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Abstract

In order to predict accurately how elevated atmospheric CO2 concentrations will affect the global carbon cycle, it is necessary to

know how trees respond to increasing CO2 concentrations. In this paper, we examine the response over the period AD 1895–1994 of

three tree species growing across northern Europe to increases in atmospheric CO2 concentrations using parameters derived from

stable carbon isotope ratios of trunk cellulose. Using the isotope data we calculate values of intrinsic water-use efficiency (IWUE)

and intercellular CO2 concentrations in the leaf (ci). Our results show that trees have responded to higher levels of atmospheric CO2

by increasing IWUE whilst generally maintaining constant ci values. However, the IWUE of most of the trees in this study has not

continued to rise in line with increasing atmospheric CO2. This behaviour has implications for estimations of future terrestrial

carbon storage.

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

The annual growth rings of trees provide a uniquely
valuable source of past environmental information.
They have certain advantages over other proxy sources
of environmental data, such as ice-cores from polar and
mountainous regions, lake sediments and speleothems,
in that tree rings can be dated unambiguously to precise
years and that trees grow in a wide range of terrestrial
environments. Ring width and latewood densities have
been successfully used for climatic reconstruction in
areas where tree growth is influenced by one predomi-
nant factor such as summer temperature (Briffa et al.,
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1995) or precipitation (LaMarche, 1974). In temperate
regions, tree growth is usually influenced by several
factors, and the relationship between ring widths and
climatic parameters is weaker. In these regions the ratios
of stable isotopes in tree rings have been shown to
correlate with climatic parameters such as growing
season temperature, relative humidity and precipitation
(see Switsur and Waterhouse, 1998, and references
therein).
We have previously shown that trees growing in sites

in eastern England (Robertson et al., 1997a; Hemming
et al., 1998) and southwest Finland (Robertson et al.,
1997b) record climatic variables (in particular growing
season temperature and relative humidity) in the carbon
isotope ratios of a-cellulose extracted from annual
growth rings. In this paper, we reassess these carbon
stable isotope records, which extend over most of the
last century, in order to gain insight into trees’ response
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to increasing atmospheric carbon dioxide concentra-
tions and how this response varies with site conditions
and atmospheric CO2 concentrations.
Plants respond to increasing levels of atmospheric

carbon dioxide in several ways. Experimental results
(Morison, 1993; Polley et al., 1993; Picon et al., 1996)
and theoretical models (Beerling, 1994; Thornley and
Cannell, 1996; Cao and Woodward, 1998) indicate that
plants are able to increase their water-use efficiency
(WUE) as CO2 levels rise. Short-term experimental
results from studies of plants in growth chambers,
however, may not reliable to predict the behaviour of
mature trees growing in their natural environment, as
trees are able to adjust their physiological response over
time to gradually increasing CO2 concentrations. As
shown below, intrinsic water-use efficiency (IWUE) can
be calculated from values of stable carbon isotope ratios
from tree organic matter, and these values can give
insight into how naturally growing trees respond, or
have responded, to increasing atmospheric CO2 con-
centrations. Studies of this nature have been carried out
on freely growing trees in the USA (Marshall and
Monserud, 1996; (Feng, 1998, 1999; Tang et al., 1999),
Qu!ebec (Watmough et al., 2001), Tasmania (Francey
and Farquhar, 1982) and France (Bert et al., 1997;
Duquesnay et al., 1998) and have revealed that trees
vary in their responses to increasing atmospheric CO2

concentrations.
Isotopic discrimination (D13C) between carbon of

atmospheric CO2 and plant carbon for C3 plants is
defined in Eq. (1):

D13C ¼ ðd13Ca � d13CpÞ=ð1þ d13Cp=1000Þ; ð1Þ

where d13Ca and d13Cp are the isotopic ratios of carbon
(13C/12C) in atmospheric CO2 and plant material
respectively expressed in parts per mille (%) relative to
VPDB. D13C is related to the ratio between the
intercellular (ci) and atmospheric (ca) concentrations
(mole fractions) of CO2 as expressed by Eq. (2)
(Farquhar et al., 1989):

D13C ¼ a þ ðb � aÞci=ca; ð2Þ

where a is the discrimination due to diffusion of CO2 in
air (4.4%) and b is the discrimination during carboxyla-
tion for C3 plants (28%) (Brugnoli et al., 1998). IWUE is
defined as the ratio of assimilation rate (A) for uptake of
CO2 to leaf conductance to water vapour (gw) (Ehler-
inger, 1993). Since gw ¼ 1:6gc (gc is the stomatal
conductance to CO2), and A; gc; ca and ci are related
through Fick’s Law, A ¼ gcðca � ciÞ; it is possible to
calculate values of IWUE from values of D13C (Eq. (3)):

IWUE ¼ caðb � D13CÞ=1:6ðb � aÞ: ð3Þ

[IWUE is equal to instantaneous water-use efficiency
(instWUE) (determined by leaf gas exchange) multiplied
by the difference in water vapour mole fraction between
leaf and atmosphere. Units of IWUE are those of CO2

mole fraction (mmolmol�1); those of instWUE are
mmolCO2/mol H2O. The advantage of IWUE over
instWUE is that the former allows assessment of the role
of biological components in determining water–carbon
exchange relationships independently of changing atmo-
spheric conditions (Ehleringer, 1993).]
2. Sites and methods

Values of IWUE were calculated for trees of three
species: pedunculate oak (Quercus robur L.), common
beech (Fagus sylvatica L.) and Scots pine (Pinus

sylvestris L.). The trees were from three geographical
regions in northern Europe: northwest Norfolk, south
Bedfordshire (both in eastern England) and southwest
Finland (Table 1). In two of the regions (northwest
Norfolk and southwest Finland), sites with differing
hydrological regimes and soil types were selected; these
are classed as ‘dry’ and ‘wet’ as appropriate. In
northwest Norfolk, the dry site (NORD) is on freely
draining lower Cretaceous sands, while the wet site
(NORW) occupies the often waterlogged flood plain of
the River Babingley, some 3 km south of the dry site.
The dry site in southwest Finland (FIND) sits astride a
rock-strewn area of freely draining glacial drift; the
nearby wet site (FINW) on lower ground is underlain by
argillaceous marine clays and silts. Confirmation of the
difference in hydrologies between the two Finnish sites is
provided by soil moisture analysis (Barker, 2000), which
showed that the soil moisture content at FINW was
50% greater than that at FIND down to a depth of
0.5m. The differences in hydrology between sites
enabled us to investigate the effects of changing water
availability on tree response to increasing ca under the
same local climatic conditions. Oaks were sampled in all
regions, whereas Scots pine and beech were sampled in
south Bedfordshire only; thus we can compare varia-
tions of one species across geographical regions and the
behaviour of three species in one location. All the trees
selected were over 150 years old. In order to minimize
complications arising from the juvenile effect, which
produces more negative values of d13C in wood
produced during the first few decades of growth (Freyer
and Belacy, 1983) as a result of assimilating respired
CO2 depleted in 13C (Keeling, 1961) or reduced light
levels lower in the canopy (Heaton, 1999), we sampled
the most recent 100 years of annual rings.
We measured the carbon isotope ratios of samples of

a-cellulose (d13Ccell) extracted from the latewood of
annual rings for the period 1895–1994 for both oak and
Scots pine as previously described (Loader et al., 1997;
Robertson et al., 1997a, b; Hemming et al., 1998), and
hence calculated values of IWUE correspond to the
period of latewood formation for these species. As the
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Table 1

Sites and trees

Site Latitude Longitude Species Na

Northwest Norfolk,

England

52�500N 0�300E

‘dry’b (NORD) Quercus robur 5

‘wet’b (NORW) Quercus robur 5

South Bedfordshire,

England (BEDS)

52�000N 0�350W Quercus robur 2

Fagus sylvatica 2

Pinus sylvestris 2

Turku, Southwest

Finland

60�250N 22�100E

‘dry’b (FIND) Quercus robur 5

‘wet’b (FINW) Quercus robur 5

aN is no. of trees used for isotope measurements.
bThe terms ‘dry’ and ‘wet’ were assigned on the basis of the

hydrological regimes at each site (soil type and drainage) and not on

precipitation (see Robertson et al., 1997a, b for details).
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beech is a diffuse porous species, it was not possible to
distinguish and separate latewood from earlywood
unambiguously from each growth ring, and therefore
the whole ring was sampled. For each species at each
site, annual values of d13Ccell were calculated as an
average for the number of trees samples (Table 1) and
annual values of IWUE were calculated from these
according to Eq. (3). Values of d13Ca and ca for each
year were determined as previously described (see
Hemming et al., 1998 for details) using ice-core data
from Antarctica and measured atmospheric data from
Antarctica and Europe.
A number of possible sources of error needs to be

considered. Values of d13Cp in Eqs. (2) and (3) ought,
strictly speaking, to refer to initial photosynthate in the
leaf, (Heaton, 1999) and not cellulose in the trunk.
Using d13Ccell in place of d13Cp may therefore introduce
some bias into calculated values of IWUE and ci: Wood
cellulose is generally enriched in 13C relative to leaf
cellulose, with an enrichment value of 3–4% reported
for juniper (J. monosperma) from Arizona (Leavitt and
Long, 1982), although the degree of enrichment may be
dependent upon species (Schleser, 1990; White et al.,
1993). Leaf tissue is formed early in the growing season,
when values of ci=ca values are relatively high, resulting
in correspondingly low values of d13C (Francey et al.
1985; J.aggi et al., 2002). Feng (1998, 1999) argues that
wood in the trunk formed later in the season originates
from exported carbohydrate formed in mature leaves
within which ci=ca attains lower values; hence d13C
values of leaf photosynthate are closer to those of trunk
wood, the d13C value of which can therefore legitimately
be used for calculation of IWUE. Moreover, with the
exception of beech, we measure d13C values in the
latewood only, hence differences in leaf and wood d13C
should be minimized further. Even if using values of
d13Ccell to calculate IWUE does produce a bias in the
calculated values, it does not alter their temporal trends,
which form the main subject of this paper.
Another factor that should be considered is that the

carbon dioxide sampled by trees may not have values of
d13C that are the same as that of the general atmosphere
(d13Ca) owing to mixing of respired CO2 into the local
atmosphere sampled by the tree. This effect is likely to
be much more important for young trees growing below
the canopy and is minimized in this study by exclusion
of at least the first 50 years of growth. Also, trees from
the NORD and BEDS sites are growing in open
environments, and hence likely to be sampling CO2

with d13C value close to d13Ca; however, this may not be
the case for the more wooded sites of FIND, FINW and
NORW.
3. Results and discussion

Annual values of IWUE for each species at each site
(calculated from Eqs. (1) and (3)) are shown in Fig. 1.
The high-frequency fluctuations, which are similar for
trees from the same site, reflect the high correlation
between d13Ccell and local climatic parameters (e.g.
summer temperature, humidity and precipitation) and
the effects of climatic conditions on isotopic discrimina-
tion (for full details of these climatic relationships see
Robertson et al., 1997a, b; Hemming et al., 1998). It is
evident from Fig. 1 that all species at all the sites show a
long-term increase in their values of IWUE during the
past century.
The main cause of this common behaviour is likely to

be the increase in atmospheric CO2 concentration,
although changing parameters that can influence IWUE
through their effects on stomatal aperture, and hence
D13C, might also play a part. Of the three meteorological
parameters available at all geographical locations in this
study (temperature, precipitation and relative humidity)
it is relative humidity that has shown the most
significant change in two of regions: Norfolk and
southwest Finland (Figs. 2a and c); however, there has
been no significant decrease in relative humidity in
Bedfordshire (Fig. 2b). Previous analysis has shown that
relative humidity or the derived vapour pressure deficit
also has the strongest relationship with carbon isotope
ratios in all three regions (Robertson et al., 1997a, b;
Hemming et al., 1998); therefore the possible effect of
this parameter alone on values of IWUE are explored
here. Average changes in relative humidity are very
similar in Norfolk and southwest Finland: 7% (since
1920) and 8% (since 1895), respectively. The isotopic
discrimination/relative humidity coefficients (obtained
by linear regression analysis) are also very similar:
0.065%/% for Norfolk and 0.074%/% for Finland.
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Fig. 1. Annual values of IWUE. Values of IWUE are calculated using

Eqs. (1)–(3) from mean values of d13Ccell measured for trees at each site

(see Table 1). Second-order polynomial trend lines are shown.

(c)

(b)

(a)

Fig. 2. Average relative humidity together with second-order poly-

nomial trend lines for (a) Norfolk and (b) Bedfordshire and (c)

southwest Finland. For Norfolk, relative humidity values (10.00 a.m.)

are from the combined Cranwell–Waddington record from 1920

(Carter and Robertson, 1998). For Bedfordshire, relative humidity

values (9.00 a.m.) are from Rothamsted Experimental Station,

Harpenden, Hertfordshire from 1915. For Finland, relative humidity

values (2.00 p.m.) are from Turku meteorological record from 1895

(Heino, 1994; Robertson et al., 1997b).
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Although there is much uncertainty involved in this
analysis, the observed changes in relative humidity
might therefore be responsible for an increase in D13C
of about 0.5% at the two sites, through its effects on
stomatal aperture (Beerling, 1996). This would lead to
an increase in IWUE (Eq. (3)) of about 4–5 mmolmol�1

over the period of study for trees from these two sites.
Other factors may also play a role; for example, recent
studies (Keiller and Holmes, 2001) have demonstrated
that increased UV-B has profound effects on stomatal
density and function.
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Fig. 3. Annual values of IWUE, calculated as for Fig. 1, plotted

against values of atmospheric carbon dioxide concentrations. Second-

order polynomial trend lines are shown.
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The percentage increase in calculated values of IWUE
ranges from ca. 24% for oaks from NORD to ca. 48%
for beech from BEDS, with most of the increase
occurring since 1930. These values are comparable to
the 30% increase in IWUE from 1930s to 1980s reported
for Abies alba in eastern France (Bert et al., 1997). The
value for beech from BEDS (ca. 48%) falls just outside
the increases since 1900 reported for beech in north
eastern France (23–44%) (Duquesnay et al., 1998). It
should be noted that neither Bert et al. (1997) nor
Duquesnay et al. (1998) make allowance for any changes
in meteorological parameters over their periods of
study, so we compare our calculated values of IWUE
directly with theirs. The fact that beech shows a stronger
IWUE response than the oak or pine may be due to the
particularly drought-sensitive nature of this species,
caused by a relatively shallow rooting depth. Our
measured increases in IWUE are in the range of values
predicted from theoretical models (Beerling, 1994;
Thornley and Cannell, 1996). However, the increases
in IWUE displayed by our oaks are significantly higher
than would be predicted from the results obtained from
growing Q. robur seedlings in CO2 concentration of 350
and 700 mmolmol�1 (Picon et al., 1996) even when a
reduction of B4–5 mmolmol�1 is made to the overall
increase in IWUE that may result from decreasing
humidity in Norfolk and southwestern Finland. Our
findings therefore support the caution expressed in
scaling up results from growth chambers experiments
to mature trees growing under natural conditions
(Shugart et al., 1986; Ceulemans and Mousseau, 1994;
Thornley and Cannell, 1996).
Although the trees in this study show an overall

increase in IWUE as expected, graphs of IWUE plotted
against ca (Fig. 3) show that the rate of increase in
IWUE reduces at higher values of ca; indicating lower
sensitivities to increasing levels of CO2. Such behaviour
at ambient values of ca is not a feature of current
models. The reduction in response is most clearly
marked in the oaks from BEDS; but even at the other
two locations reduction in response to increasing CO2

concentrations might be greater than is suggested by
Fig. 3 if decreasing humidity is affecting IWUE as
discussed above. Figs. 2a and c show that relative
humidity has been falling at an increasing rate in recent
years at the sites in southwestern Finland and particu-
larly in Norfolk. As discussed above, this could increase
the value of IWUE by around 4–5 mmolmol�1 over the
period of study, with most of it occurring in more recent
years, precisely where we observe the decreasing trends
in IWUE in Fig. 3.
The relative behaviour of the trees seems to depend

upon local site conditions. This can be seen in the oaks
from NORD and NORW. Although the dry and wet
sites are only 3 km apart, and hence subject to the same
macro-climatic conditions, the trees from the dry site
show a lower response to increasing ca than the trees
from the wet site. Such contrasting behaviour accords
with growth chamber experiments (Picon et al., 1996) in
which well watered oak seedlings increased their WUE
more than twice as much as droughted seedlings as ca
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Fig. 4. Annual values of intercellular CO2 concentrations (ci)

calculated from annual values of d13Ccell determined as in Fig. 1.

J.S. Waterhouse et al. / Quaternary Science Reviews 23 (2004) 803–810808
increased from 350 to 700 mmolmol�1. The similarity in
response of trees from BEDS and NORD may reflect
the similarity in soil drainage at the two sites, in contrast
with the wetter site at NORW. Oaks from FIND
and FINW, however, seem to behave more similarly,
with perhaps a lower sensitivity to increasing ca shown
by trees at the wet site in this case. This suggests
either that, despite differences in hydrology, water-stress
is not significantly different between the two Finnish
sites, or that water-stress is not the dominant limiting
factor.
Higher IWUE can result from increasing A or

decreasing gw or a combination of these factors. It is
not possible to estimate the balance of factors in our
trees, although reported concurrent increases in A and
decreases in gw for Q. robur grown under increasing ca
(Beerling et al., 1996; Picon et al., 1997) suggest that
both factors play a role and are inherently linked. The
response of gw to increasing ca; however, may vary with
species and conditions of water stress at the leaf level.
Heath (1998) reported that young oak consistently
decreased the value of gw in elevated CO2, whereas the
response of beech depended on the leaf-to-air vapour
pressure deficit, at high levels of which gw of beech was
unchanged in conditions of elevated CO2.
Fig. 4 shows values of ci calculated from Eq. (2). The

trees in this study seem generally to be adopting a
strategy of homeostatic maintenance of ci levels against
increasing ca; at least until the mid-1970s. This
behaviour contrasts with evidence for the maintenance
of constant ci=ca in plants as ca rises (Morison, 1987;
Farquhar and Sharkey, 1982; Morison, 1993) and for
increasing values of ci from AD 1800 displayed by a
selection of trees growing in western North America
(Feng, 1998). Subtle differences are evident between
species and sites. In particular, after the mid-1970s, oaks
at NORD and BEDS show ci increasing to values above
the average for that of previous decades; this occurs
concurrently with levelling IWUE values. The behaviour
of ci and IWUE over this period may be linked to the
effect of carbon dioxide concentration on two processes
in C3 plants. One of these processes is the observed
reduction in stomatal index and stomatal density, which
reach lower limits in Q. petraea (K .urschner et al., 1996)
and Q. robur (Beerling et al., 1996) respectively at ca
values above ca. 340mmolmol�1. The other is the
biphasic nature of the response of A to increasing ca
(von Caemmerer and Farquhar, 1981; Woodward et al.,
1991): an intially linear increase in A curves less steeply
at higher values of ca: The deviation from linearity
occurs at ca values that depend upon conditions and
species, but it has been observed at ca values as low as
ca. 330 mmolmol�1 (von Caemmerer and Farquhar,
1981).
Our results, supported by those of other researchers,

suggest that trees in different localities may be respond-
ing to increasing ca by adopting different homeostatic
set points. Leavitt and Lara (1994) reported constant
values for ci=ca over the same period for Fitzroya

cupressoides in Chile; whereas Marshall and Monserud
(1996) found that conifers in northern Idaho, USA, had
maintained constant values of ca � ci (equivalent to
IWUE) throughout the past century. In agreement with
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our observations, Francey and Farquhar (1982) re-
ported the maintenance of ci values of Tasmanian trees
from 1870 to 1970. The reasons for the differences in
behaviour are almost certainly related to local external
factors, particularly to the availability of moisture and
nutrients (Shugart et al., 1986; Duquesnay et al., 1998).
It seems, however, that trees world-wide are adapting to
increasing levels of atmospheric CO2 in different ways.
The reduction in sensitivity of IWUE to increasing ca
shown by most of the trees in this study may be related
to the loss in climatic sensitivity of latewood relative
densities in recent years reported by Briffa and co-
workers (1998). Whether this reduction in the rate of
increase of IWUE is merely a temporary phenomenon
remains to be seen; but it could represent a saturation
effect. Such an effect, at comparatively low values of ca;
is neither observed in growth chamber experiments nor
predicted by current models, which predict a continuing
rise in terrestrial carbon storage as a result of the
combined effects of CO2 fertilization and climate change
as ca increases (Melillo et al., 1996; Cao and Woodward,
1998). If a long-term or permanent reduction in
sensitivity to atmospheric CO2 is established for a
significant proportion of trees in temperate regions, the
degree of future terrestrial carbon storage will have been
greatly overestimated.
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