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Abstract

The stable carbon isotope ratios (8'>C) of whole wood, cellulose and acid-insoluble lignin from annual latewood
increments of Quercus robur L., from modern and sub-fossil wood, were measured and their potential use as
palaeoenvironmental indicators examined. The resulting time series demonstrate a very high degree of coherence, with
813C of cellulose isotopically enriched by approximately 3 %o compared to 8'°C of lignin. The 8'>C values of all three
components are influenced by the climate of July and August. Modern whole wood retains the strongest climate
signal, perhaps because its composition is closest to that of leaf sugars. In sub-fossil wood there is no evidence that
differential decay leads to fractionation of carbon within either cellulose or lignin, but differential decay can alter the

cellulose to lignin ratio.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Instrumental climatic records are short, rarely
extending back beyond the last century, so to
evaluate numerical models of climate change, es-
tablish levels of ‘baseline variability’ and quantify
the past frequency of extreme events requires nat-
ural archives of palaeoclimate information. Long
tree-ring chronologies (e.g. Becker et al., 1985;
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Pilcher et al., 1984; Zetterberg et al., 1996;
Lindholm et al., 1999; Briffa, 2000; Lindholm
and Eronen, 2000) provide unrivalled terrestrial
archives of environmental history because they
are absolutely dated, provide annual resolution
and extend back continuously for millennia.

There are a variety of ways in which climate
information can be extracted from the tree-ring
archives, the simplest being to measure the width
of the rings. However, ring width tends to vary
markedly between trees and between sites, and
there are long-term trends that relate to distur-
bance events and to tree age that are difficult to
extract without degrading the climate signal
(Cook et al., 1995; Briffa et al., 1990, 1992). Ex-
tracting climate information from ring widths,
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therefore, usually requires very large samples, and
the climate signal that remains often relates to the
high-frequency, inter-annual fluctuations rather
than the lower-frequency climatic changes of pri-
mary interest. In conifers the relative density of
rings may provide a stronger climate signal, which
can retain more of the low-frequency variability,
but density appears to provide no additional cli-
matic information for hardwoods such as oak
(Schweingruber and Briffa, 1996).

Several studies have demonstrated the potential
of tree-ring stable isotope ratios for high-resolu-
tion climatic reconstruction, using a variety of
both hardwood and softwood species (McCarroll
and Pawellek, 2001; Hemming et al., 1998; Rob-
ertson et al., 1997; Loader and Switsur, 1996).
The ratio of the stable isotopes of carbon, in par-
ticular, appears to provide a strong proxy indica-
tor of past climate that requires fewer trees than
the conventional ‘growth proxies’, such as ring
widths and density, and is less influenced by dif-
ferences between trees and between sites. Stable
carbon isotope ratios also have the advantage
that the mechanisms responsible for fractionation
are well understood, so that there is potential for
mechanistic modeling of the effects of climate, as
well as for more conventional approaches based
on correlation and statistical inference.

Early work on stable isotope ratios in tree-rings
used whole wood (Craig, 1954; Libby et al., 1976;
Farmer and Baxter, 1974), but since Wilson and
Grinsted (1977) demonstrated that different com-
ponents of wood differ isotopically, most studies
have concentrated on analysis of cellulose, as the
dominant and most easily isolated component of
wood. It has recently been argued, in light of the
considerable time required for preparation of cel-
lulose, that if whole wood contains the same iso-
topic record as cellulose then analysis of whole
wood may be acceptable (Barbour et al., 2001;
Leuenberger et al., 1998).

A potential problem with using either whole
wood or cellulose to extract climate information
from long sub-fossil tree-ring chronologies, how-
ever, is differential degradation of the wood
components over time. Under both aerobic and
anaerobic conditions, the polysaccharide com-
ponents of vascular plants (mainly cellulose

and hemicelluloses) tend to degrade more quickly
than the lignin component (Schleser et al., 1999;
Benner et al., 1991; Spiker and Hatcher, 1987;
Suberkropp and Klug, 1976). If there are varia-
tions in the cellulose to lignin ratio that are re-
lated to degradation, then this may impart a low-
frequency signal in whole wood stable carbon iso-
tope ratios that is unrelated to climate. It is also
uncertain whether partial decay results in a
change in the isotopic signature of cellulose,
which would also degrade the palaeoclimate sig-
nal. A potential solution to these problems would
be to analyse the stable carbon isotope ratios of
lignin.

Compound-specific lignin biomarkers have
been used to reconstruct palaeovegetation dynam-
ics (Goni and Eglinton, 1996), but there has been
little research into the 8'3C values of tree-ring
lignin. Lignin is a compound produced by trees
through secondary metabolic processes to provide
strength to their cellular structure and in certain
cases as a response to damage, nutrient stress or
disease (Okuyama et al., 1998; Gindl et al., 2000).
In one of a limited number of early studies, Gray
and Thompson (1976) concluded that whilst an
environmental signal was contained within the
cellulose fraction of Picea glauca tree-rings, owing
to difficulties of carrying out direct lignin 8'%0O
analysis it did not represent an alternative proxy
of palaeoclimatic change. Wilson and Grinsted
(1977) later found that although offset by approx-
imately 3 %o, 8'°C values of lignin demonstrated
similar general trends to the 8'3C trends of cellu-
lose analysed across two annual rings of Pinus
radiata. They identified a significant time lag be-
tween the two trends and proposed that this rep-
resented differences in the period of cellulose de-
position and lignification.

More recently, Turney et al. (1999) were able to
demonstrate a link between the 8'3C of cladodes
lignin, sampled across a network of sites, and va-
pour pressure deficit. Barbour et al. (2001) exam-
ined the oxygen isotope composition of cellulose,
lignin and whole wood samples collected across a
wide geographical area. Both Pinus and Quercus
species exhibited positive correlations with mod-
eled source waters and demonstrated that for
both lignin and cellulose some re-exchange of oxy-
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gen occurred during biosynthesis. A close correla-
tion between cellulose, lignin and whole wood was
observed, and the necessity for extraction of indi-
vidual components from whole wood for isotopic
analysis of plant macrofossils discussed. Their
data suggested that no climate information was
lost when analyzing whole wood over o-cellulose
and, depending upon local conditions, extraction
of o-cellulose from wood samples may be un-
necessary for isotope studies looking at correla-
tions with site parameters.

This paper presents results of a pilot study into
the nature of stable carbon isotope variability in
the lignin, cellulose and whole wood fractions of
annually resolved latewood sequences of oak
(Quercus robur L.) from a site in eastern England.
The aims of this pilot study were to:

(1) quantify the difference in 8'*C values ob-
tained from whole wood and its main constituents
cellulose and lignin;

(2) determine whether lignin §'3C values are as
strongly related to climate as those obtained from
whole wood and cellulose;

(3) investigate whether the climate signal re-
tained by lignin 8'C relates to the same part of
the growing season as the signal contained in the
cellulose, or whether there is a temporal offset;
and

(4) compare results from modern oak trees with
those from a sample of sub-fossil (c. 4350 years
old) bog oak from the same area, to see whether
differential decay of the wood constituents might
degrade the climate signal retained by 8'*C values
obtained from whole wood, cellulose or lignin.

2. Methods

Samples of Quercus robur L. were collected
from two trees growing near Sandringham Park,
East Anglia, UK (52°50'N, 0°30’E). The site is in
close proximity to several long-standing meteoro-
logical stations and experiences a climate typical
of the southeastern UK (1951-1980 mean annual
temperature 9.5°C; mean July temperature,
15.9°C; mean total annual precipitation, 693
mm; mean total July precipitation, 60 mm;
mean annual relative humidity, 74.1%; mean
July relative humidity, 66.4%).

Cores were collected using 12 mm diameter
increment borers. Each tree-ring sequence was
absolutely dated against local site and regional
dendrochronologies using the TSAP software
package (Frank Rinn Associates, Heidelberg,
Germany) and a 55-year sequence (1946-2000)
isolated for isotopic analysis. During core extrac-
tion, preparation and cross-dating no lubricants,
polishes or pencil marks were used which might
influence the isotopic composition. A 20-year se-
quence of rings from a bog oak specimen from
the British Isles oak chronology (Pilcher et al.,
1984), which grew in close proximity to the
present study site, was also obtained for this
study. This sample was dated absolutely by den-
drochronology, and covered the period 2340-2361
BC.

Since earlywood 8'3C values are influenced by
the climate of the previous year (Hill et al., 1995),
latewood samples were removed from each se-
quence using a chiropodic raspe.

Correlation matrix (R) demonstrating the statistical relationship between individual wood components of the core samples ana-

SP10 Lignin SP10 Cellulose SP10 Whole wood

Table 1
lysed

SP07 Cellulose SP07 Whole wood
SP07 Lignin 0.936** 0.966**

SP07 Cellulose 0.981%*

SP07 Whole wood

FEN Cellulose
0.836**

FEN Whole wood
0.893**
0.965%*

FEN Lignin
FEN Cellulose

0.606** 0.475%* 0.482%*
0.513%* 0.387%* 0.373**
0.537%* 0.407** 0.395%*
SP10 Lignin 0.938%* 0.870%**

SP10 Cellulose 0.876**

**P<0.01 (two-tailed test).
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Cellulose was isolated from the resulting homo-
geneous whole wood powder using techniques
modified for small samples by Loader et al
(1997) and ‘Klason’ lignin (produced with the
minimum degree of modification) isolated by car-
bohydrate dissolution with 72% sulphuric acid
(TAPPI, 1988). Each component was dried thor-
oughly prior to isotopic analysis.

A

Whole wood, cellulose and lignin stable carbon
isotope ratios for the modern (SP07 and SP10)
and archaeological (FEN) samples were deter-
mined using continuous flow stable isotope mass
spectrometry techniques at the Environmental
Dynamics Institute, University of Wales Swansea.
Results are expressed using the conventional d
notation as %o deviations from the Vienna Pee
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Fig. 1. Stable carbon isotope time series 1946-2000 for the tree sequences (A) SP07, (B) SP10. Cellulose, grey rhomboids; whole

wood, white triangles; lignin, grey circles.
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Dee belemnite (VPDB) standard (Coplen, 1995; dence but consistent offset between the 8°C val-
Craig, 1957). ues of the individual wood constituents (Table 1,
Fig. 1). The whole wood results were expected to
follow those of the cellulose and lignin, since they
are its principal components (usually c. 90% C in

3. Results and discussion
oak; Leuenberger et al., 1998; Borella et al.,

3.1. The nature of the tree-ring lignin signal 1998), but the very close correspondence of the
cellulose and lignin curves is surprising.
For each tree there is a very strong correspon- For the modern trees, the mean offset between
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Fig. 2. Discrimination (A'>C) for cellulose, whole wood and lignin series (A) SP07, (B) SP10. Cellulose, grey rhomboids; whole
wood, white triangles; lignin, grey circles.
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lignin and cellulose is approximately 3 %o
(0,—1=0.3, two sequences), which agrees with
earlier estimates (Wilson and Grinsted, 1977).
An overall decrease of approximately 1.2%o oc-
curs between 1946 and 2000, reflecting changes in
the local carbon isotope ratio of atmospheric CO,
as a consequence of industrialisation (Freyer and
Belacy, 1983). The isotopic discrimination for
each component of the modern sequences was
then calculated using Eq. 1 prior to their inclusion
into mean series and correlation with climate var-
iables (Fig. 2A,B).

3 08CATM—88Cp
ATCr =1 + (83Cp/1000) (m
where A3Cp is the discrimination during photo-
synthesis (% VPDB), 8'3Cay is the carbon iso-
topic composition of the atmosphere (after Hem-
ming, 1999) and 8'*Cp is the carbon isotope ratio
of the plant material.

3.2. Climatic associations

The resulting data were used to calculate stan-
dard (Pearson product moment) linear correlation
coefficients (R) and are presented as composite
diagrams (after Fritts, 1976) which display graphi-
cally the relationship between the mean isotope
time series and monthly meteorological variables
(Manley, 1974; Parker et al., 1992; Robertson
et al.,, 1997) (Fig. 3A,B). The climate of high
summer (July and August) is most strongly cor-
related with the latewood A'*C of whole wood,
cellulose and lignin, with the strength of the cor-
relations declining in that order. In eastern Eng-
land, high summer is the time when oak trees fix
most of their carbon, and the variation in A*C
values is a response to differences in the internal
concentration of CO, when that carbon was fixed.
The internal concentration of CO; reflects the bal-
ance between stomatal conductance and photo-
synthetic rate, so that hot, dry, sunny summers
yield more negative A'3C values than those that

are cooler and moister (Francey and Farquhar,
1982; McCarroll and Pawellek, 2001). Whole
wood may be most strongly correlated with cli-
mate because its composition is closest to that of
the sugars manufactured in the leaf. As photosyn-
thates are partitioned to form cellulose and lignin
there may be some loss of palaeoclimate signal,
and the lower variability of the lignin series and
the poorer correlation with climate variables sug-
gest that this effect may be more marked in lignin
than in cellulose.

The results presented in Fig. 3 demonstrate that
ABC values are significantly correlated with cli-
mate variables even when they have not been
statistically de-trended to remove age-related or
physiological trends. Possible ‘juvenile trends’
were removed indirectly through analysis of only
those tree-rings formed during the mature growth
phase (post c. 40 years growth). This suggests that
they may also retain the lower-frequency palaeo-
climate information that is usually lost when ring
width measurements are de-trended and averaged
(Cook et al., 1995; Briffa et al., 1992). To com-
pare the degree to which A*C values retain high-
frequency, inter-annual climate information, the
lower-frequency variance was then removed
from the isotope and climate data sets by calcu-
lating the first differences (x,,—x,—1).

The resulting inter-annual correlations with cli-
mate (Fig. 4) are even stronger than those ob-
tained using the raw A3C series (Fig. 3). These
results suggest that the palaeoclimate signal re-
tained in the latewood A3C values of whole
wood, cellulose or lignin is strong and that A’C
values may retain climatic information at a wider
range of temporal frequencies than more tradi-
tional growth proxies. On the basis of the small
sample used in this pilot study, it appears that
whole wood A’C values are more strongly cor-
related with climate than those of cellulose,
which are in turn stronger than those of lignin
(ABC v. mean July and August temperature;

Rihole wood = 050, Rgellulose = 042, Rﬁgnin = 0345 n=
48, P<0.01).

Fig. 3. Composite correlation diagrams (after Fritts, 1976) describing the statistical relationship between monthly temperature,
precipitation and relative humidity (1946-1994) and (A) A”Cngnin, (B) AP Ceetutose> (C) APBChynole wood- Black bars P= <0.01, grey

bars P= <0.05 significance level.
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3.3. Temporal offset in cellulose and lignin signals

Previous work has suggested that there may be
a time lag between the formation of cellulose and
lignin in wood cells (Fritts, 1976; Wilson and
Grinsted, 1977; Fujita et al., 1983; Gindl and
Grabner, 2000; Gindl et al., 2000). If this is the
case then the A*C values obtained from these two
components might record the climate of different
parts of the growing season. This was tested here
by examining the correlation between the A’C
values and climate data averaged across over-
lapping temporal windows of varying duration
(Aykroyd et al., 2001; Robertson et al., in press).
This approach has recently been used to demon-
strate the different parts of the growing season
that influence palaeoclimate proxies that can be
extracted from pine trees (McCarroll et al., in
press). It was demonstrated, for example, that
height growth is strongly controlled by the mean
temperature of about four weeks in mid-sum-
mer whereas maximum density records a much
longer window covering most of the growth sea-
son. The same techniques were applied here, using
windows of between 30 and 80 days duration,
overlapping by one day at a time to cover the
whole potential growing season. The highest cor-
relations for all three components were obtained
using a window of 70 days stretching from the last
week of June to the first week of September.
There is thus no clear evidence in the stable car-
bon isotope ratios to suggest that inter-annually
cellulose, lignin and whole wood carry signifi-
cantly different or temporally offset climate sig-
nals. If the period of lignification starts or finishes
later than cellulose formation, the absolute
amounts involved are too small to register a dif-
ference in the isotopic ratios of the annual late-
wood components.

Limited work has been carried out on the lig-
nification of hardwoods, in relation to climatic
parameters; however, several studies based upon
the UV absorption of lignin components in Quer-

cus mongolica suggest that a delay between cel-
lulose synthesis and lignification should be ob-
served. Yoshinaga et al. (1997a) propose an
offset of approximately 14 days after cell wall
thickening during which lignification continues
before the cell wall is fully lignified. Their high-
resolution analysis of an oak tree-ring, in associ-
ation with other studies using broad-leaved trees,
also identifies that the distribution of lignin
throughout the tree-ring is more closely related
to cell age and function than to a sequential ac-
cumulation (Higuchi, 1990; Yoshinaga et al.,
1997a,b).

3.4. Influence of differential decay

Isotopic heterogeneity in the composition of
plant macrofossils introduces large isotopic differ-
ences independent of those resulting from initial
photosynthesis (Epstein and Krishnamurthy,
1990). Most studies, therefore, report stable iso-
tope ratios measured after the isolation of a single
chemical component, typically cellulose (Wilson
and Grinsted, 1977; Wilson, 1978; Gray and
Thompson, 1976; Leavitt and Danzer, 1993;
Switsur and Waterhouse, 1998). As stable isotope
mass spectrometry has become less time-consum-
ing (Loader and Buhay, 1999; Koziet, 1997; Pres-
ton and Owens, 1985), the isolation of cellulose
has, in many laboratories, become the rate-limit-
ing step, and so the need for isolation of a single
component has further been questioned (Barbour
et al., 2001; Rundgren et al., 2000; Borella et al.,
1998; Leuenberger et al., 1998; McCarroll and
Loader, in press).

Our results suggest that the climate signal in the
ABC values of whole wood may be stronger than
that of either cellulose or lignin, probably because
the isotopic composition of whole wood is most
similar to that of the total sugars fixed in the leaf.
However, if the intention is to apply stable iso-
tope dendroclimatology to the long sub-fossil
tree-ring sequences then some caution is required

Fig. 4. Composite correlation diagrams (after Fritts, 1976) describing the statistical relationship (first differences) between
monthly temperature, precipitation and relative humidity (1946-1994) and (A) A”Cngmn, (B) ABCeefiutoses (C) A Cyhole wood. Black

bars P= <0.01, grey bars P= <0.05 significance levels.
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Fig. 5. Stable carbon isotope time series (2359-2340 BC) for the archaeological timber sequence FEN. Cellulose, grey rhomboids;

whole wood, white triangles; lignin, grey circles.

because of the potential effects of differential de-
cay of wood components.

The sample of sub-fossil oak (c. 4350 years old)
shows similar trends in both the lignin and cellu-
lose isotope ratios at high frequency, suggesting a
high degree of signal preservation (Table 1, Fig.
5). Assuming uniformitarianism, mass balance
calculations suggest, however, that compared to
the modern series, on average 7% of the cellulose
fraction has degraded over time (65% mean cellu-
lose in the modern samples compared with 58%
cellulose in the archaeological sample). The iso-
topic offset, however, remains similar between
the cellulose and lignin components of this sample
(2.8%0 ©,-1=0.41, n=20). These results suggest
that differential decay is likely to lead to changes
in the cellulose/lignin ratio that will influence §'3C
values obtained from whole wood. The extent and
nature of this variation will depend upon sample
history and conditions of preservation. Since the
isotopic offset between cellulose and lignin re-
mains stable, even after partial decay, either of
these components is likely to yield reliable results,
but the climate signal in cellulose may be stronger
than that in lignin.

4. Conclusions

There is a strong correlation between the stable

carbon isotope ratios of acid-insoluble lignin and
cellulose preserved in the annual latewood incre-
ments of oak (Quercus robur L.). The time series
are almost parallel, but the variance of the cellu-
lose values is slightly greater than that of the lig-
nin. Carbon isotopic fractionation during cellu-
lose and lignin synthesis imparts an isotopic
difference relative to whole wood of approxi-
mately 1% and —2%o respectively, which is
maintained throughout the records studied. This
offset is most likely related to secondary metabol-
ic processes occurring during the cleavage of pho-
tosynthates at the site of lignification and cellulose
synthesis. Although the mechanisms causing this
effect are yet to be fully characterised, the result-
ing series remain consistent with accepted models
of initial carbon isotope discrimination (Francey
and Farquhar, 1982; Farquhar et al., 1989; Far-
quhar and Lloyd, 1993; Beerling, 1994; Marshall
and Monserud, 1996).

Of the three indicators analysed, lignin demon-
strated generally lower correlations with climate
variables and modern whole wood the highest.
Whole wood samples may preserve the best cli-
mate signal because they represent most closely
the total isotopic composition of the sugars pro-
duced in the leaf. The 8'3C values of lignin are,
however, strongly correlated with climate and
could be used in isotope dendroclimatology.

Our results have implications for the protocol
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used when using wood or other plant macrofossils
for palaeoclimatic or palacoenvironmental analy-
ses. Although modern whole wood may retain the
strongest climate signal, differential decay could
lead to changes in the ratio of cellulose to lignin,
so that in sub-fossil wood there may be fluctua-
tions in whole wood 8'*C values that are unre-
lated to climate. We found no evidence that the
isotopic offset between cellulose and lignin
changes during differential decay, so either com-
ponent could be used to provide a palaeoclimatic
signal, though the climatic signal in cellulose may
be stronger than that in lignin.

Our findings are demonstrated using the tree-
ring archive but are also applicable to the isotopic
analysis of bulk plant macrofossil material. We
accept that practical limitations can prevent the
isolation of a single sample component and that
whole wood may be used to provide evidence of
inter-annual variance. However, some lower-fre-
quency variance could be induced by differential
decay and should be interpreted with caution.
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