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Abstract Generic equations are proposed for stem,

branch and foliage biomass of individual trees in even-aged

pure stands of Cryptomeria japonica, Chamaecyparis

obtusa and Larix kaempferi. Biomass data was collected

from a total of 1,016 individual trees from 247 stands

throughout Japan, and five regression models were assessed

by root mean square error, mean bias, fit index (FI), and

AIC. The results show that a power equation using diam-

eter at breast height (dbh) and height is the most suitable

for all species and components. This equation is more

accurate than the familiar power equation that uses ‘dbh2

height’, and it expresses the greater volume of branch and

foliage mass of trees with a lower height/diameter ratio.

A power equation using dbh is more reasonable for models

with dbh as the only independent variable and more

accurate than a power equation using ‘dbh2 height’ for

estimating branch and foliage mass. Estimating error for

branch and foliage mass is larger than that for stem mass,

but the entire aboveground biomass can be estimated with

an error of less than 19%, except in the case of small trees

with dbh less than 10 cm.

Keywords Allometry � Branch mass � Foliage mass �
Regression model � Stem mass

Introduction

In view of the impact of global warming, particular

attention is directed towards absorption and fixation of

carbon dioxide by forests and the use of forest resources as

an alternative to fossil fuels. On this account, the necessity

increases for expressing forest stock and growth not only as

stem volume but also as weight of forest stand biomass that

includes branches, foliage and roots. Cases in which the

results of field experiments or yield prediction must be

expressed in both volume and biomass or carbon are

increasing for forest researchers (e.g., Nilsen and Strand

2008).

In the accounting rules under the Kyoto Protocol, forest

carbon sinks are calculated by converting stand stem vol-

ume into carbon stock by multiplying the ratio of above-

ground biomass to stem biomass (biomass expansion

factor, BEF), the ratio of entire above- and underground

biomass to aboveground biomass, basic wood density, and

carbon fraction (IPCC 2003). In Japan, active investigation

to determine these coefficients resulted in obtaining BEFs

according to forest species and age class (Greenhouse Gas

Inventory Office of Japan; Ministry of the Environment of

Japan 2008). As academic research, Fukuda et al. (2003)

also used age-dependent BEFs by species for a stand vol-

ume model by region to estimate the national carbon stock

of Japanese cedar (Cryptomeria japonica) and Japanese

cypress (Chamaecyparis obtusa) in Japan.

These BEFs were determined at the stand level, originally

for the purpose of calculating carbon stock using national or

regional forest volume statistics from forest registers or the

National Forest Inventory. A constant BEF can be selected

by species and forest age, but individual diameter and height

as well as size distribution of stands are not considered. This

BEF approach at the stand level is not suitable for evaluating

the effects of forest management on carbon sinks due to the

absence of information on individual trees and stand struc-

ture. In this case, a biomass equation at the individual tree

level is an alternative approach (Somogyi et al. 2007). This
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biomass equation approach is also a traditional allometric

method in ecological studies. However, the destructive

sampling required to develop the biomass equation involves

extensive labor, time and cost.

Although the majority of published biomass equations

are site-specific estimations using sample trees in each

study site, detailed reviews of tree biomass equations

have been reported by a number of developed countries,

and common equations on a national or regional scale

have since been proposed. Examples of equations have

also been compiled into a database for wide distribution

via the Internet (Eamus et al. 2000; Jenkins et al. 2003;

Zianis et al. 2005). In Japan, on the other hand, the only

similar example is from Tanouchi and Utsugi (2004)

who reported an average allometric coefficient by rear-

ranging a published power equation with ‘dbh2 height’.

A generic nationwide biomass equation has not yet been

proposed in Japan. Such a national scale equation is

valuable for evaluating of carbon stock and the effects of

forest management at the stand level by a common

method.

Incidentally, diameter and height two-way stem vol-

ume equations for major species by region are available

in Japan. The majority of these volume equations were

accurately developed using data from numerous individ-

ual trees in the 1950s and 1960s, but branch, foliage and

basic wood density data were not recorded, making it

impossible to estimate their amount using the same

dataset. Biomass equations estimate component biomass

directly without basic wood density. We attempted to

develop each component biomass equation using new

datasets.

Therefore, the objective of this study was to propose an

equation for estimating stem, branch or foliage biomass at

the individual tree level for an even-aged pure stand of

Japanese cedar, Japanese cypress and Japanese larch (Larix

kaempferi) as the major plantation species in Japan, by

using destructive sampling data collected from throughout

Japan during forest carbon sink projects under the Forestry

Agency of Japan and other parties. The data used in this

study, as well as data pertaining to other species, will be

published in the near future.

Materials and methods

Data

We used individual tree biomass data on Japanese cedar

(Cryptomeria japonica), Japanese cypress (Chamaecyparis

obtusa) and Japanese larch (Larix kaempferi) collected

during the course of the following projects: (1) Project for

Evaluating the Effects of Thinning on Forest Sinks (For-

estry Agency of Japan, FY1999–2000); (2) Project for

Developing a System for Measuring Forest Sinks (Forestry

Agency of Japan, FY2001–2002); (3) Project for the

Institutional Development of a System for Measuring and

Using Forest Sinks (Forestry Agency of Japan, FY2003–

2006); and (4) Study on Transparent and Verifiable Method

of Evaluating Carbon Sinks (Forestry and Forest Products

Research Institute (FFPRI), FY2001–2003, funded by the

Ministry of the Environment of Japan). Projects (1)–(3)

were implemented mainly for non-national forests. Pre-

fectural forestry research institutes selected the sample

stands and trees, carried out the stand inventory, destruc-

tive sampling of trees and drying/weighing of samples, and

FFPRI was in charge of the master investigation plan and

data summary. The object of (4) was a national forest, and

the majority of investigated stands are the growth and yield

experimental sites managed jointly by Regional Forest

Offices and FFPRI.

The investigations were conducted by following the

same manual. In the case of conifers, the method for mea-

suring tree biomass was as follows. From among the trees

with average branches and foliage, one dominant tree, two

intermediate-size trees (slightly larger or slightly smaller

than the average diameter) and one suppressed tree were

selected. These four trees were measured for diameter at

breast height (dbh) and tree height, and then cut down.

Felled trees were crosscut at 1-m intervals. Each log was

then divided into stem, living branches, and dead branches,

which were each weighed. About three main living bran-

ches were chosen from each log, and separated into bran-

ches, foliage, dead branches, and dead foliage which was

remained on living or dead branches. Then, the weight of

each was measured. Green or mixed green/brown parts of

fine branches were included in the foliage in this procedure.

A sample of about 300 g was collected from the branches,

foliage, and dead branches and foliage of each log, and a

disc from the stem about 5 cm thick was cut from the bot-

tom end of each log. All samples and discs were brought to

the laboratory, and weighed after oven-drying. Total fresh

and dry weight of all samples was converted to whole tree

dry weight of stems, branches, foliage, and dead branches

and foliage by proportion calculation.

Biomass data was obtained on four individual trees per

stand (in Project 1, five or more trees were often mea-

sured) as described above, and 20 9 20 m stand inven-

tory data was also used (Table 1). However, nine

individuals were rejected due to deviation from the

general trend shown by all three species in the relation-

ship between dbh and height, stem mass, branch mass,

foliage mass, and dead branch and foliage mass of

individual trees. Seven stands were excluded from the
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analysis of stand data due to deviation from the general

trend in relationship between forest age and mean height,

mean dbh, number of stems, and total basal area of

stands. Dead branches and foliage were not estimated in

the present study.

Statistical analysis

The following five representative regression models were

chosen from among Western and Japanese studies for

practical application in estimating individual stem, branch

or foliage mass.

W ¼ aDb ð1Þ
W ¼ exp(aþ bðD=ðDþ cÞÞÞ ð2Þ

W ¼ aðD2HÞb ð3Þ

W ¼ aDbHc ð4Þ

W ¼ ðD2HÞ=ðaþ bDÞ ð5Þ

where W is stem, branch or foliage mass (kg), D is dbh

(cm), H is height of a tree (m), and a–c are coefficients.

Eamus et al. (2000) proposed a generalized biomass

equation using actual survey data on numerous stands, and

Jenkins et al. (2003) and Muukkonen (2007) presented one

obtained by meta-analysis of published equations. They

then used Eq. 1 or its logarithmic form. Muukkonen (2007)

also used Eq. 2 and reported that it was preferable to Eq. 1,

particularly in the case of small trees. Equation 3 is the

most typical allometric equation (Kira and Shidei 1967)

and was used in almost all previous studies in Japan.

Table 1 Summary of individual tree and stand statistics

Species Cryptomeria japonica Chamaecyparis obtusa Larix kaempferi

Number of trees 532 356 128

Diameter at breast

height (cm)

20.3 13.9 18.1

2.8–55.7 1.9–37.0 4.0–38.5

Tree height (m) 16.4 10.9 16.1

2.7–36.2 2.5–23.5 4.6–34.2

Stem mass (kg) 119.8 50.0 127.2

0.6–1,235.5 0.4–429.3 1.8–758.0

Branch mass (kg) 9.5 7.1 13.2

0.1–84.7 0.0–37.1 0.1–58.2

Foliage mass (kg) 15.2 6.6 4.0

0.2–102.3 0.1–27.6 0.0–18.9

Number of stands 124 90 33

Stand age 31 24 32

10–82 9–75 8–60

Mean dbh (cm) 20.5 14.4 17.7

7.7–43.2 6.3–28.8 6.9–27.6

Mean height (m) 16.6 10.9 15.4

6.0–33.7 3.8–20.7 6.2–26.4

Stand density (ha-1) 1,763 2,232 1,300

413–3,737 750–4,975 520–3,300

Location Aomori, Iwate, Miyagi, Akita,

Yamagata, Gunma, Chiba,

Tokyo, Kanagawa, Niigata,

Toyama, Ishikawa, Fukui,

Nagano, Gifu, Shizuoka,

Nara, Tottori, Shimane,

Hiroshima, Ehime, Kochi,

Fukuoka, Oita, Miyazaki,

Kagoshima

Ibaraki, Tochigi, Gunma,

Saitama, Kanagawa, Fukui,

Gifu, Shizuoka, Aichi, Mie,

Shiga, Kyoto, Osaka, Nara,

Tottori, Okayama,

Hiroshima, Yamaguchi,

Ehime, Kochi, Fukuoka,

Nagasaki, Kumamoto, Oita,

Kagoshima

Hokkaido, Iwate, Yamagata,

Fukushima, Tochigi,

Yamanashi, Nagano, Gifu

Not including rejected data. Each upper row is average, lower row is range of data
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Equation 4, a stem volume equation referred to as the

Yamamoto–Schumacher equation (Yamamoto 1918;

Schumacher and Hall 1933), is adopted for most stem

volume tables used in Japan, and thus a good fit is expected

for stem mass. Equation 5, also a stem volume equation,

can be referred to as Takada’s equation and is reported to

be the best for Japanese cedar among the various stem

volume equations, including Eq. 4 (Nagumo and Minowa

1990).

Like later descriptions, Eq. 4 was not precise relatively

for branch and foliage mass of Japanese larch described,

we tried adding explanatory variables to influence the tree

shape, such as age, relative spacing, ratio of height to dbh

of individual tree, relative dbh (ratio of individual dbh to

mean dbh of the stand), relative height (ratio of individual

height to mean height of the stand), mean annual increment

of individual height.

A nonlinear least-squares method was used for all

models since log-transformation bias correction is not

necessary. Component biomass varied a great deal, so tree

size variation was large (Fig. 1), and it was clear that

homogeneity of dispersion was low. Thus, regression

equations for estimating standard deviation, s, of compo-

nent biomass from dbh were computed (Table 2), and the

weighted nonlinear least-squares method with a weight of

1/s2 (Okuno 1992) was adopted. The nls function in R

software Version 2.6.2 (R Development Core Team 2008)

was used for fitting via the Gauss–Newton method and the

weight option.

For evaluation indexes for model selection, we used root

mean square error (RMSE), mean bias, fit index (FI) and

Akaike’s information criterion (AIC). RMSE, mean bias,

FI and AIC (Suzuki 1995) are expressed in Eqs. 6–9. In

addition, percentage RMSE expressed in Eq. 10 is used to

indicate expected estimation error.

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

X

n

i¼1

ðyi � y
_

iÞ2=n

s

ð6Þ

Bias ¼
X

n

i¼1

ðyi � y
_

iÞ=n ð7Þ

FI ¼ 1�
X

n

i¼1

ðyi � y
_

iÞ2
X

n

i¼1

ðyi � �yÞ2
,

ð8Þ

AIC ¼ n loge

X

n

i¼1

ðyi � y
_

iÞ2=n

( )

þ 2p ð9Þ

RMSE (%) ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

X

n

i¼1

ððyi � y
_

iÞ=yiÞ2=n

s

� 100 ð10Þ

where yi, y
_

i, �y, n and p are observed biomass, estimated

biomass, average observed biomass, sample size, and

number of parameters, respectively. RMSE is an index of

precision mainly expressed by estimating error. Mean

bias is an index of unbiasedness of estimation. FI is

analogous to the coefficient of determination in ordinary

linear regression, and although it might not reach the 0–1

range, it is an index with few weak points in compari-

son with other similar indexes (Kvålseth 1985). Equa-

tions 6–10 were calculated without using the 1/s2 weight

above.
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Fig. 1 Average individual component biomass by species. Vertical
bars standard deviation. Different letters indicate significant differ-

ence by species in same dbh class (Games–Howell multiple

comparison test; p \ 0.05)
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Results

Difference by species in the relationship between tree

size and biomass

As the size of an individual tree increases, it is natural for

the stem, branch and foliage mass to increase at the same

time, and so does the variation of these values. However,

the degree of increase differed by species (Fig. 1). When

the dbh was more than 20 cm, the stem mass of Japanese

larch tended to be greater than the stem mass of Japanese

cedar and Japanese cypress. The branch mass of Japanese

cedar was less than the branch mass of Japanese cypress

and Japanese larch for almost any dbh. By contrast,

foliage mass appeared in the order of Japanese

larch \ Japanese cypress \ Japanese cedar. Foliage mass

of Japanese larch as a deciduous tree was only about 1/3

that of Japanese cedar and about 1/2 that of Japanese

cypress of the same size. The above results clearly

demonstrate the difference in size–mass relationship by

species. Therefore, we conducted our analysis according

to species as follows.

Stem mass

Each evaluation index is shown in Table 3 according to

species, component, and regression model. In the case of

stem mass of Japanese cedar and Japanese cypress, RMSE

was the smallest, mean bias was near zero, and FI was the

highest in Eq. 4. In Japanese larch, RMSE and FI in Eq. 4

were approximately equal to those in Eq. 5, but mean bias

was closer to zero in Eq. 4. When Eqs. 1 and 2, using dbh

as the only explanatory variable, were compared, Eq. 1 was

more precise and less biased for Japanese cedar. In Japa-

nese cypress and Japanese larch, ‘good or bad’ was not the

same for each evaluation index, but the indexes of Eqs. 1

and 2 were approximately equal. AIC of Eqs. 3–5, in which

both dbh and height of a tree are the variables, was smaller

Table 2 Coefficients of regression equations for estimating standard deviation (s) of individual component biomass from dbh

Component Coefficient Cryptomeria japonica Chamaecyparis obtusa Larix kaempferi

Stem a 0.009934 0.498225 0.043256

b 2.519142 1.262548 2.200965

Branch a 0.028133 0.124886 0.156261

b 1.586638 1.202163 1.253525

Foliage a 0.134056 0.139546 0.073584

b 1.266449 1.110548 1.202917

s = a 9 Db, where D is diameter at breast height (cm)

Table 3 Evaluation indexes according to species, component, and regression model

Component Model Cryptomeria japonica Chamaecyparis obtusa Larix kaempferi

RMSE (kg) Bias (kg) FI AIC RMSE (kg) Bias (kg) FI AIC RMSE (kg) Bias (kg) FI AIC

Stem (1) 37.51 -1.9 0.921 3,861 16.68 0 0.927 2,008 36.29 -0.27 0.933 923

(2) 41.25 2.66 0.905 3,964 16.24 -0.01 0.93 1,991 36.38 0.01 0.933 926

(3) 23.18 -1.95 0.97 3,348 9.87 -0.33 0.974 1,634 22.55 -0.91 0.974 802

(4) 21.38 0.01 0.974 3,264 9.38 -0.01 0.977 1,600 22.17 0.16 0.975 799

(5) 23.19 0.63 0.97 3,349 9.54 -0.25 0.976 1,610 22.14 -0.55 0.975 797

Branch (1) 4.51 -0.46 0.821 1,606 3.38 -0.58 0.783 871 7.95 -1.27 0.613 535

(2) 4.49 -0.46 0.822 1,603 3.34 -0.59 0.788 864 7.94 -1.28 0.614 537

(3) 5.21 -0.86 0.761 1,760 3.99 -0.72 0.696 990 8.87 -1.26 0.519 563

(4) 4.34 -0.14 0.834 1,568 2.97 -0.05 0.832 781 6.81 -0.28 0.716 497

(5) 5.48 -0.93 0.735 1,815 4.41 -0.71 0.63 1,060 9.58 -1.14 0.438 582

Foliage (1) 7.76 0.12 0.616 2,183 3.01 0.01 0.612 788 3.79 -1.3 -0.194 345

(2) 7.72 -0.25 0.62 2,180 2.95 -0.13 0.628 775 2.89 -0.3 0.303 278

(3) 8.57 1.55 0.53 2,290 3.45 0.19 0.491 885 3.65 -0.8 -0.108 335

(4) 7.12 0.52 0.676 2,095 2.61 0.3 0.708 689 2.76 -0.48 0.365 266

(5) 9.17 1.49 0.463 2,362 4.16 -0.24 0.257 1,020 4.24 -1.23 -0.5 374
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than that in Eqs. 1 and 2. Even if the number of parameters

were increased, it was judged that Eqs. 3–5 would be more

suitable models. FI was better than 0.9 in all species and

models. All equations generally fit well.

Branch mass

Equation 4 was the most precise and least biased for Japa-

nese cedar, Japanese cypress and Japanese larch combined,

and also, AIC was the smallest. In comparing Eqs. 1 and 2,

RMSE and FI were slightly superior in Eq. 2 for all species.

However, in Eq. 2 for Japanese larch, significance of

regression coefficients a and c was low (p [ 0.05). Mean

bias in Eqs. 1 and 2 was the same, or Eq. 1 was slightly

closer to zero, for all three species. RMSE and AIC in Eqs. 1

and 2 were smaller than in Eq. 3 normally used as the

allometric equation in Japan. Even FI in Eq. 4 at the best was

0.72–0.83, with low precision when compared to stem mass.

In Eq. 4 for Japanese larch, where the error was rela-

tively large, we tried adding explanatory variables to

influence the tree shape. When ‘relative height’ was added,

RMSE, FI and AIC improved slightly, but RMSE became

6.53 and FI became 0.747 at most. Additional variables did

not greatly improve the model.

Foliage mass

Equation 4 was the most precise and least biased for all

species, the same as for branch mass, and also, AIC was the

smallest. However, mean bias in Eq. 4 reached zero later

than in Eq. 3 for Japanese cypress. When Eqs. 1 and 2 were

compared for Japanese cedar and Japanese cypress, RMSE,

FI and AIC in Eq. 2 were slightly better, but mean bias in

Eq. 1 was closer to zero. In Japanese larch, FI in Eq. 1 was a

negative value, and FI in Eq. 2 was 0.303, not at all precise.

Moreover, significance of regression coefficients a and c in

Eq. 2 was low (p [ 0.05). FI in Eq. 4 was 0.37–0.71, and

precision was still lower than for branch mass.

As in the case of branch mass, the addition of a variable

was attempted in Eq. 4 for Japanese larch. When ‘relative

height’ was added, the evaluation criterion improved, but

there were also a few other effects, and RMSE became 2.75

and FI became 0.388 at most.

Discussion

As described earlier, it is generally assumed that forest bio-

mass investigation requires destructive sampling and allo-

metric equations for each stand. However, in the case of stem

mass, the difference in allometric equation by stand can be

small if dbh2 height is used as the explanatory variable, and

there are reports that its expression of the best allometric

equation can be more or less common by species (Yoda

1971; Migita et al. 2001; Tanouchi et al. 2004). In the present

study, the application of Eqs. 3–5 to stem mass using dbh and

height as explanatory variables achieved sufficient accuracy.

A regression coefficient of Eq. 3 (Table 4) was com-

pared with the average coefficients of Japanese cedar and

Japanese cypress obtained by Tanouchi and Utsugi (2004)

using rearranged published equations. It cannot be said that

these coefficients are one and the same, but there are many

points of similarity. That is, coefficient a for stem mass is

in the order of Japanese cypress \ Japanese cedar, and

coefficient b is vice versa. Coefficient a for branch mass is

in the order of Japanese cedar \ Japanese cypress, and

coefficient b is the reverse. Coefficient b for stem mass is

close to 1, but coefficient b for foliage mass is about 0.5.

For stem mass, the difference in precision and unbi-

asedness between Eqs. 3 and 5 is not particularly large in

the case of Japanese cypress and Japanese larch. However,

RMSE in Eq. 4 for Japanese cedar is small, mean bias in

Eq. 4 for all species is close to zero, and Eq. 4 is widely

used as a stem volume equation, but the significance of

coefficient b in Eq. 5 for Japanese larch is low. Thus, Eq. 4

should be chosen when both dbh and height are used as

Table 4 Aboveground biomass equations for individual trees in even-aged pure stand

Component Model Cryptomeria japonica Chamaecyparis obtusa Larix kaempferi

Stem (4) 0.027188�D1.627547�H1.146843 0.024442�D1.694708�H1.168378 0.017872�D1.801722�H1.171699

(1) 0.046421�D2.521681 0.036274�D2.612458 0.025651�D2.806906

(3) 0.029576�(D2H)0.911717 0.025832�(D2H)0.941624 0.018419�(D2H)0.986209

Branch (4) 0.008056�D2.608222�H-0.357842 0.032237�D2.755731�H-0.861095 0.092742�D2.905918�H-1.288063

(1) 0.007532�D2.312157 0.030766�D2.029822 0.084133�D1.740144

(3) 0.007656�(D2H)0.794933 0.038645�(D2H)0.674679 0.104311�(D2H)0.565186

Foliage (4) 0.070348�D2.596261�H-0.935245 0.106128�D2.016767�H-0.551264 0.039307�D3.696649�H-2.213657

(1) 0.058301�D1.80918 0.083366�D1.625266 –

(3) 0.061912�(D2H)0.602302 0.071400�(D2H)0.575739 –

Unit of biomass kg, D diameter at breast height (cm), H height of a tree (m)
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explanatory variables. In equations with dbh as the only

explanatory variable, Eq. 1 should be adopted for stem

mass, because RMSE in Eq. 1 for Japanese cedar was small,

although there was no great difference in RMSE between

Eqs. 1 and 2 for Japanese cypress and Japanese larch.

For branch and foliage mass, Eq. 4 was the best for all

three species. Additionally, RMSE in Eq. 4 was 17–26%

smaller than in Eq. 3 and FI in Eq. 4 was 0.07–0.47 higher

than in Eq. 3 commonly used in Japan. So, Eq. 4 is effective

when both dbh and height can be used as explanatory

variables. However, even for Eq. 4, the expected precision

was slightly low when compared with the case of stem

mass. In the two equations using only dbh, Eq. 1 is also

better for branch and foliage mass because there is little

difference in precision and unbiasedness, and Eq. 1 has a

simpler expression. However, for foliage mass of Japanese

larch, Eqs. 1 and 2 must not be adopted judging from the

low precision and significance of regression coefficient.

When the best equation, Eq. 4, was used, the expected

accuracy of both foliage and branch mass was much lower

than that for stem mass, and the error may have been greater

than 50% (Table 5). According to previous studies, the

difference in allometric equations by stand can be reduced if

the diameter at just below the lowest living branch is used as

an explanatory variable for branch and foliage mass (Yoda

1971; Sato 1973; Komiyama 1999). However, since the

measurement of an upper diameter requires considerable

time and labor, and most aboveground biomass is stem,

large estimation errors in branch and foliage mass are

unavoidable in practical application. The estimation error

for total aboveground biomass that includes all components

is less than 19% in the case of Eq. 4, except for small trees

with dbh less than 10 cm (Table 5).

It should be noted that the power coefficient for height is

a negative number in Eq. 4 for branch and foliage mass for

each of the three species. This means that a taller tree has

fewer branches and less foliage even if the dbh is the same.

Such phenomenon is hard to be imaged when observing the

difference between individual trees in a forest stand.

However, as shown in Fig. 2, it means that trees with a

lower height/diameter ratio have more branches and foliage

even if the height is the same. In other words, a dominant

tree or a tree in a relatively low-density stand has more

branches and foliage. Therefore, it is rational that the

equation should apply not only to a specific stand but also

to individual trees of varying age and stand density. Peichl

and Arain (2007) reported an allometric equation for Pinus

strobus, and described Eq. 1 as being adequate for esti-

mating the entire individual biomass, but to estimate the

component biomass of individuals, the forest age or tree

height should be added as a second variable. Also, they

obtained a negative value for the power coefficient in Eq. 4

or one that replaced height with age for branch and foliage

mass. This is in agreement with the results of the present

study. In the case of a temporary investigation of a specific

stand, or the necessity to avoid the contradiction that a

taller tree has fewer branches and foliage even when the

diameter is the same, it is time to use Eq. 3, not Eq. 4.

From the above discussion, we concluded that it is

appropriate to adopt Eq. 4 when both dbh and height can

be used, and Eq. 1 when dbh is used as the only explana-

tory variable, for each component and species, except for

foliage mass of Japanese larch. Equations according to

components and species are shown in Table 4. The per-

centage RMSE according to diameter class is shown in

Table 5. For comparison reference, Eq. 3 was also shown

Table 5 Percentage root mean square error in biomass equations shown in Table 4

Component Model Cryptomeria japonica Chamaecyparis obtusa Larix kaempferi

D \ 10 10–20 20–30 30B D \ 10 10–20 20–30 30B D \ 10 10–20 20–30 30B

Stem (4) 20 17 14 11 17 18 10 11 15 15 15 8

(1) 32 31 32 19 24 40 25 20 20 31 25 19

(3) 20 18 16 12 17 21 11 13 15 17 15 10

Branch (4) 124 62 58 40 219 72 44 39 427 125 72 31

(1) 143 75 61 44 286 89 62 52 548 205 103 38

(3) 207 117 71 49 377 112 75 54 666 255 118 38

Foliage (4) 199 71 56 71 150 80 46 55 317 102 92 175

(1) 212 100 65 74 167 97 60 68 – – – –

(3) 224 115 64 60 182 114 66 68 – – – –

Entire aboveground (4) 26 17 16 12 22 18 11 10 29 17 16 9

(1) 28 21 25 17 23 26 16 17 – – – –

(3) 28 17 15 12 24 18 11 11 – – – –

Entire aboveground percentage RMSE calculated as the error in the sum of estimated stem, branch and foliage mass to entire observed

aboveground biomass

J For Res (2010) 15:299–306 305

123



except for foliage mass of Japanese larch due to remark-

ably low precision. Care should be taken to ensure that the

object of these equations is an individual tree in an even-

aged pure stand, and extrapolation is not recommended

beyond the range of stand statistics, individual tree size and

region shown in Table 1.
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Fig. 2 Estimated branch mass of Japanese cypress Chamaecyparis
obtusa calculated by Eq. 4 shown in Table 4. H/D ratio is expressed

as tree height (m)/diameter at breast height (m)
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