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Introduction 

 

The Great East Japan Earthquake occurred on 11 March 2011. It was followed by the accident of 

Tokyo Electric Power Company's Fukushima Daiichi Nuclear Power Plant1 , leaving a lot of 

damage to the Fukushima Prefecture. Radioactive materials have been released into the 

environment which contaminated the land. Due to the contamination of the land and other relevant 

reasons, more than 160,000 prefectural residents were forced to evacuate. About 29,000 residents 

have not been able to return home, as of 2022 September, about 11 years after the disaster2. 

In order for Fukushima Prefecture to recover from the severe and unprecedented nuclear disaster 

and create an environment where the residents can live with peace of mind in the future, the 

prefecture decided to cooperate with the International Atomic Energy Agency (hereinafter referred 

to as the ñIAEAò), which owns high-level nuclear-related knowledge and world-wide experience. 

In December 2012, a memorandum for cooperation was signed between the prefecture and the 

IAEA.  

Based on the memorandum, the Practical Arrangements (hereafter referred to as the ñPAò) 

relating to the fields of ñradiation monitoringò and ñdecontaminationò was signed between the 

parties on the same day (projects based on this PA are referred to as ñFCPs; Fukushima 

Cooperative Projectò).  

Subsequently in April and October 2013, PA were signed for five projects (hereinafter referred 

to as ñFIPs; Fukushima Initiative Projectò) as described below in a new framework in which these 

projects would be supported by the IAEA for three years, and the FIPs started. In April 2016, they 

signed PAs for revising3 the scope of cooperation and extending the duration of the FIPs. It 

continued until December 2017 (hereinafter referred to as ñprevious Projectò).  

 

ₒScope of cooperation for the previous Project (From April 2013 to December 2017)x  

 FIP1 Survey of radionuclide movement in river systems 

FIP2 Survey of radionuclide movement with wildlife 

FIP3 Countermeasures for radioactive materials in rivers and lakes 

FIP4 Development of environmental mapping technology using GPS walking surveys 

FIP5 Study of the proper treatment of waste containing radioactive materials at municipal 

solid waste incinerators 

 

The outcomes of the previous Project were summarized in the report on ñCooperation between 

Fukushima Prefecture and the IAEA ï SUMMARY REPORT (2013 to 2017) [Fukushima Prefecture 

                                                      

1 The owner of the Fukushima Daiichi Nuclear Power Plant was renamed from Tokyo Electric Power 

Company to Tokyo Electric Power Company Holdings, Incorporated in April 1, 2016. 
2 Steps for Revitalization in Fukushima (ver.31.2; December 27, 2022). 

(https://www.pref.fukushima.lg.jp/uploaded/attachment/547379.pdf)  

3 Revision of the scope of cooperation for FIP1~3, 5 and completion of FIP4. 
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Initiative Projects]4ò in March 2018. 

However, remediation of the environment in the Prefecture was halfway and the accomplishment 

of the proposed projects required further support from the IAEA, the prefecture agreed with the 

IAEA to extend the PA5 in December 2017 until December 2022 (hereinafter referred to as ñthis 

Projectò).  

 

ₒScope of cooperation for this Project (From January 2018 to December 2022)ₓ  

FIP1 Survey, and evaluation of the effect, of radocaesium dynamics in the aquatic systems 

based on the continuous monitoring 

FIP2 Survey of radionuclide movement with wildlife 

FIP3 Sustainable countermeasures to radioactive materials in freshwater system 

FIP5 Study of proper treatment of waste containing radioactive material 

 

The outcomes of the previous Project and this Project are summarized in this report. 

 

 

  

                                                      

4 The previous report is available as printed material and also in the following website; 

(https://www.pref.fukushima.lg.jp/sec/298/iaeasummary2017.html) 

5 Revise the scope of cooperation for FIP1~3, 5. 
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1. FIP1: Survey, and evaluation of the effect, of radio caesium dynamics in the 

aquatic systems based on the continuous monitoring  

 

1.1. Abstract  

As a result of the Fukushima Daiichi Nuclear Power Plant accident in March 2011, radioactive 

materials were released and deposited in the Fukushima Prefecture. It is important to provide 

information for the safe use of river water in the Prefecture. To investigate the dynamics of 

radioactive materials in river systems and to estimate the changes in radiocaesium concentrations 

in rivers over time by the model simulations, studies were conducted in the rivers of the Fukushima 

Prefecture. Surveys of the dynamics in suspended and dissolved radiocaesium were conducted in 

the Abukuma River system and in major rivers of the Hamadori area. The results obtained in March 

2021 showed that the suspended and dissolved radiocaesium concentrations continue decreasing, 

even beyond ten years after the accident. In addition, it was shown that the migration of 

radiocaesium was affected by the presence of dams and decontamination activities in the 

catchment. Even though the radiocaesium concentrations tends to decrease over time, some 

suspended sediment samples showing an extremely high concentration were found. The 

investigation was carried out, and the presence of radiocaesium-bearing microparticles (CsMPs) 

was confirmed, however their contribution was suggested to be small. Model simulations were 

also performed to assess changes in the suspended and dissolved forms of radiocaesium under both 

base- and high-flow conditions. The estimated results showed good agreement with measured 

values, although some improvements are considered necessary. It was presumed that the load of 

suspended sediments due to riverbank erosion and resuspension of river sediment under high flow 

conditions contributed greatly to the increase in suspended radiocaesium transport. 

 

1.2. Purpose 

As a result of the accident in the Tokyo Electric Powerôs Fukushima Daiichi Nuclear Power Plant 

in March 2011, large amounts of radioactive materials were released into the environment, and 

their fallout and  deposition in Fukushima Prefecture were confirmed. Therefore, it has been 

important to clarify the actual situation of radioactive materials (especially radiocaesium) in rivers 

and to provide the necessary information for future predictions and safe use of rivers and river 

water, considering that they are widely used for drinking water, agriculture, and industry. 

Radiocaesium in river water is found in suspended (adsorbed on fine particles) and dissolved 

(dissolved in water) forms. It is assumed that the dynamics in the environment differs depending 

on the difference in the form. Therefore, it is essential to understand the concentration of 

radiocaesium in the different forms, in order to comprehensively clarify the dynamics of both 

forms of radiocaesium in rivers. As there are many forested areas without decontamination in the 

upper catchment of rivers in Fukushima Prefecture, it is necessary to pay attention to the 

influences of these on the dynamics of radiocaesium in rivers in the surrounding area. Changes in 

social conditions (e.g. completion of the decontamination works, return of residents and 

resumption of farming following the lifting of evacuation orders) and the occurrence of 
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unexpected events (e.g. forest fires, large-scale floodings due to typhoons, heavy rainfalls, etc.) 

should be considered. 

In this project, a long-term observation survey was conducted on the concentration of 

radiocaesium in rivers in Fukushima Prefecture, considering its different forms. The state of 

decline in the concentration of radiocaesium in rivers was assessed. The amount of radiocaesium 

fluxes in rivers were estimated from the monitoring results. The factors that could contribute to 

changes in the concentration and amount of flux in radiocaesium (e.g. decontamination works and 

the presence of CsMPs) were investigated.  

In addition, to elucidate the dynamics of radiocaesium through rivers in more detail and be able 

to predict its future, model simulations reproduce the changes in the radiocaesium concentrations 

were carried out. And the source of suspended radiocaesium using characteristics of organic matter 

(total organic carbon and stable isotope composition) in suspended sediment was also estimated.  

 

1.3. Content of  i mplementation 

Figure 2 shows the monitoring points considered in this project. The background colour of the 

map indicates the deposition amount of radiocaesium on the ground surface as of July 2, 2011, 

which is assumed to be the initial deposition in this document. The monitoring points in the 

Abukuma River and major rivers in Hamadori area for the Wide-area Multipoint Survey are shown 

in Figure 2(b). The monitoring points in the Kuchibuto River Basin and the Hirose River Basin 

which are tributaries of the Abukuma River for a single basin survey, are shown in Figure 2(a) 

and 2(c), respectively. 

 

Figure 1. S chematic diagram describing 

dynamics of radio caesium in a river basin.  
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Figure 2. Monitoring points used in this study; (a) Single Basin Survey (Kuchibuto  

River Basin), (b) Wide - area Multipoint Survey, (c) Single Basin Survey (Hirose 

River Basin)  

 

1.3.1. Wide- area Multipoint  Survey 

1.3.1.1. Wide- area Multipoint  Survey 

1.3.1.1.1. Purpose 

From the fiscal year 2015, a Wide-area Multipoint Survey of the Abukuma River Basin and eight 

water systems in the Hamadori area was performed. Figure 2(b) shows the caesium-137-deposition 

in the study area and the positions of the monitoring points. Samples were taken regularly - 

following the same procedure - to explore the time-dependence of the caesium-137 activity 

concentration and to identify relationships with the basin characteristics. This survey was a 

continuation of a survey carried out by the University of Tsukuba from fiscal year 2011 to 2014 

as a project on behalf of the Ministry of Education, Culture, Sports, Science and Technology and 

the Nuclear Regulation Authority. The results including the past survey conducted by the 

University of Tsukuba are also provided. 

 

1.3.1.1.2. Method  

At each monitoring point, the monitoring has been continued by installing and operating the 

equipment (including a suspended sediment (SS) sampler, a turbidity meter, and a water level 

gauge). The suspended sediments were collected with samplers at intervals of 1 to 3-month, dried 

in a vacuum freeze-dryer, and caesium-137 concentrations were measured using a germanium 

semiconductor detector. Turbidity and water level data were obtained at 10-minute intervals, and 

the concentration of suspended sediment (mg L-1) and the flow rate (m3 s-1) were calculated 

applying the equations elaborated in the FIP Summary Report (2013-2017). The flux of suspended 

 
 

 

(a) (b) (c) 
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caesium-137 was estimated by multiplying the concentration of suspended sediments, the river flow 

rate, and the caesium-137 concentrations in the suspended sediments.  

To quantify the concentration of suspended and dissolved forms of radiocaesium, 40 to 100 L of 

river water were collected approximately twice a year. Dissolved and suspended radiocaesium 

forms were separated using a multi-stage filtration system (Figure 3). The samples were measured 

with a germanium semiconductor detector, and the suspended and dissolved caesium-137 

concentrations in the river water were evaluated. 

 

1.3.1.2. Survey of r adio caesium- bearing microparticles in suspended sediment 

samples 

1.3.1.2.1. Purpose  

In the SS samples collected during the Wide-area Multipoint Surveys, several samples with 

extremely higher than normal radiocaesium concentrations were found. An example is shown in 

Figure 4. While the concentration of radiocaesium tends to decrease with time, it is important to 

clarify the factors that specifically increased the concentration of radiocaesium in SS samples in 

order to understand the dynamics of radiocaesium transport through rivers.  

Previous studies have reported the presence of radiocaesium-bearing microparticles (CsMPs), 

released during nuclear power plant accident 1), 2), 3). In this study, it was hypothesized that this 

may be due to the inflow of CsMPs into the river and their subsequent mixing with the SS.  

 

 

 

 

Figure 3. Radio caesium collecting devices; Multi - stage Filtration System.  



 

7 

 

 

 

1.3.1.2.2. Method  

To clarify the influence of CsMPs on the suspended caesium-137 concentrations, the SS samples 

collected by the SS sampler that showed much higher radiocaesium concentrations compared to 

other samples were used. The radioactive particles in SS samples with high caesium-137 

concentrations were investigated. The radioactivity of the particles was measured by germanium 

semiconductor detectors and imaging plate (IP) autoradiographic techniques, and the particle size 

and elemental analysis of the particles were measured by Scanning Electron Microscopy-energy 

dispersive X-ray spectroscopy (SEM) and Electron Probe Micro Analyzer (EPMA). In addition, a 

simple method for determining the presence or absence of CsMPs in the presence of such samples 

was investigated. 

 

1.3.2. Single basin  survey  

1.3.2.1. Simulation of radio caesium dynamics in river by T ODAM1 model 

1.3.2.1.1. Purpose  

The purpose of this study is to examine the future effects of radioactive caesium migration and 

redeposition via rivers. In this study, a numerical model was applied for the Hirose River and the 

Kuchibuto River, tributaries of the Abukuma River, and simulations of the dynamics of 

radiocaesium were performed. In the areas near the southeast boundary of the Hirose River Basin, 

                                                      

1 Time-dependent One-dimensional Degradation And Migration Model 4,5), The TODAM model 

was provided by Prof. Yasuo Onishi, an IAEA specialist, in fiscal year 2015. For this simulation, 

technical support from Prof. Onishi was received. 

Figure 4. Temporal changes of suspended caesium- 137 concentrations at one of 

the monitoring points of the Wide - area Multipoint Survey in Hamadori area  

(In the sample collected in October 2018, a higher concentration of caesium-

137 was detected, significantly deviating from the trend of gradual decrease 

in concentration.)                   
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a relatively large amount of radiocaesium was deposited (Figure 2(c)). The depositions were also 

high in the catchments of the tributaries, the Nuno River and the Oguni River (Table 1).  

 

Table 1. Catchment area and init ial caesium- 137 deposition within  

the Hirose River Basin.  

 River basin area 

[km2] 

Average Cs-137 deposition  

[kBq m-2] 

Hirose River 267.9 231 

Takane River 19.2 270 

Nuno River 18.6 343 

Ishida River 30.1 290 

Oguni River 40.4 343 

 

To simulate the dynamics of radiocaesium in river water in these catchments, monitoring was 

carried out at twelve sites, as shown in Figure 2(c), from 2013 to 2021.An additional monitoring 

point was established along the main river channel of the Hirose River in 2019 (St. 4). For the 

Kuchibuto River Basin, the monitoring was carried out at five monitoring points, from 2017 to 

2021, mainly those that were already included in the Wide-area Multipoint Survey. The initial 

deposition of radiocaesium in the catchment at each monitoring point was calculated and shown in 

Table 2. 

 

 

1.3.2.1.2. Method  

At each monitoring point, approximately 100 L of river water were collected at base-flow levels 

(every 2 to 3 months) and at high-flow levels (7 samples/1 high-flow event, for 24 hours). Water 

quality (pH, electrical conductivity (EC), oxidationïreduction potential (ORP)) and SS 

concentrations were measured at the time of collection. Suspended and dissolved forms of 

radiocaesium were collected from river water samples in a cartridge filter 6) for caesium 

Table 2.  Catchment area and initial caesium- 137 deposition within the 

Kuchibuto River Basin  

 River basin area 

[km 2]  

Average Cs-137deposition 

[kBq m - 2]  

Mizusakai River 7.52 587 

Kuchibuto River 

Upstream 
21.4 408 

Kuchibuto River 

Midstream 
62.8 304 

Adachiota River 17.6 235 

Kuchibuto River 

Downstream 
135.2 247 
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monitoring using a radiocaesium monitoring device (Figue 5) 7). Each form of radiocaesium was 

then measured with a germanium semiconductor detector. In addition, investigations of activity 

concentrations in the cross-section of the riverbed, and samplings of riverbank soil and sediment 

were carried out. Based on these data, the radiocaesium concentrations and their changes in the 

river were estimated under base flow and high flow conditions using the TODAM model. The 

TODAM model can simulate temporal changes of radionuclide concentrations in waters and 

sediments. For example, the TODAM model makes it possible to estimate the amount of 

radionuclides transported to the Pacific Ocean in rivers, to predict the locations in rivers where 

sediments are preferentially deposited, and to evaluate the influence of decontamination measures 

on the dislocation of sediments in rivers. In this survey, the TODAM model was used to estimate 

the radiocaesium activity and their changes under base flow and high flow conditions. 

 

 

 

 

 

 

 

 

 

 

 

 

1.3.2.2. Estimation of the source of SS loads  

1.3.2.2.1. Purpose  

Suspended sediments (SS) play a significant role in the transition of caesium-137 as a particulate 

form through rivers. The concentration of SS in river water generally increases during high-flow 

events, resulting in quite a lot of caesium-137 transportation even in a single high-flow event. In 

order to clarify the relative contributions of the potential SS sources in a watershed to the amount 

and concentrations of fluvial SS both under high- and base-flow conditions, caesium-137 

radioactivities, total organic carbon (TOC) concentrations, and stable carbon isotope composition 

(d13C) in SS were employed for a simulation using a Bayesian isotopic mixing model, Stable 

Isotope Analysis in R (SIAR ver. 4.2). 

 

1.3.2.2.2. Method  

For measurements of TOC and d13C in SS, about 0.5 or 1.0 L river waters sampled at the same time as for 

caesium-137 measurements were filtrated by glass fiber filters (GF/F) which had been precombusted at 450 

for 4 hours. Four potential SS sources were determined in this project (forest soils and litters, riverbank soils, 

and river sediments). Forest soils and litters were sampled in adjacent forests at the headwater region of the 

Hirose River. Riverbank soils and river sediments were sampled along the mainstream and tributaries of the 

 

Figure 5. Radio caesium monitoring device  7 ) .  
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Hirose River. These source materials were air-dried at 40 for more than 48 hours. The samples were 

measured using an elemental analyzer coupled to an isotope ratio mass spectrometer using an interface. The 

detail procedures were shown in a study of Arai et al. (2021) 8). 

 

1.4. Results  

1.4.1. Wide - area Multipoint  Survey 

1. 4.1.1. Wide- area Multipoint Survey  

Figures 6(a) and 6(b) show the variations in suspended and dissolved caesium-137 concentrations 

over time (as of March 2021) obtained from the Wide-area Multipoint Survey. The data include 

results from the University of Tsukuba until the end of FY2014. The concentration of suspended 

caesium-137 at each monitoring point showed a tendency to decrease over time after the start of 

this project, but the decline observed immediately after the accident was the fastest 9), 10).  As of 

March 2021, the concentration of dissolved and suspended caesium-137 was generally less than 

1/10 of the value observed immediately after the accident (Figure 6(a)). The concentration of 

dissolved and suspended caesium-137 showed a similar time-dependence (Figure 6(b)). There was 

a period of missing data for dissolved caesium-137, however, the overall pattern suggests 

that the concentration of dissolved caesium-137 in the rivers of Fukushima Prefecture gradually 

decreased over time. 

Based on data obtained from 2012-2021, the effective half-lives of suspended and dissolved 

caesium-137 were estimated to be approximately 3.2 and 2.8 years, respectively (Figure 7). 

Comparing Chornobyl and Fukushima, the of effective half-lives of caesium-137 in river water 

were similar just after the accident (0.24 year in Abukuma River vs 0.31 year in Pripyat River)11). 

In the second year and beyond, the effective half-lives of the concentration of suspended caesium-

137 in rivers of the Fukushima prefecture are in the range of 1 to 4 years; similar observations 

were made for European rivers.11). 
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(a) 

 

 

 

 

 

 

                      

 

(b)  

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 6. Caesium- 137 concentrations in river water.   

(a) Suspended caesium- 137,  ( b) Dissolved caesium- 137.  

 

Figure 7. Effective environmental half - li fe of caesium- 137 concentrations in river 

water in each region (data from 2012 Έ2021). The asterisk indicates the range in 

the effective environmental half - l ife reported for European rivers after the 

Chornobyl Nuclear Power Plant Accident).  

 

 

 

 

Years from the accident [y]  

 β  
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Figure 8 shows the average monthly flux of suspended caesium-137 at six monitoring points from 

2011 to December 2018. The caesium-137 fluxes do not show a clear trend due to the strong 

temporal fluctuations of the flow rate of the river and the caesium-137 concentrations of suspended 

sediments. At the two monitoring points along the Abukuma River, 3.0-4.0% of the caesium-137-

inventory of the catchment was displaced and located with suspended sediments, while at the four 

monitoring points along its tributaries the flux was 0.6-2.2% of the catchmentôs caesium-137 

inventories. 

The upper part of Figure 9 shows the flux of suspended caesium-137 integrated from October 

2012 to October 2014. The lower part of Figure 9 shows the ratio of the area of a reservoir to the 

total catchment area (excluding No.12, 17, 18 due to several problems during the monitoring 

period - lower graph). Low caesium-137 fluxes were observed at the points where the area of the 

dam covers a large area of the catchment (red hatched part in the graph). 
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Figure 8. Monthly migration of the suspended caesium- 137 at 

monitoring points (No.1 - 6) from May 2011 to December 2018.  
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In addition, the impact of the surface decontamination measures implemented by the national 

government and the municipalities on the caesium-137 concentrations in river waters was assessed.  

The observed decreases in caesium-137 concentrations were similar to the trends observed in 

European rivers after the Chornobyl accident (Figure 6). However, it is difficult to determine the 

effect of surface decontamination measures on the caesium-137 concentrations in rivers because 

the area decontaminated is very small in relation to the area of the catchment. Therefore, it is 

assumed that the decrease observed in areas where decontamination measures were implemented 

is largely caused by natural attenuation processes 11)  

Subsequently, the data for the Kuchibuto River Basin were analyzed to investigate the effect of 

decontamination on suspended radiocaesium in river water. The data focused on the variations of 

the caesium-137 concentrations in suspended sediments during the decontamination works. The 

basin to decontaminate farmland was fully designated as a special decontamination area; work in 

the basin was planned in August 2012, it started in March 2013, and it was completed in December 

2015 2. Figure 10 shows the progress of the decontamination of farmland. Decontamination started 

                                                      
2  Decontamination Information website, Ministry of the Environment, 

http://josen.env.go.jp/area/details/kawamata.html 

Figure 9. Total f lux of suspended caesium- 137 from Oct. 

2012 to Oct. 2014. Red hatched bars indicate the monitoring 

point with higher proportion of the watershed area for dams 

to the total catchment area.  
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in March 2013, but only little progress was made until March 2014. Intensive farmland 

decontamination was carried out from April 2014 and decontamination was completed in December 

2015. Thus, the period before February 2013 was defined as ñPre-decontaminationò, the period 

from March 2013 to March 2014, when progress was very slow, was defined as ñDecontamination 

in progress ᵑò, and the period from April 2014 to December 2015, when rapid progress was 

made, was defined as ñDecontamination in progress ᵒò. Finally, the interval after January 2016, 

when decontamination was completed, was defined as ñPost decontaminationò.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10. Progress in farmland decontamination  

 

The time-dependence of caesium-137 concentrations in suspended sediments at three monitoring 

points (upstream, midstream, and downstream; Figure 2(a)) is shown in Figure 11. The effective 

half-lives for these periods are shown in Table 3. The results showed a faster decrease in suspended 

caesium-137 concentration in the upstream and midstream sites of the special decontamination 

area during ñDecontamination in progress ᵒ ò. However, the decrease was slower in the 

downstream sites, and it slowed down in the second half of the ñDecontamination in progress ᵒò 

period (about 4 years after the accident). In addition, the amount of suspended sediment in surface 

water runoff as a function of precipitation and catchment area showed a tendency to increase after 

the start of farmland decontamination, and a significant increase was observed during the 

ñdecontamination in progress ᵒò period. In the ñpost-decontaminationò period, the amount of 

sediment in runoff decreased, but it was still higher than in the ñpre-decontaminationò period 

(Figure 12). This shows the same trend as the results of the analysis in the Niida River flowing 

through the Hamadori area, following decontamination, reported in the previous study 12). 

 

D
e

c
o

n
ta

m
in

a
te

d
 a

re
a

 o
f 

fa
rm

la
n

d
 



 

15 

 

 

Figure 11.  Change in suspended caesiumΈ137 concentration  

over the course of decontamination.  

 

Table 3. Effective environmental half - li fe for each period (years)  

Monitoring 

point 

Pre- 

decontamination 

In progress  

ᵑ  

In progress  

ᵒ  

Post- 

decontamination 

ᵑ Upstream 0.77 n.s. 0.98 n.s. 

ᵒ Midstream 1.2 n.s. 1.6 n.s. 

ᵓ Downstream 0.86 0.59 4.2 4.8 

n.s. indicates that suspended caesium-137 concentration did not change significantly during each 

period. 

 

 

 

 

 

 

 

 

 

 

Figure 12. Relationship between decontamination progress and the amount of 

sediment runoff.  
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1.4.1.2. Survey of CsMPs in SS samples  

Two spherical CsMP particles (A and B) were found in the suspended sediment samples (Table 

4). The radioactivity of caesium-137 in those two particles was estimated to be approximately 

13% of the total radioactivity of the sample. 

 

 

Sample 

name 
Particle size (ɛm) Cs-137 (Bq) Detected Element 

A 4.2 14Ñ0.1 O, Si, Cl, Fe, Zn, Sn, Cs 

B 1.0 0.25Ñ0.01 O, Si, Cl, Fe, Zn, Cs 

 

When suspended sediments with extremely high caesium-137 concentration were found, a 

simple method to determine the presence or absence of CsMPs was investigated. Dry methods 2), 

3) and wet methods 1) have been reported as methods for searching and separating a single CsMP 

from a sample. On the other hand, a simple method for determining the radioactivity and number 

of CsMPs without separating a single particle from the sample has been reported 1), 13). Applying 

this simple method to CsMPs with known radioactivity, we developed an equation relating 

radioactivity and IP brightness and attempted to determine the presence or absence of CsMPs in 

suspended sediment samples. The threshold of radioactivity for CsMP was set as the maximum 

radioactivity value of a particle different from CsMP (0.189 Bq) 14), and particles above this 

radioactivity were classified CsMPs. Table 5 shows the results obtained: the presence of CsMPs 

in five suspended sediment samples collected in 2018-2019 was investigated and nine CsMPs 

were estimated to be present. The results indicated the presence of CsMPs in suspended sediment 

samples, but their contribution was very small. 

 

 

 

 

Sample 
name 

Cs-137 

concentration  
in the sample 

(Bq/g) 

Weight 

of SS 

(g) 

Cs-137 

in the 
sample 

(Bq) 

The  

number of  

CsMPs 

Cs-137 in CsMP  
(Bq) 

Cs-137 in 

CsMPs 
in total  

(%) 

1-NZ1910 3.2Ñ0.07 2.7 8.7 0    N/A  

2-SU1910 18Ñ0.3 1.4 23 2 0.48 0.22  3.0 

3-SD1910 23Ñ0.3 1.4 32 6 
0.41 0.36 0.32 

5.7 
0.30 0.23 0.19 

4-NR1810 2.1Ñ0.03 3.2 6.7 0    N/A  

5-TR1907 4.9Ñ0.12 3.0 15 1 0.46   3.1 

 

1.4.2. Single basin  survey  

1.4.2.1. Simulation of radio caesium dynamics in river by TODAM model  

Figure 13 shows riverbed cross sections at the monitoring points of St.3 and St.10 of the Hirose 

River (Figure 2a). Both points are about 24 km apart. Although the water depth was similar, the 

Table 4.  Characteristics of CsMPs  identified in SS samples  

Table 5. IP measurement results and radioactivity contribution of the 

SS samples 
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river width at St.10, including the floodplains, was about twice as large as that at the St.3. During 

the monitoring, high flow events caused the riverbed and bank to be eroded, and fresh sediment 

deposited on the riverbed, but the riverbed cross-section at each monitoring point did not change 

significantly. 

 

 

 

 

 

 

 

Figure 14 shows the variations in suspended caesium-137 and suspended sediment concentrations 

in water at each monitoring point along the Hirose River in April 2016 at base flow levels. The 

concentration of suspended caesium-137 was high in the some of the tributaries. The caesium-137 

concentrations are strongly influenced by the initial deposition in the catchment. The results 

varied between monitoring points, irrespective of the monitoring points and items (suspended 

caesium-137 and suspended sediment concentrations). 
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Figure 13. The cross sections at the monitoring points in the 

Hirose River Basin  (St. 3 and St. 10).  
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Figure 15 shows a scheme of the monitoring network considered in the application of the TODAM 

model to the Hirose River. The distance from the confluence of the Hirose River with the Abukuma 

River to the confluence of the Takane River with the Hirose River is 31,732 m. In the simulation, 

the inflows were considered from the Takane River, Nuno River, Ishida River, and Oguni River, 

main tributaries of the Hirose River. For the Hirose River, the simulation was performed every 

200 m in the direction of the flow channel, and 150 calculation points were set in the Hirose River 

Basin. The dynamics of radiocaesium were simulated in the Hirose River based on the monitoring 

data.  

 

Figure 14. Suspended caesium- 137, and SS concentrations at 

each monitoring point in April 2016  
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Figure 16 shows the calculated and measured concentrations of suspended and dissolved caesium-

137 concentrations along the Hirose River using the TODAM model under base flow conditions. 

The solid line represents the values estimated by the TODAM model, and the boxplot represents 

the actual measurement values obtained at six monitoring points along the main river channel of 

the Hirose River. It was possible to reproduce the data obtained at six monitoring points along the 

mainstream of the Hirose River using the TODAM model. The results obtained by the model 

simulation were in relatively good agreement with the measured values.  

 

Figure 15. A schematic representation of the monitoring 

network in the Hirose River Basin.  

Figure 16. Simulation results of changes of caesium- 137 concentration at 

base flow levels water estimated using the TODAM model (Hirose River).   
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A simulation of the concentration of caesium-137 in river water during the high flows from 

August 16 to 19, 2016 (total precipitation 67 mm; Japan Meteorological Agency, Yanagawa, 

Fukushima Prefecture) 15) is shown in Figure 17. The results also show a good agreement between 

measured and calculated values at the four monitoring points (St. 3, 6, 8, and 10) under high flow 

conditions.  

 

 

 

Monitoring data collected from 2017 at the Kuchibuto River Basin (Figure 2(a)) was used to 

simulate of the suspended and dissolved caesium-137 concentrations in river waters by the 

TODAM model. The results of the model simulation of the Kuchibuto River Basin are shown in 

Figure 18 and 19. In the results of the application along the flow path during base flow conditions, 

the characteristics of low caesium-137 concentrations in both dissolved and suspended forms in 

ᵒMidstream were generally reproduced (Figure 18). The simulation results at ᵓDownstream 

based on the data from the outflow on 5-6 July 2018 (total precipitation 36 mm; Japan 

Meteorological Agency, Tsushima, Fukushima Prefecture)15), were also able to reproduce temporal 

changes in suspended sediment and both suspended and dissolved caesium-137 concentrations. 

Through this cooperative project, it was possible to simulate the dynamics of caesium-137 using 

Figure 17. Simulation results of changes in caesium- 137 concentrations 

during high flow events estimated using the TODAM model (Hirose River). 

[Upper rows: Suspended caesium- 137 concentration, lower rows: Dissolved 

caesium- 137 concentration] (High flow events from 16 August 2016 to 19 

August 2016)  

St.10  

St.3  St.6  

St.8  
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the TODAM model for two rivers. In addition to predicting the dynamics of caesium-137 in these 

rivers, future applications to other rivers and to the dynamics of other contaminants are possible. 

The accuracy of the simulation predictions can be improved through the calibration with site-

specific information and data. In particular, hydrological data are required, such as the 

relationships between water level and flow rate in the target river, and between the flow rate and 

suspended sediment concentrations with particle size distributions. It is considered necessary to 

obtain these data in advance when performing preliminary impact assessments in preparation for 

an eventual nuclear disaster. 
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Figure 19. Simulation results of changes in caesium- 137 concentrations during 

high flow events estimated using the TODAM model (Kuchibuto River). [Upper rows: 

Suspended caesium- 137 concentration, lower rows: Dissolved caesium- 137 

concentration] (High flow events from 5 July 2018 to 6 July 2018)  

 

1.4.2.2. Estimation of the source of SS loads  

It was found that contents of caesium-137 and organic carbon in river water were increased with 

increasing SS concentration in river water (Figure 20). These results confirmed that both caesium-

137 and organic carbon were move together with SS. On the other hand, there were no significant 

relationships between SS concentrations and both caesium-137 and TOC concentrations in SS 

(Figure 20). However, the average values of both caesium-137 and TOC concentrations in SS at 

the base-flow condition tended to be larger than those at the high-flow condition, indicating that 

the additional SS supplied during high-flow events had lower concentrations of caesium-137 and 

TOC than SS at the base-flow condition. In other words, during high-flow events, caesium-137 

and TOC in SS were diluted by an input of mineral materials with low caesium-137 concentrations. 

The d13C values in SS showed a gradual decreasing trend with increasing SS concentration (Figure 

20), which suggested a gradual change of organic carbon source in SS with increasing SS 

concentration in river water. 
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The results of caesium-137, TOC, and d13C in four potential sources of SS are shown in Table 6. 

As expected, forest soils showed the highest caesium-137 concentrations due to the lack of 

decontamination practices. Forest litters showed the highest TOC concentration and the most 

depleted d13C value, and riverbank soils and river sediments showed relatively low caesium-137 

and TOC concentrations. The result of simulation by SIAR using these data revealed that forest 

soil is the predominant source of fluvial SS during base-flow condition, and the contributions of 

other sources remained at low levels (Figure 20). At the high-flow condition, on the other hand, 

the contribution of forest soils reduced significantly, although the contribution was still high. 

These results led to the conclusion that erosion of riverbank and resuspension of river sediments 

at high-flow events promoted additional inputs of SS materials with low caesium-137 

concentrations, resulting in dilution effects of total SS in high-flow river water. It is suggested 

that it is better to clarify the formation process of SS during high-flow events and to assess the 

simulation results, using additional tracers and fingerprinting properties in future works. 

Figure 20. Changes of both contents in river water ((a) particulate 

caesium- 137 and (b) particulate organic carbon) and properties in SS 

((c) caesium- 137, (d) TOC, and (e) d13C) with SS concentrations are 

shown. Blue squares indicate the data at base - flow,  while red circles 

indicate the data at high - flow river.  
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Table 6.  Properties of four potential SS sources. Averages are shown with the 

standard deviations (S.D.).  

 

 

 

 

 

 

 

 

 

*Results of the KruskalīWallis H test. 

 

 

 

1.5. Conclusions  

In the Wide-area Multipoint Survey of the Abukuma River system and major rivers in the 

Hamadori area, it was confirmed the presence of both suspended and dissolved radiocaesium 

concentrations, with a decreasing trend over time just after the accident in 2011. It was clarified 

that the amount of suspended radiocaesium fluxes decreased at the monitoring point with dams in 

the catchment area, and the decontamination works in the catchment clearly impacted on 

suspended radiocaesium-137 concentrations. The presence and the contribution of CsMPs were 

investigated for suspended sediment samples with greater radiocaesium concentrations. Although 

Type 137Cs n ŭ13C n TOC n 

 Bq kgī1  ă  mgC mgī1  

Forest Soils 5400 ± 1600 12 ī26.9 ± 0.6 12 0.105 ± 0.021 12 

Forest litters 240 ± 150 16 ī30.0 ± 0.5 16 0.468 ± 0.011 16 

Riverbank soils 470 ± 530 46 ī26.4 ± 0.8 15 0.018 ± 0.015 15 

River sediments 110 ± 110 175 ī25.4 ± 0.8 21 0.001 ± 0.001 21 

p value * <0.001  <0.001  <0.001  

Figure 21. Simulation results for the relative contributions of each four 

potential source to SS under base -  and high - flow conditions. The data were 

shown as the credible interval.  
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the presence of CsMPs was confirmed in the samples, it was suggested that their contribution to 

the radioactivity in these samples was small.  

TODAM model simulations were carried out for two rivers during base and high flow conditions, 

and the results were well reproduced the monitoring analysis results. In addition, riverbank erosion 

and resuspension of river sediments play significant roles in the increase of SS concentrations in 

river waters under high flow conditions. 
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2. FIP2 Survey of Radionuclide Movements in Wildlife  

 

2.1. Abstract  

Fukushima Prefecture is conducting surveys and studies on the migrations of radionuclides to 

wild animals that constitute a part of the ecosystem to understand the movements of radionuclides 

in the ecosystem. 

The present survey has measured the activity concentration of radio caesium contained in the 

bodies of wild animals, and investigated its fluctuation over time and differences among species. 

As the activity concentration is deeply related to wild animalsô behaviour. For example, there is a 

possibility that wild animals with high radio caesium activity concentrations in their body have 

been moving into areas where wild animals with relatively low radio caesium activity 

concentration s inhabit. Therefore, the movements and dispersion of animal populations were 

investigated. 

 

2.2. Purpose  

The accident at the Fukushima Daiichi Nuclear Power Plant caused a widespread environmental 

contamination by radioactive materials. Radionuclides have been detected in many wild animals 

inhabiting the natural environment there because they ingested radioactive materials from the 

environment through food and water. 

In order to ensure the safety and security of environment that citizens of Fukushima prefecture 

live, the Prefectural government, since immediately after the accident in 2011, has been 

monitoring radionuclide activity concentrations in the muscles of game animals whose meat is 

generally consumed by people. As a result of monitoring, mainly caesium -134 and 137, which are 

gamma-ray emitting nuclides, have been detected from the muscles of wild animals. However, it 

hasnôt been studied enough how the radio caesium has been accumulated from the environment 

into their flesh. So in order to lift the distribution and consumption restrictions of the meat, and 

to ensure the local peopleôs safety and security, surveys and studies on radio caesium movements 

in the ecosystem have been launched.  

The migration of caesium-137 from the environment to the wild animals seems to be strongly 

affected by their ecology such as food habits and behavioral patterns. From 2013 to 2017, radio 

caesium activity concentrations in the bodies of wild animals were measured and their fluctuations 

with time and differences by animal species were investigated. In addition, wild animalsô food 

habits and behavioral patterns deemed to be closely related to radionuclide movements into their 

bodies were also investigated. There is a positive relationship between the caesium-137 activity 

concentrations in the muscle and the stomach contents1). 

The relationship between radio caesium and the existing form fraction2) was clarified by the 

survey from 2013 to 2017. Presently, a food habit survey by the deoxyribonucleic acid (DNA) 

analysis of stomach contents has started, and radio caesium accumulation in the bodies of wild 

animals according to their food habits has been investigated in detail. A behavioral survey 

regarding the home ranges of wild boars and Asian black bears using global positioning system 
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(GPS) collars has been also carried out, however, the amount of surveying has been inadequate to 

draw any firm conclusions. To show their behavioral characteristics, the behavioral survey using 

GPS collars was carried out concurrently with the food habit survey. 

In addition, using the survey results starting from 2018, analyses using linear models were 

performed to clarify the long-term fluctuations of caesium-137 activity concentrations in the 

muscles of wild animals which took account of the seasonal fluctuations in the diet.  

DNA analyses were carried out in order to show the structure of wild animal populations, which 

of the populations are increasing and which are moving into other areas as a result of the long-

term abandonment of humans in the evacuation zones (zones where the evacuees still cannot 

return) and in the residence-restricted zones. 

 

2.3. Investigation results made from 2013 to 2017  

2.3.1. Content of implementation  

We selected wild boars which inhabit wide areas of the prefecture as the main subjects of this 

research, because even studies assessing the impact of the Chernobyl disaster did not show any 

clear tendency of decrease in the time-series changes of radio caesium taken into animals. 

 

2.3.1.1. Radionuclide dynamics in wild animals  

2.3.1.1.1. Measurement of gamma - ray emitting radionuclide activity concentrations 

in wild animals  

We measured gamma-ray emitting nuclides (wet weight) contained in the muscles of game 

species (wild boars, Asian black bear, copper pheasant, green pheasant, spot-billed duck, and 

mallard) captured by nuisance kill or by hunting. Figure 1 shows the measuring procedure. By 

using the measurement results, we investigated the variation of caesium-137 contained in the 

muscles of wild boars and other animals between individuals, and the tendency of fluctuation with 

the passage of time after the accident. We also measured gamma-ray emitting radionuclide activity 

concentrations in stomach contents and of various organs in the same way to check radionuclide 

distributions in wild boars. 

We checked the caesium-137 soil ground deposition at the capture points of target wild animals 

from their capture information, and analyzed relationships between caesium-137 soil ground 

deposition and caesium-137 activity concentration in muscle. As to the soil ground deposition, we 

used the results of UAV surveys carried out by the Japan Atomic Energy Agency. 

Figure 1. Measurement o f radionuclides in wild animals  

 

Measurement of rad ionucl ide act iv i ty concentrat ion  

 
(Germanium semiconductor  detector)  Example of sample (Muscle) Cel l U -8  
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2.3.1.1.2. Radionuclide migration from the environment into wild animals  

To investigate the effect of diet on caesium-137 activity concentrations in the muscles of wild 

animals, we measured caesium-137 activity concentrations in the stomach contents of wild boars 

captured in Nihonmatsu Cityfrom fiscal 2013 to 2015. Then, we investigated relationships between 

caesium-137 activity concentrations in stomach contents and in the muscles of the same 

individuals. 

 

2.3.1.1.3. Physic ochemical fractions of radiocaesium in stomach contents  

There are three physicochemical fractions of radiocaesium in soil (Figure 2). In the case of plants, 

they mainly absorb radiocaesium of exchangeable fractions. However, for plants, radiocaesium of 

strongly bound fraction, for example strongly bound clay ores is difficult to absorb. In the case of 

wild boar, it is thought that they take in soil when eating foods or gaining minerals intentionally. 

Because of soil intake and the influence of physicochemical fractions of radiocaesium in soil, 

there is also possibility that caesium-137 activity concentration in the muscles of boars is higher 

than those in other wildlife. However, it remains unknown about the amounts of absorption and 

migration of caesium-137 from soil and foods eaten by boar into their bodies. 

 

 

Figure 2. Physicochemical fractions of radiocaesium in soil  
Exchangeable fraction: Comparatively, easily to elute.  
Organic matter bound fraction: Coupled with organic matter.  
Strongly bound fraction: Exist in soil particle.  

 

In this study, we focus on about activity concentrations and ratios of physicochemical fractions 

of caesium-137 in stomach contents, and research about the relationships between 

physicochemical fractions of caesium-137 in stomach contents and migration into their body.  

The physicochemical fractions of radio caesium is related to the absorption of the radio caesium 

from soil to plants. In collaboration with the Institute of Environmental Radioactivity at 

Fukushima University, we are verifying the possibility that the physicochemical fractions of radio 

caesium in stomach contents affects radio caesium migration into wild boars. 

 

2.3.1.2. Investigating the home ranges of wild animals  

We attached GPS data loggers (hereinafter, GPS collars) (Figure 3) to wild boars and investigated 

their behaviors. We set the GPS fix schedule of GPS collars as 1 GPS fix / 15 minutes, and recorded 

wild boar behaviors for more than one month. We investigated wild boar behaviors inside and 

outside the evacuation order zone (Figure 4). 

Soil 
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Figure 3. GPS collar.    Figure 4. Attaching a GPS collar to an anethesized  

wild boar captured with the cooperation of a 

harmful bird and animal capture team.  

 

2.3.2. Results  

2.3.2.1. Dynamics of radionuclides in wild animals  

2.3.2.1.1. Results of measuring gamma - ray emitting radionuclide activity 

concentrations in wild animals  

Figure 5 shows the caesium-137 activity concentration in the muscles of wild boars captured 

throughout Fukushima Prefecture from May 2011 until March 2017. 

Figure 5. Results of monitoring caesium - 137 activity concentration in wild 

boar muscles.  

The X- axis indicates wild boar capture timing, and the Y - axis indicates 

logarithmically transformed caesium- 137 activity concentration. The black 

dots indicate the measured values for individuals. The bar graph shows the 

geometric mean value of caesium - 137 activity concentration in each year. 

Each box indicates the reliability section from 75% at the top  and 25% at 

the bottom. The bars indicate the maximum and minimum values (May 2011 to 

March 2017).  

 

From figure 5, any clear tendency was not shown because the variation in activity concentrations 

between individuals was great. 
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Figure 6. Temporal trends of caesium - 137 in the muscle of boars 

(Regensburg, Southern Germany)1) .  

 

For comparison with wild boars captured in Fukushima Prefecture, we investigated the annual 

changes of radio caesium activity concentrations in wild boars captured in Europe after the 

Chernobyl disaster. Figure 6 shows the case of Regensburg in South Germany1). Also in the case 

of Regensburg, caesium-137 activity concentration varied greatly between individuals and did not 

show any clear tendency of decrease. Since wild boars in Fukushima Prefecture also showed a 

similar tendency, we should continue to monitor the contamination trends in wild boars captured 

in Fukushima Prefecture. 

Figure 7 shows caesium-137 activity concentrations in the muscles of Asian black bears that 

inhabit the forest ecosystem like wild boars. In Asian black bears, caesium-137 activity 

concentrations decreased with the passage of years confirmed by a statistical analysis of the data. 

This indicates that the annual change of caesium-137 activity concentration in muscles differs 

depending on the animal species. 
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Figure 7. Results of monitorin g caesium- 137 activity concentration in Asian 

black bear muscles.   

The X- axis indicates Asian black bear capture timing, and the Y - axis 

indicates logarithmically transformed caesium - 137 activity concentration. 

The black dots indicate the measured values for individuals. The bar graph 

shows the geometric mean value of caesium - 137 activity concentration in 

each year. Each box indicates the reliability  section from 75 % at the top 

and 25% at the bottom. The bars indicate the maximum and minimum values 

(May 2011 to March 2017).  

 

Figure 8 shows relationships between caesium-137 soil ground deposition at the wild boar and 

Asian black bear capture points, and caesium-137 activity concentrations in muscles. Both wild 

boars and Asian black bears showed positive relationships between caesium-137 soil ground 

deposition at the capture points and caesium-137 activity concentrations in muscles. Wild boars 

and Asian black bears captured at points of greater caesium-137 in-soil deposition amounts showed 

higher caesium-137 activity concentrations in muscles. From the regression line in the figure, wild 

boars showed higher activity concentrations in muscles than Asian black bears captured at points 

with the same soil ground deposition. 
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Figure 8. Relationships between caesium - 137 activity 

concentrations in Asian black bear and wild boar muscles, 

and the amount of caesium - 137 deposition to soil at the 

capture points.  

 

Figure 9 shows wild boar and Asian black bear monitoring results by coloring depending on the 

area of capture. Individuals with high caesium-137 activity concentrations in muscles were 

frequently captured in the Hamadori region where the caesium-137 soil ground deposition is 

comparatively high. Individuals with low caesium-137 activity concentrations in muscles were 

frequently captured in the Aizu region where the caesium-137 soil ground deposition is 

comparatively low. 

It has also been confirmed with birds that caesium-137 activity concentration in muscles of birds 

differs between species. 
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Figure 9. Monitoring results of caesium - 137 activity concentration in the 

muscles of wild boars and Asian black bear (by the captured area).  

The X- axis indicate the capture timing of wild boar and black bear and the 

Y- axis indicates logarithmically transformed caesium - 137 activity 

concentration. The dots indicate the measured value for individuals that 

captured Hamadori (red dot), Nakadori (yel low dot), and Aizu (green dot). 

( May 2011 to March 2017)  

 

Figure 10 shows caesium-137 activity concentrations in the muscles of copper pheasant, green 

pheasant, spot-billed duck, and mallard captured in the period from October 2011 until February 

2017. When including N.D. values, the caesium-137 activity concentration in the copper 

pheasant muscles was higher than in the other species. The copper pheasant is not a migratory 

bird and inhabits a forest ecosystem.2) 
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Figure 10. Monitoring results of caesiu m- 137 activity concentrations in the 

muscle for copper pheasants, green pheasants, spot - billed ducks and mallards 

(data period: October 2011 -  November 2017) 

The activity concentration of caesium- 137 in an individual that was below the 

detection limit was set at 4 Bq/kg (wet weight) 2) .  

 

Figure 11 shows the temporal change of caesium-137 activity concentration in muscle of copper 

pheasant and green pheasant. Caesium-137 activity concentration in muscle decreased gradually 

in the green pheasant, but no clear trend was observed in the copper pheasant where a large 

variation between individual birds was observed, similarly to the situation seen for wild boars. 

The reason for the difference between bird species is probably because of difference of food 

habitat and/or the condition of the accumulation of radionuclides in their environmental habitat; 

copper pheasant mainly inhabits forests, while green pheasant mainly inhabits the Satoyama 

ecosystem.2) 
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Figure 11. Monitoring results of caesium - 137 activity concentration in the muscle 

of copper pheasants and green pheasants (October 2011 -  November 2017) 

The activity concentration of caesium - 137 in individuals that was below the 

detection limit is set as 4 Bq/kg (wet weight) 2)  

 

2.3.2.1.2. Radionuclide migration from the environment into wild animals  

Figure 12 shows relationships between caesium-137 activity concentrations in the muscles and 

stomach contents of the same wild boars. The caesium-137 activity concentrations in the muscles 

and stomach contents showed positive relationships. These relationships indicate the strong effect 

of intake of caesium-137 such as food items and soil on caesium-137 activity concentrations in 

wild boars. 

 

Figure 12. Relationship between caesium - 137 activity concentration in 

muscle and in stomach contents of wild boar.  

 

According to research on the impact of the Chernobyl disaster, caesium-137 activity 

Copper pheasant 

Green Pheasant 

Number of days since disaster ˦Base dateˀ March 11, 2011˧  

Reference Values for Radioact ive Cs in General Foods 
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concentrations in the muscles of wild animals vary with the seasons because of such biological 

factors as food habits and habitat use. Thus, we analyzed relationships between caesium-137 

activity concentrations in the muscles of wild boars and Asian black bears, and the months in 

which the animals were captured. Figure 13 shows the results.  

Both species of wild boar and Asian black bear showed seasonal variation of caesium-137 activity 

concentration in muscles. 

 

Figure 13. Seasonal variation of caesium - 137 activity concentration in 

wild boar and Asian black bear muscles.  

 

However, the variation pattern differs between the species. Caesium-137 activity concentrations 

in the muscles of wild boars were low in May to August, and high in November to March. Caesium-

137 activity concentrations in the muscles of Asian black bears decreased from May to September, 

then increased until January. 

 

2.3. 2.1.3. Physicochemical fractions of radio caesium contained in stomach 

contents  

Figure 14 shows correlations between caesium-137 activity concentrations in muscles of wild 

boars captured in the prefecture in 2015, and caesium-137 activity concentrations of each fraction 

in stomach contents. Caesium-137 activity concentrations in muscles showed significant 

correlations with activity concentrations in exchangeable fractions, and activity concentrations 

summed of exchangeable fractions and organic matter-bound fractions in the stomach contents. 

However, caesium-137 activity concentrations in muscles did not show significant correlations 

with activity concentrations of strongly bound fractions. Therefore, there is a possibility that 

exchangeable fractions and organic matter-bound fractions contained in (partially) ingested food 

item and soil are strongly related to caesium-137 migration into the bodies of wild boars.3,4) 
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Figure 14. Correlation of the physicochemical fractions of caesium - 137 activity 

concentrations between muscle tissue and stomach contents of wild boars  

 

2.3.2.2. Investi gating the home ranges of wild animals  

We tracked boar behaviors by using a GPS collar, and could define the spatial range covered by 

the boar (home range) from 2013 to 2016 as shown in Figure 15. The home range was separated 

into a core area of a high activity concentration of measurement points (area containing almost 

95% of points by activity concentration analysis) i.e. where the boar spent most of their time, and 

a larger roaming area containing all points (outermost area). The results of the analysis showed 

that the boars have two residential zones, the core area is approximately 37 ha, and the total area 

of their home range is 244 ha. 
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Figure 15. Example of sample structure of home range area.  

 

We carried out wild boar home range surveys in Fukushima City (2 boars tracked for 50 and 99 

days) and Tazawa, Iwashiro-chiku, Nihonmatsu City (4 boars, tracked for 9 to 110 days) outside 

the evacuation order zone. Figure 16 shows the survey results on the same scale (one-kilometer 

mesh in the figure). Fukushima City has urban and suburban environments, while Tazawa, 

Iwashiro-chiku, Nihonmatsu City is located between plains and mountains. The wild boars 

surveyed on this occasion had a core area of about 20 to 50 ha and home ranges of about 100 to 

250 ha. 

 

Figure 16. Size of wild boar home range outside the evacuation order zone.  

 

We investigated wild boar home ranges in Tomioka-town, inside the evacuation order zone, to 

see how the ranges would change in the situation where there were fewer human activities. Figure 

17 shows the core area and home range areas of 7 individuals tracked inside and outside the 

evacuation order zone. No. 50, 85, and 208 are in the evacuation order zone. No. 52 and 58 are in 

an environment around cities outside the evacuation order zone. No. 66 and 67 are in mountainous 

areas outside the evacuation order zone.  

In the current survey, the number of animals that have been tracked is small and the sex, weight 

and duration of GPS collar attachment differ between individuals (Table 1). However, from the 

available data, the increase of human presence appears to be reducing the home ranges of wild 

boar. 
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Figure 17. Comparison of home range and core area.  

 

Table 1. Sexes, weights, and numbers of days with GPS collar  

 

Wild boar home ranges may change depending on the timing of survey. Therefore, we compared 

the home range sizes of eight individuals (the inside of the evacuation order zone: three females 

and two males, the outside of the evacuation order zone: one male and two females) whose data 

could be acquired for one month or longer in November to December (winter), and January to 

February (the breeding season) in 2013 and 2014. Although the number of samples was small, the 

home ranges tended to be larger inside the evacuation order zone than outside (Figure 18). 

 
Figure 18. Average of home range size of wild boars inside and outside the 

evacuation zone. The error bars indicate the minimum and maximum values.  

 

We investigated habitat type in the home ranges of individuals. In home ranges of individuals 

inside the evacuation order zone, farmland occupied a high percentage of the area and the results 

suggest that the home ranges of individuals inside the evacuation order zone includes roaming on 

farmland (Figure 19). 

ID No.50 No.85 No.208 No.52 No.58 No.66 No.67

Sex M F F M M F F

Weight (kg) 37 48 51 44 70 35 37

Numbers of

days with

 GPS collar

81 99 117 99 50 110 34
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Figure 19.  Ratio of land use in the home ranges of wild boars inside 

and outside the evacuation order zone (each bar indicates the value 

for an individual). Study areas showed the city where the wild boars 

were captured (Outside the evacuation order zone: Fukus hima city and 

Nihonmatsu city, i nside the evacuation order zone: Tomioka town).  

 

2.4 .  Investigation results made from 2018 to 2022  

Just as in the 2013 to 2017 period, the present survey has mainly targeted wild boars, whose 

radio caesium activity concentrations have been higher than those of other wild animals, and Asian 

black bears inhabiting the same forestry ecosystem as wild boars. 

 

2.4.1. Content of implementation  

2.4.1.1. Fluctuation of radiocaesium activity concentrations in wild a nimalΐs 

flesh  

Regarding radionuclide activity concentrations in the muscles of wild animals inhabiting the 

prefecture, the Nature Conservation Division is monitoring game species such as wild boars, Asian 

black bears, copper pheasants, Japanese pheasants, spot-billed ducks and mallards captured for 

the culling by management program or for hunting, thereby identifying the caesium-134 and 137 

activity concentrations in their muscles. Using the measurement results, the variations of caesium-

137 in the muscles of wild boars and other animals and the fluctuations over time after the accident 

were also investigated. 

The survey conducted from 2013 to 2017 clarified seasonal fluctuations in caesium-137 activity 

concentration in the muscles of wild animals (see 2.3.2.1.2. Figure 13)5). Based on the seasonal 

fluctuation patterns, the data were divided into the low-activity concentration period of April to 

August and the high-activity concentration period of December to March for wild boars and the 
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low-activity concentration period of July to September and the high-activity concentration period 

of November to January for Asian black bears. The long-term fluctuations of caesium-137 activity 

concentrations in the muscle after the accident was analyzed with a linear model that used the 

log10 conversion of the caesium-137 activity concentrations in their muscles as objective variable 

and the dates when they were captured and the log10 conversion of caesium-137 deposition density 

on soils at the locations where they were captured as explanatory variables. The linear model was 

applied in each of the low-activity concentration periods, high-activity concentration periods and 

the entire period. 

 

2.4.1.1.1. Relationship with the animalsΐ feeding habit 

Previous studies (see Section 2.3.2.1.2.) showed a positive relationship between caesium-137 

activity concentrations in boar muscle tissue and stomach contents, suggesting that caesium-137 

activity concentrations in boar bodies are strongly influenced by ingestion of caesium-137 in food 

and soil (Figure 12). Therefore, with the aim of investigating factors that cause the extremely 

wide variations in measured values among individual wild boars and the factors that cause seasonal 

fluctuations and migration of high caesium-137 activity concentrations, we attempted to 

investigate the relationship between wild boar feeding habits and caesium-137 activity 

concentrations in their muscle tissues. This was carried out by (i) analyzing feeding habits based 

on metabarcoding methods (DNA analysis) and (ii) measuring caesium-137 activity concentrations 

in their main foods. DNA extracted from thoroughly agitated and crushed wild boar stomach 

contents was used to analyze wild boar feeding habits and the nuclear DNA ITS-2 region was 

analyzed to estimate herbivorous feeding habits6).  

In addition to food, wild boars are thought to ingest a large amount of soil from digging up and 

eating roots and stems that grow underground, but the transfer of caesium-137 into the bodies of 

wild boars through soil ingestion and its levels were unknown. Therefore, we considered a survey 

methodology to investigate the transfer of caesium-137 by soil ingestion. 

Samples of main food species were collected in Nihonmatsu City and in the Adatara and Azuma 

Mountain ranges from 2016 to 2019. Samples of herbaceous plants (e.g., white clover, tsukushi-

hagi, etc.), nuts (e.g., konara oak, Japanese oak, chestnuts, etc.), and Berry fruits (e.g., Padus 

grayana, etc.) were collected and measured for caesium-137. 

 

2.4.1.1.2 . Relationship with the animalsΐhabitat  

It has been reported that caesium-137 activity concentrations in the muscle tissues of wild 

animals are positively correlated with caesium-137 activity concentrations in food, and that these 

activity concentrations are positively correlated with caesium-137 soil deposition in the 

environment7). One possible reason for the seasonal variation in muscle caesium-137 activity 

concentrations could be seasonal use of locations for foraging with varying levels of caesium-137 

contamination. In this study, therefore, we used behavioral data of Asian black bears wearing GPS 

collars in Fukushima Prefecture to examine the relationship between seasonal changes in habitat 

use and levels of caesium-137 contamination in these locations. 
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To assess the exposure dose rates of Asian black bears and wild boars in the study site, the 

activity concentration of caesium-137 in muscle (Bq/kg in wet weight) of Asian black bears and 

wild boars in the aforementioned Radiation Monitoring Survey for Wild Birds and Animals 

conducted by Fukushima Prefecture and caesium-137 soil deposition (Bq/m2) at the capture 

location of each sample animal8) were used to estimate the exposure dose rate (ÕGy/h) by ERICA 

tool9). 

 

2.4.1.2. Management of wild animals in the area contaminated by radionuclides  

2.4.1.2.1. Monitoring  

Caesium-134 and caesium-137 activity concentrations were measured in the muscle of pheasants 

captured throughout Fukushima Prefecture between October 2011 and March 2022. 

 

2.4.1.2.2. Investigations of wild animals around the Evacuation - Designated Zone 

(EDZ) 

We surveyed the population structure of wild boars in Fukusuhima prefecture using by 

multiplexed ISSR Genotyping by sequencing (MIG-seq) analysis. DNA extracted from the muscle 

tissue of wild boars captured widely in Fukushima prefecture and those captured in part areas in 

Kumamoto Prefecture that were treated as an out-group population. Single-nucleotide 

polymorphisms (SNPs) were obtained from genome-wide regions by MIG-seq method10) for 

clarifying genetic structures of wild boars. We conducted STRUCTURE11) and cluster analysis 

using the derived SNPs information. This survey was conducted in collaboration with the 

Fukushima Prefectural Center for Environment Creation and the National Institute for 

Environmental Studies. 

 

2.4.1.2.3. Strategy to lift restrictions for distribution and consumption  

History of consumption and distribution restrictions since the incident 

  History of restrictions on consumption and distribution due to the nuclear incident 

In response to the spread of radioactive materials from the nuclear power plant incident 

following the Great East Japan Earthquake on March 11, 2011, the government established 

on April 4, 2011 provisional regulation values for radioactive materials based on the Food 

Sanitation Act, and compiled the "Concepts of Inspection Planning and the Establishment and 

Cancellation of Items and Areas to which Restriction of Distribution and/or Consumption of 

Foods Concerned Applies." (hereinafter referred to as ñguidelinesò) 

Subsequently, on April 1, 2012, the national government set the standard value for 

radioactive caesium in general foods at 100 becquerels/kg based on the results of previous 

inspections and other factors. 

In this prefecture, a private research institute conducted a private survey on activity 

concentrations of radionuclides in muscle tissue in conjunction with the survey commissioned 

by the Ministry of the Environment. Since the results of the private survey were provided to 

the prefecture, they were made public. Since some samples from meat were found to exceed 
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the provisional regulation value of 500 becquerels per kilogram for radioactive materials, we 

reached out to prefectural residents through hunting groups and municipalities to refrain from 

private consumption.  

Since October of the same year, the prefecture has announced and conducted surveys to 

measure activity concentrations of radionuclides in the meat of edible wild game in the 

prefecture, including wild boars, black bears, Japanese deer, pheasants, copper pheasants, 

and mallard ducks in seven areas of the prefecture to ensure the safety and security of the 

living environment. 

As a result of this investigation, radioactive caesium exceeding 5,000 Bq/kg was found in 

wild boars in Soma City in November of the same year. Based on this, the national government 

(Nuclear Emergency Response Headquarters) issued a temporary order to refrain from 

consumption and distribution of wild boar meat originating in the Soso district, in accordance 

with Article 20, paragraph 3 of the Act on Special Measures concerning Nuclear Emergency 

Preparedness. 

Subsequently, samples exceeding the standard values were detected in other areas of the 

prefecture, so distribution restrictions were placed on wild game including wild boars in all 

prefectures in July 2013. In the Kenpoku and Soso districts, the consumption restrictions still 

continue. 

 

  Changes in populations of wild game (wild boars) caught in Fukushima Prefecture 

Changes in numbers of wild boars caught in the prefecture since 2010 are shown in Figure 

20. 

 

Figure 20.  Numbers of captured wild boar (2010 FY )  

 

  Changes in the amount of damage caused by wild boar in Fukushima Prefecture 

Changes in the amount of agricultural damage caused by wild boar in the prefecture since 

FY 2010 expressed in terms of monetary costs, are shown below in Figure 21. 
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Figure 21.  Damage cost caused by wild boar (2010FY )  

 

Management framework of radioactive material after the accident  

  Issues arising from consumption and distribution restrictions  

Due to national consumption and distribution restrictions, the meat of wild birds and 

beasts captured in Fukushima Prefecture was no longer available, limiting their capture for 

private consumption and sale. This made it impossible to apply sufficient trapping pressure, 

and the wild boar population was expected to increase and their habitat to expand, which 

would also cause serious damage to agricultural crops. 

Therefore, Fukushima Prefecture greatly increased the number of wild boars captured to 

prevent an increase in the wild boar population and expansion of their habitat area, and to 

control damage to crops. 

 

   The need to consider lifting the distribution restrictions for addressing challenges 

Since the earthquake, in order to reduce damage caused by wild game to the living 

environment and agriculture, forestry and fishery industries in the prefecture, the 

prefecture has continued to implement measures such as habitat management and damage 

control by installing electric fences, etc. Direct captures were done by the prefecture 

workers and experts dispatched to local communities to conduct environmental research 

according to local conditions. 

However, where the government has imposed consumption and distribution restrictions 

on meat from wild game, it is not possible to utilize them captured for Gibier, etc., and 

this has led to a decline in huntersô motivation to hunt wild animals. 
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   Requirements for lifting distribution restrictions set by the government (partial excerpts 

from the guidelines) 

Lifting 

Area 

In principle, the whole prefecture shall be covered. However, if some areas in 

the prefecture meet the conditions for restriction lifting and can be managed by 

the prefecture, municipalities, etc. so that only game caught in those areas are 

distributed, easing of restrictions may be made in units that clearly define the 

geographical range (i.e., municipalities). 

Conditions for lifting restrictions 

In areas where the restrictions will be lifted, inspections shall be conducted while 

ensuring a sufficient number of samples in consideration of the mobility, 

individual differences, seasonal variations, and the period of capture of wild game, 

and the results shall be below the standard values. 

Partial lifting 

If a system is in place to properly control and inspect the meat of wild game 

according to the distribution and inspection policy established by the prefecture, 

meat testing below the standard value may be distributed. 

Excerpt from the guidelines. 

 

  Current prefectural initiatives against national requirement 

The prefectural government conducts radiation monitoring surveys of wild game meat for 

the safety and security of prefectural residents, and publishes the survey results. 

The wild game covered in this survey are wild boars, black bears, pheasants, copper 

pheasants, spot-billed ducks, mallard ducks, common teals, Japanese deer, and hares. 

An overview of the survey results (wild boars) to date is shown below. 
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Figure 22.  Monitoring result of caesium- 134 + caesium- 137 activity concentration 

in the flesh of  wild animal (wild boar; 2011FY 2020FY) 

 

In response to the situation, with the cooperation of the IAEA, we discussed, among other 

things, what methods should be used to meet the requirements indicated by the national 

government to lift consumption and distribution restrictions for wild game meat. 

As the requirements for lifting restrictions are indicated in the guidelines, ñensuring a 

sufficient number of samplesò is required. However, there is no specific number of samples 

nor relationship between the location where the samples were captured and the area where 

the restrictions will be lifted. 

 

2.4.2 .  Results  

2.4.2.1. Fluctuation and its reasons of radionuclidesΐ activity concentration in 

wild animalΐs flesh 

Figure 23 shows the caesium-134+137 activity concentrations in the muscles of wild boars and 

Asian black bears captured in Fukushima Prefecture in May 2011 to March 2022. 
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a) 

 

b) 

 

Figure 23. Results of measuring the caesium- 134+137 activity 

concentrations in the muscles of (a) wild boars and (b) Asian black 

bears 

* The 1st quartile (25 %) and the 3rd quartile (75 %) are indicated by 

the upper and lower ends of each box respectively, and maximum and 

minimum values are indicated by bars (those less than lower detection 

limit excluded).  

 

The caesium-134+137 activity concentrations in the muscles of wild boars showed large variation 

among individuals. Some of them showed activity concentrations lower than the detection limit 
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although others shown higher activity concentrations than 10 times of the standard value of 

activity concentration. Asian black bears showed caesium-134+137 activity concentrations 

exceeding 100 Bq/kg*1, which is the limit for general foodstuffs in Japan, were also found in FY 

2021 (*1Sum of caesium-134 and -137).  

Figure 24 shows the color-coded results of monitoring caesium-137 activity concentrations in 

the muscles of wild boars and Asian black bears in the regions of Fukushima prefecture. 

a) 

 

 

 

 

 

 

 

 

 

 

 

 

 

b) 

 

Figure 24 . Caesium- 137 activity concentration s in the muscles of (a) 

wild boars and (b) Asian black bears (in regions where they were 

captured)  

* Each dot indicates the measured value for each wild animal.  
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The survey conducted from 2013 until 2017 revealed that the caesium-137 activity concentrations 

in the muscles of wild boars and Asian black bears were positively affected by the caesium-137 

deposition density on the soils of locations where they were captured (see 2.3.2.1.1. Fig.8)7). In 

the Soso District, Ken-poku District and Ken-chu District, where the caesium-137 deposition 

density on soils was relatively high, many wild boars and Asian black bears with high caesium-

137 activity concentrations were captured. In the Aizu District and Minami-Aizu District, where 

the caesium-137 deposition density on soils was relatively low, many wild boars and Asian black 

bears with low caesium-137 activity concentrations were captured. 

 

 

Long-term variations in radio caesium activity concentrations in Asian black bear and wild boar 

muscle tissues 

To understand long-term variations in the activity concentration of radionuclides in Asian black 

bear and wild boar muscle tissues, we analyzed the long-term variations of caesium-137 activity 

concentrations in the muscle of both species. Data collected from May 2011 to March 2016 from 

the Radiation Monitoring Survey for Wild Birds and Animals conducted by Fukushima Prefecture 

were used. Since seasonal variations were already known for Asian black bears and wild boars5), 

based on that report, both data were used with divisions between low activity concentration 

periods (Asian black bear: July-September, wild boar: April-August) and high activity 

concentration periods (Asian black bear: November-January, wild boar: December-March). Using 

data from the low-activity concentration periods, the high-activity concentration periods, and all 

periods combined, a linear model was estimated with log10-transformed caesium-137 activity 

concentrations in muscle tissues (Bq/kg wet weight) as the objective variable and the capture date 

of each individual and log10-transformed caesium-137 soil deposition (Bq/m2)8) as explanatory 

variables. The estimated linear model was selected by Akaikeôs information criterion (AIC). 

As a result, a model that included capture dates and log10-transformed caesium-137 soil 

depositions as explanatory variables was selected for Asian black bears in the low-activity 

concentration period, the high-activity concentration period, and all periods combined (Table 2). 

The long-term variation showed a decreasing trend in each period, while the 95% confidence 

interval of the estimated value tended to increase with time in the high activity concentration 

period (Figure 25). This is attributed to a limited amount of data. 
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Table 2. Model of long - term variati on of caesium- 137 activity concentration in 

muscle of Asian black bears  

Period AIC Delta AIC Intercept Explanatory variables 

Capture date log10 (Cs-137 

soil 

deposition) 

Entire period 

(n=271) 

151.6 0.00* 7.729  -0.0002 0.6189 

168.6 16.92 -1.057   0.6394 

319.7  168.03 13.930  -0.0002  

337.6 186.00 1.768   

      

Low activity 

concentration  

period 

(n=191) 

57.2  0.00* 6.819  -0.0002 0.7111 

68.8  11.59 -1.497   0.7226 

222.7  165.47 12.520  -0.0002  

230.5  173.25 1.706   

      

High activity 

concentration  

period 

(n=28) 

20.9  0.00* -0.4854   0.5785 

22.8  1.90* 1.2520  -4.036*10-5 0.5631 

35.5  14.52 12.3400  -2.486*10-4  

36.0  15.07 2.0570   

*: Valid modelˢDelta AIC<2.0ˣ  
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Figure 25. Long - term variation of caesium- 137 activity concentration in muscle of 

Asian black bears  
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For wild boars, a model which included capture date and log10-transformed caesium-137 soil 

deposition as explanatory variables for the low-activity concentration period, the high-activity 

concentration period, and the entire period was also selected (Table 3). In each period, a 

decreasing trend was observed over time, but the degree of the decrease was small. This trend was 

similar to that observed in wild boars in Europe12). 

 

Table 3. Model of long - term variation of caesium- 137 activity concentration in 

muscle of wild boars  

Period AIC Delta AIC Intercept Explanatory variables 

Capture date log10 (Cs-

137soil 

deposition) 

Entire period 

(n=1031) 

1514.0  0.00* 7.656  -0.0002 0.7409 

1578.9  37.87 -1.200   0.7377 

1865.6  324.62 10.960  -0.0002  

1890.5  349.53 2.444   

      

Low activity 

concentration  

period 

(n=285) 

338.6 0.00* 14.140  -0.0004 0.7353 

367.6  28.98 -1.425   0.7342 

438.9  100.30 17.660  -0.0004  

458.7  120.10 2.168   

      

High activity 

concentration  

period 

(n=456) 

720.9  0.00* 2.738  -9.061*10-5 0.7308 

722.1  1.12* -1.033   0.7320 

838.1  117.18 6.631  -9.671*10-5  

838.9  117.92 2.612   

*: Valid modelˢDelta AIC<2.0ˣ  

 



 

54 

 

 

Figure 26. Long - term variation of caesium- 137 activity concentration in muscle of 

wild boars  
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Differences in radio caesium activity concentrations in muscle tissues of Asian black bears and 

wild boars based on sex 

To clarify the differences in the degree of radionuclide transfers from the environment to the 

bodies of Asian black bears and wild boars (depending on sex), we conducted analyses using 

monitoring data from the Radiation Monitoring Survey for Wild Birds and Animals by Fukushima 

Prefecture, in the same as 1) Long-term variation of radio caesium activity concentration in muscle 

tissues of Asian black bears and wild boars (hereinafter referred to as 1). Data used were divided 

into low and high activity concentration periods as in 1). In the low and high activity concentration  

periods, a linear mixed model was estimated with log10-transformed caesium-137 activity 

concentration s in muscle tissues (Bq/kg wet weight) as the objective variable, log10-transformed 

caesium-137 soil deposition (Bq/m2)8) at the capture location of each sample animal as the 

explanatory variable, sex as the interaction term for the explanatory variable, and the capture year 

of each animal as a random effect, to examine the effect of sex on the relationship between 

caesium-137 activity concentrations in muscle tissues and caesium-137 activity concentrations at 

capture locations. Subsequently the model selection was performed by AIC. 

As result, for both Asian black bears and wild boars, only log10-transformed caesium-137 soil 

deposition (Bq/m2) was included as an explanatory variable in the models selected for each period, 

but not sex (Tables 4 and 5). This result indicates that there is no difference between sexes in the 

extent of radionuclide transfer from the environment to the body for both species (Figures 27 and 

28). Sexual dimorphism (i.e., body size) has been reported to be an important variable in 

ecological factors in wild animals13,  14). It is known that there are regional differences of Asian 

black bears and wild boars regarding sexual dimorphism in home range size, habitat selection, and 

behavioral patterns15-18). In this study, it is possible that there are no differences in sexual 

dimorphism and associated ecological factors in Asian black bears and wild boars in the region 

compared to other regions. Future studies of ecological factors such as behavior and sexual 

dimorphism, such as in body size, may shed light on these factors. 
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Table 4. Linear mixed model estimating the effect of sex on the relationship of 

caesium- 137 activity concentration between in muscle and a t the capture location 

of Asian black bears  

Period AIC  Delta AIC Intercept Explanatory variables 

Low activity 

concentration  

period 

(n=191) 

69.1  0.0* -1.372 0.7076*log10 (Cs-137soil 

deposition) 

78.5  9.4 -1.370 log10 (Cs-137soil deposition) * 

Sex 

Female: 0.7064 

Male: 0.7076 

229.3  160.2 -1.804   

      

High activity 

concentration  

period 

(n=28) 

29.1 0.0* -0.485 0.5785*log10 (Cs-137soil 

deposition) 

34.5 5.4 -0.275 log10 (Cs-137 soil deposition) * 

Sex 

Female: 0.5535 

Male: 0.5146 

41.2 12.1 2.057   

*: Valid modelDelta AIC<2.0  
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Table 5. Linear mixed model estimating the effect of sex on the relationship of 

caesium- 137 activity concentration between in muscle and at the capture location 

of wild boars  

Period AIC  Delta AIC Intercept Explanatory variables 

Low activity 

concentration  

period 

(n=285) 

350.2 0.0* -1.300 0.7192*log10 (Cs-137soil 

deposition) 

356.9 6.7 -1.344 log10 (Cs-137soil deposition) * 

Sex 

Female: 0.7178 

Male: 0.7349 

442.4 92.2 2.211   

      

High activity 

concentration  

period 

(n=456) 

650.7 0.0* -0.776 0.5785*log10 (Cs-137soil 

deposition) 

659.0 8.3 -0.794 log10 (Cs-137soil deposition) * 

Sex 

Female: 0.5535 

Male: 0.5146 

762.6 111.9 2.561   

*: Valid modelDelta AIC<2.0  

 

  

Figure 27. Relationship of caesium- 137 activity concentration between in muscle 

and at the capture location by each sex of Asian black bears  
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Figure 28. Relationship of caesium- 137 activity concentration between in muscle 

and at the capture location by each sex of wild boars  

 

2.4.2.1.1. Relationship with the animalsΐ feeding habit 

In the results of feeding habits analysis for wild boars captured in Nihonmatsu City in FY 2017, 

many individuals that fed on nuts (e.g., Japanese oaks and chestnuts) were found during the 

activity concentration increasing period (September to November) and the high activity 

concentration  period (December to March). The results of caesium-137 activity concentrations 

in food are shown in Figure 29. Nuts tended to have higher caesium-137 activity concentrations 

than herbaceous and berry fruits. The relationship between the feeding habits of wild boars and 

the activity concentration of caesium-137 in their muscle tissues will be investigated in the future 

using DNA analysis and other methods, with researchers taking the lead in cooperative studies. 

 

Figure 29. Caesium- 137 activity concentration s in herbaceous plants, nuts and 

berry fruits  
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Figure 30. Experimental methodology for leaching of radio caesium from soil in the 

stomach and small intestine of wild boar  

 

In evaluating the transfer of caesium-137 by soil ingestion of wild boars, we devised a method 

for soil radio caesium leaching in the stomach and small intestine of wild boars (Figure 30), based 

on the "artificial digestion test method mimicking digestion in the stomach and small intestine of 

pigs19)" as shown below. Data collection by this method, using soil collected in Fukushima 

Prefecture, will be conducted in the future with researchers taking the lead in the cooperative 

study. 

 

2.4.2.1.2. Relationship  with the animalsΐ habitat 

Changes in wildlife habitat use and radio caesium contamination of use locations 

It has been reported that caesium-137 activity concentrations in the muscle tissues of wild 

animals are positively correlated with caesium-137 activity concentrations in food, and that 

caesium-137 these activity concentrations are positively correlated with caesium-137 soil 

deposition in the environment7). One possible reason for the seasonal variation in muscle caesium-

137 activity concentrations could be seasonal use of locations for foraging with varying degrees 

of caesium-137 contamination. In this study, therefore, we used behavioral data of Asian black 

bears wearing GPS collars in Fukushima Prefecture to examine the relationship between seasonal 
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changes in habitat use and degrees of caesium-137 contamination in these locations. 

In 2018, bear traps were set in national forests in Otama Village (Figure 31) and three sample 

animals that were captured in the forests of Koriyama City by the Koriyama City Hunting Club 

were anesthetized, fitted with GPS collars and released. Date on the captured bears are shown in 

Table 6. Age estimates were taken by sectioning extracted the first premolars and counting the 

annual growth rings at the roots in cross section. The home ranges shown in Table 5 were estimated 

using the 100% Minimum Convex Polygon (hereafter referred to as 100% MCP) (Figure 32). The 

GPS collars worn were set to record one GPS location point every hour. 

 

 

Figure 31. Capture locations: Traps for bears were set up in the national forests 

enclosed by light blue lines.  
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Table 6. Information on captured individuals which are obtained by behavioral 

data from GPS collars  

Individualsô 

ID 

Sex Age Weight (kg) Data period Home range 

size (km2; 

100% MCP) 

AM01 Male 9 74 2018/7/23-

2019/8/30 

74 

AM02 Male 10 114 2018/8/14-

2019/7/30 

104 

AM03 Male 4 53 2018/10/28-

2019/7/30 

269 

 

  

 

 

Figure 32. Home ranges of each individual estimated by 100% MCP  

 

Using the behavioral data from these GPS collars, we first analyzed seasonal changes in caesium-

137 soil deposition (Bq/m2)8) at the use location. As use locations, the 95% Brownian Bridge 

Movement Model20) (hereafter referred to as BBMM) and 50% BBMM were used for each sample 

animal and each month using the obtained GPS points to estimate its home range and intensive 

use area. Random points were then created at a density of 100 points/km2 in each home range and 

intensive use area. Caesium-137 soil deposition (Bq/m2) at each random point was obtained from 

a caesium-137 soil deposition map8). A generalized Additive Mixed Model (hereinafter referred to 

as GAMM) assuming gamma distribution was estimated to estimate the seasonal variation of 

caesium-137 soil deposition within the home ranges and intensive use area by using the caesium-

AM01  AM02  

AM03  
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137 soil deposition at the obtained random points as the objective variable, months in the home 

ranges and intensive use areas where the random points were generated as explanatory variables, 

and individual IDs as random variables. The estimate models were selected by AIC. 

Next, to analyze relationships between caesium-137 soil depositions and environmental factors, 

we created an outer contour of GPS points for all individuals and generated 100 random points/km2 

within the contour.  

Then, environmental factors (i.e., elevation, distance from urban land, distance from farmland, 

vegetation [beech (Fagus crenata) forest, Japanese oak (Quercus crispula) forest, berried fruit 

(e.g. Malus toringo and Cerasus sp.) forest, planted forest, conifer forest, broadleaf forest, mixed 

forest, shrub forest, grassland, naked land]) and the caesium-137 soil deposition at each random 

point were obtained. Linear models were estimated using caesium-137 the soil deposition at each 

random point as the objective variable and each environmental factor as explanatory variables. 

The estimated models were selected by AIC. 

In addition, to clarify the seasonal variation pattern of each environmental factor at its use 

location, we obtained environmental factors at random points generated in the home ranges and 

intensive use area as described above, and then estimated its GAMM with each environmental 

factor as the objective variable, the month in which the home ranges and intensive use area were 

used as explanatory variables, and individual IDs as random variables. 

To further clarify habitat selection for each month, the Generalized Linear Mixed Model 

(hereafter referred to as GLMM) assuming a binomial distribution was estimated using 

environmental factors obtained at random points generated in each of the above-mentioned home 

ranges and intensive use areas, with the binary variable set to 0 if each random point was in the 

home ranges and 1 if it was in the intensive use area as the objective variable, each environmental 

factor as the explanatory variable, and individual IDs as random variables. The estimated models 

were selected by AIC. 

The results showed that caesium-137 soil deposition within the home ranges did not change 

seasonally, while caesium-137 soil deposition within the intensive use area did. However, such a 

seasonal variation pattern differed from the radio caesium activity concentration patterns in 

muscle tissues which decreases from spring to summer and then increases during winter5), showing 

a decrease from April to June, and a sharp increase in July, and then a decrease during winter. 
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Table 7. GAMM which estimated monthly variation of caesium- 137 soil deposition 

within the home ranges and intensive use area  

Use location AIC Delta AIC Intercept Explanatory 

variables 

Home ranges -316853.3 0* 2.29*10-5  

 -316631.4 221.89 2.30*10-5 Month 

     

Intensive use 

area 

-32344.5 0* 2.55*10-5 Month 

 -32240.4 104.16 2.55*10-5  

*: Valid modelˢDelta AIC<2.0ˣ  

 

 

Figure 33. Seasonal variation of caesium- 137 soil deposition within the intensive 

use area  

The center horizontal line indicates the mean, the box indicates 75 % of the data, 

and the bar indicates 95 % of the data.  

The blue line shows the regression curve estimated by GAMM.  

 

The results of the relationship between caesium-137 soil deposition and environmental factors 

in the study site are shown in Table 8. Locations closer to the farm and urban lands as well as 

lower elevations, caesium-137 soil deposition tended to be higher. Caesium-137 soil depositions 

tended to be higher in the locations proportionate to higher activity concentrations of beech forests, 

broadleaf forests, coniferous forests, planted forests, mixed forests, scrub forests, grassland, or 

naked land. On the other hand, caesium-137 soil depositions tended to be lower in locations with 

a higher proportion of Japanese oak and Berry fruit forests. 

Seasonal variations of environmental factors in the home ranges and intensive use areas are 

described in Figures 34-37 (based on the above results of the relationship between caesium-137 

soil deposition and environmental factors in the study site), which are divided into negative and 

positive relationships with caesium-137 soil deposition. Regarding the environmental factors that 

were negatively related to caesium-137 soil deposition, a similar pattern of seasonal variations in 

muscle tissue caesium-137 activity concentrations was observed for all environmental factors 
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except for berry fruit forests in both the home ranges and intensive use areas. This seasonal use 

pattern of environmental factors may be account for the inconsistency of seasonal pattern of 

caesium-137 soil depositions within the home ranges and why the seasonal pattern of caesium-137 

soil deposition within the intensive use area does not follow the seasonal pattern of caesium-137 

activity concentration in muscle tissue. On the other hand, environmental factors that were 

positively related to caesium-137 soil deposition showed a pattern of seasonal variation similarly 

to the seasonal variation of caesium-137 activity concentrations in muscle tissues in beech forests, 

both in the home ranges and in the intensive use area. Therefore, it is likely that seasonal variations 

in beech forest use affects seasonal variations in caesium-137 activity concentrations in muscle. 

The seasonal variation in use locations pattern revealed that the Asian black bears in the study 

area gradually increase their use of broadleaf forests, planted forests, and berry fruit forests at 

lower elevations from spring to summer, (resulting in closer proximity to farm and urban lands), 

while gradually increasing their use of Japanese oak forests and beech forests at higher elevations 

from autumn to winter. 

 

Table 8. Relationship between caesium- 137 soil deposition and environmental 

factors in the study site  

Environmental factor 
Regression 

coefficient 

Standard 

error 
t value Pr (>|t|) 

Distance from the 

farmland 
-1533.49 93.85 -16.34 <2e-16 

Distance from the 

urban land 
-1820.86 87.26 -20.87 <2e-16 

Elevation -5415.76 102.71 -52.73 <2e-16 

Beech forests 22147.57 185.73 119.25 <2e-16 

Japanese oak forests -9347.18 171.6 -54.47 <2e-16 

Berry fruits forests -8170.12 111.73 -73.12 <2e-16 

Broadleaf forests 10521.41 94.93 110.83 <2e-16 

Coniferous forests 1514.94 81.96 18.48 <2e-16 

Planted forests 9818.76 103.88 94.52 <2e-16 

Mixed forests 1573.31 82.4 19.09 <2e-16 

Scrub forests 1901.41 82.66 23 <2e-16 

Grassland or naked 

land 
4363.89 88.4 49.37 <2e-16 
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Figure 34. Seasonal variation of environmental factors negatively related to 

caesium- 137 soil deposition within the home ranges  
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Figure 35. Seasonal variation of environmental factors positively related to 

caesium- 137 soil  in home range   
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Figure 36. Seasonal variation of environmental factors negatively related to 

caesium- 137 soil deposition within the intensive use area  
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Figure 37. Seasonal variation of environmental factors positively related to 

caesium- 137 soil deposition within the intensive use area  

 

For the results of the habitat selection analysis, each environmental factor is noted in Figure 38 

for environmental factors negatively related to caesium-137 soil deposition, and in Figure 39 for 

environmental factors positively related to caesium-137 soil deposition, based on the results of 

the relationship between caesium-137 soil deposition and environmental factors described above. 

For the negatively related environmental factors, locations far from farmlands were selected in 

October and December; in August, September, and December, locations far from urban lands were 

selected. The lower elevations were selected in April, June to October and December, while the 

higher elevations were selected in November. Japanese oak forests were selected in June, October, 

and December, but avoided in May and July. Berry fruit forests were selected in June and October, 

but avoided in December. For environmental factors positively related to caesium-137 soil 

deposition, a variety of vegetation types were selected in April, June, and July, i.e., beech forests, 

broadleaf forests, planted forests, mixed forests, and scrub forests. The lack of a clear pattern of 
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seasonal variation in caesium-137 activity concentrations in muscle tissue for any of the 

environmental factors suggests that seasonal variation in caesium-137 activity concentrations may 

be affected by seasonal variations in habitat use, particularly the frequency of use of beech forests, 

as opposed to habitat selection. 

 

 

Figure 38. Habitat selectivity of environmental factors negatively related to 

caesium- 137 soil deposition  

 

Figure 39. Habitat selectivity of environmental factors positively related to 

caesium- 137 soil deposition  

 

2.4.2.2. Management of wild animals in the area contaminated by radionuclides  

2.4.2.2.1. Monitoring  

Figure 40 shows the activity concentration of caesium 134+137 in the muscle of green pheasants 

captured throughout Fukushima Prefecture from October 2011 to March 2022. Since then, no 

individuals have been detected with caesium activity concentrations exceeding the food standard 

values. In recent years, caesium activity concentrations have remained below the detection limit 

in many individuals. 
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2.4.2.2.2. Investigations of wild animals around the Evacuation - Designated Zone 

(EDZ) 

Genomic DNA of wild boars was extracted from 179 specimens in Fukushima Prefecture and 9 

specimens in Kumamoto Prefecture*, and subjecting them to a MIG-seq analysis. As a result, in a 

total of 688 Single-nucleotide polymorphisms (SNPs) were extracted24). For confirming the 

geographical trends of population structure, the wild boars captured in Fukushima Prefecture were 

classified into seven groups based on their captured locations and those captured in Kumamoto 

Prefecture into one group (eight groups in total) (Figure 41). 

A STRUCTURE11) analysis and cluster analysis using the SNPs information was then carried out. 

According to ȹK value under STRUCTURE analysis data, the results for wild boars suggested that 

they were divided into two genetic lineages (Figure 42). Moreover, the results of cluster analysis 

revealed two clusters that can be divided into an eastern group inhabiting northern Soso District, 

southern Soso District, Iwaki District and Ken-nan District of Fukushima Prefecture, and a western 

group inhabiting Ken-poku District, Ken-chu District and Aizu District of Fukushima Prefecture 

and Kumamoto Prefecture (Figure 43). (*The meat specimens obtained in Kumamoto Prefecture 

are provided by Munemasa Kousan, a stock company.) BayesAss25) estimated gene flow for the 

wild boar population distributed on the east side of the Abukuma River and the population on the 

west side. The results showed that the gene flow from the eastern population to the western 

Figure 40 .  Monitoring results of caesium- 137 concentrations in the muscles 

of pheasants  
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population (10.3%) was greater than that from the western population to the east population (3.3%). 

The results also indicated that gene exchange within the east and west populations was more 

significant than between the east and west populations (within the east population: 96.7%, within 

the west population: 89.7%). It was expected that the east and west populations would be 

maintained as separate populations across the Abukuma River and the urban area and that there 

would be little back and forth between each other's populations (Figure 44). 

 

Figure 41 . Grouping of specimens after their MIG - seq analyses and the number of 

analyses  

 

 

Figure 42 . Results of STRUCTURE analysis based on wild boars DNA data  

2 colors (red and green) represent genetic lineages suggested by the 

results of STRUCTURE analysis. Ratio of the colors are of the lineages in 

each sample shown by vertical column (0.00 - 1.00)  

 

 


