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1. Introduction 

 

1.1 Fukushima Dai-ichi nuclear power plant accident 

 

 

1.1.1 Main occurrence of the accident 

 

On 11 March 2011, at 14:46 (Japan Standard Time: JST), a massive earthquake 

with a magnitude of 9.0 occurred on the eastern coast of Japan. The resultant tsunami 

struck the Fukushima Dai-ichi nuclear power plant (FDNPP), operated by Tokyo Electro 

Power Company (TEPCO). FDNPP had six units of boiling water reactors, and unit 1, 2 

and 3 were in normal operation, while unit 4, 5 and 6 were at various stages of periodic 

planned refueling and inspection outage (Fig. 1-1) (IAEA, 2015a). Operational reactor 

units 1-3 were shut down automatically (in a reactor scram) by the earthquake, stopping 

the nuclear reactions.  

The first tsunami wave, with a height of 5.5 m, arrived at 15:27(JST), and the site 

was effectively protected by its sea wall. However, when the second tsunami wave arrived 

it had a much larger height of 14-15 m. This second wave passed the seawall and reached 

the plant, causing units 1-5 to lose all AC power in a station blackout and disabling the 

reactor cooling system. As a results, the unit 1, 2 and 3 underwent core meltdown, 

releasing radionuclides into the surrounding environment. 

On 12th March at 15:36 a hydrogen explosion occurred in Unit 1 (UNSCEAR, 

2013). Meanwhile other events such as vents and explosions continuously occurred in 

Unit 1-4. Radionuclides were intermittently released into the environment by each of 

these individual events in each nuclear reactor.  
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Fig. 1-1 Location of the six units in Fukushima Dai-ichi nuclear power plant (the picture 

was taken by Google earth in November 21, 2004.) 

 

 

1.1.2 Amount of radionuclides released 

  

The Fukushima accident was assessed to be level 7 by the estimation of the amount 

of released radionuclides, the maximum level of the International Nuclear and 

Radiological Event Scale (INES). Level 7 nuclear accidents have only ever been judged 

to have occurred at Fukushima and Chernobyl. A comparison of the amount of 

atmospheric released radionuclides resulting from the Fukushima and Chernobyl 

accidents is shown in Table 1-1. The amount of radionuclides released in Fukushima was 

lower than Chernobyl with the exception of 133Xe.  

A particularly important released radionuclide in both of these events was 

radioactive cesium, one of the main fission products. The relatively long half-life of 

radiocesium (134Cs: 2.06 y, 137Cs: 30.1 y) means that it accumulates in the reactor over 

time. It also has a comparatively low boiling point, of 671 °C. These properties mean that 

radiocesium is a dominant radionuclide in atmospheric release and so played a major part 

in radioactive contamination when the accident occurred. The amount of released 

Unit 1 

Unit 2 

Unit 3 

Unit 4 

Unit 5 

Unit 6 
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radiocesium (134+137Cs) in Fukushima was about 25 percent of that released at Chernobyl. 

 

Table 1-1 Amount of atmospheric released radionuclides in the Fukushima and Chernobyl 

accidents 

Radionuclides Half-life 
Amount of radionuclides released (PBq) Fukushima/ 

Chernobyl Fukushimaa Chernobylb, c, d 

Xe-133 5.2 d 11000 6500 1.692 

Te-129m 33.6 d 3.3 240 0.014 

I-131 8.0 d 160 1760 0.091 

Cs-134 2.1 y 18 47 0.383 

Cs-137 30.0 y 15 85 0.176 

Sr-90 29.1 y 0.14 10 0.014 

Zr-95 64.0 d 0.017 84 0.00020 

Pu-238 87.7 d 0.000019 0.015 0.00127 

Pu-239 24065 y 0.0000032 0.013 0.00025 

Pu-240 6537 y 0.0000032 0.018 0.00018 

a NISA, 2011 

b UNSCEAR, 2008 

c Dreicer et al., 1996 

d Kashparov et al., 2003 

 

 

1.1.3 Released radiocesium deposition on the ground 

      

The main release of radionuclides, deposited over a large area of eastern Japan, 

occurred on 12, 14-16, and 20-23 March (UNSCEAR, 2013). The deposition of 

radionuclides was determined by meteorological conditions and the characteristics of 

each release, such as its height and gaseous or particulate form. A major release on 15 

March from Unit 2 resulted in wet deposition to the north-east of FDNPP and a high 

density deposition of radionuclides. The deposition values of 131I, 129mTe, 110mAg, 134Cs 

and 137Cs, critical gamma-ray emitting nuclides, was reported (Saito et al., 2015). Of these, 

131I, 129mTe, and 110mAg were dominant for exposure doses in the initial phase after the 

accident, but low in the longer term due to their relatively short half-lives (131I: 8.0 d, 
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129mTe: 33.6 d, 110mAg: 249.9 d). Deposition of 238Pu and 239+240Pu was extremely low, 

being mostly under the detection limit, and 89Sr and 90Sr were significantly lower than the 

value of 137Cs. The 238Pu, 293+240Pu, 89Sr, and 90Sr were detected in less than 5% of the 

area of Fukushima prefecture (UNSCEAR, 2013).  

Because of its relatively high deposition and long half-life, radiocesium has been 

the main source of long-term influence in the environment after the accident. The levels 

of 134+137Cs initial deposition densities on the ground are shown in Fig. 1-2. The highest 

deposition densities of total radiocesium (134+137Cs) in the area north-east of FDNPP were 

at 3000-30000 kBq/m2 (Red color area in Fig. 1-2). The area contaminated by more than 

555 kBq/m2 by 137Cs in Fukushima was about 10 % of the area that contaminated by 

Chernobyl (Imanaka et al., 2015). 

 

Fig. 1-2 Initial deposition densities of the total radioactive cesium (134+137Cs) estimated 

by airborne survey in April 29, 2011 (MEXT, 2011). (reference figure of the Geospatial 

Information Authority of Japan was modified.) 
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1.2 Behavior of radiocesium in the terrestrial ecosystem 

 

1.2.1 Properties of radiocesium 

 

     Chemical and physical properties of cesium are similar to its fellow alkali metals, 

rubidium and potassium. The melting point of cesium is 28.4 °C and its boiling point is 

674 °C. Metal cesium is very reactive and causes spontaneous ignition. Cesium ions react 

with Lewis bases in solution to form complexes and basically forms an ion-binding 

compound. Cesium has 39 isotopes and its atomic weight is distributed from 112 to 151 

(Table 1-2). Cesium-133 is the only stable isotope and is naturally occurring.  

 

Table 1-2 Major* isotopes of cesium 

Nuclides p n Half-life 

  Excitation enegy   

127Cs 55 72 6.25 h 

129Cs 55 74 32.06 h 

131Cs 55 76 9.689 d   

132Cs 55 77 6.480 d 

133Cs 55 78 Stable 

134Cs 55 79 2.0652 y 

134mCs 55 138.7441 keV  2.912 h  

135Cs 55 80 2.3×106 y  

136Cs 55 81 13.16 d 

137Cs 55 82  30.1671 y   

*Isotopes with half-life of more than 1 hour. 

 

The generation process of radiocesium in the reactor is important. The 

concentration of 235U in natural uranium is 0.72 %, whereas nuclear fuel rods of the 

reactor contain 3-5% enriched 235U. When 235U undergoes fission, about 80 kinds of 

fission products are generated, and the mass number is widely distributed from 72 to 160. 

These are saddle-shaped distributions centered on the peaks around the mass numbers 90 

and 140. Strontium (89+90Sr) within the range of peak mass numbers has high fission yield 
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at total 10.5 %, but the boiling point of strontium is 1382°C and the value is two times 

higher than cesium. Therefore, cesium is more easily released than strontium into the 

atmosphere in the accident. Cesium-135 is a long-lived fission product (Half-life: 2.3×106 

y), however, its precursor of 135Xe absorbs neutrons and decreases fission response or 

converted to nonradioactive 136Xe. Therefore, 135Cs is not major fission products in the 

reactor. The direct generated fission yield of 137Cs in thermal neutron nuclear fission is 

only 0.06 %, however, the short half-life of other fission products such as 137I, 137Xe, and 

137Te beta-collapsed to 137Cs and total fission yield of 137Cs is 6.19 % (Table 1-3). Cesium-

134 has a lower direct generated fission yield at 4.4×10-6 %, however, neutron capture 

reaction (133Cs (n, γ) 134Cs) occurred in the reactor and the total fission yield of 133+134Cs 

is 6.79 % (England and Rider, 1995). Consequently, 134+137Cs was the main releasable 

radionuclide into the atmosphere in the accident. 

 

Table 1-3 Major fission products and fission yield of 235U 

Fission products Fission yield Half-life 

133Cs 6.70% Stable 

135I  6.28% 6.57h 

93Zr  6.30% 1.53My 

137Cs  6.19% 30.17y 

99Tc  6.05% 211ky 

89Sr 4.73% 50.53d 

90Sr  5.75% 28.9y 

131I 2.83% 8.02d 

147Pm 2.27% 2.62y 

149Sm  1.09% Stable 

129I 0.54% 15.7My 

133Xe 6.70% 5.2475d 

 

     Due to the nuclear accident radiocesium was released into the atmosphere in the 

form of aerosol. In previous studies, the initial chemical form of radiocesium released 

into the atmosphere after an accident was identified as CsOH or CsI (Auvinen et al., 2000). 

In the FDNPP accident, initial released CsOH or CsI particles were incorporated with the 

sulfate aerosol (Kaneyasu et al., 2012). The particle size at 0.1-2 µm of sulfate aerosol 

https://ja.wikipedia.org/wiki/%E3%82%BB%E3%82%B7%E3%82%A6%E3%83%A0
https://ja.wikipedia.org/wiki/%E3%83%A8%E3%82%A6%E7%B4%A0
https://ja.wikipedia.org/wiki/%E3%82%B8%E3%83%AB%E3%82%B3%E3%83%8B%E3%82%A6%E3%83%A0
https://ja.wikipedia.org/wiki/%E3%82%BB%E3%82%B7%E3%82%A6%E3%83%A0137
https://ja.wikipedia.org/wiki/%E3%83%86%E3%82%AF%E3%83%8D%E3%83%81%E3%82%A6%E3%83%A0
https://ja.wikipedia.org/wiki/%E3%82%B9%E3%83%88%E3%83%AD%E3%83%B3%E3%83%81%E3%82%A6%E3%83%A0
https://ja.wikipedia.org/wiki/%E3%83%97%E3%83%AD%E3%83%A1%E3%83%81%E3%82%A6%E3%83%A0
https://ja.wikipedia.org/wiki/%E3%82%B5%E3%83%9E%E3%83%AA%E3%82%A6%E3%83%A0
https://ja.wikipedia.org/wiki/%E3%82%AD%E3%82%BB%E3%83%8E%E3%83%B3133
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would have been transported long distances in the atmosphere and fall by dry and wet 

deposition on the environment. Insoluble radiocesium particles were also found in the 

aerosol after the FDNPP accident (Adachi et al., 2013). Therefore, radiocesium released 

into the atmosphere in FDNPP accident came in both soluble and insoluble forms. 

    The released radiocesium was deposited on the terrestrial environment surrounding 

Fukushima. Cesium is homologous element of potassium, an essential element for living 

organisms. Because of this, radiocesium can enter food webs and circulate in the 

ecosystem over the long-term. Combined with the relatively long half-life of radiocesium 

(134Cs: 2.06y, 137Cs: 30.1 y), 134+137Cs became the main contaminating nuclides in the 

environment after the accident.  

 

 

1.2.2 Geological and ecological characteristics of Fukushima prefecture 

 

     Fukushima Prefecture is covered with 974,000 ha of forest, 58.1 % are private 

forests and 41.9% national forests (Fukushima Prefectural Government, 2017). The total 

forest area accounts for 71% of the total land area of the prefecture. The forests in 

Fukushima are dominated by deciduous broad-leaved trees and laurel trees, with tree 

distribution varying by altitude. At over 1,500 m altitude the subalpine belt is dominated 

by Abies mariesii, which have a lower limit of distribution at an altitude of 400m (700-

800m is the lower limit in the Ōu moutains and the Abukuma area). The upper montane 

zone, up to 1,500m, is dominated by Fagus crenata, the lower montane zone, up to 1,500 

m, is dominated by Quercus serrata, and the lowland zone, at less than 400-500 m is 

dominated by Castanopsis trees (Kashimura, 1984). In practice the actual vegetation is 

more complicated, depending on geological and topographical conditions. Land use of 

Fukushima prefecture mainly forest and an estimated 82% of the prefectural area is hilly 

and mountainous regions, which is surrounded by forest (Fukushima Prefectural 

Government, 2010).  

Because of this large cover of land by forest and the relatively high attachment of 

radioactive aerosol particles onto the surface of trees, there was a heavy deposition of 

released radiocesium forested areas. The land use of hilly and mountainous regions 
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comprises a mosaic distribution of forestry area, farmland, paddy field, pasture land and 

residential areas. The composition of the biota and nature of the ecosystem in these hilly 

and mountainous areas is dependent on this land use. These ecosystems have been 

contaminated by radiocesium, and a long-term influence is feared. The total area of 

evacuation designated zones is 371 km2 and more than 44,800 people remain evacuated 

in 2018 (Fukushima Prefectural Government, 2018). 

 

 

1.2.3 Previous study of radiocesium in the terrestrial ecosystem 

 

     Environmental contamination with radiocesium was observed after the Chernobyl 

accident (Cort et al., 1998). Large land areas 57900 km2 in Russia, 46500 km2 in Belarus, 

and 41900 km2 in Ukraine were contaminated by 137Cs over 37 kBq/m2, equating to 1 

mSv per year when external exposure and effects of radiation are considered (IAEA, 

2006). Some areas of other countries such as Sweden, Finland, Austria, Norway, 

Bulgaria, Switzerland, and Greece etc. were also contaminated. The environmental 

behavior of radiocesium and its possible effects on human and ecosystem had been 

summarized elsewhere (UNSCEAR, 1988; UNSCEAR, 2000; WHO, 2006; IAEA, 

2006; UNSCEAR, 2008; UNSCEAR, 2013; IAEA, 2015a; IAEA, 2015b; WHO, 2016). 

Radiocesium derived from FDNPP was initially deposited on the forest-floor or 

forest canopies and accumulated further on the forest floor via throughfall, litterfall, and 

stemflow processes (Koarashi et al., 2012; Kato et al., 2012; Teramage et al., 2014; 

Loffredo et al., 2014). It is maintained in the long-term on the soil surface due to having 

been strongly adsorbed by soil minerals. The annual vertical migration of 137Cs to a depth 

of 10 cm in the soil only accounts for 0.1% of the total 137Cs inventory (Nakanishi et al., 

2014). As a result, a large part of the radiocesium accumulated on the soil surface layer 

in the long-term. The radiocesium circulates in the forest ecosystem via biological cycles 

such as reabsorption by trees (Goor and Thiry, 2004; Thiry et al., 2016; Yoshihara, 2017; 

Kato et al, 2018), retention by fungi (Steiner et al., 2002; Vinichuk et al., 2004), and direct 

ingestion and/or assimilation by animals through the food webs (Allaye-Chan et al., 1990; 

Kålås et al., 1994). This means that bioavailability of radiocesium is maintained, and 
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could be transferred between organisms in the long-term through the food web. Therefore, 

to understand the long-term behavior of radiocesium in the ecosystem, the transfer and 

circulation of radiocesium through the food web is important. However, the study of 

radiocesium behavior in the food web to date has been insufficient, in a large part due to 

the difficulty of long-term investigation in wildlife. 

 

1.3 Objectives and structure of this study 

 

     The objectives of this study are to understand the long-term behavior of 

radiocesium in the ecosystem through the terrestrial food web. To accomplish this, we 

focused on terrestrial invertebrates such as arthropods and annelids (earthworms). The 

field survey was conducted in Fukushima after the accident and chronological changes of 

radiocesium in different feeding habit of arthropods and earthworms were investigated 

from 2012 to 2016.  

     In Chapter 2, the concentration of radiocesium in three species of arthropods and 

ambient dose equivalent rates of sampling sites was investigated after the accident. Five-

year chronological changes of radiocesium in different feeding habit of arthropods were 

provided. 

     In Chapter 3, the concentration of radiocesium in epigeic earthworms was 

investigated from 2014 to 2016, as well as ambient dose equivalent rates. The 

concentration of radiocesium in the different feeding habits of arthropods and earthworm 

were compared as herbivores, omnivores, carnivores and detritivores. 

In Chapter 4, radiocesium distribution in the earthworm body was visualized by 

autoradiography. To understand the metabolism of radiocesium in the earthworms, the 

retention time of radiocesium was investigated in the laboratory and the biological half-

life of radiocesium was determined. 

     In Chapter 5, to evaluate radiation effects on arthropods and earthworms, the 

absorbed dose rate was estimated.  The radiation risk on arthropods and earthworms was 

discussed. 

     Finally, in Chapter 6, the environmental behavior of rasiocesium through the food 

chain and radiation risk on non-human species were discussed. 
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2. Chronological changes in the concentration of radiocesium 

in arthropods 

 

 

2.1 Background and objectives of the study 

 

     The objective of this study was to understand the long-term behavior of 

radiocesium in the ecosystem through the terrestrial food chain. For this, long-term and 

comprehensive investigation of radiocesium at each trophic level of organisms is 

necessary. Suitable selection of the indicator organism is therefore essential in this type 

of study. It is difficult to conduct long-term and stable research into animal group 

including higher trophic level species such as mammal, and birds; selecting these groups 

as indicator carnivores requires long-term and constant sampling, which is time and cost 

consuming. Moreover, the sampling process could have a negative impact on the food 

web structure due to sampling a small number of top predators.  

     The kingdom Animalia is known to represent a total of 1,552,319 species in 40 

phyla according to a new evolutionary classification, and the phylum Arthropoda alone 

represents 1,242,040 species, which is approximately 80% of the total (Zhang, 2011). 

Arthropods are the most successful organism group. They have a large biomass, universal 

distribution, and various feeding habits in the ecosystem, and are important food sources 

for other organisms. The characteristics of arthropods enable their long-term study as 

indicators of radiocesium through the food chain. 

     In this study, to understand the chronological changes of radiocesium in arthropods 

from different feeding habits, five-year field studies were conducted in Fukushima. Three 

species of arthropods were selected: rice grasshopper, field crickets, and web-making 

spiders, which are common species in hilly and mountainous areas. The radiocesium 

concentrations in these arthropods and the ambient dose equivalent rates at the sampling 

site were investigated from 2012 to 2016. 
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2.2 Materials and methods 

 

2.2.1 Sampling site 

 

     The sampling site is located 40.1 km northwest of FDNPP (latitude: 37°41′35″ N, 

longitude: 140°44′08″ E; Fig. 2-1). The deposition densities of total radiocesium 

(134+137Cs) at the sampling site in 2012 estimated from an air born monitoring survey were 

1000-3000 kBq/m2 (MEXT, 2011). The landscape of the sampling site is hilly and 

mountainous area, with an altitude of approximately 440–480 m, and composed of 

agricultural fields and residential areas surrounded by mountainous forest. Residents were 

not permitted to live in this area during the study period from 2012 to 2016. Sampling 

was conducted in the same area throughout all five years of the study. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2-1 Location and deposition densities of radiocesium on 28 June 2012, at the 

sampling site (MEXT, 2011). Fukushima Dai-ichi nuclear power plant is indicated by 

FDNPP. (reference figure of the Geospatial Information Authority of Japan was 

modified.) 

 

FDNPP 

FDNPP 

Sampling site 

50km 

Fukushima Prefecture 

Sampling site 

FDNPP 
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2.2.2 Ambient dose equivalent rates 

 

     Ambient dose equivalent rates are attributed to gamma rays from the ground; 

thus, they are an indicator of radioactive contamination in the environment. A NaI 

scintillation survey meter (TCS171, Hitachi, Ltd., Japan) was used to measure the 

ambient dose equivalent rate at the sampling site. The calibration performed with the 

replacing method of JIS Z 4511-2005, using the working standard instruments (JCSS) 

irradiation apparatus calibrated by Hitachi Aloka Medical, Ltd. on November 18, 2011. 

Measurements were conducted at multiple points within the sampling site, 1 m above 

the ground and at least 20 m apart.  

To estimate the weathering of radiocesium from the sampling site, the ambient 

dose equivalent rates were compared to the estimated ambient dose equivalent rates 

from the physical half-life of radiocesium (134Cs: 2.06y, 137Cs: 30.1 y). For physical 

decay correction of ambient dose equivalent rates, the contribution ratio of 134Cs and 
137Cs to the ambient dose equivalent rates were calculated using a conversion factor 

(IAEA, 2000), which assumed that the radiocesium was uniformly distributed on the 

ground. The activity ratio of 134Cs/137Cs was set at 1.0 at the time of the accident. 

 

 

2.2.3 Sampling of arthropods 

 

     The sampling was conducted from September to October each year between 2012 

and 2016 (Fig. 2-2). The rice grasshopper, Oxya yezoensis Shiraki (Orthoptera: 

Catantopidae), the Emma field 

cricket, Teleogryllus emma 

(Ohmachi et Matsuura) 

(Orthoptera: Gryllidae), and 

the Jorô Spider, Nephila 

clavata L. Koch (Araneae: 

Nephilidae), were collected by 

sweep-net and hand collection. 

For each arthropods, 20–200 

individuals were collected Fig. 2-2 Sampling site of arthropods (11 Sep. 2014) 
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each year. The collected arthropods were preserved immediately in 70% ethanol in the 

field and refrigerated until sorted. 

 

 

2.2.4 Measurement of radiocesium concentration in arthropods 

 

     Radioactivity in the arthropod samples was measured by gamma-ray spectrometry 

using a high-purity germanium detector (GC-2020, Canberra Industries and GEM30-70, 

ORTEC, USA) with a multi-channel analyzer (MCA: DAS1000, Canberra Industries and 

Easy-MCA-8k, ORTEC, USA). The counting efficiency of the detector was determined 

by measuring a certified mixed radioactive standard gamma volume source 

(MX033SPLU8, Japan Radioisotope Association and 24FY039, Japan Chemical Analysis 

Center). Samples of 10–50 individuals were placed into 100-ml plastic containers (U-8 

container) and measured for 3,600–10,800 s. The radioactivity of the samples was 

obtained in units of Bq/g fresh weight (Bq/g fw). 

 

 

2.2.5 Statistical analyses 

 

     The lower (Q1) and upper (Q3) quartiles and the interquartile range (IQR = Q3–

Q1) were calculated for changes in the radiocesium concentration in arthropods. 

Differences in the values between years were analyzed by the Kruskal–Wallis test. 

Spearman’s rank correlation was used to test the relationship between the ambient dose 

equivalent rates and the concentration of radiocesium in the arthropods. Statistical 

analyses were performed using R version 2.15.3 (R Core Team, 2013). 
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2.3 Results 

 

 

2.3.1 Ambient dose equivalent rates at the sampling site 

 

     The ambient dose equivalent rate at the sampling site is plotted with circles in Fig. 

2-2. The median ambient dose equivalent rates differed significantly with time after the 

accident (Kruskal–Wallis test, p < 0.05). Multiple comparisons by Scheffe’s method 

indicated that the values decreased significantly from 2012 to 2015 (p < 0.05) with no 

significant decrease from 2015 to 2016. The median ambient dose equivalent rates 

decreased from 3.74 µSv/h to 1.29 µSv/h in the five-year period between 2012 and 2016. 

The decrease of median values during the initial phase of the survey period from 2012 to 

2013 was 29% whereas that in the later phase from 2015 to 2016 was only 4%. The total 

reduction in the median ambient dose equivalent rate during the survey period from 2012 

to 2016 was calculated as 65%.  

     The decline of ambient dose equivalent rates estimated due to the physical decay 

of 134Cs and 137Cs is plotted with a dotted line in Fig. 2-3. The estimated values were 2.62 

µSv/h, 2.0.1 µSv/h, 1.66 µSv/h, and 1.46 µSv/h from 2013 to 2016, respectively (Table 

2-1). The actual ambient dose equivalent rates at the sampling site fit with the estimated 

values from the initial year until 2014 then became slightly lower than the estimated rates 

in 2015 and 2016. 
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Fig. 2-3 Chronological changes in ambient dose equivalent rates at the sampling site 

compared to the estimated decline of ambient dose equivalent rates due to the physical 

decay of radiocesium (dotted red line). Letters above the plots denote significant 

differences in multiple comparisons by Scheffe’s method (p < 0.05).  

 

 

Table 2-1. Median value of measured ambient equivalent dose rates and estimated value 

due to the physical decay of radiocesium. 

 µSv/h 2012 2013 2014 2015 2016 

Measured value 3.74 2.64 2.01 1.36 1.29 

Estimated value 3.74* 2.62 2.01 1.66 1.46 

* The measured value is used at initial value to estimate ambient dose equivalent rates due to the 

physical decay of radiocesium. 
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2.3.2 Chronological changes in the concentration of radiocesium in 

arthropods 

 

     Chronological changes of radiocesium concentration in arthropods are shown in 

Fig. 2-4. The median concentration of radiocesium in rice grasshoppers was significantly 

reduced from 0.46 to 0.05 Bq/g fw between 2012 and 2016 (Kruskal–Wallis test, p < 0.05; 

Fig. 2-4 (A)). A significant decrease of radiocesium concentration also occurred in field 

crickets, with values from 0.15 to 0.01 Bq/g fw between 2012 and 2016 (p < 0.05; Fig. 2-

4 (B)). In contrast, the Jorô spider showed no significant differences during the sampling 

period (p = 0.14, Fig. 2-3 (C)); the median radiocesium concentration from 2012 to 2016 

was 0.31, 0.33, 0.20, 0.23, and 0.14 Bq/g fw, respectively.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2-4 Chronological changes of radiocesium concentration in arthropods: (A) Oxya 

yezoensis, rice grasshopper, (B) Teleogryllus emma, field cricket, and (C) Nephila clavata, 

(A) Oxya yezoensis (B) Teleogrylllus emma 

(C) Nephila clavata 
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Jorô spider. Minimum and maximum concentrations are depicted by whiskers. The box 

signifies the upper and lower quartiles, and the median is represented by a horizontal line 

within the box for each year. Different letters above the box plots denote significant 

differences in multiple comparisons by Scheffe’s method (p < 0.05). 

 

 

2.3.3 Correlation between the ambient dose equivalent rates and 

radiocesium concentration in arthropods 

 

The strength of the relationship between the ambient dose equivalent rates and the 

concentration of radiocesium in the arthropods was analyzed from 2012 to 2016 (Fig. 2-

5). A significant positive correlation (p < 0.05) was observed in the rice grasshoppers, the 

Emma field crickets and the Jorô spiders. The highest correlation coefficient was 

observed in the grasshoppers (ρ = 0.852), followed by the field cricket (ρ = 0.808) and 

the spider (ρ = 0.509). 

 

Fig. 2-5 Correlation between ambient dose equivalent rates and radiocesium 

concentration in the arthropods. Diamonds, squares, and triangles represent the rice 
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grasshopper, the Emma field cricket, and the Jorô spider, respectively. The Spearman’s 

rank correlation coefficient (ρ) and p value for the arthropods are as follows: rice 

grasshopper: ρ = 0.852, p < 0.001; Emma field cricket: ρ = 0.808, p < 0.001; Jorô spider: 

ρ = 0.509, p = 0.018. 

 

 

2.4 Discussion 

 

 

2.4.1 Ambient dose equivalent rates 

 

     The decline of ambient dose equivalent rates in the environment, known as the 

“ecological half-life”, depends on the physical decay and weathering of radiocesium. The 

decline curve of ambient dose equivalent rates due to physical decay was calculated by 

differences in the contribution ratio of 134Cs and 137Cs to the ambient dose equivalent rates 

(Saito and Petoussi-Henss, 2014). With an assumed the activity ratio of 134Cs/137Cs of 1.0, 

according to the average ratio of radiocesium released from Fukushima reactor plants 1–

3, the contribution ratio for ambient dose equivalent is approximately 7:3 for 134Cs and 
137Cs, respectively. Cesium-137 emits 662 keV gamma rays at a rate of 85% during a 

decay, while 134Cs emits multiple gamma rays from 600–1,370 keV at a total rate of 200% 

during decay. Therefore, 134Cs contributes more to the ambient dose equivalent rates than 
137Cs. The half-life of 134Cs (2.06 y) is shorter than that of 137Cs (30.1 y); thus, the 

contribution ratio of 134Cs decreases each year. Therefore, the ambient dose equivalent 

rates the first initial year after the accident decreased rapidly due to the physical decay of 
134Cs then decreased slowly due to the physical decay of 137Cs. The weathering of runoff 

and/or downward migration of radiocesium from the surface of the soil also leads to a 

decrease in the ambient dose equivalent rate in the environment. Consistent decreases in 

these factors were observed at the sampling site. 

The ambient dose equivalent rates decreased significantly and constantly from 

2012 to 2015, but no significant decrease was observed from 2015 to 2016. During the 

initial years from 2012 to 2014, the ambient dose equivalent rates is closely fitted the 

decline curve of the physical decay of radiocesium (Fig. 2-3; Table 2-1). This indicates 

that temporal changes in the ambient dose equivalent rates were predominantly 

attributable to the physical decay of radiocesium, and the weathering of radiocesium from 

the sampling site was relatively minimal from 2012 to 2014. From 2015 to 2016, the 
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ambient dose equivalent rates were slightly higher than the decline curve. This suggests 

that runoff and/or downward migration of radiocesium from the sampling site occurred 

but to a small extent. 

 

 

2.4.2 Chronological changes in the concentration of radiocesium in 

arthropods 

 

     The chronological changes of radiocesium concentration were different in each 

type of arthropods. Although the median radiocesium concentration in grasshoppers and 

field crickets changed significantly from 2012 to 2016, no significant decrease of 

radiocesium concentration was observed in Jorô spiders. These differences likely attribute 

to the different food resource pathways of thier feeding habits from grazing and detrital 

food chain (Polis and Strong, 1996). High 137Cs concentrations in detritivore groups 

suggest that the 137Cs transferred between organisms flows up to higher trophic levels 

through the detritus food chain (Murakami et al., 2014). Grasshoppers rely on the grazing 

food chain, feeding exclusively on green plants, while field crickets and web spiders make 

use of both of the food chains (ElEla et al., 2010; Simazaki et al., 2005).  

The radiocesium in grasshoppers decreased rapidly from 2012 to 2013 and the 

values remained low from 2013 to 2016. The rice grasshopper is polyphagous but known 

to predominantly eat Poaceae plants such as rice; thus, they are one of most abundant 

pests in paddy fields (Ando and Yamashiro, 1993; Mitsuhashi, 2003). EIEla et al. (2010) 

analyzed the gut contents of orthopteran species in Japan and classified seven groups as 

follows: Herbivorous (H), Herbivorous with scavenging behavior (Hs), Graminivorous 

(G), Forbivorous (F), Forbivorous with scavenging behavior (Fs), Scavengers (S), and 

Predators (P). The grasshopper, Oxya yezoensis, was categorized as Graminivorous (G), 

where the number of fragments of monocotyledonous species is more than 75% of the 

gut contents.  

The transfer of radiocesium to plants has two pathways: uptake by direct deposition 

of radiocesium on the leaf and uptake through roots from soil to plants (Tagami, 2012). 

Leaf uptake depends on radiocesium concentration in the atmosphere; thus, the 

contribution of root uptake increases with time after the accident. In Poaceae plants, the 

main food of grasshoppers, most parts of the plant are annual plants and wither in winter. 

Moreover, these plants were likely in the growth stage of seed or rhizome when the 

accident occurred in March. This field study was conducted in 2012, the radiocesium in 

these plants was mainly taken up by the roots. Therefore, the grasshoppers mainly ate 
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leaves contaminated by absorption from the roots during the sampling period. 

Radiocesium in soil is known to be immobilized by soil clay minerals (Nakao et 

al., 2008); thus rapidly decreases the bioavailability of radiocesium (Takeda et al., 2013). 

Regarding the transfer of radiocesium from soil to grass after the Chernobyl nuclear 

accident, it was reported that the bioavailability of radiocesium decreased rapidly in the 

initial year from 1987–1989, with half-lives of 1.3–2.6 years, then decreased more slowly 

1989–1999, with half-lives of 4.6–21 years (Fesenko et al., 2009). In this study, 

radiocesium concentrations in grasshoppers decreased rapidly in the initial year from 

2012–2013 and remained low level from 2013–2016. These results are consistent with 

chronological changes in radiocesium concentrations in plants after the accident. 

Radiocesium concentrations in grasshoppers refrect the concentration of Poaceae annual 

plants. Due to the above reasons, radiocesium concentrations in grasshoppers would 

remain low in the long-term. 

The radiocesium in field crickets also decreased significantly from 2012 to 2016, 

but the initial value in 2012 was lower than that of grasshoppers. Due to thier feeding 

habits, field crickets were categorized as Scavengers (S), where roots or tubers of plants 

and dead orthopteran and /or oligochaetan parts are encountered in almost equal 

proportions (ElEla et al., 2010). Crickets have a particularly high ability to feed on a large 

variety of weed seeds (Carmona et al., 1999; Lundgren and Rosentrater, 2007). The field 

criket, Teleogryllus emma, adults occur from August to October after the seed-shedding 

and they have also capable of feeding on seeds and reducing the seedling emergence of 

weeds (Ichihara et al., 2012). Weed seeds are one of the most accessible food resource for 

field crickets.  

The transfer factor of radiocesium in various wild weeds in the initial year after the 

FDNPP accident showed large variation from 0.006-0.400 (Yamashita et al., 2014). 

Radiocesium had high bioavailability in initial year; thus, variations in the transfer factor 

became high. The difference in 2012 radiocesium concentrations between grasshoppers 

and field crickets can be explained by the bioavailability of plant and feeding preference 

of each arthropod. The chronological changes of radiocesium in grasshoppers and field 

crickets were approximately the same from 2013 to 2016. This is consistent with a 

previous study of radiocesium bioavailability in grasses after the accident. This suggests 

that the field crickets mainly feed from the grazing food chain. 

The concentration of radiocesium in Jorô spiders has a larger dispersion and is 

maintained at higher concentrations than other arthropods. This may be because web 

spiders such as the Jorô spider are known to prey from both grazing and detiritus food 

chain as a generalist predator (Shimazaki and Miyashita, 2005). This study shows that the 
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radiocesium in grasshoppers feeding from the grazing food chain was low from 2013 to 

2016. This suggests that radiocesium concentrations in Jorô spiders become low when 

they prey from the grazing food chain. In contrast, radiocesium concentrations in Jorô 

spiders would be high when they prey from the detritus food chain. This is because 

detritivores consume highly contaminated leaf litter that cascade up through detritus food 

chain (Polis and Strong., 1996). Ayabe et al. (2015) reported that the radiocesium 

contamination in the Jorô spider decreased from 2012 to 2013, but highly contaminated 

spiders (> 9.0 Bq/g dry) were still collected in 2013. In this study, no significant decrease 

was observed during the five-year period. This is likely because web-making spiders such 

as the Jorô spider rely more on prey such as saprophagous flies for their food resource 

than herbivores (Miyashita et al., 2003); i.e., they feed more from the detritus food chain. 

 

 

2.4.3 Correlation between ambient dose equivalent rates and 

radiocesium concentration in arthropods 

 

     A significant correlation between ambient dose equivalent rates and radiocesium 

concentrations was observed in all arthropods. A particularly high correlation coefficient 

was observed for the rice grasshoppers (ρ = 0.852) and field crickets (ρ = 0.808). The two 

species depend on plants; solely for the grasshoppers and for at least half of the cricket’s 

food source. The flying ability of these two species is also minimal. The collected 

grasshoppers were short-wing type (brachypterous), which either do not fly or only fly 

for a few meters (Ando, 1996). In fact, no flying grasshopper individuals were observed 

at the sampling site; they only jumped using their hind legs. The field crickets lived on/in 

the ground and again, no flying individuals were observed at the sampling site. The 

dispersion ability of the two species was therefore low so their food resource was likely 

located near the sampling site.  

     The correlation coefficient between ambient dose equivalent rates and radiocesium 

concentrations for the Jorô spider was lower (ρ = 0.509) than the other two species. The 

juveniles of Nephila spiders, which are smaller than 1 mm, are easily dispersed by 

ballooning behavior (Robinson and Robinson, 1973; Kuntner and Agnarsson, 2011). In 

this study, the spiders were collected in female adult stage; thus, their dispersal abilities 

would be relatively low. However, web-building spiders such as Nephila clavata prey on 

a large variety of aerial insects as a generalist predator (Shimazaki and Miyashita, 2005). 

Moreover, they depend on detritivores that emerge from under the ground (Miyashita et 

al., 2003). Therefore, the spiders feed from a wider area than the other two species and 
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may consume highly contaminated prey from under the ground through the detritus food 

chain. The concentration of radiocesium in Jorô spiders therefore reflects wider area of 

contamination, which could explain the lower correlation coefficient. 
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3. Chronological changes in radiocesium concentrations in 

epigeic earthworms 

 
 

3.1 Background and objectives of the study 

 

     As described in the previous chapter, results pertaining to chronological changes 

in radiocesium concentrations in arthropods suggested that the primary transfer pathway 

of radiocesium is the detritus food chain. If radiocesium transfers to other species through 

the detritus food chain, the radiocesium concentration in detritivores should be 

maintained at higher levels than species with alternative feeding habits. To evaluate this 

hypothesis, the investigation of the concentrations of radiocesium in detritivores is 

necessary. 

Earthworms contribute to the disturbation of soil acting as ecosystem engineers 

(Lavelle et al., 1997) and are an important food resource for higher trophic consumers 

such as arthropods, birds, and mammals, among others. These ecological activities of 

earthworms can contribute to the circulation of radiocesium in the soil and its transfer to 

organisms through the food web. 

Earthworms can be subdivided into three ecological groups (Bouché, 1977; Lee, 

1985): epigeic (inhabiting the litter layer), anecic (inhabiting soil and feeding on litter), 

and endogeic (inhabiting and feeding on soil). Epigeic earthworms that live in the litter 

layer and the soil surface layer are an important ecological group in regard to the behavior 

of radiocesium, which mostly accumulates in the ground surface layer. Hasegawa et al. 

(2013) conducted a field study of different species of epigeic earthworms in Fukushima 

and reported that earthworms from the epigeic group have similar radiocesium 

concentrations because of their similar habitats and physiological characteristics. In the 

present study, therefore, we focused on epigeic earthworms at the family level to 

understand the behavior of radiocesium through the detritus food chain. 

A field study conducted to assess the effects of radiation on non-human biota after 

the Chernobyl accident found catastrophic effects on soil invertebrate communities 

including earthworms (IAEA, 2006). Soil invertebrates had higher absorbed dose rates 

than other animals because their habitats were highly contaminated. The population 

densities and species diversity of soil invertebrates were decreased in Chernobyl with an 

absorbed dose higher than approximately 30 Gy; the population densities of earthworms, 

in particular, decreased due to their high radio-sensitivity during the egg and juvenile 

stages (Krivolutzkii et al., 1992). These results indicate that earthworms are a susceptible 
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species to the effects of radiation after nuclear accidents. Given that, the International 

Commission on Radiological Protection selected the earthworm as a reference animal to 

assess the effects of radiation on the environment (ICRP, 2008). 

Earthworms are an important species for predicting the long-term environmental 

behavior of radiocesium and assessing the effects of radiation on non-human species. 

Therefore, the present study was designed to assess the chronological changes in 

radiocesium concentrations in epigeic earthworms from the mountainous forests of 

Fukushima. We conducted a field survey in Fukushima and compared the chronological 

changes in radiocesium levels in earthworms, litter, soil, and the ambient dose equivalent 

rates from 2014 to 2016.  

 

 

3.2 Materials and methods 

 

 

3.2.1 Sampling site and measurement of ambient dose equivalent rates 

 

The sampling site was a hilly and mountainous area on the forest side of the same 

region described in section 2.2.1. The sampling site is a mixed forest dominated by 

deciduous broad-leaved trees. Residents were not permitted to live in this area, and 

decontamination operations had not been conducted prior to or during the study period 

from 2014 to 2016.  

The earthworm sampling site was different from where arthropods were collected, 

so ambient dose equivalent rates were measured using the same methods as described in 

2.2.2. 

 

 

3.2.2 Sampling and pretreatment of soil, litter, and earthworms 

 

     The sampling of earthworms was carried out within a radius of approximately 30m 

(an area of ca. 2800 m2) and was repeated at the same site throughout the three years of 

the study. In addition, soil and litter were also collected at the same site. Epigeic 

earthworms were collected by hand from the litter layer and soil surface (≤5 cm) from 

August to September (Fig. 3-1). The earthworms were identified as belonging to the 

family Megascolecidae based on external morphology, particularly the clitellum, and the 
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internal morphology was assessed by dissecting several representative individuals (Fig. 

3-2). There were 1, 5, and 5 earthworms in each of the five samples taken from 2014, 

2015, and 2016, respectively; thus, a total of 5, 25, and 25 individuals were collected, 

respectively, during those years. The soil was collected at depths of 0–5 cm using a core 

sampler (50mm in diameter, 51mm high), and litter was sampled in a 25 cm×25 cm area 

of the forest floor. The number of soil and litter samples taken in 2014, 2015 and 2016 

were 1, 3, and 3, respectively. After being oven dried at 105°C, the soil was sifted through 

a 2 mm square mesh, and the litter was homogenized in a blender.  

The concentrations of 137Cs in the earthworms were determined from the measured 

radioactivity that included the contents of the gut, since predators would consume the 

entire body of the earthworm (Sheppard et al., 1997); this method is therefore appropriate 

for understanding how radiocesium is transferred through the food web. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 3-2 Epigeic earthworm (Megascolecidae) (29 Aug. 2016) 

Fig. 3-1 Sampling of the epigeic earthworms (11 Sep. 2014) 
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3.2.3 Measurement of radiocesium in samples 

 

     All samples were packed into plastic containers (U-8: 47mm diameter, 60mm in 

height). The activity of 137Cs (662 keV) was determined by gamma-ray spectrometry 

using a high-purity germanium detector (GEM30-70, ORTEC, USA) with a multi-

channel analyzer (Easy-MCA-8k, ORTEC, USA). The counting efficiency of the detector 

for U-8 containers was calibrated using a U-8 volume source of 137Cs (24FY039, Japan 

Chemical Analysis Center). Each sample was measured for 10,800 s. Radioactivity of the 

litter and soil samples was expressed as Bq/g dry weight (Bq/g dw), and that of 

earthworms as Bq/g fresh weight (Bq/g fw). 

 

 

3.3 Results 

 

3.3.1 Ambient dose equivalent rates at the sampling site 

 

     The median ambient dose equivalent rates showed a significant decrease from 2.15 

μSv/h, to 1.67 μSv/h, to 1.35 μSv/h, in 2014, 2015, and 2016, respectively (Kruskal–

Wallis test, p < 0.001; Fig. 3-3). Multiple comparisons by Scheffe’s method indicated that 

the values continuously decreased from 2014 to 2016 (p < 0.05). The reduction rate of 

the ambient dose equivalent rate from 2014 to 2016 was 36.9%. The reduction rate was 

almost the same as that measured at the arthropod sampling site (35.5%), but the ambient 

dose equivalent rates at the earthworm site were higher than that for the arthropod site 

(Table 3-1). The decline in the ambient dose equivalent rates estimated by the physical 

decay of 134Cs and 137Cs is plotted as a dotted line in Fig. 3-3. The values determined by 

physical decay decreased to 1.77 μSv/h and 1.55 μSv/h in 2015 and 2016, respectively; 

these values are slightly higher than the actual ambient dose equivalent rates at the 

sampling site (Table 3-2).  
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Fig. 3-3 Ambient dose equivalent rates at 1m above ground at the sampling site, 

significantly decreased from 2014 to 2016 (Kruskal–Wallis test, p < 0.001). In the graph, 

the letters above the plotted points denote significant differences from multiple 

comparisons determined by Scheffe's method (p < 0.05). The broken line represents the 

decline in ambient dose equivalent rates in 2014 based on physical decay of radiocesium. 

 

 

Table 3-1 Ambient dose equivalents at each sampling site  

from 2014 to 2016. 

 µSv/h 2014 2015 2016 

Arthropods sampling site 2.01 1.36 1.29 

Earthworms sampling site 2.15 1.68 1.35 

 

Table 3-2 Median values of measured ambient equivalent dose 

 rates and estimated values due to physical decay of radiocesium. 

 µSv/h 2014 2015 2016 

Measured value 2.15 1.68 1.35 

Estimated value 2.15* 1.77 1.55 

* The measured value is used at initial value to estimate ambient 

 dose equivalent rates due to the physical decay of radiocesium. 

a 

b 

c 
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3.3.2 Chronological changes in radiocesium concentration in 

earthworms 

 

The concentration of 137Cs in the litter was 44.9 Bq/g dw in 2014, which increased 

only slightly in 2015 (45.3 Bq/g dw), then dropped to 10.7 Bq/g dw in 2016. The 

concentrations of 137Cs in the soil were 9.79 Bq/g dw, 7.14 Bq/g dw, and 18.0 Bq/g dw in 

2014, 2015, and 2016, respectively (Table 3-3). In contrast, the median value of 137Cs in 

earthworms from 2014 to 2016 did not change significantly; the values for 2014, 2015, 

and 2016 were 4.87 Bq/g fw, 5.30 Bq/g fw, and 4.67 Bq/g fw, respectively (Kruskal–

Wallis test, p = 0.878; Fig. 3-4). 

 

 

Fig. 3-4 Changes in the concentration of 137Cs in the litter, earthworms, and soil from 

2014 to 2016. Triangles, circles and squares represent the litter, earthworms and soil 

respectively. The concentration of 137Cs in the litter and soil were determined from the 

dry weight, and that of earthworms was determined from the fresh weight. The 

concentration of 137Cs in earthworms did not vary significantly over time after the 

accident from 2014 to 2016 (Kruskal–Wallis test, p = 0.878; multiple comparisons 

using Scheffe's method, p < 0.05). 
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Table 3-3 Concentrations of 137Cs in samples from 2014 to 2016. 

The concentration of 137Cs in litter and soil were obtained as dry weight; the values for the earthworms 

were obtained as fresh weight. Earthworm samples numbers (n) indicate that 1 sample contains 1 individual 

in 2014 and 5 individuals in 2015 and 2016. 

 

 

3.3.3 Comparison of radiosesium concentration in different feeding 

habits 

 

Radiocesium concentration in grasshoppers, field crickets, Jorô spider and 

earthworms was compared in 2014. The median of 137Cs concentration in earthworms 

was 4.87 Bq/g fw, which was about 85 times higher than that of grasshoppers, and over 

30 times higher than that of Jorô spiders, which showed the highest level of 137Cs among 

the 3 arthropod species examined (Fig. 3-5).  

 

 

 

 

 

 

 

Fig. 3-5 Comparison of radioceium concentration in different feeding habits in 2014. 

Year Concentrations of 137Cs (Bq/g)     

  Litter   Soil   Earthworm 

   n Median (range)   n Median (range)  n  Median (range) 

2014   1 44.9  1 9.79   5 4.87 (3.22-7.77) 

2015  3 45.3 (40.9-45.5)  3 7.14 (4.52-7.48)  5 5.30 (3.39-6.60) 

2016   3 10.7 (9.52-14.6)   3 18.0 (17.0-18.0)   5 4.67 (4.39-5.28) 
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3.4 Discussion 

 

 

3.4.1 Chronological changes in the ambient dose equivalent rates 

 

The ambient dose equivalent rates significantly and continuously decreased from 

2014 to 2016. The measured doses in 2015 and 2016 were slightly lower than the 

estimated values in which only the physical decay of radiocesium is considered. This 

suggests that the weathering (downward migration and/or runoff) of radiocesium affected 

the ambient dose equivalent rates, but was not as large at the sampling site. The ambient 

dose equivalent rates at the earthworm sampling site on the forest side were higher than 

those at the arthropod sampling site in the grassland and agriculture zone, as shown in 

Table 3-1. This finding coincides well with previous studies that report extremely slow 

downward migration and low-runoff of radiocesium from the floor of deciduous forests 

in Fukushima after the accident (Nakanishi et al., 2014; Niizato et al., 2016). Kinase et al. 

(2014) estimated that the ecological half-life of radiocesium is much longer in deciduous 

forests than in other land areas. It is possible that the temporal changes in ambient dose 

equivalent rates found in this study can be mainly attributed to the physical decay of 

radionuclides, although the precise mechanisms are not readily apparent from this study.  

These results also suggest that the radiocesium was retained in the forest floor during the 

survey period. 

 

 

3.4.2 Chronological changes in the concentration of radiocesium in 

earthworms 

 

As shown in Fig. 3-4, the soil concentration of 137Cs increased from 2014 to 2016; 

in contrast, the concentration in the litter showed a decreasing trend during this period. 

The reason for these findings is readily apparent from the present study. A previous study 

of deciduous forests in Fukushima reported the rapid downward migration of radiocesium 

from the litter layer to the topsoil (Fujii et al., 2014). A similar finding was also reported 

for the period from 2013-2015, with large seasonal variations due to decomposition and 

input from contaminated litter fall (Takada et al., 2017). Therefore, the observed changes 

in the 137Cs concentration in the litter and soil might represent the movement of 137Cs on 

the forest floor due to decomposition and migration from litter to the topsoil. 
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The radiocesium concentration in earthworms did not significantly change from 

2014 to 2016. It is well known that the feeding and egestion activities of earthworms 

homogenize the radiocesium on the forest floor (Tyler et al., 2001; Jarvis et al., 2010). 

This role of earthworms as bioturbators could partly explain why the 137Cs concentrations 

in earthworms did not change much over the study period. The 137Cs concentrations in 

detritivorous earthworms were maintained at the same level during the sampling period 

because they eat both highly contaminated litter and soil. This finding also demonstrates 

the importance of radiation protection for the environment and that the radiocesium 

concentrations in earthworms may be good indicators of the average contamination levels 

of the organic layer and surface of the forest, which are unevenly distributed (Koarashi et 

al., 2014). 

The feeding habits of earthworms could provide another explanation for the lack 

of yearly change in the 137Cs concentration in their bodies. Radiocesium is maintained in 

the organic horizon of forest soils by biological processes such as microbial 

immobilization and recycling (Brückmann and Wolters, 1994), and the long-term 

retention of radionuclides in these layers has frequently been attributed to microbiological 

activity (Steiner et al., 2002). Soil microorganisms are major food sources for earthworms, 

and protozoa and fungi are assumed to contribute a substantial portion to this diet 

(Edwards and Fletcher, 1988; Brown, 1995; Bonkowski and Sxhaefer, 1997). Moreover, 

earthworms have been reported to selectively feed on microorganisms (Doube et al., 

1997; Bonkowski et al., 2000; Neilson and Boag, 2003). Epigeic earthworms in family 

Megascolecidae feed more on organic materials than earthworms of other ecological 

group (anecic and endogeic) (Uchida et al., 2004). Therefore, the earthworms collected 

in this study were consumers of soil microorganisms, which could explain, in part, why 

the radiocesium concentrations in their bodies did not show much change. It is worth 

noting that the zoological and ecological characteristics of earthworms may make them 

good indicators of the level of radiocesium contamination in the surface organic layers of 

forests. 

 

 

3.4.3 Comparison of radiosesium concentration in different feeding 

habits 

 

Comparison of radiosesium concentration in different feeding habits clearly shows 

that detritivores of earthworms are highest contaminated than other feeding habits. The 

concentration of earthworms was over 30 times higher than that of Jorô spiders which is 
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highest concentration in the three arthropods.  

Earthworms accumulate heavy metals such as cadmium (Cd), cooper (Cu), lead 

(Pb) and zinc (Zn) in their bodies when exposed to contaminated soils (Oste et al., 2001; 

Hobbelen et al., 2006; Li et al., 2010). This process is called bioaccumulation. The reason 

why the radiocesium in earthworm remains higher levels and whether earthworms can 

accumulate radiocesium or are not known, and an investigation is necessary. To clarify 

the mechanisms involved in this high concentration of radiocesium in earthworms, 

understanding for metabolism of radiocesium in earthworms is required.  
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4. Distribution of radiocesium in the earthworm body and the 

biological half-life of 137Cs 
 

 

4.1 Background and objectives of the study 

 

Earthworms collected in Fukushima after the FDNPP accident showed higher 

concentrations of radiocesium than arthropods as was described in the previous chapter. 

The higher concentrations were maintained over three years from 2014 to 2016. To clarify 

the mechanisms contributing to this high concentration of radiocesium in earthworms, it 

is necessary to understand their metabolism of radiocesium.  

Previous chapter discussed a possibility of bioaccumulation of radiocesium in the 

earthworm. Bioaccumulation data from earthworms have been reported for purposes of 

risk assessment in animals that feed on these invertebrates (Romijn et al., 1991; Heikens 

et al., 2001). Earthworms can transfer contaminants to species at higher trophic levels 

through the food chain. If earthworms accumulate radiocesium, there will be a substantial 

radiation risk to animals feeding on these invertebrates. Moreover, if radiocesium 

concentrated in specific organs of the earthworms, the radiation risk to the earthworms 

themselves will also increase. The habitat of the earthworms in Fukushima was highly 

contaminated and they ingested both soil and litter that were contaminated with 

radiocesium after the accident. Therefore, it is possible that some of the radiocesium 

ingested by the earthworms may accumulate in their bodies and, as a result, the 

concentration of radiocesium in the earthworms would be maintained at higher levels 

throughout the investigation period.  

     The biokinetics of radiocesium in earthworms has been previously reported, 

however, these experiments were conducted mainly focused on the family Lumbricidae, 

such as Lumbricus terrestris which is dominant in Europe (Brown and Bell, 1995; 

Sheppard et al., 1997). Among the three types of ecological subgroups of earthworms, 

Lumbricus terrestris is “anecic” which means it inhabits the middle layer of soil (Bouché, 

1977; Lee, 1985). In contrast, the ecological subgroup of Megascolecidae evaluated in 

the present study is “epigeic” which inhabits the most surface layers among all the groups. 

The “epigeic” group is thought to be the most important for understanding both the 

behavior and radiation effects of radiocesium through the environment because most of 

the radiocesium accumulates in their litter and soil surface habitats. However, there have 

been no studies on the metabolism of radiocesium in the epigeic earthworm family 

Megascolecidae, even though the distribution of earthworm families in Japan is 
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dominated by Megascolecidae, comprising 95% (Ishizuka, 2015). Therefore, it is 

necessary to conduct experimental studies on the biokinetics of radiocesium in the family 

Megascolecidae.  

     The objectives of this chapter are to clarify the biokinetics of radiocesium in the 

Megascolecidae earthworm family and discuss why radiocesium concentrations in 

earthworms were maintained at higher levels over three years. In addition, we 

investigated whether radiocesium accumulates in specific organs of the earthworms or 

showes other distribution patterns. 

To evaluate this, the distribution of radiocesium in the bodies of the earthworms 

was visualized by autoradiography and the radiocesium concentrations in their body wall 

muscle, gut, and other organs were determined. In parallel, a clearance experiment was 

conducted to estimate the biological half-life of radiocesium in the earthworms.  

 

 

4.2 Materials and methods  

           

4.2.1 Autoradiography  

 

     Autoradiography was performed using high-resolution imaging plates (BAS-IP 

MS 2025E, Fujifilm, Co., Japan.) exposed for 8 day at −80°C after contact with the plate. 

The plate was read with a scanner (Typhoon FLA7000, GE healthcare, Japan Co.) to take 

autoradiographic images. The autoradiography was conducted on earthworms collected 

in 2014 and 2015. 

 

 

4.2.2 Sample preparation and measurement of 137Cs in earthworms 

 

To measure the 137Cs accumulation in each region of the body, 25 earthworms were 

dissected and the intestines, body wall muscles, and other organs were separated. An 

additional 75 earthworms were collected in 2016 for the clearance experiments. 

The activity concentration of 137Cs was measured using the same methods as 

described in 3.2.3 to determine the concentration in each body part of the earthworm using 

a U8 container for the measurements of individual earthworms were used plastic petri 

dishes (60mm in diameter, 15mm high).  

The counting efficiency of samples in the petri dish was calibrated using the KCl 
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method, which used an efficiency curve normalized to the gamma-ray peak for 1460 keV 

from 40K in KCl placed in the same type of vessel (Fujiwara et al., 2015). Each sample 

was measured for 10,800–27,000 s. 

 

 

4.2.3 Estimation of the biological half-life of 137Cs in earthworms 

 

     The biological half-life of 137Cs was estimated in the earthworms collected in 2016. 

The earthworms were transported to the laboratory with soil and litter from the sampling 

site. They were moved from the contaminated sampling site medium to a non-radioactive 

medium for determining the whole-body clearance of 137Cs. The 137Cs radioactivity of 

five individuals was measured at 1, 3, 6, 12, 24, 48, 120, 240 and 360 h after the moving. 

The concentration of 137Cs at each time point was defined as the median value of five 

earthworms. To estimate the biological half-life (Tb) of 137Cs in these earthworms, the 

following double exponential equation was applied (Eq. (1)): 

 

𝐴𝑡 = 𝐴0𝑓
𝑒−𝜆𝑓𝑡 +  𝐴0𝑠

𝑒−𝜆𝑠𝑡                                            (1) 

 

where 𝐴𝑡 is the concentration of 137Cs (Bq/g) at time 𝑡, 𝐴0 is the initial concentration 

of 137Cs (Bq/g) (𝑡 = 0), and 𝜆𝑓 and 𝜆𝑠 are the elimination rate constants for the fast and 

slow clearance, which was caused by simple passage through the intestine and 

physiological clearance of assimilated 137Cs, respectively. Log-transformed data were 

used to estimate 𝐴0 and 𝜆 using the non-linear least squares fitting method. 

 

 

4.3 Results 

 

4.3.1 Autoradiographs of earthworms 

 

Fig. 4-1 shows an autoradiograph of an earthworm with that of soil in a plastic bag. 

The distribution in the earthworm did not appear to be uniform, and the radiocesium was 

concentrated mainly in the digestive tract along the midline of its body. Compared to the 

autoradiograph of dry soil, the level of radioactivity in the earthworm was similar to the 

soil. It was difficult from this autoradiograph to determine where and how the 
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radiocesium was distributed in the organs of the earthworm. Thus, the other worms were 

dissected then exposed to the imaging plate. Fig. 4-2 shows an autoradiograph taken after 

the dissection. The concentration of radiocesium in the body wall muscle was very low 

and could not be detected by the imaging plate. There were no specific regions or points 

where the radiocesium was accumulated. In contrast, the concentration in the intestine 

was much higher and showed a non-uniform distribution. Microscopic observations 

showed that the parts of the intestine with higher radiocesium activity as determined by 

autoradiography corresponded to the gut contents (feces) in the intestine. The other organs, 

including the reproductive organs, were dissected from the body wall muscle while still 

attached to the anterior portion of intestine. Autoradiography showed no specific or 

remarkable deposition of radiocesium in these organs. 
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Fig. 4-1 Autoradiographs (bottom) and photographs (top) of an earthworm and habitat 

soil. The earthworm was exposed in fresh condition, and the soil (≤5 cm) was in a dry 

condition when spread on the plate. Red and green areas indicate high and low 

concentrations of radiocesium, respectively; blue areas indicate the background 

concentration.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4-2 Autoradiographs (right) and photographs (left) of a dissected earthworm. The 

earthworm was dissected into two parts, body wall muscle and intestine with other organs. 
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Body wall muscle Intestine and  

other organ 

Body wall muscle Intestine and  

other organ 
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4.3.2 Concentrations of 137Cs in different part of the earthworms 

 

The concentrations of 137Cs in the intestines, body wall muscles, and other organs 

in the earthworms were determined using a germanium semiconductor detector. The 

median concentrations of 137Cs in intestine, body wall muscle, and other organs were 6.48 

Bq/g fw, 0.17 Bq/g fw, and 0.10 Bq/g fw, respectively (Fig. 4-3). The ratio of the 137Cs 

concentration in the body wall muscles to that in the intestines was 0.02. The percentages 

of 137Cs in the earthworm intestines, body wall muscles, and other organs were 95.9%, 

2.6% and 1.5%, respectively, of the total retained 137Cs. 

 

 

 

 

Fig. 4-3 Concentrations of 137Cs in each part of dissected earthworms. The error bars 

indicate standard deviations. 

 

 

4.3.3 Clearance of 137Cs and its biological half-life 

 

As shown in Fig. 4-4, the clearance curve of 137Cs from the earthworm body seemed 

to be bi-phasic (i.e., had a two-component clearance). By fitting the curve to a double 

exponential equation (Eq. (1)), the half-life of the first phase (Tb fast) was calculated as 

0.10 days. The second phase of clearance was much slower with a half-life (Tb slow) of 
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27.4 days. The fast and slow phases were estimated to have cleared 95.6% and 4.4%, 

respectively, of the total retained 137Cs (Table 4-1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4-4 Clearance of 137Cs from the earthworm body. The clearance curve appeared to be 

bi-phasic. Approximately 95.6% was cleared with a half-life of 0.1 days, and the 

remaining 4.4% was cleared with a half-life of 27.4 days. 

 

 

 

Table 4-1. Model components of the biological half-life of 137Cs 

Component Model   Double exponential         

 Equation  y = 𝐴𝑓𝑒−𝑡1𝑥 + 𝐴𝑠𝑒−𝑡2𝑥         

        SE t-value p-value Ratio (%) 

Tb(fast) 𝐴𝑓  5.835 0.727 8.031 < 0.001 95.6 

 𝑡1  6.883 0.786 8.740 < 0.001  

Tb(slow) 𝐴𝑠  0.267 0.033 8.004 < 0.001 4.38 

  𝑡2   0.025 0.015 1.716 0.093   

SE: Standard error 
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4.4 Discussion 

 

The autoradiograph of an earthworm body showed that the radiocesium was 

distributed mainly in its intestines with little found in the other tissues of the body (Figs. 

4-1, 4-2). Given the limitations of these experiments, it was difficult to determine the 

exact regions showing higher concentrations of radiocesium in the intestine. However, 

the regions showing higher levels corresponded to the bulk contents (feces) of the 

intestine, suggesting that the observed radioactivity was mainly attributabed to the 

contents and not to the intestinal wall. Quantitative measurements obtained with a 

germanium detector showed that 95% of the 137Cs was located in the intestines (Fig. 4-3). 

Therefore, it can be concluded that most of the radiocesium ingested by earthworms is 

excreted rapidly through the digestive tract without absorption into the intestinal wall.  

Approximately 95.6% of the total radioactivity was cleared during the initial rapid 

phase, while 4.4% of the 137Cs was cleared in the second slower phase. These values 

correspond with the abundance ratio of 137Cs in the earthworms, the majority of which 

was in the intestine and the rest of which (4.0%) represented the values of the body wall 

muscle and other organs combined. Previous studies on the biological half-life of 

radiocesium in earthworms are summarized in Table 4-2; in this study, the Tb fast value 

(0.10 d) was a little faster than reported in the other three studies, and the Tb slow (27.4 

d) was within the range found by Brown and Bell (1995). Therefore, these results 

demonstrate that there is little difference in radiocesium metabolism between earthworms 

of the families Megascolecidae and Lumbricidae. 

The present study on the abundance ratio of 137Cs in different parts of the 

earthworm and the biological half-life indicate that 137Cs will not be highly 

bioaccumulated in earthworms. Hasegawa et al. (2015) previously investigated the 

changes in radiocesium bioavailability in epigeic earthworms after the nuclear accident 

and reported a decrease in the initial phase from 2011 to 2013. Radiocesium is strongly 

fixed to soil minerals in a time-dependent manner; therefore, the body wall muscle of 

earthworms will not show long-term bioaccumulation of radiocesium. 

     The present study shows that radiocesium did not accumulate in the bodies of 

earthworms nor in specific organs or other body parts. Thus, the concentration of 

radiocesium in earthworms will not be higher than levels in the environmental medium. 

This is critical information for radiation dose estimations of earthworms living in the 

contaminated area. A large proportion of radiocesium shows long-term accumulation in 

the soil surface layer in forests. The radiocesium concentrations in the gut contents of the 
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earthworms is dependent on the contamination levels in their habitat media, that is, the 

radiocesium concentrations of earthworms will be maintained at a higher level for long-

term. This suggests that detritivore species occupying the same habitat as earthworms are 

also high, and become a primary transfer pathway for radiocesium through the food web. 

Moreover, given the ecological characteristics of earthworms, they are expected to show 

the highest radiation exposure among most species in the environment. This means that 

accurate dose assessment in earthworms may be one of good indicators of contamination 

for environmental radiation protection. 

 

 

 

Table 4-2 Comparison of the biological half-life of radiocesium (134Cs and/or137Cs) in this 

study and previous studies. 

Family Genus Ecological 

type 

  

Media Biological half-life (day) References 

      Tb fast Tb slow   

Lumbricidae 
Lumbricus 

terrestris 
Anecic 

Litter (Apple 

leaves) 
0.16-0.33 25-54 

Brown and 

Bell, 1995 

Lumbricidae 
Lumbricus 

terrestris 
Anecic Soil 0.20-0.27 15-26 

Brown and 

Bell, 1995 

Lumbricidae 
Lumbricus 

terrestris 
Anecic Litter 1.4 24 

Sheppard et 

al., 1997 

Megascolecidae Unknown Epigeic Litter and soil 0.10 ± 0.01 27.4 ± 16.0 This study 

±: Standard error. 
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5. Radiation doses of the earthworms and spiders and related 

risk assessments 
 

 

5.1 Background and objectives of the study 

 

As described in the previous chapter, earthworms have been continuously 

contaminated with radiocesium after the FDNPP accident. Although radiocesium did not 

accumulate in specific organs of the earthworms, the concentration of radiocesium in the 

organisms was of a comparable level to that of their habit (litter and surface soil). The 

surface organic horizon is a major source and cause of retention of radiocesium in the 

forest ecosystem (Kruyts and Delvaux, 2002; Steiner et al., 2002). In the long term, 

epigeic earthworms spend their time eating and crawling in the highly contaminated 

organic surface layer. Therefore, these earthworms are subject to both internal and 

external radiation exposure throughout their whole lifetime. Their exposure is further 

increased owing to the passage of contaminated organic matter through their digestive 

tracts, and they also lack the chitinous exoskeleton of other invertebrates such as 

arthropods. These factors suggest that epigeic earthworms are one of the groups in the 

ecosystem with the highest radiation exposure. Because of their ecological characteristics 

and importance to the ecosystem, these earthworms were selected to be one of the 

reference animals and plants (RAPs) that are evaluated in relation to environmental 

radiation protection (ICRP, 2008). 

Of the three types of arthropod investigated in the present study, the Jorô spider 

showed the highest concentration of radiocesium. This concentration remained 

unchanged in the study period (2012–2016), suggesting that the spiders received constant 

and relatively high radiation exposure from the internal radiocesium. Therefore, it is 

useful to evaluate the Jorô spider as a model arthropod for the study of radiation dose, 

particularly as these spiders may have received high internal radiation doses as a result of 

the FDNPP accident. 

The basic quantity used in determining radiation exposure is the absorbed dose, 

which is defined as the amount of energy absorbed per unit mass of tissue contained in 

an organ or organism. The absorbed dose is given in units of Gray (Gy). The biological 

effects of radiation are subject to wide variations, depending on the dose per unit time 

(absorbed dose rate, Gy/h) even in cases where different organisms are exposed to the 

same dose (absorbed dose, Gy). The biological effects of radiation increase with exposure 

at a high dose rate rather than that at a low dose rate. To clarify the correlation between 
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radiation exposure and radiation effects on earthworms, an accurate assessment of 

absorbed dose is necessary. Studies on the effects of radiation on non-human biota in 

Fukushima were conducted after the FDNPP accident (Hiyama et al., 2012; Møller et al., 

2013; Akimoto, 2014; Ochiai et al., 2014), although accurate dose assessments on wild 

species are limited (Kubota et al., 2015; Fuma et al., 2015). 

A field study was conducted after the Chernobyl accident to ascertain the effects of 

radiation on earthworms. Soil invertebrates exhibited higher absorbed dose rates than 

other animals because their habitats were highly contaminated. The population densities 

and species diversities of soil invertebrates were decreased in Chernobyl with an absorbed 

dose above 30 Gy; the population densities of earthworms in particular decreased owing 

to their high radio-sensitivity during the egg and juvenile life stages (Krivolutzkii et al., 

1992). The effects of the Chernobyl accident on arthropods were observed in terms of a 

decrease in species diversity on the soil mesofauna. Only 15 species of oribatid mite were 

found near the Chernobyl NPP, compared to 25 species on the edge of the 30 km zone 

and 33 species on a control plot 70 km from the plant (Krivolutzkii and Pokarzhevskii, 

1992). 

A laboratory study of the radiation effects on earthworms reported that the LD50/30 

(Lethal dose of 50% within 30 days) of gamma rays for Lumbricus terrestris was 680 Gy 

(Haffner et al., 1973; Reichle et al., 1972), while this was 650 Gy for Eisenia foetida 

(Suzuki and Egami, 1983). Young earthworms (E. foetida) showed completely inhibited 

growth when subjected to 100 Gy gamma irradiation, while gamma irradiation in the 

range 10–20 Gy led to decreased proliferation of the epidermal cells (Suzuki and Egami, 

1983). Chronic gamma irradiation effects on intergeneration indicated no significant 

effects on the growth of F0 adults for absorbed gamma dose rates up to 1 Gy/day. The 

growth of the F1 juveniles was not inhibited up to dose rates of 264 mGy/day, while the 

dose rates caused some exterior abnormalities (Hertel-Aas et al., 2007). 

The effects of acute irradiation on arthropods are summarized in the International 

Database on Insect Disinfestation and Sterilization (IDIDAS) (IAEA/IDIDAS, 2018) for 

its use in pest control applications such as the sterile insect technique (SIT) (Hendrichs, 

2000; Vreysen, 2001). These data were collected for the purpose of pest control and for 

their economic importance in relation to agricultural production and food safety. Thus, 

only three spider species were noted in a database of more than 2750 references. These 

data focused on the effects of high dose rate irradiation on the reproductive success of 

arthropods. In the case of the web spider Argiope keyserlingi, which is of the same family 

as the Jorô spider, the dose required for 100% male sterility was 40 Gy. The doses required 

for 100% sterility of the Holocnemus pluchei and Stegodyphus lineatus spider species 
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were 20 Gy and 150 Gy, respectively (IAEA/IDIDAS, 2018). Data on correlations 

between the dose rates and radiation effects in the arachnid order were not found. Thus, 

these data were replaced by that of bees, which were the only insects in the RAPs. The 

capacity of the wasp population (Dahlbominus fuscipennis) to reach the third generation 

failed at dose rates of 2.4 Gy/day. At 1.2 Gy/day, after two generations, the population 

was reduced to less than 20% of the control population but did then survive for seven 

generations (Riordan, 1964). At 1.15 Gy/day, the number of disintegrating oocytes in 

females decreased and a decline in the number of offspring was observed (Baldwin, 1968). 

The aims of this chapter are to estimate the absorbed dose rates in the Jorô spider and 

Megascolecidae earthworm in the study site and discuss the radiation risks of these 

species after the FDNPP accident. 

 

 

5.2 Materials and methods 

 

 

5.2.1 ERICA assessment tool 

 

The ERICA (Environmental Risk from Ionizing Contaminants: Assessment and 

management) assessment tool is a software based on the ERICA integrated approach used 

to assess radiation effects on non-human biota (Brown et al., 2008). The tool has been 

employed in radiation risk assessment for wild species in Fukushima after the FDNPP 

accident (Kubota et al., 2015; Fuma et al., 2015; Garnier-Laplace et al., 2011; Kryshev et 

al., 2012; Fisher et al., 2013; Strand et al., 2014). The ERICA approach is based on the 

assessment of reference animals and plants (RAPs), for which basic biological 

characteristics of particular types of 12 animals and plants are assumed to assess the 

effects of radiation on the ecosystem. The earthworm was selected to be one of the RAPs; 

thus, absorbed dose rates can be calculated using this tool. The dose-rate models are based 

on Monte Carlo techniques that simulate radiation transport. The models are constructed 

with the assumption that the dosimetry of an organism may be represented by ellipsoids, 

with a homogeneous radiation distribution in the organisms.   

The assessments are conducted in three tiers: Tier 1 assessments are based on media 

concentration and pre-calculated environmental media concentration limits in order to 

estimate risk quotients; Tier 2 calculates dose rates and allows the editing of several 

parameters including concentration ratios, distribution coefficients, percentage of dry 
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weight soil or sediment, dose conversion coefficients, radiation weighting factors, and 

occupancy factors; Tier 3 provides the same flexibility as Tier 2 and allows the option to 

run the assessment probabilistically, if the underling parameter distribution functions are 

defined. The dose rate calculations in this study were conducted using Tier 2. 

 

 

5.2.2 Absorbed dose rate calculations 

 

The absorbed dose rates of the earthworms were calculated using the ERICA 

assessment tool 1.2. The absorbed dose rates of the Jorô spider were calculated with the 

ERICA tool in the case of the internal dose rates, while using the ambient equivalent dose 

rates for the external dose rates. As the earthworm is included in RAPs, the appropriate 

exposure settings may be used in the ERICA tool in terms of both internal and external 

dose rate. In contrast, the web spider is not included in RAPs; thus, the ERICA tool setting 

for external dose rate is not suitable for these calculations. Therefore, the methods of dose 

rate calculation differed between the two species. The web-making Jorô spider spends its 

time on a web in the air, and thus, the ambient equivalent dose rate provides a suitable 

external dose rate for the spider. 

Tier 2 was selected in the ERICA tool and the 134Cs and 137Cs isotopes were chosen. 

The geometry of the earthworm was modified to coincide with that of the epigeic 

earthworm; a height of 0.005 m, width of 0.005 m, and length of 0.06 m. The organism 

mass was set to 0.001076 kg, which is the average mass of the earthworms used in the 

study. For the Jorô spider, the following geometry was applied: a height of 0.0008 m, 

width of 0.0008 m, and length of 0.0025 m. The organism mass was set to 0.000415 kg, 

which is the average mass of the earthworms collected. 

An occupancy factor, the fraction of time a given organism spends at a location in 

its given habitat, of 1.0 was used, together with the “In-soil” setting for the earthworms, 

because epigeic earthworms usually remain in the soil or litter. Radiation weight factors 

of 1.0 were selected for β/γ-rays and 3.0 for low-energy β-rays, which are the default 

values. To perform conservative assessments, the highest median radiocesium 

concentration of the earthworms through the three-year investigation was used for the 

calculations. The following equation was used to calculate absorbed dose rates: 

 

 

𝐷𝑖.𝑎𝑑 = 𝐷𝑖,𝑎𝑑
𝑖𝑛𝑡 + 𝐷𝑖,𝑎𝑑

𝑒𝑥𝑡                                                 (2) 
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Here, 𝐷𝑖.𝑎𝑑 is the absorbed dose rate of the earthworm from radionuclide 𝑖, 𝐷𝑖,𝑎𝑑
𝑖𝑛𝑡  is 

internal dose rate to the earthworm from radionuclide 𝑖 in its own body, and 𝐷𝑖,𝑎𝑑
𝑒𝑥𝑡  is 

the external dose rate to the earthworm from radionuclide 𝑖 in litter. 

 

 

5.2.3 Radiation risk assessments on earthworms and spiders 

 

A reasonable amount of data describing various types of radiation effects on 

organisms is present in the literature. However, almost all of the data are related to high 

dose rates and total doses; studies related to low dose rates are limited. Therefore, it is 

difficult to make assessments or judgments concerning lower dose rates related to long-

term exposure in the environment. 

The ICRP presents a pragmatic approach to assessing the effects of radiation at low 

dose rates using derived consideration reference levels (DCRLs). These are bands of dose 

rates in which certain effects have been reported or might be expected, made using 

information from the database (ICRP, 2008). Thus, the calculated absorbed dose rates of 

the earthworms and spiders were referred to the DCRL of the earthworm to assess 

radiation risk. 

 

 

5.3 Results 

 

5.3.1 Absorbed dose rates of earthworms and spiders 

 

The absorbed dose rates of earthworms that were calculated using the ERICA 

assessment tool are summarized in Table 5-1. The absorbed dose rate of 134+137Cs was 

23.8 µGy/h for external exposure and 0.88 µGy/h for internal exposure, and the total was 

24.5 µGy/h. The external absorbed dose rate was dominant in the case of the earthworm 

and the ratio of internal/external dose rate was 0.04. The absorbed dose rate of 

radiocesium for the earthworm was 96% for the external exposure. The absorbed dose 

rates of the Jorô-spider are presented in Table 5-2, using the average ambient radiation 

dose rates at the sampling sites. The absorbed dose rates for internal exposure were 

estimated by the ERICA tool to be 0.2 µGy/h. The absorbed doses for external exposure 

are assumed to be the same as the ambient equivalent dose rate (for example, a median of 
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3.74 µSv/h for 2014). The total absorbed dose rate for the Jorô spider was 3.94 µGy/h, 

while the ratio of the internal/external dose rates was 0.05, at approximately 95% for the 

external absorbed dose rate. The Jorô spider may receive additional external radiation 

from the plants near their web, but for the sake of straightforward evaluation, the external 

radiation doses were assumed to be equal to the ambient equivalent dose, measured at 1 

m above the ground. 

 

 

 

Table 5-1 Activity concentrations for earthworm and litter and estimated absorbed dose 

rates 

Radionuclide Activity concentration  Absorbed dose rate µGy h-1 

 Earthworm 

Bq kg-1 fw 

Litter 

Bq kg-1 dw 
 External Internal Total 

134Cs 1770 12000  10.0 0.17 10.2 
137Cs 5310 45400  13.8 0.71 14.5 

Total 7080 46600  23.8 0.88 24.7 

 

 

 

Table 5-2 Activity concentrations for the Jorô spider, ambient dose equivalent rates, and 

estimated absorbed dose rates 

Radionuclide Activity concentration  Absorbed dose rate µGy h-1 

 Jorô Spider 

Bq kg-1 fw 

Ambient dose 

equivalent 
µGy h-1 

 External* Internal Total 

134Cs 124 -  - 0.02 - 
137Cs 189 -  - 0.18 - 

Total 313 3.74  3.74 0.20 3.94 

* The Jorô spider may receive additional external radiation from plants near their web. 

Here, the external radiation doses were assumed to equal the ambient radiation equivalent 

dose measured at 1 m above the ground. 
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5.3.2 Radiation risk assessments on earthworms and spiders 

 

The absorbed dose rate of earthworms at the sampling site was 0.59 mGy/day. The 

DCRL supplied an assessment of “effects unlikely” (referring to radiation effects) using 

the benchmark dose rates of reference earthworms in the range 10–100 mGy/day (Fig. 5-

1) (ICRP, 2008). In the case of the Jorô spider, the absorbed radiation dose was calculated 

to be 0.09 mGy/day, which is much lower than the DCRL for insects (bee) in the range 

10–100 mGy/day (Fig. 5-1). Therefore, if the DCRL of the ICRP are used as the criteria 

for risk assessment, it is unlikely that there were radiation effects caused by radiocesium 

exposure at the sampling site during the sampling period. 

Fig. 5-1 Derived Consideration Reference Levels (mGy/day) for 12 Reference Animals 

and Plants (ICRP. 2008). 
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5.4 Discussion 

      

The radiation dose rates of the earthworms and spiders were calculated using the 

ERICA assessment tool. Only the 134Cs and 137Cs radionuclides were used because the 

earthworm sampling has been conducted since 2014, and short-half-life radionuclides 

such as 131I, 129mTe, and 110mAg were not detected in the samples. The dose rate of the 

earthworms at the sampling site was calculated to be 0.59 mGy/day. This value was below 

the derived consideration reference levels for earthworms of 10–100 mGy/day (ICRP, 

2008). The certain effects of radiation on juvenile earthworms have been observed at a 

lowest dose rate of 96 mGy/day (Suzuki and Egami, 1983). This means that the estimated 

dose rate of the earthworms at the sampling site was more than 160 times lower than the 

lowest value for certain radiation effects obtained in an earlier study. Therefore, there are 

no expected radiation exposure effects on the earthworms at the sampling site within the 

sampling period. However, it should be noted that the dose rates of the earthworms were 

calculated using only the gamma-emitting radionuclides of 134Cs and 137Cs, owing to the 

use of a sampling period from 2014. No short-half-life radionuclides such as 131I, 129mTe, 

and 110mAg were included in the study. It could be expected that the effects of radiation 

on earthworms would be more noticeable in the initial phase after the accident, including 

effects related to short-half-life radionuclides. 

As shown in Table 5-2, the absorbed radiation doses for the Jorô spider were much 

lower than those of the earthworm. The concentration of radiocesium is higher at the 

leaves and the surfaces of tree trunks and the ambient dose rates were higher near the 

trees than at the measurement site (1 m above the ground in an open field). Therefore, the 

external radiation, to which the Jorô spider was exposed, may be slightly higher than the 

ambient radiation equivalent dose that was measured 1 m above the ground. However, 

this additional increase in the dose may not be sufficiently large to affect the risk 

assessment. 

Short-half-life radionuclides such as 129mTe and 129Te (half-life: 33.6 d) contribute 

to the β-ray dose rate initial phase after deposition. In general, approximately 80% of the 

total absorbed dose for animals and plants after the Chernobyl accident was attributed to 

the first three months after the accident, with a 95% contribution from β-rays (UNSCEAR, 

1996). β-rays are not directly related to external doses that concern humans as these are 

easily shielded by few millimeters of thick skin, but these could affect small organisms 

such as earthworms. In particular, the absorbed dose rate of β-rays is ten times that of γ-

rays in the soil during the 20 days after deposition (Endo et al., 2014). 
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Endo et al. (2014) estimated cumulative 70 µm β-ray doses from 129mTe, 129Te, 131I, 
132Te, 132I, 134Cs and 137Cs with a deposition of 1000 kBq/m2 for 137Cs after the FDNPP 

accident, which assumed the presence of small organisms and human skin. The web-

making Jorô spider lives above the ground, thus β-ray exposure is low. By contrast, the 

earthworm is exposed to β-rays through contaminated soil and litter, thus 70µm β-ray 

dose rates should be calculated. 

The averaged 70 µm β-ray dose rate up to 30, 60, and 90 days after deposition of 

1000 kBq/m2 for 137Cs were estimated by Endo et al. (2014) to be 2.0, 1.3, and 1.0 

mGy/day in the soil, respectively (Endo et al., 2014). The initial deposition densities of 
137Cs at the sampling site reached 3000 kBq/m2 (MEXT, 2011), thus the β-ray dose rate 

at the sampling site would be expected to reach a maximum three times higher than the 

above values. That is, β-ray dose rate at 30 days after the accident at the sampling site 

with maximum 137Cs deposition densities (3000 kBq/m2) was approximately 6.0 

mGy/day in the soil. This value is still below the DCRL of the earthworm, at 10–100 

mGy/day. Therefore, even when the contributions of short half-life radionuclides are 

taken into consideration, no effects of radiation on the earthworms would be expected at 

the sampling site. 

     It is necessary to estimate the β-ray dose rate at high deposition densities of 137Cs 

near the plant. The highest deposition density of 137Cs near the plant was 14700 kBq/m2 

(MEXT, 2011), thus the averaged β-ray dose rate up to 30, 60, and 90 days after the 

accident was approximately 29.9, 19.4, and 15.0 mGy/day in the soil (Table 5-3), 

respectively. The β-ray dose rate in the soil after 30-90 days was within the range of the 

DCRL of the earthworm. Therefore, the radiation risk of the earthworms should be 

considered in initial 90 days after the accident in the highest deposition area near the 

plants. 

 

 

Table 5-3 70 µm dose rate for the highest deposition densities of 137Cs after deposition 

mGy/day 30 days 60 days 90 days 

Ground surface 17.2 11.0 8.7 

In soil 29.9 19.4 15.0 
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6. General discussion 

 

 

6.1 Transfers of radiocesium to arthropods and earthworms through the 

food chain 

 

In this study, radiocesium concentrations in arthropods and earthworms following 

the FDNPP accident were investigated. It was found that although concentrations in 

spiders and earthworms did not decrease significantly over time, they did decrease in 

grasshoppers and crickets. This pattern appears to be related to the trophic positions of 

these different group, as discussed in Chapters 2 and 3. 

Behavior of radiocesium in forest ecosystems is well investigated in relation to the 

links between trees and soil or litter, whereby radiocesium in the soil is absorbed by trees 

and accumulates on the forest floor via litterfall, and is subsequently reabsorbed after 

organic material decomposition (Kato et al., 2012; Teramage et al., 2014; Loffredo et al., 

2014). This suggests that radiocesium is circulated within the forest ecosystem (Yoshida 

et al., 2004). To date, however, there have been no quantitative reports on the 

contributions of invertebrates and microorganisms in these processes in forests or 

grasslands. This study is the first to demonstrate that radiocesium is transferred to 

organisms via the food chain, and that concentrations of this radionuclide do not decrease 

significantly in generalist spiders aftermath of contamination events. Moreover, since 

radiocesium transfer appears to differ according to the different feeding habits of 

organisms, it is likely that various trophic pathways are involve in its transfer. 

Radiocesium concentrations in earthworms were found to be significantly higher 

than those in arthropods, with no appreciable decrease observed over time. There are at 

least two possible explanations for these observations, namely, bioaccumulation of 

radiocesium in earthworm body tissues, or regular intake via a highly contaminated diet. 

Autoradiography and whole-body retention experiments indicated that bioaccumulation 

is not probably responsible (Chapter 4). Moreover, the concentrations of radiocesium in 

leaf litter decreased over time after the FDNPP accident, whereas concentrations in soil 

below the litter layer increased. These findings thus suggest that the concentrations of 

radiocesium in earthworms are steadily maintained at high levels due to their ingestion of 

both litter and soil. In general, radiocesium migration from litter to soil occurs via 

weathering. Earthworms contribute to this process as bioturbators across both litter and 

soil layers, thereby increasing the vertical migration of radiocesium. 
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     Figure 6-1 shows the overall trophic pathways of radiocesium, including its 

transport via grazing and detritus food chains in arthropods and earthworms. Given that 

earthworms might play an important role in the transfer of the radiocesium from litter to 

soil layers, further studies should be conducted to gain a more detailed understanding of 

the quantitative involvement, seasonal variation, and densities of these organisms with 

respect to the behavior of radiocesium in forest ecosystems. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6-1 Transfer pathways of radiocesium through the invertebrate food chain. 

Arthropods and earthworms represent carnivorous (jorô spider), omnivorous (field 

cricket), herbivorous (rice grasshopper), and detritivorous (earthworm) trophic 

habits.  

 

 

6.2 Metabolism of radiocesium in earthworms 

 

Despite the fact that radiocesium concentrations in litter decreased over time during 

the 2014 to 2016 study period, they did not show a corresponding decrease in earthworms. 

To examine whether this was due to bioaccumulation, we studied the distribution of 

radiocesium in earthworms collected from Fukushima. Experiments on metabolism of 

radiocesium and autoradiography were performed in earthworms collected in 2016. 
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Although our findings indicated no evidence of radiocesium bioaccumulation in specific 

tissues or organs, we observed high radioactive contents in the digestive tract, suggesting 

that the high radiocesium concentrations in these earthworms are attributable to ingestion 

of highly contaminated organic matter. 

It is well known that earthworms bioaccumulate heavy metal elements. Goswami 

et al. (2014) reported that Mn, Zn, Cu, and as accumulate in both of Eisenia fetida and 

Lampito mauritii, with an increase in metal-inducible metallothionein being a possible 

causal mechanism. However, in this study, autoradiograpic analysis gave no indication of 

radiocesium accumulation in earthworms (Chapter 4). Cesium is an alkali metal, with no 

affinity to specific body organs or tissues, and radiocesium distributes uniformly in the 

body of mammals (Moore and Comar, 1962). 

This lack of accumulation is important from the viewpoint of radiation protection. 

The ICRP has issued recommendations for radiation protection of non-human biota (ICRP, 

2008), in which 12 animals and plants, including earthworms, are specified as reference 

organisms for monitoring contamination and assessing the hazards to organisms living at 

or near the soil surface. The present findings indicate that the concentration of 

radiocesium in earthworms is a good indicator for contamination levels in leaf litter and 

surface soil, and that internal radiation exposure is uniform in the body. 

Notably, however, the results presented here were derived from observations on 

only one family of epigeic earthworms (Megascolecidae), and thus it may be necessary 

to investigate other earthworm taxa, particularly those with trophic habits or physiologies 

that differ from those of this group. In addition, since the present study was carried out in 

earthworms collected during the summer season, it would be informative to investigate 

seasonal and regional variations, since habitats and physiological functions may also vary 

on temporal and spatial scale.   

 

 

6.3 Absorbed dose rate and risk assessment in earthworms and spiders 

 

Severe environmental contamination with radiocesium invevitably arouses public 

concern regarding the likelihood of radiation hazards, not only with respect to humans 

but also to wild animals and plants. Therefore, we estimated radiation doses and assessed 

potential risks in order to evaluate whether radiation poses a hazard to arthropods and 

earthworms. We accordingly found that total dose rate in the earthworms was 24.5 µGy/h 

(Table 5-1), with 96% of this load attributable to external exposure. For the Jorô spider, 

the total dose rate was 3.94 µGy/h (Table 5-2), with a large portion of this load again 
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being due to external exposure. 

For the purposes of radiation protection of non-human biota in natural ecosystems, 

the ICRP has established recommended sose rates for reference plants and animals, 

termed derived consideration reference levels (DCRLs). DCRLs include bands of dose 

rates with certain effects that have been reported or might be expected (ICRP, 2008). At 

present, the DCRLs for both earthworms and bees are within the range 10–100 mGy/day 

(Fig. 5-1). The rates estimated for earthworms and spiders in this study are considerably  

lower than these DCRLs, thereby indicating that adverse effects of direct radiation on 

these species are unlikely at present or in the future in Fukushima Prefecture. 

However, researchers have observed certain morphological and functional changes 

or abnormalities in some wild animals and plants associated with the Fukushima accident. 

For example, Kubota et al. (2015) detected chromosomal aberration in the blood cells of 

wild rats, and Watanabe et al. (2015) observed morphological defects in native Japanese 

fir trees. Therefore, it is apparent that the FDNPP accident has affected the ecosystem of 

the immediate surroundings at least to some degree. 

Ecosystems consists of a variety of organisms, including microbes, plants, and 

animals, interacting with one another, and it is possible that the effects of radiation on 

individual organisms differ from the effects at the ecosystem level. Although the radiation 

doses in earthworms and arthropods detected in this study were well below the levels at 

which obvious individual effects might be expected, it is a possible that these animals 

may experience indirect effects of radiation exposure caused by the FDNPP accident, due 

to their relationships with other ecosystem biota. Accordingly, comprehensive and 

continuous surveillance and investigation are necessary to effectively evaluate radiation 

doses and possible hazards in these non-human biota. 

 

 

6.4 Present and future status of radiation in the Fukushima environment 

 

     The FDNPP accident caused widespread and serious environmental contamination 

with radioactive materials in Fukushima Prefecture and its vicinity, particularly by the 

major radionuclides 134Cs and 137Cs. Following the necessary decontamination measures, 

recovery and reconstruction are now progressing by the continuous and devoted efforts 

of local residents and related organizations. Ambient dose equivalent rates of radiation 

exposure for residents have been decreasing steadily in both urban areas and agricultural 

fields, due to physical decay of radiocesium as well as the artificial decontamination 

treatments. Kinase et al. (2014) have reported respective ecological half-lives of 0.84 y 
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and 1.15 y in urban areas and agricultural fields based on ambient dose equivalent rates. 

In contrast, decreases in the ambient dose rate in forests and non-cultivated fields have 

been less pronounced, since active decontamination procedures were not applied in these 

regions. As is shown in Chapter 2, the decreases in ambient radiation dose are mainly due 

to the physical decay of radiocesium. 

     Recently, the Japanese government has begun the decontamination of the highly 

contaminated area where residents have yet to be permitted to return. Officials have also 

begun investigating efficient decontamination methods for forest areas, where radiation 

levels remain high and people are not allowed to enter. Since approximately 71% of the 

Fukushima Prefecture area is forested, its decontamination is essential for the region to 

fully recover. In order to accomplish this, efficient and economical decontamination 

methods must be developed and implemented based on a comprehensive knowledge 

about the behavior of radiocesium in the forest environment. 

     In this study, we have determined the behavior of radiocesium in arthropods and 

earthworms in a hilly and mountainous area of Fukushima, and identified trophic 

pathways for its transfer. Research based on the biological patterns of radiocesium will 

be beneficial in terms of gaining a better understanding of the mechanisms underlying the 

long-term environmental behavior of this radionuclide, and will contribute to the 

development of efficient and economical decontamination methods for Fukushima’s 

revitalization. 
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