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Abstract . Simulating temporal and spatial relationships between occurrence dates of plant phenophases and climatic factors
is crucial not only for predicting phenological responses to climate change but also for identifying the carbon-uptake period
and examining the seasonal exchanges of water and energy between land surface and atmosphere. The latter in turn affects
the global carbon cycle and climate change. In order to reveal the spatial pattern and its ecological mechanism of temporal

variation of plant phenology and plant phenology response to climate change in China’s temperate zone, we used Salix
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matsudana’s phenology data of first leaf unfolding (LU) , first flowering (FF) , fruit maturing (FM), first leaf coloration
(LC) and the end of leaf fall (LF) at 52 stations during 1986—2005 to analyze the linear trend of phenological time series
and identify the response of phenological occurrence dates to interannual temperature variations by establishing daily mean
air temperature-based temporal phenology models. During the research period, regional mean occurrence dates of Salix
matsudana’s LU, FF and FM significantly advanced at average rates of —4.2, —3.8 and -3.3 days per decade,
respectively, whereas regional mean occurrence dates of Salix matsudana’s 1.C and LF indicated a nonsignificant delayed
trend and a significant delayed trend at an average rate of 2.4 days per decade, respectively. At single stations, occurrence
dates of Salix matsudana's LU, FF and FM significantly advanced at 40%, 41% and 29% of stations, respectively;
occurrence dates of Salix matsudana’s LC significantly advanced at 17% of stations and delayed at 19% of stations;
occurrence dates of Salix matsudana’s LF significantly delayed at 23% of stations. Spatial series of linear trends in
occurrence dates of Salix matsudana’s LU, FF and FM at all stations correlate negatively with spatial series of linear trends
in corresponding daily mean air temperatures during the optimum length periods, namely, the quicker the preceding air
temperatures increased at a station, the quicker the phenological occurrence dates advanced at the station. With respect to
phenological response to interannual temperature variations, a 1°C increase in regional mean spring air temperatures during
the optimum length periods may induce an advancement of 3.08 days, 2.83 days and 3.54 days in regional mean occurrence
dates of Salix matsudana’s LU, FF and FM, respectively, whereas a 1°C increase in regional mean autumn air temperatures
during the optimum length periods may cause a delay of 1.69 days and 2.28 days in regional mean occurrence dates of Salix
matsudana's LC and LF, respectively. At single stations, the response of occurrence dates of Salix matsudana's LU and LF
to interannual temperature variations was more sensitive at warmer locations than at colder locations. Overall, simulation
precision of daily mean air temperature-based temporal phenology models for spring and summer phenophases was obviously
higher than that for autumn phenophases. Therefore, we constructed daily mean air temperature and daily accumulative
precipitation-based autumn phenology models. The revised models significantly enhanced simulation precision of Salix
matsudana's LC and LF. This indicates that occurrence dates of Salix matsudana’s LC and LF were triggered by the

combined influence of preceding air temperature and precipitation.

Key Words: plant phenology; Salix matsudana; linear trend; temporal response; spatial pattern; sensitivity;

climate change

T AT B 1 W 52 AR TP A A 25 2R G0 30 A 2 A vy DRt iy 1oz 2 LA 1 e A
Fth 2 5 RAZ MK 53 BBk (1 25 PEASHARRAE ' X A pR AR PR R S AR AR i R AR Y o
RFERE X, REVFFERY] U4 B JCEHNE I — SR i A 5 an 25 I K e it AR AR 2
FEPERT RS B Y S RIE I S AR R AR R A A
ERBISEEE AR AL WA VAR, B 2 e N B AT EEIR A A TRk R f U £ I SR T A
B FER AP R A I B PRI IR 05 T, ER S B e SR R AR I 7R 2 W M e AR ) SR 2 B
SOV A 5 1, 38 W RE AR AR OB, R W ok e A DR R R TR AR, R W e O A )
12 10182020 A SR SR R AR AR R Z g A a2 B B AR A S R Sl R AR AR TR SR
R AR 0 A A B 5 K T R BRARG , AR 0k A A I L O 202 SR ok A A AR 2 )
KAMEG T TR Rtk A P-4 BB e 0y R R 3 03 A7 2GR i 18] 77 87 45 i W Ao e
P R 7 47 2 T £ £ 2R DG 28 ORI Wl R 40 2020 ORI A P 39 0RAE S AR B BRI SR 5 1T
EAEAEIFAYT, P — AW R R A HBIIFAS— 5 02 i AT 58 B A 0 i~ 2 UL P B S A9, T2 5
B OCTEE fi e 19— BEIB] A 18 H P28 SR DR 19, 3SR DG TR i v F) 9 D) R Ay e (30 ) . Sy 1 S
HER A& PR E AR 05 R A HS R Z AN GETT DG 2R, Chen 1 Xu 2 1 S 300 18] - 90 fik 1 TR A6

http ; //www.ecologica.cn



11 4] MR A5 e s S0 Ao ST 0T A A 1 e 25 1 3627

RAL SRR AR, — MBI R A H 3 2 B2 3B R AR 1 o R eI I 30 22 T LR e 5 3
Z i — Bt U A N ) H SRR, PRt AT T AR (Ulmus pumila) JEE TSR IANTS AR 5 H
YR 2 M A GE Y A i W e st R AE AR R A . 45 2R R , ST H BRI B RN H iR
F AR T I RAR PR AL A B2 B B R L, AR SCHE BRI B SRR bR %05 85 T S0 ( Salix
matsudana ) FEM-UGIY] JTAERRI] RG] AR @ 56 0 A A 5 R O R AT A, LUSR TR 12
Xof T AR ) o 0 00 M 300 1) 3 P, O e g O Bk 2= A T A A A0, AR SOy EE E A2 (1) $8R
1986—2005 4 M4 i 0 ) S P i 35 B L 5 AR MR H i 23 [ ARG 5 (2) v BE T e 401 ) H iR )
A (ARSI oy 7S AT 0l A1 s A2 0 ) i 7 % G 22 1) 22 S B I A 5 (3) A S ik T AR 18] H B3 0
H SRR /KB A RO W o ()RS 2 | LA 7 S 2 0 % 00 0 Tt AR 7K ) 255 T IO RFATE

1 #MREFE

1.1 A5 IR S Yk i

At Bk M DXV P R AR Y 3 A X AR Y A A AR 2 Rt S8 R R SR AE P ) 1
XoF A R AR A 07 P R, X S IR S KA X e A v A A X ) v A e R A I SR PR
et A SR i R R AR X P 52 AR A KA A R A SR 2L [ S | 12
XK IS AF HA 2 A 2T AR A 25 0] 22 53 A ) 0 40 1) Bt 2 AR A R Al 3 I 152027 R e 3 T alf AT R R
JE SN 8] 8 B AR A X A S AR B i LT 5

B ( Salix matsudana) JEFWIEL( Salicaceae ) M@ ( Salix) , HIEM T, ZWFhEE, VB + 35,
HRBH 5 KR ANFEVS , 2 v [ DX o35 732 04 DA o R AR A, — e A= K AR 4/ T 1600 m /Y
SR L BRI K 5 A AT AV e R Fe PRI > 7 ARG SR AR A5 A 1 £ A L 3
S, SR A LI 35t A 22 EOURI S i o LA S 8, TR I, AR SCRE B R MR S ds /s A W A, ke 48 s v [T
At R D) A s T 722 A TR 0 00 Al Rl = 228 A i 17 ) 2 ) A% Sy B HE AR 25 HL I o
1.2 Yfr 55880

T FH S s I B b ARG R ARl G LI I SR 0 A ORI 45 9 4 | 120 4 UL 1) 4k 2 T 1980
AT, S o M TR R 22 G I 4 2R 58120, S PN 5 60 455 49 FlORAR IS 10 Bl AR AN 11 Flsh
P L B RK SCIR A Ry T 48 s R & & AN [R] B B A B 1 728 Ak 2 AE B HE et S 28 A 1 i
N, BERE -G ] FF AL GG 1T IR S G | i € 05 RN AR AR R R s B L rb | R v 4 B 1) SO
HESE LIRS E AT A A ok b 28 ISR — T i it 7 s TFAE LG 30 A WL A v 2 WL AR b A — e al [m] pf
JUIRAC B AEIETF IR 56 A TERC 5 A2 0 0 UL s 7 A2 22 SO A ARE A b A — 2 1 SR S8 A3 Sy i 6,
P8 2, G5 B0 %) ORI s 2 < UL PR AR AR It R OR 5 — L TR AR A8 €2 5 % It A I A ORI s o S Bk 2 < AL A -
T,

R T RIEECE 0 T ARSI G & A BT AR SRR AR 9 X 5 PR 5 3 5 S A % A
PR AT T RGN A TERT S DREE A T 2 R A 2 A L, DL 1986—2005 411 18] 25 470 fig 11 fry B[] J 471 K T
T 16a MARIME, BEH 52 DREASSE 8, AW IIAT & IUAR T 0l sS85 43 R it i 0 50 b F 4k
GG T 49 Al RS 31 b AR R T 42 ANk RNV A 48 ANl il S SR T BR VD IRORN L X
DAAI R 43 rh s Rz i oy b DX H 3 A B e 35, AT B i XM (BT 1)

KGRI T b E ARG B R 55 M (http : // ede.cma.gov.en/ ) AL FFIFFE X I A 1986—2005 4F- 343
ANl g H VSRR A R R T D S A ORI sk e B A AT BRI, A T AR A s
SR F TR B R K R A A A (B A ANUSPLIN 4.272 1 8 kmx8 km 43 WE A%+ = 72 ( DEM) %X
P, %5 1986—2005 4734 H Hu 1 LI %) H SA196 AT H REK it 647 25 (B4R (A, 28 100, AR 40 i 2k A< 5 S50 1 4 il o5
28 AR BARECY M H H AN H Bk S 80E | AT aRAS 2 B 15t £ FT 7E b 1986—2005 4Ry 563 H 1

http ; //www.ecologica.cn



3628 2 R

&t
e

Eild 35 %

TN H FA K A I E] e 51 Bl

50°N

40°

30°

0 500 1000km
[ S|
| | | | |
80° 90° 100° 110° 120°E

&5 GS(2014)2438%

1 BiMiRil Sp = @56

Fig.1 Spatial distribution of phenological stations for Salix matsudana
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Fig.2 Spatial patterns in linear trends of Salix matsudana’s phenophases at each station during 1986 to 2005
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Table 1 Regression analyses between Salix matsudana phenophases and mean daily air temperatures within the optimum length periods at each

station during 1986 to 2005

JEin i iR R ! RS A A% (5 45 4] E A
v First leaf unfolding First flowering Fruit maturing First leaf coloration The end of leaf fall
Station Al _ Rl X Rl R Rl ‘ Al
Nember RO T e T ibam QR E i
(/°C) (d/C) (d/C) (d7°C) (d7C)
1 32 -3.48 46 -2.70" 51 -3.59%" 74 -0.97 16 0.61
2 82 -1.97" 52 -4.81""" — — — — 56 -0.38
3 54 -3.83"° 59 -7.01" — — — — 61 3.22
4 69 -2.95"** 24 -1.79 — — 57 1.13 70 0.72
5 34 -1.85""" 47 —-2.417" 79 -1.93%" 29 0.75 — —
6 37 -2.05"" 77 -2.79 7" — — 44 1.90 74 3.05°
7 48 2327 73 -2.627"" — — 99 2.90 77 3.99"
8 46 -2.80""" 50 -3.01"" — — 130 4.31 98 5.59"
9 38 -3.36""" 49 =417 — — 42 1.41 31 0.24
10 51 -3.07" 40 -2.58" 59 -1.14 43 2.10 81 6.837""
11 34 -3.79 " 35 -4.227"* — — 95 -0.49 32 2.89"
12 71 -7.26""" 37 -4.00 """ 69 -2.65 78 3.20" — —
13 32 =374 42 -1.98" — — 38 3.25 31 432"
14 42 -1.98*** 43 -2.20""" — — 14 0.13 53 1.04
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Jrem-fn 1 FAEIR ST R W72 8 0 38 5 AR
il First leaf unfolding First flowering Fruit maturing First leaf coloration The end of leaf fall
Station R | ey N Py N 22 | B2
Nember PR LT i OF e OF i OF e
(d/C) (d/C) (d/C) (d/C) (d/C)
15 58 -5.98 """ 62 -4.99 """ 138 9.24 52 7.85" 87 7.91*"
16 68 -4.727" 59 -3.06"" 81 -4.12* 85 2.21 73 1.13
17 37 =315 48 -3.53*" 95 -9.54 " 73 -3.28 78 0.39
18 40 =277 32 -2.94*"* 67 -8.19*" 27 2.41 63 2.06
19 32 -1.93*** 32 -3.47"" 91 -3.49* 31 1.30 82 1.09
20 35 -1.98" 46 -1.06 — — 41 5.85" 25 2.50"
21 50 -3.37"" 64 1.85 90 -2.74 54 -0.16 78 3.01
22 78 -5.92*" — — — — — — 35 0.49
23 90 -3.24"" 44 1.40 67 0.75 46 5.54" 78 6.07
24 — — 59 -1.04 — — — — 87 3.57
25 — — 89 -3.43*" — — — — 83 -0.47
26 42 -4.02"" 67 -7.93 " — — 122 1.61 77 -0.64
27 31 -3.71"" 44 -3.65""" 55 -0.99 79 6.26" 67 249"
28 66 -2.74""* 78 -3.03"" 76 -8.45""F — — 66 1.17
29 39 -4.20""" 34 -4.37""*" 54 -2.02"° 35 2.57 111 4.97
30 105 -6.08 " 84 -0.76 52 -3.55" 62 -1.49 44 2.85
31 66 -4.66""" — — — — — — 89 2.70
32 54 -2.49 *** 41 -4.22""* — — — — 59 1.82
33 66 -3.40""" 79 -6.72""" 54 -9.13*** 226 3.03 72 2.22
34 90 -2.97*" 75 -2.83" 146 0.33 43 1.59 94 3.10
35 54 -3.01""" 65 -4.39""" 80 -4.07""" 75 3.74" 82 3.19°
36 83 -1.98 70 -2.43 — — 39 5.63" — —
37 41 -5.25""" — — — — 104 2.65 99 7.46"
38 60 -2.72"" 58 -5.00""" 78 -2.46" 43 3.70 86 0.84
39 66 -3.48""" 31 -3.30""" 69 -2.37" 59 0.88 24 1.74
40 64 -2.10"" 96 -3.27 77 -3.89 """ 65 2.67 91 1.40
41 52 -5.49 """ 57 -5.22""" 49 -0.93 56 1.49 67 3.64
42 100 -9.00 """ 53 -6.13" 78 -7.85""" 54 1.15 107 -0.73
43 101 -6.51" 75 -7.16 """ 112 14.16 — — — —
44 59 -4.12"" 57 -3.55""* — — 76 2.97 34 2.59
45 71 -5.18""* 72 -5.04""" 51 -3.88 """ 102 3.43 80 3.18
46 87 -3.88"" 91 -2.40 94 -2.72 40 -0.66 38 3.10
47 69 -2.84"" 72 -3.70""* 69 -4.65""" 69 -1.94 79 3.02
48 65 -6.57""" 66 -6.25""" 88 -5.64""" 61 1.24 85 4.34
49 47 -4.15""" 81 -3.91"" 67 -4.22"" 82 2.51 51 1.43
50 74 -5.85""" 71 -5.01""" 81 -5.89"" 33 2.25 36 0.29
51 90 -5.87"" 39 -4.01"" — — — — 90 6.79"
52 70 -6.45""" 68 -5.69""" 91 -5.91"" 51 1.45 91 3.95

LP: optimum length period; * P<0.05; * * P<0.01; * * % P<0.001;— TR No Data

DX 247 A I R - M R R 0 AR 5 SR s | MR I 300 T AE A S0 R SR S I i 8] 2 31 45 A0
o7 fi AT TR 22 3L N [ P 5] 28 B 35 BARH 5%, e (30T ) F M43t B g 1°C R AR IR AT 3.08 d, T E R I
AT 2.83 d, RSP AT 3.54 o5 1AL (0 0 SR 7 I A SU1 T (8] R 51 5 A 7 o (300 1) I 473 o ) e 9 34 B2
B IEARSG, A H il AT 1°C, 2 @G IHEIR 1.69 d, T8 M ARIIHEIR 2.28 d,

http ; //www.ecologica.cn



3632 JAE = 35 %

2.3 FHI S IR LM AR 25 AR O

MIEL 2 ATLAFE Bk S e A 2R F 2 P 3 i 25 18] 25 53 38, O 1 4 71X P s [ 22 S B2 R T &K
XA I B B AR R A H R R R A S R R A i I ] R R P S A T 25 AR DG 0T . Z2RR T
Aol IR ) T AE AR IR SR S B e e U 2 P e 9 T e A ) L ) A M 38 2 T A A 8 2 1
R FR (P<0.05) . 18 3(a)—(c) RSP ML LT AHUSUE RS | S 8] U T Hil s A AR i 3 a1, 55 229
15 AE H R B AT R A () e, 5 IHORH I, 45 i Pt 728 €0 B SO AR ORI A F BB e ke 94 5 U i
A ) TR A AL AT Z TR ORI A B3 (] 3(d) Ml (e) ) o HILERT I, 1986—2005 4F 4145 2= W) e &
A HZ R i) 25 (A% Jr 32 2y AR Z MR R A A 23 AU Jmy BT bR, T A MIRR = o A F I e ) 23
(1A% Jo AR 22l SR AN B i) 2 (B s Jey o bR, LR A i B — 2B P S A

z 107 % -6 <000l n=s0 B[P r=5034 P<0005 n=49
= 10 +
s st
o O O o
ﬁ% 0p-Cueeens o oY SN 5t oo Q
= iS¢} OO OfF---------ecfaaaa Cb -------------------
mE st o 0° o0 o s o 5
B 00288 ° o St O%(&‘%oo%ﬁoo
gS-10} SIS 00 10 o 20 00
& o (e8] F o © o
E SISt o -15} o
Z 20, . . . . _ T20p . . . . .
0 0.5 1.0 1.5 20 25 0 0.5 10 15 20 25
= 20f ¢ r=-038 P<0005 n=31 20fd r=006 n=42 20r e r=-0.05 n=48
S 15} ° 15t 0o © 151 %
~ o~ O
S 10t o 10+ oo © 10 b o 8o 00
= o o o © &P © O
RE St o o 5t °% o St S, 9 oo o
o O
BE 0pfg Py 0p 009 00 © % of °FPe” S 8o
gs =St © 6o oo =S5t © [eSeXe o 00 =5 O @0 ©
& _ 0 o0 o D _
S -10f 10+ 10 ] o
< oo 00 O 5O °
2 -15f o -15} o -15 ¢ °
R ] S )
-2 0 2 4 6 8 10 -10 -5 0 5 10 15 -10 -5 0 5 10 15 20

IR Air temperature trend/(°C/10a)

B3 1986—2005 F AL ENYIEH EKBEEETE 2 BN ZEHEXSH
Fig.3 Spatial correlation analyses between linear trends of Salix matsudana phenophases and air temperatures at each station during 1986

to 2005

2.4 WG AT SR AT R AR L I 14 7S 8] 22 51

MFR T AT ARt Sty SRR Ao S0 T B A 300 1) AR AT o 22 A e 17 8848 (T U 7 R ARk 8 ) |y s ) 2 S Wl 2
R T AR R IR A (] 22 5 52 DR 23R DAAS 3 9 22 A1 2 AR AR R Al e AR B A B B, THL T 45 3l 4 10
X g A 1 R T %) i 7 38K 36 55 214 b 22 AP ST 34 TR 28 TR AH DG R B, S5 R B, 45 3l JE by 0T ) e A 10 1) A<l
14 Wl 17 38 48 5 2 AR A SR B 3 A DG (P<0.001, 18 4 (a) ), 7 P A I X S5 A 99 1] A= 0 1 e o 3 24 5 22 4
SRR S 2 TEAOG (P<0.05, B 4 (e) ) , oAy 3 AW i X 5 A 0 1) A= 0 e i 1 3 23 55 Z2 AP 4 il ) 28
A R T E (K 4(b)—(d)) . HILAT L, 1986—2005 4F 5400 J& - L 3 A s ik ok 309 (R 2R L) 1 AY K
) AR AR AR ki) 1 56 (48X (D) 1144 A e = 22 A2 ) A0 -34SR (R4 Jmy R 5 I, 2 R A 45
il A5 P e 7 3R 23— R A A v Sl 4 W 7 SR T P A G B0 SR S A A A e G 3 6 TR AR PR AR b

M]3 388 228 1) 23 ) AR Ry 5 2 AR 2 S IR 23 TR Ry Z [ B AEAE BB T g i 6 2, HoAs il N E A 1 ik — 2ot
FHEIE,
3 e

(1) KA ST RS S5 55 T]— I 4803 [ A RS 40 468 3 Pk T 228 A AR B HOX TR AR f iy e 1oz ) 1647 L 3%
AT H A0 I AR P AR S ) e M N A R I 2 SO0 A0 9% IR B R P A AR SO Y . R

http ; //www.ecologica.cn



1111 PRZGR 45 . Hp ERR AT SR 05 S5 A5 14 A A 23 i i 3633
o
3 a 4t b
2 - 000 o oo L r=-026 n=49
2 00 0 o 8 o D
#E 4| ©8® 0Q of
"2 ° oo ) ° o © ®
< o -2}
22 4} o o000 o, ©0°°%° B @ goq
= 3 > 4t O0p O [%5)
b o %l o oo
RS 8¢ o © =
& o st o
'g -10 | r=-0.50 P<0.001 »n=50 “10l
= 2 4 6 8 10 12 14 16 18 20 2 4 6 8 10 12 14 16
@)
S sl e 10} ¢ 10 e
~ _ _ O L
2 r=024 n=31 8 © 8| r=034 P<0.0s n=48 o
8 10F o 6r o 00 © o o
ﬁ\g‘é 5t 4r o (DO (gg(b 6r °© o ©
2 L O o
=5 0 ., 0o o ol ° S @, 90 P65
® = o° 20 o) °© o 2F o o0 A
83 5t °e °%%  2¢ = oloe@eai0 B ST
S-pob © § ° o° 4t p=-003 n=42 v 875 5
£ 2 4 6 8 10 12 14 16 2 4 6 8 10 12 14 16 2 4 6 8 10 12 14 16

BTl

Annual mean air temperature/°C

B4 1986—2005 F AL EHMRPM KB MEIER S & £ EHSIBNZ AR
Fig.4 Spatial correlation analyses between response rates of Salix matsudana phenophases to air temperature and long—term annual mean

air temperatures at each station during 1986 to 2005

TR 5L 2 PR RS A 3 0 ) o BN 409 1 44% | IX IO 249 8 SR 3 O £ B A3 ) 4.2 d/10 a Al
-4 d/10 a; V&M A 2 0 HER B F At 200 00 S 23% 1 24% , XTS5 AR PR a1
AR 2.4 d/10 a F12.2 d/10 a, SR AIAIEFEEE SRARARL, BP sl SEA0 JR - 0 B 20 41k A 34 P i ] 38 5 4% i e
A B0 ) T 5 A A ) A ) 6 22 S 3 EAH O, BRIV T30 3R 5 P 1 3l 0, B A R I e B 1 4 i R
NEIZAE SRR BT R i U RN V% AT ) 2t R A e AR SCHE I T SRR LR T R S R A AR
G BB [R] 7 51 R AR R B BT, DT 3 & T XA [ R 4 0 A S s [ 1) 2 i b 342 S v i G

(2) A AARTAR X AR AT PR AR A G i Ry B L2 ) 22 S ARAE B A AR, 7E 96% F 89% R i I,
SEMNFIAGTA J - s 30 5 e A V) A T 8 S 3 B A O | 8 DXl 4y e I U X e A ) 4 3R 18 i 3 23 43 51
H-3.08 d/CHI-2.8 d/C ;7 25%F 26% 13k 13 L, SR FIA A 7 2R 09 5 e A2 400 1) /<000 222 B 38 AE AR O, =
DX ST 18 P AR ST S AR T ) A= 4y e 10 B 6 43 531 A 2.28 d/°C R 2.1 d/°C, FRUL AT I, 2T H B9 5
A U 1) A — A B (R A TR LA 8 AR SR 5 A AR 0 0 =2 B e 1 5 3R ) B 2 |, I LA TR 5 B
77 T B R AR T3 T H R SR - A RIAAY A, 45 sl SEAGIRTART AR 2 it L $OA X e A B0 T AT %) i 7 3R
RPE) 55 Y 22 AR 2R 5 0 O DG T 5 S ARG AR5/ P A 00 ks e 0 i /= L Ay e 7 388 46 (I
{EL) D35 5 2 b 22 AP 34 ST 2 0 TR AR DG, 3R WA I8 3 %) JR it s BT R it A I 0T ATk A B A2 £ 7 e
IO R — R AR Sl  TRVRE SRR 3BT R s B0 R I SR B G AR A B AR A 1 i 1o A L, AR SC
BTN T ST AR R S G R A i G AR A PR AR AR 4 e B 43 BT, DT S T AS TR AR 4 4
SRR BRAE A 1 2 5 AR

(3) AR SCHIFFR R, T AE Rl RUBE [ i 2 A DX 34 RUBE L S0 R - s 103 A6 2 30 R 2R 52 i 22
395 B AU 1) A< 3R A A G M A S T A o B B0 RN 9 SR BT, X5 R RIS G R AR — g0 2
— AR B A AR W e A H OB T 2 B RIR B A, B 5K 4y H BB HA R R W E AR A
SIS ST DA TR RE RN K 3 X ACRK i 2 A H B A 25 A RS 7 i A 0 1) A T - (A 780 (14 Ll
s H R KA A AR A T e I AR BEK - R T L T A A IR R AL
(R, ATk 22 (RMSE) o 255 IR 78 37 i b (5 92.5%) , Sie A 30 1] SRR R 7K o 5 25 8, d

http ; //www.ecologica.cn



3634 JAE = 35 %

FAASE TE D 7 2R 0K T 5 T e A 0 D) AL 5 P 2 € 0 B e T 00 2R 8, by T A 12 il skl et 1 3
PERI: (P<0.05) , B2 T J5 B0 7 A0k 5, IF ELIFA b 5 0R  BoK - R i RMSE 34/ T R-9 i
R RMSE; 76 41 A3l s B (5 91.1%) , S A A R =R AR K 55 7% R 00 R TE I 5 2R 300K F ol 8 F it
S A] IR 75 AR R TE I i BB, b AT 14 Al A T BRI (P<0.05) , INE TR E Y 11
ANl 5, IF HRH A3l 5 (o 77.8% ) AL FF7K - L AL %) RMSE /N TSR - B AL (% RMSE, FH I AT UL
AR B K -GS Y R ASALIORG 2 v TR A AR | 2 T A A K X SR A A e s H R T AR 1
KA HIAEA BB AYEm, NAE XTI R K S R AR R R A B AL o T A — 2 T

4 #ig

(1) 7E 1986—2005 4[], H [ b J iy s DX S0P 34 e i s 3 T AE G SR SR S i 43 5 L -4.2 d/
10 a,-3.8 d/10 a F1-3.3 d/10 a AY-F-H4 0 6 I 25 4R AT, A8 (L 4f B 2 AN 0 2 4R pg e 34 % bR B L) 2.4 d/
10 a AP BRI R, BEEAh I = RG] AL G AR SR S st DL b R i i R 3 R 2 2
PERT A 0 40% 41% Fl 29% 5 78 48 1f 1) 5t S 2 R AR I 3 4R S Ok o ) S 17 % A
19% ; V& AR DA IR A 3 o 3 ) 52 0 R A 3l i 23%

(2) 5 Ml SR -G 1A A f 300 R SR S0 B 100 2 e 34 5 L B A ] T 114 48 12 e 3 22 (] 47 4 O 1 3
(P<0.05) , BV 5e A H 1) A0 T 30 8 S 5 P 1 3l o5, 3k S 0 i B A B8 i s Rt e R, 5 A S, 4% 22 6 iy
RIS AT 1 2 e 35 5 L A A ) AR A e M R A 2 [T OGRS 1

(3) e 1) A TR Ao st TR A A5 A0 245 R S | DX S8 e R I () SR B T 1°C, JR iRt TR AE ih
RN S S A 23 T 3.08 d.2.83 d 1 3.54 d; AR (A 4h HIFNVE AR I 23 4R 1.69 d F12.28 d, Al
M, RAR ol i B JE R (96% ) JFAE TR A (82% ) FIR 52 LI (68% ) 5 fie H: 40 H] il 52 o 35 T AH K
P W 2 S A A s 22 Ak = A2 B i I AR A1 A8 T PR M) 5 T DRI 4l st ) 2 €, B B AR SR 5 e
AR )R 4 A DG 2R B AE 8 I 25 MEAS I, U BH Ak = 0 0 0 100 L G ok 2 1) i B IR A PR AR Ak S e A 8
HHAWS R FRARGCA OC 38 i 87 Fe A A SO B K- R s e 3, i 40 40U 0 R 7K et ol SR g et
A G R A AR R T2 A R, 5 IR K B S R R T AR IR X SRRk R A B A ARG

(4) 45 b J -y 3O X e U V) A TR 8 Wi 7 3 23R 5 214 b 22 4 S 34 S0 2 B 3 R 06 (P<0.001) |, 4% M P& 1
AR S A 0 1] Ak P i 7 3838 55 2l 22 AP 2 AR L 2 35 IE A E (P<0.05) , Hidik 3 AW 1 % de A2 400 1)
AR e [0 B R AR SR A AHOCOC RN 2 . AT D SR B i 00 R I A S AN T R B X
TR AT B b g g 7 388 23— M K T A B il o

Bg B rh B R R S R = S A Y i B
£ 3% 3Lk ( References) :

[ 1] Walther G R, Post E, Convey P, Menzel A, Parmesan C, Beebee T J C, Fromentin J] M, Guldberg O H, Bairlein F. Ecological responses to
recent climate change. Nature, 2002, 416(6879) . 389-395.

[ 2] Parmesan C. Influences of species, latitudes and methodologies on estimates of phenological response to global warming. Global Change Biology,
2007, 13(9) . 1860-1872.

[ 3] Goulden M L, Munger ] W, Fan S M, Daube B C, Wofsy S C. Exchange of carbon dioxide by a deciduous forest: response to interannual climate
variability. Science, 1996, 271(5255) ; 1576-1578.

[ 4] Black T A, Chen W], Barr A G, Arain M A, Chen Z, Nesic Z, Hogg E H, Neumann H H, Yang P C. Increased carbon sequestration by a boreal
deciduous forest in years with a warm spring. Geophysical Research Letters, 2000, 27(9) : 1271-1274.

[ 5] White M A, Nemani R R. Canopy duration has little influence on annual carbon storage in the deciduous broad leaf forest. Global Change Biology,
2003, 9(7) . 967-972.

[ 6] Bar A G, Black T A, Hogg E H, Kljun N, Morgenstern K, Nesic Z. Inter-annual variability in the leaf area index of a boreal aspen-hazelnut forest
in relation to net ecosystem production. Agricultural and Forest Meteorology, 2004, 126(3/4) . 237-255.

http ; //www.ecologica.cn



11 4] MR A5 e s S0 Ao ST 0T A A 1 e 25 1 3635

[7]

(8]

[9]

[36]

[37]

Churkina G, Schimel D, Braswell B H, Xiao X M. Spatial analysis of growing season length control over net ecosystem exchange. Global Change
Biology, 2005, 11(10) . 1777-1787.

Baldocchi D. Breathing of the terrestrial biosphere; lessons learned from a global network of carbon dioxide flux measurement systems. Australian
Journal of Botany, 2008, 56(1) . 1-26.

Wilson K B, Baldocchi D D. Seasonal and interannual variability of energy fluxes over a broadleaved temperate deciduous forest in North America.
Agricultural and Forest Meteorology, 2000, 100( 1) ; 1-18.

Kljun N, Black T A, Griffis T J, Barr A G, Gaumont-Guay G, Morgenstern K, McCaughey J H, Nesic Z. Response of net ecosystem productivity
of three boreal forest stands to drought. Ecosystems, 2007, 10(6) ; 1039-1055.

Sellers P J, Hall F G, Kelly R D, Black A, Baldocchi D, Berry J, Ryan M, Ranson K J, Crill P M, Lettenmaier D P, Margolis H, Cihlar J,
Newcomer J, Fitzjarrald D, Jarvis P G, Gower S T, Halliwell D, Williams D, Goodison, B, Wickland D E, Guertin F E. BOREAS in 1997.
Experiment overview, scientific results, and future directions. Journal of Geophysical Research: Atmospheres, 1997, 102(D24) . 28731-28769.
Bradley N L, Leopold A C, Ross J, Huffaker W. Phenological changes reflect climate change in Wisconsin. Proceedings of the National Academy of
Sciences of the United States of America, 1999, 96(17) ;: 9701-9704.

Menzel A, Fabian P. Growing season extended in Europe. Nature, 1999, 397(6721) : 659-659.

Beaubien E G, Freeland H J. Spring phenology trends in Alberta, Canada: links to ocean temperature. International Journal of Biometeorology,
2000, 44(2): 53-59.

Fitter A H, Fitter R S R. Rapid changes in flowering time in British plants. Science, 2002, 296(5573) : 1689-1691.

Matsumoto K, Ohta T, Irasawa M, Nakamura T. Climate change and extension of the Ginkgo biloba L. growing season in Japan. Global Change
Biology, 2003, 9(11): 1634-1642.

Gordo O, Sanz ] J. Long-term temporal changes of plant phenology in the western Mediterranean. Global Change Biology, 2009, 15(8):
1930-1948.

Chen X Q, Xu L. Phenological responses of Ulmus pumila ( Siberian elm) to climate change in the temperate zone of China. International Journal of
Biometeorology, 2012, 56(4) : 695-706.

Kozlov M V, Berlina N G. Decline in length of the summer season on the Kola Peninsula, Russia. Climatic Change, 2002, 54(4) . 387-398.
Menzel A. Plant phenological anomalies in Germany and their relation to air temperature and NAO. Climatic Change, 2003, 57(3) : 243-263.
Gordo O, Sanz J J. Impact of climate change on plant phenology in Mediterranean ecosystems. Global Change Biology, 2010, 16(3) : 1082-1106.
Wolfe D W, Schwartz M D, Lakso A N, Otsuki Y, Pool R M, Shaulis N J. Climate change and shifts in spring phenology of three horticultural
woody perennials in northeastern USA. International Journal of Biometeorology, 2005, 49(5) . 303-309.

Schwartz M D, Chen X Q. Examining the onset of spring in China. Climate Research, 2002, 21(2) . 157-164.

WRaioR , BRARAG. FRIER IR IS 00 A RO 2 AR (URRAE. A A 35244, 2008, 32(2) : 336-346.

HESG R, RN RIGIE AL, Jbat. hE R, 1979: 222-223.

Xu L, Chen X Q. Spatial modeling of the Ulmus pumila growing season in China’s temperate zone. Science China Earth Sciences, 2012, 55(4) .
656-664.

Chen X Q, Xu L. Temperature controls on the spatial pattern of tree phenology in China’s temperate zone. Agricultural and Forest Meteorology,
2012, 154-155. 195-202.

AR RS UL ARAERIAR . st PEMOHE RRAL, 1984 89-90.

Hudson I L, Keatley M R. Phenological Research: Methods for Environmental and Climate Change Analysis. Dordrecht-Heidelberg-London-New
York: Springer, 2009 35-37.

ERAGR. Al G, JEat: KR, 1993: 136-141.

MREKGR , A TR, LTt D e D SRR . JB 5T . UM 4 A, 1995 7-8.

Hutchinson M F. Anusplin Version 4. 2 User Guide, 2002.

WRESG. WIS Tk . SERRAIREH. dbat. Blepiiat, 2011 61-61.

Chen X Q, Pan W F. Relationships among phenological growing season, time-integrated normalized difference vegetation index and climate forcing
in the temperate region of eastern China. International Journal of Climatology, 2002, 22(14) . 1781-1792.

Chen X Q, Hu B, Yu R. Spatial and temporal variation of phenological growing season and climate change impacts in temperate eastern China.
Global Change Biology, 2005, 11(7): 1118-1130.

Dufréne E, Davi H, Frangois C, Le Maire G, Le Dantec V, Granier A. Modelling carbon and water cycles in a beech forest; Part 1. model
description and uncertainty analysis on modelled NEE. Ecology Modelling, 2005, 185(2/4) . 407-436.

Heide O, Prestrud A K. Low temperature,, but not photoperiod, controls growth cessation and dormancy induction and release in apple and pear.
Tree Physiology, 2005, 25(1) : 109-114.

Delpierre N, Dufréne E, Soudani K, Ulrich E, Cecchini S, Boé J, Frangois C. Modelling interannual and spatial variability of leaf senescence for

three deciduous tree species in France. Agricultural and Forest Meteorology, 2009, 149(6/7) : 938-948.

http ; //www.ecologica.cn



