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2012 309 gC m-2. 1 - - - 2

CH4 N2O
CH4

N2O 1997b
1 9 12

2 3
1 3 2 1

 ( 60 
cm 30 cm 50 cm) 

8 cm
5

8
7 50 cm

1 m 50 
mL 30 mL 10 3

FID
ECD GC; 

GC-14A 2012
CH4 N2O F, 

mg m-2 h-1 2013

F = V/A C/ t 273/T 
, CH4: 1.25 kg m-3, 

N2O-N: 1.25 kg m-3 , V m3 , 
A (m2), C/ t

(10-6 m3 m-3 h-1 , T
K

CH4 28 N2O 265
GWP IPCC 2013

CO2eq CH4 N2O
5

1.8mm 14.5%

1.8 mm
RGQ 10B

BR-5000
14.5%

2.2 mm 12.5%
5.5 mm 15.0%

  
5

2.0 mm
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3

100 mL
DIK-1150

pH2.8
Asami and Kumada 1995
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pH4

2014 2015
30 4

5
0 12 cm

HydroSense Campbell
. 33.0 36.4%

WFPS Water 
Filled Pore Space
100 % 100 %

14
6-2-2-4 1 182 138

2

(gC m-2)

1/23

 ( / )

(gN m-2)

2012
2013 10/24 11/6 11/8 11/7 7/1 11/14 11/26 23/11 5/8 6/17 7/1 7/1 7/2

25 2025

4.9 14.0 Mg ha-1 year-1 ( 4.9 Mg ha-1

year-1 3 CO2 82 94%
9.6 14.3 Mg ha-1

year-1 ( 9.9 Mg ha-1 year-1 3
CH4 72 84%

GHG 3
CH4

CO2

GHG 3 CH4

98% 57% CH4

3
2

Takakai et al. 2017
CO2 CO2

CH4

2015

1 2 CH4

CO2eq 68%
CH4

CH4

Itoh et al., 
2011

CO2eq
1
2019

- - - 3
4

3
CO2eq 1.81 

Mg CO2eq ha-1 year-1 7.42 Mg CO2eq 
ha-1 year-1 76%
Rothamsted Carbon RothC

0.57 0.09 Mg CO2eq ha-1 year-1

CO2eq

2.38 7.51 Mg CO2eq ha-1 year-1

68%



Eh Eh
PRN-41 5 cm

4

RothC

2020
RothC Shirato and 

Yokozawa 2005 2006 Shirato et al., 2011

C
1995 (25.2 g kg-1)

1995 15 cm
1.0 g cm-3 37.5 tC ha-1

31.3% 2009

1995 2015
Thornthwaite 1948 0.75

C
1995 2015

2002

1988 2006

2003 2015
12 

2020

CH4 N2O GWP
CO2eq

CO2eq   
Mg CO2eq ha-1 year-1) =

+ 

CH4 N2O CO2eq

ANOVA R Core Team 2017

CH4 N2O CO2eq
3 CH4 N2O 2.1(a)

(b) WFPS
Eh 2.1 (c) (e) 3 CH4 N2O
CO2eq 2.5 

CH4 N2O
CH4

2.1 (a) 1 
2 3 7.9 11.5 4.6 mg-CH4 m-2

h-1 2 1.0 mg-CH4 m-2

h-1 3 2.3 mg-CH4 m-2 h-1 2

1 2 3 23.6 25.7 47.3 mg-
CH4 m-2 h-1 2 6.2 mg-
CH4 m-2 h-1 3 18.2 mg-CH4 m-2 h-1 2

CH4

CH4

2 1 CH4

CH4

0 mg-CH4 m-2 h-1

N2O

267.5 µg-N m-2 h-1 321.9 µg-N m-2 h-1

2.1 (b)

1 147.2 µg-N m-2

h-1

N2O
0 µg-N m-2 h-1

N2O 3 0 µg-N m-2 h-1
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2013 2014 2015 1,520
1,583 1,800 mm 2.1 (c) 2013 2014
2015 14.7 14.4 15.0 

2.1 (d)

WFPS  
1 WFPS 46

91% 64% 2.1 (c)
79 100% 92%

2
WFPS 48 62% 56%

60 100% 78%
3 WFPS

62 67% 64%
70 80% 76%

WFPS 68 100%
82% 68 100% 81%

3

Eh 
Eh

3
2.1 (e)

200 mV
600 mV

Eh 2 3
0 mV

CH4 N2O CO2eq 
CH4 1 2

3 165.3±14.8 273.5±28.4 155.4±
7.9 kg CH4-C ha-1 year-1 2.5

CH4 1 2
1 3 2

0.6±1.2 28.4±5.3 81.1±31.1 kg CH4-
C ha-1 year-1 CH4

3 1 
2 : p < 0.01 3 : p< 0.05

CH4

p < 0.01
N2O 1

2 3 0.169±0.185 0.113±0.085
0.263±0.109 kg N2O-N ha-1 year-1

N2O 1 2 3
2.591±0.322 0.340±0.338 0.342±0.259 kg 

N2O-N ha-1 year-1 1
N2O

p<0.01 2 3
N2O
p < 0.01

. † GWP

** 1% . t-test, p < 0.05 .

CH4 N2O Total
kgCH4-C ha-1 year-1) kgN2O-N ha-1year-1) Mg ha-1year-1) Mg ha-1year-1) Mg ha-1year-1)

165.3±14.8 A -0.169±0.185 A 6.17±0.55 A -0.07±0.08 A 6.10±0.48 A

-0.6±1.2 B 2.591±0.322 B -0.02±0.05 B 1.08±0.13 B 1.05±0.18 B

273.5±28.4 A 0.113±0.085 A 10.21±1.06 A 0.05±0.04 A 10.26±1.03 A

28.4±5.3 B 0.340±0.338 A 1.06±0.20 B 0.14±0.14 A 1.20±0.30 B

155.4±7.9 A 0.263±0.109 A 5.80±0.29 A 0.11±0.05 A 5.91±0.33 A

81.1±31.1 B 0.342±0.259 A 3.03±1.16 B 0.14±0.11 A 3.17±1.17 B

198.1±11.9 0.069±0.109 7.39±0.44 0.03±0.05 7.42±0.40

36.3±11.1 1.091±0.219 1.36±0.42 0.45±0.09 1.81±0.38

** ** ** ** **
** ** ** ** **
** ** ** ** **

2013
2014

(Second year)

2014
2015

(Third year)

2012
2015

(Average)

CH4

emission
N2O

emission
GWP (CO2eq) †

2012
2013

First year

2.5 CH4, N2O CO2eq 2012 2015 .



25 2025

CO2eq CH4

1 2 3 6.17 ±0.55 Mg 10.21
±1.06 Mg 5.80±0.29 Mg ha-1 year-1 2.5

CO2eq CH4

1 2 3 0.02±0.05 Mg 1.06±
0.20 Mg 3.03±1.16 Mg ha-1 year-1

CO2eq CH4 3
1 2

: p < 0.01 3 : p < 0.05
CO2eq CH4

p < 0.01
CO2eq N2O

1 2 3 0.07±0.08 Mg 0.05 
±0.04 Mg 0.11±0.05 Mg ha-1 year-1 2.5

CO2eq N2O 1
2 3 1.08±0.13 Mg 0.14±0.14 

Mg 0.14±0.11 Mg ha-1 year-1

CO2eq N2O 1
p< 0.01

CO2eq N2O
p<0.01

CH4 N2O CO2eq
CO2eq 1 2

3 6.10±0.48 10.26±1.03 5.91±0.33 Mg 
ha-1 year-1 CO2eq

1 2 3 1.05±0.18

1.20±0.30 3.17±1.17 Mg ha-1 year-1

CO2eq 3
1 2

: p < 0.01 3 : p < 0.05
CO2eq

p< 0.01 3 CO2eq
CH4

99.7% 74.9%

RothC

2003
2003 0.411 Mg C ha-1 2015

0.408 Mg C ha-1

2003 0.411 Mg C ha-1 2015 
0.392 Mg C ha-1 2-2 1

0.03 
MgC ha-1 year-1 0.15 MgCha-1 year-1

CO2

0.09 0.57 Mg CO2 ha-1 year-1

RothC 
RMSE

RMSE 2.64 2.39

2.2 RothC . 

0.30

0.35

0.40

0.45

2003 2005 2007 2009 2011 2013 2015

M
gC

h
a-

1



GHG
2.3 CH4 N2O CO2eq

7.42±0.40 Mg CO2eq ha-1 year-1

1.81±0.38 Mg CO2eq ha-1 year-1 2.5
0.09Mg CO2eq ha-1 year-1

0.57 Mg CO2eq ha-1 year-1

7.51 Mg 2.38 Mg CO2eq ha-1 year-1

5.13 Mg CO2eq ha-1

year-1 70 %
7,000 ha 2021

35,000 t CO2

1.4
280,000 t CO2

11%

2
146 ha 2020b 1/3
50 ha 250 t CO2

.
5,000 t

2020c 5%

Climate-smart soils
Paustian et al., 2016 Climate-smart 

soil management

2.6 2013
692 g m-2, 2014 532 g m-2 2015 580 g m-2

2014 552 g m-2 2015 603 
g m-2 2014 2015

507 g m-2 505 g m-2

2015
10.2 

g N m-2 33.8 g N m-2

2.3 . 
1 CO2 . .

0.09 0.57

7.42 

1.81 

-10.0

-5.0

0.0

5.0

10.0

1

(M
C

O
2
 h

a-
1

ye
ar

-
1
)

7.51

2.38

5.13



25 2025

2.6 .

1 . 2 1.8 mm , 14.5% . 3 0.0 5.0 0 5 4 1.8 mm
5 . 6 2.2 mm 12.5% . 7 5.5 mm 15.0% . 

CO2eq
1 1.05 6.10 2 1.20 10.26

3 3.17 5.91 Mg ha-1 year-1 2.5
1 2 89% 2

3 47%

CO2 CH4 N2O

, 2014 Takakai et al. 2017
CH4

2 3
CH4

Eh
CH4 Eh

200 mV
2 Eh 200 mV

CH4

WFPS

WFPS

Shiratori et al. 2007
CH4

Su et al. 2017
CH4

WFPS
CH4

Nishimura et al.
2011 1

CH4

2
WFPS

2 CH4

CO2eq CH4 N2O
GWP CO2eq

2.7
2014

Cha-un et al. 2017

Cha-
un et al. 27.3 14.9 > 11.7 

1,529 mm 1,238 mm Cha-
un et al. 1,043 mm

- - -
4 4

Cha-un - - - 2
4 - -
- 3 4

4 4 Cha-un 2
4 2 3 3

CH4 N2O GWP CO2eq

(g m-2) (g m-2) (g m-2) (0-5) ( ) ( ) (g m-2) (g m-2) (g m-2) (g m-2)

894 786 692 0.6 67.9 6.2 8.2 3.8 12.0
507 444 9.0 1.2 10.2 505 455 30.9 2.9 33.8

787 689 532 4.0 43.9 8.0 8.7 3.9 12.6
820 777 552 4.1 45.6 8.3 9.2 4.6 13.8
731 780 580 1.0 79.9 7.4 7.3 4.8 12.1
769 775 603 0.3 82.0 7.3 7.7 4.2 11.9

1 1 2 5

( )

3 4

2013
2014

2014
2015

(gN m-2) (gN m-2) (gN m-2)

2012
2013

6 7

70 cm 7 10 m

30 cm 3 5 m
FAO, ISRIC, 

and ISSS, 2006 Gleyic Fluvisols 3
1995

Nishina et al., 2015 2.2
2012

T-C T-N
3 

pH CEC K2O
2002

  

2
3

33.3 
m2 46.0 m2

2012

61

2010
50%

3 5 cm 6 7
12 8

9
2.3

2.4

2.2 . 

1 2012 10 5 2.0 mm . 
2 2014 2015 . 
3  2013 11 3 100 mL .

2.3 . 

1 - 2 2012 : 268 gC m-2

2012
2013 5/13 5/13 5/13 5/13 5/15 5/17 6/20 7/2 7/5 8/25 9/6 11/1 7 4-3 1 297

2013
2014 4/24 4/24 4/25 4/25 4/30 5/2 6/16 6/23 6/27 8/19 9/8 11/12 7 4-3 274

2014
2015 5/7 5/7 5/7 5/7 5/11 5/13 6/15 6/23 7/3 8/24 9/4 10/29 6 3-3 310

2013
2014 4/24 4/24 4/25 4/25 4/30 5/2 6/16 6/23 6/27 8/19 9/8 11/12 3 0-3 308

2014
2015 5/7 5/7 5/7 5/7 5/11 5/13 6/15 6/23 7/3 8/24 9/4 10/29 6 3-3 308

2

(gC m-2)

/

(gN m-2)

2014 2015 Ca Mg K

(H2O) (g kg-1) (g kg-1) (mg kg-1) (mg kg-1) (cmolc kg-1 ) (% ) (g cm-3)

5.4 25.0 2.26 42.6 36.3 55.0 122.7 27.6 21.6 9.6 2.25 0.43 14.3 52.7 33.0 1.11

5.9 22.6 1.95 51.1 31.5 95.0 165.7 24.5 21.4 11.3 3.66 0.56 24.1 40.0 36.0 1.01

3

(mg kg-1) (g kg-1) (cmolc kg-1 )

P2O5 SiO2 Fe2O3
CEC

2 3

pH T-C T-N



CO2eq
10.15 2.54 Mg ha-1 year-1 7.61 Mg ha-1 year-1

Cha-un 16.97 4.30 Mg ha-1 year-1

12.67 Mg ha-1 year-1 7.42 1.81 Mg ha-1 year-1

5.61 Mg ha-1 year-1 CO2eq
Cha-un > 

CO2eq
Cha-un 75% 76%

3
CO2eq

1 CH4

84% Cha-un 63% 89%
2 CH4 37%

46%

WFPS WFPS

Cha-un 
et al. 2017 2

CO2eq
2

CO2eq

CH4

Takakai et al. 2017

RothC

2005
CO2eq

GHG
3 GHG CH4 N2O CO2

3
3 GHG

CH4 N2O
CO2

GHG

3
2009

 3 CH4

Takakai et al. 2017
3 3

3 3

5

gCH4-C m-2 1 2

(2014)  11.7 °C 1,238 mm S-S-R-R 4 30.5 10.15 2.54 7.61 75 83 84 37 37

Cha-un et al.
(2017)  27.3 °C 1,043 mm C-R-C-R 2 50.3 16.97 4.30 12.67 75 61 63 7 -

 14.9 °C 1,529 mm W S-R-R 3 19.8 7.42 1.81 5.61 76 88 89 46 47

1 1 2

CH4-C
3

(  )

CO2eq 4 CO2eq 6

  (%)

Mg CO2eq ha-1 year-1 )

2014 , Cha-un et al. 2017 1 1981 2010
30 . Cha-un et al. 2017 : . 2 W: , S: , R: , C: . Cha-un et al. 2017

2 , 2 . 3 . 4 CH4 N2O GWP CO2eq . 5
CO2eq . 6 ( ) : CH4 . 7 2 .

2.7 .

70 cm 7 10 m

30 cm 3 5 m
FAO, ISRIC, 

and ISSS, 2006 Gleyic Fluvisols 3
1995

Nishina et al., 2015 2.2
2012

T-C T-N
3 

pH CEC K2O
2002

  

2
3

33.3 
m2 46.0 m2

2012

61

2010
50%

3 5 cm 6 7
12 8

9
2.3

2.4

2.2 . 

1 2012 10 5 2.0 mm . 
2 2014 2015 . 
3  2013 11 3 100 mL .

2.3 . 

1 - 2 2012 : 268 gC m-2

2012
2013 5/13 5/13 5/13 5/13 5/15 5/17 6/20 7/2 7/5 8/25 9/6 11/1 7 4-3 1 297

2013
2014 4/24 4/24 4/25 4/25 4/30 5/2 6/16 6/23 6/27 8/19 9/8 11/12 7 4-3 274

2014
2015 5/7 5/7 5/7 5/7 5/11 5/13 6/15 6/23 7/3 8/24 9/4 10/29 6 3-3 310

2013
2014 4/24 4/24 4/25 4/25 4/30 5/2 6/16 6/23 6/27 8/19 9/8 11/12 3 0-3 308

2014
2015 5/7 5/7 5/7 5/7 5/11 5/13 6/15 6/23 7/3 8/24 9/4 10/29 6 3-3 308

2

(gC m-2)

/

(gN m-2)

2014 2015 Ca Mg K

(H2O) (g kg-1) (g kg-1) (mg kg-1) (mg kg-1) (cmolc kg-1 ) (% ) (g cm-3)

5.4 25.0 2.26 42.6 36.3 55.0 122.7 27.6 21.6 9.6 2.25 0.43 14.3 52.7 33.0 1.11

5.9 22.6 1.95 51.1 31.5 95.0 165.7 24.5 21.4 11.3 3.66 0.56 24.1 40.0 36.0 1.01

3

(mg kg-1) (g kg-1) (cmolc kg-1 )

P2O5 SiO2 Fe2O3
CEC

2 3

pH T-C T-N

25 2025

4.9 14.0 Mg ha-1 year-1 ( 4.9 Mg ha-1

year-1 3 CO2 82 94%
9.6 14.3 Mg ha-1

year-1 ( 9.9 Mg ha-1 year-1 3
CH4 72 84%

GHG 3
CH4

CO2

GHG 3 CH4

98% 57% CH4

3
2

Takakai et al. 2017
CO2 CO2

CH4

2015

1 2 CH4

CO2eq 68%
CH4

CH4

Itoh et al., 
2011

CO2eq
1
2019

- - - 3
4

3
CO2eq 1.81 

Mg CO2eq ha-1 year-1 7.42 Mg CO2eq 
ha-1 year-1 76%
Rothamsted Carbon RothC

0.57 0.09 Mg CO2eq ha-1 year-1

CO2eq

2.38 7.51 Mg CO2eq ha-1 year-1

68%



25 2025

4.9 14.0 Mg ha-1 year-1 ( 4.9 Mg ha-1

year-1 3 CO2 82 94%
9.6 14.3 Mg ha-1

year-1 ( 9.9 Mg ha-1 year-1 3
CH4 72 84%

GHG 3
CH4

CO2

GHG 3 CH4

98% 57% CH4

3
2

Takakai et al. 2017
CO2 CO2

CH4

2015

1 2 CH4

CO2eq 68%
CH4

CH4

Itoh et al., 
2011

CO2eq
1
2019

- - - 3
4

3
CO2eq 1.81 

Mg CO2eq ha-1 year-1 7.42 Mg CO2eq 
ha-1 year-1 76%
Rothamsted Carbon RothC

0.57 0.09 Mg CO2eq ha-1 year-1

CO2eq

2.38 7.51 Mg CO2eq ha-1 year-1

68%

25 2025

4.9 14.0 Mg ha-1 year-1 ( 4.9 Mg ha-1

year-1 3 CO2 82 94%
9.6 14.3 Mg ha-1

year-1 ( 9.9 Mg ha-1 year-1 3
CH4 72 84%

GHG 3
CH4

CO2

GHG 3 CH4

98% 57% CH4

3
2

Takakai et al. 2017
CO2 CO2

CH4

2015

1 2 CH4

CO2eq 68%
CH4

CH4

Itoh et al., 
2011

CO2eq
1
2019

- - - 3
4

3
CO2eq 1.81 

Mg CO2eq ha-1 year-1 7.42 Mg CO2eq 
ha-1 year-1 76%
Rothamsted Carbon RothC

0.57 0.09 Mg CO2eq ha-1 year-1

CO2eq

2.38 7.51 Mg CO2eq ha-1 year-1

68%

25 2025

4.9 14.0 Mg ha-1 year-1 ( 4.9 Mg ha-1

year-1 3 CO2 82 94%
9.6 14.3 Mg ha-1

year-1 ( 9.9 Mg ha-1 year-1 3
CH4 72 84%

GHG 3
CH4

CO2

GHG 3 CH4

98% 57% CH4

3
2

Takakai et al. 2017
CO2 CO2

CH4

2015

1 2 CH4

CO2eq 68%
CH4

CH4

Itoh et al., 
2011

CO2eq
1
2019

- - - 3
4

3
CO2eq 1.81 

Mg CO2eq ha-1 year-1 7.42 Mg CO2eq 
ha-1 year-1 76%
Rothamsted Carbon RothC

0.57 0.09 Mg CO2eq ha-1 year-1

CO2eq

2.38 7.51 Mg CO2eq ha-1 year-1

68%



2

2010

65%
90%

92%
2020

- - 3 4
3 4 -

2 3

CH4

N2O

2016 2016
2017

2016 13 gN m-2 16 gN m-2

N2O

N2O

N2O
Akiyama et al., 2010 2001

1999 1995 2008

N2O
2005 Takakai et al. 2010 2014

2009 2001 
N2O

N2O

35 18’N 136 12’E 3
2010 2011 2012

2003 - - 3
4

10 11
6 8

6 11 12 5
1 1 2

7 10 m
3 5 m

100 g m-2 10 cm

2010 2012 700 g m-2 2011
1000 g m-2 3.4 4.6 m

3.0 4.2 m 0.4 m
FAO, ISRIC, and 

ISSS, 2006 Gleyic Fluvisols 3
1995

Nishina et al., 2015
3.1 pH 3

2002
3.2

3
3 1

7.5 m2 2 10.8 m2 3 46.0 m2

2012 61
11 25 cm 6

1 2 6 gN m-2

5 10 cm 2 gN m-2



25 2025

1 2 gN m-2 3
4 gN m-2 5 3

1 2

4 gN m-2 5
PK

1
4 gN m-2 2 gN m-2 5 10cm

2 3
10 gN m-2

2 5.0 gN m-2 R25 5.0 gN 
m-2 3 3.9 gN m-2 R25 6.1 gN 
m-2

  
 7

1 2

3
203 447 g m-2 30 cm

14 cm 1 10 11

5 10cm
1 2 3

PK

5 2.0 mm .

3 100 mL

3.1 .

(H2O) (g kg-1) (g kg-1) (mg kg-1) (cmolc kg-1 ) Ca Mg K (% ) (g cm-3)

   

2010 2011
1

6.7 18.0 1.70 225.8 19.0 10.6 2.86 0.56 26.5 35.0 38.5 1.06

   

2011 2012
2

6.0 16.3 1.48 137.4 14.1 10.5 1.85 0.38 27.6 36.4 36.0 1.11

   

2012 2013
3

5.9 22.6 1.95 95.0 21.4 11.3 3.66 0.56 24.1 40.0 36.0 1.01

H T- T-N P2O5
CEC (cmolc kg-1)

3.2 .

gN m-2
) gN m-2

) gN m-2
) gN m-2

)

6) 2 2) 4) 2)

c 
(4 2) 2 2) 4) f 

(2)

6) 2 2) 4) 2)

d 
(10) 4) g 

(2)

a 
(6)

b 
(2 2) 4) a 

(2)
e
 (10) 4) f

 (2)

2010
2011

1

2011
2012

2

2012
2013

3

3 a

c

d R25 N: 11.5%
R25 11.5% e R N: 12.4% R25: 19.6% f 466 N: 3.5%

R50 70 90: 10.5% g 30 % N: 9.8% N: 
1.2% N PK PK



1 3
2 gN m-2 0.5 gN m-2 R50

70 90 1.5 g Nm-2 2 2 gN 
m-2 1.8 gN m-2 0.2 gN 
m-2 . 

N2O

1997
2 3 2 3

1 8 cm
60 cm 30 cm×

50 cm 2 2

5 8
50 cm 1 

m
ECD GC; GC-14A

2012

N2O
N2O

IPCC, 2006
N2O % = N2O 

N2O 100

2 3 1 3

N2O

5 cm

2.2 mm
12.5% 5.5 mm
15.0%

5
2.0 mm

1983
1997

3

100 mL
DIK-1150

1997
NO2-N

NO3-N NH4-N
TRAACS2000

0 10 cm

0 12 cm
HydroSense Campbell

5
35.1 39.8%

WFPS Water Filled Pore Space

Tukey HSD
R Core Team, 2012 t

N2O 10%
5 %

N2O
3 N2O 3.1 3.3 (a) 

N2O 3
1 142.2 µg-N m-2 h-1

2 339.4 µg-N m-2 h-1 3 267.5 µg-N m-2 h-1

N2O
1 64.6 µg-N m-2 h-1 2 200.4 µg-N 

m-2 h-1 3 168.7 µg-N m-2 h-1

3   
1

N2O

N2O
1 43.9 µg-N m-2 h-1 2 43.4 µg-N m-2 h-1 3
11.2 µg-N m-2 h-1, 1 44.4 µg-N m-2 h-1 2

26.6 µg-N m-2 h-1,3 30.1 µg-N m-2 h-1



25 2025

N2O 3
1 522.7 µg-N m-2 h-1

2 923.8 µg-N m-2 h-1 3 321.9 µg-N m-2 h-1

N2O
1 385.9 µg-N m-2 h-1 2 685.4 µg-N 

m-2 h-1 3 84.4 µg-N m-2 h-1

3   
1 2 8

3
2

WFPS
3 WFPS

3.1 3.3 (b e) 

1 243 1,101 mm
2 232 905 mm 3 248 833 
mm 1 5 10 11 188 mm

3
3 12 2 5

10 3
WFPS 3

1 52 81%
62% 2 51 74% 60%

3 58 80% 68 % 3

3
NH4-N NO3-

N
NH4-N NO3-N

12

NO2-
N 0
0.6 mg L-1

1 130 622 mm 2
141 829 mm 3 166 888 mm

2 8 18 113 mm
3 9 15

16 280 mm

3
3 8

25 9
11 15 

WFPS 3
1 43 67% 52%

2 42 59% 48% 3
47 76% 55% 3

3
NH4-N NO3-

N 1 2
NH4-N NO3-N

3
NH4-N NO3-N

NH4-
N NO3-N

NO2-N
0 0.6 mg L-1

N2O N2O
3

N2O N2O 3.3   

N2O 1 58.7±13.6 
mgN2O-N m-2 2 91.4±59.1 mgN2O-N m-2 3 59.5
±37.6 mgN2O-N m-2

1 37.2±13.9 mgN2O-N m-2 2 59.3±23.5 mgN2O-
N m-2 3 31.9±3.7 mgN2O-N m-2 3



3.1 1 (a) N2O , (b) , (c) WFPS, (d) NH4-N , (e) NO3-N . 
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25 2025

3.2 2 (a) N2O , (b) , (c) WFPS, (d) NH4-N , (e) NO3-N . 
) . NO2-N . 
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3.3 3 (a) N2O , (b) , (c) WFPS, (d) NH4-N , (e) NO3-N . 
) . NO2-N . 
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25 2025

4.9 14.0 Mg ha-1 year-1 ( 4.9 Mg ha-1

year-1 3 CO2 82 94%
9.6 14.3 Mg ha-1

year-1 ( 9.9 Mg ha-1 year-1 3
CH4 72 84%

GHG 3
CH4

CO2

GHG 3 CH4

98% 57% CH4

3
2

Takakai et al. 2017
CO2 CO2

CH4

2015

1 2 CH4

CO2eq 68%
CH4

CH4

Itoh et al., 
2011

CO2eq
1
2019

- - - 3
4

3
CO2eq 1.81 

Mg CO2eq ha-1 year-1 7.42 Mg CO2eq 
ha-1 year-1 76%
Rothamsted Carbon RothC

0.57 0.09 Mg CO2eq ha-1 year-1

CO2eq

2.38 7.51 Mg CO2eq ha-1 year-1

68%



25 2025

N2O 1 83.2±18.0 
mgN2O-N m-2 2 82.8±25.2 mgN2O-N m-2 3 195.7
±15.4 mgN2O-N m-2

1 70.7±11.2 mgN2O-N m-2 2 70.3±17.9 mgN2O-
N m-2 3 103.9±28.7 mgN2O-N m-2 3

3

N2O
1 141.9±16.1 mgN2O-N m-2 2 174.2

±72.9 mgN2O-N m-2 3 255.3±32.4 mgN2O-N m-2

1 107.9±19.3 
mgN2O-N m-2 2 129.6±19.1 mgN2O-N m-2 3
135.9±32.1 mgN2O-N m-2

3 N2O
1

76% 2 74% 3 53%
24% 2 26% 3 47% 32%

N2O 1 0.50% 2
0.85% 3 0.99% 1
0.28% 2 0.57% 3 0.24% 1

3

N2O

N2O 3.3

N2O
2 72.1 mgN2O-N m-2 3 59.9 mgN2O-N m-2

2 79%
3 101%

N2O
2 52.0 mgN2O-N m-2 3 37.8 mgN2O-

N m-2 2

N2O 2 28% 3 37%
2 17% 3

36% N2O

N2O
1 65.7 mgN2O-N m-2 3 98.6 mgN2O-N m-2

1 79% 3 50%

N2O
1 47.0 mgN2O-N m-2 3 31.8 mgN2O-N m-2

N2O 1 29% 3 68%
1 3 75%

3 1

3.4
1 374 g m-2 2

411 g m-2 3 507 g m-2

1 400 g m-2 2 457 g m-2 3 533 g m-2

3
1 107% 2

111% 3 105% 108%
3

1 216 g m-2 2
527 g m-2 3 505 g m-2 ,

1 225 g m-2,2 531 g m-2, 3 433 g m-2

3
1 104% 2

101% 3 86% 97% 1
2 3

3

3
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year-1 3 CO2 82 94%
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year-1 ( 9.9 Mg ha-1 year-1 3
CH4 72 84%

GHG 3
CH4

CO2

GHG 3 CH4

98% 57% CH4

3
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Takakai et al. 2017
CO2 CO2

CH4

2015

1 2 CH4

CO2eq 68%
CH4

CH4

Itoh et al., 
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CO2eq
1
2019

- - - 3
4

3
CO2eq 1.81 

Mg CO2eq ha-1 year-1 7.42 Mg CO2eq 
ha-1 year-1 76%
Rothamsted Carbon RothC

0.57 0.09 Mg CO2eq ha-1 year-1

CO2eq

2.38 7.51 Mg CO2eq ha-1 year-1

68%



3.3 N2O N2O . 

10% Tukey t
N N N2O

1) N 14 gN m-2  6  2 2 4 2 gN m-2

2) N 100

3) N2O

4) N2O

100

5) N2O N 100

3)

14.0 58.7±13.6a 0.36a

14.0 37.2±13.9a 0.21a

0.0 8.4±11.5b

14.0 6.0 (100) 2) 91.4±59.1a  72.1a (100) 0.61a

14.0 5.0 (83)  59.3±23.5ab   52.0ab (72) 0.38a

0.0 6.0±8.1b    0.5b

14.0 6.0 (100) 59.5±37.6a  59.9a (100) 0.39a

14.0 3.9 (64)  31.9±3.7ab  37.8a (63) 0.19a

0.0 5.5±22.4b  19.6a

2.0 2.0 (100) 83.2±18.0a 65.7a (100) 1.45a

2.0 0.5 (25) 70.7±11.2a 47.0b (71) 0.83a

54.1±19.1a 44.0b

2.0 2.0 82.8±25.2a 2.50a

2.0 2.0  70.3±17.9ab 1.87a

32.9±14.8b

2.0 2.0 (100) 195.7±15.4a 98.6a (100) 5.19a

2.0 0.5 (25) 103.9±28.7b 31.8b (32) 0.60b

92.0±61.8b 41.2b

0.50a

0.28b

0.85a

0.57a

0.99a

0.24b

N 1) N2O   
  5)4)

2010
2011

1

2011
2012

2

2012
2013

3

gN m-2 mg-N2O-N m-2

N N2O

2011
1

2012
2

2013
3

gN m-2 mg-N2O-N m-2

gN m-2 mg-N2O-N m-2

N N2O

2011
1

16.0 141.9±16.1a

16.0  107.9±19.3ab

 62.5±29.5b

2012
2

16.0 174.2±72.9a

16.0 129.6±19.1a

 38.9±10.8b

2013
3

16.0 255.3±32.4a

16.0  135.9±32.1ab

 97.5±83.4b



25 2025

3.4 . 

2.2 mm 12.5% 5.5 mm 15.0% 5%

Tukey

N2O

N2O 1 0.50%
2 0.85% 3 0.99% N2O

0.62±0.48% Akiyama et al., 2006

N2O

N2O 24 47%
Akiyama et al. 2010 35%

N2O

1992
N2O

N2O

N2O

N2O
N2O   

N2O
Yamamoto et al., 

2013

25%
2014

N2O

N2O 2

531a 1.4a 8.6a

578a 1.5a 9.3a

189b 0.4b 3.0b

493a 0.9a  8.5a

546a 1.2a 10.5a

197b 0.4b  3.3b

444a 1.2a 10.2a

431a 1.4a 11.7a

203b 0.4b  3.7b

216a 199a 83a 14.1a 1.3a 1.0a 16.4a

225a 163a 82a 14.1a 0.9a 0.9a 15.9a

210a 162a 89a 13.1a 0.8a 0.9a 14.8a

527a 235a 185a 32.3a 1.0a 1.5a 34.8a

531a 231a 182a 32.3a 1.0a 1.3a 34.6a

472a 201a 159a 28.1a 0.6a 1.1a 29.8a

505a 302a 153a 30.9a 1.3a 1.6a 33.8a

433a 295ab 143a 26.3a 1.5a 1.4ab  29.2ab

389a 248a 121a 23.7a 1.4a 1.1b 26.2b

-2

533a

2010
2011

1

2010
2011

1

2011
2012

2

2012
2013

3

2.9b

9.0a

10.3a

3.3b

-2

374a

2011
2012

2

2012
2013

3

-2 -2

400a

174b

411ab

7.2a

7.8a

2.6b

7.6a

9.3a457a

204c

507a

237b



3 N2O 2

3 1
2

WFPS 1 2
Davidson 1991 WFPS

60% N2O 80%
N2

3 WFPS 9
N2O 60%

N2O
3 N2O

Kusa et al. 2002

N2O

2011
N2O

3
N2O

N2O

2011 25 35 
30 45 

1981 N2O

N2O 1 3
1 29% 3 68%

1 3 75% 3
1 1

3
1 N2O

N2O N2O
Itakura et al., 2013

N2O

N2O

2002

2012 2
9

Mosier et al. 2006
N2O

N2O
N2O kg N2O-N Mg-1  =

N2O ) / 
N2O

3.4

N2O
N2O

40%

25%

N2O

N2O N2O
Akiyama and Tsuruta

2002

2003

2014

78% 2000

Itoh et al., 2011 2010
2012

- - 3 4
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3.4 N2O . 
) 3 5%

Tukey 100

N2O 3

N2O

N2O 24 47%
32%

N2O
N2O

N2O

N2O

0.0

0.1

0.2

0.3

0.4

0.5
N

2O
(m

g 
N

2O
-N

m
-2

)

(100)  

(57)  

(20)  

(100)  

(74)  
(61)  

a  
a  

a  
a  

a  b  
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) 3 5%

Tukey 100
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0.5

N
2O
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N
2O
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m
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(100)  

(57)  

(20)  
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3 4

3 4

2

CH4 68%

92%

- - 3 4

2
3 2 CH4

57 % CH4

CH4

Itoh et al., 2011 2010 2019

CH4

1 2
CH4

N2O 3

2

35 18’N 136 12’E
2003

- - 3 4
2012 10

2015 10 3
3 4.1 2012

10
2013 6
2014 4 2015 2

FAO, ISRIC, and 
ISSS, 2006 Gleyic Fluvisols 3

1995
Nishina et al., 2015

4.2 pH 3
2002

4.1 2
3

46.0 m2

1
1 2

4.3
2012

61 11

2012

1
2012/10/22

2013/11/18

2
2013/11/18
2014/9/17

3
2014/9/17

2015/10/27

(  1 ) ( 1 8 )

 2 2 15

4.1 .

3



25 2025

4.2 . 

25 cm 6

6 gN m-2 5 10 cm
1 2 gN m-2 3

2 gN m-2 5 4 
gN m-2

PK
10 gN m-2

3.9 gN m-2 R25 6.1 gN m-2

5 10 cm

  
 7

25
m-2 30 cm 14 cm) 

5 10 cm
2 gN m-2

2 gN m-2 0.5 gN 
m-2 R50 70 90 1.5 g N m-2

11

10 cm
11 12

4.4

4 5
5 18.2  m-2

1 2014
2 2 2015 3

50% 5 3 gN m-2

2 7 3 gN m-2

3 5 cm
6 7 8

1 14
15

8 9
10 cm

10 11

CH4 N2O
CH4 N2O

1997

2 3
1

1 3 2 1
 ( 60 cm ×

30 cm 50 cm) 
5

2014 2015 Ca Mg K

(H2O) (g kg-1) (g kg-1) (mg kg-1) (mg kg-1) (cmolc kg-1 ) (% ) (g cm-3)

5.9 22.6 1.95 51.1 31.5 95.0 165.7 24.5 21.4 11.3 3.66 0.56 24.1 40.0 36.0 1.01

T-NH T-

(mg kg-1) (g kg-1) (cmolc kg-1)

P2O5 SiO2 Fe2O3
CEC

2012 10 5 2.0 mm
2014 2015 2013 11 3 100 mL

4.3

14  6-2-2-4 182 138
14 10-0-0-4 177 135

7/1 11/14 11/26 23/11 5/8 6/17 7/1 7/1 7/2
 2012
2013 10/24 11/6 11/8 11/7 1/23

(gN m-2) (gC m-2)

( ) - - - 14 gN m-2 10 gN m-2

4 gN m-2 2012 ( : 309 gC m-2



3 4

4.4 . 

( )

8 7
50 cm 1 m

FID
ECD GC; GC-4A

2012
CH4 N2O (F, mg m-2 h-1

2013
CH4 N2O

2 3
CH4

N2O 3
CH4 28 N2O 265

GWP IPCC 2013 CO2eq
CH4 N2O

5 cm

, 
2.2 mm

12.5% 5.5 mm
15.0% 1.8
14.5%

1.8 mm RGQ 10B

BR-5000
14.5%

5
2.0 mm

1983
1997

3
100 mL

DIK-1150

pH 2.8 Asami 
and Kumada 1995

1997
pH4

30 4

NO2-N NO3-N NH4-
N TRAACS2000

QuAAtro39
0 10 cm

  
5

0 12 cm
HydroSense Campbell

. 33.9 37.0%
WFPS Water 

Filled Pore Space
100% 100%

Eh Eh
PRN-41 5 cm

4

3 CH4 N2O CO2eq

t p < 0.05 
R Core Team 2017

2014 4/24 4/24 4/25 4/25 4/30 5/2 6/16 6/23 6/27 8/19 9/8 11/12 3 0-3 308
2015 5/7 5/7 5/7 5/7 5/11 5/13 6/15 6/23 7/3 8/24 9/4 10/29 6 3-3 308
2014 4/24 4/24 4/25 4/25 4/30 5/2 6/9 6/23 6/27 8/19 9/8 11/12 3 0-3 312
2015 5/7 5/7 5/7 5/7 5/11 5/13 6/8 6/23 7/3 8/24 9/4 10/29 6 3-3 294

(gN m-2) (gC m-2)



25 2025

CH4 N2O
2 3

CH4 N2O 4.1 4.3 a
b

CH4

0 mg-CH4 m-2 h-1 4.1 (a)
CH4

2 4.2
(a), 4.3 (a) CH4

CH4

2
2 6.2 

mg-CH4 m-2 h-1 3 18.2 mg-CH4 m-2 h-1

2 2.3 mg-CH4 m-2 h-1 3 11.7 mg-CH4

m-2 h-1 2
3 CH4

2   
N2O

267.5 µg-N m-2 h-1 321.9 µg-N m-2 h-1

4.1 (b) 168.7 µg-N m-2

h-1 84.4 µg-N m-2 h-1

N2O

0 µg-N m-2 h-1 2
147.2 µg-N m-2 h-1

4.2 (b) 2
112.8 139.3 µg-N m-2 h-1

3 177.0 µg-N m-2 h-1

4.3 (b) 2

Eh WFPS

1
WFPS 4.1 c f

2 3
WFPS Eh

4.2 c g 4.3 c g
1
8 25 

9 11
15 4.1 (c) 2

3

15 20 4.2 (c) 4.3 (c)
12 2 5 10 4

25 30 
1 1,700 mm

9 15 16 280 mm
4.1 (d) 2

1,317 mm 8
552 mm 4.2 (d)

3 1,874 mm 7 1 9
123 mm 9 6 10 100 mm

4.3 (d)
WFPS 1
46 91% 64% 48 91% 63%

4.1 (d)

WFPS 2 3
2 48 68% 56%

49 65% 57% 3
62 67% 64% 62% 62%

4.2 (d) 4.3 (d) 3
WFPS 68 100% 82%
67 99% 79%

  
Eh 2 3

0 mv
4.2 (e) 4.3 (e)

2 3

1
NH4-N NO3-N
4.1 (e) (f) NH4-N

NO3-N

2 3 NH4-
N NO3-N

4.2 (f) (g) 4.3 (f) (g) NO2-N
0 0.6 mg L-1



3 4

4.1 1 (a) CH4 , (b) N2O , (c) , (d) WFPS, (e) NH4-N , 
(f) NO3-N . 

) × b NO2-N
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4.2 2 (a) CH4 , (b) N2O , (c) , (d) WFPS, (e) Eh, 
(f) NH4-N , (g) NO3-N .. 

) × b NO2-N
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4.3 3 (a) CH4 , (b) N2O , (c) , (d) WFPS, (e) Eh, 
(f) NH4-N , (g) NO3-N . 

) × b NO2-N



25 2025

CH4 N2O CO2eq
CH4 N2O 4.5 3

CO2eq 4.6 3

4.4
CH4 1 0.6±1.3 

kgCH4-C ha-1 2 28.4±5.3 kgCH4-C ha-1 3 81.1
±31.1 kgCH4-C ha-1 3 108.9±33.4 
kgCH4-C ha-1 1 0.9
±0.6 kgCH4-C ha-1 2 14.8±5.1 kgCH4-C ha-1 3 

55.7±10.0 kgCH4-C ha-1 3 69.7±
14.3 kgCH4-C ha-1 2

p<0.01 1 3
CH4

3 CH4

36%
CH4 2

13.6 kgCH4-C ha-1

27.4 kgCH4-C ha-1

p<0.01 3

47.6 kgCH4-C ha-1

72.8 kgCH4-C ha-1 35 %
  

N2O 1 2.542±0.345 
kgN2O-N ha-1 2 0.340±0.338 kgN2O-N ha-1 3 
0.342±0.259 kgN2O-N ha-1 3 3.272±
0.658 kgN2O-N ha-1 1 
1.321±0.279 kgN2O-N ha-1 2 0.410±0.208 kgN2O-
N ha-1 3 0.357±0.278 kgN2O-N ha-1 3

2.136±0.423 kgN2O-N ha-1

1 p<0.05
48% 2 3 N2O

3
N2O

35%
N2O 2

0.217 kgN2O-N ha-1

0.069 kgN2O-N ha-1 p<0.05

N2O
3 N2O

0.157 kgN2O-N ha-1

(0.007 kgN2O-N ha-1

CO2eq 1 1.04±0.19 
CO2eq Mg ha-1 2 1.20±0.30 CO2eq Mg ha-1 3 
3.17±1.17 CO2eq Mg ha-1

1 0.52±0.10 CO2eq Mg ha-1,2 0.72±0.28 
CO2eq Mg ha-1 3 2.23±0.32 CO2eq Mg ha-1

3
1 50%

2 40% 3 30%
CO2eq CH4 2

3
3 CO2eq 0.48
0.94 CO2eq Mg ha-1 1 N2O

2 3 CH4

3 CO2eq
5.41±1.12 CO2eq Mg ha-1 3.47

±0.48 CO2eq Mg ha-1

36% CO2eq
CH4 75% N2O 

25% CH4

CO2eq 1.94 CO2eq Mg ha-1 CH4

3 CO2eq
1.80 CO2eq Mg ha-1

1.16 CO2eq Mg ha-1 t
p<0.05

4.7
4.8

2
2

2



3 4

4.5 CH4, N2O . 

3 ** 1% * 5% n.s.

2 3 CH4 N2O

2 3 CH4 N2O

4.6 CO2eq .

CO2 CH4 28 N2O 265 3 CO2eq CH4

* 5% t 1 3 CO2eq

4.4 . 
- - 3 4

1 1.04±0.19  (0) 0.52±0.10  (0) 0.52 0.01 0.51 50
2 1.20±0.30 (88) 0.72±0.28 (77) 0.48 0.51 -0.03 40
3 3.17±1.17 (96) 2.23±0.32 (93) 0.94 0.95 -0.01 30

5.41±1.12 (75) 3.47±0.48 (75) 1.94 1.47 0.47 36
    1.80     1.16 0.65* ±0.25

CO2eq Mg ha-1 CH4 N2O

kgCH4-C ha-1 kgN2O-N ha-1

-0.6±1.3 2.542±0.345 28.4±5.3 29.3±4.5 (27.4) 0.340±0.338 0.105±0.370 (0.069)
-0.9±0.6 1.321±0.279 14.8±5.1 14.9±4.8 (13.6) 0.410±0.208 0.156±0.175 (0.217)

t n.s. * ** * ** n.s. n.s. *

CH4

kgCH4-C ha-1

81.1±31.1 81.3±31.7 (72.8) 108.9±33.4
55.7±10.0 55.7± 9.2 (47.6)   69.7±14.3

t n.s.      n.s.          n.s. n.s.

CH4 N2O CH4 N2O
1 2

kgCH4-C ha-1 kgN2O-N ha-1

N2O
3

kgN2O-N ha-1

0.342±0.259 0.033±0.052 (0.007)
kgN2O-N ha-1

N2O

kgCH4-C ha-1

CH4

3

3.272±0.658
2.136±0.423

n.s.     n.s.            n.s.n.s.
0.357±0.278 0.128±0.231 (0.157)

1
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3 2
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4.7 . 

2.2 mm 12.5% 5.5 mm 15.0% 5%

t

4.8 .

1.8 mm 14.5% 0.0 5.0

0 5 5% t   

CH4

2 1
3 2 CH4

28.4 kgCH4-C ha-1 81.1 kgCH4-C ha-1 4.5

143 kgCH4-C ha-1 2000
169 

kgCH4-C ha-1 2013 1
2 2 5

CH4 200
300mV

CH4

1 2
1 CH4

CH4 2
45% 3 31% Itoh et al. 2011 30%

2019 1
40%

3 2 2
1

90 mm
2

1
CH4 2 1

1 CH4

2 3 2

3.5 mm 13 mm Eh
500 mV

1
CH4

N2O

(g m-2) (g m-2) (g m-2) (0-5) ( ) ( )
820 777 552 4.1 45.6 8.3 9.2 4.6 13.8
868 786 612 3.9 47.5 8.0 9.6 4.1 13.7
769 775 603 0.3 82.0 7.3 7.7 4.2 11.9
731 740 573 0.3 83.2 7.3 7.4 4.0 11.4

2014

2015

(gN m-2)

(g m-2) (g m-2) (g m-2) (g m-2) (g m-2)

507 444 9.0 1.2 10.2 505 302 153 30.9 1.3 1.6 33.8
533 431 10.3 1.4 11.7 433 295 143 26.3 1.5 1.4 29.2

(gN m-2) (gN m-2)

2012
2013



3 4

Minami 1997 2012
2 CH4

N2O

CH4 N2O
2 1

3 2
CH4 2

CH4

N2O

Yagi et al., 1996 2009
2 3 CH4

2 0.51 CO2eqMg ha-1

3 0.95 CO2eq Mg ha-1 N2O
2 0.03 CO2eq Mg ha-1

3 0.01 CO2eq Mg ha-1 CH4

N2O
CO2 5.7% 0.7%

1 N2O
CH4 N2O CO2eq

CH4 N2O

1981
1

CH4

Miura et al., 1992
CH4

Minamikawa et al. 2010
4 N2O

N2O N2O 50%
N2O

2012
N2O

N2O

3
N2O

2015

2015 3
2015 1

8 18.2  m-2 16 -1

2015 1
2

540 g m-2

1

2

2003

CH4

2 4 gN m-2

3 gN m-2

1 70%

2012 2019

1
N2O

2 3

CH4

3 CO2eq 30
50% 36% 3
CO2eq 5.41±1.12 

CO2eq Mg ha-1 3.47±0.48 CO2eq Mg ha-1

CO2eq CH4
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75% N2O 25% CH4

CH4 N2O 

N2O 

2012 2015 3
- - 3 4

3 CH4

N2O CO2eq
3 30 50% 36%

N2O
N2O

1
2 1

2 CH4

2

CH4

  



N2O

100
2.77Mg ha-1 2019

1.52Mg ha-1 2019
FAO, 2020

80

Kokubun, 2013
  

N2O
Akiyama et al., 2003

N2O
N2O
Akiyama and Tsuruta 2002

N2O
N2O

Van Groenigen et al., 2010

N2O

Mosier et al., 2006
Van Groenigen et al. 2010

N2O

3

N2O

N2O

N2O
N2O

N2O

2017 2020 3

35 18’N 136 12’E, 14.5 , 
1,731 mm

3

10
6

6 5
1

FAO, ISRIC, and ISSS, 2006 Gleyic Fluvisols
3 1995

Nishina et al., 2015
5.1

5.1 .

5 2.0 mm

2 100 mL

Ca Mg K

(H2O) (g kg-1) (g kg-1) (mg kg-1) (cmolc kg-1 ) (cmolc kg-1 ) (% ) (g cm-3)

   
2017 2018
( 1 )

6.5 19.7 1.71 170.8 17.1 13.6 3.11 0.45 27.3 35.0 37.7 1.06

   
2018 2019
( 2 )

6.8 17.8 1.55 149.2 17.6 15.1 4.47 0.54 29.3 33.1 37.6 1.03

   
2019 2020
( 3 )

6.1 20.7 1.73 83.3 18.5 13.4 3.88 0.56 33.0 31.6 35.4 0.97

pH T-C T-N  P2O5
CEC 1
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5.2 3
3

N2O

N2O

20 kg N ha-1 2012
100% 25%

0% N2O

2015
2

6
AC ammonium chloride

PK 20 kgN ha-1

CRCU controlled release coated urea
5 kgN ha-1 Ceracoat R50 

/ 70/90 15 kgN ha-1 20 kgN ha-1

CRCN controlled release coated 
calcium nitrate 70 23%

20 kgNha-1 -
CRCU-R CRCU- reducedrate 10 kgN ha-1

- CRCN-R CRCN- reduced 
rate 10 kgN ha-1 NF nitrogen free

0 kgN ha-1 3
3 20 m2

2012
6 3

433 618 g m-2

2017 2018 A1
2019  6 7

5 10cm
2012 PK

5 10 cm P2O5 60 kg ha-1 K2O 60 kg 
ha-1 25  m-2 30 cm 14 cm) 

11
11 12

N2O
N2O

1997
2 3 1

1 3 2 1
8 cm

60 cm 30 cm 50 cm
2

8 50 
cm 1 m ECD Electron 
Capture Detector

GC-14A
2012 N2O

N2O (IPCC, 2006) 

N2O % = N2O 
N2O 100

5.2 .

AC a 20.0 20.0 (100)
CRCU b 20.0 5.0 (25)
CRCN c 20.0 0.0 (0)
CRCU-R - b 10.0 2.5 (25)
CRCN-R c 10.0 0.0 (0)
NF 0 0.0 ( -)

(kg N ha-1)

3 . AC 100 . a N-P2O5-K2O(%):5-15-20 . b
R N-P2O5-K2O(%):16-14-14, 3.5%, R10.5% . c N-

P2O5-K2O(%):12-0-0, 70 12%, 23% . NF AC .



5 cm

3
1.2m2 1.0 m×4

5.5 mm 15.0%

5
2.0 mm

1983
1997

2
100 mL

DIK-1150
1997

NO2-N NO3-N NH4-
N TRAACS 2000

0 10 cm

0 12 cm
HydroSense Campbell

5 .
1 35.6 40.4% 2 36.4 39.9%

3 30.5 36.8%
WFPS Water Filled Pore Space

N2O

Mosier et al. (2006) 

Venterea et al. 2011
N2O N2O

N2O
N2O

N2O kg N2O-N Mg-1 =
N2O 

N2O

TukeyHSD
p< 0.05 R Core Team

2017

N2O
3 N2O 5.1 5.3 a

WFPS NH4-
N NO3-N 5.1 5.3 b e
3 N2O 5.3 5.4

N2O
N2O 1 2

7 8
5.1 5.3 (a) N2O

3 1
3

690 1,145 µg-N m-2 h-1 N2O 3
40

1 8 9 2 7 30 3
8 16 3 2,155 3,307 µg-N m-2 h-1

2 1 3
N2O

5 cm
8 25

9 11
15 5.1 5.3 (b)

12 2 5 10
1 1,482 mm 2 1,040 

mm 3 1,196mm 5.1 5.3 (c) 1
8 133 mm 10 289 mm 2

7 5 7 204 mm 9 116 mm 3 7
147 mm 7 102 mm 8 97 mm

10 120 mm

WFPS
WFPS

5.1 5.3 (c)
WFPS 3
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1 43 62% AC 53% ,  2
42 65% AC 50% 3 41 72% AC

53% 3 WFPS 2

1 NH4-N AC
NO3-N 5.1 (d)

(e) CRCU NH4-N NO3-N AC

CRCN NH4-N NO3-

NO3-N 8 1
CRCU-R CRCU NH4-N

NO3-N CRCN-
R CRCN NO3-N

NH4-N NO3-N

  
2 NH4-N

5.2 (d) (e) NO3-N
6 7 CRCU AC

CRCN 7
CRCU-R

CRCN-R NH4-
N

NO3-N
11 12

3 NH4-N AC
NO3-N 5.3 (d)

(e) CRCU NH4-N NO3-N AC

CRCN NH4-N NO3-

NO3-N 8 1
CRCU-R CRCU NH4-N

NO3-N
CRCN-R CRCN

NH4-N
NO3-

N 11 12

NO2-N 3
0.6 mg L-1

N2O
1 N2O AC 2.13 kg N2O-N 

ha-1, CRCU 1.74 kg N2O-N ha-1, CRCN 1.45 kg N2O-

N ha-1, CRCU-R 1.33 kg N2O-N ha-1, CRCN–R 1.27 kg 
N2O-N ha-1, NF 1.14 kg N2O-N ha-1 5.3
CRCN CRCU-R CRCN-R NF N2O

AC (CRCN p<0.05; CRCU-
R CRCN-R NF p <0.01 32%
37% 41% 47% CRCU N2O AC

18
2 N2O AC 2.85 kg N2O-N 

ha-1, CRCU 2.31 kg N2O-N ha-1, CRCN 2.07 kg N2O-
Nha-1, CRCU-R 2.00 kg N2O-N ha-1, CRCN–R 1.96 kg 
N2O-N ha-1, NF 1.93 kg N2O-N ha-1 CRCN
CRCU-R CRCN-R NF N2O AC

CRCN CRCU-R CRCN-R
NF p<0.05 27% 30% 31%

32% CRCU N2O AC

19%
3 N2O AC 5.55 kg N2O-N 

ha-1, CRCU 4.78 kg N2O-N ha-1, CRCN 4.59 kg N2O-
N ha-1, CRCU-R 4.31 kg N2O-N ha-1, CRCN–R 4.22 kg 
N2O-N ha-1, NF 4.01 kg N2O-N ha-1 N2O

14% 17% 22% 24% 28%
3 N2O

AC 3.51±1.61 kg N O-N ha-1, CRCU 2.94±1.43 kg 
N O-N ha-1, CRCN 2.70±1.45 kg N O-N ha-1, CRCU-R

2.55±1.41 kg N O-N ha-1, CRCN–R 2.48±1.36 kg 
N2O-N ha-1, NF 2.36±1.34 kg N O-N ha-1

3 2 1

N2O

N2O
1 N2O CRCN-R 1.30% AC

4.97%
5.3 2 N2O CRCN-R

0.29% AC 4.59%
3 N2O

CRCN-R 2.05% AC 7.70%
  

3 N2O AC
CRCN-R

N2O
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5.2 2 (a) N2O , (b) , (c) WFPS, (d) NH4-N (e) NO3-N .
) . NO2-N .
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1 CRCU-R 3.03 Mg ha-1

AC 3.91 Mg ha-1

2 NF 2.39 Mg 
ha-1 CRCU-R 2.96 Mg ha-1

3 NF
2.84 Mg ha-1 CRCU-R 3.73 Mg ha-1

NF p<0.01
1 3 2

3 NF p <0.05
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AC p <0.05
2

N2O CRCU-R 0.70 kg N2O-N Mg-1 AC
0.98 N2O-N Mg-1

3 N2O
CRCN-R 1.15 kg N2O-N Mg-1 AC 1.51 N2O-

N Mg-1

3 N2O AC

N2O

N2O
N2O

3 6
8  N2O 2

5.1 5.3 (a) N2O
Aguilera et al., 2013 2

1 N2O
AC CRCU

CRCN AC NH4-
N NO3-N

1
CRCU NH4-N NO3-

N AC
5.1 5.3 (d) (e) NH4 +

CRCN
NH4-N NO3-

NO3-N CRCU
CRCN  N2O

AC CRCU-R
CRCN-R N2O

NH4-N NO3-N
1 WFPS

5.1 5.3 (c) WFPS
1 2 50% N2O

3 60% Smith et 
al. (2003) WFPS 60%

N2O
2 N2O 7 8

3
NH4-N NO3-N 3

WFPS 60%
Kusa et al. 2010 N2O

2 N2O

N2O
CRCN N2O 1 2 AC

p<0.05 5.3 3
CRCU N2O 3

AC
AC 3 N2O

CRCU 14 19% CRCN 17 32%
N2O

N2O
30 N2O 5.3

CRCN N2O 1 2
AC p<0.05 CRCU N2O

2 p <0.05
N2O

N2O
N2O

2017 N2O

Gleyic Fluvisols
Akiyama and Tsuruta 2002

Andosol
3

N2O

N2O CRCU-
R CRCN-R Shcherbak et al. 2014

N2O

N2O NF 33%
CRCN-R CRCU-R CRCN CRCU

5.3

N2O
Akiyama et al. 2010
N2O 35% 95%

14% 58%
N2O



AC 2.13 ±0.23 a 1.41 ±0.55 a 4.97 ±2.07 a 3.91 ±0.34 a 325 ±31 a 0.55 ±0.08 a
CRCU 1.74 ±0.12 ab 0.67 ±0.06 ab (18) (52) 3.01 ±1.40 a 3.85 ±0.80 a 328 ±60 a 0.47 ±0.11 ab
CRCN 1.45 ±0.14 bc 0.58 ±0.05 b (32) (59) 1.57 ±1.52 a 3.81 ±0.19 a 318 ±21 a 0.38 ±0.02 ab
CRCU-R 1.33 ±0.09 bc 0.79 ±0.21 ab (37) (44) 1.95 ±1.54 a 3.03 ±0.82 a 249 ±63 a 0.46 ±0.09 ab
CRCN-R 1.27 ±0.34 bc 0.64 ±0.34 ab (41) (55) 1.30 ±1.76 a 3.64 ±0.87 a 298 ±72 a 0.35 ±0.09 ab
NF 1.14 ±0.20 c 0.72 ±0.11 ab (47) (49) 3.89 ±0.85 a 317 ±74 a 0.30 ±0.06 b

** * n.s. n.s. n.s. *
AC 2.85 ±0.13 a 0.31 ±0.10 a 4.59 ±1.32 a 2.93 ±0.34 a 213 ±24 a 0.98 ±0.12 a
CRCU 2.31 ±0.45 ab 0.13 ±0.06 b (19) (57) 1.89 ±1.41 a 2.86 ±0.09 a 214 ± 7 a 0.81 ±0.18 a
CRCN 2.07 ±0.23 b 0.07 ±0.03 b (27) (77) 0.70 ±1.12 a 2.53 ±0.20 a 195 ±16 a 0.82 ±0.06 a
CRCU-R 2.00 ±0.09 b 0.14 ±0.04 b (30) (56) 0.71 ±2.65 a 2.96 ±0.73 a 219 ±51 a 0.70 ±0.17 a
CRCN-R 1.96 ±0.32 b 0.08 ±0.03 b (31) (73) 0.29 ±4.87 a 2.76 ±0.24 a 209 ±15 a 0.71 ±0.10 a
NF 1.93 ±0.26 b 0.11 ±0.05 b (32) (66) 2.39 ±0.56 a 183 ±47 a 0.85 ±0.29 a

* ** n.s. n.s. n.s. n.s.
AC 5.55 ±0.77 a 1.94 ±0.18 a 7.70 ±6.70 a 3.67 ±0.07 a 247 ±10 a 1.51 ±0.19 a
CRCU 4.78 ±0.30 a 1.19 ±0.39 a (14) (39) 3.86 ±2.87 a 3.43 ±0.15 a 233 ±13 a 1.39 ±0.03 a
CRCN 4.59 ±0.27 a 1.03 ±0.46 a (17) (47) 2.87 ±4.39 a 3.36 ±0.23 a 226 ±19 a 1.37 ±0.17 a
CRCU-R 4.31 ±0.78 a 1.14 ±0.53 a (22) (41) 2.95 ±14.61 a 3.73 ±0.04 a 253 ± 8 a 1.15 ±0.20 a
CRCN-R 4.22 ±0.24 a 1.05 ±0.16 a (24) (46) 2.05 ±5.79 a 3.63 ±0.14 a 251 ± 9 a 1.16 ±0.06 a
NF 4.01 ±0.71 a 1.11 ±0.25 a (28) (43) 2.84 ±0.12 b 194 ± 6 b 1.42 ±0.26 a

n.s. n.s. n.s. ** ** n.s.
AC 3.51 ±1.61 1.22 ±0.78 5.75 ±3.86 3.50 ±0.51 262 ±54 1.01 ±0.43
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Summary

Development of greenhouse gas emission reduction technology in paddy agriculture
and its quantitative evaluation

Hiroyuki HASUKAWA

Summary

This study was conducted to develop and evaluate technologies that contribute to preventing global warming while 
maintaining crop yield and quality, which are the most important aspects of paddy field agriculture management for rice, the most 
important grain crop in Asia.

Chapter 1: Introduction
Greenhouse gases emitted from agricultural land include carbon dioxide (CO2), methane (CH4), and nitrous oxide (N2O). 

Among these, the emissions of CH4 and N2O from paddy field agriculture have been pointed out to have increased considerably 
during the past half century because of the global expansion of paddy cultivation and because of the increase in nitrogen fertilizer 
application.

Additionally, global warming effects have degraded rice grain quality and reduced yields of wheat and soybeans, making the 
maintenance and improvement of yield and quality an important issue from the perspective of agricultural management.

Therefore, this study was conducted to develop soil and fertilization application management for paddy fields that balances 
climate change mitigation and stable productivity, and to evaluate both aspects. First, as strategies for reducing greenhouse gas 
emissions, this study specifically addressed paddy-upland rotation: an extremely popular system of farmland use in paddy field 
agriculture. Then we compared the net balance of greenhouse gas emission reduction and soil carbon storage through the paddy-
upland rotation system with continuous paddy field cultivation. Next, the study evaluated the effects of prolongation of the 
midsummer drainage period in paddy-rice cycles and the use of controlled release fertilizer in the wheat–soybean rotation system 
on greenhouse gas emissions from a paddy field on gray lowland soil under a paddy-upland rotation system. Furthermore, the 
study assessed the effects of further reducing greenhouse gas emissions by controlled-release N fertilizers and reduced application 
rates from soybean fields converted from rice paddies. Additionally, we assessed the correlation with yield for each crop.

Consequently, we comprehensively evaluated the reduction effects and productivity effects of greenhouse gas emission 
reduction technologies in paddy field agriculture.

Chapter 2: Effects of Paddy-Upland Rotation System on the Net Greenhouse Gas Balance as the Sum of Methane and Nitrous 
Oxide Emissions and Soil Carbon Storage

In Chapter 2, to investigate paddy-upland rotation system effects on greenhouse gas emissions, methane (CH4) and nitrous 
oxide (N2O) emissions were monitored for three years during 2012–2015 for a paddy-upland rotation field (four cultivations of 
wheat–soybean–rice–rice over three years) and continuous paddy field on alluvial soil in western Japan. Soil carbon storage was 
also calculated using an improved Rothamsted Carbon (RothC) model. The net greenhouse gas balance was finally evaluated as 
the sum of CO2eq of the CH4, N2O and changes in soil carbon storage.

In total, the average CO2eq emissions of CH4 plus N2O in the paddy-upland field were 1.81 Mg CO2eq ha-1 year-1, 
representing a 76% reduction compared to the continuously cultivated paddy field (7.42 Mg CO2eq ha-1 year-1). The RothC model 
revealed that changes in soil carbon storage corresponded respectively to CO2eq emissions of 0.57 and 0.09 Mg CO2 ha 1 year 1

in both fields. Consequently, the net greenhouse gas balance in the paddy-upland and continuous paddy fields were estimated 
respectively as 2.38 and 7.51 Mg CO2 ha 1 year 1, suggesting a 68% reduction in the paddy-upland system.

Chapter 3: Effects of controlled release fertilizer on nitrous oxide emissions from gray lowland soil of a wheat–soybean cropping 
system

As explained in Chapter 3, we evaluated the effects of controlled release fertilizer [urea with lime nitrogen (N), coated 
fertilizer, and nitrification inhibitor containing an N fertilizer] on nitrous oxide (N2O) emission and yields in a wheat–soybean 
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cropping system in a converted rice paddy field during three years in Shiga prefecture, Japan.
Our findings revealed that treatments using the coated fertilizer and urea with lime N reduced the annual N2O emission factor 

(including both wheat and soybean cropping periods) by 24%–47% (average 32% ) compared to treatments using a quick-acting 
fertilizer, while wheat production and soybean production were stable. During the wheat cultivation period, the use of controlled 
release fertilizer considerably reduced the peak N2O emissions immediately after base fertilizer application because of reduction 
in inorganic nitrogen during this period. During the soybean cultivation period, clear effects of treatment on N2O emission were 
noted after base fertilizer application because of large annual variations in N2O emissions. Further research and development of 
management approaches are necessary for mitigating N2O emissions steadily in converted rice paddy fields.

Chapter 4: Effects of prolonging midsummer drainage in paddy-rice cycles and using controlled release fertilizer in the wheat–
soybean rotation system on reduction of greenhouse gas emissions from a paddy field on gray lowland soil under a paddy-upland 
rotation system with four crops during three years

As described in Chapter 4, we examined a paddy-upland rotation system comprising four cultivation periods during three 
years (wheat–soybean–rice–rice) in Shiga prefecture, Japan to evaluate greenhouse gas emission reduction effects of prolonged
midsummer drainage during paddy-rice cycles and effects of controlled release fertilizer in the wheat–soybean rotation system.

The results revealed that the overall potential of combining CH4 and N2O emissions decreased significantly under the 
implemented mitigation scheme, although paddy rice, wheat, and soybean yields remained stable. The reductions in the rate of the 
overall potential found for the four cultivation periods over three years were 30%–50%, with an average of 36%. For the two 
paddy-rice cropping seasons, following the soybean and paddy-rice cycles in the first and second year of the rotational scheme, 
respectively, a one-week long extension in the midsummer drainage reduced the intensity of peak CH4 emissions. Particularly for 
the first paddy-rice crop, extending the duration of the midsummer drainage led to a significant reduction in CH4 emissions. The 
use of controlled release fertilizer during the wheat and soybean cropping cycles significantly reduced the intensity of the peak 
N2O emissions immediately after the base fertilizer application.

In conclusion, findings from this study suggest that greenhouse gas emissions can be reduced further by application of 
greenhouse gas mitigation strategies to paddy-upland rotation systems, thereby reducing greenhouse gas emissions compared to 
continuous paddy field cultivation.

Chapter 5: Effects of controlled release N fertilizers and reduced application rates on nitrous oxide emissions from soybean fields 
converted from rice paddies

In Chapter 5, based on findings obtained from the wheat–soybean fields converted from rice paddies in Chapter 3, N2O 
emission reduction effects were found to be unstable from soybean fields converted from rice paddies. This study investigated the 
effects on nitrous oxide (N2O) gas emissions when using controlled release coated nitrate, which does not generate N2O during 
nitrification processes, with reduced application rates. For this study conducted for three years in Japan, i.e., during 2017–2020, 
we monitored the N2O emissions from soybean fields converted from rice paddies under six nitrogen fertilizer treatments: 
conventional (AC: ammonium chloride, 20 kg N ha 1), controlled release coated urea (CRCU: ammonium chloride, 5 kg N ha 1, 
coated urea, 15 kg N ha 1, total 20 kg N ha 1), controlled release coated nitrate (CRCN: coated calcium nitrate, 20 kg N ha 1), 
CRCU at a reduced rate (CRCU-R: 10 kg N ha 1), CRCN at a reduced rate (CRCN-R: 10 kg N ha 1), and no nitrogen fertilizer 
(NF: 0 kg N ha 1). Additionally, we assessed the correlation with yield. The field soil was classified as Gleyic Fluvisol.

The annual N2O emissions of the CRCN treatment were significantly lower than those of AC during the first and second years 
(p < 0.05) and were not significantly different during the third year, with reductions of 17–32%, although the same yield was 
maintained. The annual N2O emissions of the CRCU treatment tended to be lower than those of the AC for the three years, with 
reductions of 14–19%, although they were not significant. This finding suggests that coated nitrate fertilizers were more effective 
for reducing N2O emissions because nitrate produces this gas via denitrification only. In addition, the N2O emissions of the 
CRCU-R and CRCN-R treatments were 22–37% and 24–41% lower, respectively, than those of the AC treatment. Although not 
significant, these reductions were slightly greater than those obtained for the N2O emissions of CRCU and CRCN, suggesting the 
effect of further mitigation of N2O emissions through reduction of the application rate. Furthermore, the N2O emissions per unit of 
yield tended to decrease because of the use of controlled release fertilizers for the three years, and further decreased because of the 
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reduced application rate. Results show that the use of controlled release fertilizers with reduced application rates can improve 
climate-smart soil management of soybean fields converted from rice paddies.

Chapter 6: Comprehensive consideration
This study developed technologies that can reduce greenhouse gas emissions while crop yields remained stable in paddy field 

agriculture. Moreover, this study quantitatively evaluated their reduction effects. Using continuous paddy fields to paddy-upland 
rotation system comprising four cultivation periods over three years (wheat–soybean–rice–rice), the sum of CO2eq emissions (Mg 
CO2eq ha-1 year-1) of the CH4, N2O can be reduced by 75%, while paddy rice, wheat, and soybean yields remained stable.

Additionally, by prolonging the midsummer drainage period in paddy rice fields and by using controlled release fertilizer in 
wheat–soybean fields, total CO2eq emissions were reduced by 84%. Furthermore, by the additional use of controlled release 
fertilizers with reduced application rates in soybean fields, which have higher N2O emissions but unstable reduction effects 
compared to wheat fields, total CO2eq emissions can be reduced by 85%.

Moreover, considering carbon consumption from the soil (CO2 release), the net greenhouse gas balances in the continuous and 
paddy-upland fields were estimated, respectively, as 751 and 238 g CO2 m 2 year 1, suggesting reduction in the paddy-upland 
system. The study results revealed further reduction of greenhouse gas emissions by the application of the mitigation strategies of 
controlled release N fertilizers and reduced fertilizer application rates from soybean fields converted from rice paddies: a 
reduction effect of +168 g CO2eq m-2 year-1 (78% reduction) was estimated.
In conclusion, these research results are expected to be extremely useful for "climate-smart" soil management of paddy field 
agriculture in many regions, including monsoon Asia.





 

 

 


