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Preface

In March 2011, the East Japan was visited by the great strong earthquake. Not only a
large number of earthquake victims but also all of the Japanese people were shocked
by the news about the accident of the Fukushima Daiichi Nuclear Power Plant
(FDNPP) caused by tsunami. From the uncontrollable nuclear reactors due to the
loss of electricity by tsunami, a large amount of radioactive nuclides were emitted
through the vent opening or the hydrogen explosion. The radionuclides dispersed to
the surrounding area, especially to the northwest direction from the FDNPP, and
deposited to the land surface. Since 70% of the Fukushima Prefecture is covered
with forests, the contamination of forests with radionuclides has been a serious
problem.

The forests in Fukushima include several types, such as deciduous broad-leaved
forest, evergreen coniferous forest, and so on. The accident was occurred in March,
when the leaves of deciduous trees have not developed. Therefore, in deciduous
broad-leaved forests, most of the radionuclides directly deposited to the forest floor,
and a part of radionuclide deposited to the trunks and branches of the trees. On the
other hand, evergreen tree species, such as Cryptomeria japonica, had needle leaves
in tree crown at the accident, and then more amounts of radionuclides deposited on
the crown. This means that the amounts, translocation, and dynamics of radionuclide
deposited in forests were different depending on the forest types constituted by the
different tree species.

On the contamination of forests with radionuclides, many scientific papers related
with the Chernobyl accident were published. However, the forest types, constituting
trees, and forest ecosystems were different between the cases of Chernobyl and
Fukushima. In the case of Fukushima, the researches on the radionuclides contam-
ination of forests were started just a few months after the accident. The species of
radionuclides and their chemical forms at the deposition were also different between
the two accidents. Therefore, the researches on the Fukushima case should show new
knowledges about the dynamics of radionuclides in a forest ecosystem.

Japanese forests near the residential area are called “Satoyama,” where the
specific culture has been developed. People enter the forests to get edible young
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tree leaves and bamboo shoot in spring season and mushrooms in autumn season.
They used woods as fuel or bed log for mushroom. Also, the litters in forests have
been used as fertilizer after composing. The radionuclide contamination affected
these traditional food and life cultures and the organic agriculture using the
composted litter. The radionuclide contamination restricts the activities by people
in Satoyama. Therefore, the local people living near the contaminated Satoyama are
very interested on when they will restart their cultural activity again.

The content of this book is a part of the outcome of the scientific research project
entitled “Interdisciplinary Study on Environmental Transfer of Radionuclides from
the Fukushima Daiichi NPP Accident” (Leader: Prof. Yuichi Onda) by the Grant-in
Aid for Scientific Research on Innovative Areas sponsored by MEXT. This book is
composed of four parts. In Part I, the radionuclide contamination of forests by the
FDNPP accident is overviewed from the viewpoints of the comparison with the case
of Chernobyl and the movements of radiocesium through hydrological processes.
Part II focuses on the uptake process of radiocesium in plants through the analysis of
field samples and the experiments using model plants. In Part III, the dynamics of
radiocesium in a forest ecosystem, including not only plants but also microorganism,
soil animals, spiders, and deer, are described. The future situation of the radiocesium
contamination in forests and the relationship with the human activity, such as usage
of forest products, are discussed in Part IV.

We must never cause any accident of nuclear power plant. But, unfortunately, if
the similar situation will occur, the knowledge in this book will help to reduce the
effects by radionuclides.

Nagoya, Aichi, Japan Chisato Takenaka

vi Preface



Contents

Part I Radiocesium Deposition at the Accident

1 Radioactive Contamination in Forest by the Accident
of Fukushima Daiichi Nuclear Power Plant: Comparison
with Chernobyl . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
Vasyl Yoschenko, Valery Kashparov, and Tatsuhiro Ohkubo

2 Radiocesium Deposition at the Accident and the Succeeding
Movement Through Hydrological Process in Forest
Ecosystem in Fukushima . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
Hiroaki Kato

Part II Mechanisms of Radiocesium Translocation in Plants

3 Uptake of Radiocesium by Plants . . . . . . . . . . . . . . . . . . . . . . . . . . 51
Yuki Sugiura and Chisato Takenaka

4 Surface Absorption of 137Cs Through Tree Bark . . . . . . . . . . . . . . 105
Wei Wang

5 Translocation of 137Cs in the Woody Parts of Sugi (Cryptomeria
japonica) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119
Kazuya Iizuka, Jyunichi Ohshima, Futoshi Ishiguri,
Naoko Miyamoto, Mineaki Aizawa, Tatsuhiro Ohkubo,
Chisato Takenaka, and Shinso Yokota

6 Radiocesium Translocations in Bamboos . . . . . . . . . . . . . . . . . . . . . 129
Mitsutoshi Umemura

7 Movement of Cesium in Model Plants . . . . . . . . . . . . . . . . . . . . . . . 141
Jun Furukawa

vii



Part III Radiocesium Movement Through Ecological Processes
in Forest Ecosystem

8 Movement of Radiocesium as Litterfall in Deciduous Forest . . . . . . 151
Tatsuhiro Ohkubo, Hiroko Suzuki, Mineaki Aizawa,
and Kazuya Iizuka

9 Changes in Chemical Forms of Radiocesium in the Forest
Floor Organic Matter with Decomposition and Uptake of
Radiocesium Derived from the Organic Matter by Crops . . . . . . . . 159
Hitoshi Sekimoto

10 Contamination and Transfer of Radiocesium in Soil Ecosystem . . . 167
Nobuhiro Kaneko

11 Spiders as an Indicator of 137Cs Dynamics in the Food Chains in
Forests . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 177
Yoshiko Ayabe and Naoki Hijii

12 Radioactive Cesium Contamination of Sika Deer
in Oku-Nikko Region of Tochigi Prefecture
in Central Japan . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 195
Masaaki Koganezawa, Kei Okuda, and Emiko Fukui

Part IV Radiocesium Dynamics and Its Perspective in Forests

13 Modeling Radiocesium Dynamics in a Contaminated
Forest in Japan . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 203
Tsutomu Kanasashi

14 Future Perspective . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 227
Nobuhiro Kaneko, Tatsuhiro Ohkubo, Naoki Hijii,
and Chisato Takenaka

viii Contents



Part I
Radiocesium Deposition at the Accident



Chapter 1
Radioactive Contamination in Forest by
the Accident of Fukushima Daiichi Nuclear
Power Plant: Comparison with Chernobyl

Vasyl Yoschenko, Valery Kashparov, and Tatsuhiro Ohkubo

Abstract In this chapter, we compare the compositions and magnitudes of releases
of radionuclides during the Chernobyl and Fukushima accidents and summarize the
results of the long-term observations of the radionuclide dynamics in the ecosystem
compartments in Chernobyl forests. Due to much larger magnitude of atmospheric
release, the area contaminated as a result of the Chernobyl accident is larger;
moreover, the near zone of the Chernobyl accident is contaminated with 90Sr and
other fuel component radionuclides that were not released in any significant amounts
during the Fukushima accident.

Similarly to the forest ecosystems in Fukushima, the dominant process at the
early stage after the deposition in Chernobyl forests was removal of the intercepted
radionuclides from the aboveground forest biomass (foliage, bark) with litterfall and
precipitations. In the following period, under certain conditions, the radionuclide
concentrations and inventories in the aboveground biomass compartments started to
increase till reaching the quasi-equilibrium levels in approx. 10 years after the
accident. That was caused by an increase of the radionuclide bioavailable forms in
the root-inhabited soil layer. At the late stage after the deposition, 137Cs and 90Sr in
the Chernobyl forest ecosystems are involved into biological cycle: they are
absorbed from soil, translocated and accumulated in the tree organs, and removed
from the aboveground biomass by the same mechanisms that recycle their chemical
analogs and essential plant nutrients K and Ca, respectively.

Keywords Chernobyl accident · Forest ecosystems · 137Cs · Root uptake ·
Biological cycling
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1.1 Introduction

The accidents at the Fukushima Daiichi Nuclear Power Plant (FDNPP) on March
11, 2011, and the Chernobyl Nuclear Power Plant (ChNPP) on April 26, 1986, were
the biggest radiation accidents in the humankind history. Both rated by the IAEA as
of the INES Level 7 (“Major Accident”), the accidents resulted in releases of large
amounts of radionuclides into the environment causing “widespread health and
environmental effects” (IAEA 2013). The reasons of the accidents, compositions,
and magnitudes of release and severity of their health and environmental conse-
quences are different (Steinhauser et al. 2014). In context of this book, however, it is
important that in both cases forests are the dominant component of the severe
contaminated terrestrial environments. We believe that comparison of the results
of the studies performed in the radioactive contaminated forests of Chernobyl and
Fukushima can give better understanding of the mechanisms governing the radio-
nuclide dynamics in the forest ecosystems.

Although the studies of the radionuclide dynamics in the forest ecosystems
started in the early 1960s of the twentieth century (e.g., Auerbach and Ritchie
1963; Witkamp and Frank 1964; Waller and Olson 1967; Tikhomirov and
Shcheglov 1994), the Chernobyl accident in 1986 became an event that caused
fast development of forest radioecology. The increasing interest to forest radioecol-
ogy in the post-Chernobyl period can be easily seen from the dynamics of the
number of publications in this field that are listed in the Scopus database (https://
www.scopus.com). For instance, we found 16 articles (including reviews) that were
published in the period from 1969 to 1986 (during 18 years before Chernobyl) and
included the words “forest” and “radionuclide” in the title, abstract, or keywords list
(Fig. 1.1). In the next 18 years, till 2004, the number of such articles rose to 228, and
that sharp increase was due to the articles containing words “Chernobyl” and
“forest.” Finally, by now (as of October 5, 2018), the total number of articles in
the category “Chernobyl” and “forest” reached 413; among these articles, 348 were
published in the fields of environmental, agricultural, and biological sciences.

The Fukushima accident stimulated the further development of forest radioecol-
ogy. The number of articles including words “Fukushima” and “forest” reached
209 (with 170 in the fields of environmental, agricultural, and biological sciences) in
7 years after the accident (Fig. 1.1) vs 43 published during the same period in the
category “Chernobyl” and “forest.” However, many Chernobyl studies of the early
period were reported in the Russian language journals only or were listed in the
reviews published later in the international journals. In this chapter, we briefly
summarize the main findings of the studies carried out in the radioactive contami-
nated Chernobyl forests which are relevant to content of this book (radionuclide
deposition levels and dynamics in the forest ecosystems). Detail comparison of the
impacts of the two accidents on forestry, economical loss, and effects of radiation on
ecosystems can be found in our recent review (Yoschenko et al. 2018a).
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1.2 Atmospheric Releases and Terrestrial Depositions
of Radionuclides: Fukushima vs Chernobyl

On April 26, 1986, two subsequent explosions ruined the reactor core and building
of the ChNPP unit #4 and resulted in release of large amounts of volatile nuclear
fission products (e.g., radionuclides of iodine, cesium) and noble gases and particles
of irradiated nuclear fuel into the environment (Balonov 2007; Kashparov et al.
1996, 1999). The release continued during the fire in the destroyed reactor core that
lasted for 10 days after the explosions (Izrael et al. 1990; Kashparov et al. 1999).
Estimates of the radionuclide releases are shown in Table 1.1 (modified from
Steinhauser et al. 2014). Here, we limit to the radionuclides that remain of
radioecological importance in the Chernobyl exclusion zone or are interesting in
context of comparison of the two accidents. Volatile long-lived radionuclides, such
as 137Cs, were transported in the atmosphere to the long distances and spread over
the large territories in Russia, Belarus, Ukraine, Scandinavian countries, Austria,
and, for the less extent, other European countries (Figs. 1.2 and 1.3). Radionuclides
of the refractory elements were released in the fuel particles (FP) form (90Sr, 95Zr,
95Nb, 99Mo, 141,144Ce, 154,155Eu, 237,239Np, 238–242Pu, 241,243Am, 242,244Cm).
They deposited mainly in the Ukrainian part of the near zone of the accident
(Figs. 1.4 and 1.5) forming several well-marked traces of fallout (Kashparov et al.
1999, 2001, 2003, 2018). The contamination maps (Figs. 1.3, 1.4, and 1.5) were
created using the results of measurements of radionuclide activities in the soil
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Fig. 1.1 Dynamics of the number of publications (articles and reviews) in the Scopus database
illustrating the increases of the interest to forest radioecology after the two major radiation accidents
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samples collected in 1997 in more than 1300 sampling points in the Ukrainian part of
the Chernobyl exclusion zone (Kashparov et al. 2001, 2003, 2018). These data were
used also for refinement of the estimates of releases of the fuel component radionu-
clides presented in Table 1.1. The measurement results and other relevant informa-
tion (coordinates, land use, soil type and properties, etc.) are freely available from the
online database https://catalogue.ceh.ac.uk/documents/782ec845-2135-4698-8881-
b38823e533bf (Kashparov et al. 2018).

Deposition in the near zone of the large amounts of radionuclides of refractory
elements (so-called fuel component of release) is the principal feature of the Cher-
nobyl accident. Being encapsulated in the FP matrices (uranium oxides), these
radionuclides initially were not available for migration in soil and uptake by plants.
However, with weathering of FP under the environmental conditions, the radionu-
clides leached into soil solutions and became mobile and bioavailable. The rates of
the FP dissolution depended on the composition and degree of oxidization of matrix
(e.g., UO2, UO2+x, UZrO) and on the acidity of media (Kashparov et al. 1999, 2000,
2004; Kashparov 2002). We will demonstrate later that in context of the radioactive
contamination of the forest ecosystems in the near zone of the Chernobyl accident,
presence of 90Sr in deposition is especially important.

Unlike the Chernobyl accident, there was no atmospheric release of the signifi-
cant activities of radionuclides of refractory elements during the Fukushima accident
(Table 1.1). According to the accident scenario described by Steinhauser et al.
(2014), loss of power supply and consequent cooling pump failure due to the

Table 1.1 Atmospheric releases of radionuclides from ChNPP and FDNPP (PBq)

Radionuclide T1/2
a Chernobyl Fukushima

Noble gases and volatile elements
85Kr 10.76 years 33b 44c

133Xe 5.24 days 6500b 14,000d

131I 8.03 days 1760e 150f

137Cs 30.08 years 85e 15–20g

Fuel component
90Sr 28.79 years 4.2h 0.02i

238Pu 87.7 years 0.022h; 0.015e 2� 10�6
–5� 10–6i

239Pu 24,110 years Total of 0.043h; 0.31e

240Pu 6561 years
241Pu 14.29 years 2.6e 1� 10�6

–2.4� 10–6j

ahttps://wwwndc.jaea.go.jp/NuC/
bDreicer et al. (1996)
cAhlswede et al. (2013)
dStohl et al. (2012)
eUNSCEAR (2008)
fChino et al. (2011) (recommended by Steinhauser et al. (2014) as most cited estimate)
gAoyama et al. (2016)
hKashparov et al. (2003)
iSteinhauser et al. (2014)
jZheng et al. (2012)
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tsunami on March 11, 2011, resulted in partial meltdown of nuclear fuel, increase of
pressure, and formation of large amounts of hydrogen due to overheated vapor-
zirconium reactions in the reactor cores of the units #1–4 of the FDNPP. Aimed to
reduce pressure in the cores, venting procedures led to accumulation of hydrogen
and radionuclides of noble gases and volatile elements in the reactor buildings
followed with hydrogen explosions outside the cores and releases of the volatile
elements radionuclides into the atmosphere. The temperatures in the reactor cores
were not high enough for volatilization of the refractory elements, which explains
the absence of radionuclides of these elements in the Fukushima fallout.

Atmospheric releases of the radionuclides of the volatile elements from the
FDNPP were within the order of magnitude lower than from the ChNPP (e.g.,
15–20 PBq of 137Cs in Fukushima vs 85 PBq in Chernobyl; Table 1.1), and the
major part of the Fukushima release was deposited to the ocean. Land deposition of
137Cs, the only long-lived radionuclide released in significant amount from the
FDNPP, is estimated as 3–6 PBq (Aoyama et al. 2016). Respectively, the contam-
inated area after the Chernobyl accident is much bigger than after the Fukushima
accident. For example, the 137Cs deposition exceeded 555 kBq m2 at more than
10,000 km2 after Chernobyl (Table 1.2) and exceeded 500 kBq m�2 at 646 km2 in
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Fig. 1.2 Areas in Europe contaminated with 137Cs above 40 kBq m�2. (Data by De Cort et al.
1998)
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Fig. 1.3 Density of contamination with 137Cs in the Chernobyl exclusion zone. (Ukrainian part;
Kashparov et al. 2018)

Fig. 1.4 Density of contamination with 90Sr in the Chernobyl exclusion zone. (Ukrainian part;
Kashparov et al. 2018)
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Japan (Hashimoto et al. 2012); the deposition level of 185 kBq m�2 was exceeded
at almost 30,000 km2 after Chernobyl and at about 1700 km�2 after Fukushima
(Ohta 2011). The 137Cs deposition levels of 555 kBq m�2 and 185 km�2 are
accepted in Ukraine as the criteria for classification of the territory as the zones of
unconditional (mandatory) and guaranteed voluntary resettlement (Verkhovna
Rada of Ukraine 1991).

Although there is such a big difference in the magnitudes of release and contam-
inated areas, 137Cs deposition levels measured along the northwest trace of release
(Fig. 1.6) are close to those in the near zone of the Chernobyl accident (Fig. 1.3).

Fig. 1.5 Density of contamination with 239+240Pu in the Chernobyl exclusion zone. (Ukrainian
part; Kashparov et al. 2018)

Table 1.2 The territory contamination with 137Cs in Belarus, Russia, and Ukraine on October
05,1986 (in thousands km2)

Country

Contamination density, kBq m�2

Total40–100 100–185 185–555 555–1480 >1480

Russia 44 7.2 5.9 2.2 0.46 59.8a 31.1b

Belarus 21 8.7 9.4 4.4 2.6 46.1

Ukraine 29 4.3 3.6 0.73 0.56 38.2c 21.5d

Estimated in 1998 (Ministry of Ukraine of Emergencies 2011; De Cort et al. 1998; Izrael and
Bogdevich 2009)
a65,100 km2 according to the estimation provided in 2006
bOn 2006
c42,800 km2 according to Ministry of Emergencies of Ukraine (2011)
dOn 2011

1 Radioactive Contamination in Forest by the Accident of Fukushima. . . 9



Unlike other radionuclides, the estimates of the released activities of 85Kr and
133Xe are larger for Fukushima than for Chernobyl (Steinhauser et al. 2014). It
should be noted that according to Gusev and Belyaev (1991), 85Kr contributes less
than 1% into the total activity of the radioactive Kr isotopes present in the irradiated
nuclear fuel of reactors RBMK-1000 (type of reactors at the ChNPP), while the rest
is contributed by a series of isotopes with the half-life periods ranging from 32 s
(90Kr) to 4.48 h (85mKr). 133Xe contributes about 35% to the total activity of Xe
isotopes in the irradiated fuel, and about half of the total activity is formed by 138Xe
(14 min) and 139Xe (41 s). Similarly, contribution of 131I into the total activity of I
isotopes is about 12%, while the major contributors are the short-lived isotopes with
the half-life periods from 53 min (134I) to 20.8 h (133I). The actual contributions of
short-lived radionuclides on the moment of explosion at the ChNPP could differ
from those reported above because of the manipulations with the reactor power
capacity during several hours preceding the accident. It is clear, however, that these
radionuclides could be released in large amounts from the ruined reactor. According
to Steinhauser et al. (2014), such short-lived radionuclides could greatly contribute
to the environmental exposures formed in the first hours after the explosions in the
vicinities of the ChNPP and did not contribute to such exposures in the case of the
Fukushima accident because of their decay inside the reactors in the period between
their emergency shutdown and releases. The accurate estimates of the dose rates
formed by the short-lived radionuclides would require the very detailed information
about the local meteorological conditions, height and temperature of release, etc. On
the other hand, our simple calculations (Yoschenko et al. 2018a) show that even

Fig. 1.6 Deposition densities of 137Cs in the near zone of the Fukushima accident. (Modified from
“Extension Site of Distribution Map of Radiation Dose, etc.,/GSI Maps”. (http://ramap.jmc.or.jp/
map/eng/). The map is quoted in accordance with the terms and conditions presented at http://
ramap.jmc.or.jp/map/eng/about.html)
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without accounting for the abovementioned short-lived radionuclides and α-emitting
radionuclides, the dose rates near the FD1NPP in the initial period after the release
should be significantly lower than in Chernobyl, which may explain the absence of
effects of acute radiation to ecosystems in Fukushima (UNSCEAR 2015).

1.3 Forests in the Near Zones of the Accidents and Their
Contamination Levels

According to the data by Davydchuk (1994), at the time of the accident, forests
covered about 40% of the territory of the modern Chernobyl exclusion zone
(Ukrainian art). The rest of the territory was presented by agricultural and meliorated
lands (28% and 14%, respectively) and grassland and marsh areas (14%). The
dominant tree species was Scots pine (Pinus sylvestris L.), which could be found
at 80% of the afforested territory, while silver birch (Betula pendula) and common
oak (Quercus robur) occupied 8–10% and 5–6% of the forest area, respectively
(Davydchuk 1994). Scots pine was used for afforestation of this territory that began
in the 1920s as a response to the sharp decrease of the land fertility (Ministry of
Emergencies of Ukraine, National Academy of Sciences of Ukraine 1996;
Nepyivoda 2005; Kuchma et al. 1997).

During three decades that passed since the Chernobyl accident, the forest area has
increased to 58% of the total territory of the Chernobyl exclusion zone in Ukraine,
reaching 1500 km2 (Nikonchuk 2015) due to artificial afforestation and ecological
succession of existing forest stands. Scots pine still is the dominant species, but now
it covers only about 60% of the forest area, while the area occupied by birch has
greatly increased to more than 25% (Table 1.3).

The forest territory distribution by the 137Cs deposition levels to forests in three
most affected countries after the Chernobyl accident is presented in Table 1.4. In
total, 137Cs deposition exceeded 555 kBq m�2 at the forest area of approx. 2630 km2.
For comparison, Hashimoto et al. (2012) estimated the forest total area in Japan with
the 137Cs deposition over 500 kBq m�2 as 428 km2. Species distribution within this
area is presented in Table 1.5. Unlike Chernobyl, deciduous broadleaf species
occupy almost half of the total forest area; however, evergreen needleleaf species

Table 1.3 Current composition of forests in the Chernobyl exclusion zone (Nikonchuk 2015)

Species Area, km2 Wood volume, Mm3

Conifers (mainly Scots pine) 892.5 22.2

Deciduous hardwood 81.5 1.5

Birch 385 4.2

Alder 100 1.8

Other 41 0.45

Total 1500 30

Ripe and overripe stands 86.3 2.2
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give the main contribution to the total aboveground biomass. The principal forestry
species, Japanese cedar, is the dominant species in the evergreen needleleaf forests.
The distributions of the forest areas by the levels of the 137Cs deposition in each
municipality of Fukushima Prefecture were recently reported by Kato and Onda
(2018). Their results showed a huge variation of the deposition levels even at the
municipality scale. In Namie Town and Futaba Town, the median 137Cs depositions
in forests reach 2252 kBq m�2 and 1459 kBq m�2, i.e., are comparable to the
deposition levels in the Chernobyl exclusion zone (>1480 kBq m�2 in Table 1.4).
For the less extent, the 137Cs deposition levels exceed 1480 kBq m�2 in forests in
other municipalities (Iitate Village, Okuma Town, Tomioka Town, Minamisoma
City, and Katsurao Village).

Thus, the 137Cs deposition levels in forests in the near zones of the two accidents
are close. However, in differ to Fukushima, in the Chernobyl zone, the areas with
high levels of contamination with 137Cs have been contaminated also with the fuel
component radionuclides, particularly with 90Sr (Figs. 1.3, 1.4, and 1.5). Its depo-
sition levels range hundreds to thousands kBq m�2 at hundreds km2 of forests in the
Chernobyl exclusion zone (Table 1.6). Due to its comparable low absorption in the
typical poor sandy soils of the Chernobyl zone, this radionuclide has high soil-to-
plant transfer factors. At the close levels of deposition of 137Cs and 90Sr, the
contributions of the latter one into contamination of biomass and doses to tree organs
usually are much higher than those of 137Cs (Yoschenko et al. 2006, 2011; Thiry
et al. 2009). We will show further that the presence of 90Sr in the radioactive
deposition will remain an important factor limiting forestry in the near zone of the
Chernobyl accident in the long term.

Table 1.4 The forest territory contamination with 137Cs in Belarus, Russia, and Ukraine
(in thousands km2) (Izrael and Bogdevich 2009; Nadtochy et al. 2003)

Country

Contamination density, kBq m�2

Total37–185 185–555 555–1480 >1480

Belarusa 12.9 3.2 1.7 0.14 17.9

Russiab 9.3 1.1 0.36 0.026 10.8

Ukrainec 10.9 1.06 0.31 0.095 12.3
aOn 1.01.2006
bOn 1.01.2006
cOn 1.01.1993

Table 1.5 Tree species distribution in severe contaminated forests in Japan (Hashimoto et al. 2012)

Species Area, km2 Aboveground biomass, Mm3

Deciduous broadleaf 210 4.3

Evergreen needleleaf 201 6.5

Deciduous needleleaf 17 0.5

Total 428 11.3
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1.4 Long-Term Radionuclide Dynamics in the Forest
Ecosystems

In the recent review (Yoschenko et al. 2018a), we compared the main trends of
dynamics of radionuclides in the ecosystem compartments of Chernobyl and
Fukushima forests at the early stages after the deposition. The early-stage radionu-
clide dynamics in Fukushima forests along with the mechanisms of the radionuclide
redistribution will be described in detail in the next chapters of this book, while in
this chapter, we focus on the long-term radionuclide dynamics (including the early
stage) in Chernobyl forests, present some example of current distributions of radio-
nuclides in the forest ecosystems, and make a prediction of the future concentrations
of radionuclides in wood in the Chernobyl exclusion zone.

The concept of stages of the radionuclide dynamics in the forest ecosystem
compartments and description of the processes governing the radionuclide redistri-
bution were summarized by Tikhomirov and Shcheglov (1994) based on the results
of the long-term observations in the forest areas contaminated after the Kyshtym and
Chernobyl accidents and by Shaw (2007).

At the first stage, the radionuclides that were released to the atmosphere have
been deposited in different amounts onto the tree canopies and onto the forest floor.
The initial partition of the deposited radionuclides between the aboveground bio-
mass and forest floor depends on the forest type (species) and age, plantation density,
season of vegetation period when deposition occurred, and type and physical-
chemical forms of deposition (dry or wet, gaseous or particulate, etc.). For the
Chernobyl release, the fraction intercepted by the tree canopies ranged from 40%
of the total deposition in deciduous forests (Melin and Wallberg 1991) to 70–90% in
conifer stands (Melin and Wallberg 1991; Bunzl et al. 1989; Tikhomirov and
Shcheglov 1994).

The dominant process at the early stage after the deposition is removal of the
intercepted radionuclides from the aboveground forest biomass. The radionuclides

Table 1.6 Distribution of
forest area in the Ukrainian
part of the Chernobyl
exclusion zone according to
deposition of 90Sr (as of 1997;
based on the data from the
online database (Kashparov
et al. 2018))

Deposition, kBq m�2 Area, km2

<20 147

20–40 251

40–75 234

75–200 168

200–400 70

400–750 54

750–2000 57

2000–4000 21

4000–7500 8

7500–20,000 2

>20,000 0.005

Total 1012
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are leached out from foliage and bark with precipitations (via throughfall and
stemflow) and moved from the canopies to the forest floor with litterfall (Shaw
2007). The radionuclide half-loss period from the tree canopies under various
conditions ranged from 3–4 weeks to 4–6 months (Tikhomirov and Shcheglov
1994; Sombre et al. 1990). Bunzl et al. (1989) reported the two-exponential depen-
dence for removal of Chernobyl-derived radiocesium from Norwegian spruce with
the half-loss periods of 97 days (0.4 of the total deposition) and 195 days (0.26 of the
total deposition).

The radionuclide removal processes continued at the later stages, too; however,
the period of intensive removal of the initially intercepted radionuclide from the
aboveground biomass, especially from the tree crowns, lasted for 2–4 years (note
that longevity of leaves of the dominant species in Chernobyl forests, Scots pine, is
2–3 years). There are evidences that a part of initially intercepted radiocesium
deposition may persist in the external bark for decades (Tsvetnova et al. 2018).
However, in general, in 2–4 years the major fraction of the initially intercepted
radionuclides was removed from the aboveground biomass and distributed between
the forest litter and soil (Tikhomirov and Shcheglov 1994). Being distributed in soil,
radionuclides became available for the root uptake by plants. The intensity of the
root uptake of radionuclides into the aboveground plant biomass depends, among
other factors, on the root distribution in soil (Fesenko et al. 2001). At that stage, the
Chernobyl-derived radionuclides reached the root-inhabited soil layer. In certain
conditions, it resulted in significant increase of the root uptake flux and, conse-
quently, increase of the radionuclide activities in the aboveground biomass after the
period of their decrease. The increase of the 90Sr root uptake during the mentioned
period was also related to leaching of the radionuclide from the fuel particles into
bioavailable forms (Kashparov 2002). Such an increase of the radionuclide inven-
tories in biomass and increase of soil-to-plant transfer factors to the tree compart-
ments in the period between 1988 and 1992–1994 were reported in many studies,
e.g., Shcheglov et al. (1996, 2001), Mamikhin et al. (1997), and Perevolotsky
(2006). By the mid of the 1990s, the radionuclide concentrations in the forest
compartments increased several times as compared to those observed at the end of
the early stage. According to Tikhomirov and Shcheglov (1994), the quasi-
equilibrium inventories in the biomass compartments were reached in 10–15 years
after the deposition. For 137Cs, the increase of its inventories in the aboveground
biomass was well expressed mainly at hydromorphic soils and was less pronounced
or absent in the forest growing in other conditions. Shcheglov et al. (2001) summa-
rized the radiocesium dynamics types in Chernobyl forest ecosystems depending on
the soil-landscape conditions:

• Increase of the transfer factors in hydromorphic soils due to the low fixation
ability, intensive redistribution of radiocesium in the root-inhabited soil layer, and
input of the radionuclide from the adjacent eluvial areas

• Decrease of the transfer factors in “automorphic soils of the eluvial landscapes”
due to its removal from biomass and strong fixation to the soil particles

• Strong annual variability of the transfer factors without well-expressed general
trends at semi-hydromorphic soils
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At the late stage after the deposition, involvement of 137Cs and 90Sr into biolog-
ical cycle was the principal mechanism governing their dynamics in the Chernobyl
forest ecosystems (Shcheglov et al. 2014). Essential role of the biogenic fluxes in
formation of the radionuclide distributions in the forest ecosystems was demon-
strated in our observations (unpublished data by Ukrainian Institute of Agricultural
Radiology (UIAR)). We found that aboveground tree biomass and litter in pine
forests in the Chernobyl zone currently can contain up to 10% and 40% of the total
137Cs inventory in the ecosystem, respectively (Fig. 1.7). In differ, in deciduous
forests, due to low annual increment of perennial biomass and fast rate of litter
decomposition, more than 98% of the total 137Cs inventory is localized in soil. The
radiocesium soil-to-plant transfer factors (Tag) in forests of the Chernobyl zone at the
late stage after the deposition vary from 0.1 (Bq kg�1) (kBq m�2)�1 in dry fertile
soils to 3 (Bq kg�1) (kBq m�2)�1 in wet low fertile soils (Krasnov et al. 2007).

As it was mentioned above, root uptake of 90Sr into aboveground forest biomass
depended on content of its bioavailable forms in soil that increased during the post-
accidental period due to the radionuclide leaching from the fuel particles. Another
important factor determining the magnitude of its root uptake is content of exchange-
able calcium in soil. Calcium is essential element for plants and is absorbed from soil
into biomass in the amounts necessary for the plant development. Being the chem-
ical analog of Ca, strontium is absorbed from soil, translocated and accumulated in
the tree organs, and removed from the aboveground biomass by the same mecha-
nisms that recycle Ca. Since 90Sr is present in soil in much less amounts than Ca, its
soil-to-plant transfer factor decreases with increase of the exchangeable forms of Ca
in soil (Fig. 1.8). In 30 years after the deposition, in forests growing at soils with low
humus content, more than half of the whole 90Sr inventory in the ecosystem can be
localized in the aboveground tree biomass, while a large fraction, about 20%, has
already migrated beneath the root-inhabited soil layer (data by UIAR).

Similarly to Sr, Cs is not required for plant development, but being a chemical
analog of another essential plant nutrition element, potassium, Cs is absorbed from soil

Fig. 1.7 137Cs distributions in the ecosystems (a) and in the tree biomass of pine and birch forests
in the Chernobyl zone. (UIAR, unpublished data)
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and redistributed within the forest biomass compartments by the mechanisms that
recycle K in the ecosystem. Therefore, at the late stage after the deposition, the basic
concepts used for modeling of the nutrients (Ca and K) cycling in forest ecosystems
(Cole and Rapp 1981) may be applied for modeling of redistribution of radioisotopes
of their chemical analogs, 90Sr and 137Cs, respectively. This approach was successfully
applied for quantitative assessments of the annual radionuclide fluxes and for predic-
tion of the long-term dynamics in Chernobyl forests at the late stage after the accident
(Myttenaere et al. 1993; Goor and Thiry 2004; Goor et al. 2007; Thiry et al. 2009). In
addition, in case of deposition of radiocesium on the forest ecosystems, important
information for prediction of its long-term dynamics can be obtained from the
distributions in the ecosystem of the natural stable Cs isotope, 133Cs. At the late
stage, when the residues of the initial deposition of 137Cs are removed from the
aboveground biomass and a quasi-equilibrium between its biogenic fluxes is reached,
the distributions of radioactive and stable cesium isotopes should become similar, and
their soil-to-plant transfer factors should be equal. This was demonstrated by Yoshida
et al. (2002, 2004, 2011) for the range of the forest species studied in the radioactive
contaminated ecosystems in Belarus, Europe, and Japan. Thus, knowledge about the
current distributions of 133Cs in Fukushima forests may shed a light on the future
dynamics of the FDNPP-derived 137Cs in the ecosystems (Yoschenko et al. 2018b).

Based on the above-described knowledge about the mechanisms and factors
governing the radionuclide soil-to-plant transfer in the forest ecosystems at the late
stage after the accident and taking into account the site-specific conditions (i.e., the
radionuclide depositions, soil properties, etc.), UIAR made the predictions of com-
pliance of the 90Sr and 137Cs concentrations in pinewood in the Chernobyl exclusion
zone with the hygienic norms (published at http://uiar.org.ua/). The hygienic norms

Fig. 1.8 Dependence of 90Sr Tag into pinewood on exchangeable calcium content in soil. (Data by
authors (UIAR))
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of 137Cs in wood in Ukraine range from 600 Bq kg�1 in firewood to 3000 Bq kg�1;
for 90Sr, the norm is 60 Bq kg�1 in firewood (Ministry of Health 2005). The
observations and modeling results show that the 137Cs concentrations in wood
currently are below the strictest norm of 600 Bq kg�1 in the large part of the
Chernobyl zone, and in 2100 wood from almost whole territory of the zone will
comply the norm (Fig. 1.9). However, the 90Sr concentrations in the present period
almost everywhere exceed the hygienic norm and still will exceed it at the large part
of the exclusion zone in the distant future (Fig. 1.10). Thus, presence of 90Sr in the
deposition in the near zone of the Chernobyl accident will limit the possibilities of
economical utilization of forests in the long term.

Fig. 1.9 Predicted concentrations of 137Cs in pinewood in 2020 (a) and 2100 (b). (Data by authors
(UIAR))
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1.5 Conclusions

Forests cover the major parts of the radioactive contaminated areas after the Cher-
nobyl and Fukushima accident. The area contaminated as a result of the Chernobyl
accident is larger; moreover, the near zone of the Chernobyl accident is contami-
nated with 90Sr and other fuel component radionuclides that were not released in any
significant amounts during the Fukushima accident. Presence of 90Sr in the deposi-
tion in the near zone of the Chernobyl accident will limit the possibilities of
economical utilization of forests in the long term.

Fig. 1.10 Predicted concentrations of 90Sr in pinewood in 2020 (a) and 2100 (b). (Data by authors
(UIAR))
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Similarly to the forest ecosystems in Fukushima, the dominant process at the
early stage after the deposition in Chernobyl forests was removal of the intercepted
radionuclides from the aboveground forest biomass (foliage, bark) with litterfall and
precipitations. In the following period, under certain conditions, the radionuclide
concentrations and inventories in the aboveground biomass compartments started
to increase till reaching the quasi-equilibrium levels in 10–15 years after the acci-
dent (Tikhomirov and Shcheglov 1994). That was caused by increase of the radio-
nuclide bioavailable forms in the root-inhabited soil layer. At the late stage after the
deposition, 137Cs and 90Sr in the Chernobyl forest ecosystems are involved into
biological cycle: they are absorbed from soil, translocated and accumulated in the
tree organs, and removed from the aboveground biomass by the same mechanisms
that recycle their chemical analogs and essential plant nutrients K and Ca,
respectively.
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Chapter 2
Radiocesium Deposition at the Accident
and the Succeeding Movement Through
Hydrological Process in Forest Ecosystem
in Fukushima

Hiroaki Kato

Abstract Fukushima Daiichi Nuclear Power Plant accident resulted in radioactive
contamination of forest environment over a wide area in Fukushima Prefecture and
the neighboring prefectures. In this chapter, initial atmospheric deposition of
radiocesium following the Fukushima accident was estimated based on the analysis
of multiple dataset derived from different airborne surveys. Furthermore, the canopy
interception of fallout radiocesium by forest was reviewed and summarized
according to the results reported in the previous studies and intensive field monitor-
ing surveys by the author. The long-term dynamics of radiocesium in Japanese
forests, such as transfer from the canopy to forest floor in association with hydro-
logical and biological processes, were presented and discussed based on the field
observation results by the author.

The forest area accumulated in total is 1.8 PBq of 137Cs based on the analysis of
the airborne monitoring surveys, which is corresponding to 72% of total 137Cs
activities deposited on the land area of Japan. The evergreen conifers tend to show
high canopy interception rate greater than 70% of atmospheric input in most cases.
This indicated that the canopy will act as a secondary source of radioactive contam-
ination of the forest floor. On the other hand, the canopy interception by deciduous
broad-leaved forest has not been sufficiently clarified because there have been
limited data available for the canopy interception for deciduous broad-leaved species
during growing season. The monitoring of radiocesium concentrations in hydrolog-
ical and biological components effectively determined the transport of radiocesium
from forest canopies; a double exponential field-loss model was used to simulate the
observed loss of canopy radiocesium from Japanese cedar and konara oak forest
mixed with red pine during the early phase of the accident. These results help to gain
further understanding of key processes in transfer of atmospherically deposited
radiocesium in forest ecosystems particularly during the early phase of the accident.
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2.1 Radiocesium Fallout onto Forest Area After
the Fukushima Daiichi Nuclear Power Plant Accident

The Fukushima Daiichi Nuclear Power Plant (FDNPP) accident resulted in the
release of an enormous amount of radiocesium into the atmosphere (Chino et al.
2011; Amano et al. 2012; Hirose 2012), and the consequent atmospheric
radiocesium fallout contaminated a large terrestrial area extending over Fukushima
and its neighboring prefectures (Butler 2011; MEXT 2011a, b; NRA 2017). The
contaminated area encompasses a wide range of environments and land uses (e.g.,
Kitamura et al. 2014), but approximately 70% of the total contaminated land area of
Fukushima and its neighboring prefectures consists of forest (Hashimoto et al. 2012,
2013).

A series of airborne monitoring surveys of radioactivity have been conducted by
the Japanese Ministry of Education, Culture, Sports, Science and Technology
(MEXT) and provide basic information on radioactive contamination following
the accident. Recent study reconstructed an initial fallout map of Fukushima
accident-derived radiocesium based on a comparison of the deposition densities of
the third and the fifth airborne monitoring surveys (Kato and Onda 2018; Kato et al.
2019). The deposition densities of the fifth survey were adjusted for variation in the
measured radioactivity associated with the influence of multiple factors on radioac-
tive decay, including the half-life of radiocesium, natural weathering processes,
variation in the calibration procedure used between the airborne monitoring surveys,
and other undefined mechanisms. Finally, calibrated deposition densities for each
land use type from the fifth airborne monitoring survey were used to complement the
fallout map derived from the third airborne monitoring survey (Fig. 2.1). The
reconstructed fallout map covers all of Fukushima Prefecture and its neighboring
prefectures. Furthermore, possible variation in radioactivity observations between
the two airborne monitoring surveys was corrected based on a direct comparison of
the deposition densities.

Total 137Cs deposition in the eastern part of Japan was estimated as 2.5 PBq,
based on a reconstructed fallout map of the Fukushima accident-derived 137Cs
(Table 2.1). This determination does not include 137Cs deposition in the immediate
area surrounding the Fukushima Daiichi Nuclear Power Plant; the total 137Cs
deposition onto land would increase to 2.7 PBq if 137Cs deposition within 5 km of
the reactor (0.2 PBq) was taken into account based on an unmanned helicopter
measurement survey conducted by the JAEA. Forest areas accumulated 72%
(1.8 PBq) of the total atmospheric input of 137Cs to the land of Fukushima Prefecture
based on the reconstructed fallout map (Fig. 2.2). The 137Cs deposition density in
forest areas showed significant variability among municipalities (Table 2.1).
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Nevertheless, forest areas accumulated a large percentage of atmospherically depos-
ited radiocesium in many municipalities. Statistical analysis of the variability in
137Cs deposition density indicated that deposition density varied significantly, even
within a municipality.

2.2 Radiocesium Cycling in Forest Ecosystems

Biogeochemical cycling of radiocesium in forest environment has been investigated
following the past nuclear disasters such as the Chernobyl accident (Fig. 2.3). Each
transfer process of radiocesium in and among different compartments has been well
described in the IAEA documents (e.g., IAEA 2006).

Following atmospheric deposition of radiocesium onto forest area, the primary
source of tree contamination was direct interception of aerosol-associated
radiocesium by the canopy. Mechanical interception of radiocesium by canopy is
followed by further translocation from foliar surfaces to structural components of the
tree. Further changes in tree contamination after the initial fallout were due to two
major processes. The first of these was a dominant and relatively rapid self-
decontamination process of the tree canopy, in association with precipitation
wash-off (throughfall) and litterfall. Once the canopy radiocesium reaches forest

Fig. 2.1 Land use map (a) and the reconstructed initial 137Cs fallout map following the Fukushima
Daiichi Nuclear Power Plant accident (b) in eastern Japan (Kato et al. 2019)
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floor, it migrates into the soil profile over the longer term. This was followed by root
uptake because radiocesium is a nutrient analogue to potassium. Therefore the rate of
radiocesium cycling within forests is considered as relatively rapid, and quasi-
equilibrium of its distribution is probably reached a few years after atmospheric
fallout. Output from the system via the drainage water is generally limited as a result
of radiocesium fixation on micaceous clay minerals. An important role of the
vegetation in the recycling of radiocesium in the forest is the partial and transient
storage of radiocesium, particularly in perennial woody components such as tree
trunks and branches that can have a large biomass. The major portion of radiocesium
accumulated by vegetation from the soil, however, is recycled annually through
leaching and litterfall, resulting in the long-lasting biological availability of
radiocesium in surface soil. Internal translocation of radiocesium within vegetation

Fig. 2.2 The 137Cs
deposition (%) according to
land use type (Kato et al.
2019)

Fig. 2.3 Biogeochemical cycling of radiocesium in forest environment. (After IAEA 2006)
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also occurs but involves generally low radiocesium activities compared with
exchange (uptake/return) between the soil and the forest vegetation.

2.3 Initial Interception of Atmospherically Deposited
Radiocesium by Forest Canopies

Forest canopy is an efficient filter of atmospheric contaminants due to huge surface
area and aerodynamic roughness; therefore it acts as an important interface
connecting the atmosphere and soil surface. Following a reactor accident, the
primary source of tree contamination was direct interception of atmospheric
radiocesium in association with both dry and wet deposition processes by forest
canopies. Interception defines the fraction of dry or wet deposited radionuclides that
is retained by vegetation. Since deposition onto leaf surfaces may cause a much
higher plant contamination than the uptake by roots from contaminated soil, thus,
initial canopy interception of atmospherically deposited radiocesium is probably
most important to their transfer in the terrestrial environment and in food chains.

Canopy interception of atmospherically deposited radiocesium was observed
following the Fukushima Daiichi Nuclear Power Plant accident. The rainwater
volume and its radiocesium inventory were compared between open rainwater
(RF) and throughfall (TF)/stemflow (SF) for the first rainfall event (during the period
from March 11 to 28, 2011) following the accident (Fig. 2.4). The canopy intercep-
tion of rainwater was 32% of total precipitation; however 93% of total 137Cs activity
was retained by the canopy biomass during the rainwater passing through the forest
canopy. On the other hand, 50% of total I-131 activity in rainwater was captured by
the canopy. These data indicated that the atmospherically deposited radiocesium was
efficiently filtered and retained by forest canopies, whereas interception of I-131 was
more or less smaller than radiocesium.

Fig. 2.4 Observed canopy interception of the Fukushima accident-derived radiocesium by ever-
green Japanese cedar. (a) Rainwater, (b) Cs-137, (c) I-131
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Interception factor f (dimensionless), which is defined as the ratio of the radio-
nuclide inventory (Bq/m2), is initially retained by the standing vegetation immedi-
ately subsequent to the deposition event, Ai, to the total deposition density (At,
Bq/m2).

f ¼ Ai

At
ð2:1Þ

The interception factor was observed and reported by several researchers for Japa-
nese forests following the Fukushima reactor accident (Table 2.2). Although the
methodology varied among studies (e.g., soil-litter sampling, mass balance, model-
ing, and experiment), the existing studies indicated that evergreen conifers tended to
show higher interception factor for the atmospherically deposited radiocesium in
contrast to the lower interception factor of deciduous broad-leaved species. The
smaller number of sample collection (e.g., ≦3) likely resulted in huge variation of
the determined interception factor in evergreen cedar forest.

Interception factor f for forest canopies has been reported for the forests affected
by Chernobyl Nuclear Power Plant accident in 1986. The observed interception
factor varied significantly among different tree species. Evergreen conifers (e.g.,
Norway spruce, red pine) tended to show higher interception factor than deciduous
broad-leaved (e.g., beech, oak) forests (Table 2.3). This is because the initial fallout

Table 2.2 The observed interception factor for the Fukushima accident-derived radiocesium

Forest species Radionuclides
f value
(%) Methodology Reference

Japanese cedar Cs-137,
Cs-134

93 Mass balance (sample number
20)

Kato et al.
(2012)

I-131 51

Japanese hinoki
cypress

Cs-137,
Cs-134

92 Mass balance (sample number
20)

Kato et al.
(2012)

I-131 25

Japanese cedar Cs-137,
Cs-134

69 Soil and litter sampling (sample
number 5)

Onda et al.
(2015)

I-131 29

Japanese cedar Cs-137 70 Field-loss model (sample num-
ber 7)

Kato et al.
(2017)

Japanese hinoki
cypress

Cs-137,
Cs-134

44–45 Mass balance (sample number
3)

Itoh et al.
(2015)

Japanese cedar Cs-137,
Cs-134

33–90 Mass balance (sample number
3)

Itoh et al.
(2015)

Konara oak and
red pine

Cs-137 23 Field loss (sample number 6) Kato et al.
(2017)

Deciduous broad-
leaved

Cs-137,
Cs-134

34 Mass balance (sample number
3)

Itoh et al.
(2015)

Evergreen broad-
leaved

Cs-137,
Cs-134

34–44 Mass balance (sample number
3)

Itoh et al.
(2015)
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occurred in the early spring, during the leafless season of many deciduous species for
the Chernobyl accident. The situation was similar for the Fukushima accident where
the initial atmospheric fallout occurred during the late winter to early spring.
Therefore, it should be noted that the observed f for deciduous forest species
represented initial canopy interception during the leaf-off season of the year; canopy
interception by deciduous broad-leaved forest has not been sufficiently clarified
because there have been limited data available for the canopy interception for
deciduous broad-leaved species during the growing season.

Aggregate transfer factor (Tag: m
2/kg), which is defined as Eq. 2.2, has been used

as an indicator of radiocesium transfer from the soil to vegetation assuming the
quasi-equilibrium condition of radiocesium cycling in forest ecosystems:

Tag ¼ Cveg

At
ð2:2Þ

where Cveg is the activity of radiocesium in plants and At is the initial aerial
deposition density. However, aggregate transfer factor can be used as an indicator
representing the efficiency of canopy interception during the early period of the
accidents when influence of direct contamination is dominant.

The Ministry of Agriculture, Forestry and Fisheries of Japan has conducted
regional measurements of radioactive contamination in various forest environments
in Fukushima Prefecture during August–October, 2011 (MAFF 2011). The results of
regional survey outputted dataset of radiocesium inventories in litter and soil at
395 locations. On the other hand, Fukushima Prefecture measured radiocesium
concentrations in different parts of the Japanese cedar tree at 85 locations in 2011
(Fukushima Prefecture 2016). Those data allow us to analyze initial canopy

Table 2.3 The observed interception factor for the Chernobyl accident-derived radiocesium

Forest
species Radionuclides

f value
(%) Methodology Reference

Coniferous Not specified 70–90 – Tikhomirov and Shcheglov
(1991)

Coniferous Cs-137 79 – Ronneau et al. (1987)

Coniferous Cs-137,
Cs-134

70 Soil and litter
sampling

Bunzl et al. (1989)

Norway
spruce

Cs-137,
Cs-134

70 – Schimmack et al. (1991)

Coniferous Cs-137 80–100 – Melin et al. (1994)

Coniferous Cs-137 80 – Sombre et al. (1990)

Norway
spruce

Cs-134 79–86 Experiment Thiry et al. (1997)

Norway
spruce

Cs-134 34 Mass balance
(experiment)

Thiry et al. (2016)

Deciduous Cs-137 10–40 – Melin et al. (1994)

Beech Cs-137,
Cs-134

20 – Schimmack et al. (1991)
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interception of Fukushima accident-derived radiocesium by various forest species
and its spatial dependency within Fukushima Prefecture. The 137Cs inventory at the
forest floor was plotted against initial atmospheric deposition following the
Fukushima accident (Fig. 2.5). The slope of regression line indicates differences of
initial canopy interception of 137Cs by different tree species. The evergreen Japanese
cedar shows lowest 137Cs inventory at the forest floor, suggesting the efficient
canopy interception of atmospherically deposited radiocesium up to 10–15% than
that by deciduous broad-leaved forests.

Aggregate transfer factor (Tag) for Japanese cedar needle was plotted over the wet
deposition map derived from the model calculation of WSPEEDI by the JAEA
(Katata et al. 2015) (Fig. 2.6). Although there are uncertainties in determination of
initial fallout of 137Cs at each sampling site, the calculated Tag showed variations in
two orders of magnitude at site by site. These regional patterns of Tag suggested that
initial direct contamination of tree parts varied site by site even within Fukushima
Prefecture. Further investigation is required to clarify the causes (e.g., stand proper-
ties, deposition type, chemical form of fallout, etc.) producing such heterogeneity in
radioactive contamination of forest components.
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2.4 Radiocesium Transport from Canopy to Forest Floor

Initial canopy interception of atmospherically deposited radiocesium is followed by
removal of contamination due to self-decontamination processes such as rainwash
and mechanical breakdown of plant bodies as litterfall. Radiocesium transfer from
the canopy to forest floor has been intensively monitored by the authors since the
very early period of the Fukushima accident. The study sites are located 40 km
northwest of the FDNPP and are highly contaminated by deposited radionuclides
(Fig. 2.7). The plume released by the FDNPP from approximately 12:00 to 15:00
JST (Japan Standard Time) on March 15 flowed northwestward, and wet deposition
via precipitation occurred on the same night (Chino et al. 2011). In the area, the total
atmospheric deposition of 137Cs following the FDNPP accident was estimated as
300–600 kBq m�2 based on results of the Third Airborne Monitoring Survey of
radioactive contamination (MEXT 2011a, b).

Three forest stands were selected as experimental sites, namely, a mature
(31 years old) cedar (Cryptomeria japonica) stand, young (15 years old) cedar
stand, and mixed broad-leaved stand (Table 2.4). The distance between the cedar
and mixed broad-leaved stands was approximately 2 km. By July 2, 2011, the total
137Cs deposition after the reactor accident was estimated as 442 kBq m�2 in the
mature and young cedar stands and 451 kBq m�2 in the broad-leaved stand based on
the Third Airborne Monitoring Survey of radioactivity (MEXT 2011a, b).

Foliage (needles/leaves) and outer bark were sampled from the cedar stands and
mixed broad-leaved forest. The foliage samples were collected from trees at different
heights (5–15 m) by using a monitoring tower established in each experimental
forest. Conversely, new leaves of konara oak tree were collected from various

Fig. 2.6 Aggregate transfer factor of radiocesium in Japanese cedar needles
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heights. It is noted that needles and leaves were collected from at least three
independent trees. The arithmetic mean of the measured 137Cs activities at different
heights was used as the representative value for the experimental forest. It should be
noted that konara oak trees were selected as the target tree in the mixed broad-leaved
forest because the konara oak trees are a dominant tree species and covered a large
area of the experimental plot (>75%). In the cedar stands, new needles (which were
defined as foliage developed during each sampling year) were separately collected.
The remaining needles were considered as old foliage that developed before the
sampling year. Conversely, in the broad-leaved forest, all the collected foliage was
considered as newly developed leaves in each sampling year. The outer bark at
breast height was collected from at least three different trees in the experimental plot,
and bark surfaces in different directions were selected for sampling to minimize the
influence of heterogeneous initial contamination.

Hydrological variables including open rainfall, throughfall, and stemflow were
collected in the three forest stands at intervals ranging from 2 weeks to 2 months
from July 2011 to March 2017 (Fig. 2.8). Seven throughfall collectors were placed in

Fig. 2.7 Aggregate transfer factor of radiocesium in Japanese cedar needles

Table 2.4 Properties of experimental forest sites

Mature cedar
(MC)

Young cedar
(YC)

Mixed broad-leaved
(BL)

Stand age (year) 31 18 –

Stem density (stem/ha) 1250 2600 2500

Tree height (m) 25< <20 25<

Slope (degree) 20 33 15

LAI (m2/m2) 4.2 10.3 –
137Cs deposition
(kBq/m2)

442 451
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a lattice-like pattern in each experimental plot of the young and mature cedar stands.
Six throughfall collectors were randomly placed across the experimental plot in the
mixed broad-leaved stand. Additionally, litterfall was collected at three locations in
each experimental plot at intervals of several weeks to months by using a 1 m2 PVC
pipe frame. The details of the sampling were reported in Kato et al. (2017).

The old cedar needles and the outer bark of both the cedar and Japanese konara
oak showed markedly high 137Cs concentrations, indicating contamination by direct
deposition of atmospheric 137Cs onto the plant surfaces (canopy interception) fol-
lowing the Fukushima accident (Fig. 2.9a). The new needles/leaves of the cedar and
Japanese konara oak showed high 137Cs concentrations, although these were not
affected by direct deposition from initial atmospheric fallout (Fig. 2.9b). The
existence of 137Cs in the new needles collected during 2011 indicated its rapid
translocation within the cedar trees because of direct incorporation of 137Cs from
the foliar and bark surfaces. Foliar uptake had only a minor influence on 137Cs
concentrations in the new leaves of the Japanese konara oak, because these leaves
had not developed at the time of the initial atmospheric fallout. Therefore, the 137Cs
uptake into the newly developed Japanese konara oak leaves possibly occurred
through the outer bark surfaces of the stems, branches, and twigs, rather than through
foliar uptake.

Cesium-137 concentrations in the cedar needles showed an exponential decrease,
indicating self-decontamination of 137Cs over time (Fig. 2.9). In contrast to the cedar
needles, 137Cs concentrations in the Japanese konara oak leaves were more or less
constant over time. Cesium-137 concentrations in the outer bark samples (Fig. 2.10)
showed a trend opposite to that of the needle/leaf concentrations, with more or less
constant 137Cs concentrations in the cedar and a significantly decreasing trend in the
Japanese konara oak. The declining trend of the measured 137Cs concentrations in
foliage and outer bark samples was approximated by using a single exponential
equation (Eq. 2.3) to calculate environmental half-life of 137Cs:

Fig. 2.8 Monitoring of radiocesium transfer via hydrological and biological pathways
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A tð Þ ¼ A0e
�λt ð2:3Þ

where A(t) and A0 are the 137Cs concentration at time t and t ¼ 0 and λ is the
coefficient of reduction in 137Cs concentration. The environmental half-life (T1/2)
can be calculated by using the following equation (Eq. 2.4):

Fig. 2.9 Temporal change of radiocesium concentration in foliage samples. (a) Old needle, (b) new
foliage
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T1=2 ¼ ln 2=λ ð2:4Þ

The environmental half-life for the Japanese cedar was 2.0–3.0 years for new
needle, 2.2–2.4 years for old needle, and greater than 6.9 years for the outer bark. On
the other hand, the environmental half-life for the konara oak was 6.3 years for new
foliage and 1.5 years for outer bark. A previous study reported that the environmen-
tal half-lives of cedar needles and konara oak leaves were 0.7–1.1 years and
7.4 years, respectively (Imamura et al. 2017). On the other hand, those values for
bark sample were less than 3.5 years for the Japanese cedar and 3.3–8.7 years for the
konara oak tree (Imamura et al. 2017). The estimated environmental half-lives for
foliage samples were comparable with the results of the previous study for konara
oak leaves but slightly greater than the values previously reported. The stand age of
their studied cedar forest was in the range of 38–57 years old; it is speculated that a
difference in stand age affected the environmental half-life of the 137Cs concentra-
tion in the cedar needles (e.g., Rauret et al. 1994). On the other hand, the environ-
mental half-life of 137Cs concentrations measured in the outer bark was greater for
the cedar bark but smaller for the konara oak tree. Nevertheless, the environmental
half-life of 137Cs concentration in the outer bark of konara oak tree showed large
variations.

The 137Cs concentration in litterfall exponentially decreased over the 6-year
observation period (Fig. 2.11a). The environmental half-life for litterfall was in a
range of 2.1–2.2 years for Japanese cedar and 1.5 years for the mixed broad-leaved
forest. These constants for the litterfall were comparable to the arithmetic means of
those for the old and new needles of Japanese cedar. However, in the mixed broad-
leaved forest, a distinct decreasing trend was in contrast to the constant

Fig. 2.10 Temporal change of radiocesium concentration in outer bark samples
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Fig. 2.11 Temporal change of radiocesium concentration in litterfall, throughfall, and stemflow.
(a) Litterfall, (b) throughfall, (c) stemflow
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concentrations found in the new leaves of the Japanese konara oak. The litterfall
collected in the mixed broad-leaved forest was in fact a mixture of Japanese konara
oak leaves, red pine needles, and the twigs and bark of these trees. Hisadome et al.
(2013) reported the data showing the contribution of konara oak and red pine
litterfalls to the observed litterfall mass (kg m�2) and 137Cs deposition (kBq m�2)
in the same mixed broad-leaved forest for an observation period from July 31, 2011,
to May 25, 2012. The litterfall mass originating from the konara oak tree accounted
for 74% of the total litterfall; however, contributions of these two tree species to the
137Cs depositional flux via litterfall were nearly equal. It is suggested that the
decreasing constants obtained in this study were affected by the rapid decreasing
trend of the red pine. In addition, a marked seasonal variability in 137Cs concentra-
tions in Japanese konara oak leaves has been reported in previous studies (e.g.,
Hisadome et al. 2013; Okada et al. 2015). The 137Cs concentration in Japanese
konara oak leaves peaked during the growing season between May and September;
however, the concentration significantly decreased during autumn. It is speculated
that resorption of 137Cs from senescing leaves may have occurred before leaf fall
during autumn because of the leaf-fall phenology and leaf chemistry, as has been
reported for potassium (e.g., Niinemets and Tamm 2005). Nevertheless, 137Cs
concentrations in the newly developed Japanese konara leaves have remained high
for the last 6 years even though the canopy 137Cs inventory has been reported to have
decreased with time because of self-decontamination processes based on the direct
measurement (Imamura et al. 2017) and mass balance of 137Cs in the forest canopy
(Kato et al. 2017). It is speculated that this discrepancy indicates the contribution of
root uptake of 137Cs from the soil profile.

Cesium-137 was detected in throughfall and stemflow samples collected from
cedar and mixed broad-leaved forest stands (Fig. 2.11b, c). Cesium-137 concentra-
tions showed significant variability among the different sampling periods; however,
relatively high concentrations exceeding 10 Bq L�1 were observed during the early
phase of the initial fallout input. The 137Cs concentration in the throughfall expo-
nentially decreased, and the rapid decrease during the early phase of the accident was
followed by a slower decrease. However, a double exponential decreasing trend of
137Cs concentration was masked by a significant variability among the different
sampling periods such as the seasonal effects of tree physiology. The trend of
decreasing 137Cs concentrations in throughfall was approximated separately for the
earlier (<2 years) and latter period (>2 years) of the accident. The environmental
half-life for the latter period was calculated for further discussions.

The environmental half-life was calculated for the latter period of the accident
(dataset of >2 years after the accident), for the throughfall was 1.3 years for the
mature cedar, 1.9 years for the young cedar, and 2.1 years for the mixed broad-
leaved forests. In the cedar stands, the environmental half-life for the throughfall was
comparable or slightly faster than those for the old/new needles (2.0–2.2 years for
the mature cedar and 2.4–3.0 years for the young cedar, p > 0.05). In contrast, in the
mixed broad-leaved forest, the environmental half-life of the measured 137Cs con-
centration in the throughfall (2.2 years) was markedly rapid compared to the constant
concentrations found in the new leaves of Japanese konara oak (6.3 years).
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Cesium-137 concentrations in the foliage/bark, litterfall, and hydrological com-
ponents during each sampling year were compared to clarify the key processes
involved in 137Cs transfer and leaching from the tree bodies to rainwater in the
studied forest site. Mean 137Cs concentrations during each sampling year were
calculated for litterfall, throughfall, stemflow, needles/leaves, and outer bark sam-
ples (Fig. 2.12).

Temporal changes in the 137Cs concentration ratio of the litterfall to old cedar
needles/new konara oak leaves are shown in Fig. 2.12a. Notably, the data for the
very early phase of the accident (<200 days) are separately plotted. In the cedar
stands, the 137Cs concentration ratio of the litterfall to old needles tended to linearly
decrease with time. However, in the mixed broad-leaved forest, the 137Cs concen-
tration ratio was higher than that of the cedar stands during the early phase of the
accident (<200 days after the accident), and the concentration ratio exponentially
decreased with time during the following period.

Temporal changes in the 137Cs concentration ratio of throughfall to old cedar
needles/new konara oak leaves are shown in Fig. 2.12b. Notably, the data for the
early phase of the accident (<200 days) are separately plotted. In both the cedar and
mixed broad-leaved forests, the 137Cs concentration ratio exponentially decreased
with time (Fig. 2.12b). The 137Cs concentration ratio tended to decrease over time,
suggesting that the leachability of 137Cs from the tree canopy to throughfall has been
decreasing during the last 6 years. Furthermore, similar temporal trends in the
concentration ratio were detected for both the cedar and mixed broad-leaved forest
stands. For the mixed broad-leaved forest, the 137Cs leaching from the pine canopies
could have affected the observed decreasing trend of 137Cs concentration in
throughfall. However, the canopy coverage area of the konara oak accounted for
more than 75% of the total plot area. Therefore, we considered that the majority of
137Cs in the throughfall originated from the canopy of the konara oak trees partic-
ularly during the leaf-on season (May to late November), but this was not the case for
the litterfall.

Temporal changes in the 137Cs concentration ratio of stemflow to outer bark are
shown in Fig. 2.12c. In the mature cedar stand, an increasing trend in the 137Cs
concentration ratio from 2012 to 2014 was followed by a marked decrease during
2015 and 2016. In the young cedar stand, the 137Cs concentration ratio was nearly
constant from 2012 to 2014, but it tended to decrease during 2015 and 2016.
However, the 137Cs concentration ratio for the Japanese konara oak trees showed
an increasing trend during 2013–2016 with a lower ratio during 2012. These results
suggest that the formation of the 137Cs concentration is likely more complex in
stemflow than in throughfall. However, we only collected outer bark samples from
breast height, and further investigation is required to clarify the mechanisms of 137Cs
entrainment from the outer bark surface to stemflow.

Cumulative 137Cs deposition fluxes on the forest floor were calculated based on
water inputs via throughfall and stemflow, litterfall amount, and the 137Cs concen-
trations in those samples. Total 137Cs deposition fluxes during the study period for
the mature cedar, young cedar, and mixed broad-leaved stands are shown in
Table 2.5, together with the contributions of throughfall, stemflow, and litterfall to
the total fluxes. In the mature and young cedar stands, more than half of the total
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Fig. 2.12 Temporal change
in the 137Cs concentration
ratio of litterfall/
hydrological samples to
vegetal sample: (a) litterfall
and foliage, (b) throughfall
and foliage, and (c)
stemflow and outer bark.
The error bar represents the
propagation of uncertainties
for the 137Cs concentrations
of the paired samples
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deposition flux occurred via throughfall, and the rest was mostly via litterfall. The
mixed broad-leaved stand had the greatest deposition flux, with more than half of the
total deposition occurring via litterfall and most of the remaining via throughfall.
The 137Cs deposition flux via stemflow was less than 5% of the total in all forest
stands.

The 137Cs deposition fluxes via throughfall, stemflow, and litterfall showed
considerable temporal variability (Fig. 2.13). In the cedar stands, throughfall was
the major pathway of 137Cs as it transferred from the canopy to forest floor within
200 days of the reactor accident (before mid-September 2011). We detected an
increase in the 137Cs deposition fluxes via throughfall around 350 days after the
initial fallout. However, the contribution of litterfall to the transfer of 137Cs increased
over time after October 2011 (approximately 200 days after the accident). In
contrast, in the mixed broad-leaved stand, litterfall made a greater contribution to
137Cs transfer, and the total 137Cs deposition flux via litterfall exceeded the fluxes via
throughfall and stemflow.

Temporal changes in the canopy inventory of radionuclides can be expressed by
the double exponential field-loss models that assume the loss of radionuclides via
weathering processes, such as rain and wind (e.g., Ertel et al. 1989; Kinnersley et al.
1996; Madoz-Escande et al. 2005). We derived temporal changes in the canopy
inventory for the study sites using the observed 137Cs deposition flux via
throughfall, stemflow, and litterfall. The double exponential model can be expressed
as follows (e.g., Kinnersley et al. 1996; Madoz-Escande et al. 2005):

A tð Þ ¼ A1e
�λ1t þ A2e

�λ2t ð2:5Þ

where A1 and A2 denote the initial interception levels of materials lost rapidly and
slowly, respectively, and λf and λs represent the rate constants for the rapid and slow
loss rate (year�1) of the canopy inventory, respectively.

The canopy 137Cs inventory for the three forest stands is plotted against time
(Fig. 2.14, Table 2.6). The figure shows the loss of canopy-intercepted 137Cs as a
result of throughfall, stemflow, and litterfall plotted against time after the reactor
accident. Additionally, data were collected from previous studies (Kato et al. 2012;
Teramage et al. 2014) to complement lack of observation data during the very early
period of the accident. The loss of 137Cs from various forest canopies, as derived
from the 137Cs transfer measured in the forest stands, was determined using a double
exponential field-loss model (Eq. 2.5).

The double exponential model fitted the observed data with high levels of
significance for all of the forest stands (Fig. 2.14). The canopy 137Cs inventory has
been directly measured by cutting nine standing cedar trees and collecting organic
and mineral soil layer from the forest floor in November 2013 (Coppin et al. 2016).
The resulting 137Cs inventory in the aboveground tree biomass for the mature and
young cedar was 14.0% and 15.8% of total atmospheric deposition input of 137Cs
following the Fukushima accident. These measured 137Cs canopy inventories were
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Fig. 2.13 Cumulative 137Cs deposition onto forest floor via various pathways during the 6-year
observation period. (a) Mature ceder, (b) young ceder, (c) mixed broad-leaved
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highly comparable with those estimated by the double exponential field-loss model
in this study.

The initial canopy interception of deposited radionuclides in the forest stands
studied here was estimated to be 100% for both the mature and young cedar stands
and 17% for the mixed broad-leaved stand. An initial canopy interception rate of
>90% was reported for radiocesium in a 41-year-old Japanese cedar stand (Crypto-
meria japonica) with a stand density of 1300 ha�1 and a 40-year-old cypress stand
(Chamaecyparis obtusa) with a stand density of 2500 ha�1 (Kato et al. 2012).
Ronneau et al. (1987) studied the deposition of Chernobyl-derived 137Cs onto a
pine forest in the east of Belgium. They reported a very effective retention of the
deposited 137Cs by plant foliage, and the initial 137Cs interception by pine canopies
was estimated to be 79% of the atmospheric input. An 85-year-old Norway spruce
stand in Munich, Germany, with a stand density of 622 ha�1 had an initial 137Cs
interception rate of 70% for an atmospheric deposition of 20 kBq m-2 during April

Table 2.6 Parameters for
double exponential field-loss
model

MC YC BL

A1 0.60 0.45 0.12

A2 0.40 0.55 0.05

λf (year
�1) 4.44 5.11 1.69

λs (year
�1) 0.43 0.42 1.69

Tf1/2 (year) 0.16 0.14 0.41

Ts1/2 (year) 1.61 1.66 0.41

Fig. 2.14 Temporal change in the 137Cs concentration ratio of litterfall/hydrological samples to
vegetal sample: (a) litterfall and foliage, (b) throughfall and foliage, and (c) stemflow and outer
bark. The error bar represents the propagation of uncertainties for the 137Cs concentrations of the
paired samples
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27–30, 1986 (Bunzl et al. 1989). Melin et al. (1994) studied the retention and
distribution of radionuclides in Swedish coniferous (an old pine forest with a stem
density of 1622 ha�1) and deciduous forests (an approximate stem density of
600 ha�1) immediately after the Chernobyl accident. Their rough estimate indicated
that a spruce stand will intercept about 90% of the deposited radionuclides, while
unfoliated deciduous stands of beech, birch, and alder will intercept less than 35% of
the dry deposited radionuclides. The estimated initial canopy interception for the
forests studied here was comparable with values reported in the contaminated forests
affected by the Chernobyl and Fukushima accidents (Tables 2.2 and 2.3).

2.5 Summary

Awide range of forest environments have been contaminated by the atmospherically
deposited radiocesium following the Fukushima Daiichi Nuclear Power Plant acci-
dent. The forest area accumulated in total is 1.8 PBq of 137Cs, which is
corresponding to 72% of total 137Cs activities deposited on the land area of Japan.
The contaminated forest except for the vicinity of residential area has not been
subjected to decontamination so far; it still holds most of the 137Cs deposited during
the initial phase of the accident. However, radiocesium is highly mobile within forest
ecosystems; therefore temporal evolution of its distributions and transfer among
different compartments should be observed and modeled in order to predict the
future fate of the accidentally deposited radiocesium in temperate forest
environment.

Canopy interception of atmospherically deposited radiocesium varied signifi-
cantly among different tree species. The evergreen conifers tend to show high
canopy interception rate greater than 70% of atmospheric input in most cases. The
high interception fraction of the deposited radiocesium by coniferous canopies
indicated that the canopy will act as a secondary source of radioactive contamination
of the forest floor. On the other hand, deciduous broad-leaved showed relatively
lower interception rate less than 40%. These observations were likely common
through the forests affected by the Chernobyl and Fukushima accidents although
there were significant differences in physicochemical form of initial fallout and
conditions of climate between those accidents. Nevertheless, the observed intercep-
tion rate for deciduous forest species represented initial canopy interception during
leaf-off season of the year; canopy interception by deciduous broad-leaved forest has
not been sufficiently clarified because there have been limited data available for the
canopy interception for deciduous broad-leaved species during growing season.
Furthermore, initial canopy interception rate varied significantly even for the same
tree species; further investigation is necessary to clarify influences of stand proper-
ties and deposition type (e.g., wet or dry dominated deposition) on the efficiency of
initial canopy interception.

Canopy interception of atmospherically deposited radiocesium is followed by
hydrological and biological self-decontamination processes. Temporal trend of
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canopy radiocesium removal is important for determining temporal evolution of
contamination of forest soils and subsequent cycling of radiocesium within forest
ecosystems. The monitoring of radiocesium concentrations in hydrological and
biological components was effective to determine the transport of canopy
radiocesium inventory to forest floor. Furthermore, a double exponential field-loss
model can successfully simulate the observed loss of canopy radiocesium from
Japanese cedar and konara oak forest mixed with red pine during the early phase
of the accident. However, further investigation is necessary to clarify the mecha-
nisms of radiocesium leaching from the forest canopies and the effects of root uptake
prevailing long-term radiocesium migration from soil profile to tree under quasi-
equilibrium condition.
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Chapter 3
Uptake of Radiocesium by Plants

Yuki Sugiura and Chisato Takenaka

Abstract Radiocesium transfer to plants immediately after the Fukushima Daiichi
Nuclear Power Plant (FDNPP) accident was investigated by collecting soil and
newly emerged leaf samples between May 2011 and November 2012 from
20 sites in the Fukushima Prefecture. Autoradiograph images indicated that woody
plants tend to accumulate radiocesium in their newly emerged leaves than herba-
ceous plants due to translocation-deposited radiocesium on old stems and/or leaves.
Radiocesium uptake by plants was evaluated by ratios of the radiocesium concen-
tration in plant to that in soil (concentration ratio, CR). Although the CR values
decreased in 2012, CR values of woody plants remain high compared to that of
herbaceous plants. Exchangeable 137Cs rates in soil (extraction rate) were measured
at five sites, and these rates decreased at four sites in 2012 and depended on
environmental conditions and soil type. Both CR values and extraction rates
decreased in 2012; however, CR values reflected the changes in not only extraction
rates but also characteristics of each species. Amaranthaceae, Chenopodiaceae, and
Polygonaceae, which had been identified as Cs accumulators, presented no clear
137Cs accumulation ability. In 2012, the perennial plant Houttuynia cordata and
deciduous trees Chengiopanax sciadophylloides and Acer crataegifolium displayed
high CR values, indicating that these species are 137Cs accumulators.
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3.1 Introduction

The Great East Japan Earthquake and the succeeding tsunami caused serious dam-
ages to the Fukushima Daiichi Nuclear Power Plant (FDNPP) on March 11, 2011.
Numerous radionuclides were released to the environment through venting and
explosion. Main radionuclides released from FDNPP were radiocesium (137Cs,
134Cs) and radioiodine (131I), and the total amounts of 137Cs and 131I were estimated
to be approximately 1.3 � 1016 Bq and 2.0 � 1017 Bq, respectively (Chino et al.
2011; Kobayashi et al. 2013; Hirose 2016). Half-lives of 134Cs, 137Cs, and 131I are
2.1 years, 30 years, and 8.1 days, respectively. Radioiodine has not been detected in
the environment after several years passed from the accident. On the other hand,
since 137Cs has relatively long half-life, its impacts on humans and ecosystems are
concerns. Radiocesium was dispersed and deposited over a wide area of Fukushima
Prefecture, especially at northwest of FDNPP (Chino et al. 2011; NRA 2014).
Approximately 70% area of Fukushima Prefecture is covered with forests (Forest
Agency 2014), and a large area of forest has been contaminated with radiocesium
(Kitamura et al. 2014). Some part of radiocesium deposited onto forest would be
translocated by rainfall and wind and finally reach ocean area and living sphere
(Iijima 2015; JAEA 2015). Thus, understanding the dynamics of radiocesium in
terrestrial, especially forest, ecosystem and decontamination are crucial issues.

Radiocesium migration from soil to plants has been investigated after the Cher-
nobyl Nuclear Power Plant (ChNPP) accident mainly in Europe. According to the
researches, radiocesium accumulation abilities vary by plant species, and some
species of Amaranthaceae (Broadley et al. 1999; Dushenkov et al. 1999; Fuhrmann
et al. 2003; Lasat et al. 1998), Chenopodiaceae, and Polygonaceae (Broadley and
Willey 1997) are reported as potential 137Cs accumulators. In addition, soil charac-
teristics also important factor for 137Cs uptake (Ehlken and Kirchner 2002; Tsukada
and Hasegawa 2002).

Cesium uptake by plants had also been investigated in Japan before the FDNPP
accident, particularly for the stable isotope 133Cs and low-concentration 137Cs
derived from global fallout and the ChNPP accident (Kamei-Ishikawa et al. 2008;
Tsukada and Nakamura 1999). However, the behavior of 137Cs just after a substan-
tial deposition on the terrestrial ecosystem is unclear. Because the Japanese islands
are located in the most active part of the Pacific Ring of Fire, andosol, a soil derived
from volcanic ash, is widely distributed in Japan. This rare soil exhibits unique
properties, such as low bulk density, high water-holding capacity, and high
phosphate-fixing capacity (Takeda et al. 2013). Also, land use, climate, and rainfall
patterns differ between Japan and Europe. Therefore, the knowledge obtained from
investigations on the ChNPP accident needs to be carefully applied to the FDNPP
accident (Yamaguchi et al. 2012). A continuous observation of the dynamics of
137Cs immediately after the FDNPP accident is crucial.
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The 137Cs contamination of agricultural products has been studied and monitored
directly after the FDNPP accident, but wild plants have attracted less attention
(Mimura et al. 2014). Nonetheless, primary information collected about 137Cs
transfer for many plants may help with the decontamination of agricultural plants
and handling of contaminated weeds (Yamashita et al. 2014). Moreover, identified
137Cs accumulators would be applied to phytoremediation.

In the present study, we collected plant and soil samples in Fukushima Prefecture
from May 2011 to November 2012 to obtain primary information on the character-
istics of 137Cs accumulation immediately after the accident.

3.2 Cesium-137 Concentrations in Soil and Extraction
Rates

Sampling sites and their land use are described in Fig. 3.1 and Table 3.1, respec-
tively. Twenty sites in seven municipalities of Fukushima Prefecture were surveyed
at least once per year to evaluate yearly changes. Samples were also collected
irregularly from five sites located in three municipalities.

Cesium-137 concentrations in soil for each sampling site are tabulated in
Table 3.2. The values varied widely across sites. The extraction rates of the five
sites are shown in Fig. 3.2. In the present study, extraction rates were calculated as
follows:

Fig. 3.1 Map of the sampling sites and FDNPP. The bar indicates 10 km
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Table 3.1 Land use, soil taxonomy, and soil texture of each sampling site

Municipality
Sampling
site

Land use
(vegetation)

Soil
type

Soil
texturea

Yearly
changesb

Exchangeable
137Csb

Date city DAT1 Broadleaved for-
est, grassland

Brown
forest
soil

L, SiL ○

DAT2 Broadleaved for-
est, grassland

Brown
forest
soil

L, SiL ○ ○

DAT3 Broadleaved
forest

Brown
forest
soil

L, SiL ○

DAT4 Paddy field Andosol L, SiL ○

DAT5 Broadleaved for-
est, grassland

Andosol L, SiL ○

Fukushima
city

FUK Bamboo forest Brown
forest
soil

CL,
SiCL,
SCL

Futaba town FUT Grassland, field Andosol L, SiL ○

Hirono town HIR1 Grassland Brown
lowland
soil

SL ○

HIR2 Grassland Andosol SL

Iwaki city IWA1 Grassland Brown
lowland
soil

L, SiL ○

IWA2 Broadleaved
forest

Red-yel-
low soil

L, SiL ○

Kawamata
town

KAW1 Broadleaved
forest

Brown
forest
soil

L, SiL ○

KAW2 Field Andosol CL,
SiCL,
SCL

○

KAW3 Meadow Brown
lowland
soil

L, SiL ○

KAW4 Broadleaved for-
est, grassland

Brown
forest
soil

L, SiL

KAW5 Broadleaved for-
est, grassland

Brown
forest
soil

L, SiL

KAW6 Broadleaved
forest

Brown
forest
soil

L, SiL

Koriyama
city

KOR1 Field Andosol CL,
SiCL,
SCL

○ ○

(continued)
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Extraction rate %ð Þ ¼ Amount of extracted 137Cs Bqð Þ
Amount of 137Cs in soil Bqð Þ � 100

The significance of differences in the extraction rate between 2011 and 2012 was
assessed by the Steel-Dwass test ( p < 0.05). The yearly change in extraction rate for
this period at the same site was expressed as the ratio between the extraction rates
obtained in 2012 (%) and 2011 (%). The extraction rates decreased in 2012 except
for site NAR1, which displayed the highest rate (25� 7.1%) in 2011 and maintained
a high value in 2012 (31 � 1.1%). Site KOR1 exhibited minimum extraction rates
that amounted to 2.3 � 0.1% and 0.7 � 0.1% in 2011 and 2012, respectively.
Significant ( p < 0.05) yearly changes were detected at sites KOR1 and DAT2.

It is inferred that the decrease of extraction rate is attributed to 137Cs sorption and
fixation by clay minerals, which limits mobility over time after deposition onto soil
(Takeda et al. 2013). The extraction rates differed among sampling sites. Soil
organic matter and clay minerals act as ligands for Cs. In particular, 2:1 type layer
silicates such as mica, illite, and vermiculite retain Cs more strongly than other
ligands (Yamaguchi et al. 2012). Therefore, 137Cs sorbed by these clay minerals
would be difficult to extract using 1 M ammonium acetate solution. Sites KOR1 and
KOR2 were used as field and grassland, respectively, and were consist of largely

Table 3.1 (continued)

Municipality
Sampling
site

Land use
(vegetation)

Soil
type

Soil
texturea

Yearly
changesb

Exchangeable
137Csb

KOR2 Grassland Andosol L, SiL ○ ○

KOR3 Broadleaved for-
est, grassland

Brown
forest
soil

L, SiL ○ ○

KOR4 Broadleaved
forest

Brown
forest
soil

L, SiL ○

KOR5 Broadleaved
forest

Brown
forest
soil

L, SiL ○

Naraha town NAR Mixed forests of
conifers and
broadleaved
trees

Red-yel-
low soil

L, SiL ○ ○

Soma city SOM1 Grassland Andosol SL ○

SOM2 Grassland Brown
lowland
soil

S, LS ○

aS sand, SL sandy loam, L loam, SiL silt loam, SCL sandy clay loam, CL clay loam, SiCL silty clay
loam
b○ measured
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Table 3.2 Radiocesium concentrations in soil for each sampling site

Sampling site Replicate Mean � S.E. Maximum Minimum Median

DAT1 14 5000 � 1320 22,900 522 2940

DAT2 15 4370 � 730 10,300 516 3220

DAT3 14 5520 � 872 10,100 688 5930

DAT4 6 3940 � 463 5260 2070 4290

DAT5 13 5110 � 1340 62,600 586 4750

FUK 3 1720 � 625 2740 586 1820

FUT 6 77,100 � 16,500 131,000 26,700 90,400

HIR1 9 80 � 6 1830 N.D. 95

HIR2 1 8940 � � � � �
IWA1 4 400 � 175 870 37 347

IWA2 14 2140 � 351 4810 670 2010

KAW1 8 2140 � 351 4810 670 2010

KAW2 9 7160 � 986 12,200 2330 7700

KAW3 6 16,000 � 5070 35,400 3780 13,700

KAW4 1 3240 � � � � �
KAW5 1 2700 � � � � �
KAW6 1 4530 � � � � �
KOR1 16 6370 � 848 11,900 930 6560

KOR2 17 5880 � 1680 30,500 953 4250

KOR3 20 4060 � 543 15,000 734 3810

KOR4 13 1220 � 183 2540 462 987

KOR5 15 1870 � 361 4550 226 1470

NAR 17 2990 � 535 8300 597 2390

SOM1 15 798 � 24 14,600 342 1130

SOM2 5 118 � 26 430 45 149
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clayey soils. In contrast, the other sites were forests and the soils contain rich organic
matter. These soil components affected the difference of exchangeable 137Cs rates
among the sites. Soil collected from site NAR1 was red-yellow soil, and its compo-
nents may explain the highest extraction 137Cs rate and the dissimilar yearly trend.
Further analyses, such as organic matter content and mineralogical composition, will
be valid for a precise evaluation.

3.3 Differences in 137Cs Accumulation According
to the Plant Life Form

3.3.1 Autoradiograph Analysis

Figure 3.3-I shows an autoradiograph image after 48-h exposure of foliar samples
collected at site DAT5 in May 2011. Images were obtained from the leaves of woody
plants only. Some hotspots, indicative of highly intense radionuclide enrichment, were
found in/on the leaves. Figure 3.3-II shows an autoradiograph image after 90-h
exposure of the evergreen tree Quercus myrsinifolia collected at site FUK1 on March
2012. Branches and leaves present during the accident displayed sharp images with
hotspots. In contrast, newly emerged branches and leaves exhibited unclear images.

The major radionuclides in plant samples, which provided autoradiograph
images, are radiocesium (134, 137Cs) and radiopotassium (40K). Since it took over
1 week to obtain autoradiograph image of non-contaminated leaf samples (data not
shown), images obtained in this study indicates the presence of radiocesium in plant
tissues. For samples taken in May 2011 (Fig. 3.3-I), radiocesium was observed in/on
the leaves of woody plants but not in the herbaceous plants after 48-h exposure,
although all leaves grew after the accident. This result is derived from the presence or

Fig. 3.2 Mean extraction
rates at five sites; n ¼ 3,
error bar ¼ S.E., *: p < 0.05
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absence of aboveground tissues to receive radiocesium fallout just after the accident.
Woody plants absorb radiocesium through not only roots but also plant surfaces,
such as stems (Tagami et al. 2012). Autoradiograph images of evergreen tree
branches collected in March 2012 showed many dots on old shoots existing at the
time of the accident (Fig. 3.3-II). Images of new leaves that developed at the tip of
old leaves and stem after the accident indicate that these leaves contained
radiocesium and have been affected by surface absorption and translocation from
old leaves and stem. Similar results have been observed for Torreya nucifera
(Sakamoto et al. 2012) and Cryptomeria japonica (Kanasashi et al. 2015) following
the FDNPP accident. Some hotspots were observed on old and new leaves of
deciduous (Fig. 3.3-I) and evergreen trees (Fig. 3.3-II), implying that a secondary
dispersion of radiocesium occurred after the development of new leaves.

Fig. 3.3 Spatial distribution of radionuclides in/on leaves collected at site DAT5 on May 2011
(exposed for 48 h) (I). The bar indicates 5 cm. Capital and lowercase letters correspond to woody
(deciduous) and herbaceous plants (perennial), respectively. (A) Castanea crenata, (B) Lespedeza
bicolor, (C) Rubus palmatus var. coptophyllus, and (D) Cerasus jamasakura; (a) Reynoutria
japonica, (b) Pteridium aquilinum, (c) Pueraria lobata, (d) Artemisia indica var. maximowiczii,
and (e) Equisetum arvense. Spatial distribution of radionuclides in/on the branch of the evergreen
tree Quercus myrsinifolia collected at site FUK1 on March 2012 (exposed for 90 h) (II). The bar
indicates 5 cm. Tissues that emerged after the FDNPP accident are delimited by the dashed line
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3.3.2 Cesium-137 Concentration Ratio Between Plant
and Soil

In the present study, the “concentration ratio (CR)” was used instead of a “transfer
factor (TF)” to evaluate the 137Cs concentration in plants relative to that in soils because
several plants may have been affected by direct deposition immediately after the
accident and absorbed 137Cs through the plant surface. CR was defined the same as TF:

CR ¼
137Cs concentration in plant Bq=kg dry weight DWð Þ½ �

137Cs concentration in soil Bq=kgDWð Þ

The activities in plants were corrected for decay from the sampling date. Mean 137Cs
concentrations in soil were adjusted according to plant collection dates to calculate
CR values.

Figure 3.4 shows histograms of log CR values of all plant samples collected in
2011 and 2012. In 2011, a peak of log CR value of herbaceous plants was �1.0–�
0.5. Log CR value of 28 individuals are below �2 and the proportion was 21%,
whereas woody plants have the peak at �0.5 – 0 and the proportion of individuals
with log CR values below �2 was 2.6%. In 2012, the peak of log CR value of
herbaceous plants shifted to �2.0–�1.5, and individuals with log CR values below
�2 increased to 22%. Log CR values of woody plants also decreased; however, the
change was smaller than that in herbaceous plants.

Individuals presenting the 20 highest CR values among the herbaceous or woody
plants in 2011 and 2012 are listed in Table 3.3. In 2011, the breakdown of life form is
4 annual and 16 perennial herbaceous plants and 4 deciduous and 16 evergreen trees,
respectively. Herbaceous and woody plants exhibiting the highest CR corresponded
to Chenopodium ficifolium (CR ¼ 54) and Phyllostachys heterocycla (CR ¼ 30),
respectively. Houttuynia cordata collected at multiple sites showed high CR
(CR ¼ 10, KOR4; CR ¼ 3.3, 2.9, 2.5, KOR3). In 2012, annual and perennial
herbs present in the top 20 individuals with high CR values were 5 and 15, respec-
tively. Deciduous and evergreen trees were 16 and 4, respectively. Herbaceous and
woody plants displaying the highest CR value were Oenothera biennis (CR ¼ 5.0)
and Chengiopanax sciadophylloides (syn. Acanthopanax sciadophylloides;
Eleutherococcus sciadophylloides) (CR ¼ 11), respectively. Chengiopanax
sciadophylloides (CR¼ 11, KAW1; CR¼ 3.3, 2.3, IWA2) and Acer crataegifolium
(CR¼ 11, 3.9, KAW1; CR¼ 1.0, IWA2) collected at multiple sites showed high CR
values. Five H. cordata individuals, which exhibited relatively high CR in 2011,
maintained high CR in 2012 (CR¼ 1.3, KOR4; CR¼ 1.2; HIR1). Several evergreen
trees, such as Poaceae, Theaceae, and Ericaceae family species, presented high CR
values in 2011. In contrast, this number decreased to only four evergreen trees in
2012.

Woody plants presented higher CR values than their herbaceous counterparts
(Fig. 3.4 and Table 3.3). Moreover, evergreen tree leaves displayed higher CR
values than their deciduous equivalents in 2011. This is consistent with findings
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by Tagami et al. (2012) who reported that 137Cs concentrations in new leaves
decreased in the order evergreen trees > deciduous trees > herbaceous plants in
2011. In 2012, the number of evergreen trees showing high CR values decreased,
whereas the occurrence of deciduous trees increased in the top 20 woody plants
presenting high CR values (Table 3.3-II). Therefore, the surface absorption of 137Cs
through the leaf surface and its translocation to new organs at the initial stage of the

Fig. 3.4 Histograms of log CR values for samples collected in 2011 (I) and 2012 (II)
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accident contributed to a great extent to its accumulation in evergreen trees. In
addition, the 137Cs concentration in some evergreen tree samples may have been
overestimated because old and new leaves could not be differentiated. Most herba-
ceous plants in the top 20 individuals with high CR values were perennial herbs in
2011 and 2012. Several perennial herb species had leaves during the accident and
would have been affected by 137Cs surface absorption and translocation in 2011
(Hasegawa et al. 2009; Tagami et al. 2012). For instance, one individual of the
perennial herb Rumex japonicus collected in 2011 showed much higher 137Cs
concentration (8890 Bq/kg DW) than other individuals (N.D.). It is inferred that
this individual was affected by direct deposition. The rhizome of perennial herbs,
such as H. cordata, may absorb bioavailable 137Cs originating from the accident in
2011 and retain it even in the winter, resulting in higher 137Cs concentrations in
emerging perennial leaves in 2012 than in their annual equivalents.

Concentration ratios observed in 2012 decreased relative to 2011 (Fig. 3.4). In the
case of the ChNPP, 137Cs concentrations in plants decreased drastically in 1 year after
the accident (Sawidis et al. 1990). Similar results were obtained after the FDNPP
accident (Tagami et al. 2012; Mimura et al. 2014), consistent with the decrease in the
amount of bioavailable 137Cs in soil over time, as mentioned above. According to
Takeda et al. (2013), Cs extractabilities by water and the ammonium acetate solution
decreased with time, and the decreasing pattern was similar to that of TF. The high
extraction rate recorded at site NAR1 would be one of the reasons for the high CR
values of O. biennis and Solidago altissima (Table 3.3-II).

Figure 3.5 relates yearly changes in exchangeable 137Cs and in CR. In general,
yearly changes in extraction rate and in CR decreased in 2012 (Figs. 3.2 and 3.4).
However, no apparent relationship was observed between these parameters
(r ¼ �0.04).

A linear relationship would be expected if CR values simply depended on
exchangeable 137Cs. However, no relationship was observed between these param-
eters, and CR values varied significantly, implying that CR values are influenced by
other factors. Potential factors are species-specific capacities of 137Cs accumulation,
such as root growth rate and distribution, and the degree of mycorrhizal infection
(Zhu and Smolders 2000; Vinichuk et al. 2013a, b). In addition, the concentration of
exchangeable K affects CR (Zhu and Smolders 2000).

3.3.3 Cesium-137 Accumulator

In the present study, no clear 137Cs accumulation was observed in Amaranthaceae,
Chenopodiaceae, and Polygonaceae species, in contradiction with previous findings
(Lasat et al. 1998; Broadley and Willey 1997; Broadley et al. 1999; Dushenkov et al.
1999; Fuhrmann et al. 2003). Previous results were obtained under conditions that
differed from current settings, such as hydroponic and field experiments. Therefore,
the investigated species may not exhibit high Cs accumulation in natural environ-
ments despite their ability to accumulate this metal. The Chenopodium ficifolium
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samples showed high CR values collected at site HIR1, where 137Cs concentrations
in soil varied largely but no accumulation at site SOM2. Therefore, the accumulation
ability of this species remains uncertain.

Evergreen trees, such as Theaceae species, displayed high CR values in 2011.
Theaceae C. sinensis contaminated with 137Cs derived from FDNPP was found in
Shizuoka Prefecture in June 2011 (MHLW 2015). After detection, the 137Cs con-
centration decreased drastically. It is considered that this decreases the results from
the life form-dependence of the 137Cs concentration, which is not species specific.
Evergreen plants were affected by foliar absorption, and absorbed 137Cs was
translocated to the newly developed leaves.

Houttuynia cordata exhibited high CR values in 2011 and 2012 (Table 3.3), in
agreement with a previous study by Yamashita et al. (2014). This result is of interest
because several H. cordata individuals showed low CR values, and a survey by
public institutions have found little 137Cs accumulation in this species (MHLW
2015). In 2012, C. sciadophylloides showed high CR values at sites KAW1 and
IWA2. Also, C. sciadophylloides shows high 137Cs content in individuals collected
in Nagano and Iwate Prefectures, which are far from FDNPP (MHLW 2015).
Therefore, this species is expected to exhibit a species-specific ability to accumulate
137Cs. Acer crataegifolium exhibited high CR values in both 2011 and 2012,
suggesting that this species is also capable of species-specific accumulation.

Chengiopanax sciadophylloides is known as a manganese (Mn) accumulator and
can accumulate Mn under a general soil condition (Memon et al. 1979; Mizuno et al.
2008). Although significant correlation between Mn and 137Cs concentration in C.
sciadophylloides was not found (Sugiura et al. 2016), endophytes in roots of C.
sciadophylloides have an ability to increase bioavailability of Mn and 137Cs uptake
by C. sciadophylloides (Yamaji et al. 2016). Recent studies (Sugiura et al. 2016;
Deguchi et al. 2017) indicated that the infection of endophytes in roots might have an
important role for accumulation of 137Cs in C. sciadophylloides. The identification
of the species of endophyte contributing to 137Cs accumulation and clarification of

Fig. 3.5 Year-on-year
(value in 2012/value in
2011) of extraction rate and
CR value. Only CR values
of herbaceous plants
(13 species, 18 pairs) were
used to eliminate the effect
of surface absorption.
Because no herbaceous
plant was collected at site
NAR1 in 2011, the data
shown correspond to four
sites (DAT2, KOR1, KOR2,
and KOR3). The dashed line
indicates the 1:1 line
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the mechanism should be necessary for the application of C. sciadophylloides to
phytoremediation.

3.4 Conclusions

The CR values of various wild plants in Fukushima determined directly after the
accident (2011) and the following year (2012) revealed that the CR values in 2012
declined as compared to that in 2011. In addition, woody plants presented higher CR
values than herbaceous plants. This result is consistent with the absorption of 137Cs
through stem and/or leaf surfaces upon deposition and transfer to newly emerged
tissues. Exchangeable 137Cs rates in soils decreased at four sites because of the
gradual stabilization of 137Cs by clay minerals. Exchangeable 137Cs concentrations
and yearly changes differed between sampling sites, suggesting the influence of
several factors, such as organic matter content, soil type, and mineralogical compo-
nent. Both CR values and extraction rates decreased in 2012, implying that CR
depends on changes in extraction rates as well as the initial effects of surface
absorption of 137Cs and plant characteristics, such as root distribution and the
presence of mycorrhizal fungi. No clear 137Cs accumulation ability was observed
in Amaranthaceae, Chenopodiaceae, or Polygonaceae, which had been considered as
137Cs accumulators. Some potential 137Cs accumulators, such as H. cordata, C.
sciadophylloides, and A. crataegifolium, were identified. Understanding the mech-
anism of 137Cs accumulation will help to enable the use of these plants in
phytoremediation.

3.5 Materials and Methods

3.5.1 Sample Collection

Surface soil samples (depth: 50 mm) in the plant habitats were collected using a core
sampler (Ø 50 � H 50 mm) after removing bulky organic matters and stones from
the surface.

Plant species were classified as herbaceous and woody plants. In turn, herbaceous
plants were divided into annual and perennial herbs, while woody plants were
divided into deciduous and evergreen trees. Bamboo species were categorized as
evergreen trees. Newly emerged leaves were collected as measurement samples.
Whenever possible, whole herbaceous plants were collected to ensure satisfactory
masses for measurements. Current branches were collected as samples for woody
plants, and only the leaves were used for 137Cs concentration measurements. Sam-
ples obtained fromMay 2011 to January 2012 were defined as collected in 2011, and
those obtained from March 2012 to November 2012 were defined as collected in
2012. Numbers of species and individuals are shown in Table 3.4.
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3.5.2 Sample Preparation

Soil samples were air-dried for a few weeks and subsequently passed through a 2-mm
sieve. Samples for exchangeable 137Cs measurement were shaken with 1M ammonium
acetate (1:10) for 2 h to extract 137Cs. The suspensions were centrifuged at 3500 rpm for
10 min, and the supernatant were filtrated by a 0.45-μm membrane filter.

Plant samples were washed with running water to remove soil particles and
subsequently rinsed with distilled water. Samples for autoradiographic analysis
were dried with paper towels and packed in plastic bags. Samples for 137Cs concen-
tration measurement were dried in paper bags at 80 �C for 48 h and ground with a
mill mixer.

3.5.3 Sample Analysis

Soil and extraction samples were enclosed in plastic containers (Ø 56 � H 64 mm;
U-8 container PP-U8, Sekiya Rika), and 137Cs activities were measured using a high-
purity germanium (HPGe) detector (GC3520, Canberra; GEM-30195-P, Seiko
EG&G Ortec).

Autoradiograph images were obtained by placing imaging plates (BAS-IP MS
2025 E, Fujifilm) on the packed plant samples for 48–90 h and developing it
(Typhoon FLA 9000, GE Healthcare). Powdered plant samples for 137Cs concen-
tration measurement were enclosed in plastic containers (Ø 56 � H 35 mm; U-9
container PP-U9, Sekiya Rika) or round-bottomed tubes (Ø 13�H 72 mm; JB2000,
Eiken Chemical) depending on their mass (>1.0 g: U-9 container; <1.0 g: round-
bottomed tube). Next, 137Cs activities were measured with an HPGe detector (U-9
container: GC3520 or GEM-30195-P; round-bottomed tube: GWL-300-15-S, Seiko
EG&G Ortec). Several samples (>1.0 g) were enclosed into polyethylene vial bottles
(Ø 27�H 60 mm; Polyvials V-natural high density polyethylene, Zinsser Analytic),
and 137Cs activities were measured using a thallium-doped sodium iodide [NaI(TI)]
scintillation detector (ARC-7001, Hitachi Aloka Medical). All of the analytical data
for plant samples collected in 2011 and 2012 are attached in Appendices.

Table 3.4 Numbers of collected species and individuals

Herbaceous/woody Life form

2011 2012

Species Individuals Species Individuals

Herbaceous Annual 26 42 17 32

Perennial 40 94 34 100

Woody Deciduous 52 100 43 68

Evergreen 29 51 14 23

Total 147 287 108 223
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3.5.4 Calculation and Statistical Treatment

Spectra recorded using HPGe and NaI(Tl) scintillation detectors were analyzed and
calculated using Gamma Studio Version 2.1.1. (Canberra) and ARC-7001 software,
respectively. Continuous 137Cs measurements were performed until the time
exceeded 18,000 s or the error count of 137Cs was within 3% of the net count.
Samples evaluated as less than the detection limit were written as “not detected
(N.D.)” and handled as 0 Bq in calculations. The 137Cs activities in soil were
corrected for decay to April 1, 2011, and their means at that same site were
calculated afterward. Because no 137Cs concentration difference was observed
between 2011 and 2012 (t test, p < 0.05), the results for both years were combined
to increase the number of replicates (n ¼ 3–20). The difference in the 137Cs activity
for decay from May 2011 to October 2012 approximated 3%, which was sufficiently
lower than the dispersion between replicates. The Smirnov-Grubbs test for rejection
was performed ( p < 0.05) before calculating means.

The yearly change in CR was calculated as the ratio between CR values found in
2012 and 2011 for each plant species collected from the same site. Only the CR
values of the herbaceous plants were used to exclude effect of direct deposition. In
the case of multiple collections of the same species, the means were used. Correla-
tions between yearly changes in extraction rate and CR value were assessed using
Spearman’s rank correlation coefficient ( p < 0.05).
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Chapter 4
Surface Absorption of 137Cs Through
Tree Bark

Wei Wang

Abstract Bark–wood translocation has been suggested as an important route for the
contamination of trees via radiocesium in the initial stage of deposition. We inves-
tigated cesium absorption through the bark of Japanese cedar (Cryptomeria japon-
ica), konara oak (Quercus serrata), and red pine (Pinus densiflora). Stable Cs
(133Cs) was applied to the bark at 1.2-m height of the three tree species. The 133Cs
concentrations were determined in the bark, sapwood, and heartwood of stem disks
from several heights, as well as in current-year foliage/needles from the canopy. The
results suggested that Cs can enter trees through the bark for all the three tree species
even though in the dormant period of tree, and the absorption is probably indepen-
dent of cambial activities. The distribution pattern of Cs within trees varies among
different species.

Keywords Bark–wood translocation · Contamination of trees · Radiocesium ·
Stable cesium (133Cs)

4.1 Introduction

The Fukushima Daiichi Nuclear Power Plant (FDNPP) accident in March 2011
resulted in a considerable release of radiocesium, which contaminated a wide area of
the Fukushima Prefecture (Hashimoto et al. 2012), especially forests, which cover
approximately 70% of the entire prefectural area. Because radiocesium can be
trapped and recycled in forest ecosystems, and decontamination of radiocesium
from contaminated forests is difficult, the radioactive contamination of forests and
forest products and the long-term effects of radionuclides on the forest biota and
humans are of great concern (Aliyu et al. 2015; Hasegawa et al. 2013).
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Studies on the migration and distribution of 137Cs within forests in the early stage
of contamination are essential to estimate its long-term fate (Kato et al. 2012; Endo
et al. 2015). One of the important concerns is the route by which 137Cs is absorbed by
trees. Three potential pathways of 137Cs absorption by trees need to be considered,
i.e., surface absorption through leaves, bark, and root uptake from the soil; however,
which pathway is the primary route is not well understood. Several factors, such as
tree species, soil type, chemical speciation of the 137Cs species, bioavailability, and
the distribution of 137Cs in the soil profile, complicate the absorption process.
Although previous studies have stated the possible uptake pathways, including foliar
absorption (Calmon et al. 2009; Tagami et al. 2012; Nishikiori et al. 2015) or
absorption through the bark (Mahara et al. 2014; Sato et al. 2015; Sugiura et al.
2016), only little experimental demonstration has been made (Ohta et al. 2016). For
future predictions of radioactive contamination in forests, it is important to elucidate
how 137Cs is taken up by trees at the initial stage of deposition and what is the
dynamic behavior of 137Cs internally (Nishikiori et al. 2015).

Our primary aim was to determine whether Cs could move into a tree stem
through the bark and to assess how Cs moves within different tree species. As the
chemical behavior of 137Cs is expected to be almost identical to that of 133Cs,
analysis of 133Cs is useful for understanding the behavior of 137Cs in a forest
ecosystem (Yoshida et al. 2004). In the present study, Japanese cedar (Cryptomeria
japonica), konara oak (Quercus serrata), and red pine (Pinus densiflora) were
selected, and 133Cs was applied to the bark of the three trees species under field
conditions to follow its movement in the tree.

4.2 Stable Cesium Concentration in Different Tree Parts

To check whether the soils under the tree stems were contaminated with 133Cs, we
measured the ion-exchangeable 133Cs concentration in the surface soils under both
the 133Cs-treated trees and the control trees (Table 4.1). No significant differences
were observed between the average 133Cs concentration in the soils under the treated
trees and those under the control trees, indicating that the influence of root uptake
caused by the leakage of the 133CsCl solution was negligible.

Table 4.1 Ion-exchangeable 133Cs concentrations in surface soils under 133Cs-treated trees and
control trees (n ¼ 3)

Trees Treated (μg g�1) Control (μg g�1)

10-year-old C. japonica 0.021� 0.0090 0.033� 0.019

26-year-old C. japonica 0.12� 0.041 0.13� 0.022

Q. serrata 0.087� 0.021 0.065� 0.039

P. densiflora 0.11� 0.039 0.010� 0.0013
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4.2.1 133Cs and K in Bark, Wood, and Needles of 10-Year-Old
C. japonica

The concentrations of 133Cs and K in the sapwood at three vertical positions as well
as in the needles of 10-year-old cedars are shown in Table 4.2. At 1.2 m, the 133Cs
concentrations in the sapwood of the 133Cs-treated trees were significantly higher
than in the control trees ( p < 0.05). Also, the average 133Cs concentrations in needles
from 133Cs-treated trees was much higher than in the control trees though there were
no significant differences between them. No significant differences were observed
for average K concentrations in sapwood at 1.2 m for treated trees (1.1 mg g�1) and
control trees (1.2 mg g�1); also no significant differences were observed for average
K concentrations in needles of treated trees (22 mg g�1) and control trees (26 mg
g�1). Figure 4.1 shows the vertical distribution of the average 133Cs concentrations
in the bark and sapwood of 10-year-old 133Cs-treated trees. The average 133Cs
concentrations in the bark and the sapwood at various vertical positions were in
the order of 1.2 > 0.2 > 2.2 m and 1.2 > 2.2 > 0.2 m, respectively.

4.2.2 133Cs and K in Bark, Wood, and Needles of 26-Year-Old
C. japonica

The concentrations of 133Cs and K in the bark, sapwood, and heartwood at different
heights and in the needles of 26-year-old C. japonica are presented in Table 4.3. At
1.2 m, the 133Cs concentrations in sapwood and heartwood of 133Cs-treated trees
were considerably higher than those of control trees, although there were no
significant differences among them. In addition, the 133Cs concentrations in the
heartwood tended to be higher than in the sapwood for both 133Cs-treated and

Table 4.2 133Cs (μg g�1) and K concentrations in needles, bark, and sapwood of disks sampled at
various heights from 10-year-old C. japonica

Component Position KT KC

Cs (μg g�1) K (mg g�1) Cs (μg g�1) K (mg g�1)

Needles Tree top 19� 7.9 22� 1.5 0.20� 0.082 26� 5.2

2.2 m 9.3� 5.9 5.2� 0.21 – –

Bark 1.2 m 58� 30 4.5� 0.25 0.020� 0.0058 2.7� 0.60

0.2 m 54� 30 5.1� 0.21 – –

2.2 m 2.6� 1.9 1.3� 0.088 – –

Sapwood 1.2 m 8.0� 3.6 1.1� 0.15 0.013� 0.0033 1.2� 0.12

0.2 m 1.7� 0.59 0.99� 0.12 – –

Concentrations are average � SE of three trees. Disk samples were collected from 0.2 m, 1.2 m to
2.2 m, while needles were sampled from tree top. For control trees, concentration values are only
shown for 1.2-m disks
KT mean of mean 133Cs-treated trees in Koriyama, KC mean of control trees in Koriyama
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control trees. The average concentrations of 133Cs in needles of the treated trees
(0.59 μg g�1) were significantly higher than those of the control trees (0.099 μg g�1)
( p < 0.05). No significant difference was observed for average K concentrations in
needles, sapwood, and heartwood for the 1.2-m disk for treated trees and control

Fig. 4.1 The concentration profiles of 133Cs in the bark and sapwood of the 133Cs-treated 10-year-
old C. japonica. Error bars indicate the SE (n ¼ 3)

Table 4.3 133Cs (μg g�1) and K concentrations in needles, bark, sapwood, and heartwood of disks
sampled at various heights from 26-year-old C. japonica

Component Position UT UC

Cs (μg g�1) K (mg g�1) Cs (μg g�1) K (mg g�1)

Needles Tree top 0.59� 0.30 6.2� 0.82 0.099� 0.036 4.7� 0.21

6.2 m 0.32� 0.14 1.1� 0.33 – –

Bark 1.2 m 18� 3.2 1.1� 0.27 0.037� 0.0033 0.89� 0.17

0.2 m 1.6� 1.1 1.4� 0.23 – –

6.2 m 0.33� 0.27 0.68� 0.063 – –

Sapwood 1.2 m 2.1� 0.55 0.59� 0.090 0.10� 0.078 0.56� 0.087

0.2 m 0.38� 0.20 0.89� 0.16 – –

6.2 m 0.25� 0.16 3.4� 0.24 – –

Heartwood 1.2 m 3.6� 0.87 1.6� 0.32 0.33� 0.25 1.4� 0.26

0.2 m 0.39� 0.10 2.4� 0.22 – –

Concentrations are average � SE of three trees. Disk samples were collected from 0.2 m, 1.2 m to
6.2 m, while needles were sampled from tree top. For control trees, concentration values are only
shown for 1.2-m disks. UT mean of mean 133Cs-treated trees in Utsunomiya, UC mean of control
trees in Utsunomiya
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trees. The distribution of 133Cs concentrations in 133Cs-treated trees at Utsunomiya is
shown in Fig. 4.2. The average 133Cs concentrations at 1.2 m were higher than at 0.2
and 6.2 m.

4.2.3 133Cs in Bark, Wood, and Leaves of Q. serrata

Figure 4.3 shows the radial distribution of the 133Cs concentration in the bark and
wood at different vertical heights. Disks at 1/2 the tree height and 3/4 the tree height
were combined together as the “upper parts” and disks at 0.2 m were considered to
be “lower parts.” At 1.2 m, the average 133Cs concentration in the sapwood of the
133Cs-treated trees was much higher than those of the control trees, even though
there were no significant differences between them. The 133Cs concentration
decreased toward the heartwood with increasing distance from the outer bark. No
significant difference was observed in the 133Cs concentration in the heartwood
between the 133Cs-treated trees and the control trees. In both the lower and upper
parts, no significant difference was observed for the 133Cs concentration in both the
sapwood and the heartwood between the 133Cs-treated trees and the control trees.
The 133Cs concentrations in the leaves and branches of the treated trees
(0.038� 0.016 μg g�1 and 0.040� 0.016 μg g�1, respectively) were lower than
those of the control trees (0.090� 0.018 μg g�1 and 0.074� 0.028 μg g�1,
respectively).

Fig. 4.2 The concentration profiles of 133Cs in the bark, sapwood, and heartwood of the 133Cs-
treated 26-year-old C. japonica. Error bars indicate the SE (n ¼ 3)
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4.2.4 133Cs in Bark, Wood, and Needles of P. densiflora

The concentration of 133Cs in different components of P. densiflora was given in
Table 4.4. At 0.2, 1.2, and 2.2 m, the 133Cs concentrations in the outer bark, inner
bark, sapwood, and heartwood were much higher in 133Cs-treated trees than control
trees, although there were no significant differences among them. The highest 133Cs
concentration in sapwood at 1.2 m, the height at which the 133CsCl solution was
applied, suggested that 133Cs penetrated the wood tissue through the bark of
P. densiflora. Unfortunately, because the soil under treated trees was contaminated

Fig. 4.3 Radial distribution
of the 133Cs concentration
(μg g�1) in the outer bark
(OB), inner bark (IB),
sapwood (SW), and
heartwood (HW) at different
vertical heights of
Q. serrata. Samples
collected from 1/2 to 3/4 tree
height were combined
together as the upper parts,
and samples collected from
0.2 m were called the lower
parts. Error bars indicate the
standard deviations of the
three replicates in the lower
parts and the 3–6 replicates
in the upper parts. The
y-axis of 1.2 m is in
logarithmic units
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with the applied solution, the possible contribution of root uptake to the loading of
133Cs in the wood cannot be denied. The higher 133Cs concentration in the outer bark
at 0.2 m also implied that blocking the stemflow by urethane might not be effective
(Table 4.4). One possible reason is that during our experiment period, the intermit-
tent rain days and several heavy rain days (e.g., 87 mm on 10 September) may lead to
serious leakage of 133Cs.

4.3 Absorption and Translocation of Cs Through the Bark

Due to the absence of 133Cs contamination in the soils around the 133Cs-treated trees,
the highest 133Cs concentration in the sapwood at 1.2 m, where the 133CsCl solution
was applied, demonstrates that 133Cs in the surface of the bark penetrated into the
wood tissue through the bark of all the three tree species.

The mechanism for the Cs absorption through the bark has not yet been clearly
identified. Several studies reported the absorption of trace metals through the bark;
however, the mechanisms by which these trace metals enter the wood through the
bark were also unclear (Zhang et al. 1995; Watmough and Hutchinson 2003). The
bark consists of two layers, the inner bark and outer bark that are separated by a

Table 4.4 133Cs concentrations in the outer bark, inner bark, sapwood, heartwood, needles, and
branches of P. densiflora

Position Components Cs (μg g�1)

Treatment Control

Tree top Needles 0.19� 0.10 0.13� 0.021

Branches 0.045� 0.011 0.11� 0.015

2.2 m Outer bark 0.067� 0.013 0.039� 0.014

Inner bark 0.071� 0.0067 0.028� 0.016

Sapwood 1 0.015� 0.0018 0.0030� 0.0012

Sapwood 2 0.012� 0.0019 n.d.

Heartwood n.d. n.d.

1.2 m Outer bark 9.1� 2.0 0.018� 0.0035

Inner bark 8.3� 1.2 0.019� 0.010

Sapwood 1 0.10� 0.010 0.0017� 0.00023

Sapwood 2 0.027� 0.0088 n.d.

Heartwood 0.0083� 0.0030 n.d.

0.2 m Outer bark 16� 2.9 0.014� 0.0021

Inner bark 5.6� 0.23 0.011� 0.0038

Sapwood 1 0.11� 0.062 0.0040� 0.0011

Sapwood 2 0.050� 0.026 n.d.

Heartwood 0.0065� 0.0033 n.d.

Concentrations are average � SE of three replicates
Disks samples were collected from 0.2 m, 1.2 m, to 2.2 m
n.d.not detected
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moisture-impervious layer (Watmough and Hutchinson 2003). The outer bark (rhyt-
idome) is composed entirely of dead tissue that consists of remaining cell walls
composed mainly of lignin, cellulose, hemicellulose, pectin, and suberin (Rulik et al.
2014). The inner bark consists of remaining living tissues comprising phloem and
the innermost phellogen and phelloderm (Borger 1973). The bark has frequently
been used as an effective sorbent for the removal of metal ions from wastewater
(Aoyama et al. 2004; Argun et al. 2009). The sorption of metal ions to the bark takes
place via ion exchange, primarily via complexation to functional groups, such as
carboxyl and phenolic hydroxyl groups (Su et al. 2013). Takenaka and Sasama
(2000) suggested that an ion exchange occurs between cations contained in the
stemflow and protons in the stem. We speculate that the absorption of Cs by the outer
bark is related to an ion-exchange process where Cs is exchanged with other cations,
such as protons. The infiltration of Cs from the outer bark to the inner bark is likely a
non-metabolic process because the outer bark consists of fully dead tissues formed
from cork cambium (Watmough and Hutchinson 2003). However, the mechanism
by which Cs enters the wood through the inner bark is still unclear. Lepp and Dollard
(1974) demonstrated the lateral movement of lead from the bark to the wood and
stated that cambial activity is not essential for this process to take place, while other
studies have reported that the transfer of solutions from the inner bark (phloem) to
the sapwood (xylem) is predominantly facilitated through the symplast in uniseriate
ray parenchyma cells and driven by transpiration and associated gradients between
the phloem and xylem (Pfautsch et al. 2015). The penetration of applied 133Cs into
the wood in dormant season (from 28 September 2014 to 23 November 2014) of
Q. serrata in our study indicated that the absorption process was probably indepen-
dent of cambial activities, i.e., Cs could be absorbed into the wood through the bark
throughout the year if Cs exists in a soluble form. Further studies of the interaction
between the phloem and xylem (Hölttä et al. 2009) are required to fully understand
the transfer of Cs from the inner bark to the wood.

4.4 Distribution of Cs Within Trees

In the case of C. japonica, to clarify the radial distribution pattern of bark-derived
133Cs in the wood, the concentration ratio of 133Cs in the heartwood to sapwood of
1.2-m disks taken from 133Cs-treated trees and control trees at Utsunomiya site was
calculated (Fig. 4.4). The ratio tended to be higher in the control trees than the treated
trees, and 133Cs tended to accumulate in the heartwood (the ratio>1). This observa-
tion agrees with previous findings for 137Cs distribution in C. japonica (Chigira et al.
1988; Masuchika et al. 1988; Momoshima et al. 1995). In the same figure, the ratios
of K, which is the chemical analogue of Cs, were plotted, and the ratios were around
2.5–3.0. The accumulation of alkali metals in the heartwood of C. japonicamight be
associated with heartwood formation (Momoshima et al. 1995; Kubo and Ataka
1998; Kuroda et al. 2013), pH regulation (Morikawa et al. 1996), or promotion of
polyphenol dissociation (Okada et al. 2012). Thus, it was considered that cesium
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absorbed by bark was translocated toward the heartwood, probably together with K,
via ray parenchyma cells, though the mechanism for such movement is still unclear.
In addition, the ratios derived from root uptake in the control trees tended to be
higher than the ratios affected by surface absorption through the bark in the treated
trees. This means that the treatment period in the present experiment (2.5 months)
might not be enough to attain the steady state of 133Cs distribution in the disks of
C. japonica. Higher 133Cs concentrations in current-year needles of 133Cs-treated
trees than controls trees suggested that 133Cs absorbed by bark was also translocated
vertically to apex (Tables 4.2 and 4.3), comprising assimilating organs (new needles)
and physiologically active tissue (1-year-old shoots) (Ipatyev et al. 1999). In addi-
tion, 133Cs concentrations in the needles of 10-year-old trees were higher than in
26-year-old trees, which might have been caused by biomass dilution, whereby older
trees have higher leaf biomass than younger trees. In addition, such difference in
133Cs concentration could be partly due to seasonal variations of radiocesium in
leaves. The sampling time at Utsunomiya was in October; radiocesium might be
translocated from leaves to other tree organs such as trunk and twigs in autumn–
winter (dormancy period) (Sombré et al. 1994; Yoshihara et al. 2014).

The radial distribution of 133Cs in Q. serrata shows some difference from
C. japonica (Fig. 4.3), at a height of 1.2 m; the applied 133Cs was translocated
only into the sapwood but not into heartwood over 2 months. Ohashi et al. (2014)
also reported the similar results of abrupt decrease of cesium migration to heartwood
of Q. serrata after FDNPP accident. The abrupt decrease of Cs concentration in
heartwood indicated that some barrier may be present at the sapwood–heartwood
boundaries. The comparable 133Cs concentration between the 133Cs-treated trees and
the control trees in the wood above and below 1.2 m, as well as the leaves and

Fig. 4.4 The concentration ratios of heartwood to sapwood for 133Cs and K at 1.2-m disks for
control trees and 133Cs-treated trees at Utsunomiya site (n ¼ 3)
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branches, suggested that vertical translocation of Cs was negligible, probably due to
that during our experimental periods, tree growth and leaf photosynthetic activity
may significantly drop, and thus transpiration flow also become very small.

For P. densiflora, higher 133Cs concentration in heartwood of treated trees than
control trees suggested that the applied 133Cs was translocated until heartwood
(Table 4.4). No evident difference was observed for 133Cs concentration in needles
and branches between 133Cs-treated trees and control trees, which suggested that
133Cs was not translocated into needles during our experimental periods.

The different radial distribution patterns of radiocesium in different tree species
(Kohno et al. 1988; Thiry et al. 2002) can be explained by the difference in their
radial ray compositions (Soukhova et al. 2003), by which Cs is translocated through
the sapwood to the heartwood. Because no living cells exist in the heartwood of all
the tree species, other contributing factors in addition to radial ray compositions,
such as water content and the role of heartwood formation, require further investi-
gation to fully understand the translocation and distribution of Cs in the wood of
different tree species.

Absorption of Cs into the bark and then translocation to the inner tissues of trees
might play a significant role in tree contamination, especially in the early stages of
137Cs deposition when root uptake might be low. This finding is of particular
importance for deciduous trees because no leaves were present at the time of the
FDNPP accident; hence, much more 137Cs was potentially deposited directly onto
the bark surface. The 137Cs absorbed on the bark probably exists in a stable chemical
form and is not easily washed off the bark (Kato et al. 2012; Iwase et al. 2013). No
evident changes in 137Cs concentrations in the bark of C. japonica were observed
2 years after the Fukushima accident (Kajimoto et al. 2015), and the 137Cs concen-
trations in the bark of Quercus petraea remained high even 22 years after the
Chernobyl accident (Zhiyanski et al. 2010). However, if the stable form of Cs in
the bark degrades and releases 137Cs ions, then absorption and translocation of 137Cs
ions from the bark into the tree might occur continuously, hence might become an
important source of pollution for forest trees in the coming years.

4.5 Conclusion

In this study, we confirmed the absorption of Cs through the bark of three tree
species under field conditions. The bark-derived Cs exhibited different radial distri-
bution patterns among tree species. Cs tends to accumulate in the heartwood of
C. japonica, while Cs concentration decreased toward heartwood of Q. serrata and
P. densiflora. Cs was translocated to tree top of C. japonica, but this phenomenon
was not clear for Q. serrata and P. densiflora. Absorption of Cs through the bark to
the sapwood might be a passive diffusion process and might depend on bark
thickness and bark structure which need further research.
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4.6 Materials and Methods

4.6.1 Application of 133Cs to Bark of Three Tree Species

A photograph of the 133Cs application process to a representative C. japonica in the
field is shown in Fig. 4.5. Initially, a 40-ml aliquot of 0.01 M 133CsCl solution was
spread uniformly on a paper towel. The towel was then attached to the bark at 1.2 m
above the ground. To prevent the towel from drying, it was covered on the outside
with plastic wrap and fixed using plastic wires. Furthermore, to prevent soil con-
tamination from 133CsCl caused by stemflow, a 3-cm thick urethane sheet was
wrapped around the trunk below the paper towel, which was then fixed using plastic
wires that also functioned as stemflow gutters. A hose was connected to the urethane
sheet to direct the stemflow to the gutterway or a bucket. The juncture between hose,
bark, and urethane was filled with silicon resin to prevent leakage. Both treatments
and controls had three replicates at each site. The experiment sites, average tree age,
and experimental periods for each tree species are shown in Table 4.5.

4.6.2 Sampling, Pretreatment, and Chemical Analysis

After experiment, 10-cm-thick disks were collected from several different heights of
each tree species (Table 4.5); current-year leaves/needles were sampled from the
trees’ canopies; the surface soil (0–5 cm) was also collected around each tree to

Fig. 4.5 A photograph of the 133Cs application experiment on a representative 10-year-old cedar.
A paper towel with 40 mL 0.01 M 133CsCl solution was wrapped around bark at 1.2 m. A urethane
sheet and hose were used to direct the stemflow to guttering
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assess whether the soil was contaminated with 133Cs (n ¼ 3 for each). For disk
samples, in the case of C. japonica, the disks were separated into the bark, sapwood
4 mm away from the cambium, and heartwood. For Q. serrata and P. densiflora,
each disk was divided into outer bark, inner bark, sapwood, and heartwood, the
sapwood was separated into two to three segments according to their distances from
the cambium, and the average distance of each segment was sapwood 1 (SW1):
0–0.5 cm, sapwood 2 (SW2): 0.5–1.5 cm, and sapwood 3 (SW3): 1.5–3 cm. The
bark samples were ultrasonically washed three times with ultrapure water for 10 s to
remove contaminants and non-absorbed 133Cs. The wood samples were not washed,
but the contaminated surfaces were removed using a hammer and stainless steel
chisel. The needles/leaves were washed with tap water and then rinsed with ultrapure
water. All plant samples were oven dried at 80 �C for more than 48 h to a constant
weight and then homogenized to a powder. Soil samples were air dried for more than
1 month, passed through a 2-mm sieve, and stored for analysis.

The plant samples (0.1 g) were digested with HNO3 using a graphite block acid
digestion system (EcoPre; ODLAB). The soil samples (2 g) were extracted using
1 M of NH4AC (40 ml, pH 7) to determine the ion-exchangeable 133Cs. The
concentration of 133Cs was determined using an inductively coupled plasma mass
spectrometer (iCAPQc, Thermo Scientific) with In as the internal standard. The
concentration of K was analyzed via inductively coupled plasma atomic emission
spectrometry (ICP-AES; IRIS ICARP, Jarrell Ash Nippon Corp., Kyoto, Japan).

Table 4.5 Information of study sites, trees, experimental periods, and sampling height

Tree species Sites
Average
tree age

Experimental
periods

Sampling
height (m)

C. japonica Koriyama (37�210N,
140�200E)

10 31/07/2013–22/
08/2013

0.2

1.2

2.2

Utsunomiya
(36�460N,139�490E)

26 06/08/2013–22/
10/2013

0.2

1.2

6.2

Q. serrata Yamakiya (37� 45.50 N, 140�

28.20 E)
50 28/09/2014–23/

11/2014
0.2

1.2

1/2 H

3/4 H

P. densiflora Setohachiyama (37�45.50N,
140�28.20E)

42 02/06/2015–25/
09/2015

0.2

1.2

2.2

1/2 H

1/2 H and 3/4 H mean 1/2 the tree height (1/2 H) and 3/4 the tree height, respectively
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Chapter 5
Translocation of 137Cs in the Woody Parts
of Sugi (Cryptomeria japonica)

Kazuya Iizuka, Jyunichi Ohshima, Futoshi Ishiguri, Naoko Miyamoto,
Mineaki Aizawa, Tatsuhiro Ohkubo, Chisato Takenaka, and Shinso Yokota

Abstract To clarify the behavior of 137Cs absorbed in the stem wood 5 years after
the Fukushima Daiichi Nuclear Power Plant accident, 137Cs concentration was
measured in a radial direction, from sapwood to heartwood, in the stem wood of
33-year-old sugi (Cryptomeria japonica) trees. Understanding the mechanism of
absorption and movement of 137Cs to stem wood is necessary while searching for
clues that may help to predict the transit of 137Cs into the xylem tissues. Therefore,
we investigated the radial variation in 137Cs concentration in sugi, trees, and then we
tried to elucidate the relationship between 137Cs concentration and potassium
(K) content. A group of trees with a high heartwood:sapwood 137Cs concentration
ratio showed significantly higher K and moisture contents and lower lightness value
(L�) than those of another group of trees, which showed lower K concentrations in
the wood. Heartwood:sapwood 137Cs concentration ratio was significantly and
positively correlated with heartwood:sapwood K content ratio. Based on these
results, we propose that the translocation of 137Cs from sapwood to heartwood is
related to the heartwood:sapwood K content ratio in sugi trees.

Keywords 137Cs concentration · Potassium content · Radial direction · Stem wood ·
Sugi
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5.1 Introduction

A large amount of radioactive material was released into the environment after the
accident at the Fukushima Daiichi Nuclear Power Plant caused by the Great East
Japan Earthquake that occurred in March 2011. Subsequently, the radioactive fallout
contaminated a vast forest area that is important to forestry and forest industry and a
major contributor to the regional industry. Studies on radioactive fallout from
atmospheric nuclear tests have shown that 137Cs, which has a relatively long half-
life (30.2 years), is characterized by high mobility within the stem wood (Kohno
et al. 1988; Kudo et al. 1993; Momoshima and Bondietti 1994; Kagawa et al. 2002).
Approximately 90% of the 137Cs released from the nuclear plant still remains,
5 years after the accident. Thus, environmental contamination by 137Cs deposition
is still present in the forests in the Fukushima and neighboring prefectures. Several
studies conducted during the early stages after the Fukushima accident showed the
effects of radioactive fallout absorbed by trees, especially the concentration of
radioactive cesium in the xylem (Kuroda et al. 2013; Ohashi et al. 2014, 2017;
Mahara et al. 2014; Ogawa et al. 2016; Nagakura et al. 2016; Imamura et al. 2017).
The tree species investigated here were sugi, also known as Japanese red cedar
(Cryptomeria japonica), and akamatsu (Pinus densiflora) as examples of evergreen
coniferous trees and konara (Quercus serrata) as an example of a deciduous broad-
leaved tree. The investigations in the early stages after the accident detected
radiocesium in the woody parts of these tree species, which is another reason why
these trees were selected for our study.

Zhu and Smolders (2000) reported that radiocesium uptake occurs mainly by two
transport pathways in root cell membranes, namely, the K+ transporter and K+

channel pathway. Studies of contaminated trees revealed uptake and migration of
137Cs via the leaves (Tagami et al. 2012; Nishikiori et al. 2015). On the other hand, in
the case of sugi, Wang et al. (2016) proved that cesium was absorbed by the stem
wood through the bark. Further, the movement of 137Cs from sapwood to heartwood
in the stem wood of sugi tree might be related to the heartwood:sapwood K content
ratio (Iizuka et al. 2018). Nagakura et al. (2016) elucidated the relation between
137Cs concentration, 133Cs concentration, potassium content, and rubidium content
in stem wood and leaves of sugi trees in testing plots, about 3.5 years after the
accident. In addition, Imamura et al. (2017) reported temporal changes in the
distribution of radioactive cesium in forests 5 years after the accident. In some
testing plots located in Fukushima Prefecture, 137Cs concentration increased signif-
icantly from 2011 to 2015 in the wood of sugi, hinoki (Chamaecyparis obtusa), and
konara trees. Ohashi et al. (2017) reported a similar trend in the above-mentioned
test sites in 2016.

Trends in future change of 137Cs concentration in the wood are of particular
interest to the forestry and wood industry. Sugi trees occupy the largest planting area
in Japan, and thus, Sugi has the largest influence on the timber industry. Several
studies have explored the level of 137Cs absorbed in stem wood of sugi trees early
after the accident (Kuroda et al. 2013; Mahara et al. 2014; Ogawa et al. 2016;
Nagakura et al. 2016; Wang et al. 2016; Iizuka and Ohshima 2017; Imamura et al.
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2017; Ohashi et al. 2017; Iizuka et al. 2018); 137Cs concentration was found to be
higher in the heartwood than in the sapwood in the first 1–2 years after the accident
(Iizuka and Ohshima 2017; Ohashi et al. 2017). It is important to clarify the within-
tree distribution of 137Cs based on a large number of samples from sugi trees. In
addition, the movement of 137Cs in the stem wood should be determined in order to
predict the future level of contamination of sugi plantation forests and wood
resources from plantations.

Potassium (K), an alkali metal in the same group as cesium, is closely related to
the blackening phenomenon in the heartwood of sugi trees. Heartwood with higher
K contents have a higher moisture content and a lower lightness (L�) value in the
L�a�b� system (Kawazumi et al. 1991; Abe et al. 1994; Oda et al. 1994; Morikawa
et al. 1996; Kubo and Ataka 1998; Ishiguri et al. 2006; Miyamoto et al. 2016). Okada
et al. (1987) reported that K and other alkali metal contents in Japanese cedar showed
an abrupt increase from sapwood to heartwood and almost constant values in the
heartwood. They also found that K and other alkali metals are actively transported
from the sapwood to the outer heartwood via the rays, resulting in their diffusion and
accumulation in the heartwood of Japanese cedar (Okada et al. 2011, 2012). Fur-
thermore, several studies have investigated the relationship between 137Cs and 40K
in Japanese cedar wood (Katayama et al. 1986; Chigira et al. 1988; Kudo et al.
1993). However, information on the variation of 137Cs concentration in the wood of
trees exposed to the radioactive fallout from the Fukushima accident is scarce.
Further, detailed information on the variation of radiocesium concentration within
a tree stem is scarce. Therefore, further research is required on these relationships at
an early stage after radioactive fallout, by using a large number of trees. In addition,
in order to clarify the mechanism of radiocesium transfer in the stem of sugi trees, it
is also necessary to document K, moisture content, and lightness (L� value) in sugi
heartwood.

In the present study, 137Cs concentration, K content, moisture level, and lightness
(L�) of heartwood were investigated in sugi trees grown in a plantation located
130 km southwest of the Fukushima Daiichi Nuclear Power Plant. The movement of
137Cs from sapwood to heartwood and its relationship to K content were investi-
gated. Our data aim to provide information that will help to predict future behavior of
137Cs in the stem wood of forest species.

5.2 Cesium-137 Concentration in Surface Mineral Soils
and Stem Wood of Sugi Trees Sampled
in the Surveyed Area

Mean 137Cs concentration in the surface mineral soils (topsoil) at the 18 sampled
points was 1727� 1130 (SD) Bq kg�1; the high coefficient of variation (CV¼ 65%)
measured showed a large variation in 137Cs concentration over the surveyed area
5 years after the accident. Therefore, 137Cs contamination of the soil surface was
quite heterogeneous in the surveyed area.
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The 137Cs concentrations in the bark, sapwood, and heartwood obtained from
80 individuals at 0.2 m above the ground and the correlation coefficients of each
indicator are shown in Table 5.1. The mean diameter of the wood disk samples was
19.7 cm, and the heartwood occupied 39.2% of the disk area. Mean 137Cs concen-
trations in the bark, sapwood, and heartwood were 209, 21, and 43 Bq kg�1,
respectively. A significant and positive correlation was found for 137Cs concentra-
tion between bark and sapwood (r ¼ 0.411��) and between sapwood and heartwood
(r ¼ 758��).

It has been assumed that, from the total amount of 137Cs deposited on the bark by
radioactive fallout at the beginning of the accident, soluble 137Cs has been absorbed
into the xylem, whereas the contamination detected in the bark (outer bark + inner
bark) would come from the 137Cs deposited on the outer bark directly from the
atmosphere. Therefore, 5 years after the accident, the remaining 137Cs in the bark
may be fixed/absorbed physically or chemically on the bark. Iwase et al. (2013)
reported that Cs fixed/absorbed in the tree bark of Japanese cedar is not easily
removed. In contrast, 137Cs in the xylem is thought to be present in a soluble form
and is therefore mobile. 137Cs fixed/absorbed into the bark and that absorbed in the
xylem may represent two different chemical forms of 137Cs. These facts indicate that
5 years after the accident, the bark and xylem contain two different chemical forms
of 137Cs, with the one in the bark being immobile. Meanwhile, 137Cs in the xylem,
which is composed of sapwood and heartwood, is found in a soluble and mobile
chemical form, which explains the relatively high correlation coefficient
(r ¼ 0.758��) for 137Cs concentration in sapwood as it relates to that in the
heartwood.

5.3 Radial Movement of 137Cs in the Stem Wood

The mechanism whereby 137Cs moved from sapwood to heartwood was examined.
The distribution of 137Cs concentration in sapwood and heartwood is shown in
Fig. 5.1. The range of 137Cs concentration in the heartwood was wider than that in
sapwood. The movement velocity of 137Cs from sapwood to heartwood may be
related to the heartwood:sapwood 137Cs concentration ratio (Fig. 5.2). Mean

Table 5.1 137Cs concentration in the bark, sapwood (SW), and heartwood (HW) and the correla-
tion coefficient of each indicator

Indicator

137Cs (Bq kg�1)

Code X1 X2Mean Std.

Bark 209 118 X1 1.000

SW 20 11 X2 0.411�� 1.000

HW 43 26 X3 0.196 ns 0.758��

std. standard deviation, ns no significance
��Significant at 1% level
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heartwood:sapwood 137Cs concentration ratio was 2.1� 0.9 (SD). Based on this
mean and standard deviation values, two groups of ten individuals were selected,
such that one group (HRG) was composed of individuals with the heartwood:
sapwood 137Cs concentration ratio ≧3.0, while the other group (LRG) comprised
those with a heartwood:sapwood 137Cs concentration ratio ≦ 1.4; the underlying
assumption being that the movement velocity of 137Cs from sapwood to heartwood
would be faster in the former group.
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Fig. 5.1 Frequency of 137Cs concentration in heartwood (HW) and sapwood (SW)

0

5

10

15

20

25

0- 0.5- 1.0- 1.5- 2.0- 2.5- 3.0- 3.5- 4.0-

Fig. 5.2 Frequency of the ratio of 137Cs concentration in heartwood (HW) to sapwood (SW)
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Cesium-137 concentration, K content, moisture content, and L� value in HRG and
LRG are shown in Table 5.2. 137Cs concentration and K content in heartwood was
significantly higher in HRG than in LRG, but no statistical difference was observed
in sapwood between the two groups. A significant difference in moisture content and
L� value in heartwood was found between the two groups; thus, HRG showed a
higher moisture content and lower L� value as compared with LRG. K content in
heartwood was positively correlated with moisture content but negatively correlated
with L� (Kawazumi et al. 1991; Abe et al. 1994; Oda et al. 1994; Morikawa et al.
1996; Kubo and Ataka 1998; Ishiguri et al. 2006; Miyamoto et al. 2016). Further-
more, it has been proposed that these indicators and their relationships may be
genetically regulated (Miyamoto et al. 2016). Abe et al. (1994) identified potassium
bicarbonate as a causative agent of heartwood color.

The correlation coefficients between indicator variables are shown in Table 5.3. A
highly significant and positive correlation was observed between the heartwood:
sapwood 137Cs concentration ratio and the corresponding K content ratio (Fig. 5.3,
r¼ 0.920��). A significant correlation was found between heartwood:sapwood 137Cs
concentration ratio and K content, moisture content, and L� value in heartwood;
similarly, a significant correlation was found between heartwood:sapwood K content
ratio and K content, moisture content, and L� value in heartwood. The movement of
137Cs from sapwood to heartwood may be also affected by moisture content in the
heartwood.

Table 5.2 137Cs concentration, potassium content, moisture content, and L� value in two
categories of sampling trees and the result in t-test

Category n

137Cs concentration
(Bq kg�1)

Potassium content
(g kg�1) MC (%) L�

HW/SW HW SW HW/SW HW SW HW HW

HRG 10 Mean 3.4 68 21 4.9 4.0 0.8 107 64.77

Std. 0.5 38 11 0.8 1.0 0.3 2.9 2.77

LRG 10 Mean 0.9 22 23 1.9 1.5 0.8 69 71.53

Std. 0.3 13 8 0.8 0.8 0.4 16 1.73

t-test � � ns � � ns � �

MC Moisture Content, std. standard deviation, ns no significance
�Significant at 5% level

Table 5.3 Correlation
coefficient between each
indicator

Indicator

HW/SW
137Cs K

HW/SW 137Cs 1.000

K 0.920�� 1.000

Heartwood K 0.823�� 0.779��

MC 0.666�� 0.572��

L� �0.865�� �0.792��

��Significant at 1% level
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Cesium is a group I alkali metal that shows chemical properties similar to those of
potassium; it is present in solution as a monovalent cation Cs+ (White and Broadley
2000). Bruce and Richard (1993) and Iizuka et al. (2018) reported that 137Cs
movement from the sapwood to heartwood may be related to the heartwood:sap-
wood K content ratio. Altogether, these results confirmed that the radial movement
of 137Cs from sapwood to heartwood was affected by the K content gradient
between them.

5.4 Conclusion

In this study, the radial distribution of 137Cs concentration in stem wood of 33-year-
old sugi trees was investigated 5 years after the Fukushima Daiichi Nuclear Power
Plant accident. We arrived at the following main conclusions:

1. The mineral topsoil mean 137Cs concentration in the surveyed area was 1727 Bq
kg�1 (CV ¼ 65%). Therefore, 137Cs contamination of the topsoil in the surveyed
area was quite heterogeneous.

2. 137Cs in the bark and wood may be present in different chemical forms; in the
bark, 137Cs is insoluble and fixed, whereas in the wood it is soluble and mobile.

3. A highly significant and positive correlation was observed between the heart-
wood:sapwood 137Cs concentration ratio and the corresponding K content ratio.
A significant correlation was also found between the heartwood:sapwood 137Cs
concentration ratio and K content, moisture content, and L� value in the
heartwood.

4. Based on the results of the present study and other previously reported findings,
we suggest that the movement of 137Cs from sapwood to heartwood is very likely
influenced by the K content gradient between them.

y = 0.723x - 0.284
r = 0.920**
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Fig. 5.3 Relationship
between the ratio of
potassium content in
heartwood to sapwood
(HW/SW) and the ratio of
137Cs concentration in
heartwood to sapwood
(HW/SW). r, correlation
coefficient; ��, significant at
1% level
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5.5 Materials and Methods

5.5.1 Study Area

Wood samples of Japanese cedar were collected from a plantation in the Funyu
Experimental forest at Utsunomiya University (36�460N, 139�490E), in Shioya,
Tochigi, Japan. The forest is located about 130 km southwest of the Fukushima
Daiichi Nuclear Power Plant. According to the aircraft monitoring conducted by the
Ministry of Education, Culture, Sports, Science and Technology, the degree of soil
pollution at the Funyu Experimental Forest was estimated at 30–100 kBq m�2 on
July 16, 2011 (MEXT 2011).

5.5.2 Sample Collection, Processing, and Measurement

The surveyed forest is composed of 33-year-old Japanese cedar trees planted on a
near-flat area. A test area of about 0.15 ha (50� 30 m) was set up in the forest where
80 trees corresponding to 30% of the total number of standing trees were cut down in
February 2016. The mineral topsoil (0–5 cm) was sampled at 18 points throughout
the test area using a 100-mL sampling cylinder (φ 50� 51 mm, DIK-1801; Daiki,
Saitama, Japan) to determine the 137Cs concentration. A 5-cm-thick wood disk was
sampled from the stem at a height of 0.2 m above the ground in all 80 trees.

The sampled surface mineral soils were sieved through a 2-mm mesh and sand
gravels sized 2 mm or less were oven-dried and packed in a U-8 container (100 mL).
The wood disks were cut into fan-shaped parts centered on the pith, and each part
was further divided into heartwood, sapwood, and bark. The boundary between the
heartwood and sapwood was confirmed visually. Each heartwood and sapwood
sample was ground using a mill (IFM-S10G; Iwatani, Tokyo, Japan) to prepare
wood dust for measuring 137Cs concentration. The wood dust was oven-dried and
packed in a U-8 container (100 mL). Oven-dried bark was minced into small pieces
less than 5 mm in length with stainless scissors and packed in a U-8 container
(100 mL). Sample 137Cs (Bq kg�1 dry weight) concentration was measured with a
germanium (Ge) semiconductor detector (Seiko EG & G, Ortec, Tokyo, Japan).
Measurement conditions were as follows: measurement duration, 6000 s or longer,
and gamma-ray peaks, 661.64 keV. Potassium (K) content (g kg�1 dry weight) in the
heartwood and sapwood was measured by atomic absorption spectroscopy and
determined with an atomic absorption photometer (Z-2310; Hitachi, Tokyo,
Japan). Heartwood moisture content (%) was measured as {(Wg – Wo)/Wo} �
100, where Wg is the weight of fresh wood and Wo is the weight of wood after
drying in an oven at 105 �C until reaching constant weight. Heartwood color was
measured by powdering the samples using a mill (IFM-S10G; Iwatani, Japan) and
packing them in transparent plastic bags. The L� value of heartwood under air-dry
conditions was measured using a Chroma Meter (CR-400; Konica Minolta, Tokyo,
Japan) and the L�a�b� (CIELAB) system.
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Chapter 6
Radiocesium Translocations in Bamboos

Mitsutoshi Umemura

Abstract In this chapter, the study (Umemura M, Kanasashi T, Sugiura Y,
Takenaka C, J Jpn For Soc 97:44–50, 2015) on the distribution of radiocesium
(137Cs) in a Moso bamboo (Phyllostachys pubescens) forest in Fukushima Prefecture
after the accident of Fukushima Daiichi Nuclear Power Plant (FDNPP) is introduced.
We investigated the 137Cs contamination levels in aboveground organs of the bam-
boos which sprouted before and after the accident and belowground organs, visually
and quantitatively. From the analysis on the aboveground organs sampled in 2012, the
highest 137Cs concentrations were detected in the node parts of both the culms and
branches of the bamboos sprouted before 2011 due to the direct fallout of radioactive
substances. This fact indicates a long-lasting contamination without leaching of 137Cs
by rain which strongly adhered on the surface of the mature bamboos. From similar
137Cs concentrations in each organ among the different-aged bamboos, it was sup-
posed that 137Cs diffused from the bamboos sprouted before 2011 to those sprouted in
2011 just after the accident and also that the root absorption of 137Cs might affect the
contamination in the bamboos sprouted in 2011. However, we did not find the
evidence of root absorption in 2014 from the results of 137Cs distribution in the root.
These findings suggested that 137Cs absorbed just after the accident has been diffusing
throughout the bamboo forest via the rhizome system.

Keywords Bamboo · Radiocesium · Translocation · Surface absorption · Root
absorption

6.1 Introduction

Moso bamboo (Phyllostachys pubescens) is an agriculturally and ecologically
important plant species across East, South, and Southeast Asia. In parts of Japan,
some landowners grow bamboo forests beside their houses to produce bamboo
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shoots. Since the severe accident of the Fukushima Daiichi Nuclear Power Plant
(FDNPP) in March of 2011, the bamboo forests around the FDNPP have been
contaminated by radioactive substances. Among the existing radioactive substances,
radiocesium-137 (137Cs) has a long half-life of 30.1 years and therefore can have
long-lasting effects on the bamboo forests and thus human life. The contaminated
forests might continue to discourage landowners to return and restart the production
of bamboo shoots. To decontaminate the forests, proactive restoration activities such
as removal of contaminated bamboos and reduction of air dose are needed.

Bamboo forests are unique in that each of them consists of a limited number of
bamboo individuals that are connected with belowground rhizomes (i.e., genets).
The rhizomes transport various types of materials such as nutritional elements and
assimilation products from mature culms to new shoots. Understanding how 137Cs is
transported via these rhizomes provides a critical step toward removing the radio-
active substances from both the above- and belowground parts of bamboos.

We still have limited knowledge about the pathways through which 137Cs move
within bamboo individuals and in bamboo forest ecosystems. A previous study has
found within-individual gradients of radiocesium concentrations (134Cs and 137Cs)
in Moso bamboo shoots, where the upper sections of the edible part had higher
concentrations (Higaki et al. 2014). Such within-individual localizations of radioac-
tive substances have also been visually observed using autoradiograph approaches
(Minowa 2013). It is yet unclear whether radiocesium in bamboo shoots is directly
absorbed from the soil via roots or translocated from other culms via rhizomes. Moso
bamboos often form “root mats” close to the soil surface (ca. 0–10 cm depth), and it
is possible that the radiocesium has been actively absorbed through these roots after
the accident. On the other hand, it is known that many tree species can absorb
radiocesium into their body not only from their roots but also from their leaves and
barks (Sato 2012). Thus, it is also possible that the radiocesium adhered on the
surface of mature bamboo culms would be absorbed into their inner tissues and
further transported to new shoots via rhizomes, taking into account the fact that the
growths of shoots are often supported by phloem transportations of assimilation
products from mature culms. These possibilities, however, have not been tested.

In this section, we introduce our previous study (Umemura et al. 2015) about root
absorption, culm-surface absorption, and translocation of 137Cs after the accident.
We also discuss possible ways to efficiently decontaminate the bamboo forests so
that the land owners can produce bamboo shoots again.

6.2 The Surface Adhesion of Radioactive Substances
on the Aboveground Organs

In May and June 2012, we investigated the distribution of 137Cs in the Moso bamboo
forest located near a household in Kawamata Town, Date district, northeastern Japan
(Fig. 6.1). Specifically, we analyzed 137Cs concentrations in culms, branches, and
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leaves of the bamboos which sprouted before and during 2011, a bamboo shoot which
sprouted in 2012, and a rhizome (Fig. 6.2a). It is important here to note that the
bamboos sprouted before 2011 had existed from before the accident and thus were
exposed to the fallout of radioactive substances. Bamboos sprouted in 2011, on the
other hand, were not exposed because bamboos generally sprout in April to May; i.e.,
the bamboos in 2011 sprouted after the accident. At first, we visually observed the
distribution of radioactive substances that should have adhered on the culms, branches,
and leaves of the bamboos sprouted before 2011 by an autoradiography method with
imaging plate (IP). To investigate how much radioactive substances firmly adhered,
we observed those samples by two kinds of washing methods: (1) only distilled water
rinsing and (2) brushing and ultrasonic washing + distilled water rinsing.

As the results, a lot of black spots that are showing high radioactivity were found
on/in the culms and branches, in particular, node sections of them (Fig. 6.3a).
Majority of those radioactive substances on the nodes were removed by physical
washing using a brush, but those on the nodes of branches were hardly removed by
the same way. For the leaves, radioactive substances were observed along the shape
of the leaves, indicating that the radioactive substances were taken into the leaves.

High concentrations of 137Cs were found at the node sections of culm surface
of the bamboos sprouted before 2011 (Fig. 6.3b). The concentrations were
especially higher in the upper nodes than in the nodes of the culm base. Further-
more, the 137Cs concentrations declined by brush-washing. These results show
that 137Cs removed was clearly derived from substances adhering on the culm
surface and which should be brought by the direct fallout. On the other hand, from
the 137Cs analysis of the bamboos sprouted in 2011, there was almost no differ-
ence of 137Cs concentrations between two kinds of washing methods. This
indicates that there was hardly adhesion of 137Cs on the culm surface (Fig. 6.3b).

Fig. 6.1 Location of the study site in Fukushima prefecture, northeastern Japan. The Moso bamboo
forest at this site is located about 35 km northwest of the Fukushima Daiichi Nuclear Power Plant
(FDNPP) and on a southeast-facing slope facing toward the FDNPP. The air dose of the forest in
May 2012 (ca. 14 months after the accident) was 4.5 μSv h�1 (1 m above the ground)
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From our observation of the culms, branches, and leaves of the bamboos sprouted
before 2011, it was revealed that the radioactive substances were distributed espe-
cially at high concentrations on the nodes of the culms and branches. This seems due
to the adhesion of radioactive substances to “waxy materials” around the nodes. In
general, the waxy materials are gradually firmly fixed to the culm surface along with
the age, changing from white to black (Fig. 6.3c). The waxy materials are also in a
fibrous or powdery form. In previous study, a part of radioactive substances that
were brought by fallout immediately after the FDNPP accident is considered to have
dissolved in rainwater or fallen as particulates (Kaneyasu et al. 2012; Yamaguchi
et al. 2012; Adachi et al. 2013). Therefore, the waxy materials may have had caught
water-soluble radioactive substances dissolved in stem flow, and/or the fine particles
supplied from atmosphere.

It is important here to note that radioactive substances adhering on nodes of the
branches were hardly removed by the physical washing using the brush, although
those on the culm scarcely removed (Fig. 6.3a). These results also suggest that
radioactive substances which adhered especially on the nodes are rarely washed
off by rain and remaining on the culm surface for a long time.

Fig. 6.2 Above- and belowground parts of Moso bamboos and soil sampled in this study. The culm
walls were separated into two sections: (1) green-colored tissues in the outermost surface
(ca. 1–2 mm thick) and (2) the inner structure of culms, where the vascular bundles are distributed,
between the inner and outer surfaces (ca. 10–15 mm thick) (note that bamboo culms are hollow; the
inner surface refers to the tissue facing the hollows). (This figure was modified based on Umemura
et al. 2015)
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6.3 A Possibility of the Surface Absorption of 137Cs

The radioactive substances, which adhered on the bamboo surface, are likely to have
absorbed from the surface into the body and subsequently translocate to the other
organs after the FDNPP accident, given the fact that 137Cs should contain water-
soluble forms to be easily taken into plants then. Here, we hypothesized that 137Cs
concentrations in the bamboos sprouted before 2011 (i.e., before the accident) were
higher than those in the bamboos sprouted in 2011 (i.e., after the accident). As the
results, against the hypothesis, the bamboos that had sprouted before 2011 and
during 2011 had similar concentrations of 137Cs in culms, branches, and leaves
(Fig. 6.4). Since the bamboos sprouted in 2011 were not exposed to the fallout, 137Cs
which was contained in those aboveground organs should have been transported
from belowground organs by the root absorption and/or translocation via rhizomes,
not from the surface absorption on the bamboos sprouted in 2011.

To reveal sources of 137Cs transported from belowground organs, we will
discuss their possible pathways based on the vertical and horizontal distribution

Fig. 6.3 (a) Radiographs of Moso bamboos that sprouted before 2011 (before the FDNPP
accident). Radioactive substances were washed off using two methods: rinsing only and brushing
and rinsing combined (the time exposed on imaging plate (IP)¼ 39–56 h). (b) 137Cs concentrations
in outer surfaces of the culms that sprouted before 2011 and in 2011 and washed by two different
methods. The numbers on the x-axis (1 and 2) indicate sample numbers. (c) Microscope image of
waxy materials on the nodes of bamboo culms. (This figure was modified based on Umemura et al.
2015)
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patterns of 137Cs in the culms, where we found slightly different patterns of 137Cs
between before 2011 and during 2011 (Fig. 6.4). In the bamboos sprouted in 2011,
137Cs concentrations in the culms tended to be higher at the base parts in compar-
ison with at middle height. This tendency was similar to potassium (K) distribution
which was higher at culm base (3.7–14 mg g�1) than at 5 m height
(1.2–3.2 mg g�1) based on a previous study which was conducted in another
bamboo forest (Umemura 2014). This indicates that 137Cs was supplied from
belowground organs such as rhizome or roots. On the other hand, such tendency
was not found in the bamboos sprouted before 2011, where 137Cs concentrations
were higher in inner structure than in outer surface (t-test n ¼ 8, p < 0.05). The
tendency was especially remarkable at the base parts. These characteristic distri-
butions of 137Cs might result from the surface absorption on the culm of the
bamboos sprouted before 2011.

Regarding the surface absorption of radioactive Cs in plants, some previous
studies reported that the leaf absorption affects the dynamics of radioactive sub-
stances in trees, especially immediately after nuclear power plant accident
(Calmon et al. 2009), and that in peach trees, radioactive Cs that was absorbed
from the bark was detected in the fruits (Takata 2013). Though there is no detailed
verification of the mechanism of surface absorption of 137Cs in bamboo plant, it is
important to clarify the chemical compounds which were absorbed into inner
structure, and their translocation pathway to the inner tissue from the culm surface,
understanding their structural characteristics.

6.4 Root Absorption of 137Cs After the FDNPP Accident

In this study, we suggested that 137Cs which was detected at high concentrations in
the bamboos sprouted in 2011 should have been transported from belowground
organs by the root absorption and/or translocation from mature culms. To discuss

Fig. 6.4 137Cs concentrations in different organs of Moso bamboos sampled at different heights.
Error bars indicate standard deviations (culms, n ¼ 2; branches and leaves, n ¼ 3; rhizome and
bamboo shoot, n ¼ 1). (This figure was modified based on Umemura et al. 2015)
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which is the source of 137Cs accumulated, root absorption or translocation from
mature culms, we made following two hypotheses from a point of view of periods
during which 137Cs could be supplied to the bamboos sprouted in 2011. One of the
possible periods is right after the accident when 137Cs should have been supplied by
root absorption or via rhizomes from the mature bamboos sprouted before 2011.
Another one is a period throughout a year after the accident during which 137Cs
could be continuously supplied to the bamboos sprouted in 2011.

To discuss these hypotheses, we would estimate the 137Cs dynamics based on the
potassium (K) ones in Moso bamboo, assuming that the behaviors of Cs and K are
similar in the bamboo plant. In a previous study, K concentrations in whole culms of
Moso bamboo continued to decrease by a dilution effect with the rapid growth until
6 weeks after the bamboo sprouting (Wu et al. 2009). The researchers also found that
K concentrations in the culms and branches continued to decrease with age. There-
fore, it is supposed that Moso bamboo does not continue to accumulate 137Cs
throughout the year after the bamboo sprouting. Furthermore, in another previous
study, K concentrations in the leaves decreased from September to the next March,
indicating retranslocation of K from leaves to culms or rhizomes (Umemura and
Takenaka 2014b). Additionally, K concentrations in the first- and second-aged
rhizomes of Madake (Phyllostachys bambusoides) seasonally increased during the
period from July to October and in March (Ueda et al. 1961). From these two reports,
it is indicated that most of K accumulated in the bamboo shoots is considered to
derive from one which has been stocked in rhizomes by re-translocation from mature
culms. Given these characteristics of K dynamics in the bamboo plant, 137Cs
contained in Moso bamboos sprouted in 2011 seems not to have been accumulated
throughout the year after the sprouting but to have been supplied in the bamboo
shoots via rhizomes during the shoot sprouting and/or by root absorption right after
the accident.

In the middle ofMarch 2011 (right after the accident) when a large amount of 137Cs
was deposited on mature culm surface, it is supposed that there may be not so much
translocation of 137Cs to the rhizomes from the contaminated mature culms because at
that time retranslocation of K from leaves seems to be calm down considering the
seasonal change in leaves as mentioned above (Umemura and Takenaka 2014b).
Therefore, it is considered that all of the 137Cs accumulated in the bamboo shoots
did not necessarily derive from radioactive substances adhered on the surface of
mature culm; root absorption of 137Cs should have also occurred. Right after the
accident, 137Cs contained some water-soluble forms such as sulfate aerosol (Kaneyasu
et al. 2012). In another report in Houttuynia cordata, a kind of the perennial herbs,
high concentrations of 137Cs in 2011 were detected in the current leaves that did not
yet foliate at the time of the accident (Sugiura et al. 2016). This observation clearly
shows that the herbs absorbed 137Cs via roots of the belowground part in the spring of
2011. Therefore, also in bamboo forests, it is enough to consider that Moso bamboo
had taken up readily available 137Cs which should have deposited on the soils right
after the accident.
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6.5 Distribution of 137Cs Belowground and the Root Uptake
in 3 Years After the Accident

In order to verify whether 137Cs was absorbed by the root in 3 years after the
accident, we evaluated a hypothesis that if 137Cs was absorbed by the root, 137Cs
concentrations can be higher in roots elongating upward from node of rhizomes
(upward nodal roots) than in roots elongating downward from there (downward
nodal roots) because the upward nodal roots should be exposed to a high level
contamination of 137Cs at the surface of soil. To test this hypothesis, we sampled
soils from 0 to 35 cm depth, rhizomes (including a few nodes), and those vertical
nodal roots (especially primary roots) in 2014 (Fig. 6.2b). Soils adhered on the
rhizomes and the roots were carefully removed by ultrasonic and brush washing for
137Cs analysis. As the results, 137Cs concentrations in the soil showed the highest
value (19,000 Bq kg�1 DW–93,000 Bq kg�1 DW) at the surface layer 0–5 cm even
in 3 years after the accident (Fig. 6.5a). 137Cs concentrations in the rhizomes,
which were distributed within 3–13 cm of soil depth, were 196–1216 Bq kg�1 DW,
and the variation did not relate with 137Cs concentrations in soil along the depth
(Fig. 6.5b). Moreover, there was no significant correlation (P > 0.05) between the
137Cs concentrations of individual roots and rhizomes (R ¼ 0.50) and no tendency
of 137Cs between upward roots and downward roots (Fig. 6.6). These results
indicate that uptake of 137Cs from roots is very small in 2014.

In general, Moso bamboo forest develops root mat layer on the surface soil, where
54 to 60% of the whole root biomass is existing within 0–10 cm of soil depth
(Umemura and Takenaka 2014a). Therefore, the bamboo can actively absorb various
nutrients from there. In our study, however, we could not clearly confirm the root
absorption of 137Cs. This is perhaps because 137Cs was present in stable fractions not
in available ones in the soil. According to a previous study regarding fallout 137Cs
derived from the Chernobyl accident, Tsukada et al. (2008) reported that in decades

Fig. 6.5 (a) 137Cs concentrations in soils at different soil depths. Error bars indicate standard
deviations. No error bar is shown for soil depth 5–10 cm because the sample size was n ¼ 2. The
sample sizes of other depths were n ¼ 3–5. (b) 137Cs concentrations in rhizomes at different soil
depths. Soil and rhizome samples were collected in April 2014. (This figure was modified based on
Umemura et al. 2015)

136 M. Umemura



after the accident, 137Cs in soils was contained at the rate of 10% in the exchange-
able, 20% in organic-bound fractions, and 70% in the strongly bound fraction such
as clay mineral. In addition, Tsukada (2014) reported that ion-exchange fractions of
137Cs in soils, which was added to soils (Andosol) and extracted with 1 M ammo-
nium acetate, decreased to ca. 60%, 34%, 25%, and 22% after 2 days, 64 days,
1 year, and 2 years, respectively. Therefore, at the time of 2014, when 3 years have
passed since the FDNPP accident, it is considered that most 137Cs existed in a stable
fraction in the soil and that their root absorption from the soil was limited.

We also found that the 137Cs concentrations in rhizomes did not depend on 137Cs
contamination level in every depth of the soil (Fig. 6.5b). In addition, the concen-
trations of 137Cs in rhizomes and roots were almost similar (Fig. 6.6). These results
indicate that 137Cs which had been taken into the body immediately after the
accident has diffused in the rhizomes and roots at the time of 2014. It is important
here to note that 137Cs concentrations in those rhizomes or roots were relatively low
among the various types of bamboo organs sampled in this study. This is likely to
attribute to the sampling season of their organs. Various nutrients in the rhizomes
could be most consumed for the new bamboo shoot growth in the end of April when
we sampled rhizomes and roots. This may be why low 137Cs concentrations found in
the rhizomes and roots. And also, 137Cs concentrations in the culms and rhizome
sampled in May and June in 2012 may reflect those that remained there after the
translocation. In order to clarify the dynamics of Cs in the aboveground and
belowground parts of Moso bamboo, further investigation is needed with considering
the seasonal variation.

6.6 Conclusions

We studied the distribution of 137Cs in a Moso bamboo forest after the FDNPP
accident (Umemura et al. 2015). Specifically, we investigated 137Cs concentration in
different organs of bamboos and soil in 2012 and 2014 (i.e., 1 and 3 years after the

Fig. 6.6 Relationship of 137Cs concentrations between rhizomes and upward or downward nodal
roots (sampled in April 2014). R indicates the Pearson’s product moment correlation coefficient
(calculated using all the upward and downward nodal root samples; n ¼ 10). (This figure was
modified based on Umemura et al. 2015)
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accident). In 2012, highest radioactivity was found in the nodes of culms and
branches of the bamboos that had sprouted before the accident. We also found that
the radioactive substances adhered strongly to the bamboo-originating waxy mate-
rials around the nodes, thereby staying free from being washed off by rain. These
results suggest that the culms that had been exposed to direct fallouts can lead to
long-term contaminations of the forest. In addition, we found that the bamboos that
had sprouted before 2011 and during 2011 (i.e., before and after the accident) had
similar concentrations of 137Cs in culms, branches, and leaves. This result indicates
that 137Cs was transported into the newly sprouted bamboos after the accident
through root absorptions and/or rhizome-mediated translocations from the bamboos
that had sprouted before 2011. Assuming that 137Cs is translocated in a similar
manner with potassium, it is possible that the 137Cs in the new bamboos was
translocated from the old bamboos, the surface of which 137Cs was absorbed from.
In addition, 137Cs in the new bamboos could have been absorbed from the roots,
given the fact that the 137Cs having readily available chemical forms were emitted
from the FDNPP just after the accident. In 2014, however, we found no evidence for
root absorptions. These results suggest that 137Cs was absorbed immediately after
the accident and diffused across the bamboo forest via rhizome networks, while later
on, hardly no 137Cs was further absorbed from the roots.

Our study provides important implications to decontaminating the bamboo forests.
We found that the per capita concentration of the 137Cs that has been already absorbed
in the bamboo plants would likely gradually decrease due to translocations to new
shoots. Nevertheless, this does not necessarily mean that the absolute amount of 137Cs
in the ecosystem will decrease faster than its half-life time, given that the 137Cs in
culms and leaves can be reabsorbed through roots after falling and being decomposed.
It is also possible for the rhizomes and roots to spread into the nearby non-bamboo
forests and transport additional 137Cs into the bamboo forests. Our results suggest that,
in order to enhance the decontamination and reduction of air dose in the bamboo
forests, we should proactively exclude the newly sprouting bamboo shoots in which
137Cs can accumulate at high concentrations. It would also be effective to thin the old
bamboos on which radioactive substances would adhere and to remove the litters from
the forest floor. We believe that such restoration activities would help decontaminate
the bamboo forests and encourage the return of landowners.
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Chapter 7
Movement of Cesium in Model Plants

Jun Furukawa

Abstract The identification of mechanisms regulating 137Cs transport from the
rhizosphere to plants and between plant tissues such as root and shoot is highly
necessary. For investigating such 137Cs transport in the crops and trees, the exper-
iments using model plants are carried out under the controlled conditions. The
advantages such experiments are application of genome information and comparison
of the effects induced by the different environmental conditions. In this chapter, the
recent knowledge obtained from some crops and trees are introduced, and the insight
for the further 137Cs transport research is explained.

Keywords 137Cs transport · Cultivation condition · Model plants · Substrate
specificity

7.1 Absorption and Translocation of Radioactive Cesium
in Model Crops

To clarify the absorption and translocation processes of radioactive cesium (Cs) in
crops, the experiments performed under controlled conditions like an experimental
field or laboratory are also important. The acquisition of insight about the mecha-
nisms involved in the absorption and translocation of radioactive Cs from the soil
into the plant using model crops will provide the evidences for the local measures
and contribute to the suppression of radioactive Cs absorption into the plant.

The results of field experiment conducted at paddy fields in Fukushima City in
2011 and 2012 revealed that the content of radioactive Cs in rice straw and brown
rice has a large difference between rice varieties. This result shows that the traits
related to Cs uptake and translocation to brown rice were differed between rice
varieties and it is possible to produce low Cs absorption rice by elucidating the
responsible gene(s) by molecular biological techniques (Ohmori et al. 2014a). In the
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similar experiment, investigation of the fertilization effect showed that the increase
of the nitrogen fertilizer amount under low potassium (K) condition increased the
amount of radioactive Cs contained in rice straw and brown rice up to almost twice
(Ohmori et al. 2014b). Generally, K, which is considered to compete with Cs during
the uptake and translocation into plants, was investigated focusing on the amount in
the soil in many reports; however, the finding that nitrogen application affects Cs
accumulation in brown rice provides the new aspect, nitrogen nutrition, into the Cs
behavior research in plants.

In 2017, Ishikawa et al. reported a new Cs uptake regulation mechanism related to
sodium (Na) efflux from cytosol (Ishikawa et al. 2017). Plants grown under low K
condition accumulate Na in their bodies instead of K. Plants containing excess
amount of Na activate salt overly sensitive (SOS) control pathway to protect from
salt stress. In the SOS regulatory pathway, three SOS genes (SOS1, SOS2, and SOS3)
play a central role. The activity of SOS1, Na+/H+ antiporter, is regulated by SOS2-
SOS3 complex, and excessive intracellular Na+ is excluded to the outside of the cell.
Ishikawa found that the OsSOS2 is a responsible gene of low Cs absorption rice
produced by ion beam-induced mutagenesis. Because of the functional deficiency of
OsSOS2, intracellular Na+ is not excluded; therefore, intracellular Na concentration
increases. Under such a situation, it is predicted that intracellular high Na concen-
tration or Na+ itself inhibits the expression of Cs (originally K) uptake-related genes
(such as HAK and AKT) suggesting that the involvement of mechanisms regulates
Na and K homeostasis within the cytosol.

For producing low Cs absorption rice, analysis of a series of rice mutants with
reduced Cs absorption was also carried out. All the mutants which showed low Cs
uptake had the same responsible gene, OsHAK1 (Rai et al. 2017). This low Cs
absorbed rice was succeeded in reducing the Cs amount to 1/10 or less comparing to
the parent cultivar (Fig. 7.1). Moreover, since this low Cs absorption rice showed no
change in the K content, it suggests that the main Cs uptake process in rice cultivated
under the low K concentration environment is carried by OsHAK1. In addition to the
conventional mutagenesis approach, low Cs absorption rice was produced by
genome editing technology using CRIPR-Cas system which was remarkably devel-
oped recently (Nieves-Cordones et al. 2017). The focused gene was also OsHAK1,
and the plants losing the function of OsHAK1 showed that the Cs absorption
capacity was markedly reduced. Focusing on Cs transport activity via HAK family
transporters, at least two independent functional regions of the HAK transporter
protein explain the Cs transport activity (Alemán et al. 2014; Rai et al. 2017). Based
on those researches, it is expected that investigation of the amino acid sequences of
these sites is effective for the production and selection of low Cs absorbed plants.

In the monitoring inspection for radioactive substances in Fukushima prefecture,
radioactive Cs concentration in almost all agricultural and livestock products was
kept lower than the standard of radioactive Cs level (100 Bq/kg) after 2012, and most
of crops, including rice, exceeded the standard level which was hardly observed.
However, in soybean, there were some cases where the radioactive Cs was accumu-
lated over the standard level after 2013 (Nihei 2016). Since the seeds of legume
crops often show the high K content, an investigation of Cs accumulation in Lotus
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japonicus was carried out at the laboratory using various levels of K concentration.
L. japonicus is a model legume, which indicates its genome was already sequenced,
the molecular biological approach is applicable, and the bio-resources are easily
available. Cesium uptake analysis using hydroponically cultivated L. japonicus
indicated Cs absorbed was mainly accumulated in root, and translocation ratio of
the root absorbed Cs to the shoot part was not differed among cultivars. However,
the concentration of root Cs was different between the cultivars. It suggests that it is
possible to reduce Cs absorption in legumes, including soybean, if the responsible
gene(s) is identified like a rice case. In addition, K deficiency-induced Cs uptake was
also varied depending on the cultivars. L. japonicus grown under low K condition
was expected to enhance K absorption activity, and the absorption of Cs would also
be promoted. However, K deficiency-induced increase of Cs uptake was differently
regulated between the cultivars and the one cultivar enhanced Cs uptake and the
other was not. In the cultivar in which the influence of the K deficiency hardly
appeared, the gene expression analysis also revealed that the expression of the
transcription factor reported to be induced by K deficiency in Arabidopsis thaliana
was not increased. Therefore, in L. japonicus, it was strongly suggested that the
mechanism respond to K deficiency was differed from Arabidopsis and differed also
between cultivars.

Fig. 7.1 Image of
radioactive cesium (137Cs)
uptake by rice seedlings.
Left panel shows the photo
of each rice and right shows
the 137Cs distribution
obtained by Imaging Plate
(IP). In 137Cs distribution
image, color change from
white to black indicates
137Cs accumulation
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7.2 Absorption of Radioactive Cesium in a Model Tree

The influence of contamination by radioactive materials is large in the forest area.
Therefore, elucidation of Cs behavior in the forest ecosystem and woody plants is
necessary. For focusing trees, which grow over several years or decades, poplar was
employed as an experimental plant because of the established cultivation method
with shortened seasonal cycle within the laboratory. Poplar is not only a widely used
model tree; it is also reported that the Cs transfer activity to the leaves is high in the
IAEA technical report No.472. Previous studies investigating elemental profiles in
poplar revealed that the concentration of phosphorus and K in mature leaves was
changed by shifting cultivation conditions from long-day length condition to short-
day condition (Kurita et al. 2014; Furukawa et al. 2012). Therefore, the uptake
experiments of K and Cs were carried out under long- and short-day conditions. In
the poplar cultivated under long-day conditions, radioactive Cs absorbed from the
roots was moved to the shoot apex and the concentration of Cs was highest at the
apex. However, after transferring to the short-day condition, the shoot apex accu-
mulating tendency was similar, but the total amount of absorbed Cs was drastically
reduced (Fig. 7.2). On the other hand, under short-day conditions, the amount of K
absorbed through the root and transported to the shoot did not differ from long-day
conditions. That difference suggested that dormancy induced by short-day treatment
changed an absorption and transport processes of Cs and the pathway involved in the
Cs transport was independent from K transport system (Noda et al. 2016).

7.3 Radioactive Cesium Recovery from Mature Leaves
Before Fallen Leaves in Trees

When dormancy is induced in trees with short-day length, K concentration in mature
leaves decreases (Furukawa et al. 2012). This phenomenon is thought to be due to
the nutrient recovery mechanism before fallen leaves, suggesting the possibility that
Cs accumulated in the leaves will be also translocated to the trunk by the K pathway
and be kept within the tree body for a long period. In order to identify this recovery
process, the Cs behavior in the tree was analyzed under long- and short-day
conditions by applying Cs to a mature leaf. In long-day condition poplar, most of
Cs was transported to the tissue below the Cs-applied leaf, and in the short-day
condition, Cs was transported to the tissue above the treated leaf. In general,
substrate transport through the xylem occurs from root to leaf according to the
transpiration flow; however, when the substrate is transported via sieve tubes, it is
transferred to the required tissue. Therefore, the change in Cs transport direction
observed under short-day condition was regulated by the change of K required tissue
through the sieve transport and/or the exchange of major pathway of Cs (originally
K) from sieve to xylem transport around the node. Based on the pathway exchange
idea, the expressions of several K transporters were compared between long- and
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short-day conditions, and among these K transporters, one of the efflux type trans-
porters was highly upregulated around the node. For identifying its involvement for
the change of Cs transport direction, the recombinant poplar suppressed its expres-
sion was produced, and Cs transport under short-day condition was analyzed. As a
result, the Cs behavior was not changed under short-day condition in suppressed
poplar, and the involvement of that transporter into the Cs translocation was
confirmed. Changes in the Cs dynamics in the short-day transition are thought to
be induced by the change of K required tissue in preparation for overwintering or
spring budding, and radioactive Cs might be also circulated within the tree body by
the seasonal expression patterns of K transporters. For the prediction of Cs behavior
within trees and forest ecosystems, it is necessary for understanding the similar Cs
transport mechanisms among different tree species and between seasons.

Fig. 7.2 Localization of
root-applied 137Cs under
long-day (LD) and short-day
(SD) length conditions. The
upper panel shows the photo
and the lower shows the
137Cs distribution obtained
by Imaging Plate (IP). Bars
in IP image show 1 cm and
color change from white to
black indicates 137Cs
accumulation
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7.4 Obtaining Cesium Transporters

In this section, we have introduced Cs transport mechanisms through several types
of K transporters. Because of the large family of K transporters, the transporters that
transfer Cs are predicted to be widely preserved in plant species. However, it is also
fully assumed that the characteristics of homologous transporters vary one by one.
As a first step of research, it is appropriate that the Cs transport activity has been
estimated using homologous transporters based on its similarity of the amino acid
sequence. However, research on Cs transport activity in each K transporter and/or
the acquisition of putative Cs transporters from plants with characteristic Cs trans-
port is highly necessary today. Since there are some cases that the behavior of K and
K transporters expression is not consistent with the Cs transport, as shown in the
reduction of Cs absorption in HAK1 mutant rice and in short-day poplar, it is
obvious that K transporters do not transport Cs uniformly. Further analysis of the
Cs transport capability in the individual transporters is required for identifying the
substrate specificity of putative Cs transporters.
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Chapter 8
Movement of Radiocesium as Litterfall
in Deciduous Forest

Tatsuhiro Ohkubo, Hiroko Suzuki, Mineaki Aizawa, and Kazuya Iizuka

Abstract Litterfall is an important agent in the process of radiocesium movement in
forest ecosystems; however, the information is limited. We clarified the process of
radiocesium movement in Konara oak forest and predicted the timing of resume of
leaf litter for leaf litter origin compost production as management implications.
During the initial stage after the FDNPP accident, forest canopy captured direct
radiocesium fallout. However, deciduous forests acted less than evergreen conifer
forest as the receptor of direct radiocesium fallout. Radiocesium concentration of
litterfall and A0 was exponentially decreased for 6 years. On the other hand,
radiocesium concentration of A layer (0–5 cm) was increased. The organic A0

layer is traditionally used for litter origin compost production. The availability of
litterfall depended on the level of radiocesium contamination.

Keywords Konara oak · A0 layer · Leaf litter origin compost · Radiocesium
movement · Litterfall

8.1 Introduction

During the initial stages of radioactive cesium contamination after the Fukushima
Daiichi Nuclear Power Plant (FDNPP) accident, forests, especially the canopies,
acted as a receptor against direct radiocesium fallout and subsequently retained in
forest ecosystems. In forest ecosystems litter is an important agent in the process of
radiocesium movement from tree canopy to ground surface. Especially leaf litter on
forest floor in deciduous broad-leaved forests in Satoyama, Japanese hilly landscape
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complex with paddy field and deciduous forests has been collected traditionally and
used for leaf litter origin compost production for paddy rice, vegetable, and fruits
production and also flowers growing. The leaf litter for compost production and
direct application is severely contaminated by FDNPP accident. After the accident,
the Ministry of Agriculture, Forestry and Fisheries formulated regulations after April
2012 for the use of forest products, setting permissible levels at 400 Bq kg�1 in
biochar and leaf litter origin compost (MAFF 2011a, b). Most of commercial-based
litter origin compost production was stopped by the accidents in the contaminated
area. Toward the resume of commercial-based compost production, monitoring of
radiocesium contamination in litterfall of the deciduous broad-leaved forest com-
menced since May 2011. The findings from the initial stages of the impact of FDNPP
accident on the contamination in the litterfall are important to complete this
information. And also a number of monitoring studies regarding radiocesium con-
tamination in litterfall of conifer species started from the beginning of the accidents.
The comparison of deciduous broad-leaved species with evergreen conifer species
is also indispensable to clarify the pathways and processes within each forest
ecosystem.

In this regard, we clarify the movement of radiocesium as litterfall especially in
deciduous broad-leaved forests using litter traps, and the processes of radiocesium
movement from living leaves and branches in the canopy are also analysed.
Finally for the management implications, we tried to predict the timing of resume
of leaf compost production comparing with permissible level of the compost use
for food security.

8.2 Interception of Deposition by Tree Canopies

The FDNPP accident resulted in massive emission of radioactive substances into
the atmosphere over a wide area; the only long-lived radionuclide released in
significant amounts was 137Cs (T/2 30.1 yr). Estimated total released was
19–24 PBq (Aoyama et al. 2016). During wet/dry deposition, radiocesium was
intercepted by leaves/needles and branches of the canopy. The degree of
interception is strongly controlled by the types of forest and the time of year
(Shaw 2007). In case of the accident of the FDNPP, major release of radiocesium
occurred at a stage prior to leaf flushing of deciduous trees. Therefore, a part of
trees and forests of deciduous species (Konara oak, Quercus serrata) were much
less contaminated, compared with evergreen conifer species (Sugi, Japanese cedar,
Cryptomeria japonica) (Komatsu et al. 2016), e.g. cumulative deposition ratio of
Konara oak to Sugi is 35–40% by Kato et al. (2017), and 137Cs stock difference
between Konara oak and sugi is 43% in highly contaminated area by Komatsu
et al. (2016).
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8.3 Temporal Migration of Radiocesium with Litterfall
from the Canopy to the Forest Floor

Changes in radiocesium transfer to leaf litter are of serious concern with regard to the
future use of leaf litter. Toward the resume of producing leaf litter origin compost at
the commercial base, the monitoring of radiocesium contamination of fallen litter is
indispensable. In order to clarify the change of radiocesium (134Cs +137Cs) concen-
tration in fallen leaves for 6 years (2011–2016) and to compare with that of leaf litter
layer (A0 layer) and surface soil (A layer, 0–5 cm), monitoring of radiocesium
(137Cs + 134Cs) concentration in Konara-dominated forests since November 2011
(half year after the accident) started in three studied sites with different level of initial
radiocesium contamination (high contamination area in Sekiya, intermediate con-
tamination area in Funyu, and low contamination area in Ohgisu). The initial
deposition of radiocesium fallout is calculated by third and fifth airborne monitoring
by MEXT (2013). The values of high site in Sekiya, intermedium site in Funyu, and
low site in Ohgisu are 147, 399 Bq/m2, 37,027 Bq/m2, and 4,489 Bq/m2, respec-
tively. Figure 8.1 shows the change of radiocesium (134Cs + 137Cs) concentration of
fallen leaf litter (before and after leaf fall), A0 layer, and A layer for 6 years
(2011–2016) after the FDNPP accidents. The radiocesium concentration of the
first year after the accident (2011 in Funyu and Ohgisu, 2012 in Sekiya) showed
decreasing order of initial deposition, Sekiya, Funyu, and Ohgisu, respectively.
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Fig. 8.1 Change of radiocesium (134Cs + 137Cs) concentration of fallen leaf litter (before and after
leaf fall), A0 layer, and A layer in three Konara oak forests (Sekiya, Funyu and Ohgisu) for 6 years
after FDNPP accidents (2011–2016). x: litterfall (before fall), ◇:litterfall(after fall),□:A0 layer,~:A
layer (0-5 cm), -------: Permissible level (400 Bq/kg)
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The reason why the differences of radiocesium contamination between fallen leaf
litter and A0 layer in the first year after the accident (2011) was derived from absence
of leaves in the canopy before flushing in spring and collection of the litter in
autumn, which brought the decrease of radiocesium concentration through wet
deposition (rainfall, etc.) during the period. Radiocesium concentration of fallen
leaves was exponentially decreased over time and much lower than that of leaf litter
layer (A0), and 5–6 years after the accident, the differences are getting smaller than
the beginning. In low contamination site in Ohgisu, it showed lower radiocesium
concentration than permissible level since the accidents in 2011 and subsequently
slightly fluctuated.

On the other hand, the high and intermediate contamination sites in Sekiya and
Funyu, it showed higher radiocesium concentration than permissible level in 2011
and 2012 and was gradually decreased after the peak. After 2014, it showed lower
radiocesium concentration than permissible level in Funyu; however, it continued
higher value than permissible level in Sekiya. After the year in 2014, radiocesium
concentration of fallen leaf litter before autumn showed higher values, suggesting
accumulation of radiocesium after that of the previous year. Radiocesium concen-
tration in A (0–5 cm) layer gradually increased over time and became higher than
that of A0 layer. And radiocesium concentration in A (1–5 cm) layer in Ohgisu was
stable over time. The above results showed that leaf litter and A0 layer in Ohgisu
could be used for producing compost after 2014 and after 2016 in Funyu but still
could not be used in Sekiya.

8.4 Seasonal Changes of Radiocesium Concentration
in Living Leaves and Branches in Canopy

Seasonal change of 137Cs concentration of living leaves and branches in the Konara
oak canopy and fallen leaves were monitored for 2 years in 2015 and 2016 (Fig. 8.2)
in Sekiya. 137Cs concentration of living leaves increased in spring of April and May,
and slightly increased again in September, and decreased after the period in both
years. For the 137Cs concentration of living branches, that of current year, branches
were higher than that of second and the older year ones and fluctuated similar to that
of living leaves in canopy. 137Cs concentration of old branches was lower than that
of second year branches.

Although they had slightly seasonal fluctuations, living leaves of Konara oak
showed high 137Cs concentration (from 1,972 Bq/kg to 6,420 Bq/kg) in 5 years
after the FDNPP accident in 2016. At the time of FDNPP accident in March 2011,
as Konara did not flush new leaves, most of 137Cs deposited on the forest floor.
Thus, 137Cs concentration of living leaves in the canopy was derived from the
deposition on the tree surface, absorption, transfer, and accumulation of 137Cs in
branches and living leaves in the canopy. 137Cs concentration reached high value
of 6,420 Bq/kg in April 2016 and 6,087 Bq/kg in May 2016. During the periods,
the flushed leaves have small amount of volume with high concentration, then
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decreasing the concentration of 137Cs with increasing the amount of volume after
June 2016 by dilution effect. Seasonal changes of 137Cs and 40K concentration in
fallen litter in 2016 are shown in Fig. 8.3. Both values reached the highest value in
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Fig. 8.2 Seasonal change of 137Cs concentration of living leaves and branches in the Konara oak
canopy and fallen leaves in Sekiya in 2015 and 2016. △: living leaves in canopy, □: ≧3 years old
branches, �: 2 years old branch, △: current year branch
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Fig. 8.3 Seasonal changes of 137Cs and 40K concentration in fallen litter in the Konara oak forest
in Sekiya in 2016
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July, and before and after July, the values were getting lower. There are possible
reasons why there was a peak of 137Cs concentration in July. One is by rainfall, but
there were less effects because of few heavy rain depositing radiocesium during
July 2016. And the other possible reason is by litterfall of living leaves with high
radiocesium concentration in April and May.

8.5 Possibility of Resume of Litter Origin Compost
Production

For the comparison of radiocesium concentration in A0 layer with the permissible
level (400 Bq/kg) used for leaf origin compost, the concentration had decreased
below the permissible level in 2013 in Ohgisu. On the other hand, in two sites in
Sekiya and Funyu, the radiocesium concentration is still above the permissible level
for the studied periods (2011, 2012–2016). Negative exponential equations were
fitted to the decrease of radiocesium concentration in two sites, and the time of
resume of litter origin compost production was predicted in 2019 in intermediate
contamination site in Funyu and in 2023 in high contamination site in Sekiya
(Fig. 8.4).

8.6 Studied Sites and Methods

Three studied sites with different level of radiocesium concentration were selected in
a Konara oak (Quercus serrata) –pine (Pinus densiflora) forests in Sekiya,
Nasushiobara city (N36 930, E139 910), in Konara oak forests in Funyu forest of
Utsunomiya University Forests in Shioya town, (N36 790, E139 820), and Ohgisu in
Nasukarasuyama city (N36 610, E140 210). The distances between FDNPP and the
studied sites are about 112 km for Sekiya, about 129 km for Funyu, and about
113 km for Ohgisu, respectively. In the three sites, litterfall monitoring was started
using litterfall traps (3 traps in Sekiya, 15 traps in Funyu, 3 traps in Ohgisu) made of
nylon mesh net with the area of 0.5 m2. Litter was collected in every month from
April to November in 2016 in Sekiya and also collected at the times before and after
litterfall (in September and December) in Funyu and Ohgisu in 2011–2016. The
collected litter was sorted into leaves, branches, and others, and leaves were used for
samples for analysis. Living branches with leaves were collected from canopies of
five Konara oak trees in Sekiya in every month from April to November in 2016.
Leaves were separated from branches, and the branches were cut into current,
second, and old. Each leaf and branch was grounded using a mill (IFM-S10G;
Iwatani, Tokyo, Japan) to prepare powder for measuring radiocesium concentration.
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Radiocesium concentration for sample was determined by a gamma counter (Hitachi
ARC-7000). 137Cs (Bq/kg dry weight) concentration of sample was also determined
with a germanium (Ge) semiconductor detector (Seiko EG & G, Ortec GEM30-70,
Tokyo, Japan). Measurement conditions were as follows: measurement duration,
2000 sec or longer; gamma-ray peaks, 661.64 keV.
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Chapter 9
Changes in Chemical Forms of Radiocesium
in the Forest Floor Organic Matter
with Decomposition and Uptake
of Radiocesium Derived from the Organic
Matter by Crops

Hitoshi Sekimoto

Abstract The behavior of radiocesium is affected by the availability of contam-
inated organic matter in the forest floor such as fallen leaves and humus. The forest
floor organic matter contaminated with radiocesium would result in pollution of
the farmland through application of organic matter as fertilizer. Then, firstly,
changes in the chemical forms of radiocesium in the organic matter during decom-
position were examined. In addition, decomposed organic matter was applied to
the soil to evaluate the transfer of radiocesium to crops. Plant available
radiocesium was considerably lower comparing with the total Cs radioactivity,
with the ratio of plant available radiocesium to total radiocesium having shown
little variation during the 18-month incubation. Plant available radiocesium ratio in
fallen leaf compost was between 10% and 30% and about 1% in humus compost.
The Cs derived from the compost by decomposition was captured in the soil.
Therefore, as long as the organic matter containing radiocesium was in contact
with the soil, the uptake of radiocesium from the organic matter by both komatsuna
(Brassica rapa) and rice plant would be sufficiently suppressed. Even if the
organic matters containing radiocesium at the concentration over the permission
level were applied to farmland soil, the radiocesium concentrations in crops or rice
would be remarkably lower than the permissible limit.

Keywords Forest floor organic matter · Plant available radiocesium · Radiocesium
uptake by crops
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9.1 Introduction

The organic matters in the forest floor affected by deposition of radionuclides caused
by the Fukushima Daiichi Nuclear Power Plant (FDNPP) accident contain
radiocesium at relatively high level of concentrations. It is thought that the behavior
of the radiocesium depends on the availability or unavailability of radiocesium in the
contaminated organic matter of forest floor such as fallen leaves and humus, but it
has not yet been confirmed. In some cases, the contaminated organic matter has been
unexpectedly flowed into the environment or the adjacent farmland, or it has been
artificially applied as a fertilizer into farmland. The radiocesium contamination in
farmland as organic matters is a serious concern for farmers. Therefore, in order to
clarify the chemical stability and plant availability of radiocesium in organic matter,
the organic matters such as fallen leaves and humus were collected from the forest
floor and decomposed experimentally. And the changes in the chemical forms of
radiocesium in the organic matter during decomposition were examined. In addition,
the decomposed organic matter was applied to soil to evaluate the transfer of
radiocesium to crops.

9.2 Change in the Radiocesium Contained in Organic
Matter with Decomposition

9.2.1 Change in the Content and Chemical Forms
of Radiocesium in Organic Matter with Decomposition

The changes in the total and plant available radiocesium in fallen leaves and humus
compost collected from the two forest sites (Sekiya and Takahara) in Tochigi
prefecture were analyzed by the incubation experiment for 18 months. The moisture
content of the composts changed by about 50–70% during incubation. The changes
in total and plant available radiocesium are shown in Fig. 9.1. The total radiocesium
in the compost made from fallen leaves increased by around 8.0 kBq/kg dry weight
in Sekiya and 0.8 kBq/kg dry weight in Takahara. In contrast, the total radiocesium
concentrations in the compost made from humus (A0 layer) in both Sekiya and
Mount Takahara were around 50 kBq/kg dry weight and 27 kBq/kg dry weight,
respectively, and were significantly higher than that found in the compost made from
fallen leaves. In general, because the weight of the compost decreases due to the
decomposition of organic matter through the release of carbon dioxide and water,
inorganic nutrients are concentrated in the compost. The gradual increase in total
radiocesium observed in the compost suggests that the decomposition of fallen leaf
and humus organic matter was at an advanced stage.

Plant available radiocesium was considerably lower than the total Cs radioactiv-
ity, with the ratio of plant available radiocesium to total radiocesium having shown
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little variation during the 18-month incubation. Plant available radiocesium in
compost was about 10% in Sekiya and 30% in Takahara for fallen leaf compost
and about 1% in both Sekiya and Takahara for humus compost. Plant available
radiocesium did not increase with the decomposition of the organic matter, so it was
concluded that most of the radiocesium remained in the forest floor as a plant
unavailable form.
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Fig. 9.1 Changes in total and plant available radiocesium in fallen leaves and humus compost with
incubation
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9.2.2 Experimental Methods

9.2.2.1 Sampling and Incubation of the Forest Floor Organic Matter

Fallen leaves and humus (A0 layer) were gathered from a mixed forest of konara
(Quercus serrata) and Japanese red pine (Pinus densiflora) in Sekiya, Nasushiobara-
shi, Tochigi Prefecture, Japan, and from a Japanese beech (Fagus crenata) forest
near Mount Takahara, Shioya-machi, Tochigi Prefecture, on December 7, 2012. The
radiocesium deposition flux immediately after the FDNPP accident (March 2011)
had been measured as being in the range of 100 kBq/m2 and 60 kBq/m2 at the two
locations, respectively. For 2 months from October to December 2012, a sheet was
installed on the forest floor, and newly fallen leaves were collected. In addition, the
litter layer under the sheet was removed and lower humus layer (A0 layer) was
sampled. The total Cs radioactivities (134Cs+137Cs) in the fallen leaves and humus
were 8.8 and 60.4 kBq/kg dw in Sekiya 1.2 and 31.6 kBq/kg dw in Mount Takahara,
respectively.

Under natural condition, fallen leaves decompose slowly on the forest floor, and
the organic layer (humus) forms over the course of a year. In this study, fallen leaves
and humus were decomposed under the following artificial conditions: the leaves
and humus were each mixed with low-radioactivity rice bran (134Cs +137Cs:10.2 Bq/
kg dry weight) as nitrogen source at a 10:1 volume ratio, incubated at 25 �C with
50–60% water by weight for 18 months from December 13, 2012, and were stirred
once a week. Separate composts were made for the fallen leaves and the humus. A
portion of each compost was sampled monthly.

9.2.2.2 Measurements of Radiocesium Contents in the Organic Matters

Samples of the compost were freeze-dried and powdered, and the dry powdered
samples were stored in U-8 containers. The total radioactivity of Cs was measured
by using a germanium semiconductor detector.

After the total radiocesium (134Cs +137Cs) of the dried sample of compost was
measured, the availability of soluble radiocesium in the compost samples was carried
out as follows: 100 mL of demineralized water was added to 30 g of dried powder
sample, and the mixture was shaken for 1 h. The extract solution was filtered through
a 1.0 μm glass filter followed by a 0.45 μm membrane filter. This extraction was
repeated three times, with a total of 300 mL of extract containing water-soluble
radiocesium obtained. The sample was then further extracted three times using
100 mL of 0.05 M hydrochloric acid, and 300 mL of extract containing
ion-exchangeable radiocesium was obtained. Usually, the ion-exchangeable fraction
is extracted using ammonium acetate, however, because it was necessary to evaluate
the fertilizer efficiency of the extracted residue, extraction was undertaken using
hydrochloric acid instead to avoid the use of ammonia (Harada and Inoko 1980).
This process is shown in Fig. 9.2.
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Subsequently, 100 mL of each extract was placed in a U-8 container, and
radiocesium was measured. The sum of water-soluble and ion-exchangeable
radiocesiumwas defined as plant available radiocesium. Consequently, the final residue
contained Cs that was unavailable to plants. After a part of the final residue was washed
with demineralized water, an experiment was conducted to evaluate uptake of
radiocesium by crops that had this residue applied to them (see next Sect. 9.3).

9.3 Radiocesium Uptake by Crops from the Radiocesium-
Contaminated Organic Matter

9.3.1 Radiocesium Uptake by Komatsuna (Brassica rapa)

The uptake of radiocesium from contaminated organic matter by crops is affected by
the chemical form of radiocesium, such as plant available form or unavailable form.
The pot experiment using four kinds of contaminated composts, which are the litter
compost with extraction of plant available radiocesium, the litter compost without
extraction, the humus compost with extraction, and the humus compost without
extraction, was conducted for the growth of komatsuna (Brassica rapa). There was
no difference in growth among the experimental pots. The radiocesium of
komatsuna (Brassica rapa) was increased by the application of compost containing
radiocesium. In particular, radioactivity in the plants tended to increase by the
compost with extraction of plant available radiocesium (Fig. 9.3).

The pH of compost before and after extraction was measured and was found to be
around pH 5.8 for both composts, suggesting that the remaining dilute hydrochloric
acid in the compost after the extraction of plant available radiocesium had no
influence. In contrast, the concentration of K contained in composts before and

Compost (30 g)

Extraction with deionized water, 100ml × 3
Filtration by using 0.45 µm membrane filter

Water-soluble
(plant available) Residue

Ion-exchangeable
(plant available)

Residue
(plant unavailable)

Extraction with 0.05 mol/L HCl, 100ml × 3
Filtration by using 0.45 µm membrane filter

Fig. 9.2 Preparation of water-soluble and ion-exchangeable (plant available) extracts
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after extraction was confirmed to have decreased. The K concentration was
298 mmol/kg in litter compost (before), 31 mmol/kg (after), and 170 mmol/kg in
humus compost (before) and 31 mmol/kg (after), respectively. The K concentration
of composts after extraction was clearly low. Therefore, it was considered that the
absorption of radiocesium would be promoted in the compost after extraction by the
low K concentration.

Nonetheless, if organic matter containing high radiocesium at a level that is not
used in practice should be applied in contact with the soil, the radiocesium of
Brassica rapa would be remarkably low, as the observed radiocesium of Brassica
rapa was lower than the permissible limit.

9.3.2 Radiocesium Uptake by Rice

There was no difference in growth and yield between experimental plots. The
radiocesium of each rice plant is shown in Table 9.1. For the rhizosphere application
treatment, the radiocesium of straw, chaff, and brown rice increased. This was due to
direct contact of the compost containing radiocesium with the plant roots. In
contrast, the radiocesium of rice plants in the soil application treatment was the
same as that of the untreated control, i.e., the radiocesium uptake from the soil did
not occur. It was concluded that radiocesium derived from the compost was captured
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in the soil, and therefore, as long as the organic matter containing radiocesium in the
forest floor was in contact with the soil, the uptake of radiocesium from the organic
matter in rice plant will be sufficiently suppressed.

9.3.3 Experimental Methods

9.3.3.1 Radiocesium Uptake by Crops

Six-month-incubated composts of fallen leaves and humus from Sekiya, either
unextracted or extracted following extraction of plant available radiocesium, were
applied to common paddy field soil (134Cs +137Cs:130.1 Bq/kg dry weight) and
upland soil (134Cs +137Cs:93.0 Bq/kg dry weight). However, the permissible limit of
radiocesium in soil improvement materials such as compost is 400 Bq/kg (product
weight), so the composts used in this research exceeded this level, and they could not
be used in practice. Rice (Oryza sativa) and komatsuna (Brassica rapa) were
cultivated to investigate the transfer of radiocesium to crops.

According to Aizawa et al. (2013), fallen leaf compost of 3.73 Mg dry weight/ha
is required for rice cultivation. For the rice study, 10 g of compost was added to each
experimental pot filled with 4 kg of paddy soil. For komatsuna cultivation, 5.0 g of
compost was applied to 1 kg of upland soil.

9.3.3.2 Radiocesium Uptake by Leaf Vegetable, Komatsuna

Komatsuna (Brassica rapa) was sown into 1 L pots filled with 800 g of upland soil
that had composts and 2.4 g of NPK compound fertilizer (10-18-16) applied. The
compost applied were fallen leaves compost and humus compost. The compost
added was either unextracted or extracted with water and acid (after extraction of
plant available radiocesium). An untreated control contained no compost. Shoots of
Brassica rapa were harvested 40 days after sowing, prepared as dry powder and
used to measure radiocesium.

Table 9.1 Radiocesium concentrations in rice plant by different compost treatments

Compost Application

Radioactive Cs of rice plant (Bq/kg dry weight)

Straw Chaff Brown rice

Fallen leaves Rhizosphere 23.6� 1.9 13.7� 2.5 5.9� 0.8

Soil 7.9� 2.2 7.1� 3.0 2.9� 0.2

Humus Rhizosphere 70.5� 18.0 53.8� 8.8 14.3� 3.9

Soil 11.7� 3.0 13.4� 4.6 3.1� 1.1

Untreated control 8.0� 1.1 6.8� 5.8 2.4� 1.1

Average � SD (n ¼ 3)
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9.3.3.3 Radiocesium Uptake by Rice

A one-L nonwoven fabric bag filled with 1 kg pebbles was placed inside a 4 L pot,
and 2.5 kg of paddy soil was packed around it (Fig. 9.4). The nonwoven fabric bag
prevented the roots of rice transplanted inside it from intruding into the surrounding
soil. Then, 8 g of NPK compound fertilizer (10-18-16) was applied to the soil
component in the pot. Three experimental plots were used: the compost unextracted
was applied either to the pebbles in the nonwoven fabric bag (rhizosphere applica-
tion treatment) or to the soil outside of the bag (soil application treatment) and an
untreated control. After harvesting, each rice plant was separated into straw, chaff,
and brown rice. This was prepared as a dry powder, and the radiocesium was
measured.
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Chapter 10
Contamination and Transfer
of Radiocesium in Soil Ecosystem

Nobuhiro Kaneko

Abstract The fate of radio-Cs contamination in forest ecosystem after the
Fukushima Daiichi Nuclear Power Plant accident was reviewed. First the fallout
contaminated aboveground part of the forest, and then most of the contaminants
moved downward in the forest and finally accumulated in the very surface layer of
soil. Although any acute effect of radiation to forest organisms was not observed,
soil organisms were contaminated via habitat and food. Feeding habit of soil
organisms well reflected species-specific time-course changes in body contamina-
tion of radio-Cs. Mycoextraction of radio-Cs is promising method to rehabilitate
contaminated forest floor using wood chips.

Keywords Decontamination · Forest products · Soil ecosystem · Soil food web

10.1 Introduction

The nuclear accident of Fukushima Daiichi Nuclear Power Plants (FDNPP) after
Great East Japan Disaster released a vast amount of artificial nuclides, among which
radiocesium was a major pollutant of this accident and having the relatively long
half-life; thus, the environmental effect of radiation by radiocesium is a major
concern of this accident. The soil is known to be a sink of radiocesium which
polluted terrestrial ecosystems via fallout originating from anthropogenic sources.
Long-term effects and decontamination of radiocesium are thus the major problems
on natural resource use in the contaminated area.

Decontamination by removal of contaminated soil and potassium fertilization is
effective countermeasure of croplands, whereas these actions are not useful in
forest soil, because of the landscape, the extent of the total target area, and the
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different soil management in the forest. Adding to that, there are fewer residents in
the forest area, and economic activities are smaller compared to the urban and
agricultural areas. The report by IAEA to the Japanese government on rehabilita-
tion of contaminated forests by the Fukushima Accident (IAEA 2013; Ministry of
Environment 2014) concluded that forest decontamination is not recommended
because of low efficiency in reducing radiation risk to the public. Therefore, the
incentive to conduct decontamination of forest soil is very limited, and the Japa-
nese government officially declared that forest decontamination is out of focus in
countermeasure of the pollution.

People used to use forest products and its ecosystem services, and the forests
contaminated by radiocesium came from the power plants is not an exception.
Besides wood timber, a major economic value, wild plants, animals, and especially
edible mushrooms have been used by local residents. The contamination of these
forest products is thoroughly explained in Part II. Among the forest products, a log
for mushroom culture medium had been intensively utilized in the area of
Fukushima Prefecture. Especially a log for shiitake mushroom media produced in
Fukushima Prefecture has been highly evaluated and dominated Japanese market of
a log for mushroom medium. As shown in Part II, the combination of konara oak as
medium and cultivating shiitake mushroom for food production leads to higher
contamination of radiocesium to shiitake mushroom. Therefore, harvesting the
logs was inevitably stopped after the accident.

Soil ecosystem contains most terrestrial organisms and is supporting the above-
ground ecosystem (Bardgett and van der Putten 2014). Biological interactions
between plant root, microorganisms, and soil animals are driving plant growth
by promoting nutrient cycling and soil structural modification (Kulmatiski et al.
2014). Soil animals are also linking below- and aboveground ecosystem, because
they are a major prey for the aboveground animals (Chen and Wise 1999). It has
been well-known that radiocesium accumulates in the very surface layer of mineral
soil (Monna et al. 2009; Rafferty et al. 2000), and it was also confirmed after the
Fukushima Accident in agricultural (Yamaguchi et al. 2016) and forest soils (Kato
et al. 2012). Therefore, contamination and transfer of radiocesium in the soil layer
need to be studied to understand the fate of radiocesium in the terrestrial ecosys-
tem, root uptake of radiocesium from the soil, biomagnification of radiocesium by
soil animals, and radiocesium transfer from soil to aboveground ecosystem via
food web.

Detailed monitoring of the radiocesium migration and redistribution is funda-
mental. Here I will review the recent studies on radiocesium dynamics in soil
ecosystem during the early phase of contamination and show our results on
radiocesium dynamics in soil organisms.

There are strong demands by local residents to use forest services contaminated
by radiocesium. It is essential to conduct countermeasures to mitigate the impacts of
radioactive contamination of forests. I propose a “mycoextraction” as a potential
decontamination method.
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10.2 Contamination and Movement from Canopy to Forest
Floor

The radiocesium contaminated both croplands and forests. The estimated total extent
of heavily contaminated forest (>¼134Cs, 137Cs 1000 kBq m2) was 428 km2, which
is equivalent to 4% of the forests in Fukushima Prefecture (Hashimoto et al. 2012).

Previous studies have shown that 137Cs transfer via throughfall from above-
ground to belowground contributed more than those of defoliation in the very
early phase after the fallout (Loffredo et al. 2014), and then the litter fall became a
major translocation route of 137Cs from canopy to forest floor (Teramage et al. 2014;
Kato et al. 2017).

Imamura et al. (2017) examined four different vegetation types (red pine, Japa-
nese cedar, hinoki cypress, and konara oak) in five locations with different contam-
ination levels of radiocesium and found that the changes in 137Cs in needles/leaves
and wood differed among tree species, whereas the pattern of temporal changes
(2011–2015) in radiocesium in the total of nine forest plots was similar overall. The
137Cs in the organic layer decreased, and those in the 0–5 cm soil increased, and litter
migration into deeper soil was observed.

According to the modeling study by Hashimoto et al. (2013), radiocesium in both
canopy and organic soil layer decreased rapidly, whereas radiocesium in mineral soil
layer shows peaks in the second (broadleaved forest) and the third year (coniferous
forest) after the fallout, and most contaminants accumulate in the mineral layer.

10.3 Acute Effect and Long-Term Exposure in Soil
Ecosystem

Zaitsev et al. (2014) reviewed the acute effect of ionizing radiation effects on soil
animals. There are substantial studies on the effects of environmental pollution by
radionuclides in the former Soviet Union territory (Geras’kin et al. 2007). The
radiation level of 1 Gy/day caused reduction of soil invertebrate population density
into half of the natural population density (Zaitsev et al. 2014).

Reduction of population density and activities of soil animals may retard organic
matter decomposition. Mousseau et al. (2014) found a reduction in decomposition
rate of forest litter around Chernobyl NPP.

10.4 Biomagnification and Transfer of Radiocesium
Through a Food Chain

Calmon et al. (2009) reported transfer efficiency of radionuclides on various wild
organisms. Mushrooms tend to show the highest TF value among the organisms
examined, and some mushroom species showed biomagnification of radiocesium.
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Murakami et al. (2014) measured radiocesium concentration of major forest
organisms after FDNPS accidents. They found that there was no obvious
biomagnification of radiocesium; however, detritus on the forest floor was a major
source of the contaminants on the forest food web; detritus feeders and fungi showed
the higher concentration of radiocesium compared to the herbivores and predators.

We studied changes in the radiocesium concentration of three soil organisms in
ten Japanese cedar stands between 2011 and 2015 (see Method). The estimated
initial contamination of radiocesium ranged from 219 to 4981 kBq/m2 (Table 10.1).
Irrespective to the initial contamination level, radiocesium concentration in the litter
layer decreased, whereas those in the soil layers (0–5 cm) increased, thus
radiocesium migrated downward from the organic to the mineral soil layer from
2011 to 2015 (Fig. 10.1).

We collected earthworms from 2 and 1 sites from the ten sites in 2011 and 2015,
respectively, and found four species. All these species were epigeic: surface living
species feeding litter with mineral soil. Radiocesium concentrations of earthworm
(excluded gut contents) were higher than the litter radiocesium in one stand and
lower in another stand, whereas body radiocesium was higher than soil in 2011
(Fig. 10.2). In 2015, body radiocesium concentration was lower than litter and soil.

A terrestrial Isopoda, Ligidium japonica, known to distribute wide, are in the
Japanese forest. This species feeds on dead leaves; there was no clear relationship
observed between body L. japonica (without gut contents) and litter layer in 2011,
whereas there were significant positive correlations between the body with soil in
2011 and with litter and soil in 2015 (Fig. 10.3).

A saprotrophic fungus, Strobilurus ohshimae, produce fungal bodies in autumn,
is often found in fallen twigs of Japanese red cedar. There were no clear relationships
between environmental and fungal body contaminations in 2011, whereas there were
significant positive relations in 2015 (Fig.10.4).

The transfer factors were decreased in the earthworm (one site) but increased in
the Isopoda (Table 10.2). The fungus shown decreases in the litter, whereas it
increases in the soil. The tag was similar in the earthworm and increased in the
Isopoda, whereas it was decreased in the fungus. These different changes between

Table 10.1 The estimated
initial contamination of
radiocesium

Site ID 137Cs (kBq/m2)a

FA 1097

FB 404

FC 838

FD 229

FE 2455

FF 2542

FG 2037

FH 216

FI 5248

FJ 4981
aEstimated values on 2 July 2011
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organisms reflect feeding habits; the earthworms found in this study are litter feeders.
The Isopoda are also litter feeder, but they tend to prefer aged litter and probably feed
on organic matter in fermentation layer, therefore, radiocesium migration from fresh
to aged litter and fermentation layer, where aged litter accumulates affected the
Isopoda contamination. The fungus utilized fresh twigs on the forest floor. Contam-
ination of leaves and twigs in Japanese red cedar decreased in 2015; thus, fungal
contamination also decreased. Knowing radiocesium dynamics in the forest soil
environment is useful in understanding the contamination level of radiocesium.

Fig. 10.1 Comparison of 137Cs concentration between 2011 and 2015 of litter and soil at ten study
stands

Fig. 10.2 Comparison of 137Cs concentration between 2011 and 2015 of earthworms
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Fig. 10.3 Comparison of 137Cs concentration between 2011 and 2015 of terrestrial isopod,
Ligidium japonicum

Fig. 10.4 Comparison of 137Cs concentration between 2011 and 2015 of fungus, Strobilurus
ohshimae
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10.5 Countermeasure

Countermeasures to rehabilitate forest ecosystem is a big challenge due to its
landscape and complex species interactions. Even after knowing that most contam-
inant stays in the very surface of the soil layer, soil replacement in a forest is not
feasible when considering the treatment of removed soil.

Phytoremediation has been tested to decontaminate radiocesium, and it has been
known that the method is not so effective to apply croplands compared to soil
scraping and conversion tillage (Yamaguchi et al. 2016).

We have reported that fungal immobilization of radiocesium from soil to litter
during the early phase of decomposition on the forest floor (Huang et al. 2016). The
amount of radiocesium translocated from soil to litter after 1 year of the start of
decomposition was estimated to be 4% (Huang et al. 2016). In that study, we used
tree leaf litter that was equivalent to 256 g/m2, which is around minimum annual leaf
litterfall in deciduous forests. If we can increase the amount of organic matter as a
growing medium for fungi on the forest floor, then we can expect to increase the
amount of radiocesium translocation from soil to the medium.

Wood is the most abundant biomass in the forest, and also wood-decaying fungi
are major decomposers in the forest ecosystem. Nutrient element concentrations in
woods are known to be lower compared to leaves; therefore, fungi growing on
woods need to get nutrients out from woods to keep the stoichiometric balance
between essential nutrients. We presumed that putting a large number of wood chips
on the forest floor at one time might stimulate fungal growth, and it will lead mass
translocation of nutrients including radiocesium from soil to the wood chips. The
amount of translocation will be determined by various factors: environmental con-
ditions and duration, amount and shape of wood chips, contamination level, the
presence of leaf litter, and trait of fungal species growing on the chips. Our results
indicated that absorption to chips was estimated from 6.3% to 12.2% and 6.0 to
17.8% of total contaminants in the soil after 11 and 23 months on the soil surface
(Kaneko et al. 2015).

Table 10.2 Transfer factors of three soil organisms

Taxon Year TF litter TF soil Tag

Earthwormsa

2011 0.319 2.442 0.052

2015 0.285 0.154 0.041

Isopoda

2011 0.0007–0.0393 0.0014–0.03802 0.0011–0.0073

2015 0.072–0.563 0.005–0.017 0.0049–0.0148

Fungus

2011 15.250–81.167 0.063–9.964 0.029–1.682

2015 0.016–4.427 0.095–3.889 0.001–0.355
aOne site where earthworms were collected in both 2011 and 2015
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It is not clear what kind of microorganisms is responsible for the translocation of
radiocesium. AM fungal hyphae facilitated transfer among forbs and grasses
(Meding and Zasoski 2008). Cs and Rb were used as K analogs and showed similar
movement. There were many observations of radiocesium increase during the early
phase of litter decomposition (Fukuyama and Takenaka 2004; Bruckmann and
Wolters 1994).

Biological method to decontaminate radiocesium from soil is promising because
there will be less disturbance and cost compared to engineering methods (e.g., soil
washing). Mycoexraction is not as effective compared to soil scraping. However,
this method can promote forest management; especially coppice rotation in the
konara log production for the mushroom medium has been stopped after the
accident. Appropriate management method is highly needed to continue forest
management in these forests.

10.6 Method

We selected ten stands of Japanese red cedar (Cryptomeria japonica) plantations in
the Abukuma Mountains with various contamination levels. A 10� 10 m plot was
set in each stand for a sampling of contaminated litter, soil, and organisms. A
sampling of litter (50� 50 cm), soil (0–5 cm), and soil organisms were conducted
on 13 to 16 October 2011 and 19 to 22 September 2015. Earthworms and terrestrial
isopods (Ligidium japonicum) were collected by hand sorting from 50� 50 cm area
down to 30 cm. Fungus (Strobilurus ohshimae) was collected from fallen twigs
within the 10� 10 m area.

Radiocesium concentration was determined by direct gamma-spectrometry using
a Ge-detector for 600 s (CANBERRA GC2018). Radiocesium concentrations were
shown after calculating the values at the time of field sampling considering radio-
active decay.
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Chapter 11
Spiders as an Indicator of 137Cs Dynamics
in the Food Chains in Forests

Yoshiko Ayabe and Naoki Hijii

Abstract High concentrations of 137Cs detected in the bodies of a web-building
spider, N. clavata, collected at areas about 30 km apart from the FDNPP have
indicated that contamination of the litter and upper-soil layers by radioactive fallout
in the forest ecosystems in Fukushima has reached to the spider, a key predator
working at a middle trophic level in food webs. In this chapter, we examined
relationships between 137Cs and alkali- and non-alkali metal elements measured
for N. clavata and roles of alkali metals in the 137Cs accumulations in the spider.
Patterns and processes of the accumulation of 137Cs closely associated with the alkali
metals suggested the mechanisms of 137Cs transfer and probable 137Cs transfer
pathways from soil to the web-building spider through the food chain. Understand-
ing 137Cs contamination in spiders would provide us crucial clues for clarifying the
processes and mechanisms of 137Cs transfer through food chains and for predicting
the fate of 137Cs in the forest ecosystems in Fukushima.

Keywords 137Cs transfer · Food chains · Nephila clavata · Nuclear power plant
accident · Radiocesium contamination · Web-building spider

11.1 Introduction

The accident at the Fukushima Daiichi Nuclear Power Plant (FDNPP) has wreaked
large contaminated areas and hotspots of high radiation doses due to the radionuclide
fallout in the forests in northeast Japan. Consequently, various organisms in forests
and streams have been contaminated mainly with radiocesium (137Cs) through the
food chains (Murakami et al. 2014; Yoshimura and Akima 2014). The ecological
processes involving a variety of organisms and the formation of complex food-web
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structures in ecosystems work through two different lines of food chain (Polis and
Strong 1996). In forest ecosystems, the grazing food chain starts with living plants,
passing through herbivorous insects and other phytophages, and then reaches their
predatory arthropods, such as spiders, and thereafter higher predators, such as sylvan
birds. The detrital food chain starts with dead organic matter, such as plant litter
suspended on the forest floor or in streams, and then energy flows via detritus feeders
and microbes into their predators.

The half-life of 137Cs as the major component of the radioactive fallout in the
Fukushima accident is approximately 30.2 years; therefore, 137Cs is expected to
remain for a long time in the forest ecosystems in Fukushima. After the accident,
adverse effects on animals inhabiting the contaminated area—for example, signifi-
cantly higher rates of malformation and reduced survivorship in a gall-forming aphid
and a lycaenid butterfly species—were observed (Akimoto 2014; Hiyama et al.
2012). Another observation suggests that the abundances of birds, butterflies, and
cicadas decreased with increasing radiation dose in the contaminated area, although
the abundance of spiders increased, probably due to the decrease in the abundance of
birds, which are natural enemies of spiders (Møller et al. 2013). However, there is
considerable debate concerning the effects of radiation on wildlife; relatively low
rates of radiation, which were observed at most areas farther from seriously con-
taminated areas close to the FDNPP, are expected to be not so detrimental on animal
populations (Beresford and Copplestone 2011). A reduced abundance of animals can
depress ecosystem functions by deterring various biological interactions, such as
pollination and predation pressure in regulating prey populations (Møller et al.
2012). The animals in the contaminated area not only could play an important role
in sustaining ecosystem functions but also could be partly responsible for the 137Cs
circulation in the environment through the food chain. Insight into the patterns and
processes of 137Cs transfer from soil to plants and then to higher trophic levels can be
provided by clarifying the mechanisms responsible for the 137Cs contamination in
animals; understanding these mechanisms is critically important in predicting the
fate of 137Cs in the forest ecosystems in Fukushima.

Spiders constitute over 50% of both number and biomass of carnivorous arthro-
pods (Menhinick 1967), can function not only as the most effective predators of
arthropods in both food chains (e.g., Moulder and Reichle 1972; Wise 1993) but also
as major prey, along with insect caterpillars, for predators at higher trophic levels,
such insectivorous bird species as Paridae (e.g., Kondo et al. 2017; Mizutani and
Hijii 2002; Naef-Daenzer et al. 2000), and are thus key components of food webs in
forest ecosystems. In the grazing food chain, adults of lepidopterans and sawflies, for
example, whose larvae feed on living plants, could be captured by wondering or
web-building spiders. In the detrital food chain, there are two pathways to reach
spiders: one is that from aquatic insects, such as plecopterans, caddisflies, and
dragonflies, emerging from the rivers and streams, where they feed on sedimentary
plant litter or other aquatic insect larvae, while the other is that from detritivorous
and fungivorous insects, such as chironomids, mycetophilids, and many other
dipterans, emerging enormously from the litter in the tree canopy (Yoshida and
Hijii 2005) and on the forest floor (Shimazaki and Miyashita 2005). Thus,
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understanding 137Cs contamination in spiders would provide us a crucial clue for
clarifying the processes and mechanisms of 137Cs transfer through food chains in the
forest ecosystems in Fukushima.

11.2 Radioactive Cs Contamination of Spiders

11.2.1 Spider

We focused on female adults of Nephila clavata L. Koch (Nephilidae: Arachnida). It
is one of the largest web-building spiders in Japan and lives in an orb web set about
1–2 m above the ground. Nephila clavata is univoltine, overwinters as eggs,
disperses as juveniles in April to May, and grows through seven or eight ecdyses
to its largest size in September to October. The female spins an egg sack containing
500 to 1500 eggs after mating on the orb web in late August to October. It deposits
the sack on trees or shrubs in October to November, and its life cycle ends by early
winter. The body size is about 20 mm in female adults but no more than 10 mm in
male adults. The size variability among mature female adults is large and depends on
the amount of prey arthropods consumed (Miyashita 1992).

11.2.2 Sampling Sites

First sampling of spiders and measurement of air radiation dose rates were
performed on 21 and 22 October 2012, about 1.5 years (19 months) after the
FDNPP accident, at two sites in the Yamakiya district of Kawamata Town, and at
another site in Koriyama City, in Fukushima Prefecture: (1) Site 1 (abbreviated as
“PS” in Ayabe et al. (2014)) (ca. 1.6 ha), a streamside secondary forest dominated by
broadleaved trees, such as Quercus serrata, Q. crispula (Fagaceae), and Pterostyrax
hispida (Styracaceae), about 33 km northwest of the FDNPP, and faced southeastern
on an abandoned pasture opening toward the FDNPP; (2) Site 2 (as “ES”)
(ca. 2.3 ha), a hillside secondary forest, consist of Q. serrata, Ilex macropoda
(Aquifoliaceae), Pourthiaea villosa (Rosaceae), and some other shrub species, on
the north side of the Yamakiya Elementary School about 37 km northwest of the
FDNPP; and (3) Site 3 (as “KR”), an experimental pine forest in the Fukushima
Prefectural Forestry Research Center in Koriyama City, about 62 km west of the
FDNPP. As controls, spider individuals of the same species were collected on
30 October 2012 from Site CT, in a secondary forest on the main campus of Nagoya
University, Nagoya, about 450 km in a straight line southwest of the FDNPP.

In 2013, the spider collection and soil sampling were made at Site 1 and Site 2 in
late October, when female spiders maturated before oviposition (Ayabe et al. 2015a).
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11.2.3 Radiocesium Contamination of Spiders

In 2012, contamination with both radioactive 134Cs (half-life 2.1 years) and 137Cs
was detected in all the spiders collected at both Site 1 and Site 2 (Fig. 11.1
represented for 137Cs only). At Site 3, very low concentrations of 134Cs and 137Cs
were detected only in a few individuals, and at Site CT, none was detected. The
concentrations of 134Cs and 137Cs in spiders were highest at Site 1, followed by those
at Site 2 and decreased with increasing of distance from the FDNPP (Ayabe et al.
2014).

The ratio of 134Cs/137Cs in 2012 corrected for radioactive decay to the date
immediately after the FDNPP accident was 1.02� 0.19 on average (� SD) among
samples of the three contaminated sites, which was equivalent to that of the fallout
from the FDNPP (Haba et al. 2012). This clearly shown that the fallout from the
FDNPP, not residual 137Cs radioactivity derived from past nuclear weapon testing
and the Chernobyl nuclear power plant accident (e.g., Fesenko et al. 2001), had
contributed to the radiocesium contamination of spiders at these sites. Nephila
clavata is a univoltine species, and all individuals were undoubtedly born after the
accident at the FDNPP. Therefore, the contamination levels in spider individuals
collected at the sites should reflect the contamination levels in their diet arthropods
(most of which are also univoltine) at each site after the radioactive fallout.

Air radiation dose rates (μSv h�1), which were correlated with concentration
levels of radiocesium in soil (Nuclear Regulation Authority 2012), were measured
with a scintillation survey 1 m aboveground level and were presented as an average
of the measurements from 20 points (10 at upstream and 10 at downstream) at Site
1 and 10 points at Site 2 (Ayabe et al. 2014). The air radiation dose rate was highest
at Site 1, followed by that at Site 2, and was much lower in Site 3 than these values,

Fig. 11.1 Mean
concentrations of
radiocesium (137Cs) in
individuals of N. clavata
collected at four different
sites: Site 1, a riverside
secondary forest 33 km
northwest of the FDNPP;
Site 2, a hillside secondary
forest 37 km northwest of
the FDNPP; Site 3, a pine
forest 62 km west of the
FDNPP; and CT, a
secondary forest 450 km in a
straight line southwest of the
FDNPP as a control site.
Vertical lines indicate the
standard deviation. The data
was derived from Ayabe
et al. (2014 and 2015a)
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and was close to zero at Site CT. At Site 2, 137Cs deposition in soil (160 kBq m�2

dry) was less than half the amount at Site 1 (330 kBq m�2 dry; Ayabe et al. 2015a).
At each site, the concentrations of 137Cs in spiders tended to correlate positively with
the air radiation dose rate (Fig. 11.2 presented for 137Cs only) (Ayabe et al. 2014).
Thus, the radioactive contamination levels in spiders tend to be associated with the
radioactive contamination levels at the sites. At Site 1, two distant areas within the
site had different air radiation dose rates (4.87� 0.19 at upstream, 3.96� 0.17 at
downstream), suggesting that the radioactive contamination levels varied from place
to place even within small areas of the same site.

The concentrations of 137Cs in spider samples at Site 1 were 4.0� 1.8 (mean �
SD; Bq g�1 dry) in 2012 but decreased to 2.5� 1.2 in 2013, while at Site
2, 1.5� 0.45 in 2012 and 2.2� 3.2 in 2013 (Fig. 11.1; Ayabe et al. 2015a). The
increase in mean concentration of 137Cs at Site 2 in 2013 was due to a specific
individual with an extremely higher concentration (ca. 9.0 Bq g�1 dry). It should be
noted that this spider individual was collected at Site 2, which was less contaminated
than Site 1, and even 2.5 years after the accident. In a species of wondering spiders,
the biological half-life of 137Cs is estimated at about 20 days and about 6 days for
other herbivorous and predatory insects (Reichele 1967). If the value for Nephila
clavata is similar to them, the specific individual could have foraged, by chance and
soon before being collected, highly contaminated arthropods emerging at and flying
from a radioactive hot spot elsewhere.

Fig. 11.2 Relationship between mean concentration of radiocesium (137Cs) detected in N. clavata
and mean air radiation dose rate at each site. Vertical and horizontal lines indicate the standard
deviations of radiocesium concentration and air radiation dose rate, respectively. At Site 1, the air
radiation dose rate was represented as the mean of 20 points; 10 points were used at the other sites.
At site CT, radiocesium was not detected in spiders, and therefore, the mean value of radiocesium
concentration was considered as 0 for practical purposes. (Modified from Ayabe et al. (2014))

11 Spiders as an Indicator of 137Cs Dynamics in the Food Chains in Forests 181



11.3 Mechanisms of 137Cs Transfer to Spiders

11.3.1 Measurement of Element Contents in Spiders

Nephila clavata consumes arthropod prey caught on its orb web. The body size of
mature female spiders depends on the amount of prey arthropods consumed
(Miyashita 1991), but the 137Cs concentration in N. clavata females was independent
of the amount of prey consumed (Ayabe et al. 2014), suggesting that other mech-
anisms determine the level of 137Cs accumulation in spider bodies. One factor
contributing to 137Cs contamination in spiders is uptake of potassium essential for
plants and fungi at a lower trophic level. Because potassium and cesium have similar
physiochemical traits, 137Cs and the free hydrated cesium cation (137Cs+) can be
absorbed from soil by plant roots and then translocated to the aboveground plant
parts (Cid et al. 2013; Zhu and Smolders 2000). Uptake by living plants is the major
pathway for transfer of 137Cs from the soil to herbivores and then to arthropods and
animals at higher trophic levels through the grazing food chain. 137Cs concentration
in animal tissues is suggested to be attributed to the level of Na- and K-ATPase
activity (Kaikkonen et al. 2005), but no study has so far determined whether 137Cs is
assimilated into and eliminated from arthropods in a manner similar to that of other
alkali metals.

Cs is an alkali metal and is expected to act similarly to Li, Na, K, and Rb. Animals
including N. clavata, in particular, demand K and Na most among elements, and
therefore, 137Cs contamination should accompany the processes of accumulation of
K and Na by N. clavata. If it is the case, 137Cs concentrations in N. clavata would be
correlated with the contents of K and Na. Stable cesium could be included in
N. clavata prior to the accident and is expected to behave similarly to 137Cs, and
therefore, the patterns of 133Cs accumulation could simulate the patterns of 137Cs
accumulation. Copper was highlighted as a key element among the non-alkali
elements because (1) only Cu is known to have a physiological function (oxygen
transport) in spiders (Terwilliger 1998) and (2) accumulation of Cu was correlated
with the concentrations of many other non-alkali elements such as Ca and Zn (Ayabe
et al. 2015b).

11.3.2 Relationship Between 137Cs and Alkali- and Non-
alkali Metal Elements in N. clavata

Nephila clavata contained K and Na in highest concentrations, followed by Mg, Ca,
and Zn (Ayabe et al. 2015b). The contents of Rb, 133Cs, and Li were substantially
lower than that of K and Na. The relationship of 137Cs accumulation with the other
alkali metals was site specific. At the higher 137Cs contamination site (Site 1), the
accumulation of 137Cs in N. clavata was associated with the contents of the alkali
metals Na, K, and Rb, whereas the lower contamination site (Site 2) relative to Site
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1, a significant correlation was detected only for the 137Cs–Na combination
(Fig. 11.3a). Among the alkali metals, the Na content only was correlated positively
with 137Cs accumulation at both sites. This suggests that 137Cs accumulation in
N. clavata could be more closely associated with the dynamics of Na, compared to
the dynamics of K and Rb. Stable Cs also showed site-specific patterns; significant
correlations between 133Cs and K and Na or Rb were observed at Site 1, but not at
Site 2, which was not the same as the pattern observed in 137Cs (Fig. 11.3b).
Moreover, 137Cs–133Cs correlation was significant at Site 1 only (Fig. 11.3c), and
this suggests that 137Cs and 133Cs do not always behave similarly.

Cu concentration was significantly correlated with 137Cs concentration at Site
1 but not at Site 2 (Fig. 11.3c). The correlation at Site 1, however, would not be
attributed to a direct partial substitution of Cu with 137Cs, because these two
elements belong to different families. The Cu–137Cs correlation may be related to
the Cu–K relationship. Copper is essential for photosynthetic electron transport and
accumulated in plants (Droppa et al. 1984), and Potassium is also essential for and
absorbed by plants. Therefore, Cu and K are correlated at the plant level. Cu and K
are both essential elements for arthropods as well; Cu is an essential component of
hemocyanin that functions in the oxygen transport system in chelicerates (Burmester
2002; Terwilliger 1998) and can be involved in physical movement (muscle con-
traction), in which K is also critically important (Hoyle 1953; Katkowska 1995). In
fact, the Cu–K correlation was observed in N. clavata collected at both sites (Ayabe
et al. 2015b). K content was significantly correlated with 137Cs concentration at Site
1 only, which might have resulted in an apparent correlation between Cu and 137Cs
at Site 1.

11.3.3 Roles of Alkali Metals in the 137Cs Accumulations
in N. clavata and Probable 137Cs Transfer Pathways
from Soil to the Web-Building Spider

The significant positive correlations between the 137Cs concentration and the con-
centrations of other alkali metals in N. clavata at Site 1 indicated that 137Cs behaved
similarly to other alkali metals in the assimilation and elimination process in the
bodies of N. clavata, which, in turn, determined the degree of 137Cs contamination in
N. clavata, at least at the higher contamination site (Site 1). However, correlations
between 137Cs and other alkali metals other than Na were not observed at the lower
contaminated site (Site 2), and thus we concluded that 137Cs contamination was
attributed to the Na assimilation/elimination processes, but not always to the pro-
cesses of other remaining alkali metals such as K and Rb. This difference in the
degree of contribution to 137Cs contamination by different alkali metals may be
involved in the extent to which these elements are essential for plants and animals
and their transfer through the food chains. The absorption of K is known to affect the
accumulation of 137Cs in plants because Cs, including 137Cs, is absorbed through the
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Fig. 11.3 Relationships between concentrations of the alkali metals (Li, Na, K, and Rb) and
concentration of 137Cs (a) and 133Cs (b) and relationships between 137Cs and Cu or 133Cs (c) in
N. clavata at Site 1 and Site 2. Open and filled circles indicate spider samples collected in 2012 and
2013, respectively. Solid lines show statistically significant relationships (GLMM; p < 0.05), and
the dashed line shows a marginally significant relationship (GLMM; p ¼ 0.07) (Modified from
Ayabe et al. (2015b))
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K transport system (Cid et al. 2013; Kabata-Pendias 2011; Zhu and Smolders 2000).
The soil 137Cs contamination level at Site 2 (160� 110 kBq m�2 dry in June 2013)
was about half that at Site 1 (330� 120 kBq m�2 dry) (Ayabe et al. 2015a). Under a
high concentration of K, plants become highly selective for K relative to 137Cs (Zhu
and Smolders 2000). Although K concentrations had not been evaluated at the two
sites, we could expect a higher K/137Cs concentration ratio at Site 2 unless extremely
a lower K concentration was detected at Site 2. If this is true, plants might have been
highly selective for K at Site 2. Such the K–137Cs uptake pattern at the plant level
might have caused nonsignificant relationships between K and 137Cs in N. clavata at
Site 2. Contrary to K, many higher plants have developed a high degree of selectivity
for “not” uptaking Na, despite the chemical and physical similarities of K and Na
(Subbarao et al. 2003). Even when Na is taken up by plants, it can be compartmen-
talized into the roots, with minimal transport to the shoots (Subbarao et al. 2003;
Valdez-Aguilar and Reed 2008), i.e., a decreased concentration of Na in leaves and
consequently limited transfer of Na up the food chain to animals. However, Na is
essential for animals that demand Na as well as K. Therefore, to provide essential Na
for higher animals, herbivorous insects must accumulate Na with a high efficiency
from leaves with a decreased Na concentration (Seastedt and Crossley 1981).
Crickets and spiders have high rates of Na assimilation (about 100%) but do not
completely eliminate the element (e.g., Van Hook 1971). Nephila clavata in the
present study accumulated a large amount of Na (Ayabe et al. 2015b). The essential
requirement of Na in animals may have caused the significant correlation between
Na and 137Cs in N. clavata at both Site 1 and Site 2.

Uptake by plants is the entrance of the pathway of 137Cs transfer from the soil to
herbivores and then to arthropods and animals at higher trophic levels through the
food chain. There was a large variation in 137Cs contamination among plant species
(Broadley and Willey 1997; Ertel and Ziegler 1991; Kuroda et al. 2013; Ramzaev
et al. 2013; Yoshihara et al. 2013) and among seasons and plant organs even in a
given plant species (von Fircks et al. 2002), probably due to different patterns of
alkali metal accumulation. The 137Cs depositions in soil were heterogeneous (Ayabe
et al. 2015a, 2017), which may also contribute to differences in 137Cs contamination
among plant individuals. Nephila clavata feeds on a wide variety of arthropods,
including herbivorous, detritivorous, and predatory arthropods. Many herbivorous
species consume different plant species and possibly different plant individuals and
parts within a plant species. These diverse feeding habits could cause a variation in
137Cs contamination among herbivores, which would be passed on through the food
chain to N. clavata at a higher trophic level and might result in a large variation in
137Cs contamination among N. clavata individuals. Furthermore, N. clavata depends
on both grazing and detritus food chains, and the relative dependency for these two
food chains may also be involved in the site-specific 137Cs contamination pattern and
the among-individual variation in 137Cs contamination. A better understanding of
the transfer of 137Cs through the food chain will require evaluation of the extents to
which K and Na accumulation vary among plant species and tissues and also among
various herbivorous arthropods with different feeding habits.
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11.4 Spiders as an Indicator of 137Cs Transfer in Forest
Ecosystems

High concentrations of 137Cs detected in the bodies of N. clavata have indicated that
radioactive contamination of the litter and upper-soil layers in the forest ecosystem
by radioactive fallout has reached to the spider, a key predator working at a middle
trophic level, through the food chains. Wings and exoskeleton as residues of prey
insects left on the spider web were mostly of aquatic insects, such as plecopterans
and caddisflies, and detritivorous and fungivorous insects, such as chironomids,
mycetophilids, and other dipterans. Most of them usually emerge from the leaf litter
suspended in the tree canopy (Yoshida and Hijii 2005), on the forest floor
(Shimazaki and Miyashita 2005; Hashimoto et al. 2012), and in streams (Ohte
et al. 2013; Murakami et al. 2014). This evidence and high doses of 137Cs deposition
on the litter and upper-soil layers suggest that, in a few years, at least, after the
accident, transfer of 137Cs to N. clavata via the detrital food chain in which enormous
numbers of detritus feeders emerging from contaminated leaf litter and fungi
(Murakami et al. 2014) might have been dominant than that via the grazing food
chain in which herbivorous insects feeding on plants that may uptake 137Cs from
deeper soil layers. In a coniferous forest near a nuclear fuel reprocessing plant in
England, concentrations of radionuclides including 137Cs were significantly higher
in detritus feeders than in other feeding groups, and they varied seasonally
depending on the dietary menu (Copplestone et al. 1999). In the case of the
Chernobyl accident, radioactive contamination was clearly greater in detritus insects
than in herbivorous and predatory insects in a grassland (Rudge et al. 1993), but the
radioactive fallout had different effects on litter faunae, depending on the distance
from the nuclear power plant and on the time since the accident (Krivolutzkii and
Pokarzhevskii 1992).

The cause of the higher 137Cs accumulation in spiders relative to other predators
is associated also with the feeding manner; over 90% of 137Cs absorbed by prey
insects is distributed in their soft tissues, such as muscle and digestive tract that
spiders ingest with digestive enzymes, while less than 1% is distributed in the
exoskeleton that spiders leave intact (Cavalloro 1967; Copplestone et al. 1999).
137Cs aggregated transfer coefficients from soil to plants may vary with the soil type
(Calmon et al. 2009). Given different sites with the same soil type, soil-to-spider
transfer coefficients are expected to be similar values as well. In this study, the soil
type was the brown forest soil in both Site 1 and Site 2; the 137Cs soil-to-spider
transfer factors were similar between the sites (0.0066 for Site 1 and 0.0040 for Site
2; Ayabe et al. 2015a). These values were similar also to the 137Cs concentration
ratio of other spider species to contaminated soil in a coniferous forest near a nuclear
fuel reprocessing plant in England (Toal et al. 2002). The dynamics of 137Cs
accumulation in the bodies of N. clavata feeding on detritus/plant feeders has
evidenced that radioactive contamination transferred from litter/soil to arthropod
predators through the detrital and grazing food chains, although the spider might
have quantitatively much less impact on the circulation of 137Cs within a forest
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ecosystem and/or on the diffusion out of the ecosystem than would do other larger
predators with higher mobility.

Effects of radioactive contamination should be monitored successively on the
population dynamics of organisms involved in the food web of a forest ecosystem.
Since more than 20 years after the Chernobyl accident in 1986, declines of popula-
tion levels associated with the high levels of radioactive contamination at their
habitats have been apparent for spiders as well as insect and bird species (Møller
and Mousseau 2006, 2009; Mousseau and Møller 2011), whereas spiders increased
in number after the Fukushima accident due to the decrease in their enemy birds
(Møller et al. 2013). Another study carried out in 1986 to 1988 reported that there
was no significant effects of radioactive contamination on the population levels of
soil animals in soil layers, in contrast to those in the litter layer (Krivolutzkii and
Pokarzhevskii 1992). There has ever been much less information about impacts of
radioactive contamination on the population levels of various organisms in forests
contaminated by the Fukushima accident with a lower radioactive dose, as a whole,
relative to the Chernobyl accident (Møller et al. 2013).

Our field survey revealed that detritus feeders emerging from the radioactive Cs
pool could be preyed upon by spider communities, including N. clavata. Such
spiders, in turn, as well as phytophagous insects, might then be foraged by avian
predators at a higher trophic level, such as Paridae, and 137Cs ingested by such prey
arthropods are thus to be transferred to the higher trophic level (Fig. 11.4). This
suggests that spiders are key predators connecting the grazing and detrital food
chains in the food webs in forest ecosystems.

There are several other studies of radiocesium contamination in invertebrate
species in Fukushima. Nephila clavata was more heavily contaminated with 134Cs
and 137Cs than herbivorous insects, such as the rice grasshopper, Oxya yezoensis,
and the Emma field cricket, Teleogryllus emma (Tanaka et al. 2016). In comparisons
of 137Cs contamination among different functional groups, such as herbivores,
carnivores, omnivores, and detritivores, collected approximately 1.5–2.5 years
after the accident, 137Cs activity concentrations were low in herbivorous species,
while high in detritivorous species that feed on plant litter and fungi of high 137Cs
concentration activity (Murakami et al. 2014; Ishii et al. 2017). A similar trend was
also true of invertebrate species in other countries (Rudge et al.1993; Copplestone
et al. 1999; Wood et al. 2009). Thus, the extent to which invertebrates are contam-
inated with 137Cs is likely to be affected by what they consume as diets. Epigeic
earthworms consume litter and soil and thus have shown relatively high values of
transfer factors ranging from 0.21 to 0.35 (Hasegawa et al. 2013), compared to 0.006
in N. clavata (Ayabe et al. 2015a). These values, however, could not directly be
comparable because the former was calculated using radiocesium concentrations in
litter and soil dry mass (Bq g�1) while the latter using radiocesium depositions in soil
per unit area (Bq m�2). A large fraction of 137Cs contamination in epigeic earth-
worms was attributable to the habitat media (soil and litter) ingested in the intestine,
and therefore gut clearance resulted in fast reduction of 137Cs contamination; the
biological half-life of 137Cs in earthworms was expressed as dual exponential
functions, where the half-life in a rapid loss due to gut clearance was estimated as
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0.1 day and that in a second slower loss due to physiological clearance as 27.4 days
(Tanaka et al. 2018). These facts suggest that 137Cs is unlikely to be highly
bioaccumulated in the body wall muscle of earthworm (Tanaka et al. 2018). Since
leaf litter and fungi have shown high levels of 137Cs concentration activity, 137Cs
contamination levels would decrease with ascending the trophic level in detrital food
chains from invertebrates to reptiles and fishes (Murakami et al. 2014). 137Cs have
moved from litter to soil layer 2–3 years after the accident, and a larger fraction of
137Cs could be retained in the top soil layer, not in the litter layer (e.g., Ayabe et al.
2017; Fujii et al. 2014; Koarashi et al. 2016a, b; Nakanishi et al. 2014), and
therefore, the amount of 137Cs transfer through detrital food chains may have been
reduced.

In future studies, we need to accumulate more data of the radiocesium concen-
trations of plant litter and detritus feeders in both the terrestrial and aquatic com-
partments (e.g., Avery 1996) and their transfer factors. Further information about the
radiocesium concentrations in phytophagous insects feeding on live plants and
seeds, the diet menus of these herbivores, and the relative proportions of arthropods
preyed by predators such as spiders through between grazing and detrital food

Fig. 11.4 Presumable processes on the transfer and circulation of radionuclides through the food
chains in forest ecosystems. In the contaminated forest of Fukushima, 137Cs taken by detritus
feeders and their predatory arthropods were transferred to the web-building spider, N. clavata,
through the detrital food chain, while 137Cs taken up by living plants from the litter and soil could be
transferred to the spider via herbivorous insects through the grazing food web. (Ayabe unpublished
data)
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chains, by using stable isotopes (Haraguchi et al. 2013), for example, are required to
evaluate the relative rates of radiocesium flow passing through diverse biological
pathways in forest ecosystems. Forest ecosystems are more complex in species
diversity and spatial structure than many other terrestrial ecosystems, and therefore,
greater variability could be observed in radioactive transfer processes (e.g., Calmon
et al. 2009). For the evaluation of effects of radioactive contamination on the
ecosystem functions of forests, we need to examine the detrimental effects of
radionuclide intake on the development and reproduction of food-web organisms
(e.g., Mousseau and Møller 2011), which would in turn affect the population
dynamics of the organisms and spatiotemporal patterns of the food-web structures.

The amount of 137Cs transfer was suggested to differ between forests and streams,
although the detrital-based food webs were similar between the subsystems (Sakai
et al. 2016): 137Cs concentration in stream litter was four times lower than in forest
litter likely due to 137Cs leaching from litter in streams, and consequently the 137Cs
concentration in the animal community differed between them. On the other hand, in
a river in Fukushima, the total radioactive concentration in larvae of an aquatic insect
(Stenopsychidae) feeding on fine particle organic matter was detected to reach
>1000 Bq kg�1 dry in 2013 (Fujino et al. 2018).

Thus, we need long-term studies of different functional groups in both grazing
and detrital-based food webs and in both terrestrial and aquatic subsystems in
Fukushima forests to clarify the processes and mechanisms of radiocesium transfer
through the food webs of forest ecosystems.

11.5 Materials and Methods

11.5.1 Evaluation of Radiocesium (137Cs) Activity in Spider
Samples

All spider samples were dried, and then the dry mass was individually weighed on a
microbalance. Each dried body was put into a polyethylene tip with 5-mm-diameter
zirconia beads and ground to powder with a bead-beater-type homogenizer. Con-
centration of radiocesium in the spider sample (Bq g�1 dry) was individually
measured by a gamma spectrometer with a well-type germanium semiconductor
detector (GWL-300-15-S, Ortec) (see Ayabe et al. 2014 for details).

11.5.2 Evaluation of Contents of the Alkali Metals in Spider
Samples

Subsamples (ca. 0.1 g dry weight) of the spiders used for the 137Cs measurement
were digested with nitric acid solution (10 mL of concentrated nitric acid plus 5 mL
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of 5% nitric acid) at 160�C for 1 h and at 220�C 2 h until the samples were dissolved
(Ayabe et al. 2015b). For each dissolved sample diluted to 50 mL with ultrapure
water, the concentrations of the alkali metals (Li, Na, K, Rb, and 133Cs) and Cu as a
non-alkali metal were determined using the inductively coupled plasma mass spec-
trometry (iPAC Q, Thermo Scientific). The details of experimental procedures were
described in Ayabe et al. (2015b).
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Chapter 12
Radioactive Cesium Contamination of Sika
Deer in Oku-Nikko Region of Tochigi
Prefecture in Central Japan

Masaaki Koganezawa, Kei Okuda, and Emiko Fukui

Abstract 137Cs concentrations in the muscles and the rumen and rectal contents of
sika deer and in dwarf bamboo and other plants as the main winter food source of the
sika deer were investigated in the Oku-Nikko, Tochigi Prefecture, Japan. The 137Cs
concentration of the 5-year residual winter leaves of dwarf bamboo from 2012
decreased over the years, but the Tag of dwarf bamboo from the soil to dwarf bamboo
did not change. The average 137Cs concentrations of the muscles of the deer
decreased from the winter of 2012 to that of 2016, and those of the rumen contents
and the rectal contents collected from 2012 to 2014 have decreased over time. The
137Cs concentration of the rectal contents was 2.4 times that of the rumen contents
and 3 times the muscle, suggesting that sika deer may excrete most of 137Cs taken
from foods while concentrating it in the digestive tract. The Tag has been decreasing
with year: from the dwarf bamboo to the deer muscles, 21.5–31.3 m2 kg�1 dwt, and
from the soil to the deer muscles, 0.02–0.01 m2 kg�1 dwt.

Keywords Aggregated transfer coefficient (Tag) · Dwarf bamboo · Muscle · 137Cs
transfer · Rectal contents · Rumen contents · Sika deer

12.1 Introduction

Patterns and processes of the transfer of 137Cs from the soil to upper trophic levels
through food webs are one of the key aspects that should be addressed to clarify the
radionuclide dynamics in forest ecosystems. We sought to obtain basic quantitative
data on the accumulation dynamics of the radioactive material in the components of
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a soil-food (plants) and plants-sika deer (Cervus nippon) in a forest ecosystem.
Furthermore, we attempted to elucidate the mechanism of contamination. We col-
lected the leaves of the dwarf bamboo (Sasa nipponica) and other plants (Quercus
crispula and/or Larix kaempferi), which are the main winter food source of the sika
deer (Maruyama 1981) which were extracted for investigation. Furthermore, sika
deer were captured from the Oku-Nikko, Tochigi Prefecture, Japan, and we collected
and extracted the muscles of the biceps femoris, as well as the rumen and rectal
content, and measured the 137Cs concentration of each sample.

12.2 137Cs Transfer from Soil to Deer Via Dwarf Bamboo

The early stage 137Cs deposition flux measured in the ground of the area investigated
was an average of 8188 Bq m�2 in July 2011 (Kato personal communication). The
biomass of leaf parts of the dwarf bamboo was 62.89� 32.00 g dwt m�2 (mean �
SD, n ¼ 40) in November 2013. The 137Cs concentration of the 5-year residual
winter leaves of dwarf bamboo from 2012 decreased over the years from
101.3� 62.2 to 53.8� 45.0 Bq kg�1 dwt (mean � SD). Moreover, no change was
observed in the yearly aggregated transfer coefficient of dwarf bamboo from the soil
to dwarf bamboo (Tag ¼ activity concentration in dwarf bamboo [Bq kg�1 dwt]/
amount in soil [Bq m�2]), for 5 years at 0.01 m2 kg�1 (Table 12.1). The average
137Cs concentration in the muscles of the deer decreased from 155.2� 36.7 to
93.8� 56.5 Bq kg�1 dwt (mean � SD) from the winter of 2012 to that of 2016.

Moreover, the Tag has been decreasing with year: from the dwarf bamboo to the
deer muscles, 21.5–31.3 m2 kg�1 dwt, and from the soil to the deer muscles,
0.02–0.01 m2 kg�1 dwt (Table 12.2). Furthermore, we determined the 137Cs con-
centration and the Tag from the ground to plant parts of oak, larch, and elm collected
between 2012 and 2014 (Table 12.3). The results showed that the 137Cs concentra-
tion and the Tag of the bark of oak were highest, and those of the barks of larch and
elm were higher than those of the dwarf bamboo. This suggests that the Tag from the

Table 12.1 137Cs concentration of the winter leaf of Sasa nipponica and the transfer coefficient
(Tag) in Oku-Nikko, Tochigi Prefecture, Japan, between 2012 and 2016

Leaf of Sasa
Deposition
flux

Transfer
coefficient (Tag)

Leaf of Sasa per
unit area

Year Month n Bq kg�1 dwt SD Bq m�2 m2 kg�1 dwt Bq m�2

2012 Nov 9 101.3 62.2 8000 0.012 5.6

2013 Nov 10 101.2 66.0 7820 0.013 5.6

2014 Nov 10 88.0 23.8 7640 0.012 4.8

2015 Nov 8 107.1 76.4 7460 0.014 5.9

2016 Dec 7 53.8 45.0 7296 0.007 3.0
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soil and feed is higher in winter with heavy snow, as deer eat bark more in winter
when there is high snow accumulation.

The 137Cs concentration of the rumen contents collected from 2012 to 2014 has
decreased from 258.8� 147.3 to 117.9� 86.5 Bq kg�1 dwt (mean � SD) over time.
On the other hand, the highest Tag from rumen contents to the deer muscle was
observed in 2014 (Table 12.4). In addition, it has been suggested that the Tag
possibly increased by feeding of many barks in consideration of the larger snow
amount in 2014 (data provided by Japan Meteorological Agency) compared with
other years. Furthermore, the 137Cs concentration of the rectal contents collected
from 2012 to 2014 has decreased from 489.0� 132.3 to 377.1� 141.5 Bq kg�1 dwt
(mean � SD) over time. Moreover, the 137Cs concentration of the rectal content was

Table 12.2 137Cs concentration in the muscles of a deer and the transfer coefficient (Tag) in
Oku-Nikko, Tochigi Prefecture, Japan, between 2012 and 2016

Muscles of a deer Sasa deer Soil deer

Year Month n Bq kg�1 dwt SD m2 kg�1 dwt m2 kg�1 dwt

2012 Feb-Mar 17 155.2 36.7 – 0.02

2013 Feb-Mar 26 122.8 38.7 21.5 0.02

2014 Feb-Mar 26 132.6 35.1 27.6 0.02

2015 Apr 16 106.1 43.9 18.0 0.01

2016 Apr 9 93.8 56.5 31.3 0.01

Table 12.3 137Cs concentration of another food plants and a winter leaf of Sasa nipponica and the
transfer coefficient (Tag) in Oku-Nikko, Tochigi Prefecture, Japan, between 2012 and 2014

Species/part/
(n)

Collected
year 137Cs [Bq kg�1 dwt]

The transfer coefficient (Tag)
[m2 kg�1 dwt]

Quercus crispula

Fallen leaf (2) Apr 2012 119.7 0.015

140.1 0.018

Leaf (1) Sep 2013 52.0 0.007

Nut (1) Sep 2013 42.0 0.005

Bark (3) May 2014 897.1 0.117

1406.5 0.184

2691.9 0.352

Larix kaempferi

Young twig
(2)

Apr 2012 37.1 0.005

55.4 0.007

Bark (2) Sep 2013 209.0 0.027

244.0 0.031

Ulmus davidiana

Young twig
(2)

Apr 2012 245.0 0.031

256.3 0.032

Bark (1) Jun 2014 207.0 0.027

Sasa nipponica

Leaf (9) Nov 2012 101.3� 62.2 (SD) 0.013
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2.4 times that of the rumen content and 3 times the muscle (Table 12.5). It has been
suggested from the result that deer may excrete most of 137Cs taken from foods while
concentrating it in the digestive tract.

12.3 Changes in the 137Cs Levels in Soil Depending
on the Density of Deer Population

In order to examine reduction of 137Cs from deer population to soil in the region in
question, density of deer population was estimated from number of exterminated
deer by the culling and results of a habitat density survey based on quadrat method
conducted after the culling. The density of the deer population in the region during
the winter of 2014 decreased based on the results of the culling that were performed
in February, and the density was investigated in March 2014. Forty-seven deer were
caught during the extermination performed on February 2015; the capture density
was 12.4 deer km�2. Moreover, 36 animals were found to inhabit the area based on
the density survey conducted on March 2015, and the habitat density was 21.8 deer
km�2. These findings indicate that the habitat density before the culling was 34.2
deer km�2, and the number of inhabitants was presumed to be 1269 animals.

In analyzing the soil, we must assume that deer carcasses and feces were present.
The reduction in accumulation level because of the presence of deer carcasses was
presumed to be 1183 Bq/animal based on the average weight (37.1 kg) and an
average 137Cs concentration of 31.9 Bq kg�1 fwt, fresh weight), in the muscles. On
the other hand, because of the seasonal migration of the deer in this region, the

Table 12.4 137Cs concentration of rumen content and the transfer rate in Oku-Nikko, Tochigi
Prefecture, Japan, between 2012 and 2014

Year n Rumen content [Bq kg�1 dwt] SD Muscles of a deer [Bq kg�1 dwt]
Transfer
rate

2012 30 258.8 147.3 155.2 0.60

2013 46 175.5 96.9 122.8 0.70

2014 25 117.9 86.5 132.6 1.12

Table 12.5 137Cs concentration of rectal content in Oku-Nikko, Tochigi Prefecture, Japan,
between 2012 and 2014

Year n Rectal content [Bq kg�1 dwt] SD Muscles of a deer [Bq kg�1 dwt]
Transfer
rate

2012 40 489.0 132.3 155.2 0.32

2013 46 367.0 131.9 122.8 0.33

2014 27 377.1 141.5 132.6 0.35
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density of the region in summer differs from that during the hibernation term. We
determined the amount of contamination deposited in the ground through the deer
feces based on the investigated density of 34.2 deer km�2 and 7.9 deer km�2 from
the discharge amount (250 g dwt�day�1�deer�1 [Takatsuki et al. 1981]). The total
amount of excrement per unit area during the hibernation term was 1291 kg km�2,
and the amount of 137Cs reduced by the excrement was 0.49 Bq m�2. Moreover, the
total amount of excrement during the settlement of individual deer in the summer
was 422.65 kg km�2, and the reduction in the amount of 137Cs from the excrement
was 0.16 Bq m�2, and this value was 0.65 Bq m�2 by the following 1 year
anniversary (Fig. 12.1).

After the accident at FNPP, many studies have been made in Japan on direct
impacts of radiation on wild mammals such as impacts on health of Japanese
macaque (Macaca fuscata) by low-dose exposure (e.g. Ochiai et al. 2014) as well
as on indirect impacts on them associated with nuclear accident such as impacts on
wild mammal population dynamics associated with people’s evacuation
(e.g. Fukasawa et al. 2016) in addition to this study on dynamics of transfer of
cesium to wild mammals (e.g. Tagami et al. 2016).

* The amount of radioactive cesium was calculated based on the density of deer in Oku-Nikko.

Fig. 12.1 Tag of radioactive cesium concentration to deer’s main foods (plants) from the soil and to
deer muscle from the plants in Oku-Nikko, Tochigi Prefecture, central Japan, and the reduction of
radioactive cesium from deer population to the soil in this area
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12.4 Study Site

This study was conducted in the Oku-Nikko (elevation: 1300–1500 m, 36�450N,
139�300E) of Tochigi Prefecture, central Japan. In 2011, radioactive cesium (134Cs +
137Cs) fallout after the Fukushima nuclear accident reached 10,000–30,000 Bq m�2

in this area, located 160 km southwest of the FNPP. The study area was a gently
sloping forest located between Mt. Nantai and Lake Chuzenji (elevation: 1269 m).
The vegetation was a mixed broadleaf-conifer forest dominated by Japanese beech
(Fagus crenata), oak (Quercus crispula), Nikko fir (Abies homolepis), and Japanese
cherry birch (Betula grossa). Most of the understory vegetation was composed of
dwarf bamboo, which had a high crude protein content (12.4%) even in the winter
because it was an evergreen perennial (Seto et al. 2015). The plant had reduced
height and biomass because of overgrazing (Seto et al. 2015).
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Chapter 13
Modeling Radiocesium Dynamics
in a Contaminated Forest in Japan

Tsutomu Kanasashi

Abstract For the management of radionuclide contamination in a forest, a dynamic
model for 137Cs was developed applying previous study models and using explicit
measured data in Fukushima area. The transfer of 137Cs among organic layer, surface
soil, and parts of trees was estimated in deciduous broad-leaved (konara; Quercus
serrata) forest and evergreen coniferous needle-leaved Japanese cedar (sugi; Cryp-
tomeria japonica) forest. Barks in both of the forest and surface of leaves were
utilized as one of the compartments in this model because of the surface deposition
of 137Cs and the 137Cs infiltration from the surfaces. Monte Carlo method was applied
to optimize the best set of parameter values for mathematical equations, which control
137Cs transfer between the compartments. The model estimates well fit to the
observed data at konara and sugi stands in one place, but did not fit to that of both
stands in another place because of the difference in concentration in wood part of both
tree species.

Keywords Dynamic model · Konara oak (Q. serrata) · Sugi (C. japonica) · Monte
Carlo method

13.1 Introduction

Radiocesium contamination in forest ecosystems will continue because of longer
half-time of 137Cs (30.2 years). Five years after the Fukushima Daiichi Nuclear
Power Plant (FDNPP) accident, most of the 137Cs was accumulated in soil (Imamura
et al. 2017). Removing the soil could be the most effective decontamination, but
could be impossible to remove that from the huge forest area, except for restricting to
small area under any rule. Therefore, monitoring and predicting the contamination is
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needed for the knowledge of future distribution of 137Cs inventory in forest and
management of the contamination.

In the case of Chernobyl Nuclear Power Plant (CNPP) accident, many models
were developed to predict 137Cs distribution in forest ecosystems (IAEA 2002).
Some model predictions for 137Cs dynamics in the forests have been developed after
the FDNPP accident (Hashimoto et al. 2013; Nishina and Hayashi 2015). Hashimoto
et al. (2013) applied the RIFE1 (Radionuclides in Forest Ecosystems) model,
developed after the Chernobyl accident, to track radionuclide dynamics in forest
ecosystems (IAEA 2013), and Nishina and Hayashi (2015) developed FoRothCs
model, which is based on the Rothamsted Carbon model and the diameter distribu-
tion prediction system (DDPS). These models well fit the observed data in each
subject forest site in eastern Japan, but did not validate their model adaptivities to
other forest stands.

In this chapter, a 137Cs dynamic model was developed to predict the temporal
variation of 137Cs inventory in forest ecosystems of deciduous broad-leaved trees
dominated by konara (Quercus serrata) and evergreen coniferous trees of sugi
(Cryptomeria japonica) in Fukushima. A simple dynamic model was consulted for
prediction. The organic layer, surface soil, and some parts of the dominant trees were
targeted to predict the 137Cs distribution, excluding shrubs and game animals due to
their small biomass in the forest ecosystems (Fig. 13.1 and Table 13.1). A method to
develop the model is mentioned in Sect. 13.5. In this chapter, words to represent
names of the compartment are shown using capital letters at their first alphabets in
any time.

13.2 Estimate of 137Cs Dynamic Model in Konara and Sugi

In both of the models for deciduous broad-leaved forest (konara model) and ever-
green coniferous trees of sugi (sugi model), the estimates of 137Cs fit the measured
data for both the konara forest in Ohtama and the sugi forest in Kawauchi,
Fukushima (Table 13.2), under the optimized parameter values tuned by the
Monte Carlo method. The konara model well fits the measured data of Imamura
et al. (2017). For both of the konara and sugi models, the temporal changes of 137Cs
estimates had been drastic for the initial 5 years after the FDNPP accident (Fig. 13.2),
and then, little drastic variations were estimated from then, except for A0 compart-
ments, which drastically decreased until approximately 10 years for the konara
model and approximately 7 years for the sugi model. While, Wood was estimated
to have smaller temporal change than the other compartments and kept a small
amount of 137Cs radioactivity during 30 years. In the konara model, A0 and Bark
reached a similar amount of 137Cs radioactivity (kBq m�2), while, in the sugi model,
A0 and Wood showed a similar one.

For the konara model, most of the component in A0 was composed of leaf litter
without the initial deposition of 137Cs after the drastic variations ceased, but some of
the 137Cs in A0 was not transferred to Soil in a season due to slow leaf
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Fig. 13.1 Conceptual description of the dynamic model for (a) konara oak forest and (b) sugi cedar
forest. Rectangles and unfilled arrows indicate model compartments and direction of 137Cs flow
controlled by the model equations symbolized by valves added to the arrows, respectively. The
figures were created using STELLA Professional software (ver. 1.0.3)
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Table 13.1 Compartments and related parameters used in the models of (a) konara and (b) sugi

Compartment Description
Inflow/
outflow

Related parameter for
translocation

(a) konara

A0 Organic layer of forest floor Inflow Initial deposition (A0)

Bark abrasion

Stemflow

Litterfall

Outflow Translocation from A0
to Soil

Soil Surface soil of forest floor Inflow Translocation from A0
to Soil

Outflow Absorption from Soil

Bark Bark part of trunk and branch Inflow Initial deposition (Bark)

Translocation from
Wood to Bark

Outflow Bark abrasion

Stemflow

Surface infiltration
from Bark

Wood Wood part of trunk and branch Inflow Absorption from Soil

Surface infiltration
from Bark

Outflow Translocation from
Wood to Bark

Translocation from
Wood to Leaf

Leaf Living leaves in tree crown Inflow Translocation from
Wood to Leaf

Outflow Litterfall

(b) sugi

A0 Organic layer of forest floor Inflow Initial deposition (A0)

Bark abrasion

Stemflow

Litterfall

Throughfall

Outflow Translocation from A0
to Soil

Soil Surface soil of forest floor Inflow Translocation from A0
to Soil

Outflow Absorption from Soil

Bark Bark part of trunk and branch Inflow Initial deposition (Bark)

Translocation from
Wood to Bark

Outflow Bark abrasion

Stemflow

(continued)
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decomposition; therefore, the amount of 137Cs activity in A0 was always larger than
that in Leaf. In contrast, the sugi model showed larger 137Cs activity in Total leaf
(New leaf + Old leaf interior (OLI) than A0 after the drastic variations ceased,
because 137Cs directly deposited on Old leaf surface (OLS) was assumed to be

Table 13.1 (continued)

Compartment Description
Inflow/
outflow

Related parameter for
translocation

Surface infiltration
(Bark)

Wood Wood part of trunk and branch Inflow Absorption from Soil

Surface infiltration from
Bark

Outflow Translocation from
Wood to Bark

Translocation from
Wood to OLI

Old leaf
surface (OLS)

More than 1-year-old leaves with initial
deposition of 137Cs

Inflow Initial deposition
(crown)

Outflow Litterfall (OLS)

Surface infiltration
(leaf)

Throughfall

Old leaf
interior (OLI)

More than 1-year-old leaves excluding
old leaf surface

Inflow Surface infiltration
(leaf)

Translocation from
Wood to OLI

Aging of New leaf

Outflow Translocation from OLI
to New leaf

Litterfall (OLI)

New leaf Currently growing leaves in tree crown Inflow Translocation from OLI
to New leaf

Outflow Aging of New leaf

Table 13.2 Descriptions of forest sites in Ohtama and Kawauchi measured in 2011. Tree height
was referred to Kajimoto et al. (2014), and the others were done to Imamura et al. (2017)

Ohtama Kawauchi

Main tree species Konara Sugi

Initial deposition; F(0) (kBq m�2) 44 630

Stand age (y) 43 43

Tree density (n m�2) 0.55 0.98

DBH (cm) 17.5 18.8

Height (m) 12.3 14.3
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Fig. 13.2 Estimates of 137Cs temporal variation for each compartment of konara forest in Ohtama
and sugi forest in Kawauchi, compared to measured data. Graphs A and B show the inventory
(Bq m�2). In graph A, lines and symbols show estimated and measured data, respectively. The Leaf
in graph B shows Total leaf (OLI + OLS + New leaf). The horizontal axis starts from winter
(January to March) in 2011
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disappeared until the initial 4 years, but 137Cs in only one-fourth of OLI was assumed
to be transferred to A0 as litter-fall every year.

13.3 Are the Sets of Best-Fit Parameters Applicable
to Other Forests in Fukushima?

This model should be validated whether the estimations using the best sets of param-
eter values also fit well to the measured data in the other forest or not, because some
of the measured data in Fig. 13.2 were used for calculating the initial parameter
values. Therefore, the estimates were compared with the measured data in
Yamakiya, Kawamata, Fukushima (Yamakiya).

13.3.1 Data for Comparison

Data from previous studies and originally measured data were used for comparison.
A konara stand (konara A) researched by JAEA (2013) was referred to as the
measured data, while, a sugi stand (sugi A) researched by JAEA (2013) and Coppin
et al. (2016) were referred. And then, we collected original data in konara A and
sugi A. Moreover, we collected the data of a sugi stand (sugi B) and a konara stand
(konara B) in Setohachi-yama forest, Yamakiya, Kawamata, Fukushima
(N: 37� 350 3500, E: 140� 420 3000; Table 13.3) to measure the data for comparison
to the estimates of the konara model and the sugi one. In the konara A, the data
corresponding to A0, Soil, Bark, and Wood compartments were collected (n ¼ 5) in
November 13, 2014 (Wang et al. 2018), and that of Leaf were collected ten times
(n ¼ 3 to 5) from July 25, 2011, to September 28, 2014. In the sugi A, those of
New leaf and Old leaf (OLI + OLS) were collected 12 times (n ¼ 3 to 5) from
October 22, 2012, to May 2, 2015. In konara B and sugi B, the data sets for all of the
compartments corresponding to both of the konara model (Soil, A0, Wood, Bark
and Leaf) and the sugi one (Soil, A0, Wood, Bark, Old leaf and New leaf) were
collected in September 24, 2015, respectively.

Table 13.3 Description of
the Setohachi-yama site

Konara Sugi

Tree density (n m�2) 0.21 0.26

DBH (cm � SD) 16.6� 7.3 30.0� 1.6

Height (m � SD) 16.4� 1.9 22.7� 0.8

Initial deposition 774 774
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13.3.2 Model Estimates Versus the Measured Data
in Yamakiya

Figure 13.3 shows the ratios of 137Cs in compartments estimated by the model, using
the same best sets of parameter values for konara forest in Ohtama and sugi one in
Kawauchi (Table 13.3), and the measured data in Yamakiya. For both the konara
forests and the sugi forests, notable differences were found between the model
estimates and the measured data. In both of the konara forest and the sugi one,
Wood were much smaller 137Cs in the estimates than in the measured data. In the
konara forest, Leaf was much smaller in the estimate than in the measured data. This
result means that konara and sugi incorporated and translocated higher percentages
of 137Cs to the initial deposition 137Cs in Yamakiya than in Ohtama and Kawauchi,
suggesting the existence of higher ratio of accessible 137Cs in forest ecosystems in
Yamakiya. Comparing the ratio of measured data, the averaged ratios of 137Cs in
Wood and Leaf in the konara forests were 17 times and 13 times larger in the
measured data than in the estimates, respectively, while those of Bark, A0, and Soil
were 2.6, 2.2, and 0.5 times larger in the measured data than in the estimates,
respectively. In the sugi forests, Wood was 26 times larger in the measured data
than in the estimates, while Bark, A0, Soil, and Total leaf (OLI + OLS + New leaf)
were 6.1, 4.5, 2.0, and 1.5 times larger in the measured data, respectively.

Two pathways are hypothesized for the higher 137Cs incorporation in trees. One is
that the initial deposition in Yamakiya contained the higher ratio of accessible
137Cs for plants; thus, the 137Cs was incorporated by konara and sugi through surface
infiltration and/or root uptake immediately after the FDNPP accident, and then, the
initial incorporation of the higher 137Cs have been kept in trees higher for 5 years
after the FDNPP accident. Previous studies estimated that wet/dry ratio of 137Cs in
the initial deposition was variously distributed in Fukushima (e.g., Gonze et al. 2014;
Kanasashi et al. 2016), being the higher wet/dry ratio in the sites of Yamakiya than in
those of Kawauchi and Ohtama (Gonze et al. 2014). Thus, the local difference of
wet/dry ratio was considered to affect the initial incorporation of 137Cs for trees.

The other was the continual incorporation of higher 137Cs in Yamakiya than in
Ohtama and Kawauchi, mainly root uptake. The difference was considered to be
attributed to the retention strength of cesium in soil (see Chap. 3) and/or mycorrhizal
symbiosis (see Chap. 10). Unfortunately, the effective measured data of wood parts
in 2011 or 2012 were not found for both of konara and sugi in Yamakiya; thus, this
study could not mention the temporal variation of 137Cs in those.

Even between the forests in Yamakiya, temporal variations of 137Cs might be
various between the two sites. For example, in Fig. 13.3b, in sugi A site whose
samples were collected until 4 years after the FDNPP accident, 137Cs ratios in Soil
became larger than those in A0 dependent on time during the initial 3 years. In
contrast, in sugi B site, 137Cs ratios in Soil were similar to that in A0, though they
were collected in 2015, 4 years after the FDNPP accident. The results suggested that
137Cs flux from A0 to the Soil in sugi A was larger than that in sugi B, and/or
transferring 137Cs from trees to A0 was smaller in sugi A than in sugi B, respectively.
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Fig. 13.3 Comparing the rates of 137Cs temporal variation between the estimates and the measured
data in Yamakiya. Graphs A and B show konara forest and sugi forest, respectively. As the initial
deposition of 137Cs was different between konara A and konara B, and between sugi A and sugi B,
the measured data and the estimates are showed as rates to the initial deposition (decay-corrected at
March 17, 2011). The vertical axis shows the rate of 137Cs inventory and the initial deposition 1.0.
The Leaf in graph B shows Total leaf (OLI + OLS + New leaf). Lines and symbols show estimated
and measured data, respectively. Symbols with grey color show konara A site or sugi A site, while,
those with solid color show konara B or sugi B. The horizontal axis starts from winter (January to
March) in 2011
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This chapter does not try to determine the optimal parameter values for the konara
model and the sugi model in Yamakiya. There was no measured data of Bark and
Wood until 2014 in the konara forest and until 2013 in the sugi one; therefore, the
properness of parameter, Surface infiltration of Bark could not be validated, because
surface infiltration was defined to be terminated during 2011. Similarly, stemflow
was defined to be terminated until 2014; hence, there was only one measured data to
validate the parameter, stemflow, being difficult to evaluate the optimal parameter
values for both of konara forest and sugi one, properly.

The models of this study have to change the optimal set of parameter values
dependent on the characteristics of local forests, one by one. Such the process is
not considered to be useful for the estimation of 137Cs dynamics to the various
forests because 137Cs concentration or amount per unit area of all the compartments
in the models has to be measured in every forest. Thus, finding other effective
parameters will be required to express the local variations of 137Cs circulation in the
forest.

13.4 Conclusion

This chapter developed a dynamic model of 137Cs in forest ecosystems and provided
examples of future estimation in deciduous broad-leaved (konara) forest and ever-
green coniferous needle-leaved Japanese cedar (sugi) forest. This model did not take
into account 137Cs stored in root due to little data to apply the model, but adequate
estimates of 137Cs dynamics in both of the forests could be described. Quantitative
data for surface infiltration of 137Cs from bark and leaf are necessary because they
are considered to be important factors in the early phase after the initial deposition of
137Cs happened.

13.5 Method

13.5.1 How to Predict 137Cs Distribution in Forest
Ecosystems

13.5.1.1 Model Description

In order to the support to develop the dynamic model, previous studies of Schell
et al. (1996), Thiry et al. (2018) and Kanasashi et al. (unpublished) were applied.
This model was composed of compartments representing organic layer and soil in
the forest floor, and tree parts of konara and sugi. In this model, 137Cs circulated
among the compartments, with 137Cs input from the initial deposition derived from
the FDNPP reactors, and without any output from the forest due to small 137Cs fluxes
from forests to other areas (Ueda et al. 2013; Shinomiya et al. 2014; Yoshimura et al.
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2015). The loss of 137Cs from the forest was assumed by only decay correction from
March 17, 2011. The initial deposition of 137Cs (Bq m�2) was determined using the
fourth airborne gamma-ray monitoring survey data (Japanese Ministry of Education,
Culture, Sports, Science and Technology 2011). Monitoring seasons of reference
data for the model were different; thus, this model added parameters of seasonal
change in 137Cs (Kanasashi et al. unpublished). A season means a quarter of a year:
spring (April to June), summer (July to September), autumn (October to December),
or winter (January to March).

And then, four steps were conducted for the model development as follows.

1. Defining the compartments in forest ecosystems and the directions of 137Cs flow.
2. Applying equations to represent the 137Cs flow quantitatively.
3. Defining the initial parameters of the 137Cs flows between the compartments.
4. Tuning the initial parameters to be optimal to the measured data.

13.5.2 The First Step: Defining the Compartments in Forest
Ecosystems and the Directions of 137Cs Transfer

Figure 13.1 is a conceptual description of a compartment model of 137Cs cycling in
the konara forest and the sugi forest.

We simply defined organic layer (A0) and soil (Soil) in abiotic compartments,
because most of the 137Cs in soil was deposited in surface soil for a long time,
according to the Chernobyl accident (Yoshida et al. 2004); thus, this model did not
consider 137Cs migrant among different soil layers.

Of the compartments, Wood refers to the inner portions of trunks and branches,
and Bark refers to the surfaces of these tree parts. In Table 13.1b, the OLS
compartment refers to the parts of needle leaves on which 137Cs was directly
deposited immediately after the FDNPP accident. All the compartments and
the parameters in Fig. 13.1 were described in Table 13.1 and 13.4, respectively.

13.5.3 The Second Step: Applying Equations to Represent
the 137Cs Flow Quantitatively

For the second step, the mathematical model was expressed as the sum of 137Cs flow
input from other compartments and output to another compartment. Linear equations
were selected to calculate the transfer of 137Cs between compartments, taken from
Schell et al. (1996):
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dQiðtÞ
dt

¼
X
j;i 6¼j

vji •Qj �
X
n;i6¼n

vin •Qi þ FiðtÞ � λ •Qi ð13:1Þ

where Qi (t) represents the total radionuclide activity stored in compartment i and
time t of the model, vji represents the rate constant for the

137Cs flow per time from
the j-th compartment to the i-th compartment, vin represents the rate constant for the
flow from the i-th compartment to the n-th compartment, Fi (t) represents the external
source term for the i-th compartment (Bq m�2 � time�1), and λ is the radionuclide
decay rate.

Based on Eq. (13.1), two types of parameters were incorporated, which controlled
the strength of the flows and seasonal change of the flows because some of the

Table 13.4 Parameters for 137Cs transferring of models with initial values used in the Monte Carlo
test. The parameters with two initial values due to more than two different reference data were
shown: the lowest one was above, and the highest one was below

Parameter Symbol

Initial value

SourceKonara Sugi

Initial deposition (A0) kα 0.77 0.15 Kato et al. (2017)

Initial deposition (Bark) kβ 0.23 0.15 Kato et al. (2017)

Initial deposition (OLS) kγ – 0.70 Kato et al. (2017)

A0 to Soil v12 0.10 0.12 JAEA (2013)

0.18 0.28 Kato et al. (2017)

Root uptake v23 0.0022 0.0027 Imamura et al. (2017)

Translocation fromWood to
Bark

v34 0.43 0.19 Ohashi et al. (2014) and Coppin
et al. (2016)

Translocation fromWood to
Leaf

v35 0.37 – Imamura et al. (2017)

Translocation fromWood to
OLI

v36 – 0.20 Imamura et al. (2017)

0.42

Bark abrasion v41 0.0077 0.0030 Endo et al. (2015)

0.049 0.0090

Stemflow v410 0.31 0.22 Imamura et al. (2017)

Surface infiltration of Bark v43 0.01 0.01 Arbitrary

Litterfall (konara) v51 1.0 – Arbitrary

Translocation from OLI to
New leaf

v67 – 0.20 Arbitrary

Litterfall from OLI v61 – 0.125 Miyaura et al. (1995)

Litterfall from OLS v81 – 0.125 Arbitrary

Throughfall v810 – 0.34 Imamura et al. (2017)

Translocation from New
leaf to OLI

v76 – 1.0 Arbitrary

Surface infiltration of OLS v86 – 0.089 Nishikiori et al. (2015)

0.21
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referred data were monitored at a different season. Therefore, Eq. (13.1) was
modified as follows:

dQiðtÞ
dt

¼
X
j;i6¼j

sji • vji •Qj �
X
n;i6¼n

sin • vin •Qi þ k •Fið0Þ � λ •Qi ð13:2Þ

where t represents the unit time of a season (a quarter of year), and sji and sin
represent the seasonal change (time-dependent rates) for the flow from the j-th
compartment to the i-th compartment and from the i-th compartment to the n-th
compartment, respectively. The parameter k represents the ratio of the initial depo-
sition and controls the allocation of that on A0, bark, and canopy, but the deposition
on leaves was caused at the compartment of OLS of sugi (Nishikiori et al. 2015;
Kanasashi et al. 2015) and not caused at the leaf of konara, due to no leaf at the
dormant season when the FDNPP accident took place. Then, Fi (0) means the
amount of initial deposition; thus, time is only zero (t ¼ 0). The model must satisfy
that the variables are positive under the following ten equations (Schell et al. 1996):

dQ1ðtÞ
dt

¼ kα •Fð0Þ þ ðs41 • v41 þ s041 • v41
0Þ •Q4 þ s51 • v51 •Q5

� s12 • v12 •Q1 � λ •Q1 ð13:3Þ
dQ1ðtÞ
dt

¼ kα •Fð0Þ þ ðs41 • v41 þ s041 • v41
0Þ •Q4 þ ðs61 • v61Þ •Q6

þ ðs81 • v81 þ s081 • v81
0Þ •Q8 � s12 • v12 •Q1 � λ •Q1 ð13:30Þ

dQ2ðtÞ
dt

¼ s12 • v12 •Q1 � s23 • v23 •Q2 � λ •Q2 ð13:4Þ

dQ3ðtÞ
dt

¼ s23 • v23 •Q2 þ s43 • v43 •Q4 � ðs34 • v34 þ s35 • v35Þ •Q3 � λ •Q3 ð13:5Þ

dQ3ðtÞ
dt

¼ s23 • v23 •Q2 þ s43 • v43 •Q4 � ðs34 • v34 þ s36 • v36Þ •Q3 � λ •Q3 ð13:50Þ

dQ4ðtÞ
dt

¼ kβ •Fð0Þ þ s34 • v34 •Q3 � ðs41 • v41 þ s041 • v41
0 þ s43 • v43Þ •Q4

� λ •Q4 ð13:6Þ
dQ5ðtÞ
dt

¼ s35 • v35 •Q3 � s51 • v51 •Q5 � λ •Q5 ð13:7Þ

dQ6ðtÞ
dt

¼ s36 • v36 •Q3 þ s76 • v76 •Q7 þ s86 • v86 •Q8 � ðs61 • v61
þ s67 • v67Þ •Q6 � λ •Q6 ð13:8Þ
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dQ7ðtÞ
dt

¼ s67 • v67 •Q6 � s76 • v76 •Q7 � λ •Q7 ð13:9Þ

dQ8ðtÞ
dt

¼ kγ •Fð0Þ � ðs86 • v86 þ s81 • v81 þ s081 • v81
0Þ •Q8 � λ •Q8 ð13:10Þ

where,

Q 1 ¼ 137Cs radioactivity in A0 (Bq m�2);
Q 2 ¼ 137Cs radioactivity in Soil (Bq m�2);
Q 3 ¼ 137Cs radioactivity in Wood (Bq m�2);
Q 4 ¼ 137Cs radioactivity in Bark (Bq m�2);
Q 5 ¼ 137Cs radioactivity in Leaf of konara (Bq m�2);
Q 6 ¼ 137Cs radioactivity in OLI of sugi (Bq m�2);
Q 7 ¼ 137Cs radioactivity in New leaf of sugi (Bq m�2);
Q 8 ¼ 137Cs radioactivity in OLS of sugi (Bq m�2);

Then, s41 and v41 represent parameters for Bark abrasion, s410 and v410 represent
those for Stemflow, s81 and v81 represent parameters for Litterfall from OLS, s810 and
v810 represent those for Throughfall, respectively (Table 13.5). The parameters kα, kβ,
and kγ are those for the allocation of the Initial deposition on A0, Bark, and OLS,
respectively.

Equations (13.4) and (13.6) were used in both the konara model and the sugi one,
Eqs. (13.3), (13.5), and (13.7) were used only for the konara model, and Eqs. (13.30),
(13.50), (13.8), (13.9), and (13.10) were used only for the sugi model.

13.5.4 The Third Step: Defining the Initial Parameters of the
137Cs Flows Between the Compartments

To determine the parameter values vij of the mathematical model Eqs. (13.3) to
(13.10), the initial parameter values were adopted or calculated from previous
studies. And then, the initial parameters were tuned to optimally fit measured data
set (explained at the next step). The mathematical model equations had another
parameter sij, controlling the time-dependent rates, but the parameter was fixed and
not covered from the tuning because sij was only zero or one, basically (mentioned
later).

The initial parameter values vij were taken from previous studies for the FDNPP
accident (Table 13.4). Methods to determine the initial parameter values are
discussed in the following sections.
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13.5.4.1 Initial Deposition Ratios

Cesium 137 in the initial fallout was defined to be deposited on OLS, Bark, and A0
in the sugi model, due to the dormant season and no New leaf in 2011 in the crown
when the FDNPP accident happened. For the konara model, Bark and A0 were
contaminated by the 137Cs in the initial deposition, due to no leaf as the same reason.
Their initial parameter values were estimated using the data of Kato et al. (2017).
The initial parameters of A0 (kα), Bark (kβ), OLS (kγ) for the sugi model were 0.15,
0.15, and 0.70, respectively. And then, those of A0 (kα) and Bark (kβ) for the konara
model were 0.77 and 0.23, respectively. The sum of the parameter values (kα + kβ +
kγ for the sugi model; kα + kβ for the konara model) is one.

Table 13.5 Parameters for seasonal change of 137Cs transferring of models. These parameter
values changed among unit time (season), one (transferring 137Cs) or zero (non-transferring
137Cs), but Litterfall from OLI and Litterfall from OLS are different parameter values, and then,
some of the parameters were defined that their values were changed zero constantly from 1 to
4 years after the FDNPP accident (see Sect. 13.5.4.11). Some of the parameter values and their time
variations controlling both of the konara model and sugi one were equal. Sp, spring; Su, summer;
Au, autumn; and Wi, winter

Parameter Symbol

Seasonal variation

Value ¼ 1 Value ¼ 0

A0 to Soil s12 Sp, Su, Au Wi

Root uptake s23 Sp, Su, Au Wi

Translocation from Wood
to Bark

s34 Sp, Su, Au Wi

Translocation from Wood
to Leaf

s35 Sp, Su, Au Wi

Translocation from Wood
to OLI

s36 Sp, Su, Au Wi

Bark abrasion s41 All seasons None

Stemflow s410 Sp, Su, Au from 2011
to 2014

Wi from 2011 to 2014 and
after 2015

Surface infiltration of Bark s43 Sp, Su, Au in 2011 After Wi in 2011

Litterfall (konara) s51 Au Sp, Su, Wi

Translocation from OLI to
New leaf

s67 Sp, Su, Au Wi

Litterfall from OLI s61 Au, Wi Sp, Su

Litterfall from OLS s81 Au, Wi from 2011 to
2014

Sp, Su from 2011 to 2014 and
after 2015

Throughfall s810 Sp, Su, Au from 2011
to 2014

Wi from 2011 to 2014 and
after 2015

Translocation from New
leaf to OLI

s76 Sp Su, Au, Wi

Surface infiltration of OLS s86 Sp, Su, Au in 2011 After Wi in 2011
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13.5.4.2 Bark Abrasion

The initial parameter of Bark abrasion (v41) was defined by Endo et al. (2015),
using the flux data of 137Cs with bark-litterfall. From the parameter values of the
initial deposition (bark), the parameter values v41 were calculated. The literature
had the range of initial deposition data; thus, the initial parameter values v41 were
also ranged from 0.0077 to 0.049 of konara (calculated from two forest stands) and
from 0.0030 to 0.0090 of sugi.

13.5.4.3 Throughfall and Stemflow

In this model, Throughfall was defined to be derived from only OLS. The initial
parameter values of Throughfall (v810) and Stemflow (v410) were calculated from the
data provided by Imamura et al. (2017). The difference between needle leaf 137Cs in
2011 and the initial deposition 137Cs on the needle leaf surface was calculated, and
then, the ratio between the difference and the initial deposition 137Cs was defined as
the initial parameter value (v810 ¼ 0.34).

Stemflow for konara and sugi was also calculated using the differences of 137Cs
data between bark in 2011 and the initial deposition 137Cs on bark. Then, v410 of
konara and sugi were 0.31 and 0.22, respectively.

13.5.4.4 A0 to Soil

For calculating the initial parameter (v12),
137Cs flux from A0 to soil was calculated

using the following equation:

Flux!Soil ðtÞ ¼ Q1 ðtÞ þ Flux!A0 ðtÞ � Q1 ðt � 1Þ ð13:11Þ

where Flux!Soil (t) was
137Cs flux from A0 to Soil at season t, Flux!A0 (t) was the

137Cs flux to A0 through sum of stemflow, throughfall, and litterfall. And then, the
ratios between 137Cs of Flux!Soil (t) and sum of 137Cs of Flux!Soil (t) and total ofQ1

(t) was calculated as the value of v12. The A0 data was obtained from Japan Atomic
Energy Agency (JAEA) (2013) and the flux data was from Kato et al. (2017). The
parameter values of v12 for the konara model and the sugi model were ranged from
0.10 to 0.18 and 0.12 to 0.28 (calculated from two forest stands), respectively.

13.5.4.5 Surface Infiltration from OLS and Bark

Nishikiori et al. (2015) reported that 137Cs inside the leaves of evergreen trees
accounted for 17–38% of all 137Cs in leaves within 6 months after the accident.
Surface infiltration of 137Cs was dominant during the early phase of initial
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deposition, compared with the root uptake of 137Cs (Rantavaara et al. 2012).
Therefore, we assumed that most of the 137Cs inside the leaves was absorbed from
the surface of the leaves immediately after the FDNPP accident, and the surface
infiltration from OLS was assumed to occur during the initial 3 seasons and the
parameter v86 for the only sugi model were calculated as 0.089–0.21.

Surface infiltration of 137Cs from the bark was considered as one of the 137Cs
pathways at the FDNPP accident (Wang et al. 2016; Wang et al. 2018), but
quantitative data were not obtained. Generally, the bark prevents water loss from
inner parts of the wood, but water uptake through bark has been suggested to occur
under a specific circumstance (Mason et al. 2015). Therefore, low parameter values
for surface infiltration of Bark (v43 ¼ 0.01) were arbitrarily chosen in the konara and
sugi models.

13.5.4.6 Root Uptake

The initial parameter of Root uptake (v23) was calculated by the ratio of 137Cs
(Bq m�2) in wood and in soil using the data of Imamura et al. (2017), including
data gathered over several years. And then, v23 of the konara model and the sugi
model was set to 0.0022 and 0.0027, respectively.

13.5.4.7 Litterfall

Konara, which is deciduous broad-leaved tree, sheds all leaves in autumn, thus the
initial parameter of litterfall (v51) of the konara model was 1.0 in every autumn. In
contrast, sugi, which is an evergreen needle-leaved tree, sheds some fraction of
needle leaves, except for current-year ones. As sugi needle leaves typically undergo
senescence and fall within 5 years (Miyaura et al. 1995), we hypothesized that a
quarter of the 137Cs in the OLD leaf compartment (OLS + OLI) was transported to
A0 each year due to senescence and litterfall. And then, the senescent needle leaves
of sugi mainly fall during two seasons: autumn and winter (Katagiri et al. 1990;
Yoshida 2006; Kanasashi and Hattori 2011). Therefore, v61 and v81 for the sugi
model was set to 0.125.

13.5.4.8 Translocation fromWood to Leaf for Konara Model andWood
to OLI for Sugi Model

Using the data of 137Cs (Bq m�2) in wood and leaves of Imamura et al. (2017), the
initial parameters of translocation from Wood to Leaf for the konara model (v35) and
Wood to OLI for the sugi model (v36) were calculated. For konara, all of the

137Cs in
Leaf was assumed to be translocated fromWood; thus, the rate of 137Cs in leaves and
wood referred from the literature was calculated as v35¼ 0.37. On the other hand, old
needle leaves of sugi contained 137Cs which had already translocated and stored after
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the FDNPP accident, and was translocated from wood in current year because sugi is
evergreen tree; moreover, an affection of the surface infiltration should be taken into
consideration. Therefore, the initial parameter v36 was calculated as the following
assumption: from Imamura et al. (2017), the data of needle leaves collected in 2015
were defined no affection of the adhered 137Cs. And then, one-fifth of the 137Cs
inventory (Bq m�2) in the needle leaves was defined as 137Cs in current-year needle
leaves, and to be equal to annual 137Cs flux from Wood to OLI. As this calculation,
v36 was ranged from 0.20 to 0.42 (calculated from two forest stands).

13.5.4.9 Translocation from OLI to New Leaf and New Leaf to OLI
for Sugi Model

As mentioned above, one-fifth of the 137Cs (Bq m�2) in the needle leaves was
assumed to be equal to 137Cs translocated from Wood to OLI. Therefore, the initial
parameter from OLI to New leaf (v67) was calculated as the rate of the defined

137Cs
between current-year needle leaves and old needle leaves, thus v67 was 0.20.

As current-year leaves become one-year-old leaves in every next spring, the
initial parameter translocation from New leaf to OLI (v76) was 1.0.

13.5.4.10 Translocation from Wood to Bark

Bark also deposited 137Cs with high activity on the surface and was obscured 137Cs
translocation from Wood to Bark. Therefore, the initial parameter v34 was calculated
as the ratio of 137Cs (Bq m�2) between inner bark and wood. For this calculation,
Ohashi et al. (2014) and Coppin et al. (2016) were referred for the initial parameters
of the konara (v34 ¼ 0.43) model and the sugi model (v34 ¼ 0.19), respectively.

13.5.4.11 Seasonal Changes (No-Tuning)

As Eqs. (13.3) to (13.10), this model contains the parameter to control the seasonal
changes of 137Cs flow between the compartments, because, for example, the model
was defined that physiological uptakes and translocations of radiocesium in konara
and sugi trees did not occur in winter due to the dormant season, and radiocesium
transport from the A0 layer to the soil also did not in winter due to snow cover on the
forest floor. Furthermore, some of the previous studies referred to calculate the initial
parameters measured 137Cs in different seasons. Therefore, the parameters for
controlling the seasonal change were organized in this model.

The parameter was always zero or one, except for Litterfall from OLI (s61) and
Litterfall from OLS (s81). And then, the parameter values of sij and sin were fixed and
not intended to tune the initial parameters at the next step. This model defined
the values as follows:

220 T. Kanasashi



• All of 137Cs in Wood for the konara model is always fallen in autumn, so the
parameter of Litterfall s51 is one in the season (t ¼ 3, 7, 11. . .) and zero in the
others.

• Litterfall from OLI (s61) was 0.5, when the season was every autumn (t ¼ 3,
7, 11. . .) and every winter (t ¼ 4, 8, 12. . .), respectively, because sugi leaves fall
during the seasons (Katagiri et al. 1990; Yoshida 2006; Kanasashi and Hattori
2011).

• Litterfall from OLS (s81) had to be terminated until 4 years (t ¼ 16) after the
FDNPP accident because sugi leaves typically undergo senescence within 5 years
(Miyaura et al. 1995). In March 2011, current-year needle leaves did not start
growing, so 137Cs in the initial deposition was adhered on from 1-year needle
leaves to 4-year ones, and then, 137Cs in OLS was assumed to be constantly
transferred to A0 through litterfall in autumn and winter like OLI. Therefore, s81
was defined that, in autumn (t ¼ 3, 7, 11 and 15) and winter (t ¼ 4, 8, 12 and 16)
until 4 years (t ¼ 16), s81 varied 1/8, 1/7, 1/6, 1/5, 1/4, 1/3, 1/2, and 1 dependent
on increasing t.

• Surface infiltration of OLS (s86) in the sugi model and Surface infiltration of Bark
(s43) in the konara model and the sugi model were one from spring to autumn, but
this model was defined that these surface infiltration of 137Cs had continued only
for three seasons in 2011 (t ¼ 1 to 3), so the others were zero.

• Throughfall (s810) of sugi, and Stemflow (s410) of konara and sugi were zero in
winter (t ¼ 4, 8, 12. . .) and one in the other seasons, and then, both of the
parameters were zero in all seasons 4 years after the FDNPP accident because
most of the 137Cs transferring by throughfall was largely decreased until 4 years
(t ¼ 16) after the FDNPP accident (Kato et al. 2017).

• Bark abrasion (s41) was always one due to a physical phenomenon.
• Translocation from New leaf to OLI (s76) was one in only spring (t ¼ 1, 5, 9. . .),

because New leaf becomes one-year older in next spring every year.
• Other parameters (s12, s23, s34, s35, s36, and s67) were zero only in winter (t ¼ 4,

8, 12. . .) and one in the other seasons (see Table 13.5).

13.5.5 The Fourth Step: Tuning the Initial Parameters to Be
Optimal to Measured Data

13.5.5.1 Best Set of Parameter Values

To find the best set of parameter values, the Monte Carlo method was used (Wang
et al. 2012), repeating the output results of the model by changing 100,000 sets of
parameter values applied using random numbers. Only parameters vij kα, kβ, and kγ,
to control the flow strengths at the Eq. (13.3) to (13.10) were tuned (Table 13.6). The
time-dependent rates sji were not tuned because we defined that physical and
physiological seasonal changes followed as the previous section 13.5.4.11.
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For the Monte Carlo method, the initial parameter values in Table 13.4 was
randomly changed by �75%. Some of the initial parameters with two different
values calculated from two sites were provided ranges using their largest values
+75% and their smallest values �75% for creating random numbers for the method.
To find the best set of parameter values, in which a set of 137Cs values in the
compartments best fits a set of measured data, the differences between total inven-
tory of 137Cs in compartments in the t-th season and the total 137Cs inventory of the
measured data in the same season should be taken into consideration. Total 137Cs
inventories in the t-th season were expected to be equal between that of model
estimation and that of the measured data, or that of model estimation is a little larger
than that of the measured data, because, for example, this model defined no 137Cs
transfer from surface soil to deeper one. However, the differences of total 137Cs
inventories between the measured data and the model estimation in some seasons are
non-negligible. The differences are attributed to the fact that large uncertainties of
137Cs deposition in airborne monitoring (Torii et al. 2012) and heterogeneous 137Cs
distribution within the same compartment in a forest. Therefore, we defined the best
set of parameters as that where, in season t, the ratio of 137Cs in the i-th compartment
to the total 137Cs of all compartments is closest to the ratio of measured 137Cs for the
i-th compartment to the total measured 137Cs for all compartments. This definition is
expressed by the following function:

Table 13.6 Optimized parameter values in Ohtama of the konara model and Kawauchi of the sugi
model

Parameter Symbol

Calibrated initial value

Konara Sugi

Initial deposition (A0) kα 0.91 0.24

Initial deposition (Bark) kβ 0.09 0.14

Initial deposition (OLS) kγ – 0.62

A0 to Soil v12 0.19 0.31

Root uptake v23 0.0014 0.0016

Translocation from Wood to Bark v34 0.23 0.028

Translocation from Wood to Leaf v35 0.33 –

Translocation from Wood to OLI v36 – 0.21

Bark abrasion v41 0.046 0.0042

Stemflow v410 0.13 0.20

Surface infiltration of Bark v43 0.007 0.0090

Litterfall (konara) v51 1.0 –

Translocation from OLI to New leaf v67 – 0.20

Litterfall from OLI v61 – 0.125

Litterfall from OLS v81 – 0.125

Throughfall v810 – 0.32

Translocation from New leaf to OLI v67 – 1.0

Surface infiltration of Leaf v86 – 0.016
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D2 ¼
Xn
i¼1

M � Eð Þ2
E

,M ¼ mi tð Þ
mall tð Þ

� �
,E ¼ ei tð Þ

eall tð Þ
� �

ð13:12Þ

where mi(t) and mall(t) are measured data and total 137Cs of all the measured
data in season t, respectively, corresponding to ei (t), and eall (t), which are the

137Cs
in the i-th compartment of the models in season t and total 137Cs of all compartments
in season t, respectively.D2 indicates a χ-square value between the ratio of 137Cs in a
single/total compartment in the model and that in the measured data. The observed
data was referred from Imamura et al. (2017): the konara forest in Ohtama and the
sugi forest in Kawauchi (see site descriptions in Table 13.2), but the data do not
separate needle leaves to three fractions (OLI, OLS and New leaf) as this model.
Thus, the total of the estimated data in the three fractions (Q 6, Q 7, and Q 8) was
applied for this test.
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Chapter 14
Future Perspective

Nobuhiro Kaneko, Tatsuhiro Ohkubo, Naoki Hijii, and Chisato Takenaka

Abstract Radiocesium dynamics in forests contaminated after Fukushima Daiichi
Nuclear Power Plant (FDNPP) accident was studied during the early phase (ca. until
5 years). Despite the difference in climate and forest types, the major dynamics of
radiocesium followed the case of Chernobyl Nuclear Power Plant (ChNPP). Because
there were rather few observations of deformity of organisms, the radiocesium
dynamics in forest ecosystem was organized by ecological interaction based on
physicochemical cycling of elements in forest ecosystem. Biological differences of
radiocesium translocation within plant bodies in canopy tree species were clearly
shown by the detailed studies on physiology and ecology of trees, especially
Japanese red cedar (Cryptomeria japonica). Coppice oak for edible mushroom
cultivation was intensively damaged by a combination of strong absorption of
radiocesium to bark and higher transfer factor of radiocesium by mushroom. Reha-
bilitation of contaminated forest ecosystem for human use was discussed.

Keywords Decontamination · Forest ecosystem · Future perspective · Radiological
contamination
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14.1 Introduction

The level of radiological accident of Fukushima Daiichi Nuclear Power Plant
(FDNPP) was a “major accident (level 7)” and was the same as the level of
Chernobyl Nuclear Power Plant (ChNPP) accident. The radiological contaminants
were released from the reactor by venting and hydrogen explosion after the earth-
quake due the loss of electricity. What is the difference between the two accidents
from the viewpoint of environmental contamination by radiological nuclei? As
shown in Chap. 1, the major contaminants in Fukushima were radiocesium, whereas
there were other contaminants involved in Chernobyl where the reactor was
destroyed and nuclear fuels were released from the reactor to the environment.
This meant that the vast studies on dynamics and behavior of radiocesium in the
environment have accumulated since the major environmental contamination by
radiocesium.

Detailed studies were conducted, especially soon after FDNPP accident and until
5 years, when rather rapid change in dynamics of radio-cesium in the environment.
Also, forests were one of the major focuses of study, and there were many
ecosystem-level studies. Some of these studies were published in the special issue
of Journal of Forest Research (Ohkubo et al. 2018).

What is the effect of radiocesium contamination to forest organisms? Some
observations of deformity of a gall-forming aphid (Akimoto 2014) and a lycaenid
butterfly (Hiyama et al. 2012) were published; however, the rate of deformity was
declined in 2013 compared to 2012 (Akimoto 2014). Assessment of frogs 18 months
after FDNPP accident detected any genetical effects by radiological contamination
(Matsushima et al. 2015). Bird population changes were observed in places under
0.3–97 μGy/h (Garnier-Laplace et al. 2015), and the higher exposer overlapped the
range of reproduction failure by radiation (42–420 μGy/h). These contamination
levels were not observed outside of the evacuation area. We set our study sites
outside of the evacuation area; therefore, we presumed that there was no obvious
effect of radiological contamination to the population and community of forest
organisms. This means that the radiocesium dynamics in forest ecosystem is orga-
nized by ecological interaction based on physicochemical cycling of elements in
forest ecosystem.

Forest covers 68.5% in area of Japan, and it is an important habitat of various
organisms. Forest ecosystem is a complex system and population, and ecosystem
approach to risk assessment of environmental radiological contamination needs
multidisciplinary cooperation (Bréchignac et al. 2016). Thus, we focused on the
comparison of ChNPP and FDNPP accidents (Chap. 1), distribution and redistribu-
tion of radiocesium in forest after the fallout (Chap. 2), and contamination levels of
trees and wild plants (Chap. 3). Special concerns were movement of radiocesium
from bark to tree body of dominant tree species (Japanese cedar, Konara oak, and
Japanese red pine), because of their dominance in the forest (Chaps. 4 and 5).
Japanese cedar (Sugi) is endemic to Japan and a major plantation tree in mainland
Japan. Therefore, its biological trait is affected by the movement of radiocesium.
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Moso bamboo was introduced from China, and same as Sugi, it was not found in
Europe, so their contamination gives novel information (Chap. 6). Genetic mecha-
nism of transfer of radiocesium in plant body might be applied to understand the
behavior of radiocesium in tree plants (Chap. 7). Beside the plants, soil animals
(Chap. 10) may link soil contamination to aboveground food web via predatory
spiders (Chap. 11), and vertebrate contamination was observed in forest. Natural
resource use in the forest was strongly affected by the accident. Tree litter use as
material of agricultural compost was evaluated in the forest (Chap. 8) and in
laboratory incubation (Chap. 9). Finally, we tried to simulate the fate of contami-
nants in forest ecosystem using mathematical modeling (Chap. 13).

In this project, we could not cover genetic effects on forest organisms and
contamination to freshwater fishes and mushrooms. Contaminated litter has been
shown to transfer radiocesium to river food web (Teramage et al. 2014). Coppice oak
log is a low material to grow mushrooms. Production of logs from Fukushima
Prefecture was long time top in Japan; however, the use of logs has been stopped
since the accident. We could not cover this topic.

14.2 Initial Process After the Accident

The initial phase of contamination of forest in Fukushima was very similar to the
process observed in Chernobyl. The contamination was not proportional to the
distance from the damaged reactors; instead, the several plumes emitted from the
reactors contaminated narrow but long distant band of area. The plume consisted
different ratios of dry and wet depositions, and this difference affected the fate of
radiocesium in the forest (Chap. 2). Kanasashi et al. (2016) found the difference in
mobility of radiocesium in Sugi leaves and discussed the effect of chemical form of
radiocesium. “Cesium ball (spherical cesium-bearing particles)” is not soluble and
was probably contained in the dry deposition (Adachi et al. 2013). It will stay stable
in the forest, and future chemical weathering might increase absorption by plants;
however, time course change is not estimated.

The accident happened in the middle of March in temperate forest area. There-
fore, deciduous broadleaf trees were leafless, so that both the canopy and stem were
contaminated, whereas only the foliage ofcanopy of evergreen trees (mostly coni-
fers) were contaminated by the fall-out. Quite a characteristic feature of the forest
around FDNPP is that Sugi plantation was dominant in the area. Sugi absorbed
radiocesium from the bark and easily transferred it to the heartwood (Chaps. 4 and 5,
(Wang et al. 2016; Iizuka et al. 2018; Ogawa et al. 2016). If the radiocesium stayed
in the bark and does not move to the wood, the contaminant will move to the forest
floor as litter after some years; however, direct absorption increases internal dose of
radiocesium. Therefore, the use of timber of Sugi trees needs attention at the time of
cutting. Another specific biology of Sugi is that the needle leaves stay on the twig
even after leaf decease and the twig stays several years after leaf decease. Therefore
it might take a longer time for the radiocesium contamination in the Sugi canopy to
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move compared to pine (Yoschenko et al. 2017). Several studies have been
conducted for Japanese red pine and Konara oak (Ohashi et al. 2014).

There was rather a rapid movement of aboveground radiocesium to forest floor by
rain and litterfall. Therefore, both plant contamination by root uptake from soil and
food web contamination based on soil organisms will be progressively important
with time. Biomagnification of radiocesium is known to be uncommon among
organisms, but the exception is mushroom (Calmon et al. 2009; Nakai et al. 2014).
This is also confirmed in one species of saprotrophic fungus growing on a fallen twig
of Sugi (Chap. 10). In contrast, Japanese deer showed litter increase of radiocesium
(Chap. 12). This means the deer is disconnected from detrital food web.

14.3 Changes in Ecosystem Services

We presumed that there was no obvious change in abundance, species composition,
and biomass of forest organisms in the forests less contaminated. Therefore, the
ecosystem services supported by forest organisms were not affected by the accident
(but see Garnier-Laplace et al. 2015). In contrast, change in human activities in
forests, such as timber cutting and restriction to the forests, will affect various
aspects of forest ecosystem, for example, changes in age structure of canopy trees
by reduced cutting activity of forests and changes in food resource and habitat rages
in wild mammals by reduced human activities in forests.

The monitoring of radiocesium concentrations in wild plants and mushrooms has
been conducted by the local government. There are increasing trends of reduction of
contamination. The monitoring effort imposes a burden on locals, but the monitoring
activity improves utilization of forest ecosystem services once restricted its access.

14.4 Obstacles to Forest Utilization

The radiocesium cycling in forest ecosystem in Fukushima is approaching quasi-
equilibrium after years (Yoschenko et al. 2018). Therefore, ratio between radio- and
stable cesium will be an indicator of the fate of radiocesium in forest ecosystem
(Yoshida et al. 2004). Slow but steady contamination of forest imposes an obstacle
to forest utilization. Concerns are, for example, expected exposure of radiation to
forest workers and utilization of forest products such as wild plants and mushrooms
for food and timber for materials.

Heavily contaminated croplands have been decontaminated by replacing surface
soil with clean soil and deep vertical cultivation. In contrast to the cropland, except
the area adjacent to houses (ca. 20 m), no decontamination activities have been done
in forest. Standard exposer for fieldworkers is set to 2.5 μSv/h, and it is
recommended to use vehicles to reduce the exposer of fieldworkers.
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After 1 year of FDNPP accident, the Ministry of Health, Labour and Welfare set
the food standard level of radiocesium contamination to 100 Bq/kg (except water).
This regulation is much lower than the standards set in EU and the USA. After the
decontamination activities in agricultural field, where decontamination and potas-
sium application are conducted to reduce radiocesium absorption, the contamination
level of agricultural products was less than 100 Bq/kg. For example, a total of
9,015,099 bags of brown rice (30 kg per bag) produced in Fukushima Prefecture
were measured immediately after harvest in 2018, and only 8 bags showed
25–50 Bq/kg, and the others were less than 25 Bq/kg. This means that despite the
widespread contamination by radiocesium to croplands outside the evacuation area,
the control to suppress the transfer of radiocesium to crops was successful.

The same food standard of radiocesium contamination is applied to wild edible
plants, mushrooms, and wild animals from forest. Our study did not cover most of
these products; however, the sprout of C. sciadophylloides is a popular spring
delicacy showing very high transfer ratio of radiocesium (Sugiura et al. 2016), and
the role of symbiotic microorganism is estimated to effectively act to transfer
radiocesium to the plants (Sugiura et al. 2016; Yamaji et al. 2016).

Widespread but heterogeneous aerial contamination by radiocesium emitted from
FDNPP will not change its horizontal distribution; instead, its radiological activity
declines according to the physical degradation. The canopy contamination declined
rapidly and moved to forest floor, and then most of the contaminants in the forest
ecosystem rapidly accumulated in the very surface mineral layer of soil. If the
absorption of radiocesium from soil is not substantial, the aboveground part of forest
plants will show very low concentration of radiocesium.

There is a voluntary activity of measuring surface gamma-ray strength of timber
in Fukushima Prefecture, and it has been under 100 c.p.m. Also voluntary regulation
of contamination level allowing cutting tree is set to 05 μSv/h of aerial radiation.
This is based on the assumption that under this aerial level, Sugi bark contamination
will be lower than 8000 Bq/kg, which is the regulation value of waste radiological
contaminated. The absorption of radiocesium from soil and translocation to heart-
wood and bark litterfall after years may change internal distribution of radiocesium
in Sugi tress. Therefore, continuous re-evaluation of standard is necessary for Sugi,
the most important timber species in Japan with unique biology.

The standard of radiocesium contamination for Konara oak log for mushroom
growing is 50 Bq/kg. This is because of the biomagnification of shiitake mushroom
cultivated using Konara oak log. Coppice management is suitable for growing the
logs for mushroom cultivation, and the management of coppice in Fukushima
Prefecture has been supplied with major part of log use. The coppice rotation was
rather short (ca. 15–20 years); however, the management has been terminated after
FDNPP accident. Delay of coppice regeneration leads to higher mortality of coppice
after cutting. A novel management and use of these broad-leaved trees is needed.

Decontamination of forest has been tested by thinning trees and scraping surface
soil with litter on the forest floor. IAEA recommendation was to avoid any manage-
ment in forest area because of huge economic cost and less human exposure risk.
Putting organic matter on the forest floor fosters fungal growth, and fungi translocate
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radiocesium from soil to the upper organic layer (Fukuyama and Takenaka 2004;
Huang et al. 2015). Mycoremediation has been proposed as a promising method to
decontaminate forest soil. Phytoremediation using C. sciadophylloides is another
option to be tested. Biological decontamination, slow but cost-efficient, should be
studied for forest rehabilitation.

14.5 Lessons of FDNPP Accident

We should avoid further accidents like ChNPP and FDNPP. Therefore we need to
learn a lesson from FDNPP accident, which contaminated the ecosystems.

The difference in species composition of forest canopy trees influences the
distribution of pollutants after fallout to forest, because the shape and phenology
of canopy depend on tree species and physiognomy and then those affect dynamics
of fallout. If a fallout reaches in summer, leaf contamination of deciduous tree
species affects the food web relying in those species.

Forest is just like air filter, and its efficiency of trapping pollutants will be higher
than other vegetation types. Although, the trapping efficiency of canopy may depend
on age and standing crop of forests, because the mineral soil layer strongly absorbs
radiocesium, forest acts as temporal reservoir of radiocesium in the terrestrial
ecosystem. Cutting windbreak trees around houses reduced aerial dose. Therefore,
immediate cutting of trees may reduce further contamination of soil. Burning
contaminated biomass can reduce volume of materials. Trees can be preserved
after cutting under dry condition. Storing cut trees and further burning can reduce
aerial dose for human activities and can control radiocesium.

The major landscape contaminated by the FDNPP accident was mostly forest, but
the valleys in the forest were mostly rice paddies. This land use can be found in many
Asian countries where monsoon climate is dominant. Forest supports various eco-
system services; it is not only a water source, but also it has been a source of nutrient
and fuels for paddy and rural life. Thus, there is a tight nutrient cycling between the
forest and paddy, and it seems to be a highly sustainable natural resource use.
Artificial radionuclides invaded the nutrient cycling in forest without harming
ecological interactions between component organisms. A long-term monitoring of
not only the aerial dose but also contamination level of forest components is needed
in the contaminated forests.
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