2

H I8 BE 22 B N

University of Chinese Academy of Sciences

BT FAEX

VEB 2 -
Eizps U
LI -
FREL:
A

w4
DRAE G P EMERER RPN
HEE
SE: B
T el R ST BT

201445 H



=i

A P SR ALV AZ MR 1) ST 32 FRAL ) R LA AR A i 55 S

Mechanisms controlling seedling recruitment of Smith fir at

treeline ecotone in southeast Tibet: implication for warming

effect on treeline position

By
Shen Wei

A Thesis Submitted to
The University of Chinese Academy of Sciences
In partial fulfillment of the requirement
For the degree of

Doctor of Philosophy

Institute of Tibetan Plateau Research

May, 2014



el E F A

ANFEWPT AL (9 SRR NAE P I T T REAT WFIT TAT SRR 0T SR
&%ﬂ,%TI*%%MH%&%&%%%%%,mI*K@ﬁE@AE%ﬁ%&&
BB TERCR s AN R A R e L A LA 1R A s i 4
Rg ke L5 3[R AR (1 [ XA I 10 AR o] ik ds) CAE 18 SC A T WA I BB
IR TR

W9t ERE 4 I ) = A H

RTIBEIERFRNBIER

ANGER T i ER A B RO . AT AR S RE, B: rh R BT AR
RS SCIN R ENF AL, SeVFIR SO A AN Y, T LR REED . 4B sl 455 2
T BRAT S IEG0 AR 3. FRH E AR B Al DU SAEA RS k. 1%
FEEAAL Ve SO A B Bl 7 N 2

(DR TR 27 RL AR STAE AR 85 I TR ST G B30

W4 I ]« = A H
IR - I 1] « F A H



%

IR B IR AL AZ IR 14 S 52 PRAT LA B A AR A i 7 i S




R SEIA T H B 5E B

[ 2% 973 THRIIH “A3RAR b s T e [ 32 22kt AR S R A a9 M 18 Y
RISV I o > S R A AL /I N & B ARG S S < Y A SR i S B O 1 1
F7”(2010CB951301)

Hh TR R 22 8 A P 5 3 RS e 0 el e S 22 )2 Bl AT EL A P R L B A 2
o eI B i A B2 A LA AR R S R Ll AR B ST e U S
A4k 1 " (XDB03030402)

[ 2% [ R RHE L4105 H (40901038,40671069)



%

IR B IR AL AZ IR 14 S 52 PRAT LA B A AR A i 7 i S




S

HAEERRKEATRELNEFHZIRYLE
RESET LN E X

mE

i LIARERARER T i DX A AR R iR LB, A LA A UK < i
JEt Y PR B (W L R 3, 38 FOR AR I M N 5 2 . SR, AR
P B bR BT IR A e, ARG BN AR I PR i N IR F T
TR E N B AR AN Rl B, R AFAT A JL e M PR AL 0T A AL A i [
RIBLHE . 2P e T e R AL E NSNS M EZN LG 2 — . MR BT IFIE T
Tt 7 T AR L DA E PR A 1k S 4 I AR AR DA ) o, T A i o 1 R 1) R 1 2 e
WREG AT o AREGTEAR SR AUEAZRE FAG U A4k, SCERHR T4l i fE Rk DL 1R
AL o TR, BFFUAR G DX IR ARobR ST A B 32 BR AL AT B 1 B AR 2 1)
T BB T AR A AL A [ 3 1

o L5 AR o DX 0 AT A A BRI HA i s (R AR, i XN A b AR I 25
200 AF BRI I W, AT L ARZ T AR AZ f i W () FEAE X o A
Il B SR ALV RS R RS 35 1) 7 R RO 238 3 43 A £ L 23 i
T BOMURF R0 4853 A 5O 0 3 25 200 A IR URAR AL A K AT A AR IR 2%
JERIIMEAT BB B AR, 5 ARRIE— P MR E I B B SR Bz T T
B, R AR AR T T T mT Re 2 B R €z T38RI B 3 4 e K
FRARMEARZE A (AP B ORAR 22 2°C, HAREZA %0 1960-2008 4[] 5 12 44
FIIR ATy 2 8] 2.3°C i 3 72 e 11 B 7K TG 8 2 AR A S AR AL o PR PR R R A 9
B B PR RT 53 A1 K Jr B AN T 3 1] AR A 35 ) 0 A 008 222 S DA BRATTIF I LR KA v
2R LR (1 57 52 BRI A B G A=A A A i) 2 8 SR AL T AN AR IR 926 =50 AR 3
T3 A3 TN R 338 1 R A 85 (A A A Bl R VA A AR 1R P 7 T A 46 9
B ARG AN L, 455 B N IR B R AN G e A M S, 46 s B
BRKAA TG ARG AL e AR R F o RS EE San

(1) FEAHORBE IR, AR R T A AR, sk ERIRF SR ) 14 KT
BB FEAR TR RN, 4 ) R A B R0 R T AR A AT S, 1R AR TR



;

AR T SR ALV A2 IR 1) ST 3 BRAL I S EL Ao AR A i 55 S

W1, AT BSOS R SH0F BORFAEAT . AR KT N H B T2 252 1
SRS TRR LIRS, 1) L3S KR R i 2 B A A AR A AR DL L1
MRAMES,  FE PR AR K I R 5 SR ME 22 TR A AE 3 AOAT SR, BT
Bt AP 2 R B AN A AR T, AT R R B A (A Ry s SO HL
PRI A, 2R iy ARt DX AR K LI R T S A D R i m] e Bl
e A2 iz 11y 384 0 o

(2) BRKAAZ IS SRR GRS X 2 R % 2257, BAR
a2 /S AINEE P N N NS L7 S W/ == RN L (R 22 SN L U R B s SRR T E N
MREk. EFMRA N, K AR P77 B A R 25 KR HMRER (1
AR AR GAE N SR B AN RHRE SR b5 FE R AR SRt DX PR Wi - AN A R 25
. AT AT LR AT LR BIMREELL I 40 KA AT . AEMRERHLIX, A2 4 i A7
T AR S A AR B B SR Ty T 2 T R DAL, S T (R SR AR FER AT LE
BT A A AT W] e BRI SR AT AL R Al 1 s R OB LA 3%

(3) X FBHMEEZRLE (510 yr., FETM 72D, HERTRAEK
e LIRS I [a] A B I imn 2 BT, ARSI R
HHEIAR T S SRS TR 0 BB 15 1 AR K5 B K Zh i (>10
yro SEFBERD, HAFTRAR SRR 2 AR & KRR . A
ARV AP URIK) B AR i A S SR 5 RAR W, oK E 3800m (oA i) fRve A2 Tl
TAEBIIBOR L LL_ERTRH B Py AR 1 5 4 S 25 v 1 AR BB A BT 52 %, Tt ok F
4320m CPRER) AV AZ Tl FE AN ]I i) A A= B (R A A A A L. RS HE 21 B bR 2k L
ERRAZANYIET (3-5 yr) AFTRISAR T LR LRI A (A2 /N gl R, (HDEIA SR
XA AZ NG HT A R MG E A B0, B R SR B A5 R 4
AAE R M ZH AR IR o DAL, AR AERTBH 3 R A58 2 A I 504 B 61
RAZTP IR AR K R R S 2 S B2 ATAE T (0 2R A JEA),
5 BRI IR A2 2 i) A KA AR AT 52 R

FIRWISE AR, ARG RIS T, RV AR A YR R
PEEZE I, DA DAy vy T PR X 3 A ) B (R R T v R0, JEHAE T 458
XIS R AR s RV AR LB 0™ I AR B 0T A BRI AZ Bl 7 g e, (ELE
PRER LA TEAR T (10 A A SR T A B T AR A h &l v [ 5 s R4 » JE T R



S

T BB AZ IR () s R LA BRI o0 Ao DRI E, Wl SR AR P TR e ir
EAR T ARG SR AR o AR T AR, 4l A IR 7 AR A B
U, JEHGRAE TR 7 B M A AT R e 1 o 3X—HLHI A B AR AL
AR AT% MR AL B AT RUE PERR O TR

REE] R, TURKAAAS, ghiie s, BERFEEHEMS, AN, 4

[BEE2iE

I



%

IR B IR AL AZ IR 14 S 52 PRAT LA B A AR A i 7 i S




ABSTRACT

MECHANISMS CONTROLLING SEEDLING
RECRUITMENT OF SMITH FIR AT TREELINE ECOTONE
IN SOUTHEAST TIBET: IMPLICATION FOR WARMING
EFFECT ON TREELINE POSITION

ABSTRACT

Alpine treeline, which represents the upper limit of tree growth at high elevations,
is particularly sensitive to climate change. Temperature is generally considered to be
the primary control on treeline position. Therefore, treeline is likely to respond rapidly
and intensively to global warming. However, advance of alpine treeline is not
ubiquitous worldwide, suggesting that additional factors likely affect the response of
alpine treeline to climate warming. Seedling mortality is important to the formation
and dynamics of alpine treeline. Upward shift of treeline begins with seed dispersal,
seed germination and seedling establishment above treeline, and limiting factors in
these process may affect treeline migration. Changes of treeline positions in response
to future climate warming depend on the successful of seedling recruitment. Hence,
investigation of mechanisms controlling seedling recruitment at alpine treeline will be
helpful to understand treeline formation and its response to future climate change.

Southeast Tibet has the highest alpine treeline in the world. This area is ideal to
examine the response of alpine treeline to climate change because of rare human
disturbance and the warming trend during past 200 years. In the Sergyemla Mountains,
the seed-regenerated Smith fir treeline (Abies georgei var. smithii) generally
dominates on the north-facing slope, while the sprout-regenerated juniper treeline
(Juniperus saltuaria) dominates on the south-facing slope, forming a unique
distribution pattern on opposite slopes of a valley. There is evidence that little change
has occurred in Smith fir treeline position after 200 years of warming even though the
fir population density has increased, which is consistent with the worldwide data that

almost half of 166 alpine/boreal treelines did not advance in response to global
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warming. This suggests that seedling establishment at Smith fir treeline would be
constrained. Annual precipitation was similar but annual mean air-temperature above
the treeline differed by 2.0°C between south-facing and north-facing slopes. This is
comparable to the temporal difference of 2.3°C between the warmest and coldest
years and the unchanged trend of precipitation during 1960-2008 at Nyingchi station
nearby the study sites. The unique distribution pattern of two treeline species and the
differences of microclimate between slopes and habitats provide an ideal natural
laboratory for studying the response of seedling establishment to climate warming at
treeline ecotones. In this study, we analyzed microclimate data across different slopes
and habitats, investigated seed quality and dispersal, monitored seedling survival and
growth, and conducted seed germination and seedling transplant experiments at
treeline ecotones in the Sergyemla Mountains. The main conclusions are as follows:

(1) The frequency, intensity and duration of growing-season freezing events were
much higher under the warmer climate on the south-facing slope. Slope and habitat
showed significant effects on the three variables of freezing events in the early
growing season, while only habitat significantly influenced those in the late growing
season. Seasonal variations in daily minimum air temperature within a non-forested
site above the treeline were mainly determined by net radiation and air humidity, and
the effects of soil moisture at -5 cm differed with seasons. Across years and
non-forested sites above both treelines, annual mean air-temperature was well
correlated with early-season freezing events, indicating that the frequency and
intensity of early-season freezing events at alpine treeline may increase under a
warmer climate.

(2) Size of cone and seed, seed quantity per cone, percentage of full-developed
seeds per cone and 1000-seed mass of Smith fir were significant higher at 3800 m
(distribution center) than at 4320 m (treeline). The germination rate of seeds from
3800 m was significant higher than those from 4320 m in the laboratory. However,
seeds from both elevations had similar germination rates in the field. Smith fir
seedlings were found 40 m in elevation above treeline. The survival and growth rates
of Smith fir seedlings decreased with elevation. Therefore, seedling survival and
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ABSTRACT

growth were more important to seedling establishment at Smith fir treeline, compared
to seed quality and dispersal.

(3) In pooled data across years and sites, annual mortality increased in Smith-fir
old-seedlings but varied little in juniper old-seedlings with increasing freezing events
in the early growing season. The early-season freezing event was the major limiting
factor determining annual mortality of Smith fir old-seedlings, while that of juniper
old-seedlings varied little with all the microclimate factors. The germination of Smith
fir seeds from 3800 m (distribution center) was higher above the treeline on the
north-facing slope and in juniper treeline forests on the south-facing slope, compared
to those in Smith-fir treeline forests on the north-facing slope. The germination of
Smith fir seeds from 4320 m (treeline) varied little with slopes and habitats. The
survival of transplanted fir young-seedlings was lower at non-forested sites above
treeline than at forested sites. Shading had significant effects on transplanted fir
young-seedlings. The survival and growth rates of transplanted fir young-seedlings
were higher at shade habitats. Hence, harsh environments above the treeline and on
the south-facing slope did not limit Smith-fir seed germination. The early-season
freezing event was the main cause of fir seedling mortality. In addition, high light
intensity at non-forested sites above the treeline may be adverse to Smith-fir seedling
survival due to low-temperature photoinhibition.

In conclusion, the early-season freezing events were more severe under a warmer
climate because of the radiative cooling effect at calm, clear and dry nights at high
elevations. Harsh environments above the treeline did not limit Smith-fir seed
germination, but the early-season freezing events did limit the fir seedling survival
and growth above treeline. Compared to adult trees, seedlings are more vulnerable to
climate change, especially for seed-based seedlings. The finding that the early-season
freezing events under a warmer climate increased seed-based seedling mortality can
explain the cause for the unique distribution pattern of Smith-fir and juniper treelines
on opposite slopes of a valley in southeast Tibet, and suggests a new explanation for
observations that 47% of global treelines did not advance in response to global
warming.
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1.1 fIREEEEX

i LLARZL Calpine treeline) A2 Fi A ey LR ARSI o LR B 2 18] 7 A= A 3 s
RE T L XA A A K 1 EBR (Komer, 2003) . &Rt EAS LI b
RO, PR AE 4 BRAR AL WE ST A5 B T2 % (Becker and Bugmann, 2001;
Theurillat and Guisan, 2001; Callaghan et al., 2002; Peter, 2002).

A ZR R B T VR DX (R A A K, DT IR rg L P 2k 1 122 i < A AR B 1T
Tt (Kérner, 1998; Kérner and Paulsen, 2004). AR, “SARARRE 5 & (AR LR - Tt
IR AAAE, A BRAREN TRASIE 1 R Ih BT (52%). B (47%)
8RN % (1%) SR AR % (Holtmerier and Broll, 2007; Harsch et al., 2009),
R EAFAEAE FLE MR ZR A7 B AGAL A i 2 (R B o 813 7 S8 T2 R e R A7
BRI FEENLH 2 — (Harsch and Bader, 2011). &[] iR ITF4A T T
[ PR DA b IR 46 S A AR AR S DL b1 5 Ja, 3K 6 3 v ) B R - 2 s M AR
A # (Smith et al., 2003). 7EANR R T IRERE Qi B 3 ke THREELL B
(1) % PR BB RE A 1 Th (Hattenschwiler and Smith, 1999; Cuevas, 2000). K, #Jf
FURRM TR 143 5 R B o D1 - B A gy L PR 2 P T i S HE 0 A 7 g g )37
H HE B & X (Geiger and Leuschner, 2004; Bader et al., 2007; Holtmeier and Broll,
2007)

55V A B AR sl P R AL 1) 52 R B K (Easterling et al., 2000; Jentsch
et al., 2007) o 7EUIRARME N 57t T W i a2 A1 A7 35 I i #2 % (Inouye, 2000; IPCC,
2007; You et al., 2008 {E Eifgic X, ARG - Bl dk ) T a8 i, B
FEHBAEEAN YK (Wieser and Tausz, 2007; Barry, 2008; Li et al., 2013).
7 P AN RO 14 7R T A AT RS W T )y T e BB A T AT 3 BN AR
FAREE LA 3 LLE - (Smith et al., 2003; Harsch and Bader, 2011). #Rifi, -+t
Z K 4 A AR B UL B s (Barry, 2008; Korner, 2012), H Rt e bk ge 4= K
TR AR IR BN 40y 1 S s R A RIS 2 A R

Hh ] AR R R X 23 A A A BRI R R AR ZE. (Miehe et al., 2007; Opgenoorth



;

AR T SR ALV A2 IR 1) ST 3 BRAL I S EL Ao AR A i 55 S

et al., 2010, FJE RN 73 A1 b5 75 6l o J5Ud 26 PR B AR B8 DIAH O¢ Ot Ak XVAE, 1998
Ik AR P A R AR AR U X, 1980 4 LISK IR 4R BT BE IR 1955 4ELISK 10
A RUPE (I P BN 8 AE TR AR e AR L DR S X B S R (VAR 5%, 1998;
MRAHEFIRR TS, 1996), 58 A< B fen LI AR E 0 Mg A4 1) SRR P g )3 L A7 7 221
U S S MMEHE SR, A 1960 4F LLRAZH X A g A a3 i) i, H
MR T A S A (P 46 58 FE 41 FTic % (Liang et al., 2009; Liang and Eckstein,
2009; Kong et al., 2012). {EEaZEH 1L, B3 SO KALA A MR EE RBH I 1) 75 R An
WRER I I (R 5 B 20 A 560 (Zhang et al., 2010; Liu and Luo, 2011). 2% 200
SRR THEAL SR AL A2 AR (PR3 LI 0, i PR e 7 B A0 AT il 25 A8 4K
(Liang et al., 2011), 5 4BRIT - MR L % A Bl A% AR 1% 177 b7+ %X (Harsch et
al., 2009), FHIMZ L F R RRAR S FT i i v] 5E 32 2 FRHJ. Liu and Luo (2011) %)
AR, MREG DL R PaPREE s 240 40 B H RiE a5 1R T ResEm 742
B E i, BEMTBR ] T VARG EAE B I AR B R o0 At o SR, Xt
AT AT WA R S8 T SE SR AR UE S o PRI, A 2 1 DX T e bk B
SR AR DG IS R 7 (R AT 70K AT B 1 AR I 25 200 4F (K B4R AT P B SR Kt
ARG LTRSS L, AT A 4 BRI IR Ze B AT Bl AZ g 1T b THR i vl e
FRIARE o

1.2 FIstiERR

1.2.1 PR SR AL R R SRR

eI 2 100 4FEH, BRI RSP T T 0.7440.18°C (IPCC, 2007). <,
157 W o 5 ORI 1) 43 A1 Y0 Bl ) 5 25 S R = i AR M X 47 2 (Parmesan and Yobhe,
2003; Thuiller et al., 2005; Hickler et al., 2012). K17, AE4) 5 A7 i F 6 A A AR BE
PR ) 1 76 AN [ A ol 0 1t 2 1) A7 AE AR K %5 5% (Rabasa et al., 2013), RHIEH
TR TR oA AR

S A DA LY, o 20 8 B e VA DX YR T N S22 (Chapin et al., 2005;
La Sorte and Jetz, 20100, H X L& 0] AR B G BURE (Gottfried et al., 1998;
Diaz et al., 2003) 4R, PREEXT ARG IR FEA—F, FZRIY LR JLF
FM. (1) 2% FJF (Kullman, 2001, 2002; Lloyd and Fastie, 2003; Danby and Hik,



2007a; Kullman and Oberg, 2009); (2) Pl B2 34 N2 47 & A4 (Szeicz and
MacDonald, 1995; Weisberg and Baker, 1995; Liang et al., 2011); (3) 7ZEL T4
R AXEEE  (Lloyd et al., 2003; Johnstone and Chapin, 2006); (4) 45 3AF M H
SRR B RRAS g 5B A (Landhdusser et al., 2010); (5) FLFE M LR Hh#RAR
WEAL A KA (Lescop-Sinclair and Payette, 1995; Vallee and Payette, 2004); (6)
A7 B AL EEAAS  (Butler et al., 1994; Payette, 2007). H 1900 LAk, 4FK 166
APREFE i R 52% A0 8 BT, R BBRARAZBE AL, PRk ik =2 3VF 2 3
BN E M (Harsch et al., 2009). Gehrig-Fasel et al. (2007) #2H, Mkl E
B WA AR T TR T REA LA =AY (1D JRHUROY, iR s | i
BRI KR SRS T 145 BRI T AR AR i A (2) LA
FH PR E5A% 5 59 WDV X A AR A R i 182, AR AR IR T 13 1 b R AT AR B
RasE E, MREEMPIRAEE Ji s (3) ARERAT B A 55 5 AR A 2 18] 1T B A7 78 N o
AN, YRk e () AH B 5% & (Hughes, 2000; Tylianakis et al., 2008; Lenoir et al., 2010)
FRREE R BN A R B S FIBERRIE (Rabasa et al., 2013) 2 FEMAR L X 28
EHIMA N o BRI, P0RR AR BOC R . 7 HIOR 2 8 e ) S MOR BRI 3 i — g,
SRR T BRI G B BN 7 A T AR5

vy LM R R0 2 e BE U P L g R BB T A BT Al 4l e DA AT
(Macias-Fauria and Johnson, 2013)« k& DL I [y B85 R 7 7] e BRI T %)) ¥ (473
AR, NI B B AEAR SR DA b5 R R DRI, A (] 1 DX AR R B s R fie
AR 2 ) AR AN — S0 P R 3 e PR DR 15 T ) v (R b 78 ST, B 2 T
(ST A 5 v L R PR PR AR A AN 32 50 S8 3 W] R SSOPR 0T U Mk A 52 P i 12
ANl (Batllori et al., 2009). WAk, FREMFh H 5 KIRFAE CATTR B 1R R A7 R7 AR
25 AT BE S M AR LR 6 AR RE W Y. (Kullman, 2002; Danby and Hik, 2007b).
A 0] e LU AR Z T BB LR R RIE 5T 22 B b AR AR 55 AR A A BB TR R 90 2R, X
Ll PR 2 b DX AR AR S BT EAE A 6 882> (Risser, 1995; Holtmeier and Broll, 2007;
Smith et al., 2009). LRARAALL, ARG TR E O U, JCHEEET
PP BA I B A BRI (XIpS, 2004; FHEZERIXIK, 2005; FHEF
&%, 2011; Liuand Luo, 2011; Zhang et al., 2010). ARZAEARISNEAZ A T Qg 28
W, RBEER T AR R 2 (1 Fa s Ok WA S A=, FEAREA T 21
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WIFB LT Z G, RSB RIEIE; [z, WA EEN mh oA K
RUF, MRENEER CRFFRE HEA T RE IR L AEf (Smith et al., 2003 ).

1.2.2 SIIME R BT RER

WREE ) L RS Bl RS B T AEARER DL L RERE i e i, R IR ITE R %45
T R e B3 A3 A0 A R A5 AR PR T T 1) S B AR e 98 TR 56 7% (Germino et al.,
20020 & Af AR A (R BRI E S 8 R ZEARZE LA B SE R, AN IE B
Tl B R BB AR TR DA, 8 B ) ) 55 4 B0 M) A 8 A T A ) o S A
A BERE 4N T I E & (Mallik, 2003; Camarero and Gutiérrez, 2004; Oakley et al.,
2006; Batllori et al., 2009; Smith et al., 2009). PEitt, A% A% B X bk 2 2R opK 5 114
AR5 R Cn b 7 R g (R ) T e A L e PR B 1 R 7 BT 25 ( Tremblay
and Boudreau, 2011). HHJ, ARMEFRREN B LS EEMECE T2
5<vE (Germino and Smith, 1999; Cuevas, 2000; Smith et al., 2003; Camarero and
Gutiérrez, 2004; Gieger and Leuschner, 2004; Resler, 2006; Bader et al., 2007
1.2.2.1 S ARG R 694+ T HE4EF 80 &

Fi-F IR A R RIA K AR RSB I RE I T4y, 6] 5397 e 15 ey LA AL
PR X (Kullman, 2007) G0N, m L ARZHE D b7 5 R 5T R AIG
TARHE R D, H7 AR 7 i ) B B K, U Picea engelmannii M1 Abies
lasiocarpa 1t iR MIX & 3-6 4F L AFh 745 (Holtmeier, 2009) . 5 Fij #it
IR e Ll ARk i DX BEAT (R0 T A A, P IR L T R ) b v
R B TH =T A (Sveinbjdrnsson et al., 1996; Cuevas, 2000). i, B i
A BB R LR R AR AR T BT A BRI IR 12— B S R RUE S DIAH o6, MRk
b XA i 1) A R R 1) 5 2 B 5 B0 AR A AR T BN AL (Payette and
Gagnon, 1985; Sirois, 2000; Juntunen and Neuvonen, 2007, T 4F 3k [/ A AL 15 5
FOMREL b X 1) B 7 7= A B N i34 (Kullman, 2007; Tremblay and Boudreau,
2011).

Tl (R A R BE S AR OC R B e A5 35 7 OB BE 561 o K 20 BOPR R B i
S AL 7, DRI WA AR 74 3k vh HAT S 2E4E ] (Holtmeier and Broll,
201000 PR (1AL B B9 B TR Uy Rl it RO S Rl



T HCA I TR = 45 (Holtmeier and Broll, 2010) . 5 FH EAHEL, K Fh
LR B B IR 5% 55K (Jongejans and Telenius, 2001). 1 %2 KUK KA F) T Fh
TALRE . R 2O AL AR R 25 FAT B S (R LA, 1T o XU KRR AT e iy
#JL+ A B LLAh (Luoto and Seppild, 2000; Kullman, 2007, 2010; Holtmeier and
Broll, 20100 [SEU [y 1 R (1) 38 A AT AT BERH L1 [ AR e LA AL H% . Green
(2009) th 47, Snowy Mountains MR ZZ A7 & 1A SR R ml REAE b1 XE LA ) A%
Bader et al. (2007) &I, AR HTREPEARS 0 BE 2539 iy 23 R, M)
A7 2 I BAT B I AN B BT T B, 2 WM A% 5t w2 AR S 110 B 8]
¥ (Wardle and Coleman, 1992; Cuevas, 2000).
FARBIRREE LA L IR Fh 720 25 2508 B A 55 A4 REHT K (Smiith et al., 2009).
AT IR PRV VR A B K o3 il vl i e B FAEARZE L EANRERT R (Wesche et al.,
2008). HRIZIFE Y A2 PG Rl [F# & (Facelli and Pickett, 1991; Eckstein
and Donath, 2005) . 11l — 8 3 A 2 B JHOK & A0 B TR LA 715 & (Fisher,
1980; Mallik, 2003; Batllori et al., 2009; Brathen et al., 2010; Tremblay et al., 2012).
BeAh, Pl R ACZ BB SE R 50, 36 53 A SRR OC, WA K2 Er
(RO 30 AL T AN TR 2 (R AR VR ARIROIR S, 75 LR IR TIUAL BE A e it R AR HIR o A1
TR U T RERS B 25 S im v A2 Jm b1 B & 38 G 1L 455 20035 Jones et al., 1991;
Rawat et al., 2008) . Ya B $E =1 T R & JZ R BEITY) Abies grandis PP (1] &%,
RO 2 R AR ZE AR A 7 7 A AR AT S, DRI AS PP et T BRATG AR D' R ST T g
SAEIRFPF T, HE RS IR &8 R % (Lietal, 1994).
Zi LRTIR, AT AR R IR AR IR R O T —E 1 T k. A
Tolv = T2 32 380 7 A AR AR SE T ¥ DGRl e, AR 7 ) i 22 B (R S 0 e g 2D 56
LIATIE A TS, HAT, TR Bl 7=, B Aedr. L3R 1%
ST ISR D, R B F P AEAREE L BT R RRAE . AT X R R (H T
FKZ I T ARFSLIAAE T Ui g el S Ml R EFIE (Rawat et al.,
2008), AESEF AREEAT R 1 & SEEA A 2> W (Germino et al., 2002; Coop and
Givnish, 2008). Lietal. (2008) KI, 7 [ISRINEE T Abies chensiensis Fi1- [T
RFRIEGE /N T ARSI = B R R, DRI Y R 7 R S 45 SR mT s 2 3 80
PEARTEFE DIt HAT, BT Seae AR BRI, 7 S 5 Pyl L AR



;

AR T SR ALV A2 IR 1) ST 3 BRAL I S EL Ao AR A i 55 S

IS DAL AT ] P ] AR AN RE B it H B A0 AR 2% 1S AB S A 6 Tob ig  FR) E0S
SN o DAL, B ARRAT I BORh 18 A SR AT BT B AT AR ARG LB KR B A
ik S LRI 7

1.2.2.2 B 5 URE IR G G E G IRER F

BT SE S RS i) LT A AIE i Ll AR AR RE R A 22 B (Smith et al., 2003).
SR, BV B LR BRI B T2 3R AR AR 36 S b fe i ) (Germino and Smith,
1999; Maher and Germino, 2006; Bader et al., 2007). X [ 4K 5% Ji&t & 11 473 2R (A HF
FERI, AEHEHIFET KT 60%, i il A5 T A5 b HAE T4 0] 538 90%
PA_L= (Cuiand Smith, 1991). fEMZREAT )N THREF IR, AT T 20%0H
LT RERE TG 228 4F (Germino et al., 2002). [RH, %7 s LLAEIE A2 AR 2k DL
AR F RS o A LR LI, YA AR 1 AR A N B
W LR FIERIEAE, AN AR (W, Sl gk, HEA
FEAZ) . WA B3I

W s SR 2 A A B DIOR R, g4 b DX AR AN R AR AR (1 A K
FA7E (Korner, 2003). A3 SR AT 5 R AR BHBAEZE, PR T 80m 1L
ML PE T E R K2 — (Mayr, 2007; Batllori et al., 2009). 1&iR £ S54)
HEF R B 2 BT IR BEPER G, BRAIZ RG-S VERT, AT B S (1 3R
WRE ) R e A, IF4 w4l 0 HAB PR G B 5 i) U (Germino and Smith,
1999; Cavieres et al., 2000; Awada et al., 2003; Johnson et al., 2004) . Tranquillini
(1987) KIN Picea abies WEF I B 42 /1> 50 RIESEICRR R Kbk o A= K3 e v 11
Wi, F> 90 RKT-3°C KA W MR RIPIATT R I HIRIEd e
LN 4735 (Liu and Luo, 2011). %W Englemann spruce 41T (IAET- %
PRI H PR B K% s (Hellmers et al., 19700, Germino et al. (2002)
KB, LXK Picea engelmannii F Abies lasiocarpa %) HAENRIE H RIE 5 /)
[T A5 03 A7 56 Bz 1o B i W S8 AP X PR 8 0 T 114D 56 T T e o K TP 34 U
(Easterling et al., 2000; Jentsch et al., 2007). fEARZE L L FFFFALE, oA B
ToRCH AR SR P B IR AR VA BN, VR A AR A KR AT v e
Bl (Sakai and Larcher, 1987; Jordan and Smith, 1994; Taschler and Neuner, 2004;
Wieser and Tausz, 2007; Larcher et al., 2010) . FFAE£E A K TR R, 41X



ANT] TN () ¥ 2 A (AR PURE J1 8% 55 (Inouye, 2008; Mayr et al., 2012; Neuner and
Hacker, 2012; Rixen et al., 2012). Bk, ZEKZ CReRERED MR H ST ag
JEMRE LA L4 AT M R N —.

PE AT i A DX PR AR A2 005 2 6 5O A i TR N ARHIE (A 25 T
AT, X PR IE R A7 AR 22 5o B W A K AE SIS PR (Betula
litwinowii) HIHIFIGIRIE Fr (MALTE & w9, LI A L0 Helim (Close and
Beadle, 2003; Hughes et al., 2005; Akhalkatsi et al., 2006). Ti{E45#) -, FHY) 5
A 3k 384 o0 A R 5 I A AR T R A G R 1 D% B (Jordan and Smith,
1993). ARIfi, 52 FEAETAKLL, AREEH A1 4 B0 5 G = Pl o' 1) 25
2 (Germino and Smith, 20000, B[, AR&k LU LI i 6K AT e 22 FRAR A T
(K473 % ( Tranquillini, 1979; Cui and Smith, 1991; Johnson et al., 2004; Johnson and
Smith, 2005; Cierjacks et al., 2008; Ninot et al., 2008) . #%2x IEMGIEATK 2> i
TN I (Germino et al., 2002). Bader et al. (2007) 7RG ARER T 5T K
I, 3k 5 PR A B 8 o 4 T e ) PR PT i ARG B AR PR IR R s 2D
W2 FEOEAAEH AR EHH] (Ball, 1994; Jordan and Smith, 1994; Ball et al.,
1997), M & 3 B AR AR KR IR B AR T o AN IRI 0 Xo AR HR S ) ) B AR T
TRED IS 242 (Abies lasiocarpa) H)1 YatrAE -2 EL W 2% KT 242 (Picea
engelmannii) 41 (Germino and Smith, 1999, 2000). 4 [F] 5 V4 5 8504 A2 41 1 1)
FIMLEER R % 40%, 36 FBUNFF 22%, X A S EUR B 90%, £ WK
AN R TR AZ Y DA EH] (Germino and Smith, 2000).

R L ARZE X, L3R . /KRR B b 2 5 M 4 1 K A KRS -
PEACHIEL, %7t + 3935 5 5 g (Bansal and Germino, 20100, 3 HF5T 2o
AR A K 75 B e IR B2 R 4-6 °C, 18I BEAIR T 6 °C 25 9 ZL A i AR 1) A=

( Alvarez-Uria and Korner, 2007) . Karlsson and Nordell (1996) % 3L, HEW} ( Betula
pubescens) )i (W RS ZEAG T B0 RS, 10 A4 v 0 AR AT
AR R A% Y) (Weih and Karlsson, 1999), Karlsson and Weih (2001) Al T
PRER BT I 15900 B, AR O S0 73 1 3380 P 5 40 i BRI S A R 1 6
R RIAEZHE DX () 1 G T BCU G 1 M LA o A A2 o T AE AT e bR 2k
HZET RIS AT % 5 (Cuevas, 20000, 575 HIET 2] g o S840 16



;

AR T SR ALV A2 IR 1) ST 3 BRAL I S EL Ao AR A i 55 S

SVEF FBEAZET- 3 ETF (Smith and Knapp, 1990; Cui and Smith, 1991; Johnson
etal., 2004, {HIE 21 A IR M HI S0 E J5 (Gilfedder, 1988). 4
iR PR) b 8 100 o el A AR KN A 23 PR A R K BEL L)) 1 114 1€ S (Patten, 1963) 6
UeAh, A W S IR i LI R e S A RO A, IR T 4)
By LLAETS  (Fensham and Kirkpatrick, 1992; Schauer et al., 1998).

PSR VR B 55 41 2% 5 2 A1 RS I AR DG, FRET RUR B VR 4 T IR AT

(Hittenschwiler and Smith, 1999). #& & i) 1) XU (AT IRE /) A R IY)
W, AR KA AERR TR 0.5-1.5 K2 (8l L B R BLh T, PR B A AR
FUREEN B € Ja AR L RS RIR i R A KT, AR S R EANRE A A 1)
AR R AR B R IR7K 53, BRI ST s B 2= 3K o7 8 1 Bk T 42
S 43 Ak Rl (Oberbauer and Billings, 1981).

R B BE 82 50 e L B DX P (AR ST CUNRE R T SHOGRIR XD,
PRBLTE E IO, AT A A T2l A e Ll BB A7 (Germino and Smith, 1999;
Germino et al., 2002; Smith et al., 2003). bAh, B 51 8 o - 3 1) BEALREAE,
I BT PR KU (Holtmeier and Broll, 1992; Pauker and Seastedt, 1996; Van
Miegroet et al., 20000, Kk, ZEMS & & [ 40 R4 A% (1t S0AAE dz s, BEAY S 3
LB AT R 8 (Hattenschwiler and Smith, 1999; Germino et al., 2002), 54
Ky ARAEL, el AR RE A8 U O A, (R EBERRER 4N T € JE (Hadley and
Smith, 1987; Scott et al., 1993; Batllori et al., 2009, 7= 111 %% i Ak GE AT 2% 3 FAAT K
H, FLREAE SR AR B 5 JE ) 5 5, DRI s L% AR IR0 0 T A7 S A v

(Hadley and Smith, 1986; Hittenschwiler and Smith, 1999; Germino et al., 2002).

VE SRR T A5 IR A AR A A F T b RIS A7 2500 o, AT
(K1Y 7% ) S Rk S J5 v e 43 AR T~ #)) ¥ 47775 (Pornon and Doche, 1995; Nilsen et
al., 1999; Batllori et al., 2009) . [fi 75— 2SS LA Ky, HEMFRAC TG RGREE JF 42
IR, A A T4 €S (Lipp and Nilsen, 1997; Lei et al., 2002; Castro
et al., 2004; Akhalkatsi et al., 2006; Hughes et al., 2009) . il FIiR WIS 45 A — 5L
P 3 2 Ji R AN [t 53 A S 4 S5 8 P82 AN [) 8 Bt X A2 PO T 5 42 S [ o K PR
Ui i P 0 v () AT AR, PR DAL 1 AN BB A 4l i B e i, AT 5 e 40 1 A7
# (Bader et al., 2007). X% J-6E B8 14 BV AT Betula litwinowii, #EM



(R R S AR T H 4 # A4S (Hughes et al., 2009) .

AR DI RE B IR 58 S WEAT (R EVE R GBS, XA Se 4R Ko,
M E R T 2 M K A fE . A KA LR TS AL AR LR, SR REY)
PRAOEMBE B T SO S RIAFG % (Maher et al., 2005). T AEAXS T 5
Rz, SRRV T ARG A, oI O H 358K 43 1) 56 4 7T e LU e B
(R AR 2% N, 5 F 32 (Coop and Givnish, 2008). Germino et al. (2002) Xt 5 A )
MUBAEG ARG 2R R FURCIL, 4l A is AL 8 15 N R 90%, BEA Hugk
VIRl 44%, B FIRSEHIRE S0 19%, DRSS 44 gh ki, i B Ak 43
B FECT 10%5E T3, SHOGFET 56%MALT %, 1MXME KRG ST
81%HIFET %

PR AR AN BT AR SRR, TR I 40 B AR IR RUK 9 G R, JERERHLIEAR
#93J5L & (Smith and Read, 1997 7E P X (1)1 B8 o 4 7 4778 Bk ) 4 R
# (Germino and Smith, 1999, 2000; Johnson et al., 2004, K152 B R ) 5% i m]
R Ay 2t DX AR R A B R o B ARG AT P AR e 4 8 P A 3 AT VB A 1) A A T

(Christy et al., 1982; Miller et al., 1998), Hasselquist et al. (2005) &I, ZMERH
MARS B B mgh i K Hy, AR R m A K.

FE B YR BB FER B 25 i e LU PR ZR I A e A0 . IR e A Bl
P W AE I WS B A 2 FRARAR 2 2l T (/735 % (Cantor and Whitham,1989; Hessl and
Graumlich, 2002; Kaye et al., 2003; Cairns and Moen, 2004; Coop and Givnish,
2008). AR, WATHIFER I, G0 R 2K 5 RIS 25 3 B04)) v 85 T 1) b 25 19

(Cierjacks et al., 2007, 2008 . 38 & TA A 7 4 )25 JE Fh—1 13 R RN &)y A7 3% 1Y) R g
2~ (Facelli and Pickett, 1991; Eckstein and Donath, 2005 ), [ 5}4) (1R i £33 i
ol ) 5 200 2 1) R B T e R 0 1

IR, RER DAL 1) 55 e AR AR W R R A 40 DR 50 4 A R A K
AL B, TS ET BRANE 5 8 i AEAREE LA E IR 5E fa AT 88 32 2B
i, PREAT EATN R E « AR, H O BRI S B TEAR 2 b s i PR A58 TR 1 e
FURIEIZE AN (Holtmeier and Broll, 2005), 17 580X J7 [HIAF 7T A AR 1A 2
DRI e 2 06 AR5 DR AR W o 55 08 A L, RN 41y i (140 36 B8 o ™ 2
HARZ A F e BREERAE Clnnid e iR BREROK 23 Dra 45D £ I s IR R 5 ) o



;

AR T SR ALV A2 IR 1) ST 3 BRAL I S EL Ao AR A i 55 S

PR, AR KR R AT e 2 P EBORE LA _ERIZ B A0 T — AN A 4R
R SFAFIRAAE. Clindiise , g FEANHELR I 145D HA I S i T 4t
VAT A AR B, R ey Ll AR b DX AR B R SO i s X4k (Barry,
2008; Kérner, 2012), Ptk H i FATT0 s Ll AR Ze 3 DX ) A2 K R R T AR AR S
AR 40 A7 T 1R 52 0 PR A TR 23 PR

1.3 #UBRARFEE

FEI 2 200 45 B 2R F s DR AR ] A, (H E 7y |l SR KRV A2
MREG AL B ABAT 2 BT, RN DR (1) SOpr i e ] BE 32 1) 1 FR . £
AR, R IR (R 2 R R S Ve RN, AR (1 R SULRTH S0 220 A T
BE LR S 0, i TR 5 GRS (2B KT i n) e & 3 804 K LI L S sl e
Ko G FAE AN EEAN SR o SR TP TR 757 15 K30 S L el B AT DA%
TSI R UE S o AT AKFE TR AR 7l 19 L TR AR PR L R T LI 75 5 T e ik
TR T EIA N SR ALV AZ A TR T e 6 ST 1 5 SO 4 B (R 508 S 56 »
FHE— DAL SR RKATRAZ IR 5 AR AT A S gh i€ i, BRITEL R
FBEAR L (D EBERBE URSAE N, AR IR LA R (2)
SLF T SR I MRE A b 4l i 2 15 B oy 3 B K AR AR 0 2 i
I R R AN AT By T PRV AL R 57 WAL BH B A 1) B AR OB SR, I A
FUGEARIE T HEARE AL BRI ARDR RS PSR PoBr il e

1.4 AR Bir. ABMR AL
1.4.1 AR B

AR HF S 52 RL O S 4 RS RS0 K 5 T R1% 13 2 AN Se il
ER L, B AR SR AZATRAAERA < BHIBOR 201 18 st DS &% B B 32 BRBIL D, I
BRI RASIE BV A MR B (AR R RS PESR BORTRE

1.4.2 IRAB

(1) REAE AR T FR R R A A 53 (1 AR IR S D]
Wt B IR 2 s, S E KRR FFIPR . ARy

10



BN TR), PR AT AN RIS 1) R0 AR B8 2 ) AR A R T AR AR Y 22 53 B R
(2) MRESIRKALA AT 7 e S 4w e Je B SR ) 0 Ak

BEFREARE AN A H O R AP TR AR IR R 2 B ARV A2 I3 v (1 2 A 5
IR E VAR 1 i M AR R AR, K 4l i i A KA I B AR AR AL, B W1
IR ATl BT R A5 FE IRV A2 Bl S R BRI D1
(3) SRRV AZ MU AR (VX 3588 R S 6 R A AR A iy 35 S

B0 SR AL AZ AU R RAR B v A AN R 1) R AR 35 W) (R R AR S5, 2
PR RRER LA_E (R A2 b1 i A RN G e R ARSI, 20 AT Al R 2B KA s 5 4
KRR G LA T ROCR, 1 WAERER B A b, B K
TR A F R A2 T BV 2 A e T BT 2 A

1.4.3 FARKE

VEWL R Pras (110,
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AR T SR ALV A2 IR 1) ST 3 BRAL I S EL Ao AR A i 55 S

L TS SR BB - 05 G0 2

A

FE

REHHINT: G KR T FARAE
A SGE LI VAL IR 7 R WA AR A R Al w AR KA i
WAHS: VAL R B RS HT IR B AR . KR SRk DL E IR 7 A2

THABCRNG E R AE
v Y Y
A KR A b MR L% A2 Bl 1 it B BRKHEA KA 5
B 1) A 5 1) AR A ey A KA B BOAT 41 B 1 X 3588
I RS IR 73 etk PRSI 30 I AR AR A
Wi 97 ik

A

A

A

(] &

(1) FEBRRIE KT AAE T, BT R R e A5 SR 2 ?
(2) He by SETE VI PRE b Bl BT 11 S 5 52 24 K= LR T A

M ?

A

Bir

(1) $E7RVAZ R RAAAER < BHIRARR 3 A1 F) Jt ALK B S 32 BRATL 1
(2) B RMRAR G AL MREGAT B (KA FRE MRS BT e

A 11 B

Figure 1-1 Research scheme
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FE MREXMASHRIE

2.1 BEFAL A ARBES

2.1.1 HERE

R TP VA X AR F AR BB (B 2-1), J8 & R
Rk, &M R AT VL 5 Je iRk 23 K, IR 5200 mo 1LARG S
KEH E94°25'-94°45", N29°35'-29°57', EHRVGILE AR M 7, TERE KT
A< PELI,  HIXPIANBE 1R AR SO 5 AR A AR 22 5 W3 o AR B AR 1] Ay
FRACTT I, VR GBI N D), T RBES e My, AR AL 2100m; T PE I A
PREIR PR J7 1], 1) BB AR S, MR 22 3000m Mty . R
JE BRI 553 Gl o« 2R 0320 S R R L ik, e 0 2 A AT L e 1
B by K S A LD AR Ve s PEAC IO D bR 2, T R ARAROR i S
INEA AR o CRRL LR R R AR X AL Doty AR PRSIk BLAE ) 2 FETER
HFEE o AWFTUHL AU T B IR E K R A3 SRR X

45N
40N
35N 4

30N 4

70E 75E 80E 85E 90E 95E 100E

K 2-1 = fr il s B

Figure 2-1 The location of Sergyemla Mountains.
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AR T SR ALV A2 IR 1) ST 3 BRAL I S EL Ao AR A i 55 S

2.1.2 S{z454E

R L X ARSI FE, DALPE R KA SR 5y, AR 0 1
DX, TSR T BB E i X [ ] DX My o, PRI R R T R IX
T XAty o Rl R A R, 7 AE A 2100 m 2] 5000m LA L,
H T~ B RS P AU 1 S M 2 I ) S e (R XURAE, 1995). Z4F
AR BR s, 2R (Rl RS A He g, 29° 347 N, 94°
28’ E, 3000 m) [MAE-P¥SHN 8.6°C, MR 2N 15.4°C, 7 AM-FH<H
1 15.8°C, 1 P30 R 0.4°C, fERE/KE N 677.2 mm, HFF/K T2 PR
HZEFKA] (6-9 D, Al aiF RIKER) 70%LL . (R[5, 2008).

2.1.3 TIEHR

= hr R B (i AGE FIE2500-5200 K2 10D A5 W] 5
ARAL, AR AR AR R 1 e e VK
HEELS RRASE, 1995; HI1°F, 1997). #EH4000m A L (1223 FIAR 7K
Mo+, £ R EL10~15em, fEFEATPERLRVE T 35 s Ak A
AL R . EER3300~4000mlK Y A A Ll s R T R E, A4S SR B L
BRKAAAZ A E T LB bR o FEAR S Je I e 1) L 98 1l o 7 25 A 5 )
(Z11-8.2 cm) FIHLIZE (415 em) o AREPHUT I T 35EE6-11 H AL AT
BI5IKEN35.5%, ALY A hZ="T% + (Liuand Luo, 2011) . ik
2500~3300m )5 FETEACHAM ZAZAR T O AR e, DARIOR B o 1. K
2800~3300m 1) FHIBFEA . Bty o afy Ay L HBEAR i), 22 P PR APl AN A1
e B R B AR UK X O VA3 T, SO e, SRR R A5 18 R T
o XANIRI S ) U HEACRR BE () LR IR PRI SCR D], AR PRI T A 1
TIEPHAEYY S ARG M LA PR, AR TR E S SN T
B ARYE AN A W B R AR A A, i I e LT R T
FhE@h) T iEE, 2008)

2.1. 4 HEHER

SRR LVDIGCUR T B B EE VAT WINE N7 S o eiie = AT A RN e 7 U R S
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S WXL S T Tk

(R 3t sr, XAT 5 L A AR IS S AR A X R4y, IR AS I Rk S
S AP P s ) T 1 DK 2R A8 A LS R P 37 St AR XA (1995) 4iit, 4
R AT RN TR 1091 FHAIARRY, & PHyl AP E ) 20%, ‘EA153 )& 103 B 475
J&, PR TR 2 BE 7 08 13 B, TR 101 Bl 468 & 1078 Filr, X sLffit
RN R BT b 7 A T R L L 1 5 TR AR S 20 v o 12 DX A 2R 2R R AR RKOIR
Bl 53 A 0 A5 B I 1) A R AN [R) T AT W) P 22 5

FE 7R L ARET Y, 2 B ARAE A 2R 1 0 S sy L TR VW I B e bty
Wy v R E N A R e, S A I ERE A 3400m~4600m. Hi:

. g L FE UL AT PRI B AR, 0 A T LR 3400m~4200 (43000 m HY
T H o B il T SR SR KA AZ, (AT VR AR =42 e (1 15 4200(4300)
~4400 (45000 m AL A A JTRMBAR . AL, R BRI 7 B i o
¥

P e LA EE A A, 2B A SR 4200 (4300) ~4500 (4600
m T, B FAERY . m LRI, OB AR R A A

2.2 BFHIFILREIMIZHE R

2.2.1 fiIRXEEEE

AKIF ST DI T =Rl B () s AR - (E94°367, N29°36"),
3T 318 BB AR M X J\— ARG BE 113 T HE, BH MR HLIRg 60 A, g
PRI R 27 Bt 2R B ey LU PRS2 5 I 5T i 29 16 A HL, TP MR, & T I E
AN LA o AT L BEAL FifEdk 4000 KDL EIOARIX, HRE. BEgsss 44
Yok b, HALEAE MR I RN YR D, DI A &SRR N, B Bl
AR, HRUE T-OF R S R R R

TEARMFFRIE, B A S AKAAAZ L AR, BRI o A1 4 T3 BT
ORI . 2005 4E 8 H, A RITEIS B KE ISR ER (4320 m, N2). [l
BB EL (4425 m, S2)+ BHIARE UL E JEAE RS REA (4390 m, N3) HIEH
R DL Il s (4441 m, S3) B T 4 DM HBNA G (B 2-2). BN
SR EA : A (Im A3 m). HXHEE (Im M3m). HEEEE
(=5 cm F1-20 cm). MRAMTGERR T LA FI0H 4b, JExERE CREESs. 5
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A P SR A A AL R IR SR 52 R L) B L A i 7 i S

B e E AR KBRS LIRS ) K [N R T IR AR AT
F IR PR S by A28 PE WL Liv and Luo (2011« X PYASHE AR T Wi (9]
SANBHIE (RIP R SR AR CRRARIARSR D, AT 5 AR B 2 A 5 56 8 A
KDY H B SR L

Bl 2-2 R L AREOW I A 2 T b K7 E

Figure 2-2 Location of four automatic weather stations at and above treelines across north-facing

and south-facing slopes in the Sergyemla Mountains.
2.2.2 SRS

AW S R T 0 LR 2 I ) v JE S, 3 9ARAE 4100m BLE, X
M B SR LAV o T, BBGIRZERCKR, W BRI, 525D
SRR = R AR 422980 4 & 215 IR AIE oy LLARZR W7 2005-2012

TEPRTI AR AR A (3% 4320m, PR3 4425m) [ % W S, k@
KA R R FI BHI 5 R FAMR R IR AR 7K B (847.8 vs. 940.2mm) FIAE K Z= -1

16



S WXL S T Tk

i (6.5°C vs. 6.6°C) ZEFE AR MAEMEZLLE, BRI AT R MG
=G o I LB & 1.3°C R 2.0°C; BRI U B iRz, HAR TR T4 Tl i
] FE B3 AR AT 20-30 R AAT s B3 RAR KA IZ AR N (1) Sem - 38300 5 PR g 322 /)
T HA =AM 25 (Livand Luo, 201D &5&H IR F#AEIIARRHS (4160m) &
(R1 1 B Gl R B, BATIAS B3 AP 8 R AT 7 AR R 9% 43 3l Ay
-0.42 °C/100m F1-0.66 °C/100m, [fij £ FHIH M 73 5] 4-0.16 °C/100m A1-0.47 °C/100m
(Kong et al., 20120, XPHHEIRDGE A RBARS (PARD BJBEHEA T & 1M FEAIK
7R AT R I 1) 22 S AR /N AR AR BB RO &A1 80 A 2 B B 1R K 1)
¥ (Kongetal., 2012).,

2.2.3 HIEWERK

WIFTCIRAN RS, HIEELIRIEESE N 32, PHAH 4-5 URKXH, 1995).
2RI (2007) X ARG 0-10 em [ HIEHEATRAE, Sl RIZX P + 15
TKEL k. R e BUCAL ESE 0N 39.146.4%. 67.3+25.7mg/g.
4.5+1.1mg/g. 0.34+£0.09 mg/g. 0.03+0.02 mg/g. 0.003+0.001 mg/g. i1l
AR L7 AN RIS ) CRBCRIBESED B AR5 MR FIRRAD) ¥ 0-20cm 135
BEMANIE B2 A K (Kong et al., 2012).,

2.2. 4 EMIFME

2.2.4.1 HALLRR

FERFFUXIB P, BI85y A 4 AR KA A2 0 IR Aa AR, BRI At LL 7
AR R B AE AR, T T BRs IR oA 5o (I 2-2) 0 BISBCRTBH A8 1) AR AR
AR LLAL T . B TR AR E N BR KA AL (Abies georgei var. smithii), W
K2 LLH SR REAR B IF SRS (Rhododendron aganniphum var. schizopeplum) 5
B2 RY (Rhododendron aganniphum var. flavorufum ) #k Z ¥4 (Rhododendron
nyingchiense)~ KM )INEFBY (Rhododendron traillianum var. dictyotum) 2 JZ
¥8Y (Rhododendron nivale) 3 ¥, fEA /D ETE M BEA L AEM (Salix oritrepha) -
UKNZREET (Ribes glaciale) FIPHFGAEMK (Sorbus rehderiana), YA )ZUAZAEAE
BRI 113 (Bergenia purpurascens) FUH%E (Rubus biflorus) . B
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AR T SR ALV A2 IR 1) ST 3 BRAL I S EL Ao AR A i 55 S

WITRARERTTRM (Juniperus saltuaria), #ER T EAHBIAMARG. (L5
FLES (R. principis var. vellereum) WRZALRY . AN PHRIAEMEE, FIARZDIZ
3% (Potentilla aiscolor) ¥k (Polygonum viviparum)« 555 (Pedicularis
spp.) MG H (Carex spp.) 554 Fo AEMRELL LMY, FIBOE LB 4R ALY
N RN, AT RS AR A RS RIS B AR ALY, B WA A

-

S M (Salix lindleyana) 570 (Cassiope fastigiata) ¥ (Diapensia spp.)
Sy PHBARZE DL F VA U LLAR Z AL RS A5 2 FLRS Ol
2.2.4.2 WRERATFIE

ASHIFFEH B3 AR e e —— S R A VA A2 LA W) S8 1) T B 0, g oy
AEEI 3550 KIEMFF]4400 K, HABKNKIAESERE (BE, 2005) o fEA
[FIREEAR S ) b, BB I AE S IR, 0 SRR R IR F e ci,
PRI, JCAETRAR p DX A1) V2, AR DR SR A b I e L A T RRObR i
W B S B> (AR, 2001) o #EK3800 K AiA i TUR KA AZ I il 73
ATVE ], R B 380K/ A BT, TR A BRI, FR AT A B
R, EYRAFEE (B/K, 007D o BORKALVA RS AR 1A o i b T R g
[ 11284k, VU £E4250-4400 K22 JA].

SRKEA ISR T hA I RITK (Zhang et al., 2010) . 455z
REAE LA B S Rk 2 e B R MR AE - BB VAR (0 T v, 45 S BRI T B ik
1113 28 S RER (¥ LA A7 BT, sk ORI (10 5 R R 2 3 BRI s HLIL 4l 57
07, R R =40 — a5 sl (BRIREE, 20100 o XfH#E{A3800m
(K] SR KA R T R IE A DF 9T B, YRR B 10 W1 I T
2, AR BRI, A DB AN R B, M AR N YA
11-12 7, —HBIE A6 IS5 A Bt IE R IE 2 sl -3 R i3 n, P4k
BRI B NIRRT R R 8%, I N M R R Tk F43%,
SERERRBRIZE (R P 1 R 2 R A (RS 225, 2008) o ARARH HH A5 A J= T8I R BT
TE AR B LR T b1 17 2 RIS I e A K, A AR K BIAAZ IR BT B B B A
IR CB R R, 2002) o XK (2004) %} 1 55 1 KALA K (Abies georgei)
IR R, A5 DR/ IRMR B 0 &0y v R A S AR Kl AT A

BB 1) AR e A oh—— 7 b = 43 A )1 78 Y P IR 5 X L B
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S WXL S T Tk

JEUEEAR L0 PR BHIR B B, o AN ISR 5 50 DRI R XS Rkt
DT BRI LGS MR AEIE TR W], LA R R S Al A% R A E SR, SRR
JEERT 5 B S ARG I SUBAERRRE b b TAROKEL L, 7E1SUS AT RENS 1T
o7y Ll AR ER DCIARF IR (K AR B 1, B IR T A A 2R AR, b tr A pAox
B IR RN FRARE O, XSl el SR Fr o AL T % BT,
SRR AL A GRPFIEAE, 2007; FEHOMAE, 20100 . T BRI £ Lo
i RS IR 7 SO BERS AR s 25 g A= ik, 5 DL UM B AR S8 421 (Zhang et
al., 2010) o HAE EENAMAERBAN T, EIEL QBRI ERE GRS TS
BRI L ) A 7 TT B4l i .

2. 3MRFAE

Blois etal. (2013) #&H, Y4/ AENS 0] B4R 4 5 AR A% ) b1t 22 AR A
I, PTRASR A LS TR AR IR E) (R 7 v S A AR S R G . (A7
P LI R 38 10 A B K AR ABUEAR R LA B AR Gl AH 22 2°C, B
i GEFR 3000 m, FRAHFFTHE S Z) 10 km) iC3% 1 1960-2008 4 8] Fe A 4E 43 Al B
W& AFA 2 1] 2.3°C il 5 22 7 M Bk e i 2% AR A #AH ALl (Liang et al., 2009; Kong
etal., 2012). ARFFTH, TATRH EFRILP]L B M2z, KA “
ARV (0] 7 (505, TF R AREAR Fh 4 1 (R0 B R S 06, B TR BRI 1 <
(BRIREE I AT R T S IR IE B R R b 41y 1 5 i (R ) o A bR
(RIFFE T A

(1) SBEHIHT: Gt E KR AR SR RIFFLEN H),  HR
AN I T R AR S 2 TR AR K TR R S R I 25 5, I BT LA

(2) A SGERDII: 8 A AR Z A A D R A R 1 B AL R A
R, I IRORE BE R ARV A2 1 e 1) AR AR AT 58 L0

(3) FEMESEHG: S I VA2 AT K 4 T TR 0T 35 % AL SI2 36 bR e S PR LA
A AR W RN G FE R AR SR, A AT A R AR AR TE 5 A KRR S 2
FEHBE R T IIOC R, LORCRN 10 ARFIE 5 4 8 Js 0 VA A2 PR B AR A TR AH R o 2
e B FE AU AR A 3 S
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S = MRS P KRR A LR

F=E M ETERTEFESHRERE

3.1 315§

B A BRI T, ACHRRE VKB INR, BT 5 e 26 B AR B A, b ]
BT &4 5t DX R o R A k2 R, B 9 BT RR K it o 48 5 1 X (1 52 24
Uity pe il AR G ) FE RN B A AR O R A A B I ES (Tang et al., 2013a, b).
KA T} SR TG R, EAKTARARIE S B R ALK, A7 58
[F)#%4 (Inouye, 2000; IPCC, 2007, You et al., 2008), 5L SAEAZ b (14
B AT T D ANIR], AR R S T AR S A S e A TR R
RS ] JE AN % L9 (Easterling et al., 2000; Jentsch et al., 2007; Charrier et al.,
2013) 0 AR AF I FEAR M Ky R N R A FR i IRl i, LR
JE S R AE AR SZ (1, DR M X AR A7) P 56 ) T2 02 K40 (R B W AR 1 o At R
I I A6 A A AR A F IR, B RHb AE 25 R G RRAR U 77,
M ES RGN 2 FhIh e~ 4 B & M (Grataniet al., 2000; Qi et al., 2002;
Cias et al., 2005; Niu et al., 2008; Hoglind et al., 2011; Saunders et al., 2014).

MBS RGO T I A7 B R SR I, Wi RS A (R R i 25
TN, DR Ay T A A 0 AT 3 R FEE T 4 IR A A= R AR AR 4 e 1) UK
Pk (Theurillat and Guisan, 2001) . 7 G130 ¥ 23 A WA A THETT S 0 (Wieser
and Tausz, 2007; Barry, 2008; Li et al., 2013). fEmfEdk X, T HE. LK.
TR T E R HINY, R F SRR A K R YA T RE L

( Sakai and Larcher, 1987; Taschler and Neuner, 2004; Wieser and Tausz, 2007;
Larcher et al., 2010). X A &£ m (LA (0 AR A7 ™ AR B 1R, DR R R0
A AN AT 0N (1R 2 =R AF (KL RE ) 5 99 (Inouye, 2008; Mayr et al., 2012;
Neuner and Hacker, 2012; Rixen et al., 2012). JHH A, MREEBI Rl L1076 14 2
FAT AR UK, NI T BOLAE AR AR B A LUAE TS (Smith et al., 2003;
Kullman, 2007; Harsch and Bader, 2011). 174} 20T P i MRERAT BRI 5 245 1 5
FEHLHIZ — (Harsch and Bader, 2011), P iy th AR 2R b [X (1) 4= K e v 5 AR
AT FRAT B A PR 2R (11 1 S Bl AT 43 B B0 3 S o R, R 3 AT IR RFALE
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AR T SR ALV A2 IR 1) ST 3 BRAL I S EL Ao AR A i 55 S

AL AR IR 145D A A G B 1 S AT Ge v o AT A e A 2
(Stephenson et al., 2008, 11 %7 =y LU AR & Hiby X G A 855 (1) 3 S Al 1 3 X443 =
(Barry, 2008; Korner, 2012), PE it H i 3 AT 0k v LR Ze b X0 A2 A Z= R 5 P ARF

AR AR S DR AR A TRGE 3 A7 B, 5 0 U AR W A5 A1 VR T SRR AR (R AR 4L

RELZ T

e T 105802 1 1 DX AR FE VN, 3 AT A BRIE SR B RO PR 2k (Miiehe et all,

2007; Opgenoorth et al., 2010). “TEMMEAE L7, H 1960 4 LUK A r Ui BE AL

AT G, R L PR FRTAR s 5 PS8 7 91 e SRR 2 b X B (28 (1 P 4 34 (Liang et

al., 2009; Liang and Eckstein, 2009; Kong et al., 2012). fEfaZ=4u1l, LARh 150

(K RKALA AL (Abies georgei var. smithii) T 73 AT e B3, 1My LR A2 25 1K)

JIKe (Juniperus saltuaria) 3B /3 ATLERN S, AEAF-28) R 22 3RO A R K

S AFACLIR PR T3 b B VR B0 3 20 A 5t W (Zhang et al., 2010; Liu and Luo,

2011). AR 2006-2012 4F 1 VYA FRE: B )Tl (ORI Kt , - il B2 R A8 43 A0

I FEVR T AR 2 TB) R A1 380l 2 ZE A0 BRSO I 3 1 (S2 A S3) 2y 0.7-1.2°C,

FEBA S UL e 25 (N2 RTN3) Ok 0.8-1.0°C PRI AR N A28 (S2 FIN2) £

LA AERE KB (850-940 mm) FIAEKZ P (6.5-6.6°C). FHIEARPIIH

AP B LU BB P 1 0.5°C, T BB AR IR AP 25 L EG B bk A1 i 2.0°C

XA G GRER 3000 m, FEASHFFUHE A02Y 10 km) Gd =k 1960-2008 4[]

() e R R v A Z IR R 22 5 (2.3°C) Bk W S (A8 #4421 (Liang et

al., 2009; Kong et al., 2012). Blois et al. (2013) T Ib3E R HB A 5T

(BAZAG T AW 2 AR (R R R, R B2 B AE N [8) b (R AR A0 5 7R 2 ) 1) 22 S AR AL

I, 2 T (AL T[] F 77 2 S (R T R 5 55T Ik ) () T AR 4 )

IR LA [a) AR I 8] 18 T 2RI 0 A0 AR AR BB PR 2 AT IR BRI, 4

Z5 1 LR 2 W 3% ANAN R FF 5 o 1L PR s X ) 2 K R R A B 0 T K

LR TG 1y HIX PSR PR A A 22 B A DF AR U AR 4 AT

AR SRR I AR A SR T — AN RAR I 920 =

AR B I IR R L PR A Y AN [ 1) R AR S ) AR KR R T I 4
vh ML S AR OSBRI 0GR, BRI R LR M X AR K TR R i e R AN

FRRL, e S AR A AR AR T i LU MR R A K R T A (R P RS
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3.2 MBFAE

3.2.1 EKEFHENX

TH S350 B H 12 R B R R s SR ZE 1 T 4 M 4 SR []
(Ko6rner and Paulsen, 2004; Walther and Linderholm, 2006). 7E =gk HiX, H+
TS R IR R AL, A 2 T W LA ) T e TR S LR
(Gehrig-Fasel et al., 2008), M]3 30t T FIHR R AL T4 F =24 (Liu and
Luo, 2011, X 4Bk bRk 3815 B 0 F 5T, Korner and Paulsen (2004)
H1 10 em 38R 3.2 °C AR & ARKTRTF ARG R 1 B . 2RI
J 2 35 B AR T H TR IA B 3-50C 5k H B R AR L #) 1-2°C (Li and
Liang, unpublished data), 4 Sem H-¥-¥) T3 BEIA $] 3.2°C i, H- PR
(3.5-7.1°C) Aetgik B AR KAEA I U2 TS I BIE . PRIk, fEARETH,
A IF sem H P2 38R E 3.2°C E A € UK AR RIEE R BIAH, (e AT
FUH ST IR R IR BE<10em)DFE Sem 1381 T8 B 31X A B 2 IR 46 42 K (Liu and
Luo, 2011). LGt I, Toie kN AESEIE @AM S, BIS AR KZETT iR
I TRI3S L B4 R 20-30 R (I 3-100 ST AR AESE,  BI3 AR K2R T 4 1) B[R]
A6 H 13 H-17 H, mBAGE R A 5 H 17 H-25 H: X FRobss, Bk
IR TR 5 0 19 H-25 H, BHso@E s A 4 17 H-20 Ho 4 T #
e AN R IR T SRR S S LR P I OCR, ARBE S 4-6 1
SESCHAKZERI, 9-10 H & UK
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PRI P I ALV AZ IR (14 B 52 FRAT LA S A A A i 7 i S

a Forested sites, N-slope

b Forested sites, S-slope

¢ Non-forested sites, N-slope

Daily mean soil temperature at -5 cm °C)

200611 2007111 2008MM1 20091111 2010M1M1 0 201111 2012111 201311

3-1 IR AL MBI T B AR Ze (a, b) AARE LA ERIREN S i (e, d) [H-5cm
HSPI8 IR (2006-2012 4F, KR53 b 104 AR K )
Figure 3-1 Daily mean soil temperature at -5cm at (a, b) and above (c, d) treelines across

north-facing and south-facing slopes during 2006-2012. (Grey block: growing-season).
3.2. 2 BFEEMHIERIGFIT

AT R A R R A A AR ) H B Il T+ 0°C AR S U AL o )
FHAE X IR 4 A A 355 2006-2012 E RN (1 m) Hdl, 435
GETE RN BH I AR 2 S AR UL b AR R 3 A B3 . s FERRR SN (], ARG

TR AR E SO E R L H AR (Tiin) /N 0°C [FR% o8
JE 58 SN A TR I AR B A il (ATwmin), FFEEIN TA) € SRR H I /N T
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0°C HYITH) NI o TWFFURFF SR A KN I Z T Ak, AT —
ot TAEKENSH BRI H SR (Ta) /DT 00C IR S te4k, A
TSR AR N A K TR R AR AR B, FRATTE 3B T AE P340 (3 mD)
HIERFRFEREMCR,

WHNA, TER T8 XUV 2 U o) AE SR B i 2R 4 (Jordan and
Smith, 1994). & THFFUAEK TR F ORISR, 43 0t B 45 R BH 45 bk 2 LA
I AEKTEN H AR S HEIREI  OXGE R AR YOR ZE 0+ 5%
HIKE) R RIAT M. WF/KVSIEZE (Vapor pressure deficit, VPD) B
HUAHRR TSR, S s TR I FE 45 -

3.2.3 BURDITBIAE

K — &R (GLMD HH XN 257 22081 (Two-way ANOVA)D, 73
AR ) CHIIBORIBH IO FIAESE CRRARIARAR ) B AR KRR AR IR AR 22 57
AHIEFU, FATT S A B0 I ) R AR 35 R AR LA R AR K R R R I K
W, PRLRE 2 AR R

A 22 0 [T RS v 1) g AH DG 23 AT R DP Ak XU | 15 ST s LR KV 22
-3 B K et H A AR 52 o A ZRME IHBERL (y = a +bx) SR HT
PR S R AR IR IR R

FITAT 1 4e vF o T I4E SPSS 19 for Windows (SPSS Inc., Chicago, USA) ik
17, T BEEKEHSE P<0.05.

3.3 &R

3.3.1 FREIK B R ERMERFFREEHHHE

XF 2006-2012 fFAEKZE N HEARSEIN G T o, TEIRTEMR N A= 5Ed 2 bRk
DA E (R AR, B IR AR K R T A (R 0% L i BE R R T TR 380 o 1B 4 (3R
3-1o WHIFKE, BT BN H B AR/ T 0°C R B BB A2 RN
% 8-9 K, MiBHHEARSM H AR TN T 0°C IR EL LI MRAM £ 33-34 K. M5
JERTE BRI TT AR P 1 AR R R 0] B A b T3 A A2 RN 1A 1.8°C, B
R A 1 AR K TR B AR L IR AR 1.4°C . FFEEISF[RISK G, BRI TS
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AR T SR ALV A2 IR 1) ST 3 BRAL I S EL Ao AR A i 55 S

SRR A B VR T <A o /N T 0°C IR TE) EG BT 3 v AZ AR A 22 2 /N, [
SOMRAME R 35 FA LN T 0°C (IR TR EE R3S AN 22 3.5 /N

AR AT L H SR AR T 00C B REAEAN [R] 35 ) A0 A= 35 1] A7 AE
RRZES (R 3-2) BN, FRFFF I KT muBH
PRAFTPS SRR DL E RSB b, A KRR (4-6 HD AR (9-10 A
WA MR HEHE NI N Z T Z 0 s, EERKERI], ASFRSR AT
S E) R T AR 22 3 2, e AT ], U AR B R A R A
BEN (R 3-3). WA (39%) A8 (32%) MEATZIEMAZ AR (17%)
BEMS AR I AR K R T A R 22 5 (3R 3-3),
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% 3-1 BB SR KAV AZ IR BH BT AR AR e (1 A2 K R 3 FA A
Table 3-1 Characteristics of the growing-season freezing events at and above treelines across
north-facing and south-facing slopes during 2006-2012. N.A.: the data were not available because

of power failure.

Freezing event Year Forested sites Non-forested sites
Characteristics N-slope S-slope N-slope S-slope
Frequency 2006 0 0 0 59
(Days with Tmin < 2007 N.A. N.A. N.A. 49
0°C, d) 2008 4 6 14 N.A.
2009 12 31 49 65
2010 1 18 31 63
2011 9 12 25 57
2012 0 8 16 44
Average 43+2.1 125+ 44 22.5+6.8 56.2+£3.3
Intensity 2006 0 0 0 -7.9
(Seasonal  ATwmin, 2007 N.A. N.A. N.A. -7.0
°C) 2008 -1.9 -2.7 -8.0 N.A.
2009 2.4 -5.4 -8.1 -8.0
2010 -1.5 -4.3 -1.9 -9.2
2011 2.4 2.4 -8.8 -8.2
2012 0 -4.2 7.1 -8.2
Average -1.4+0.4 -3.2+0.8 -6.7+14 -8.1+0.3
Duration 2006 0 0 0 10.0
(Daily time with T 2007 N.A. N.A. N.A. 9.91
<0°C, h) 2008 7.5 8.2 6.2 N.A.
2009 5.8 8.6 10.2 11.9
2010 5.0 5.1 7.7 11.5
2011 5.6 7.2 10.4 9.9
2012 0.0 6.6 7.6 8.9
Average 40+13 59+13 7.0+£1.5 104 £0.5
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K 3-2 P B KAV AL IR E N B I T BEAAAR R AR KR T HR B AR /N T 0°C TR R %k
Table 3-2 Monthly days with daily minimum air temperature <0°C over the growing season at and
above treelines across north-facing and south-facing slopes during 2006-2012. N.A.: the data

were not available because of power failure.

Apr. May. Jun. Jul. Aug. Sept. Oct.
Forested sites
N-slope 2006 0 0 0 0 0
2007 N.A. N.A. N.A. N.A. N.A.
2008 0 0 0 0 4
2009 0 0 0 4 8
2010 0 0 0 0 1
2011 0 0 0 0 9
2012 0 0 0 0 0
S-slope 2006 0 0 0 0 0 0
2007 N.A. N.A. N.A. N.A. N.A. N.A.
2008 0 0 0 0 0 6
2009 15 2 0 0 3 11
2010 3 9 0 0 0 0 6
2011 4 0 0 0 0 8
2012 2 0 0 0 0 6
Non-forested sites
N-slope 2006 0 0 0 0 0 0
2007 N.A. N.A. N.A. N.A N.A N.A.
2008 0 3 2 0 0 9
2009 16 2 0 1 4 25
2010 4 1 0 0 2 24
2011 3 0 0 1 0 21
2012 0 0 0 0 4 12
S-slope 2006 14 17 0 0 0 2 26
2007 19 11 0 0 0 3 16
2008 N.A.  N.A. 0 0 0 0 25
2009 20 17 2 0 0 4 22
2010 24 15 1 0 0 0 23
2011 14 18 0 0 0 0 25
2012 7 18 0 0 0 0 19
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% 3-3 Wi A S AT A OGS AR AT L LRI ) 0 1 T R A ) 5
Table 3-3 Summary of GLM-ANOVA for the effects of slope, habitat and the interaction on

characteristics of freezing events in early and late growing seasons of 2006-2012.

Variables df Days with Trmin < 0°C Seasonal ATmin Daily time with T < 0°C

SS F %SS  SS F %SS  SS F %SS

Early growing season (April-June)?®

Slope 1 1802.67 6833™" 3949 6892 32.20™ 3879 13573 25.72"" 3829
Habitat 1 1441.50 54.64™ 31.57 59.25 27.69™ 3335 107.64 20.40™ 30.37
SlopexHabitat 1 793.50  30.08™ 17.39 6.67 3.12 375 552 1.05 1.56
error 20 527.67 11.56 42.81 24.09 105.53 29.78
Late growing season (September—October)®

Slope 1 11267 249 4.88 847 2.09 324 4483  4.09 12.48
Habitat 1 1261.50 27.88"" 54.67 171.63 42.30™ 65.69 95.12 8.68™  26.48
SlopexHabitat 1  28.17 0.62 122 0.01 0.00 0.00 0.08 0.01 0.02
error 20 905.00 39.22 8l1.14 31.06 219.22 61.02

df degree of freedom, SS sum of squares, %SS % of variation explained by the main factors and
the interactions. ***P < 0.001

a) In early growing season, overall model for days with Tmin < 0°C, R? = 0.88, F = 51.01, P <
0.001; for seasonal ATmin, R?= 0.76, F = 21.00, P < 0.001; for daily time with T < 0°C, R?=0.72,
F=15.72, P <0.001. b) In late growing season, overall model for days with Tpmin < 0°C, R°= 0.61,
F=10.33, P <0.001; for seasonal ATmin, R>= 0.69, F = 14.80, P < 0.001; for daily time with T <
0°C, R’=0.39, F=4.26, P<0.05.

3.3.2 ERFHEFEMHSHMMERFHXER

BEXF 2006-2012 4 1] B3N BH ISR A DA 35 B B 34T o0 A, AP 1 Ui
HARKE R F PRI WA H B ERH KRR (R2=0.63-0.92, P <
0.01), APl e AR 8 R SR IR S e, SRS K LA I (1]
B, ARS8 IR 5 R T A AU 1) O 2R AR I 17 7 P TR PR PR P A 35
XGRS AR (B la—o). BRIM, TR N EBE R MAESE,
KRR IR T AT RE S 5P R TEC (B 1d-D . AR BT s, 71
PREG UL L IRARAMSE , AE K Zm P 1 IG5 52 B35 S R 2 = B 1 5% 1
CHMEFIARAREZE, B T ARSI (R 3-4), MR ahEIg, =%
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JERE/INEI N, H BAR R . Sem 388 /K 6 H B I 5 i b5 2
AR AN, AE A ZE Y] 1 o I Bl 498 25 7K ) A AR, e AR
L0 it = 85 AR B B AT T R BRAR A AN K (3R 3-4) 0 AEASHIESEHH IXEx H

BRAR AR AT & 1

K 3-4 MRELL B RGH FRS WAKYEZE . Sem T3S /K5 H AR AR i AH ¢
F2H K 2 MRSV B 2006-2012 SR A KRR AR NN 8 CEKREERIREAE: [
Won=174, B n=245; LRKFHLWFEAR: BB n=219, FHIn=234)

Table 3-4 Partial correlation coefficients of multiple linear regressions for relationships of daily
minimum air temperature to wind speed, net radiation, vapor pressure deficit and soil moisture (-5
cm) within a non-forested site above treeline. The hourly-recorded data in the growing seasons of
2006-2012 were obtain from two automatic weather stations, each placed above one of the
treelines (sample size in early growing season (April-June): N-slope, n =174; S-slope, n = 245; in

late growing season (September—October): N-slope, n = 219; S-slope, n = 234).

Independent variables Early growing season Late growing season
N-slope S-slope N-slope S-slope
wind speed 0.11NS 0.10N8 0.13" -0.15"
net radiation 0.33" 0.47" 0.14" 0.33"
vapor pressure deficit -0.02Ns -0.28™ -0.25™ -0.23™
soil moisture (-5 cm) -0.20™" 0.11N8 0.13" 038"

NS, no significance, “P < 0.05, **P < 0.001.
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Early growing season Late growing season
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Figure 3-2 Relationships between annual mean air-temperature (3 m aboveground) and the
characteristics of freezing events in the early (a-c) and late (d-f) growing seasons across years,

slopes and habitats.
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3.4 iFig
3.4.1 UM IMEKTLEEHERER

SRR X AT LY, v bR b DX 2 A e EL BERDN, T 3 B
K 1 B A0 A 1 TR 4 SR04 E 508 B 5% (Barry, 2008) . PRk, 7Emi AR &
4, AR I LRI I A AT et IS (1R F 0 (Mayr et al., 2012; Neuner
and Hacker, 2012). HI 4RSS K. FIR. AP m BEA i BE S B 22 7, A
2 LA E ARSI % T R 2 B kS JR) (Barry, 2008). fEAHESGTH, FHE
REEAERAYE (80-100 cm) FIPHIE (20-30 cm) Z [AfFAEMR K2 5. fEmlhiX,
BH 4838 7 L 9 35 F M 380 5 22 (R DT B 48 1 94 i A v HL 28 <OR0 H 498 58 1+
% (Barry, 2008; Liu and Luo, 2011). fEAHFFIH, ZAAERMNESE s, 3K
(RrrE s e 3B (1 3-3), DRI BRI AR = Rl Al I (8] . 2= 138 il I ] S A K
FIFUR I ISR I3 B T (B 3-1), AT 3 B0 K 70 R BH 3 AR I H I
FEE 2 (0 A KRR B (3R 1-3) 0 TS A3 bt R T 0 S5 A
DR S5 = AF H AR K B b H BT LR, R IR i G A (6t I = 2 5 1
T R AR AR S BT 56 (B 3-4) 0 HI TS5 ARE LA 23 AR AT e
A, A8 PRI bR A A 358 1) R 5 A /D T AR AN TR R A B8 (36 3-10 0 TERRER L L1
MRAMESE T, H R AR 1 ZE A8 b R B T m i s R R (R 34D
H T AR TR R AR I Rl AT L R s R (0 R AN, H e I B T3 K
IR, AT AR KR X 5 S ARG R (GR 3-4). Bk, VR
AL IS TR 07 18] 1448 e 35 W] LUR e e~ A i BRC A R
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Figure 3-3 Net radiation above treelines across north-facing and south-facing slopes during

2006-2012
3.4.2 RREBEERFHTSUMEKERFTRHPFEFTHMTLESD

Aty T FEE 1) A AT g SR A0 73 R 53 AT 1) 5% 10 LGP 34030 B 1 84k 5K (Katz
and Brown, 1992; Karl and Easterling, 1999; Inouye, 2008 ). #fi T, 784K f%4%
W& 25 A T Al A IR vl e 391 (Inouye, 2000; IPCC, 2007) . 7E 75 ik
5, 12 45 4F (1961-2005) HURR Sl B2 B B AR 00 %A il 5 20 R A 23 52 1) T T
T A 3N #A (You et al., 2008). #RTMT, H HITE R LIAREE SR DL FAE KR
{5 5 A Bl A AR I T H I ) L BEIE R AT AR 82 o 7E Swiiss Alps #R2E, 1975-2010
(K1 5 K s S 2R P T s R R 25 Gl IR DB 1, v 2 B ) o 5
HIBA W24k (Rixen et al., 2012), 3X 1] G55 12 DX R P SRR IR ¢ (A
R/ BN 25 22 0 2 0k 59 1 [ ST A 808 ) o T ARG P M 425 1l 1) 85 ) 2
S50l (Chilean Andes) 38, 7 1397 S 46 ) WU 29 T 300 A4 KR
PERIBE N (Sierra-Almeida and Cavieres, 20100 53 1| U = 114 2 R 4L Ji
SR SR B, HEAEIRYC A A2 4 B 1 AE KR TF AR AT, I S BUE KRR
W AR ARIREESE, 2009), (ML, 7o S s ke X, &
SRAUNGEAR R AR REAE A KRR AT, (R & B K TR RUIR 3 3E AR (5 3
e
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Figure 3-4 Air temperature and longwave radiation above treelines across north-facing and
south-facing slopes during a day with or without freezing event (N-slope: date with freezing
event-2010/5/24, date without freezing event-2010/5/20; S-slope: date with freezing

event-2009/4/26, date without freezing event-2009/4/25)

TARAE I Ta) b AR A 55 £E 23 (8] R 28 e AU, T <2 ) AU I ) 7 )
JIRACH O TIE E % 5 31 I 1) (O PO AR 27 380 /5 (Blois et al., 2013), fE{0 7
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Frili, PITHIRAE E K EAR L, AR DA_E (ARS8 RURAH 22 2.00C. X S
AR 250 1960-2008 4[] 54 AF- 43 A B e 4147 18] R EE 72 (2.3°C) FIARAEAN
RIK K i T LA o FEASWFFT A, FRATT R LA 50 0l 2 1) BH 3 2 K v o =
5 o B, AR A R S 1 B B P R LI T e B i R 3-2)
KIS S ois , ie LLPR et DX A= (K 2 LR T R IR A3 R R 3 v R S Bl
SRR I, AT SZ AR L LIRS 5 o

3.5 /g5

FEADC IR BB, AR TR T A AR L ol SN L I ) 24 1 B 3
AT AR B H AR T 00C BYREAEAN [R5 i) A0 A 35 18] A7 AEAR K
25t o ARERKTRI, AR A A B ) R T AR I = 5 W, AR K
WdY), HA A BOW R E SFE RRF IEAT R 3 AEBE R e T A AR
HREME MR o0 2 K IR SRR BRI 2257 . 2006-2012 SRS ESG
e B, SRS AR KT R A R T SRR i 2 i) 5 A2 35 AT K
A, BIBEAEP 2 B IR A e, A KA MR F A F MR s, )i
HOR RPN R SR M0, IR AEMR N AE B R MO S, AT 1 R 77
FFRF L S BRI R . ML LR, B KT H AR T 232 21
BRSNS P A5 o Sem 3355 7K 0T H eI L IR S i Bt o = 4 AN /] i A
[l o AHEITEA R 7R, ey AR DX A KT LI R T S A DR R i 2 n] g e i
ARG N, TSR L S A A 4l BT ) E
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SFPUE QR RALAZR 1 R A4 15 E S KRR O 1

ME SRKELEMTREMYEEENEBRI RIE

H

4.1 31§

FRMREE B M7 3B R AE AR A S S B B, R R 117 A= 5|
B AE B LA AETE o BT I B RIS P R AT 2 4 i e i A b i =
AN o 4B BOE R 2 B AR AR T sl Bl B B ™ I I 2 —,
AR RGN AR —FRIFET 2RI KT 90% (Cui and Smith, 1991; Germino
et al., 2002; Maher and Germino, 2006) . A& 4k 17, BERh &) R4 b 70 55T Bk
57 B R 55 I 1 19 BR 4 ( Cuevas, 2000; Holtmeier, 2003; Smith et al., 2003;
Maher and Germino, 2006; van Mantgem et al., 2006; Koshkina et al., 2008; Munier
etal., 2010). 7EmEHRIMX, WP &)y v 2 e 70 P25 10 iy L PREE 1, N e (9 25
o BRI AE KR 3R 45 (Korner, 2003; Wieser and Tausz, 2007) . 7E Tierra
del Fuego, Nothofagus pumilio 11 56 —4F- AT G FAEHFIK 450 m 2 18%, TMIAEM
R 690 m \h 1% (Cuevas, 2000

4B E S AR i) TR AN g LU AR AR JEE B 0 22 5 BL(Smith et al., 2003) .
SR, G AR I R B CRERIE 28— MR T3 2 I A AR ar b B s a1
(Germino and Smith, 1999; Maher and Germino, 2006; Bader et al., 2007), A iit,
I FE A S AT PREAR A AR SR ) — A E 2L R R (Smith et al., 2003).
PRERAEAATARAL R U RS Sy, OB T AR E W b 40y 1 PR A 37 A 5 AR 00
AR T AT Z , FEMREFT BB LT 2 5, T RS BUR R 1 f51IR ;
[RZ, QR RS L SR T AR A R A, AR N RE 8 ORIFRE I W RE ) 3
fifl (Smith et al., 2003). PG, 7MKL L4000 1) 5E o v il FA0mh B2 (1 A2 AL,
X BATT AR LA PRI L B R AR A A 1y i 2 1L AT 43 R R e

TEARMFFC, B Z=R L0 BB AR Bih—— 2 I A A2 1 Ll b 7 AT
ZOHH,  FLAI IR E R AR 0 7 B R g AR A I v o B, a2 200
IR AR I AR R AR R A A2 PR e 1) Tl B 5 384 0 v PR 267 18 A A 8 35 AL
(Liang et al., 2011), FRUIARL LA AR B R vl g2 B . S KA
A2 045 52 S8 T 1 Sk 1) ) T P 2R 8, Sl A — AN SE RN /e K 3600m
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FIMRE 4320m FREHIN, ZPAEIBRIR KN BORMFHCRE . MR R
R/ INFIT- WL AT BRI ) TH =T T B a3 (2R PRAE, 2010) . $fEHR 3800m
(K SRR AZFIBERD T FERFAE VTS 5T o, P BRI AE 10 A )
ST, B BRI, AT BRI A B, AR R YR 11—12
J, —HBPAER 6 AL B PR REA IR 2 s b e B i, b Hlw
Bk FF NIERYIHE R RS 8%, T RIE FIEIAR R R IL T 43%, B
RER R (Rl R 2 28I (BRESE2 45, 2008) o 7RI 3500m-3700m )5 46
PRI, 38 BRI AR B0 B ARV AZ 4 B RN B R A0 B AE KA A E S i ik
VER (B KIR%E, 2002) o Zhangetal. (20100 7EARE: IR (KA [F RO 2o
KAEAENM (FEF<50 cm) FIZIH (50 em<tkim<2 m) BIRE T A R, 4)
R BE R RO B DTN, M AL B b LAk X B e . AR, i A
IR S 5 LAV IR . 27 BITIR, BARH T O S Skt
VA2 BRI SERFE S ) 1 3 ATRFAE BT F, A JATD0S (2R LR Z AR bR S8 (R B
R4 T 2 R, BRI R 0 PR i X 2 AL A AZ IR R 3% ) S ke
FHIE BN (<5 45) M8 B, RIS AR IR o R IEBE T IR N IR T 2
STV

2011 £E-2013 4%, FATEOTHL LSRR AZRERS AN R R 4T
WEEHHATI A, JRUTIG OB B BB EAE T, BSR4 A A KA DL
BEAh, FRATEAE 2012 4F (BhF4F) SRR 1, W5E TEARHIE ST K RE 155
ARG H R 8 AR i Aty b BRI R bR A R I e R I AT A7
W AR TR S, B SOX SRR AN R R ZE S, ANfT R T e
B AR e 4 1 o Jo PR SRR NSRRI S BE DRT 7, 3B A7 B T FAT Tk — B S R R 1
SRR 4TS AR5 .

4.2 TR E

\\Y

4.2.1 BRI ESRKELSFIKRE R FHEERNE

\{

BRIREE (20100 ATl SR KA IR G SR PR R AL, )Rl
45 S5 A7 A T o e ST R 2R, ORARARTE Y 3 4700 1 NS 4, 2003 4F
H12006 FAFHTFHAE, MARGHLESE, HEFEE K AT SR KER S
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SFPUE QR RALAZR 1 R A4 15 E S KRR O 1

WG BRI, 76 2012 SRR, Ik, b TR S Kt
AR KA TR, RIS IR R M 22 . 2012 FFRKR, BATTFE (5
PR 4320 m (FRZ) 13800 m (FpAiithly) 20l & SR KA R 10 45 5
HIFRAESLERAL, W RLBR SR AR AE, JE i = Py S B A (0 i 2 S 5 s e
R A RE

2012 4F 10 A, e 4320 m A1 3800 m -4 3 4™ 50 m*50 m FIFE LG}
BRKAB M A IR PAT A . 2R TIRRTIF AR 45 S~ &k
9.8 m fify, MitEHh 20.5 em Aok (BFRPRAE, 201000 PRI IRATI AR HEb
TRV AZ I BTG TR i, BRI B W 50 ) 4 SEAF I TR AR R (45 S BER)
FERGESE o G AR RS P 2 SET AR B R M 45 S RER IR SR B

2012 4F 10 HJE, FEPI/MHER AT A RE L b & 6% T 5 MRESSEREW Cfgdk
4320m: B 12-15 m, 4 40-50 cm; #E4K 3800m: & 10-14m, 42 35-50cm),
FIBR TR B B R AR BRI . RN BRCR AR 20 DNBRAL,  HTEbR - RO S BR AR 1K
JERNGE L o R BRI BT AL T8 X SRR, AR FARTFRS , BB BRIR I
P FORR % 5 TF, Gevh R BRI 0 H A SRR Ul 26 o KRR AN R I i b
RES)G, BENLSHC S0 R AR RO SRl 1o CREEL 58 FERERED
MEEANHEAR (A Al 1 TP BE AL 100 Rk 1 41, JEHCS 40, Bph 5 AES, Wi
EORCE, JfHIHER A TR . WSS )S, — R YRR e T A
BEATHA RS2 B0 Aral Il seie %, Zp e A R Al 40C (IIRERD 4%
N ORAF

VA2 JE b0 HS Ab AN IR P 1) AR BRI IRCIR S 75 B P Rp ik ) TR 14 R
iR R RHIR o TG UL 2 AR AL B B B84 o v AZ S T ) R B JEE AN J e ) (Jonmess et all,
1991; Rawat et al., 2008, 4 T IR 2B E DO A [RlEA I SR KA AZ P 1
WA BE IR, SR E PR Rl 73T R BUL B (4oC, — M) JFAEE
WA (24°C i) NRHTHIR SR . ARG PR AT 4 ML BE (2 Mgk
MR AEA RO, B ERE S AN ES, BANES S0 R, 201241 A
FHURRN T RS, BRI SR R b1 IR B0

AR IR TR 3 S AR 7 B 2w R e W A 7 A S
Lictal. (2008) AILTE HARIREE FRIFIHI AR /N TR F R AN 02—
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T T AR R R R ER BB W R BRI g, 7R 2012 4F 11 HAITERER
4320 m 1 3800 m HEAT TP (10X B 525G, HILKE SR 1K 4320m (R 143 5l 4 ol
FEHER 4320 m A1 3800 m, K H K 3800 m (P8 20 T4 Fh 210X B AN K o
FERR MR I SR KA AR B E 10 A4S 50 ecm*50 em (FEST CREANEIR AR
H5SAD, BFETIR ARG S KIEIRG . BT RN S0 KR, TR
BRI E DL 4y HAR NI 1-o 2013 4F 6 F1-8 J1, ¢ B LINIAE 7 iy
PP RGO, 7F 8 ARSI ANFE D il & (R 1 B B BEANFE T R (i
IR R 7 R A 3R R R 7 S e

4.2.2 BFRUIMNE SR KEREMTEBERAE

RAZIBIP T O AT, EESEXALSR . O TSR KA A2 1 I A
BEST, AWTICER HANGET I A ERRIEAT A . AL 4320 m TT4G, & 10
1] 1] REL, R SRR T I TRIE 0 5 mo AERESEAEEZE ERL 2 m
[V REG 11 LA T I A L 2R A gl B 1k

4.2.3 BFERIIMNEIARBRARKEREYBEERAE

AT AR I s AN AT AR S A KB AZ I 4 % B, 2010 4 7-8 HAER
WS IR BAEE (4210 my 4260 m A1 4320 m) BEAT T4 A . A 32 B4 )
SN SR KA  ERNEIR S CE 1 SFELR, %4 AR 2m
BE A 1m? RETT, BEANERIEE 30 MEETT . D SEREANREDT A 4 T KR
Lo BJ75E RO O R SR ED .

4.2.4 BEHNIIMELRRBRIARKE LY EFEME R EN

AT WS TERL L ARER SIS 4 IR A0 AR K B A B A I AR T
HAEAG, AE 2011 4 6 BB ELE (4210 m. 4260 m F1 4320 m) BEE [ E
BEJTREAT I . ARSI RBENLBEE 10 4 1 m? (SRR 7, SR 10 2/ [l
5K WAL TARC IR S . 20112013 4E, FEER 6 HPIR 9 H Y1
BEFR LT AR MEAERKIEH A 8 AIRS R, I 8 AR
AR (B 4-1, 85 SERK R SRR A KBRS B Ao 47
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Figure 4-1 Annual top-shoot growth for fir seedling in the Sergyemla Mountains
4.2.5 WS ITE

18 ST AEAS ) T RS0 K BT AN R AL I S s e . BRAVRRAE CR/h,
P SRR %) KR FRAE CR/ANRITRIEE) 2 (A& A7 AE 2 5

T — MR (GLMD TR ZE 5 22 73 Mt (Two-way ANOVA)D K73
A AN [ A A6 s AR A L0 o A PR SR AN [ A AR 57 A e peoxe ol T A 1) 56
Wi, LA AN R HEHRRI 6 217 0T 4 2 P PR

8 — M e MERE Y (GLMD (#2075 % 43 BT (Repeated measures
ANOVA) K731 2011-2013 FEAN G IR ) B R AF IS R A Z2 50 o R SRAE D 4 1)
K, AR RVE AR F . BRIERE AR (P<0.01) A2 BN F R
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B, 72K H BEpsilon REGHEATRIE . AWFFTSE 5 K ] Huynh-Feldt R 20/ 1F
VT

A4 PR 25007 25230 (One-way ANOVAD KM AS 5] HHR FRIVA K2 41 1 14 24
ARG AL ST

FITAT 1 8e vF o T I4E SPSS 19 for Windows (SPSS Inc., Chicago, USA) ik
17, I BEEKEHSE P<0.05.

4.3 &R
4.3.1 BFHRILIMNELRRKES TR RT3

LR KBRS G SR AR 4320 m (53.27% +2.10%) Flig$k 3800 m
(53.20%+9.75%) %A BFHZEF. HHEH 3800 m UERAL /N, AR H P&
MO 2 L PP 10 /N e TR I8 JE 35 K Tk 4320 m (I EKIR (3 4-1, 4-2),

R 4-1 11335 3800 m AEHA 4320 m (K AZ I ERRURFAE () — 81 Hp AN [N P BER R AN RSk
PALIEERTE S L))
Table 4-1 Cone size, Seed quantity and percentage of full-developed seeds per cone of fir at 3800

m and 4320 m (mean *+ SE, n=20). Different letters of low case within a column indicate the

significant difference between two cone sources at P<0.05.

Source Cone length Cone width Seed quantity Percentage of full-developed

(mm) (mm) per cone seeds per cone (%)

3800 m 62.82+3.21°2 35.46+0.88 2 432.10+17.172 76.16+2.362
4320 m 54.56+2.10° 32.82+0.87° 350.70+24.90° 68.24+1.46"
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BT SRKAEARAZ I 7 SR A e J& ik o et

AR 4-2 i 3800 m AR 4320 m (VA2 R 5 K/ (=500 S TFREE (n=500) ([7]—F1H
ANRVINE FRER IR AN R Z A AE B35 2557

Table 4-2 Seed size (n=50) and seed mass (n=500) of fir at 3800 m and 4320 m (mean =+ SE).
Different letters of low case within a column indicate the significant difference between two cone

sources P<0.05.

Source Seed length Seed width Seed thickness 1000-seed
(mm) (mm) (mm) mass (g)

3800 m 8.59+0.08 2 2.94+0.05° 1.76£0.03 2 9.65+0.55%

4320 m 6.57+0.08 ° 2.4840.04° 1.5740.03° 7.08+0.13°

MR ZRTT 22T A R W, AN RN B b5 W R A A4 W 22 5+
11T JERAEHX B PR R A W (R 4-3), LIt EAE 2R, KA
WKk 3800 m PRI F AR R LK H 4320 m 1) 2 £ (] 4-2, 4Kk 3800 m:
41.6%-46.4%, WK 4320 m: 18.8%-19.6%). NI RIIFENRE, ERAH FET
Toft= T3 RIS 1) AR5 B8] 4 v W I ) (R0 32 7 (T 4-2) 0 X T K 3800 m (147
T SIS NCIEERR I Rh 5 FE AR AR Ik B R i A e W TR I ) 2 L ey 225 JE AR
ALFRE B 3-4 Ty T T3 AHER 4320 m (RN T, R E AR IR 5 TT 46 1
RN BP0 A e W (1 ) 2 Lo e e i IR RRAR B . 2-3 K
% 43 FUTRUE. SRR KA AR D VSR T R 1 S

Table 4-3 Summary of GLM-ANOVA for the effects of seed source, stratification and the

interaction on germination rate of fir.

Variables df SS F %SS
Source 1 3075.20 74.28" 80.99
Stratification 1 39.20 0.95 1.03
SourcexStratification 1 20.00 0.48 0.53
Error 16 662.40 17.45

df degree of freedom, SS sum of squares, %SS % of variation explained by the main factors and

the interactions. Overall model R2 = 0.83, F=25.24, P < 0.001. P < 0.001.
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—a— Stratified seeds from 3800m
—B— Stratified seeds from 4320m
—A— Unstratified seeds from 3800m
50 4 —O— Unstratified seeds from 4320m

60 -

-
-
L
L
T

40

30 A

20 ~

Germination (%)

10 A

1 2 3 45 6 7 8 9 101112 13141516 17 18 19 20 21 22 23 24 25
Days
K 4-2 AR SR BAE B 2R T e A shas CPEE EhpiER, FEAE=5)
Figure 4-2 Dynamics of seed germination of fir from different seed source and stratification (mean

+SE, n = 5).

BRKARIZM TAERF SN R IR it N 15 A 4 R IR R % (R
4-4) . K [ 3800 m [RIRRFAEIEIR 3800 m (I K R L) k= Nl R R I DY 43 2
—, FEHHR 4320 m WU AR A S NIRRT BZ—: 1K HER 4320 m 1)
FiFAEIRFAR 3800 m AR 4320 m WA KB/ T2 N R FM) 52— A
Tl S A 2 ) BRI T I R I AAE R E R (R 4-5), K]
NGRS S NGNS LY -a R RO A L R L PNV & S SP &S RTE A 02 TP
B 44 IR R R H SRR KA R T IO R R CPI9ME EhRAER, FEARE=5)

Table 4-4 Seed germination rate of fir from different seed source at different elevation (mean & SE,

n=>5).

3800 m 4320 m
Seeds from 3800m 10.40+2.78 6.40+2.13
Seeds from 4320m 7.60+3.25 7.601+4.66
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A5 TR AR R AT AR R SOASEL A A Bl A 1) 52 i)
Table 4-3 Summary of GLM-ANOVA for the effects of seed source, elevation and the interaction

on seed germination of Abies georgei var. smithii.

Variables df SS F %SS
Source 1 3.20 0.06 0.34
Elevation 1 20.00 0.36 2.14
SourcexElevation 1 20.00 0.36 2.14
Error 16 892.80 95.38

df degree of freedom, SS sum of squares, %SS % of variation explained by the main factors and

the interactions. Overall model R?2=0.05, F=0.26, P> 0.05.
4.3.2 BFRIUME R RKELR M FRIEHERES

TEARFFTHUIX , X B AREE L B A2 4 A A 2R 2 o, AR KA R
FEMN R BN (3-5 yr.) AT LA A 2R 4360 K (MRZE DL I 40 K Ac ) (&
4-3), RWIFDFHALREASE IR DL 4 i o e i BRI R o
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> 27 e . ° .
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Figure 4-3 Fir seedling distribution above treeline in the Sergyemla Mountains.
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4.3.3 BFRIINREARKEL LB EENGIRS RHHE

XTI IAEG, VA2 I % T AT BEHEA T i i PR AR AR H s Tnf T AR 34
155, 4 R R I B E A (] 4-4) . XA FE 5 20T 45 R o,
W HRON AR E A2 4 1 85 JFEE FR S AN K, AN TR] IR DGR SR 2 v A 025 1) 5%
e, PR R 400 1 2% B S 3 K AR, LRl 2 S A Bl B a4 (R
4-6, & 4-4).

7 Oforest Ogap
Aa

S -

Ab

(e)} ~N (0]
1

Seedling density (individual m-2)
o

4210 m 4260 m 4320 m

4-4 (FRNL A IR SOCH BT R 2 g R L CPIYME S hrER, ARIKE 7
RN A R 225 3 P<0.05, ARVNGFRERIRARDEIA S Z 7 B3 P <0.05)

Figure 4-4 Fir seedling density of under different light condition along an elevation gradient at
treeline ecotone in the Sergyemla Mountains (mean = SE, Different letters of upper case indicate
the significant difference between elevations P<0.05. Different letters of low case indicate the

significant difference between light conditions P<0.05.)
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Table 4-3 Summary of GLM-ANOVA for the effects of elevation, light condition and the

interaction on fir seedling density.

Variables df SS F %SS
Elevation 2 12.99 0.31 0.69
Light 1 87.77 417" 4.64
ElevationxLight 2 20.12 0.48 1.06
Error 84 1768.83 93.60

df degree of freedom, SS sum of squares, %SS % of variation explained by the main factors and
the interactions. Overall model R?2 = 0.08, F = 1.40, P> 0.05.
*P<0.05

4.3. 4 BFRAIIMEIRKERENBEGFENERNBIRS RHEHE

H L& VA T I G IR s, AN )R IR 4 B AT 28 2 TAAAE B35 1 22 5

(P=0.012), XFEEANINTa) Rl AN AR A BAA S R KPP LE ORI, M 2011 4
6 JITUGR, vk BBl i A7s 2 5K TR 4T3 55 A Bl N ] g e )
B (P=0.0000, HANFHRKBILN AL TR BEN )R R ARG ANF (P =
0.04) (K 4-7) EX=AERIMIMIBI B, AhEpeT: FERAAE 9 H-Ik4E 5 20,
IMAEAERE=WIE (6-8 F) Mx 4D (& 4-5),
2 4-7 WG TR R L AR G KL 4 T A7 1 R
Table 4-7 Summary of GLM-Repeated measures ANOVA for the effects of elevation on the
survival of fir seedling during 2011-2013. df degree of freedom, SS sum of squares.

df SS F P
Between-subject factors Source of variation
Elevation 2 16843.66  5.26 0.01
Error (elevation) 27 43260.82
Within-subject factors Source of variation
Time 1.84 33640.61  52.70 0.00
Elevation*Time 3.67 3401.03 2.66 0.04
Error (time) 49.55 17236.00
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Figure 4-5 Seedling survival of fir at different elevation in the alpine treeline ecotone during

2011-2013 (mean + SE).
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Figure 4-6 Annual top-shoot growth, annual new leaf length and annual leaf number of fir
seedling at different elevation in the alpine treeline ecotone in 2011-2013 (mean + SE, different

letters mean significantly different at P < 0.05)
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SFPUE QR RALAZR 1 R A4 15 E S KRR O 1

FLN R T 2200 s, AR SO KRG ZERK . K
K A B AR B 25 5 (P < 0.05), (RHEERAE ISR K B3R
b w8 4-60. HAEARWTZEUM M 3 SE, AN HFEL KA
AR AR 22 e 2 .

4.4 ig

vy LIRS A% PR W 7 5 6 S B e £ s Dy BT 3 DIAR G, TR Pk 2 i
U AT ARV ST (R BIE 9 AR A S TP K — AN EE B 4> (Smith et al., 2003, 2009;
Harsch and Bader, 2011). 75 ILARZEH X, BRAKSE BT /2 AN FBEF Be Cnfp -1
(RITE R HBUAT R 2 LA S S B R AA s A AR AE ) #8T e 52 21 R A

FE— SRR, BRIAN % 1 (seed viability) S %1 5E J ) BRIl R 7
(Cuevas, 2000; Sirois, 20000« % 45 FE LL TR AR 2 T it HUMERE AR 2L 1) o1 Wi
PP RIS R, Bl i T R ) # B VR (0 T i B, 7 B AR LA
R i R S TR I SRR AT R, DRI S il 2 P i X v LR R
MR BT 1 - BRI R 2% (Sveinbjornsson et al., 1996; Cuevas, 2000) . 4R 1
Cierjacks et al. (2008) YFEIFHALE IV RN, Polylepis incana WIFh Tl %
A %2 FHFR LM . Molau and Larsson (20000 Al Larsson (2005) A3, HEm
¥y h—F AT LA BIARZE LA T 300 m ({07 &, s X K77 e 1S s e
RO SRR IR 70 0358 WAL R TP I ARZ A R, FEOFAN 2 S it 1 PR
T ¥- (Batllori and Gutiérrez, 2008). {EAMIILH, MREHLX TIAATIAAZ IR
DT L& N NN I A ki 1 N LR SN & U B VAT S Y R N (Y5578
(R 4-1. 4-2), HEFAMAR S HRIN, AN RREEHR K T 2E AN [R1HE 4R M R 1)
RABBIAMAE R EZE T (R 4-5) . BRGNS HIE A RIS OM 45 Bk iR
BT e s AN AL AR 7, (AU A R I 2K AL A2 1 /N4y i ] LA A 21K
2L b 40 KAy, RUPAIZM TR IEA R ARG LL_E 4l 58 s i BRI DS 7
PRI, P PR3 O RTCAT 7T e T AN 2 (R 1L B AR A A2 PR e ARbK 50 7 52 31 B
IR BRI ZR . SR, A PR B AL 4 SR I T AR e KRR,
ISR G, MRA % SRR SL R 2 /0. Bk, AR 2
LSRN S REAR L3 S Wt AN [RIER R 17 K 22 5, 764 J5 IF S0 A Y

49



;

AR T SR ALV A2 IR 1) ST 3 BRAL I S EL Ao AR A i 55 S

TS AR LR b8 A AR KA AL 7 SR R E I

%t Fennoscandia fll Catalan Pyrenees ARZZIMHFFTRIL, HFhBREIAHLE, 4)
T RNGB (50 TPk 2k Hb X [ 4 1 72 J 5% 1 5 K (Mloen et al., 2008; Batllori et al.,
2009). MTEARTTHT, FREIT P b 4B 10 A7 T 6 B 4 10 - v i Sl 2 eI (&
4-4), KU HFET O] RE 2 BRI =R 1 B A KA A A2 AR AR AR T 3 1 T 22 i
DAl TEAR S X, BEAI A P D R IR PR3 IR 7 T o R B4 AR T e 4
FUARZE K PR AN B AR B9/ (Cui and Smith, 1991; Miller et al., 1998), JX4EIR
SR A HE RGP T REAANE H OGRS (Smith, 1985;
Smith and Knapp, 1990; Cui and Smith, 1991 ). %/ 1 3l ¥ 25488 K JT e () M S 20 T2
e, DRLA T R b 1) 0 D) A B A L5 — RO R WK, T 33 T A1
[EEIR Y605 ( Germino and Smith, 2000 ). Johnson et al.(2004) %} Rocky Mountain
PRE SRS LA 2y 86 5 A RO BIF I R I, A ISP S R A T it 82 2 B i) Abies
lasiocarpa Fl Picea engelmannii %) 1 64 BRI 2 AE /LY 1. Bader et all.
(2007) %} Ecuador JLpRE: M ARZE LL_EAE RIAN T AR ST R B, 50 Z A B 4 )
XTSI A S P SR FH BT M) BB Il o ASHIF S, Mg 3RO AR A7 (11 4))
HBE BE AT S, BN RDGIREGE T 2 8 B AP AT B 22 5, MR R A
JERFERTHT (46, B 4-4). XATHER I TR T ICIEREERAL, #E L2
g R AT K SRV AZSE N T B o, ARZ LA L o b 1) ' B i w] B AN T
AR K . BhAh, PREELL 1A KRR s 0 O R AR B 5 AR A
HBREET K (R 3-1) B, MREDL 82 1 AR KR 2 AR s ) o B mT R
PR SR KB A AL A e R I E BN

4.5 NG

SRKAEA NG IR AR 4320 m (BRZE) AT 3800 m (A3Airfcy) A
BHEZES, MK 3800 m FIERAAIFD 7O/ AL AR R R
TORL AR B K TR 4320 m FERAAM 7 A6 S50 = 46010, SR K 3800
m AR R R K TR AR 4320 m (R TR R, 12 BB R B
AR AT AN G2, I BT M AR I 0] A5 F W A v WA I T RS2 i
BRKARIZI TAEEF AN R TR I /D T A5 NI, HAE
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BT SRKAEARAZ I 7 SR A e J& ik o et

Toft 5 S F P L 1 ) 2R ATV AL 1 IR T A R I AN AE S 5 2257 o R AT o A L
BR AT B AL, AR A R LLEEAR (/N i vl Ay Al 2R 4360 2K (ARZRLL L
40 KIEATD o IHRONMRER R AZ A BT BRI AR, AN R G A
Xy AT B, MR R4 v B R KRN, L 22 5 A R SR
e MG BRI THS, SR KA AZ A HT A R A 4 R KR
BEFE. LUERTEAIRERN], SR BONERRAT LSBT i AE s AR
A R BEAE PR SR ATV AL MR E i P i 4l 1 S (R OCBERN B BRAGIR AT, DLIAS
P LM AR E Ll SRV AZ 4 B 58 i ) B A I
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#

TLE RO AR B R SO R S S U AR A i 3 55 X

FRE [RKELEMATRHE R AE T R SR NG [
BX

5.1 31§

e X AR RGALG, mdi Rk AR A R G e s, o
YL FEE T (Wi St B B AU ( Chapin et al., 2005; La Sorte and Jetz, 2010) . £
Chilean Andes H i R385 i S50 OO 2, 3903 80T S 4R 0 AR K2R VR 5 A
[ A0 2 R A RE 20 I, O A I 4R AR K TR R E AR 0 R e R K
(Sierra-Almeida and Cavieres, 2010, G 5y LK 2 i XA ) AF K ) 32 22 BRI
K7~ (Korner and Paulsen, 2004). 5T, B BEAE A KIS, (Edtidy)
AR, AR T RS A ™ 7 134 1 (Havstrdm et al., 1993; Wookey
et al., 1993; Chapin and Shaver, 1996; Suzuki and Kudo, 1997). #Rifj, 4t rI &
SRR E R FE RS0 (Augspurger, 2013). HBE AR R EH S
BT RS @A IS [a] DA A T GG A K I I TR S T (Inouye, 2008), M 1T T EAEY)
0 20 AT d e 59 1) N A Bk R AR AN A VR 2 (Gu et al., 2008;
Augspurger, 2011; Huftens et al., 2012). 2007 4E3 [H 4 M ETFTHE B, £
MEAZBE S A 7 2R P 1A R sl et Bl M 2B 25 R BRI A5 M R D e A B T T2 1K)
WP (Gu et al., 2008« I H NNy, T A& A A 2= BT A A i 5 o AUk
(Sierra-Almeida and Cavieres, 2012). 4[] JRUH ) B AT A4 25 70 H 3R BT 58
R, FEUEKAME KAUEL) M IEEE 2 %R F H1F (Jordan and Smith, 1994).
BBAE, RN By NG IR e 2 % Je i i () 5L - AR oA, DR B e R AR
Z= FLIGUEL R A REPE B8 5 (Augspurger and Bartlett, 2003). 4R, T #= 4
S AN [ ML DX S AN TR ) A bR e B Mk 2 BA 1 IR 4% 5256 (Sveinbjdrnsson, 2000,
T FRA TR A 1 5 3010 2 K 2 L B0 R 5 S ot R e W o 0 T A0 0 2 K
A FE ARG 4 (Kullman, 2007; Barbeito et al., 2012).

TEPRAR i B = hnle, DURh 7 S5 ) BV A2 0 0 A e B3, i LA A
BB T BRI H 3 ATTE B X AN A AR AP 1) 00 28 S AR K T A e /K A
AR P9 T3 T R PRI 3 40 A1 4% S (Zhang et all., 2010; Liu and Luo, 2011 ).
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AR T SR ALV A2 IR 1) ST 3 BRAL I S EL Ao AR A i 55 S

AUFHE R, 1k 25 200 A7 (AR AZ DR AL 7412 MRk 10l 2% J5 384 I 1T PR e Fr) 47 2 9
B WA (Liang et al,, 2011), 5ABRIT PR I BAT BEAE S AR B 1T
AiE—2 (Harsch et al., 2009). Fitt, & H RS ARZ DL ERIghE e s B A+
Iy HHE )R X (Smith et al., 2003; Harsch and Bader, 2011; Wang et al., 2012), 4
ZERL L X TR ALV AL IR RN 7 AR AR SRR (0T 3 23 A 46 )= S T 9 AR
DX PR AR A R T SRR ALE A NS 2l 1 s R S AR A T AN RAR I S5 =, AT
AR T B4 BRI I RV AR B A A B B U AR I 1T T

FEATEFTH, FA MR BB 1) RIS, DURh 1S58 IR e )y
X A HL I A R T A SN BURORTIE 55 « ARHfE 2006-2012 FEAREL H 3 T a1
MR, R IS4 R0 BH 3 1 4 e /K s 22 S AN K, ARG LB AP 38 AT 2
2.0°C, X5 BT AR 2 S 500 1960-2008 4 18] f5 V4447 Al Ee B AF- 43 ] () 9L 7 22
(2.3°C) FARACA K B /K B ARL o 24 e IS ) L AR A0 5 7R 25 1)L 11
Ze e AHAANY, R s (AR IS B) 7 B 7 kAR PR T 8 5 1 Ik 8] 0 J00 1R
LFHW4 (Blois et al., 20130 PRI, AR B 3R BH 4 2 8] PR AR 458 222 S ok
BEAUASR LRI AR 41, SR LA PRI (R 0 U i, (B =R Lk
4200m-4400m X VA2 7 BRI K G HTREAT T 5 AR IR SRS S, JFAE
AL K DA BT S Bl 1 e B N R A S 0 . SRATIO H I (1)
SERRAN I MPET R A AE KRR SR KRR ERAA O, () AMAELL L
[ 72 RS PRS2 AT 2 15 PR TV AZ o7 R B /N4 B8 AR KR

5.2 HRIFNA %

5.2.1 RRKEREMARKMKRLE (20-50 cm) HYXIXFHIELIE

SET RN, 5 LA AR BRI T B g AR L, DLRR T S I SR KA
240y 1 0 g SRR E R R RO R (AN S om RHEIRFE HRIE /DT 1°0)
(IR AR (Liu and Luo, 2011, 4 WA RlbR 2 JauRr 10T 343 A b S 4 it 17—
fERE o T RISl P TR AR R AR AR B L BRI TR 11 22 Seoh] B A AR B
BREAA T RIET AR B . ik, BAiTAE (=R L B A B3 I e T
BRI TN T B KA B 16 S S

2008 4 6 A4, {EPNTHIM FEBARZE R 41804200 m) EF A K R 4T
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S ILE DAL AL B B (100 S5 R S 6 2 Ao AR A i[9 5 S

ARZRTEAIIANET (RPE 20-50 cm), & [H] 20em i3OI H . B4
PIFhRAE 60 KRS T, BENLI 4 41. K REAYIRN 4 14076 53 5 B Ae 2 5 A 3
THT IR L AR DL L1 4 AN A o 3K 4 MRS SREE T e pn LAk 2 o
P T P A BT AR B (BRPY: N2 R S25 MRAb: N3 ORI S3), A2
[ = B S e T I B PR 2 S, AN [ A 5 2 ) = B R OGRS 1 72 e o ZE AN ST
Mo, AT SR RAE A B Gsb E EL (E RS B2 A% 10-15m Z240),
AR A ARG 1 oK. TR 0T, XTI R B R AT
. BRIOA LIRS 037 cm, “FEIEE N 22.1 emo BAH 17 H;
MBI 54T 0.53 em, PRI 28.4 om. B I WS R 4% %0 AR MR A
ERB R AZ B R GRS —FK—%, Ewers and Schmid, 1981), HAF#E
FIh 10~15 480 T BB AR A AEE T AN, R ARHIE SR e HAF 6« A
2008-2012 4F, BFAF I A TR A s A ) 1 ) A8 T A IR i AR KR (em
yr e RHESETIR (%) 2 ERT IS B gh i BB . 1S3 (%)
SEATIE B S A T R . B 4E (2008 4F) (AR KR AR
RILB T

5.2 2 MET BT SRKEREZMMTHAIVNIE (<10 cm) HIELW

Foft 10 A B AT i /IS 400 T TR A R SRR P 2 )y 1 i 170 R ol DT 358 B bk
HAWE 4 EE (Harsch and Bader, 2011). fEAWFFTHLX, XFFIARL DL 174
RG) AT IIRER R A o, AR KAE i LE AR (/N gl il B A4 B4R 4360
K CHRZ DL F 40 KAAT), RIPh-7 (4L B n] REAS AR LA E %)y e Jos 1) PR Al DA
T o A T PTG L LI 8 IR 7 0 ¥4 A2 b 11 SRR/ IN By P T A3 R A
KRS, FATLERI AR AZRLE LT CBRIA N2 FIARSE N3) TFRE T HBF Sh e
THA RS KNG T A S0 . BRAL (N3, non-forested) [{J4E-F-44 /< AN -+ 3380
JEEEARA (N2, Forested) 1 0.5°C %4

2011 4F 6 HHI, EBI FERIARS: (4200 m) SEFAEK RUFRIAAZ /NG
(FE/NT 10 em, 3-54F), ¥E#H 10cm -3 H . HERE T 200 £/
AT, K ILBA BB ARLE (N2, 4320 m) JeARZEDL I (N3, 4390 m) fIFEHE.
FERFASREHRIY A 2350 B (B ES F 3 562 10-15m 24D E 10 4 1 m?
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AR T SR ALV A2 IR 1) ST 3 BRAL I S EL Ao AR A i 55 S

HIRETT, SAETT I /D ARG 5 me REMETT N 10 BRANAET . 3X 10 DT 20
APROGEREE CRERD 5 ANFEDT ) AR ANV AZAR N FIALRSHE N R RN
FEiE CAPAR G RO R 3D o AEr PR E L I )y 125 B AR A P OB, AR RO ER
Bt AT B (K 4-6). 2012 FEE KU ER, XML
KBRS LA 25 (B 5-1). 20112013 4, &4 6 HYIRI9
FIRAARCH) ARS8 H Il 4 i 1) 2447 AR KA Ol CRLRE AP R
AR S K KBRS B o W R IFR I A T R L,
U 53 30 0 A T 4

750 - 0OOpen @Shade Forested site, N-slope
2 600 | 2
c § a
-og | 450 B a
= a
= 2 300 f b a a A
il Nl L
0 1 1 1 1 1 J
Non-forested site,N-slope
> 900 a
% X 750 r =] a a
—
E%)wo- a a
%:-%0- a
=~ 300 | b b
a b
150 | b ‘ b >
0 1 1 1 1 1 1
5.27 6.14 6.29 7.13 7.30 9.8

5-1 2012 FA KT SR KA E LR E DL LA FEDEIA S Fe R 7
B AR, FEAR=S, ARG TFREFRIRZEREF P<0.05)
Figure 5-1 Light intensity of different light condition at and above fir treeline during the growing

season of 2012 (mean + SE, n = 5, different letters mean significantly different at P < 0.05).

2012 4 11 AW, R AR AR (4320m F13800m) [ FH #7211
PR (N2, 4320 m) FIRRAR (N3, 4390 m) A PHIBEAR (S2, 4425 m) ki
(IRE HA R %62 10-15m  /ida)e BEAFHERCE 5 A 1 m? (I9FE)T, 5 FE 5[0
2T S ORI K. BRI AR S0 RiRP 1. BT B R T R L 4
PERIATRI ST 55, 173K LS PR 1) AR At T RE S0 b i = 2R 5, RIS 5
(RBP4 A A BT B O T DA B R R R R R, BRATIAERER 1
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S ILE DAL AL B B (100 S5 R S 6 2 Ao AR A i[9 5 S

M4 4 B ThR L, I RSV E o 28 55 10 R 4l . 2013 - 6 H-8
H, SECEEMET AR k%, 8 HE, Wt MET Wi R IR 8
VAESE I LU A L INEISE (s e = i

5.2.3 BRSO AE

KRR (GLMD XA R J7 2 70t (Two-way ANOVA), 4t
VO MTA IS ) CRHBAI BRI FIAESE ORI RSN 8] RS AR S I 4F A6 T 5%
M AR 2SR CR 2RI A ESD, M (4320m F1 3800m)
A8 CRRIN ARSI ) XA AZ I 5l A 52, Fhdsit (4320m A1 3800m) A3 7]

CHIBRIBHE ) XA AZ RN T RIS, LARCANRIABE (BRI FIRRAM ) FDGER G
CREGTEE 1 FIAEAS T RE D RFRE AR A2 /NGy e 244 AR KA 0l () 520

TR (y = a+ bx) S 5 FAFRE 5 B RS T AR5 - A
e AR AN R R o SR FH 22 TR PR IRl A AL b (1 A G 0 T PP AR KR R 3
PR eI (3l BRI 7K ) R A R &Iy v 1 AP J0 T R e A & R A
SN o SEHTRTIUR I, 0-20 em B SATHLTURI A 05 B AR AN [R]3 r) AN AE 58 Hh AR
B K (Kong et al., 2012).

KRR (GLMD H (1 0 & 5 7 43 B (Repeated measures
ANOVA), F3#ft 2011-2013 4F AN FAESE CRRAFIARSN ) FIDGIRIEE ORI 8 B AN
AR FF D N RN AR 2 2 e ARSI A N AR R 2=, ANIF]
RIS (R VA AN R 3 . BRTE AT IR 25 2 (P<0.01) ANl B FRAR B, 75K H
Epsilon REIATRIE. ABF5TH KA Huynh-Feldt REGHATRIE .

FT A 14823 M 1E SPSS 19 for Windows (SPSS Inc., Chicago, USA) Hiik
17, I BRSSP <0.05.

5.3 &R

5.3.1 ARKEREMARMBANHMET RS EKMIK EMNEFZATLR
HEERKFHRESHIXA

MARJR S0 T, SURKAHEV AL RGBT HIAAIE R AERH IR B2 23-46%, 1E
B3N B2 73% (1 5-2 2, b)s M5 B R A BT IUA7 55 F B2 54-75%, {EA
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AR T SR ALV A2 IR 1) ST 3 BRAL I S EL Ao AR A i 55 S

(7 i 1) AP0 A 35 1) AT W) S AR A a3 (18] 5-2 ¢, Do R ZTT Z 0 s, K
W 10) BERPRE VS A2 R B IAFEFET - 3 22 5 1 23%, 1T J7 BRI AR AL T 28 A P> ) b
I e A R AEAN RIS ) R AR S TR B 5 2257 (R 5-1),

Fir old—seedlings Juniper old-seedlings
a Forested C Forested
100 e——e——o e—o0—o0 4 100
~—

0l ™\ . TNel 1 90

80 r O\\ \\ *X° 1 80

70 | ) . \\.-m
o 60 \ o—o 160 &
o o o
>~ 50 ~~o 4150 >
: g
S b Non-forested d Non-forested S
03)100 - o\—o\. .\_8\ - 10003)

—~ e—0O
80 o ® S~ o0 T 80
\ ® .\.
» [o] -
60 \ ® N-slope ol
40 F o o S-slope 4 40
\
20 i 1 1 L 1 ? 1 1 1 1 1 ] 20

2008 2009 2010 2011 2012 2008 2002 2010 2011 2012
4 5-2 2008-2012 40442 (a-b) RIS Ce-d) RAHTLERIANBII MIAREL S bREELL 11
RIAAE R
Fig. 5-2 Accumulated survival rates of transplanted old-seedlings for fir (a-b) and juniper (c-d)
across forested and non-forested habitats at and above treelines on the north-facing and

south-facing slopes during 2008-2012.

K A TR A7 R 1) B AT S BT R, VA2 R B IR AR AL T B AR K
e HU R AP L s RN S S g B 2 BT (P < 0.05, 18] 5-3 a—),
113 77 B AR v F A0 % 1R A4 5 AR KR R AR SR 0 B A G (18] 5-3
A=) PIARFIOR ST AIAR A0 1T 23638 15 AR KR 1) R 5 G 35 AR G . I RS e
R RAE A K S AR KR F SR R R WAFAEA IR R (K 5-4), 242
)T IR AT e AR K R B A R A R R R R IO R 0 1 R R
(R>=0.31, P<0.05). KM Bon, AT RS FAEE L e
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S ILE DAL AL B B (100 S5 R S 6 2 Ao AR A i[9 5 S

KRG HAEFETF M T EEP 3R, 1y HAR AR K 32 202 1 20em 1) 13 5 /K o
115 B R A B AR SE TR AN iy AR K S S A B D 7 2 R R AR I A B3 (R
5-2).

R 5-1 W)y A RIS H AR RIS AR R AZ M7 B R 4l 4R SR T 3 A g AL R RS R
Table 5-1 Summary of GLM-ANOVA for the effects of slope, habitat and the interaction on the

annual mortality and growth rates of transplanted fir and juniper old-seedlings during 2008-2012.

Variables df Annual mortality Annual growth rate

SS F %SS SS F %SS

Fir old-seedlings?®

Slope 1 290.503 5.12° 23.21 1.265 1.98 9.78
Habitat 1 26.627 0.47 2.13 0.734 1.15 5.68
SlopexHabitat 1 26.627 0.47 2.13 0.696 1.09 5.38
error 16 908.015 72.54 10.243 79.18

Juniper old-seedlingsb

Slope 1 3.472 0.027 0.17 5.440 2.46 13.29
Habitat 1 31.250 0.247 1.51 0.005 0.00 0.01
SlopexHabitat 1 3.472 0.027 0.17 0.054 0.02 0.13
error 16 2027.778 98.15 35.419 86.56

df, degree of freedom, SS sum of squares, %SS % of variation explained by the main factors and

the interactions. *P < 0.05.

a) For fir old-seedlings, overall model for annual mortality, R? = 0.28, F = 2.02, P = 0.152; for
annual growth rate, R°=0.21, F=1.40, P = 0.278.
b) For juniper old-seedlings, overall model for annual mortality, R’ = 0.02, F = 0.10, P = 0.959;

for annual growth rate, R?=0.13, F = 0.83, P = 0.498.
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Figure 5-3 Relationships between annual mortality and freezing events in the early growing

seasons for transplanted fir (a-c) and juniper (d-f) old-seedlings across sites and years.
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Figure 5-4 Relationships between annual growth rate and the number of freezing days in the early

growing season for transplanted fir (a) and juniper (b) old-seedlings across sites and years.
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Table 5-2 Partial correlation coefficients of multiple linear regressions for relationships of annual
mortality and growth rates of transplanted fir and juniper old-seedlings to microclimate factors of
early growing-season freezing events, soil temperature and moisture during 20062012 (sample

size: n = 20).

Independent variables Annual mortality Annual growth rate
Fir Juniper Fir Juniper
Days with Tpmin < 0°C 0.59" 0.04 0.41 0.19
Soil temperature (-5 cm) 0.04 0.30 0.29 -0.02
Soil moisture (-5 cm) 0.13 0.24 0.15 -0.11
Seasonal ATmin -0.42 0.25 0.39 -0.15
Soil temperature (-5 cm) -0.10 0.34 0.38 -0.06
Soil moisture (-5 cm) 0.06 0.06 0.11 -0.11
Daily time with T < 0°C 0.54" -0.17 -0.22 0.12
Soil temperature (-5 cm) -0.23 0.33 0.35 -0.07
Soil moisture (-5 cm) 0.13 0.12 0.21 -0.13
Days with Tmin < 0°C 0.62" -0.01 -0.07 -0.13
Soil temperature (-20 cm) -0.17 0.17 -0.05 0.07
Soil moisture (-20 cm) 0.26 0.14 0.39 -0.43
Seasonal ATmin -0.42 0.41 0.10 -0.01
Soil temperature (-20 cm) -0.22 0.41 0.01 0.01
Soil moisture (-20 cm) -0.10 0.06 0.48" 0.43
Daily time with T < 0°C 0.52" -0.25 0.05 0.06
Soil temperature (-20 cm) -0.29 0.30 -0.10 -0.02
Soil moisture (-20 cm) -0.19 0.16 0.52" -0.44

*P <0.05, P <0.001
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5.3.2 RQRKEREMTEMERNELLU ERFR R

FERIS, A Az 35 e AT HAR IRV AZ 1~ B R 4 & 52w, ok A
R 3800m (o3 AT L) (VAL Tl AEBH ISR ER LU B KT 3 A 2 iy T AR B9
PR IR AR, MR FRER 4320m (RE) AV AZRh 7 AEX R R8T HATAHEL
IHg AR (R 5-3, & 5-5)0 W TARPNAEE, FRIEATSE i K& A B AR XV A2 A
TR R R, SR FER 3800m (oAl IIVAAZ Rl E PRI AR Y
RT3 A 2 iy T AR BB N IR %, Mook B IG4A 4320m CARERD (1174 A2
TAEPTIHI MR A B AT MU BT AR (3R 5-4, 3R 5-5).

AR 5-3 PR A= 5 K FEAZ A FORH B3 A2 P 1 B3 R 4 (¥ 5

Table 5-3 Summary of GLM-ANOVA for the effects of seed source, habitat and the interaction on

fir seed germination on north-facing slope.

Variables df SS F %SS
Source 1 768.80 7.51* 20.06
Habitat 1 500.00 4.88" 13.05
SourcexHabitat 1 924.80 9.03™ 24.13
Error 16 1638.40 42.76

df degree of freedom, SS sum of squares, %SS % of variation explained by the main factors and

the interactions. Overall model R2=0.57, F=7.14, P <0.01. *P < 0.05, **P < 0.01.

2 5-4 TURIIBE 0] 0 P A VA2 T3 1817 e 2 () S M
Table 5-4 Summary of GLM-ANOVA for the effects of seed source, slope and the interaction on

fir seed germination at forested sites.

Variables df SS F %SS
Source 1 605.00 7.04" 18.65
Slope 1 520.20 6.06" 16.04
SourcexSlope 1 744.20 8.66™ 22.94
Error 16 1374.40 42.37

df degree of freedom, SS sum of squares, %SS % of variation explained by the main factors and

the interactions. Overall model R2 =0.58, F =7.25, P<0.01. *P < 0.05, **P < 0.01.
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Table 5-5 Differences in germination rate of fir seeds at and above treelines across north-facing
and south-facing slopes (mean + SE, n = 5). Different letters of low case within a row indicate the
significant difference between habitats and slopes at P < 0.05. Different letters of upper case

within a column indicate the significant difference between two seed source at P < 0.05.

Seed source Forested, N-slope Non-forested, N-slope  Forested, S-slope
3800m 6.40 £ 4.1234 30.00 +7.13% 28.80 +5.88b4
4320m 7.60 + 4.66%4 4.00+2.19%8 5.60 +2.78 8

5.3.3 RRKERHNYEEMEERNEU LNFERRSEK

EEME TR G R R, B AR PIBARZ UL A2 /NIy 1 73 = s
T LER R ZIRR A BV AZ /NGl i, AH 2 00 AN B35, GBIV AZ NG i R A7
WRAT R, AR BTSN S hT A7 R s &l A R B I 1)
N ERREIBLEA RS RO BT AR 2 5 (3R 5-6),

R 5-6 RN BT KIAN AR FIXTAZ RIS AZ /N Gl BT A7 335 < 1 5 0

Table 5-6 Summary of GLM-Repeated measures ANOVA for the effects of habitat, light

condition and the interaction on the survival of transplanted fir young-seedling during 2011-2013

df SS F P
Between-subject factors Source of variation
Habitat 1 720.00 2.10 0.17
Light 1 50000.00 145.98 0.00
Habitat *Light 1 45.00 0.13 0.72
Error 12 4110.00
Within-subject factors Source of variation
Time 2.89 36837.50 90.39 0.00
Habitat *Time 2.89 1367.50 3.36 0.03
Light*Time 2.89 7287.50 17.88 0.00
Habitat *Light*Time 2.89 817.50 2.01 0.13
Error (time) 34.62 4890.00

df degree of freedom, SS sum of squares.
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Figure 5-5 Survival of transplanted fir young-seedling at different habitat and light conditions

during 2011-2013 (mean £ SE, n = 5).

TCRTEMRERIE SR AREE LA, B R B A B G BR8N 40 B A7 6 %3 W 2 v
B BT IS N I E (B 5-5). AT A SR AR N EE K4l HoAr
W H 2011 4F 9 HIFRGHS NI, ARG R EAETE RN 70%, FEAIE1ZRYY
B ZE e 6 TR SR 2k BRI AR B IR BRI 40 B, ARV %A 2012 4F 6
HETRER] 20%, MG NS, PR MEREATIEEN 12.5%. 5T
MREELL L AERGHE N T LT, AP ZAE 2012 4 9 H | T B4 2218, 1 2012
TE9 HHI2013 4F 6 A2 IR TR, M7E 2013 47 A K Z= i AR A
Ry A G B ARG 55%; X TR BIRE LLEFF s Erghi, HAAE
FAE 2011 4 9 Ik FRER] 75%, HARULEI—F P2 MR, 32012429 2
T 10%, —4FEJEREBRAITIN RN 2.5% RIS HIBIPREL BT AR IR BE (4 1 4F,
BAHB PO T R BRAEAE 9 H-IKAE 5 A2 ), mEAKIEMIN (6-8 H) AHXY
8D, X UTIERORE L B E K[ e FE 5 P bR 2 v R AR T AR B .

MR ZE 7 ZE 3T R, 18 2011 4F, SR AR SSRGS R 74 42 /N 8
B A KRAT W AR 2012 SRR 2013 4, RGBT W Ok
5-7)0 2011 4F, AIZHRAN AT YA K AR I ROGIREE 2 [R5 78 5, T
PRER DL AR HE T A 2 b 415 1) 24 4 AF K it 15 3 KRS I R A bt mh 0 1 14
AR MR RIRRZR DA L Bl 2 A7 A R A G I B R b 2 S 2,
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Figure 5-6 Annual top-shoot growth, annual new-leaf length and annual leaf number of
transplanted fir young-seedlings at different habitat and light conditions during 2011-2013 (mean
+ SE, n = 5. Different letters of upper case indicate the significant difference between habitats
P<0.05. Different letters of low case indicate the significant difference between light conditions

P<0.05.).
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Table 5-7 Summary of GLM-ANOVA for the effects of habitat, light condition and the interaction

on annual top-shoot growth, annual new-leaf length and annual leaf number of transplanted fir

young-seedlings.

Variables df  Annual top-shoot growth ~ Annual new-leaf length Annual leaf number

SS F %SS  SS F %SS  SS F %SS
20112
Habitat 1 7549 2644 4629 1064 10.09" 17.16 163.39 30317 43.17
Light 1 2925 1024 17.94 21.62 20.52"" 34.87 96.64 17.93"  25.53
HabitatxLight 1 12.63 4.42 7.75  12.88  12.22"  20.76 32.17 5.97 8.49
error 16 45.69 28.02 16.86 27.19 86.26 22.79
2012
Habitat 1 2065 3.40 12.54 8.56 1.10 270 9.28 0.87 2.94
Light 1 4597 7.58 27.94 180.73 2327 57.06 126.39 11.79"  40.07
HabitatxLight 1 0.87 0.14 053  3.11 0.40 098 829 0.77 2.63
error 16 97.06 58.98 124.28 39.24 171.41 54.35
2013¢
Habitat 1 7637 296 13.06 4299 134 5.65 47.52 1.84 8.06
Light 1 87.69 3.39 15.00 176.76 5.51" 2323 114.64 4.44 19.45
HabitatxLight 1 7.24 0.28 1.23 2764 0.86 3.634 13.86 0.54 2.35
error 16 413.17 70.69 513.28 67.47 413.26 70.13

df degree of freedom, SS sum of squares, %SS % of variation explained by the main factors and
the interactions. *P < 0.05, P < 0.01, **P < 0.001.

a) In 2011, overall model for annual top-shoot growth, R’ = 0.72, F = 13.7, P < 0.001; for annual
new-leaf length, R°=0.73, F = 14.28, P < 0.001; for annual leaf number, R°=0.77, F = 18.07, P <
0.001.

b) In 2012, overall model for annual top-shoot growth, R> = 0.41, F = 3.71, P < 0.05; for annual
new-leaf length, R’ = 0.61, F = 8.26, P < 0.01; for annual leaf number, R’ = 0.46, F = 448, P <

0.05.

¢) In 2013, overall model for annual top-shoot growth, R2 = 0.29, F = 2.21, P > 0.05; for annual
new-leaf length, R2 = 0.33, F = 2.57, P > 0.05; for annual leaf number, R2 = 0.30, F =2.27, P >
0.05.
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5.4 7Hg

12 100 E P, RIRTEE N 47%M R B AT bl A BRALBE T Tt (Harsch
etal, 2009). b T iR E S L 4 BRARIE 2 (W] AN —35%,  Harsch and Bader
(2011) #&H P EMRETE MBI =A “ 27 FUHRT CERIREI 2 se
TRYREZE) o B LN, 32 TR R SE RN &l T AT 428 1 1 JE B RO PR xS A A2 4k
{6 W [ A 6 AU (Harsch and Bader, 2011). W25 E 4RI, HEZ G H
A B m AR ZE L IR 4T 2 i (Cuevas, 2001; Smith et al., 2003; Juntunen
and Neuvonen, 2007; Batlloriet al., 2009; Holtmeier and Broll, 2011; Tremblay et al.,
2012; Harsch et al., 2012), A1, H A6 FLE PSS AL T RIS 1 (1) B4
AR ARE IR D

FRATOS AN [F) A8 By P RS R S 30 2 W, AR 1 S (K74 A2 4 B 43R A 30U
WE (R BN AR R DL b5, FAR0E 3 4 2 B A KT8 RUR 3 e g 2 g (&)
5-2, Kl5-3, K55, %5200 XA LR AT 4 LR -7 S I8 42 4 B RS
FEARTEREE L EFA BH3 5 BOAAAR P AN BEA A7 (Liu and Luo, 2011). Kérner (2012)
Wb, TEREY) AR B35 BR A K2 TR R B B, R 25 o0 v LL bR e X
(RIS T, AN R ) (E-1.8°C LA Pt e R AE RS, . fEA
o, AR TR URIEA R A A-1.4 £0.4°C, Mi7EHAL=AFEHL
—8.1+0.3C #| -32+0.8C (& 3-1). Fk, AKFRMPGEFEFM4ITRSS
A A BT, AT 5 RSB SRIBCRT e A= KRR B, JF38 mons 3
E IR T RO A IS5 7 (Cavieres et al., 2000; Awada et al., 2003; Johnson et
al., 2004; Coop and Givnish, 2008; Rixen et al., 2012). 5tbAf [, #HiHI 7 H %)
H S A 3 ) RS 1K) G R AN K, R AR BG4 AN A2 5 ) 5 B 4y P 2K
T ERRFR . T B4 2 DL AR 5 7 20 O AR 0 Bl 25 1 AR 1 H
(Zhang et al., 2010), B4 MFET ] B B T8 Z 5k 3 BRI % 73 FIK 4 i
IS o X B 7 B Iy v AT AR SCBER A, 7 BEAARER 1 A8 3 B R TR
R A K

BRAE TR FAPRAEZ A, AN RIS OGRS K4 b S A A A 22
S, IXLEIR Z AR O] BERE N ) i AETE AR . B TR SHIERIE I, MR DL A
v FR) D' T iR B AN TV A2 4 A5 A1 (Bader et al., 2007; Germino and
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Smith, 1999; Slot et al., 2005). AHFFTH, KENKRIZLE (<10 cm) A
SRR, FERRER DA LIRS A B, R IR T T R 1 s PR 40 P A R
TR RUAA HE T H AL 2l v (1] 5-5), SRUHMRE: DL s 24 16 A SE 2 i 1 Ak
2 UL E IV A4 EAE T ARIMT, SV AZ R G AE T3 IR 37 22504, A
RV AZ YA T3 AT 5, 1T S OGP EE 22 53 IR AN R AR 5 (R Ve A2 4 P
I HRIEAAAE W E 2R, RS, B KT RH F AR A2 i Ay
EAVERK B R FEAMEFTX I, 0-20 em ) LIEA PSR & EAEAF
e A AR LA K (Kong et al., 2012). 5 cm A1 20 cm FHF34 -+ &Kk &4
SEHRBFEAARFER T 20% R4 (Liu and Luo, 2011), AEWLHE L AEM A KK 93 5
%L (Huzuldk and Matejka, 198300 AHHFTH, AS[FIFHIAEE K10 B A1 42 %)) i E
TP RAH DG AT o, 5 3 B RS K AR B, AR R T 074
FGIHPET 2RI I R S N (3% 5-2), Ak, ZE KN A6 & BoE S
A3 AN BH I 2 10) 22 3 A K (Kong et al., 2012), HARIATI 5T honf A= K22 X,
TEAE KA R E8 T, RGOS A R B 4 e 1)
FER . Bk, AR KT R R A A A TR I E N R

ol (1 e R 3 i AR PR B T e, X AT e AR AR B A IR o) —
MEZPE (Holtmeier, 2009). X TR KRS, 2K HEF A7 A 52560 1 2
PR, MR BT BUREARRN R ZE (R 4-1, £ 4-2), HEIHRE -
IR A (R R85 4 AF BT BRGNP 7 1 K (36 5-5)0 BIbR e A_EFIRH 33
TR PR B3 v P S0 P8 R T ) 3 K S P R A R A A R A (3R
5-8). FUFHHRM, VARG MR BRI T 60 K MM IS N (Liang et
al., 2011, FWIFhF1) b SR R AN A2 1% Hh X PR 28 A8 (1 BRI IR 7o [RIRE 711
R AR ARG B BRI 2, BRI B G/ T 10
cm, fFRAE 3-5yr.) LA E) 4360m (MR LA 40 m) A LEEA .
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Table 5-8 Soil temperature and moisture at -5 cm in growing season at and above treelines across

north-facing and south-facing slopes during 20062012 (mean + SE).

Forested sites Non-forested sites

N-slope S-slope N-slope S-slope
Soil temperature ("C) 6.97£0.31 7.45+0.14 9.49 £0.06 7.85£0.38
Soil moisture (%) 70.23 £6.21 48.31 £0.98 42.83 £1.61 41.84+£1.92

5.5 /g5
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