
Chapter 7
Newer Developments in Tree-Ring Stable
Isotope Methods

Katja T. Rinne-Garmston, Gerhard Helle, Marco M. Lehmann,
Elina Sahlstedt, Jürgen Schleucher, and John S. Waterhouse

Abstract The tree-ring stable C, O and H isotope compositions have proven valu-
able for examining past changes in the environment and predicting forest responses to
environmental change. However, we have not yet recovered the full potential of this
archive, partly due to a lack understanding of fractionation processes resulting from
methodological constraints. With better understanding of the biochemical and tree
physiological processes that lead to differences between the isotopic compositions of
primary photosynthates and the isotopic compositions of substrates deposited in stem
xylem, more reliable and accurate reconstructions could be obtained. Furthermore,
by extending isotopic analysis of tree-ring cellulose to intra-molecular level, more
information could be obtained on changing climate, tree metabolism or ecophysi-
ology. This chapter presents newer methods in isotope research that have become
available or show high future potential for fully utilising the wealth of information
available in tree-rings. These include compound-specific analysis of sugars and cycli-
tols, high spatial resolution analysis of tree rings with UV-laser, and position-specific
isotope analysis of cellulose. The aim is to provide the reader with understanding of
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the advantages and of the current challenges connected with the use of these methods
for stable isotope tree-ring research.

7.1 Introduction

Significant gaps still exist in our understanding about how a given isotopic compo-
sition of a tree ring is formed. This mainly concerns the metabolic processes and
isotopic fractionations that occur post-photosynthetically in the leaf and phloem and
also during tree-ring formation (see Chap. 13). To achieve a profound level of knowl-
edge of these processes that impact the environmental signal extractable from tree-
ring δ2H, δ13C and δ18O values, it is necessary to go beyond the conventional analyt-
ical methods in isotope analysis, which utilize “bulk” matter (e.g. leaves or sugar
extract) and to focus on studies at intra-annual level and at intra-molecular level. New
methodological developments have beenmade during the last decade that have shown
highpotential in this respect. These developments enable us to study isotopic fraction-
ationprocesses and environmental signals in δ13C, δ18Oand to someextent also in δ2H
values at molecular (compound-specific isotope analysis, “CSIA”) and even at intra-
molecular (position-specific isotope analysis) level. Combined with methodological
advancements in intra-annual tree-ring analysis (application of UV-laser), these new
applications will improve our understanding of the relationships between climatic
and isotope variability in tree rings. This chapter describes the new methodological
developments of stable isotope analysis established for non-structural carbohydrates
and tree rings.

7.2 Compound-Specific δ13C and δ18O Analysis of Sugars
and Cyclitols

CSIAwas introduced already in 1984 for δ13C, which was accomplished by coupling
on-line Gas Chromatography (GC) to an Isotope Ratio Mass Spectrometer (IRMS)
(Barrie et al. 1984).However, δ13C analysis of carbohydrates using aGC/combustion-
IRMS requires substantial derivatization, which incorporates external carbon atoms
into the molecule and can cause kinetic isotope effects (Boschker et al. 2008; Macko
et al. 1998). The development of a new interface for on-line coupling of high-
performance liquid chromatography (HPLC) to an IRMS by Krummen et al. (2004)
overcame these issues by removing the need for sample derivatization. Hence, it has
become the method of choice for δ13C analysis of sugars and sugar-like compounds
(Boschker et al. 2008; Rinne et al. 2012). δ18O analysis of carbohydrates has been
recently achieved with GC/pyrolysis-IRMS (Zech and Glaser 2009; Zech et al.
2013a), where CSIA has been finally accomplished without the introduction of
external O into the derivative (Lehmann et al. 2016). So far, no literature has been
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published on compound-specific hydrogen isotope analysis of carbohydrates using
chromatographic separation, presumably because of the oxygen-bound hydrogen
that exchanges with surrounding water during sample processing or the addition of
external hydrogen to the sugar molecule during derivatization.

7.2.1 δ13C Analysis of Tree Sugars and Cyclitols Using
Liquid Chromatography

Tree-ring δ13C composition does not directly record changes in the ratio of leaf
internal to ambient CO2 concentrations (ci/ca), which would relate to changes in
environmental conditions and their impact on photosynthetic rate and stomatal
conductance (Barbour and Song 2014; Cernusak et al. 2009; Gessler et al. 2014).
A multitude of mechanisms have been proposed that may modify the original envi-
ronmental signal imprinted in primary photosynthates (Farquhar et al. 1982) during
the pathway from leaf sucrose production to its consumption for stem wood produc-
tion. These include respiration, enzymatic isotope fractionation, carbohydrate storage
effects and fractionation during xylem cell formation (Gleixner et al. 1998; Helle and
Schleser 2004; Panek andWaring 1997; Rinne et al. 2015a) (see Chap. 13). Detailed
understanding of post-photosynthetic fractionations and processes is necessary for
improved interpretation of δ13C signal in tree rings. To achieve a profound level
of understanding for a single biochemical process, studies must be conducted on a
molecular level. This is because individual compounds within the “bulk” matter may
have a δ13C signal that contains substantially different environmental or biochemical
information. For tree rings, the need for CSIA was recognized quite early, and cellu-
lose extraction is nowadays a common, and recommended practice in stable isotope
laboratories developing tree-ring isotopic chronologies. For metabolic studies, isola-
tion of other compounds, such as sugars, starch and organic acids, is also needed.
This section discusses CSIA of sugars and sugar-like substances (cyclitols), which
are involved in various biochemical processes and are essential for the accurate
interpretation of the tree-ring δ13C archive.

7.2.1.1 Analytical Methodology

Isotope analysis of bulk material, such as whole leaves or bulk compounds extracted
by water, has been the mainstay in biochemical studies. However, bulk isotope ratios
reflect the average value of compound-specific isotope ratios in a mixture, where
the individual compounds may substantially differ in their isotopic value due to
differences in their genesis. Hence, the recent literature has started to explore the
application of chromatographic separation on bulk matter prior to isotope analysis,
which is possible on-line using high-performance liquid chromatography (HPLC),
ion chromatography (IC) or gas chromatography (GC) connected via an interface to
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an IRMS. HPLC and IC separation are best suited for the analysis of non-volatile,
polar and thermally labile sugars and cyclitols (e.g. pinitol andmyo-inositol), because
no modifications (i.e. derivatization) are required for the analyte prior to its intro-
duction to an HPLC/IC-IRMS system. For HPLC (Krummen et al. 2004) and IC
(Morrison et al. 2010) separation, a small amount of purified sugar extract is injected
into amoving streamof liquid (i.e.mobile phase, diluteNaOH),which passes through
a column packedwith particles of stationary phase. Themost commonly used column
for CSIA of sugars has been the Dionex CarboPac PA20 (Thermo Fisher Scientific)
due to its capabilities at separating individual chromatography peaks (Boschker et al.
2008; Rinne et al. 2012). Column oven temperatures of 15 or 20 °C have been typi-
cally used for plant sugars (Rinne et al. 2015a). At higher temperatures isomerization
will distort δ13C values of hexoses (Rinne et al. 2012). Different compounds pass
through a column at different times, i.e. they have different elution rates. The eluting
compounds are oxidized to CO2, when still in themobile phase, using sodium persul-
fate (Na2S2O8) under acidic conditions (H3PO4) at 99 °C. Since oxidization is done
in the mobile phase, which contains dissolved CO2 and a high abundance of O atoms
from the chemicals used, these instruments are not suitable for compound-specific
δ18O analyses (for δ18O analysis see Sect. 7.2.2). For δ13C determination, the CO2

produced from each carbohydrate is separated from the mobile phase in a capil-
lary gas separator flushed with helium gas, dried and led to the IRMS for analysis.
The analytical instruments enable accurate and reproducible δ13C measurements of
sample sizes down to 400 ng of C per compound. In addition, the produced CO2

can be also used to obtain the concentration of each carbohydrate. An example of a
HPLC-IRMS chromatogram of larch needle sugars is presented in Fig. 7.1.

Fig. 7.1 Larch needle sugar HPLC-IRMS (top graph) and GC/Py-IRMS (bottom) chromatograms
for compound-specific δ13C and δ18O analysis, respectively. The four compounds with adequate
amount of material for isotope analysis are pinitol (P), sucrose (S), glucose (G) and fructose (F)
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7.2.1.2 Sample Preparation

In the field, collected plant samples for sugar extraction are placed immediately in a
cold box below 0 °C and microwaved soon after (60 s at 600 W) to stop enzymatic
activities (Wanek et al. 2001). Sampled tissues are subsequently dried for 24 h at 60 °C
and ground to fine powder. Typically, the water soluble fraction is extracted using a
method modified after Wanek et al. (2001) and Rinne et al. (2012). According to this
method, reaction vials are filled with 60 mg of the homogenized needle powder and
1.5 mL of Milli-Q water (18.2 M�, total organic C < 5 ppb). The mixture is stirred
with vortex until the powder is fully suspended. The tubes are then placed in a water
bath at 85 °C for 30 min. The samples are then centrifuged at 10,000 g for 2 min.
For phloem samples, the exudation method has been used for obtaining sugars for
isotope analysis (Gessler et al. 2004; Treydte et al. 2014), and described in detail in
Chap. 13. After extraction, neutral carbohydrates are purified from ionic compounds
using anion and cation exchange cartridges (FionexOnGuard II H andOnGuard II A,
Thermo Fisher Scientific; Wild et al. 2010) and from phenolic compounds (Dionex
OnGuard II P) as described in detail in Rinne et al. (2012). Purification is necessary
not only to simplify the chromatogram but also to remove compounds that could
affect the column performance and lifetime (Boschker et al. 2008).

7.2.1.3 Research Applications

So far only a few studies have been published on compound-specific δ13C analysis
of tree sugars and cyclitols. CSIA has been applied on leaf (Bogelein et al. 2019;
Churakova (Sidorova) et al. 2018; Churakova (Sidorova) et al. 2019; Galiano et al.
2017; Rinne et al. 2015a), twig and stem phloem (Bogelein et al. 2019; Smith et al.
2016), shoot (Streit et al. 2013) and coarse root (Galiano et al. 2017) samples for
tree physiological and environmental studies, both at natural isotope abundance and
after 13CO2 labelling. In addition to trees, CSIA of sugars has been used on a CAM
plant Kalanchoë daigremontiana to study the flux of carbon from PEPC and direct
Rubisco fixation (Wild et al. 2010), on potato plants to study source of leaf respired
CO2 (Lehmann et al. 2015) and on common bean to determine the influence of sugars
and cyclitols on predictions of plant water use efficiency (Smith et al. 2016).

For leaf sugars of larch (Larix gmelinii Rupr. in Siberia and Larix decidua Mill.
in Swiss mountains), high resolution sampling during a growing season has shown
a significant climatic signal with little or no sign of the use of carbohydrate reserves
in δ13C values of sucrose or hexoses (glucose and fructose) in studies at natural
abundance (Churakova (Sidorova) et al. 2019; Rinne et al. 2015a). Also, Streit et al.
(2013) combined 13C-labelling with subsequent CSIA on larch (Larix decidua), and
showed that sucrose δ13Cvaluewas notmuch affected by old stored carbon. The intra-
seasonal low-frequency trends of climatic variability observed in leaf sucrose, which
is the sugar transported from leaves to phloem (Dennis andBlakeley 2000; Streit et al.
2013), ofLarix gmelinii (Rinne et al. 2015a)were retained in the corresponding intra-
annual tree-ring δ13C records (Rinne et al. 2015b). This matching of seasonal signals
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may indicate a better chance to reconstruct seasonal climate information from larch
trees compared with other species that have shown more dependency on reserves.
To improve knowledge on the use of C reserves for leaf sugar formation and to
determine how the intra-seasonal climate signal in leaf sugars is preserved in intra-
annual tree-ring δ13C record, similar studies are needed also for other tree species
and for different growing conditions.

CSIA analysis has shown that individual sugars and sugar-like compounds have
differences in the environmental signal stored in their δ13C values due to differences
in their genesis (Fig. 7.2). In contrast to sugars, which have been reported to record
well day-to-day variability of the ambient weather conditions (Rinne et al. 2015a),
leaf pinitol is isotopically relatively invariable from one day to another suggesting a
slow turnover rate for this compound (Bogelein et al. 2019; Churakova (Sidorova)
et al. 2019; Rinne et al. 2015a). A significant carbon reserve signal in pinitol δ13C
was suggested also by the study of Streit et al. (2013). Yet, the abundance and δ13C
value of pinitol have been observed to correlate with stress-related processes, such as
drought and cold temperatures (Churakova (Sidorova) et al. 2019; Ford 1984; Moing
2000; Rinne et al. 2015a). In addition to the significant differences in intra-seasonal
trends between pinitol and sugars, also the absolute δ13C values differ: pinitol is in
general relatively 13C-depleted. For these reasons, climatic and physiological signals

Fig. 7.2 CSIA of individual leaf sugars. δ13C and δ18O values in glucose, fructose, sucrose, and
quercitol in 2 year old oak (Quercus robur) saplings under well-watered (W) and dry (D) soil
moisture conditions measured by HPLC- and GC/Pyr-IRMS, respectively. Dry conditions were
induced by no water addition for 3 weeks. Experimental details of the greenhouse experiment can
be derived from (Lehmann et al. 2018). Mean ± SE (n = 4–5)
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extractable from leaf photosynthates can be reduced or even distorted, if bulk δ13C
analysis (vs. CSIA) is used for samples with high pinitol content. For example,
(Bogelein et al. 2019) reported absence of diel variation in δ13C of leaf and twig
phloem water soluble organic matter of Douglas fir, which was connected with the
large amount of isotopically relatively invariable cyclitols. Further, the CSIA studies
of Rinne et al. (2015a) and Rinne et al. (2015b) on larch suggested that the widely
reported and debated 13C-depletion of leaf bulk sugars relative to tree rings (Gessler
et al. 2009; Gleixner et al. 1993) is in large parts due to the high abundance of 13C-
depleted pinitol in the leaves, as well as due to the 13C-enrichment of the transport
sugar sucrose relative to hexoses (Bogelein et al. 2019; Churakova (Sidorova) et al.
2018; Churakova (Sidorova) et al. 2019; Rinne et al. 2015a). Bulk sugar δ13C analysis
can also lead to erroneous conclusions on the use of reserves for leaf sugar formation,
if pinitol is abundant in the studied leaves, as is typical for areas with cold winters
where pinitol is needed for cryoprotection (Lipavská et al. 2000).

The 13C-enrichment of leaf sucrose relative to hexoses is likely caused by inver-
tase enzyme (Rinne et al. 2015b), which causes fractionation at the C-2 position of
fructose leading to ~1‰ relative enrichment of sucrose (Gilbert et al. 2011; Mauve
et al. 2009). The δ13C difference between leaf sucrose and hexoses can be sustained
with continuous synthesis (hexoses) and transport (sucrose) reactions (i.e. branching
points) (Hobbie andWerner 2004). However, the level of leaf sucrose 13C-enrichment
relative to hexoses is not constant in the published studies (Bogelein et al. 2019;
Churakova (Sidorova) et al. 2018; Churakova (Sidorova) et al. 2019), not even within
a growing season (Rinne et al. 2015a). This may indicate, for example, a varying
level of activity of the fractionating invertase enzyme (Rinne et al. 2015b), the pres-
ence of readily available residual remobilized carbohydrates (Rinne et al. 2015b),
tree health status (Churakova (Sidorova) et al. 2018) or species specific differences
(Pinus mugo ssp. uncinata and Larix decidua) (Churakova (Sidorova) et al. 2019).

The 13C-enrichment of sucrose relative to hexoses and cyclitols could also explain
the reported 13C- enrichment of phloem (where sucrose is loaded for downstream
transport) relative to leaves in studies that have analysed bulk sugar δ13C values
(Brandes et al. 2006). Indeed, forDouglas fir trees (Pseudotsugamenziesii), Bogelein
et al. (2019) reported a one-to-one relationship between leaf sucrose δ13C and twig
bulk sugar δ13C values supporting the hypothesis. However, for broad-leaved species,
compartmentalization of sugars with different δ13C composition in leaf mesophyll
may induce an additional isotopic fractionation during phloem loading (Bogelein
et al. 2019). More studies are needed to understand how leaf-to-phloem isotope
fractionation differs between tree species. Further isotopic discrimination may occur
during tree-ring formation due to the kinetic isotope effect of invertase, if a branching
point is present also during wood formation (Rinne et al. 2015b). Concomitant CSIA
analysis of sugars obtained from different tree compartments on a seasonal scale
combined with high-resolution tree-ring analysis are needed to construct isotope
fractionation transfer models, including storage and later remobilization. This will
lead to a better knowledge of the formation of tree-ring isotope signal enabling
utilization of tree-ring isotope chronologies at their full potential.
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7.2.2 δ18O Analysis of Tree Sugars and Cyclitols Using Gas
Chromatography

During the last decade, several gas chromatograph pyrolysis IRMS (GC/Pyr-
IRMS) methods have been developed for δ18O analysis of individual carbohydrates
(Lehmann et al. 2016; Zech and Glaser 2009; Zech et al. 2013a). The primary aim
of each method is to convert the very hydrophilic carbohydrates into volatile and
hydrophobic compounds by chemical conversion, a process which is commonly
known as “derivatization”. All common derivatization reactions for δ18O analysis of
individual carbohydrates permanently add new functional groups to oxygen atoms of
the hydrophilic hydroxyl groups (i.e. C–OH) of carbohydrate molecules. The ideal
method avoids oxygen isotope fractionation and addition of new oxygen isotopes
during the derivatization reaction. The methylboronic acid (MBA) derivatization
allows δ18O analysis of individual carbohydrates derived from hemicellulose such as
arabinose, xylose, rhamnose, or fucose (Zech and Glaser 2009), which was widely
applied on plant hemicellulose in soils and thus for (paleo-)climate reconstructions
(Hepp et al. 2016; Zech et al. 2013b).However, theMBAderivatization does notwork
with recent photosynthetic assimilates such as hexoses or sucrose. A trimethylsilyl
(TMS) derivatization method produces more reliable δ18O results for sucrose and
raffinose, but not for hexoses and cyclitols (Zech et al. 2013a). The most recent
method for compound-specific δ18O analysis of carbohydrates is the methylation
derivatization, which was found to produce precise and accurate δ18O results for a
wide variety of sugars (Lehmann et al. 2016). This includes common plant sugars,
such as glucose, fructose, sucrose and cyclitols, as well as levoglucosan, a biomarker
for biomass (e.g. wood or grass) burning. Therefore, the method has been widely
applied in plant ecophysiological research (Blees et al. 2017; Lehmann et al. 2016,
2017, 2018, 2019).

In general, aminimumof about onemilligramof sugars fromplantmaterial should
be used for methylation derivatization to achieve adequate amount oxygen for δ18O
analysis. An addition of silver oxide, methyl iodide, acetonitrile, and dimethyl sulfide
starts the (overnight) methylation process. After a centrifugation step, themethylated
sugars in acetonitrile can be injected into a hot injector (250 °C) for separation on a
GC column (e.g. SemiVolatiles, 60 m× 0.25 mm× 0.25 μm, Zebron, Phenomenex,
Torrance, CA, USA). The GC is coupled via an IsoLink interface and a reference
control unit to an IRMS (all Thermo Fisher Scientific, Bremen, Germany). The
IsoLink holds space for a 32 cm oxygen isotope reactor (0.8 mm outer diameter)
consisting of outer ceramic and an inner platinum tube filled with nickel wires. The
reactor is heated to 1280 °C in a high temperature conversion oven causing pyrolysis
of individual methylated sugars that elute from the GC and pass the reactor in a flow
consisting of helium (1.4 mL min−1) and 1% hydrogen in helium (ca. 0.6 ml/min).
The oxygen isotope ratio of each individual sugar is then measured on the produced
CO gas peak (mass 28/mass 30) using an IRMS (Fig. 7.1). Importantly, triplicates
of standard sugar mixes of different concentrations should be interspersed into a
measurement sequence for drift, amount, and pyrolysis offset corrections.
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7.2.2.1 Sample Preparation for GC/Pyr-IRMS

Sample preparation including hot water extraction from plant material and
sugar purification with ion-exchange cartridges generally follows the protocol of
Sect. 7.2.1.2 in this chapter. However, a few points should be additionally consid-
ered for δ18O analysis. (1) For a better understanding of oxygen isotope fractiona-
tions in plants, it is important to have also the information on δ18O values of water
in leaves and other tissues. Plant samples should therefore be ideally transferred into
gas-tight glass vials (Labco, UK) and stored as cold as possible in the dark shortly
after sampling to avoid metabolic activity. The vials allow the extraction of water by
vacuum distillation (West et al. 2006) and the remaining dry material can be milled
to powder and used for sugar extraction and purification (Lehmann et al. 2018). (2)
Although oxygen isotope exchange between water and sugars have been observed
to be negligible for the above-described sugar sample preparation (Lehmann et al.
2017), it is recommended to keep water extracts and purified sugars frozen at all
times, if they are not used for further analysis. (3) Furthermore, prior to derivatiza-
tion, it is generally recommended to freeze-dry each sugar sample to remove excess
water, avoiding any potential isotope fractionation that can be caused by oven-drying
(Lehmann et al. 2020).

7.2.2.2 Research Application (δ18O of Individual Sugars)

Given the relatively new methodological development, research applications of
the compound-specific δ18O analysis of individual sugars in ecophysiological or
dendrochronological research are still rare (Blees et al. 2017; Lehmann et al. 2016,
2017, 2018; Zech et al. 2013a). First applications on leaves from grasses and trees
showed that sucrose is generally 18O-enriched compared to hexoses and cyclitols.
In grasses, biosynthetic fractionation factors (εbio) of ~33 and ~30‰ were found
for sucrose and hexoses (Lehmann et al. 2017), respectively, both exceeding the
commonly reported value of 27‰ (Sternberg and DeNiro 1983). Moreover, the εbio
values of the individual sugars were found to depend on changes in relative humidity,
and this dependence was stronger for sucrose than for other carbohydrates (Lehmann
et al. 2017). The εbio was also found to be species dependent, so that εbio was higher in
larch than in oak trees under similar environmental conditions. The results indicate
that processes controlling the imprint of the leaf water isotopic signal on carbo-
hydrates can differ with environmental conditions and between tree species, which
should be considered in studies comparing δ18O responses across sites and species
(Treydte et al. 2007).

Leaf water, which reflects the synthesis water for carbohydrates, was found to be
increasingly 18O-enriched from the bottom to the tip or from the vein to the margin
of a leaf (Cernusak et al. 2016). The extent of this 18O-enrichment in leaf water has
been observed to increase with a decrease in air humidity (Cernusak et al. 2016;
Helliker and Ehleringer 2002). In addition to this 18O-enrichment, the relative loca-
tion of sucrose and hexose syntheses may differ within a leaf, e.g. higher sucrose
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synthesis rates have been observed in tips of a grass leaf blade compared to the
bottom (Williams et al. 1993). Thus, relatively higher synthesis rates of sucrose in
18O-enriched leaf water compartments might therefore explain the 18O-enrichment
of sucrose compared of hexoses and thus oxygen isotope fractionations among indi-
vidual carbohydrates (Lehmann et al. 2017). If true, a similar mechanism might
explain the tree-specific δ18O differences in carbohydrates between larch and oak.
Relatively higher sugar synthesis in 18O-depleted leaf water in the bottom of a needle
may cause lower δ18O values in leaf sugars compared to those in broadleaf oaks. In
fact, the differences in leaf sugars are likely translated to tree-rings and should be
considered if species responses to environmental changes are compared.

In contrast, only a few δ18O data are currently available for cyclitols, also known
as sugar alcohols or alditols (Lehmann et al. 2016). Overall, δ18O values in sugar
alcohols tend to be lower compared to sucrose and hexoses across different tree
species. As described above (Sect. 7.2.1.3), biochemical pathways for sugar alco-
hols are different and their seasonal turnover is slower compared to photosynthetic
assimilates. For instance, rapid changes in the isotopic composition of leaf water
are only barely incorporated into cyclitols compared to other photosynthetic assim-
ilates (Lehmann et al. 2017, 2018). High abundances of cyclitols, such as pinitol or
quercitol, can therefore strongly dampen the δ18O response of leaf sugars to recent
environmental changes, if measured with standard δ18O analysis for total organic
matter (Kornexl et al. 1999a, b).

The different response of sugars and cyclitols in leaves to environmental stress can
be deduced from Fig. 7.2. In a greenhouse experiment, 2 year old oak trees were kept
for 3 weeks without water to induce drought stress, while a control was well-watered
(see Lehmann et al. 2018 for experimental details). The drought stress caused no
change in δ18O values but lower δ13C values in the cyclitol quercitol, while δ13C and
δ18O values increased in sucrose and hexoses. These differences between cyclitol
and sugars would have opposite physiological interpretations for dual isotope appli-
cations (Chap. 16) where the isotopic response of quercitol would be interpreted as
lower assimilation rates without a change in stomatal conductance, and the isotopic
response of sucrose and hexoses would indicate no change in assimilation rates but
lower stomatal conductance (Scheidegger et al. 2000). Compared to the cyclitol
quercitol, the isotopic response of sucrose and hexoses likely reflects the more real-
istic physiological adaptation to the drought treatment, given that no water was given
for 3 weeks and the oak saplings had to close their stomata to avoid unwanted water
loss. Thus, our result demonstrates that high amounts of cyclitols in a sample may
lead to dampened or falsified isotopic responses to environmental stresses, if only
bulk sugar fractions are measured, and therefore may cause misleading interpreta-
tions. Compound-specific isotope analysis of sugars allow to avoid these biases as
the isotopic response of indivudal compounds is specificly measured.

Further studies showed that individual sugars were up to 8‰ enriched in 18O
compared to cellulose in grass leaves under controlled conditions, with δ18O values
of sucrose showing the highest correlation with those of cellulose among other indi-
vidual sugars (Lehmann et al. 2017). This indicates a strong biochemical link between
sucrose and cellulose synthesis, but also a strong 18O-depletion of sugars during
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cellulose synthesis (Cernusak et al. 2005; Farquhar et al. 1998; Roden et al. 2000).
Moreover, sucrose has been observed to better integrate rapid isotopic changes in
leaf water than other carbohydrates (e.g. hexoses, cyclitols) (Lehmann et al. 2018,
2019). Sucrose might therefore be the ideal candidate to trace δ18O variations from
leaves to stem cambium cells where tree-rings are produced. However, studies on a
compound-specific level tracing the translocation of sucrose in the phloem to sink
tissues, such as tree-rings, are very scarce and limited so far to leaf and twig level
(Cernusak et al. 2003; Lehmann et al. 2018). The compound-specific approach may
therefore be applied on twig and stemphloem inmature trees to better understand how
the isotopic signal in leaves is transported and incorporated into tree-ring archives
(Gessler et al. 2013; Treydte et al. 2014).

In summary, the newest findings by CSIA studies reveal high δ18O variation
between individual sugars, which can be much higher than year-to-year variations
in tree-ring cellulose. The leaf water signal is differently incorporated by different
sugars (e.g. sucrose vs. hexoses versus cyclitols) and depends on environmental
conditions (e.g. relative humidity, drought) and species. The recent CSIA results
are particularly important for modelling studies, which aim to reconstruct the leaf
water isotopic enrichment and thus the physiological responses to environmental
conditions from tree-ring isotope ratios. Studies comparing tree-ring δ18O values
of different species and/or across different sites should also consider these newest
developments.

7.3 UV-Laser Aided Sampling and Isotopic Analysis
of Tree Rings

Two new approaches to tree-ring stable isotope analysis have been established, which
both utilize UV-laser systems. One of them is UV-laser assisted microdissection,
which can be used to cut subsamples of tree rings that are subsequently manually
prepared for isotopic analysis using the conventional methods (e.g. cellulose extrac-
tion, EA/HTC-IRMS analysis). The other UV-laser-based method enables on-line
isotope analysis of tree rings, which is accomplished via laser ablation (as opposed
to laser cutting). Both methods take advantage of the features of modern UV-laser
systems, which support the sampling of tree tissues at a very high spatial resolution
and accuracy.

7.3.1 UV-Laser Microscopic Dissection (LMD) of Tree Rings

UV-laser-assisted microdissection (LMD or LAM) or laser capture microdissec-
tion (LCM) is a technology allowing for isolating areas of interest from cell tissues
under direct microscopic visualization. LMD systems are typically used for isolating
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DNA and RNA in e.g. genomics, transcriptomics, metabolomics and next generation
sequencing, as well as for live cell culture manipulation in cloning and re-cultivation
experiments (c.f. Leica Microsystems GmbH 2018; Carl Zeiss Microscopy GmbH
2013 for comprehensive lists of publications). A key advantage of using the LMD
technique is on-screen selection of sample areas enabling accurate sub-seasonal
sampling of single cell rows or dissection of complete tree rings with irregular shapes
or narrow ring widths, as documented in recent studies (Blokhina et al. 2017; Kuroda
et al. 2014; Schollaen et al. 2014, 2017). Furthermore, the technique provides elec-
tronic documentation of the dissection processes by photo or video sequences, as
well as a report of labelled and dissected elements.

7.3.1.1 Instrumentation and Principle of the LMD Methodology

The LMD approach to dissecting and sampling wood cells of tree rings for down-
stream analysis has first been described in detail by Schollaen et al. (2014). Two
different UV-laser microdissection microscopes (i) LMD7000 by Leica Microsys-
temsGmbH,Wetzlar, Germany and (ii) PALMMicroBeambyCarl ZeissMicroscopy
GmbH, Jena, Germany, implemented at the GFZ German Research Centre for
Geosciences, Potsdam, were tested and their advantages and constraints of the use in
tree-ring stable isotope research was discussed. The LMD systems are basically used
off-line and generally consist of a microscope equipped with objectives of high UV
transmission, a UV-laser cutting unit, a motorized stage for various sample holders
and specimen collectors. Sample holders can carry thin sections of up to 50 mm ×
76mm in area and a variety of vials like PCR tubes or 96-well plates can be employed
for receiving specimens from the dissection of the tree-ring samples.

The preparation and analysis scheme comprises five steps:

(1) manual preparation of thin wood cross-sections (max. 1500 μm thickness)
with a microtome or a high-precision saw,

(2) microscopic identification and pen-screen selection of woody tissues of
interest,

(3) automatic UV-laser-assisted microscopic dissection of inter-or intra-annual
wood sections,

(4) automatic sample collection by gravity (Leica LMD 7000) or forceps (PALM
Microbeam) into PCR tubes or 96-well plates, optional chemical treatment
(e.g. cellulose extraction), and

(5) stable isotope analysis via conventional isotope ratio mass spectrometry
(IRMS) coupled online to a combustion or pyrolysis furnace (δ2H, δ13C and
δ18O).

In general, wood samples of 100–1500 μm thickness can be dissected without
any major constraints. The use of cross-sections thinner than 100 μm may not be
advised. Wood of certain tree species, e.g. Adansonia digitata (baobab) can have
densities varying between 0.09 and 0.2 mg/mm3. The density of cellulose extracted
from conifers can be in a similar range. Specimen dissected from corresponding
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cross sections of about 0.15 mm3 (e.g. from a 0.3 × 5 mm wide and 0.1 mm thick
cross-section) yield amass range of 13.5–30μg,which can be challenging for routine
mass spectrometry with conventional combustion/pyrolysis systems. Dissection of
samples of up to 1500 μm thickness requires a number of cutting iterations to be
preselected in the LMD software resulting in automatic adjustment of the in-focus
depth of the Z-axis of the UV-laser beam during repeated lasering of the pre-defined
cutting line. UnlikeUV-ablation lasers, LMDsystems are producing sharp-contoured
pieces of sample tissue instead of wood dust.

Relevant plant cells/tissues can be selected on-screen, while non-relevant tissues
(e.g. resin ducts, wood rays) may not be selected or be removed, i.e. cut away before
sampling. Any size and area within the given range of the size of the sample holder
(max. 50 mm × 76 mm) can be dissected. This allows for the precise dissection
of asymmetric tree rings or parts thereof, for example by lobate growth, intra-ring
density fluctuations or wedging tree rings. Furthermore, it is possible to cut serial
sections or even to pool sample material, for example, if the weight of the dissected
tissue from one thin section is found insufficient for a stable isotope measurement
(for details c.f. Schollaen et al. 2014, 2017). Sample material from the same array
of wood cells can be identified unambiguously on a second or third cross-section
and may be pooled for chemical treatment, e.g. cellulose extraction before IRMS
analysis. However, thin wood cross-sections may also be subject to LMD after cellu-
lose extraction. (Schollaen et al. 2017) showed that tree-ring structures of cellulose
laths, which represented a variety of tree species (coniferous and angiosperm wood)
with different wood growth rates and differently shaped tree-ring boundaries, largely
remained well identifiable and suited for UV-dissection at annual and intra-annual
resolution. Nevertheless, it can be challenging to work with cellulose cross sections
originating from very soft and light wood like e.g. from baobabs (Adansonia digi-
tata), which contain a high percentage of parenchyma tissue (up to 80%) (Schollaen
et al. 2017). In order to get enough sample material for a stable isotope measurement,
either the radial cutting width or the thickness of the thin section needs to be adjusted
accordingly. A wider sample reduces the possible data points per tree ring, whereas
a thicker sample increases the time required to dissect the sample. For example, ten
cutting processes on the same sample were needed to successfully separate a baobab
cellulose sample from a cross section of 1300 μm thickness.

7.3.1.2 Comparison of the LMD Systems and their Operation

The two commercially available LMD systems differ concerning their practical
implementations and applications. The laser from Leica is moved via optics and
the cross-section samples are mounted on a stage that is fixed during actual laser
cutting. The Leica system uses high precision optics to steer the laser beam bymeans
of prisms along the desired cut lines on the tissue. Limitations of earlier software
(v6.7.1.3952; Schollaen et al. 2014) have been overcome, so that the laser cutting of
the LMD7000 is no longer restricted to the actual microscopic field of view. Larger
areas, for example whole tree rings, can now bemarked. The dissected sample tissues
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principally fall down by gravity into collection vessels like 96-well plates, which can
be equipped with tin or silver capsules for direct uptake of sample tissue. Thus,
samples can be prepared directly for conventional autosampler systems coupled to
IRMS. Another limitation of the Leica system was the lack of an automatic z-focus
adjustment to allow repeated laser cutting of thicker cross-sections (Schollaen et al.
2014) but this function has been available since 2017.

Compared to the Leica microscope, the objectives of the Zeiss microscope are
installed inversely, or underneath the sample holder, i.e. dissected specimen cannot
be collected by gravity. Hence, tissues of interests are marked via mouse or screen
pen on the lower sample side and can be selected beyond the visible screen. The
laser stays fixed while the sample is moved by the high-precision stage during the
dissection process. The UV laser passes through the glass slide and the dissected
sample tissues remain in position. After all of the marked tissue has been dissected,
specimens are picked up manually with a forceps and transferred into tin or silver
capsules for stable isotope measurements. Dissected tree-ring sample tissues were
observed to be too heavy for patented ZEISS laser catapult that was designed to
toss upwards individual cells or even smaller specimen up into collection vessels
(Schollaen et al. 2014). The Zeiss system also comes with an automatic z-focus
feature that allows easy definition of the number of automatic cutting iterations. As
the Zeiss laser (100 μJ, wavelength 355 nm) is less powerful than the laser from
Leica (120 μJ, wavelength 349 nm), more cutting iterations are generally required.

Together with the manual collection of dissected specimens, the overall sampling
process with the Zeiss system takes longer than with the Leica system. In general, the
use of UV-laser microdissectionmicroscopes is not necessarily faster than traditional
methods for the dissection of wood tissue. The cutting process of selected tissue lasts
ca. 1–2 min, depending on the size of the selected area, the thickness of the cross-
section, density of the wood material and the UV laser settings. If further cutting
iterations are required, more time is needed. The average sample throughput per 8-h
day may vary between 20 and 120 samples. This includes the on-screen selection
of area, the automatic UV-laser-based microscopic dissection and the collection of
specimens, as well as unpredictable interferences such as stuck specimens (Leica
LMD7000). With some modification of the current sample collection methods the
Leica system could be run automatically overnight, which would increase sample
throughput drastically, allowing more cuts than manual methods.

7.3.2 On-line Analysis of Tree-Ring δ13C by Laser Ablation
IRMS

Laser ablation-combustion-gas chromatography-IRMS method (hereafter LA-
IRMS) to analyze carbon isotope composition of wood was introduced by Schulze
et al. (2004). In the method, the labor intensive process of sectioning wood manu-
ally or by microtome to produce samples for intra-annual isotope studies (Helle and
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Schleser 2004; Kagawa et al. 2003) is replaced by a spatially precise, high resolution
sampling of tree rings in situ using a UV-laser (Schulze et al. 2004). In contrast
to the newly developed LMD technique (see Sect. 7.3.1.), the LA-IRMS combines
the sampling and isotope analysis by transportation of the ablated sample mate-
rial directly to IRMS via a modified combustion unit (Loader et al. 2017; Schulze
et al. 2004). Unlike the LMD technique, the LA-IRMS applications have so far been
limited to δ13C analysis.

7.3.2.1 Instrumentation and Principle of Analysis

Similar to a conventional EA-IRMS, which is used for “bulk” isotope analysis of,
for example, tree rings, a LA-IRMS operates as a continuous flow IRMS (Schulze
et al. 2004). A wood sample is placed in a He-flushed chamber connected to a UV-
laser, where a subsample of the wood is removed by laser ablation, and the released
particles are directed by the He flow to a miniaturized combustion unit. Water vapor
is removed from the formed CO2, which can then be introduced into a liquid nitrogen
trap that concentrates CO2 from a single ablation run in a small volume of carrier gas
(Loader et al. 2017). The cryogenic trapping is beneficial for high resolution δ13C
analysis, where the amount of ablated wood is at the minimum (Rinne et al. 2015b).
After the CO2 is released from the cold trap, it is separated from other gaseous
products in a GC-column prior to its introduction into an IRMS for δ13C analysis
(Loader et al. 2017; Schulze et al. 2004).

The size of the sample CO2 peak detected by IRMS can be tuned by adjusting
the laser output power settings, the laser spot size and the length of the ablated track
(Loader et al. 2017; Schulze et al. 2004), which is positioned along a line parallel
to the corresponding tree-ring boundary (Fig. 7.3). The ablation track is positioned
using a camera connected with the laser unit and controlled by the laser software.

Fig. 7.3 Picture of an annual ring of larch (Larix gmelinii Rupr.) analysed using a LA-IRMS
(modified after Rinne et al. 2015b). 53 laser ablation tracks with a 40 μm diameter laser spot size
and 40 μm were analysed within the annual ring. The width of the annual ring was 2.3 mm.
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A spatial resolution of 80 μm has been reached in LA-IRMS analysis using 40 μm
diameter spot size for ablation tracks and 40μmspacing between each track (Fig. 7.3;
Rinne et al. 2015b, Schulze et al. 2004). The maximum number of ablation tracks
(i.e. δ13C data points) in an intra-annual tree-ring δ13C profile depends on the width
of the tree ring and on the selected laser spot size (Fig. 7.3).

Following the principle of identical treatment (Chap. 6), at least one or prefer-
ably three reference materials with known isotope composition should be measured
with LA-IRMS together with the analytes for correcting the produced δ13C results.
Ideally, the reference material should be matrix matched to the sample and isotopi-
cally homogenous to a very fine spatial scale. Unfortunately, certified reference
materials of this type do not exist, and as a substitute, the IAEA-C3 cellulose paper
has been used (Loader et al. 2017; Schulze et al. 2004). Analysis of this material
has shown that the precision of LA-IRMS measurements (the standard deviation of
repeated measurements (SD): 0.1–0.2‰; Loader et al. 2017; Schulze et al. 2004) is
comparable to conventional EA-IRMS δ13C measurements (SD: ≤0.1‰). However,
a δ13C offset correction may be required for tree-ring LA-IRMS data to correct for a
matrix effect caused by using a non-matrix-matched reference material, such as the
cellulose IAEA-C3 (Míková et al. 2014; Rinne et al. 2015b).

7.3.2.2 Sample Preparation for LA-IRMS

Due to the mobility of resin in tree rings (Long et al. 1979), resinous tree cores
obtained from conifers should be treated in a Soxhlet apparatus with hot ethanol
over a period of 50 h followed by repeated washing with boiling deionized water to
remove the solvents completely (Loader et al. 2017; Rinne et al. 2015b). Tree cores
can then be dried at 40 °C in an oven for 2 days to speed up the drying process
(Rinne et al. 2015b). Despite of the Soxhlet extraction procedure, some resins have
occasionally been observed to persist in resin ducts, as indicated by ATR-FTIR
analysis (Rinne et al. 2005) and deviant δ13C values obtained during laser ablation
(Loader and Rinne, unpublished data). Consequently, resin ducts should be avoided,
when positioning ablation tracks, in case of incomplete resin removal (Rinne et al.
2015b).

For laser ablation, the surface of the analyzed tree-ring sample should be even
to enable accurate focusing of the laser beam. This can be achieved by treating
the wood surface with a microtome, razorblade or sandpaper (Loader et al. 2017;
Schulze et al. 2004; Soudant et al. 2016). Finally, the resin extracted (for conifers)
and polished sample is cut into sections that fit into the laser chamber together with
the reference material. LA-IRMS analysis of resin extracted wood takes advantage
of the reported generally similar climatic signal in δ13C values of wood compared to
extracted cellulose (e.g. Helle and Schleser 2004; Schulze et al. 2004; Weigt et al.
2015). If the objectives of the study require the analysis of cellulose instead of resin-
free wood, cellulose extraction can be performed prior to LA-IRMS using methods
designed for whole wood sections as described in Loader et al. (1997) and Schollaen
et al. (2017) (cf. Schulze et al. 2004). However, the extraction procedure will cause
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some distortion to the wood sections (e.g. shortening and bending) (Schollaen et al.
2017; Schulze et al. 2004), which may complicate the selection of ablation spots
as well as the connection of the individual δ13C results with tracheid formation
times, especially in very high resolution studies. See Chapter 5 for further details on
chemical pre-treatments, review and discussion of the use of wood, resin extracted
wood and cellulose in stable isotope studies.

7.3.3 Conversion of High Resolution Tree-Ring Isotope Data
into a Temporal Scale

To fully utilize high resolution stable isotope data from tree rings, special consid-
eration should be given on how to link tree-ring isotopic profiles obtained by LMD
(δ2H, δ13C or δ18O) or LA-IRMS (δ13C) methods with other seasonal data that has
been collected from the studied tree (e.g. carbohydrate dynamics of the growing
season) and how to relate the isotopic profiles with climatic events (Schulze et al.
2004). To accomplish this, the isotopic profiles can be transformed into a temporal
scale using direct (dendrometer band) or indirect (e.g. cell size, cell number) seasonal
growth measurements of tree rings (Skomarkova et al. 2006; Walcroft et al. 1997;
Vysotskaya et al. 1985). However, a tree-ring stable isotope signal is not formed only
during the phenophase of wood expansion but also during the phase of lignification,
whose start and end dates occur later in the growing season in comparison to those of
the expansion phase (Cuny et al. 2013; Rinne et al. 2015b). Consequently, for laser-
assisted, high resolution isotopic analysis of woody tissue, ideally both the seasonal
expansion and lignification development of the tree ring should be determined.

Although somewhat laborious, periodical collection of micro-cores provides a
way of monitoring wood formation stages without causing undue damage to the
trees under study (Forster et al. 2000). Several methods of obtaining micro-cores
exist, including different types of needles, punchers and miniaturized borers (Forster
et al. 2000; Rossi et al. 2006). Samples are collected from the trees during the
growing season (e.g. weekly) following an oblique pattern around the tree trunk
(Fonti et al. 2018; Rinne et al. 2015b). Distance between coring spots should be
≥1 cm to avoid wood tissue affected by previous sampling (Forster et al. 2000).
In the field micro-cores are placed in ethanol solution and subsequently stored in
a fridge until further processing. Sample processing and analysis for xylogenesis
parametermeasurements is described in detail in (Schweingruber et al. 2006).Careful
comparison of the laser ablation spots or laser dissection areas to tree-ring structure,
together with the information on timing of tracheid formation obtained from micro-
core time series, allows one to estimate the corresponding timing of each individual
isotopic measurement within the calendar year (Fonti et al. 2018; Rinne et al. 2015b).
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7.3.4 Research Applications

The laser assisted methods have provided an unprecedented spatial accuracy in
sampling for isotopic analysis compared to conventional use of handheld instru-
ments or microtomes (De Micco et al. 2012; Rinne et al. 2015b; Schollaen et al.
2014; Schulze et al. 2004). Both LMD and LA methods are capable of sampling
very small scale features in tree rings, such as small growth defects (Battibaglia et al.
2010; DeMicco et al. 2012) and ray parenchyma (Schollaen et al. 2014), and provide
material for high resolution intra-annual isotope analysis (Bruykhanova et al. 2011;
Fonti et al. 2018; Rinne et al. 2015b; Schollaen et al. 2014; Skomarkova et al. 2006;
Soudant et al. 2016; Vaganov et al. 2009) either on-line (δ13C: LA-IRMS) or off-line
(LMD: δ13C, δ18O, δ2H).

The studies utilizing laser assisted methods have combined the resulting knowl-
edge of intra-annual δ13C variability with other tree-ring characteristics that can
be measured in equal spatial resolution, such as wood density (Schollaen et al.
2014; Skomarkova et al. 2006) and wood anatomical traits (Battibaglia et al. 2010;
Bruykhanova et al. 2011; De Micco et al. 2012; Fonti et al. 2018; Vaganov et al.
2009), for the better understanding of intra-ring proxy signals. The isotopic profiles
together with other seasonal data can then be compared with environmental vari-
ables for deepening our understanding about the mechanisms controlling the isotope
variability in tree rings (see Chap. 15 for further discussions). The outcomes of
such studies, where the UV-laser assisted analytical methods have been employed,
include (1) evaluation of a dependency on carbohydrate reserves (Bruykhanova et al.
2011; Fonti et al. 2018; Rinne et al. 2015b; Skomarkova et al. 2006; Vaganov et al.
2009), (2) influence of stand structure (Skomarkova et al. 2006), tree age (Fonti et al.
2018) and tree growth rates (Vaganov et al. 2009) on the intra-annual δ13C signal,
(3) preservation of seasonal rainfall patterns in tree-ring δ18O (Schollaen et al. 2014)
and (4) linking of intra-annual tree-ring δ13C profiles to upstreampost-photosynthetic
processes by analyzing the seasonal variation of δ13C in different leaf sugars within
growing seasons (Rinne et al. 2015b). In the future, these methods will continue to
broaden our understanding of the fine scale variation of the isotopic composition
of tree rings. In addition, LA-IRMS has potential for it to be used as a tool for
selecting tree cores for conventional isotopic analysis, for analyzing exceptionally
narrow rings and for constructing long δ13C tree-ring chronologies in a relatively
less labor intensive manner (Loader et al. 2017).

7.4 Position-Specific Isotope Analysis of Cellulose

Intra-molecular isotope analysis of tree-ring cellulose has been established for all the
constituent chemical elements. For δ2H and δ13C analysis, the methodology utilizes
the nuclear spin of 2H and 13C, which produces a nuclear magnetic resonance (NMR)
signal that can be used for position-specific measurements. For δ18O analysis, on the
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other hand, a different approach has been necessary, since 18O does not have a
nuclear spin. The published methods involved for δ18O requires a substantial amount
of synthetic organic chemistry, which is needed to isolate or remove oxygen atoms
from particular positions for δ18O determination.

Significant intra-molecular isotope variation has been reported for cellulose, for
all the three elements. If changes occur in the intra-molecular isotope pattern, this
can influence the δ values of cellulose, but this influence cannot be inferred without
intra-molecular isotope data. Applied to isotope studies of tree rings, trends in a δ

value of cellulose might be attributed to changing climate, while the intra-molecular
location of the effect would point to changes in metabolic regulation along the tree-
ring series. Further, because intra-molecular variation is created by enzyme reactions,
it can in principle carry ecophysiological information, as illustrated by Gleixner and
Schmidt (1997). Researchers have barely begun to explore this potential wealth of
information, largely because intra-molecular isotope variation was for a long time
extremely cumbersome to measure.

7.4.1 Position-Specific δ2H and δ13C

In tree-ring studies, stable isotope composition is measured for the whole molecule,
that is, for the glucose units of cellulose. However, a glucose unit contains for each
of the elements several intra-molecular positions, which are biochemically distinct.
Thus, the question arises how these distinct positions behave in terms of isotope
abundance. Kinetic isotope effects modify the abundance of heavy isotopes that are
connected to a particular chemical bond. Because isotope effects of enzymes synthe-
sizing glucose vary, it must be expected that isotope abundance varies among the
intra-molecular positions. This conclusion holds for all isotopes in non-symmetrical
molecules. Indeed, it has also been demonstrated for many other metabolites that
stable isotope abundancevaries among intra-molecular positions.Thiswas concluded
in an earlier study for 13C in acetyl-CoA (De Niro and Epstein 1977) and later
for deuterium (D) in several metabolites (Martin et al. 1992). For photosynthetic
glucose, Rossmann et al. (1991) observed substantial intra-molecular 13C variation,
which could be explained mechanistically as equilibrium isotope effect of aldolase
(Gleixner and Schmidt 1997). This example demonstrates an important advantage of
intra-molecular isotope data: the intra-molecular localization of isotope fractionation
directly suggests which enzyme might be responsible, and this hypothesis can then
be compared to the enzyme’s isotope effect or be tested in experiments.

For deuterium,Martin et al. (1992) summarized the knowledge on variousmetabo-
lites. They describe intra-molecular δ2H variation for sugars, amino acids and
monoterpene biosynthesis, with typical intra-molecular variation of hundreds of
‰. For 13C, the typical intra-molecular isotope variation is 10‰ (Schmidt 2003)
(for intra-molecular oxygen isotope variation, see Sect. 7.4.2). From the size of this
intra-molecular variation, it must be concluded that δ values are averages of the
intra-molecular isotope data, with important consequences.
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7.4.1.1 Sample Preparation and Analytical Methodology

Measurements of intra-molecular 13C-abundance of glucose were first performed by
controlled breakdown of the molecule and subsequent IRMS analysis of the frag-
ments (Rossmann et al. 1991). However, such wet-chemical methods are extremely
labour-intensive and need to be tailor-made for eachmetabolite. In themeantime, 13C
NMR has been established as a tool for intra-molecular 13C-measurements. In a 13C
NMR spectrum, each structurally distinct C gives rise to a specific signal (Fig. 7.4).
Careful optimization of parameters is needed so that the signal integrals reflect rela-
tive isotopomer abundances (Chaintreau et al. 2013), but when this is achieved, this
general method has been applied to various metabolites including tree-ring cellu-
lose (Romek et al. 2017; Wieloch et al. 2018). NMR has the fundamental advantage
that the intra-molecular isotope composition of the intact molecule is determined,
avoiding a risk for isotope fractionation during chemical breakdown, pyrolysis or
fragmentation. On the other hand, NMR gives relative abundances of isotopomers,
but no information about the ratio of heavy to light isotopes.

For measurements of intra-molecular 2H variation, deuteriumNMR spectroscopy
has been the method of choice. NMR can be done both on solid and solution samples,
but solution NMR achieves the resolution required for isotopomer analysis, therefore
polymeric analytes such as cellulose have to be broken down first. Although the 7
carbon-bound deuterons of glucose in principle give separate NMR signals, these
are in practice not resolved. Therefore, glucose must be converted into a derivative
that gives resolved signals by locking the anomeric equilibrium and by lowering
the polarity of the molecule so that it can be dissolved in low-viscosity organic
solvents yielding narrow signals (Betson et al. 2006). As seen in Fig. 7.5, deuterium
isotopomer variation is directly visible in the NMR spectrum. But as for 13C, quan-
tification of the isotopomers is done by integration of the signals by lineshape fitting.
NMR spectra give ratios of isotopomer abundances, but do not directly reflect the
ratio of heavy to light isotope. From isotopomer patterns, site-specific isotope ratios
can be calculated in two ways: Either the δ2H of the analyte is measured indepen-
dently and isotope ratios for the intramolecular positions are calculated by isotope

Fig. 7.4 13C NMR of a glucose derivative. Each signal originates from one 13C isotopomer. The x-
axis is the so-called chemical shift. The “ppm” units are unrelated to isotope abundance but describe
the signal positions that are governed by the intra-molecular chemical environment of each 13C
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Fig. 7.5 2H NMR spectrum of a glucose derivative designed to give highly resolved spectra. The
formula of glucose shows the assignment of the signals to isotopomers of glucose. Reproduced
from Ehlers et al. (2015)

mass balance, or a reference molecule with known δ2H is added to the NMR sample
so that integrals in the 2H spectrum can be linked to the δ2H scale (Spahr et al. 2015).

7.4.1.2 Research Applications

As expected from the results on othermetabolites, the intra-molecular 2H distribution
of tree-ring derived glucose is non-random (Betson et al. 2006). The intra-molecular
variation is hundreds of‰ large, much larger than for example the seasonal variation
of δ2H of precipitation. Because the intra-molecular variation influences δ2H of the
whole molecule, correlations of tree-ring δ2H with climate variables are fraught with
difficulty. Betson et al. (2006) also showed that the intra-molecular pattern of tree-
ring cellulose is independent of the source water δ2H. For metabolites on the leaf
level, this can be expected, because when a metabolite is synthesized in a cellular
compartment, all hydrogen that is incorporated into the molecule originates from
the same water with a certain δ2H. When tree-ring cellulose is synthesized, the 2H
isotopomer pattern may be modified by hydrogen exchange; that clear signals can
be obtained from tree-ring cellulose may indicate that this exchange is constant over
time. That the intramolecular pattern is independent of δ2H means that signals that
are based on isotopomer ratios can be extracted and interpreted without knowledge
of δ2H.

As mentioned above, intra-molecular isotope patterns reflect regulation of
enzymes or metabolic pathways. Thus, they might respond to changes in metabolic
fluxes. This was tested on glucose formed by plants using the C3 photosynthetic
pathway. In C3 plants, the CO2-fixing enzymeRubisco can react with oxygen instead,
in a side reaction that leads to C loss of the plant and which therefore is highly rele-
vant for the global C cycle. Metabolites formed upon O2 fixation are partly recycled
to glucose in the so-called photorespiration cycle; therefore the isotopomer pattern of
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C3 glucose might reflect the ratio of O2 to CO2 fixation. As shown in Fig. 7.6a, the 2H
isotopomer pattern of C3 glucose indeed depends on atmospheric CO2 concentration
during growth, expressed as function of 1/CO2 to reflect the O2:CO2 competition.
The high correlation observed indicates that this isotopomer ratio is a clean measure

Fig. 7.6 Dependence of the 2H-6R/2H-6S isotopomer ratio (see Fig. 7.5) on 1/CO2 in a chamber-
grown sunflowers (r2 = 0.88, P < 10−7, slope 0.057 ± 0.006 (SEM)) and b beet sugar samples
formed between 1890 and 2012 (r2 = 0.49, P = 0.001, slope = 0.048 ± 0.012). The slopes of the
isotopomer ratio as function of 1/CO2 are not significantly different. Reproduced from Ehlers et al.
(2015)
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of this metabolic flux ratio. This information cannot be achieved with δ2H measure-
ments on the whole molecule, because the dependence on the level of isotopomers
gets averaged into the δ2H of the whole molecule. The quantitative dependence of
the 2H isotopomer ratio on 1/CO2 was compared between plants grown in a CO2

manipulation experiment and plants that grew at different times during the rise of
atmospheric CO2 concentration. Because therewas no significant difference between
the two data sets, it was concluded that increasing CO2 concentration suppressed
photorespiration to the same degree in the chamber studies and over the twentieth
century. This also suggests that there was no acclimation response of plants over
nearly a century, and demonstrates how long-term physiological information can be
derived from isotopomers.

In contrast to the high correlations observed in Fig. 7.6, correlations of δ values
with environmental parameters in tree-ring studies usually do not exceed r2 = 0.25
(McCarroll and Loader 2004). We hypothesize that this is a general consequence of
the averaging of isotopomer abundances into the δ value for thewholemolecule of the
respective isotope. The high correlations observed indicate that the 2H-6R/2H-6S ratio
is determined by one metabolic process, namely the ratio of oxygenation to carboxy-
lation, which is driven by atmospheric CO2. Other isotopomer ratios may reflect
other metabolic processes that may be driven by other environmental drivers (see
below for 13C). When a δ value is correlated with one environmental driver, it must
be expected that isotopomer variation introduced by other environmental variables
degrades this correlation, hence the curtailed correlation coefficients observed.

As glucose shows a non-random intra-molecular 13C pattern (Gilbert et al. 2012;
Gleixner and Schmidt 1997), the glucose units of tree-ring cellulose should also show
a 13C pattern. This expectation has been tested using a pine (Pinus nigra) tree-ring
series (Wieloch et al. 2018). Figure 7.7 shows the observed 13C isotopomer pattern.
The 13C variation of about ±5‰ is important for 13C signals in the C cycle: When
cellulose is decomposed in the environment, the δ13C of the released CO2 differs
among the intra-molecular C positions. Thus, the δ13C of respired CO2 can vary,
depending on whether the glucose units are completely respired to CO2, or if the
active metabolic pathway (such as fermentation) only releases some C positions as
CO2. Furthermore, it was observed that this 13C pattern is variable over the tree-ring
series (Wieloch et al. 2018). This variation must be caused by changes in environ-
mental variables and hence it carries ecophysiological information. To analyse this,
a hierarchical cluster analysis identified groups of 13C isotopomers that vary inde-
pendently of each other, which implies that they carry independent ecophysiological
signals. One of these signals originates from the 13C fractionation of diffusion and
the 13C isotope effect of Rubisco. The others are caused by yet unidentified 13C
fractionations downstream of Rubisco, and will hence carry new information. We
hypothesize that isotopomer signals originating from such fractionations will shed
light on processes such as C allocation. We anticipate that extracting such signals
from tree-ring series can unravel acclimation responses of plants to environmental
changes, a subject of great importance for the future of the biosphere as a C sink,
and for crop productivity.
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Fig. 7.7 13C isotopomer pattern of glucose units of tree-ring cellulose. The pattern connected by
a solid line is the observed distribution, expressed as 13C fractionation �i for carbon i = 1–6; and
the dashed line is a fractionation pattern �i

′ that has been back-calculated to remove the isotope
scrambling effect of triose phosphate cycling. Reproduced from Wieloch et al. (2018)

7.4.2 Position-Specific δ18O

Oxygen isotope ratios (δ18O) in the annual growth rings of trees are considered to
hold a valuable climatic and physiological records (Farquhar et al. 1998; Lehmann
et al. 2017;McCarroll and Loader 2004; Sternberg et al. 2006) (see Chaps. 10, 16 and
19 for a more detailed discussion on climatic and physiological aspects of δ18O). The
original source of the oxygen atoms in tree-ring cellulose is soil moisture, generally
obtained from precipitation, the δ18O of which are closely linked to temperature
(Chap. 18; Dansgaard 1964). Early hopes that δ18O values of tree rings (e.g. Gray
and Thompson 1976) could directly serve as a record for past temperature were
overly optimistic. This is because the isotopic history of oxygen atoms from source
water taken up by the tree and their final destination in trunk cellulose is complicated
and, indeed, not fully understood (see Chap. 10 for more details). As a result of
the processes involved, tree-ring cellulose is expected to carry a mixed soil water
and leaf water signal in its oxygen atoms, complicating the process of abstracting
climatic and physiological information from the oxygen isotope record (Roden et al.
2000). Position-specific isotope analysis of the oxygen atoms of cellulose holds out
the hope of separating the leaf water and source water signals, especially if oxygen
atoms at specific positions exchange either fully or not at all with stem water: the
former group of oxygen atoms would be expected to provide a good record of source
water, hence temperature, while the latter group would provide a good record of
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leaf water, hence relative humidity. Progress in this field, however, has been much
slower than is the case for position-specific carbon and hydrogen isotope analysis
of cellulose (see Sect. 7.4.1). This is chiefly because, unlike 13C and 2H, 18O does
not have a nuclear spin and so does not produce an NMR signal. The lighter isotope
(17O) has a nuclear spin of 5/2; so that the 17O nucleus has a quadrupole moment,
which results in broad NMR peaks with poor resolution. This, combined with very
low signal strengths resulting from the low natural abundance of 17O (ca. 0.038%)
means that 17O NMR cannot at present be used to determine intra-molecular δ17O
values of samples with isotopes of natural abundance.

7.4.2.1 Sample Preparation and Analytical Methodology

To date, all methods published for the determination of δ18O values at specific posi-
tions in the glucose rings of cellulose have involved a significant amount of synthetic
organic chemistry in order to isolate or remove oxygen atoms from particular posi-
tions. Sternberg et al. (2003) reported the first of these methods, which was designed
to determine the value of δ18O-2 of cellulose1 by hydrolysing cellulose to glucose
and then converting this to phenylglucosazone (Fig. 7.8a). Values of δ18O-2 were
calculated from measured oxygen isotope ratios of cellulose (δ18Ocell) and phenyl-
glucosazone (δ18OPG) using an isotopic mass balance equation. The authors used
cellulose fromwheat seedlings (Triticum aestivum), which were grown in the dark in
water samples differently enriched in 18O, in order to simulate heterotrophic synthesis
of cellulose in trunks of trees. The amount of cellulose required (1.5 g), however, is
very high considering the amount of wood present in individual growth rings of trees.
Results indicated that oxygen atoms at position 2 in cellulose completely exchanged
with water, suggesting that δ18O-2 would be a better recorder of oxygen isotope
ratios of soil water than is δ18Ocell. In a later study, however, Sternberg et al. (2006),
using the same general synthetic method but withmodifiedmethods for hydrolysis of
cellulose, obtained results indicating that only about 65–70% of the oxygen atoms at
position 2 exchanged with water during cellulose synthesis. Importantly, the authors
showed that there was no exchange between the oxygen atoms of cellulose and water
during cellulose hydrolysis.

A different approach was made by Waterhouse et al. (2013), who described a
method for the determination of the δ18O value for each of the five oxygen positions
in the glucose ring of cellulose. The overall process involvedmultiple synthetic steps,
in which oxygen atoms from specific positions were removed and incorporated into
molecules of benzoic acid (Fig. 7.8b). Benzoic acid samples were used for isotopic
ratio measurement using GC/Pyr-IRMS. Reaction conditions had to be optimized to
minimize the risk of isotopic fractionation during each step. As the authors acknowl-
edge, a process with so many steps and the consequent need for large wood samples
is unlikely to be practical for routine isotope analysis of tree-ring cellulose. The

1 Oxygen atoms at specific positions in the cellulose molecule are designated ‘O-n’, where n is the
same number as that of the carbon to which the oxygen atom is bonded—see Fig. 7.8a.
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cellulose
glucose

phenylglucosazone(a)

(O-2,O-3,O-4,O-6)

(O-3)

(O-2,O-3)
(O-2,O-3,O-4)

(b)

(c)

diacetone glucose

3-deoxydiacetone glucose

Fig. 7.8 Summaries of synthetic chemical steps involved in preparing samples for measuring
oxygen isotope ratios at specific positions in cellulose. See cited literature for reagents and condi-
tions. a Preparation of phenylglucosazone from cellulose (after Sternberg et al. 2003)—note
numbering of oxygen atoms in the cellulose molecule. b Selective incorporation into benzoic acid
(PhCO2H) of oxygen atoms from indicated positions of cellulose (after Waterhouse et al. 2013).
c Selective removal of O-3 from glucose by conversion of diacetone glucose to 3-deoxyacetone
glucose (after Ma et al. 2018)
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method was applied to α-cellulose samples obtained from wheat seedlings germi-
nated in water of differing values of δ18O (Sternberg et al. 2003), in order to deter-
mine the degree if isotopic exchange at each position during heterotrophic cellulose
synthesis. Significant differences in the percentage exchange of oxygen with water
at each position were detected: O-2 and O-4 showed little or no exchange; O-3, 48%
exchange; O-5 and O-6, ca. 80% exchange. O-1, on the other hand, is derived from
the water used in acid hydrolysis of cellulose. These results suggest that it is O-2
and O-4 that maintain chiefly a leaf water signal, whereas O-5 and O-6 should be the
best targets for reconstructing source water isotope ratios. Significantly, the average
of these percentage figures (41%) is close to the previously reported value (ca. 42%)
for the percentage of oxygen exchange with trunk water during cellulose (Roden
et al. 2000). The result that O-2 does not exchange is contrary to those of Sternberg
et al. (2003) and Sternberg et al. (2006) but consistent with later results from samples
from trees (Ellsworth et al. 2013; Sternberg et al. 2007)—see above; moreover, the
enriched values of δ18O-2 (Ellsworth et al. 2013) are consistent with δ18O-2 of cellu-
lose carrying a leaf-water signal enriched by evapotranspiration. However, oxygen
at position 2 should have several opportunities to exchange with water during cellu-
lose synthesis via reversible addition at carbonyl (Farquhar et al. 1998; Hill et al.
1995; Sternberg and DeNiro 1983); the fact that it seems not to exchange requires
explanation.

More recently, a method for the determination of δ18O-3 of cellulose has been
described (Ma et al. 2018). Like earlier methods, it comprises a sequence of synthetic
steps and involves the same general strategy of Sternberg and colleagues described
above: removal of the oxygen in question and calculation of its isotope ratio using
an isotopic mass balance equation. In this case, glucose (from e.g. cellulose) is
converted to diacetone glucose and O-3 removed by conversion to 3-deoxydiacetone
glucose in a 2-step process (Fig. 7.8c). Values of δ18O-3 are calculated from δ18O
values of these two products measured using GC/Pyr-IRMS. One complication with
the overall procedure is that the second and third synthetic steps each yield two
products, allowing the possibility of a consequential change in the δ18O value of 3-
deoxydiacetone glucose. The authors calculate, however, that this is not significant.
They also address the potential problem of error propagation, and show that overall
the uncertainty in values of δ18O-3 could be as high as 1.3‰. Calculation of δ18O-
3 of glucose derived from a C4 plants suggested that this oxygen was isotopically
enriched by around 12‰ relative to the average values of O-2 to O-6, confirming that
there is isotopic inhomogeneity within the glucose molecule. Although the authors
claim that their method would be suitable for a 50 mg sample of glucose, this still
represents an inconveniently large amount of wood for routine application to samples
from individual tree rings.

Despite the novelty of the above methods, they all require time-consuming
synthetic procedures, which risk isotopic fractionation, and comparatively large
amounts of material; there are also uncertainties regarding propagation of errors
throughout the many procedures involved. Much still needs to be done before
position-specific oxygen isotope analysis can be routinely applied to tree-ring
samples.
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7.4.2.2 Research Applications

There are only two reports in the literature on the application of position specific δ18O
analysis to tree samples, and both of them use the phenylglucosazone technique to
obtain values of δ18O-2. In the first of these (Sternberg et al. 2007), treeswere sampled
from a wide range of latitudes across the northern hemisphere. Phenylglucosazone
was prepared from glucose after acid hydrolysis of cellulose obtained from stem
samples. Each sample of phenylglucosazone required comparatively large amounts
(0.3 g) of wood. Comparison of values of δ18Ocell, δ18OPG and δ18O-2 (the latter was
calculated from measured δ18Ocell, and δ18OPG) with δ18Osw (measured from water
removed from the stem) showed that δ18OPG was most closely related to δ18Osw,
whereas δ18O-2 was very poorly correlated with δ18Osw. This result was unexpected,
as O-2 had been previously reported to undergo exchange with source water to a high
degree during heterotrophic cellulose synthesis (see above). The authors proposed
that the lack of correlation resulted from ‘isotopic noise’ in values of δ18O-2 caused
by the variety of species sampled and widely different values of δ18Osw across the
wide geographical area of the study. One of the main conclusions was that phenyl-
glucosazone presents a better record of δ18Osw, and hence precipitation, than does
cellulose itself.

In the second study (Ellsworth et al. 2013), phenylglucosazone was prepared
from α-cellulose extracted from annual growth rings of trees growing in Finland,
Switzerland and New Zealand. An innovation of the work was the modification of
the synthesis of phenylglucosazone so that a smaller amount (25 mg) of cellulose
could be used. This makes the technique more appropriate for the routine analysis
of annual growth rings. As expected, removing O-2 from cellulose resulted in 18OPG

having a much stronger relationship with δ18Osw, hence higher potential for climatic
reconstruction, than either δ18Ocell or δ18O-2. Furthermore, the authors showed that
values of δ18Osw calculated from measured 18OPG closely followed observed values
of δ18Osw in both magnitude and temporal variability, whereas values of δ18Osw

calculated from δ18O-2 were both significantly enriched and much more variable
than observed values.
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