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Abstract

We describe the first reported method for the measurement of oxygen isotope ratios at each position in the glucose units of
the cellulose molecule. The overall process comprises a series of synthetic organic sequences, by which a-cellulose is hydro-
lysed to glucose, and oxygen atoms at specific positions in the glucose molecule are removed in samples of benzoic acid for
measurement of d18O. Values of d18O at specific positions in cellulose are calculated from these d18O values and the overall
d18O value of the cellulose. We apply the method to determine the degree to which oxygen atoms at each position undergo
isotopic exchange with water during heterotrophic cellulose synthesis, such as occurs in the cambium of trees. To do this we
extract a-cellulose from wheat seedlings germinated in the dark in aqueous media of differing oxygen isotope ratios. Results
indicate that oxygen atoms at positions 5 and 6 (O-5 and O-6 respectively) undergo around 80% exchange with medium water,
O-3 undergoes around 50% exchange, and O-2 and O-4 do not undergo isotopic exchange. The results have important impli-
cations for extracting palaeoclimatic records from oxygen isotope time series obtained from tree ring cellulose. As O-5 and O-
6 undergo significant exchange with medium water during heterotrophic cellulose synthesis, oxygen isotopes at these positions
in tree ring cellulose should carry a predominantly trunk (source) water signal. On the other hand, O-2 and O-4 should retain
the isotopic signature of leaf water in tree ring cellulose. Our method therefore potentially enables the separate reconstruction
of past temperature and humidity data from oxygen isotope ratios of tree ring cellulose – something that has hitherto not been
possible. The measured degrees of isotopic exchange are to some extent unexpected and cannot be fully explained using cur-
rent biochemical mechanisms, suggesting that knowledge of these processes is incomplete.
� 2013 Elsevier Ltd. All rights reserved.

1. INTRODUCTION

Oxygen isotope ratios in the cellulose of living or sub-
fossil plants, and in particular in the annual growth rings
of trees, are recognized as a potentially valuable source of
information about modern and past climates (McCarroll
and Loader, 2004; Daley et al., 2009). The original source

of the oxygen atoms in tree rings is precipitation, the oxy-
gen isotope ratio of which is known to depend in part upon
temperature (Dansgaard, 1964); however, the route from
precipitation to cellulose is by no means direct. It is known
that there is no isotopic fractionation when trees take up
water (source water) into the trunk (Wershaw et al.,
1966); but several factors can complicate the relationship
between isotope ratios in precipitation and source water
used by the tree. Among these factors are evaporative
enrichment of soil water and the sampling of waters of
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differing isotopic values at differing depths by tree roots
(Dawson and Pate, 1996).

In the leaf, evapotranspiration of water from the stem
causes isotopic enrichment of oxygen in water, the degree
of which depends primarily upon the ratio of external to
internal vapour pressures and upon the isotopic value of
air moisture (Dongmann et al., 1974; Flanagan et al.,
1991). Under conditions where there is an isotopic steady
state in the leaf and source water and when atmospheric
water vapour are in isotopic equilibrium, the situation is
simplified and relative humidity becomes the major factor
controlling isotopic enrichment (Saurer et al., 1997). Other
factors also play a role in determining the isotopic content
of leaf water; for example the Péclet effect (Farquhar and
Lloyd, 1993; Barbour et al., 2000) reduces isotopic enrich-
ment in leaf water. Nevertheless, carbohydrates synthesized
in the leaf will have oxygen isotope ratios that record to a
certain extent values of relative humidity at the time of pho-
tosynthesis. It is known that translocated sugars undergo
further isotopic modification during cellulose synthesis in
the trunk cambium: approximately 40% of the oxygen
atoms of the cellulose molecule undergo isotopic exchange
with stem (source) water (Sternberg et al., 1986; Roden
et al., 2000). This exchange reinforces the source water iso-
topic signature in tree ring cellulose, without necessarily
removing the humidity signal. The oxygen isotope ratios
of cellulose are therefore likely to record a combination
of environmental signals arising from precipitation (tem-
perature) and leaf-water enrichment (relative humidity).
The degree to which a particular tree records these param-
eters, however, will depend upon local conditions, such as
the degree to which the source water of the tree is related
to precipitation (Waterhouse et al., 2002).

The fact that isotope ratios in tree ring cellulose are gen-
erally determined by more than one climatic factor presents
a major problem for attempts to derive palaeoclimatic
information from oxygen isotopes in trees. For example,
a high value of d18O in tree ring cellulose could reflect an
increase in temperature (source water signal) or decrease
in relative humidity (leaf water signal) (Sternberg et al.,
2003). This complication reduces the power of oxygen iso-
topes for environmental reconstruction. In cases where sig-
nificant relationships between tree ring d18O and single
climatic parameters have been reported (Ramesh et al.,
1986; Switsur et al., 1994, 1995; Robertson et al., 2001; Tre-
ydte et al., 2006; Loader et al., 2008, 2010), correlation coef-
ficients between tree ring d18O and the instrumental climatic
data are typically less than 0.65. Such values are generally
too low for reliable climatic reconstruction (McCarroll
and Pawellek, 2001; Lucy et al., 2008). One solution to this
problem would be to separate the source water signal from
the leaf signal. Current methods of isotopic analysis of cel-
lulose, however, give a mean value of the individual posi-
tions in the glucose ring of cellulose, thus potentially
mixing the source water and leaf water isotopic signals.
There is no reason to suppose that oxygen isotope ratios
at different positions in the glucose ring of cellulose are
the same, owing to differences in the biochemical routes
leading to their incorporation; hence it is possible that the
five oxygen atoms in the glucose ring record source water

and leaf water isotope ratios to different extents, thus pro-
viding a potential means of separating the two isotopic sig-
natures. In pioneering research, Sternberg et al. (2003)
developed a method for determining isotope values of oxy-
gen at position 2 (O-2) of the glucose ring of cellulose (see
Scheme 1 for numbering of oxygen atoms). They provided
evidence that this oxygen was fully exchanged with water
during heterotrophic cellulose synthesis, implying that this
oxygen should carry a clear source water signal in tree ring
cellulose. In later studies, however, Sternberg et al. (2006,
2007) reassessed the degree of isotopic exchange of O-2 with
water, and the expectation that O-2 of tree ring cellulose
would record d18O of source water was not borne out.
Therefore there remains a need (i) to develop a method of
measuring the d18O values at each position in cellulose
and (ii) to determine the degree of isotopic exchange of oxy-
gen at each position during heterotrophic synthesis of cellu-
lose in the trunk. The expectation is that positions at which
oxygen atoms fully exchange with trunk water relate more
strongly to source water, whereas oxygen atoms that do
not exchange relate more strongly to leaf water. This would
provide a means of deconvolving the climatic processes
controlling isotope ratios in tree ring cellulose.

In this paper we describe the first reported procedure for
the determination of the oxygen isotope ratio of each oxy-
gen in the glucose ring of the cellulose molecule. This is a
development and extension of the methodology of Mullane
et al. (1988), who described a method for measuring the
mean isotope ratio of four of the oxygen atoms of cellulose.
We apply the procedure to determine the degree of isotopic
exchange at each position during heterotrophic cellulose
synthesis, for which we use a modified version of the meth-
od of Sternberg et al. (2003) for the heterotrophic genera-
tion of cellulose from wheat seedlings.

2. THEORY

Scheme 1 shows the cellulose molecule (1) as a repeating
set of glucose units. Each unit has five separate oxygen
atoms numbered 2–6, corresponding to the carbon atoms
to which they are bonded. Each of these oxygen atoms will
potentially have a different 18O/16O ratio, the value of
which is represented as dn, where n is the positional number
of the oxygen atom. The average value of d18O for the cel-
lulose molecule (dcell), over small ranges of d, can therefore
be expressed as:

dcell ¼
d2 þ d3 þ d4 þ d5 þ d6

5
ð1Þ

Acid hydrolysis of cellulose gives a mixture of a- and b-
D-glucose (2), in which one of the oxygen atoms (O-1) is de-
rived from the water used in hydrolysis. Schemes 2–5 show
in outline how the glucose is derivatized to a series of ben-
zoate esters, in which the benzoate groups contain between
one and four of the oxygen atoms (O-2 to O-6) of the ori-
ginal cellulose. (Further explanation of the chemistry in-
volved can be found in Appendix 2.) SN2-type cleavage of
the ester groups using pyridinium chloride (py+Cl�) yield
samples of benzoic acid, which are represented as BAn,
where n is the number (2–5) of the Scheme in which they
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