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Abstract

To evaluate the biomass of conifer-broadleaf mixed forests in northern Hokkaido, Japan, the
relationships between tree dry masses (including belowground roots) and diameter at breast height
(DBH) and tree height (H) for major three tree species (Quercus crispula Blume, Betula ermanii
Cham., and Abies sachalinensis (F. Schmidt) Mast.) were calculated. In addition, carbon and nitrogen
contents of each tree organ were measured for an accurate estimation of the carbon and nitrogen stocks
in the trees. For all three species, one allometric equation explained the relationship between DBH (or
DBH? x H) and the dry masses of whole tree, aboveground total, trunk, branch, and coarse root. Leaf
dry mass of Abies, a coniferous species, was higher than that of the two deciduous species at the same
DBH. The allometric equations, except that for coniferous leaf, were comparable to previous studies in
Hokkaido. The difference in the stand density is a likely reason for the large difference in the
coniferous leaf dry mass between studies. Carbon and nitrogen contents for Abies were higher and
lower, respectively, than the other two species for all organs (leaf, branch, trunk, and coarse root).
Nearly all the measured carbon contents were less than but close to 0.5, and use of the constant value
0.5 caused 1-7% error in the carbon stock estimate of a tree.

Key words: allometric equation, biomass, birch, fir, oak

Introduction

Trees are recognized as a possible carbon reservoir,
and as carbon dioxide concentrations increase in the
atmosphere, precise and convenient methods for forest
biomass estimation are needed. Allometric relationships
of tree biomass to trunk diameter are basic for the
estimation of forest biomass. In Japan, research on the
biomass of naturally regenerated forests is increasing,
with comparisons between the annual carbon stock
change and net ecosystem carbon dioxide exchange of
forests evaluated by the eddy covariance technique

(Ohtsuka et al. 2005, Hirata et al. 2008, Kominami et al.

2008), but comprehensive data sets for naturally
regenerated forests including large trees (in diameter or
height) or data for belowground biomass are still

limited (Li et al. 2003, Kominami et al. 2008). In
addition, because the carbon allocation among tree
organs can change according to its environmental
condition (Lacointe 2000), it is helpful to show the
present status of the allocation pattern of trees in
northern Hokkaido, Japan for comparisons of the
allocation patterns among different biomes, or for
evaluations of the effect of future climate change on the
allocation patterns. Moreover, the availability of
nitrogen represents a key constraint on carbon cycling
in terrestrial ecosystems, and ecosystem CO, uptake
capacity in temperate and boreal forests scales directly
with whole-canopy N concentrations (Magnani et al.
2007, Ollinger et al. 2008). Thus, it is important to
show the information on the nitrogen content of tree
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organs in northern Hokkaido. In this study, we
calculated the allometric relationships between tree dry
mass of each organ, including belowground roots, and
diameter at breast height (DBH) and tree height (H) for
three major species (Quercus crispula Blume, Betula
ermanii Cham., and Abies sachalinensis (F. Schmidt)
Mast.) in northern Hokkaido, Japan. In addition, carbon
and nitrogen contents of each organ were measured to
provide an accurate estimation of the carbon and
nitrogen stock in mixed forests of northern Hokkaido.

Materials and Methods

The study site was located in the Teshio
Experimental Forest, Hokkaido University (45°03'N,
142°07'E) in northernmost Hokkaido, Japan. The soil is
Gleyic Cambisol and has a surface organic horizon of
ca. 10 cm thick. The dominant tree species were Q.
crispula, B. ermanii, A. sachalinensis, Betula
platyphylla Sukaczev var. japonica (Miq.) H. Hara,
Picea jezoensis (Sieb. et Zucc.) Carr., and Acer mono
Maxim. The evergreen dwarf bamboos Sasa senanensis
(Franch. et Sav.) Rehder and Sasa kurilensis (Rupr.)
Makino et Shibata formed dense undergrowth on the
forest floor. Maximum and mean heights of the tree
canopy were about 24 and 20 m, respectively. Stand
density and the basal area of canopy trees (DBH > 6
cm) were ca. 600 trees ha™ and 22 m* ha™, respectively
(Koike et al. 2001).

Field surveys for the three tree species (Q. crispula,
B. ermanii, and A. sachalinensis) were conducted in
late August from 2001 through 2007 (Table 1). The
numbers of surveyed trees (all trees were naturally
regenerated) were 7 for Betula, 7 for Quercus, and 8 for
Abies, and samples were distributed over a wide range
of DBH. The DBH and the branch spread length for the
four cardinal directions (north, south, east, and west)
were measured before cutting each tree, and the trunk
top height and trunk diameters at 2-m height intervals
were measured after cutting. The fresh mass of each
organ (trunk, branches, and leaves) was weighed at 2-m
height intervals along the trunk. The trunk was defined
as the part that directly connects with roots and reaches
the top of the tree, and the remaining woody
aboveground parts were categorized as branches. The
heights of branches and leaves were categorized based
on the actual position in the stand, not by the height
connecting with the trunk. Branches were divided into
three categories based on diameter (<2 cm, 2-5 cm, and
>5 cm), and the fresh mass was measured for each
category at 2-m height intervals. For Betula and
Quercus, all leaves were separated from the trunks and
branches and the fresh mass was measured. For Abies,
all leaves were separated from the trunk and branches
when these woody parts were more than 2 cm in
diameter; for those branches less than 2 cm in diameter,
the part of the branches with leaves (>1.5 kg fresh
mass) was separated into leaves and branches at 2-m
height intervals, and the leaf/branch dry mass ratio was
applied to all the branches with leaves to estimate each
leaf and branch dry mass for each height. For an Abies
tree with a 50.16-cm DBH, the leaf/branch dry mass
ratio ranged 0.430-0.468, and the average and standard

deviation of the 10 height categories (21.35 m in the
tree height) were 0.446 and 0.011, respectively. Even if
we assume that the deviation in the ratio among the
height categories was caused only by the sampling error,
this leaf dry mass estimation procedure causes < +2%
error (or +1.9 of 117 kg dry leaf mass) for this tree.
Stumps with roots were pulled out using a backhoe, and
the remaining roots were dug up manually using
shovels (the digging up process took ca. 5 days X
persons for trees with >50-cm DBH). The soil on roots
was completely washed away by spraying river water
on site with a compressor and using brushes. Roots
were split into four categories based on diameter (< 2
cm, 2-5 cm, 5-10 cm, and >10 cm), and the fresh mass
was measured for each category. Fine roots (< ca.0.5
cm in diameter) were not collected.

Dry mass of each organ (trunk, branches, leaves, and
coarse roots) was measured as follows. A disk of ca. 3
cm thick was taken from each 2-m interval of trunk,
and the fresh mass was measured. Each disk was
oven-dried at 70-80°C until there was no change in the
mass (typically it took 1 month), and the dry mass was
measured. The trunk dry mass was then estimated at
each 2-m interval by multiplying its fresh mass by the
dry/fresh mass ratio of the disk sample. For branches,
coarse roots, and leaves, typically 1-3 kg of the fresh
sample was weighed for each 2-m height interval and
each branch and coarse-root diameter class and
oven-dried at 70-80°C until there was no change in the
mass. The dry mass was estimated by multiplying the
fresh mass by the dry/fresh mass ratio of the sample for
each diameter (branches and coarse roots) and height
classes.

The allometric relationships between DBH (or DBH?
x H) and dry mass of each organ were determined using
the following equation:

InY =alnX+b, (1)

where Y represents dry mass, X represents DBH or
DBH? x H, and a and b are coefficients.

Carbon and nitrogen contents were measured using a
PE2400 Il analyzer (Perkin Elmer Inc., Waltham, MA,
USA) for Quercus and Abies and a Flash EA1112
analyzer (Thermo Electron Corp., Waltham, MA, USA)
for Betula. The accuracy of the measurement was
within 0.3% for both carbon and nitrogen contents for
both analyzers. The numbers of samples for each tree
and organ are listed in Table 3. One-way ANOVA was
used to determine differences in carbon and nitrogen
contents among species with Tukey’s HSD multiple
comparison test. Levene’s test was applied to check the
homogeneity of variance.

Results and Discussion

There was no significant difference among the three
species for the relationships between DBH (or DBH? x
H) and dry masses of the whole tree, aboveground total,
trunk, branch, and coarse root, and one allometric
equation for each organ explained the relationships for
all three species (Fig. 1). The coefficients a and b are
listed in Table 2. Previous studies also reported that one
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allometric equation could explain the DBH-dry mass
relationship of several tree species in a forest stand and
suggested the similarity of the relationships among
trees growing in the same environment (Kitazawa et al.
1959, Research Group on Forest Productivity of the
Four Universities (hereafter RGFPFU) 1960, Takahashi
et al. 1999). For leaf, the dry mass of Abies, a
coniferous species, was higher than that of the two
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Fig. 1. Allometric relationships between DBH and
dry mass for DBetula (circles), Quercus
(squares), and Abies (triangles): (a) whole
tree biomass including coarse roots, (b)
above- (open) and belowground (closed)
total, (¢c) trunk (open) and branch (closed),
and (d) leaf. See Table 2 for the coefficients
of the allometric equations.

deciduous species at the same DBH. The R? values of
the regressions based on DBH were the same or higher
than those based on DBH? x H, except for coarse roots
and Abies leaf, but in each case the difference in R?
values was within 0.02. Takahashi et al. (1999) also
reported the better fit for equations with DBH as the
independent variable than with DBH? x H.

The allometric equations in this study were
compared with those reported in previous studies (Fig.
2). Takahashi et al. (1999) reported equations for trees
in a secondary deciduous broad-leaved forest in
Tomakomai Experimental Forest, Hokkaido University,
located in southern Hokkaido, where the dominant
species were Q. crispula, Carpinus cordata Blume, and
Sorbus alnifolia (Sieb. et Zucc.) K. Koch, and the
RGFPFU (1960) reported equations for three
coniferous trees (A. sachalinensis, P. jezoensis, and
Picea glehnii (F. Schmidt) Mast.) in northeastern
Hokkaido. Stand density and the basal area of canopy
trees (DBH > 6 cm) were ca. 1700 trees ha™ and 26 m?
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Fig. 2. Comparison of allometric relationships
with previous studies: (a) stem + branch
dry mass, (b) leaf dry mass. Equations
for trees in the secondary deciduous
broad-leaved forest are from Takahashi
et al. (1999) and those for the coniferous
trees are from Research Group on
Forest Productivity of the Four
Universities (1960).
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Table 2. Allometric equations (InY'= alnX+ 2) of dry masses for three tree species in northern
Hokkaido. Trunk DBH and the product of trunk height and square of trunk DBH
(DBER H) were used as independent variables (X).

DBH (cm) as X DBH? H (cm?m) as X

Y (kg) a b R? a b R?

Whole tree 2.389 -1.928 0.994 0.917 -2.548 0.993
Above ground total 2428 -2.282 0.994 0.932  -2.906 0.991
Trunk 2.365 -2.596 0.991 0.909 -3.217 0.991
Branch 2.713  -4.456 0.979 1.039 -5.138 0.972
Leaf (Betula & Quercus) 1.974  -4.347 0.958 0.762 -4.884 0.939
Leaf (Abies) 2192 -3.579 0.983 0.818  -3.965 0.988
Coarse root 2.224  -2.918 0.967 0.855 -3.504 0.968

ha®, respectively, for the deciduous forest and ca.
2300-4100 trees ha™ and 18-55 m? ha™, respectively,
for the coniferous forests. The DBH of surveyed trees
ranged from 2.9 to 25.8 cm for the deciduous forest and
from 0.6 to 31.7 cm for the coniferous forests.

The difference in the dry mass of trunks + branches
was 34 kg or 9.7% (between this study and the
deciduous forest) and 38 kg or 10.8% (between this
study and the coniferous forests) at 30 cm in DBH, and
was 96 and 99 kg (or 7.7 and 7.9%) at 50 cm in DBH,
respectively (Fig. 2a). There was little difference in the
leaf dry mass between deciduous trees in this study
(Quercus and Betula) and trees in the deciduous forest
over a wide range of DBH (0-50 cm), and the
difference in the dry mass was 3.6 kg at 50 cm in DBH
(Fig. 2b). By contrast, the difference in the coniferous
leaf dry mass was very large between the studies (19 kg
at 30 cm in DBH). Takahashi et al. (1999) and the
RGFPFU (1960) included the same tree species as were
measured in this study; however the apparent difference
in the allometric relationship for leaf dry mass was
observed only between our study and RGFPFU (1960).
The difference in stand density is a likely reason for the
large difference in the coniferous leaf dry mass. In the
study by the RGFPFU (1960), trees in the stand density
of 4,100 trees ha™ (DBH > 6 cm) were included, and
there were no leaves in the lower part of the canopy due
to self-shading, whereas the stand density in this study
site was ca. 600 trees ha™ (DBH > 6 cm; Koike et al.
2001) and trees have leafy branches even in the lower
part of the canopy.

Nearly all the measured carbon contents were less
than but close to 50% (Table 3). Carbon and nitrogen
contents for Abies were higher and lower, respectively,
than those of the other two species for all organs,
although some of the difference was not significant
especially between nitrogen contents of Quercus and
Abies. Nitrogen content for Quercus leaves was higher
than that of the other two species, whereas nitrogen
contents for branch, trunk, and root for Betula were
higher than those of Abies and Quercus. The order of
the nitrogen contents was leaf > branch > root > trunk

for all three species. Leaf nitrogen contents were within
the range reported by previous studies (e.g. Aerts 1996,
Reich et al. 1999, Ollinger et al. 2008). Although
information for branch, stem and root nitrogen contents
of trees are limited, the obtained values were
comparable to previous reports (Ovington and
Madgwick 1959, Tsutsumi 1987, Wang et al. 2000),
excepting very high branch nitrogen contents for Betula
(1.01 in average). One possible cause for the high
concentration could be attributed to the sampling period
for the trees (18-21 August, 2003), when Betula trees
already started leaf yellowing. Nutrient resorption from
senescing leaves is widely observed for perennial plants
(Aerts 1996), and Chapin and Kedrowski (1983)
reported Betula species also retranslocates the leaf
nitrogen to the branches before the leaf senescing. They
reported the increase in the branch nitrogen contents of
birch trees during the leaf senescing period and their
reported values of the nitrogen content are comparable
to our results. Thus the retranslocation of Betula leaf
nitrogen to the branch is considered to be the possible
cause for the higher branch nitrogen content than other
two species and lower leaf nitrogen content than
Quercus trees in our study.

The value 0.5 is often used for the carbon content
when converting dry mass to the amount of carbon in
trees (e.g., Matsumoto 2001). To check the validity of
this value, carbon stocks of each tree species were
estimated using a constant carbon content of 0.5 (case
1) or the measured carbon content listed in Table 3
(case 2) with the equations listed in Table 2. For a tree
with a 30-cm DBH, the differences between the two
cases were 14, 11, and 2 kgC in the total carbon amount
for a Betula, Quercus, and Abies tree, respectively.
These errors account for 1-7% of the total carbon
amount of a tree and are considered to be not serious in
the estimation of carbon stock of a stand. When the
annual carbon stock change was evaluated using annual
DBH change and the constant carbon content (0.5), the
error was also 1-7% of the annual carbon increment
evaluated using measured carbon content.
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