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a b s t r a c t

Estimations of radiocesium input and output concerning the forest floor within a mountain forest region
have been conducted in the north and central part of the Abukuma Mountains of Fukushima, northeast
Japan, after a 2e3 year period following the TEPCO Fukushima Dai-ichi nuclear power plant accident. The
radiocesium input and output associated with surface washoff, throughfall, stemflow, and litterfall
processes at experimental plots installed on the forest floor of evergreen Japanese cedars and deciduous
Konara oaks have been monitored. Despite the high output potential in the mountainous forest of
Fukushima, the results at both monitoring locations show the radiocesium input to be 4e50 times higher
than the output during the summer monsoon in Fukushima. These results indicate that the radiocesium
tends to be preserved in the forest ecosystem due to extremely low output ratios (0.05%e0.19%). Thus,
the associated fluxes throughout the circulation process are key issues for the projecting the environ-
mental fate of the radiocesium levels, along with the subsequent reconstruction of life emphasized
within the setting.
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

TEPCO's Fukushima Dai-ichi nuclear power plant (FDNPP) ac-
cident is one of the most severe accidents that has ever been
experienced in the history of nuclear energy. Most of the contam-
inated area via the radioactive material released from the FDNPP is
a mountainous forest, which covers approximately 70% of the land
area of Fukushima Prefecture (MAFF, 2014). Compared with the
physical geography among Belarus, Ukraine, and Fukushima, the
latter is characterized by a high precipitation and mountainous
landform (National Astronomical Observatory of Japan, 2014). This
implies a high potential for an outflow of land-forming surface
materials such as soil and litter layers. An understanding of the
environmental dynamics of radiocesium is, hence, one of the most
crucial issues for a recovery of the living environment in and
around the subject forested mountain region. 137C is a primary
contributor to radiation dose (following the decay of short-lived
zato).
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radionuclides) because of its long half-life of 30 years.
Immediately after the accident, with strong support by local and

national governing bodies, an association of universities, and
research institutes, a field investigation and monitoring study of
the radionuclides released by the accident to characterize their
initial distribution and dynamics was launched. Several months
after the accident had transpired, investigation results on the
contamination levels and environmental dynamics of radiocesium
in nearby forested lands had been made open to the public through
Internet and scientific publications (e.g., Forestry Agency, 2012).
The distribution of radiocesium in the nearby forest ecosystem had
evidently changed between 2011 and 2012; concentrations of
radiocesium in branches and bark decreased between the two years
due to washing-off, with concentrations in leaves notably
decreasing from 2011 to 2013. Concentrations in bark, however,
remained at the same level between 2012 and 2013. Investigation
and monitoring results have altogether shown that the amount of
radiocesium in the forest has been essentially constant from 3 years
onward subsequent to the accident. This indicates that the radio-
cesium deposited in the forest has steadily remained within the
forest ecosystem (Forestry and Forest Products Research Institute,
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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2015). Detailed studies have also been performed, which focused
on the initial transfer of radiocesium from a canopy to the forest
floor via throughfall, stemflow, and litterfall processes (Hisadome
et al., 2013; Kato et al., 2012; Teramage et al., 2014; Loffredo
et al., 2014) and outflow from a forested mountainous region
(Yoshimura et al., 2015; Nishikiori et al., 2015). In addition to the
above field-based investigation studies, a modeling assessments of
radiocesium fate in a forest ecosystem have been conducted
(Hashimoto et al., 2013; Mahara et al., 2014). Hashimoto et al.
(2013) simulated the spatiotemporal dynamics of radiocesium
deposited in evergreen needle leaf and deciduous broadleaf forests
in Japan using of the RIFE model (Shaw and Belli, 1999) developed
after the Chernobyl accident in 1986, with its analytical results
characterizing radiocesium migrations from trees and surface
organic soils to mineral soils over a period of 1e2 years after the
accident. Furthermore, Mahara et al. (2014) proposed a numerical
model to predict changes in the concentration of 137Cs in tree rings
of Konara oak and Sugi (Japanese cedar). Modeling results showed
the difference in temporal changes of the concentration profiles
between the xylem of Konara and Sugi after the accident. Con-
centrations were ultimately found unaffected by root uptake if an
active root system occurred 10 cm below the soil.

The aforementioned studies treated the migration and transfer
processes of radiocesium in a forest ecosystem separately, thus the
aggregate behavior of radiocesium in the ecosystem, as a whole,
maintains an appreciable degree of ambiguity. As such, an “inte-
grated” understanding of the total behavior of radiocesium (i.e., the
input and output budgets of radiocesium and its temporal changes
in the ecosystem) can only provide a sound scientific basis for
effective remediation of the subject contaminated land area and
promotion of an effective intervention strategy to regain the forest
ecosystem as a viable setting wherein biota, production, and rec-
reation once again thrive.

The radiocesium initially deposited in a forested area will reach
and accumulate on a forest floor via throughfall, litterfall, and
stemflow processes. Subsequently, the material will be transported
from the forest floor through surface washoff as dissolved and
particulate-bond state. Therefore, an assessment is provided herein
with regard to input and output budgets of radiocesium within a
forested area with the forest floor of particular emphasis to clarify
whether the forest floor behaves as a sink (input greater than
output) or a source (output greater than input) of the
contamination.

2. Materials and methods

2.1. Study area

The subject investigation and monitoring have been conducted
at two separate districts (Sakashita and Ogi) of cool-temperate
mountainous forests within the Abukuma Mountains, the east of
Fukushima Prefecture, Japan. Levels of radioactive contamination in
both districts measured 1000e3000 kBq m�2 in total radiocesium
deposition (134Csþ 137Cs, as of July 2, 2011) via airbornemonitoring
results (Ministry of Education, Culture, Sports, Science &
Technology in Japan, 2015).

The Sakashita district, which is located near the ridge of the
Abukuma Mountains, is 34.5 km northwest of the FDNPP (Fig. 1).
Themean annual precipitation in this district over the past 30 years
(1981e2010) is 1221.7 mm yr�1 at the Yamakiya meteorological
station, located 2.7 km northwest of the district (Ministry of Land,
Infrastructure, Transport and Tourism, 2015). The district is mainly
covered by deciduous broad-leaved trees of Konara oak (Quercus
serrata), Mizunara oak (Quercus cripspula), and Japanese chestnut
(Castanea crenata), except on the southern edge of the forest where
Japanese red pine (Pinus densiflora) trees are dominant. The average
tree height and tree density of canopy layers are 11.2 m and
790 ha�1, respectively. Most of the forest floor is covered with litter
composedmainly of fallen branches and leaves of deciduous broad-
leaved trees. The thickness of the litter layer is usually 1e3 cm, but
is typically over 5 cm around the trunk of a tree. The undergrowth
cover, such as mountain azalea (Rhododendron kaempferi) and
bamboo grass (Sasa nipponica), ranged from 35% to 60%. Brown
forest soil (andosol and cambisol in IUSS Working Group WRB,
2014) is most common in the Sakashita district with an organic
horizon of 3.2 cm (range of 1.0e9.0 cm) and an A horizon of 9.5 cm
(range 4.0e12.5 cm) in the average thickness. Andosols with a thick
A horizon (range 12.5e40.0 cm thick) were consistently present at
the foot of the mountain slope. The soil down to a 5 cm depth is
sandy-loam to loam in conventional textural classes.

The Ogi district, which is located on the eastern mountainside
slope of the AbukumaMountains, is 14 km southwest of the FDNPP
(Fig. 1). The mean annual precipitation over the past 30 years
(1981e2010) is 1465.1 mm yr�1 at the Kawauchi meteorological
station, 8.7 km west of the Ogi district (JMA, 2015). Evergreen
coniferous trees (Japanese cedar; Cryptomeria japonica), which
prominently exist within an evenly aged mature plantation display
a tree density of 740 ha�1 and an average 21.3 m tree height for the
canopy layer. Almost the entire forest floor is covered with litter
such as fallen needle leaves, bark fragments, and cedar tree cones.
The thickness of the litter layer is usually 3e4 cm with sparsely
development of undergrowth, such as mulberry (Morus australis)
and lindera (Lindera praecox), widely observed throughout the area
except on the edge of the forest. The most common soil type in the
Ogi district is Brown forest soil (andosol and cambisol in IUSS
Working Group WRB, 2014) with an organic horizon of 4.4 cm
(range 2e8 cm) and an A horizon of 19.0 cm (range 10e29 cm) in
average thickness. The textural class of the soil down to a level of
5 cm is silt-loam to loam.

2.2. Monitoring and sampling

Two experimental plots for monitoring were installed in the
mountain forest of the Sakashita district, on a crest slope (KE-plot)
and a side slope (KW-plot) of a valley-head area that face west
(Fig. 1). Both experimental plots are located on rectilinear and
straight slopes, and have common features of a physical geography
except for slope angle (Table 1). The 86%e99% of the forest floor in
the two plots is covered with litter layer. In the mountain forest of
the Ogi district, one plot of KA-plot was installed on a west-facing
side slope of a valley-head area (Fig. 1, Table 1). The 91%e97% of
the forest floor in the KA-plot surface is covered with a litter layer.
The geomorphic feature of the KA-plot is similar to that of the KW-
plot, but the forest type is markedly different.

Each experimental plot has a rectangular shape, whose long side
orients to the dip direction of the slope, and is surrounded with
stainless-steel boards to prevent the transportation of particulate
matter and the flow of surface runoff water into the plot from the
outside (Fig. 2). The particulate matter, which is composed of soil
particles and fine litter fragments, accumulated in an 18 L stainless-
steel catchment box installed at the bottom end of the plot. Surface
runoff water that drained from the plot likewise flowed into the box
with its associated overflow running into a 200 L catchment tank
connected to the box via a pipe. After removal of a large litterfall
from the catchment box, the relatively coarser particulate matter
was collected by a trowel, with finer matter collected as turbid
water mixed within the box. The turbid water was filtered through
a 0.45 mm pore size Durapore® hydrophilic PVDF membrane filter
(HVLP04700, Merck Millipore, Massachusetts, USA) in a laboratory.
The particulate matter collected from the catchment box was



Fig. 1. Location of the study site. The topographic data were created based on the results of an airborne laser survey conducted by the Geospatial Information Authority of Japan.

Table 1
Characteristics of the experimental plot.

District Sakashita Ogi

Plot KE-plot KW-plot KA-plot

Elevation (m) 606 590 385
Plot area (m2) 66 (6.0 m � 11 m) 60 (6.0 m � 10 m) 51 (4.6 m � 11 m)
Slope angle 11e15� W 27e30� WSW 28e31� W
Forest type Deciduous broad-leaved Evergreen conifer
Dominant tree species Konara oak (Quercus serrata) Japanese cedar (Cryptomeria japonica)
Tree densitya (ha�1) 920 740 710
Tree heightb (m) 11.6 10.9 22.7
Forest floor cover (%) by litter layer 91 (early June) 86 (early June) 91 (early June)

99 (late Nov.) 94 (late Nov.) 97 (late Nov.)
137Cs inventoryc (kBq m�2) 497 497 487

a Tree density was the number of trees composed of a canopy layer.
b Tree height was on average in the realm of 1440 m2, 1080 m2, and 2500 m2 surrounding the KE-, KW-, and KA-plots, respectively.
c The inventory of 137Cs was obtained from the Sixth Airborne Monitoring Survey (as of Dec. 28, 2012) by MEXT (2015) and decay-corrected to April 1, 2013.
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weighted after drying under 105 �C during 24 h for the coarse
particulate matter and under 90 �C to the constant weight for the
filter residues. Those samples were homogenized by hand stirring
with a dispensing spoon, and then packed and sealed in a
polystyrene container (U-8) for radioassay per sampling date. The
sum weight of the residues on the filter and the coarse particulate
matter were treated as the gross weight of the particulate matter
washed off from the plot.
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Water volumes of surface runoff drained from the plots were
estimated by subtracting throughfall of each plot from inflowwater
in the catchment box and the tank because the boxes were un-
covered. The inflow water volumes were calculated from the water
level in the catchment box and the tank. Water samples for
radioassay of the inflow water were collected in a 500 mL poly-
propylene bottle from the catchment tank after mixing in the tank.
Thewater collected in 2014 was filtered using the 0.45 mmpore size
filter as mentioned above but the water collected during 2013 was
non-filtered.

To monitor throughfall, a data logging rain gauge was installed
beside each of the KE-, KW-, and KA-plots approximately 1.0 m
above the forest floor. The funnel of the rain gauge had an area of
0.0214 m2 and was covered with a metal mesh to prevent
contamination by litter material. The throughfall water via the
funnel was stored in a polypropylene sampling bottle connected to
the rain gauge by tubing. The throughfall water was collected in the
500 mL bottle and filtered using the same method described above
except for the samples in the 2013 KA-plot that are non-filtered. For
data loss due to a malfunction of the rain gauge, the throughfall of
the KA-plot after July 15, 2014 was estimated based on the ratio of
the throughfall to gross precipitation in 2013 monitored in the KA-
plot.

Rainfall gauges for measuring precipitation outside the forest
were installed in the Sakashita and Ogi districts. The specification of
the rainfall gauge was the same as that for throughfall, with the
distance from the forest edge being approximately 8 m for Saka-
shita and 5 m for Ogi. A rainfall collector with a funnel was con-
nected directly to a polypropylene 10 L sampling tank and was
installed adjacent to the rainfall gauge, with a height of 50 cm
above the ground floor. The non-filtered 500 mL rainfall water was
separated from the collected water for the measurement of radio-
cesium after rigorous mixing in the sampling tank.

The experimental plots each included three installed stemflow
collectors beside the plots at approximately a 1.5 m height above
the forest floor (Table 2). To collect the stemflow water, a rubber or
vinyl collar was mounted, wrapping around the stem of the trees.
After stripping off an outer bark layer, the collar was fastened with
metal staples, attached to a drain tube, and sealed to a trunk with a
caulking compound. The stemflow water ran into a 70 L poly-
propylene tank through the drain tube. The amount of water was
estimated by the water level in the tank using a relational curve
between the water level and the storage volume that had been
determined in a laboratory. Stemflow (L m�2) was calculated by
dividing the amount of stemflow water (L) by a crown projection
area (m2). The crown projection area was calculated on an image
processing and analysis program (ImageJ; Schneider et al., 2012)
after scanning of a crown projection diagram into the ImageJ. The
crown projection diagram was drawn from four or more mea-
surements of horizontal distance from a trunk to outer extremities
of the tree crown.

After sampling of the stemflow water from the tank, the inner
walls were cleaned with a paper towel. The stemflow water was
collected in the 500 mL bottle from the collector tank after rigor-
ously stirring the stored water in the tank. Non-filtered water
samples were provided for radioassay in the case of the stemflow
water collected in 2013. Regarding the stemflow water samples of
2014, the filtered samples were also prepared in the same method
as the surface runoff water to remove fine organic fragments from
the stemflow water.

Litterfall was collected using rectangular pitfalls dug in the
forest floor with 20 cm depth whose bottom areas were 0.12 and
0.16 m2 in the KE- and KW-plots, respectively. Litterfall in the KA-
plot was collected using funnel-shaped litter traps of 1 m2 steel
pipe frame coated with polyethylene at 1 m height. Litterfall sam-
ples were weighted after drying under 90 �C for 12 h and crushed
into fine fragments using a food processor before packed in U-8
containers for radioassay.

Litterfall collectionwas performed frommiddle October to early
December in the year 2014. No rainfall was observed during the
sampling period of litterfall in the KE- and KW-plots. Associated
field surveys and monitoring efforts have been performed mainly
during Fukushima's summer monsoon from April to November, in
the years 2013e2014 (Fig. 3). This monthly span was chosen as
most appropriate for research due to rainfall acting as the principal
cause for chemical substance migration within a forested area.
Samples of the particulate matter, surface runoff, throughfall, and
stemflow waters were collected within 2- to 8-week intervals in
correlation to precursory rainfall events.

2.3. Radiocesium measurements

The activity of 137Cs was determined by a Ge-semiconductor
detector (GMX40P4-76 germanium detector, Seiko EG&G ORTEC,
Tokyo, Japan) coupled with a multichannel analyzer that employed
counts at the 662 keV peak. The detection limit of the detector was
on the order of 102 Bq kg�1 for 600 s of particulate matter mea-
surement packed in a U-8 container. In the case of thewater sample
in the 500mL bottle, the detection limit of the detector ranged from
1.42 to 3.89 Bq L�1 and from 3.29 � 10�1 to 5.06 � 10�1 Bq L�1 for
1 h and 15 h measurements, respectively. In addition, the detection
limit of the water sample packed and sealed in a 2 LMarinelli bottle
ranged from 2.38 � 10�2 to 2.62 � 10�2 Bq L�1 for 63 h measure-
ment. The radioactivities reported herein were corrected for
radioactive decay with respect to April 1, 2013. The 137Cs activities
of the particulate matter and the litterfall are shown in dry weight.

2.4. Calculation of radiocesium input and output

The transportation of the particulate matter from the experi-
mental plot was accompanied by the washoff of particulate-bond
137Cs. The washoff of the particulate-bond 137Cs was calculated by
multiplying the weight of the particulate matter by its 137Cs activity



Table 2
Characteristics of trees to which stemflow collectors were mounted.

District Plot Stemflow collector Species Heighta (m) DBH
a (cm) Crown projection areab (m2)

Sakashita KE-plot KE-1 Aspen 13.9 31.5 19.4 ± 1.2
KE-2 Japanese chestnut 8.9 17.8 12.9 ± 0.9
KE-3 Japanese chestnut 10.6 22.0 11.5 ± 0.9

KW-plot KW-1 Konara oak 16.1 28.0 24.0 ± 1.3
KW-2 9.1 11.1 32.5 ± 1.4
KW-3 9.7 13.1 38.8 ± 1.6

Ogi KA-plot KA-1 Japanese cedar 22.2 31.5 8.3 ± 0.8
KA-2 24.8 42.3 13.0 ± 0.9
KA-3 23.3 33.1 8.8 ± 0.8

DBH: Tree diameter at a height of 1.3 m calculated from tree girth.
a The measurement errors in tree height and DBH are ±0.5 m and ±0.3 cm, respectively.
b The errors are derived from the distance measurements on a field investigation.

KE-plot                 KW-plot               KA-plot 
            lack of throughfall water samples 
            lack of throughfall volume data (KA-plot in 2014) 
 TF, Throughfall; SF, Stemflow; LF, Litterfall; SR, Surface runoff; 
PM, Particulate matter transported by surface runoff process 

Sampling date (month, day) 
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Fig. 3. Monitoring period at each experimental plot.
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and then dividing this value by the plot area. The washoff ratio of
the particulate-bond 137Cs was calculated using 137Cs inventories
obtained from the Sixth Airborne Monitoring Survey (MEXT, 2015,
Table 1).

The dissolved 137Cs flowing into the catchment box and the tank
was composed of throughfall and surface washoff components
because the box had no lid. The surface washoff component was
estimated from an end-member mixing analysis equation
(Leibundgut et al., 2009). The mass balances of water and dissolved
137Cs flowing into the catchment box and the tankwere determined
as follows:

QT ¼ QTF þ QSR (mass balance of water) and

CT QT ¼ CTF QTF þ CSR QSR (mass balance of dissolved 137Cs),

where QT, QTF, and QSR indicate the water volume of the catchment
box and tank, throughfall, and surface runoff water, respectively. CT,
CTF, and CSR are the 137Cs activities in the catchment box and tank,
throughfall, and surface runoff waters, respectively. The output of
the dissolved 137Cs via surface washoff was calculated by multi-
plying the volume of the surface runoff water by its 137Cs activity
and then dividing this value by the plot area.

The input of 137Cs via throughfall was calculated by multiplying
of the throughfall by its 137Cs activity. The 137Cs activities of stem-
flow and litterfall were determined for each sample. The volume-
weighted mean 137Cs activities of the stemflow water and litter-
fall were computed by summing the 137Cs amounts of individual
stemflow and litterfall samples during the study period and then
dividing this value by the total amount of the stemflow water and
weight of the litterfall. The input of 137Cs via stemflow was calcu-
lated by multiplying the mean activity by the amount of the
stemflow water. The deposition of 137Cs through the litterfall pro-
cess was calculated by multiplying the mean activity by the total
weight of litterfall during the study period and then dividing this
value by the litterfall trap area.

The 137Cs input and output budges during the summermonsoon
season were calculated by summing up daily flux of the different
input and output processes for the number of days in the monsoon
season (AprileNovember). The daily fluxes were calculated by
dividing 137Cs input and output during monitoring period by the
number of monitoring days.
3. Results and discussion

3.1. Input via throughfall, stemflow, and litterfall processes

3.1.1. Throughfall
Table 3 shows the gross precipitation, throughfall, and 137Cs

activity for the filtered and non-filtered throughfall water samples
collected at different experimental plots and periods. The ratios of
throughfall to gross precipitation in 2013 were 74% for the KE-plot,
65%e80% for the KW-plot, and 47%e86% for the KA-plot. The ac-
tivities of the non-filtered and filtered samples were 2.70e7.29 Bq
L�1 and 0.419e0.957 Bq L�1, respectively. Therefore, most of the
activity of the non-filtered water was attributed to fine fragments
of litter contained in the water samples, which ultimately filter
residues provided through the litterfall process. Thus, the 137Cs
inputs via the throughfall process in the KW- and KA-plots were
171 Bq m�2 for two and a half months in 2013 and 89 Bq m�2 for
three months in 2014, respectively. The 137Cs input in the KE-plot
was assumed to be similar to that in the KW-plot because the KE-
plot was adjacent to the KW-plot. Furthermore, the activities of
the rainfall water samples, which were collected during two sum-
mer months in 2013, were below the detection limit (<1.82 Bq L�1)
in the Sakashita (KE- and KW-plots) and Ogi (KA-plot) districts.



Table 3
137Cs activity of the throughfall water and 137Cs input via throughfall during different sampling periods.

Plot Sampling perioda Gross precipitation (mm) Throughfall

Throughfall (mm)b 137Cs activity (Bq L�1) 137Cs inputc (Bq m�2)

Non-filtered Filtered Filtered

KE-plot May 19eJuly 19, 2013 106.4 79.2 nd (<2.22) e e

KW-plot Aug. 17eOct. 17, 2013 170.1 136.8 6.80 ± 0.90 0.957 ± 0.129 131 ± 18
Oct. 17eOct. 29, 2013 95.8 62.6 4.86 ± 0.85 0.642 ± 0.123 40 ± 8
10:40e14:30 June 12, 2014 13.3 5.4 4.63 ± 0.53 nd (<0.338) e

KA-plot May 25eJuly 25, 2013 92.7 79.6d 2.70 ± 0.73 e e

July 25eOct. 16, 2013 387.5 182.0e 7.29 ± 0.89 e e

Oct. 16eOct. 28, 2013 164.6 84.8 nd (<2.02) e e

July 17eAug. 18, 2014 190.1 (102.7) nd (<1.80) e e

Aug. 18eNov. 13, 2014 394.4 (213.0) e 0.419 ± 0.124 (89 ± 26)

nd ¼ not detected. Figures in parentheses are detection limits (Bq L�1).
a The number of samples in each sampling period is one.
b Figures in parentheses are estimated throughfall based on the ratio of the throughfall to gross precipitation in 2013 because data were lost due to a malfunction of the rain

gauge.
c Figures in parentheses are estimated 137Cs inputs based on the ratio of throughfall to gross precipitation in 2013.
d Data loss for nine days. Gross precipitation was 11.6 mm during the data-loss period.
e Data loss for eight days. Gross precipitation was 41.6 mm during the data-loss period.
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3.1.2. Stemflow
The ratios of stemflow to gross precipitation in 2013 and 2014

were 8.6% for the KE-plot, 2.0%e3.7% for the KW-plot, and 4.5%e
5.0% for the KA-plot. Before estimating the 137Cs input on the forest
floor due to stemflow, the temporal change in the amount of
stemflow and its associated 137Cs activity in the experimental plot
was assessed. The activity tended to decrease with a wide range of
variation during the monitoring period from 2013 to 2014, and
higher activity levels were observed when the stemflow amounts
were noticeably low (Fig. 4). The mean 137Cs activity of non-filtered
stemflowwater collected in 2013was two-times higher than that in
Fig. 4. Stemflow and its 137Cs activity. The 137Cs activity is a volume-weighted mean at
each experimental plot (N ¼ 3 for each plot).
2014 (Table 4), and the range of in the 2014 activity was narrower
than in 2013, although the seasonal variation was not clear. The
differences in the 137Cs activities of non-filtered and filtered
stemflow water samples were within the statistically expected er-
ror range in 2014, with the exceptions of four samples collected on
July 28 in the KW-plot, and on July 17, July 29, and Sep. 25 in the KA-
plot (Fig. 4). Based on these results, the litterfall contamination of
the stemflow water had a negligible effect for the water samples
collected in 2014. Assuming a similar scenario for the stemflow
water samples collected in 2013, the 137Cs input to the forest floor
through the stemflow process in 2013 was calculated using the
mean 137Cs activity for the non-filtered samples of stemflow water.
Thus, the 137Cs inputs via the stemflow process for nine months in
2013 were 981, 182, and 687 Bqm�2 for the KE-, KW-, and KA-plots,
respectively (Table 4). The 137Cs inputs for six months in 2014 were
determined based on the mean activities of the filtered samples;
the resulting inputs of 137Cs were 474, 82, and 237 Bq m�2 for the
KE-, KW-, and KA-plots, respectively (Table 4).
3.1.3. Litterfall
The volume-weighted means of the litterfall 137Cs activities and

the 137Cs depositions through the litterfall process in the each plot
during the sampling period are shown in Table 5. The period of
study was approximately equivalent to a major leaf-fall period
(OctobereNovember) in the deciduous broad-leaved forests of the
KE- and KW-plots.

The amount of litterfall has significant seasonal variation in
broad-leaved and cedar forests (Hisadome et al., 2013; Okada et al.,
2015; Endo et al., 2015; Kato et al., 2015). Hisadome et al. (2013)
reported seasonal variation in litterfall and resultant radiocesium
deposition through the litterfall process by sampling at intervals of
1e2 weeks from August 2011 to May 2012 in the mixed broad-
leaved and mature cedar forests of the Yamakiya district, within
3 km of the Sakashita district. Kato et al. (2015) investigated the
canopy interception of radiocesium and its subsequent transfer to
the forest floor via the litterfall process using the same experi-
mental plots as Hisadome et al. (2013). The tree density of the cedar
forest was 1250 ha�1, and that of themixed broad-leaved forest was
2500 ha�1; Japanese oak (Quercus spp.) and Japanese red pine
(Pinus densiflora) were the dominant species (Kato et al., 2015).
These results indicated that the litterfall mass in the leaf-fall period
(OctobereNovember 2011) accounted for approximately 60% and
40% of all litterfall from AugusteDecember of 2011 in the mixed



Table 4
Mean 137Cs activity of the stemflow water and 137Cs input via stemflow at each experimental plot.

Plot Period 137Cs activity (Bq L�1) 137Cs input (Bq m�2)

Non-filtered Filtered Non-filtered Filtered

KE-plot Apr. 4eDec. 25, 2013 26.1 ± 0.3 (N ¼ 10) e 981 ± 12 e

Mar. 27eSept. 29, 2014 10.1 ± 0.2 (N ¼ 13) 9.68 ± 0.20 (N ¼ 13) 496 ± 9 474 ± 10
KW-plot Apr. 5eDec. 25, 2013 13.6 ± 0.3 (N ¼ 10) e 182 ± 3 e

Mar. 27eSept. 29, 2014 6.62 ± 0.15 (N ¼ 11) 4.93 ± 0.15 (N ¼ 11) 111 ± 3 82 ± 3
KA-plot Apr. 5eDec. 24, 2013 7.32 ± 0.23 (N ¼ 16) e 687 ± 22 e

Mar. 25eSept. 25, 2014 5.24 ± 0.20 (N ¼ 12) 3.21 ± 0.18 (N ¼ 12) 387 ± 14 237 ± 13

N ¼ number of samples.

Table 5
Mean 137Cs activity of litterfall and 137Cs deposition via litterfall at each experimental plot.

Plot Litterfall trap area (m2) Sampling period Litterfall

Weight (g) 137Cs activity (kBq kg�1) 137Cs deposition (kBq m�2)

KE-plot 0.12 Oct. 14eNov. 20, 2014 146 6.88 ± 0.04 (N ¼ 2) 8.36 ± 0.05
KW-plot 0.16 Oct. 14eNov. 20, 2014 112 2.43 ± 0.02 (N ¼ 3) 1.69 ± 0.01
KA-plot 1.00 Oct. 16eDec. 8, 2014 145 15.3 ± 0.1 (N ¼ 3) 2.22 ± 0.01

N ¼ number of samples.
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broad-leaved and cedar forests, respectively (Hisadome et al.,
2013).

Okada et al. (2015) monitored litterfall 137Cs in red pine (36- to
54-year-old) and deciduous broad-leaved (43-year-old) forests af-
ter the FDNPP accident from October 2012 to December 2013 in
Kawauchi Village, 2 km west of the Ogi district. Japanese oak was
the dominant species in this forest. The tree density of the decid-
uous broad-leaved forest was 1413 ha�1, and the average trunk
diameter was 14.2 cm. The results revealed the seasonality of lit-
terfall 137Cs deposition related to the leaf fall of the dominant tree
species. The litterfall in the leaf-fall period (November 2013)
accounted for approximately 59% of the litterfall mass from
AprileDecember in 2013.

Endo et al. (2015) estimated the annual transportation of 137Cs
from the forest canopy to the floor via litterfall, throughfall, and
stemflow in two deciduous and cedar plantation forests of the
Ryozen district, which is 20 km north of the Sakashita district, from
October 2012 to September 2013. The deciduous forest consisted of
a mixture of broad-leaf species, including oak (Quercus spp.) and
maple (Acer spp.) with a tree density of 800e1300 ha�1. The cedar
plantation was approximately 50 years old with a tree density of
2100 ha�1. The authors observed that 137Cs transportation via lit-
terfall increased in the leaf-fall period simply due to the increased
amount of litterfall; the litterfall mass in the leaf-fall period
(OctobereNovember) accounted for approximately 55% and 60% of
the litterfall from AprileDecember in the deciduous broad-leaved
and cedar forests, respectively. By monitoring monthly litterfall
biomass and its 137Cs activity, Endo et al. (2015) showed that the
seasonal variation in 137Cs fluxes from the canopy to the forest floor
mainly originated from changes in litterfall biomass, not from dif-
ferences in the 137Cs activity of the litterfall.

Based on the abovementioned studies, the amount of litterfall
during the leaf-fall period (OctobereNovember) in the deciduous
broad-leaved forests of the KE- and KW-plots and the cedar forest
of the KA-plots were inferred to be 50%e60% and 40%e60% of the
litterfall in AprileDecember of 2014, respectively. Based on the
results of monitoring in the Yamakiya district and Tochigi Prefec-
ture of central Japan (180 km southwest of the FDNPP), the litterfall
137Cs activities remained at the same level after October 2011 in
deciduous broad-leaved and cedar forests (Hisadome et al., 2013)
and generally decreased after July 2011 for Japanese cypress (Cha-
maecyparis obtusa) plantation forest (Teramage et al., 2014). Thus,
assuming that the amounts of litterfall in the KE-, KW-, and KA-
plots in 2013 were the same as in 2014, the 2013 137Cs de-
positions via the litterfall process in these plots were equal to or
larger than those in 2014. From the discussion above, the respective
amounts of litterfall and resultant 137Cs deposition from
AprileDecember 2014 were estimated to be 243e292 g and
13.9e16.7 kBq m�2 for the KE-plot, 187e224 g and 2.84e3.40 kBq
m�2 for the KW-plot, and 242e363 g and 3.70e5.55 kBq m�2 for
the KA-plots.

3.2. Output via the surface runoff process

The transporting agents of 137Cs in the surface runoff process on
the forest floor were surface runoff water and fine-grained partic-
ulate matter, which was mainly composed of fine litter fragments
and soil particles derived from forest floor erosion. It is reasonable
to assume that 137Cs in the surface runoff water exists as a dissolved
chemical substance, whereas in particulate matter, 137Cs is strongly
sorbed and fixed on mica-like minerals and other soil components
(Tamura and Jacobs, 1960; Sawhney, 1970; Comans et al., 1991;
Ohnuki and Kozai, 2013; Evrard et al., 2015). For these reasons,
the 137Cs outputs from the experimental plot via the different
transporting agents (surface runoff water and particulate matter)
were estimated separately. In the following discussion, the washoff
is the 137Cs outputs through the surface runoff process.

Table 6 shows the calculated results of the water inflow and
137Cs input to the catchment box and tank from an end-member
mixing analysis (Leibundgut et al., 2009). The amount of water
and 137Cs activities for the catchment box and tank, along with the
throughfall were measured in the KE-, KW-, and KA-plots. Water
inflow and 137Cs input to the catchment box and tank via surface
runoff accounted for 65%e69% of the stored water and 94%e98% of
the 137Cs input to the box and tank, respectively. The calculated
137Cs washoff as dissolved state from the experimental plots during
the different sampling period are shown in Table 7. There was no
clear relationship between the activity and amount of surface
runoff water during the entire monitoring period. However, for
non-filtered water samples, the 137Cs activity of the surface runoff
water collected in 2014 tended to be lower than that of runoff water
collected in 2013 for each experimental plot (except for the water
sample corresponding to October 17e29, 2013 in the KE-plot). This
tendency was the same as that observed for the 137Cs activity of



Table 6
Separation of 137Cs inputs to the catchment box and tank.

Plot Measured Calculated

Catchment box and tank Throughfalla Surface runoffa,b

Water volume
(L)

137Cs activity
(Bq L�1)

137Cs inventory
(Bq)

Water inflow
(L)

137Cs activity
(Bq L�1)

137Cs input
(Bq)

Water inflow
(L)

137Cs activity
(Bq L�1)

137Cs input
(Bq)

KE-plot 94.6 14.5 ± 0.8 1370 ± 73 30.8 0.963 ± 0.108 29.6 ± 3.3 63.8 21.0 ± 1.1 1340 ± 73
KW-

plot
98.3 18.6 ± 0.7 1820 ± 71 30.8 0.963 ± 0.108 29.6 ± 3.3 67.5 26.6 ± 1.0 1790 ± 71

KA-
plot

93.0 2.53 ± 0.37 235 ± 35 32.6 0.419 ± 0.124 13.7 ± 4.0 60.4 3.66 ± 0.58 221 ± 35

a Water inflow and 137Cs input to the catchment box and tank.
b Period for estimation is Sept. 6eOct. 29, 2013 at the KE- and KW-plots and Aug. 18eOct. 22, 2014 at the KA-plot.

Table 7
Measured 137Cs activities of the catchment tank water and calculated 137Cs washoff as dissolved state during different sampling periods.

Plot Sampling period Catchment box and tank (measured) Surface washoff (calculated)

Volume (L) 137Cs activity (Bq L�1) 137Cs output (Bq m�2)

Non-filtered Filtered Non-filtered Filtered

KE-plot Sept. 6eSept. 27, 2013 38.0 16.6 ± 1.3 e 9.34 ± 0.74 e

Sept. 27eOct. 17, 2013 37.6 14.9 ± 1.3 e 8.30 ± 0.73 e

Oct. 17eOct. 29, 2013 19.0 9.55 ± 1.06 e 2.69 ± 0.30 e

Apr. 7eJuly 2, 2014 39.5 4.93 ± 0.76 5.46 ± 0.83 2.89 ± 0.45 3.20 ± 0.49
July 2eJuly 11, 2014 17.1 4.21 ± 0.71 4.28 ± 0.71 1.07 ± 0.18 1.09 ± 0.18
July 11eJuly 28, 2014 11.2 7.54 ± 0.90 7.69 ± 0.97 1.25 ± 0.15 1.28 ± 0.16
July 28eAug. 20, 2014 33.4 6.90 ± 0.90 5.41 ± 0.82 3.41 ± 0.44 2.68 ± 0.40
Aug. 20eAug. 29, 2014 28.0 8.48 ± 0.96 5.87 ± 0.88 3.52 ± 0.40 2.44 ± 0.36
Aug. 29eSept. 29, 2014 10.5 14.0 ± 1.1 13.7 ± 1.2 2.17 ± 0.18 2.13 ± 0.19

KW-plot Sept. 6eSept. 18, 2013 24.4 28.3 ± 1.6 e 11.3 ± 0.6 e

Sept. 18eOct. 17, 2013 42.0 22.6 ± 1.5 e 15.5 ± 1.0 e

Oct. 17eOct. 29, 2013 31.9 9.95 ± 1.10 e 5.20 ± 0.58 e

Oct. 29eDec. 25, 2013 23.9 13.0 ± 1.2 e 5.10 ± 0.48 e

Apr. 7eJuly 2, 2014 41.8 6.42 ± 0.85 6.60 ± 0.89 4.40 ± 0.59 4.52 ± 0.61
July 11eJuly 28, 2014 10.0 12.3 ± 1.1 8.46 ± 1.03 2.01 ± 0.19 1.39 ± 0.17
July 28eAug. 20, 2014 27.6 9.88 ± 0.99 6.71 ± 0.91 4.47 ± 0.45 3.04 ± 0.41
Aug. 20eAug. 29, 2014 23.0 9.31 ± 1.01 7.62 ± 0.93 3.51 ± 0.38 2.87 ± 0.35
Aug. 29eSept. 29, 2014 7.5 13.7 ± 1.2 e 1.67 ± 0.15 e

KA-plot Sept. 5eSept. 17, 2013 28.3 11.7 ± 1.3 e 6.13 ± 0.69 e

Sept. 17eOct. 18, 2013 57.2 15.5 ± 1.3 e 16.4 ± 1.4 e

Oct. 18eOct. 28, 2013 49.3 6.44 ± 0.93 e 5.87 ± 0.85 e

Apr. 4eJune 19, 2014 41.6 nd (<1.87) nd (<1.86) e e

June 19eJuly 17, 2014 17.1 2.73 ± 0.68 2.75 ± 0.67 0.86 ± 0.21 0.87 ± 0.21
July 17eJuly 29, 2014 14.4 4.69 ± 0.84 2.27 ± 0.70 1.25 ± 0.22 0.60 ± 0.19
July 29eAug. 28, 2014 28.2 3.56 ± 0.73 2.39 ± 0.74 1.86 ± 0.38 1.24 ± 0.39
Aug. 28eSept. 25, 2014 15.9 4.86 ± 0.74 2.76 ± 0.69 1.43 ± 0.22 0.81 ± 0.20

nd ¼ not detected. Figures in parentheses are detection limits (Bq L�1).
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stemflow water (Table 4). This implies that the contributions of
hydrological pathways became less important as time passed
(Teramage et al., 2014). The 137Cs activities of the non-filtered and
filtered water samples in 2014 were on the same order of magni-
tude except for the water sample covering July 11e28, 2014 for the
KW-plot. To be precise, the differences in the 137Cs activities of the
non-filtered and filtered samples were within a statistically ex-
pected error range except for the sample mentioned above.
Assuming that the situation was similar in 2013, the 2013 137Cs
washoff from the forest floor was calculated using the 137Cs activ-
ities of the non-filtered samples of surface runoff water. The 137Cs
washoff of each sampling period were summed to provide the total
137Cs washoff during the monitoring periods in 2013 and 2014. The
137Cs washoff from the forest floor (via surface runoff water) were
estimated to be 20.3 Bq m�2 (SeptembereOctober 2013) and 14.3
Bq m�2 (AprileSeptember 2014) for the KE-plot, 32.1 Bq m�2

(SeptembereOctober 2013) and 16.1 Bq m�2 (AprileSep-
tember 2014) for the KW-plot, and 28.4 Bq m�2 (SeptembereOc-
tober 2013) and 5.39 Bq m�2 (AprileSeptember 2014) for the KA-
plot (Table 7).
The weight of the particulate matter transported from the

experimental plot during the monitoring period is shown in
Table 8. Compared with other input and output processes, the
particulate matter transported via surface runoff was characterized
by a high 137Cs activity and a relatively lower weight. Therefore, the
137Cs washoff associated with the outflow of particulate matter was
extremely low compared to the 137Cs inventory around the exper-
imental plot (Table 8). The sum of the particulate matter weights
from 2013 to 2014 in the KW-plot was larger than that of the KE-
plot but equal to that of the KA-plot. The forest type, forest floor
cover percentage by litter layer as well as the rainfall condition of
the KE-plot were similar to those of the KW-plot, except for the
slope angle (Tables 1 and 8). The features described above suggest
that the slope angle is responsible for the difference in the partic-
ulate matter weight between the KE- and KW-plots (Table 1).
Rainfall intensity is positively correlated with the amount of soil
erosion on a forest floor (Higashi, 1989). In contrast, forest floor
cover, such as litter layer and understory less than 50 cm tall,



Table 8
137Cs washoff accompanied by the transportation of particulate matter.

Plot Period Gross precipitation (mm) Particulate matter (g) 137Cs activitya (kBq kg�1) 137Cs washoff

(Bq m�2) (%)b

KE-plot Mar. 29eNov. 19, 2013 1101c 617 26 245 0.05
Apr. 7eOct. 20, 2014 1251 259 77 304 0.06

KW-plot June 28eNov. 19, 2013 920c 617 47 480 0.10
Apr. 7eOct. 20, 2014 1251 1112 32 600 0.12

KA-plot June 10eNov. 18, 2013 518 1225 21 514 0.11
Apr. 11eOct. 8, 2014 914 382 24 176 0.04

a Data in 2013 are adopted from Ishii et al. (2015).
b The percentage of 137Cs washoff was calculated using the inventory shown in Table 1.
c Data from Ministry of Land, Infrastructure, Transport and Tourism (2015).
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suppress soil erosion regardless of the rainfall intensity and land-
form (Tsukamoto, 1989; Hattori et al., 1992; Miura et al., 2003). The
forest type and rainfall condition of the KW-plot were different
from those of the KA-plot, although their percentages of forest floor
cover were similar (Tables 1 and 8). This similarity may account for
the same particulate matter weights of the KW- and KA-plots.

A smaller amount of particulate matter transported from the
experimental plot indicates a shallower erosion depth in the plot.
Base on the 137Cs depth distribution and its temporal changes in the
forest soil after the FDNPP accident (Fujii et al., 2014; Takahashi
et al., 2015), the shallower erosion depth increased the 137Cs ac-
tivity of eroded soil particles, even two to three years after the
accident. However, it is extremely difficult to explain the differ-
ences in the 137Cs activities of the particulate matter based on the
differences in particulate matter weight (Table 8), which were less
than 1 mmwhen the weight was converted into the erosion depth,
assuming a dry soil density of 1.0 g cm�3.

Using an experimental plot 3 km northwest of the KE- and KW-
plots of this study with an area of 110.5 m2 and a slope of 27.5�,
Yoshimura et al. (2015) reported that in a Japanese cedar forest with
amean vegetation cover of 95%, the percentage of the annual rate of
137Cs washoff associated with soil erosion compared to the in-
ventory was 0.07% from July 2011 to November 2012. Using a 3-m2

plot with a slope of 37e39� in the mountainous forests of the
Abukuma Mountains, 47 km north-northwest from FDNPP,
Nishikiori et al. (2015) reported that 0.086%e1.1% of the 137Cs in-
ventory in the soil was washed off from May to October 2013. The
largest amounts of 137Cs washoff were observed in Japanese cypress
forests, followed by deciduous broadleaf, Japanese red pine, and
Japanese cedar. The amount of soil loss was relatively larger in the
Japanese cypress and deciduous broadleaf forests with little un-
derstory and/or organic horizon (forest floor cover; 5%e15%), sug-
gesting that the forest floor covering strongly affects 137Cs washoff
(Nishikiori et al., 2015). Compared with the same forest floor cover
percentage, this study's estimation was in the range of the pre-
existing investigation results despite the differences in forest type
and topography. This implies that the protective effect of forest
floor cover is an important factor for soil erosion.
3.3. Input and output budgets of 137Cs

The monitoring of the throughfall, stemflow, litterfall, surface
runoff water, and particulate matter at the experimental plots was
performed mainly during the summer monsoon season in
Fukushima Prefecture. However, the monitoring periods varied
according to the monitoring item and experimental plots for mal-
functions of the monitoring instrumentations (Fig. 3). When
comparing the same unit interval, the 137Cs inputs (via throughfall,
stemflow, and litterfall) and outputs (via surface washoff) on the
forest floor described above were converted to values per 243 days
of the monitoring period from AprileNovember (Fig. 5, Table 9).
To summarize the above results, the 137Cs inputs on the forest

floors of the experimental plots were 4e50 times higher than the
137Cs outputs from the forest floors (Fig. 5, Table 9). Except for the
KW-plot, the sum of the inputs via stemflow and throughfall pro-
cesses was nearly equal to or higher than the sum of the outputs via
the surface washoff in the experimental plots in 2013 and 2014. The
most significant contributor to 137Cs input to the forest floor was
litterfall, specifically in the KE-plot. The input of 137Cs via litterfall of
in the KE-plot was an order of magnitude greater than that in the
KW-plot. The 137Cs input from the stemflow in the KE-plot was also
higher than that in the KW-plot. Based on air dose rate measure-
ments and geostatistical analysis of the air dose rate distribution in
mountainous forested area, Andoh et al. (2015) reported that air
dose rates were highly spatially variable and topographically
anisotropic, and increased with elevation. These results indicated
that more radiocesium was deposited on ridges. This spatial vari-
ation may account for the differences in 137Cs input in the KE- and
KW-plots.

The rectangular shape of the experimental plot and the smaller
width of the catchment box (0.30 m) compared to the width of the
lower boundary of the experimental plot (4.6 and 6.0 m; Fig. 2 and
Table 1) affect the transport of particulate matter and surface runoff
water from the plot to some extent, although the degree of this
influence is difficult to estimate. A sheet-like runoff (overland flow)
and sheet erosion are idealized concepts that rarely occur (Hillel,
1998). In reality, overland flow on forested hillslopes is discontin-
uous on patches of hillslope because the root networks of trees and
understory vegetation facilitate infiltration (Gomi et al., 2008), and
very soon after surface runoff begins to concentrate in small rills
with discontinuity in parallel to the contour line and in the
downslope direction (Hillel, 1998; Gomi et al., 2008). Thus, the
weight of particulate matter and volume of surface runoff water
transported from the experimental plot were likely under-
estimated, although the difference in may be less than one order of
magnitude.
4. Conclusion

The input and output budgets of radiocesium in mountainous
forests were estimated based on field surveys via the use of
experimental plots installed in two different districts of the Abu-
kuma Mountains of Fukushima, Japan. The results show that the
inputs of 137Cs on the forest floor were 4e50 times higher than the
137Cs outputs from the forest floor, and that litterfall is the most
significant contributor to radiocesium input on the forest floor.
137Cs output was estimated to be 0.05%e0.19% of the 137Cs in-
ventory during Fukushima's monsoon season (AprileNovember).
These values primarily fall within the realm of a first-order quan-
tification, however, we could definitively conclude that the output



Fig. 5. Input and output budgets for 137Cs at the experimental plots during a summer monsoon season (AprileNovember).

Table 9
Input and output budgets for 137Cs in each experimental plot during summer monsoon from April to November.

Plot Year 137Cs inventorya (kBq m�2) 137Cs input 137Cs output 137Cs input/output

(kBq m�2) (%)b (kBq m�2) (%)b

KE-plot 2013 497.0 17.2 3.45 0.3 0.07 50
2014 16.9 3.40 0.4 0.08 43

KW-plot 2013 497.0 3.9 0.79 0.9 0.18 4
2014 3.9 0.78 0.8 0.15 5

KA-plot 2013 487.0 5.8 1.18 0.9 0.19 6
2014 5.4 1.12 0.2 0.05 22

a The inventory of 137Cs was obtained from the Sixth Airborne Monitoring Survey (as of Dec. 28, 2012) by MEXT (2015) and decay-corrected to April 1, 2013.
b The percentages compared to the 137Cs inventory of each experimental plot.
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of radiocesium from the forest floor is extremely low, with such
radiocesium levels tending to be preserved in the forest ecosystem
through the present juncture. Thus, the forest floor in the moun-
tainous forest seems to be a sink of radiocesium contamination
rather than a source for the contamination of other ecosystems.
Hence, the associated fluxes throughout the circulation process in
the forest ecosystem are key issues for the projecting the envi-
ronmental fate of the radiocesium levels, along with the subse-
quent reconstruction of life emphasized within the setting.
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