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Abstract

Kawauchi Village, in Fukushima Prefecture, is located within a 30-km radius of the nuclear
disaster site of the Fukushima Daiichi Nuclear Power Plant (FDNPP). “Sansai” (edible wild
plants) in this village have been evaluated by gamma spectrometry after the residents had
returned to their homes, to determine the residents’ risk of internal exposure to artificial
radionuclides due to consumption of these plants. The concentrations of radiocesium
(cesium-134 and cesium-137) were measured in all 364 samples collected in spring 2015.
Overall, 34 (9.3%) samples exceeded the regulatory limit of 100 Bg/kg established by Japa-
nese guidelines, 80 (22.0%) samples registered between 100 Bg/kg and 20 Bag/kg, and 250
(68.7%) registered below 20 Bg/kg (the detection limit). The internal effective doses from
edible wild plants were sufficiently low (less than 1 mSv/y), at 3.5+1.2 uSv/y for males and
3.210.9 puSv/y for females (2.7+1.5 pSv/y for children and 3.7+0.7 uSv/y for adults in 2015).
Thus, the potential internal exposure doses due to consumption of these edible wild plants
were below the applicable radiological standard limits for foods. However, high radiocesium
levels were confirmed in specific species, such as Eleutherococcus sciadophylloides
(“Koshiabura” and Osmunda japonica (Asian royal fern, “Zenmai”). Consequently, a need
still might exist for long-term follow-up such as environmental monitoring, physical and men-
tal support to avoid unnecessary radiation exposure and to remove anxiety about adverse
health effects due to radiation. The customs of residents, especially the “satoyama’ (coun-
tryside) culture of ingesting “sansai,” also require consideration in the further reconstruction
of areas such as Kawauchi Village that were affected by the nuclear disaster.
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Introduction

On March 11, 2011, the 9.0-magnitude Great East Japan Earthquake and subsequent tsunami
caused extensive damage to the Fukushima Daiichi Nuclear Power Plant (FDNPP), operated
by the Tokyo Electric Power Company (TEPCO). The result was a severe nuclear accident and
radioactivity release to the atmosphere from the FDNPP [1]. The released radionuclides were
deposited on land and on the ocean around the FDNPP. The estimated total amount of
iodine-131 (**') released ranged from about 100 to about 500 petabecquerel (PBq) and that of
cesium-137 (**’Cs) was generally in the range of 6-20 PBq [2]. These ranges comprised about
2-8% of the total inventory of *'T and about 1-3% of the total inventory of '*'Cs in the three
operating reactors (Units 1-3) at the time of the accident. For perspective, the estimated
releases of '>'Tand '*’Cs from FDNPP were about 10% and 20%, respectively, of the releases
estimated for the Chernobyl accident [2]. These two radionuclides, together with cesium-134
(***Cs), made by far the largest contribution to the exposure of the public [2]. The total release
of radionuclides to the atmosphere estimated by the United Nations Scientific Committee on
the Effects of Atomic Radiation (UNSCEAR) for **'1, **Cs, and "*”Cs were 120.0, 9.0, and 8.8
PBgq, respectively [2].

During the six years since the FDNPP accident, the levels of environmental radioactivity
have been decreasing due to the natural decay of the radionuclides, to erosion and to ecosys-
tem effects [3,4]. The Japanese Government and local governments have also made efforts to
develop strategies and plans for implementing remediation activities, to restore the living con-
ditions of the residents affected by the nuclear accident, and to enable the return of evacuated
people [5].

Kawauchi Village is located within a 30-km radius from FDNPP. On January 31, 2012,
the village mayor declared that residents who lived at least a 20-km radius away from the
FDNPP could return to their homes because the Japanese Prime Minister had declared that
the reactors had achieved a state of cold shutdown in December 2011, and the radiation
doses were at comparatively low levels [6,7]. Five years have passed since this “declaration of
return,” and 2,185 (80.4%) of the 2,717 registered residents have returned to the village as of
May 1, 2017 [8]. However, only a limited number of the evacuated residents who had lived in
areas closer to the FDNPP, where evacuation orders were lifted between 2012 and 2017, have
returned, due to anxieties about potential health effects caused by exposure to radiation
derived from the accident [9,10]. In addition to the risk of external exposure to the whole
body, the risk of internal exposure during the residents’ daily activities remains a particular
matter of public attention, thereby necessitating some means to inform the public regarding
safety [9-17].

In Japan, sansai (edible wild plants) are traditionally consumed in a variety of ways as
satoyama (countryside) culture [18-20]. Many plant parts (roots, leaves, stems, buds, seeds,
flowers, etc.) of edible wild plants are very nutritious, and these traits are pronounced in plants
growing in regions of Eastern Japan that receive snow in winter, including Fukushima Pre-
fecture [18-20]. However, few reports have documented the internal radiation exposure to
humans who consume seasonal and edible wild plants. Although our previous reports showed
that residents who returned to Kawauchi Village experienced only limited internal exposure,
we also confirmed that radiocesium in wild mushrooms collected at Kawauchi Village from
2014 through 2015 exists in several species at high radioactivity levels (Bq/kg) [21-25]. In the
current research, we used gamma spectrometry to analyze the concentrations of artificial
radionuclides such as radiocesium in edible wild plants collected in the forests of Kawauchi
Village in order to evaluate the internal exposure risk derived from the FDNPP accident

(Fig 1).
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Fig 1. Location of Kawauchi Village, Fukushima Prefecture, Japan. Kawauchi Village is located within a 30-km radius of the FDNPP. The second author
(Y.T.) created the map using the software (Green Map I11®, Tokyo Shoseki CO., LTD, Tokyo, Japan. http://www.tokyo-shoseki.co.jp/company_english/
philosophy.html). Reprinted from GreenMap IlI® under a CC BY license, with permission from Tokyo Shoseki Co., Ltd.; original copyright 2003.

https://doi.org/10.1371/journal.pone.0189398.9001

Materials and methods

Sampling sites

The Fukushima Daiichi Nuclear Power Plant is located on the east coast of Honshu Island,
approximately 200 km northeast of Tokyo, Japan. Samples were collected at Kawauchi Village
(the public office, N37° 20’, E140° 48’), 22.0 km southwest of the FDNPP (N37° 25’, E141° 02°)
(Fig 1).

Personnel at the Kawauchi Village Office have been conducting a radioactive contaminant
survey for local foods since their return to their homes. In the current research, 364 edible wild
plants samples (approximately 200-2,000 g fresh weight) collected at Kawauchi Village during
April to June in 2015 were placed in polyethylene bags.
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Table 1. Summary of the radiocesium survey of edible wild plants collected at Kawauchi Village,
Fukushima prefecture, during April-June, 2015.

District n <20 Bg/kg fresh weight?® 20-100 Bg/kg >100 Bg/kg
1 74 58 13 3

2 33 24 8 1

3 19 15 4 0

4 33 26 3 4

5 96 61 26 9

6 45 34 4 7

7 19 12 5 2

8 45 20 17 8

Total 364 (100)° 250 (68.7) 80 (22.0) 34 (9.3)

@Not detected (detection limit for '++137Cs: <20 Bq/kg-fresh).
bPercentage

https://doi.org/10.1371/journal.pone.0189398.t001

Measurement of radionuclides

All measurements were performed at Kawauchi Village, Fukushima Prefecture, Japan. The
activity concentrations of artificial radionuclides (**'I, "**Cs and '*’Cs) were analyzed in all
364 samples of edible wild plants (Tables 1 and 2). All collected samples were cleaned of con-
taminants, such as soil, gravel, and tree stems and branches, washed with water, and stored
refrigerated for several days. After crushing with a mixer, the samples were placed in acrylic
acid resin containers, weighed (approximately 200-500 g fresh weight), measured for density
and height, and analyzed for 1,800 s (real time) using a $2x2 inch thallium-doped sodium
iodide (Nal) detector (Canberra®, CAN-OSP-NAI, AREVA NC Inc., Meriden, CT, USA) cou-
pled to a multi-channel analyzer (Genie 2000, Canberra Japan KK., Tokyo, Japan) covering
1,024 channels (2,000 keV). We set the measuring time to detect objective radionuclides such
as radiocesium. The gamma-ray peaks used for measurements were 604.7 keV for '**Cs (2.1y)
and 661.6 keV for *’Cs (30y). The resolution of the instrument was < 7.5% on 661.64 keV for

Table 2. Summary of the radiocesium survey of edible wild plants collected at Kawauchi Village, Fukushima prefecture, duringApril-June, 2015.

Species (in Japanese) n <20 Bq/kg fresh weight?® 20-100 Bg/kg >100 Bg/kg
Petasites japonicus (“Fuki”) 85 77 (90.6)° 8(9.4) 0(0)

Aralia cordata (“Udo”) 92 76 (82.6) 15(16.3) 1(1.1)
Pteridium aquilinum (“Warabi”) 84 44 (52.4) 30 (35.7) 10(11.9)
Phyllostachys edulis (“Takenoko”) 35 21 (60.0) 12 (34.3) 2(5.7)
Aralia elata (“Taranome”) 10 3(30.0) 1(10.0) 6 (60.0)
Parasenecio delphiniifolius (“Shidoke”) 17 9(52.9) 7(41.2) 1(5.9)
Matteuccia struthiopteris (“Kusasotetsu™ “Kogomi”) 13 9(69.2) 3(23.1) 1(7.7)
Artemisia indica var. maximowiczii (“Yomogi”) 3 3(100) 0(0) 0(0)
Eleutherococcus sciadophylloides (“Koshiabura®) 7 0(0) 0(0) 7 (100)
Osmunda japonica (“Zenmai”) 10 2(20.0) 2(20.0) 6 (60.0)
Hosta sieboldiana (“Urui”) 3 3(100) 0(0) 0(0)
Fallopia japonica (“ltadori”) 5 3(60.0) 2(40.0) 0(0)

Total 364 (100) 250 (68.7) 80 (22.0) 34 (9.3)
@Number of not detected samples (detection limit for '3+*'37Cs: <20 Bg/kg-fresh).

PPercentage.

https://doi.org/10.1371/journal.pone.0189398.t002
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137Cs. Furthermore, the sum peak of '**Cs (1,401 keV) was separated from the gamma-ray
peak of potassium-40 which is often dominant in natural radionuclides. We adopted the Lab-
SOCS (Laboratory Sourceless Calibration Software by Canberra™) mathematical efficiency
calibration software for geometric and detector efficiency, which calculates the calibration
without the need for the standard activity calibration sources normally used for efficiency cali-
bration. Sample collection, processing, and analysis were executed in accordance with the stan-
dard methods of radioactivity measurement recommended by the Ministry of Education,
Culture, Sports, Science, and Technology in Japan [26,27].

Effective dose

After the measurements, the internal effective doses (estimated effective doses) from the edible
wild plants samples were estimated from the radioactive fission product concentrations, using
the following formula:

Hint = C - Dint - e (1)

where Cis the activity concentration (the median value of 12 varieties of edible wild plants) of
the detected artificial radionuclides (i.e., radiocesium) (Bq/kg fresh weight) (Table 3). Here,
Dint is the dose conversion coefficient for child intake (age: 0-18 years, 1.3x10 to 2.6x10>
mSv/Bq for **Cs and 9.6x107° to 2.1x10™° mSv/Bq for '*’Cs) and for adult intake (age: > 19
years, 1.9x10~> mSv/Bq for '**Cs and 1.3x107> mSv/Bq for '*’Cs), as per the International
Commission on Radiological Protection (ICRP) 1996 [28], and e is quoted from the median
value of daily intake data (g/man/day) for age and gender, as issued by the Ministry of Health,
Labour, and Welfare (MHLW), Japan in 2015 [29]. The estimated internal effective doses were
calculated by assuming that the undetected data of the radiocesium had activity concentrations
corresponding to one-half of the detection limit for edible wild plant samples in 2015 (the
rates of undetected data were in a range of 60-80%) (Tables 1 and 2). These assumptions were

Table 3. Distribution of radiocesium in edible wild plants in Kawauchi Village, Fukushima prefecture, during April-dune, 2015.

Species (in Japanese) n Range (Bg/kg fresh Mean (Bg/kg) Median (Bg/kg)

weight)

134CS 137Cs 134cs 137cs 134CS 137Cs
Petasites japonicus (“Fuki”) 85 <18-33 <10-27 11+2.92 11+2.8 10 (10)° 10 (10)
Aralia cordata (“Udo”) 92 <10-14 <11-46 11+£3.9 14+19 10 (10) 10(17)
Pteridium aquilinum (“Warabi”) 84 <10-513 <11-647 23160 38184 10 (30) 10 (82)
Phyllostachys edulis (“Takenoko”) 35 <18-34 <10-28 14+18 32168 10 (10) 10 (45)
Aralia elata (“Taranome”) 10 <21-201 <18-771 60168 2161266 28 (178) 103 (673)
Parasenecio delphiniifolius (“Shidoke”) 17 <10-33 <10-96 13+5.8 26125 10(18) 10 (61)
Matteuccia struthiopteris (“Kusasotetsu™ “Kogomi”) 13 <12-22 <12-87 11£3.2 20122 10 (12) 10 (44)
Artemisia indica var. maximowiczii (“Yomogi”) 3 n.d. n.d.
Eleutherococcus sciadophylloides (“Koshiabura®) 7 302,084 140-7,374 | 6244633 |2,188+2,246 |512(1,219) 1,904 (4,277)
Osmunda japonica (“Zenmai”) 10 <23-155 <12-643 40142 1464182 28 (67) 101 (274)
Hosta sieboldiana (“Urui”) 3 n.d. n.d.
Fallopia japonica ( “Itadori”) 5 n.d. <13-23 1345.0 10 (19)
Total 364 |<10-2,084 |<10-7,374 |28+126 724438 10 (22) 10 (57)

@Data are presented as mean+SD. Error shows one sigma standard deviation from counting statistics.

b90th percentile.

°Not detected (detection limit for '3++'37Cs: <20 Bq/kg-fresh).

https://doi.org/10.1371/journal.pone.0189398.t003
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Table 4. Estimated internal effective doses from edible wild plants due to radiocesium in Kawauchi Village, Fukushima prefecture.

Period Estimated dose | Gender |Mean Average |Age Group?®
1-6 |7-14 |15-19 |20-29 30-39 |40-49 |50-59 | 60-69 |>70
April-June, 2015 | pSv/3 month Male 0.9+0.3° | 0.9 0.2 |0.8 1.2 0.8 0.8 0.9 1.1 1.2 1.0
Female |0.840.2 |0.9 0.3 |08 0.9 0.6 0.7 0.9 1.0 1.2 0.9
pSv/y° Male 3.5¢1.2 |37 0.7 |32 4.6 3.3 3.2 3.7 4.4 4.7 3.8
Female |3.2¢0.9 |3.5 1.3 |3.0 3.5 2.6 2.9 3.5 3.8 4.7 3.5

@Dose conversion coefficients are from Internal Dose Easy Calculation Code by ICRP Publ.72.

PData are presented as mean+SD.
®Values corresponded to the annual internal exposure dose.

https://doi.org/10.1371/journal.pone.0189398.1004

based on the Global Environment Monitoring System-Food Contamination Monitoring and
Assessment Programme (GEMS/Food) by the World Health Organization (WHO) and the new
standard limits for radionuclides in food recommended by the MHLW [30-32]. In the current
research, edible wild plants were selected to calculate the estimated effective doses because these
samples were routinely collected and are assumed to contribute to the potential for internal
exposure. Therefore, the estimated effective internal doses were estimated by assuming that the
residents usually ingested edible wild plants during the investigation period (3 months or a
year) after they returned to their homes in Kawauchi Village (Table 4 and Fig 2).

Results

A summary of the radioactive contaminants survey for edible wild plants collected at Kawau-
chi Village is shown in Table 1 and Table 2. Thirty-four (9.3%) samples exceeded 100 Bq/kg,
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Fig 2. Internal effective doses due to radiocesium in Kawauchi Village, Fukushima prefecture in 2015. The internal effective doses from edible wild
plants were 3.5+1.2 uSv/y for males and 3.2+0.9 pSv/y for females (2.7+1.5 pSv/y for children and 3.7+0.7 uSv/y for adults).

https://doi.org/10.1371/journal.pone.0189398.g002

PLOS ONE | https://doi.org/10.1371/journal.pone.0189398 December 14, 2017

6/13


https://doi.org/10.1371/journal.pone.0189398.t004
https://doi.org/10.1371/journal.pone.0189398.g002
https://doi.org/10.1371/journal.pone.0189398

@° PLOS | ONE

Internal exposure doses in edible wild plants

80 (22.0%) samples registered between 100 Bq/kg and 20 Bq/kg, and 250 (68.7%) samples reg-
istered below 20 Bq/kg (the detection limit). The distribution of radiocesium concentrations in
edible wild plants in Kawauchi Village is shown in Table 3. Although radiocesium was not
detected in many samples, the radiocesium for some species, such as Eleutherococcus sciado-
phylloides (“Koshiabura”) and Osmunda japonica (“Zenmai”), were often detected in high con-
centrations in every year. The radiocesium concentrations of E. sciadophylloides were 624+633
Bq/kg for '**Cs (ranging from 30 to 2,084 Bq/kg) and 2,188+2,246 Bq/kg for '*’Cs (ranging
from 140 to 7,374 Bq/kg).

The estimated internal effective doses from edible wild plants due to radiocesium in Kawau-
chi Village are summarized in Table 4 and Fig 2. These values were 3.5+1.2 uSv/y for males
and 3.2+0.9 pSv/y for females (2.7+1.5 uSv/y for children and 3.7+0.7 uSv/y for adults) during
the investigation period.

Discussion

Although comparatively higher concentrations of radiocesium were observed in some samples
in the current research, the detection rate of radiocesium levels greater than 100Bq/kg (the
radiocesium regulatory limit for general foods in Japan) was 9.3%. Our current results suggest
that radiocesium concentrations remained at extremely low levels in 2015. By contrast, some
edible wild plants such as Aralia elata (“taranome”), E. sciadophylloides, and O. japonica
showed median concentrations of radiocesium ('***'*’Cs) that exceeded the regulatory limit.
Especially, the radiocesium concentrations of E. sciadophylloides were much higher than the
regulatory limit ('**Cs: 512 Bq/kg-fresh weight; '*’Cs: 1,904 Bq/kg-fresh weight by median).
The Ministry of Agriculture, Forestry and Fisheries of Japan prohibits the collection of E. scia-
dophylloides in places where the air dose is greater than 0.2 uSv/h because high concentrations
of radiocesium have been often found in E. sciadophylloides around the FDNPP since the
spring of 2013 [11,19,33]. Thus, the current research suggests that radiocesium concentrations
in E. sciadophylloides, including plants growing in Kawauchi Village, remain higher than in
other edible wild plants around the FDNPP.

The current research also provided estimates of the estimated internal effective doses from
edible wild plants in Kawauchi Village. The internal exposure risk by intake of agricultural
products such as vegetables, edible wild plants and wild mushrooms is a matter of concern for
residents. Edible wild plants including wild mushrooms are commonly ingested because
approximately 90% of the area of Kawauchi Village is covered by forests andfarming is the
dominant industry in the region. Thus, the daily consumption (g/day) of edible wild plants
would likely contribute to the residents’ estimated internal effective doses from other sources
(see Eq (1)). The current research suggests that dietary habits between generations (i.e., old
versus young age) contributed to the estimated internal effective doses [25,29]. In contrast,
gender did not always contribute to these doses except the group aged 1 to 6 years [25,29]. Per-
sons fifty years of age and older and the group aged 15 to 19 years tended to have slightly
higher consumption of edible wild plants when compared to the other age groups, so that the
estimated internal effective dose was extremely low in the group aged 1 to 14 years and in the
group 20 to 39 years [29].

The results from the current research also suggested that the cumulative internal exposure
risk experienced by ingesting edible wild plants was very low, although the potential for radio-
cesium exposure still exists [21,24,25,34,35]. The internal effective doses ranged from 0.12—
11.94 pSv for males and from 0.17-10.15 uSv for females (from 0.04-4.57 pSv for male children
and from 0.50-7.77 pSv for female children) from April 2013 to December 2014, and ranged
from 2.3-9.8 uSv/y for males and from 2.9-12 uSv/y for females (from 2.3-12 pSv/y for male

PLOS ONE | https://doi.org/10.1371/journal.pone.0189398 December 14, 2017 7/13


https://doi.org/10.1371/journal.pone.0189398

@° PLOS | ONE

Internal exposure doses in edible wild plants

children and from 2.9-12 pSv/y for female children) from May 2012 to March 2013 due to the
ingestion of edible wild plants and mushrooms [24,25]. This tendency shown for the annual
effective doses from radiocesium in foods is consistent with the estimations made by the
Nuclear Regulation Authority (NRA) and other estimates reported elsewhere [6,7,11]. In our
research, we evaluated the internal exposure doses and the long-term variation based on radio-
cesium concentrations of edible wild plants, and we found no obvious variation in radiocesium
contamination between 2012 and 2015 [24,25]. The cumulative internal effective doses from
edible wild plants due to radiocesium were 21.1+4.00 uSv/4y for males and 20.2+3.58 uSv/4y
for females (16.0+7.18 uSv/4y for children and 23.0+3.74 uSv/4y for adults) between 2012 and
2015 (Table A in S1 Appendix) [24,25]. Additionally, significant differences were observed in
the estimated internal effective doses between males in 2013 and females in 2015, females in
2013 and females in 2015, and females in 2014 and females in 2015 (p<0.001) during the
investigation period (Fig A in S1 Appendix) [24,25]. Thus, current internal doses are estimated
to be sufficiently low when compared to the public dose limit (1 mSv/y, ICRP, 1991). More-
over, the monitoring system for local foods appears to be functioning effectively as a risk evalu-
ation tool in Kawauchi Village. However, the finding of extremely high radiocesium
concentrations in several species such as E. sciadophylloides suggests that precautions should
be taken when ingesting these wild plants (Table 3) [11,19]. This species-level analysis of edi-
ble wild plants is likely of scientific and public health importance for the long-term assessment
of environmental impacts in Fukushima.

Conversely, external exposure doses in areas located northwest of the FDNPP, including
‘difficult-to-return zones’ such as Iitate Village over 30 km from FDNPP, are now at low levels
(less than 0.5-19.0 pSv/h in 2015; equivalent to approximately 2.5-95 mSv/y) [6,7]. The data
collected by national institutions such as the NRA and in our previous research have con-
firmed that the areas located northwest of FDNPP, including Iitate Village, were clearly
affected by the FDNPP accident when compared with other regions in Fukushima prefecture
[5-7,36]. Multiple artificial radionuclides, including radiocesium, were transported by adhe-
sion to aerosol or soil particles because weather conditions, such as rain, snow, and wind, likely
facilitated the transport of radionuclides immediately after the FDNPP accident [5-7,36]. Nev-
ertheless, the external exposure doses are now at low levels in most areas of Kawauchi Village
(less than 0.2-0.5 pSv/h in 2015; equivalent to approximately 1-2.5 mSv/y), according to air-
borne monitoring data by the NRA [7]. External effective doses due to artificial radionuclides
derived from the FDNPP accident in Kawauchi Village were extremely low compared to the
heavily contaminated areas located northwest of the FDNPP [7,33]. Current estimates also
indicate that the external exposure doses in Kawauchi Village due to artificial radionuclides
derived from the FDNPP accident were equivalent to the public dose limit and/or were suffi-
ciently lower than the existing exposure situation (20 mSv/y) determined by the ICRP. More-
over, the monitoring system for local foods works effectively in the areas around the FDNPP
and the internal exposure risk may be strictly controlled, although a significant external expo-
sure risk still exists in areas where evacuation orders have been lifted [32].

Forests (approximately 68%) cover much of Fukushima Prefecture [37]. Most of the radio-
cesium was initially intercepted by the tree canopies during the early stage of contamination
from the FDNPP accident and much of the radiocesium has been transported to the ground
surface during the intervening time [38-40]. The radiocesium found in plants may also have
been leached by the rain and accumulated on the surface of the soil. The importance of the
processes for removal of radiocesium from the tree canopies decreased in the order of litterfall,
throughfall, and stemflow [38-40]. The radiocesium activity fraction was also observed in old
foliage within the tree compartments [38-40]. On the other hand, edible wild plants with roots
that develop in shallow soil may take up radiocesium by these roots when the radiocesium
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enters the forest ecosystem [19]. The mechanisms responsible for the increase in radiocesium
concentrations in edible wild plants is not clear [19]. Further investigation of the Fukushima
forests are necessary to evaluate variation of ecosystem cesium transport processes under vari-
ous soil-landscape conditions [38-40]. The internal exposure doses due to consumption of edi-
ble wild plants might decrease slower than the external exposure doses and they might also
show irregular variation with time, although the biological and effective half-lives of radioce-
sium are less than 100 days because they are distributed in whole body muscles [35,41,42].
Conversely, consumption of edible wild plants, such as E. sciadophylloides, should be mini-
mized to reduce internal exposure to radiocesium from the viewpoint of risk management. A
long-term follow-up study of dietary exposure is required to evaluate annual dietary consump-
tion of radiocesium in areas around the FDNPP.

The current research has several limitations. One limitation is that the sample size (n = 364)
might not be large enough because the radioactivity in edible wild plants will vary widely with
soil properties and/or the amount of radiocesium accumulated immediately after the FDNPP
accident. However, the concentration of radiocesium was measured in 1,700 samples collected
in Kawauchi Village from 2012 through 2015 and these data are consistent with the values
reported here (Table B and C in S1 Appendix)[24,25]. Moreover, the intake of radiocesium
varies by cooking method and consumption habits and edible wild plants are eaten a variety of
ways (boiled, fried and so on). Traditionally, edible wild plants are also eaten raw in Japan.
Thus, it is necessary to calculate effective doses under a variety of conditions. In the current
research, internal exposure risks were evaluated using raw edible wild plants which the inhabi-
tants in Kawauchi Village consume daily. Unfortunately, we were not able to investigate the
precise distribution of E. sciadophylloides that showed high radiocesium concentrations
because of an insufficient number of E. sciadophylloides samples collected during the investiga-
tion period. Also, some radionuclides could not be analyzed using our procedure, including
strontium-90 (*°Sr) (29 y) and plutonium (Pu). However, both Sr and Pu show limited distri-
butions around the FDNPP according to the data of national institutions such as the NRA [7].

In conclusion, we evaluated the radiocesium concentrations in edible wild plants to esti-
mate internal exposure doses around the FDNPP. Our findings suggest that the internal expo-
sure doses depend on the dietary habits of consumers and the species of edible wild plants
consumed, with some age groups getting larger doses than others. However, based on our
observations, it is predicted that overall the internal doses were significantly lower than recom-
mended the public dose limit (1 mSv/y) (Tables 3 and 4). Radiocesium concentrations were
relatively high in some edible wild plant species, such as E. sciadophylloides; therefore, con-
sumption of this plant as well as mushrooms should be avoided [11,21,29]. Nevertheless, the
monitoring system for local foods is effective as a risk communication tool in Kawauchi Vil-
lage. The FDNPP nuclear disaster has necessitated long-term follow-up of environmental
monitoring and countermeasures like further decontamination and restriction of the ingestion
of foods that can cause unnecessary radiation exposure, and physical and mental health sup-
port services [43-45]. Sustained diligence is needed to protect the physical and mental health
of Fukushima residents while allowing for their “satoyama” (countryside) culture of ingesting
"sansai" (edible wild plants) during the remediation of radiation-affected areas, such as Kawau-
chi Village, following the nuclear disaster.

Supporting information

S1 Appendix. Estimated internal effective doses from edible wild plants due to radiocesium in
Kawauchi Village, Fukushima prefecture, during 2012-2015 (Table A).
Variations of estimated internal effective doses from edible wild plants due to radiocesium in
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Kawauchi Village, Fukushima Prefecture, during 2012-2015 (Fig A).

Summary of the radiocesium survey of edible wild plants (12 species) during 2012-2015
(Table B).

Distribution of the radiocesium survey of edible wild plants (12 species) during 2012-2015
(Table C).
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