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ABSTRACT 1 

We conducted a field experiment in soybean with different levels of K application to 2 

elucidate the comparative dynamics of 137Cs and K. The inventory of K in the shoots increased 3 

substantially from the fifth trifoliate stage to the full seed stage, and as the absorption of K 4 

increased, so too did the absorption of 137Cs. Overall, the effect of K application was much 5 

greater in terms of 137Cs dynamics than K dynamics or biomass production. K application 6 

reduced not only the accumulation of 137Cs in the shoots, but also the distribution of 137Cs to 7 

the grains. However, the decrease of 137Cs distribution to the grain had a much smaller effect 8 

on 137Cs accumulation in the grains than 137Cs absorption. A positive correlation was also 9 

observed between the exchangeable 137Cs/K ratio in the soil and the 137Cs/K ratio in the shoots, 10 

and the 137Cs/K ratios in the shoots at the full seed and full maturity stage were much higher 11 

than those at the fifth trifoliate and full bloom stage under the same exchangeable 137Cs/K ratio 12 

in the soil. These findings suggest a decrease in the discrimination of 137Cs from K during 13 

absorption after the full bloom stage. As a result of this and the increase in soil-exchangeable 14 

137Cs/K, radiocesium was more transferable to the shoots after the full bloom stage. Overall, 15 

these results suggest that lowering the soil-exchangeable radiocesium /potassium ratio after the 16 

full bloom stage by increasing K availability could efficiently reduce the transfer of radiocesium 17 

to the grains.  18 

 19 
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1. Introduction 1 

The accident at Tokyo Electric Company’s Fukushima Dai-ichi Nuclear Power Plant 2 

(FDNPP), caused by the Great East Japan Earthquake and subsequent Tsunami in March 2011, 3 

resulted in widespread contamination of agricultural land in eastern Japan with radionuclides, 4 

particularly in parts of Fukushima Prefecture. Immediately after the accident, the major 5 

radionuclides found in plants and environmental resources, such as soil and water, were 131I and 6 

radiocesium (134Cs and 137Cs). Although 131I (half-life: 8 days) decays within a few months, 7 

radiocesium is retained in the soil for much longer because of the length of the 137Cs half-life 8 

(30.2 years), and its transfer to crops is therefore a long-term problem. With some exceptions, 9 

the Japanese government commissioned physical decontamination works, which included 10 

topsoil (depth of 15 cm) removal and soil inversion for soils exceeding 5 kBq kg dry weight of 11 

radiocesium (Yamaguchi et al. 2016). Ten years have passed since the accident and all 12 

decontamination work has been completed, except in some difficult-to-return zones near the 13 

FDNPP, where the annual cumulative radiation doses are greater than 50 mSv, and entry and 14 

lodging are prohibited.  15 

Studies on the absorption and accumulation of radiocesium in crops since the accident 16 

have shown that potassium fertilization is the most effective and practical countermeasure for 17 

reducing radiocesium transfer from the soil to the edible parts of crops. Because cesium has 18 

similar chemical and physiological characteristics to potassium, both potassium and cesium are 19 

expected to have similar behaviors in soil-plant systems, and cesium absorption from the soil 20 

is competitively decreased by the application of potassium fertilizer (Shaw and Bell 1991; 21 

Smolders et al. 1997). In paddy rice (Oryza sativa L.), radiocesium transfer to the grains 22 

decreased with increasing exchangeable potassium (1 mol L−1 ammonium acetate extractable 23 

potassium) concentrations in the soil (Tsukada et al. 2002a; Kato et al. 2015), with similar 24 

results obtained in buckwheat (Fagopyrum esculentum Moench) and vegetables (Kobayashi 25 
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2014; Kobayashi et al. 2014; MAFF 2014; Kubo et al. 2015, 2017). Thus, the additional 26 

application of potassium fertilizer has been widely implemented in low-contamination areas 27 

(<5 kBq kg −1 dry weight of radiocesium) and decontaminated areas. Information about the 28 

various case studies and the countermeasures published on websites and in technical reports in 29 

the early stages after the accident has been summarized by Yamaguchi et al. (2016). 30 

Soybean (Glycine max (Merr.) L.) is one of the most important crops in Japan, with almost 31 

all being used in food processing, notably tofu production, which is made by concentrating soy 32 

protein. Other important soybean products, such as miso and soy sauce, which are essential 33 

seasonings in traditional Japanese cooking, are produced via fermentation. Immediately after 34 

the accident, we conducted a survey of exchangeable potassium concentrations in the soil and 35 

radiocesium concentrations in soybean grains to determine the level of soil-exchangeable 36 

potassium required to minimize the radiocesium concentrations. Accordingly, a negative 37 

correlation was observed between the soil-exchangeable potassium concentration and the soil-38 

to-grain transfer factor (TF) of radiocesium, which is expressed as a ratio of radioactivity in the 39 

grains to that in the soil (Bq kg−1 (Bq kg−1)−1) (MAFF 2015). Based on these results, an 40 

exchangeable potassium concentration of ≥250 mg kg−1 of K2O in the soil prior to the use of 41 

basal fertilizer at a conventional rate is now widely recommended in soybean cultivation, except 42 

during initial cultivation after the accident or in fields with a high TF, where the recommended 43 

application level was increased to 500 mg kg−1 of K2O (MAFF 2015). The rate of additional 44 

potassium fertilizer application is calculated from the exchangeable potassium concentration of 45 

the soil before cultivation, assuming a soil bulk density of 1.0 Mg m−3 and soil depth of 15 cm. 46 

As a result, the percentage of soybean grains exceeding the present standard limits (100 Bq kg−1 47 

fresh weight for radiocesium in food, established by the Japanese Ministry of Health, Labor and 48 

Welfare in April 2012) has decreased annually, and the radiocesium concentration in soybean 49 

grains has not exceeded this limit since 2015 (Japanese Ministry of Agriculture, Forestry and 50 
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Fisheries). According to the MAFF (2015), the exchangeable potassium concentration of the 51 

soil is relatively low in fields where the radiocesium concentration of the soybean grains 52 

exceeds the above limit before 2015. Although additional potassium fertilization is a primary 53 

factor in reducing the percentage of soybean grains exceeding this limit, the decrease in soil-54 

exchangeable radiocesium concentrations due to physical decay and fixation to clay minerals 55 

in the soil (Tsumura et al. 1984; Ehlken and Kirchner 2002) has also contributed to the reduction. 56 

Radiocesium transfer from the soil to the edible parts of a plant has been widely studied, 57 

but most research has focused on radiocesium, with few reports on the comparative dynamics 58 

of radiocesium and potassium. Cesium and potassium are expected to have similar behaviors 59 

in soil-plant systems; however, the radiocesium/potassium ratio is not uniform in paddy rice, 60 

indicating different behaviors (Tsumura et al. 1984; Tsukada et al. 2002b; Kondo et al. 2015). 61 

Soybean and buckwheat show considerably high TF of 134Cs (Broadley and Willey 1997), and 62 

monitoring inspections after the accident also indicated that the percentage of soybean grains 63 

exceeding the limit was higher compared with other crops (Nihei and Hamamoto 2019). 64 

Potassium application is costly and labor-intensive; therefore, it is important to understand the 65 

behavior of potassium and radiocesium in soybean soil-plant systems to establish strategies for 66 

reducing radiocesium concentrations with minimal labor and cost. In the present study, we 67 

therefore examined the comparative dynamics of radiocesium (137Cs) and potassium (K) in 68 

soybean. To do so, we conducted a field experiment with five levels of soil-exchangeable K and 69 

examined the variability in the absorption and distribution of 137Cs compared with K. 70 

 71 

2. Materials and Methods 72 

 73 

2.1. Field management and experimental design 74 



4 
 

The field experiment was conducted in the city of Date in Fukushima Prefecture in 2015. 75 

The soil type in the field was gray lowland soil based on the classification of cultivated soils in 76 

Japan. The soil texture was sandy clay (27.0% clay, 7.5% silt, and 65.5% sand), and the 137Cs 77 

concentration from the surface to a depth of 15 cm was 2.74 kBq kg−1 in mid-May, 2015. The 78 

physical and chemical properties of the soil are shown in Table 1. 79 

Although the additional application of K fertilizer had been widely implemented before 80 

the conventional rate of basal fertilizer was applied, the additional K fertilizer was applied 81 

together with the basal dressing of K fertilizer (80 mg kg−1 soil of K2O, assuming that the soil 82 

bulk density was 1.0 Mg m−3 and soil depth was 15 cm) in this study. One of the following five 83 

levels of soil-exchangeable K was applied to the plots prior to cultivation: no K fertilization 84 

(K0), 230 (K230), 380 (K380), 580 (K580), and 780 mg kg−1 K2O (K780). For all plots, a 85 

conventional rate of N and P were applied as follows: 20 mg Kg−1 of N and 80 mg Kg−1 of P2O5 86 

as basal dressing on 3 June 2015, followed by 40 mg kg−1 of N as top dressing on 29 July. 87 

The experimental design was a randomized complete block with three replications. The 88 

area of each plot was 27.3 m2. The soybean cultivar ‘Tachinagaha’ was sown at a density of 50 89 

kg seed ha−1 just after the application of basal dressing (3 June). The hill space between planted 90 

rows was 0.7 m.  91 

 92 

2.2. Sample collection, sample preparation, and chemical analysis 93 

The soybean shoots were sampled at the fifth trifoliate stage (9 July), the full bloom stage 94 

(28 July), the full seed stage (17 September), and the full maturity stage (20 October), hereafter 95 

referred to as V5, R2, R6, and R8, respectively. After sampling at the R6 growth stage, the 96 

shoots were covered with a polyethylene mesh bag (Nandemo-kaisyubukuro, Nihon Matai Co., 97 

Ltd., Japan; 6 mm mesh, 100 × 120 cm) to collect fallen leaves. The leaves turned yellow after 98 

the R6 growth stage, and most had fallen by the R8 growth stage; thus, the leaves collected at 99 
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this late stage all represented fallen leaves. The shoots were divided into three parts (leaf blade, 100 

petiole, and stem) at the V5 and R2 growth stages, and into five parts (leaf blade, petiole, stem, 101 

pod, and grain) at the R6 and R8 growth stages. Then, the samples were washed with tap water 102 

and dried for at least 48 h at 80°C in a ventilated oven. After drying, the dry weight of the 103 

samples was measured. The dried samples were cut using a cutting mill (SM300, Retsch, 104 

Germany) with a 4-mm bottom sieve, after which a portion of the samples was pulverized with 105 

a blender (D3V-10, Osaka Chemical Co., Japan) and used for gamma-ray spectrometry. About 106 

0.2 mg of the pulverized samples was digested with 2.5 mL of nitric acid and 0.5 mL of 107 

hydrogen peroxide using the heat block acid digestion system (DigiPREP LS, SCP SCIENCE, 108 

Canada). The acid digests were used to determine the K concentrations of the plant samples 109 

using inductively coupled plasma-atomic emission spectroscopy (ICP-AES; Vista-MPX, Varian, 110 

USA). 111 

Soil from the surface to a depth of 15 cm was sampled with a round worm scoop (Fujiwara 112 

Scientific Company Co., Ltd., Japan) at the same time the plants were sampled. Soil samples 113 

were collected from 10 points in each plot and combined to make a composite sample. After 114 

visible plant residues and stones were removed, the soil samples were air-dried and passed 115 

through a 2-mm sieve using a Dust Shield Automatic Mill and Screen for Soil RK4II (DIK-116 

2610, Daiki Rika Kogyo Co., Ltd., Japan). Exchangeable 137Cs was extracted at a soil-to-117 

solution ratio of 1:10 in 1 mol L−1 ammonium acetate (pH 7.0) with shaking for 1 h, according 118 

to Tsukada et al. (2008). The sieved soil samples and the ammonium acetate extracts were then 119 

used for gamma-ray spectrometry. Exchangeable K was extracted using 1 mol L−1 ammonium 120 

acetate at a soil-to-solution ratio of 1:20 with 1 h shaking and the concentration of K was 121 

determined via ICP-AES. 122 

 123 

2.3. Gamma-ray spectrometry 124 
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The 137Cs concentrations of the plant and soil samples were determined using high-purity 125 

germanium detectors (GC2520-7500SL and GC4020-7500SL, Canberra, USA). The 137Cs 126 

concentrations of the plant samples were measured using a 0.7 L Marinelli beaker or cylindrical 127 

polypropylene container (U-8 container, 65 mm in height and 50 mm in diameter; RIG, Japan). 128 

The 137Cs concentrations of the soil and ammonium acetate extracts (for determining 129 

exchangeable 137Cs) were measured directly in a U-8 container and 0.7 L Marinelli beaker, 130 

respectively, using gamma lines at 661.6 keV. The counting uncertainties of 137Cs were kept 131 

lower than 10% and concentrations were time-corrected on each sampling day. 132 

 133 

2.4. Statistical analysis 134 

All statistical analyses were conducted using statistical software (BellCurve for Excel ver. 135 

3.00, Social Survey Research Information Co., Ltd., Japan). Analysis of variance (ANOVA) 136 

followed by Tukey’s multiple comparison test at P < 0.05 was used to determine the significance 137 

of differences between treatments. 138 

 139 

3. Results 140 

 141 

3.1. Plant growth 142 

Figure 1 shows the dry weights and distribution patterns of the dry weights of the shoots. 143 

The dry weight of the shoots increased dramatically from the R2 to the R6 growth stage (Fig. 144 

1a, Table S1 in supplementary material) and the weight of the grains at the R8 growth stage was 145 

1.7 to 2.2 times higher than that at the R6 growth stage (Fig. 1a, Table S1), with 42% of the 146 

total weight of the shoots represented by the grains at the R8 stage (Fig. 1b). K application did 147 

not affect the dry weight or distribution patterns of the dry weights of the shoots at any growth 148 

stage. 149 
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 150 

3.2. K and 137Cs inventory and distribution in the shoots 151 

Figures 2 and 3 show the inventory and distribution patterns of K and 137Cs in the shoots, 152 

respectively, while the corresponding numerical data are in Table S2 and S3 in supplementary 153 

material, respectively. The inventory of K in the shoots increased greatly from the V5 to the R6 154 

growth stage (Fig. 2a). From the R6 to the R8 growth stages, the inventory of K increased in 155 

the grains and decreased in all other parts of the shoot, regardless of the K application level. 156 

The decrease in the inventory of K was higher in the leaf blades and stems than in the petioles 157 

and pods. 158 

The inventory of K in the shoots increased with K application, and was 1.46 times greater 159 

under K780 treatment than under K0 treatment (Fig. 2a). K application did not affect the 160 

distribution pattern of K in the shoots until the R2 growth stage (Fig. 3a); however, at the R6 161 

and R8 growth stages, as the application level of K increased, the distribution of K tended to 162 

decrease in the grains and increase in all other parts of the shoot. At the R8 growth stage, 47% 163 

to 56% of the total inventory of K in the shoots was distributed in the grains. 164 

The inventory of 137Cs in the shoots increased sharply from the R2 to the R6 growth stage 165 

(Fig. 2b). Compared with K, 137Cs was distributed more in the leaf blades and less in the grains 166 

at the R6 and R8 growth stages, and the distribution percentage of 137Cs to the grains was less 167 

than 38% of the total inventory (Fig. 3b). At all growth stages, the total inventory of 137Cs in 168 

the shoots decreased with the increase in K application level (Fig. 2b). Although K application 169 

reduced the inventories of 137Cs in each part of the shoot, the sensitivity to K application differed 170 

among parts. The rates of decrease in the inventories of 137Cs at the R6 and R8 growth stages 171 

were highest in the grains and pods, followed by the petioles and stems, and were lowest in the 172 

leaf blades (Fig. 2b). Therefore, as the K application level increased, 137Cs was distributed to 173 

the leaf blades rather than to the grains and pods (Fig. 3b). 174 



8 
 

 175 

3.3. K and 137Cs concentrations in the grains 176 

Table 2 shows the concentrations of K and 137Cs in the grains. The K concentration in the 177 

grains was about 20 g kg−1 dry weight at the R6 and the R8 growth stages, regardless of the K 178 

application level. In contrast, the 137Cs concentration in the grains at the R6 and R8 growth 179 

stages decreased with the increase in K application level, and the effect of K application on the 180 

137Cs concentration in the grain was unclear when the targeted soil-exchangeable K 181 

concentration before the cultivation was greater than 380 mg kg−1 of K2O. The TF ranged from 182 

0.0015 to 0.0237 at the R8 growth stage, and was dependent on the K application level (data 183 

not shown). 184 

 185 

3.4. 137Cs/K ratios in the plants 186 

Table 3 shows the 137Cs/K ratio of each plant part. The ratio was highest in the leaf blade 187 

throughout cultivation, and although values at the R6 growth stage were similar in all parts of 188 

the shoot except the leaf blade, the ratio of the grains tended to be lower than all other parts at 189 

the R8 growth stage. The 137Cs/K ratio of the grains at the R8 growth stage was slightly lower 190 

than that at the R6 growth stage, whereas in all other parts of the shoot, the ratio increased. K 191 

application caused a reduction in the 137Cs/K ratio in all parts of the shoot. 192 

 193 

3.5. Exchangeable K and 137Cs concentrations in the soil 194 

Table 4 shows the concentrations of exchangeable K and 137Cs in the soil, both of which 195 

can be absorbed by crops. As growth progressed, the exchangeable K concentration decreased 196 

except under K0 treatment, whereas exchangeable 137Cs tended to increase. At all growth stages, 197 

higher K application levels increased the exchangeable K concentration and decreased the 198 
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exchangeable 137Cs concentration. Consequently, the exchangeable 137Cs/K ratio tended to 199 

increase with growth and decrease with increasing K application level at all growth stages. 200 

 201 

3.6. Relationship between the 137Cs/K ratio in the shoots and exchangeable 137Cs/K ratio in 202 

the soil 203 

The relationship between the 137Cs/K ratio in the shoots (Table 3) and exchangeable 204 

137Cs/K ratio in the soil (Table 4) is shown in Fig. 4. A positive correlation was observed 205 

between the 137Cs/K ratio in the shoots and the exchangeable 137Cs/K ratio in the soil for each 206 

growth stage (r2 > 0.98), and the relationship was expressed as a linear regression equation (Y 207 

and X representing the 137Cs/K ratio in the shoots and exchangeable 137Cs/K ratio in the soil, 208 

respectively) passing through the origin with a specific regression coefficient (slope). Moreover, 209 

the slope of the regression line for the shoots was almost twice as high at the R6 and R8 growth 210 

stages than the V5 and R2 growth stages. 211 

 212 

4. Discussion 213 

The dry weight of the shoots increased significantly from the R2 to the R6 growth stage 214 

(Fig. 1a). The inventories of K and 137Cs in the shoots increased remarkably with this increase 215 

in the dry weight (Figs. 1a and 2). Harper (1971) reported that the maximum rate of nutrient 216 

uptake occurred during the R2 and R5 growth stages. Thus, nutrient accumulation in the shoots 217 

coincides closely with dry matter accumulation. The rapid increase in K demand after the R2 218 

growth stage (full bloom stage) reflects the overlap of vegetative growth (the production of 219 

leaves and stems) and reproductive growth (production of grains) (Fig. 1a). Both K and Cs 220 

belong to the same alkali metal group and are absorbed competitively (Shaw and Bell 1991), 221 

suggesting that Cs is absorbed by the K transport system (Zhu and Smolders 2000; White and 222 
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Broadley 2000). Thus, as the absorption of K increased, the absorption of 137Cs may also have 223 

increased. 224 

The K concentration in the grains was relatively constant, regardless of the K application 225 

level (Table 2). In line with this, a previous study showed that the nutrient composition (K, Mg, 226 

Ca, Na, and P) and nutritional value (proteins, lipids, and total sugars) of soybean grains were 227 

not affected by K application (Hirayama et al. 2018), with a similar result also reported in paddy 228 

rice (Tsukada et al. 2002a). These results suggest that the dynamics of K in soybean is 229 

determined by stoichiometric homeostasis, that is, the ability of plants to maintain a relatively 230 

stable element composition regardless of changes in nutrient availability. The K concentration 231 

of the soybean grains was approximately 20 g kg−1 dry weight (Table 2), whereas that of paddy 232 

rice grain was about 2 g kg−1 dry weight (Kato et al. 2015). Furthermore, 47% to 56% of the 233 

total inventory of K in the soybean shoots was distributed to the grains (Fig. 3a), whereas in 234 

paddy rice, the distribution of K to the grains was less than 13% of the shoots (Ishikawa et al. 235 

2018). This is probably because paddy rice grains accumulate K in the embryo, which is only a 236 

small part of the grains, whereas soybean grains accumulate K in the cotyledon, the largest part 237 

of the grain (Nihei et al. 2017). When grown under identical soil, the radiocesium concentration 238 

of the soybean grains is likely to be higher than that of paddy rice given that the localization of 239 

Cs and K in the soybean grains is similar (Nihei et al. 2017). 240 

The effect of K application was much greater in terms of the 137Cs dynamics than those of 241 

K or biomass production (Figs. 1, 2 and 3). At all growth stages, the total inventory of 137Cs in 242 

the shoots decreased with the increase in K application level (Fig. 2b), and no apparent effect 243 

of K application on 137Cs accumulation in the shoots was observed when the targeted soil-244 

exchangeable K concentration before the cultivation was higher than 380 mg kg−1 of K2O (Fig. 245 

2b). Moreover, 137Cs was distributed to the leaf blades rather than the grains as the application 246 

level of K increased (Fig. 3b). In paddy rice, the ratio of Cs in the brown rice to that in the straw 247 
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was negatively correlated with the soil K level, suggesting that the proportion of Cs 248 

accumulation in the brown rice to that in the whole plant increased under low soil K conditions 249 

(Ishikawa et al. 2018). The present results suggest that K application decreased not only the 250 

accumulation of 137Cs in the shoots but also the distribution of 137Cs to the grains. However, the 251 

decrease of 137Cs distribution to the grain had a much smaller effect than that of 137Cs root 252 

absorption (Fig. 2b and 3b). Overall, the main factor affecting the reduction in 137Cs 253 

accumulation in the grains was the reduction in 137Cs absorption with K application. 254 

At all growth stages, higher K application levels increased the exchangeable K concentration 255 

and decreased the exchangeable 137Cs concentration (Table 4). This result suggest that the 256 

exchangeable 137Cs concentration increases as the exchangeable K concentration in the soil 257 

decreases, which is line with previous findings (Kubo et al. 2015; Ishikawa et al. 2018). Cs in 258 

the soil is selectively fixed at frayed edge sites (FES) (Sawhney 1972; Cremers 1988), and when 259 

the exchangeable K concentration in the soil decreases, Cs fixed in the FES should be released 260 

(Gommers et al. 2005; Thiry et al. 2005). Here, the exchangeable 137Cs/K ratio in the soil was 261 

positively correlated with the 137Cs/K ratio in the shoots (Fig. 4), similar to results obtained in 262 

paddy rice (Kondo et al. 2015). These results also suggest that the exchangeable 137Cs/K ratio 263 

in the soil is an important factor determining the 137Cs/K ratio in shoots. The regression line 264 

slopes were similar at the V5 and R2 growth stages and the R6 and R8 growth stages (Fig. 4). 265 

In contrast, the regression line slopes at the R6 and R8 growth stages were much higher than 266 

those at theV5 and R2 growth stages. These results suggest that the discrimination of 137Cs from 267 

K at the R6 and R8 growth stages was lower than that at the V5 and R2 growth stages, despite 268 

similar exchangeable 137Cs/K ratios in the soil, which indicates that the absorption mechanisms 269 

of K and 137Cs in soybean differ before and after the R2 growth stage. The absorption of Cs is 270 

mediated mainly by K transporters and channels, and the discrimination of Cs from K differs 271 

among these systems (White and Broadley 2000; Zhu and Smolders 2000; Broadley et al. 2001; 272 
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Qi et al. 2008). High-affinity K transporters function in low-K conditions with low 273 

discrimination of Cs from K, whereas K channels, such as voltage-independent cation channels, 274 

function in high-K conditions with high discrimination (Zhu and Smolders 2000). Meanwhile, 275 

K starvation can also upregulate the expression of high-affinity K transporters, which may have 276 

reduced the discrimination of 137Cs from K after the R2 growth stage. As a result of the decrease 277 

in discrimination of 137Cs from K during absorption (Fig. 4) and the increase in soil-278 

exchangeable 137Cs/K (Table 4) with growth, 137Cs became more transferable to the shoots after 279 

the R2 growth stage. 280 

The chemical behavior of Cs is likely to be similar to that of K given that both are alkali 281 

elements with similar physicochemical properties (Shaw and Bell 1991; Smolders et al. 1997). 282 

However, they appear to behave differently in soil-plant systems. The exchangeable 137Cs/K 283 

ratio in the soil was much higher than the 137Cs/K ratio in the shoots at all growth stages (Fig. 284 

4), and the ratio was not uniform in different parts of the shoot (Table 3). In soybean, 137Cs was 285 

distributed more in the leaf blades and less in the grains compared with K, regardless of the K 286 

application level, and this tendency was promoted by K fertilization (Fig. 3). Accordingly, the 287 

137Cs/K ratio was highest in the leaf blades and tended to be lowest in the grains at the R8 288 

growth stage, and the rates of decrease in the 137Cs/K ratio with K application were larger in the 289 

grains than the leaf blades at the same stage (Table 3). K is a mobile nutrient, translocated from 290 

the older to younger parts and from the source (plant parts other than the grains: leaf blade, 291 

stem, and so on) to the sink (grains). Tsukada et al. (2002b) reported that, in paddy rice, the 292 

133Cs concentration at maturity was higher in older leaf blades, whereas the K concentration 293 

was higher in younger leaf blades. These results suggest that K is more efficiently absorbed 294 

from the soil and more translocatable during source-to-sink translocation than Cs. The 295 

differences in the 137Cs/K ratio among different parts of the shoot are thought to be related to 296 

the discrimination of Cs from K.  297 
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Physiological processes that increase nutrient accumulation in the grains include direct 298 

transport (absorption) from the soil and remobilization from plant parts other than the grains. 299 

The increase in the inventory of K in the grains between the R6 and the R8 growth stages was 300 

similar to or slightly lower than the total decrease in K in all parts of the shoot except the grains, 301 

whereas the inventory of K decreased sharply in the leaf blades and stems (Fig. 2a). In addition, 302 

the concentration of K in these parts also decreased substantially during this period (data not 303 

shown). Thus, these parts are the primary source of K for soybean grains. Bender et al. (2015) 304 

suggested that the leaf provides the primary source of remobilized N and P, but the stem seems 305 

to serve as temporary storage for K in soybean. However, the source of 137Cs in the grains could 306 

not be explained fully by translocation from the parts of the shoot other than the grains, except 307 

under K0 treatment. This was because the increase in the inventory of 137Cs in the grains from 308 

the R6 to R8 growth stages was greater than the apparent total decrease in all other parts of the 309 

shoot (Fig. 2b). Therefore, it is thought that the increase in the inventory of 137Cs in the grains 310 

from the R6 to the R8 growth stages depends on whether the 137Cs accumulated in the grains 311 

was newly absorbed from the soil or had already accumulated in the roots and was translocated. 312 

Given that the two were indistinguishable in this study due to the lack of root samples, further 313 

studies are needed to elucidate the dynamics of 137Cs in the roots under minimal soil 314 

contamination. 315 

It is difficult to remove all radioactivity from fields by decontamination. Furthermore, the 316 

decrease in radiocesium concentrations in the soil is slow because of the length of the 137Cs 317 

half-life. Because there is still a high risk of an increased TF when the soil-exchangeable K 318 

concentration decreases substantially (NARO and Fukushima Prefecture 2019), continuous 319 

countermeasures against radiocesium transfer to crops are required. In soybean, the demand for 320 

K increased after the R2 growth stage (Fig. 2a) and the exchangeable 137Cs/K ratio in the soil 321 

tended to increase with growth (Table 4). Moreover, the discrimination of 137Cs from K was 322 
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lower at the R6 and R8 growth stages than at the V5 and R2 growth stages under the same 323 

exchangeable 137Cs/K ratio in the soil (Fig. 4). Therefore, lowering the soil-exchangeable 324 

radiocesium/potassium ratio after the R2 growth stage by increasing K availability may 325 

efficiently reduce the transfer of radiocesium from the soil to the grains. The optimal strategy 326 

for increasing K availability after the R2 growth stage in the field remains unclear, and thus 327 

further studies are needed. 328 

 329 

5. Conclusions 330 

 We conducted a field experiment in soybean with different levels of K application to elucidate 331 

the comparative dynamics of 137Cs and K. The inventory of K in the shoots increased greatly 332 

from the fifth trifoliate stage to the full seed stage, and as the absorption of K increased, so too 333 

did the absorption of 137Cs. The effect of K application was much greater in terms of the 334 

dynamics of 137Cs than those of K or biomass production. Although K application reduced not 335 

only the accumulation of 137Cs in the shoots but also the distribution of 137Cs to the grains, the 336 

137Cs distribution to the grain had a much smaller effect on 137Cs accumulation in the grains 337 

than 137Cs absorption. Moreover, the exchangeable 137Cs/K ratio in the soil was positively 338 

correlated with the 137Cs/K ratio in the shoots for each growth stage, and the slope of the 339 

regression line at the full seed and full maturity stage was almost twice that at the fifth trifoliate 340 

and full bloom stage. These results suggest that the discrimination of 137Cs from K decreases 341 

after the full bloom stage. As a result of the decrease in the discrimination of 137Cs from K 342 

during absorption and the increase in soil-exchangeable 137Cs/K with growth, 137Cs was more 343 

transferable to the shoots after the full bloom stage. Therefore, as a future strategy, lowering the 344 

soil-exchangeable radiocesium/potassium ratio after the full bloom stage by increasing 345 

potassium availability could efficiently reduce the transfer of radiocesium to the grains. 346 

 347 
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 474 

Figure captions 475 

Figure 1. Dry weights and distribution patterns of the dry weights of the shoots. (a) Dry weight. 476 

(b) Distribution patterns of the dry weights. V5, fifth trifoliate stage; R2, full bloom stage; R6, 477 

full seed stage; R8, full maturity stage. No significant differences in the dry weights of the shoot 478 

were observed between K treatment levels (Tukey’s multiple comparison test at P < 0.05). 479 

 480 

Figure 2. Inventories of K and 137Cs in the shoots. (a) K and (b) 137Cs. V5, fifth trifoliate stage; 481 

R2, full bloom stage; R6, full seed stage; R8, full maturity stage. Different letters at the same 482 

growth stage indicate significant differences in the total inventories of K and 137Cs in the shoots 483 

(Tukey’s multiple comparison test at P < 0.05).  484 

 485 

Figure 3. Distribution patterns of K and 137Cs in the shoots. (a) K and (b) 137Cs. V5, fifth 486 

trifoliate stage; R2, full bloom stage; R6, full seed stage; R8, full maturity stage. 487 

 488 

Figure 4. Relationship between the 137Cs/K ratio in the shoots and exchangeable 137Cs/K ratio 489 

in the soil. V5, fifth trifoliate stage; R2, full bloom stage; R6, full seed stage; R8, full maturity 490 

stage. ** indicates P < 0.01. ANCOVA shows a significant difference of the regression line 491 

slopes before and after R2 growth stage (P < 0.01).  492 

 493 



Table 1. Physical and chemical properties of the soil. 

      
Soil texture Sandy clay 

Major clay minerals Illite, smectite 

Soil texture (%)  Clay 27.0 

  Silt  7.5 

  Coarse sand 44.2 

  Fine sand 21.2 

pH (H2O) 5.2 

Phosphate absorption coefficient (mg 
Kg-1) 

4940 

Cation exchange capacity (cmol kg-1 dry 
weight) 

12.1 

137Cs concentration (Bq kg-1) 2,740  

 
Table 2. Concentration of K and 137Cs in the grains. 

                    
K treatment  K (g kg-1 dry weight)   137Cs (Bq kg-1 dry weight) 

R6  R8   R6 R8 

K0 18.3    20.0      79.5 a 61.8 a 

K230 19.0    21.6      27.3 b 23.7 b 

K380 20.2    20.9      9.9 bc 8.7 c 

K580 19.1    20.7      4.8 c 4.6 c 

K780 19.2    20.6      3.6 c 4.0 c 

ANOVA                   
K treatment  ns     ** 

Growth stage **     ns 

K treatment × Growth stage ns     ns 

R6, full seed stage; R8, full maturity stage.                                   

Different letters at the same growth stage indicate significant differences (Tukey’s multiple 
comparison test at P < 0.05).  

** and * show significant difference at P < 0.01 and 0.05, respectively. ns indicates not significant.  

 

 
 
 
 
 
 
 
 
 
 
 



Table 3. The 137Cs/K ratio in each plant part. 

                                  
Growth 

stage 
Plant part 137Cs/K (Bq g-1 dry weight) 

  K0 K230 K380 K580 K780 

V5 Shoot 1.60 A   0.49 B   0.32 B   0.28 B   0.21 B   

Leaf blade 2.29 A a 0.67 B a 0.48 B a 0.32 B 
  

0.32 B a 

Petiole 0.94 A b 0.26 B c 0.13 BC b 0.18 BC 
  

0.07 C b 

Stem 1.03 A b 0.43 B b 0.22 B b 0.30 B 
  

0.15 B b 

Pod - 

Grain - 

ANOVA   
    

  
    

  
    

  
    

  
    

K treatment ** 

Plant parts ** 

K treatment × Plant parts ** 

R2 Shoot 2.19 A   0.59 B   0.22 C   0.15 C   0.15 C   

Leaf blade 3.20 A a 0.89 B a 0.34 BC a 0.21 C 
  

0.21 C 
  

Petiole 1.68 A b 0.41 B b 0.15 B b 0.06 B 
  

0.08 B 
  

Stem 1.73 A b 0.51 B b 0.19 B ab 0.18 B 
  

0.17 B 
  

Pod - 

Grain - 

ANOVA   
    

  
    

  
    

  
    

  
    

K treatment ** 

Plant parts ** 

K treatment × Plant parts ** 

R6 Shoot 4.74 A   1.67 B   0.87 C   0.47 C   0.32 C   

Leaf blade 5.97 A a 2.37 B 
  

2.10 BC a 1.30 BC a 0.73 C a 

Petiole 4.50 A ab 1.55 B 
  

0.81 BC b 0.38 C b 0.34 C ab 

Stem 4.42 A ab 1.48 B 
  

0.83 BC b 0.45 C b 0.28 C ab 

Pod 4.87 A ab 1.74 B 
  

0.66 C b 0.28 C b 0.26 C ab 

Grain 4.36 A b 1.45 B 
  

0.49 C b 0.25 C b 0.19 C b 

ANOVA   
    

  
    

  
    

  
    

  
    

K treatment ** 

Plant parts ** 

K treatment × Plant parts ns 

R8 Shoot 4.53 A   1.90 B   0.96 BC   0.65 C   0.62 C   

Leaf blade 10.68 A a 5.57 AB a 4.14 B a 4.28 B a 4.45 B a 

Petiole 4.91 A b 2.45 B b 0.91 BC bc 0.76 C b 0.62 C b 

Stem 5.70 A b 2.62 B b 1.88 BC b 1.05 BC b 0.80 C b 

Pod 6.38 A b 2.50 B b 0.92 C bc 0.52 C b 0.49 C b 

Grain 3.09 A b 1.10 B b 0.42 C c 0.22 C b 0.19 C b 

ANOVA   
    

  
    

                  



K treatment ** 

Plant parts ** 

K treatment × Plant parts ns 

V5, fifth trifoliate stage; R2, full bloom stage; R6, full seed stage; R8, full maturity stage.                                                                                                                                                                     

Different letters at the same growth stage indicate significant differences between K treatments (uppercase 
letters) and between plant parts (lowercase letters) (Tukey’s multiple comparison test at P < 0.05). 

 

** and * show significant differences at P < 0.01 and 0.05, respectively. ns indicates not significant. 137Cs/K 
ratios in each part of the shoot were significantly different among growth stages (ANOVA at P < 0.01). 

 

 

As growth progressed, the 137Cs/K ratios of the leaf blades, petioles, stems, and pods increased, whereas those 
in the grains decreased (ANOVA at P < 0.05). 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
Table 4. Concentration of exchangeable K and 137Cs in the soil. 
                                                      

K treatment Exchangeable 137Cs                    
(Bq kg-1 dry weight) 

  Exchangeable K                                  
(mg kg-1 dry weight) 

  Exchangeable 137Cs/K                              
(Bq mg-1 dry weight)   

V5 R2 R6 R8   V5 R2 R6 R8   V5 R2 R6 R8 

K0 81   85   90 a 96 a   86 d 72 e 73 d 86 d   0.96 a 1.21 a 1.24 a 1.16 a 

K230 57   64   61 ab 68 ab   174 cd 145 d 116 cd 122 cd   0.35 b 0.44 b 0.53 b 0.58 ab 

K380 48   56   51 b 55 ab   251 bc 215 c 150 c 184 c   0.18 b 0.25 b 0.34 bc 0.30 b 

K580 37   40   41 b 41 b   342 b 327 b 260 b 256 b   0.11 b 0.12 b 0.16 c 0.16 b 

K780 43   43   41 b 46 b   564 a 521 a 334 a 328 a   0.08 b 0.08 b 0.12 c 0.14 b 

ANOVA                                                     
K treatment  **   **   ** 

Growth stage ns   **   ns 

K treatment × Growth stage ns   **   ns 

V5, fifth trifoliate stage; R2, full bloom stage; R6, full seed stage; R8, full maturity stage.                                                                                                                                   

Different letters at the same growth stage indicate significant differences (Tukey’s multiple comparison test at P < 0.05). 

** and * show significant difference at P < 0.01 and 0.05, respectively. ns indicates not significant. 

 



Figure 1. Dry weights and distribution patterns of the dry weights of the shoots. (a) Dry weight. (b) Distribution patterns of the dry weights. V5,

fifth trifoliate stage; R2, full bloom stage; R6, full seed stage; R8, full maturity stage. No significant differences in the dry weights of the shoot were

observed between K treatment levels (Tukey’s multiple comparison test at P  < 0.05).
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Figure 2. Inventories of K and 
137

Cs in the shoots. (a) K and (b) 
137

Cs. V5, fifth trifoliate stage; R2, full bloom stage; R6, full seed stage; R8, full

maturity stage. Different letters at the same growth stage indicate significant differences in the total inventories of K and 
137

Cs in the shoots (Tukey’

s multiple comparison test at P  < 0.05).
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Figure 3. Distribution patterns of K and 
137

Cs in the shoots. (a) K and (b) 
137

Cs. V5, fifth trifoliate stage; R2, full bloom stage; R6, full seed stage; R8, full

maturity stage.
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Figure 4. Relationship between the 
137

Cs/K ratio in the shoots and exchangeable 
137

Cs/K ratio in

the soil. V5, fifth trifoliate stage; R2, full bloom stage; R6, full seed stage; R8, full maturity stage.

** indicates P  < 0.01.
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