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Abstract
A remarkable feature of nanobubbles (<10–6 m in diameter) is their long lifetime inwater. Supplying
oxygen-nanobubbles (NBs) to continuouslyflooded paddy soilmay retard the development of
reductive conditions, thereby reducing the emission ofmethane (CH4), a potent greenhouse gas, and
dissolution of arsenic, an environmental load.We tested this hypothesis by performing a pot
experiment andmeasuring redox-related variables. TheNBswere introduced into control water (with
properties similar to those of river water) using a commercially available generator. Rice (Oryza sativa
L.) growth did not differ between plants irrigatedwithNBwater and those irrigatedwith control
water, butNBwater significantly (p< 0.05) reduced cumulative CH4 emission during the rice-
growing season by 21%. The amounts of iron,manganese, and arsenic that leached into the drainage
water before full rice headingwere also reduced by theNBwater. Regardless of thewater type, weekly-
measuredCH4fluxwas linearly correlated with the leached iron concentration during the rice-
growing season (r= 0.74, p< 0.001). At the end of the experiment, theNBwater significantly lowered
the soil pH in the 0–5 cm layer, probably because of the raised redox potential. The population of
methanogenic Archaea (mcrA copy number) in the 0–5 cm layer was significantly increased by theNB
water, but we found no correlation between themcrA copy number and the cumulative CH4 emission
(r= –0.08, p= 0.85). In pots without rice plants, soil reductionwas not enhanced, regardless of the
water type. The results indicate thatNBwater reducedCH4 emission and arsenic dissolution through
an oxidative shift of the redox conditions in theflooded soil.We propose the use ofNBwater as a tool
for controlling redox conditions inflooded paddy soils.

1. Introduction

Paddy soil biogeochemistry is governed by the sequen-
tial reduction of soil oxidants, namely, oxygen (O2),
nitrate (NO ),3

− manganese (Mn(IV)), iron (Fe(III)),
and sulfate (SO ),4

2− in waterlogged soil. The develop-
ment of reductive soil conditions inhibits disease
damage by aerobic microorganisms, which allows rice
to be continuously cultivated in the same field for a
very long time. Soil reduction also has negative
environmental consequences. Methane (CH4), a
potent greenhouse gas, is produced in the soil and is
emitted to the atmosphere (Holzapfel-Pschorn

et al 1985). Arsenic (As), a toxic element, is solubilized
and then taken up by rice in a reduced inorganic form
(As3+) (Takahashi et al 2004, Arao et al 2009). The use
of water-management practices that supply molecular
O2 to the soil, such as midseason drainage and
alternate wetting and drying, can potentially address
these two problems (Arao et al 2009, Linquist
et al 2015); however, implementation of these prac-
tices is not always feasible. (1) Rice has growth stage-
specific water demands, (2) rice growth can be
inhibited by excessive soil drying, (3) flooding is
necessary to warm the soil for the rice under cool
weather conditions, and (4) rainy weather may cause
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continuous flooding, especially in flood-prone rainfed
lowlands in Asia. If additional O2 could be supplied to
a continuously flooded paddy soil, however, over-
coming the limitations associated with existing water-
management practicesmight be possible.

Nanobubbles (<10–6 m in diameter) offer a means
of meeting the challenge of simultaneously supplying
water andO2 to flooded paddy soil. Nanobubbles have
several unique properties, including long-term stabi-
lity (e.g., several to 70 days) in water (Ushikubo
et al 2010) owing to the negatively charged surface of
the bubbles (Takahashi et al 2007), and high gas solu-
bility in liquids owing to the high internal pressure of
the bubbles (Eriksson and Ljunggren 1999). Further-
more, free radicals generated by the collapse of nano-
bubbles and microbubbles (usually from 10–4 to 10–
6 m in diameter) (Takahashi et al 2007, Matsuno
et al 2014) have been shown to degrade organic carbon
in wastewater (Li et al 2009a) and to inactivate micro-
organisms (Chu et al 2008, Hayakumo et al 2014).
Recently, nanobubbles have been shown to also affect
biological processes (Ebina et al 2013, Liu et al 2013).

We therefore hypothesized that irrigation with
oxygen-nanobubble (hereafter referred to as NB)
water, by retarding soil reduction, could reduce CH4

emission and As dissolution in continuously flooded
paddy soil. We tested this hypothesis and examined
other possible effects of NBs by performing a pot
experiment in which pots with and without rice plants
were irrigated with NB water or control (CT) water.
We measured the emissions of three greenhouse gases
(CH4, nitrous oxide (N2O), and carbon dioxide
(CO2)), the leaching of redox products, rice growth,
and microbial abundance. The results demonstrated
for thefirst time that NBwater can be used tomaintain
less reductive conditions inflooded paddy soil.

2.Methods

2.1. Experimental set-up
A pot experiment was carried out in the glasshouse at
the National Institute for Agro-Environmental

Sciences, Tsukuba, Ibaraki, Japan (36.026319°N,
140.114101°E) in 2014.We usedGleyic Fluvisol (WRB
classification), which is the dominant paddy soil in
Japan; the soil was a little oligotrophic because it was
obtained from a field that had been fallow for a long
period (table 1). The mean air temperature in the
glasshouse during the experimental period (20 May to
12 September) was 22.4 °C, which was 0.5 °C higher
than the mean outside air temperature. No pots
received any rainfall.

We installed an automated pot drainage system to
reproduce vertical water percolation under field con-
ditions. Each cylindrical pot was 30 cm high and had a
surface area of 200 cm2. Each pot was filled from the
bottom up with 0.7 kg of gravel to form a 2.5 cm layer
and 3.5 kg of air-dried soil to form a 17.5 cm layer; the
remaining 10 cm was available for surface water. A
drain hole on the bottom sidewall was connected to a
peristaltic pump (EW-07553-80, Cole-Parmer, IL,
USA) via a silicon tube. The drainage water was col-
lected in a tank, which was exposed to air. Drainage
water that had not been exposed to air was sampled via
a port halfway along the drain tube and used for ana-
lyses of dissolved greenhouse gases and leached redox
metals.

2.2. Preparation of irrigationwater
We prepared the irrigation water by mixing deionized
water with chemicals to reproduce the major water
characteristics of nearby rivers (Yabusaki et al 2006),
including pH, electrical conductivity (EC), and Na+,
K+, Mg2+, Ca2+, Cl−, and HCO3

− concentrations.
However, we did not add NO3

− and SO ,4
2− because

they are major oxidants in paddy soils. To make the
CT water, we mixed 30 L of deionized water with
1.88 g CaCl2, 2.35 g Na2CO3, 0.235 g K2CO3, 0.94 g
MgBr2, and 2.0 mL HCl (35–37% concentration)
(table 1).

Tomake theNBwater, we used a nanobubble gen-
erator (DBON, Tashizen Techno Works, Kumamoto,
Japan) to introduceO2 (purity 99.99995%) into an ali-
quot of CT water for 1 h while keeping the water tem-
perature at 20–25 °C. The generator was operated for
1 h before each irrigation of the pots receiving NB
water. The subsequent observations of the NB water
indicated that it contained NBs. We did not observe
the milky-white color that is specific to microbubble
water (Takahashi et al 2007) during or after the pre-
paration of the NB water. Electron spin resonance
(ESR) spectra measured using an ESR spectrometer
(ESRX-10SA-v4, Keycom, Tokyo, Japan) following
the method of Takahashi et al (2012) clearly showed
the presence of free radicals likely generated by the col-
lapse of NBs (figures 1(a) and (b)). The characteristics
of the NB water did not differ from those of the CT
water (table 1), except that the concentration of dis-
solvedO2 (DO)was higher for a few days after NB gen-
eration under gentle stirring conditions (figure 1(c)).

Table 1.Characteristics of the tested soil and of the irrigationwater.

Soil Water

pH (1:2.5) 6.8 pH 8.17

EC (mS m−1) 11 EC (mS m−1) 33.2

Total C (g kg−1) 6.3 Na+ (mg L−1) 29.7

Total N (g kg−1) 0.3 K+ (mg L−1) 6.2

AvailableN (mg kg−1) 7.6 Mg2+ (mg L−1) 4.1

CEC (cmol(+) kg–1) 17.8 Ca2+ (mg L−1) 18.7

Free Fe3+ (g kg−1) 10.4 Cl− (mg L−1) 80.2

Texture clay loam Br− (mg L−1) 27.3

Sand (%) 48.2 NO3
− (mg N L−1) nd

Silt (%) 28.4 HCO3
− (mg C L−1) 8.0

Clay (%) 23.4 SO4
2− (mg S L−1) nd

CEC, cation exchange capacity; nd, not detected.
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The highest observed DO concentration (40.0 mg L−1

at 20.1 °C) was comparable to the theoretical max-
imum (42.1 mg L−1 at 20 °C). The water’s pH was
temporarily increased by 0.04 units from the initial
value of 8.36 during the preparation of the NB water,
and then converged to 8.17. The initial increase was
likely as a result of a decrease in the partial pressure of
CO2, an effect also observed by Liu et al (2013).

2.3. Rice cultivation
The pot experiment consisted of two factors: water
type (CT or NB) and rice planting (Oryza sativa L. cv.
Koshihikari) (with (+R) or without (–R)). We per-
formed four replications for each of the four treat-
ments (i.e., a total of 16 pots). One day before rice
seedlings were transplanted, air-dried soil was mixed
with chemical fertilizer and 5 g of rice straw cut into
pieces 1–2 cm long, and then puddled with deionized
water. The basal fertilizer consisted of urea, fused
magnesium phosphate, and potassium chloride, and
the application rates were 0.3 g N pot–1, 0.3 g P2O5

pot–1, and 0.3 g K2O pot–1. Three rice seedlings (21
days old) were transplanted into each +R pot on 20
May. Irrigation and automated drainage were started 1
day after transplanting (DAT), and all pots were then

kept continuously flooded until 105 DAT. The drai-
nage rate was set at 10 mm d–1 (200 mL pot–1 d–1),
which is the normal rate in Japanese paddy fields.
Topdressing of urea was applied twice, at 29 and 49
DAT, each time at a rate of 0.3 g N pot–1. Weeds were
carefully removed when they were small. The above-
ground parts of the rice plants were harvested when
the plants reachedmaturity (12 September, 115DAT).

2.4.Measurements
We measured fluxes of CH4 and N2O from the soil to
the atmosphere by using a transparent static chamber
(30 cm long × 30 cmwide × 60 cm high with an exten-
sion column of the same size). Under +R conditions,
the measurements were performed weekly, or more
often after N topdressing and final drainage, from
09:30 to 10:30 (local time) (Minamikawa et al 2012).
Under –R conditions, the measurements were per-
formedmonthly. A gas sample was collected 1, 11, and
21 min after closure of the chamber with a water seal.
The concentrations of CH4 and N2O in the samples
were analyzed using two different gas chromato-
graphs. Dissolved CO2, CH4, and N2O concentrations
in the drainage water were measured weekly by a
headspace gas sampling technique (Minamikawa

Figure 1.Properties ofNBwater. ESR spectra of (a) NBwater and (b) CTwater. (c) Temporal shift inDO concentration during and
after the generation ofNBs. The vertical dotted line indicates the end of the 1 h generation period. DOdata for nanobubbles of
dinitrogen and air are shown for reference. TheDO concentration is expressed as the percent saturation at thewater temperature
whenmeasured (%sat). Seemain text for the detailedmethods.
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et al 2010). The cumulative amount of gas dissolution
was calculated by integrating the amount between two
consecutive measurements (i.e., dissolved gas concen-
tration × amount of drainage water).

The drainage water samples for the analyses of
heavy metals were passed through a 0.20 μm mem-
brane filter and acidified just after collection. The con-
centrations of Fe and Mn were analyzed biweekly by
using inductively coupled plasma–optical emission
spectrometry (720-ES, Agilent, CA, USA). The con-
centration of As was determined biweekly by flow
injection–inductively coupled plasma mass spectro-
scopy (NexION 300XX; Perkin-Elmer Sciex, MA,
USA) with a minor modification as described by Baba
et al (2014).

The pH, EC, and amount of stored tankwater were
recorded weekly. An aliquot of the water was passed
through a 0.20 μm membrane filter and subjected to
instrumental analyses. The concentrations of dis-
solved organic carbon (DOC) and dissolved inorganic
carbon (DIC) were determined by a combustion-
infrared method (TOC-V, Shimadzu, Kyoto, Japan).
The concentrations of cations (Na+, NH4

+, K+, Mg2+,
and Ca2+) and anions (Cl−, Br−, NO ,3

− and SO )4
2−

were determined by ion chromatography (ICS-1600,
Thermo Scientific Dionex, CA, USA). The CO2SYS
program was used to compute the concentration of
HCO3

− from themeasured pH andDIC values (Pierrot
et al 2006).We did not record the amount of irrigation
water applied, but used the leached Br− amount as a
proxy for it because the tested soil did not initially con-
tain Br−.

The redox potential (ORPSHE) at a soil depth of
5 cm was measured weekly by using three preinstalled
platinum-tipped electrodes and a portable meter with
a silver–silver chloride reference electrode (PRN-41,
Fujiwara Scientific, Tokyo, Japan). The contents of
total carbon and nitrogen at soil depths of 0–5 and
5–10 cm after harvest (115 DAT) were determined by
the dry combustion method (NC-22, Sumika Chemi-
cal Analysis Service, Tokyo, Japan). Soil pH (soil:
water, 1:2.5) at 0–5 cmdepthwasmeasured just before
transplanting (0 DAT) and just before final drainage
(104DAT).

Using the same soil samples as those for
pH measurement, we quantified the methanogenic
archaealmcrA gene (α subunit of methyl-coenzymeM
reductase) and the methanotrophic bacterial pmoA
gene (α subunit of the particulate methane mono-
oxygenase) by real-time quantitative polymerase chain
reaction analysis following the methods of Watanabe
et al (2010) and Kolb et al (2003), respectively. We
confirmed that the initial soil pH (6.88 ± 0.03 (1σ)),
mcrA copy number (3.11 ± 1.57 × 106 copies g–1 dry
soil), and pmoA copy number (3.49 ± 2.13 × 104

copies g–1 dry soil) at 0 DAT were not biased among
pots. In addition, we prepared four extra pots (one per
treatment) in which we measured the seasonal hourly

soil temperature at 5 cm depth and the soil pH at 51
DAT (a seasonalmidpoint).

We recorded the plant height and the number of
tillers/ears in the +R pots biweekly, and we also recor-
ded the heading date (i.e., 50% ear emergence), which
was determined by frequent observation. After har-
vest, we measured the dry weight of the harvested
aboveground parts.

2.5. Statistical analysis
We used two-way analysis of variance (ANOVA) to
analyze the effects of water type (CT or NB) and rice
planting (+R or –R) on the measured variables. We
computed Pearson’s correlation between the mea-
sured variables to explore the mechanisms underlying
the reduction of CH4 emission by the use of NB water.
All computations were performed using JMP 8.0
software (SAS Institute, NC, USA). The significance
level was set at p< 0.05 for all statistical tests.

3. Results and discussion

3.1. Rice growth and the surrounding environment
NBwater had no observable effect on rice growth. This
result is inconsistent with the findings of previous
studies reporting a positive effect on biological pro-
cesses (Ebina et al 2013, Liu et al 2013). Plant height
and tiller/ear number were normal regardless of water
type (figure 2). The heading date was 78 ± 3 (min/
max) DAT. The harvested aboveground biomass did
not differ significantly between NB and CT water
(63.0 ± 1.9 (1σ) g dry-weight pot–1, n= 8), although
the grain filling was slightly poor in all +R pots. None
of the plant parameters (height, maximum tiller
number, ear number, or biomass) significantly corre-
lated with either cumulative direct CH4 emission to
the atmosphere or the cumulative amount of CH4

dissolution in the drainage water (p= 0.11–0.98).
Surrounding environmental data support the

finding of uniform rice growth between NB and CT
water. The pump drainage system worked well,
although clogging occurred occasionally. The cumula-
tive amount of drainage water was thus slightly lower
(on average 3.5%) than planned, but it did not differ
among the four treatments (table 2). The cumulative
amount of irrigation water was estimated to be
2078 mm under +R conditions and 1327 mm under –
R conditions. The 57% greater amount under +R con-
ditions is mainly attributable to rice transpiration.
Accordingly, the supply of NBs to the soil was also
likely to be greater under +R conditions. Soil tempera-
ture at 5 cm depth was almost the same among the
four extra pots, and the seasonal mean (23.7 °C) was
1.3 °C higher than the seasonalmean air temperature.

3.2. Seasonal CH4 dynamics
As hypothesized, the use of NB water under +R
conditions significantly reduced, by 21%, the
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cumulative direct CH4 emission to the atmosphere
(table 2). The seasonal CH4 flux pattern was similar in
the NB+R and CT+R treatments (figure 3(a)); the
gradual increase in flux observed during the rice-
growing season is typical for rice paddies in Japan with
low organic amendment (Yagi et al 1996, Tokida
et al 2010). By contrast, under –R conditions, the CH4

flux remained near zero throughout the flooded
period (i.e., before 105 DAT; figure 3(a)). This is
because –R conditions lacked both a plant-derived
carbon substrate for CH4 production (root exudates
and debris) and the dominant pathway of direct CH4

emission (rice aerenchyma). These different responses
to water type between +R and –R conditions explain
the significant interaction between the water type and
rice planting (table 2).

Contrary to expectation, the cumulative amount
of CH4 dissolution in the drainage water did not differ
between the NB and CT water under +R conditions
(table 2). No difference was detected mainly because

the dissolved CH4 concentration in the CT+R treat-
ment fell sharply after 88 DAT (shaded area in
figure 3(b)). From 49 to 88 DAT, however, the dis-
solved CH4 concentration was significantly lower in
the NB+R treatment than in the CT+R treatment. We
discuss the reason for the sharp fall after 88 DAT in
section 3.3. Here, we note, however, that this fall was
not reflected in the CH4 flux (figures 3(a) and (b)). A
possible explanation for this inconsistency after 88
DAT (table 3) is the decrease inCH4 transport capacity
(conductance) of rice due to senescence (Nouchi
et al 1994). Cheng et al (2008) observed a positive rela-
tionship between the CH4 flux and the dissolved CH4

concentration in soil solutions before heading, which
is consistent with our results, but the CH4 flux
decreased with increasing CH4 concentration after
heading. Another explanation is an increase over time
in the fraction of gas-phase CH4 in the total CH4 pool
of flooded paddy soil (Tokida et al 2013). The volume
of bubbles can affect the rate of plant-mediated CH4

Figure 2. Seasonal variations in (a) rice height and (b) tiller/ear number. Bars indicate standard errors (n= 4).N, urea topdressing;
Hd, heading; D,final drainage; Hv, harvest.

Table 2.Cumulative amounts of drainage water, leached ions andmetals, andCH4 emission and dissolution as affected bywater type (W)
and rice planting (P).

Treatment Drainage Br− NO3
− SO4

2− Mn Fe As CH4 emission CH4 dissolution

(mm) (mg pot–1) (mgNpot–1) (mg S pot–1) (mg pot–1) (mg pot–1) (μg pot–1) (mgCH4 pot
–1) (mgCH4 pot

–1)

CT+R 1015 1133 4.07 326 133.0 142.4 247.6 545.0 a 32.7

NB+R 1046 1136 4.04 332 123.1 140.7 230.5 430.2 b 32.2

CT–R 995 719 4.43 350 28.3 2.4 36.4 12.3 c 45.4

NB–R 1043 731 4.39 347 31.7 2.6 37.0 3.2 c 53.1

ANOVA

W ns ns ns ns ns ns ns * ns

P ns *** ns * *** *** *** *** **

W×P ns ns ns ns ns ns ns * ns

Different letters indicate a significant difference by Tukey’s honestly significant difference test (p< 0.05) when the W×P interaction was

significant.

***, p< 0.001; **, p< 0.01; *, p< 0.05; ns, not significant.
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emission by enhancing the diffusive uptake of CH4 by
the rice roots (Tokida et al 2013). The ratio of the
cumulative amount of CH4 dissolution in the drainage
water to the cumulative direct CH4 emission to the
atmosphere under +R conditions is comparable to the
ratio obtained previously in a pot experiment (Murase
and Kimura 1996). Under –R conditions, the seasonal
pattern and magnitude of the dissolved CH4

concentration were almost the same between the NB
and CTwater (figure 3(b)). This was likely because the
supply of NBs under –R conditions was not sufficient,
as estimated in section 3.1, to decrease the amount of
CH4 dissolved in the drainage water. The earlier rise in
dissolved CH4 concentration under –R conditions
than under +R conditions can be explained by the lack
of rice aerenchyma, as described above.

Figure 3. Seasonal variations in (a) CH4flux, the concentrations of (b) dissolvedCH4, (c)Mn, (d) As, (e) Fe, and (f) SO4
2− in the

drainage water, and (g)ORPSHE at a soil depth of 5 cm. Bars indicate standard errors (n= 4).N, urea topdressing; Hd, heading; D,final
drainage; Hv, harvest. Shading indicates the period after 88DAT.
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3.3.Oxidative shift in redox conditions due toNB
water
The amounts of leached redox metals support our
hypothesis that NB water can result in less reductive
conditions in flooded paddy soils. Although the effect
of water type on the cumulative amount of leached
Mn, As, or Fe was not significant (table 2), the
concentration of each metal at four consecutive
measurement times from 42 to 84 DAT was signifi-
cantly lower in the NB+R treatment than in the CT+R
treatment (figures 3(c), (d), and (e)). Arsenic avail-
ability of rice plants increases with increasing As
concentration in the soil solution (Marin et al 1993, Li
et al 2009b). Therefore, although the present study did
not measure the As content in the harvested rice
aboveground, the irrigationwithNBwatermay reduce
the As uptake by rice plants. The concentration of
leached SO ,4

2− which was not applied experimentally,
declined earlier under +R conditions, but was not
affected by water type (figure 3(f) and table 2). The

concentration of leached NO ,3
− which was also not

applied, declined to an undetectable level by 14 DAT
and did not differ among treatments (table 2). Tokida
et al (2010) reported a tight stoichiometric competi-
tion for electron donors between Fe(III) reduction
and CH4 production in flooded paddy soil. In the
present study, each of the leached Fe, Mn, and As
concentrations in the drainage water was significantly
correlated with the CH4 flux under +R conditions,
especially up to 88 DAT (table 3). Furthermore, the
slope of the linear regression of the CH4 flux against
the leached Fe concentration up to 88 DAT did not
differ for the twowater types (figure 4), suggesting that
the stoichiometric relationship was the same in both
theNB+R andCT+R treatments. The seasonal pattern
ofORPSHE at a soil depth of 5 cmwas, however, similar
among treatments (figure 3(g)). Even if ORPSHE is low
enough for soil As to be reduced, microbial activity is
necessary for the reduction to take place (Yamaguchi
et al 2011), and the same is true for the reduction of

Table 3.Pearson’s correlation coefficients betweenCH4flux and redox-related variables before 88
DAT and from88 to 115DATunder +R conditions.

Variable Before 88DAT 88–115DAT All days

(n= 56) (n= 16) (n=72)

DissolvedCH4 concentration 0.93*** –0.11ns 0.90***

LeachedMn concentration 0.66*** –0.25ns 0.43***

LeachedAs concentration 0.66*** –0.28ns 0.47***

Leached Fe concentration 0.86*** –0.35ns 0.74***

ORPSHE at 5 cmdepth –0.46*** 0.08ns –0.49***

***, p< 0.001; ns, not significant.

Figure 4. Linear regression between Fe concentration in the drainagewater andCH4flux in theNB+R andCT+R treatments before 88
DAT. Shaded areas indicate the 95% confidence intervals of the slopes. Both intercepts were statistically insignificant and thus
regarded as zero.
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soil Mn and Fe. The negligible amounts of leached
redox metals under –R conditions (figures 3(c), (d),
and (e) and table 2) can thus be explained by the
limited supply of carbon substrate for microbial
activity in the –Rpots.

The lack of a difference in the ORPSHE at a 5 cm
depth raises a fundamental question: to what depth in
the flooded soil did the NBs have an effect? In the pre-
sent study, the soil pH data provide indirect evidence
for the depth of the effect. The pH of the 0–5 cm soil
layer at 104 DAT was significantly lowered for the NB
water (table 4). This result is consistent with the
pH observed in the four extra pots at 51 DAT (i.e.,
6.52–6.60 for NB water versus 7.05–7.12 for CT
water). Dorau and Mansfeldt (2015) reported the
increase in pH of a soil suspension simultaneous with
the artificial decrease in ORPSHE by the addition of
dinitrogen gas in a microcosm experiment. We there-
fore speculate that the acidic shift of the soil
pH associated with the use of NB water resulted from
an increase in soil ORPSHE within the 0–5 cm depth
range. TheORPSHE in the Fe

2+/Fe(OH)3 system can be
calculated by using the Nernst equation as follows:
ORPSHE (V) = 0.931−0.059 log [Fe2+] (activity)−
0.177 × pH. This would be the dominant redox reac-
tion under the experimental conditions because Fe
(III) (hydr)oxides are the predominant oxidants of
paddy soils. According to this equation, and if it is
assumed that the soil pH is governed only by the soil
ORPSHE, then the decrease in pH of 0.5 units should
theoretically increase ORPSHE by ∼89 mV. Further
investigations that include high-resolution soil profil-
ing will be necessary to elucidate the penetration depth
of NB water, as well as other possible causes of the
observed change in soil pH.

Why did the dissolved CH4 concentration in the
CT+R treatment fall sharply after 88 DAT (see
figure 3(b))? As a prerequisite, rice senescence would
have commonly affected the soil biogeochemistry in
both the NB+R and CT+R treatments. Sharp decrea-
ses similar to that of the dissolved CH4 concentration
at this time were observed, not only in the concentra-
tions of Mn, As, and Fe (figures 3(c), (d), and (e)) but
also in the dissolved CO2 concentration (figure 5(e)).

Generally, the concentrations of Fe(II) and Mn(II) in
flooded paddy soil, after an initial increase, reach a pla-
teau, after which they do not change (Inubushi
et al 1984, Tokida et al 2010). However, the concentra-
tions of Fe2+ and Mn2+ in soil leachate can in fact
decline after peaking (e.g., Kimura et al 1992), in part
as a result of the precipitation of compounds such as
metal sulfides and carbonates (Gao et al 2002). A plau-
sible explanation for the sharp decline of the above-
mentioned variables in the CT+R treatment is the lim-
ited availability of plant-derived carbon substrate to
act as electron donor for the sequential biological
reduction of soil oxidants. Because a weakly acidic
(5.5–6.5) soil pH is optimal for rice growth, the
slightly higher pH in the CT+R treatment (table 4)
may have decreased the rice metabolic activity. If so,
irrigation water characteristics and soil types other
than those used in the present study may yield differ-
ent results for rice growth.

3.4.Were there any other effects ofNBwater?
Although previous studies have reported an effect of
nanobubbles on microbes and organic compounds
(Chu et al 2008, Hayakumo et al 2014, Li et al 2009a),
we did notfind any evidence for enhanced degradation
of soil organic carbon associated with the use of NB
water. The total carbon and nitrogen contents at 115
DAT did not differ significantly between the NB and
CT water at soil depths of 0–5 cm (table 4) or 5–10 cm
(data not shown). Similarly, the water type did not
affect the cumulative amount of CO2 dissolution in
the drainage water, carbon-related leachates (DOC
and HCO ),3

− or water pH (figures 5(a), (c), (d), and
(e) and table 5). As shown by the seasonal patterns of
water EC (figure 5(b)), the leached amounts of cations
(Na+, K+, Mg2+, and Ca2+) and Cl− were not
significantly affected by the water type (table S1 and
figure S1). Neither the cumulative direct N2O emis-
sion to the atmosphere nor the cumulative amount of
N2O dissolution in the drainage water differed among
treatments (table 5). The global warming potentials
(Myhre et al 2013) of the cumulative direct N2O
emissions under +R conditions, in terms of CO2

equivalents, were negligible compared to the

Table 4. Soil pH,mcrA and pmoA copy numbers, and the total carbon andnitrogen contents at a soil depth of 0–5 cmat 104DAT as affected
bywater type (W) and rice planting (P).

Treatment pH mcrA pmoA Total C Total N

(107 copies g–1 dry soil) (105 copies g–1 dry soil) (g kg−1 dry soil) (g kg−1 dry soil)

CT+R 7.01 2.92 11.84 6.59 0.31

NB+R 6.51 4.08 7.11 6.75 0.35

CT–R 7.07 0.54 2.20 6.60 0.41

NB–R 6.58 1.07 1.14 6.63 0.39

ANOVA

W *** * ns ns ns

P ns *** * ns ***

W×P ns ns ns ns ns

***, p< 0.001; *, p< 0.05; ns, not significant.
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correspondingCH4 values because of the continuously
flooded conditions.

Surprisingly, the NB water significantly increased
the copy number of mcrA (i.e., the population of
methanogenic Archaea) at a soil depth of 0–5 cm at
104 DAT (table 4). However, the cumulative direct
CH4 emission was not correlated with the mcrA copy

number under +R conditions (n= 8, r= –0.08,
p= 0.85), suggesting that the change in the methano-
genic archaeal population did not cause the decline in
CH4 emission associated with NB water. Watanabe
et al (2009) have reported that a small change in CH4

production is not reflected in a change of methanogen
population estimated by mcrA abundance. Thus, the

Figure 5. Seasonal variations in (a) pH, (b) EC, and the concentrations of (c) DOC, (d)HCO3
−, and (e) dissolvedCO2 in the drainage

water. Bars indicate standard errors (n= 4).N, urea topdressing; Hd, heading; D,final drainage; Hv, harvest. Shading indicates the
period after 88DAT.

Table 5.Cumulative amounts ofN2O emission and dissolution, CO2 dissolution, and carbon-related leachates as
affected bywater type (W) and rice planting (P).

Treatment N2O emission N2Odissolution CO2 dissolution DOC HCO3
−

(μgNpot–1) (μgNpot–1) (mgCpot–1) (mgCpot–1) (mgCpot–1)

CT+R 520 77.9 385 108 854

NB+R –71 85.7 403 112 895

CT–R 173 96.0 245 118 774

NB–R 314 100.2 243 121 769

ANOVA

W ns ns ns ns ns

P ns ns *** ns *

W×P ns ns ns ns ns

***, p< 0.001; *, p< 0.05; ns, not significant.
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reason for the increasedmcrA copy number associated
with theNBwater remains unknown. In contrast, only
rice planting significantly affected the pmoA copy
number at a soil depth of 0–5 cm at 104 DAT (table 4).
Reim et al (2012) showed by a microcosm experiment
that pmoA gene diversity in vertical soil profiles varied
with soil depth variation on the order of millimeters.
Accordingly, the lack of an effect of water type on the
pmoA copy number might be partly attributable to the
use of composite samples of the 0–5 cm soil layer.
High-resolution soil profiling should clarify the effect
of water type on the abundance of microbes involved
inCH4 dynamics.

4. Conclusion

The present study demonstrated for the first time that
irrigation with NB water can mitigate both CH4

emission and As dissolution in flooded paddy soil. As
indicated by the decreased leaching of Fe and Mn, the
major soil oxidants, in the drainage water, irrigation
with NB water caused redox conditions in the shallow
soil layer to be more oxidative compared to irrigation
with CT water. Up to now, it has been impractical to
control the redox conditions in flooded paddy soil, but
irrigationwithNBwatermay offer a solution.However,
the extent to which NBs penetrates flooded paddy soil
was not determined in the present study. Further
investigation, including high-resolution soil profiling,
will be necessary to stoichiometrically explain the
oxidative shift in the redox conditions associated with
irrigation with NB water. For practically applying the
irrigation with NB water in combination with or
without other water management practices at field to
landscape scale, the operating cost of commercially
available large-scale NB generators and the total green-
house gas emissions from the whole process of rice
production should be evaluated in future studies.

Acknowledgments

We thank Drs Kentaro Hayashi, Hidemitsu Sakai,
Shigeto Sudo, and Hiroko Akiyama of the National
Institute for Agro-Environmental Sciences (NIAES),
Japan, for their help with the analytical instruments.
We also thank Drs Takeshi Tokida and Sadao Eguchi
(NIAES) for their comments on an earlier version of
this manuscript. This work was partly supported by a
Grant-in-Aid for Young Scientists (B) (KAKENHI
Grant Number 25850236) to KM from the Japan
Society for the Promotion of Science.

References

AraoT, Kawasaki A, BabaK,Mori S andMatsumoto S 2009 Effects
of watermanagement on cadmium and arsenic accumulation
and dimethylarsinic acid concentrations in Japanese rice
Environ. Sci. Technol. 43 9361–7

BabaK, Arao T, Yamaguchi N,Watanabe E, EunHand IshizakaM
2014Chromatographic separation of arsenic species with
pentafluorophenyl column and application to rice
J. Chromatogr.A 1354 109–16

ChengW, SakaiH,Hartley A E, Yagi K andHasegawaT 2008
Increased night temperature reduces the stimulatory effect of
elevated carbon dioxide concentration onmethane emission
from rice paddy soilGlob. Change Biol. 14 644–56

Chu LB, XingXH, YuAF, ZhouYN, SunXL and Jurcik B 2008
Enhanced ozonation of simulated dyestuff wastewater by
microbubblesChemosphere 68 1854–60

DorauK andMansfeldt T 2015Manganese-oxide-coated redox bars
as an indicator of reducing conditions in soils J. Environ.
Qual. 44 696–703

EbinaK, Shi K,HiraoM,Hashimoto J, Kawato Y, Kaneshiro S,
Morimoto T, KoizumiK andYoshikawaH2013Oxygen and
air nanobubble water solution promote the growth of plants,
fishes, andmice PLoSONE 8 e65339

Eriksson J C and Ljunggren S 1999On themechanically unstable
free energyminimumof a gas bubblewhich is submerged in
water and adheres to a hydrophobicwallColloid Surf.A 159
159–63

Gao S, Tanji KK, Scardaci S C andChowAT2002Comparison of
redox indicators in a paddy soil during rice-growing season
Soil Sci. Soc. Am. J. 66 805–17

Hayakumo S, Arakawa S, TakahashiM, KondoK,ManoY and
Izumi Y 2014 Effects of ozone nano-bubblewater on
periodontopathic bacteria and oral cells—in vitro studies Sci.
Technol. Adv.Mater. 15 055003

Holzapfel-PschornA, ConradR and SeilerW1985Production,
oxidation and emission ofmethane in rice paddies FEMS
Microbiol. Lett. 31 343–51

Inubushi K,WadaH andTakai Y 1984 Easily decomposable organic
matter in paddy soil Soil Sci. PlantNutr. 30 189–98

KimuraM,Miura Y,WatanabeA,Murase J andKuwatsuka S 1992
Methane production and its fate in paddy fields: I. Effects of
rice straw application and percolation rate on the leaching of
methane and other soil components into the subsoil Soil Sci.
PlantNutr. 38 665–72

Kolb S, Knief C, Stubner S andConradR 2003Quantitative
detection ofmethanotrophs in soil by novel pmoA-targeted
real-time PCR assaysAppl. Environ.Microbiol. 69 2423–9

Li P, TakahashiM andChibaK 2009aDegradation of phenol by the
collapse ofmicrobubblesChemosphere 75 1371–5

Li RY, Stroud J L,Ma J F,McGrath S P andZhao F J 2009b
Mitigation of arsenic accumulation in rice withwater
management and silicon fertilization Environ. Sci. Technol. 43
3778–83

Linquist BA, AndersMM,Adviento-BorbeMA,ChaneyR L,
Nalley L L, DaRosa E F F and vanKessel C 2015Reducing
greenhouse gas emissions, water use, and grain arsenic levels
in rice systemsGlob. Change Biol. 21 407–17

Liu S, Kawagoe Y,MakinoY andOshita S 2013 Effects of
nanobubbles on the physicochemical properties of water: The
basis for peculiar properties of water containing nanobubbles
Chem. Eng. Sci. 93 250–6

MatsunoH,Ohta T, ShundoA, Fukunaga Y andTanakaK 2014
Simple surface treatment of cell-culture scaffolds with
ultrafine bubblewater Langmuir 30 15238–43

MarinAR,Masscheleyn PHand PatrickWH Jr 1993 Soil redox-
pH stability of arsenic species and its influence on arsenic
uptake by ricePlant Soil 152 245–53

MinamikawaK,Nishimura S, Sawamoto T,Nakajima Y andYagi K
2010Annual emissions of dissolvedCO2, CH4, andN2O in
the subsurface drainage from three cropping systemsGlob.
Change Biol. 16 796–809

MinamikawaK, Yagi K, Tokida T, Sander BO andWassmannR
2012Appropriate frequency and time of day tomeasure
methane emissions from an irrigated rice paddy in Japan
using themanual closed chambermethodGreenhouse Gas
Meas.Manag. 2 118–28

Murase J andKimuraM1996Methane production and its fate in
paddyfields: X.Methane flux distribution and

10

Environ. Res. Lett. 10 (2015) 084012 KMinamikawa et al

http://dx.doi.org/10.1021/es9022738
http://dx.doi.org/10.1021/es9022738
http://dx.doi.org/10.1021/es9022738
http://dx.doi.org/10.1016/j.chroma.2014.05.072
http://dx.doi.org/10.1016/j.chroma.2014.05.072
http://dx.doi.org/10.1016/j.chroma.2014.05.072
http://dx.doi.org/10.1111/j.1365-2486.2007.01532.x
http://dx.doi.org/10.1111/j.1365-2486.2007.01532.x
http://dx.doi.org/10.1111/j.1365-2486.2007.01532.x
http://dx.doi.org/10.1016/j.chemosphere.2007.03.014
http://dx.doi.org/10.1016/j.chemosphere.2007.03.014
http://dx.doi.org/10.1016/j.chemosphere.2007.03.014
http://dx.doi.org/10.2134/jeq2014.03.0140
http://dx.doi.org/10.2134/jeq2014.03.0140
http://dx.doi.org/10.2134/jeq2014.03.0140
http://dx.doi.org/10.1371/journal.pone.0065339
http://dx.doi.org/10.1016/S0927-7757(99)00171-5
http://dx.doi.org/10.1016/S0927-7757(99)00171-5
http://dx.doi.org/10.1016/S0927-7757(99)00171-5
http://dx.doi.org/10.1016/S0927-7757(99)00171-5
http://dx.doi.org/10.2136/sssaj2002.8050
http://dx.doi.org/10.2136/sssaj2002.8050
http://dx.doi.org/10.2136/sssaj2002.8050
http://dx.doi.org/10.1088/1468-6996/15/5/055003
http://dx.doi.org/10.1111/j.1574-6968.1985.tb01170.x
http://dx.doi.org/10.1111/j.1574-6968.1985.tb01170.x
http://dx.doi.org/10.1111/j.1574-6968.1985.tb01170.x
http://dx.doi.org/10.1080/00380768.1984.10434682
http://dx.doi.org/10.1080/00380768.1984.10434682
http://dx.doi.org/10.1080/00380768.1984.10434682
http://dx.doi.org/10.1080/00380768.1992.10416696
http://dx.doi.org/10.1080/00380768.1992.10416696
http://dx.doi.org/10.1080/00380768.1992.10416696
http://dx.doi.org/10.1128/AEM.69.5.2423-2429.2003
http://dx.doi.org/10.1128/AEM.69.5.2423-2429.2003
http://dx.doi.org/10.1128/AEM.69.5.2423-2429.2003
http://dx.doi.org/10.1016/j.chemosphere.2009.03.031
http://dx.doi.org/10.1016/j.chemosphere.2009.03.031
http://dx.doi.org/10.1016/j.chemosphere.2009.03.031
http://dx.doi.org/10.1021/es803643v
http://dx.doi.org/10.1021/es803643v
http://dx.doi.org/10.1021/es803643v
http://dx.doi.org/10.1021/es803643v
http://dx.doi.org/10.1111/gcb.12701
http://dx.doi.org/10.1111/gcb.12701
http://dx.doi.org/10.1111/gcb.12701
http://dx.doi.org/10.1016/j.ces.2013.02.004
http://dx.doi.org/10.1016/j.ces.2013.02.004
http://dx.doi.org/10.1016/j.ces.2013.02.004
http://dx.doi.org/10.1021/la5035883
http://dx.doi.org/10.1021/la5035883
http://dx.doi.org/10.1021/la5035883
http://dx.doi.org/10.1007/BF00029094
http://dx.doi.org/10.1007/BF00029094
http://dx.doi.org/10.1007/BF00029094
http://dx.doi.org/10.1111/j.1365-2486.2009.01931.x
http://dx.doi.org/10.1111/j.1365-2486.2009.01931.x
http://dx.doi.org/10.1111/j.1365-2486.2009.01931.x
http://dx.doi.org/10.1080/20430779.2012.729988
http://dx.doi.org/10.1080/20430779.2012.729988
http://dx.doi.org/10.1080/20430779.2012.729988


decomposition ofmethane in the subsoil during the growth
period of rice plants Soil Sci. PlantNutr. 42 187–90

MyhreG et al 2013Anthropogenic andnatural radiative forcing
Climate Change 2013: The Physical Science Basis ed
T F Stocker, DQin, G-KPlattner,MTignor, S KAllen,
J Boschung, ANauels, YXia, VBex and PMMidgley
(Cambridge: CambridgeUniversity Press) pp 659–740

Nouchi I, HosonoT, Aoki K andMinamiK 1994 Seasonal variation
inmethane flux from rice paddies associatedwithmethane
concentration in soil water, rice biomass and temperature,
and itsmodeling Plant Soil 161 195–208

PierrotD, Lewis E andWallaceDWR2006MSExcel Program
Developed for CO2 SystemCalculations, ORNL/CDIAC-
105a, CarbonDioxide InformationAnalysis Center, Oak
RidgeNational Laboratory, U.S. Department of Energy, Oak
Ridge, Tennessee (doi:10.3334/CDIAC/otg.
CO2SYS_XLS_CDIAC105a)

ReimA, LukeC,Krause S, Pratscher J and Frenzel P 2012One
millimetremakes the difference: high resolution analysis of
methane-oxidizing bacteria and their specific activity at the
oxic–anoxic interface in a flooded paddy soil ISME J. 6
2128–39

TakahashiM, IshikawaH, AsanoT andHoribeH 2012 Effect of
microbubbles on ozonizedwater for photoresist removal
J. Phys. Chem.C 116 12578–83

TakahashiM, ChibaK and Li P 2007 Free-radical generation from
collapsingmicrobubbles in the absence of a dynamic stimulus
J. Phys. Chem.B 111 1343–7

Takahashi Y,MinamikawaR,Hattori KH,KurishimaK,
KihouN andYuitaK 2004Arsenic behavior in paddy fields
during the cycle offlooded and non-flooded periods Environ.
Sci. Technol. 38 1038–44

Tokida T, ChengW,AdachiM,Matsunami T,NakamuraH,
OkadaMandHasegawaT 2013The contribution of

entrapped gas bubbles to the soilmethane pool and their role
inmethane emission from rice paddy soil in free-air [CO2]
enrichment and soil warming experiments Plant Soil 364
131–43

Tokida T et al 2010 Effects of free-air CO2 enrichment (FACE) and
soil warming onCH4 emission from a rice paddy field: impact
assessment and stoichiometric evaluationBiogeosciences 7
2639–53

Ushikubo F Y, FurukawaT,NakagawaR, EnariaM,Makino Y,
Kawagoe Y, Shiina T andOshita S 2010 Evidence of the
existence and the stability of nano-bubbles inwaterColloid
Surf.A 361 31–7

Watanabe T, KimuraMandAsakawa S 2009Distinctmembers of a
stablemethanogenic archaeal community transcribemcrA
genes under flooded and drained conditions in Japanese
paddyfield soil Soil Biol. Biochem. 41 276–85

Watanabe T,WangG, Taki K,Ohashi Y, KimuraMandAsakawa S
2010Vertical changes in bacterial and archaeal communities
with soil depth in Japanese paddy fields Soil Sci. Plant Nutr. 56
705–15

Yabusaki S, TanakaT, FukushimaT, Asanuma J and Iida S 2006
Characteristics of water quality and streamdischarge of river
water in theKasumigaura basinBull. Terres. Environ. Res. Ctr.
Univ. Tsukuba 7 3–13 (in Japanese) (www.ied.tsukuba.ac.jp/
wordpress/wp-content/uploads/pdf-papers/tercbull07/
t703.pdf)

Yagi K, TsurutaH, KandaK andMinamiK 1996 Effect of water
management onmethane emission from a Japanese rice
paddyfield: automatedmethanemonitoringGlob.
Biogeochem. Cycles 10 255–67

YamaguchiN,Nakamura T,DongD, Takahashi Y, Amachi S and
MakinoT 2011Arsenic release fromflooded paddy soils is
influenced by speciation, Eh, pH, and iron dissolution
Chemosphere 83 925–32

11

Environ. Res. Lett. 10 (2015) 084012 KMinamikawa et al

http://dx.doi.org/10.1080/00380768.1996.10414702
http://dx.doi.org/10.1080/00380768.1996.10414702
http://dx.doi.org/10.1080/00380768.1996.10414702
http://dx.doi.org/10.1007/BF00046390
http://dx.doi.org/10.1007/BF00046390
http://dx.doi.org/10.1007/BF00046390
http://dx.doi.org/10.3334/CDIAC/otg.CO2SYS_XLS_CDIAC105a
http://dx.doi.org/10.3334/CDIAC/otg.CO2SYS_XLS_CDIAC105a
http://dx.doi.org/10.1038/ismej.2012.57
http://dx.doi.org/10.1038/ismej.2012.57
http://dx.doi.org/10.1038/ismej.2012.57
http://dx.doi.org/10.1038/ismej.2012.57
http://dx.doi.org/10.1021/jp301746g
http://dx.doi.org/10.1021/jp301746g
http://dx.doi.org/10.1021/jp301746g
http://dx.doi.org/10.1021/jp0669254
http://dx.doi.org/10.1021/jp0669254
http://dx.doi.org/10.1021/jp0669254
http://dx.doi.org/10.1021/es034383n
http://dx.doi.org/10.1021/es034383n
http://dx.doi.org/10.1021/es034383n
http://dx.doi.org/10.1007/s11104-012-1356-7
http://dx.doi.org/10.1007/s11104-012-1356-7
http://dx.doi.org/10.1007/s11104-012-1356-7
http://dx.doi.org/10.1007/s11104-012-1356-7
http://dx.doi.org/10.5194/bg-7-2639-2010
http://dx.doi.org/10.5194/bg-7-2639-2010
http://dx.doi.org/10.5194/bg-7-2639-2010
http://dx.doi.org/10.5194/bg-7-2639-2010
http://dx.doi.org/10.1016/j.colsurfa.2010.03.005
http://dx.doi.org/10.1016/j.colsurfa.2010.03.005
http://dx.doi.org/10.1016/j.colsurfa.2010.03.005
http://dx.doi.org/10.1016/j.soilbio.2008.10.025
http://dx.doi.org/10.1016/j.soilbio.2008.10.025
http://dx.doi.org/10.1016/j.soilbio.2008.10.025
http://dx.doi.org/10.1111/j.1747-0765.2010.00511.x
http://dx.doi.org/10.1111/j.1747-0765.2010.00511.x
http://dx.doi.org/10.1111/j.1747-0765.2010.00511.x
http://dx.doi.org/10.1111/j.1747-0765.2010.00511.x
http://www.ied.tsukuba.ac.jp/wordpress/wp-content/uploads/pdf-papers/tercbull07/t703.pdf
http://www.ied.tsukuba.ac.jp/wordpress/wp-content/uploads/pdf-papers/tercbull07/t703.pdf
http://www.ied.tsukuba.ac.jp/wordpress/wp-content/uploads/pdf-papers/tercbull07/t703.pdf
http://dx.doi.org/10.1029/96GB00517
http://dx.doi.org/10.1029/96GB00517
http://dx.doi.org/10.1029/96GB00517
http://dx.doi.org/10.1016/j.chemosphere.2011.02.044
http://dx.doi.org/10.1016/j.chemosphere.2011.02.044
http://dx.doi.org/10.1016/j.chemosphere.2011.02.044

	1. Introduction
	2. Methods
	2.1. Experimental set-up
	2.2. Preparation of irrigation water
	2.3. Rice cultivation
	2.4. Measurements
	2.5. Statistical analysis

	3. Results and discussion
	3.1. Rice growth and the surrounding environment
	3.2. Seasonal CH4 dynamics
	3.3. Oxidative shift in redox conditions due to NB water
	3.4. Were there any other effects of NB water?

	4. Conclusion
	Acknowledgments
	References



