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ABSTRACT

During daylight hours, the isotope composition of leaf water
generally approximates steady-state leaf water isotope enrich-
ment model predictions. However, until very recently there was
little direct confirmation that isotopic steady-state (ISS) tran-
spiration in fact exists. Using isotope ratio infrared spectros-
copy (IRIS) and leaf gas exchange systems we evaluated the
isotope composition of transpiration and the rate of change in
leaf water isotopologue storage (isostorage) when leaves were
exposed to variable environments. In doing so, we developed a
method for controlling the absolute humidity entering the gas
exchange cuvette for a wide range of concentrations without
changing the isotope composition of water vapour. The meas-
urement system allowed estimation of 18O enrichment both at
the evaporation site and for bulk leaf water, in the steady state
and the non-steady state.We show that non–steady-state effects
dominate the transpiration isoflux even when leaves are at
physiological steady state. Our results suggest that a variable
environment likely prevents ISS transpiration from being
achieved and that this effect may be exacerbated by lengthy leaf
water turnover times due to high leaf water contents.
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INTRODUCTION

Variation in the oxygen-stable isotope ratios (d18O) of ecosys-
tem water pools can reveal important information about water
flux pathways that define local, regional, and global water and
carbon cycling (Farquhar et al. 1993; Gat 1996; Ciais et al. 1997;
Yakir & Sternberg 2000). Until relatively recently one major
methodological limitation to using d18O in ecosystem–
atmosphere water and carbon exchange models was our
inability to measure the d18O of water, in the liquid and vapour

phases, and atmospheric CO2 at high temporal frequencies.
With the advent of optically based technologies this limitation
has largely been overcome (e.g. Griffis et al. 2005; Barbour
et al. 2007; Helliker & Noone 2010; Wingate et al. 2010).
However further complications may exist when defining the
isotope model parameters used to differentiate between the
terrestrial flux pathways that ultimately contribute to variation
in the d18O of atmospheric water vapour and CO2. For
example, isoflux models used to evaluate the influence of veg-
etation on water and carbon cycling often assume that transpi-
ration occurs at isotopic steady state (ISS; Flanagan, Comstock
& Ehleringer 1991; Farquhar & Lloyd 1993). Because the
uptake and transport of water from soil to the evaporation site
in leaves of most plants occurs without isotope fractionation,
at ISS, the d18O of transpiration (d18Otrans) is operationally
defined as being equal to plant–stem xylem water (d18OS).
However direct measurements of d18Otrans are relatively rare,
and the few direct measurements of d18Otrans that exist suggest
that d18Otrans is often not equal to d18OS (Yakir et al. 1994; Wang
& Yakir 1995; Harwood et al. 1998, 1999; Wang et al. 2011).Yet,
during daytime hours, the isotope composition of leaf water is
often well characterized by steady-state leaf water-enrichment
models (Cernusak, Pate & Farquhar 2002; Kahmen et al.
2008). Therefore in order to accurately parameterize
ecosystem–atmosphere water and carbon exchange models, a
better understanding of the processes regulating isotopic
steady-state versus non–steady-state transpiration is needed.

Theory

As described by Farquhar & Cernusak (2005), the flux of the
heavy isotopes of water through leaves to the atmosphere
and the rate of change in the amount of heavy leaf water
enrichment are linked as:

d W R
dt

R J R E
( )⋅ = −L

S trans (1)

where RL, RS and Rtrans are the heavy to light isotope ratios
(e.g. 18O/16O) of leaf water, source water and the evaporating
water; W is leaf water content (mol m-2); J is the flux of water
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to the evaporation sites in the leaf (mol m-2 s-1); and E is the
evaporation flux (mol m-2 s-1). Expressing leaf water and the
evaporation flux as enrichments above source water, Eqn 1
can be rewritten as (Farquhar & Cernusak 2005):

d W
dt

E
( )⋅ = −Δ ΔL

trans (2)

where DL = RL/RS - 1, and Dtrans = Rtrans/RS - 1. According to
Eqn 2, if Rtrans = RS, then Dtrans is zero, the rate of change in the
storage of leaf water isotopologues (termed here, ‘isostor-
age’; left side of Eqn 2) is zero, and Dtrans and DL are consid-
ered to be at ISS. In the present study, we are interested in the
biological and environmental factors that influence variation
in Dtrans and DL, and thus the conditions that may cause Rtrans

to deviate from RS leading to non–steady-state transpiration.
According to stable isotope theory, fractionation during

evaporation is a two-phase process that involves: (1) a
liquid–vapour equilibrium isotope effect as influenced by
temperature-dependent differences in the saturation vapour
pressures of the heavy and light water isotopologues and (2)
kinetic isotope effects that occur as water vapour is transported
away from the air–water interface.This two-phase process was
firstly described by Craig & Gordon (1965) for evaporation
from well-mixed surface waters and subsequently applied to
transpiration as (Dongmann et al. 1974; Farris & Strain 1978;
Farquhar et al. 1989; Flanagan et al. 1991; Farquhar & Lloyd
1993; Harwood et al. 1998; Farquhar & Cernusak 2005):
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where Re and RV are the heavy to light isotope ratios of liquid
water at the evaporation site and water vapour outside the
leaf, wi and wa are the mole fractions (mol mol-1) of water
vapour inside the leaf and in the ambient atmosphere, a + is
the temperature-dependent equilibrium isotope fractionation
factor (Majoube 1971) and ak is the kinetic fractionation
factor (Merllivat 1978; Farquhar et al. 1989; Barkan & Luz
2007). The kinetic fractionation factor describing the ratio of
the diffusion coefficients of the heavy and light water isotopo-
logues as water vapour passes through the leaf stomata and
boundary layer in series is defined as:
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where rs and rb are stomata and boundary layer resistances,
(Merllivat 1978; Farquhar et al. 1989; Barkan & Luz 2007).
According to Eqns 3 and 4, Rtrans and, by extension, the rate

of change in leaf isostorage (i.e.
d W R

dt
( )⋅ L from Eqn 1), are

sensitive to variation in leaf temperature by way of changes in
a + and wi, to variation in leaf surface conductance (i.e. rs and
rb) by way of changes in ak and transpiration induced changes
in leaf temperature, and to ambient humidity (i.e. wa). Eqn 3
can be converted to delta notation as (Yakir & Sternberg
2000):
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where e+ = a+ - 1and ek = ak - 1.
The utility of Eqns 3 or 5 for characterizing the isotope

composition of transpiration in response to a variable envi-
ronment is quite limited because of the difficulties of directly
quantifying the isotope composition of water at the evapora-
tion site. However, given enough time at constant wa, wi, RS,
RV, ak and a +, Rtrans should approach RS, leading to ISS, and
at ISS the rate of change in leaf isostorage (left side of Eqn 2)
is expected to approach zero (Dongmann et al. 1974). There-
fore, the steady-state assumption that Rtrans ª RS allows Eqn 3
to be used to evaluate changes in the isotope compositions of
liquid water at the evaporation site in response to a variable
environment (Farquhar et al. 1989; Flanagan et al. 1991).
Replacing Rtrans with RS in Eqn 3 and rearranging the equa-
tion, the steady-state isotope composition of liquid water at
the evaporation site (Res) can be modeled as:
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or as enrichment above source water (Des):
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Many empirical studies have found that bulk leaf water is
often less enriched in the heavy water isotopologues than
liquid water at the evaporation site based on Eqn 7 (e.g.
Allison, Gat & Leaney 1985; Bariac et al. 1989; Yakir, DeNiro
& Rundel 1989; Walker & Brunel 1990; Flanagan et al. 1991,
1994; Wang, Yakir & Avishai 1998). Two main hypotheses
were proposed to explain this discrepancy. The first hypoth-
esis proposed that hydraulic compartmentalization in the leaf
would preclude complete mixing of enriched and unenriched
parts of the bulk leaf water (White 1983).Although there was
evidence for the existence of more than one leaf water pool
(Yakir et al. 1989; Yakir, DeNiro & Gat 1990), critics argued
that this hypothesis could not explain why the discrepancy
between DL and Des seen in many empirical studies seemed to
covary with transpiration rate (Walker et al. 1989; Flanagan
et al. 1991, 1994).The dependence on transpiration rate of the
difference between modeled De and empirical measurements
of DL led to widespread support for the second hypothesis,
which explained this discrepancy as arising from gradients of
isotopes within the leaf (Farquhar & Lloyd 1993; Barbour
et al. 2000). Because water is enriched at the evaporation site,
diffusion favours the flow of enriched water in the opposite
direction of the convection of unenriched water in the tran-
spiration stream, a process referred to as the Péclet effect.
Because the second hypothesis provided a mechanism to
explain why the discrepancy between measured DL and
modeled De varied with transpiration rate, the first hypothesis
has largely been ignored ever since.
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Incorporating the Péclet effect into Eqn 7, the average
steady-state bulk leaf water enrichment (i.e. DLS) can be
modeled as:

Δ Δ
LS

es= −
℘

−℘( )1 e
(8)

where ℘ is the Péclet term, a dimensionless number that
takes into account the incomplete mixing of leaf water
because of the mass flow of water from the xylem opposing
the back-diffusion of enriched water (Farquhar & Lloyd
1993).The Péclet number is defined as EL/CD, where L is the
effective path length for water transport from the xylem to
the evaporation site (m); C is the molar concentration of
water (mol m-3); and D is the diffusivity (m2 s-1).

Although daytime variation in DL is often well character-
ized by steady-state model predictions that incorporate
Péclet effects (Cernusak et al. 2002; Kahmen et al. 2008), tran-
spired water (Rtrans) can nonetheless deviate from source
water (RS) when exposed to short-term fluctuations in the
environment (Yakir et al. 1994; Wang & Yakir 1995; Harwood
et al. 1998, 1999; Wang et al. 2011). How much Rtrans deviates
from RS and for how long remains unclear, largely because
of limited available data. However, some reports show that
d18O of transpired water may deviate from source water by
as much as 18‰ (Harwood et al. 1998) to 100‰ (Welp et al.
2008) under naturally varying conditions. Only recently have
we been able to measure the transpiration isoflux with higher
temporal resolution.

Simultaneous measurement of leaf gas exchange and the
isotope composition of transpired water allows calculation of
isotope enrichment at the evaporation site in the non-steady
state (De, where De = Re/Rs - 1) by replacing RS in Eqn 6 with
Rtrans (Harwood et al. 1998);

R R
w
w

R
w
w

e k trans
a

i
v

a

i

= −⎛
⎝

⎞
⎠ + ⎛

⎝
⎞
⎠

⎡
⎣⎢

⎤
⎦⎥

+α α 1 (9)

Further, using measurements of transpiration rate (E) and
enrichment of transpired water (Dtrans) combined with leaf
water content (W, and assuming W is constant in the first
instance) to parameterize Eqn 2, we can calculate the enrich-
ment of bulk leaf water (DL), and therefore the Peclét effec-
tive length (L) from Eqn 8. This assumes that Eqn 8 can be
used in the non-steady state when Rtrans is not equal to Rs

(Farquhar & Cernusak 2005). Using the new Dtrans measure-
ment techniques described here and existing theoretical
models we are able to reassess the original steady-state tran-
spiration assumption and, by extension, how the ISS assump-
tion impacts the Péclet component of leaf water enrichment
models, in particular the effective path length (L).

Here we evaluate the d18O of transpiration in response to
changes in wa/wi, d18OV, ek, and e + and, as a result, the fre-
quency (or infrequency) of ISS transpiration and the rate of

change in leaf isostorage (i.e.
d W

dt
( )⋅ ΔL ). Our study had five

goals. Firstly, we wanted to develop a new method to measure
the heavy to light isotope composition of transpiration and
the leaf water isoflux (i.e. RtransE) that relies on isotope ratio

infrared spectroscopy (IRIS) and highlight how an IRIS
instrument can be coupled to leaf gas exchange systems.
In doing so, we also developed and implemented a method
for controlling the absolute humidity entering the leaf gas
exchange cuvette for a wide range of water vapour concen-
trations (approximately 4000–22000 ppmv) while maintain-
ing a constant d18O of water vapour entering the cuvette.
Secondly, we quantified variation in the isotope composition
of transpired water vapour, the leaf water isoflux and the rate
of change in leaf isostorage that can occur as a result of (1)
changes in the isotope ratios of water vapour entering the
cuvette (i.e. shifts in RV); and (2) changes in leaf surface
conductance to water vapour. Thirdly, we examined the dif-
ferences between steady-state and non–steady-state model
predictions of leaf water enrichment at the evaporation site.
Fourthly, we evaluated how much steady-state and non–
steady-state model predictions of the effective path length, L,
may differ. Fifthly, we performed a sensitivity analysis of the
transpiration isotope model (i.e. Eqns 3 & 5) to variation in
gs, TL and wa/wi and compared the results of the model sen-
sitivity analysis to our empirical observations.

MATERIALS AND METHODS

Plant growth conditions

We evaluated the isotope composition of transpiration from
leaves of tobacco (Nicotiana tabacum, genotype WT38) and
Citrus spp. Tobacco plants were grown in 5 L pots with
potting mix (amended with Osmocote, Scotts, Australia) at
the University of Sydney in a controlled environment growth
cabinet set at 30/20 °C day/night temperature, 75% relative
humidity and approximately 700 mmol m-2 s-1 PPFD (photo-
synthetic photon flux density) at the level of the upper leaves.
Growth CO2 concentration was not controlled, but varied
from 370 to 420 ppm during the light period of 14 h. Plants
were well-watered throughout their growth. Citrus spp. were
grown in 5 L pots using commercial potting soil (Supersoil
Potting Soil; Supersoil and Rod McLellan, Marysville, OH,
USA). Plants were exposed to normal variation in sunlight,
temperature and humidity, and were well-watered through-
out their growth.

Vapourization module for humidifying dry air

In both gas exchange systems, air was humidified without
isotopic fractionation by a custom-built vapourization
module, similar to commercially available instruments (Los
Gatos Research, Mountain View, CA, USA). The vapouriza-
tion module had two inputs for supply gases, each controlled
by a mass flow controller. The ‘wet’ mass flow controller
directed flow to a 25 mL C-flow nebulizer (C-flow Nebulizer;
part # 950-800-1380; Savillex Corporation, Minnetonka, MN,
USA) that relied on capillary action to draw water from
a reservoir. This water was vapourized by the air from the
‘wet’ controller into a 150 mL chamber (Savillex Corpora-
tion) heated to 130 °C, ensuring complete vapourization
without fractionation of the incoming water. Air from the
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‘dry’ controller was injected directly into this heated
chamber, so that vapour concentrations were controlled by
adjustments in flow rates both to the nebulizer and to the
heated, diluting chamber. The humidified air then flowed
from the heated chamber via tubing to the gas exchange
systems described later.All components of the vapourization
module were made from perfluoroalkoxy (PFA).

MPH-1000 gas exchange and water vapour
isotope measurement system

Gas exchange measurements and cuvette conditions were
controlled by an MPH-1000 Plant Gas Exchange System
(Campbell Scientific Inc., Logan, UT, USA). In this system,
water vapour concentrations were measured by chilled
mirror hygrometers (DEW-10, General Eastern, Billerica,
MA, USA), and CO2 concentrations were measured by an
LI-6252 infrared gas analyser in differential mode (LiCor
Biosciences, Lincoln, NE, USA). Cuvette air was mixed from
separate tanks of N2, CO2 and O2, the concentrations of which
were regulated by mass flow controllers in the gas exchange
system. A fine-wire thermocouple was located inside the
chamber and was positioned to touch the center of the
abaxial side of the leaf. Individual components of the gas
exchange system were interfaced to a CR10 datalogger
(Campbell Scientific Inc., Logan, UT, USA), which calculated
fluxes, controlled cuvette conditions and recorded data every
5 s. Projected leaf area in the chamber was measured from
digital images of the leaf, using imaging software (ImageJ, US
NIH, Bethesda, MD, USA), and all fluxes were corrected to
the one-sided leaf area in the cuvette.

We modified the gas exchange system so that absolute
humidity supplied to the cuvette could vary while maintain-
ing a constant isotope composition. In this modification, air
supplied from the N2 and O2 tanks was mixed and split
between two mass flow controllers, which flowed to the ‘wet’
and ‘dry’ paths described earlier. After the vapourization
chamber, this humidified air was then returned to the gas
exchange system and mixed with CO2. Approximately
800 mL min-1 of the total flow was split to the reference line,
where it passed through a flow regulator and then was meas-
ured for water vapour and CO2 concentrations. The other
800 mL min-1 of flow continued to a mass flow meter and
then to the stainless steel cuvette. Junctions for sampling by
the IRIS instrument were placed immediately before and
after the cuvette. We alternated sampling for water vapour
isotope ratios before and after the cuvette for 4 min at
each location. The IRIS instrument drew approximately
30 mL min-1. After exiting the cuvette, the remaining flow
continued on to a flow regulator, passed through a pump,
then through a chilled mirror hygrometer, and finally to the
LI-6252, which measured CO2 concentration. Because of
pressure dependence in the LI-6252, the two flow regulators
were constantly and manually adjusted to balance their flows
to the infrared gas analyzer (IRGA). All tubing before the
vapourization module was Bev-a-Line IV (Thermoplastic
Processes, Stirling, NJ, USA) and all tubing after the vapouri-
zation module was PFA. In previous tests, Bev-a-Line IV did

not cause any measurable fractionation (Apodaca and
Simonin, unpublished data), although PFA may have fewer
memory effects (Schmidt et al. 2010). During all measure-
ments, we maintained cuvette dewpoint temperature at least
5 °C above ambient room temperature to ensure that no
condensation occurred in the cuvette or tubing.A diagram of
this setup is presented in Supporting Information Figure S1.

LI-6400 gas exchange and water vapour isotope
measurement system

Two LI-6400 portable photosynthesis systems (Li6400xt,
LiCor Inc., Lincoln, NE, USA) were modified to use humidi-
fied air supplied by the vapourization module described
earlier. For this system, CO2-free dry air was supplied to the
vapourization module by splitting flow to two mass flow con-
trollers. The vapour concentration produced by the vapouri-
zation module was regulated by manually controlling flow
rates through the ‘wet’ and ‘dry’ mass flow controllers. The
humidified air exited the vapourization module through PFA
tubing, from which (1) a subsample was plumbed to the IRIS
instrument through a normally closed valve and (2) the two
Li6400xt systems drew their supply gas. Flow rates from the
vapourization module exceeded the combined flow rates into
the two Li6400xt systems and the IRIS, and the excess flow
produced by the vapourization module flowed through a long
length of PFA tubing placed after the point where the two
Li6400xt and the IRIS drew their supply gas to prevent iso-
topic backflow and contamination of the gas supplied to the
instruments. In both Li6400xt systems, the soda lime and
desiccant columns were bypassed, and CO2 was added using
the internal CO2 mixer. Internal tubing in the Li6400xt was
Bev-a-Line IV. The standard 2 ¥ 3 cm chamber with a blue–
red light source was used on both LI-6400 s. A manual three-
way valve was placed in the leaf chamber exit tube to allow
alternate sampling by the IRIS instrument and matching the
IRGAs. IRGAs were matched at least every 30 min. When
not in match mode, the exit air stream from each leaf
chamber was directed to normally closed valves connected
with short lengths of tubing to the IRIS instrument. Long
lengths of PFA tubing were connected just upstream of the
valves to allow the excess air flow from the leaf chamber to
go to waste without backflow. The air stream from the
vapourization module (leaf chamber inlet) and the two leaf
chamber outlet air streams were sampled sequentially, con-
trolled by the IRIS valve sequencer software. A diagram of
this setup is presented in Supporting Information Figure S2.

Isotope measurements

Both systems used water vapour isotope analyzers (L1102-i)
from Picarro Inc. (Sunnyvale, CA, USA), which calculate
the d18O of water vapour from spectral absorbance in
specific wavelengths. All measurements are expressed in per
mil (‰) as:

δ18 1O sample

standard

= −⎛
⎝

⎞
⎠

R
R

(10)
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where R is the ratio of the heavy to light isotope (18O/16O) of
the sample (Rsample) and of the V-SMOW standard (Rstandard).
Two calibration standards bracketing the range of measured
values were used to calibrate each instrument. These meas-
urements of d18O showed a concentration dependence that
was instrument-specific. We characterized the dependence of
d18O measurements on the concentration of water vapour for
both IRIS instruments across a wide range of concentrations
(approximately every 2000–4000 ppmv spanning from 3000
to 25 000 ppmv) and isotope ratios before any gas exchange
measurements were made. Additionally at the end of each
day of gas exchange measurements, we introduced standards
spanning the range of measured isotope ratios and concen-
trations.To correct for concentration dependencies, we firstly
linearly regressed the actual isotope ratios (determined by
traditional isotope ratio mass spectrometry; see later) against
the measured isotope ratios at a fixed concentration of
10 000–10 200 ppmv, and then we applied this linear model to
all measurements. We then plotted the residual isotope error
(actual minus partially corrected measured) against water
vapour concentration, and fit a polynomial to this relation-
ship for each isotope. We used these fitted equations (actual
versus measured delta value, and residual delta error versus
concentration) to correct all experimental measurements.

The IRIS instruments measure approximately every 6 s,
but for our application, we used a manifold to switch between
sampling before and after the cuvette. After each switch, we
discarded measurements to allow for flushing of the previous
sample through the optical cell and tubing and to allow for
dissipation of transient pressure variation because of switch-
ing between sampling locations. For measurements made
using the MPH-1000, the IRIS sampled for 4 min at each
location, and the first minute of measurements were dis-
carded. For measurements made using the Li6400xt, the IRIS
sampled for 3 min at each location. The first 2.5 min were
discarded and an average calculated from the last 30 s.

Because the air stream after the cuvette was a mixture
of water vapour supplied to the cuvette and vapour tran-
spired by the leaf, we calculated the isotope ratios of tran-
spired water vapour as (Evans & von Caemmerer, personal
communication):

δ δ δ18 18 181 1O O Otrans out in in
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out
out

out

ou

= − − −⎛
⎝
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⎠( ) ( )

(
w

w
w

w
w

w tt in− w )

(11)

where d18Oin, win and d18Oout, wout are the isotope composi-
tions and mole fractions of the water vapour entering and
leaving the cuvette, respectively. We used the mole fractions
before and after the cuvette measured by the gas exchange
systems in this equation.

Isotope ratios of source water were determined by sam-
pling the water used to irrigate the plants during the duration
of the experiment or by sampling the petiole and stem sub-
tending the leaf. Because the tobacco plants were kept well-
watered, we assumed minimal evaporative enrichment in the
soil such that the water applied to the plants was isotopically
identical to soil source water. In this case, the vapourization

module described earlier was used to measure irrigation
water after calibration procedures were complete. Irrigation
water was sampled daily, but varied only a little during the
experiment (d18O = -3.4 to -3.1‰). For the Citrus plants, we
sampled the petiole and stem immediately subtending the
measured leaf at the end of the day and extracted this water
using cryogenic distillation. Isotope ratios of the plant
extracted water and the working standards used with the
MPH-1000 system were measured on a Thermo Finnigan
MAT Delta plus XL mass spectrometer interfaced with the
Gas Bench (for d18O) and H/Device Cr-reduction system (for
d2H; Bremen, Germany) at the University of California, Ber-
keley. The long-term precision for these methods on this
instrument is �0.17‰ for d18O. The working standards used
with the LI-6400 system were measured on the Picarro
against VSMOW, GISP and VSLAP2.The standard deviation
of the results of the four independent analyses was �0.11‰
for d18O.

We calculated fractionation factors based on the gas
exchange measurements. The equilibrium fractionation
factor (e+) was calculated according to Majoube (1971).

The kinetic fractionation factor (ek) was calculated from
stomatal (gs = 1/rs) and boundary layer (gb = 1/rb) conduct-
ances according to Eqn 4. Additionally, we calculated the
residence time of leaf water as (Farquhar & Cernusak 2005):

τ = W
gwi

(12)

where t is leaf water residence time (s); W is leaf water
concentration (mol m-2); g is total leaf conductance (stomata
plus boundary layer conductance; mol m-2 s-1); and wi is the
mole fraction of water vapour inside the leaf (mol mol-1).
Residence times were calculated based on the 5–20 min pre-
ceding each change in either ca or vapour source. W was
estimated based on measurements of five leaves per species,
and the average value for each species was used in the
calculations.

Experimental measurements

In all measurements made using the Li6400xt only a portion
of a leaf was enclosed in the leaf chamber. When using the
MPH-1000, the entire leaf lamina was fully enclosed in the
leaf chamber. In both systems, the leaf chambers were leak-
tested by breathing around the chamber gasket. While using
the Li6400xt we varied the isotope ratio of water vapour
entering the leaf chamber while maintaining relatively con-
stant absolute humidity. Using both gas exchange systems, we
varied the atmospheric CO2 concentration (ca) to induce
changes in stomatal conductance (gs).

Leaves of four WT38 tobacco plants were subjected to
changes in the isotope ratio of the water vapour supplied to
the leaf chamber. We changed the isotope ratios of vapour in
two steps, with 74–120 min of measurements before the first
change and during each background vapour source. The first
background vapour had a d18O of -15.0‰. The second back-
ground vapour had a d18O of -1.1‰. This second background
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vapour source was chosen to be isotopically heavier than
transpired water so as to decouple the concentration and
isotope differences driving the transpiration isoflux. A
second step change returned the background vapour to the
original source. In this experiment, block temperature of the
Li6400xt was controlled at 30 °C, light at 2000 mmol m-2 s-1

and the CO2 concentration within the leaf chamber at
500 mmol mol-1.

On four different leaves from four WT38 tobacco plants
we made a single step change in ca from 400 to 800 ppm by
controlling the CO2 concentration of air within the leaf
chamber (Li6400xt). For these leaves, measurements were
made approximately 40 min before and after the change in ca.
Gas exchange was measured continuously and logged every
minute. The block temperatures of the Li6400xt were con-
trolled at 30 °C, and the light level at 2000 mmol m-2 s-1. Flow
rate through the leaf chamber was 300 mmol s-1.

In three Citrus leaves (MPH-1000), we varied ca across a
wide range of concentrations from 100–900 ppm to induce
changes in gs, although for clarity here we report only two of
these changes (400–730 and 730–900). Gas exchange meas-
urements using this system were logged every 5 s and plotted
as 1-min averages. Isotope measurements were made for
approximately 24 min at each CO2 concentration, alternating
isotope sampling before and after the cuvette.

Data analysis

In the first part of our analysis we use the leaf water isostor-
age model (Eqns 1 & 2) described by Farquhar & Cernusak
(2005) to model the influence of leaf water content (W) on
leaf water enrichment (DL). We calculated the rate of change
in leaf isostorage (–EDtrans) and solved for DL in Eqn 2 from
direct measurements of E, Rtrans and RS along with measured
and simulated values of W. In this analysis we assumed W was
constant over the time period during which -EDtrans was cal-
culated. This is probably unrealistic when transpiration rate
changes dramatically, and we will explore this situation in a
subsequent paper. Additionally, we used measured values
of Rtrans and RS to evaluate differences between steady-state
and non–steady-state calculations of water enrichment at the
evaporation site (Des and De using Eqns 6 & 9).

In the second part of our analysis we evaluated the differ-
ences between steady-state and non–steady-state model pre-
dictions of the effective path length (LS and LNS, respectively).
In this analysis we forward modeled leaf water enrichment
from different DL ‘starting points’ using Eqn 2 and direct
measurements of W, E and Dtrans, as described earlier.We then
used our estimates of RS and Eqns 6 and 7 to model Des and
determined LS at each time point iteratively using the best fit
of Eqn 8. The same procedure was used for determining LNS

using Eqns 8 and 9 assuming that Eqn 8 is valid in the non-
steady state (Farquhar & Cernusak 2005). Additionally we
compared the sensitivity of d18Otrans to variation in wa/wi, TL, gs

and d18OV. In order to test the sensitivity of d18Otrans to vari-
ability in wa/wi, TL, gs and d18OV we calculated d18Otrans from
Eqn 5 using average input parameters that fell within the
range of values observed in this study and in natural systems.

In order to test the sensitivity of Eqn 5 to individual input
parameters we varied each parameter by -50, -25, +25 and
+50% while keeping the other parameters constant (Table 1).
This analysis was repeated for different initial values of the
input parameters in order to evaluate the interaction between
parameters. For example, to test for the potential interactive
effects between wa/wi and d18OV, we varied d18OV by -50, -25,
+25 and +50% for three different values of wa/wi.

RESULTS

Changes in the isotope ratio of background
water vapour

The four leaves of WT38 tobacco showed gradual declines in
assimilation rates during the measurement interval, which
ranged from 250 to 300 min.At least some of this decline in A
was due to slight declines in gs in all leaves (Fig. 1a,b).
Despite constant d18O of the water vapour being supplied to
the leaf chamber during the first 90 min of measurement
(Fig. 2a), all leaves showed marked variation in d18Otrans,
including an increase, on average, of about 6‰ (Fig. 2d).
During this time, wa/wi and gs increased to a stable value
~50–30 min before the step change in d18OV. After 90 min,
d18Otrans of the leaves had begun to converge on the d18O of
irrigation water (Fig. 2d).

After approximately 90 min, the leaf chamber inlet vapour
source was changed so that inlet vapour was isotopically
heavier than d18Otrans. During this change, there were tran-
sient fluctuations in gs and wa/wi (Fig. 1b,d). After the tran-
sient fluctuations had dissipated, wa/wi, gs, TL and by
extension ek, and e+ were relatively constant for the first
55 min of measurement with the enriched inlet vapour
(Figs 1b–d and 2b,c). In response to the shift in the isotopic
difference between leaf water and background water vapour,
d18Otrans for plants 1 and 2 displayed a slight step change
towards depleted values (~2.8‰ less than irrigation water),
as compared with the d18Otrans values measured with the first
inlet vapour source. d18Otrans was relatively stable for all
leaves during the 100 min with this isotopically heavier inlet
vapour. The d18Otrans for plant 3 was slightly above irrigation
water until the last 35 min when d18Otrans was equal to the
irrigation water d18O. Similarly the d18Otrans for plant 4 was
greater than irrigation water, by 1.8‰, with a downward shift
towards irrigation water ~35 min before changing back to the
original vapour source. This depletion in d18Otrans for plants 3
and 4 coincided with a decline in wa/wi (Figs 1d & 2d).

After about 100 min at this isotopically heavy inlet vapour,
the inlet vapour source was returned to the original source,

Table 1. Values for input parameters of the sensitivity analyses

-50% -25% 0 +25% +50%

TL (°C) 12 18 24 30 36
gs (mol m-2 s-1) 0.15 0.21 0.3 0.39 0.45
wa/wi 0.25 0.375 0.50 0.625 0.75
Water vapour

d18O (‰)
-25.5 -21.25 -17 -12.5 -8.5
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which was isotopically much more depleted than d18Otrans.
During the switch to the original vapour, absolute humidity
in the cuvette dropped temporarily, although gs and the equi-
librium and kinetic fractionations remained nearly constant.
A and gs declined slightly for all leaves (Fig. 1a,b) over the
100 min since the switch to the original vapour. In response
to the change, d18Otrans showed a small increase in all leaves, of
between 0.7 and 3‰ (Fig. 2d). After these initial effects,
d18Otrans decreased during the final 50 min of measurement
for three of the four leaves to end at similar values to the final
measurement after the first step change and within 2.9‰ of
irrigation water d18O (Fig 2d).

Changes in background CO2 concentration

Upon initially inserting the WT38 tobacco leaves in the
cuvette, we observed large shifts in d18Otrans and physiology as
the leaves responded to cuvette conditions (both decreasing
stomatal conductance, e.g. leaf 7, and increasing stomatal
conductance, e.g. leaf 8). Cuvette conditions were likely very
different from the conditions prior to insertion into the
cuvette.At a ca of 400 ppm, all four WT38 tobacco leaves had
reached steady-state gas exchange with constant gs and con-
stant A for at least 5–10 min before the step change in ca to
800 ppm (Fig. 3). The stable gas exchange conditions prior to
the step change in ca resulted in stable wa/wi, e+ and ek, and
hence relatively constant d18Otrans.

After 40 min at a ca of 400 ppm, ca was increased to
800 ppm. Within 2 min of this change, all leaves showed a
reduced gs and wa/wi, and reached a new stable gs 10–30 min
after this change (Fig. 3b). As expected, the lower values for
stomatal conductance resulted in higher kinetic fractionation

Figure 1. Gas exchange measurements during the step change in
d18O of inlet vapour experiment with tobacco leaves. In (a)
photosynthesis; (b) stomatal conductance; (c) leaf temperature;
(d) the ratio of ambient and intercellular leaf water vapour mole
fraction; and (e) the vapour concentration of leaf chamber inlet
and outlet air streams. Values for plant 1 are shown in black, plant
2 red, plant 3 green and plant 4 blue.

Figure 2. Measured and calculated stable oxygen isotope
compositions (SMOW standard) of (a) the leaf chamber inlet and
outlet air streams water vapour; (b) equilibrium vapour
fractionation; (c) kinetic fractionation for H2

18O; and (d) d18O of
transpired vapour, during a step change in d18O of inlet vapour
with tobacco leaves. Values for plant 1 are shown in black, plant 2
red, plant 3 green and plant 4 blue.
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(Fig. 4c), but equilibrium fractionation remained relatively
constant because of minor variation in TL (Figs 4b & 3c). All
leaves showed a decline in d18Otrans in response to the increase
in ca, the timing of which approximately mirrored that of the
decline in gs. By approximately 30 min after the step change,
d18Otrans from all leaves began to converge on similar values
with three leaves having remarkably similar d18Otrans values.
After the initial physiological response to the disturbance
caused by changing ca, both gs and d18Otrans eventually con-
verged on steady-state values. Final d18Otrans values for all
leaves were within 3‰ of each other and within 1.7‰ of the
irrigation water (Fig. 4d).

Similar to results from the WT38 tobacco leaves, gas fluxes
from the Citrus leaves showed initial responses to cuvette
conditions during the first 10 min of measurement at ca of
400 ppm. During this time gs, A, wa/wi and d18Otrans all
increased (Figs 5a,b,d & 6d). By approximately 8 min before
the step change in ca from 400 to 730 ppm, gs, wa/wi and A had
reached stable values (Fig. 5a,b,d). While at physiological
steady state before the step change in ca, d18Otrans was stable
and within 5‰ of source water. After the first step change in
ca, gs and wa/wi immediately declined in all three Citrus leaves
and continued to decline during the subsequent 20–30 min
(Fig. 5b,d). In response to the first change in ca, d18Otrans

showed an immediate drop of 1–3‰ in 4 min, depending on
the leaf (Fig. 6d). Similarly, ek increased for at least 10 min
after the ca change in response to the decrease in gs (Fig. 6c).
Despite the changes in gs in response to the step change in ca,
TL and thus the equilibrium fractionation factor, e+, did not
respond to this step change instead, e+ declined steadily
(Figs 6b & 5c).

Figure 3. Gas exchange measurements before and after a step
change in CO2 concentration from 400 to 800 mmol mol-2, for
tobacco leaves. In (a) photosynthesis; (b) stomatal conductance;
(c) leaf temperature; (d) the ratio of ambient to intercellular
vapour pressures; and (e) the vapour concentration of leaf
chamber inlet and outlet air streams. Values for plant 5 are
shown in black, plant 6 red, plant 7 green and plant 8 blue.

Figure 4. Measured and calculated stable oxygen isotope
compositions (SMOW standard) of (a) the leaf chamber inlet and
outlet air streams water vapour; (b) equilibrium vapour
fractionation; (c) kinetic fractionation for H2

18O; and (d) d18O of
transpired vapour, during the step change in CO2 concentration
with tobacco leaves. Values for plant 5 are shown in black, plant 6
red, plant 7 green and plant 8 blue.
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The second ca concentration of 730 ppm was maintained
for 22–30 min. In the last 10 min of this time period, the
leaves showed stable gs, TL and wa/wi (Fig. 5b–d), although
d18Otrans was still declining away from the d18O of source water
for all three leaves. The second ca change to 900 ppm caused
sudden increases in A, although A quickly declined to its
previous values (Fig. 5a). In two of the leaves, gs continued to
decline slightly and reached stable values 10–15 min after this
second ca change (Fig. 5b). After the second ca change,
d18Otrans for plants 1 and 2 were stable as was gs, TL, wa/wi, ek

and e+ (Figs 5b–d & 4b–d). Leaf 3 showed greater variation in

gs, TL, wa/wi, ek and e+ after the second change, and this vari-
ability was also reflected in d18Otrans (Figs 5b–d & 6b–d).

Changes in the rate of change of leaf water
isostorage in response to changes in ca

Variation in the rate of change in leaf isostorage, in response
to a step change in ca, differed between the two species and
among plants within each species. Despite constant E prior to
the step change in ca, the rate of change in leaf isostorage for
Citrus plant 1 decreased, from 8.3 to 2.6 mmol m-2 s-1‰
because of an increase in Dtrans (Fig. 7a–c). Citrus plant 2
showed the opposite trend with the rate of change in leaf
isostorage increasing from 11.2 to 18.1 mmol m-2 s-1‰,
despite relatively stable Dtrans (-7.7 to -6.5‰) because of an
approximate doubling of the transpiration rate from 1.4 to
2.7 mmol m-2 s-1 (Fig. 7a–c). Because of a 1.9‰ increase in
Dtrans from -7.2 to -5.1‰ (Fig. 7a–c), the rate of change in leaf

Figure 5. Gas exchange measurements during a series of step
changes in CO2 concentration; from 400 to 730 mmol mol-1 (step
change at time zero), then to 900 mmol mol-2 (step change
indicated by coloured arrow) for Citrus leaves. In (a)
photosynthesis; (b) stomatal conductance; (c) leaf temperature; (d)
the ratio of ambient to intercellular vapour pressure; and (e) the
vapour concentration of leaf chamber inlet and outlet air streams.
Values for leaf 1 are shown in black, leaf 2 red and leaf 3 green.

Figure 6. Measured and calculated stable oxygen isotope
compositions (SMOW standard) of (a) the leaf chamber inlet and
outlet air streams water vapour; (b) equilibrium vapour
fractionation; (c) kinetic fractionation for H2

18O; and (d) d18O of
transpired vapour, during a series of step changes in CO2

concentration with Citrus leaves. Values for leaf 1 are shown in
black, leaf 2 red and leaf 3 green. Solid lines in D represent the
18O composition of xylem source water.
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Figure 7. Gas exchange measurements and the measured and modelled stable oxygen isotope enrichment of transpiration, the transpiration
isoflux, and leaf water enrichment before and after a step change in CO2 concentration from (a–d) 400 to 730 mmol mol-1 for Citrus and
(e–h) 400 to 800 mmol mol-1 for tobacco. In (a & e) the enrichment of transpiration above source water; (b & f) transpiration; (c & g) the
transpiration isoflux; and (e & f) modelled leaf water enrichment above source water for three different leaf water contents.
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isostorage for Citrus plant 3 showed a decrease from 17.3 to
13.9 mmol m-2 s-1‰ despite a relatively stable E.

After the step change in ca, from 730 to 900 ppm all three
Citrus plants showed an immediate increase in the rate of
change in leaf isostorage (Fig. 7c), because of steady
decreases in Dtrans during the first 20–30 min after the step
change in ca (Fig. 7a) combined with a steady decrease in E
(Fig. 7b). For tobacco plants 5, 6 and 7, after the step change
in ca, there was an overall decrease in the rate of change in
leaf isostorage because of decreases in both Dtrans and E
(Fig. 7e–g). The rate of change in leaf isostorage for plant 8
initially increased after the step change in ca and then
decreased towards ISS (Fig. 7g). This variation in the rate of
change in leaf isostorage was associated with an overall
decrease in E, and an initial decrease and then increase in
Dtrans (Fig. 7e & f).

Using the rate of change in leaf isostorage data from Citrus
plant 1 and tobacco plant 5, we modeled the sensitivity of leaf
water enrichment to variation in leaf water content (i.e. W)
over time. The absolute increase (i.e. Citrus plant 1) or
decrease (i.e. tobacco plant 5) in DL decreased as W
increased. For Citrus leaf 1, during the ~70 min of the CO2

manipulation experiment, the absolute modeled increase in
DL was 3.3, 1.8 and 1.3‰ for W of 10, 17.6, and 25 mol m-2,
respectively (Fig. 7d). For tobacco leaf 5, during the ~80 min
of the CO2 manipulation experiment, the absolute modeled

decrease in DL was 12.2, 6.6 and 4.5‰; and for W of 8.6, 17 and
25 mol m-2 (Fig. 7h).

Using Eqn 7, we evaluated differences between steady-
state and non–steady-state predictions of D18O of leaf water
at the evaporation site. Prior to the step change in ca, model
predictions of Des exceeded De by 0.6–5.4‰ (Fig. 8a) because
d18Otrans values less than stem xylem water for Citrus plants
(Figs 6d & 7a). Similarly, after the step change in ca, model
predictions of Des exceeded De by 1–9.8‰ (Fig. 8a) because of
d18Otrans values that remained less than stem xylem water for
the Citrus plants (Figs 6d & 7a). For the tobacco plants model
predictions of Des were both greater than and less than than
De. Prior to the step change in ca, the model predictions of Des

were less than De by 1–2‰ (Fig. 8b) because of d18Otrans values
that were greater than irrigation water (Figs 4d & 7e). Plants
7 and 8 showed the opposite trend with Des exceeding De by
0.7–9.2‰. After the step change in ca differences between Des

and De ranged from ~0.1 to 2.2‰.
In order to test for variation in the effective path length, we

used data obtained from Citrus plant 1 during the ca manipu-
lation experiment. As shown in Fig. 9, after the initial
response to being placed in the leaf chamber and prior to the
step change in ca, the difference between steady-state and
non–steady-state model predictions of the effective path
length (LS – LNS) were relatively constant for a given DL.
After the step change in ca, the difference between LS and
LNS increased until ~40 min after the change in ca when a
stable –EDtrans was reached. Once –EDtrans was stable the dif-
ference between LS and LNS stabilized (Figs 7d and 9).

According to the Craig and Gordon model sensitivity
analysis all input parameters had a substantial direct effect
on d18Otrans, except for gs (Fig. 10). Variation in wa/wi and
d18OV had the greatest direct effect on d18Otrans. We also
observed strong interactive effects between wa/wi and TL and
wa/wi and d18OV. As wa/wi increased the influence of variation
in TL on d18Otrans increased, the same was true for d18OV

Figure 8. Steady-state (Des) and non steady-state (De) predictions
of leaf water enrichment above source water at the evaporation
site for (a) Citrus and (b) tobacco in response to a step change in
CO2 concentration (as described in Figure 7). Values for Des are
shown as filled circles with values for De as X.

Figure 9. The difference between steady-state and
non–steady-state model predictions for the effective path length
for Citrus plant 1 during the CO2 manipulation experiment. Model
predictions were made across a range of leaf water 18O enrichment
‘starting points’.
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Figure 10. Results for the sensitivity analyses using the Craig and Gordon evaporation model (Eqn 5) and input parameters shown in
Table 1. Each input parameter was independently varied by �25% and �50% while other parameters were held constant at three different
levels. This allowed us to test for interactions between input parameters. Tleaf is leaf temperature in degrees C, gs is stomatal conductance
(mol m−2 s−1); wa and wi are the mole fractions (mol mol−1) of water vapour in the ambient atmosphere and inside the leaf, and dv is the 18O
isotope composition of ambient water vapour.
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(Fig. 10a–c). Further, as dV increased the influence of wa/wi

decreased (Fig. 10j–l).

Leaf water residence times

Citrus leaves had almost twice the water concentration
as tobacco leaves (17.6 � 2.9 mol m-2 compared with 8.68 �

0.51 mol m-2) and also longer leaf water residence times. In
fact, leaf water residence times for the two species differed by
an order of magnitude.The average leaf water residence time
for the Citrus leaves was 303 � 230 min with a minimum of
99 min when leaf surface conductance was at a maximum of
0.125 mol m-2 s-1 and a maximum leaf water residence time
of 769 min when stomatal conductance was at a minimum
of 0.03 mol m-2 s-1. The average leaf water residence time for
the tobacco leaves was 36 � 15 min. Similar to the Citrus
leaves, the shortest residence time, 9 min, occurred when
stomatal conductance was at a maximum of 0.59 mol m-2

s-1, while the longest residence time for tobacco, 57 min,
occurred when stomatal conductance was at a minimum
of 0.15 mol m-2 s-1.

DISCUSSION

Integration of measurements of water vapour
isotopes and gas exchange fluxes

Our modifications of both gas exchange systems (Supporting
Information Figs S1 and S2) to include the vapourization
module allowed the manipulation of absolute humidity
across a wide range of water vapour concentrations without
isotopic fractionation. Traditional methods used in gas
exchange systems control cuvette humidity either by chemi-
cally scrubbing out ambient water (LI-6400) or by bubbling
air through water (MPH-1000), both of which can cause frac-
tionation and produce variable isotope ratios of the back-
ground water vapour. The equilibrium fractionation factor
(e+) can be used to predict the isotope ratios of air bubbled
through water if the surface temperature of the water is
known (Hendry, Richman & Wassenaar 2011). However our
modified gas exchange systems, which now include the
vapourization module, represent a substantial improvement
for measuring isotope fluxes because we can control water
vapour concentration and isotope ratios independently of
one another. This allows greater experimental control and
will enable improved testing of the abiotic and biotic factors
contributing to variation in the isotope compositions of leaf
water and of transpiration (see Eqn 3).

d18Otrans and the rate of change in leaf isostorage

The environmental conditions under which ISS transpiration
occurs at the leaf level have rarely been directly addressed.
Wang & Yakir (1995) suggested that ISS transpiration may
be rare in naturally varying conditions, and subsequent
work under field conditions has largely supported this idea
(Harwood et al. 1998, 1999). In natural settings d18OV, wa/wi,
as well as the equilibrium (e+) and diffusive (e k) fractionation

factors, can vary greatly over a diurnal cycle. As our results
show, changes in these abiotic and biotic conditions can cause
large and sustained changes in d18Otrans. These changes are
expected to persist until sufficient time has passed under
constant environmental and physiological conditions to allow
the d18Otrans to relax to that of the xylem water supplying
transpiration (i.e. until Rtrans ª RS in Eqn 1). The prolonged
deviation of d18Otrans from d18OS observed here suggests that
the residence time of the water pool supporting the transpi-
ration flux is longer than the timescales over which wa, wi, e k,
e + and Rv varied in our experiments. Indeed, the residence
time of leaf water may be longer than the timescales over
which these variables may change under natural conditions.

During the CO2 manipulation experiment we observed
changes in d18Otrans that tracked changes in wa/wi, TL and gs.
According to the Craig and Gordon model sensitivity analy-
sis, the observed variation in d18Otrans was likely associated
with variation in wa/wi and TL with little direct influence of e
k, i.e. gs (Fig. 10). The Craig and Gordon model for evapora-
tion (Eqns 3 & 5) predicts changes in d18Otrans to be positively
correlated with wa/wi and TL (Fig. 10d–f). However, changes
in d18OE in response to variation in TL are expected to be
much less than those associated with variation in wa/wi

with the overall effect of TL increasing as wa/wi increases
(Fig. 10a–c). As predicted by the model sensitivity analysis,
during periods when wa/wi was relatively low, variation in
wa/wi determined the overall direction of change in d18Otrans

for the Citrus and tobacco plants. Further, when wa/wi was
relatively high the influence of variation in TL on d18Otrans was
more pronounced. For example, for both the Citrus and
tobacco plants, when wa/wi was relatively low a ~0.15
decrease in wa/wi resulted in a decrease in d18Otrans despite
an increase in TL by 1–3 °C (Figs 5c,d & 6d). Additionally,
for tobacco plant 7 when wa/wi was relatively high a 0.10
decrease in wa/wi, as TL increased by 1 °C, had no observable
change in d18Otrans (Figs 3c, d & 4d). Taken together these
results provide strong support for the interactive effects of
wa/wi and TL as predicted by the Craig and Gordon model
sensitivity analysis.

Current leaf water enrichment models suggest that after a
change in wa/wi, e + and e k the rate of change in leaf water
isostorage for a species with a short leaf water residence time
should approach zero faster than a species with a long leaf
water residence time (Dongmann et al. 1974; Farquhar &
Cernusak 2005). As shown by Eqn 12, isotope models that
incorporate leaf water residence time often treat transpira-
tion as coming from a single reservoir of water, that is bulk
leaf water, such that leaf water content divided by the one-
way flux of water from the leaf (i.e. gwi in Eqn 12) can be
used to describe leaf water residence time. Other studies
have suggested that transpired water is derived from multiple
pools of water that vary in their sizes and relative contribu-
tions to the transpiration stream (Cruiziat et al. 1980; Tyree
et al. 1981; Yakir et al. 1989, 1990; Wang & Yakir 1995;
Zwieniecki, Brodribb & Holbrook 2007). In the current
study we are unable to determine if deviations from ISS are
associated with multiple pools of water in leaves. However,
our data clearly show that changes in TL, wa/wi and gs have
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long-lasting effects on d18Otrans for the two species in this
study. Furthermore, the presence of stable d18Otrans that
differs from d18OS could result from stable proportional con-
tributions to the transpiration stream by multiple leaf water
pools that differ in their isotopic compositions. An unchang-
ing proportional contribution from an isotopically distinct
second pool of water may cause a constant offset of d18Otrans

from d18OS (e.g. tobacco plants 5 & 6 in Fig. 4d just before the
step change or citrus plants 1 & 2 in Fig. 6d at the end of the
experiment). If leaf water is composed of multiple pools, each
with unique isotope compositions, then modeling leaf water
residence time requires more complexity than the single pool
model that is frequently applied. Further evaluations of leaf
water residence time are necessary to determine to what
extent hydraulic compartmentalization exists in leaves in
order to account for the dynamic variation of d18Otrans in
response to changes in wa/wi, ek, e +, and the isotope differ-
ence from leaf to air.

Using the d18O of stem xylem water as source water for the
Citrus plants and irrigation water as source water for the
tobacco plants, we evaluated changes in the transpiration
isoflux (i.e. EDtrans) in response to variation in wa/wi, e + and e
k that was triggered by a step change in ca (i.e. ca step change
depicted in Figs 3 & 5). Our data from the CO2 manipulation
experiments provide further support that in a variable envi-
ronment, when wa/wi, e + or ek are not constant, the time
required to re-establish ISS transpiration (i.e. EDtrans = 0) is
greater for species with relatively long leaf water residence
times, as predicted by a single pool leaf water residence
model (Eqn 12). The shorter leaf water residence times, pre-
dicted by Eqn 12, for tobacco (9–57 min) compared with
those of Citrus (99–769 min) corresponded with a more rapid
approach of the tobacco transpiration isoflux to zero after a
change to a new, relatively stable, wa/wi, e + and ek (Fig. 7c,g).

Additionally, assuming all water in the leaf contributes
equally to the leaf transpiration stream we used Eqn 2 and
measured values of the transpiration isoflux to evaluate the
influence of variable leaf water content on leaf water enrich-
ment. Our model results suggest that the absolute increase or
decrease in leaf water enrichment in response to variation in
the leaf transpiration isoflux is sensitive to variation in leaf
water content. As shown in Fig. 7d, increasing W of Citrus
plant 1 by 42%, from 17.6 to 25 mol m-2, resulted in a 38%
decrease in the magnitude of leaf water enrichment as
–EDtrans became more positive (Fig. 7c,d). Similarly, increas-
ing W of tobacco plant 1 from 17 to 25 mol m-2 resulted in a
32% increase in leaf water enrichment as –EDtrans became less
negative (Fig. 7g,h). Our model results of the effects of W on
DL are consistent with previous measurements of leaf water
enrichment. For example, the modeled change in leaf water
enrichment for tobacco (W = 17 mol m-2) was similar to the
magnitude of change observed for field-grown lupin, which
had similar transpiration rates, wa/wi, and leaf water content
(Cernusak et al. 2002).

In response to changes in d18OV the observed changes in
d18Otrans followed that expected from Craig and Gordon
model predictions (i.e. Eqns 3 & 5). When the tobacco leaves
were exposed to a ~15‰ increase in the d18O of water vapour

entering the leaf cuvette there was an immediate, rapid
decline in d18Otrans by 1–3‰ for all, but one of the tobacco
plants. This change in d18Otrans occurred during relatively
stable wa/wi, e + and ek. According to the Craig and Gordon
model of evaporation (Eqn 3) when the equilibrium and
kinetic fraction factors and wa/wi are constant, an increase in
the heavy isotope composition of atmospheric water vapour
(RV in Eqn 3) should cause a decrease in the heavy water
isotope composition of transpiration (Rtrans in Eqn 3). Similar
to TL, the sensitivity of d18Otrans to a change in the isotope
composition of atmospheric water vapour (i.e. d18OV) is ulti-
mately a function of wa/wi and the absolute change in d18OV

(Fig. 10). As wa/wi increases or the absolute change in d18OV

increases the greater the effect of a variable d18OV on d18Otrans.
Similar to these model predictions the observed changes in
the d18Otrans of tobacco was greater when wa/wi and the abso-
lute change in d18OV was greater (Figs 1d & 2a,d). For
example tobacco plant 2 showed the greatest change in
d18Otrans when the d18OV of the water vapour entering the leaf
cuvette was changed. Plant 2 also had the highest wa/wi

(Fig. 1d) and experienced the greatest absolute change in
the d18OV that transpiration was mixing into (Fig. 2a). The
d18Otrans of plants 3 and 4 were the least sensitive to the
change in the d18OV of the water vapour entering the leaf
cuvette and they were the plants with the lowest wa/wi and
absolute change in the d18OV that transpiration was mixing
into.

Taken together, the results from the CO2 and d18OV

manipulation experiments highlight how leaf physiological
responses to step changes in environmental variables and to
the isotope composition of atmospheric humidity can result
in non–steady-state transpiration isoflux. It is important to
note that during our measurements, the Li6400xt cuvettes
did not entirely enclose the tobacco leaves. For most of
these measurements, the cuvette was placed near the tips of
the leaves, potentially allowing for progressive evaporative
enrichment of the xylem source water along the length of the
leaf (Wang & Yakir 1995; Helliker & Ehleringer 2000; Gan
et al. 2003). In some of our measurements, particularly those
under changing ca, d18Otrans was isotopically more enriched
than irrigation water, consistent with progressive enrichment
of the xylem source water feeding the evaporation site along
the leaf axis (Figs 2d & 4d). Because we do not know the d18O
of the xylem water for the portion of the leaf inside the
cuvette, we were not able to determine unequivocally when
the tobacco leaves were in ISS. Nonetheless, the rapid,
dynamic responses of d18Otrans to changes in cuvette condi-
tions highlight when transpiration was most likely not in
ISS. These results build upon previous work suggesting that
transpiration is rarely in ISS when leaves are exposed to a
variable environment (Wang & Yakir 1995; Harwood et al.
1998, 1999).

Differences between steady-state and non–
steady-state model predictions of De and L

Several recent studies suggest that non-steady state leaf water
models are necessary when evaluating 18O discrimination
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during photosynthesis due to large differences between
steady-state (Des) and non steady-state (De) model predictions
of the 18O composition at the evaporation site in leaves. For
example, previous research characterizing daytime variation
in the 18O composition of ecosystem evapotranspiration
(d18OET) suggests that Des can be as much as 2‰ less than De

calculated from d18OET (Welp et al. 2008).Additionally,assum-
ing d18Ov is in isotopic equilibrium with precipitation, daytime
variation in the 18O composition of leaf water suggests that Des

can be 5‰ or more above De (Seibt et al. 2006). Our observa-
tions of the isotope composition of transpiration provide
further support for the suggestion that non–steady-state
models are necessary to accurately predict 18O enrichment at
the evaporation site in leaves. Similar to Welp et al. (2008), we
show that Des for tobacco plants 5 and 6 was up to 2‰ less than
De, whereas Des for the Citrus plants and tobacco plants 3 and 4
exceeded De by up to 8‰. As mentioned previously, because
the Li6400xt cuvettes did not entirely enclose the tobacco
leaves, it is likely that we underestimated the isotope compo-
sition of source water for use in the calculation of Des. This
inability to accurately characterize tobacco source water
could result in model predictions of Des that are less than De.

Additionally, large differences between Des and De should
result in large differences between steady-state and non–
steady-state model predictions of the effective path length
for water transport in leaves (L). The observed link between
leaf hydraulic architecture and carbon gain (Brodribb et al.
2005; Franks 2006; Brodribb, Feild & Jordan 2007) has led to
the suggestion that variation in the effective path length for
water transport in leaves could provide important insights
into other leaf physiological properties (e.g. Ferrio et al.
2012). Assuming Eqn 8 holds when the transpiration isoflux
is not equal to 0 (i.e. EDtrans < or > 0), we used our observa-
tions of d18Otrans to evaluate differences between steady-state
and non–steady-state model predictions of the effective path
length (LS and LNS, respectively). Our experimental setup did
not allow us to characterize the 18O composition of transpi-
ration and bulk leaf water at the same time. As such, we
evaluated differences between LS and LNS across a range of
leaf water 18O compositions. Across all values of bulk leaf
water d 18O, the difference between Ls and Lns increased as
Dtrans decreased or the difference between Rtrans and RS

increased. The large differences between steady-state and
non–steady-state model predictions of the effective path
observed here suggest that attempts to link variation in L
using Eqn 8, both within and between species, to other leaf
physiological properties would require knowledge of Dtrans.

Implications for ecosystem–atmosphere water
vapour and CO2 exchange

These results also have important implications for scaling
leaf level measurements to the ecosystem scale. The ubiquity
of eddy covariance measurements in natural systems has
facilitated high temporal resolution monitoring of water
fluxes in natural systems (e.g. Tenhunen et al. 1998; Fisher
et al. 2009). A desire to better understand the terrestrial
water cycle has led many researchers to use stable isotopes to

partition evapotranspiration among different ecosystem
components. Partitioning using isotopes requires two isotopi-
cally distinct end member values (i.e. transpiration and
evaporation). As previously discussed, common applications
of this method assume that plant-transpired water is isotopi-
cally equivalent to xylem water in order to calculate the
transpiration end member (Yepez et al. 2003; Williams, Cable
& Hultine 2004). Yet our findings, in conjunction with previ-
ous studies, demonstrate that plant transpiration either is
often not in ISS or can take over an hour of physiologically
stable conditions to reach ISS (Wang & Yakir 1995; Harwood
et al. 1998, 1999). Therefore, while a number of studies have
used isotopes of CO2 to partition ecosystem CO2 fluxes (e.g.
Pataki et al. 2003), our results raise questions about the
applicability of this approach to partitioning ecosystem water
fluxes over short time intervals. A combination of isoflux
modeling in the non–steady-state and ecosystem-scale meas-
urements using either the flux gradient method (e.g. Lee et al.
2005; Welp et al. 2008) or eddy covariance (Griffis et al. 2011)
may offer a solution for ET partitioning when d18Otrans is not
occurring at ISS.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the
online version of this article at the publisher’s web-site:

Figure S1. Flow diagram for the MPH-1000 gas exchange
system interfaced with the vaporization module and the
infrared spectroscopy instrument.
Figure S2. Flow diagram for the two LI-6400 gas exchange
systems interfaced with the vaporization module and the
infrared spectroscopy instrument.
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