
HAL Id: hal-01739286
https://hal.science/hal-01739286

Submitted on 20 Mar 2018

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Comparisons of the performance of δ13C and δ18O of F.
sylvatica, P. sylvestris and Q. petraea in the record of

past climate variations
Valérie Daux, Alice Michelot-Antalik, Aliénor Lavergne, Monique Pierre,

Michel Stievenard, Nathalie Bréda, Claire Damesin

To cite this version:
Valérie Daux, Alice Michelot-Antalik, Aliénor Lavergne, Monique Pierre, Michel Stievenard, et al..
Comparisons of the performance of δ13C and δ18O of F. sylvatica, P. sylvestris and Q. petraea in
the record of past climate variations. Journal of Geophysical Research: Biogeosciences, 2018, 123 (4),
�10.1002/2017JG004203�. �hal-01739286�

https://hal.science/hal-01739286
https://hal.archives-ouvertes.fr


V
er

si
on

 p
os

tp
rin

t

Comment citer ce document :
Daux, V., Michelot-Antalik, A., Lavergne, A., Pierre, M., Stievenard, M., Breda, N., Damesin,

C. (2018). Comparisons of the performance of 13C and 18O of F. sylvatica, P. sylvestris and Q.
petraea in the record of past climate variations. Journal of Geophysical Research:

Biogeosciences. , DOI : 10.1002/2017JG004203

 

This article has been accepted for publication and undergone full peer review but has not 
been through the copyediting, typesetting, pagination and proofreading process which may 
lead to differences between this version and the Version of Record. Please cite this article as 
doi: 10.1002/2017JG004203 

 

© 2018 American Geophysical Union. All rights reserved. 

Comparisons of the performance of 
13

C and 
18

O of F. sylvatica, P. 

sylvestris and Q. petraea in the record of past climate variations 

 

V. Daux
1
, A. Michelot-Antalik

2
, A. Lavergne

1,†, M. Pierre
1
, M. Stievenard

1
, N. Bréda

3,4
, C. 

Damesin
5
 

1
LSCE, UMR 8212 CEA/CNRS/UVSQ, Gif-sur-Yvette, F-91191  

2
UMR 1121 Agronomie & Environnement Nancy-Colmar, INRA/Université de Lorraine, 

Vandoeuvre-les-Nancy, F-54518  

3
INRA, UMR 1137 Ecologie et Ecophysiologie Forestières, Champenoux, F-54280  

4
Université de Lorraine, UMR 1137 Ecologie et Ecophysiologie Forestières, Vandoeuvre-les-Nancy, 

F-54500  

5
Laboratoire d’Écologie, Systématique et Évolution, UMR 8079, Université Paris-Sud, Orsay, France 

† Current address: Department of Life Science, Imperial College London, Ascot, UK  

 

Corresponding author: Valérie Daux (valerie.daux@lsce.ipsl.fr) 

Key Points: 

 Carbon and oxygen chronologies in F. sylvatica, P. sylvestris and Q. petraea are 

consistent and strongly correlated with air moisture (VPD) and temperature. 

 A large number of trees (11, on average) is needed to develop robust isotope-based 

paleoclimate reconstructions. 

 Reconstructions in temperate Europe should concentrate on oxygen isotopic 

composition.  
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Abstract 

Climate reconstructions in temperate Europe have been widely based on oak species. 

However, other co-occurring species, largely distributed in Europe, may be used for 

recording climate variability. In this paper, we documented the inter-trees and inter-species 

variations over 1960-2007 of oxygen and carbon isotopic compositions in ring cellulose of F. 

sylvatica, P. sylvestris and Q. petraea co-occurring in the Fontainebleau forest (France). Our 

results indicated that large levels of series replication (11 trees on average) were required to 

generate isotopic mean series representative of the populations. We calculated mean isotopic 

ratios in pine higher than in the deciduous species, and hypothesized that these contrasts 

resulted from differences in stomatal conductance, phenology and canopy structure, and, for 

oxygen, also in water uptake depth and isotopic exchange rate. We found that 
18

O and 
13

C 

chronologies were significantly correlated to one another in the three species and responded 

primarily to air moisture and Tmax, which indicated that stomatal conductance was an 

important driver of changes in both types of records. We determined that the correlations 

were strong with the May to July climate variables in F. sylvatica, and with the July and 

August ones in Q. petraea and P. sylvestris. We showed that the oxygen records were 

systematically more coherent than those of carbon. This study demonstrated that 
18

O, and to 

a lesser extent 
13

C, from the three different species are reliable proxies for reconstructing 

past hydroclimatic variations in Europe.  
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1. Introduction 

When they are datable and responsive to climate variations, tree ring chronologies are 

very useful proxies for reconstructing past climate variations. Trees able to provide the most 

sensitive ring-width chronologies are found at the distribution limit of forest ecosystems, 

where their growth is constrained by one factor (typically temperature or precipitation; e.g. 

Schweingruber, 1988). These conditions are found at high latitudes, in mountainous areas or 

in arid and semi-arid areas. As a result, local to hemispheric temperature reconstructions 

based on ring-width are weighted towards high latitudes and elevations. Climate studies 

based on tree-rings isotopic chronologies have frequently been conducted in the same 

environments as those relying on ring width. For instance in Europe, of the eighteen pluri-

centennial climate reconstructions based on tree ring isotopes, six were built from trees 

located beyond the Arctic Circle (Gagen et al., 2011, 2011; Hilasvuori et al., 2009; Loader et 

al., 2013a; Young et al., 2010) and six from trees living above 800 m of elevation (Esper et 

al., 2010; Hafner et al., 2014; Kress et al., 2010; Lipp et al., 1991; Reynolds-Henne et al., 

2007). Only six are located in temperate locations at low elevation (<800m) in Austria (Haupt 

et al., 2011), Scotland (Loader et al., 2008), England (Rinne et al., 2013) and France (Etien et 

al., 2008; Labuhn et al., 2016; Masson-Delmotte et al., 2005). Yet, as already noted by 

Cernusak and English (2015), there is a strong potential for producing stable isotope 

chronologies responsive to climate throughout the geographical distributions of forests. The 

frequent location of isotopic studies at the edge of the trees’ distribution may be motivated by 

the need to find old individuals. Indeed, long-lived trees growing slowly are more likely to 

occur at the environmental margin of their species range where management is absent (e.g. 

Black et al., 2008; Larson, 2001). Therefore, the probability to find old trees may be larger in 

stressful non-managed sites than in the optimal habitat with heavy management.  
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The studies performed in Europe in temperate areas at low altitude have all been 

conducted on pedonculate and sessile oak (Quercus robur and Quercus petraea). Both oaks 

are long-lived trees (up to 600 years), widespread from southern Scandinavia to the northern 

part of the Iberian Peninsula (between ca. 40° and 60° N; Fig. 1; Di Filippo et al., 2015; 

Eaton et al., 2016). For centuries, their woods have been used for timber-framed building. 

Because timber rotation periods in managed oak forests are about 130-160 years, living 

individuals older than 200 years are uncommon. Consequently, except for the dendro-isotopic 

records produced by Loader et al. (2008), which are based only on old living individuals, the 

long European series were developed by stacking living woods and beams from historical 

structures. For dendroclimatic studies, living trees are selected according to criteria (about 

status, micro-environment, etc; Schweingruber et al., 1990) which application ensures certain 

homogeneity of the sampling. When dealing with historical, archaeological or sub-fossil 

woods, these criteria cannot be applied and the sampling may therefore be less homogeneous 

and include trees grown in a larger range of environmental conditions.  

In this study, we explored the potential of two tree species, a broad-leaved one, 

European beech (Fagus sylvatica) and a coniferous species, Scots pine (Pinus sylvestris), in 

comparison with the more widely used oak (Quercus petraea), for producing isotope-based 

climate reconstructions in European temperate areas. These two species were investigated 

because: 1) they are largely distributed over Europe, from Sicily to southern Norway for 

Fagus sylvatica, and all the way across Eurasia for Pinus sylvestris (Fig.1; Houston et al., 

2016), 2) they have been diversely managed and used for centuries, and historical samples 

exist which could be used to extend chronologies built from living trees. Sessile oak, 

European beech and Scots pine are co-occurring species in the Fontainebleau forest (South 

Paris, France), growing on monospecific stands close to one another, in the same climatic 

area. We exploited this opportunity to document inter-trees and inter-species variability of 
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oxygen and carbon isotopic compositions in beeches, pines and sessile oaks growing 

together. The stands of the forest exhibit a variety of types and available water capacities 

(AWC). We hypothesized that the response of oxygen and carbon isotope compositions of 

trees to climate variations may differ according to the AWC of the soil on which they grow (a 

lower AWC being more likely to generate drought stress inducing in turn stomatal closure 

and a consequential increase of 
18

O and 
13

C in tree-rings). Therefore, for each species, we 

sampled 2 stands with soils of different types and of the most contrasted possible AWC in 

order to approach the diversity of tree-environments that may be included when sampling 

historical woods.  From our results, we inferred the proper sample size to generate isotopic 

mean series representative of the population for each species. We then tested the performance 

of 
13

C and 
18

O in the three species as climate recorders by studying the differences and 

coherences between ring isotopic chronologies over 1960-2007 and the responses of the 

isotopic signals to several climatic variables.   

2. Materials and methods 

2.1. Sampling site 

The experimental site covers a 170 km
2 

area, 60 km southeast of Paris, France 

(longitude 2.40°E, latitude 48.25°N, elevation 40-100 m; Fig. 1). The bedrock is composed of 

the Oligocene Fontainebleau sand unit, covered from place to place by sandstone and 

limestone. The soil texture is dominated by sand mixed with loam and clay. Fontainebleau 

has a typical attenuated oceanic climate with a regular year-round distribution of precipitation 

(between 48 and 65 mm/month). Over 1960-2007, the annual total precipitation was 754 mm 

and the mean annual temperature 10.9°C. 
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The studied forest, which is managed by the French National Forest Office (ONF), is 

composed mainly of sessile oaks (Quercus petraea (Matt.) Liebl.), European beeches (Fagus 

sylvatica L.) and Scots pines (Pinus sylvestris L.). Three monospecific stands per species, 

located in the southern part of the forest, were chosen and sampled in April 2008 (Fig. 1; Tab. 

1). They were selected for contrast in soil type and hence fine roots distribution and actual 

water capacity in order to represent the variability observed in the forest. In each stand, 8 

dominant healthy trees were cored at breast height. The trees were chosen mature to 

minimize possible age effects on the isotopic composition. The growth response of the three 

species to climatic variations and soil water deficits was presented in Michelot et al. (2012a). 

Two stands per species were chosen for the isotopic analyses, leading to a total of 16 trees 

analysed per species.  

2.2.  Analytical procedure 

Tree-ring widths were measured using a digitising tablet connected to a micro-

computer and the tree-ring program SAISIE. Details of the procedure can be found in 

Michelot et al. (2012a). Ring cutting was done using a scalpel under binocular magnifier. For 

Q. petraea, early and latewood were separated, and only the latewood, which is mainly built 

with the current year photosynthates, was processed further. Early and latewood were not 

separated in F. sylvatica and P. sylvestris samples. For F. sylvatica, which is a diffuse-porous 

species, these two parts were not distinguishable. For P. sylvestris, the latewood widths were 

too narrow to provide sufficient cellulose in the latewood alone. In the Fontainebleau forest, 

during the 2009 growing season, F. sylvatica radial growth begun just after budburst and did 

not depend on stem non-structural carbohydrates but on leaf photosynthesis, while Q. petraea 

growth started prior to photoassimilates synthesis. P. sylvestris, whose needles are 

photosynthetically active in winter, used essentially newly formed assimilates from the start 

of the radial growth (Michelot et al., 2012b). We hypothesized that these specific dynamic 
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uses of non-structural carbohydrates have been stable over the studied period. Therefore, the 

celluloses extracted from Q. petraea late wood and F. sylvatica and P. sylvestris total wood 

were built very likely mainly with current year photosynthates.  

For the last 14 years of the sampling period (1994-2007), each single tree was 

analysed, while for the 1960-1993 interval, the annual shavings of the 8 trees of a given stand 

were pooled. Samples were milled with a 0.08 mm sieve to ensure their homogeneity. 

Isotopic analyses were performed on α-cellulose extracted from wood according to the 

SOXHLET method elaborated by Green (1963) and modified by Leavitt and Danzer (1993). 

The analyses were corrected using an internal laboratory reference of cellulose (Whatmann® 

CC31), which had been inter-compared by the European laboratories involved in the 

ISONET European project (-25.54‰ for 
13

C and +31.85‰ for 
18

O; Boettger et al., 2007). 

The 
18

O values were determined by pyrolysis of the -cellulose to CO with a TC/EA 

coupled with a Finnigan MAT252 mass spectrometer (at LSCE, Gif/Yvette, France). The 

measurements of 
13

C were performed by combusting the -cellulose to CO2 in a Carlo Erba 

1500 elemental analyser (CE Instruments, Milan, Italy), interfaced to an optima IRMS 

(Micromass Ltd., Manchester, UK) (at IBP, Gif/Yvette, France). The analytical errors (lower 

than ±0.10‰ for 
13

C and ±0.25‰ for 
18

O) were monitored constantly by measurements of 

reference material after every 5
th

 sample and replicates (2-4 times) analyses of individual 

cellulose samples. 

Due to the rise of 
13

C-depleted atmospheric CO2 induced by fossil fuel burning and 

deforestation since industrialization (the Suess effect; Keeling, 1979), the δ
13

C ratio of 

atmospheric CO2 has decreased of around 1.1‰ over the 1960-2007. We took into account 

latitudinal and seasonal fluctuations of δ
13

C in atmospheric CO2 to obtain a correction 

suitable for the Northern Hemisphere mid-latitude growing season (Masson-Delmotte et al., 
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2005; M. Leuenberger calibration data, EU project ISONET) and produced corrected δ
13

C 

record (δ
13

Ccor hereafter). 

2.3.  Inter-tree and inter-species comparisons 

All the calculations performed in this paper were done using the R environment or the 

Excel-program.  The coherence of the isotopic records within each species was evaluated 

using the mean value of the standard deviations (SD ), and the mean Pearson coefficient ( R ) 

of the pairwise correlations between the individual isotopic series over 1994-2007.  

To determine the level of replication required to yield representative mean isotopic 

signals, the Expressed Population Signals (EPS) and the mean confidence intervals (CI) were 

determined.  

EPS were calculated as follows (Wigley et al., 1984) :  

EPS = R  /( R +(1- R ) /N)   (1) 

where N is the number of single series. As the average of single series is thought to 

reasonably portray the true chronology when EPS is superior to 0.85 (Wigley et al., 1984), 

we determined the level of replication for which EPS is over this threshold (NEPS>0.85 in Tab. 

2).  

To assign uncertainty estimates associated to a level of replication n (3≤n≤13), we 

performed the following calculations (Fig. 2): we drew 100 subsamples of n single ring 

measurements without replacement, for each of the 14 years of the 1994-2007 interval. The 

random draw thus produced 1400 subsamples. We computed the confidence interval around 

the mean (mean ± CI) for each subsample following equation (2): 

 CI = [ t  SD/(n
0.5

)]   (2)  

where t is the two tailed Students’ t-value, at 90% or 95% confidence.  

We then calculated the average of the confidence intervals ( CI ). The whole 

calculation was repeated for each n and for each species.  
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This method was inspired from Loader et al. (2013b) but differed from it by the 

sampling strategy. Indeed, in Loader et al. (2013b)’s study, the uncertainties in the means 

were determined using isotopic measurements performed on a large number of trees (100) on 

a single year. Here, they are estimated from a more limited number of trees (16) but over 

several years (14). Our approach took into account a larger range of climatic conditions but 

probably a smaller variety of tree environments (soil depth, nature, etc). Loader et al. (2013b) 

calculated the mean value and CI of a population of 1000 randomly sampled single ring 

measurements, at different levels of replication. Here, as the sampling covered several years, 

with different climatic conditions reflected by a variety of isotopic compositions, this 

approach could not be applied. While Loader et al. (2013b) calculated the actual CI of a 

population of subsamples, we calculated the mean value of the theoretical CI of each 

subsample (90 and 95% CI, with t-distribution multiplier). Therefore, our results are not fully 

comparable. The levels of replication necessary to get CI<0.5‰ are reported in Tab. 2. 

For the 1994-2007 period, stand and species chronologies were obtained by averaging 

individual records. Over 1960-1993, the stand chronologies were prolonged using pooled 

samples, and the species chronologies were produced by averaging stand chronologies. 

According to the results of the Shapiro-Wilks tests, no significant departure from normality 

(at least at the 5% threshold) was found for any of these resulting stand and species 

chronologies. The mean levels of the chronologies over 1960-2007 were compared to one 

another by applying F-tests of equality of variances and Student’s t-test on the mean. 

We considered that extreme values of the isotopic records were at least ± 1.6 SD from 

the mean (~10% of the data). 
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2.4. Climate data 

Correlation functions of specific tree-ring 
18

O and 
13

C chronologies were computed 

with monthly minimum, maximum and mean temperature (Tmin, Tmax, Tmean), mean relative 

humidity (RH), global radiation (GR), potential evapotranspiration (computed Turc, PET) 

and precipitation (P) using monthly-averaged daily data recorded by Météo-France at the 

Melun-Villaroche (30 km north of Fontainebleau) and Fontainebleau (for precipitation) 

stations over the 1960-2007 period. Correlations with climate variables averaged over two to 

six consecutive months were also calculated. Meteorological extreme values were identified 

in the same way as the isotopic ones.  

Vapour pressure deficit (VPD) was calculated following: VPD (kPa) = 1
100

s

RH
e

 
   

 
     

(3) 

with es, the vapour pressure saturation as follows (Tetens, 1930):  

 17.27 / 237.3
0.611

T T

se e
   

 
    (4) 

Tmax was used for the calculation of VPD. 

3. Results  

Although the two stands selected for each species had different soils and AWC, the 

stand chronologies of each species showed similar distributions, variances and means (Fig. 3; 

Tab. S1). These inter-stands similarities suggest that the differences in soil types and AWC 

were not key factors influencing the isotopic compositions within a species, at least in the 

limited range of variations which does exist in the Fontainebleau forest. Distinctions at stand 

levels not being relevant here, we chose to document comparisons and correlations between 

individuals and between species.   
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3.1. Intra-species variabilities 

  Over 1994-2007, the specific mean levels of the carbon and oxygen isotopic 

compositions ranged from -23.41 to -22.58 ‰ and from 31.04 to 32.61‰ respectively (Tab. 

2; Fig. 3). The associated standard deviations ranged from 0.59 to 0.94 and from 0.52 to 0.71, 

the larger ones being obtained for carbon in F. sylvatica and for oxygen in P. sylvestris. The 

mean pairwise correlation coefficients ranged from 0.28 to 0.67. They were systematically 

larger for the 
18

O than for the 
13

Ccor series. For both carbon and oxygen, the larger R

values were obtained in Q. petraea. According to the calculation of N0.85, the minimum 

number of trees needed for developing a representative chronology ranges from 3 to 6 trees 

for 
18

O and from 5 to 14 trees for 
13

C. Even larger numbers of trees were needed in order to 

satisfy the requirement of CI<0.5‰ (e.g. more than 11 trees for 
13

C for F. sylvatica, and up 

to 10 for 
18

O for P. sylvestris; Tab. 2; Fig. 4). 

3.2. Inter-species comparisons 

For both 
18

O and 
13

Ccor, no difference of variances between species were observed 

(F-test; p > 0.1; Tab. 3), except between Q. petraea and P. sylvestris 
18

O (p < 0.001). The 

difference of means were significant (t-test; p < 0.001), except the one of Q. petraea and P. 

sylvestris 
13

Ccor (p = 0.068). The inter-species difference of mean values was larger for 
18

O 

than for 
13

Ccor (Tab. 3 and Fig. 5).  

The specific chronologies showed common features. The three 
18

O chronologies 

exhibited step increases in the late 1980s. The 
13

C series slightly trended up from 1960 to 

the mid -1970s and down from the late 1980s - early 1990s to 2007. They depicted consistent 

inter-annual variations, which were reflected in the strength of their pairwise correlations 

(Rspecies> 0.54). The strongest correlations were observed between the 
13

Ccor of P. sylvestris 

and F. sylvatica and between the 
18

O of Q. petraea and F. sylvatica. The inter-annual 
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variations of 
18

O were more similar between species than those of 
13

Ccor (higher Rspecies). In 

each species, the 
13

Ccor and 
18

O series were positively and significantly correlated to one 

another (Fig. 3). The strength of the correlation decreased from 0.70 in F. sylvatica to 0.60 in 

P. sylvestris and 0.43 in Q. petraea (p <0.001).  

3.3. Correlations with meteorological variables  

Negative correlations were found between oxygen and carbon isotopic variables and P 

of June for F. sylvatica and of August for P. sylvestris (Fig. 6; Tab. S2). Positive and in many 

cases significant relationships were evidenced between tree ring 
13

Ccor series and July (for 

Q. petraea and F. sylvatica) or August (for P. sylvestris) GR, VPD, Tmax and PET. For all 

species, tree ring 
18

O were positively correlated with VPD and Tmax from May to August and 

negatively with P and RH of the same months, but the correlations were not all significant. 

For 
13

Ccor, The strongest correlations were found with the temperature averaged over July-

August for Q. petraea (TmaxJA; R = 0.52; p<0.001), and the precipitation of June-August for 

F. sylvatica and P. sylvestris (PJJA; R = -0.68 and -0.71, resp.; p<0.001). For 
18

O, they were 

evidenced with the VPD averaged over July-August for Q. petraea and P. sylvestris (VPDJA: 

R =0.61 in both cases; p<0.001) and over June-August for F. sylvatica (VPDJJA; R = 0.74; 

p<0.001). Using these strongly correlated records, we investigated if the meteorological 

extremes had produced isotopic extremes (Fig. 5). The years with meteorological extremes 

were : 1976, 1990 and 2003 for TmaxJA, VPDJA and VPDJJA (high), 1965 and 1983 for TmaxJA 

(respectively high and low), 1964 and 1976 (low) and 1960, 1981, 1987, 1997 and 2001 

(high) for PJJA. In phase with the meteorological extremes, the carbon and oxygen isotopic 

chronologies exhibited extremely high values in 1976 (three species), in 1987 (P. sylvestris 

and F. sylvatica
18

O) and in 1990 (F. sylvatica and P. sylvestris). The extremely high value 

of rain in 1960 and of temperature in 1983 were echoed by low and high extremes 
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respectively in the oak 
13

C. While the values of Tmax and VPD were extremely high in 2003, 

neither the carbon, nor the oxygen isotopic ratios of any of the three species were extreme. 

4. Discussion 

4.1.  How many trees are necessary for developing robust paleoclimate 

reconstructions? 

The results presented above suggest that a reliable mean isotopic value could be 

established when a rather large number of trees was sampled (11 trees on average; 7 for 
18

O 

in Q. petraea to more than 13 for 
13

C in F. sylvatica). In paleoclimate studies, due to the 

cost and time needed for processing samples, a more restricted number of trees is generally 

used for constructing isotopic chronologies. Indeed, based on the EPS>0.85 criterion, a 

number of 4 trees has often been considered satisfactory to develop representative isotope 

records (e.g. Holzkämper et al., 2008; Leavitt & Long, 1984; McCarroll & Pawellek., 1998; 

Rebetez, et al., 2003). It was, for instance, the standard in the European Union-funded 

‘ISONET’ project as reflected in some of the resulting publications (e.g. Hilasvuori et al., 

2009; Masson-Delmotte et al., 2005; Reynolds-Henne et al., 2007; Rinne et al., 2013; Treydte 

et al., 2007). However, as stressed for instance by McCarroll and Pawellek (1998), Daux et 

al. (2011) and Loader et al. (2013b), the EPS metric of replication is based only on the 

strength of the correlations between trees. Even when the correlation is strong enough for the 

EPS to be superior to 0.85, the level of replication may be too low to capture a site mean 

isotopic signal. As long chronologies are usually produced by joining different cohorts, a 

robust low-frequency signal can be obtained only if reliable mean isotopic values with 

acceptable CI are established for each year of the record. Therefore, both EPS and CI metrics 

should be considered to define the minimum number of trees needed. For P. sylvestris, 

Loader et al. (2013b) calculated that the CI around the mean (at 95%) can be expected to be 

±0.68‰ for both carbon and oxygen isotopes for a sample size of 10. Here, we obtain CI 
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values that were somewhat smaller (0.42‰ and 0.50‰) for the same number of trees. Due to 

the different methodologies (i.e. sampling of several years/single year) our calculations are 

not fully comparable but both agree with the conclusion that higher levels of replication than 

those frequently adopted using only EPS metric must be considered if a representative 

regional signal is to be attained and used to reconstruct paleoclimates.  

For F. sylvatica and Q. petraea, a smaller number of trees was necessary to produce a 

reliable mean isotope series for oxygen than for carbon, which was reflected by the smaller 

dispersion around the mean for 
18

O (e.g. N95CI<0.5, Tab. 2). Regarding the interannual 

coherence for the three species, the 
18

O chronologies were more consistent with each other 

than the 
13

Ccor ones (see e.g. NEPS>0.85, Tab. 2).  

A review of the literature allowed the compilation of 36 pairs of EPS of oxygen and 

carbon isotopic compositions chronologies (EPS18O and EPS13C; Tab. S3; Fig. S4) from 

various tree species (mainly coniferous) grown in various environments. EPS18O was 

superior to EPS13C in 70% of the cases. In other words, the oxygen isotopic series were more 

mutually consistent than the carbon ones in most cases, although this result must be 

considered with caution because of the small size of the database. The oxygen isotopic 

composition of tree-ring cellulose records the isotopic composition of the source-water of the 

tree and integrates the response of stomatal conductance to atmospheric water deficit. It is 

therefore controlled by the source composition and by the VPD (e.g. Barbour et al., 2005; 

Gessler et al., 2013). The strong relations between the VPD of the growing season and 
18

O 

we evidenced for the three species illustrate well these statements. In comparison, δ
13

C 

records the balance between the stomatal conductance and the photosynthetic rate (e.g. 

Farquhar et al., 1982). It is thus also partly controlled by VPD through stomatal conductance, 

and, in addition, by environmental factors like site fertility and light availabilities which 

influence carboxylation rates and photosynthesis (e.g. Leavitt & Long, 1986; Weitner et al., 
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2007). The larger inter-tree variability of the δ
13

C compared to δ
18

O, which is observed here 

and in most studies, very likely reflects the greater sensitivity of carbon discrimination to the 

microenvironment of the trees. Significant correlations between ring width, which is a 

spatially-explicit process (e.g. Das, 2012; Aakala et al., 2013), and ring δ
13

C of oaks at inter- 

(Ponton et al., 2001) and intra-annual scales (Michelot et al., 2011) support the hypothesis of 


13

C being influenced by competition for resources and individual environmental factors. In 

particular, the access to light which strongly affects carbon isotopic discrimination (Brienen 

et al., 2017), may be uneven, even if we have selected dominant trees. Moreover, as proposed 

by Weitner et al. (2007), microsites variations in soil pH do exist, which may be partly 

responsible for inter-tree variability in δ
13

C. At the sites where the inter-trees consistency of 


13

C is higher than the one of 
18

O (30% of the cases; Sup. Mat. S1), trees may have access 

to different water sources and the supply of water from the surface and from deeper layers 

may have varied in time and space. This hypothesis cannot be verified in the frame of this 

study. 

Of the three species, Q. petraea had the more homogenous population regarding 
18

O 

and 
13

C (taking into account both EPS and CI), whereas the two stands had the most 

contrasted AWC and leaf area index (LAI; Tab. 1). The reason of this higher homogeneity 

may lie in the fact that only the cellulose of the late wood was analysed in Q. petraea.   

4.2. What are the differences and similarities of the isotopic records of Q. petraea, F. 

sylvatica and P. sylvestris? 

Contrary to our expectations, the populations of the two stands of each species, which 

have grown on soils of different AWC, could not be distinguished by their oxygen and carbon 

compositions. Possible effects of soil humidity on the isotopic compositions of rings have 

been hypothesized in other contexts. For instance, in South-Western France, a difference of 

soil thickness and thus of total water capacity, was invoked for explaining a 0.8‰ difference 

between two Quercus stands (Labuhn et al., 2014). Another example was provided from oaks 
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from two hydrologically different neighbouring alpine sites (a wet one in a flood plain and a 

drier one on a ridge) whose 
18

O and 
13

C exhibited inter-site offsets of 0.6‰ and 1.1‰ 

respectively [Danis et al., 2006]. Our results suggest that, at Fontainebleau, the inter-stand 

differences of AWC were too small for being differentiating factors within a species.  

The isotopic signatures of the three species sampled in the Fontainebleau forest were 

rather coherent with one another (Rspecies>0.54 for carbon and >0.74 for oxygen; Tab.3). 

Hemming et al. (1988) who studied the 
13

C of Q. robur, F. sylvatica and P. sylvestris at a 

site in central England and Saurer et al. (2008) who analysed the variations of both carbon 

and oxygen isotopes of these and other species over a large area of Switzerland, observed a 

similar inter-species coherence. In contrast, Reynolds-Henne et al. (2009) found low 

correlations between the 
18

O series of oaks, beeches and pines growing at a single location 

and concluded that local or tree-specific factors influenced 
18

O. However, the small number 

of trees (2 per species) in this study may be responsible for the lack of inter-species 

consistency.  

Although they varied in a coherent way with time, the isotopic records of the three 

studied species showed different mean levels. The mean 
18

O of P. sylvestris cellulose was 

1‰ higher than the one of F. sylvatica, which was 0.6‰ higher than the one of Q. petraea.  

Reynolds-Henne et al. (2009) measured differences about 50% larger (1.5‰ between P. 

sylvestris and F. sylvatica and 1‰ between the latter and Q. robur). Szczepanek et al. (2006) 

obtained intermediary results, with a difference between Q. robur and P. sylvestris of 2.1 ‰. 

In our study, the offsets in mean 
13

Ccor levels between species were moderate (over 1960-

2007: 0.47‰, p < 0.001, between P. sylvestris and F. sylvatica and 0.23‰, not significant, 

between P. sylvestris and Q. petraea, the differences being twice larger over 1994-2007). 

These results are in contrast with those of Hemming et al. (1998) and Szczepanek et al. 

(2006) who reported 2 to 2.5‰ difference between the cellulose 
13

C of P. sylvestris on one 
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hand, and Q. robur and F. sylvatica on the other hand. According to Ponton et al. (2001), 

δ
13

C in Q. robur is about 1‰ lower than in Q. petraea when growing in mixed stands. 

Therefore, the difference between Q. petraea and P. sylvestris is expected to be smaller than 

the one between Q. robur and P. sylvestris, which is more consistent with our observations, 

although the differences in mean levels that we calculated are still smaller. So, we cannot 

fully reconcile our 
18

O and 
13

C results with those published previously. It can be noted, 

however, that we analysed 16 trees per species, while Hemming et al. (1998) and Reynolds-

Henne et al. (2009) analysed 2 trees/species and  Szczepanek et al. (2006), 4 trees/species. 

The mean values we obtained are thus more robust and more representative of population 

means. Using our data, we calculated the ranges of mean 
13

C and 
18

O values per species for 

replications of 2 to 13 trees (100 draws with replacements; Fig. 4). As expected, for both 
13

C 

and 
18

O, the ranges of mean values were larger when the replications were lower. The 

maximum possible differences between the mean values of Q.  petraea and P. sylvestris, for 

replications of 2 to 4, were about 2‰. This calculation confirms that inter-species isotopic 

differences as large as those obtained in previous studies can be due to a low replication. 

Moreover, it is worth noting that the ranges of variations of the mean ratios of Q. petraea, F. 

sylvatica and P. sylvestris largely overlapped (Fig. 4). Thus, the differences between the 

mean ratios of series with low levels of replication could even be opposite to the differences 

between the mean ratios of the populations. For instance, for a replication inferior to 10, the 

mean 
13

C calculated for oak could be higher than the one calculated for pine. Within the 

context of the preceding discussion, these results re-emphasize the importance of an adequate 

sampling replication prior to drawing conclusions about population means. 
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The higher values of 
13

Ccor and 
18

O in P. sylvestris compared to the deciduous 

species may reflect specific differences in stomatal conductance, canopy structure and 

phenology, and for 
18

O, also differences in water uptake depth and post-photosynthetic 

oxygen exchanges. 

- P. sylvestris, as a gymnosperm, has higher intrinsic water use efficiency 

(iWUE, i.e. the ratio of photosynthetic carbon uptake (A) to stomatal conductance (gs); e.g.  

Leonardi et al. 2012) than the two deciduous trees. In accordance with this general rule, in 

this study, the mean values of iWUE of P. sylvestris, F. sylvatica and Q. petraea are equal to 

99.5, 97.2 and 92.5 µmol CO2.mol
-1

H2O respectively (iWUE calculation performed as in 

Lavergne et al., 2017). A larger iWUE can result from either reduced gs or increased A 

(Scheidegger et al., 2000). As conifers usually have lower A than broadleaved (Reich et al., 

1995; Lusk et al., 2003), the inter-species offsets of 
13

C are more likely due to differences in 

gs. A reduced gs, which promotes evaporative isotopic enrichment (Grams et al., 2007; 

Scheidegger et al., 2000), is also consistent with pine having the higher 
18

O.   

- The canopy surface of P. sylvestris, measured by the leaf area index (LAI), 

was smaller than those of the two other species (on average: 3.8 versus 5.8; Tab. 1), which 

implies that P. sylvestris have intercepted less incident rainfall than the deciduous, allowing 

more rain to reach the soil at each rain event. However, P. sylvestris as an evergreen conifer 

maintains interception losses throughout the year, including in winter, when water infiltration 

in soil is higher. Therefore, the proportion of annual rainfall lost by interception for the pine 

stand may have been superior to the one for deciduous. It was the case in the study conducted 

by Calder et al. (2003) who reported 25 to 45% of loss by interception in pine stands 

compared with 10-25% in oak stands. A lower LAI also induces a higher evaporation of soil 

water (Granier et al., 1999; Baldocchi and Ryu, 2011). The combination of less water flowing 

to the groundwater and more evaporation induces decreased soil moisture, which may lead to 
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an increased water stress, which, in turn, can induce a reduced stomatal conductance (e.g. 

Tuzet et al., 2003) yielding increased 
18

O and 
13

C in carbohydrates. Therefore, a possible 

cause for the difference of oxygen and carbon isotopic levels between P. sylvestris and the 

deciduous species may lie in their canopy structure.  

- At Fontainebleau, in 2009, the growing season was longer for P. sylvestris 

than for the two deciduous species; it started earlier and ended later. In particular, it extended 

over the whole August month, a period when transpiration may have been important, while F. 

sylvatica and Q. petraea had stopped growing by mid and early August respectively 

(Michelot et al., 2012b). As increasing evaporative demand increases 
18

O enrichment in 

organic matter (Farquhar et al., 2007), the cellulose formed in P. sylvestris at the end of the 

growing season may have been more enriched and this effect may have contributed to the 

higher 
18

O in the whole ring of this species. Intra-ring 
13

C measurements were conducted 

in oaks, beeches and pines of the Fontainebleau forest in 2009 (Michelot, 2011). They 

revealed an increase of the cellulose 
13

C of 2.5 ‰ from April to July-August in P. 

sylvestris, while such a trend was less marked or absent in F. sylvatica and Q. petraea. Such a 

13
C enrichment of the cellulose formed at the end of the growing season can have driven the 

value of the whole ring cellulose of pine upwards. Year 2009 was a rather dry year (147 mm 

over June-August) and the growing season was shorter than it usually is (Michelot et al., 

2011). Therefore, to confirm the hypothesis of a phenological effect on the carbon and 

oxygen isotopic compositions of the rings, a several-year phenological monitoring 

accompanied by intra-ring isotopic analyses would be necessary.  

Oak, and to a lesser extent beech, are supposed to use deeper sources of water than pine 

(Leuschner et al., 2001). Indeed, when water availability decreases, these species (and oak 

more than beech) may be able to use water from deeper soil layers by increasing their root-to-

shoot ratio and fine root production (Osonubi & Davies, 1981; van Hees, 1997). As 
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evaporation at the soil surface cause 
18

O-enrichment of the water decreasing exponentially 

along the upper meter or so (Allison & Hughes, 1983; Darling, 2004; Darling & Bath, 1988; 

Hsieh et al., 1998), access to deeper water may induce lower cellulose 
18

O in Q. petraea and 

F. sylvatica than in the more superficially rooted P. sylvestris. Such a depth difference in 

source water between oak (Q. aquifolioides) and pine (P. tabulaeformis) was evidenced, for 

instance, by Duan et al. (2008). At the sites sampled in our study, the fine root depth 

depended more on soil type than on tree species, with larger inter-stand than inter-species 

contrasts (Tab. 1), which a priori does not support the hypothesis of a root depth effect. 

However, the distribution of water uptake may not be a function of root distribution only and 

the three species may not have the same ability to tap water at different levels. Indeed, the 

decreasing strength of the correlation between 
18

O and 
13

C from F. sylvatica and P. 

sylvestris to Q. petraea, which cannot be explained by a decreasing gs (see paragraph on 

iWUE), may reflect an enhanced ability of the oak species to switch its depth of water uptake 

to soil levels with higher water potential. Such increased variability in source water could 

induce 
18

O variations in tree-ring decoupled from the effect of evaporative fractionation 

mediated by gs, and therefore decoupled from the variations of 
13

C. To sum up, different 

mean depth of water uptake and contrasted ability to switch from a source water level to 

another may explain some of the inter-species isotopic differences (in mean level and 

strength of the 
18

O-
13

C correlation) noted in this study. However, these assumptions cannot 

be tested with our data.  

- Finally, the fraction of oxygen exchange between carbohydrates and water at 

the site of cellulose synthesis may vary from a species to another (e.g. Sternberg and 

Ellsworth, 2011). A lower fraction induces a higher 
18

O in cellulose and relatively small 

changes in the exchange rate have a significant impact on the isotopic composition (e.g. 10% 

change induced 1.9‰ variation in the 
18

O of some cellulose according to Keel et al., 2016). 
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Song et al. (2014) and Li et al. (2014) both suggested that the 
18

O enrichment of pine species 

compared to oak species (Pinus rigida versus Quercus velutina and Quercus prinus and 

Pinus densiflora versus Quercus serrate and Quercus variabilis) could reveal a lower fraction 

of oxygen exchange. Such a variable proportion of isotopic exchange may also have 

contributed, in part, to the inter-specific differences of mean isotopic levels observed here.  

4.3. Which environmental and climatic variables are recorded in the tree-ring 


18

O and 
13

C of the three species?  

The responses to climate of the three species were shown to be coherent and valuable. 

However, slight specific differences and a mismatch between climatic extremes and isotopic 

series in 2003 were evidenced. In this section, the causes of the differences and mismatch are 

investigated. Then the performance of tree-ring variables (width, 
13

C or 
18

O) as climate 

proxies are discussed.  

The strongest correlations between isotopic records and climate variables occurred 

during summer months, likely underlining the importance of the growing period (May-

August). The strength of the response to climate nevertheless differed from one species to 

another and some of the observed dissimilarities may be explained, at least partly, by 

phenology. For instance, significant correlations with August climate variables were observed 

mainly for P. sylvestris, which, as already mentioned, has the longest growing season 

extending until September. This result is in accordance with Michelot et al. (2012a)’s, who 

evidenced the influence of the climate in August on P. sylvestris growth at Fontainebleau. 

Strong correlations with June variables were observed for F. sylvatica series, probably 

because the maximum growth rate of this species occurred during this month (Michelot et al., 

2012a). For Q. petraea, only latewood, which begins to form during late June, was analysed: 

this may explain that the correlations of the isotopic chronologies with May and June climate 

records were not significant.  
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The comparison of the isotopic and meteorological extremes revealed some 

inconsistency. The extremely high values of summer VPD in 1976, 1990 and 2003, should 

have induced extremely high 
13

C and 
18

O in tree-rings. Such extremes were measured in 

the rings formed in 1976 and 1990 actually, but not in those produced in 2003. An important 

difference between the two former years and the latter lies in the distribution of precipitation. 

Indeed, the precipitation cumulated from previous October to August was low at 

Fontainebleau in 1976 and 1990 (357 mm and 455mm respectively), while it was 700 mm in 

2003. Therefore, the soil water was very likely less critically low in summer 2003 than during 

the summers of the other two years. While we have identified a meteorological extreme with 

no isotopic counterpart, we did not evidenced isotopic extremes not related to extreme 

meteorological values (exceeding at least 1.5 SD).  

In agreement with a control of 
13

C and 
18

O by June-August meteorological 

conditions, the tree growth of the three species was shown to be sensitive mainly to the 

precipitation of the current growing season (Michelot et al., 2012a). The correlations of the 

isotopic chronologies with precipitation records were stronger for Q. petraea and P. 

sylvestris, and a little weaker for F. sylvatica, than those involving tree-ring width (TRW; 

R=0.57, p<0.05 with PMay and PJuly; Michelot et al., 2012a). In addition, for the three species 

while TRW showed weak or insignificant relations with temperature, summer temperature 

has strongly influenced both isotopes. These findings showed that stable isotopes are better 

climate proxies than TRW at the Fontainebleau sites. They are in line with Loader et al. 

(2008)’s and Young et al. (2012)’s conclusions about the usefulness of isotopes in temperate 

and maritime areas where the development of robust paleoclimate reconstructions from TRW 

is challenging.  
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 Of the three species, F. sylvatica showed the strongest correlations with climate 

variables. Regarding growth, it is also widely reported as the most sensitive to climatic 

conditions (Michelot et al., 2012a; Weemstra et al., 2013). This responsive species has 

therefore a strong potential for reconstructing past variations of air moisture and temperature 

using either stable isotopes, or ring width series. However, the larger homogeneity of Q. 

petraea population in terms of ring isotopic composition if confirmed in further studies, and 

the more widespread use of Q. petraea as timber wood gives an asset to this species for 

reconstructing the past variations of these variables on periods exceeding two or three 

centuries. 

The strong correlations between oxygen and carbon isotopic records of Q. petrea, F. 

sylvatica and P. sylvestris and summer temperature and air moisture (VPD, RH, PET) 

indicated that all these climate variables are potential targets for long-term reconstructions. 

While VPD plays a critical role in controlling ecosystem fluxes of water and carbon (Novick 

et al., 2016; Sulman et al., 2016), its long-term changes have not been documented (to our 

knowledge only one reconstruction by Liu et al., 2017). Our results thus open the door to new 

VPD-based environmental reconstructions in temperate areas.  

5. Conclusion 

The study of the oxygen and carbon isotopic compositions of the ring cellulose of Q. 

petraea, F. sylvatica  and P. sylvestris demonstrated that large samples of trees (11 in 

average) are required to obtain representative regional signals, to produce reliable mean 
13

C 

and 
18

O values for inter-site and inter-species comparisons, and to develop robust 

paleoclimate reconstructions. For both carbon and oxygen isotopes, the standard value of 4 

trees is too low. Only if a unique and continuous cohort of trees with strongly correlated 

isotopic signals is used (high EPS), might such a low sample depth be satisfactory.  
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In the Fontainebleau forest, the isotopic chronologies of the three co-occurring species 

showed different mean levels, although they varied in a coherent way with time. The 
13

C 

and
18

O were higher in the gymnosperm than in the deciduous angiosperms. A lower 

stomatal conductance, a higher rainfall loss and a longer growing season may be responsible 

for the inter-species isotopic differences. A lower rate of isotopic exchanges with xylem 

water, may also concur to the higher 
18

O in P. sylvestris. The oxygen and carbon isotopic 

records were significantly correlated to one another in the three species and responded to air 

moisture (VPD, RH, PET) and Tmax. These findings suggest that stomatal conductance is an 

important driver of change for both isotopic ratios. The responses of the three species to 

climate showed some differences, which may be partly ascribed to their specific phenological 

patterns. Combining the information obtained from the isotopic composition of different 

species may be a way to document past climatic variations at the intra-seasonal scale. The 

oxygen isotopic records were systematically more coherent to one another than those of 

carbon (at the inter-individual and inter-species scale), which may encourage using 
18

O 

rather than 
13

C for future reconstructions. The three studied species have a good potential to 

achieve this aim.  
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Figure 1: Natural distribution of a) Quercus petraea, b) Fagus sylvatica and c) Pinus sylvestris 

in Europe (from http://www.euforgen.org/distribution-maps/) and location of the study site 

(black point); d) Sampling sites in Fontainebleau forest (Red: Quercus petraea, blue: Fagus 

sylvatica and green: Pinus sylvestris).  
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Figure 2: A) Schematic representation of the algorithm for the calculation of the average 

confidence intervals ( CI ). B)  Equation of CI  for a level of replication n. C) Example of the 

distribution of the 1400 CI generated from 
13

C in Q. petraea for a level of replication n=5.  

The average value is: CI = 0.8‰. The calculations were conducted over the period 1994-

2007. 
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Figure 3: (A) and (B): δ

13
Ccor and δ

18
O chronologies of Q. petraea (cellulose of latewood), F. 

sylvatica and P. sylvestris (cellulose of total wood) over 1994-2007. Fine lines: individual 

chronologies (16 trees/species from 2 stands; 1 colour per stand); bold lines: mean 

chronologies for each species. C: Correlation diagrams of the carbon and oxygen mean 

isotopic chronologies of Q. petraea (red), F. sylvatica (blue) and P. sylvestris (green). The 

respective correlation coefficients are R = 0.43, 0.70 and 0.60, p < 0.05. 
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Figure 4: Estimates of the mean values of the CI at confidence levels of 90% and 95% (solid 

and dotted lines resp., top panel) and ranges of possible mean ratios (bottom panel) for 
13

Ccor 

(left column) and 
18

O (right column) of Q. petraea (red), F. sylvatica (blue) and P. sylvestris 

(green). The black horizontal lines in the top panels correspond to CI = 0.5‰. The individual 

chronologies spanning 1994-2007 were used for the calculations. 
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Figure 5: Mean δ

13
Ccor and δ

18
O chronologies of Q. petraea (red), F. sylvatica (blue) and P. 

sylvestris (green) from Fontainebleau forest, precipitation over June-August (in mm), 

maximum temperature averaged over July-August (TmaxJA in °C), vapour pressure deficit 

(VPD in kPa) averaged over July-August (purple) or June-August (grey) over the years 1960 

to2007. Years 1976, 1990 and 2003, which have experienced extremely high summer 

temperature and VPD are shown by vertical red lines.  Extremely low precipitation was also 

registered in 1976 and 1990. 
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Figure 6: Correlations between species 

18
O (in ‰; bright colours) and 

13
C (in ‰; pale 

colours) chronologies and monthly local climate variables for the 1960-2007 period. 

Correlations correspond to a 12 months window from September of the previous year to 

August of the current year. Stars denote correlations significant at 99% confidence interval. 

GR: Global radiation (in MJ.m
-2

.day
-1

); RH: relative humidity (in %); VPD: vapour pressure 

deficit (in kPa); P: precipitation (in mm); Tmax, Tmin: maximum and minimum temperature (in 

°C).  
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Table 1: Stand characteristics 

Stand Species 
AWC

a
 

(mm) 

Rooting 

depth (cm) 
LAI

b
 Soil type 

Age
c
 

(Years) 

O4 Q. petraea 115 120 6.5 
Haplic 

Albeluvisol 
151 

O19 Q. petraea 180 180 5.5 
Endostagnic 

Luvisol 
199 

B4 F. sylvatica 141 165 5.6 
Entic Podzol to 

Ludisol 
114 

B12 F. sylvatica 101 107 5.5 
Haplic 

Albeluvisol 
92 

P3 P. sylvestris 118 160 3.7 Albic Podzol 68 

P8 P. sylvestris 100 140 3.8 
Ortsteinic Albic 

Podzol 
84 

a
AWC: soil available water capacity. 

b
LAI: Leaf area index during 1994-2000. 

c
Mean age of 

the dominant trees in 2008 (measured at breast height); from Barbaroux (2002) and Michelot 

et al. (2012a). 

 

 

 

Table 2: Coherence of the individual 13
Ccor and 18

O isotopic series over 1994-2007. 

 


13

Ccor 
18

O

Species M a
 SD b

 R c
 

N 

EPS>0.85
d
 

N 

95CI<0.5
e
 M a

 SD b
 R c

 
N 

EPS>0.85
d
 

N 

95CI<0.5
e
 

Q. petraea -23.04 0.67 0.56 5 10 31.04 0.52 0.67 3 7 

F. Sylvatica -23.41 0.94 0.31 13 >13 31.60 0.57 0.49 6 8 

P. sylvestris -22.58 0.59 0.28 14 8 32.61 0.71 0.48 6 10 

a
Mean value of the individual series (16 trees/species). 

b
Mean value of the yearly standard 

deviations of the series. 
c
Mean value of the Pearson coefficients of the inter-individual 

correlations. 
d
Level of replication for EPS ≥ 0.85. 

e
Level of replication for 95% CI< 0.5‰. 
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Table 3: Pairwise comparisons of the mean levels and variability of 13
Ccor and 18

O over the 

whole period (1960-2007).  


 

Q. petraea 

/F. sylvatica 

F.sylvatica 

/P. sylvestris 

Q. petraea 

/P. sylvestris 


13

Ccor 

F-test
a
 0.157 0.215 0.859 

t-test
b
 < 0.001 < 0.001 0.068 

Rspecies
c
 0.65 0.78 0.54 


18

O 

F-test
a
 0.26 0.41 < 0.001 

t-test
b
 < 0.001 0.001 < 0.001 

Rspecies
c
 0.82 0.79 0.74 

 
a
p-value of Fisher’s F-test. 

b
p-value of Student’s t-test. 

c
Inter-species Pearson correlation 

coefficient (p-value < 0.001).  

 

 


