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ABSTRACT 

Owing to the Fukushima Dai-ichi Nuclear Power Plant (FDNPP) accident a vast amount of 

radiocesium was released polluting the land. Afterwards, a variety of decontamination practices 

has been done, reducing the ambient dose rates. In this study we evaluated the effectiveness of 

eight forest decontamination practices by means of monitoring the radiocesium (137Cs) 

concentration in soil and leaf samples, and the daily discharge rates in ten plots during 27 

months (May 2013 - July 2015). A forest plantation located 16 km southwest to the FDNPP and 

within the exclusion area was selected. Radiocesium concentrations were analysed using a 

germanium gamma ray detector. The differences in radiocesium activities between the different 

plots were statistically significant (p < 0.05) and four homogeneous groups were distinguished. 

Tree thinning and litter removal greatly reduced the radioactivity and the two plots devoted to 
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these practices presented the highest discharge rates of 137Cs (Th+LR; 350–380 Bq / m2 day), 

followed by the two Th plots (163–174 Bq / m2 day). The clearcutting with LR and the LR plots 

(104 and 92 Bq / m2 day) also had higher rates than those rates in the control plots (51 Bq / m2 

day). We only observed low rates in the two plots with matting (19–25 Bq / m2 day). The 

temporal variability was explained by (i) the different rainfall depths registered during the 

measurement intervals (accumulated precipitation from 14 to 361 mm); and (ii) the fluctuations 

of the total surface coverage. The decrease trend in radiocesium concentration was high in 2013, 

moderate in 2014 and low in 2015 owing to the vegetation recovery after the countermeasures, 

thus reducing the possibility of the second pollution of the neighbouring areas. The average 

proportions of contribution of 137Cs discharge by soil and leaf fraction were 96.6% and 3.4%. 

 

Capsule: The highest discharge rates of Cs-137 appeared in the two plots devoted to tree 

thinning and litter removal. We only observed low rates in the two plots with matting. 

 

Keywords: Fukushima accident; Radiocesium; Clearcutting; Litter removal; Tree thinning. 

 

1. Introduction 

On 11 March 2011 a 9.0 earthquake and the resulting tsunami occurred in central-eastern 

Japan triggering, one day after, the Fukushima Dai-ichi Nuclear Power Plant (FDNPP) accident. 

After failure of the cooling systems, several hydrogen explosions damaged three of the six 

nuclear reactors of the power plant on March 12, 14 and 15, and affected a fourth reactor 

which had already been stopped (Achim et al., 2014). Published estimates suggest total release 

amounts of 12–36.7 PBq of 137Cs (with 134Cs/137Cs approximately equal to 1.0) and 150–160 PBq 

of 131I (Aliyu et al., 2015). Despite the bulk of radionuclides were transported offshore and out 

over the Pacific Ocean, significant wet and dry deposits of those radionuclides occurred on land 

(ca. 22%) (Morino et al., 2011). The most affected areas are in Fukushima Prefecture (Fuk-Pref, 

hereafter) and in a minor way in Miyagi, Tochigi, Gunma and Ibaraki Prefectures. Initial fallout 

contaminated cultivated soils, forests, water bodies, residential areas, asphalt and concrete 

surfaces, and significant pollution still remains (Saito et al., 2014; Mikami et al., 2015). After the 

accident, a variety of decontamination practices (soil removal in paddies, forests and 

schoolyards, litter removal, etc.) has been done, reducing the ambient dose rates (Hashimoto et 

al., 2012; Saegusa et al., 2015; Yang et al., 2016). This accident caused important economic 
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damages that include, among others, the cost of decontamination practices, and the 

abandonment of cultivated and residential areas (Yasutaka and Naito, 2016). Additionally, there 

is a significant concern about the environmental and health consequences at short, medium and 

long-term (Aliyu et al., 2015). 

Due to the strong adsorption capability of radiocesium to soil particles and vertical soil 

migration, seven weeks after the accident 86% of total radiocesium absorbed in the soil profile 

were accumulated in the upper 2.0 cm in the cultivated soils located near the FDNPP (Kato et al., 

2012a). After 5 months of the initial fallout, more than 60% of the total deposited radiocesium 

(134Cs and 137Cs) in coniferous forest plantations of cypress and cedar remained in the canopy. 

The half lives of 137Cs absorbed in the cypress and cedar canopies were calculated as 620 days 

and 890 days, respectively for the period of 0–160 days. The transfer of the deposited 

radiocesium from the canopy to the forest floor was slow compared with that of the spruce 

forest affected by fallout from the Chernobyl nuclear reactor accident (Kato et al., 2012b). 

Between 17 days and 7 months after the accident, the transfer of radiocesium from the canopy 

of a coniferous forest to the forest floor via throughfall and stemflow was predominant in the 

first weeks. However, the contributions of hydrological pathways became less important as time 

passed, and the litterfall route became more important (Teramage et al., 2014a). From July to 

September 2011 (<200 d after the initial fallout) the deposition of 137Cs to the forest floor 

occurred mainly in throughfall during the first rainy season, thereafter (from Sep’2011 to 

Dec’2012), the transfer of 137Cs from the canopy to forest floor occurred mainly through litterfall 

(Kato et al., 2017). Teramage et al. (2014a) observed that 99% of the total soil inventory of the 

pre- and Fukushima derived 137Cs was in the upper 10 cm in a representative coniferous forest 

soil. On the other hand, most radiocesium in the tree rings was directly absorbed from the 

atmosphere via bark and leaves rather than via roots; and xylem 137Cs concentrations will not be 

affected by root uptake if active root systems occur 10 cm below the soil (Mahara et al., 2014). 

On December 2012, 22 months after the accident, Matsuda et al. (2015) found that 

radioactive cesium remained within 5 cm of the ground surface at most study sites (71 sites) 

within a 100-km radius of the FDNPP. These authors calculated a downward migration rate 

ranging between 1.7 and 9.6 kg m–2 y–1. Two years after the FDNPP accident the downward 

migration of radiocesium to subsurface soil (5-10 cm) was only significant (26% of the total 

137Cs) in paddy fields near Kawamata Town (Takahashi et al., 2015). In other land uses in the 

Fuk-Pref, such as abandoned farmlands and tobacco fields, pastures, meadows, mixed forest, 

and mature and young cedar, 137Cs was strongly adsorbed by soil particles and rarely migrated 

downward as soluble form. 
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In Fuk-Pref, sediment fingerprinting approaches have confirmed an effective radiocesium 

migration from upstream areas to coastal plains due to rainfall and spring flood events (Lepage 

et al., 2016). Iwagami et al. (2017a) calculated that the total annual 137Cs discharge by 

suspended sediment, coarse organic matter, and dissolved fractions from a headwater 

catchment located ~35 km northwest of FDNPP was 0.02–0.3% of the total initial deposition. 

The total flux of radiocesium into the Pacific Ocean from the river systems and estimated at 

outlet stations was significant, especially during the typhoon period during the first year after 

the accident (Yamashiki et al., 2014). Kinouchi et al. (2015) simulated with WEP (Water and 

Energy transfer Process model) and calculated the long-term change in 137Cs remaining in the 

headwater areas near the FDNPP due to the erosion and transport of contaminated sediments. 

These processes will reduce the amount of 137Cs remaining in the catchment to 39% of the initial 

amount of deposition within 30 y from 2014 on, which results in the effective half-life of 137Cs to 

be approximately 22 years. 

Since the occurrence of the FDNPP accident until now the overall concentrations of 134Cs (t1/2 

= 2.07 years) and 137Cs (t1/2 = 30.17 years) in soils, natural vegetation and crops, runoff 

(suspended and dissolved particles), stream water and groundwater have decreased due to the 

natural decay of the radionuclides as well as due to the implementation of decontamination 

practices. Easily applicable decontamination methods for various school facilities in Fuk-Pref 

included removing topsoil from schoolyards and purification of pool water (Saegusa et al., 2015). 

From June 2011 to July 2013 a declining trend of dissolved 137Cs concentrations in stream water 

and groundwater (at a depth of 30 m) was observed in headwater catchments located ~35 km 

north west of FDNPP (Iwagami et al., 2017b). These authors also reported that the 

concentration of dissolved 137Cs in stream water increased temporarily during the rainfall events. 

In cultivated soils near Kawamata Town (Fuk-Pref), the radiocesium accumulation in rice plant 

decreased with time (2012-2014) in both control and decontaminated fields (Yang et al., 2016). 

Although decontamination practices effectively reduced 134Cs and 137Cs concentrations (ca. 80% 

lower) in tadpoles in rice paddies, radiocesium concentrations in the decontaminated surface 

paddy soils became 3.8 times greater one year after decontamination due to the subsequent 

movement of radiocesium from adjacent areas (Sakai et al., 2014). 

More than 70% of the Japanese archipelago is covered by forest, of which 60% is evergreen 

coniferous forest (Onda et al., 2010). This is also true in the highly contaminated area (≥1000 

kBq m−2), where 66% of the area is covered by forest (Hashimoto et al., 2012). However, specific 

studies on decontamination practices in forest areas affected by the FDNPP accident are less 

common in the literature. Hashimoto et al. (2012) suggested that removing litter is an efficient 
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method of decontamination in forest areas in Fuk-Pref, although litter is being continuously 

decomposed, and contaminated leaves will continue to fall on the soil surface for several years; 

hence, the litter should be removed promptly but continuously before more radioactive 

elements are transferred into the soil. Iijima et al. (2013) tested different decontamination 

techniques proposed by the Japan Atomic Energy Agency (JAEA) in a forest dominated by 

Japanese cedar trees and fir trees located 1.3 km southwest of the FDNPP. These authors found 

that cutting down and removing trees in the outermost area (10-m width) of the forest as well 

as stripping contaminated topsoil of the forest floor and pruning the trees slightly decreased the 

radiocesium (134Cs and 137Cs) dose rates. Yasutaka et al. (2013) calculated that remove fallen 

leaves and litter layer of 20% area of each 100 m-mesh in forest (adjacent buildings, paddy 

fields and other agricultural land mesh units) areas in the Evacuation Zone and Planned 

Evacuation Zone (restricted zone, about 1100 km2) in Fuk-Pref had an average decontamination 

efficiency between 19 and 59% in air dose rates ranging between less than 1 to more than 10 

µSv h–1, respectively. Recently, Cresswell et al. (2016) reported that clearing trees and applying 

wood chips from timber reduced dose rates by 10–15% beyond that achieved by just clearing 

the forest litter and natural redistribution of radiocaesium in a contaminated forest near 

Kawamata town (Fuk-Pref). 

The basic scenario of decontamination in Fuk-Pref included forested areas within 20 m of 

habitation areas. Implementing decontamination of all forested areas will provide some major 

reductions in the external radiation dose for the average inhabitant, although decontamination 

costs could potentially exceed JPY16 trillion (Yasutaka and Naito, 2016). This extraordinary cost 

and the scarcity of specific previous publications make necessary further studies about the 

effectiveness of forest decontamination policies and practices. We hypothesize that litter 

removal, tree thinning and the combination of both practices, trigger different effects on 

modifying the natural discharge rates of radiocesium in a forested hillslope. In this study, we 

aim to clear the effect of eight decontamination practices (mainly litter removal with and 

without clearcutting, tree thinning with and without logged areas, and the combination of both) 

of 137Cs in a Japanese cedar plantation located 16 km southwestern from the FDNPP and within 

the exclusion area. The soil and leaf weight and the radiocesium discharge rates were 

monitored during 27 months (from May 2013 to July 2015) in a set of ten experimental plots (5 

x 2 m per plot; 100 m2 in total) and radioactivities were determined in the soil and litter 

fractions. This study will contribute to understand the future behaviour of the radiocesium 

budget in the Japanese polluted areas, especially in the forested headwaters that supply fresh 

water in Fuk-Pref and within the exclusion area. 



6 
 

 

2. Material and methods 

2.1. Study area 

This study was done in the stand A (37⁰ 20’ 04” N, 140⁰ 53’ 14” E) of the Kawauchi 

experimental site, composed by a forest plantation of Japanese cedar (Cryptomeria japonica) 

and natural understory vegetation. This plantation has an age of 58 years (in 2017) and is 

located in a steep hillslope (average slope of 25⁰) near Kawauchi village, in the Fukushima 

Prefecture (northern Japan) at 16 km southwest to the FDNPP and within the exclusion area. 

The study area occupies 1 ha and includes ten runoff plots that are managed by the Fukushima 

Prefectural Forestry Research Centre. Each plot covers 10 m2 (5 m x 2 m) and has a rectangular 

shape with the largest side parallel to the maximum slope. The soils were classified as Andosols 

(Takahashi et al., 2015). Climate is humid with an annual rainfall depth of 1736 mm year–1. The 

region has two dominant storm periods, the Baiu season from late June to mid-July, and the 

typhoon season from late August through October. Rainy season precipitation (from July to 

October) accounts more than half of the mean annual precipitation. The total surface 

deposition of 134+137Cs in the study area reached 1,110 kBq m–2 (based on the 3rd airborne 

monitoring survey by MEXT, Japan; http://www.radioactivity.nsr.go.jp/en/; Supplementary Fig. 

1). The air radiation dose rate measured at 1-m above ground and before plots’ installation 

(November 2012) ranged between 2.4～5.0 μSv h–1 (internal report of Asia Air Survey Co., LTD.). 

In a previous and recent study the radiocesium was determined in > 92% of the mushrooms 

within the Kawauchi county, reaching high and very high values (between 100 and > 1,000 

Bq kg–1) of 134+137Cs in a model stand near our study area (Orita et al., 2017). 

 

2.2. Decontamination practices, data collection and test-period 

The main forest management operations (FMO) included litter removal (LR), tree thinning 

(Th), and clearcutting (CC). In total, eight different options and combinations of these practices 

were done. FMO were done before installing the plots, between December 2012 and July 2013 

(Table 1). The plots were installed on April and July 2013 and measurements started on May 

2013. One plot was devoted to litter removal; two plots to tree thinning without litter removal 

(Th_1 with logged area, and Th_2 under remnant trees); two plots to tree thinning with litter 

removal (Th+LR_1 with logged area, and Th+LR_2 under remnant trees); and three plots to 

clearcutting with litter removal (CC+LR_1 without matting, CC+LR_2 matting with seeds, and 

http://www.radioactivity.nsr.go.jp/en/
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CC+LR_3 matting without seeds). Finally, two plots (Co_1 and Co_2) remained as control plots 

without application of any decontamination practice (Supplementary Fig. 2). The average slope 

steepness of the plots was 21⁰, ranging between 8⁰ and 37⁰. Each plot had a gauging station 

were overland flow (runoff, sediment and litter) was stored between each field survey. The test 

period covered 27 months, from May 2013 to July 2015, and soil and leaf samples were 

collected at each plot during 39 field surveys. The average period between each survey lasted 

on average 21 days (every 16 days during the first 12 months, and every 29 days in the next 15 

months). 

The percentages of the physical coverage on the ground (SC) and the ground coverage by 

vegetation (CC) presented changed over the test period (Fig. 1). Because of the FMO the 

minimum percentages of SC and CC appeared between May and July 2013, and low values were 

observed between January and April 2014, and between January and April 2015. Owing to the 

natural vegetation recovery the maximum combined percentages of SC and CC appeared in July 

2015, and high values were observed between September and October 2013, and between July 

and September 2014. 

 

2.3. Laboratory analysis 

Sediment samples were collected from the plots by the staff of the company Asia Air Survey 

Co., Ltd. (Geo-Environmental Department, Kawasaki-City, Kanagawa, Japan). Then, the soil and 

litter fractions were separated from each sample. Gamma-ray emissions at energy of 661.6 keV 

(137Cs) were measured using a germanium semiconductor detector at the University of Tsukuba 

(GC4019, Canberra), and then the radiocesium concentrations were determined in the soil and 

litter fractions. The physical decay of 137Cs was corrected to the sampling date (more details in 

Iwagami et al., 2017c). Then, the inventory (Bq m–2) and daily inventory (Bq m–2 day–1) of 137Cs 

activity in the soil and leaf samples were calculated. 

 

2.4. Statistical analysis 

Data were checked for normality using the Shapiro–Wilk test and since normality test failed, 

statistical differences in mean values between the eight decontamination practices and the 

control plots were calculated by means of the analysis of variance (ANOVA; one-way with 

repeated measures using the Holm-Sidak test) of: (i) the 137Cs activities; (ii) the 137Cs inventory 

and (iii) the daily discharge rates in the leaf and soil samples of the ten plots. The differences 
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among the treatment groups were estimated at 0.0001 and 0.001 levels. All statistical analyses 

were performed using SigmaPlot software (version 13.0) for Windows (Systat Software Inc., 

2014). Additionally, box plots displaying the full range of variation of radiocesium activities and 

inventory, and of the daily discharge rates in the different plots were generated. 

 

3. Results and discussion 

3.1. Evolution of sediment discharge and radiocesium activity 

The amount of soil and leaf collected in the ten plots clearly varied over the test period and 

between the different plots (Fig. 2.a). As the soil and leaf samples were collected during 39 

time-integrated surveys that comprised 294 rainfall events and the duration of each runoff 

event was not monitored, the discharge rates were estimated on the basis of each survey. The 

highest discharge rates were observed in the Th+LR_1 (mean 9.2 and 343.7 g survey–1 of leaf 

and soil), Co_1 (51.0 and 231.3 g survey–1), LR (35.2 and 232.4 g survey–1) and Th_2 (23.1 and 

220.8 g survey–1) plots. The lowest rates appeared in the CC+LR_3 (12.2 and 63.6 g survey–1), 

Co_2 (24.8 and 29.3 g survey–1) and CC+LR_2 (8.5 and 25.8 g survey–1) plots. Intermediate rates 

were registered in the Th+LR_2 (7.3 and 176.4 g survey–1), CC+LR_1 (13.8 and 130.6 g survey–1) 

and Th_1 (9.1 and 138.3 g survey–1) plots. The variability between the two control plots was 

explained by the effect of the different slope (75% higher in Co_1 related to the slope in Co_2). 

The high discharge rates observed in the LR plot can be also explained by its high slope (37°). 

Despite the low slope (17°) in the Th+LR_1, this plot had the highest discharge rates owing to its 

FMO (logged area without remnant trees). Conversely, the presence of matting explained the 

low rates observed in the CC+LR_2 and CC+LR_3 plots. The coefficients of variation (CV) ranged 

between 108% (Th_1) and 199% (CC+LR_2) for the leaf discharge rates and between 93% (Th_2) 

and 325% (CC+LR_3) for the soil discharge rates. These CV described a high temporal variability 

that can be explained by (i) the different rainfall depths registered during the measurement 

intervals (from 14 to 361 mm interval–1; mean 128 mm interval–1); and (ii) the marked 

fluctuations of the total surface coverage (TSC) between the periods with minimum (ca. 0%) and 

maximum (ca. 100%) coverage (Fig. 1). When TSC was lower than average (TSC_min), the dry 

weight of leaf was higher in nine out of ten plots (140% on average) than the dry weight 

obtained when the TSC was higher than average (TSC_max). This trend was mirrored in six out 

of ten plots (2% lower on average) related to the soil samples. However, no significant 

decreasing or increasing trend was observed in the overland flow (leaf and soil) yield (dry 

weight) over the study period (Fig. 3.a). 
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The 137Cs activities ranged between 1,000 and 120,000 Bq kg–1 survey–1 in the leaf (mean 

31,848 Bq kg–1 survey–1) samples and between 6,000 and 120,000 Bq kg–1 survey–1 in the soil 

(mean 31,924 Bq kg–1 survey–1) samples (Fig. 2.b). The differences in radiocesium activities 

between the different plots were statistically significant (p < 0.05) and four homogeneous 

groups were distinguished: the control and the Th_2 plots had the highest values of radiocesium 

activities in both the leaf and soil samples, the CC+LR_3 plot had the lowest values in all cases, 

and the CC+LR_1, CC+LR_2 and Th+LR_2 plots had intermediate values (Table 2). The LR, Th_1 

and Th+LR_1 plots showed greater variability (see box plots in Supplementary Fig. 3). None 

significant correlation was observed among the dry weight of the leaf and soil samples and their 

corresponding values of 137Cs activities, except in the Th+LR_1 plot where positive and 

significant (p < 0.0001) linear correlation was obtained among the dry weight of the soil samples 

and the 137Cs (Pearson’s r: 0.700) activities. These results suggested that radiocesium activities 

were not dependent on the amount of overland flow except in the plot with the highest 

overland flow yield. The values of 137Cs activities in the leaf and soil samples were influence by 

the total surface coverage (TSC) factor (Table 3). Despite the high coefficients of variability 

observed in the values of 137Cs activities in the leaf and soil samples, the mean and median 

values were quite similar between them at each plot and sample type. During TSC_min the 

radiocesium activity was 29% higher in the leaf samples than during TSC_max. Conversely, the 

137Cs activity in the soil samples was 12% lower during TSC_min than during TSC_max. A 

decreasing trend in the radiocesium concentration was observed in the plots with 

decontamination practices, with average Pearson’s coefficients of 0.570 in 137Cs_leaf, and 0.607 

in 137Cs_soil. Moreover, the decrease in radiocesium concentration in 2013 and the first half of 

2014 was higher than the decrease observed in the second half of 2014 and the first half of 

2015 owing to the continuous vegetation recovery after the decontamination practices (Fig. 3.b). 

 

3.2. Daily movement of radiocesium and effectiveness of the decontamination practices 

The evolution in the 137Cs inventories in the soil and leaf samples over the test period was 

analysed in the ten plots (Fig. 4). Values in the leaf samples ranged between 0.4 and 5,149 

Bq m–2, with a mean value of 216 Bq m–2 (CV: 208%), whereas in the soil samples the 137Cs 

inventories ranged between 16 and 34,627 Bq m–2, with a mean value of 1,602 Bq m–2 (CV: 

237%). The differences in 137Cs inventory between the different plots were statistically 

significant (p < 0.05) although different homogeneous groups were distinguished for the leaf 

and soil samples (Table 4; see box plots in Supplementary Fig. 4). Related to the leaf samples, 
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the control and the Th_2 plots had the highest values of 137Cs inventory, while the remaining 

seven plots had much lower values, between -35% and -89% on average. Weighing the soil 

samples, six out of eight plots with decontamination practices presented higher values of 137Cs 

inventory than the control plots; only the CC+LR_2 and CC+LR_3 plots had lower values of 137Cs 

inventory. Over the test period and accounting the soil and leaf samples of the ten plots, the 

total (soil and leaf) 137Cs inventories decreased by 49% in 2014 (mean 1,330 Bq m–2 survey–1) 

and 66% in 2015 (mean 878 Bq m–2 survey–1) related to the 137Cs inventories in 2013 (mean 

2,591 Bq m–2 survey–1). Mirroring the evolution of the radiocesium activities, the decrease of 

137Cs inventory was lower in 2015 than in 2014 and related to the previous year. During 

TSC_min the 137Cs inventories in the leaf samples was 110% higher (mean 344 Bq m–2 survey–1) 

than during TSC_max (mean 164 Bq m–2 survey–1). Conversely, the 137Cs movement in the soil 

samples was 43% lower during TSC_min (mean 1,306 Bq m–2 survey–1) than during TSC_max 

(mean 2,298 Bq m–2 survey–1). 

The values and the temporal evolution of the daily movement of soil and leaf and of the 137Cs 

inventories were presented in Fig. 5. The total daily discharge of soil and leaf over the test 

period and in the ten plots ranged between 0.04 and 155.1 g m–2 day–1 (mean 4.7 g m–2 day–1 ± 

297% CV). The daily discharge of 137Cs ranged between 0.2 and 4,961 Bq m–2 day–1 (mean 132 Bq 

m–2 day–1 ± 299% CV; see box plots in Supplementary Fig. 5). We observed a good potential 

correlation (R2: 0.9084) among the total daily movement of leaf and soil and the total daily 

inventory of 137Cs. The mean daily discharge of soil and leaf and of 137Cs decreased over the test 

period, with maximum values in 2013 (mean 8.1 g m–2 day–1 and 235 Bq m–2 day–1); lower values 

in 2014 (-72% and -73%), and much lower values in 2015 (-53% and -68% related to 2014). 

During the three TSC_min periods the mean daily discharges of soil and leaf and of 137Cs were 

7% (4.7 g m–2 day–1) and 28% (106 Bq m–2 day–1) lower than during the three TSC_max periods 

(5.0 g m–2 day–1 and 147 Bq m–2 day–1). The differences in the daily 137Cs movement between the 

different plots were statistically significant (p < 0.05) and the same homogeneous groups were 

distinguished as those observed in the 137Cs inventories for the leaf and soil samples. The 

highest discharge rates of 137Cs appeared in the Th+LR_1 and Th+LR_2 plots (between 350 and 

380 Bq m–2 day–1 on average), followed by the Th_1 and Th_2 plots (between 163 and 174 Bq m–

2 day–1 on average). The CC+LR_1 (104 Bq m–2 day–1 on average) and the LR (92 Bq m–2 day–1 on 

average) plots also had higher rates than those obtained in the control plots (51 Bq m–2 day–1 on 

average); whereas the CC+LR_2 (19 Bq m–2 day–1 on average) and the CC+LR_3 (25 Bq m–2 day–1 

on average) plots were the only plots that had lower rates than the control plots. 
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3.3. Discussion 

The increase of the daily overland flow discharge rates observed in the plots with 

decontamination practices and without presence of matting agreed with the results of Dung et 

al. (2011) in cypress plantations in two small catchments in south central Japan. These authors 

observed that overland flow increased between 4.8% and 7.4% after forest thinning. Nanko et al. 

(2016) also detected an increase in the throughfall fraction (from 58% to 79%) in a mature 

Japanese cypress forest in southern Japan after thinning. Nam et al. (2016) examined changes in 

suspended-sediment yields (SSY) after a 50% strip thinning in a Japanese cedar and cypress 

plantation forest in central Japan Tochigi revealing that SSY increased 17.0-fold compared with 

the pre-thinning period. Recently, López-Vicente et al. (2017) observed an increase of 

hydrological connectivity at hillslope and stream scales owing to tree thinning and new skidding 

trails in a forest plantation in central Japan, whereas progressive vegetation recovery one year 

after forest management operations triggered a reduction of hydrological connectivity in all 

compartments. The annual proportions of contribution of 137Cs discharge by suspended 

sediment and leaf fraction were 96.7% and 3.3%, 96.5% and 3.5%, and 95.0% and 5.0% in 2013, 

2014 and 2015, respectively. These results agreed with the proportions observed by Iwagami et 

al. (2017a) at stream sites in three headwater catchments located ~35 km northwest of the 

FDNPP, where 137Cs discharge by suspended sediment, coarse organic matter, and dissolved 

fraction were 96–99%, 0.0092–0.069%, and 0.73–3.7%, respectively. 

Tree thinning (Th plots) and litter removal (LR plot) resulted in mean increases of the total 

discharge rates of soil and leaf of 244% and 76%; and of 137Cs inventories of 228% and 80% 

related to the control plots. The combined effect of both practices (Th+LR plots) triggered mean 

increases of the discharge rates of 532% of the total material and of 612% of the total 137Cs 

inventories (Table 4). The three plots devoted to clearcutting (CC+LR) practices showed clear 

differences between them owing to the presence of matting. The CC+LR plot without matting 

had total discharge rates of soil and leaf, and of 137Cs inventories 113% and 102% higher than 

the control plots. However, the two CC+LR plots with matting had mean decreases of the total 

discharge rates of soil and leaf of 52%; and of 137Cs inventories of 58% related to the control 

plots. These results were in agreement with those observed by Yang et al. (2016) in rice paddies 

in Fukushima Prefecture, where surface-soil-removal caused the exponentially decreased of 

radiocesium (134Cs and 137Cs) activity in suspended sediment in irrigation water. Iijima et al. 

(2013) evaluated the effectiveness of decontaminating (by cutting down) a highly polluted 

evergreen forest located 1.3 km southwest of the FDNPP, concluding that radiocesium was 

mostly adsorbed on the surface of trees and partly penetrated into the trunks through the bark; 
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stripping contaminated topsoil and pruning the trees also reduced the air dose rates although in 

a minor way. Teramage et al. (2014b) studied the radiocesium concentration in the forest floor 

components (understory plants, litter and fermented layers) in a cypress plantation affected by 

the FDNPP accident in central Japan, observing that 99% of the total soil inventory of the 

Fukushima-derived and of the pre-Fukushima 137Cs was in the upper 10 cm, suggesting the 

subsequent distribution most likely depends on the overland flow processes. In forest 

environments polluted by the Chernobyl accident, Guillitte et al. (1993) evaluated clearcutting 

as a highly effective short-term countermeasure to reduce the radionuclide air dose rates; 

although these authors highlighted the limitation of this technique that is only practicable for 

limited areas. More recently, Ramzaev et al. (2006) demonstrated the long-term stability and 

efficiency of the decontamination carried out in two Russian recreational areas located 180 km 

northeast of Chernobyl; where the levels of the 137Cs content in grass, mushrooms and new 

generations of pines and birches from the treated plots were one or two orders of magnitude 

lower, than those registered in the samples from untreated areas. On the basis of these studies 

and our results we can conclude that the decontamination practices evaluated in this study 

were satisfactory and the new vegetation that will germinate in future will have much lower 

radiocesium rates. Additionally, the decrease trend in radiocesium concentration in the forest 

floor, owing to the vegetation recovery after the countermeasures, will reduce the possibility of 

the second pollution of the neighbouring residential and/or agricultural areas. 

 

4. Conclusions 

Despite the high temporal variability in the amount of soil and leaf collected in the ten 

experimental plots statistically significant differences in radiocesium activities were observed in 

the soil and leaf samples for 137Cs and over the test period. The highest discharge rates of 137Cs 

appeared in the two plots devoted to tree thinning and litter removal, highlighting the 

effectiveness of this decontamination practice to reduce the ambient dose rates. The two plots 

managed with tree thinning also presented high discharge rates. The plots managed with litter 

removal, and clearcutting with litter removal had higher radiocesium discharge rates than the 

rates measures in the two control plots. Matting induced lower discharge rates than in the 

control plots, appearing this technique as the most effective method to reduce a second influx 

of radiocesium from forest floor into neighbouring residential areas via overland flow. The 

observed temporal variability in both the total amount of soil and leaf, and radiocesium 

concentration was explained by (i) the different rainfall depths registered during the 
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measurement intervals; and (ii) the fluctuations of the total surface coverage between the 

periods with minimum and maximum vegetation coverage. The vegetation recovery after the 

countermeasures explained the decrease trend in radiocesium concentration that was very high 

in 2013, high in the first half of 2014, moderate in the second half of 2014, and low in 2015. This 

tendency will reduce the off-site consequences of radiocesium discharge from the forest floor. 

The contribution of 137Cs discharge by soil was very high whereas the 137Cs discharge by leaf 

fraction was small. 
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Appendix A. Supplementary content 

Supplementary Figure 1: Location of the study area on the distribution map of deposition 

densities of radiocesium (134Cs + 137Cs) obtained from the 3rd airborne monitoring survey (MEXT; 

July 2, 2011; http://ramap.jmc.or.jp/map/eng/). Supplementary Figure 2: Location of the 

experimental plots in the stand A of the Kawauchi forest plantation (a). Pictures of the 

thinning_1 plot (logged area) taken at four dates: 2013.07.26, 2014.07.25, 2015.01.30 and 

2015.06.25 (b). Supplementary Figures 3, 4 and 5: Box plots of radiocesium activities and 

inventory, and of the total weight and radiocesium discharge rates measured in the leaf and soil 

samples at the eight decontamination and the two control plots. Mean values in red colour. 
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Table 1 

Dates of operations and installation of the runoff plots. 

Plot Related operations to install the plots 

Name Slope Installation 

(yy.mm.dd) 

Type Tasks Dates 

(yy.mm.dd) 

Co_1 35⁰ 2013.04.08 
Control No operation - 

Co_2 20⁰ 2013.04.08 

LR 37⁰ 2013.04.08 Litter removal Litter removal 
2012.12.16 –  

2013.01.10 

Th_1 11⁰ 2013.07.19 Thinning: logged area Line thinning (cable 

yarding with swing 

yarder) 

2013.06.06-24 

Th_2 22⁰ 2013.07.19 Thinning: under remnant trees 

CC+LR_1 19⁰ 2013.07.19 
Clearcutting + 

Litter removal: no matting 

Logging road 

construction 
2012.12.11-15 

Litter removal 2012.12.16 – 2013.01.10 

CC+LR_2 20⁰ 2013.04.08 
Clearcutting + 

Litter removal: matting with seeds 

Clearcutting (ground 

skidding) 
2013.03.9-13 

Planted oak and 

cedar seedlings 
2013.04.06 – 2013.07.09 

CC+LR_3 20⁰ 2013.04.08 
Clearcutting + 

Litter removal: matting without seeds 

Partial covering with 

erosion control 

matting 

2013.04.04 

Th+LR_1 17⁰ 2013.07.19 
Thinning + 

Litter removal: logged area 
Litter removal 2013.01.31 – 02.06 

Th+LR_2 8⁰ 2013.07.19 
Thinning + 

Litter removal: under remnant trees 

Line thinning (cable 

yarding with swing 

yarder) 

2013.06.6-24 

 

 

Fig. 1. Rainfall during the field survey intervals (1
st

 row), physical coverage on the ground (2
nd

 row) and 

surface coverage by vegetation (3
rd

 row) at the experimental plots between May 2013 and December 

2014. 
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Fig. 2. Evolution in the dry weight (kg) and daily rainfall (mm day
–1

) values (a), and 
137

Cs activities (Bq kg
–1

) 

(b) in the soil and leaf samples during the test period. 

 

 

 

Fig. 3. Evolution in the relationship between the total surface cover (TSC: ground and vegetation 

coverage) and (i) the sediment yield (a); and (ii) the total (leaf and soil) radiocesium concentration (b) 

over the 39 field surveys. 
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Table 2 

Mean ± CV (%) for radiocesium activities in the leaf and soil samples at the ten experimental plots and 

over the test period. ΔCo: change related to the average value at the control plots. Within column, values 

followed by the same letter are not significantly different between them at p < 0.05 (Holm-Sidak test). 

Plot ID 
137

Cs activity (Bq / kg) 

Leaf ΔCo Soil ΔCo 

Co_1 43,641 ± 47% - 19,982 ± 38% - 

Co_2 38,377 ± 63% - 73,974 ± 31% - 

Control 41,009a ± 55% - 46,978a ± 68% - 

LR 32,667b ± 42% -20% 27,077c ± 21% -42% 

CC+LR_1 23,763c ± 72% -42% 30,057c ± 29% -36% 

CC+LR_2 22,741c ± 93% -45% 33,897b ± 33% -28% 

CC+LR_3   8,582d ± 113% -79% 16,974d ± 39% -64% 

Th_1 29,969b ± 72% -27% 21,500cd ± 24% -54% 

Th_2 42,281a ± 59% 3% 36,438b ± 36% -22% 

Th+LR_1 29,938b ± 76% -27% 16,556d ± 35% -65% 

Th+LR_2 29,272b ± 66% -29% 36,281b ± 51% -23% 

 

 

Table 3 

Mean and median (between brackets) for radiocesium activities in the leaf and soil samples during the 

periods of minimum and maximum total surface coverage (TSC) in the ten experimental plots. 

Plot ID 
137

Cs activity (Bq / kg) 

Leaf Soil 

TSCmin TSCmax TSCmin TSCmax 

Co_1 53,133 (50,000) 40,900 (42,500) 23,020 (24,000) 21,000 (20,500) 

Co_2 41,000 (44,000) 43,100 (38,000) 65,600 (70,000) 82,200 (85,500) 

Control 47,067 (48,500) 42,000 (38,000) 44,310 (33,000) 51,600 (41,000) 

LR 35,533 (35,000) 29,500 (32,000) 27,267 (29,000) 28,100 (27,500) 

CC+LR_1 28,818 (22,000) 26,200 (25,000) 30,818 (26,000) 28,900 (29,500) 

CC+LR_2 28,020 (18,000) 20,010 (19,000) 32,533 (36,000) 33,500 (32,000) 

CC+LR_3 14,493 (9,900) 3,430 (3,500) 19,773 (20,000) 16,960 (16,000) 

Th_1 28,125 (28,000) 20,200 (19,000) 21,625 (19,000) 20,700 (20,000) 

Th_2 43,125 (32,000) 41,700 (45,500) 30,000 (30,000) 38,900 (34,000) 

Th+LR_1 42,750 (44,000) 19,400 (19,500) 14,850 (14,000) 16,500 (14,500) 

Th+LR_2 27,400 (29,000) 21,900 (23,500) 22,625 (21,500) 39,100 (35,500) 
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Fig. 4. Evolution in the 
137

Cs inventories (Bq m
–2

) in the soil and leaf samples during the test period. 

 

 

 

 

Table 4 

Mean ± CV (%) for 
137

Cs inventory and daily discharge rates in the soil and leaf samples at the ten 

experimental plots. ΔCo: change related to the average value at the control plots. Within column, values 

followed by the same letter are not significantly different between them at p < 0.05 (Holm-Sidak test). 

Plot 

ID 

137
Cs inventory  Daily discharge 

Leaf ΔCo Soil ΔCo  Total dry 

weight 

137
Cs: Leaf 

137
Cs: Soil 

 (Bq / m
2
) % (Bq / m

2
) % (g / m

2
 day) (Bq / m

2
 day) 

Co_1 484 ± 184% -    838 ± 95% -   2.9 ± 94% 20 ± 136%   43 ± 85% 

Co_2 270 ± 212% -    487 ± 121% -   0.8 ± 140% 12 ± 165%   28 ± 105% 

Control 377a ± 200% -    663d ± 108% -   1.9d ± 125% 16a ± 151%   35d ± 96% 

LR 246b ± 182% -35% 1,280c ± 145% 93%   3.3c ± 124% 10b ± 138%   82c ± 116% 

CC+LR_1 115c ± 266% -70% 1,185c ± 180% 79%   4.0c ± 231%   6c ± 183%   98c ± 190% 

CC+LR_2   61d ± 298% -84%    322d ± 189% -51%   0.6d ± 121%   3d ± 222%   16d ± 130% 

CC+LR_3   43d ± 291% -89%    458d ± 375% -31%   1.2d ± 188%   2d ± 264%   23d ± 250% 

Th_1 194b ± 111% -48% 1,633c ± 162% 146%   8.6b ± 236% 11b ± 116% 152b ± 231% 

Th_2 305ab ± 116% -19% 2,336b ± 93% 252%   4.4c ± 108% 16a ± 119% 158b ± 122% 

Th+LR_1 108c ± 97% -71% 3,111ab ± 228% 369% 13.7a ± 243%   5c ± 87% 345a ± 283% 

Th+LR_2 184b ± 117% -51% 5,106a ± 160% 670% 10.0b ± 180% 10b ± 115% 370a ± 173% 
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Fig. 5. Evolution in the daily discharge rates of soil and leaves (g m
–2

 day
–1

) and total 
137

Cs (in the soil and 

leaf samples; Bq m
–2

 day
–1

) during the test period. 

 

 

 

 

Supplementary Fig. 1. Location of the study area on the distribution map of deposition densities of 

radiocesium (
134

Cs + 
137

Cs) obtained from the 3
rd

 airborne monitoring survey (MEXT; July 2, 2011; 

http://ramap.jmc.or.jp/map/eng/). 
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Supplementary Fig. 2. Location of the experimental plots in the stand A of the Kawauchi forest plantation 

(a). Pictures of the thinning_1 plot (logged area) taken at four dates: 2013.07.26, 2014.07.25, 2015.01.30 

and 2015.06.25 (b). 
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Supplementary Fig. 3. Box plots of radiocesium activities measured in the leaf and soil samples at the 

eight decontamination and the two control (Co) plots. Mean values in red colour. 
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Supplementary Fig. 4. Box plots of radiocesium inventory measured in the leaf and soil samples at the 

eight decontamination and the two control (Co) plots. Mean values in red colour. 
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Supplementary Fig. 5. Box plots of the total weight and radiocesium discharge rates measured in the leaf 

and soil samples at the eight decontamination and the two control (Co) plots. Mean values in red colour. 

 


