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Leaf-out phenology plays a key role in ecosystem structure and functioning.
Phenological changes have often been linked to climatic factors and have received
considerable attention, with most studies focusing on trends of leaf-out phenology.
Leaf-out variation (LOV), which reflects the stability of phenological responses, may
also be affected by climate change, yet this has received less scientific attention. In
this study, we examined spring LOV in response to climate change in China during the
period 1963–2008 using in situ records of 15 species at 25 phenological observation
sites across several climate zones and explored spatiotemporal changes of LOV and
the underlying mechanisms. We observed a significant decrease of LOV toward higher
latitudes (−0.2 ± 0.1 days·◦N−1; P < 0.001) across all species. Temporally, we found
that the LOV was significantly increased from the period 1963–1986 (6.9 ± 2.8 days)
to the period 1987–2008 (7.9 ± 3.7 days, P < 0.05). Furthermore, the LOV changes
between 1987–2008 and 1963–1986 were significantly smaller at high latitudes (average
decrease of 1.0 day) than at low latitudes (average increase of 1.5 days). The spatial
pattern of LOV is likely due to both increased heat requirements and greater temperature
sensitivity at low latitudes compared with high latitudes. The temporal pattern of LOV
is likely related to increased heat requirements for leaf-out during 1987–2008 when the
average air temperature was higher. Our analysis indicated that the phenology response
to climate change is reflected not only in the temporal trends for long time series but also
in the variation of phenological dates. Results from this study improve our understanding
of phenological responses to climate change and could be applied in the assessment
of regional phenology changes to evaluate better the impacts of climate change on
ecosystem structure and function.

Keywords: leaf-out variation, climate warming, temperate trees, temperature sensitivity, latitude pattern

INTRODUCTION

Phenology, the timing of recurrent natural events (Leith, 1975), is one of the most sensitive
biological indicators of climate change (Cleland et al., 2007; Piao et al., 2019). Climate warming
has advanced spring phenological events, such as flowering and leaf-out, across temperate and
boreal biomes (Cahoon et al., 2012; Fu Y. et al., 2014; Prevéy et al., 2017; Piao et al., 2019;
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Menzel et al., 2020). Except for the temperature, the photoperiod
has been widely accepted as a codominant driver in spring
phenology processes (Körner and Basler, 2010; Flynn and
Wolkovich, 2018; Fu et al., 2019a). The relative roles of
temperature and photoperiod in driving spring phenology may
be significantly different among species and along with their
geographic distributions (Zohner et al., 2016; Fu et al., 2019a,b).
Previous studies demonstrated that the leaf-out dates of species
from high latitudes with long winters were mainly regulated by
temperature (Chuine, 2010; Hänninen, 2016), whereas species
from low latitudes were more dependent on the interaction
between temperature and photoperiod, which was generally
explained by the phenological strategy to maximize plants
fitness under specific biogeographical conditions (Zohner et al.,
2016; Peaucelle et al., 2019). In addition, the rate of warming
is amplified at high latitudes and elevations (Pepin et al.,
2015), implying that changes in environmental climate are
highly ununiform across bioclimatic gradients. The variability
of both environmental factors and plant local adaptions may
thus drive the variability of phenological events (Wang et al.,
2015). However, how the variability of spring phenology changes
over time and space is still unclear. Spring leaf-out is closely
related to growing season dynamics and directly affects ecosystem
structure and functioning, including the carbon and water
balance (Peñuelas, 2009; Richardson et al., 2013; Keenan et al.,
2014; Piao et al., 2017). To improve our understanding of
ecosystem responses to ongoing climate change, it is therefore
essential to study phenological spatiotemporal changes in leaf-
out variability.

The response of phenology to climate change has generally
been defined as the average trend, i.e., advance or delay, over
some time (Matsumoto, 2010; Wang et al., 2014). Based on
long-term phenological records, previous studies have reported
earlier trends of spring phenology, with a mean rate of 2.5 days
per degree Celsius warming since the 1970s (Ge et al., 2015;
Piao et al., 2019; Keenan et al., 2020), generally based on linear
regression models (Dunn and Winkler, 1999; Gordo and Sanz,
2005; Yang and Rudolf, 2010; Fu et al., 2015a). However, the
slope of linear models, i.e., the temporal changes of leaf-out dates
against years, only reflect the trend of leaf-out in response to
average warming. The variation of leaf-out dates, which reflects
the range of phenology responses to changes in climate variables,
especially to extreme climate conditions (Mulder et al., 2017),
could not be examined in this manner. For example, a cold
spring may result in a substantial delay in leaf-out dates and
subsequently lead to disturbances in the ecosystem, but this
cannot be derived from the linear trends (Both et al., 2009;
Lloret et al., 2012; Schleip et al., 2012). Furthermore, larger
leaf-out variation (LOV) means a more dispersed phenological
date, which would have significant implications on the ecological
community itself, as well as the relationship between ecosystem
and local climate system. For example, pollinators and herbivores
who failed to match the phenological fluctuations in time would
face a challenge to survive (Miller-Rushing et al., 2007; López-
Uribe et al., 2015; Park et al., 2021). Meanwhile, the interspecific
differences in LOV would lead to changes in dominant species
and biodiversity and then affect ecosystem structure and function

(Flynn and Wolkovich, 2018; Peaucelle et al., 2019). The unstable
ecosystem structure would directly exert great impacts on
carbon balance and further influence the atmospheric CO2
concentration and local climate system (Piao et al., 2010,
2019; Lan et al., 2021). Therefore, it is important to also
investigate the spatiotemporal differences of LOV and identify
the mechanism underlying such spatiotemporal heterogeneity of
phenological responsiveness.

In this study, we estimated the spring LOV in response to
climate change using in situ observations from the Chinese
Phenological Observation Network (CPON) from 1963–2008
(Ge et al., 2015). We aimed to answer three main questions:
(1) Is there a spatial difference of LOV along latitude? In other
words, is there a significant difference in LOV over the past five
decades between northern and southern regions in China? (2)
How does the LOV change over time, both within and across
species? (3) What are the mechanisms behind the spatiotemporal
heterogeneity of LOV?

MATERIALS AND METHODS

Phenological and Meteorological
Datasets
Data for phenology were obtained from the CPON1. Leaf-out
was defined as the stage when the first leaf is fully visible in
its typical form and was recorded as day of year (DOY). To
ensure accuracy, only mature trees with leaf-out records for
more than 15 years over the period 1963–2008 and not less
than 5 years over both 1963–1986 and 1987–2008 were retained.
In total, 15 tree species from 25 phenological observation sites
were used to study the spatiotemporal variability of LOV in this
analysis (Figure 1 and Supplementary Table 2). Selected sites
spanned a latitudinal gradient across central and eastern China
(between 22◦N and 49◦N), including temperate, subtropical,
and tropical regions (Figure 1). Meteorological data, including
daily mean air temperature (degrees Celsius), daily precipitation
(millimeter), and daily sunshine duration (hours), were obtained
from the China Meteorological Data Sharing Service System2.
The meteorological stations were selected according to the
geographic information, i.e., the nearest station was matched with
each phenological observations site (<30 km).

Estimation of Chilling and Growing
Degree Days
Effective chilling period and heat accumulation were calculated
to investigate the factors associated with temporal and spatial
changes of LOV. The effective chilling period was defined as
the number of days when the daily mean air temperature was
between 0 and 8◦C, following previous studies (Fu Y.H. et al.,
2014; Vitasse et al., 2018):

Chillingaccu (t) =
t2∑
t1

1 if 0 ≤ Temt ≤ 8 (1)

1http://www.geodata.cn
2http://data.cma.cn
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FIGURE 1 | Spatial distribution of 25 selected phenological sites. Different
colors denote climate zones across China. Black dots represent phenological
sites we used in this analysis, which span central and eastern China along
with a wide latitudinal range (between 22◦N and 49◦N).

The start day t1 of the chilling period was fixed at September 1 of
the previous year, whereas the end day t2 was a species-specific
and site-specific leaf-out date.

The heat accumulation was defined as growing degree days
(GDD) and calculated by a linear function (2), a piecewise
function (3), a sigmoidal function (4), which used different
temperature thresholds.

1. Linear function. GDD was calculated as the accumulated
daily average air temperature above a threshold of 5◦C.

GDD (xt) =


0 if xt ≤ 5

t3∑
t2

(xt − 5) if xt ≥ 5
(2)

2. Piecewise function. GDD was calculated as the linear
function when the daily mean air temperature was between
5 and 10◦C, and the accumulated value was fixed when the
daily mean air temperature was above 10◦C.

GDD (xt) =



0 if xt < 5
t3∑
t2

(xt − 5) if 5 ≤ xt ≤ 15

t3∑
t2

10 if 5 ≤ xt ≤ 15

(3)

3. Sigmoidal function. GDD was calculated by sigmoidal
function:

GDD (xt) =


0 if xt < 0

28.4
1+ e−0.185(xt−18.4)

if xt ≥ 0
(4)

xt in the functions is the daily mean air temperature during
the growing season. The start day of the heat accumulation
period, t2, was the start of the temperature-relevant period.
The end day t3 was the actual leaf-out day of every year.

Temperature Sensitivity of Leaf-Out
Phenology
To explore the phenological responses to air temperature, we
examined the temperature sensitivity (ST) of leaf-out, which was
calculated as the slope between leaf-out dates and mean air
temperature during preseason (Fu et al., 2015b). The preseason
was defined as the period before the average leaf-out day of each
species at each site, with the highest absolute partial correlation
coefficient between leaf-out day and mean air temperature.
Its length ranges from 15 to 180 days, determined with 15-
day steps. We used geometric mean regression (reduced major
axis regression) to fit the date of phenology and mean air
temperature during the preseason and then addressed the
temperature sensitivity for each species at each site (Fu et al.,
2015b; Keenan et al., 2020).

Data Analysis
Spring LOVs for each species at each site were defined as one
standard deviation (1 SD) of long-term phenological records
following previous studies (Menzel et al., 2006a; Wang et al.,
2015). To discuss the temporal changes of LOV, we divided the
entire period into two parts with the splitting line 1986, as 1986
is the midpoint of period 1963–2008. Besides, we applied the
Mann–Kendall test to analyze the average splitting point across
all species at all sites. Interestingly, the average splitting point
was 1986 as well; we thus believe the year 1986 should be the
best point to split the entire period (Supplementary Figure 3).
In the present study, the LOV was calculated over the whole
study period 1963–2008 and two periods with different warming
rates, i.e., 1963–1986 (slight warming) and 1987–2008 (strong
warming) (Supplementary Figure 4). Linear regression was used
to calculate the LOV changes against latitudes. The reduced major
axis regression was used to determine the temporal changes
in LOV over the whole study period and between the two
subperiods, i.e., 1963–1986 and 1987–2008, and the significance
of differences in LOV between two periods was tested using
student paired t-tests across species.

RESULTS

Spatial Distribution in Variation of Spring
Leaf-Out Phenology
Across the studied 15 tree species, the mean leaf-out date from
1963 to 2008 was DOY 95 ± 21 (mean ± 1 SD, Supplementary
Table 2). Species with the earliest leaf-out date were SB (Salix
babylonica) in Guiyang and Guiliin (DOY= 51), two subtropical
regions in China and the species with the latest leaf-out date
was AT (Amygdalus triloba) in Dedu (DOY = 145), a typical
cold temperate region in China. Along the latitudinal gradient,
the leaf-out dates were significantly delayed toward higher
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FIGURE 2 | Relationships between latitude and leaf-out date (A) and LOV (B) within and across species. Colored circles represent multiyear average leaf-out date
(A) and mean LOV (B) at each site for each species, respectively. Colored lines represent linear regression for each species. Data were averaged per 1◦N; shaded
areas represent 95% confidence intervals. Slope, R2, and P-value were provided of linear regression across all species. Abbreviations of species are as follows: SB,
Salix babylonica; PS, Pterocarya stenoptera; BP, Broussonetia papyrifera; CC, Cercis chinensis; HS, Hibiscus syriacus; MA, Melia azedarach; RP, Robinia
pseudoacacia; WS, Wisteria sinensis; LI, Lagerstroemia indica; FP, Firmiana platanifolia; AV, Armeniaca vulgaris; UP, Ulmus pumila; SM, Salix matsudana; SO,
Syringa oblata; AT, Amygdalus triloba.

latitudes, with a mean rate of 2.7 ± 0.4 days·◦N−1 across all
species (P < 0.001, Figure 2A and Supplementary Figure 2).
Significantly delayed leaf-out dates toward high latitudes were
found in 73% of the species. The largest spatial variation was
found in SM (Salix matsudana, slope= 4.0 days·◦N−1, P < 0.01),
and smallest spatial variation was found in CC (Cercis chinensis,
slope= 2.0 days·◦N−1, P < 0.05).

The average spring LOV over the period 1963–2008 was
7.9 days (Supplementary Table 2) but with a large difference
among species. The species with the smallest LOV was AV
(Armeniaca vulgaris) in Minqin (LOV = 3.7 days), and the
species with the largest LOV was LI (Lagerstroemia indica)
in Nanchang (LOV = 19.7 days). Over the study area, larger
LOV were mainly found in southern regions and lower
LOV in northern regions. Across all species, the LOV was
significantly reduced by 0.2 ± 0.1 days·◦N−1 (Figure 2B,
P < 0.001). We found that the LOV was reduced with
latitudinal increases across all species, ranging from 0.1 to
1.1 days per ◦N. Among these species, the LOV of SB
(Salix babylonica, slope = −0.3 days·◦N−1, P < 0.05), MA
(Melia azedarach, slope = −0.5 days·◦N−1, P < 0.001), UP

(Ulmus pumila, slope = −0.1 days·◦N−1, P < 0.05), and CC
(Cercis chinensis, slope = −0.6 days·◦N−1, P < 0.001) were
changed significantly.

Temporal Changes in Variation of Spring
Leaf-Out Phenology
To further explore the temporal changes of LOV, we divided
the entire study period into two subperiods, and we found
that, compared with the slight warming period 1963–
1986 (LOV = 6.9 ± 2.8 days), the LOV was significantly
increased during the strong warming period 1987–2008
(LOV = 7.9 ± 3.7 days, P < 0.05) across all species (Figure 3A).
We further explored the LOV differences between the two
subperiods against latitude and found that, across species, LOV
differences were significantly reduced as latitude increases
(slope = −0.2 days·◦N−1, P < 0.001, Supplementary Figure 1).
Interestingly, we found different patterns of LOV changes above
and below 40◦N. The LOV was increased in the strong warming
period 1987–2008 compared with 1963–1986 at low latitudes
(<40◦N), by 1.5 days on average, but was decreased at high
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FIGURE 3 | Frequency distribution of spring leaf-out variation (LOV) over period 1963–1986 and period 1987–2008 (A). Changes of spring leaf-out variation (LOV)
against latitude (B). Species-specific LOV over two periods and its difference between 1987–2008 and 1963–1986 (C). Inset figure in panel (A) depicts mean LOV
value across all species in two different periods 1983–1986 and 1987–2008, and * represents significant differences at P < 0.05 level (Student’s t-test).
Abbreviations of species are as follows: SB, Salix babylonica; PS, Pterocarya stenoptera; BP, Broussonetia papyrifera; CC, Cercis chinensis; HS, Hibiscus syriacus;
MA, Melia azedarach; RP, Robinia pseudoacacia; WS, Wisteria sinensis; LI, Lagerstroemia indica; FP, Firmiana platanifolia; AV, Armeniaca vulgaris; UP, Ulmus pumila;
SM, Salix matsudana; SO, Syringa oblata; AT, Amygdalus triloba.

latitudes (>45◦N) by 1.0 days on average (Figure 3B). Among all
species, 10 of 15 species reported higher LOV during the period
1987–2008 than the period 1963–1986 (Figure 3C). The largest
difference in LOV between the two periods was found in BP
(B. papyrifera, 3.2 days increase) and CC (C. chinensis, 3.2 days
increase, Figure 3C).

Variation of Preseason Temperature
We calculated the temporal variation of preseason temperature
(TSD) during the two subperiods and did not find significant
differences between the two periods across all species and
sites (1963–1986: 1.10 ± 0.44◦C, 1987–2008: 1.10 ± 0.48◦C,
Figure 4A). Spatial differences in the magnitude of TSD of
the preseason were detected across 1963–2008, with the TSD
increasing significantly by 0.01◦C·◦N−1 (Figure 4B).

Spatiotemporal Patterns of Chilling and
Growing Degree Days
Across species, insignificant interannual variability was found in
chilling during the period 1963–2008 (P = 0.70, Figure 5A),
but the heat requirement of spring leaf-out, i.e., GDD, was

significantly increased by a mean rate of 8.90◦C per decade
(P = 0.02, Figure 5B). Along latitude, chilling displayed large
spatial differences but no significant trend (P = 0.19, Figure 5C).
However, significant spatial differences in GDD were detected
and driven by much smaller GDD requirements for trees at high
latitudes; across all species, the GDD requirements were reduced
with a mean rate at−15.13◦C·◦N−1 (P < 0.001, Figure 5D). The
GDD calculated by a linear function, a piecewise function, and a
sigmoidal function showed similar results, so we only present the
results of the linear function in the main text; others can be found
in Supplementary Figure 5.

Changes of Apparent Temperature
Sensitivity of Leaf-Out
For most species, the correlations between leaf-out date and
preseason mean air temperature were negative, suggesting earlier
leaf-out under preseason warming. Weaker sensitivity at higher
latitude was found when analyzing the geographical pattern of
temperature sensitivity (ST). Across all species and sites, we found
that the ST was significantly reduced by 0.20 days·◦C−1

·
◦N−1

on average (P < 0.005, Figure 6A). As for the temporal pattern,
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FIGURE 4 | Temporal differences of variation of preseason mean air temperature (TSD) across all species during 1963–1986 and 1987–2008 (A). Spatial distribution
of variation of preseason mean air temperature (B). In panel (B), all data were averaged per 1◦N. Shaded areas represent 95% confidence intervals. Inset represents
histogram of frequency distribution of ordinate values across all sites and all species.

FIGURE 5 | Interannual variability in averages of chilling and GDD during 1963–2008 (A,B) and spatial variability along latitude (C,D). Blue dots: average chilling.
Blue lines: Linear regression of chilling along with time series and latitudinal series. Red dots: average GDD. Red lines: Linear regression of GDD along with time
series and latitudinal series.

the ST changed from −6.45 ± 4.60 days·◦C−1 during 1963–1986
to −7.78 ± 5.22 days·◦C−1 during 1987–2008 across all species
(Figure 6B), but this difference was not significant.

DISCUSSION AND CONCLUSION

In line with previous studies (Fu et al., 2015a; Menzel et al., 2020),
we found advanced spring leaf-out dates over the study period,
and leaf-out dates were later toward higher latitudes. The latter

is consistent with the “Hopkins bioclimatic law,” i.e., under the
same conditions, the vegetation growth stages would advance
in spring and be delayed in autumn with increasing latitude
and elevation. Importantly, we found that the temporal and
spatial patterns of variations of leaf-out (LOV) have significantly
changed across China during the past five decades. Specifically,
we found larger LOV at low latitudes where it is warmer, and
the LOV was significantly increased over the period 1986–2008
with climate warming. We propose three potential explanations
for our observations: 1) preseason temperature effect: larger
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FIGURE 6 | Changes of apparent sensitivity of leaf-out (ST ) along with latitude (A) and in two different periods (B). Species-specific ST at each site and each species
were plotted and fitted along latitude in panel (A). Average ST across species during 1963–1986 and 1987–2008 (B). Abbreviations of species are as follows: SB,
Salix babylonica; PS, Pterocarya stenoptera; BP, Broussonetia papyrifera; CC, Cercis chinensis; HS, Hibiscus syriacus; MA, Melia azedarach; RP, Robinia
pseudoacacia; WS, Wisteria sinensis; LI, Lagerstroemia indica; FP, Firmiana platanifolia; AV, Armeniaca vulgaris; UP, Ulmus pumila; SM, Salix matsudana; SO,
Syringa oblata; AT, Amygdalus triloba.

variation in preseason temperature leads to larger variation
in leaf-out; 2) chilling and heat accumulation effect: temporal
and spatial differences in the restriction of chilling and heat
accumulation influence the leaf-out variation; 3) differences
in temperature sensitivity of leaf-out lead to the spatial and
temporal changes in LOV.

The first explanation is related to the fact that spring leaf-
out is highly sensitive to preseason temperature, and changes
in preseason temperature may directly result in fluctuations
in leaf-out date (Menzel et al., 2006b; Wang et al., 2014; Fu
et al., 2015b). However, we did not find significant changes in
the variation of preseason air temperature between the period
1963–1986 (1.10 ± 0.44◦C) and 1987–2008 (1.10 ± 0.48◦C),
suggesting that the variation of preseason temperature could
not explain the temporal changes of LOV. The preseason
temperature variation did increase with latitude, which may
lead to greater LOV at high latitudes. However, this expectation
is contrary to the fact that LOV decreased with increasing
latitude, suggesting that other stronger factors offset the direct
impacts of temperature variation, and resulted in lower LOV
at high latitudes.

The second potential explanation relates to the physiological
processes of leaf-out. Previous studies have reported that trees
need to be exposed to low temperatures (chilling) during winter
to break dormancy, after which a certain amount of high
forcing temperatures, i.e., GDD, need to be accumulated to
initiate the phenological development, i.e., leaf-out (Chuine
et al., 2016; Fu et al., 2020). The GDD requirement is spatially
different, and we found a higher GDD requirement at low
latitudes, which is consistent with a study by Fu Y.S.H. et al.
(2014). In addition, the GDD requirements are not constant
with climate warming, and a previous study found that 50%
higher heat accumulation was required for leaf-out in European
temperate trees over the past decades (Fu et al., 2015a),
which is likely due to the winter warming inducing insufficient
chilling (Laube et al., 2014; Hänninen, 2016). Except that, a

positive correlation between GDD and precipitation, as well as a
negative correlation between GDD and insolation sum, were also
detected (Fu et al., 2015a). Although we did not find significant
decreases in chilling requirements, a significantly higher GDD
requirement was found with climate warming (Figures 4A,B),
i.e., during the warmer period 1987–2008 compared with the
colder period 1963–1986 (Supplementary Figure 4). This non-
antiphase between GDD and chilling might be attributed to
the unclear mechanism of the interaction between vegetation
temperature demand and external environmental factors; further
experimental and simulation researches are thus needed.
A higher GDD requirement implies a longer period or higher
air temperature is needed to accumulate heat for spring leaf-out.
Due to the considerable uncertainty of environmental factors,
the interannual variation of leaf-out would logically increase
with higher GDD requirements (Supplementary Figures 6A, 7).
Therefore, the high spatiotemporal consistency between GDD
requirement and LOV indicated that the differences of GDD
requirement play an important role in shaping both spatial and
temporal patterns of LOV.

The third explanation is related to the temperature sensitivity
of leaf-out. Under the same temperature variability, plants with
higher temperature sensitivity are expected to have a larger
variation in leaf-out dates. Consistent with this hypothesis,
we indeed found a higher temperature sensitivity of leaf-
out at low latitudes, which is in line with previous studies
(Wang et al., 2014; Liu et al., 2016; Prevéy et al., 2017),
suggesting the spatial difference in temperature sensitivity
could also partially explain the spatial difference in leaf-out
variation (Supplementary Figure 6B). Temporally, we found
that the temperature sensitivity increased from 1963–1986 to
1987–2008 (−6.45 vs. −7.78 days·◦C−1) but not significant.
Therefore, it cannot fully explain the reason for LOV temporal
changes. Moreover, recent studies found that leaf-out sensitivity
was reduced due to climate warming (Fu et al., 2015b).
The inconsistent results may be due to the difference in
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winter chilling accumulation. For example, winter chilling was
significantly reduced in Europe and related to the reduced
temperature sensitivity of leaf-out (Fu et al., 2015b), whereas,
in the present study, we did not find significant reductions
in chilling. Furthermore, photoperiod effects, precipitation, and
other climatic factors may also partially explain such inconsistent
outcomes (Peaucelle et al., 2019). However, how the chilling,
forcing, photoperiod, and precipitation interact and determine
the leaf-out processes is still unclear, which could be resolved
by conducting manipulative experiments that allow separating
different drivers of phenology.

Plant phenology is considered one of the most apparent
fingerprints of climate change (Peñuelas, 2009; Richardson et al.,
2013; Piao et al., 2019). Although most studies used linear
temporal and spatial trends to link phenological responses
to climate change, in this analysis, in addition to the linear
trends, we revealed significant spatiotemporal changes of leaf-
out variation in the context of climate change. These hint
at different adaptation mechanisms evolved by species under
different climatic conditions and a spatial difference in GDD
requirement and temperature sensitivity. However, there are
limitations in our analysis that need to be pointed out. First,
the amount and spatial distribution of observations derived
from the phenology database varied among species, with the
number of sites ranging from 4 to more than 10, which is
attributed to the lack of original observation data and may bring
uncertainty to the estimation of LOV. Data of higher quality or
remote sensing datasets could be selected for future analyses to
reduce the uncertainty. Second, our conclusions are based on
15 tree species across China and thus need to be confirmed for
other regions and species. Overall, we found a larger variation
of leaf-out at low latitudes, and climate warming significantly
increased the variation of leaf-out across tree species in China.
Our analysis highlights that both the trends and the variation
need to be considered when assessing phenological changes to
better understand ecosystem responses to climate change.
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