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Abstract 

Our societies' wellbeing relies on stable and healthy environments. However, our 

current lifestyles, growth-oriented economic policies and the population 

explosion are leading to potentially catastrophic degradation of ecosystems and 

progressive disruption of food chains. Hopefully, more clarity about what the 

future holds in store will trigger stronger efforts to find, and adopt, problem-

focused coping strategies and encourage environmentally friendly lifestyles. 

 

Forecasting environmental change/destruction is complicated (inter alia) by lack 

of complete understanding of plant-environment interactions, particularly those 

involved in slow processes such as plant acclimatisation and adaptation. This 

stems from deficiencies in tools to analyse such slow processes. The present work 

aims at developing tools that can provide retrospective ecophysiological 

information covering timescales from days to millennia. 

 

Natural archives, such as tree-rings, preserve plant metabolites over long 

timescales. Analyses of intramolecular isotope abundances in plant metabolites 

have the potential to provide retrospective information about metabolic 

processes and underlying environmental controls. Thus, my colleagues and I 

(hereafter we) analysed intramolecular isotope patterns in tree rings to develop 

analytical tools that can convey information about clearly-defined plant 

metabolic processes over multiple timescales. Such tools might help (inter alia) 

to constrain plants' capacities to sequester excess amounts of anthropogenic CO2; 

the so-called CO2 fertilisation effect. This, in turn, might shed light on plants' sink 

strength for the greenhouse gas CO2, and future plant performance and growth 

under climate change. 

 

In the first of three studies, reported in appended papers, we analysed 

intramolecular 13C/12C ratios in tree-ring glucose. In six angiosperm and six 

gymnosperm species we found pronounced intramolecular 13C/12C differences, 

exceeding 10‰. These differences are transmitted into major global C pools, such 

as soil organic matter. Taking intramolecular 13C/12C differences into account 
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might improve isotopic characterisation of soil metabolic processes and soil CO2 

effluxes. In addition, we analysed intramolecular 13C/12C ratios in a Pinus nigra 

tree-ring archive spanning the period 1961 to 1995. These data revealed new 

ecophysiological 13C/12C signals, which can facilitate climate reconstructions and 

assessments of plant-environment interactions at higher resolution; thus 

providing higher quality information. We proposed that 13C/12C signals at glucose 

C-1 to C-2 derive from carbon injection into the Calvin-Benson cycle via the 

oxidative pentose phosphate pathway. We concluded that intramolecular 13C/12C 

measurements provide valuable new information about long-term metabolic 

dynamics for application in biogeochemistry, plant physiology, plant breeding, 

and paleoclimatology. 

 

In the second study, we developed a comprehensive theory on the metabolic and 

ecophysiological origins of 13C/12C signals at tree-ring glucose C-5 and C-6. 

According to this theory and theoretical implications of the first study on signals 

at C-1 to C-3, analysis of such intramolecular signals can provide information 

about several metabolic processes. At C-3, a well-known signal reflecting CO2 

uptake is preserved. The glucose-6-phosphate shunt around the Calvin-Benson 

cycle affects 13C/12C compositions at C-1 and C-2, while the 13C/12C signals at C-5 

and C-6 reflect carbon fluxes into downstream metabolism. This theoretical 

framework enables further experimental studies to be conducted in a hypothesis-

driven manner. In conclusion, the intramolecular approach provides information 

about carbon allocation in plant leaves. Thus, it gives access to long-term 

information on key ecophysiological processes, which could not be acquired by 

previous approaches. 

 

The abundance of the hydrogen isotope deuterium, δD, is important for linking 

the water cycle with plant ecophysiology. The main factors affecting δD in plant 

organic matter are commonly assumed to be the δD in source water and leaf-level 

evaporative enrichment. Current δD models incorporate biochemical D 

fractionations as constants. In the third study we showed that biochemical D 

fractionations respond strongly to low ambient CO2 levels and low light intensity. 

Thus, models of δD values in plant organic matter should incorporate 
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biochemical fractionations as variables. In addition, we found pronounced leaf-

level δD differences between α-cellulose and wax n-alkanes. We explained this by 

metabolite-specific contributions of distinct hydrogen sources during 

biosynthesis. 

 

Overall, this work advances our understanding of isotope distributions and 

isotope fractionations in plants. It reveals the immense potential of 

intramolecular isotope analyses for retrospective assessment of plant metabolism 

and associated environmental controls. 
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Background 

Increasing concentrations of anthropogenic greenhouse gases, such as CO2 and 

CH4, are severely perturbing the climate system (IPCC 2014). This is manifested 

in rising global temperatures, changes in regional precipitation patterns, and 

more frequent occurrences of extreme weather events. Such changes have far-

reaching consequences for all aspects of life, such as agriculture and food security, 

infrastructure, and the habitability of regions for humans and other species, and 

hence both socio-economic well-being and ecological health. 

 

 

Figure 1 Daily number of deaths during the heatwave in summer 2003 reported 

by Parisian hospitals. Figure modified from a report issued by the European 

Environment Agency (EEA 2005). 

 

For instance, progressively changing environments have severe adverse 

implications for human health (IPCC 2014, UNFCCC 2017). While some of these 

implications are already evident, they are expected to become much more severe 

in coming decades (UNFCCC 2017). Mechanisms underlying health-environment 
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interactions vary in complexity and directness. Direct effects include increases in 

prevalence of heat-induced demise and transmission of infections due to global 

warming (UNFCCC 2017). For example, during a heatwave in the summer of 

2003, there were 20,000 more deaths across Europe than in the same period in 

preceeding years, and Parisian hospitals reported up to 4-fold enhanced death 

rates per day (Fig. 1, EEA 2005). Causes of most of these deaths were heat stroke, 

respiratory or heart complications. Events such as this heatwave are extremely 

unlikely, according to the statistical distribution of past temperatures (Schär et 

al. 2004). Future temperatures are expected to be not only higher, but also much 

more variable, especially in central and eastern Europe (Schär et al. 2004). 

Generally, climate models predict increases in frequencies of weather extremes 

as a result of the ongoing climate change (IPCC 2014). 

 

 

Figure 2 Climatic suitability of African regions for Chikungunya transmission. Left, 

current suitability; right, predicted suitability during the period 2061 to 2080. Black 

arrow: the east of South Sudan. Methodological details in Tjaden et al. (2017). 

Modified figure from Tjaden et al. (2017, original figure licensed under CC BY 

4.0). 

 

Climate change also directly affects the occurrence of vector-borne diseases. For 

instance, Chikungunya is a mosquito-borne virus infection with a case fatality 

rate of up to 1/1000 (Caglioti et al. 2013). Several factors promote spatial spread 

of the disease, including adaptive mutations in the viral genome, and extensions 

of global transport systems. Tjaden et al. (2017) identified regions with climatic 

potential for disease transmission, and evaluated the impact of anticipated 



 

3 
 

climate changes. They predict general expansions of the global area climatically 

suitable for disease transmission during the 21st century. At regional level, 

however, the trend may be reversed. For instance, in the east of South Sudan in 

Africa, Chikungunya is expected to recede (Fig. 2, black arrow). 

 

Indirect climate change effects on health include changes in the availability of 

foodstuffs and inter-regional migration (UNFCCC 2017). Currently, there is a lack 

of robust estimates of these effects owing to the high complexity of underlying 

mechanisms (IPCC 2014, see below). One reason for people to migrate might be 

long-term loss of regional agricultural productivity (IPCC 2014). However, the 

integrated impact of climate change variables on agricultural productivity is 

currently not well understood (Gornall et al. 2010). Thus, there is a need for better 

understanding of climate change effects on agricultural productivity. 
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Greenhouse gases govern climate changes 

During past decades and centuries, greenhouse gas concentrations have 

increased significantly due (inter alia) to growing economies and populations 

(Fig. 3, IPCC 2014). Current atmospheric levels of N2O, CH4, and CO2 exceed 

corresponding levels of at least the past 800,000 years. For instance, CO2 

concentrations have increased from ≈280 ppm at the beginning of the industrial 

revolution to currently ≈410 ppm. Model simulations assuming continued high 

emission of CO2, predict CO2 concentrations between 794 ppm and 1142 ppm by 

the end of the 21st century (IPCC 2014, representative concentration pathway - 

RCP - 8.5). 

 

 

Figure 3 Observed changes in atmospheric greenhouse gas concentrations. 

Atmospheric concentrations of carbon dioxide (CO2, green), methane (CH4, 
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orange), and nitrous oxide (N2O, red). Data from ice cores (symbols) and direct 

atmospheric measurements (lines) are overlaid (IPCC 2014; WGI 2.2, 6.2, 6.3, 

Figure 6.11). Figure and figure legend published by the IPCC (2014). 

 

During the period 1850 to 2012, increasing greenhouse gas concentrations have 

already led to an average global surface temperature increase of ≈0.8 °C (Fig. 4, 

IPCC 2014). Upper-boundary case simulations predict temperature increases of 

≈3.7 °C by the end of the 21st century compared to the end of the 20th century (Fig. 

5, IPCC 2014, RCP 8.5). It should be noted that the increases will differ at the 

regional level. It should also be noted that rigorous efforts to reduce greenhouse 

gas emissions could potentially mitigate temperature increases, as well as other 

climate change effects (Fig. 5, IPCC 2014, RCP 6.0, RCP 4.5, RCP 2.6). About 200 

countries have signed the Paris Agreement, which aims at reductions of 

greenhouse gas emissions to keep the global average temperature increase by the 

end of the 21st century to below 2 °C relative to pre-industrial conditions. 

However, in a recent report, leading climate scientists warn that there might be a 

tipping point below the 2 °C target, beyond which the climate system may 

inevitably traverse into a new stable state called Hothouse Earth, characterised 

by much higher temperatures and sea levels (Steffen et al. 2018). 

 

In 2015, annual gross CO2 emissions were estimated at ≈11 Gt carbon, but only 

≈6 Gt carbon remained in the atmosphere, because oceans and the terrestrial 

biosphere removed ≈3 Gt and ≈2 Gt, respectively (Le Quéré et al. 2016). While 

emissions resulting from land-use change (chiefly deforestation) that year were 

estimated at ≈1.3 Gt carbon, estimated uptake by the terrestrial biosphere was 

slightly higher at 1.9 Gt carbon (Le Quéré et al. 2016). This surplus might reflect 

the so-called CO2 fertilisation effect, referring to increases in photosynthesis rates 

in response to increases in atmospheric CO2 concentrations. However, due to the 

complexity of plant-environment interactions, CO2 fertilisation and its effects on 

climate change are not well constrained (see below, IPCC 2014). 
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Figure 4 (a) Observed global mean combined land and ocean surface 

temperature anomalies, from 1850 to 2012 from three data sets. Top panel: 
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annual mean values. Bottom panel: decadal mean values including the estimate 

of uncertainty for one dataset (black). Anomalies are relative to the mean of 1961-

1990. (b) Map of the observed surface temperature change from 1901 to 2012 

derived from temperature trends determined by linear regression from one 

dataset (orange line in panel a). Trends have been calculated where data 

availability permits a robust estimate (i.e., only for grid boxes with greater than 

70% complete records and more than 20% data availability in the first and last 

10% of the time period). Other areas are white. Grid boxes where the trend is 

significant at the 10% level are indicated by a + sign. For a listing of the datasets 

and further technical details see the Technical Summary Supplementary Material 

(Figures 2.19-2.21; Figure TS.2). Figure and figure legend published by the IPCC 

(2014). 

 

 

Figure 5 CMIP5 multi-model simulated time series from 1950 to 2100 for change 

in global annual mean surface temperature relative to 1986-2005. Time series of 

projections and a measure of uncertainty (shading) are shown for scenarios 

RCP2.6 (blue) and RCP8.5 (red). Black (grey shading) is the modelled historical 

evolution using historical reconstructed forcings. The mean and associated 

uncertainties averaged over 2081-2100 are given for all RCP scenarios as 

coloured vertical bars. The numbers of CMIP5 models used to calculate the multi-

model mean is indicated. For further technical details see the Technical Summary 

Supplementary Material (IPCC 2014, Figures 12.5, and TS.15). Figure and figure 

legend published by the IPCC (2014). 
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The complexity of plant-environment 

interactions 

This work focuses on plant-environment interactions, and more specifically on 

interactions between C3 plants and their environment. The C3 group of plants 

accounts for ≈77% of total gross primary production (=amount of chemical 

energy produced as biomass per unit time), and includes most trees and 

important crop species such as rice, wheat, rye, barley, potato, soybean, and 

cotton (Still et al. 2003). 

 

Numerous environmental variables affect specific plant physiological processes, 

as illustrated by the fundamental characteristic of C3 plants, which assimilate 

carbon by the most common photosynthetic mechanism, the Calvin-Benson cycle 

(Fig. 6). Their name derives from the fact that the first photosynthetic product of 

C3 plants is a three-carbon metabolite, 3-phosphoglyceric acid. The Calvin-

Benson cycle starts with addition of a carbon from CO2 to ribulose 1,5-

bisphophate catalysed by ribulose-1,5-bisphosphate-carboxylase/oxygenase 

(Rubisco). However, Rubisco is bifunctional, and can also catalyse O2 addition to 

ribulose 1,5-bisphophate. This reaction constitutes the first step of the 

photorespiration cycle, which in contrast to photosynthesis liberates CO2. 

 

Increases in atmospheric CO2 concentrations might lead to increases in leaf 

photosynthesis, and thus CO2 fertilisation (IPCC 2014). However, associated 

temperature increases promote photorespiration, both directly at the level of 

Rubisco, and indirectly via drought-induced stomatal closure decreasing cellular 

CO2 concentrations. Since photorespiration liberates CO2, it counteracts CO2 

fertilisation. In addition, CO2 uptake and liberation might be affected by plants’ 

capacity to acclimatise and adapt to environmental changes over long timescales. 

Thus, analyses of CO2 fertilisation particularly and plant-environment 

interactions generally are complicated by correlation among environmental 

variables (e.g., temperature and drought), by correlated and uncorrelated 

responses of distinct plant physiological processes to environmental variables, 

and by the potential of plant-environment systems for adaptive re-organisation, 
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causing time-domain changes of the system and correlations therein. 

Accordingly, the Intergovernmental Panel on Climate Change highlights the CO2 

fertilisation effect as a major unknown in terrestrial biogeochemistry (IPCC 

2014). 

 

The above example indicates the general complexity of plant-environment 

interactions, and corresponding challenges in establishing and parameterising 

models that require adequate descriptions of such interactions (e.g., climate, 

agricultural productivity, food availability, and migration models). In addition, it 

highlights the need for tools that provide specific information about clearly-

defined ecophysiological processes to disentangle process-specific dynamics. 

 

 

Figure 6 Schematic diagram of carbon input and output of the photosynthesis 

and photorespiration cycles. The bifunctional enzyme Rubisco catalyses the first 

committed steps of both photosynthesis and photorespiration by carboxylation 

and oxygenation of ribulose 1,5-bisphosphate, respectively. Abbreviations: 
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2PGA, 2-phosphoglyceric acid; 3PGA, 3-phosphoglyceric acid; RuBP, ribulose 

1,5-bisphosphate; Rubisco, ribulose-1,5-bisphosphate-carboxylase/oxygenase. 
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Tree rings: long records of ecophysiological 

information 

Information about short-term dynamics of plant-environment interactions can 

be obtained by manipulation experiments and direct observation of natural 

systems. Obtaining information on long-term dynamics is more challenging, but 

imperative for preserving ecosystem services such as food and resource 

production under climate change (Luo et al. 2011). Free-air CO2 enrichment 

(FACE) experiments take a first step in that direction by exposing field-grown 

plants to elevated CO2 concentrations over several years (Norby and Zak 2011). 

Some of these experiments have shown the expected CO2 fertilisation effects, but 

not others, and in some settings the effects are merely transient (IPCC 2014). This 

suggests site, species, and/or genotype specificity as well as time-domain system 

changes, which in turn calls for both broader and longer screenings. 

 

However, several limitations render the FACE approach unsuitable for such 

screenings. First, reproduction of the gradual CO2 increase of past decades is not 

feasible. Instead, CO2 concentrations are suddenly raised, which might have 

spurious effects. Second, current results of FACE experiments relate to timescales 

of years; long timescales are inaccessible. Third, FACE experiments are 

expensive. Natural archives, in contrast, provide alternative or complementary 

sources of information without such limitations. These include herbarium 

samples covering centuries (Ehlers et al. 2015), subfossil wood samples covering 

multi-millennial timescales (Roig et al. 2001, van der Ham et al. 2009), and tree-

rings series (Fig. 7). 

 

Tree rings constitute a ready-for-readout source of encoded information about 

both natural plant physiological dynamics and underlying environmental and/or 

developmental variables (Speer 2010). They are datable with annual exactness, 

allow build-up of chronologies spanning decadal to millennial timescales 

(Friedrich et al. 2004), and offer extensive spatial, species and genotype coverage. 

These properties recommend tree rings as tools for analysing plant-environment 

interactions across multiple spatio-temporal scales, species and genotypes. 



 

12 
 

 

 

Figure 7 Tree-ring cross-section. Sanded deadwood sample taken from a Pinus 

heldreichii tree stump in the Pirin Mountains, Bulgaria. 
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Stable isotopes: records of physicochemical 

information 

Several morphological, physical and anatomical variables of tree rings, such as 

their width and density, have been used in attempts to obtain ecophysiological 

information (Speer 2010). A major weakness of such variables is that the 

mechanisms linking them to ecophysiological factors are not clearly defined and 

potentially numerous. While researchers using these variables try to minimise the 

number of controls by careful site selection, the principle of uniformitarianism, 

e.g. temporal stability of response-control relationships, can easily be violated. In 

contrast, stable isotope analyses on plant organic matter, including tree-ring 

organic matter, strive to establish and exploit clearly defined links to plant 

ecophysiological mechanisms. 

 

Stable isotopes are species of chemical elements that have stable nuclei with 

distinct numbers of neutrons, and corresponding differences in physicochemical 

properties, such as atomic mass. The naturally-occurring stable carbon isotopes 

12C and 13C have six and seven neutrons, respectively, and naturally-occurring 

stable hydrogen isotopes H and D have zero and one neutron, respectively. 

Hence, the heavy carbon isotope, 13C, is ≈1.083-times heavier than the light 

carbon isotope, 12C, and the heavy hydrogen isotope, D, is ≈2-times heavier than 

the light hydrogen isotope, H. 

 

Isotopologues, isotopically distinct molecules, participate in the same processes; 

often at distinct rates. This is because isotopologues differ in mass, and both the 

length and strength of their isotopically distinct bonds. The differences in rates 

give rise to isotope effects, defined as α=kL/kH. For unidirectional processes, kL 

and kH denote rate constants of light and heavy isotopologues, respectively, and 

α is called kinetic isotope effect. For reversible processes, kL and kH denote 

equilibrium constants of light and heavy isotopologues, respectively, and α is 

called equilibrium isotope effect. When processes are incomplete, isotope effects 

cause isotope fractionations between educts and products, and the magnitude of 

isotope fractionations provides information about process conditions. 
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Intramolecular isotope abundances: 

records of carbon allocation 

Tree rings can be viewed as long-term stores of leaf-level metabolites, i.e. 

metabolites that have been synthesised in leaves then translocated to tree-ring 

cells. Whole-molecule 13C/12C and D/H ratios of such metabolites can be 

measured by Isotope Ratio Mass Spectrometry (IRMS). Commonly, variations in 

13C/12C are explained by variations in 13C/12C ratios of the plants' carbon source, 

and 13C fractionation during primary carbon uptake, including CO2 diffusion from 

ambient air into chloroplast stroma and carbon fixation by Rubisco (Farquhar et 

al. 1982). Variations in plant D/H ratios are explained by D/H ratios of hydrogen 

sources (soil and air moisture), and leaf water D enrichment (Roden et al. 2000). 

In carbon isotope studies, potential influences of biochemical processes 

downstream of Rubisco are commonly neglected, and in hydrogen isotope 

studies, biochemical fractionations are commonly assumed to be constant 

(Roden et al. 2000). 

 

However, several observations indicate or show that biochemical processes have 

strong and varying effects on 13C/12C and D/H ratios of plant metabolites. First, 

the coefficients of determination of models describing stable isotope ratios as 

functions of environmental variables scarcely exceed R2>0.5 (Barbour and Song 

2014), although IRMS measurements have sufficient accuracy to provide values 

of R2≈0.99. The massive shortfall in explanatory power may be due to unknown 

isotope mechanisms introducing variability that is independent of the variability 

of considered mechanisms. Second, the 13C/12C and D/H ratios vary substantially 

among distinct atom positions of plant metabolites (Fig. 8, Abelson and Hoering 

1961, Martin et al. 1986, Schleucher 1998, Gilbert et al. 2012). Such 

intramolecular differences have been attributed to isotope effects of specific 

enzymes acting downstream of Rubisco (Schmidt et al. 2015). In addition, Ehlers 

et al. (2015) have shown that the D abundances at HC-6 of plant glucose vary with 

the photorespiratory flux and its environmental controls. Thus, intramolecular 

isotope variability can be attributed to clearly-defined enzyme-based 

ecophysiological mechanisms. Similar ecophysiological fractionation effects have 
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not been reported at other glucose hydrogen positions (HC-1 to HC-5), or any 

carbon position. However, based on isotope theory and the outline of plant 

metabolism, such effects are probable, and can be expected to convey valuable 

information on metabolism downstream of Rubisco. 

 

 

Figure 8 Positional 13C deviation from the whole-molecule average, Δδ13C, in 

glucose derived from leaf starch of Xanthium strumarium. Insert: Intramolecular 

carbon positions of glucose (red). Modified figure from Gilbert et al. (2012). 
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Aims 

Since the biosphere and atmosphere strongly interact physicochemically, climate 

projections require earth system models that adequately incorporate such 

interactions. Similarly, models that accurately describe long-term responses of 

ecosystem productivity to interactive effects of all relevant environmental 

variables (inter alia climatic variables, plant-environment interactions, and plant 

competition parameters) are required for projections of agricultural productivity. 

Laboratory experiments cannot adequately reproduce this degree of complexity, 

so studies of natural archives in ecosystems are needed that cover long timescales, 

and enable the required broad screenings across multiple scales, species and 

genotypes (see above). 

 

Archived stable isotope signals hold information on plant physiological shifts in 

responses to environmental/developmental shifts (McCarroll and Loader 2004). 

Currently, however, their potential might not be fully exploited, because 

conventional whole-molecule approaches potentially average out information on 

several ecophysiological processes that might be present at the intramolecular 

level. 

 

No IRMS-based methodology to resolve intramolecular 13C/12C compositions is 

currently available. By contrast, advances in methodology based on Nuclear 

Magnetic Resonance Spectroscopy enable routine measurements of 

intramolecular deuterium and 13C abundances of glucose (Betson et al. 2006, 

Gilbert et al. 2009, Chaintreau et al. 2013). Here, this state-of-the-art 

methodology was applied to archived tree-ring glucose. 

 

The overall aim was to extend stable isotope methodology by screening for 13C/12C 

signals at the intramolecular level, and elucidating their metabolic and 

ecophysiological origins. Intramolecular isotope signals can be expected to 

depend on clearly-definable plant metabolic processes downstream of Rubisco 

and their environmental/developmental controls (see above). Thus, the objective 

was to develop tools for retrospective analyses of plant carbon allocation and 
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plant-environment interactions at the metabolic level, as well as for improved 

climate reconstructions. In the foreseeable future, the developed tools may help 

efforts to construct and parameterise better models of the climate system, 

biogeochemical cycles, and agricultural productivity. As already mentioned, the 

goals were addressed in three studies, as briefly described in the following 

sections. 
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Summary of the studies 

Study 1. Intramolecular 13C analysis of tree rings provides 

multiple plant ecophysiology signals covering decades  

 

Background and Aim 

 

It has long been established that plant metabolites exhibit pronounced 13C/12C 

differences among intramolecular carbon positions (Fig. 8, Abelson and Hoering 

1961, Gilbert et al. 2012). In the study reported in Paper 1, we tested whether such 

differences occur in tree-ring glucose, a major source of the carbon in soil organic 

matter. The findings are discussed in relation to 13C analyses of soil respiration, 

and glucose turnover by metabolically distinct groups of soil microbes. 

 

We also tested if intramolecular 13C/12C ratios in tree-ring glucose vary as 

functions of time and environmental factors. Thus, the paper reports results of 

the first intramolecular 13C/12C time-series analysis. Previous isotope time series 

analyses have measured whole-molecule 13C/12C ratios, and interpreted their 

findings in terms of 13C fractionation during carbon uptake (Farquhar et al. 1982). 

So far, fractionation mechanisms by metabolic processes downstream of Rubisco 

that vary with environmental factors have been unknown, and have thus not been 

considered. We tested the implicit assumption of previous whole-molecule 

studies that environmental 13C/12C variability in plant organic matter is solely 

caused by 13C fractionation during carbon uptake, and screened for novel 

intramolecular 13C/12C signals. 

 

Materials and Methods 

 

In this study, we analysed dated tree-ring samples of Pinus nigra from a dry site 

in the Vienna basin. By applying recently developed NMR-based methodology 

(Betson et al. 2006, Chaintreau et al. 2013), we aimed to compile a dataset of 

intramolecular 13C abundances spanning all six glucose carbon positions and the 
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period 1961 to 1995. However, during conversion of wood samples into a glucose 

derivative suitable for NMR measurements, we detected an unexpected abundant 

impurity, with chemical properties similar to that of the target compound. 

Removing this impurity necessitated more elaborate purifications, which was 

time-consuming and led to increased material losses. The final amounts of 

samples formed in the years 1977, 1978, 1981, and 1982 would not have allowed 

NMR measurements with a reasonable experiment time. Thus, data covering four 

years are missing. Nevertheless our final dataset was sufficiently large (n=31x6: 

31 years, 6 intramolecular carbon positions) to provide solid foundations for both 

one-dimensional and multidimensional statistical analyses. In addition, we 

measured whole-molecule 13C/12C ratios (δ13C) by IRMS. By combining δ13C and 

intramolecular 13C abundances in isotope balance calculations, we established 

datasets of intramolecular 13C/12C ratios and related isotope variables. 

 

Results and Discussion 

 

The intramolecular level has an inherently higher resolution than the whole-

molecule level; thus extension of established definitions and re-evaluation of 

terminology are required for their analysis and description. With respect to 

established definitions, we defined convenient intramolecular isotope 

parameters. In addition, we described ambiguities in the terms 'photosynthetic 

fractionation', 'post-photosynthetic fractionation', and 'post-carboxylation 

fractionation', and proposed unambiguous alternatives: diffusion-Rubisco (DR) 

fractionation, and post-Rubisco (PR) fractionation. 

 

Heterotrophic triose phosphate cycling causes fractional carbon redistribution 

between symmetry-related glucose carbon positions. This physiological process 

can potentially shift a specifiable fraction of leaf-level 13C/12C signals from the 

carbon position where they were introduced to the symmetry-related carbon 

position, e.g. from C-1 to C-6. We developed a quantitative model of heterotrophic 

triose phosphate cycling, and used it to remove corresponding 13C/12C signal 

shifts from our data. We then validated the procedure by cross-correlation 

analysis. 
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Finally, we tested our dataset for autocorrelation and concluded that variability 

in the data is almost entirely attributable to ecophysiological processes during the 

year of tree-ring formation. Processes in previous years have negligible effects 

and do not need to be considered in the data analysis. 

 

Following these preparative steps, we obtained the following six main findings. 

 

(1) Tree ring glucose exhibits pronounced intramolecular 13C/12C differences 

exceeding 10‰ (Fig. 1a in Paper 1). This has important implications for 13C/12C 

analyses in biogeochemistry and soil sciences. 

 

(2) In tree-ring glucose, the DR signal is position-specific (Fig. 1b and c in Paper 

1). This finding is a first indication that PR fractionation affects intramolecular 

13C/12C ratios in the time domain. 

 

(3) Using a modelling approach including a single environmental variable we 

showed that intramolecular analysis can improve description and prediction of 

climate variables. Development of more complex model systems including 

several environmental variables could probably greatly improve results, but 

constructing such systems and testing their performance was beyond the scope 

of Paper 1. 

 

(4) In addition to the DR signal, we detected several novel PR signals (Fig. 2a in 

Paper 1). Thus, the higher resolution provided by intramolecular data will likely 

enable better assessment of carbon uptake and associated variables, and 

previously impossible assessments of plant carbon allocation and associated 

environmental/developmental controls. 

 

(5) At the dry study site, carbon uptake and related DR fractionation are strongly 

controlled by the air vapour pressure deficit (VPD). This was demonstrated by 

testing the influence of several environmental variables on our whole-molecule 

13C/12C ratios, and is consistent with expectations for and previous observations 
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at dry sites (McCarroll and Loader 2004). DR fractionation is not position-

specific, because carbon uptake ends with a single carbon addition from CO2 to 

ribulose 1,5-bisphosphate. Accordingly, we expected to find equally strong VPD 

correlations at all intramolecular carbon positions. However, the VPD signal is 

significantly higher at glucose C-1 than at other positions and absent at glucose 

C-4 (Fig. 1b and c in Paper 1). Since the DR signal is controlled by VPD as an 

environmental variable, this PR process must – to cancel or increase a VPD-

dependent effect – itself be correlated to VPD. This shows that PR fractionation 

is under environmental control, implying that underlying post-Rubisco metabolic 

processes are under environmental control. Thus, information on such processes 

and underlying controls can be obtained from intramolecular 13C/12C data. 

 

(6) We identified PR signals at glucose C-1 and C-2, and formulated a 

comprehensive hypothesis on underlying biochemical and ecophysiological 

mechanisms. In addition, we provided the first evidence in support of this 

hypothesis. 

 

We tested several statistical approaches to obtain results that are both robust and 

easily understandable for the reader. For instance, we showed the presence of 

several intramolecular signals in our data by Hierarchical Cluster Analysis, rather 

than, for example, Principal Component Analysis. While the former groups 

signals automatically into clusters, signal detection by the latter requires 

subjective visual inspection of loading plots. Thus, Hierarchical Cluster Analysis 

provides a more robust output that is easily understandable.  

 

In conclusion, we rejected the implicit assumption underlying current whole-

molecule studies that temporal and environmental 13C/12C variability in plant 

organic matter is solely caused by 13C fractionation during carbon uptake. 

Intramolecular 13C/12C analysis can greatly extent our abilities to retrieve long-

term information on plant ecophysiological processes from tree rings. Future 

studies should further explore this potential by extracting all available PR signals 

and elucidating their biochemical and ecophysiological origins.  
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Study 2. Intramolecular 13C/12C signals reflect carbon allocation 

in plant leaves.  

 

Background and Aim 

 

In Paper 1, we reported novel PR signals in tree-ring glucose. The 

biochemical/ecophysiological origins of all signals could not have been feasibly 

discussed in the paper due to space restrictions. However, elucidation of their 

origins is essential to exploit the signals' fullest potential. Thus, in the study 

reported in Paper 2, we identified PR signals at glucose C-5 and C-6, and derived 

robust hypotheses regarding their biochemical and ecophysiological origins. We 

adopted a theoretical approach, which we justified by the inherent complexity of 

carbon metabolism leading to the synthesis of tree-ring glucose. This included a 

comprehensive consideration of all major 13C fractionation mechanisms, which 

might potentially give rise to the signals. 

 

Materials and Methods 

 

Our identification of PR signals at tree-ring glucose C-5 and C-6 is based on 

observations reported in Paper 1. In the discussion of their origins, we considered 

two tissue types (leaf and xylem), three cell compartments (chloroplasts, 

mitochondria and cytosol), and the entire set of reactions of all major carbon 

pathways: the Calvin-Benson, photorespiration and tricarboxylic acid cycles, as 

well as the glycolytic, shikimate, oxidative pentose phosphate, fatty acid 

biosynthesis, and non-mevalonate pathways. In addition, we evaluated a broad 

range of biochemical and ecophysiological studies, including studies on 13C 

isotope effects of specific enzymes, changes in enzyme activities, changes in 

carbon fluxes, and associated environmental controls. 
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How does the elucidation of signal origins work? 

 

Enzymes modify specific intramolecular carbon positions, and this is where 

detectable 13C fractionation effects can be expected to occur (primary isotope 

effects). Enzymes that do not modify carbon positions becoming glucose C-5 and 

C-6 can be excluded as signal origin. 

 

Metabolic pathways leading to the synthesis of tree-ring glucose are well 

established. This facilitates predictions regarding signal propagation. If such 

predictions are inconsistent with the intramolecular localisation of 13C signals, 

corresponding metabolic pathways can be excluded as signal origins. 

 

Other metabolic pathways can be excluded based on literature reports. For 

instance, some enzymes catalyse irreversible reactions. Enzymes catalysing the 

backward reaction might reportedly be inactive in the considered tissue in vivo. 

Metabolic pathways located downstream of such enzymes can be excluded as 

signal origins. 

 

After robustly excluding some carbon metabolism enzymes and pathways in this 

manner, remaining candidate enzymes are evaluated in terms of substrate 

turnover (complete turnover prevents 13C fractionation), and variability of 

turnover in response to environmental and developmental controls. 

 

Results and Discussion 

 

Concepts outlined above allowed us to devise a robust theory on the biochemical 

and ecophysiological origins of novel 13C signals at glucose C-5 and C-6. These 

concepts, in themselves, constitute results of paper 2. In addition, Paper 2 

(unpublished) reports our theory in detail. We conclude that intramolecular 13C 

signals reflect carbon allocation into specific metabolic pathways. Our theory can 

be tested experimentally, e.g. by applying environmental conditions that change 

relevant carbon fluxes, and analysing whether anticipated intramolecular 13C/12C 

changes at glucose C-5 and C-6 occur.  
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Study 3. 2H‐fractionations during the biosynthesis of 

carbohydrates and lipids imprint a metabolic signal on the δ2H 

values of plant organic compounds 

 

Background and Aim 

 

Variations in deuterium composition, δD, of plant organic matter are commonly 

attributed to variations in source water δD and leaf-level evaporative enrichment 

(Roden et al. 2000). Currently, mechanistic models incorporate biochemical 

fractionations as constants (Roden et al. 2000). In the study reported in Paper 3 

we tested the implicit assumption that biochemical fractionations are constant 

when CO2 concentrations or light intensities vary. 

 

Materials and Methods 

 

Paper 3 reports findings of two experiments. In the first experiment, six vascular 

plant species (Arrhenatherum elatius, Festuca rubra, Trifolium pratense, 

Lathyrus pratensis, Centaurea jacea and Plantago lanceolata) were grown in 

greenhouses at varying CO2 concentrations (800, 400, 280, and 150 ppm). In the 

second experiment, six vascular plant species (five C3 species: Solanum 

tuberosum, Ipomoea sp., Helianthus tuberosus, Zingiber officinale and Allium 

cepa, and one C4 species: Zea mays) were grown in growth chambers at varying 

light intensities (355, 115, 8, and 0 µmol photons m-2 s-1). Based on δD 

measurements of leaf water, leaf α-cellulose, and leaf wax n-alkanes, the 

biosynthetic fractionation was calculated. 

 

Results and Discussion 

 

We found that biochemical processes caused 20‰ and 16‰ deuterium 

enrichments in α-cellulose and n-alkanes, respectively, at 150 ppm CO2  relative 

to D/H ratios recorded at 280 ppm CO2  (Fig. 2c and e in Paper 3). In addition, 

they caused 22‰ and 43‰ enrichment in α-cellulose and n-alkanes, 

respectively, in dark relative to D/H ratios recorded in full light (Fig. 3c and e in 
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Paper 3). The findings corroborate a previous report of non-constant biochemical 

fractionations in Lemna gibba (Yarkir and DeNiro 1990). Thus, incorporating 

biochemical fractionations into δD models as constants is inadequate. Two 

mechanisms are put forward to explain these findings. First, low CO2 and light 

intensity might promote more efficient hydrogen incorporation from deuterium-

enriched leaf water into organic molecules due to more efficient equilibration of 

small metabolite pools. Second, increased carbon flux through the oxidative 

pentose phosphate pathway from stromal glucose 6-phosphate to ribulose 5-

phosphate might result in deuterium enrichment of chloroplast starch and 

derivatives. Complementing these experiments by intramolecular quantification 

of biochemical fractionations might aid elucidation of underlying mechanisms. 

 

Under normal growth conditions, α-cellulose is considerably less deuterium-

depleted relative to leaf water than n-alkanes (Figs. 2 and 3 in Paper 3). It is 

suggested that δD of n-alkanes is strongly affected by incorporation of deuterium-

depleted hydrogen from stromal NADPH during fatty acid biosynthesis. By 

contrast, incorporation of hydrogen from cell water is believed to strongly affect 

δD of α-cellulose. Thus, compound-specific δD is believed to be governed by the 

contributions of various hydrogen sources during biosynthesis. 

 

Comparison of effects of the CO2 and light treatments is complicated by 

utilisation of two distinct sets of plant species. In contrast to the species exposed 

to varying CO2 concentrations, the species exposed to varying light intensities 

have large carbohydrate storage organs. Since these groups differ anatomically, 

there may be systematic differences in their metabolism. Thus, comparison of the 

two treatments should be viewed with caution. With that being said, the 

deuterium enrichment of n-alkanes synthesised from stored metabolites in the 

dark is exceptionally high (43‰). By comparison, the deuterium enrichment of 

n-alkanes synthesised at 150 ppm CO2 is less pronounced (16‰). It is suggested 

that processes contributing to NADP+ reduction in the dark yield deuterium-

enriched NADPH compared to processes contributing to NADP+ reduction in the 

light. This results in the biosynthesis of deuterium-enriched n-alkanes in the 

dark. 
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This work highlights a general challenge of whole-molecule studies intended to 

elucidate biochemical fractionations. Biochemical fractionations occur at specific 

atom positions, which whole-molecule approaches cannot resolve. Thus, whole-

molecule data reflecting their effects have limited interpretability, but hypotheses 

can be formulated from theoretical considerations and tested, for example by 

intramolecular measurements. 
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Conclusions and Perspectives 

Recent advances in NMR-based methodology facilitate routine measurements of 

intramolecular 13C and D abundances in glucose (Betson et al. 2006, Gilbert et al. 

2009, Chaintreau et al. 2013). Here, these advances were exploited in 

intramolecular 13C/12C measurements of tree rings, which provide some of the 

most important natural archives. Several new isotope signals were discovered, 

and detailed theories on their biochemical and ecophysiological origins were 

developed. These theories will facilitate hypothesis-driven experimental 

investigations in the future. 

 

Future work should focus on determining positional isotope effects of relevant 

enzymes catalysing conversions of carbon-carbon and carbon-hydrogen bonds, 

testing theories presented here on the origin of novel 13C/12C signals (Paper 1 and 

2), and analysing D abundances at the intramolecular level to elucidate 

mechanisms that generate observed biochemical fractionation effects (Paper 3). 

 

This work shows that further development of intramolecular stable isotope 

methodology are likely to yield potent tools for retrospective elucidation of plant 

physiological processes, including carbon uptake but also carbon allocation. Due 

to lack of alternative methodology, these tools will be especially valuable for 

analysing processes with timescales exceeding several years. Acclimatisation and 

adaptation of plant physiological processes to ongoing climate changes might 

occur on such timescales. Constraining these processes is required for assessment 

of CO2 fertilisation and plant performance under climate change. This, in turn, 

may help to preserve ecosystem services, including food and resource security. 

 

Intramolecular analysis can resolve several unique isotope signals, which reflect 

variability not only in plant physiology, but also in underlying environmental 

factors. These latter relationships can be expected to facilitate more powerful 

climate reconstructions. Understanding the climate of the past is crucial for 

understanding the climate system, predicting future climate changes and (hence) 

formulation of effective strategies to ensure the wellbeing of future generations. 
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