associations between tree roots and fungi
are especially important in forests that have high soil C/N
ratios because the fungi produce enzymes that enable nutri-
ents, such as N, to be recycled from plant litter without
mineralization (Smith and Read 1997). Several types of
such ectotrophic mycorrhizae have been identified in our
research forest (Akiyoshi Yamada, Shinshu University,
Japan, personal communication). Thus, recruitment of P.
densiflora and development of P. densiflora forests are
likely to occur on geologically new substrata, such as lava
flows, not by increasing the investment of carbon to fine-
root production, but by symbiotic mycorrhizal associations
that develop in N-poor soils.
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Table 4. Biomass and productivity of other cool temperate P. densiflora forests established on mature substrata

Age Soil type Biomass Biomass Production BNPP/NPP Reference
(Years) production (%)

Above Below Fine root Below Fine root Above Below Total
(Mg ha�1) (%) (%) ANPP BNPP NPP

(Mg ha�1 year�1)

11 BlD(d) 66.0 16.0 1.3 19.5 1.5 19.0 5.9 24.8 23.6
19 BlD(d) 98.6 23.5 1.4 19.3 1.1 18.4 6.0 24.4 24.6 Calculated by
36 BlD(d) 124.1 29.1 1.4 19.0 0.9 14.6 4.9 19.5 25.0 (Karizumi 1974)a,b

38 BlD(d) 177.0 43.4 1.0 19.7 0.5 10.0 3.5 13.5 25.7
35 BlD(d) 104.6 27.0 1.0 20.5 0.7 7.7 3.0 10.7 27.8
18 BA 112.1 24.8 5.7 18.1 4.1 26.8 11.4 38.2 29.9
18 BA 67.1 16.0 2.1 19.3 2.6 17.9 6.4 24.3 26.5
18 BA 26.7 7.5 1.1 21.9 3.3 6.7 3.6 10.3 34.5
33 BA 91.1 21.7 19.2 13.7 Tadaki et al. (1979)

a Biomass and above-ground production of each plot were calculated by multiplying the mean biomass and annual growth of sample trees of the
plot by the tree density
b Below-ground detritus production was estimated as the fine roots (�5 mm in diameter) biomass
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