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Impacts of global warming on phenology of spring leaf unfolding
remain stable in the long run
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Abstract The impact of spring temperature forcing on the
timing of leaf unfolding of plants (temperature sensitivity, ST)
is one important indicator of how and to what degree plant spe-
cies track climate change. Fu et al. (Nature 526:104–107, 2015)
found that ST has significantly decreased from the 1980–1994 to
the 1999–2013 period for seven mid-latitude tree species in
Europe.However, long-termchanges inSTover thepast60years
are still not clear. Here, using in situ observations of leaf
unfolding for sevendominantEuropean tree species,we analyze
the temporal change inSTover decadal time scales extending the
data series back to 1951. Our results demonstrate that ST shows
no statistically significant change within shifting 30-year win-
dows from1951 to2013andremains stablebetween1951–1980
and 1984–2013 (3.6 versus 3.7 days °C−1). This result suggests
that the significantdecrease inSTover thepast 33years couldnot
be sustained when examining the trends of phenological re-
sponses in the long run. Therefore, we could not conclude that
tree spring phenology advances will slow down in the future,
and the ST changes in warming scenarios are still uncertain.
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Introduction

The timing of spring leaf unfolding in response to climate change
affects various aspects of ecosystem functioning, and controls
many feedbacks to the climate system (Peñuelas et al. 2009).
Therefore, temperature sensitivity of spring leaf unfolding (ST,
Δdays °C−1) has been well studied with respect to its spatial
patterns (Menzel et al. 2006, Wang et al. 2015) and interspecific
differences (Fitter and Fitter 2002, Cook et al. 2012). However,
the knowledge regarding the temporal changes in ST is uncertain,
partly due to lack of long-term observations (however, see
Rutishauser et al. 2008, Schleip et al. 2008, Amano et al. 2010).

Using European plant phenological data from 1980 to
2013, Fu et al. (2015) found that ST decreased by 40 % from
4.06 days °C−1 during 1980–1994 to 2.36 days °C−1 during
1999–2013 averaged across seven species and 1245 sites (Fu
et al. 2015). However, since climate change impact is a long-
term process, we need to know the change in ST at longer time
scales rather than focusing on the past 33 years only. In addi-
tion, limited by the length of time series, ST was often calcu-
lated as regression slope of phenophases against preseason
temperature during periods less than 15 years. For regression
analysis, such a sample size might be prone to random error.
We raise the questions how STwould change if the data series
were extended back to 1951, and to what degree the time scale
and sample size impact the changes of ST over time?

In this study, we tested changes in ST using leaf unfolding
data of seven species in Central Europe over 1951–2013 with
a 30-year moving window. In order to investigate the impact
of time scales on the results, we also calculated the STwith the
15-year moving window. Our overall objectives are to
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examine the long-term changes in temperature sensitivity of
spring phenology and to investigate the impact of time scale
on results of climate impact studies.

Materials and methods

Phenological and meteorological data

In order to compare the results with Fu et al. (2015), we se-
lected the same tree species for our investigations. Data of leaf
unfolding dates for seven tree species from 1951 to 2013 were
extracted from the Pan European Phenological Database
(http://www.pep725.eu/). Outliers in the phenological time
series were removed by applying the 30-day rule (Schaber
and Badeck 2002). The time series of leaf unfolding date were
included in the analysis only if at least 15-year records existed
in both 1951–1980 and 1984–2013 periods. In this way, 992
of 1245 sites used in Fu et al. (2015) were filtered out and the
remaining 253 sites were included in this study. Although the
distribution of sites became sparse across space (Fig. 1), the
geographical coverage was similar with Fu et al. (2015). In
addition, the number of observation sites changed over time
for all the plant species (Fig. S1).

Daily meteorological data for each site was derived from
the nearest climate station (distance between phenological and
climate stations less than 30 km) in the Global Historical
Climatology Network (GHCN) (Menne et al. 2012).

Statistical analyses

Following Fu et al. (2015), temperature sensitivity of spring
phenology (ST) was computed as the slope coefficient of lin-
ear regression between leaf unfolding date and mean

preseason temperature. The optimal preseason for each spe-
cies at each site was defined as the period (with 15-day steps)
before the mean leaf unfolding date for which the partial cor-
relation coefficient between leaf unfolding and temperature
(controlling for precipitation) was highest during 1951–
2013. Differing from Fu et al. (2015), we did not control
radiation when performing partial correlation analysis because
radiation data is not available in the GHCN dataset. Analyses
were performed for each species at each site during both 15-
year (minimum 7 year records required) and 30-year moving
windows (minimum 15-year records required).

ST is usually a negative value which indicates an advance in
response to warming. In order to present the results more clearly,
we transform it to positive value in this study. ThemeanSTacross
all sites was calculated for individual species and for combined
totals for all species for each 15-year and 30-year periods. To
investigate the effects of time scale and sample size on changes
of ST, we compared frequency distributions of ST across all spe-
cies and sites for two 15-year periods (1980–1994 and 1999–
2013, same as Fu et al. 2015) and two 30-year periods (1951–
1980 and 1984–2013). The differences in mean ST between two
periods were tested using independent t tests for each and across
species. At last, we validated the effectiveness of linear models in
estimating ST. The linear regression model between phenology
and temperature can be expressed as follows:

yi ¼ aþ bxi þ ei ð1Þ

where yi and xi are the phenological and temperature time series,
respectively (i represents different year). b and a are the regres-
sion slope and intercept, respectively. As mentioned above, ST is
computed as b. ei is the residual. According to the least square

method, the residual sum of squares (∑
n
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where R is the Pearson’s correlation coefficient between pheno-
logical and temperature time series. SDphe is standard deviation
(SD) of phenological time series, and SDtem is SD of temperature
time series. n is the length of time series. It can be inferred from
Eq. (2) that statistically significant R is an important precondition
for computing ST. If R is statistically not significant (suggesting
phenology did not respond to temperature), ST would have noFig. 1 The distribution of the sites investigated in this study
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physical meaning and be invalid. Even if R is statistically signif-
icant, different R values among periods would impact the com-
parison result of ST. Thus, R values and their significances for all
species and sites during above two 15-year periods and two 30-
year periods were calculated and compared.

Results

On average, ST significantly decreased by 26.8 % from
4.1 days °C−1 during 1980–1994 to 3.0 days °C−1 during
1999–2013 (Fig. 2c). All species showed similar significant
decrease in ST except Tilia cordata (Fig. 2a). This result sug-
gested that the decreased ST reported by Fu et al. (2015) could
be reproduced using the subdataset of this study, although the
extent of reduction was different (40.0 vs. 26.8 %). When in-
vestigating ST using a 15-year moving window from 1951 to
2013, we found that ST changed with the amplitude between
1.17 and 3.07 days °C−1 for seven species (Fig. 2e). The overall
trend of ST was increasing from the 1970s to the 1990s, but it
significantly decreased from the 1990s to the last decade.

When comparing the ST between two 30-year periods, the
ST became relatively stable. Out of seven species, three
showed increased ST during 1984–2013 compared to 1951–
1980, while other four species showed decreased ST (Fig. 2b).
However, the differences (ranging from −0.14 to
0.37 days °C−1) were small and statistically not significant
at P < 0.05. The frequency distribution of ST during
1984–2013 was very similar to 1951–1980, and their
mean values had no significant difference (Fig. 2d, 3.6
versus 3.7 days °C−1). The moving window analysis
showed that ST remained stable with smaller amplitude
between 0.43 and 0.74 days °C−1 from 1951 to 2013 for
all species (Fig. 2f). Although ST increased significantly
over the whole study period by an average of
0.09 days °C−1 per decade (P < 0.01) (Fig. 2f), such
magnitude of increase was very slight (2.5 %) relative to
the mean ST during 1951–1980 (3.6 days °C−1).

The results of Pearson’s R between two 15-year periods
showed that the absolute value of R decreased from 0.67 dur-
ing 1980–1994 to 0.59 during 1999–2013 (Fig.3c). Such re-
duction in Rwas obvious for five of seven species (Fig. 3a). In

Fig. 2 Changes in temperature
sensitivity of leaf unfolding (ST)
of seven major European tree
species over different time scales.
a–b Species-specific ST and SD
(shown by error bar) across all
sites during 1980–1994 and
1999–2013 (a) as well as 1951–
1980 and 1984–2013 (b). The
number of sites for each species is
given in brackets below the
species name. c–d The frequency
distribution of ST across all
species and sites in two different
periods and the mean ST and SD
(in brackets). e–f Temporal
change of ST for individual
species and for combined totals
for all species across all sites with
a 15-year moving window (e) and
30-year moving window (f) from
1951 to 2013. The black lines
indicate the average across all
species, and the gray areas
indicate one SD either side of the
mean. AH, horse chestnut
(Aesculus hippocastanum); AG,
alder (Alnus glutinosa); BP, silver
birch (Betula pendula); FS, beech
(Fagus sylvatica); FE, ash
(Fraxinus excelsior); TC, lime
(Tilia cordata);QR, oak (Quercus
robur)
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addition, we calculated the percentage of significant R
(P < 0.05) for these two periods. The results showed that there
are considerable portions of time series showed insignificant
phenology-temperature relationship. Twenty percent of R
values were statistically not significant during 1980–1994
and it reached 37.3 % during 1999–2013. When comparing
the mean Pearson’s R between two 30-year periods, the abso-
lute values of R were stable for individual species and for
combined totals for all species (Fig. 3b, d). Only 13.7 and
6.8 % of Pearson’s R was statistically not significant for the
period 1951–1980 and 1983–2013, respectively.

Discussion

In general, the declining ST from the 1980–1994 to the 1999–
2013 period found in this study was consistent with the result
of Fu et al. (2015). Fu et al. (2015) claimed that the reduction
in ST is partly attributed to reduced chilling by winter
warming. In addition, Bphotoperiod limitation^ mechanisms
may become limiting when leaf unfolding dates occur too
early in the season (Fu et al. 2015). However, when extending
the time series back to 1951, ST increased from late 1970s to
early 1990s based on 15-year moving window. This period
(1970s to 1990s) was also characterized by rapid warming
(Hartmann et al. 2013), so the lost chilling mechanism failed

to explain change of ST during this period. When using a 30-
year moving window, impacts of global warming on phenol-
ogy of spring leaf unfolding remained stable in the long run.
Therefore, other factors besides reduced chilling and photope-
riod limitation need to be considered when explaining tempo-
ral changes in ST.

According to our analysis, the reduction in ST over the past
33 years is at least partly due to the weaker correlation coef-
ficients between leaf unfolding date and temperature in recent
15 years. Furthermore, the relationship between phenology
and temperature during 1993–2014 are statistically not signif-
icant for 37.3 % of time series, suggesting that estimation of
ST was invalid in a considerable portion of cases. The uncer-
tainties of 30-year periods were smaller than 15-year periods,
because more than 86 % of ST estimates were based on sig-
nificant phenology-temperature relationship for both periods.
The possible reason was that the estimation of ST based on
short records with narrow time window (15 years) may be
impacted by systematic or random errors from the replace-
ment of observers or observation criteria in the accumulative
process of phenological data.

Ontogenic change of plants is also a possible reason ig-
nored by Fu et al. (2015). A previous study found that the date
of leaf unfolding occurred 10–40 days earlier in seedlings
grown at canopy level than in conspecific adults (Vitasse
2013), suggesting plant species may delay their spring

Fig. 3 Pearson’s R between leaf unfolding date of seven major European
tree species and preseason temperature among different periods. a–b
Species-specific mean R and SD (shown by error bar) across all sites
during 1980–1994 and 1999–2013 (a) as well as 1951–1980 and 1984–
2013 (b). The number of sites for each species is given in brackets below
the species name. c–d The frequency distribution of R across all species

and sites in two different periods. Mean R and percentage of statistically
significant ones (P < 0.05, in brackets) are shown. AH, horse chestnut
(Aesculus hippocastanum); AG, alder (Alnus glutinosa); BP, silver birch
(Betula pendula); FS, beech (Fagus sylvatica); FE, ash (Fraxinus
excelsior); TC, lime (Tilia cordata); QR, oak (Quercus robur)
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phenophase with increasing age regardless of climate change.
If the individuals observed were fixed along the observation
period, such delaying effect resulting from ontogenic changes
could weaken the temperature sensitivity of spring
phenophases, especially in recent warmer decades. However,
we could not verify this assumption because of missing infor-
mation about plant age in the phenological records.

The non-linear responses of plant development to tem-
perature could cause ST to increase. Observed evidence
showed that high degree-day accumulation events, such
as strong warm air advection, can promote plant develop-
ment (Schwartz and Marotz 1986, Schwartz and Marotz
1988). Obviously, in warmer periods, the number of high
degree-day accumulation events would increase and their
acceleration effect on plant development is stronger than
that in colder periods. In addition, one degree of temper-
ature increase may not have the same physiological sig-
nificance. For example, the experiment showed that de-
velopmental time (i.e., the time required on average to go
from one meiotic phase to the next in pollen mother cells
of several tree species) declined exponentially with in-
creasing incubation temperature (Sarvas 1972). Such
non-linear relationships between the rate of development
and temperature had been adopted in many phenological
models, such as the ForcSar model (Chuine et al. 1999)
and Days Transformed to Standard temperature (DTS)
model (Aono and Kazui 2008).

Another influencing factor to account for is the differ-
ences in microclimates resulting from distance from phe-
nological observation site to the local climate station
(Menzel et al. 2005). For example, the flowering dates
of several plant species delayed by an average of 6.0 days
on the north-facing slope with respect to the opposing
south-facing slope in Indiana, USA (Jackson 1966).
Therefore, the plant will most likely experience other mi-
croclimates and be exposed to a range of plant body tem-
perature rather than air temperature measured in meteoro-
logical station. There is a need for further research to
determine to what degree the microclimates would impact
the estimation of ST.

Conclusions

In conclusion, although global warming effects on the
phenology of spring leaf unfolding decreases since 1980
to 2013, it remains stable in the long run and only in-
creases slightly in 1994–2013 with regard to 1951–1980.
This result may be attributed to combined effects of biotic
and abiotic factors, such as reduced chilling, photoperiod
limitation, uncertainties of linear regression methods,
changes in tree age, non-linear responses of plant devel-
opment to temperature, and microclimate. Therefore, we

could not conclude tree spring phenology advances will
slow down in future, and the ST changes in warming sce-
narios are still uncertain.
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