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Spring warming could induce earlier leaf-out or flowering of temperate plant species, and
decreased chilling in winter has a delaying effect on spring phenology. However, the relative
contribution of the decreased chilling and increased forcing on spring phenological change
is unclear. Here, we analyzed the experimental data for 14 temperate woody species in
Beijing, China and quantified the forcing requirements (FR) of spring phenology and chilling
sensitivity (the ratio of the FR at the low chilling condition to the FR at the high chilling
condition) for each species. Furthermore, using species-specific functions between the
amount of chilling and FR, we established a phenological model to simulate the annual
onset dates of spring events during the past 69years (1952-2020) and in the future
(2021-2099) under RCP 4.5 and RCP 8.5 climate scenarios. We also developed a novel
method to quantitatively split the predicted phenological change into the effects caused
by changes in forcing and those caused by changes in chilling. The results show that the
FR of spring events decreased with the increase in the amount of chilling, and this
relationship could be described as an exponential decay function. The basic FR (the FR
at the high chilling condition) and chilling sensitivity varied greatly among species. In the
1952-2020 period, the advancing effect of increased forcing was stronger than the effect
of chilling, leading to earlier spring events with a mean trend of —1.96 days/decade. In
future climate scenarios, the spring phenology of temperate species would continue to
advance but will be limited by the decreased chilling. The species with lower chilling
sensitivities showed stronger trends than those with high chilling sensitivities. Our results
suggested that the delaying effect of declining chilling could only slow down the spring
phenological advance to a certain extent in the future.

Keywords: spring phenology, climate change, chilling, forcing, growth chamber experiment

INTRODUCTION

Plant phenology refers to the periodic biological events formed by adapting to environmental
conditions such as temperature, moisture, and light (Lieth, 1974). The change in plant phenology
can indicate the impact of climate changes on biophysical systems. The global surface temperature
has increased faster since 1970 than at any time in the previous 2,000years (IPCC, 2021).
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Such a rapid climate change has altered plant phenology
significantly in the past several decades. For example, 78% of
leafing, flowering, and fruiting timing became earlier in 1971-
2000 in Europe (Menzel et al., 2006). Similar spring phenological
trends were also observed in China (Ge et al., 2015) and
America (Ellwood et al, 2013). Plant phenology also affects
carbon uptake (Keenan et al., 2014; Xia et al., 2015) and the
water cycle (Richardson et al.,, 2013) of terrestrial ecosystems,
and the phenological mismatch among trophic levels could
contribute to community restructuring (Cleland et al., 2007;
Thackeray et al., 2016). Therefore, a deeper understanding of
the responses of phenology to climate change could help us
to predict the future ecosystem dynamics.

In long-term phenological time series, a negative correlation
between spring phenology of plants and the preseason
temperature is prevalent (Wolfe et al., 2005; Wang et al., 2015,
2018), suggesting that an increase in forcing temperature can
advance spring leaf unfolding or flowering date. Therefore, the
earliest spring phenological models adopted the growing degree
days (GDD) or thermal time to measure the impact of forcing
temperature on spring phenology (Hunter and Lechowicz, 1992).
In the GDD model, the developmental rate of plants is assumed
to be linearly related to temperature when the temperature is
above a threshold, and spring events occur when a certain
GDD requirement is fulfilled. However, experimental evidence
has shown that the late-autumn and winter chilling during
the dormancy period also plays a key role in modulating spring
phenology (Flynn and Wolkovich, 2018; Du et al., 2019; Zhang
et al., 2021a), while the effect of photoperiod is only significant
in a small proportion of plants (Zohner et al., 2016). Because
chilling can help plants to release from endodormancy in winter
(Horvath et al., 2003), plants that experienced more chilling
could break bud faster under the same forcing conditions.
Therefore, phenological models taking both the winter chilling
and spring forcing into account can more accurately simulate
the spring phenological changes (Hénninen et al., 2019). Winter
warming may result in less chilling received by plants during
the dormancy period and thus delay the spring phenology,
but the increase in forcing temperature due to spring warming
has an advancing effect. Thus, warming has dual effects on
spring phenology. The relative contribution of chilling and
forcing on spring phenological change is still unclear for many
important species.

Since forcing and chilling are two major environmental cues
modulating temperate species’ spring phenology, many studies
have measured the forcing requirement (FR) and chilling
requirement (CR) of various species. FR refers to the GDD
required to complete the spring events under certain chilling
conditions. At a fixed station, the large span of spring phenology
across species implies significant interspecific differences in
FR. For example, among 42 woody species at Xian (34°12'N,
108°57’E), China, the earliest leaf unfolding date averaged from
1963 to 2011 was March 16 (Salix babylonica), whereas the
latest was April 21 (Sapium sebiferum; Dai et al., 2013). Thus,
the difference in the FR of these two species reached a GDD
accumulated during a 36-day period. CR is usually defined
as the amount of chilling required for attaining the state of

endodormancy release and could be estimated as the accumulated
chilling at the date when the FR began to level off (Hénninen
et al, 2019; Zhang et al,, 2022). To better learn about the
future phenological dynamics of different species within the
community, we need to know how species’ FR and its response
to chilling is related to their magnitude of phenological changes.

To investigate the interspecific difference in the FR and its
sensitivity to chilling, we used experimental data on 14 temperate
deciduous species from a previous study (Lin et al, 2022)
and calculated species-specific functions between chilling
accumulation and FR of different species. Furthermore,
we developed a process-based model to simulate the past and
future spring phenological changes and the relative contributions
of chilling and forcing. The objectives of this study were (1)
to assess the effects of climatic warming on the spring phenology
of temperate species with scenario simulations, (2) to quantify
the relative contribution of chilling and forcing to spring
phenological changes, and (3) to identify the relationship
between physiological traits (FR and its sensitivity to chilling)
of species and the strength of phenological changes.

MATERIALS AND METHODS

Twig Experiment

The experimental data were derived from a published study
(Lin et al., 2022). Lin et al. (2022) carried out a twig experiment
on 14 typical deciduous species (Table 1) at the Olympic Forest
Park, Beijing, China (40°01°3.00"N, 116°23'2.98"E). During the
two winters (1 November 2018 to 26 March 2019 and 8
November 2019 to 8 April 2020), the twigs of each species
were collected every 3-7days, resulting in twig samples with
an increasing amount of chilling. In each collection, the twigs
were placed in glass bottles containing tap water and then
were moved to the growth chambers (day/night temperature
of 25°C/15°C, and a photoperiod of 14h light and 10h dark).
The first leaf date (FLD) or the first flowering date (FFD) of
each twig in growth chambers was recorded. More detailed
experimental steps could be found in Lin et al. (2022). In the
present study, we investigated the FFD of three species (winter
jasmine, weeping forsythia, and flowering plum) since they
flowered earlier than leaf-out, while for the other 11 species,
we analyzed their FLD data (Table 1).

Quantification of Forcing Requirement and
Chilling Accumulation

The daily temperature data in Beijing (1951-2020), available
from the China Meteorological Service Center,'’ was used to
calculate chilling accumulation (CA) and forcing requirements
(FR). Because the hourly temperatures are not available,
we generated the hourly temperatures using the sine function
(Zohner et al., 2020a). For each sampling date, we first quantified
the amount of CA the twigs had already experienced. The
rate of chilling in response to temperature varies among species.

'http://data.cma.cn/en
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TABLE 1 | Summary of species investigated in this study.

No. Common name Scientific name Life form First spring event  Chilling model
1 Winter jasmine Jasminum nudiflorum Shrub FFD Eq. (1), Ty =5°C
2 Rock cotoneaster Cotoneaster horizontalis Shrub FLD Eq. (3), T, =1°C
3 Early blooming lilac Syringa oblata Shrub FLD Eq. (3), To, =5°C
4 Weeping willow Salix babylonica Tree FLD Eq. (1), T, =5°C
5 Linden arrowwood Viburnum dilatatum Shrub FLD Eq. (1), T, =7°C
6 Shrub lespedeza Lespedeza bicolor Shrub FLD Eq. (2), T, =-5°C, T, =5°C
7 Weeping forsythia Forsythia suspensa Shrub FFD Eq. (3), To, =5°C
8 Flowering plum Amygdalus triloba Tree FFD Eq. (1), Ty =5°C
9 Simon poplar Populus simonii Tree FLD Eq. (8), Top =1°C
10 Kaido crabapple Malus micromalus Tree FLD Eq. (3), To, =3°C
11 Nanjing cherry Cerasus tomentosa Shrub FLD Eq. 3), Top =5°C
12 Maidenhair tree Ginkgo biloba Tree FLD Ea. (1), T, =7°C
13 Dawn redwood Metasequoia glyptostroboides Tree FLD Eq. (1), Ty =7°C
14 Chinese ash Fraxinus chinensis Tree FLD Eq. (1), T, =5°C

FFD, first flowering date and FLD, first leaf date.

Thus, we adopted different chilling models for each species.
Three types of chilling models were used, including the threshold
model (Eq. 1), range model (Eq. 2), and triangular model
(Eq. 3).

1 T, (t)<T
CU(t)= 1
( ) {0 else )
1 T<T(t)<Ts
CU(t)= 2
( ) {0 else @
To(t)—Tmi
———— T <T,(t)<T
Top_Tmi mi o( ) op
Tma —To (t
CU(t)= ;‘“"f;() Top < To (t) < Tima 3)
ma op
0 else
t
CA=>"CU(t) (4)

t=t,

where CA represents the amount of chilling, ¢ is the last hour
on the sampling date, f, is the first hour of the day when
chilling accumulation is started in the calculations (November
1). CU represents the chilling unit. T,(¢) refers to the temperature
at hour t. T;, Ty, T3, T, Tuw and T, are the parameters of
the threshold temperature for effective chilling. For Eq. (3),
the difference between T,/ T,,; and T, is set to 7°C. The optimal
chilling model for each species was selected based on Lin
et al. (2022) and shown in Table 1.

FR was calculated as the growing degree hours (GDH)
accumulated during the process of bud growth. For twigs
sampled before 1 January, the accumulation of GDH started
on the first day when the twigs were transferred to the growth
chambers. However, for the twigs collected after 1 January,
the accumulation of GDH started on 1 January, so as to
include the effect of forcing temperature in natural conditions
(Eq. 5).

~Ty,0)

z max(

ts <ty
FR = . (5)
> max(T Tb,O) else

t=t,

— Ty, 0) z max(

where FR represented the forcing requirement of spring events;
t, is the first hour of January 1; t, refers to the first hour on
the sampling date; t; refers to the last hour on the onset date
of the first spring event (FLD or FFD) averaged from three
twigs; T,(t) refers to the hourly temperature outdoor at hour
t; T4(t) refers to the hourly temperature in the growth chambers;
and T, is the threshold temperature to accumulate GDH, which
is set to 5°C following previous studies (Kramer, 1994; Peaucelle
et al, 2019; Wang et al.,, 2020a).

Relationship Between FR and CA

The relationship between CA and FR in natural conditions
was first described as an exponential curve by Cannell and
Smith (1983, 1986). Later, Murray et al. (1989) conducted an
experiment on 15 tree species in Britain to examine the difference
in the FR-CA curve between species. Based on the theoretical
and methodological framework of Murray et al. (1989),
we combined the experimental data of two winters to fit the
species-specific relationship between CA and FR using an
exponential function:
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FR(CA)=a+be <" (6)

where a, b, and ¢ are parameters estimated using the least-
squares method, that is, the parameter values that minimize
the sum of squares of the errors between the simulated FR
and the observed FR in the experiment. Eq. (6) with the fitted
parameters was used to simulate the past and future spring
phenological changes.

To examine whether there is a significant difference in the
FR and its response to CA between species, we constructed
a mixed linear model with FR as the dependent variable and
species, CA, and their interaction as the independent variables
(fixed effects) and year as a random effect (Eq. 7):

In(FR)=a;CA +a,Species + a3 (CA x Species ) +ag + Uyear  (7)

where CA refer to the CA for each species at each observation
date. CA xspecies represents the interaction between CA and
species, and aj, a,, a;, and a, are parameters. U, is the coefficient
for each year. The logarithm of FR is used as a dependent
variable because CA is exponentially related to FR.

Chilling Sensitivity and Forcing
Requirement

The rate of decrease in FR causing by the increase in chilling
varies among species. To measure the interspecific difference in
the effect of chilling, we defined chilling sensitivity (CS) as the
ratio of the plants FR under low chilling conditions to the FR
under high chilling conditions (Figure 1B; Eq. 8). The higher
CS (a larger ratio) indicates that the plant relies more on chilling
to reduce the FR. Conversely, lower CS (ratio close to 1) indicates
that chilling plays a small role in regulating bud-burst date.

oS 2 FR (lowc)

- FR(highc) ®)

where FR(lowc) represents FR under low chilling conditions
(lowc), and FR(highc) represents the FR under high chilling
conditions (highc). FR(lowc) and FR(highc) were calculated
based on Eq. (6). Using a uniform CA value of lowc and
highc for all species is inappropriate because the CA values
derived from different chilling models are not comparable.
For example, a CA value of 720 represents a low chilling
condition for Viburnum dilatatum, but is a relatively high
chilling condition for Forsythia suspensa (see Figure 2). Thus,
we calculated the CA values during the same period with
species-specific chilling models to obtain a comparable lowc
and highc (Egs. (9), (10); Figure 1A).

tiow
lowe = ZCU(t) ©)

t=t,

Chigh

highc = »'CU(t)

t=t,

(10)

where lowc is the CA value of the low chilling condition for
each species. highc is the CA value of the high chilling condition
for each species. t, is the first hour of 1 November 2018. The
parameter f,, is the last hour of 21 December 2018
(corresponding to CA of 720h calculated by Eq. 1 with T, =5°C).
The parameter tyg, is the last hour of 28 February 2019
(corresponding to CA of 2,160h calculated by Eq. 1 with
T,=5°C).

When comparing the FR among different species, we should
use the FR in a constant chilling condition because the FR
varies with the amount of chilling. Therefore, we used FR(highc)
to represent the basic FR of each species.

Phenological Model

We developed the phenological model based on a species-
specific function between CA and FR of spring events (Eq. 6).
Subsequently, we simulated the spring events of these species
in the study area for the past 69years (1952-2020) and the
future 79 years (2021-2099). The future climatic data we adopted
were the daily resolution and bias-corrected data simulated
by the global climatic model HadGEM2-ES, covering 2011-2099
under two Representative Concentration Pathways (RCP 4.5
and 8.5), with a resolution of 0.5 x 0.5°. This dataset was available
from the Fast Track input-data catalog of the Inter-Sectoral
Impact Model Intercomparison Project (ISIMIP).> To remove
the systematic deviations of the simulated historical data from
real observations, we corrected the future temperature data
by adding the difference in mean temperature between the
past temperature data and future temperature data during the
period in common (2011-2020). Based on the past and future
climate data, we found that the seasonal temperature in Beijing
increased significantly at a rate of 0.34-0.52°C/decade from
1952 to 2020, and the warming is predicted to continue under
both RCP 4.5 and RCP 8.5 (Supplementary Figure 1).

For each species in each year, the onset date of the spring
event was simulated as the date when the GDH attained the
FR estimated from the CA-FR function (Eq. 6). The regression
coefficients of the phenological events against year were used
to estimate the long-term trends. Furthermore, to investigate
the relationship between phenological trends and CS or basic
FR, we calculated the Pearson’s r between phenological trends
and CS or basic FR of different species in the past and
future periods.

Subsequently, we developed a novel method to divide the
simulated phenological timing of each year into three parts
(Eq. 11), including the phenological timing during the reference
period (P.), the change in the phenological timing caused
by chilling (C), and the change in the phenological timing
caused by forcing (F).

*https://www.isimip.org/
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2500
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FIGURE 1 | Schematic diagram of the method to calculate the chilling sensitivity (CS). (A) The definition of low chilling condition (lowc) and high chilling condition
(highc). lowc is defined as the CA from 1 November 2018 (to) to 21 December 2018 (t,.,). highc is defined as the CA from 1 November 2018 (t,) to 28 February 2019
(tngn). For each species, different chilling models are used to calculate lowc and highc. (B) The definition of CS. CS is the ratio of the FR in lowc to the FR in highc.

P=C+F+Py (11)

The above quantitative splitting of the predicted phenological
change into the effects caused by changes in forcing and
those caused by changes in chilling was realized by the following
steps:

1. The FR-CA curve was established for each species on the
basis of the experimental results (Eq. 6).

2. Using the curve and the available temperature records, the
spring phenological timing P; was calculated for each year
i during the reference period 1961-1990.

3. The average phenological timing during the reference period
was calculated by using Eq. (12).

1990

2P
P = =191
rer —

(12)
30

4. In each year i, the value of FR from the FR-CA curve
predicting the phenological event to occur is denoted by
FR;. The mean of the FR; values during the reference period
was denoted by FR.s (Eq. 13). It was the mean of the
forcing requirements of the phenological event during the
reference period.

1990

> FR;
FRref = i:]9§1)

(13)

5. The effect of chilling (C) was calculated as the difference
between the predicted phenological timing P; and the
prediction obtained for that year by assuming the constant
value of FR,s (Eq. 14), because the year-to-year variation
in FR; is caused by the year-to-year variation of chilling.

C=P—P(FRyet) (14)

6. The forcing effect (F) was estimated as the difference in
the phenological timing under a fixed FR (excluding the
effect of CA on FR) minus the average phenological timing
during the reference period (Eq. 15).

F:P(FRref)_Pref (15)

Following Egs. (14), (15), Eq. (11) is a mathematical necessity.
Using the above methods, we calculated the interannual chilling
effect and forcing effects from 1952 to 2099 and quantified
the relative contribution of chilling and forcing on phenological
change.

RESULTS

Effect of Chilling on Forcing Requirement

The results of the mixed linear model showed that the effects
of species (p<0.001) and chilling (p <0.001) on FR were significant,
and the conditional R* of the model reached 0.893
(Supplementary Table 1). Thus, the FR differed significantly
among species and chilling conditions. The FR of spring events
decreased with the increase in the CA (Figure 2). The exponential
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FIGURE 2 | Relationship between the forcing requirement (FR) of spring events and chilling accumulation (CA) for 14 woody species. Points: observed CA and FR
in the two-year experiment. Error bar: SD. An exponential function is fitted for each species, and the coefficient of determination (R?) is shown. The CA for each

decay function fits well for the CA-FR relationship of all
experimental species, with R* ranging from 0.70 (J. nudiflorum)
to 0.97 (V. dilatatum; Supplementary Table 2). Thus, the
phenological model based on the exponential function between
CA and FR could be used to simulate spring phenological changes.

Chilling Sensitivity and Forcing
Requirement Among Different Species

The basic FR and CS of each species were estimated based
on the fitted CA-FR function. The CS varied greatly among
14 species, ranging from 1.19 (J. nudiflorum) to 2.69 (L. bicolor;
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Figure 3A). The mean CS for shrubs and trees was 1.85 and
1.90, respectively. There was no significant difference in CS
between trees and shrubs (t-test, p=0.855). The basic FR also
varied significantly among species, ranging from 2383.16°C-hours
(J. nudiflorum) to 8556.94°C-hours (E chinensis; Figure 3A).
The mean basic FR of shrubs (3824.42°C-hours) was smaller
than the trees (5799.35°C-hours), and this difference was
statistically significant (¢-test, p=0.039). Furthermore, there was
no significant correlation between CS and FR across species

(Figure 3B, p=0.90). For example, E chinensis and J. nudiflorum
showed similar CS (1.40 and 1.19), but a 4-fold difference in
the FR (8556.94 vs. 2383.16°C-hours).

Past Phenological Change

Averaged from all the species, the advancing effect of forcing
increased significantly between 1952 and 2020, with a trend
of —1.96days/decade (p<0.001, Figure 4A). However, the mean
trend of the chilling effect was almost negligible (—0.00001 days/
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FIGURE 5 | Interspecific difference in trends of the chilling effect and forcing
effect on spring events from 1952 to 2020. (A) Trends of the chilling effect
and forcing effect for each species. (B) Relationship between the trends of
spring events and basic forcing requirement (basic FR). (C) Relationship
between the trends of spring events and chilling sensitivity. **p<0.001;
**p<0.01; “p<0.05.

decade). At the interannual scale, the chilling effect was negatively
correlated with the forcing effect (Figure 4B). A 1-day delay
in spring phenology due to the decreased chilling corresponded
to 5.49days advance induced by the increased forcing. Thus,
the delaying effect of chilling was always lower than the
advancing effect of forcing.

The interspecific differences in the contribution of chilling
and forcing to spring phenological change were obvious. The
trend of the forcing effect ranged from —2.12days/decade

(S. oblata) to —1.83days/decade (P. simonii), while the trend
of the chilling effect ranged from —0.27 days/decade (F. suspensa)
to 1.30days/decade (M. glyptostroboides (Figure 5A). Because
the trend of chilling effect was always weaker than the trend
of forcing effect, the spring event became earlier for all species,
with the trend ranging from —2.25days/decade (F suspensa)
to —1.54 days/decade (G. biloba). The spring phenological trends
during 1952-2020 were positively correlated with the CS and
basic FR of each species, but the relationships were not statistically
significant (Figures 5B,C).

Future Phenological Change

In the future (2021-2099), the spring events of the 14 species
showed an earlier trend both under RCP 4.5 or RCP 8.5. The
mean trend of spring phenology under RCP 4.5 was —1.30 days/
decade (Figure 6A), which was weaker than the trend under
RCP 8.5 (—2.79days/decade; Figure 6B). The delaying effect
of chilling and the advancing effect of forcing were significantly
stronger in the future than in the past (1952-2020). The chilling
and forcing effects were still significantly negatively correlated
at the interannual scale. A 1-day delay in spring phenology
due to the decreased chilling corresponded to 4.87 days (RCP 4.5,
Figure 6C) or 2.63days (RCP 8.5, Figure 6D) advance caused
by the increased forcing. Thus, the delaying effect of chilling
reduction on spring phenology will become stronger in the
future compared to past decades.

The trends of chilling and forcing effects in the future
differed among species, resulting in different spring phenological
trends (Figures 7A,B). Under RCP 4.5, spring events would
become earlier in all species with a trend ranging from —1.22 days/
decade (E chinensis) to —0.17 days/decade (M. glyptostroboides).
Under RCP 8.5, all species showed a significantly earlier trend
ranging between —3.92days/decade (C. tomentosa) and
—1.18days/decade (L. bicolor). Both the chilling and forcing
effects were significantly stronger under RCP 8.5 compared to
those under RCP 4.5 (Figures 7A,B).

Although the Pearson’s r between spring phenological trend
and basic FR was not significant under RCP 4.5 and RCP 8.5
(Figures 7C,D), stronger spring phenological trends were found
in species with lower basic FR. However, the Pearson’s r between
spring phenological trend and CS was significantly positive
(Figures 7E,F), suggesting that the advance of spring phenology
in the future was more pronounced for species with lower CS.

DISCUSSION

Chilling Effects on Forcing Requirements

This study confirmed that chilling played an important role
in modulating the spring phenology of plants, which is
consistent with the previous experimental evidence. For example,
the seedlings or twigs of five subtropical trees (Cinnamomum
chekiangense, Liriodendron chinense, M. glyptostroboides, Phoebe
chekiangensis, and Torreya grandis) with longer chilling exposure
showed a faster budburst rate (Zhang et al., 2021b). Pletsers
et al. (2015) also found that the budburst time of two tree
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species (Betula pubescens and Populus tremula) was earlier
with the increase in the CA. The controlled experiment not
only could directly reflect the effect of chilling on spring
phenology, but also could help to develop biologically realistic
process-based models of spring phenology in trees if the
experiments were explicitly designed for describing the
temperature responses of the simulated processes (e.g., Zheng
et al., 2021; Zhang et al., 2022). Long-term observations also
showed consistent results with the controlled experiment. For
instance, Fu et al. (2015b) found that FR for leaf unfolding
was negatively correlated with CA for about 90% of the time
series of long-term phenological observations in Europe.
Similar results were found by Wang et al. (2020b), who showed
that the CA-FR relationship of 30 perennial species in Europe
was negative if adopting an appropriate model to measure
the amount of chilling.

Although the 14 woody species, we investigated were
distributed in the same region, there were significant
interspecific differences in the CS and FR. This result was

consistent with previous studies. For example, Man et al.
(2017) found that the FR for budburst was higher for black
spruce and white spruce than that for lodgepole pine and
jack pine, and the rate of chilling completion was highest
for black spruce and white spruce and lowest for trembling
aspen and balsam poplar. As suggested by Korner and Basler
(2010), most shrubs are pioneer species, which adopt an
opportunistic strategy to leaf out earlier. Thus, we expect
pioneer species to show lower CS and FR. Our results
supported this hypothesis when comparing the FR between
life forms, as tree species had higher FR than shrub species.
By contrast, for chilling, our results did not support the
hypothesis because the CS of trees and shrubs did not show
a significant difference.

Contribution of Chilling and Forcing to
Phenological Change

Our study quantified the contribution of chilling and forcing
to phenological changes of different species and found that
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the delaying effect of chilling was much smaller than the
advancing effect of forcing from 1952 to 2020. This finding
explained why long-term spring phenological changes observed
on the ground are dominated by advancement (Wang et al.,
2015; Menzel et al., 2020; Rosbakh et al., 2021). Furthermore,
the decreased chilling caused by winter warming may limit
the earlier trends of spring phenology or reduce phenological
sensitivity in response to temperature (Fu et al., 2015a). For
example, FFD data on Syringa vulgaris from 613 sites in
Europe showed that the temperature sensitivity decreased
significantly by 0.92 days/°C in a warming period (2004-2013)

compared to that in a colder period (1963-1972; Wang et al.,
2018). The future winter warming examined in the present
study under RCP 4.5 (0.44°C/decade) is stronger than the
spring warming (0.31°C/decade), and under RCP 8.5, warming
is similar between winter and spring (both 0.77°C/decade;
Supplementary Figure 1), but the chilling effect would
typically be smaller than the forcing effect in all experimental
species under all scenarios. Thus, in current climate
conditions and future climate scenarios, the dominant signal
of climate change on spring phenology is increased forcing
(Ettinger et al., 2020).
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Interspecific Variation in the Future
Phenological Changes

In previous studies, species with early leaf unfolding or flowering
were found to have a greater phenological sensitivity to
temperature and a stronger trend of advance under warming
(Menzel et al., 2006; Miller-Rushing and Primack, 2008; Dai
et al,, 2013). Although species with lower basic FR advanced
their spring phenology more in this study (Figure 5B), this
relationship was not significant, possibly because the species
we studied were too few to obtain a significant correlation.

The species with lower CS exhibited stronger earlier trends
in their spring phenology, especially in the future. For species
with low CS, the increase in the FR because of the chilling
reduction is smaller, so the advance of the spring phenology is
stronger than the species with higher CS. In addition, the relationship
between CA and FR is nonlinear, because the sensitivity of FR
to CA decreases in high chilling conditions (Figure 2). If this
result could be generalized to spatial scale, we could expect that
the FR of individuals distributed at high altitudes or latitudes
with long winters (i.e., high chilling conditions) is not sensitive
to CA. By contrast, for individuals distributed at low elevations
or latitudes, FR is sensitive to CA. Thus, the delaying effect of
winter warming is possibly more pronounced at low elevations
or latitudes and slowed down the spring phenological advances
in these areas. This explained the more uniform spring phenology
on latitudinal and altitudinal gradients found in the previous
studies (Vitasse et al., 2018; Cheng et al.,, 2021).

Species that are more sensitive to warming may
be advantageous since earlier leaf-out lengthens their growing
season relative to other competitors (Cleland et al., 2012).
Therefore, climate warming is more favorable for species with
lower CS. However, earlier spring phenology may lead to
higher frost risk at the beginning of the growing season. A
trend toward an earlier last frost date may result in stable or
even decreased frost risk (Dai et al.,, 2013; Park et al., 2021).
A recent study demonstrated that the late-spring frosts increased
more in Europe and East Asia than in North America, and
in the future, 35% and 26% of Europe’s and Asia’s forests will
be increasingly threatened by frost damage (Zohner et al., 2020b).

CONCLUSION

Using published experimental data relating to the effect of
chilling accumulation (CA) on the forcing requirement (FR)
of 14 temperate species (Lin et al., 2022), we quantified the
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