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    Abstract     Although most of the radiocesium fallout that deposited in paddy fi elds 
after the Fukushima nuclear disaster in March 2011 was expected to be bound to 
clay in the soil resulting in a very low soil-to-plant transfer function, a radiocesium 
contamination level of >500 Bq/kg was detected in brown rice grown in several 
hilly areas of Fukushima Prefecture in the autumn of the same year. The likely 
source of the radiocesium was fallout deposited on organic matter in the paddy 
fi elds and litter in mountain forests, from which runoff water fl owed into irrigation 
channels that ultimately lead to the paddy fi elds. This problem appears to have been 
caused by conditions specifi c to lowland rice paddy fi elds, which are wetland eco-
systems. Integrated studies of the soil, water, and plants from an ecological view-
point are necessary to understand the mechanism of radiocesium absorption by rice 
before commercial rice production in the affected areas can be resumed.  
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3.1           Introduction 

 The nuclear disaster in Fukushima in March 2011 released considerable amounts of 
various radionuclides and contaminated extensive areas of farmlands. Radiocesium 
comprised the majority of the radionuclides released and special attention needs to 
be paid to  137 Cs because of its long half-life. 

 In general, plants absorb radioactive materials: (1) directly from the surface 
through their aerial parts or (2) through root uptake. After the radioactive material 
was released into the atmosphere, it adhered to the surfaces of the aerial parts of 
plants where direct absorption occurred, which was the major source of contamina-
tion in plants immediately after the release of the radioactive material. The radioac-
tive material then entered the environment and moved into the soil, where it was 
absorbed through the roots resulting in long-term contamination of crops. The level 
of root absorption is greatly affected by the behavior of the radioactive material in 
the soil and the soil-to-plant transfer factor depends on the specifi c soil type because 
radioactive materials such as cesium are strongly bound to the soil granules 
(Yamaguchi et al.  2012 ). Because the typical farm soil in the affected area (mainly 
Fukushima) was a gray lowland soil, which binds cesium strongly, the radiocesium 
contamination of various crops through root absorption was much lower than the 
provisional regulation level (500 Bq/kg) in most cases during 2011. 

 A low level of radiocesium contamination was also expected in rice ( Oryza sativa  
L.). Half way through the investigation of radioactive contamination (pilot survey) of 
rice in mid-September of 2011, the radiocesium concentration in brown rice was below 
the detection limit at most test sites and the highest contamination level was approxi-
mately 1/4th of the provisional regulation level. However, in the subsequent investiga-
tion, the radiocesium concentration was close to or >500 Bq/kg in many samples of 
brown rice from several localities in the hilly areas of Fukushima Prefecture (e.g., 
Obama district in Nihommatsu City, Onami district in Fukushima City, and Oguni dis-
trict in Date City), which surprised the whole of Japanese society. The radiocesium 
absorption level in the rice grown in these paddy fi elds was extraordinarily—100 times 
or more than that in the fl atland areas of Fukushima Prefecture such as Koriyama City. 
The mechanism underlying this unusual absorption was unclear, and a rapid investiga-
tion is necessary before the crop production can be resumed in the affected area. In this 
paper, we will summarize our most current knowledge about this problem.  

3.2     “Seasonality” in the Radiocesium Absorption Level of Rice 

 The temporal pattern of radiocesium absorption by plants (i.e., the time course of 
absorption throughout the plant growth stages) can be estimated from the spatial 
distribution of the absorbed material in the plant body, provided the material has 
low mobility in the living plant (Tanoi et al.  2011 ). We used this approach to 
 investigate the distribution of radiocesium in rice plants. 
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 The radiocesium concentration in leaves decreased acropetally from the lower 
leaves (old leaves) to the upper leaves (new leaves) in rice plants grown in a paddy 
fi eld at Fukushima Agricultural Technology Center in Koriyama City, where the 
radiocesium concentration of brown rice was only approximately 5 Bq/kg. In con-
trast, the radiocesium concentration increased acropetally in the successive leaves 
of rice plants grown in a paddy fi eld in Obama, where 470 Bq/kg radiocesium was 
detected in brown rice (Fig.  3.1 ). This distribution pattern suggests that consider-
able amount of radiocesium was absorbed by the rice roots in midsummer in Obama 
when the upper leaves were growing actively.

   The most likely explanation of these fi ndings is the promotion of organic mat-
ter decomposition under high temperatures. Organic matter decomposition is 
enhanced greatly in paddy fi elds when the air temperature exceeds 30 °C, which 
could have released radiocesium from radiocesium-contaminated organic matter. 
Various types of organic matter such as crop residues and weeds could have been 
sources of radiocesium in the paddy fi elds in Obama, Onami, and Oguni    (Shiozawa 
 2012 ). Furthermore, radiocesium derived from litter deposited in mountain for-
ests may have entered the mountain runoff and fl owed into the paddy fi elds where 
it was absorbed by rice. In fact, many of the paddy fi elds that exceeded the provi-
sional regulation level used mountain runoff as an irrigation source because it is 
very rich in nutrients such as potassium and magnesium (Fig.  3.2 ). Although the 
concentration of ionized radiocesium in the mountain runoff was rather low, the 
radiocesium concentration in the suspended solids (colloid) increased to several 
Bq/L after rainfall (unpublished data). Thus, it is important to determine how the 
suspended organic material decomposes to release ionized radiocesium into the 
irrigation water.

  Fig. 3.1    Distribution of radiocesium in rice. The  137 Cs concentration was evaluated using an 
imaging plate method (Tanoi et al.  2013 )       
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3.3        Radiocesium Absorption Refl ects the Features 
of the Paddy Field Ecosystem 

 In paddy fi eld ecosystems, the accumulation and decomposition of organic matter 
and the input of irrigation water are essential factors that determine the sustainabil-
ity of production. Between the autumn and the spring, crop residue decomposition 
is suppressed by low temperatures and anaerobic conditions, whereas intensive 
organic matter decomposition occurs in summer, resulting in the release of nutrients 
required for plant growth in abundance. Irrigation water also provides an abundance 
of natural nutrients; runoff from mountain forests is particularly rich in potassium 
and magnesium. Our ancestors understood these ecological consequences based 
on the experiences of generations of farmers and they sited their paddy fi elds in 
locations with a rich forest in the upper stream catchment. There is a saying in 
Japanese that “Rice yield depends on the soil, wheat and barley on the manure,” 
which suggests the sustainability of paddy ecosystems. Our hypothesis about radi-
ocesium contamination of rice predicts that the mechanism of contamination is 
inextricably linked to the unique features of nutrient fl ow and cycling in paddy fi eld 
ecosystems (Fig.  3.3 ).

   The fl ooding of paddy fi elds may enhance radiocesium absorption in some cases. 
It is well known that direct cesium absorption from water is much easier compared 
with absorption from soil. We conducted a hydroponic culture experiment where 
the culture solution contained radiocesium released by the nuclear disaster at 1 Bq/L 

  Fig. 3.2    Mountain runoff 
water fl owing into a river that 
is often used for paddy fi eld 
irrigation in mountain 
districts       
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and rice plants accumulated radiocesium concentrations of almost 600 Bq/kg (dry 
matter) in their shoots (Fig.  3.4 ). This absorption level was 1,000 times higher than 
that from soil. This unusually high absorption level was undoubtedly because of the 
artifi cial culture conditions where the whole root system was exposed to the solu-
tion medium during hydroponic culture, which is not expected to occur in actual 
paddy fi elds. Nevertheless, we estimated that absorption of radiocesium by roots 
directly from water may have occurred before the radiocesium bound to soil, given 
that the water permeability of the soil was very low in most paddy fi elds where the 
radiocesium concentration exceeded the provisional regulation level (500 Bq/kg) 
(Shiozawa  2012 ). In these conditions, the water and/or soil in the paddy fi elds may 
have remained stagnant with radiocesium-contaminated water for some period, 
which may have caused root absorption. There were also reports of radiocesium 
contamination in wasabi (Japanese horse radish;  Eutrema wasabi ) from some areas, 

  Fig. 3.3    Nutrient fl ow and cycling in the paddy fi eld ecosystem. This diagram shows the nitrogen 
cycle in a typical paddy fi eld in Japan. The numbers indicate the level of nitrogen input or output 
(kg/ha) per year       

  Fig. 3.4    Uptake of radiocesium by rice in hydroponic culture. Radiocesium fallout was collected 
from wheat leaves affected by the Fukushima nuclear disaster and the fallout was added to the 
hydroponic solution at three different concentrations. The concentration of radiocesium that accu-
mulated in the rice shoots was measured using a germanium semiconductor detector after 26 days 
of cultivation       
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which is often cultured using the water runoff from mountains. This also suggests 
the possibility of radiocesium absorption from water by roots.

   Given the remarkably high effi ciency of radiocesium absorption from water by 
roots, particular attention should be given to radiocesium contamination of the 
water used for commercial hydroponic vegetable production, which is often recom-
mended as a way of avoiding radiocesium transfer from the soil to vegetables. 

 The effect of the exchangeable potassium concentration in the soil is another 
key factor. It is widely known that a low potassium concentration in the soil 
enhances cesium absorption by plants. A joint research project in Onami district by the 
Ministry of Agriculture, Forestry, and Fisheries (MAFF) and Fukushima 
Prefecture reported a low concentration of exchangeable potassium in paddy fi elds 
where the radiocesium concentration was high in brown rice. This report suggested 
that the low exchangeable potassium concentration in the paddy soil may have rein-
forced the radiocesium absorption by rice roots in areas where brown rice contami-
nation exceeded the provisional regulation level. Our pot experiment using 
contaminated paddy soil from Obama also showed that the radiocesium uptake by 
rice seedlings was reduced to approximately 1/10th after the application of potassium 
chloride, which indicated the effectiveness of potassium fertilizer application to con-
taminated paddy fi elds as a countermeasure for absorption of radiocesium by roots. 

 However, we would like to point out that the conventional rice cultivation meth-
ods used in the problem area are still quite reasonable and effective given the low 
input requirements of sustainable agriculture. Local farmers intensively utilized the 
rich mineral nutrients in runoff water to produce highly palatable rice while mini-
mizing the use of chemical fertilizers. Thus, rice plants absorbed suffi cient potas-
sium from the paddy fi elds, although the potassium concentration of the soil was 
low. However, the nuclear disaster destroyed the well-intended efforts of farmers 
who wanted to produce sustainable, high quality rice in Fukushima.  

3.4     Behavior of Radiocesium in Organic Matter 

 As discussed above, the problem appeared to be caused by the specifi c conditions in 
lowland rice paddy fi elds, which are wetland ecosystems. Many useful agricultural 
and plant studies were reported after Chernobyl (e.g., Ehlken and Kirchner  2002 ), 
but the experience and knowledge acquired from the areas affected by the Chernobyl 
disaster are not directly applicable to solving the rice production issues in Fukushima. 
Thus, original perspectives and approaches based on agricultural research in mon-
soonal Asia are required to prevent radiocesium contamination of rice, which are 
different from those required in upland farm areas. To understand the mechanism of 
radiocesium contamination of rice and solve the problem, we need to analyze the 
fl ow of radiocesium through forests, mountain streams, and paddy fi elds. 

 In the hydroponic experiment mentioned above, we extracted radiocesium from the 
fallout deposited on fi eld-grown wheat leaves. Unexpectedly, we found that the fallout 
was relatively insoluble and only a small percentage of the radiocesium could be 
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extracted by a boiling water treatment followed by nitrate leaching. We have very little 
knowledge about this fallout, including its chemical form and properties, but huge 
amounts of this relatively insoluble radioactive fallout are still bound to organic matters 
in paddy fi elds and litter in mountain forests (Fig.  3.5 ). Because it will take several years 
before the litter on the forest fl oor decomposes completely, the release of radiocesium 
from the litter to the environment will probably last for a long period. Thus, it is neces-
sary for agricultural, soil science, plant nutrition, and forestry scientists to collaborate in 
the continued long-term monitoring of radiocesium in regional ecosystems.

3.5        Can Breeding Resolve the Problem? 

 We have discussed the possible mechanism of radiocesium contamination in rice 
from an ecological perspective; besides, breeding new rice cultivars that absorb less 
radiocesium is another important approach that may solve the problem. Thus, we 
screened rice varieties to acquire basic information relevant to future breeding 
efforts. Over 100 rice varieties were grown using highly contaminated soil and their 
radiocesium uptake capacities were measured during the vegetative stage. The radi-
ocesium uptake during the vegetative phase was generally higher in  japonica  variet-
ies compared with  indica  varieties. The only exception was Pokkali rice, a famous 
salt-tolerant  indica  variety, which had a higher radiocesium uptake capacity than 
any of the  japonica  varieties we tested. However, the overall range of genetic varia-
tion in the radiocesium uptake capacity was only threefold. 

 We also need to study the radiocesium accumulation level during the reproduc-
tive stages before we conclude the study; however, the present results suggest that 
the genetic variation in radiocesium uptake by rice is not suffi ciently high to breed 

  Fig. 3.5    Radioactivity in fallen leaves collected from the forest litter in Nihonmatsu-shi 8 months 
after the Fukushima disaster.  Left , leaves;  right , radioactivity detected using the imaging plate. The 
two leaves in the box were rinsed before measurements but they still contained scattered 
radiocesium       
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a new variety that could resolve the problem. Therefore, the integration of breeding 
with other countermeasures such as cultivation methods and civil engineering with 
special attention to ecophysiological and environmental aspects will be required 
before rice culture in the affected areas can be resumed.  

3.6     The Diagnosis of Radiocesium Absorption 
in Individual Paddy Fields 

 It appeared that the high levels of radiocesium contamination in brown rice were caused 
by a complex interaction between local factors and features of the individual paddy 
fi elds. The local factors included large amounts of radioactive fallout and contaminated 
water that tended to accumulate in areas with mountainous geography, whereas the 
paddy fi eld-specifi c factors included the types of organic matter and runoff water that 
provided a source of radiocesium, the exchangeable potassium content, the type of clay 
in the soil, and water percolation. Furthermore, because the decomposition rate of 
organic matter can differ in the leaf litter produced by various trees, the end of the radio-
cesium contamination risk for rice will also depend on the organic matter type. 

 Solving the problem of radiocesium contamination in rice demands the clarifi ca-
tion of general factors in affected areas and the detection of radiocesium absorption in 
individual paddy fi elds. Unfortunately, detailed data were not available for individual 
paddy fi elds during 2011 because the rice harvested from individual paddy fi elds was 
gathered when the brown rice contamination level exceeded 500 Bq/kg. Thus, it is 
necessary to conduct further fi eld studies to diagnose individual paddy fi elds. We are 
conducting rice cultivation fi eld experiments in some areas of Date City this year 
(2012), where radiocesium contamination levels exceeding 500 Bq/kg were detected 
in some brown rice samples in 2011. We intend to diagnose individual paddy fi elds to 
support the resumption of rice production by native farmers in these areas.      
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