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ABSTRACT

Rice husk charcoal (RC) produced from the pyrolysis of rice husk (RH) can be one of the cost-effective
biochars for use in rice-based farming systems. This study investigated changes in rice yield and soil
carbon sequestration over three years of RC application to an Andosol paddy field. The treatments
were RC application at 0.02, 0.2, and 2 kg m=2 (RC0.02, RCO.2, and RC2, respectively), RH application
at 0.2 kg m=2 (RHO0.2), and a control with no RC or RH application (CONT). The results showed that
RC2 increased culm length by 4% and straw weight by 14% on average over the three years. These
increases in plant growth coincided with a higher level of silicon uptake by the rice plants, although
they did not significantly affect grain yield. The soil carbon content was progressively increased by
RC2 over the three years, whereas it was not significantly affected by RC0.02 or RC0.2. A considerable
amount (>72%) of the applied carbon with RC2 remained in the soil by taking account of its
downward movement below the 10 cm layer of the paddy field after three consecutive years of RC
application. We conclude that rice husk charcoal application to Andosol paddy fields is an effective
option for increasing carbon sequestration. Furthermore, the increase in silicon uptake by rice plants
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suggests that rice husk charcoal can also be functioning as a silicon fertilizer.

Introduction

Biochar is a carbonaceous product of the thermo-chemical
conversion of biomass under oxygen-limited conditions
(Crombie et al., 2013). It has a highly porous structure,
and biochar application is thus considered to improve
soil physical properties such as bulk density, water holding
capacity, and hydraulic conductivity (Hardie et al., 2014).
However, the effect of biochar application on crop produc-
tivity varies depending on soil type, fertility, and moisture
content, as well on the type of biochar applied to the soil
(Lehmann et al., 2009). Some studies have reported that
biochar application can increase crop yield by improv-
ing soil physicochemical (Glaser et al., 2002; Lehmann &
Rondon, 2006) and biological (Lehmann et al., 2011) prop-
erties, whereas others have observed a reduction in grain
yield due to nitrogen (N) limitation caused by the high
carbon to nitrogen ratio (C/N ratio) of biochar (Asai et al.,
2009).

Rice husk charcoal processed from pyrolysis of rice husk
is considered to be one of the most cost-effective biochars
for use in rice-based farming systems (Ogawa & Okimori,
2010). Rice husk is generated at rice processing facilities

as a by-product after collecting, drying, and dehulling
paddy rice. The utilization of rice husk can be a feasible
and sustainable option compared to the other woody
biomass that sparsely exists in the natural environment.
Approximately two million tons of rice husk, equivalent to
22% of brown rice weight (Ogawa et al., 1988), is annually
produced in Japan, although about one-fifth of it is still
unused (Agriculture, Forestry & Fisheries Research Council,
2014). With the development of modern bioenergy tech-
nologies, the coupling of bioenergy production from rice
husk and the use of rice husk charcoal in rice production
has a potential to offer environmental and agronomic
advantages in a sustainable manner (Shackley et al,
2012). Haefele et al. (2011) reported that rice husk charcoal
application at41.3 Mg ha~'increased rice yield by 16-35%
depending on conditions such as water holding capacity,
available N level, and cation exchange capacity (CEC) in
three soil types, including Gleysols, Nitisols, and Acrisols.
We conducted a pot experiment (based on Wagner’s pots
with a surface area of 0.02 m?) using Andosol paddy soil
and found that rice husk charcoal application at 40 g pot™
increased silicon (Si) uptake of rice plants by 250% and
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brown rice yield by 30% (Koyama et al., 2016). The study
as well as a field experiment (Koyama et al., 2015) revealed
that rice husk charcoal-derived carbon (C) remained in
the soil even after rice cultivation without a significant
increase in methane (CH,) emissions. Andosol paddy soil
is characterized by a relatively high C content (Takata
etal.,2013) and low levels ofCH4 emitted under anaerobic
conditions (Yagi & Minami, 1990), among the Japanese
soil types. The potential residual time of biochar in soil is
reported to depend on the feedstock and the pyrolysis
temperature used for producing the biochar as well as
on soil conditions, but it ranges from hundreds to thou-
sands of years (Lehmann et al.,, 2009; Wang et al., 2015).
For example, Knoblauch et al. (2011) estimated the carbon
mineralization rate of rice husk charcoal in two soil types
according to the U.S. soil taxonomy (Typic Fluvaquents and
Aquic Udifluvents). They found that 31-54% of the Cadded
as rice husk was mineralized, whereas only 8.5% of the C
added in the form of rice husk charcoal was mineralized to
CO, under anaerobic conditions after almost three years of
laboratory incubation. Rice husk charcoal application may
thus be an effective option for enhancing rice production
and simultaneously increasing soil C sequestration. The
objective of the present study is to evaluate the effects
of applying rice husk charcoal to an Andosol paddy field
on the growth and yield of rice plants, and on soil phys-
icochemical properties with a particular emphasis on C
sequestration, over a period of three years.

Materials and methods
Experimental design

A three-year field experiment was conducted from 2012
to 2014 under a conventional rice farming system in an
irrigated paddy field at the Agricultural and Forestry
Research Center (AFRC), University of Tsukuba, Japan
(36°12'N, 140°09'E, 25 m above sea level). The soil at this
site was classified as a Haplic Andosol by the Food and
Agriculture Organization of the United Nations (FAO) and
the United Nations Educational, Scientific and Cultural
Organization (UNESCO) system (FAO-UNESCO, 1990). The
treatments comprised three rates of rice husk charcoal
(RC) application, 0.02,0.2, and 2 kg m~2 (RC0.02, RC0.2, and
RC2, respectively), one rate of rice husk (RH) application,
0.2 kg m~2 (RHO0.2), and a control without the application
of RC or RH (CONT). RC0.02 is equivalent to the average
yield of RC from paddy fields in Japan, since the weight
of RH is about 22% of that of brown rice (Ogawa et al,,
1988) and yielding percentage of RC is 25% as compared
to the RH weight (Senoo et al., 2009). We included higher
RC application rates, up to RC2, on the assumption that
increasing the amount of RC applied would increase
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soil C sequestration. RHO0.2 was included to compare the
effects between carbonized and un-carbonized rice husk
applications. The RC, which was produced by pyrolysis at
350-400 °C for 15 min, was purchased from Pros Co. Ltd.,
Nagano, Japan. Approximately 45% of the feedstock, on
a volume basis, remains as RC after the carbonization pro-
cess. The RH was collected from a country elevator near
the experimental site.

The treatments were arranged in a randomized block
design with three replicates. Each 1.6 m x 2 m plot was
separated from its neighbors by vinyl chloride resin levees
with a height of 15 cm above ground and a depth of 15cm
inserted in the soil, in order to avoid soil movement and
root penetration into the other treatments. In each plot,
the same treatment was continued for three years. Tilling
practice was carried out using hand tools, such as shovel
and three-prong digging hook. Puddling and leveling were
done with a small cultivator (MKC31; Maruyama MFG. Co.,
Inc. Tokyo Japan) and rake for preventing contamination
between the treatments. Basal compound fertilizer was
applied to all the plots at a locally recommended rate of 80,
80,and 53 kg ha=' of N, P.,O., and K,O, respectively, 7 days
before transplanting (DBT) in the 1st year, 8 DBT in the 2nd
year,and 13 DBT in the 3rd year. RC or RH, according to the
treatment being applied, was manually incorporated to
a soil depth of approximately 10 cm. The RC or RH appli-
cation was carried out at the same time of basal fertilizer
application in the 1st year (7 DBT), and at the timing of
spring plowing in the 2nd year (67 DBT) and the 3rd year
(62 DBT).

Crop management and yield measurements

Four rice seedlings (Oryza sativa L. cv. Nipponbare) per hill
were transplanted into the field at the 3-4 leaf stage with
a spacing of 25 ¢cm x 20 cm on 26 May 2012, 26 May 2013,
and 24 May 2014. A local water regime for irrigated paddy
fields was practiced; it included midseason drainage for
a period of about 10 days at the end of July every year,
followed by intermittent flooding until three weeks before
the point of harvest in each season. The aboveground parts
of the rice plants were harvested at the maturity stage,
which was attained 127 days after transplanting (DAT) on
30 September 2012, 140 DAT on 13 October 2013, and
140 DAT on 11 October 2014. The harvested plants were
air-dried for 2 weeks. The lengths of the culm and the pan-
icle in the longest culm, straw weight, panicle weight, and
panicle number were measured from 12 to 15 hills per plot.
Five hills that had the average panicle weight and number
for their plot were then selected for further determination
of yield and yield components. Fully ripened grains were
separated from threshed grains using a saline solution with
a specific gravity of 1.06. Yield was defined as the weight of
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fully ripened grains with a water content of 14%. The other
plants harvested were separated into panicle and straw
fractions. The dry weight of each fraction was determined
after drying in an oven at 80 °C for 48 h. The daily mean
air temperature and precipitation during the three years
were obtained from a meteorological station located at the
AFRC. During the periods from rice transplantation to har-
vestin 2012,2013,and 2014, the mean air temperature was
24.4,24.0,and 24.6 °C, and the total precipitation was 499,
520, and 617 mm, respectively. The mean solar radiation
collected from the observatory of Japan Meteorological
Agency located within 9 km from the experimental site
was 18.0, 16.3, and 16.1 MJ m~2, respectively, during the
same periods.

Physicochemical analysis of soil, RC and RH

Physicochemical properties of paddy soil were measured
after each rice growing season; on 30 September 2012, 20
November 2013,and 11 October 2014. Three soil phases in
each plot were calculated from two samples collected at
the top 10 cm layer by applying a soil three-phase meter
(Daiki Rika Kogyo Co., Ltd. Saitama, Japan) to a 100 ml
undisturbed soil core (FV-478; Fujiwara Scientific Co., Ltd.
Tokyo Japan). Soil bulk density was determined from the
mass of the solid phase after oven-drying at 105 °C for 48 h.
The bulk density of RC and RH was measured by gently
tapping a container five times and topping up the con-
tents to the brim (Cooperband, 2002). Another soil sample,
composed of five cores taken from the top 10 cm layer
of each plot with a hand shovel, was air-dried and sieved
(<2 mm) for chemical analysis. Soil pH (soiI:HZO =1:2.5)and
electrical conductivity (EC, soiI:HZO =1:5) were determined
using a pH meter (HM-30R; DKK-TOA Corp., Tokyo, Japan)
and an EC meter (CM-30R; DKK-TOA Corp., Tokyo, Japan),
respectively. To measure the pH and EC of the RC and RH,
a 1:10 ratio of the material to deionized water (weight:vol-
ume) was adopted due to the low bulk densities of RC and
RH. The total N and C content of the soil, RC, and RH were

analyzed using the dry-combustion method with an NC
analyzer (NC-220F; Sumika Chemical Analysis Service, Ltd.,
Osaka, Japan). Soil C sequestration (kg m~2) was calculated
using the following equation:

Soil C sequestration = (C,,, x 0.1 x BD,

re tre)

—(C__.x 0.1 xBD

cont cont)

where C,  denotes the soil C content in the treatment plot
after rice cultivation (g kg™ dry soil), 0.1 is the soil depth
in meters corresponding to the top 10 cm layer, and BD,
is the bulk density of the treatment (Mg m=3). C_ . and
BD,,,. is the soil C content (g kg™' dry soil) and bulk den-
sity (Mg m~3) of the CONT plots in the same year of the
treatment, respectively. In the 3rd year of the experiment,
soil samples from a depth of 10-20 cm were also collected
in order to estimate the translocation of soil C during the
experiment.

Dried rice straw was ground to a fine powder (<2 mm)
using a cutting mill (SM-100; Retsch GmbH, Haan,
Germany). The total N concentration of the rice straw was
determined using the same method as that used for soil
analysis. The Si concentration of the straw, RC, and RH
was determined using gravimetric analysis, as described
by Saito et al. (2005). The rice straw from the 2nd year’s
harvest, RC, and RH were digested in a mixture of sulfu-
ric acid (H,SO,) and hydrogen peroxide (H,0,)in order to
measure potassium (K), calcium (Ca), and magnesium (Mg)
concentrations using an atomic absorption photometer
(Z-2300; Hitachi High-Technologies Corp., Tokyo, Japan).
The uptake of nutrients by rice plants was calculated by
multiplying the nutrient concentrations by the weight per
unit area of therice straw. Table 1 lists the physicochemical
characteristics of the field soil before the experiment, and
of the RC and RH used for the experiment.

Statistical analysis

Statistical analyses were conducted using the JMP 8 soft-
ware package (SAS Institute Japan Inc, Tokyo, Japan). A

Table 1. Physicochemical properties of the paddy soil before commencing the experiment, and of the rice husk charcoal and rice husk

applied.

Physicochemical

property Paddy soil Rice husk charcoal Rice husk

Bulk density (g cm—3) 0.61 (0.06) 0.12 (0.01) 0.11 (0.00)
pH 5.80 (0.00) 9.19 (0.76) 6.59 (0.52)
EC(mScm™) 0.11 (0.00) 0.52 (0.15) 0.66 (0.15)
Total C(gkg™) 73.2 (0.29) 396 (34.4) 369 (10.6)
Total N (g kg™") 5.42 (0.03) 3.40 (0.56) 3.26 (0.15)
C/N ratio 135 (0.05) 118 (9.66) 116 (1.46)
Si(gkg™) na 215 (24.8) 106 (13.1)
K (g kg™ na 8.35 (1.19) 436 (0.16)
Ca(gkg™) na 2.18 (0.24) 0.97 (0.02)
Mg (g kg™) na 0.65 (0.04) 0.33 (0.10)

Notes: EC, electrical conductivity; N, nitrogen; C, carbon; Si, silicon; K, potassium; Ca, calcium; Mg, magnesium and na, not analyzed. pH and EC were measured in
a material to water solution at a ratio of 1:10. Figures in parentheses indicate standard deviation (n = 3-6).



Table 2. Growth, yield, and yield components of rice plants as affected by three years of application of rice husk charcoal (RC) or rice husk
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(RH).
Culm Panicle Abov?glgowurr\]:ii\zz\)/aght Grain- Panicle Spikelet  Percentage
length length 9 straw ratio number number of ripened  1000-grain  Grain yield

Factor (cm) (cm) Panicle Straw (%) (m™3) (panicle™")  grains (%)  weight (g) (gm)
Treatment
CONT 82.1ab 19.5 605.9 722.0b 813a 351.2 76.4 81.9 27.6 602.0
RC0.02 82.2ab 20.0 584.1 696.4 b 823a 339.7 76.9 82.2 27.7 589.9
RCO.2 81.5b 19.9 574.5 709.5b 78.1ab 3359 774 81.6 27.5 579.1
RC2 853a 19.8 639.4 8223a 73.6b 360.2 80.8 79.1 27.4 625.7
RHO.2 833ab 19.6 582.9 717.7b 789 ab 343.8 76.6 80.8 27.7 582.7
Application

year
1st year 80.3b 20.8a 612.0a 685.9b 813a 347.6b 784 a 76.4c 28.1a 5829b
2nd year 87.7a 19.3b 639.5a 879.0a 729b 401.6a 748 b 82.0b 27.2b 667.7 a
3rd year 80.6 b 19.2b 540.7 b 6359b 823a 2893 ¢ 79.6 a 85.0a 27.5b 537.0b
ANOVA
Treatment * NS NS ** ** NS NS NS NS NS
Application *% *% *% *% *% *¥% *% *% *¥% *%

year
Interaction NS ** NS NS NS NS NS NS NS NS

Notes: Panicle and straw weight indicated on a dry weight basis. 1000-grain weight and grain yield were adjusted to have a moisture content of 14%.
**,* and NS denote significantly different at p < 0.01, p < 0.05 and not significant, respectively, according to analysis of variance (ANOVA).
Means followed by the same letter within each column are not significantly different at the 5% level in Tukey’s HSD test.

two-way analysis of variance (ANOVA) was applied to ana-
lyze the effects of RC treatment, application year and their
interaction on rice growth and yield, nutrient concentration
and uptake by rice plant, and soil physicochemical prop-
erties. RC treatment and application year were considered
fixed effects in the analysis. Multiple comparisons among
the different treatments were performed using Tukey’s
honest significant difference (HSD) test at the 5% level.

Results
Growth, yield, and yield components of rice plants

Of the growth and yield parameters analyzed, only culm
length, straw weight, and grain-straw ratio showed sig-
nificant differences among the treatments according to
ANOVA (Table 2). The culm length and straw weight in RC2
increased by 4 and 14%, respectively, as compared to those
of the CONT on the average of the three years. The increases
in straw weight led to decrease in grain-straw ratio in RC2
irrespective of application year. The other parameters,
including panicle length, panicle weight, panicle number,
spikelet number, percentage of ripened grains, 1000-grain
weight, and grain yield were not significantly affected by
the treatments. Significant differences were observed
among the application years in all the growth and yield
parameters, although there was no consistent relationship
between those parameters and the number of RC or RH
application year. The interaction between treatment and
application year was significant only for panicle length,
and this was caused by the variation in the response of this
parameter to RC treatment depending on the year. There
were no significant differences between RC0.2 and RHO.2
for any of the growth and yield parameters.

Nutrient concentration and uptake by rice plants

Todissect the cause of increase in rice straw biomass, nutrient
analyses were carried out (Table 3). The ANOVA indicated that
there were significant differencesin N, Si, and Mg concentra-
tions among the treatments. The N and Mg concentrations
decreased gradually as the RC application rate increased. The
rice plants in RC2 had significantly lower N and Mg concen-
trations than those in CONT. However, N and Mg uptakes by
rice plants did not significantly differ among the treatments
because their lower concentrations were compensated by
the larger rice straw biomass in RC2. On the other hand, Si
concentration increased as the RC application rate increased.
The rice plants in RC0.2 and RC2 significantly increased Si
concentration by 123 and 170%, respectively, as compared
to those in CONT on the average of the three years. As a
result, Si uptake by rice plants increased with higher rates
of RC application. Si uptake in RC2 was nearly twice (195%)
as high as that in CONT. Significant differences among the
application years were observed in both concentrations and
uptakes of N and Si due to the differences in plant growth
during the three years. The interaction between treatment
and application year was not significant in both concentra-
tions and uptakes of N and Si.

Soil physicochemical properties and C sequestration

The ANOVA showed significant differences in bulk den-
sity, porosity, total C content, and C/N ratio among the
treatments (Table 4). Bulk density decreased significantly
by the RC2 treatment, although porosity did not show sta-
tistical differences at 5% level in Tukey’s HSD test. Among
the application years, the bulk density was the lowest and
the porosity was the highest in the 3rd year of experiment,
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Table 3. Nutrient concentration and uptake in mature rice straw as affected by rice husk charcoal (RC) or rice husk (RH) application.

Concentration (%)

Nutrient uptake (g m=2)

Factor N Si K Ca Mg N Si K Ca Mg
Treatment

CONT 0.60a 492c 1.28 0.32 0.110ab 4.34 349b 113 2.81 0.97
RC0.02 0.57 ab 5.56 bc 1.28 0.30 0.111a 391 385b 10.4 2.48 091
RCO.2 0.54 ab 6.07b 1.30 0.32 0.109 ab 3.81 426b 11.1 2.71 0.93
RC2 0.50b 835a 1.30 0.24 0.095 ¢ 413 68.2a 12.6 2.37 091
RHO.2 0.56 ab 5.82bc 1.30 0.24 0.108 b 3.96 415b 1.3 213 0.94
Application year

1st year 0.63a 6.20 ab na na na 433a 43.1b na na na
2nd year 0.51b 5.66b 1.29 0.28 0.107 447 a 50.1a 13 2.50 0.93
3rd year 0.52b 6.582a na na na 3.29b 42.1b na na na
ANOVA

Treatment * ** NS NS ** NS ** NS NS NS
Application year ** ** - - - ** ** - - -
Interaction NS NS - - - NS NS - - -

Notes: na, not analyzed as the K, Ca, and Mg concentrations were analyzed only in the 2nd year of experiment.
** *and NS denote significantly different at p < 0.01, p < 0.05 and not significant, respectively, according to analysis of variance (ANOVA).
Means followed by the same letter within each column are not significantly different at the 5% level in Tukey’s HSD test.

Table 4. Effects of three years of application of rice husk charcoal (RC) or rice husk (RH) on paddy soil physicochemical properties.

TC(gkg™)
Factor Bulk density (Mg m—3) Porosity (%) pH EC(mSm™) TN (g kg™ 0-10cm 10-20 cm C/N ratio
Treatment
CONT 0.70a 726a 5.91 88.4 4.08 54.0b 49.8b 13.2¢
RC0.02 0.68 ab 735a 5.96 85.8 3.99 53.2b 492 b 13.3¢
RC0.2 0.70a 725a 5.99 85.5 4.07 56.6b 50.6 ab 139b
RC2 0.65 b 739a 5.92 86.0 4.16 796a 59.1a 19.1a
RHO0.2 0.69a 73.0a 5.99 825 4.05 549b 47.6b 13.5bc
Application year
1st year 0.71a 716b 591b 825b 423a 59.6 ab na 14.1¢
2nd year 0.71a 72.1b 5.92 ab 71.7b 3.95b 57.6b na 14.6 b
3rd year 0.63b 75.7 a 6.03a 1029a 4.03b 61.7a 513 15.2a
ANOVA
Treatment ** * NS NS NS ** ** **
Application year *% *% * *% *% *% — *%
Interaction NS NS NS NS NS ** - **

Notes: EC, electrical conductivity; TN, total nitrogen; TC, total carbon; C/N ratio, carbon to nitrogen ratio; na, not analyzed. Total carbon contents of paddy soil at a
depth of 10-20 cm were measured only in the 3rd year of experiment. C/N ratio was calculated using total Cand N contents at the top 10 cm layer of paddy soil.

** * and NS denote significantly different at p < 0.01, p < 0.05 and not significant, respectively, according to analysis of variance (ANOVA).

Means followed by the same letter within each column are not significantly different at the 5% level in Tukey’s HSD test.

suggesting cumulative effects of RC application on the
physical properties of paddy soil. Total C content of paddy
soil increased significantly by the RC2 treatment. The rela-
tionship between the number of application year and soil
C sequestration showed a strong positive correlation in
the case of RC2, whereas soil C sequestration was not
clearly detected when the rates of RC or RH application
were 0.2 kg m~2 or less (Figure 1). The regression coeffi-
cient for RC2 indicated that 0.365 kg m~2 of C was seques-
tered annually in the top 10 cm of paddy field after the
1st year of RC application. Similarly, C/N ratio increased
in proportion to the rate of RC application (Table 4). The
interaction between treatment and application year was
significant in total C content and C/N ratio because the
difference of soil C content in RC0.02, RC0.2, and RHO0.2
from CONT was marginal and varied depending on the

25 ¢
_ ORC0.02 ARCO.2
. 20f BRC2 ARHO2
o
e
<15t
g RC2: y = 0.365x +0.606
g 10} R?=0.950
g
Z 05
= osh
O A A
= 0.0 A L L x )
3 5] d S

05t

I 2 3

Number of RC or RH application year

Figure 1. Increase in soil carbon content compared to that in the
control plots over three years of rice husk charcoal (RC) or rice
husk (RH) applications. Vertical bars indicate standard errors of
three replicates. The regression equation shown in the figure was
calculated from the data from RC2 plots.



application year. At the end of the experiment, the lower
soil layer (10-20 cm) of the RC2 plots accumulated a higher
C content than those in the other treatments probably due
to the cultivation management regime used and the root
growth of rice plants. The ANOVA results in soil pH, EC,
and N content showed significant differences only among
the application years. However, cumulative effects of RC
application on these chemical parameters were unclear
because the values in the CONT plots also varied depend-
ing on the application year. With respect to soil physico-
chemical properties, there were no significant differences
between RC0.2 and RHO.2.

Discussion

In a previous pot experiment, we found that RC application
to Andosol paddy soil increased Si uptake by rice plants and
hence increased aboveground biomass productionin rice
plants while promoting soil C sequestration (Koyama et al.,
2016).The present field study showed significant increases
in Si uptake (by 70%), culm length (by 4%), and rice straw
weight (by 14%) over a period of three years when RC
application rate was 2 kg m=2 (RC2), as compared to those
of the CONT plants (Table 2 and 3). However, rice yield was
not affected by the RC applications. It has been reported
that Si deposits in rice plants have positive impacts on the
growth by suppressing excessive transpiration, enhancing
the light-intercepting structure of rice plants growing in
a community, improving resistance to fungus and insect
injuries, and increasing tolerance to lodging (Guntzer et al.,
2012; Hossain et al., 1999; Ma et al., 1989). But the effects of
additional Si application on Si concentration in rice plant
differ depending on soil chemical properties such as avail-
able Si, Si adsorption capacity, contents of Si adsorbents,
and the pH under flooded soil condition (Makabe-Sasaki
et al., 2014). Imaizumi and Yoshida (1958) demonstrated
that Si application had a greater impact on rice yield when
the Si concentration of the rice plants was less than the
critical level at 5.1% (equivalent to 11% Si0,). Generally,
rice plants grown in paddy fields were supplied with more
Si from the larger volumes of rhizosphere soil and of irri-
gation water than those plants in the pot experiment. In
addition, the historical record of the experimental field
showed there were applications of calcium silicate as a
soil amendment for several years before this experiment.
These experimental conditions may have led to the rela-
tively high Si concentration in the CONT plants (4.92%)
and obscured any effects of RC application on rice yield.
As Imaizumi and Yoshida (1958) argued that the Si concen-
trations in rice plants in approximately half of Japanese
paddy fields were below the critical level (5.1%), it is most
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likely that RC application increases rice yield in such paddy
fields where Si is less available for the plants.

Soil Csequestration increased in proportion to the rate
of RCapplication, and cumulatively with the number of RC
application year (Table 4), indicating that the C derived
from RC application remained in the paddy soil for more
than three years. The significant increase in C/N ratios in
the RC2 treatment may have caused immobilization of
N in the soil and led to lower rice yields, as reported by
Asai et al. (2009). However, growth parameters such as
plant height, leaf SPAD value (data not shown), and pan-
icle number did not differ significantly among the treat-
ments. The rice plants were not subject to N limitation
during the experiment because the C from RC was stable
in paddy soils. The labile component of RC is considered
to be minimal as we reported in the previous pot experi-
ment (Koyama et al., 2016) that RC application to Andosol
paddy soil proportionally increased soil C sequestration
without stimulating CH, emission during rice cultivation.
In the present field experiment, the soil C sequestration
level for the RC2 plots was 1.65 kg m=2in the top 10 cm of
paddy soil after the 3rd consecutive year of RC application
(Figure 1); while the estimated amount of C supplied from
RC2 was 0.77 kg m~2 annually, as calculated based on the
C content (396 g kg™') and the moisture content (3.0%)
of RC at the time of application. Approximately 72% of
the C derived from RC remained in the top 10 cm of the
paddy soil. Furthermore, the analyses of the next lower
layer (10-20 cm) of paddy field at the end of the experi-
ment indicated a downward accumulation of some of the
applied C from RC2 in the subsoil. This result matched that
of Haefele et al. (2011), which found that 49-114% of the
C supplied with rice husk charcoal remained in the topsoil
depending on soil types and rice production systems while
a considerable part of the applied C was also traced in
the subsoil after three years. They demonstrated that soil
conditions such as soil pH, moisture, temperatures, and
clay mineral content affected soil organic matter miner-
alization. These soil conditions should be considered to
determine the optimum RC application rates and frequen-
cies for enhancing soil C sequestration across diverse soil
types and rice production systems.

In conclusion, the results presented in this study provide
important evidence that the C derived from RC remained
in the Andosol paddy soil for more than three years. The
increase in Si uptake by rice plants suggested RC applica-
tion can also be functioning as a Si fertilizer. Longer-term
studies are needed to confirm the cumulative effects of
soil C derived from the lower rates of RC application and
to evaluate various impacts of the increased Si contents
on the growth of rice plants.
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