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Selecting models to predict the timing of flowering of
temperate trees: implications for tree phenology modelling
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ABSTRACT

Classical budburst models (Spring Warming, Sequential,
Parallel and Alternating) are unable to fully predict exter-
nal data, partly because of the methods of optimization
used to adjust them. The purpose of this study was to
examine different assumptions of budburst models and
select those which are best supported by the data, defining
new models able to predict external data. Eight models,
each differing in one assumption, were fitted and tested
using external data. The dataset used to test the models
was deduced from aeropalynological data at two stations
in France. The results show that some of the models
proposed are able to accurately predict external dates of
flowering of most of the studied species. The assumptions
of those models have been individually tested and shown to
improve the models accuracy. Robust estimates of the best
predictor models of 12 tree species are presented. The
analysis of hypothetical provenance transfer of two
species, Buxus sempervirens and Platanus acerifolia,
between the two study sites, shows thaP. acerifolia
estimates are similar in both environments wherea$.
sempervirensestimates are variable. This result, which
agrees with the genetic characteristics of both species,
shows that local adaptation of phenology can also be
studied through modelling approaches.

Key-words budburst models; dates of flowering; external
validity; local adaptation of phenology to climate.

INTRODUCTION

Since the early 1970s, phenology has been recognized t
play a prominent role in the modelling of ecosystem pro-
ductivity (Lieth 1971). Models predicting the timing of

budburst of trees are now widely used to predict the conse

guences of a global warming on tree phenology (Hanninen

1991; Hannineret al. 1993; Kramer 1994a; Hanninen
1995; Kramer 1995; Hanninehal. 1996; Hanninen 1996)
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but also on terrestrial carbon productivity (Lieth 1971;
Kramer, Friend & Leinonen 1996; Kramer & Mohren
1996). Phenology modelling requires four essential steps
(i) a model definition (ii) a data collection (iii) adjustments
of the model to the data, and (iv) tests of the model
hypotheses.

Different models predicting the dates of budburst or
flowering have been described in the literature.
Temperature is recognized as being the main variable
which regulates the timing of budburst. Some models
consider only the action of forcing temperatures (Thermal
Time model (Cannell & Smith 1983) also named Spring
Warming model (Hunter & Lechowicz 1992)), while
others consider also the action of chilling temperatures
(Parallel model (Landsberg 1974; Hanninen 1990; Kramer
1994b); Sequential model (Sarvas 1974; Hanninen 1990;
Kramer 1994b); Alternating model (Murray, Cannell &
Smith 1989)).

Four types of phenological data can be distinguished: (i)
observations of trees in natural or planted populations
(Cannell & Smith 1983; Nizinski & Saugier 1988; Hunter
& Lechowicz 1992; Kramer 1994a,b; Hakkinen, Linkosalo
& Hari 1995) (ii) observations of clones in different envi-
ronments (phenological gardens) (Schnelle & Volkert
1974; Kramer 1995) (iii) greenhouse experiments (Perry &
Wang 1960; Nelson & Lavender 1979; Mauget 1983;
Murray et al. 1989; Hannineret al. 1993; Heide 1993;
Cecich, Kang & Chalupka 1994; Hanninen 1995; Myking
& Heide 1995), and (iv) measurements of pollen emissions
in the atmosphere indicating the timing of flowering of
populations (Boyer 1973; Richard 1985; Andersen 1991;
0Frenguelliet al. 1992; Chuine, Cour & Rousseau 1998).

The adjustment of models to these data first requires an
adapted optimization algorithm that ensures correct con-
vergence. Classical optimization algorithms are in general
‘unable to converge (Kramer 1994b), leading to unreliable
estimates. This nonconvergence is primarily due to the fact
that the likelihood functions of budburst models have
many local maxima in the parameter space considered.
Unreliable estimates have been shown to be partly responsi-
le for the lack of external validity of budburst models, i.e.
they do not accurately predict external data. Even if the
appropriate optimization algorithm is used, classical
models (Thermal Time, Sequential, Parallel, Alternating)
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are still unable to predict external data with accuracy to test each hypothesis independently. The eight models are
(Chuineet al. 1998). Testing of external validity is particu- compared to one another and to the classical models
larly important for budburst models which are used to (Thermal Time, Sequential, Parallel and Alternating
make predictions in climatic conditions that differ from models) on the basis of their external validity. Adjustments
those used to fit them (e.g. in a globally warmed climate). of the models and tests are performed using the dates of
Long time series of phenological data of the same loca-flowering of tree populations in two locations in France.
tion are very rare and we are often compelled to use differ-The conditions needed to obtain reliable models and
ent data sampled in different locations to adjust and testestimates are discussed. Hypothetical transfers of the
phenological models. However, this method can lead to species shared by both locations are analysed to estimate
wrong model estimates and wrong tests if the phenology oftheir differentiation for the timing of flowering.
the species studied is locally adapted to climate. A trait is
locally adapted if it is significantly different from one pop-
ulation to another (differentiated populations) and if this MATERIALS AND METHODS
difference is adaptive. Both conditions have been provenData
for the phenology of some herbaceous species (ReinartzpOIIen data
1984; Fox 1989; Dominguez & Dirzo 1995). Transfer
experiments on tree seedlings (Perry & Wang 1960; KuserThe dates of flowering were extracted from aeropalynologi-
& Ching 1980; Billington & Pelham 1991; Ducousso, cal data. These data consist of pollen concentrations in the
Guyon & Krémer 1996; Let al. 1997a,b) have demon- atmosphere as weekly averages from two localities in
strated that populations of some tree species were differenfrance, one near Montpellier (43-3°N, 3-6°E) and another
tiated for their phenology. Such transfer experiments do near Lyon (45-6°N, 5-2°E), over 19 (1974-92) and 16
not lead however, to a clear statement of a local adaptatior(1982-97) years, respectively. Pollen was trapped on filters
of phenology to climate. Some transplants show earlier fixed vertically on a wind-cock which continuously orien-
flushing of southern-origin seedlings (Ducoussb al. tated the filters to the wind. The filters were exposed
1996), others show a earlier flushing of northern-origin throughout the year and were changed every week. The
seedlings (Mergen 1963; Beuker 1994; Falusi & Calamassidensity of pollen deposited on the filters was estimated for
1996), or show no difference between origins for the sameeach identified taxon according to Cour (1974). Using data
species studied (Lieth 1974). Differentiation of tree of the amount of wind that passed through the filters and was
phenology remains a part of phenology modelling that has measured by an anemometer, the concentration of pollen per
not been extensively studied. Beyond its interest for evolu- cubic metre air for each taxon was calculated. This method
tionary biology, its study for phenology modelling is allowed the determination of the temporal variation in pollen
necessary to assess the conditions of application of theconcentrations of each taxon present in the atmosphere.
models for natural populations. Pollen identification was made to the genus level since
The aims of this paper are (1) to propose models capablghe pollen morphology of the different possible species of a
of predicting the timing of flowering of trees using external plurispecific genus is too similar to be discriminated. In the
data, i.e. data not used to adjust the model; (2) to test thepresent study, only the monospecific genera were consid-
different hypotheses involved in budburst models; and (3) ered. The identification of the species concerned was made
to compare models estimates of a species in two differentusing regional flora and vegetation maps (1/200000). The
environments in order to estimate the differentiation species chosen for the study wepesculus hippocas-
between both populations. The only variable used in thetanumL., Alnus glutinosaGaert.,Betula verrucosdhrh,
models is temperature. Models involving the action of pho- Buxus sempervirenk., Carpinus betulud.., Castanea
toperiod have not been considered for two main reasonssativa Mill., Corylus avellanalL., Olea europaeal.,
First, photoperiod is unlikely to influence inter-annual Platanus acerifoliawilld., Taxus baccata., Uimus minor
variation of any variable in a single place since it does not Mill. and Ulmus montana LTwo species were common to
vary from one year to another. Second, experiments in con-Lyon and MontpellierB. sempervirenandP. acerifolia.
trolled environmental conditions show that contrary to
many annual plant species, flowering does not appear to b
under photoperiodic control in most woody perennials
(Sedgley & Griffin 1989). From the annual pollen spectrum of each species the week
Classical models, although different, share some of maximum concentration was determined. The middle-
hypotheses which have never been tested against eacHay of this week was assumed to be the mean date of
other. The eight models proposed in this study are a combi-anthesis of the population of each species around the
nation of three different types of hypotheses: (1) hypothe- pollen sampling station (approximately 50 km around for
ses about the coupling of forcing and chilling the principal pollen taxa, Cour & Villemur 1985). The
temperatures; (2) hypotheses about the period duringmodels tested here were used to predict the dates of anthe-
which forcing and chilling temperatures influence bud sis which corresponded either to the date of flowering of
growth; and (3) hypotheses about the functions of responsghe male flowersA. glutinosa B. verrucosaC. betulus
to temperature. The models have been constructed in orde€. sativg C. avellana P. acerifolig T. baccatd, or to

Dates of flowering
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the date of the male maturation stage of the bisexual proposed are used to predict the dates of flowering but they
speciesA. hippocastanunB. semperviren®. europaea could be also used for the prediction of vegetative bud-
U. minor, U. montand. burst. In the following text they will be referred to as bud-
burst models.

Four hypotheses can be tested independently in compar-
ing two models differing only by one hypothesis. The
At both sampling stations pollen traps were placed in the hypotheses tested are:
meteorological station near the airport (Frejorgues, 6 km
south of Montpellier and Bron, 2 km east of Lyon). Daily
minimum and maximum temperatures, wind speed, and
weekly precipitation were recorded. The average tempera-
ture of each day was estimated to be the mean of the daily
minimum and maximum temperatures. The speed of the
wind was used to calculate the weekly pollen concentration
in the atmosphere. The weekly precipitation were used to
control whether the pollination was disturbed by
unfavourable meteorological conditions which would bias

Meteorological data

(i) Does the use of chilling temperatures improve the
accuracy of budburst models?

(i) Has the negative relationship assumed between state
of forcing and state of chilling to be taken into
account in the models?

(iii) Do the forcing and chilling rate functions as defined
in Hanninen 1990, i.e. a sigmoidal function and trian-
gular function of the temperature, better account for
the action of temperature than degree-days and chill-

: ; . ing days?
the dates of flowering. In favourable meteorological condi- . N9 . . . .
tions, pollen peak occurs over 1 week. If during the week of (V) !_r']zv‘égg”?;opemd of forcing and the period of chill-

pollination, it rained more than 20% of the time, the atmo-
sphere was cleaned from pollen (Richard 1985) so that the Two models (ForcSar and ForcTT, Forc for forcing, Sar
pollen peak was bimodal and did not correspond exactly for Sarvas and TT for Thermal Time) consider only the
with the week of theoretical maximal pollination. When rain action of the forcing temperatures. Both assume that bud-
was the cause of a bimodal peak, the week between the twdyurst occurs when a critical state of forcifg)(is reached,
peaks was taken as the week of maximum pollen abundancehe state of forcing being a sum of daily rate of forciRg, (

as it would have been if it had not rained. Data were notwhich is a function of temperature only. Model ForcSar,
recorded if the cause of a bimodal peak was not obvious.  the simplest, has one paramefét; and R; is a sigmoid
curve (Sarvas 1974 in Hanninen 1990) (see Table 1).
Model ForcTT has one additional paramefgy;: the base
temperature and consideRs as degree-days«(— Ty, %
Eight different models were proposed. Each model is being the daily temperature). ForcTT model is equivalent to
empirical; that is, it simulates a physiological process, andthe Thermal time model (Cannell & Smith 1983) without
is a combination of three types of hypotheses. The modelsthet, parameter (starting date of the sum of temperatures).

Models

Table 1. Forc models assumptions

y date of flowering

Xt daily mean temperature (°C)

R (%) forcing rate function

F* critical value of state of forcing for the transition from quiescence to flowering
to 1 January

Ty base temperature

Model ForcSar

ysuch as.(y) = F*

fm=2aw

28-4 . .
Ri(X) = ———— X% >0°C (from Sarvas 1974 in Hanninen 1990)
1+g0185%—18-9)

Model ForcTT

ysuch as.(y) = F*

fm=2aw

0 ifx<T,

Ri() = X-T, ifx=T,
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Degree-days are accumulated when the temperatureandd,sthe observed date of the yéaParameter estima-
exceedd, as soon as photoperiod increases (1 January). tions were performed using the Metropolis algorithm
Models SeqTT, SeqSar, ParlTT, ParlSar, Par2TT and(1953), a simulated annealing method. The accuracy of the
Par2Sar (Par for Parallel and Seq for Sequential) also con-estimates found by this algorithm was checked by replica-
sider the action of chilling temperatures involved in the tion. The quality of the convergence was measured by the
break of bud dormancy during the autumn/winter. Chilling standard error on each parameter for 10 repetitions.
temperatures are also considered here to be involved in the
speeding up of the bud growing during the forcing in the
spring as in the Alternating model (Cannell & Smith 1983;
Murray et al. 1989; Kramer 1994b): the more chilling tem- Internal and external validity

peratures, the less forcing temperatures are needed. Thu%’arameters were fitted using 9 years of the Montpellier
budburst occurs when the critical state of forcing dependemdataset (odd years from 1975 to 1991). The internal valid-

of the state of chilling is reached. Rates of chilling and forc- ity of each model was measured by the percentage of
ing can be considered as chilling days and degree-days or &Fariance explained by the model computed with the data
specific functions of the temperature. Each model is acom- <4 to fit it R, and tested for each species separately
bination of two types of hypotheses (see Table 2). First, ausing F-tests. Th,e external validity (Lebretetal 1992)

hypothesis defining the period of action of chilling and . .
) o was measured by the percentage variance explained by the
fFJrg:ngz. _T?]r.ﬁ.e ctases ar;a d|st|n?U|s]t1ed E’ﬁ‘l A2 torf (’;‘3’ model computed with data not used to fit it (10 even years
able 2): chilling temperatures active from the onset of dor- from 1974 to 1992). External validity was tested as follows:

rr;‘a;ncy dtc;‘;he O(;'?et (.Jf qtjlescencie (AL) ?_r tof the ?r?we“ngtthe percentage variance explained was considered as a co-
(A2an ) and forcing temperatures active from the onse efficient of determination and its associated correlation

gf gltfersc;egce (/3(11 andhAZ) 3: thie ?jnsfﬁ]tir(])f dtﬁrmr;aqn%y I(Iﬁ?) t(} coefficient was compared to critical values for correlation
udburst. second, a nypothesis de g the modelling of ., thicients (Rohlf & Sokal 1969).

the forcing and chilling rates. Two cases are distinguished: Since the models are nonlinear and non-nested (i.e. each

de_gree—days and chilli_ng days (B1) or forcing and chilling model is not a submodel of the other), they were compared
units which are a function of the temperature (B2). using their external validity. The external validity of pairs

of models that differed for one hypothesis were compared
for each species to choose the most accurate hypotheses.
The Thermal Time, Sequential, Parallel and Alternating
Models were fitted using the least square method (for models have also been used for these comparisons since
details see Chuinet al. 1998). The functiorf(x)=> [r; they have already been fitted with the same dataset in
(x)]? is minimized in the parameter spagewherer;(x) is Chuineet al. (1998) Since no test exists to combine the
the residualr{(x) = d;(X) — diopa), d;i(X) is the predicted date  comparisons made for different species and for different

Tests

Parameter estimation

- Table 2. Seq and Par models assumptions
y date of flowering

Xt daily mean temperature (°C)
R (%) forcing rate function
R.(%) chilling rate function

S state of forcing
S state of chilling
Cc* critical value of state of chilling for the transition from rest to quiescence
F* critical value of state of forcing for the transition from quiescence to flowering
to date of onset of rest
ty date of onset of quiescence
Ty base temperature
To optimal temperature of the rate of chilling
a,b constantsg > 0,b < 0)
Models Hypotheses d.f. Parameters
SeqTT = Al+B1 4 Town Toz @, b
SeqSar = Al +B2 4 T a, bty
ParlTT = A2 +B1 5 Tow Thz,a, b, ty
ParlSar = A2 + B2 4 Toa, b, ty
Par2TT = A3 +B1 4 C*, Tpy, Tz @, b
Par2Sar = A3+ B2 5 C* T, a,b

For every models the date of floweripgccurs when a critical state of forcing units is
attained F*), that isy such as5(y) = F*.

© 1999 Blackwell Science LtdPlant, Cell and Environmen22, 1-13
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This critical state of forcing=*) units is related to the state of chilling as follows also for Table 2. Continued
every modelF* = a expb (Y)).

C = &(t)
A hypotheses ‘period of chilling and forcing’
Al:

t,
&m=§&w

sm=§am

A2:
t,
SO = 2 R(x)
t
S0 = X R
A3:
t,
SO = 2 R
t
S0 = 2 KR(x)
k = i S:<C*
with C*
k=1 g>C*
B hypotheses ‘forcing and chilling modelling’
B1:
|0 X 2Ty,
R(x) = { 1 %< T,
0 X< T,
auo={x_T o
t— b, X <Ty
B2:
0 %<0
ROG={__ 284 5o
1+ g 01854~ 18:4)
0 X <—3-40rx=10-4
X+ 3-4
R(%) = T,+34 -34x<T,
X —10-4
T,—10-4 To<x <104

Model SeqTT:t; such astg > 1 Januaryh (§>2) n (fori=1-4,%.;> Ty

models, a hypothesis was selected if it was the most accuMontpellier dataset were fitted with 9 years of the Lyon

rate for every species or most of them. dataset (1982-90) and tested with the data for the remaining
The selection of the best predictor model for each speciesr years (1991-97) in order to test if the models of highest

in the Montpellier dataset was carrier out by comparison of external validity in Montpellier were the same in Lyon.

the external validity of each model. The model explaining For each species, the estimates of the best predictor

the highest percentage of variance on external data wasnodel were fitted using 16 years of data in both datasets, as

chosen as the best predictor. Models selected using thel6 years was the maximum number that could be chosen to

© 1999 Blackwell Science LtdRlant, Cell and Environmen22, 1-13
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allow comparisons between estimates of the species sharedannot be compared independently to each other because of
by both localities. The 16 years chosen in Montpellier were the interdependence of some parameters, the dates predicted
1977-92, so that 11 years were common to both datasets. by Lyon’s estimates and Montpellier's temperatures were
compared with the dates observed in Montpellier. In the same
way, dates predicted by Montpellier’s estimates and Lyon's
temperatures were compared with the dates observed in
Estimates of the best predictor modelFoacerifoliaandB. Lyon.

sempervirensvere fitted independently using 16 years of

both the Lyon and Montpellier datasd®atanus acerifolia

Willd. (Platanus orientalid.. x Platanus occidentalis.) has RESULTS

been introduced in Europe to be used as a roadside tree essep/l-0 del selection

tially. Its propagation is only achieved from cuttings in

nurseries (Ricaudt al. 1995). Thus, the genetic diversity of Each model has internal validity (i.e. the percentage of
P. acerifoliais likely to be much less important than the variance explained by the model is very high) whatever the
genetic diversity commonly reported in natural population of species, with the exception of model Par28atJ. minor
forest trees. In contradB. sempervirenss a shrub that is  (Table 4). The percentage of variance explained ranges
naturally propagated. We expect that the genetic part offrom zero to 93%, with a mean of 58% when averaging
phenology of. acerifoliais the same from one populationto over species and models.

another whereas it may be different BorsempervirensThe Models ForcTT, ParlTT, Par2TT showed significant
comparison of Montpellier and Lyon estimates of these external validity for only two species, and models ForcSar,
species permits the estimation of the genetic differencesSeqTT for three species (Tables 3 and 4). Models SeqSar
between both populations of each species. Since estimateand ParlSar showed relatively high significant external

Estimate comparisons of the two species in both localities

Table 3. Percentage of variance explained
ForcSar ~ ForcTT ~ TT Seq Par Alt (R?) by the Forc models considering the
df. 1 2 3 4 5 4 dataset of Montpellier. In the first life,,,

. the percentage of variance explained of the
A. hippocastanum  0-23 ns 0-74* 0:84 ns 0-82ns 0:48ns 0-88* {ata used to fit the models. In the second line

0-34* - - - - - R’ the percentage of variance explained of
B.sempervirens ~ 0-36ns  0-55ns  0-58ns  0-72ns 0-45ns  0-66 nghe external data. Results obtained with the
0-03 ns 0-46 * 0-58*  _ - 0.69 **+ same dataset are re_called for the Thermal
Time (TT), Sequential (Seq), Parallel (Par)
O. europaea 0-70 ns 0-84*  0-90* 0-91* 0-74ns  0-78ns zpq Alternating (Alt) models (from Chuine
0-80** 0.-82** 0.-64** 0-33*  0-64** 0-67** etal 1998)
P. acerifolia 0-65 ns 0-67 * 0-90 * 0-79ns 0-81* 0-73ns
0-43* - 0-65**  — - -
U. minor 0-47 ns 0-72* 0-75ns 0-83ns 0-57ns 0-76 ns

Significance level: ns, non significant;P,< 0-05; **, P< 0-01; ***, P< 0-001; d.f. = degree
of freedom.

Table 4. Percentage of variance explained
SeqTT SeqSar ParlTT  ParlSar Par2TT Par2Sarhy the different Seq and Par models using the

d.f. 4 4 5 4 5 5 Montpellier dataset. In the first Iirﬁzim, in
the second lin&,,,

A. hippocastanum  0-12 ns 0-51 ns 0-76 ns 0-64 ns 0-79ns 0-15ns

0-34* 0-24 ns - 0-28 ns - 0-38*

B. sempervirens 0-45ns 0-51ns 0-61 ns 0:42 ns 0-54ns 043 ns
0-03 ns 0:61** — 0-62** 0-32* 0-65 ***

O. europaea 0-76 ns 0-93* 0-86 ns 0-91* 0:47ns 0:73ns
0-80** (0.-63** 0-67** 0.68** 0-35* 0-75 ***

P. acerifolia 0-54 ns 0-89* 0-90 ns 0-89 * 0-:62ns 0:00ns
0-43* 0:69 ***  — Q- 71 %  — 0-86 ***

U. minor 0-32ns 0-67 ns 0-72 ns 0-64 ns 0-37ns -
- 0-38* - 0-49* - -

Significance level as in Table 3. —, means that the model was worse than the mean date of
flowering; , values in italic do not take into account the unpredictable years.
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s 3L _
validity for almost all the species. On the contrary, the § E-E 23 2
Par2Sar model was unable to predict the date of flowering 3 IS o g 22
for some years for every species excépteuropaea E Sz 2 g g
because the chilling requirement*) could not be ful- § 8 2 g 298
filled in those years. =) = % g 85 ¢
The value of coefficienk (potential of buds to respond % = %ﬁ g% o § "§ B
to forcing temperature) used in the Par2Sar and Par2TT  § g ¥ ©F 532 0 3
models was only dependent of a critical state of chilling -% L 89 g £ 25 5 g
(C*) and not ofK,, (always fitted to be zero in both mod- e 2328 § 5 2 £8%09
els), the minimum potential of unchilled buds to respond to 8 2 00 282 % §E8
forcing temperatures (Hanninen 1990; Kramer 1994b). 2 c| 282 ZTo£ £ fiﬂé §
Hypotheses selection 2 g s . (% g ° EC°
Table 5 shows, for each hypothesis tested, which models 7 © ©
were compared and the results of their external validity g
comparisons. The results can be summarized as follows. (i) s § e
Chilling temperatures coupled with forcing temperatures & IS g = @E
better predicted the timing of flowering than forcing tem- % % 43 . 2 3
peratures alone, except f8Br sempervirengii) The expo- 5 g g ‘\’,’ 5 g ﬁ nA
nential negative relationship__k_)etweamndSC increased @ 5 g’ &)*3 TE 5 ) % &)‘3 g — g E
the accuracy of the models. (iii) The action of the tempera- © g goun (g_LBL LN KEE e
tures was better supported by chilling and forcing rate % S| 08 % 53V ME ks 3 Snls
function as defined by Hanninen (1990), than by sums of g 8 \é yaodv E SATA g .':CT o
degree-days and number of chilling days. (iv) The period 8 2|9 ; $s E_ 58 E n '%_@ 3 %
during which chilling temperatures were active on bud § I_BL g 2 * g &8 @
growth differed among species. However, chilling temper- 5 " 5
atures could be active from the onset of dormancy to the &, 3 . x S
onset of quiescence or to the onset of budburst. In contrast, £ g,i g © & =
forcing temperatures were only active from the onset of 8 5| <@ 9& E
quiescence to the onset of budburst. g el B Q & §
Considering these results, two models (SeqSar and g 2| 5 c\? ° L9 .3 5
ParlSar) among the eight models tested, could be kept for 5 § B 2 & 5‘3 3 oo o
. LT . c DO dN TR @ o
further investigations to find the most accurate budburst § 3 E|l oS 7S 4 55 E N <,f\) o
model for any tree species. The Thermal Time and 5 [ & |o| 5v %A B CIVERL| Y
Alternating models could also be kept since they were the g = E NE 3 g A= EE g A E 2
best predictor models f& acerifoliaandB. sempervirens, S |8 % I_BI_ = ‘3% = =S g'a§ = 2
respectively; as well as the ForcSar model whichwithonly 2 |5 || ~ & HhapLaang & i
one parameter showed a high explained sum of squares on ] _ =
external data. 5 § - - 3
= >
Cross validation of the best predictor models @ = § 'D_-_ = g g - % §
Each of the five best predictor models fitted with 9 years of é S 2 % § E % ?‘3 % % %
the Lyon dataset had internal validity, varying from 27 to o & % g = ‘-|:'- % % & a| =€
98%, with a mean of 77%. The external validity varied = Slgs @ BEERE E E|<
. . . . o] = = = — P G o o L
from 2 to 97%, when it existed, i.e. in 84% of the cases 2 1922 & 288 & 8| €
(Table 6), and had a mean of 58% when averaging over @ 5 5}
species and models. Considering the species shared by -2 Q S
both localities, the best predictor models were not exactly £ g g
the same in Montpellier and in Lyon according to external § 3 ) 55 §
validity. The best predictor models Bf acerifoliawere £ 8|5 > &)’E ) g o
still the SeqgSar and Thermal Time models, plus the S % 3 g g EL’E S u
Alternating model in Lyon and the ParlSar model in >l | E 5 g R %
Montpellier. On the contrary, the best predictor models of £ § E 4 = o 2 5
B. sempervirenswhich were the Alternating, SeqSar and o= ]2 & & & & 8
ParlSar models in Montpellier, were the SeqSar and = — . o
ForcSar models in Lyon. & = £ £ 2 .
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- - Table 6. Percentage of variance explained
Thermal Time  Alternating  ForcSar SeqSar ParlSar for the Lyon dataset. At the first liri,,, at

the second lindR,,,

A. glutinosa 0-82* 0-82ns 0-72 ** 0-88* 0-82ns
- 0-25ns - - 0-22 ns

B. verrucosa 0-98 *** 0-92* 0-83*** (.98 *** (.97 ***
094 *%k%k 097 *k%k 086 *%k%k 095 *k%k 091 *kk

B. sempervirens  0-75ns 0-74 ns 0-54 * 0-84 ns 0-85ns
0-54 * - 0-75** 0-92**  0.48ns

C. betulus 0-95 *** 0-89 * 0-84**  0.94* 0:93*
0-78 *** 0-95 *** 0-90 ***  (0-88 ** 0-83 ***

C. sativa 0-53 ns 0:73ns 0-35 0:76 ns 0-60 ns
0-46 * 0-38 * 0-02 - 0-02 ns

C. avellana 0-88 * 0-70ns 0:63* 0-89 ** 0-97 **
0-77 ** - 0-31 0-74**  0.67*

P. acerifolia 0-88 ** 0-93* 0-59 * 0-92 * 0-93*
0-86 *** 0-88 *** 0-72* 0-88 *** (.81 ***

S. nigra 0-76 * 0-76 ns 0-27 0-87* 0-87 *
0-14 ns — 0-48 * 0-32ns 0-25ns

T. baccata 0-96 *** 0-86 ns 0-35 0-59 ns 0-58 ns
0-76 ** 0-03 ns 0:83**  0-27 ns 0-40 ns

U. montana 0-74 ns 0-77 ns 0-58 * 0-76 ns 0-60 ns
- 0-06 ns 0-44 0-24 ns 0-38 ns

Significance level as in Table 3.

Estimates However, the estimates still explain the inter-annual vari-

. . ability of the dates of flowering in both cases.
Comparison between estimates was made for the common

best predictor model in both localities, which was the
SeqSar model. The estimates Rfacerifolia were very DISCUSSION
similar, wherea®. sempervirensstimates were different Models comparison
(Table 7). Since the sets of estimates cannot be easily com-
pared, the Montpellier estimates of both species were usedrhe comparison of the accuracy of the different models for
to predict their dates of flowering in Lyon to see if the pre- the different species shows that there is no consensus
dictions were similar to the predictions obtained with Lyon model; i.e. no single model that accurately predicts the
estimates. In the same way, Lyon estimates were used talates of flowering of every species. This point was already
predict their dates of flowering in Montpellier. Figure 1 illustrated by the studies of Hunter & Lechowicz (1992)
shows the linear regression of the predicted dates againsand Chuineet al. (1998) and indicates that all different
the observed dates using both kind of estimates. The Lyonpossible models must be tested for each species.
estimates provided more accurate predictions in Lyon thanNevertheless, according to the comparison of the hypothe-
were provided by the Montpellier estimates in Montpellier: ses performed in this study, the characteristics of the best
R? = 0-93 against 0-8fbr P. acerifoliaand 0-91 against  potential predictor models are: (i) to relate the critical state
0-69 forB. sempervirens of forcing to the state of chilling with an exponential
ConcerningP. acerifolia, the regressions show that negative relationship; (ii) to use forcing and chilling rate
there was no difference between estimates fitted in Lyon functions as defined in Hanninen (1990) rather than sums
and estimates fitted in Montpellier since the predictions of degree-days and chilling days to simulate temperature
were similar. Moreover, the regression slope was similar action on buds development; and (iii) to consider forcing
to the bisector. It should be noticed that there were abouttemperatures active from the onset of quiescence and not
13 d of difference between flowering in Montpellier and from the onset of dormancy. The better predictions
flowering in Lyon forP. acerifolig and about 10 d fdB. obtained with the logistic forcing rate function than the
sempervirensThus, the predictions & acerifoliashow degree-days had also been shown by Kramer (1994b) on
that the 13 d of difference are solely due to the differencesFagus sylvatica.
of temperatures between the two localities, situated at a The choice of the best predictor models from the fits and
distance of 256 km. In contrast, the Montpellier estimates tests using the Montpellier dataset seems justified since the
of B. sempervirendid not accurately predict flowering in  external validity obtained with the Lyon dataset is very
Lyon and vice versa (Fig. 1). Montpellier estimates pre- high (Table 6). The internal and external validities varied
dicted flowering 20 d later on average than those observedmarkedly with the species considered, as in Montpellier.
in Lyon, and Lyon estimates predicted flowering 20 d ear- Some of the species had their dates of flowering accurately
lier on average than those observed in Montpellier. predicted by all the models. The species concerned are
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©  Table 7. Estimates of the best
Model
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especially B. verrucosa, C. betulugnd P. acerifolia
(Table 6) for which the models explain about 90% of the
variance of external data, which is almost perfect consider-
ing the precision of the data. The Forc models are as accu-
rate as the Seq and Par models and sometimes more
accurate despite the fact that they require much fewer
parameters. Their selection as best predictor models is then
justified in this instance.

The percentages of variance explained (internal validity)
of the models presented here are higher than that devel-
oped by Andersen (1991) who modelled the beginning of
the pollen season d&fInussp., UImussp. andBetulasp.
from airborne pollen data (0-83 against 0-6 Lionusand
0-98 against 0-83 f@etulafor the best models) except for
Alnus(0-88 against 0-99). Andersen’s models took chilling
and forcing temperatures into account but the forcing and
chilling rate functions were totally different from ours. In
addition every parameter was fixed in his study which
make a more precise comparison impossible.

Conditions for reliable fits and tests

The first condition, after the use of adequate optimization
algorithms to fit the models, is to fit models with data of the
same locality. Phenology, as a component of the reproduc-
tive success, and also the survival of individual trees, are
subject to climate-dependent selective pressures. It can
therefore be expected that the different populations of a
single species are adapted to local climatic conditions if
these selection pressures are high compared to gene flow.
Local adaptation of tree phenology has never been demon-
stated clearly although many experiments and especially
transfer experiments have been made for that purpose
(Perry & Wang 1960; Kuser & Ching 1980; Billington &
Pelham 1991; Beuker 1994; Ducoussal. 1996; Falusi &
Calamassi 1996; Lét al 1997a,b) but those experiments
have shown that populations of some species were differen-
tiated for their phenology. Although, biological significance
cannot be given yet to budburst models parameters, it is
very probable that some of them, and in particular the base
temperature and the optimal temperature of chilling, can be
considered as effective thermal thresholds being under
genetic control. As a consequence, if the different popula-
tions of a species are differentiated for their phenology, we
expect that the estimates will be different from one region
to another. Hence the use of data from different populations
may lead to wrong model estimates.

A second condition pertains to the choice of the data to
fit and test the models. Two datasets from the same locality
are needed (or from two localities in similar climate).
Valuable tests of external validity should be made with at
least as many years as those used to fit the models. In addi-
tion, phenological events observed in a population are het-
erogeneous, which seem to indicate that two individuals of
the same population may have a different genetic base to
their phenology and thus, that their estimates could be
different. In a global change context, where the aim is the
phenology modelling of species or populations, data
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Figure 1. Predictions of the dates of flowering®facerifoliaandB. sempervirenBy the SeqSar model in Montpellier and in Lyon. Equation
of the linear regression of the observed dates against the predicted datesRanélttiese regressions are given. Square symbols correspond
to the predictions made with the estimates fitted in the locality observed (for example Montpellier) and diamond sympolscctortbe
predictions made with the estimates fitted in the other locality (for example Lyon). The dotted slope represents the bisector.

concerning only some individual trees would probably reliable independent estimates. But we can expect that
lead to meaningless estimates. Thus, two long time seriesusing populations of different origins, there should be
of data concerning many tree individuals of a population at scope for an estimation of th&,( a, h parameter set

a single locality are ideally needed to find the reliable pre- since the range &@* and F* is expanded. We would like

dictor models and their estimates. to underline that thea( b) estimates obtained f&. avel-
lana and B. verrucosaare similar to those measured
Estimates significance experimentally by Murrat al. (1989) for both of these

species and show that they pertain actually to the third
Although budburst models are empirical models, the bio- group defined by Murragt al. (1989). This correspon-
logical significance cannot be given to the estimates, pri- dence provides us with confidence in the estimation of
marily because of the dependence between some of thehose parameters which is difficult due to the dependence
parameters. This dependence implies that different valueupon other parameters such as the critical state of chilling
sets can be equivalent. This is the case fofgha andb and the base temperatures.
parametersT, determines the state of chilling, aaénd The range of th&@, parameter is [-3-4 °C to 10-4 °C].
b determine the state of forcing*) needed to flower. In This range has been defined by experiments in both
a single placeF* does not vary a lot from one year to boreal and temperate climate (Sarvas 1974). As
another, as the accurate results obtained with the ThermaMontpellier and Lyon are in south of France in a
Time and Forc models show. Due to the mathematical Mediterraneen and temperate climate it could be sug-
relationship betweem,, a andb, similar states of forcing  gested that this range is not adequate if the populations
can be obtained with different set df,( a, b) values do not respond to the same temperature from the north to
(Fig. 2). Thus, there is not enough constraint on thesethe south of Europe. In addition, some species show very
parameters if they are fitted in a single place to provide high (C. avellana P. acerifolia, A. glutinosa, U. minpr
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1800 T assumed to suppress or decrease the effects of the chilling

1600 1 equation 1 temperatures.

oo . e equation 2 Platanus acerifoliaestimates fitted in a locality accu-

1200 1 rately predict the dates of flowering in another locality
F* 1000 + with different climate conditions whereBs sempervirens

estimates do not. This result suggests the existence of a
local adaptation of the timing of flowering to local climate
for B. sempervirensor at least a differentiation between

200 T the different populations, and not faracerifolia

0 e As previously explainedP. acerifoliatrees should be
genetically more similar than natural tree populations usu-
ally are since it is a planted tree, propagated only by cut-
Figure 2. Relationship betwee@* andF*. F*=ae®* ). tings in nurseries, and created by hybridization between a

egn 1:a=1000,b=-0-02. eqn 2a=2000,b =—-0-035. The
guadrant shows the small differences betwegrandF*,in the
rangeC* = 35 to 55. This magnitude correspond to the magnitude
of C* observed in Montpellier during the period 1974-92.

P. occidentalisndividual andP. orientalisindividual. This
could explain the high similarity betwePnacerifoliaesti-
mates fitted in localities distant by 256 km. On the con-
trary, populations oB. sempervirenare natural, and if the
model parameters actually represent the genetic compo-
nent of phenology, the differences observed between the
or very low B. verrucosa, U. mingrT, values which estimates of the SeqSar model in Lyon and Montpellier
suggest that this range was underestimated. However, ifsuggest strongly that both populations are differentiated for
the range is expanded to [-5 °C to 15 °C], sofe the timing of flowering. Those results indicates that this
estimates reach the boundaries of the range but the interapproach can be useful for studying the local adaptation of
nal and external validities remain approximately con- phenology of natural populations of widespread tree
stant or decrease (Table 8). Thus, it seems that for somepecies. In particulak. acerifoliacan be used as a control
species the rate of chilling is independent of the tempera-since the genetic differences between individuals are sup-
ture as has already been shown by Kramer (199415} for posed to be much lower than for other natural tree popula-
sylvatica If T, estimates do not correspond to the tions. Such an approach may in particular help to explain
optimal temperature of chilling but are the results of the numerous clinal trends observed for the response of
mathematical relationship betwe@g aandb, then any phenology to climate.

range could be used fdy, as the results obtained fBr Accurate budburst models that are able to predict inter-
acerifolia and U. minorsuggest. This result is also nal data as well as external data are now available. It
consistent with the fact that for these species models ofwould, however, be worthwhile to test these models with
the Thermal Time type (TT, Forc) are almost as accurateother kinds of phenological data, especially data based on
as the others. However, it seems that mixed modelsobservations of natural populations. We expect that with
(chilling and forcing) make better predictions than the adequate data such models could help in the study of local
TT or Forc types models suggesting that the duration of adaptation of phenology to climate, which can now be
the chilling (and not its intensity) is involved. taken into account to obtain reliable predictions under
future climatic scenarios.

Estimate comparisons
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