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70 80 kg ha-1

7

1985 2010

1973 Subedi and Ma, 2005

1993

2000

Coque and Gallais, 2007; Haegele et al., 2013

2008

2009 2013

2017

2001

2004

2001

Sunaga et 

al., 2015

1967 1973 1985

2010

40

60 % 40 70 % 10 20 %

1976

arbuscular mycorrhizal fungi; AM

Miller, 2000; 2009

AM

Jakobsen et al., 1992; Sawers 

et al. , 2017

Sato et al., 2015

Yao et al., 2001; Tawaraya 

et al., 2006 AM

AM

VA

1994

 L.

AM

Tawaraya et al., 2001; Tawaraya et al., 

2012; Sato et al., 2018

AM

Glycine 

max (L.) Merr.

AM

Arihara 

and Karasawa, 2000; 2003 2004

Oka et al., 2010

 L.

AM

Deguchi 

et al., 2007; Deguchi et al., 2017

AM

Plenchette et al., 1983; Arihara and Karasawa, 

2000

AM Karasawa 

et al., 2000 2004 Isobe 

et al., 2008 Karasawa et al., 2001

AM

Oehl et al., 

2010 AM

2008 2009

2010 1
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2016 b

2001

1996 Harada et al., 2000

2005

2010

2005

2008 2009 2010

2006

 L.

 (Willd.) Ohwi&Ohashi

 L.

 L. 4

2000

Komiyama 

et al., 2014 60 100 %

2006

1979

Sunaga et 

al., 2015

AM



2001

Stanford, 1973; Sela et al., 2017

1980

120 170 kg ha-1 80 100 kg ha-1

4 7

1985

2010

Coque and Gallais, 2007; Haegele et al., 

2013

3

A C B D

-1

2013 2016 A B

2014 C D 2015

2013

6 9

1,873 480

561 mm 2,035

623 381 mm

A C

B D

1995

-1 0 20 cm
pH

H2O
mg kg-1 g kg-1

2013 6.0 53 131 95 16 115
2014 5.8 23 81 73 14 101
2015 6.1 36 66 80 14 109
2016 6.0 48 85 63 9 114
2013 6.4 731 566 27 66
2014 6.1 207 339 53 10 117
2015 5.9 109 480 43 7 78
2016 6.0 118 383 35 5 66

A 2014 5.9 123 194 86 19 83
B 2014 5.8 96 341 103 24 126
C 2015 6.2 205 186 101 17 94
D 2015 6.2 54 202 89 32 128

A C B
D

P2O5 K2O

153



-1

2018

KD418

KD418

RM 2005 78

90 75,000 86,000

ha-1 72 cm 88,000 95,000

ha-1 75 cm

5

6 9 10

1

2 2 1

N 0

40 80 100 kg ha-1 0 60

80 100 kg ha-1 2013

2

2010 130 170 kg ha-1

1

0 kg ha-1 4

2010

P2O5 K2O MgO

200 200 40 kg ha-1

1 12 35 m2 3

5

3 5

0 20 cm 2 mm

4 mm

4

pH H2O 1 2.5

1 mol L-1

1997

SUMIGRAPH, NC-

220F 1.724

1997

10 v/w 10 % w/

v

FOSS, FIA star 5000 Analyzer

30

4

2012

30 %

1981

20 35 %

3 4 12

16 15 cm

IHI SCH2110

3 4

5 7 70

Mg ha-1

1980

kg-N ha-1

100

%



Tukey-Kramer

100

JMP12 SAS 

Institute Japan 5 %

1

-2

D

-2

-2

80 kg ha-1

80 100 kg ha-1 60 kg ha-1

10 %

80 100 kg ha-1

-2

80 100 kg ha-1

-1

59 65 %

112 134 %

-1

111 209 kg ha-1

-3

0 46 %

-3

2

40 60 kg ha-1

-4 A

100 kg ha-1 2

-2 1

kg ha-1 Mg ha-1

2013 2014 2015 2016
0 8.8 71 b 8.3 66 c 11.0 80 c 3.7 56 c 7.9 68 c
40 11.4 93 b 10.6 85 bc 13.1 95 b 6.4 97 b 10.4 92 b
80 14.4 117 a 15.2 122 ab 15.5 113 a 7.9 120 a 13.3 118 a
100 14.5 118 a 15.8 127 a 15.5 112 a 8.4 127 a 13.5 121 a

12.3 100 12.5 100 13.8 100 6.6 100 11.3 100
2013 2014 2015 2016

0 11.7 62 b 15.1 70 b 15.0 78 b 12.7 62 b 14.2 70 b
60 19.7 104 a 20.7 97 a 19.5 101 a 21.7 106 a 20.6 101 a
80 22.2 117 a 25.4 118 a 21.2 110 a 23.3 113 a 23.3 114 a
100 22.1 117 a 24.6 115 a 21.4 111 a 24.6 120 a 23.5 115 a

19.0 100 21.4 100 19.3 100 20.6 100 20.4 100
2014 A 2014 B 2015 C 2015

0 14.3 92 b 13.2 89 b 15.4 90 c 14.9 96 a
40 15.9 102 ab 12.9 87 b 16.5 96 bc 15.4 99 a
80 16.2 105 a 16.5 111 a 17.5 102 ab 16.6 107 a
100 15.6 101 ab 16.7 113 a 19.4 113 a 15.3 98 a

2013 40 kg ha-1

4 100
2013 2016 2014 2016

Tukey-Kramer,  p<0.05
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-3 1

kg ha-1
2014 A 2014 B 2015 C 2015 D

kg ha-1

0 140    93 a 119    87 b 173    92 b 164    93 a
40 153 102 a 111    81 b 180    96 b 176 100 a
80 151 101 a 151 111 ab 189 101 ab 189 107 a
100 156 104 a 165 121 a 209 112 a 177 100 a

%
40 31 0 17 30
80 14 40 20 31
100 16 46 37 13

4 100
B 40 kg ha-1 0 kg ha-1

0 %
Tukey- Kramer,  p<0.05

-1 1

2013 2016 2014 2016

Tukey-Kramer, p<0.05

0

20

40

60

80

100

120

140

160

0

50

100

150

200

250

%

kg
 h

a-1

c b a a
c b a a(64) (89) (118) (129) (54)

(99)
(122)

(125)

40 80 100
0 0 0

0
0

60 80 100
0 0 0

0
0

40 80 1000 60 80 1000

kg ha-1

-2

145 207 kg 

ha-1

-5

4 29 %

-5



-4 2

kg ha-1 Mg ha-1

2013 130 2014 130 2015 150 2016 130
40 12.9 89 b 16.0 94 a 13.7 92 b 8.6 98 a 12.5 93 b
80 15.1 104 a 17.3 102 a 15.2 102 ab 8.7 99 a 13.7 102 a
100 15.6 107 a 17.4 103 a 15.9 106 a 9.1 103 a 14.0 105 a

14.5 100 16.9 100 14.9 100 8.8 100 13.4 100
2013 170 2014 150 2015 150 2016 150

60 23.9 97 a 24.8 99 a 21.2 97 a 24.1 96 a 23.4 97 b
80 25.2 102 a 25.7 102 a 21.6 98 a 25.0 100 a 24.1 100 ab
100 24.7 101 a 24.9 99 a 23.0 105 a 26.3 105 a 24.7 103 a

24.6 100 25.1 100 21.9 100 25.2 100 24.1 100
2014 A 130 2014 B 130 2015 C 150 2015 D 150

40 17.2 102 a 14.9 93 a 17.1 95 a 14.8 91 b
80 17.4 104 a 16.8 105 a 18.7 104 a 18.0 111 a
100 15.7 94 b 16.2 101 a 18.2 101 a 15.9 98 ab

2013 40 kg ha-1

kg ha-1

3 100
2015 3 2014 2016 3

Tukey-Kramer  p<0.05

-5 2

kg ha-1
2014 A

130
2014 B

130
2015 C

150
2015 D

150
kg ha-1

40 166 105 a 147    97 a 182    93 a 174    91 b
80 164 104 a 155 102 a 202 103 a 207 109 a
100 145    92 a 155 102 a 204 104 a 189 100 ab

%
40 20 22 6 6
80 18 28 20 29
100 4 28 21 17

4 100
kg ha-1

Tukey-Kramer,  p<0.05
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1980 2016

6 9

238 80

0 kg ha-1

30 %

15 Mg ha-1 18 

Mg ha-1 2010

100 %

Peng et al., 2010

1

80 kg ha-1

1

80 100 kg ha-1

100 kg ha-1

1985

1993 2010

80 kg ha-1

100 kg ha-1

100 kg ha-1

80 kg ha-1

100 kg ha-1

2

1

-2 2

2015 3 2014 2016 3

Tukey-Kramer, p<0.05

0

20

40

60

80

100

120

0

50

100

150

200

250

300

%

kg
 h

a-1

a a a

a a a

(96) (100) (103)

(95) (98) (107)

40 80 100
90 50 30

60 80 100
90 70 50

130 130 130 150 150 150

kg ha-1



1973

Subedi and Ma, 2005

7

2017a

80 100 kg ha-1

100 kg ha-1

80 kg ha-1

100 kg ha-1

80 kg ha-1

Haegele et al. 2013

Coque and Gallais 2007

2010

80 100 kg ha-1

K1 18 O1 13 -6

K2, 6, 9, 12 O1, 5, 8, 13

1995

-6

2018

KD418

39H32 KD380

90 90 FD30-66

RM 2005

78 O2

RM80 85 90

74,000 86,000 ha-1

72 cm 68,000 95,000 ha-1

75 cm

5

6 9 10

80

170 kg ha-1 100 190 kg 

ha-1 3 6 -6

80 100 kg ha-1

4 5

-6 K14 18

2010

P2O5 K2O MgO

200 200 40 kg ha- 1

1 12 35 m2 3

5

0

20 cm

153



-6

mg kg-1 g kg-1 kg ha-1 Mg ha-1 kg ha-1 g kg-1

2013 K1 86 23 81 0, 80, 110, 130, 150, 170 11.6 12.8 114 128 9.7 10.5
K2 98 16 115 0, 80, 110, 130, 150, 170 12.6 15.1 117 134 8.5 9.3
K3 127 32 121 0, 80, 110, 130, 150, 170 13.2 14.1 132 143 9.7 10.5
K4 211 45 123 0, 80, 110, 130, 150, 170 11.6 12.8 124 138 10.3 11.1

2014 K5 125 19 83 0, 80, 110, 130, 150, 170 16.2 18.2 151 181 9.3 10.0
K6 80 14 101 0, 80, 110, 130, 150, 170 15.2 17.6 109 152 7.2 8.7
K7 151 24 126 0, 80, 110, 130, 150, 170 16.5 17.3 151 164 9.2 9.5

2015 K8 137 17 94 0, 80, 110, 130, 150, 170 17.5 18.7 189 209 10.8 11.4
K9 93 14 109 0, 80, 110, 130, 150, 170 15.2 16.0 159 187 10.2 11.7

K10 127 32 128 0, 80, 110, 130, 150, 170 16.6 18.3 187 224 10.9 12.2
2016 K11 76 7 60 0, 130, 160, 190 4.7 5.0 66 69 13.6 14.2

K12 91 9 114 0, 80, 130, 160 7.9 9.0 82 108 10.3 12.0
K13 159 21 158 0, 100, 130, 160 4.5 5.6 63 77 13.4 14.0

2015 K14 93 22 75 0
K15 101 14 115 0
K16 86 21 36 0

2016 K17 71 10 58 0
K18 80 19 32 0

2013 O1 66 66 0, 100, 130, 150, 170, 190 22.1 25.5 232 265 10.1 10.5
O2 88 42 100, 130, 150, 170, 190 18.0 19.2 188 206 10.3 10.8
O3 66 42 100, 130, 150, 170, 190 15.6 18.1 153 179 9.0 9.9
O4 76 45 100, 130, 150, 170, 190 13.1 14.8 130 155 9.4 10.9

2014 O5 89 10 117 0, 100, 150, 170, 190 23.9 25.6 220 256 8.9 10.3
O6 64 7 32 100, 130, 150, 170, 190 14.6 15.7 166 192 11.3 12.3
O7 111 14 68 100, 130, 150, 170, 190 18.5 20.0 188 211 9.6 12.0

2015 O8 67 7 78 0, 100, 150, 170, 190 21.5 23.3 180 236 8.4 10.2
O9 72 11 58 100, 130, 150, 170, 190 16.0 16.7 146 182 9.0 11.3

O10 34 9 46 100, 150, 190 16.0 17.6 169 188 10.3 10.7
O11 54 6 31 100, 130, 150, 170, 190 16.0 18.0 162 196 10.1 11.0
O12 75 39 34 100, 150, 190 18.1 18.6 210 214 11.3 11.7

2016 O13 66 5 66 0, 100, 150, 190, 210, 250, 280 24.6 27.2 193 258 7.9 10.4
80 100 kg ha-1 4 5

2010 10

v/w

105 60

2012

Mg 

ha-1 kg-N ha-1

g kg-1

100

%

2017



Games-Howell

3 5

100

1975

2010

Microsoft Excel 

2007 Microsoft JMP12 SAS Institute Japan

5 %

2017 -7 2017

2005

3

80 kg ha-1

80 100 kg ha-1

2017

-7 1 23 36 m2

3 4

95,000 ha-1 90,000 ha-1

RM 85

2017

6 9

1,933 1,995

1,873 518 1,334 mm 561 

mm 2,051 2,186 2,035

325 763 mm 381 mm 2,296

2,419 2,209 452 634 mm 440 

mm 2,022 2,380 2,083

315 597 mm 493 mm

-6

-7

25 211 mg kg-1 4 45 mg kg-1

-6

-7

3

-8

2010

30 

13.5 16.5, 

16.5 19.5, 18.0 21.0, 15.0 19.5 Mg ha-1

K11, 12, 13

O1, 5, 8, 13, T2, 5, 10

-6 -7

2016

6.2 14.2 g kg-1

-6 -7

2008 2009 2000 2010

1993 9.1

13.4 g kg-1

3

153



-7

mg kg-1 g kg-1 kg ha-1 Mg ha-1 kg ha-1 g kg-1

2010 D1 25 7 20 0, 80, 120, 160, 200 14.3 19.1 123 216 8.9 11.6
D2 55 8 73 0, 80, 120, 160, 200 14.9 19.9 114 196 7.8 10.1
D3 88 6 116 0, 80, 120, 160, 200 16.9 21.9 149 242 9.0 11.5

2011 D4 28 4 18 0, 80, 120, 160, 200 13.2 19.0 93 178 7.3 9.6
D5 39 6 26 0, 80, 120, 160, 200 14.9 17.7 104 185 7.2 10.8
D6 53 7 68 0, 80, 120, 160, 200 18.2 20.6 147 223 8.2 11.4
D7 87 8 111 0, 80, 120, 160, 200 18.7 21.6 142 216 7.9 10.7

2012 D8 36 5 19 0, 120, 160, 200, 240 14.6 19.1 121 201 8.3 11.0
D9 46 7 55 0, 120, 160, 200, 240 17.8 21.1 150 208 8.4 10.7

D10 52 14 26 0, 120, 160, 200, 240 18.9 21.8 228 255 11.6 12.4
D11 86 10 101 0, 120, 160, 200, 240 18.7 22.2 189 274 10.1 12.3

2013 D12 30 6 24 0, 120, 160, 200, 240 18.0 20.1 154 199 8.6 10.2
D13 50 4 21 0, 120, 160, 200, 240 16.8 18.9 141 183 8.4 9.7
D14 51 5 50 0, 120, 160, 200, 240 16.9 21.0 112 184 6.6 8.8
D15 66 6 56 0, 120, 160, 200, 240 17.9 21.0 139 193 7.7 9.3

2009 T1 45 37 0, 80, 120, 160, 200 14.8 16.9 117 184 7.9 10.9
2010 T2 34 40 0, 80, 120, 160, 200, 250, 300 15.9 24.8 109 238 6.7 9.6
2011 T3 40 9 47 0, 80, 120, 160, 200, 250, 300 15.9 18.7 142 208 8.9 11.2
2012 T4 39 16 36 0, 80, 120, 160, 200, 240 15.5 19.9 96 176 6.2 8.9

T5 46 17 59 0, 160, 200, 240 21.4 23.2 194 221 8.9 9.5
2013 T6 35 20 39 0, 120, 160, 200 14.6 17.7 124 170 8.5 9.6

T7 68 18 51 0, 120, 160, 200 19.6 20.1 182 212 9.3 10.6
T8 53 15 162 0, 80, 120, 160, 200 13.1 13.8 128 162 9.8 11.8
T9 25 30 32 0, 120, 160, 200 13.8 14.9 117 150 8.5 10.3

2010 T10 53 140, 180, 220 20.2 22.8 210 260 10.4 11.4
2011 T11 53 44 140, 180, 220 17.6 20.2 156 204 8.9 10.1

O10 34 9 46 100, 150, 190 16.0 17.6 169 188 10.3 10.7
O11 54 6 31 100, 130, 150, 170, 190 16.0 18.0 162 196 10.1 11.0
O12 75 39 34 100, 150, 190 18.1 18.6 210 214 11.3 11.7

2017
80 100 kg ha-1 4 5 D5, 9, 

14 60 70 kg ha-1

-8

mg kg-1 mg kg-1 Mg ha-1 kg ha-1 g kg-1 %
111±36 a 20±9 a 13.9±4.7 b 145±46 b 10.8±1.7 a 32.9±17.1 c
71±18 b 12±10 ab 20.0±4.1 a 210±33 a 10.6±0.8 a 87.0±6.2 a
53±21 bc 7±3 b 20.2±1.3 a 211±31 a 10.4±1.1 a 82.2±17.8 a
45±12 c 18±6 a 19.4±3.4 a 194±34 a 10.1±1.1 a 63.3±6.5 b

±
80 100 kg ha-1 ±

n 13 4 12 9
Games-Howell, p<0.05



-8

3

-6

10.1 10.8 g kg-1

-8

4

3

6 8 3

2017

1980

2013

-8

2012

2010

-3

129.27, 72.87

131.40, 82.50

130 mg kg-1

r

0.80, p<0.001 r = 0.70, p = 0.003

p = 0.49

p = 

0.87

p = 0.70

2008

2009 2010

130 

mg kg-1

130 mg kg- 1

130 mg 

kg-1 4 K4, 7, 8, 13

153



Ya

Xa1 Xa2

A

-9

Ya = 0.51 Xa1 0.26 Xa2 79.51 A

A

p<0.001 R2 0.28

-4 A

Ya Ya

r 

= 0.74 p<0.001 Ya

1

2 3

B -9

 = 0.39 1 0.43 2 7.41 3 51.79 B

B R2 0.70 B

A -4

Liang 

and MacKenzie, 1994; Peng et al., 2010

B

Yc

C R2 = 0.83 p<0.001 -5

-3

n = 23 n = 23
100

Y = Min 0.52 X 5.72, 72.87 129.27, 72.87 RMSE = 11.41 R2 = 0.74
 Min Y = 0.64 X 1.51, 82.50 131.40, 82.50 RMSE = 17.41 R2 = 0.56

0

20

40

60

80

100

0 50 100 150 200 250
mg kg-1



Yc = 0.095 1.070 C

C Yc 3 Yc 

 3 C C

3 = 0.095 1.070 C

B C

2 3

1

10 130 mg kg-1

2010

13 22 Mg ha-1

30 %

2 68 274 kg 

ha-1

22 Mg ha-1 C

216 kg ha-1

2

K5, 7, 8, 

10 127 151 mg kg-1

80 kg ha-1

130 mg kg-1

50

100

150

200

250

300

50 100 150 200 250 300
kg

 h
a-1

Yb kg ha -1

Y = X

50

100

150

200

250

300

50 100 150 200 250 300

kg
 h

a-1

Ya kg ha-1

Y = X

87.32=ESMR10.73=ESMR

kg ha-1

Ya Yb

-4

n = 41 n = 60 n = 48 n = 43
-4 -5 130 mg kg-1 K4, 7, 8, 13 80 kg ha-1

D5, 9, 14 -5

-9
t p R2 RMSE

A            Xa1 0.51 0.55 8.67 <.0001 0.28 37.01
   Xa2 0.26 0.16 2.57 0.01

79.51 6.15 <.0001
B            1 0.39 0.41 9.94 <.0001 0.70 23.78

   2 0.43 0.27 6.50 <.0001
           3 7.41 0.68 16.43 <.0001

-51.79 -4.49 <.0001
R2 RMSE

153



80 kg ha-1

-10

-10

-6 -7

2010

2017

2017

200 

0

5

10

15

20

25

30

0 50 100 150 200 250 300

M
g 

ha
-1

, Y
c

kg ha-1 Yb

-5

n = 41 n = 60 n = 48 n = 43
Yc = 0.095  + 1.070, R2 = 0.83, p<0.001

-10
  

Mg ha-1 kg ha-1
mg kg-1

40 50 60 70 80 90 100
13 130 170 160 150 130 120 110 100
14 140 180 160 150 140 130 120 110
15 150 180 170 160 150 140 130 120
16 160 190 180 170 160 150 140 130
17 170 200 190 180 170 160 140 130
18 180 210 200 190 180 160 150 140
19 190 220 210 190 180 170 160 150
20 200 220 210 200 190 180 170 160
21 210 * 220 210 200 190 180 170
22 220 * * 220 210 200 190 170

* 220 kg-1 220 kg ha-1



kg ha-1 2017

10 20 kg ha-1

2017

180 

kg ha-1 50 kg ha-1

2017

70 mg kg-1

1971

80 100 kg ha-1

80 kg ha-1

2

153



N P2O5 K2O

130 190, 160 200, 80 140 kg ha-1

2010

300 kg-P2O5 ha-1

10 30 % 1976

69 kg-P2O5 

ha-1 1979

AM

AM

2004

AM

2

AM

3

AM

AM

A, B

A, B, C, D

6

1995

A 2009 B A 2010

B, C, D 2011

AM

 L. A, B

 L. A, B, C, D -1

A B

A, B, C, D

2010 2010

2004 N

P2O5 K2O MgO

120 216 132 60 kg ha-1

2

15 cm

-1

2018

A 1

2008

B A

B, C, D

A, B

A, B, C, D 2011

99,200 ha-1 56 

cm

5 6 9 10

0 300 

kg-P2O5 ha-1 4 6

2010

N K2O

MgO 130 140 40 kg ha-1

D

80 kg ha-1 50 kg ha-1



5

1 A B 30 m2

A, B, C D 25 m2 3 4

3

4 0 20 cm

pH(H2O)

1997

2 mm

2006 AM

50 %

7

41 55 7 9

23 36 %

8

15 20

15 cm

70 3

5

g -1 Mg ha-1

AM

1980

2010 mg-P
-1

2006 AM

5 mm

10 % w/v

2 % v/v

0.05 % w/v

AM

AM

100 150

-1 AM 0 20 cm
pH

H2O
AM

mg kg-1 mg 100g-1  10g-1

2009 A 5.9 63 312 259 1,770 1,650 100
6.4 118 300 331 3,425 1,560 93

t 2 ** ** ns ns ** ns ns
2010 B 5.8 96 199 360 1,782 1,630 85

6.2 93 182 272 2,621 1,570 75
t ns ns ns ns ns * ns

A 5.8 45 92 113 1,305 1,590 194
5.7 50 114 91 1,188 1,610 80

t ns ns ns ns ns ns *
2011 B 6.5 86 184 345 3,068 1,590 85

6.6 94 241 375 3,344 1,630 75
t ns ns ns ns ns ns ns

C 6.2 249 160 283 2,180 1,550 97
6.2 193 172 285 2,250

t ns ns ns ns ns
D 6.5 107 185 344 3,145

6.5 88 199 311 2,967
t ns ns ns ns ns

P2O5, K2O, MgO CaO
** * 1 % 5 % ns 5 %

n A A 4 3

153



AM t

AM

Tukey-Kramer

JMP5.1 SAS 

Institute Japan 5 %

C

100 300 mg-P2O5 kg-1 2010

5

-1 A

p<0.01

5

A pH(H2O)

CaO

p<0.01

B

p<0.05

AM A

p<0.05 5

-1

AM

1987 AM

42 95 % 15 70 %

p<0.01 -2

D

AM 42

72 % 15 29 %

AM

AM

-2

-2 6 7

214 74

2009 A 1

0.9 1.8 g

2010 120 B

A 6.2 17.7 g

p<0.01

-2 B A

B D

p<0.01

71 85 %

43 60 %

5 %

A

p<0.01 -2

p<0.01

D p<0.01 5 %

A B A

p<0.01 -2

C p<0.01 B A D

p<0.05

5 %

-2



-2 AM

kg-P2O5 ha-1 kg ha-1
AM

% g -1 %, P
NH H NH H NH H NH H

2009 A 0 68 83 1.0 1.7 59 0.31 0.40 8.0 12.4 64
100 66 87 0.9 1.7 55 0.29 0.39 9.1 11.4 80
150 65 87 1.1 1.6 71 0.28 0.39 8.7 11.8 74
200 62 86 1.4 1.8 76 0.33 0.41 9.4 11.6 82

** ** ** **
ns ns ns ns
ns ns ns ns

2010 B 0 67 95   6.2 b 15.0 b 41 0.28 ab 0.31   9.2 b 13.3 69
160 70 87   9.6 ab 17.5 ab 55 0.26 b 0.33 10.7 ab 14.0 76
200 65 92 10.3 ab 16.9 ab 61 0.29 a 0.31 11.7 ab 14.1 83
240 63 84   9.9 ab 16.8 a 59 0.27 ab 0.31 11.8 ab 14.1 84
30 64 87 12.1 a 17.7 a 68 0.29 a 0.32 13.1 a 14.6 90

** ** ** **
ns ** ns *
ns ns ns ns

A 0 43 58   6.2 c 11.5 54 0.31 0.30 12.7 b 14.4 88
160 38 58   8.1 bc 14.1 58 0.31 0.30 13.3 ab 15.6 86
200 47 64   9.8 ab 15.0 65 0.31 0.30 14.4 ab 15.6 93
240 49 58   9.5 ab 15.7 60 0.29 0.31 14.1 ab 16.1 87
300 41 64 10.4 a 15.5 67 0.28 0.30 14.8 a 16.0 92

** ** ns **
ns ** ns *
ns ns ns ns

2011 B 0 54 72 2.3 4.2 54 0.39 0.51 13.0 13.9 93
120 47 68 3.2 5.3 59 0.40 0.52 12.9 14.4 90
160 42 77 2.5 4.9 51 0.38 0.52 14.0 14.1 99
200 50 68 4.2 5.1 82 0.48 0.53 14.4 14.2 101
240 64 71 4.1 5.3 76 0.49 0.51 13.9 14.4 97
300 57 72 4.3 5.3 81 0.43 0.50 13.8 14.4 95

** ** ** ns
ns ** ns ns
ns ns ns ns

C 0 45 68 5.0 7.1 71 0.42 0.57 13.8 b 15.0 92
80 44 75 5.0 7.2 69 0.42 0.55 14.5 ab 14.5 100

120 46 64 6.6 8.2 81 0.51 0.55 14.4 ab 15.1 96
160 36 72 7.4 8.1 92 0.44 0.51 15.7 ab 15.2 103
200 43 64 6.9 7.3 94 0.43 0.50 14.7 ab 14.9 99
240 35 64 7.6 7.9 96 0.47 0.57 16.0 a 15.7 102

** ** ** ns
ns ns ns **
ns ns ns ns

D 0 18 62   2.4 c   4.1 b 59 0.33 c 0.45 c 14.6 15.3 95
120 15 72   3.9 bc   5.4 ab 72 0.43 bc 0.50 bc 17.1 16.5 103
160 21 42   4.8 ab   5.5 ab 88 0.47 ab 0.54 abc 16.6 16.2 103
200 28 50   5.5 ab   6.3 a 88 0.54 a 0.59 ab 16.8 16.8 100
240 29 59   5.9 a   5.9 ab 100 0.54 a 0.55 ab 17.0 16.6 102
300 19 51   5.6 ab   5.8 ab 96 0.53 a 0.60 a 16.9 17.3 98

** ** ** ns
ns ** ** *
ns ns ns ns

NH H
H NH %

** * 1 % 5 % ns 5 %
Tukey-Kramer, p<0.05
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5 10

AM

Arihara and Karasawa, 2000 2004 Oka et al., 

2010

2,424 3,117 792 550 

mm 798 1,034

AM 15

1988 AM

Karasawa et al., 2000

AM

AM

Karasawa et al., 2012 AM

Oehl et al., 2010 AM

AM

Grey, 1991

2003

AM

AM

AM

AM

AM

Arihara and Karasawa, 

2000; 2003 2004 Oka et al., 

2010 AM

AM

AM

63 mg-P2O5 kg-1

118 mg-P2O5 kg-1

A

AM

AM

AM

A 5

p<0.05

2003 2004

AM AM

Klironomos and Hart, 2002 AM

AM Evans and 

Miller, 1990 AM Tommerup 

and Abott, 1981

AM

AM

AM AM

AM

AM

AM

-2

2010

mg- P2O5 kg-1 50 50 100 100

300 300 600 600 5

200 kg-

P2O5 ha-1 150 130 100 80 60 %

2010 2010

100

-1 0 40 75 75

100 100 B A B

C D



5

p<0.05

40 %

p<0.05 AM

AM

2001

1990

1979

AM

1993 4

AM

AM

AM

AM

AM

Miller, 2000

2007

2004 AM

AM

0

20

40

60

80

100

0

20

40

60

80

100

c

b

a

A

B

AA

a
b

a aA
B AAB a

-1

B A, B, C D
100

Tukey-Kramer, p<0.05
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2012 A, B C 2013

D, E, F, G, H, I J

2 9

-3

A

F B, C, G, H, I J

D E

-3 A D E F

6

1995

mg-P2O5 kg-1

J 426 2010

2010 100

300 9 101 168

-3

mg-P2O5 100 g-1

910 1,190 1,710 2,010

pH

pH 5.5 6.5 150

300 mg-K2O kg-1 250 450 mg-MgO 

kg-1 1,000 3,500 

mg-CaO kg-1

2012 2013

2018 82,000

83,000 ha-1 75 cm 2012 72 cm 2013

5 6 9 10

6 9

2012 2,026

363 mm 2013 1,973 518 mm

1873 561 mm

0 300 kg-P2O5 ha-1

4 6

-4

2010

N K2O MgO

80, 140, 40 kg ha-1

-3
pH

H2O
P mg kg-1 mg 100g-1

2012 A 3 PH,RH 6.2 131 139 125 1,036 910
B 6 PH,RH 6.4 168 560 536 3,399 2,010
C 9 PH,RH 6.2 151 348 329 2,458 1,950

2013 D 5 DH,RH 5.7 153 197 97 895 1,160
E 5 DH,RH 5.7 149 194 99 939 1,190
F 4 PH,RH 5.7 139 234 187 1,165 1,050
G 2 RH 5.8 102 256 247 1,525 1,830
H 2 RH 5.9 101 279 235 1,506 1,820
I 9 RH 6.1 142 334 337 2,315 1,920
J 4 RH 6.8 426 667 866 4,767 1,710

P PH RH
DH

P2O5, K2O, MgO CaO
kg-P2O5 ha-1 J 160 9 200

2010



4 50 kg-N ha-1

2010

kg-P2O5 ha-1

J 160

9

200 -3

1 75 m2 2012 46 

m2 2013 3

3 0 20 cm

7

38 48 6 9

20 30 %

8 2 ×4

AM

6 ×4

24 2012 4 ×3 12 2013

15 cm

Mg ha-1

Tukey-Kramer

3

100

100

Dunnett

5 %

Nelson et al., 1985 2012

JMP12 SAS 

Institute Japan

AM 2012 9 32 %

2013 21 60 %

-4

2012 38 39 0.5 1.7 g
-1 2013 46 48 3.5 32.2 g -1

-4

C I 8

24 86

-4 38 86

67 24 55

39

0.2 0.5 %

-4

A E F

C G

C I J

7

33 79 57

21 50 38

10.1

16.2 Mg ha-1 10 12.7 Mg ha-1

30 %

45 50 Mg ha-1 13.5

15.0 Mg ha-1 2010

B C I 7

62

95 91 104

24 86 71 119

153



-4 AM

1AM 1 1

kg-P2O5 ha-1 % g -1 %, P mg-P -1 Mg ha-1

2012

A

0 0 0 15   0.5 c 46 0.19 b     1.0 b 26   6.7 b 62
80 0 80 12   0.8 bc 71 0.33 a     2.7 a 70 10.3 a 96
80 80 160 20   0.9 ab 80 0.34 a     3.2 a 80 10.4 a 97
80 120 200 14   1.2 a 100 0.34 a     3.9 a 100 10.7 a 100
80 160 240 12   0.9 ab 78 0.32 a     2.9 a 74 10.2 a 95
80 220 300 9   1.1 ab 95 0.37 a     4.1 a 103 10.9 a 102

B

0 0 0 26   1.2 b 80 0.35     4.2 b 62 14.8 91
80 0 80 26   1.4 ab 98 0.43     6.3 ab 94 16.1 99
80 80 160 25   1.4 ab 97 0.43     6.3 ab 93 16.2 100
80 120 200 32   1.5 ab 100 0.46     6.7 ab 100 16.2 100
80 160 240 24   1.6 ab 106 0.45     7.1 ab 105 16.3 100
80 220 300 25   1.7 a 114 0.45     7.6 a 113 16.1 99

C

0 0 0 19   0.7 73 0.29 b     1.9 60 14.1 95
80 0 80 20   1.0 110 0.35 ab     3.4 109 15.4 104
80 40 120 19   0.9 105 0.36 ab     3.4 109 14.7 99
80 80 160 15   1.1 119 0.38 a     4.0 128 14.1 95
80 120 200 18   0.9 100 0.35 ab     3.1 100 14.8 100

2013

D

0 0 0 36   4.0 b 29 0.24     9.7 b 26   8.6 b 75
50 0 50 34   9.6 ab 71 0.28   26.9 ab 72 11.0 a 95
50 50 100 34 12.1 a 89 0.28   34.4 a 92 10.6 ab 91
50 100 150 32 12.2 a 90 0.27   32.7 a 87 10.9 a 94
50 150 200 38 13.6 a 100 0.27   37.5 a 100 11.6 a 100

E

0 0 0 43   9.3 b 55 0.27 b   25.3 b 50   9.5 b 79
50 0 50 46 13.4 ab 80 0.29 ab   39.5 ab 79 11.9 a 99
50 50 100 49 16.3 a 97 0.31 a   49.8 a 99 11.9 a 100
50 100 150 47 14.6 ab 87 0.29 ab   41.8 ab 83 11.6 a 96
50 150 200 33 16.8 a 100 0.30 ab   50.1 a 100 12.0 a 100

F

0 0 0 34   3.5 c 24 0.24 b     8.3 c 21   7.1 b 70
80 20 100 45 10.4 b 71 0.29 a   30.2 b 75   9.6 a 95
80 80 160 31 13.1 a 89 0.28 a   36.9 ab 91   9.0 a 90
80 120 200 37 14.7 a 100 0.28 ab   40.5 a 100 10.1 a 100

G

0 0 0 38   3.8 b 38 0.25 b     9.4 b 33 10.3 b 77
50 0 50 33   8.4 a 86 0.30 a   24.9 a 88 12.5 a 93
50 50 100 35   9.8 a 100 0.30 a   28.9 a 103 12.6 a 95
50 100 150 34   9.1 a 93 0.29 a   26.7 a 95 12.3 a 92
50 150 200 38   9.8 a 100 0.29 a   28.2 a 100 13.4 a 100

H

0 0 0 60   4.5 b 48 0.29   13.3 b 49 10.2 b 82
50 0 50 45   7.5 ab 81 0.30   22.4 a 83 11.4 ab 92
50 50 100 43   9.2 a 99 0.30   27.3 a 100 12.5 a 100
50 100 150 35   9.4 a 100 0.30   28.1 a 103 12.3 ab 99
50 150 200 40   9.3 a 100 0.29   27.1 a 100 12.4 a 100

I

0 0 0 57   7.8 74 0.31   24.3 79 10.6 79
80 20 100 42 10.8 101 0.30   32.6 106 12.3 93
80 80 160 37 11.8 111 0.31   36.5 118 12.4 93
80 120 200 35 10.6 100 0.29   30.9 100 13.3 100

J

0 0 0 31 25.5 b 86 0.34   86.9 89 11.3 b 90
80 0 80 27 30.1 ab 102 0.35 105.2 107 12.8 a 102
80 40 120 21 32.2 a 109 0.33 107.8 110 11.9 ab 95
80 80 160 26 29.5 ab 100 0.33   97.9 100 12.5 ab 100

J 160 kg-P2O5 ha-1 9 200 kg-P2O5 ha-1 100

Tukey-Kramer, 
p<0.05



-4

AM

AM

Arihara 

and Karasawa, 2000 2004 2007

102

426 mg-P2O5 kg-1

25 150 %

90

92 104

71 119

1985

6

Barry and Miller, 

1989

1971

2012 2013

6 9

-2

100
** 100

Dunnett, p<0.01 n.s. p>0.05

0

20

40

60

80

100

120

**

** ** ** n.s.

15 12 18 27 31 46
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-2

90

100

90

2010

-3 4 6

3

Y 38.38 8.89 X1/2 0.35 X R2 = 0.82

Y 66.32 6.45 X1/2 0.26 X R2 = 0.68

Y X

90

80.0 20.2

20 % 80 %

Treseder 2013 AM

AM

AM

2

-3

100
2010

n = 3 Y 38.38
8.89 X1/2 0.35 X R2 = 0.82 4 n = 20 Y 66.32 6.45 X1/2 0.26 X R2 = 0.68 6

n = 29

0

20

40

60

80

100

120

0 20 40 60 80 100 120 140
%

80.0 , 90.0

20.2 , 90.0



AM

4 32 % 6 33 %

AM

AM

Yao et al., 

2001 AM

Jakobsen et al., 1992; Sawers et al., 2017

AM

AM 15

70 %

AM

2010 2011

AM

-4

Y 15.19 0.14 X1 0.59 X2

Y X1

X2 AM

R2 0.35

RMSE 18.22

AM

p<0.05

AM

0.51 0.58

AM

AM

20 % 80 %

AM

Arihara and Karasawa, 2000; 

2003 2004 Oka et al., 2010

-4

100
1 1

Y = 15.19 0.14 X1 0.59 X2 R2 = 0.35, p < 0.05, RMSE = 18.22 X1

X2 AM
2010 2011 2012 2013

0

20

40

60

80

100

0 20 40 60 80 100

153



2015 AM

20 % 80 %

AM AM

AM

AM

AM

AM

AM

AM

20 %



2008  

2009 2010

2010

0.2 0.4 1.0

2

3

-1

g kg-1

C/N 89.5 5.5 16.3

29.7 2.7 10.9

97 % 52   

% 2

1980

10 % w/v

105 24

SUMIGRAPH, NC-220F

2011 2015 2013

2018

-1

45 m

5g

1995 10 cm

1

1 5

-1

C N P2O5 K2O CaO MgO NH4-N NO3-N
790 89.5 5.5 3.9 5.7 6.3 1.4 0.0 0.2
933 29.7 2.7 1.1 2.9 1.9 0.5 1.3 n.d.

770±34 5.5±0.5 3.5±0.6 8.5±2.2 4.5±1.8 1.5±0.2 0.1±0.2 0.3±0.2
936±8 2.3±0.3 0.8±0.1 3.0±0.6 1.4±0.6 0.4±0.0 1.1±0.4 n.d.

g kg-1 NH4-N NO3-N
2007 2012 6 ±

153



1 4

1998

DN e×T r

DN % e

T 0 r

-1

2007 2012 6

1995

0 20 cm pH(H2O) 6.1 P2O5

30 mg kg-1 K2O MgO

CaO 93 mg kg-1 220 mg 

kg-1 2174 mg kg-1 1680 mg- 

P2O5 100 g-1 N 133 mg kg-1

2007

2009 2010 2012

2018

RM 2005 75

99,200

ha-1 56 cm

5 1

15 cm

9 10

Mg ha-1

0 25 50 100 0

40 80 120 120 Mg ha-1

2007 160 Mg ha-1

80%

2008

120 Mg ha-1

2010

N P2O5

K2O MgO 130 200

140 40 kg ha-1

50%

2011 2012

1 2007 2010 25 

m2 5 m×5 m 2011 2012 25 m2

5 m×5 m 15 m2 3 m×5 

m 10 m2 2 m×5 m

3

2010 8 9 2011 2012

8 9 5 6

3 4

2011 2012

3 5

20 cm 0 60 cm

pH(H2O)

30 40 %

2009 25 %

2010 3 4



15 20 2011 2012

3 15

1 5

15 cm

Mg ha-1

kg-N ha-1

%

0 

Mg ha-1

100

0 Mg ha-1

kg 

ha-1 65 130

2011 2012

100

100

Tukey-Kramer

4

4 Tukey-Kramer

25 50 Mg ha-1

40 80 Mg ha-1

n = 2

Williams

1975

JMP12.1 SAS Institute 

Japan 5 %

DN, % 0 T, 

-1

DN 3.59×10-2×T 0.77 RMSE = 3.52

DN 3.10×T 0.34 RMSE = 3.53

0

2608

1 2 3 4 5 15, 26, 36, 45, 54 %

44, 56, 65, 71, 77 %

2009 9.2 Mg ha-1

14.1 15.0 Mg ha-1 -2

2007 2012

50 100 Mg ha-1

-2

2011 2012

-2

153



-2

1.8 17.4 %

-3

25 50 Mg ha-1

4 0.22 0.41

0.11

4

0.31 -2

0-60 cm

2010

100 Mg ha-1

0 50 Mg Mg ha-1

-4

0

25 Mg ha-1

50 100 Mg ha-1

-5

-1

0
DN = 3.59×10-2×T0.77 2011 2013

DN = 3.10×T0.34 2011 2013
2

0

20

40

60

80

100

0 5000 10000 15000

%

-2
Mg ha-1 kg ha-1

Mg ha-1 Mg ha-1

0 25 50 100 0 25 50 100

2007 14.1 10.9 11.7 14.0 14.7 123   98 100 117 131
2008 14.3 13.0 14.1 15.5 15.7 139 119 131 143 153
2009   9.2  a   6.1  c   6.9  bc   7.8  abc   8.6  ab 100  ab   67  c   80  bc   89  abc 105  a
2010 15.0  ab 13.3  b 15.3  ab 15.8  ab 16.5  a 128  ab 103  b 125  ab 143  ab 169  a
2011 14.7 13.4 13.3 15.4 14.8 128  ab 104  b 114  ab 137  a 140  a
2012 15.0  ab 14.3  ab 13.8  b 16.5  a 16.8  a 145  abc 121  c 126  bc 156  ab 160  a

2011 14.7  a 10.8  b 11.8  ab 13.3  ab 14.7  a 128  a 78  b   89  b 108  ab 136  a
2012 15.0  a   9.7  b 12.3  ab 14.2  a 15.0  a 145  a 82  b 106  ab 125  a 134  a

2011 2012
n = 3; Tukey-Kramer,  p<0.05



-3

Mg ha-1 Mg ha-1

25 50 100 40 80 120

2007 38.4 1.8 6.3 5.3 59.2 21.4 20.5 4.7
2008 30.3 8.4 8.4 6.0 45.2 19.9 13.8 8.4
2009 50.1 9.7 8.4 7.2 39.8 37.9 24.9 17.2
2010 38.1 16.3 14.8 12.1 14.9 9.9 3.6 9.0
2011 37.1 8.9 14.4 7.9 38.7 9.2 12.3 11.4
2012 37.0 3.7 12.4 6.9 49.4 32.6 16.9 11.5

2011 38.1 9.4 12.7 12.6 36.9 13.6 23.6 19.3
2012 48.5 17.4 15.4 9.3 49.2 34.0 25.9 21.1

2007 160 Mg ha-1

-2

2 3

 Y = Min (0.056 X 0.082, 0.306) 4.00, 0.306 RMSE = 0.10 R2 = 0.45  Y = Min (0.084 X 0.249, 0.500)
3.00, 0.500 RMSE = 0.21 R2 = 0. 15  

* 2007 Williams, p<0.05

0.0

0.2

0.4

0.6

0.8

1.0

0 1 2 3 4 5 6
0.0

0.2

0.4

0.6

0.8

1.0

0 1 2 3 4 5 6

-4

kg ha-1 kg ha-1

0 25 50 100 0 40 80 120
2007 28 28 28 28 28 27 27 27 27 27
2008 45 14 10 8 35 51 16 14 17 55
2009 47 44 42 48 57 82 50 55 56 75
2010 24 30  b 30  b 28  b 52  a 24 34  b 38  ab 35  b 53  a
2011 28 26  b 42  ab 46  ab 76  a 31 32 37 37 50
2012 32 24 32 43 48 43 28 31 40 53
2007 160 Mg ha-1

0-60 cm 20 cm kg ha-1

2007 2011 2012
Tukey-Kramer, p<0.05
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2009

8.1 Mg ha-1 13.8 17.0 Mg ha-1

-6

2007 2012

40, 80, 120 Mg ha-1 0 

Mg ha-1

2007 160 Mg ha-1

-6 2011

2012

-6

-6

2007

160 Mg ha-1 3.6 37.9 %

-3

40 80 Mg ha-1

3

0.28 0.79 0.35

3 0.5

-2

2010 120 

Mg ha-1

-4

-5

-5

Mg ha-1 Mg ha-1

0 25 50 100 0 40 80 120
2007 135 158 140 149 163 138 148 145 155 154
2008 108 132  b 146  b 151  ab 188  a 112 143 134 140 160
2009 112 137  b 141  b 167  ab 220  a 125 130 134 133 162
2010   98 115  b 120  b 147  b 197  a   98 104 105 117 112
2011   87   96  b 117  ab 149  a 150  a   85   92  b   84  b   92  b 113  a
2012   82   96  b 118  b 126  ab 180  a   96 100 111 113 111

2007 160 Mg ha-1

mg kg-1 2011 2012
Tukey-Kramer, 

p<0.05

-6
Mg ha-1 kg ha-1

Mg ha-1 Mg ha-1

0 40 80 120 0 40 80 120

2007 14.2  a 10.4  b 12.9  ab 14.6  a 11.5  ab 130  a   92  b 113  ab 133  a 111  ab
2008 17.0 14.4 15.8 16.2 14.8 167 138 154 160 158
2009   8.1  ab   5.6  b   8.4  ab   8.8  a   8.5  ab   85  ab   59  b   90  ab 100  a 102  a
2010 15.4 14.4 15.4 14.9 15.8 127  ab 118  b 127  ab 125  ab 144  a
2011 13.8  ab 12.2  c 13.0  bc 14.1  ab 14.3  a 121  ab   96  c 105  bc 120  ab 129  a
2012 13.8 12.3 14.4 15.1 14.7 134  a 102  b 136  a 138  a 138  a

2011 13.8  ab 11.2  b 12.4  ab 14.6  a 14.5  a 121  a 73  b 86  ab 119  a 130  a
2012 13.8  a 10.0  b 13.1  a 14.3  a 14.9  a 134  a 71  b 106  a 124  a 137  a

2007 160 Mg ha-1

2011 2012
n = 3; Tukey-Kramer,  p<0.05



2011 120 Mg ha-1

5 0

13,000

54 %

49 53 

% 1998

2004

2 5 77 

%

5 9 2,148 2,422

1

1.3 %

1.7 %

2009

8.1 9.2 Mg ha-1 13.8 17.0 Mg 

ha-1 14.7 Mg ha-1

30 % 13.5 

Mg ha-1 2010

2011 2000

0.20 0.40

0.35

0.11

48 % 46%

2005

C/N 16.3

13.8

2006

4

25 50 Mg ha-1

127 254 kg ha-1

40 80 Mg ha-1 49 99 

kg ha-1

0.40 0.20

2

2.42 g kg-1 2005

50 Mg ha-1 2013

120 

kg ha-1

153



4

0.31 3 0.50

RMSE

0.10 0.21

5 6

0.32 0.56

0.20 0.40

0.1 10 %

-10

10 mg kg-1

10 kg ha-1 5

6

20 80 mg kg-1

0 20 mg kg-1

20 80

0 20 kg ha-1

10 % 14

55 9 28 kg ha-1

10 %

0.30 0.50

65 kg ha-1 2009 5

15 Mg ha-1

133 mg kg-1 80 kg 

ha-1

5

2000

4

3

-2

RMSE 0.10 0.21

0.1

4

0.20 0.40

5

0.1

5

4.27 

g kg-1 2006

4.48 g kg-1 2005

50 Mg ha-1

2013

20 kg ha-1

5 0.30

0.50

2011 2012 2

1995)

-7

0 20 cm pH(H2O) 6.2

53 mg-P2O5 kg-1

147 mg-K2O kg-1 150 mg- MgO 

kg-1 2264 mg-CaO kg-1 1770 

mg-P2O5 kg-1



2011 2012

2011 2012

5 9 2282 2298

2135 5 20

7 20 840 769 778

2

P2O5 100 kg ha-1

100 kg ha-1 P100

C100 M100 S100

100 kg ha-1

200 kg ha-1 P200 C200

M200 S200 -8

C100 C200

P0

100 kg ha-1

-8

C100 C200

2010

N K2O MgO

130 140 40 kg ha-1

-8

2010

1 25 m2 5 m×5 m

2 3

2011 3 0

20 cm

-7

N P2O5 K2O CaO MgO NH4-N NO3-N
2011 807 4.6 3.5 6.4 4.5 1.3 0.0 0.2
2012 793 5.6 4.0 6.9 5.8 1.7 0.0 0.5
2011 933 2.5 1.0 2.8 1.8 0.5 1.2 n.d.
2012 939 2.6 0.9 2.5 1.9 0.4 1.6 n.d.

g kg-1 NH4-N NO3-N

-8

kg ha-1
kg ha-1

Mg ha-1 N P2O5 K2O N P2O5 K2O N P2O5 K2O N P2O5 K2O
P100 C100 - - - - - - - 130 100 140 130 100 140

M 100 24 122 91 159 24 91 159 103 0 0 128 91 159
S100 93 237 90 248 95 90 248 32 0 0 126 90 248

P200 C200 - - - - - - - 130 200 140 130 200 140
M 200 24 122 91 159 24 91 159 103 100 0 128 191 159
S200 93 237 90 248 95 90 248 32 100 0 126 190 248
P0 - - - - - - - 130 0 140 130 0 140

2011 2012
N0.2 K2O1.0 N0.4

K2O1.0 1.0

153



Mg ha-1

kg-P2O5 ha-1 2011

7 18 2012 7 30

%

P0
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Studies on the rational fertilizer application method
based on soil and dairy cattle manures for maize

Tetsuo Yagi

Abstract

     For the establishment of dairy production based on domestic feed, it is important to promote the cultivation of maize (Zea 

mays L.), which has more calories per unit area than forage grass, as a  feed crop. Recently, the cultivated area of 

maize for whole-crop silage has been expanding in Hokkaido. After the 1980s, the productivity of whole crop maize increased 

due to its breeding and the improvement of cultivation methods; nevertheless, the fertilizing guidelines were not revised during 

this period. Recent agricultural production must satisfy not only high productivity, but also establish efforts for environmental 

protection and fertilizer reduction. Therefore, the objective of this study is to establish a rational fertilizer application method 

based on the nutrients in soil, and in the applied manure and slurry of dairy cattle for  on which current whole-crop silage 

maize is cultivated. The results obtained in this study are as follows:

1. Nitrogen fertilizer application based on soil diagnosis

     The amount of nitrogen uptake by maize is related to the yield level; therefore, the nitrogen fertilizer amount should be 

determined by referring to the yield level in each maize  In addition, to reduce environmental pollution caused by nitrogen 

leaching in agricultural  it is effective to practice nitrogen application based on the soil diagnosis. The rational fertilizer 

amounts of nitrogen, according to yield levels and soil nitrogen fertility, were determined. Prior to the detailed nitrogen 

fertilizer examination, the appropriate amounts of basal and split nitrogen fertilizer that should be distributed were revealed. 

When applying the fertilizer application method consisting of basal and split nitrogen application it was concluded that the 

application method that focused on basal nitrogen fertilizer should be recommended. This recommendation is similar to that 

concluded in a previous study. Additionally, ideal the amount of basal banded nitrogen was determined to be 80-100 kg ha- 1. 

Thereafter, the examination with different amounts of nitrogen fertilizer was carried out in districts with various climatic 

conditions and soil types. Nitrogen concentrations in the plants were not  different, although dry matter yields 

and nitrogen uptake of maize varied  among districts. Thus, it was suggested that the target nitrogen uptake levels 

corresponding to  yields could be determined regardless of the district. In addition, it was possible to evaluate soil 

nitrogen fertility using hot-water extractable nitrogen (HEN) in maize  The multiple regression equation based on total 

nitrogen application amounts and HEN could not accurately estimate the nitrogen uptake in each plot. However, by using an 

improved multiple regression equation by adding the maximum yield, which was obtained for each  in the examination 

as explanatory variables to the above multiple regression equation, nitrogen uptake in each plot could be presumed accurately. 

The reason for this result may be that the yield level of each  which was limited by factors other than nitrogen (climatic 

conditions, cultivation conditions, soil physicochemical properties) affected the  of nitrogen availability in each  

The dry matter yield in each plot could be estimated by the primary regression equation based on nitrogen uptake that was 

calculated using the improved multiple regression equation. Using the two above-mentioned equations, it was able to calculate 

suitable nitrogen fertilizer amounts based on the achievable yield and HEN of each 

2. Phosphorus fertilizer application considering the effect of arbuscular mycorrhizal fungi in maize 

     According to fertilizer guidelines for maize in Hokkaido, the amount of phosphorus fertilizer is the highest among the three 

main nutrients; nitrogen, potassium, and phosphorus. To reduce the amount of phosphorus fertilizer required for cultivating 

maize, it was investigated that the amount of phosphorus fertilizer that can be reduced when considering the function of 

indigenous arbuscular mycorrhizal fungi (AMF), which promote phosphorus absorption by the host plant. Prior to the 



phosphorus examination in the maize  under various conditions, it was  whether AMF had an effect on maize 

cultivated in Konsen District, which has unique weather conditions, such as cool and wet conditions, during the cultivation 

period. The degree of AMF colonization and early growth level of maize were  higher in the plots in which maize 

was previously grown than in the plots in which non-AMF host plants, such as sugar beet (  L.) or white mustard 

(  L.), were previously grown. In addition, the early growth of maize in the plot where maize was previously grown 

was less affected by a reduction in the phosphorus application rate than the growth of maize in the plots where non-AMF 

host plants were previously grown. These results suggest that there is a fair chance of establishing an  phosphorus 

application method using AM fungi in fields where maize is cultivated continuously. Subsequently, the examination with 

different amounts of phosphorus fertilizer was carried out in various  that were previously cultivated with maize and had 

different soil types, phosphorus fertility levels, and seed bed preparation methods. The relative early growth rate was a useful 

measure for evaluating the effect of reduced amounts of phosphorus fertilizer application on maize yield. Phosphorus fertilizer 

application rates that did not reduce the yield were dependent on factors such as soil type, available phosphorus content, and 

AMF colonization. Based on the relative early growth rate, phosphorus fertilizer application rates could be reduced by at least 

20 %, sometimes 80 %, of the present standard in  where maize is continuously cultivated.

3. The nitrogen and phosphorus  of cattle manure and slurry applied to maize 

     The fertilizer conversion factor is used to calculate the amount of available nutrients in organic matter and is indispensable 

for estimating the total amount of chemical fertilizer to be applied to crop  However, supposing that the fertilization 

method included mainly manure and slurry every year, it is necessary to set additional conversion factors for detailed 

conditions. The present study was carried out to estimate the conversion factors of nitrogen when applying manure and 

slurry over consecutive years, and that of phosphorus, which has not yet been estimated. In the burying  test, the organic 

nitrogen in both manure and slurry were continuously decomposing even after the second year of application. In a six-year 

cultivation test, after the second year, the fertilizer conversion factors of manure and slurry were often higher than the current 

standard values (0.20 for manure and 0.40 for slurry), which were assumed in the  year of application. The increase in 

fertilizer conversion factors for both manure and slurry may be related to the cumulative amount of organic nitrogen that 

was used. It was expected that the nitrogen fertilizer conversion factors in maize  were 0.30 and 0.50 for manure and 

slurry, respectively, after more than  consecutive years of application. The availability of phosphorus in both cattle manure 

and slurry was expected to be approximately the same as, or higher than, that of commercial phosphorus fertilizer. Based 

on our  experiments and previously reported literature, even if  in dairy cattle feces and urine are taken into 

consideration, it was suggested that the phosphorus fertilizer conversion factors for both cattle manure and slurry are at least 0.60 

in maize 

     It is possible to achieve stable production, environmental conservation, and fertilizer reduction in the cultivation of maize 

when using fertilizer application methods based on the above-mentioned information.
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