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Chapter 2
Estimation of Dose Rate for the Large 
Japanese Field Mouse (Apodemus speciosus) 
Distributed in the “Difficult-to-Return 
Zone” in Fukushima Prefecture

Manabu Onuma, Daiji Endoh, Hiroko Ishiniwa, and Masanori Tamaoki

Abstract  Following the Fukushima Daiichi Nuclear Power Plant (FNPP) accident, 
dose rate for Muridae species in forests of Iitate Village, Fukushima, was estimated 
as 3.9 mGy/day over the first 30 days. According to the derived consideration refer-
ence levels (DCRLs) determined by the International Commission on Radiological 
Protection (ICRP), this dose level could be affecting reproduction of these rodents. 
However, information on dose rate for forest rodents after 2012 is limited. Therefore, 
the dose rate of forest rodents was calculated for large Japanese field mice (Apodemus 
speciosus) captured in the “difficult-to-return zone” in the Fukushima Prefecture 
from 2012 to 2016. External dose rate was calculated based on the ambient dose 
equivalent rate of gamma-radiation at the ground level of the trapping site. Internal 
dose rate was simulated using the EGS5 program based on cesium (Cs)-137 concen-
trations in the captured mice. Combining the external and internal doses, the total 
daily dose rate for the mice within the zone was estimated to be 0.201–0.547 mGy/
day. In addition, the ratio of external dose rate to total dose rate was estimated to be 
61.2–95.4%. Thus, it is concluded that the present radiation exposure of the field 
mice distributed in the trapping site did not affect their reproduction. However, it 
must be noticed that total dose rate exceeding 0.1 mGy/day, which offers very low 
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probability of the occurrence of certain effects according to the DCRLs determined 
by ICRP, is still present in most of the zone (September 2018, Nuclear Regulation 
Authority, Japan). Thus, various indexes should be applied to evaluate the exposure 
effects on the field mice in this zone.

Keywords  Large Japanese field mouse · Apodemus speciosus · Does rate · EGS5 · 
Cs-137

2.1  �Introduction

The Great East Japan Earthquake occurred on March 11, 2011, 14:46 JST, with its 
epicenter at N38.1, E142.9 (130  km ESE off Oshika Peninsula) and a depth of 
24 km [1]. As an aftermath of the earthquake, the coastal area of the main island, 
Honshu, was affected by tsunami, which resulted in loss of power supply at 
Fukushima Daiichi Nuclear Power Plant (FNPP). After that, reactors were damaged 
and meltdown occurred. Eventually, substantial amounts of radioactive materials 
were released into the surrounding environment. The total amount of radioactive 
materials released into the environment was estimated by several organizations such 
as the Nuclear and Industrial Safety Agency (NISA), the Nuclear Safety Commission 
(NSC) and Tokyo Electric Power Co. (TEPCO) [2–6]. The estimated values of 
iodine-131 (131I) ranged between 1.2 and 5.0 × 10−17 Bq. The value of cesium-137 
(137Cs) was calculated to be between 8.2 and 15.0 × 10−15 Bq. The released radioac-
tive materials formed radioactive plume, some parts of which moved into the inland, 
mainly Fukushima Prefecture. Radioactive materials were dissolved in rainwater 
contaminated soil. For example, 131I (T1/2  =  8  days, 71–28  kBq/kg),  137Cs 
(T1/2 = 30.0 years, 10–43 kBq/kg), and 134Cs (T1/2 = 2.06 years, 8.5–42 kBq/kg) 
were detected in 5 cm surface of soil collected from five locations of Iitate Village 
located 25–45 km northwest of FNNP, in March 2011 [7]. During the early phase 
following the accident, radioactive I was the main contaminant of the ground sur-
face. Thereafter, 137Cs became the main contaminant because of a longer half-life. 
137Cs decays by emitting β-particles and both Cs-137 and its metastable nuclear 
isomer barium-137m (137mBa) emits γ-rays [8]. In addition, 137Cs binds to clay firmly 
and the clay-bound 137Cs has low mobility [9, 10]. Therefore, radiation from 137Cs 
could affect biological organisms due to long-term exposure to the contaminated 
environment.

The International Commission on Radiological Protection (ICRP) has recom-
mended some organisms called reference animals and plants for environmental pro-
tection with regard to radiation [11]. Deer (family Cervidae), rat (family Muridae), 
duck (family Anatidae), frog (family Ranidae), bee (family Apidea), earthworm 
(family Lumbricidae), pine tree (family Pinacea) and wild grass (family Poaceae) are 
designated as reference animals and plants for the terrestrial environment. Rat (fam-
ily Muridae) offers most information on radiation exposure than any other reference 
animals because laboratory rats and laboratory mice have been used for laboratory 
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experiments in various kinds of researches, including radiation biology. Following 
the FNPP accident, the dose rate for rodents in the forest in Fukushima Prefecture 
was reported as 3.9 mGy/day over the first 30 days [12]. According to the derived 
consideration reference levels (DCRLs) determined by ICRP, this dose level could be 
affecting reproduction, due to reduced fertility in male and female of Muridae spe-
cies. However, a major portion of the radiation source changed from 131I to mainly 
137Cs because of the decay of radioactivity, thus, it became necessary to evaluate 
radionuclides influence on the reproduction of Muridae species in Fukushima.

2.2  �Materials and Methods

2.2.1  �Animals

The Large Japanese field mouse (Apodemus speciosus) (Fig. 2.1), hereafter called 
as the field mouse, was selected as the target species. This species belongs to family 
Muridae and is a common rodent endemic to Japan. Thus, the species fulfills the 
criteria of reference animlas specified by ICRP and mice exposed and nonexposed 
to 137Cs are easily obtained owing to its large distribution area in Japan.

The general information of the field mouse is as described below [13]. The 
ranges of their external measurements are as follows: head and body lengths, 
80–140  mm; tail length, 70–130  mm; hindfoot length (not including claw), 
22–28 mm; and body weight, 20–60 g. The species inhibits in Hokkaido, Honshu, 
Kyushu and islands larger than 10 km2. The habitats of the species are forests, plan-
tations, riverside fields with dense grass, paddy fields and cultivated fields. Their 
diet consists of root and stems of herbaceous plants, nuts, berries and small insects. 
The breeding season varies geographically, from April to September in Sapporo 
City  (Hokkaido), from March to April and September to November in Kyoto 
Prefecture (Honshu), and from October to March in Nagasaki Prefecture (Kyushu). 
The gestation period is 19–26 days under laboratory condition. The average litter 
size is 4.0–6.2 in the wild. The reported maximum life span in the wild is estimated 
to be 15 months in Hokkaido and 26 months in Honshu based on live trapping. 

Fig. 2.1  The large 
Japanese field mouse 
(Apodemus speciosus)
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Three chromosome types are observed in these species, 2n = 46 type is distributed 
in Western Japan, and 2n  =  48 is distributed in Eastern Japan. The hybrid type 
2n  =  47 occurs on boundary of both types and is the so-called Kurobe–
Hamamatsu Line.

2.2.2  �External Dose Rate

External dose rate was calculated from daily external dose rate based on the ambient 
dose equivalent rate of gamma-radiation at ground level of the trapping site.

2.2.2.1  �Characteristic of Trapping Site

The trapping site (latitude, 37° 36′ 02″; longitude, 140° 45′ 07″ E; altitude, 578 m) 
was located northwest of FNPP in Fukushima Prefecture. The vegetation at the site 
is mixed coniferous and broadleaf forest. The site was within the “difficult-to-return 
zone” (hereafter the DR zone). The ambient dose equivalent rate was measured at 
randomly chosen spots of the trapping site. The number of the measurement spots 
was four in 2012 and five from 2013 to 2016. 

The ambient dose rate of gamma-radiation at ground level were determined 
using a portable environmental gamma survey meter (NHE20CY3-131By-S, Fuji 
Electric Co., Ltd., Tokyo, Japan) which is in full compliance with JIS Z 4333 (2006) 
(the conversion factor of ambient dose equivalent, H∗(10) for 662 keV γ-photons 
from 137Cs is 1.2 (Sv/Gy)). 

2.2.2.2  �Calculation of External Dose Rate

Being the radiation converting factor of γ-ray 1.0, the daily external dose rate based 
on the ambient dose equivalent rate was calculated using the following formula:

Daily external dose rate (mGy/day) = (Ambient dose equivalent rate of trapping  
site (μSv/h)/1.2) x 24 hrs/1 (radiation weighting factor of γ-ray)/1000

2.2.3  �Internal Dose Rate

The daily internal dose rate based on 137Cs concentration of the field mouse body 
was calculated using Monte Carlo electron-photon transport code EGS5 [14].
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2.2.3.1  �Trapping of the Field Mice

Trapping of the field mice was conducted by Sherman-type live traps baited with 
sunflower seeds. The traps were set from August to November 2012, from July to 
October 2013, from June to August 2014, in August 2015, and from August to 
September 2016. The traps were observed the following day and the trapped field 
mice were euthanized using CO2 asphyxiation.

The field mice were handled in accordance with the guidelines for studying wild 
mammals of the Mammal Society of Japan [15] and the rules of the National 
Institute for Environmental Studies for analysis and experimentation with environ-
mental samples contaminated with radioactive materials. The permission for trap-
ping the field mice was obtained from the Ministry of the Environment, Ministry of 
Agriculture, Forestry and Fisheries and Fukushima Prefectural Office.

2.2.3.2  �Measurement of 137Cs Concentrations in the Field Mice

The age of the euthanized field mice was determined based on tooth wearing [16]. 
The field mice having tooth wear stage 4 or above (>5 month in age; >23.3 g in 
female; >27.0 g in male) were used to measure 137Cs concentrations. The head and 
internal organs were removed from the body and the processed bodies were stored 
at −20 °C until the next processing. The processed body parts consisting of bones, 
muscles and fur skin, were minced individually using a food processer. These 
minced body parts were mixed well and then transferred to a polystyrene container 
(U8 container). High-purity germanium (HpGe) detectors (GMX45P4-76, ORTEC, 
TN, or GCW7023, CAMBERRA industries Inc., TN) calibrated by a standard 
source (MX033U8PP, the Japan Radioisotope Association) were used to measure 
137Cs activity in each minced body. Gamma Studio (SEIKO EG&G CO., LTD., 
Tokyo, Japan) and Spectrum Explorer (CAMBERRA) software were used to ana-
lyze the γ-ray spectra. Cs-137 radioactivity levels of sampling date were adjusted 
based on radioactive decay.

2.2.3.3  �Estimation of Radiation Dose by Intra-body 137Cs

Absorbed dose due to internal exposure inside the field mice that ingested 137Cs 
was calculated using the Monte Carlo electron-photon transport code EGS5. The 
energy distribution and energy spectrum of  β-particles and γ-photons of 137Cs 
were written in the EGS5 user code based on ICRP Publication 107 [17]. The 
shape of the field mouse body was regarded as a cylinder. The size of the cylinder 
was decided based on the average of external measurements on five males and five 
females (a diameter of 20 mm and a height of 122 mm in male and a diameter of 
17 mm and a height of 104 mm in female). Whole-body dose of the field mice 
were calculated from energy transfer to the cylinders assuming mice body. Energy 
transfer of β-particles or γ-photons to the tissues was calculated by simulating the 
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reaction of 137Cs randomly distributed in the cylinder corresponding to the whole 
body, from which β-particles or γ-photons were emitted in random directions.

EGS 5 assumes a body-equivalent substance, which composed of the same atoms 
and having the same density as the body tissue. EGS5 simulates the interaction with 
the body-equivalent substance and the β-particles or γ-photons at the atomic level. 
For all simulated interactions, EGS 5 calculated the energy transferred to the body-
equivalent substances. EGS 5 calculates the energy (J) transferred to substances 
from the β-particles and γ-photons per unit volume by summing energy transferred 
to the body-equivalent substance within the unit volume (mm3). We calculated the 
energy transferred to the body-equivalent substance within the unit mass (J/kg) by 
dividing the energy transferred to the body-equivalent substance within the unit 
volume (J/mm3) by the density (kg/mm3) of the body-equivalent substance. We used 
the energy absorbed per unit mass (J/kg) as radiation dose (Gy) in the 
EGS5-simulation.

2.2.4  �Total Dose Rate

Total dose rate was represented as the sum of the average of external dose rate and 
the average of internal dose rate in each year.

2.3  �Results

2.3.1  �External Dose Rate

The temporal change of the ambient dose equivalent  rate of gamma-radiation at 
ground level of the equivalent trapping site during the study period from 2012 to 
2016 is shown in Fig. 2.2. The highest average ambient equivalent dose rate, 16.7 ± 
4.4 μSv/h, was observed in 2012. Then, the ambient dose equivalent rate gradually 
decreased over the study period.

Figure 2.3 shows the temporal change of external dose rate from 2012 to 2016. 
The highest average external dose rate, 0.335 ± 0.076 mGy/day was observed in 
2012. The average of the external dose rate decreased gradually.

2.3.2  �Internal Dose Rate

Table 2.1 displays the number of the field mice used to measure 137Cs concentrations 
in this study. In total, 91 mice (male, 56; female, 35) were used. Cs-137 concentra-
tion in the field mice during the study period from 2012 to 2016 is shown in Fig. 2.4. 
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Fig. 2.2  The temporal change of the ambient dose equivalent rate of gamma-radiation at ground 
level of the trapping site

Fig. 2.3  The temporal change of external dose rate based on the ambient dose equivalent rate of 
gamma-radiation at ground level of the trapping site

2  Estimation of Dose Rate for the Large Japanese Field Mouse (Apodemus
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Table 2.1  The number of the large Japanese field mouse (Apodemus speciosus) used to measure 
137Cs concentrations in the present study

Trapping time Number
Year Month Male Female Total in year

2012 Aug.–Nov. 15 12 27
2013 Jul.–Oct. 13 6 19
2014 Jun.–Aug. 10 6 16
2015 Aug. 8 3 11
2016 Aug.–Sep. 10 8 18

Total 56 35 91

Fig. 2.4  137Cs concentration in the large Japanese field mice (Apodemus speciosus) during the 
study period from 2012 to 2016. : Average
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The highest concentration, 474,076.1 Bq/kg, was observed in the female mice in 
2012. Then, the concentration was indicated at less than 100,000 Bq/kg after 2013.

Figure 2.5 shows the temporal change of daily internal dose rate from 2012 to 
2016. The average of the daily internal dose rate decreased sharply from 0.212 ± 
0.272 to 0.014 ± 0.012 mGy/day between 2012 and 2013. Then, the value indicated 
approximately 0.040 mGy/day after 2014.

2.3.3  �Total Dose Rate

The temporal change of the total dose rate of the trapping site during the study 
period from 2012 to 2016 is shown in Fig. 2.6. From 2012 to 2013, total dose rate 
decreased sharply from 0.547 to 0.303  mGy/day and then the value gradually 
decreased. The ratio of external dose rate to total dose rate was calculated to be 
61.2%, 95.4%, 86.7%, 87.0% and 80.1% in 2012, 2013, 2014, 2015 and 2016, 
respectively (Fig. 2.7). Thus, main exposure was attributed to the external exposure 
during the study period.

Fig. 2.5  The temporal change of daily internal dose rate based on 137Cs concentrations in the large 
Japanese field mice body

2  Estimation of Dose Rate for the Large Japanese Field Mouse (Apodemus
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Fig. 2.6  The temporal change of total dose rate (the sum of the average of external dose rate and 
the average of internal dose rate)

Fig. 2.7  The temporal change in the ratio of external dose rate and internal dose rate. The dose 
rate was mainly caused by the external dose rate during study period

M. Onuma et al.
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2.4  �Discussion

The purpose of this study was to determine whether the dose rate after 2012 caused 
reduced fertility in male and female field mice distributed in the DR zone. The 
external dose rate was calculated based on the ambient dose equivalent  rate at 
ground level at the trapping sites. The internal dose rate was simulated using EGS5 
based on 137Cs concentrations in the captured field mice. Total dose rate (sum of 
external and internal dose rate) for the field mice within the DR zone was estimated 
to be 0.201–0.547 mGy/day.

According to the DCRLs determined by ICRP, exposure exceeding 1.0 mGy/
day could reduce fertility in male and female field mice. Thus, it is concluded that 
the present dose rate of the field mice distributed in the trapping sites was less than 
the dose rate that reduces fertility. The result of the present study was supported by 
the report on male field mice reproductive researches conducted in the same trap-
ping site [18]. No significant increase in the apoptotic cell frequencies nor the fre-
quencies of morphologically abnormal sperm in the field mice captured in the DR 
zone (ambient dose equivalent rate ranging from 12.7 to 13.9 μSv/h) was observed 
as compared to the results of two control sites, Aomori Prefecture and Toyama 
Prefecture in 2013 and 2014. The resultant median values of the apoptotic cell 
frequency was 5.5–7.7 cells/mm2 of cross section area in Fukushima, 8.0–9.2 in 
Aomori and 8.3–9.1 in Toyama. The results of the frequencies of morphologically 
abnormal sperm in 100 randomly selected spermatozoa showed that the abnormal-
ity was mainly observed on the midpiece of the sperm, with the median values of 
the frequencies being 12–18% in Fukushima, 13–19% in Aomori and 15–17% in 
Toyama. The statistical analysis of the frequency of apoptotic cells and that of mor-
phologically abnormal sperm suggested no significant difference among the loca-
tions. It is reported that enhanced spermatogenesis was thought to have occurred in 
the field mice distributed in Tanashio (21 μGy/day), Murohara (304–365 μGy/day) 
and Akogi (407–447 μGy/day). The number of spermatogenic cells and proliferat-
ing cell nuclear antigen-positive cells per seminiferous tubule of the Akogi group 
was significantly higher than that in the Tanashio and Murohara groups. In addi-
tion, TUNEL-positive apoptotic cells tended to be detected at the lower level in the 
Murohara and Akogi groups compared to the Tanashio group where radiocontami-
nation of the least among the three places [19].

The result of the present study suggested that the present dose rate of the field 
mice distributed in the trapping site does not affect the reproduction. However, it is 
difficult to generalize the result across the entire DR zone because levels of con-
tamination by radioactive substances vary from location to location within the DR 
zone. The difference in levels of contamination may affect not only the external 
dose rate but also the internal dose rate through foraging activity. Therefore, further 
study, particularly on apoptotic cell frequencies and the frequencies of morphologi-
cally abnormal sperm, is required in heavily contaminated areas to compare the 
reported data. In addition, it is necessary to evaluate female reproductive organs, 
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particularly the ovary, to gain an understanding of the actual situation of reproduc-
tion of the field mouse under the exposure. Furthermore, the effect of β-particles 
should be included to increase estimation accuracy of the external dose rate because 
the body of the field mouse is in contact with the contaminated ground in most of 
the time due to their activity pattern. It must be noticed that dose rate exceeding 
0.1 mGy/day, which is mainly attributed to external dose rate is still prevalent in 
most of the DR zone. According to the DCRLs determined by ICRP, there is a very 
low probability of certain effects occurring under dose rate exceeding 0.1 mGy/day 
(Table 2.2) [11]. Thus, various indexes should be applied to evaluate the exposure 
effects on the species. In fact, chromosomal aberrations in the splenic lymphocytes 
of field mice captured near FNPP were reported [20]. Frequencies of translocations 
and dicentrics per cell (%) of the field mice distribution in “the heavily contami-
nated area (ambient dose equivalent rate = 80.0 μSv/h)” were significantly higher 
than that of the control area (ambient dose rate was 0.1 μSv/h), slightly contami-
nated area (ambient dose equivalent rate ranging from 0.3 to 0.4 μSv/h), and mod-
erately contaminated area (ambient dose equivalent  rate ranging from 7.5 to 
30.7 μSv/h). Translocations and dicentrics were mainly observed in chromosome 2, 
potentially resulting from the presence of vulnerable sites to cellular stress in chro-
mosome 2. These results, increased chromosomal aberrations, suggest that the pres-
ent dose rate could affect the genome sequence of the species distributed in the DR 
zone. Investigation of the change of the mutation rate in germ cells is the first prior-
ity to evaluate the effect of the present dose rate on the field mouse population.

Acknowledgments  We would like to thank Professor Hirayama for preparing the EGS5-code for 
estimating the internal exposure dose by 137Cs. And thanks to Dr. Tsukasa Okano for the coopera-
tion of the research.

Dose rate (mGy/day)

>1000 Mortality from haemopoietic syndrome in adults.

100–1000 Reduction in lifespan due to various causes.

10–100 Increased morbidity. Possible reduced lifespan. Reduced reproductive success. 

1–10 Potential for reduced reproductive success due to reduced fertility in males and females. 

0.1–1 Very low probability of effects. Derived consideration reference level for Muridae.

0.01–0.1 No observed effects.

<0.01 Natural background.

Effects

Table 2.2  Potential biological effects by deferent level of radiation for Muridae species (ICRP 
2018 [17])
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