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Abstract
• It is agreed that climate (precipitation and temperature) influences the distribution of plant species.
Near the margins of a species’ natural range, climate becomes limiting to physiological processes.
There, climate change may be expected to have a significant impact on tree growth and the species’
ranges may be altered.
• In order to assess what influence climate change could exert on the distribution of pine species at
their margin, radial growth trends in ring-width chronologies over the last century were analysed.
In the French Mediterranean area where climate change is characterized by increased temperature,
forest plots were selected along an altitudinal transect on the north-facing slope of the Sainte-Baume
mountain (Bouches-du-Rhône, France) where the ranges of Pinus sylvestris and Pinus halepensis
overlap.
• Two growth patterns were identified. For P. halepensis, radial growth has increased at all altitudes
indicating that climate change has improved growth conditions of this species near the margin of
its ecological range. For P. sylvestris, radial growth has increased only at low altitudes and even
decreased at high altitudes.
• It must be deduced that the growth changes observed cannot be generalised either at the species
level or at the geographical level and must be interpreted with great caution.
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Résumé – Les changements globaux ont-ils induit des tendances de croissance radiale opposées
chez Pinus sylvestris et Pinus halepensis à leur limite bioclimatique ? L’exemple de la forêt de la
Sainte-Baume.
• Il est admis que les facteurs climatiques (températures et précipitations) sont en partie responsables
de la distribution des espèces en limitant leurs processus physiologiques en limite de distribution
d’aire. Dans ce cas, les conséquences des changements climatiques sur la croissance sont suscep-
tibles d’y être le plus marqué et leurs distributions pourraient varier.
• Afin d’évaluer les conséquences des changements climatiques, les tendances de croissance ob-
servées au siècle dernier dans les séries temporelles de cernes ont été analysées. En zone médi-
terranéenne française, où les changements climatiques sont caractérisés par une augmentation des
températures, des placettes ont été sélectionnées selon un gradient altitudinal sur le flanc nord de la
montagne de la Sainte-Baume (Bouches-du-Rhône, France) où les distributions de Pinus sylvestris et
Pinus halepensis se superposent.
• Deux patrons de croissance ont été identifiés. La croissance radiale de P. halepensis a augmenté
quelle que soit l’altitude considérée indiquant que le changement climatique a amélioré les conditions
de croissance de l’espèce à sa limite de distribution. Chez P. sylvestris, des tendances de croissance
opposées inattendues ont été mises en évidence : la croissance a augmenté à faible altitude et a dimi-
nué aux altitudes les plus élevées.
• Il en résulte que les changements de croissance observés ne peuvent être généralisés ni au niveau
spécifique ni à une échelle géographique et doivent être interprétés avec la plus grande prudence.
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1. INTRODUCTION

It is generally agreed that climate influences species distri-
bution through the amount of precipitation and temperature.
Within the distribution range, growth is often controlled by
the length of the active growing season and minimum tem-
perature (IPCC Climate Change, 1995a). Climate change has
already induced significant changes in these parameters. Dur-
ing the 20th century, a strong warming trend of +0.08 ◦C
± 0.03 ◦C per decade has occured. The nine warmest Euro-
pean years have been recorded since 1989 (Luterbacher et al.,
2004). In phase with the global trend, European winters have
warmed more than summers, resulting in milder winters and
decreased seasonal variation (Jones andMoberg, 2003). In Eu-
rope, Menzel and Fabian (1999) reported that the average an-
nual growing period has increased by 10.8 days since the early
1960s. In addition, under the impact of climate change, the
species’ ranges and boundaries have been altered (Chuine and
Cour, 1999; Walther et al., 2002; Walther, 2003; Woodward,
1987). But uncertainty surrounds the extent to which climate
change may influence species distribution.

Retrospective analyses of tree-ring chronologies are a pow-
erful tool to assess the effects of climate change on tree growth.
During the past decades many papers have reported short and
long-term increases in radial and height growth for various tree
species in several regions of the Northern Hemisphere over the
last century (Briffa, 1992; Spiecker et al., 1996). In France,
whatever the forest management practice may be, this has been
observed for Abies alba Mill. (Becker, 1987; Becker et al.,
1994; Bert, 1992a; 1992b), Picea abies (L.) Karst (Becker
et al., 1994), Pinus laricio Poir. (Lebourgeois and Becker
1996), Larix decidua Mill. (Belingard and Tessier, 1997), Fa-
gus sylvatica L. (Badeau et al., 1995; Picard, 1995), Quercus
pubescens Willd. (Rathgeber et al., 1999), Quercus petraea
(Matt.) Liebl.and Quercus robur L. (Bergès et al., 2000; Dhôte
et al., 2000).

It is generally accepted that changes in radial growth are
related to climate change and to some extent to the rise of
temperature, but also to increasing atmospheric CO2, changes
in management practices or land-use, fertilization by nitrogen
compounds or a combination of these factors (IPCC Climate
change 1995a; 1995b; Jarvis, 1998).

The limited number of studies in the Mediterranean area,
based either on past growth or on growth modelling under
global change, show contradictory results depending on tree
species and sometimes within a same species. A few stud-
ies have focused on P. halepensis Mill. and P. sylvestris L.,
two major conifer species in the French Mediterranean zone
(Barbéro and Quézel, 1990) whose distribution area is pan-
European for P. sylvestris and circum-Mediterranean for P.
halepensis. These distribution areas overlap along a narrow
strip in certain mountains in Provence (southeastern France).
There, the limit between these two pine species accurately
fits with the limit between the meso-mediterranean and the
supra-mediterranean bioclimates (Barbéro et al., 1998; Quézel
and Médail, 2003). For Pinus halepensis, Vennetier and Hervé
(1999) evidenced trends towards increased height growth.
Rathgeber et al. (2005) did not evidence any significant trend

in ring-width but found an increase of earlywood density
and a decrease of latewood and maximum density. For Pinus
sylvestris in the Mediterranean area, decreasing growth trends
were predicted, in particular for populations near the limits of
its geographical range (Keller et al., 1997; 2000).

Near the centre of its geographical range, climatic factors
rarely limit growth except in years of most extreme climate
and in the most limiting local situations. Near the margin of its
range, a species may develop on a relatively small variety of
sites, and climate frequently becomes highly limiting to phys-
iological processes, including growth (Fritts, 1976). In these
situations, climate change is likely to have a significant im-
pact on tree growth. In order to assess what influence climate
change could have at the margin of species distribution, this
article aims at analysing how climate change has influenced
radial tree growth during the last century of two pine species,
P. halepensis and P. sylvestris, growing on the Sainte-Baume
mountain (south-east France). For that purpose, we analysed
long-term variations in radial tree growth in plots selected
along an altitudinal transect near the margin of the P. sylvestris
geographical range and at the limit of the ecological range of
P. halepensis. For both species, growth trends were compared
for trees growing along an altitudinal cline.

2. MATERIALS AND METHODS

2.1. Study area, experimental design and plots

The studied area is located on the north-facing slope of Sainte-
Baume Mountain, Bouches-du-Rhône, France (Fig. 1). The ex-
perimental design includes six plots for each of the two species
(P. halepensis and P. sylvestris) with 108 trees. For P. sylvestris six
plots were designated from S1 to S6 and for P. halepensis from A1 to
A6. The average climate is defined as humid Mediterranean with cool
winters and warm and dry summers (2 to 5 months of drought). The
climatic data set collected at Plan d’Aups (altitude 679 m) is the most
representative of the study sites. Over the last 30 years at Plan d’Aups,
the mean annual temperature was 10.3 ◦C. The mean annual rain-
fall was 826 mm but quite irregular (extreme range: 243–1518 mm).
Extreme climatic events such as severe frosts (minimorum ranged
between –10 and –25 ◦C in January or February), scorching heat
(maximorum exceeded 38 ◦C in July or August) and long droughts
(lasting up to 8 months) were recorded during the last century. The
climate trends were similar to those evidenced by Lebourgeois et al.
(2001) over the last century in France. At the meteorological stations
neighbouring the studied plots, minimum temperatures increased by
0.8 ◦C, maximum temperatures increased by 1.8 ◦Cwhereas no trends
in precipitation were observed (calculated as the difference obtained
over the 1900–2000 period derived from linear regression with time,
Fig. 2).

Tree plots ranged along the altitudinal transect between 350 and
960 m. As temperature decreases with increasing altitude (0.6 ◦C per
100 m), the difference between the bottom and the top of the moun-
tain is estimated at around 4.2 ◦C. According to a network of tempo-
rary meteorological stations installed in the 1970s, the mean annual
rainfall ranges from 850 mm at the foot of the mountain to 1150 mm
at summit. The upper part of the transect is more windy than the lower
part but no wind data were available.
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Figure 1. Location of Sainte-Baume Mountain, meteorological stations and sampled plots. Plots of Pinus halepensis ranged from 350 to 690 m
and were designated A1-A6. Plots of Pinus sylvestris ranged from 380 to 960 m and were designated S1-S6. Variations in grey indicate the
relief.

All plots bear soil derived from a calcareous rock layer. They con-
sist of alteritic material covered or not by a colluvial horizon. For each
plot, 16 topo-edaphic variables were recorded. Some are reported in
Table I. These variables were used to calculate a topo-edaphic in-
dex following the methodology developed by Ripert and Vennetier
(2005). This topo-edaphic index whose values span the –80 to +80
interval made it possible to sample homogenous plots with medium
characteristics (–80 < I < –20: poor topo-edaphic quality, –20 < I <
+30: medium topo-edaphic quality, I > +30 : excellent topo-edaphic
quality).

2.2. Sample preparation, ring series
and standardization

For each species, 2–3 groups of 15 trees were sampled along
the altitudinal transect. Besides this standard sample depth for den-
drochronology studies (Fritts, 1976), 3–4 other intermediate groups
of 5 trees for each species were sampled in order to strengthen the
transect. In order to reduce bias due to possible change of tree status
over time (Cherubini et al., 1998), we selected only dominant trees
assuming that the social ranking remained stable over time (Dhôte
et al., 2000). According to local forestry records, the forest stands
were unmanaged and no thinning or logging was done at least during
the last fifty years.

Three cores per tree were collected. Cores were polished using
successively finer grits of sand paper then cross-dated by means
of skeleton-plot established under a binocular microscope (Stokes
and Smiley, 1968). No particular intra-annual density fluctuation,
conspicuous enough to disturb skeleton plot process, was noticed
(Campelo et al., 2006). Each core was then measured using an Ek-
lund measuring device (precision 1/100 mm). To check cross-dating

and possible errors during the measurement, ring-width plots were vi-
sually compared and finally cores from the same tree were averaged
to obtain a mean individual chronology for each tree (Fritts, 1976).
Visual cross-dating was done between trees and some trees that did
not crossdate were discarded.

To study growth trends, ring-width series were transformed into
basal area increment (mm2) series using PPPhalos software (http://
www.imep-cnrs.com/) developed by Guiot and Goeury (1996). This
transformation removes the geometric effect that links ring-width to
diameter increment (Rathgeber et al., 1999).

Because growth trends also vary with tree age (i.e. increasing in
the juvenile phase, stabilizing in the mature phase and decreasing in
the senescent phase), data were also indexed to remove age effect by
means of a Regional Curve Standardization (RCS; Esper et al., 2003).
The Regional Curve (RC) was built for each species by ranking basal
area series according to cambial age on trees from a wide ecological
range and a wide range of tree age classes. These basal area series
were averaged according to cambial age to build up the RC. RCS
assumes that such “age-ranked” time series collectively describe the
functional form of the overall, age-related, growth trend typical for
the species, in a given region (Esper et al., 2003). Because all the
sampled trees were unevenly aged (20 to 140 years), rings of a given
cambial age formed in different calendar years under various ecolog-
ical and meteorological conditions were averaged. The mean basal
area for each cambial age can therefore be considered as representa-
tive of the biological growth of the species, because effects of various
climatic and site conditions were cancelled out by the large sample
size (Dhôte et al., 2000; Esper et al., 2003). To build the RCS, data
from the French Mediterranean region stored in the tree-ring database
of the Mediterranean Institute of Ecology and Paleoecology (http://
www.imep-cnrs.com/) and data collected in our study were used (i.e.,
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Figure 2. Climate trends in the studied area during the last decades.
Anomalies of minimum temperatures, maximum temperatures and
rainfall in the annual data were fitted with linear regressions. Tem-
perature changes were statistically significant at the P < 0.001
level, whereas rainfall changes were not significant. Maximum and
minimum temperatures involved the meteorological stations of Mar-
seille, Plan d’Aups, Brignoles, Aubagne, Gémenos, Méounes-les-
Montrieux et Roquefort-la-Bédoule and the rainfall involved the
meteorological stations of Marseille, Plan d’Aups, Aubagne, Saint-
Maximin-la-Sainte-Baume, Brignoles, Barjols, Trets, Cuge-les-Pins,
Gémenos, Méounes-les-Montrieux, La Roquebrussane et Roquefort-
la-Bédoule.

537 P. sylvestris and 330 P. halepensis trees). Indexation was done by
dividing basal area increment series by the RC which was adjusted
by a rectangular hyperbola equation: ARC = (Gmax × CA)/(t0.5 + CA)
where ARC is the adjusted RC, Gmax is the maximum basal area incre-
ment, CA is the cambial age and t0.5 is the cambial age at 0.5 Gmax.
This function is well known as the Michaelis-Menten equation for
which an exact parameter estimation procedure has been proposed
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Figure 3. Regional Curve Standardization (RCS) for radial growth
of (a) P. sylvestris and (b) P. halepensis in the French Mediterranean
region. Solid lines indicate the RCS (basal area increment in mm2)
and small dots indicate sample depth.

by Mackenzie (2005). For each species, the RC and the number of
trees used to build the RC are plotted in Figure 3.

After standardisation by applying the RC, at each plot, annual
trends were analysed using simple linear regression. The goodness
of the fit was tested by classical analyses of variance (Fisher F-test).
Slopes were calculated. R software was used for statistical analyses.
The regression enabled us to compare growth trends along the altitu-
dinal transect over the last century.

3. RESULTS

In the case of P. sylvestris, trends in radial growth over time
were evidenced in all plots (except plot 6 at 960 m) but these
trends were variable and became either negligible or even
negative at the highest altitude (F-test, P < 0.001; Fig. 4).
Slopes varied between –1.7 10−2 and 8.4 10−3. Two groups
of plots were identified: tree growth increase (P < 0.001) at
plots S1, S2 and S3; tree growth decrease at plots S4 and S5
(P < 0.001) whereas no significant trend was evidenced for
plot S6 (P = 0.26).

In the case of P. halepensis, whatever the plot, tree growth
increase significantly (P < 0.001; Fig. 5). Slopes varied be-
tween 4.9 10−3 and 2.9 10−2. At plots A2 and A4, tree growth
increase moderately.
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Table I. Descriptions of the sites were P. sylvestris and P. halepensis were sampled along an altitudinal cline in the Sainte-Baume range in
Southern France.

Species Plot Altitude Slopes Exposition Number Age (mean Soil depth Type Texture Water reserve Topo-edaphic
name (m) (◦) (Gr) of trees ± std error) (cm) Sand Loan Clay (mm/cm) index

P. sylvestris S1 380 20 0 15 88.1 ± 20.1 > 100 Colluvium 1 1 1 1.70-1.95 24
P. sylvestris S2 480 28 395 5 82.8 ± 25.2 25-45 Colluvium 0 2 1 1.70-1.95 3
P. sylvestris S3 660 22 342 14 79.7 ± 20.0 > 100 Colluvium 2 0 1 1.35-1.60 30
P. sylvestris S4 690 5 305 5 96.2 ± 6.3 > 100 Alterit 0 2 1 1.70-1.95 17
P. sylvestris S5 875 20 400 13 99.1 ± 19.5 50-75 Alterit 0 1 2 1.70-1.95 –12
P. sylvestris S6 960 19 20 5 63.2 ± 1.80 75-100 Colluvium 0 1 2 1.70-1.95 12
P. halepensis A1 350 8 110 5 78 ± 17.8 75-100 Colluvium / lapiaz 0 1 1 1.70-1.95 –15
P. halepensis A2 370 6 3 15 80.9 ± 13.5 50-75 Alterit 0 2 1 1.70-1.95 6
P. halepensis A3 390 13 25 5 73.4 ± 19.1 50-75 Colluvium 0 1 2 1.70-1.95 5
P. halepensis A4 480 10 10 16 66.1 ± 12.3 50-75 Colluvium 0 2 0 1.35-1.60 3
P. halepensis A5 540 10 30 6 65.2 ± 7.1 75-100 Colluvium 2 0 0 ≤ 0.7 –7
P. halepensis A6 690 5 345 4 85.0 ± 11.7 50-75 Colluvium 0 2 0 1.35-1.60 17

S1 - 380 m
Slope 8.3 10-3 P < 0.001

S2 - 480 m
Slope 8.4 10-3 P < 0.001

S3 - 660 m
Slope 6.7 10-3 P < 0.001

S4 - 690 m
Slope -0.4 10-3  P < 0.001

S5 - 875 m
Slope -1.7 10-2 P < 0.001

S6 - 960 m
Slope -1.6 10-3 P < 0.001
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Figure 4. Tree ring increment indexes as a function of time for P. sylvestris growing in 6 plots located along an altitudinal cline in the
Sainte-Baume range, southern France. Slopes of the linear regressions as well as the corresponding probabilities are indicated.
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Figure 5. Tree ring increment indexes as a function of time for P. halepensis growing in 6 plots located along an altitudinal cline in the
Sainte-Baume range, southern France. Slopes of the linear regressions as well as the corresponding probabilities are indicated.

4. DISCUSSION

Trends in radial growth have largely been attributed to
changes in environment and climate, but could also be due to
sampling procedure or to other processes. We examine below
possible biases that could have affected our data set.

A possible source of bias involves the sample structure and
ecological diversity of the study sites. It is likely that older
trees growing in the most unfavourable sites show low growth
rates, overestimating radial growth trends. In fact, to build up
the RC, different age classes were used from several ecologi-
cal and bioclimatic conditions that guarantee that each species
RC describes a regional age-related growth trend. Moreover,
at the Sainte-Baume mountain, we aimed to minimise as far as
possible age differences and site differences, all the plots being
characterised by a medium topo-edaphic index.

Within each plot, another bias could result from selective
tree sampling. In natural stands where competition could play
a significant role, a bias could be that dominant trees sampled
at the present time may have been non-dominant in the past.
This biais is unlikely because the social ranking is strongly
conserved in pine stands (Dhôte et al., 2000). Changes in forest

management practices, with stronger and repeated thinning in
the young forest stands, could also be responsible for higher
radial growth of the dominant trees but this hypothesis cannot
apply to our study sites which have not been logged for several
decades.

Last, another bias could involve standardisation techniques.
Ring-width decreases as tree age increases mainly for geo-
metrical reasons (Bergès et al., 2000) but standardisation was
processed by calculating basal area increments. A bias could
occur for P. sylvestris for which mean growth was slightly un-
derestimated between 10 and 40 years and slightly overesti-
mated between 70 and 100 years. Underestimation may create
a positive trend; conversely, overestimation may create a neg-
ative trend.

Overall, none of these biases can explain the trends ob-
served.

Some environmental factors such as increasing tempera-
ture, increased CO2 concentration and increased nitrogen de-
position or a combination of these factors may play a role in
recent changes observed in radial increment.
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4.1. Atmospheric CO2 increase

Many studies attribute positive trends in radial increment
to fertilisation by atmospheric CO2 enrichment (Graybill and
Idso, 1993; Kienast and Luxmoore, 1988; LaMarche et al.,
1984; Rathgeber et al., 2000). Experimental studies with en-
hanced CO2-concentration on tree seedlings and saplings re-
port stem growth stimulation in the first years of the ex-
periment followed by stabilised growth in the next years
(Dobbertin, 2005; Kilpeläinen et al., 2003). Studies on ma-
ture trees, either in field experiments or next to natural CO2-
springs, suggest either a response to CO2 in stem growth only
in young trees or no response at all (Dobbertin, 2005). By us-
ing a biogeochemistry model to simulate forest productivity,
Rathgeber et al. (2003) showed synergy between climate effect
and CO2 increase. If one accepts that a fertilising effect of CO2
might occur, that alone could explain positive trends and bal-
ance the negative trends observed on some P. sylvestris plots.
Given that the fertilising effect of CO2 has a similar impact
on all plots, that would not change the responses observed in
the different plots. It may be concluded that species and plots
react differently according to altitude whatever CO2 concen-
tration may be.

4.2. N-deposition

Nitrogen is a limiting factor for forest growth. Airborne ni-
trogen comes from agricultural fertilizers, vehicle exhaust and
sewage treatment plants. Nitrogen deposition has increased
in some industrialised and agro-industrial areas by up to 50
times the natural background and the global annual release of
human-derived soluble nitrogen already exceeds annual natu-
ral nitrogen fixation (Vitousek et al., 1997). Nevertheless this
impact is region-specific and it is not reported to be partic-
ularly strong in southern Provence or in the Sainte-Baume
mountain area (INERIS, 2004). Given that nitrogen deposi-
tion might be expected to occur in the same way in all plots, it
cannot be responsible for differences observed between plots
or between species.

4.3. Climate change

Although fertilising effects of CO2 and nitrogen deposition
cannot be altogether ruled out, their impact cannot be as con-
sistent as that of climatic factors.

Previous dendroecological studies addressing tree-ring to
climate relationships revealed that, at Sainte-Baumemountain,
P. sylvestris growth exhibits a positive response to precipita-
tion from April to September. Regarding the temperature ef-
fects, ring width exhibits a negative response to maximum and
mean temperatures particularly in May, June and July (Tessier,
1984; 1986). The relationship with temperature is positive in
April and September. These results are consistent with the gen-
eral pattern of the annual growth of conifers in low latitudes or
altitudes which focus the major role of spring and summer wa-
ter balance in determining radial growth rates (Lebourgeois,

2007). For P. halepensis, autumn (November-December) of
the previous year and spring (April-May) precipitation plays
a key role in ring-width: a positive relationship was found by
Serre-Bachet (1982) and Nicault (1999) between these param-
eters and ring-width. Winter temperatures also positively in-
fluence ring-width.

But changes in climatic parameters were recorded and
trends were observed over the last decades. In France between
1956 and 1997, seasonal and monthly climate changes were
observed and characterized by increases (i) in minimum tem-
perature of about 1.6 ◦C in summer and about 1.9 ◦C in winter,
(ii) in maximum temperature of about 1.8 ◦C in summer and
about 2.0 ◦C in winter and (iii) of 1.2 ◦C for the year. A fre-
quent increase in the number of warm days (Tmoy > 5 ◦C)
in autumn and winter and a slighter decrease in frosty days
(Tmin < 0 ◦C) were also recorded. A weak trend in precipita-
tion and a higher frequency of change for rainless days (de-
creasing in spring and autumn) were observed (Lebourgeois
et al., 2001). At the meteorological stations near Sainte-Baume
mountain, similar trends were observed. The increase of min-
imum temperatures is similar to that of an altitudinal shift of
133 m whereas the increase of maximum temperatures is sim-
ilar to that of an altitudinal shift of 300 m evidencing that cli-
mate also changed along the altitudinal transect.

Such changes have influenced both species’ radial growth
but in different ways. P. sylvestris and P. halepensis differ in
their long-term trends over the last century. The latter always
shows positive growth trends while the former shows divergent
trends according to altitude.

For P. sylvestris, the response pattern is complex and it
varies with altitude. In the study sites, where climate change
has worsened growth conditions by increasing both summer
temperature and drought, to which the species is sensitive, the
increased growth observed in trees below 700m at their biocli-
matic limit is unexpected. The recent rise of spring minimum
and maximum temperatures may help trees below 700 m to
benefit from the water reserve stored during previous autumn
and winter. At higher altitude the decreased growth observed
may be related to wind acting as an additional desiccating fac-
tor, which may increase the effects of drought and solar radi-
ation (Telewski, 1995). At high altitude, our results are con-
sistent with those obtained by Keller et al. (1997, 2000) who
predicted a decrease of radial growth of P. sylvestris by using a
ring-width to climate statistical model and a 2× CO2 scenario.

For P. halepensis, the increase of minimum temperatures
in January and February and that of temperatures from March
to June helps trees to take advantage of the amount of water
stored in the soil during winter. Warmer autumns favour a sig-
nificant second growth period after summer drought (Picard,
1995). The absence of reaction of P. halepensis to water deficit
and maximum temperatures during summer drought depends
on a strategy in which trees elude unfavourable conditions by
stopping growth and closing stomata (Aussenac and Valette,
1982; Serre, 1976). Only positive trends were observed in ra-
dial increment at all altitudes. These results are consistent with
those obtained by Vennetier and Hervé (1999) who evidenced
increases in height growth. Rathgeber et al. (2005) found that
there was no growth trend for P. halepensis but these authors
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worked on short ring series (1950–1999 without years 1956–
1959) collected from a large geographical area and addressed
variables other than ring-width. It seems that for P. halepensis,
although warming has shifted values of limiting factors, they
remain within the range that trees can withstand. The posi-
tive growth trend whatever the altitude considered could be
attributed to the extension of the growing period.

5. CONCLUSION

This study has documented different long-term variations
over the last century for two species growing in the same
forests in the south-east of France. On the one hand, P.
halepensis shows a growth increase at any altitude. On the
other hand, P. sylvestris displayed divergent growth trends de-
pending on altitude. These contrasting trends are all the more
remarkable as growth decrease involves plots which were ex-
pected to react positively to warming. This study suggests that
the extent of tree growth change due to changes in environ-
mental conditions must be interpreted with great caution and
from a long term perspective. Although it is not easy to re-
late long-term variations in tree growth to possible variation
of species distribution, it must be reported that a current ex-
tension of the range of P. halepensis at altitude is noticeable in
the Sainte-Baume Mountain area: some isolated pioneer trees
(30 years old) are growing up to 1000 m on the south ridge,
far above the theoretical limit of around 700–800 m estimated
a few decades ago for this species (Quézel and Médail, 2003).
Extending such analyses on the Sainte-Baume Mountain to
plots under other edaphic conditions and to other massifs in
the French Mediterranean area could provide new information
regarding the balance between the two pine species at their
bioclimatic limit in the context of climate changes.
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