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Chapter 4

Radioactive Cesium Contamination
of Arthropods and Earthworms After
the Fukushima Daiichi Nuclear Power Plant
Accident

Sota Tanaka, Taro Adati, Tomoyuki Takahashi, and Sentaro Takahashi

Abstract To understand the behavior of radioactive cesium (**Cs+'*’Cs) in terres-
trial invertebrates, chronological changes in the concentration of radioactive Cs in
arthropods from different trophic levels were investigated after the Fukushima Daiichi
Nuclear Power Plant accident. In addition, the level of radioactive Cs in earthworms,
representing the detritivores, was also investigated. The median radioactive Cs con-
centration in the rice grasshopper (Oxya yezoensis) and the Emma field cricket
(Teleogryllus emma) was 0.46 and 0.15 Bq/g fresh weight (fw) in 2012, respectively,
which dropped continuously to 0.05 and 0.01 Bg/g fw in 2016. In contrast, no signifi-
cant reduction in radioactive Cs concentration was observed in the Jor6 spider
(Nephila clavata) in which the concentration was 0.31 Bg/g fw in 2012 and remained
at 0.14 Bqg/g fw in 2016. The comparison of radioactive Cs concentration at each
trophic level showed that the amount in detritivorous earthworms was 85 times higher
than in herbivorous grasshoppers. This suggests that detritus food web could be a
primary pathway for migration of radioactive Cs through food webs.
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4.1 Introduction

The accident at TEPCO’s Fukushima Daiichi Nuclear Power Plant (FNPP) caused
serious radioactive contamination across a wide area of eastern Japan. There is con-
cern about the effect on the environment of cesium-134 (1**Cs) and Cs-137 ('¥'Cs),
with the relatively long half-life (!*Cs, 2.06 years; '*’Cs, 30.17 years). In Fukushima
Prefecture, approximately 71% of the total land area is covered with forests [1].
Therefore, a large proportion of the radioactive Cs (***Cs+'3’Cs) released into the
atmosphere was deposited onto the forested areas. Over time, the radioactive Cs
accumulates in the soil surface layer and is maintained long-term in the soil organic
layer. Thus, the organic layer of soil represents a major pool of radioactive Cs in
forest ecosystems [2]. Radioactive Cs can then circulate throughout the forest eco-
system by biological processes [3] as is in the same elemental family as potassium,
an essential element for all organisms.

Arthropods have a large biomass and are important food sources for other organ-
isms such as birds, amphibians, reptiles and mammals. Terrestrial arthropods are
also important seasonal diets for freshwater fishes such as trout [4, 5] and act as a
trophic linkage across the forest—stream ecosystem [6]. This supports the hypothe-
sis that terrestrial arthropods could be a carrier of radioactive Cs throughout the
food web and a route of transfer or radioactive Cs between the forest and aquatic
ecosystems.

Earthworms function as ecosystem engineers [7] to produce a homogenized
organic soil layer. This bioturbation activity is an important factor in the long-term
behavior of radioactive Cs in the soil [8]. Earthworms are also important food
resources for various organisms. Therefore, determining radioactive Cs concentra-
tion in arthropods and earthworms is important for understanding the long-term
behavior of radioactive Cs in the ecosystem and for radiation risk assessment for
non-human species. However, the number of reports on radioactive contamination
in arthropods and earthworms after the FNPP accident is limited (Table 4.1) [9-19].

We reported the chronological changes in radioactive Cs levels in common ter-
restrial arthropod species from different trophic levels after the FNPP accident. The
report showed a continuous annual reduction of radioactive Cs in herbivorous grass-
hoppers and omnivorous crickets, in contrast to carnivorous spiders in which no
significant reduction in radioactive Cs was observed from 2012 to 2014. These dif-
ferences in radioactive Cs at each trophic level over time suggest that the level of
contamination of the varied food resource pathways is different [15].

The present study shows the latest data on the chronological changes of radioac-
tive Cs concentration in the arthropods over the 5-year period from 2012 to 2016.
Furthermore, in order to investigate the detritus food web which has been suggested
to act a major transfer pathway of radioactive Cs in the food web [10, 16], detritivo-
rous earthworms were investigated in 2014, and radioactive Cs concentration among
species with different feeding habits was compared.
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Table 4.1 Reports on radionuclide contamination in arthropods and earthworms after the FNPP
accident

Collection
Target Radionuclide year References
Spider 134Cs,37Cs 2012 Ayabe et al. [9]
Various organisms including 37Cs 2012 Murakami et al. [10]
arthropods
Aquatic insects in a stream 134Cs,97Cs 2012-2013 Yoshimura and Akama

[11]

Various organisms including 134Cs,97Cs, 2011-2014 Nakanishi et al. [12]
spider HomA o
Spider 134Cs,37Cs 2012-2013 Ayabe et al. [13]
Various organisms including 137Cs 2012-2013 Sakai et al. [14]
arthropods
Spider, cricket, grasshopper 134Cs,137Cs 2012-2014 Tanaka et al. [15]
Forest insects 137Cs 2012-2013 Ishii et al. [16]
Earthworm 134Cs,37Cs 2011 Hasegawa et al. [17]
Earthworm 134Cs,13Cs 2011-2013 Hasegawa et al. [18]
Earthworm 137Cs 2014-2016 Tanaka et al. [19]

4.2 Materials and Methods

4.2.1 Sampling Site and Measurement of Ambient Dose
Equivalent Rate

The sampling site is located 40.1 km northwest of FNPP (latitude, 37°41'35" N;
longitude, 140°44'08” E; Fig. 4.1). This area is composed of a hilly and mountain-
ous landscape with agricultural fields and residential areas surrounded by
mountainous forests. Residents were still not permitted to live in this area during the
study period from 2012 to 2016.

Ambient dose equivalent rate was measured at multiple points on the sampling
site using a Nal scintillation survey meter (TCS171, Hitachi, Ltd., Japan) placed
1 m above the ground, and the distance of each measurement point was at least 20 m.

4.2.2 Sampling of Arthropods and Earthworms

Three arthropod species, the rice grasshopper (Oxya yezoensis), the Emma field
cricket (Teleogryllus emma) and the Jord spider (Nephila clavata) were collected by
sweep-net sampling and hand collection from September to October of each year
between 2012 and 2016. For each arthropod species, we collected 20-200 individu-
als each year. Epigeic earthworms were collected by hand collection in October
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Fig. 4.1 Location of the
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2014. All of the sampled arthropods and earthworms experience a generational turn-
over once a year.

4.2.3 Measurement of Radioactive Cs Levels in Samples

Gamma-ray spectrometry was conducted using a high-purity germanium detector
(GC-2020, Canberra Industries, and GEM30-70, ORTEC, USA) with a multichan-
nel analyzer (MCA, DAS1000, Canberra Industries, and Easy-MCA-8k, ORTEC,
USA). The counting efficiency of the detector was determined by measuring a certi-
fied mixed radioactive standard gamma volume source (MX033SPLUS, Japan
Radioisotope Association, and 24FY039, Japan Chemical Analysis Center). All
samples were placed into 100 ml plastic containers (U-8), and the radioactivity of
the samples was obtained as Bq/g fresh weight (Bg/g fw).

4.2.4 Statistical Analyses

For changes in ambient dose equivalent rate and radioactive Cs concentration in
arthropods and earthworms, the lower (Q;) and upper (Qs) quartiles and the inter-
quartile range (IQR = Q;_0,) were calculated. Differences in the values among
years were analyzed with a Kruskal-Wallis test using R version 2.15.3 [20].
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4.3 Results
4.3.1 Ambient Dose Equivalent Rates at the Sampling Site

Ambient dose equivalent rate at the sampling site is shown in Fig. 4.2. The median
ambient dose equivalent rate showed significant reductions from 3.74 to 1.29 pSv/h
between 2012 and 2016 (Kruskal-Wallis test, P < 0.05). The decrease during the
initial phase of the survey period from 2012 to 2013 was 29%, and 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 to be 65%.

4.3.2 Chronological Changes in Radioactive Cs Levels
in Arthropods

The change in radioactive Cs concentration in three arthropod species over the
5-year investigation is shown in Fig. 4.3. The median concentration of radioactive
Cs in grasshoppers significantly decreased from 0.46 to 0.05 Bg/g fw between 2012
and 2016 (Kruskal-Wallis test, P < 0.05; Fig. 4.3A). Field crickets also showed a
significant decrease in radioactive Cs concentration from 0.15 to 0.01 Bq/g fw
(P <0.05; Fig. 4.3B). In contrast, the median concentration of radioactive Cs in Jord
spiders was not significantly different during the survey period (P = 0.14; Fig. 4.3C);
the median of radioactive Cs concentration from 2012 to 2016 were 0.31, 0.33,
0.20, 0.23, and 0.14 Bg/g fw, respectively. The decrease in median radioactive Cs

Fig. 4.2 The ambient dose Ambient dose equivalent rate
equivalent rate (uSv/h at
1 m above ground)
significantly differed over
time after the FNPP
accident (Kruskal-Wallis
test, P < 0.001). Minimum
and maximum values of
dose rate are depicted by
whiskers plots. The box
signifies the upper and
lower quartiles, and the
median is represented by a
horizontal line within the
box for each year
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Fig. 4.3 Radioactive Cs concentration (Bq/g fw) in the rice grasshopper (Oxya yezoensis) (A), and
the Emma field cricket (Teleogryllus emma) (B), significantly changed over time after the FNPP
accident (Kruskal-Wallis test, (A) P = 0.002; (B) P = 0.003). However, no significant changes
were observed in the Jord spider (Nephila clavata) (C: P = 0.149). Minimum and maximum con-
centrations are depicted by whisker plots. The box signifies the upper and lower quartiles, and the
median is represented by a horizontal line within the box for each year

concentration from 2012 to 2016 was calculated to be 88%, 87%, and 52% for
grasshoppers, field crickets, and Jord spiders, respectively.

4.3.3 Comparison Between Different Feeding Habits and ’Cs
Concentration

Radioactive Cs concentration in grasshoppers, field crickets, Jor6 spiders and earth-
worms was compared in 2014. The median of *’Cs 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 Jor6 spiders, which showed the highest level of
radioactive Cs among the three arthropod species examined (Fig. 4.4).
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4.4 Discussion

The ambient dose equivalent rate at the sampling site significantly decreased from
2012 to 2016. The y-ray contribution of '**Cs to ambient dose equivalent rate is
higher than '¥’Cs [21], and the physical half-life of '**Cs is shorter than that of '*’Cs.
Therefore, the reduction in the ambient equivalent dose rate during the initial phase
after the accident determined in the present study is mainly attributed to the physical
half-life of **Cs, although the weathering effect may also contribute to the decrease.
From 2015 to 2016, the decrease in ambient equivalent dose rate at the sampling site
was only 4%, which was lower than the 29% decrease during the initial phase from
2012 to 2013. This suggests that the yearly rate of decrease in the ambient dose
equivalent rate at the time of this study will remain for a long time even at the
low levels.

The median radioactive Cs concentration in the grasshoppers and field cricket
significantly decreased from 2012 to 2016. In contrast, the concentration in Jord
spiders did not differ significantly during the survey period. These trends are consis-
tent with our previous report from 2012 to 2014 [15]. The radioactive Cs concentra-
tion in Jord spiders showed relatively wide variation during the 5-year sampling
period, and the median radioactive Cs concentration in Jor6 spiders remained at
52% between 2012 and 2016. Different food resource pathways, such as grazing
and detrital food web, likely caused this trend [22]. As herbivorous, grasshoppers
rely on the grazing food web, and their radioactive Cs concentration showed a rapid
decrease. These indicate that radioactive Cs transfer from the grazing food web is
not a dominant long-term contributor in grasshoppers. In contrast, carnivorous web
spiders rely on both the grazing and detritus food webs due to the variety of prey
items captured by their orb web. The variation in radioactive Cs in Jord spiders dur-
ing the 5-year survey period indicated that they use both the grazing and detritus
food webs. The relationship between feeding habits and radioactive Cs levels
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showed that earthworms, representing the detritivores, had radioactive Cs levels
about 85 times higher than grasshoppers which rely on the grazing food web. We
reported that the *’Cs concentration in the earthworms remained stable from 2014
to 2016 [19]. These findings clearly indicate that the detritus food web is more
highly contaminated than the grazing food web. High levels of '*’Cs accumulation
flow up to higher trophic levels through the detritus food web [10]. Therefore, the
high levels of radioactive Cs concentration maintained in Jord spiders during this
study period could be explained by their food resources coming from the contami-
nated detritus food web. In forests, the biomass of aerial insects from the detrital
food web increases in spring and autumn, and web spider depends on these aerial
insects [23]. In the present study, Jord spiders were collected in autumn between
September and October; thus the food resources of Jord spiders were relatively
dependent on the detritus food web during the collection period. This study thus
demonstrates that the detritus food web is the primary pathway for long-term move-
ment of radioactive Cs through the food web. Moreover, the detritus food web
makes a large contribution to the transfer and circulation of radioactive Cs within
the ecosystem. From a long-term perspective, the behavior of radioactive Cs through
the food web, including these invertebrate species, is important for understanding
the environmental behavior of radioactive Cs and accurate radiation risk assessment
for non-human species.

4.5 Conclusions

A 5S-year study in arthropods showed variations in the chronological change of
radioactive Cs concentration levels among arthropods of different trophic levels.
The radioactive Cs concentration in both herbivorous grasshoppers and omnivorous
field crickets significantly reduced from 2012 to 2016. In contrast, the level in car-
nivorous Jord spiders did not change significantly during the survey period. This
variance is likely caused by the difference in food resource pathways between the
grazing food web and the detritus food web (Fig. 4.5). Detritivorous earthworms
showed the highest radioactive Cs concentration, and the comparison between tro-
phic levels and radioactive Cs concentration clearly showed high contamination in
the detritus food web. This study demonstrates that the detritus food web is the
primary pathway for long-term radioactive Cs movement through the food web.
Long-term monitoring of terrestrial invertebrates is thus necessary to understand the
behavior of radioactive Cs in the ecosystem and to contribute to risk assessment for
non-human species.
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<€—— Grazing food web
<€ — Detritus food web
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Fig. 4.5 Transfer pathways of radioactive Cs in terrestrial invertebrates. Each species represents
feeding habits of terrestrial invertebrates; thus each species does not always prey on each other
directly. For example, web spider cannot prey earthworm, but they can prey detritivores such as
flies (Diptera) which emerge from the same habitat of earthworm. Therefore, earthworm represents
radioactive Cs contamination in detritivores, and the other three species also represent the contami-
nation of each feeding habit
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