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ABSTRACT

Understanding ecosystem water fluxes has gained increas-
ing attention, as climate scenarios predict a drier environ-
ment for many parts of the world. Evaporative enrichment
of 18O (D18O) of leaf water and subsequent enrichment of
plant organic matter can be used to characterize environ-
mental and physiological factors that control evaporation,
based on a recently established mechanistic model. In a
Pinus sylvestris forest, we measured the dynamics of
oxygen isotopic composition (d 18O) every 6 h for 4 d in
atmospheric water vapour, xylem sap, leaf water and water-
soluble organic matter in current (N) and previous year
(N-1) needles, phloem sap, together with leaf gas exchange
for pooled N and N-1 needles, and relevant micrometeoro-
logical variables. Leaf water d 18O showed strong diel peri-
odicity, while d 18O in atmospheric water vapour and in
xylem sap showed little variation. The D18O was consistently
lower for N than for N-1 needles, possibly related to phe-
nological stage. Modelled leaf water D18O showed good
agreement with measured values when applying a non-
steady state evaporative enrichment model including a
Péclet effect. We determined the time lags between d 18O
signals from leaf water to water-soluble foliar organic
matter and to phloem sap at different locations down the
trunk, which clearly demonstrated the relevance of consid-
ering these time-lag effects for carbon transport, source-
sink and carbon flux partitioning studies.

Key-words: Pinus sylvestris; oxygen isotopes; Péclet effect;
phloem sap; temporal variation.

INTRODUCTION

Climate scenarios for the close future draw a picture of a
warmer, drier and more variable environment for vegeta-
tion in many parts of the world (IPCC 2001). Understand-
ing canopy, stand and ecosystem water fluxes has therefore
recently gained increasing attention, well supported by the

development of stable isotope tools (Yakir & Sternberg
2000; Dawson et al. 2002). The 18O/16O stable isotope ratio
of oxygen (d18O) in leaf water reflects that of source water
and of leaf evaporative conditions (Dongmann et al. 1974;
Roden & Ehleringer 1999; Barbour et al. 2004). During
transpiration, the water isotopologues containing the
lighter 16O isotope diffuse faster than the heavier ones,
thereby enriching the water in 18O at the sites of evapora-
tion. The extent of this evaporative enrichment is governed
by the bidirectional exchange of water vapour between the
leaf and its surrounding air, and is therefore affected by the
vapour pressure deficit of the air (Craig & Gordon 1965).

Water in the mesophyll cells is influenced by the evapo-
rative enrichment, because it consists of a combination of
unenriched xylem water and water from the sites of evapo-
ration (Farquhar & Lloyd 1993). The oxygen isotope signal
of mesophyll cell water is imprinted on the assimilates
formed inside the cell (Barbour et al. 2000). Because d18O in
organic matter is assumed to weight the oxygen isotopic
signature of leaf water by assimilation rate (Cernusak,
Farquhar & Pate 2005), it provides a valuable integrative
tool to study the evaporative and photosynthetic processes
that drive or are associated with plant water fluxes (Yakir
& Wang 1996; Riley et al. 2002; Bowling et al. 2003).

Based on the many contributions since the study of Craig
& Gordon (1965; e.g. Dongmann et al. 1974; Farquhar &
Lloyd 1993; Farquhar & Gan 2003), a general empirical
model describing the evaporative enrichment of 18O (D18O)
of leaf water and subsequent enrichment of plant organic
material relative to source water has recently been estab-
lished (Farquhar & Cernusak 2005). It includes 18O fraction-
ation associated with phase transition from liquid water to
vapour, diffusion of H2

18O through the boundary layer and
stomata, isotopic heterogeneity of water in the leaf (due to
co-occuring diffusion of 18O-enriched water away from the
sites of evaporation and convective transpiration stream of
unenriched xylem water to the evaporative sites) and pro-
duction of organic matter. It is a non-steady state model in
which leaf isotopic enrichment does not adjust instantly
to environmental conditions. Under controlled condi-
tions, such a model satisfactorily described the observed
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variations in leaf water enrichment (Cernusak et al. 2003a;
Gan et al. 2003). Moreover, Barbour et al. (2000) were able
to estimate the time for sucrose exported from the leaf to
reach isotopic equilibrium with leaf water.

However, the environmental and physiological controls
over leaf water D18O (Cernusak et al. 2005; Lai et al. 2006;
Seibt et al. 2006), and the subsequent 18O signal in plant
organic matter (Cernusak et al. 2005; Keitel et al. 2006) have
been studied in only a few in situ experiments. Information
on 18O exchange after photosynthesis is scarce, for example,
little is known about the isotopic exchange during the trans-
port of organic compounds from the leaves to the trunk.
In general, no direct exchange between sucrose (which is
the main carbohydrate transport form in Pinus sylvestris;
Hansen & Beck 1994) and phloem water is expected
(Cernusak, Wong & Farquhar 2003b), because the sucrose
molecule contains no carbonyl bonds. Still, carbohydrate
transport in the sieve tubes is highly dynamic: the unloading
and retrieval of sugars can occur simultaneously in het-
erotrophic tissues (van Bel 2003). The sugars retrieved
in the phloem may therefore modify the oxygen isotopic
signal of the phloem sap, depending on their metabolic
history.

Detailed mechanistic studies under field conditions are
crucial to properly interpret and make use of the oxygen
isotopic information in organic pools with rapid turnover
(e.g. phloem sap: Keitel et al. 2003) or laid down in tissues
that provide useful information as isotopic archives (e.g.
tree rings: Saurer, Aellen & Siegwolf 1997).

During an intensive field campaign in a Scots pine forest,
we measured the dynamics of d 18O in atmospheric water
vapour, xylem sap and leaf water, as well as in different
organic matter pools (bulk leaf, leaf water-soluble organic
matter and phloem sap), every 6 h during 4 d. In addition,
leaf gas exchange and relevant micrometeorological vari-
ables within and above the canopy were measured. The
objectives of this study are: (1) to assess the environmental
and physiological controls over leaf water evaporative
enrichment under field conditions; and (2) to identify a
potential time lag between the 18O signal of leaf water and
of organic matter pools in the trees.We hypothesize that the
oxygen isotope composition of leaf water will be imprinted
in the newly produced organic matter with time lags related
to the turnover of soluble organic matter in the leaf and to
phloem transport velocity.

MATERIALS AND METHODS

Study site and experimental setup

This study was conducted at the forest meteorological
research site Hartheim of the Meteorological Institute of
Freiburg, a 38-year-old pine plantation in the southern
upper Rhine valley, Germany (47°56′N, 7°36′E, elevation
201 m). The forest was mostly planted with Scots pine (P.
sylvestris L.), with only a few patches of Austrian pine
(Pinus nigra L.). All measurements were made in P. sylves-
tris plots. Most of the tree foliage was between 11 m above

ground level and the top of the canopy at ca. 15 m. Plant
area index (PAI) was 1.9 m2m-2, owing to recent thinning
(Schindler, Türk & Mayer 2006). A detailed description of
the experimental site and its management was given by
Mayer et al. (2000) and Schindler et al. (2006).

The measurement campaign took place from 6 June 2005,
1200 h (all times are expressed as Central European time,
with a 0 to 24 h notation) to 10 June 2005, 0600 h. Samples
and measurements were taken every 6 h throughout this
period, at 1200, 1800, 2400 and 0600 h. Three adjacent
dominant or co-dominant individuals of P. sylvestris
were selected within reach of a truck-mounted 25 m
hydraulic lift, and were used as replicates for tree-based
measurements.

Micrometeorological data

Meteorological data [air temperature, relative humidity,
photosynthetically active radiation, precipitation (PAR)
and wind speed] were determined continuously at a mea-
surement tower. Air temperature, humidity and vapour
pressure deficit (VPD) were determined using a psychrom-
eter according to Frankenberger (Mayer & Gietl 1976) at 2,
12 and 19 m height. Wind speed was measured with cup
anemometers at 2, 6, 12, 15 and 19 m height. PAR was
determined with a Li-190SZ sensor (Li-Cor, Inc., Lincoln,
NE, USA) at 16 m; above-canopy precipitation was mea-
sured at 29 m. Volumetric soil moisture (TDR probes) was
determined at 30 cm depth, and soil temperature (thermo-
couples) was measured at 3 cm depth. Data were recorded
every 30 s and averaged over 30 min periods.

Collection of plant material

At each measurement time, twigs were sampled from the
sunlit upper third of the canopy and were used for collec-
tion of needles, xylem sap and twig phloem. Needles were
separated into current growth season (N needles) and pre-
vious growth season (N-1) needles, and were used for the
extraction of needle water and needle water-soluble organic
matter. In addition, trunk bark samples were taken from
three heights below the live crown: high-, mid- and low-
stem, at 10.0, 6.0 and 1.5 m from the ground, respectively,
and were used for phloem collection. Bark samples (ca.
150 mg) were taken from the twig bark with a scalpel, and
from the trunk bark with a core borer (13 mm diameter).

Brandes et al. (2006) observed no intracanopy gradient of
d 13C at the same stand, and found a strong and significant
correlation between canopy-integrated stomatal conduc-
tance and leaf-level stomatal conductance that was deter-
mined in the upper part of the canopy.We conclude that the
twigs sampled here adequately represent the environmen-
tal conditions of the canopy, as a prerequisite for comparing
leaf level measurements, such as leaf d18O, with parameters
that integrate a canopy signal, such as phloem d18O.

Leaf, xylem and atmospheric water

N and N-1 needles were transferred in glass tubes and
immediately frozen in liquid N2. Bulk leaf water was
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extracted from the needles by cryogenic vacuum distilla-
tion: the frozen tubes containing the needles were placed in
a 80 °C water bath, connected to a vacuum system (ca.
4.10-2 mbar) including water traps that were cooled with
liquid N2. The water was then transferred into 2 mL vials
and kept frozen until d 18O analysis (see further discussion).
The dried needles were ground and analysed for bulk d 13C
(see further discussion).

Xylem sap samples were taken according to the method
presented in Keitel et al. (2006). One centimetre of bark
was removed from the cut end of a twig. A polyethylene
tube was then fitted onto the shoot at one end, and
equipped with a hypodermic needle at the other.The needle
was inserted in a 2 mL vial with an airtight seal, together
with another needle that was connected to a hand vacuum
pump.A gentle vacuum was applied, while the needles were
subsequently cut off the end of the twig to facilitate xylem
sap collection. The xylem sap sampled in the vials was
immediately frozen in liquid nitrogen and stored at -20 °C
until analysis (see further discussion).

Atmospheric water vapour was collected by cryogenic
condensation. Air was pumped at 35 L h-1 for 2 h (centred
on target measurement time) from four locations at 13 m
height (mid-canopy) through a trap filled with ethanol and
liquid N2 (ca. -70 °C). The collected water was immediately
transferred into 2 mL vials and kept frozen until d18O analy-
sis (see further discussion).

Organic matter in leaf and phloem

Bark samples were washed with demineralized water
immediately after collection and placed in 6 mL vials con-
taining 2 mL of demineralized water. The samples were left
to exude for 5 h as described by Rennenberg, Schneider &
Weber (1996). This method was identified as the most suit-
able technique for assessing d18O in phloem sap (Gessler,
Rennenberg & Keitel 2004). Sucrose is expected to account
for more than 90% of phloem sap in trees (e.g. Pate et al.
1998). No direct exchange between phloem-transported
sucrose and phloem water or water from the exudation
solution will occur, because the sucrose molecule contains
no carbonyl bounds. We therefore assume no change in the
d18O of phloem sap as a consequence of the exudation
procedure. Contamination of phloem exudates with cellular
constituents was shown to be negligible under the experi-
mental conditions applied (Schneider et al. 1996).A volume
of 75 to 100 mL of phloem exudation solution was trans-
ferred in silver capsules (IVA Analysentechnik; Meerbusch,
Germany), and water was evaporated at 60 °C in an oven
before isotope analysis (see later discussion). We tested the
issue of sealing the dried phloem samples under argon
immediately after removing them from the drying oven on
a separate set of samples, as addressed by Cernusak et al.
(2003a). We indeed found that the d18O in phloem sap
tended to be lower if the samples were not sealed under
argon immediately, both sealed and unsealed data sets
being well linearly correlated (r = 0.980, P < 0.0001, n = 24).

We applied the following correction to our unsealed
samples: d 18Ocorrected = 1.1 ¥ d18Ounsealed - 2.9.

The N and N-1 needles, frozen in liquid N2 immediately
after harvest, were microwaved to stop physiological activ-
ity and then freeze-dried. The samples were homogenized
with mortar and pestle in liquid N2. Water-soluble organic
matter was extracted as follows: 50 mg of homogenized
sample were incubated for 60 min at 5 °C in 1 mL deminer-
alized water, heated at 100 °C for 1 min to precipitate pro-
teins. The samples were cooled on ice and then centrifuged
(12 000 g at 5 °C for 5 min).The 75 to 100 mL of supernatant
was transferred in silver capsules, and the water was evapo-
rated at 60 °C in an oven before isotope analysis (see later
discussion).

Mass spectrometry measurements

The determination of d18O in xylem, bulk needle and atmo-
spheric water vapour samples was established according
to Gehre et al. (2004), using a TC/EA (high temperature
conversion/elemental analyser, ThermoFinnigan, Bremen,
Germany) coupled with a DeltaPlus XP mass spectrometer
via a ConFlo III interface (Werner, Bruch & Brand 1999).
The precision was < 0.15‰. In bulk needle organic matter
and needle water-soluble organic matter, d18O was deter-
mined as follows: 75 to 100 mL phloem exudation solution
or of water-soluble organic matter extracted from needles
was transferred in silver capsules (IVA Analysentechnik)
and water was evaporated at 60 °C in an oven. For bulk leaf
material, 0.5 mg of homogenized dried sample was trans-
ferred in silver capsules. The samples, which contained ca.
300 mg organic O on average, were combusted in a TC/EA
coupled to an isotope ratio mass spectrometer (DeltaPlus

XL; Finnigan MAT GmbH, Bremen, Germany). The 18O/
16O oxygen stable isotope ratio (R = 18O/16O) is expressed
using small delta notation in parts per thousand, relative to
the international Vienna Standard Mean Ocean Water

(VSMOW) standard, as δ 18 1O sample

standard

= −
R

R
, where Rsample

and Rstandard refer to the isotope ratio of the substance of
interest and of the standard, respectively.

Leaf gas exchange

Leaf gas exchange was measured in the upper canopy
by inserting small twigs (with their needles attached)
into a conifer leaf chamber connected to a portable gas
exchange system (GFS3000; Heinz Walz GmbH, Effeltrich,
Germany). The measurements were conducted under
ambient light and temperature conditions. Twigs with both
N and N-1 needles attached were placed in the chamber,
with N-1 needles representing on average ca. 65% of the
total needle area in the chamber. Net CO2 and H2O
exchange rates were measured, and stomatal conductance
(gs) was subsequently calculated according to von Caem-
merer & Farquhar (1981). Leaf water content was measured
for both N and N-1 needles.
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Separate values of gs were calculated for N and N-1
needles, based on (1) the overall gs of N and N-1 needles
that were inserted in the gas exchange chamber together;
(2) a summertime value of 0.53 for the ratio of gs of N-1
needles to gs of N needles, based on the measurements of
Beadle et al. (1985) on upper-canopy needles of P. sylvestris;
and (3) the relative leaf area of each type of needle in the
chamber. Separate transpiration rates were calculated for
both needle cohorts, based on these gs values, and assuming
comparable relative humidity (RH) of ambient air and
comparable leaf temperature for N and N-1 needles (gs

should not influence leaf temperature or internal water
vapour pressure, because pine needles are assumed to be
strongly coupled with the environment; Barbour, Walcroft
& Farquhar 2002). According to Beadle et al. (1985), we
used a summertime value of 0.61 for the ratio of assimila-
tion rate of N-1 needles to that of N needles.

In order to test our assumptions for the ratios of transpi-
ration rate, assimilation rate and stomatal conductance
between N-1 and N needles, we performed additional
experiments with approximately 4-year-old saplings col-
lected at the field site. Saplings were collected from the site
during winter and grown in a greenhouse in the natural soil
from the stand. Approximately 3 months after bud break,
we performed gas exchange measurements (n = 3 trees; 3
twigs per tree) on N and N-1 needles separately, at midday
(light intensity of approximately 500 mmol m-2 s-1, air tem-
perature of 24 °C). We observed the following mean ratios
for gas exchange parameters of N-1 to N needles: stomatal
conductance, 0.51; transpiration, 0.55; and photosynthesis,
0.64. These values are comparable with the ratios given by
Beadle et al. (1985), which we used for calculating stomatal
conductance, transpiration and photosynthesis of the two
different needle cohorts.

The projected area of the N and N-1 needles that were
inserted into the chamber was determined with a leaf area
meter (DT Devices, Cambridge, UK). Mean needle length
was determined from a subsample of the needles. Three-
dimensional leaf area was calculated assuming the needle
has the shape of a half cylinder,and was used as a basis for the
gas exchange values (Luoma 1997; Haberer 2002).

Leaf water D18O

The oxygen isotope ratio of oxygen in the substance of
interest can be expressed as enrichement above source
water, using an upper case delta notation (D18O) in parts per
thousand:

Δ18 1O sample

source

= −
R

R
(1)

In the present study, xylem water was considered to be
source water.

The measured enrichment of bulk needle leaf water
above source water is denoted D18OB. According to

Farquhar & Gan (2003), the 18O enrichment of bulk leaf
water is given by

Δ Δ Δ Δ18
B x

18
x v

18
v L

18
LO O O O= + +⋅ ⋅ ⋅ϕ ϕ ϕ (2)

where jx, jv and jL are the proportions of total water
associated with the longitudinal xylem, the veinlets and
the lamina mesophyll, respectively, and D18Ox, D18Ov and
D18OL denote the evaporative enrichment of xylem, veinlet
and lamina leaf water above source water, respectively.
Because the models applied here (which include the
Péclet effect) calculate lamina leaf water enrichment, and
because lamina leaf water is also the reaction water in
which assimilates are produced, it is necessary to estimate
D18OL from measured D18OB. According to Farquhar &
Gan (2003), we assumed the water volume in the veinlets
to be negligible and proposed the following procedure to
estimate jx. In their careful and extensive study on Scots
pine needle anatomy, Lin, Jach & Ceulemans (2001)
showed that the contribution of xylem to the cross-
sectional area of current year needles (sampled in
October) was 2.2%. We prepared cross-sectional cuttings
of N and N-1 needles and compared the contribution of
xylem area to the cross-sectional area by visual inspection
under the microscope (50-fold magnification). There was
no obvious difference in the relative xylem area between
the two needles classes. We therefore assumed the value of
2.2% contribution of xylem to the cross-sectional area to
be valid for N and N-1 needles. For 10 needles of each
cohort, we then calculated the cross-sectional area, based
on needle thickness and assuming the needle to be a half
cylinder. The estimated cross-sectional xylem area values
were multiplied by needle length to obtain the xylem
volume of a needle, which was assumed to equal the
volume of vascular water. In addition, the total water
content of the needles was estimated from the fresh to
dry weight ratio. Xylem volume contributed 4.5 and
3.1% to total water volume of N-1 and N needles, respec-
tively. Based on these jx values, we calculated D18OL from
D18OB, assuming needle xylem water not to be 18O
enriched compared with the twig xylem water that we
sampled. This assumption may introduce a slight error
as xylem water gets a little bit enriched as it moves
along the needle (Farquhar & Gan 2003; Gan et al.
2003).

Steady state enrichment of water at the leaf evaporative
sites (D18Oes) can be calculated based on a Craig–Gordon
model (Craig & Gordon 1965; Dongmann et al. 1974;
Farquhar & Lloyd 1993):

Δ Δ18 18O Oes k v k
a

i

= + + −+ε ε ε( )
e
e

(3)

where e+ is the equilibrium fractionation between liquid
water and vapour, ek accounts for the kinetic fractionation
during the diffusion of water vapour from the leaf to the
atmosphere, D18Ov is the isotopic difference of atmospheric
water vapour compared with source water, ea and ei
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represent the water vapour pressure in the atmosphere and
the leaf intercellular air space, respectively.

Knowing leaf temperature (T, in K), e+ can be calculated
following Bottinga & Craig (1969):

ε + = − ⎛
⎝⎜

⎞
⎠⎟ + ⎛

⎝⎜
⎞
⎠⎟( ) . . .0

00

3 6

2
2 644 3 206

10
1 534

10
T T

(4)

ek can be estimated following Farquhar et al. (1989):

εk
s b

s b

( )0
00

32 21
=

+
+

r r
r r

(5)

where rs and rb represent the resistance to water vapour of
leaf stomata (based on measured gs values) and boundary
layer, respectively, and their respective associated fraction-
ation factor (32 and 21‰, Cappa et al. 2003). Boundary
layer resistance was calculated from the wind speed in the
canopy measured at 12 m height and from mean needle
diameter, according to Jones (1992). Calculated boundary
layer resistance was generally comprised between 0.2 and
0.8 m2 s mol-1 and was higher only at one time point (10
June, 0600 h: 4 m2 s mol-1).

Average lamina mesophyll water is, however, expected to
be less enriched than the water at the evaporative sites,
resulting in an isotopic gradient between the leaf vein and
the evaporative sites. The Péclet effect is the net ratio of (1)
the unenriching convection of water to the leaf evaporative
sites via the transpiration stream to (2) the effect of the
18O-enriching diffusion of water away from the sites of
evaporation. Taking into account this effect (Farquhar &
Lloyd 1993), the steady state enrichment of mean lamina
mesophyll water above source water (D18OLs) can be
expressed as:

Δ
Δ18

18 1
O

O
Ls

es=
−

℘

−℘( )e
(6)

where the Péclet number is ℘ = LE/CD, calculated
from the scaled effective path length L (m), evaporation
rate E (mol m-2 s-1), molar concentration of water C
(55.5 103 mol m-3) and diffusivity of H2

18O in water D
(2.66 10-9 m2 s-1). The scaled effective path length was esti-
mated by fitting the non-steady state model to the mea-
sured D18OL under expected steady state conditions that
typically occur in the end of the afternoon.

Under non-steady state conditions, the enrichment of
mean lamina mesophyll water above source water (D18OLn)
can be calculated following Farquhar & Cernusak (2005):

Δ Δ

Δ
18 18

18

1
O O

O

Ln es k

Ln

i

= −
−
℘

⎛
⎝⎜

⎞
⎠⎟

⎛

⎝

⎜
⎜
⎜

⎞

⎠

⎟
⎟

+
−℘

⋅
⋅α α ( )

( )
e

d W
dt

g w ⎟⎟
(7)

where a+ = 1 + e+ and ak = 1+ek; W is the lamina leaf water
concentration (mol m-2), t is time (s), g is the total con-
ductance to water vapour of stomata and boundary layer

( )g =
+

− −1
γ γs b

2 1mol m s , and wi is the mole fraction of

water vapour in the leaf intercellular air spaces (mol-
mol-1). W was estimated based on bulk leaf water content
per unit area corrected for the proportion of vascular
water (as described previously). The Péclet number used
in the non-steady state model was estimated with the
steady state model. Because the D18OLn term occurs on
both sides of Eqn 7, it is simpler to solve the equation
iteratively.

The non-steady state model requires initial values for
D18OLn and W for a time point (t0 - 1) preceding the first
observation. We estimated this initial value for D18OLn

based on the observed diel patterns of measured D18OL

during the entire measurement period. Our first measure-
ment started at 1200 h (t0) on 6 June 2005. From 3 d of
measurements (7, 8 and 9 June), we calculated the fraction
between D18OL at 1200 h and the preceding time point
(0600 h). On average, the 0600 h value amounted to 67
and 53% of the 1200 h values for N and N-1 needles,
respectively. Based on these fractions, we estimated the
initial D18OLn for t0 - 1 from D18OL at t. The initial value of
W was assumed to equal the one measured at 0600 h on
the second day of measurement.

To calculate the mean daytime oxygen isotope enrich-
ment above xylem water (D18O), the D18O values of each
daytime measurement time was weighted by the corre-
sponding CO2 assimilation rate measured (A, mol m-2 s-1),
according to Cernusak et al. (2005):

weighted O
O

Δ
Δ

18

18

=
⋅∫
∫

A dt

Adt
(8)

where the numerator is the daily integral of the product of
A and D18O (‰ mol m-2), and the denominator is the daily
integral of photosynthesis (mol m-2).

STATISTICAL ANALYSIS

Data were analysed using R 2.2.1 (R Development Core
Team 2005). Differences between variables or with the
null value were determined with a Student’s t-test. Time
series analysis was carried out using cross-correlations: a
Pearson correlation coefficient between two time series
variables was calculated for a number of lags comprised
between -10 and 10 times the 6 h interval between two
time points. The mean value and associated error that are
given for a variable over a time period represent that of
the average over the three replicate trees (n = 3) of the
variable considered.

In order to assess if the data set for d18O in leaf water and
leaf organic matter contained a periodic component, a peri-
odogram was calculated using the spectral analysis function
of Number Cruncher Statistical Software 2004 (NCSS,
Kaysville, UT, USA), according to Brandes et al. (2006).
Equation 9, which is written in the form of a multiple
regression, describes the model for the periodic component
Xt of a data set with a sum of k frequencies:
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X a W b Z et j t j
j

k

j tj t
j

k

= + +
= =
∑ ∑

1 1
(9)

where aj = Rj cos (dj), bj = -Rj sin (dj) and Wtj = cos ( fjt),
Ztj = sin ( fjt), in which R is the amplitude of the variation, f
is the frequency of the periodic variation measured in
numbers of radians per unit time, d is the phase, et is the
random error (noise) of the time series, t is the time period
number.

For the spectral analysis, the total sum of squares as a
measure of the variation is separated into amounts associ-
ated with each frequency (or wavelength l, l = 2 p/f). The
sum of squares of a particular frequency as a proportion of
the total sum of squares at an appropriate frequency range
(n = 20) is I( fk):

I f
N

a b( ) ( )k k k= +
4

2 2

π
(10)

The time series used for the spectral analysis were cor-
rected for series average and trend. Since samples were
taken every 6 h, a wavelength of four equals 24 h.

RESULTS

Micrometeorological conditions

Across the sampling period, mean day and night tempera-
tures at 12 m height were 14.4 and 9.3 °C, respectively, with
maximum and minimum hourly averages of 18.5 and
14.7 °C during daytime and 14.7 and 3.6 °C during night-
time, respectively. Mean soil temperature at 3 cm depth
and volumetric water content at 30 cm depth were 13.5 °C
(hourly average maximum and minimum of 15.4 and
10.8 °C, respectively) and 19.9% (hourly average maximum
and minimum of 21.0 and 19.9%, respectively). Light rain-
fall occurred during the night between 6 and 7 June (total of
1.88 mm rainfall above canopy). This resulted in a lower
VPD during the night of 6 June and a smaller morning
increase of VPD on 7 June compared with the other days
(Fig. 1).

Stomatal conductance values that were calculated for
both leaf cohorts and used in the calculation of leaf
water enrichment are given in Fig. 1. Peak gs values
occurred at midday, with a maximum on 8 June (189 and
100 mmol m-2 s-1 for N and N-1 needles, respectively).

Leaf, xylem and atmospheric d18O

Leaf water d18O showed strong diel variation (Fig. 1), and
was significantly correlated with VPD: R2 = 0.50 (P = 0.047)
and 0.68 (P = 0.004) for N and N-1 needles, respectively.The
amplitude of diel variation of d18O was significantly larger
for N-1 needles than for N needles (P = 0.002), with mean
values during the precipitation-free period of 11.5 � 0.4‰
and 4.8 � 0.6‰, respectively. At most sampling times, N-1
needle water was significantly more enriched in 18O than N
needle water.The lowest d18O values in both needle cohorts

were measured during the night between 6 and 7 June,
during the precipitation event. Xylem water d18O showed
little variation throughout the measurement campaign,
with an overall mean and SE of -6.1 � 0.2‰ (Fig. 1). The
diel variation of d18O of atmospheric water vapour was
more apparent (Fig. 1), with more negative values (reaching
-20.1 � 0.5‰) during daytime than during nighttime
(reaching -12.1 � 0.4‰).

Leaf water D18O

Observed D18OL ranged between 4.1 and 14.5‰ in N
needles, and between 5.2 and 24.9‰ in N-1 needles (Fig. 2).
In both needle cohorts, daytime values of D18OL were con-
sistently lower than calculated D18Oes. The calculated D18Oes

was similar for both needle cohorts.The difference between
D18Oes and D18OL during the day was generally larger for N
needles than for N-1 needles. At night, D18OL was higher
than D18Oes for N-1 needles.

The scaled effective path length (L) that was used to
calculate the Péclet number in Eqns 6 and 7 was estimated
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based on the discrepancy between predicted D18Oes and
observed D18OL at 1800 h, when D18OL was assumed to be at
steady state. Over all measurement days, the best fit
between observed D18OL at 1800 h and D18OLs was obtained
for L values of 0.05 m for N-1 needles and 0.15 m for N
needles, which resulted in an average Péclet number at
1200 h of 0.42 and 1.7 for N-1 and N needles, respectively.
Although high, these values are well within the range
observed for other species (0 < ℘ < 1.8, Wang, Yakir &
Avishai 1998; 0.009 < L < 0.2, Barbour & Farquhar 2003).
While the predictions of mean lamina leaf water enrich-
ment that assumed isotopic steady state (D18OLs) were in
good agreement with the observed enrichment during the
day, they underestimated D18OL of N-1 needles at night.
From 7 June onwards, non-steady state modelling described
D18OL quite adequately in N-1 needles over the complete
diel cycle, whereas in N needles, this approach slightly over-
estimated D18OL at night (Fig. 2).

Organic matter d18O in leaf and phloem

Compared with that of leaf water, the amplitude of varia-
tion of d18O was smaller for leaf water-soluble organic
matter and phloem sap. Water-soluble organic matter d18O
values ranged from 28.5 to 35.8‰ in N-1 needles and 27.2 to
32.4‰ in N needles. Phloem sap d18O values ranged from
28.9 to 36.7‰ for twig phloem (Fig. 1). Bulk needle organic
matter d18O showed no clear pattern (data not shown), with
an overall mean and SE of 24.9 � 1.0‰ and 25.8 � 1.3‰
for N-1 and N needles, respectively.

We did not measure a significant difference in d18O
between phloem sap sampled at different locations or
between needle water-soluble organic matter in N and N-1
needles. However, calculation of the mean difference in
phloem sap d18O between sampling locations over the mea-
surement campaign revealed a consistent but small 18O
enrichment of 10-m-trunk phloem sap compared with twig
phloem sap, although highly variable and therefore not
significant (P = 0.057, Fig. 3). Moreover, phloem sap was
generally more depleted in 18O, the lower the sampling
locations were situated down the trunk (Fig. 3).

Spectral analysis was carried out to quantitatively assess
the periodicity of the d18O signal in leaf water and leaf
water-soluble organic matter. A clear periodicity was iden-
tified for leaf water d18O, with a wavelength that was close to
4, corresponding to 24 h (Fig. 4). At the same wavelength,
we observed an absolute maximum for I( f ) of d18O in the
water-soluble organic matter of N-1 needles, and a local
maximum of that of N needles. However, these peaks were
much less prominent than those of leaf water, and we could
observe other peaks at different wavelengths, both of which
indicated a less strong periodic component. In both leaf
water-soluble organic matter and leaf water, the periodic
component of d18O was greater for N-1 than for N needles.

Mean oxygen isotopic enrichment above xylem water
weighted by daily photosynthesis rate was calculated for
both leaf water and leaf water-soluble organic matter,
according to Cernusak et al. (2005). The 4 d average of
the difference between photosynthesis-weighted daily 18O
enrichment of leaf water-soluble organic matter and leaf
water amounted to 25.9 � 1.9‰ (mean � SE, N-1 needles)
and 28.5 � 1.9‰ (N needles).

Time-lagged correlations

We found significant time-lagged correlations (P � 0.05)
between d18O in needle water and in various organic
matter pools in the trees (Fig. 5). The 18O signal in needle
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water-soluble organic matter was significantly correlated
with d18O in needle water, with a time lag of 0 to 12 h
depending on the needle type: the highest correlation
coefficient was 0.66 and 0.60 for a 6 h lag in N and N-1
needles, respectively. Trunk phloem sap d18O at 10 m sig-
nificantly lagged d18O in needle water-soluble organic
matter by 6 h for N needles and 12 h for N-1 needles (cor-
relation coefficient of 0.62 and 0.50), and also lagged d18O
in leaf water by 12 to 24 h (the highest correlation coeffi-
cient was for an 18 h lag: 0.61 for N needles and 0.60 for
N-1 needles, respectively). The d18O in trunk phloem sap
at 6 m lagged d18O at 10 m by 0 to 6 h (highest correlation
coefficient of 0.74 for a 6 h lag), and d18O in trunk phloem
sap at 1.5 m lagged d18O at 6 m by 0 to 6 h (highest cor-
relation coefficient of 0.71 for a 0 h lag).

We found no significant correlation (at any time lag)
between micrometeorological data and d18O measurements
in any organic matter pools.

DISCUSSION

Leaf water D18O

We aim to assess the factors that control evaporative 18O
enrichment in lamina leaf water by comparing observed
D18OL with values obtained from a model of increasing com-
plexity. The model defined by Eqn 3 mainly considers frac-
tionation associated with water diffusion, phase transition
and water vapour pressure differences of the gas phase
inside and outside the leaf, under the assumption of isoto-
pic steady state (D18Oes). Equation 6 adds a Péclet effect
(D18OLs) and Eqn 7 furthermore supposes leaf isotopic non-
steady state (D18OLn).

During daytime, the observed D18OL for N and N-1
needles was adequately described only when a Péclet effect
was taken into account in the steady state leaf water model.
This is consistent with previous studies, in which steady

state predictions of evaporative site water enrichment
(D18Oes) overestimate actual values of D18OL during the day,
when transpiration rates are high (Flanagan, Marshall &
Ehleringer 1993; Wang et al. 1998). During nighttime, the
steady state predictions for leaf water enrichment (D18OLs)
were lower than the observed D18OL, especially in N-1
needles. Similar results have been reported in previous
studies for several other species (Flanagan & Ehleringer
1991; Cernusak, Pate & Farquhar 2002; Cernusak et al.
2005). To further evaluate the relevance for including the
Péclet effect to the model, we calculated the difference
between predicted D18Oes and observed D18OL, normalized
against D18Oes (Fig. 6), as suggested by Gan et al. (2002).
The term, 1-D18OL/D18Oes, represents the proportion of
unenriched water in leaf water (after correction for vascular
water). The average and SE during daytime of the
precipitation-free period was 0.5 � 0.03 and 0.2 � 0.03 for
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N and N-1 needles, respectively. As expected during night-
time and early morning, when transpiration was minimal,
the steady state model without the Péclet effect performed
poorly. Under daytime conditions that were close to steady
state, we observed an overall increase of 1-D18OL/D18Oes as
transpiration increased, and values from both N and N-1
needles were in good agreement agreed with the predicted
values calculated according to Barbour et al. (2000). This is
consistent with the findings of Barbour et al. (2000) and
constitutes the prerequisite for including the Péclet effect in
the general model (Eqn 6).

Moreover, nighttime predictions were much improved by
applying a non-steady state enrichment model that took
into account the changes in leaf water concentrations.
Daytime predictions with the non-steady state model did
not improve considerably those with the steady state
model. However, the less accurate predictions of the non-
steady state model during the first four sampling times
during the day may be related to the rainfall events (e.g.
VPD; Fig. 1) compared with the otherwise dry measure-
ment period, and associated impacts on L. Keitel et al.
(2006) assumed L to be strongly dependent on atmospheric
and pedospheric water conditions. Because plants can
quickly react with an increase in hydraulic conductance to a
decrease in VPD (probably mediated by the enhanced
expression and activity of aquaporins, for a recent review
see Tyerman, Niemietz & Bramley 2002), and potentially a
shorter water pathway and thus a decrease in L, our esti-
mate of L (which was constant over the measurement
period) under wet conditions might have been too high.

The non-steady state model does not fully explain the
diel amplitude of D18OL. In particular, it overestimates
observed 18O enrichment in the leaf water during night (e.g.
7 to 8 July in N-1 needles and during most of the measure-
ment period in N needles; Fig. 2), possibly because of an

underestimation of the amount of unenriched (xylem)
water in the needles. Our calculated lamina leaf water
enrichment (D18OL) is based on measured bulk leaf water
18O enrichment (D18OB), corrected for the volume of water
in the xylem vessels. Gan et al. (2003) assumed that the
water pools of the ground tissue associated with the veins,
denoted ground tissue capacitance by Farquhar & Gan
(2003), is enriched to the same extent as vein xylem water.
In pine needles, the veins are located in a central cylinder
enclosed in an endodermis with suberinized cell walls
(Braune, Leman & Taubert 1983). Even though this caspar-
ian strip has been shown to be more permeable for water
and solutes than endodermal transport barriers in the roots
(Wu et al. 2005), the water in the cells in the needle central
cylinder could be less enriched, and thus more xylem-like
than mesophyll water.

In general, observed D18OL was consistently lower for N
than for N-1 needles throughout the precipitation-free
period. This is in agreement with the assumed higher tran-
spiration rates in developing current year needles at that
time of the year (Beadle et al. 1985). Higher transpiration
rates result in a larger contribution of unenriched xylem
water to the mean lamina leaf water pool (cf. Eqn 6). Cer-
nusak et al. (2005) also observed lower D18OL values asso-
ciated with dampened diurnal variations in developing as
compared with fully expanded leaves of Eucalyptus globu-
lus. The difference in D18OL that we measured between N
and N-1 needles is likely related to foliage phenological
stage, with the younger needles transpiring more than the
fully grown ones. This pattern might not be found later in
the growing season, when the current year needles are
fully developed. Indeed, no significant difference was
found among D18O of needles of different cohorts in a
Pinus pinaster (Ait.) stand after summer (J. Ogée et al.,
pers. comm.).

Leaf organic matter d18O

Even though the diel patterns of d18O were strongly attenu-
ated in soluble organic matter, we observed a periodicity
that was close to 24 h. The d18O of soluble carbohydrates
generally ranges between +28 and +36‰, and correlates
with the isotopic signal of water within which they were
formed (see review by Schmidt,Werner & Rossmann 2001).
The d18O of water-soluble organic matter in N and N-1
leaves was well within the range of +28 to +36‰ mentioned
previously. The 18O enrichment of water-soluble organic
matter above leaf water was also as expected: over the 4 d
period assessed, the difference between mean daily
photosynthesis-weighted D18O of leaf water and leaf water-
soluble organic matter (25.9 � 1.9‰ for N-1 needles and
28.5 � 1.9‰ for N needles) supported the observed average
difference of 27.8‰ in E. globulus (Cernusak et al. 2005).
The slightly different enrichment observed here might
be attributed to the presence of organic compounds other
than carbohydrates in the needles with differences in 18O
enrichment.
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Time-lagged correlations

We were able to follow the d18O signal from leaf water to
leaf organic matter, with significant time lags that could
reach 12 h. In addition, we observed a dampened diel peri-
odicity of d18O in needle water-soluble organic matter com-
pared with that of d18O in needle water. These findings can
be explained by turnover times of the leaf soluble organic
matter pool in the range of 6 to 12 h, even when we assume
that the newly produced organic compounds entering the
pool are isotopically equilibrated with lamina leaf water.
Leaf water has been shown to reach within 1‰ of the steady
state value within ca. 35 min, depending on the transpira-
tion rate (Wang & Yakir 1995). However, especially at night
when stomatal aperture is small, isotopic equilibration may
take much longer, because leaf water residence time may
increase to several hours (Farquhar & Cernusak 2005).
Soluble leaf organic matter is expected to take much longer
to equilibrate isotopically compared with water, if it does
equilibrate at all, because the isotope exchange may take
longer than the turnover time of needle water-soluble
organic matter (Farquhar, Barbour & Henry 1998; Schmidt
et al. 2001; Werner 2003; Sternberg et al. 2006). Barbour
et al. (2000) measured a delay of ca. 3.5 h before sucrose
exported by a leaf of Ricinus communis (L.) reached a new
steady state. Because we consider here not only sucrose but
a complex assortment of leaf water-soluble organic com-
pounds, and because we assess variable day and night con-
ditions, we could assume even longer mean turnover times
than these 3.5 h. In that case, however, at least part of the
d18O of organic matter produced during the day might also
be influenced by carbohydrates released from transitory
starch during the night. Thus, the oxygen isotope composi-
tion of these compounds may be determined not only by the
photosynthesis-weighted d18O of leaf water of the preceding
day, but also by the exchange with less-enriched nighttime
leaf water during starch hydrolysis.

We followed the isotopic signal of leaf water 18O not only
as it was incorporated into leaf organic matter but also in the
trunk bark phloem sap. The significant time-lagged correla-
tions between trunk bark phloem sap at different sampling
heights resulted in a phloem transport velocity ranging from
0.5 to 1 m h-1, as reported in other studies (Zimmermann &
Braun 1971; Keitel et al. 2003; Gessler et al. 2004).We found
no significant correlation between phloem sap sampled at
twig level and any of the other compartments in which we
measured d18O. This indicates that either our measurement
frequency was not high enough to pick up the twig phloem
signal,or that d18O of twig phloem sap was neither correlated
to leaf-level d18O nor to trunk bark phloem d18O. Moreover,
the consistent d18O depletion of twig phloem sap compared
with 10-m-high trunk phloem sap (also observed by Brandes
et al. 2006 during the seasonal course at the same site) points
to additional carbon assimilation in the photosynthetic bark
of P. sylvestris in twigs. Organic matter assimilated in the
bark (an environment where the reaction water is not or only
slightly 18O enriched) should have a D18O of 27‰ (Cernusak
et al. 2005), well below the enrichment for sugars fixed

in leaves. If the twig phloem sap included considerable
amounts of sugars formed in the twig bark, whereas that at
the trunk level did not, this would explain the relatively
depleted d18O signal of twig phloem as compared with 10-m-
trunk phloem sap.Another possible hypothesis is the differ-
ential signature of sugars depending on their allocation in
the plant, the more depleted d18O signal corresponding to
leaf-allocated sugars, and the less depleted d18O signal cor-
responding to sugars allocated to reserve organs such as
trunk or roots.

In contrast to water-soluble leaf organic matter, phloem-
allocated carbon in P. sylvestris mainly consists of sucrose
(Hansen & Beck 1994) and, thus, should be enriched by
approximately 27‰ above the d18O of leaf water in which it
was formed (Schmidt et al. 2001). However, based on the
Münch hypotheses of phloem transport and subsequent
studies (see review by van Bel 2003), the d18O of sugars
is expected to be altered by the continuous loading and
unloading of the phloem. Sugars unloaded from transport
phloem might undergo metabolic conversion in the non-
enriched reaction water of stems before they are reloaded
into the sieve tubes. This might result in a decrease in d18O
of phloem organic matter as it is transported. In order to
compare the d18O of phloem sap with the d 18O of leaf water,
we assumed that (1) the leaf area ratio of N and N-1 needles
in the gas exchange chambers was representative for the
whole canopy; and (2) phloem-exported sugars were
imprinted only by leaf water enrichment during assimila-
tion by RuBisCo (i.e. we did not take into account the
possible post-photosynthetic fractionation of sugars that
can be incorporated into transitory starch during the day
and remobilized at night). Based on our time-lag analysis,
we considered that the 18O signal in leaf water would appear
18 h later in the 10-m-trunk phloem sap, and could then
be used to calculate canopy-integrated leaf water enrich-
ment at the time phloem sugars were produced. Applying
this procedure, 10-m-trunk phloem sap was found to be
enriched by 25.3 � 4.0‰ above leaf water, on average over
the 4 day period, which is consistent with a depletion of the
theoretical 27‰ enrichment above leaf water as phloem is
transferred away from the leaf.

Trunk bark phloem tended to become more depleted in
18O as it was sampled at a lower position, supporting the
expected pattern. Because part of the sucrose from the
sieve tubes is released during phloem transport [two-thirds
of which is transported back into the sieve tubes, Minchin &
Thorpe (1987)], sucrose transformations outside the sieve
tubes and related O exchange with unenriched xylem water
is possibly responsible for the increased depletion of
phloem sap in 18O as it is transported.

CONCLUSION

Our study showed clearly that the Péclet effect has to
be included in the evaporative enrichment model to
adequately describe daytime 18O enrichment of leaf water
and that non-steady state conditions should be taken
into account during the night. The assessment of d18O in
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different organic matter pools revealed consistent time-
lagged correlations that have direct implications for carbon
transport and source-sink studies in trees. These time lags
reflect an explicit temporal factor between environment
and the d 18O of carbon compounds that are likely to be
respired by roots and soil heterotrophic microorganisms.
Thus, understanding the magnitude and controls of such
time lags will have important implications for partitioning
net ecosystem carbon fluxes.

ACKNOWLEDGMENTS

We thank Eva Hilbig, Elke Brandes, Zhao Ping and Chris
Weston for their help in the field; Rolf Siegwolf for provid-
ing the leaf water extraction facility; Roland A. Werner for
mass spectrometry measurements; and Ansgar Kahmen for
the help with the atmospheric water sampling hardware.
Y.S. was supported by Swiss National Fund for Research
(project n°3100A0-105273/1). A.G. acknowledges personal
financial support by a research fellowship from the Deut-
sche Forschungsgemeinschaft (GE 1090/4-1). Part of this
study was financially supported by the European Union
(INTERREG III A, Project 3c.10).

REFERENCES

Barbour M.M. & Farquhar G.D. (2003) Do pathways of water
movement and leaf anatomical dimensions allow development
of gradients in H2

18O between veins and the sites of evaporation
within leaves? Plant, Cell & Environment 27, 107–121.

Barbour M.M., Schurr U., Henry B.K., Wong S.C. & Farquhar G.D.
(2000) Variation in the oxygen isotope ratio of phloem sap
sucrose from castor bean. Evidence in support of the Péclet
effect. Plant Physiology 123, 671–679.

Barbour M.M., Walcroft A.S. & Farquhar G.D. (2002) Seasonal
variation in d13C and d18O of cellulose from growth rings of Pinus
radiata. Plant, Cell & Environment 25, 1483–1499.

Barbour M.M., Roden J.S., Farquhar G.D. & Ehleringer J.R. (2004)
Expressing leaf water and cellulose oxygen isotope ratios as
enrichment above source water reveals evidence of a Péclet
effect. Oecologia 138, 426–435.

Beadle C.L., Neilson R.E., Talbot H. & Jarvis P.G. (1985) Stomatal
conductance and photosynthesis in a mature scots pine forest. I.
Diurnal, seasonal and spatial varaition in shoots. Journal of
Applied Ecology 22, 557–571.

Bottinga Y. & Craig H. (1969) Oxygen isotope fractionation
between CO2 and water, and the isotopic composition of marine
atmospheric CO2. Earth and Planetary Science Letters 5, 285–295.

Bowling D.R., McDowell N.G., Welker J.M., Bond B.J., Law B.E. &
Ehleringer J.R. (2003) Oxygen isotope content of CO2 in noc-
turnal ecosystem respiration: 2. Short-term dynamics of foliar
and soil component fluxes in an old-growth ponderosa pine
forest. Global Biogeochemical Cycles 17, 1124.

Brandes E., Kodama N., Whittaker K., Weston C., Rennenberg H.,
Keitel C., Adams M.A. & Gessler A. (2006) Short-term varia-
tions in the isotopes signatures of organic matter allocated from
the leaves to the axis of Pinus sylvestris – effects of photosyn-
thetic and post-photosynthetic carbon isotope fractionation.
Global Change Biology 12, 1922–1939.

Braune W., Leman A. & Taubert H. (1983) Pflanzenanatomisches
Praktikum I, 4th edn, pp. 209–213. Gustav Fischer Verlag,
Stuttgart, Germany.

Cappa C.D., Hendricks M.B., DePaolo D.J. & Cohen R.C. (2003)
Isotopic fractionation of water during evaporation. Journal of
Geophysical Research 108, 4525.

Cernusak L.A., Pate J.S. & Farquhar G.D. (2002) Diurnal variation
in the stable isotope composition of water and dry matter in
fruiting Lupinus angustifolius under field conditions. Plant, Cell
& Environment 25, 893–907.

Cernusak L.A., Arthur D.J., Pate J.S. & Farquhar G.D. (2003a)
Water relations link carbon and oxygen isotope discrimination to
phloem sap sugar concentration in Eucalyptus globulus. Plant
Physiology 131, 1544–1554.

Cernusak L.A., Wong S.C. & Farquhar G. (2003b) Oxygen isotope
composition of phloem sap in relation to leaf water in Ricinus
communis. Functional Plant Biology 30, 1059–1070.

Cernusak L.A., Farquhar G.D. & Pate J.S. (2005) Environmental
and physiological controls over oxygen and carbon isotope com-
position of Tasmanian blue gum, Eucalyptus globulus. Tree
Physiology 25, 129–146.

Craig H. & Gordon L.I. (1965) Deuterium and oxygen-18 varia-
tions in the ocean and the marine atmosphere. In Proceedings of
the Conference on Stable Isotopes in Oceanographic Studies and
Paleotemperatures (ed. E. Tongiorgi), pp. 9–130. Lischi and Figli,
Pisa, Italy.

Dawson T.E., Mambelli S., Plamboeck A.H., Templer P.H. & Tu
K.P. (2002) Stable isotopes in plant ecology. Annual Review of
Ecology, Evolution and Systematics, 33, 507–559.

Dongmann G., Nürnberg H.W., Förstel H. & Wagener K. (1974) On
the enrichment of H2

18O in the leaves of transpiring plants.
Radiation and Environmental Biophysics 11, 41–52.

Farquhar G.D. & Lloyd J. (1993) Carbon and oxygen isotope effects
in the exchange of carbon dioxide between terrestrial plants and
the atmosphere. In Stable Isotopes and Plant Carbon-Water Rela-
tions (eds J.R. Ehleringer, A.E. Hall & G.D. Farquhar), pp.
47–70. Academic Press, San Diego, CA, USA.

Farquhar G.D. & Gan K.S. (2003) On the progressive enrichment
of the oxygen isotopic composition of water along a leaf. Plant,
Cell & Environment 26, 1579–1597.

Farquhar G.D. & Cernusak L.A. (2005) On the isotopic composi-
tion of leaf water in the non-steady state. Functional Plant
Biology 32, 293–303.

Farquhar G.D., Hubick K.T., Condon A.G. & Richards R.A. (1989)
Carbon isotope discrimination and water-use efficiency. In
Stable Isotopes in Ecological Research (eds P.W. Rundel, J.R.
Ehleringer & K.A. Nagy), pp. 21–46. Springer Verlag, New York,
NY USA.

Farquhar G.D., Barbour M.M. & Henry B.K. (1998) Interpretation
of oxygen isotope composition of leaf material. In Stable isotopes
– Integration of biological, ecological and geochemical processes
(ed. H. Griffiths), pp. 27–62. Bios Scientific Publishers, Oxford,
UK.

Flanagan L.B. & Ehleringer A.R. (1991) Effects of mild water
stress and diurnal changes in temperature and humidity on the
stable oxygen and hydrogen isotopic composition of leaf water in
Cornus stolonifera L. Plant Physiology 97, 298–305.

Flanagan L.B., Marshall J.D. & Ehleringer J.R. (1993) Photosyn-
thetic gas exchange and the stable isotope composition of leaf
water: comparison of a xylem-tapping mistletoe and its host.
Plant, Cell & Environment 16, 623–631.

Gan K.S., Wong S.C., Yong J.W.H. & Farquhar G.D. (2002) 18O
spatial patterns of vein xylem water, leaf water, and dry matter in
cotton leaves. Plant Physiology 130, 1008–1021.

Gan K.S., Wong S.C., Yong J.W.H. & Farquhar G.D. (2003) Evalu-
ation of models of leaf water 18O enrichment using measure-
ments of spatial patterns of vein xylem water, leaf water and
dry matter in maize leaves. Plant, Cell & Environment 26, 1479–
1495.

18O in leaf water and plant organic matter 549

© 2007 The Authors
Journal compilation © 2007 Blackwell Publishing Ltd, Plant, Cell and Environment, 30, 539–550



Gehre M., Geilmann H., Richter J., Werner R.A. & Brand W.A.
(2004) Continuous flow 2H/1H and 18O/16O analysis of water
samples with dual inlet precision. Rapid Communications in
Mass Spectrometry 18, 2650–2660.

Gessler A., Rennenberg H. & Keitel C. (2004) Stable isotope com-
position of organic compounds transported in the phloem of
European beech – evaluation of different methods of phloem sap
collection and assessment of gradients in carbon isotope compo-
sition during leaf-to-stem transport. Plant Biology 6, 721–729.

Haberer K. (2002) Auswirkungen von apoplastischem Ascorbat
sowie weiteren physiologischen und meteorologischen Prametern
auf den NO2-Gaswechsel von Pflanzen. PhD thesis, Geowissen-
schaftliche Fakultät der Albert-Ludwigs Universität Freiburg,
Germany.

Hansen J. & Beck E. (1994) Seasonal changes in the utilization and
turnover of assimilation products in 8-year-old Scots pine (Pinus
sylvestris L.) trees. Trees – Structure and Function 8, 172–182.

IPCC. (2001) Climate Change 2001: The Scientific Basis. Contribu-
tion of Working Group I to the Third Assessment Report of the
Intergovernmental Panel on Climate Change (eds J.T. Houghton,
Y. Ding, D.J. Griggs, M. Noguer, P.J. van der Linden, X. Dai, K.
Maskell & C.A. Johnson), 881 pp. Cambridge University Press,
Cambridge, UK.

Jones H.G. (1992) Plants and Microclimate. Cambridge University
Press, Cambridge, UK.

Keitel C., Adams M.A., Holst T., Matzarakis A., Mayer H., Rennen-
berg H. & Gessler A. (2003) Carbon and oxygen isotope compo-
sition of organic compounds in the phloem sap provides a short-
term measure for stomatal conductance of European beech
(Fagus sylvatica L). Plant, Cell & Environment 26, 1157–1168.

Keitel C., Matzarakis A., Rennenberg H. & Gessler A. (2006)
Carbon isotope composition and oxygen isotope enrichment in
phloem and total leaf organic matter of European beech (Fagus
sylvatica L.) along a climate gradient. Plant, Cell & Environment
29, 1492–1507.

Lai C.T., Ehleringer J.R., Bond B.J. & Kyaw Tha Paw U. (2006)
Contributions of evaporation, isotopic non-steady state transpi-
ration and atmospheric mixing on the d18O of water vapour in
Pacific Northwest coniferous forests. Plant, Cell & Environment
29, 77–94.

Lin J., Jach M.E. & Ceulemans R. (2001) Stomatal density and
needle anatomy of Scots pine (Pinus sylvestris) are affected by
elevated CO2. New Phytologist 150, 665–674.

Luoma S. (1997) Geographical pattern in photosynthetic light
response of Pinus sylvestris in Europe. Functional Ecology 11,
273–281.

Mayer H. & Gietl G. (1976) Bioklimatische Unterschiede zwischen
einer Stadt- und einer Waldatmosphäre. International Journal of
Biometeorology 20, 325–332.

Mayer H., Jäger L., Matzarakis A., Fernbach G. & Redepenning D.
(2000) Forstmeteorologische Messstelle Hartheim des Meteo-
rologischen Instituts der Universität Freiburg. Berichte des
Meteorologischen Instituts der Universität Freiburg 5, pp. 55–83.

Minchin P. & Thorpe M. (1987) Measurement of the unloading and
reloading rates within the stem of bean. Journal of Experimental
Botany 38, 211–220.

Pate J., Shedley E., Arthur D. & Adams M. (1998) Spatial
and temporal variations in phloem sap composition of
plantation-grown Eucalyptus globulus. Oecologia 117, 312–322.

R Development Core Team. (2005) R:A language and environment
for statistical computing. R Foundation for Statistical Computing,
Vienna, Austria. ISBN 3-900051-07-0. http://www.R-project.org
(accessed on 03 March, 2007).

Rennenberg H., Schneider S. & Weber P. (1996) Analysis of uptake
and allocation of nitrogen and sulphur components by trees in
the field. Journal of Experimental Botany 47, 1491–1498.

Riley W.J., Still C.J., Torn M.S. & Berry J.A. (2002) A mechanistic
model of H2

18O and C18OO fluxes between ecosystems and the
atmosphere: model description and sensitivity analyses. Global
Biogeochemical Cycles 16, 1095.

Roden J.S. & Ehleringer A.R. (1999) Observations of hydrogen
and oxygen isotopes in leaf water confirm the Craig-Gordon
model under wide-ranging environmental conditions. Plant
Physiology 120, 1165–1175.

Saurer M., Aellen K. & Siegwolf R. (1997) Correlating d13C
and d18O in cellulose of trees. Plant, Cell & Environment 20,
1543–1550.

Schindler D., Türk M. & Mayer H. (2006) CO2 fluxes of a Scots pine
forest growing in the warm and dry southern upper Rhine plain,
SW Germany. European Journal of Forest Research 125, 201–
212.

Schmidt H-L, Werner R.A. & Rossmann A. (2001) 18O pattern and
biosynthesis of natural plant products. Phytochemistry 58,
9–32.

Schneider S., Gessler A., Weber P., von Sengbusch D., Hanemann
U. & Rennenberg H. (1996) Soluble N compounds in trees
exposed to high loads of N: a comparison of spruce (Picea abies)
and beech (Fagus sylvatica) grown under field conditions. New
Phytologist 134, 103–114.

Seibt U., Wingate L., Jerry J.A. & Lloyd J. (2006) Non-steady state
effects in diurnal 18O discrimination by Picea sitchensis branches
in the field. Plant, Cell & Environment 29, 928–939.

Sternberg L., Pinzon M.C., Anderson W.T. & Jahren A.H. (2006)
Variation in oxygen isotope fractionation during cellulose syn-
thesis: intramolecular and biosynthetic effects. Plant, Cell &
Environment 29, 1881–1889.

Tyerman S.D., Niemietz C.M. & Bramley H. (2002) Plant aquapor-
ins: multifunctional water and solute channels with expanding
roles. Plant, Cell & Environment 25, 173–194.

van Bel A.J.E. (2003) The phloem, a miracle of ingenuity. Plant,
Cell & Environment 26, 125–149.

von Caemmerer S. & Farquhar G.D. (1981) Some relationships
between the biochemistry of photosynthesis and the gas
exchange of leaves. Planta 153, 376–387.

Wang X.F. & Yakir D. (1995) Temporal and spatial variations in the
oxygen-18 content of leaf water in different plant species. Plant,
Cell & Environment 18, 1377–1385.

Wang X.F., Yakir D. & Avishai M. (1998) Non-climatic variations in
the oxygen isotopic compositions of plants. Global Change
Biology 4, 835–849.

Werner R.A. (2003) The online 18O/16O analysis: development and
application. Isotopes in Environment and Health Studies 39,
85–104.

Werner R.A., Bruch B.A. & Brand W.A. (1999) ConFlo III – An
interface for high precision d13C and d15N analysis with an
extended dynamic range. Rapid Communications in Mass Spec-
trometry 13, 1237–1241.

Wu X., Lin J., Lin Q., Wang J. & Schreiber L. (2005) Casparian
strips in needles are more solute permeable than endodermal
transport barriers in roots of Pinus bungeana. Plant and Cell
Physiology 46, 1799–1808.

Yakir D. & Wang X.F. (1996) Fluxes of CO2 and water between
terrestrial vegetation and the atmosphere estimated from
isotope measurements. Nature 380, 515–517.

Yakir D. & Sternberg L.D.L. (2000) The use of stable
isotopes to study ecosystem gas exchange. Oecologia 123, 297–
311.

Zimmermann M.H. & Braun C.L. (1971) Trees, Structure and
Function. Springer, Berlin, Germany.

Received 18 August 2006; received in revised form 9 October 2006;
accepted for publication 6 February 2007

550 R. L. Barnard et al.

© 2007 The Authors
Journal compilation © 2007 Blackwell Publishing Ltd, Plant, Cell and Environment, 30, 539–550

http://www.R-project.org

