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ȃȎűƥtưɄʙğƉʚʤƟŒŎǑǯĆsU�ǺƏňɮŎǫĳƤt 26 ƤùsYVnMʓùüɼ

�ɑ{hNRoot-ingrowth bag �ǮVh¬���¢��tȥƥM13 Ƥù[ȏȠüɼM10 Ƥù

[ȏȠp½ÂtòüɼM3 Ƥù[½ÂüɼoU�ap[ùZkhNȏȠüɼu�¼µ£ǬȽ N:P
ƿ[ 16 ÙÈtƤùoĈɞcnVhN�¼µ£ǬȽ N:P ƿ[ 16 ÙÇtƤùouȏȠp½Âtò

üɼ[ËáoMʟƤù[½ÂüɼoUkhN 
 
ȃȎűƥtưɄʙȺƉʚʤWe examined nutrient limitation in 26 stands of larch forest on 
volcanic parent material deposited 300–20,000 y BP at Mt. Shirahata, Sapporo, Japan. 
Root-ingrowth bioassay showed that of the 26 stands examined 13 were N limited, 3 were P 
limited, and 10 were N and P colimited. Nitrogen limitation was common in stands with a 
foliar N:P ratio <16. In stands with foliar N:P ratio >16, colimitation by N and P dominated, 
but P limitation was observed at three stands.  
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ȃȎùɲʤ� ǬǤĽÃɠĽ 
ȉȃɚtùȉÃȡǽʤ� ɠȹĄĽÃƭǤƨʓĽ.ĩĵĽ 
�ÄÁÄ§ʤ� ʓùüɼMȏȠüɼM½ÂüɼM�À¯�ÂM�¹�¼�¦ 
 
ʝʛȃȎɸĺŝûtȰƖ 
 
ƭǤtȟÅƹǬǭ�ķ]tǬǤīǩĄĽǻ
±À��uMɢőMʝl�c]ug�ÙÇt
ũ ʌ ʓ ù t ä Ȧ s ü ɼ � đ _ n V � 
(Vitousek and Howarth 1991; Hobbie and 
Vitousek 2000; Sanudo-Wilhelmy et al. 
2001; Cleveland et al. 2002; Sundareshwar 
et al. 2003;Vitousek et al. 2010)NƭǤtȟ

ÅƹǬǭ[ʓùüɼ�đ_�¸�©�·p
cnMʞltłǢǻrÚɏ[ļĪe�NȒÅ
tÚɏuMLiebig tƚńʓùšoMĊɛǘü
ɼpĝv��ap�U� (Liebig 1855)Na
tÚɏuMƭǤtȟÅƹǬǭuǿłǻrʓù
ēȦŬ[ƚ�àVũʌîȠtäȦsƭǤǬ
ɷ[üɼb��pȬX�NgaoM�cat
ʓù�ćùsǐĀcnƭǤtɄǃ��½�
o\�vMƭǤǬɷuƹsƸÍcnV�ʓù
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s�knüɼb��NȒÑtÚɏuMķɛǘ
üɼpĝv�M¶�ÀȤǒĽtɚǮłĂƥ
(cost-benefit)ùƣsǰƢcnV� (Bloom et 
al. 1985) NķɛǘüɼuMƭǤ[ɚǮ
(resource cost)pgtĂƥ(benefit)t¬¼Â
��Đknƚɫtɀă�p�ȥƥMƭǤtǬ
ɷuñntɛǘ (ïMCO2MǁMȏȠM½Â
�gtÖtũʌîȠ)sĘƔsüɼb��p
ɏƓe� (Bloom and others 1985; Field 
and others 1992; Rastetter and Shaver 
1992)Natưūs��pMƭǤǬɷuʝȌ
ʐÙÇtʓùtäȦsüɼb��ìę[U
�NȴǡǬŰȜsY_�ķ]tƎȮŀʔuM
|p�qtǬŰȜ[ȏȠüɼZ½ÂüɼM�
c]uȏȠp½ÂtòüɼoU�ap�Ȉ
c h  (Vitousek and Howarth 1991; 
Vitousek and others 2010)NɡŔt¸ Ɇƣ
tȥƥuMķ]tǬŰȜoȏȠp½Â[|}
ȓc]ƭǤǬɷ�üɼe�ǥŰsU�ap
�Ȉch  (Davidson and Howarth 2007; 
Elser and others 2007)N 
� ȏȠüɼuMīǩÇtɿÇǬŰȜsŕ]ù
ŏcnV�NgtǪǰpcn (1) ȏȠuǚȳ
�ȳȏMNH3 ƁƇrqs�knǬŰȜZ�Ĺ
���eVapM(2) ǞȠsǾŽȥėchȏ
ȠuM��¤¾ȥėoǞȠsȥėch½Â�
��ǠƷĄ�đ_s]VapM(3) ȏȠħĿ
uʕV�ª¾�Ä�ũɄpe�±À��o
ɧɀ[ɨ]Mcvcv½Â�¹½°¥Ârq
sʓùüɼ�đ_�ap[Ÿƃb�nV� 
(Vitousek and Howarth 1991)NaWch±
À��uqtɿÇǬŰȜo�ƕɢsɝa�
X�apZ�MȏȠüɼuīǩÇtȵ�pa
�sɅ��� (LeBauer and Treseder 2008)N
Åƍ½ÂüɼuMËsƭǤs��½Âěď[
ųüb��ǫĳoɅ���N�]ȁ��hã
u M ʈ ő s Ē V ĩ ĵ (100,000 Ŕ Z �
1,000,000 Ŕ)sȐīe�ǬŰȜoU�Naa
ouMĩĵÊt|p�qt½Â[ǚȳs�k
nĹ��MƼkh½Â�|p�q[ʅùɆŬ
tƜƷŰ½Â�ďȀŰ½ÂpcnļĪe� 
(Walker and Syers 1976; Vitousek 2004; 
Wardle and others 2004; Parfitt and others 
2005)N½Âěď[ųüb��Öt¸�©�
·pcnM(1) à½ÂtƽƠZ�Ǭűchà
½ÂtĩĵM(2) �¾¶©�·ǁɰĄǤ�ɵ
ɰĄǤs��ŜV½ÂěȀM(3) ĩĵ¬½�
(ȆǼŇrq)s��ƩtÞɷtųürq[U
� (Vitousek and others 2010)N�WÅlt
½Âüɼt¸�©�·pcnMȏȠɻÈǤs
��ǿłǻrȏȠēȦŬtÇƒ[U�NȏȠ
ɻÈɳtʕVąȘ�»ÄÀ¢tƬƤouM
atČĤs��½Âüɼ[Ʌøb�nV� 
(Mohren and others 1986; Tessier and 
Raynal 2003; Gradowski and Thomas 
2006; Gress and others 2007; Braun and 
others 2010; Naples and Fisk 2010)N 

� ƭǤǬɷtʓùüɼ�ǄĿe�ƚ�įƞ
ǻoȇŀrƍǈuMǶr�ȮƊsłe�ƭǤ
ǬɷtŪȔ�ƿ{�apoU�  (Chapin 
and others 1986)NcZcMȴǡǬŰȜsY
_�ƎȮŀʔuMķĸrāíÿpɷƝɹsY
�yǖĿ�ũɄpcMgtȃȎ��¦tǤɜ
ŧ ǫ � Ƅ Î e � p V W Ƹ ǟ [ U � N
Root-ingrowth ¬���¢��uMƎȮŀʔ
sƙ��Mʓùüɼ�ǄĿe�ǾŽǻrƍǈ
oU� (Cuevas and Medina 1988)Natƍ
ǈuMŅŲǻsƎȮchĩĵztȡƩtçð
ɳ�ƿɟe�NRoot-ingrowth ¬���¢�
�u¯¾��Ä¾tƎȮŀʔpĘdȥƥ�
ÉX (Raich and others 1994)Mķ]tȃȎ
ȭsǊǮb�n\h (Stewart 2000; Blair 
and Perfecto 2001; McGrath and others 
2001; Gleeson and Good 2003; Smith and 
others 2005; Valdecantos and others 2006; 
Gress and others 2007; Naples and Fisk 
2010)NɡŔMƭǤȣȩtʓùǛŖtƿ (ãX
vǬȽN:Pƿ) sįmVhɹŽǻrʓùüɼ
tžĿ[ǊǮb���Wsrkn\hNcZ
cMǬȽ N:P ƿi_sįmVhʓùüɼtǄ
Ŀsuǉů[ũɄoU�NKoerselman and 
Meuleman (1996) u»ÄÀ¢tǗČǬŰ
ȜsYVnMǬȽ N:P ƿ[ 14 ÙÈr�ƭǬ
uȏȠüɼoM16 ÙÇr�½ÂüɼM14 p
16 tɹr�ȏȠp½ÂtòüɼoU�ap
�ȈchNaWchǬȽ N:P ƿuɿÇǬŰȜ
ñȶsɫǮo\�ÅȶǻrįǙpcnſƪ
b�nV� (Aerts and Chapin 2000)NcZ
cgtŢtȧɏuMatįǙsǷġ�Ŵ`Z
_nV�NTessier and Raynal (2003) uM
N:P ƿ 16 ÙÈo�½Âüɼ[Ʌ���ap
�ȈcM½ÂüɼtįǙpcn N:P ƿ=11 �
ȏȠüɼp½ÂüɼtĳǲpcnſƪchN
Güsewell (2004) u N:P ƿ[ 10 ÙÈr�ȏ
Ƞüɼ[Ëáo 20 ÙÇr�½Âüɼ[Ëá
oU�[MatÊɹtʍĮ(N:P ƿ[ 10 Z�
20)ouȏȠȮƊp½ÂȮƊztŪȔsuÅ
əŬ[Ʌ��rVpËśchN 
� ǜňǝ�ƽƠpchĩĵuMÖtƽƠZ�
ǬűchĩĵpuɶǤȣű[Ƕr�ap[
ȁ��nV� (Wada 1989; Dahlgren and 
others 1993, 2004; Vitousek and others 
1997)Nǜűŉ�İȍŉ�ƽƠpe�ĩĵo
uMqtʑĄ�¤Ä�o�MgtțĩǱùu
ȥƗŬ��ɰ�¾¶©�·ɶǤoU���
½ÂɶǤ�¬Ä¶�º¼�¦M�¸� �¦
[Ëápr�Nǜňǝ�ƽƠpe�ĩĵouM
ʑĄtƚȢ�¤Ä�ou��½ÂɶǤ[Ë
ápr�[MûƝY�wÊƝtʑĄ�¤Ä�
ouʈȥƗŬt��ɰ�¾¶©�·ɶǤo
U��À¯�Â��¹�¼�¦[țĩǱù
tËápr� (Wada 1989)NʈȥƗŬ��ɰ
�¾¶©�·ɶǤuMȥƗŬ��ɰ�¾¶©
�·ɶǤpuĄĽŬ[ĸ\]Ƕr�NȥƗŬ



 

 

��ɰ�¾¶©�·ɶǤtķ]uǂÌȻʇ
sįm]ɗʇȻ�ŷjMʀ��Â (K+, Ca2+, 
Mg2+) �ËsěȀe�[Mɾ��Â (NO3–, 
SO42–, H2PO4–)u|p�qěȀcrVNÅ
ƍMʈȥƗŬ��ɰ�¾¶©�·ɶǤu pH
åļŬȻʇsįm]ƺʇȻpɗʇȻ�ŷjM
½Âɰ��ÂpŜħrěȀɃėá�Şűe
�ɂʉǁɰį Al-OH �ŷl (Wada 1989; 
Parfitt 1990; Dahlgren and others 1993, 
2004; Theng and Yuan 2008)NgtȥƥMǜ
ňǝĩĵt½ÂtēȦŬu½ÂĚɳ�ĖǱ
ùtóɊ(ǠƷŰ½ÂMƜƷŰ½ÂMďȀŰ½
Â)i_or]MɶǤȣűs�şʋb��N�
À¯�Â��¹�¼�¦�Ëápe�ǜň
ǝĩĵuMȥƗŬ��ɰ�¾¶©�·ɶǤ�
Ëápe�Ötĩĵpƿ{n½Âɰ��Â
ěȀŁɳ[ĸ\]  (Nanzyo and others 
1993)MgtÇsǬȯe�ƭǬu½ÂƸÍs
r��eV (Shoji and others 1993)N 
� cZcM�À¯�Â��¹�¼�¦�Ëá
pe�ǜňǝĩĵsY_�ʓùüɼtıĜ
ã u Å ə c n V r V N Vitousek and 
Farrington (1997) u«Á�ɓŊtǦƻŉɜ
tȝ 20,000 Ŕt�À¯�ÂɜǜňŬĩĵs
Ȑīe� Metrosideros polymorpha ƤsY
VnƎȮŀʔ�ɀVMatƬƤ[ȏȠp½Â
tòüɼoU�ap�ȈchNRichardson 
and others (2008) uM©ºÄ�Ä¼Â§p
ȝ700ŔtǋȞŉɜ¶�Z�r�ǕŐʆƤ
sYVnȫʂ¿²¾tǬȽ N:P ƿ�ɑƧcM
gtë[7.3Z�14.6tɹsU�ap�Ȉc
hNatëuM Aerts and Chapin (2000)[
ſƪchįǙs��vȏȠüɼËáoU�
ap�ȈĠe�NDiehl and others (2008)uM
ĉȘt �©�īĮtȝ 2,000 Ŕt¤¯¼
Z�r�ǜňŬĩĵsȐīe�ƬƤsYV
nMǬȽ N:P ƿpʓùģďǧ (Aerts 1996) 
pʓùģďɪűŖ (Killingbeck 1996) �ɑ
{MȏȠüɼËáoU�pȥɒchNÅƍM
Parfitt and others (2005)u©ºÄ�Ä¼Â
§tȝ 7,000 ŔZ� 14,000 ŔtǋȞŉɜ¤
¯¼Z�r�ǜňŬĔīÇtƬƤsYVnM
ǬȽ N:P ƿ[ 13.9 Z� 17.6 oU�ap�Ȉ
chNatëuMAerts and Chapin (2000)
[ſƪchįǙs��vM½ÂüɼY�wȏ
Ƞp½Âtòüɼ[ËáoU�ap�ȈĠ
cnV�NaWchÅəcrVȥƥuMƽƠ
t½ÂĚɳ�MĩĵtŔØMĩĵÊot½Â
tùǱM�À¯�Â��¹�¼�¦ĚɳrqM
ƲOrɄĤ[ʓùüɼsşʋcnV�ap
�ȈĠcnV�N 
 
ʞʛȃȎtǽǻ 
 
ƞȃȎouMƟŒŎǑǯĆǺƏňɮŎǫĳƤ
tľňŉɜtǜňǝ (271 ŔZ� 20,000 Ŕ) 
Z�r�ǜňǝĩĵsȐīe��¼µ£Ô

ŌƤt 28 īǟsYVnʓùüɼ�ɑ{hN
ƞȃȎouMʟltǷġsȔX�ap�ǽǻ
pchNȒÅsMat�¼µ£ƤuȏȠüɼ
rtZʥ½ÂüɼrtZʥNȒÑsMĩĵt
½ÂěȀuʓùüɼsşʋe�tZʥNȒÆ
sM�À¯�Â��¹�¼�¦Ěɳuʓùü
ɼsşʋe�tZʥNaWchǷġsȔX�
h�MǬȽpȽ½ ÄtȏȠĚɳÃ½ÂĚɳM
�À¯�Â+�¹�¼�¦ĚɳMĩĵt½Â
ěȀ�ɑ{hN 
� ÅȶsMǕŐƤpąƍƤtƭǤǬɷuȏȠ
üɼipȬX��nV�  (Vitousek and 
Howarth 1991)NcZcMǭƮʊĞÙɻtȏ
ȠɻÈǤuąȘ�»ÄÀ¢tÅɭtƬƤ
ĩĵÊtǠƷŰȏȠĚɳ�ÇƒbfMgtȥ
ƥMĩĵtȏȠäȦ[ƭǤtȏȠɄǃ�Çģ
�PȏȠʒğQpĝv��ǥŰsĶĄcnV
�ap[ùZkn\h (Aber et al. 1989, 
1998, Fenn et al. 1998)NǕŐƤ�ąƍƤz
tȏȠǅȀuMƬƤǬɷ (Kenk and Fischer 
1988, Binkley and Hogberg 1997, Mellert 
et al. 2004, Magnani et al. 2007)MĩĵŨǬ
Ǥ¬��µ��ȫʂƱɤ (Compton et al. 
2004, Frey et al. 2004, Treseder 2008)M½ 
ÄùɆɣŖ (Mack et al. 2004, Hobbie 2005, 
2008, Knorr et al. 2005)MĩĵtȏȠŧǫ 
(Corre and Lamersdorf 2004, Venterea et al. 
2004)Mɂʉǁzt NO3 ǋø (Dise et al. 
1998, MacDonald et al. 2002, Aber et al. 
2003, Nakahara et al. 2010)MŨɳ��ƅø 
(Butterbach-Bahl et al. 1998, Skiba et al. 
1999)rqMƲOr±À��sşʋ�ÉX�N 
� ȏȠʒğuMƬƤǬɷ�üɼe�îȠ[ȏ
ȠZ�½Â��¾��·sĶĄe�ʓùü
ɼtĶĄ�ÝWNɡŔtıĜuMąȘ�»Ä
À¢tȏȠʒğchƬƤtǬɷu½Âs
üɼb��ap[ùZkn\h (Mohren et 
al. 1986, Tessier and Raynal 2003, 
Gradowski and Thomas 2006, Gress et al. 
2007, Braun et al. 2010, Naples and Fisk 
2010)NgaoMȏȠǅȀ[ÕŢ�ĴX�p
ÐŮb�nV�ÙÇ (Galloway 2005)MǕŐ
ƤpąƍƤuȏȠüɼZ�½ÂüɼsţO
sȊɀcnV]ēȲŬ[U�N 
� ǕŐƤ�ąƍƤouMÕŢMȏȠüɼZ�
½ÂüɼztȊɀ[ɧ�sl�nMǕŐƤ�
ąƍƤsYVn�Mĩĵt½ÂēȦŬ[ǬŰ
Ľǻ±À���ǬǤīǩĄĽǻ±À��s
şʋ�ÉX�pÐŮb��NgaoMǕŐƤ
�ąƍƤtŃƢtĶĄ�ɫúsÐǖe�h
�su½Âüɼ�½ÂēȦŬ[MǕŐƤ�ą
ƍƤtƲOr±À��sÉX�şʋ�ǪɆ
e�ũɄ[U�NcZcMǕŐƤ�ąƍƤo
uaWchȁɔ[ćùpuɇXrVǥŰs
U� (Wardle et al. 2004)N 
 
ʟʛȃȎtƍǈ 
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