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Atmospheric Acid Deposition :

Nitrogen Saturation of Forests

Kim, Joon-Ho
School of Life Sciences, Seoul Natl. University/ National Academy of Sciences, ROK

ABSTRACT: Atmospheric Acid Deposition: Nitrogen Saturation of Forests: Volume weighted annual average
wet deposition of nitrogen at 33 sites in Korea during 1999-2004 ranged 7.28 to 21.05 kgN ~ha”' -yr’1 with
average 12.78 kgN “ha”’ ~yr’1, which values are similar level with nitrogen deposition of Europe and North
America. The temperate forests that suffered long-term high atmospheric nitrogen deposition are gradually
saturated with nitrogen. Such nitrogen saturated forest watersheds usually leach nitrate ion (NO3 ) in stream
water and soil solution. It may be likely that Korean forest ecosystems are saturated by much nitrogen
deposition. In leaves with nitrogen saturation ratios of N/P, N/K and N/Mg are so enhanced that mineral nutrient
system is disturbed, suffered easily frost damage and blight disease, reduced fine-root vitality and mycorrhizal
activity. Consequently nitrogen saturated forests decrease primary productivity and finally become forest
decline. Futhermore understory species are replaced the nitrophobous species by the nitrophilous one. In soil
with nitrogen saturation uptake of methane (CHs4) is reduced and emission of nitrogen monoxide (NO) and
nitrous oxide (N2O) are increased, which gases are greenhouse gas accelerating global warming.
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A 613 F2H(1999-2004) S50l W BlES] Rajrts A
Bt 4 H4 735K wet nitrogen deposition)2 12.78(7.28 ~
21.05) kgN - ha™' - yr '©]CHHan et al. 1999, Han et al. 2000,
Han et al. 2001, Han et al. 2002, Han et al. 2003, Han et al. 2004).
o] A stk 1A A4 Z5EKdry nitrogen deposition)
(43%)2 33 F2 4 733} total nitrogen deposition)< T Z7}
2 Aotk wEtbA g9 thy] Aa et FHS v &
o) Zataat viszaiehZotl 1990). Aol A4S FASh=
o @7she AAEe 5~10 kgN -ha ' - yr "2 AT Y}
(Glatzel 1990). whebA] gh=re] tf7] A sl e o] &
S 238kl Utk Aber 5(1989)S AFE <] A4 ¥ 3Knitrogen
saturation)l] Tdte] AENA Wle] A&7} vl & o3t o] &
S 235k Br1dA ol A o)slar, Harriman 5(1998)2
H 299 ATl 3 peg/ll o2l 24kl 2(NOs )l
5 S AazsPlE el Atk Feojsth

vl B-55-2] AF(Aber et al. 1998, Lovett et al. 2000, Camp-
bell et al. 2004, Hong et al. 2005), <] 42 (Gundersen 1995,
Corre et al. 2003, Rothe and Mellert 2004), ZHUthe] AA4H

L=0= =

>

N o

(Watmough et al. 2004) 3 Y¥9o] M }FE=(Ohrui and Mitchell
1997, 1998, Yoh et al. 2001)l1A 24 ¥3p7} Hus9low,
SAFHEFAANAE NOs 7F 253+ 1994, 5 2002,
7 20053, c), oJ5fell Aol AFTAN =S TS NO; 7H A
=S5 Z10= n|Fo] Kol sho] A AHAE i E3)9
AZ7} Jepd Aoz Heltholeh ¢ 1994).

o] Aag I3lEH AlFSol NOs 7F f&5 3L NO; -
N/NH,"-N9] 1|7} Eo}lxm(Williams et al. 1996), 219 N/P, N/K
2 N/Mg9] H]7} =oFR]|30(Aber et al. 1998, Fliickiger and Braun
1999), E9ko] pH7} PolA|H N HI7} FolA|a G714 o]
2(BC)/Al & H|7} Yol X|(Bergkrist and Folkeson 1992) 4+&
9] A2 ZH~(Pardo and Driscoll 1996)9} A= o]ojRt}h
(Emmett 1999). 18]a1 t)7| A48} AdsEe AddAe
AN Fo] 3ALAY FOF X EHRodenkirchen 1992,
de Vries 1993, Sven and Liu 1995, Wedin and Tilman 1996). tH7]
Zdateo] 2HdE ™ o] AL o= vEle AY 4t
o] At Aart A Aol Bofi{retention) =] 1, ¥ E
Aae i f7] AiolH, o7l F7keks t7] 2
detdell Aed o g vlgste] fE%e] S/t Hedin et
al. 1995).

oA AHR el AA 8k et Mun 5(1977)2 A4
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Fre] Areurert B eurgdA ARk Yol

o A2 3ol 1 uleln, Ak wREEFY TS
ul)o] BRI HT F5eRE(1.10)004 ESS

Btk BlEo] gt FA A sl 1985~1986
7715 g5 A4, 19850 FUT Ak, T18]a 1992
~1993d0l| FFoA SAHNL, F7] A frEFS T
o ZhPFEHA(1~1184), S8 Adurd 3 3359
A9 ATl SH= UK Cho and Kim 1989, Kwak
and Kim 1992, - 1994, f+ 5 2002). °o]/2] =l A= o4
S e A xslehs IAlglo] A &8kl 2ol Bt
ARAE A d=e] 187 AFTE B Fat ol fE
e Abeta} EAIA oA 247} 50.29) 584 peq/LE BALE Y
thol9} ¢ 1994).

o] 4L o) gl 2AS Hu) 7k A%t U]
A 7aleo] el A4 ¥3} YL AN sk, 979
T8 A5E Bk A da Xl Hato] ¥ Ans

Aol vy] Ax et

=

A AT YoM 32 337 SHAolA HIES] Hy)
il EFEAANH, -N) o} AL E N0 -N) &
EE 61 32%(1999-2004) =73 TH(Han et al. 1999, Han et al.
2000, Han et al. 2001, Han et al. 2002, Han et al. 2003, Han et

T |
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Fig. 1. Spatial distribution of volume weighted annual average wet
nitrogen deposition (NH, + NO;™ )-N) at 33 sampling sites
in South Korea during 1999-2004. After Han et al. 2004.
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al. 2004). 1 A2 HE Ak dhare] x| Yol whE Ru) 7k
A 4 A ZEFH(NH, +NOy )-N)2 Table 191 F33H
o Rl AT A A B 12.78 keN ha' yr o]
R HA FetEke] v E) T A sk AgeA
7Yz} 7283 21.05 kgN - ha ' - yr' 9] WY E X8t 12
354 Aa AFekEe) S BXE Fig 1014 B nle} o)
AP 18 kgN -ha ' - yr! o], AL 15 kgN -ha ' -
yr' o4, ikl gFE 9 Bk 3keN cha ! cyr (2
HEETh

A BlES] HoVls A 54 Aa sk 19851986
ol FokEa 5 ET 198530 AT FHANA o o)
10.30 kgN - ha ' - yr "2 ZA%]3(Cho and Kim 1989,
Kwak and Kim 1992), 1992-1993d¢]] #5114 12.5 kgN ~ha”'-
yr ' o2 AT 1994, F 5 2002). 2] 322 870
S04 1996-1998'd Atolo]] BElZ ek FAANTS}

Table 1. Volume weighted annual average wet deposition of nitro-
gen ((NH, +NO;)-N) at 33 sampling sites in Korea during
1999 to 2004. Calculated from data by Han et al. 1999,
Han et al. 2000, Han et al. 2001, Han et al. 2002, Han et
al. 2003 and Han et al. 2004

Sampling (NH,+NO;)-N  Sampling (NH,+NO;)-N
Site (kgN -ha™ - yr'h) Site (kgN +ha™ - yr)
Seoul 21.05 Daegu 11.63
Eujengbu” 12.67 Gyeongju 13.57
Inchon” 2024 Andong 935
Ganghwa 15.91 Gimcheon 13.22
Ansan 15.60 Gumi” 7.30
Pocheon” 15.77 Yeongdeok? 9.73
Icheon 13.37 Busan 13.64
Chuncheon®! 8.97 Changwon 1127
Gangneung 8.38 Geochange) 11.58
Wonju 11.68 Geje 11.95
Goscong” 7.28 Iksan” 14.01
Yanggu” 12.48 Imsil 12.46
Jecheon 10.88 Gwangju 13.99
Goisan” 14.64 Gwamgyang 12.04
Daejeon 13.58 Mokpo 12.25
Taean 12.46 Jeju 9.95
Gongju” 19.18 Average 1278

9 data for 2000~2002,  data for 2000~2001, © data for 2001~
2003, “ data for 2004~2003, ° data for 2004 only
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2 11.59 kgN - ha”' -yr“o] J3L(] 2001), 1994~19991d A}o]
o] md2 A8 752k 10.64 kgN - ha”' - yr ((NOs ¢} NH,
= 747} 3649} 7.00 kgN - ha”' - yr )©]2ItHPark and Lee 2002).
opde] ARz RH 19800 SHHTE] 2004L=1 Atelell S4E
o] 5o 7l ARd S/ B4 7 1030~12.78 keN
ha! yr'o) MR FRE A

ZFO B O &

o Bgeo] Aol 5-10 kgN - ha '
yr ! BEE 0.8-35 ng ~ha' + yr”'(Miilkénen 1990)% —Iﬂ;ﬁc}% ol A
H w2 A3, 59 AR} vdeh=ol A 40-80 kgN ha™ yr'
2 gAZ ”‘OLE}(Zottl 1990). -39l HF A4 FhEFS 10~
20 kgN - ha ' - yr 'o]B2 dharo] slEke] fHe] $E7 H]
223k o]t} Table 19] 543 A Z8FH(NH, +NO; )-N)& Bl
Boll 2 Fr1d4e|mg o] R A4 Ax Aetks ddt F
Arzetge o 7k Aol
7E-9] Adirondak$} 20| H& A GolA= Aikol2(NOy )

I} FEFOI(NH ) 54 skl dist 14 Zaae] vl

290 242} 12%2} 11% % (Johannes et al. 1985), ] ErLo}s}
Z%O] A z;qoﬂoﬂ e & LA Ax 70}5}3@_1;]. A4 7L—3}ako] Q
313 3 tHBytnerowicz and Fenn 1996). 3t=ojlA Zdl& =4
3 HAT A4 AL 7FekEe 22} 11599} 4.94 kgN - ha”!
yr (70 = 30)°1ATH(°] 2001).

fﬂraw Gh?«l TAAL ke 0](2001)9] 783k 083
oq 22X ﬂs].akoﬂ 3% = 1:{ o}o%o]; 3}1:} :Lg{ui Oﬂ_lﬂ
& U3 Zo] FAHE & ik

2

L.OE ]—

4 A 7&6 P/t(lz 78) + A A A3EK12.78 x 3/7)

=3 Teyrlom,
HARD 147 1l A& oé]i kg 247t 10413
30.10 kgN - ha ' - yr ‘02 FET). ot} o]3A B %7
Ax7} Zsksid A AJEIAl] A 32 o9 WglE A
S ARl

e S fAske Sk éli%L B HlS
w9} 9ol wha} k= A9k 5-10 kgN - ha” - yr ' (Glatzel 1990,
Zottl 1990)@1 vggt=o] AGTHellAE 5.03.2-6.7) keN -

ha' -y ' 2, AFHIME 6.5(4.5-8.8) kgN -ha ' -yr 2 F
=3 Jt(de Vries 1993). T12]aL gh=re] 4kl tiste] =l
2 233 2719} 719 DA T4 518(4.20-5.60) keN -
ha™' - yr 'o]1tKShim and Park 2001).

AEjAS] 729} 715l fralgt Aaks A7k PIAA] &
ThEe] Al o9 E-9 % }O}F*E AAH-Scritical load)ZFaL
SFCH(Nilsson and Grannfelt 1988). 42| RS Asfsl= T=
E\:]_ =° 7%1/\713].& olyﬂ O]. ;gl—%‘l— 2= ot} E@_i

= T M
F3F sharo] A Al %A A (nutrient nitrogen) R o}

7] g e

49 44 ¥3) 307
E=o AR 9.80(5.60-11.20) kgN - ha ' - yr 'Q1H] 1 F
9] 30% e &7olx AAE o]FoE Y=L Moﬁl 1 Rt

WAL 29| 18%0] B3FTKShim 2004). °E4oﬂA1 Aol 9
[ aiA 501:0]]/\1 3- 14 keN +ha ' -yr', 23 E
OFollA] 3-48 kgN ha ' -yr '® FBE1 YrKSchulze et al.
1989).

Dl

S EIEENE

Are 57 AYAE BIEst A AEA, 2 AR
2 3|k Ae)AS] g PAo]th(Vitousek et al. 1997). 1960 ATH
o ~2FEMNT A AU (Pinus nigra var. maritima)=°l 0-504
keN - ha ' - yr '] THE ALE AW An G I 7}

A 8l A AEA| o] ARl vlgste] F71e 2R Ai
7} B35 Aol At thMiller et al. 1976, Miller and
Miller 1976). ZL&d] 22 2~2FEM S04 1995-1997A] T 7]
A2TYEFS 1251 keN - ha”! - yr |2 F7)8kaL AFRE] NO;
FEEe Boke, 1 &%) Be5E 7R fr1eaw
(dissolved organic carbon)o] ZHAHOo A A4 FYJo] ALa}
1 345 Y cHHarriman et al. 1998).

SHH Z9dle] Aol A AHISR] ek 7] AA F

22 3) kgN - ha ' - ’loltﬂ oldl| Blgle] A Z3lEke] 5~6
H TEE 100 kgN - ha ' - yr 2 49 F9F A3 A AJH])To]
A FeE 48-56 kgN -ha ' - yr = 31%4 Z7}SFaNil-
sson and Wiklund 1992, 1994, 1995), 2-& ~9dle] Y7 H7H]
(Picea abies) %21 A3 ‘;l A3H5-] AR Bl ]|
A 747+ 349} 3 kgDM - ha”' - yr '9HE 718 wlsked Al
oA z+z} 3263} 16 kgDM - ha ' - yr ' 2 57} tHBerghom
and Majdi 2001). ©]°39] A= A47) HE53 ol A Al
HIE 31 A4 F7, B4 A A W A4 A 5o
7P Ao 2 Aot A AuAle B des o
ERd Zlojt.

SHH Hedin 5(1995) 7] A4 sl 4k g 9]
FE(10 kgN +ha' - yr HE F3] @A Wele g 2
9w A(Cordillera de Piuchué)oll A 31782) &) H<d &
oA ZA}SF NO;~ =23} NO; -N/NH, N HI7} theh3]
i1, 53] 157} & BFAIYSTE TS vl S wst
(Fig. 2). ool Hlgte] FHlFeA TAIY 34 Aol 717}
ul7] A Aslage] B 2019 o A5 Noy N &
FEE 3 pg/ll o)40)1, NO; -N/NH,-N Hl& AA 7a}ek
Hg|&te] ol th AT} Hedin 5(1995)0] Al@ 3 B4 o)
Me 44 G257 FoA 7HA 718 47F diFH(95%)©]

3 TR2o] GEFOI(NH, )0 ™M (4.8%), Aiko]&(NOs )& W]
H02%) .24 FF F57F 0.1 gl olsiAth wetA 15
< 7] Ai FatEe] AL A e £EAeE A4
FEFO] Ao U] Ayt A AeAd Baetke 2
2~ X f(nitrogen retention) 73S A3t th
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Fig. 2. Concentration of NO; -N (A) and ratio of NO; -N/NH,-N
(B) in solution losses from old-growth temperate forests at
Cordillera de Piuchué (CP), Chile, and sites in North Ame-
rica. Sites are high- (CPH), mid- (CPM), and low-elevation
(CPL) forests at Cordillera de Piuchu¢; AND = the Andrews
forest, Oregon, USA; JAM = Jamieson Creek, British Colum-
bia, Canada; FIN = Findley Lake, Washington, USA; OLY
= Olympic Peninsula, Washington, USA; IND = Indian Ri-
ver, Southeast Alaska, USA; BOW = the Bowl, New Hamp-
shire, USA; WHI = Whiteface Mountain, New York, USA;
SMO = Great Smoky Mountains, North Carolina, USA; and
MOU = Mount Moosilauke, New Hampshire, USA. * =
Based on lysimeter samples from the Bs horizon. The dashed
line indicates equal contribution of NO; -N and NH,-N. T =
Total deposition of oxidized N; ¥ = High elevation forest
with significant cloud water N deposition, deposition data
includes cloud water inputs. Dominant vegetation: Gym =
gymnosperm, Ang = angiosperm. Note logarithmic scale on
y axis. After Hedin et al. 1995.

Aol A4 x3t
Aa E3ke] A9
71 AL S3ES 173 A AEAlY] B4 Edo|A T
AR A Bod _%]a% 7} Fct Aber 5(1989)8 AA¥ 3}

o thate] AE7) vhel A3t mage] o3t o) gake 23ja)

3 I. Ecol. Field Biol. 29 (3)

T YEFOINH )2 Zakol N0y )9 dolgtar olsla,
Harriman 5(1998)2 AHE4A1e] ATl 3 peql /<]
NO; 7} frEHe E5AIE 24 3l Jvkar Feojstar ek
A% A AEAE oY) iéli 73810) 10 keN ha ' - yr'
o’dol HW NO; 7F AejA o g #FEHa, o)FA fEF
NO; & AfTu Askrel o7k 285 2 @A77 Ak
9] A2 sIX]A B k(Diese and Wright 1995, Gundersen 1995).
thg ofe] 71 o] &9 FAso] Al wAE] o3k A4
FT7F BobA A x3Pt AA 8] JaE AT 3R] EE
E]‘ji ‘cascade of response'ZFl EHE I QITHTietema et al.
1995). THAIZ NOy & +Z%2 NO; 9 Zatol wi#H gt
(Williams et al. 1996)(Fig. 3). th7] A4 Zsldo] 2o AR
I 49 NO; 9] Z7HERE ofue} Eke] 238l da F 5

24| T o
7t i A W A4 5% 57} o] Yoldti(Skeffington
1990).

Sk Ao At o]l &

$1994) 2 712005, c)0] AHE uks} Lo Bgo| AP
Ht %%#%‘3474]4 741%—? Eoll= Fite]2(NOs o] 22}
0.062+ 0.16 keN - ha” - yr ' F251 ok 2g]aL o]9} ¢
(1994)2 at=r2] 187} 4 na AFTA 553 NOy” 527}
TA9} Akt AT BEH 5 137 ARGl 22} 584
94502 peqLYS BarstGinh o] A& ke fy] A st
20| 2 AEAle] FUPoE=ZN oA Fot EGOIA
o] By Ml 273t F=H 7] wEoleh

AFFZ A

2005, b). FolN =T vleh o] e A EHE
Harriman 5(1998)2 3 peq/L ©)%49] NO; & f&3t= 4Hg 2
FAZ L oStk AAIZ Nodvin 5(1995)2 A4 323} 4
Bl 1= mI=] Apparachian i o] G ErAONA 4 7
~54 ueqlL9] Aol o] HEE Hasha ek BF A
Y3t 9] 157 AFel NOy % FER 1|F0] 1o} g
Fol AR Ak E8e) A7) Uehdeha ogsA) e 4
=
:- & -
i
= |
B
2
i
[
Ll
=]
=
F |
3 iy 1% 0
WO DEPOSITION (kg ha' yr

Fig. 3. Regression analysis between annual NO; input from wet

deposition and output in surface waters in Rocky Mountains,
USA. After Williams et al. 1996.



2006 6¥ 7] A ke

itk o] Az 2= 1 ARrlo] Fao] 4-8-Y(sink)©]
ol FFH(source)©] EE AHo|tk
7(2005b) A2 th7]¢] o]AFSFAANO,) FE7} 19969
33 ppmoll A 20031 39] 38 ppmO.E 81 E2tol] uid 8% A Z7}
shal okal MESATE AHdHlY AFEZL] okteldA F
T AR oAl Hare] TAleh A AT 7oA F7F
kAl WE A7}t HolR] ¢=thWatmough et al. 2004). A
MRS fEd v B MY 90F AN
sPEI7E 2 Aoz dgEt

o7 Aol Aibole f&
Gundersen (1995)2 -5 Aol|A 54 dA 7skdo] 3~
34 kgN - ha ' - yr ‘o] FHIE TR 647l o) ARSFE &
AVeE A} 60%2] Aol NO;~ 5 kgN -ha ' - yr & HE3]
31, AA7abeE 15~25 kgN - ha ' - yr 9] o] 2 oA o
71ALZS NOs™ 5] A9 2o, vt B R E
O

B3k Come 5(2003)& EollA] A7l Fo] 25 keN -
ha - yr' o)l 53709} AHRE ARt} 1 e 50% ool
NO;™ (5~20 kgN - ha™' - yr )& RZ3IUOER o]5o] HAX
spdefel Aok gsisich

Lovett 5(2000) A4 7stFo] B wl= 5559 Caskill
Mts. (New York)oll A 41709] 312 AIF52 N0y, 558 £
ARgt Ad} tj§Ee] o] A4 ¥l AEE e A%iTh
@)1 v ARe) WS} Ao 2H2t 199} 23 keN - ha !
-y o] Zatehedl A BA19) ATl NOs & #2319
THFenn and Kiefer 1999).

Campbell 5(2004)< Virginia-MainFH(1|=5) ol 2321 157] A<
o 247} A EANAM FA4 A FslEke] 6409 2.7~
8.1) keN - ha ' - yr "o AFFE 53 KE%0] 2.0(0.1-5.7)
kgN -ha ' - yr'olm BfFo] 44(1.2~73) kgN -ha ' - yr'o]
I HEEE ZATE O NOs ool o5 E5AF A 2
s} deol Atk w3k, o] Ao 7, A B EX|o
& Hgo] 77] Ax fEd 4TS vzt 5tk

YR w7 2] th7] AL 7F3heF 18 kgN - ha ' -yl A
g BACME NOs 7F fEEe 4948 AL p
mol/L)ET} 86344100 1mol/L)oA] Bo] 42571, oJ&9]
A&7)0) tf Bo| f-Z5H(Ohrui and Mitchell 1997, 1998), %
HE2 NO; & 5% =8 E F5akA] et #3341
71B2 2+go] AJE|5}3 THEmmett et al. 1995). Y& 607 4
YESA AFF N0, ArE3e Bl 5842 FatEol
Hglste] Z7}FAI(Yoh et al. 2001), Y& TR 9] AP ES
AdlAe Aa ZetET AFF NOs frE@o] U Bie
o 1 o]fE Ak 23} Adelol 9l7) wiEolgka sjstsict
(Kawakami et al. 2001).

YR} w55 AR ARSI NOy frEds
vk A} JR A= A5 A57] 1 FEF AN A

#9)

i
b
bl
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TAME A FUEH L oFE AR E ARl A
I frro] BobA fr1d4e] Frishakgo] Sidtsial $4t
AMe o] Hoja EidalA] ghrtal 3 48t3ItHOhte et
al. 2001). SFATF Pardo 5(1995)2 ©]=2] Hubbard Brook A3
Ho NOs fr&°] F3 BAgle] 459 A5l 743t
A 7R Y ok 59 A Aol STRITAL AdnkE sfA
< Wga ok

Watmough 5(2004)2 BT A4 7310] 9.0 ¢ 6.4~
11.4) kgN - ha” - yr "2l OntarioF(FHUThoIA 16712 £&5E
BEFAE AAste] EAO] &1 AP} gubshy Bl $A5
ks HFASES AlIToR, BEAo] Zda APt F3
F FAEE ks BFAIES AT o g BRslY, 4
o] AFSY NO; FEHS vlwdt 239 Al WS 54
A5 Ax 9 AL 1 FEWL) 713F] FFSZ N0y &
7} AL olo} gRH O Z AR F2 FA|, A% 7
59 F59 YFOE N0 w57 w55 s, 4t
FALINO; frEe 459 1x8 A9 1 & 7|7t
27} aALeEe] NOs & S8k o a2m frEdo] B
Aok 7138819 oS =3It
Hong 5(2005)- Hubbard Brook A& & ol A 3013(1964-1994)
S AFTY NOs F&29] SA4S 248 29 A9 104
(1968-1977)2 =o], th29] 121(1978-1989)2 A F=2<&
wskar, a9l gyl dAAstet EG U fr] Aie] 7
718} 2h8ol| ogk Aa FFE] thadt A EGe] AW V)
2 w3l st G A= 2 Adx7)7hel 9Jste] NOs™ &2

S7ke] Ukl shAsksct

N 0o
I~

o ]

S 2 gt yE
£ e o

HAarx3) 7HA

A B A ¥l whgsle] EY U] Fa ofko] A
A ¥skeket. Corre 5(2003)°] oJatd B &ollx= B vAY
5o 3507 #7] A4vt F713 ZE{mineraliztion)S 3}
NH, 7} fre]=la NHy ' & 24HE 28Anitrification)ol] <J3}e]
NO; 2 ™, NHy 9} NOy & 53} Z-8{immobiliztion)ol] <]
sl HAEAS PAITHFig. 4).

S

Gmoas M
fiarsirabben OSSR

L [EEEEE— Y P ——
Crganic ; = ML,

Malsreimotss

il ation immchdication

Mozl
Bedimidss
M

Fig. 4. Schematic representation of the microbially mediated internal
nitrogen cycle in soil. After Corre et al. 2003.
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Aber 5(1989)2 2to] Axg2 ¥3}1EW N0y 9 7= =7}
ok ofle} 7] dAe F713) 28, NH, 9] Aiks} 214, of
A AN0)Y viEFo] F7Feka, A= 1AM,
W A 5 9 253 A8o] FlsitF da E3t
o gARY o FPshH Q3] o]E9 8o 7HAd,
Ao d' Fadte A4 23} M S AFSAthFig. 5).

o] 7Md& RS A 101 Fof) vl HEFolx F A
a}eFo] 4~13 kgN - ha ' - yr '] THIE 7FAE New YorkF9}
MainF=ol] 231 FHSIE 2ol transectE ARSI 16171<]
S 2ARBIA 42 A5t 359 NITREX(frolA 7]
27Fake} e A 8RS A8k project) 7| RS A}
S B7JSH Aber 5(1998)2 AFAlE0] F7(1989) 3kt 7k

2-E 43I tHOllinger and Aber 1993). & F3 2] 7}
Hlgt] EG U f71d49 715 282 A4 ¥3)
8] we} 7w, AAkst 24839 NOs 22
she] § SAA F7HET, 29 13} AL Bk
AFE ZAEa(Aber et al. 1995), F W Fa 559 F7h=
Z7] GARE AT 7MY JRE 5L O Yozt
Aaxste] 7] GANH WolAe § &9 Ca/Al B9 MgIN
HIE M2 F7}sltHFig. 6).

Aol Aa xdh= B 89 75l w1l H2ske
£57t g2, J98g9Te AEANETEY =gA 2w
o} AAZ Nodvin 5(1995)2 v]=F 55F2] AppalachianF] 2]
IA AHFHEFAI NO; 5 TE7H47-54 pegL= HA
E3lo] A5 LA, o] EFAIE Aber 5(1989)9] BAFE
3} 7oA stage 29 Aol Aokl AAEIATHFig. 5 32).

e A B
2 1o
e
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X
wE

(RIS RS

Are 39 B U 24 £9

Corre 5{2003)2 7|7kl A 25 kg - ha' - yr '&) A&7}
Zabele UEiT¢s dx72 o, IS ol 140
kg +ha ' - yr o) EAIEFS 111d B ARG Ak AT
E vlE3 ¥ NS Bl F45t] EY v 93 A
T3S FAAT ES Ul f71449] #7138} 285, NH,'
Axsl 245 2 NH, 9 NOy 9] 53} A458 B8
7] ESSo] AES 77] EYSRT =11, 2N e F
5718} Aoy FAL} 2AH8-E0] NH, 9} NOs 9] H-53}
257} HL=EkR Uk AJH]Fo e NH, 9] 253} 2F8-5o)
FF713 2AH-ERT Y1 N0y 9] H53) 2He-Eo] 2]
Z-GERT WIThFig. 7). 28]l 25 AL AHTFoA &
5713} 2Hg-Eo] Yolx= AL Aber 5(1998)2] 7S A
she Aelal F431a, NHy'9F NOy o) e 53 285
2ol PlAEAFo] g EH Bk Ul F57]3) 4
Fo] Holritka Atk

olx9 4 Bkl A Xd3= B n|AEL] A|xe] Zuf
A9 GBS Ao EZM 718 eSS BF, E
& FEE EAshs A4 E BEY R0 BHjghs ¥
2 w8l B0 S dAlgth tizTek A AulTe]
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Fig. 5. Hypothesized time course of forest ecosystem response to
chronic nitrogen additions. Top: changes in nitrogen cycling
and nitrogen-loss rates. Bottom: plant response to changing
levels of nitrogen availability. The four stages (0~3)
correspond to pollution loading. Stage 0 is the pre- treatment
condition. In stage 1, increased deposition is occurring, but
effects on the ecosystem are not evident. For a limiting
nutrient such as nitrogen, a fertilization effect might result in
increase ecosystem production and tree vigor. In this stage,
retention of nitrogen is most efficient, and that retention does
not damage, and may enhance, ecosystem function. In stage
2, negative effects occur, but they are subtle, nonvisual,
and/or difficult to measure. Only in stage 3 do visible effects
occur, resulting in major environmental impacts. Different
species and environmental conditions could alter the timing
of effects. After Aber et al. 1989.

F718} Z&-Eo] Blud vl 1 o= 27 A4
z3}e] ZXF WA|(Fig. 594 stage 2: 5713} 2-2-5o] o 7+
=71 AIZBIANE NOy™ 128 of2] dojubr] gb= gl

B Hel o
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A, AlBl7E A E3KFig. 59 stage 3: F5-713} A5
A3t} NO; 9] Algto] dojub= A4 310 wix|ut &) 4
gl lkar FolHa v} il o] APFEY] Ede 4
dglslo] Ao B E NH, 9] FH4H8) 2182 vhe pHollA &
do] JAEE A7t G WAERT EHg0] HolAE Bt 9
FrA =l o] dojdriar s =L Qltk(Corre et al. 2003)
(Fig. 4 2. Stark®} Hart (1997)% @& A4 555 713 AY
T Bl At A8Eo] 55 HEEth

200 N Mineralizution ~ Follar ¥
= 150
=
£ 100 |
= 1 CazAd am
= 50 b Mg:N Ratios
MNitrilication .
L e
0 1 2 1
St
Fig. 6. Revised set of hypotheses on the response of temperate forest

ecosystems to long-term, chronic nitrogen additions. Change
from initial hypothesis (see Fig. 5) include the reduction in
nitrogen mineralization in stage 3 and the addition of foliar
Ca/Al and Mg/N ratios. After Aber et al. 1998.
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Davidson 5(1992)0l WE9 71449 5713 Z-852
2 AL BT 10d4 AU 2P A0 A o Bk &
T8 A8E 109 ET 7] A2 poold] 3)Ho] W A
So X 2-3uu} O =, A8 LB A 2
2|7} vlgzsltkar 3tk Lovett2} Rueth (1999)°) w2 thr] 2

2 7¥8leo] 42-11.1 kgN - ha ' - yr ' ¢ THIS 7HRE = B
5o A EY 77159 77138 2183 Ak} 218 Atolef
T AREEEA o AES oA UmihbrgolA
s HolA| ekedl 1 US4k A o] tha)
wjolgtal AEA| Ak

Rothe 2} Mellert (2004)= 5Q2] Bavariax| 5ol 4] 1001348 1
] HA7HEHIET Uiy E 957018 A5t B

#Yo) YRGB, olF o) A3 NOy
= 7Aagseel sk 9e-s wa

Aaz x3lE e 9e QI(p)e] FE3A 7] Wil N/p
H]7} Eo}l X1t Bytnerowicz and Fenn 1996, Koerselman and Meu-
leman 1996, Fliickiger and Braun 1999). <& S, Rocky Mts.(3E
31 3,450~3,650 m)9] AH AEAlE FAC AAv B39
=1 bristleconeAUHF- 212] N/P H|7} oA &= Ao g Hol A
2¥312 v = FAo) S-S UERATH Williams et al. 1996).
ok olue} NMg % NK BIE =obd A F719% AAlo] o

Control
HH, - MO,

208 (42 b i e s 123 _men
g 16 mm wnficsbon| 28032
mineraizason
153 (32} 45 {28) ab
H " i microbial N @ M0, - immsklzanon
2851 (518 a
11.3{2.2} ab
M fedtilized
12 (23 b HWAENE | sop4 W 00
2 H T
T2 [2m -:-\\ /? (# b
1A (1541 B
14818

Fig. 7. Gross rate of microbial nitrogen cycle (in mgN - m?- day™) of N pool (in mgN - m’: upper numbers in boxes), and residence time (in

days: lower numbers in boxes) in the organic layer (left) and in 0-5 cm inorganic soil layer (right). Numbers in parenthesis are expressed

as mean (SE). For each parameter, means (n < 10) followed by the same letter(s) shows no significant difference among treatments (repeated
measures ANOVA, least significant difference test at p < 0.05). After Corre et al. 2003.



312 2

o] o dthAber et al. 1998, Fliickiger and Braun 1999).

o] AA4Z ¥3EH 58 Ad(frost damage) 2} H 3N ol
obefRity e M- IS HA da ol 1.6~
20%R0H] 2.5% ool = ZalE 17 4at A Hell(Shaer-
psis sapinea)?ll A& 7] $1-%-H(de Vries 1993), FA o]9]o] F
7] GUAK', Mg™, Ca™', PO;) 9] ABZo] UERFI(de Vries
1993), B} Aol Al F=7) =oFAH(Postek et al. 1995,
Berdén and Nilsson 1996, Lawrence and David 1997), 97143 %]
2(BC)/Al & H]7} Srolq A A51S U O ZITHEmmett 1999).

A AeAle] AArF 8= Zf(mycorrhiza)e] S9F
gAJo] wrolxItHiittl 1990, Zottl 1990, Wollecke et al. 1999). 2
AZ QAT T NH; | shigo] 22 2ollA] 144F0]
Rt 2R 6ul @ol ke HolA 1402 FHAE
(Lilleskov et al. 2001). o]&]8+ <] ¥ 59 F7|9%
29} B9 F4E Asfiste] Az} Hajlol FHFaAA A
B2 o]o}ZItHEmmett 1999).

12+ Aol 3t

Ao] A= xohE]H A QoA o2 Wi =
& Wo] Slth o]Z2§ W2 AANE ] e FEE A
Abgo] oItk Bergholm et al. 2003). B2 574|9] ArHAE
H] gl o]&3It). Townsend 5(1996)2 A|7/dollA t7]
7F3te] F7tel o] 74 AEe] 'hA FEke] 1990
© 2 3} 0.3~13 Pglyr (1 Pg = 10° g)2HF 718}, A
o] A2k 184510 A Aslol ot ghhe] 7A =
o] 25%%hE F7ketrkaL FAkstGict

F2e He 2oiEe] A Aotk o & E9, 789
Hubbard Brook A1& @ ollA] A4 AAA-L- 1965-76'3, 1977-81
2 1982-86'A0] 212} 4.6,2.8 2 021 tonDM - ha ' - yr ' E 7
AF A 19| Huntington o &5 AP HAAME A2k
HlSEAl AAE e 1 99 Aa ¥z dNEn
(Pardo and Driscoll 1996).

¢

i

N

]

e
e
=
-
&
=

r

7] et Aol 2l
Az FHE M B9 949 Ny o,
2 AT 5 Ak 4l Askele o] das uliE EY
of Ag=Ed 59 7HEHIEe] "NHNOsE 29 3F Ae)d
A3} PN ST ah A9 Aol 4%, wEF] FHol 2%,
=gl 1%E EujEla thrEe] "NE EH63%)0 EujE
(Schleppi et al. 1999), B2 *N Ful= H270] 5%, 9 -
A2 - I 15%, =59 Jdel 10%, B 70%H3.0H,
Eoko] BujEE UNO HIS-S ALl A 49%, )%
A 12%Atk. o1HH W] Ast il EYe] Bo] Buljs=
o= CN H|7} E& EARHG 11 H|7} $e BEqkd]] Eajlg
7] wj&-olgtal 3435k th(Nadelhoffer et al. 1999).

th7] %2 NOy 9] eFE5994 0, v1E ZH3le] s
EY-REE AR FHe] AR fof Yo N0 9

HN

oA J. Ecol. Field Biol. 29 (3)

& 21735k A CIA 16-30% 1 ool Hlgte] 2E|ste A
H7125H FYE N0 & F3f8kA] X3tz A=l 100%7}
HjEgo] B M thDurka et al. 1994). 1831 NO; ol &J3h A5}
T o ARE ge]7] ffste i) Askre] w9 A4
H] 8N #5125 2 1SRN0 B2 HE E4shs i''B
=Asl= A7} o]FofR|al JthWidory et al. 2005).

o g Ak 2.9
S5l A3et Aske] A NOs- F=E 50 mg/L o]}
2 4HA =u(de Vries 1993, Widory et al. 2005), 3 AH
o A4 z3lol| e Aakro NO; 290l tigk A7} o] F
oAX A gk AZ-FY-FHE 7749 FFY A A
T ¢F100d MEH t)7] SF0] F415k] 49 ‘Black triangle’
2 4R Krusne AH 7 213204 He] HolA vl HgA|
%<1 Sumava®] #3152 2HIEL S22 o] B aE AT Table 2).
Hrkal (2004)2 Sumava®.th Krusngol|l A t7] Ai 73sl8ko]
of 2vl il 2H3stE A8k NOy FE7) sy =55 ¥
81, Ak 2do] tiy] L ARG FRE AR FaL =4
vehdtiar gtk g 119 20%7F ASrE e
FZYEF(M) AT 576719 BN Fol & A5k
NO; FEE A} AT R/t F A Q] Askr Axs
A2+ TH Ceplecha et al. 2004).

E eI L i B

bl
il
1o
-3
mi

A X35 317 fI8te] bl SAFIEHE((NH,),S0s),
AIIEHENHLC) v 845 AH[s}
At YA o] Harriman (1978)2 <194
Z3} AYS Foto] A EFA 84E AMIgE A
Table 2. Comparisons of nitrogen deposition, pHs of precipitation,
throughfall, runoff and groundwater, and alkalinity and NO;
concentration at heavily polluted Krusné with relatively
cleaned Sumava. Rearranged from data by Hrkal 2004

Krugne Sumava
Mt. polluted cleaned
Nirogen deposition (mol « ha™" « yr’™") 1,324 605
Average pH of precipitation 4.64 4.45
Average pH of throughfall 3.65 434
Average pH of runoff 5.76 6.72
Average pH of groundwater 5.6 59
Alkalnity of groundwater (mg HCO; /L) 14.6 16.5
NO;  of groundwater (mg NO; /L) > 25 5
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1 Foll AlHEke] %7} ARFE FEHIL 1 T 63%7}
NO; 2 598 4¥s ok %3 Kahl 5(1993)2 t7] 4
738FEo] 600 eq - ha yr_l Q1 Maing(]=5)2] Aol Ehakete
S 1,800 eq -ha - yr 2 AN A AFS Eol| 200-500
eq-ha ' -yr'¢ NO; 7} §=8< Buslal, Ohrui¢t Mitchell
(1998)2 Ao} 2o 20-375 keN - ha 9] ThE 59] A4
AHIE Slo] AT NO; frF Abololl Ao Adeto] vebd
S Uitk 3 AAE 33lE 4 EYl A4S o AHs)
A EFEI ca, Mg, K 2 AT FEY] ST v Rt
(Majdi and Rosengren-Brinck 1994, Majdi and Persson 1995, Nilsson
and Wiklund 1995).

EG Wl =4 diAbe] wist

ul= 55 AHolA Aa AHIE ah7] Aol 7)1 ae
13285, #7140 ditst 288 B Yo d4 F
|02 AT W il ArErEt 247t
Z319EH, Aber —(1993)—0— 39 Sok AR S 0(F
T), 50 B 150 keN -ha ' - yr 4 AMIGE A} Qo) Ak FE,
EQF] ANl A8-F B ARFY FrEA fEFo] Iy
SR ATl A Bar, Al Fag] vigh BEofe] Bpr
Fo] LpreET FTedA Bon AlLH A4 AHIE
Aa frEo] VM-S T8t

Magill 5(1997)2 th71d27335}0] 8 kgN ~ha™ - yr 'Sl 7]
o] AFol] 503} 150 keN - ha™' - yr 2 6\ T AJHISE Az}
NO; #5243 717 5 ATl A& AN S5
oA GAE T, 2] A Fre AUFHAA tg2THRG
67%, EATHAAN 25% S7FekH, Al &2 A s A
ol Hl#|ste] S71OEA o] 7|#Eo] Aa 8o Fh
A AL, 7184 F713 285 A4ks) 21%501 Al
Hlgol] Hlgst £ NH, 9} NO; EEE AJH|Fo A o}
AL ®Bausith

X‘*i F3hE A E) A4S o ARlehd Al gt

ggo] vrolx| 1 FFE) B3 3HA Fth(Majdi and Rosengren-
Brlnck 1994, Majdi and Persson 1995, Persson et al. 1995, Nilsson
and Wiklund 1995).

Christ 5(1995) w]=t :‘j—%ﬁiﬂ Hubbard Brook A& 2] 1
TRl SAIRES 40, 160 L 520 kgN +ha ' yr ' 2
29 FF AHIG A Z‘*kci} 2pg-o] JojupA] oF-& A davt
A BfEIL fEE Aao] 77%7F NH ]l AeR vlo]
o} Aol AazsPdedl slttsitiet® vi=A] Arbslakg
o] Hu=x] vk FSIAth oA HEdh Lovettsh
Rueth (1999)9] Uewh it AFeE< Eke] dikebag
of HlaL AFolA MR AAsE-S doTA] e FoE
njFo] YEihiE E¢e] 544Q1 202 Foldth

Bergkrist®} Folkeson (1992)2 Z=9519] YEHhpi-£o 7]
Ax7yateEo] 3u)(66 kgN - ha ' - yr ')} 9uH(198 kN - ha”'
yr )2 NHINO: S 551 7 A|u13k A} E9ke] pH7} F-AHIE,

N

N
= ot g

>,

SEEEPS

e
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2 oul] AJH|ElA] 242 4,51, 4.07 2 3812 Yol V1A
OJCJ]%(BC)/AI U7 4227, 11 015 sl EQF &
S NO;” F=7}F EoET 1 o5 NH, 7 Z4ksh 280
ENO; & Hof o]zlo] EFUALe] oAl F2H AT Al
HogH B H'E I3t AHdshAztar sj4dskaict

Bergholm 5{2003)-& 2=¢jdle] Eule)o] 18 kgN ha ' - yr ' ¢]
A27kstol = NOs 7t 5411 e R v =
] o] %ol 100 kgN - ha ™' - yr 'S AJHISAS o) EOF & &
ol NH,', NOy , Ca™', Mg’ "o] Z7}3}aL thz7-ol] Blsted 10u) 2]
proton (H)o] fre]¥o] pH7} 04 T Sl S A2t
VNG AP Eo] AAE AMISHA pH7l Srolditke B
(Majdi and Rosengren-Brinck 1994, Majdi and Persson 1995, Nil-
sson and Wiklund 1995, Lawrence and David 1997)(Fig. 8)<} 231
P EH O Z F 400 kgN - ha ' = AHISI % pHY} RobA]A]
Bethe dHHE Burt JohMilkonen 1990).

EGF Wl 7] Aae 7] B
Feger(1992) =29 Black forestoll A Y9S- AAS %3}
RHES Lol AAE ARG A9 ARlA = A A4S B
of BA3ke] NO; o] fr=o] At $AfM = 24ks) 28
o] dojubr] NO; 9} A7148 Fol29] frZo] dojutal Mg 2
AFo] AsHA vt 1 01 e HES BEFo =N 1]
AE &4, = 2aspargo] SAs7] WiEolzkaL si4stal
o} Z22]31 Hunt 5(1988)% éd\_ A8 7} 2USH(Pinus contorta)
o] 944 TelES =ole dNS TSIk - Park¥
Matzner (2001)= Eh5FH 3 AATS} 3 9ol 2=
S A¥3 715 AAsta EYY 7MY F7)1 2 NH, NS
NO{-N)g 743 A3 Hd AATE 7R F1EA =Tt
A FAEL FEGTFAA FAPO 2N RBEAE TSt
% ehandt Aksl AH8-Eol] Hedo] 21 FS vtk Fo]
Fack
McDowell 5(1998)2 7] A4 7Zslao

{0

(¢

18 kgN ~ha' - yr'

ATUolprieie dor

Zerwm [ e it

i .
L 31
Hiraral wai by dem)

Fig. 8. Comparison of average pH in the rhizosphere soil with appli-

Q@

cation of ammonium sulphate in 1988, 1989 and 1990. This
experiment started during the growing season of 1988. The
same letters indicate that the bars within each layer and treat-
ment are not significantly different (Student' t-test; p< 0.05).
After Majdi and Rosengren-Brinck 1994.
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o1 AHgell 0(FEAIRIFY, 50 2 150 kgN - ha' - yr ' 2 413 B2k
AlBTeE A3 E4ke] 7184 §-7] BFAx(dissolved organic carbon)
= A5 10~30% Z7Fsk=t vlste] 784 #7128 A(dissolved
organic nitrogen)= 200-300% % SV 24 7H8-A CN H7b
FAJHITOA] 40-4301 =T ATHIFRONA 25.6~36.42 SEolA]
< ACE Hol A Ao &Jste] 7R84 F-71AATL S
g Rtk David 5(1998)2 t7] A4 7380l 20 kg
N-ha ' -yl W] BERo] JHEBUES0] 100 kgN - ha

yr ' 33 BEE 34 kgN - ha ' yr A 61 B9F AHIEF EOF
] Oie®t Oa 9] & Aa Fro] Aln|F] BlE|etd=t] o
9] 71827} amino acid-N (F249] 31-45%), hydrolyzable
unidentified-N (16~31%), acid soluble-N (18~22%) % NH,-N
9~12%)° Euljs= 2945 Ik

weh, datstda B oopibstA o] oAt

2o} gje] A B o] FolA] HIEHCHy) S S5
S Steudler et al. 1989). Fig. 9914 B= nho} o] Bk &
A5 AMIEHE 71z BAgle] 59T 10€ Ato]o]l AaAHIE
Qb g xRt SrEd AGFHY] AT 3T B
120 kgN - ha ' - yr Yol A CH,o) F5o] 24dr)

CHy& P EC] 9J3le] 4ks}E| o] CO,E WiEH ] 1 4+
she EYe] A4 55 pH 2 A& A% Rl ne} gl
TKTable 4). CH,2] 2H8ke 24 557t B8 Eo] e Eok
BT} 60~80%2 7HAF L, pH 5.59] R EoFH T} pH 3.09
A EdelA AaE, AEo] Asshs EdRT S5

HN

3 J. Ecol. Field Biol. 29 (3)
% EYOIA A
oj¢} RIh 2 CHyol AFshE wf A H = CO, MiEd-e 24
FE7l B EdRT =8 B Z718ka pH 3.09] AHA
EHT pH 552 ﬂ'}‘o °J°ﬂ*1 S7keHH, AEo] A531A
%= EYRT S5 EYllA E718cKSitaula et al. 2001).
Ak ge e = ] CH, Dab B4t i
SRSl NH S Ak el A7l $70 el

methane monooxygenase# 71383} HAH o7 283t7] wfFo]
11, A 2o ASsls BN CH, A8} Z7lehe 7hgke 4
B NH,' & §538te] 11 =7t YrolA7] o, A ES)

oI CH, A7} Yol 7hshe: o] A4 93 v
Zo] ohile} A=) Aatae] stk NH, S E5ae] 4

=]7] wjoletal A=Al UckSitaula et al. 2001).

7] $¢] CH, 55 9 11%4 F7l8la, 22 559 Co,
Ho} 2199 &4 a3} glo] 473 313 EAE Bol B
O}A]a 31THMooney et al. 1987, Steudler et al. 1989, Sitaula et
al. 2001).

6’]-.1:] Arg J_ﬂ,;] )\l-%] thoﬂ}v]‘— §7]/¢EHO]]}\1 oh:x‘—
A8V (Nitrosomonas europaea)®) 23F8} 2480 o]&ke] NH, ©|
NO; 29| 4k} A7} 7] AJefol A 2arls) 2802 NOs-
7FEAVY o2 @A EE oM NOSHN,09F & F-4HEo]
Hj =¥ t(Davidson et al. 1993, Bytnerowicz and Fenn 1996, Ma-
gill et al. 1997, Vitousek et al. 1997, Sitaula et al. 2001, Akiyama
et al. 2004).

N,O HjEFe Bl NH, ©] BAY pH7} B4 480

Table 3. Input (throughfall) and output (leaching at 90cm soil depth) of water and inorganic nitrogen during 4 years of nitrogen manipulation.

After Koopmans and van Dam 1998

Input (throughfall)

Output through leaching

+

+

H,0 NH4 NOs Total inorg. N H,0 NH4 NOs Total inorg. N
(mm) -(kgN - ha ~yr'1)- (mm) -(kgN “ha' 'yr'l)-
Low N plot (6 kgN “ha' -yr'l)
1991 420 0.3 0.1 0.4 128 0.1 0.7 0.8
1992 646 23 1.5 3.8 272 0.3 1.9 22
1993 678 5.8 6.4 122 523 0.5 43 48
1994 752 3.5 24 59 480 0.4 3.1 35
Average 624 3.0 2.6 5.6 351 0.3 2.5 2.8
High N plot (37 kgN - ha™ « yr')
1991 419 212 5.8 270 128 0.2 114 11.6
1992 644 27.0 9.7 36.7 270 0.3 31.7 320
1993 675 342 9.7 439 471 0.6 37.1 377
1994 755 312 10.1 413 476 0.4 24.1 245
Average 623 284 8.8 372 336 0.4 26.1 26.5
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Table 4. N,O and CO, release and CHy oxidation rates (mean + SE) as affected by plant, soil acidification and N fertilization. After Sitaula et

al. 2001
Without plant With plant
pH 3.0 pH 5.5 pH 3.0 pH 5.5
N;O emission(ngN,O-N - gDW'1 - day™)
Unfertilized 2£03 1103 411 152
Fertilized (90 kgN - ha™ - yr') 18 +£9 44 £ 2 6+ 1 120 + 9
CH, oxidation (ngCH, * gDW™ + day™)
Unfertilized 241 3+ 1 342 10 + 1
Fertilized (90 kgN - ha” - yr') <1 <1 <1 2+ 06
CO, emission ( 1£gCO; - gDW™ - day™)
Unfertilized 112 + 13 118 + 22 230 + 35 438 + 37
Fertilized (90 kgN - ha™ - yr') 151 + 19 254 + 14 312 + 94 655 + 100
Jom ZUHET AES duF 4k8) Al 7189 NH, & 0
T8t AaA71aL, =8 pHe 2438t 2483 g 28 ff"\\ =
3] 3O o A = 0.20 o 50 -
WAk g 498 :T_O]U%, EY =& Ax v i [ TEWF "q..__&. =
Akl 287 g aks) Aol Al Ale] V1S S} A ¥ ——e 110 E
AZ1EZ N,09] vj&#o] S/t Table 4)(Sitaula et al. 2001). w @ ::-Ir .
QEoA 7] A 7FalEko] 306 keN < ha ' - yr 'l AU E |
A3} 157 keN -ha ' - yr Q) BE5A] N0 HIEZEL 77t 3 |_
45ugN +m” - hr ' 23 4gN -m” - hro]aL, T WA Fe E
A wjE2S 72} 0383 0.20 kgN - ha ' - yr 'o]lth 283 £ el : .
N09) HEEE 27 A B 29} A 3t vl SR SES e SRR
3la glgo] 8 AtHOura et al. 2001). B ool R Low 3 HIGH M

AT 71500 N,07F &F 3 TegwhE S9] 23(Galloway
1995), 71 F== F 314 ppbel™ vid 0.25%% S7Fska, CO,
wr} 296819 24 F37} AUckHendzel et al. 2005).

! T

ERCCEE . E
Az z3lE Ao 7] A4 AslEht A 58 7 F
2A71E Aol o]FojA 1L Tk KoopmansQ‘r van Dam (1998) =
o 7] A4 7sleFo] 37 kgN - ha ' - yr 191 o] S o %
2-3m E°]9 AT 7}*30}; 49 B9 A FEE 6 kN - =
1 for

ha' oy 2 G QF HIES S 9o A2 AYSH 5

IS skdnh. LAAT(3T kgN - ha ' - yr )ol] BlSke] AL
76 kgN - ha” - yr )] EFS NH, 9} NO; 7} w2 A]Y Wjo] Fi

ig. 9. Average monthly CHy uptake and soil temperature (0~2.5
HaEa Al Zg-Fo] 1dATY KE HAES BEF cm depth) for pine (top) and hardwood (bottom) stands at
ATHTable 3). o]2A =3 Qo NE-S 7Mdsta 8t das Harvard Forest. Low nitrogen fertilized plots received 37
A7) Aa} o) 40% Z7kskdET 2 901 2ge) u kgN -ha” - yr™' and high nitrogen fertilized plots received
© 784 B7)AA(NH, 9 NOy ) B Hiel] 1 B4o] o} 120 kgN - ha™' - yr . After Steudler et al. 1989.

F7] WEolgkar s48lH th(Bredemeier et al. 1995).
TFavFee 55 A4
2 Fxo] W3} Rodenkirchen (1992)0l] w2 ™ o Aol S HH-2] Bavaria#|
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Ao\ M= AU (Pinus sylvestris) Sl A AHE, W 3P
5 9999 494 55 stdgkonE A EF UOIN, P, Ca
2 Mgo| ZRE| o] AJHIE dtodof W7} Ak vhg Eqo] A
HFsIGAaL shsA o] Hiekslgivtar et a9 =4 d A%
B 24 Jatgo] Zlslgeng AHIE Faekya, el
£ 58 5959 3(S)0] 46 kgS ha ' yr 'R HrgEa A4
(N7} AT EF 67] T3 obF < 5~10%E
AHdstEo] Slkar gk

Rodenkirchen (1992)2 ©]2]8F AU -42] Braun-Blanquet
Holl whe} 3170 Qo ZAF (releve) S X8t G BE
3 7o} 2ALE T2 o] 315 A9 £ AES 24
o] 1946135} 1987 Alole] AholS B mEIATHTable 4). %
A QAN IR B HES S5 ARSI R 2
7hskanzzt 2] 14%8} 39%), 412 8ol A=A o
Sdsh= AEFQ 2 7] AF(Polytrichum attenuatum 5)7}
429 o]l A& SR3tE 281 2 FEY SOU W2
pHel BlEY WS 7KX= ElF(Dicranella  heteromalla,
Hypnum cupressiforme, Dicranum scoparium)7} /3ol A Z 5k
(patch) 3F/33tar, oje} W2 2ol WIZHel F(Sphagnum
acutifolium, Hylocomium splendens)—% AEE T

423 Rof| Ix=7} =0 AR FHepigeic lichens: Cladonia
spp., Cetraria islandica)®] ¥ =9} &% (constancy)= AA3]

=
e

oA J. Ecol. Field Biol. 29 (3)

obF e, ol
4 BEds Folohe S4F0IH B A3 AAHo] ot &
o)tk WEhA o5 A B 2Hsiel AaF o
Gt ol Alrkehe Aoletar a4 Qi

2 7VR] 2E(Quercus robur, Betula pendula, Sorbus aucuparia)
o] A= wRks FAgset, 1 Ade EHEA &AL
= ARE ZHAlE MR Yo, A AFatke] Bold oz A
ool FA1E AR ZA0| WAEY, ATEQ Calluna vul-
garis©Fe] 73AYo] Holzl A7 A7} e AL E FAHACH
agar A4 Fateo] S wet 59 HERe] a4y
T B9t AYshe @39 Fo] vk 538t
FAdE F9E Foldal BES dd FFauredA C
vulgaris®] A37¢] FEeal A7t woEd], 1 ol S
& B4 YA B] Eme] Mol o] Al WA o}
9§80 271 Age] 2 270120 dhEolzka A7k
ek

TR C. vulgarise At A B9 ZAFE ZAREY oF
70%l A F71EGe] Bo|x EES AE(Vaccinium myrtillus)
oy EMES 2 E(Deschampsia flexuosa)@He] 7o) 2Ll
X Fxrt ol S IRISHATE FANES 21E0] C. wigaris
5 AIshs 23 491 A ZFatake] St ikl a4 s

At

A2 o] A1 HA G ALY Fu

£
Ex
=
=
=

Table 4. Vegetation changes over 4 decades in 14 Pinus sylvestris stands in Walsassener-Schiefergebiet region, Bavaria, Germany. After Roden-

kirchen 1992

Properties of Previously litter raked Unraked
ground vegetation 1946 1987 1946 1987
-Mean number of species (relevés of 250 m’)
Vascular plants 6 8 7 9
Mosses and lichens 8 9 7 9
Total 14 17 14 18

Quercus robur, Deschampsia flexuosa, Epilobium angustifolium,

-New species and
species with increased

constancy in 1987 ) ) . )
Dicranum scoparium, Picea abies

Sorbus aucuparia, Pholia nutans, Polytrichum attenuatum,

Hypnum  cupressiforme, Discranella heteromalla,

Quercus robur, Sorbus aucuparia, Betula pendula,
Dicranum scoparium, Pholia nutans, Hypnum
cupressiforne, Polytrichum attenuatum,

Picea abies

-Extinct species and

with decreased constancy Sphagnum spp., Bazzania trilobata

Calluna vulgaris, Claonia spp., Hylocomium splendens,

Calluna vulgaris, Cladonia uncialis

-Mean cover(%) of some common species

Calluna vulgaris 4
Vaccinium vitis-idaea 22
Vaccinium myrtillus 46
Deschampsia flexuosa 6

Cetraria islandica 5

< 0.5 3 <05
10 7 3

52 20 23
9 3 6

<1 3 <1
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Rodenkirchen(1992)& A4 @7&o] Hal gfABEQ] L&
(Vaccinium vitis-idaea)] =7} 4213 Fof ZA] oF 60%°
A nE AES Aot o] wE A% E(loamy soil)oll A
WAH3E FANESE AE(D. flexuosa)S] == ZA}:[L,] ok
75%014 S7FsAaL ARl A 3199 ¢
7. il AE oSS Helagh o] 77 i
A TNES AEY G AT 292 AA Folgke T4

£ 7IAA E]O“ﬂr = ErlcaceaeJJr AETE IR OE ENE

}\
4y

& 2EL fE 39l & Ax(induced nitrate reductase)S A
Qo] B "Q}EH zb(NO3 N)E ol 83k S U,
w49 A Ak Fake) kel elstel A% (perfor

mance)’} FFE= AT BHEICH

B0 55 AAE A2 Ta) ATE 4L 5 Yok 73
o] U231 9t} Rainey 5(1999)2 718ES: A& Trientalis borea-
lis), ZAVR S AE(Dennstaedtia punctilobula), Maianthemum
candense 58 3% Aol B¥a= 6294 AVF(Pinus
resinosa) Z=B8A2] Yol FEE GEsh Q’J%EH(NHz;NOg)
S 79 Bt ARlsta, OE 3% A4y 7] 9xe AE A

4
DS BN, HESE 94 Fo) S Ho
FEUE AU ANFo] BLHS 2] Yot 1F 4
0] gLHoRA 5 el Ak AN Sl 31 4
0

AEFe] gA
SvenZ} Liu (1995)= 28519 g7} & Afo]e] AAN)Z3a}
2ro] 1.9 A 13.5 kgN - ha”' - yr '], KS)Aateko] 2.5 WA
11 3 keS ha 'yr o] FEIS o), I ol wat 5524
< 129 3 2ARSH tae Al AR AAsI
(1) Shanon-Wiever species diversity index, H' = -2 pi * logy pi
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(2) Acid tolerance index, ATI = > (Ri - pi)
(3) Nitrogen demand index, NDI = > (N; * pi)

71 pie nilZniZ2 JER I, nie MR £ Fxo|H,
RiE A T E AE0laL, N iHA F9 A ghgol
T} ATIS} NDI A& 1-99] W92 gtk

7} ZAA Y FTSA A4 B 12 Zholl 23 4313 <t
A=]o] JATk PCA (principal component analysis)oll 2J3F <
w4 A3 ATISHNDI= 242 S50 9911, T3t o] Al
7 g a8l st WskEs stk 5 S

A€ S9F N9 7%}& 9 NDIel| o]t ®istal, NDI= S$F

Ne| 7ateat w2 o] o] Qlom, ATI= S¢F No| st
9 R olol 9] Y HoA v EA
ol SR, AALAS B A3) Frhpan BEYEE
et oFgk 4o o] AATh

o) o] Az Ea AEAAE ALA Hnitopho-
bous species)©] FA44] F(nitrophilous species) = T E Tk
A& 9, 24X F(Calluna vulagisS} Erica tetralix)2] H3L
o] Folx ZALK FE(Molinia caerulea®t Dechampsia
flexuosa)®) EE o] WOARHTR= de Vries (1993)¢] A7+ 237}
HuE v ik

3 Q)T Tilman (1987)2
R Eﬂﬂ X] 1'd WA 561 d | 7] F4A At dEE
S 0~272 gN-m’-yr'9] §5F 02 AHIS 413 Fof Y
AL T 60% ool LEH| FFHEF SHow v
ol B3I Vitousek 1994). 0]} 22 E7| 573 Aol 4]

0
wt | O amsem

1B ;. ﬂ E-H"'m.,':uﬂ'l
el | W s ghiem ™
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O puncivpbva

Fig. 10. Understory species stem density (left) and dry biomass (right) in a red pine plantation after 7 yr of fertilization with ammonium nitrate.
Bars indicate means, and vertical lines are = SE (n = 8). Within-species differences between treatment (p<0.05) are indicated by different
lowercase letters. No statistically significant difference were found for T. borealis or D. punctilobula. After Rainey et al. 1999.
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Fig. 11. Vegetation responses to 12 years of nitrogen addition. Points represent treatment means (6 replicates per N addition level, 12 for controls)
for each of three fields. Left: number of vascular plant species in 03-m’ vegetation samples. Right: biomass of grasses with C4 plant

of aboveground live biomass at mid-growing season. After Wedin and Tilman 1996.

Wedin¥} Tilman (1996)< 25, 36 & 593 At & L(old field)l
12 5t AL AHIE T FFREIF 15N -mcyr ' W
Qo] AmFA thET] 50% o|stE WoldS BABIT
(Fia 1, 591 32 AR} 1o b et C. o4
(Schizachyrium scoparium)®] AJE=Fo] AP oZH 4

T W3 C; A E(Agropyron repens)Z X H= A Qcﬂfﬂ'ﬁ‘:}.
e
7] g 7AekE A A4 x3)

o] AWT FA4 Ad A8k 12788 9] 7.28~21.05)
kgN - ha - yr o], o] R A A 7 6‘]'3}:(43%)E 3l
=48 A2 JEEL 1826(10.4130.10) keN -ha ' - yr'o]
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