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Abstract

Aims In recent decades, the rapid climate warming had affected chilling and heat accumulation during winter
and spring and made profound changes in plant spring phenology. To date, most related studies focused on either a
range of species grown in various gardens or on experimental research, which may be not necessarily applicable
to real-world conditions.

Methods By using leaf-unfolding data of 25 woody species during 2003-2019 in warm temperate forests of the
Dongling Mountain, Beijing, we simulated the daily chilling and heat accumulation by applying partial least
square regression, dynamic model and growing degree hour model. We then analyzed the response of
leaf-unfolding dates to the variation of chilling and heat accumulation by linear regressions. Findly, the
differences of leaf-unfolding dates and their responses to the variation of chilling and heat accumulation between
shrubs and trees were compared by ANOVA.

Important findings The chilling periods of 25 woody species were from October 6 to March 17 of next year,
with the forcing periods from January 21 to April 26. The corresponding chilling and heat accumulation were
66.16 chill portion (CP) and 2 933.12 growing degree hour (GDH) on average. The leaf-unfolding dates were
delayed 3.54 d per 10 CP and 7.09 d per 1 000 GDH as the chilling and heat accumulation changed, with 2 and
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23 species significant, respectively. This indicated that |eaf-unfolding dates of woody species in warm temperate
zone were mainly affected by heat accumulation. Moreover, the leaf-unfolding dates of shrubs were 3.87 d earlier
and required 543.56 GDH less heat than trees. Species leafed earlier required less heat accumulation than those
leafed out later, presumably due to the opportunistic strategy adopted by shrubs and early-leafing species.
Sensitivity of leaf-unfolding dates of shrubs to heat accumulation (delayed 8.10 d per 1 000 GDH) existed
marginally significant difference with trees (delayed 6.13 d per 1 000 GDH), which implied that leaf-unfolding
dates of shrubs might advance faster than trees as global warming progresses.

Key words plant phenology; leaf-unfolding date; climate warming; chilling accumulation; heat accumulation;

warm temperate forests; woody species
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Fig. 1 Interannual change trend of mean annual temperature of the Huailai Meteorological Station during 19552020 (black curve)
and Beijing Forestry Ecosystem Research Station during 2002—-2019 (grey curve).
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Table1l List of the species used in the study and related information

Y%l Species A vE R VL R I R R G 1) I JR 46 ) PIRIIEES 3
Lifeform Mean leaf-unfolding The earliest leaf-unfolding Thelatest leaf-unfolding ~ Number of
date (month-day) date (month-day) date (month-day) observed years
i Betula platyphylla FeA Tree 05-04 04-27 05-17 15
KA Deutzia grandifiora HEA Shrub 04-28 04-11 05-17 15
- Salix schwerinii WEA Shrub 04-23 04-10 05-10 15
M Betula dahurica TeAR Tree 05-04 04-25 05-13 11
BBk Juglans mandshurica TrAk Tree 05-02 04-20 05-15 1
fﬁyﬂfﬂ;}gﬂaﬁm’smi”mgswm‘" FiA Tree 05-02 04-21 05-18 1
ﬁiii?ﬁiifﬁp;aec”éﬁme””” ver TR Tree 04-22 04-09 05-08 1
424 Lonicera chrysantha H#EA Shrub 04-25 04-10 05-11 14
L% Fk Quercus wutaishansea TR Tree 05-03 04-20 05-15 16
4k Ulmus laciniata Fik Tree 04-27 04-15 05-09 15
7NiEA Zabelia biflora A Shrub 04-27 04-13 05-09 16
FE#% Corylus mandshurica HEA Shrub 04-27 04-20 05-05 14
4% Tiliamongolica TrAk Tree 04-30 04-17 05-08 15
T5¥49% Syringa pubescens AR Shrub 04-19 04-03 05-06 1
4 Populus cathayana Fik Tree 04-27 04-12 05-07 15
ik Prunus davidiana FeA Tree 04-21 04-06 05-14 16
I Prunussibirica TR Tree 04-26 04-10 05-10 16
+HES26%) Spiraea pubescens HEA Shrub 04-28 04-18 05-14 1
TF Euonymus alatus H#EA Shrub 04-22 04-04 05-11 14
AL Acer pictum subsp. mono Tik Tree 04-27 04-16 05-08 14
/NEMIE Deutzia parviflora HEA Shrub 04-29 04-11 05-17 16
/IR ZE Rhamnus parvifolia AR Shrub 04-21 04-09 05-15 15
WL ALRS Rhododendron mucronulatum A Shrub 04-27 04-15 05-11 15
MFa Pinustabuliformis TR Tree 05-09 04-22 05-30 15
Il = Rhododendron micranthum A Shrub 05-02 04-15 05-22 15

1.3 MRAE

Bl 1 AR R B A P T BV AR R i K 1) i
BV MMME FIRe 71, TEARFIMEE R RN T
Ho A A5 %4 (Campoy et al., 2011b; Luedeling & Gassner,
2012; Guo et al., 2015). Kk, AHFFiiz FH 3l )24
AL, SR B I AR B A BT b 3 AR bR sk 2002
20194 1) HIGIR N #v i RAR R . 3l )7 2 R I
0 REFEPIE . B R 2 R — P 5%
(R T BT R, GO H S5 R s A ol
1 R K A B4 BRAR AL (CP), SR T N e R A 47 45
— EL BRI 45 3 (Guo et al., 2019). 5} AR 1)
B AR5 2 20A] W 225 3R (Luedeling &  Brown,
2011). #vE BRUER AN T Z A K FE /NS (GDH)
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RIS, THE A 322530k (Anderson et al., 1986;
Guo et al., 2019). 3l /AR FN A=A BE /NI A RS 1)
DS N FH RER A Hh 1) chill IR 2 137 4 56 il o

FE N FHBAR AL, — o iR 4 B ok B B AR
IREEE BRI B H e MMGIRA R —K
FF 4f it 5 (Harrington et al., 2010; Luedeling &
Brown, 2011; Harrington & Gould, 2015). 1fij PL S[=| I
AT DL AT A 50 R R AN P i 1 R AR, IR Rk
Ty N FHAERT AT 98 o (Luedeling & Gassner, 2012;
Guo et al., 2015, 2019; Benmoussa €t al., 2017;
Martinez-L iischer et al., 2017; XII#%%%, 2020). Uh4h,
PL SR At 38 78 [ A2 &k e A RIS 5L, JFaT
M I STV AE PR T (R T o) ok B AR S v 2 AH
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ER IR RR A R BR R L oF e ety B 52 T 11 . 3
L LLO.81E J e b viE(Wold et al., 2001), BiVIP =
0.80F, B REEE, RZWAEE. trifEEi
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PEAT, XA SCOC R AT DL PLSHI k. AL,
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(Luedeling et al., 2013; Martinez-L Uischer et al., 2017).
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Fig. 2 Results of Partial Least Squares regression between daily chilling (A, B, E, F) and heat accumulation (C, D, G, H) and
leaf-unfolding dates of Tilia mongolica and Deutzia grandiflora in Dongling Mountain. Black bars indicate the coefficients are

significant (variable importance in the projection (VIP) =0.8).
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VIPEZ KT4T0.8, $iUZM Bt AL s & R
MU s e ar. BARAH P HE M RECNIE
BHVIPE/NT0.8, HEHF %7, Kt
AN HAAE S J I s S KR TR B A R R AL e
F A et DA AR B 77 KR

SRR, 25FP AR AHE ) e -4 B A I SR
Fris HE9OH 2H 212 A5H 2 1], “FH47E10H6H,
S5 H I Z AE3H 4y (K A #E(Betula platyphylla) 7F),
FHN3H 17TH (K 2). kil R EN36.79-79.72 CR,
%1{E466.16 CP. #vi& BRUTIA HE1I2H 13H &
WAHEIH22H 2 1), “FIfELH21H; 453 H #AI4E

HIEAH17TH &5 H8H 0], “F¥fE4H26H . #viE
2R B {F 1879.42-4829.02 GDH 2 [ii], ¥ 1H N
293312 GDH. FrEHMESL, 24Pk AN
BRI E AR EE.
22 BMAXEYRITIGHAMSERMRMAE
E-$ ARt i ] )

MEIBKTE, 255 A AHE 4 Jie - 2 BRI R0 4
B AU P 1A S 4 IR I ) AR S 43 ) AE 7,28
0.46 d-'C" (¥14-3.78 d- C ) f—7.01— —2.36 d-C™*
CF¥IME-451 d-CHZIA, %4620 Fh i
Fo R UG HHR IR AN A B R B R 4 S

F2  RRIL2SFPARAEY) M- 46 3R AR A P S I AR & (P E b dE %)
Table2 Chilling and heat accumulation (mean + SD) during each chilling and forcing periods for 25 woody speciesin Dongling Mountain

PF Species R ZF Chilling periods iR B R BRU Forcing periods o B E
46 0 0] st H 0] Chilling accumulation 46 B 0 p—— Heat accumulation
Start date End date (P Start date End date (GDH)
(month-day) (month-day) (month-day) (month-day)
H#E Betula platyphylla 09-30 01-11 43.37 £5.79 03-22 05-03 3640.58 + 963.76
K1t 5t Deutziagrandiflora 09-30 03-23 73.26 + 6.64 01-04 04-27 2924.49 + 824.72
I Salix schwerinii 10-06 03-07 60.57 + 6.14 03-03 04-22 2304.28 + 699.59
it Betula dahurica 10-31 03-23 55.55+7.03 01-26 05-03 3887.06 + 1 105.56
HIBER Juglans mandshurica 09-29 03-23 74.46 +7.52 12-19 05-01 3562.93+ 1 066.70
1 A 10-04 03-20 70.33+6.99 01-04 05-01 3562.62 + 1 066.71
Fraxinus chinensis subsp. rhynchophylla
AL TR 10-26 03-07 48.92 £ 6.77 01-26 04-21 2279.80 + 775.96
Larix gmelinii var. principis-rupprechtii
&A% Lonicera chrysantha 09-30 03-23 73.28+6.84 12-22 04-24 2566.87 + 783.05
7Kk Quercus wutaishansea 10-26 03-23 58.23 + 6.29 01-26 05-02 3669.40 + 928.35
bk Ulmus laciniata 09-29 03-23 7362+ 6.74 01-26 04-26 2799.27 + 797.50
JNIBA Zabelia biflora 09-30 03-23 73.07 + 6.47 12-13 04-26 2750.16 + 796.11
FE# Corylus mandshurica 09-28 03-02 61.20 + 6.76 12-22 04-26 2808.29 + 931.77
M Tiliamongolica 10-26 03-23 58.52 + 5.89 01-23 04-29 3200.84 + 884.28
516 Syringa pubescens 09-02 03-24 79.72+7.54 01-26 04-17 1949.79 £ 711.70
#4# Populus cathayana 12-05 03-24 36.79+5.91 03-02 04-26 2777.00+512.17
ik Prunus davidiana 09-02 03-23 78.39 + 6.43 03-20 04-20 1879.42 £ 652.17
1% Prunussibirica 09-30 03-22 72.40 + 6.47 12-22 04-25 2626.39 + 773.89
+ES526%5 Spiraea pubescens 10-05 03-23 71.86 + 6.97 12-17 04-27 2995.08 + 936.94
TF Euonymus alatus 09-30 03-23 73.28 +6.84 03-19 04-21 2 059.65 + 709.69
FLAH Acer pictum subsp. mono 09-30 03-22 72.60 + 6.84 01-22 04-26 2808.06 + 831.75
/NEMED  Deutzia parviflora 09-29 03-23 73.44 + 6.56 12-22 04-28 3012.81 + 844.57
/B 45 Rhamnus parvifolia 09-30 03-23 73.26 + 6.64 01-22 04-20 2106.40 * 666.57
AT AERS Rhododendron mucronulatum  09-29 03-23 7362+ 6.74 12-22 04-26 2799.54 + 797.67
JH#4 Pinus tabuliformis 10-22 03-08 51.62 + 6.26 03-03 05-08 4829.02 +1002.10
8111 Rhododendron micranthum 09-30 03-22 72.60 + 6.63 12-22 05-01 3528.25 + 932.79
H{E Average 10-06 03-17 66.16 + 11.26 01-21 04-26 2933.12 + 677.50

CP, AW 4i; GDH, K.
CP, chill portion; GDH, growing degree hour.
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Fig. 3 Regression coefficients between mean temperature, chilling and heat accumulation and leaf-unfolding dates during chilling
and forcing periods for 25 woody species in Dongling Mountain. A, Mean temperature during chilling period. B, Mean temperature
during forcing period. C, Chilling accumulation. D, Heat accumulation. Grey bars indicate regression coefficients are significant (p <
0.05), and white bars indicate regression coefficients are insignificant.CP, chilling portion; GDH, growing degree hour.

180 400 - 120 - ~100 -
w sl A g2 B, mp "c %D, gyp NrE
Eo0r D= 53000 TE590r &, S 80F = 5560
ﬁ:oolm— == 850 K59 B3 KEs ol El 20
E5E oo} 5200} EsE 60t B=8 5%8E,
BE2 el Koz o ESE 40f Bez
§s % BE S5 100 - M35 30l - g BSE o
= 30l ;@q‘;gg @-g& § 20 - m]ﬁ]gn
0 €a o g 0 ®a 4
as) 2] 2]
150 - g Z2 0 £ o
Ry F o 8 H S~ I
8 < .2 -1t 2T 2t
EESIZO' = E i = ;gg%A—zk %2%%_47 [ #K Shrub
Fe8 o1 i & W87, 3f ST -6f 3 77k Tree
B23 gl i & Og3 —4r Dgx 8¢ *,p<0.05
8'5‘5351 0 3 E['%V-s— @§O—10— -, p=0.051
e i s g 6r B2-12+ .
e E g L g 14l

A5 R Life form

B4 7R RALEARFN T A JE 46 31 e FERE AR IR i 82 1 72 53 UL CP I (B hrE22) . H, JEIHIR IS P RN 251U
WEVARE |, BHIEHSHERBREREERE. DOY, F/FH. CP AL GDH, £ KE/N.

Fig. 4 Difference between leaf-unfolding dates of shrubs and trees and their responses to climate warming in Dongling Mountain
(mean + SD). H, Regression coefficients between leaf-unfolding dates and mean temperature during forcing period. |, Regression
coefficients between leaf-unfolding dates and heat accumulation. DOY, day of the year. CP, chilling portion; GDH, growing degree hour.
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3.87d, HiH M FIMEZE T EE . EARNIGE R
26 H I R AR FL14.90 d, ANt 4s ok H 1L TR oA
507 d (ERABEE), FKERRELITAZ
10.46 CP. It 4h, EA#E RFUKIT46 H It b 7K
F.2257 d, HREIE RSB KR, 257 RKL3)EE,
SERHWIM TR AR F3.96 d, #E B EL TR AR D
543.56 GDH. It DLHEr v RN 2 /b1 Re S5
SRR 4R H R AR e ) X R %Y.
AT NR B, 12F AR L3Fh T A I #hv it BN
BRI MR ) 2 R I IEAH S R (KI5) . X i
TR REARILRTRA, J 45 BRI (R P, Gl
TRMRKRERRE .. b, RIS RIEARMT
KB R 4 B 5 # i RAR ISR R E R
HEILREZN, HHEERERFERBNE
SRS 3 GEER AT K (1S Y E 2 B R B
1 000 GDH —8.10#1-6.13 d)([&l4H-41). X i B#EA
Xof A SRR (1 e S ABURK B L TR A 1

Wit

31 25MAAREYIRMIGEMIKRINAE RINER
EERE

PL SIa| = 7 B i 717 267 AR A< 18 ) g -4 S R AR
AR E BRI R EAREL TBFNH . RAR
WINAFAE R AN 2L, X AE AT AN A 52 1 (Guo
et al., 2015; Martinez-L tischer et al., 2017; Guo €t al.,
2019) 1 H Bl o 7T A AL HARHRAH S L R i ik 72 5
) ke A= B FE ) A [R] 1 3% A (Leida et al., 2012;
Benmoussa et al., 2017), tHA] {8 H 28 i1« 3 K] [l
B (Rios et al., 2014)ak I i ok &0 K & 5] & (1)
(Luedeling et al., 2013) .

25T AR AR ) i 48 S )P KR S A B R

3

4000

WD 1 E B [A) 5 b 5 T X AR AR (M R A 10H
2H&EF3A21H; #ERZFWLIH17TH 24H17H)
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WIHE4-9 R (Xu et al., 2021). [KIAHT 7 b fifr T AL 3T
WPERR 4 R 1L, #4R1 263 m, 4EF 3436t i XA
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B, XA BE T ) ST G AN S HOW I B AL R
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2014, 2015)#(AHIER, UiHHFAE ) RIREGIR R
AR G5 Rk D248 FF 4R T (Campoy et al., 2011a), f&
65 00T U FEE 4D i 97 7] A7 AL IR RD #4v i SR AR R e
A2 B (Luedeling et al., 2013; Guo et al., 2014,
2015; Martinez-Liischer et al., 2017), HIXENLHIH
et — 80t

AT A 25T A ASAE ) Ji - U B35 B 7% IR
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i, i BAE(2 933.12 GDH) N 5 iZ 4%y
AKIFFH115(6 170.55 GDH)AZER %, Aid 5kt
(Ulmus pumila)(3 996.7 GDH)#: N1 (Xu et al.,
2021). T]RERWFFTHD s AL 5T X SR ZE BT
o AHFFUE SR E FE 4 L X I A B AR KAE R,
R 1L X PRI A BT 75 1) #4220 (Sanz-Pérez et al., 2009;
Olson et al., 2013; Zohner & Renner, 2014) . 4 & 1L14H
B XA AR AR, PP AT e R IE R FE A IR R,
o) AW i K il R B A B SR 38 R, BRI BT 7 P A
o MG T T X AR A BT 7 @& M %, JLHZ
oK H il B X () AEA B B, ST A AR AR SR
(Lagerstroemia indica) T 75 A& i % . 1AL, AT AHF
5 R B ZE (Castanea mollissi ma) b 7E % iR 75 sk —
TGO, FE R ) 3 PR 2 L R i B B R R
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JEM 1531 Leaf-unfolding date (DOY)

E5 ARRILIL2FEARFMIIMIFANHAE RMEL RH G R, DOY, 457 H; GDH, £KE/NT.
Fig.5 Linear regression between heat accumulation and leaf-unfolding dates of 12 shrubs and 13 treesin Dongling Mountain. DOY,

day of the year; GDH, growing degree hour.
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% (Charrier et al., 2011; Dantec et al., 2014). FHXHE
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AR % .

32 25FMAAEYERH G KEMMEZR
= A= )

BRI HY 25F P A A ) Jj -4 B ) AR A0 32 B A2 34
R (EAE R PSR 2 I, 152
I 22 AR B (BRI SR P~ 35 SR 2 A/,
BARKIA SR Enm G =Y aHER IR . X
5 R AT 45 5 (Fu et al., 2012; Guo et al., 2014
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