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Abstract: Paleoclimate information is key to understanding the climate system and predicting fu-

ture climate. Currently, stable isotope analysis of whole molecules in tree rings is among the most 

advanced paleoclimate tools. Still, it only enables reconstructions of one climate parameter at a time 

(univariate climate reconstruction), a fundamental limitation. Here, we investigated whether this 

limitation can be overcome by analysing isotope variability at the level of intramolecular carbon 

positions in tree-ring glucose. We found that drought governs isotope variability at glucose C-1 to 

C-3, whereas radiation governs isotope variability at glucose C-5 to C-6. These isotope-climate rela-

tionships are statistically and mechanistically robust. According to cross-validation analysis, they 

can be reconstructed with high accuracy and precision. Thus, intramolecular isotope analysis ena-

bles multivariate climate reconstructions (proof of concept). 
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1. Introduction 

Information about paleoclimates (i.e., climates for which there are no direct measure-

ments) is key to understanding the climate system and predicting future climate (1). More-

over, paleoclimate information can put into perspective historical and prehistorical events 

such as the collapse of ancient societies (2) and mass extinctions (3). Analysis of carbon 

stable isotope composition (12C, 13C) across tree-ring series is among the most advanced 

tools for reconstructing terrestrial climate conditions. Since the mid-1950s, measurements 

have been performed on whole-tissue or whole-molecule samples yielding a single iso-

tope series per tree-ring series (Fig. 1A, 4). Consequently, conventional carbon isotope 

analysis enables the reconstruction of only one climate parameter at a time (univariate 

climate reconstruction), a fundamental limitation. Today, nuclear magnetic resonance 

spectroscopy allows carbon isotope measurements at intramolecular atom positions, thus 

supplying data at a higher resolution (Fig. 1A). Recently, we reported intramolecular 
13C/12C ratios in glucose extracted across an annually resolved tree-ring series of Pinus 

nigra covering the period 1961 to 1995 (n = 6*31, four years missing) (5). Since glucose has 

six carbon atoms (Fig. 1A), the dataset comprises six 13C/12C series. We expressed these 

data in terms of intramolecular 13C discrimination, a measure of 13C/12C variability caused 

by plant physiological processes (Δi’, i denotes glucose carbon positions) (5, 6). Previous 

statistical analyses revealed that the dataset conveys information about several physiolog-

ical processes with differential responses to environmental cues (5, 7–9). Here, we test 

whether the dataset can be used to simultaneously reconstruct multiple climate parame-

ters. Augusti et al. (10) already proposed multivariate climate reconstruction is feasible by 

intramolecular hydrogen isotope analysis. However, proof of concept has not yet been 

reported for any chemical element. 
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Figure 1. Drought and radiation govern carbon isotope discrimination at glucose C-1 to C-3 and 

C-5 to C-6, respectively. (A) Levels of resolution of stable carbon isotope analysis: whole plant ma-

terials, whole molecules, intramolecular carbon positions. (B) Hierarchical clustering of Δi’ series. 

Significance of series correlation: *, p ≤ 0.05; **, p ≤ 0.01; ***, p ≤ 0.001. Modified figure from Wieloch 

et al. (5). (C) Significance of correlation between isotope and climate series: black, p ≤ 0.00001; grey, 

p ≤ 0.0001 (p > 0.0001 not shown). Climate data averaged for all ≥ 4-month periods of the growing 

season. Months abbreviated by their initial letters. (D) Relationship between Δ1-3’ and March to Oc-

tober VPD. (E) Relationship between Δ5-6’ and April to September RAD. Dashed lines, linear regression 

models. Δi’ denotes intramolecular 13C discrimination in glucose extracted across an annually re-

solved Pinus nigra tree-ring series (1961-1995). Δ1-3’ and Δ5-6’ denote average discriminations of glu-

cose C-1 to C-3 and C-5 to C-6, respectively. Abbreviations: PRE, precipitation; RAD, global radia-

tion; SD, sunshine duration; SM, soil moisture; SPEIi, standardised precipitation-evapotranspiration 

index of different periods (i = 1, 3, 6, 8, 12, 16, 24, 36, 48 months); TMP, air temperature; VPD, air 

vapour pressure deficit. 

2. Results 

Hierarchical cluster analysis groups Δi’ series according to co-variability. Both hier-

archical cluster analysis and correlation analysis show that average 13C discrimination of 

glucose C-1 to C-3 (Δ1-3’) is independent of average 13C discrimination of glucose C-5 to C-

6 (Δ5-6’, Fig. 1B, r = 0.12, p > 0.5, n = 31). Thus, Δ1-3’ and Δ5-6’ convey information about 

different physiological processes (9). To investigate which climate parameters exert pre-

dominant control over these processes and may thus be reconstructed at high quality, we 

correlated Δ1-3’ and Δ5-6’ with air temperature (TMP), air vapour pressure deficit (VPD), 

global radiation (RAD), precipitation (PRE), soil moisture (SM), sunshine duration (SD), 

and the standardised precipitation-evapotranspiration index of different periods (SPEIi, i 

= 1, 3, 6, 8, 12, 16, 24, 36, 48 months). The SPEI is a multi-scalar drought index where short 

timescales approximate soil moisture variability while long timescales approximate 

groundwater variability. Correlation analysis considered climate conditions of all ≥ 4-

month periods of the growing season (March to November, 5). We found Δ1-3’ correlates 

most significantly with VPD whereas Δ5-6’ correlates most significantly with RAD (Fig. 1C; 

Δ1-3’ ~ VPD: p < 0.00001, n = 31; Δ5-6’ ~ RAD: p < 0.0001, n = 28; Datasets 1-2). Among all 

periods tested, March to October VPD and April to September RAD explain most of the var-

iability in Δ1-3’ (51%) and Δ5-6’ (48%), respectively (Figs. 1D-E; Δ1-3’ = -0.01515VPD + 18.95; 

Δ5-6’ = -0.005075RAD + 35.48). Of the total variance in Δ1-3’ and Δ5-6’, 88% and 75% are ex-

plainable by modelling, while 12% and 25% are due to measurement error, respectively. 

Hence, March to October VPD and April to September RAD respectively explain 58% and 

64% of the explainable variance in Δ1-3’ and Δ5-6’ and are thus promising candidates for 

climate reconstruction. To test how well these parameters can be reconstructed, we split 

Δ1-3’ and Δ5-6’ into two sub-datasets of similar size. Data pertaining to odd years were used 

to train isotope-climate models (Figs. 2A-B). Subsequently, these models were used to re-

construct March to October VPD and April to September RAD of even years. Regression anal-

yses show significant association between reconstructed and observed data where inter-

cepts and slopes are not significantly different from zero and unity, respectively (Figs. 2C-

D; March to October VPD’ ~ March to October VPD: R2 = 0.46, p < 0.01, n = 15, intercept = 149 

± 314 95% CI, slope = 0.815 ± 0.526 95% CI; April to September RAD’ ~ April to September RAD: 

R2 = 0.56, p < 0.01, n = 14, intercept = -520 ± 2034 95% CI, slope = 1.19 ± 0.66 95% CI; recon-

structed data marked by prime). Hence, both climate parameters can be reconstructed 

with significant accuracy and precision. Results from this two-fold cross-validation anal-

ysis are corroborated by results from ten-fold cross-validation analysis (Δ1-3’ ~ March to 

October VPD: Q2 = 0.46, p < 0.0001, n = 31; Δ5-6’ ~ April to September RAD: Q2 = 0.37, p < 0.001, 

n = 28). 
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Figure 2. Intramolecular carbon isotope analysis enables multivariate climate reconstructions. 

(A-B) Training of isotope-climate models with the data of odd years (Δ1-3’ ~ March to October VPD, 

Δ5-6’ ~ April to September RAD). Trained models were used to reconstruct the climate of even years. 

(C-D) Validation of isotope-climate models with the data of even years (March to October VPD’ ~ 

March to October VPD: intercept = 149 ± 314 95% CI, slope = 0.815 ± 0.526 95% CI; April to September 

RAD’ ~ April to September RAD: intercept = -520 ± 2034 95% CI, slope = 1.19 ± 0.66 95% CI; reconstructed 

data marked by prime). Dashed lines, linear regression models. Δ1-3’ and Δ5-6’ denote average intra-

molecular 13C discrimination of glucose C-1 to C-3, and C-5 to C-6, respectively. Glucose was ex-

tracted across an annually resolved tree-ring series of Pinus nigra (1961-1995). Abbreviations: RAD, 

global radiation; VPD, air vapour pressure deficit. 

3. Discussion 

Isotope variation at glucose C-1 to C-3 is thought to derive from 13C discrimination 

accompanying air-rubisco CO2 diffusion and rubisco CO2 fixation (5). In isohydric species 

such as Pinus nigra, stomata close in response to drought, causing CO2 reduction around 

rubisco (11) and decreased diffusion-rubisco 13C discrimination (6). Additionally, drought 
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is thought to cause decreased 13C discrimination at glucose C-1 and C-2 by a mechanism 

involving phosphoglucose isomerase (5). Both ecophysiological mechanisms are con-

sistent with the negative relationship between Δ1-3’ and VPD reported here (Fig. 1D). Dis-

crimination at glucose C-5 to C-6 is thought to decrease with the leaf-level consumption 

of phosphoenolpyruvate (PEP) by downstream metabolism (9). Several ecophysiological 

mechanisms may explain the negative relationship between Δ5-6’ and RAD reported here 

(Fig. 1E). First, Pinus nigra is ozone-sensitive (12), and light can stimulate tropospheric 

ozone formation (13). Ozone activates both PEP carboxylase and enzymes of the shikimate 

pathway causing increased PEP consumption (14–16). Second, light stimulates fatty acid 

biosynthesis and thus PEP consumption by pyruvate kinase (17). Third, amino acid con-

centrations increase with light (18) which may indicate increased PEP consumption by 

amino acid biosynthesis. In conclusion, the present study reports statistically and mecha-

nistically robust isotope-climate relationships. It shows that intramolecular isotope anal-

ysis enables multivariate climate reconstructions (proof of concept) and may thus help to 

advance our knowledge about past climate conditions and climate system functioning. 

4. Materials and Methods 

Isotope data have been published previously (5). Climate data were retrieved from 

public repositories. Comprehensive information about the methods can be found in SI 

Appendix. 
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