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ABSTRACT

Climate warming has substantially advanced the timing of spring leaf-out of woody species at middle and high
latitudes, albeit with large differences. Insights in the spatial variation of this climate warming response may
therefore help to constrain future trends in leaf-out and its impact on energy, water and carbon balances at global
scales. In this study, we used in situ phenology observations of 38 species from 2067 study sites, distributed across
the northern hemisphere in China, Europe and the United States, to investigate the latitudinal patterns of spring
leaf-out and its sensitivity (S;, advance of leaf-out dates per degree of warming) and correlation (Ry, partial
correlation coefficient) to temperature during the period 1980-2016. Across all species and sites, we found that
S; decreased significantly by 0.15 + 0.02 d °C™! °N~!, and R increased by 0.02 + 0.001 °N~! (both at P <
0.001). The latitudinal patterns in Ry and S; were explained by the differences in requirements of chilling and
thermal forcing that evolved to maximize tree fitness under local climate, particularly climate predictability and
summed precipitation during the pre-leaf-out season. Our results thus showed complicated spatial differences in
leaf-out responses to ongoing climate warming and indicated that spatial differences in the interactions among
environmental cues need to be embedded into large-scale phenology models to improve the simulation accuracy.

1. Introduction

Vegetation phenology responses to climate change are driven by
multiple environmental factors, such as temperature, including winter

Global warming has advanced the spring phenology of vegetation in
the northern hemisphere by an average of 2-8 days per decade [1-3].
The warming is spatially heterogeneous which can contribute to non-
uniform changes in spring phenology across regions [4, 5], and subse-
quently in terrestrial ecosystem carbon sinks [6-8]. The apparent tem-
perature sensitivity of vegetation, measured as the advance of leaf-out
dates per degree of warming during the period that determines spring
leaf-out, has been widely used to quantify responses of leaf-out phenol-
ogy to climate change [9, 10]. However, few studies have quantified
spatial variations in the apparent temperature sensitivity, especially at
mid and high latitudes in the northern hemisphere, where vegetation is
exposed to rapid warming [11, 12].
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cold temperatures (chilling) and spring warm temperatures (thermal
forcing), photoperiod, and water availability [13-18]. The temperature
has been identified as the predominant driver of forest phenology in
spring, especially in temperate and boreal biomes [14, 19], but many
recent studies also reported that other environmental factors can modify
spatial variations in spring phenology [20, 21]. As such, spatial differ-
ences in the effects of warming on tree phenology can be expected. For
example, spring phenology of temperate tree species has been shown to
be more responsive to light than to temperature at lower latitudes [22,
23] and altitudes [24], and in oceanic climate regions [15]. Neverthe-
less, these spatial differences in temperature sensitivity and temperature
correlation of spring phenology still require in-depth exploration.
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Table 1
Data sources.
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Region (Number and proportion of sites) Data source

Europe 41~68°N, -8.5~136.2°E (1992,
96%)

Pan European Phenology Network (PEP, http://www.pep725.eu/) and Chronicles of Nature
(https://doi.org/10.1038/s41597-020-0376-z) [30] Gridded climatic dataset, with a spatial resolution of

0.25° [31] and Princeton climatic dataset, with a spatial resolution of 0.25° covering phenology sites in
eastern Europe (http://hydrology.princeton.edu/data/pgf/v3/0.25deg /daily/)

China 22~49°N, 101~130°E (23, 1%)

National Earth System Science Data Sharing Infrastructure, National Science & Technology Infrastructure of

China (http://www.geodata.cn) [32-35] China Meteorological Data Sharing Service System
(http://cdc.cma.gov.cn/cdc_en/home.dd)

North America 33~48°N, -123.5~-62.1°E
(52, 3%)

USA National Phenology Network (USA-NPN, https://www.usanpn.org/results/data) [36] Princeton climatic
dataset, with a spatial resolution of 0.25° (http://hydrology.princeton.edu/data/pgf/v3/0.25deg /daily/)

Plants have evolved adaptive mechanisms to the long-term climate
change [18], where spring phenology dates are determined by a trade-
off between maximizing annual carbon and nutrient uptakes and reduc-
ing the risk of late frost damage [25, 26]. Most phenology studies have
focused on single species [27-29] and there are few studies which have
quantified interspecific differences in response mechanisms and adap-
tive capacity. This knowledge gap must be bridged by a comprehensive
analysis of phenology data from multiple species at different locations
to reach an understanding of the impacts of global change on the ap-
parent temperature sensitivity of vegetation phenology across species.
Here, we analyzed the spatial variability of spring leaf-out phenology
and apparent temperature sensitivity and temperature correlation across
38 species at 2067 study sites (widely distributed across the northern
hemisphere, including China, Europe, United States) to (1) quantify the
spatial variation in spring leaf-out phenology as well as apparent tem-
perature sensitivity and temperature correlation, and (2) reveal under-
lying mechanisms attributing to the spatial variations.

2. Material and methods
2.1. Datasets

Phenology datasets. Data for leaf-out of species were obtained from
the Pan European Phenology Network (PEP), Chronicles of Nature
database for Europe, National Earth System Science Data Sharing In-
frastructure, National Science & Technology Infrastructure of China,
and USA National Phenology Network (USA-NPN) for North America
(Table 1). Leaf-out dates, recorded as day of year (DoY) and the date
of first visible leaf stalk (BBCH 11 of the PEP dataset), were extracted
for the 38 species. These selected species had been recorded at least
5 phenological sites and for a minimum of 15 years during the period
1980-2016. For each species, phenology data with >2 x SD variations
among different sites were removed from the estimate of average re-
sponse of vegetation to climate change. In total, 38 species from 2067
observation sites (i.e. 1992 sites distributes in Europe, which accounts
for 96% of the total; 23 sites distributes in China, which accounts for 1%
of the total; and 52 sites distributes in North America, which accounts
for 3% of the total), comprising 12672 species-site combinations were
used in this study (Table S1). The location of the selected phenological
sites and sites density within each 2 x 2° cell are shown in Fig. S1.

Climatic datasets. Gridded daily climatic data, including average
air temperature (°C), precipitation (mm), and shortwave radiation
(W+m~2), covering Europe and North America during the period 1980—
2016 were collected, with a spatial resolution of 0.25°. To ensure high
data quality for sites in China, we matched phenology sites to the closest
meteorological station; on this basis, sunshine duration (hours) was used
to account for the effect of solar radiation on leaf-out in China (Table
S1).

2.2. Statistical analysis

We used temporal partial correlation analysis to quantify the relative
importance of leaf-out phenology and daily climatic factors (average air

709

temperature, cumulative precipitation, and shortwave radiation or sun-
shine duration in China) during the optimal preseason, the length of
which was defined as the period prior to spring leaf-out (range: 15-180
d, with 15-d intervals). We selected the highest absolute partial correla-
tion coefficient between leaf-out date and average air temperature (Ry),
after controlling for the influence of precipitation and solar radiation (or
sunshine duration) and the corresponding partial correlation coefficient
between leaf-out date and preseason precipitation was denoted as Rp.
We used 1 x SD of average temperature to evaluate variations in annual
temperature (MATg) and preseason temperature (Preseason Tgp).

Apparent temperature sensitivity (S;) was defined as the advance
of spring leaf-out for 1°C of rising temperature, and determined by re-
duced major-axis (RMA) regression between leaf-out dates and average
preseason air temperature. The RMA regression method was applicable
to data variables with errors that researchers cannot control [37].

Chilling requirement (CD,,) was defined as the number of days with
non-freezing temperatures (generally between 0 and 5°C) during the pe-
riod between the 1%t November of the preceding year (t;) and the aver-
age leaf-out date (LO), and calculated as Eq. (1) [9].

LO
(D= Y 1if 0 < T,

to

<5

(€Y

where T, is the mean daily air temperature and LO is the average leaf-out
date during the period 1980-2016 for each site.

Thermal forcing requirement (GDD,,) for leafing out corresponds
to the sum of the mean air temperature above a temperature thresh-
old from 15 January to the average leaf-out date. To ensure robustness,
GDD,, was determined using the following three commonly used meth-
ods Eq. (2-4).

LO
GDD,, = Z (T, =5)if T, 25 @)
to
LO 0if T,< 5
GDD,q= D { T =5if5 < T, < 15 3)
o 10if T, > 15
LO .
0ifT,< 0
GDD,, = 284 ) @
- g’ {m“n 20

where t, is the start date of the GDD,, calculation (fixed at 1** January),
LO is the average leaf-out date during the period 1980-2016, and T; is
the mean daily air temperature. As the results obtained from Eq. (3) and
Eq. (4) were similar to those derived by Eq. (2), we reported the results
using Eq.(2) in the main text and the results of the other two functions
Eq. (3 and 4) in Fig. S2.

We used simple linear regression analysis to estimate the relation-
ship between a single explanatory variable (year and latitude) and a
dependent variable (LO, Sy, Ry, MAT, Tgp, Rp, Std; g, Psum, CDreq> and
GDD, ).
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Fig. 1. Spatial pattern of tree leaf-out dates in the northern hemisphere. (a) Spatial and frequency (subpanel) distribution of leaf-out dates. (b) Linear regression
analysis of latitudinal variation in leaf-out dates and latitudinal variation in mean annual temperature (MAT) (subpanel); data were averaged per 0.5 °C+’N~!, shaded
areas represent 95% confidence intervals, and error bars are 1 x SD of study site leaf-out date and MAT.

3. Results and discussion
3.1. Spatial variability in spring phenology

Across 38 species distributed over 2067 sites in the northern hemi-
sphere, the average leaf-out date during the period 1980-2016 was day
of year (DoY) 112 + 12 (mean + 1 SD; Fig. 1a). The spatial pattern
of leaf-out date was highly heterogeneous (Fig. S3 and Table 1), with
a trend towards later leaf-out at higher latitudes of 1.8 + 0.1 d °N~!
(P < 0.001) that tracked mean annual temperature (MAT, Fig. 1b). In
agreement with recent studies [24, 38], our results also indicated that
global warming might have already altered the ‘Hopkins’ bioclimatic
law’, which states that plant phenology is delayed by 4 days for each
degree of increasing latitude [39].

3.2. Spatial variability and trends in apparent temperature sensitivity and
temperature correlation

Large spatial heterogeneities were found in apparent temperature
sensitivity (St, see Methods) of leaf-out, and also in a correlation be-
tween leaf-out and spring temperature (Ry, see Methods). More than
97% of individual trees across all species showed earlier leaf-out in
warmer springs (Table S1), with a mean rate of -4.8 + 2.6 d °C~! during
the period 1980-2016 (Fig. 2a). After controlling for the confounding
influences of precipitation and radiation (see Methods), we found strong
negative partial correlations between leaf-out dates and spring tempera-
ture in more than 96% of individual trees across all species (average cor-
relation coefficient = -0.58 + 0.24 and P < 0.05 for >83% of site-species
combination; Fig. 2b). We also found that St decreased markedly with
increasing latitude, by 0.15 + 0.02 d °C™! °N~!, Ry only increased by
0.02 + 0.001 °N~1 across all species and sites (P < 0.001, Fig. 2c and d).
However, only 26 and 13% of species showed significant trends in St
(P < 0.05; range: -0.17 ~ +3.61 d °C~! °N~1) and R (P < 0.05; range:
-0.23 ~ +0.07 °N~1), respectively (Table S1).

To understand the underlying drivers of these spatio-temporal re-
sponses to climate, we proposed two mutually non-exclusive hypothe-
ses: (1) Based on the “optimum strategy hypothesis”, we expected that
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the leaf-out strategy which maximizes tree fitness at higher latitudes is
more conservative than at lower latitudes, as supported by the lower
sensitivity to temperature increase but the stronger correlation with the
temperature at high latitudes; (2) Under the “non-temperature dominant
hypothesis”, plant growth at lower latitudes were found to be co-limited
by photoperiod and/or water availability [17, 22], rather than temper-
ature. Here, this hypothesis might link to the greater apparent tempera-
ture sensitivity and a weaker correlation with temperature found at low
latitudes.

To test the “optimum strategy hypothesis”, we investigated the role
of two possible mechanisms that may explain spatial differences in
St. First, to minimize frost risk plants may respond to climate warm-
ing less in regions with higher levels of temperature variance, so that
greater temperature variation is associated with lower sensitivity lev-
els of spring phenology to temperature increase. Second, leaf-out dates
may be largely dependent on a negative correlation between chilling
requirement (CD,,y) and thermal forcing requirement (GDD,q) at high
latitudes [16], where higher CD,.q or GDD,q lead to a longer period to
fulfill these requirements and thus a lower St. To test the first mecha-
nism, we analyzed the spatial distribution of annual and seasonal tem-
perature variability that was defined as temperature variation during the
year (MATgp) or during the period when temperature was statistically
most relevant to leaf-out dates (Preseason Tgp); here, we determined the
preseason as in Fu et al. [16] (see Methods). Preseason length was esti-
mated for each species at each site to increase the precision of preseason
windows according to site conditions [24, 40] (Fig. S4). In line with a
previous study [41], preseason length decreased latitudinally by 1.0 +
0.3d°N~! (P < 0.001, Fig. 3c). We did not find a significant trend of Pre-
season Tgp, with latitudes (Fig. 3b), but there was an increase in MATgp,
with latitude at a rate of 0.09 + 0.02 °C °N~! (P < 0.001, Fig. 3a). These
results indicate that greater annual variance in temperature (MATgp)
associates with lower phenological Sy.

To test the second mechanism, we estimated the chilling require-
ment (CDyeq) and forcing accumulation (GDD,q) for spring leaf-out
for each species at each site (see Methods), and found that average
CDyeq and GDD,¢, during the period 1980-2016 across all sites and
species were 109 + 11 d and 140 + 62 °C d, respectively. CD,¢q in-
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Fig. 2. Spatial patterns of apparent temperature sensitivity (S;) of leaf-out and association with spring temperature (Ry). (a) and (b) Spatial distribution
of S and Ry, respectively, and associated frequency distributions across sites and species (subpanels). (c) and (d) Linear regression analysis of latitudinal variation
in Sy and Ry, respectively. All data were averaged per 0.5 °C*°N~!. The shaded areas represent 95% confidence intervals and error bars are 1 x SD of site data. Sy
was defined as the advance of leaf-out date per 1°C of rising air temperature and determined by reduced major-axis regression; R was determined by the partial
correlation between leaf-out date and preseason mean air temperature, after removing confounding effects of preseason precipitation and radiation (see Methods).

creased with increasing latitude and the reverse was found for GDD,¢q
(Fig. 3d). These results clearly indicate that plants at higher lati-
tudes have greater chill tolerance and have lower thermal require-
ments to break dormancy. Over the study period, CD,, decreased at
lower latitudes (< 45°N), but increased at higher latitudes (Fig. 3e).
Such contrasting temporal trends with latitude-dependent were, how-
ever, not observed in GDD,.q, which remained unaltered along the
latitudinal gradient (Fig. 3e). These findings indicate that the spatial
difference in Sy is probably caused by the long-term ecological fit-
ness responses of plants to local climate conditions by altering chill-
ing and GDD requirements [18, 42, 43], and plants living in high lat-
itudes tended to be characterized by conservative growth strategies
[20, 44].
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We found reductions in CD,.q due to climate warming at lower lat-
itudes, but no change in GDD,. (Fig. 3e). This might indicate the po-
tential roles of other environmental factors in driving spring leaf-out
at these lower latitudes compared to higher latitudes where effects of
temperature may dominate [2, 19, 45]. These findings appear to sup-
port the second “non-temperature dominant hypothesis”. To further ex-
plore this hypothesis, we estimated the effects of photoperiod and water
availability on spring phenology. Zohner et al. [22] provided an indirect
approach to reveal photoperiod effects when direct evidence is limited.
This indirect approach assumes that when leaf-out is strongly influenced
by photoperiod, there is little variation in phenological dates; accord-
ingly, we calculated the inter-annual variation in leaf-out dates as the SD
of leaf-out dates during the study period (Std; o, see Methods). This anal-
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ysis showed that Std; ; at higher latitudes was smaller than at lower lat-
itudes (Fig. 4a), suggesting that photoperiod likely does not explain the
higher levels of Sy at lower latitudes. However, we cannot exclude the
effects of photoperiod, due to a lack of direct evidence. Although stud-
ies have reported that under continued future climate warming, leaf-out
may become earlier and therefore less sensitive to temperature because
of the shortening day length of these advanced days [17, 46-48], the lat-
itudinal differences in photoperiod effects on spring phenology remain
unclear and require further investigation.

We further tested the possible influence of potential water availabil-
ity on species’ leaf-out across latitudes, based on levels of total preseason
precipitation (Psum, Fig. 4b). We examined the relation between S; and
Psum, and found decreasing St with increasing Psum, at a rate of -3.1 +
1.1d°C! 10°mm™! (Fig. 4c). We also estimated site-level partial cor-
relations between latitude and Rp (Fig. S5), and interestingly, we found
that Psum correlated with leaf-out date (Rp), but only at lower latitudes
(< 45°N, Fig. 4d). This could indicate that Psum co-determines temper-
ature responses of spring phenology at lower latitudes and increasing
levels of precipitation contribute to a weaker correlation between tem-
perature and spring phenology. The same spatial pattern of the precip-
itation effect on spring phenology has also been reported in subtropi-
cal China [49]. Earlier leaf-out might increase water stress for spring
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growth, but sufficient rainfall at low latitudes may offset this negative
effect [50].

For regional and global modelling, it is common to use a uniform
temperature relationship for determining spring phenology [16, 511,
and neglect its spatial heterogeneity. The differences that we observed in
temperature sensitivity and correlations between spring phenology and
temperature at lower and higher latitudes implies that other environ-
mental factors, i.e. preseason precipitation, should be applied in large
scale phenology modeling but its important role is spatial specific. Fur-
thermore, the amplified warming in the high latitudes could mean that
although with less St as we reported, and complicated spatial differences
in the CD¢q and GDD,,, the larger increase in temperature magnitude
could potentially smooth the spatial differences in terms of the advance
of spring leaf-out. With predicted future warming and more frequent
and intensive drought in the northern hemisphere [11], the estimation
accuracy of spring leaf-out becomes more and more essential, because
the advance of leaf-out can largely influence the available water dur-
ing the following growing season [52, 53] and thus play its substantial
role in determining ecosystem water and carbon budgets. Besides, it is
undeniable that the effects of genetic and evolutionary (e.g. phylogeny
[54, 551), other environmental factors (e.g. temperature threshold [56],
diurnal and night temperature [57-59]), as well as leaf senescence [60,
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Fig. 4. Evidence for photoperiod and precipitation effects on apparent temperature sensitivity and their association with leaf-out dates. (a) Latitudinal
changes in inter-annual variation of leaf-out dates (Std;). (b) Spatial pattern of cumulative preseason precipitation (Psum) and latitudinal variation in Psum
(subpanel). (c) Apparent temperature sensitivity (S;) and partial correlation between leaf-out date and preseason temperature (R;) in relation to Psum. (d) Partial
correlation between leaf-out dates and Psum (R,). Data in (a), subpanel of (b), and (d) were averaged per 0.5 N1, and error bars are 1 x SD of site data; the dashed
line in (d) indicates the zero line. Data in (c) were averaged per 20 mm increase in Psum. Shaded areas represent 95% confidence intervals.

61] on spring phenology exist objectively, and further studies on the
spatial patterns and underlying mechanisms are of great necessity to be
further studied.

4. Conclusion

Using massive in situ observation data, our results revealed lower
sensitivity levels of spring leaf-out to temperature, but stronger associ-
ations with the temperature at higher latitudes in the northern hemi-
sphere. We found that this spatially heterogeneous phenological re-
sponse to climate change is a result of long-term adaption to annual
temperature variations and spatial differences in environmental condi-
tions. At higher latitudes with a colder climate, spring leaf-out variation
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is primarily determined by temperature, whereas at lower latitudes, it
is co-determined by temperature and other environmental cues, such as
precipitation. It is likely that spatial heterogeneity of temperature sen-
sitivity will lead to spatial variation in temporal trends of spring leaf-
out, with implications for species distributions and ecosystem carbon
and water balances. Our findings also provide evidence of the impacts
of precipitation on the apparent temperature sensitivity of spring leaf-
out at lower latitudes. Under future climatic conditions, it is therefore
important to quantify the interacting effects between temperature and
precipitation on shifting spring phenology, and reveal the underlying
mechanisms by conducting experiments and investigations in different
regions to further improve the performance of phenological module in
regional and global modeling and the assessments of the impacts on
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ecosystem carbon, water, and energy exchanges with the atmosphere.
Besides, in terms of the meaningfully representative of sites and species,
we recommend strengthening the construction of phenological obser-
vation networks and providing continuous data services for scientific
research.

Declaration of Competing Interest

The authors declare that they have no conflicts of interest in this
work.

Acknowledgments

This study was supported by the National Science Fund for
Distinguished Young Scholars (Grant No. 42025101), the Interna-
tional Cooperation and Exchanges NSFC- STINT Project (Grant No.
42111530181), the General Program of National Nature Science Foun-
dation of China (Grant No. 31770516), and the 111 Project (Grant
No. B18006). J. P and I.A.J acknowledges support from the Euro-
pean Research Council through Synergy grant ERC-2013-SyG-610028
“IMBALANCE-P”. The author thanks all members of the PEP725 project,
National Earth System Science Data Sharing Infrastructure, and National
Science & Technology Infrastructure of China for providing the pheno-
logical data. Y.H.F designed the research, X.G., and Y.Z. performed the
analysis, Y.H.F. and X.G. drafted the paper. All authors contributed to
the interpretation of the results and the writing of the paper.

Supplementary materials

Supplementary material associated with this article can be found, in
the online version, at doi:10.1016/j.fmre.2021.11.035.

References
[1] M.D. Schwartz, R. Ahas, A. Aasa, Onset of spring starting earlier across the Northern

Hemisphere, Glob. Change Biol. 12 (2006) 343-351.

Q.Liu S.Piao, A. Chen, et al., Plant phenology and global climate change: Current

progresses and challenges, Glob. Change Biol. 25 (2019) 1922-1940.

A. Menzel, Y. Ye, M. Matiu, et al., Climate change fingerprints in recent European

plant phenology, Glob. Change Biol. 26 (2020) 2599-2612.

I. Garonna, R. de Jong, M.E. Schaepman, Variability and evolution of global land

surface phenology over the past three decades (1982-2012), Glob. Change Biol. 22

(2016) 1456-1468.

M. Huang, S. Piao, I.A. Janssens, et al., Velocity of change in vegetation productivity

over northern high latitudes, Nat. Ecol. Evol. 1 (2017) 1649-1654.

J. Penuelas, T. Rutishauser, L. Filella, Phenology feedbacks on climate change, Sci-

ence 324 (2009) 887-888.

T.F. Keenan, J. Gray, M.A. Fried], et al., Net carbon uptake has increased through

warming-induced changes in temperate forest phenology, Nat. Clim. Chang. 4 (2014)

598-604.

S. Piao, Z. Liu, T. Wang, et al., Weakening temperature control on the interannual

variations of spring carbon uptake across northern lands, Nat. Clim. Chang. 7 (2017)

359-363.

Y.H. Fu, H. Zhao, S. Piao, et al., Declining global warming effects on the phenology

of spring leaf unfolding, Nature 526 (2015) 104-107.

T.F. Keenan, A.D. Richardson, K. Hufkens, On quantifying the apparent temperature

sensitivity of plant phenology, New Phytologist 225 (2020) 1033-1040.

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. Mastrandrea, L.L. White (Eds.), Contribution of working group

II to the fifth assessment report of the intergovernmental panel on climate change,

Eds., Cambridge University Press, Cambridge, UK, 2014, pp. 1-32.

S. Piao, X. Wang, T. Park, et al., Characteristics, drivers and feedbacks of global

greening, Nat. Rev. Earth Environ. 1 (2020) 14-27.

J. Pefiuelas, I. Filella, X. Zhang, et al., Complex spatiotemporal phenological shifts

as a response to rainfall changes, New Phytologist 161 (2004) 837-846.

1. Chuine, X. Morin, H. Bugmann, Warming, photoperiods, and tree phenology, Sci-

ence 329 (2010) 277-278.

C. Korner, D. Basler, Phenology under global warming, Science 327 (2010)

1461-1462.

H. Hénninen, Boreal and temperate trees in a changing climate, Springer Business

Media, The NetherlandsDordrecht, 2016.

Y.H. Fu, X. Zhang, S. Piao, et al., Daylength helps temperate deciduous trees to

leaf-out at the optimal time, Glob. Change Biol. 25 (2019) 2410-2418.

[2]
[3]
[4]

[5]
[6]

[7]

[8]

[9]
[10]

[11]

[12]
[13]
[14]
[15]
[16]

[17]

714

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]
[27]

[28]

[29]
[30]

[31]

[32]

[33]

[34]

[35]

[36]
[37]
[38]

[39]
[40]
[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

Fundamental Research 2 (2022) 708-715

M. Peaucelle, I.A. Janssens, B.D. Stocker, et al., Spatial variance of spring phenology
in temperate deciduous forests is constrained by background climatic conditions,
Nat. Commun. 10 (2019) 5388.

A.D. Richardson, K. Hufkens, T. Milliman, et al., Ecosystem warming extends vege-
tation activity but heightens vulnerability to cold temperatures, Nature 560 (2018)
368-371.

C.M. Zohner, B.M. Benito, J.D. Fridley, et al., Spring predictability explains different
leaf-out strategies in the woody floras of North America, Europe and East Asia. Ecol.
Lett. 20 (2017) 452-460.

D.F.B. Flynn, E.M. Wolkovich, Temperature and photoperiod drive spring phenology
across all species in a temperate forest community, New Phytologist 219 (2018)
1353-1362.

C.M. Zohner, B.M. Benito, J.C. Svenning, et al., Day length unlikely to constrain
climate-driven shifts in leaf-out times of northern woody plants, Nat. Clim. Chang.
6 (2016) 1120-1123.

Q. Liu, S. Piao, Y.H. Fu, et al., Climatic warming increases spatial synchrony in
spring vegetation phenology across the Northern Hemisphere, Geophys. Res. Lett.
46 (2019) 1641-1650.

Y. Vitasse, C. Signarbieux, Y.H. Fu, Global warming leads to more uniform spring
phenology across elevations, Proc. Natl. Acad. Sci. USA. 115 (2018) 1004-1008.
A.J. Allstadt, S.J. Vavrus, P.J. Heglund, et al., Spring plant phenology and false
springs in the conterminous US during the 21st century, Environ. Res. Lett. 10 (2015)
104008.

Q. Liu, S. Piao, L.A. Janssens, et al., Extension of the growing season increases veg-
etation exposure to frost, Nat. Commun. 9 (2018) 426.

L. Chuine, J. Belmonte, A. Mignot, A modelling analysis of the genetic variation of
phenology between tree populations, The Journal of ecology 88 (2000) 561-570.
Y. Vitasse, S. Delzon, E. Dufréne, et al., Leaf phenology sensitivity to temperature in
European trees: Do within-species populations exhibit similar responses? Agric. For.
Meteorol. 149 (2009) 735-744.

C.M. Zohner, L. Mo, S.S. Renner, in: Global warming reduces leaf-out and flowering
synchrony among individuals, 7, eLife, 2018, p. e40214.

0. Ovaskainen, E. Meyke, C. Lo, et al., Chronicles of nature calendar, a long-term
and large-scale multitaxon database on phenology, Scientific Data 7 (2020) 47.

C. Beer, U. Weber, E. Tomelleri, et al., Harmonized European long-term climate
data for assessing the effect of changing temporal variability on Landat-Aosphere
CO, fluxes, Journal of Climate 27 (2014) 4815-4834.

Q. Ge, H. Wang, T. Rutishauser, et al., Phenological response to climate change in
China: a meta-analysis, Glob. Change Biol. 21 (2015) 265-274.

H. Wang, Q. Ge, T. Rutishauser, et al., Parameterization of temperature sensitivity
of spring phenology and its application in explaining diverse phenological responses
to temperature change, Sci. Rep. 5 (2015) 8833.

Q. Ge, H. Wang, J. Zheng, et al., A 170 year spring phenology index of plants in
eastern China, J. Geophys. Res. Biogeosci. 119 (2014) 301-311.

H. Wang, J. Dai, J. Zheng, et al., Temperature sensitivity of plant phenology in
temperate and subtropical regions of China from 1850 to 2009, Int. J. Climatol. 35
(2015) 913-922.

A.H. Rosemartin, E.G. Denny, J.F. Weltzin, et al., Lilac and honeysuckle phenology
data 1956-2014, Scientific Data 2 (2015) 150038.

T.F. Keenan, A.D. Richardson, K. Hufkens, On quantifying the apparent temperature
sensitivity of plant phenology, New Phytologist 225 (2020) 1033-1040.

A.D. Richardson, K. Hufkens, X. Li, et al., Testing Hopkins’ Bioclimatic Law with
PhenoCam data, Applications in Plant Sciences 7 (2019) e1228.

A.D. Hopkins, The bioclimatic law, Mon. Weather Rev. 48 (1920) 355.

Y.H. Fu, X. Geng, F. Hao, et al., Shortened temperature-relevant period of spring
leaf-out in temperate-zone trees, Glob. Change Biol. 25 (2019) 4282-4290.

S. Glisewell, R. Furrer, R. Gehrig, et al., Changes in temperature sensitivity of spring
phenology with recent climate warming in Switzerland are related to shifts of the
preseason, Glob. Change Biol. 23 (2017) 5189-5202.

M. Shen, Y. Tang, J. Chen, et al., Earlier-season vegetation has greater temperature
sensitivity of spring phenology in northern hemisphere, PLoS One 9 (2014) e88178.
H. Jin, A.M. Jonsson, C. Olsson, et al., New satellite-based estimates show significant
trends in spring phenology and complex sensitivities to temperature and precipita-
tion at northern European latitudes, Int. J. Biometeorol. 63 (2019) 763-775.

M. Dynesius, R. Jansson, Evolutionary consequences of changes in species’ geograph-
ical distributions driven by Milankovitch climate oscillations, Proc. Natl. Acad. Sci.
USA. 97 (2000) 9115-9120.

Y.H. Fu, S. Piao, H. Zhao, et al., Unexpected role of winter precipitation in deter-
mining heat requirement for spring vegetation green-up at northern middle and high
latitudes, Glob. Change Biol. 20 (2014) 3743-3755.

J. Bennie, E. Kubin, A. Wiltshire, et al., Predicting spatial and temporal patterns
of bud-burst and spring frost risk in north-west Europe: the implications of local
adaptation to climate, Glob. Change Biol. 16 (2010) 1503-1514.

Y.H. Fu, S. Piao, X. Zhou, et al., Short photoperiod reduces the temperature sensitiv-
ity of leaf-out in saplings of Fagus sylvatica but not in horse chestnut, Glob. Change
Biol. 25 (2019) 1696-1703.

B. Seyednasrollah, A.M. Young, X. Li, et al., Sensitivity of deciduous forest phenol-
ogy to environmental drivers: Implications for climate change impacts across North
America, Geophys. Res. Lett. 47 (2020) e2019GL086766.

X. Li, Y.H. Fu, S. Chen, et al., Increasing importance of precipitation in spring phe-
nology with decreasing, Agric. For. Meteorol. 304-305 (2021) 108427.

J. Li, J. Huang, J.C. Tardif, et al., Spatially heterogeneous responses of tree radial
growth to recent El Nifio southern-oscillation variability across East Asia subtropical
forests, Agric. For. Meteorol. 287 (2020) 107939.

M.D. Schwartz, Phenology - an integrative environmental science, Springer Dor-
drecht Heidelberg, New York London, 2013.


https://doi.org/10.1016/j.fmre.2021.11.035
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0001
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0001
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0001
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0001
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0002
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0002
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0002
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0002
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0003
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0003
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0003
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0003
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0003
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0004
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0004
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0004
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0004
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0005
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0005
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0005
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0005
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0005
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0006
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0006
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0006
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0006
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0007
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0007
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0007
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0007
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0007
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0008
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0008
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0008
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0008
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0008
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0009
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0009
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0009
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0009
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0009
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0010
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0010
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0010
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0010
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0011
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0012
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0012
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0012
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0012
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0012
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0013
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0013
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0013
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0013
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0013
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0014
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0014
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0014
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0014
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0015
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0015
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0015
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0016
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0016
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0017
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0017
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0017
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0017
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0017
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0018
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0018
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0018
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0018
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0018
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0019
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0019
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0019
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0019
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0019
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0020
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0020
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0020
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0020
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0020
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0021
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0021
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0021
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0022
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0022
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0022
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0022
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0022
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0023
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0023
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0023
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0023
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0023
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0024
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0024
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0024
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0024
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0025
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0025
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0025
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0025
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0025
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0026
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0026
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0026
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0026
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0026
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0027
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0027
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0027
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0027
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0028
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0028
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0028
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0028
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0028
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0029
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0029
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0029
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0029
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0030
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0030
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0030
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0030
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0030
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0031
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0031
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0031
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0031
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0031
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0032
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0032
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0032
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0032
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0032
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0033
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0033
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0033
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0033
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0033
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0034
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0034
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0034
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0034
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0034
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0035
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0035
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0035
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0035
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0035
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0036
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0036
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0036
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0036
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0036
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0037
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0037
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0037
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0037
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0038
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0038
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0038
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0038
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0038
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0039
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0039
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0040
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0040
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0040
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0040
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0040
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0041
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0041
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0041
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0041
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0041
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0042
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0042
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0042
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0042
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0042
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0043
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0043
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0043
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0043
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0043
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0044
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0044
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0044
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0045
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0045
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0045
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0045
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0045
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0046
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0046
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0046
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0046
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0046
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0047
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0047
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0047
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0047
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0047
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0048
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0048
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0048
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0048
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0048
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0049
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0049
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0049
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0049
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0049
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0050
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0050
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0050
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0050
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0050
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0051
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0051

X. Geng, Y. Zhang, Y.H. Fu et al.

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

W. Buermann, M. Forkel, M. O’Sullivan, et al., Widespread seasonal compensation ef-
fects of spring warming on northern plant productivity, Nature 562 (2018) 110-114.
A. Bastos, P. Ciais, P. Friedlingstein, et al., Direct and seasonal legacy effects of the
2018 heat wave and drought on European ecosystem productivity, Sci. Adv. 6 (2020)
eaba2724.

Z. Yang, Y. Du, M. Shen, et al., Phylogenetic conservatism in heat requirement of
leaf-out phenology, rather than temperature sensitivity, in Tibetan Plateau, Agric.
For. Meteorol. 304-305 (2021) 108413.

T.J. Davies, E.M. Wolkovich, N.J.B. Kraft, et al., Phylogenetic conservatism in plant
phenology, J. Ecol. 101 (2013) 1520-1530.

M. Shen, Y. Tang, J. Chen, X. Zhu, Y. Zheng, Influences of temperature and precip-
itation before the growing season on spring phenology in grasslands of the central
and eastern Qinghai-Tibetan Plateau, Agric. For. Meteorol. 151 (2011) 1711-1722.
Y. Huang, N. Jiang, M. Shen, L. Guo, Effect of preseason diurnal temperature range
on the start of vegetation growing season in the Northern Hemisphere, Ecological
Indicators 112 (2020) 106161.

S. Piao, J. Tan, A. Chen, et al., Leaf onset in the northern hemisphere triggered by
daytime temperature, Nat. Commun. 6 (2015) 6911.

M. Shen, S. Piao, X. Chen, et al., Strong impacts of daily minimum temperature on
the green-up date and summer greenness of the Tibetan Plateau, Glob. Change Biol.
22 (2016) 3057-3066.

M. Shen, N. Jiang, D. Peng, et al., Can changes in autumn phenology facilitate earlier
green-up date of northern vegetation? Agric. For. Meteorol. 291 (2020) 108077.
Y.H. Fu, M. Campioli, Y. Vitasse, et al., Variation in leaf flushing date influences
autumnal senescence and next year’s flushing date in two temperate tree species,
Proc. Natl. Acad. Sci. USA. 111 (2014) 7355-7360.

715

Fundamental Research 2 (2022) 708-715

Xiaojun Geng is a Ph.D. in environmental science of Beijing
Normal University, engineer and strategic planner in General
Institute of Water Resources and Hydropower Planning and
Design. Her research interests include plant phenology, eco-
hydrology, water resources planning and management.

Yongshuo H. Fu is a professor at Beijing Normal Univer-
sity, his research interests include interactions between cli-
mate change and vegetation dynamics, eco-hydrology, ecolog-
ical remote sensing and ecological models.


http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0052
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0052
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0052
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0052
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0052
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0053
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0053
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0053
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0053
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0053
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0054
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0054
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0054
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0054
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0054
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0055
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0055
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0055
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0055
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0055
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0056
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0056
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0056
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0056
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0056
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0056
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0057
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0057
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0057
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0057
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0057
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0058
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0058
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0058
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0058
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0058
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0059
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0059
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0059
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0059
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0059
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0060
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0060
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0060
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0060
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0060
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0061
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0061
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0061
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0061
http://refhub.elsevier.com/S2667-3258(22)00040-1/sbref0061

	Contrasting phenology responses to climate warming across the northern extra-tropics
	1 Introduction
	2 Material and methods
	2.1 Datasets
	2.2 Statistical analysis

	3 Results and discussion
	3.1 Spatial variability in spring phenology
	3.2 Spatial variability and trends in apparent temperature sensitivity and temperature correlation

	4 Conclusion
	Declaration of Competing Interest
	Acknowledgments
	Supplementary materials
	References


