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Abstract ; Biological nitrogen fixation ( BNF) in forest ecosystems plays a very important role in global nitrogen ( N)
cycling, because forest ecosystems cover 30% of the global land area and represent nearly half of the N fixation that occurs
in terrestrial ecosystems. Additionally, these ecosystems harbor abundant N-fixation microbes, including both symbiotic and
free-living N-fixation bacteria. It is generally believed that environmental conditions (e.g. temperature, moisture, and light
intensity ) and nutrient availability are the most important factors regulating BNF in ecosystems. Among these factors, the
effects of nutrient availability have recently received increasing attention. In the last several decades, anthropogenic
activities have greatly modified the global biogeochemical cycles of N and other mineral nutrients. For example, the quantity
of global N deposition increased from 41 Tg N year ' in 1950 to 103 Tg N year™' in 2000. Long-term N deposition may exert
direct effects on forest BNF by reducing the competitive advantage of free-living N-fixation bacteria or by reducing the energy
allocated to symbiotic N-fixation bacteria. N deposition may also lead to imbalances in mineral nutrient proportions that play
vital roles in the growth of N-fixation bacteria. Phosphorus (P), for example, is thought to be a major component of

microbial cell membranes and also to be directly related to the formation of adenosine triphosphate ( ATP ), which is very
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important for nitrogenase function. In addition, many rock-derived nutrients (e.g. Ca, K, Mo, and Fe) are depleted and
their availability becomes poor during forest succession. Deficiency of these mineral nutrients may consequently influence
forest BNF by limiting the growth of N-fixation bacteria. In recent decades, mineral nutrient addition experiments (in the
lab or in situ) have been widely used in Europe and North America to investigate how nutrient availability influences forest
BNF. However, little information on how forest BNF responds to nutrient addition is available from China, although N
deposition is projected to increase with the rapid growth of the Chinese economy in the future. In this paper, we review the
impacts and underlying mechanisms of mineral nutrient addition on forest BNF, based on the available literature. The
objectives were to enhance our understanding of how mineral nutrient addition regulates forest BNF and to provide scientific
data for sustainable forest management. This review focuses on the following four aspects: (1) The concept of forest BNF
and the principal measuring methods; (2) The effects of mineral nutrient addition on forest BNF, including the N fixation
by free-living organisms occurring in the upper soil, the lichens and mosses growing on the litter layer, and symbiotic N
fixation via relationships with root nodule plants (e.g., legumes). In general, N addition decreases forest BNF, whereas
addition of P or other nutrients has a positive impact. In addition, the combined addition of N and P, or P and other mineral
nutrients, increases forest BNF; (3) The mechanisms underlying forest BNF can be divided into biotic (e.g., variance in
the abundance or richness of N-fixing bacteria, the cover or richness of epiphytes, and the biomass of root nodule plants)
and abiotic mechanisms (e.g., soil acidification and changes in the available carbon content) ; (4) The limitations of the

current research and our suggestions for further research on forest BNF.

Key Words: mineral nutrient addition; biological nitrogen fixation; nitrogen deposition; forest; nitrogenase activity
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NP AR ITA EFRICER) BIRE T v, FL ARG R CA A o 358 Ak (A8 T IRl i it i e e A T S B9 5 5
[ SR T 1 0 T, 5 ELWA R T 199 58 AR 3K B B 25 K57 (P<0.001 ) Silvester™™ 3 5 % P9 5250 73 Hr
R AR IR (1.0—1.6 nmol C,H, g™"h™") , Bt fir i JIE XoF J 9% [ R0 MS M B8 52 R (1.1—1.2 nmol C,
H, g7 "h™") JitinBR A LA S B9 BT A8 3 0 R (AR B A5 ) A0 a7 L) 35 4 g ] 80 5 4 (4.6—5.1 nmol G, H,
¢ 'h™") . Wurzburger AU 0 T S W 57 B A BT 256K ( Zetek T Rio Paja) #47 T4 AIBE RO TS IS | 45
RAFRWF A5 EH (667mg Mo kg™ ) FIA (283 mg P kg ") 2 fdf 1 e [ UM PSS N 1.5—4 1%, JF ELAR Ak
B8 HAE AR 8 K, B4, Vitousek 7 Fil Reed 25" 3 1 AF 53 5 5 45 2SSO 2538, 1 10 B BT 2
AE P 8 AT R Il i 32 20 38 R LA B 5% 43 A B . 1T VA 2R AR H HT AU Markham ™) $E47 555 AR SCHGE
R Al 28 38 DU 2R (RIS S G B Fh & 8% ( Sphagnum capillifolium F1 Pleurozium schreberi ) [ 2 152 Wi Y N A7
TESEHAE .

3 HRFSEANZEMARREY ERAIIIE

Lig BT E NSNS B BFR A (EE AR MBER ) i A S Bobk A Wy [ R HLEE AT L3 AR AR
FAPLHI RS 1E FHALH A5 5
3.1 AW ERBLE

FRAREIAS RV LH SUZ A B R 435, SR B AT % 0 A A B i g WL B0 A7 22 5%, IR, AR SC
P AR 1) 1= 558 S P )2 | S5 I A ANt J2 B A A ) 3 AN TR J2 UK B IR A J53 5% - s A6 BRAR ] B R 52
Ml ML
301 AR R R A R

A H AU E 250 A0 T A LAY 2, B DU SR F AR A5 5 A2 B R B S 97 1

P A 03 i AT R A 9 o] 280 T O e T R B T TR A AR AR A [ R i, T sk Ay, [
SRR 23R B ) R R P L it 1 5 e I 3 O DA T RIS P B v ) SR K P R R B ARSI AR
THENAR S EAEY LRSS IR Z R 5E S i 2k 25 i RE AE J 2CHEA T UK AS I
R AR PR R A B 2 /D A07E Harvard ZRAK Compton LEUSSTRIE T DA S 4 3 56 i &0 I8 1
TR A T SR PR CndfH ) 47384 1 RO 3 SR 5 it 2018 m B0/ 1 8 T S o ) i, S 41 ) ] 4
FHEM L, Kolb Fl Martin' > 3 2L 158t 2 B0, it i IR KA T - AR R 151 20 5 -5 A 400 B 19 ELA) T FsF o,
FH AR T R AR TEYE . AN IR R AT REAS A TR i BRI 52 M A 55 1 [ U A A7, DA T FAIG
T E AR ABEE R, W, Piceno Al Lovell ™ 8 i3 A 7 i 0 AfF 7 4 498 [ 28035 TR A A4k, 245 51 % R 1 it
T EREAE 4 538 vh JFA B A PL A 8 R BRI 2% RIS R AT 1 - S0 A AR A T R 7R U0 A 34 3t it o Z=0AE
A H , Berthrong 2 L8] P it T R HE AR T WA bR 3 [ SR R B T B R REME . Freedman 250 [al e &
IR DUREREAR 1 A0 77 e bk 8 [ UL R )~ B 3 e WY R0 ) A e e k2 T ST AR A 9 2 2, e T 4 1
AR A [ A

FH B, B8 2R A AT BE D2 a2 [ R TR ) A RO 1 I HERRE v 1) 2 B B 1 B2 O 088 T AR g AR AR [ 20
i, WP RFHA MG UMK, Reed AtsLao ] S AR 3t fn w2 AE ( 150 kg P hm™ year ") fdi I8 75 90 7= A 35 10 1 L
BEPH X B A BOR I [ U (A B AU AR ) B, AN, Reed S5O BFITIAUERA T AL AR N
AT LA 25 b v U % 0y [ 280 DR 100 = 8 R [ R i, L R R ) 3 B 5 T R 22 A A S 3 Y TE AR DG O &R
(P = 0.025,7°= 035)
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F A )RR i AT BB 23D 25 8 A ) %o R 1) A= 43 T, DTG AR R 8 ) 1 /Ut X T 485 R A 00 i
H 8 AR AU SRR R T EHAERR R YRR A R A R AU Y 230800 X AR 1 A )
SYTC B4 mFERER D AR 2, B HHEA R R Y L BRI R 7E R A S R R S
BT, AT AR IR 1) [P R TG ek A 2 2 1 S A (PR R A R P MR A R AR 100 L S b A 7 e A [
ARG ISR A R 095 AT BE A2 38 ik vl /0 AR 1 AE ) o [ AR 4 170 [ A0S &, 91, Ekblad 1 Huss-
Danell *" 18 3 15 28 5280 4047 , & LA IR R RS K (Alnus incana ) WA A5 ) A0 [ 0 [F] B R# K, Barron
AR S R8RSR A S5 e, BRIV BEbR (8 0GR e ) 1 IR AL IR A4 4 R i R 3 41K
TURAR, 33 2 B T AT SR R 1G24 i AR IR 1 A A A

W2 A A RT BEXE N T S5 AR 0T R 2R 5 2K, DR I 5 9 A 4 36 2ok 38 R R ) 2B ) s (AN AR R A Bl
T RN A ) SR v AR R A [ U R AN, Yang ™ 38 s BE AR IR B0 & B, MR N 2% (0.1—1.0 uM KH,
PO,) 1E3E T ABEEE ( Casuarina cunninghamiana) F FHR R A A K o T8 1 TR %8 S50 AU BIF 5, Hingston %514 % BiL
AEHREE BRI (4 mg P kg™ soil 3% 10 mg P kg ™' soil ) B SR AR FEAL T 0 AP 2590 MW (Acacia pulchella F
Kennedia prostrate) 1) AR 988 [& S0 B 36 M, (23982 & 7 B 7 A AR AR 98 B i T 5 M IE & &, Grove I
Malajczuk[zgj AR IS R I, N [R AAL B (30 kg P hm™ a™' 5§ 200 kg P hm™ a™") 23 5l ERHE Y ( Bossiaea
laidlawiana ) BRI [ B2 5 1 59% 1 99% , FF Iy 11 A 1 48 o =3 2002 PR S i I gt T Sl 2 185 - 1 A9 174
PERE PRI ol A B ) 2 e 2 K R B SRR
3.3 UK AR A R R A

SEE R AE A (B RN A ) (7 9% 0 2 R B IR T ORI T R 425 5k A FAE A R R R 1Y
RIS HRARAR S BT LA S ST AP 22 it P XeF B2 RV R AR I 75 i A T R S ek s
A FAEY I E TR , 2550 B A AR P 0 AR R AL

H AT, A PR HILTR] AT LSRR R S AR B2 AR 1 0B 520 2 (1) 3 09 0 S A i] BERT B A A ) 32 ok
BEH MR A RE ST . AP Kt AU S B0y o & NH RS xF MR AR Y 7 A B8 3, AT
MBI AT R, R AR 1 SRR 2 a4 i R A A e S E T R A e P 9T
S [ EGS AR BRI AT 5K 5 (2) KM U R fan A [R) It s/ 1 B A= AW 0 2 B . 91, A S L 30 7 PR bR
Forsum %57 477 8 4F ) BB R AN 5 (50 kg N hm™ a™") |, % 3t i I8 &8 25 B AR T & 8% ( Hylocomium
splendens) B FFE | 3X 5 Ronnqvist' ' A58 4516 —30, Gordon 25" BF 58 th & BX, K39 in 2008 (50 kg N hm™
a”) AR FREDD T 2, B AEAE Y T R RARTE — R LD TR E A

I Z T I BB 2R iy A BT 1 B A=A ) 0 A RO e R B0 3 B2, E T3 AR vk g [ /L i
hn, 7E B BTG AR, Benner 2518 J-47 T K3k 14 AEA#EAT (100 kg P hm™ a™") IR I0IRYE , & Bt I i AE .
FAEE T B A A (Pseudocyphellaria crocata) 1Y~ &R [ ZUE TG M ; 380 1ok 2 — 25 (A 53 A B, < S0 i Jn g JES e
A I U B TR 30 %, IR AR T Al A Y E BE RN AT B0 Y . Gordon AENT R L 8 ARt
WEAE(5 kg P hm™ a™") 8 & &% ( Dicranum scoparium 1 Polytrichum juniperinum ) i 3 FEXE N 13—16% , 3¢ HAEAE
PIOReRE b 0y e o 3G T — A% BRE AR AR W 5 E 0 G ONAR AT B S A EAE W R S AR S A G, W,
Benner' " 7£ 5B R ARG RIS 1 & B, 11 UMb AR 35 3 A6 18 1 2F 2 TR A, LI e RS B 0 5 bt A R A v (P
< 0.001) , BXHES T W04 AT BB A 48 5 AaF ARG S 5, SE TR I N A AR 0 5 B B AR A ) T R Y
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] UG PR AN R A AT RESE N T 58 NH I NO, T SR IF S Rk, Y AR A TR
FIEREERT , 2 5 [ RUBRE K R 0 R € P 4 A A0 08 T 5 ol [ 20 17 R AE e ae A5, IR, R i A5 i £
R AR — B R LA T AR AP F A, Yamanaka 5567 WF58 & B, H A4 ( Cryptomeria japonica)
a5 W ) 1] R T M B 5 v TIPSR ( Pinus densiflora 1 Quercus serrata) , I\ 3X ] RE-SHIAZ I 15 ) H
AR pH A 5, Zahran I BRYE Y RS AR T S RMEY A K, LI pH < 5.0 B MY
SEIRIRCRRRAR, STk T AR B AR A

K AR AR T AL pH, A S R8BI KEACHPE B 1 (K™, Ca™, Mg™ %) Ji sk, [l it
HaN T AT S b AT RETTY L iR AL BB A A 4 A Kt 2t — A A ) SR AR A A K AR
A HFEA T I, Wood 25 78 BFSE K IR, 24 pH<5.0 B, AR T 19 AE K RIAR IR B T8 )40 £ 52 B4l | i 7E
PR 2R E T [t A % i % Ak B4 00 ek 79 25 #F pH < 6.0 5K T 4R 52 2, Tgual 2617t % BLAS fin 0 kb B (>
440uM Al) 2 AR AR EE ( Casuarina cunninghamiana) BIARIE T8, IF HAE SR HE T (880uM Al) A9 [E ECH
FEARCA R B —2F

AR, R A G R R P 3 A T RERZ I 48 Mo & &, —MEMRMESM T 11 Mo & 1R
IR0 W JCE Mo BRI A R S5 IS AR 2o p U B A5 2R
322 HBUBERIEY) TR

2285 [ U A A A R R R R 4 5 B AR v SR EUAT 8 e 5, R I e 05 0 J 19 5 -t 2 S e AR AR
WZR)Z (HIEMPEEY) AWE AN EERE, ERNES RS, 0 RS (A R) A =258 52
PRIE 0 oA, 320 1T A A AR VR A I ) 10

KN E R AL TREY AR MR 4R 0 &, RS EBOR TR B, SE b 1 ] 8 A
MAEA ORI A BRI, HATC A 2805 uE |, S AME R R E A 3], A 2 48 = 4F 4 2R K f g (n
B—1, 4—F A M 11 i FNLF 4k R WK ARG A ) AOTE M , DT AROAR 5 28 AU i ( n 22 19 S Ak Bl R o A8 AE P B 55 )
TG YE , SRR YR 2R L 2k 2 45 ] R FE B4 B D 0 i St/ %20 A sl U A i A (R i T [ R
Py e AR, 30 23 BT A Wy [ AU 2

R TR 2R BRI o2 (1) 9/ 25 BRI AR AR L3R JZ AR W AL (B B AT A 1R 209000 118k
P75 [ R 5 PR 5 A WL 5 i S (R AE AR TEAR DG o a0, 76 BRI IR B2 M AT AR AR D | Reed 5% R 1
RN VR W 8 A A R dee A X P e R R A IS O T UR T )2 i TS A AR hn, DA T 4
Lo 1 0R F & WA RUBR VR . Wurzburger 25 38 5 AIF 7 - 983510 11 AS W] 9% 38 1 7] SRUBAHTE 28 , % BUA AL 75 &t
FEIFH A RN F I C/N) B 1832 [ RUMHS T e 76 R R G ZRAK , Vitousek )
FEAL K BLIAYE YA PR I RS T S R BB (BRTR ) A5G, Pérez 25 FER T ALV Hr OB 5T th 2R 1,
A URTE D & A BRI C/N | AE R, A [ UG A A s

4 BESRE

4.1 #S R RBER R RRYE

MIRA BT , 2 BRI A A I G R ey BR T 6 [ U e 7 5 s AR 40 , T e Jeg 3 42 7
FEIFABEA R A ARl XU B AU 0L . R, 7E BRI AR TR 41802 R 498 [ A 9 s [ AU e
VoA ABZ 858 6 G2 R R IR T AR S5 260 b e b AR | GRS EAEY) , 50E R BR TR 4
JE, IR AT W XA R R GG . HET, BN Cusack 255 X ZRAK A 4 A AT
i A R G HRGE , 1T NI AR AEIZ SR T R HIWEIE . N EERRE Bk, HATA LRt A: S R b9
R E T4 e R A S S5 B0 X, 7E SRV )32 0 A SO B D A e S8 U S5 b DX A 0 5 AT AH
Wz E E R R R R D0 s AN R P AR A AU A b R R A B TR ATIA
TARERAR L (AR DRSS ) XT3 E R AIE R 52
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(CERN) ST FB AL 5838 i 48R R A B T 30411 52 B[R] DX Bl 47 15 B AR AR AE P B AL B AR ST, o
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4.4 WHERTREEAN R
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