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Abstract

Stable isotopes in tree rings could provide palaeoclimate reconstructions with perfect annual resolution and statistically defined

confidence limits. Recent advances make the approach viable for non-specialist laboratories. The relevant literature is, however,

spread across several disciplines, with common problems approached in different ways. Here we provide the first overview of isotope

dendroclimatology, explaining the underlying theory and describing the steps taken in building and interpreting isotope

chronologies.

Stable carbon isotopes record the balance between stomatal conductance and photosynthetic rate, dominated at dry sites by

relative humidity and soil water status and at moist sites by summer irradiance and temperature. Stable oxygen and hydrogen

isotopic ratios record source water, which contains a temperature signal, and leaf transpiration, controlled dominantly by vapour

pressure deficit. Variable exchange with xylem (source) water during wood synthesis determines the relative strength of the source

water and leaf enrichment signals. Producing long Holocene chronologies will require a change in emphasis towards processing very

large numbers of samples efficiently, whilst retaining analytical precision. A variety of sample preparation and data treatment

protocols have been used, some of which have a deleterious effect on the palaeoclimate signal. These are reviewed and suggestions

made for a more standardised approach.

r 2004 Elsevier Ltd. All rights reserved.
1. Introduction

Trees are wonderful things. They stand fixed in the
landscape, often for centuries, taking carbon from the
air, and oxygen and hydrogen from soil water, and
combine these components into layers of wood laid
down in annual succession. The width of the annual
rings often varies sufficiently to allow the patterns in
many different trees to be compared and cross-checked,
so that with care it is possible to determine the exact
year in which each ring was laid down. Occasionally the
trees fall into bogs or shallow lakes, or are buried in
river gravel, preserving the timber in good condition for,
in some cases, many thousands of years. By carefully
piecing together the pattern of ring widths in living trees,
and then extending that record back in time using
standing and fallen dead wood, building timbers, and
sub-fossil logs (Fig. 1) it is possible to produce annually
resolved chronologies that stretch back for thousands
of years.
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In northern Europe pine chronologies now extend
more than 7000 years (Eronen et al., 2002; Grudd et al.,
2002) and work on larch promises even longer records
(Hantemirov and Shiyatov, 2002). In Ireland, Britain
and mainland Europe there are oak chronologies
extending more than 8000 years (Leuschner et al.,
2002; Spurk et al., 2002), and attempts have been made
to extend these further still using pines (Becker, 1993).
These chronologies and others, including those based on
exceedingly long-lived trees, such as the bristlecone
pines of California, provide the basis for dendrochro-
nological dating (Baillie, 1995) and were also used to
calibrate the radiocarbon timescale (Suess, 1970; Pilcher
et al., 1984; Becker, 1993; Stuiver and Reimer, 1993).
Perhaps their greatest potential, however, is as archives
of the carbon, hydrogen and oxygen extracted from the
environment each year and fixed in the annual rings. Air
and water sampled by a tree are subtly modified by the
tree as it responds to the varying environment in which
it lives, and these small changes, expressed as variations
in isotopic ratios, provide an archive for reconstructing
past environments.
There are many such natural archives of palaeocli-

matic information, including ocean and lake sediments,
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Fig. 1. Examples of living, dead and sub-fossil trees used to construct long chronologies. (a) Sampling an ancient oak in Eastern Britain. The

physical size, structure and tendency of many old oaks to become hollow make the retrieval of long cores for isotope analyses difficult. This tree is in

excess of 350 years old (Photographr J. Waterhouse). (b) Living Scots pine (Pinus sylvestris L.) amongst standing dead trees in NWNorway. At this

site living trees reach ages in excess of 400 years and standing deadwood dating to the 11th century has been recovered (r D. McCarroll). (c, d)

Standing dead wood (snag) and fallen log from the same site in NW Norway (r D. McCarroll). (e) The long Fennoscandian chronologies are based

mainly on pine trunks recovered from cold, shallow lakes, where they may remain in good condition for millenia. In this example from northern

Finland a disk is being cut from a pine trunk (r R. Jalkanen).
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peat bogs and ice cores, but none have the two great
advantages of tree rings. First, the exact dating of each
ring provides perfect annual resolution. Second, each
part of the chronology is represented by several over-
lapping trees, so it is possible to define the variability of
a measurement as well as the average value, allowing
confidence limits to be calculated. Trees are also
widespread, so that it is possible to examine geographi-
cal variations in the climate of the past, which may be of
more interest for predicting the consequences of future
climate change than estimates of global or hemispherical
conditions. Isotope ratios in tree rings have the added
advantage that the physiological controls on their
variation are reasonably well understood and relatively
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simple in comparison to the myriad factors controlling
annual growth increment. There is thus potential, in
addition to the use of inferential statistics, for mechan-
istically modelling the influence of climate, even at sites
where growth is not controlled by a single factor.
Improvements in sample preparation techniques, and

particularly in the way that samples are combusted and
analysed, have meant that generating isotope ratios
from wood samples is becoming faster, easier and less
expensive. Presently restricted to a few specialist
laboratories, it is an approach that could be used much
more widely and applied to large numbers of samples,
giving access to very long chronologies with perfect
annual resolution, yielding quantitative estimates of
palaeoclimate parameters with statistically defined con-
fidence limits.
The literature relating to stable isotopes in tree rings

is, however, spread across a wide range of disciplines,
and different groups are approaching common problems
often in very different ways. There is presently no single
source that outlines the basic principles of isotope
dendroclimatology, reviews recent advances, or that
describes the various steps that need to be taken in
producing and interpreting an isotope chronology. This
paper aims to gather that information from the various
specialist fields and present it in a form accessible to a
more general scientific audience.
2. Stable isotopes

The three main elements in wood (carbon, oxygen and
hydrogen) all have more than one stable (non-radio-
active) isotope. Carbon, for example, has two stable
isotopes, 12C and 13C, each with six protons but with
either six or seven neutrons. These isotopes have almost
identical chemical properties but the difference in mass
allows physical, chemical and biological processes to
discriminate against one of them, thereby imparting an
environmental signal. By convention, the ratio of 13C to
12C is expressed in delta (d) notation with reference to a
standard material for which the isotopic ratio is known
(Eq. (1)). The carbon isotope ratio (d13C) is expressed, in
parts per thousand (%), as

d13C ¼ ðRsample=Rstandard � 1Þ1000; ð1Þ

where Rsample and Rstandard are the
13C/12C ratios in a

sample and standard, respectively. In the case of carbon
the chosen standard was a fossil belemnite from the Pee
Dee formation of South Carolina, which has since been
exhausted and replaced by ‘Vienna-PDB’ or VPDB
(Coplen, 1995). Using this nomenclature the carbon
isotopic ratio of CO2 in air is about �8%. As the ratio
of 13C to 12C declines, indicating that the material is
depleted in 13C, then d13C values also decline.
Oxygen has three natural stable isotopes, each with
eight protons but between 8 and 10 neutrons, giving a
mass of between 16 and 18. It is the ratio of 18O to 16O
that has traditionally been used in the environmental
sciences. The ratios of the stable isotopes of oxygen are
also expressed using the d notation relative to a
standard. For carbonates the PDB or more recently
VPDB standard may be used, but for water, ice and
plant material the standard is standard mean ocean
water (SMOW), now replaced by Vienna-SMOW or
VSMOW. The difference in mass dictates that water
containing the lighter isotopes of oxygen will evaporate
more easily than that containing the heavier isotopes, so
source water is isotopically heavier than the moisture
that evaporates from it. The effect is temperature
dependent, so that cold air masses collect moisture that
is isotopically lighter than that which evaporates under
warmer conditions. When moisture vapour condenses
the opposite is true, with the heavier isotopes conden-
sing most readily, and again the isotopic ratio depends
on the temperature at which condensation takes place.
Global variations in the d18O of precipitation are thus
linked in a complex way to climate (Dansgaard, 1964).
Hydrogen has two stable isotopes, the heavier one

being called deuterium (2H or D). The ratio of 2H to 1H,
or the D/H ratio, is also expressed relative to SMOW or
VSMOW using the d notation as dD (%). Moisture
vapour is depleted in deuterium relative to the source.
The dD ratio of precipitation also varies globally and is
linked in a complex way to climate. Variations in d18O
and dD of precipitation are also strongly correlated but
differ in magnitude along a global meteoric water line
(Gat, 1980; IAEA, 1981).
3. Environmental physiology

Although the carbon of each annual tree ring has its
origin in the CO2 of air, and O and H come from soil
water and thus precipitation, the isotopic ratios in wood
are very different to those in either air or water, so trees
do not passively collect and store these elements. The
primary value of the isotopic records in tree rings is not
simply as samples of ancient air or water, but as
sensitive bioindicators of the way that the components
of air and water have been changed by the trees in
response to the environments in which they lived. This is
a branch of environmental physiology and significant
advances have been made in understanding precisely
what controls the change in isotopic ratios.

3.1. Carbon isotope theory

Plants have evolved different photosynthetic path-
ways for carbon fixation, which results in large
differences in the way that carbon isotopes behave
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Fig. 2. Diagram of a needle-leaf tree showing the main controls on the fractionation of carbon isotopes and the environmental factors that influence

them. The equations are explained in the text.
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(Ehleringer and Vogel, 1993). All of the trees used in
dendroclimatology belong to the C3 group (meaning
that the first photosynthetic product contains three
carbon atoms), so the others (C4 and CAM) will not be
considered here. The ratio of 13C to 12C in the carbon
dioxide of air currently yields a d13C value of about
�8% (VPDB). The leaves and wood of trees, however,
yield much lower values (�20% to �30%), demonstrat-
ing that trees are depleted in 13C relative to air. This
change in ratios from a source to a product is known as
fractionation, and the degree of fractionation is
controlled to some extent by the response of the tree
to its environment.
Molecules of H2O are smaller than those of O2 or

CO2, so membranes that allow gas exchange are also
permeable to water. Land plants have evolved water-
proof coatings and internalised their gas exchange
surfaces, so that air enters the leaf through pores called
stomata, which can be constricted by guard cells to
reduce moisture loss. Carbon gain and moisture loss are
thus intimately related. The carbon dioxide in the
internal air can move into solution and becomes
available to the photosynthetic enzymes that use sun-
light to produce sugars. During this transition from
external air to leaf sugars there are two main points at
which carbon isotopic fractionation occurs.
When air diffuses through the stomata, the carbon

dioxide molecules that include the lighter isotope of
carbon are able to diffuse more easily than those
including the heavier isotope, simply because as
molecules bounce off each other the lighter ones bounce
furthest. The net effect is that internal air is depleted in
13C relative to ambient air, resulting in a ‘fractionation
due to diffusion’ of �4.4% (Fig. 2). If the stomatal
opening is extremely small (p0.1 mm), collisions with
guard cells become important and fractionation is much
higher, but this is only likely to occur in species with a
high frequency of very small stomata such as citrus trees
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(Farquhar and Lloyd, 1993). The second point of
fractionation occurs when internal CO2 is utilised by
the photosynthetic enzyme. Biological processes tend to
use 12C in preference to 13C, and this ‘net fractionation
due to carboxylation’ is estimated to be about �27%.
Discrimination against 13C during carbon fixation by

trees (and other C3 plants) can be expressed as

D% ¼ a þ ðb � aÞðci=caÞ; ð2Þ

where a is the discrimination against 13CO2 during
diffusion through the stomata (E–4.4%), b is the net
discrimination due to carboxylation (E�27%), and ci
and ca are intercellular and ambient CO2 concentrations
(Farquhar et al., 1982).
The fractionations that occur due to diffusion and

carboxylation are constant. However, fractionations are
additive, the net effect depending on the isotopic ratio of
the source gas; so if internal CO2 becomes enriched in
13C, more 13C will be assimilated in leaf sugars. In trees,
therefore, the d13C value of leaf sugars is controlled
dominantly by the ratio ci : ca: If ci is high relative to ca;
then stomatal conductance is much higher than the rate
of photosynthesis and there will be a strong carboxyla-
tion discrimination against 13C, yielding low d13C
values. If the rate of stomatal conductance is low
compared to the rate of photosynthesis, then the
internal concentration of CO2 will drop and there
will be less carboxylation discrimination against 13C,
leading to higher d13C values. The dominant environ-
mental controls on the stable carbon isotopic ratios in
tree rings, therefore, should be those that control the
rate of stomatal conductance and the rate of photo-
synthesis.
When leaf sugars are used to make the various

components of trees there are further fractionations, so
that cellulose and lignin, for example, always yield lower
d13C values than leaf sugars. In some trees carbon may
also be contributed by photosynthesis in the bark
(Cernusak et al., 2001), but this does not apply to the
trunks of mature trees with thick bark.

3.2. Oxygen isotope theory

The source of water for trees is soil moisture, so part
of the signal in the water isotopes (H and O) of trees will
come from the isotopic signature of precipitation.
However, there are several potential fractionations
before the water isotopes become fixed in wood
components (Fig. 3). The first occurs within the soil,
where evaporation can alter the original isotopic ratio.
There are also seasonal variations in the d18O of
precipitation, and in the depth from which roots access
water (Dawson, 1993; Dawson and Pate, 1996), so the
residence time of the soil water is important (Buhay and
Edwards, 1995). When tree roots take-up water there is
no fractionation (Wershaw et al., 1966), so the critical
site of fractionation is the leaf, where evaporation
(transpiration) leads to a loss of the lighter isotopes and
a consequent enrichment in 18O, which can be as much
as 20% (Saurer et al., 1998a, b).
The level of enrichment of leaf water above source

water at the sites of evaporation (D18Oe) is given by

D18Oe ¼ e� þ ek þ ðD18Ov � ekÞea=ei; ð3Þ

where e� is the proportional depression of water vapour
pressure by the heavier H2

18O, ek is the fractionation as
water diffuses through the stomata and leaf boundary
layer, D18Ov is the oxygen isotope composition of water
vapour in the atmosphere (relative to source water), and
ea and ei are the ambient and intercellular vapour
pressures (Craig and Gordon, 1965; Dongmann et al.,
1974; Barbour et al., 2001, 2002). e� varies slightly with
temperature, but leaf enrichment depends mainly on the
difference between the isotopic compositions of the
source water and the ambient moisture vapour, and on
the ratio of vapour pressure inside to that outside of the
leaf. At constant temperature, and where source (soil)
water and atmospheric vapour have the same isotopic
signature, the degree of enrichment due to evaporation
is linearly dependent on 1� ea=ei (Barbour et al., 2001).
This model explains the isotopic enrichment of water at
the site of evaporation, however, backward diffusion of
the enrichment is opposed by the convection of
isotopically lighter source water to the sites of evapora-
tion (a P!eclet effect: Barbour and Farquhar, 2000;
Barbour et al., 2001). The d18O of leaf water is,
therefore, less depleted than that at the site of
evaporation, so that Eq. (3) over-estimates the net effect
of enrichment due to transpiration.
Sucrose formed in the leaf reflects the isotopic

signature of leaf water, but with 27% enrichment. The
mechanism responsible is exchange of carbonyl oxygen
in organic molecules with water (Sternberg et al., 1986).
Tree-ring cellulose forms from sugars transported down
the trunk, where exchange is with xylem (source) water.
If all of the oxygens were to exchange, tree-ring cellulose
would record directly the isotopic ratio of source
(xylem) water. If there is no exchange, the isotopic
ratios reflect both the source water and the degree of
enrichment due to evaporation in the leaf. Clearly, if the
potential palaeoenvironmental signals are to be inter-
preted, it is critical to determine what proportion of the
oxygen atoms exchange (Roden et al., 2000; Anderson
et al., 2002).
To form cellulose, sucrose cleaves to form hexose

phosphates, allowing 20% of oxygen to re-exchange
with water. A proportion of the hexose phosphate,
however, does not immediately form cellulose, but
passes through a futile cycle to triose phosphates, which
allows further exchange (Hill et al., 1995). The total
proportion of oxygen atoms available for exchange is
thus dependent on the number of cycles through triose
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Fig. 3. Diagram of a broad-leaved tree showing the main controls on the fractionation of the water isotopes and the environmental factors that

influence them. The equations are explained in the text.
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phosphate. This is difficult to predict and likely to vary
with the rates of cellulose synthesis and sucrose import,
with slow fluxes leading to high exchange (Barbour and
Farquhar, 2000). Isotopic fractionation during lignin
synthesis is more complex, with more potential for
exchange with xylem water (Barbour et al., 2001).
Tree-ring d18O is not a direct measure of the d18O of

the source soil water, because evaporation raises the
d18O of leaf water. The amount of evaporation depends
on stomatal conductance and vapour pressure deficit,
both of which are linked to relative humidity (RH), and
the resulting fractionation is moderated by the d18O of
moisture vapour outside the leaf (Roden et al., 2000). As
tree rings form, the signal imparted in the leaf is
dampened to a variable extent by exchange of oxygen
with xylem water. The dominant environmental signals
in tree-ring d18O are thus likely to be the d18O of
precipitation and summer humidity, but the relative
strength of these two signals will vary.
3.3. Hydrogen isotope theory

Hydrogen isotopes in tree rings remain difficult to
measure and limited data are available. The behaviour
of hydrogen has, however, been modelled (Roden et al.,
2000), and its fate shares much in common with oxygen.
The hydrogen in wood comes from soil water and hence
precipitation. The dD of precipitation is dependent on
condensation temperature and varies both spatially and
seasonally. When the water reaches the leaf, evaporation
leads to a preferential loss of the lighter isotopes, so the
dD of leaf water is enriched relative to the source.
Enrichment of dD at the site of evaporation is controlled
by the same factors that control the enrichment of d18O.
The fractionation factors are different for hydrogen and
oxygen, but the same general model applies (Eq. (3)). As
for oxygen, the P!eclet effect dampens the evaporative
signal, so that dD of total leaf water is lower than that at
the site of evaporation.
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During photosynthesis there is a marked discrimina-
tion against D, so that resulting leaf sugars are
isotopically lighter than leaf water. The magnitude of
this fractionation is uncertain (�100% to �171%), but
when these sugars are used to produce tree rings there is
an uncertain but similarly large fractionation in the
opposite direction (+144% to +166%; Yakir, 1992).
As with oxygen isotopes, there is potential for exchange
with xylem water, which will push dD of tree rings back
towards that of the source water. Roden et al. (2000)
estimate that the degree of dampening of the evapora-
tive-enrichment signal for hydrogen isotopes, due to a
combination of the P!eclet effect and exchange with
xylem water, is likely to be similar to that for oxygen.
On the basis of theory, therefore, the environmental

factors influencing hydrogen isotopes in wood should be
the same as those influencing oxygen. The dominant
signals should be the dD of precipitation and growing
season (summer) RH.
4. Measuring isotope ratios

In order for the stable isotope ratios of a tree-ring
sample to be determined, it must first be converted to a
gaseous form suitable for mass spectrometry. This first
stage may be carried out ‘‘off-line’’, typically as single
samples or small batches, or ‘‘on-line’’ as part of an
integrated system involving the quantitative combustion
or pyrolysis of the sample. The stable carbon, hydrogen
and oxygen isotope ratios of the resulting sample gases
are determined using a stable isotope ratio mass
spectrometer (IRMS). An aliquot of sample gas is
admitted to the mass spectrometer where it is ionised.
The charged particles are accelerated by high voltage
and pass down a flight tube where a magnetic field
deflects them according to differences in mass towards
‘Faraday cup’ detectors. The ratios between the
detectors are compared with the results from standards
of known isotopic composition.
For hydrogen isotope analysis, hydrogen gas (H2) is

used and the mass spectrometer is tuned to detect
masses, which represent the isotopic combinations HH,
and HD. For carbon and oxygen isotope analysis,
traditionally carbon dioxide (but more recently carbon
monoxide) has been used as the sample gas and the
ratios of the masses 44, 45 and 46 (28, 29 and 30) are
measured. These masses represent the isotopic combina-
tions of carbon and oxygen in carbon dioxide: [44],
12C16O16O; [45], 13C16O16O, 12C17O16O, 12C16O17O; [46],
12C18O16O, 12C16O18O, 13C17O16O, 13C16O17O,
12C17O17O. The contribution from radioactive 14C can
be neglected. Reference materials of known isotopic
compositions relative to an international standard are
used to calibrate the sample isotopic compositions.
These are then expressed relative to the relevant
international standard (VPDB or VSMOW).
In traditional dual-inlet machines, each sample is run

separately or as part of a small batch (ca 16) by
manifold operation. Small samples can be analysed
following cryogenic concentration. The pressure of
the sample gas is ‘‘balanced’’ against that of the
reference gas prior to each analysis, ensuring high
precision and reliability. Unfortunately, manual dual-
inlet analyses are relatively time consuming and
although they provided the data for many of the initial
studies in this field, their limitations and low sample
throughput constrained what could realistically be
achieved.
A more significant limitation, however, is the pre-

paration required to convert organic samples into a
form suitable for mass spectrometry (CO2/CO for
carbon/oxygen isotopes, H2 for hydrogen isotopes).
This requires a range of lengthy ‘‘off-line’’ preparation,
combustion/pyrolysis and purification stages. Only
those approaches routinely used for the isotopic analysis
of tree rings are described here, though a wider range of
preparative techniques and their applications are re-
viewed elsewhere (Sofer, 1980; Boutton et al., 1985;
Wong and Klein, 1986).

4.1. Carbon isotopes (off-line)

The off-line preparation of carbon dioxide from tree-
ring samples is based on combustion of the sample in a
sealed Pyrex tube with an excess of copper oxide
providing oxygen (Buchanan and Corcoran, 1959;
Sofer, 1980; Boutton et al., 1985; Field, 1994). The tube
is sealed under vacuum then heated to 450�C for 18 h,
combusting cellulose to form H2O (removed cryogeni-
cally) and CO2. Each tube is analysed individually,
although batches may be processed together. Standard
samples are included to ensure continuity between
batches. This method is both robust and reliable,
regularly exhibiting precision E0.1% [(sn�1) n ¼ 12
(0.5mg a-cellulose)].

4.2. Oxygen isotopes (off-line)

Progress in the analysis of oxygen isotopes in tree
rings has been limited by the time-consuming and
potentially hazardous nature of the preparative techni-
ques. To obtain reliable isotopic information it is
essential that either all the oxygen is in a stable
equilibrium with related reaction products or that the
element under scrutiny is in a single chemical form and
any chemical reactions or transfers have proceeded to
completion. Recent reviews illustrate the range of
techniques available (Wong and Klein, 1986; Mullane
et al., 1988; Farquhar et al., 1997; Loader and Buhay,
1999). Off-line techniques used for the analysis of tree
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rings may, however, be considered to fall into two main
groups: mercury(II) chloride (mercuric chloride) pyroly-
sis or nickel tube pyrolysis.
The method developed by Rittenberg and Ponticorvo

(1956) and modified more recently (Dunbar and Wilson,
1983; Field et al., 1994; Sauer and Sternberg, 1994)
involves pyrolysis of dry cellulose (3–4mg) in vacuo
with mercury(II) chloride. The products, which include
mercury, hydrochloric acid, carbon monoxide and
carbon dioxide, are purified off-line in a vacuum system.
The carbon monoxide is converted to carbon dioxide
using an electrical discharge and combined with any
carbon dioxide formed during pyrolysis prior to isotopic
measurement. This process is very time consuming and
involves regular exposure to highly toxic substances.
Considerable potential exists for fractionation during
the vacuum line manipulation of the pyrolysis products
and conversion of CO to CO2. In spite of these
limitations the method yields reliable results and has
been adopted by a number of laboratories. Typical
precision of standard materials is E0.2%.
A less hazardous method is based upon the pyrolysis

of the sample in sealed high purity nickel tubes or
‘‘bombs’’ (Thompson and Gray, 1977; Brenninkmeijer
and Mook, 1981). At high temperatures the pyrolysis
products inside the tubes comprise hydrogen and carbon
monoxide. Permeability of the nickel to hydrogen at
temperatures above 950�C permits the diffusion of the
hydrogen gas from the tube preventing subsequent
reaction with the oxygen bound in the CO. As the tube is
cooled the CO disproportionates to CO2 according to
the Boudouard equilibrium to form predominantly CO2,
traces of CO, carbon and nickel carbonyl. The tube is
then opened under vacuum, nickel carbonyl thermally
degraded and remaining traces of CO converted to CO2
using electrical disproportionation. The sample, now all
in the form of CO2 is cryogenically combined prior to
isotopic analysis. This method has the advantage that
the hydrogen gas can also be trapped and analysed
(Gray et al., 1984; Motz et al., 1997), however, it is
sensitive to contamination from oxidation of the high
purity nickel tubes which have a limited lifetime and
cannot be used on compounds containing nitrogen. This
method also yields precision of E0.2%.
A number of other approaches have been devised and

tested, including a pyrolysis train capable of sample
preparation and purification on a flow of helium (Ferhi
et al., 1983), RF induction heating (Aggett et al., 1965),
reaction with guanidine hydrochloride (Wong et al.,
1987), contributive oxidation (Taylor and Chen, 1970)
and a pyrolysis method in which the sample was
converted to CO prior to analysis (Bunton et al.,
1956). A novel method developed by Mullane et al.
(1988) converts cellulose into benzoic acid and has
potential, through derivitisation, for measuring isotopic
ratios of oxygen atoms occupying different positions in
the glucose rings of cellulose, some of which are
unambiguously linked to leaf water (Waterhouse, pers.
comm.).

4.3. Hydrogen (off-line)

Up to 30% of the hydrogen atoms in cellulose can
exchange with hydrogen from external sources (atmo-
spheric moisture, etc.), so these hydroxyl hydrogens
must first be either replaced with nitro (NO2) groups by
nitration or equilibrated with water of known isotopic
composition. Hydrogen gas is prepared by in vacuo
combustion of dry samples in sealed quartz tubes with
excess copper oxide. The resulting carbon dioxide and
water are separated cryogenically and, theoretically, this
method produces samples for both carbon and hydro-
gen isotopes (Robertson et al., 1995). The water is
reacted with pure Indiana zinc to form zinc oxide and
hydrogen gas from which the ratio of deuterium to
hydrogen is determined (Stump and Frazer, 1973;
Northfelt et al., 1981; Coleman et al., 1982; Heaton
and Chernery, 1990). The nickel tube pyrolysis method
has also been used to purify samples of hydrogen for
isotopic measurement by adding a silica sleeve around
the ‘‘bomb’’ to collect the hydrogen (Gray et al., 1984;
Motz et al., 1997). High levels of reproducibility can be
obtained using this modified approach, but its applica-
tion is limited to samples of pure (equilibrated) cellulose.
These and other off-line methods are still in use and

yield reliable results, but the cost in time and resources
required for reliable analyses of the supra-long chron-
ologies has proven prohibitive to the development of
isotope dendroclimatology.
5. On-line (continuous flow) methods

The development of continuous flow stable isotope
mass spectrometry has reduced dramatically the cost
and time required for isotopic analyses so that replicated
analysis of millennial sequences is now possible. The
modern continuous flow IRMS method was developed
by interfacing an elemental analyser with a mass
spectrometer for carbon isotope analysis (Matthews
and Hayes, 1978; Preston and Owens, 1983, 1985). This
enabled the ‘‘on-line’’ preparation, purification and
transfer of a sample directly to the mass spectrometer
on a continuous flow of carrier gas. The high degree of
automation and rapid sample throughput enables large
numbers of samples to be measured cost effectively.
Complete systems including elemental analyser, inter-
face and IRMS are now commercially available.
Continuous flow methods offer great potential for

tree-ring isotope studies, yet a number of method-
specific problems must also be considered and routinely
addressed by laboratories to ensure reliable and
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comparable results. Sustained analyses over many hours
using continuous flow methods can lead to variations in
carrier gas flow/combustion efficiency that can cause a
drift in isotopic measurements. Frequent standard
samples must be run in order that such effects can be
identified and corrected for. Unlike dual-inlet methods,
the reference gas pressure is also not matched to that of
the sample gas, so large variations in sample size within
a run can also adversely influence results, particularly
with very small samples. Standards of different sizes
should be run to determine the range for which reliable
results can be obtained and the nature of any correction
required. Precision of early continuous flow systems was
low (E0.3% 13C), but they are now comparable to off-
line methods.

5.1. Carbon isotopes on-line

Continuous flow measurement of carbon isotopes
offers a robust and reliable method for quantitative
conversion of cellulose, wood or lignin to CO2 for
isotopic measurement. Samples are placed into tin foil
capsules and dropped into a tube heated to 1000�C
through which a stream of helium is passed. Combus-
tion of tin releases heat, ensuring full combustion of the
sample. A pulse of oxygen is admitted on the carrier gas
and the combustion products pass over a series of
combustion and reduction reagents. Traces of water are
removed, typically using a chemical trap, and the
resulting gases, a mixture of CO2 and N2, resolved to
separate peaks by a gas chromatography column. The
sample gas is admitted into the mass spectrometer via a
capillary tube and open split where the carbon dioxide
(and/or nitrogen) can be analysed. The results are
compared with standard reference gases and samples of
known isotopic composition. Addition of an auto-
sampler enables many samples (100+) to be prepared
and run as a batch. High levels of precision (0.1%) with
rapid sample throughput (8min per sample) can
typically be obtained on samples of 100–200 mg C.
Improving analytical capabilities of these systems also
permit the analysis of smaller samples (o50 mg carbon)
with a slightly reduced precision.

5.2. Oxygen isotopes on-line

Systems capable of oxygen isotope analysis by
continuous flow methods are still under development.
Most are based upon the complete thermal degradation
of samples to carbon monoxide (cf. Santrock and
Hayes, 1987; Begley and Scrimgeour, 1996, 1997;
Werner et al., 1996; Farquhar et al., 1997; Koziet,
1997; Saurer et al., 1998a, b; Loader and Buhay, 1999),
although no definitive method has yet emerged. Systems
vary slightly in combination of reagents used, reactor
temperatures, or hardware, but a typical system for the
analysis of cellulose can be described. Samples in silver
foil capsules are dropped into a pyrolysis tube contain-
ing vitrified carbon at ca 1100�C and the products
(ideally H2 and CO although there may be traces of N2,
CO2 and water) purified during passage through a water
trap and a CO2 trap on a stream of dry helium, and
resolved by passage through a GC column containing a
5 (A molecular sieve (Werner et al., 1996; Begley and
Scrimgeour, 1997; Farquhar et al., 1997; Saurer et al.,
1998a, b). CO has the same mass as N2 so the system
must be leak-free and the two gas peaks separated fully.
The samples are admitted to the mass spectrometer and
results compared against reference gases and materials
of known isotopic composition. A typical sample run
lasts 10–20min depending upon the time taken for
elution of the gas peaks. Variants to this method include
the use of higher temperatures and ceramic tubing (to
prevent isotopic exchange of oxygen with silica at high
temperatures) and the use of nickelised carbon as a
pyrolysis catalyst (Farquhar et al., 1997; Koziet, 1997).
The analytical precision (typically 0.3%) now ap-
proaches that of the off-line method.

5.3. Hydrogen isotopes on-line

There are several practical obstacles to developing
reliable continuous flow techniques for hydrogen
isotopes, including differentiation of the sample from
the He carrier gas, effective separation of the hydrogen
ions in the mass spectrometer and amount effects at the
detector (Prosser and Scrimgeour, 1995; Tobias et al.,
1995; Tobias and Brenna, 1996; Brenna et al., 1998).
These issues have been largely surmounted (Kelly et al.,
1998) and it is now possible for on-line hydrogen
isotopic measurements to be performed through pyr-
olysis of samples of organic matter (ca 2mg) with
precision approaching 2.5%.
The high temperature pyrolysis approach is similar to

that described for the on-line determination of oxygen
isotopes. Dry samples in silver foil capsules are
pyrolysed in a stream of helium at 1100�C (or above).
Traces of water and CO2 are removed and the remaining
pyrolysis products (H2, CO and N2) resolved using gas
chromatography prior to mass spectrometry. (The
impact of these traces of water and CO2 on the precision
of both on-line oxygen and hydrogen isotope analysis
has yet to be addressed.) Hydrogen remains the most
difficult of the three isotopes to measure, either on- or
off-line, and this has limited its application in isotope
dendroclimatology.
Further to the methods described above, several other

continuous flow IRMS applications may also offer
future potential. These include analysis of specific
compounds by ‘combustion/pyrolysis gas chromatogra-
phy isotope ratio mass spectrometry’ (GC-IRMS)
(Gleixner and Schmidt, 1998), use of position-specific
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derivitisation of cellulose (Waterhouse, pers. comm.;
Mullane et al., 1988), or hydrolysis/pyrolysis methods.
The complex chemical preparation required for each
sample currently prevents their use in developing
replicated climate reconstructions from long time-series,
but they may be useful for more detailed studies
requiring fewer samples.
The development of continuous flow technology

effectively provides access to research questions that
require large numbers of samples, including palaeocli-
mate reconstructions using long tree-ring chronologies.
The systems are now available ‘off the shelf’, and need
not be restricted to specialist laboratories. However,
with this greater accessibility comes a responsibility to
continue to look beyond the mass spectrometer as a
‘black box’ and to preserve good practices essential to
the generation of high-quality data. A thorough
scientific approach to sample collection, preparation
and analysis remains essential, even when very large
numbers of samples are being analysed. There also
remains a pressing need for the development and
distribution of dedicated international cellulose stan-
dards for stable carbon, hydrogen and oxygen isotope
analysis.

5.4. Sample preparation

For carbon and oxygen isotope analysis wholewood,
lignin or cellulose may be analysed. Where cellulose is
the preferred sample material it is isolated from whole-
wood through a series of chemical steps. For softwoods
and samples containing a high proportion of extractives,
resins are removed from the wood shavings using a
Soxhlet apparatus and a mixture of toluene:ethanol
(2:1). The lignin component is then removed through
oxidation in an acidified sodium chlorite solution to
yield holocellulose. The hemicellulose component is
further removed through washing with sodium hydro-
xide to produce homogeneous a-cellulose which is
washed thoroughly and dried prior to analysis. Variants
upon these methods have been refined for particular
species, although the principal procedures remain
(Leavitt and Danzer, 1993; Loader et al., 1997; Brendel
et al., 2000). Further methodological details and
comparisons are reviewed in Green (1963), Sheu and
Chiu (1995) and van de Water (2002).
Preparation of samples for hydrogen isotope analysis

is complicated further because 30% of the hydrogen
atoms comprising the cellulose molecule, the hydroxyl
hydrogens, are capable of isotopic exchange with
environmental moisture. Complete exchange of these
hydrogen atoms, during cellulose processing or storage
for example, can potentially mask or even eliminate the
environmental signal preserved in the non-exchangeable
carbon bound, carboxyl hydrogens. To eliminate the
influence of exchangeable hydroxyl hydrogen, cellulose
samples must either be nitrated or equilibrated prior to
analysis. Nitration replaces the exchangeable hydrogen
with nitro (NO2) groups, whereas equilibration ex-
changes all the hydroxyl hydrogen with hydrogen from
water of known isotopic composition (a mass balance
being employed to determine the dD value of the carbon
bound component). A number of methods have been
proposed relating to the nitration of cellulose or
wholewood samples (Bennett and Timmell, 1955; Green,
1963; Ramesh et al., 1986). Standard procedures rely
upon a slow reaction with nitrating mixture, often at
reduced temperatures, followed by a purification of the
final product from non-nitrated residue by dissolution of
the cellulose nitrate in acetone and subsequent repreci-
pitation of the pure product in cold distilled water. The
equilibration method has also been developed for wood
and cellulose samples using two procedures. Both rely
upon the equilibration of the exchangeable hydrogen
with water of known isotopic composition, but the
nature and duration of this exchange is modified such
that variants include a cold freeze-thawing method and
a high temperature equilibration with steam (Schimmell-
man, 1991; Feng and Epstein, 1994).
Both the nitration and equilibration of cellulose are

time consuming and potentially hazardous. This addi-
tional processing requirement, in conjunction with
reduced H/D analytical availability, is reflected in the
restricted length and number of hydrogen isotope time-
series published. By its nature equilibrated cellulose is
not isotopically stable under standard laboratory con-
ditions. Cellulose nitrate is explosive and should be
stored in a freezer to prevent decomposition. Techno-
logical and resource limitations have prevented exten-
sive investigation into the signal preserved in the resin-
extracted wholewood or lignin fractions compared to
the cellulose-based methods above. It is hypothesised
that the large isotopic shifts observed in hydrogen
isotope biochemistry during cellulose formation will also
be reflected in the processes of lignification. Conse-
quently, it is not possible to make any firm recommen-
dations regarding the potential or relative value for
hydrogen isotope analysis of equilibrated wholewood
over cellulose for palaeoclimate reconstruction. New,
more rapid methods of sample preparation through
equilibration or derivitisation are currently under
development that may provide an insight into or
solution to these problems in the near future (Huber
and Leuenberger, 2003; Leuenberger, pers. comm.;
Waterhouse, pers. comm.).
6. Sampling strategies

On the basis of isotope theory, d13C, d18O and dD in
tree rings should vary in response to the climatic
conditions of the year in which the ring was formed,
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suggesting a potential source of palaeoclimate informa-
tion. However, some care is needed in the design of
sampling schemes, and in the treatment of data if that
potential is to be fully realised. A range of sampling
strategies and data treatment protocols have been
applied, making it difficult to compare results directly.
The aim here is to describe the choices that must be
made in collecting and analysing tree-ring isotope data
and to clarify the implications of those choices for the
type of palaeoclimate information that is likely to be
produced.

6.1. Tree species

Stable isotopes have been measured in many tree
species (Table 1) and between-species differences in
isotope ratios and environmental signals are to be
expected. The water transport system in conifers, for
example, is less efficient than that in ring-porous broad-
leaved species such as oak, and hydraulic conductivity
affects stomatal conductance, which influences all three
isotopes. Conifers, therefore, tend to yield higher d13C
ratios than angiosperms (Stuiver and Braziunas, 1987;
Leavitt and Newberry, 1992; Leavitt, 2002). The
differences in leaf morphology are also important, and
Barbour et al. (2002) have suggested that this may lead
to a difference in the environmental controls on
fractionation of oxygen. Needle temperatures remain
close to, or parallel, that of the air, so the dominant
control on evaporative enrichment is vapour pressure
deficit. Flat leaves are less strongly coupled to the
atmosphere, because of the greater potential for
evaporative cooling, so stomatal conductance becomes
more important. Between-species differences in rooting
depth will influence moisture availability, and hence
stomatal conductance (Warren et al., 2001), and also the
residence time of the soil water that is accessed, and so
the isotopic composition of source water. Shallow-
rooting trees may retain a better record of annual
variations in the d18O of precipitation, whereas the more
consistent source water signal in deep-rooted, ground-
water-tapping trees might be an advantage in isolating
the evaporative-enrichment signal. Position in the
canopy will determine radiation received, strongly
influencing carbon isotope ratios.
Although some studies have compared isotope ratios

of different species (e.g. Ramesh et al., 1985; Hemming
et al., 1998), some care is required in interpreting such
differences where sample sizes are small. The few papers
that have reported results from large samples of
individual trees suggest that differences within a species,
even growing at the same site, can be as large as those
between species (Leavitt and Long, 1984; Leavitt and
Lara, 1994; McCarroll and Pawellek, 1998; Brendel
et al., 2002). Similarity in response to climate, however,
is more important than absolute differences in isotopic
ratios. Warren et al. (2001), for example, were able to
combine d13C from many different conifers for compar-
ison with climatic and altitudinal gradients, and Gagen
et al. (2004, in press) suggest that d13C signals obtained
from two pine species are so similar that they can be
regarded as equivalent, despite large differences in ring
widths and densities. Tang et al. (2000) found that
between-species variation in dD was less than within-site
variation of the same species.
From a Quaternary perspective, the most important

tree species are those that form the long chronologies,
which in Europe is mainly oak and pine. There is some
logic, therefore, in focusing effort on these groups, and
data are now available for several species of oak and
many of pine (Table 1).

6.2. Choice of site

Stomatal conductance is controlled by soil moisture
status as well as RH, so trees from dry sites will produce
different ratios and be more sensitive to variations in
moisture regime than trees from moist sites. The
difference may be largest for carbon isotopes, where
stomatal conductance is often the strongest control, but
will also influence oxygen and deuterium through the
level of leaf enrichment.
Since moist and dry sites will yield different results,

the choice of site needs to be tailored to the research
question. In sampling trees for ring-width studies, the
traditional advice is to seek ‘sensitive sites’, where the
trees are under stress and therefore most likely to
respond to variations in climate. If the aim is to
reconstruct moisture regime then dry sites are desirable
(e.g. Saurer et al., 1995, 1997), though where precipita-
tion is seasonal the isotopic signature of source water
may relate to winter whilst degree of leaf enrichment
relates to summer (Robertson et al., 2001). Where,
however, the aim is to use modern trees to understand
(calibrate) the signal retained in long chronologies, the
aim should be to sample trees that grow under similar
conditions to those that comprise the sub-fossil chron-
ology. On the basis of isotope theory, we can predict
that deliberately sampling dry sites, as is common
practice, could give very misleading results.

6.3. Sampling resolution

Samples may be acquired by felling trees and
removing a disk, or using increment borers. Most
studies use samples taken from near breast height. The
weight of sample required depends on the wood fraction
to be analysed and the type of mass spectrometer used.
Most early studies used blocks of several rings (Table 1),
but as sample preparation techniques have become more
standardised and mass spectrometers have improved, it
has become feasible to deal efficiently with small
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Table 1

A summary of papers that have exploited tree-ring isotope time-series for palaeoenvironmental research

Reference Species Site Age-range Wood component Isotopes Method Data treatment Environmental or other signal

Anderson et al. (1998) 4 A. alba C Switzerland 1913–1995 Pooled whole

ring a-cell.
d13C, d18O On-line None and (first

differences)

Temp. 0.27%/�C (0.23%/�C), prec.
and RH

Anderson et al. (2002) 4 Fir A. alba C Switzerland 1913–1995 Pooled whole

ring a-cell.
d18O On-line None Modelled d18O of prec. (May–

September) correct for T ; RH and ring

width index

Becker et al. (1991) Quercus sp. and

P. sylv

S central Europe Lateglacial–

Holocene

10-year blocks.

Cell. nit.

d13C, dD Off-line None Qualitative to Lateglacial–Holocene

transition

Bert et al. (1997) 10 A. alba France 1860–1980 5-year blocks.

Holocellulose

d13C Off-line Discrimination

calculated

Possible age related trend, changing

iWUE response to CO2
Buhay and Edwards (1995) Elm, pine maple Ontario Canada 1610–1990 10-year blocks.

Cellulose

d18O, dD Off-line, NiTP,

cell. nit.

None Modelled d18O of prec. and air RH,
qualitative reconstruction

Burk and Stuiver (1981) Various N America Spatial study 3 years+blocks.

Cellulose

d18O Cellulose None RH and temp.

Craig (1954) Sequioa gigantea N America 1027 BC–AD

1649

Wholewood d13C Off-line None Link to 13C in wood and the

atmosphere

Dubois (1984) Pinus sylvestris United Kingdom Recent and

ancient

Bulk cellulose

nitrate

dD Off-line None Link to deuterium content of prec. and

RH enrichment. Correlation with

altitude along a humidity gradient

Dupouey et al. (1993) F. sylv. France 1950–1990 Cellulose annual d13C Off-line with

CuO

Ci calculated Extractable soil moisture (July) and
13C (t � 1). Response to CO2,
correlation with basal area increment

Duquesnay et al. (1998) F. sylv. NE France 1850–1990 Pooled 10-year cellulose d13C Off-line with

CuO

D, Ci and WUE Age effects and long-term trends, no

climate correlations

Edwards et al. (2000) 19 Fir A. alba S Germany 1004–1980 LW cellulose d13C, dD Off-line nitrate De-trended and shifted RH and temp., same series as Lipp

et al. (1991)

Epstein and Krishnamurthy

(1990)

1 P. aristata (+22

species)

California (and

Global)

990–1990 3–5-year blocks.

Cell. nit.

d13C, dD Off-line 25-year moving average Qualitative link to temperature

Epstein and Yapp (1976) Various (incl. P.

aristata)

Scotland and N

America

1841–1970

970–1974

Wholewood 10-year

blocks

dD Off-line nitrated 40-year running mean Winter temperature. Qualitative link to

other climate proxies/archives

Farmer and Baxter (1974) Q. robur Larix

decidua

United Kingdom 1892–1972 Wholewood d13C Off-line 10-year running mean Identification of changing atmospheric
13C

February and Stock (1999) 6 Widdringtonia

cedarb

S Africa 1900–1976 Whole ring cellulose d13C Off-line with

CuO

Corrected not

de-trended

Air d13C, not prec. Other climate data
not available

Feng et al. (1999) 2 Picea NE China 1967–1996 5-year blocks. Cell.

nit.

dD Off-line None Qualitative comparison of monsoon

influence; recent vs. ancient period10,040 BP

Feng and Epstein (1995a) Pine, juniper, oak N America 1840–1990 5-year blocks. Cell.

nit.

d13C Off-line

combustion

Polynomial, 15-year

running average

High frequency=precipitation. Long

term=atmospheric 13C and pCO2
Feng and Epstein (1995b) 7 various N America 1840–1990 5-year blocks. Cell.

nit.

dD Off-line

combustion

25-year running average +5.3%/�C to +17%/�C

Freyer (1979a) 26 various Northern

Hemisphere

1850–1975 2–5-year blocks.

Cellulose

d13C Off-line None Identification of trends in atmospheric
13C during the last 150 years

Freyer (1979b) 10 various Germany 1890–1975 2-year blocks d13C Off-line None Influence of pollution on d13C
Freyer and Belacy (1983) 12 Q. robur and

Pin. sylv

Germany and

Sweden

1480–1979 Annual and 10-year

blocks. Cellulose

d13C Off-line None (calculation

of 1st differences)

Northern Hemisphere ‘‘industrial

effect’’ and temp., prec. 0.13%/�C
mean monthly temperature of April

and June

Gray and Se (1984) 3 Pic. glacua

(+5 var.)

Canada 1883–1975 5-year blocks. Cell.

nit.

dD Off-line

(Ni vessel)

None Temperature and source water;

precipitation-derived groundwater

Gray and Thompson (1976) 1 Picea glauca Canada 1880–1969 5-year blocks.

Cellulose

d18O Off-line (NiTP) None 1.370.1%/�C
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Gray and Thompson (1977) Picea glauca Canada 1882–1969 5-year blocks.

Wholewood, lignin

and cell

d18O Off-line (NiTP) None Signal strength with temperature

(September–August):

cellulose>wholewood>lignin

Hemming et al. (1998) F. sylv., Pin. sylv., Q.

rob

United Kingdom 1900–1994 Various d13C, d18O, dD On-line (C),

Off-line HgCl2(O),

CuO(H)

Corrected and first

differences

RH>temp.>prec.>sunshine

Jedrysek et al. (1998) 2 Quercus+fragments Poland 1850–1970

10th–20th

centuries

1- and 5-year LW

cell. nit.

d13C, dD Off-line Running average

(15 years)

13C May–July prec. (�1%/m–30mm).
No correlation with dD and rainfall/
temperature

Kitagawa and Matsumoto

(1995)

Cryptomeria japonica

(12)

S Japan 1862–1991

1846 years

5- and 10-year blocks,

a-cell.
d13C Off-line None Elevation trend interpreted as temp.–

0.29%/�C long-term record contains
Medieval Warm Period and LIA

Krishnamurthy (1996) 1 Juniperus phoenica Sinai Peninsula 1550–1950 5-year wood blocks d13C Unspecified Ratio internal to

ambient CO2

Air d13C and climate, possible
moisture

Krishnamurthy and Epstein

(1985)

1 Juniperus procera Kenya 1834–1979 5-year blocks.

Cell. nit.

dD Off-line

combustion

None Comparison with lake levels, and

inferred water stress

Lawrence and White (1984) 2 Pinus strobus N America 1960–1980 Annual (C-bound H) dD Off-line

combustion

None May–August precipitation amount

and dD source
Leavitt (1993) 56 Pinus edulis N America 1780–1990 5-year blocks d13C Off-line None Regional treeing 13C and moisture

stress signals

Leavitt and Lara (1994) 5 Fitzroya cupressoides Chile 1700–1900 5-year groups

holocellulose

d13C Off-line Corrected and ci=ca Evidence for ‘‘anthropogenic effect’’ in

Southern Hemisphere

Leavitt and Long (1985) 10 Juniperus sp. N America 1930–1979 5-year blocks. Cellulose

(full circumference)

d13C Off-line

(microcombustion

system)

None Reconstruction of atmospheric 13C.

Mean December temp. (�0.27%/�C)
and prec. (�0.04%/mm)

Libby and Pandolfi (1974) Quercus petraea Germany 1712–1954

1530–1800

3–4-year blocks.

Wholewood

d13C, d18O, dD Off-line 13C corrected for Suess

effect. 9-year running

average

d13C 2.73%/�C, dD 89.5%/�C d18O
5.29%/�C (winter temp.)

Libby et al. (1976) Q. pet., A. alba,

Cryyptomeria japonica

Germany, Japan 1350–1950

1660–1950

137–1970

Wood blocks, about

5 years

d18O, dD Off-line Smoothed by eye Temperature

Lipp and Trimborn (1991) Picea abies, A. alba Southern Germany 1004–1980 LW cellulose d13C, dD Off-line nitrate Unclear d13C 0.48%/�C dD 2.2%/�C
Lipp et al. (1991) A. alba Germany 1004–1980 LW cell. nit. d13C, dD Off-line nitrate De-trended and shifted d13C August temperature 0.33%/�C

dD no clear signal
Liu et al. (1996) 4 P. tabulaeformis N China 1885–1990 Annual pooled

multiple radii

d13C Off-line (CuO) Discrimination calculated Correlation with June temperature and

May–June precipitation

Loader and Switsur (1996) 3 Pinus sylvestris United Kingdom 1760–1991 1–10-year cellulose d13C Off-line (CuO) None and (first

differences)

Correlation with summer (June–

August) temperature

McCarroll and Pawellek

(2001)

36 Scots pine P.

sylvestris

N Finland, 4 sites 1961–1995 LW cellulose d13C Off-line with CuO Corrected and

de-trended

Summer sun or precipitation. Site-

dependent

McCormack et al. (1994) 360 Q. robur and Q.

petraea

United Kingdom 4890 BC–AD

1980

10–20-year

holocellulose

d13C Through-flow, pre-

charred

None Identified isotopic difference between

land- and bog-grown oaks

Okada et al. (1995) 3 Chamae-cyparis Japan 1680–1989 4 radii, 5-year blocks.

Cellulose

d13C Off-line

combustion

None No direct external forcing identified

Pearman et al. (1976) Athrotaxis selaginodies Australia 1895–1970 Wholewood 5-year

blocks

d13C Off-line

combustion

Running mean February max. temp. (deviation from

average). 0.24–0.48%/�C
Pendall (2000) P. edulis SW USA 1989–1996 E and L wood a-cell. dD Off-line nitrate None RH dominates. LW more sensitive

than EW

Ramesh et al. (1985) Abies pindrow India 1903–1932 Cell. and cell. nit. d13C, dD, d18O Off-line None Identified common forcing between

radii

Ramesh et al. (1986) Abies pindrow India 1903–1932 Cell. and cell. nit. d13C, dD, d18O Off-line None d13C RH and cloud, dD prec. and
temp.; 6.6%/�C, d18O; RH 0.19%/%

Robertson et al. (1997a, b) 10 oak Q. robur SW Finland 1895–1995 LW a-cell. d13C On-line Standardised by filtering Prec.>RH>temp.

Robertson et al. (2001) 4 oak Q. robur E England 1895–1994 LW a-cell. d18O Off-line with

HgCl2

No de-trending d18O of winter prec. and summer RH

D
.

M
cC

a
rro

ll,
N

.J
.

L
o

a
d

er
/

Q
u

a
tern

a
ry

S
cien

ce
R

eview
s

2
3

(
2

0
0

4
)

7
7

1
–

8
0

1
7
8
3



A
R
TIC

LE
IN

PR
ES

S

Saurer and Siegenthaler

(1989)

4 F. sylv. C Switzerland 1935–1986 3-year block. Cellulose d13C Off-line with CuO None d13C temp. and prec.

Saurer et al. (1995) 12 F. sylv. C Switzerland 1934–1989 3-year block. Cellulose d13C Off-line with CuO None d13C soil moisture status, total
precipitation.

Saurer et al. (1998a, b) F. sylv. C Switzerland 1935–1990 3-year block. Cellulose d13C, d18O On and off-line

Ni pyrolysis

Standardised,

c; ca�ci; ci=ca

d13C temp. and prec.
d18O of source

Saurer et al. (2002) Larix, Picea, Pinus Eurasia 1861–1890

1961–1990

30-year blocks.

Wholewood

d18O On-line pyrolysis None Spatial study, comparison with

precipitation d18O
Schiegl (1974) Picea Germany 1785–1970 5-year blocks.

Wholewood

dD Off-line None Correlation with summer temperature.

Schleser et al. (1999b) 5 Picea abies Germany 1957–1992 EW and LW, Cell.

and wood

d13C On-line None July temp. (0.12%/�C), mean annual
temp. (0.10%/�C)

Sheu et al. (1996) Abies kawakamii Taiwan 1873–1992 Annual (cellulose) d13C Off-line with CuO None May–October temp.

(d13C–0.46%/�C)
Sonninen and Jungner (1995) 1 Pinus sylvestris Finland 1841–1990 Annual (cellulose) d13C Off-line None July temp. 0.1%�C

Stuiver and Braziunas (1987) 19 conifers N America 1100–1850 10-year cellulose d13C No details Standardised Latitudinal trend. RH>temp. (0.32%/
�C)

Switsur et al. (1994) Quercus robur United Kingdom 1890–1990 Annual, EW and LW

cellulose

d13C, d18O, dD Off-line None d13C July T and RH d18O July T, July/

August RH

Switsur et al. (1996) 1 Quercus robur E England, UK 1869–1993 LW a-cell. d13C, d18O, dD Online, CuO,

HgCl2, cell. nit.

None Temp. (D, 13C18O), RH (13C, 18O),

prec. (18O)

Tang et al. (1999) Pinus longaeva California, USA 1795–1993 BEvery 5th ring,
cellulose

d13C Off-line De-trended,

calculated WUE

WUE increases with CO2

Tang et al. (2000) Pseudotsuga

menziesii

NW USA 1934–1996 Annual cellulose nitrate dD Off-line CuO

and Zn

None Source-water signal dominates,

temperature signal is weak

Tans and Mook (1980) 3 oak, 1 beech Netherlands 1855–1977 Annual wood, cellulose. d13C Off-line Corrected for d13C
trend

Mean summer temp. 0.39 (R) mean

annual temp. 0.27 (R)

Treydte et al. (2001) Spruce Picea abies Swiss Alps 1946–1995 Pooled LW a-cell. d13C On-line Corrected for d13C
and CO2

Late summer temp., prec. and RH

Waterhouse et al. (2000) 5 Pinus sylvestris N Russia 1898–1990 Annual LW a-cell. d13C On-line 3-year running mean Correlation with flow of river Ob (via

moisture stress)

Yapp and Epstein (1982) Various (25) N America Spatial

1961–1975

Cellulose nitrate dD Off-line Corrected for outliers Correlation with mean annual temp.

5.80%/�C
Zimmermann et al. (1997) Juniperus cf. tibetica Tibetan Plateau 1200–1994 5-year blocks and

averages cell.

d13C On-line Corrected for d13C
(polynomial)

Inferred soil moisture status

Abbreviations: Q=Quercus (oak); Q. pet=Qiercis petraea (oak); A. alba=Abies alba (fir); F. sylv.=Fagus sylvatica (Beech); LW=latewood; EW=earlywood; a-cell.=a-cellulose; cell.
nit.=cellulose nitrate; NiTP=nickel tube pyrolysis; D=discrimination; ci=internal CO2 concentration; ca ambient CO2 concentration; WUE=water use efficiency; T or temp.=temperature;

prec.=precipitation; RH=relative humidity.

Table 1 (continued)

Reference Species Site Age-range Wood component Isotopes Method Data treatment Environmental or their signal
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Fig. 4. Tree rings usually include both ‘earlywood’, comprising large, thin-walled cells formed in the spring and ‘latewood’ made from smaller, denser

cells formed during the summer. Since earlywood may be produced using stored photosynthates, to achieve true annual resolution in isotopic analysis

it is necessary to ensure that only the latewood is used. (a) Section of a pine tree showing the difference in colour (and density) of the earlywood and

latewood of each ring (r R. Jalkanen). (b) Thin section of oak. Large vessels of the earlywood are clearly visible, separated and sometimes offset

radially by medullary rays (r G. Helle).
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samples, and many studies now attempt to obtain
annual resolution.
Tree rings (Fig. 4) usually comprise large, thin-walled

cells of earlywood, formed in spring and manufactured,
at least partly, using stored photosynthates and smaller
thicker-walled cells of latewood formed during summer.
To obtain true annual resolution in the isotopic record,
it is necessary to take only the latewood (Switsur et al.,
1995). Power tools are avoided because they may cause
charring and fractionation, so the work is usually done
by hand using a scalpel or small chisel. This currently
limits the minimum size of tree rings that can be utilised.
Isotopic signals vary around the circumference of a tree
(Ramesh et al., 1985), so Leavitt and Long (1984)
recommend pooling samples from four radii. However,
the variability between trees is much greater than the
variability within rings, so better precision of the sample
mean is achieved by sampling more trees (McCarroll
and Pawellek, 1998).

6.4. Individual trees or pooled samples?

Analytical and cost constraints forced early studies to
pool samples from several trees prior to analysis, and
many studies still do this. Leavitt and Long (1984)
suggested pooling four cores from four trees will yield
an accurate absolute d13C value, though this has been
disputed (McCarroll and Pawellek, 1998). Treydte et al.
(2001) have demonstrated that the pooling of multiple
cores can yield results similar to those obtained from
preparation and combination of individual sequences.
Their findings support the use of the pooling approach
where study aims require mean time-series or where
resources are limited. However, pooling samples prior to
isotopic analysis severely constrains the utility of tree-
ring isotope series. Defining variability, and thus
precision, by placing confidence limits around mean
values and resulting reconstructions is a great advantage
of tree rings over other natural archives, most of which
yield a single number for each time increment. Pooling
samples also prevents removal of any non-climatic (e.g.
age) trends in the individual trees. Given the technology
available, the usual reason for pooling samples is now
cost of analyses. One solution might be to sacrifice
temporal resolution instead. The fact that it is possible
to obtain annual resolution using tree rings does not
mean that is always the best sampling strategy, given
financial or other constraints. With long time-series, the
lower-frequency variations, that may represent varia-
tions in climate, are usually of more interest than inter-
annual variability.
If blocks of several rings are taken from each tree, it is

still possible to identify trends in individual trees and to
place statistically defined confidence limits around mean
isotope values, and ultimately around palaeoclimate
estimates. For carbon isotopes inclusion of the early-
wood is acceptable, though it would be logical to begin
each block with latewood (current years sugars) and end
with earlywood (stored photosynthates). For stable
oxygen and hydrogen isotopes this strategy may be
more problematic because of potential for depletion of
xylem water during winter. Exchange with highly
enriched xylem water during earlywood cellulose and
lignin synthesis could have a very distorting effect
(Field, 1994). More research is required into the isotopic
characteristics of earlywood before this strategy can be
recommended.
A simple alternative would be to sample latewood of

individual trees, but not from every ring. Sampling every
fourth ring, for example, would cost the same as pooling
wood from four trees, producing high (not annual)
resolution chronologies without any of the dampening
effects of pooling wood or mixing adjacent years. Such
data could be compared directly with annually resolved
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chronologies. This is an unusual strategy (Tang et al.,
1999), but we recommend it as preferable to the
common practice of pooling samples.

6.5. Wood component

Early work on stable isotope ratios in tree rings used
wholewood (Craig, 1954; Farmer and Baxter, 1974;
Libby et al., 1976), but since Wilson and Grinsted (1977)
demonstrated that different components of wood differ
isotopically, most studies have concentrated on analysis
of cellulose, as the dominant and most easily isolated
component of wood. Wood is a complex material
comprising a range of chemical components, including
cellulose, lignin, hemicelluloses, resins, tannins, etc.
Since the biochemical processes used in the formation
of each component from the initial photosynthate are
known to differ, so too do the stable isotope ratios of
the resulting components (Barbour et al., 2002; Loader
et al., 2004, in press). The reasons for this shift away
from wholewood towards a-cellulose addressed several
important methodological issues. Firstly, the cellulose of
each annual increment could be unambiguously linked
to a specific growth period since it is cellulose that forms
the cellular framework of the tree ring. Secondly, the
isolation of a single chemical component, in this case
cellulose, reduced problems associated with variability
in the lignin:cellulose ratio that could occur inter-
annually, between individuals or (diagenetically) within
a sequence through time. A third reason for the
extraction of a-cellulose was the greater level of
homogeneity that is attained during the purification
process. Large isotopic variability has been demon-
strated to occur within individual tree rings (Loader
et al., 1995; Switsur et al., 1995; Schleser et al., 1999a)
consequently homogeneity of sample material
remains an important consideration, particularly when
pooling material from many trees or blocks of annual
rings.
The d13C values obtained from lignin and cellulose are

offset by about 3%, with no apparent temporal offset in
the climate signal (Loader et al., 2004, in press). In
theory, the isotopic signals of the water isotopes should
be similar for cellulose and lignin, though Barbour et al.
(2001) note that there may be more potential exchange
with xylem water during lignin synthesis, which would
dilute that part of the signal imparted by evaporative
enrichment in the leaf. It would seem therefore, that
either of the main components of wood can be used to
provide a palaeoclimate signal. Given on-line combus-
tion techniques, however, the extraction of cellulose has
become a limiting step in some laboratories, and
extraction of lignin is even more laborious, so several
authors have suggested considering again the use of
wholewood (e.g. Leuenberger et al., 1998; Schleser et al.,
1999a; Barbour et al., 2001).
Isolating a single chemical component of the wood
removes variability due to differences in the proportion
of different components between rings and between
trees, but this is not the main source of variability in
isotopic ratios. On the contrary, there is clear evidence
of a great deal of variability between trees (McCarroll
and Pawellek, 1998; Ponton et al., 2001), and little
evidence that isolating the cellulose significantly reduces
the variability. Indeed, d13C variability between indivi-
duals growing under very similar conditions seems to be
characteristic of C3 plants in general. For example, Van
de Water et al. (2002) found that, for a range of species,
variability in leaf d13C of plants growing at the same site
commonly equals differences measured along a sub-
stantial altitudinal gradient. Also, Van de Water (2002)
compared wholewood, holocellulose and a-cellulose and
found that although C3 plants showed isotopic enrich-
ment with increased removal of labile carbon com-
pounds, the variability of the results was not improved
by any of the treatments.
Loader et al. (2004, in press) found that oak tree-ring

cellulose 13C was more strongly correlated with climate
variables than lignin, but that the strongest correlations
were obtained using wholewood. Borella and Leuenber-
ger (1998) found no significant difference in the climate
signals of cellulose and wholewood d13C for oak and
beech, concluding that cellulose extraction is unneces-
sary. Warren et al. (2001) report that wholewood of
conifers was consistently 0.87% more negative than
cellulose. Borella et al. (1999) compared d18O of wood
and cellulose from 15 rings of a single oak tree and
concluded that some of the desired signal was lost in
wholewood analysis. However, Barbour et al. (2001)
compared tree-ring cellulose and lignin d18O of oak
and pine trees from around the world, concluding
that cellulose and wood record essentially the same
information and that no climate information was lost
when analysing wholewood over a-cellulose and,
depending upon local conditions, extraction of
a-cellulose from wood samples may be unnecessary
for isotope studies looking at correlations with site
parameters.
Even if there is some doubt about whether there is a

slight loss of signal when using wholewood rather than
cellulose, this will be offset by the advantage of allowing
a larger number of trees to be analysed. In palaeoclimate
studies it is the average isotope signal of the whole
sample that is of interest, not the exact value of any
individual tree or ring, so the aim should always be to
maximise the precision of the estimate of the mean, not
the precision of the individual measurements. The
absolute values obtained from trees, even growing close
together, varies so much that the precision of the
average depends much more on the number of trees in
the sample than on the precision of each individual
measurement.
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A potential problem of wholewood analysis is
differential decay, since under most conditions where
wood is preserved, cellulose decays more quickly than
lignin (Suberkropp and Klug, 1976; Spiker and Hatcher,
1987; Benner et al., 1991; Schleser et al., 1999b).
Although the isotopic signature of the remaining
cellulose may be unaffected (Schleser et al., 1999b;
Loader et al., 2004, in press), the change in cellulose to
lignin ratio would change the isotopic ratio of the
remaining wood. However, given a mean offset in d13C
between cellulose and wholewood of 1%, and an initial
cellulose/lignin ratio of 2:1, half of the cellulose would
need to be lost to change the ratio in the decayed wood
by 1%. This is smaller than the typical offset between
trees (>2%). The use of wholewood, or resin-extracted
conifer wood, seems promising.
7. Data treatment

Tree-ring isotopic data are rich in palaeoclimate
information, but may also contain trends and variability
unrelated to past climate. The aim of data treatments for
palaeoclimatic studies should be to remove this extra-
neous ‘noise’ without weakening the palaeoclimate
signal. This can be surprisingly difficult to achieve,
and a wide range of approaches has been used.
Inappropriate data treatment can have a very deleter-
ious effect.

7.1. Atmospheric d13C trend

Coal and oil are of organic origin and hence depleted
in 13C, so anthropogenic increases in the concentration
of CO2 in the atmosphere have resulted in a lowering of
the d13C value of air by about 1.5% since industrialisa-
tion. Since fractionation is additive, this trend should be
reflected in tree rings. The trend is apparent in most tree-
ring d13C series (e.g. Freyer and Belacy, 1983; Epstein
and Krishnamurthy, 1990; Leavitt and Lara, 1994; Feng
and Epstein, 1995a, b; February and Stock, 1999;
Treydte et al., 2001), though not all (e.g. Stuiver, 1978;
Tans and Mook, 1980; Francey, 1981; Robertson et al.,
1997a, b; Anderson et al., 1998; Duquesnay et al., 1998).
The simplest way to remove the atmospheric decline is

statistical de-trending. However, this cannot distinguish
trends produced directly by the decline in the 13C/12C
ratio in the atmosphere and those due to climate or
other environmental controls. This is particularly
problematic because the period over which the d13C of
the atmosphere declines witnessed many other changes
that may have influenced tree growth and function
(Briffa et al., 1998a, b), not least increases in the
atmospheric concentration of CO2. Statistical de-trend-
ing will remove the direct effect of declining d13C of the
air, but also any physiological response to increased
atmospheric CO2 concentrations, and any change in
climate that has occurred as a result of the CO2 rise.
Unless the aim is to focus only on very high-frequency
variability, as in reconstructing the frequency of extreme
events such as droughts for example, statistical de-
trending is undesirable.
Two approaches avoid the problems of statistical de-

trending: removing the trend mathematically or expres-
sing isotope ratios in terms of discrimination against
13C, rather than relative to a standard. Both require
reasonable annual estimates of the d13C of the atmo-
sphere. Ice cores provide evidence for the early and pre-
industrial period and air samples more recent measure-
ments. The incomplete data show a non-linear decline
but with marked scatter of the points, so that some
generalisation and extrapolation are required to extract
annual values. A range of approaches to fitting a line
through the data have been used, including splines, and
various orders of polynomials, each giving slightly
different results, making corrected data difficult to
compare directly.
A key criterion for a common approach might be that

values should not change as new atmospheric d13C data
accrue each year. This precludes polynomials, because
adding a few points has an unpredictable affect on the
rest of the curve.
A simple yet effective solution has been proposed by

Saurer et al. (1997) who used a series of straight
segments with inflection points rather than a curve. This
approach has the advantage that accruing data does not
change earlier values. Also, if future research discovers
that one segment is seriously in error, only values from
that age range need be amended. Francey et al. (1999)
have compiled a high precision record of atmospheric
d13C based on Antarctic ice cores which, for the
purposes of correcting tree-ring data, can be sum-
marised by two straight segments between 1850 and
1961, with an annual decline of 0.0044% and between
1962 and 1980 with a steeper annual decline of 0.0281%.
If the latter is extrapolated to the end of the last century
the estimated values fit well with those obtained from
firn (compacted snow) in the same area. The estimated
value for the year 2000 is –7.99%. Although there are
other data sets from elsewhere in the world that could be
used, and which might give more precise estimates of
local atmospheric d13C, we propose that these data are
sufficiently precise to provide a standard method of
removing the atmospheric decline in d13C from tree-ring
data. These estimated values are presented in Table 2.
Owing to the combined effects of fractionation and

the d13C of the product being directly related to that of
the source, changing atmospheric d13C may be corrected
for by simply adding the difference between the atmo-
spheric value (for each year) and a standard value to the
d13C of each tree ring. A logical standard value is the
‘pre-industrial’ d13C of the atmosphere, for which
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Table 2

Estimated annual values for the d13C of atmospheric CO2 together with the correction factor (add D) necessary to quote tree-ring d
13C values relative

to a pre-industrial standard value of �6.4%

Year d13C D CO2 Year d13C D CO2 Year d13C D CO2

1850 �6.41 0.01 285.2 1901 �6.64 0.24 297.0 1952 �6.86 0.46 312.8

1851 �6.42 0.02 285.3 1902 �6.64 0.24 297.3 1953 �6.87 0.47 313.2

1852 �6.42 0.02 285.4 1903 �6.65 0.25 297.6 1954 �6.87 0.47 313.6

1853 �6.43 0.03 285.5 1904 �6.65 0.25 297.9 1955 �6.88 0.48 314.1

1854 �6.43 0.03 285.6 1905 �6.66 0.26 298.2 1956 �6.88 0.48 314.6

1855 �6.43 0.03 285.7 1906 �6.66 0.26 298.5 1957 �6.89 0.49 315.1

1856 �6.44 0.04 285.8 1907 �6.66 0.26 298.9 1958 �6.89 0.49 315.7

1857 �6.44 0.04 285.9 1908 �6.67 0.27 299.2 1959 �6.90 0.50 315.8

1858 �6.45 0.05 286.0 1909 �6.67 0.27 299.6 1960 �6.90 0.50 316.8

1859 �6.45 0.05 286.2 1910 �6.68 0.28 299.9 1961 �6.90 0.50 317.5

1860 �6.46 0.06 286.3 1911 �6.68 0.28 300.2 1962 �6.92 0.52 318.3

1861 �6.46 0.06 286.5 1912 �6.69 0.29 300.5 1963 �6.95 0.55 318.8

1862 �6.47 0.07 286.6 1913 �6.69 0.29 300.9 1964 �6.98 0.58 319.4

1863 �6.47 0.07 286.8 1914 �6.70 0.30 301.2 1965 �7.01 0.61 319.9

1864 �6.47 0.07 287.0 1915 �6.70 0.30 301.5 1966 �7.03 0.63 321.2

1865 �6.48 0.08 287.2 1916 �6.70 0.30 301.8 1967 �7.06 0.66 322.0

1866 �6.48 0.08 287.4 1917 �6.71 0.31 302.2 1968 �7.09 0.69 322.9

1867 �6.49 0.09 287.6 1918 �6.71 0.31 302.5 1969 �7.12 0.72 324.5

1868 �6.49 0.09 287.8 1919 �6.72 0.32 302.9 1970 �7.15 0.75 325.5

1869 �6.50 0.10 288.0 1920 �6.72 0.32 303.2 1971 �7.17 0.77 326.2

1870 �6.50 0.10 288.2 1921 �6.73 0.33 303.5 1972 �7.20 0.80 327.3

1871 �6.51 0.11 288.4 1922 �6.73 0.33 303.9 1973 �7.23 0.83 329.5

1872 �6.51 0.11 288.7 1923 �6.74 0.34 304.2 1974 �7.26 0.86 330.1

1873 �6.51 0.11 288.9 1924 �6.74 0.34 304.6 1975 �7.29 0.89 331.0

1874 �6.52 0.12 289.1 1925 �6.74 0.34 304.9 1976 �7.32 0.92 332.0

1875 �6.52 0.12 289.4 1926 �6.75 0.35 305.2 1977 �7.34 0.94 333.7

1876 �6.53 0.13 289.7 1927 �6.75 0.35 305.6 1978 �7.37 0.97 335.3

1877 �6.53 0.13 289.9 1928 �6.76 0.36 305.9 1979 �7.40 1.00 336.7

1878 �6.54 0.14 290.2 1929 �6.76 0.36 306.2 1980 �7.43 1.03 338.5

1879 �6.54 0.14 290.5 1930 �6.77 0.37 306.5 1981 �7.46 1.06 339.8

1880 �6.55 0.15 290.8 1931 �6.77 0.37 306.8 1982 �7.48 1.08 341.0

1881 �6.55 0.15 291.1 1932 �6.78 0.38 307.1 1983 �7.51 1.11 342.6

1882 �6.55 0.15 291.4 1933 �6.78 0.38 307.4 1984 �7.54 1.14 344.3

1883 �6.56 0.16 291.7 1934 �6.78 0.38 307.7 1985 �7.57 1.17 345.7

1884 �6.56 0.16 292.0 1935 �6.79 0.39 308.0 1986 �7.60 1.20 347.0

1885 �6.57 0.17 292.3 1936 �6.79 0.39 308.3 1987 �7.62 1.22 348.8

1886 �6.57 0.17 292.6 1937 �6.80 0.40 308.5 1988 �7.65 1.25 351.3

1887 �6.58 0.18 292.9 1938 �6.80 0.40 308.8 1989 �7.68 1.28 352.8

1888 �6.58 0.18 293.1 1939 �6.81 0.41 309.1 1990 �7.71 1.31 354.0

1889 �6.58 0.18 293.4 1940 �6.81 0.41 309.3 1991 �7.74 1.34 355.5

1890 �6.59 0.19 293.7 1941 �6.82 0.42 309.5 1992 �7.77 1.37 356.3

1891 �6.59 0.19 294.0 1942 �6.82 0.42 309.8 1993 �7.79 1.39 357.0

1892 �6.60 0.20 294.3 1943 �6.82 0.42 310.0 1994 �7.82 1.42 358.9

1893 �6.60 0.20 294.6 1944 �6.83 0.43 310.2 1995 �7.85 1.45 360.9

1894 �6.61 0.21 294.9 1945 �6.83 0.43 310.5 1996 �7.88 1.48 362.7

1895 �6.61 0.21 295.2 1946 �6.84 0.44 310.8 1997 �7.91 1.51 363.8

1896 �6.62 0.22 295.5 1947 �6.84 0.44 311.0 1998 �7.93 1.53 365.5

1897 �6.62 0.22 295.8 1948 �6.85 0.45 311.3 1999 �7.96 1.56 367.0

1898 �6.62 0.22 296.1 1949 �6.85 0.45 311.7 2000 �7.99 1.59 368.5

1899 �6.63 0.23 296.4 1950 �6.86 0.46 312.0 2001 �8.02 1.62 370.0

1900 �6.63 0.23 296.7 1951 �6.86 0.46 312.4 2002 �8.05 1.65 371.5

2003 �8.07 1.67 373.0

Note: Data are interpolated using the high precision records of atmospheric d13C obtained from Antarctic ice cores (Francey et al., 1999). Estimated
values for the atmospheric concentration of CO2 (ppm) are taken from Robertson et al. (2001).
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�6.4% is a reasonable estimate. This is close to values
around AD 1850 and also prior to the Little Ice Age
(Francey et al., 1999). The values that need to be added
in order to quote industrial tree-ring d13C values relative
to pre-industrial atmospheric d13C are also presented in
Table 2.
Treydte et al. (2001) have suggested that the correc-

tion for changes in d13C should also account for the
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response of trees to the increase in atmospheric
concentration of CO2. They propose a correction of
0.007% in d13C per unit increase in atmospheric CO2
(ppmv). We would caution against the current use of
such correction factors until existing uncertainties are
resolved. The response of trees to increasing atmo-
spheric concentrations of CO2 may vary and is in itself
an important and ongoing field of study (Feng and
Epstein, 1995a; K .urschner, 1996; Marshall and Mon-
serud, 1996; Picon et al., 1996; Feng, 1998, 1999;
Luomala et al., 2003). Nevertheless, Table 2 includes
reasonable annual values for atmospheric CO2 concen-
trations taken from Robertson et al. (2001). The values
for 1998–2003 are based on linear extrapolation of the
1980–1997 estimates.
The other approach to removing the atmospheric

decline in d13C is to express the 13C/12C ratio in terms of
discrimination against 13C using the equation

D ¼ ðd13Ca � d13CpÞ=ð1� d13Cp=1000Þ; ð4Þ

where D is discrimination against 13C, d13Ca is the
carbon isotope ratio of the air (the source) and d13Cp is
the carbon isotope ratio of the product (leaf sugars).
Discrimination is commonly used in environmental
physiology, but is less attractive for long chronologies
because early and pre-industrial variations in d13Ca are
small and not known with sufficient resolution.
Stable carbon isotope ratios can also be expressed in

terms of changes in water use efficiency, since the ratio
of carbon fixed to water lost is, like carbon isotope
discrimination, controlled by stomatal conductance and
photosynthetic rate (Farquhar et al., 1982; Ehleringer
et al., 1993; Leavitt et al., 2003). Intrinsic water use
efficiency iWUE is defined as

iWUE ¼ A=g ¼ ca½1� ðci=caÞ�ð0:625Þ; ð5Þ

where A is the rate of CO2 assimilation, g is stomatal
conductance and ci and ca are intercellular and atmo-
spheric CO2 concentrations, respectively. The ci=ca ratio
can be obtained from

ci=ca ¼ ðd13Cplant � d13Cair þ aÞ=ðb � aÞ: ð6Þ

In this case, d13Cplant refers to the ratio of sugars fixed in
the leaf, and if wood or cellulose is used a correction
factor needs to be added to account of the difference
between leaf sugars and the component analysed.
Some studies have used tree-ring d13C to reconstruct

long-term changes in the internal concentration of CO2:

ci ¼ ca½ðd13Cplant � d13Cair þ aÞ=ðb � aÞ�: ð7Þ

Presenting results simply as d13C values has the
advantage that it is possible to use these to calculate
discrimination, water use efficiency, ci or ci=ca: How-
ever, if only these derivative values are quoted, it is not
possible to convert back to d13C without clear informa-
tion on the annual values for atmospheric CO2
concentrations and the d13C values for air that were
used in the calculations. For convenience, reasonable
values are presented in Table 2.

7.2. Effect of tree age

One of the enduring problems of extracting palaeo-
climate information from tree-ring-width data derives
from the fact that as trees age, ring widths decline. There
is a substantial literature dealing with de-trending tree-
ring data, the aim in all cases being to remove the age-
trend whilst retaining as much of the palaeoclimate
signal as possible. However, if a tree series in statistically
de-trended, it is inevitable that any climatic signals that
have a temporal frequency equal to or longer than the
life-span of the tree will be removed. The temporal
frequency of the palaeoclimate signal derived from
statistically de-trended tree-ring series, therefore, cannot
be longer than the life-span (segment length) of the trees
used to construct it. This has become known as the
‘segment length curse’, making it difficult to use tree-
ring widths to reconstruct absolute changes in climate
over long timescales (Cook et al., 1995).
One of the key questions facing isotope dendroclima-

tology is whether there are age-related trends in the
isotope ratios obtained from trees, and if so how they
might be removed. Unfortunately, the evidence is
equivocal and obscured in part by the sampling
strategies and data treatment protocols often adopted
in isotope studies. If, for example, wood from several
trees is pooled prior to analysis, it is impossible to
examine any potential age-trends in the individual trees.
Several studies that have used individual trees, as

opposed to pooled samples, report age-related trends in
carbon isotopic ratios (e.g. McCarroll and Pawellek,
2001). Duquesnay et al. (1998) reported a clear age effect
in high forest beech trees by sampling trees in different
age classes for the same years, though the rise in d13C
was followed by a decline. There are insufficient water
isotope data available from individual trees to determine
whether there are similar, though less pronounced age-
trends.
One interpretation of the age-related trend in d13C is a

‘juvenile effect’ caused by recycling of respired air,
already depleted in 13C, by young trees growing close to
the forest floor (Schleser and Jayasekera, 1985). How-
ever, the age-trend has been identified even in Alpine
tree-line situations where tree cover is sparse and slopes
open and windy, so that recycling of respired air is
unlikely to be (at least wholly) responsible. Even in
dense tropical forest, recycling does not account for the
observed height gradient in d13C (van der Merwe and
Medina, 1991). Cernusak et al. (2001) have suggested
that a decreasing contribution of photosynthate from
bark refixation of respired CO2 may be responsible,
since bark thickens and access to light declines as the
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tree grows. An alternative explanation relates to changes
in the hydraulic conductivity of trees as they age (Ryan
and Yoder, 1997; McDowell et al., 2002). Leaf water
potential decreases with tree height due to gravity and
because, at a given transpiration rate, the hydraulic
conductance from soil to leaf declines with increasing
path length. A decline in leaf-water potential should
cause stomatal conductance to decline as trees grow
higher, which would have a marked effect on fractiona-
tion of carbon and a more muted effect on the water
isotopes. This will be offset as some trees age because
the sapwood to leaf area ratio increases, making more
water potentially available. Sch.afer et al. (2000) have
explained the declining stomatal conductance in beech
trees (Fagus sylvatica) with tree height as a function of
these two controls. Monserud and Marshall (2001)
correlated carbon discrimination with tree height and
showed clear trends for two pine species (Pinus

moniticola and Pinus ponderosa), and in both cases the
sapwood to leaf area ratio also increased. Monserud and
Marshall (2001) found no such trends for Douglas fir
(Pseudotsuga menziesii), but for the same species
McDowell et al. (2002) have shown a clear trend of
declining discrimination and stomatal conductance for
three height classes.
Annual tree height increments can often be measured

on sub-fossil tree stems (Jalkanen et al., 1998; McCarroll
et al., 2004, in press) and hydraulic conductivity can be
estimated from measurements of wood anatomy in both
angiosperms and conifers (Ponton et al., 2001; McDo-
well et al., 2002, 2004, in press). There is thus potential
for modelling changes in stomatal conductance as trees
age, and so removing the age effect seen in carbon, and
the predicted smaller effect on water isotope fractiona-
tion without recourse to statistical de-trending. More
data are required from individual trees, of varying age
and longevity, before the problem can be fully ad-
dressed. No correction is possible where samples are
pooled prior to analysis. The alternative is to use only
those rings that formed after any ‘juvenile effect’ ceased.
This limits the length of series that can be used, which
may make it more difficult to construct very long
chronologies with sufficient replication, but it is feasible,
and since there is no statistical de-trending the ‘segment
length curse’ does not apply and no palaeoclimate
information is lost.

7.3. Dealing with variability

The reason for large offsets in carbon isotope ratios,
even of adjacent trees, is not entirely clear. The limited
evidence suggests that differences between trees remain
stable over time (McCarroll and Pawellek, 1998), so
local microclimate and variability in soil moisture
capacity are not likely to be wholly responsible. The
differences in fractionation, and therefore water use
efficiency, may be genetically determined (Zhang et al.,
1993; Johnsen et al., 1999; Brendel et al., 2002; Dawson
et al., 2002), perhaps reflecting differences in hydraulic
conductivity, which have explained differences in d13C
along branches (Walcroft et al., 1996), with tree height
and even between species (Ponton et al., 2001, 2002).
Low hydraulic conductivity leads to reduced stomatal
conductance, which has a large effect on d13C and a
smaller effect on the water isotopes, though broad-
leaved trees may be more sensitive that conifers.
Hydraulic conductivity might also influence the rate of
supply of water to the sites of evaporation in the leaf,
and therefore the magnitude of the P!eclet effect.
Irrespective of the reason for the variability between

trees, its existence must be taken into account when
quoting mean isotope values. The correct way to express
variability is to use statistically defined confidence
intervals, which define the probability of the true mean
lying within a particular range of the sample mean. It is
bad practice to simply quote mean values 7one or two
standard deviations or standard errors (SE) because
72SE only approaches the 95% confidence interval
when the sample size is large (>25). Where the sample
size is small, as is the case for most studies of isotopes in
tree rings, the t-distribution must be used, so for a
sample of four the 95% confidence interval is 73.18SE
and for a sample of 10 it is 72.26SE.
In dealing with variability it is critical to distinguish

between relative and absolute differences, because the
inter-annual variability in a sample of trees may be very
similar, despite large differences in absolute isotope
values. Statistically defined confidence limits around
annual mean values reflect the absolute differences
between trees rather than the relative coherence in the
year-to-year signal. To obtain confidence limits for the
latter it is necessary to standardise the data, by
expressing the variability of each tree relative to a
common mean. Confidence intervals around a standar-
dised mean reflect the degree to which the trees respond
in parallel.
Where the primary aim is to examine response to

variations in climate, using meteorological records, it is
appropriate to use standardised isotope data. Over long
timescales, however, we expect climate changes to be
reflected in low-frequency variations in the absolute
isotopic ratios in trees, so standardising will mask any
long-term changes in climate. The between-tree varia-
bility in absolute isotopic ratios is a significant but
surmountable problem; the solution lies simply in
sample size. Until recently, lack of capacity has forced
laboratories to pool samples, or build chronologies
using little or no replication. If stable isotopes are to be
used to reconstruct long-term climatic changes, mean
absolute isotope ratios are essential. The ability to place
confidence limits around mean isotope ratios from the
distant past is one of the great advantages of isotope



ARTICLE IN PRESS
D. McCarroll, N.J. Loader / Quaternary Science Reviews 23 (2004) 771–801 791
dendroclimatology and a prime reason for working with
individual tree rings rather than pooled samples.
The number of trees required to provide a represen-

tative sample for comparison with climate data depends
on the degree to which the trees vary in parallel, and can
be calculated using the expressed population signal:

EPSðtÞ ¼ ðtrbtÞ=ðtrbt þ ð1� rbtÞÞ; ð8Þ

where t is the number of trees and rbt is the mean
between-tree correlation. An EPSb0.85 suggests the
sample size is adequate. The available data suggest that
the common signal in tree-ring isotopic data is much
stronger than that obtained from ring widths or relative
densities, so fewer trees (commonly 4 or 5) are required
(Robertson et al., 1997a, b; McCarroll and Pawellek,
1998). However, the correlation between trees takes no
account of absolute differences, so the EPS is not a
reliable indicator of the likely confidence intervals
around the absolute mean.
Rather than defining the replication required to build

isotope series, and applying that universally, it might be
better for individual studies to define the confidence
limits that are acceptable, and vary sample sizes
accordingly. Chronologies would then have varying
replication, with more trees incorporated where varia-
bility is high or greater precision is required.
8. Palaeoenvironmental signals

Variations in tree-ring isotope ratios have been
interpreted in many different ways (Table 1), with
inferred palaeoclimate signals including temperature,
RH, antecedent precipitation and the isotopic ratios of
source water. Given current understanding of the
controls on fractionation, this is not surprising. None
of the isotopes has a single controlling factor, so the
dominant control will change according to the condi-
tions under which the trees grew.

8.1. Carbon

Although several authors quote increases in d13C per
mil per degree Celsius of temperature change (Table 1),
it is now clear that variability in tree-ring d13C cannot be
used as a palaeothermometer, nor is it simply a measure
of water availability (Stewart et al., 1995). Warren et al.
(2001) compiled information from conifers worldwide
and concluded that d13C is only an indicator of drought
stress in seasonally dry climates, and that variation in
irradiance and N concentration can have as large an
affect on discrimination as water availability.
For carbon isotopes, fractionation is a function of the

ratio of internal to external concentrations of CO2 and is
thus a measure of the balance between stomatal
conductance and photosynthetic rate. Where moisture
stress is limiting, stomatal conductance dominates and
the environmental controls are air RH and soil moisture
status, giving strong correlations with RH and ante-
cedent precipitation (e.g. Gagen et al., 2004, in press).
Where trees are rarely moisture-stressed, the dominant
control may be photosynthetic rate, controlled mainly
by irradiance and temperature.
Irradiance can influence d13C indirectly. For example,

in tropical orchids varying d13C was not associated with
changes in leaf nitrogen, suggesting irradiance influences
d13C mainly by increasing stomatal limitation to
photosynthesis (Zimmerman and Ehleringer, 1990).
However, in an experiment using oak seedlings, carbon
assimilation rate more than tripled as incident irradiance
increased from 8% to 100%, whereas stomatal con-
ductance only doubled, so that variations in water use
efficiency (and hence d13C) must be caused mainly by
variations in photosynthetic rate (Ponton et al., 2002).
Leaf N concentrations increased with increasing irra-
diance. Similar conclusions have been reached for
variations in d13C of tropical shrubs (Jackson et al.,
1993) and banana (Israeli et al., 1996). Warren et al.
(2001) report increased d13C in conifer stands due to
increased radiation interception following thinning and
McCarroll and Pawellek (2001) report a strong correla-
tion between d13C of pine tree rings from moist sites in
northern Finland and average hours of summer
sunshine.
Although several authors report correlations between

tree-ring d13C and summer temperature (Table 1), at
least part of this signal may be indirect, due to
correlation between temperature and the direct control-
ling factors. Hot summers, for example, tend also to be
dry, so that temperature is correlated with air RH and
soil moisture status, both of which directly control
stomatal conductance and therefore d13C. Summer
temperature and sunshine are strongly correlated, and
irradiance exerts a strong control on photosynthetic
rate, and therefore d13C. Although temperature is one of
the factors influencing photosynthetic rate, and there-
fore d13C, in C3 plants at atmospheric concentrations of
CO2 the direct effect may be weaker than is often
implicitly assumed (Leegood and Edwards, 1996).
Under most conditions several factors control varia-

bility in d13C, so correlations with a single climatic
parameter, and particularly with temperature, are over-
simplifications. Using such correlations as transfer
functions is perilous, since any changes in the potentially
complex chain of real biological links that eventually
leads to the observed correlation can become sources of
error. The problem is compounded because the
only period with high-quality climatic data is the last
century, during which time a host of changes have
taken place that might change the way trees respond
to the environment (Briffa et al., 1998a, b). These
include increased atmospheric CO2, nitrogen deposition,
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atmospheric pollution and perhaps cloudiness, as well as
changes in forest management.
Edwards et al. (2000) have attempted to address the

problem of simple correlations by assuming that tree-
ring d13C variations are a function of RH and
temperature (T), and plotting isotope ratios as ‘response
surfaces in RH� T space’. They support this using d13C
of cellulose from bean plants grown under different
combinations of T and RH. This bi-variate approach is
only a marginal improvement because it also is not
based on clear causal links. If, in an experiment, RH and
temperature are allowed to vary, and all other factors
are held constant, then RH and temperature will of
course appear as the strongest controls. This does not
imply that these two variables really control the
variability of d13C in trees, and plotting isotope values
in ‘RH� T space’, although addressing the coupling of
these factors, ignores all of the other controls on d13C.
The real axes of the ‘space’ in which d13C varies are
stomatal conductance and photosynthetic rate. RH is a
poor surrogate for stomatal conductance because it
ignores the effect of soil moisture status, and tempera-
ture is not the only control on photosynthetic rate.
The search for a single or even a pair of environ-

mental factors that control d13C of tree rings worldwide
is futile. Where stomatal conductance dominates, the
controls include air RH and soil moisture status, which
is linked to antecedent precipitation. Where photosyn-
thetic rate dominates, the dominant controls are
irradiance and temperature. In areas where the domi-
nant stress factor influencing trees is a combination of
high temperature and low precipitation, then d13C
provides a strong indicator of the severity of those
conditions. Under less extreme conditions, and where
neither stomatal conductance nor photosynthetic rate
are strongly dominant, the d13C values will be influenced
by all of these factors and will be difficult to interpret.
Under such conditions tree-ring d13C values, in isola-
tion, are unlikely to provide a powerful tool for
palaeoenvironmental reconstruction. The solution
may, however, lie in a carefully planned multi-proxy
approach.

8.2. Water isotopes

The earliest work on the water isotopes in tree rings
described them simply as palaeothermometers, record-
ing the isotopic ratios of source water and therefore of
precipitation, which varies with temperature (Libby
et al., 1976). Current models predict three major
controls on both d18O and dD in tree rings: the isotopic
signature of source water, evaporative enrichment in the
leaf, and exchange with xylem (source) water during
cellulose and/or lignin synthesis.
The strong correlations between water isotope

ratios and temperature in early and some later studies
(Table 1) probably reflect a combination of the direct
effect of temperature on isotopic ratios of precipitation
and indirect influences on evaporative enrichment. As
with carbon, the degree to which a single climatic
parameter controls the isotopic ratios depends on the
location in which the tree grew. If the aim is to use tree
rings to reconstruct variations in the isotopic composi-
tion of precipitation, and therefore temperature, shallow
rooted trees growing on thin, well-drained soils are
recommended (Waterhouse et al., 2002).
There are some direct temperature effects on eva-

porative enrichment, including a small effect on the
difference in vapour pressure of the water containing
heavy and lighter isotopes. In broad-leaved trees,
differences in leaf and air temperature may also affect
the vapour pressure difference. The dominant control on
degree of leaf enrichment, for both d18O and dD,
however, is leaf to air vapour pressure deficit, which is
controlled by air humidity rather than directly by
temperature, and influenced also by leaf morphology
and boundary layer conditions (Buhay et al., 1996). For
both d18O and dD there is the added uncertainty
produced by exchange with xylem water, which deter-
mines the relative strength of the source water and leaf
enrichment signals, and the controls on this important
factor remain poorly constrained.
Waterhouse et al. (2002) have tested current models of

water isotope fractionation using stable isotopes of both
oxygen and hydrogen in oak trees from a dry site in
eastern England. The models performed well in predict-
ing the annual variation in d18O but not dD. They
suggest that this may be because of varying abundance
of deuterium at different positions in the glucose ring,
and therefore differing potential for exchange with
xylem water during cellulose synthesis. Robertson et al.
(2001) report d18O ratios from oak tree rings, also from
eastern England and, as predicted, find strong correla-
tions with both summer RH and the d18O of precipita-
tion, which at this site is dominated by winter rainfall.
Anderson et al. (2002) have used d18O from fir trees in
central Switzerland to reconstruct past variation in the
d18O of precipitation by fitting a ‘correction factor’
based on temperature, RH and tree-ring-width index to
remove the effect of leaf enrichment. Pendall (2000)
reports RH as the strongest control on dD at dry sites,
but found no correlation with inter-annual or seasonal
dD of precipitation, suggesting that the leaf enrichment
signal dominates.
The limited evidence available from tree rings suggests

that current models provide a reasonable explanation
for inter-annual variation in d18O, but perhaps not yet
for dD. However, as with carbon it seems that the search
for a single environmental signal that can be extracted at
all sites is futile. Trees are not buckets and the water
isotopes in tree rings are not unadulterated samples of
ancient precipitation. As with carbon isotopes, the
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greatest potential for interpreting the d18O and dD
variations in long chronologies may lie in a multi-proxy
approach (e.g. Mayr et al., 2003).
9. Potential for a multi-proxy approach

From the perspective of palaeoenvironmental recon-
struction, the overwhelming problem with all three
isotopes is that they are not controlled by a single
environmental variable. Complex mechanistic models
that combine several controls are useful for explaining
recent variations in each of the three isotopic ratios in
tree rings, where they can be tested using instrumental
data (Berninger et al., 2000; Hemming et al., 2001;
Arneth et al., 2002). However, it is not feasible to invert
these models and use the past variations to reconstruct
several independent variables using a single isotopic
signal. The solution to this dilemma may lie in
combining the different isotopes, perhaps together with
other palaeoclimate proxies that can be extracted from
living, dead and sub-fossil trees. This could potentially
be done using traditional statistical approaches to
environmental reconstruction, based on transfer func-
tions, or through mechanistic modelling.
The simplest approach is to use several proxies to

make independent estimates of a single climate para-
meter and then combine them by taking a simple or
weighted average (McCarroll et al., 2003). If different
proxies carry the same ‘signal’ but have different sources
of ‘noise’, averaging strengthens the signal whilst
dampening the noise. The critical condition is that the
sources of error (noise) must differ. This may be an
effective way of strengthening the palaeoenvironmental
signal that can be extracted from trees.
Although progress will be made using statistical

approaches, the greatest potential for palaeoclimate
research using stable isotopes in tree rings must be
through mechanistic modelling. Plant physiologists have
made great advances in understanding how climatic and
other factors control fractionation of the three isotopes.
These models describe the relationship between climate
and the isotope ratios mathematically, and so poten-
tially provide a much more robust mechanism with
which to interpret past variations. A mechanistic
approach to modelling the relationship between proxies
and climate is preferable to statistical approaches, based
on correlation rather that causation, not least because
we know that many of the environmental variables that
influence trees have changed over the last century, due
to human activities. Recent correlations, therefore, may
not be reliable indicators of the strength or nature of
relationships in the past (Briffa et al., 1998a, b).
From the palaeoclimatologists’ perspective, the pro-

blem with the physiological models is that they cannot
easily be reversed so that the isotope ratio can be used to
reconstruct climate. However, although the models for
carbon and the water isotopes differ, they are not
independent, because they are all influenced by the
stomata. Stomata evolved to control the balance
between supply of CO2 and loss of moisture. The
factors that control loss of moisture, and therefore
fractionation of the water isotopes in the leaf, are not
independent of those that control the fractionation of
carbon, but the links are neither simple nor direct. What
is required is a model that links together the various
controls on fractionation of the three isotopes simulta-
neously. Rather than using the isotopes individually, in
this case it is the combination of isotope values that
would be used to interpret the climate of the past. Thus
although many different palaeoclimate scenarios might
lead to a particular d13C value in a tree ring, a much
smaller range of factors would account for a specific
combination of d13C and d18O, and a smaller range
again a particular combination of all three isotopes.
Even if such a model cannot be used to extract a

single climate variable, it could at least be used to
indicate the conditions under which different sub-fossil
trees lived. If the combination of isotopes could indicate
whether a tree grew under conditions of abundant soil
water or soil moisture stress, for example, it would
greatly improve the confidence with which the carbon
isotope signal could be interpreted. Given this informa-
tion we could either exclude unsuitable trees from the
sample or apply a range of different transfer functions,
based on living trees growing under different conditions.
10. Future potential and priorities

The rate of progress in the young science of stable
isotope dendroclimatology has been remarkable. Ten
years ago a 3-year project might result in a few hundreds
of isotope measurements; 5 years ago an optimist might
aim for a few thousand. A well-resourced laboratory can
now, potentially, produce hundreds of isotope measure-
ments in a day. At the same time, plant physiologists
have made great advances, so that we are now guided by
a sound knowledge of the way that climate controls
isotopic variations, and need not rely simply on the
magnitude of correlations. At last it is possible to look
to the long tree-ring chronologies with a realistic
possibility of both dealing with the huge numbers of
samples and interpreting the results in terms of
quantitative estimates of specific palaeoclimate para-
meters, with statistically defined confidence intervals.
That must surely be the greatest potential and most
pressing priority for isotope dendroclimatology, for it
will allow us to reconstruct the climate of the Holocene,
in particular places rather than averaged across huge
areas, and with perfect annual resolution.
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Although an annual resolution might seem more than
adequate, and is rarely achieved in palaeoclimate
research, tree rings also present the possibility of
extracting seasonal climatic information by measuring
isotopic variations within rings. Intra-annual variations
in stable isotopes have now been measured in over 20
species worldwide (Wilson and Grinsted, 1975, 1977;
Leavitt and Long, 1982, 1991; Leavitt, 1993; Ogle and
McCormac, 1994; Loader et al., 1995; Robertson et al.,
1996; Sheu et al., 1996; Walcroft et al., 1997; Schleser
et al., 1999a; Port!e and Loustau, 2001; Warren et al.,
2001; Leavitt, 2002; Leavitt et al., 2003; Helle and
Schleser, 2003). Initially restricted to a few very thick
rings, which were sectioned by hand, the increasing use
of microtomes and laser-ablation makes this an exciting
field for future research. Similar very high-resolution
sampling may hold the key to extracting palaeoclimate
information from tropical trees, most of which lack
annual rings and the further elucidation of important
plant physiological processes.
As well as retaining records of the climate of the past,

isotopes in tree rings may hold important guides to the
future consequences of greenhouse gas emissions. One
of the critical questions facing climate modellers is the
degree to which emissions of CO2 are absorbed by
forests, resulting in increased growth and (temporary)
storage of carbon (the ‘greening effect’). Experiments
growing trees under increased CO2 are usually restricted
to seedlings, and even where large trees have been
enclosed the experiments are too short to determine the
long-term plasticity of response. Stable isotopes in tree
rings provide a way of examining the long-term response
of trees to increases in CO2 (Waterhouse et al., 2004).
11. Conclusions

Research on isotopes in marine sediments has had an
enormous impact on Quaternary science, demonstrating
cyclical variations in climate over a timescale of
millennia. Ice cores have much better resolution but
record on a global or hemispherical-scale, providing
little information on the geography of change. The great
beauty of the tree-ring archive is that it provides even
better resolution than ice cores, and suitable trees are
widespread. It is becoming increasingly apparent that a
critical question facing us is not whether global climate
will change, but how it will change in different places.
Models can predict this, but to test them we need high-
resolution and spatially explicit evidence of the way that
past climate changes behaved over space, as well as over
time. We can obtain that information from stable
isotopes in tree rings.
Stable isotope dendroclimatology is a young field but

it is advancing very rapidly. Until recently, progress was
constrained by the time taken to prepare and analyse
tree-ring samples and by the cost of analyses. However,
recent advances in both sample preparation techniques
and mass spectrometry have greatly increased the rate at
which samples can be analysed, and at the same time
reduced the unit cost. Plant physiologists have also
made great advances in understanding how climate
influences fractionation. At last we can look to the long
tree-ring chronologies with a realistic intention of
producing and interpreting isotope data for the whole
of the Holocene.
To achieve this will require a change in emphasis from

isotope dendroclimatologists. Time and cost constraints
have severely restricted the number of samples that can
be analysed, which has led to an emphasis on analytical
precision, with most laboratories first isolating cellulose
or a-cellulose, often from several radii from each tree,
and then pooling wood from several trees prior to
analysis. However, from a Quaternary perspective it is
not the analytical precision of each measurement that is
critical, it is the confidence limits around the mean value
for each year. The variability within trees and between
the main wood components, cellulose and lignin, is
small compared to the differences between trees, so the
most effective way to increase the precision of the mean
is to include more trees, but if samples are pooled prior
to analysis, the precision of the mean cannot be
calculated.
The ability to calculate the precision of the mean for

each year is perhaps the most important advantage of
isotope dendroclimatology, because the confidence
limits of the mean can be used to place confidence
limits around the estimates of palaeoclimate. The
potential to create place-specific, annually resolved
records of past climate, with statistically defined
confidence intervals, makes tree rings unrivalled in their
potential for palaeoclimate research. However, the full
potential can only be realised by analysing each ring
from each tree separately. Few laboratories have
attempted this for long sequences because of the cost,
but in comparison to marine and ice core research the
technique is remarkably cost-efficient.
If isotope dendroclimatology is to achieve its potential

it will require investment. We need laboratories that can
process tens of thousands of samples in a year, not a few
hundreds. Each tree should be treated independently
and the focus must be on replication as well as precision.
Technology has reached the stage where this is achiev-
able now, and we expect to see further advances in the
near future.
At the same time as isotopes have become easier to

measure, they have become easier to interpret. There are
now reliable mechanistic models that explain how
climate and other environmental factors determine the
isotopic ratios in tree rings. The models are not perfect,
but they are a powerful tool and they free us from a
reliance on statistical inference. If the plant physiologists
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can take one step further, and link carbon and the water
isotopes in an integrated model, it will greatly enhance
our ability to reconstruct specific climate variables
through time.
There are still many problems facing stable isotope

dendroclimatology. There may be trends and variability
in the isotope signals that are not related to climate,
there is substantial variability between trees, different
tree species may respond to climate in different ways,
and there are still many gaps in our knowledge of
precisely what controls isotope variability under differ-
ent conditions. Although we have good mechanistic
models, they demonstrate that none of the isotopes
carry a single, simple climatic signal that can be applied
universally. However, a similar or more daunting range
of problems faced researchers when they began to work
on both marine and ice cores. We are confident that
stable isotopes, together with other evidence from tree
rings, will prove as important for understanding
Holocene palaeoclimate as those archives have been
for longer timescales.
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