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Abstract

The unexpected accident at the Fukushima Daiichi Nuclear Power Station in Japan, which
occurred on March 11th, 2011, after the Great East Japan Earthquake and tsunami struck
the north-eastern coast of Japan, released radionuclides into the environment. Today,
because of the amounts of radionuclides released and their relatively long half-life, the levels
of radiocesium contaminating foodstuffs remain a significant food safety concern. Food-
stuffs in Japan have been sampled and monitored for '3+37Cs since the accident. More
than 2.5 million samples of foodstuffs have been examined with the results reported monthly
during each Japanese fiscal year (FY, from April 15! to March 31%") from 2012 to 2021. A
total of 5,695 samples of foodstuffs within the “general foodstuffs” category collected during
this whole period and 13 foodstuffs within the “drinking water including soft drinks containing
tea as a raw material” category sampled in FY 2012 were found to exceed the Japanese
maximum permitted level (JML) set at 100 and 10 Bg/kg, respectively. No samples from the
“milk and infant foodstuffs” category exceeded the JML (50 Bg/kg). The annual proportions
of foodstuffs exceeding the JML in the “general foodstuffs” category varied between 0.37%
and 2.57%, and were highest in FY 2012. The '**'3”Cs concentration for more than 99% of
the foodstuffs monitored and reported has been low and not exceeding the JML in recent
years, except for those foodstuffs that are difficult to cultivate, feed or manage, such as wild
mushrooms, plants, animals and fish. The monitoring data for foodstuffs show the current
status of food safety risks from '*13”Cs contamination, particularly for cultured and aqua-
culture foodstuffs on the market in Japan.

Introduction

Radionuclides were released to the environment following an accident on March 11, 2011, at
the Fukushima Daiichi Nuclear Power Station (FDNPS) run by the Tokyo Electronic Power
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Company in Japan, which occurred after the Great East Japan Earthquake and tsunami struck
the north-eastern coast of Japan. The reported levels of radionuclides released differed accord-
ing to their volatility [1], with volatile noble gases, such as xenon and krypton, and others such
as iodine (I), cesium (Cs) and tellurium being released [2]. However, the release of low volatile
elements, such as strontium, barium, uranium and plutonium, was much lower [1, 3]. In 2020,
the United Nations Scientific Committee on the Effects of Atomic Radiation (UNSCEAR) con-
cluded that "*'I (half-life [t,,,] 8.02 d), ***Cs (t,/, 2.06 y) and B37Cs (t1/, 30.2 y) were the greatest
contributors to released radionuclides, with the total release of relatively long-life *'I and
"%7Cs being reported as 100-500 and 6-20 PBq, about 10% and 20% of the levels estimated
from the Chernobyl Nuclear Power Station accident in 1986, respectively [1].

Considering the amount released and the t,,, of the radionuclides, 134Cs and *7Cs
(B*137Cs) are the major concern for the contamination of foodstuffs more than a decade after
the FDNPS accident [1]. Most of the released **'*'Cs is dispersed but a substantial proportion
persists in a resuspension-deposition cycle within the land mass. Consequently, the monitor-
ing of **"¥"Cs in organisms may need to continue until they decay naturally or dissipate in
the environment to undetectable levels [4-11]. The processes of the resuspension of >*'*’Cs
are not fully understood but many studies have concluded that the concentrations and expo-
sure levels of radioactive Cs were well below regulatory levels, and that their contribution to
the long-term exposure of the public from consuming foodstuffs has not been significant in
recent years [12-14].

The extent of '**'*’Cs contamination for foodstuffs in Japan after the FDNPS accident has
been examined according to monitoring guidelines established by the nuclear emergency
response headquarters of Japan [15]. The '**'*'Cs concentrations were measured in foodstuffs
and the data reported by local governments in Japan according to the food hygiene monitoring
guidance plan following the Food Sanitation Act [16]. The monthly raw data were collected,
summarized then released to the public by the Ministry of Health, Labour and Welfare of
Japan (MHLW) [17]. The nuclear emergency response headquarters in Japan has reviewed the
food hygiene monitoring guidance plan for testing foodstuffs [18], and updates have been
made almost annually since 2011 so that the rationality and efficiency of the inspections have
been steadily improved. Acting on changes in the monitoring results has allowed scientific
knowledge to accumulate and improve, enabling, for example, the status of cases of cancella-
tion of shipping restrictions to be reassessed [19, 20]. Many countries or regions have now
lifted their restrictions on importing Japanese foodstufts but some still continue to impose reg-
ulations. Currently, analysis of the risk from consuming foodstuffs contaminated with radioac-
tive substances has not completely addressed consumers’ concerns, both domestically and
internationally. Consumers remain concerned about residual radioactive contamination espe-
cially in seafood [21, 22]. Future monitoring plans need to take into account these concerns as
well as the accumulated scientific knowledge gained by monitoring levels of contamination in
the years since the FDNPS accident. Critical scientific advice is still needed on which types of
foodstuff should be the focus of examination, so that the successful risk analysis of such unex-
pected accidents can be prioritized.

In the present study, we analyzed more than a decade of accumulated **'*’Cs monitoring
data on foodstuffs that have been sampled throughout Japan. From these data, the chronologi-
cal changes in "**'*’Cs concentration data in a range of Japanese foodstuffs have been investi-
gated using comprehensive data analyses. These **'*’Cs nationwide monitoring data will
show the current status of food safety regarding contamination by radionuclides, particularly
for cultured and aquaculture foodstuffs that are available in Japan.
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Materials and methods
Accessing data sources

The "**'*7Cs monitoring data were reported by the prefectural governments around Japan,
with the publicly available monthly reports obtained as Microsoft Excel files from the MHLW
website [23]. For screening foodstuffs for '>*'*’Cs concentrations at < 50 Bq/kg, the monitor-
ing data were obtained according to the Japanese official testing methods using gamma spec-
trometry with sodium iodide, NaI(T1), and cesium iodide CsI(TI) scintillation detectors [24,
25]. For detecting '**'*’Cs concentrations at > 50 Bq/kg in foodstuffs, a Ge semiconductor
detector was used. For dried processed foodstuffs, such as dried mushrooms, the moisture con-
tent data (percentage weight change) were taken into account; otherwise, they were examined
directly in the dried state [26]. The data obtained from the database were originally in Japanese
so were converted to alphabetical text and numeric data for direct computation using the
Python programming language. All data reported from April 2012 to March 2022 were
acquired from the website using Anaconda 3 (Ver. 2020.02) with Python 3 (Ver. 3.7.6 for
Ubuntu) software. The web page scraping tool, Beautiful Soup 4 (Ver. 4.8.2), and the HTTP
operation tool, urllib3 (Ver. 1.25.8), were used for the website structural analysis and extracting
the URL-linked elements, with these software tools being operated using Jupyter Notebook.

Data analysis

The monthly data files were concatenated and integrated into annually summarized data files
using Python 3 and the pandas (Ver. 1.2.3) package. To compute the text format and numeric
data, the “drop” and “dropna” methods were used to remove unnecessary blank lines in the
data. The “loc” and “iloc” attributes were then used to extract the required lines and columns
during the concatenation and integration. The “replace” method was used when deleting
unnecessary characters in a numeric column or replacing obvious text errors. In addition, the
“regex” argument was used when replacing a character string. A specific character string was
corrected by combining pattern matching of the character string by regular expression with an
exact and partial match. Methods such as “where” and “merge” were used in combination
when each sample was categorized into a specific food group. The “pandas.to_datetime”
method was used to convert the reported date data for analysis. The obtained data were basi-
cally classified by the “Sampling Date” reported in the original data as the reported concentra-
tion data were decay-corrected to the sampling date. Samples with no “Sampling Date”
information were classified by “Results Obtained Date”, and samples with no “Sampling Date”
and no “Results Obtained Date” were classified by the “Press Release Date”. All dates indicated
in “Sampling Date”, “Results Obtained Date” and “Press Release Date” were corrected and
summarized from that originally reported in the FY as a Japanese era name to the period
Anno Domini (AD). Numeric items recognized as character strings were converted to
numeric data using the “pandas.to_numeric” method. After the correction and pre-processing,
the data were saved in a comma-separated value (CSV) file by the “pandas.to_csv” method.
The number of samples in the data was assessed by counting lines.

In the present study, each '**'*’Cs concentration reported for a foodstuff was compared
with the Japanese maximum permitted level (JML) values set for three food categories: 10 Bq/
kg for “drinking water including soft drinks containing tea as a raw material (For the liquid
tea, samples were reported to be prepared by adding 30 times volume of 90°C water to 10 g of
dried tea leaves and filtering through 40-mesh filter after extracting for 60 seconds); 50 Bq/kg
for the “milk and infant foodstuffs”; and 100 Bq/kg for “general foodstuffs” that includes live-
stock, agricultural and fishery foodstuffs, wild birds and animals and others such as processed
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food commodities [15]. For “general foodstuffs”, samples in the original monthly report at
more than or equal to 110 Bq/kg were reported to exceed the JML value. The threshold value
for detecting '**'*"Cs concentrations in the “general foodstuffs” category was set at a quarter
of the JML value, i.e., samples at 25 Bq/kg or less were considered negative (“not detected”).
For fishery foodstuffs, data on freshwater fishery foodstuffs were extracted from the data, and
others, including marine fishery foodstuffs, crustaceans, shellfish, seaweeds and migratory fish,
were then extracted as “not freshwater fishery foodstuffs” (S1 Fig). Samples with no informa-
tion on their origin (wild or aquaculture) were included into the wild origin class in the data
analyses.

For data aggregation, R (Ver. 4.0.3) and RStudio Server (Ver. 1.3.1093) with tidyverse (Ver.
1.3.0), dplyr (Ver. 1.0.5), tidyr (Ver. 1.1.3), ggplot2 (Ver. 3.3.3), lubridate (Ver. 1.7.10), stringr
(Ver. 1.4.0), knitr (Ver. 1.31), readr (Ver. 1.4.0) and extrafont (Ver. 0.17) packages were used.
The obtained CSV files were read using the readr package and concatenated using the rbind
function. Other categorical variable items, such as “prefecture”, “marketed,” “non-marketed”
(ones that include those produced for sale or not for sale, but that have not been in market),
“food category”, “food category 2”7, “food classification”, “inspection instrument”, “region clas-
sification” and “exceed action levels”, were factorized into categories using the “as.factor” func-
tion. For data extraction, the “subset”, “filter” and “group_by” functions, in combination with
general R functions, such as “summarise”, “spread”, “count” and “xtabs”, were used as well as
Microsoft Excel’s pivot tables.

Visualization of results

The data were analyzed using RStudio server (Ver. 1.3.1093). Additional packages including
ggplot2 (Ver. 3.3.3) for graph drawing, knitr (Ver. 1.31) for table processing and the Japanese
TrueType font compatible package extrafont (Ver. 0.17) were used. Scatter plots were obtained
using the “geom_point” function in the ggplot2 package. Histograms were created using the
“geom_histgram” function. For the distribution of the detected '**'*”Cs concentration values,
a violin plot was created using the “geom_violin” function. Mapping data were made with Nat-
ural Earth. Briefly, to locate the reported samples in the dataset, the information on “prefec-
ture” was used to match with the addresses of the local governments’ head offices then the
locations were plotted on maps (shape files) downloaded from Natural Earth (https://www.
naturalearthdata.com/, last accessed on January 21, 2022) using the “geom_sf” function.

Statistical methods

Fisher’s exact test was applied to compare the annual sample numbers. Bonferroni adjustment
was applied for multiple comparisons. Calculated corrected p-values were considered statisti-
cally significant at < 0.05 in this study. The statistical analyses were performed using R.

Results and discussion
Data characterization

To analyze any chronological trends observed from the '**'*’Cs concentration data for the
examined foodstuffs after the accident, the data obtained from the MHLW webpage were first
compiled into one set of annual data. Because the food hygiene monitoring guidance plan for
testing foodstuffs in Japan is updated annually according to the Japanese fiscal year (April 1*
to March 31 of the next year), the compiled data following the FY were analyzed comprehen-
sively according to the scheme in S2 Fig. Table 1 summarizes the data according to the
detailed attributes reported for each sample. The samples in the dataset were separately

PLOS ONE | https://doi.org/10.1371/journal.pone.0274070 September 21, 2022 4/16


https://www.naturalearthdata.com/
https://www.naturalearthdata.com/
https://doi.org/10.1371/journal.pone.0274070

foodstuffs

locesium in

Rad

PLOS ONE

100¥0£01£20"8uod [euinol/L2g 0 1/610'10p//:sdny

‘uoneurIojur JnoyIm sapdures, ,

“partodai sapdues jo -ou [ej0) a1y} Sutsn pajenoyed sem ajeI Y],

"POZIIBWIINS 3I9M ISEQEIEp

3Y) UT P2310daT POYIoUT SATIONIISIP-UOU & PUE JUSWINIISUI P3JedIPUT OU SUTPN[OUT Pasn sjuawnmsul e Sutsn eyep [y "810¢ ‘Ae]y Ul padueyd poylaw WONO3[[0d BIep Y[, "S[qe[leA. BJep OU ‘YN,

TES'BLS T [OL.

TESBLST S9ITHST SI6T07'T
015425 £T6LE 7008 $69' SLIPSYT L5E76 PIE9 050°0¢ orLL 12581 660997 ST9°L00T 81201 s 1519 0Lt PI0TZET Tio'sLt TESBLST [eroiqns
e | orrse | (z00) 61 | (100) | 481 | (100) | €51 | (9rm) | sosze | (410) | L9t | (10°0) | 10T | (€00) | 88 | (60°0) | ¥LzT | (L0'0) | TS8T | (9F0) | ISLTI | (820) | 8LIL | (9F0) | WETI | VN | VN | (10) | 8267 | (1D | s | (00) T | (@o) | 89s's SLO'9E 1207
WD | otzee | (€00) we | (100) | 81 | (000) | 1zt | (D | oezoe | (810) | ses¥ | (100) | el | (b0'0) | eS0T | (110) | 6£6 | (€10) | ozv'e | (zs0) | veWEl | (b£0) | 8988 | (zv'0) | €6£01 | VN | VN | (10) | 6zr€ | (T1) | 9ez0e | (0'0) ove | (€0) | 090 S9L0V 020z
(srn) | svs48t | (£0°0) 808 | (10°0) soz | (100) £91 | (00'TD) | 9998z | (0T0) | 650°s | (10°0) €9¢ | (L00) | TET | (Lr0) | L0¥F | (0T0) | 189T | (95°0) | T6EFT | (LL%6) | 68°TST | (IS0) | TOTET | YN | VN | (00) ¥6 | (£0) | 82t | (ToT) | 860°09T | (0) | 9g9°0T STL'88T 6107
(691D | £9€00¢ | (00 56 | (@o0) | vIv | (100) | b0 | (6¥TD) | 88€'96T | (cz0) | 0s9's | (z00) | TIF | (80'0) | 1TIT | (€20) | IS | (60°0) | 0¥TT | (£90) | ¥6ELT | (9001 | 06T'6ST | (£50) | 89LPT | VN | VN | VN | VN | (00) 09 | (@11) | €89'88T | (50) | S6T'ET 8E0'T0E 8102
(06'TT) | £06°90¢ | (£0°0) €58 | (100) ote | (100) e | (e211) | ececog | (€20) | v06% | (20'0) 8v | (60°0) | £0vT | (L20) | S€8°9 | (L0°0) | ¥8OT | (6£0) | ¥EOT | (€001) | LesBST | (020) | THOBI | YN | VN | VN VN | VN VYN | (1D | 898T6C | (9°0) | 60¥'ST LLTR0E £102
(ovzD) | sce1ze | (s00) | 61T | (00) | Tvb | (10°0) | T0€ | (szTD) | ses'sie | (620) | SWL | (00) | €1s | (z10) | 61z’ | (bEO) | €59'8 | (90°0) | 61T | (00'D) | O18'sT | (€701) | SLL'€9T | (LL0) | bEs'6T | (00) T V| VN | VN YN | (811 | osevoe | (£0) | ze6'sT £1€°€TE 910
(sen) | sss‘ve | (b0°0) | ¥90'T | (200) 9% | (@00 vey | (zoeD) | so9'see | (1€0) | 968 | (200) s | (vro) | 199°€ | (8€°0) | €086 | (#0°0) | 02Ol | (€11 | czr'6T | (18°01) | 808z | (08'0) | ¥19'0C | (0°0) 1| VN VN | VN VN | (sTn) | s8€1ze | (60) | STITT POS'EVE stoz
oz | sveTie | (900) | €98°T | (€00) | 06L | (0'0) | 68S | (c£TD) | 8THE0E | (b0) | 6SPTL | (€00) | L08 | (£1'0) | TIST | (1F0) | 00901 | (S00) | STHT | (@¥'D) | T99e | (0T'6) | steLer | (160) | €85'€T | (00) | € | VN | VN | VN VN | @11 | 699882 | (0'D) | stTor L88F1E $107
(88T | ozczee | (010) | €17 | (800) | ¥20'T | (b0'0) | s66 | (8€TD) | T1IU'6lE | (2£0) | €09'8T | (W00) | OPIT | (0T'0) | €60°'s | (WO) | SOTUL | (S00) | WOST | (I8'D) | o9y | (99'6) | €€r6bT | (68°0) | bSO'ST | VN | VN | VN | VN | VN VN | (0z1) | svo'sog | (@D | e0c6T vsLLEs €102
(zze) | veo'ose | (S0 | 80TLT | (21'0) | ¥86T | (60°0) | 8THT | (#0OT) | $96'85T | (v6°0) | 6TCFT | (20'0) | 889°T | (0T°0) | 8STS | (6€°0) | 99TOT | (S0°0) | OLET | (S6T) | 08€°0S | (8¥°L) | 6T6T6I | (€8°0) | L6€TT | VN | VN | VN VN | YN VYN | (001 | 15952 | (0'T) | £59'9C ¥61'€87 Tz
(spooy passasoxd
Surpnpur) yeow spnpoxd ayes 10y apes
i J— ooy slQo | pewmue prm emymousy | snpoid yporsaary | s1nposd Koysig Jou 2anpoig 10§ 2npoIg aonpord
By/bg s> B/bg sz< B/bg 05< B/bg 001< Aygenbauy yim PAULRP Yim | Iajem SupuLq Jurjul MW SPOO} [EIUID | . SPHO s1npoad pajrew-uoN PADHEN poriods ook
.+ (% “arex) 28uex vONEXUIUD 57 AY) UT SO0 JO 'ON | . (% 1ex) pariodar uonEIUDIUD ) .. (9 “21e1) sapoSajes poog +.(% ‘@1e1) vONIPUOd A[ES sapdures jo "oN Teastq

* . 120T YyoIey 03 7107 [11dy wroay ejep Surrojruowr s Lerper 3O Arewrung 1 3[qe],

5/16

//doi.org/10.1371/journal.pone.0274070 September 21, 2022

PLOS ONE | https


https://doi.org/10.1371/journal.pone.0274070.t001
https://doi.org/10.1371/journal.pone.0274070

PLOS ONE

Radiocesium in foodstuffs

analyzed in three reported categories, “drinking water including soft drinks containing tea as a
raw material”, “milk and infant foodstuffs” and “general foodstuffs”, which were set at different
JML values of 10, 50 and 100 Bq/kg, respectively, based on the level for an individual’s annual
internal dose through food consumption of 1 mSv, as recommended by Codex Alimentarius
[27]. The data included the reports on the 2,578,532 samples examined, including 6,314 from
the “drinking water including soft drinks containing tea as a raw material”, 30,050 from the
“milk and infant foodstuffs” and 2,542,168 from the “general foodstuffs” categories. The total
number of samples reported from all 47 prefectures in Japan from the FY 2012 to 2019 ranged
from 283,194 to 343,504 per year. During the FY 2012, when the screening method for
34137 Cs in foodstuffs was officially launched in March 2012 with the implementation of the
current JML values from April 2012, data from 283,194 samples were reported. During the FY
2019, 288,725 samples were reported then after testing meat from all livestock ended, the num-
ber of samples reported since the FY 2020 declined dramatically in many prefectures. The
breakdown of the data in terms of the reported information on market distribution conditions
resulted in 175,612 marketed and 2,402,915 non-marketed foodstuffs that were produced for
sale and not for sale, respectively, including the “drinking water and soft drinks containing tea
as a raw material” category. Overall, the dataset from the decade included data from more than
2.5 million samples that were examined and reported throughout Japan according to the offi-
cial testing methods of Japan [24, 25] (S1-S4 Tables, S3-S6 Figs).

For an overview of the annual trends of '**'*’Cs in all reported foodstuffs, the reported
13%137Cs concentration values were examined (Table 1, S7A Fig). Within the period exam-
ined, 37,323 cases (1.45%) were reported as exceeding 25 Bq/kg, which was set as the thresh-
old of radioactive Cs detection in the present study. The samples in the dataset were then
separately analyzed in three categories, “drinking water including soft drinks containing tea
as a raw material”, “milk and infant foodstuffs” and “general foodstuffs”. S5 Table shows
the number of samples, in which '**'*”Cs was detected and the reported concentration
exceeding the JML value for each foodstuff category. By using a germanium (Ge) semicon-
ductor detector to aggregate only those sample results whose concentrations were con-
firmed by a more precise analysis (S8 Fig), the 5,688 cases exceeding the JML values from
the FY 2012 to FY 2021 were placed in the “general foodstuff” category. From the same cate-
gory, 7 remaining cases sampled in the FY 2018 were detected as exceeding JML values
using the Nal(T1) scintillation detector. Thus, a total of 5,695 cases (0.22% of all examined
cases) was reported as exceeding 100 Bq/kg. Thirteen samples of prepared liquid tea with
more than 10 Bq/kg (without inequality sign) in the “drinking water including soft drinks
containing tea as a raw material” category were found to exceed the JML value by the Ge
semiconductor detector in a single year, FY 2012. None of the “milk and infant foodstuffs”
samples exceeding the JML value were reported at more than 50 Bq/kg. Of all the samples,
the highest value for samples exceeding the JML was 61,000 Bq/kg in non-marketed wild
boar meat in the “general foodstuffs” category reported from Minamisoma city in Fukush-
ima prefecture (Food classification no. 21878, sampled on March 11, 2013). The lowest
value was 11 Bq/kg in two drinking teas in the “drinking water including soft drinks con-
taining tea as a raw material” category reported from Rikuzentakata city in Iwate prefecture
(Food classification no. 5403, sampled on May 29, 2012) and from Omitama city in Ibaraki
prefecture (Food classification no. 12182, sampled on May 16, 2012) (S7B Fig). Table 1 and
S5 Table show that more than 98.0% and 99.8%, respectively, of all of the samples tested
were below the detection limit (25 Bq/kg) and did not exceed the JML. Subsequently, there
was no apparent significant change in the distribution of such low reported '**'*’Cs con-
centrations in each FY (S7B Fig).
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Reported foodstuffs exceeding the JML

To explore the reported information in the “general foodstuffs” category that exceeded the
JML, samples with '**'*’Cs concentrations above 100 Bq/kg were extracted from the compiled
data. In the “general foodstuffs” category, between 7.48% and 10.81% of these samples tested
were cattle meats from all livestock testing practice until the FY 2019. Fig 1 shows the number
of reported samples exceeding 100 Bq/kg over time specifically excluding cattle meats from all
livestock testing practice. The number of samples with '>*'*”Cs concentrations exceeding 100
Bq/kg declined each year from the FY 2012 to FY 2015. The relative frequency rate from the
annual data decreased each year and varied significantly between the FY 2012 and FY 2015
(assuming that data were collected and tested for '**'*’Cs concentrations annually under the
same conditions throughout Japan; Fisher’s exact test, p < 0.05). The detailed sample informa-
tion exceeding JML from the “general foodstuffs” category was extracted from the data and is
summarized in S6 Table. Most of the foodstuffs (excluding meat from all livestock) were non-
marketed (S9 Fig). S9 Fig shows that the number of non-marketed foodstuffs exceeding the
JML decreased each year and varied significantly between the FY 2012 and FY 2015 (assuming
that the data were collected and tested for '**'*’Cs concentrations annually under the same
conditions throughout Japan; Fisher’s exact test, p < 0.05). In contrast, the proportion exceed-
ing the JML in marketed foodstuffs tended to fluctuate slightly and did not vary significantly
between the FY 2013 and FY 2015 (assuming the data were collected and tested for '**'*’Cs
concentrations annually under the same conditions throughout Japan; Fisher’s exact test,

p > 0.05). This trend seems reasonable because foodstuffs collected as “non-marketed”
included those collected not only before pre-marketing, but also those for cases of inspection
before reconsideration of lifting shipping restrictions or testing operations. In the FY 2020 to
FY 2021, the proportion exceeding the JML increased in the marketed foodstuffs, because the
number of tests increased on wild animals, plants (such as Koshiabura), mushrooms and
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Fig 1. The “general foodstuffs” examined and reported exceeding the JML of 100 Bq/kg from FY 2012 to 2021.
The number of reported samples excluding meat from all livestock is indicated above the bar. The proportion of
samples exceeding 100 Bq/kg within each year were calculated.

https://doi.org/10.1371/journal.pone.0274070.9001
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honey, that were frequently found to exceed the JML. This may an indicative of a change in
monitoring strategy in Japan, with the focus on their monitoring according to the food hygiene
monitoring guidance plan for testing foodstuffs [18].

Fig 2 summarizes the data obtained from the MHLW webpage for the foodstuffs examined
and reported with '**'*’Cs concentrations exceeding 100 Bq/kg, with the types of foodstuff
reported being observed to change over time. Specifically, most of the samples exceeding the
JML were reported to be marine fishery foodstuffs in the FY 2012. However, in the FY 2013,
the type changed to wild harvested foods, such as wild animal meat, plants and mushrooms.
The samples in the FY 2012-2021 were further categorized and summarized in S10 Fig. Since
FY 2015, the samples exceeding the JML have been continuously reported (Fig 1). The main
foodstuffs exceeding the JML were wild harvested foods and dried processed food products,
such as dried shiitake mushrooms, anpo-gaki (semi-dried persimmons), pickled plums and
mulberry tea, where the '**!*’Cs had been concentrated because of the reduction in sample
mass during food processing. Most of the foodstuffs were wild harvested that had not been
bred or managed (fishery foodstuffs such as marine bottom layer and freshwater fish, wild
birds and animals, vegetables from wild plants and mushrooms that were grown on natural
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Fig 2. Annual trends of the “general foodstuffs” reported exceeding the JML (> 100 Bq/kg). Food categories
examined and reported as exceeding 100 Bq/kg. Pie graphs show the proportions of food categories reported in each
FY: (A) 2012; (B) 2014; (C) 2016; and (D) 2021. Freshwater fishery foodstuffs and other fishery foodstuffs including
marine products are shaded with lines and filled in black, respectively. All data reported in the database were included

in the analysis.

https://doi.org/10.1371/journal.pone.0274070.9002
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logs) from non-marketed sources (S6 Table), agreeing with a previous study [28]. The 137Cs
concentration in vegetarian produce and meat/eggs was monitored from 1986-2004, and the
concentration reported was below approximately 1 Bq/kg [29]. In fact, the concentration of
most of the foodstuffs were below 0.2 Bq/kg in 2004 [13, 29]. Thus, those foodstuffs exceeding
the JML in this study were contaminated by the '**'*’Cs after the FDNPS accident. The data
on all fishery foodstuffs including both those of wild and aquaculture origins examined and
reported in the database were further analyzed in detail to find any observable trends in testing
and the reported '**'*’Cs concentrations.

Analyses of data reported from fishery foodstuffs

The data on freshwater fishery foodstuffs and others, including marine fishery foodstuffs, crus-
taceans and migratory fish, showing a particular change over time were extracted for further
analysis according to the scheme shown in S1 Fig. The data obtained were then grouped into
the categories of marketed/non-marketed and wild/aquaculture. Fig 3 shows the results from
the fishery foodstuffs category grouped into marketed and non-marketed foodstuffs. The rate
of non-marketed samples from both freshwater and other fishery foodstuffs reported as
exceeding 100 Bq/kg decreased but varied significantly in the FY 2012 to FY 2015 (assuming
that the data were collected and tested for '**'*’Cs concentrations annually under the same
conditions throughout Japan; Fisher’s exact test, p > 0.05). From the FY 2012 to FY 2021
reports, one out of 14,723 and 1,074 out of 134,116 marketed and non-marketed marine food-
stuffs examined, respectively, were reported to exceed the JML (S7 Table). The single case for
marketed marine foodstuffs was reported in the FY 2012 (Pacific cod, No. 7272, sampled on 9-
8-2012 in Aomori prefecture) with 44 non-marketed marine foodstuffs reported in the FY
2014. In 2015, four cases were reported (White rockfish, Nos. 10159, 15354, 11252, sampled on
6-1-2015, 18-1-2015, 27-1-2015 in Fukushima prefecture; Stone flounder, No. 17317, sampled
on 6-3-2015 in Fukushima prefecture) with one recent case in 2021 (Black rockfish, No. 530,
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Fig 3. Results on Cs concentration data analyzed for fishery foodstuffs. Annual trends of marketed and non-
marketed marine fishery foodstuffs (A and B, respectively) or marketed and non-marketed freshwater fishery
foodstuffs (C and D, respectively) reported as exceeding 100 Bq/kg. All data reported using a GE semiconductor
detector in the database were included in the analysis.

https://doi.org/10.1371/journal.pone.0274070.9003

PLOS ONE | https://doi.org/10.1371/journal.pone.0274070 September 21, 2022 9/16


https://doi.org/10.1371/journal.pone.0274070.g003
https://doi.org/10.1371/journal.pone.0274070

PLOS ONE Radiocesium in foodstuffs

sampled on 1-4-2021 in Fukushima prefecture) (S7 Table). From the FY 2012 to FY 2021, one
out of 559 and 446 out of 21,101 marketed and non-marketed freshwater fishery foodstuffs
examined, respectively, were reported to exceed the JML (S8 Table). The last marketed exam-
ple of freshwater fishery foodstuffs (Gin-buna, No. 11914, sampled on 17-4-2012 in Chiba pre-
fecture) was reported in 2012. Fewer than five reports per year (Char, No. 60702, sampled on
12-10-2018 in Fukushima prefecture; Cherry trout, No. 79178, sampled on 1-11-2018 in
Fukushima prefecture; Char, No. 4108, sampled on 17-6-201 in Fukushima prefecture; Char,
No. 25979, sampled on 7-5-2019 in Gunma prefecture; Cherry trout, No. 25985, sampled on 7-
5-2019 in Gunma prefecture; Char, No. 4108, sampled on 17-6-2019 in Fukushima prefecture;
Cherry trout, No. 19705, sampled on 8-9-2019 Fukushima prefecture; Char, No. 86, sampled
on 12-4-2020 in Gunma prefecture; Char, No. 1918, sampled on 14-10-21 in Fukushima pre-
fecture; Cherry trout, No. 1956, sampled on 27-10-2021 in Fukushima prefecture) were
reported to exceed the JML in non-marketed freshwater fishery foodstuffs between 2018 and
2021, although the number of freshwater fishery foodstuffs examined was approximately one
tenth of the number of other fishery foodstuffs examined including marine species (S7 and S8
Tables). These data indicated that the fishery foodstuffs that were frequently reported as
exceeding the JML were non-marketed freshwater fish after FY2015.

Origin of fishery foodstuffs reported in the database

To examine the origin of fishery foodstuffs contaminated by '**'*'Cs in more detail, the origi-
nal information in the database was further filtered into two groups, “aquaculture” or “others”
which included “wild”, “not aquaculture”, “blank space [including no data]”, “-”, etc.). The
information on freshwater fishery foodstuffs and others including marine fishery foodstuffs
was analyzed according to the scheme in S1 Fig. S11 Fig shows the actual distribution of all
the reported fishery foodstuffs examined. There was a notable difference in the proportions
exceeding the JML between the aquaculture and wild fishery foodstuffs reported in the data-
base. Table 2 shows that the number and the proportions of aquaculture fishery foodstuffs for

both freshwater and marine fishery foodstuffs that exceeded the JML were lower than those of

Table 2. Origin of the examined fishery food products that were reported to exceed 100 Bq/kg".

Fiscal Year A Aquaculture Others including wild

Freshwater fishery foodstuffs Others including marine fishery Freshwater fishery foodstuffs Others including marine fishery

foodstuffs foodstuffs

Examined |Exceeded |Rate** (%) |Examined |Exceeded |Rate™* (%) |Examined |Exceeded |Rate** (%) |Examined |Exceeded | Rate™* (%)
2012 601 1 0.17 210 0 0.00 2,544 243 9.55 18,042 836 4.63
2013 451 0 0.00 456 0 0.00 2,737 105 3.84 19,410 194 1.00
2014 378 0 0.00 1,058 0 0.00 2,630 52 1.98 19,517 44 0.23
2015 302 0 0.00 1013 0 0.00 1,930 13 0.67 17,369 0 0.00
2016 269 0 0.00 910 0 0.00 1,778 10 0.56 16,877 0 0.00
2017 214 0 0.00 974 0 0.00 1,668 13 0.78 15,186 0 0.00
2018 178 0 0.00 874 0 0.00 1,721 3 0.17 11,995 0 0.00
2019 168 0 0.00 807 0 0.00 1,787 4 0.22 10,399 0 0.00
2020 140 0 0.00 834 0 0.00 1,392 1 0.07 8,427 0 0.00
2021 127 0 0.00 1095 0 0.00 832 2 0.24 9,887 1 0.01
Total 2,828 1 0.04 8,231 0 0.00 19,019 446 2.35 147,109 1,075 0.73

*All data using all instruments used including no indicated instrument and a non-destructive method reported in the database were summarized.

**Annual rate exceeding the JML.

https://doi.org/10.1371/journal.pone.0274070.t002
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the wild fishery foodstuffs. Within the aquaculture fishery foodstuffs category, only one sample
exceeding the JML was detected (Oriental weather loach, No. 13180, sampled on 18-6-2012 in
Fukushima prefecture) from freshwater foodstuffs. A total of 8,231 samples from marine aqua-
culture fishery foodstuffs were examined, with none exceeding the JML value. From the FY
2015 to FY 2021, only one sample, the wild Black rockfish (Sebastes schlegelii) caught off the
coast of Fukushima prefecture by an experimental fishing vessel, was reported to have a
13+137Cs concentration of 270 Bq/kg (***Cs at < 8.9 Bq/kg, *’Cs at 270 Bq/kg). In contrast,
samples of wild freshwater fishery foodstuffs have been continuously reported in the database
as exceeding the JML. However, none of the marketed foodstuffs that exceeded the JML had
been distributed on the Japanese market since the FY 2013 (S7 and S8 Tables).

Those species reported with a '**!'*’Cs concentration above 25 Bq/kg in the database since
the FY 2016 are shown in S9 Table. These species were consistent with those mentioned in
previous reports. The fishery foodstuffs that exceeded the JML were partly concentrated in
freshwater areas because of the contamination of the food web in aquatic ecosystems, as
reported previously [4, 30-32], and the amount of radiocesium that had accumulated in
pelagic fish decreased sharply after the FDNPS accident [30, 33, 34]. The outflow and dilution
of 1**!¥Cs by ocean currents is thought to be responsible for the undetectable levels of radio-
active Cs in marine foodstuffs (bottom layer) in recent years [35], while some sedentary rock-
fish (Sebastes cheni, Sebastes oblongus, Sebastes pachycephalus, Sebastes schlegelii Hilgendorf,
1880) species have been reported with radiation levels of more than 10 kBq/kg-wet in the
FDNPS port [34, 36]. The original data were grouped according to location (prefecture) (S10
and S11 Tables). A total of 21,847 and 155,340 freshwater and other fishery foodstuffs includ-
ing marine fish foodstuffs, respectively, were examined in the database from FY 2012 to 2021.
The number of samples examined has been reported nationwide (27 out of 47 prefectures for
freshwater foodstuffs and 42 out of 47 prefectures for other fishery foodstuffs) in Japan since
the FY 2012. Testing for '**'*’Cs in fishery foodstuffs in Japan has focused more closely on
marine fishery foodstuffs than on freshwater fishery foodstuffs (Fig 4, S12 Table). The fish
species (S9 Table) and the reported locations tested (S10 and S11 Tables) were apparently
biased in the '**'*’Cs testing data. The number of foodstuffs examined, the type of fish tested
and where they were tested were not consistently entered within the database. Regarding the
examination of the fishery food products, the focus for testing on '**'*’Cs contamination
should be on wild freshwater fish.

Overall, analyzing these data can enable monitoring to be focused more closely on those
foodstuff categories where the '**'*’Cs concentrations are highest and pose the greatest food
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Fig 4. The type of fishery foodstuffs examined and detected **'*’Cs during the FY 2016-2020. (A) The number of
samples examined and number of samples exceeding 100 Bq/kg '**'*’Cs plotted for wild/aquaculture, marine/
freshwater fishery foodstuffs. (B) Comparison of the number of fishery foodstuffs examined and the proportions of
samples detected with **'*’Cs concentration or of samples exceeding the JML.

https://doi.org/10.1371/journal.pone.0274070.9004
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safety concerns. It would then be possible to reduce the overall number of samples required
for determining Cs concentrations by reducing the number of samples from categories known
to be of low concern and increase the number from those of high concern. More than a decade
after the accident, this would reduce inspection costs, the workload and the waste of precious
food sources.

All data reported using a GE semiconductor detector in the database were included in the
analysis.

Conclusions

This comprehensive analysis of a decade of cumulative radiocesium testing data for foodstuffs
from the whole of Japan after the 2011 Fukushima Daiichi Nuclear Power Plant accident has
for the first time indicated that the levels of '**'*’Cs have become low in recent years. An
exception to this is for foodstuffs that are difficult to cultivate, feed or manage. Japanese food-
stuffs show high levels of safety regarding '**'*’Cs contamination, particularly cultured and
aquaculture foodstuffs produced for the market in Japan. Therefore, inspections should be
continued with a focus on wild food products that are difficult to cultivate, feed or manage.
This approach will provide a successful analysis of the risk of consuming foodstuffs contami-
nated with radionuclides after an unexpected accident like that at FDNPS.

Supporting information

S1 Fig. Scheme of the analysis of fishery foodstuffs reported in the database.
(TIF)

S2 Fig. . Scheme of workflow in preparation for data analysis (Steps 1-5). Step 1. Data were
obtained from the MHLW homepage (https://www.mhlw.go.jp/stf/kinkyu/0000045250.html,
last accessed on July 4, 2022). Step 2. The obtained original monthly data files were integrated
to annual data files using Python. Step 3. The obtained original data were reformatted using
Python. Step 4. The revised data in.csv files were obtained. Step 5. The obtained.csv files were
used for calculation and analysis using R.

(TIF)

S3 Fig. Maps of all examined foodstuffs reported during FY 2012-2021. Prefectural loca-
tions are indicated by border-lines. Prefectures having no foods reported were left clear. The
location of FDNPS is indicated by an orange dot. All data reported in the database were
included in the analysis.

(TIF)

S4 Fig. Maps of all examined “general foodstuffs” reported during FY 2012-2021. Prefec-
tural locations are indicated by border-lines. Prefectures having no foods reported were left
clear. The location of FDNPS is indicated by an orange dot. All data reported in the database
were included in the analysis.

(TIF)

S5 Fig. Maps of all examined “milk and infant foodstuffs” reported during FY 2012-2021.
Prefectural locations are indicated by border-lines. Prefectures having no foods reported were
left clear. The location of FDNPS is indicated by an orange dot. All data reported in the data-
base were included in the analysis.

(TIF)

S6 Fig. Maps of all examined “drinking water including soft drinks containing tea as a raw
material” reported during FY 2012-2021. Prefectural locations are indicated by border-lines.
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Prefectures having no foods reported were left clear. The location of FDNPS is indicated by an
orange dot. All data reported in the database were included in the analysis.
(TIF)

S7 Fig. Summary of "**'*’Cs concentration reported for foodstuffs in the “general food-
stuffs” category. (A) Distribution curve of '**'*’Cs concentration. Samples exceeding the
JML (10 Bq/kg, 50 Bq/kg and 100 Bq/kg for “drinking water including soft drinks containing
tea as a raw material,” “milk and infant foodstuffs,” and “general foodstuffs,” respectively) are
in red, while the others are in grey. (B) Violin plot of '**'*”Cs concentration (without the
inequality sign) in each year. The table indicates the concentration of samples exceeding or
within the JML. All data reported in the database were included in the analysis.

(TIF)

S8 Fig. The reported instruments used to detect Cs concentration in foodstuffs. Ge, germa-
nium semiconductor detector; CsI&Nal, gamma spectrometry with sodium iodide, NaI(T1),
and cesium iodine, CsI(T1), scintillation detectors; -, including no indicated information and a
non-destructive method. Data from the meat testing from all livestock were excluded from
analysis.

(TTF)

S9 Fig. Analysis of marketed and non-marketed foodstuffs during FY 2012-2021. The
number and ratio of all marketed and non-marketed food products in each year were plotted
in the graph. Data from cattle meats from all livestock testing practice were excluded from

analysis.
(TIF)

S$10 Fig. Rate of foodstuffs exceeding the JML in the “general foodstuffs” category. The pie
graph shows the rate of foodstuffs reported at > 100 Bq/kg in the “general foodstuffs" category
during the FY 2012-2021. The number and rate of the “general foodstuffs” reported are sum-
marized in the table. All data reported in the database were included in the analysis.

(TIF)

S11 Fig. Results of Cs concentration data analyzed for the reported fishery foodstuffs.
Annual trends of aquaculture or wild marine fishery foodstufts (A or B, respectively) and aqua-
culture or wild freshwater fishery foodstufts (C and D, respectively) examined and reported
exceeding the JML (100 Bq/kg). All data reported in the database were included in the analysis.
(TIF)

S1 Table. Number of foodstuffs in all categories reported by each prefecture in Japan.
(XLSX)

$2 Table. Number of “general foodstuffs” reported by each prefecture in Japan.
(XLSX)

$3 Table. Number of the “milk and infant foodstuffs” reported by each prefecture in
Japan.
(XLSX)

$4 Table. Number of “drinking water including soft drinks containing tea as a raw mate-
rial” reported by each prefecture in Japan.
(XLSX)
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S5 Table. Summary of '**'*’Cs concentration in foodstuffs reported during the FY 2012
2021,
(XLSX)

S6 Table. List of the foodstuffs in the “general foodstuffs” category reported to exceed the
JML (100 Bq/kg).
(XLSX)

S$7 Table. Results of '>**'*”Cs monitoring for the fishery foodstuffs excluding freshwater
foodstuffs*.
(XLSX)

S8 Table. Results of '**'*”Cs monitoring for the freshwater fishery foodstuffs*.
(XLSX)

$9 Table. List of fishery foodstuffs reported to have a '**'*’Cs concentration >25 Bq/kg
during the FY 2016-2021".
(XLSX)

$10 Table. Data of freshwater fishery foodstuffs reported and sorted according to the pre-
fectural government in Japan®.
(XLSX)

S11 Table. Data of the other fishery foodstuffs including marine fishery foodstuffs
reported and sorted according to the prefectural government in Japan®.
(XLSX)

S$12 Table. Reported **'*’Cs concentration in fishery foodstuffs during the FY 2016-
2021,
(XLSX)
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