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a b s t r a c t
Modelling phenology is crucial to assess the impact of climate change on the length of the canopy duration
and the productivity of terrestrial ecosystems. Focusing on six dominant European tree species, the aims
of this study were (i) to examine the accuracy of different leaf phenology models to simulate the onset
and ending of the leafy season, with particular emphasis on the putative role of chilling to release winter
bud dormancy and (ii) to predict seasonal shifts for the 21st century in response to climate warming.
Models testing and validation were done for each species considering 2 or 3 years of phenological observations acquired over a large elevational gradient (1500 m range, 57 populations). Flushing models were
either based solely on forcing temperatures (1-phase models) or both on chilling and forcing temperatures
(2-phases models). Leaf senescence models were based on both temperature and photoperiod.
We show that most ﬂushing models are able to predict accurately the observed ﬂushing dates. The 1phase models are as efﬁcient as 2-phases models for most species suggesting that chilling temperatures
are currently sufﬁcient to fully release bud dormancy. However, our predictions for the 21st century highlight that chilling temperature could be insufﬁcient for some species at low elevation. Overall, ﬂushing is
expected to advance in the next decades but this trend substantially differed between species (from 0 to
2.4 days per decade). The prediction of leaf senescence appears more challenging, as the proposed models
work properly for only two out of four deciduous species, for which senescence is expected to be delayed
in the future (from 1.4 to 2.3 days per decade). These trends to earlier spring leaﬁng and later autumn
senescence are likely to affect the competitive balance between species. For instance, simulations over
the 21st century predict a stronger lengthening of the canopy duration for Quercus petraea than for Fagus
sylvatica, suggesting that shifts in the elevational distributions of these species might occur.
© 2011 Elsevier B.V. All rights reserved.

1. Introduction
The timing of phenological events is a major determinant of
plant productivity and species distribution (Chuine and Beaubien,
2001; Rathcke and Lacey, 1985). In temperate climates, plant phenology appears mostly driven by temperature (Chuine and Cour,
1999; Murray et al., 1989). As a result of the recent increase in surface temperature, strong phenological shifts have been observed
in the northern hemisphere from temperate to boreal latitudes
(Linderholm, 2006; Menzel et al., 2001; Menzel and Fabian, 1999;
Parmesan, 2006; Schwartz and Reiter, 2000). In some cases these
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shifts have been associated to modiﬁcations of the species distribution ranges, e.g. migrations toward higher elevation and latitude
(Bertin, 2008). For tree species, an average lengthening of the growing season of about 11 days has been detected in Europe from the
early 1960s to the end of the 20th century (Menzel and Fabian,
1999), mostly due to earlier leaf emergence and to a lesser extent
to later leaf senescence (Linderholm, 2006; Menzel et al., 2006).
Simultaneously, an increase in plant productivity has been detected
in the northern high latitudes from remote-sensing data, with the
underlying hypothesis that the extension of the growing season
may enhance net carbon uptake period (Churkina et al., 2005;
Myneni et al., 1997; Zhou et al., 2001). Indeed, earlier leaf emergence and later leaf senescence allow an increase in the length of the
photosynthetically active period. A longer growing season length is
linked to a better gross primary production (Kramer, 1995a; White
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et al., 1999) especially when bud burst occurs earlier (Delpierre
et al., 2009b; Richardson et al., 2009). To this respect, an accurate
prediction of leaf ﬂushing in spring is needed to improve the prediction of primary productivity in the next decades (Chiang and
Brown, 2007; Kramer et al., 2000; Leinonen and Kramer, 2002;
Rotzer et al., 2004). One of the challenges in the modelling of phenological phases is that phenological models are species-dependent
(Chuine, 2000; Hunter and Lechowicz, 1992) models for a number of common and emblematic tree species regarding biodiversity
conservation or timber industry is still missing. The prediction of
the future response of the length of the growing season to an
increase in temperature may constitute a ﬁrst step in our ability
to evaluate the inﬂuence of climate change on the distribution of
temperate tree species (Chuine, 2010; Chuine and Beaubien, 2001;
Morin and Lechowicz, 2008).
Two classes of process-based models have been developed for
the simulation of spring phenological phases. Models belonging
to the ﬁrst class, called hereafter the “1-phase models”, are the
simplest models and are used in agronomy since the 18th century (Réaumur, 1735). These models assume that bud burst occurs
after a ﬁxed sum of forcing units has been reached. Forcing units
are a dimensionless unit of bud development function of temperature. This kind of model implicitly assumes that bud dormancy
is fully released before the starting date of forcing units accumulation. The second class of models, called hereafter the “2-phases
models”, considers the action of both chilling temperatures during the endodormancy phase (winter deep dormancy caused by
plant endogenous factors), and forcing temperatures during the
ecodormancy phase (dormancy induced by environmental factors)
(Lang et al., 1987). These models assume that the accumulation
of forcing units starts and/or evolves according to the state of bud
development during endodormancy (Chuine et al., 2000; Hanninen
and Kramer, 2007), and that the critical sum of forcing units may
be related to the amount of chilling units previously accumulated (Cannell and Smith, 1983). The 2-phases models are of more
recent development, and conceptually based on experimental studies which highlighted that chilling was the major factor responsible
for dormancy release (Falusi and Calamassi, 1990; Faust et al., 1997;
Heide, 1993b; Murray et al., 1989; Sarvas, 1974).
Some studies have shown that the simpler 1-phase models
do perform as well as the 2-phases models, and in some cases
outperformed them (Linkosalo et al., 2006, 2008). The analogous
performance of 1-phase and 2-phases models when applied to
actual phenological time series suggests that under current conditions, the accumulation of chilling seems to have an insigniﬁcant
role in the timing of tree ﬂushing. In other words, the amount of
chilling may currently be sufﬁcient to systematically allow for a full
release of tree dormancy. However, the relative importance of chilling in the timing of tree ﬂushing may increase in the next decades
with winter temperatures rising and could alter the performance
of 1-phase models (Linkosalo et al., 2008; Thompson and Clark,
2008). This could be especially true for species having a high chilling
requirement or for populations located at the current low-latitude
or elevation margins of the species’ distribution area. Therefore
the characterization of species sensitivities to chilling appears crucial for predicting the likely impact of climatic warming on tree
phenology.
Conversely to bud burst, the environmental factors which
drive autumn phenological events of deciduous trees, such as leaf
colouration or leaf fall, are less understood, probably due to the difﬁculty to accurately acquire leaf senescence observations (Estrella
and Menzel, 2006), and paucity of the literature regarding the
involved environmental processes (Lim et al., 2007; Nooden et al.,
1997). Very few phenological models addressing the simulation of
autumn phases have been published to date and therefore little
has been made to investigate how canopy duration will be modi-

ﬁed by climate change. In spite of the multitude of factors which
could play a role on the onset and on the regulation of leaf senescence (Lers, 2007), it is generally assumed that for temperate trees
under favourable conditions (i.e. no water or nutrient stress), the
leaf senescence process is affected by two main environmental
factors: photoperiod and temperature (Estrella and Menzel, 2006;
Koike, 1990). Leaf senescence models published in the literature
were shaped on these two environmental cues (Delpierre et al.,
2009a; Jolly et al., 2005; White et al., 1997). These models have so
far been tested and validated on very few species, and generally
over small datasets.
In this paper we took advantage of a phenological database
acquired along an elevational gradient to ﬁt, test and compare different models of leaf ﬂushing and senescence for common tree
species. Elevational gradients are particularly interesting because
they provide a wide temperature range on a very short distance
reducing therefore photoperiod inﬂuence. The ﬁrst aim of this study
was to assess through a comparison of phenological models for
six dominant tree species in Europe (including four deciduous and
two evergreen species) (i) the accuracy of leaf phenology estimation (ﬂushing and senescence events) using temperature and
photoperiod as variables and (ii) the present role of chilling and
forcing temperatures on leaf ﬂushing. The study area is located
at the warmest part of the distribution range for all the studied
species where the chilling requirements could become insufﬁcient
to release bud dormancy at lower elevations. The second objective was to predict seasonal shifts over the 21st century along
the elevational gradient, and therefore to assess under climate
warming potential changes in competitive balance of co-existent
species.

2. Materials and methods
2.1. Study areas and species description
Phenological data were recorded in two valleys of the Pyrenees
Mountains in south western France (latitude 42◦ 47 N to 43◦ 45 N;
longitude 00◦ 44 W to 00◦ 06 E, see Fig. 1). A ﬁrst transect was
set up in the Ossau valley (Pyrénées Atlantiques) and a second
one in the Gave valley (Hautes Pyrénées). These valleys run parallel to each other but are separated by 30 km. Their elevation
increases from North to South. The study area is characterized by
an oceanic climate. At low elevation, the mean annual temperature
is about 12.6 ◦ C and the mean annual precipitation is about 946 mm
(Tarbes, 2004–2007, 43◦ 11 N, 00◦ 00 W, 360 m asl., Météo France);
at high elevation the mean annual temperature is about 7.4 ◦ C and
the mean annual precipitation is 1317 mm (Gavarnie, 2004–2007,
42◦ 44 N, 00◦ 00 W, 1380 m asl., Météo France).
We selected six tree species (4 deciduous and 2 evergreen) having a wide range of natural distribution over Europe and which are
widely used for timber industry. Species included ﬁr (Abies alba
Mill.), sycamore maple (Acer pseudoplatanus L.), European beech
(Fagus sylvatica L.), common ash (Fraxinus excelsior L.), holly (Ilex
aquifolium L.) and sessile oak (Quercus petraea (Matt.) Liebl.). All
these species were located in the southern limits of their distribution range, which confers a particular interest to the study of their
response to climate change. For each species and in each transect,
naturally established populations were sampled along two elevational transects from 100 m to 1600 m and 10 individuals were
selected in each population for phenological observations. The elevational gradient exceeded 1400 m for all species except for Acer
pseudoplatanus ( = 1164 m). The populations were sampled on
North-facing slopes, except for Quercus petraea that only grew on
South-facing slopes. More information about the characteristics of
the sites is available in Vitasse et al. (2009b).
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Fig. 1. Location of the study sites in Pyrenees Mountains: squares = phenological stations within Ossau valley; circles = phenological stations within Gave valley.

2.2. Phenology monitoring
Leaf ﬂushing and senescence for deciduous species only were
monitored every 10 days from March to June and September to
December, respectively, on all the sampled trees during 2 or 3
years (2005–2006 for Fraxinus, Acer, Abies and Ilex; 2005–2007
for Quercus and Fagus). We used the dataset published in Vitasse
et al. (2009a, 2009b) for both phenological events. For each tree, the
ﬂushing date was assumed to correspond to the date when 50% of
the buds had fulﬁlled the criterion “at least one leaf unfolding” (see
methods in Vitasse et al., 2009a). In autumn, we combined assessment of coloration and leaf fall to more accurately estimate the
end of growing season of deciduous species. Percentages of missing
leaves, as well as percentages of coloured leaves on the totality of
the remaining leaves in the canopy were assessed visually. We considered that senescence date was reached in one tree when 50% of
its leaves were either coloured or fallen according to the following
equation (1):
xt =

˛t × (100 − ˇt )
+ ˇt
100

(1)

where xt is the percentage of coloured or fallen leaves in the
selected tree at date t, ˛t is the percentage of coloured leaves at
date t and ˇt is the percentage of missing leaves at date t.
Then, the dates of ﬂushing and senescence were estimated by
linear interpolation between two consecutive ﬁeld observations,
further providing a daily resolution for the observations. Then,
canopy duration was deﬁned at individual scale as the period
between ﬂushing and senescence dates, corresponding to the leafy
season. At the population scale, ﬂushing, senescence and canopy
duration values corresponded to the mean of the 10 sampled individuals.
2.3. Meteorological measurements
Air temperature was measured using data loggers (HOBO
Pro RH/Temp, Onset Computer Corporation, Bourne, MA 02532)
located in each population (31 sites). In each site, sensors were settled at 1.5 m above the ground on a pole located in an open area
nearby the studied population (distant from 10 to 100 m, at the
same elevation). To prevent any exposure to rain or direct sunlight,
sensors were protected by a shelter constituted with three layers
of white plastic, spaced from each other to allow good air circulation. Data were recorded every hour from 1 January 2005 to 31
December 2007. During 2 weeks in February 2005, several weather
stations suffered from a technical fault and the missing data were

gap-ﬁlled by linear interpolation using data from the most correlated working weather stations (minimum R2 > 0.91). All sensors
were inter-calibrated in the laboratory before installation. Average
annual temperatures decreased linearly with increasing elevation,
of about 0.43 ◦ C for every 100 m increase in elevation (average from
2005 to 2007). For both ﬂushing and senescence models, we used
daily temperature calculated as the average of the 24 hourly values
recorded daily at each site.
2.4. Models used, method of ﬁtting and validation
All phenological models were ﬁtted over the whole dataset
(2–3 observation years, along both elevational gradients) for each
species. During this process of model ﬁtting, models’ parameters
were derived by using either a simulated annealing algorithm
(Chuine et al., 1998; Chuine et al., 1999) for Spring Warming (SW)
and Sigmoid models, or a full exploration of the parameters space
for Cannel & Smith Spring Warming 4 (CS-SW4) and senescence
models.
To assess the robustness of the models, a leave-one-out crossvalidation approach has been performed: a single observation from
the original sample (of size n) was used as the validation datum
using parameters ﬁtted on the remaining observations (of size
n − 1). Each observation in the whole data set of each species
was iteratively used as the validation datum. In order to assess
the uncertainty of prediction over the past century, we calculated
95% conﬁdence intervals using the predictions obtained with all
parameter sets derived with the leave-one-out cross-validation.
We compared the models’ accuracies on the basis of the root mean
square error (RMSE) and model efﬁciency (ME) metrics, calculated
for both the ﬁt on the whole data set and the leave-one-out crossvalidation (Table 1) following these equations:



n
(Oi
i=1

RMSE =

n
ME = 1 −

− Pi )2

n

(Oi − Pi )2
i−1
2
n
(Oi − Ōi )
i=1



(2)

(3)

where Oi represents an elementary observation in the observed
dataset (n observations) and Pi represents an elementary prediction
in the modelled dataset (n predictions).
2.4.1. Flushing phenological models
For ﬂushing timing, we compared and tested ﬁve 1-phase models existing in the literature (Chuine, 2000; Chuine et al., 1999;
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Table 1
Performance of the selected ﬂushing and senescence models ﬁtted on the whole data set and on the leave-one-out cross-validation.
Models

Abies

Acer

Whole dataset (n = 14)
Flushing

RMSE

1-Phase models
SW
Sigmoid
2-Phases model
CS-SW4
Senescence
Delpierre
Models

ME

Bias

Cross-validation (n − 1)

Whole dataset (n = 16)

Cross-validation (n − 1)

RMSE

ME

Bias

RMSE

ME

RMSE

ME

Bias

−0.0
0.2

3.6
3.9

0.91
0.89

−0.1
−0.0

4.2
7.5

0.87
0.59

0.1
1.3

3.9

0.90

0.9

4.2

0.88

0.0

5.6

0.82

0.8

5.9

0.80

0.6

4.1
4.0

0.92
0.91

−0.2
0.3

4.9
5.4

0.87
0.84

3.7

0.93

0.6

4.4

0.90

–

0.15

–

Fagus

Flushing

Bias

Fraxinus

Whole dataset (n = 30)

Cross-validation (n − 1)

Whole dataset (n = 18)

Cross-validation (n − 1)

RMSE

RMSE

ME

RMSE

ME

RMSE

1-Phase models
SW
4.6
Sigmoid
3.9
2-Phases models
CS-SW4
3.6
Senescence
Delpierre
6.4
Models

ME

Bias

Bias

1-Phase models
SW
Sigmoid
2-Phases model
CS-SW4
Senescence
Delpierre

Bias

0.8
0.0

5.1
4.5

0.53
0.62

1.0
−0.0

2.6
2.7

0.97
0.97

−0.1
−0.0

3.1
4.3

0.96
0.92

−0.2
−0.3

0.77

1.0

3.9

0.73

0.8

2.6

0.97

1.1

3.1

0.96

1.4

0.86

−0.1

7.7

0.80

0.5

9.4

0.02

2.2

10.0

−0.10

2.3

Quercus
Cross-validation (n − 1)

Whole dataset (n = 42)

Bias

RMSE

ME

Bias

RMSE

ME

Whole dataset (n = 18)
RMSE

ME

0.62
0.72

Ilex

Flushing

Bias

ME

Cross-validation (n − 1)
Bias

RMSE

ME

Bias

4.0
4.8

0.85
0.79

2.4
0.1

7.3
6.3

0.53
0.65

1.0
0.3

5.0
4.5

0.91
0.93

0.1
0.3

5.4
4.8

0.90
0.92

−0.7
0.3

3.9

0.87

0.95

5.1

0.78

1.12

4.7

0.92

1.4

5.5

0.90

1.9

4.5

0.87

−0.5

4.8

0.85

−0.5

–

–

RMSE, root mean square error; ME, model efﬁciency; Bias, mean difference between the observed and the predicted dates.

Wang and Engel, 1998) and three 2-phases models (Cannell and
Smith, 1983; Chuine, 2000) differing by their response function to
forcing and chilling temperatures.
Most of 1-phase models accurately predicted leaf unfolding
dates for all species but the best results (lowest RMSE, bias and
highest ME) were obtained with the Sigmoid and the SW models. As
these two latter models also have low number of parameters reducing risks of over-parametrization, they were used in the prospective
modelling simulations. These two models are characterized by two
common parameters: t0 , which is the date when the accumulation of forcing units (Rf ) starts and F* which is the critical sum of
forcing units required to bud burst at the date tf . These models are
described as following:
The model Spring Warming SW (Chuine et al., 2003) has three
parameters and uses a linear sum of degree days with a threshold
temperature Tb . Thus, bud burst occurs at tf following Eqs. (4) and
(5):
tf


Rf (T(d) ) ≥ F ∗

(4)

The model Sigmoid (Chuine and Cour, 1999) has four parameters
and uses a sigmoid response to temperature with parameter ˇ
corresponding to the temperature of mid-response and parameter
˛ corresponding to the slope at the inﬂection point following Eq.
(6):
(6)

For 2-phases models, the CS-SW4 model appeared as the most
efﬁcient during the external validation for all species and has lower
number of parameters (six) compared to the other ones, reducing
the risk of over-parametrization. This model was therefore selected
to represent 2-phases models in prospective simulations for all
species.
The CS-SW4 model is a generalisation of SW-type models, based
on the model of Cannell and Smith (1983) where the critical sum of
forcing F* is not a constant anymore but depends on the number of
chilling days (Ctot ). Ctot is computed between two dates tcstart and
tcend as follows:
tcend

t0

with T(d) the daily temperature, Rf the rate of forcing according to
Eq. (5):



Rf (T(d) ) =

1
1 + e˛(T(d) −ˇ)

Rf (T(d) ) =

0
T(d) − Tb

if T(d) < Tb
if T(d) ≥ Tb

(5)

with Tb the temperature treshold required to accumulate forcing
temperatures.

Ctot =



Rc (T(d) )

(7)

tcstart

where the rate of chilling (Rc ) is a number of chilling days (Cannell
and Smith, 1983) following these equations:



Rc (T(d) ) =

1
0

if T(d) < Tc
if T(d) ≥ Tc

(8)
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with Tc the temperature treshold required to accumulate chilling
days.
A ﬁt is then performed to obtain the critical sum of forcing F* as
a negative linear function of the sum of chilling days (Ctot ):
F ∗ = max(gCtot + h)

(9)

Note that g is negative. Therefore, in case of very high values for Ctot
(i.e. a signiﬁcantly higher number of chilling days than observed in
our database), F* may potentially be negative. In practice this has
never been observed: F* always remains positive for all observed
and predicted Ctot values.
Then the model follows a SW-type scheme where the rate of
forcing Rf is similar to the sigmoid approach, following a linear sum
of forcing units (number between 0 and 1) when temperatures are
between a minimum treshold (Ta ) and a base temperature (Tb ):



Rf (T(d) ) =

0
(T(d) − Ta )/(Tb − Ta )
1

if T(d) < Ta
if Ta ≤ T(d) < Tb
if T(d) ≥ Tb

(10)

2.4.2. Senescence models
We compared the performances of three models of leaf senescence namely: the continental phenology model (White et al.,
1997), the growing season index (GSI) (Jolly et al., 2005) and the
cold-degree day photoperiod-dependent model (Delpierre et al.,
2009a). Following Jolly et al. (2005), who suggest that phenology
is not constrained by the vapour pressure deﬁcit (VPD) at temperate latitude, we ﬁxed the daily VPD modiﬁer (iVPD(d)) to 1 in
GSI model. All of these models are based on the same environemental cues, considering photoperiod and temperatures as driving
forces of senescence in temperate trees. However, their effects are
accounted for in different ways for each model. After assessing the
performance of all three models, we selected the cold-degree day
photoperiod-dependent model, which showed the best results in
the external validation for all species (not shown, but see Delpierre
et al., 2009a for a comparative assessment of all three model types
on a companion dataset). This model deﬁnes a colouring state (Ssen ,
arbitrary units) for each day (d) following Dstart (the date at which
a critical photoperiod Pstart is reached), representing the progress
of the senescence processes. Leaf colouring is achieved when Ssen
reaches a threshold value (Ycrit , arbitrary units). In this model, the
time derivative of the state of colouring (Rsen , arbitrary units) on a
daily basis is formulated as:



If P(d) < Pstart
If P(d) ≥ Pstart

if T(d) < Tb Rsen (d) = [Tb − T(d) ]x × f [P(d) ]y
if T(d) ≥ Tb Rsen (d) = 0

Ssen (d) = 0

If P(d) < Pstart and T(d) < Tb

(11)
(12)

Ssen (d) = Ssen (d − 1) + Rsen (d)

(13)

where P(d) is the photoperiod expressed in hours on the day of
year d; T(d) , the daily mean temperature (◦ C); Tb , the maximum
temperature at which senescence process is effective (◦ C); f[P(d) ], a
photoperiod function that can be expressed as follows:
f [P(d) ] =

P(d)
Pstart

(14)

or
f [P(d) ] = 1 −

P(d)
Pstart

(15)

The complete model therefore includes ﬁve parameters (Pstart ,
Tb , x, y, Ycrit ). The dummy parameters x and y (Eq. (11))
may take any of the {0,1,2} discrete values, to allow for any
absent/proportional/more than proportional effects of temperature
and photoperiod to be included. The photoperiod was calculated for
all the senescence models following (Guyot, 1997).

5

2.5. Climate change impact on canopy duration
Prospective simulations of the leaf phenological events were
performed using temperature simulated by a General Circulation
model developed by Météo France and called ARPEGE (Déqué
et al., 1998) under the A1b IPCC scenario (IPCC, 2007). The original
ARPEGE grid has a 60-km spatial step and a 1-day time resolution.
A statistical downscaling method provided temperature data on a
8-km grid (Boé et al., 2006). For a given phenological station, we
selected the ARPEGE grid points located less than 5 km from the
station. A lapse rate of 0.43 ◦ C/100 m of elevation was applied to correct temperature for elevational differences between the ARPEGE
points and the observations stands, based on the measured thermal gradient across the elevational gradient (Vitasse et al., 2009b).
Reconstructed minimum and maximum temperature time series
were computed as the mean of the daily data over all retained
ARPEGE points, weighted by the inverse of the distance to the phenological stand (Delpierre et al., 2009a).
We used the best models (see Section 2.4 above) for each species
to predict ﬂushing and senescence over the 21st century at ﬁve
elevations in the two valleys (10 sites) corresponding to the beech
stands sampled: at 100, 400, 800, 1200 and 1600 m asl. ±50 m (see
methods in Vitasse et al., 2009b for the exact elevation of the sites),
as these elevations were common to most species. We calculated
from 2000 to 2100 the canopy duration in these stations for Fagus
and Quercus only because we were not enough conﬁdent in senescence predictions for the two other deciduous species (see Section
3.2). The use of ARPEGE temperatures resulted in biased predictions
of observed actual canopy duration mainly due to the difference
between predicted and recorded temperatures. Leaf ﬂushing and
senescence dates predicted were corrected for these biases before
further analyses about the predicted evolution of canopy duration
of Fagus and Quercus (average biases amounted −0.2 days on Fagus
and +12.4 days on Quercus for the leaﬁng phase, and +15.5 days on
Fagus and +8.1 on Quercus for the senescence phase).
3. Results
3.1. Flushing models
Fitted on the whole data set, the best models provided high values of model efﬁciencies (ME), from 0.77 to 0.97 and low values
of root mean square errors (RMSE) from 3.6 to 2.6 days, for Fagus
and Fraxinus, respectively (Table 1). Overall, the 2-phases model
CS-SW4 performed better than the 1-phase models for Abies, Fagus
and Ilex, and as efﬁciently for the other species (Table 1, with Annex
1 documenting parameters’ values).
For the best models, cross-validation yielded ME spanning
0.73–0.96 (for Fagus and Fraxinus, respectively) with RMSE values
in the range of 3.1–5.1 days (for Fraxinus and Ilex, respectively).
The 2-phases model CS-SW4 outperformed the 1-phase models in
cross-validation for Abies, Fagus and Ilex whereas it yielded similar accuracies of predictions than the 1 phase-models for Acer,
Fraxinus and Quercus (Table 1 and Fig. 2). In summary the crossvalidation RMSE is around 3 days for Fraxinus, 4 days for Abies, Acer
and Fagus, and 5 days for Ilex and Quercus. These are fair results if
we keep in mind that the observation accuracy is about 3 days (considered that the time-span between two observation campaigns is
of 10 days and that observation errors are uniformely distributed
within this time-span).
3.2. Leaf senescence models
Fitted on the whole data set, ME of the Delpierre model was
above 0.86 for Quercus and Fagus, yielding RMSE of 4.5 and 6.4
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Fig. 3. Comparison of predicted senescence dates using one-leave-out crossvalidation versus observed senescence dates for Fagus, Quercus and Acer. The
“Delpierre” model was used for the three species: the graph of Fraxinus is not plotted here because we found no senescence models better than the null model. The
identity line is reported.

Fig. 2. Comparison of predicted ﬂushing dates using one-leave-out cross-validation
versus observed ﬂushing dates with the best of 1 and 2-phases models. The best
models were used for each species: 1-phase models: “sigmoid” for Fagus, Ilex,
Quercus and “SW” for Abies, Acer and Fraxinus; 2-phases models: “CS-SW4” for
all species. The identity line is reported.

days, respectively (Table 1, with Annex 2 documenting parameters’
values). For Acer, although the Delpierre model provided high ME,
the model ﬁts were strongly driven by a group of senescence observations from the lowest elevation populations (at 400 m asl.) that
exhibited a signiﬁcant delay in comparison to all the higher populations (Fig. 3). This should be therefore interpreted with caution.
Hence, we are not conﬁdent enough in the predictions of leaf senescence for this species and we have chosen not to use the model
prediction in the prospective analysis under climate warming scenario. For Fraxinus, none of the bioclimatic senescence models
outperformed the null model. Consequently, the evolution of the
canopy duration over the 21st century was not presented for these
two latter species.
The Delpierre model selected for prospective simulations over
the 21st century provided more accurate predictions for Quercus
than for Fagus in cross-validation yielding RMSE of 4.8 and 7.7
days, respectively (Table 1). The predicted ranges of senescence
dates properly matched the observed ones for the two species
(Fagus, observed range: 61 days, predicted range: 58 days; Quercus,
observed range: 53 days predicted range: 46 days, Fig. 3).
3.3. Simulation of ﬂushing and senescence dates over the 21st
century
3.3.1. Flushing
Except for Ilex at low elevation, both 1 or 2-phases models
predicted signiﬁcantly earlier leaf unfolding dates over the 21st

century from −0.2 to −3.0 days per decade depending on elevation (Table 2, Fig. 4). Irrespective of elevation, the greatest expected
changes in ﬂushing dates was found for Quercus and Fraxinus with
a similar advance of about 2.4 days per decade; the lowest changes
for Fagus (average −0.5 days per decade) and Ilex (−1.1 days per
decade or no trend according to the 2 phases-models) and intermediate ones for Abies and Acer (from −0.9 to −1.6 days per decade).
Interestingly, for Ilex, the 1-phase model predicted an advance of
leaf unfolding all along the elevational gradient whereas the 2phases model predicted an advance at high elevations but a delay
at low elevations.
For some species, there was a substantial divergence in the
predictions of ﬂushing timing with climate warming between the
two types of ﬂushing models. The 2-phases model predicted similar phenological changes than 1-phase model for Fagus, Fraxinus,
Quercus and Acer, while it predicted lower shifts for Abies and Ilex
especially at low elevation (Table 2 and Fig. 4). In addition, our
results showed that phenological shifts predicted using the 1-phase
models increased with increasing elevations for all species (Table 2
and Fig. 4).
3.3.2. Senescence
Across the 21st century, simulations showed that senescence
dates are expected to be delayed both for Fagus and Quercus. However, the predicted shift in senescence was greater for Fagus than
for Quercus with a delay of about 2.3 and 1.4 days per decade,
respectively. These trends varied according to elevation with higher
predicted delay at low elevations for both species (Fig. 5 and
Table 3).
3.4. Canopy duration of Fagus and Quercus
3.4.1. Simulations
Across the 21st century, simulations showed a signiﬁcant
lengthening of canopy duration for both species (Fig. 6). Quercus
exhibited greater phenological variability from year to year and
stronger shifts in canopy duration than Fagus: predicted changes
over the century were about 3.7 and 2.8 days per decade, for
Quercus and Fagus, respectively (Table 3 and Fig. 6). For Fagus
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Table 2
Flushing trends (slope in days per decade) predicted for each species along the elevation gradient from 2000 to 2100. Phenological trends correspond to the slope of the
linear regression between predicted dates by the best ﬂushing models and years from 2000 to 2100. All trends were signiﬁcant (p < 0.05). Negative values correspond to an
advance in ﬂushing dates and positive values to a delay. T corresponds to the mean annual temperature increase from 2000 to 2100, calculating as the slope of the linear
regression between predicted temperatures by the ARPEGE model and years from 2000 to 2100.
Abies

Acer

1-Phase
Elevation (m)
100
400
800
1200
1600
Mean

−1.0
−1.2
−1.4
−1.9
−2.3
−1.6

Fagus

Fraxinus

Ilex

T (◦ C)

Quercus

2-Phases

1-Phase

2-Phases

1-Phase

2-Phases

1-Phase

2-Phases

1-Phase

2-Phases

1-Phase

2-Phases

−0.4
−0.5
−0.8
−1.1
−1.8
−0.9

−0.7
−0.8
−1.2
−1.6
−2.2
−1.3

−1.0
−1.2
−1.4
−1.6
−1.9
−1.4

−0.2
−0.3
−0.4
−0.5
−0.8
−0.4

−0.5
−0.6
−0.6
−0.6
−0.6
−0.6

−1.4
−1.7
−2.1
−2.6
−3.0
−2.2

−1.7
−2.2
−2.5
−2.6
−2.7
−2.4

−0.9
−1.0
−1.1
−1.2
−1.3
−1.1

+0.7
+0.6
+0.4
−0.4
−1.4
−0.0

−1.6
−2.2
−2.4
−2.6
−2.6
−2.3

−1.8
−2.3
−2.5
−2.7
−2.2
−2.3

+2.90
+2.94
+2.95
+2.98
+3.01
+2.96

Fig. 4. Predicted ﬂushing dates over the 21st century related to 1950–1999 at three elevations (100, 800 and 1600 m asl.) for the six studied species: dark grey area = prediction
based on 1-phase models (“sigmoid” for Fagus, Ilex, Quercus and “SW” for Abies, Acer and Fraxinus) ±.95 conﬁdence intervals obtained with all parameter sets derived with
the leave-one-out cross-validation; light grey area = prediction based on 2-phases models (“CS-SW4” for all species”) ±.95 conﬁdence intervals obtained with all parameter
sets derived with the leave-one-out cross-validation.
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Fig. 5. Predicted senescence dates over the 21st century related to 1950–1999 for three elevations (100, 800 and 1600 m asl.) for Fagus and Quercus: dark grey area
represents simulations were obtained for these two species by the “Delpierre” model, ±.95 conﬁdence intervals obtained with all parameter sets derived with the leave-one-out
cross-validation.

the lengthening of canopy duration is expected to decrease with
increasing elevation while for Quercus the greatest shift is expected
at intermediate elevation (Table 3). Furthermore, no signiﬁcant difference was detected in canopy duration trends using the two types
of ﬂushing models (1 and 2-phases models, Fig. 6). The lengthening
of canopy duration in response to temperature increase over the
21st century is mainly the consequence of leaf senescence delay on
Fagus while it is mainly due to advance of ﬂushing date on Quercus.

3.4.2. Species comparison
At present, canopy durations of Fagus and Quercus are similar at approximately 700 m of elevation corresponding in average
to 190 days (Fig. 7). Above this elevation, the canopy duration of
Fagus is longer than the Quercus’ one, whereas the opposite pattern
occurs under this elevation (Fig. 7). Simulations of canopy duration over the next decades showed that the elevation where the
canopy duration is identical for the two species (i.e. the intersection between the two curves) is expected to dramatically increase
from the end of the 20th to the end of the 21st century (Fig. 8).

Table 3
Senescence and canopy duration trends (slope in days per decade) predicted for
Quercus and Fagus along the elevation gradient from 2000 to 2100. Senescence
trends correspond to the slope of the linear regression between predicted dates by
the best senescence models and years from 2000 to 2100, canopy duration trends to
the slope of the linear regression between predicted canopy duration (either using
1 or 2-phases of ﬂushing models) and years. All trends were signiﬁcant (p < 0.05).
Positive values correspond to a delay in senescence dates or a lengthening of canopy
duration. T corresponds to the mean annual temperature increase from 2000 to
2100, calculating as the slope of the linear regression between predicted temperatures by the ARPEGE model and years from 2000 to 2100.
Senescence
Fagus

T (◦ C)

Canopy duration
Quercus Fagus

Quercus

1-Phase 2-Phases 1-Phase 2-Phases
Elevation (m)
100
400
800
1200
1600
Mean

+2.9
+2.7
+2.4
+2.0
+1.4
+2.3

+1.7
+1.5
+1.5
+1.3
+1.0
+1.4

+3.1
+3.0
+2.8
+2.5
+2.2
+2.7

+3.3
+3.3
+3.0
+2.6
+2.0
+2.7

+3.3
+3.8
+3.9
+3.9
+3.5
+3.7

+3.4
+3.9
+4.0
+4.0
+3.2
+3.7

+2.90
+2.94
+2.95
+2.98
+3.01
+2.96

Fig. 6. Predicted canopy duration (CD) over the 21st century related to 1950–1999 for three elevations (100, 800 and 1600 m asl.) for Fagus and Quercus: light grey
line = prediction based on 2-phases models; dark grey line = prediction based on 1-phase models.
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Fig. 7. Elevational variations of observed canopy duration (CD) for Fagus and
Quercus for the 2005–2007 period. Due to slope effect, elevation of Quercus was
adjusted to correspond to the elevation of Fagus stand using slope of linear regression between elevation and mean annual temperature of Fagus stations (R2 > 0.91,
P < 0.0001): discs = Fagus; triangles = Quercus.

4. Discussion
4.1. Relative merits of 1- and 2-phase models to predict ﬂushing
time
The effect of chilling temperature has been demonstrated in
experimental conditions on several tree species, especially Fagus

sylvatica (Heide, 1993a,b; Murray et al., 1989) but we still do
not know whether under temperate climate the current chilling
requirements of the species are far-exceeded or not. For 1-phase
models, it is implicitly assumed that buds have been sufﬁciently
chilled previously to bud quiescent period, so that dormancy
release is related solely to one environment cue that can be modelled with a ﬁxed starting date. This assumption seems justiﬁed
at high elevation where the chilling requirement for dormancy
release is likely fully reached. However, this assumption may not
be valid in the future warmer climate, especially at low elevation
(Linkosalo et al., 2008). Hence, the performance of spring phenological models which do not consider the amount of chilling in
their formulation may be challenged when attempting to predict
the occurrence of budbreak for the next decades, especially at the
southern limit of the species distribution. Overall, in this study,
1-phase and 2-phases models yielded comparable accuracies of
prediction for most species, suggesting that under current climate
conditions, chilling temperatures does not seem to have a major
effect on the ﬂushing time, probably because they are always sufﬁcient to fully release bud dormancy. This result is in agreement with
previous study (Chuine and Cour, 1999; Hunter and Lechowicz,
1992; Linkosalo et al., 2006, 2008). However, some recent studies pointed out a better performance of the 2-phases models,
especially for late-leaﬁng species (Morin et al., 2009; Thompson
and Clark, 2008). These 2-phases models have a larger number of

2-phases models

1-phase model
240
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210
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180
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150
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150

120

Quercus

120

90

CD (days)

240 0

400

800

210

180

180

150

150

120

120

90

400

800

210

180

180
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240 0
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800

210

180
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1600
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1200 240
1600

210

240 0

9

1200

16000
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800

1200
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Fig. 8. Predicted canopy duration (CD) for Fagus and Quercus at different periods from 1950 to 2099. Predicted values of ﬂushing and senescence dates have been previously
corrected on observations basis monitored at the same elevation during 2005–2007 (for further details, see Section 2).
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parameters that may not be robustly adjusted with small datasets
(over-parameterization). Yet, in the present paper, the CS-SW4
model with six independent parameters is a relevant model to test
the effect of chilling temperatures and provided accurate ﬁts on the
overall dataset and satisfying predictions when assessed for crossvalidation, for most species. However, as most observations in our
dataset were acquired over populations living in cold climate, due
to their location along the elevational transect, more observations
at low elevations may be needed to accurately quantify the chilling
requirement of these species. For Quercus and Fraxinus, the starting
date of the forcing temperatures accumulation, marking the onset
of quiescence period, converged among the different 1-phase models which suggest that this date seems to be accurately predicted
(Annex 1). For all models, this date was ﬁtted between day 50 and
60 for Quercus and before day 31 for Fraxinus. Now, one of the major
issue to conﬁrm and improve these predictions will be to accurately
characterise the date of dormancy release to climate variation using
experiments in condition of cold deprivation in greenhouse (Arora
et al., 2003; Granhus et al., 2009; Heide, 1993a). This would be helpful to predict phenological trends of these species in other part
of the continent, especially at the southern limit of the species’
distribution.
4.2. Evolution of leaf ﬂushing dates over the 21st century
Predicted phenological changes over the next decades were
highly variable among species. Our study predicted strongest shifts
in leaf unfolding for Fraxinus and Quercus and lowest for Fagus
which are in line with phenological trends observed for these
species over the last decades (Kramer, 1995b; Lebourgeois et al.,
2010; Studer et al., 2005; Vitasse et al., 2009a). We found that ﬂushing simulations over the 21st century were similar between 1 and
2-phases models for four out of the six studied species, strengthening the previous observation of a very modest/absent implication
of chilling as considered in our models for the leaﬁng of considered
species under current climate conditions. However, we found different patterns for Abies and particularly for Ilex, in which ﬂushing
is expected to be delayed in the next decades at low elevation with
the 2-phases model due to a lack of chilling requirement. These
results highlight that dormancy could not be fully released for these
two species in a warmer climate, suggesting that the relative role
of chilling temperatures could increase for the future and should
be considered when predicting ﬂushing time. For these species, the
impact of climate warming will likely depend on their capability to
maintain a low critical sum of forcing units with decreasing chilling
period (Murray et al., 1989; Thompson and Clark, 2008). Nevertheless, these projections should be taken with caution, especially for
lower elevations, since they were based on temperature range that
is outside from the one used to ﬁt the models.
4.3. Evolution of leaf senescence dates over the 21st century
Photoperiod has frequently been reported as the main driver
of leaf senescence (Keskitalo et al., 2005; Lee et al., 2003). However, when tested over extensive datasets, autumnal temperature,
considered as an independent variable of correlative models
(Matsumoto et al., 2003) or incorporated in bioclimatic thermal
time models (Delpierre et al., 2009a; Migliavacca et al., 2008)
appears to explain a higher proportion of observed variance in
the timing of senescence (reminding that considering photoperiod as the sole senescence trigger is equivalent to considering the
occurrence of senescence to vary only with latitude). Our result
showed that a model based on cold-degree day summation procedure allows to explain most of the variability of leaf senescence
of Fagus and Quercus (ME > 0.86). Quercus and Fagus exhibited a
large variability of senescence timing along the elevational gradi-

ent despite the latitudinal proximity of monitored stand stations,
discarding photoperiod as a crucial driver of the senescence variability over the considered dataset. The analysis of the estimated
parameters conﬁrmed that photoperiod had no modulation effect
on cold-degree sum on Quercus and only a slight effect on Fagus.
These results are in agreement with those previously reported,
showing a modulation of the cold-degree inﬂuence on senescence
by photoperiod for Fagus sylvatica whereas no effect was detected
for Quercus petraea (Delpierre et al., 2009a). For Fraxinus, the null
model was better than the bioclimatic models, which leads us
to retain the null hypothesis: namely that for the given dataset,
photoperiod may likely trigger senescence process in Fraxinus.
However, consistent phenological differences occurred between
the two studied years stressing out that senescence timing might be
regulated by factors other than photoperiod alone. Finally for Acer,
although the efﬁciency of the combined photoperiod/temperaturedependent models reached up to 0.82 when ﬁtted over the whole
dataset and 0.80 in cross-validation, our analyses underlined that a
combination of photoperiod and temperature as drivers to trigger
senescence timing do not constitute a satisfactory hypothesis to
explain phenological variability of this species. Indeed, no gradual
shifts in senescence timing occurred along the elevational gradient; only the two lowest populations (at 400 m asl.) exhibited a
signiﬁcant delay of senescence timing both in 2005 and 2006. More
phenological data are therefore needed to clearly determine environmental factors which regulate leaf senescence timing of Acer.
For Fagus and Quercus, our simulations showed that senescence
timing is expected to occur signiﬁcantly later under a warmer
climate with a higher shift for Fagus, especially at low elevation
(up to 2.9 days per decade). Other studies have reported a signiﬁcant delay of leaf senescence for temperate tree species in the last
decades (Deﬁla and Clot, 2001; Matsumoto et al., 2003; Menzel,
2000), which might continue over the 21st century (Delpierre et al.,
2009a). However, senescence timing could be affected by drought
that would trigger an earlier leaf fall (Bréda et al., 2006; Vitasse et al.,
2010) and. The occurrence and severity of drought and heat waves
will likely increase during the summer period in Europe (Schär et al.,
2004), leading to a decrease in soil water availability and an increase
in evaporative demand during the months preceding senescence.
Such events could interplay with the general trend to later senescence attributed to warmer autumn, possibly counterbalancing the
lengthening of canopy duration especially at low elevation (Angert
et al., 2005; Hu et al., 2010; White and Nemani, 2003).
4.4. Increase in canopy duration under climate change
Our results predicted a lengthening of the canopy duration in
response to warmer climate both for Quercus and Fagus in the next
decades, as previously reported over the last decades (Linderholm,
2006; Menzel and Fabian, 1999). Our results suggest that climate
change will lengthen the tree life cycle and consequently could
enhance tree growth and productivity (Kramer et al., 2000; Myneni
et al., 1997; Piao et al., 2007; White et al., 1999). However, at low
elevation, summer drought may likely increase due to an earlier
soil water depletion caused by an earlier beginning of the growing
season (Davi et al., 2006) and this effect could offset the carbon gain
resulting from the lengthening of canopy duration. In addition, at
the ecosystem scale, the carbon uptake does not necessary increase
with increasing growing season length. It has been shown that the
ecosystem carbon storage might decrease in response to autumn
warming due to changes in the carbon budgets of other ecosystem
compartments such as soil organic matter (Piao et al., 2008).
Finally, this study pointed out that shifts in life cycle will likely
differ between species, e.g. here being more pronounced for Quercus than for Fagus (3.7 and 2.8 days per decade, respectively).
Compared to Quercus, canopy duration of Fagus is currently longer
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at high elevation (above approximately 700 m) and shorter at low
elevation. The prospective analysis predicted for the 2000–2020
period an equivalence of canopy durations of these two species at
slightly higher elevations than nowadays. Interestingly, the models
predicted that the elevational equivalence of canopy duration will
likely increase in the next decades. In addition, the lengthening of
canopy duration in response to temperature increase is mainly due
to an advance of ﬂushing for Quercus, whereas it is mainly the result
of a delay in leaf senescence for Fagus. As the photosynthetic capacities of leaves and day length are more favourable at the beginning
of the growing season than at the end (Morecroft et al., 2003), these
phenological differences in the species response to temperature
may enhance growth of Quercus to a larger extent than for Fagus,
assuming no concomitant increase in drought frequency. Consequently, our results suggest that the competitive balance between
species could be modiﬁed under climate warming to favour Quercus over Fagus over the elevational gradient, leading to possible
shifts in their distributions range (Penuelas and Boada, 2003).
5. Conclusion
Although the phenological observations were carried during a
short period (3 years), the considered elevational gradient explores
a temperature range about 7 ◦ C which often exceeds the interannual variations of temperatures obtained in one site during several
decades (Vitasse et al., 2009a). This gradient is therefore particularly reliable to ﬁt different phenological models. Bioclimatic
models were able to explain and predict accurately the leaf unfolding date for all the species considered, whereas they failed to predict
senescence date for two out of the four species. Strong differences in
phenological sensitivities were detected among species and therefore the predicted trends over the 21st century consistently varied
among species. Although the current chilling temperatures are
likely sufﬁcient to fully release bud dormancy for most species, they
seem to be already insufﬁcient for Abies and Ilex. In addition, the
lack of chilling temperatures may increase in the coming decades
with winter temperatures rising and could alter the predictions of
1-phase models. We therefore recommend to use 2-phases models
for the future. Finally, the simulations showed species differences
in lengthening of canopy duration and consequently suggested
changes in the competitive balance between species over the current century.
Acknowledgements
The authors thank Laurent Terray from the CERFACS for providing the ARPEGE temperature data used in this work. This study was
supported by a grant of the Aquitaine regions and the BACCARA and
MOTIVE projects which received funding from the European Community’s Seventh Framework Programme (FP7/2007-2013) under
the grant agreement n◦ 226299” and n◦ 226544, respectively.
Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.agrformet.2011.03.003.
References
Angert, A., Biraud, S., Bonﬁls, C., Henning, C.C., Buermann, W., Pinzon, J., Tucker, C.J.,
Fung, I., 2005. Drier summers cancel out the CO2 uptake enhancement induced
by warmer springs. Proceedings of the National Academy of Sciences of the
United States of America 102 (31), 10823–10827.
Arora, R., Rowland, L.J., Tanino, K., 2003. Induction and release of bud dormancy in
woody perennials: a science comes of age. HortScience 38 (5), 911–921.
Bertin, R.I., 2008. Plant phenology and distribution in relation to recent climate
change. Journal of the Torrey Botanical Society 135 (1), 126–146.

11

Boé, J., Terray, L., Habets, F., Martin, E., 2006. A simple statistical–dynamical downscaling scheme based on weather types and conditional resampling. Journal of
Geophysical Research-Atmospheres 111 (D23).
Bréda, N., Huc, R., Granier, A., Dreyer, E., 2006. Temperate forest trees and stands
under severe drought: a review of ecophysiological responses, adaptation processes and long-term consequences. Annals of Forest Science 63 (6), 625–644.
Cannell, M.G.R., Smith, R.I., 1983. Thermal time, chill days and prediction of budburst
in Picea sitchensis. Journal of Applied Ecology 20 (3), 951–963.
Chiang, J.M., Brown, K.J., 2007. Improving the budburst phenology subroutine in the
forest carbon model PnET. Ecological Modelling 205 (3–4), 515–526.
Chuine, I., 2000. A uniﬁed model for budburst of trees. Journal of Theoretical Biology
207 (3), 337–347.
Chuine, I., 2010. Why does phenology drive species distribution? Philosophical
Transactions of the Royal Society B: Biological Sciences 365 (1555), 3149–3160.
Chuine, I., Beaubien, E.G., 2001. Phenology is a major determinant of tree species
range. Ecology Letters 4 (5), 500–510.
Chuine, I., Belmonte, J., Mignot, A., 2000. A modelling analysis of the genetic variation
of phenology between tree populations. Journal of Ecology 88 (4), 561–570.
Chuine, I., Cour, P., 1999. Climatic determinants of budburst seasonality in four
temperate-zone tree species. New Phytologist 143 (2), 339–349.
Chuine, I., Cour, P., Rousseau, D.D., 1998. Fitting models predicting dates of ﬂowering
of temperate-zone trees using simulated annealing. Plant, Cell and Environment
21 (5), 455–466.
Chuine, I., Cour, P., Rousseau, D.D., 1999. Selecting models to predict the timing of
ﬂowering of temperate trees: implications for tree phenology modelling. Plant,
Cell and Environment 22 (1), 1–13.
Chuine, I., Kramer, K., Hanninen, H., 2003. Plant development models. Phenology:
An Integrative Environmental Science 39, 217–235.
Churkina, G., Schimel, D., Braswell, B.H., Xiao, X.M., 2005. Spatial analysis of growing
season length control over net ecosystem exchange. Global Change Biology 11
(10), 1777–1787.
Davi, H., Dufrene, E., Francois, C., Le Maire, G., Loustau, D., Bosc, A., Rambal, S.,
Granier, A., Moors, E., 2006. Sensitivity of water and carbon ﬂuxes to climate
changes from 1960 to 2100 in European forest ecosystems. Agricultural and
Forest Meteorology 141 (1), 35–56.
Deﬁla, C., Clot, B., 2001. Phytophenological trends in Switzerland. International Journal of Biometeorology 45 (4), 203–207.
Delpierre, N., Dufrene, E., Soudani, K., Ulrich, E., Cecchini, S., Boe, J., Francois, C.,
2009a. Modelling interannual and spatial variability of leaf senescence for three
deciduous tree species in France. Agricultural and Forest Meteorology 149 (6–7),
938–948.
Delpierre, N., Soudani, K., Francois, C., Kostner, B., Pontailler, J.Y., Nikinmaa, E., Misson, L., Aubinet, M., Bernhofer, C., Granier, A., Grunwald, T., Heinesch, B., Longdoz,
B., Ourcival, J.M., Rambal, S., Vesala, T., Dufrene, E., 2009b. Exceptional carbon
uptake in European forests during the warm spring of 2007: a data-model analysis. Global Change Biology 15 (6), 1455–1474.
Déqué, M., Marquet, P., Jones, R.G., 1998. Simulation of climate change over Europe
using a global variable resolution general circulation model. Climate Dynamics
14 (3), 173–189.
Estrella, N., Menzel, A., 2006. Responses of leaf colouring in four deciduous tree
species to climate and weather in Germany. Climate Research 32 (3), 253–267.
Falusi, M., Calamassi, R., 1990. Bud dormancy in beech (Fagus sylvatica L.). Effect of
chilling and photoperiod on dormancy release of beech seedlings. Tree Physiology 6 (4), 429–438.
Faust, M., Erez, A., Rowland, L.J., Wang, S.Y., Norman, H.A., 1997. Bud dormancy in
perennial fruit trees: physiological basis for dormancy induction, maintenance,
and release. HortScience 32 (4), 623–629.
Granhus, A., Floistad, I.S., Sogaard, G., 2009. Bud burst timing in Picea abies seedlings
as affected by temperature during dormancy induction and mild spells during
chilling. Tree Physiology 29 (4), 497–503.
Guyot, G., 1997. Climatologie de l’environnement. De la plante aux écosystèmes,
Masson, 505 pp.
Hanninen, H., Kramer, K., 2007. A framework for modelling the annual cycle of trees
in boreal and temperate regions. Silva Fennica 41 (1), 167–205.
Heide, O.M., 1993a. Daylength and thermal time responses of budburst during dormancy release in some northern deciduous trees. Physiologia Plantarum 88 (4),
531–540.
Heide, O.M., 1993b. Dormancy release in beech buds (Fagus-Sylvatica) requires both
chilling and long days. Physiologia Plantarum 89 (1), 187–191.
Hu, J., Moore, D.J.P., Burns, S.P., Monson, R.K., 2010. Longer growing seasons lead to
less carbon sequestration by a subalpine forest. Global Change Biology 16 (2),
771–783.
Hunter, A.F., Lechowicz, M.J., 1992. Predicting the time of budburst in temperate
trees. Journal of Applied Ecology 29 (3), 597–604.
IPCC, 2007. Climate Change 2007: Impacts, Adaptation and Vulnerability. Contribution of Working Group II to the Fourth Assessment Report of the
Intergovernmental Panel on Climate Change. University Press, Cambridge,
United Kingdom/New York, NY, USA.
Jolly, W.M., Nemani, R., Running, S.W., 2005. A generalized, bioclimatic index to
predict foliar phenology in response to climate. Global Change Biology 11 (4),
619–632.
Keskitalo, J., Bergquist, G., Gardestrom, P., Jansson, S., 2005. A cellular timetable of
autumn senescence. Plant Physiology 139 (4), 1635–1648.
Koike, T., 1990. Autumn coloring, photosynthetic performance and leaf development
of deciduous broad-leaved trees in relation to forest succession. Tree Physiology
7 (1–4), 21–32.

Please cite this article in press as: Vitasse, Y., et al., Assessing the effects of climate change on the phenology of European temperate trees. Agric.
Forest Meteorol. (2011), doi:10.1016/j.agrformet.2011.03.003

G Model
AGMET-4392;
12

No. of Pages 12

ARTICLE IN PRESS
Y. Vitasse et al. / Agricultural and Forest Meteorology xxx (2011) xxx–xxx

Kramer, K., 1995a. Modelling comparison to evaluate the importance of phenology
for the effects of climate change on growth of temperate-zone deciduous trees.
Climate Research 5 (2), 119–130.
Kramer, K., 1995b. Phenotypic plasticity of the phenology of seven European tree
species in relation to climatic warming. Plant, Cell and Environment 18 (2),
93–104.
Kramer, K., Leinonen, I., Loustau, D., 2000. The importance of phenology for the
evaluation of impact of climate change on growth of boreal, temperate and
Mediterranean forests ecosystems: an overview. International Journal of Biometeorology 44 (2), 67–75.
Lang, G.A., Early, J.D., Martin, G.C., Darnell, R.L., 1987. Endo-, para-, and ecodormancy:
physiological terminology and classiﬁcation for dormancy research. HortScience
22 (3), 371–377.
Lebourgeois, F., Pierrat, J.C., Perez, V., Piedallu, C., Cecchini, S., Ulrich, E., 2010. Simulating phenological shifts in French temperate forests under two climatic change
scenarios and four driving global circulation models. International Journal of
Biometeorology 54 (5), 563–581.
Lee, D.W., O’Keefe, J., Holbrook, N.M., Feild, T.S., 2003. Pigment dynamics and autumn
leaf senescence in a New England deciduous forest, eastern USA. Ecological
Research 18 (6), 677–694.
Leinonen, I., Kramer, K., 2002. Applications of phenological models to predict the
future carbon sequestration potential of boreal forests. Climatic Change 55 (1–2),
99–113.
Lers, A., 2007. Environmental Regulation of Leaf Senescence, Senescence Processes
in Plants. Blackwell.
Lim, P.O., Kim, H.J., Nam, H.G., 2007. Leaf senescence. Annual Review of Plant Biology
58, 115–136.
Linderholm, H.W., 2006. Growing season changes in the last century. Agricultural
and Forest Meteorology 137 (1–2), 1–14.
Linkosalo, T., Hakkinen, R., Hanninen, H., 2006. Models of the spring phenology of
boreal and temperate trees: is there something missing? Tree Physiology 26 (9),
1165–1172.
Linkosalo, T., Lappalainen, H.K., Hari, P., 2008. A comparison of phenological models
of leaf bud burst and ﬂowering of boreal trees using independent observations.
Tree Physiology 28 (12), 1873–1882.
Matsumoto, K., Ohta, T., Irasawa, M., Nakamura, T., 2003. Climate change and extension of the Ginkgo biloba L. growing season in Japan. Global Change Biology 9
(11), 1634–1642.
Menzel, A., 2000. Trends in phenological phases in Europe between
1951 and 1996. International Journal of Biometeorology 44 (2),
76–81.
Menzel, A., Estrella, N., Fabian, P., 2001. Spatial and temporal variability of the phenological seasons in Germany from 1951 to 1996. Global Change Biology 7 (6),
657–666.
Menzel, A., Fabian, P., 1999. Growing season extended in Europe. Nature 397 (6721),
659.
Menzel, A., Sparks, T.H., Estrella, N., Koch, E., Aasa, A., Ahas, R., Alm-Kubler, K., Bissolli,
P., Braslavska, O., Briede, A., Chmielewski, F.M., Crepinsek, Z., Curnel, Y., Dahl, A.,
Deﬁla, C., Donnelly, A., Filella, Y., Jatcza, K., Mage, F., Mestre, A., Nordli, O., Penuelas, J., Pirinen, P., Remisova, V., Scheiﬁnger, H., Striz, M., Susnik, A., Van Vliet,
A.J.H., Wielgolaski, F.E., Zach, S., Zust, A., 2006. European phenological response
to climate change matches the warming pattern. Global Change Biology 12 (10),
1969–1976.
Migliavacca, M., Cremonese, E., Colombo, R., Busetto, L., Galvagno, M., Ganis, L.,
Meroni, M., Pari, E., Rossini, M., Siniscalco, C., di Cella, U.M., 2008. European
larch phenology in the Alps: can we grasp the role of ecological factors by
combining ﬁeld observations and inverse modelling? International Journal of
Biometeorology 52 (7), 587–605.
Morecroft, M.D., Stokes, V.J., Morison, J.I.L., 2003. Seasonal changes in the photosynthetic capacity of canopy oak (Quercus robur) leaves: the impact of slow
development on annual carbon uptake. International Journal of Biometeorology
47, 221–226.
Morin, X., Lechowicz, M.J., 2008. Contemporary perspectives on the niche that can
improve models of species range shifts under climate change. Biology Letters 4
(5), 573–576.
Morin, X., Lechowicz, M.J., Augspurger, C., O’ Keefe, J., Viner, D., Chuine, I., 2009. Leaf
phenology in 22 North American tree species during the 21st century. Global
Change Biology 15 (4), 961–975.

Murray, M.B., Cannell, M.G.R., Smith, R.I., 1989. Date of budburst of ﬁfteen tree
species in Britain following climatic warming. Journal of Applied Ecology 26
(2), 693–700.
Myneni, R.B., Keeling, C.D., Tucker, C.J., Asrar, G., Nemani, R.R., 1997. Increased plant
growth in the northern high latitudes from 1981 to 1991. Nature (London) 386
(6626), 698–702.
Nooden, L.D., Guiamet, J.J., John, I., 1997. Senescence mechanisms. Physiologia Plantarum 101 (4), 746–753.
Parmesan, C., 2006. Ecological and evolutionary responses to recent climate change.
Annual Review of Ecology Evolution and Systematics 37, 637–669.
Penuelas, J., Boada, M., 2003. A global change-induced biome shift in the Montseny
mountains (NE Spain). Global Change Biology 9 (2), 131–140.
Piao, S.L., Ciais, P., Friedlingstein, P., Peylin, P., Reichstein, M., Luyssaert, S., Margolis,
H., Fang, J.Y., Barr, A., Chen, A.P., Grelle, A., Hollinger, D.Y., Laurila, T., Lindroth, A.,
Richardson, A.D., Vesala, T., 2008. Net carbon dioxide losses of northern ecosystems in response to autumn warming. Nature 451 (7174), 49–52.
Piao, S.L., Friedlingstein, P., Ciais, P., Viovy, N., Demarty, J., 2007. Growing season
extension and its impact on terrestrial carbon cycle in the Northern Hemisphere
over the past 2 decades. Global Biogeochemical Cycles 21 (3), 11.
Rathcke, B., Lacey, E.P., 1985. Phenological patterns of terrestrial plants. Annual
Review of Ecology and Systematics 16 (16), 179–214.
Réaumur, R.A.F.d., 1735. Observations du thermomètre, faites à Paris durant l’année
1735, comparées avec celles qui ont été faites sous la ligne, à l’isle de France. À
Alger et quelques unes de nos isles de l’Amérique. Mémoires de l’Académie des
Sciences de Paris.
Richardson, A.D., Hollinger, D.Y., Dail, D.B., Lee, J.T., Munger, J.W., O’Keefe, J., 2009.
Inﬂuence of spring phenology on seasonal and annual carbon balance in two
contrasting New England forests. Tree Physiology 29 (3), 321–331.
Rotzer, T., Grote, R., Pretzsch, H., 2004. The timing of bud burst and its effect on tree
growth. International Journal of Biometeorology 48 (3), 109–118.
Sarvas, R., 1974. Investigations on the annual cycle of development of forest trees. II.
Autumn dormancy and winter dormancy. Metsantutkimuslaitoksen Julkaisuja,
101.
Schär, C., Vidale, P.L., Luthi, D., Frei, C., Haberli, C., Liniger, M.A., Appenzeller, C., 2004.
The role of increasing temperature variability in European summer heatwaves.
Nature 427 (6972), 332–336.
Schwartz, M.D., Reiter, B.E., 2000. Changes in North American spring. International
Journal of Climatology 20 (8), 929–932.
Studer, S., Appenzeller, C., Deﬁla, C., 2005. Inter-annual variability and decadal trends
in alpine spring phenology: a multivariate analysis approach. Climatic Change
73 (3), 395–414.
Thompson, R., Clark, R.M., 2008. Is spring starting earlier? Holocene 18 (1), 95–104.
Vitasse, Y., Bresson, C.C., Kremer, A., Michalet, R., Delzon, S., 2010. Quantifying phenological plasticity to temperature in two temperate tree species. Functional
Ecology 24 (6), 1211–1218.
Vitasse, Y., Delzon, S., Dufrene, E., Pontailler, J.Y., Louvet, J.M., Kremer, A., Michalet,
R., 2009a. Leaf phenology sensitivity to temperature in European trees: do
within-species populations exhibit similar responses? Agricultural and Forest
Meteorology 149 (5), 735–744.
Vitasse, Y., Porte, A.J., Kremer, A., Michalet, R., Delzon, S., 2009b. Responses of canopy
duration to temperature changes in four temperate tree species: relative contributions of spring and autumn leaf phenology. Oecologia 161 (1), 187–198.
Wang, E.L., Engel, T., 1998. Simulation of phenological development of wheat crops.
Agricultural Systems 58 (1), 1–24.
White, M.A., Nemani, A.R., 2003. Canopy duration has little inﬂuence on annual carbon storage in the deciduous broad leaf forest. Global Change Biology 9 (7),
967–972.
White, M.A., Running, S.W., Thornton, P.E., 1999. The impact of growing-season
length variability on carbon assimilation and evapotranspiration over 88 years
in the eastern US deciduous forest. International Journal of Biometeorology 42
(3), 139–145.
White, M.A., Thornton, P.E., Running, S.W., 1997. A continental phenology model
for monitoring vegetation responses to interannual climatic variability. Global
Biogeochemical Cycles 11 (2), 217–234.
Zhou, L.M., Tucker, C.J., Kaufmann, R.K., Slayback, D., Shabanov, N.V., Myneni, R.B.,
2001. Variations in northern vegetation activity inferred from satellite data
of vegetation index during 1981 to 1999. Journal of Geophysical ResearchAtmospheres 106 (D17), 20069–20083.

Please cite this article in press as: Vitasse, Y., et al., Assessing the effects of climate change on the phenology of European temperate trees. Agric.
Forest Meteorol. (2011), doi:10.1016/j.agrformet.2011.03.003

