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 (Intergovernmental Panel on Climate Change; IPCC) 
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1827 Fourier
1861 Tyndall
1896 Arrhenius CO2

1938 Callendar CO2

1957 Suess Revelle CO2  (1957-1958)
1958 Keeling CO2  (1989 )
1979  (WMO) 1
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1990 IPCC 1 2
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2007 IPCC 4
2013 IPCC 5
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 (Atkin et al. 2000; Lee et al. 2006)
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1  (Andersen et al. 2005)
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2.1  

 (Soil respiration; SR)  

(Root respiration; RR) 

 (Heterotrophic respiration; HR) 2

 (Andersen et al. 2005; Edwards and Harris 1977) SR

SR

 (Hanson et al. 2000; 

Kuzyakov 2006)

SR RR HR

SR  

 (Lee et al. 2003)  

(Wang et al. 2008)   (Nakatsubo et al. 1998) 

 (Trumbores et al. 

2006) SR RR HR

 (Bowden et al. 1993; Ohashi et al. 

2000) SR RR 50%

10% 90%

RR HR

 (Raich and Tufekcioglu 2000)
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 (Hanson et al. 2000)  

SR

 (Lee et al. 2006)

SR

SR  

(Atkin et al. 2000; Uchida et al. 1998)

SR SR
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3 RR HR

RR HR
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2.

1004m

( 36 20 138 33 )

36 20 , 138 33 ) 

 (

2)

1004 m

 

 ( ) 

1981

2010

8.2 8  (

:25.8 ) 1

 ( : 8.7 )

1,242 mm

7 9  ( :189 mm, 

207 mm) 12  ( :27 mm) 12

3 30 cm

 (65.5 21.5) Dfb (

)  

 (Quercus serrata)

 (Quercus crispula)  (Betula platyphylla)

(Pinus densiflora)  (Abies veitchii)

(Abies mariesii)  (Larix kaempferi) 
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Phylum Order Family Genus Species

Magnoliopsida Sapindales Anacardiaceae Rhus R.trichocarpa Miq. Deciduous Broadleaf Semi-tall tree Sun tree
Aceraceae Acer A.palmatum Deciduous Broadleaf Tall tree Sun tree

A.mono Deciduous Broadleaf Tall tree -
A.crataegifolium Deciduous Broadleaf Semi-tall tree -

Fagales Fagaceae Quercus Q.serrata Deciduous Broadleaf Tall tree Sun tree
Q.crispula Deciduous Broadleaf Tall tree Sun tree

Castanea C.crenata Deciduous Broadleaf Tall tree Sun tree
Betulaceae Betula B.platyphylla Deciduous Broadleaf Tall tree Sun tree
Ulmaceae Ulmus U.laciniata Deciduous Broadleaf Tall tree Sun tree

Laurales Lauraceae Lindera L.obtusiloba Deciduous Broadleaf Shrub -
Cornales Cornaceae Swida S.controversa Deciduous Broadleaf Tall tree Sun tree
Rosales Rosaceae Prunus P. amasakura Deciduous Broadleaf Tall tree Sun tree

P.grayana Deciduous Broadleaf Tall tree Sun tree
P.incisa Deciduous Broadleaf Semi-tall tree Sun tree

Malus M.sieboldii Deciduous Broadleaf Semi-tall tree Sun tree
Pourthiaea P.villosa var. Deciduous Broadleaf Semi-tall tree Sun tree
Sorbus S.commixta Deciduous Broadleaf Tall tree Sun tree

S.alnifolia Deciduous Broadleaf Tall tree -
Scrophulariales Oleaceae Fraxinus F.lanuginosa Deciduous Broadleaf Tall tree -
Celastrales Aquifoliaceae Ilex I.macropoda Deciduous Broadleaf Semi-tall tree -

Celastraceae Euonymus E.hamitonianus Deciduous Broadleaf Shrub Sun tree
E.oxyphyllus Deciduous Broadleaf Semi-tall tree Sun tree

Apiales Araliaceae Acanthopanax A.xciadophylloides Deciduous Broadleaf Semi-tall tree Sun tree
Kalopanax K.pictus Deciduous Broadleaf Tall tree Sun tree

Ericales Clethraceae Clethra C.barbinervis Deciduous Broadleaf Semi-tall tree Sun tree
Ericaceae Vaccinium V.oldhamii Miq. Deciduous Broadleaf Shrub Sun tree

Enkianthus E.campanulatus Deciduous Broadleaf Shrub Sun tree
Magnoliales Magnoliaceae Magnolia M.kobus Deciduous Broadleaf Tall tree Sun tree

Pinopsida Pinales Pinaceae Larix L.kaempferi Deciduous Conifer Tall tree Sun tree
Pinus P.densiflora Evergreen Broadleaf Tall tree Sun tree

Behavior

2

 ( ) 35

2008 5

30  ( 2)

 (Rhus trichocarpa)  

(Cerasus jamasakura)  

900

2008 11

7 cm

47.5%

37.3% 5.4% 4.9% 3.8% 

40cm
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y = 7.46 ln(x) + 2.63 
R² = 0.97 

0
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0 100 200 300
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: y = 7.46logx + 

2.63; R2 = 0.97

200 m2

 ( 3)

3000 m2 (30 m × 100 m) 

 ( ) 

2008 4  

 

3  

SR

3 2009 8 2010 10 SR HR RR

SR

RR 3

 

 

 

2009 6 7 30

CO2 CO2

 ( 21 cm 7 cm) CO2

 (GMP343 VAISALA Finland)  ( 21 

cm 7 cm) Closed Chamber  (CC Lee et al. 2003) 

SR 30 8
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4 60 × 60 cm

4

60 × 60 cm 20 cm 40 cm

 ( ) 

 (30 × 40 cm) 

30 cm

 

2009 9 2 1

CO2

CO2 5 cm  

(AD-5622 A D Japan)  (HydroSense Campbell 

Scientific USA) RR

 

RRTr = Rcon  (Rtre  RD)           (1) 

RRTr (mgCO2 m-2 h-1) RR

Rcon (mgCO2 m-2 h-1) CO2

 (n = 4) Rtre (mgCO2 m-2 h-1) CO2

 (n = 4) RD (mgCO2 m-2 h-1) 

CO2 Rcon  (Rtre RD) 

SR  (SRTr) HR  (HRTr) 

 

RD  (Lee et al. 

2003) 
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2009 7

1 × 1 m 30 cm  (n = 3)

3 ( ;<2 

mm ;2 mm 10 mm ;>10 mm) 

 (RBinitial gd.w. m-2) 

 ( : 3 g : 5 g  : 15 g) 

 ( :10×10 cm :15×15 cm) 36

108

3 10cm 2009

10 1 2 SR

 (RBresidual gd.w. m-2)  

RBresidual = RBinitial  X/X0                                    (2) 

X/X0  (n=3) 

X0 (gd.w.) X (gd.w.) 

 (t)  

RBresidual = at4 + bt3 + ct2 + dt + e                                (3) 

a b c d e  ( RBresidual g d.w. 

h-1)  (3) t  (dRBresidual/dt) 
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RBresidual = 4at3 + 3bt2 + 2ct + d                               (4)  

RBresidual  (mineralization) 

 (transportation)  (Lee et al. 2003)

Nakane (1978) Nakane et al. (1996) 64%

CO2  (Rd gCm-2 h-1)  

Rd = RBresidual 0.64                                    (5) 

Rd g Cm-2 h-1 gCO2 m-2 h-1 

RD  

 

 

SR

 ( 11cm 5cm)  (GMP343 VAISALA

Finland)  ( 11 cm 12 cm) 

CC  (n = 10 ~ 12)

5 cm

 

HR SR

 ( 11 cm 30cm) 

SR  (y mgCO2 m-2 h-1)  (x g d.w. m-2)  (y = 
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ax + b) y b SR HR

 (mgCO2 m-2 h-1)  (Behera et al. 1990)  

RR  

RRRR = SRRR  HRRR                               (6) 

RRRR (mgCO2 m-2 h-1) RR RR SRRR

RR SR  (n = 10) HRRR

b  

 

 

SR

30 26

CC

 

RR  (RB g d.w. m-2) 

 (Rr gd.w. m-2 h-1) RB

1 ×1 m 30 cm

 (n = 3)

3

Rr

 (LI-840, Li-COR, USA) Open 

Flow  (OF )  (Nakatsubo et al. 1998)
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0 30 5

RR

 

RRRE = (RB  Rr) (7) 

RRRE (mgCO2 m-2 h-1) RR RB

 (n = 3) Rr

 (n = 3) SR

 

HR  

HRRE = SRRE – RRRE                                            (8) 

HRRE (mgCO2 m-2 h-1) HR

SRRE SR  (n = 26)  

 

 

CO2

 ( )  

R = e T                   (9) 

R SR HR RR T 5cm

5 cm  (UTBI-001, Onset 

Computer Corporation Bourne, MA, USA) 1

 (9) CO2  

10  (R10) 

 (Q10) R10 Q10  
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(a) CO2

(b)

R10 = e10  (10) 

Q10 = e10
   (11) 

 (SPSS Statistics 17.0 SPSS Imc., 

Chicago, IL, USA)  

(one way ANOVA)  (tow way ANOVA) t  (t-test) 

 p = 0.05  

 

2.3   

3  

 

CO2

 ( 4 (a))  (2009 6 7 ) Rcon

Rtre CO2
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(a) (b)

5 (a)

: SRTr = 34.8e0.13ST (R2 = 0.92); HRTr = 33.4 e0.115ST (R2 = 0.92); RRTr =

3.5e0.201 (R2 = 0.89) (b) :

SRTr = 14.9x + 591.6 (R2 = 0.14); HRTr = 13.8x + 512.2 (R2 = 0.13); RRTr =

20.3x + 568.4 (R2 = 0.35)

0 10 20 30 40
(%)

0

500

1000

0 10 20 30

(m
gC

O
2

m
-2

h-1
)

( )

SRTR

HRTR

RRTR

SRTr

HRTr

RRTr

 (t-test p > 0.05)

 (two way ANOVA p < 0.05)

4 2009 11

2010 10 Rcon Rtre

297 (27  826) mgCO2 m-2 h-1 241 (26  605) mgCO2 m-2 h-1

 

( 4 (b)) 3

 ( 78%

54% 54%) 
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 ( 249 gd.w. 200 gd.w. 54 gd.w.) 

CO2 CO2

 

5 RRTr

HRTr  (RR; R2 = 0.87 HR; R2 = 0.92 p 

< 0.05)  (RR; R2 = 0.35 HR; R2 = 0.13  

p < 0.05) RR HR Q10 7.5 3.2 RR

RR HR R10 26

106 mgCO2 m-2 h-1 HR  

 

 

SRRR 6

3 SRRR  (2009 11

2010 10 ) 356 mgCO2 m-2 h-1  (2009 7 : 904 

mgCO2 m-2 h-1 2010 7 :885 mgCO2 m-2 h-1  (2009 12

:53 mgCO2 m-2 h-1)  

SRRR a

2009 11 12 2010 7 8

 ( 6 (b)  (b HRRR) SR

 (2009 7 901 mgCO2 m-2 h-1 2010 7 1052 mgCO2 

m-2 h-1)  (2009 12 61 mgCO2 m-2 h-1) 

SRRR 2010 4

9  (R2 = 0.45 p < 0.05)  
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(m
gC

O
2 

m
-2

 h
-1

)

(g)

0

500

1000

1500

0 5 10 0 5 10 0 5 10

(a) (b) (c)

6 (a) 2010 6 (b)

2010 1 (c) 2010 8 :

(a) SRRR = 67.0x + 399.2 (R2 = 0.45); (b) SRRR = 1.688x + 62.1 (R2 = 0.15); (c)

SRRR = 24.3x + 933.3 (R2 = 0.02)

(mgCO2 m
-2 h-1) SE (gd.w.) SE a b n

2009 Jul. 904 129 6.8 5.5 0.3 901 11 >0.05 0.00

Aug. 577 116 5.6 2.1 17.8 477 11 >0.05 0.10

Sep. 268 96 7.6 3.8 4.3 235 11 >0.05 0.03

Oct. 200 20 6.0 2.5 1.1 193 12 >0.05 0.02

Nov. 123 22 3.6 2.8 -0.9 124 11 >0.05 0.01

Dec. 53 43 6.5 4.5 -0.7 61 10 >0.05 0.01

2010 Jan. 69 26 4.0 1.1 1.7 62 10 >0.05 0.15

Feb. 114 29 4.0 2.4 3.8 95 11 >0.05 0.12

Mar. 73 23 3.8 2.3 0.8 72 10 >0.05 0.01

Apr. 191 55 3.9 2.3 12.3 143 10 >0.05 0.26

May 229 47 4.7 2.5 6.5 201 10 >0.05 0.12

Jun. 627 201 3.7 2.0 67.0 399 10 <0.05 0.45

Jul. 885 135 5.0 1.8 -32.0 1052 10 >0.05 0.18

Aug. 809 249 5.0 1.4 -24.3 933 10 >0.05 0.02

Sep. 325 104 5.3 2.0 36.9 127 10 <0.05 0.45

Oct. 253 65 5.0 2.3 10.1 201 10 >0.05 0.11

p  R 2 
y (SRRR) x ( )

3 SRRR
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(a) (b) R10 (c) Q10 (d)

 

 (2009 11 2010 10 ) 610 gd.w. 

m-2 10  ( 7 (a))

323 gd.w. m-2 187 gd.w. 

m-2 102 gd.w. m-2  

(two-way ANOVA P < 0.05) 4 5
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10 4 5

 (two-way ANOVA P < 0.05)  

R10 0.34 mgCO2 g-1 h-1 0.14 mgCO2 g-1 h-1

0.12 mgCO2 g-1 h-1  

(two-way ANOVA P < 0.05) ( 7 (b))

 

Q10 1.9 1.9 1.7

 (two-way ANOVA P > 0.05) ( 7 (c))

 

RR 69% 22%

9% (two-way 

ANOVA P < 0.05) ( 7 (d))
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2010 8

2 RR

2009 11 RR SR
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SR HR

2009 11

2010 10

23% 

( 16  46%)  

11% ( 19  61%)

115% (20  393%) 

 ( 8)

2010 2 0%

0%
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100%

 

 

2.4.  

3  

RR HR

HR

(1) 

(2) 

(3) 

 (Hanson et al. 2000)

CO2  (Lee et al. 

2003; Uchida et al. 1998) CO2

3

4 1

 (t test P > 0.05) 

 (Liang et al. 2010; Takahashi et al. 2011; Wang et al. 2008, 2011) Lee 

et al. (2003) 1 3  (
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) Olson (1963) 

 (Berg and McClaugherty 2003)

 

( 4 (b))

RD Rcon

0 30%

HR RR

 

SR HR

 

(Behera et al. 1990; Gupta and Singh 1981; Hill et al. 2004; Wang et al. 2009)

SR

 (Hanson et al. 2000)

10  12

SRRR Wang et al. (2008) 

10 15 SR

SR
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37% 2

SR

HR

40cm

SR

 

2 RR

RR  (Hanson et al. 2000)

RRRE

 (Atkin et al. 2000; Vogt et al. 1981; Xu et al. 2010)

2



 
2  

30 
 

 (Bouma et al. 2001; Fu et al. 2002; Lee et al. 2005; Volder et al. 

2005)

RR

RR

RR HR

 

SR

SR

2 RR

RR

SR

SR
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SR HR RR CO2

479 gC m-2 year-1 369 gC m-2 year-1 110 gC m-2 year-1 

SR HR RR 77% 

(54%  116%) 23% ( 16  46%) 

SR HR

RR

37% (Wang et al. 2008) 46% (Ruehr 

and Buchmann 2009) 31% (Luan et al. 2011)

31% 45% (Lee et al. 

2010) 

RR

 

RR

 (Lee et al. 2003; Wang et al. 2008) RR HR

 (Atkin et al. 2000; 

Lee et al. 2010) RR HR

RR HR
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Q10

RR HR

 (Boone et al. 1998; Ruehr and Buchmann 2009) 

 (Li et al. 2011; Liang et al. 2010; Luan et al. 2011)

 ( ) RR

HR Q10  

2 mm  (Jackson et al. 1997; Pregitzer 

2002; Vogt et al. 1996)

3 RR

RR

Q10 R10

 (Makkonen and Helmisaari 1998; Marsden et al. 2008)

 (Matjaž and Primož 2010)

RR
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3  
 

3.1  

 (SR) 

 (HR)  (RR) 

HR RR

 (Bekku et al. 

2009; Davidson et al. 1998; Högberg et al. 2001; Rey et al. 2005; Zhou et al. 

2007)

Boone et al. (1998) Zhou et al. (2007) HR

RR

Lee et al. (2010) HR RR

HR RR

SR 2

 

SR HR RR

 (Net ecosystem production; 

NEP) 
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SR HR

SR HR 50%

10%  90%

 (Bond-Lameberty et al. 2004; Hanson et al. 2000; 

Kuzyakov and Larionova 2005) HR

 (Hanson et al. 2000; Lee 

et al. 2003; Wang et al. 2008)

 (Grossiord et al. 2012; Vallack 

et al. 2012; Zhao et al. 2010a) HR RR

SR

NEP

SR

HR

NEP

HR

SR

 

2 SR

3  (November 2009 

– September 2012) 
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HR RR  ( ) 

HR RR SR

HR

 

 

3.2.  

CO2  

2  ( 2)

4 4

CO2  (Econ Etre mgCO2 m–2 h–1) 2009 6 2012

9 1 5 cm

( 21 cm 7 cm)  (GMP343

Vaisala Finland)  ( 21 cm 7 cm) 

Closed Chamber  (CC ) 

5cm  (ST )  (SWC %)  (AD-5622

A&D Japan)  (HydroSense Campbell Scientific USA) 

  

2 Econ SR  (RS mgCO2 m–2 h–1) 

 Etre 

CO2  (RD mgCO2 m–2 h–1) HR

 (RH mgCO2 m–2 h–1)  RD Etre

 RD 

2  



 
3  

36 
 

(Tomotsune et al. 2013a) 

 ( )  ( ) 

3  ( ; < 2 mm ; 2 – 10 mm ; > 10 mm) 

6 18 2009 7

10 cm 2010 7 2012 7

3 9

 (n = 9) 

Olson (1963) 

 (Lee et al. 2003):  

 M(T) = M0 × ae–0.64kT     (12) 

 M(T) (gC m–2) 

 (T year; T = 1 2 3) M0  (gC 

m–2; M0 = 252)  a  k  (a = 1 k = 0.33)  0.64

 (Nakane 1978; Nakane et al. 1996) M0 2009 7

1 m  1 m

 (n = 3)  (ΔM(T) gC m–2) 

: 

 ΔM(T) = M (T–1) – M (T)       (13) 

2  (Tomotsune et al. 2013a) 

1 : 

 α(t) = bt3 + ct2 + dt +e      (14) 

 α(t)  (t, DOY)  (gC m–2)  b c
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d e  (b = –1.38 × 10–7 c = 8.03 × 10–5 d = 1.37 × 10–2 e = 1.00) 

 (  (12) (13))  (  (14)) 

 (M(T, t)) 

: 

M(T, t) = M(T–1) – ΔM(T) × (1 – α(t))       (15) 

RD  (15) 

t (dM(T,t)/dt): 

RD = ΔM(T)(3bt2 + 2ct +d) × 44/12 × 1000/24    (16) 

44/12 × 1000/24 gC m–2 day–1  mg CO2 m–2 h–1 

 

 

 

Qi and Xu (2001) R2

: 

R = f × STg × SWCh     (17) 

R RS RH f g h RR  (RR)

RS

RH  

5 cm ST

SWC  (RAWS-F, 

Campbell Scientific, USA) 1 ST

SWC  (17) RS  RH 1
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10. CO2

RS RH RR  

 

3.3  

Econ  Etre RD 

10 2009 6 2012 9 Econ Etre

 (n = 4) Econ Etre 22 826 mg CO2 m–2 h–1

20 640 mg CO2 m–2 h–1

Econ Etre  

(two-way ANOVA p > 0.05)  

(two-way ANOVA p < 0.05) Econ Etre

 

11
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y = 8E+15e-9E-04x

R² = 0.9991

y = -4E-08x3 + 0.0043x2 - 172.13x + 2E+06
R² = 0.9692

0.00

0.25

0.50

0.75

1.00

J A SOND J FMAM J J A SOND J FMAM J J A SOND J FMAM J J A SO

( )

( )

2009 2010 2011 2012
J S N J M M J S N J M M J S N J M M J S

11. :

M(T) = 252 e 0.64 0.33T; α(t) = 1.38 10 7t3 +

8.03 10 5t2 + 1.37 10 2t + 1.00

 (12)   (16) 

RD 10  RD 0  66 mg CO2 

m–2 h–1 Rtre

RD 0% 19% Rtre RD

2009 2012  
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RH RR SWC

HR

 ( 12 (d))  

 

RH  

13 2009 9 2012 11

RS RH

ST

 ( 13 (a)) 2010 ST (11.5°C) 2011  

(10.9°C) 2010 3 8 ST 

(3.1°C  25.1°C)  2011  (0.7°C 22.7°C)  

2.4°C  SWC 2010

SWC (29.5 %) 2011  (29.2 %)  

 

RS RH RR

 ( 13 (b)) 2010 RS RH RA (2.51 1.56 0.95 kg CO2 

m–2 yr–1) 2011  (2.32 1.45 0.87 kg CO2 m–2 yr–1) 

2010 2011 3

8 8  (RS ; 89 gCO2 m–2 month–

1  RH ; 60 gCO2 m–2 month–1 RA ; 29 gCO2 m–2 month–1)  

RS RH  (60%) 

 (100%) 2010  (62%) 2011
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8 2010  (60%) 2011  (60%) 

  

 

3.4.  

 

HR

 (Hanson et al. 2000; Kuzyakov 2006) 2

RD

2 RD

RD RD

 ( Hanson et al. 2000; Lee et al. 2003)

RH

RD 2

RH

RD

RH RH HR

 

1  (Liang et 

al. 2010; Ngao et al. 2007; Wang et al. 2011) Wang 

and Yang (2007) 2

 ( 3 ) HR RR
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CO2

CO2

3

 

 

 

SR

 (Bowden et al. 1998; Buyanovsky and Wagner 1983; Keith et al. 1997) 

SR HR RR

 (Butler et al. 2012; Ruehr et al. 2009; Wang et al. 2007)

ST RH RR

ST RH

SWC RH RR

RH

 (Linn and Doran 1984; Rey et 
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al. 2002)

HR RR

SR HR  

 

 

 (Lee et al. 2003; Wang et al. 2008) RH RR

RH RR

RS

SR

HR RR

SR

HR RR

SR

 

RH

 (Lee et al. 2003; Wang et al. 2008)

2010 2011
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HR  (%) 62 100 60 80

HR (mg CO2 m-2 yr-1) 1.56 2.50 1.50 2.01

 (%) 161 96 128

4 HR

 

 

 

NEP  (Net primary production; 

NPP) HR HR SR

 ( Ohtsuka et al. 2007; Wang 

and Epstein 2013)

62%  ( 4)

HR  (Grossiord et al. 2012; 

Vallack et al. 2012; Zhao et al. 2010a)

HR

2010
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 ( ; 60%)  ( ; 100%) 

HR

HR 1.50  2.51 kgCO2 m–2 yr–1

 (1.56 kgCO2 m–2 yr–1) 96%  161% 

2010  (

) HR

80% HR 2.01 kgCO2 m–2 

yr–1  ( ) 128%

14 NEP HR NEP

62% NEP 0.89 

MgC ha-1 yr-1  (

: 60% 100%; 

80%) NEP 1.03 0.31 1.65 MgC ha-1 yr-1

NEP
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4.1  

 (CO2)  

(Dixon et al. 1994)  (Montgomery 

2000)  (  1996)  (Xiong and Nilsson 

1999) 

 ( ) 

 (  2007;  2008) 

 (Morisada et al. 2004) 

 

 (Karlen et al. 1997)

 (A0 ) 

 

(Bonanomi et al. 2010; Melillo et al. 1998) 

 (Berg and 

McClaugherty 2003; Facelli and Pickett 1991)
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CO2  

 ( ) 

CO2

A0

 

 (

)  (Nuclear Magnetic Resonance; NMR) 

MRI (Magnetic Resonance 

imaging) (Lauterbur 1973; Callaghan 1991) 1970

1980

 (Omasa et al. 1985) 

 (Bottomley et al. 1986) 

MRI
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MRI  (Koizumi et 

al. 2006, 2008) MRI

 

A0

CO2  ( ) 

A0

MRI

MRI A0

MRI

MRI

 

MRI MRI

A0 MRI

MRI
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15. (a)

(b)

(c) (d)

(c) (d)

(a) (b)

 

 

4.2  

 

 ( 15 (a) (b))

2

38

2009 5 50  50m

7

 ( 5) 2009 11

52.3% 45.4%

6.1%

3.9% 2.6%
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Phylum Order Family Genus Species

Magnoliopsida Fagales Fagaceae Quercus Q.serrata Deciduous Broadleaf Tall tree Sun tree
Q.crispula Deciduous Broadleaf Tall tree Sun tree

Castanea C.crenata Deciduous Broadleaf Tall tree Sun tree
Betulaceae Betula B.ermanii Deciduous Broadleaf Tall tree Sun tree

Rosales Rosaceae Prunus P.grayana Deciduous Broadleaf Tall tree Sun tree
P.incisa Deciduous Broadleaf Semi-tall tree Sun tree

Pinopsida Pinales Pinaceae Pinus P.densiflora Evergreen Broadleaf Tall tree Sun tree

Behavior

5

 ( 15 (c) (d)) 100 cc  (

; 20 cm2 ; 5 cm)  (n = 

3)

( 16 (a) (b))

 (L

)  (FH ) 

3 2

 ( ) 

 

1 MRI MRI

L FH

 ( 20 mm)  ( 17 (a))

 ( 30 mm) MRI

L FH 4

 ( )  (

)  
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16. (a) (b)

MRI

(a) (b)

5

 

MRI  

MRI 1T MRI  (Compact MRI  

MRTechnology Japan)  (Koizumi et al. 2008)  

(A) MRI  (B)  (C)

 (D)  ( 17 (b)) 46 cm  57 

cm 46 cm 450 kg 30 mm

MRI 0.36 m2 (60  60 

cm) 80 cm 100 kg Windows XP 

3 m2

MRI
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(A)

(B)

(D)

(b)

3 cm

(a)

(C)

17. MRI (a)

(b)

MRI (A) (B) MRI (C)

(D)

MRI  (30 mm) 

 (100 µm  250 µm) 

MRI

A

MRI MRI X
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CT  (Udawatta and Anderson 2008)  

 

MRI  

MRI MRI 2

 (2009)  (2009) 

 (Repetition time; TR)  (Echo time; TE) 

2

 

 (3D) 

 ( 1)

 (TR) 0.1 s  (TE) 7 ms (

) 128 128 128

234 µm 3 cm 3 cm 128

 

 ( 2) TR = 0.1 s 

 ( ) 

TR  (0.1 s) 
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(2D)  ( 3) TR

 (TR = 3 2 1 0.8 0.5 0.3 0.2 0.1s) 3D

2D

TR

128 128

3.6 mm 234 µm  

Image J 

(http://rsb.info.nih.gov/ij) 1 2

2

 ( ) 

3 TR  (

 (T1) ) T1

 

 

4.3  
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0 10050 0 10050
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18. (a) (b)

 

18  ( )  ( ) 

MRI

 ( 16 (a)) 

80%

 ( 16 (b)) 

70%

20%

 ( ) 
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(a)

(b) (d)

(c)

19. (a) (b)

(c) (d)

 

 

19 128

64

 ( 19 (a))

 ( 19 (b)) 

 ( 19 (c) (d)) 
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(d)

(a) (c)

(b)

20. (a) (b)

(c) (d)

 

20 19 128

64

TR  (0.1s) 
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(c)(a)

(b) (d)

21. (a)

(b) (c) (d)

( )

 ( 20 (a)) 

 ( 20 (b)) 

 ( 20 
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(c)) 

 ( 20 (d)) L

 

21 20

 ( 21 (a)) 

 ( 21 (b)) 

 ( 21 (c)) 

 ( 21 (d))  

 

 

22 MRI 3D

MRI

22 (a) 

1

2

22 (b) 
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22. (a) 2

(b) (a) (a)

(a) (b)

128  (

) 2.4% 59.2%

 ( 40.8% 56.8%)

39.6% 65.6%  ( 34.4%

26.0%)

28.7% 54.0% ( 46.0% 25.3%) 

50.0% 59.4%  ( 40.6% 9.4%)

6.4%
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TR = 3s 1s

0.5s 0.3s

(a)

A

B

T1

(b)

23. 3 (a) TR 3s

0.3s (b) (a) T1

5.4%

30.8%

15.9%  ( ) 

 

23 (a) TR

TR = 3 s

TR

TR = 0.3s 

 ( ) 

T1 23 (b) 
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 ( A) T1  ( B) 

24  ( 24 (a)) T1 0.8 s

3 s  ( 24 (b)) 

0.5 s 2.0 s  (

24 (c)) 0.6 s 1.5 s  (

24 (d))  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) (c)

(b) (d)

T1 ( )
0s 1s 2s 3s 0s 1s 2s 3s

24. 3 T1

(a) (b)

(c) (d)
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0.1 s 1.5 s

 

 

4.4  

MRI  

MRI

MRI

 (Chudek et al. 1998;  

2009) MRI

A0

1T MRI

30 mm

 ( 16) 

 ( 17) 

MRI

MRI A0
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 (  1977)

A0

MRI 234 µm  (Hillel 1998) 

A

X CT

 (Sander et al. 2008)

A 30%  60%

 (Hillel 1998)

TDR (Time Domain Reflectmetory) 

 (Kosugi 1996, Vinnikov and Robock 1996)

A0
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 (Six et al. 2000)

 ( 24) A

 (Dexter 2004)  

(Kirchmann and Gerzabek 1999) 

A0 A

 (Mishima et al. 1999; Uchida et al. 1998)

 

 (Moore 1986; Zhang et al. 2008)

 (  1987)

 (  1993)

A

 (Zhao et al. 2010b)

A0 A0
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MRI  

4

3cm 3 cm MRI

MRI

MRI
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TR TE

Image J 
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5.1.  

 (Tomotsune et al. 2013b) 

 ( ) 

 (Lee et al. 2010; Noh et al. 2010) 

 (Linn and Doran 

1984; Rey et al. 2002)
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 (Inatomi et al. 2010)

 ( ) 

 

 (Dixon et al. 1994; Luyssaert et al. 2007)

 (Lee et al. 

2010; Noh et al. 2010)
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 (Goulden and Crill 1997; Morén and 

Lindroth 2000; Uchida et al. 1998)

 

(Davidson et al. 2000; Yan et al. 2009; Yi et al. 2007)

 

 

5.2.  

 (Luyssaert et 

al. 2007)

 (Bekku et al. 2009, 2011; Tang et al. 2005a) 
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 (Kuzyakov and 

Gavrichkova 2010) 

 ( ) 

 

 

 (Kashiwada and Ohta 2010)  (Görres 

et al. 1998)  (Robertson and Freckman 1995; Xu and Qi 2001)

 (Hansen 1980) 

 (  2010; Ohashi et al. 2007) 

CO2

 

 

5.3.  
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2  

1

 (Lee et al. 2010; 

Noh et al. 2010; Wang et al. 2008)

 (Lee et al. 2002; Mariko et al. 2000) 

 (Liang et al. 2010; Tanget al. 2005b) 

2

 

2

4
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 (Jassal et al. 2005)

CO2 CO2

 (Bekele et al. 

2007; Jassal et al. 2005; Tang et al. 2003; Liang et al. 2010)

CO2

CO2

CO2 CO2 4
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