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Supplementary Fig. 1 | Relationship between heat requirement (HR) of spring phenology and chilling accumulation (CA) for 95 perennials.

The references (Supplementary Table 1) from where the curve was reproduced are shown. In the x-axis, the contents in the parentheses show the
method to calculate CA (CD, number of chilling days in a specific temperature range; CH, number of chilling hours; CU11H, model Ci; in this
study but calculated at the hourly scale), temperature range (°C) and the starting date. In the y-axis, the contents in the parentheses show the
method to calculate HR (GDD, growing degree days with a specific threshold temperature; GDH, growing degree hours; days to budburst if the
original reference did not report the temperature), threshold temperature (°C) and the forcing daylength (constant daylength or outdoor
photoperiod). BB: budburst date; Bloom: first flowering date. NRC, negative CA-HR relationship confirmed by the original references (but they

did not report the curve). The blue color represents species with a negative relationship, while the red color represents species with a positive

relationship.
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Supplementary Fig. 2 | Distribution of 24 main European woody species following the negative relationship between
chilling accumulation and heat requirement. These species include the most dominant forest tree species in Europe, whose
distribution area covers various habitats ranging from mountainous regions in southern and Eastern Europe to lowlands in
central and northern Europe. The distribution data are from chorological maps for the main European woody species

(https://doi.org/10.1016/.dib.2017.05.007)
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Supplementary Fig. 3 | Distribution of the phenological stations. Circle size: duration of phenological records (number of

years) at each station. The left corner shows the annual mean temperature and precipitation of each phenological stations.
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Supplementary Fig. 4 | Correlations between chilling accumulations calculated by using the different chilling models. a,

Pearson’s » among chilling accumulations calculated by each pair of chilling models averaged from all phenological stations

in Supplementary Fig. 3. b, Percentage of stations with significantly positive Pearson’s r (p<0.05) between chilling models.
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Supplementary Fig. 5 | Frequency distribution of Pearson’s r between chilling accumulation and heat requirement.

Chilling accumulation (CA) from 1 November to the onset of spring events was calculated for each species using the 12

chilling models (a-1), and the heat requirement (HR) was calculated as accumulated temperatures >0 °C from 1 January to

the onset of spring events. Pearson’s » between CA and HR was calculated using all records. The blue and red bars

represent negative and positive Pearson’s r, respectively. Solid bars indicate a significant Pearson’s » at p<0.05 (two-sided

t-test). The significantly negative Pearson’s r between CA and HR were found in most species for Models Ci, Cs, Cs, Cs,

and Ci2, which supported the physiological assumption in Fig. 1.



a Model C, b Model C, c Model C, d Model C,

30 30 30 30

825 25 25 25

gzo 20 20 20

515 15 15 15

é 10 10 10 10

25 5 5 5
0

0 —— 0 ———————————————— 0
0 10 20 30 40 50 60 70 80 90 100 O 10 20 30 40 50 60 70 80 90 100 O 10 20 30 40 50 60 70 80 90100 O 10 20 30 40 50 60 70 80 90 100
Percentage of stations with significantly negative Pearson's r between chilling accumulation and heat requirement

™ - Model C, o5 f Model C, . Model C, . Model C,
825 25 25 25
820 20 20 20
515 15 15 15
gm 10 10 10
Z 5 5 5

o u

0 10 20 30 40 50 60 70 80 90100 O 10 20 30 40 50 60 70 80 90 100 O 10 20 30 40 50 60 70 80 90 100 O 10 20 30 40 50 60 70 80 90 100
Percentage of stations with significantly negative Pearson's r between chilling accumulation and heat requirement

& i Model C, 55 Model C,, 20.K Model C,, 5.1 Model C,,
825 25 25 25
gzo 20 20 20
515 15 15 15
ém 10 10 10
z 5 5

o u

0 1o 20 30 40 50 60 70 80 90100 0 10 20 30 40 50 60 70 80 90 100 0 fo 20 30 40 50 60 70 80 S0 10 0 10 20 30 40 50 60 70 80 90 100
Percentage of stations with significantly negative Pearson's r between chiling accumulation and heat requirement

Supplementary Fig. 6 | Frequency distribution of the percentage of stations with significantly (p<0.05) negative Pearson’s

r between chilling accumulation and the heat requirement. Chilling accumulation (CA) from 1 November to the onset of

spring event was calculated for each species using the 12 chilling models (a-l) s, and the heat requirement (HR) was

calculated as accumulated temperatures >0 °C from 1 January to the onset of spring events. Pearson’s » between CA and

HR was calculated for each station that had at least 15 years of observations, and the percentages of significantly negative

Pearson’s r (p<0.05, two-sided #-test) were determined for each species. CA and HR were significantly and negatively

correlated at >30% of the stations in most species for Models Ci, Cz, Cs, Cs, and Ci2.
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chilling accumulation and the heat requirement. Chilling accumulation (CA) from 1 November to

the onset of spring events was calculated for each species/event using the 12 chilling models, and

the heat requirement (HR) from 1 January to the onset of spring events was calculated using the 8

forcing models. Pearson’s r between CA and HR was calculated for each station that had at least

15 years of observations. The percentage of stations with significantly negative Pearson’s r

(»<0.05, two-sided #-test) between CA and HR is shown for each species/event. The events are

coded using the BBCH scale: 10, first leaves separated; 11, first leaves unfolded; 60, first flowers

open; and 69, end of flowering.



a y=1.003x+0.47, R?=0.92*, RMSE=64. b y=0.999x+29.2, R?=0.88*, RMSE=46.85
7 0

5200 5 1000 ; )
3 3
Z ps
o O 800
& 1501 5
g g
§ & 600+
s, 5
% ‘q:: 400
g E
g 501 2
S 3 200
[} %)
£ =
- 3
o 0 T T T 1 T 0 T T T T 1
0 50 100 150 200 0 200 400 600 800 1000
Chilling accumulation (days, E-OBS data) Heat requirement (°C-days, E-OBS data)
=l o ok o 915 ok
E 1000 y=—2.81x+718.0, R*=0.40 ~1000 dy 2.98X+:768.4,.R 0.43
S . g
2 z )
O 800+ : S 800+
i (G}
g @
4 >
_8 600 & 600
§) $)
2 400 = 400
g [9)
5 5
3 200 S 2004
o o
T T
T 0 . ; ; L 0 ; ; ; .
0 50 100 150 200 0 50 100 150 200
Chilling accumulation (days, E-OBS data) Chilling accumulation (days, GHCN data)

Supplementary Fig. 8 | Comparison between chilling accumulation (CA) and heat requirement
(HR) for leaf-out of Betula pendula based on two temperature dataset. CA was calculated based on
model C; accumulated from 1 November in the previous year to the leaf-out date. HR was
calculated based on a commonly used forcing model (integrating daily mean temperatures >0 °C
from 1 January to leaf-out date). The CA and HR in corresponding grid cells of E-OBS data and at
corresponding stations of GHCN data are compared. a, CA between two datasets; b, HR between
two datasets; ¢, CA-HR relationship for E-OBS data; d, CA-HR relationship for GHCN data.
Root-mean-square error (RMSE) between the two datasets is shown. Also, the linear regression
line (in red) and its R? are shown. A two-sided F-test is used to test whether the slope equals zero.

n=3965. **: p<0.01.
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Supplementary Fig. 9 | Comparison between heat requirement (HR) for leaf-out of Betula

pendula based on different starting dates of temperature accumulation. HR was calculated based

on a commonly used forcing model (integrating daily mean temperatures >0 °C). a, HR

accumulated from 1 January vs. from 15 January; b, HR accumulated from 1 January vs. from 1

February; ¢, chilling accumulation(CA)-HR relationship for different starting dates of temperature

accumulation. CA was calculated based on model C; accumulated from 1 November in the

previous year to the leaf-out date. The linear regression lines are shown (n=3965). A two-sided

F-test is used to test whether the slope equals zero. **: p<0.01.
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Supplementary Fig. 10 | Comparisons between observed and simulated leaf-out date of Betula

pendula averaged from 1980 to 2018. Each point represents a 0.5°x0.5° grid (n=303). Spring

phenological events were simulated using the linear regression between chilling accumulations

based on the 12 chilling models (from 1 November to the onset of spring events) and the heat

requirement (the accumulated temperature >0 °C from 1 January to the onset of spring events) for

all records (1951-2018). The past phenological change over 1980-2018 was simulated by using the

E-OBS data. DOY, day of the year. The dashed line represents the 1:1 line. R%: goodness of fit. A

two-sided F-test is used to test whether the slope equals zero. **: p<0.01. RMSE:

root-mean-square error (days).
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Supplementary Fig. 11 | Comparisons between observed and simulated trends in the leaf-out date

of Betula pendula from 1980 to 2018. Trends was estimated as the slope of the linear regression of

spring phenology against year for each 0.5°x0.5° grid with at least 15-year observation data

(n=265). Spring phenological events were simulated using the linear regression between chilling

accumulations based on the 12 chilling models (from 1 November to the onset of spring events)

and the heat requirement (the accumulated temperature >0 °C from 1 January to the onset of

spring events) for all records (1951-2018). The past phenological change over 1980-2018 was

simulated by using the E-OBS data. The dashed line represents the 1:1 line. R?: goodness of fit. A

two-sided F-test is used to test whether the slope equals zero. **: p<0.01. *: p<0.05. RMSE:

root-mean-square error in days year.
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Supplementary Fig. 12 | Changes in spring phenology from 2019 to 2099 under the RCP 4.5 scenario. Spring phenological

events were simulated using the linear regression between chilling accumulations based on the 12 chilling models (from 1

November to the onset of spring events) and the heat requirement (the accumulated temperature >0 °C from 1 January to the

onset of spring events) for all records (1951-2018). The past phenological change over 1980-2018 was also simulated by

using the E-OBS data. Each panel represents a spring event for one species. The events are coded using the BBCH scale: 10,

first leaves separated; 11, first leaves unfolded; 60, first flowers open; and 69, end of flowering. DOY, day of the year. The

dates of the spring phenological events were smoothed using an 11-year moving average. The red lines represent valid

models (Ci, Cz, C4, Cs, and C12), and the blue lines represent invalid models.
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Supplementary Fig. 13 | Changes in spring phenology from 2012 to 2099 under the RCP 8.5 scenario. Spring phenological

events were simulated using the linear regression between chilling accumulations based on the 12 chilling models (from 1

November to the onset of spring events) and the heat requirement (the accumulated temperature >0 °C from 1 January to the

onset of spring events) for all records (1951-2018). The past phenological change over 1980-2018 was also simulated by

using the E-OBS data. Each panel represents a spring event for one species. The events are coded using the BBCH scale: 10,

first leaves separated; 11, first leaves unfolded; 60, first flowers open; and 69, end of flowering. DOY, day of the year. The

dates of the spring phenological events were smoothed using an 11-year moving average. The red lines represent valid

models (Ci, Cz, C4, Cs, and C12), and the blue lines represent invalid models.
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Supplementary Fig. 14 | Temperature change in Europe from 1951 to 2099. For the past period
(1951-2018), temperature data is from the E-OBS data. For future climatic data (2019-2099), we
used the data simulated by the HADGEM2-ES model. The temperature during the chilling period
(black line) is averaged from the previous 1 November to 31 January, while the temperature

during the forcing period (red line) is averaged from 1 February to 31 May. The bold lines show

the result of the 11-year moving average.
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Supplementary Fig. 15 | Response of the rate of chilling for the 12 chilling models. a, Valid

models. b, Invalid models.
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Fig. 16 Relationship between chilling accumulation (CA) and heat requirement (HR) for leaf-out

of Betula pendula at different latitudes. a, at latitudes lower than 50.65 °N. b, at latitudes higher

than 50.65 °C. The red line represents the linear regression line (n=32275). A two-sided F-test is

used to test whether the slope equals zero. **: p<0.01.



Supplementary Table 1 | Examples of studies examining the correlation between chilling

accumulation and heat requirement of spring phenology.

Year Species Event Region Method Ref
1983  Picea sitchensis Budburst UK Observation !
1989 15 species Budburst UK Experiment 2
1993 9 species Budburst Norway Experiment 3
1993  Carya illinoinensis Budburst USA Experiment 4
1995 2 species Bud-burst Norway Experiment 3
2005 2 species Leaf unfolding Norway Experiment ¢
2009  Euphorbia elula Flowering USA Experiment 7
2010  Euphorbia elula Flowering USA Experiment 3
2010 Pseudotsuga menziesii Budburst USA Experiment
2011 4 species Budburst UK Experiment  '°
2011  Prunus armeniaca Budburst South Africa  Experiment !
2011  Prunus persica Budburst USA Experiment 12
2011  Betula pubescens Budburst UK Experiment 13
2013 3 species Leaf unfolding Belgium Experiment !4
2013 2 species Leaf unfolding France Observation 13
2014 36 species Budburst Germany Experiment 1
2014  Picea abies Budburst Finland Experiment 7
2015 13 species Leaf unfolding Europe Observation 8
2015 2 species Budburst UK Experiment "
2017 7 species Budburst Canada Experiment ~ 2°
2017 6 species Budburst USA Experiment 2!
2018 28 species Budburst USA, Canada Experiment 22
2019 2 species Leaf unfolding Belgium Experiment 23
2019 Leymus chinensis Leaf unfolding China Experiment 24




Supplementary Table 2 | List of 91 perennials with negative correlations between chilling

accumulation and the heat requirement of spring phenology.

Plant type

Number

Species

Deciduous broadleaved shrub

Deciduous broadleaved tree

Deciduous coniferous tree

Evergreen coniferous tree

Herbaceous perennial

23

52

12

2

Acer tataricum, Aronia melanocarpa, Cornus alba,
Cornus  mas, Corylus avellana, Crataegus
monogyna, Hamamelis virginiana, Illex mucronatus,
Kalmia angustifolia, Lonicera canadensis, Lyonia
ligustrina, Rhamnus  frangula, = Rhododendron
prinophyllum, Rosa rugosa, Rubus idaeus, Salix
viminalis, Spiraea alba, Symphoricarpos albus,
Syringa chinensis, Syringa vulgaris, Vaccinium
myrtilloides,  Viburnum  cassinoides,  Viburnum
lantanoides

Acer  negundo, Acer  pensylvanicum,  Acer
platanoides, Acer pseudoplatanus, Acer rubrum,
Acer saccharum, Aesculus hippocastanum, Alnus
glutinosa, Alnus incana, Alnus incana subsp. rugosa,
Betula  alleghaniensis, Betula lenta, Betula
papyrifera, Betula pendula, Betula pubescens,
Carpinus  betulus, Carya illinoinensis, Fagus
grandifolia, Fagus sylvatica, Fraxinus chinensis,
Fraxinus  excelsior, Fraxinus nigra, Juglans
ailantifolia, Juglans cinerea, Juglans regia, Malus
sp.(apple), Nyssa sylvatica, Populus balsamifera,
Populus deltoides, Populus grandidentata, Populus
tremula, Populus tremuloides, Populus trichocarpa,
Prunus armeniaca (apricot), Prunus avium, Prunus
padus, Prunus pensylvanica, Prunus persica
(Peach), Prunus serotina, Pyrus communis(pear),
Quercus  alba,  Quercus  bicolor,  Quercus
ellipsoidalis, Quercus petraea, Quercus robur,
Quercus  rubra, Quercus  velutina,  Robinia
pseudoacacia, Salix X smithiana, Sambucus nigra,
Sorbus aucuparia, Tilia cordata

Larix decidua, Larix laricina

Abies alba, Tsuga heterophylla, Picea abies, Picea
glauca, Picea mariana, Picea sitchensis, Pinus
banksiana, Pinus contorta, Pinus strobus, Pinus
sylvestris, Pinus wallichiana, Pseudotsuga menziesil

Leymus chinensis, Euphorbia elula

All perennials are extracted from the studies listed in Supplementary Table 1.



Supplementary Table 3 | Summary of species and spring events investigated in this study.
Plant No. of No. of

No. Species BBCH .
type stations records
1 Acer platanoides* 60 Tree 2674 80084
2 Acer pseudoplatanus® 11 Tree 76 1578
3 Aesculus hippocastanum* 11 Tree 3942 129530
4 Alnus glutinosa™ 11 Tree 2477 72152
5 Alopecurus pratensis 60 Herb 1059 23072
6 Artemisia vulgaris 60 Herb 800 15953
7 Betula pendula™ 11 Tree 3912 127990
8 Calluna vulgaris 60 Shrub 2655 80681
9 Cornus mas* 60 Shrub 40 1271
10  Corylus avellana™ 60 Shrub 3466 108820
11 Dactylis glomerata 60 Herb 225 5243
12 Fagus sylvatica* 11 Tree 3321 103450
13 Forsythia suspense 60 Shrub 3023 92325
14 Fraxinus excelsior* 11 Tree 2415 72315
15  Galanthus nivalis 60 Herb 4178 139530
16 Larix decidua* 10 Tree 2968 92415
17  Picea abies* 10 Tree 3185 100960
18  Pinus sylvestris* 10 Tree 2699 78768
19  Prunus avium* 69 Tree 684 12887
20  Prunus spinosa 60 Shrub 3013 97249
21 Quercus robur* 11 Tree 3394 106650
22 Ribes rubrum 60 Shrub 3359 100030
23 Robinia pseudoacacia* 60 Tree 2638 77764
24 Salix caprea 60 Shrub 3828 125450
25 Sambucus nigra* 60 Shrub 4115 129710
26 Sorbus aucuparia*® 11 Shrub 1192 25877
27 Syringa vulgaris* 60 Shrub 4177 139020
28 Taraxacum officinale 60 Herb 3954 130740
29 Tilia platyphyllos 60 Tree 3351 105330
30 Tussilago farfara 60 Herb 3742 116800

The BBCH scale is used to identify the phenological events of plants: 10, first leaves separated; 11,
first leaves unfolded; 60, first flowers open; and 69, end of flowering. *: the species which have
been proved to have a negative relationship between HR and CA based on previous studies.
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