AR 2013, 37 (11): 1059-1070 doi: 10.3724/SP.J.1258.2013.00109
Chinese Journal of Plant Ecology http://www.plant-ecology.com

EFSRGERRTRMNARER

_ Y, N K N N 2 =
%J\ -~ :‘F’ﬂ%ﬂ( X]J ?Eﬂ—% jﬂz e
LR R B S AR S E R E AL =, N SHE RS Fravbwt s, 16257100875

B E AN MAEZRENESRARIT RAZBRE RN, SRR A — DN, 51k B RGN 2
I8, A2 BEN SRR RERSR AN 5 — R IR, XM ILG AR o B K 58742 (critical transition) o H K AR BT G SR AR A HE 4
SRR A RGNS B BRI, T REXT AR AT HFF SR e AT T AR A R G TRAR I R A AR N, (BB RAE
SRR A T 45 SRR, L 0 — ST I F bR T LUAIT A2 R G2 15 AT SR SR AR B i, kT T DLEAT 2R AR
SR RATE o SO AR A 25 R G TR S A I AU T IS B R AT B 4 5 A4, 1838 T AR R AR AR ™ 4
PURAILE IR, S8 T RS R G RALTUE AR SR LG FEAE, IS TR A2 [0 AN L 45 T IR AR S R KR AL T
S IPIOT %, BHE T e i PR, 48 RS R RASTUEAR S (KA I N 78 20 MU RTINS s &8t JF Bk 24
BhR, WNZMMEIT SR A TIUE, AL, NS RGNS T RRAE L MFRR, WA ARG R IE e

KA TR, AR, RUITEE S, EARGE, RS

Review on detection of critical transition in ecosystems
SUN Yun, YU De-Yong’, LIU Yu-Peng, and HAO Rui-Fang

Center for Human-Environment System Sustainability, State Key Laboratory of Earth Surface Processes and Resource Ecology, Beijing Normal University,
Beijing 100875, China

Abstract

Ecosystem with alternative stable states would respond abruptly to minor changes in the external conditions and
switch into an alternative stable state with different ecosystem structures and functions when the system ap-
proaches the transition threshold. This phenomenon is called critical transition. It is often the case that such transi-
tion can result in marked changes in ecosystem services, which are much likely to impact the sustainable devel-
opment of human being. It is difficult to predict the critical transitions in ecosystems, but the large amount of re-
search in this field show that by monitoring some generic properties (i.e. early-warning signals) relating to eco-
system status, we are able to discern if the system approaches the transition threshold; this can be used to predict
the critical transitions in ecosystems. This paper summarizes the major findings and achievements in the field of
detecting critical transitions in ecosystems. It first discusses the mechanism and consequence of critical transi-
tions, and then introduces the basic theory behind the early-warning signals. We sum up the methods used to ex-
tract early-warning signals both from temporal and spatial dimensions. Finally, challenges confronting the con-
temporary research are summarized. In future, the application of early-warning signals should make full use of
both temporal and spatial data and combine different indicators to improve our ability to forecast unfavorable en-
vironmental events. Also, special attention needs to be paid to the relationship between critical transitions and
ecosystem structures so that we can strengthen the ability to predict critical transitions in ecosystems.

Key words critical slowing down, critical transition, early-warning signal, ecological resilience, stable state
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BB R R (WU, 2013), {EIXFERE ST, nlRpgtE
(sustainability) 5 7] #F 4L & Ji (sustainable develop-
ment) X} N ROR K JE o B2 . [H Bl B 4
(International Council of Scientific Union, ICSU)F1 %
b 4t 4> B} 2% B ZF 2> (International Social Science
Council, 1SSC)F20114F J5 8l T — T 4 HHL04F (1) “ A
K MR- BRAT RS S o R i B Ak R
A7 20 0T 4 BRI B A AR T Y oK 18 KU B B 1)
FNVUF SR ) A BR AT RREE I (522

BB RGE KRR EE RGBS
FEEATRA A SR FU R AN W 3w )3, BF7E R AR A
RAE LR MAAAL 27 EH R R F LA
(Scheffer et al., 2001). AR NS RS
FHi 2 A Mk, IXAE— e R B T n KR
BRI EARRG ORI R AR A A
R0 HIE WOR A& e A48 4 VR 28 (Scheffer et al,
1993; Carpenter, 2005; van Nes et al., 2007). T 54
BRGH AR LIRS LD EAARE
(deMenocal et al., 2000). 5 i 5T A RS
HH A o 45 Al 0 28 A A A RDIR 28 e A O 7 0 E il
i N LA K BEA AR IR A (Steneck er al., 2004)
%, LuofliWeng (2011)iAK, 7E— &I FAES
RGBT B2 AN S MRS, WlRAEAT
KB AT A I DX R AR SO, A 1T BE 53
AEREE R AT E « R IB) U R, RS
25 & T4 7% (bifurcation) Bl % . 1> & RIe B A £ NS
B RS, USHR A LG FUE RN, R
) S P P 2 (A8 dan P A IR ] 3 3 1) 2 B AR
TE MEEF) S IR KRR 2 T R ST R AL IR
NEN G HEEA G b i 15 R B AR

AR RGAL I T IREAE T g 238 2 —
BRI G2 R, HBEAE AR A R Il
Ak, PR ) 20 A B AT & 2B (Scheffer et al.,
2001). X A] fE At HH AN AT P ) ik 50 A 80 3
AT g R RAE S8 (Kuehn, 2011). AR RGHT
RAET KRR, RGNS 5 RER KA SAE,
LR RGE AT EAH N P P fe i LA
JoAE B bl 2 A4k, X — PR ] et NStk
SR E LY. R, ARG TR AT
JERN, IXEMAE WER AL RGE VK B R IPIR A
W5 BEHEK 14 ST (Maler, 2009), 3xXFfAs A i
PEATAG A 25 58 40 1 RS ar AT 5 58 o R A7 I 5%
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B o TR DK TR) B s 2 F R A DL RO IR i
ERRGNEL TRV L, WS RYH
KGEAR & — TR AME4T-5% (deYoung et al., 2008). T
TERIIBEIT CAERE, RIS AEXTARS RGN T 7
AR TR TSRS A B AT T, At nT DU
Bl L6 30 FH H A R M A2 S RGUIRAS S 15 A W
SR B, M7 S RS E K RA T,

1 Fas5EKXEL(critical transition)

11 EBRFEZRS
111 EBRGESREEX

)71 FS I 9T I FR 75 (stable  states) & fi7 R 40
PIFRAE— 4 T . WERFEARSR, RRESTE
(R e AE— 8 I R AR A RS b, AR RGRFFIL
A& KR Rete e (D eF45%, 2009). ZFa&TRT1E
FIFEZAET, RGER] LA AL S5 A6 A ) e AR AN [R] 1)
Fa %€ R Z& (Scheffer, 1990; Scheffer & Carpenter,
2003). A& RGREIHAIRKEAZIPIRE, 5%
RGP et SR TER, R IRy
(R T A ok [l b, BB ST AR AR K
LAmiite . Ik, ARFR D EME gL T
WA o REARMEZ A b 1 AF R A S AL
AN ER g, (AR RS TSN A
PEL 58 ANAR TRPIR S 2 6 AT 4+ LK) (Eliner & Turchin,
1995; Bjgrnstad & Grenfell, 2001).
112 EBRZEZIESFENERER

B SH 22 1) I U 2 B 5 1) I S AR A AR
G 2 R A £ E R K (May, 1977; Scheffer et
al., 2001; Staver et al., 2011; Isbell ez al., 2013). *£Z
RGP R o R AR I, D8R S At
B I — RV AN AR, 31X AR Ak f 2% N sk
K 5 W) 5 ) AR AR AR IR 4y, XA T R Y e
Tt R MAPZEAY, B4 15t (negative feedback)
FIE J 4t (positive feedback). 1t 2 ik EL#CH WL, &
(A AT A S RG0L B AR KA e, &
Tt 1R 25 2 400 RN Y 59 5 40 R A AR AR BRI A 43
A =X R AT 2 R N P e N = Ry 7 P )
TN, AEA 52 Rk 52 215 R g A ek 2,
MYEEW A UG, okt Sk dEE. F
RGHERIEGF AR , B ReAl R 2, B &R
G0 T e B g3 R A A T 15 | R Wi . AN A2 A T A
I X AR . TE B A A A RO IR A



I H B A1 K M (Lerdau, 2007).
12 EBRFERRTHRM

A RGN T8 AL (1) 40 5 4 A B AT AN TR] 1) e
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I ELIX R AR AL R TR, B s N b I, R R A
RS EIBSE TR o A LE I A0 45 A (R sk /N AR
W FERGRS KL F N, X i ARl
SEIES: Al (1) (K 1B) . AR IEAFAEWIEILCHT N
FANFIEE, ZEGAAAE L NS, AR
WM. BIRRZIVIAIREN T EG ESOF
Hig#FL, bE &2, RGNS SIS kT
INTT R AR AL, M EEFLN, 25 I AN A A
RN, RIRERRAERAR, IREEH
] NSRBI R S, SR SRR, R
GUIRAALIENE T S AR IE ] o I, AR A
RGUREWE FIEMG L SORE, NS SR 4 A
i 2 BN GEAR fIFLIZK IR AN IR, T2 Gk 2
MUAS IR St M BAF2 KN, AL kAR A
B B G 3L XFRR L R GORAS I Y A AN
S HANI] . X R TR 2 R BOK9EAE (Scheffer
et al., 2001). FEFLRIF2Z [0, [A]— AR 445 N T
PRI ESA AR RS RGUIRES, W2 5T S0 ib 14
BRGBLZIRE . HRRLH TR B A AT

NS ESRGERNRERNITIEE 1061

AF, M= REWH Z ISR, AR HILE R
KA

B AES RIGURE BT L — A BRTE S W
(123 (an1#2), %A HE LA AL T, BRI AL E
RERGCUT TR PPRE, B R FHIKIEs), &
R ARG ) T AP ERA . BEASILAREE 0 0 N,
HLZFR RGNS 8 (basin of attraction), W5 [k
(1) 56 B FUR I e T A RGO T3 A
IRZAE T IR AN 1) o) MRAIRE ), X
e 2R G0 IR A& 10 9 ME (resilience) o 3L ME (1) 48 7 1
Holling (1973) 1 4 th, 248 RGAIREF AT
SERIFN N RE RIS DL T P REZR 2 SR T . 1T
o R KA [R5 138050 B T T B R, R3S AR
AU GBI . BEAE MRS, AT
RGP ARSI 5 AN Wrle i, AR A s sk D,
M5 — NS IR G AWk, Az 5 14 hn
IR R N (FRAN K7 R RN L AN S S SURITRBEI AN
F— MG, BAES RGN,
13 EBRFEARTHFN

ARG KA TR RARRE W] BE Xt N8 A
HELY, X FEEERIRAEN AN 7. E5E, T
MIRIM&AE T, ARG T UAEARMIRRE, X
LRENNEESRAENANF SRS, [FR b
SPEAR 12 R SR 55 (Scheffer & Carpenter,
2003). [Klith, A28 RGURA 2N 1A IR 3 1) (W T
FRHE R, AL N SR B G I B

A A c
% 2 A Y
K= g e
5 i e
. . S~ .
Ext;rlr‘lgll)?;’rllgition
Bl AESRENIMBFM AR N T A, ERRGUIRES 55 8] fma 5 ok SOt 22ty HIZLkm. B, X4

HMBEATIE BRI, ABRGORE KA. C, 15— ERIAMNBAA T ESREA TS, FINIF2RESRRR

A% i, (51 EScheffer & Carpenter, 2003)

Fig. 1 Different responses of an ecosystem to changes in external conditions. A, Response function curve is smooth and continuous
between ecosystem state and external conditions. B, Ecosystem changes profoundly when external conditions approach a critical
level. C, Ecosystem has two stable states over a range of conditions. F1 and F2 are transition points of ecosystem. (Cited from

Scheffer & Carpenter, 2003)
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Fig. 2 Effects of external conditions on ecological resilience.
F1 and F2 are transition points of ecosystem. (Cited from
Scheffer et al., 2001)
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ARG, AR T B R e S A A R )
T3 ) 50AR AR 45 A 2 B 2 b TR M () (O30 2% A
FNFLF I 7K 7 A% Ak I F2 565 3 7K 7458 TR AE) - (Wissel,
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2T T o T B 5 Y 2 L RN e R 4 A2 N A
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GG IAR R, WD I TR SR, 33t 2 I
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FI 52 (May, 1977). %5250 40 A HL T P Aps T,
Hp—MiEE FRGREEERE S, 5 NREA
ARSI TAR 55 o BRI 30 53900 A ik
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Fig. 3 Recovery ability of ecosystem following perturbation under different circumstances. (Cited from van Nes & Scheffer, 2007)
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van Nes%(2007) AR PR i B, 3L
rhob T AR R I R R A R A
Heph, FHTEW MBI O, ] AR AN ]
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SEARNAG RS IE ARSI AR B AL, 7R R L
T, WA A S RGN E W, e
7 BAh 78 Hofth 5 Bl (Scheffer et al., 2012).
212 IR MER B EEIElR

T B AR AL S 6 W 1 2R 4 Pk I T )
I SRR B B & AT, RIS RS R AR TIL
PRl e A AU SR 52 2, RS o H 21 1) B 4R
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VIR B B — P AS ERE), BRIt AT L
T — 8 A] B2 45 b oK R AE I S 2% (Dai et al,
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AL IRAE R SR AN T SR
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I ZIPIRES, PR B ARG RECA BTG K (Ives e al.,
2003; Held & Kleinen, 2004). H./k, RGALETHA
B PRy sl SE IR 20, 878 RGUIRA IR AR B 1K) U5 22
14 hn(Carpenter & Brock, 2006). Kleinen%(2003)7
T RGN HAE, BN H 4EE F RO
TERFEIT R AE AR, — MNMEIE R S R G
B/ NI AR A

213 S5REMHSNTILHERAIERR

Guttal #1Jayaprakash (2008)i i fiff 57 3% s 1AL
TR B, 13 MR 6 50 AT AN TR P ) O B2 A A AL 1)
BRI TESRIR . T 5L fib), 7 i a7
BT (E4), T A2 R GRS B Bl B A G FR 4 4
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b J5E 28 555 LA AT B 2R 48 29 AR R i

ARG AT TR RAR m B T e B O —
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(P BENLIRE BN AL TS R AR A& X IR (E 1CHFL
MIF2Z 1A I8 43 ) Ja AR R A ST, 1AM FRA TN
W% 5|32 18] >k [A]3% #h (Horsthemke & Lefever, 1984;
Berglund & Gentz, 2002) . MG A AT LAAE Ky —Fl
TUESRbR, RSN FIE)— HEFLE, SRS
AT REIK APE L E N — AN I, AN 7R A R ]
B HBRGAREALRITT ZEBEIN . IE 53 A7 1 i
FEXG N, VAR H BRI (PR AN AS) T LR 7
$ )k 505 (Carpenter & Brock, 2006). il %)% 5]
X PEFR R LA 5 I SRR A KR, J5# 3R
IR (1) 7 ZR G0 9878 D — A AR LIRS TR M 2 A TR 184 o,
A E P ) e A& R R A ] B K AEAAE
W R T & R — ARSI SN
(Scheffer et al., 2001).

Wang 5 (2012) LA = R g R 491, SRk F ol il v i
IRACTE I M 0 5 0 25 5 iR WA B FR e R Bl A
(R4 (Carpenter er al., 1999), WF5TIH#F & & I71k
AR AR RG A AR AR A IR T A
BRGFZARFINE 5 RAE, SRR 718
FUFIAAMT, ARG AR AL AT A0 E e 5)
REAE o IS [ 24 I 119 A2 25 R 40 50 A8 PO 4 v i 45 W
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Table 1 Early-warning indicators in ecosystems in temporal dimension

FERAKGIN T5 5
Key methods of detecting
critical transition

FENE
Main contents

M

Formula

Jal PR

Limitation

002 AL I Tk
Measuring the recovery
time

W BEMKRE. Jr#=
RS S
Computing autocorrela-
tion and variance, and
performing power spec-
trum analysis

S

Computing the skewness

bk =218 8]

Observing flickering

FIN RGN S I R S
S A] V-7 A5 1) I 1)

Directly measuring the recovery time to
equilibrium after a small perturbation

THEIRR RS MR 1 AR
K. J7ZE, XN TR SIEAT DA O A
Computing autocorrelation and variance of
the variables that indicate the status of the
ecosystem, and analyzing the power spec-
trum of the time series

B — MR R GORAR HE 1) B ) P41 4
Pt R A E

Computing the absolute value of skewness
from the time series of variables that indi-
cate ecosystem state

RS RGRERREIN I 7%, iy
AT PR i PS8 UL 77 1 I X0
Computing the variance, skewness of
frequency distribution of the variables that
indicates ecosystem state or observing the
bimodality

T TS, XTELS AR RG]
Btz

Suitable to simulation experiments, but
not feasible in reality

S R I A R Ak L AR N
IR i5 2 70 E

Difficult to acquire data; error and
subjectivity are easily brought to the
processing

El(~ — —
R CAYOICA)

Sz
1 2
SZ:;;(Zt_/J)

RS20y B RARAS AL Bz,
PRSI (AN TS 2

u and s.” represent the av-
erage and variance of z,
respectively

1& 3
- ;;(Zl_;u)

Sk 12 2
\;;(Zt_,u)

his JSE 585 SRAT IS A ASU S 1t 418
W AR I AR AE S RAEARLPIRES

Skewness sometimes reflects external
noise rather than the ecosystem itself

ST IR B E MBI ES R
S
Suitable to the ecosystems that flick

2.2

= A R SRR R E TR E R IR SN %

BT IS [R) 2 B () VB e bR, 7R KR AR KA
W, ERRGIE S B SRR 1 S kR . 2% )
K JR AT USRI S I B A R P AR S, SRS R —
BT TR PP A1 AR B, e AT 5 B 245 S (Donangelo et

al., 2010).

WEZRBMESRG T UMM R MR Z A

FAICALIR, BEAS FICHR R - [F AR K 0

LIRS . TEXFERIETE N, B8R o 54
PRIRAS AR S R G RAL fUN, I PR E AL R G
PTG IR o0 A S IR R E . B T B SCdR
KI5 TR 4 B R S0 I Lk 2%, DakosZ%:
(20201 3o 455 R AL e B2 (1] AH O 38 558w LAAE Ay
R RG RN 5 F5 . Guttal 1 Jayaprakash
(2009) 4 Hi 1 R IR A AL 518 25 (] 5 22 38 I A K
(1) i B2 1) 208 X — A5 4R A T LA A AR S R 4
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BB ) (A A S R G AR R K AE T AR
A LIRRAE, HE A S R AR TS SRR . {51,
52 B DR M R A B PR R R 1 4 1) H
2l 21 (spatial self-organization) #% J&) (Aguiar & Sala,
1999), X —HFFfEXS T 5T RAER KRG R AL HE
HATIr o ok 728 1) H 123 R T AL ]
R APERE - oy P 2K, — 2R il R 8 B A AR
(local facilitation), j— 28 5 ;LRSS 13 7 )
(scale-dependent feedback). A~ [ {145 18] H 2234 J=)
T LA 7 AR AN 5] (R TR 4R b o

DLKEfi A AR IR 50 i JR i 2 A AE FE e
JRTE G R I E AR . S EH 2R S A4
5 T IR AL AR G R, IE XA T 1 T A4
PIBEPE, I B ¥RE 45 BEHOR A1 S5 A8 A4 1) Wi [
(Kéfi et al., 2007a, 2007b; Stachowicz, 2001). 57 A
DU TBUBUE ) B R /N £ T QR SEEG FEHE, B0
REPURE M IE A 73 B BEE K /NS5 BEHEH N(S) 2 TH]
IR ER o TR T BN, X SRIN(S) 53 ) Ok £
RIS ECZ AR AR H A et oG &R, B
A AT PREIN(S)=CS 7 (bR AR ED) RE B IR 4f Hh
PG SEHNS) Z B K F, XA BT KA ek
& e /D T N AR BB o 7R B ) BRI b,
R T 1 R B RE 08 o 1 M A 22 B K /N o0 A R,
I AR R G D R AR BER I AA 1. TR
FR) R A DR DR REAS 4 TH W e =, 5% W 0 o 2 i 55
B LECR T 52 T RIS R 1 D e )
Herr A EEEH .. BN Lt Wik e
KNG A it B AR o AT oy, IS A% — IR TR A
T BT B X AR RGP EAL I TUE F5 5 (KEfi et
al., 2007a).

X — 51 B3R B0 T I R X
RGURA (DAL ) IR B T2 AR, HATX
PR AW Z Y0 AE, T H AR AR X T A
SRR Tt R GBI RE 2 TR B ARG R
Maestre fllEscudero (2009) B — B 5256k ith 1 F: BT
POR/NS BESHCH TR INHIE 7T 38 3 K 1 DR KR g
1 HIEEEEEY L pHIESE LI SOk R AR T b
RGO RE, &5 A R AR A oR AR AR 4 M 40
B R DE SR AN A, T A R BRI 22, AL
TEBRA TR Ty 4508 I A LR A 1)
FEHAR R bl 5T A TR /N 7 A7l 25 e A
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R RO A
Mean vegetation biomass

ST RS
Dryness of climate

E5 HAHHLRNR R IER ES RS E . T,
FH LI B 20 ZUIRAS R AR HOIRAS I R AR« B S 2 KR
KBS, AR B R e W0
R, ORI . FERATRAR T2, BEP bR ek
il REEAk . (5] B Rietkerk et al., 2004)

Fig. 5 Dynamical change of ecosystem with self-organized
pattern formation. Point T, critical transition from a
self-organized patchy state to a barren state. Solid lines repre-
sent mean equilibrium densities of vegetation. The three insets
represent vegetation pattern: the dark color represents vegeta-
tion and the light color represents bare soil. As the bifurcation
point for a critical transition into a barren state is approached,
the nature of pattern changes from maze-like to spots. (Cited
from Rietkerk et al., 2004)

Ak A —E G VAL RE AR G . B
B RELE B OK /N 43 A1 (1 482 e A R 20 1) s B2 i 4
B — SO R YD AL I FIR S 1) 1 A B A AR A R
KA, AR AR A Wkl 478 26 B IX —4Rhn 5
FHN. - 38R o (R AH DG PR o, 1 B R 4 7 5 B
RVl AR S RGUIB AR P o L s PR ] b

Lin%% (20210) 3 i 75 P 52 7 5L J (0 42 1l S 46 %
I, HOA R e A e B0 A R A e ) IR A o
55 b B 7 ARG, AR AR 2R 7 A5 Il &
BRETZE IR K. Lin%%:(2010) (A I M, L AR 1l 7
T A S R G IR R B R bR, (R AEAT
Fre R . DA g DS T R SO ], R
SRAEN D IR 7 25 P A KA — 3, (HR R
A% SR AEAE IR K 2% 5 (Massada et al., 2008). Y34k,
JUE R T A TR, (IR RS RS
o RIUASF A3 Wk R AR B AR S R SR
O Fi b I 120 R A0 T 5 T A A TR A ) SR
R .

2 A B i A RS AR A e it A1 s AF S
YA M F A 26 R I TE i (Levin & Segel,



1985). {EVFZ YT X0k, AR SN BE B, von
Hardenberg (2001)%5 1% #i # 8h 248 & JEE Hi At HLRg (4,
() A AR, 2T A, B AR AR ) MR A ] IR
IR &, RIS v s i — IR R - R ASE FULAE
M BELRA K G YR A 5 o WIF9 8 B MR RUL H
A B DL e R 5, an 4L (stripe) XK
(labyrinth) . £k (spot). RietkerkFlvan de Koppel
(2008)Zx & B ANWFFURUR, 42 AR R G REAK
8 Tt EH A 4 s BA 05 - 0 AR R OE S s
AT HT T YR 5 A B0 KR R AR Wt L R R
Wi 111 72 1% Hivon Hardenberg (2001) A% 74 A LL3R &
PLUXEHLEIA F SR ARG R EERRAL L
Ao B RYVEF IR ) 5 (A A 1 AR Ak, 113X LS A 4
6 R AR A ] AT, DRI VR R AR S RS
KRAF T TR bR (Rietkerk ef al., 2004). 4% A 4k E
ARG RALTE SRR 45 &2,
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KREE
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JiR IR 3
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R2 YRS R GR AL TSR bR

VAR S RGBS E 1067
BRIGE, B DIA TR S ARG
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AT P, BT 5 58 2 I 0 4B
.

3) H 1 2 B0 945 3 U0 L sl 5
o, LA IO AR AR LA SR U, A
PR o B S5 2R 5 o 2 B R D S
SR, LSS 0 5 LR A
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A R 52 LB B A T 7 51
LRI R, T LT UG ] Py it T LA
A TS 2 10 5 R R AL 5 8 Biggs e
al., 2009). VEREHEAN 2 LA KA 22 o
BRI T 82 BB 2R 5 o A TR
ML

AEDFTCHOAR RS A A WTRERI T 3R, ok
BFGURLE R LA LA

DB, bR RIS B4 0
IR, M A R B 2 TR AR T £
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2)h F AR AT RESUAT — 2 0 AL R
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R
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Table 2  Early-warning indicators in ecosystems in spatial dimension

FERAKGIN T5 % FENE HHE A Ja P

Key methods of detecting Main contents Formula Limitation

critical transition

VSR ] FAHOGME Ry 22 THSERR S RGUIRAS AL 110 28 8] F A DG & BRIV SN B Ak B ey AP iR

Computing spatial auto- By 7= R M

correlation and variance Computing spatial autocorrelation and vari- Difficult to acquire data; error and subjec-
ance of the variables that indicate the eco- tivity are easily brought to the processing
system state

W gZpower lawil % SR BEIOC NS SEEHEHNES), Mgt N©S)=CS7 WX R, TSR AR T

Observing power law

LRI P
Observing regular patches

EATTIRIN O A0 AL 15 7
Analyzing the patch size S and number of
patches N(S), and see if their logarithm can
meet specific equation

LS HE e B R A 5 IR U TR
Observing if the vegetation presents regular
patches

R mK

Restricted to certain areas and the result is
greatly influenced by the computation
method

e LURT B Headb AT R A 15 40
Difficult to quantify and judge the patches
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AFAER 027 18] e PP MG, B R B AR
I A RGO T8 AR AR RAL o« XS 175 1)
S JIUPE (R AE AR A AR B G5 R N S A AN RS
i I AK S IR & AR, B RIS, AH
HREM /), BRI AR AR R GE SRR R BN 1) S 2 T
GRIR) o AH I, 5 AN 723 [1) D09 265 [ i 1 5 (5 405 e A ALL)
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AL BEI, SRS R A2 K
AL 355 J3 N T &4 57 35 (Dunne ex al., 2002). 324y 1k
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