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The relationship between the reduction of nonstructural carbohydrate induced by defoliator
and the growth and mortality of trees

CHEN Zhi-Cheng and WAN Xian-Chong”
Institute of New Forestry Technology, Chinese Academy of Forestry, Beijing 100091, China

Abstract

Large scale herbivorous insect outbreaks can cause death of regional forests, and the events are expected to be
exacerbated with climate change. Mortality of forest and woodland plants would cause a series of serious conse-
guences, such as decrease in vegetation production, shifts in ecosystem structure and function, and transformation
of forest function from a net carbon sink into a net carbon source. There is thus a need to better understand the
impact of insects on trees. Defoliation by insect pests mainly reduces photosynthesis (source decrease) and in-
creases carbon consumption (sink increase), and hence causes reduction of nonstructural carbohydrate (NSC).
When the reduction in NSC reaches to a certain level, trees would die of carbon starvation. External environment
and internal compensatory mechanisms can also positively or negatively influence the process of tree death. At
present, the research of carbon starvation is a hotspot because the increase of tree mortality globally with climate
change, and carbon starvation is considered as one of the dominating physiological mechanisms for explaining
tree death. In this study, we reviewed the definition of carbon starvation, and the relationships between the reduc-
tion of NSC induced by defoliation and the growth and death of trees, and the relationships among insect out-
breaks, leaf loss and climate change. We also presented the potential directions of future studies on insect-caused
defoliation and tree mortality.

Key words carbon starvation; nonstructural carbohydrate; tree mortality; climate change; drought; insect; de-
fense
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B S A A e () 45 A K
Ry IH-453 2k AT S BUM A BE T (Kosola et al., 2001; Gay-
lord et al., 2013; Jacquet et al., 2014), AR HE =
B H ) AR KR A fE 77 (Ayres & Lombardero,
2000; Tran et al., 2007), H8&hnH 3 5 A Fn oADK vy
FHAESZ (Allen et al., 2010). Fih, HERKLIE
JR DX IEARARIE T AN S AR AT % (Kurz et al.,
2008). FRAK ARG o 4 30% I BE LT AR, (17 b
BRIt Hh 2R 25 R 5045% (1 7% (Bonan, 2008), #RAKFIFK
HAEYIBET 2 S BUE S R 45 /A T E R (Allen
& Breshears, 1998; Breshears et al., 2005), 5% F
ARMBIE BRI, AR — AP BRI AR
N—MiRIE(Kurz et al., 2008) . B[ i 3 506 T 200
ARFET:, HUFE A 208 i A2 7= 77 7 5 F B (May
& Carlyle, 2003). Kk, FRZE HEHHL T HBA
FETCHIMLA] 1 AR 400 2k O AR TS AR A 1) g ot 7%,
PapIIPAS L S =D N AL RS I A=Y

HE AR R 2 D RS EA P, S nEE
45Ky Mm% (nonstructural carbohydrate, NSC)JH#E, M
T 15 R A A P 5k i 4% F% 1€ (Anderegg & Callaway,
2012; Anderegg et al., 2015), EK k55, ANSCHE %
B 21— 7 R I W A 22 Bl Tk VL& (carbon - star-
vation) ML T . AMERIA I FIR A B B FR) M2 PEHL
WA NHIX AN FE = AR B E S S R . AU T
TR LA Ut a8 SO H S 453 26 AR NSCRI A
(RIEENR o T8I 50 B T 401 2% S N A0 RO R AR [
SO A B R BRI, DA AR AR o 2 A
W R 5 SR AR DGR, SRR B E -4 2% i
JRITPEANSCIR > SR ARL K. FETIIIR R,

1 BRIYURRIESRARIET

1.1 BRULBR

KA E DAY EE R R E =), &
TAEFE AT o3 AR TR K AL S PIAINSCH 2, &5
PR EDEFE R R AHERE, FEAT
DRI TS 8 A, T NSC A b A T H8 30 5 22
FEMAAR, AEHR AR R, HEaE
[1190% LA 52 AT ¥ 14 K A1E #7 (Hoch et al., 2003).

B LR AR 5 A FAE 1975444 ! (Parker & Pat-
ton, 1975), {HKHALIK, BRULZ HRERET 50
B R ARSET . Bossel (1986)F1Mueller-Dumbois
(1987) W\ g 1 1) 574 P 2 T 0 A A2 o R B 5 ik

ST, EREAIAET . McDowel 125(2008) A 4T
BRI HAIE TR — P Uk, (H2 R
W E T OCEE R BRIk, A R
XTNSCIF 2k ST FER- T 20 1 BV ™= A

BeEVER . w3l BINSCHRIRIE N & A UK
NSC R & /N TR FE PR . AR AT 1 INSCAE
&R, BARKANSCE ELIARFFEIC. RYLRATZ
8 9 4NSCFRAR 21— & B R ASHT R A A 2 5L
2111 S B AR FE T (McDowell, 2011). I H 2 &
TERIZRE, Pt DL de S5 w40t 2k 2 BRI & 4 FH (kU
/D), T AR R T R 2 8 ININSCIE FE (BRI
Wy o XA IR 0 AR 2 BRI AR 4R INSC 5 &
(Anderegg & Callaway, 2012; Atkinson et al., 2014).
o ERR FE AR 5, B IR RK,
R 2 FINSC ™ # [# K1 FE - (Hogg et al., 2002;
Anderegg et al., 2015).
1.2 XWRIUERRLAY RS SIEHE

X TR YLRAR G E S, BEARTE T (INSCA—
SEAEO, fH AT AT 4% AINSC X T 37 B A i ok 18 #8
FE R A]FFH Y (McDowell, 2011), 11 ¥ 2 4% ot o A
VIBE TR N W SE I PR B 7 AH 2 — 43 INSC
(Chaves et al., 2003; McDowell & Sevanto, 2010), iX
TR EE — R, ERETREMha)E
TEAENSCT = 1% i (Sala & Hoch, 2009). A YLIHKAE
ULAFES1Y(Sala, 2009), {H4 i £ EFHSe/E T Fx)
BRI L

X TR ARBET I A Be R FH R (1, AR Z
FE o Millard%5(2007) 48 Hi RUEFEAR B 3RITI R 5,
ARETEATHFEFINSC . BT e 24l 43 th R L2 21
FEAE R FH B i A7 2 SRk (Millard et al., 2007), BifR
RS 1, b R 1 R N K SR (Srichuwong &
Jane, 2007); J HA — &7 vl M =& R 4 7 48
MBS, HA R A T IF IR AR (Chaves et al.,
2003). MarshallF1Waring (1985) % HLIE B (4% £
Fed a0 Ry 2 SR AETS, (E R AR MR T IR s 4
HAE. TRV HOINSCIR T+, X2 K AR
ARAEKO a1 R R TG, SEHERE KA
(1) — Bt ] ANSCIEAEFA 22 (McDowell, 2011). 73 4h
TE T FINSCHif & TH FE 2 71, BRYLR AT 58 K 2 Th
AT 1M & 4= (Sala et al., 2010). Sevanto%$(2014)H
T 5 R 3 9 4 S B DU S SO RSB T4t [
B UE 5
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XF T U R BRI IET:, BAL
PRI faT B, BT LR 25 B #5252 (Landhédusser & Lief-
fers, 2012) . LandhausserfllLieffers (2012) & L & 1)
45 2R 5 BIOP AR At 4 S0 82D, B AR AR R I
FETD. ERFMHRE, BRKE BN SikE &
A2 (Galiano et al., 2011); Mi{E&ESLLFEEE fE
MRS, B RN HAEKIRGE, 5 AR T
(BB T 8 (Hogg et al., 2002). PiperfilFajardo
(2014) HI SEEGUEI 1 1y A4 2k Ja I B LA B4
FECTBARSET.

2 HEMHBEIBIARANSCHIAE KAIF T

21 HEMHREIHANSCHIZ T

KEB/FEOLR, REMEH FSEW AL EE
FH 3D (B 5 ek 21 ) FINSC ¥ FE 38 Im (R v 386 Am), {3
AR A NSC 5 & 44k (Vanderklein & Reich, 1999;
Anderegg & Callaway, 2012; Atkinson et al., 2014).
1 Vanderklein f1Reich (1999) & 31 5 AN HIF 5 44 Fifr i
TR 5 R BTE KD KT T B 1750%. HAERLL
IR AT T, AR INSCHR ¥ A B A1
(van der Heyden & Stock, 1995). {H &} b [a] s i
2R R S A 22 5, I ELREOR 25 AN 48 B 43 2
(1) i J97 A AN 7]

Trumble%5 (1993) 2 Hi {8 156 I\ v A Eb 7 ik A% A,
W SR RO HUT A R B R, DR SR Bl
IRIAEHE 5T B, W ARG NS C o #E 0k 1) LL A
By, HOAA B R B Ik (Mooney & Gulmon,
1982); fiv& I H4 il EE 22 [INSCAE A AE 22, AT
32K 2 JE A P& (Tuomi et al., 1984). A LSHF 7T
SCREIZAMER UL, WA g7 B bRt 452 2% 1 i 12 v
T G A (Krause & Raffa, 1996); {EH A HE 5 A
SCRFXAME I (Vanderklein & Reich, 1999), HIANfE
T 78 P4 2R 225 AR ) 155 00, B T R A R
A L SRR LE A0 O 2 R s 2% R S AR R
(Li et al., 2002, Roitto et al., 2003).

AN, IR AR RIE R P, — K81
WA s BE DR ST I AR AF SR, 9N g B A 2%
R R BEAC, AR INSCEE L AT PR A
R K (Atkinson et al., 2014) . Atkinson%%(2014) < 81,
A=K B TR RRINSCI B AE 451 2K J5 i 5 ek
AR, T AR A R R NS CIR B T R adv i, (H K
AR, B AR R AT Tl L A AR (18 AR Tl o 52
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PR, Rose%%(2009)tH & ILE U M-k 2 5,
ARKARBIITFAE R AR, FET S .
BEMEUR S, BRSO, JEREN R
HOH Al 05 2 5w, bR I R sh 6 77 (L et al,
2002) 55 PR il - £ 35347 1 4 K (Honkanen et al., 1994),
BT AR S A E W N AEEANE . — AR
HEHHRE, R Z. H3NEERNSCE &2
FAAR, (H I RIRR R GENSCH P B B 2 (Jactel et al.,
2012). MRRMEHAE, LG RNSCHLD, i
71 R A AR ik i 2% T A E P 453 2 3 RS PR Bk 2K 7T
(Eyles et al., 2009). fEREYIARIVRIL R 2, W72
TR SR, 2% T4 (Tschaplinski & Blake,
1994)i8 52 Rl AF KB (Parker & Patton, 1975), #if6
G A 43 TC 45 VR BRI () 45 B CRr i AN =E), T
LRI E =2 iib o mIR IR AR RIS B
B & (Landhausser & Lieffers, 2012). &K 5 5
He(Jactel et al., 2012), FTLAR5H; INSCLL R 2%
fiX(Eyles et al., 2009).
2.2 HEMRAIIRARE KA
HEMAURA A 2 BE RS RAR R A R
K% K22 (Eyles et al., 2009; Jactel et al.,
2012), 4Kk 18 (Dormann et al., 2000), 7EH]4
K (Y [R] AR A ZH 2 AR KT (Wiley et al., 2013),
MR A Ko A5 1k B 55 (Willaume & Pages, 2006). H:
FHOBR R A% ] A A St 47 2k ) U R v TR v AR K
(Alcorn et al., 2008). i #r& H ¥ 7 % s b
(Anderegg & Callaway, 2012), H [ BT %
(Anderegg & Callaway, 2012; Wiley et al., 2013), Lt
H-TH AR 38 i (Wiley et al., 2013). {E7E M43 2% Je 4 T
Ui I Py 54 4% U (1) LEAG By les et all., 2009). ik
PR L | 5 ARM T4 i & (1) L5 (Pinkard et al.,
2004; Eyles et al., 2009)Ft 55, A LA ¥ 3G i F)
TR ] 5 AR K 52 (Causton, 1985). i 3 45 25 X6 1
AAE K B A2 ARl . 5 R B AN [ T A7 AE 22
5t (Anttonen et al., 2002), UiKrauseflRaffa (1996) &
P 5 ) R S 6] Larix - deciduaiX AN 7 g A K
(e 2 PO . BT Y, TXTPinus resinosaiX /™
SRR ) 5 M 2 S S P A A 1

3 HEMIRKERINAZXRARBIF N

31 WARBSXIHREAFMEMENLE]
RFEHBURIE, BB 5 AT RE 2 R IOE L H 2
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155 g, BPRME BlGHE £ AL (Vanderklein &
Reich, 1999; Eyles et al., 2011). X} g1 2 M52 J5 X
Tl kM AL 1 2 IR 24 B - 1T 36 ) 1] 1966 4F (Sweet
& Wareing, 1966), MR T M1k J5 6 & 1F
fie 41 Fif . Wareing#liPatrick (1975)A A 45 2% J5 5
T EGIRS, B et E R R BT BRI B R K, R
BT R R RDCEER, SRR R G EE
HRe) B R oGS ER e/ BT RE

SEM R G B W A BB — P AR M 7 2

Eyles%%(2011) & Bl Pinus radiatai /& i i %M 14
FIDSAEIERBE S, O T R E . P
radiataft ft 451 <38 JE Ot Gl R B3, E216
JA JG 7 5% A AR 22 AN 153 (Ey les et al., 2011).

FC Al b AE 12k RO S E R Itk A2 T A

(Pinkard et al., 2007; Turnbull et al., 2007; Eyles et al.,

2009; Quentin et al., 2012) .

4R R e A VE I RE ) ERBN  E R
RPINSCIK T M54 (Wingler et al., 1998)F1 & i
(Jordi et al., 2000) )2 A 5% . AT I E B 5>
BC AR A 5%, BRI BC I B8 A m e ot &
il A7 25 FR5 P (Lavigne et al., 2001). &GRS &
— N E Y E FR W 5 Ok 53 L] (Nambiar & Fife,
1991), HopmansZi(2008) A ief t 43 3 ik i 48 1
REJUAEZ E AR, RS AR E L&
BB EN B R RR. BN D
TR, S T R KRG,
PR 2B AR ) S B, NG E1EH
fit /7 i (Quentin et al., 2011).

453 2R J AR AR R IMEE MEATL A S A 50 A AR =
A AR A BT IR R B X,  Bhdn R g AR K T A
(Mediene et al., 2002). Hb_FFTHL T 2% B A 5 U5 4 Aic
F) 2448 (Pinkard et al., 2004)%5 .
32 HEMMEASTFEMRZENHAKSSTSNSC
2N

PR 5 A BRVE [ ™ B ) V2 I H AR K
F, RGBT TR R R T 52 B A ORI ™
(Seager et al., 2007), i HA UEHE R T 2 5 B HUE
PERE SR, MARIETIG 2, BT DUINVR T 20 A A HE BT
& B B 77 B s e A N2 TR E 2 ) (Mattson &
Haack, 1987; Gaylord et al., 2013). 7EiXH, HH A
) E A A TRNIR T — R AE R 45 sk o
XA ANSCHE B4 A4 EH, TRESASMEHIL

W ZRMFHTREN KAR, M4k 25wt
A MEF? PO R D> TR ) 281 TH AR,
AR TG fRET S0 A M 0, {H2ENSCHE A5
SEREEE R, MK IE BINSCHRD
AT RE 2 I E T S0 B B 5

— RN XA A NSC 5 M A R T 5 1)
o SRR I B] o G SR R OmPEAR K, 35K 7%t
BEARAERIAS G, FFEE 1) 280 75 5K T e T 2OR i -3
B & A A, SR R AR K T R
(hydraulic failure), B %3 AR H RN T4 LT
(McDowell et al., 2008), i iX I A GEIE KA B S
KRIINSCr= A KB o X T 3 de i fh, 78T 5
BRI, B BEAR, A2 CAIRBNAH AL R R,
WA A A 93 55 5452 1k, T B S A A I 7 I R
17, BF BLAE X /> 3 18] NSC 2 £ 4% (Woodruff &
Meinzer, 2011). 1fiffi#%E T 20 RIFTIEK, HAE1EH
WK, EIFRAE RS AEEAT, X2 5 ENSCHig
)7 ¥E(Galiano et al., 2011).

TE U 45 % o A A o R (R B LR,
Al R 5 22 a8 i B i) 7 B AR 8 X NSC i) R
(McDowell & Sevanto, 2010)F1NSC]iz%i(Chaves
et al., 2003) K4 KRB YLiHk . 40 A B4 I 17 PR 4
VLA ATE T T 1 20 2K 35T B PR 1) 40 i 7K P
(38T 44K 5 (Sala & Hoch, 2009). 534k, 1ET S i
ks B R R & KK YLk (McDowell &
Sevanto, 2010). -5 X7 Th R ) 45 el AH 2 %
fICBR AP i HH (118 22 (Quiick et al., 1992), &2 A
B AE049) J53 A e i 2118 52 2t iR 47 (Guérard et al.,
2007). BMEKIAT 55 EAS 10, LT tnlhpe
INEEE A, BRI R B 45 5, — Lo
WERTE 2 T LR, A 28 DR 55 () i 58 2K T A T
(McDowell et al., 2008).

R A ) B 2 T B AR ARSI 0 T PR e )
s, AR K 4 o R i (growth-differentiation-
balance hypothesis)iAy, HGH 5 BE Xt A K1
R R ) SE K, T B AR 5T AR R 45 BE 2 (Dunn &
Lorio, 1993; Stamp, 2003). EJI ABi N FEAE i th 2= Rh
1 57K 73 Z 8] 1 9% £ 2 B1F 1) (bell-shaped  relation-
ship) (Stamp, 2003), Z7KFPIRBLEFI, HAR LS
A=A IR EK A Z Y b 105 E
IR A AN RESE AL 2 4% () FH R A 7= B B o 1) 0l 77
). Gaylord%#(2013) A FT Uk B 17X AN EE e, Hok
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KRNI 7K A3 PR AR A 7 A AR P B /T o B K 43
SEIC JENEP: 25 L =R R iU &7 7 SER 0 % N
AR RE RO, AR K 2B EPIRAS

PR 5 A B it B SR AR R A2 7K g SR A BB T
(McDowell et al., 2008), Ffr LA H 5 45 2R % A 7K
sz 5N, BH T -8
W o A FRAIE 8 R I 451 2K J A% AT 52 1R 7K 3 1l e

ANTEE, B G YRR K IRAS I A A2 (Quenttin et al.,

2012). BRI AMEIH 45 R T 46 I i T AR ek 2D, T
Hz EHK i pm 5l 38N, S 80 A B
A (1) 25 15 B9 55 (Hart et al., 2000), FIH- 2% Ji 560 i
(Quentin et al., 2011)F1H- 7K T} 5 (Wiley et al.,
2013); M A AR 5 i Fr AR BB 2 kAR e
A7, SRR ()R K 775 BT R (Quentin
etal., 2012). {HARA B 5N A 45 5515 5 [INSCHRL
> (i 38 ) X5 B A 7K 73 IR 1) 47 52 1 4R K (Andle-
regg & Callaway, 2012). b4 FIHF 5 A B4 2k
14F J5 AT REAME 1B AR BTSRRI 5 2 PG
T A4 7K 715 FE (Anderegg & Callaway, 2012).
o T 4 2R AT R 23 TR T 5RO A R R FE A
EBREEEPFENSCHIZE, XA TR IE
WM NE, FERENSE DA BENE
(Bucci et al., 2003; Zwieniecki & Holbrook, 2009).
I H w451 2% 5 NSC 1 9 b 38 2= PR 1] ik 7] AR AL 25,
N T BR ] AR 8 A2 7= g AR K 73 1R E 77 (Gieger &
Thomas, 2002).
3.3 AEREMHRELHZE RN

453 S AN 1 B AR A & e I FINSCH#E 77, 38
AT REJRAD AR HoAl ) BB B, BB TR . k-
TP BT SN H45R JE AR 2 R K A AR 2 R N
ZHI45 25 (Bryant et al., 1993). %( 5 Rubiscoif /& /1
K, IR &R BDG A AL 2% (Field & Mooney,
1986); Uit I H H R RIEOL A A1 A2 K (Huttunen et
al., 2007), e )& 2 2N R 2 B 1 RE
(Maschinski & Whitham, 1989); 11 %UIR i <> #2mik,
ST B (& L) AT R T NSC HIFI FH (Millard et
al., 2007). TENSCAifi £ A2 BRI, R A = 2,
RISt e T 40 2k 5 B R [RIA sl 2L, A ) A G
FARIRTT DU w1, 45 aliedin -4 2 2 11 i AR Ko
% (Gleason & Ares, 2004).

A BRI FC R I 458 2 ANE ek B R L L T
HIE AT gE s A 0 Ui (Kosola et al., 2001). 45

www.plant-ecology.com

2R Je ARSI e 77 BEAEC RT i 5 AR X P57 2K F
N5 5% (Bryant et al., 1993). Kl i& 24AR Ik fif 25 b
KA (Tuomi et al., 1990), AT FHUR (A4 Kk 53 «
WET-F T+ (Kosola et al., 2001). Al LLA W 5T A M
1% JE AR RS AU BE /0 B RIAR FE T T e R A
A5 Z Ik i, BINSC & & 8 H A A r T %
(Tuomi et al., 1990; Kosola et al., 2001). tHH I
N LIERENEE c N IEE UV -0 i i
PR MR WCERE /1 T BRSSO R (Tuomi et al,
1990).

EAR Z2 Bt 9 I B 43 2 o 20 AT P 5 Wi 32
7. Mediene%%(2002) %} — 44 fIPrunus persicaidi 1T
60% 1 H-4id 2K J5, B A4 N I BUR FEAE PR AN H JE ik
WA T - Kosola%s (2001 ) th A& B4 2R Ja A A T 2800
WeREJFE S —ER K E ) 7 XK. AT
FUR I 45 5% S5 R K FE (Eyles et al., 2009;
Wiley et al., 2013) 8 & i € 71 (Lovett & Tobiessen,
1993) % A & % AF 1k . L & Turnbull % (2007) & B
Eucalyptus globulus#/i## i-4id 25 J 5 i v ) 20K FE
AFAERL BT T i o XA P 400 2K I B8 AR S0 Mie) 97 ) 22 S
AT RE A A K 1 RE B AN [H] i AR (Kosola et al.,
2001).
3.4 COFMEE XI5 B AKHIFZ M

TR FE TR S COLMR FE T i & A AR AL I B 2L A
&, TS TR o R A R SRR R
22N« HandaZ%(2005) /& B Pinus uncinataft ™ & [
M52k 2 J5, COMKETFmdgim 1 HBRit A 20k, Ik
BT MR B SRR, R TR . Huttunen®E
(2007) 3 5 It I F0) AR ARE &)y B - 4512k 25% )5, AE
B EAICO L R iRy AL EE R, R T AR iy 1
AMERLRE: M TR S AL T AR, EE R AR AR
K T 25 PRI AR e B BRI 2 5110%,  IRAITEL 19 AE W)
B tH AR5 5 5 . Petit®%(2011) A XA % 43 B 2
Al 2 B 2 AL 2 AR, AT BE S M R AR A () ik
AR S [ Aif A ORI T ok, AT 1 1 4R
Ko R ERICO ML T =il 2 32 mi i AR IR (Lee et
al., 1998)Fl1b /& )i 7= & (Lindroth et al., 1993), fi
T HEA) A 52 5B 1 B AR . IR E AN CO M L
fe I ] R SE K AR ZR AN I - S AL VA o3 i, X
RATEY) = B AR, 42 e 3 3% 20 1 A7 R
(Mékipaa et al., 1999). {H7E Adams%5(2009) 1748 ¥ i
Wb (JF&E£14.3°C), i BT e A RE IR N E, NSC

O 4 #2414 Chinese Journal of Plant Ecology



WRE s, HUE I IS B AR ARG M PR D SR A USRI ATt e 963

TFEELR, AR T TR S ROARBE TR 1.
4 BRI REFHIRERIBEHMRE

41 WRABARGEBRFNXR

RIS e, S, BT SRR L
Yo MNSCHREALTIT SR, 248 BB A 25 A ) T 44
A4 A7 (Gleason & Ares, 2004) 5 4% 1 4= W 2 o
(Dunn et al., 1987). Gaylord4(2013)7EAN A7k 715
5t X Pinus edulis(?) B KM (46 B3k 47 Bk [F) 47 2%
WEFE, R BB R4 5 48 g 1K) 6 B TA) A7 AE i 12k,
KBRS BT R A& B S8 AT R AL B & ) o B
WY 2 2 B AT R B, X — R IR T oA
2 JRN R BIAR 2% A )T R AR A7 A AR ) et 1) 7
o FH S, NSCA RASH] T A U FEHEAT P48,
AndereggfliCallaway (2012) % I Populus tremuloides
FE 1 2 14 2 J5 52 380 1) e 3 ek 5 22 o RS A e
A7 2 AR T B, ORI T4 EE gy, ARER
HMELAE . BT DARHAR i A7 B i (R RI aa 0 %, A4
TAEH N 4ERR 7 AHXT %2 4 (1) 4iff % (Atkinson et al.,
2014) . Vanderklein £ Reich (1999) t2 % ¥ Pinus
resinosaflLarix leptolepis PAAR 3 F A K INSCZE
FEAR B EL), B B AE AR BB A A R Ak T LA 4E
A U 4 4 B9 8% 7 oK (Landhdusser &  Lieffers,
2012).

{HR BRI € 2 AMER R BAE & 2, AR
ARV 2, RONBRIE 255 B B A
Kei A58 F(Wiley et al., 2013), BI%R2> Bl AE B 4EAD
AR AR, anse RT3 2 i A K o - P (R
W
42 HEMHMKERSEKNRE

fERFE R JE R, B TNSCH>, it
EAERKIBRAE, PAE K 32 Bk R ] (carbon  limita-
tion) (Wiley et al., 2013). 15 B 5 [F 72 (1) R5Z T 1
%, WARENSIINSCE &I, (HIXEFRAAA
26 53 T 46 e s 2 (R B i 2% AE X T AR SR 12 — Fil
HEFH), FrEANSCH T 4K KR J1 198 A 2
(Lacointe et al., 2004), X i # A 1K) 4= 4K 52 2131 R 1
(sink limitation).

T L 1) R B D11 4k 40 o R A A AT NSCAH X A 2
R B BR 5 B LA AR R B8 7™ ;. ELAE STk —
73 IR SR s e o< AL T 3 R A [ EX R
ARIET RS . WileyZ5(2013) I\ Jhy 340 b A2 5k PR 1) 5

FOAE KRG A0 R A SR 1) RS, 2)
AR R Rk 55 2 BRI 9 AT Rk IRk 55, T AN A2 T PR
o JCBRGIEF RN AR AE TR . %A
S5 5| F R AR B AR KRR ) A /2 (Sala & Hoch,
2009; Wiley et al., 2013), LT fRE = L 26 0 A
KPR #1{E2 35 (growth-limitation hypothesis), E[ 4 73
ZLURNG T K TGS R B, 5 R LE R 4
WAL E (Korner, 2003). {H 453 2K J5 B A 5] T i# 47
T ) A K B S S ] R R AR S R A B A gk A
[t S (Smith & Stitt, 2007), A& —Ff {5y B A
(1) SR, X B A R T U AR 2% A R s e (L
HLPUH R FE IR %) (Smith & Stitt, 2007) . X Fhi:
12K J5 SO R Ay BL IR AR 22, 9] Wiley 5% (2013)
K IQuercus velutinafJH Fr it ), BIAE iEHy
W B] T IEIKF, AR 1) A AR SR IRAIS; Jacquet
2(2014) 1 & B Pinus pinaster££50%F1100% i f i
PR AL ER G, ZERINSCHR R 25 & T X R, T 25 2E K
RS, Foh g4 R i 5T b R R R NSC YK B H T
A K (Susiluoto et al., 2010).

AR R AT B A % (R R AR Bk i ) 2
FITF M4 R G R AEK S . IR AZHTAAT
AN R B NSC X i 4 2% J5 R AE KR B 2
(Sullivan & Sprague, 1943), £ EMHiL K EG,
) 1 ) 4% 38 73 2= K0 [ M 3l 53 NSC ok A4 K
(Volenec et al., 1996). fi#ife, Fenleth FfEfE, A
FTAE B F R SHAL TR K)ZERARH
WG R (Wiley et al., 2013). 413447 FINSC 21,
453 2R J A PR A K R 4R BT i 2k 2 T AR K
1 % (Gleason & Ares, 2004).

HR A B it 25 1R B 2L 1) ) b — AN R R R 412K 5
PRI 35453 (Eyles et al., 2009), Jit
DA I fi 3 AR SE 2 HI (R Bk it 26 SR 4k S 4R 4R 3R UK
7 FE4rHIThEE(Canham et al., 1999). Dickmann%
(1996) fi1 Kosola % (2001) & L4 2% Jig 43 Fie, 21 4R
FIH% T B%; FrostFlHunter (2008)% —4E4: ) Quercus
rubragy e B 5T K B, R TR IS 23 T B kb T 4R
(B IR /> T 63%; 1M Jactel 2% (2012) & B 25 (FINSCE
e RO R K. 0 RS (sink hier-
archy) A B 4 (1) B 32 4 2% 42— B A2 4 7k, ) — O
MR, WRERZE A KIE, (B X — o 5 5k
MIREM OGS AR FH A SR, AR X — Im X REAE
HABFICA e S b SREERL T2 3R E 58 B3 B 5 i 3
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5% (Landnhdusser & Lieffers, 2012). [K 1, M-k /5
REARMRINSCH & AT 2 WE MR T Mk 21, IF
HAR PO e ik AV, AR A 2k 52 e FH ) A 1) B
K:(Landhausser & Lieffers, 2012). 1211l ¥ HE Rtk
HHIE R T AN E K2 (Landhdusser & Lieffers,
2012). WIRARAS B INSChE &AL, MR 0K 5 5L
MRS 53 TR 53 IRE T AR, Bt Sk 2 B il Bk ]
A EIOIN EE A BT R ZE ) R, O E A R UL
ol B 48 P (Bryant et al., 1993; Landhausser & Lief-
fers, 2012).

5 MARFERMBESSIZRZUHXR

51 HEBRASSETHHXR

AR AR 52 e BE A BRI —TH, ok
S C O FEE T v FH LI B 189 m Fofr 51 72 %) vt JES 20 ¥
i 1 ARG SRR IR, WA SRR A
FLORAN 5 H 3 Bh A AR A 5| 7S R AR A AR I 55
ARG . FET-3E 2 S yH M i —THI (Ayres & Lombar-
dero, 2000; Scholze et al., 2006).

FREAMERATFFRERK. ETTRERR
TG SRR A IE TG 2 IR, TR 5 RE
(K] N FE BE R ) V2 452 (Mattson & Haack, 1987);
Gaylord%5 (2013) tiik B+ 5 i Ja i A B 45 5 i 52
FHGE . TSR e RERY I RE R A, R
fEAL 7 i A L X (Ayres & Lombardero, 2000). i
[ SUEE2 G i R B U 4 A1, PR g A T 27 324
K, BHREFEESNZINE, TILER R R 2
M7 b K] 25 PR i (MacLean, 1983).

T8 A B HMRE A 1) 56 R H R R
HEHEREMT TR SR REE . A AT AN [F]
(Huberty & Denno, 2004; Jactel et al., 2012), 7£3E[H
PERE S, fEREE IR TG, T 28 5 W H
BB 3 A ORI 3 5l (Ayres & Lombardero,
2000; Tran et al., 2007). ifij Hicke%% (2006) /< i 5 T+
IR R R AR KGR AE L, (HE X iR
() R F R AR KA B IEAE . 58 R (2000) % 5 14
L4 32 R i (Thalassodes quadraria)FiEESh s BT 5T
R I B TR A O S AN ) U B PR T I L 7, Ry
il ARG F B RY, I DA R R 0 AR 2R KUK )
A7 7% F R BT ) B Wi ) S T i B2 AT OE
B (3 R K, 2000). ZhouZ%(2011) FIMF 72 45 Hi bl
2E. 2R R AP 2 R AE 19544 LUS 2
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Z Tt i, T AE 19804 LA Ji5 45 T~ 34 0 MY R 3 3 1
Z o SHWIL X PR SR S T AR AR R Y
1B, 5L LA R E R I L — 2, e
201080 AR Z T, b8 LU AR R e T (B
K, 2000).
52 MRERKMAL T SIETHHIER R
dUE MR R AN S B ERAE e 2E 77 7™ BT [
(May & Carlyle, 2003), T H.IE AR A it 7755 K&
(IR, FRARIET. i X BepR BRI B RS, BEAE
BRY R EF A (Allen et al., 2010). £ 244N
DRRRARBE T AAR G BRIP4 £ 500 PR B[] P 386 7
Ml R R, A Rt X IR A Bk AR 1,
16 IR AR ARAE RV R BE 71 (Breshears & Allen,
2002; Allen et al., 2010). 1% KBritish Columbiaix
ANHLX )RR A BT BRI AE TS, A
RILIXFf B PS5 1A 1 DX AR AR — N 1)
TRV #6748 N — IR (Kurz et al., 2008). Rk, his
A5 R 14 FCAR AR P B (1 1451 2R AR MROR T AR BB T %
51 2 E AL

6 [ERESRE

AR BEHHUR S ARSET BT FUAT AL R
JUANDTIHEEAT: (D)aRfEguf . 8L S B E
SEA KT EWFFINSC S8 RS 2 M 5 &, A
IR FIR U B T R R R A . H
i FE A B U B R W S S 1 — @ Rt RE, (H
] PN XX T ST AR D, BEOR I B SEIRIE -
AT [ S35 BT FE S L 1 W i AR LA 5 B ASE
THJIESR, ER VRIS K Fism R ik, H5
PUE HR A TP B QEYIIIEA &2 55
TEYI A INSCH BN, IR AN R I [ AAS 7] A A7
SR FR AR Aol 250k HR T T4 G ) 22 S5 W 2, 463 75 £ ER
FET MG N 2GR REVS A5, A (R
BHIET, A BT I HCE TS ARSI AR L
BONE SN AR R R FE FC 1R pE BB A - (3)iE—
DR REMHDEETIRHATZEBRR, N
(AT 5N (1 SRR TS SR KA

E&mB R B ARAH A £(31290223).,
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Adams HD, Guardiola-Claramonte M, Barron-Gafford GA,
Villegas JC, Breshears DD, Zou CB, Troch PA, Huxman

O 4 #2414 Chinese Journal of Plant Ecology



WRE e HUE I IS BT AR ARG M PR D SR A USRI ATt 965

TE (2009). Temperature sensitivity of drought-induced
tree mortality portends increased regional die-off under
global-change-type drought. Proceedings of the National
Academy of Sciences of the United States of America, 106,
7063-7066.

Alcorn PJ, Bauhus J, Smith RGB, Thomas D, James R, Nicotra
A (2008). Growth responses following green crown prun-
ing in plantation-grown Eucalyptus pilularis and Eucalyp-
tus cloeziana. Canadian Journal of Forest Research, 38,
770-781.

Allen CD, Breshears DD (1998). Drought-induced shift of a
forest woodland ecotone: Rapid landscape response to cli-
mate variation. Proceedings of the National Academy of
Sciences of the United States of America, 95, 14839-
14842.

Allen CD, Macalady AK, Chenchouni H, Bachelet D, McDow-
ell N, Vennetier M, Kitzberger T, Rigling A, Breshears
DD, Hogg EH, Gonzalez P, Fensham R, Zhang Z, Castro
J, Demidova N, Lim JH, Allard G, Running SW, Semerci
A, Cobb N (2010). A global overview of drought and
heat-induced tree mortality reveals emerging climate
change risks for forests. Forest Ecology and Management,
259, 660-684.

Anderegg WR, Callaway ES (2012). Infestation and hydraulic
consequences of induced carbon starvation. Plant Physi-
ology, 159, 1866-1874.

Anderegg WR, Hicke JA, Fisher RA, Allen CD, Aukema J,
Bentz B, Hood S, Lichstein JW, Macalady AK, McDowell
N, Pan Y, Raffa K, Sala A, Shaw JD, Stephenson NL, Ta-
gue C, Zeppel M (2015). Tree mortality from drought, in-
sects, and their interactions in a changing climate. New
Phytologist, 208, 674-683.

Anttonen S, Piispanen R, Ovaska J, Mutikainen P, Saranpaa P,
Vapaavuori E (2002). Effects of defoliation on growth,
biomass allocation, and wood properties of Betula pendula
clones grown at different nutrient levels. Canadian Jour-
nal of Forest Research, 32, 498-508.

Atkinson RRL, Burrell MM, Rose KE, Oshorne CP, Rees M
(2014). The dynamics of recovery and growth: How defo-
liation affects stored resources? Proceedings of the Royal
Society B—Biological Sciences, 281, 140-147.

Ayres MP, Lombardero MJ (2000). Assessing the consequences
of global change for forest disturbances for herbivores and
pathogens. The Total Science of the Environment, 262,
263-286.

Bonan GB (2008). Forests and climate change: Forcings, feed-
backs, and the climate benefits of forests. Science, 320,
1444-1449.

Bossel H (1986). Dynamics of forest dieback: Systems analysis
and simulation. Ecological Modeling, 34, 259-288.

Breshears DD, Allen CD (2002). The importance of rapid, dis-
turbance-induced losses in carbon management and se-
questration. Global Ecology and Biogeography Letters, 11,

1-15.

Breshears DD, Cobb NS, Rich PM, Price KP, Allen CD, Balice
RG, Romme WH, Kastens JH, Floyd ML (2005). Regional
vegetation die-off in response to global-change type
drought. Proceedings of the National Academy of Sciences
of the United States of America, 102, 15144-15148.

Bryant JP, Reichardt PB, Clausen TP, Werner RA (1993). Ef-
fects of mineral nutrition on delayed inducible resistance
in Alaskan paper birch. Ecology, 74, 2072-2084.

Bucci SJ, Scholz FG, Goldstein G, Meinzer FC, Sternberg L,
Da SL (2003). Dynamic changes in hydraulic conductivity
in petioles of two savanna tree species: Factors and mecha-
nisms contributing to the refilling of embolized vessels.
Plant, Cell & Environment, 26, 1633-1645.

Canham C, Kobe R, Latty E, Chazdon R (1999). Interspecific
and intraspecific variation in tree seedling survival: Effects
of allocation to roots versus carbohydrate reserves.
Oecologia, 121, 1-11.

Causton DR (1985). Biometrical, structural and physiological
relationships among tree parts. In: Cannell MGR, Jackson
JE eds. Tree as Crop Plants. Institute of Terrestrial Ecol-
ogy, Huntington, UK. 137-159.

Chaves MM, Maroco JP, Pereira JS (2003). Understanding
plant responses to drought—From genes to the whole
plant. Functional Plant Biology, 30, 239-264.

Dickmann DI, Nguyen PV, Pregitzer KS (1996). Effects of
irrigation and coppicing on above-ground growth, physi-
ology, and fine-root dynamics of two field-grown hybrid
poplar clones. Forest Ecology and Management, 80,
163-174.

Dormann CF, van der Wal R, Bakker JP (2000). Competition
and herbivory during salt marsh succession: The impor-
tance of forb growth strategy. Journal of Ecology, 88,
571-583.

Dunn JP, Kimmerer T, Potter D (1987). Winter starch reserves
of white oak as predictor of attack by the twolined chest-
nut borer, Agrilus bilineatus (Weber) (Coleoptera: Bupres-
tidae). Oecologia, 74, 352—-355.

Dunn JP, Lorio PL (1993). Modified water regimes affect pho-
tosynthesis, xylem water potential, cambial growth, and
resistance of juvenile Pinustaeda L. to Dendroctonus
frontalis (Coleoptera: Scolytidae). Environmental Ento-
mology, 22, 948-957.

Eyles A, Pinkard EA, Mohammed C (2009). Shifts in biomass
and resource allocation patterns following defoliation in
Eucalyptus globulus growing with varying water and nu-
trient supplies. Tree Physiology, 29, 753-764.

Eyles A, Smith D, Pinkard EA, Smith L, Corkrey R, Elms S,
Beadle C, Mohammed C (2011). Photosynthetic responses
of fild-grown Pinus radiata trees to artificial and
aphid-induced defoliation. Tree Physiology, 31, 592-603.

Field C, Mooney HA (1986). The photosynthesis-nitrogen rela-
tionship in wild plants. In: Givnish TJ ed. On the Economy

doi: 10.17521/cjpe.2015.0443

O 4 #2414 Chinese Journal of Plant Ecology



966 FHYH 244 Chinese Journal of Plant Ecology 2016, 40 (9): 958-968

of Plant Form and Function. Cambridge University Press,
Cambridge, UK. 25-55.

Frost CJ, Hunter MD (2008). Herbivore-induced shifts in car-
bon and nitrogen allocation in red oak seedlings. New
Phytologist, 178, 835-845.

Galiano L, Martinez-Vilalta J, Lloret F (2011). Carbon reserves
and canopy defoliation determine the recovery of Scots
pine 4 yr after a drought episode. New Phytologist, 190,
750-759.

Gaylord ML, Kolb TE, Pockman WT, Plaut JA, Yepez EA,
Macalady AK, Pangle RE, McDowell NG (2013). Drought
predisposes pifion-juniper woodlands to insect attacks and
mortality. New Phytologist, 198, 567-578.

Gieger T, Thomas FM (2002). Effects of defoliation and
drought stress on biomass partitioning and water relations
of Quercus robur and Quercus petraea. Basic and Applied
Ecology, 3, 171-181.

Gleason S, Ares A (2004). Photosynthesis, carbohydrate stor-
age and survival of a native and an introduced tree species
in relation to light and defoliation. Tree Physiology, 24,
1087-1097.

Guérard N, Maillard P, Brechet C, Lieutier F, Dreyer E (2007).
Do trees use reserve or newly assimilated carbon for their
defense reactions? A 3C labeling approach with young
Scots pines inoculated with a bark-beetle associated fun-
gus (Ophiostoma brunneo ciliatum). Annals of Forest Sci-
ence, 64, 601-608.

Handa T, Korner C, Hattenschwiler S (2005). A test of the
treeline carbon limitation hypothesis by in situ CO, en-
richment and defoliation. Ecology, 86, 1288-1300.

Hart M, Hogg EH, Lieffers VVJ (2000). Enhanced water rela-
tions of residual foliage following defoliation in Populus
tremuloides. Canadian Journal of Botany, 78, 583-590.

Hicke JA, Logan JA, James P, Ojima DS (2006). Changing
temperatures influence suitability for modeled mountain
pine beetle (Dendroctonus ponderosae) outbreaks in the
western United States. Journal of Geophysical Research
Biogeosciences, 111, 81.

Hoch G, Richter A, Kérner C (2003). Non-structural carbon
compounds in temperate forest trees. Plant, Cell & Envi-
ronment, 26, 1067-1081.

Hogg EH, Brandt JP, Kochtubajda B (2002). Growth and die-
back of Aspen forests in northwestern Alberta, Canada, in
relation to climate and insects. Canadian Journal of Forest
Research, 32, 823-832.

Honkanen T, Haukioja E, Suomela J (1994). Effects of simu-
lated defoliation and debudding on needle and shoot
growth in Scots pine (Pinus sylvestris): Implications of
plant source/sink relationships for plant-herbivore studies.
Functional Ecology, 8, 631-639.

Hopmans P, Collett NC, Smith IW, EIms SR (2008). Growth
and nutrition of Pinus radiata in response to fertilizer ap-
plied after thinning and interaction with defoliation associ-

www.plant-ecology.com

ated with Essigella califomica. Forest Ecology and Man-
agement, 255, 2118-2128.

Huang ZL (2000). The interactions of population dynamics of
Thalassodes quadraria and the plant community structure
and climate factors in Dinghushan. Chinese Journal of
Ecology, 19, 24-27. [#£ B R (2000). #3% RgkFhEEsh A&
SRR S LAEE TR R, EHERE, 19,
24-27.]

Huberty AF, Denno RF (2004). Plant water stress and its con-
sequences for herbivorous insects: A new synthesis. Ecol-
ogy, 85, 1383-1398.

Huttunen L, Niemela P, Peltola H, Heiska S, Rousi M, Kel-
loméki S (2007). Is a defoliated silver birch seedling able
to overcompensate the growth under changing climate?
Environmental and Experimental Botany, 60, 227-238.

Jacquet JS, Bosc A, O’Grady A, Jactel H (2014). Combined
effects of defoliation and water stress on pine growth and
non-structural carbohydrates. Tree Physiology, 34, 367-
376

Jactel H, Petit J, Desprez-Loustau ML, Delzon S, Piou D, Bat-
tisti A, Koricheva J (2012). Drought effects on damage by
forest insects and pathogens: A meta-analysis. Global
Change Biology, 18, 267-276.

Jordi W, Schapendonk A, Davelaar E, Stoopen GM, Pot CS, de
Visser R, van Rhijn JHA, Gan S, Amasino RM (2000). In-
creased cytokinin levels in transgenic Psag1-IPT tobacco
plants have large direct and indirect effects on leaf senes-
cence, photosynthesis and N partitioning. Plant, Cell &
Environment, 23, 279-289.

Kdrner C (2003). Carbon limitation in trees. Journal of Ecol-
ogy, 91, 4-17.

Kosola KR, Dickmann DI, Paul EA, Parry D (2001). Repeated
insect defoliation effects on growth, nitrogen acquisition,
carbohydrates, and root demography of poplars. Oecolo-
gia, 129, 65-74.

Krause SC, Raffa KF (1996). Differential growth and recovery
rates following defoliation in related deciduous and ever-
green trees. Trees, 10, 308-316.

Kurz WA, Stinson G, Rampley GJ, Dymond CC, Neilson ET
(2008). Risk of natural disturbances makes future contri-
bution of Canada’s forests to the global carbon cycle
highly uncertain. Proceedings of the National Academy of
Sciences of the United States of America, 105, 1551-1555.

Lacointe A, Deleens E, Ameglio T, Saint-joanis B, Lelarge C,
Vandame M, Song GC, Daudet FA (2004). Testing the
branch autonomy theory: A **C/*C double-labelling ex-
periment on differentially shaded branches. Plant, Cell &
Environment, 27, 1159-1168.

Landh&usser SM, Lieffers VVJ (2012). Defoliation increases risk
of carbon starvation in root systems of mature aspen.
Trees, 26, 653-661.

Lavigne MB, Little CHA, Major JE (2001). Increasing the
sink:source balance enhances photosynthetic rate of

O 4 #2414 Chinese Journal of Plant Ecology



WRE e HUE I IS B AR ARG M PR > SR A USRI ATt e 967

1-year-old balsam fir foliage by increasing allocation of
mineral nutrients. Tree Physiology, 21, 417-426.

Lee H, Overdieck D, Jarvis PG (1998). Biomass, growth and
carbon allocation. In: Jarvis PG ed. European Forests and
Global Change: The Effects of Rising CO, and Tempera-
ture. Cambridge University Press, Cambridge, UK.
126-191.

Li H, Hoch G, Kérner C (2002). Source/sink removal affects
mobile carbohydrates in Pinus cembra at the Swiss
treeline. Trees, 16, 331-337.

Lindroth RL, Kinney KK, Platz CL (1993). Responses of de-
ciduous trees to elevated atmospheric CO,: Productivity,
phytochemistry, and insect performance. Ecology, 74,
763-7717.

Lovett GM, Tobiessen P (1993). Carbon and nitrogen assimila-
tion in red oaks (Quercus rubra L.) subject to defoliation
and nitrogen stress. Tree Physiology, 12, 259-269.

MacLean SF (1983). Life cycles and the distribution of psyllids
(Homoptera) in arctic and subarctic Alaska. Oikos, 40,
445-451.

Makipad R, Karjalainen T, Pussinen A, Kelloméki S (1999).
Effects of climate change and nitrogen deposition on the
carbon sequestration of a forest ecosystem in the boreal
zone. Canadian Journal of Forest Research, 29,
1490-1501.

Marshall JD, Waring RH (1985). Predicting fine root produc-
tion and turnover by monitoring root starch and soil tem-
perature. Canadian Journal of Forest Research, 15,
791-800.

Maschinski J, Whitham TG (1989). The continuum of plant
responses to herbivory: The influence of plant association,
nutrient availability, and timing. The American Naturalist,
134, 1-19.

Mattson WJ, Haack RA (1987). The role of drought in out-
breaks of plant-eating insects. BioScience, 37, 110-118.

May BM, Carlyle JC (2003). Effect of defoliation associated
with Essigella californica on growth of mid-rotation Pinus
radiata. Forest Ecology and Management, 183, 297-312.

McDowell N (2011). Mechanisms linking drought, hydraulics,
carbon metabolism, and vegetation mortality. Plant Physi-
ology, 155, 1051-1059.

McDowell N, Pockman WT, Allen CD, Breshears DD, Cobb N,
Kolb T, Plaut J, Sperry J, West A, Williams DG, Yepez
EA (2008). Mechanisms of plant survival and mortality
during drought: Why do some plants survive while others
succumb to drought? New Phytologist, 178, 719-739.

McDowell N, Sevanto S (2010). The mechanisms of carbon
starvation: How, when, or does it even occur at all? New
Phytologist, 186, 264—266.

Mediene S, Jordan MO, Pages L, Lebot J, Adamowicz S
(2002). The influence of severe shoot pruning on growth,
carbon and nitrogen status in young peach trees (Prunus
persica). Tree Physiology, 22, 1289-1296.

Millard P, Sommerkorn M, Grelet GA (2007). Environmental
change and carbon limitation in trees: A biochemical, eco-
physiological and ecosystem appraisal. New Phytologist,
175, 11-28.

Mooney HA, Gulmon SL (1982). Constraints on leaf structure
and function in reference to herbivory. BioScience, 32,
198-205.

Mueller-Dumbois D (1987). Natural dieback in forests. Biosci-
ence, 37, 575-583.

Nambiar EKS, Fife DN (1991). Nutrient retranslocation in
temperate conifers. Tree Physiology, 9, 185-207.

Parker J, Patton RL (1975). Effects of drought and defoliation
on some metabolites in roots of black oak seedlings. Ca-
nadian Journal of Forest Research, 5, 457-463.

Petit G, Anfodillo T, Carraro V, Grani F, Carrer M (2011).
Hydraulic constraints limit height growth in trees at high
altitude. New Phytologist, 189, 241-252.

Pinkard EA, Battaglia M, Mohammed C (2007). Defoliation
and nitrogen effects on photosynthesis and growth of
Eucalyptus globulus. Tree Physiology, 27, 1053-1063.

Pinkard EA, Mohammed C, Beadle CL, Hall MR, Worledge D,
Mollon A (2004). Growth responses, physiology and de-
cay associated with pruning plantation-grown Eucalyptus
globulus Labill. and E. nitens (Deane and Maiden)
Maiden. Forest Ecology and Management, 200, 263-277.

Piper FI, Fajardo A (2014). Foliar habit, tolerance to defoliation
and their link to carbon and nitrogen storage. Journal of
Ecology, 102, 1101-1111.

Quentin AG, Beadle CL, O’Grady AP, Pinkard EA (2011).
Effects of partial defoliation on closed canopy Eucalyptus
globulus Labilladiere: Growth, biomass allocation and
carbohydrates. Forest Ecology and Management, 261,
695-702.

Quentin AG, O’Grady AP, Beadle CL, Mohammed C, Pinkard
EA (2012). Interactive effects of water supply and defolia-
tion on photosynthesis, plant water status and growth of
Eucalyptus globulus Labill. Tree Physiology, 32, 958-967.

Quick WP, Chaves MM, Wendler R, David M, Rodrigues ML,
Passaharinho JA, Pereira JS, Adcock MD, Leegood RC,
Stitt M (1992). The effect of water stress on photosyn-
thetic carbon metabolism in four species grown under field
conditions. Plant, Cell & Environment, 15, 25-35.

Roitto M, Markkola A, Julkunen-Tiitto R, Sarjala T, Rautio P,
Kuikka K, Tuomi J (2003). Defoliation-induced responses
in peroxidases, phenolics, and polyamines in Scots pine
(Pinus sylvestris L.) needles. Journal of Chemical Ecol-
ogy, 29, 1905-1918.

Rose KE, Atkinson RL, Turnbull LA, Rees M (2009). The costs
and benefits of fast living. Ecology Letters, 12, 1379-
1384.

Sala A (2009). Lack of direct evidence for the carbon-starvation
hypothesis to explain drought-induced mortality in trees.
Proceedings of the National Academy of Sciences of the

doi: 10.17521/cjpe.2015.0443

O 4 #2414 Chinese Journal of Plant Ecology



968 A2k Chinese Journal of Plant Ecology 2016, 40 (9): 958-968

United States of America, 106(26), E68—E68.

Sala A, Hoch G (2009). Height-related growth declines in pon-
derosa pine are not due to carbon limitation. Plant, Cell &
Environment, 32, 22-30.

Sala A, Piper F, Hoch G (2010). Physiological mechanisms of
drought-induced tree mortality are far from being resolved.
New Phytologist, 186, 274-281.

Scholze M, Knorr W, Arnell NW, Prentice 1 (2006). A
climate-change risk analysis for world ecosystems. Pro-
ceedings of the National Academy of Sciences of the
United States of America, 103, 13116-13120.

Seager R, Ting M, Held I, Kushnir Y, Lu J, Vecchi G, Huang
H, Leetmaa A, Lau N, Li C (2007). Model projections of
an imminent transition to a more arid climate in south-
western North America. Science, 316, 1181-1184.

Sevanto S, McDowell NG, Dickman LT, Pangle R, Pockman
WT (2014). How do trees die? A test of the hydraulic fail-
ure and carbon starvation hypotheses. Plant, Cell & Envi-
ronment, 37, 153-161.

Smith A, Stitt M (2007). Coordination of carbon supply and
plant growth. Plant, Cell & Environment, 30, 1126-1149.

Srichuwong S, Jane JL (2007). Physicochemical properties of
starch affected by molecular composition and structures: A
review. Food Science and Technology, 16, 663-674.

Stamp N (2003). Out of the quagmire of plant defense hy-
potheses. Quarterly Review of Biology, 78, 23-55.

Sullivan JT, Sprague VG (1943). Composition of the roots and
stubble of perennial ryegrass following partial defoliation.
Plant Physiology, 18, 656-670.

Susiluoto S, Hilasvuori E, Berninger F (2010). Testing the
growth limitation hypothesis for subarctic Scots pine.
Journal of Ecology, 98, 1186-1195.

Sweet GB, Wareing PF (1966). Role of plant growth in regu-
lating photosynthesis. Nature, 210, 77-79.

Tran JK, Ylioja T, Billings RF, Regniere J, Ayres MP (2007).
Impact of minimum winter temperatures on the population
dynamics of Dendroctonus frontalis. Ecological Applica-
tions, 17, 882-899.

Trumble JT, Kolodny-Hirsch DM, Ting IP (1993). Plant com-
pensation for arthropod herbivory. Annual Review of En-
tomology, 38, 93-119.

Tschaplinski TJ, Blake TJ (1994). Carbohydrate mobilization
following shoot defoliation and decapitation in hybrid
poplar. Tree Physiology, 14, 141-151.

Tuomi J, Niemeld P, Haukioja E, Sirén S (1984). Nutrient
stress: An explanation for plant antiherbivore responses to
defoliation. Oceologia, 61, 208-210.

www.plant-ecology.com

Tuomi J, Niemeld P, Siren S (1990). The panglossian paradigm
and delayed inducible accumulation of foliar phenolics in
moutain birch. Oikos, 59, 399-410.

Turnbull TL, Adams MA, Warren CR (2007). Increased pho-
tosynthesis following partial defoliation of field-grown
Eucalyptus globulus seedlings is not caused by increased
leaf nitrogen. Tree Physiology, 27, 1481-1492.

van der Heyden F, Stock W (1995). Nonstructural carbohydrate
allocation following different frequencies of simulated
browsing in 3 semiarid shrubs. Oecologia, 102, 238-245.

Vanderklein DW, Reich PB (1999). The effect of defoliation
intensity and history on photosynthesis, growth and carbon
reserves of two conifers with contrasting leaf lifespans and
growth habits. New Phytologist, 144, 121-132.

Volenec JJ, Ourry A, Joern BC (1996). A role for nitrogen re-
serves in forage regrowth and stress tolerance. Physiologia
Plantarum, 97, 185-193.

Wareing PF, Patrick J (1975). Source-sink relations and the
partition of assimilates in the plant. In: Cooper EJ ed. Pho-
tosynthesis and Productivity in Different Environments.
Cambridge University Press, Cambridge, UK. 481-499.

Wiley E, Huepenbecker S, Casper BB, Helliker BR (2013). The
effects of defoliation on carbon allocation: Can carbon
limitation reduce growth in favour of storage? Tree Physi-
ology, 33, 1216-1228,

Willaume M, Pagés L (2006). How periodic growth pattern and
source/sink relations affect growth in oak tree seedlings.
Journal of Experimental Botany, 57, 815-826.

Wingler A, von Schaeven A, Leegood RC, Lea PJ, Quick WP,
(1998). Regulation of leaf senescence by cytokinin, sugars,
and light. Plant Physiology, 116, 329-335.

Woodruff DR, Meinzer FC (2011). Water stress, shoot growth
and storage of non-structural carbohydrates along a tree
height gradient in a tall conifer. Plant, Cell & Environ-
ment, 34, 1920-1930.

Zhou GY, Wei XH, Wu YP, Liu SG, Huang YH, Yan JH,
Zhang DQ, Zhang QM, Liu JX, Meng Z, Wang CL, Chu
GW, Liu SZ, Tang XL, Liu XD (2011). Quantifying the
hydrological responses to climate change in an intact for-
ested small watershed in Southern China. Global Change
Biology, 17, 3736-3746.

Zwieniecki MA, Holbrook NM (2009). Confronting Maxwell’s
demon: Biophysics of xylem embolism repair. Trends in
Plant Science, 14, 530-534.

FriggiZ: IR SUEHE: £ &

O 4 #2414 Chinese Journal of Plant Ecology



WARITEHS WERES

EORIpS IR A
HFRARBRAG SO

O 4 #2414 Chinese Journal of Plant Ecology




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 350
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages false
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 350
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 2400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages false
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [3000 3000]
  /PageSize [595.276 841.890]
>> setpagedevice


