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Abstract

Temperature during a particular period prior to spring leaf-out, the temperature-
relevant period (TRP), is a strong determinant of the leaf-out date in temperate-
zone trees. Climatic warming has substantially advanced leaf-out dates in
temperate biomes worldwide, but its effect on the beginning and length of the TRP
has not yet been explored, despite its direct relevance for phenology modeling. Using
1,551 species-site combinations of long-term (1951-2016) in situ observations on six
tree species (namely, Aesculus hippocastanum, Alnus glutinosa, Betula pendula, Fagus
sylvatica, Fraxinus excelsior, and Quercus robur) in central Europe, we found that the
advancing leaf-out was accompanied by a shortening of the TRP. On average across
all species and sites, the length of the TRP significantly decreased by 23% (p < .05),
from 60 + 4 days during 1951-1965 to 47 + 4 days during 2002-2016. Importantly,
the average start date of the TRP did not vary significantly over the study period
(March 2-5, DOY = 61-64), which could be explained by sufficient chilling over the
study period in the regions considered. The advanced leaf-out date with unchanged
beginning of the TRP can be explained by the faster accumulation of the required
heat due to climatic warming, which overcompensated for the retarding effect of
shortening daylength on bud development. This study shows that climate warming
has not yet affected the mean TRP starting date in the study region, implying that
phenology modules in global land surface models might be reliable assuming a fixed
TRP starting date at least for the temperate central Europe. Field warming experi-

ments do, however, remain necessary to test to what extent the length of TRP will
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continue to shorten and whether the starting date will remain stable under future

climate conditions.
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1 | INTRODUCTION

Climate warming has advanced the spring leaf-out phenology by
~2.5 days per decade since 1970s in temperate and boreal deciduous
trees (Fu, Zhao, et al., 2015; Menzel et al., 2006; Parmesan & Yohe,
2003; Penuelas & Filella, 2001), which can subsequently affect the
structure and function of terrestrial ecosystems (Piao et al., 2017;
Thackeray et al., 2016; Zohner, Mo, & Renner, 2018) and lead to
substantial climatic feedbacks (Ma, Huang, Hanninen, & Berninger,
2018; Pefiuelas, Rutishauser, & Filella, 2009; Richardson et al., 2013).
Our mechanistic understanding of the processes controlling leaf-out
date, however, remains limited (Chuine & Regniere, 2017; Richardson
et al., 2013). In 1735, the French naturalist Réne Réaumur first pro-
posed that an accumulation of warm temperature prior to spring
leaf-out date during a particular temperature-relevant period (TRP)
is the main determinant of leaf-out phenology (Abramovici, 2010).
The length of the TRP, however, may be affected by climate change
due to asymmetrical seasonal climatic warming and coregulation of
leaf-out phenology by other environmental cues (Cleland, Chuine,
Menzel, Mooney, & Schwartz, 2007; Flynn & Wolkovich, 2018; Fu,
Piao, et al., 2019; Koérner & Basler, 2010). The extent to which the
length of TRP changes and the underlying controlling mechanisms
have not yet been thoroughly investigated on a large scale, although
its investigation may help improving plant phenology models.

Two phases are generally distinguished during winter dormancy
of temperate-zone trees (Hanninen, 2016; Lang, 1987; Malysheyv,
Henry, Bolte, Arfin Khan, & Kreyling, 2018). After the initiation of
dormancy, trees enter into the first dormancy phase, endodormancy,
during which a certain amount of cold temperatures needs to accu-
mulate, that is, the chilling requirement, to break endodormancy and
allow the trees to enter into the second dormancy phase, ecodor-
mancy (Lang, 1987). During ecodormancy, warm temperatures, that
is, heat, accumulate and leaf-out is initiated once a certain amount of
heat (i.e., the heat requirement) has accumulated. Previous studies
have reported a negative correlation between the chilling and heating
requirements, with lower chilling accumulation increasing the heat-
ing requirement (Cannell & Smith, 1986; Murray, Cannell, & Smith,
1989). A rapid warming trend during winter has been reported (IPCC,
2014), which may subsequently delay the start of ecodormancy and
increase the heat requirement for leaf-out due to insufficient chill-
ing (Fu, Piao, et al., 2015; Pletsers, Caffarra, Kelleher, & Donnelly,
2015). This may, in turn, alter the length of the TRP, as more time
may be needed to accumulate the increased heat requirement, while
the warmer conditions accelerate the accumulation of heat and thus
shorten the TRP. How these opposite effects of climate warming im-
pact on the start and length of the TRP still remains unclear.

In addition to the chilling effect, the heating requirement may
also be affected by other environmental cues, especially photoperiod
(Caffarra & Donnelly, 2011; Flynn & Wolkovich, 2018; Fu, Piao, et al.,
2019; Korner & Basler, 2010; Zohner, Benito, Svenning, & Renner,
2016). For example, a long photoperiod may compensate for the chill-
ing deficit and guarantee that tree leaf-out is not too late to miss the op-
timal environmental conditions for photosynthesis (Flynn & Wolkovich,
2018; Pletsers et al., 2015; Way & Montgomery, 2015). The effect of
photoperiod on spring leaf-out date has been widely discussed (Chuine,
Morin, & Bugmann, 2010; Kérner & Basler, 2010), but the interactions
of photoperiod with other physiological and environmental cues in
determining leaf-out phenology are still largely unknown (Caffarra,
Donnelly, & Chuine, 2011; but see Fu, Zhang, et al., 2019). This lack
of knowledge may result from limitations in our approaches for mea-
suring the effect of photoperiod on spring leaf-out date (Chuine et al.,
2016). The effect of photoperiod may gradually increase in the future
because the advance of spring phenology due to climate warming force
the buds to develop at shorter photoperiod, which could subsequently
decrease the temperature control on leaf-out date phenology (Fu,
Zhao, et al., 2015). How the interactive effects among these physiolog-
ical and environmental cues affect endodormancy release and thereby
the start date of the TRP, and how they impact the heat requirement
and thereby the duration of the TRP, to our knowledge, has not yet
been investigated over large spatial and temporal scales.

We therefore studied the changes of the start and length of the
TRP for leaf-out date in adult trees of six species in Europe during 1951-
2016 using 1,551 species-site combinations of in situ leaf-out date ob-
servations. The most TRP was determined using a partial correlation
analysis to remove the confounding effects of precipitation and radia-
tion that were defined as the sum of precipitation and radiation during
the TRP. The temporal changes of TRP were determined using a 15 year
moving window method, and the length in TRP of the beginning and

the last window was compared.

2 | MATERIALS AND METHODS

2.1 | Datasets

Six dominant temperate tree species in Europe were used: Aesculus
hippocastanum (AH, European horse chestnut), Alnus glutinosa (AG,
European alder), Betula pendula (BP, European silver birch), Fagus syl-
vatica (FS, European beech), Fraxinus excelsior (FE, European ash), and
Quercus robur (QR, oak). In situ phenological observations of leaf-out
dates of the six species were obtained from the open-access database
of the Pan European Phenology network (http://www.pep725.eu/;
Templ et al., 2018). We excluded potential biases caused by outliers
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by removing the data outside the range of two standard deviations
of the mean leaf-out date and selecting the sites with records longer
than 30 years for 1951-2016 and 7 years for the two 15 year periods,
thatis, 1951-1965 and 2002-2016 which are the first and last window
in the moving window analysis. A total of 1,551 site-species combina-
tions (406 sites and six tree species) were selected, mainly focused
in Germany and Austria (Figure S1). The daily climatic data, including
mean air temperature (°C), precipitation (mm), and solar radiation (W/
m?), for each site were derived from a gridded climatic dataset of daily
maximum and minimum temperatures at a spatial resolution of 0.25°
(approximately 25 km; Fu, Zhao, et al., 2015).

2.2 | Analysis

The TRP was defined as the period (ranging between 15 and
120 days, with 15 day steps) before the mean leaf-out date at each
site for each species, with the highest absolute partial correlation
coefficient between leaf-out date and mean air temperature (R;gp)-
The effects of precipitation and solar radiation on leaf-out were
excluded in this method. The frequency distributions of mean leaf-
out date, the length of the TRP and Ry, between 1951-1965 and
2002-2016 for each and all species across all sites were determined
and shown as histograms, and the mean and 1 SD were calculated.
A paired-sample t test was used to examine the differences in mean
leaf-out date, TRP, and Rygp for 1951-1965 and 2002-2016 for each
species. We calculated the temporal change of TRP and Ry, for
the six species and for all species across all sites using a 15 year
moving window from 1951 to 2016, and for each window, a mini-
mum of 7 year date of leaf-out was required. Ordinary least squares
(OLS) and reduced major axis (RMA) regressions were applied to
determine the temporal changes of the TRP and Ry, (Figure S2).
The OLS and RMA methods produced similar results, and we only
reported the results based on the OLS in the text for clarity sake.

The chilling requirement (CD___) and spring temperature variance

)
re
(T4q) were calculated to investiga:e their effects on the partial cor-
relation between temperature and leaf-out date variation. CDreq was
defined as the number of days when mean daily temperature was
between 0 and 8°C, following previous studies (Fu, Campioli, et al.,

2014, Fu, Piao, et al., 2014; Vitasse, Signarbieux, & Fu, 2018):
Lrrp
CDq=2 1 if 0<T;<8, 1)
to

where Lqp is the start date of the TRP and t is the start date for
chilling accumulation, which was fixed at September 1 before the
year of leaf-out, because chilling temperatures generally do not
occur earlier in the temperate zone. Note that the real start of chill-
ing accumulation differs among years and sites, because the first
dates differ when the mean daily temperature is between 0 and
8°C. A paired-sample t test was used to test the differences in mean
CDreq and T, for 1951-1965 and 2002-2016 for each species.

The heating requirement for leaf-out was defined as the grow-
ing degree-days (GDD), which was defined as the sum of daily mean

temperature above a temperature threshold during the TRP. Various

GDD functions have been developed and widely used, and we se-

lected three widely used methods:

1. Linear function. GDD accumulated when the mean daily tem-
perature was above a temperature threshold of 5°C:

0 if x<5
GDD (x)=4 O (2)
Y (x=5) if x>5.

LTRP

2. Piecewise function. GDD was a linear function of daily tem-
perature when the temperature was between 5 and 15°C and

had fixed units when mean daily temperature was >15°C:

0 if x<5
LO
GDD (x,)={ ¥ (x-5) if 5<x<15 (3)
Lrep
10 if x> 15.

3. Sigmoidal function. GDD during TRP, that is, from L, to LO, was

calculated using a sigmoidal model:

if x,<O
GDD (x;) = 284 t

1+e-0-185(—184)

if x>0,

where x, in these equations is the daily mean air temperature during
the TRP, Ligp is the start of the TRP, and LO is the date of leaf-out.
The three methods produced similar results, so we only reported the
results of the linear function in the main text and reported the re-
sults of the other two functions in the appendix (Figure Figure S3).
The differences in mean GDD for 1951-1965 and 2002-2016 for
each and all species were tested using a paired-sample t test.

3 | RESULTS

We found that the duration of the TRP for leaf-out date significantly
shortened by 2.1 days per decade (R? = 0.59, p < .01; Figure 1a), on
average over the entire period 1951-2016 and across all six study
species. Comparing the first to the last time window, the length of
TRP was significantly reduced by 13 days (t = -12.307, df = 1,550,
p <.001) from 1951-1965 (60 * 4 days) to 2002-2016 (47 + 4 days),
on average across the six species (Figure 1b) and this reduction was
observed in all species (Figure 1c).

The start date of the TRP, in contrast, did not vary significantly
(R? = 0.01, p = .60; Figure 1d) over the study period when averaged
over all species. However, A. hippocastanum (AH) and F. sylvatica (FS)
did exhibit small but statistically significant delays in the start of the
TRP (Figure 1e,f). Averaged across all species, the start date of the TRP
occurred around March 2-5 (corresponding to the day of the year:
DOY = 61-64; Figure 1e). We also estimated the changes of leaf-out
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FIGURE 1 Changes of temperature-relevant periods (TRPs) and their start dates between 1951-1965 and 2002-2016. (a) and (d)
Temporal changes of the TRP and its start date for each species and the combined total for all species and sites using 15 year moving
windows from 1951 to 2016. The black lines and light-blue shading indicate the mean TRP and its start date (day of the year, DOY) across
all species and 1 SD, respectively. The dotted lines are the regression lines determined by ordinary least squares. (b) and (e) Histograms of
the differences in TRP and its start date across all species and sites between 1951-1965 and 2002-2016. The subpanels in panels (b) and
(e) show the mean and 1 SD of the TRP and the start date of the TPR in the corresponding periods. (c) and (f) Differences in the TRP and
its start date for each species between the two periods. The error bars indicate 1 SD. The numbers above the bars are the average of the
differences in the TRP and the start date of the TRP between the two periods. The asterisks indicate significant differences at p < .05. AG,

Alnus glutinosa (European alder); AH, Aesculus hippocastanum (European horse chestnut); BP, Betula pendula (European silver birch); FE,
Fraxinus excelsior (European ash); FS, Fagus sylvatica (European beech); QR, Quercus robur (oak)

date over the study period, and found that the timing of leaf-out date
advanced significantly for each species over the past six decades.
Across all species, the mean leaf-out dates advanced by 10 + 3 days,
from May 1 (DOY: 121) for 1951-1965 to April 21 (DOY: 111) for 2002-
2016 (Figure S4), suggesting that the reduced TRP was mainly related
to the advanced leaf-out dates and not to delayed TRP start dates.
We also analyzed how the partial correlation coefficient between
temperature during the TRP and the leaf-out date varied during the study
period (Rygp), and found that the Rypp, significantly decreased (p < .01) for
all species from 1951 to 2016 (Figure 2a). To further test the robustness
of this result, a 10 year moving window was used and produced similar re-
sults (Figure S5). Specifically, the Ry significantly decreased (t = 25.931,
df = 1,550, p < .001) from 1951-1965 (0.75 + 0.28, 96.8% negative cor-
relations, from which 75.8% were significant) to 2002-2016 (0.37 + 0.49,
77.5% negative correlations, from which only 37.7% were significant)

across the six species (Figure 2b), and for each species (Figure 2c). Note
that >22% of the Ry, for 2002-2016 were positive with the correspond-
ing length of the TRP varying between 15 and 120 days (Figure S6). The
positive correlations may be artificial and related to the gradual increase in
photoperiod effect for leaf-out under warming conditions (Fu, Piao, et al.,

2019), and thus, warming would not necessarily result in an earlier leaf-out.

4 | DISCUSSION

Consistent with previous studies (Fu, Piao, et al., 2015; Fu, Zhao,
et al., 2015; Menzel et al., 2006), we found that the timing of leaf-
out was significantly advanced, but interestingly, the temperature
control of leaf-out date variation has significantly weakened, with a
lower temperature correlation coefficient and a shorter temperature
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and leaf-out dates. (a) Temporal change of R, for each species and
the combined total for all species and sites with a 15 year moving
window from 1951 to 2016. The black line and light-blue shading
indicate the mean Ry, across all species and 1 SD, respectively.
The dotted line is the regression line determined by ordinary least
squares. (b) The distribution of R, across all species and sites for
1951-1965 and 2002-2016. Mean Ry, and SD (Mean (SD)) across
all species and sites and the percentages of negative correlations
and significant negative correlations (Neg (sig.)) are provided. (c)
Mean Ry, for each species between 1951-1965 and 2002-2016.
The error bars in (c) indicate 1 SD. AG, Alnus glutinosa (European
alder); AH, Aesculus hippocastanum (European horse chestnut);

BP, Betula pendula (European silver birch); FE, Fraxinus excelsior
(European ash); FS, Fagus sylvatica (European beech); QR, Quercus
robur (oak); TRP, temperature-relevant periods

relevant period for 1951-2016. We propose three mutually nonex-
clusive hypotheses to account for these phenomena: (a) trees may
be adapting to the increasing variation in spring temperature by re-

ducing their temperature control and TRP; (b) the rapid increase in

spring temperature fulfills the heat requirement faster and sequen-
tially shortens the TRP; and (c) the effect of photoperiod on leaf-out
development may gradually increase with the advance of leaf-out
dates (i.e., that leaf-out date occurs at progressively shorter photo-
periods), accompanying the reduced temperature control over leaf-
out date variation during the TRP.

A recent study has found that the control of spring temperature
on leaf-out reduced with larger interannual temperature variation
(Wang et al., 2014), which also could be related to the reducing TRP
length (Gauzere et al., 2017). We therefore calculated the mean
monthly temperatures and their variation (defined as 1 SD). Between
1951-1965 and 2002-2016, the monthly temperatures in our
study area increased significantly (p < .05) in all months between
September and May, except for December (Figure 3a). However,
the variation in monthly temperatures decreased for all species
(Figure 3b), suggesting that in our study neither the shorter TRP nor
the weaker temperature control of leaf-out date could be explained
by an increasing variability of spring temperatures.

Our second hypothesis concerned the warming-induced ac-
celeration of the physiological processes underlying leaf-out phe-
nology. The warming winter and earlier spring (Figure 3a) were
expected to affect the chilling accumulation and thus delay the
start of the TRP. We therefore calculated the accumulated chilling
as the number of days when mean daily temperature was between
0 and 8°C from September 1 of the previous year to the TRP start
date (see Section 2) and found that on average across all species,
it did not vary significantly between 1951-1965 and 2002-2016
(Figure 3c). This insignificant change in chilling accumulation in
the study area may therefore explain the consistent TRP start
date over time. However, at species level, two species did exhibit
statistically significantly increased chilling accumulation: FS and
AH, exactly the two species for which also the start date of the
TRP was delayed. We can only speculate about why these two
species apparently exhibited increased chilling requirement and
a later start of the TRP. One explanation may be that these two
species are experiencing greater control by photoperiod. In this
case, the delayed start of the TRP would induce an artificial over-
estimation of the accumulated chilling (which we summed until the
start of the TRP, while in reality, the chilling requirement may have
been fulfilled already earlier). We therefore do not put too much
weight on the apparent increase in chilling accumulation in these
two species.

The heating requirement was calculated as daily thermal units
(see Section 2). Surprisingly, the heating requirement for leaf-out
was neither constant, nor higher, but was significantly lower for
each of the six species (Figure 3d), even though chilling accumu-
lation did not change and photoperiod reduced during the study
period. We tested the robustness of this result by applying various
methods for estimating daily heat accumulation, which all produced
similar results, for example, using a linear (Figure 3d), a piecewise
(Figure S3a), or a sigmoid (Figure S3b) function of daily temperature.
The apparent lower heat accumulation may be related to the fact
that air pollution has strongly declined in Europe, resulting in more
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FIGURE 3 Changes of temperature variance and chilling and heating accumulation between 1951-1965 and 2002-2016. (a) Differences
of monthly mean air temperature between 1951-1965 and 2002-2016. (b) Changes of the spring temperature variance (T, ) for each species
and the combined total across all sites. T_,, was calculated as the standard deviation of mean spring temperature during the temperature-
relevant period. (c) Changes of the chilling accumulation for the six species. The chilling accumulation was calculated as the number of days
when the temperature was between 0 and 8°C from September 1 before the year of leaf-out date until the start date of the TRP. (d) Growing
degree-days (GDD) for the six species and the combined total across all sites in three periods and its difference between 1951-1965

and 2002-2016. (e) Heat accumulation efficiency (heat unit accumulation per day during the TRP) between 1951-1965 and 2002-2016.

The error bars in panels (a)-(c) indicate 1 SD. The size of the square and the numbers in the colored matrix in panels (d) and (e) represent

the magnitude of GDD or daily heat accumulation. The number in brackets after the species name is the number of sites for the species.

The asterisks indicate significant differences at p < .05. AG, Alnus glutinosa (European alder); AH, Aesculus hippocastanum (European horse
chestnut); BP, Betula pendula (European silver birch); FS, Fagus sylvatica (European beech); FE, Fraxinus excelsior (European ash); QR, Quercus

robur (oak); TRP, temperature-relevant periods

clear sky days since the 1980s (Sanchez-Lorenzo et al., 2015). More
clear sky days can increase both air and meristem temperature, but
the potential increment of meristem temperature is much greater
than that of air temperature when measured in a standard way under
a Stevenson solar radiation shield (Savvides, leperen, Dieleman, &
Marcelis, 2013). Therefore, more clear sky conditions may fulfil the

meristem temperature-based heat requirement for leaf-out, while

the air temperature-based heat requirement would apparently de-
crease. This idea is corroborated by the observation that the effi-
ciency of heat accumulation (heat unit accumulation per day during
the TRP) has significantly increased by 14.8%, despite the shorten-
ing photoperiod. Heat accumulation increased from 2.7 heat units
per day during the period 1951-1965 to 3.1 unit during the period
2002-2016 (Figure 3e), suggesting that either other environmental
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FIGURE 4 Changes of variations of leaf-out dates. (a) Histogram of the variation of leaf-out dates (std_LO) across all species and sites
between 1951-1965 and 2002-2016. The numbers above the bars are the mean std_LO in the corresponding period, and the numbers in
brackets are the standard deviations of std_LO. (b) Changes of std_LO for the six species. The error bars in subpanel of panel (a) and panel
(b) indicate 1 SD. The subpanel in panel (a) shows the mean and 1 SD of the std_LO in the corresponding periods. The asterisks indicate
significant differences at p < .05. AG, Alnus glutinosa (European alder); AH, Aesculus hippocastanum (European horse chestnut); BP, Betula
pendula (European silver birch); FS, Fagus sylvatica (European beech); FE, Fraxinus excelsior (European ash); QR, Quercus robur (oak)

cues are codetermining the date of leaf-out, likely by increasing the
heat accumulation efficiency, or that air temperatures are not ideal
to calculate heat accumulation for spring phenology.

Recent studies have reported complex interactive effects be-
tween temperature and photoperiod on leaf-out phenology (Flynn &
Wolkovich, 2018; Richardson et al., 2018), and that short photope-
riods may be used by trees as a signal to retard bud development in
order to protect the trees from late frost damage (Fu, Piao, et al., 2019),
although this protective mechanism does not suffice to sufficiently
delay leaf-out date (Liu et al., 2018). In support of a stronger control of
other environmental factors, in our study, the partial correlation coef-
ficient between leaf-out date and temperature significantly declined
(Figure 2). In parallel, the partial correlation coefficient between leaf-
out date and radiation sum during the TRP significantly increased
over the period 1951-2016 (Figure S7), although this correlation co-
efficient remained smaller than those of the temperature-leaf-out
date relation. If the control by photoperiod over leaf-out phenology
had strengthened, we would expect a reduced temperature-induced
variation of leaf-out dates. We thus quantified the temperature-
related change of leaf-out date in 1951-1965 and 2002-2016 and
indeed found a significantly declined temperature-induced leaf-out
variation for each of the six species (Figure 4). These results suggest
that short photoperiod buffered the timing of leaf-out date and grad-
ually played a more important role as the climate warmed. However,
direct evidence for the effect of photoperiod on leaf-out date varia-
tion could not be provided by the present study, and remains to be
experimentally demonstrated for mature trees. Furthermore, reports
of the interactions of photoperiod with chilling and heating are still in-
consistent among studies (Flynn & Wolkovich, 2018; Kérner & Basler,
2010; Laube et al., 2014; Richardson et al., 2018; Zohner et al., 2016;
but see Fu, Zhang, et al., 2019), so that further manipulative exper-
imental studies are needed to gain insights in the increasing role of

photoperiod in the control of leaf-out phenology.

5 | CONCLUSION AND IMPLICATIONS
Changes in spring phenology play an important role in the terrestrial
carbon and water cycles (Pefiuelas et al., 2009). We found a decrease
in the spring temperature control on leaf-out timing concomitantly
with a shortening TRP, which suggests that other controls over the
leaf-out process, such as photoperiod, gradually increased in impor-
tance over the past six decades. There are limitations in the study.
Firstly, the studied sites were distributed in temperate regions,
mainly including two countries Germany and Austria. In these re-
gions, it is likely that chilling is still sufficient and do not limit the
GDD requirement, as suggested by a TRP start that did not change
with climate warming. Nevertheless, chilling might become insuf-
ficient toward warmer climates in the south of Europe, potentially
increasing the amount of GDD required for leaf-out. Phenological
observations at other temperate regions are therefore necessary to
better understand the impact of climate warming on the phenology
of temperate trees over their whole distribution area. Besides the
present study focused on six temperate tree species and how the
temporal changes of TRP differ in different plant species, such as in
grasslands and boreal trees, are still unclear. The second limitation
is that our study used the trees from a phenology network, and the
differences in phenological response between phenology network
and natural forest are also unclear and need further investigation.
Our results also suggest that future ecological consequences as-
sociated with advanced spring phenology, such as increased carbon
update (Keenan et al., 2014) and evapotranspiration (ET, defined as
a sum of plant transpiration, soil evaporation, and canopy intercep-
tion; Kim et al., 2018), might be overestimated if current temperature
responses were linearly extrapolated. Our analysis also revealed that
the start of the TRP has remained constant in the recent decades,
suggesting that the chilling conditions are still sufficient under cur-
rent climate in the study area. This implies that phenology modules
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in global land surface models might be reliable assuming a fixed TRP
starting date at least for the temperate central Europe where chill-
ing temperatures are still sufficient. Nevertheless, further climate
warming could result in much warmer winters, leading to insufficient
chilling conditions that could then delay the start of the TRP, espe-
cially in the warmer regions of species distribution ranges. This intro-
duces uncertainty in predictions of how temperate-zone deciduous
tree species will respond to further global warming. Field warming
experiments are therefore urgently needed to test the validity of our
results under future conditions and to gain more mechanistic insight
in the underlying mechanisms controlling leaf-out phenology.

ACKNOWLEDGEMENTS

This study was supported by the General program of National Natural
Science Foundation of China (No. 31770516), the National Key Research
and Development Program of China (2017YFA06036001), and the 111
Project (B18006) and Fundamental Research Funds for the Central
Universities (2018EYTO05). lvan A. Janssens and Josep Pefiuelas acknowl-
edge support from the European Research Council through Synergy
grant ERC-2013-SyG-610028 “IMBALANCE-P.” Ivan A Janssens and
Shilong Piao acknowledge financial support from the Belgian Science
Policy (BELSPO ECOPROPHET project, contract SR/00/334). Ivan
A. Janssens acknowledges support from the Research Council of the
University of Antwerp (Methusalem). Constantin M. Zohner acknowl-
edges support from the ETH Zurich Postdoctoral Fellowship Program
and the Crowther Lab. The authors gratefully acknowledge all members

of the PEP725 project for providing the phenological data.

AUTHOR CONTRIBUTIONS

Y.H.F. and X.J.G. contributed equally to this work. Y.H.F. designed the
research and drafted the paper; X.J.G. performed the analysis and all

authors contributed to the interpretation of the results and to the text.

ORCID

Yongshuo H. Fu https://orcid.org/0000-0002-9761-5292
https://orcid.org/0000-0002-7454-505X
Constantin M. Zohner https://orcid.org/0000-0002-8302-4854

https://orcid.org/0000-0001-8057-2292

Yann Vitasse

Shilong Piao

REFERENCES

Abramovici, J.-C. (2010). Du « merveilleux vrai » des « petits animaux »
Réaumur, entre rococo et Lumiéres. Dix-huitiéme Siécle, 42(1), 305-
320. https://doi.org/10.3917/dhs.042.0305

Caffarra, A., & Donnelly, A. (2011). The ecological significance of phenol-
ogy in four different tree species: Effects of light and temperature on
bud burst. International Journal of Biometeorology, 55, 711-721. https
://doi.org/10.1007/s00484-010-0386-1

Caffarra, A., Donnelly, A., & Chuine, I. (2011). Modelling the timing
of Betula pubescens budburst. Il. Integrating complex effects of

“Global Change Biology g% ]_EYJﬁ

photoperiod into process-based models. Climate Research, 46, 159-
170. https://doi.org/10.3354/cr00983

Cannell, M. G. R., & Smith, R. I. (1986). Climatic warming, spring budburst
and forest damage on trees. The Journal of Applied Ecology, 23(1),
177-191. https://doi.org/10.2307/2403090

Chuine, I., Bonhomme, M., Legave, J. M., Garcia de Cortazar-Atauri, |.,
Charrier, G., Lacointe, A., & Améglio, T. (2016). Can phenological
models predict tree phenology accurately in the future? The unre-
vealed hurdle of endodormancy break. Global Change Biology, 22(10),
3444-3460. https://doi.org/10.1111/gcb.13383

Chuine, ., Morin, X., & Bugmann, H. (2010). Warming, photoperiods,
and tree phenology. Science, 329, 277-278. https://doi.org/10.1126/
science.329.5989.277-e

Chuine, 1., & Regniere, J. (2017). Process-based models of phenol-
ogy for plants and animals. Annual Review of Ecology, Evolution, and
Systematics, 48, 159-182. https://doi.org/10.1146/annurev-ecols
ys-110316-022706

Cleland, E. E., Chuine, I., Menzel, A., Mooney, H. A., & Schwartz, M. D.
(2007). Shifting plant phenology in response to global change. Trends
in Ecology & Evolution, 22(7), 357-365. https://doi.org/10.1016/j.
tree.2007.04.003

Flynn, D. F. B., & Wolkovich, E. M. (2018). Temperature and photope-
riod drive spring phenology across all species in a temperate for-
est community. New Phytologist, 219(4), 1353-1362. https://doi.
org/10.1111/nph.15232

Fu, Y. S. H., Campioli, M., Vitasse, Y., De Boeck, H. J., Van den Berge, J.,
AbdElgawad, H., ... Janssens, I. A. (2014). Variation in leaf flushing
date influences autumnal senescence and next year's flushing date
in two temperate tree species. Proceedings of the National Academy of
Sciences if the United States of America, 111(20), 7355-7360. https://
doi.org/10.1073/pnas.1321727111

Fu, Y. H., Piao, S., Op de Beeck, M., Cong, N., Zhao, H., Zhang, Y., ...
Janssens, I. A. (2014). Recent spring phenology shifts in western
Central Europe based on multiscale observations. Global Ecology
and Biogeography, 23(11), 1255-1263. https://doi.org/10.1111/
geb.12210

Fu,Y.H., Piao, S., Vitasse, Y., Zhao, H., De Boeck, H. J,, Liu, Q., ... Janssens,
I. A. (2015). Increased heat requirement for leaf flushing in temper-
ate woody species over 1980-2012: Effects of chilling, precipitation
and insolation. Global Change Biology, 21(7), 2687-2697. https://doi.
org/10.1111/gcb.12863

Fu, Y. H., Piao, S., Zhou, X., Geng, X., Hao, F., Vitasse, Y., & Janssens, I.
A. (2019). Short photoperiod reduces the temperature sensitivity of
leaf-out in saplings of Fagus sylvatica but not in horse chestnut. Global
Change Biology, 25, 1696-1703. https://doi.org/10.1111/gcb.14599

Fu, Y. H., Zhang, X., Piao, S., Hao, F., Geng, X., Vitasse, Y., ... Janssens, |.
A. (2019). Daylength helps temperate deciduous trees to leaf-out at
the optimal time. Global Change Biology, 25(7), 2410-2418. https://
doi.org/10.1111/gcb.14633

Fu, Y. H., Zhao, H., Piao, S., Peaucelle, M., Peng, S., Zhou, G, ... Janssens,
I. A. (2015). Declining global warming effects on the phenology
of spring leaf unfolding. Nature, 526(7571), 104-107. https://doi.
org/10.1038/nature15402

Gauzere, J., Delzon, S., Davi, H., Bonhomme, M., Garcia de Cortazar-
Atauri, |., & Chuine, I. (2017). Integrating interactive effects of chill-
ing and photoperiod in phenological process-based models. A case
study with two European tree species: Fagus sylvatica and Quercus
petraea. Agricultural and Forest Meteorology, 244-245, 9-20. https://
doi.org/10.1016/j.agrformet.2017.05.011

Hanninen, H. (2016). Boreal and temperate trees in a changing climate.
Dordrecht, The Netherlands: Springer Business Media.

IPCC. (2014). Impacts, adaptation, and vulnerability. Part A: global and
sectoral aspects. In C. B. Field, V. R. Barros, D. J. Dokken, K. J. Mach,
M. D. Mastrandrea, T. E. Bilir, M. Chatterjee, K. L. Ebi, Y. O. Estrada,
R. C. Genova, B. Girma, E. S. Kissel, A. N. Levy, S. MacCracken, P. R.

25UBO1"] SUOLLILIOD SAI1E9.10) 31 dde aU) Aq PoULBAOB 918 S3D1Le WO ‘8N O S3 N1 O AJG1T BUIIUO AB]IAM UO (SUO1IPUGO-PUB-SLLLBILIOY" B W ARe.c]1[BU 1|UO//SA1) SUOIPUOD PUE SWLB 1 81 395 [9202/80/92] U0 AIq1T8UIIUO AB1IM ‘UDLNZ H 13 Ad Z8LT 90B/TTTT 0T/10p/L0 A 1 Azeiqfpuuo//sdiy woJy papeojumoq ‘2T ‘6102 ‘98rZG9ET


https://orcid.org/0000-0002-9761-5292
https://orcid.org/0000-0002-9761-5292
https://orcid.org/0000-0002-7454-505X
https://orcid.org/0000-0002-7454-505X
https://orcid.org/0000-0002-8302-4854
https://orcid.org/0000-0002-8302-4854
https://orcid.org/0000-0001-8057-2292
https://orcid.org/0000-0001-8057-2292
https://doi.org/10.3917/dhs.042.0305
https://doi.org/10.1007/s00484-010-0386-1
https://doi.org/10.1007/s00484-010-0386-1
https://doi.org/10.3354/cr00983
https://doi.org/10.2307/2403090
https://doi.org/10.1111/gcb.13383
https://doi.org/10.1126/science.329.5989.277-e
https://doi.org/10.1126/science.329.5989.277-e
https://doi.org/10.1146/annurev-ecolsys-110316-022706
https://doi.org/10.1146/annurev-ecolsys-110316-022706
https://doi.org/10.1016/j.tree.2007.04.003
https://doi.org/10.1016/j.tree.2007.04.003
https://doi.org/10.1111/nph.15232
https://doi.org/10.1111/nph.15232
https://doi.org/10.1073/pnas.1321727111
https://doi.org/10.1073/pnas.1321727111
https://doi.org/10.1111/geb.12210
https://doi.org/10.1111/geb.12210
https://doi.org/10.1111/gcb.12863
https://doi.org/10.1111/gcb.12863
https://doi.org/10.1111/gcb.14599
https://doi.org/10.1111/gcb.14633
https://doi.org/10.1111/gcb.14633
https://doi.org/10.1038/nature15402
https://doi.org/10.1038/nature15402
https://doi.org/10.1016/j.agrformet.2017.05.011
https://doi.org/10.1016/j.agrformet.2017.05.011

FU ET AL.

4290 — -
\W2IB 2% Global Change Biolog

Mastrandrea, & L. L. White (Eds.), Contribution of working group Il to
the fifth assessment report of the intergovernmental panel on climate
change (pp. 1-32). Cambridge, UK: Cambridge University Press.

Keenan, T. F,, Gray, J., Friedl, M. A., Toomey, M., Bohrer, G., Hollinger, D. Y.,
... Richardson, A. D. (2014). Net carbon uptake has increased through
warming-induced changes in temperate forest phenology. Nature
Climate Change, 4(7), 598-604. https://doi.org/10.1038/nclimate2253

Kim, J. H., Hwang, T., Yang, Y., Schaaf, C. L., Boose, E., & Munger, J.
W. (2018). Warming-induced earlier greenup leads to reduced
stream discharge in a temperate mixed forest catchment. Journal of
Geophysical Research: Biogeosciences, 123(6), 1960-1975. https://doi.
org/10.1029/2018JG004438

Kérner, C., & Basler, D. (2010). Plant science. Phenology under global
warming. Science, 327(5972), 1461-1462. https://doi.org/10.1126/
science.1186473

Lang, G. A. (1987). Dormancy: A new universal terminology. HortScience,
22, 817-820.

Laube, J., Sparks, T. H., Estrella, N., Hofler, J., Ankerst, D. P., & Menzel,
A. (2014). Chilling outweighs photoperiod in preventing precocious
spring development. Global Change Biology, 20(1), 170-182. https://
doi.org/10.1111/gcb.12360

Liu, Q., Piao, S., Janssens, I. A., Fu, Y., Peng, S., Lian, X. U., ... Wang, T.
(2018). Extension of the growing season increases vegetation ex-
posure to frost. Nature Communications, 9(1), 426. https://doi.
org/10.1038/541467-017-02690-y

Ma, Q., Huang, J.-G., Hanninen, H., & Berninger, F. (2018). Reduced geo-
graphical variability in spring phenology of temperate trees with
recent warming. Agricultural and Forest Meteorology, 256-257, 526~
533. https://doi.org/10.1016/j.agrformet.2018.04.012

Malyshev, A. V., Henry, H. A. L., Bolte, A., Arfin Khan, M. A. S., &
Kreyling, J. (2018). Temporal photoperiod sensitivity and forcing
requirements for budburst in temperate tree seedlings. Agricultural
and Forest Meteorology, 248, 82-90. https://doi.org/10.1016/j.agrfo
rmet.2017.09.011

Menzel, A., Sparks, T. H., Estrella, N., Koch, E., Aasa, A., Ahas, R., ...
Zust, A. (2006). European phenological response to climate change
matches the warming pattern. Global Change Biology, 12(10), 1969~
1976. https://doi.org/10.1111/j.1365-2486.2006.01193.x

Murray, M. B., Cannell, M. G. R., & Smith, R. |. (1989). Date of budburst of
fifteen tree species in Britain following climatic warming. The Journal
of Applied Ecology, 26(2), 693-700. https://doi.org/10.2307/2404093

Parmesan, C., & Yohe, G. (2003). A globally coherent fingerprint of cli-
mate change impacts across natural systems. Nature, 421(6918),
37-42. https://doi.org/10.1038/nature01286

Pefuelas, J., & Filella, I. (2001). Phenology. Responses to a warming
world. Science, 294(5543), 793-795. https://doi.org/10.1126/scien
ce. 1066860

Pefuelas, J., Rutishauser, T., & Filella, 1. (2009). Phenology feedbacks
on climate change. Science, 324(5929), 887-888. https://doi.
org/10.1126/science.1173004

Piao, S., Liu, Z., Wang, T., Peng, S., Ciais, P., Huang, M., ... Tans, P. P. (2017).
Weakening temperature control on the interannual variations of
spring carbon uptake across northern lands. Nature Climate Change,
7(5), 359-363. https://doi.org/10.1038/nclimate3277

Pletsers, A., Caffarra, A., Kelleher, C. T., & Donnelly, A. (2015). Chilling
temperature and photoperiod influence the timing of bud burst
in juvenile Betula pubescens Ehrh. and Populus tremula L. trees.
Annals of Forest Science, 72(7), 941-953. https://doi.org/10.1007/
s13595-015-0491-8

Richardson, A. D., Hufkens, K., Milliman, T., Aubrecht, D. M., Furze, M.
E., Seyednasrollah, B., ... Hanson, P. J. (2018). Ecosystem warming

extends vegetation activity but heightens vulnerability to cold tem-
peratures. Nature, 560(7718), 368-371. https://doi.org/10.1038/
s41586-018-0399-1

Richardson, A. D., Keenan, T. F., Migliavacca, M., Ryu, Y., Sonnentag, O.,
& Toomey, M. (2013). Climate change, phenology, and phenological
control of vegetation feedbacks to the climate system. Agricultural
and Forest Meteorology, 169, 156-173. https://doi.org/10.1016/j.
agrformet.2012.09.012

Sanchez-Lorenzo, A., Wild, M., Brunetti, M., Guijarro, J. A., Hakuba, M.
Z., Calbé, J., ... Bartok, B. (2015). Reassessment and update of long-
term trends in downward surface shortwave radiation over Europe
(1939-2012). Journal of Geophysical Research: Atmospheres, 120(18),
9555-9569. https://doi.org/10.1002/2015jd023321

Savvides, A., van leperen, W., Dieleman, J. A., & Marcelis, L. F. (2013).
Meristem temperature substantially deviates from air temperature
even in moderate environments: Is the magnitude of this deviation
species-specific? Plant, Cell and Environment, 36(11), 1950-1960.
https://doi.org/10.1111/pce.12101

Templ, B., Koch, E., Bolmgren, K., Ungersbock, M., Paul, A., Scheifinger,
H., ... Zust, A. (2018). Pan European Phenological database (PEP725):
A single point of access for European data. International Journal
of Biometeorology, 62(6), 1109-1113. https://doi.org/10.1007/
s00484-018-1512-8

Thackeray, S. J., Henrys, P. A., Hemming, D., Bell, J. R., Botham, M. S.,
Burthe, S., ... Wanless, S. (2016). Phenological sensitivity to climate
across taxa and trophic levels. Nature, 535(7611), 241-245. https://
doi.org/10.1038/nature18608

Vitasse, Y., Signarbieux, C., & Fu, Y. H. (2018). Global warming leads to
more uniform spring phenology across elevations. Proceedings of the
National Academy of Sciences if the United States of America, 115(5),
1004-1008. https://doi.org/10.1073/pnas.1717342115

Wang, T., Ottlé, C., Peng, S., Janssens, I. A., Lin, X., Poulter, B, ... Ciais, P.
(2014). The influence of local spring temperature variance on tem-
perature sensitivity of spring phenology. Global Change Biology, 20(5),
1473-1480. https://doi.org/10.1111/gcb.12509

Way, D. A., & Montgomery, R. A. (2015). Photoperiod constraints on
tree phenology, performance and migration in a warming world.
Plant, Cell & Environment, 38(9), 1725-1736. https://doi.org/10.1111/
pce.12431

Zohner, C. M., Benito, B. M., Svenning, J.-C., & Renner, S. S. (2016). Day
length unlikely to constrain climate-driven shifts in leaf-out times of
northern woody plants. Nature Climate Change, 6(12), 1120-1123.
https://doi.org/10.1038/nclimate3138

Zohner, C. M, Mo, L., & Renner, S. S. (2018). Global warming reduces
leaf-out and flowering synchrony among individuals. eLife, 7, https://
doi.org/10.7554/eLife.40214

SUPPORTING INFORMATION

Additional supporting information may be found online in the
Supporting Information section at the end of the article.

How to cite this article: Fu YH, Geng X, Hao F, et al.
Shortened temperature-relevant period of spring leaf-out in
temperate-zone trees. Glob Change Biol. 2019;25:4282-4290.
https://doi.org/10.1111/gcb.14782

25UBO1"] SUOLLILIOD SAI1E9.10) 31 dde aU) Aq PoULBAOB 918 S3D1Le WO ‘8N O S3 N1 O AJG1T BUIIUO AB]IAM UO (SUO1IPUGO-PUB-SLLLBILIOY" B W ARe.c]1[BU 1|UO//SA1) SUOIPUOD PUE SWLB 1 81 395 [9202/80/92] U0 AIq1T8UIIUO AB1IM ‘UDLNZ H 13 Ad Z8LT 90B/TTTT 0T/10p/L0 A 1 Azeiqfpuuo//sdiy woJy papeojumoq ‘2T ‘6102 ‘98rZG9ET


https://doi.org/10.1038/nclimate2253
https://doi.org/10.1029/2018JG004438
https://doi.org/10.1029/2018JG004438
https://doi.org/10.1126/science.1186473
https://doi.org/10.1126/science.1186473
https://doi.org/10.1111/gcb.12360
https://doi.org/10.1111/gcb.12360
https://doi.org/10.1038/s41467-017-02690-y
https://doi.org/10.1038/s41467-017-02690-y
https://doi.org/10.1016/j.agrformet.2018.04.012
https://doi.org/10.1016/j.agrformet.2017.09.011
https://doi.org/10.1016/j.agrformet.2017.09.011
https://doi.org/10.1111/j.1365-2486.2006.01193.x
https://doi.org/10.2307/2404093
https://doi.org/10.1038/nature01286
https://doi.org/10.1126/science.1066860
https://doi.org/10.1126/science.1066860
https://doi.org/10.1126/science.1173004
https://doi.org/10.1126/science.1173004
https://doi.org/10.1038/nclimate3277
https://doi.org/10.1007/s13595-015-0491-8
https://doi.org/10.1007/s13595-015-0491-8
https://doi.org/10.1038/s41586-018-0399-1
https://doi.org/10.1038/s41586-018-0399-1
https://doi.org/10.1016/j.agrformet.2012.09.012
https://doi.org/10.1016/j.agrformet.2012.09.012
https://doi.org/10.1002/2015jd023321
https://doi.org/10.1111/pce.12101
https://doi.org/10.1007/s00484-018-1512-8
https://doi.org/10.1007/s00484-018-1512-8
https://doi.org/10.1038/nature18608
https://doi.org/10.1038/nature18608
https://doi.org/10.1073/pnas.1717342115
https://doi.org/10.1111/gcb.12509
https://doi.org/10.1111/pce.12431
https://doi.org/10.1111/pce.12431
https://doi.org/10.1038/nclimate3138
https://doi.org/10.7554/eLife.40214
https://doi.org/10.7554/eLife.40214
https://doi.org/10.1111/gcb.14782

