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Tree-Ring Data 

The 25 pine trees used for stable isotope analysis are part of a larger collection of 203 samples from 

which MXD and TRW data have been measured [Büntgen et al., 2008]. To estimate the effect of sub-

sampling, a comparison of the RCS-detrended chronologies and the age-aligned data is shown for MXD 

and TRW (Figure A1). This assessment reveals strong coherence between RCS chronologies (r = 0.80 for 

MXD and 0.84 for TRW over the 1300-2005 period), with obvious deviations limited to the late 19th 

(MXD) and early 18th centuries (TRW). Also the age-aligned data appear quite similar, except the less 

replicated subset mean is more variable. Substantial deviations are limited to the first decades after 

germination in both MXD and TRW, when sample replication, due to pith offset (PO), is low. Young 

tree-rings of the 25-tree subset indicate lower growth rates over the first ~30 years. 

 

 

Figure A1. Comparison of the 25 samples used for isotope measurements with all tree-ring data from site 
Gerber in the Spanish Pyrenees. Upper and middle panels show RCS detrended MXD and TRW 
chronologies. Grey curves are chronologies averaging all 203 Gerber tree samples from which MXD data 
are available [see Büntgen et al., 2008]; black curves are chronologies averaging the 25 trees used for 
isotope measurements. Bold curves (bottom of middle panel) show the replication of the full and subset 
data. Bottom panel shows the same MXD and TRW data after alignment by cambial age. Thin curves are 
arithmetic means, bold curves 100-year splines, and bottom curves replication. 
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Atmospheric Correction 

To remove trend related to changes in the isotopic composition of the atmosphere, the so-called Suess 

Effect [Suess, 1955], a correction factor that monotonically increases from 0‰ in A.D. 1800 to 1.6‰ in 

2000, derived from ice core and recent atmospheric data, is applied to the tree-ring δ13C measurements 

[Leuenberger, 2007]. To illustrate the effect of this correction, the δ13C data are split into pre- and post-

1800 measurements – after truncation of some data bridging over the A.D. 1800 date line – and aligned 

by biological age (Figure A2). Removal of the Suess Effect adjusts the uncorrected data (the blue curve) 

to the level of the pre-1800 data, suggesting that consideration of the diluted atmospheric carbon 

concentrations alone is sufficient to remove non-climatic trends from the tree-ring δ13C data [see Treydte 

et al., 2009 for a discussion of other correction factors].  

 

 
Figure A2. δ13C correction. A comparison of pre-1800 (in black) versus post-1800 (blue and red) carbon 
data is shown. Post-1800 measurements are differentiated into uncorrected and corrected timeseries, 
emphasizing the adjustment due to fossil carbon burning and changes in the isotopic composition of the 
atmosphere. All timeseries are aligned by tree age considering pith offset and data truncation (see text). 
Thin curves represent decadal data from individual trees (16 pre-1800, 9 post-1800), bold curves are 
arithmetic means calculated over periods with >2 trees. 
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 Age-Class Decomposition 

The decomposition of data into age-classes and application of gap-bridging splines allows an assessment 

of time-dependent age trends in tree-ring parameters. Figure A3 illustrates how (i) young (<100 years) 

middle (100-200 years) and old (>200 years) data points are clustered over the last 700 years, (ii) the 

values of young (raw) data are generally larger than the middle and old data, particularly for δ18O and 

TRW, (iii) these differences are captured by 30-year smoothing splines, and (iv) the ranking from young 

(≈ large values) to old (≈ small values) data points is removed by RCS detrending. The splines fitted to 

the raw data range:  

for δ18O from 29.3‰ around 1800 (at an age of 300) to 32.6‰ in the 16th century (age 50), 

for δ13C from 21.2‰ in the 14th century (age 300) to 22.7‰ in the 15th century (age 20),  

for MXD from 0.49 g/cm3 around 1800 (age 290) to 0.69 g/cm3 in the 19th century (age 70),  

for TRW from 0.2 mm in the 14th century (age 270) to 1.3 mm in the 15th century (age 40). 
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Figure A3. Effects of age trend removal. Circles in left column panels are the single δ18O, δ13C, MXD, 
and TRW data points. Red circles represent data points ranging from 20 to 100 years biological age 
(replication of the 10-year class <5 trees), black circles from 110 to 200 years, and green circles from 210 
to 300 years (again replication above 300 years is <5 trees). For each parameter, δ18O, δ13C, MXD, and 
TRW, the raw and RCS-detrended data are shown. Right hand panels show 30-year splines fit to the 
single age class data points; red curves for age classes 20, 30, ..., 100 years; black curves for 110, 120, ..., 
200 years, and green curves for 210, 220, ..., 300 years. No splines were fit to age classes <20 and >300 
as too few data points are available. 
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Data Alignment 

Alignment of the individual measurement series emphasizes the association between the various tree-ring 

parameters and age. A number of records shown in figure A4 are, however, not exactly aligned to zero, as 

the corresponding core samples did not contain the pith. These data were shifted along the x-axis in 

accordance with PO (see Methods) estimated for each of the 25 trees. PO of the Pyrenees pine data ranges 

from 0-60 years, with an average of 14 years.  

 

 
Figure A4. Age trend in δ18O, δ13C, MXD, and TRW data. Shown are the decadally resolved individual 
measurement series after alignment by tree age. Black curves are arithmetic means calculated over 
periods replicated by >4 trees. Dashed lines are mean values as in figure 1. δ13C y-axis is inverted. 
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 ‘Best-Fit’ Detrending 

Comparison of various detrending methods indicated NegExp (δ18O, δ13C, TRW) and Hug (MXD) to 

produce minimum squared residual chronologies. The individual NegExp and Hug, as well as straight-

line fits chosen by Arstan [Cook, 1985], are shown in figure A5 (left column). Residual timeseries (right 

column) highlight the variance between detrended records. Individual detrending, using NegExp and Hug 

options in Arstan, removes low frequency variance from the data. 

 

 
Figure A5. Detrending of tree-ring parameters. The individual growth curves fit to the original 
measurements (left column panels) and derived residuals (right column panels) are shown for δ18O, δ13C, 
MXD, and TRW. Fitted growth curves are NegExp and linear functions for the isotope parameters and 
TRW, and Hug functions for MXD. 
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Parameter Coherence 

Correlations between the detrended timeseries for each tree indicate varying coherences between 

parameter pairs. Figure A6 shows that all 25 δ18O vs. TRW, and 19 MXD vs. TRW timeseries correlate 

positively. Coherence between δ18O and MXD appears less significant, but also these parameters 

correlate positively in 21 trees. Note that the majority of correlations are insignificant though. 

Correlations between the other parameter pairs (δ18O vs. δ13C, δ13C vs. MXD, δ13C vs. TRW) are more 

balanced, i.e. both positive and negative associations are found, suggesting that these parameters are less 

dependent. To avoid age-trend influences, correlations were calculated using NegExp and Hug detrended 

timeseries (see Figure A5) 

 

 
Figure A6. Tree-by-tree parameter correlations. Histogram shows the correlation coefficients between the 
NegExp (δ18O, δ13C, TRW) and Hug (MXD) detrended parameter timeseries for each of the 25 trees from 
the Pyrenees. Correlations are ordered from positive to negative. Bars on the right are the arithmetic 
means of the individual correlations. 



 9 

Lowest Frequency Oxygen Trends 

To assess potential lowest frequency trends in tree-ring oxygen data, the δ18O timeseries were split into 

pre- and post-1500 measurements – after truncation of some data bridging over the A.D. 1500 date line. 

This approach divides the dataset into 10 timeseries dating before and 15 timeseries dating after 1500. 

The individual measurement series and arithmetic means of the pre- and post-1500 subsamples are shown 

in Figure A7, after aligning the data by biological age. The match between the early and late subsamples 

suggest that there is no underlying lowest frequency trend in the tree-ring oxygen data, which could affect 

the assessment of age-related biases in this parameter. 

 
Figure A7. Early-versus-late δ18O data. A comparison of pre-1500 (in black) and post-1500 (blue) 
oxygen data is shown. All timeseries are aligned by tree age considering pith offset and data truncation. 
Thin curves represent decadal data from individual trees (10 pre-1500, 15 post-1500), bold curves are 
arithmetic means of these samples. 
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Moroccan and Swedish Data 

To benchmark the isotope data from the Pyrenees, the records are compared with widely recognized 

TRW and MXD data from lake Tornetraesk in Northern Sweden [Grudd et al., 2002] and the Atlas 

Mountains in Morocco [Esper et al., 2007; Trouet et al., 2009]. Resolution of these data has been changed 

from annual to decadal, and coherence estimated using interseries-correlations (see main text). We here 

show the detrended 87 Cedrus atlantica series from Morocco together with 65 Pinus sylvestris series 

from Sweden (Figure A7). The Swedish pine data is on average shorter (mean series length is 300 years) 

than the Moroccan cedar data (480 years), but cover an overall longer period (441-1980 as compared to 

1177-2001).  

 

 
Figure A8. Decadally resolved Morocco TRW and Tornetraesk MXD data. Top and middle panels show 
the standardized TRW and MXD measurement series (in black) from the Atlas Mountains in Morocco 
and Lake Tornetraesk area in Sweden. Red curves are arithmetic means. Data were normalized [Mor, see 
Esper et al., 2007], and RCS detrended [Tor, see Grudd et al., 2002]. Bottom panel shows the replication 
curves of the data. 
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Table A1 Compilation of existing long-term (>300 years) δ18O and δ13C records. “Method” indicates 
whether single trees were processed individually, or after pooling wood samples prior to mass 
spectrometry. 
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