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Abstract

Nitrogen (N) and phosphorus (P) inputs induced by anthropogenic activities and atmospheric N and P deposition
have largely increased the availability of soil N and P in terrestrial ecosystems, which have considerably affected
terrestrial carbon cycling processes. Tree growth and productivity in forest ecosystems play an important role in
global carbon cycling, and determine the magnitude and direction of terrestrial carbon sequestration. Currently, a
large number of field manipulation experiments have been conducted to investigate the effects of N and/or P
addition on tree growth and forest productivity, but the results from these studies were inconsistent. Such
inconsistent results might be affected by multiple factors, including biological, environmental and experimental
variables. Here, we reviewed the present research status of the effects of N and P addition on tree growth and
forest productivity in forest ecosystems based on three aspects, including the number of publications and
experiments with field N and P addition, and the global distributions of these experiments. Then, we summarized
the methods for assessing tree growth and forest productivity at ecosystem level in forest ecosystems, including
relative growth rate and absolute increment. According to the related results, we reviewed the regulating factors
that affect tree growth and productivity, and the potential mechanisms for such factors, including climate, tree size
and stand age, plant functional traits (including type of tree-associated mycorrhizal fungi, N-fixation property of
trees, and conservative and acquisitive functional traits), plant-microbe interaction, ambient nutrient (i.e., N and P)
deposition rate, and experimental variables. Finally, we summarized the current studies, and pointed out five
aspects that are urgently needed to provide further insights in future studies, including the physiological
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mechanism of how tree growth responds to N and P addition, the tradeoff and allocation among growth of various
parts of tree under N and P addition, the role of plant functional traits in regulating and predicting the responses of
tree growth to N and P addition, how the competition among trees regulates the responses of tree growth to N and
P addition, and conducting long-term and coordinated distributed field experiments investigating the effects of N
and P addition on tree growth and forest productivity at the global scale.

Key words nutrient limitation; tree growth; ecosystem productivity; plant functional traits; plant-microbe
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F oy PRI T A KRG AT S 4Bk
AF A i B 45 2% 8 L (Reich et al., 2006; Crowley et
al., 2012). fEABRNE L, ZON)FBEP)XHE A =
JIHIBR GBI W A7 FE TR s VR KRR 7S
A4 (Elser et al., 2007). £ KRS COIKE R4 ETF
RN, EWAEKZ B, M2 A3 B
WEMFE, HE S AR KR 52 B3R 4 TR A
PERIPRH](Luo et al., 2004), HERIFRISE KL, 76
FEN PR RO, SR 10
IR T NAIPAS 52 BR GRS T (38 o=, 1 s
AR A 2R 00K BB R RSO A8 9 B HE TR (Wieder et
al., 2015). FHIERT WL, F7 55 W] R P LE U 7 i 5
HIG A= 77 53 Rt b B 2 o R 4 28 G B B I

ESFRBAES ARG, RS BBk
THIFR1930%, 434 BB T A0 = 7 1) 4 35K s b sk 1
S 82%, 1EABRERAIGH H (5 H5 35 B A7 (Pan
etal, 2011). H TMgar Lok, BT A RiE3, i
FAW R RERL AT RS, AR RN B AE VB N
P I RHE _E TR . NATPITBE B £ 20004F
(7 IF A 43 ) 3% 3220112 Tgra™' (Pefiuelas et al.,
2013), TTH/EA SRR RREEE BT IS NFIPIRE
BN EFAES REF N Pul R MR Lo
et al., 2011a; Feng & Zhu, 2019), X4 RG0AE
Wikt R Em, mMARAK., B K +I%
W (Lu et al., 2011b; Yue et al., 2017). FRAA A4
e S HL AR AR A6 T T A BRAR A 5 R [
PEIA I FE AN MBI S 2R EEL. HAT, N. PUL
Bee G e S AL A A K ORI AR 72 77 BN A 3R AR A0 45

2017; DeForest & Snell, 2020).
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PRGN FRIPE KT AR RARAE
FEIIRAN, PAL AR ) S AR AR BLAE 5 R 4
R B BRI R B0 eIt e, (HE
WANEBR Z BN R G AN S5 ARG g1k
1 A AT RN AT PR N R M B A A A R AR AR A 7
JIRIRTFEBUIR . 87 % R 3R S B ERL ),
FrFG T AT T AT BEAT AR R i REURTR K (K 7
m, AR T BEARRSRN . PUTREE 5T IR AR
KR T3 BRI AR o

1 REBRMIAREARFIRE =N M
N

R ZHLHEN, EAAMEEISTN. PN
XA AEACTIARARA = SIS BEAT T R BT -
16 3 2 1 W B S R T B PR (R4S Web of
Science. ScopusHlH [ A1), H3C LA %A,
BRI CBEARLER . “FRARAE = D0 DR 1 1)1
N A, e LLEj “nitrogen addition” . “phosph-
orus addition”. “tree growth”. “forest productivity”
HH I B R] 15 O = DX 73 AT T A BRI AP ] S 56
WERREATR R Sk, BE20194E12031 H IR LE
321305 3Crk, RASCERECR B BB E G N
P, AHAE IR B ATAE BRI AR BRI S, JRAEILSAF
PP B R ORS BRI (B 1A) . fEFR 2 ik
FAN XA D7 1, ARRARKING P Insess 2
PANW Iy 3 (B1B), B 7ot s 2 A fE b [ b
MBI (EI2). SNTRIIARLL, Bk RPN S i6 4L
BHD, AERIRA AKX EF R 500 NFIPE I
PR 22 B SE g SR AR D, B AR 5 A
IR

AR DR KR BRI FT, 2 1 4 v e o 4
BRAR PRI 73 Dy #s BROAK IR A AR AT R O AR A
(LeBauer & Treseder, 2008; Yuan & Chen, 2012; Feng
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Fig. 1 Number of papers and experiments investigating the effects of nitrogen (N) and/or phosphorus (P) addition on tree growth
and productivity in forest ecosystems. A, The number of papers in each year and the accumulated number of papers between the year
1970 and 2019. B, The number of experiments with different treatment of nitrogen and phosphorus addition. N represents only N
addition in the case study; P represents only P addition in the case study; N, P represent only N and only P addition in the case study;
N, P, NP represents only N, only P and N plus P addition in the case study.
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Fig. 2 Global distribution of case studies investigating the effects of nitrogen (N) and/or phosphorus (P) addition on tree growth and
productivity in forest ecosystems. The horizontal lines in the figure indicate the distribution boundaries of forests in different climatic
regions based on latitude, including tropical forest (23.5° S—23.5° N), boreal forest (46°—66° N), and temperate forest (between the
tropical and boreal latitudes). N represents only N addition in the case study; P represents only P addition in the case study; N, P
represent only N and only P addition in the case study; N, P, NP represents only N, only P and N plus P addition in the case study.
This map was drawn using the software ArcGIS 10.2.2.

& Zhu, 2019); ETHEEURMBMKI X ZE] B2, HHHIN27%. 40%A133% (K1, [E2).

M DIR AR, KR IO REAR SR, PASINCRIEN x PXUR 1 SEB AL A 5
MG X TR 73 . HAT, NS EN x PXUET N PAZE A i PR IS 56 S 3L HE AR vh /AT 1
SEYGAN B T JEN PAZ LSRG INTR I SR AE A 3, B A7 B it A ) X (Neotropics) F #4417 £k
AR AL T R P B A, M EE MR (5 66%), AR IR Z (1529%), AET7 AR AR
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Hil D (EI1B) . PUS IR P43 AT A 34 1T g 5 #vis A%
MRAEF= 1 B2 BIPBREI W s A K. SPUN NSRS
ZAL, Ny PES IR 42 B S50, 5 B3 A7 75 A
AR X (5 72%), MmATARARIRZ (1526%)-

2 RBERINMRARE AR E = DR
RIS 7%

HAT, 7EN. P#INsEEed, MR KRR A
F= T VAL 7 R B PR — AR A
R, edi K E . A EKEREED A
— BN, PUSINAREE 2 J5 A A 12 (DBH) Bl 15
U7 T R B3 A 2 5 A R 2 T P 225 (L ok AT %o I
i} (Markewitz et al., 2012; Tian et al., 2017; Li et al.,
2018). U4, AR — BN RN, PR b 22
2 J5 DBH B /& W 1 AR 5 A 38 2 i 1) 22 48 B BA Ak
B 22 1T (1) DBH BRI 757 i T AR Sk 2 78 R IR A X A
K(Jiang et al., 2018). ZEXIEKE(F1)— 2N,
PN AL B — B 1] Y FIDBH. i i i A . A4
HEAE ), AR ST XA R R OR .
AR IR B T AR i 2R BRI A RS
A=y 5 DBHAIM s 2 (AR A R FilAE K
5 PR B o RO S AR 2 AR A (Herbert &
Fownes, 1995; Markewitz et al., 2012; Du & Fang,
2014; R S5, 2018). TERRMRAR R A= 1 B4k U
L, AR 2 0 55 R A N AR K PR (ingrowth core
method) k4T Sl (Waring et al., 2019). M4
K T AN A48 5% B B X R VA T DA SR VP A
ARAEAFIRRIRA T FT A, R 38 Z [A) R 25
S {FAE 25 F(Jiang et al., 2018; Waring et al., 2019).

F1 BRI AR AT AR 7 F7 50 B VPAl J7 72

PRAE FAR BRE — FERAR (U RAR B A) £ A
N PHS IR N — i a] AL T DBHA i vy B i AR S
BEAT . HTZITEA T B R A ER AR, K
FELBRRAE PR R A 5 L. 1P AR RGKPAE
77 JIXN PSRRI Wi SLE H 75 A WL A5 21 (KA 1
P ) A DBH ) A2 A4 5 8t bl A 40 B B i B 1) A2
o TR I HOVEAlL 7 EAE MRS R L EAT,
BEAERAE P BON R 2%

3 REBERMMHARERFRNES M
HIIEIE E = S

WA R TN PUSITR A AR A A IR IR A
P2 RIS REAT TR BRI A, (H A [FAT A3 5
M5 RAFEROR I ZE 57, AFAE3 M2 (231 H
(Vitousek et al., 1993; Rappe-George et al., 2013;
Goswami et al., 2018; Jiang et al., 2018). ##{EH
(Alvarez-Clare et al., 2013; Nasto et al., 2019;
DeForest & Snell, 2020)57% A & 3 5 (Tian €t al.,
2017; Lu etal., 2018; 482 Jt5%, 2019). HR4E ALY
WEIT, XA —B 45 R AT 532 2 2 Fh R R iR
Hm, ARSI E . RBR R B T e 1
(B R FRAETEAR) . BRI BRI . D BEUE
KL A Z AR R BEENE, DR
SKIGAE B GR P IN G . FRo AN SR Kb B
[A)45) o

FUAT, RHES 7> BT 784 rp 2 S RN M 2
H R PES AR B AR A AT RR R AL = F I RE MR, A D
RN 7 AL HAR (& 1B). 7EN x P
AEHAE I BIFENE JT 1, #2070, NAIPHE N

Tablel Methods for assessing the effects of nitrogen and/or phosphorus addition on plant growth and productivity

fli & 7735 Method 15 A2 Calculation equation H437 Unit S Hk Reference
AR K dg R _ InDBH, —InDBH, mm-mm a! Carlson et al., 2008; Alvarez-Clare et al., 2013; Li et al., 2018
Relative growth rate (RGR) - t, - t,
RGR_ [BA ~InBA mm’ mm -2’ Tian etal., 2017
tz _tl
_ InBR -InBR kgkga! Markewitz et al., 2012
- tz - tl
BA - B 9 i
RGR = A, - BA % Jiang et al., 2018
BA,
Sttt A=DBH, —-DBH, mm-a~ Noguchi et al., 2013
Absolute increment (A) A= BA: - BA‘ m>a’! Saarsalmi et al., 2012; Tian et al., 2017
A=BR -BR kg-hm ™! Markewitz et al., 2012; Du & Fang, 2014

BA, M= BrmiAR; BP, AR A 77; DBH, Mf%; tiFlt 7 BARIR A U6 Rl f o (1 I S ek (1]

BA, basal area; BP, biomass production; DBH, diameter at breast height; t; and t, represent the starting and last measurement time, respectively.
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[BJANAAE RS HAF H (Fisher et al., 2013; Goswami et
al., 2018; Wright, 2019; Zhao & Zeng, 2019), BN x
PAZ HAE AR A AL AR RR AR A 7= ) AN 77 AR 2 5
Wi . BRI, NFIPHINZ [RIAF/E 38 HAR A,
XA RS AR FHAE vt ARk b By B[R]/ F (Jiang
etal., 2018, 2019; Li et al., 2018), EIN x P3¢ HAEH]
X ARA AR A 7 TR B BEAE R « NATP )
[ 15 Y B 7 AR AL PT 5 B — B NP £ Ja]
53— G PRI A X (Elser et al., 2007; Li et al.,
2016; Jiang et al., 2019). HHI, N x P2 HAE F X
ARAEAAIFRARAE 7™ I 5200 (R RIF 5 5 2273 A AE #vry AR
MR, IR AR AL T BRAK b BRI T8+ A B
(E1B), AL E i — PR

BT H AT A N AP AN . N x PAE
AR DA S & VR R 3= W 7T R SR, A
BN PRI BRI DI RE R It LA
FRIAY | B U It A ORSF P SR VEMEAR) .
VIRV 18] A BAE R R RSN R, B
IR BB RN PYR IR AR A A A BRI AR 77 7 1) 5
i 5 7 7E PR ML o
31 Sl

A (U EE MR 7K) A2 B W AR AR R B0 7 A 1) 2
TR, B IR K B AR AL, AR B 2R T
KA, FRELR BERRRE b B I — 5 (1 A WA
AR, BRAREAL 2o - BEBRAN J8 1t 77 A — 2 15
Wiy, o SRR LE O T SEBRAIT TR T A, R RUEET
SO AR A P R AR AR 2> iy o IR AT AL Ty
M (LeBauer & Treseder, 2008; Yuan & Chen, 2012;
Schulte-Uebbing & de Vries, 2018; Feng & Zhu,
2019). BRI, XS RARH_EFo> A2 7 0N
A0 e R A BB ATE, RINE JINN
VI JITVER) W 87 i 2 - 2 SR R A B 7K B 0 19 i 1
f(LeBauer & Treseder, 2008).

EEREE G A R RY], NP 0
P Bt 1 AR B AR A A ), BLR
Hb b3 R B A B AN AE FE J1(Janssens et al., 2010;

Yuan & Chen, 2012; Li et al., 2016; Capek etal., 2018;

Schulte-Uebbing & de Vries, 2018; Hou et al., 2020).
BAR, NFIPHIVE B4R B DM #E N, (HIXAN, P
e A FAEAS A SR X AR AR P AR AE 22 7 . NI
e BEAE FHAE AL 7 AR AT ARbk T B 9 B 2, H
FEFE R 55 BN B 2 (Yuan & Chen, 2012;

Tian et al., 2017; Lu et al., 2018; Schulte-Uebbing &
de Vries, 2018); TPRIEEEAE FAE R FRpk i 5
TR ARAR, XL R S5 R AT RE SN PFRA IR
i) F) 26 FE 1% JR 45 9% (Vitousek, 1984; Vitousek et al.,
2010; Norby et al., 2016; Du et al., 2020). & RS
N N 2 SR IS T A W [, TP A T SR E
T &1 R AL (Vitousek et al., 2010; Pefiuelas et al.,
2013). MR BEABEK R S, T E R K,
AW A o AR RN A, RI3gm A LU,
N33 2 DL K NG 33 %2 45 5 (Cleveland et al.,
1999; Xu et al., 2013; Deng €t al., 2018; Dynarski &
Houlton, 2018), #7i FRMAIN NN LA R
41958 (Vitousek & Farrington, 1997; Vitousek €t al.,
2010); {Hs2, BT HBAEFNEER, KRR
=, TEEPWRIATR M E, PR AR PECA S = M
RIAHEY) A2 BIPHIBR i (Vitousek, 1984; Elser
et al., 2007; Vitousek et al., 2010). 52 #fz, #EILTT
M, BT RERE, LK E R, L%
B LB, A I AR DL SN A A R B 55
(Xu et al., 2013; Deng et al., 2018; Schulte-Uebbing
& de Vries, 2018), Jb i MRAET RGU L= 1 L
% BN H) FE # (Magnani et al., 2007; LeBauer &
Treseder, 2008; Vitousek et al., 2010). {E i AR
AR, AR RGUAE T I RO BINFIP ) 3L
[ Bl (Hedin, 2004). [Hi, ZEAL3RE BEBAFE |,
AT 21 AEP R PR ) B P B T 0 55, 1T NP R o) A
BTG R 5 AL, ERATRARHL X, YRR
AR AE 55 26 FE AR B AR AL NP 3% 73 BR 1 (1 4% =)
XA S 77 A AT g T2 SN B B2 = fige A 3
AR R FEA KR, — RRIAIRIER I He I
R AR 2252 PR BRI, 17 e ¥ B 1) R L R bk 2
BN PR #1|(Walker & Syers, 1976; Vitousek, 1984;
Vitousek & Farrington, 1997; Aragdo et al., 2009). &
1M, B A — WS BT IR, 72 ARk F A
EEWER IR P L IN PRR 4% J= (Wright, 2019).
bb, FERVH AR DI, EEHRORR BB A 77 20 BR 1) 4 )=
FE T AFAE LA K B8 15 P IX AR A e Ay (I s R AR A
L 1 R AR A AR RN A 72 J e SN P N ) 22 AT
FAEGHN, BT i — B A .
32 WARZERSHIE

ANTR) ZEA451 L RIBIT 5T KR A I AR ZRARIR e o)
BEARAE AR P ) BA FIEEH . SR 5,
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HRI e (ke B H T g —brdE, AR 2 A7
TEAR R 2 - (3R2). TESERRERAEH, — MR ARYEFE
i A AR A R A 26 o0 AT AR DU A 3 R
INIFRAR L . PR IR 8 5 RIS (B ) A R AR i
PR RK R, TR ZE T LE NS %,
TEATS RGN )RR SRR KF -
(/NG 55 KR, N PIAS I B A 2B K (14 5 i) DRI AR A
BRMAFTAEEZE S WA L Hb AR AR ) — T
RSB TR I, PESIIXS /M (DBH < 10 cm)
AFR(10 cm < DBH < 20 em) 4B KRN 53
B BEVER; (B0 KA (DBH > 20 em)4KEE
B0 (Jiang et al., 2018). Hofth—LbyE B ARAk
TR (R SZEe R W], Ny PUS IR A A2 K PR 52
W F WA 2R R T AF R R E R
(Alvarez-Clare et al., 2013; Fisher et al., 2013). 7E4%
O3 LA AR AR TSR B, NS IO /N B R K A=
KAREA B3 R, T PES INTE /AN 3R 8 2
FZHMEHEEH (Lietal., 2018). AWK, N, P
NI A A K R A T S AR a6 K/ A
EYIMIEA I R, BIZENS PESID N KM 4 K22
T/ (Baez & Homeier, 2018). SR, 7E[H
— A, ARG XING PER IR m S B —
PIAHE T Ny PUSIINT /IR A K PR 5 M T R 30N
1EHEE H (Alvarez-Clare et al., 2013; XIEIC4, 2015;
Li et al., 2018), ] fer=A4= | {E H (Tian et al.,
2017; Li et al., 2018; “8% k5%, 2019), XMl 1
S5 T BRI T/ 5 O 2 TR] ) BE R SE 4 R &R
INBRE AR K ) B . T R T2 B S R A A A AR B RE I
SRR FHPER R R o /NP E IR T HE Y SR R K,
5 %5 ' 1) 38 4 i b T 95 35 AL (& T 4, 2015,
Tian et al., 2017); HFEAIRIAER RG], A TiE
VIS Be WSO I 0 R 72 40 SRAR T B B 16 A
(Alvarez-Clare et al., 2013).
HAESRGRE F, N PUIIAA KA 2R
WRAEF= 7 RS MR TEAS [F) AR S R A SRR ], 523

w2 HETHREIRAZLR L5y

MR B 1 - Goswami<5(2018) 7 I 115 AR AR AU BT 70 A&
B, NIRRT 2 bR A A A2 24 T 53T A i AR
B, PESIAE bk b B e e Y B o W2, T
TEH R IRFN LA B R E R . 2R,
ARTFCRIL, N PR AR RE RN A K 3R
L E, TN BCAMRBA 22 5, B AR
A 87 BH T REGRR (Wright et al., 2018; Wri-
ght, 2019). thAT5E B W TR I, NI ALK
52 B A A WS 0 39 K T 3 [ IR (Vadeboncoeur,
2010), 2 BB BN IR e 7 BE g g . A
M, HAETHIEEFTEE FR W], NI ek i) {2 2
VE F— s T R ARRD 22 3% AR (Vadeboncoeur, 2010;
Rappe-George et al., 2013; Schulte-Uebbing & de
Vries, 2018), P2k MR ARLER IR NI 777 2
Ja, RERg PR BTG SRR, &L E S HT A
Pl EA A, AR . Wright55(2018)
WA TN PYS I 45 55 1) JER KT A e
ETWATTIM: — 71, AEIELETR S al R R AR
M YA CAE N T XM IR Rk Z B kA, A
THT X 58 0 1R 57 43 2 A I G 384 A K )3 0 A IR
(Coley et al., 1985), V&K 1A S A] i 75 255 3
Wb 2H R A AR A DL N 3R W] VRS A REAA
IR H 3K (Chapin 111 et al., 1986); /71, HWY7E
JRE 2% A N AR N & T, RNz 3
R BB AN FLAth 37 1) £ 3 1 XU I #E L)
G0, DTSR A A K R i S92 7 A AN R 5 Wi
(Andersen et al., 2010).
3.3 EYITIEEMER

LRI TR, AFEPFRAREERKIIN. P
Tnfem B2 AN R AR [F] (Baez & Homeier, 2018; Goswami
et al., 2018; DeForest & Snell, 2020), X Ffi % F{EIR
KAEE BT RE e TR D REIE AR 2 [R] . AHA T
REVEIR A MWD A0 R B AT L 5 3 18 5 e S 0
HH ke T B AR AE (Violle et al., 2007), i Fr
FECKR/AN S JERE. WE. iR T R & 255),

Table2 Methods for assessing the effects of nitrogen and/or phosphorus addition on plant growth and productivity

1254 Classes for diameter at breast height (cm)

Z% 3k Reference

/N Small tree FH Medium tree

KB} Large tree

3-10 10-20 >20
5-10 10-30 >30
5-15 >15
10-25 >25

Fisher et al., 2013; Jiang et al., 2018; Zou et al., 2019
Alvarez-Clare et al., 2013; Tian et al., 2017

Lietal, 2018

Wright et al., 2018
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AR 55 BRI RA AR A = S5 B Bk 589

R ARHER RAGAY M RPN AR R WY BT,
KEERTGR &85 DAY ER EY L A B AR
i %5 )35 (Cornelissen et al., 2003; Bardgett et al.,
2014; AT MBEE, 2018). HHY, FEYTh e AR 24
ARAEAIE SN PHSINT7 TH A 78 32 AR th A LA
RSB A [ 2R PR PR AN T 1
331 HARERER

ERAREA F, AR R RM, 5 AEFEAR
(AM) J 1 3t A2 19 B A (AM B Fi) A0 5 Ah A T AR
(ECM) B 3L 4= R (ECMA FIZEN . PUTIE T 1)
Wil SLAELE 72 5, R BIRR A 2N P IR
AR KRR P ) 1520 (Thomas et al., 2010;
Averill et al., 2018; DeForest & Snell, 2020). EN7
DO FE 75 T, 2T 36 B AR AR UE VR S HOR i Fi R
B, NUTREARHE T 1M AR, #0730 %h
A, T HAMBS R4 5B R I 2 2 F (Thomas
etal., 2010). 50— R B, TENAKC TR
i, ECMAMB A 1 A2 XN 3 22 i F AMA i, T
FENTKF- i1 BRI 5, AMAR Fft ) A2 4 B2 15 T ECMIAR
(Averill et al., 2018). AMM FFTECMAB F X N] F|
FA 3G I 22 S P e B, PTRE S AT TN SR E S
FIFH RIS A K R HECME W AH L, AME T 6/ 53
fif TARANUT AR, 32 BRE g ) TEHLNR
JE T MR AR [0 75 A 1) A6 ) f ik 97 43 (Chalot &
Brun, 1998; Talbot et al., 2008). K, 435 N4
FEC BN AR PR S, AMAS R RE LLECM
P FhSR A3 B 22 (1) 2 A A A= KR

FEPES OB FE 7 TH, — TR W FE K I, P
I 7 AMM AR AR K, H A ST ECMBR Fi 1 A 4
F I A4 (DeForest & Snell, 2020). 5 NFREUFEME
FALh, ECMMB A 5 O35 () ARk i A HLPIE RS 3= S P
AR AIE, TE AMAMB BRG AR EA  BR AR, EHLP 2
5w DLIRT AT I B PR R (Rosling et al., 2016). P#y
Tk AMUB i 2 K ) 42 384 FH T B8 5 AMUEC BT B
s W RE P 5 A R 3R EXPERE PN I R N AT |
M E A K< (Nasto et al., 2014; DeForest & Snell,
2020), P IS ECMAR M i 41 i) 7 F 7] g 5 AMAR
PRI ECMAN ol -2 [B] F 1 8 77 B2 I8 1 55 S 5PV N
T HINGT & BT R 53N A % (DeForest & Snell,
2020). i EEERE, PES I AMATECMA 13X
Toh A [F) 52 106 2 25 1 34 52 21 PR ] 14 2 7 AR obR 110 K2
6 25 WAS 3 ) (DeForest & Snell, 2020), 1X—45 2T

e B A RRME. B, PEIXT AMAECMA FA: K
FEAE AN S I T AEAL H BTE AT o052, 7R
Iz A
332 WARBREM

TR 1) ] 208 PR 2 VRN PRI B AR A K )
Som, Ji DA ] e [ FUE A S AR R E R R AR TE
(17253 SRHL NS . Nasto%5(2019)8F FL K I, 76 L3
Fr455 AR F PR A A AR AR 3, NARIP3E [F] R
INGZE 7 LIPS BB, R REPUSINGE 32 ZEAE
FYE 7 3 [ A 0 6 AR K (6] [ R P i A=
KA K. B EAETETE DA RIER T, AT
T I R SN R, Rl i A
T AT LA R AR 2R W BRI 7 AR, 3 SmAE P P 3R
HY & /J(Houlton et al., 2008; Marklein & Houlton,
2012; Nasto et al., 2014), fEXFHIEFI T, SHIEFE
TEAIAA EL, NRTPIE [F] 7 0ot ] U 4 AR KRR
B B 4R A F (Nasto et al., 2019). 4, F5HF
FRIN, 16T SZ BRI i, NS IS A i34
[ U R AR K3 B R, ek BEdE 7
JETRIEHE, NS I 7 AL A [ 4, (et 7 A
K MU SE SRR R TN IO [ R AR A K R
M 2 52 3 6 B IR A 1 35 (Taylor & Menge, 2018).
SERMYALL, ENAPEINT, EE R IE
Iy BRAIISBILE MR, ROUINAPE I E A K.
Ab, BAEWEFCR, PEINAT LU (2 ik [ U A 1)
&k e AN L AR [ U0 FH SR A HE AR A7) 1) A K (Waring. et
al., 2019; Zheng et al., 2019). ZRfi, %F T-JE & ALY,
P IS H A K s il e Lh i R 2%, X2 RN PR
I ERAR AT LS Py ml R A, (H 2 BRI Ui 2 [ 2
YEFH(Zheng et al., 2019). [K ik, PN [ ZAEY)
A KRR AT RSB TN ] R MR A . AT
&, TEPAF]F MR, B i PR it i S0 A
(I R AR o I 3 R R ) 2B K B A2 8 A PR 2 I
ZM A (AR A 5O AR K, T Bk )
NS vt i 255 Al 200 4 (B 4 5 AR T U 4
a3 5 LA B AR AE K R 3R F 5 S ) PYAS
A o
333 RTMESHKEMEMER

RV BT TR AR 2R A RN [ 50 M o R T L e
NERATIR AR AR A KRN PESIIIIAIR, (H2K
IS Z AL IR P ARRE, R4 AN [F) Al 28 (4
PRGNS PUSIIEAT AR M L, BRLE R 25 o g T X
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Fpme 3 ) 25 ek . I, BaezflHomeier (2018)%2 H
AT YD RETEIR B E BT IR, A
K FH 2 18073 53 Mot Bivill 5 1 22 AN MERaEAT T 4 b
e N o5 S YAY i NG S N L | VR T 95 & B Wl EI T S
o TR, Ny PESHI A A K 52 5 48
VI 553 R ICH G B VIR G, HA RIS PED Re vk
(R A NAIPE 2, & e TR A AR AEN I T
B A T 2R ey T B PR I D R PR (e b
f I SRR P IR, TIZEPYR N R A e, WA
A el 82 1] B -5 06 A0S K R PEA 5 1) 3 A
J%:(Baez & Homeier, 2018; Wright et al., 2018). It4h,
BT MY B R G E R F0 T TR AR A g 7
N. P InEA FZAEH (Wooliver et al., 2017), iX 1]
RE 55 5 2 ¢ R BOE B i B AE BL 1) B R PR R
P
34 HEYIREVMHEEERXR
REFREZMFTKIL, N PUINAERS A&
ARG R R KR 1, (BN, PR
TG & AT B A A LE S 56 vt 22 A0 ) 2
(Harpole et al., 2011; Li et al., 2018; Nasto et al.,
2019). (R, XXFRIEN. PESIIAR It A K T
FIWTAE S RGE AN PRIFRHIFEE T8k DA
FIFFC R, KIARIN. PUSINAEHE S 3 EpHE T
F%, {43 1-3%FR 1L (Tian & Niu, 2015; Dai et al.,
2018). JREN. PUSHNET = A (1 47 2508 R % Mt 5
[R5 T 0 BT 7= A 1 S R A 56 23 S5 4 AT AR,
B2 L% AFEMERRAR, N PIIK IHXH A
A KPR A AR (Capek et al., 2018). £ %X A,
Capek % (2018)$& Hi T — /M TR A AL W AH B
& F (plant-microbe interaction) ] It A & HE L2 A Y
KM REFETIAE A S R G RE BN PRI
FE IR o AR EAE A TR RS T
AV BRI BEAE ARG —REF KR,
TRWMERR, WE Y@ AR R ) g b o uvE
AL, AR, AT AP
NHEYDPRENELP . ZAESHESE AN N, fE— M
BRAPAAAEIFNG PRSI, —&X THEY
A A YA RNFR ], &) T A N R il
{EE XS T IR RAE YR PRR H;, — & X T+
B A YA R PRR I . TR UL, IR — D RGH,
A B ER R G 3T, I HEY)
AR AR BRI PR 7% 20 0T DU I i 3 52 1% 7% 3 R A1 1
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A A KT TR B A S TR A A K M,
EMAFED A G EH 5 E R RAN,
Y1425 3 2 Fh 743 11 L R PR (Capek et al., 2018).
TN HE SR T BE S AR A AR A 28 R G 2B 72 15t
N. PSR, FEx DA A 70 o DLgRE ) v 7
SRt 7o K .
35 RXEFDIMERE

WF LB, DX I 5% N B T R N N
XA AR AR K B 8 B A I 45 A4 H (Vadeboncoeur,
2010; Schulte-Uebbing & de Vries, 2018). Schulte-
Uebbingfllde Vries (2018) & I, NI AR AR AE K 1
ZO5 N AE PR NI B 2R AR I e N i 25 AR 3k, T
TE 2R 58 N UL % o 26 550y B AN 72 AR B B g
Vadeboncoeur (2010)A 3, N I0X ARAR A= K 15200
B A 5N R4 Sk 2 g 348 o v . 3 PRI o IR BN Bk
SRA AR AR K SN N R R T REE T, A A
NP4 T 28 NVAR OGS AR A A K (1) A G 5 1 70 A 2
REINBAIRE AR . NUL R R W, 8RS
FRAZ I NN, A4 NS 0T 51 62 AR R et 2050 7 45
N, TINYTRRE AR, B R G BN, 4
HMEINTS IO FT 51 AR BN R o X I AR N ELP
DR R 75 2 S PN I R00RE 7= A= 52 T ik 5k = A
KR, HRRMAIFE
36 KIGAIEEH

PRIAES S AR R Ah, WA S A 7= %) 5%
3 VAN T e R R R A 2 52 38 ST A 3 2% A (1) 5
WIFEININGE . SR FFEERTIA]. FRFh RS, fE9%
SRSINETDT I, AR RS RIFA G —. —LLmt
FORIN, BEARAEAS S AR 35 5% 53 V8 0 e 97 o %
T FR) T 5 i 4 Kk (Magnani et al., 2007; Du & Fang,
2014; XIfEI04%, 2015). 2RI, A0 TR BT
N. PRI AT S8 b A 7= 788 0 & BE 77 47 0
T3 nim F#{(Hogberg et al., 2006; Tian et al.,
2016; Schulte-Uebbing & de Vries, 2018). H i, %%k
GIVARACE TAZRY I N o8 ST B S E) \V ) 1=l G| P | 357
PESC R (— BN T £8), R F KNI
(I A FH 5 TR KN = K SEN#R I (Braun et
al., 2017; Averill et al., 2018), XA fEAE K NG
0 e 2 B I R R N 7R R, T T B
Tt A 1 I 486 5 R+ 3 B3 Ak (Hogberg et al., 2006; Tian
& Niu, 2015; Chen et al., 2016), XY R4
FAEH UL BRI e &R RE T . BT I,
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AR5 G IR R A KA A = Dy it ek 591

LR B AR )G A AR L RE ) SN I S AR R0
Y255 & (Fleischer et al., 2013). X TPIRINM =, 4
AT TR 45 SRR I, AR E AN T i A E A AR
T2 77 e )3 R A A5 P 0 B S T B 5ER(Li et
al., 2016), EiF L F]—E IR N AR AR A A
fb(McGrath et al., 2003). $LAb, FE IR A A
F A7 77 1 52 0] 2 i ST 56 Ak JER S 1) 77 A A AR A o
AWFFURIL, NI IS AR 5 B (e BEAE FH i i
[) [ 455 48 177 32 ¥ 9 55 (Rappe-George €t al., 2013), {H
A AIE 502 B I 55 it AL N ) ) 450 B2 B R A R NS
IR W) 23 T 5 SR (RIME TTAE, 2015); XA ZE 57 AT BE
R AL AR BB B AR L% it IS %) B i) %5
AR FRAPTIRM LA JIIN U]
Wa) 7, P R I, It TR T (B B o Tl R A ) X AR AR
A= TR HEAE F 5 T IR — SN EPAE(LL et al.,
2016; Hou et al., 2020), iX Al §E-5 i B RS &4
FRYALA M R R L G 3R 0 HE P A A R A g AR T ARG £
IR 55 1 IR 19 E H A 9% (Vadeboncoeur, 2010;
Hopmans & Elms, 2013; Mainwaring et al., 2014).

4 SHEERE

HAET, XN PEIIR A A K AR A = 7
IR G 1R 2 A CHI 7, — S8 Hh I B L] 2R
BRI, T RATHN. PUIMFY = FARMAES R
G AR . DLRT B R0, FEZR BB
& bR SR AR AR 77 ) B EZ PR, 6T ARARRIR
5 AR AR AE 77 77 BN PR 1 (Vitousek, 1984; Vitou-
sek etal., 2010). #AT0, WA IR H R HH AR
I — S IR, 32 B /N T AN 2 KR A2 B P I PR
#(Jiang et al., 2018; Li et al., 2018); JEnFRA124F
W RRARAE = 777 53 BIR 1] (1 B A 75 2258 R AR A R /MK
FIFR AT BRI o AT B — PR AR AR SRR A () 3
—AEWEIRCNE R B M LA ER), BIET e RN
Y THREHR . MG 2 TR A AR R R,
AT AAERK I BING PES I FRERETRN »
T, FRATHAING PES IR A KA RIRAE 7= 752
Wi A T 3047 T B a5 5 IAgh(E3), 1Z B TR
A RKAFIRARA = FT VA i T DR IR DA &
YA Z BB OCFR, NERMENL PUS IR
ARAEKRME TR, Rk, BTk
AR ANAE P2 I WA RN PR IIAT SR A IR 2 AT
M7, RS T RATRZE IR, KR ELEL

N JUAN I TSR 5T .

(D) IRBER A A= M SN PR N AR A= B 22 B A
Fho —UIFENE 5 B P AR BNV sz 56 2% W,
104 A A NV IS 838 A 1 Ak, FRAIK 1 3%
rHRR) R 2 B (S AR B TR R A, ER A R RE6S
T Ik 1Y SR 28 T 1 P A v on) 36 2 B T Rk 4
FrE 5135 T (Lu et al., 2018). NATPHI A FI
M, YR A RS B2 R A A B R N, X
L I [ F] B 2 500 B AR R AE A R AR S, I B 2 S BE
FIDBHAAEY AN . HET, 1A EH Fi(Zhu
etal., 2014; Lietal, 2018; Lu et al., 2018)%IN. P#
TG BIREA AR BEKF F R RO EAER . 2815 1E
3R IR ST TINE . Bt J5
SRR AT AT DAMAE D) 0 A B A P O R, WS EH .
K AR WRARFFwaE, DA SE R N1
fiRRE o

()BT A BB 70 AR KNS PRI 2 5 (43T
SR, Ny PUSINH 5 2 OB R #3508 7 (W v
Wi RS CRRR. 4R, B RIAEE T (Du &
Fang, 2014; BassiriRad et al., 2015; BZEMEIEHE,
2017), BIN. PSS M A A A 72 77 1) %38 4 1 73 B
G, A HTHIARM, No PUSINA T R
Yy N A 7= J1(Janssens et al., 2010; Peng et al.,
2017)F0HE 585> S i B F A mE 2 H(Lu et al,,
2011b; Li et al., 2016; Peng & Yang, 2016). X fi 351k,
AR SHEMIEIIAIN. PRIR| 3 I, A7 22K
B2 WOEAAER =/ BB H T R SREGR 7, T A2
FEAETE Z [k EAEYI R . FERXMIEOLR, LUK
A% B 738 AT B S AR A KK 7 0 U O ) i . 2 A7 A E —
E B SR, RIS S T AR 7 0 R s A TR
ARAEK N, 20K 22 Ot 50 & B — N AN A
o A K T A W Xy HE R it RS Ak B 2 ) A 7 0 AR A,
[F) At 2> (45 45 2R 5 3 S L A7 AE 7% 57 (Ibafez et
al., 2016). [k, JESEMRE T T EEMWIR I
JE PR 808 0 A K 2 TR LA 5 73 O SR, DL3R &
X0 A A AR AR AR 72 J 1A I A

(3) R FE I TR 490 Dy e P DR AE T 755 5 L AR A
ARKGINL PES I S AR A . R A A A
AT REMEAR B 1 BEREFT T N PRI Q 47T 52060 A%
RAK, HXLEH KI5 B =, mHIA P
W ARAUN B & T B — B D) RE 14K (Thomas et
al., 2010; Averill et al., 2018; Nasto €t al., 2019). 1
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AR G JITH
Estimation of growth and productivity

1l 2E N 45 Measurements:
Hij#% Diameter at breast height
12 BT TE AR Basal area
4 Y&t Biomass
H: 72 1 Productivity

$8Pri15. Indicator calculation:
AN AR ZR Relative growth rate
4 %1144 & Absolute increment
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ZBEFN AN Nitrogen and/or phosphorus addition

"N/

//7

L medmgEs

Aboveground net

primary productivity

AR Leaf traits
K/ Size
JE B Thickness
#1% Toughness
He- T AR Specific leaf area
Y433 #R Photosynthesis rate
JLE £ Element content

T HAR Branch and stem traits
4 K7 R E Bark thickness
AHF HLE Wood-specific gravity
S HA Vessel diameter
SE%E Vessel density
Pkt HF %R Sapwood-specific conductivity

HHIHEAR Biotic traits .
E AR A SIEEA R MR Root traits
N-fixing type: N-fixation vs non-N-fixation bR A S A FE ST £42 Diameter
HHRIA: AMSECM Belowground net K J# Length
Mycorrhizal type: AM vs ECM primary HARK: Specific root length
productivity F47# Architecture
THYI S AEYIE R R M%) Exudate
Plant-microbe interaction IS 3 %R Respiration rate
PMEXZE Cooperative - JEZE & Element content
4K % Competitive SRR Soil nutrient status |0 | e

B3 BB A LE K SRR A = DI R S . AM, AEETEAR; ECM, AMERER .

Fig. 3 Summary diagram for studying the effects of nitrogen and/or phosphorus addition on tree growth and productivity in forest

ecosystems. AM, arbuscular mycorrhizal; ECM, ectomycorrhizal.

IR DIRe R B ZANGERE, 11 X LR F 2
LLE—HE, HLanAEA nT DA A i L A [ R 3R AR B
MR EREE, [ S5  BAT A AMUBR AR AR e 36 55
(Nasto et al., 2014). fEIXFHIFH T, HER—1IThREE
PR AT B 2>t 70 45 2 2R R 0. R,
TEAR SR T2 5 B 4% 25 FE A ) &5 A3 4 I MR,
HR B NE F AT ST 75 E o i) Th e
PERTE VAW ALE KRN P I R4

(4) I A [R] R 58 4 58 R RPN PIAS N 52
AR HET, KRk 2 LAk o)
FOEER AR A BRI IEN « P I AAE K
[F 520 (Harpole et al., 2011), 2L T A EHF: . A
AMEZ B BIRSE S AE . TER—dRo b, R
AKIENS PRI AR, 1/ 204 K 2242,

www.plant-ecology.com

AR TFARARMTER, N PIRINR & fEaxt &K
WA AR = AR A HIE R . FERIIRE |, Ny P
DU T B 22 OB ARMRBE IR IO AR G o AT, 217 23 R )
PR Fh 2 AN A 7 7 3 (B AR 55, 2019). ]
i, SRR BB TE 7 TR BRI ARTEAE S R 1
75 (AL B A DA S HAR AR 564 K R, FERIX
PG ZR AN BB AY b LS S KA Tl FRRG FE

(5) MBI FE K I RO R TN PR I A A A=
KM T . — KR 304 IINVR B FE R BH, N
TN TR A A KR s e B I TR) 30 30, ZERT104E B, N
NI SR TR AR, T B S 204 BNV N
%lfﬂﬁ%lJT*Xfrj(éEK(Saarsalmi et al., 2012); XFPAE4k

RE AR L 3BEN J SR I R AT G R o AR
iﬁﬂ%&ﬁ,ﬁﬁmwmmﬁMPﬁMWWFT
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BAk T4 BRI AR A K AR AP e i 5Lk 593

REBC IR, TR S P9 A BE L0 380 R 7y o 37
DRIk, 75 B2 IR 1] £ 0 00 4 6 45 381 58 K A 1) 465
B BRI, IR IRIFR 53 VAN 0 S 56 R S I [ #45
A, A A K B 5256 (Hogberg et al., 2006;
Saarsalmi et al., 2012; Rappe-George €t al., 2013), iX
PR T AT B AR HAN PUTRE T 5 N A AE K
NEFRINIR o S5 ZERIE A e B AE R BRVE I N G R A6 )7
FARMARHE FRAAS [F) R R AR T 2 KON P
hnses, DABR 3R AT AN 5] 78 B [ BOAR PRI AR AR A
KRN, PULRRRINIR . Ak, BRAR M ATTE 2R AR
M B —E B IN P IISLE, (H 21X L5
IR B AAEAEAR R ZE 5, WNFRI NI . FR 70 Fl
K. FRIINTT ROEREEE ). XA —F )
SIG KL BE 2% A o0 S 6 25 SR A — L2 (Schulte-
Uebbing & de Vries, 2018), Rl 7 IATEN. PEN
XA R RRAR AR A A S A7 5 mm R BLAR LL 2
H T, B H A oA A 1 5 52 56 (coordinated
distributed experiment) 7% 43 ¥ I P 4% (Nutrient
Network, NutNet) L4 g (Borer et al., 2014), &K
FEEAMFE L35t Wl R TR, 248
137 RIFIIBEARL, X ARRAREE HA A 25 2R G0 0 sk
W IT RS T RIFRIME S . Bk, kb gy
VS 0SS Be ) 28t me AR T Fe, IR B T FRAT T iRkt
St A Eey P NS |G INPARS LY

B3 3k
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