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ABSTRACT

SENSITIVITY OF VEGETATION PHENOLOGY AND
PRODUCTIVITY TO CLIMATE CHANGE
IN ALPINE GRASSLAND

ABSTRACT

Li Xiang (Physical Geography)
Directed by Luo Tianxiang

Under the global warming, the sensitivity of vegetation phenology and productivity to
climate change has always been a hot research focus in the world. As sensitive area of climate
change and ecologically fragile area, climate change will inevitably lead to different effects
on alpine grassland ecosystem on the Tibetan Plateau. However, there is still a big
controversy that the spring phenology of alpine grassland is sensitive to temperature changes
or precipitation changes. And the response mechanism of vegetation phenology to climate
change remains unclear. The latest research of our research group which based on long-term
observation data in three sites on the Tibetan Plateau found that leaf unfolding dates of
dominant species of alpine meadow synchronized with monsoon onset. However, it is still
unclear whether monsoon-related cues may trigger spring phenology of different types of
alpine grassland on the whole plateau. In addition, the differences in combination of water
and heat along an altitudinal gradient in semi-arid regions result in the unimodal pattern of
vegetation productivity which first increase and then decrease with the increasing altitude.
However, there is still a lack of data clarifying the differences in sensitivity of alpine
vegetation growth to climate change under different hydrothermal conditions. In this study,
based on ground observation data at 7 altitudes along the southern slope of Nyaingentanglha
Mountains in Tibet, including measurements of aboveground net primary productivity
(ANPP) (2009 - 2013), phenological observations (2007 - 2013), and meteorological data
obtained from altitudinal HOBO weather stations (2006 - 2013), combined with the long
time-series MODIS NDVI data (2000 - 2013) and meteorological data from 73 weather
stations on the plateau, we analyzed the relationships of NDVI green-up to rainy season
onset and temperature/precipitation before green-up dates. Furthermore, we analyzed the
sensitivity of ANPP to precipitation/temperature/phenology changes and their altitudinal
pattern. Main conclusions as follows:

1. There were significant positive correlations (p < 0.05, n = 47) and weak positive
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correlation (p < 0.10, n = 7) between rainy season onset and NDVI green-up in 54 weather
stations of 73 weather stations on the Tibetan Plateau during 2001 - 2013, suggesting that
NDVI green-up was affected by the rainy season onset, which further verified the universal
significance of the latest research of our research group. The precipitation thresholds of
green-up, which had relation to the distribution of vegetation, were affected by the local
precipitation intensity and frequency. The NDVI green-up of alpine vegetation advanced
with increasing precipitation of 30/60 days before mean green-up dates, but had geographical
differences in relationship with temperature, namely, with increasing temperature of 60/30
days before mean green-up dates, NDVI green-up advanced in the northern region but
delayed in the southern region on the plateau. Therefore, we concluded that NDVI green-up
was mainly controlled by the rainy season onset and precipitation of 30/60 days before mean
green-up dates, suggesting that NDVI green-up was sensitive to precipitation rather than
temperature.

2. A unimodal pattern in multi-year mean ANPP was observed along the altitudes;
ANPP increased with increasing altitude up to 4893 - 4942 m and then decreased,
demonstrating the altitudinal distribution center of the alpine meadow at mid-altitude. ANPP
was positively correlated with growing season precipitation (GSP) but negatively correlated
with growing season mean air-temperature (GST) during 2000 - 2013. The absolute values
of the linear regression slopes (referred to as the sensitivity of ANPP to changes in
precipitation and temperature) showed a pattern opposite to the change in ANPP along the
altitudes. The precipitation and temperature sensitivities of ANPP were the lowest around
the distribution center but higher at lower or higher altitudes with distance away from the
distribution center.

3. During 2001 - 2013, ANPP showed a declined trend in the study area of the southern
slope of Nyaingentanglha Mountains. It was indirectly caused by shortening growing season
length (GSL) which result in the delays of green-up dates (GUD) and advances of leaf
coloration dates (LCD). Moreover, there were more complex altitudinal variations in the
sensitivities of ANPP to GUD, LCD and GSL, which may due to the differences of response
mechanism of ANPP and phenology to climate change.

4. In conclusion, our finding indicated that alpine grassland green-up on the Tibetan
Plateau are mainly controlled by the rainy season onset and precipitation of 30/60 days
before mean green-up dates, which further verify the universal significance of the latest
research of our research group. And there were altitudinal variations in sensitivities of ANPP
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to precipitation and temperature changes in the study area of the southern slope of
Nyaingentanglha Mountains, which showed lowest sensitivities around the distribution
center but higher at lower or higher altitudes. The GUD and LCD had an indirect effect on
vegetation productivity by changing the GSL. Above findings provide a basis for
understanding response mechanisms of grassland phenology to climate change on the
Tibetan Plateau. These findings also clarify the response characteristics of alpine vegetation
productivity to climate change under different hydrothermal conditions along an altitudinal
gradient. Moreover, the results are important for vulnerability assessment and ecological

protection of alpine ecosystems under future climate change scenarios.

KEY WORDS: Tibetan Plateau, Phenology, Green-up, Net primary productivity, Alpine

grassland, Climate change, Sensitivity
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1.1 ARERREX

I L4k, AR IE O 4 2 VR B AE I 35 5 (2RI 4, 2007, IPCC, 2014b),
(B TR R A2 8] IR A7 R B3 %5 (Pepin and Seidel, 2005) . i 713 B =4k
i X TR R K TR HLIX. (Liu and Chen, 2000), ik A4 45 RG0S AFARIR
M I 5 1% B UG, B3 Z (Liu and Chen, 2000; BRIEHEEE, 2000). e X 3R 5%
%, Ao T AP B T IR AR RS R G AU B R R AT S5 1 (Rl
PRFIR AL, 2006) 0 RTT, AR T3 5 Hh DX 5 HE B0k T s s 3ok i, K I
A BAEAN R 0 XA R I BAEAEE K ZE 7 (Bradley et al., 1987; FRAREFE T
25,1996, RAHUEEE, 20050, MM -FEA [F X KR A R AR KRR, 20T
BT B X S S AR RS R M5 A 158 PR AR IR (Shen et al., 2011; Wang
etal.,2013). L, WA FKMAEGIAEL T @ T AR RGN R BUR LS
BT AT — DB SURARA T 5T 2 AR R GG MM Dl RE e LA

T e B T S B SR R v R, P S ORI 4000 K (Che eral., 2014,
2 T M 7 4 TR A AR A R BBURR IX M AE S A g 55 X 22— (Liu and Chen, 2000).
o SR A A AR 2 AR AR A A S R, Hh s FER TR 14 X 10%hm?, & &5
AR 60%, Zm R EEAES RS S EESE, 20100, (EHIREE =K, FHi
H R RIS AR, R SR T A KK R 52 SR AN - 5 10U e
(F4,2011; Wang et al., 2013). EIFEEZEXBIIE S EmER T2 E5 WS, B
IKZEEAE 5-9 AREKTHIE (B, 1998). 21 E Z RN, 7R R
FIZ=AE 5-6 HpITaa, T s i 0 Ul — ARAE 0°C BA b 72 R #AR] T 2= RS 3L
RR, ik B IR AT R IE, S FE R Y T 8 T R — P B R R XU SR
i B 1] PR P 0 3 B S (Li et al., 2016) o eife T2 1 o hr L B 4 0 P2 S50 W
M- 1 2007 - 2013 FEAEINIM B, 255 75 W i BRI g A Pk 1989 - 2010
FEYE I ESE, KRR EARBEYRE P ESEXFMRIENERD (Li e al,
2016). SRT, FHT- 5 7 e JE b T K P s L 25 2, i s R AN AE D B
AN b THTUE U35 A7 28 T 30AIE, T 7E A2 S b A [R] o 2 b R A S AR 15 [RIAY: e 8 JK
N Y 2 SR B ) 5 AN 77 4
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WEARR BEAE RIS B L B Y T R SO R T (iRl L B K 8D R AE BRI AR AL
(Korner, 2007), 3% R FRATAF FUA [F] 7K BAH A R A 400 A= K g g 7 B335 D) 728 Ak B 43
TR % . — Ok YL, ERRES EERORITE UL T, BRI T m, IR BE 180T
KT PR £ IR (Wang eral., 2013; F5E,2011), XR34S BHE AR FE
e EHAARRRIKRA G, 16— WK B AFAE — s B AR R oA i B K
HAGHE. CHRBIRRY, AT FEFRMX, mREEE KRR 23
TR E, MAE SR M DURIR S, g NPP RIUABEER I, B3 — A%
18 )5 PR BRAR ) SR S5 (Wang et al., 2013; F8,2011). X Ui BHHEHE NPP (134 55 R )
DR T IR IR FROR 5 R AR AR Ak, LI R AN B /K AR Ak i 17 7 AR AT BB A7 AE 25 5. SR
H AT ANIE 2B — MR T L, ARG T NPP GG A1 /K 2540 AU
M H A AFEIR AR AORHIE

1.2 ERSMARIIR
1.2.1 EHIIFTURAREER

TELD G S R KA IE SR 245 PR AT T R AR K R B A, BdE R B
. JFIE SR (BRTISAE, 2006) . K M5 AR AR 25 R GExt A AR AR AL,
BB HL B 25 5 WL 4645 (Menzel and Fabian, 1999; Pefiuelas and Filella, 2001). 24
A BRAREAR AL 3 BUR A 5 5 AR DR AR, BETRT R BRI K 42 AT (Pauli er all,
2012; Ernakovich ez al., 2014). Pyt [a] A HAEH] (Fitter and Fitter, 2002). HE&E A
IR REHe s BRIEIA S AEZSIERE (White er al., 1999; Piao et al., 2007; Richardson et al.,
2010; Richardson ez al., 2013). Pk, HEGHIA TR EZ NP5 A A PR B 7500 T A oK
VoAb AR AEZS R G0 i wi B SR AR A B G E (Pau et al., 2011).

1.2.1.1 AWM % TG X T ik
(1) K AL
K e I 3= L2 JE Tl s AT KN B AW (ZERTH, 1973), IXFRT5 92
7 B G AT » WL 25 SR 72 AL RS o KT 5 S UL I3 T M A A S5 A8 A A o B
BAE 18 s, RO — L E Kk DA TR T A ALY E I AE R (4
4, 20100020 2 RISk, R 5 [ B 2E G 57 7 s i 0, an i 2 g Wi 4 CEPN,
The European Phenology Network) 45, KK IR B4 (2 3E 1 BR8240 B 1
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IR RS (Ahas, 1999; van Vliet et al., 2003) . KR E Frig e iF &I (IGP,
International Phenological Gardens) %5 1 R H 7 35 Hb X X 358 RRE (1) 40 i W 01 55 ek
(Menzel and Fabian, 1999; Menzel et al., 2001). A1 LLF BRI LM, HoAth A5 43
b X I B = 7 SR T I IR AR R R AR A B S o R R A L R )
(A AE A AR S R HF IR, Fihad 60 EAR0Y), R4S P 7 Eix
MR, K8 T R EYHEI TR (EAE T SR A X, sk = KT L
K s 1) R P A P P L

(2) s s

P SIS i A ] 1 AN AN T, WIS BT R AR A, R BT
038 AR A VA R T R R IR A o AR, F5 i SRR ORI SR AR 2 RGN A Bk
AR Al T 85 T 8 ) B B AR I P S, W DA E R IR L MR R R R I
R, BA—EmaEEE. (R, HHSRRERN (m*~ha), MLAERK
i 2 N R AE RS FE 528 Ak, R A AR e RAIE S 36 A FR A B R HE ALY, 2 1] 7
J5R 1 AME B A 1) AR A 7™ . (Hurlbert, 1984) . H B4 S A GAR Ak (4286 S 56,
PR T35 (Suzuki and Kudo, 2000; Wolkovich ef al., 2012; Dorji et al., 2013).
7K (Laube ef al., 2014). CO #EEIGIN (e WI4E, 1999; Cleland ef al., 2006) %%
ATF TN Ay 1 T 42 1) S0 A7 AEARAG R 3R T R A SR A ARy LA B8, TRT b o 48 Ui A28 ) 52
36 25 BRI F (Wolkovich et al., 2012).

(3) BEEALE

BEAEN— T T ARM P, B 2R, By SAELSL. w551
B I H AR 9 S A 4 7T M R B R R AR AR SRR 2T (Moulin et al., 1997;
Schwartz, 1998; Reed er al., 2009), [ It ¥ 4 F Ak AT KR BE R 4 0 1k 1) 2 28 B
(Delbart et al., 2006; Ganguly et al., 2010). H 4 70 SRR, BEE TR
YR 2, RO 2 (0 RO 4 B ok Mt R R B AR A o E TR T B D AR A AR Y
B JKEEH NOAA-AVHRR. SPOT-VGT. MODIS. MSS. TM. ETM+. ASTER.
IKONOS % HRIEAF T H IR T B BE RN R, PR [F (B s,
NOAA-AVHRR. SPOT-VGT. MODIS &7 [A] 73 #E 2 i #ictfa vl F T RJa . KRS
IR I, T MSS. TM. ETM-+55 i 7 (8] 43 3% 26 I B0 mT P 1 R4 7 7 A0 Ak S5 1
Tto VR SOHAEE D GEA SRR BN, T2 RS o0 R R BETE A K
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R B FASARHFAE. (SR RGR A ERRHE, 2009), F2 56 TR A K IR AR R4 IOMESS 1k
& (Lloyd, 1990; Fischer, 1994). JH:TRE&EHE, HATRZ ¥ EH M T &M%
77k (White et al., 1997; Zhang et al., 2003; Piao et al., 2006b; Studer et al., 2007; Yu
et al., 20100, {H TN [F) 5 28 5 02 5 15 52 R 70 [X SR b ol 28 78 JE AT R
P, ANRINEEESERIA RS R, I H b T 9 2o i B = DL R B
ZES, AFAFRR IR A 25 S LIS 2N 50E (White et al., 2009).

(4) Py

TR 8 B R R YR SR T (EERRZHET) KRR (FiE
BAE,20100 BEE EBRAIIRAE, HEYIVGE AT 9l g AR AR DL R AR B A
72 15 BB AR () A FRAE A ALY E B 54 (Schwartz, 1998; Luo et al., 2002b; van
Vliet et al., 2003 ) o £ SEAMGAS RSN TR ARAZ A 0 RPN AL ZS R G FE e {F 5 B2
i P A0 P g AR EAFESE T4 BT A8 (Maak and vonStorch, 1997) FiI#l
AR (Kramer, 1994), #i# F BRI A GH 7A@ L PEI 5 SR B 7 2 [
RF, TG M DAY A B A A AR g Bl i 5] N\ b ZE ) AR B S HOoRk S A0 R )
AR K G IR Goit o st AL o AR B TR B s, 505 R85 R R R 7
fR145E M (deLemos et al., 1997), iR/ & B [FFE 5 W5 KM FEK H . I H.
TERGEAY, HIFARERR SE S YME 2 MFHLEC R, BRI P I R RE 7 2
ARM . TR 5E-S A A S R M FOE AR, B RTHLEER 2 H 4R [
B RG (FHIAFEE, 2003; Sadras and Monzon, 2006; Setiyono et al., 2007) . {E X Al
IR R 2, BRI S 7R . S S R R — b
R (NDVD . 8RR A (EVD SR8 K AL B X E Y (White ez al., 1997,
Zhang et al.,2003) . ARAIRAZMAIU A, PG G0 A S8 L RS- 3l 1 i R A A
AR R BN AS AL rh 0 R R R a3, TR IR 55 4t T UL MU 8040 A 25 49 M7, 7T DA —
BHESN IR (R JE
1.2.1.2 AR AL PR B T

(1 HE

T8 FERE N 72 52 M R A W s AR Ak () i O 8 Rl -1~ (Menzel, 2002; Zhang et al., 2004)
B — P 75 R B IR B — 8 BUEIN A B T IR R & ALK, Y2 58— € R
B IR B AR CRPRURIVEID . KUk, B TN A KR 2 LEE,

SN



A

B it

I 4 W7 (Hopkins) ) i & HE4R H, EHEHFEMFEMAFAAT, bRRWFHIX, frdk
B 10, MABEE S, SUgR BTH4 122 2k, B BOk 8 fEH RKAYIE
e 5 SE DY K 5 7E M BRRK R U 445 i DU K o JLFEE 1 T v B 5 ) B AR 0 D Mk P AR A
R TR IE LT, EZMIEILAT (Schwartz et al., 2006; Shen et al., 2014b), 1£ 1
$EHT (Fitter and Fitter, 2002; Hart et al., 2014), FKZEWEHEIR (Menzel and Fabian, 1999;
Suzuki and Kudo, 2000). — 614 & Z= 75 22— & W BURA BEST BUARIR T a6 42 0T
16, BMFHAK L E e 2 2B B R (Morin et al., 2009; Ernakovich et al., 2014),

AT T 22 5 SO IR W PR A7 0y FR R D 2= 15 tH I AE SR (Yu et al., 2010; Piao ez al., 2011).

(2) S

JEFEXE YR B B AARAE R, BRI I A R B AR R (5
/INHEAT BT, 2008 6 AT I A 75 SHEmIE A, #8013 L F IR K.
VR . PLFESRIEN (Lietal., 2003; Keskitalo e al., 2005), UL AZARARFT . £
KIFUE. e, 4582 (Keller and Korner, 2003; Jackson, 2009). — ki, )& 3
IR 2 3L R VR R AV . BRI AR R, M A=A AR R Kkl 2 )5
T ELIXRIG FO6 A B (S 5 RFTRERIR, — Bl A 25, MR 28k 22 3
TR (Kormer and Basler, 2010).

(3) KHu

BRI BRI R IAE A e AR e R B T GBI, (HRAE T BT RIX,
7K 3 R REL A 0 46 TR S B0 A ATl AR A (Ui and Peters, 2003; Yu er al., 2003;
Pennington and Collins, 2007). XIREREIELY], FIREKIED> S KGN
(A ESRAFAESRICME (Shen et al., 2014b). Xt TR sEfEHoR UL, KA 2 2 IRFIFYIN
AR, REAR T I BT R K 2 R H A AlK (Jonas er al., 2008), PR IEAR 55 bt
[F1] 5 6] 2 v SR A KR T 4 6] T A K R U il — B ] P JE R 25 7 7 B R 22
5278 A P 1) i 81 2 X3, 25 Rl B TR A A2 g 2 BE A 52 R 7 (Cleland
et al.,2006; Dorji et al., 2013, 2= XURY BRI e A4 il e FEAE A IR T 3 Y 225 A (Li
etal,2016). {EIXEEEFEX, IR TR —SEYEZYFEIRITN RN 2 S8 gk
OYFRAR, MITAETS ST 2R AT (Arft er al., 1999; Xu et al., 2013; Ernakovich et
al., 2014).

(4) CO MeE



oy R RGN R 7 0] AR A U PR 7L

CO2 ¥R I IN B A T AL AN G IR 50N, AL i o 4 P P 39 1) 42 7 ARG i . AEA)Y)
fi JEAE I . CO2 IR FEF 1, H BT B0 70 3 EEARK SR N T i) S0k SE B . AN ]
PIRlxE COp R FE T v iy 8 5 sURNFR FE AR FEAR RN ZE S, i COn WRFEFH T, RAR}
EAEYITAE LR, TARRARI AT IFERT (Cleland et al., 2006);
CO fE 38X =F S AN A=A U RE i 25 J IR (i R SR, 1999

1.2.1.3 it A4k R SR M

(1) BURPER5E L

U R T8 RS2 35 SR R IR R 2R s (R RE, B0 48 AR R IR 50
BB RIS R 2= 4R BT SRR &, BHEP SR AR SRR it 34 1Y)
I FIGEIE (Watson et al., 1997) . DMt SA%AZ Ak [ BBURR M A2 H8 4 X e AR A [R]
B LR R B URRE L, W] DUR A M % kR 7R (Lapenis et al., 2014). ik
ARAGIE MG R, SIS SR AR A AR . PRI IE . S5 5 KR )
BESARIHEIR | 41T LA,

(2) VMERURE I ZETT 0 5

XUk, ARkEEHERZRE DR 10 4 0.2 CHIEE L (Hansen et al.,
20060, B LAVERE T S ABKRN, MEEE (. IREHH. R, A
PORSE) A AR R ARAY, o T ORRURE (1 28 SR A T O i = e, g kL
FEAb P BRI b X 5 ZE A A M B s S IR AT % (Zhang et al., 2004; Menzel et al.,
2006; Schwartz et al., 2006; Shen et al., 2014b), “FIJ#EHT 1~3 K (Bertin, 2008). %4
M, —LEREE A X S K R Z= 5 AR A A —30 (Ahas, 1999; Yu et al., 2010; Shen
et al., 2014a). WAHBFKI, HBIRFENHRE KA T2, HEEFEMEFBAK
A 53 178 4k (Schwartz and Chen, 2002) . = ZE4) i H B HE T 508 A2 5 2 H PR,
A BE B TR 5 2 2 AN R T I 255 52, DL AN R X 33AS [R5t S g AR A0 1
UBRMEAAEIR RZE

ML T HZERFKEYG, FEYRERTRSE N — 5. RAEMRIRITIAE L
e B BCH W R R, AL EBUR (Fitter and Fitter, 2002; Menzel et al., 2006;
Miller-Rushing et al., 2007). {ERRINHPEEHLIX, RHFMEPIFIEIERFT T 10~20 K,
MR YFAEIARAT T 5~15 K (Ahas et al., 2002). F|FH PEP725 K415 54
%, Cook % (2012) KINEIFAEAN f (P E A e R0 B UM . X T RE 2
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s

T 428, HFEFHRE LA N B EERERAA J¢ (Myneni et al., 1997; Ahas, 1999;
Cayan e al.,2001). F34b, SR ()X 5L APV (1) 5 -1 22K T e - A A 40 e
(Price and Waser, 1998; Molau et al., 2005), H{EJLEERAH 7 1 X 5 b A b 1] HH 20
PERTEA (Burns ez al., 2007; Hiittich ez al., 2007) . E Z= Rk A E S A% AR AL
NFERE A HZYEE (Walther e al., 2002). F&TF 20 50 4EAR 2 {H 20 R HARK
I T o A [ I T 7 B0 P WL 3t R P 24 0T 1 6 R, AR i1
HFEIR 4~5 K (Menzel and Fabian, 1999; Menzel, 2000). Scheifinger 2% (2002) 7t
13 2 L EDEIN B F N EFE 0.2~0.6 K, BEVRIIZRMUENEF 0.0~03 K, K
FYMEIAAZ AN R 0.2~ - 0.2 Ko FFAE KW AR 1 5 AR A ]
ST E AT SARAR AR BN, B R KR A5 0T A5 AR A 14 BURR A A 0 25 /N
(Bertin, 2008), Wang %5 (2014c¢) BT 7E T 58 = R I HOMG FE RS AR SE IR R L, &
SEREAATIRTEAEIANT TG AN SR (1 BURNME AR E A B, R AR Y HT OT A2 3%
R AR (8.4d/°C) RFHEMBURME (2.1d/°C) MRS, TR LRI
RFFACIAST FHE UM (-8.0 /°C) R PR MBURME (4.9 d/°C) IS,

(3) W U (1 3 B )

) FH RE SRR T I, AU~ BRAE A 0 M 0o P2 A 1) BBURR M A7 AE — NI S AR
I A3 ATk SR, T B SRR M P o BV B 0, EL X 3 A1 4% =) 5 A 2 Tk
K (Wangetal,2015), FETZVD B XK EINI A, Ahas (1999) K ILHY
VU DX PRI R B O R P i M [X 5 W S A BE (R P 7 o 7E 1951 4R 21 1998
SETR TN, P X R s SR AT IR B2 5 TR AR BB HBIX (Scheifinger er al., 2002) .
FEALSEHBIX, Schwartz A1 Reiter (20000 AL, PHHHE X EE T #5 A R8I TH] F) 6
T FEE SR T AR X o AR TN, WML MU Aty e X i b DX B A 965 o P
MUBE (Wang et al., 2014a).

HI TR BREE S 22 5, Bl FERTRF AR I T v, IRt SR A Pl o AR XS T35 BE 119
TR PEARAY,, EER FE 7 ) B /K IR AR 2% o T IR e ZE AR ISOR I, Bk VR i
TR P — B PS5 D a3 (Wang er al., 2013). Ik, SZEE. Ko
) 24 KT REL AR R S AGAR A PR R T 2 A7 E — S8 IR 22 5 o R 1 S =L (R0 P 0L ) e 3
TR, EER X R ZEY R R AT B R K TR X (Defila and Clot, 2001). Ziello
(2009 3T T BRI v 1L DXCHAE e FF AR A M HEn A BB FBE (R AR A 100, B 1971 - 2000
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oy R RGN R 7 0] AR A U PR 7L

ERELA T A AR A BRI AR P R 8 S0 35 (R AUARRAE TR S s T AR P U P Y
IR 3d 2 e — 301 . Wang 45 (2014b) % 5 e JE W AR R FE I 6 P 31 CRg it FFAE
ZE R REEEEE) WLR I, M5 5 A — € BEAE IR I T i HEIR S [ A £ R
GOSN TR W L S PS8 A AE W R AN b 22 5
(4) e 5 e FE R AL AL

T S E N AR =, B TR TR ARRR e B e R A
Y, TR A SR W IR, A O i SR B A AR A PRI S R | X 3 K
YEWT ST (Yu et al., 2010; Piao et al., 2011; Shen et al., 2011; Song et al., 2011; T B %
8,2012). {EABRRRET 5 e i 25 L4 FHE  (Liv and Chen, 2000),
SR R D& 8 e R A {0 (1 B[R] AR A0 AR AFAE AR K4+ : Song 55 (2011) F
F MODIS EVI 73 #r &8, 2001-2010 4F5et b i B IT 60% X8k RIS 4 1R 75 IER AT, JF
HAANIRE AR AT 22 21 OR T @ s, 5K RIEAHH: Yu 55 (2010)
BT GIMMS NDVI 153, 1982 4EE 90 - H #1755 = JR AR A A A B2 0T, 172 J5 )
(I T HEIR, 4R X VT BE 2 BT A ZEFHRAR] T R FT 0 A2 2F AR AR M 1 5 31
HREYFEIHEER; Piao % (2011) T GIMMS NDVI St 7 7 1 IR 5 2 Al 4R 75 I
(A HEAT AT SR I, 1982 4F 3] 1999 fFEAEAR T I (8] R R HT, 177 1999 4EF] 2006 Fik
T I 1) IR 3R, 1 AT 85 3 P AN I A R IR R IR A [ A2 A i %54 2G5 Shen(2011)
FIFH MODIS NDVI =0 7 f7~, B4R 1998 | 2009 4 FRiR T RFLLARRE, (HEH
YRR BTSRRI S T HIZESE (2012) &7 SPOT VGT K HL, 1999 4
2] 2009 F 8] T 76 = IR = FE L F Y R B AR 2R ATE S Zhang 55 (2013) ZRA
1982 % 2000 4 ) GIMMS NDVI A1 2001 £ 2011 4 [J SPOT VGT &I, 757K =1 i
W 2 RN R LSRRI, SRR IR DL AR 1,14 R E4RTTE S
Shen 2§ (2014a) &7 AVHRR NDVI. MODIS NDVI. SPOT NDVI. MODIS EVI /Y
FRECHE A I, 2000-2011 4 8] 75 5 e J5 7 e X 38002 75 390 HH AR %, i L e DXk
DR AT, IR T IR HEIRIR P RE B T Z= PRk OB IE BT, 1A 2 B TR 2R T
i T E

(EE, DX I3 TG AT 5 46 AT = b T 00 B 0 A A5 73 5 K v o
H PR SO AR S5 . H AT AR 75 T ub S B Gt R 58, 2012;
F /1%, 2012; Dorji et al., 2013; Wang et al., 2014b; Wang et al., 2014c; 1R4EH%%, 2014;
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s

Lietal,2016). FETFHHF 5 MBI GRE FUE 20 FHEM MBI LY, SRR
PP IR E A TG B3 RS (B R 55, 2012; £ 755, 2012; 1R4EHT4F, 2014).
H RTED 5 A2 A Fa AN s R 36 FORAZEAE SR, — D7 T v g T 18 AU . I ]
RBEFHESR U VEA O, 55— 5T B T SRR 5 A2 A0 ) R 7 A LRATS AN 4
30K I 2 T AR A AR A T o7 P S o 32 3l s L 0 0 A F 7 T B B3 AT, Bl vl 5
BRI ST/, S ELAE SN v ST b W00 3t a5/ DA% B8 = K ST A 00 5090

T 1 M5 ey S ) 0 R 5 R 1 N FE A R T A 1) v ity P R A, TR AR 4
ATTR 32 B 2 RS8R PR S (o FERE 2Bt 77 e s J 27 5 B H A B 42BN, 1988) . PRI
2H Foc o 2 T AT R v L e RO FEE SR LIS 5 1) 2007 - 2013 A A SR I H A
I8 A 7V RS FDVR) e AR 0 1989 - 2010 £EM M WL B , % BN v 2 4 e ) 344
PR A5 2= KR R I (] [R5, X Bk AR A UK, AR AU (L er al,
20160 X —Hr Ay fif R v 28 R b IR 7 A4 £ (1) B 5 R AR SR B AL T AR . (H,
H T e S T A e SR B e b, DL e R A A 0 LA T A0ty 545 2
THAIE, TAEREAN w5 AN R] e FE R AL 75 R R 8 8% . B W SR IS AT 4

H

1.2.2 #E#HE = D3 SIRT LRI
1.2.2.1 A& R F ML= 7 09 %R

T8 9] 2047 17 (Net Primary Productivity, 5 NPP) J& 53— B[] py 24
THIAR b 2R R A 7 ) 4 3 A LD I8 2 LA B WP R VS FE 2 S5 TR AR (R 4 OBk T AL
REVEAE BARSFA N T ) (B RAE, 1996; J4 ) HEATE £ %, 2003). NPP &

A2 R G R ) E AR AR A B G I B B2 B 4> (Loreau et al., 2001; Guo et al.,
2006; Houghton ez al., 2009), St | A5AL A0 AT N ZRIE Bl x0] bl ke 4% 25 & F FH B 45 2R
CIRARAESE, 2013). fEARE SRR T, IEFEAEK K ILA A0 NPP M35 5
() 3 EAS %K 7 (Knapp and Smith, 2001; Luo et al., 2002a; Huxman et al., 2004; Luo et
al., 2004a; Wang et al., 2013), HANE XI5 NPP 32 21| #) 3= ZR I A AN E (£
i, 2011; Wang et al., 2013).

TERG A RGP, Ko BRFIE Y A KRB HE 1) — AN EZA 7 (Huxman et al.,
2004), JHAEGERLBIIR K045 UL A ZS RGiTRE (Paueral., 2011; Penuelas ez al.,
2013). WFFLREH, 7K nIF] PR 3E b ] 2 3% Hh$eg = NPP (Knapp and Smith, 2001;
Bai er al., 2008) . FET s 5, FE7K HI ZR B 1 PG L g/, e B AR B H AR AR IR
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oy R RGN R 7 0] AR A U PR 7L

Vo O B R T IR A TE G R. (E 425, 1988; Luo et al., 2002a; Luo et al., 2004a). 4
K [ 7KCAT DUAR S H AR i R e S b b 2B A R A= 72 g (R 25 1) 0 A =) ( Yang et
al., 2009).

FE R X, ARIRAT AT PR 1) 1 M 4 A B =i 4k 7> A (Nobel and Hartsock, 1986;
Kérner, 1999). i A B2 5V A IR E R AP FIEIRIERE, 1m2did 1 A
FHaY A PR E L FE I RS R A AR P (R, 2011 WF ARV H3RIE R AR T
3K RS S AIAR 2 5%F 7K 2 IR (Kramer, 19400, AT 3¢ 58 74 i X AR 4 A K
i 52 B 7K 23 BLFE 7 PR A1 (Luo et al., 2004b; Luo et al., 2009) . 40, Wang 28 (2013)
BT VR HOBE B S FE FL A S b PR TR R 0 AR, FEARI R IX K B3
SUEYAEKZ BT R, 7E SR X K R BRI, IR S8 MY
A KKy TR 7 e
1222 #A A=) EhiEr T X Z

BT R B E (Menzel and Fabian, 1999). 3ZE3E (Piao et al., 2007). ##
A (Schwartz and Reiter, 20000 =5 HJBF 7 A A LIS 25 LR I A KK R B 25 IE
Koo — R, MM AR 2 B KR A 2 AR 4 A 7 /) - 9140, Myneni 55 (1997)
FiFH 2 R 2T 1 1981-1991 4EJb4E 45° -70° IR A 7= 1, & DR ke ol
e AR AR R a s, X EEARTAEKFERKE RN, Piao % (2007) FH
ORCHIDEE A4 #4143 8| GPP Al NPP 54 KFK A RORMAH M. S2hr |, A
[ XA R AR AR 7= D1k T Z BV E KRR A, 162 3K E. COIKRFER)
A DL R I FE AR AT A A LRI IR A T B A G 508 (Rustad et al., 2001). “SUfEARIE
AT =S T AR TR AEE , TR R 77, (2 FEREAE AR 5K
()T 5 SR A 77 Ji = A 3R (Barber et al., 2000; Angert et al., 2005) . 1E &=
PHLIX, FERE A DI B A KK A, 1 HLE 52 315 & N L R K
1] (Berdanier and Klein, 2011) . #8557 2ALBE AT DL E R M AL A2 g, AT BA

I SR R R g s AR AR RE AT (BB s M AL AR 7 7o TR, F FURE A 10
XA TSN AT BT B A7 o S5 AR A R o SRR
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1.3 BIRRRAXEIF R E MR %
1.3.1 HRERAY XGRS E] 3

1. RN A R A 2 AN T 5 7 el ey i i 8 T (10 30 5 3002 703 050k 2 38 W
R (P50 2 LR P BRI 2 X B K UK 2

2. FEMHRAREA DR IAIAEL T, e REAR A A 7 0 il B8 AT R 7K AR A P BB
AT AR AL ?

1.3.2 Hx B

FERS IR R R, AT U R el SR A A i BN EEE R X, URE
R LR A R R 1 T UL U AR g B, A 8] R 0 R IR, b
FEEL MBI AN A 77 Sy SRR A U A S PR ) SRR AL, DY BRAEAS R K AR T
e FE LGN 2B 7 350 A AR A (R R DR VP A AR TS 5t R AR RS
ARG e gg TESR Rl K o

133 HARARE
1.3.3.1 & RF A Skt Ak A0 8Osk

FF MODIS NDVI i 8] 7 515, 454 DA H i K A 0 m At , i 5 75
R 73 AR R T SRR R Y R T, SRR AR Rk ) S SR AT B
IKECHE B E I Z=TT AR 8], GE v b P9 25 2 [A) B AH DG P S Pt P73 S e o ik — B4R
BT AS [k £ NDVI 3R 3 AR Ak 53R 75 3T R IR 8 M K B e &, BAE#E— 1
P 5 e D e R L AT A A R A AR P U PR ARFAE
1332 B RFHRA P J)3d TR LK) B

RO RE B VO b B T L B 7 ANVERORR B ] R b K AR
P& (RIHE | NPP) SElll S « AR s i B e AR GREIA A B D
TV RN T R B GO A L 2 e B Rl K OO I A A R A I ] A
MODIS NDVI ##i, B 7EF B 2000 - 2013 3 HR08R B = 28 54 NPP XS FE/K . T /&
DA B AIMGAR Al P R 725 S5 & FL 5 v 9 B ) B0l B IR 0 AT O R R
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oy R RGN R 7 0] AR A U PR 7L

1.3.4 FRE&LZk

12

TR BB R b T U A
v Y v
b LN ar &ie
s
2000-2013 4£ MODIS NDVI 4 | | [ |
i i || || k| | e || a
£ H oE| K 73 NE|| Bh
Ml W = Sk &
I S CHEFEYH %
s
J;TJ I:JLII’I?} ” B | HERR ]
Vi)
P 7
) Pt I
a7 Sl K
Wi A 5 1A FEESS AR/
KB |
I I
o FE LR ) i %o} 15 FE 5 A PR 6t
SAEARA U SRR R

1o FE RGN A 77 770 A AR A R AR B L )

EL
I

B 11 BRI

Fig. 1.1 Research scheme of this study




S5 WXL LT AT i

BE REBREMARGE

2.1 RS
211 AREXMLE

T R T AR 2R 2.572 X106 km?, gk 4000 K, 25 gk
MR CFREEHESE, 2002) . 76 ML X M B &2 4%, SRR RE, HF HZ KRR
PR e S b ks = R 240, v S X S A S N 2 i i i D ) P A VA T R (R 7K
HAEBUFHE (RAVESE, 2005) . 2K A 12 ARk, R DX I 2R i 9] 7 A
RO ABERRMR ., HE . Bif), REJE AR RE A AL

AT 7 A A b w557 PG 6 VA DX M L P, b Ak T v S R T R
Y, HERALE N 30° 237 ~30° 33’ , 90° 57’ ~91° 08' E. iZXikmiEik
21709 5800 m, ELRHILL B RBERER 5200 m, Ml kEE S G (4288 m) Fil
TR AR 25 1500 me.

60° 80° 100° 120° 140°E

Vegetation map of Tibetan Plateau

Plateau’ .j'"; 3
ite

20° 30° 40°N

Vegetation Type
B Forests
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I Alpine steppes
I Alpine meadows
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N Wetlands
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No vegetation
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Bl 2.1 B AL E”
Fig. 2.1 The location of study site on the Tibetan Plateau

VHEsk [ T b E R B B R 2 2y (2001), ABPEHRGE, HERRGRPEEGE LR,

http://www.geodata.cn
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5 FE R MR B ROE P7 0 A AS A BF
2.1.2 SIES5EHFIE

AT S 5 T UL 4 DX A% S8 T v I SR 2 K A oy B e e e SR
SRERIEFEEIN, 1984), WA E], TR0 & o AR¥E 2k B 504 (1963 -2013),
ZX AR 1.8°C, | A 1 APIR-9°C, B 7 AR 11.1°C.
[F 1P 24 K& 442 mm, 90% /KSR AE 5 - 9 A KZ=WIA, i 50 £
LK, ZXIBARRAAE R BE T B, BEL VR THRE R 2mtk. 457
BRI KPR AR K AURAE 1963 - 1999 407 LL 0.29°C/10a.
0.19°C/10a+ 0.36°C/10a fIiEZFt 5, MWifE 2000 - 2013 F43J24 0.66°C/10a. 0.96°C
/10a. 0.44°C/10a. F&/KEFEZ A BAHIZRAIERA BT A, 1963 - 1999 41|, 44
BEKE . AR KR KEMIRE KRR EY B, (HAEKRRKEREREL
A A 2000 - 2013 FE], RERFEKENERKFRKES ZRDES, FFEKE
Bk Bl G0 SS, Horh e K AR A KK B IR AN R . ST
TR B R 03, (2006 -2013), %X B HEk T, I B PR,
7 7K IR e 4 0 5 PR AR =), (B H BIAE 4R 5100 m 724

12 DX A Ak T v SR R i)y 2 2 T Y o LR B 7 R e R 5 A R B2,
1988), TR DA R Bt 3, Btk (4700 - 5200 m) J& LA L& B (Kobresia
pygmaea) FEIR SIHAHME (Androsace tapete) LRI EFER M, BARIFR (4300
-4650m) & LLLLFETSE (Stipa capillacea) FVESE & (Kobresia humilis) L Ff
B JF A B, AEHEIR 4300 m LA My 3 22 H DI S I R T B

2.2 BUEKIE
22.1 BEEHEMEXEISHINE

AT 2006 FFAEATT I Hr L m s (BHID WA R &L T 71 20
mX20 m [EEFEM, HEkEE R ARE R L. TR, S50 4390 m, 4500 m,
4640 m, 4800m, 4950m, 5110m F15210m (P& 2.2). 7 2009 4, AR E
FEHOMILRAT B T 6 A 1 mX 1 m WUEADMIIRE T, &4 7 - 8 HIAER T NI
J T AR

WAV SR EE R T m X 1m MEERETRIS 44 05m X 0.5m /)
7, REF—SR58 0.1 m X 0.1 m F/METF, UME T AL T B R &
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B XS
(B4 7-8 D, EADW RN o BRI 25 S A b . VR K e W 5~
&, E DT b AR R T i >R I A A B A B A 7 R R AT A
DA S NN T A AR S (O S R m] Lt . ik, FRATIES — a4k [ e A o )
A3 AN T mX 1 m FEJ7, WHRE—FE 2 EAR 0.5 mX0.5 m (/N7 AT BE A R 25
I LAGRE S A (RBY JIG R B BGE i B3R5y, AEREREY), #%
YRS A E CFED) 5 X EENER TR (G 7 MERNEEdE, A
PRI T REVE WL SCHR (AR, 2011)). T RE BT R4 o0 5 R 5 5
SEESEMIEARE (3% 0.5 mX 0.5 m [RI/METT), FIH C @ i ARV S ARG 58 7 FRAG
HT 2009 - 2013 F 7 ANl o R AEY B AR T T X AL A
b IR — A, EURET R AR AR W) S SCSEI TR)/E F i K AR R T, JRATTH
b KA AN i B 15148 46 77 71 ( Aboveground Net Primary Productivity, ANPP)
(F&, 2011,

2.3 VVHEHROB L [ E MR
Fig. 2.2 Illustration of sampling plots along the altitudinal gradient.

2.2.2 TEYPAE LN E A
FRATAE L3R 75 oty L W 3 A A ] S A L 23 AT B0 10~ 0.5m X 0.5m
KA e 77, SR J5 R P ] 7 40 B2t iy L i B AR AR A T e Ll . L ik
s M 2007 FF 2013 AR 4 ARIE] 11 AV], RATERADMHET 1.5m &b FEHSAHHL
(2048 * 1536 35 AL, MR 3 -4 R—k, I EEFEAERE R 2 i (7]
11:00 - 14:00, 3B Adobe Photoshop Elements 384T GG R RH], 4G EHE

WICER (Lietal.,2016).
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223 SRYHE

WA B &R ho il m s (FHID W IREEE 7 MRS 73 B4 E T Onset
HOBO HZI &l (2005 4 8 HEE), HEREMME N 30 4h—k, HAPS
TR EEC S VS LA 2005 4 8 A 31 2013 4E 12 A, BR/K B 105~ 7 Y5 > 2006
FTHRE20I3F12 7.

BeAh, FATESRI 7 HE R b 73 MR RS EEE Ok B ESSRA
PEALZAR S http://cde.nmic.cn/home.do), PGS IEFEK, BHE > HER N H
{E, BFIRISEEEY 2000 45 1 A% 2013 4F 12 H o X HA 2B R0k 2 4390m & 5E
FEH 4 km, ¥4k 4288 K.

2.2.4NDVI #1 DEM =i2#1E

H—A AR E. (NDVD 858 SONIE AL A1 B R 5 2060 B i IR B 2
FE 5 LRI LUAR , Ref F LA A K 1) 2R FIAEBR ARG RRAE (Huete ef al., 2002)
AL B NDVI 4 K B NASA B M LAADS Web # 4 # O
(https://ladsweb.nascom.nasa.gov/data/) F2AL[H] 16 K KAE A EH MODIS HE 8 $5 24
7= (MODIS/Terra Vegetation Indices 16-Day L3 Global 250m SIN Grid, & Fx:
MODI13Q1), =ZF[E4r# 3N 250 K, FEmEHFH N 5 9, HEig X~ EOS-HDF,
I [H) 78 75 9 2000 - 2013 4F o 1% i i T — B R AR HE, K H 16 R KE & B (MVC)
MMk, 3 H AT 7 45 2% 5 842 H] (Huete et al., 2002) . f# ] MRT (MODIS Reprojection
Tools) HAFH% T4/ MOD13Q1 7= it it gk A7 4% sUAN b K 5 s i 46, 42 HDF #3055
BN TIF 830, I SIN BORE A Albers 2 TR EI B4 . DEM w2305 3k
SRTM DEM, Zr###K 90 K®,

2.3 BIBSHR

A FEH, ERZAMENE. ARE 7 RERR RSB A LR B A (y
=a+bx) RIAT M. Gitoatr. Z4EAAFREIIFE Excel 2013 A1 OriginPro 9.0 #
HREAT, HUER A ArcGIS 10.3 221l

© HHE R IR T A B = B T SN 245 2 A o B et B 8% 4% X 3 (http://www.gscloud.cn)
16
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E=R SEENEFYRMNSIERELHERM

3.1 5|5

TR 0 4032 A A O 2 A2 2 R 00 M RN PR 358 A8 A A U L A 25 5 WL 1) Fi6 b
(Menzel and Fabian, 1999; Pefiuelas and Filella, 2001). 4774 %2 0 S BUHE WY
fo R AR PR ARk, BRI B )04 (Inouye, 2008; Pauli et al., 2012; Ernakovich
etal ,2014). WFh 2 [A]MI EAE A (Fitter and Fitter, 2002) AEEA/K /AT, BRIGHR
SRR (White et al., 1999; Piao et al., 2007; Richardson et al., 2010; Richardson et
al.,2013). [Ftk, HERAIA TR 520 P58 A fR PR 53 DR -7 % Tl A SRk DL S AR 28 R el
e NS AR 2R OCE 2 (Pau et al., 2011).

— RNy, R AR TR IR T AR E 2T (Richardson et al., 2013;
Ernakovich et al.,2014), —SSHF 5B HAEIRAY . SFEHX, PR FHZRLE, F
ZA R IR (Menzel, 2002; Yu ef al., 2010; Piao et al., 2011), WIAZRETHEAR
FITHEYFTHARNE, W SEEYEFRFIHHIER (Yu e al., 20100, BN
Boym WoR, AARAREE N A 2R R X R AR W SR T (Menzel er al., 2006;
Schwartz et al., 2006). {H=Z, fEFFETRX, REFPHBUEBINZIRZHE. Fi
e i 2 J LA A AR I T ey H R R T e ER e X (Liu and Chen, 2000),
2, 5T 308 SRS ARt T WO 000 K P 5 M R T SRR DU IR L AT AR AL
ANFEES (Yuet al., 2010; Piao et al., 2011; T IS, 2011; F /1%, 2012; Zhang et
al., 2013; Shen et al., 2014a; 1H4EH7%%, 2014; Chen et al., 2015). HRix T €5ty
15 AR AL A2 R AL A B AR BOR S8, TR 7 T R R PR = 28RS R Gt
SXoF A A A T . 1) S

ER AR R G, KRR E KB — AN EZEF (Huxmanetal.,
2004), FH H e BIMFN ) 340 L A 7S RS IEE (Inouye, 2008; Pau et al., 2011;
Penuelas et al., 2013). HE#HEZIR T ) 2 [0 AR RRIE 5 7K #8622 P A 9¢ (Piao et
al., 2007; Ding et al., 2013) . 7K73 2 AF ARG X 22 B X M R =5 = A2 8
FLEM (Pefuelas et al., 2004; Piao et al., 2006a; Lambert e al., 2010; Wu and Liu, 2013).
Pangtey %% (1990) &I, B RlK 2520 5 b L o B e SR AR K aa i . 72
T 98 S, Piao 5% (2006b) A A K Z=RTFE /K HHE I 2 S B R IR B IR,

=

#

17
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1M Shen 55 (2014a) 45 H1F =K IE/D> 7] BE 3 B HIAE % 1R 5 WIRHEIR . 64h, Chen
5 (2015) BT HEmm R 23 Al SN EEE, R ITE A KRR S A
AR BRI AR 3 o, WL 2R IR 5 I RS2 P A ), TAEAE KA 5 5 DL
R R I R, R R TR T 2 PR AR K B FE R . BAR H AT 2 80 A
SR 7K e 0 5 ) 38 R 3 2R T AR AE,, ER A 6 B KO 3 2R Ak 4 T SR AT 5 A
R BT RKIEAFR 2 RS FRB A % RIR K (Bradley et al., 1987), 4ifi
TRt e FE B R T ) 5 SRR A G R — EAFAE R A

T 9 e S A B I T B RS ZE KU T B (Sato and Kimura, 2007; Wu et al., 2012).
RS FERIIZEAER T, il i A &HE T 5 ERRRNERE (5B,
1998, 1 2 B 75 XS i 5 0 4 1 o Pk 45 28 v L ke 28 30ROy v i A s it K B /KR
(Curio ef al., 2015), [T EF 5 2= KRG BB R HFAE (Ding et al., 2015),
I HBEKZHPTE S - 9 AR A KRN . FRAT TR AR A fp e 2 T 75 8 v hr L e 4
MR FE SR8 T 65 1) 2007 - 2013 AEWMB L INELE , 45 -G 7l BRS¢
Bk 1989 - 2010 FEPG ML, B e 5 B ) (I 5L AR 75 391 5 2 XU R i (1]
[F25, TR K A BUR, (AR ER AR (Lietal,2016). FHim 55 =REFER
NFE, mEMEEERERKEFRBZ2MCEAN T2 EME (Wang ef al., 2013),
SZEIREE R, Fe RN 5-6 A TG, ik m R p A — e 0°C
DA b ZER AR KRN T, A e IR AT R e, S B R A ]
e 7 i T2 B — P e 2 2 X RN R 1 (g 0% 3 2 SR B (Li et all, 20160 T 580
JEEL bt T K S 0 U S Kb 5 2 DA i A AL /D B T LA B T O 0035 75 3 T A
1715 E BEA v S5 AN [ v R B R DS R 75 ()9 0 6 7 e Y SR I T ) AN 2

N T BE PR X — I T AR I i = S, ASBEFUR B R H MODIS I [A]
Fl (2001 - 2013 4F) HH— AR FEE (NDVD, 456 BAT Hh I K 4 g 0L £ ah
EE B 73 ARGk s T R R A R B, SRR AR H
AR K B B 5T R UR I (8], STt BT 9 3 22 T PR R D B G e B 7 S R
A, FRATE— 2508 T A [F) 3 £ NDVI IR 5 AR5 3R 5 1 i B2 R KR A 1 5%
o BRI B T e e FE R A A N A AR 1 U A RFAE
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3.2 BESRE
3.2.1 EHEERERGE

TEAL SRR P RT, AT B8] 77 51 NDVI Bl AT 7Ab 5,  DAHEBRFLE
K = ZER BB T 5%, HE2PHNDVI HIEACHKIE, A HEE
W A S U AR % (Zhang et al., 2007; Shen et al., 2013). N T EBIRE
#X5 NDVI K520, B0 8 —MEuIATE A2 (11 H2KFE 3 B BAREE
) NDVI ) {f Sk B AR S 78 75 ) NDVIE (Ganguly et al., 2010; Shen et al., 2014a;
Shenetal.,2015). [FIIN, A T VHBRMEERE . Fabk. BIEERmW, A&
WL LR A O7~9 A4 F3 NDVIET KT 0.1; @4FEH K NDVI{EF AT
0.15, HEKMEMNIBIAE 7 ~9 Ar2id; @7 ~9 A4 NDVIET KT 1.2 4%
Z (11 AZWE3 A) “F¥INDVIE (Shenetal.,2011; Shenetal.,2014a). AL, 2
B ZARARGLIFZ M, NDVI S KAEAEE o LRI, BRI, 82 oRIRAN
FIH Savitzky-Golay JEJ /7% HE 2 NDVI B K& ARE 5[4 NDVI {4 (Chen et al.,
2004),

TEXTIS [A] 7 51 NDVI B4 347 WAL B 2 J5 , AT UATHEAEHOR 5 W . 7EAHIEFE
i, IREHH (Green-up Date) FITFSER A B White 25 (1997) FF R I LLFI RI{E . 1%
J7EE SR T FAFFUART (8] 9 NDVI KA 2 45 NDVI HRIE 15— 5 7 Ee it Z1, B
NDVatio 125 — I — BRE AN %] . X B, NDVIuio = NDVI; - NDVInin) /
(NDVInax - NDVInin), A1, NDVI AE I [E #] NDVI{H, NDVInax 1 NDVInin 73
BN 24 4E NDVI B8 KA AN B ME (B 3.1 i) BRI AR S8 B i SR R i
1 (White et al., 2009; Yu et al., 2010; Shen et al., 2014b; Wang et al., 2015), HH,
Yu %5 (20100 ZEHFRRFEEERNBRE TR 20% AR ERERE D RIE.
FEARBEFTH, FATH A 2 ME X 7 AR B B E AR HLTE 7 4F (2007 -2013) HI4)
(B 45 i3t — 20 LUACIRAIE, SR BRI/ T 4950 m Hby IR 7 HH UL 72 D 20% 2
HHM. B 3.2 KW, FIAHZBESRICH ) NDVIRE IS 7 AN FE b T )
R HITEHFIR 4390 m - 4800m B A BT (I [FP A0S, TAE 4950 m - 5210 m =i
P X W & AR A IEAFD , XA RE S mi Rk X R = S AR T Al S5 R 0
RGBS 5% (Liet al., 2016).

19



oy R RGN R 7 0] AR A U PR 7L

NDVI

i HINDVI

ratio

01 I I 1 I I I 1 I I I I I I
0 30 60 90 120 150 180 210 240 270 300 330 360

Day of Year

K 3.1 NDVI el BE I THER B AL s s 5
Fig. 3.1 Illustration of the NDVI ratio threshold method used to model the green-up date and leaf

coloration date.

s 168 Wﬂ > b
2 Q 1501
A 1501 A
(a) 4390m (e) 4950m
120 1204
180 180
>
Q 150 3 1501 W
(b) 4500m o (f)5110m
120 1201
180 1804
>-
S 150 & 150
(c) 4640m 120/ (g) 5210m
1204

2007 2008 2009 2010 2011 2012 2013

180+ Year
6

150 —&— NDVI green-u
e (d) 4800m i d

—O— Observed green-up
120+

2007 2008 2009 2010 2011 2012 2013
Year

3.2 BRI NDVI IR S 2t 7 NHR0e R 0T 70 I 12 T S A PR Aot bl . S0 44t
RN HAR AW 1L E E (Kobresia pygmaea) WIRF A (2007 -2013),

Fig. 3.2 Comparisons of interannual changes in NDVI green-up dates and the observed data at seven

altitudinal sites along a south-facing slope of Nyaingentanglha Mountains.

3.2.2 MEFHEBEARNME

ANTA) 2 RIS AE A 58 I Z= 46 H 3 (Rainy season onset, RSO) H 7@ AN —FEH]
(Boyard-Micheau et al., 2013). 7ERMS G5 b, 3885 FIF 2 Fp 256 PE 0 5 W BIE R
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i 8 W2 FF AR E, o o T R0 A 7 AR AN [ UM 2% A R AR A K 75 SR T
(Stern et al., 1981; Moron et al., 2009). FI4n, FZEIFa6 H B € ONESE 3 RIFEK
EEHE—KKT 20 mm B HB, JFHAE 4 A 15 HEM 20 RN BEKEAREE
42 10 K/NF 1 mm (Marteau et al., 2011).

1 N e S R R R S R R P B (T~ =) WP -2 S e ) & A i e
Wi oo FEARWEFE, AR TR IR 73 AN Gk 5 0 H 5 RN B K b sk 2 &
ARG R 2R 4A H .

M 206 H e O 5 RIESF/RRE SR @it 0°C mIMER, 5 RIgsh Tl
[ K B8 — kK T3 — B4R BI{H (Precipitation threshold) I ]« HI T A [A] X e < fige
PSR R IE 22 UK, BT IR A KT R R AN E, HER BMEZ Y . Bk
FERNSIEE (42, DR AR R S R ZE T 46 HHRT, AR XIRFE M RME <A AR AT
PRV SRR 00 H O, A4S G Gl Lk b NDVI IR 3 SR 1 S 1
BeE T Ao AR 7 8 SR P R AR A, FRATTEEY 1 mm. 1.5 mm. 2 mm. 2.5 mm. 3
mm. 3.5mm. 4 mm. 4.5mm. 5mm 3£ 9 NFBFEREIE, 55 A [F IR R
A FRE—ARu S RN E, 255150 E NDVI REH (2001-
2013) BATLE R [FIASE R, ARAEAH ¢ R AL R 5 KR A 502 A 1 AR T A B L AR 32 251 11
W2 H . PR Z A PN RS, AR B 25 RIS O R 24 H 3.

TEIX L, BSR40 T ISR N DR X . FENT I 23 ) 2 R K Hapd
KM AL —F N R, BAVEEII G0 BEUEICH NDVL IR & K, #8sF LRI
ANEN]: OFFBSA G AT 5 kmy @5 G AR S ZA KT 300 K @
FEANTAEY . A TEFX iR, R — @ TR—L%. ET
EPUANER, ESEPR R, AT G m AR DR Sk, B R R
TP EAT N H AL, B oRBR FEHLARAE 1 A SR B NDVI IR 77 1 5E ARS8 R Sl s
IR AR ORI o 73 AN Gl ol [ AR A SR 2 - A0 4 ity LS R, WEAN.

3.3 fIRER

33.1 BE=ENDVI I REHERMEAIGHAA X R

TR S R, B TR AR NDVIL IR 5SS S W EF G HAES
IRIFIA DM (8 3.3a). 7E 73 MR Gk md, 47 (40 64%) 1k sk 3]
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FZIEME (p<0.05), BHEHTA (45 10%) Kk kP55 EMAHK (p<0.10). fFik
B G5 1IE M6 B R 3 IEM S st b (& 3.3a A S0 oN 5 (ol ), St 4k
MIR%Z, i 42.6%, HIRDHINEE I 29.6%, HEM Y 22.2%, FEHEL L 5.6%. 5
] b, Z4FHMZEHME H B (2001 -2013) 524735 NDVIRFH # (2001 -2013)
HA AR TE AR AORS a0, BT 2 DA S5 2R 3 31 1 0 25 52 O 8 11 2% TR0 A Jm) (181 3.3b)
Bl 3.3c R, FEIRBISEH IEAH G A 2 IEAH Rt s, ARl 2 PRI ih
HIH (2001-2013) 5Z4F% NDVIRFM (2001-2013) [l &t 508 1:1
o2k, FLHIRZEIT6 H 5 NDVIL IR WIEAUE R,

=z
51 @
<
=z
n1 020
o) g
20.15
o
]
i 0.10
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ﬁ/?’\
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XA, (c) ARuhirl GEFIYIEMR M BRI, 5D ZEFERZHaE H (2001 -
2013) 5Z4EFH NDVIIREH (2001 -2013) HAECELS B, AR5 RR AR KA 2
B, RN 101 EeIZ
Fig. 3.3 Relationships between rainy season onset and NDVI green-up during 2001 - 2013. (a) Spatial
distribution of the correlation coefficients between rainy season onset and NDVI green-up across
meteorological stations. Different sizes of the circles indicate significant levels of correlation
coefficients. The background is the distribution map of vegetation types. The left inset shows the
frequency distributions of multi-year mean temperature in May among 73 meteorological stations. (b)
Spatial distribution of multi-year mean rainy season onset and NDVI green-up dates across 73
meteorological stations. Different colors indicate the range of date. (c) Scatter plot of multi-year mean
rainy season onset and NDVI green-up dates across the meteorological stations with weak and

significant positive correlations. Dashed line indicates 1: 1 line.

3.3.2 PEFIBIER 7 HIFE

Wi 3.4a iR, BENBIES 247 (2001-2013) FERFKERREIEMHKKR
(p<0.001), FIRTEWHE MK AR b, PR BIE HIZHHE K. Kl 3.4b TR,
N [FRELARE A TR ) e W R A7 AE 22 e, H o R IR DR /MR 0 R IR g V< B B < ) <
Mo

(@) 1 )

5+ A+ +o 54
JA! e}
44 R =046** A @A 00 +0 44 I
A M HAL O o]
T T
3 o® O & 34 l 1

XA £ W 00

—

Precipitation threshold (mm)

21 X A A A o| © Meadow| 2
A Steppe
{ o A O + Shrub
X Desert
1 % T ¥ T T T T T 1
0 200 400 600 800 Desert Steppe  Meadow Shrub
Multi-year mean precipitation (mm) Vegetation type

K 3.4 (a) ARuh GERI5IEARIC KR 35 IERI RIS, 50D IBERT BME S5 24118 (2001 -
2013) “ERFKEMRR, DAMFEGRRAFFRBEPESER, ***p<0.001. (b) AFRBEPEEE T
TR, RZEERE bR E LR
Fig. 3.4 (a) Relationships between site-specific precipitation threshold and multi-year mean

precipitation (2001 - 2013) across the meteorological stations with weak and significant positive
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correlations. Different symbols indicate vegetation type. *** indicate significance at p < 0.001 level. (b)

Mean precipitation threshold of different vegetation types. Bar lines indicate standard error of the mean.

3.3.4 FE=SE NDVI RS SEEMBEKE X R

M NDVI IR #1532 75 BT 30/60 KT R E (Tsod, T-soa) MPEKE (Psoa, P-
60d) MIRFRNKAE, NDVIIRF ISR K i 2 FAHRICR, 10580 B 0% R AETEHL 2T
o5 (B3.5). BARkE, NDVIIRE W5 BT 30/60 K H-F 210 AL & R AL 5
SRR, MERERE T EIIEACKR (B 3.5a-b); NDVIIREHHRE
HATT 30/60 K B 7K B AE BN i S 1 RIS DGR R, DU b s RILIEAR S
# (E 3.5c-d). MAh, FlR FRAEE 2 sk S NDVI IR T #1518 K S RN
Fii s (E3.5,

1 1 1 1 Il Il 1 1 1 1 1 1 1 1

N
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< <
z b4
o r b [
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=y I o r
"’ , ® | @-0.91-
_ |@-071--0. u _ | @-080--068 ]
e @®-0.68--0.55+ @ 0.48-055# F o @-0.68--0.55+ @ 048-055# -
N | @-055--048¢# @ 055-068* N | @-055--048% @ 055-0.65+

0-048-048 ns  @068-073% 0 -0.48-0.48 ns
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Z 1 1 1 1 1 1 1 Z L L
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=z zZ
o7 - b B
o 2]
e 4
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0-048-048 ns @ 0.68-0.80 0 -0.48 - 0.48 g

75°E 80°E 85°E 90°E O95°E 100°E 105°E 75°E B80°E 85°E O90°E 95°E 100°E 105°E

3.5 S Gl s NDVLIR IS ZA4EFH) (2001 - 2013) 3275 AT 30 /60 K HSFHIERE (T-
30d, T-60d) FIFF/KE (P-30d, P-60d) M1, [FHREANRRHRALR BIRAD, LOLRRIE
il AN K R INR FHEIR , B O RoR B IR AN K I S Ik 5 4R AT, #p <0.10, *p

<0.05, **p<0.01, ***p<0.001, ns EAEBERKR. WEOELERRIH.
Fig. 3.5 Relationships of NDVI green-up to mean temperatures (T-3o4, T-604) and precipitations (P-3o4, P-

60d) of 30/60 days before multi-year mean NDVI green-up dates during 2001 - 2013. Different sizes of

the circles indicate the significant levels of correlation coefficients. Red circles, green-up delayed with
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increasing temperature and precipitation. Blue circles, green-up advanced with increasing temperature

and precipitation. Blue lines indicate rivers.

3.3.5 HE=/RE NDVIIESE. MEXRIGETE). BEMPEKNERRTL

K 3.6 &7~ 1 2001-

2013 4 NDVIRFH Y. T H Y. 248G
30/60 K (1Y E (Tod, T-eoa) FPEKE (Pod, Psoa) MIAERRAEfL T 7F = R TH
b, NDVI IR HA7E s J5 R S AL X I SR S ik s, i 7E P e X a2 HEIR % (K
3.6a), TEM A1 b, FNZETFAAINT B 7E AR 3R I DX 8 S 2 4t iy, 78 Ph R X el 2 HEIR 1K)
uh D (B 36000 BbAh, e B IR T IIET 30/60 R AFIIIERE (T, Teoa) ik
S FE GG (K 3.6c,e), HZRFE T 30/60 KMFEKER (P0d, Psoa) TERH
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1 1 L 1 1 1

1 1
= | (a) NDVI green-up | =] (b) Rainy season onset
| <= _
& -
o ! &
z 3 2 z R 5
5 : = ey I 2] @-0.76--0.68
, @-0.68--055+
z z | @-055--048+#
o - ig]0-048- 0.48ns
N [ [T— @ 048- 055#
<2 A | >2  days/year @® 0.55- 0.63 »
75°E 80°E 85°E O0°E O5°E 100°E 105°E 75°E 80°E 85°E OQ0°E O5°E 100°E 105°E
2 1 L 1 1 L 1 Z 1 1 1 1 1 1 L
o -5 (d) Praaog
< <
Z =z
o ReE
[ap} (49}
o]
z z R - 0?° o
=) 5 @-0.75--068 5o
@-0.68--0.55+ d
~ | 0-023-048 ns z|®@-055--048#
5 ®048-055 # L 4 0.048- 048 ns
& | @055-068 « < @ 048- 055 #
@068-078 = @ 0.55- 0.58 «
T T T T T T T T T T T T T T
75°E 80°E 85°E 90°E 95°E 100°E 105°E 75°E 80°E 85°E O90°E 95°E 100°E 105°E
Z 1 1 1 1 1 1 Z 1 1 1 1 1 1 1
o (e) Teoa L e (f) Preog
(@] (=]
< <
= =z
27 3
=z pd
37 T3]
20.55+
2 0-8.22-3.48 ns o By
ol @ 48-0.55 # T ] ©-0.48- 0.48ns
& | @055-068 » < | @ 048- 055 #
@068-075 = @ 0.55- 058 «
LI L T T Ll | E T
75°E 80°E 85°E O90°E 95°E 100°E 105°E 75°E  80°E 85°E Q0°E 95°E 100°E 105°E

25



oy R RGN R 7 0] AR A U PR 7L

& 3.6 (a) T el R NDVI IR T HI4E R A ) 2 7] 73 A ) (2001 - 2013),  IEAH Rk W
B, HUEFRRIREWHRAT. (b) - (D ARG ANFEIFGE AW, Z24-FEREFHIE 30 K/60 KHF
BERE (T-30d, T-60d) FIFE/KE (P-30d, P-60d) MRS (2001 -2013). [FHE KK
AR REL R KRN, OFORMZITIA HHIHER . RN, Bk, BORRmEITh
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Fig. 3.6 (a) Spatial distribution of interannual changes in NDVI green-up dates on the Tibetan Plateau
during 2001 - 2013. Positive and negative values mean delay and advance of green-up, respectively. (b)
- (f) Interannual changes in rainy season onset, mean temperatures (T-304, T-604) and precipitations (P-3od,

P_60a) of 30/60 days before multi-year mean NDVI green-up during 2001 - 2013. Different sizes of the

circles indicate the significant levels of correlation coefficients. Red circles indicate that rainy season
onset was delayed, temperature increased, and precipitation decreased. Blue circles indicate that rainy

season onset was advanced, precipitation increased. Blue lines indicate rivers.
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T R e 5 e SR e b B N SR Y R A 1 v M T VAR A, LT ORI AR 32
B2 RSB AR S B S (o (R 27 e 5 e SR 25 B2 5 5200, 1988) JRANTIE T3
& NDVI Hi#i 5L SR BRI R R I, HRGER 73 MRl sih, 47 54 Al
[¥] NDVI IR 5 #15 W ZETF 46 H 1 EAT 53 EMC (p<0.05,n=47) BF5IEAMHE (p<
0.10,n=7) K&K, L5EISEN 73% (K 3.32). LF T NDVIIRE S L ET
PR 2RI 0 1 A E 2 1) b LA A 5 R 40 AT b SR, B M2 30 381 78 1 350 2 L Ao 18 1) 2
ks (B 3.3b), JFHM#H UG AR 11 Lz (B 3.3c). PREALE T AHT
FEIX &7 B R L BB 2007 - 2013 SR 00 I B N5 I s JBR SR MR T AR
Bk 1989 - 2010 ARG ML, 5 I e T B ) A1 AR 0 3R 5 31455 25 XU SR B 1]
[0 (Lietal,2016). AHRFFMIEAER 73 b A8 —0 kL, AR mFE R
T RIR F W S I Rl [F) 8, PSR 1 Li 45 (2016) RFFK
Do

AT EHEIE R, NDVL IR 5 #1512 75 #ART 30/60 K /K& 2 A SR R,
{H 55 126 RAFE L 5y 5%, B NDVIIRE 11 53R 7 HIRT 30/60 K (1T 358 FE 75 5
JEALES I A R, MirEm A F S 2 IEM XX R (B 3.5, N TIRFTIXFIE
FRA, FATHE—H 981 T 2001 - 2013 4E NDVIRFH . WEFHH. 247

Y1 BAET 30/60 KIS (Taa0d, T-0a) FIFEKE (Psod, Psoa) HIFEBRAZ I EE
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(1 3.6). X I NDVI IR 5 H14 braB 4h 1 25 (8] 43 A 4 SRk, NDVIIR 5 #ATE
T e S AR AL D R AR A S, E PR X R AR & (K] 3.6a), 1X—45
5 Shen % (2014a) —. AR R MEIFLAN 8] 5T _E NDVI IR & 1 EFRAZ 1L
FEFAAE AR AN b8 X Al AT S 35 T, FL R 2R R B ) 76 176 g X3 2 HE AR 1)l b
(B 3.6b), XA[RESS Gl S A A 5. i B ol p R 35 TR0 173
T (Ts0a, Teoa) ZIGMES (B 3.6¢, e), (HFEKE (P, Psoa) (TE PR XA

T3 IR T LN 3R T A 0 2 () AR A 22 S G HL R E 1 g X R RS, R
FIRE A HH TR 5 SR AT R ARl > T 3 . e R A 5 Y R A R H ELE S
A6 3 (E33b), M 73 MR 5 A PR M4 (Kl 3.3a &) 7]
UEH, mE s A-FERiRcasiEm kT 0°C. &R 2 R XA
BRGUKYL, FlE B TR R G, SRR R 7T B T B — Fh AR IR
R ZE T A I 18] B A58 S W (Li et al., 2016) . HI T I ZEFT4A N 8] 52 B B 7 H 78 X
IR B FLom P AN s R 2 520 (Maussion et al., 2014; Curio et al., 2015), F5(
R ZE T U I ) AR R B BT 25 28 4k, DRI R ATT AT A SIAEL A 0R 75 391 B S [ fg e 2 4
AR o P (13 18 0 5 AS R AR b A e AL R T X R s AR 2 e, TR Y
AR AT REIE It AR B KA M P AR R B2 (Li et al., 2016). HHILATLAE H, NDVI
R IR 23 AR A0 A2 BTN ZE 4 E AR 75 H 1 (0 PR R 4 il e B /K A8 1 s
S, TR AR EUR . [FIR, AT R R, AR 25 A NDVI IR HF S RE
AT 30/60 X I H IR FE AN e /K 1R 00 SR B IR B B ARG, IX AT e Y TR 5 HH T
WA K EAR T (MBlg et al., 2012; Maussion et al., 2014), 1K S B FEKETH K
RT3 KA e R RS R T AS B R ) A K A2 56 (Li et al., 2016)
BEAE, FATRIRE FELE SRAE B, KA T 1 A B W R A 5 A P K i 52 38 TR AT O
KER (p<0.001), I HBEMBEMRKMIDE, B, 5 R AORHHE K, XL
B 0y R 5 1T 4 7K IR 57 S b e /K i B R (bt 5 LS R R B A0 A K

3.5 IhNGE

T RO 25 30 AR AR T i R R T AR E X, (HR R
TR T %, TR N T A v R S R A ) M A A R 428 R AT LA 2 24 i
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FHSRTIE FE I SR 5o FRATTRIBIE T 45 R, FHidlm I 73 DM Rub S 54 M
Rl I H RS NDVIRF AR R 2 EAHE (p <0.05, n=47) 855 1EAHK
(p<0.10, n="7), il 7 PR BOH B 7R I 5 Lo IR IR 75 3 K B K 8 {E
2 J Ml e 7K 5 R RIS PR 4%, 9 B SRR AR % . €5 NDVIL IR
IR T 30/60 KB /K &l 52 AR DG OC R, (H 5 IR RE 1 Ok RAFTEHLIE 43 57, BV NDVI
RE IR E HHHT 30/60 KM FEAE = R AL I A OGO R, AE = JR ma 3
BEIEARFKR. Wk, BATAHN, NDVIIRH R 252810052 28 245 H 3 LK
IR WA 30/60 KB /K & i, o B R0 L AUk, (R AR A AU
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41 3|8

DA Ay v T A DX PR A 2 AR G A AR A i B BE SRR (Diaz e al., 2003;
Yaoetal.,2012). 32 100 FR0F A1 R, BRI E I w5, AR RS R0
(IPCC,2014a). #AiMi, SiREEEETEREANE, BEAKNRNEBAEER K
25 (Bradley et al., 1987), M-S EAS [0 X 5 B2 FI7K 73 (& R AR R4,
X TCEEIX TCBE 22 BN 52T R X AR 38 R G A DR 0 5 Ak o R I 9 A
71 (Net Primary Productivity, {5 NPP) /&4 45 REE ) e ) H B4R bR 4 17 2 22
4> (Loreau et al., 2001; Guo et al., 2006; Houghton et al., 2009) . i /5 &K
FLAH A R R NPP U35y 5 1) 3 S % R -F- (Knapp and Smith, 2001; Luo et al., 2002a;
Huxman et al., 2004; Luo et al., 2004a; Wang et al., 2013). —MES RGN ESE
IR T2 RGO S A H BB DL N IX RS & RERE /) (HESs i = J& M
P - BUE) (Young et al., 2010; IPCC, 2014a). [FlIt, FHAR NPP Xk EEFl P& K AR 1k
P BB A S HE TR 73 S MK AT BT AT TR 2 DA i bt A 285 2R G0 AR R AU AR A 1
JEMERIEES T (IPCC, 2014a) .

VAR BEAE B0/ I M B S R Y O E R - (IR e L Bk 5D R AR BRI AR A
(Kérner, 2007, X A3 T FEAN[F] 7K PRIRBERE P A A i o 2 34 358 B AR AL 4R A3 1
RIRISER 2 . — Ok UL, FEHEIRES EBORIITE LT, BEHER T &, B IZ T AR
T Bk LGt Ea s (F R, 2011; Wang et al., 2013), X FhAR (34 S 800 A AR
FHRARRRIKIAH G, 16— R = B — N s BREAR A KAN 23 A7 1) e R 7K 4
HEME. CHMFRARE, £ TRHX, &M AR K — R R Z 2T
B, T AE AR ARG e, A 3 SOC R 55 B2 BT )Rl 3 & FE R4 NPP
SRIABEER AN, KB — AN S BRI BRIERS R (F, 2011; Wang et al.,
20130 IX U B RE A A A AN 43 A (8 BARA58 R bl DR - VA0 B O AR AR Ak, LR, FE AT g
KA (g )32 5 AR AT BeAEAE 22 7o RTAT,  H AT AN B EI — /MR B, AN
IKFNZE G AT NPP G 2 AT 7K AR A PR s M BAT TE R IR AR A ARFALE

P85 R AR AL BE AT LB BSR4 NPP, AT DLt SO A g (e s i A K 2
KJE, MR IE S NPP (Piao et al., 2007; #HGE%, 2015). — R, Y%
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AR AL G BUE KT IE K S IR NPP. X T-2€4 T R Mg S b X Rt , 14 NPP
AMUZ B E KK FER e, T HE 52 3 H e N 7 JUH 2K 4 (4% (Berdanier and
Klein, 2011). AR EAE /G R A WAL AT AR R AE IR, TR A 1 A2 7
71, ARRAEREE AL L 3 ) T 5 S R A 7 ) AR UK (Barber et al., 2000,
Angert et al., 2005). [, ANEIZKAIAET NPP X P16 10 B AFAE 2 57

VENTE TS =M, TR P 4000 2K, A2 0 RE A% AR (b (¥ A 25 U
[XZ— (Liu and Chen, 2000; Che et al., 2014) . 7T 75 5 = J o 38 00 75 J bzl o
BR X, SAVEg R Ay @ s A, JE T R AR (R R b e R LR A R
FELIN, 1984) . X B E 22K, MMIRIEFIR B @ik ST 5 RO BEAIS, &8
Gy ARAEAE B B R _EBR AN R R, BRI 12t X R B A ok i) @Rt AR B 9T~ 65
LA, 18 R A R0 IH % e N AE SOUL RN X el RS bt A 4 AR K A AR 1 2
P T AR AT B — R TR L (NDVD Be S e 4 AR K 1) 25745 A4 B
BAGRHIE (Huete et al., 2002), DR 238 F F o0 AR A AR KRB0 10 B 228 1 2
555205 % (Pettorelli et al., 2005; Ding et al., 2007; Mao et al., 2012; Piao et al.,
2014).

AT, BATR G EL T P02 B 5 ok b Ll B 7 AR R T
b b K AEE (EIH E NPP) SR . 03P Fh e L& B W N Es GRS
AL BB VISR B RO SO e BRI e DL K
5 18] 7 51) MODIS NDVI %4, & 7E [ B 2000 - 2013 SEHFIREHR IR S =2 5 H) NPP Xt
B 7K\ i E DA R AP A (R BRI 72 St M L S & B R A D IR R, O ERARAS
[l PR RIS s FEAEL A A 7 o S AR A g i SR, DA R PP E SR A = T

A2 R G  E 55 M B R A

4.2 BRI E
42.1 HhFETFNE

AW FAESE R AL F 3 (B3O WA REESL 1 7 AN REDERS (K 4.1),
PR BAR A BV LS 5

1A e E BRI R 2, FOE R G I L R R A B K AR A T) 23 C T S
BRI TR LS S0 AT o D BR AR R A8 15 2 RS MRAE AR A 7 % i PR R P 7K A2 A B B
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Fig. 4.1 Location of the study area, sampling plots and the three selected altitudinal transects.

4.2.2 2000 - 2013 &£ ANPP HfEE
[ 7 A5t Fo K A i A v LB
FIH ArcGIS i, $ZELH 2000 - 2013 4 7 Mg B 5 NDVI . 9 1 IR FF
NDVI {85 Sl (BB AER ] E—30 AT 51R A 2009 - 2013 4R 209 K
(7 H28 &8 H 12 HECKMEAR) K NDVIAENEIEHE. LMK 6 AN &
BEJT (2B B P B AR N % R B R T, A2 ANPP. el 4.2 BT
7, NDVI 5 ANPP RIUHAEH Z VIR (R2=0.80,p <0.001,n=35), [HIf
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Fig. 4.2 Relationship between NDVI and ANPP along an altitudinal gradient. Bar lines indicate standard

error of the mean.
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F TS 2000 - 2013 4E ANPP, 7341 ANPP X e /CRTR B2 AR AL U BURE . <
13 R I B S A 4 A KO R BN E VI AE K RREOKE (GSP) FIAEK TSI
(GST), HHAEKZFEENS5-9 H. BT RS HTRIL, 2006 - 2013 IR E
[ 203 G UL (1 AR K R B K 2 AP 25 SR I A PR AR A 2 L AR G W s A
ARG —80E (B 4.3), BHTERE S UM SRl — e Vo BN, BRI # Y 1%
R R R (3. R, 7R IX YRR A (PR RS 2k B S R #AN
15 km), FRATAT LA 2 5 G0l S I ) RSB R AT AN [l HR ANPP
X B 7 R B2 A8 A P BBURR

FUBPER /N R ANPP 54515 1 GIERLE . BE/K) Z IR P ] A 75 R 1 R 2k 3
N, RERAGHMER IR ANPP XSGR T ARG I BURE R/, IE . 7R 5 7 78 ANPP
KA D T AR AR B IE R S L A7

AR 2 e S b WL Adis , R 45 () IDL AR T, v S0t 701X N &5 00 ANPP
5 GSP 1 GST £ ENARZ DL K 2 42°F) (2000-2013 4) ANPP. FIH] ArcGIS
10.3 B AF, 4 Geit h =ANEERAE T A AR MEIT I 2 45735 ANPP. Bl AR DL AR
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Fig. 4.3 Comparisons of inter-annual trends in (a) growing season precipitation and (b) growing season

mean air-temperature obtained from altitudinal HOBO weather stations (2006 - 2013) and Damxung

weather station (2000 - 2013).
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Fig. 4.4 Comparisons of interannual changes in NDVI leaf coloration dates and the observed data at

seven altitudinal sites along a south-facing slope of Nyaingentanglha Mountains.
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Fig. 4.5 Altitudinal variations in observed ANPP and NDVI during 2009 - 2013. Different letters
indicate significant differences among the seven altitudes (p < 0.05). Bar lines indicate standard error of

the mean.
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Fig. 4.6 Altitudinal variations in multi-year mean ANPP (a-c) and the regression slopes of (d-f) ANPP vs
GSP and (g-1) ANPP vs GST along the three altitudinal transects. The dark gray and light gray filled
circles indicate statistical significance at the 0.05 and 0.10 levels, respectively. Dashed lines indicate the

altitudinal distribution center of the alpine meadow.
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Fig. 4.7 Relationships of multi-year mean ANPP to the regression slopes of ANPP vs GSP (a-c) and
ANPP vs GST (d-f) along the three altitudinal transects.
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Fig. 4.8 Altitudinal variations in the regression slopes of ANPP vs green-up date (GUD), Leaf coloration
date (LCD), and growing season length (GSL) along the three altitudinal transects. The gray filled
circles indicate significance at the p < 0.05 level. Dashed lines indicate the altitudinal distribution center

of the alpine meadow.

38



SV RIER AR O AR K U

MXIEAKE, ANPP SAEKFEKEARGHEYVIMKR (B 4.9), HPFEMEL (p<
0.10) M RFEMK (p<0.05) MZRITHEM LTI 70.6%, F£Y] ANPP (K252 5
KR AR .

91°0'E 91°5'E

30°30'N

FRARE
R

1< -0.48 #
[ 1-0.48 — 0.48 ns
BO0.48 — 0.55 #
B> 0.55 *

K 4.9 ANPP 54 KZEKE (GSL) KR, #p<0.10, *p<0.05, ns %A REXR. EELN
PR
Fig. 4.9 Relationships of ANPP and growing season length (GSL). #, * indicate significance at p < 0.10

and p < 0.05 levels, respectively. ns means no significant. Bar lines indicate standard error of the mean.
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ZHAFOLT, BEESRO R, R TRE KA (Korner, 2007). £ T FFT5F
HB X, 7K A G DR -V AR FE PR AR A5 1 3 o FE R A0 35 BOC B ) Bl ) AR K AN o3 AT
(Klimes and Dolezal, 2010; F ,2011; Li et al., 2013; Wang et al., 2013; Li et al., 2016
PRIk, AN TR e P PR RELABR A AR A g 7 5 A T AN R] o FRATT R 5 45 SR
N, [ EAEHLE) S ANPP 5 [FHH NDVI A8 B3k 35 R BN S T 5 i BRI F i
R (B 4.5), =/ANREHRBEEERETT (12 4535 ANPP BEIREHR [RIFE R B H e Tt w5 BRI
Rk fs (B 4.6a-c), BEHITEHERIREE EAFAE — N0l B s SE A A AR AR K o0 A
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O (B AN AR R AR G BR (] 4.6b-c)

AR R 1 R~ A, AL AR AR W B R0 AR 7 ) — MROE & BB 2% 1R R IB Bk
E32E B8 %06 B X I 2 RS (Odum, 1971; B REEAR A, 1997; 2 REEZE, 1999).
TR 0 AN A (O T S R R I 25 A AR L, o HLAG AR 52 30— Fh sl LR OB R 7
BRI 72T 52T R X, R A= 7 MR 1 H B IR 22 AR R . FEARIEF IR D
[X, NPP ¥ %52 S A /K FE T 5 (E&, 2011; Wang et al., 2013),  [&] i AH X}
58 e R P S B O i — 2B 0 T R AR 7K 4 e (Webb et al., 1983; Epstein et
al., 1997; ZEW5E, 2011). (ERCREIFRILX, RG22 5 SUE Y A= K38 H K 43 5L
F0r IR (Vitousek ez al., 1991; Luo et al., 2009), M FBEHALHIAF= 71 (Wang et al.,
2013). EAFASHIH] b, BEEREICT 7CrE, MFEA COx I H B BE T
174 RIR KT TCHF, REYGE A IR BE U B3 TR (Wieser et al.,
2007). AEAWFFRX &R ERIL Y, Wang 25 (2013) BFFCRIL, KRHEE T
SE TR DI RO IR B 3 AT SR, FEMRORE BE AR AR Bl B AR A KK A
WG, AR PR EIEIRE 3708 5.4 - 5.9°CHI 7.4 - 8.5°C, KNG
PREIAEKFROK SBUR (=5C) MIHEA 0.80 - 0.84, 5IafEr=JpLEB A — 5
(Luo et al.,2009) . HIHEEE R & 2 MBS E AL 3R 5 LK &P 16 & 487 )
PUEAS A, A SR BE L /N T 0.85 B, 3K LA =AM ) EE IR
HIRF, TR S S A SR LUK Tz ER, BB R RS A= i E
TLRHI ¥ (Luoeral.,2009). ik, 7E&IE BRSO, HEYAKAA &
& E MK AT, FATHIG R BE e AR XS 50, K3 R4 bR i B 1R b 2288
R OE B K A A R, DRI R 7K R PR 47 B 28 A R BB M A O AR o T E S
B A3 B IR A RO R e R R RV I, R A K2 B A e ek Clnicifs
P X i AR KD S BT B, il ik X AR S BUK /- f3R o e,
SXof 7K A B - B AR A 1 i 187 B A BURK

BEAl, MR ZREVEI A BER, — AN s BERRE AR S RGUAAT A B A 8= 1)
FEEE (Baieral,2008). H-TILAFEM0xF BRI 55 IR R AR TE HAME, BEVE Y Fd
F & ERINEREA S RE IR EM (Nacem et al., 1994; Tilman et al., 1996; Nacem
and Li, 1997). fEARBFFIX AR S5 R EoR, YFhFEE S ANPP [ifgdki& R
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AL, BE AR Tl B 5 T S BRI S0 oy A i R, 98 A AR R AR AR 20 A ol (.
#8,2011; Wang et al., 2013). Kk, 7EHIE BRSO, YR FE E 55 H ANPP
K, EBRGEMANFRE, DR R PR 5 AR R BB ALK

X B AN [FJ 3 T = ANEERCBE FEAE AT (R 46 R, 3100 350 OB R A 7 1 0o Tk JEE A e
IKABAL BB BE IR AR AR R (P 4.6d-1), IX AT RSS2 RS AR RN A % T
S5 e 5 ) 1 Ji R 2 S8 A AR AUk 1) v S b ol DAL, T S 4 A R 52 B JEE
RS IR . FEPE RS ZTERAC AR T, EKFTERIHMIEA 5. BATH
JARIE TR I, AE R R R 2 SRR R, i S R ZR IR A T R i, S e
J AT S oA 3 T i — o i R 2 X R R I I T PR T O N SRR (L e all,
2016), EHURERE AR T2 A K=K IZH] (Zhao eral., 2016) . HIT-EIEEVEIKIR
VR B AT VDR Uk 25 X T g S N B S [R)— Uk A AR A R S B B B
AR A K KA R (Liu er al., 2011). R, mFE B P J 5028 R K 1)
BB R FLI I AR A 5 P PG A A S I 1% L i o T L5 SR — 20 R, ANPP
X B AR BE P U e (LRI R R AR I AE X B ) 5 ANPP 2 8.3 FUC R (K]
4.7), B ANPP #RK, IR FE AN K AR A0 R BURR RIS, X 5 P TE IR BR 1Y
IR SRR B ZEE BB, R E KRR E X, SRS RS
BRI, FHOR A A PR e S B8 I B AT G 555

AT SIE R, #FFEIX ANPP HAEKFRKE FHE B EIEMHX (p <0.05)
HEIEMIE (p<0.10) XFR (K 4.8g-i, K 4.9). 2001-2013 £E[EHF 7 [X ANPP £ [%
Kk, R IMHER, MEIIERT, SECEKEKER LN ANPP FRCI R 2
—o U4l ANPP XFIR T Al S AT AR A K AR A PR U i VA 1) AR A LA L
BILIR, 5 ROE IR O R R IR, X ATREE T ANPP A5 PR 5T
DR PR me SE AL AR AE 22 57, G ANPP = 52 B8 A K 2 J01 (] g B2 R e 7K 45 1817 14
LRAE RO, T 3R 5 3 U] 3 B2 52 B3R 75 WA 10 B 7K DA B o 2Rl Bk ] PR 200 (Li et al.,
2016).

PR R RINIOR, FHAIXRIE 14 45 (2000 - 2013 ) A KT PHSRIREE
THir, ERKERKEEZRD, [SBEHIRETES (B 4.3), SRR BE S
e A b XA A A A PR ol , L [ R 2 3 — 20 s AR A4k 1 - e, gk
T AT R A v SR 6 L R o] R B VR AR A0 AT RO VIR K A B (Wang et al., 2013) . 1E

b
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