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Utreda klimat och växtfysiologi med hjälp av den intramolekylära 
fördelningen av deuterium i kolhydrater. 
 
Klimatet förändras och det är numera allmänt vedertaget att detta beror på 
människans aktiviteter. Halten av växthusgaser har stigit onormalt mycket under de 
senaste två århundradena och detta beror i största del på människans användning av 
fossila bränslen. Landbiosfären har hittills haft en buffrande effekt på 
klimatförändringen eftersom den tar upp och lagrar mycket av växthusgasen CO2. 
Det är dock osäkert om, och i så fall hur länge, denna effekt kvarstår. Detta gör det 
mycket svårt att förutsäga framtida klimatförändringar, och därmed hur mycket 
utsläppen av växthusgaser måste reduceras för att skydda klimatet. 
För att förstå växternas framtida förmåga att begränsa halten atmosfäriskt CO2 har 
man studerat effekten av förhöjda halter av CO2 på växters fotosyntes och 
produktivitet. Resultaten av dessa försök varierar i stor omfattning. Studier på träd 
odlade under höga halter CO2 indikerar att den initiala ökningen av en trädets 
produktivitet kan vara en temporär effekt som försvinner redan efter några år. 
Eftersom klimatförändringen sker under århundraden, måste även växternas 
anpassningar på förhöjd CO2 halt utforskas på denna tidsskala, men experiment som 
skulle ta tiotals år är opraktiska att utföra. Trädringar är ett bra sätt att studera sådana 
anpassningar, eftersom träd redan har upplevt de senaste två hundra årens ökning av 
koldioxid och dess trädringar därför kan innehålla information om en respons som 
redan skett.  
Denna avhandling visar att den intramolekylära fördelningen av den stabila 
väteisotopen deuterium i trädringar är en tillförlitlig metod för att studera växters 
anpassningsförmåga till långsiktiga klimatförändringar. Antagandet bakom denna 
strategi är att isotopfördelningen i trädringar beror på faktorer både från miljön och 
växtens fysiologi. Om båda faktorerna skulle kunna utvinnas från trädringar, skulle 
detta öppna en helt ny väg för parallell rekonstruktion av klimatet och växters 
anpassning till det. Avhandlingen presenterar den första tekniken för att mäta 
isotopfördelningen av deuterium i växtglukos. Resultaten visar att 
deuteriumfördelningen hos växtglukos påverkas av enzymers isotopeffekter, vilket 
möjliggör att regleringen av växternas metabolism kan kartläggas. I avhandlingen 
bevisas att halten deuterium i skilda intramolekylära positioner (isotopomerer) av 
glukos från trädringcellulosa bestäms av miljöfaktorer respektive trädets fysiologi. 
T.ex. påverkas deuteriumhalten i position 2 (D2 isotopomer) av glukosmolekylen 
huvudsakligen av miljön, vilket kan användas för att förbättra 
temperaturrekonstruktioner från trädringar. Å andra sidan är kvoten deuterium 
mellan två andra positioner (D6R och D6S) relaterat till halten atmosfäriskt koldioxid, 
och kvoten skulle kunna användas som mått för fotosyntesens effektivitet, dvs. 
förhållandet mellan fotorespiration och fotosyntes. Närvaron av denna relation i 
trädringar och annat växtmaterial i alla de växter vi hittills studerat, öppnar en helt ny 
möjlighet att studera växters anpassning till den ökande mängden CO2 i atmosfären 
under århundraden.  



 5

Table of contents 

Publication list       6 

Abstract        7 

Abbreviations       8 

Introduction        9 

• Climate change      9 

• Plant-climate interactions     11 

Stable isotopes        13 

• Stable isotopes studies of plant-climate interactions  14  

Isotope Fractionations      17 

• Deuterium abundance in plant material   18 

• Isotope abundance of source water   18 

• Isotope enrichment during transpiration in leaves 18 

• Enzyme isotope effects      19 

• Hydrogen isotope exchange during cellulose synthesis 20 

Quantification of D isotopomers by Nuclear Magnetic Resonance 22 

Aim of the project       23 

Results and Discussion      24 

• Measurement of Deuterium isotopomer distributions 24 

• Deuterium isotopomer distributions reflect metabolism 26 

• Deuterium isotopomers separate climate and physiology 31 

• Deuterium isotopomers monitor photorespiration  32 

Conclusions        33 

Acknowledgments       35 

References        36 



 6

Publication list 

 

I) Betson T.R., Augusti A. and Schleucher J. 2006. Quantifying 
deuterium isotopomers of cellulose using Nuclear Magnetic 
Resonance. Analytical Chemistry, 78: 8406 – 8411. 

II) Augusti A., Betson T.R. and Schleucher J. 2006. Hydrogen 
exchange during cellulose synthesis distinguishes climatic and 
biochemical isotope fractionations in tree rings. New 
Phytologist, 172: 490-499. 

III) Augusti A., Betson T.R. and Schleucher J. Deriving correlated 
climate and physiological signals from deuterium isotopomers 
in tree rings. Submitted to Chemical Geology. 

IV) Augusti A., Betson T.R. and Schleucher J. Deuterium 
isotopomers record a CO2 response of plants in leaves and tree 
rings. Manuscript. 

 
 
 
 
 
Contributions to the following publication, not included in this thesis, 
were also made: 

Augusti A. and Schleucher J. (2007) The ins and outs of stable 
isotopes in plants. Invited contribution in New Phytologist, in press. 
 
 
 
 
 
Papers I and II are copyrighted by the American Chemistry Society Publications and 
Blackwell Publishing Ltd. respectively, and are reprinted by kind permission of the 
publishers.



 7

Abstract 
 
Monitoring climate and plant physiology using deuterium 
isotopomers of carbohydrates 
Climate is changing and it is certain that this change is due to human activities. 
Atmospheric greenhouse gases have been rising in an unprecedented way during the 
last two centuries, although the land biosphere has dampened their increase by 
absorbing CO2 emitted by anthropogenic activities. However, it is unclear if this will 
continue in the future. This uncertainty makes it difficult to predict future climate 
changes and to determine how much greenhouse gas emissions must be reduced to 
protect climate. 
To understand the future role of plants in limiting the atmospheric CO2 level, the 
effect of increasing CO2 on plant photosynthesis and productivity has been studied. 
However, studies on trees showed contradictory results, which depended on the 
duration of the experiment. This revealed that an initial strong CO2 fertilization may 
be a transient response that disappears after a few years. Because climate changes 
over centuries, we must explore the response of vegetation to increasing CO2 on this 
time scale. Studying tree rings is a good alternative to impractical decade-long 
experiments, because trees have experienced the CO2 increase during the last 200 
years and may already have responded to it.   
This thesis shows that the intramolecular distribution of the stable hydrogen isotope 
deuterium (deuterium isotopomer distribution, DID) of tree rings is a reliable tool to 
study long-term plant-climate adaptations. The premise for this is that the deuterium 
abundance in tree rings depends on environmental as well as physiological factors. 
Using newly developed methodology for DID measurements, the influences of both 
factors can be separated. Applied to tree rings, separating both factors opens a 
strategy for simultaneous reconstruction of climate and of physiological responses.  
The results presented show that DIDs are influenced by kinetic isotope effects of 
enzymes, allowing studies of metabolic regulation. We show that the abundances of 
specific D isotopomers in tree-ring cellulose indeed allow identifying environmental 
and physiological factors. For example, the D2 isotopomer is mostly influenced by 
environment, its abundance should allow better reconstruction of past temperature. 
On the other hand, the abundance ratio of two isotopomers (D6R and D6S) depends 
on atmospheric CO2, and might serve as a measure of the efficiency of 
photosynthesis (ratio of photorespiration to assimilation). The presence of this 
dependence in all species tested and in tree-ring cellulose allows studying 
adaptations of plants to increasing CO2 on long time scales, using tree-ring series or 
other remnant plant material. 
 
Key words: Climate reconstruction, deuterium, elevated CO2, isotopomer, nuclear 
magnetic resonance, photorespiration, tree-ring cellulose. 
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Abbreviations 

Cx-H Carbon-bound hydrogen of glucose, x stands for 1-5, 6R, 6S  

D Deuterium  

δD Whole-molecule D/H ratio 

Dx Deuterium isotopomer of glucose, x stands for 1-5, 6R, 6S 

DID Deuterium isotopomer distribution  

HR, HS Non-equivalent hydrogen atoms of a CH2 group 

Hx signal of the Cx-H group in a proton NMR spectrum 

KIE Kinetic isotope effect 

NMR Nuclear magnetic resonance spectroscopy 

PCO Photorespiratory carbon oxidation cycle 

PCR Photosynthetic carbon reduction cycle 
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Introduction 

Climate change 

The atmospheric CO2 concentration reached 380 ppm in early 2006. 
Between 1995 and 2005, the annual increase was 1.9 ppm/year, 
significantly higher than the average increase of 1.4 ppm/year 
observed since direct measurements of the CO2 concentration began in 
the 1960’s. Together with CO2 increase, air temperature increases are 
also well documented, as are decreases in snow cover and glacier 
mass, the latter contributing to the increase in sea level. There are no 
longer any doubts that these environmental changes over the last 
century are associated with human activities. To cite the most recent 
report of the Intergovernmental Panel on Climate Change: “Most of 
the observed increase in globally averaged temperatures since the mid-
20th century is very likely due to the observed increase in 
anthropogenic greenhouse gas concentrations” (IPCC, 2007). 
Climate predictions for the next 100 years are based on several 
scenarios assuming different levels of greenhouse gas emissions and 
contributions due to land-use changes. Besides these anthropogenic 
influences, the predictions also depend on models of land and ocean 
CO2 uptake and emissions. These scenarios give a range of additional 
warming of 1.1 to 6.4 ºC, (IPCC, 2007) and an increase in CO2 
concentration of 540 to 970 ppm (IPCC, 2001). These future 
predictions are not comforting and neither are they precise, because 
the contributions of the above mentioned factors are not easy to 
quantify and determine. Estimates indicate that fossil fuel use will 
have to be reduced by 60-80% to reach the goal of stabilising CO2 
around 550 ppm and limiting temperature increase to 2 ºC. 
The global carbon cycle is a balance between carbon emitted by 
human activities, land biosphere and oceans, and carbon uptake by the 
oceans and the land biosphere. In 1995 the situation was the one 
pictured in Fig. 1, with almost 7 GtC emitted by fossil fuel use and 
land-use, resulting in a net influx in the atmosphere of around 3GtC. 
Thus, a large part of C emissions have been absorbed by the oceans 
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and the land biosphere, and their action as sinks for C has slowed 
climate change. Anthropogenic emissions have risen to 8.8 GtC/year 
between 2000 and 2005 (IPCC, 2007). Increasing emissions in 
combination with climate change pose the question of whether the 
oceans and biosphere will remain C sinks in the future. For the land 
biosphere it is of fundamental importance to know how the balance 
between photosynthesis and plant and soil respiration will develop. 
Some studies indicate that warming can turn terrestrial ecosystems 
that were acting as CO2 sinks into sources (Schiermeier, 2007), further 
accelerating the increase of CO2 in the atmosphere. To forecast the 
future sink strength of the land biosphere, we need to predict plants’ 
responses to environmental changes on a time scale of centuries. This 
thesis develops a research approach that can contribute to this goal.  
 

             

Fig. 1. The global carbon cycle. The atmospheric carbon pool is linked to the other 
pools by carbon fluxes, which are large compared to the net changes in pool size. 
Any possible change in the fluxes to or from the atmosphere can influence the 
equilibria of the ocean and the land biosphere, changing them from sink to source. 
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Plant - climate interactions 

The C fluxes between biosphere and atmosphere are large compared 
to the net biosphere sink (Fig. 1). Thus, how the balance between 
photosynthetic uptake and respiratory release of CO2 will respond to 
climate changes is crucial for understanding if the land biosphere will 
remain a sink for the CO2 emitted from fossil fuel use. The effects of 
increasing CO2 on photosynthesis and plant productivity have been 
intensively studied in experiments in greenhouses, growth chambers 
and in natural ecosystems (open top chambers and free air CO2 
enrichment). These experiments cover time scales from the 
instantaneous response of leaves to several years (Norby & Luo, 2004; 
Nowak et al., 2004; Ainsworth & Long, 2005). Short-term 
experiments showed an increase of the assimilation rate in response to 
increasing CO2, as expected from the effects of CO2 on the enzyme 
Rubisco (Long et al., 2004). In contrast, longer-term studies showed 
unclear results. A net productivity increase of 25% was observed in 
pine trees after three years of increasing CO2 (DeLucia et al., 1999). 
In another case the increase in productivity was high (34%) in the first 
three years, but dropped steeply (down to 6%) after four more years 
(Oren et al., 2001). In studies with different tree species the average 
increase in productivity was not significant after four years of 
increasing CO2 treatment (Körner et al., 2005). These results may 
suggest that a transient increase in plant productivity can occur as a 
response to increasing CO2. 
Soil carbon turnover makes a very important contribution to the 
budget of carbon fluxes between the land biosphere and atmosphere. 
For soil carbon turnover, along with an increase in temperature an 
increase in respiration is predicted based on biophysical arguments 
(temperature response of enzyme activity), but observations of soil 
CO2 fluxes have led to controversy (Knorr et al., 2005). Thus, a 
straightforward response of the net soil C flux to climate change can 
not be observed (Schlesinger & Lichter, 2001). In long-term studies, a 
source behaviour of the Alaskan tundra ecosystems was observed 
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between 1980 and 1990, with a net efflux of CO2 associated with 
increasing temperature. However, between 1992 and 1996 these 
ecosystems started to show summer sink activity even though the 
annual net CO2 flux was still a net emission (Oechel et al., 2000). 
Thus, transient responses are likely for both plants and soils.  
Because of the possibility of transient responses, experiments 
covering only one season or just a few years may give misleading 
results concerning the long-term response relevant for climate change; 
what is needed are studies of long-term (centuries) plant adaptation. 
For obvious reasons it is not possible to observe responses on this time 
scale in manipulative experiments. A good approach is to use tree 
rings as archives of past plant-climate interactions. Tree rings are 
formed year after year during the life of a tree and can be recovered 
from tree trunks. Moreover the structure and chemical composition of 
tree rings is preserved even when the tree is no longer alive, and tree-
ring series of individual trees can span hundreds of years. Considering 
that the major change in climate and the atmospheric CO2 
concentration have taken place over the past 200 years, living trees 
may already have responded to it, and a possible adaptation may be 
detected in tree rings. While tree-ring series of individual trees are 
normally limited to hundreds of years, tree-ring series from many 
trees can be assembled into tree-ring chronologies spanning millennia 
with annual resolution. At the same time, due to the precise distinction 
between tree rings formed in consecutive years, detailed chronological 
studies are possible. Using subfossil wood, time spans of thousands or 
even millions of years may be accessed, albeit with lower dating 
accuracy. But which properties of tree rings are most promising to 
detect long-term adaptations?  
Physical characteristics of tree rings (ring width and density) have 
been used to study past climate changes (Briffa et al., 1996; 
Schweingruber, 1996). However, these characteristics respond to 
many environmental parameters and reconstructions of individual 
parameters, such as temperature and relative humidity, do not always 
follow the expected trends (Briffa et al., 1998). To avoid this problem, 
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trees are often chosen from locations where growth can be assumed to 
be limited by a single parameter, but this approach is clearly limited 
with respect to which parameters are accessible and in which locations 
(Mann et al., 1998).  
 

Stable isotopes 

Hydrogen, carbon and oxygen and most other elements have stable 
heavy isotopes; often their natural abundances are low compared to 
the abundance of the light isotope of the same element (Table 1). 

 Isotope abundance, % 

 Light isotopes Heavy isotopes 

Hydrogen 1H: 99.985 2H or D: 0.015 

Carbon 12C: 98.892 13C: 1.108 

Oxygen 16O: 99.759 17O: 0.037  18O: 0.204 

Table 1. Isotope abundance of the most common stable isotopes used in plant 
ecophysiology. The percent value is referred to the terrestrial abundance.  

The abundance of a heavy isotope in a certain compound describes the 
isotopic ratio between the heavy and the light isotope. Isotope ratios 
are commonly measured by Isotope Ratio Mass Spectroscopy and are 
expressed as deviations from the isotope ratios of standard materials, 
which are distributed by the International Atomic Energy Agency in 
Vienna. For hydrogen and oxygen isotopes, isotope ratios are 
calculated relative to the standard “Vienna Standard Mean Ocean 
Water”. For carbon the standard used is the “Vienna Pee Dee 
Belemnite”. Isotope abundance analysis is performed after extraction 
and purification of the compound of interest from the starting 
material, and the isotope abundance (δ followed by the name of the 
heavy isotope considered) represents the average isotope ratio of the 
whole compound analyzed irrespective of the “chemical position” of 
the heavy isotope in the molecule. 
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The term isotopomer is used for molecules that carry a heavy isotope 
in a defined position in the molecule (Robins, 2003). For example, 
there are seven deuterium (D) isotopomers of glucose, one for each of 
the seven C-H groups in the molecule. Because the natural abundance 
of D is small, natural glucose contains almost only D isotopomers 
with one D. The abundance pattern of the D isotopomers of a 
compound is called Deuterium Isotopomer Distribution (DID). 

Stable isotope studies of plant-climate interactions 

To overcome the limitations encountered with physical characteristics 
of tree rings, stable isotope ratios of tree rings have been introduced. 
When stable isotopes get incorporated in long-lived molecules, like 
cellulose, the isotope ratios can be used as archives. So far, the isotope 
ratios δD, δ18O and δ13C of tree-ring cellulose have been used for this 
purpose, typically by constructing empirical relationships between 
isotope ratios and climate parameters, and using these relationships to 
reconstruct climate parameters back in time.  
Water stable isotopes (D and 18O) have normally been used to 
reconstruct air temperature (McCarroll & Loader, 2004 and cited 
literature), based on the relationship between temperature and isotope 
ratios of precipitation (Dansgaard, 1964). The dependence of the 13C 
plant discrimination on the ratio of intercellular to ambient CO2 
concentrations (Farquhar et al., 1982; Brugnoli & Farquhar, 2000) has 
been used to deduce stomatal function and therefore water use 
efficiency over long-time scales (Marshall & Monserud, 1996; Saurer 
et al., 2004). All studies that use δ values rely on a similar assumption 
as does the interpretation of physical characteristics, namely that the 
isotope ratio studied is mainly determined by one factor. When this 
assumption holds, stable isotope abundance can be used to assess 
physiological responses under particular conditions, such as with 
abiotic stress (Scartazza et al., 1998). However, isotope ratios of plant 
metabolites are in general influenced by several factors (Fig. 2). First, 
the isotope abundance of the plant’s substrate (CO2 and H2O) depends 
on environmental factors. Second, physical isotope fractionations 
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during uptake of the substrate by the plant, such as fractionation 
against 13CO2 during diffusion and evaporative enrichment of leaf 
water isotopes, can create signals reflecting environmental conditions 
or metabolic performance of the plant. Third, isotope fractionations 
during biochemical reactions, due to isotope effects of enzyme 
reactions, normally deplete plant material compared to the original 
substrate. Each of these factors can influence δ, and δ can contain 
multiple signals reflecting these factors. In the context of tree-ring 
studies, it has usually been assumed that only the first (in the case of 
D) or second (in the case of 13C) factor is variable, while the others 
have normally been assumed to be constant.  

 
Fig. 2. Factors which influence the isotope abundance in plant material. Isotope 
inputs are the isotope ratios of the main substrate for plants, atmospheric CO2 and 
source water. Fractionation processes occurring in the plant differentiate between the 
light and the heavy isotopes. The isotope outputs represent both the average whole-
molecule isotope ratios and the isotopomer abundances of the organic matter, such 
as carbohydrates. Figure modified from Augusti & Schleucher, 2007, in press.  

Most isotope studies, especially of tree rings, are based on the fore 
mentioned empirical correlations. To make the best use of stable 
isotopes of tree rings, a mechanistic understanding of these factors and 
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their interactions is needed (Roden et al., 2000; Scheidegger et al., 
2000; Gessler et al., 2007). 
The main point of this thesis is that intramolecular isotope variation, 
that is to say changes in isotopomer distributions, must not be ignored 
in this endeavour (Augusti & Schleucher, 2007) because isotope 
effects of enzymes affect specific isotopomers. While the grouping of 
factors influencing isotope abundance is general, this thesis focuses 
only on the hydrogen isotope deuterium, which is particularly 
interesting for two reasons. First, precipitation represents the main 
part of plants’ source water and can form a link between plant 
physiology and the hydrological cycle. The δD of precipitation carries 
a temperature signal exploited in climate studies using ice cores (Petit 
et al., 1999), and this signal may be present in tree rings as well. 
Second, D isotope effects of chemical reactions are particularly large 
compared to the physical fractionations (Table 1, Paper III), so that 
differences in D fractionation by enzymes can be detected and 
interpreted as changes in metabolic regulation (Schleucher et al., 
1999). Taken together, these two reasons give probable cause to 
believe that D may be the best choice for identification of climate and 
physiological signals and provide a basis for reconstruction of slow 
adaptations of plants to changing environmental conditions. 
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Isotope fractionations 
Isotope fractionation is any phenomenon that causes a change in the 
isotope abundance of a compound.  
Equilibrium or thermodynamic fractionation is the fractionation that 
involves change in isotope abundance of a molecule when it is in 
equilibrium with another state, either through a physical phase 
transition, or in a chemical equilibrium. Equilibrium fractionation is 
temperature-dependent and it is responsible for the differences in δD 
and δ18O between liquid water and vapour water. Equilibrium 
fractionation is responsible for the isotope fractionation during 
formation of clouds and precipitation, and creates the temperature 
signal present in δD of precipitation.  
Kinetic isotope effect (KIE) is the fractionation that occurs during 
chemical reactions due to differences in reaction rates between heavy 
and light isotopes. It causes changes in isotope abundance between the 
substrate and the product of the reaction. KIEs originate from the 
different strength in the bond that involves isotopes; the heavy 
isotopes are more strongly bound than the light isotopes, meaning that 
the compound with light isotopes reacts faster than the same 
compound with heavy isotopes. Depending on the isotopes and on the 
reaction, the size of KIE varies. If a hydrogen atom is directly 
involved in the bond that is broken in a reaction, and bond breakage is 
rate-limiting for the reaction, the D/H KIE can be up to 10 (Melander 
& Saunders, 1980) and is called primary. In reactions in which, 
instead, the hydrogen isotope is indirectly involved in the reaction, 
KIEs are on the order of 0.5-1.5 (Melander & Saunders, 1980) and are 
called secondary. Because each enzyme acts on a specific chemical 
group of a molecule, the KIE affects the isotope abundance of one 
specific group. In other words it affects the isotopomer abundance.  
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Deuterium abundance in plant material 

To explain why D isotopomers are particularly promising for deriving 
correlated climate and physiological signals, an overview of D 
fractionation mechanisms relevant for plant organic matter is given.  

Isotope abundance of source water 

The isotope composition of precipitation water is the result of D and 
18O depletion during evaporation of ocean water, and D and 18O 
enrichment during condensation of the water vapour in clouds. These 
processes are driven by temperature, and it has been shown that δD 
and δ18O of precipitation are related to air temperature (Dansgaard, 
1964). As a result of these correlations, the isotope ratios of 
precipitation vary according to geographic location, and depend on 
other factors like the altitude and continental climate (Mazor , 1991 
and cited literature); but all reflecting temperature dependence of the 
formation of precipitation. Water taken up by plant roots is mainly 
precipitation water and reaches leaves without isotope fractionation 
(White et al., 1985; Ehleringer & Dawson, 1992). For this reason 
xylem sap water has been considered as representative of source 
water. Moreover, because water is the source of hydrogen 
incorporated into plant compounds, the hydrogen isotope ratio of a 
plant’s source water is the starting point for the hydrogen isotope 
abundance of all plant compounds (DeNiro & Cooper, 1989; 
Terwilliger & DeNiro, 1995; Roden & Ehleringer, 1999; Sternberg et 
al., 2006). 

Isotope enrichment during transpiration in leaves 

During evaporation of water through stomata, 18O and D get enriched 
in the leaf (Gonfiantini et al., 1965; Wershaw et al., 1966) because the 
corresponding light isotopes evaporate faster. Several physical 
processes influence this enrichment and different equations have been 
used to characterise it. Models are based on the equations that Craig & 
Gordon developed in 1965 to describe isotope fractionation during 
evaporation from water bodies; this model was first adapted to leaves 
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by Dongmann et al. (1974). Current models take into account the 
equilibrium fractionation due to evaporation of water (Majoube, 
1971), the fractionation due to diffusion of vapour in unsaturated air 
(Merlivat, 1978), the leaf boundary layer and stomatal diffusion 
effects (Flanagan et al., 1991), and the Péclet effect (Farquhar & 
Lloyd, 1993). The latter was proposed to explain the difference 
between modelled and observed leaf water enrichment, which is due 
to back-diffusion of enriched water from the evaporation sites against 
the transpiration stream, and mixing with un-enriched water coming 
from xylem. Taking into account all these factors and the fact that the 
main driving force of transpiration is relative humidity, several studies 
demonstrated relationships between leaf water enrichment and δ18O of 
carbohydrates (Barbour et al., 2000 & 2001; Helliker & Ehleringer, 
2002; Gessler et al., 2007). Most of these models and results are 
available for 18O, but they are conspicuously lacking for D.  

Enzyme isotope effects 

Plant compounds are depleted in D compared to leaf water (Epstein et 
al., 1976 & 1977). Differences in δD values, observed between plants 
with different photosynthetic pathways (C3, C4, CAM) (Ziegler et al., 
1976; Sternberg et al., 1984) have been associated with different 
biochemical fractionations rather than differences in enrichment 
during transpiration (Sternberg et al., 1984 & 1986). However, these 
studies summarized D fractionations by enzymes as a single 
“biochemical fractionation factor”. Kinetic isotope effects (KIEs) of 
enzymes deplete the reaction product in D compared to the substrate. 
Moreover, the KIE of each enzyme acts on a specific D isotopomer 
because of the specificity of each enzyme for one C-H groups. This 
means that the D isotopomer distribution (DID) is the result of several 
KIEs. This was first realized when it was observed that DIDs differ 
between plants with C3 and C4 photosynthetic pathways (Zhang et al., 
1994 & 2002), and between different carbohydrates, such as leaf 
sucrose and starch (Schleucher et al., 1999). Furthermore, the D 
depletion caused by a KIE also depends on the regulation of the 
enzyme reaction, which can be exploited to derive physiological 
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signals (Schleucher et al., 1999; Armellin et al., 2006; Schmidt, 
2003).  

Hydrogen isotope exchange during cellulose synthesis 

The processes described so far determine the DID of metabolites 
formed photosynthetically in leaves. A further process occurs when 
primary photosynthate is converted to other metabolites. During this 
metabolism, the isotope abundance of plant material is modified 
during biochemical reactions in which an exchange between carbon-
bound hydrogen and hydrogen from water is involved. The exchange 
during synthesis of cellulose has been studied in several plant systems 
(Yakir & DeNiro, 1990; Hill et al., 1995; Terwilliger & DeNiro, 1995; 
Roden & Ehleringer, 1999; Waterhouse et al., 2002), and it has been 
found that about 40% of all carbon-bound hydrogen exchanges during 
cellulose synthesis. In particular, when cellulose is synthesized in the 
tree trunk, this exchange exposes C-H groups of translocated sugars to 
xylem water, which carries a temperature signal in its δD. As this 
exchange is enzyme-mediated, it can be expected to affect particular 
isotopomers. However, at the beginning of the work carried out in the 
present thesis there was no information about how this exchange 
affects isotopomers. In the meantime, the related exchange of oxygen 
isotopes has been investigated in other studies. It was observed that 
the oxygen at carbon 2 of glucose exchanges almost completely with 
water during synthesis of cellulose (Sternberg et al., 2003 & 2006). 

In summary, the isotope abundance of plant material must be 
considered the result of all the fractionation processes occurring, 
which may affect either the whole-molecule isotope ratios (e.g. δD), 
or specific isotopomer abundances. Moreover, D fractionation 
processes are related to both environmental and physiological factors, 
implying that the D abundance of plant material can be used as a 
source of information for both climate and physiology. But, what kind 
of information about climate and physiology can be obtained from 
stable isotopes in plant material? Which parameters should be 
measured to obtain this information? Source water δD reflects a 
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temperature signal and the evaporative enrichment can be associated 
with a humidity signal. The presence of several signals in δD of plant 
material may explain the contradictory results obtained in studies 
trying to correlate δD of tree-ring cellulose to temperature (Pendall, 
2000) and may explain why models used to describe water isotope 
abundance fit δ18O but not δD (Waterhouse et al., 2002). Is there a 
way to separate temperature and humidity signals to obtain better 
climate reconstruction from tree-ring cellulose?  
Fractionations during metabolism, associated with KIEs of specific 
enzymes and with the regulation of these enzymes in metabolic 
pathways, can be considered physiological signals. The exchange with 
water during synthesis of cellulose restores, partially, the isotopic 
signature of the source water and its temperature signal. KIEs affect D 
isotopomer abundances, and the same can be expected for hydrogen 
exchange with water. This implies that physiological signals and the 
temperature signal may be associated with one or a few specific D 
isotopomers. Thus, by analysing D isotopomer abundances it may be 
possible to extract physiological and environmental signals 
(temperature, humidity). Although the whole-molecule isotope ratio 
δD is influenced by both types of signals, it cannot be used to separate 
them, because δD measurements do not take the nature of biochemical 
isotope fractionations into account. Biochemical isotope fractionations 
act on isotopomer abundances; therefore isotopomer measurements 
should be a suitable tool to separate both types of signals.  
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Quantification of D isotopomers by Nuclear Magnetic 
Resonance (NMR) 

Many chemical elements have NMR-active isotopes. This is the case 
if their atomic nuclei have a magnetic moment, which is a 
fundamental constant of each isotope. When placed in a static 
magnetic field, the nuclei can adopt energetically separate states, that 
is, they behave like quantum-mechanical compass needles. Generation 
of NMR signals relies on inducing transitions between these states. 
The energy needed to cause such transitions is in the radiofrequency 
range (hundreds of MHz), and depends on the magnetic moment of 
the isotope. These energies are relatively small, compared for example 
to the energy of visible light. Therefore the population difference 
between the states is small, so that only about one nucleus out of 105 
contributes to the signal, making NMR a relatively insensitive 
technique. While the frequency of an NMR signal is primarily 
determined by the magnetic field strength and the isotope’s magnetic 
moment, the frequency of each atom in a molecule is influenced by 
the atom’s environment in the molecule (“chemical shift”), and each 
structurally distinct atom in a molecule generates its individual NMR 
signal. While deuterium has an NMR frequency of 92 MHz on the 
instrument used in this thesis, D “chemical shifts” are only 
approximately 1000 Hz. Therefore chemical shifts are by convention 
stated as part-per-million (ppm) deviations of NMR frequencies from 
a standard frequency. The “ppm” unit at the spectra displayed in fig. 3 
describes the position of the signals; and it is not correlated with 
isotope abundance. Fig. 3 shows a comparison of the 1H and D NMR 
spectra of the glucose derivative used for D NMR. Both spectra show 
signals at corresponding positions, and the signals in the 1H spectrum 
show characteristic multiplet structures. These multiplets are caused 
by interactions (“J couplings”) between pairs of 1H nuclei. For 
example, H1 and H4 have one or two neighboring H atoms in the 
molecule, respectively, and their signals are therefore split once or 
twice. The multiplet pattern can be used to assign each signal to one 
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C-H group. The assignment of the 1H spectrum can be directly 
transferred to the D spectrum. Because molecules containing two D 
nuclei are very rare at natural D abundance, there are no multiplets in 
the D NMR spectrum. Fig. 3 also shows that the 1H spectrum has 
much higher signal-to-noise ratio, compared to the D NMR spectrum. 
Still, the 1H spectrum was obtained in 1 minute, while to obtain this D 
NMR spectrum, the spectrum was recorded 4000 times and 
accumulated, and the experiment took 3 hours! This sensitivity 
difference is caused by the low natural abundance of D (150 ppm, 
approximately 6700-times lower than 1H) and by the lower frequency 
of D compared to 1H (92 versus 600 MHz, corresponding to about 
100-fold lower sensitivity).  
Information on isotope fractionation is only present in the D NMR 
spectrum. While all signals have equal integrals in the 1H spectrum, 
integrals are variable in the D NMR spectrum, reflecting the 
abundances of the D isotopomers. To obtain isotopomer abundances, 
the spectrum is recorded under carefully chosen conditions so that 
integrals are proportional to isotopomer abundances, and integration is 
performed by a lineshape fit, so as to take different line widths into 
account. An example for such a lineshape fit is given in Fig. 2 of 
paper I.  

Aim of the project 

The aim of this project is to demonstrate that D isotopomers are a 
good tool to study long-term plant-climate interactions. This is based 
on the hypothesis that climate and physiology signals can be 
associated with different D isotopomer abundances, which may be 
measured with an appropriate technique (deuterium nuclear magnetic 
resonance, D NMR). Several steps are needed to demonstrate the 
feasibility of this approach.  

First, there are no previous measurements of D isotopomer abundance 
in tree-ring material. Consequently, a method had to be developed to 
isolate glucose from wood and transform it into a compound suitable 
for D NMR measurements. The final product of the transformation 



 24

procedure (derivatization) has to be a pure, highly soluble compound 
that gives well-separated signals in the NMR spectrum. Most 
importantly, isotope fractionation during the derivatization must be 
ruled out, to avoid changes in the isotopomer abundances.  

Second, the hypothesis that D isotopomer distributions (DID) are 
determined by kinetic isotope effects (KIEs) had to be verified, to 
assert that DIDs can report on plant biochemistry and metabolic 
regulation. To this end, we compared DIDs of glucose formed along 
different photosynthetic pathways (C3 and C4 species), and we 
checked whether the DID pattern characteristic for C3 photosynthesis 
can be observed in tree-ring cellulose. 

Third, we aimed to show that individual D isotopomers can carry 
distinct signals. We studied the hydrogen isotope exchange with water 
during cellulose synthesis to identify C-H groups of tree ring cellulose 
which should carry the temperature signal from xylem water, or 
physiological signals. 

Finally, as a highly interesting example of physiological signals, we 
tested whether DIDs can report on long-term adaptations of plants to 
increasing CO2 by comparing DIDs of leaf and tree-ring cellulose 
from plants grown under various CO2 concentrations.  

Results and Discussion  

Measurement of deuterium isotopomer distributions  

The method used to convert glucose into samples for D NMR (Paper 
I) is a three-step transformation based on Schleucher et al. (1998). 
Glucose is transformed in acidic conditions to a first derivative (1,2-
5,6-di-O-isopropylidene-α-D-glucofuranose), which is hydrolysed 
into a second derivative (1,2-O-isopropylidene-α-D-glucofuranose), 
and then converted in basic conditions to the derivative used for D 
NMR (3,6-anhydro-1,2-O-isopropylidene-α-D-glucofuranose) (Fig. 1, 
Paper I). The derivatization was adapted to cellulose as starting 
material and was improved with respect to yield and purity of the 
product. The purity of the final derivative results from the specificity 
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of the reactions employed and from the purification steps used 
(column chromatography and solvent/solvent extraction). The 
specificity of the reaction for glucose allows using whole wood as 
starting material without purifying cellulose before the derivatization. 
The purity of each sample was verified by 1H NMR (Fig. 3A). Control 
experiments carried out as part of the development of the sample 
preparation protocol proved the absence of isotope fractionations 
during the derivatization.  

 
Fig. 3. Proton (A) and deuterium (B) NMR spectra of the glucose derivative 3,6-
anhydro-1,2-O-isopropylidene-α-D-glucofuranose. The seven signals in the 1H 
spectrum (A) correspond to the seven C-H groups of the derivative. Analogously, 
the seven signals in the D NMR spectrum correspond to the seven D isotopomers of 
the glucose molecule. The multiplet splittings observed in the 1H spectrum allow the 
assignment of each signal to its C-H group. Because signals occur in the D NMR 
spectrum at the same positions (“chemical shifts”) as in the 1H spectrum, this 
assignment can be transferred to the D isotopomers. 
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The parameters for the NMR analysis were chosen so that the 
measurement was quantitative; this was achieved by using a repetition 
time much longer than the relaxation time of the most slowly relaxing 
signal. This ensured that all signals were completely relaxed at the 
moment of the next acquisition, so that their integrals were 
proportional to the corresponding D isotopomer abundance. 

We can conclude from this first part of the project that with our 
derivatization protocol we obtain a glucose derivative with the desired 
chemical characteristics and that the NMR measurements we perform 
are quantitative. However, the low sensitivity of D NMR requires 
measurement times of at least 12 h per sample, prohibiting analysis of 
large sample numbers. Measurement times may be reduced decisively 
by the several-fold sensitivity gain offered by cryogenically cooled 
probes.  

Deuterium isotopomer distributions reflect metabolism 

To show that DIDs report on plant metabolism, the DIDs of glucose of 
several annual plants were measured which differed in their 
photosynthetic pathways. Plants representing C3 photosynthesis 
(Phaseolus vulgaris L.) and C4 photosynthesis were used. Among the 
C4 species Zea mays, Eragrostis curvula and Bouteloua gracilis were 
chosen, as representatives of the three subtypes of C4 photosynthesis, 
NADP-malic enzyme (NADP-ME), phosphoenolpyruvate 
carboxykinase (PEP-CK) and NAD- malic enzyme (NAD-ME), 
respectively. These species were grown in the same conditions to 
avoid differences due to environmental responses. In all leaf sugars 
analysed (soluble sugars, starch and cellulose) the D1 and D6R 
isotopomers are enriched in the C4 species compared to the C3 
species, while the D4 and D5 isotopomers are depleted (Figs. 1 and 2, 
Paper III and Fig. 4) For soluble sugars (i.e., mainly the glucose 
moiety of sucrose), these data confirm previous results (Schleucher et 
al., 1999; Zhang et al., 1994 & 2002), while no previous data exist for 
other metabolites. In leaf starch the D2 isotopomer is always depleted 
compared to the other D isotopomers (see also Fig. 5), both in C3 and 
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C4 species. In C4 species, D5 is also quite depleted compared to D5 
of C3 species. The depletion of the D2 isotopomer in starch has been 
attributed to the regulation of phosphoglucose isomerase, an enzyme 
that was thought to be in equilibrium and therefore of no relevance for 
regulation. While this assumption seems to hold in the cytosol, the 
chloroplastic form of the enzyme is in disequilibrium, as evidenced by 
the depletion of D2 (Schleucher et al., 1999). Among the C4 species 
analysed some differences in DID could been found. For example, D1 
is enriched and D6S is depleted in the cellulose of Zea mays, compared 
to the other C4 species (Fig. 4). The same differences between Zea 
mays and the other C4 species were found in leaf soluble sugars and 
leaf starch (data not shown). 
The differences found between DIDs of C3 and C4 species reflect 
differences in D isotope fractionation of enzymes involved in glucose 
synthesis in the photosynthetic carbon reduction (PCR) cycle. This is 
remarkable, because it is not obvious why the CO2 concentration 
mechanism of C4 plants should induce changes in the regulation of 
enzymes in the PCR cycle. Although the observed differences are not 
yet understood, their existence shows that DID measurements are a 
sensitive tool for detecting differences in metabolic regulation. 
Furthermore, the differences in DIDs between C3 and C4 species can 
be useful as empirical tools. These “DID fingerprints” of 
photosynthetic pathways may be used to deduce the percentages of C3 
and C4 species in paleo-vegetation, complementary to well-known 
differences in δ13C (Cerling et al., 1997). As will be shown below, 
DIDs are independent of the δD of source water, while conclusions 
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based on δ13C rely on estimates of δ13C of atmospheric CO2. 

 
Fig. 4. Leaf cellulose DIDs of the C3 species Phaseolus vulgaris (white bars) and of 
the three species representing the subtypes of C4 photosynthesis (Zea mays, 
Bouteloua gracilis and Eragrostis curvula (gray, black and horizontally dashed bars, 
respectively). Values are expressed as abundance deviation of each isotopomer from 
the average of all isotopomers and represent averages among plant samples ± 
standard deviation. 

When comparing DIDs of different carbohydrates from a single 
species, several observations can be made. The striking depletion of 
the D2 isotopomer in starch (Figs. 5A and 5B) and its explanation 
were mentioned above. The DID of leaf cellulose, which was analysed 
for the first time, is very similar to the DID of leaf soluble sugars; this 
observation holds for all C3 and C4 species. The similarity between 
the DIDs of leaf cellulose and soluble sugars indicates that cellulose 
synthesis in leaves occurs without major kinetic isotopic effects that 
could have changed the DID. Hydrogen isotope exchange with leaf 
water may occur, but is probably inconsequential because the 
exchanging water has the same δD as the water present at the sites of 
photosynthesis. The close agreement of the soluble sugars DIDs and 
leaf cellulose suggests that explanations of the DID of soluble sugars 
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will hold for cellulose as well, and physiological signals that can be 
identified in leaf sugars may also be present in leaf cellulose. 

     
Fig. 5. DIDs of leaf carbohydrates of the C3 species Phaseolus vulgaris (A) and the 
C4 species Zea mays (B). Isotopomer abundances of leaf soluble sugars (white bars), 
starch (gray bars) and cellulose (black bars) are expressed as deviation from the 
average abundance of all isotopomers. Values are average among plant samples ± 
standard deviation. 

Interpretations of δ values always rely on comparisons to another δ 
value. For plant material, δ13C of the photosynthetic substrate 
atmospheric δ13CO2 must be known to calculate the fractionation by 
the plant. In contrast, DID measurements constitute intramolecular 
abundance comparisons; therefore we hypothesized that DIDs should 
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be independent of the δ value of the plant’s source water. The D 
labelling experiment (Paper II) that we performed to study hydrogen 
isotope exchange during cellulose synthesis in tree rings provided 
material for a sensitive test of this hypothesis. We found that the DID 
of leaf soluble sugars of plants that had received water with natural D 
abundance differed only slightly from the DID of leaf soluble sugar of 
plants that received water five times enriched in D (Fig. 2, Paper II). 
Because this enrichment is more than one order of magnitude higher 
than D abundance variation of source water, this result showed that 
the DID of leaf soluble sugars does not depend on the leaf water D 
abundance. Thus, DIDs of leaf metabolites may be interpreted in 
terms of leaf physiology and metabolic regulation. 

Because the goal of this project is to use the DID of tree-ring cellulose 
to detect plants’ long-term responses to environmental changes, we 
had a keen interest in the DIDs of tree-ring cellulose, which have 
never been measured before. We compared several species, grown 
both in controlled conditions (greenhouse and whole-tree chambers) 
and in natural environments. We observed differences in the DID 
among the species, especially between conifers and broad-leaved 
trees. The latter difference can be related to the species’ different 
wood composition (Fig. 3, Paper III). As a main result, we observed 
that the DIDs of tree-ring cellulose contain the pattern typical for C3 
photosynthesis, as observed in tree leaves and in leaves of annual 
plants (Figs. 2 and 3, Paper III). The fact that DIDs of tree-ring 
cellulose keep the C3 pattern implies that leaf-level D fractionations 
can be detected in tree rings. In other words, physiological signals 
reporting on the regulation of photosynthesis may be recovered from 
tree-ring cellulose. This finding allows the study of physiological 
responses using tree-ring series, and opens a way to studying long-
term responses of plants to environmental changes. 
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Deuterium isotopomers separate climate and physiology 

Several previous studies attempted to detect the temperature signal, 
which is present in δD of precipitation, in δD of tree rings, but the 
results have been inconclusive (Pendall, 2000; McCarroll & Loader, 
2004). As it was known that hydrogen isotope exchange occurs during 
cellulose synthesis, we proposed that the temperature signal might be 
isolated if the exchange can be pinned down to individual C-H groups. 
A deuterium labelling experiment was carried out (Paper II) on two 
tree species (Quercus petraea and Picea abies), which created a D 
gradient between leaf sugars (with low D enrichment) and tree-ring 
cellulose (with high D enrichment). Comparison of the DIDs of leaf 
sugars and tree-ring cellulose allowed analysis of hydrogen isotope 
exchange for all C-H groups of cellulose. The experiment showed that 
the exchange percentages vary widely among the seven C-H groups of 
the glucose moiety from tree rings (Fig. 3 and Tables 2 and 3, Paper 
II). In oak tree-ring cellulose the C2-H group exchanges the most 
(79%), while the C6-HR and C6-HS groups exchange the least (about 
25%) (Table 2, Paper II). In spruce the variation in exchange 
percentages is less pronounced, however C2-H and C1,4,5-H 
exchanged to around 40%, while the C6-HR and C6-HS groups 
exchanged the least (15%) (Table 3, Paper II). Because hydrogen 
exchange occurs with xylem water, which is known to reflect the δD 
of source water without fractionation (White et al., 1985; Ehleringer 
& Dawson, 1992), the C-H groups that exchange the most should take 
on the δD of source water. From combined measurements of the DID 
and the whole-molecule δD, the δD of individual C-H groups can be 
calculated (Paper I). Provided tree-ring series are chosen from suitable 
sites, the δD of heavily exchanging C-H groups should carry a 
temperature signal present in δD of precipitation. In contrast, C-H 
groups that exchange weakly can transfer signals of leaf-level D 
fractionations into tree rings. Based on the distinction between 
strongly and weakly exchanging groups, we proposed strategies for 
reconstruction of temperature and physiological signals (Paper II). 
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Deuterium isotopomers monitor photorespiration 

Preliminary results (Schleucher, 1998) had suggested that the DID of 
C3 glucose depends on the CO2 concentration during plant growth. 
Therefore a possible causal relation between the DID and growth CO2 
was studied in annual plants and trees. We found that the parameter 
that responds most strongly to the CO2 concentration was the 
abundance ratio of the two D isotopomers at C6 of glucose, D6R/D6S. 
In sunflower leaf starch the D6R/D6S ratio decreased with increasing 
intercellular CO2 concentration (Fig. 3A, Paper IV). Expressing the 
D6R/D6S ratio as a function of the ratio of photorespiration to 
carboxylation (Fig. 3B Paper IV) revealed a well-defined linear 
dependence. Quantitatively agreeing results were found in several C3 
species and types of sugars (Fig. 4 and Table 1, Paper IV), showing 
that the dependence of the D6R/D6S ratio is a common feature of 
species with a C3 metabolic pathway. In contrast, the D6R/D6S ratio 
was independent of CO2 in C4 species (Table 1, Paper IV). The 
combined results supported the conclusion that the D6R/D6S ratio can 
serve as a measure of the metabolic flux ratio between the 
photorespiratory carbon oxidation (PCO) and PCR cycles. A 
biochemical explanation for this dependence was deduced based on 
the observation that the C6-H2 group of photosynthetic glucose is 
derived from the C3-H2 group of phosphoglycerate. This molecule is 
formed by different enzyme reactions in the PCO and PCR cycles, and 
can therefore be expected to differ in its DID (Fig. 5, Paper IV). 
Therefore, a change of the PCO/PCR ratio can affect the DID of 
phosphoglycerate, and this signal can be transmitted to the C6-H2 
group of photosynthetic glucose. 
Most interestingly, a dependence of the D6R/D6S ratio on CO2 was 
also found in tree-ring cellulose. This agrees with the observation 
(Paper II) that the C6-HR and C6-HS groups exchange only weakly 
during cellulose synthesis and can therefore retain physiological 
signals originating from the leaf level. This opens the exciting 
opportunity to reconstruct changes in the PCO/PCR ratio in the past, 
and to identify long-term adaptations of plants to changing 
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environmental conditions. The time scales that may be considered 
range from centuries (tree rings from single trees) to thousands of 
years (using tree rings covering the CO2 increase during the last 
deglaciation 12000 years ago), or even millions of years (using 
cellulose remaining in brown coal). 

Conclusions 

The results presented in this thesis indicate that the analysis of DIDs is 
a very promising tool to monitor plant physiology and climate. We 
have shown that the DID of tree-ring cellulose is non-random and 
contains a pattern reflecting leaf metabolism. The DID of glucose 
differs between C3 and C4 species and can even be used to distinguish 
subtypes of C4 photosynthesis (Figs. 4 and 5). Although the DID 
difference between C3 and C4 species is only an empirical 
observation, this difference can be useful to identify the enzymes 
responsible for D fractionation, and to deduce differences in carbon 
metabolism between C3 and C4 species. The strongly non-random 
DIDs of all metabolites studied indicate that the whole-molecule D/H 
ratio (δD) has to be considered as an average of strongly variable 
isotopomer abundances. Therefore interpretations of δD are precarious 
unless changes of individual isotopomer abundances can be ruled out.  

The fact that individual D isotopomers of tree-ring cellulose carry 
distinct signals may be exploited to simultaneously reconstruct climate 
signals and physiological signals (Paper II). Thus, D isotopomers of 
tree rings can improve the geographical coverage of climate 
reconstructions, which may help to assess past climate variability. Of 
course, identification of suitable samples, with respect to species and 
site selection, is essential in these studies, as with all studies aiming to 
reconstruct paleo signals.  

The dependence of the D6R/D6S on the metabolic flux ratio of 
photorespiration to photosynthesis (PCO/PCR flux ratio, Fig. 2B, 
Paper IV) is an important example for a physiological signal that can 
be derived from isotopomers. Reconstructing the PCO/PCR flux ratio 
over long time spans might shed light on the long-standing question of 
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whether photorespiration is an unavoidable wasteful side reaction of 
carbon fixation (Tcherkez et al., 2006), or an evolutionarily conserved 
trait with important functions (Osmond & Grace, 1995). Conservation 
of photorespiration is an example for possible long-term adaptations 
of plants to changing environmental conditions. Due to the lack of 
approaches for studying them, such adaptations have barely been 
considered. 
 



 35

Acknowledgment 

I would like to thank the people I worked with during this project and 
who supported me in several ways during the time I spent at Umeå 
University: 
My supervisor Jürgen Schleucher, who gave me the opportunity to 
work on this project and introduced me to a new perspective of 
looking at stable isotopes. It has been great to join his group from the 
beginning and experience the joy of the first results that gave us 
confidence to continue. I enjoyed working with such a good scientist 
and expert in NMR, such a positive and enthusiastic person, always 
available for explanations and support. I want to thank Jürgen also for 
opening my mind on how to spend my free time in a place like Umeå. 
Vaughan Hurry for being my co-supervisor at the Plant Physiology 
Department at Umeå Plant Science Centre. 
Tatiana Betson, who soon joined the group and brought so many good 
ideas to solve the issues we met during the time we worked together. 
She has been a wonderful lab mate and not only that, but mainly a 
very good friend. 
Nicholas Betson for his friendship and for the elucidating and 
interesting discussions about stable isotopes and plant physiology over 
the lunch breaks. I would like to thank him also for the English 
support he gave me in many occasions. 
Heather Reese for the English revision of this thesis, for all time spent 
together, and for being a friend.  
All the members of Medical Biochemistry and Biophysics Department 
who made the time at work pleasant and enjoyable, in particular, but 
not only, Göran, Janusz, Sara, Tobias S., Tobias T., Elke, Kristina, 
Katja, Peter, Linus, Aster.  
Ingrid Råberg, Monica Iversen and Carina Sandberg for the helpful 
support during these years in the matter of bureaucratic stuff.  
The Centre for Environmental Research in Umeå, the Swedish 
Foundation for Strategic Research, the Swedish Research Council, the 
Kempe and the Wallenberg foundations for financial support of the 
project. 



 36

References 
Ainsworth EA, Long SP. 2005. What have we learned from 15 years of free-air CO2 
enrichment (FACE)? A meta-analytic review of the responses of photosynthesis, 
canopy properties and plant production to rising CO2. New Phytologist 165: 351-
371. 
Armellin S, Brenna E, Frigoli S, Fronza G, Fuganti C, Mussida D. 2006. 
Determination of the synthetic origin of methamphetamine samples by H-2 NMR 
spectroscopy. Analytical Chemistry 78: 3113-3117. 
Augusti A, Schleucher J. 2007. The ins and outs of stable isotopes in plants. New 
Phytologist, in press. 
Barbour MM, Schurr U, Henry BK, Wong SC, Farquhar GD. 2000. Variation in the 
oxygen isotope ratio of phloem sap sucrose from castor bean. Evidence in support of 
the Péclet effect. Plant Physiology 123: 671-679. 
Barbour MM, Andrews TJ, Farquhar GD. 2001. Correlations between oxygen 
isotope ratios of wood constituents of Quercus and Pinus samples from around the 
world. Australian Journal of Plant Physiology 28: 335-348. 
Briffa KR, Jones PD, Schweingruber FH, Karlén W, Shiyatov SG. 1996. Tree-ring 
variables as proxy-climate indicators: problems with low-frequency signals. In: 
Jones PD, Bradley RS, Jouzel J. eds. Climate variations and forcing mechanisms of 
the last 2000 years. Sperling-Verlag, Berlin, 9-41 
Briffa KR, Schweingruber FH, Jones PD, Osborn TJ, Shiyatov SG, Vaganov EA. 
1998. Reduced sensitivity of recent tree-growth to temperature at high northern 
latitudes. Nature 391: 678-682. 
Brugnoli E, Farquhar GD. 2000. Photosynthetic fractionation of carbon isotopes. In: 
Leegood RC, Sharkey TD, von Caemmerer S. eds. Photosynthesis: Physiology and 
Metabolism (Advances in Photosynthesis, volume 9). Kluwer Academic Publishers, 
pp. 399-434 
Cerling TE, Harris JM, MacFadden BJ, Leakey MG, Quade J, Eisenmann V, 
Ehleringer JR. 1997. Global vegetation change through the Miocene/Pliocene 
boundary. Nature 389: 153-158. 
Craig H, Gordon LI. 1965. Deuterium and oxygen-18 variations in the ocean and the 
marine atmosphere. In: Tongiorgi E., ed. Proceedings of a Conference on Stable 
Isotopes in Oceanographic Studies and Paleotemperatures. Spoleto, Italy: Lischi & 
Figli Publishers, pp. 9 - 130. 
Dansgaard W. 1964. Stable isotopes in precipitation. Tellus 16: 436-468. 
DeLucia EH, Hamilton JG, Naidu SL, Thomas RB, Andrews JA, Finzi A, Lavine 
M, Matamala R, Mohan JE, Hendrey GR, Schlesinger WH. 1999. Net primary 
production of a forest ecosystem with experimental CO2 enrichment. Science 284: 
1177-1179. 



 37

DeNiro MJ, Cooper LW. 1989 Post-photosynthetic modification of oxygen isotope 
ratios of carbohydrates in the potato – implications for paleoclimatic reconstruction 
based upon wood. Geochimica et Cosmochimica Acta 53: 2573-2580. 
Dongmann G, Nurnberg HW, Förstel H, Wagener K. 1974. On the enrichment of 
H2

18O in the leaves of transpiring plants. Radiation and Environmental Biophysics 
11: 41-52.  
Ehleringer JR, Dawson TE. 1992. Water-uptake by plants – perspectives from 
stable isotope composition. Plant, Cell & Environment 15: 1073-1082. 
Epstein S, Yapp CJ, Hall JH. 1976. The determination of the D/H ratio of non-
exchangeable hydrogen in cellulose extracted from aquatic and land plants. Earth 
and Planetary Science Letters 30: 241-251. 
Epstein S, Thompson P, Yapp CJ. 1977. Oxygen and hydrogen isotopic ratios in 
plant cellulose. Science 198: 1209-1215.  
Farquhar GD, O'Leary MH, Berry JA. 1982. On the relationship between carbon 
isotope discrimination and the intercellular carbon dioxide concentration in leaves. 
Australian Journal of Plant Physiology 9: 121-137. 
Farquhar GD, Lloyd J. 1993. Carbon and oxygen isotope effects on the exchange of 
carbon dioxide between plants and the atmosphere. In: Ehleringer, JR, Hall, AE, 
Farquhar, G.D. eds., Stable isotopes and plant carbon-water relations. Academic 
Press, Ney York, USA, pp. 47-70. 
Flanagan LB, Comstock JP, Ehleringer JR. 1991. Comparison of modeled and 
observed environmental influences on the stable oxygen and hydrogen isotope 
composition of leaf water in Phaseolus vulgaris L. Plant Physiology 96: 588-596. 
Gessler A, Peuke AD, Keitel C, Farquhar GD. 2007. Oxygen isotope enrichment of 
organic matter in Ricinus communis during the diel course and as affected by 
assimilate transport. New Phytologist, in press. 
Gonfiantini R, Gratziu S, Tongiorgi E. 1965. Oxygen isotope composition of water 
in leaves. In: Isotopes and radiation in soli – plants nutrition studies. International 
Atomic Energy Agency, Vienna, Austria, pp. 405-410. 
Helliker BR, Ehleringer JR. 2002 Grass blades as tree rings: environmentally 
induced changes in the oxygen isotope ratio of cellulose along the length of grass 
blades. New Phytologist 155: 417-424. 
Hill SA, Waterhouse JS, Field EM, Switsur VR, ap Rees T. 1995. Rapid recycling of 
triose phosphates in oak stem tissue. Plant, Cell & Environment 18: 931-936. 
IPCC 2001. Houghton JT, et al. 2001: Climate change 2001: The scientific basis. 
Contribution of Working Group I to the Third Assessment Report of the 
Intergoverrnmental Panel on Climate Change. Cambridge, United Kingdom and New 
York, NY, USA: Cambridge University Press. 
IPCC 2007. Halley R. et al., Climate change 2007: The physical science basis. 
Contribution of Working Group I to the Fourth Assessment Report of the 



 38

Intergoverrnmental Panel on Climate Change. Summary for Policymakers. 
http://www.ipcc.ch 
Knorr W, Prentice IC, House JI, Holland EA. 2005. Long-term sensitivity of soil 
carbon turnover to warming. Nature 433: 298–301. 
Körner C, Asshoff R, Bignucolo O, Hättenschwiler S, Keel SG, Peláez-Riedl S, 
Pepin S., Siegwolf RTW, Zotz G. 2005. Carbon Flux and Growth in Mature 
Deciduous Forest Trees Exposed to Elevated CO2 Science. 309: 1360-1362 
Long SP, Ainsworth EA, Rogers A, Ort DR. 2004. Rising atmospheric carbon 
dioxide: Plants FACE the Future. Annual Review of Plant Biology 55: 591-628. 
Majoube M. 1971. Fractionnement en oxygène-18 et en deutérium entre l’eau et sa 
vapour. Journal of Chemical Physics 58: 1423-1436 
Mann ME, Bradley RS, Hughes MK. 1998. Global-scale temperature patterns and 
climate forcing over the past six centuries. Nature 392: 779-787. 
Marshall JD, Monserud RA. 1996. Homeostatic gas-exchange parameters inferred 
from 13C/12C in tree rings of conifers. Oecologia 105: 13-21. 
Mazor I. 1991. Stable hydrogen and oxygen isotopes. In: Applied chemical and 
isotopic groundwater hydrology. Halstead Press – a division of John Wiley & Sons, 
Inc., New York. U.S. pp. 122-146. 
McCarroll D, Loader NJ. 2004. Stable isotopes in tree rings. Quaternary Science 
Reviews 23: 771-801. 
Melander L, Saunders W H. 1980. Reaction Rates of Isotopic Molecules. New 
York, USA: Wiley-Interscience, Hoboken. 
Merlivat L. 1978 Molecular diffusivities of H2

18O in gases. Journal of Chemical 
Physics 69: 2864-2871 
Norby RJ, Luo YQ. 2004. Evaluating ecosystem responses to rising atmospheric 
CO2 and global warming in a multi-factor world. New Phytologist 162: 281-293. 
Nowak RS, Ellsworth DS, Smith SD. 2004. Functional responses of plants to 
elevated atmospheric CO2 – Do photosynthetic and productivity data from FACE 
experiments support early predictions? New Phytologist 162: 253-280. 
Oechel WC, Vourlitis GL, Hastings SJ, Zulueta RC, Hinzman L, Kane D. 2000. 
Acclimation of ecosystem CO2 exchange in the Alaskan Arctic in response to 
decadal climate warming. Nature 406: 978-981. 
Oren R, Ellsworth DS, Johnsen KH, Phillips N, Ewers BE, Maier C, Schafer KVR, 
McCarthy H, Hendrey G, McNulty SG, Katul GG. 2001. Soil fertility limits carbon 
sequestration by forest ecosystems in a CO2-enriched atmosphere. Nature 411: 469-
472. 
Osmond CB, Grace SC. 1995. Perspectives on photoinhibition and photorespiration 
in the field: Quintessential inefficiencies of the light and dark reactions of 
photosynthesis. Journal of Experimental Botany 46: 1351-1362.  
Pendall E. 2000. Influence of precipitation seasonality on piñon pine cellulose δD 
values. Global Change Biology 6: 287-301. 



 39

Petit JR, Jouzel J, Raynaud D, Barkov NI, Barnola JM, Basile I, Bender M, 
Chappellaz J, Davis M, Delaygue G, Delmotte M, Kotlyakov VM, Legrand M, 
Lipenkov VY, Lorius C, Pepin L, Ritz C, Saltzman E, Stievenard M. 1999. Climate 
and atmospheric history of the past 420,000 years from the Vostok ice core, 
Antarctica. Nature 399: 429-436. 
Robins RJ, Billault I, Duan J-R, Guiet S, Pionnier S, ZhangB-L. 2003 Measurement 
of 2H distribution in natural products by quantitative 2H NMR: An approach to 
understanding metabolism and enzyme mechanism? Phytochemistry Reviews 2: 87-
102. 
Roden JS, Ehleringer JR. 1999. Hydrogen and oxygen isotope ratios of tree-ring 
cellulose for riparian trees grown long-term under hydroponically controlled 
environments. Oecologia 121: 467-477.  
Roden JS, Lin G, Ehleringer JR. 2000. A mechanistic model for interpretation of 
hydrogen and oxygen ratios in tree-ring of cellulose. Geochimica et Cosmochimica 
acta 64: 21-35. 
Scartazza A, Lauteri M, Guido MC, Brugnoli E. 1998. Carbon isotope 
discrimination in leaf and stem sugars, water-use efficiency and mesophyll 
conductance during different developmental stages in rice subjected to drought. 
Australian Journal of Plant Physiology 25: 489-498. 
Saurer M, Siegwolf RTW, Schweingruber FH. 2004. Carbon isotope discrimination 
indicates improving water-use efficiency of trees in northern Eurasia over the last 
100 years. Global Change Biology 10: 2109-2120. 
Scheidegger Y, Saurer M, Bahn M, Siegwolf R. 2000. Linking stable oxygen and 
carbon isotopes with stomatal conductance and photosynthetic capacity: A 
conceptual model. Oecologia 125: 350-357. 
Schiermeier Q. 2007 What we don’t know about climate change. Nature 445: 480-
581. 
Schlesinger WH, Lichter J. 2001. Limited carbon storage in soil and litter of 
experimental forest plots under increased atmospheric CO2. Nature 411: 466-469.  
Schleucher J. 1998. Intramolecular deuterium distributions and plant growth 
conditions. In: Griffiths H. ed. Stable Isotopes - integration of biological, ecological 
and geochemical processes. Oxford, UK: Bios Scientific Publishers, pp. 63-73. 
Schleucher J, Vanderveer P, Sharkey TD. 1998. Export of carbon from chloroplasts 
at night. Plant Physiology 118: 1439-1445. 
Schleucher J, Vanderveer P, Markley JL, Sharkey TD. 1999. Intramolecular 
deuterium distributions reveal disequilibrium of chloroplast phosphoglucose 
isomerase. Plant, Cell & Environment 22: 525-534. 
Schmidt H-L. 2003. Fundamentals and systematics of the non-statistical 
distributions of isotopes in natural compounds. Naturwissenschaften 90: 537-552. 
Schweingruber FH. 1996. Tree rings and environmental dendroecology. Berne, 
Switzerland: Haupt Verlag AG. 



 40

Sternberg L, DeNiro MJ, Ting IP. 1984. Carbon, hydrogen, and oxygen isotope 
ratios of cellulose from plants having intermediary photosynthetic modes. Plant 
Physiology 74: 104-107. 
Sternberg LDL, DeNiro MJ, Johnson HB. 1986 Oxygen and hydrogen isotope 
ratios of water from photosynthetic tissues of CAM and C-3 plants. Plant Physiology 
82: 428-431. 
Sternberg LD, Anderson WT, Morrison K. 2003. Separating soil and leaf water O-
18 isotopic signals in plant stem cellulose. Geochimica et Cosmochimica acta 67: 
2561-2566. 
Sternberg L, Pinzon MC, Anderson WT, Jahren H. 2006. Variation in oxygen 
isotope fractionation during cellulose synthesis: intramolecular and biosynthetic 
effects. Plant Cell and Environment 29: 1881-1889. 
Tcherkez GGB, Farquhar GD, Andrews TJ. 2006. Despite slow catalysis and 
confused substrate specificity, all ribulose bisphosphate carboxylases may be nearly 
perfectly optimized. Proceedings of the National Academy of Sciences 103: 7246-
7251. 
Terwilliger VJ, DeNiro MJ. 1995. Hydrogen isotope fractionation in wood-
producing avocado seedlings: Biological constraints to paleoclimatic interpretations 
of delta D values in tree ring cellulose. Geochimica et Cosmochimica acta 59: 5199-
5207. 
Waterhouse JS, Switsur VR, Barker AC, Carter AH, Robertson I. 2002. Oxygen 
and hydrogen isotope ratios in tree rings: how well do models predict observed 
values? Earth & Planetary Science Letters 201: 421-430. 
Wershaw RL, Friedman I, Heller SJ, Frank PA. 1966. Hydrogen isotope 
fractionation in water passing through trees. In: Hobson GD. ed. Advances in 
Organic Geochemistry, Proceedings of the Third International Congress. New York, 
USA: Pergamon, pp. 55-67. 
White JWC, Cook ER, Lawrence JR, Broecker WS. 1985. The D/H ratios of sap in 
trees: Implications for water sources and tree ring D/H ratios. Geochimica et 
Cosmochimica acta 49: 237-246. 
Yakir D, DeNiro MJ. 1990. Oxygen and Hydrogen isotope fractionation during 
cellulose metabolism in Lemna gibba L.. Plant Physiology 93: 325-332. 
Zhang BL, Quemerais B, Martin ML, Martin GJ, Williams JM. 1994. Determination 
of the natural deuterium distribution in glucose from plants having different 
photosynthetic pathways. Phytochemical Analysis 5: 105-110. 
Zhang BL, Billault I, Lo XB, Mabon F, Remaud G, Martin ML. 2002. Hydrogen 
isotopic profile in the characterization of sugars. Influence of the metabolic pathway. 
Journal of Agriculture and Food Chemistry 50: 1574-1580. 
Ziegler H, Osmond CB Stichler W, Trimborn P. 1976. Hydrogen isotope 
discrimitation in higher plants: Correlations with photosynthetic pathway and 
environment. Planta 128: 85-92. 


