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a b s t r a c t

The effects of bark washing, and of epiphytic moss growing on the bark surfaces, on the 137Cs activity
concentrations in bark and stemflow samples were evaluated at two Japanese persimmon orchards
located in Fukushima City and Date City, both approximately 60e65 km northwest of the Fukushima Dai-
ichi nuclear power plant. The means of 137Cs in stemflow captured by 1 g of sphagnum placed on the
main trunks of washed and unwashed trees, and on sites with moss and with no moss growing on bark of
the non-washed trees in Date City, were 0.37 Bq, 1.08Bq, 0.77 Bq and 0.52 Bq respectively. The 137Cs was
significantly lower in the washed bark and in the absence of moss at p ¼ 0.00031 and p ¼ 0.0443 by
t-test respectively. The 137Cs in directly-collected stemflow on the main trunks was significantly higher
for the unwashed tree at 6.0 Bq L�1 compared with the washed tree at 1.1 Bq L�1 (p ¼ 0.017 by Tukey's
test). The extraction rate of dissolved 137Cs with deionized water was 7.3% even after stirring for 40 h.
These results indicate that the moss acts as reservoir of 137Cs, and that bark-washing decontamination
can reduce the additional 137Cs supply from moss in subsequent years following the radioactive fallout.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

On March 11, 2011, the Great Eastern Japanese earthquake
caused a huge tsunami, resulting in a partial coremeltdown in units
1, 2 and 3 at the Fukushima Daiichi Nuclear Power Plant (FDNPP),
followed by a series of hydrogen explosions at units 1, 3 and 4. A
large quantity of radioactivity was released into the environment
from March 12 to 14, 2011 after the Fukushima Daiichi accident
(FDA) (International Atomic Energy Agency, 2015). Radioactive
deposition was caused primarily by rainfall and snowfall on March
15, 2011 (Chino et al., 2011; Imanaka, 2012). This fallout contami-
nated all fruit production orchards in Fukushima Prefecture in
Japan which is one of the main areas of deciduous fruit production
in Japan (Ministry of agriculture, forestry and fisheries, 2017). Most
deciduous fruit trees, except for Japanese apricot [Prunus mume
ter, Fukushima Agricultural
-cho, Fukushima, 960-0231,

a.lg.jp (M. Sato).
(Sieb.) Sieb et Zucc.], had not yet developed leaves because the FDA
took place during the dormant phenological stage of deciduous
fruit trees (Sato et al., 2015). As the FDA occurred during the
dormancy of the deciduous orchard in Fukushima, radiocaesium
was deposited directly onto the bark of the fruit trees. Radio-
caesiumwas detected in the young fruit, and was shown to be due
to inward-migration via bark to the fruit (Sato, 2014). The mecha-
nism of radiocaesium transfer in orchards and forests from bark via
translocation to inner bark and wood, which may be associated
with lenticels or other lesions in the bark, was confirmed by several
authors (Kuroda et al., 2013; Takata, 2013; Ohashi et al., 2014).
Some of the fallout was deposited directly onto the topsoil and also
reached soil via throughflow and water flowing over bark, termed
“stemflow” (Schimmack et al., 1993; Kato et al., 2012; Loffredo et al.,
2014). Though the dynamics of throughfall and stemflow in forests
has beenwidely reported (e.g. Loustau et al., 1992; Steinbuck, 2002;
Carlyle-Moses, 2004; Park and Cameron, 2008, Mattaji et al., 2012),
there have been few studies of these processes in orchards.

The Japanese persimmon (Diospyros kaki Thunb.), locally named
‘Anpogaki’ which is partially dried, is an important fruit product of
the contaminated regions of Fukushima prefecture. To reduce
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external dose and contamination of fruit, barkwashingwith a high-
pressure washer was conducted in most orchards in Fukushima
prefecture from leaf-fall in autumn 2011 to the season prior to
budding in 2012. The surfaces of the main trunk and scaffold limbs
were washed using a high-pressure washer equipped with a rev-
olution nozzle. The water pressure for washing has approximately
5 MPa for the peach or 8e10 MPa for Japanese persimmon, Japa-
nese pear and apple. Since the stone fruit tree as the peach hardly
develop the rough bark, the low washing pressure was applied in
order to avoid wounding the surface of trunk and limbs. In contrast,
Japanese persimmon is easy to form rough bark, which is removed
by bark-washing with a high-pressure washer (Sato et al., 2015).
Workers have taken countermeasures against the radiation expo-
sure with protective glasses, masks, and vinyl glove and vinyl
raincoats. High pressure bark washing conducted 6 months after
the FDA on 30-year-old Japanese persimmon reduced radiocaesium
activity concentrations in fruit by 29.1% (Sato et al., 2015). The
radiocaesium activity concentrations in the Japanese persimmon
fruits have continued to decrease in the following 3 growing sea-
sons (Sato et al., 2015).

There is a possibility of secondary contamination of fruit from
bark. A number of fine cracks on the outer bark surface of Japanese
persimmon retain raindrops and enable moss to become estab-
lished and grow on the bark (Sato et al., 2015, 2017). Since epiphytic
moss itself concentrates radiocaesium (International Atomic
Energy Agency, 2010), the moss may constitute a reservoir of
radiocaesium. Radiocaesium has been shown to migrate inward
from the bark surface via plant organs in coniferous and deciduous
trees (Momoshima and Bondietti, 1994). It was therefore consid-
ered that some inward migration of radiocaesium via the bark had
already occurred in spring to summer 2011 before the washing
treatment was conducted (Sato et al., 2015). Therewas a decrease in
radiocaesium in the leaves and fruits of persimmon in 2012 after
the washing treatments, but some radiocaesiumwas still present in
the fruit. Epiphytic moss growing on the bark has been removed
perfectly by the bark-washing using a high-pressure washer (Sato
et al., 2015). A possible source of the radiocaesium was identified
as secondary contamination from the bark in the growing season of
2012 directly after the bark washing. Radiocaesium uptake from
soil was not considered to be amajor source of radiocaesium in fruit
so soon after the FDA as the radiocaesiumwas located in upper soil
whereas the roots of fruit trees are located much deeper in the soil.
Two possible pathways of leaf and fruit contamination were iden-
tified which may lead to secondary contamination, namely: (i)
Table 1
Outline of treatments, sampling times, persimmon tree components and stemflows colle

Experimental field No. of
tress

Bark-washing
days

Sampling days

FTRC 1 WT 5 April 2012
1UWT 8 June 2015

FOD 3 WT 21 December
2011

18 October 2011

3UWT 28 October 2013
29 May 2015
and
4 June 2015

8e23 July 2015
8e23 July 2015
16 Oct-20 Nov 20
15e27 June 2016

7e11 November
direct inward migration by adherence of the contaminated stem-
flow to the leaves and fruits and (ii) the transfer of radiocaesium
originating from radiocaesium remaining in the bark. Stemflow has
the potential to be an important source of secondary contamina-
tion. Rainfall contaminated with 137Cs intercepted by forest can-
opies transfers to the soil via stemflow (e.g. Schimmack et al., 1993;
Kato et al., 2012). Furthermore, Sekizawa et al. (2016) have shown
that 137Cs in solution is absorbed into persimmon fruit via the calyx.
These findings suggest that stemflow is likely to be the migration
source for secondary contamination of Japanese persimmon fruits
epiphytic moss had been flourishing on the bark before washing
(Sato, 2012; 2015). Moss is known to concentrate radiocaesium
within its tissues because of efficient interception by its large sur-
face area and slow growth (International Atomic Energy Agency,
2010). The efficient interception means that mosses are useful for
monitoring of radiocaesium over many years (Isomura et al., 1993)
and are suitable bioindicators of radioactive fallout, given their long
life expectancy (Iurian et al., 2011). Althoughmoss may constitute a
source for secondary contamination by supplying 137Cs to stemflow
or bark, there have been no previous studies of these processes.

Sato et al. (2017) have developed a number of methods to
collect 137Cs in stemflow to investigate the possibility of second-
ary radiocaesium contamination via this route. One method,
termed “collection pad”, was to collect the radiocaesium using
sphagnum which has a high water-holding capacity. Leaves of
sphagnum used for the collection pad contain hyaline and chlor-
ophyllose cells. Large hyaline cells and small chlorophyllose cells
are arranged alternatively in a linear manner. Hyaline cells
become hollow with holes on the surface which is adapted to
store a large amount of water (Bold et al., 1986). However, Bra-
chythecium buchananii (Hook.) A. Jaeger used in this study to
extract dissolved 137Cs consists of chlorophyllose cells as do other
epiphytic moss. Moss develops only a primary cell wall which
consists of cellulose, xyloglucan and mannan (Popper and Fry,
2002). Most dissolved 137Cs in epiphytic moss would be retained
around the surface of cell walls (Dragovi�ca et al. 2004), but few
studies on clarifying the mechanism have been conducted.
Collection pads were made by encapsulating sphagnum in tea
packaging (polyester-polyethylene composite fiber). Another
method was to collect stemflow directly using a plastic zipper bag
(termed “collection bag”). The purpose in this study was to clarify
the effects of bark-washing and epiphytic moss on 137Cs activity
concentrations [137Cs] in bark and stemflow in Japanese
persimmon using the collection pad and collection bag.
cted in the two experimental fields, FTRC and FOD.

Plant Component

Moss of UWT
Bark under moss UWT
Bark without moss of UWT and WT
Bark

Bark
Moss of UWT
Bark under moss UWT
Bark without moss of UWT and WT

Stem flow from the trunk of UWT and WT by sphagnum pads
Stem flow from moss-and bark of UWT by sphagnum pads

15

2015 Stem flow from the main trunk of UWT and WT by collection bag
Stem flow from the branch with moss of UWT by bottle
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2. Materials and methods

2.1. Comparison among the 137Cs activity concentrations in bark
due to bark washing and the presence of epiphytic moss cover

Table 1 The outline of treatment was shown in Table 1. Trees
planted at two sites where have been different in the amount of
137Cs deposition were selected for this investigation. One of the
experiments was conducted using two 46-year-old ‘Hiratanenashi’
Japanese persimmon trees planted at the Fruit Tree Research Cen-
ter, Fukushima Agricultural Technology Center (FTRC), approxi-
mately 65 km northwestward away from FDNPP. The other
experiment was conducted using six 35-year-old persimmon
‘Hachiya’ trees in a farmer's orchard in Date City (FOD), approxi-
mately 60 km northwestward away from FDNPP. Trees were trained
to a modified leader systemwith several scaffold limbs. The surface
of scaffold limbs and of the trunk on 1 tree in FTRC and 3 trees in
FOD (termed “washed tree”, WT) were washed with a revolution
nozzle-equipped high-pressure washer at 10 MPa water pressure
using 100 L of water per tree on April 5, 2012 in FTRC or December
21, 2011 in FOD (Fig. 1). The other trees were not washed (termed
“unwashed tree”, UWT). Epiphytic moss, primarily the Entodon
moss [Entodon challengeri (Paris) Card.] which was the dominant
Fig. 1. Bark-washing with a high pressure washer in FOD.
Note: Bark-washing was conducted on December 21, 2011 (A). Bark of Japanese persimmon p
pressure. After removal of rough bark by bark-washing inner bark, which is raw issues,
approximately three years.

Fig. 2. Sampling site (to measure [137Cs]) in epiphytic moss, bark under
type of moss observed, was well developed on the bark of UWT, at
each orchard. Epiphytic moss, bark under moss in trees of UWTand
bark with no associated moss in trees of WT and UWT at both or-
chards were sampled to measure [137Cs] on the following sampling
days in 2015: Jun 8 at FTRC and two days for May 29 and June 4 at
FOD (Fig. 2). For trees at the FOD site, bark had been previously
collected on October 18, 2011 and October 28, 2013, which made it
possible to compare the [137Cs] values in the bark before and after
washing. Moss was also collected on November 14, 2011.

2.2. Comparison among the 137Cs activity concentration in the
stemflow due to bark washing and the presence of epiphytic moss
cover

The outline of treatment was shown in Table 1. For this study,
the same six trees were used at the FOD site as in study 2.1.
Collection Sphagnum pads were made by encapsulating approxi-
mate 7 g of sphagnum (Besuguro-Supagumosu, New Zealand (NZ))
into a tea pack (polyester-polyethylene composite fiber) to collect
the stemflow.We used sphagnum fromNZ because it was expected
to contain a negligible amount of 137Cs from past nuclear accidents
and weapons tests. The sphagnum pads were fixed in areas with
and without epiphytic moss at the same location on the trunk of an
rior to washing (B) and after washing (C) with a high-pressure washer at 10 MPa water
was exposed and gradually separates from the epidermal tissue with cracking after

moss and bark with no associated moss in the examination of 2.1.



Fig. 3. Ways to collect stemflow using a sphagnum pad, plastic bag and plastic bottle in the examination of 2.2.
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UWT tied with a polyester band and stopper. The sphagnum pads
were covered with polyethylene film pinned at each of the four
corners to shield the pads from throughfall and raindrops (Fig. 3).
The stemflows from the main trunk of WTand UWTand from a site
with moss and with no moss-grown on bark of an UWT were
collected at the day as shown Table 1. The stemflow was also
collected directly by fixing a 17 by 24 cm plastic zipper collection
bag, on the main trunk and by hanging a plastic bottle under the
branch growing epiphytic moss of UWT during Nov 7 to 11 in 2015
(Fig. 3).
2.3. Desorption of dissolved 137Cs from moss with water

The moss cover on the trunk of a Japanese cypress (Chamaecy-
paris obtusa Sieb. & Zucc.) and a maple tree (Acer mono species) in
the forest at Iitate village approximately 40 km northwestward
away from FDNPP, which was identified as Brachythecium plumo-
sum (Hedw.) Bruch et Schimp., was collected on May 29, 2015. Site
for collecting moss was selected to collect the moss containing a lot
of 137Cs because moss with high total 137Cs content tends to contain
high dissolved 137Cs. A 2 g moss sample was immersed in 100mL of
deionized water at pH 6.15 in a 200 mL beaker and stirred with a
magnetic mixer at a room temperature of 20 �C for 3, 6, 18 and 40 h.
The supernatant collected after the centrifugation at 3500 rpm for
30 min was filtered with a 0.45 mm pore size membrane filter
(Mixed cellulose ester, Toyo Roshi Kaisha, Ltd, Tokyo) using a suc-
tion pump. According to Schimmack et al. (1993), the 137Cs in the
water after filtrating was defined as dissolved 137Cs (<0.45 mm). The
experiment was replicated twice for each stirring time. The [137Cs]
in moss before desorption was 86.9 � 103 Bq kg�1 DW.

The extraction rate of the dissolved 137Cs, ER, was calculated by
the following equations:

ER ¼ ð100=vÞ � ðb=BÞ � 100 (1)

where v is weight (g) of thewhole filtrate, b is the 137Cs content (Bq)
in the whole filtrate, B is 137Cs content (Bq) in the moss,

b ¼ vc=1000 (2)

B ¼ mC=1000 (3)

where c and C are [137Cs] in the filtrate and moss, m is a moss
weight (g).

Values of ER were fitted to the logistic function (5) and the
Noyes-Whitney equation (7) using KaleidaGraph 4.5J (HULINKS Inc.
Tokyo, Japan).
dER=dt ¼ rERð1� ER=KÞ (4)

ER ¼ K
��
1þ Aexpð�rtÞ� (5)

where K are maximum of ER, A¼ (K- K0)/K0, K0 is the initial value of
ER, r is increasing rate, t is stirring time

dER=dt ¼ kSðK � ERÞ (6)

ER ¼ K þ Aexpð�BtÞ (7)

where k is apparent velocity of dissolution, S is surface area of so-
lute, K are maximum of ER, A is constant, B is increasing rate, t is
stirring time

B ¼ kS (8)

2.4. Sample treatments and radiocaesium measurements

Bark samples were collected from five of the six trees in
experiment 2.2, prior to washing at the FOD site in 2011, and
were combined to form one sample for [137Cs] measurement.
Samples of bark and moss collected in 2015 were prepared for
each tree, by separating moss and pieces of bark using tweezers.
Only pieces of bark removed moss perfectly was used for
detecting 137Cs. The sphagnum samples containing stemflow
were removed from the collection pad. The epiphytic moss, bark,
sphagnum containing stemflow, directly collected stemflow and
filtered solution were placed in a 100-mL polypropylene
container (U-8 pots). The [137Cs] in all samples was measured
using a germanium detector (GEM40-76 germanium detector,
Seiko EG&G ORTEC, Tokyo, Japan) in Fukushima University.
Gamma-ray emission at energies of 662 keV measured for 3600
to 80,000 s. For the pulse-height analysis, a multi-channel
analyzer (MCA7, Seiko EG&G ORTEC) was used in line with the
spectrum analysis software (Gamma Studio, Seiko EG&G ORTEC).
Since the 137Cs measurement was conducted within 2 weeks of
sampling, decay correction was not applied. A 7 g sample of
untreated sphagnum was placed in a U-8 pot with 70 mL of
distilled water as an analytical blank for gamma spectrometry.
Samples of moss and bark were oven-dried at 105 �C to constant
weight and the [137Cs] in moss and bark was converted to a dry
weight (DW) basis using the water content data. The 137Cs ac-
tivity amount (A, in Bq) was calculated using the following for-
mula: A ¼ wC/1000 (9), where w is the weight of sample (g) and
C is the 137Cs activity concentration (Bq kg�1). [137Cs] in moss and



Table 2
Comparison of 137Cs activity concentration in bark of main trunk between unwashed
tree and washed tree at FOD in 2013 and 2015.d

Treatment Replicates
(Tree)

137Cs activity Concentration
(kBq kg�1 DW)

Sampling year

2011 2013 2015

Mean SDb Mean SD

Prior to washingc 88.6
Unwashed 3 52.7 35.4 18.4 8.9
Washed 3 3.90 1.88 2.79 0.55

p-value by ANOVA Treatment
Year

0.0000142***a

0.0546

a ***indicate significance at p < 0.001.
b SD means standard deviation.
c Bark samples were collected on October 18, 2011 from five of the six trees in

experiment 2.2, prior to washing, and were combined to form one sample for [137Cs]
measurement.

d Bark samples were collected on Oct 28, 2013 and May 29, 2015. Bark in the
unwashed tree was collected in no moss-grown site.
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bark in 2011 were converted to a DW basis using a dry-to-wet
ratio of 0.640 as moss or 0.566 as bark from the data in Sato
et al. (2015). Counting errors, which are statistical uncertainty
identified 1 s, for the measurements of 137Cs were usually less
than 5% except of directly collected stemflow.

KyPlpot 5.0 (KyensLab Incorporated, Tokyo, Japan) was used for
the statistical analysis.

3. Results

3.1. Comparison of the 137Cs activity concentrations in bark after
bark washing and on the presence of epiphytic moss cover

Air dose rate in FTRC and FOD has been 2.1 and 2.6 mSv hr�1on
May 25, 2011. The comparative experiments between the pres-
ence and absence of moss were conducted in the UWT. The [137Cs]
in epiphytic moss, bark under moss in UWT and bark with no
associated moss in UWT and WT at both orchards are shown in
Fig. 4.

At the FTRC site the [137Cs] in epiphytic moss and bark under
moss in UWT were 96.4 kBq kg�1 DW and 43.3 kBq kg�1 DW
respectively (Fig. 4) which was higher than that of 9.84 kBq kg�1

DWwith no associated moss in UWT. Furthermore, [137Cs] in bark
with no associated moss in WT was 3.78 kBq kg�1 DW which was
lower than that of unwashed bark (Fig. 4). At the FOD site the
[137Cs] in epiphytic moss and bark under moss were
236 ± 60.1 kBq kg�1 DW (mean and standard deviation, SD) and
220 kBq kg�1 DW respectively (Fig. 4) which was significantly
higher than that of 18.4 ± 8.9 kBq kg�1 DW in unwashed bark with
no associated moss (p ¼ 0.029 by Tukey's test). The [137Cs] in
epiphytic moss at the FOD site was approximately two and a half
times higher than that at the FTRC site. [137Cs] in no moss-grown
bark of main trunk at FOD was found a significant difference be-
tween UWT for 18.4 ± 8.87 kBq kg�1 and WT 2.79 ± 0.55 kBq kg�1

(p ¼ 0.038 by t-test, Fig. 4).
Biennial data of [137Cs] in bark from the main trunk obtained at

the FOD site is shown in Table 2. There was a significant decrease of
[137Cs] in bark of the main trunk (p¼ 0.0000142 by ANOVA) in 2013
due to bark-washing in 2011 (Table 2). Though there was not a
significant temporal decrease of [137Cs] in bark of the unwashed
main trunk from 2013 to 2015, the mean value of [137Cs] for
52.7 kBq kg�1 DW in 2013 in UWT had decreased to 18.4 kBq kg�1

DW in 2015.
Fig. 4. Comparison of [137Cs] in moss, bark under moss and bark with no associated
moss in Japanese persimmon trees planted in FTRC and FOD.
Note: Samples to measure [137Cs] were collected on Jun 8 in 2015 at FTRC and on two
days for May 29 and Jun 4 in 2015 at FOD.
3.2. Comparison among the 137Cs activity concentration in
stemflow due to bark washing and the presence of an epiphytic
moss cover

The 137Cs amount in stemflow collected with sphagnum pads
from areas with moss and with no moss-grown on the bark of the
UWT and from the main trunk of WT and UWT is shown in Fig. 5.
Significant decreases in the amount of 137Cs occurred due to both
bark-washing and the absence of moss (at p ¼ 0.00031 and
p ¼ 0.0443 by t-test).

The [137Cs] in directly collected stemflow is shown in Fig. 6. The
directly collected [137Cs] in stemflow on the main trunk was
significantly different between UWT at 6.0 kBq L�1 and WT at
1.1 kBq L�1 (at p ¼ 0.017 by Tukey's test). The [137Cs] in stemflow
under the branch growing epiphytic moss in UWT was not signif-
icantly higher than that on the main trunk (Fig. 6).
3.3. Desorption of the dissolved 137Cs from the moss with water

The extraction rate (ER) using deionized water is shown in Fig. 7.
The highest ER was only 7.3% after stirring for 40 h. The maximum
value of ER was estimated to be 8.7% using a logistic function and
Fig. 5. Comparison of 137Cs in stemflow collected with sphagnum pads from site with
moss and with no moss-grown on bark on UWT and from the main trunk of WT and
UWT in FOD.
Note: The stemflows from site with moss and with no moss-grown on bark on UWT
were captured three times over the following periods: Jul 8 to 23, 2015, Oct 16 to Nov
20, 2015 and Jun 15 to 27, 2016. The stemflows from the main trunk of WT and UWT
were captured during Jul 8 to 23, 2015.



Fig. 6. [137Cs] in stemflow collected directly with plastic bags and plastic bottles in
UWT and WT of ‘Hachiya’ planted in FOD.
Note: The stemflowwas collected directly by fixing a 17 by 24 cm plastic zipper bag, on
the main trunk of WT and UWT, and by hanging a plastic bottle under the branch
growing epiphytic moss of UWT during Nov 7 to 11 in 2015. Different letters indicates a
significant difference at 5% by Tukey's test.

Fig. 7. Extraction rate of dissolved 137Cs from moss using deionized water.
Note: Brachythecium buchananii (Hook.) A. Jaegerin the forest at Iitate village,
approximately 40 km from FDNPP, collected on May 29, 2015 was used for this ex-
amination. Moss weighed at 2 g was immersed in 100 mL of deionized water with pH
6.15 filled in a beaker and stirred with the magnetic mixer at a room temperature of
20 �C for 3, 6, 18 and 40 h. Supernatant after the centrifugation at 3500 rpm for 30 min
was filtrated with the 0.45 mm pore size membrane filter (Mixed cellulose ester, Toyo
Roshi Kaisha, Ltd, Tokyo) using a suction pump.
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12.7% using the Noyes-Whitney equation. The logistic function is
used generically to fit data with an “S” shape by time-dependent
observation in the biological and ecological study, to apply for the
concentration of reactants and products in chemistry, and so on. On
the other hand, the Noyes-Whitney equation is a representative
function to fit data as the diffusion model of solute in solvent. The
logistic function, which is even consisted of simple parameters, has
been proved to effective for a model of dissolved 137Cs desorption
from moss.
4. Discussion

The [137Cs] in bark of the main trunk of UWT collected on
October 18, 2011, prior to washing was approximately five times
higher than that in 2015 four years after the FDA. The epiphytic
moss on the bark of the Japanese persimmon ‘Hachiya’ tree at the
FOD site collected on November 14, 2011 contained 340 kBq kg�1

DWof 137Cs, which was higher than the 236 kBq kg�1 DW collected
on June 4, 2015. In study 2.1, the temporal decrease of [137Cs] be-
tween the year of 2013 and 2015 in bark of main trunk was not
significant. Tagami and Uchida, 2015reported the effective half-
lives of 137Cs in fruit, leaf and shoot of Japanese persimmon, but
temporal changes of bark has not been investigated. Ratio of canopy
137Cs inventory to total atmospheric deposition in mixed broad-
leaved forest is decreased by throughfall and stemflow (Kato
et al., 2017). The external radiation count rates at 1 cm distance
on the surface of bark of peach [Prunus persica (L.) Batsh], apple
(Malus pumila Mill.), Japanese pear [Pyrus pyrifolia (Burm.f.) Nakai]
decreased rapidly in the accident year of 2011 (Sato, 2012).
Furthermore, 137Cs amount and [137Cs] in the stemflow collected on
the epiphytic moss cover on themain trunk of Japanese persimmon
increased proportionally to the precipitation of each rainfall event
(Sato et al., 2017). These studies show that there was a temporal
decrease of [137Cs] in the bark over a long-term period.

Japanese persimmon has a rough bark that is easy to remove so
almost all rough bark was removed by bark-washing with a high-
pressure washer (Sato et al., 2015). Since it takes approximately 3
years before it is possible to remove the inner bark located under
the rough bark, the inner bark of WT was collectable in 2013 for
the first time since bark-washing to measure [137Cs]. The [137Cs] in
the bark of washed trees in 2013 was considered to constitute the
balance between outflow of the residue migrated via rough bark in
2011 and an additional input via stemflow. Based on this
assumption, the decreasing trend during 2011e2013 indicated that
there was a lower additional input into washed trees than the
outflow. The [137Cs] in bark under moss was more than ten times
higher than that in bark with no associated moss at both of the
study orchards, indicating that epiphytic moss likely affects 137Cs
migration into bark. The decrease in [137Cs] of the bark in UWT
over 2 years (Table 2) was approximately thirty times higher than
that of washed trees, resulting in a higher [137Cs] in stemflow in
the former (Fig. 5).

The decrease in [137Cs] in moss over 5 years has been slow
compared with the decrease trend of the bark in UWT. Few studies
have measured the temporal changes of [137Cs] in moss on trees.
Iurian et al. (2011) reported the effective half-lives of [137Cs] due to
Chernobyl accident in Leucoryum glaucum and Polytrichum stri-
cum in Austriawere 12.9 ± 0.2 y and 7.4 ± 0.6 y. Though the result of
this investigation likely supported the previous study (Iurian et al.,
2011), further long-term investigation are necessary to confirm the
temporal changes inmoss. Entodon challengeri (Paris) Card, which is
common for epiphytic moss and widely distributed, seems to be an
appropriate biomonitor species for collecting information on the
geographical distribution of 137Cs deposition on the bark of decid-
uous trees.

The extraction rate of 137Cs in epigeic and epiphytic mosses
collected in Serbia with distilled water were 22.4%e45.7%
(Dragovi�ca et al., 2002) and 30.7% (�Cu�culovi�c and Veselinovi�c,
2015), whereas 9.3% of 137Cs was extracted out of mosses
collected in Germany with deionized water (Feige et al., 1990).
These were higher than that measured in this study. The difference
may be due to the earlier study measuring total not dissolved 137Cs.
Nevertheless, the evidence from this study suggested that moss
forms a secondary source of 137Cs pollution, the extent of whichwill
depend on the rate of contamination and loss, which will be
impacted by the precipitation rate (Sato et al., 2017).

Moss is known to accumulate materials in tissue or on the
surface (�Cu�culovi�c and Veselinovi�c, 2015). The reasonwhy [137Cs] in
stemflow at sites with moss were not significantly increased is
probably because the 137Cs-holding capacity of moss has inter-
cepted the outflow of 137Cs from bark. Result of Fig. 7 confirmed
that the 137Cs appears to be relatively strongly bound to, or inte-
grated into, the moss tissues. However, the data in Fig. 5 indicated
that moss is probably a secondary source of pollution over the
longer term because of concerning that even a small amount of
dissolved 137Cs will be desorbed from moss.
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5. Conclusion

Significant decreases of [137Cs] occurred in both the bark and
stemflow of washed trees. Furthermore, [137Cs] in both the bark
under moss and stemflow collected on the moss in UWT were
higher significantly than those with no associated moss. It was
confirmed that some 137Cs was leached out of moss. Although
precipitation likely affected the rate of loss from moss, further
research is needed to clarify the mechanisms determining the loss
of 137Cs. The [137Cs] in stemflow from the branches growing
epiphytic moss in UWT was with not significantly higher than that
on the main trunk probably because the 137Cs-holding capacity of
moss has controlled the outflow of 137Cs from moss. However, the
amount of 137Cs accumulated in sphagnum pads increased signifi-
cantly due to the presence of moss. These results indicate that the
moss acts as a long-term reservoir of 137Cs for the plant. We
conclude that bark-washing decontamination could reduce 137Cs
activity concentration or amount in stemflow to approximately 82%
or 65% of that in UWT because of eliminating the additional 137Cs
supply from moss over several years following deposition of
radiocaesium.
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