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1. Introduction

As shown by the time change in radiation air dose 
rates measured by airborne surveys (Nuclear Regulation 
Authority, 2020), serious environmental radioactive 
contamination occurred widely as a result of the 
Fukushima Daiichi nuclear power plant (FDNPP) 
accident. The air dose rate has clearly been declining 
during the nearly 10 years that have passed since the 
accident thanks to decontamination operations in the 
living sphere of the affected areas as well as the natural 
decay of Cs-134, the half-life of which is 2.0 years, and 
weathering of radiocesium.

On the other hand, the forested areas that cover over 
80% of the evacuated zones remain mostly non-
decontaminated. Considering the reported behavioral 
properties of radiocesium in forests such as its high 
adsorption in clay particles in the soil (Takahashi et al., 
2019) and limited runoff ratios even during rain events 
(Tsuji et al., 2016; Iwagami et al., 2017a), it is assumed 
that large amounts of the deposited radiocesium will be 
retained in the surface soil layer over a long period of 
time. Serious radioactive contamination of forested areas 
and subsequent long-term contamination of natural 
ecosystems were reported after the Chernobyl nuclear 
power plant (CNPP) accident in 1986 in the former 
Soviet Union (Belli & Tikhomirov, 1996; Bulgakov et al., 
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2002). The same situation is of increasing concern in the 
area affected by the FDNPP accident. Additionally, since 
long-term retention of radiocesium in the forest floor 
means prolonged conditions of high dose rates in the part 
of the forest environment near the ground, we cannot 
overlook the effects of radiation doses on organisms over 
the mid to long term.

In this paper, we focus especially on radiocesium 
transfer to natural ecosystems and the various effects of 
radiation on organisms in an attempt to assess the 
environmental effects of the FDNPP accident through the 
accumulated scientific knowledge from previous research 
papers. Concretely, we first give an overview of the 
behavioral properties of dissolved radiocesium with high 
bio-availability, which plays an important role in its 
transfer to natural ecosystems in forests and river 
systems. Then we describe the state of radiocesium 
transference to forest trees, freshwater fish and wild 
animals. In addition, the actual state of radiation doses’ 
influence on organisms and the influence on biota of the 
absence of humans due to evacuation are described 
respectively as direct and indirect effects of serious 
environmental radioactive contamination.
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2.  Migration Behavior of Dissolved Cs in 
Terrestrial Areas

In a previous review (Hayashi, 2016), the following 
points were indicated as future issues regarding the 
behavior of Cs in the environment around Fukushima:

- Organization of scientific knowledge on managing 
radiocesium runoff from forests based on many case 
studies,

- Detailed investigations of dissolved radiocesium in 
river systems in terms of generation mechanisms, 
particularly the contribution of highly contaminated 
organic matter (leaf litter) and seasonal fluctuations 
in concentrations,

- Investigations on the behavior of sediments with high 
concentrations of radiocesium through direct 
deposition and initial inflow to clarify the actual 
state of bottom sediment contamination in dam 
reservoirs, and

- Investigations on the possibility of dam reservoirs 
acting as a source of dissolved radiocesium.

  In this chapter, we review recent investigations 
on the behavior of dissolved radiocesium in river 
systems and forests, which are considered to be two 
sources.

2.1 Sources of Dissolved Cs in River Systems
Highly contaminated organic litter, such as leaf litter, 

is considered one of the possible sources of dissolved 
radiocesium in river systems. This possibility is supported 
by both seasonal fluctuation, with high levels in summer 
and low in winter (Tsuji et al., 2016; Nakanishi & 
Sakuma, 2019), and a rapid but extremely temporary 
increase in concentration immediately after rainfall starts 
(Tsuji et al., 2016; Iwagami et al., 2017b; Sakuma et al., 
2019). According to phenomenological model 
calculations, these trends in dissolved radiocesium 
concentration cannot be expressed by traditional 
adsorption-desorption distribution models, so it is thought 
that the kinetically controlled dissolution of radiocesium 
during the decomposition of organic matter might 
contribute (Sakuma et al., 2019). Dissolved radiocesium 
concentrations are correlated with water temperature 
(Nakanishi & Sakuma, 2019), dissolved organic carbon 
(DOC) and potassium (K+) concentrations (Tsuji et al., 
2016), also suggesting contribution of organic matter 
decomposition. However, since the width of fluctuation 
decreases with time (Nakanishi & Sakuma, 2019), the 
contribution of this process might be decreasing.

Desorption from forest soil or river sediments is 
another possible source. In the case of forest streams, the 
declining trend of dissolved radiocesium in stream water 
is similar to that in groundwater (Iwagami et al., 2017b). 
The level of radiocesium dissolved in water contained in 
soil layers was found to be quite high in July 2011 and 
declined after that, and could be fit with a two-component 

exponential model (Iwagami et al., 2017c). The faster 
decline rate showed a good correlation with the 
radiocesium interception potential (RIP), suggesting that 
desorption from clay minerals contributed to generation 
of dissolved radiocesium in forest soil. In the case of river 
sediments, the cation exchange capacity (CEC) is 
influenced by both clay minerals and organic matter 
content (Tachi et al., 2020a). The adsorption behavior at 
10-9 M of the initial concentration of radiocesium can be 
expressed by a first-order reaction, but the rate constant 
decreases with an increase in organic matter content, 
indicating that organic matter inhibits radiocesium access 
to frayed edge sites (FESs) (Tachi et al., 2020b). In 
particular, the dissolved radiocesium concentration in 
output water from one of the dam reservoirs in 
Fukushima has shown slightly higher concentrations and 
slower decline than that of the input water (Funaki et al., 
2020). It is thought that radiocesium that has accumulated 
in the reservoir sediments may partly be desorbed by 
ammonium ions, dissolving into the reservoir’s water. 
The conditions in the reservoir sediment are likely to 
remain in a reducing condition under which ammonium 
ions are easily generated and can desorb cesium ions.

2.2 Behavior of Cs in the Forest Floor
Most of the radiocesium deposited in forests has 

moved from the canopy to the forest floor. Throughfall is 
the dominant pathway of radiocesium transfer in the first 
year, and the contribution of litterfall gradually increases 
with time (Kato et al., 2017). The trend of radiocesium 
decreasing in the canopy is expressed by a double 
exponential field-loss model. In the six months after the 
accident, 82% of the initially deposited radiocesium was 
present on the forest floor in mixed forests and broad-
leaved forests, and 78-56% in the case of cedar forests 
(Komatsu et al., 2016). The ratio of radiocesium on the 
cedar forest floors to the initially deposited amount was 
also reported to be 80% three years after the accident 
(Gonze et al., 2017) and 94% four years after it 
(Yoschenko, 2017).

On the forest floor, radiocesium in the litter layer 
migrates to the lower mineral layer, and is strongly 
adsorbed by the minerals. It has been reported that the 
radiocesium concentration in the mineral layer located a 
few centimeters below the surface gradually increased 
and became higher than that in the litter layer after two or 
three years (Takahashi et al., 2019). The exchangeable 
fraction of radiocesium was of 10% in the organic layer 
and 6% in mineral layer after five months, and constant at 
2 –4% in two to four years in both layers, showing that 
radiocesium could not easily move to deeper parts 
(Manaka et al., 2019). Throughfall dominates as the 
source of radiocesium migrating downward from the 
litter layer in the case of cedar forests, while 
decomposition of litter dominates in the case of broad-
leaved forests (Kurihara et al., 2018).
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Litter from forests and elution from the litter/organic 
soil layer are likely contributors to the dissolved 
radiocesium concentrations in river systems. Based on a 
compartment model analysis  Kurikami et al. (2019) 
reported that the origination of dissolved radiocesium 
concentration in river water and freshwater fish could be 
explained by a combination of these three sources. 
Further investigations to clarify the dissolution 
mechanism and behavior of radiocesium in forests are 
desired, which would enable the establishment of models 
for estimating future concentrations.

3. Radiocesium Transfer to Natural Ecosystems

Most of the radiocesium emitted in large quantities 
into the environment by the FDNPP accident was 
deposited in the mountainous forested areas of 
Fukushima Prefecture and its surroundings. Many studies 
after the accident suggest that although most of the 
deposited radiocesium remains in the surface soil layer 
because it is strongly bound with clay particles in the soil, 
the runoff ratio from forest catchments is limited to less 
than 1.0% annually even when large storms occur (Tsuji 
et al., 2016; Iwagami et al., 2017a). Therefore, forested 
areas would not be involved with re-contamination in the 
downstream catchment area as the source of radiocesium 
migration. However, this situation implies that 
radiocesium deposited on the forest floor, especially Cs-
137 with a long half-life (30.1 yrs.) stays nearly retainable 
in the surface soil layer, which is biologically active 
(Takahashi et al., 2019). Therefore, understanding 
radiocesium transfer in natural ecosystems is essential for 
inferring future trends.

In this chapter, we outline the current state of 
radiocesium distribution and properties of its transfer in 
the natural ecosystems of forested areas, freshwater 
bodies and wild animals, based on reports from previous 
studies after the FDNPP accident.

3.1 Forest Ecosystems
As for the state of radiocesium transfer into forest 

products, which is of most concern regarding radioactive 
contamination of forest ecosystems, the main research 
that has been conducted has targeted evergreen needle-
leaved trees like Japanese cedar and cypress which have 
been utilized as timber products (Kanasashi et al., 2015; 
Kajimoto et al,. 2015; Kato et al., 2017; Nishikiori et al., 
2019). Since uptake followed by translocation from the 
above-ground parts, mainly foliage, where it was 
deposited soon after the accident, and root uptake are 
assumed as the transfer processes of radiocesium to 
wood, this is of most interest. Several attempts have been 
made to quantitatively evaluate the respective 
contributions (Mahara et al., 2014; Nishikiori et al., 2015; 
Yoschenko et al., 2018). Imamura et al. (2020) conducted 
a source analysis utilizing the ratio of Cs-137 activity 

concentration to stable cesium (Cs-133) concentration in 
several components of Japanese cedar and soil pore 
water. They estimated that root uptake had contributed to 
about 50% of the increment in Cs-137 in the stemwood 
of a 40-year-old tree from Jul. 2011 to Aug. 2017 at a 
maximum, although the size of this contribution was 
highly uncertain. Thiry et al. (2020) applied of their 
comprehensive modeling of radiocesium cycling in 
forests to pine trees in Belarus and Ukraine after the 
CNPP accident using the observed data. They proved that 
root uptake contributed to the transfer of Cs-137 to wood 
more strongly than uptake from foliage since 10 years 
after the accident. Even in Fukushima, continuous 
observation will be needed to see if the contribution of 
root uptake to the Cs -137 transfer to the wood of 
Japanese cedar and Japanese cypress increases in the 
future, although it will depend on how much bio-
available Cs-137 is generated in the soil, corresponding 
to forest environment conditions.

Based on a five-year study starting from Aug. 2011, 
five months after the FDNPP accident, Imamura et al. 
(2017) estimated the initial deposition of Cs-137 onto the 
above-ground parts of konara oak to be less than one-
third of those of Japanese cedar or Japanese cypress, due 
to lack of foliage at the time of the accident in the case of 
deciduous broad-leaved trees. Surprisingly, Cs-137 
activity concentrations in deciduous konara oak leaves 
did not change over the five years, although the Cs-137 
activity concentrations in the wood significantly increased 
year by year. Kanasashi et al. (2020) showed that Cs-137 
activity concentrations in growing coppiced shoots of 
konara oak have had a significant positive correlation 
with exchangeable Cs-137 in soil in Fukushima after the 
FDNPP accident. It may be necessary to examine the 
contribution of root uptake as one of the main controlling 
factors in determining Cs-137 activity concentrations in 
the leaves and stemwood of deciduous broad-leaved trees 
as well as translocation from the deposited bark and 
branches. Generally, many deciduous broad-leaved trees 
have shallower root systems than Japanese cedars and 
Japanese cypresses, suggesting that they may be able to 
take up exchangeable Cs-137 in soil supplied by leaching 
from litter more easily.

Since radiocesium cycling caused by transfer to 
deciduous broad-leaved trees via root uptake will be a 
strong concern regarding long-term radioactive 
contamination of forest ecosystems, countermeasures to 
this issue should be considered in future research.

3.2 Freshwater Ecosystems
Since radioactive contamination of fish is a big 

concern from the viewpoint of inland water fisheries and 
the leisure industry in freshwater ecosystems, the 
Ministry of the Environment; Ministry of Agriculture, 
Forestry and Fisheries; and Fukushima Prefecture have 
been conducting respective monitoring projects to 
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elucidate the state of radiocesium concentrations in fish. 
By utilizing these monitoring data, Ishii et al. (2020) 
showed that the state of Cs-137 transfer to fish clearly 
differed by habitat (river or lake) or feeding habit of fish 
using the concentration factor (CF: CF = Cs-137 activity 
concentration in fish (Bq/kg-fw)/Cs-137 in water (Bq/L)), 
which serves as an indicator of the present state of 
radiocesium transfer from the aqueous environment to 
aquatic organisms. It has also been confirmed that larger 
fish show higher radiocesium concentrations than smaller 
ones even in the same habitat or among the same species 
(Wada et al., 2019; Ishii et al., 2020). Freshwater fish 
usually supplement cations including radiocesium 
through feeding and have a lower excretion rate during 
osmoregulation compared to marine fish (Wada et al., 
2019). Consequently, since their radiocesium activity 
concentration varies depending largely on what they eat, 
clarifying the flow of radiocesium via the food-web is 
clearly essential to understanding the mechanism of 
transfer to fish.

Generally, radiocesium activity concentrations in 
omnivorous or carnivorous fish are higher than that in 
herbivorous or planktotrophic fish (Wada et al., 2016; 
Ishii et al., 2020), so how radiocesium is transferred to 
fish by the detritus food chain via insects feeding on 
forest litter is being examined. As an example, it has been 
confirmed that differences in radiocesium concentrations 
in litter, which is the basal food of forest and stream 
ecosystems, are reflected in radiocesium concentrations 
in communities of aquatic organism (Sakai et al., 2016). 
Factors inhibiting lower of radiocesium activity 
concentrations in fish need to be investigated and 
effective countermeasures to prevent radiocesium from 
transferring to fish need to be examined as much as 
possible based on scientific knowledge obtained from an 
evaluation of transfer properties through the food web in 
order to promote the recovery of industries related to 
freshwater fish.

3.3 Wild Animals
As for the transfer of radiocesium originating from 

the FDNPP accident to wild animals, the current and 
transition states have been examined mainly with regard 
to game animals from the viewpoint of food-safety. From 
the reported Cs-137 activity concentrations in game meat 
data from Asian black bears (Ursus thibetanus), wild 
boars (Sus scrofa), sika deer (Cervus nippon), green 
pheasants (Phasianus versicolor), copper pheasants 
(Syrmaticus soemmerringii), and wild ducks (Anas 
poecilorhynch and Anas platyrhynchos) in more than 10 
prefectures after the FDNPP accident between 2011 and 
2015, Tagami et al. (2016) confirmed that the 
concentrations in wild boars were the highest of all, but 
were lower than those reported after the CNPP accident. 
Also from a comparison between Cs-137 activity 
concentrations in the meat of Asian black bears or wild 

boars between 2011 and 2016 and Cs-137 inventories in 
the areas where they had been trapped, estimated by 
airborne surveys (Nuclear Regulation Authority 2020), 
Nemoto et al. (2018) reported that each concentration 
was proportional to the inventory and the concentration 
in wild boars was higher than in Asian black bears if they 
had been trapped in the same area.

As for the aggregated Cs-137 transfer factor (Tag = 
activity concentration in meat (Bq/kg-fw)/inventory in 
soil (Bq/m2)), which is an indicator of transfer properties 
from radioactive contaminated land to game animals, the 
geometric means (GM) for green pheasant and wild duck 
remained on the order of 10-4 during the monitoring 
period, while those for Asian black bear, wild boar, sika 
deer and copper pheasant were one order higher (Tagami 
et al., 2016; Nemoto et al., 2018).  Compared with the 
Tag after the CNPP accident, directly comparable data 
obtained for wild boars were in the same range of the GM 
values (4 × 10−3 to 6.7 × 10−2) collected within five years 
after the CNPP accident by International Atomic Energy 
Agency (IAEA; Howard et al., 1996).

The annual change in Tag depends on the species. 
While it decreases slightly in some species (wild boar, 
green pheasant and wild duck), no significant change has 
been found in other species (Asian black bear, sika deer 
and copper pheasant). Although clear seasonal changes in 
Cs-137 activity concentration were found in wild animals 
after the CNPP accident (Semizhon et al., 2009), a 
uniform opinion has yet to be formed in the case of the 
FDNPP accident. While Tagami et al. (2016) concluded 
that no seasonal trends could be found in any species 
from the collected data, Nemoto et al. (2018) stated that 
muscle Cs-137 varied seasonally and that this seasonal 
variation also differed between Asian black bears and 
wild boars. It might be necessary to conduct more 
successive sample collections and detailed analyses 
considering differences in feeding among species or 
differences in environment between the areas affected by 
the FDNPP and CNPP accidents to gain a clearer 
understanding of the properties. Concretely, progress will 
be needed in studies focused on gastric contents of wild 
animals to elucidate increases in concentrations according 
to when and what they eat (Saito et al., 2020). This 
pertains especially to the most contaminated wild boars 
whose numbers are confirmed to have increased due to 
the effects of evacuation orders affecting seriously 
contaminated areas (Lyons et al. 2020). More detailed 
research on ranging behavior, dietary habits and the long-
term behavior of radiocesium in forest ecosystems will be 
needed in Fukushima Prefecture and surrounding areas 
(Hinton et al., 2015).

4.  Effects of Radiation and Human Evacuation on 
Wild Organisms and Ecosystems in Fukushima

As a result of the FDNPP accident, all of the wild 
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animals and plants have been left behind in high 
radiation-dose areas, so they are still exposed to radiation 
in Fukushima. It is, therefore, of high concern whether 
any adverse effects have been found in wild organisms in 
the Fukushima area resulting from long-term, low-dose 
exposures to radiation. In the first half of this chapter, we 
focus on radiation effects in wild organisms found in 
Fukushima, where small but serious adverse effects of 
radiation have been detected. However, the risks from 
radiation on wild organisms will diminish because 
radiation doses in Fukushima have been decreasing 
through natural decay, weathering and efforts for 
decontamination. The area covered by the evacuation 
zones has been steadily decreasing, from 1,150 km2 in 
August 2013 to 340 km2 in April 2019, as air dose rates 
have decreased. With the lifting of evacuation orders, 
about 58,000 former residents of the evacuation zones, 
have been permitted to return to their hometowns, but the 
area’s population is only 28% of its total before the 
accident. Thus, changes in land use with the cessation of 
daily life activities, such as agricultural and horticultural 
work, continue, and these significantly affect the wild 
organisms and ecosystems in the evacuation zones. In the 
Fukushima evacuation zones, because the air dose rates 
are gradually decreasing with time, it will be necessary to 
pay more attention to the effects of the evacuation on 
wild organisms and ecosystem rather than direct effects 
from radiation hereafter. Therefore, the impacts of rapid 
changes in human activities on wild organisms and 
ecosystems are also described in the second half of this 
chapter.

4.1  Estimated Levels of Exposure of Wild Organisms 
to Radiation
Levels of contamination with radioactive materials 

and estimated radiation exposure doses in marine and 
terrestrial organisms living in Fukushima were initially 
predicted to exceed the derived consideration reference 
levels (DCRLs) determined by ICRP and reported during 
first month after the accident (ICRP, 2008; Garnier-
Laplace et al., 2011; Strand et al., 2014). According to the 
prediction, marine organisms including seaweed, benthic 
invertebrates and benthic flatfish were expected to have 
suffered severe effects from radiation categorized as 
“reduction in life span” in ICRP’s DCRLs (Tamaoki, 
2016). However, very few adverse effects were found in 
marine organisms living in Fukushima.

The only exception was reported by Horiguchi et al. 
(2015), in which the abundance and diversity of intertidal 
species decreased significantly with decreasing distance 
from the FDNPP in 2012, and no rock shells (Thais 
clavigera) were observed within a radius of 20 km of the 
FDNPP. Unfortunately, whether the decrease or 
disappearance of these species was caused directly by the 
increase of radiation doses or not remains unclear at this 
moment.

4.2  Radiation Effects in Wild Organisms in Fukushima
In contrast to marine organisms, only rodents were 

expected to suffer from radiation at the level categorized 
as “reduced production” in ICRP’s DCRLs for terrestrial 
organisms (Tamaoki, 2016). Onuma et al. (2020) 
calculated exposure dose rates for large Japanese field 
mice (Apodemus speciosus) captured in the “difficult-to-
return zones” in Fukushima Prefecture from 2012 to 
2016, and they found that the total dose rate (sum of 
internal and external dose rates) was estimated at less 
than 1.0 mGy/day. Exposure exceeding 1.0 mGy/day 
could reduce fertility in male and female field mice 
according to ICRP’s DCRLs, indicating that the present 
dose rates of the field mice living in the capture sites 
were lower than the dose rates that would reduce fertility. 
Accordingly, no significant differences in apoptotic cell 
frequencies or frequencies of morphologically abnormal 
sperm were observed in field mice captured in Fukushima 
as compared to the results from two control sites, in 
Aomori and Toyama prefectures, in 2013 and 2014 
(Okano et al., 2016).

Among organisms living in Fukushima, 
morphological abnormalities were detected in some 
species such as the pale grass butterfly (Pseudozizeeria 
maha) (reviewed by Hiyama et al., 2015), gall-forming 
aphids (Tetraneura sorini and T. nigriabdominalis) 
(Akimoto 2014) and conifer tree species (Japanese fir 
tree; Watanabe et al., 2015, Japanese red pine; Yoschenko 
et al., 2016). It is noteworthy that no abnormal 
morphologies in the butterfly and aphid have been 
observed since 2013 (Akimoto, 2014; Hiyama et al., 
2015). This indicates that the abnormal phenotypes in 
these small insects only occurred within two years after 
the FDNPP accident, and severely malformed individuals 
were eliminated by natural selection.

In addition, there is no evidence of genetic mutations 
causing abnormal morphologies. Further studies are 
needed to obtain positive proof that these abnormal 
phenotypes occurred due to radiation, and reproductive 
experiments such as irradiation of butterflies, aphids and 
conifer tree species for long periods at low doses would 
also be effective for advancing our knowledge on 
radiation effects in wild organisms.

4.3  Effects of Radiation on Abundance of Wild 
Populations in Fukushima
Radiation effects on population sizes in insect and 

birds were also investigated in the Fukushima evacuation 
zones. Møller et al. (2013) took a census of spiders, 
grasshoppers, dragonflies, butterflies, bumblebees and 
cicadas at 300 sites in forested areas of the evacuation 
zones. They found that the abundance of butterflies and 
cicadas declined significantly with increasing levels of 
radiation doses. Interestingly, the abundance of spiders 
showed a positive correlation to the radiation doses at the 
sites where they were collected. Such positive 
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correlations observed in spiders were not observed in 
particular in the case of Chernobyl, where all of the 
arthropods showed negative correlations between their 
abundance and radiation dose rates.

The effects of radiation on the abundance of 
common birds were also studied in Fukushima and the 
results obtained were compared to those in Chernobyl 
(Møller et al., 2012). Fourteen bird species common to 
both Fukushima and Chernobyl showed abundance 
negatively correlated to radiation doses at the two sites, 
but the tendency toward negative effects differed between 
Fukushima and Chernobyl. Interestingly, the negative 
correlation between the abundance of these 14 common 
bird species and radiation doses was more pronounced in 
Fukushima than in Chernobyl. The reasons for these 
differences in radiation-dose-dependent change in 
abundance of spiders and bird species between 
Fukushima and Chernobyl are unclear. Some research 
evidence indicates that wild organisms living in 
Chernobyl have already finished undergoing adaptation 
to and/or selection for high radiation environments 
because the investigations in the area started 20 years 
after the Chernobyl accident. Thus, it will be very 
important to study whether adaptation and/or selection is 
occurring in the Fukushima evacuation zones.

4.4  Effects of Human Non-residence by Evacuation on 
Population Size in Wild Organisms
To clarify the effect of evacuation on wild 

organisms, biota monitoring targeting mammals, birds, 
frogs and flying insects inside and outside the evacuation 
zones in Fukushima has been undertaken since 2014 
(Yoshioka et al., 2016). As reviewed previously, the 
abundance of carpenter bees (Xylocopa appendiculata) 
was lower in the evacuation zone than outside it 
(Yoshioka et al., 2015; Tamaoki 2016). Moreover, some 
small bees, wasps and beetles were more common inside 
the evacuation zone. The causes of these population 
changes in some insect species are unclear, but changes 
in human activities such as abandonment of cultivation 
and/or gardening may affect them. Among frogs, eight 
species have been observed during the monitoring, but 
the frequency of observation of each frog species has not 
yet been compared inside and outside of the evacuation 
zones. The two-year data sets (2014–2015) obtained were 
published as a data paper for enabling its use by other 
researchers (Yoshioka et al., 2020).

Mammals have been monitored at 46 sites in nine 
municipalities inside and outside the evacuation zones 
(locations can be seen at http://www.nies.go.jp/biowm/
map/en_mafu.html). Infrared camera traps were 
employed, which automatically respond to infrared 
radiation from homothermic animals. Sixteen different 
mammal species have been observed through camera 
trapping (Fukasawa et al., 2016). Among these, wild 
boars (Sus scrofa) were caught on camera most often and 

at the largest number of sites (78% of the monitored 
sites). A statistical analysis showed that wild boars were 
more abundant in the evacuation zone than outside it, 
indicating that decreased human activity may help the 
wild boar population increase. The same tendency was 
also found to a lesser extent in other species such as 
badgers (Meles meles), Japanese macaques (Macaca 
fuscata) and Japanese hares (Lepus brachyurus). The 
same result was also reported by Lyons et al. (2020) in 
which they found no evidence of impact on population 
size in mammals or gallinaceous birds, and showed that 
several species were most abundant in the evacuation 
zones, despite the presence of high radiation doses.

Among them, increased wild boar populations in 
Fukushima have resulted in damage to agricultural 
operations and require control by state-funded hunting 
programs. Radiocesium levels in wild boar meat often 
exceed government guidelines for food consumption, not 
only in and around the evacuation zones but also in the 
Aizu area in western Fukushima Prefecture, more than 
100 km from the FDNPP. Moreover, wild boars are 
considered a pest animal in farmland, and are a major 
mediator of classical swine fever which can seriously 
damage the pork industry. Indeed, about half of the 
animal damage to crop yields in Fukushima is due to wild 
boars, and wild boars infected by swine fever virus have 
been found in Aizu-Wakamatsu City as of September 
2020. Thus, it is important to clarify the population 
dynamics and migratory movements of wild boars in 
Fukushima to develop an efficient plan for helping 
residents return to the evacuation zones.

5. Summary

In this paper, we have provided an overview of 
recent progress in investigations of the environmental 
impact induced by the FDNPP accident, focusing 
especially on radiocesium transfer to natural ecosystems 
and the effects of deposited radioactive materials on 
organisms.

Litter from forests and desorption from the litter/
organic soil layer are likely contributors to dissolved 
radiocesium concentrations in river systems. The origins 
of the dissolved radiocesium will evolve with time in 
accordance with the source of radiocesium migrating 
downward from the litter layer to the mineral layer. In 
forest ecosystems, radiocesium is thought to migrate into 
wood by root uptake and/or uptake from deposits on 
above-ground parts followed by translocation. The 
contribution of root uptake, however, has not been 
evaluated as of this time. As a source of dissolved 
radiocesium affecting river systems and forest 
ecosystems, the behavior of litter decomposing and 
leading to the dissolution of radiocesium in forests is a 
key issue to be investigated in the future.

The transfer of Cs-137 to freshwater fish is affected 
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by habitat (river or lake), feeding habit, body size and so 
on. It has also been pointed out that the concentration of 
radiocesium in litter is related to that in communities of 
aquatic organism. Among wild animals, wild boars 
showed relatively higher radiocesium concentrations, but 
the tendencies of concentrations to evolve, such as 
through seasonal variation, are still under discussion. To 
predict future concentrations in these ecosystems, it 
would be desirable to clarify dominant pathways of 
transfer of radiocesium via the food-web through 
continuous systematic sample collection and detailed 
analysis.

Direct effects of increased radiation doses have not 
been clearly observed among marine organisms, while 
morphological abnormalities have been detected in some 
species of terrestrial organisms, such as small insects and 
coniferous trees. However, further investigation will be 
needed to obtain evidence as to whether or not genetic 
mutations caused these abnormalities. Negative effects of 
radiation on population size in insects and birds have also 
been observed in areas affected by the FDNPP and CNPP 
accidents, respectively, though the tendencies differed in 
some cases. Conversely, the decrease in human activities 
caused by conditions of high radiation are thought to lead 
to increased wild boar populations. In future work, it will 
be important to investigate whether adaptation and/or 
selection occur in the Fukushima evacuation zones and to 
elucidate the population dynamics and migratory 
movements of wild boars.

References
Akimoto, S. (2014) Morphological abnormalities in gall-forming 

aphids in a radiation-contaminated area near Fukushima Daiichi: 
selective impact of fallout? Ecology and Evolution, 4, 355–369.

Belli, M. and Tikhomirov F. (1996) Behavior of radionuclides in 
natural and semi-natural environments: Experimental collaboration 
project No.5, Final report. Rep. EUR-16531 EN, Office for 
Official Publication of the European Communities, Luxembourg.

Bulgakov A.A. (2002) Modelling the longterm dynamics of 
radiocaesium in a closed lake system. Journal of Environmental 
Radioactivity, 61, 41–53.

Fukasawa, K., Mishima, Y., Yoshioka, A., Kumada N. and Osawa, 
T. (2016) Mammal assemblages recorded by camera traps inside 
and outside the evacuation zone of the Fukushima Daiichi 
nuclear power plant accident. Ecological Research, 31, 493.

Funaki, H., Sakuma, K., Nakanishi, T,. Yoshimura, K. and 
Katengeza, E.W. (2020) Reservoir sediments as a long-term 
source of dissolved radiocaesium in water system: a mass 
balance case study of an artificial reservoir in Fukushima, Japan. 
Science of the Total Environment, 743, 140668.

Garnier-Laplace, J., Beaugelin-Seiller, K. and Hinton, T.G. (2011) 
Fukushima wildlife dose reconstruction signals ecological 
consequences. Environmental Science and Technology, 45, 
5077–5078.

Gonze, M.A. and Calmon, P. (2017) Meta-analysis of radiocesium 
contamination data in Japanese forest trees over the period 
2011–2013. Science of the Total Environment, 601–602, 301–
316.

Hayashi, S. (2016) Migration and accumulation of radioactive 

cesium in the upstream region of river watersheds affected by 
the Fukushima Daiichi nuclear power plant accident: A review. 
Global Environmental Research, 20, 45–52.

Hinton, T.G., Byrne, M.E., Webster, S. and Beasley, J.C. (2015) 
Quantifying the spatial and temporal variation in dose from 
external exposure to radiation: a new tool for use on free-ranging 
wildlife. Journal of Environmental Radioactivity, 145, 58−65.

Hiyama, A., Taira, W., Nohar, C., Iwasaki, M., Kinjo, S., Iwata M. 
and Otaki, J.M. (2015) Spatiotemporal abnormality dynamics of 
the pale grass blue butterfly: three years of monitoring (2011–
2013) after the Fukushima nuclear accident. BMC Evolutionary 
Biology, 15, 15.

Horiguchi, T., Yoshii, H., Mizuno, S. and Shiraishi, H. (2015) 
Decline in intertidal biota after the 2011 Great East Japan 
Earthquake and Tsunami and the Fukushima nuclear disaster: 
field observations. Scientific Reports, 6, 20416.

Howard B.J., Johanson K.J., Linsley G.S., Hove, K. Proehl, G. and 
Horyna, J. (1996) Transfer of radionuclides by Terrestrial food 
products from semi-natural ecosystems. In: Second Report of the 
VAMP Terrestrial Working Group, IAEA-TECDOC-857, IAEA, 
Vienna, 49−79.

Imamura, N., Komatsu, M., Ohashi, S., Hashimoto, S., Kajimoto, 
T., Kaneko, S. and Takano, T., (2017) Temporal changes in the 
radiocesium distribution in forests over the five years after the 
Fukushima Daiichi nuclear power plant accident. Scientific 
Reports, 7, 8179.

Imamura, N., Watanabe M. and Mahara, T. (2020) Estimation of 
the rate of 137Cs root uptake into stemwood of Japanese cedar 
using an isotopic approach. Science Total Environment, 755(2), 
142478.

International Commission on Radiological Protection (ICRP) 
(2008) Environmental protection: the concept and use of 
reference animals and plants. In: Annals of the ICRP Vol. 38, 
ICRP Publication 108, Pergamon Press, Oxford.

Ishii Y., Matsuzaki, S. and Hayashi, S. (2020) Different factors 
determine 137Cs concentration factors of freshwater fish and 
aquatic organisms in lake and river ecosystems. Journal of 
Environmental Radioactivity, 213, 106102.

Iwagami S., Onda, Y., Tsujimura, M. and Abe, Y. (2017a) Contribution 
of radioactive 137Cs discharge by suspended sediment, coarse 
organic matter, and dissolved fraction from a headwater 
catchment in Fukushima after the Fukushima Dai-ichi nuclear 
power plant accident. Journal of Environmental Radioactivity, 
166, 466–474.

Iwagami, S., Tsujimura, M., Onda, Y., Nishino, M., Konuma, R., 
Abe, Y., Hada, M., Pun, I., Sakaguchi, A., Kondo, H., Yamamoto, 
M., Miyata, Y. and Igarashi, Y. (2017b) Temporal changes in 
dissolved 137Cs concentrations in groundwater and stream water 
in Fukushima after the Fukushima Dai-ichi nuclear power plant 
accident. Journal of Environmental Radioactivity, 166, 458–465.

Iwagami, S., Onda, Y., Tsujimura M., Hada, M. and Pun, I. (2017c) 
Vertical distribution and temporal dynamics of dissolved 137Cs 
concentrations in soil water after the Fukushima Dai-ichi 
nuclear power plant accident. Environmental Pollution, 230, 
1090–1098.

Kajimoto T., Saito, S., Kawasaki, T., Kabeya, D., Yazaki, K., 
Tanaka, H., Ota, T., Matsumoto, Y., Tabuchi, R., Kiyono, Y., 
Takano, T., Kuroda, K., Fujiwara, T., Suzuki, Y., Komatsu, M., 
Ohashi, S., Kaneko, S., Akama, A. and Takahashi, M. (2015) 
Dynamics of radiocesium in forest ecosystems affected by the 
Fukushima Daiichi nuclear power plant accident: species-related 
transfer processes of radiocesium from tree crowns to ground 
floor during the first two years. Journal of Japanese Forest 
Society, 97, 33–43. (in Japanese)

Kanasashi, T., Sugiura, Y., Takenaka, C., Hijii, N. and Umemura, 



92 K. IIJIMA et al.

M. (2015) Radiocesium distribution in sugi (Cryptomeria 
japonica) in Eastern Japan: translocation from needles to pollen. 
Journal of Environmental Radioactivity, 139, 398–406.

Kanasashi, T., Miura, S., Hirai, K., Nagakura, J. and Itô, H. (2020) 
Relationship between the activity concentration of 137Cs in the 
growing shoots of Quercus serrata and soil 137Cs, exchangeable 
cations, and pH in Fukushima, Japan. Journal of Environmental 
Radioactivity, 220–221, 106276.

Kato, H., Onda, Y., Hisadome, K., Loffredo, N. and Kawamori, A. 
(2017) Temporal changes in radiocesium deposition in various 
forest stands following the Fukushima Dai-ichi nuclear power 
plant accident. Journal of Environmental Radioactivity, 166, 
449–457.

Komatsu, M., Kaneko, S. Ohashi, S., Kuroda, K., Sano, T., Ikeda, 
S., Saito, S., Kiyono, Y., Tonosaki, M., Miura, S., Akama, A., 
Kajimoto, T. and Takahashi, M. (2016) Characteristics of initial 
deposition and behavior of radiocesium in forest ecosystems of 
different locations and species affected by the Fukushima 
Daiichi nuclear power plant accident. Journal of Environmental 
Radioactivity, 161, 2–10.

Kurihara, M., Onda, Y., Kato, H., Loffredo, N., Yasutaka, T. and 
Coppin, F. (2018) Radiocesium migration in the litter layer of 
different forest types in Fukushima, Japan. Journal of 
Environmental Radioactivity, 187, 81–89.

Kurikami, H., Sakuma, K., Malins, A., Sasaki, Y. and Niizato, T. 
(2019) Numerical study of transport pathways of 137Cs from 
forests to freshwater fish living in mountain streams in 
Fukushima, Japan. Journal of Environmental Radioactivity, 
208–209, 106005.

Lyons, P.C., Okuda, K., Hamilton, M.T., Hinton, T.G. and Beasley, 
J.C. (2020) Rewilding of Fukushima’s human evacuation zone. 
Frontiers in Ecology and the Environment, 18, 127–134.

Mahara, Y, Ohta, T., Ogawa, H. and Kumata A. (2014) 
Atmospheric direct uptake and long-term fate of radiocesium in 
trees after the Fukushima nuclear accident. Scientific Reports, 4, 
7121

Manaka, T., Imamura, N., Kaneko, S. Miura, S., Furusawa, H. and 
Kanasashi, T. (2019) Six-year trends in exchangeable 
radiocesium in Fukushima forest soils. Journal of Environmental 
Radioactivity, 203, 84–92.

Møller, A.P., Hagiwara, A., Matsui, S., Kasahara, S., Kawatsu, K., 
Nishiumi, I., Suzuki, H., Ueda, K. and Mousseau, T.A. (2012) 
Abundance of birds in Fukushima as judged from Chernobyl. 
Environmental Pollution, 164, 36–39.

Møller, A.P., Nishikimi, I., Suzuki, H., Ueda, K. and Mousseau, 
T.A. (2013) Differences in effects of radiation on abundance of 
animals in Fukushima and Chernobyl. Ecological Indicator, 24, 
75–81.

Nakanishi T. and Sakuma, K. (2019) Trend of 137Cs concentration 
in river water in the medium term and future following the 
Fukushima nuclear accident. Chemosphere, 215, 272–279.

Nishikiori T., Watanabe, M., Koshikawa, M.K., Takamatsu, T., 
Ishii, Y., Ito, S., Takenaka, A., Watanabe, K. and Hayashi, S. 
(2015) Uptake and translocation of radiocesium in cedar leaves 
following the Fukushima nuclear accident. Science of the Total 
Environment, 502, 611–616.

Nishikiori, T., Watanabe, M., Koshikawa, M., Watanabe, K., 
Yamamura, S. and Hayashi, S. (2019) 137Cs transfer from 
canopies onto forest floors at Mount Tsukuba in the four years 
following the Fukushima nuclear accident. Science of the Total 
Environment, 659, 783–789.

Nemoto, Y., Saito, R. and Oomachi, H. (2018) Seasonal variation 
of Cesium-137 concentration in Asian black bear (Ursus 
thibetanus) and wild boar (Sus scrofa) in Fukushima Prefecture, 
Japan. PLOS ONE, 13(7), e0200797.

Nuclear Regulation Authority (2020) Airborne monitoring survey 
results, monitoring information of environmental radioactivity 
level. Retrieved from https://radioactivity.nsr.go.jp/en/list/307/
list-1.html (Accessed 17 December 2020)

Okano, T., Ishiniwa, H., Onuma, M., Shindo, J., Yokohata, Y. and 
Tamaoki, M. (2016) Effects of environmental radiation on testes 
and spermatogenesis in wild large Japanese field mice 
(Apodemus speciosus) from Fukushima. Scientific Reports, 6, 
23601.

Onuma, M., Endoh, D., Ishiniwa, H. and Tamaoki, M. (2020) 
Estimation of dose rates for the large Japanese Field Mice 
(Apodemus speciosus) distributed in the “Difficult-to-Return 
Zones” in Fukushima Prefecture. In: Low-Dose Radiation Effects 
on Animals and Ecosystems, Fukumoto M. (ed), Springer, 17–
30.

Saito, R., Nemoto, Y. and Tsukada, H. (2020) Relationship between 
radiocaesium in muscle and physicochemical fractions of 
radiocaesium in the stomach of wild boar. Scientific Reports, 10, 
6796.

Sakai, M., Gomi, T., Negishi, N.J., Iwamoto, A. and Okada K. 
(2016) Different cesium-137 transfers to forest and stream 
ecosystems. Environmental Pollution, 209, 46–52.

Sakuma, K., Tsuji, H., Hayashi, S., Funaki, H., Malins, A., 
Yoshimuraa, K., Kurikami, H., Kitamura, A., Iijima, K. and 
Hosomi, M. (2019) Applicability of Kd for modelling dissolved 
137Cs concentrations in Fukushima river water: Case study of 
the upstream Ota River. Journal of Environmental Radioactivity, 
210, 105815.

Semizhon, T., Putyrskaya, V., Zibold, G. and Klemt, E. (2009) 
Time-dependency of the 137Cs contamination of wild boar from a 
region in Southern Germany in the years 1998 to 2008. Journal 
of Environmental Radioactivity, 100, 988–992.

Strand, P., Aono, T., Brown, J.E., Garnier-Laplace, J., Hosseini, A., 
Sazykina, T., Steenhuisen, F. and Batlle, J.V. (2014) Assessment 
of Fukushima-derived radiation doses and effects on wildlife in 
Japan. Environmental Science and Technology Letters, 1, 198–
203.

Tachi, Y., Sato, T., Akagi, Y., Kawamura, M., Nakane, H., 
Terashima, M., Fujiwara, K. and Iijima, K. (2020a) Key factors 
controlling radiocesium sorption and fixation in river sediments 
around the Fukushima Daiichi nuclear power plant. Part 1: 
Insights from sediment properties and radiocesium distributions. 
Science of the Total Environment, 724, 138098.

Tachi, Y., Sato, T., Takeda, C., Ishidera, T., Fujiwara, K. and Iijima, 
K. (2020b) Key factors controlling radiocesium sorption and 
fixation in river sediments around the Fukushima Daiichi nuclear 
power plant. Part 2: Sorption and fixation behaviors and their 
relationship to sediment properties. Science of the Total 
Environment, 724, 138097.

Tagami, K., Howard, B.J. and Uchida, S. (2016) The time-
dependent transfer factor of radiocesium from soil to game 
animals in Japan after the Fukushima Dai-ichi nuclear accident. 
Environmental Science & Technology, 50, 9424–9431.

Takahashi, J., Onda, Y., Hihara, D. and Tamura, K. (2019) Six-year 
monitoring of the vertical distribution of radiocesium in three 
forest soils after the Fukushima Dai-ichi nuclear power plant 
accident. Journal of Environmental Radioactivity, 210, 105811.

Tamaoki, M. (2016) Studies on radiation effects from the 
Fukushima nuclear accident on wild organisms and ecosystems. 
Global Environmental Research, 20, 73–82.

Thiry, Y., Tanaka, T., Dvornik, A.A. and Dvornik, A.M., (2020) 
TRIPS 2.0: Toward more comprehensive modeling of 
radiocesium cycling in forest. Journal of Environmental 
Radioactivity, 214–215, 106171.

Tsuji, H., Nishikiori, T., Yasutaka, T., Watanabe, M., Ito, S. and 



Overview of environmental impact assessment studies 93

Hayashi, S. (2016) Behavior of dissolved radiocesium in river 
water in a forested watershed in Fukushima Prefecture. Journal 
of Geophysical Research: Biogeosciences, 121, 2588–2599.

Wada, T., Tomiya, A., Enomoto, M., Sato, T., Morishita, D., Izumi, 
S., Niizeki, K., Suzuki, S., Morita, T. and Kawata, G. (2016) 
Radiological impact of the nuclear power plant accident on 
freshwater fish in Fukushima: an overview of monitoring results. 
Journal of Environmental Radioactivity, 151, 144–155.

Wada, T., Konoplev, A., Wakiyama, Y., Watanabe, K., Furuta, Y., 
Morishita, D., Kawata, G. and Nanba, K. (2019) Strong contrast 
of cesium radioactivity between marine and freshwater fish in 
Fukushima. Journal of Environmental Radioactivity, 204, 132–
142.

Watanabe, Y., Ichikawa, S., Kubota, M., Hoshino, J., Kubota, Y., 
Maruyama, K., Fuma, S., Kawaguchi, I., Yoschenko, V.I. and 
Yoshida, S. (2015) Morphological defects in native Japanese fir 
trees around the Fukushima Daiichi nuclear power plant. 
Scientific Reports, 5, 13232.

Yoschenko, V.I., Nanba, K., Yoshida, S., Watanabe, Y., Takase, T., 
Sato, N. and Keitoku, K. (2016) Morphological abnormalities in 
Japanese red pine (Pinus densiflora) at the territories 
contaminated as a result of the accident at Fukushima Dai-Ichi 
nuclear power plant. Journal of Environmental Radioactivity, 
165, 60–67.

Yoschenko, V.I., Takase, T., Konoplev, A., Nanba, K., Onda, Y., 
Kivva, S., Zheleznyak, M., Sato, N. and Keitoku, K. (2017) 
Radiocesium distribution and fluxes in the typical Cryptomeria 
japonica forest at the late stage after the accident at Fukushima 
Dai-Ichi nuclear power plant. Journal of Environmental 
Radioactivity, 166, 45–55.

Yoschenko, V., Takase, T., Hinton, T.G., Namba, K., Onda, Y., 
Konoplev, A., Goto, A., Yokoyama, A. and Keitoku, K., (2018) 
Radioactive and stable cesium isotope distributions and 
dynamics in Japanese cedar forests. Journal of Environmental 
Radioactivity, 186, 34–44.

Yoshioka, A., Mishima Y. and Fukasawa, K. (2015) Pollinators and 
other flying insects inside and outside the Fukushima evacuation 
zone. PLOS ONE, 10: e0140957.

Yoshioka, A., Mishima, Y., Kumada, N. and Fukasawa, K. (2016) 
Tackling biodiversity monitoring of the Fukushima evacuation 
zone. IAIA1 6 Conference Proceedings. Retrieved from http://
conferences.iaia.org/2016/Final-Papers/Yoshioka,%20Akira%20
-%20Tackling%20Biodiversity%20Monitoring%20of%20
Fukushima%20Evacuation%20Zone.pdf (Accessed 17 December 
2020)

Yoshioka, A., Matsushima, N., Jingu, S., Kumada, N., Yokota, R., 
Totsu, K. and Fukasawa, K. (2020) Acoustic monitoring data of 
anuran species inside and outside the evacuation zone of the 
Fukushima Daiichi power plant accident. Ecological Research, 
35, 765–772.

Masanori TAMAOKI

Masanori Tamaoki is principal researcher at the 
Fukushima Branch of the National Institute for 
Environmental Studies (NIES). He has also been 
appointed associate professor at the University of 
Tsukuba. He has studied plant responses to 
oxidative stress, especially to air-pollutant ozone.
Ozone is known to generate reactive oxygen 

species (ROS) in leaves, harming vegetation. ROS is also produced in 
organisms exposed to radiation; hence he launched an investigation into the 
effects of radiation on plants in 2011. He transferred to the Fukushima 
Branch of NIES from June 2016 and is investigating the impacts of 
radiation on wild organisms in Fukushima with his colleagues as project 
leader.

(Received 17 December 2020, Accepted 28 December 2020)

Kazuki IIJIMA

Kazuki Iijima heads the Fukushima Environmental 
Evaluation Research Division at the Collaborative 
Laboratories for Advanced Decommissioning 
Science, Japan Atomic Energy Agency (JAEA). 
He is interested in how radionuclides behave in 
the environment, especially the interactions of 
trace amounts of radionuclides with minerals and 

organic matter of natural origins. Previously, he investigated the behavior 
of radionuclides under conditions deep underground (stable and static for 
long periods). After the Fukushima Daiichi nuclear power plant accident, 
he started studying their behavior at the earth’s surface. (He says it is so 
unstable and too dynamic!)

Seiji HAYASHI

Seiji Hayashi is a research group manager at the 
Fukushima Branch of the National Institute for 
Environmental Studies. He serves as project 
leader for research on radioactive substance 
behavior in multimedia environments. His 
energetic research activities are contributing to 
the environmental recovery of Fukushima 

Prefecture and its surrounding region.


