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Abstract Temporal instability of forest climate-

growth relationships has been evidenced at high

elevations and latitudes, and in Mediterranean con-

texts. Investigations under temperate conditions,

where growth is under the control of both winter

frost and summer water stress, are scarce and could

provide valuable information about the ability of

forest to cope with climate change. To highlight the

main climatic factors driving the radial growth of

Quercus petraea forests and to detect their possible

evolutions over the last century, dendroecological

analyses were performed along a longitudinal gradi-

ent of both decreasing summer water stress and

increasing winter frost in northern France (from

oceanic to semi-continental conditions). The climate-

growth relationships were evaluated from 31 tree-ring

chronologies (720 trees) through the calculation of

moving correlation functions. Q. petraea displayed a

rather low sensitivity to climate. High temperature in

March and water stress from May to July appeared to

be the main growth limiting factors. The sensitivity to

winter precipitation and summer water stress

decreased from oceanic to semi-continental condi-

tions, whilst the correlation to winter frost tended to

increase. Moving correlations revealed a general

instability of climate-growth relationships, with a

moderate synchronicity with climatic fluctuations.

The main changes occurred during previous autumn

for both temperature and precipitation whilst climatic

trends were rather low or non-significant. The most

coherent trends were pointed out (i) in April with a

cooling (-0.9�C) leading to positive correlation to

temperature at the end of the century, and (ii) in July

with a decreasing inter-annual variability of precip-

itation resulting in a loss of correlation. On the

contrary, the decreasing temperature and increasing

precipitation in May and June led to few significant

changes climate-growth relationships.
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Introduction

Climate models predict a global warming and a

modification of the precipitation regime distribution

throughout Europe (Jones and Moberg 2003; Moberg

and Jones 2005; Briffa et al. 2009), including France

(Moisselin et al. 2002). Mean annual temperature will

increase between 2 and 4.5�C until the end of the

21th century, accompanied by a 35–45% decrease in

summer precipitation, suggesting increases in drought

frequency and severity. In the context of climatic

change, questions have arisen concerning forest

composition, survival and growth in response to

changes in yearly weather conditions and/or extreme

events (Rotzer et al. 2005; Lindner et al. 2010).

Recently, many tree-ring studies have highlighted

a decreasing response of forest ecosystems to

temperature since around the middle 20th century at

high elevations and latitudes (D’Arrigo et al. 2008),

and an increasing sensitivity to summer water

balance in temperate (Friedrichs et al. 2009a) or in

Mediterranean (Tardif et al. 2003; Macias et al. 2006;

Andreu et al. 2007) contexts, called ‘‘divergence’’.

The divergence is defined as ‘‘a change in climate

sensitivity and/or a divergence in trend’’ (D’Arrigo

et al. 2008). Whilst the underlying mechanisms are

still largely debated, these trends have been mainly

attributed to climatic change (D’Arrigo et al. 2008).

Such changes in climate control contradict the

uniformitarian principle traditionally applied to den-

droclimatology (Fritts 1976), and may have important

consequences for the utilisation of tree-ring records in

temperature reconstructions (Hughes 2002) or carbon

uptake projections (Davi et al. 2006). The overview

of D’Arrigo et al. (2008) has also underlined that

little is known about the European low-altitude

temperate forests and especially for the main broad-

leaved ecosystems. In these contexts, forest growth is

under the control of both winter frost and summer

water stress; their respective influence varying

throughout the growing season and according to the

local ecological conditions (Lebourgeois et al. 2005;

Friedrichs et al. 2009b). As a result of this multiple

growth control, various response patterns to environ-

mental changes can be hypothesized. Thus, analysing

the variation of climate influences on radial growth

appeared to be a powerful tool to provide valuable

information about the forest sustainability (Biondi

1997).

In Europe, three deciduous species dominate

lowland temperate forests: sessile oak (Quercus

petraea [Matt.] Liebl.), pedunculate oak (Q. robur

L.) and common beech (Fagus sylvatica L.). Whilst

the response to climate variability of the two latter

species has been thoroughly studied in Europe under

a wide range of climatic contexts (Tessier et al. 1994;

Kelly et al. 2002; Dittmar et al. 2003; Piovesan et al.

2005; Rozas 2005; Di Filippo et al. 2007; Friedrichs

et al. 2009b), specific studies on Q. petraea have been

scarcer and limited to small-scale zones. The more

recent ones were led in central Europe (Friedrichs

et al. 2009a, b; Dolezal et al. 2010), and in western

(Lebourgeois et al. 2004) and southern France

(Tessier et al. 1994; Misson et al. 2004). All of them

pointed out a low response to climate, even if summer

water stress appeared to be the primary limiting

factor of radial growth. Under semi-continental

conditions, Friedrichs et al. (2009a) showed a

strengthening of the positive correlation between

radial growth and drought indexes throughout the

20th century, even if the radial growth strongly

increased during the exceptionally warm and dry

1940s. Only Kelly et al. (2002) provided a pan-

European perspective, but limited to climatic factors

driving extreme growth years; the growth reductions

were associated with low temperature or high water

stress. Thus, the large-scale variations of climate-

growth relationships of Q. petraea under temperate

conditions and their temporal evolutions remained

largely misunderstood.

This study sought to investigate spatio-temporal

changes of climate-growth relationships of Q. petraea

at broad scale and over the 20th century. Forests were

sampled in northern France, under a wide range of

climatic contexts representing the weather conditions

observable in a large part of Western and Central

Europe. The West-East climatic gradient coincided

with both decreasing temperature and increasing

precipitation, implying a decreasing water stress

and increasing winter frost. Our hypotheses were

that (1) a decreasing limitation of summer water

stress and an increasing limitation of winter frost may

be evidenced from West to East, and (2) temporal

changes in climate-growth relationships may be

spatially dependent, with an increasing correlation

to summer water stress under oceanic conditions and

a decreasing one to winter frost under semi-conti-

nental climate.
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Materials and methods

Study area

The study area covered the northern half of France

between 46.10� to 49.02�N and 1.32�W to 7.43�E

(Fig. 1), under a wide range of bioclimatic condi-

tions, from oceanic to semi-continental climate (from

West to East). This longitudinal gradient coincided

with both increasing precipitation and decreasing

temperature. Oceanic climate was characterized by

low thermal amplitude due to mild winters and fresh

summers, and intermediate precipitation level

(Fig. 2a). Semi-continental climate corresponded to

lower mean annual temperature, and higher precip-

itation and thermal amplitude with cold winters

(Fig. 2b).

To characterize the extreme climatic events, the

frequencies of drought and frost were calculated per

month. A drought event was defined according to the

Gaussen and Bagnoul Aridity Index (Gaussen and

Bagnouls 1952), whilst a frost event corresponded to

a mean monthly temperature below zero. Under

oceanic conditions, the drought frequency was found

to be around twice higher from May to August

compared to semi-continental ones (Fig. 2). On the

contrary, the frost frequency was twice higher under

semi-continental during winter (from December to

February).

Sampling, ring width measurement

and chronology building

The samples came from three different data-sets, for a

total of 120 sampled plots composed of pure and

even-aged stands (Duplat and Tran-Ha 1997; Le-

bourgeois 1997; Bergès et al. 2000). At each plot,

2–30 dominant trees were cored to the pith at breast

height with an increment borer between 1993 and

2001 (one core per tree, 720 trees). The general

topography was gently rolling (slope \ 20%) with

elevation ranging from 57 to 380 m a.s.l.

Depending on the data-set, two methods were used

to measure the ring widths: 20% were measured with

Fig. 1 Geographical

location of the 31

chronologies (black circles)

and the 24 meteorological

stations (grey circles: series

of temperature and

precipitation, white–grey
circles: series of

temperature, grey-white
circles: series of

precipitation).

T temperature;

P precipitation
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an X-ray method to the nearest 0.025 mm, 50% with

a stereo-microscope connected to a micro-computer

and the tree-ring program SAISIE to the nearest

0.01 mm (Becker 1989) and 30% with both methods.

The X-Ray method relied on measuring ring width in

a single direction from the pith to the cambium,

whilst the stereo-microscope one defined ring width

in a direction orthogonal to the ring tangents. Thus,

for a given ring, the X-Ray method gave systemat-

ically a higher width. To ensure homogeneity of tree-

ring data, the ring widths obtained with the X-ray

method were converted into measurements compara-

ble to those performed with the stereo-microscope,

using the following equation established on rings

measured with both methods (n = 23868):

Wmicroscope ¼ 1:1649ðWX�RayÞ � 0:1491 ð1Þ

where WX-Ray and Wmicroscope are the ring widths

measured with the X-ray method and the stereo-

microscope, respectively (R2 = 0.762, P \ 10-9).

The effect of this conversion on climate-growth

relationships was investigated through the calculation

of bootstrapped correlation functions with initial and

converted ring widths. The difference between the

two sets of bootstrapped correlation coefficients

(BCC) was tested with a paired t test run on BCCX-

Ray and BCCX-Ray converted, i.e. the BCC calculated on

the ring widths measured with the X-ray method and

then corrected with the Eq. 1. The conversion did not

significantly affect the climate-growth relationships

at the level of 5% (Online Resource 1).

The individual ring width series were carefully

cross dated by progressively detecting regional

pointer years (Schweingruber 1996), which were

defined as those calendar years when at least 75% of

the cross dated trees presented an absolute value of

radial growth variation (RGV) higher than 10%

(Becker et al. 1994; Mérian and Lebourgeois 2011).

Absolute dating was checked by the application

INTERDAT (Becker 1989; Becker and Dupouey

unpublished) which identifies locations within each

ring series that may have erroneous cross dating.

Using the R software (R Development Core Team

2010) and the ‘‘dplR’’ package (Bunn 2008), the tree-

ring series were computed on the maximum common

period (1914–1993; 80 years) and standardized

Fig. 2 Mean conditions (left) and extreme events (right) for

Tours (a: 47�2603600 N, 00�4303600 W, 108 m) and Nancy (b:

48�4101200 N, 06�1301800 W, 212 m). Geographical locations in

Fig. 1. Climatic diagram: mean monthly temperatures (�C;

black line) and precipitation (mm; grey bars). Extreme events:

frequencies of frost (T \ 0�C; grey bars) and drought (P \ 2T;

black line). Climatic values were calculated for the period

1914–1993
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individually to emphasize the inter-annual climatic

signal. A double-detrending process was thus applied,

based on an initial negative exponential or linear

regression followed by a fitting of a cubic smoothing

spline with 50% frequency response cut-off and with

a rigidity of 33% of series length (Cook and Peters

1981). Dimensionless indices were obtained by

dividing the observed ring width value by the

predicted one. This process created stationary time

series for each tree with a mean of 1 and a

homogeneous variance.

To accurately assess the strength of climate-

growth relationships by minimising the noise of each

individual detrended series (Fritts 1976; Cook and

Kairiukstis 1990), the series from nearby plots were

grouped in respect of (i) ecological and dendromet-

rical characteristics, and (ii) the method of measure-

ment (either X-ray or microscopic), to reach at least

14 trees per chronology (mean = 23). 31 groups of

plots were defined, with a distance between 2

grouped plots averaging 9.7 km (standard-deviation:

10.6 km), from which 31 chronologies were estab-

lished by averaging the growth indexes by year using

a bi-weighted robust mean (Cook and Peters 1981).

The mean sensitivity and the first-order auto-corre-

lation coefficient were calculated on the detrended

data for each tree and averaged per chronology to

measure the year-to-year variability and the influence

of growth of the previous year on the current year

growth, respectively (Fritts 1976). The expressed

population signal (EPS) was also calculated to

quantify how well the average of individual series

represented the population average (Wigley et al.

1984).

Climatic data building

The mean monthly temperature (T) and sum of

precipitation (P) were obtained from 24 meteorolog-

ical stations of the French National Climatic Network

(Météo-France), which presented recordings from

September 1913 to August 1993 (Fig. 1). As the

mean distance between the sampled plots and the

meteorological stations was 53 and 37 km for

temperature and precipitation, respectively (stan-

dard-deviations: 29 and 22 km), the climatic series

were corrected to be as representative as possible of

the local weather conditions. In a first step, the mean

monthly climatic conditions on the period 1961–1990

were calculated for each meteorological station. In a

second step, the same climatic values were extracted

per chronology from the AURELHY map at a 1 km2

resolution (Benichou and Le Breton 1987). The mean

monthly climatic differences between meteorological

stations and chronology locations were then esti-

mated, and averaged 0.14�C and 2.1 mm for temper-

ature and precipitation. Finally, for each chronology,

the climatic series of the nearest meteorological

station were corrected according to these mean

monthly differences.

Climate-growth analysis

Climate-growth relationships over the 80-year period

were investigated through the calculation of correla-

tion functions using chronologies as dependant

variables (Guiot 1991) and 24 monthly climatic

regressors (12 T and 12 P values) organised from

September of the previous growing season to August

of the year in which the ring was formed. The BCC

were calculated using the package ‘‘bootRes’’ (Zang

2009). To detect to which extent sensitivity to climate

differed amongst the chronologies, two principal

component analyses were performed (PCA): the first

one on the RGV of the pointer years to highlight

variations in response to extreme events (PCAPY)

(Lebourgeois et al. 2010b), and the second one on the

BCC to point out differences in mean response to

climate (PCABCC) (Tessier et al. 1994; Weber et al.

2007). Both of them were calculated from the

variance–covariance matrix since descriptors (either

RGV or BCC) were of the same kind and shared the

same order of magnitude (Legendre and Legendre

1998). The similarity metric of the PCA was the

Euclidean distance.

The temporal variation of the climate-growth

relationships was analysed with the moving correla-

tion functions, considering a 24-year fixed interval.

Thus, 57 successive periods were defined by increas-

ing the initial and final years of the interval by one

per iteration. The temporal variations of climatic

regressors were evaluated by the calculation of the

mean value (MV) and the standard deviation (SD) for

each period. The MV and SD series corresponded to

the temporal variation of mean conditions and inter-

annual variability, respectively, and were thus inter-

preted in terms of low- and high-frequency climatic

signals. The significance of the BCC, MV and SD
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trends were tested with the Spearman’s rank corre-

lation coefficient (Myers and Well 2003). Because

two successive 24-year periods presented 23 common

years, BCC, MV and SD values were highly corre-

lated from one to the next. This great inter-correlation

was expected to induce mathematical significant

trends. To avoid these ‘‘false positive’’ trends, the

significance level was set at P-value \ 10-4.

Results

Descriptive statistics

The mean level of growth (W) varied from 1.33 to

2.50 mm (Table 1) and decreased with increasing

age:

W ¼ �0:0106 ðAgeÞ þ 2:9912 ð2Þ

where W is the mean ring width per plot on the period

1914–1993 (in mm) and Age the mean age of trees

per plot in 1993 (R2 = 0.548, P \ 10-5).

On the contrary, the mean tree age was not

significantly correlated to the chronologies location

along the longitudinal gradient (R2 \ 0.01), implying

that the spatial variation of the climatic response was

not influenced by tree age. The mean sensitivity

ranged from 0.12 to 0.21 (mean = 0.16) and was

negatively correlated to mean tree age (R2 = 0.156,

P = 0.034). The first-order autocorrelation coeffi-

cient varied between 0.17 and 0.59, pointing out a

strong dependence of current growth on the previous

year’s growth. All EPS values exceeded the threshold

of 0.85 which supported the conclusion that the signal

of the chronologies was representative of the popu-

lation signal (Wigley et al. 1984).

Response to extreme events

For the period 1914–1993, the number of pointer

years ranged from 10 to 33, and averaged 22 (Table

1). The mean number of positive and negative years

was similar, with average RGV of 45 and -26%,

respectively. The number of pointer years increased

with increasing mean sensitivity and EPS (Table 1),

whilst the RGV remained stable (Online Resource 2).

The two first axes of the PCAPY explained 32.3

and 12.8% of the total inertia. All chronologies

presented positive scores on the first axis, revealing a

common pattern in the response to extreme events

(Fig. 3a). In the negative direction, the main struc-

turing years were 1921, 1933 and 1976 (Fig. 3b),

corresponding to exceptional drought events during

late spring or summer (Online Resource 2). Sessile

oak reacted commonly and negatively to these

extreme years (-21, -20 and -25%, respectively).

In the positive direction, the main years were 1946,

1958 and 1982 with particularly fresh and wet

springs/summers. Trees responded positively, with

mean RGV of 30, 47 and 51%, respectively. The

second axis gave evidence of local extreme events

along the longitudinal gradient, scores decreasing

with increasing longitude (R2 = 0.760, P-value \
10-6). For example, the drought events in 1934 and

1989 were mainly located in the West, whilst those of

1915 and 1947 were restricted to the East (Fig. 3b

and Online Resource 2).

In general, pointer years were highly related to late

spring and summer conditions, warm and dry years

leading to a decrease of the ring width. However, in

1956, sessile oak growth was limited by winter frost

with a mean deviation of -8.7 to -10.1�C in

February compared to the long-term monthly mean

(Online Resource 2).

Spatial variation in climate-growth relationships

The PCABCC showed that the variation in sensitivity to

climate strongly reflected the spatial distribution of the

chronologies (Fig. 4a). The first axis (PCBCC1) repre-

sented 31.2% of the total inertia; the scores of the 31

chronologies were greatly and significantly correlated

to the longitude (R2 = 0.850). The main structuring

climatic variables were related to winter (December to

March) and summer (June to August) conditions, with

positive scores for temperature and negative for

precipitation (Fig. 4b). The second axis represented

18.3% of the total inertia and was not correlated to the

geographical location of the chronologies. PCBCC2

mainly distinguished the chronologies sampled in the

North-West which displayed a weak sensitivity cli-

mate, except in previous November and December

with a strong and positive correlation to precipitation

(Fig. 4b). This pattern agreed with the high autocor-

relation and low mean sensitivity values observed for

these chronologies (Table 1).

The general spatial variation in climate-growth

relationships consisted first in a West to East decrease
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in the positive correlation to precipitation from

previous November to current March (Fig. 5a).

Chronologies responded significantly under oceanic

conditions, whilst slightly non-significant negative

correlations were observed in December and January

in the most eastern part of the area (Fig. 5b). These

chronologies also displayed a positive but non-

significant correlation to winter temperature. In a

second time, significant correlations were found

between sensitivity to autumn/winter temperature

and the longitude. From West to East, BCC were

more and more positive in October and January, and

changed from positive to negative values in Novem-

ber. Finally, strong differences were evidenced from

June to August for both temperature and precipita-

tion. In June, the pattern consisted in an increasing

sensitivity to drought from West to East, i.e. more

negative BCC to temperature and positive to precip-

itation (Fig. 5c). The opposite trend was found in July

and August, with a lower sensitivity to T and P under

semi-continental conditions (Fig. 5d).

For some climatic regressors, BCC were consistent

over the 31 chronologies. Response to temperature

from February to May was generally non-significant,

except in March with a common and negative

correlation (Fig. 5a). Similarly, sensitivity to precip-

itation in previous autumn (September and Novem-

ber) was very weak, whilst precipitation in May

positively influenced the radial growth.

Temporal variation in climate-growth

relationships

Climatic trends

The observed climatic trends (i.e. MV and SD) over

the period 1914–1993 were highly similar between

the 31 chronologies for both sign and intensity

(Online Resource 3), and were thus presented at the

scale of the study area (Fig. 6a). For temperature,

the overall trend corresponded to a cooling from

March to June, and in September. No significant

changes were found from November to February

and in late summer. The strongest decrease was

observed in April (-0.91�C), whilst the other ones

ranged from -0.29 to -0.52�C. In the same way,

SD significantly decreased in spring (-0.35 to

-0.39�C), but also in late summer (August and

September: -0.25), and in November (-0.27).T
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Except in April, precipitation significantly increased

from winter to early summer (?4 to 11 mm), and

became also more variable (?4 to 7 mm). During

July and October, opposite trends were observed,

with decreasing MV for both months (-10 and

-16 mm) and SD only in July (-10 mm).

Fig. 3 Scatter plots of the principal component analysis loaded on the pointer years calculated on the period 1914–1993.

a Chronologies, increasing circle size with increasing longitude; b years. Results are presented on the two first components

Fig. 4 Scatter plots of the principal component analysis

loaded on the bootstrapped correlation coefficients calculated

on the period 1914–1993. a Chronologies, increasing circle

size with increasing longitude; b climatic regressors. Black

arrows: temperature; grey arrows: precipitation; T Tempera-

ture; P Precipitation; month is represented by a number (e.g. 1:

January); p: year before ring formation (year n - 1). Results

are presented on the two first components
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In conclusion, temperature became cooler and less

variable during spring and early summer from 1914

to 1993. Precipitation tended to increase with a higher

year-to-year variability, except during July and mid-

autumn.

BCC trends

Moving correlation functions revealed significant

variations of BCC for the 24 climatic regressors

(Fig. 6a). Indeed, Spearman’s rank correlation

Fig. 5 a Correlation functions of the 31 chronologies classi-

fied according to the longitude (from West to East). Open
circles positive bootstrapped correlation coefficients (BCC);

grey circles negative BCC; vertical lines significant BCC

(P \ 0.05); increasing circle size with increasing correlation;

T temperature; P precipitation; month is represented by a

number (e.g. 1: January); p year before ring formation (year

n - 1); NSIG number of significant responding chronologies

per climatic regressor; RLong: correlation coefficient between

BCC and longitude values (asterisks denote the significant

levels: *\ 0.05, **\ 0.01, ***\ 0.001). b, c, d: graphs

representing the same data for three cases: winter precipitation

(December and January), June and July, respectively
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coefficient was significant at least one time per

climatic regressor, with three of them presenting

more than 50% of significant trends (T12p, T7 and

P7). The overall proportion of significant temporal

trends in BCC was slightly higher for temperature

than for precipitation (28.2 and 24.7%, respectively).

Fig. 6 a Significant temporal changes of bootstrapped corre-

lation coefficients (BCC) and climatic regressors amongst the

57 successive periods (Spearman’s rank correlation coefficient,

level of significance: 0.0001). Symbols ‘‘?’’ and ‘‘-’’ indicate

increasing and decreasing BCC, respectively. Black symbols
indicate positive BCC, white symbols negative BCC and grey
symbols BCC with changing sign over time. NSIG number of

chronologies with significant trends; MV/SD: temporal

changes of mean value and standard deviation, expressed in

�C for temperature and mm for precipitation; T Temperature;

P Precipitation; month is represented by a number (e.g. 1:

January); p year before ring formation (year n - 1). b, c,

d Graphs detailing the temporal trends for three cases:

temperature in April, temperature in July and precipitation in

July, respectively. Bold line average trend amongst the 31

chronologies; dashed lines standard deviation (sd)
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For a given climatic regressor, the sign and the nature

(either strengthening, or weakening, or changing in

BCC sign over time) of the significant trends were

similar amongst the chronologies (Fig. 6a).

The most frequent trends occurred during previous

autumn (September to December), April and July

(Fig. 6a). BCC with temperature in September and

October changed from negative values at the begin-

ning of the century to positive ones at the end. A

similar pattern was also observed in April and July

(Fig. 6b, c), whilst the opposite trend was evidenced

in November and December, with BCC becoming

negative over time. Considering precipitation, BCC

changed from positive to negative values in Novem-

ber and July (Fig. 6d). The opposite tendency was

highlighted in January and August when focussing on

chronologies under oceanic conditions.

Discussion

Can a general pattern in climate-growth

relationships be drawn?

As observed in previous studies (Lebourgeois et al.

2004, 2006; Friedrichs et al. 2009b; Dolezal et al.

2010), Q. petraea displayed a low climate sensitivity,

with BCC being rarely significant and no single

climatic regressor controlling radial growth. This

could also explain the rather low percentage of inertia

of the two first axes of PCAPY and PCABCC (Figs. 3,

4). One hypothesis could be that environmental

conditions of the forests under study were not too

restrictive for tree growth. As a result of its high

commercial value, Q. petraea was often favoured in

contexts without strong ecological constraints to

improve its growth and wood quality. Indeed, the

sampled forests corresponded to low altitude and

temperate climate associated with rather deep soils

(at least on metre depth, except for the chronology

L with 60 cm). Another explanation could be that the

study area was located almost at the centre of the

geographical distribution of the species (http://

www.euforgen.org), so that the climate may be low

limiting. Finally, the absence of a clear common

pattern in sensitivity to climate might be related to

the high genetic polymorphism amongst Quercus

populations (Petit et al. 2002), which could induce

inter-tree variability in response to climate, prevent-

ing us from drawing clear climate-growth relation-

ships at the stand scale.

The most common response corresponded to neg-

ative correlation with temperature in March (Fig. 5a),

whilst most of the previous investigations highlighted

non-significant correlation throughout Europe (Le-

bourgeois et al. 2004; Cedro 2007; Friedrichs et al.

2009a, b; Dolezal et al. 2010). However, in the Swiss

Alps, such a negative influence was found on the ring-

porous species Castanea sativa (Fonti and Garcia-

Gonzalez 2004; Fonti et al. 2007). In the latter study,

the authors explained that a warm late winter could

increase the cell sensitivity to auxin signal before bud

burst, which resulted in smaller vessels later in the

growth season as a consequence of an early and fast

process of differentiation. A second hypothesis could

be that an early bud burst due to warm late winter

conditions led to higher risks of late frost damages

(Ducousso et al. 1996).

Later in the season (May to July), radial growth

was generally limited by water stress (Fig. 5). Even if

weak, this relationship was nevertheless consistent

with the pattern usually observed for this species

(Lebourgeois et al. 2004; Friedrichs et al. 2009b;

Dolezal et al. 2010). The analysis of the pointer years

confirmed that summer drought was the main limiting

factor of the radial growth (Fig. 3 and Online

Resource 2). From the ecophysiological point of

view, severe water stress significantly reduced cellu-

lar turgor (Thomas and Gausling 2000) and increased

xylem embolism (Cochard et al. 1992), leading to a

decrease in photosynthetic activity and growth.

The difficulty of drawing a general pattern (1)

confirmed that this species displayed a general weak

sensitivity to climate, and (2) proved that the climate-

growth relationships highly varied along the longitu-

dinal gradient, from oceanic to semi-continental

conditions.

Spatial variation in sensitivity to climate

The sensitivity to water stress was higher under the

driest and warmest conditions, i.e. under oceanic

climate, with more negative BCC in July and August

for temperature and more positive for precipitation.

In the same way, the strength of positive correlations

with precipitation from November to March

decreased under fresh and wet conditions,
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highlighting that the role of previous year hydric

conditions was more important under water limited

environment (Lebourgeois et al. 2004; Zweifel et al.

2006; Cedro 2007) than under humid semi-continen-

tal climate (Friedrichs et al. 2009a).

Surprisingly, inverse relationships were pointed

out in June, with a higher sensitivity to water stress

under semi-continental climate (Fig. 5c). In the

North-East of France, around 60–70% of the ring

width of sessile oak is formed during June (Lebour-

geois, personal communication), which could explain

the high sensitivity to both temperature and precip-

itation. Under oceanic conditions, the rather low

sensitivity in June compared to May has been

previously observed by Lebourgeois et al. (2004),

and could be linked to a more precocious radial

growth. Indeed, sessile oak bud burst is delayed

between 10 and 20 days from West to East (Lebour-

geois et al. 2010a), which may progressively retard

the maximum growth rate from May to June along

the longitudinal gradient.

From previous October to February, the general

trend consisted in an increasing positive correlation

to temperature from West to East (Fig. 5a). Even if

most of the BCC were non-significant (except in

October), this pattern was consistent with the hypoth-

esis of an increasing frost limitation under semi-

continental conditions.

Temporal instability in sensitivity to climate

Spatial homogeneity in temporal trends

Moving correlations highlighted a general instability

of climate-growth relationships over the 20th century.

The signs and the natures of BCC trends were rather

consistent amongst the chronologies (Fig. 6a), which

contradicted the hypothesis of spatially dependent

changes. In Germany, Friedrichs et al. (2009a) also

pointed out synchronous instability between two oak

species and various climatic contexts. In the present

study, the homogeneity could be related to the similar

climatic trends observed over the study area (Online

Resource 3), tending to prove that the temporal

variations under temperate conditions were a broad-

scale phenomenon, with rather low modulations of

climate-growth relationships instabilities by regional

climatic differences.

Moderate consistency between sensitivity

and climatic trends

The period 1914–1993 did not allow an analyse of the

impact of the rising warming observed since the last

three decades (Moisselin et al. 2002; Jones and

Moberg 2003; Briffa et al. 2009). However, both MV

and SD significantly changed over this period.

Temperature became cooler and less variable during

the growing season (except July) and September. At

the same time, precipitation tended to increase with a

greater inter-annual variability, except in July with a

decrease of both MV and SD. Climatic trends were

consistent with findings of Moisselin et al. (2002) for

the entire France, who observed a downward trend of

0.7�C between 1940 and 1980, before a strong

increase (?1.1�C between 1980 and 2000). The

simultaneous variations of MV and SD prevented us

from clearly separating the respective effects of both

parameters on BCC instability.

The strongest independency between climatic and

BCC trends was observed during the growing season,

from May to July. The cooling and precipitation

increase in May and June did not lead to a decrease in

sensitivity to water stress. Similarly, BCC in July got

closer to zero, with a sign inversion at the end of the

period, although water stress tended to increase

(Fig. 6). This independency seemed physiologically

difficult to explain. It might be suggested that, under

low-limiting temperate conditions the amelioration of

the late spring water balance did not significantly

modify the rather low sensitivity to climate in May

and June. On the contrary, the decreasing drought-

limitation in July could result from the increase of

rainfall earlier in the growing season which offset the

increasing evapo-transpiration demand linked to

warming. Indeed, favourable hydric balance from

March to June reduced soil water deficit in both

intensity and duration (Lebourgeois et al. 2005), and

may delay summer drought-induced cavitation (Tyree

and Cochard 1996; Bréda et al. 2006), which was

consistent with the increasing sensitivity to precipi-

tation in August under the driest contexts (chronol-

ogies D to H). A second explanation of the decreasing

correlation in July could be that sensitivity may

depend on climatic variability: high inter-annual

variability is expected to increase climatic anomalies

and so the number of years during which climate

limits or stimulates tree growth. Thus, it might be

Plant Ecol (2011) 212:1855–1871 1867

123



hypothesized that the decrease of the year-to-year

variability of precipitation (significant reduction of

SD) could result in a lower sensitivity.

Strong and common BCC trends were also observed

in April in disagreement with previous findings in

Europe which highlighted stability over the last

century (Friedrichs et al. 2009a, b; Dolezal et al.

2010). The strong decrease of both MV and SD for

temperature in April (-0.9 and -0.35�C respectively)

was accompanied by a shift from negative to positive

correlations for 18 chronologies amongst 31. As April

conditions often determined phenological events (Ni-

zinski and Saugier 1988; Lebourgeois et al. 2010a;

Morin et al. 2010) and cambial reactivation (Rossi et al.

2007; Gruber et al. 2010), the chilling may have

progressively delayed the beginning of the growing

season, leading to positive correlation between tem-

perature and ring width at the end of the study period.

Finally, significant BCC trends were pointed out

during previous autumn, from September to Decem-

ber (Fig. 6a). Focusing on temperature, correlations

changed from negative to positive values in Septem-

ber (and sometimes October), whilst the inverse trend

was evidenced in November and December. Despite

the difficulty to elucidate the ecophysiological mech-

anisms driving temporal instability during this season

(D’Arrigo et al. 2008), such changes can highly

modify ecosystem functioning and carbon sequestra-

tion (Piao et al. 2008). A cooler and more humid

September followed by a warmer October might

reduce both drought in late summer and frost in mid-

autumn, leading to a longer growing season. Climate

being less restrictive, trees began to respond posi-

tively to these new early autumn conditions. BCC

trends also suggested that trees adjusted their

response to warmer and more humid conditions

during late autumn, mainly in November. The

explanation of such instability appeared unclear, all

the more since the climatic trends were non-signif-

icant. Previous studies showed that too warm winters

can disrupt the physiological process linked to leaf

phenology (Morin et al. 2010) and also modify the

ratio between respiration and photosynthesis (Piao

et al. 2008). Increasing respiration with increasing

temperature during autumn and winter may partially

consume carbohydrate reserves (Ogren 2000), which

were initially stocked to support wood formation and

leaves unfolding in spring (Barbaroux and Bréda

2002).

Conclusion

As expected, Q. petraea displayed a rather low

sensitivity to climate. High temperature in March and

water stress from May to July appeared to be the

main growth limiting factors. The sensitivity to water

stress generally decreased from oceanic to semi-

continental conditions (except in June). Similarly, the

positive correlations to precipitation from November

to March generally decreased from West to East,

whilst positive correlations to autumn and winter

temperature tended to increase. These results con-

firmed that under fresh and humid conditions, the

amount of water was a less important factor, whilst

winter frost limitation slightly strengthened.

Most of the studies on the ‘‘divergence problem’’

pointed out instabilities which were related to global

change (either increasing temperature at high eleva-

tions and latitudes or increasing aridity under Med-

iterranean context). Our analysis revealed instability

in climate-growth relationships before the global

warming observed since the middle of the 1980s.

These great temporal variations in sensitivity under

rather stable climatic conditions represented a devi-

ation from the uniformitarian principle traditionally

applied to dendroclimatology (Fritts 1976). Such

multi-decadal instabilities in climate-growth relation-

ships should be taken into account when using tree-

ring as proxies for climate reconstructions.
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Lebourgeois F, Bréda N, Ulrich E, Granier A (2005) Climate-

tree-growth relationships of European beech (Fagus
sylvatica L.) in the French Permanent Plot Network

(RENECOFOR). Trees Struct Funct 19(4):385–401. doi:

10.1007/s00468-004-0397-9

Lebourgeois F, Pierrat JC, Perez V, Piedallu C, Cecchini S,

Ulrich E (2010a) Simulating phenological shifts in French

temperate forests under two climatic change scenarios and

four driving global circulation models. Int J Biometeorol

54(5):563–581. doi:10.1007/s00484-010-0305-5

Lebourgeois F, Rathgeber CKB, Mérian P, Ulrich E (2010b)
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