Chapter 11

Radiocesium Contamination Histories

of Japanese Flounder (Paralichthys olivaceus)
After the 2011 Fukushima Nuclear Power
Plant Accident

Yutaka Kurita, Yuya Shigenobu, Toru Sakuma, and Shin-ichi Ito

Abstract Radiocesium (Cs) contamination histories of the Japanese flounder,
Paralichthys olivaceus, after the 2011 Fukushima Nuclear Power Plant (FNPP)
accident were examined by analysis of the spatiotemporal changes in observed Cs
concentrations, by comparison of the dynamics of the Cs concentrations in several
year-classes of fish, and by simulation studies. Two contamination histories were
revealed: (1) severe contamination by water that was directly released from the
FNPP with extremely high Cs concentrations for a few months after the accident,
which had a highly variable spatial distribution; and (2) long-duration contamina-
tion at relatively low concentrations resulting from consumption of contaminated
food. These two histories were supported by three observations. First, high Cs con-
centrations with high variability were observed in the first year after the accident.
Second, the highest values of the minimum Cs concentrations were observed in the
autumn of 2011. Third, Cs concentrations were lower with smaller variation for fish
from the 2011 year-class and younger, which were not exposed to the highly con-
taminated directly released water, than for fish from the 2010 year-class and older.
Simulation studies also indicated that the Cs concentrations in some individuals that
were exposed to the directly released water might not be in an equilibrium state
even at 3 years after the accident. On the basis of these contamination histories, it
can be expected that the Cs concentrations in most Japanese flounder will continue
to decrease.
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11.1 Introduction

The marine environment and animals living in it have been severely contami-
nated by radionuclides, including radiocesium (Cs; '**Cs + !*’Cs), released from
the Fukushima Nuclear Power Plant (FNPP) after the accident on 11 March
2011. The Japanese provisional regulatory limit for Cs in fish products was set at
500 Bg/kg-wet starting immediately after the accident and was enforced until
March 2012; a limit of 100 Bq/kg-wet has been enforced since April 2012. After
the accident, the landing of many commercially important fish species in
Fukushima and neighboring prefectures was legally banned or voluntarily sus-
pended, and the landing of many species in Fukushima Prefecture is still banned
(Wada et al. 2013).

Marine fish take up Cs from seawater and food. The rate of intake is related to
the Cs concentrations in seawater and food sources. Excretion from the body is
related to the Cs concentration in the fish body. It has been suggested that the
impact of contamination resulting from the FNPP accident has been temporally
and spatially heterogeneous (Tateda et al. 2013; Wada et al. 2013). Marine ani-
mals are likely to have been severely contaminated for a few months after the
accident, as a consequence of the direct release from the FNPP of massive amounts
of water with extremely high Cs concentrations between 26 March and the end of
April 2011 and the subsequent consumption of contaminated food (Tsumune
et al. 2012; Tateda et al. 2013). The Cs concentrations were higher in the coastal
waters south of the FNPP (Wada et al. 2013). An understanding of the contamina-
tion histories that produced the observed temporal changes and spatial variation in
the intensity of contamination will facilitate prediction of the dynamics of Cs
concentrations in fish and will guide decisions regarding the appropriate time to
restart fishing operations.

The Japanese flounder Paralichthys olivaceus, the studied fish species in this
chapter, is a bottom fish inhabiting coastal waters at depths of 150 m or less. They
are given birth in summer (June—August). These fish reach 250-300 mm in total
length (TL) during their first year, during which time most of them inhabit sandy
coasts at depths of less than 20 m and feed on mysids and larval fish. After their first
year, they move to deeper waters and feed exclusively on two bait fish, the Japanese
anchovy Engraulis japonicus and the Japanese sand lance Ammodytes personatus
(Tomiyama and Kurita 2011). The Japanese flounder is an end-member of the
pelagic food chain (from phytoplankton through zooplankton and bait fish to fish
feeder). They reach TLs of approximately 400 mm at 2 years and 500 mm at 3 years



11 Radiocesium Contamination Histories of Japanese Flounder... 141

=100
g b e Areal 500- e .e Area IV
1 -
a 2 ! . etidtoocuSibanges
E -
| < Area 11 . o
Y 5w © et sten
A o . . 0+
z| Yoy Sp---- E :
£l \ E o nttafb o Secas |00y . Area V
Twate | I R= : |
—_ d Area IIT .
f do__| & 4w . .
Mivagi  I[| & I I
s S LA WP
1 z ) . . * .
nepg IV © . T -t e
Fukushi vl 2 200 R S R 1T s S :
________ ~ - } v, et
: : i e
/ 13) 0 L
Ibaraki VI =] 1 .
= % . 200
Chiba= ===~ == g " : g- . Area VI
(¢ | VII| 8 o Chilad . % o 20"
___________ = 0 400 800 1200100 ¢
o . H
100 km| 2 Days after the accident .ﬂé'.
1 - A
140°E S T T T T T T 0 h
Jul  Jan  Jul  Jan Jul Jan 501
S Area VII
2011 2012 2013 2014 olap v & 220 Secieie
0 400 800 1200

Calendar date

Fig. 11.1 (a) Locations of areas I-VII and the Fukushima Nuclear Power Plant (FNPP, star) and
(b-h) temporal changes in the concentrations of Cs ('*Cs+'¥’Cs; Bq/kg-wet) in the muscle of the
Japanese flounder Paralichthys olivaceus collected in the seven areas. Cs concentrations (circles)
were measured by local governments and published by the Fisheries Agency of the Ministry of
Agriculture, Forestry and Fisheries of Japan. Open circles indicate Cs concentrations that were less
than the detection limit; in these cases, the plotted values correspond to the detection limit. In (e—
g), arrows show the peaks in the lowest observed concentration in areas IV-VI, respectively. Cs
concentrations of 1,610 Bg/kg-wet at 187 days after the FNPP accident (14 September 2011) in
area IV (e) and 4,500 Bg/kg-wet at 250 days (16 November 2011) in area V (f) were omitted. Note
that the y-axis scales in e and f differ from those of the other parts

(Yoneda et al. 2007). The flounder inhabiting the waters off Miyagi, Fukushima,
and Ibaraki Prefectures (an area that extends 110 km to the north and 200 km to the
south of the FNPP; Fig. 11.1) are considered to be a subpopulation (Kurita et al.
2014), although movement within this area is somewhat limited (Kurita et al.,
unpublished data).

In this chapter, we examine the temporal changes and spatial variation of Cs
concentrations in Japanese flounder in detail and suggest contamination histories
that would produce the observed variation. First, we analyzed Cs concentration data
collected by local governments and published by the Fisheries Agency of the
Ministry of Agriculture, Forestry and Fisheries (2014) to gain a rough understand-
ing of the temporal changes and spatial variation of Cs concentrations (Sect. 11.2).
We then investigated temporal changes in Cs concentrations among different year-
classes of the flounder, specifically year-classes born before and after the accident,
to understand temporal changes in the intensity of contamination (Sect. 11.3).
Finally, we simulated the temporal changes in Cs concentration in an effort to
understand how the observed Cs contamination distribution was produced
(Sect. 11.4).
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11.2 Spatiotemporal Distribution of Cs Concentrations
in Japanese Flounder

For our analysis, we used Cs concentrations in the flounder monitored by local gov-
ernments (Fisheries Agency 2014) in the region from 35°45’N to 40°25'N, which
was subdivided into seven areas (Fig. 11.1). The sizes and ages of the flounder were
not recorded, but almost all the data are expected to be from fish with a TL greater
than 300 mm (corresponding to a minimum age of 1-1.5 years; Yoneda et al. 2007),
which is the landing size limit for this flounder. The sample sizes for the data points
in the figure are not known for certain, but most of the data points represent concen-
trations from more than three individuals, except in the areas immediately to the
north and south of Fukushima Prefecture (areas IV and V; Fig. 11.1e, f); in these
areas, most of the data points collected after October 2011 are for individuals.

Examination of the observed concentration data revealed the following
features:

* The Cs concentrations clearly differed among the areas (Fig. 11.1). In the far
north (areas I and II) and the far south (area VII) from FNPP, the concentra-
tions were low; only 1.1 % of the data exceeded 50 Bg/kg-wet. In contrast,
41.0 % of the data in the area around the FNPP (areas IV and V) exceeded
50 Bg/kg-wet. The average Cs concentrations in the seven areas during the
period between 200 and 600 days after the accident decreased in the order
V>IV>III=VI>I=1I=VIIL

* The Cs concentrations were highly variable among individuals (or individual
data points) within each area (Fig. 11.1). Some extremely high concentrations
were observed, especially during the first year after the accident; for example,
concentrations of 1,610 and 4,500 Bqg/kg-wet, respectively, were observed on 14
September 2011 (187 days after the accident) in area IV and on 16 November
2011 (250 days) in area V (these two values were omitted in Fig. 11.1). The
maximum:minimum ratio during October 2011 and March 2012 in area V was
375 (=4,500/12).

¢ The dynamic patterns of the higher and lower concentrations differed from each
other, especially in area VI (Fig. 11.2). Specifically, examination of the temporal
changes in the concentration percentiles in area VI for six consecutive 6-month
periods starting in April 2011 revealed that the upper concentration percentiles
(75 %, 90 %, and 95 %) decreased steadily during the observed periods, and the
lower percentiles (5 %, 10 %, 25 %, and 50 %) increased from April-September
2011 to October 2011-March 2012 and then decreased steadily.

e The lowest observed concentrations increased slightly in areas IV, V, and VI
(Fig. 11.1); specifically, the lowest observed concentrations peaked at around
200 days after the accident (September—October 2011; arrows in Fig. 11.1e-g)
and then decreased. The peak values of the lowest observed concentrations were
approximately 80, 80, and 30 Bq/kg-wet in areas 1V, V, and VI, respectively.
Although these peak values were clearly lower than the values of the higher per-
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Fig. 11.2 Temporal changes in the (a) frequency distribution and (b) percentiles of the concentra-
tions of Cs (***Cs+'3’Cs; Bg/kg-wet) in Japanese flounder Paralichthys olivaceus from area VI,
April 2011-March 2014. Open bars in a indicate individuals with concentrations below the detec-
tion limit; the value of detection limit was used as the Cs concentration for these individuals. The
concentrations of detection limits differ among monitored data. N number of samples for each period

centiles, they were still higher than the concentrations before the accident (**’Cs,
0.11-0.50 Bg/kg-wet during the period from 1984 to 1995; Kasamatsu and
Ishikawa 1997).

These features, along with the results of previous studies of Cs contamination in
the environment and in animals (Tsumune et al. 2012; Tateda et al. 2013; Wada
et al. 2013), suggest two contamination histories for Japanese flounder. In the first,
water released directly from the FNPP, which had extremely high Cs concentra-
tions, contaminated the fish during a short period, probably from March to April
2011 (Tsumune et al. 2012). The spatial variation of the contamination intensity
was high; some fish were severely contaminated, whereas others were only slightly
contaminated. Second, consumption of bait fish contaminated with relatively low
concentrations of Cs led to longer-duration contamination compared to that caused
by the directly released water. All flounder can be expected to take up Cs from their
food, which indicates that the variation in Cs concentration among individual floun-
ders resulting from Cs in food was smaller than the variation from the Cs in the
directly released water.
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The first contamination history is supported by the large variation in Cs concen-
trations, even in the same area, and the occurrence of individuals with extremely
high Cs concentrations in 2011 (Figs. 11.1 and 11.2). These individuals apparently
were contaminated shortly after the accident, and the amount of additional contami-
nation after that seems to have been relatively low. This history is also supported by
the coincidence of the spatial variation of the Cs concentrations in fish bodies and
the path of the extremely contaminated water released from the FNPP between 26
March and the end of April 2011; the high Cs concentrations in fish (Wada et al.
2013) and the path of the directly released water (Tsumune et al. 2012) were distrib-
uted along the coast to the south of the FNPP.

The second history is supported by the dynamics of the lower Cs concentra-
tions, specifically the temporary increase in the lower percentiles in area VI and
the peaking of the lowest concentrations at around 200 days after the accident in
areas IV, V, and VI. These features indicate that all the fish were contaminated
through the food web because the highly contaminated water was present in the
study areas much earlier than the 200th day after the accident (Tsumune et al.
2012) and the contaminated water cannot explain the delayed peak (see also
Sect. 11.4).

We validated these histories by comparison of the Cs concentrations in fish from
different year-classes, that is, fish born before and after the accident (Sect. 11.3),
and by conducting model simulations (Sect. 11.4).

11.3 Difference in Cs Concentrations Among Year-Classes
Born Before and After the Accident

On the basis of the contamination histories described in the preceding section, we
hypothesized that some of the individuals in the 2010 year-class and older would be
heavily contaminated by the directly released water and that, in contrast, all the
members of the 2011 year-class and younger would be less contaminated because
the latter group of fish has not been exposed to the directly released water, and their
main source of Cs contamination would have been their food, which contained Cs
at much lower concentrations than the directly released water.

To validate this hypothesis, we compared the Cs concentrations among year-
classes during the period from 250 to 950 days after the accident. Fish were collected
in Sendai Bay (area III). Total length was measured, age was validated by otolith
analysis (Yoneda et al. 2007), and Cs concentrations in the muscle of individual fish
were measured individually. The muscle tissue specimens were packed tightly into
plastic cylindrical containers, and specific gamma rays emitted from '*Cs (605 and
796 keV) and '¥'Cs (662 keV) were measured with a high-purity germanium semi-
conductor detector (ORTEC; GEM30-70-LB-C, 1.85 KeV/1.33 MeV resolution)
with a multichannel analyzer. The concentrations of **Cs and *’Cs were corrected
back to the date of sampling for physical decay.
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Fig. 11.3 Temporal changes in the concentrations of Cs ('*Cs+'3’Cs; Bq/kg-wet) in four year-
classes of individual Japanese flounder Paralichthys olivaceus collected in area III (Sendai Bay).
Regression lines for each year-class (yc) excluding outliers (see text) are shown; p<0.01 for solid
lines [2009 yc (thin line) and 2010 yc (bold line)] and p>0.05 for broken lines [2011 yc (thin line)
and 2012 yc (bold line)]

As expected, the Cs concentrations in the fish from the 2009 and 2010 year-
classes varied widely, from 4.8 to 100.2 (0.68-2.00, log transformed) and from 1.3
to 118.8 (0.11-2.07, log transformed) Bqg/kg-wet, respectively (Fig. 11.3). There
were some sporadic outliers (that is, fish with Cs concentrations outside the values
predicted by linear regression+2 SD). Except for these outliers, the Cs concentra-
tions of each 2009 and 2010 year-class showed a decreasing tendency. In contrast,
the Cs concentrations in the fish from the 2011 and 2012 year-classes were less than
10 (1.0 log transformed) Bq/kg-wet, and there were no outliers (that is, concentra-
tions more than 2 SD from the mean). The Cs concentrations in fish from these
year-classes between 644 and 841 days after the accident decreased in the order
2009>2010>2011=2012 year-class (Steel-Dwass test; p<0.05).

Differences in Cs concentrations among the year-classes were likely the result of
differing exposures to the highly contaminated environment during the first few
months after the accident at the different ages (Fig. 11.4a). Japanese flounder switch
from eating mysids during the first year of life to eating bait fish as they age.
Therefore, fish from the 2009 year-class experienced the accident when they were
1 year and 9 months old, at which point they were feeding on bait fish. Fish in the
2010 year-class were only 9 months old at the time of the accident, and most of
them were inhabiting shallow areas (<20 m deep) and feeding on mysids until sum-
mer 2011, at which point they shifted to feeding on bait fish. Fish in the 2011 year-
class were not born until 4 months after the accident.

The Cs concentrations in fish caught during the period from December 2012 to
June 2013 (644-841 days after the accident) from different year-classes are plotted
against TL in Fig. 11.4b; the plot shows clear differences between the 2010 and
2011 year-classes, even in the same size range (344—420 mm TL; U test, p<0.01).
The major difference was that fish in the 2011 year-class were not exposed to the
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Fig. 11.4 Comparison of the concentrations of Cs ('*Cs+'¥'Cs; Bg/kg-wet) in three year-classes
of individual Japanese flounder Paralichthys olivaceus. (a) Scheme showing the birth time of
each year class (yc), the date of the FNPP accident, and the period during which the fish were col-
lected (644841 days after the accident; black bars). Japanese flounder feed on mysids during their
first year (gray bars) and then on bait fish (open and black bars). (b) Relationship between Cs
concentration and total length of individual Japanese flounder by year-class

directly released water during March—April 2011 and thus were not heavily con-
taminated. Differences between the 2010 and 2009 year-classes were also observed
within the overlapping size range (420-628 mm TL; U test, p<0.01). Differences in
habitat and growth rate after the accident are the likely causes of these differences.

11.4 Simulation

In the preceding sections, we described two possible contamination histories: short-
duration extremely severe contamination caused by directly released water containing
extremely high Cs concentrations, and long-duration relatively low-level contamina-
tion via the food chain. In this section, these two histories are tested by simulations.

Marine fish take up Cs both from seawater and from food in amounts that are
proportional to the Cs concentrations in the seawater and food, respectively. In addi-
tion, the amount of Cs excreted from the body of a fish is proportional to the Cs
concentration in the body. Therefore, the change in the Cs concentration in the body
of a fish can be described by the following equation:
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dC, /dt=aC, +bC; —cC,

where C,, Cy, and C; indicate the Cs concentrations (Bg/kg-wet) in fish muscle (as
a proxy for the whole-body concentration), seawater, and food, respectively. The
coefficients a, b, and ¢ designate the constant rates (day™') of intake and excretion.
For simplicity’s sake, we ignored the effects of fish growth (Ugedal et al. 1995,
1997) and water temperature (Rowan and Rasmussen 1995), as well as the effect of
physical radioactive decay. Coefficients b and c¢ are given by the following
equations:

b=DRXxAR

¢=(In2)/BHL

where DR, AR, and BHL are daily food ration (kg food/kg body), the proportion of
Cs in food absorbed by the gastrointestinal tract, and the biological half-life of the
flounder (days), respectively.

In the simulation, we used the following seawater Cs concentrations (Fig. 11.5a):
high Cs concentration (seawater A), moderate Cs concentration (seawater B), and
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Fig. 11.5 Simulation of the temporal changes in the concentrations of Cs ('*Cs+'¥Cs; Bg/kg-
wet) in Japanese flounder Paralichthys olivaceus with different contamination histories and from
different year-classes. Temporal changes in Cs concentrations in seawater A and B (a) and in food
(bait fish and mysids) (b). (¢) Temporal changes in simulated Cs concentrations for fish in the
2009, 2010, 2011, and 2012 year-classes. Also shown are Cs concentrations in fish in the 2009
year-class (yc) that took up Cs from seawater A and food (A +F), seawater B and food (B +F), and
seawater C and food (C +F). Ratios of Cs sources (food/total) are shown for the 2009 yc that took
up Cs from seawater A and food (A +F) (d) and from seawater B and food (B +F) (e), and for the
2010 (), 2011 (g), and 2012 (h) year-classes
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Cs concentration of zero (seawater C) during the first 100 days after the accident
and a moderate Cs concentration after the first 100 days that is common to all sea-
waters. The high Cs concentration for the initial 100 days was taken from the
coastal monitoring data off Iwasawa, which is 16 km south of the FNPP (Tsumune
etal. 2012; TEPCO 2014). As a proxy for moderately contaminated water, we used
a value that was 1/10 of the high concentration (see Fig. 3 in Tateda et al. 2013).
For the Cs concentrations in food consumed by fish >1 year old for six 6-month
periods from March 2011 to February 2014, we used values of 80, 40, 10, 5, 2, and
1 Bg/kg-wet, which were based on monitoring data for Japanese sand lance and
Japanese anchovy (bait fish) in the coastal waters off northern Fukushima Prefecture
(northern half of area IV) (Fisheries Agency 2014) (Fig. 11.5b). For fish younger
than 1 year old, we used food concentrations of 40, 20, 10, 5, 2, and 1 Bg/kg-wet
for the same 6-month periods; these values were based on data for mysids in the
same area (Sohtome et al. 2014). Fish in the 2009 year-class fed on bait fish
throughout the simulation period; the fish in the 2010 year-class fed on mysids
from March to August 2011 and then shifted to bait fish; and fish in the 2011 and
2012 year-classes fed on mysids during their first 12 months (Fig. 11.4). The coef-
ficient for Cs intake from seawater (a) was set at 0.1 (approximately equal to the
value of 0.11 reported by Tateda et al. 2013). DR and AR were set at 0.02 (Kurita
et al., unpublished data) and 0.6 (between the value of 0.5 reported by Tateda et al.
2013 and the value of 0.78 reported by Kasamatsu et al. 2001), respectively. BHL
was set at 104 days so that the saturated Cs concentration in the fish body was
twice the Cs concentration in the food, which was the observed relationship
between the concentrations in fish body and food in the equilibrium state before
the accident (Kasamatsu and Ishikawa 1997).

In the simulations, we focused on three issues: variation of the Cs concentrations
among individuals, the influence of the contamination history during the initial
100 days, and differences in Cs concentrations among the year-classes.

First, the effect of Cs concentration in the seawater was evaluated (Fig. 11.5c—e).
The Cs concentrations in the fish body were simulated for fish in the 2009 year-
class, which fed on bait fish and were exposed to seawater categories A, B, or
C. Differences in the Cs intake levels from seawater during the initial 100 days after
the accident produced large variations in the maximum Cs concentrations
(Fig. 11.5¢c): 109 Bg/kg-wet (2.04 log transformed; sources of Cs were seawater
C+food), 286 Bg/kg-wet (2.46 log transformed; seawater B +food), and 2,504 Bg/
kg-wet (3.40 log transformed; seawater A +food). For fish that were exposed to
directly released water (seawater A or B), the body Cs concentration peaked shortly
after the accident, at 43 days (23 April 2011) and at 50 days (30 April 2011) for
seawaters A and B, respectively, and then decreased rapidly. Even if fish did not take
up Cs from seawater during the initial 100 days (seawater C), the body Cs concen-
tration increased to 109 Bq/kg-wet at 184 days (11 September 2011), which corre-
sponds to the peak period of the lowest observed concentrations (as described in
Sect. 11.2). High individual variation and a gradual increase in the lowest concen-
trations until September were observed in the monitored data (Figs. 11.1 and 11.2).
Contamination from seawater A was greater than contamination from food during
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the first 100 days after the accident and from seawater B during the first 50 days
after the accident (Fig. 11.5d, e). The actual observed maximum value, 4,500 Bg/
kg-wet, was comparable to the value obtained from the simulation.

Second, different exposures to contaminated seawater during the initial 100 days
after the accident influenced the Cs concentration in the fish body for a long time after
the accident. Specifically, the Cs concentrations in the bodies of fish that were exposed
to seawaters A, B, and C for the initial 100 days (until the middle of June 2011) were
47.6, 21.5, and 18.6 Bg/kg-wet, respectively, at 2 years after the accident and 6.5, 4.2,
and 4.0, respectively, at 3 years after the accident (Fig. 11.5¢). These results indicate
that the Cs concentrations in fish exposed to the directly released seawater, especially
seawater A, have not been in the equilibrium state for more than 3 years.

Third, differences between year-classes were evaluated (Fig. 11.5¢, f-h). Cs con-
centrations in fish bodies were simulated for the 2010, 2011, and 2012 year-classes
on the assumption that the fish fed on prey and were exposed to seawater B. Fish in
the 2010 year-class (purple line), which fed on mysids for the first 4 months after
the accident and then shifted to bait fish, showed a temporal variation in Cs concen-
tration that was similar to that for the 2009 year-class (dark blue line). In contrast,
the Cs concentrations in the 2011 year-class (yellow line) and 2012 year-class (light
blue line) were clearly lower than those in the older fish. The maximum values were
32 (1.51 log transformed) and 8 (0.90 log transformed) Bqg/kg-wet for the 2011 and
2012 year-class, respectively, and peak concentrations occurred at 254 days old for
both year-classes. Food was the greatest source of Cs for the 2011 and 2012 year-
classes throughout their lives (Fig. 11.5g, h), which indicates less individual varia-
tion than in the older fish that were exposed to directly released water. The observed
data for the year-classes (Fig. 11.3) were in agreement with the simulated results;
that is, lower concentrations and less variability were observed for the 2011 and
2012 year-classes than for the older year-classes.

The observed features were reproduced by the simulations under the condition of
the two possible contamination histories: fish were contaminated both by exposure
to directly released seawater containing extremely high Cs concentrations, that
showed high spatial variability and drastically decreased after May 2011, and by
exposure via food, in which the Cs concentration was much lower than that in sea-
water and decreased slowly. The values of additional parameters should be evalu-
ated in future quantitative studies. In particular, the effects of fish size and water
temperature, as well as the effects of growth on the accumulation or dilution of Cs
(growth accumulation/dilution), are critical because Japanese flounder grow fast
and inhabit water with a wide range of temperatures.

11.5 Conclusions

Observed Cs concentration data showed high variation among individual fish, peaks
in the lowest concentrations in autumn 2011 for the 2010 year-class and older fish,
and lower concentrations with less variation for the 2011 year-class and younger
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fish. We suggest two major Cs contamination histories. The first involved contami-
nation by directly released highly contaminated water during March and April in
2011. The Cs concentrations in this water showed high spatial variability, and the
effects of seawater decreased drastically after the first few months following the
FNPP accident. The other history involved contamination from food: mysids for
fish younger than 1 year and bait fish for older fish. The maximum Cs concentra-
tions in food were very low compared to those in the directly released water and
decreased slowly. The existence of these two contamination histories was supported
by simulation studies. These histories seem to be common to many other fish spe-
cies (Tateda et al. 2013; Wada et al. 2013; Narimatsu et al. 2014).

The observation of major effects resulting from directly released seawater during
the initial few months after the accident is characteristic of the FNPP accident. Most
fish that showed high Cs concentrations in 2012 and later were likely to have taken
up Cs in the initial few months after the accident but are currently taking up little Cs
from food and are excreting Cs continuously. Therefore, it is important to recognize
that the observed high Cs concentrations in some individuals may not have reached
an equilibrium state, and the Cs concentrations in these individuals do not necessar-
ily indicate the current intensity of contamination from the environment, but rather
reflect contamination during the first few months after the accident.

On the basis of the proposed histories of contamination, the intensity of contami-
nation should be low after the first few months following the accident. Even old fish
that were exposed to the directly released water currently show low Cs concentra-
tions, below the regulatory value for fish products, 100 Bg/kg-wet. In addition, the
abundance of fish in the 2010 year-class and older is decreasing as these fish age and
die. Therefore, the Cs concentrations in most fish will continue to decrease to less
than 20 Bqg/kg-wet, which is the present concentration (as of March 2014) in most
of the 2010 year-class and older fish and all of the 2012 year-class and younger fish.
The only potential problem is that individuals inhabiting the port in front of the
FNPP still show higher Cs concentrations than those of fish inhabiting outside the
port (Shigenobu et al. 2014; TEPCO 2014), which indicates that intense contamina-
tion is still occurring in the port, although the number of these fish is negligible rela-
tive to the overall stock in this area.
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