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Can converting slash-and-burn agricultural fields into rubber tree
(Hevea brasiliensis) plantations provide climate change mitigation? :

A case study in northern Laos

Yoshiyuki KIYONO"”, Naoyuki FURUYA”, Naoko FUJITA”, Tamotsu SATO?,
Mitsuo MATSUMOTO”, Soukanh BOUNTHABANDID® and Somchay SANONTY”

Abstract

The area of rubber tree (Hevea brasiliensis) plantations markedly increased in the 2000s in northern Laos. We estimated
the carbon sequestration rates of the rubber trees using a dataset from 15 rubber tree plantations and compared the rates with
those in natural vegetation growing in fallowed slash-and-burn land. The stand age-averaged carbon stock in the biomass of
the rubber trees was 50.0 Mg-C ha ', after accounting for emissions from the soil while preparing the site for planting rubber
trees, based on an assumed economic life of 30 years for the rubber trees. This value was much greater than fallow period
averaged carbon stock for the slash-and-burn agricultural system with a 5-year fallow period (18.6 Mg-C ha ). However, this
benefit is lost when rubber tree plantations replace slash-and-burn agricultural activity that must be replaced by the conversion
of natural forest reserved. Consequently, conversion of the land-use system from slash-and-burn agriculture with a short fallow
period into rubber tree plantations can mitigate climate change if it does not require consequent conversion of natural forest
into slash-and-burn agricultural land. Without that conversion, the rubber tree plantations can help mitigate climate change,
although it will be necessary to minimize the environmental and economic risks to residents of this region that are associated
with this land use.

Key words : biomass, carbon sequestration, land use change, REDD+, rubber tree plantation, slash-and-burn agriculture

1. Introduction

Most rubber tree (Hevea brasiliensis) plantations
are located in South and Southeast Asia, particularly in
Indonesia, Thailand, Malaysia, and China (FAO 2010).
The area of rubber tree plantations increased markedly in
the 2000s in northern Laos (Mahanty et al. 2006) owing
to growing global demand for rubber, especially from
China, Vietnam, and Thailand, and to the Lao government's
policy of promoting development of this upland region
(Manivong and Cramb 2007). Rubber tree planting in
Oudomxay Province in northern Laos started in 2003 and
has experienced a rapid expansion (851 ha in 2003-2004
and 2,941 ha in 2005-2006) and for entire northern Laos,
the planted area was 16,547 ha in 2007 and the Ministry
of Agriculture and Forestry planned to expand this to
121,000 ha in 2010 (Vangkhamor et al. 2008). In northern
Laos, companies and local residents own the rubber tree
plantations, and rich residents of rural small towns and
villages have also established plantations by leasing
(they pay an annual fee for use if the land is from the

local people). Both local people and the rich residents are

Received 27 January 2014, Accepted 23 June 2014

unlikely to retain the land when conversion into other land
uses is expected to be more profitable.

Most plantations were established on land previously
used for slash-and-burn agriculture, which has long been
widespread in northern Laos (Spencer 1966). Slash-and-
burn agriculture is the repeated use of a patch of forested
land for the cultivation of crops, and its traditional one is
characterized by long fallow periods between short periods
of crop production. The floristic composition of the forests
in slash-and-burn agricultural land is typically characterized
by a lack of the original tree species or a low density of
these species, and by succession that favors pyrophytic tree
species that are less vulnerable to felling and fire and that
have high sprouting capacity (Kiyono and Hastaniah 2005).
The mean fallow period used for slash-and-burn agriculture
in the region was about 20 years in the 1970s and decreased
to about 5 years in the 1990s (Roder 1997). More recently,
three years fallow length became common in 2003-2004
(Inoue et al. 2010).

Rubber tree plantations are usually established as a

monoculture system in the open sites. Rubber trees grow
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rapidly in the humid lowland tropics (Cannell 1982). The
economic life of rubber trees is around 30 years including
the first several years when the tree is not tapped for latex
according to the reports in rubber producing countries
of the world: 29 to 30 years (Sajen 2006) and 30 to 35
years (Gnanaharan and Mathew 1982) in India, 32 years
in Malaysia (Etherington 1977), and 35 years in Nigeria
(Mesike et al. 2010).

Rapid changes in land use have raised concerns over
the decreasing area of arable land available for food
production and for the production of natural resources such
as non-timber forest products. Although no official statistics
are available, we have observed the conversion of natural
forest into slash-and-burn fields in regions where rubber
tree planting has increased in northern Laos.

However, the economic life of rubber trees exceeds
the recent fallow period of slash-and-burn agriculture.
The increased carbon stock in rubber tree plantations
could generate carbon credits for use in the mechanisms
that have been implemented or discussed to mitigate
climate change, such as afforestation and reforestation
(A/R) clean development mechanism (CDM) projects
(hereafter, A/R CDM projects; UNFCCC 2002, 2012),
reducing emissions from deforestation in developing
countries (REDD) (UNFCCC 2008), REDD+, reducing
emissions from deforestation and forest degradation and
the role of conservation, sustainable management of forests
and enhancement of forest carbon stocks in developing
countries (https://unfccc.int/methods/redd/methodological
guidance/items/4123.php). These mechanisms offer
incentives for developing countries to reduce emissions
from forested lands and invest in low-carbon paths to
sustainable development (UN-REDD Programme, http://
www.un-redd.org/AboutREDD/tabid/102614/Default.
aspx). However, no study has examined the potential carbon
sequestration function of rubber tree plantations that have
been established in slash-and-burn agricultural fields.
Although there have been a few reports on the biomass
of rubber tree plantations (Cannell 1982; Chaudhuri et al.
1995; Yahya 2007), only stem volume data (Khun et al.
2008) are available for Indochina, including Laos.

In the present study, we predicted that carbon stocks
would increase as a result of land use change from fallowed
slash-and-burn agricultural fields to rubber tree plantations.
We then tested this prediction using data from plantations
in northern Laos. On the basis of our results, we discuss
issues related to evaluating the potential enhancement of the
ecosystem's carbon sequestration function in terms of the
mechanisms of A/R CDM and REDD+ projects designed to

earn carbon credits.

2. Materials and methods

2.1 Study sites and plot establishment

The study sites were located in Luang Namtha Province
(Fig. 1), which has a subtropical monsoon climate; there is
a pronounced rainy season from April to October and a dry
season from November to March (Fig. 2). Between 2003
and 2009, the mean annual rainfall was 1493 + 316 mm
(mean + SD) and the mean annual temperature was 23.9 +
0.3 °C (mean + SD) at the Luang Namtha Weather Station,
at an elevation of 644 m a.s.l. (http://www.tutiempo.net/
en/Climate/LUANG_NAMTHA_M_SIN/489240.htm).
The elevation of the study sites ranged from 598 to 800 m

a.s.l., which is the upper zone of the region's lowland semi-
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Fig. 1. Location of the study area.
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Fig. 2. Monthly precipitation at the Luang Namtha Weather
Station (2003-2009). Values are means & SD.
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Table 1. Details of the studied rubber tree plantations.

81

) . Year Tree Mean Basal Land use
Plot Location Altitude Slope planted Age density DBH area Tree before  Plot
longitude latitude P Rubber Biomass Biomass  rubber - area

cultivar carbon tree

dddmé‘n.mm dddm'Ln.mm m a.s.l. degree years no.ha' cm m?ha' Mgha' Mg-C ha™ plantaatlon m?
1 1012455 2101.49 615 9 1995 14 001 250 204 85 138.8 694 F,G 544
2 1012453 210155 602 16 1995 14 001 258 180 7.2 130.5 652 F,G 472
3 1012454 210134 604 1 1994 15 001 258 199 82 142.0 710 P,G 501
4 1012457 2101.32 598 1 1994 15 001 275 196 86 131.2 656 P,G 573
5 1012595 210248 757 25 2006 3 001 258 43 0.38 35 1.7 U 456
6 1012594 210247 763 27 2006 3 001 250 45 0.40 37 1.9 U 449
7 1012592 210246 786 23 22000056_ 35 001 275 6.3 0.90 9.9 5.0 U 455
8 1012590 210247 800 24 2005 4 001 225 6.8 0.84 12.8 6.4 U 340
9 1012577 210221 754 24 2005 4 001 242 6.5 0.82 9.2 46 F 446
10 10125.67 2102.20 767 30 1998 11 001 233 156 46 111.6 558 D,G 316
11 1012567 2102.21 769 25 1998 11 001 292 139 47 117.6 588 D,G 291
12 1012566 2102.23 771 25 2003 6 001 242 103 20 46.7 23.4 F 269
13 1012564 2102.21 738 28 2003 6 001 242 10.0 1.9 51.3 257 F 235
14 1012489 2102.06 646 34 2004 5 600 242 7.9 1.2 19.6 98 F,G 339
15 1012490 2102.05 640 31 2004 5 600 258 8.7 1.6 317 158 F, G 297

2 F, fallowed land after slash-and-burn agriculture; P, pineapple field; U, upland rice field; D, forest degraded by logging; G, grazing by cattle or water buffalo.

evergreen forest. The topography is generally steep. Soils
were classified as Alisols and Acrisols (Soil Survey and
Land Classification Center, National Agriculture & Forestry
Research Institute, Ministry of Agriculture and Forestry,
Laos PDR). Rubber tree plantations in this province date
back to 1994 (Schipani 2007). The land uses in this region
can be broadly grouped into three types: (1) conservation
forest; (2) agricultural land, including slash-and-burn
fields and fallowed fields; and (3) other land, including
settlements, the rubber tree plantations, and land reserved
for future use.

We established 15 rectangular research plots (Table
1) with areas ranging from 235 to 573 m’, each containing
27 to 35 rubber trees aged 3 to 15 years old (in February
2009), in rubber tree plantations at Ban Hat Nyao, in Luang
Namtha Province. The slope angles in the 15 plots ranged
from 1° to 34° and averaged 22 + 10° (mean + SD). Most
of these rubber tree plantations (13 out of 15) were on
land that had been used for agriculture. The owners used
almost no fertilizer in the plantations that we studied.
Rubber tapping started when the trees were 5 to 7 years old.
Grazing by cattle or water buffalo had been practiced at
around half of the 15plots (Table 1).

2.2 Estimating carbon stocks

We measured stem diameter at breast height (DBH)
using a steel measuring tape for all trees >5 cm DBH in the
plot, and estimated tree biomass using the parameters of
DBH and basic density in a generic equation for tropical

and subtropical trees (Kiyono et al. 2006):

|Bulletin of FFPRI, Vol.13, No.3, 2014

Tree biomass = 529 X BA™* X D" (n =515, R* = 0978, P < 0.001) (1)

where tree biomass is the sum of aboveground and
belowground biomass (kg), B4 is the basal areca of a
stem at 1.3-m height (m®), and D is the basic density; for
Hevea brasiliensis, D = 530 kg m~ (IPCC 2006). The
default carbon fraction (i.e., the proportion of the biomass
accounted for by carbon) of 0.5 (IPCC 2003) was used. This
generic equation (Kiyono et al. 2006) was developed using
data from 62 species, including Hevea brasiliensis, and 515
trees, mostly in planted forests.

The relationship between Stand age (years) and the
carbon stock in the rubber trees (Biomass carbong, Mg-C
ha') was approximated using the following Gompertz
equation because the Logistic equation (R’ = 0.9354) and
others provided inferior results, where the stand age ranged
from 3 tol5 years:

0.7555tand age

Biomass carbong, = 78.1 X 0.000515 (n=15,R=

0.9794, P < 0.0001) (2)

Rubber tree plantations on slopes are usually terraced
(Fig. 3). The terracing may increase soil carbon emissions
because the surface soil temperature increases in the ground
denuded by the terracing and accelerates the soil carbon
releasing into the air. The amount of soil disturbed during
site preparation was estimated by a topography model of
the plantation. We measured the slope shape at 16 randomly
located sites in 3 plantations (each 2 to 3 years old) located

along highways in Luang Prabang Province (Fig. 1), where
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the establishment of rubber tree plantations increased
during the late 2000s and the province has a similar climate
to that of Luang Namtha Province. Between 1998 and 2005,
the mean annual rainfall was 1312.7 mm and the mean
annual temperature was 25.2 °C at the Station of Northern
Agriculture and Forestry Research Center, National
Agriculture and Forestry Research Institute, in Houaykhot
Village, Luang Prabang Province. The distance between the
planting rows (Dy) was 4.45 + 0.73 m (mean £+ SD) and the
terrace width (/) was 1.23 £ 0.18 m (mean + SD). Since
both Dpy and W; were not significantly related to the slope
angle (data not shown), we estimated the height of the cut
slope (%¢g) as 0.44 m at a slope angle of 22° (the mean value
for the plots in Table 1). We roughly and conservatively
estimated the maximum possible carbon stock loss (Cy,)
from the topsoil during the site preparation for rubber tree
plantations from the volume ratio of soil lost: (hcs/2) X (Wy/
Dyp) (Fig. 3). Since its organic carbon in the displaced soil
is more prone to be released into the air, we assumed that
all of the soil carbon was released to provide a conservative
estimate. On the assumptions that h.g = 0.44 m, D, = 4.45
m, and W; = 1.23 m, we estimated the soil volume to a
depth of 0.22 m (h¢s/2) that 28% (W1/Dpy) of the volume
was lost during site preparation. Since the soil carbon
fraction was generally high in this shallow layer, we used
the default value for the soil organic carbon stock to a depth
of 0.3 m obtained for moist tropical soils with low-activity
clay (47 Mg-C ha'; IPCC 2003) itself to represent the soil
organic carbon stock to a depth of 0.22 m. On this basis, we
assumed that 12.9 Mg-C ha™' was lost at every site during
site preparation for the rubber tree plantations. Recovery
of soil carbon levels as the rubber tree plantation aged was
assumed to be negligible, because previous research found
no clear trend in the soil carbon stock with increasing stand
age in rubber tree plantations established in a forest with a
seasonal climate in Cambodia (Toriyama et al. 2011).

We predicted the carbon stock in natural vegetation in
the fallowed slash-and-burn land using an equation (Kiyono
et al. 2008, 2011) developed on the basis of data from three
provinces (Luang Prabang, Udomxai, and Houaphan) in
northern Laos. The equation provides the sum of the carbon
stock in the aboveground biomass, belowground biomass,

dead wood, and litter:

Carbon stock =4.50 + 11.9 In (Y) + 0.00903 Alt —4.43 G
(R*=0.822, P <0.0001) (3)

where Carbon stock is the sum of the carbon stock
in the aboveground biomass, belowground biomass, dead

wood, and litter (Mg-C ha™), Y is the number of years since

the last crops. A/t is the elevation (m a.s.l.), and G is 1 when
grazing has occurred and 0 without grazing. This equation
is considered to be applicable to the stand with stand age

ranged from one to 35 years (Kiyono et al. 2011).

In the present study, the carbon stock at an elevation
of 707 m a.s.l. (the mean value for the plots in Table 1) and
without grazing activity was selected for our predictions as

the equation (4).

Carbon stock =10.88 + 11.9 In () (4)

Time-averaged carbon stock was estimated for rubber
tree plantations by replacing Stand age in Equation (2)
with various years after establishment of the rubber tree
plantations from 0 to 30 years on the assumption of a 30-
year economic life of the rubber trees: Time (period after
rubber tree planting)-averaged carbon stock. For slash-
and-burn agriculture, the time-averaged carbon stock was
estimated by replacing Y in Equation (4) with various
number of years after the last crop under slash-and-burn
agriculture from 0 to 20 years, the mean fallow period used
for slash-and-burn agriculture in the region in the 1970s:

Time (fallow period)-averaged carbon stock.

Fig. 3. Schematic profile of the geometry of the slopes in a
terraced rubber tree plantation.
Dy, distance between the planting rows; W, width of
the terrace; A, height of the cut slope.

3. Results and discussion
3.1 Carbon sequestration rates of rubber tree plantations
and of fallowed slash-and-burn agriculture
The carbon stock of the rubber trees (Fig. 4) was small
during the initial stages of plantation growth; the current

annual increment (CAI; obtained as slope of regression line)

PR BB 5513 %3 5, 2014]
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for the 3- to 4-year-old stands (n = 5) was averaged at 3.7
Mg-C ha' year'. However, it increased rapidly at around 5
years once the rubber trees were established; CAI for the 5-
to 6-year-old stands (n = 4) was 11.7 Mg-C ha ' year '. The
growth then looked slow; CAI for the 11- to 15-year-old
stands (n = 6) was 2.9 Mg-C ha' year'. Rubber tapping,
which started around 5 to 7 years after planting, might have

slowed the biomass accumulation rate.
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Fig. 4. Relationship between stand age and the carbon stock
of rubber tree plantation and natural vegetation in the
fallowed slash-and-burn land.

Rubber tree plantation: the carbon stock equals the sum
of the carbon stock in aboveground and belowground
biomass of rubber trees.

Natural vegetation in fallowed slash-and-burn land:
the carbon stock equals the sum of the carbon stock
in aboveground biomass, belowground biomass, dead
wood, and litter.

The carbon stock in the fallowed slash-and-burn land
by Equation (4) increased markedly during the first few
years, and exceeded that in the rubber tree plantation during
the initial stages of the fallow period (Fig. 4). However,
the rate of increase slowed over time, and after around 8
years, fell below the rate for the rubber tree plantation.
The dominant species of natural vegetation in the fallowed
slash-and-burn land were usually bamboo and pyrophytic
trees that sprouted from stumps after the land was fallowed;
these included Bambusa sp., Cephalostachyum sp., and
Cratoxylum formosum ssp. pruniflorum (Kiyono et al.
2007). Young sprouts from the bamboo rhizomes and tree
stumps of the pyrophytic species may grow rapidly during
the initial stages of recolonization of the fallowed site.
However, they grow more slowly than rubber trees during

later stages.

|Bulletin of FFPRI, Vol.13, No.3, 2014

3.2 Comparison of the climate change mitigation
benefits of rubber tree plantations and fallowed slash-
and-burn agriculture

The time (fallow period)-averaged sum of the carbon
stock in the aboveground biomass, belowground biomass,
dead wood, and litter was estimated at 18.6 Mg-C ha'
for a slash-and-burn agricultural system after 1 year of
cultivation and a 5-year fallow period (Table 2), which was
the mean fallow period during the 1990s (Roder 1997).
For the rubber tree plantation (Table 2), the time (period
after rubber tree planting)-averaged carbon stock in the tree
biomass was estimated using Equation (2) at 50.0 Mg-C
ha™' on the assumption of a 30-year economic life of the
rubber trees. Although the rubber tree plantation's values
did not include the dead wood and litter carbon stocks,
they nonetheless far exceeded those in the slash-and-burn
agricultural system after 15 years. This result suggests that
the conversion from slash-and-burn agriculture with a short
fallow period into rubber tree plantations increases carbon

sequestration and mitigates climate change.

3.3 A comparison of carbon sequestration rates when
planting rubber trees causes additional land use
change from natural forest to slash-and-burn fields

Since rubber tapping starts between 5 and 7 years after
plantation establishment, slash-and-burn farmers must obtain
their food and meet their other basic needs from outside the
land that has been converted to rubber tree plantations. We
estimated the carbon loss when “forest in the land reserved
for future use", land that will be used for agriculture or other
purposes in future, is converted to slash-and-burn agricultural
land on the assumption that (i) the area of forest converted
to new slash-and-burn agricultural land equaled (ii) the area
of land converted from slash-and-burn fields to rubber tree
plantations. However, since carbon stock data for the “forest
in the land reserved for future use” was unavailable, we used
a carbon stock of 173.0 Mg-C ha™ as the averaged biomass
carbon stock of natural forest in our study area. This value
represents the mean biomass carbon stock of forests in Luang
Prabang Province, which we calculated from data from the
Asia Air Survey Co. (2011): the mean overstory tree height
(OTH , 19.2 m) of forests in Luang Prabang Province was
related to tree biomass carbon stock (BCS) using the following
empirical equation: BCS = 0.0959 OTH **”, R* = 0.9227.

The time (stand age)-averaged sum of the carbon stock
becomes positive after 5 years when no additional forest
is converted to slash-and-burn agriculture, but remains
negative throughout the economic life of the rubber trees
when the conversion of natural forest for agriculture is
considered (Table 2).



84

KIYONO, Y. et al.

Table 2. A comparison of the time-averaged sum of the carbon stock for three main land-use
scenarios in the study area.

Time—averaged sum of the first—rotation carbon stock

Rubber plantations converted from fallowed slash—and—
burn agricultural land after 5 years®

Slash—and-burn

Year® agriculture® No additional forest ~ Gonversion of natural forest to
converted to slash— replace lost areas of slash—and-
and—burn agriculture burn agricultured

Mg-C ha™' Mg-C ha™' Mg—C ha™
0 0.0 -12.9 -185.9
5 18.6 -0.4 -173.4
10 254 16.2 -156.8
15 30.2 29.6 -143.4
20 33.7 38.9 -134.1
25 — 453 -127.7
30 - 50.0 -123.0

* Years after the last crop under slash-and-burn agriculture or after establishment of the
rubber tree plantation.

® Time (fallow period)-averaged carbon stock estimated using Carbon stock = 10.88 + 11.9
In (Y) (after Kiyono et al. 2008, 2011) where Carbon stock is the sum of the carbon stock
in aboveground biomass, belowground biomass, dead wood, and litter (Mg-C ha’l); Yis
the number of years since the last crop. The boldfaced value of 18.6 is for the recent mean
fallow period.

¢ Time (period after rubber tree planting)-averaged carbon stock estimated using Biomass
carbong: = 78.1 X 0.000515°755“™* (n = 15, R* = 0.9794, P < 0.0001), where the stand
age ranged from 3 to 15 years. The values for 20-30 years are outside the applicable range
of the equation. However, the values appear reasonable in comparison with those obtained
from Malaysian rubber tree plantations (calculated from the biomass in Cannell (1982) with
the default carbon fraction of 0.5 (IPCC 2003)): 67.7 Mg-C ha ' in a 24-year-old stand and
141.5 Mg-C ha' in a 33-year-old stand. The boldfaced values of 50.0 and —123.0 are for

rubber trees at the assumed end of their economic life.

3.4 Probable requirements to achieve climate change
benefits by introducing rubber tree plantations in
northern Laos

Our results show that converting the land-use system
from fallowed slash-and-burn fields to rubber tree
plantations may help mitigate climate change by increasing
the carbon stock (Table 2), while also generating a new
income source by selling latex of rubber tree or wage
labor in plantations for local people. However, when
natural forest reserves must be converted into slash-and-
burn agriculture to feed local residents, this benefit is lost,
and there is a large negative effect resulting from the net
decrease in the local carbon stock (Table 2). The benefit
from introducing rubber trees depends on the assumption
that (i) the rubber tree plantations are successful and that (7i)
the incomes from rubber production and the enhancement
of carbon sequestration rates will not jeopardize the other

ecosystem services provided for local residents, such as a

food supply and the other goods and services that people
received before introducing rubber tree plantations.

It's also important to note that rubber trees are an
exotic plant in Laos, and that northern Laos has only a short
history of planting these trees. Since rubber tree plantations
have so far been established mostly in the lowland humid
tropics, cultivars must be identified that are capable of
thriving in the monsoon tropics in regions such as the
study area, which has a relatively long dry period (Fig.
2), to ensure that they provide an acceptable economic
yield. Table 1 lists 2 different cultivars. According to a
preliminary comparison of cultivar 001, the mean values
between 4 and 6 years of age (plots 8, 9, 12, and 13), to
cultivar 600 at 5 years (plots 14 and 15), no significant
difference was found at present. The market value of
rubber products from Laos is not secure (Vangkhamor et
al. 2008), so the economic viability criterion may not be

obtainable. Since the ecological and economic suitability
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of the plantation sites in northern Laos remains uncertain,
the rubber tree plantations that have been established must
be monitored to confirm the benefits of introducing rubber
trees into the region. In addition, it will be necessary to
confirm that there are no unexpected consequences from
establishing the plantations, such as increased soil erosion
or a loss of native species that results from the conversion
of forest reserves to new agricultural land.

In terms of the carbon credits provided by increasing
carbon stocks, A/R CDM projects accept land-use changes
only from non-forest to forest vegetation (UNFCCC
and CCNUCC 2007). Land-use change from slash-and-
burn fields with low levels of woody vegetation to rubber
tree plantations meets this criterion. However, fallowed
slash-and-burn agricultural land with sufficient woody
vegetation to meet the criteria for forested land in the
national greenhouse gas inventory is also defined as
forest (IPCC 2006). Land-use change from such “forest”
to rubber tree plantations does not meet the A/R CDM
criteria. Although the applicability of the REDD+ rules is
uncertain in this situation, if the rubber tree plantations can
be defined as forest, the change in land use from slash-and-
burn agricultural land to rubber tree plantations could be
considered to represent an enhancement of the forest carbon
stocks. However, our results show that if additional forest
reserves must be converted into agricultural land to feed
local residents, the large net loss of carbon sequestration
means that this change should not qualify for a carbon
credit.

In terms of biodiversity, conversion of natural forest
to slash-and-burn agricultural fields and from slash-and-
burn fields to rubber tree plantations can result in a decline
in species richness or can bias the species composition
compared with the natural conditions of the region's forests.
To mitigate such changes and changes in the production of
non-timber forest products and other ecosystem services,
it will be necessary to establish more balanced land uses
through the development of effective land-use plans based
on statistics to address food security and environmental
impacts. This will include the need for regulations to
control the establishment of rubber tree plantations based
on an understanding of the differences between natural
forest ecosystems and rubber tree plantations.

In conclusion, the conversion of the land-use system
from short-fallow (e.g., 5-year) slash-and-burn agriculture
to rubber tree plantations could mitigate climate change if
it can minimize the environmental and economic risks to
residents of the region. Our results therefore support more
informed international discussion about climate change

mitigation in the study area.
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Drought and salt stress tolerance of ozone-tolerant
transgenic poplar with an antisense DNA
for 1-aminocyclopropane-1-carboxylate synthase

Satoshi KOGAWARA", Takeshi MOHRI”", Tomohiro IGASAKI?,
Nobuyoshi NAKAJIMA® and Kenji SHINOHARA”

Abstract

We examined the drought and salt stress tolerance of transgenic poplar (Populus nigra var. italica Koehne) with
an antisense DNA for 1-aminocyclopropane-1-carboxylate synthase (ACS). Our previous report had already revealed
that this transgenic poplar had higher ozone tolerance. Compared with the wild-type, drought-induced senescence and
defoliation of mature leaves was ameliorated in the transgenic poplar. Under salt stress, the transgenic poplar showed
less foliar injury and maintained a higher photosynthetic activity than the wild-type. The mature leaves showed
induction of ethylene biosynthesis under drought and salt stresses, which was attenuated in the transgenic plants as
observed under ozone stress. Although the expression of ACS gene in the mature leaves was induced by both drought
and salt stress, the level of induction was lower in the transgenic poplar than in the wild-type. Therefore, it is assumed
that the ACS gene is responsible for the increase in ethylene biosynthesis under these stresses. These results suggest
that down-regulation of the ACS gene by the introduction of an antisense DNA is effective in enhancing the tolerance

of poplar to multiple stresses.

Key words : ACC synthase, environmental stresses, Lombardy poplar, suppression of ethylene biosynthesis

1. Introduction

Genetic engineering has the potential to allow selective
improvement of individual traits in forest trees without
the loss of any of the desired traits of the parental line.
Using such techniques, we can overcome the difficulties
associated with the breeding of long-lived perennials
that need a long time to produce progeny. As a result of
environmentally damaging development and unsustainable
land use, the expansion of degraded land has recently
become a social problem around the world. Afforestation
and reforestation of abandoned land is important to
restore biological productivity and to improve carbon
sequestration. Genetically modified woody plants tolerant
to environmental stresses are expected to contribute to the
rehabilitation of such degraded land.

Plants are known to increase ethylene biosynthesis in
response to environmental stresses. Ethylene is synthesized
from S-adenosyl-L-methionine via 1-aminocyclopropane-
1-carboxylate (ACC) in higher plants, and ACC synthase
(ACS; EC 4.4.1.14) often catalyzes the rate-limiting
step in ethylene biosynthesis (Yang and Hoffman 1984).
Increased ethylene biosynthesis under various stresses has

been attributed to induced ACS activity. Ethylene is a plant
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hormone involved in regulation of growth and development
in response to environmental stresses (Wang et al. 2002),
and in disease resistance (van Loon et al. 2006), although a
high concentration of ethylene is usually deleterious to plant
growth (Czarny et al. 2006, Pierik et al. 2006). Increased
ethylene production accelerates senescence and often
causes foliar injury. For example, ozone, the main oxidant
component of photochemical smog is known to induce
ethylene production in plant species, which is considered
to correlate with the level of leaf necrosis (Nakajima et al.
2002). Genetic engineering to decrease ACS expression is
expected to efficiently attenuate the deleterious effects of
excess ethylene production. Previously, we succeeded in
improving the ozone tolerance of tobacco (Nakajima et al.
2002) and poplar plants (Populus nigra var. italica Koehne;
Mohri et al. 2011) with an antisense DNA for the early
ozone-inducible ACS gene.

The environment in degraded land is often complicated
and a variety of abiotic stresses are imposed on plants
living there. For a transgenic tree with high tolerance
to a particular stress, evaluation of its tolerance to other
environmental stresses is important for its applicability to

the rehabilitation of degraded land. Since ethylene is known
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to participate in signal transduction in response to various
stresses, down-regulation of the 4CS gene is expected to
provide tolerance not only to ozone (Mohri et al. 2011) but
also to other environmental stresses. In the present study,
we found that ozone-tolerant transgenic poplar also has
tolerance to drought and salt stresses. We will discuss the
availability of genetic engineering through the suppression
of ethylene biosynthesis by a down-regulation of the 4ACS

gene.

2. Materials and Methods

2.1 Plant material

The ozone-tolerant transgenic poplar (Populus nigra
var. italica Koehne) used in this study was the same line
described previously (Mohri et al. 2011), in which an
antisense DNA for the early ozone-inducible ACS gene
was introduced and over-expressed under the control of the
cauliflower mosaic virus 35S promoter, resulting in reduced
induction of endogenous ACS expression and ethylene
production by ozone stress than in wild-type poplar. Young
trees of both wild-type and transgenic poplar were obtained
by propagation of rooted cuttings. Rooting of these poplars
was achieved in 300 mL pots filled with vermiculite
that were irrigated twice a week with nutrient solution
(Shinohara et al. 1998). They were grown in a room
maintained at 25°C, under a photosynthetic photon flux
density (PPFD) of 60 umol photons m™”s™ in a 16h-light/8h-
dark cycle. They were transplanted to the experimental
system for drought or salt stress treatment when their shoot
length reached 10-20 cm.

2.2 Drought stress treatment

Cuttings (approximately 15 cm height) were
transplanted into 1.0 L plastic pots filled with washed sand
that were irrigated daily with water containing nutrients as
described previously (Shinohara et al. 1998). Ten days after
transplanting, the plants were transferred to an artificial-
light room maintained at 25°C and 70% relative humidity,
with a PPFD of 200 pmol photons m” s™' from metal halide
lamps during a 16-h photoperiod, and were allowed to
acclimate to the experimental conditions for one month.
For half of the cuttings, drought stress treatment was
initiated by withholding irrigation and was continued for
5 days. During the treatment, sand moisture was measured
by inserting a theta probe (ML2x; Delta-T Devices, Ltd.,
Cambridge, UK) into the sand. The treatment was applied

to three replicates for both wild-type and transgenic plants.

2.3 Salt stress treatment
Cuttings (approximately 15 ¢cm height) were

transplanted to hydroponic culture in 20-L plastic tanks
containing 15 L of the nutrient solution described above,
which was aerated by bubbling air at a rate of 150 mL min"'
and was replenished every 5 days. In each tank, a polyvinyl
chloride plate with holes to allow the shoots to protrude was
floated on the surface of the nutrient solution. Each cutting
was suspended from the lid through a hole padded with
sponge to seal the space. To acclimate to the hydroponic
culture system, cuttings were grown in an artificial-
light room with a PPFD of 60 pumol photons m” s for 3
weeks after transplanting and were rotated between tanks.
Thereafter, half of the cuttings were placed in nutrient
solution with 80 mM NaCl added. This concentration
was selected to prevent rapid dehydration resulting from
a decrease in water uptake. The low light condition was
selected during the treatment in order to prevent excessive
water loss by transpiration. The treatment was applied to
three replicates for both wild-type and transgenic plants,

and was continued for 6 days.

2.4 Measurements of gas exchange

The net photosynthetic rate (P,) and stomatal
conductance (g,) of the seventh leaf from the apex were
estimated in the artificial-light room with a portable
photosynthesis system (LI-6400, Li-Cor, Lincoln, NE,
USA) equipped with a blue-red light emitting diode as a
light source (6400-02B, Li-Cor). The two activities were
measured under PPFDs of 200 pmol photons m™ s and 60
pumol photons m” s for poplar plants exposed to drought
stress and salt stress, respectively. The concentration of CO,

was 370 umol mol .

2.5 Measurements of ethylene production

The rate of ethylene production was measured as
described by Bae et al. (1996). Leaves were excised from
all plants used for the measurements of P, and g, after
4 days of drought stress and 5 days of salt stress, and
incubated in sealed flasks under light for 1 h. Then, 1 mL
of gas was withdrawn from each flask, and ethylene was
analyzed using a gas chromatograph equipped with a flame

ionization detector (GC-7 A; Shimadzu, Tokyo, Japan).

2.6 Measurements of chlorophyll content
Chlorophyll (Chl) content was determined
spectrophotometrically according to Arnon (1949). After
5 days of drought stress, leaf discs were excised from
the eighth leaf from the apex. Each frozen leaf disc was
powdered by grinding in a mortar and pestle with liquid N,,

followed by further grinding with 80% acetone.
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2.7 Quantification of ACS gene expression

The expression of the endogenous ACS gene in mature
leaves was quantified by reverse transcription quantitative
real-time PCR (RT-qPCR) using gene-specific primers. The
upstream and downstream primer sequences were 5'-GAG
AGT TAG AGG AGG AAG GGT GA-3' and 5'-GGA GAA
GGA ACA AGG AAA GCA-3', respectively. For plants
subjected to drought stress, a leaf disc was prepared from
the same leaf that was used for measurement of Chl. For
each plant subjected to salt stress, a leaf disc was prepared
from the eighth leaf from the apex after 5 days of salt
stress treatment. Total RNA was isolated from the discs
by the hexadecyltrimethylammonium bromide-chloroform
extraction procedure (Shinohara and Murakami 1996),
and purified with a Wizard® SV Total RNA Isolation kit
(Promega, Madison, WI, USA). First-strand cDNA was
synthesized for qPCR under same conditions described
previously (Nishiguchi et al. 2012). The expression level of
the polyubiquitin gene (PrUBI) was used as a control.

3. Results
3.1 Responses to drought stress

We monitored the water content of sand cultures during
the drought-stress treatment to examine whether the stress
was imposed on each plant to the same extent. The water
content decreased in the same manner in the pots of both
wild-type and transgenic poplars after the stress experiment
began (Fig. S1). This indicated that there was no difference
in the intensity of drought stress between the wild-type and
transgenic plants.

Under these conditions, differences in gas exchange
characteristics and visible symptoms were investigated
among the wild-type and transgenic poplars. The P, and g
values were not affected by 2 days of treatment. Complete
arrest of photosynthesis and stomatal closure were observed
in both wild-type and transgenic poplars after 4 days of
drought stress (Fig. 1), when all plants showed bent petioles
simultaneously. During the first 2 days of treatment, the g,

value was higher in the transgenic poplar than in the wild-
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Fig. 1. Net photosynthetic rate, P, (A) and stomatal conductance, g, (B)
responses of wild-type (white bars) and transgenic (black bars) poplars
to drought stress. Gas exchange measurements on mature leaves under
the control and drought treatments were carried out at 0, 2, and 4 days
after treatment (DAT). Data represent means plus standard errors (n
= 3). * indicates a significant difference between the wild-type and
transgenic poplars in each treatment at P < 0.05 (#-test).
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type irrespective of the stress treatment, while the P, value
was slightly higher in the transgenic poplar than in the
wild-type under the control conditions. This was consistent
with our previous results, in which transgenic tobacco with
an antisense 4CS DNA had a higher g, value (Nakajima
et al. 2002). Necrosis appeared and spread mainly in the
mature leaves after 4 days of treatment. There was less
leaf bronzing and defoliation in the transgenic poplar than
in the wild-type (Fig. 2A). It is well known that foliar Chl
breakdown can be accelerated by stress-induced senescence.
In the present study, the total Chl content of mature
leaves was decreased by the stress treatment, and was
more pronounced in the wild-type poplar (Fig. 2B). Thus,
drought-induced senescence was delayed in the transgenic

poplar with an antisense ACS DNA.
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To investigate the difference in the severity of leaf
injury, the level of ethylene production was compared under
drought stress. Although no ethylene was detected in either
wild-type or transgenic poplar in the absence of stress,
ethylene biosynthesis was induced under drought stress (Fig.
2C). The drought-induced ethylene production in the leaves
of transgenic poplars was about 4 times lower than in those
of the wild-type. The delay of drought-induced senescence
in the transgenic poplar is attributable to the suppression
of ethylene production. Similarly, the level of ACS gene
expression under drought stress was lower in the transgenic
poplar than in the wild-type (Fig. 2D). The similar patterns
of ethylene production and gene expression suggest that the
ACS gene plays an important role in ethylene production

under drought stress.
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Fig. 2. Drought-induced damage of mature leaves and ethylene biosynthesis. (A) Visible foliar injuries
in response to drought stress. On Day 5 of the treatment, leaf bronzing and defoliation was
observed. Scale bar = 10 cm. (B) Decrease in total chlorophyll (Chl) content of mature leaves
in wild-type (white bars) and transgenic (black bars) poplars under drought stress. Chl was
extracted from mature leaves under the control and drought treatment. (C) Drought-induced
ethylene production from mature leaves of wild-type and transgenic poplars. Mature leaves under
the control and drought treatments were excised from each plant, and the ethylene they emitted
was collected. (D) Drought-induced expression of endogenous ACS in mature leaves of wild-
type and transgenic poplars. Total RNA was extracted from mature leaves under the control and
drought treatments. The expression levels of ACS are expressed relative to the wild-type poplar
under control conditions. All data represent means plus standard errors (n = 3). * indicates a
significant difference between the genotypes in each treatment at P < 0.05 (#-test). nd indicates

not detected.
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3.2 Responses to salt stress

The salt stress treatment decreased P, in both the wild-
type and transgenic poplars (Fig. 3), but the inhibition of
P, was moderate in the transgenic poplar compared with
the wild-type (Fig. 3A). P, was completely inhibited in the
wild-type plants after 2 days of salt stress (Fig. 3A). The
g, value was decreased by the treatment more slowly in the
transgenic poplar than in the wild-type (Fig. 3B). After 6
days of salt stress, gas exchange rate was not measurable in
the wild-type (Fig. 3B) because of extremely low g,.

Visible injuries appeared on mature leaves after 6 days
of salt stress but spread more slowly in transgenic poplars
than in the wild-type (Fig. 4A). This result indicated that
the impact of salt stress on leaf integrity was attenuated

in the transgenic poplar with an antisense ACS DNA. As

35

in the drought stress experiment, ethylene production was
not detected under control conditions, but was induced
in mature leaves by salt stress (Fig. 4B). The ethylene
production under salt stress was lower in the mature leaves
of transgenic poplar than in those of the wild-type (Fig.
4B). Therefore, we presume that the decrease in ethylene
production could have beneficial effects on the tolerance
of transgenic poplar to salt stress. The inducibility of
ethylene production was consistent with the response
of ACS expression to salt stress. Although salt-induced
expression of ACS was observed in both the wild-type and
transgenic poplars, it was induced to a lesser extent in the
transgenic plants (Fig. 4C), suggesting that the ACS could
be associated with both salt-induced and drought-induced

cthylene production.
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Fig. 3. Net photosynthetic rate, P, (A) and stomatal conductance, g, (B) responses of wild-type
(white bars) and transgenic (black bars) poplars to salt stress. Gas exchange measurements
on mature leaves under the control and salt treatments were carried out at 0, 1, 2 and 6 days
after treatment (DAT). The data represent means plus standard errors (n = 3). * indicates a
significant difference between the wild-type and transgenic poplars in each treatment at P <
0.05 (#-test). na indicates data not available because of extremely low stomatal conductance.
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Fig. 4. Salt-induced damage of mature leaves and ethylene
biosynthesis. (A) The phenotype of poplars seen
from directly above. Under salt stress for 6 days, leaf
edge necrosis was advanced in the wild-type (white
arrowheads), but barely apparent in the transgenic
poplar. (B) Salt-induced ethylene production from
mature leaves of wild-type (white bar) and transgenic
(black bar) poplars. Ethylene emitted from mature
leaves under the control and salt treatments was
collected. (C) Salt-induced expression of endogenous
ACS in mature leaves of wild-type and transgenic
poplars. Total RNA was extracted from mature leaves
under the control and salt treatments. The expression
levels of ACS are expressed relative to the wild-type
poplar under control conditions. All data represent
means plus standard errors (n = 3). * indicates a
significant difference between the genotypes in each
treatment at P < 0.05 (#-test). nd indicates not detected.

4. Discussion

Transgenic poplar with an antisense ACS DNA
exhibited tolerance not only to ozone stress (Mohri et
al. 2011), but also to drought and salt stresses as shown
in the present study. Under drought stress, drought-
induced senescence, which occurs after stomatal closure
and photosynthetic inhibition (Fig. 1A, B), was moderate
in the transgenic poplar (Fig. 2A, B). This trait should
be advantageous, especially in conditions of transient
water deficit since there are more chances to resume
photosynthesis after re-watering. In response to salt stress,
the transgenic poplar maintained photosynthetic activity
(Fig. 3) and displayed only minor symptoms of necrosis
(Fig. 4A). These results suggest that the transgenic poplar
with an antisense 4CS DNA has a significant growth
advantage under salt stress.

In response to drought stress, the wild-type poplars
showed a significant increase in ethylene production
(Fig. 2C), as seen in other plant species, including wheat
(Apelbaum and Yang 1981, Beltrano et al. 1999), alfalfa
(Irigoyen et al. 1992) and jack pine (Rajasekaran and Blake
1999). Foliar ethylene production was also induced in
response to salt stress (Fig. 4B), as observed in tomato (Feng
and Barker 1992) and red pepper (Siddikee et al. 2011). An
increase in ethylene biosynthesis has been implicated in
drought-induced senescence, since loss of ACS expression
delayed the onset of senescence during drought stress as
well as natural senescence (Young et al. 2004). Inhibitors of
ethylene biosynthesis retarded drought-induced senescence
in wheat (Beltrano et al. 1999). In the present study, the
transgenic poplar showed a phenotype characterized by
the delay of drought-induced senescence, as indicated
by less visible symptoms of leaf bronzing (Fig. 2A) and
sustained Chl content (Fig. 2B). It is assumed that ethylene
is responsible for drought-induced senescence in poplars as
well as in other plant species. The phenotype of transgenic
poplars can be attributed to reduced induction of ethylene
biosynthesis under drought stress (Fig. 2C). Similarly, the
foliar necrosis observed under salt stress appears to be
associated with salt-induced ethylene biosynthesis, the level
of which can be limited experimentally by controlling ACC
content (Feng and Barker 1992, Siddikee et al. 2011). These
findings are in agreement with our results, in which the
mitigation of foliar necrosis in the transgenic poplar under
salt stress (Fig. 4A) can be explained by reduced induction
of ethylene biosynthesis (Fig. 4B).

Ethylene is an essential factor in the regulation of
growth and development in response to environmental
stresses (Wang et al. 2002) and in disease resistance (van

Loon et al. 2006). Therefore, a severe block in ethylene
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biosynthesis may have detrimental effects on plant
integrity. It was reported that over-expression of a mutated
ethylene receptor gene caused the premature death of plants
(Shibuya et al. 2004). At least in the control conditions,
our transgenic poplar showed no inhibition of growth
(data not shown) or net photosynthetic rate (Fig. 1, 3).
We speculate that a moderate reduction of stress-induced
ethylene biosynthesis (Fig. 2C, 4B) is suitable for practical
applications.

Ozone-induced ethylene biosynthesis in tomato is
known to be linked to biphasic regulation of ACS genes
(Moeder et al. 2002), with early induction of LeACS6 and
later induction of LeACS2. The putative orthologue of
LeACS2 in tobacco, NtACS1, also participates in ozone-
induced ethylene biosynthesis (Samuel et al. 2005).
Phylogenetic analysis revealed that Po4ACS2 isolated from
P. deltoides x P. nigra, an ozone inducible ACS gene (
accession No. AB033503; Mohri et al. 2011), belongs to
the same clade as LeACS2 and NtACSI (data not shown).
It has been reported that Le4ACS2 is induced not only by
ozone stress, but also by other environmental stimuli. For
example, LeACS2 expression was induced by wounding
(Tatsuki and Mori 1999), a fungal elicitor (Matarasso et
al. 2005) and flooding (Shiu et al. 1998). Similarly, the
expression of NtACSI is enhanced in response to various
stresses including salt (Cao et al. 2006; Wi et al. 2010),
pathogen infection (Wi et al. 2012) and wounding (Wi et al.
2012). In the present study, the expression of poplar 4ACS
gene was induced under drought (Fig. 2D) and salt stress
(Fig. 4C), as well as under ozone stress (Mohri et al. 2011),
indicating that the ACS gene is also a multiple stress-
responsive gene. Moreover, our data suggest that the 4CS
could regulate the ethylene biosynthesis leading to foliar
injury under multiple stresses.

In attempts to confer stress tolerance to plants,
ethylene biosynthesis has been targeted for manipulation
in many studies. In particular, genetic or pharmacological
interference of ACC supply to ethylene biosynthesis seems
to be effective in attenuating stress-induced injury or
premature senescence. Treatment with aminoethoxyvinyl
glycine, an inhibitor of ACS, can alleviate foliar damage
under ozone stress (Tamaoki et al. 2003), drought stress
(Beltrano et al. 1999) and ultraviolet-B irradiation (Nara
and Takeuchi 2002). In addition, bacterial ACC deaminase,
which hydrolyses ACC to ammonia and a-ketobutyrate, has
been reported to ameliorate damage under stress conditions.
In several plants, inoculation of rhizobacteria containing
ACC deaminase may confer tolerance to salt stress (Mayak
et al. 2004a; Siddikee et al. 2011) and drought stress (Mayak
et al. 2004b) by decreasing the ACC level to suppress
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stress-induced ethylene biosynthesis. Moreover, transgenic
canola expressing bacterial ACC deaminase exhibited
higher tolerance to salt stress (Sergeeva et al. 2005). In
the context of interference of ACC supply, together with
previous findings (Mohri et al. 2011), our results showed
that antisense expression of ACS is a good strategy to
inhibit stress-induced ethylene biosynthesis (Fig. 2C, 4B),
and results in mitigation of foliar injury under multiple
stresses (Fig. 2A, 4A). This is comparable with a study
using transgenic tobacco plants (Wi et al. 2010). Transgenic
tobacco with antisense expression of carnation ACS showed
reduced ethylene biosynthesis and accumulation of reactive
oxygen species (ROS) in response to H,O, treatment, and
was less sensitive to H,0, as well as salt stress (Wi et al.
2010), suggesting that inhibition of ACS could attenuate
the synergistic effects between biosynthesis of ethylene
and ROS. It is speculated that genetic modulation by down-
regulation of 4CS should confer improved tolerance to
various abiotic stresses accompanied by increased ROS
production. Therefore, our transgenic poplar is expected
to exhibit higher tolerance to various other environmental
stresses besides ozone, drought and salt stresses.

In conclusion, the present study shows that the
introduction of an antisense ACS DNA effectively confers
multiple stress tolerance to poplar, indicating that the
ACS gene is responsive to multiple stresses and should
participate in the maintenance of high-level ethylene
production that causes leaf damage under those stresses.
Further studies including the effects of modified ethylene
biosynthesis on the viability of poplar will be required to

assess the possible range of its application.
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Fig. S1 Sand water content in the control and drought treatments. At 0, 2, 4 and 5 days after treatment (DAT), the water content was

measured by inserting a probe into all pots of wild-type (white bars) and transgenic (black bars) poplars. Data represent
means plus standard errors (n = 3).
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M ERBR 3. MERBIEIC X A Y v PRz RlE LT
B, A8 350mm THIREHFTETIT> 72, MK
IR ARAED 1t DA )L > ARG el Bk s
EFRSY) Z MWz, RS e 20 E CREH 25
WEgEHT#L, CDP-50) Z&%iE L, 7—Z 1A — (HEl
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At Ze i, TDS-601) Z/T L C. fiE & mSjk D
Db R ERIE LT,

WEESE BRI, RABRED stf DA )Vt > X REik bR
B GRS SUERT D) Z vz, Mg 2EH MmO H
RERMS T — PV E 20mm DOT AT —Y (L HIZR T
Fi#d, PFL-20-11, —3F, 7F'—YEMN 10mm DO AT —
DA, R, PFL-10-11) ZMEJTmIC
it L. 7= — GEHERZETE, TDS-601) %z
MU THEEMOREDT T HEZRE L iz,

AWM. 1S Z 2101 OV AWREBHBEEE v
Teo MIITIE. WARAED stf DA )Y > J7 HE AR TR
FREL Y VR ItFE LTHW Iz, AW R 25mm (L
J71A) X 25mm (R FAIFEIE T /HM) & Uik,

&V IAFREIE, TIS Z 2101 DANERZE Wz, ih
IZE. RARBED 5tf DA )Lt > X ITREA BRI % F WV 2,
METOmALE 25mm (L751) X 25mm R /FAIE /& T
Jim) & Utze hNIEAR O i 20 gl CRECI 3 iF 22
. CDP-50) Z&RIE L, T—Z 0 AH— CHENRZE
. TDS-601) Z /T U CHfE & I IRF D2 AL 2 & U Tz,

B R E, TR TOMBMEKIC DOV TRIEIC XS
GIKFEZREL Tz,

B

A e B
3.1 BREARER & ]ME S DR
i, MEE. AW, D OIAHLRBROERZFNE
A1 Table 1 ~ 4 127”9,

Table 1. BT ELEROFKESR
P) ARW  MC E, E, o, a,
(kg/m?) (mm) (%) (KN/mm?) (KN/mm?) (N/mm?)  (N/mm?)
AlERIAEY 77 77 77 77 77 77 77
SERfE 527 4.0 13.8 10.7 9.68 42.5 75.2
/I Mi# 422 1.5 12.3 7.26 6.89 27.8 49.9
R AAE 643 8.5 15.5 14.4 12.7 57.2 104
FEEHE(R 22 46.2 1.4 0.859 1.57 1.31 7.05 9.30
LN R (%) 8.78 36 6.21 14.6 13.5 16.6 12.4
G p ABAREOBIE, ARW: TAGEGRIE, MC: Sk, Ey BHRBIEIC & 5> 7RI By AT ol
FY TR, o, WITELBIBREEIS ) I, o, ¢ M8
Table 2. HEIEAFRRBR OISR
P ARW MC E, O o,
(kg/m*)  (mm) (%) (KN/mm?)  (N/mm?)  (N/mm?)

AR 84 84 84 84 84 84

SEME 524 3.9 14.8 10.9 24.6 37.4

/M 442 1.6 13.0 6.10 15.2 25.8

R AAHE 643 9.3 16.2 14.5 428 49.1

FEEHE(R 22 45.1 14  0.520 1.84 5.95 422

ZEENREYL (%) 8.61 36 3.50 17.0 24.2 113
G5 p: aBRIFORE, ARW: “FIEIRIE, MC: B7KE, E: BEMY > 7R o, HEEAE

FEBIBREERS S, o, & MECHER S
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Strength properties of small clear specimens of kuri (Japanese chestnut, Castanea crenata)

—Bending strength, compressive strength parallel to grain, shear strength parallel to grain, and compressive strength perpendicular to grain—

Table 3. & AMWrAdEROFE R
P ARW MC o,
(kg/m*)  (mm) (%) (N/mm?)
ESGAL LN FRBRAZN 156 156 156 156
SFEEE 520 4.0 13.8 10.2
/IME 432 1.4 12.5 6.47
R ARAHE 645 9.0 14.9 13.2
FEEHE(R A2 45.4 14  0.601 1.26
ZENREL (%) 8.73 35 4.36 12.3
HEE 1 AT FRERIAE 80 80 30 30
S ME 521 4.1 13.8 10.3
/M 432 1.4 12.5 7.47
A 638 9.0 14.9 12.9
FEHE (g 72 46.9 1.4 0.606 1.05
ZEERER (%) 9.01 35 4.39 10.2
WEmmE AW FRERIAEL 76 76 76 76
SEfE 520 4.0 13.8 10.2
/)Ml 434 1.4 12.5 6.47
RNAE 645 9.0 14.9 13.2
FEEHE(R 22 442 14 0.599 1.45
2N REN (%) 8.50 36 4.35 14.2
Al p AkBRIFOEE . ARW: “FHFERIE, MC: B/KHE, o, @ HAWIRE
Table 4. D IAHAERDFER
P) ARW  MC Oer T
(kg/m?) (mm) (%) (N/mm?) (N/mm?)
ESGRLAYEN AR AAEY 168 168 168 168 168
S 525 4.1 14.8 6.04 10.7
/)Ml 426 1.3 13.5 3.69 7.29
RNAE 685 9.0 245 10.9 17.3
FEEHE(R 2 50.1 1.4 1.53 1.32 1.91
LRI (%) 9.55 34 21.2 21.9 17.9
HEETRINE AERIAEY 84 84 84 84 84
SR 526 4.1 15.0 5.41 10.0
/Ml 430 1.3 13.5 3.69 7.35
R AAE 685 85 245 8.03 14.9
FEEHE(R 22 52.5 1.3 1.90 0.95 1.66
ZEENRE (%) 9.98 32 12.7 17.5 16.7
M EminT FRBRIAK 84 84 84 84 84
SERfE 524 4.0 14.6 6.66 11.4
/I MiE 426 1.6 13.6 3.90 7.29
PN} 657 9.0 21.5 10.9 17.3
FEEHE(R 22 47.9 1.4 1.02 1.35 1.89
ZEN R (%) 9.15 35 7.01 20.2 16.6

CAERIF OIS, ARW: EEETE, MC: BKER, o, 1 ® DARLBIRLIET]. 0.5,

RS p
DED 5% ZTERED 8 D IAR LT
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Table 5. BHED WA R E N7z 7 U OYIPEAE & 05 d % AGAER A DY A
CFEME. Ay INEEEITRE (%)
P ARW E, a, a, o, Oup
HH L (kg/m?) (mm) (KN/mm?)  (N/mm?) (N/mm?) (N/mm?) (N/mm?)
HEHT  MEmE HEH
=p 520 ~527 3.9~4.l 9.68 75.2 37.4 10.3 10.2 5.41
AR (8.50~9.98) (32~36)  (13.5) (12.4) (11.3)  (102)  (142)  (17.5)
A T2 600 34 9.0 80 40 - - -
NS RT o
- L 566 0.349 8.76 75.2 40.8 11.5 11.9 5.06
(7510 1K) (4.32) (16.1) (10.5) (10.9) (5.77)  (725)  (23.0)  (6.43)
AR N 581 3.42 9.30 77.7 - -
@1k, SMET) (8.3) (52.2) (12.2) (16.5)
R /N BRIRIC K B
T — 2D 55N - - 83.3 42.1 10.8
FEAEGR L AH

LB /7
IFHAI0 & 0% ST 50 LTz U - 1110

AABAER L DO DS, B Ok (R
B LT 20042,2004b, HH: - ([ H 1982, IR - KT
2006) IR ENT2 7Y DOEYIEME & 5 IS T % AGLER (&
DYPEAEZ Table SIC/RT . CHkME & LIk 5 &0 A
FRER IR D IF/NE < AR iR G 1D R
IO ERR S ERPREN o To, FiEMIE, &
TOETEHZEDDOEEE RKRE L x> TRV
Mofee TOTENL, RABTHWZ 7 VI, %
AR E 0D D 3 A I SCHRE & Wi 1C 275 % pPRE T
TN Ehbho i,

32 MERMOEERE L DR

7)) OGN OFLHMERE OB AR & LT, R
RUNGRBRIRIC X 298 )% 7 — & I 515 5 N 7o I UERR 1 i
DNEDLNTHEH (HARBIEF 2 2010). #hlF | HEHEHE.
AW TZFNZFN 850kgf/cm’. 430kgf/em’, 110kgf/em’
Thb, TOMIE, WERMORAERE 2 FHET 5K
KEEDERBMMNELLNS T &h 5 FHEIC Y
THEEZALND, TNESIHAMICERLIZEDZ
Table 5 D RERICRT o T DM & AGKERAS S O il &
LB % & AGBRIKO IR, HEE HEom R 3
R/INGRBRIRIC K 2 B UERR i 2 Rl b . & AW &
VR SN BRI K B HEMERRE I & IZIFHF TH -
Too HHUF 36 K OHE I ARBE EE 0D P25 il VR /N B A
IC & B RMERE R RE - 2B & LT, AkBrikT
AWV DEENNEO/NEShoTcT eNEZDN
2800, SCHEME & R /NGB IR IC X 2 B e R
ERHBLTE, BAMHREZ R T X TR AU
BRI IC K B HUEREMZ N> T\ iz RV
BRI K 2 HUES I R RE C L IRE N THE D,
WEBHEEICE7VDEN S50 TF FYELG

p: BRI ODIRE ARW: “FEIEEIE, £, WT OET Y > TR o, @ MITTREE, o, @ HEERTRIE, o, 1 BANMRE, o, O

I
AGRERARD p & ARW DI S5 ABR OB OHEIPH 2759
A DHRED o, DL 561kg/m’ TH 5,

F., MERUNGER RIS X B BMERR I T D T
—ZzE LT, i OBEORENEE DL %2 HE
BICANTHEINIZ2DTHS (P 1988) ] & &
NTV3, W JHEs 2012) 1Icks e, 7V ERLT
BIFERECH 5 7 vV F OBRSUNREBRIADHh ., HEEAE.
REH m AW, B H e ARRE O FEEEIZZ NZF N

110N/mm’, 54.1N/mm’, 14.8N/mm’, 15.0N/mm’ T& 0 .
IR g NGRS K B HUERRE 2 K E < k> Tw
Too SR GSU/INGABRAARLT K B FEHE R B (il 0D 3R 8 R DRI
EIHS DT RV, YRR MR s/ NGER RIS
X B RUEGRE X, KO KERT YV FO5mERE
ELEEEIN, 7V HEBOMEREEL D PP RE
CRESNTIREENEZEZ BNS,

—H. HDRARICOVTIE, ERI/NRBRKIC KD
BEHEB P IZ R ENT VARV, BITORM DD DIAR
OFRMERRE (WA 2001 &, R AVNRBRIAD
LEBIRRE I T D Z 155 LIz TH B e EZ D
Nz (ERE2013), 22T, fEHME. REBEMNEZ &
b T R T OB LLHIIR IS S Oz 1.5
fEL72b Dz BM OB 0 ARHDEHUERE 10.8N/mm® &
e Uz, ZORE, REBIADOFEIIHED 1.5 f5D{f
1% 9.06N/mm* &7z b, fHOEEREE. &M DD DIASH
D FEAERE 10.8N/mm’ & Flal > 7z, TOERKE LTI,
DR R, ABRADEEN NS hofcT & &,
RS U CORM O DA I OFLHEREE DB 7k
MEHET % EEZ NS,

335EL

TESEARA OSBRI 1, I R /N R B 0D B HE g
HICIE S D EHRE4/5 2R CTHIEZ 5% FHRAEIC
BEL, Thic, i, MMEERZ EMEORFICIE T
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—Bending strength, compressive strength parallel to grain, shear strength parallel to grain, and compressive strength perpendicular to grain—

TR IR AR GRELL) ZRUC A EICK DR X
N3 (HARBEZS 20100, BENM TARBEMERT
FIUE - [FfREE ) T O @EMEM) OfhiF, HEEHED =
EE LI 2 D9 0,45, 0.62 TH B, AidBRAER
ZHOTRERD JFIETEIET % &0 Rl ADFHE
IR N BR RIS K B BMER 2 o> T\ Tz
O, Bl E NI R O g g2 TRl % 2 &
IC75 %, —Fi. BEORRMZ W TzdhiF . #EHE e
FED 5% FRRMEIXFESEHRM ORERERZHE L Tz
(JFE 5 2013), Tbb, RRABOIKM & TR /N
AR L O HIE, M CGE @G OrEE
teTH BT, MEMED 045, 062 KB KREL, B
W Z B & FERM & IR SUNRER K DBEE D 2NN
EholtbWnWis,

SN CEmRSGEH) OB FEYEIE, 1981 FRR 8
MO EABMHERS GEMKES 1981) OFA] 1 Y
EENTVE (HAREEFZ 2006, 2010), O [TEHf
DO HAREMEIR ) 1 FOHRE, EPhEiELEO T,
BT T8M O HA BRI (BHMOKE?R 2013) L
FESEM 2 WOFEHEL H U TH % 128, WA OF
WAEEM) ORI, BT ORUEICE S BIX O
WM 2 ML ETHBEEZBND, ZT T, fEM
IS B W T HEERIX ) 217 > 7o TR BRI D
W, ZREMEE M 2 ML E ORI & F N b ERELL
T 4R /NGRBR (K 68 fRIC DWW TR (F2RM /R
FUNGBRIR) DWEEZ RSO Tz, ZFORE, SEELED
TFHEIE 0.68 Elxo Tz, Ele, HEEMXZICHEDS
9, AR D B EREL U 72 M & e R s/ INaR B A
Dz #hiF 77 k. HEEHE 84 A SHEII Lz &
T A, SIEELOFEMEIE, i, MIEETZENETN
0.66, 0.87 £7x 0, HFICBI L CIld O REREE# 2 L
FoimElk 068 L KER AT R oz, ThEDEB, A
FRERAR DT, MEFE#E O TR EL 0.68. 0.87 (&, MESFHR
M CE @A) OFFRELL 045, 0.62 & HEXTWNT
NERKENMETHO., TOT EWERM TEEHRM D
HEmErme Liz—-WeEZENS, £z, TV F
IZDWT, HEERK 2 217D 3 FtkicsRE Lz &5
Liz&Th, hF, #EtEMHTENZEN0.52, 0.70 &%
D (FES 2012), ZVIEETIREVEDDRIED
HRAr CE@EMEM) OmELER D EREWHE T >
7z (Fig. 2)o 7272 L. &7 VO FAM O W~ & dh
B A T 240mm X 240mm.  #EFHEELERK T 230mm
X 230mm & REMo Tz, RICZYVDERMEMT
105mm ARREOWE THNE, TEDRICK D iRELL
BESIKHEIMLEZEEZ SN D, 1973 i TARMER
FHARHE o AR (HANEREE2 1973) I XX, §HE
KA I 5 3R & T2 @A IE A D R IS K B (RIRARED Hh
A CZENZ1043.0.63 E72>TW0ET &5,
BAAT D58 S Fold BEAE O S 3R A O 5l FE 3RS 2 & &
KREINEEZSNDZMN, 7V, FYFOREN
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HTH%,
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7)) QR SN K 2 VTR, HEEAR, B A
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Wbt D SR FE O R AR T B 2 1R /NGB A D il
L HEERE. B A WO BRI AT A & ELie U 7o
M CF SR kLA R P D B PR il L R N R A L
KB RMEREMEA FE O, & A W8 E O I1X R
RUNRBR RIS X B HEEREM L ZIFAFETHo T, ®
DIAFBEIC DN T & MFERM O AR Z Rl -
Teo —H. BRMZHOIZEE RO R T, i,
16 HE A OO M A D BB GRS 2 i e L T e, T DT
B #F, HEEREIC DWW T IAM & R N EBR KD
ERISmELEEHRELEZEC A, 7V OME TR
ITTHVLWLNTVREIDERENWT EAbh o Tz,
FLKM 7 T T2 38 B B O RS SRS Bl U, MEE fiE oD
A ORMERE 2L LTz T & & BT A
Mo T — 208w eh b, BiTOEENM O
HUEMmE P RRAICEET IR ERRVWEEZ LN D,
LA LAENS, ARBRICIHBW T, S R U T
AT IR E D 7V OBER SN ER A D BR LD
IR g/ NRBRARIC KB HEEBEM I D & /hEh ok
L 7V IV FORRED S ILEERM OME LSBT
DX ERED ST e STz, S51%IF 7
U &G IIREBMIC OV TOERNZME T — 2%
WEL., YUEDIICOWTHRIES 2280 H %,

A EE
AW, E Al E TR 25 4R KRG RNERE
TOMAIBGEER R MR ORE) O—fE L TTTo 7,

"5
(AR
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(8D 2012)
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Strength properties of small clear specimens of kuri
(Japanese chestnut, Castanea crenata)
—Bending strength, compressive strength parallel to grain, shear strength
parallel to grain, and compressive strength perpendicular to grain—

Hirofumi IDO", Sachiko MIURA”, Hirofumi NAGAO" and Hideo KATO"

Abstract

The specified design strength of ungraded lumber, which is not stipulated by the Japanese Agricultural Standard,
determined by the Ministry of Construction was derived from the test results of small clear specimens. Existing data on the
strength of kuri (Japanese chestnut, Castanea crenata) lnmber, which is commonly used for sills of wooden houses, are rather
limited. In a previous study, the specified design strength of ungraded lumber was verified by strength tests using kuri lumber.
In the present study, we determined the strength properties, including the bending, compression parallel to grain, shear parallel
to grain, and compression perpendicular to grain, of small clear specimens collected from kuri lumber used in a previous
study by performing strength tests. The strength test results validated the specified design strength of ungraded lumber from
the viewpoint of small clear specimens. In addition, the strength properties were compared with those of lumber. The test
results showed that the average of bending and compressive strength parallel to grain is less than the value of the characteristic
strength, which served as the basis for the specified design strength of ungraded lumber. Furthermore, the average value of
shear strength parallel to grain is equivalent to the characteristic strength value. The strength ratio of lumber to the small clear
specimen is greater than that of the specified design strength value of ungraded lumber used in both bending and compression
parallel to grain.

Key words :  kuri, Japanese chestnut, small clear specimen, bending strength, compressive strength parallel to grain, shear
strength parallel to grain, compressive strength perpendicular to grain
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HFMERRICHITBHAK - K4 - LI] - RFKD
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Rl T MeA BT EE Y. Mm AT MR BUL Y

EE

i 5 DR T S FE BT B MU S AR DN RETH SR ZHE T B /e, F o)V /) T A VETIHE
BT O RIILDOILGRLEICH T 2 RRRCHETEZ L a— Ui, Fx)b/ 74 ORET
ROFEIPEITRIMELTEY, BEZCOGMHEREDVHTOED, BN E HA LIZARSE
fF BAEYAHS LIEORW D RE 2 DT, WEOREOBGICBT 2MENEETHL I L, Tk,
B ARM P OS> LEEORBE= 21 V7 Tld, EXNRPEHMNICH > @Y 55k
D AR P BEAA 1 ¥ & O3 HE D NI O R FRNCHE TH B T &2k L Tz,

F—I—=F F o)V TAVFEFRRICE R, RGN E =2 ) ¥ TiREE, RMROMHTEE
U LERE, AR MR SHEES I IR RS, RAAKESR

1L.IELHIC

2011 43 HOHHAKRESR 2 & > M ICFHAE LIz (B
HHBIREE - IRBEMOERICK D, HHAD
JEDHEFC U PEYVE DR L. BERNIC & D RIS Bk
AL (KD, HHCYY], P 8 H & BV %3
T2 131 DILE LRI NZD (Kato et al. 2012), bk
FRERNAMADZEZHET 255, FEEADO BV
SR, & KB 30 FED Y L 137 DEjEE
ERBEENT AZREND D, KK 1986 FEDF )
J T A FEORGE R B L T —0y B HINTHLEL
UTe R E DN EED G, RO DR EA
MIFLEEEBEEL, B ge2LoTs=21) 7k
BEt ki ENTWa (KK 5 201D, £z, Fx)b/
T A ) FH% 20 B4R H I EBE T 7 RERE TAEA)
I KB ARBIBARIFR L E o =D Thh., RS E
NTW% JAEA2006) » Fiz. BILICHES> TEEZL D
RFERLKEBOHMMNM TN TS (A, Zhiyanski
etal. 2010, Gjelsvik and Steinnes 2013)
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JEFEFR O AR HE (Brumfiel and Fuyuno 2012) 7
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T LR EREEZ L (Kuroda et al. 2013; MEFIT 2012,
2013, 2014; &H6 2013a, b) . TR 5T 2 HUHPEY)
B (RMEREBIZEAT 20122, 2012b, 2012¢) DFEEIEICD
WCRFET 2. TNH DN ER. BN ARSEE Y
LEEL D &, B bZz#ET 5 C & &2 HIYIC Ui
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Fig. 1. Radioactive cesium deposition map for eastern Japan acquired in an airborne-monitoring survey by the Japanese

Ministry of Education, Culture, Sports, Science and Technology (MEXT). (Converted on October 13, 2011. Use
permitted by MEXT)Number of ambrosia beetles captures at Takatori-yama Preservation Forest.
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Fig. 2. Long-term monitoring sites (green dots) and streamwater monitoring sites (black dots) used by the FFPRI research
groups in Fukushima Prefecture. The back ground map is the deposition map of radioactive cesium-137, according
to the fifth airborne monitoring survey by MEXT. (Converted on June 28, 2012)
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Guidance for methods assessing radiocesium dynamics
in tree, wood, soil and stream water in forest ecosystems

Masamichi TAKAHASHI ", Takuya KAJIMOTO * , Tsutomu TAKANO * |
Shigeto IKEDA ¥ and Masahiro KOBAYASHI ”

Abstract

We reviewed the research published since the Chernobyl nuclear power plant accident to help us investigate the effects
of radioactive cesium contamination in forest ecosystem and in wood material in Fukushima Prefecture caused by the Tokyo
Electric Power Company (TEPCO) Fukushima Daiichi nuclear power plant accident in March 2011. There are still effects from
radioactive cesium contamination in forests affected by the Chernobyl accident, and several reports are still published each
year. Although valuable information can be found in these reports, actual measurements should be made in the Fukushima area
because the natural conditions in the Fukushima and Chernobyl area are very different in terms of parameters such as climate
conditions, the predominant floral and faunal species in the affected forests and soil types. We also discuss the importance of the
selection of appropriate monitoring methods for the target area and research goals. Exploiting the information available on the
effects of the Chernobyl and Fukushima accidents is important to allow us to extrapolate the limited information available to a
wide area assessment and a future prediction.

Key words : Chernobyl nuclear power plant accident, Monitoring methods for nuclear contaminated environment, Radioactive
cesium dynamics in forest ecosystems, TEPCO Fukushima Daiichi Nuclear Power Plant accident, Tohoku-oki
earthquake 2011
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Table 1. Outlines of the research plots established at three study sites in Fukushima Prefecture.

AEME g =1 FME JavhE @ Al 1i1E UIAEE HWEERE e MR
Site Location Altitude Forest type Plot Name Plot area Stand age Species Tree density Diameter DBH Height H Stem volume

(m) (ha) (yrs-old) (ha™) (cm) (m) (m’ ha')
ITSES K@i 660 PE PN KU-S1 0.16 43 ¥ C. japonica 975 18.9 14.3 246
Kawauchi village Mt. Otsupe Cryptomeria japonica, plantation [ (Broad-leaved spp.)  ( 575) (17.1) (13.9) (72)
730 E/F AIH KU-H 0.10 26 e/* C obtusa 1330 17.6 16.5 278
Chamaecyparis obtusa, plantation JLEERE  (Broad-leaved spp.) — — — —
w690 AFAIH KU-S2 0.12 56 ¥ C. Japonica 733 30.9 19.2 546
Kami-Kawauchi Cryptomeria japonica, plantation TREE Mt (otherspp.)*  ( 225) ( 25.8) ( 13.8) ( 86)
REH 730 AFAIH OT-S 0.24 42 ¥ C. japonica 1117 24.8 17.8 489
Otama village Cryptomeria japonica, plantation JEEHt  (Broad-leaved spp.) — — — —
750 THITY NI OT-P  0.24 43 7HY P. densiflora 938 18.8 12.6 182
Pinus densifiora, plantation [REEH  (Broad-leaved spp.)  ( 375) (15.6) (11.9) ( 46)
760 LR R OT-Q 0.24 43 [RE#f  Broad-leaved spp. 546 17.5 12.3 88
Deciduous broad-leaved, secondary THIY (P. densifiora) ( 658) ( 1 8.9) ( 12.6) ( 127)
RRHT 790 AF AL TD-S 0.21 41 A¥ C. Japonica 1105 19.9 14.3 299
Tadami town Cryptomeria japonica, plantation [RZH  (Broad-leaved spp.) ( 133) (17.2) (12.3) (20)

W, IARE., BEE. BERUVEHMEATE. IEEQ01E)DE, #EEL. EEDBHALHEL-KEXDFEHIE,
LERICEEHTE, TEROYORIZCZDMBIEDEEZTRT * LIIARFH(KU-S2) DZFDMhEIFTEX, LESUSNETHTYE
ATV RERR)DNELRERT D, BEESMOHERROEMT. EFHBENRIZSE,

The values shown for the stand age, tree density and mean size parameters were obtained in 2011.

The values in the upper line are for the dominant species, and the values in the lower line in parentheses are other
species. Tree height was estimated using the site-specific DBH—H regression (see electrical supplementary Fig. 2).
*In the C. japonica stand (KU-S2), broad-leaved trees grow together with planted trees of two conifer species (Pinus
densiflora and Larix kaempferi). Details of species composition of each stand are shown in the electrical

supplementary Fig. 1.
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DM ZBRN T BB R TIEL L7z (BFRXOH]
. WREETERK 2I1IRLE), ThsDXh b H#EE
U 7e Bk E . kO@BMBEOHEE (BR) 1T H
Wiz,

HIE E RN 10 em RIEO/NERICDONTIE, 71y
N OWHICIET S 2 D00 RTF—k (%10 X 10 m")
BRI, AT X T ORI % 5L # L ¢ DBH 7
E LT, MU TEHER G ETEZHROLRE. TN
ZThoz 1 AT DORIE L T,
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BB ARDOHFRHETICIE., BRIER AR ER E
A& eFEND S (BIAIE, MKH 1971, KK 1976), T
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Stem mass
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Fig. 1. Method used to estimate biomass in the aboveground tree components.
For each tree (DBH = 10 cm), the dry masses of leaves and branches were estimated by (A) appropriate DBH-based
allometric equation (see details of equation in Table 2). The dry mass of stem was estimated by separating it into three
parts (barks, sapwoods, and heartwoods): (B) the total stem volume was converted into the dry mass of each part by
using the volume ratio, or (C) a relative volume proportion of that part to the whole stem, and (D) basic density. For
small trees (DBH < 10 cm), the dry masses of woody parts (stem plus branches) and leaves were estimated separately
by applying appropriate DBH-based allometric equation (see details of equation in Table 2).
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THENIBIOM AR RDTz, ZDMEIC BN ORFERE (6
M, K1DOD) #RELSHTETEGEERICHRRE LR,
LTeio T, BOZMA OB FRIE, [BME] X [0
DA X [AREEE] TaltHE L

M EEOHETICIZ, DBH & H 2285 L 9 il ik
FEA R O'TEBRE RN E N BRI R Uz G S
2010), FHADFEMIZ, TOXEDZE 2 ZBE N0 (R
F.TATY, v F LREBOSERE. FF 29, 32, 31,
35UCHHIE)s 75, ILEERILINNDOFUE, BIFTONL ARG
fEE GHHAN) THOLNTWARERUTHS, SN0k
ORI E AR EOMIE, Bl 5 K I ITHUEHE Cs IR
OHEICH Ty M TIREI U7z f ko () kT
BN FME (B4E 3 A FZ 2 0D 6 &) 2V,

ERRINES N

INERDBIFEIZ, HI L2 A G ekiaih) &3
WK T, TNEFNDBH Z & & T 248 & DI
FRZHNTHELE (K1 DE), 2hsoHERIE,
MR F2 IR 0D P R T ¥4 T T SRS AR D AR (I 7 15 5 Nz B AF
DF—=RZEZHOTERLE ONEILS 2002 ; 72 T%
FIARDT—%2ZFD 2] XD, DBH< 10 cm OfE{KD I 31
AKOF—ZEMEH), K3 ICnRTLIIC, H EARTEKL
UHEE L 1T DBH &7 b B sk (R > 0.84) A
BHoNT (ROBRBEFEOFME, £2 221,

& 2. KR &/ AR DK N UTED B EHEE I HI W 7 Rl D AR i R X

Table 2. Allometric equations developed to estimate biomass of branches and leaves in each study stand.

xt RAHIE BRI EOTES 4 RERH SMAH  HHAROBIEOCER. REIUGHR(R)GEE*
Species Component  Parameters of equation i‘;f;:;;::ﬁ;f Samples Information on original data, smaple trees
a b R’ n e.g., tree ages, sampling sites (prefectures)
5PN e ® 436x 10* 3.17 0.92 33~ 404 4 (years). 545 (5 stands)
Trees Cryptomeria japonica Branch 25 ZyE. Bl RE.E. ILREER
(10 cm = DBH) ¥ 437x10° 261 0.86 Samples taken from 5 prefectures (Ibaraki, Ishikawa
Leaf Nagano, Akita, and Yamagata)
ThzY % 7.98x 107 242 0.53 28~39%F & (years) . 4#K53 (4 stands)
Pinus densiflora Branch 23 EH. EFER
k-3 2.52x 10'2 1.77 0.39 2 prefectures (Nagano, Iwate)
Leaf
E/% 3 7.71x10% 322 0.77 28~ 3942 (years) . 4#K53 (4 stands)
Chamaecyparis obtusa Branch 20 R 7R IRER R
- 4 421 x 10_3 2.57 0.86 3 prefectures (Ibaraki, Shizuoka, Gifu)
Leaf
ERILEH # 1.50x 10° 3.24 0.69 BHITIF5. 3255
Broad-leaved spp. Branch 49 A5 (BE®TH)  BR-TLOER
-4 5.90 x 10-4 3.04 0.68 mainly two oaks; Quercus serrata, Q. crispula
Leaf 11 stands (unknown ages), northern Japan
IMER EEERER B A5 257x107 195 0.98 SXF5 ABVHIT  IXFHENTE
Smaller trees Broad-leaved spp.  Stem and branch 31 e.g., Quercus crispula, Acer mono,Cornus controversa
(DBH < 10cm) 4 191x 102 1.62 0.84 MRS (2002) R EY

Leaf

from Komiyama et al . (2002)

EHER R RERIZ. TNTOBHELEHET HNE. y=aDBH® (Hfilem, kgl: yIEHEELDEE) THEEILT=,

#K (DBH >10 cm) DR BIRT—2 (L. MBFORLABEH,

Each allometric relationship was given by the equation, y = a DBH  (unit: [cm, kg ], y is dry mass of component).
The original data for the sample trees (except for smaller trees) were from the Japanese Forestry Agency

(unpublished data).
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Fig. 2. Allometric relationships between the DBH and the dry mass of branches and leaves observed for the sample trees of different
species, (a) Cryptomeria japonica (n = 25), (b) Pinus densiflora (n = 23), (c) deciduous broad-leaved species (e.g., Quercus
serrata and Q. crispula, n = 49), and (d) Chamaecyparis obtusa (n = 20). The details of the regression equations are
summarized in Table 2.
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Fig. 3. Allometric relationship between DBH and dry mass of branches and leaves found for smaller deciduous broad-leaved trees

(DBH< 10 cm, n=32).

The data of sample trees used to derive each regression equation included 11 species, e.g., Quercus crispula, Acer mono,
Carpinus tschonoskii, and Cornus controversa. (for details, see Table 2).
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HHE 1 alRAROZEE &R E DR
(@) KREF ZAFH OT-S (2012 4F 5 7T —T%DIFI=AK)
(b) HURMT ZFHKk TD-S (2013 4 5 H>— b2 XKW 72A)
(). (@ NAFE 7 FH (2012 4, K)
Photo 1. Examples of the trees sampled.
(a) Cryptomeria japonica (small tree, 2012, Ohtama site OT-S)
(b) Cryptomeria japonica (medium tree, 2013, Tadami site TD-S)
(c) and (d) Chamaecyparis obtusa (large tree, 2012, Kawauchi site KU-H)
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% 3a. alRR DR & & BN OB N AR
D IR O XFME &/ Fik
Table 3a. Size parameters and estimates of volume ratio and basic density for the stem
components of the sample trees in each plot at the Kawauchi site.

AR Size parameters ZAHEEE  Volume ratio BHEFEE*  Basic density
REMA AEHS Tovbd BRE  HEA  BEf  HE EHTE ERTER BE B D ®E B LM
Site Study stand Plot Name Sampling year Sampletree ~ DBH H HB DB Bark  Sapwood Heartwood Bark Sapwood Heartwood
(em) (m) (m) (em) (%) (%) (%) (gem™)  (gem?)  (gem”)
NmF AXAI#H  KU-SI 2011 x 36.2 21.4 8.3 27.5 5.8 620 322 0.234  0.231 0.266
(KU) Large
Kawauchi village . japonica th 214 17.2 10.7 13.6 99 682 219 0.237 0.328 0.350
Medium
b N=-sulll] N 14.3 12.1 42 9.2 6.4 692 245 0.248 0.263 0.294
Mt. Otsupe Small
FH# Mean 7.4 66.5 262 0.240 0.274 0.303
SD 22 3.9 5.3 0.007 0.049 0.043
2012 X 32.8 21.1 8.8 25.5 4.5 635 320 0.365 0.252 0.270
Large
& 21.5 16.6 4.0 18.1 34 776 19.0 0312 0252 0.342
Medium
/N 13.7 16.2 10.1 8.4 63 70.7 23.0 0.321 0.344 0.378
Small
19 Mean 4.8 70.6 24.6 0.333  0.283 0.330
SD 1.5 7.0 6.7 0.029 0.053 0.055
2013 x 34.5 19.3 43 30.9 4.1 593 365 0.378 0271 0.302
Large
h 23.0 18.0 9.6 16.2 44 622 334 0.345 0286 0.323
Medium
/N 17.4 13.8 5.7 14.4 5.0 748 20.1 0.357 0302 0.344
Small
FH# Mean 4.5 654  30.0 0.360 0.287 0.323
SD 0.5 8.3 8.7 0.016 0.015 0.021
AXAI#  KU-S2 2011 X 50.5 26.0 12.4 33.6 4.6 445 509 0.318 0.258 0.280
Large
C. japonica h 35.8 224 15.1 19.2 3.0 548 422 0.310 0.281 0.283
Medium
LA N 28.9 21.4 13.6 17.8 57 621 322 0.354 0351 0.381
Kami-Kawauchi Small
T4 Mean 4.5 538 418 0.327 0.296 0.315
SD 1.4 8.8 9.4 0.023 0.049 0.058
2012 X 47.7 26.0 12.6 342 2.7 48.0 494 0.401 0325 0.413
Large
h 37.2 24.0 11.5 26.7 33 587 380 0.410 0317 0.322
Medium
N 27.4 21.4 13.7 15.9 4.1 67.0 289 0.413 0335 0.328
Small
FHJ Mean 33 579 388 0.408 0.326 0.354
SD 0.7 9.5 10.2 0.007 0.009 0.051
2013 X 51.0 29.1 13.1 36.5 70 446 484 0.407 0.289 0.283
Large
th 37.0 23.9 6.1 31.7 7.0 558 372 0.378 0.321 0.338
Medium
N 29.5 24.0 8.6 233 8.1 627 292 0.386 0290 0.350
Small
19 Mean 74 544 383 0.390 0.300 0.324
SD 0.6 9.1 9.6 0.015 0.018 0.036
e/¥ATH  KU-H 2012 x 20.7 11.6 4.7 16.2 8.1 644 275 0.339 0374 0.435
Large
C. obtusa h 17.0 10.8 4.9 12.4 9.8 615 287 0.329 0.395 0.443
Medium
b N=-sulll] N 13.7 9.5 4.0 10.2 8.5 705 21.0 0.271 0374 0.421
Mt. Otsupe Small
F4 Mean 88 655 258 0313 0381 0.433
SD 0.9 4.6 4.1 0.037 0.012 0.011
2013 X 19.8 11.5 2.9 18.0 43 64.6 31.1 0.317 0364 0.416
Large
h 16.9 10.1 4.4 13.6 59 673 269 0.322 0319 0.371
Medium
N 14.2 10.4 3.7 12.4 44 689 26.6 0.313  0.368 0.416
Small
15 Mean 49 669 282 0.317 0.350 0.401
SD 0.9 22 2.5 0.005 0.027 0.026

EROLBI A EBEE L. FEE. 24 FF (M EE 2.5 m, 4.5 m) TIHRERRL-AREH O FIYIE.
*The basic density of each stem component is the mean of two stem disks sampled from 2.5 m and 4.5 m
above the ground.
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Table 3b. Size parameters and estimates of volume ratio and basic density for the stem
components of the sample trees at the Otama site.

HAX Size parameters AL Volume ratio BIETE*  Basic density
REhA REMS JovkE RERE BRAK BEE #E ERTS ERTES WE DM D B2 pukz LA
Site Study stand Plot Name Sampling year Sample tree  DBH H HB DB Bark  Sapwood Heartwood Bark  Sapwood Heartwood
(cm) (m) (m) (cm) (%) (%) (%) (gem™)  (gem?)  (gem™)
KEH AFANTH OT-8 2011 X 31.7 209 10.8 22.4 9.1 53.5 37.4 0.253  0.288  0.298
Large
Otama village C. japonica L 25.5 219 13.8 17.6 8.2 63.0 28.8 0.247  0.303  0.315
Medium
N 189 19.6 13.5 12.0 8.5 66.5 25.0 0.231 0.282  0.284
Small
49 Mean 8.6 61.0 30.4 0.244  0.291 0.299
SD 0.4 6.7 6.4 0.011 0.011 0.016
2012 X 33.5 22.0 11.1 22.1 3.5 63.5 33.0 0.406 0.256 0.269
Large
L 31.2 23.7 14.5 19.2 4.5 55.7 39.8 0.361 0.291 0.309
Medium
N 189 21.1 13.3 13.2 3.8 75.9 20.3 0.278 0.339 0.353
Small
14 Mean 4.0 65.0 31.0 0.348  0.295  0.310
SD 0.5 10.2 9.9 0.065 0.041 0.042
2013 x 34.5 23.6 10.1 24.7 3.8 56.1 40.1 0.339 0.296 0.321
Large
L3 264 221 13.4 18.1 4.7 57.9 37.4 0.354  0.303  0.327
Medium
N 20.1 18.5 8.6 14.8 5.1 67.4 27.5 0.308 0.329  0.349
Small
F1 Mean 4.5 60.5 35.0 0.334  0.309  0.332
SD 0.7 6.1 6.6 0.024 0.017 0.015
THIY NI OT-p 2011 X 31.1  16.5 8.3 22.1 10.7 76.2 13.0 0.312  0.390  0.383
Large
P. densiflora & 23.0 157 8.9 15.9 8.1 84.4 7.5 0.209 0.433  0.374
Medium
N 16.5 139 9.5 9.5 9.2 76.4 14.4 0.260  0.371 0.330
Small
F49 Mean 9.4 79.0 11.6 0.260  0.398  0.362
SD 1.3 4.7 3.7 0.051 0.032 0.028
2012 X 30.7 16.4 8.8 22.0 6.4 87.2 6.5 0.320 0.391 0.363
Large
L 23.6 16.0 9.4 15.6 5.0 82.1 13.0 0.300 0.412 0.373
Medium
N 19.7 15.8 9.5 13.1 4.8 91.9 33 0.351 0.475 0.409
Small
F19 Mean 5.4 87.1 7.6 0.323 0.426 0.382
SD 0.9 4.9 4.9 0.026 0.044 0.024
2013 X 325 159 7.7 24.4 6.0 84.7 9.3 0.263  0.405  0.385
Large
L 25.5 14.5 6.5 223 7.1 89.6 3.4 0.300 0.367 0.359
Medium
I 17.3 13.8 7.2 12.2 6.2 89.1 4.8 0.309 0.440 0.408
Small
F14 Mean 6.4 87.8 5.8 0.291 0.404 0.384
SD 0.6 2.7 3.1 0.024 0.036 0.025
EFELFEH M OT-Q 2011 X 30.8 16.7 5.1 28.1 16.2 53.5 30.3 0.391  0.615  0.628
o535 Large
Broad-leaved forest th 232 14.9 4.8 19.4 24.1 53.0 22.9 0.587 0.594 0.641
Quercus serrata Medium
N 13.6 13.1 6.9 9.8 18.9 52.3 28.8 0.411 0.616 0.643
Small
FH Mean  19.8 52.9 273 0.463 0.608 0.637
SD 4.0 0.6 3.9 0.108 0.012 0.008
2012 x 275 145 5.4 22.6 217 489 294 0421 0.603  0.623
Large
L 23.4 15.8 6.6 19.5 12.8 57.9 29.3 0.418 0.655 0.649
Medium
N 10.8 10.1 52 9.4 18.2 51.8 30.1 0.480 0.557 0.649
Small
FEH#) Mean  17.6 52.8 29.6 0.440 0.605 0.640
SD 4.5 4.6 0.4 0.035 0.049 0.015
2013 X 31.2 16.5 5.5 28.4 10.4 62.0 27.6 0.394 0.586 0.606
Large
L3l 224 158 5.5 18.1 18.4 53.1 28.5 0.460  0.600  0.621
Medium
N 19.1 15.4 6.8 15.5 12.3 69.1 18.5 0.442 0.634 0.645
Small
F#) Mean  13.7 61.4 249 0.432 0.607 0.624
SD 4.2 8.0 5.5 0.034 0.024 0.019

BRI BEEE L. BERK. 2P (M L& 2.5 m, 4.5 m) TEREL-AREH O FHIE.

*The basic density of each stem component is the mean of two stem disks sampled from 2.5 m and 4.5 m
above the ground.
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Table 3c. Size parameters and estimates of volume ratio and basic density for the stem

components of the sample trees at the Tadami site.

H4X Size parameters B Volume ratio BHBE+  Basic density
RER BEMS Jovhba RERE O BHEK BEf #E ERTe ERTER BWE DM DM BRI I
Site Study stand Plot Name Sampling year Sample tree DBH H HB DB Bark  Sapwood Heartwood Bark  Sapwood Heartwood
(cm) (m) (m) (em) (%) (%) (%) (gem?)  (gem?)  (gem™)
RERHET AEALH TD-S 2011 x 346 209 8.0 28.2 9.5 48.8 41.7 0.241 0.239  0.282
Large
Tadami town C. japonica =] 25.4 16.7 8.4 17.9 9.1 50.5 40.4 0.299 0.271 0312
Medium
I 193 147 3.4 17.1 8.9 59.1 32.0 0296 0342 0335
Small
9 Mean 9.1 52.8 38.1 0.279 0.284 0310
SD 0.3 5.5 53 0.033 0.053 0.026
2012 X 326 222 6.4 31.7 5.6 59.5 35.0 0271 0271 0312
Large
th 238 174 6.6 17.8 46 676 27.8 0323 0286 0.372
Medium
N 194 164 8.2 12.7 8.8 58.7 325 0294 0294 0345
Small
F19 Mean 6.3 61.9 31.8 0296 0.284  0.343
SD 22 4.9 3.6 0.026 0.011 0.030
2013 x 285 222 8.2 23.7 5.7 59.4 34.9 0356 0293  0.346
Large
h 23.7 183 12.2 14.6 5.4 68.8 25.8 0.354 0351  0.368
Medium
N 179 149 8.6 12.2 6.7 711 222 0297 0321 0.325
Small
9 Mean 59 66.4 27.6 0336 0322 0346
SD 0.7 6.2 6.6 0.033 0.029 0.022

BRI SRR E (. SR, 25FT (£ 2.5m, 4.5m) THREIRL-AREH O FHE.
*The basic density of each stem component is the mean of two stem disks sampled from 2.5 m and 4.5 m

above the ground.
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UTzo alRHE. HELSIC AN THRMIETE D 0T BRI AFF
BlR0 (G 2d). W (70°C) T 72 KRR B Rz
LThohyTar73)0 (=T A4 UPC-140) 7z
HOTHID SR L, B s g ('cs, W'cs) z27
== LA (GEM20-70, £ 4 O— EG&G)
WKEOHELE GHES 2014), LR, BEELS O RER
MRdEHT DWW T E ., BEHE Cs JEEORE I A U
77 iz,
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BICDWVWTIE, RIBEADKIR « 348 « DM OER

Rz 7zdic (K100, KBS TYID M, i

FE2smE&4sm. E5ICEEIEZ3Im OMEK) BBV
i 4moOkE by KMEER) TEI1~2cm OMZ
PRI, Yl OE AL 2 i > CER (R 0.1 cm)
Tffio TR EER, Rx LERE. O OERZE
L7ce TNHEENOTEEENS, Bt TRl <A
WHNBKEE (AU 70 ZHOWTERMEIED
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AT E —F7a L) LM (=K7&A L —DMER) ORME
EEZNTNEIE LU, K41ZlE, TOBMEORRE
FHET BBRICTF v 7 ICER U T Bl X o fl & U
T RENOAF, 7HVERRARITOWTRU,

(2) apEERAL ORI EREY
BOBAEREHE. U FOFIETHRI U, 3, U
M e OMER ORI EZTET B Tdic, kEZD YN
RIS TOMERZANE U, B3R IR O Z E
U7zo MIRODEZE, RBMETOMFEEZEELTES
Sem & Ufzo R OREGRIE, (R O i E 122 -0 6 fE
KXo TOMDEIGN R -7, £kibd s K1
AR EREL D BT E Cs P2 DORIE I W S Bas Dl
BBz, WM LM ZENFNONE R 8
MR TZEZDLIICRDTBIREND S, T T, Bith
DIEREZNFR XTI I, BOBERELMED S
TN R RD D T e TEZRRERER U G
EEFERE D,
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G 2. K & BED G Cs IR HIRURHER I O k7
(a) (KB, BHED b, B NS HIHEICE W TRV RIOR 2 EREL

(b)y (0 (d) 7)—— b ETORKEEDI D DIFIEE, KBEETHL, £ EORMHZER HREOY
JIEAT) BRE

Photo 2. Sampling procedures used for branches and leaves.

(a) After the sample tree was felled, the stem size parameters (e.g., DB, HB, and H) were measured, then first-order
branches (n = 2 - 3) were randomly collected from each layer (upper, medium and lower) in the crown. (b), (c), and (d)

These branches were separated into branches and leaves (needles) on a clean blue sheet, then, samples for the measurement
of radiocesium content were collected and placed in a paper envelopes.
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4. FFOMIMGEURCRIE L7z &, Ba L, DM ORER 1. d2, d3) &b Es o fRel]
(@), (b), (¢) * KEMAFOREIA, K. o /MEEK (2012 48)
@), (e), (O : KENT =Y DFRAR, K. H. /MK (2012 4F)
BARRORI R, M. DM OAERHLOFEMIE. & 3b 250,
Fig. 4. Examples of vertical diameter changes in three different stem parts, stem with bark (d1), sapwood (d2),

and heartwood (d3), measured for the trees sampled at the Otama site.

(a), (b), and (c) * Large, medium, and small Cryptomeria japonica trees sampled in 2012.
(d), (e), and (f) : Large, medium, and small Pinus densiflora trees sampled in 2012.

The estimated volume ratios for each stem component are summarized in Table 3a and 3b.
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BRI OWTIE, REBSG T, ML EERDOR 7 L—
78—72 D CREHR AT PH O 2 135 U CHRILL (B
B 3a), RUITF L VBRI AN THRMBITOFERE AL
B>l OB ER/INRDERD 2 H KT % oI,
HoMUDBRICOZ TYNHZ ANTHEWED (BE
3b). TOEEIE. & ITHIZICHE U ARz 53 A
Fr/FOEAIIE, MBIEEEZT2DIcnEE
bbb, £z, Bl Tl 2 AMEURHREGRTIC H K 3 %
T LT, AMBERNOBRZFDRAZ S 2ICE D
ho Tz,

K& oM OFEHC DOV TIE, TIb—— b ORI
RAIZMO BRI, B ZRE LIcEnhsF o>

(a)

V=T DX U THDIRERE DN E YW, R
L (FE3c), Bk ERER) ZF LRI ANTH
BEANR B, KB MK, HiPZ MR GANE
WS IOREL TR L 720

AR O R ER & e, iR &4 - (REERTIC,
A O ERELE FIT O N 5 448 Bz & PR Rz 0 3l 7 B 4
MNEEFACTHID B>z (BH3d), miZoOsRIZea
THIWT U, BROED 2 ME Rz, WD 2N & L
Too HMEBIEZ 2 HIID B> 7o %, FREGT 7 D NS D & B IC
Ny B—=F AT TYDIARZE AN, FRHEYA LD
L— 8= FV TR R R 2 13 LS T,

(b)

HHE3E ORM) SO BMEE Cs IREEHIE AR ORI O kv

(@) MBZPESE (R R AR D BRI
(b) H Rz DRI YN H 72 AN 2 1E3%
(0) EYID1EZE ORMEARIOERITD
(@) MRz, P B2 Rk oD BRHR

Photo 3. Sampling procedures used for the stem components (bark, sapwood and heartwood).

(a) Debarking of a tree to collect a bark sample.
(b) Sawing the bark before debarking.
(c) Cutting the tree to collect a wood sample.

(d) Separating the outer-bark and inner-bark to allow samples to be collected.
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(3) M &M OER %L

B U 72 S M S B, 5/ R A S % 2 bR
£ U7 MBGERNE 2 E] (XA ED Uiz (BHE 4a,b).
ARTHAHOIDZEHNTEIHM (AFTHNIEARR
WOHIRAE) THI- TGAM E DM T (B 40),
E SIS AR RE R RZE S E T S Elo 7z, Il
FERD 2L BEATHT S dic B gk, Ao e
LICEETI2~2kg BEZHLZE LIz, TTETD—
HOEEZ, RVIFLVORFIESRETSC LT
KR ONF TR L CGRRD S D v D L
R TONABEILBEERDEC RN E ST, THIC
IKPEENC K > UM EEROMHER LML < K27,
5B HPMTAT o T BlRHE BIWHRE TR L 7214,
HESIC AN TR (100°C) T2 HELEEE LTz,

(a)

(4) Rz ORI

AEHE. B ZHWTET S ~ 10 cm R2EZIC YT
L7 (BE4d), B2 ORURME Cs I8 EERIE IS 1 100 ml
AL, THCRET 2 7IicnExme LTE
HHT 200~ 500 g FEEZ HEZ & Uiz,

ARG, ARSI AN THZIE T 2 HDL BEzig: (100°C)
U781 LTz, WIRBICIE LT20DE. BHicE
N2ZMHEDYIM « MIBDBRIITAZ X IICT B0
W, WU S 2 & CADRERNZ 7
52D, RATEDFZREL>HD LIHiEHKR
MRETH B, S, ABIEZMORRICDOWTIE, B
P2 D3I IE S A TYINT L 72 5 mm AR OR
THEHE Cs OWEZRTT 5 Tz,

(b)

HHE 4. B ERALO BT Cs IREEHE AR OB DO ke v

(@) A VEIOAEZER DT 7137 Itk
(b) X7 V&I LIz AR

(o) DT EIU 7o ARG & FLD
(D) 3T TR D Y3

Photo 4. Preparation of stem components (bark, sapwood, heartwood) samples.

(a) Splitting a disk of Pinus densiflora.
(b) A split Cryptomeria japonica disk.

(c) Wood sample divided into sapwood and heartwood.

(d) Cutting Quercus serrata bark into small pieces.
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. kickir s EE ORPER) ZREL TFEZKR
D IFNID SR (EMERE) ZEM U, EMEEER.
IKDEE % 1gem® & LT RO K DRz,
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SIKDEE (1gem™)

IKPEEDOREICIE. DO FFRHOKME (K FataEd
AIREZAFERE) Z . RFEO FHNC/KZ AN TNy &
DRIEEE, AMDPEITIKE L TKE FIcBEH Uk
WX RKRMDNFICHESGZEEDOBE D 2T TRET
AE LT, TOMFERE. RMADIKGIRINIC K % %%
INEL T BRI T,

B Rz ERE AR/ N 2 2 8% (100°C) 12 TRz IRE
WKL cHEHR (&fER) ZHEL, X0k, £h
R BT OB (EMIERED TERU TAESREZ R T,

AEEE [gem®] =2 @R (¢ AEMEE [om’]

CDEh, ZEnioER (EMER) LaeREEND
TR RS, HREERROERDOT-HDER L L
7zo

HE S, NEWEOREHRI O T
(a) 71y FNOHIANC AR (1 X1 m’) Z&E (7Y b5 7
(b) PEPICHIBR DN B 2 ARA « BIASHOM Bz, 3T E A2 > TN D HL D £RHL
Photo 5. Sampling procedures of forest floor vegetation.
(a) Sampling quadrats (each 1 x 1 m®) were fixed in place (n = 5 per plot).
(b) All living plants (e.g., woody shrubs and herbs) with basal portions inside each quadrat were clipped
using pruning scissors.
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K 4 BB O/NEARRB ORI U X & ARG Cs IR

Table 4. Size parameters and radiocesium activities measured for the smaller trees sampled at each study forest.

H A X Size parameters WD D LIRE
REHA FEHS JavhE REE HBNo.  HIES WEERZ #ie £8Ts Radiocesium activity*
Site Study stand Plot Name Sampling year ~ No. Species DBH H HB Stem &Branch Leaf
(cm) (m) (m) (KBqKg') (KBqKg')
NipA ZEANIH KU-SI 2012 | YRS Bewhamidiajaponica 55 69 2.7 2281 1443
Kwauchi village Cryptomeria japonica 2 *TAEID Acer palmatum 4.6 6.3 43 9.11 7.99
3 =X% Cornus controversa 6.2 9.9 - 14.40 7.41
4 FHE Ostrya japonica 1.1 15.1 7.7 8.93 12.7
5 INIYHURY  Syrax obassia 3.9 55 29 18.19 18.3
6 vk Zelkova serrata 4.6 9.3 5.7 14.75 8.19
19 Mean 6.0 8.8 4.7 14.70 11.51
2013 1 ¥<R9Y  Benhamidia japonica 5.8 7.7 3.8 19.32 2.75
2 AAEIY cerpalmatum 4.6 6.2 2.7 10.69 2.75
3 =X% Cornus controversa 6.1 8.8 7.3 14.97 2.71
4  THE Ostrya japonica 7.0 108 8.6 3.24 6.03
S5 N\UHURY Siraxobassia 69 105 6.3 9.53 1.35
6 L% Zelkova serrata 5.0 6.6 2.5 7.35 5.62
FH Mean 59 84 52 10.85 3.53
AEH  A¥H.7HTUHK  OTS, 2012 1 sx* Corms comroversa 69 78 30 127 033
Otamavillage  J UN[REE# " QT-P, 2 ABYHITFT  acermono 4.4 6.2 2.3 1.86 0.55
Cryptomeria japonica, and OT—Q 3 FR¥FY Aria alnifolia 3.2 5.0 1.4 1.99 0.26
Pinus densiflora, and 4 I3/% Styrax japonica 4.5 6.5 2.1 0.85 0.35
Broad-leaved forest* 5 ) IIXYHS Prunus grayana 7.9 8.1 3.7 1.61 0.39
6 9T Carpinus japonica 7.2 7.8 3.4 0.87 0.27
7 X435 Quercus crispula 6.3 5.9 1.6 0.96 0.25
1) Mean 5.8 6.7 2.5 1.34 0.34
2013 1 X% Cornus controversa 59 7.8 3.8 0.68 0.25
2 ABYHIT Acer mono 6 1 66 28 | 69 076
3 FREFY  driaanifolia 6.2 7.7 4.9 0.89 0.73
4 zTd/% Styrax japonica 5.0 7.1 34 1.72 1.44
5 YIIZXY Y5 Prunus gravana 6.4 7.4 1.7 1.11 0.71
6  HTLT Carpinus japonica 6.0 7.5 1.7 0.89 1.01
7 aF3> Quercus serrata 6.8 6.8 2.8 0.69 0.54
1) Mean 6.1 7.3 3.0 1.09 0.78
RRHET AFX AL TD-S 2012 1A Y 7TSA  Eleuherococcus sciadophylioides 5.0 - - 0.06 0.36
Tadami town  Cryptomeria japonica 1B 2y 7J35B  Eleutherococcus sciadophylioides 7.7 9.3 6.8 0.65 0.19
2A  TJFA Fagus crenata 8.6 9.1 3.1 0.40 0.17
2B J¥B Fagus crenata 9.2 9.8 3.1 0.37 0.20
3 r/E Aesculus turbinata 85 104 10.1 0.11 0.24
4 YIIXYHS Prunus gravana 6.4 12.2 7.0 0.08 0.25
S FwA/F Magnolia obovata 10.6 7.1 2.0 0.07 0.18
6 IXF Cornus controversa 99 8.2 34 0.63 0.14
T Mean 82 9.4 5.1 0.30 022
2013 I aYFIS5  Elewtherococeus sciadophylioides 7.8 8.1 3.7 0.37 0.05
2 JF Fagus crenata 4.8 6.3 1.3 0.12 0.12
3 rF/E Aesculus turbinata 12.1 73 4.3 0.33 0.19
4 DIIRYYT Prunus grayana 5.1 49 0.9 0.06 0.18
5 RA/F Magnolia obovata 6.3 7.3 43 1.09 0.08
6 IXF Cornus controversa 1 27 82 3 6 008 00 1
1 Mean 8.1 7.0 3.0 0.34 0.10

* IRETHECSDIEIE, ¥7Cs, HCsOEAEELMEL. REDEEH (9A1H) TOMIEE,
# RENO/NMEREFE, BLHISEETET7HIYMRELER MO E L TERRL=,
The radiocesium activity is the sum of the 137Cs and 134Cs activities.
These smaller trees at the Otama site were mainly sampled around two neighboring stands (OT-P and OT-Q).
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B IEHELEBM (0T-Q) &7 A VHk (OT-P) Difi /S
0y MEBATHRI Lz I ARDEE (£3b), &
TIRERMORE 7oy h e e JICRE Liah o I
Kok, AFW KU-SD) Hh50 LN LEEFHE T
o VSRR TR L 72+ 5 3R Ok .
AN TEBNIEEE ZNZENH WV BREFT 2013,
—HOMEIE AR, LB, BMADBIFEREDS B, D
BN OHEE I W T ARELL & AR E OMEIC I, AF
e 7AhRUMES, TOMREE (012 4) OFERAK3
AT TlE7e VA4 Q011 ) OFEA3 REFTDH T,
Gt 6 ARDTFEREM S T LI Uiz, 2 0 D fE% i
WD, FEOMEIA 3 ROFHEELENTHZ D
B EIIC, ELICHEOFEERILIZFEICIODED
HE-oTL2DT (F3a,b), T ULEETEDIHOM
KA K BB Cs BB OAEIC NIT T E 2
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7 Sa. M BEBBIfE R L HGTEE o LERBEOHEEH UINR ZAFF, KU - S1, 2012 4F)
Table 5a. Aboveground vegetation biomass and amount of radiocesium estimated
for a Cryptomeria japonica stand at the Kawauchi site (KU - S1) in 2012.

HEE MRS LRE MRS D LEEE #
Biomass (Mg ha"]) Radiocesium activity* (Bq Kg’l) Radiocesium amount (kBq m'z)
X FoiiE &t ¥ T Dt E e ZTOHhEE A5t &
C. japonica Otherspp. Total  C.japonica Other spp. C. japonica  Other spp. Total (%)
18K  Trees (DBHZ10cm)
% Needles 12.01 1.67 578 x10* 6.91 x 10° 69.35 1.15 70.5  40.1
#® Branches 7.21 7.84 3.71 x 10* 3.52 x 10* 26.74 27.63 544 309
K  Bark 441 5.75 1.74x10* 3.11 x 10° 7.68 17.89 25,6 14.5
B# Sapwood 48.52 2190 2.69 x 10% 6.12 x 10° 1.30 1.34 26 15
4 Heartwood 20.47 12.40 2.79x 10 3.49 x 10° 0.57 0.43 1.0 06
Bt Stem total 73.40 40.05 — — 9.55 19.66 292 16.6
BAEET Tree total 92.62 49.56 142.2 — — 105.64 48.45 1541 875
2. IMEAR  Small trees (< 10em)
% Needles - 0.45 - L15x10* - 0.52 05 03
BER Stem & Branches — 10.77 — 147x10* — 15.84 15.8 9.0
IMEAREE Small tree total — 11.23 11.2 — 16.36 16.4 9.3
3. FIEHE4E  Floor vegetation — 1.38 1.4 — 4.03x10* — 5.57 5.6 3.2
WA EEREET  Total 92.6 62.2 154.8 176.0 100.0

* G ECSDIEIL. 27 Cs . 3 Cs DIMAZEL, fEIL. FEDEXER (9A1H) TOMIEE,

AL DEGTECSTRE I, BARITMEE (K, B, /) O DEKRSEESRLDERDHM THONI-FHE, AFX DB,

MEFIT (2014) &Y, IMERIZR 4BB, aFSDEIERERT—4,
# MEMMECER/EL. EHMOREEICEHOREMECEEEZECTHE,
hO#EEL, COREMRD DB IEELITTEELER,

* The radiocesium activity is the sum of the 137Cs and 134Cs activities.

The radiocesium activity of each component is the mean of the individuals sampled; n=3 for trees (Forestry Agency

2014) and n=6 for small trees (Table 4). The values for the broad-leaved trees are from unpublished data.

# The amount of radiocesium was calculated by multiplying the biomass by the mean radiocesium activity for each

component. Other species are mostly deciduous broad-leaved trees in the study stand.
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2 5b. Ml AR TR LU 2T LER R OHEER] CKERT A<V #k. OT - P 2012 %)

Table 5b. Aboveground vegetation biomass and amount of radiocesium estimated
for a Pinus densiflora stand at the Otama site (OT - P) in 2012.

REE AT ) LIRE* MEEES D LERE #
Biomass (Mg ha']) Radiocesium activity* (Bq Kg’l) Radiocesium amount (kBq m'z)
A¥  ZOME &t ¥ Z D E ¥ ZTOHEE  AE E

C. japonica Other spp. Total  C.japonica  Other spp. C. japonica  Other spp. Total (%)
1.#AK Trees (DBH=10cm)
= Needles 4.47 1.34 1.95x10° 1.71 x 10° 0.870 0.023  0.89 143
#® Branches 10.41 6.22 1.39x10° 1.42x 10° 1.451 0.884 234 375
R Bark 3.88 4.03 7.87 x 10 1.23 x 10° 0.305 0.494 0.80 128
D Sapwood 61.73 15.38 512 1.67 x 10? 0.032 0.026 0.06 0.9
i Heartwood 6.45 8.71 2.51 9.59 0.002 0.008 0.01 0.2
it Stem total 72.05 28.12 — — 0.338 0.528 0.87 13.9
BAREET Tree total 86.93 35.67 122.6 — — 2.659 1.435 4.09 65.8
2. /MEAR Small trees (< 10cm)
= Needles — 0.69 — 3.42x10% — 0.023 0.02 0.4
57 Stem & Branches — 14.85 — 134x10° - 1.994 1.99 32.0
INEAREET Small tree total — 15.53 15.5 — 2.017 2.02 324
3. FIBH4E  Floor vegetation - 0.74 0.7 — 1.34x10° — 0115 012 18
fEEH EEREET  Total 86.93 51.94 138.9 6.2 100.0

* TRESTECSDIEIL, 137 Cs. B4 Cs DI AZE B fEIX. EFOEER (9A1H) TOMIE(E,
BRI D MTECSIREE (F, B ARITIMEER (K, /D) D DERSHENRGS7TEEROHAM THON-TFHIE,
THZYDMEIF, HREFFT (2014) &Y MERIER 4SHB, T SDERXRERT—5,

# MAMECEREIL. FMUDRFEICFIOMSECSIREERCTEHE,

thDBEL. CORAEMD DG E [LHEBITSEELER,

* The radiocesium activity is the sum of the 137Cs and 134Cs activities.

The radiocesium activity of each component is the mean of the individuals sampled; n=3 for trees (Forestry Agency
2014) and n=7 for small trees (Table 4). The values for the broad-leaved trees are from unpublished data.

# The amount of radiocesium was calculated by multiplying the biomass by the mean radiocesium activity for each
component. Other species are mostly deciduous broad-leaved trees in the study stand.
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Fig. 5. Relationships between the DBH and the volume ratio (%) of each stem component found for the sample trees of four different

species. For more detailed data, see Table 3.
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Methods for assessing the spatial distribution and dynamics
of radiocesium in tree components in forest ecosystems

Takuya KAJIMOTO ", Tsutomu TAKANO”, Satoshi SAITO ",
Katsushi KURODA ”, Takeshi FUIIWARA?, Masafumi KOMATSU”,
Tatsuro KAWASAKI®, Shinta OHASHI * and Yoshiyuki KIYONO”

Abstract

We have been studying the spatial distributions and dynamics of radiocesium in forest ecosystems that were contaminated
by the Fukushima Daiichi power plant accident in 2011. Three experimental sites, which suffered different levels of
contamination, were selected, and permanent research plots in different forest types at each site were established. Japanese
cedar (Cryptomeria japonica) was the main target species, and a plantation of this species was selected at each site. Plantations
of Japanese red pine (Pinus densiflora) and Japanese cypress (Chamaecyparis obtusa), and secondary deciduous broad-leaved
forest (dominated by oak, Quercus serrata) were also selected at some of the study sites. Here, we describe the study sites, and
explain field measurement, sampling and analysis methods used in our research project. We show some examples of the biomass
estimates and radiocesium activities, and radiocesium amounts that were observed at the stand-level, and discuss the limitations
in our methodology, focusing on the sampling and biomass estimation methods for each of the aboveground tree components
(stemwood, branches, and leaves).

Key words : Aboveground tree biomass, Allometry, Basic density, Forest floor vegetation, Radiocesium, Volume ratio
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species (%, on a stem volume basis) in each study stand.
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Supplementary Table 1. Approximate thickness of the disks required to obtain enough volume
of samples (more than 2 liter) for measuring radio activity of heartwood and sapwood.
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Fig. 1. Arrangement of sample plots at the study site (using the Kawauchi Sugi site as reference)
Black squares indicate points on a 10 m X 10 m grid. Grey squares indicate 2 m X 2 m
sample plots. The broken line indicates a stream at the study site.
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Fig. 2. Sampling points in a sample plot used each year. The
black circles show points marked “sampled.”
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Methods for assessing the spatial distribution
and dynamics of radiocesium in forest soils

Shigeto IKEDA"", Shinji KANEKO", Akio AKAMA” and Masamichi TAKAHASHI”

Abstract

A method for conducting a soil survey is described. The method is being used at study sites in Fukushima Prefecture to
determine the radiocesium dynamics in forests contaminated by the Fukushima Daiichi nuclear accident. The method includes
several procedures, from establishing the sample plots at a study site to conducting radiocesium measurements using a detector
systems, and it is focused on treating contaminated litter and soil samples in the most appropriate manner possible. Procedures
for collecting litter and soil samples from the sample plots and the radioactivity analysis sample preparation process are described
in detail. We present formula derived from field data and radiocesium amounts found in the collected samples.

Key words : Fukushima Daiichi nuclear accident, radiocesium dynamics, radioactivity analysis, soil and litter, soil survey
method
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Methods of assessing radiocesium runoff from forested watersheds

Masahiro KOBAYASHI"", Yoshio TSUBOYAMA? , Yoshiki SHINOMIYA® and Shigeto IKEDA"

Abstract

Potential methods for investigating runoft containing Fukushima-derived radiocesium from six forested watersheds in
Fukushima prefecture are introduced. It was assumed that radiocesium is associated with suspended solids (SS) when the stream
swells during a rainfall event. Therefore, the contribution of the radiocesium associated with SS was determined by measuring
radioactivity before and after sample filtration. A method for estimating the cumulative radiocesium runoff in a certain period
using flow rate and turbidity data, which is based on the clear relationship between the radioactivity and the turbidity of the runoff
water, is also indicated.

Key words : Fukushima nuclear accident, radiocesium, runoff, stream water, suspended solid
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