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Abstract

Over the last 40 years, perceptible advances gsd#tflowering stages have been observed
in apple and pear trees growing in three croppmegsin France and one in Switzerland. The
time-course variation of dates of flowering stages established for eight chronological
sequences. Our aim was to propose a statistical limgdigamework for such sequences with
the objective of characterizing the relationshipaeen flowering advances in fruit trees and
global warming. After an exploratory analysis, apespoint models were applied to
multivariate and univariate sequences. The resldegly support the occurrence of a
significant abrupt change in the time-course vamaof flowering dates at the end of the
1980s toward more frequent early dates, the maigime change instant being between
1988 and 1989. The coincidence between this abhgrige in phenological variations and

marked increases in temperature recorded partigutaFrance at the end of the 1980s led us
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to consider the flowering advances in apple and peas as impacts of global warming. The
suddenness in the response to global warming dmutkplained by changes in rates for
completion of chilling and heat requirements, sssoely essential to the development of
floral primordia within buds. In all cropping areasnual mean temperatures had suddenly
increased since 1988 (1.1-1.3°C), but includingceaible monthly differences. Particularly,
warming was clearly more pronounced in FebruaryMadch (mean temperature increases
of 1.6°C) corresponding to the main period of heguirements, than in November and
December (0.8°C) corresponding to the main perfazhitling requirements. So marked
temperature increases during the heat phase wouisualdenly resulted in more frequent
years with relatively short duration for completioithe heat requirements and consequently
more frequent early flowering years, despite sosaywith relatively long duration of

chilling requirements.

Key words: Change-point detectiddhilling requirementClimate change, Fruit tree, Heat

requirement, Phenology

Introduction

Global warming of the climate system is unegcal, as is now evident from observations
of increases in average air temperatures in martg pathe world. Eleven of the last twelve
years (1995-2006) rank among the twelve warmestsyaace 1850. Mean temperature will
probably rise between 1.8°C and 4.0°C for the dritle@2f' century, according to climatic
scenario (IPCC, 2007). As plant phenology is mainfpenced by temperature, climate
warming has caused renewed interest in phenologiettods and observations. Long-term
phenological records at specific sites provide wiseeasures of species-level biological

responses to climate changes according to Sch&®9). A lot of phenological studies
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focused on changes in natural systems (Parmesayiadigg 2003), while few studies dealt
with phenological changes in perennial horticulteraps (Schultz, 2000). Changes in tree
phenology have been observed in European counthiesavearlier onsets of leafing dates
were associated with global warming (Chmielewskl Rdtzer, 2001). In fruit tree orchards,
changes in the timing of flowering phenology cobéve important impacts on production,
because of the indirect influences of phenologgming frost damage, pollination and fruit
set efficiency (Cannell and Smith, 1986; Zavallenal.,2006).

Over the last forty years, similar evolutidog/ard an advance in dates of flowering
stages have been observed for several fruit specdistant countries in the northern
hemisphere and related to global warming (OmotoAsomtb, 1990; Kakt al., 1993;
Chmielewski et al., 2004; Legave and Clauzel, 200i@er-Rhushing et al., 2007; Legave et
al. 2008). Nevertheless, it is less clear how tleesdutions might be described to rightly
characterize the response to global warming andthewmight be explained by changes in
temperature conditions during the flowering procé@smis, this study aimed to analyze the
time-course variation of dates of flowering statigsugh a statistical modelling approach
over ranges of years including the end of the 198@=n a marked increase in air temperature
has been recorded worldwide (IPCC, 2007). Fordlms we collected and analyzed long-
term chronological sequences of dates of flowesiages for apple and pear trees in three
cropping areas in France and one in SwitzerlantbrAsn exploratory analysis of these data,
we chose to estimate change-point models on the bbthese phenological sequences. It
was thus assumed that there were two periods withioh the flowering dates follow the
same or nearly the same distribution and betweaahthe flowering dates have different
distributions. This statistical modelling of pheogical sequences was completed by an
analysis of temperature changes during the suaeeskilling and heat phases up to

flowering dates in the case of apple trees.
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Materials and methods

Plant material and temperature conditions

The flowering data are issued from a Freratialohse (called ‘PhénoClim’) devoted to
fruit trees and vine. Flowering dates of one apy@e cultivar (‘Golden Delicious’) and three
pear tree cultivars (‘Williams’, ‘Passe Crassafiggyenné du Comice’) were selected owing
to their economic importance. Dates of floweringgsis are recorded since a long time and in
various locations in France for such main cultiiarsvarious agronomic purposes like
parasitism control, breeding and modelling. Sudeslare commonly assessed from
observations on several adult trees growing in@ngn orchards managed by commercial
practices. The assessments of floral dates by exped observers are made with an
inaccuracy of 2-3 days. Among the different phegmal stages considered in past
observations, we selected stages that were suthjecteliable recording dates over the
longest ranges of years.

Thus, the date when about 10% of flower budopened (F1 stage) was chosen for apple
tree cultivar ‘Golden Delicious’, while the date wheearly 100% are opened (F2 stage) was
chosen for the three pear tree cultivars. F1 date§&olden Delicious’ were recorded during
different periods at three locations representaiiville main cropping areas of France: from
1963 to 2006 at INRA research station near Ang&rs 28 N, 0° 33 W) in Pays de Loire,
from 1976 to 2002 at Domaine de Castang (growen)awear Bergerac (44° 51 N, 0° 29 E)
in Aquitaine and from 1974 to 2006 at Ctifl profiessl station near Nimes (43° 50 N, 4° 21
E) in Languedoc. Regarding F2 dates for pear toga, were recorded mainly at Angers
from 1959 to 2006 for ‘Williams’ and ‘Passe Crassama from 1972 to 2006 for ‘Doyenné
du Comice’. Data were also recorded at Bergeran ft672 to 2003 for ‘Williams’. In
addition to French data, F2 dates collected foilligns’ from 1971 ta2003 at the Agroscope

Changins-Wadenswil research station near Nyon itz8vand (46° 24 N, 6° 14 E) were
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used. This was achieved with the collaboration oftor Danilo Christen, in order to
compare French phenological sequences with oneesequepresentative of those collected
in another European country.

The temperature conditions of the four lamagiinvolved were studied on the basis of
mean daily temperature of 30 years (1973-2002) rooy@n appropriate period to highlight
temperature increases. The data were issued fraabakes managed by INRA in France and
Météo Suisse in Switzerland. Moreover, in ordeartalyse the change in flowering stage date
in relation to temperature changes, mean tempestuere assessed respectively during the
phase of chilling effects required to break budagtmdmancy (Lang et al., 1987) and the
successive phase of heat effects required to agtoxeth resulting in flower bud opening. To
do this, we determined the corresponding periodbexe two phases for each annual
flowering process (chilling onset in the autumryeérn - 1 to heat completion in the spring
of yearn). In practical terms, this analysis was applie&costage of ‘Golden Delicious’ for
which previous work provided parameters to estimadate of completion of the chilling
requirement for each year at each location (Legaa, 2008). Moreover the'bf October
of yearn - 1 was found in France as an appropriate datiéuats the onset of chilling effects
for each flowering yeamj and location (Bidabe, 1967). Thus, the mean teatpee of the
chilling phase was calculated from this fixed dat¢he estimated date of chilling completion
for the flowering years 1976-2002 for which F1 dateere recorded at all three locations. The
mean temperature of the heat phase was calculatedttie estimated date of chilling

completion to the observed F1 date for the samatsins (year x location).

Satistical models
Multiple change-point models are used to delimgnsents for which the data

characteristics are homogeneous within each segwielet differing markedly from one
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segment to another. In a probabilistic framewdnk, abserved sequence of lengjth
Xgs---1 %r_, 1S modelled byl random variable,,..., X;_, which are assumed to be
independent. In the following, * is a shorthand fok,,..., X, .

We made the assumption of Gaussian multipggge-point models. Gaussian multiple
change-point models differ in the parameters asdumbe constant within segments (i.e.
between change points). This can be the mean onéla®m and the variance. The two

associated models are denoted\by, (for mean), andM ., (for mean/variance). For model
M., we suppose that there exist sothel instantsr, <--- <7, (with the convention
7, =0 andr, =T ) such that the mean is constant between two ssizeeshange points and

the variance is assumed to be constant:

if 7, <t<r,, {V(X ):sz
: .

For modelM ., the modelling of the variance is different siitds also affected by thé - 1
change points:

E(X,)=u:,
If 7, <t<7;,, {vEx@:?z
t E

The problem now is to estimate the parameterseselaussian multiple change-point
models: the number of segmedtshe instants of thd - &hange points.,,...,7,_,, theJ
within-segment meang; and, the global variancg” (for modelM ) or theJ within-
segment varianceﬁrj2 (for modelM ). We shall adopt here a retrospective or off-line
approach where change points are detected simaliahe Let us denote by the set of
mean and variance parameters. For mddegl, H:{,u ,...,,uJ_l,az} while for modelM ,,,
6?={/,10,...,,uj_l,ag,...,af_l}. In a first step, we suppose that the number gineats] is

known and the purpose is to obtain the optimal ssgation of the sequence int@egments.



148 We discuss in a second step the choicéwlfiich can be put into a model selection
149 framework.
150 Once the change points have been fixed, gnmnand variance parameters are estimated

151 by maximum likelihood. For modeM ., , we obtain the empirical mean and variance foheac

152 segment:

Tjn~l Tj+1_1( A )2
~ Zt:rj % 2 Zt:rj X TH
J

153 i, =——"— and J; = @
T[T lin T
154 For modelM ,, the estimated global variance is given by:
J-1 rm—l( ~ Y2
Sy - y)
155 G2 = S0 @
T
156 Then, if we denote bl the likelihood of al-segment model, the estimation of the 1

157 change pointg,,...,7,_,, which corresponds to the optimal segmentatiomJr#gegments, is

158 obtained as follows:

159 f,,...,[,, = argmax logL, (xg’l;é),
0<ry <---<T34<T

160 with

logL, ( it 9) = —Iz(logﬁ2 +log2r+ 1) for modelM
161 N

logL, (xg‘l; 6?) = _EZO(T‘” -7, )(Iogo“'j2 +log 2T+ 1) for modelM .

J:

162 For this optimisation task, the additivityjiof the sum of squared deviations from the

163 means (see (2)) for mod# ., or the additivity iry of the log-likelihood for modeM ,, (see
164 above) allows us to use a dynamic programming ahgor(Auger and Lawrence, 1989)
165 which reduces the computational complexity er(TJ) to O(JTZ) in time.

166 The Gaussian multiple change-point modelsbeadirectly generalized to multivariate

167 sequences. In our context, tNevariables correspond to different locations odiféerent
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cultivars and the elementary random variablesgaten timet are assumed to be

independent. In the multivariate case, the loghlkmd of theJ-segment model is given by:

~ Z Z —1ZTJ l_1( at _ILAII',:A)2

a.a NT A :
log LJ( ! 1;9):—700902 +I092n+1) with &2 T :
for modelM ,, and
132 N s ap o
logL, ( ) > ( Tin~T; )Z(Iogaj’a+I092ﬂ+1) whereg , isgivenby (1),

j=0 a=1
for model M . In the multivariate case, we introduce a supplgarg model which is
intermediate between model$,, andM . In this new model denoted by ., (for

mean/segment variance), the variance is commdretd variables within a segment. The

log-likelihood of theJ-segment modeM ., is given by:

111 _'\' 2
SR LS e pe - ARG
j=0 i j

H

Once a multiple change-point model has been esihfatr a fixed number of segments
J, the question is then to choose this number. khdeeeal situations this number is
unknown and should be estimated. In a model selecthntext, the purpose is to estimate

by maximizing a penalized version of the log-likelod defined as follows:

J = argrr}gx{log L, (xg‘l; Iy,...,T, _1,67)— PenaltyJ )}

The principle of this kind of penalized likedod criterion consists in making a trade-off
between an adequate fitting of the model to tha (g@iven by the first term) and a reasonable
number of parameters to be estimated (control &ysétond term: the penalty term). The
most popular information criteria such as AIC arl@ Bre not adapted in this particular
context since they tend to underpenalize the lkglthood and thus select a too large number
of segmentd. New penalties have therefore been proposedsrctintext; see for example

Lavielle (2005) used in Picard et al. (2005), amthdrbier (2005) and Zhang and Siegmund
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(2007) used in Guédon et al. (200Zhang and Siegmund proposed a modified BIC criterio
in the case of the univariate moddl ,. This criterion is given by

" J-1
mBIC, =2logL, (xg‘l; fl,...,fH,H)—ZJ logT —Zlog(fj+1 -7 ) (3)
i=0

where

min JZ_llog(fj+1 -1, ) = Iog(T -J +1)
j=0

0<1y <--<Ty 4, <T
= JlogT - (J -1)logT if J <<T,
0<T1m3§l<T§Iog(fj+l -1, ) =J Iog%
=JlogT - JlogJ.

Hence each change point contributes betweemd 2 dimensions to the penalty term
(instead of systematically 1 dimension for eachmaavariance parameter) and this penalty
term is maximized when the change points are evagrdged.

A model selection procedure leads generally inique solution. However, it could be of

interest to rank the models allowing full considiena of other possible models. The posterior

probability of theJ-segment modeM ,, given by

with
AmBIC; =mBIC, —mKaxmBICK,
can be interpreted as the weight of evidence indawf theJ-segment model (among the
J,ax Models).
For modeldM , and M, , the maximum log-likelihood of th&segment model can be

written as:
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logL, (x(T,l fyyonly 0 ): max Zlogf( ,_1;63,-),

0<7; <---<T, 1<T
wherelog f (x,i ,---'er-l?éj) is the maximum log-likelihood of parametéjr attached to

segmentx, ..., . It is often of interest to quantify the uncertginoncerning the instant

of change points. In the case of a single chang#,gbe posterior probability of entering the

second segment at tinrg for 7, >0 is given by:
TN L PR )/Zf( X b6 %)

This computation can only be performed for modetsafthich the log-likelihood is additive in

j (hence modelaM,,, and M, but not modelM ). This is the main justification of the

introduction of the parsimonious modé _, for multivariate sequences.

Results

Exploratory analysis of temperature conditions

In France, similar patterns were observedéen the three locations regarding the annual
evolution for monthly mean temperatures. However,dach monthly temperature, gradual
ranges according to the latitude degree of locatiene obvious (data not shown). Thus,
Angers is characterised by the coldest monthly txatpres with a mean annual temperature
of 11.9°C and Nimes the warmest (mean annual teatyperof 14.5°C), while intermediate
monthly temperatures are observed at Bergerac (naeemual temperature of 12.8°C).
Changins is characterised by a relatively cold atenwith a mean annual temperature of
9.7°C.

Temperature increases have been clearly midrken the year 1988 in the three French
growing locations as expressed by the comparisane#ns of annual temperatures between

the two successive periods 1973-1987 and 1988-2002. mean increases of annual
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temperatures in the second period were +1.1°C gefx) +1.2°C at Bergerac and +1.3°C at
Nimes. A similar change has been obvious at Changih.2°C during the period 1988-

2002). Nevertheless, these increases include ablieenonthly differences for the months
involved in the annual flowering process. Partidylain France warming was clearly more
pronounced in the period February - March (meanp&ature increases of 1.4-1.8°C

according to location), than in the period NovembBecember (0.6-0.8°C).

Exploratory analysis of the variability within the flowering dates

The time-course variation of flowering datess established for each of the eight
selected sequences (Figures 1, 2 and 3). Thisigigéd differences in flowering date
according to location and cultivar. For apple wakivar ‘Golden Delicious’, marked
differences are observed between the three regsauglences during the period 1976-2002
(Figure 1). The F1 date is consistently earliddiamhes than at Angers, while most of the time
an intermediate date is observed at Bergerac. a1l dates for this period are April 22 at
Angers, April 14 at Bergerac and April 7 at NimB8glays earlier at Bergerac than at Angers
and 7 days earlier at Nimes than at Bergerac)s@hee range of variability in mean dates is
observed between the three locations when mearmt®aséered separately for the 1976-
1988 sub-period (April 25, April 19, April 11 resgirely) and the 1989-2002 sub-period
(April 18, April 11, April 4 respectively). Such tiaclearly underline a constant influence of
location on the date of stage F1 for ‘Golden Delis’ apple trees. The lower the latitude of
location, the earlier the flowering date in the lappee growing area extending from North-
West to South-East of France.

For pear tree cultivar ‘Williams’, slight égfrences in the date of stage F2 are observed
between the two French locations of Bergerac angefnduring the period 1972-2003, while

later dates are clearly observed most of time ainGims in Switzerland (Figure 2). The mean
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F2 dates for the period 1972-2003 are April 7 agBeac, April 9 at Angers and April 20 at
Changins. The differences in mean dates are uneldangen means are considered
separately for the 1972-1988 sub-period (April Afitil 13 and April 25 respectively) and the
1989-2003 sub-period (April 2, April 4 and April 1&spectively).

Differences in flowering date according tdtiear are highlighted by the comparison of
sequences of three pear tree cultivars growinghgefs during the period 1972-2006 (Figure
3). The F2 date is consistently earlier for ‘Passsssane’ than for ‘Doyenné du Comice’,
while ‘Williams’ shows an intermediate date mostlué time. The mean F2 dates for the
period 1972-2006 are April 8 for ‘Passe Crassand’ April 14 for ‘Doyenné du Comice’.

This difference of 6 days is unchanged when meensansidered separately for the 1972-
1988 sub-period (April 12 and April 18 respectiyeind the 1989-2006 sub-period (April 3
and April 9 respectively).

The exploratory analysis clearly shows camsinfluences of location and cultivar on the
date of flowering stage. Nevertheless, as it iSamlsly apparent in the data (Figures 1, 2 and 3),
it was not possible to extract regularly decreasiagds (i.e. long-term changes in the mean
level) using various symmetric smoothing filterghwdifferent filter widths (results not shown)

Hence, we chose to apply multiple change-point risode

Analysis of the changes in the flowering dates using multiple change-point models

A multivariate sequence was built taking eldation (three for apple tree cultivar
‘Golden Delicious’ and for pear tree cultivar ‘Wams’) or cultivar (three pear tree cultivars
growing at Angers) as a variable. Applying multipleange-point detection method to one of
these multivariate sequences consists then intitggethange points common to the
individual sequence (while the means are estimateelach segment and each variable, and

the global variance is estimated for modi¢| , the variances are estimated for each segment
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for model M, and for each segment and each variable for mbtgl); see Figures 1, 2 and

3. Since the variances estimated for each segmertach variable are close, the modified
BIC of Zhang and Siegmund (2007) always ranks tbdets from the more to the less

parsimonious for a fixed number of segmentsie, followed by M, andM, (results not

shown); see the corresponding standard deviatistime&ted for the different 2-segment

models in Table 1. We thus chose to focus on moblg|sfor the selection of the number of

segments. The modified BIC favoured the 2-segmeataifor apple tree, cultivar ‘Golden
Delicious’ and for pear tree, cultivar ‘Williams @the 3-segment model for pear tree at
Angers (Table 2). In this last case, both the 2vsag and the 3-segment models are possible
models according to their posterior probabilititshould be noted that the penalty used in
(3) is likely to slightly underpenalized the logdiihood (and thus to select a too large
number of segments) since this penalty was deiivélte case where the global varianze
is known (instead of being estimated); see ZhamgSiegmund (2007).

In the case of the 2-segment models, we bdaihe same instant for the change point
(1988— 1989) in the three cases with a low uncertainog{grior probability between 0.67

and 0.87 for the change point 19881989 computed using ., models; see Figure 4). The

change-point magnitudes as given by the mean difter between the two segments

[, — [, are very similar (between -7.5 and -10; see Tapl€he sample autocorrelation

function computed from the residual sequences bthby subtracting the two successive
segment means from the original sequences (Layi@8) showed that the residual
sequences were stationary and close to white serpeences (results not shown).

If all the data are gathered in a singletivaitiate sequence [apple tree, cultivar ‘Golden
Delicious’ (Angers, Bergerac and Nimes) and pes, tcultivar ‘Williams’ (Angers, Bergerac

and Changins), ‘Passe Crassane’ (Angers) and ‘Dwydn Comice’ (Angers)], the 2-
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segment modeM ., is by far the best model with very few uncertaifggsterior probability

of 0.99 for this model; see Table 3) and there ssoains almost no uncertainty for the
instant of the change point 1988 1989 with a posterior probability of 0.99.

At the opposite, on the basis of 2-segmerdets M estimated from univariate

sequences, the change point 1988989 was detected for all the apple and pear tree

sequences. On the basis of 2-segment madde|s the change point 1988 1989 was

detected for apple tree cultivar ‘Golden Delicioas/Angers and Bergerac, pear tree cultivar
‘Williams’ at Angers, Bergerac and Changins andrpese cultivar ‘Doyenné du Comice’ at
Angers, but not for apple tree cultivar ‘Golden iDielus’ at Nimes and pear tree cultivar
‘Passe-Crassane’ at Angers (Table 4). Neverthdlesss is a strong consensus among the

univariate 2-segment modeld,, for the change point 1988 1989 since 1988» 1989 is a

possible change point even for apple tree cult@atden Delicious’ at Nimes and pear tree
cultivar ‘Passe-Crassane’ at Angers (Table 4 agdrEi5). It should be noted that some of
the univariate sequences are longer than the ratilite sequences since only the common
range of years can be used to build multivariatgiseces. However, this increase in length
of the univariate sequence does not compensathdarombination with another sequence in
terms of sample size for estimating change points.

Finally, despite usual yearly fluctuation&® may conclude that a change in the time-
course variation of flowering dates occurred aldyugit the end of the 1980s (1988 1989)
toward more frequent early dates. This evolutios siailar for the eightequences
analysed, regardless of the respective influentiscation and cultivar (Figures 1, 2 and 3).
When the period 1976-2002 common to all sequerscesnisidered to compare the advances
in flowering date (Table 5), this clearly highlighgarlier mean dates of F1 and F2 stages

during the sub-period 1989-2002 in comparison withsub-period 1976-1988, although
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higher mean advances in pear tree (10-11 daysXstdge) than in apple tree (by 7-8 days

for F1 stage) can be noted.

Temperature changes related to flowering date changes

Firstly, the changes in temperature during thilling and heat phases for the three
locations regarding apple tree cultivar ‘Goldeni€ieus’ (Figures 6 and 7) were analysed
with the same approach used for the flowering dafiedtivariate sequences were built taking
each location as a variable for the ‘chilling temgteres’ and the ‘heat temperatures’. Since
the variances estimated for each segment and eacble are close, the modified BIC of
Zhang and Siegmund (2007) always ranks the modwis the more to the less parsimonious

for a fixed number of segments i.Bl , followed by M, andM , (results not shown); see

the corresponding standard deviations estimatethtodifferent 2-segment models in Table

6. We thus chose to focus on mod#ls, for the selection of the number of segments. The

modified BIC favoured the 2-segment model for thwlliog temperatures and the heat
temperatures (Table 7). We obtained the same inkiathe change point (198% 1988) in
the two cases with a very low uncertainty (postepoobability of 0.94 in the chilling
temperature case, and of 0.93 in the heat tempera#ise for the change point 19871988

computed usiniyl ., models). The change-point magnitudes as giverméyrtean difference
between the two segmenfs , — /1,, are very close for the three locations in thelicig!

temperature case while they are more variable enhbat temperature case (Table 6 and
Figures 6 and 7)The sample autocorrelation function computed fromresidual sequences

obtained by subtracting the two successive segmedns from the original sequences
(Lavielle, 1998) showed that the residual sequemae stationary and close to white noise

sequences (results not shown).
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On the basis of 2-segment modds, estimated from univariate sequences, the change

point 1987— 1988 was detected for all the chilling temperatsggquences and for the heat
temperature sequences at Angers and Nimes.

Since a single change point was detectedhatyear apart in both the flowering date
sequence for apple tree cultivar ‘Golden Delicioasd the corresponding chilling and heat

temperature sequences (and the ratios betweenvénage absolute mean difference between

the two segments and the global standard deviaEq:'Ql ‘,[lla = [l,,|/ NG are relatively close

in the three cases; see Tables 1 and 6), the flogvelate can be directly related to the
corresponding chilling (respectively heat) tempamat by a simple linear correlation
coefficient. In the two cases, the correlation Gomnts are largely below the threshold of -
0.22 corresponding to the hypothesis of no coigelatand clearly indicate negative
correlation between the temperature and the flowedate. It should be noted that the heat
temperature is far more correlated with the flowgrdate (correlation coefficient of -0.79)

than the chilling temperature (-0.3).

Discussion

One difficulty with these data sets is thaikr orders of magnitude of the mean
difference between the two segments and the stawttviation attached to each segment
(see Table 1). Hence, the two underlying Gausgstriltltions estimated for the two

segments exhibit a large recovering. For instantbe case of two Gaussian random

variables X, ~ N(1,02) and X, ~ N{z,0%) with common variance? such that
U, — 14, =0, we haveP(u, < X, < u,)= P14, < X, < u,) = 034 and

P(X, < 1) =P(X, 2 i,) = 0186.
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Another source of difficulty lies in the atively short length of segments (between 13
and 18; see Figures 1, 2 and 3). Assuming a sederagth of 16, the confidence interval for

4; is roughly i1, +& /2 Hence, our statistical analysis clearly supptbrésidea of abrupt

change of the dates of flowering stages at theoétiae 1980s, but the statistical model (a
single change point between two stationary segmenist fully validated because of the
quite short length of the segments in conjunctiath Whe recovering of the two Gaussian
distributions estimated for the two segments.

Despite some statistical uncertainties, malysis of phenological sequences and their
relationship with temperature changes provide elgsi®r a right description and
explanation of the impact of global warming on &pg@hd pear tree phenology in France. In
the case of apple tree ‘Golden Delicious’, the adea in flowering date have been similar
from North-West to South-East of France, i.e. withateraction with the location.
Moreover, the mean range in flowering advance (&) was similar to the mean difference
in flowering date between adjacent locations (G&$s). Thus, as a result of the abrupt change
in flowering date, ‘Golden Delicious’ is now flowag at the northern location of Angers
within the same date range it was previously flamgefurther south at Bergerac. The same
relative change was observed between Bergerac amdd\Table 5). For pear tree cultivars
growing at Angers, similar mean flowering advaneese observed, i.e. without interaction
with cultivar. In comparison with apple tree ‘GofdBelicious’ in the same French locations,
pear tree cultivars showed higher mean floweringaades (10-11 days), exceeding the mean
difference between adjacent locations (2-3 dayadxt Angers and Bergerac for
‘Williams’). A similar higher advance (10 days) walso found for ‘Williams’ at Changins in
Switzerland. For each of the eight phenologicalisages, there was a clear time coincidence
between the beginning of marked increases of arteogleratures and the most probable

instant (1988— 1989, according to the statistical models) of pbalhange of flowering
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dates. Thus, our results confirm a general impagtabal warming in Europe toward earlier
flowering dates at the end of the 1980s (Chmieléwskl., 2004) and contribute to an
accurate characterisation of this impact (abruphge, most probable change instant). In
addition, they suggest genetic differences in plogical response between apple and pear
trees, as already reported for cherry tree (MRéshing et al., 2007).

At present, such a phenological change daffect fruit tree production, but it is
important to understand the mechanism by whichatinwarming exerts its influence,
especially because this was poorly investigateckstihe old works of Cannell and Smith
(1986). An interesting feature to explain is whg flowering advance would have been
expressed through an abrupt change and not ingrgasive way. One explanation would lie
in different changes in the respective rates ofetron of the chilling and heat
requirements. Indeed in the case of ‘Golden Ddligian France, previous works (Legave et
al., 2008) showed that a constant regional gradieahnual F1 dates (the latest dates at
Angers to the earliest dates at Nimes) is detemniyedifferences in length of the heat phase
(the longest at Angers and the shortest at Nimesg &n inverse gradient of the dates of
chilling completion occurred constantly (the eatliat Angers and the latest at Nimes).
Similarly, earlier F1 dates since 1989 at all tHosations have been explained by a major
effect of warming in reducing the length of the tglaase (more frequent years with relatively
short lengths), in spite of noticeable trendshatsame time, toward some years with longer
lengths of the chilling phase (Legave et al., 2008pagreement with these previous findings,
the present study clearly shows that the mean teatype during the heat phase has been the
main climatic factor determining the F1 date (tighler temperature, the earlier date), while
the mean temperature during the chilling phasebkas a less important factor (poorly linked
to the F1 date). Indeed, the recent warming wasumifiorm at all locations but particularly

pronounced in months corresponding to the heatepffeebruary and March particularly),
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while warming was limited in months correspondiaghe chilling phase (October to early
January). Moreover, the mean temperature duringpe¢lae phase clearly increased from 1988
to 1990 at Angers and Nimes and more progressatddergerac (Figure 7). Then, from 1991
to 2002, the mean temperatures during the heaepkasained relatively high at all three
locations (particularly from 1994) in comparisortiwihe mean temperatures prevailing
before 1988 (Figure 7). Such temperature changet®la marked increase in the rate of
completion of the heat requirements since 1988candexplain the abrupt change of
flowering dates. Nevertheless, as previously meetip climate warming also affected the
rate of completion of the chilling requirements ahivas clearly decreased in some years
(high temperatures during the chilling phase).uahscases, relatively long dormancy tended
to delay the flowering date despite the short Ieraftthe heat phase linked to a high rate of
completion of the heat requirements. This was nuiykie case for the annual cycle 1987-
1988 characterized by relatively high temperatatdte end of chilling process (January
1988), particularly at Nimes. Such a temperatuaéufe a this time (Figures 6 and 7) can
explain that the most probable instant of abrupinge of flowering date is detected only
between 1988 and 1989, i.e. one year after thenbewy of the marked warming in France
which started in 1988 as confirmed by our results .

For pear tree cultivars, we may supposeahaipt change of flowering dates is
explainable in the same way as for apple tree ‘Golelicious’. However, higher mean
advances in flowering dates for pear tree cultivaisame locations and periods suggest that
climate warming exerted a lower effect on the leeging of dormancy in the case of pear
trees, due to their lower chilling requirementskiAson and Taylor, 1994).

Finally, it may be emphasized that cultivair$ruit trees have been suitable plants to
highlight climatic change factors during the recelimhate warming in France (temperature

increases from autumn to early spring) as probibbther European countries. A first



20

451 advantage of fruit trees is due to the considerkapigevity of cultivars (clone) permitting

452 analyses of phenological sequences over long teknther interesting feature lies in the
453 fact that their flowering process is highly linkedtwo temperature requirements, which

454  allows to highlight significant temperature chandeasng the different seasons. Therefore, it
455 is important to continue to collect and analys&#ang data for some main cultivars of fruit
456 trees, in order to detect new changes in main testyre factors and consequently select
457 cultivars adapted to possible phenological disadethe future (Sunley et al., 2006).

458

459 The authors are grateful to Danilo Christen (SRA@ins-Wadenswil, André Bélouin (INRA
460 Angers), Catherine Miny (Domaine de Castang) anmc®fit Mathieu (Ctifl Nimes) for their
461 essential contribution to the collect of phenolagjitata. Financial support is acknowledged

462 from INRA Mission on Climate Change (Bernard SegliNRA Avignon).

463

464 References

465 Atkinson, C.J. and Taylor, L., 1994. The influemé@autumn temperature on flowering time and
466 cropping of Pyrus communis cv. Conference. Joush&dorticultural Science, 69: 1067-

467 1075.

468 Auger, |.E. and Lawrence, C.E., 1989. Algorithmistfee optimal identification of segment

469 neighborhoods. Bulletin of Mathematical Biology, 38-54.

470 Bidabé, B.,1967. Action de la température sur llétion des bourgeons de pommier et

471 comparaison de méthodes de controle de I'époqtierdéson. Annales de Physiologie

472 Végétale, 9: 65-86.

473 Cannell, M.G.R. and Smith, R.I., 1986. Climatic marg, spring budburst and frost damage

474 on trees. Journal of Applied Ecology, 23: 177-191.



475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

21

Chmielewski, F.M. and Rétzer, T., 2001. Respondeeaf phenology to climate across Europe.
Agricultural and Forest Meterology, 108: 101-112.

Chmielewski, F.M., Muller, A. and Bruns, E., 20@limate changes and trends in phenology of
fruit trees and field crops in Germany, 1961-208@¢ricultural and Forest Meterology, 121:
69-78.

Guédon, Y., Caraglio, Y., Heuret, P., Lebarbieraid Meredieu, C., 2007. Analyzing growth
components in trees. Journal of Theoretical BioJ@f8: 418-447.

IPCC, 2007. Summary for policymakers. In: climatarmge 2007: the physical science basis.
Contribution of working group | to the fourth asse®nt report of the intergovernmental
panel on climate change [Solomon, S., D. Qin, MnNag, Z. Chen, M. Marquis, K.B.
Averyt, M. Tignor and H.L. Miller (eds.)]. Cambridginiversity press, Cambridge,

United Kingdom and New York, NY, USA.

Kai, K., Kainurma, M., Murakoshi, N. and Omasa, ¥993. Potential effects on the
phenological observation of plants by global wamgnimJapan. Journal of Agricultural
Meteorology, 48: 771-774.

Lang, G.A., Early, J.D., Martin, G.C. and Darn&lL., 1987. Endo-, para-, and ecodormancy:
physiological terminology and classification forrd@ncy research. HortScience, 22: 371-
377.

Lavielle, M., 1998. Optimal segmentation of randpracesses. IEEE Transactions on Signal
Processing, 46: 1365-1373.

Lavielle, M., 2005. Using penalized contrasts fog thange-point problem. Signal
Processing, 85: 1501-1510.

Lebarbier, E., 2005. Detecting multiple change-min the mean of Gaussian process by

model selection. Signal Processing, 85: 717-736.



499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

22

Legave, J.M. and Clauzel, G., 2006. Long-term etvahuof flowering time in apricot cultivars
grown in southern France: which future impactslobgl warming “Acta Horticulturae,717:
47-50.

Legave, J.M., Farrera, I., Alméras, T. and Call®|a,2008. Selecting models of apple flowering
time and understanding how global warming has meich@act on this traittlournal of
Horticultural Science & Biotechnology, 83: 76-84.

Miller-Rhushing, A.J., Katsuki, T., Primack, R.Bshii, Y., Don Lee, S. and Higuchi, H., 2007.
Impact of global warming on a group of related sgeand their hybrids: cherry tree
(Rosaceae) flowering at Mt Takao, Japan. Americamnhl of Botany, 94: 1470-1478.

Omoto, Y. and Aono, Y., 1990. Estimation of chamgblooming date of cherry flower by urban
warming. Journal of Agricultural Meteorology, 4@23:129.

Menzel, A., Sparks, T.H., Estrella, N. and Roy, DZ06. Altered geographic and temporal
variability in phenology in response to climate mha. Global Ecology and Biogeography,
15: 498-504.

Parmesan, C. and Yohe, G., 2003. A globally colidnegerprint of climate change impacts
across natural systems. Nature, 421: 37-42.

Picard, F., Robin, S., Lavielle, M., Vaisse, C. &aldin, J. J., 2005. A statistical approach
for array CGH data analysis. BMC Bioinformatics, 6.

Schultz, H.R., 2000. Climate change and viticultar&uropean perspective on climatology,
carbon dioxyde and UV-B effects. Australian Jouwfarape and Wine Research, 6: 2-12.

Schwartz, M.D., 1999. Advanced to full bloom: plamphenological research for the 21st
century. International Journal of Biometeorolog§; 413-118.

Sunley, R.J., Atkinson, C.J. and Jones, H.G., 200@! unit models and recent changes in the
occurrence of winter chill and spring frost in theited Kingdom. Journal of Horticultural

Science & Biotechnology, 81: 949-958.



23

524  Zavalloni, C, Andresen, J.A., Winkler, J.A., FlodeA., Black, J.R. and Beedy, T.L., 2006. The

525

526

527

528

529

530

531

532

533

534

535

536

537

pileus project: climate impacts on sour ch@noduction in the great lakes region in

pastand projected future time frames. Acta Hortigake, 707: 101-108.

Zhang, N.R. and Siegmund, D.O., 2007. A modifiegdZainformation criterion with

applications to the analysis of comparative gendmghridization data. Biometrics 63: 22-

32.

Table 1. Apple tree, cultivar ‘Golden Delicious’ Aamgers, Bergerac and Nimes (1976-2002);

pear tree, cultivar ‘Williams’ at Angers, Bergerand Changins (1972-2003); pear

tree cultivars ‘Williams’, ‘Passe Crassane’ and y®oné du Comice’ at Angers

(1972-2006): estimated multivariate 2-segment mqeilameters §; =1989 for

modelsM , M, and M, in the three cases).

Sequence ﬂl,a _ﬂo,a 0A.0,a 0A.1,a

Angers -7.46 7.49 7.66
apple tree, Bergerac -7.97 7.99 5.85
cv.‘Golden e 7.67 5.89 7.33
Delicious’, =
1976-2002 g 7.18 6.99

o 7.08

Angers -9.54 8.47 7.19
pear tree, Bergerac -9.33 7.48 7.84
cv. ‘Williams’,  Changins -9.97 6.25 6.04
19722003 "4, 7.46 7.06

o 7.27

Williams -8.25 8.47 7.44
pear tree, Passe Crassane -8.97 8.79 7.7
Angers, Doyenné du Comice -8.96 7.83 7.41
1972-2006 OA-j 8.37 7.52

o 7.94
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Table 2. Apple tree, cultivar ‘Golden Delicious’ Aamgers, Bergerac and Nimes (1976-2002);
pear tree, cultivar ‘Williams’ at Angers, Bergerand Changins (1972-2003); pear
tree cultivars ‘Williams’, ‘Passe Crassane’ and y®oné du Comice’ at Angers

(1972-2006): choice of the number of segments faltivariate modelsM .

Sequence J 2logL, Free param.  mBIC, P(M, 1 %)
1 -567.93 4 -588.81 0.3

apple tree,

cv. ‘Golden 2 -546.98 8 -587.34 0.62

Delici;US’,z 3 -532.86 12 -591.33 0.08

1976-200 4 -525.8 16 -601.77 0
1 -688.11 4 -709.83 0

pear tree, 2 -653.42 8 -695.48 0.71

cv. ‘Williams’,

1972-2003 3 -635.57 12 -697.24 0.29
4 -629.26 16 -710.19 0
1 -760.89 4 -783.06 0.01

pear tree, 2 -733.19 8 -776.15 0.4

Angers,

1972-2006 3 -712.58 12 -775.38 0.58
4 -702.38 16 -783.86 0.01

Table 3. Apple tree, cultivar ‘Golden Delicious’rigers, Bergerac and Nimes) and pear tree,
cultivars ‘Williams’ (Angers, Bergerac and Changin$asse Crassane’ (Angers)
and ‘Doyenné du Comice’ (Angers), (1976-2002): ckaf the number of segments

for multivariate modeM ..

J 2logL, Free param.  mBIC, P(M,| xI?)
1 -1555.99 9 -1607.67 0

2 -1475.15 18 -1577.11 0.99
3 -1435.14 27 -1586 0.01
4 -1416.19 36 -1615.35 0
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550 Table 4. Univariate 2-segment modéls,,, : posterior change-point probabilities.

551

552

553

554

555

556

557

Cultivar Location Year range 1988 1989 Maximum probability
probability (change point)

Golden Delicious Angers 1963-2006 0.23

Bergerac 1976-2002 0.27

Nimes 1974-2006 0.15 0.21 (20622003)
Williams Angers 1959-2006 0.24

Bergerac 1972-2003 0.27

Changins 1971-2003 0.46
Passe Crassane Angers 1959-2006 0.18 0.29 (396961)
Doyenné du Comice Angers 1972-2006 0.32

Table 5. Mean dates of F1 stage (apple tree) @t&de (pear tree), expressed in calendar day
from 1% January, according to cultivar and location durthg two successive

observation periods.

Cultivar Location Stage Observation period
1976-1988 1989-2002
Golden Delicious Angers F1 115 108
Bergerac F1 109 101
Nimes F1 101 94
Williams Angers F2 105 94
Bergerac F2 102 92
Changins F2 115 105
Passe Crassane Angers F2 104 93
Doyenné du Comice  Angers F2 109 98




558

559

560

561

562

563

564

565

566

567

568

26

Table 6. Mean temperatures during the chilling bedt phases of the flowering process for

cultivar ‘Golden Delicious’ at Angers, Bergerac axtimes (1976-2002): estimated

multivariate 2-segment model parametefs {1988 for models M,,, M

M., in the two cases).

and

msv

Sequence [Il,a - ,[/o,a Ooa O1a
Angers 1 0.57 0.85
Bergerac 1.08 0.67 0.91
Chilling -
Nimes 1.12 0.65 0.63
temperature R
g, 0.63 0.81
o 0.73
Angers 1.28 0.62 0.95
Bergerac 0.98 0.76 1
Heat Nimes 1.77 0.9 0.91
temperature ~
g, 0.77 0.96
o 0.88

Table 7. Mean temperatures during the chilling bedt phases of the flowering process for

cultivar ‘Golden Delicious’ at Angers, Bergerac adtines (1976-2002): choice of

the number of segments for multivariate moddls.

Sequence J 2logL,  Freeparam. mBIC,  P(M,|x7)

1 -213.78 4 -234.65 0
Chilling 2 -179.58 8 -219.92 1
temperature 3 -174.02 12 -232.46 0

4 -163.49 16 -240.5 0

1 -247.44 4 -268.31 0
Heat 2 -208.85 8 -249.2 0.53
temperature 3 -199.11 12 -258.11 0.01

4 -172.27 16 -249.46 0.46
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