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Abstract: Following the Fukushima Daiichi Nuclear Power Plant (FDNPP) accident, the forests in the
Fukushima area were highly contaminated with radiocesium (137Cs and 134Cs). Therefore, there is
a need to develop strategies for remediation of the contaminated forests. We assessed changes in
radioactive cesium (134Cs and 137Cs) contamination and nutrient status in composts derived from
wood chip, bamboo leaf and bamboo powder using rice bran and wheat meal as sub-materials.
Changes in soil properties and Komatsuna (Brassica rapa var. perviridis) growth were also investigated
due the application of composts and initial materials at 0, 2.5, 5 and 10 kg·m−2 input levels. Mixing
of sub-materials significantly reduced the concentration of radioactive Cs and improved compost
quality. The effectiveness of three composts on soil quality improvement varied depending on their
types and rates of applications. Amendments of bamboo leaf composts at 10 kg·m−2 resulted in the
significantly highest soil inorganic N, available P and exchangeable K contents. Amendments of
final composts also enhanced Komatsuna growth. Furthermore, radioactive Cs contaminations of
the Komatsuna plants grown in these composts were below 0.1 Bq·kg−1. This study may help to
remediate the forests contaminated with radiocesium in the Fukushima area while improving the soil
organic matter content to enhance soil sustainability.

Keywords: wood chip compost; bamboo compost; radioactive Cs contamination; FDNPP accident;
rice bran

1. Introduction

The content and quality of soil organic matter (SOM) significantly influence soil quality and
fertility [1,2]. Soil organic matter improves soil properties, including soil porosity, structure and water
retention capacity [3,4]. SOM represents an important source of nutrients for plants [5]. In agricultural
lands, SOM is degraded and oxidized faster than it can be naturally replenished, leading to the need
for external fertilization. Waste from wood cuttings and plant leaves can be used as a source of SOM;
however, this type of waste may contain high levels of toxic constituents, as radioactive materials and
heavy metals, which may enter the food chain via plant uptake [6]. The quality of the reactive fraction
of the SOM and the physical properties of soils fertilized with woody waste are relatively poor [7,8].
Composting of woody and bamboo wastes, however, can result in a high quality source of SOM
as a consequence of the accumulation of humus-like substances produced through the biochemical
processes occurring during composting. Wood-derived composts also present the advantage of using
waste and such by-products as rice bran and wheat meal as source materials. Furthermore, woody
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composts mainly rely on such renewable materials as woody and bamboo chips, rather than on
nonrenewable sources. Wood-derived composts are thus expected to enhance soil quality by supplying
SOM and enhancing soil microbial activity [9]. Wood and bamboo chip composts are not only rich
in SOM, but contain significantly higher concentrations of macro- and micro-nutrients than other
compost types [10,11]. Consequently, their applications can be linked to enhanced crop yields and
long-term improvements in soil quality, thus representing important materials for organic agriculture
and eco-farming.

Following the earthquake off the east coast of Japan on 11 March 2011 and the subsequent tsunami
along the Fukushima coast, the Fukushima Daiichi Nuclear Power Plant (FDNPP) became severely
damaged, resulting in a substantial release of radionuclides from the reactors. After the FDNPP
accident, the forests in the Fukushima area received cesium 137 (137Cs) fallout ranging between 50,000
and 100,000 Bq·m−2 [12]. Therefore, the forest in the Fukushima area needed remediation to decrease
the radiocesium contaminations. The Japanese government tried to incinerate the trees that were
contaminated with radiocesium to reduce the mass of contamination. However, large-scale tree
felling and subsequent burning of contaminated woods can produce additional CO2 and ash, which is
contaminated with a higher concentration of radiocesium (Figure 1, Plan A). However, this treatment
may reduce the organic material in local resources at the same time. Our study attempts to enhance the
organic material recycling process if radiocesium contamination in the woods is low (Figure 1, Plan B).
Therefore, the proposed system would help in the remediation of the forest, and also, final composts
would help in improving the soil organic matter content.
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The objectives of this study were to assess the impacts of rice bran and wheat meal (sub-materials)
on radioactive cesium contamination of bamboo and woody compost following the FDNPP accident
and to investigate the influence of application rates of woody and bamboo compost on soil properties
and crop growth. Furthermore, positive results will provide important information on how to safely
resume agricultural work and food production in the Fukushima area.
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2. Materials and Methods

2.1. Compost Materials and Procedure

We obtained bamboo (Phyllostachys heterocycle f. pubescens) and woody (Quercus acutissima) plant
materials from Nihonmatsu city in the Fukushima prefecture. This was 30 km west from the FDNPP;
the deposition densities of total cesium 134 (134Cs) and cesium 137 (137Cs) in this area were reported
to be 60–100 k·Bq·m−2 [13]. The bamboo and woody materials were crushed to a size of 5 mm using
a chipping machine (KIORITZ KCM281, Yamabiko-corp.co., Tokyo, Japan). Then, these materials
were air dried at 25 ◦C for 48 h. Consequently, we put 1.2 kg of wood chip (WC), 0.55 kg of bamboo
leaf (BL) and 0.95 kg of bamboo powder (BP) in to three separate plastic trays on 24 September 2014.
Then, we mixed 0.42 kg of rice bran and 0.44 kg of wheat meal with each woody and bamboo material.
To initiate the composting process, we added a 2% molasses solution containing enzymes and microbial
inoculums to each compost treatment. Next, each compost was thoroughly mixed by hand in trays.
The temperature in each compost treatment was monitored using three thermometers recording data
daily. Each compost treatment was mixed and watered once a week. After 45 days of composting,
we collected final compost samples from each treatment for further analyses. Samples needed to
determine NO3

− nitrogen and NH4
+ nitrogen were used immediately. Samples that were used to

determine other nutrients were stored at 4 ◦C until prepared for analysis. Then, samples were air-dried,
sieved through a 2-mm screen and stored in covered plastic containers at 25 ◦C.

2.2. Evaluation of Compost Amendment on Soil Properties and Crop Growth

To test the performance of different types of composts regarding SOM, nutrient availability, plant
growth and Cs contamination, we conducted a greenhouse experiment between November 2014
and March 2015 in Nihonmatsu city in the Fukushima prefecture, Japan (37◦5849”N, 140◦4311”E).
The experimental site was 30 km away from the FDNPP. Within the study period, the mean monthly
temperature ranged from 5.5 ◦C–30.4 ◦C, and the average annual rainfall was 1166 mm. The experiment
included six randomized treatments and one zero input treatment (soil not supplemented) with three
replicates each. The treatments consisted of the addition of WC, BL or BP to the soil as initial material
treatments or wood chip compost (WCC), bamboo leaf compost (BLC) or bamboo powder compost
(BPC) as compost treatments. Each treatment included 3.5 kg of Kanuma soil, with an initial mean pH
of 7.1, electrical conductivity (EC) of 0.73 ms·cm−1, cation exchange capacity (CEC) of 26.2 mol·kg−1,
soil carbon content of 2.6%, organic nitrogen of 0.15%, 134Cs concentration of 0.8 Bq·kg−1 and 137Cs
concentration of 2.8 Bq·kg−1. The soil was filled in a 1/5000 Wagner pot (16 cm diameter, 20 cm height),
supplemented with 50, 100 or 200 g of compost (WCC, BLC or BPC) or initial materials (WC, BL or BP)
depending on the treatment. We seeded the pots with Komatsuna seeds on 25 November 2014. Five
plants were kept per pot after seedling emergence. We harvested the plants after two months and
measured plant height, fresh weight and dry weight, as well as the carbon, nitrogen and Cs contents.
We also took soil core samples per pot during harvesting to determine the bulk density. In addition,
we took soil samples from each pot and let them air-dry before determining their nutrient contents.

2.3. Measurements of Physical and Chemical Properties

To determine the level of contamination by radioactive Cs of the initial materials, composts and
soils, the samples were pulverized in a blender (7011BUJ, Asone Co. Ltd., Torrington, CT, USA) before
transferring 100 mL of the powder into 127-mL U-8 polystyrene cylindrical tubes (external size: 5 cm
diameter × 6.8 cm height). 137Cs and 134Cs concentrations were determined using a Ge-semiconductor
detector (CANBERRA GC4020: Energy resolution at 1.33 MeV was below 2.0 keV). The gamma
spectra thus obtained were analyzed with a Gamma Explorer (Canberra Industries Inc., Meriden, CT,
USA), using a true coincidence summing correction considering the container geometry. Gamma-ray
emissions at energies of 604.66 and 661.64 keV for 134Cs and 137Cs, respectively, were measured for
1800–7200 s to achieve reads of at least 10 Bq·kg−1. The quantitative limits for 134Cs and 137Cs were
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calculated using the method reported by Cooper (1970) [14]. Nine radionuclides mixed activity in
alumina at standard volumes (Japan Radioisotope Association, Tokyo, Japan) were used as reference
standards. Radio Cs of Komatsuna plants (Brassica rapa var. perviridis) were measured using the same
instrument following the guidelines described by the Ministry of Health, Labour and Welfare, Japan
(2002) [15]. Quantitative limits for 134Cs and 137Cs in plant samples were each 1 Bq·(kg dry weight)−1.

Compost temperature was measured using a digital thermometer (TR-71U, T&D Corporation,
Nagano, Japan). Compost moisture contents were determined after oven drying the samples at
65 ◦C for 24 h or until reaching a constant weight [16]. To determine the inorganic nitrogen content,
we added 5 g of soil samples or 2.5 g of compost samples to 40 mL of a 1 mol·L−1 KCl solution.
Nitrate nitrogen levels were then determined using ultraviolet absorption spectrophotometry as
described by Yamaki (2003) [17]. Ammonium nitrogen levels were determined using the indophenol
blue method, as described by the Soil Environmental Analysis editorial committee (2008) [18].
Exchangeable K2O, MgO and CaO of soil and compost were determined using an ammonium acetate
extraction method [19]. Available phosphorous (P) was determined using Morgan’s solution extraction
method [20]. To determine the total organic carbon (TOC) and nitrogen content, we oven-dried the
soil samples at 105 ◦C or 65 ◦C for plant samples for 72 h and measured the contents using a CN
analyzer (JM3000 CN, J-SCIENCE LAB Co. Ltd., Kyoto, Japan). The cation exchange capacity (CEC)
of compost and soil was determined using the colorimetric analysis [21]. To determine the CEC, we
air-dried the soil or compost sample before soaking them on 1 mol·L−1 ammonium acetate for 30 min.
After removing any excess ammonium salt with an 80% alcohol solution, we let 1 mol·L−1 potassium
chloride drip over the samples for 30 min. The level of ammonium exchanged was measured using
the indophenol blue method, as described by the Soil Environmental Analysis editorial committee
(2008) [18]. We used the method described by Culley (1993) [22] to measure the bulk density of compost
and soil samples. We used the pycnometer method (Blake and Hartage, 1986) [23] to determine the
soil and compost particle density. The pH was measured in compost and soil water extracts using a
pH meter (SG2; made by Mettler Toledo Group; Schwerzenbach, Switzerland) (sample: distilled water
of 1:2.5) following the procedures described in Hendershot et al. (1993) [24]. The EC was measured in
compost and soil water extracts using an EC meter (D-54; Horiba Co. Ltd., Kyoto, Japan) following the
procedures described in Bower and Wilcox (1965) [25].

2.4. Statistical Analysis

The data were analyzed using the STAT view (STAT view for windows, Version 5; SAS institute,
Cary, NC, USA). To analyze the differences among treatments, we used an analysis of variance (ANOVA)
test with a post hoc Tukey’s honest significance test for multiple comparisons using a significance of
p < 0.05. Pearson correlation coefficients were used to detect significant correlations between Komatsuna
yields and soil properties. Correlations were considered to be significant at p < 0.05.

3. Results

3.1. Composting from Raw Materials with the Addition of Sub-Materials

3.1.1. Variation in Radioactive Cs Concentration

Table 1 shows the levels of contamination by radioactive Cs of the initial materials and the final
compost. Radioactive Cs concentrations in WCC, BLC and BPC were significantly lower than those
in WC, BL and BP (p < 0.05). Total Cs concentration in WCC, BLC and BPC decreased by 54.8%,
55.5% and 70.3%, respectively, compared to those in WC, BL and BP (Table 1). The highest level of Cs
contamination was detected in WC, and consequently, the level of total radioactive Cs concentration of
WCC was significantly higher than that of BLC or BPC (p < 0.05). As summarized in Table 1, the levels
of radioactive Cs contamination in the sub-materials (rice bran and what meal) were significantly
lower than those measured in WC, BL or BP. In all cases, 137Cs concentration was significantly higher
than 134Cs concentration (Table 1).
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Table 1. Level of contamination with radioactive Cs of raw materials and final composts.

Materials
134Cs Error 137Cs Error Total Cs Error

Moisture %
Bq·kg−1

Initial
materials

Wood chip (WC) 129.9 d 5.5 372.4 e 9.5 502.3 e 15.0 13.0
Bamboo leaf (BL) 16.3 b 2.0 49.8 c 3.4 66.1 c 5.4 14.0

Bamboo powder (BP) 8.2 a 2.6 31.9 b 3.0 40.1 b 5.6 11.0

Final
composts

Wood chip (WCC) 54.6 c 3.3 172.2 d 6.2 226.8 d 9.5 42.0
Bamboo leaf (BLC) 6.2 a 0.9 23.2 b 1.7 29.4 b 2.6 52.0

Bamboo powder (BPC) 3.0 a 0.6 8.9 a 0.9 11.9 a 1.5 59.0

Means followed by the different letters in the same column are significantly different (p < 0.05).

3.1.2. Changes in pH, EC and CEC

Final composts did not differ significantly with regard to pH (p > 0.05). In all cases, final pH
values were close to neutral conditions (Table 2). Here, the initial pH values measured for WC and
BP were 5.2 and 5.4, respectively. However, the pH had increased by 1.5 and 1.3 units, respectively,
in WCC and BPC, respectively. This increment in pH was probably linked to a release of ammonia
through ammonification during composting. In our study, on the other hand, the pH of BLC decreased
by 0.7 units compared to that of BL. This decrease may be related to a reaction with carbon dioxide
and the subsequent accumulation of organic acids during composting. To this end, our results show
how the addition of sub-materials effectively changed the pH of WC and BP from slightly acidic to
neutral, improving the quality of the final compost.

Table 2. Nutrient content, physical and chemical properties of the raw materials and final composts.

Material
C N P K Mg Ca

C/N
CEC

pH
EC Bd

% cmol·kg−1 ms·cm−1 g·cm−3

Initial
materials

WC 49.1 b 0.25 a 0.05 a 0.18 a 0.033 a 0.06 d 199.5 c 57.8 b 5.2 a 0.55 a 0.24 c
BL 49.4 b,c 0.84 b 0.09 a 1.28 b 0.038 b 0.03 a 59.2 b 51.1 b 7.4 d 4.63 c 0.11 a
BP 50.1 c 0.16 a 0.07 a 0.34 a 0.032 a 0.04 b 321 d 28.4 a 5.4 b 1.86 b 0.19 b

Final
composts

WCC 45.8 a 2.65 c,d 1.65 b 1.48 b 0.073 d 0.07 e 17.5 a 111.3 e 6.7 c 7 d 0.32 d
BLC 45.2 a 2.98 d 1.83 b 1.90 c 0.077 e 0.04 b 15.2 a 69.8 c 6.7 c 7.97 e 0.2 b
BPC 45.9 a 2.52 c 1.68 b 1.79 c 0.068 c 0.05 c 18.2 a 99.8 d 6.7 c 8.17 e 0.25 c

Means followed by the different letters in the same column are significantly different (p < 0.05); CEC: cation
exchange capacity; Bd: bulk density; EC: electrical conductivity.

Our results show how EC significantly increased in WCC, BLC and BPC compared to that in WC,
BL and BP (p < 0.05) (Table 2). In this study, the highest EC value was observed in BLC, which was
76% higher than that measured in BL. Among the final composts, the lowest EC value was observed in
WCC; however, the EC of WC was also lower than that of BL and BP. We did not find a significant
difference on EC between BLC and BPC (p > 0.05). The CEC of the final composts were significantly
higher (p < 0.05) than those of the initial materials (Table 2). CEC of WCC, BLC and BPC were increased
by 92%, 36.5% and 250% compared to those of WC, BL and BP. The highest level of CEC was observed
in WCC, while the lowest level was detected in BLC.

3.1.3. Changes in TOC, TN and C/N Ratio

TOC content decreased significantly in the final composts compared to the raw materials.
Total nitrogen (TN) content, on the other hand, was significantly higher in the final composts compared
to those of the initial materials (Table 2). This negative correlation created a significant reduction
in the C/N ratio in all of the final composts compared to those of the raw materials. Here, TOC
content in WC, BL and BP decreased by 6.7%, 8.3% and 8.4%, respectively, compared to WCC, BLC
and BPC. On the other hand, TN content of WCC, BLC and BPC increased by 10-, 3- and 15-fold,
respectively, compared to WC, BL and BP. In addition, we found no significant differences in TOC and
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C/N ratios among WCC, BLC and BPC. The C/N ratios of the final composts were <20, indicating
that the composts had stabilized (Table 2).

3.1.4. Changes in Nutrient Content

In this study, available P and exchangeable K, Mg and Ca contents in WCC, BLC and BPC
increased significantly compared to those of WC, BL and BP (p < 0.05) (Table 2). Available P contents
in WCC, BLC and BPC increased by 30-, 20- and 24-fold, respectively, compared to those of WC, BL
and BP. However, we did not observe any significant differences for available P content among the
three final composts. Exchangeable K contents in WCC, BLC and BPC increased by 8-, 1.5- and 5-fold,
respectively, compared to those of WC, BL and BP. Exchangeable K content was significantly lower
in WCC compared to those of BLC and BPC. Among the final composts, BLC showed a significantly
higher Mg content than the rest, while WCC showed the highest significant Ca content.

Ammonium-nitrogen (NH4
+-N) was significantly lower than nitrate-nitrogen (NO3

−-N) of the
final composts (p < 0.05) (Figure 2a). In addition, NO3

−-N was highest in BLC and lowest in WCC.
We found no significant differences in NH4

+-N among the final composts (p > 0.05). In our experiment,
final NH4

+/NO3
− ratios were <0.5 (Figure 2b).

Sustainability 2016, 8, 1332  6 of 16 

3.1.4. Changes in Nutrient Content 

In this study, available P and exchangeable K, Mg and Ca contents in WCC, BLC and BPC 
increased significantly compared to those of WC, BL and BP (p < 0.05) (Table 2). Available P contents 
in WCC, BLC and BPC increased by 30-, 20- and 24-fold, respectively, compared to those of WC, BL 
and BP. However, we did not observe any significant differences for available P content among the 
three final composts. Exchangeable K contents in WCC, BLC and BPC increased by 8-, 1.5- and 5-fold, 
respectively, compared to those of WC, BL and BP. Exchangeable K content was significantly lower 
in WCC compared to those of BLC and BPC. Among the final composts, BLC showed a significantly 
higher Mg content than the rest, while WCC showed the highest significant Ca content. 

Ammonium-nitrogen (NH4+-N) was significantly lower than nitrate-nitrogen (NO3−-N) of the 
final composts (p < 0.05) (Figure 2a). In addition, NO3−-N was highest in BLC and lowest in WCC. We 
found no significant differences in NH4+-N among the final composts (p > 0.05). In our experiment, 
final NH4+/NO3− ratios were <0.5 (Figure 2b). 

 

 
Figure 2. NH4+-N and NO3−-N concentrations of final composts (a); and NH4+/NO3− ratios of the final 
composts (b). 

3.2. Changes in Soil Properties through Compost and Compost-Raw Material Amendment 

For some treatments, we found that compost or raw material amendment significantly 
influenced radioactive Cs concentrations (Figure 3). Amendments with BLC, BPC, BL and BP did not 
significantly increase radioactive Cs concentration in the soil compared to the zero input treatment. 
However, radioactive Cs concentrations were significantly higher in the pots amended with WCC 
and WC, compared to the zero input treatment, for all input levels. Furthermore, radioactive Cs 
concentrations in soils amended with WCC were significantly lower than those in WC for all input 
levels (p < 0.05). The highest soil radioactive Cs concentration was measured in soils amended with 

0

200

400

600

800

1000

1200

1400

NH4 NO3

m
g·

kg
-1 BLC

BPC

WCC

(a)

NH4
+ NO3

-

0
0.05
0.1
0.15
0.2
0.25
0.3
0.35
0.4
0.45
0.5

BLC BPC WCC

N
H 4

+ /
N
O
3-

NH4+/NO3-

(b)

NH4
+/NO3

-

Figure 2. NH4
+-N and NO3

−-N concentrations of final composts (a); and NH4
+/NO3

− ratios of the
final composts (b).

3.2. Changes in Soil Properties through Compost and Compost-Raw Material Amendment

For some treatments, we found that compost or raw material amendment significantly influenced
radioactive Cs concentrations (Figure 3). Amendments with BLC, BPC, BL and BP did not significantly
increase radioactive Cs concentration in the soil compared to the zero input treatment. However,
radioactive Cs concentrations were significantly higher in the pots amended with WCC and WC,
compared to the zero input treatment, for all input levels. Furthermore, radioactive Cs concentrations
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in soils amended with WCC were significantly lower than those in WC for all input levels (p < 0.05).
The highest soil radioactive Cs concentration was measured in soils amended with WC at the 10 kg·m−2

input level. Thus, radioactive Cs concentration in this treatment was nine-times higher than that
observed in the zero input treatment.
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Type of amendment and input level significantly changed the soil C, N, P and K contents (Table 3).
Amendment with compost significantly increased inorganic nitrogen content in soils compared to
amendment with raw materials for all input levels (p < 0.05) (Figure 4a). In addition, soil inorganic
nitrogen content increased with the amount of compost applied (Figure 4a). Thus, amendment
with BLC at 10 kg·m−2 resulted in the highest soil inorganic nitrogen content measured, which was
206% higher than the zero input treatment. Amendment with final composts significantly increased
available P and exchangeable K concentrations compared to amendments with raw materials at all
input levels (p < 0.05) (Figure 4b,c). Soil available P and exchangeable K increased with the amount of
compost applied (Figure 4b,c). Applying BLC at 10 kg·m−2 resulted in an increase in soil available P
concentration of 500% compared to that of the zero input treatment, the highest increment measured
in our experiment. Applying BLC at 10 kg·m−2 resulted in a 748% increase in soil exchangeable K
compared to that of the zero input treatment, the highest increment measured in our experiment.

Table 3. Analyses of variance and levels of significance for soil nutrients and physical properties
among compost treatments, compost materials and input levels. The analysis did not include the zero
input treatment.

Factor df
NH4-N P2O5 K2O CaO N C Porosity

C/N pH
Bd

mg·kg−1 % g·cm−3

Material (M) 2 <0.0001 0.0774 <0.0001 0.028 0.0118 <0.0001 0.1174 <0.0001 <0.0001 0.1174
Type (T ) 1 <0.0001 <0.0001 <0.0001 0.128 <0.0001 <0.0001 0.0043 <0.0001 <0.0001 0.0043

Input level (L) 2 <0.0001 <0.0001 <0.0001 0.942 <0.0001 <0.0001 0.0003 <0.0001 0.0094 0.0003
M × T 2 0.0016 <0.0001 0.0002 0.394 0.9451 <0.0001 0.1844 <0.0001 <0.0001 0.1844
M × L 4 <0.0001 0.0132 <0.0001 0.843 0.3153 0.0008 0.0798 0.0001 0.001 0.0798
T × L 2 <0.0001 <0.0001 <0.0001 0.023 <0.0001 0.0003 0.7238 <0.0001 <0.0001 0.7238

M × T × L 4 0.017 0.3673 0.1668 0.349 0.973 0.0008 0.8572 <0.0001 0.1926 0.8572
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Figure 4. Soil inorganic nitrogen (a); available P (b) and exchangeable K content (c) in relation to
amendments with raw materials and final composts.
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3.3. Influence of Compost Amendment on Crop Growth

Radioactive Cs concentrations in Komatsuna plants were below 0.1 Bq·kg−1 in all treatments.
Compost material and type of the amendment significantly changed plant height, dry matter, carbon
and nitrogen contents (Table 4). Plant growth in BLC and BPC amendments, at all input levels, showed
increased values of dry plant matter values compared to that of the zero input treatment. For WCC,
on the other hand, a significant increase was only observed at the 10 kg·m−2 input level (Figure 5a).
Plant growth in soils amended with BLC at 10 kg·m−2 showed a 109% increase in dry matter compared
to that of the zero input treatment. In this study, plant biomass increased with the increase in compost
input level. On the other hand, Komatsuna plant dry matter decreased with the increase in the
input level of raw materials (Figure 5a). In addition, the levels of soil inorganic N, available P and
exchangeable K on the compost treatments (WCC, BLC and BPC) were correlated with plant yield
(r2 = 0.422, 0.364 and 0.195, respectively; p < 0.05) (Figure 6a–c).
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Figure 5. Plant dry matter (a) and plant N accumulation content (b) in relation to amendments with
raw materials and final composts.
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Figure 6. Correlation between soil inorganic N content and plant dry matter content (a); correlation
between soil available P content and plant dry matter content (b); correlation between soil exchangeable
K content and plant dry matter content (c).

As depicted in Figure 5b, the plant’s N accumulation increased with the increase in compost input
level. Application of BLC significantly increased N accumulation compared to the zero input treatment
for all input levels (p < 0.05). For pots amended with BPC, on the other hand, significant increments
were observed only at the 5 kg·m−2 and 10 kg·m−2 input levels. For WCC, N accumulation was
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significantly higher than that of the zero input treatment at the 10 kg·m−2 input level only. The highest
level of N accumulation was observed in the pots amended with BLC at 10 kg·m−2, which showed a
393% of increment in N compared to that of the zero input treatment. As shown in Figure 5b, WC, BL
and BP amendments significantly decreased N accumulation compared to the zero input treatment for
all input levels (p > 0.05). Application of WC at the 10 kg·m−2 rate resulted in the lowest level of N
accumulation observed, which was 93% lower than that of the zero input treatment.

Table 4. Analyses of variance and levels of significance for Komatsuna biomass and nutrients among
compost treatments, compost materials and input levels. The analysis did not include the zero
input treatment.

Factor df Plant Height (cm) Fresh Weight (g) Dry Weight (g) N% C% C/N Root Weight (g)

Material (M) 2 <0.0001 <0.0001 <0.0001 <0.0001 0.007 0.0027 0.3671
Type (T) 1 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

Input level (L) 2 0.1304 0.3476 0.0054 <0.0001 0.1118 0.0004 <0.0001
M × T 2 0.018 <0.0001 <0.0001 <0.0001 0.0782 0.0006 0.1348
M × L 4 0.2144 0.4803 0.3935 0.0012 0.6545 0.0001 0.2971
T× L 2 <0.0001 <0.0001 <0.0001 <0.0001 0.0439 0.0022 <0.0001

M × T × L 4 0.1635 0.5984 0.8124 0.0089 0.46 0.0014 0.0187

4. Discussion

4.1. Influence of Sub-Materials on Radiocesium Levels and Chemical Properties of Bamboo and
Woody Composts

The level of Cs content in each of the materials did not change throughout the composting
process. However, the concentration of radioactive Cs in the source rice bran and wheat meal was
very low. Thus, the observed decrease in radioactive Cs concentration was achieved by mixing
highly contaminated raw materials (WC, BL or BP) with low contaminated sub-materials (rice bran or
wheat meal). The higher moisture content of the final compost compared to the raw materials would
also influence Cs concentration. In addition, the greater 137Cs concentration may be related to the
longer half-life of 137Cs compared to 134Cs. Our results suggest that radioactive Cs contamination
can be successfully reduced through the addition of low-contaminated sub-materials, even for highly
contaminated raw composting materials. Thus, our study shows that composting can be used
as a viable strategy to remediate and reclaim sites contaminated with radionuclides. However,
the authors suggested avoiding the use of organic materials highly contaminated with radioactive
Cs in soils to prevent its accumulation in crops. To the extent of our knowledge, there are no studies
describing the variation in Cs concentration before and after composting. Some previous research has
assessed the transfer of radioactive Cs from soil to crops following soil fertilization with contaminated
organic materials [26]. Alexakhin (1993) [27] also reported that agricultural practices could effectively
mitigate the radiological consequences of the Chernobyl accident in pasture grasslands. Entry et al.
(2001) [28] reported that adding organic matter to the soil can initiate remediation and reclamation of
contaminated soils.

The results of this study suggested that the addition of sub-materials effectively changed the
pH of WC and BP from slightly acidic to neutral, thereby improving the quality of the final compost.
According to previous research, the optimal pH value for green waste compost is neutral [29], and it is
closely related to microbial activity during composting [30]. A neutral pH enhances the water solubility
of nutrients available for plant uptake, in particular that of P and many micronutrients [31]. In addition,
previous research has reported an optimal pH of finished compost in the range of 7.5–8 [32]. According
to Mulligan (2005) [33], an increase in microbial activity would also increase the decomposition
rate of readily degradable organic nitrogen, increase the amount of ammonia released and lead to a
sharp increase in pH. The later phase of the secondary fermentation is associated with a reduction of
readily degradable organic matter and a decline in the decomposition rate; at this point, the pH values
decreased in all treatments and subsequently remained stable [30]. This decrease in pH could be related
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to an increase in nitrification experienced toward the end of the composting process, which acidifies
the environment [34].

In our study, we prevented mineral salt leaching and precipitation by frequently mixing the
compost and using plastic trays as experimental plots. Thus, our findings suggest that mixing the
materials during composting enhances the degradation process by supplying sufficient nitrogen to
enrich the composting process. Our results regarding EC followed those reported by Li et al. (2012) [35],
who composted pig manure using bentonite. Liu and Price (2011) [36] also reported an increase in EC
by 107% in compost derived from spent coffee ground compared to the raw material. As described
by Larney et al. (2008) [10], the EC of WC is 10-times lower than that of straw EC. As described
by Villar et al. (1993) [37], the mineralization of organic matter and the subsequent release of soluble
salts, such as phosphates and potassium, during the composting process would be the principal
reason behind the observed increase in EC. In general, EC could be higher in the final product than in
the initial mixture because of the release of soluble salts; however, it could also decrease because of
ammonia volatilization and mineral salt leaching and precipitation [38,39].

Adding rice bran and wheat meal to the compost increased the charge density per unit surface area
by enhancing organic matter oxidation. Our results showed that adding sub-materials to the compost
increased TN content and decreased the C/N ratio, enhancing the decomposition rate. According
to Harada and Inoko (1980) [40], compost maturity is characterized by a CEC > 60.0 cmol·kg−1,
suggesting that all of our final composts had reached maturity. A similar reduction in TOC content,
associated with an increase in TN content, has been previously reported by Zhang and Sun (2014) [41].
These trends have been previously reported in many previous composting studies and are related
to a rapid decomposition of organic matter [39]. These results follow those by Fang et al. (1999) [42],
who reported that, by the end of the composting period, the C/N ratio was below 20 for mature
composts. Furthermore, Rodriguez-Kabana et al. (1987) [43] reported that the C/N ratio of organic
amendments should remain within the range of 12–25 to avoid phytotoxicity. Thus, our results suggest
that our composts were suitable as a soil amendment.

Our results indicated that the addition of sub-materials increased the rate of mineralization of
essential nutrients in the compost, as nutrient content was overall enhanced in WCC, BLC and BPC
compared to that of WC, BL and BP. Since these nutrients are non-volatile, they tend to remain in the
compost; therefore, their increase in concentration is a reflection of the rate of decomposition of organic
matter during composting. The results of this composting study are in agreement with Mondonca
Costa et al. (2015) [44], who observed a significant increment in nutrient content in the final compost
compared to the raw materials. The same observation was found by Nishanth and Biwas (2008) [45]
in a study on the effect of adding rock phosphate to treated compost. Liu and Price (2011) [36] also
observed an increase in macro- and micro-nutrient concentrations in the final compost compared to
the raw materials.

In general, the aeration rate and turning frequency influence the nitrogen dynamics through
volatilization and leaching. However, the low NH4

+ contents and high NO3− contents measured
in the final composts in our study indicated that the addition of sub-materials created a favorable
microenvironment for nitrifying bacteria, which convert ammonia to nitrate, helping N retention in
the compost. Similar results have been reported in composting studies using sewage sludge, cattle
manure and pig manure [42,46,47]. According to Das et al. (2011) [48], the NH4

+/NO3
− ratio is a good

indicator of compost maturity. In our experiment, final NH4
+/NO3− ratios were <0.5 (Figure 2b),

suggesting that all final composts had reached maturity.

4.2. Changes in Soil Properties through Compost Amendment

Our results showed that compost amendment reduced soil radioactive Cs concentration compared
to amendments with raw materials. In addition, the influence of the compost on the soil Cs
concentration was dependent on the type and the level of input. However, amendment with raw
materials resulted in significantly high soil Cs concentrations because of their high contamination
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with radioactive Cs. Harada et al. (2014) [26] showed that radioactive Cs concentration significantly
increases after soil amendment with contaminated cattle farmyard manure. Thus, adding sub-materials,
such as rice bran and wheat meal, emerged as an effective strategy to control soil radioactive Cs
concentration following the FDNPP accident. In our study, final composts exhibited significantly lower
radioactive Cs concentration than the raw materials; therefore, the application of final compost could
be a viable strategy to reduce soil radioactive Cs concentrations following the FDNPP accident.

Comparatively lower organic C content in final composts compared to the raw materials supply
evidences regarding the high nutrient availability in the compost amendment compared to the
amending with raw materials. Thus, these results suggested that compost amendments can increase
the concentration of soil nutrients available for plant growth, compared to amendments with raw
materials. The results of our study follow those reported by Chaoui et al. (2003) [49], who observed
an increase in soil inorganic nitrogen after compost amendment. Mylavarapu and Zinati (2009) [50]
also reported that amending soil with compost significantly increased soil nitrogen concentrations.
The lower C/N ratio of the final composts versus the raw materials indicates that the compost would
be an effective source of N through rapid N mineralization reactions. Overall, our results indicated
that compost amendment can increase soil inorganic nitrogen content compared to amending with
raw materials. These results follow those reported by Courtney and Mullen (2008) [51], who showed
an increase of available K, Ca, Mg and Na in soils following compost amendments.

4.3. Compost Amendment Influence in Crop Growth

In this study, plant biomass increased with the compost input level, mainly due to an increment in
nutrient availability with the increase in the amount of compost applied. The addition of sub-materials
also enhanced compost nutrient content. The reduction in plant biomass in soils amended with
raw materials was mainly due to low nutrient availability in these initial materials and the low
concentration of decomposed products. Harada et al. (2014) [26] demonstrated that the effects of using
contaminated farm yard manure on the concentration of radioactive Cs found in crops depend not only
on the contamination level, but also on factors, such as soil exchangeable K2O content. Furthermore,
Hoshino et al. (2015) [52] reported that the ecological behavior of radioactive Cs is influenced by
the amount of clay minerals present in the soil. Thus, the low radioactive Cs concentrations found
in Komatsuna plants in this study could be related to these two effects. In addition, composts may
directly increase the quantity of nutrient available to plants or indirectly through its effects on the
CEC [53,54]. The results of this study follow those reported by Courtney and Mullen (2008) [51],
who found that barley grain yield increased when the amendment rates of spent mushroom compost
were increased. Cherif et al. (2009) [55] also reported that compost amendments significantly enhanced
wheat grain yield and that plots amended with higher compost nutrient contents also showed the
highest wheat yields.

The higher levels of N accumulation linked to compost amendments may be related to the direct
input of N to the soil through the compost. The addition of sub-materials also effectively enhanced
the level of N input through compost compared to WC, BL and BP alone. Our results show a strong
significant correlation between the plant’s N and soil inorganic N content (r2 = 0.634, p < 0.05) in
compost treatments. Thus, compost amendments can considerably influence mineral N dynamics
in soil. According to Keeling et al. (2003) [56], N is the key nutrient for plant growth, and yields are
usually strongly related to N supply.

5. Conclusions

Mixing of rice bran and wheat meal with highly contaminated raw materials effectively decreased
the radiocesium contamination of the final compost by approximately 50% and was able to secure the
contamination levels below the governmental legislation limits in Japan. Therefore, there is a high
possibility to use all three final composts as a soil ameliorant. The three final composts differed in
composition, in particular in terms of nutrients and the level of radioactive contamination. Therefore,
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their impact on soil properties varied according to the type and the rate of application. However,
overall, application of the final compost reduced contamination levels of Cs, raised levels of nutrients,
the organic status of soil and enhanced the Komatsuna plant growth. Among three final composts,
BLC most effectively enhanced the availability of soil N, P and K levels. Fukushima farmers may
adopt this system to help remediate contaminated bamboo forests, while opening the possibility of
using wood and bamboo contaminated with radioactive Cs as composting material.
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