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Winter chilling, spring forcing temperature and photoperiod are the most

important drivers explaining the spatial and temporal variability of spring

phenology in temperate trees. However, how these factors interact with each

other on dormancy release and spring budburst date remains unclear and

varies greatly depending on species. Our knowledge is also limited as to

whether heat accumulation of forcing temperatures that trigger bud break

in spring is a linear or non-linear process. Here, we aimed at experimentally

quantifying the effect of chilling, forcing, photoperiod and their interactions

on the budburst dates of nine different temperate tree species from East

Asia (near Beijing, China) and Central Europe (near Zurich, Switzerland),

including six phylogenetically related species (same genus). We conducted

a full factorial experiment in climate chambers using two chilling (low and

high, i.e., 0 vs. 56 days at 2◦C after sampling at the end of December), four

forcing (5, 10, 15, and 20◦C), and two photoperiod (8 vs. 16 h) treatments

simultaneously in Beijing and Zurich. We found that species growing near

Beijing responded more readily to forcing conditions than species of the same

genus growing near Zurich regardless of chilling treatment. Budburst timing

of most species but European beech was marginally, if at all, affected by

photoperiod. Furthermore, our results suggest that linear heat accumulation,

as commonly used with the growing degree hours (GDH) model, could

result in accurate prediction of budburst date depending on the temperature

threshold used as a basis for heat accumulation. Our results also demonstrate

the important role of chilling in shaping the sensitivity and rate of forcing

accumulation to trigger budburst and suggest that species-specific sigmoid

relationship for accumulating heat that accounts for prior chilling exposure

may yield better predictions of budburst dates. Our results suggest that

deciduous trees may have adapted their chilling and forcing requirements in
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regards to the predictability of winter-spring transition and late spring frosts.

A less predictable winter-spring transition, as observed in Central Europe,

could have driven species evolution towards higher chilling and forcing

requirements compared to species growing in a more predictable climate of

Northeastern Asia. Our cross-continental experiment therefore suggests that

the spring phenology of East Asian species is tighter coupled to spring forcing

temperature than Central European forests.

KEYWORDS

tree phenology, chilling, photoperiod, temperature response, climate chamber, local
adaptation

Introduction

In boreal and temperate regions, the seasonality of the
climate imposes trees to optimize growth initiation to avoid frost
damages while maximizing the competitiveness for resources
(light, nutrient, and water; reviewed in Vitasse et al., 2014).
Therefore, temperate trees have developed complex mechanisms
to set their spring phenology (reviewed in Delpierre et al., 2016)
based on (i) previous exposure to cold temperature conditions
(hereafter referred to as "chilling"), (ii) forcing temperatures
in spring (temperature generally assumed to be higher than
5◦C, hereafter referred to as "forcing"), and for some species
(iii) photoperiod. There is ample evidence that all those factors
could affect spring phenology of temperate trees (Laube et al.,
2014; Flynn and Wolkovich, 2018). For example, temperate
and boreal trees require lower forcing to trigger budburst with
increasing exposure to chilling conditions (Coville, 1920), with
a negative-exponential forcing-chilling relationship commonly
found (e.g., Murray et al., 1989; Laube et al., 2014; Baumgarten
et al., 2021). Thus, insufficient chilling increases the amount of
forcing required for budburst exponentially (Harrington et al.,
2010), which could potentially slow-down spring phenology
advancement in response to increasing temperature (Fu et al.,
2015). Predictions of deciduous tree spring phenology under
increasing warming remain therefore challenging and require
further experimental insights for a better understanding of
winter dormancy progression.

Because of the tight link between temperature and growth,
growing degree days (GDD) or growing degree hours (GDH)
are common indicators of growth development such as time
of budburst in temperate woody species (Murray et al., 1989).
Although, the efficiency of forcing temperature accumulation
over a temperature range has not yet been experimentally
quantified for forest trees, various phenological models assume
linear (e.g., GDH) or sigmoid (e.g., unified model) relationships
to represent forcing temperature accumulation with increasing
air temperature (Chuine, 2000).

Even though temperature (i.e., forcing efficiency and
previous chilling) is the most important driver of budburst for
most temperate and boreal tree species, budburst timing of
some temperate and boreal species has also be shown to be
mediated by photoperiod (Basler and Körner, 2012). Reliance
on an invariable driver such as photoperiod could prevent from
potential frost damage or resource deficiency in the early growth
stage due to too early or too late budburst (Körner and Basler,
2010; Fu et al., 2019a), which is critical for temperate species,
as any damage on young leaves can have several long-lasting
effects (e.g., depletion of reserves, competition for light, water
and nutrients, vulnerability to pathogens) that may determine
the trajectory of species composition at saplings stages. In fact,
longer photoperiods were found to speed up both dormancy
release and budburst timing of various species (Hänninen,
1990; Partanen et al., 1998; Basler and Körner, 2012). Similarly,
shorter photoperiod would prevent too precocious budburst
under warmer spring conditions in regards to late spring frosts
(Fu et al., 2019b). In addition, for some species, photoperiodic
control was found to gain importance with decreasing chilling
exposure (Malyshev et al., 2018).

Hence, photoperiodic sensitive species are likely to be more
constraint in their adaptation to rising spring temperatures
compared to photoperiodic insensitive species in order to
benefit from a longer favorable window for their development.
However, the photoperiodic sensitivity of species is difficult to
quantify and seems to be more prevalent for species growing in
ecosystems with shorter winters (Zohner et al., 2016, 2017; Geng
et al., 2022) 2). Consequently, further warming, could result in
contrasting effects within and between ecosystems depending on
species specific chilling, forcing and photoperiod requirements
and the ability to compensate deficient drivers, which might also
change the susceptibility of late-spring frost damages in a given
ecosystem.

Regions with a distinct transition from cool winter to
warm summer might favor species that readily react to forcing
temperatures whereas regions with high temperature fluctuation
during the winter spring transition (from year to year but also
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within the season) might favor species that rely on additional
cues such as chilling temperatures and/or photoperiod (Zohner
et al., 2017; Geng et al., 2022). Consistently, North American
trees seem to have a higher chilling and forcing requirement
than Central European and East Asian species, matching the
long-term risk of damaging frosts in these regions (Zohner
et al., 2020). However, there are only few studies that have
attempted to experimentally disentangle the effects of native
climate and phylogeny (Gao et al., 2022). Here, we aimed
to examine the effects of chilling, forcing and photoperiod,
including their interactions, on budburst timing of nine different
temperate tree species growing near Beijing in China and Zurich
in Switzerland, with three pairs of phylogenetically related
species (i.e., species belonging to the same genus). We used
twigs cuttings subjected to either short or long chilling duration
and exposed them into different constant forcing conditions in
climate chambers set at 5, 10, 15, and 20◦C with either short (8 h)
or long (16 h) photoperiod. This experimental approach allowed
us to test whether (i) phenological sensitivity to abiotic drivers
has a phylogenetic component, (ii) the accumulation of forcing
temperatures to trigger budburst follows a linear relationship,
and (iii) to what extent forcing accumulation is mediated by
chilling and/or photoperiod.

We expect species growing in a more predictable climate in
terms of spring frosts with faster winter spring transition (i.e.,
Beijing region, Figure 1) to exhibit lower chilling and forcing
requirements than species growing in a less predictable climate
with longer winter spring transition with more temperature
fluctuation around the freezing point (i.e., Zurich region). We
expect an almost linear accumulation of forcing temperature
to trigger budburst once chilling requirement is fulfilled,
i.e., similar GDH at the time of budburst in the different
forcing conditions for a given species. However, under limited
chilling conditions, we predict higher GDH at the time of
budburst compared to previous longer chilling conditions and
expect GDH to increase with increasing forcing temperatures,
especially for species with high chilling requirement, due to
further completion of chilling requirement at lower forcing
temperatures (for the forcing treatment 5◦C and 10◦C).

Materials and methods

Study species and sites

We selected six common deciduous forest tree species
in Switzerland and three common deciduous forest tree
species in China with contrasting spring phenology. In
Switzerland the species consisted of six species (i.e., Acer
pseudoplatanus L., Betula pendula Roth and Carpinus betulus
L., Fagus sylvatica L., Quercus robur L., and Tilia cordata Mill.),
whereas in China the species consisted of three species, (i.e.,
Acer truncatum Bunge, Betula dahurica Pall. and Carpinus

turczaninowii Hance). For clarity and brevity, hereafter, we
refer to each species by its English name, i.e., Shantung maple
(Acer truncatum), sycamore maple (Acer pseudoplatanus),
Dahurian birch (Betula dahurica), silver birch (Betula pendula),
Turczaninow hornbeam (Carpinus turczaninowii), European
hornbeam (Carpinus betulus), European beech (Fagus sylvatica),
Pedunculate oak (Quercus robur) and Small-leaved lime
(Tilia cordata).

Central European species were sampled in a mature mixed
forest near Zurich, Switzerland (47◦21′ N, 8◦27′ E; 580 m
a.s.l.). The mean annual temperature of the site is 9.8◦C (data
from 1987 to 2016 weather station Zurich/Kloten, 428 m a.s.l.
∼15 km away from the study site). East Asian species’ twig
cuttings were sampled in a mature mixed forest in the Jiufeng
mountains in north-eastern China (40◦ 3′ N, 116◦ 5′ E; 1040
m a.s.l.) for Dahurian birch and Shantung maple, whereas
Turczaninow hornbeam was sampled at lower elevation (∼650
m a.s.l.). The mean annual temperature of the higher Chinese
site was 7.7 ◦C. For the Chinese sites typical near-surface air
temperature lapse rates of the region (0.4◦C per 100 m during
winter and 0.6◦C per 100 m during the rest of the year)
were used to correct for differences in elevation between the
sampling site and the weather station (Li et al., 2013). The
long-term air temperature (1987-2016) over the winter season
(December–February) was 1.4◦C (−1.9 and 4.4◦C; average
minimum and maximum, respectively) in Zurich and −5.5◦C
(−9.4 and −0.1 ◦C) in the Jiufeng Mountains (Figure 1A).
From beginning of February to end of April the average air
temperature rose from 0.2± 4.9◦C (mean± sd) to 11.9± 3.3◦C
in Zurich and from −5.7 ± 2.6 to 12.8 ± 3 in the Jiunfeng
Mountains.

Sampling

The sampling took place on 16 December 2020 in
Switzerland and on 29 and 31 December 2020 in China
(Figure 1B). For each species, we selected 8 healthy adult trees
(>10 m height, > 30 years old) and harvested 16 twigs of
∼60 cm length with healthy buds per individual (i.e., a total of
768 twigs at the Swiss site and 384 twigs at the Chinese site).
Twigs were harvested at the south-facing side of the crown using
a 7-m long pole pruner. Twig cuttings were put into wet plastic
bags in the field (to prevent desiccation) and recut at the bottom
before placing them in tap water on the same day. The twigs
were kept in a climate chamber set to 2◦C (Switzerland) or in
a laboratory at 6◦C (China) over night. Then, all remaining
leaves were removed manually to prevent desiccation, twigs
were pruned to a length of ∼50 cm and labeled and placed into
plastic boxes with deionized water to minimize the development
of fungi and bacteria on the next day. Before the different
treatments started on 17 December 2020 in Switzerland and on
1 January 2021 in China.
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FIGURE 1

Climatic characteristics of the study sites near Beijing and Zurich. Data derive from one weather station closely located to the sampling area (A).
Annual course of the average mean, minimum and maximum temperature, (B) daily average temperature of the autumn 2020 at the two study
sites: The sampling dates (i.e., DoY = 350 for Zurich and DoY = 363 and 365 for Beijing) are indicated by arrows of the corresponding color.
(C) Average GDD (mean ± se; threshold 0◦C) accumulated during spring. (D) Accumulated growing degree days (threshold 0 ◦C) at the last
spring frost of the year (either below −2◦C or 0◦C) during the period 1987-2016. (E) Long-term daily frost probability (i.e., daily minimum
Temperatures < 0◦C) during spring for the period 1987-2016.

Experimental design: Chilling, forcing
and photoperiod treatments

The effect of chilling, forcing temperature and photoperiod
was tested on twigs that were exposed to constant forcing
temperatures at 5, 10, 15, and 20◦C under either 8h or
16h photoperiod (i.e., 8 treatments) immediately after the
sampling, referred hereafter to as low chilling conditions (only
natural chilling accumulated at the sampling date), and after
keeping them at approximately 2◦C (Switzerland: 1.2± 0.4 ◦C,
China: 2.0 ± 0.7 ◦C) and 8h photoperiod for eight weeks,
which aims at simulating full natural chilling conditions,
referred hereafter to as high chilling treatment (natural chilling
accumulated at the sampling date and 56 days of artificial
chilling). We used photoperiods that equal the shortest (8 h,
winter solstice) and longest (16 h, summer solstice) daylengths
possible at the investigated sites to simulate most contrasting
photoperiodic conditions.

The eight climate chambers used in Switzerland were
equipped with halogen lamps (Philips MASTER TL-D) with
photosynthetic photon flux density (PPFD) = ∼100 µmol

m2 s−1, and the four climate chambers in China were
equipped with LED (Philips Greenpower LED Toplighting) with
PPFD =∼161 µmol m2 s−1. Photoperiod was automatically set
to 8 h and 16 h (shortest and longest day at this latitude) in
the climate chambers in Switzerland whereas it was manually
applied in China using black foil layers within the chambers that
covered samples either from 5 pm to 9 am (8 h photoperiod) or
from 1 am to 9 am (16 h photoperiod) as described in Wu et al.
(2022a).

Vessel occlusion was prevented during the experiment
by recutting the base of each cutting by about 0.5 cm and
by replacing the deionized water every week for the 15◦C
and 20◦C forcing treatment or every second week for the
5◦C and 10◦C forcing treatments. Temperatures for all
treatments were recorded using HOBO temperature loggers
(Switzerland: HOBO MX2203, China: HOBO MX2202, Onset
Computer Corporation, Bourne, MA, USA). All climate
chambers provided stable temperature treatments, and
average temperatures were within ± 1◦C of the target value
(Supplementary Figure 1).
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Phenology monitoring

Bud development was monitored twice a week using a four-
stage categorical scale (Vitasse, 2013) at stage 0 (dormant bud),
no bud development was visible; at stage 1 (bud swelling), buds
were swollen and/or elongating; at stage 2 (budburst), bud scales
were open and leaves were partially visible; at stage 3 (leaf-
out), leaves had fully emerged from the buds but were still
folded, crinkled or pendant, depending on species; and at stage
4 (leaf unfolded), at least one leaf was fully unfolded. The day
of year for each stage was recorded for the earliest bud per
twig. Each twig was recut and examined for intact buds and
vessels at weekly intervals. Most species showed a high cutting
survival regardless of the treatment (Supplementary Figure 2).
However, low chilling (i.e., samples immediately placed into
forcing conditions in December) and exposure to 20◦C forcing
temperature resulted in relatively high mortality for sycamore
maple at both photoperiods and for European beech and small-
leaved lime at low photoperiod (8 h). For several species,
cuttings were not able to reach the phenological stage 4 at
forcing temperature of 5◦C. The percentage of buds that reached
at least stage 2 was assessed for the Swiss species as a proxy
for twig vitality (Supplementary Figure 3). This assessment was
done 2 weeks after stage 2 was observed for cuttings exposed
to 15 and 20◦C forcing condition and 3 weeks after stage 2 was
observed for cuttings exposed to 5 and 10◦C forcing condition.

Data analysis and statistics

For the analysis, we focused on budburst because this stage
represents the earliest clearly visible indicator of leaf-emergence
for all species. In addition, later stages may depend on the
availability of resources (established water and nutrient fluxes),
which may be limited when using twig cuttings (Vitasse and
Basler, 2014).

We evaluated the differences between treatments in terms
of thermal time to budburst, i.e., the number of days to
budburst under a given constant forcing temperatures and by
accumulating growing degree hours (GDHs) until budburst
for chilling and forcing conditions, using 0◦C as forcing
accumulation threshold. Temperatures were recorded with
a time resolution of 30 min inside each climate chamber.
Equation 1 was used to calculate GDH accumulation with t1

corresponding to the starting time of exposure to experimental
forcing condition, tBB time of budburst and Tt temperature
record at 30 min resolution.

GDH =
tBB∑
t1

Tt

2
if Tt > 0 (1)

We evaluated climate predictability by analyzing a 30-year
time series of 2 m above ground air temperatures from 1987

to 2016 at two weather stations each close to the corresponding
sampling sites (Beijing: 39◦ 56′ N, 116◦ 17′ E, 54 m a.s.l., Zurich:
47◦ 21′ N, 8◦ 27′ E 424 m a.s.l). For this analysis growing degree
days (GDDs) have been used, which were calculated similar
to GDHs but at daily resolution. Average forcing temperature
accumulation, accumulated GDDs at last frost day (i.e., daily
minimum temperature < 0 ◦C or < –2 ◦C), and frost probability
(i.e., daily minimum temperature < 0 ◦C) were computed per
day of the year (DoY; Figures 1C–E).

We fitted Bayesian generalized linear mixed effect models
for each species with artificial chilling (2 conditions), forcing
temperature (continuous), photoperiod (2 conditions) and
every possible two-way interaction as fixed effects and donor
tree identity as random effect and normal distributed priors.
Bayesian inference models were chosen since they allow the
assignment of a probability to a hypothesis using current
experimental data (see Ellison, 2004; Trotta, 2008; van de Schoot
et al., 2021). The dependent variables (i.e., number of forcing
days and GDH accumulation at the stage of budburst) and the
independent variable “forcing temperature” were transformed
by the natural logarithm to normalize data and to accurately
model the non-linear effects of forcing temperature on number
of forcing days and accumulated GDH at budburst (see
Wolkovich et al., 2021). All models were fit using the R package
rstanarm (2.21.1) that provides an interface to the Stan C++
library for Bayesian estimation (Stan Development Team, 2022).
Each model was run on four chains with 2000 iterations (400
warm-up iterations) and default priors. Sensitivity analysis show
that changing priors do not affect the outcome (Supplementary
Figures 4, 5). “Rs and effective sample sizes (ESS) were used
to assess model performance (Supplementary Tables 1, 2).
Posterior draws (i.e., model outputs) were retrieved using the
bayestestR package (0.11.0) and visualized using the bayesplot
package (1.8.1, Supplementary Figures 6, 7). The statistical
interpretation of the model was done using Bayes Factors (BF10).
All analyses and plots were performed in R (R Core Team, 2022),
v.4.1.1. We present median and corresponding 89% credible
intervals in all figures and tables but the sensitivity analysis
where 50% credible intervals are shown.

Results

Effect of chilling and photoperiod

The number of days at forcing conditions (forcing days)
required to budburst significantly differed among species
(Figure 2), consistently with the sequence observed in natural
conditions. Specifically, we observed species of the Betula and
Carpinus genera to bud burst more readily than the other
species, regardless of site, with, for example, less than 5 weeks
and 2 weeks to budburst when exposed to a forcing temperature
of 20◦C under low and high pre-chilling conditions, respectively
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FIGURE 2

Effect of the different temperature treatments (forcing) on time to budburst (days) under different pre-chilling conditions and photoperiod. The
predicted relationships from the final model are represented as solid lines with corresponding 0.89 credible intervals. Chilling treatments and
locations are represented by colors, where blue indicated species growing near Beijing and red indicates species growing near Zurich.
Pre-chilling conditions are indicated with lower brightness (high pre-chilling) and higher brightness (lower pre-chilling), whereas photoperiodic
treatments are represented by solid lines and triangles (16 h photoperiod) and dashed lines and points (8 h photoperiod).

(Supplementary Table 1). In addition, all Asian species showed
shorter time to budburst compared to European species of
the same genus regardless of chilling, photoperiod and forcing
treatment Shantung maple, for instance, required similar time
to budburst as silver birch and European hornbeam for most
treatments (Figure 2). Overall, Dahurian birch required the
least number of forcing days to budburst for any treatment,
whereas sycamore maple, European beech and small-leaved-
lime required the highest number of forcing days to budburst
(Figure 2).

All species decreased the number of forcing days required
to budburst with increasing temperature regardless of pre-
chilling and photoperiodic condition. In addition, most species
required more days to budburst under lower pre-chilling
conditions and showed an increasing effect of higher pre-
chilling conditions with increasing temperatures. Thus, most
of the species responded faster to increasing temperature

with additional eight weeks of artificial chilling (Figure 2).
European hornbeam for instance required on average 2.4 times
less days to budburst at 20◦C (9.6 days) compared to 10◦C
(23.1 days) after higher pre-chilling and 1.8 times less days to
budburst at 20◦C (33.9 days) compared to 10◦C (60.9 days)
after lower-prechilling. However, in contrast to the other species,
silver birch, pedunculate oak and small-leaved lime responded
differently. Silver birch did not show an interaction between
pre-chilling condition and forcing temperature, whereas no
evidence for any effect of additional eight weeks of artificial
chilling was found for pedunculate oak and small-leaved lime
(Supplementary Table 1).

All Asian species showed a faster decrease in the number
of forcing days with increasing temperature (i.e., higher
temperature sensitivity) than European species of the same
genus (Figure 2 and Supplementary Table 1). In addition,
species from the birch and hornbeam genus and pedunculate
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oak showed a higher temperature sensitivity than the other
species from the same site. Pedunculate oak, however, showed
a temperature sensitivity similar to the Asian birch and
hornbeam species at lower pre-chilling conditions but a lower
temperature sensitivity than any Asian species at higher
pre-chilling conditions. European beech showed the lowest
temperature sensitivity of all species investigated (Figure 2 and
Supplementary Table 1).

Silver birch, European beech and pedunculate oak showed
distinct responses to photoperiodic treatments. Longer
photoperiod (16 h) compared to a shorter photoperiod (8 h)
reduced the number of days to budburst for silver birch
regardless of forcing temperature and pre-chilling conditions.
European beech showed an increasing photoperiodic effect with
increasing temperature, whereas a decreasing photoperiodic
effect with increasing temperature was observed for pedunculate
oak. After higher pre-chilling conditions, European beech for

example required on average 1.4 times more days to budburst
at 8 h photoperiod and 20◦C forcing temperature (+12 days),
and pedunculate oak required 1.3 times more days to budburst
at 8h photoperiod and 5◦C forcing temperature (+20.9 days)
(Figure 2 and Supplementary Table 1).

Growing degree hours requirement to
budburst between European and Asian
species

Overall, Asian species showed lower forcing requirements
than European species of the same genus (Figure 3). This
discrepancy vanished between European and Asian hornbeam
species, but not for European birch and maple species at higher
pre-chilling conditions. Overall, the Asian species Dahurian
birch required by far the least growing degree hours (GDH) to

FIGURE 3

Effect of the different temperature treatments (forcing) on growing degree hours (GDH) under different pre-chilling conditions and
photoperiod. The predicted relationships from the final model are represented as solid lines with corresponding 0.89 credible intervals. Chilling
treatments and locations are represented by colors, where blue indicated species growing near Beijing and red indicates species growing near
Zurich. Pre-chilling conditions are indicated with lower brightness (high pre-chilling) and higher brightness (lower pre-chilling), whereas
photoperiodic treatments are represented by solid lines and triangles (16 h photoperiod) and dashed lines and points (8 h photoperiod).
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budburst irrespective of the treatments, whereas the European
species sycamore maple required the highest GDH to budburst
at low chilling (Figure 3). Species from the birch and hornbeam
genus required less growing degree hours (GDH) to bud burst
than the other species of the same origin (Figure 3). High
chilling evidently reduced GDH to budburst for most of the
species but Dahurian birch, pedunculate oak and small-leaved
lime. All maple and hornbeam species and European beech
showed a diverging pattern between low and high pre-chilling
conditions with increasing temperature. For these species,
the effect of longer pre-chilling conditions increases with
increasing forcing temperature (Figure 3 and Supplementary
Table 2). European hornbeam exhibited stronger response to
additional eight weeks of artificial chilling than any other species
investigated and was able to reduce GDH by a factor of 2.6
at 20◦C forcing temperature. In contrast, almost no difference
between chilling treatments was found for Dahurian birch that
did not reduce GDH at all at a temperature of 20◦C.

Most species show a non-linear
accumulation of forcing temperatures

A linear accumulation of GDH to predict budburst timing
would result in similar GDH values across the different
treatments. However, we found that all Asian species showed
a reduction in GDH requirement with increasing temperature
regardless of previous chilling and photoperiodic treatment
(Supplementary Table 2 and Figure 3). This trend indicates
a non-linear accumulation of forcing temperatures with
higher forcing temperatures being more efficient than lower
forcing temperatures. By contrasts, European species differed
considerably regarding GDH requirement dependent on pre-
chilling conditions. Silver birch, pedunculate oak and small-
leaved lime decreased their GDH requirement with increasing
temperature regardless of previous treatments similar to the
Asian species (Figure 3). GDH requirement to budburst for
European beech increased with increasing forcing temperature
regardless of pre-chilling and photoperiodic conditions, whereas
GDH requirement of sycamore maple increased with increasing
forcing temperature only after lower pre-chilling conditions.
Thus, chilling requirement was likely not fully satisfied for these
two species even after high pre-chilling treatment. European
hornbeam showed a somewhat intermediate response with
GDH requirement increasing with increasing temperature
at low pre-chilling conditions, whereas GDH requirement
decreases with increasing temperature at high pre-chilling
conditions (Figure 3).

In addition, we found a significant and distinct changes
in GDH requirement depending on photoperiod for silver
birch, pedunculate oak and European beech as already observed
for the number of days to budburst (Figure 3). Silver
birch required less GDH at 16 h photoperiod compared to

8 h photoperiod regardless of previous chilling and forcing
temperature. The photoperiodic effect increased with increasing
forcing temperature for European beech and decreased with
increasing temperature for pedunculate oak (Figure 3 and
Supplementary Table 2). In detail, European beech required on
average almost 50% more GDH at 8 h photoperiod and 20◦C
forcing temperature for both pre-chilling conditions, whereas
pedunculate oak required on average 25% more GDH at 8 h
photoperiod and 5◦C forcing temperature for both pre-chilling
conditions.

Discussion

Although many experimental studies have focused on
determining the range of chilling and photoperiod responsible
for dormancy break (e.g., Malyshev et al., 2018; Fu et al., 2019a),
experimental studies aiming at quantifying the efficiency and
range of forcing temperature for a given previous chilling
conditions and photoperiod are rare and were predominantly
run with forcing temperatures slightly (max∼5◦C) warmer than
ambient conditions (Flynn and Wolkovich, 2018; Wang et al.,
2020). Thus, this cross-continental experimental offers a unique
approach to compare the efficiency of different forcing, chilling
and photoperiod and disentangle their individual effects on
phylogenetically related species from different biogeographical
regions using the same experimental settings and a wide range
of constant forcing temperatures. Despite the shortcomings
in transferring the outcome of this experiment to natural
environments, we found that heat requirement to budburst
declines substantially with increasing forcing temperature for
most species under higher chilling conditions. Therefore, our
results demonstrate the diverse, yet universal, effect of chilling
on the rate of dormancy release in temperate deciduous tree
species. East Asian species exhibited lower forcing requirement
compared to European species of the same genus, especially
under lower chilling conditions. Furthermore, we demonstrate
that photoperiod can influence the amount of GDH required to
budburst as well as the relationship between chilling and forcing
for a few species, with the strongest effect found for European
beech.

The effect of widely varying
experimental chilling and forcing
conditions

In line with previous experimental studies, we found that
almost all tested species had a lower forcing requirement
after being exposed to longer chilling conditions, i.e., after
eight weeks at 2◦C. This suggests that most of the species
have not fulfilled their chilling requirement at the end of
December, as also found in previous experimental studies
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(Laube et al., 2014; Man et al., 2017; Baumgarten et al., 2021).
Surprisingly, we found distinct different chilling and forcing
sensitivities among species of the same genus, which indicates
that chilling and forcing requirement for dormancy release
and budburst are not strongly conserved phylogenetic traits
but rather depend on the native climate where the species has
“recently” evolved. For instance, the Asian Shantung maple
was the only species that appeared to have met its chilling
requirement by the end of December, while sycamore maple,
the European relative of Shantung maple, required the highest
amount of chilling of all species studied. Birch and hornbeam
genera required less forcing than most other species. However,
European hornbeam showed high responsiveness to forcing
temperatures only after exposure to longer chilling conditions,
consistently with previous work (Baumgarten et al., 2021).
Rather than a strong phylogenetic component explaining the
amount of chilling and forcing required to budburst, we
propose that these traits are instead plastic and have been
shaped by evolution to match local or regional long-term
climate conditions with respect to the risk of damaging late
frost (Lenz et al., 2016; Gao et al., 2022). Species from
eastern China seem to have both low chilling and forcing
requirement, and thus are able to respond quickly to increasing
temperatures in spring, which is consistent with the overall
background climate that shows a high climate predictability
with a fast transition from freezing temperatures to non-freezing
temperatures during early spring. In contrast, European species
have higher forcing and chilling requirement, ensuring that
they do not respond too quickly to enhanced winter or early
spring temperatures, as the risk of spring frosts is higher
and much less predictable than in East Asia (Figures 1A,E).
This fast transition from freezing temperatures to non-freezing
temperatures might also explain why East-Asian species were
not able to advanced their spring phenology to a stronger
extent than Central European species per ◦C of warming so far
(see Vitasse et al., 2009a; Dai et al., 2014). However, a higher
winter chilling at the East-Asian site at the sampling date may
have additionally magnified the strength of the observed trend
(Figure 1B).

The combination of low chilling and high forcing
temperatures (i.e., 15◦C and 20◦C) changed budburst sequence
in some species. Pedunculate oak, for instance, substantially
decreased its forcing requirement to budburst with increasing
forcing temperature. Accordingly, the species required less
forcing at high forcing temperatures than European beech
for any treatment and less forcing than European hornbeam
at low chilling. This finding is consistent with previous
work that found European white oaks to respond strongly
to warm spring temperatures by advancing budburst timing
to a larger extent than silver birch or European beech
(Vitasse et al., 2009b; Fu et al., 2013) and to be much less
constrained by chilling requirement than European beech
(Wenden et al., 2020). Thus, linear forcing accumulation

with a base threshold of either 0◦C or 5◦C neglects the
nonlinear forcing accumulation of temperate species at
high forcing temperatures and may provide inaccurate
predictions of processes happening inside the buds and
cells. Therefore, further temperature increase is likely to
alter budburst sequence of temperate deciduous trees due to
their very specific requirements and sensitivity to chilling,
forcing and photoperiod, with stronger phenological shifts
expected for species having low chilling requirement and
being insensitive to photoperiod (Laube et al., 2014; Hu et al.,
2022). In contrast, species with higher chilling requirements
and or being photoperiodic sensitive, as European beech,
may advance their spring phenology much less, which in
turn may affect their competitiveness with other species for
a new window of opportunity for resources (light, water,
nutrients).

Forcing accumulation, a linear
process?

The fact that most species required less GDH at higher
constant forcing temperature under higher pre-chilling
condition, suggests a nonlinear accumulation of forcing
temperature above 5◦C with a higher temperature efficiency
at higher forcing temperatures. This suggests that sigmoid
models that incorporate chilling and forcing are likely better
to represent plant physiology and may therefore be more
suitable to predict budburst timing of temperate trees (Chuine,
2000). However, this should be taken with caution as a
change of the forcing threshold in the GDH models might
change the interpretation of temperature efficiency. For
example, when changing the temperature threshold from
0◦C to 2◦C, none of the European species would show an
increasing temperature sensitivity with increasing temperature
and the effect of high chilling would be stronger for the
Asian species (Supplementary Figure 8). This important
issue calls for further experimental investigations about
the relevant species-specific temperature thresholds that
should be used as basis for heat accumulation to predict
budburst.

Sycamore maple and European beech required more
forcing at medium and high forcing temperatures (10, 15,
and 20◦C) compared to low forcing temperature (5◦C) even
after longer chilling exposure. This result is likely due to the
high chilling requirement of the two species, which is likely
not fully met even after being exposed to the longer pre-
chilling treatment (Vitasse and Basler, 2012; Dantec et al.,
2014). Because the range of chilling temperature seems to
be efficient to release dormancy between −2◦C and 10◦C
(Baumgarten et al., 2021), these species likely benefitted from
additional chilling when placed at 5◦C and to a lower extent
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also at 10◦C, thereby decreasing the amount of heat required to
budburst.

Species sensitivity to photoperiod

European beech was the species showing the most
substantial change in temperature sensitivity under the
different photoperiod treatments, confirming its sensitivity
to photoperiod as previously shown in several experiments
(Laube et al., 2014; Fu et al., 2019b). Interestingly, European
beech showed a stronger photoperiodic effect at both warm
temperatures and/or low chilling, suggesting that high chilling
conditions act as a substitute for unmet photoperiodic cues,
whereas longer photoperiod could also substitute for a lack
of chilling, as shown in previous experiments (Caffarra and
Donnelly, 2011; Laube et al., 2014). In addition to European
beech, a photoperiodic effect was also found for silver birch
and pedunculate oak. However, no relation between phylogeny
nor successional stage on photoperiodic sensitivity was found as
already emphasized by Way and Montgomery (2015). In fact,
silver birch and pedunculate oak were sensitive to photoperiod
to a small extent and slightly advanced their phenology from
short (8 h) to very long photoperiod (16 h) particularly at low
forcing temperatures. This outcome suggests that photoperiod
is rather a cue that accelerates spring phenology for most
temperate deciduous trees than an important driver per se
(Fu et al., 2019a). An important future contribution to the
field would be to examine species of the Fagaceae family,
which includes the genera oak, beech and chestnut that have
colonized large parts of the northern hemisphere. Combined
with genetic analyses, it would help to understand how species
have developed temperature and photoperiod sensitivity to
avoid damaging spring frosts once they colonizing new areas
(Zohner et al., 2016; Wu et al., 2022b).

East Asian species probably less
vulnerable to late-spring frost damages

The climate of Beijing and its surrounding is continental
with a fast transition from cold to warm air temperatures
during spring (Figure 1A). Thus, the risk of false springs (i.e.,
when young leaves get damaged by frost) remain low in East
Asia even for pioneer species such as Dahurian birch and
Turczaninow hornbeam. This may explain why these species
respond much more readily to forcing temperature compared
to the European species of the same genus (i.e., silver birch
and European hornbeam). In contrast to East Asian species,
Central European species are exposed to a less predictable
climate with late-spring frost being likely to occur in April
and May (Figures 1C–E). Therefore, Central European species
have developed a higher heat requirement to budburst which

allows them to avoid flushing during unusual warm spells
during late winter and early spring (Lenz et al., 2016; Bigler
and Bugmann, 2018). A comparison between accumulated
forcing at the last frost occurrence (below 0◦C air temperature)
and predicted forcing requirement to budburst found in our
experiment (safety margin) revealed that East-Asian species
would be seldom exposed to frost (positive safety margin)
even when chilling conditions would be high, whereas Central
European species has weaker or even negative safety margins,
especially when they would be exposed to longer chilling
conditions (Figure 4). This suggests that European tree species
may have developed higher chilling requirements than Asian
species due to the lower predictability of late spring frost in
Central Europe. Nevertheless, the fast winter-spring transition
might keep the vulnerability to frost induced damages low for
East Asian species. Although beside of escaping freezing damage
by being more conservative to increasing temperature with high,
chilling and photoperiodic requirements less conservative plants
may protect themselves also by producing high freezing resistant
buds and leaves as often found for early flushing species (Lenz
et al., 2013).

Limitations

Although we used ranges of chilling exposure, forcing
temperatures and photoperiods that were very artificial with
no fluctuations, these settings allowed us to disentangle their
separate effect on spring phenology rather than providing
accurate predictions about how spring phenology will advance
under future climate warming. However, the absence of diurnal
temperature fluctuation may have influenced the relationship
between forcing and chilling, as it was demonstrated that
diurnal temperature has more effect than night temperature
(Fu et al., 2016).

Further, the difference between species in freezing resistance
of newly formed tissue is also highly species-specific (Lenz et al.,
2013) and the vulnerability of particular species to late-spring
frost should also be adjusted to species-specific cold hardiness
which remain to be assessed for some species investigated in
this experiment, especially for the Asian species. We expect
the new emerging leaves of East Asian trees to show a lower
freezing resistance compared to Central European trees as they
are overall less exposed to late-spring frosts. Further, some
European species such as sycamore maple and European beech
showed more conservative traits than all species investigated in
this experiment with higher chilling requirement for dormancy
release or a combination of high chilling and long photoperiods.
Therefore, these species may better avoid frost-induced damages
due to slower spring progression of spring phenology with
increasing spring temperatures than more opportunistic species
(Körner and Basler, 2010). However, they would not be able
to take advantage of the “new window of opportunity” for
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FIGURE 4

Required GDD to budburst of the nine species investigated under different forcing temperatures, pre-chilling conditions and photoperiod as
predicted by the Bayesian mixed effect model (left) and the observed GDD at latest spring frost at the investigated sites (right). Note the higher
distance between predicted GDD requirement and observed GDD near Beijing compared to predicted GDD requirement and observed GDD
near Zurich. Note also the weaker influence of pre-chilling conditions (brightness) in East Asian species (upper row) compared to Central
European species (lower two rows).

growth and development which might be decisive at sapling
stage for competition and for long-term establishment. We
cannot rule-out an additional effect of more cumulative winter
chilling of East Asian species compared to Central European at
the sampling date (Figure 1B), whereas different light sources
(i.e., halogen lamps in Zurich and LED light bulbs in Beijing)
are unlikely to explain why photoperiodic effects were found
for European species only since very low photon flux densities
(∼ 100 µmol m2 s−1) were used in the experiment. Finally, we
used a limited number of species in our experimental study,
with only three Asian and six European species. To confirm the
consistency of our findings, similar experiments should include
more species from these regions and include additional regions
with different winter-spring transitions such as eastern North
America.

Conclusion

Our full factorial experiment including three species
belonging to the same genus but growing either in Europe or in

Asia and three other European species, showed that increasing

winter and spring temperatures have manifold effects on the

spring phenology of deciduous tree species. Further advance

in the leaf-out is expected to continue in the future, especially

for more opportunistic species that have lower chilling and

photoperiodic requirements to budburst, whereas a lack of

chilling and photoperiodic constrains are likely to slow down

the advancement of more conservative species. Our cross-

continental experiment further showed that East Asian species

were in general found to be more responsive to forcing than

European species of the same genus, consistently with the higher

predictability of spring frosts in the eastern China. In view of

these results, we expect that future climate warming will lead

to an advance in spring phenology of East Asian species that

is tightly coupled to spring temperature, which may increase

carbon assimilation in the hitherto mostly temperature-limited

forests of East Asian. Finally, photoperiod seems to play only

a subordinate role compared to chilling and forcing for most
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species investigated in this experiment and will therefore likely
has a limiting effect in the regulation of future phenological
shifts in response to global warming.
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