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Abstract

We have measured annual oxygen and hydrogen isotope ratios in the K-cellulose of the latewood of oak (Quercus
robur L.) growing on well-drained ground in Norfolk, UK. We compare the observed values of isotope ratios with
those calculated using equations that allow for isotopic fractionation during the transfer of oxygen and hydrogen
from source water taken by the tree to cellulose laid down in the cambium. The equations constitute a model in which
isotopic fractionation occurs during evaporative enrichment within the leaf and during isotopic change between
carbohydrates and water in the trunk during cellulose synthesis. From the relationship between isotope ratios in
precipitation and K-cellulose, we deduce that the source water used by the tree comprises a constant mixture of
groundwater and precipitation, chiefly from the months of May, June and July of the growth year. By selection of
isotopic fractionation factors and the degree of isotope exchange within the trunk, we are able to model the observed
annual values of oxygen isotope ratios of K-cellulose to a significant level (r=0.77, P6 0.01). When we apply the
same model to hydrogen isotope ratios, however, we find that, although we can predict the average value over the
time series, we can no longer predict the year-to-year variation. We suggest that this loss of environmental signal in
the hydrogen isotopes is caused by differences in the kinetic isotope effects of the biochemical reactions involved in
the fixation of hydrogen in different positions of the glucose molecule. Owing to these effects, the hydrogen isotope
ratios of cellulose can vary in a way not anticipated in current models and hence may induce non-climatic ‘noise’ in
the hydrogen isotope time series. < 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Numerous investigations over the past two dec-
ades have demonstrated the great potential of sta-
ble isotopes in tree rings (carbon, oxygen and hy-
drogen) as a record of continental environmental
information ([1] and references therein). Tree
rings o¡er advantages over other sources of proxy
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environmental data, such as ice cores and lake
sediments, owing to unambiguous dating of tree
rings to precise years. Ring widths and X-ray ab-
sorption measurements have been very success-
fully used for climatic reconstruction in ‘marginal’
areas such as Siberia [2] and the southwestern
USA [3]. In these areas tree growth is in£uenced
by a single dominant factor such as summer tem-
perature or precipitation. In temperate regions,
however, where growth can be in£uenced by sev-
eral factors, the relationship between ring widths
and climate is much weaker; in contrast, isotope
ratios display high correlations with climatic pa-
rameters in these regions [4^6]. This paper focuses
on relationships between oxygen and hydrogen
isotopes in tree rings and environmental parame-
ters, and on our theoretical understanding of the
factors that cause isotopic fractionation of these
elements during the processes that ultimately pro-
duce cellulose in the annual growth rings.
The source of oxygen and hydrogen atoms in

the cellulose of annual growth rings of trees is
atmospheric precipitation. Hence the isotopic
composition of these growth rings is regarded as
a valuable terrestrial source of information for the
reconstruction of isotopic ratios of precipitation.
However, the isotope ratios (18O/16O and D/H) of
the precipitation are modi¢ed during the complex
processes that occur within the tree leading to the
formation of cellulose. Some of the processes that
result in isotopic fractionation (such as evapora-
tive enrichment in the leaf ^ see below) are them-
selves dependent upon environmental parameters
such as the relative humidity. There is indeed
much evidence for relationships between climatic
parameters and oxygen and hydrogen isotopes in
tree rings [1].
Early investigations tended to concentrate on

spatial relationships over continental distances,
where variations in environmental variables were
relatively large. Burk and Stuiver [7] reported a
close relationship between mean annual temper-
ature and 18O/16O in cellulose for trees growing
along the western coast of North America. The
following year Yapp and Epstein [8] reported a
similar close relationship between average annual
temperature and D/H in cellulose for trees from a
wide area of the North American continent. More

recently, interest has focused on the temporal re-
lationships between isotopes and climate parame-
ters with the intention of using the long-term iso-
tope record available in tree rings to reconstruct
palaeoenvironmental parameters in a particular
area. Studies from individual sites have found sig-
ni¢cant relationships between cellulose D/H and
temperature [9^12] and humidity [9^11], and also
between cellulose 18O/16O and temperature [13^
15] and relative humidity [13,14].
It is clear from empirical measurements that the

relationship between isotope ratios in tree ring
cellulose and climatic parameters is complex,
and depends, among other things, upon the envi-
ronmental conditions under which the trees grow.
In order to obtain the maximum environmental
information from oxygen and hydrogen isotope
ratios in tree rings a complete understanding is
required of the complex processes that determine
these ratios. To this end we report here a study of
the behaviour of 18O/16O and D/H isotope ratios
in cellulose of individual annual growth rings of
oak (Quercus robur). In particular we examine the
extent to which the calculated values of cellulose
isotope ratios correspond to observed values. It
should be noted that the year-to-year variation
in 18O/16O and D/H values of source water taken
by individual trees growing naturally, and hence
of cellulose in annual growth rings, are much less
than the range of isotope ratios usually encoun-
tered in greenhouse studies and studies in which
trees are sampled over a wide geographical area.
As a consequence, small e¡ects that have so far
been ignored in constructing models of isotopic
fractionation are likely to be more apparent.
Our study highlights signi¢cant di¡erences, which
might be caused by such an e¡ect, in the behav-
iour of oxygen and hydrogen isotopes in cellulose.

1.1. Oxygen and hydrogen isotopic fractionation

The Craig^Gordon equation [16] for isotopic
fractionation was derived for a simple system of
evaporation at open water surfaces. It has since
been adapted and expanded to model the relation-
ship between the oxygen and hydrogen isotope
ratios of leaf water (Nl) and source water (Ns)
[17,18]. The simplest expression [14] of this rela-
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tionship is given by Eq. 1:

Nl ¼ Ns þ ðO e þ O kÞð13hÞ ð1Þ

In this model it is assumed that an isotopic steady
state has been reached in the leaf and that source
water and atmospheric water vapour are in iso-
topic equilibrium. It is also assumed that there is
no isotopic fractionation during uptake of water
by the roots and transport to the leaf [19]. The
terms Oe and Ok are the equilibrium and kinetic
fractionation factors respectively for di¡usion of
water vapour through the stomata, and h is the
relative humidity. In line with Roden and co-
workers [20], the term leaf water is used to indi-
cate the water at the site of evaporation (which is
appropriate for the site of carbohydrate synthesis
in the chloroplast), and not bulk leaf water, which
is enriched to a lesser extent [21,22]. Eq. 1 predicts
that the degree of isotopic enrichment in the leaf
depends on the value of relative humidity experi-
enced by the leaf. Temperature should also inde-
pendently in£uence the isotopic ratios in leaf
water by the e¡ect on meteoric water. More com-
prehensive versions of this model, which allow
also for di¡usion through the leaf boundary layer
(a¡ected by air velocity), have been developed by
others [18,20,21]. In order to use these models,
however, knowledge of vapour pressure and
wind speed at the leaf surface, and vapour pres-
sure in intercellular air space is required. Such
detailed information is not normally available in
studies where annual growth rings of trees grow-
ing under natural conditions are used as a source
of past environmental information. In these cases
the only parameters likely to be available over
extended periods are air temperature and the rel-
ative humidity measured at a nearby meteorolog-
ical centre.
Carbohydrates synthesised in the leaf will inher-

it the evaporatively enriched isotopic signal of the
leaf water. If it is assumed that the cellulose is
then formed from these carbohydrates without
further isotopic modi¢cation, the values of oxygen
and hydrogen isotope ratios in the cellulose are
given by Eq. 2:

Ncell ¼ Ns þ ðO e þ O kÞð13hÞ þ O n ð2Þ

where On is the appropriate biochemical fraction-
ation factor for oxygen or hydrogen. Eq. 2 carries
the implication of two main environmental in£u-
ences on the value of Ncell. The ¢rst is temperature,
through its e¡ects on meteoric water [23] and
hence Ns, and the second is relative humidity,
through its in£uence on evaporative enrichment
of leaf water. It should be noted that Eq. 2 is
valid for both oxygen and hydrogen and predicts
that isotopes of these two elements will behave in
a proportional fashion.
The equation is, however, unlikely to be di-

rectly applicable to free-growing trees owing to
a number of factors. First, it does not take into
account the probable post-photosynthetic ex-
change of oxygen and hydrogen between carbohy-
drates and the xylem water during cellulose for-
mation in the trunk, a process for which there is
increasing evidence [24^26]. Second, it does not
address the possibility of a mixed origin for the
tree’s source water, which may be a mixture of
recent precipitation and groundwater drawn up
by deeply penetrating roots. Other uncertainties
in the equation include the appropriate values
for the fractionation factors.
Oxygen atoms in carbohydrates are able to ex-

change with xylem water during cellulose synthe-
sis in the cambium via reversible hydration at
carbonyl groups of triose phosphates [25,26].
Eq. 2 can be modi¢ed [20,24] to allow for this
exchange, giving Eq. 3:

N
18Ocell ¼ ð13f oÞ½N18Os þ ðO e þ O kÞð13hÞ þ O o�þ

f oðN18Os þ O oÞ ð3Þ

where fo is the fraction of oxygen atoms exchang-
ing with the xylem water, and Oo is the biological
fractionation factor for oxygen, which has the
same value for processes within the leaf and trunk.
Carbon-bound hydrogen atoms in carbohy-

drates are also able to exchange with xylem water
via enolisation at carbonyl groups [24,27]. Mod-
i¢cation of Eq. 2 to allow for this yields Eq. 4:

NDcell ¼ ð13f HÞ½NDs þ ðO e þ O kÞð13hÞ þ O a�þ

f HðNDs þ O hÞ ð4Þ
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where fH is the fraction of hydrogen atoms ex-
changing with the xylem water; Oa is the biologi-
cal fractionation factor associated with NADPH
during carbohydrate formation in the leaf; Oh is
the fractionation factor for exchange of carbon-
bound hydrogen atoms with water. Eq. 4 is equiv-
alent to one derived by Roden and co-workers
[20].
The main purpose of this study is to determine

the extent to which measured values of N
18Ocell

and NDcell may be modelled using Eqs. 3 and 4,
taking into account (i) di¡ering amounts of post-
photosynthetic exchange during cellulose synthe-
sis and (ii) the degree of mixing of recent precip-
itation and groundwater to provide the water
used by the tree.

2. Site and trees

Two oak trees (Quercus robur) (SP10 and SP19)
were sampled for isotope measurement. They
grow in an open stand in well-drained sandy soil
in Sandringham Park, northwest Norfolk, in east-
ern England about 5 km from the coast. A full
description of the site has been given previously
[6]. Groundwater samples were taken directly
from springs at several locations at the site. Re-
cords of temperature from the central England
temperature series (since 1895) and humidity
(since 1920) were obtained as previously described
[6,28]. Isotope ratios of precipitation (Nmw) are
available since 1982 from the station at NERC
Centre for Ecology and Hydrology, Wallingford
(Berkshire), 180 km to the southwest of the site.

3. Methods

Wood samples for isotopic analysis were taken

from each tree using a 12-mm-diameter increment
borer. The annual growth rings were assigned un-
ambiguously to individual years by matching the
ring width time series for each tree against the
master ring width chronology for the site based
on 25 cores from 11 trees [6,29]. The late
(summer) wood was manually removed under
magni¢cation in thin shavings from each annual
ring using a scalpel. The early wood was dis-
carded from the analysis because it is known
that early wood is formed at least in part from
photosynthates produced in the previous year
[25]. K-Cellulose was separated from the slices
[30] and values of N

18Ocell determined by the
method of Field and colleagues [31] based on py-
rolysis with mercury(II) chloride. Values of NDcell
were measured after nitration of the K-cellulose to
trinitrocellulose, using a mixture of nitric and
phosphoric acids [32]. This procedure is necessary
in order to remove the oxygen-bound hydrogens,
which are readily exchangeable with environmen-
tal water. The crude trinitrocellulose was puri¢ed
by dissolution in the minimum volume of acetone
and subsequent precipitation from cold water
[33].
Isotope ratios are presented using the standard

‘delta’ notation where the oxygen and hydrogen
isotope values in a sample (N18O and ND respec-
tively) are expressed as the measured isotope ratio
in the sample relative to that in a standard in
parts per mille (x) :

N ¼ ðRsample=Rstandard31Þ1000x

The international standard for oxygen and hydro-
gen is Vienna Standard Mean Ocean Water
(VSMOW). For cellulose, the isotope ratios for
oxygen and non-exchangeable hydrogen are rep-
resented as N

18Ocell and NDcell respectively. Stan-
dard deviations for replicate measurements of a

Table 1
Correlation coe⁄cients (r) between oxygen and hydrogen isotope ratios of tree ring cellulose and temperature for the years 1895^
1994 and 13.00h GMT relative humidity for the years 1920^1994

N
18O ND

July^August temperature (1895^1994) 0.34* 0.37#

July^August relative humidity (1920^1994) 30.48* 30.46*

Signi¢cance levels: *P6 0.001, P6 0.01.
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standard sample of K-cellulose are 0.2x and
2x for oxygen and hydrogen respectively.

4. Results and discussion

4.1. Climate relationships

We investigated the relationship between iso-
tope ratios and climatic parameters using a single
time series for each isotope, generated by calcu-
lating an average value for each year from the two
trees, in order to increase the signal-to-noise ratio.
We have previously shown that trees on this site
show the strongest relationships between late-
wood N

18Ocell and temperature and relative hu-
midity for the months of July and August [29].
Values of the correlation coe⁄cient (r) for
N
18Ocell against average July and August temper-
ature and relative humidity are reproduced in
Table 1 together with corresponding values for
NDcell, which have not been reported previously.
Values of r in Table 1, although signi¢cant
(P6 0.01), are not particularly high and are lower
than those obtained for the carbon isotopes from
the same site [6]. However, the values are similar
to those obtained from previous studies investi-
gating temporal variations in oxygen and hydro-
gen isotope ratios in tree rings at annual resolu-
tion [9^11,13,15].

4.2. Modelling oxygen isotopes

In order to compare observed and modelled
values of annual isotope ratios in latewood from
1982^1994, the period during which N

18Ocell and
N
18Omw are both available, we changed the above
strategy of using a mean isotope time series de-
rived from the time series of individual trees. As
we have isotope values from only two trees, aver-
aging two annual values will not necessarily im-
prove the agreement between observed and calcu-
lated values for that year; on the contrary, where,
for a particular year, the observed values of
N
18Ocell di¡er signi¢cantly, an average will reduce
or destroy the closeness of match between ob-
served and calculated values for one of the indi-
vidual trees. We decided, therefore, to use the

results from a single tree (SP19) to test the model.
SP19 was chosen because N

18O values from this
tree correlated more highly with those of meteoric
water (r=0.82, P6 0.001) than did SP10 (r=0.22,
Ps 0.01). Examination of the individual values in
the N

18Ocell time series for the two trees between
1982 and 1994 indicated that there were two years
in which the N

18Ocell values di¡ered signi¢cantly,
su⁄cient to lower the value of r for SP10 com-
pared with that for SP19. We think that this dis-
crepancy is more likely to arise from experimental
error in the isotopic measurements for the two
aberrant years, than from a di¡erence in environ-
mental response between the trees. In support of
this interpretation the N

18Ocell values of the two
trees show a higher correlation over the 87 year
period from 1895 to 1981 (r=0.51, P6 0.001)
than over the 13 years from 1982 to 1994 (r=
0.44, Ps 0.1), indicating that the trees are behav-
ing similarly over the long term.
Table 2 shows the correlation coe⁄cients r be-

tween latewood N
18Ocell for SP19 and N

18Omw for
speci¢ed months between 1982 and 1994 (the pe-
riod during which continuous records of isotope
ratios of precipitation are available from CEH
Wallingford). For this particular tree the strongest
relationship (r=0.82, P6 0.001) is with the mean

Fig. 1. The relationship between oxygen isotope ratios in
precipitation (N18Omw) and in the K-cellulose (N18Ocell) from
latewood of Quercus robur SP19 from Sandringham Park for
the period 1982^1994. Isotope ratios in precipitation are an
average for the months of May^July, weighted for the
amount of precipitation in each month. Error bars on ob-
served values of N

18Ocell are for a standard deviation of
0.2x.
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values N
18Omw for the months May^July (calcu-

lated as a weighted average from the precipitation
of each month). Precipitation at earlier times dur-
ing the year seems also to have some in£uence, as
evidenced by the values of r for December, Jan-
uary and March. We have previously shown that
the predominant in£uence on an ‘eastern Eng-
land’ N18Ocell chronology (derived from the two
trees at Sandringham and a further two trees
growing on a wet site approximately 3 km to
the south-southwest) are the values of N18Omw of
the preceding December and January [29]. The
di¡erence in relationship between N

18Omw and
the N

18Ocell time series for SP19 and that for the
mean of four trees can be explained as follows. In
taking an average for the isotope ratios of indi-
vidual trees to produce a mean time series, the
particular in£uences relating to each tree are
also averaged. The mean time series will therefore
represent that of a hypothetical tree growing
under average growth conditions. At the wet
site, we argue [29] that water may take several
months to move through the saturated zone to
reach the rhizosphere, and hence water taken up
by the tree during the period of latewood forma-
tion is likely to be dominated by the previous
winter’s precipitation. At the dry site (Sandring-
ham) precipitation is likely to reach the rhizo-
sphere much more rapidly, and hence during the
period of latewood formation, water taken up by
the roots will be dominated by more recent (May^
July) precipitation. The relationship between iso-

tope ratios in cellulose and precipitation therefore
depends crucially on the conditions in which a
tree grows.
Fig. 1 shows the relationship between N

18Ocell
and average May^July N18Omw. In agreement with
Eq. 3, there is a good linear relationship (r=0.82,
P6 0.01). However, Eqs. 3 and 4 predict that the
regression line should have a gradient of 1, for
both oxygen and hydrogen, assuming that the
precipitation is the source water taken up by the
roots. Yapp and Epstein [8,34] obtained gradients
close to 1 for the relationship between NDcell and
NDmw for trees across North America. The ob-
served slope in Fig. 1, however, is considerably
less (0.59). This suggests that the oak tree ring
isotopes are recording N

18Omw, but that the rela-
tionship is damped. Saurer and co-workers [14]
also observed gradients signi¢cantly lower than
1 for the regression line of N

18Ocell vs. N
18Omw

(May^August average) for beech trees growing
in two sites in Switzerland. They accounted for
the gradient by assuming that the source water
sampled by the tree derives from a mixture of
precipitation from preceding months, weighted
for mixing in the soil. In the case of the oak
tree examined in the present study, the simplest
explanation is that during the period of formation
the tree is sampling both groundwater of constant
N
18O via its deep roots and precipitation via shal-
lower roots in the ratio of ca. 40:60. The assump-
tion that the isotope ratio of groundwater is con-
stant is supported by observations by Hemming
(unpublished work) in which the isotopic ratios of
the groundwater over an eight month period, at a
site with similar characteristics to Sandringham,
showed no signi¢cant variation despite large var-
iations in the isotopic ratios of the precipitation
over the same period. If it is assumed that a 40:60
mixture of groundwater and precipitation is
sampled during formation of latewood, then
N
18Os = 0.6N18Omw+0.4N18Ogw. The N

18O value of
groundwater was measured as 37.3 W 0.1x
(n=3).
We can now use Eq. 3, in which N

18Os is de-
¢ned as above, to calculate values of N18Ocell and
compare these with the observed (Fig. 2). Values
of Oe and Ok are taken respectively as 9.5x [35],
and 28.5x [20], and values of h are for 10.00h

Table 2
Correlation coe⁄cients (r) between oxygen isotope ratios of
cellulose for tree SP 19 and precipitation for speci¢ed
months for the period 1982^1994

Month r Month r

Octobera 0.30 April 30.02
Novembera 0.09 May 0.71#

Decembera 0.28 June 0.602

January 0.53V July 0.52V

February 0.01 August 30.09
March 0.642 May^Juneb 0.82*
a Previous calendar year.
b Isotope ratios of precipitation for the months of May^
June for each year were calculated as a weighted means of
the precipitation amount for the individual months.

EPSL 6272 16-7-02

J.S. Waterhouse et al. / Earth and Planetary Science Letters 201 (2002) 421^430426



GMT. Values of Oo are reported as falling within
the range of 27W 3x [36] and fo within the range
of 0.40^0.45 [20,24]. In order to test the sensitivity
of the model to values of Oo and fo we varied these
parameters within the ranges of 24^32x and 0^
0.50 respectively. Fig. 2 shows the best ¢t that was
obtained with observed values of N18Ocell, in terms
of both mean value and variance. This occurred
when Oo = 30x and fo = 0.46 (observed mean and
variance are 30.1x and 0.7 respectively; calcu-
lated values are 29.9x and 1.4 respectively; cor-
relation coe⁄cient between observed and calcu-
lated values is 0.77, P6 0.01). Although these
values of Oo and fo are at or just beyond the ex-
tremes of values in the literature, they do provide
a better ¢t to the observed values of N18Ocell than
do values of Oo and fo set within the mid range of
literature values. This is illustrated in Fig. 2 for
Oo = 27x and fo = 0.42 (calculated mean and var-
iance are 27.3x and 1.6 respectively). For com-
parison, Fig. 2 also shows calculated values of
N
18Ocell when Oo = 27x and fo = 0. In this case
both calculated mean (32.1x) and variance
(3.0) are signi¢cantly higher than observed.
The calculated values of N18Ocell from Eq. 3 are

also dependent upon the time of day at which

relative humidity values are measured. Fig. 3
shows calculated values of N18Ocell for relative hu-
midity measured at 10.00h, 13.00h and 18.00h
GMT, with Oo set at 30x and fo set at 0.46.
The best ¢t with observed values of N

18Ocell is
for the relative humidity at 10.00h. Values of rel-
ative humidity from 13.00h give poorer agreement
with the observed isotope ratios than do the
10.00h and 18.00h values. This may be explained
by the fact that trees growing in dry conditions
have a lower rate of photosynthesis during the
warmest part of the day. Under these conditions
the photosynthesis curve shows two peaks, one in
the morning and another during the late after-
noon [37]. Therefore relative humidity measured
for 10.00h probably gives a better representation
of conditions under which the majority of photo-
synthesis occurs than values taken in the middle
of the day.
Considering the large approximations that have

been made, the model represented by Eq. 3 allows
the calculation of N18Ocell values that are in good
agreement with observed values. In particular, the
annual variation in N

18Ocell is well predicted. This
gives con¢dence to our basic understanding of the
mechanisms involved in oxygen isotope fraction-
ation.

Fig. 3. Observed (b) and calculated values (Eq. 3,
Oo = 30x) of oxygen isotope ratios (N18Ocell) of cellulose in
the latewood of Quercus robur SP19 from Sandringham
Park. The value of fo is taken as 0.46 for each modelled val-
ue of N

18Ocell. Calculated values are for the di¡erent times
for which relative humidity is taken: 10.00h, a ; 13.00h, O ;
18.00h, E. All times are GMT. Error bars on observed val-
ues of N18Ocell are for a standard deviation of 0.2x.

Fig. 2. Observed (b) and calculated values of oxygen isotope
ratios (N18Ocell) of K-cellulose from latewood of Quercus ro-
bur SP19 from Sandringham Park. Calculated values (Eq. 3)
are for di¡erent values of fo, the fraction of oxygen atoms
that exchange with water in the trunk during cellulose syn-
thesis, and Oo, the biochemical fractionation factor for oxy-
gen: Oo = 27x, fo = 0 7 ; Oo = 27x, fo = 0.42 O ; Oo = 30x,
fo = 0.42 a. Error bars on observed values of N18Ocell are for
a standard deviation of 0.2x.
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4.3. Modelling hydrogen isotope ratios

Eq. 4 was used to calculate values of NDcell.
Assuming that groundwater and precipitation
mix in a ratio of 4:6, then NDs = 0.6NDmw+
0.4NDgw, where NDgw has the measured value of
350.1x. Values of Oe, Ok, Oa and Oh are taken
respectively as 82x [35], 25x [18], 3171x
and 158x [24]. Values of h are for 10.00h
GMT. Di¡erent values of fH were entered into
the equation, and the best ¢t, in terms of observed
(343.9x) and calculated (345.3x) mean val-
ues of NDcell, was with fH =0.46 (Fig. 4). Fig. 4
also shows calculated values of NDcell when fH is
set at 0.40 and 0.50. The sensitivity of the model
to values of fH is apparent. A value for fH of 0.46
is consistent with the range of 0.40^0.45 observed
by Yakir and DeNiro [24], but is signi¢cantly
larger than 0.31 obtained by Roden et al. [20].
The fact that ‘best ¢t’ values of fo and fH in this
study are both 0.46 is striking, and suggests that
carbohydrate molecules exchange the same pro-
portion of oxygen and carbon-bound hydrogen
atoms with water.
The important thing to note in Fig. 4 is that,

although the calculated mean value of NDcell is
close to the observed, there is no signi¢cant cor-

relation in behaviour over the period of analysis
between calculated and observed values (r=0.14,
Ps 0.1). In contrast to oxygen isotopes, hydrogen
isotopes appear to have lost the annual details of
the environmental signal. This behaviour is quite
unlike that of oxygen isotopes; it is not predicted
in current models and has not been previously
reported. Indeed, using the same model as here,
Roden and co-workers [20] obtained reasonable
agreement between observed and calculated val-
ues of NDcell for trees growing under greenhouse
or ¢eld conditions. However, the range of natural
variation in NDcell in this study is much less than
in that of Roden et al. ; and as argued above, a
small e¡ect that has previously been ignored may
be more apparent in our study. We suggest that
the failure to replicate annual variation in NDcell
over the 13 year period of study arises from a
factor not incorporated in current models. This
results from the varying abundance of the D iso-
tope at di¡erent positions in the glucose ring
caused by di¡erences in kinetic isotope e¡ects
(KIE) of chemical reactions involved in the syn-
thesis of glucose [38]. Thus the abundance of D at
C3 of the PGA molecule formed by carboxylation
of RuBP di¡ers from that formed from glyoxy-
late, owing to the di¡erent KIEs of the enzyme-
catalysed reactions involved. The resulting abun-
dance of D at C6 in glucose therefore depends
upon the physiological state of the plant [38]. Ef-
fects of this type will a¡ect correlation of NDcell
with environmental parameters in an unpredict-
able way and could explain the loss of environ-
mental signal as observed.

5. Conclusions

In line with expectation, we ¢nd that oak trees
growing in their natural environment record in-
formation on growing season temperature and
relative humidity in the oxygen and hydrogen iso-
tope ratios in the K-cellulose from the latewood of
annual growth rings. Values of oxygen isotopes in
cellulose are well predicted by a model that takes
into account the origin of water used by the tree
and isotopic fractionation in leaf water and in the
cambium during cellulose synthesis. However, the

Fig. 4. Observed (b) and calculated values of hydrogen iso-
tope ratios (NDcell) of cellulose in the latewood of Quercus
robur SP19 from Sandringham Park. Calculated values (Eq.
3) are for di¡erent values of fH, the fraction of hydrogen
atoms that exchange with water in the trunk during cellulose
synthesis: fH =0.40 O ; fH = 0.46 a ; fH = 0.50 E. Values of
relative humidity are taken at 10.00h GMT. Error bars on
observed values of NDcell are for a standard deviation of
2x.
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model requires knowledge of the source water
used by trees, which for the trees in this study is
a mixture of groundwater and precipitation. It
follows that if the model is to be used to derive
oxygen isotope values in precipitation from iso-
tope ratios of tree ring cellulose, then knowledge
of this mixing is required. This has implications
when using ancient timber samples for environ-
mental reconstruction, as there may be little or
no information on the extent to which the trees
from which the samples came sampled ground-
water. This suggests that shallow-rooted trees,
such as pine and beech, may be more suitable
than oak for reconstructing isotope ratios of pre-
cipitation, as for these species, precipitation is
likely to be a much greater component of their
source water than it is for oak. When an analo-
gous model is applied to hydrogen isotopes, it
predicts the average value of NDcell well but, un-
like the case for oxygen isotopes, the model does
not predict the pattern of annual variation. We
suggest that, for hydrogen isotopes, the existing
model may be de¢cient in that it does not take
into account changing intramolecular distribu-
tions of hydrogen isotopes within the glucose
unit. A more complete knowledge of this e¡ect
may thus be necessary to obtain full environmen-
tal information from measurements of NDcell.
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