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Abstract

The onset of the growing season of trees has been earlier by 2.3 days per decade during the last 40 years in temperate

Europe because of global warming. The effect of temperature on plant phenology is, however, not linear because tem-

perature has a dual effect on bud development. On one hand, low temperatures are necessary to break bud endodor-

mancy, and, on the other hand, higher temperatures are necessary to promote bud cell growth afterward. Different

process-based models have been developed in the last decades to predict the date of budbreak of woody species.

They predict that global warming should delay or compromise endodormancy break at the species equatorward

range limits leading to a delay or even impossibility to flower or set new leaves. These models are classically parame-

terized with flowering or budbreak dates only, with no information on the endodormancy break date because this

information is very scarce. Here, we evaluated the efficiency of a set of phenological models to accurately predict the

endodormancy break dates of three fruit trees. Our results show that models calibrated solely with budbreak dates

usually do not accurately predict the endodormancy break date. Providing endodormancy break date for the model

parameterization results in much more accurate prediction of this latter, with, however, a higher error than that on

budbreak dates. Most importantly, we show that models not calibrated with endodormancy break dates can generate

large discrepancies in forecasted budbreak dates when using climate scenarios as compared to models calibrated with

endodormancy break dates. This discrepancy increases with mean annual temperature and is therefore the strongest

after 2050 in the southernmost regions. Our results claim for the urgent need of massive measurements of endodor-

mancy break dates in forest and fruit trees to yield more robust projections of phenological changes in a near future.
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models, Prunus armeniaca, Prunus persica
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Introduction

Impacts of current climate change have been observed

in a variety of ecosystems and biological processes

(Rosenzweig et al., 2008). Because phenological events

are strongly responsive to temperature, they have been

among the first documented fingerprints of climate

change (Menzel & Fabian, 1999), and reported exam-

ples are more numerous every year (Menzel et al.,

2006). The onset of the growing season of trees has been

earlier by 2.3 days per decade during the last 40 years

in temperate Europe (Myneni et al., 1997; Parmesan &

Yohe, 2003; Root et al., 2003). A recent study has shown

that this temporal trend corresponded to a response to

temperature of �3, 4 days per °C over 1980–2013,
which had, however, decreased by 40% the last decade

(Fu et al., 2015a). Models project that this trend should

continue (Luedeling et al., 2009; Morin et al., 2009;

Luedeling & Brown, 2011; Caffarra et al., 2012) accord-

ing to climate forecasts for the next century (IPCC,

2013); however, some uncertainties remain on its

strength, as highlighted by Fu et al. (2015a,b).

Increasing phenological changes in temperate woody

species will have strong impacts on the distribution of

forest trees (Morin et al., 2008; Chuine, 2010; Gritti et al.,

2013) and productivity (Loustau et al., 2005; Forrest &

Miller-Rushing, 2013), as well as crops cultivation areas

(Olesen et al., 2011) and cultivated varieties of fruit

trees (Duchêne et al., 2010). Accurate predictions of

fruit and forest trees phenology are therefore a
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prerequisite to understand and foresee the impacts of

climate change on forests and agrosystems (Morin

et al., 2008; Bennie et al., 2010; Medlyn et al., 2011;

Richardson et al., 2013).

The effect of temperature on plants flowering and

budbreak in temperate and boreal climates is not linear

because temperature has a dual effect on bud develop-

ment (Arora et al., 2003; Horvath, 2009; Rohde et al.,

2011). On one hand, low temperatures are necessary to

break bud dormancy, and, on the other hand, higher

temperatures are necessary to promote bud growth

afterward. Buds go through three main states of devel-

opment from late summer to spring: paradormancy,

endodormancy, ecodormancy (Lang et al., 1987). Dur-

ing paradormancy (midsummer to early autumn), bud

cell growth is repressed by active organs (leaves) via

inhibitive correlations. During endodormancy (midau-

tumn to midwinter), bud cell growth is inhibited by

internal factors which are still not well elucidated but

which can be ruled out by low temperatures. The end

of this phase classically corresponds to the so-called

endodormancy break. During this phase, low tempera-

tures together with decreasing photoperiod also pro-

mote cells frost hardening that allows them to

withstand further freezing temperatures. Milder win-

ters are therefore also expected to alter trees frost resis-

tance (Charrier & Am�eglio, 2011; Charrier et al., 2015).

During ecodormancy (midwinter to midspring), bud

cell growth is inhibited by inadequate external growing

conditions (e.g., too low temperatures or too short pho-

toperiod). Different environmental factors thus trigger

perennial plants phenology and interact in a complex

way all along bud development. Nonlinear response to

temperature could also arise due to the effect of other

factors such as photoperiod (K€orner & Basler, 2010),

precipitation and insolation (Fu et al., 2015b), air

humidity (Laube et al., 2014a), and nutrient (Jochner

et al., 2013).

There have been several models developed in the last

decades dedicated to predict the date of budbreak and

flowering of several woody species (Erez et al., 1990;

Chuine, 2000; Yoon et al., 2003; Luedeling et al., 2009;

Pope et al., 2014), but few of them have been used to

forecast the evolution of these dates following different

climate change scenarios (Morin et al., 2009; Vitasse

et al., 2011; Caffarra et al., 2012). These models describe

how buds respond to temperature and photoperiod

during their development and mainly differ by the

development phases they consider (either only ecodor-

mancy, or both endo- and ecodormancy) and the reac-

tion norms of bud development to temperature and

photoperiod during each phase (Chuine et al., 2013).

Models that consider only the ecodormancy phase

make the assumption that endodormancy is always

broken before adequate climatic conditions for cell

growth occur (Nendel, 2010). Models which consider

both the endodormancy and ecodormancy phases pre-

dict the date of endodormancy break, which varies

from year to year depending on the climatic conditions

during the endodormancy phase. These latter models

mostly differ in the way the endodormancy phase and

the ecodormancy phase can overlap or not [e.g., growth

competence function in H€anninen (1990)]. Experimental

studies have shown that the response functions to tem-

perature differed substantially between the endodor-

mancy and the ecodormancy phase, the former ones

having their optimum for cooler temperatures (around

5 °C) and the latter ones for warmer temperatures (op-

timum around 25 °C) with potentially large variations

among species (Pouget, 1967; Hauagge & Cummins,

2000). Response functions to temperatures can also vary

among populations within the distribution of each

species (Vitasse et al., 2013).

So far, one-phase models, describing only the ecodor-

mancy phase, have been able to predict accurately tree

budbreak and flowering dates under historical climate

(Fu et al., 2012; Basler, 2016). However, because they do

not consider what happens prior to ecodormancy, and

especially the possible negative effect of winter temper-

ature warming on endodormancy break, it seems unli-

kely that they can provide accurate predictions in

future climate conditions as already pointed out by pre-

vious studies (Legave et al., 2008; Garcia De Cortazar-

Atauri et al., 2009; Chuine et al., 2010; Vitasse et al.,

2011). It has been shown experimentally on fruit trees

and on forest trees that a lack of low temperature

results either in erratic leaf budbreak pattern, that is

only a few buds break mainly at the base of the twigs

and at the base of the tree, or in substantially delayed,

when not absent, budbreak even in long day length

conditions (Erez, 2000; Caffarra et al., 2011b; Laube

et al., 2014b). An accurate modeling of the endodor-

mancy break date has thus become a major issue in

phenology modeling (Chuine et al., 2010), and no stud-

ies so far have addressed it because very few data on

endodormancy break are currently available (Jones

et al., 2013). Endodormancy break date is indeed very

difficult to measure, and available methods (see Mate-

rial and methods) are destructive, time–consuming,

and complicated to implement. Because of the scarcity

of endodormancy break observations, previous studies

have parameterized phenological models using solely

budbreak or flowering dates (Chuine, 2000; Garcia De

Cortazar-Atauri et al., 2009; Luedeling et al., 2009; Caf-

farra et al., 2011a; Legave et al., 2013).

Here, we demonstrate that process-based phenologi-

cal models may not be parameterized properly without

using information on endodormancy break dates, with

© 2016 John Wiley & Sons Ltd, Global Change Biology, 22, 3444–3460
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a large impact on forecasts of woody species phenology

in future climatic conditions. Using series of endodor-

mancy break dates, we evaluated the ability of several

process-based phenological models to predict accu-

rately the dates of endodormancy break of three fruit

woody species (apricot, peach, and walnut) when

parameterized using or not information on endodor-

mancy break dates. We also evaluated the discrepancies

in forecasts of budbreak and flowering dates using dif-

ferent climate scenarios when using full vs. defective

parameterization of the models.

Materials and methods

Phenological data

Phenological observations realized in the field used in this

study are presented in Table 1. Observations were realized at

2-day interval for walnut and peach and twice a week for apri-

cot.

Endodormancy break date characterization

Endodormancy break dates were characterized for the same

trees followed in the field for budbreak or flowering.

Peach (Prunus persica L.). Endodormancy break dates were

obtained using the one-node-cutting test of Rageau (1982),

which consists in forcing buds under optimal cellular growth

conditions as determined by several previous studies (e.g.,

Dennis, 2003; Campoy et al., 2011; Vitasse et al., 2014), that is

25 °C and 16-h day length. These temperature and photope-

riod conditions are also high enough to be sure that they do

not impact endodormancy release. Buds are separated from

other parts of the tree to prevent correlative inhibitions (Den-

nis, 2003). Practically, twigs were sampled from October to

March every week on the same trees observed for budbreak

date. At each sampling date, twigs were cut in small

fragments of around 7-cm length, leaving only one node at ca.

1 cm below the top end. The top of the cutting was covered by

paraffin wax to avoid desiccation and the base of the cutting

put into water that was changed once a week (Fig. S1). At each

sampling date, around 100 one-node cuttings of axillary buds

were made from the central portion of 30 twigs (five twigs per

tree) and vegetative buds were followed individually at 3-day

interval, recording individual budbreak delay (stage 09 BBCH

scale). From individual budbreak delay, a mean time to bud-

break is calculated. Note that flowering buds associated with

vegetative buds were not removed to avoid damage to the

vegetative bud. Previous studies determined that buds of Red-

haven peach tree open out after 12 days at 25 °C and 16-h day

length when endodormancy is broken (Balandier et al., 1993;

Bonhomme et al., 2000). Endodormancy break date was thus

obtained by linear interpolation between the two dates giving

a postdormancy budbreak delay equal or superior and equal

or inferior to 12 days, respectively (Fig. S2).

Walnut (Juglans regia L.). Endodormancy break dates were

obtained using the same methodology previously described

for peach tree. Previous studies determined that buds of Fran-

quette walnut tree open out after 20 days at 25 °C and 16-h

day length when endodormancy is broken (Mauget, 1980;

Charrier et al., 2011). Endodormancy break date was thus

obtained by linear interpolation between the two dates giving

a postdormancy budbreak delay immediately equal or inferior

to 20 days.

Apricot (Prunus armeniaca L.). Endodormancy break dates

were estimated using the time-course change of floral primor-

dia fresh weight in orchard conditions. Buds sampling

occurred once a week from mid-November of year n-1 up to

2–3 weeks after having observed the increase in the buds fresh

weight. At each sampling date, 30 short shoots were randomly

collected from at least three adult trees. Floral primordia (one

per shoot) were extracted under binoculars by removing all

bud scales. Mean fresh weights of floral primordia were mea-

sured immediately after the sampling. Endodormancy break

was estimated using the method of flower primordia fresh

Table 1 Phenological data available for the study. Phenological stage is expressed in the BBCH phenological scale of (Meier, 2001)

Species and variety Site name

Site coordinates and

altitude (m a.s.l)

Period of

observation

Number

of trees

Number

of years

Phenological

event

Phenological

stage

Apricot – Rouge du

Roussillon

Nı̂mes (INRA) 43°500N, 4°210E,
50 m

1997–2010 3 12 Flowering 65

Peach – Redhaven Clermont-Ferrand

(INRA)

45°460N, 03°080E,
340 m

1995–2010 5 13 Budbreak 09

Walnut – Franquette Clermont-Ferrand

(INRA)

45°460N, 03°080E,
340 m

1976–2009 5 8 Budbreak 09

Walnut – Franquette Orcival (INRA) 45°400N, 02°500E,
1150 m

1978 5 1 Budbreak 09

Walnut – Franquette Theix (INRA) 45°420N, 03°10E,
945 m

1976 5 1 Budbreak 09

Walnut – Franquette Terrasson (CTIFL) 44°500N, 00°340W,

90 m

1976 5 1 Budbreak 09

© 2016 John Wiley & Sons Ltd, Global Change Biology, 22, 3444–3460
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weight developed by Brown & Kotob (1957) and validated for

apricot tree by Legave & Garcia (1982) in the south part of

France, where spring is warm enough. Endodormancy break

date corresponded to the time when mean fresh weights

increase of 15% between two successive sampling dates indi-

cating a transition from low rate of primordia growth, which

is characteristic of the endodormancy phase, toward large rate

of primordia growth, which is characteristic of the ecodor-

mancy phase.

Temperature data

We used daily temperature data from a meteorological station

situated within the orchards for walnut (Meteo France Cler-

mont-Ferrand, 45°780N, 03°150E, 331 m a.s.l; INRA Theix,

45°700N, 03°020E, 890 m a.s.l; INRA Laqueuille, 45°650N,

02°750E, 1100 m a.s.l; INRA Villenave d’Ornon, 44°780N,

�00°580E, 25 m a.s.l; SEITA-ITB Bergerac, 44°800N, 00°510E,
33 m a.s.l; CTIFL Bellegarde, 43°750N, 04°450E, 52 m a.s.l),

peach (Meteo France Clermont-Ferrand, 45°780N, 03°150E,
331 m a.s.l), and apricot (INRA L’Amarine, 43°50N, 4°21E,
52 m a.s.l).

Process-based phenological models

Endodormancy break dates were modeled using four different

one-phase models that differed by the response function of

dormancy release to temperature. The one-phase models for

endodormancy break were as follows:

ScðtÞ ¼
Xt

t0

RcðtÞ ð1Þ

with Sc, the state of dormancy release at day t, Rc, the rate of

dormancy release at day t, which is a function of temperature,

t0 fixed to September 1st.

Endodormancy break occurs when

ScðtdÞ ¼ C� ð2Þ
with td, the endodormancy break date, and C*, the chilling

requirement for endodormancy break.

The four response functions to temperature (Rc,t) used were

the Chuine function (Chuine, 2000), the smoothed Utah func-

tion (Bonhomme et al., 2010), the Erez function (Fishman et al.,

1987a,b), and the inverse of the Richardson function (Richard-

son et al., 1974). These functions are described in the Support-

ing Information.

The Erez function uses hourly temperatures while the other

three functions can either use daily or hourly temperatures.

Models using Erez function were thus run with hourly tem-

peratures while models using the smoothed Utah, inverse

Richardson, and Chuine function were run both with daily

and hourly temperatures. Hourly temperatures were simu-

lated from daily temperatures using the triangular approxima-

tion as proposed in Garcia De Cortazar-Atauri et al. (2009).

Budbreak and flowering dates were modeled using either a

one-phase model or eight different two-phase models (Chuine

et al., 2013).

The one-phase model for budbreak and flowering assumes

that endodormancy break always occurs before temperature

become active on bud growth (Chuine et al., 2013) and pre-

dicts that budbreak occurs (tf) when the state of development

(Sf), sum of the daily rates of development (Rf), reaches the

critical value F*:

SfðtÞ ¼
Xt

td

RfðtÞ ð3Þ

Sf ðtf Þ ¼ F� ð4Þ
with td, the starting date of development rate accumulation,

which corresponds to the endodormancy break date, and is a

parameter of the model. The response function to temperature

used was the sigmoid function because it was proven to be the

most biologically realistic function (Sarvas, 1974; H€anninen,

1990; Caffarra et al., 2011a).

Two-phase models for budbreak and flowering consider

both the endodormancy and the ecodormancy phases. Models

used in this study are based either on the sequential model

(H€anninen, 1987) or the alternating model (Cannell & Smith,

1983; Chuine, 2000). The sequential model assumes that the

phase of bud growth starts only when endodormancy break

has occurred, while the alternating model assumes that the

ecodormancy phase can start before the end of endodormancy

phase, that is before endodormancy break. Sequential models

determine the budbreak or flowering date using Eqn (4), with

td determined by Eqn (2). Alternating models have the same

structure except that F* is no more a parameter but is calcu-

lated from the total amount of chilling (Sc) received up to a

defined date (tc), which is a parameter:

F� ¼ we�zScðtcÞ ð5Þ
where w and z are also parameters.

Originally, both types of models have been described with

particular response functions for the endodormancy phase

and the ecodormancy phase and they have been used with

other types of response function since (Chuine, 2000; Chuine

et al., 2013). The response functions to temperature used for

the endodormancy phase (i.e., Rc,t) were the Chuine,

smoothed Utah, Erez, and inverse Richardson functions. The

response function to temperature used for the ecodormancy

phase was the sigmoid function. All functions are described in

the Supporting Information.

Model parameterization

Models were parameterized using the Phenology Modelling

Platform software (http://www.cefe.cnrs.fr/fr/recherche/

ef/forecast/phenology-modelling-platform) (Chuine et al.,

2013). This software proposes fitting different types of pheno-

logical models, either selected in a library or defined by the

user, using a simulated annealing algorithm following Chuine

et al. (1998). The optimization algorithm minimizes the mean-

squared error, that is the squared difference between the

observed dates and the dates predicted by the model (see

online PMP documentation, for further details).

© 2016 John Wiley & Sons Ltd, Global Change Biology, 22, 3444–3460
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Models parameterization proceeded in several steps (Fig. 1).

In a first step, the four-one-phase models of endodormancy

break dates were fitted to the endodormancy break date series

of the three species, using daily temperatures (except model

using Erez function) and hourly temperatures. Hourly temper-

atures were tested to take into account a potential effect of day-

time vs. nighttime temperature as Piao et al. (2015) recent

study suggests. In a second step, the one-phase model of flow-

ering date and budbreak date was parameterized in three dif-

ferent ways: (i) with td set to the dates predicted by the best

model of endodormancy break date identified in step 2, (ii)

with td set to the observed endodormancy break date, and (iii)

with td fitted as classically done. In a third step, the 82-phase

models of flowering or budbreak date were parameterized

using solely series of flowering or budbreak dates and associ-

ated daily temperatures as classically done.

Model evaluation

Models’ performance was characterized by several indices:

the model efficiency (Nash & Sutcliffe, 1970) was defined as

follows:

Complete 2-phase models Step 1: Endodormancy models fit

Step 3: 2-phase models classical fit

Step 2a: ecodormancy models fit
using predicted DB dates

Step 2b: ecodormancy models fit
using observed DB dates

Step 2c: ecodormancy models classical fit

4 Endodormancy
models

Daily 
Temp °C

Hourly
Temp °C

1 Ecodormancy
models

Daily 
Temp °C

Observed
DB dates

4 best endodormancy
parameter es�mates

td: Best predicted
DB dates

Observed
BB dates

Best ecodormancy
parameter es�mates

Best predicted
BB dates

t0: Sept 1st

4 Endodormancy
models

Daily 
Temp °C

Hourly
Temp °C

1 Ecodormancy
models

Daily 
Temp °C

Observed
DB dates

4 Best endodormancy
parameter es�mates

t0: Best predicted
DB dates

Observed
BB dates

Best ecodormancy
parameter es�mates

Best predicted
BB dates

t0: Sept 1st

4 endodormancy
models

Daily 
Temp °C

Hourly
Temp °C

1 Ecodormancy
models

Daily 
Temp °C

Observed
DB dates

4 Best endodormancy
parameter es�mates

Observed
BB dates

Best ecodormancy
parameter es�mates

Best predicted
BB dates

t0: Sept 1st

td: Best predicted
DB dates

4 Endodormancy
models

Daily 
Temp °C

Hourly
Temp °C

1 Ecodormancy
models

Daily 
Temp °C

Observed
DB dates

4 Best endodormancy
parameter es�mates

Observed
BB dates

Best ecodormancy
parameter es�mates

Best predicted
BB dates

t0: Sept 1st

td: Observed
DB dates

4 Endodormancy
models

Daily 
Temp °C

Hourly
Temp °C

1 Ecodormancy
models

Daily 
Temp °C

Observed
DB dates

4 Best endodormancy
parameter es�mates

Observed
BB dates

Best ecodormancy
parameter es�mates

Best predicted
BB dates

t0: Sept 1st

td: Es�mated
parameter

4 Endodormancy
models

Daily 
Temp °C

Hourly
Temp °C

1 Ecodormancy
models

Daily 
Temp °C

Observed
DB dates

4 Best endodormancy
parameter es�mates

td: Best predicted
DB dates

Best ecodormancy
parameter es�mates

Best predicted
BB dates

t0: Sept 1st

Observed
BB dates

(a) (b)

(f)

(c)

(d) (e)

Fig. 1 Graphical representation of the different steps of the models parameterization. (a) Complete 2-phase models; (b) Step 1: Endo-

dormancy models fit ; (c) Step 2a: eco-dormancy models fit using predicted dormancy break dates; (d) Step 2b: eco-dormancy models

fit using observed dormancy break dates; (e) Step 2c: eco-dormancy models classical fit; (f) Step 3: 2-phase models classical fit. Dashed

forms represent outputs of the fitting procedure, either parameter estimates or predicted dates. Open forms represent input variables,

models, observed dates. Label like forms represent prescribed dates, plinth like form represent estimated dates, distorted forms repre-

sent observed (open) or predicted (dashed) dates. Shadowed forms indicate objects unused during the parameterization.
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EF ¼ 1�
Pn
i¼1

ðOi � PiÞ2

Pn
i¼1

ðOi � �OiÞ2
ð6Þ

the root-mean-squared error (RMSE) was defined as follows:

RMSE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
i¼1

ðOi � PiÞ2

n

vuuut ð7Þ

the corrected Akaike information criterion (Burham & Ander-

son, 2002) was defined as follows:

AICc ¼ N � ln

Pn
i¼1

ðOi � PiÞ2

N

0
BB@

1
CCAþ 2kþ 2kðkþ 1Þ

N � K � 1

� �
ð8Þ

where Oi represents observed dates, Pi represents simulated

dates, N is the number of data, and k is the number of parame-

ters.

The EF statistics range between –∞ and +1, yielding +1 for

a perfect fit, 0 for a quality of fit equivalent to the null model

(overall mean), and a negative value for worse prediction than

the null model. The AICc takes into account the number of

parameters the model uses. AICc is lowest for the model that

explains the highest part of variance in the observed dataset

with the fewest parameters.

Due to the limited dataset available, validation was per-

formed using the leave-out-one cross-validation, with

RMSEP ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
i¼1

ðOi � PiÞ2

n

vuuut

as the criterion statistics.

Model projections under climate scenarios

We assessed the divergence among the projections in future

climatic conditions of flowering and budbreak dates using (i)

the one-phase models with td fitted, (ii) the first two best two-

phase models fitted with information on the endodormancy

break date, and (iii) the first two best two-phase models fitted

solely on budbreak and flowering dates. The objective of this

comparison is solely to show how much projections can differ

when models do not account for the endodormancy phase

and when information on the endodormancy break date is

taken into account or not in the model parameterization. We

insist that the projections must be taken with caution as the

data used to parameterize the models for the sake of the mod-

els comparison are not sufficient to warrant the robustness of

the projections. We used the climatic data generated by the

ALADIN-Climat v5 RCM model (CNRM) for the CMIP5

experiment at a 12-km resolution, downscaled at 8-km resolu-

tion using quantile–quantile method (http://www.drias-cli-

mat.fr/). Daily minimum and maximum temperatures of

RCP4.5 and RCP8.5 scenarios were extracted on the grid

points of three fruit French production areas: Perpignan

(42°410N, 2°530E, 30 m a.s.l., 15.9°C mean annual temperature

MAT), Nimes (43°500N, 4°210E, 118 m a.s.l., 15.2°C MAT), and

Clermont-Ferrand (45°780N, 03°150E, 331 m a.s.l., 11.6 °C
MAT).

Results

Models performance

First of all, performance of endodormancy models do

not show substantial difference when using daily tem-

perature compared to hourly temperature, the latter

yielding +0.24 days of RMSE on average over all mod-

els (Table 2). Therefore, in the following, we present

only the results obtained with daily temperatures.

One-phase models of endodormancy break date show

RMSE varying between 2.2 and 3.7, 3.4 and 6.0, and 5.2

and 5.5 for apricot, peach, and walnut, respectively

(Table 2). Models yielding the lowest AICc are those

using the inverse Richardson function and the Chuine

function for the three species. The best fit of the four

endodormancy break date models tested were used to fix

the parameter values of the endodormancy phase of the

two-phase budbreak or flowering date models (sequential

and alternating). Among these eight different models, the

Table 2 Performance of the different endodormancy break

date models. Chuine, Erez, Richardson and Utah refer to the

response function to temperature of the endodormancy phase

used in the model. ‘Daily’ means that the model was run with

daily temperatures, and ‘Hourly’ means that the model was

run with hourly temperatures

Species Model RMSE EFF AICc N k

Apricot Chuine – Daily 2.6 0.854 36.7 12 4

Chuine – Hourly 2.9 0.825 38.9 12 4

Erez – Hourly 2.2 0.892 61.4 12 7

Richardson – Daily 3.1 0.791 36.3 12 3

Richardson – Hourly 3.1 0.793 36.2 12 3

Utah – Daily 3.5 0.736 50.1 12 5

Utah – Hourly 3.7 0.708 51.3 12 5

Peach Chuine – Daily 3.6 0.902 46.2 13 4

Chuine – Hourly 4.7 0.829 53.5 13 4

Erez – Hourly 3.4 0.910 68.5 13 7

Richardson – Daily 5.7 0.756 53.7 13 3

Richardson – Hourly 6.0 0.727 55.2 13 3

Utah – Daily 5.7 0.755 63.7 13 5

Utah – Hourly 5.5 0.767 63.1 13 5

Walnut Chuine – Daily 5.4 0.752 51.8 11 4

Chuine – Hourly 5.5 0.748 52.2 11 4

Erez – Hourly 5.3 0.762 88.0 11 7

Richardson – Daily 5.2 0.773 45.7 11 3

Richardson – Hourly 5.4 0.757 46.5 11 3

Utah – Daily 5.4 0.755 59.1 11 5

Utah – Hourly 5.5 0.745 59.5 11 5

RMSE, root-mean-squared error in days; EFF, model effi-

ciency; AICc, corrected Akaike criterion; k, number of fitted

parameters; N number of data used to fit the model.

© 2016 John Wiley & Sons Ltd, Global Change Biology, 22, 3444–3460
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sequential model yields always the lowest AICc, and

among the sequential models, that using the inverse

Richardson function, the Chuine function or the Utah

function yield the lowest and second lowest RMSE (or

AICc) (Table 3) and RMSEP in cross-validation (Table S1),

with very low differences among models in both cases.

Based on these results, we compared the perfor-

mance of the best two-phase models and the best one-

phase models of budbreak/flowering dates. Two-phase

models were sequential models using the inverse

Richardson function or the Chuine function for the

endodormancy phase and the sigmoid function for the

ecodormancy phase. These models were either fitted

with no information on endodormancy break date as

classically done or fitted using this information, that is

parameters of the endodormancy phase were fixed to

the parameter estimates obtained for the one-phase (en-

dodormancy) model of endodormancy break date fitted

with observed endodormancy break dates. One-phase

models use the sigmoid function with td either fitted or

fixed to the observed endodormancy break date dates.

Lowest AICc was obtained for either the one-phase

model using observed endodormancy break date

(peach) or the one-phase model using endodormancy

break date simulated by the endodormancy models

(Table 4). The two-phase models fitted solely on bud-

break/flowering dates show the highest AICc due to

their higher number of parameters but generate the

lowest RMSE (Table 4). However, in cross-validation,

they generate the highest RMSEP except that using

Chuine function for apricot (Table S1). Finally, two-

phase models fitted with information on endodor-

mancy break date provided either slightly higher or

slightly lower RMSE (Table 4) and RMSEP (Table S1)

than one-phase model using observed td, due to error

compensation between the endodormancy break date

and the budburst/flowering dates.

We compared endodormancy break dates predicted

by the two versions of the 2-phase models, that is fitted

with and without information on endodormancy break

date. Endodormancy break date is best predicted by the

two-phase models using information on this variable as

we might expect (Fig. 2). RMSEs are two to fourteen

times higher with models fitted solely on budbreak/

flowering dates, and their error on the mean dormancy

date varies from 6 to 78 days (Fig. 2).

Temperature response curves obtained for the

ecodormancy phase with the best two-phase models

Table 3 Performance of the two-phase models with parameter values of the first phase (endodormancy) fixed to the parameter

estimates of the best one-phase model of endodormancy break date. Chuine, Erez, Richardson and Utah refer to the response func-

tion to temperature of the endodormancy phase used in the model. The response function of the second phase is the sigmoid func-

tion for all models. Legend as in Table 2

Species Model RMSE EFF AICc N k

Apricot Sequential Chuine 2.8 0.887 33.8 12 3

Erez 3.2 0.854 36.9 12 3

Richardson 2.5 0.909 31.2 12 3

Utah 2.7 0.897 32.7 12 3

Alternating Chuine 2.8 0.887 44.8 12 5

Erez 3.6 0.812 50.9 12 5

Richardson 1.9 0.950 35.1 12 5

Utah 1.8 0.952 34.6 12 5

Peach Sequential Chuine 7.9 0.567 62.4 13 3

Erez 8.0 0.559 62.7 13 3

Richardson 8.3 0.519 63.8 13 3

Utah 7.7 0.585 61.9 13 3

Alternating Chuine 7.0 0.661 69.2 13 5

Erez 7.1 0.646 69.7 13 5

Richardson 7.1 0.646 69.7 13 5

Utah 7.0 0.661 69.2 13 5

Walnut Sequential Chuine 2.9 0.952 32.9 11 3

Erez 2.9 0.953 32.9 11 3

Richardson 3.0 0.950 33.3 11 3

Utah 3.0 0.947 33.9 11 3

Alternating Chuine 9.2 0.525 70.7 11 5

Erez 5.6 0.822 59.9 11 5

Richardson 11.7 0.224 76.1 11 5

Utah 9.7 0.467 72.0 11 5

© 2016 John Wiley & Sons Ltd, Global Change Biology, 22, 3444–3460
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vary substantially among species (Fig. 3). These

response curves show that temperatures below 5 to

�5 °C no longer sustain growth as it is classically con-

sidered (e.g., Bailey and Harrington, 2006; Cannell,

1989; Owens et al., 1977; Rea & Eccel, 2006; Scalabrelli

& Couvillon, 1986; Ruml et al., 2011).

Nevertheless, they also show very different midre-

sponse and optimal temperature. Temperature

response curves of the endodormancy phase are much

more realistic (compatible with the biological knowl-

edge) when fitted with endodormancy break dates

(Fig. 3b, d) than not (Fig. 3c, e), that is curve with a

narrower optimal temperature range in the case of the

Chuine function (Fig. 3d, e), optimal temperature

below 10 °C for the inverse Richardson function

(Fig. 3b, c; Table S3).

Projections of flowering and budbreak across the 21st
century

First of all, we compared the endodormancy break and

flowering/budbreak dates predicted by the models

over the historical period using the simulated climatic

data produced by the ALADIN-Climat RCM with the

observed endodormancy break and flowering/bud-

break dates over the same period (Fig. S3). All models

reproduce accurately the mean (0–6 days difference,

the precision on the observed dates being 2 days) and

the standard deviation (1–6 days difference) of the

flowering/budbreak dates. However, only the two-

phase models fitted with endodormancy break dates

reproduced accurately the mean and, to a lesser extent,

the variance of endodormancy break dates. The reason

why all models are able to predict correctly budbreak

dates over the historical period while diverging in their

predictions of the endodormancy break date is because

despite global warming, temperature conditions during

autumn and winter have remained favorable to

endodormancy break so that the endodormancy break

date does not affect the budbreak date (there is still a

lag between the endodormancy break date and the

starting date of cells growth trigged by higher tempera-

tures).

Second, we compared the projections of budbreak or

flowering dates over the period 1950–2100 obtained

with the two-phase models using the inverse Richard-

son function and the Chuine function fitted with and

without information on the endodormancy break date

and obtained with the one-phase model. Projections of

endodormancy break and flowering/budbreak dates

under RCP4.5 and RCP8.5 climate scenarios differ

among species and locations, but most importantly,

they differ greatly among models (Figs 4, 5, S4 and S5).

Projections differ the most between one-phase model

(green curve) and two-phase models (red and blue

curves), although much less in Clermont-Ferrand, the

coldest site. This is because temperature conditions are

still favorable to endodormancy breakup to the end of

the century in this region (see, however, the discrep-

ancy for peach and walnut, the last 30 years especially

under RCP8.5) so that endodormancy break does not

affect budbreak date almost all along the 21st century,

and one-phase models provide similar projections of

budbreak or flowering dates as two-phase models. Dif-

ferences between models increase with MAT and are

the strongest at the warmest site (Perpignan) and at the

end of the 21st century. Projections of models fitted

with endodormancy break dates (red curves) show sim-

ilar results for the three species: in all locations, they

show trends toward later dates of the endodormancy

break, which increase with temperature (the trend is

weaker in Clermont-Ferrand, the coldest location, than

in Perpignan, the warmest location).

They also show similar changes over time of the

flowering/budbreak date among the three species: (i)

no trend followed by strong trend toward later dates in

the warmest region (Perpignan), especially under

RCP8.5 (ii) weak trend toward earlier dates followed by

strong to weak trend toward later dates in the interme-

diate region (Nı̂mes), and (iii) strong trend toward ear-

lier dates (except for peach) followed by no trend in the

coldest region (Clermont-Ferrand).

The two-phase model using the Chuine function

shows endodormancy break failure due to insufficient

chilling accumulation during endodormancy during

the 21st century contrary to that using the Richardson

inverse function. This is because the active temperature

range obtained with the Richardson inverse function is

wider than that obtained with the Chuine function.

While the two-phase model using the Chuine function

shows endodormancy break failure on a vast part of

the 21st century in the warmest sites when fitted with-

out information on the endodormancy break date, it

shows endodormancy break failure only at the end of

the 21st century when fitted with information on the

endodormancy break date.

Differences between climate scenarios RCP4.5 (Figs 4

and 5) and RCP8.5 (Figs S4 and S5) lie in the strength of

the trends, which are weaker in RCP4.5, and also in the

frequency of endodormancy break failure observed

when using the Chuine model (Figs 5 and S5).

Discussion

Recently, there has been a growing concern about the

effect of declining chilling on temperate woody species

due to climate warming and the serious lack of mecha-

nistic understanding of the environmental,

© 2016 John Wiley & Sons Ltd, Global Change Biology, 22, 3444–3460
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physiological, molecular, and genetic basis of dor-

mancy (Chuine, 2010; Atkinson et al., 2013; Campoy

et al., 2013; Darbyshire et al., 2013; Pope et al., 2013).

Recently, Atkinson et al. (2013) deplored this situation

because we know for long the importance of climate on

perennial plants’ development and yield. Many studies

aimed at estimating chilling requirement for bud

endodormancy break using statistical techniques and

phenological models (Luedeling et al., 2009; Caffarra

et al., 2011a; Chmielewski et al., 2011; Gao et al., 2012;

Jones et al., 2013). However, none of them were able to

evaluate the efficiency of the models to predict accu-

rately endodormancy break dates using observed

endodormancy break dates so far (Jones et al., 2013).

First of all, it is interesting to note that the best model

performance was obtained for apricot which is the spe-

cies for which endodormancy break dates were

obtained by the flower primordial fresh weight and not

a posteriori determination with forcing of one-node cut-

tings in growth chambers. This later method can be dif-

ficult and less precise (Dennis, 2003). In particular, one

needs to know that budbreak delay measured with this

method can vary substantially when dormancy is maxi-

mal (October and November in temperature climate in

the Northern Hemisphere) and that it varies between

terminal bud and axillary buds and among axillary

buds. This is the reason why several buds per twigs,

several twigs per tree, and several trees per species

must be sampled to account for this variability. How-

ever, this variability is the lowest around the endodor-

mancy break date (<1 day in the species studied here)

and does not therefore hamper the estimation the

endodormancy break date. Nevertheless, the sudden

increment in flower primordial weight corresponds to a

water spell in the buds that can occur only if soil and

air temperatures are high enough to trigger it. Thus, we

would like to highlight that estimation of endodor-

mancy break date (end of endodormancy) with flower

primordial weighting right after sampling in orchard

(as in this study) will be accurate in climate with mild

winters in which temperatures around the end of

endodormancy are already sufficient to promote a

water spell in the bud and promote cell growth. In such

climate, the end of endodormancy corresponds to the

start of cell growth and flower primordial weight incre-

ment is a good proxy to estimate the end of endodor-

mancy. In colder climates where temperatures around

the end of endodormancy are still too low to promote a

water spell in the buds, there is a time lag between the

end of endodormancy and the time when water spell

and cell growth happen. In such climates, flower pri-

mordial weight needs to be measured after a short per-

iod of forcing in a growth chamber (7 days at 20 °C, 16-
h day length). This suggests that new techniques to esti-

mate bud endodormancy break dates should be devel-

oped to provide rapidly reliable data for a large

Table 4 Performance of the two-phase models using the

Richardson inverse and Chuine functions for the endodor-

mancy phase and of the one-phase models to predict bud-

break/flowering dates. Models are all fitted on flowering/

budbreak dates. One-phase models use the sigmoid function

and differ by the starting date of the ecodormancy phase, that

is the endodormancy break date, td, which is either the

observed date (td observed), the date simulated by the

endodormancy models using the Richardson inverse or the

Chuine function (td simulated), or a constant date correspond-

ing to a fitted parameter (td fitted). Legend as in Table 2

Species Model RMSE EFF AICc N k

Apricot 1-phase td observed 2.7 0.896 32.8 12 3

1-phase td simulated

with Richardson

2.5 0.909 31.2 12 3

1-phase td simulated

with Chuine

2.8 0.887 33.8 12 3

1-phase td fitted 2.7 0.898 37.3 12 4

2-phase Richardson 1.8 0.956 42.2 12 6

2-phase Chuine 1.7 0.961 54.1 12 7

Peach 1-phase td observed 7.7 0.589 61.8 13 3

1-phase td simulated

with Richardson

8.3 0.519 63.8 13 3

1-phase td simulated

with Chuine

7.9 0.567 62.4 13 3

1-phase td fitted 9.7 0.349 72.1 13 4

2-phase Richardson 7.2 0.639 77.4 13 6

2-phase Chuine fitted 4.3 0.870 74.5 13 7

Walnut 1-phase td observed 3.3 0.937 35.9 11 3

1-phase td simulated

with Richardson

3.0 0.950 33.3 11 3

1-phase td simulated

with Chuine

2.9 0.952 32.9 11 3

1-phase td fitted 3.1 0.944 39.8 11 4

2-phase Richardson 2.6 0.962 53.9 11 6

2-phase Chuine 1.8 0.981 64.5 11 7

Fig. 2 Comparison of the dates of endodormancy break predicted by the different models vs. observed dates for apricot (a, b), peach

(c, d), and walnut (e, f). Predicted dates are obtained using the best two-phase model found for each species fitted either without infor-

mation on the endodormancy break date (triangles), or with information on the endodormancy break dates (diamonds), and the best

one-phase model found for each species (endodormancy break date is fitted and constant every year, squares). Two-phase models use

either the inverse Richardson response function (a, c, e) or the Chuine function (b, d, f) for the endodormancy phase. Dashed gray lines

represent the 1 : 1 line. Black lines represent the linear regressions on the predictions of the best two-phase model fitted with informa-

tion on the endodormancy break dates (diamonds).

© 2016 John Wiley & Sons Ltd, Global Change Biology, 22, 3444–3460
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number of woody species to parameterize properly

phenological models. These techniques would espe-

cially be of major importance also for investigating the

genetic adaptability of plant species to climate warming

using high-throughput plant phenotyping. These tech-

niques, able to estimate the level of dormancy of buds

either during dormancy induction or during dormancy

release, should ideally be nondestructive, quick, and

cheap. This opens an entire field of research and devel-

opment.

Our results show that two-phase models fitted solely

on budbreak or flowering dates, as it is commonly

done, are subjected to large errors in the predicted

endodormancy break date that can translate into large

errors of budbreak and flowering date predictions in

future climate conditions. However, it is interesting to

note that in historical conditions and up to 2050 in war-

mer climate, models fitted without information on

endodormancy break date can predict budburst and

flowering dates as well as models fitted without this

information. Thus, models fitted so far without infor-

mation on endodormancy break might thus be used

confidently to make projections in cold and temperate

climates and up to 2050 in warmer climates. However,

for long-term projections, our results argue for a better

understanding of the endogenous and exogenous

determinism of dormancy and endodormancy break

and for extensive measurements and also new
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techniques of measurement of endodormancy break.

We would like also to point out the necessity to have a

critical judgment on the model parameter estimates

obtained by statistical inference. Statistical inference

can generate several statistically equally similar param-

eter sets among which only one is actually biologically

realistic. Some level of expertise on the species phenol-

ogy and ecophysiology is therefore usually required to

select the most realistic parameter set among the most

probable ones, especially when it has to be used to pro-

duce projections.

Our results also show dramatic discrepancies

between projections of two-phase models and one-

phase models as previously shown by Vitasse et al.

(2011) for forest trees, the latter providing usually the

most deviant projections from two-phase models fitted

using DB dates. However, it seems that one-phase mod-

els can be used to predict accurately budbreak/flower-

ing dates in temperate climate up to 2050. When used

with climate warming scenarios, one-phase models

thus need to be used with caution if climatic conditions

become too warm compared to the training climatic
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Fig. 4 Projected endodormancy break date (earlier dates) and flowering or budbreak date (later dates) by the best models found

under climate scenario RCP8.5 for apricot (a, d, g), peach(b, e, h), walnut (c, f, i) in three locations in France (from South to

North): Perpignan (4° 410 N, 2° 530 E) (a, b, c); Nı̂mes (43°500 N, 4°210 E) (d, e, f); Clermont-Ferrand (45° 460 N, 03° 080 E) (g, h,

i). Red curves indicate projections of the two-phase model using the inverse Richardson function for the endodormancy phase

fitted with information on the endodormancy break date. Blue curves indicate projections of the same model fitted without infor-

mation on the endodormancy break date. The green curves indicate flowering or budbreak dates projected by the best one-phase

model (where the starting date was also fitted). These last models make the assumption that endodormancy break is always bro-

ken before temperature for cell growth become active.
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dataset. In such case, it seems preferable to use two-

phase models fitted without endodormancy break dates

than one-phase models.

Keeping in mind that our projections must be taken

with caution as the data used to parameterize the mod-

els for the sake of the models comparison are not suffi-

cient to warrant the robustness of the projections, it is

nevertheless interesting to compare the tendencies pro-

jected by the different models. For the three species,

two-phase models fitted using information on the

endodormancy break dates show a trend toward earlier

flowering and budbreak dates from 1945 to 2000

(warmest sites)/2050 (coldest sites), followed by a trend

toward later dates. The strength and the length of these

trends strongly depend on latitude: the first trend

toward earlier date is stronger and longer at the coldest

location, while the second trend toward later dates is

stronger and longer at the warmest locations. Trends

toward latter budbreak or flowering dates after 2050

are due to trends toward latter dates of endodormancy

break due to insufficient low temperature during

autumn and winter. It is particularly noticeable that

trends in budbreak and flowering dates predicted by

different phenological models can vary substantially

between locations distant of a few hundreds of kilome-

ters. These results highlight the importance of the non-

linearity of the effect of temperature on bud

development and the limits of extrapolating current
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Fig. 5 Projected endodormancy break date (earlier dates) and flowering or budbreak date (later dates) under climate scenario RCP8.5,

using the Chuine function for the endodormancy phase in the two-phase sequential model, for apricot (a, d, g), peach(b, e, h), walnut

(c, f, i) in three locations in France (from South to North): Perpignan (4° 410 N, 2° 530 E) (a, b, c); Nı̂mes (43°500 N, 4°210 E) (d, e, f);
Clermont-Ferrand (45° 460 N, 03° 080 E) (g, h, i). Legend is as in Fig. 4. Blue or red squares indicate years during which temperature

conditions do not allow the break of dormancy and thereby flowering and budbreak.
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linear tendencies in the past (Meier et al., 2007; Maurer

et al., 2009) and the future (Chuine et al., 2010) and of

comparing tendencies across species and locations

(Wolkovich et al., 2012).

Trends in budbreak dates for the 21st century simu-

lated here by the models for fruit trees would probably

be similar for forest trees whose phenology does not

respond to photoperiod, as they show the same environ-

mental determinism of the occurrence budbreak dates.

However, contrary to fruit trees, forest trees are sub-

jected to natural selection, which is expected to be strong

on phenological traits especially in the context of climate

change. Indeed, heritability of phenological traits is large

as well as the genetic variance within the populations,

and climate change exerts a strong selective pressure on

these traits because they directly affect strongly survival

as well as reproductive success (Chuine, 2010). Thus,

long-term phenological projections for forest trees

should, whenever possible, take into account the genetic

evolution of trees phenological response to the environ-

mental cues induced by climate change (Kramer et al.,

2008; Oddou-Muratorio & Davi, 2014).

Our results show that models predicting accurately

endodormancy break date project endodormancy break

failure at the warmest sites after 2050 (Fig. 5). Premises

of endodormancy break failure, that is lack of chilling

delaying endodormancy break and subsequently bud-

burst date, are actually already visible in long-term

phenological series of apple tree in Nı̂mes (Legave

et al., 2015). Endodormancy break failure has been

shown to be responsible for local population extinction

at species southern range margins in previous model-

ing studies (Morin et al., 2007). According to observa-

tions on temperate fruit trees cultivated in subtropical

regions, such as Brazil and Morocco, and experimental

results, it is expected that chilling deprivation generate

at first a lengthening of the flowering period at the scale

of a tree crown, followed by growth disorders, leaves

and flowers malformation, and very few budbreak

(Erez, 2000; Jackson, 2000; Petri & Leite, 2004; Zguigal

et al., 2006; Caffarra et al., 2011b; Laube et al., 2014b). In

subtropical/mild regions, dormancy is chemically bro-

ken using Dormex�-Hygrogen Cyanamid, which is

highly toxic (Sunil et al., 2011). According to climate

projections (IPCC, 2013), climatic conditions currently

preventing a natural break of bud dormancy in sub-

tropical regions like Morocco are expected to occur in

Spain, Italy, Greece, and southern France in a few dec-

ades. This is a very short time to adapt the fruit crop

sector by selecting for varieties with lower chilling

requirement, for example. To meet this challenge, mas-

sive data on species and varieties chilling requirement

for endodormancy break and efficient phenological

models are urgently needed.

Some studies have shown an effect of photoperiod on

budbreak timing in tree species such as beech, birch,

balsam fir, and Norway spruce (Heide, 1993; Caffarra

et al., 2011b; Basler & Koerner, 2012; Laube et al.,

2014b). More precisely, some of these studies have

shown that long photoperiod during the ecodormancy

phase could compensate insufficient chilling received

during the endodormancy phase. Whether long pho-

toperiod will be able to break dormancy when chilling

requirement will not be met anymore at the end of the

21st century remains an open question.

In conclusion, our results demonstrate that two-

phase models might not be able to predict accurately

endodormancy break date if no information on this

variable is used to fit them and thus that they do not

necessarily provide accurate projections of budbreak or

flowering in future climatic conditions. Yet, they never-

theless provide more accurate projections than 1-phase

models can do in regions where autumn and winter

temperatures will compromise endodormancy break.

We demonstrate it here for fruit trees, but the same con-

clusions would also apply to other temperate tree spe-

cies, and in particular forest trees. Considering the

major impact of phenology on trees productivity and

reproductive success, it seems urgent to collect widely

data on the endodormancy break date of major forest

and fruit tree species, but also to carry out new experi-

ments and invent new techniques to measure dor-

mancy to better understand its exogenous and

endogenous determinism. This is the prerequisite to

inventing and testing new phenological models that

will be able to provide more robust projections for the

future.
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Supporting Information

Additional Supporting Information may be found in the online version of this article:

Data S1. A description of the response functions to temperature used in this study.
Figure S1. One-node-cutting test of peach buds.
Figure S2. Typical mean time to budbreak (MTB) curve obtained from one-node-cutting test.
Figure S3. Comparison of the endodormancy break dates predicted by the model using the Richardson inverse function with the
observed dates of endodormancy break and flowering/budbreak dates on the historical period of apricot in Nı̂mes (1988–2010),
peach in Clermont-Ferrand (1975–2010) and walnut in Clermont-Ferrand (1976–2009).
Figure S4. Projected endodormancy break date (earlier date) and flowering/budbreak date (later date) by the best models found for
each species under climate scenario RCP4.5 in three locations in France (from North to South): Clermont-Ferrand (45°460N,
03°080E), Nı̂mes (43°500N, 4°210E), Perpignan (4°410N, 2°530E).
Figure S5. Projected endodormancy break date (earlier date) and flowering/budbreak date (later date) by the best models found for
each species under climate scenario RCP4.5 in three locations in France (from North to South): Clermont-Ferrand (45°460N,
03°080E), Nı̂mes (43°500N, 4°210E), Perpignan (4°410N, 2°530E).
Table S1. Performance of the two-phase and one-phase models of budbreak/flowering dates in cross-validation.
Table S2. Parameter estimates of the models used to project the budbreak or flowering date of walnut, peach and apricot using A2
and A1B climate scenarios.
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