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a b s t r a c t

The spatial variation of the radiocesium inventory in forest soil was studied c.a. 44 km northwest of the
Fukushima Daiichi Nuclear Power Plant, Japan. This study focuses on the effects of canopy interception
and downward transfer from the forest canopy to the forest floor via stemflow and throughfall. We
established a study plot (400 m2) in the canopy layer of a secondary mixed deciduous forest dominated
by Japanese oak (Quercus crispula) and Japanese fir (Abies firma), in August and November 2014. Soil was
sampled from 0 to 5 cm depth and 137Cs was measured under the canopy using a 2-m grid and also at the
tree trunk bases. We divided the study plot into the five different types of subplot according to the
canopy projection areas and the tree species for the analysis. The geometric mean and coefficient of
variation of the 137Cs inventory were 202 kBq m�2 and 0.11 (0.52 in the arithmetic coefficient of vari-
ation), respectively. Within the forest, the variation in the 137Cs inventory under trees was larger than in
crown gap areas. The large spatial variation may be attributed to canopy interception of the initial
deposition and downward transfer of radiocesium via stemflow and throughfall.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The Fukushima Daiichi Nuclear Power Plant (FDNPP) accident in
Japan in 2011 released various types of radionuclide into the
environment (Endo et al., 2012; Yoshida and Kanda, 2012). More
than 70% of the contaminated areas in Fukushima and the neigh-
boring prefectures are forests, and a large amount of radiocesium
(specifically, 137Cs) will remain in these areas for a considerable
time because of its long half-life of 30.17 years (Kuroda et al., 2013;
Loffredo et al., 2014). Studies into the dynamics of radiocesium
within a forest ecosystem will be important over the coming de-
cades in applications such as forest management and radiation
protection when resuming the use of the forest resources
(Hashimoto et al., 2013; Fujii et al., 2014).

According to previous studies, radiocesium released into the
atmosphere after the FDNPP accident was initially deposited not
only on forest floors but also intercepted by tree bodies (tree
crowns, branches, and stems; Hashimoto et al., 2013; Kato et al.,
2015). At the time of the FDNPP accident in Fukushima Prefec-
ture, canopy interception was expected to be approximately 70%
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and 20% of the total deposition in evergreen and deciduous forests,
respectively (Kato et al., 2015). Canopy interception of radiocesium
derived from the Chernobyl nuclear power plant accident is re-
ported to account for 70% of the total deposition, and the radio-
cesium remains on canopies for several years (Bunzl et al., 1989).
The radiocesium intercepted by the tree bodies is transferred onto
the forest floor via stemflow, throughfall by precipitation, and
directly from litterfall (Rafferty et al., 2000). Most of the radio-
cesium on the tree canopies was transferred on to forest floors and
soils through these processes in the Fukushima region (Hisadome
et al., 2013; Endo et al., 2015; Kato et al., 2012). Radiocesium
within the litter on the forest floor is released into the forest soil
following litter decomposition (Rafferty et al., 1997, 2000), and the
decomposition process in the Fukushima region is completed
within several years (Ono et al., 2013). As a result, most of the
radiocesium present within the forest several years after the FDNPP
accident is now present in soil (Hashimoto et al., 2013), and is ex-
pected to remain in the soil for a long time as radiocesium adsorbed
on soil particles has a low mobility (Schimmack et al., 1994;
Matsunaga et al., 2013). Therefore, studies on the radiocesium dy-
namics in forest soils are important when considering forest
management and radiation protection for resuming the use of the
forest resources.

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jenvrad.2016.04.033&domain=pdf
mailto:taka-momo@hiroshima-u.ac.jp
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jenvrad.2016.04.033&domain=pdf
www.sciencedirect.com/science/journal/0265931X
http://www.elsevier.com/locate/jenvrad
http://dx.doi.org/10.1016/j.jenvrad.2016.04.033
http://dx.doi.org/10.1016/j.jenvrad.2016.04.033
http://dx.doi.org/10.1016/j.jenvrad.2016.04.033


M. Takada et al. / Journal of Environmental Radioactivity 161 (2016) 35e4136
In a forest ecosystem, the spatial heterogeneity of the soil
radiocesium inventory represents a major difficulty for studying
the dynamics. This limitation has been discussed for some years
and various studies have been conducted that aim toward a more
accurate and precise evaluation (Guillitte et al., 1990; Khomutinin
et al., 2004; Korobova and Romanov, 2009, 2011). However, to
our knowledge, no studies have examined the characteristics of the
spatial heterogeneity by comparing with other ecosystems such as
open areas, grasslands and croplands. As described above, spatial
distribution of radiocesium in the forest soils of Fukushima Pre-
fecture three years after the FDNPP accident is expected to be
affected by canopy interception of initial deposition and trans-
location from the canopy to the forest floor via throughfall, stem-
flow and litterfall. Consequently, the spatial distribution in forest
soil may differ with those in other ecosystems.

Therefore, in the present study, we conducted field surveys in a
mixed deciduous forest in Fukushima to evaluate the spatial vari-
ation of the soil radiocesium inventory. To clarify effects of canopy
interception, precipitation (throughfall and stemflow) and litterfall,
we divided the study plot into five subplot types according to
canopy projection areas and the tree species, and then examined
the spatial variation of radiocesium inventory in each of these
subplot types.
2. Materials and methods

2.1. Study site

The study site is a secondary mixed deciduous forest, located in
Soma in the northern part of Japan, 44 km northwest of the FDNPP
(37�450 N,140�470 E; 570m asl, Fig.1). The study sitewas positioned
in a flat area on a mountainside, and the surrounding environment
was same as the study plot. At the time of the FDNPP accident, the
radioactive plume was estimated to arrive at the present study site
from the southeast side (Katata et al., 2012), and the ratio of wet
deposition to the total 137Cs deposition was estimated at 0.6e0.8
(Terada et al., 2012). The total atmospheric deposition of 137Cs after
the accident was 100e300 kBq m�2, based on the third airborne
monitoring survey by the Japanese Government (MEXT, 2011). The
mean annual air temperature and precipitation measured at the
meteorological station located in Iitate village, 8.6 km southwest of
our study site were 10.0 �C and 1361.6 mm, respectively (Japan
Fig. 1. Location of the study site and the Fu
Meteorological Agency database from http://www.jma.go.jp/jma/
index.html). The study site is a typical naturally regenerating for-
est (a secondary forest), which is dominated by deciduous broad-
leaf trees (e.g., Japanese oak, Quercus crispula) with sporadic
evergreen coniferous trees (e.g., Japanese fir, Abies firma). The soil
type at the study site is brown forest soil (Kanno et al., 2008).

A 20 � 20 m plot was established in the study site (tilted at less
than 2� towards the northeast). No herbaceous plants were present
in the study plot; only litter constituted ground cover. The thickness
of the litter layer was approximately 2 cm and the layer was
generally homogeneous with no bare areas. Ninety-one trees were
present in the plot with a stand density of 2275 ha�1 (only trees
with a diameter at breast height (DBH) of �5 cm were counted).
The largest tree in the plot was a Japanese fir (Abies firma) with a
DBH of 46 cm. Sixteen species were recorded; Japanese oak
(Quercus crispula) and Japanese fir (Abies firma) were dominant,
accounting for 35% and 25% of total tree number, respectively.
Other species were equal to or less than 5% of the total tree number.
The crown projection diagram of the study plot given in Fig. 2a was
drawn on July 28, 2015.

To compare the effects of canopy interception, wash-out with
precipitation (throughfall, and stemflow) on soil radiocesium in-
ventory and its spatial variation, we divided the study plot into five
subplot types as shown in Fig. 2b: tree trunk base areas of ever-
green coniferous trees (hereafter evergreen tree base areas, EB),
tree trunk base areas of deciduous broadleaf trees (hereafter de-
ciduous tree base areas, DB), areas under evergreen coniferous
crowns excluding tree trunk base areas (hereafter, under evergreen
crown areas, EC), areas under deciduous broadleaf crowns
excluding tree trunk base areas (hereafter under deciduous crown
areas, DC), and crown gap areas (CG). The EB and DB subplots in the
present study included an area of less than 0.5 m radius from each
tree, which was expected to be strongly affected by stemflow
(Matsubayashi et al., 1994; Nakajima and Kaneko, 2012). The EC and
DC subplots were determined according to the canopy projection
diagram (Fig. 2a). To clarify effects of stemflow and throughfall
separately, EC and DC did not include the areas around the tree
trunk base. As shown in Fig. 2a, some areas of EB and EC were
overlapped with those of DB and DC. In that case, these areas were
considered as EB and EC because the canopy interception rates and
translocation amounts of radiocesium with stemflow, throughfall
and litterfall of evergreen coniferous trees were larger than those of
kushima Daiichi Nuclear Power Plant.

http://www.jma.go.jp/jma/index.html
http://www.jma.go.jp/jma/index.html


Fig. 2. Locations of soil sampling and crown projection diagram in the study plot (a), and the five subplot types for comparison of the soil 137Cs inventory (b): evergreen tree base
areas (EB), deciduous tree base areas (DB), areas under evergreen coniferous crowns excluding tree trunk base areas (EC), areas under deciduous broadleaf crowns excluding tree
trunk base areas (DC), and crown gap areas (CG).
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deciduous broadleaf trees (Kato et al., 2015; Endo et al., 2015). The
CG was considered areas other than under trees including trees
outside the plot, and the areas was 0.9e32 m2. As the crown pro-
jection diagram at the time of the FDNPP accident is not expected to
show large differences with this crown projection diagram, we
used it for the analysis. The DBH growth of the trees in the present
plot is estimated to be only a few centimeters and the consequent
increase of the canopy projection areas is estimated to be very small
after the accident (Hashizume, 1989; Shimano, 1997).

2.2. Collecting samples and radiocesium measurements

We decided to focus on the examination of spatial variation at
the soil surface (0e5 cm soil depth excluding the litter layer)
because we consider this layer to be more important than litter and
deeper soil for the following reasons. Currently, most radiocesium
within forest ecosystems in the Fukushima region is present within
the upper 5 cm of soil (Takahashi et al., 2015). In addition, we found
that the 137Cs inventory at the soil surface (0e5 cm in depth) at the
present study site accounted for more than 72% of that from litter
layer to 10 cm of soil as on 31 July 2014 (Table 1). In addition, we
have found that spatial variation of the 137Cs inventory in the litter
Table 1
Depth distributions of 137Cs inventory as on 31 July 2014.

Litter layer Soil (0e5 cm) Soil (5e10 cm)

Geometric mean (kBq/m2) 13 164 45
Range 5e22 43e376 20e230
CVg (CVa)a 0.47 (0.04) 0.50 (0.03) 1.03 (0.07)
n 8 8 8

a CVg indicates ratio of the standard deviation of log-transformed 137Cs inventory
to the geometric mean. CVa indicates ratio of the standard deviation of 137Cs in-
ventory to the arithmetic mean.
layer was smaller than that in soil in mixed deciduous forests in
Fukushima (Table 1; M. Takada, unpublished data). Finally, radio-
cesium in soil shows low mobility (Schimmack et al., 1994;
Matsunaga et al., 2013), while the mobility in the litter layer is
assumed to be relatively high because of the movement of litter
around the forest floor under processes such as wind (Yamamoto
and Bunzl, 1993). Accordingly, spatial variation of radiocesium in
litter and soil should be examined separately.

We collected surface soil (0e5 cm depth) with a 100 mL-soil
sampler (20 cm2 and 5 cm depth) at 121 points in the 2-m grid plot
on 31 July 2014 (Fig. 2a). In addition to the sample collection on the
grids, we also collected soil samples in tree trunk base areas (EB and
DB) of all identified trees in the plot from 129 points on 7
November 2014 (Fig. 2a). The soil samples were collected from the
north- and south-facing sides of each tree within a distance of
10 cm from the tree trunk, and the radicoesium activities were
measured separately. Some sampling points from the north and
south sides of trees overlapped when trees were closely positioned.
As some Japanese oak trees in the plot had been coppiced, soil
samples from these coppices were collected from the north and
south sides of the stocks.

The collected soil samples were dried at 100 �C for 48 h. The
samples were filled into 100-mL plastic polypropylene containers
(U-8) and analyzed for 137Cs and 134Cs using a low-background Ge
spectrometer (GEM-110225, Seiko EG&G). The measurement times
were between 600 and 10,000 s, depending on the radioactivity of
the samples. The associated errors were composed of 5% from the
detection efficiency and 1e5% from peak counting error. Activity of
137Cs and 134Cs in all samples showed a similar pattern, and the
ratio of 137Cse134Cs activity was almost constant (1.0e1.1 in
March 2011). In the present study, we only employed 137Cs data for
the determination of the spatial distribution of radionuclides. The
134Cs data were not used because the relatively short half-life (2.06



Table 2
Descriptive statistics for soil 137Cs inventory (kBq m�2) in the entire study plot and the five subplot types.

Geometric mean (kBq m�2)a Range CVg (CVa)b N Area (m2)

Total 202 22e697 0.11 (0.52) 250 400
Evergreen tree base areas (EB) 204ab 22e624 0.12 (0.51) 57 18
Deciduous tree base areas (DB) 248a 57e697 0.09 (0.47) 85 30
Evergreen crown areas (EC) 189ab 57e439 0.11 (0.48) 27 117
Deciduous crown areas (DC) 170b 24e574 0.11 (0.53) 49 147
Crown gap areas (CG) 156b 56e438 0.09 (0.46) 32 89

a Different letters indicate statistically significant differences between these areas (ANOVA test with multiple comparisons).
b CVg indicates ratio of the standard deviation of log-transformed 137Cs inventory to the geometric mean. CVa indicates ratio of the standard deviation of 137Cs inventory to

the arithmetic mean.
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years) is unsuitable for this analysis more than three years after the
FDNPP accident. Activity of 137Cs was corrected for radioactive
decay to the first sampling day of this survey: 31 July 2014. In the
present study, we discussed the spatial variation of soil 137Cs by
inventory (Bq m�2). The radiocesium activity of whole the soil
samples collected with the 100 mL-soil sampler was measured and
the inventory was calculated by dividing the 137Cs activity by the
area of the sampler (20 cm2).

2.3. Statistical analysis

Application of the ShapiroeWilk normality test showed that
some datasets in the present study were logarithmically normal
distributions (P > 0.05), although the remaining datasets were
marginally not (P < 0.05). Many studies after the Chernobyl
Fig. 3. Spatial distribution of soil 137Cs inventory (kBq m�2) in the study plot. Activity of 137

2014.
accident showed that approximation of soil 137Cs inventory with
logarithmically normal distribution is suitable for statistical anal-
ysis (Khomutinin et al., 2004; Shcheglov et al., 2001). Therefore, all
the datasets in the present study were log-transformed and a
parametric test was used for statistical analysis.

Geometric means of the 137Cs inventory (kBq m�2), the coeffi-
cient of variation (ratio of the standard deviation of log-
transformed 137Cs inventory to the geometric mean, hereafter
CVg), and the arithmetic coefficient of variation for comparisons
with those in previous research (ratio of the standard deviation to
the arithmetic mean, hereafter CVa) were calculated. The one-way
analysis of variance (ANOVA) test with multiple comparisons
(Tukey's test) was used to compare 137Cs inventory between the
five subplot types (EB, DB, EC, DC and CG).
Cs was corrected for radioactive decay to the first sampling day of this survey: 31 July



M. Takada et al. / Journal of Environmental Radioactivity 161 (2016) 35e41 39
3. Results

The geometric mean of the 137Cs inventory in the study plot and
the CVg were 202 kBq m�2 and 0.11 (0.52 in CVa), respectively. The
range of the inventory was from 22 to 697 kBq m�2, showing a
difference of approximately 30 times and large spatial heteroge-
neity in the 20 � 20 m area (Table 2, Fig. 3). The 137Cs inventory in
the DB subplots showed the highest value (248 kBq m�2 in geo-
metric mean) and lowest was in the CG areas (156 kBq m�2). The
CVg (CVa) values in the EB and DC subplots were relatively large at
0.12 (0.51) and 0.11 (0.53), respectively; however, the values for CG
were small at 0.09 (0.46). The 137Cs inventories showed statistically
significant differences between the five subplot types (one-way
ANOVA; F4, 239 ¼ 5.7, P < 0.001). The 137Cs inventory in the DB
subplot was higher than those in the DC and CG subplots.

Fig. 4 shows frequency distributions of the 137Cs inventories in
the study plot and the five subplots. The magnitudes of all the
histograms showed significant spreads in values and right-handed
asymmetry (skewness, 0.4e1.3). In CG, over 56% of the inventory
Fig. 4. Frequency distributions of soil 137Cs inventory (kBq m�2) and the skewness in the e
identified in Fig. 2b.
was in the 100e200 kBq m�2. In contrast, the frequent inventory
varied in the under tree areas (EB, DB, EC and DC), and a higher
number of the lowest and highest inventory samples (0e100
and > 200 kBq m�2) were observed under evergreen trees (EB and
EC) than those under deciduous trees (DB and DC) and CG.
4. Discussion

The 137Cs inventory in the present study plot showed large
spatial heterogeneity and had a CVa value of 0.52. The CVa of
Chernobyl-derived radiocesium inventory in a pine and oak forest
soil was from 0.31 to 0.58, showing large spatial variation that is
similar to our results (0e4 cm depth; Korobova and Romanov,
2009). These CVa values in forests were larger than those esti-
mated for open areas (excluding forests) in Fukushima and the
neighboring prefectures soon after the FDNPP accident (0.36 on
average; Onda et al., 2015; Saito et al., 2015) collected soil samples
in areas under homogeneous conditions (e.g. flat, no obstacles, no
vegetation coverage).
ntire study plot and the five subplot types. The five subplot types correspond to those
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The large spatial heterogeneity in the present study plot is
assumed to be strongly affected by initial transprocesses after the
accident (from initial deposition to wash-out with precipitation).
Even in the present study plot (20 � 20 m), the spatial variation
differed among the five subplots; the spatial variation in the CG
subplots was smaller than those under trees. The spatial variation
in CG is thought to mainly reflect initial deposition and migration
with litter decomposition. In other subplots that were located un-
der trees (EB, DB, EC and DC), more samples of lower and higher
inventory were observed. This result indicates that the presence of
trees increases the spatial variation of soil radiocesium inventory
(increases heterogeneity) as of three years after the FDNPP acci-
dent. This larger spatial variation in EB, DB, EC and DC may be due
to several processes including canopy interception of initial depo-
sition and wash-out of radiocesium on tree bodies with precipita-
tion. Kato et al. (2015) reported that canopy interception was 70%
and 20% of the total deposition in evergreen and deciduous forests,
respectively, at the time of the accident in Fukushima Prefecture.
The initial deposition under trees was also expected to be smaller
than that in crown gap areas in our study site, leading to some soil
samples with low radocesium inventory. This also supports the
finding that more of the lower inventory samples were observed
under evergreen trees (EB and EC) than under deciduous trees (DB
and DC). In addition, radiocesium intercepted by trees is transferred
on and into forest floors and soils by precipitation through the
processes of stemflow and throughfall (Endo et al., 2015; Kato et al.,
2015). Accordingly, some high inventory samples may be observed
where stemflow and throughfall were likely to have seeped.

The geometric mean of the inventory around tree areas was
higher than that under tree crowns in some distance from the trees
although the spatial variation under trees was very large.
Yamamoto and Bunzl (1993) reported the similar spatial gradients
in a German forest after the Chernobyl accident and attributed their
findings to the process of radiocesium on trees washing out and
seeping around tree trunk bases. The spatial gradients in the pre-
sent study site differed between evergreen coniferous trees and
deciduous broadleaf trees; the inventory gradually decreased from
the tree trunk bases of evergreen coniferous trees although there
were no statistically significant differences (EB � EC � CG). In
contrast for the deciduous broadleaf trees, the inventory in DB was
high and suddenly decreased under DC, showing almost the same
inventory values to CG (DB > DC � CG). A similar difference was
observed by Yamamoto and Bunzl (1993) between beech trees
(deciduous) and spruce trees (evergreen). This may be attributed to
the phenological difference between evergreen and deciduous
trees (only evergreen trees were in leaf at the time of the respective
incidents).
5. Conclusion

Our result showed that the spatial variation of soil radiocesium
inventory under trees (around tree trunk bases and under tree
crowns) was larger than those in crown gap areas at our study site.
The soils under the trees were thought to be strongly affected by
some processes such as canopy interception and translocation by
precipitation (throughfall and stemflow) soon after the accident,
leading to areas of low and high radiocesium inventory values in
the forest soil.

In the emergency soil sampling protocol, five soil samples
within a 3 � 3 m area are recommended as the minimum number
for reducing measurement uncertainty (Onda et al., 2015). Our
result implies that more than five soil samples may be required in
forest ecosystems to enhance the accurate evaluation of the radi-
ocesium inventory.
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