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Abstract Diurnal fluctuations of leaf water isotope ratios
(d18O and dD) were measured for Jeffrey (Pinus jeffreyi
Balf.) and lodgepole (Pinus contorta Douglas ex Louden)
pine. Two trees per species were sampled every few hours
on 15–16 October 2005 and 19–20 June 2006. Diurnal gas
exchange was measured during the summer sampling. In
fall 2005, leaf water d18O ranged from 0.7 to 9.0%, and leaf
water dD ranged from -70 to -50%. In summer 2006, leaf
water d18O ranged from 7.7 to 20.7%, and leaf water dD
ranged from -61 to -24%. Diurnal variation of leaf water
isotope values typically reached a maximum in early
afternoon, began decreasing around midnight, and reached
a minimum in mid-morning. Both periods showed a high
degree of enrichment relative to source water, with leaf
water–source water enrichments ranging up to 37.8% for
d18O, and up to 95% for dD. Leaf water enrichment varied
by season with summer enrichment being greater than fall
enrichment. A steady-state model (i.e., modified Craig–
Gordon modeling) for leaf water isotope compositions did
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not provide a good fit to measured values of leaf water. In
summer, a non-steady state model provided a better fit to the
measured data than the steady-state model. Our findings
demonstrate substantial leaf water enrichment above source
water and diurnal variations in the isotopic composition of
leaf water, which has application to understanding shortterm variability of atmospheric gases (water vapor, CO2,
O2), climate studies based on the isotopic composition of
tree rings, and ecosystem water fluxes.
Keywords Hydrogen and oxygen isotopes 
Leaf gas exchange  Pinus jeffreyi  Pinus contorta

Introduction
Controls on the isotopic composition of leaf water have
received increasing attention because of their importance
for evaluating fluxes from different ecosystem pools of
water (Wang and Yakir 2000), affecting the stable isotopic
ratios of O2 produced during photosynthesis (Hoffmann
et al. 2004), determining climatic change from plant tissue
(Gessler et al. 2007), and for understanding variations in
d18O of atmospheric CO2 that are driven by vegetation
(Barbour et al. 2007). During plant water uptake, there is
generally no isotopic fractionation as water moves from the
soil to the roots and through the xylem (Flanagan and
Ehleringer 1991). However, evapotranspiration causes
residual leaf water to become isotopically enriched because
the lighter isotopes (containing 16O or 1H) are preferentially evaporated from the leaf surface to the atmosphere
(Flanagan and Ehleringer 1991). This difference in isotopic
composition of leaf water versus source water is important
if leaf water is used for understanding water fluxes (Wang
and Yakir 2000). Additionally, CO2 diffusing in and out of
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the leaf equilibrates with leaf water thus influencing the
oxygen isotopic ratios of CO2 in the atmosphere and is
useful for understanding global carbon cycles.
Controls on the stable isotopic composition of leaf
water are complex, and influenced by temperature,
humidity, isotopic variability in soil moisture, differences
in water uptake between C3, C4, and CAM plants, leaf
boundary layers (Cooper and DeNiro 1989), the degree of
stomatal control, and heterogeneity within a single leaf
(Farquhar and Gan 2003; Luo and Sternberg 1992). Heterogeneity in leaf water evaporative enrichment can occur
within a single leaf because the back diffusion of enriched
leaf water away from the site of evaporation co-occurs
with the convection of un-enriched xylem water towards
the site of evaporation (Farquhar and Gan 2003), known as
the Péclet effect. Furthermore, bulk leaf water may differ
from vapor in the stomatal cavity because of the effects of
fractionation associated with the phase transition from
liquid water to vapor, and the diffusion of vapor through
stomatal and boundary layers (Farquhar and Lloyd 1993;
Farquhar and Cernusak 2005). The isotopic composition of
water at the sites of evaporation within the leaf stomatal
cavity, rather than bulk leaf water, imparts control upon
the isotopic composition of gases (e.g., water vapor, CO2,
O2) that exit through the stomata because this is where
CO2 equilibrates with leaf water (Farquhar and Cernusak
2005). Bulk leaf water isotope compositions are potentially highly variable (Cernusak et al. 2002, 2004;
Flanagan and Ehleringer 1991), and because it is difficult
to directly measure vapor isotope compositions in the
stomatal cavity and liquid water only at the sites of
evaporation, empirical studies of in situ bulk leaf water
enrichments are needed to determine which models of
evaporative enrichment are applicable.
One question is whether to apply steady-state or nonsteady state assumptions for modeling leaf water isotopic
composition through time. The steady-state model (i.e.,
modified Craig–Gordon model) modified the equations for
evaporation from open bodies of water to fit evaporation
from leaves and takes into account the above-mentioned
diffusion of vapor through the stomatal and boundary
layers (Craig and Gordon 1965; Dongmann et al. 1974;
Farquhar et al. 1989; Flanagan and Ehleringer 1991).
Steady-state modeling requires that the isotopic composition of transpired water be equal to that of the source water
(Flanagan and Ehleringer 1991; Yakir 1992), and implies
that plants instantly adjust to changes in environment.
Increased transpiration resulting from decreased relative
humidity leads to increased leaf water enrichment. However, if increased transpiration is the result of increased
stomatal conductance, this would reduce enrichment
because kinetic fractionation effects and leaf temperature
effects predominate (see review by Farquhar et al. 2007).

123

Trees (2010) 24:585–595

Therefore, the expected relationship is that decreased stomatal conductance will lead to increased enrichment.
The non-steady state model does not require transpired
water and source water isotopic values to be equal at a
given air humidity (Cernusak et al. 2002; Farquhar and
Cernusak 2005; Flanagan and Ehleringer 1991; Lai et al.
2006; Yakir and Sternberg 2000). Assumptions of steady
state under field conditions may not be valid because of
rapid changes in humidity, leaf energy balance, and water
availability that affect plant stomatal conductance and
transpiration rates, leaf water volumes and leaf water residences times (Cernusak et al. 2002; Farquhar and Cernusak 2005; Lai et al. 2006). In this way, changes in stomatal
conductance, transpiration and leaf water content are
propagated into changes in leaf water enrichment.
Diurnal processes can significantly change the isotopic
composition of leaf water, and hence the isotopic composition of transpired water vapor, CO2, and organic compounds (Cernusak et al. 2005, 2002; Gessler et al. 2007;
Lai et al. 2006; Seibt et al. 2006, 2007). During photosynthesis, enriched leaf water is used to synthesize carbohydrates, which are then exported and used to build stem
tissues. It is primarily daytime leaf water enrichment that is
recorded, but post-photosynthetic exchange can also
influence the isotopic composition recorded by plant
organic material (Shu et al. 2005). The expectation is that
for plants growing in the same environment, enrichment
will decrease as transpiration increases (Farquhar et al.
2007). However, this expectation is based on steady-state
assumptions and may not hold when there are large
departures from steady state.
Studies on plant species other than Pinus performed in
controlled environments found that diurnal fluctuations in
leaf water isotopic values were better predicted under nonsteady state assumptions than steady-state assumptions
(Cernusak et al. 2002; Farquhar and Cernusak 2005;
Farquhar and Gan 2003; Flanagan and Ehleringer 1991;
Wang and Yakir 1995). In situ field studies are uncommon
for other species, but recent field studies of conifer species
found that non-steady state conditions more robustly predicted leaf water enrichment values in needles than steadystate conditions (Pendall et al. 2005; Lai et al. 2006; Seibt
et al. 2006, 2007; Barnard et al. 2007). Of the two field
studies performed on the genus Pinus, one considered a full
24 diurnal cycle (Barnard et al. 2007), while the other did
not (Pendall et al. 2005).
We investigated the diurnal variation of bulk leaf water
stable isotopes (d18O and dD), in two Pinus species that
have not been previously measured, Jeffrey pine (Pinus
jeffreyi Balf.) and lodgepole pine (Pinus contorta Douglas
ex Louden). The emphasis was on natural patterns of
diurnal variations and how these patterns were described
by both a steady-state and non-steady state model.
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Sampling was conducted during summer and fall. Gas
exchange parameters were measured during the summer.
Steady-state results were compared against measured values for both seasons, and with non-steady state results
during the summer. Because the steady-state model is
easier to estimate than the non-steady state model, it is
instructive to know when the steady-state model is a reasonable approximation of leaf water enrichment.

Materials and methods
Study area
Samples were collected at Little Valley, Nevada, which lies
on the east slope of the Sierra Nevada and is part of the
Whittell Wildlife Area managed by the University of
Nevada, Reno. Sampled trees were spread over an area
approximately 400 m2 in size, at an elevation of 1,990 m
(UTM coordinates 11S, 251303 Easting, 4349515 Northing). The annual climatic regime is summer-dry winterwet, with most precipitation falling in the form of snow.
Based on a 30-year average, mean monthly maximum
temperature reaches 26°C in July, and mean monthly
minimum temperature is as low as -9°C in December
(Vander Wall 2005). Forest cover is dominated by conifers,
mostly Jeffrey pine (P. jeffreyi) and lodgepole pine
(P. contorta), with some white fir (Abies concolor) and
some groves of quaking aspen (Populus tremuloides).
Field methods
A large ([80 cm in diameter at 1–1.4 m above ground)
and a small (\25 cm in diameter at 1–1.4 m above
ground) Jeffrey pine and lodgepole pine (for a total of four
trees) were carefully selected so that they were healthy
and free of recent disturbance, within the 400-m2 plot, all
trees were on the same aspect, the small trees were located
downhill, of the larger trees on a lesser slope. Needles
were hand collected using pruning shears, placed into
glass vials, and quickly sealed with parafilm. These
samples were collected from the lower crown, mixing
needles from different fascicles at the terminal end of the
branches, thus representing a bulk sample of recent needles. Canopy relative humidity and air temperature were
measured using a handheld sensor. Xylem samples were
collected using a 12-mm, battery-powered, drilling bit
from adjacent trees (these large cores would have otherwise heavily damaged the trees that were sampled for
needles). Xylem water was sampled in adjacent trees of
both species between one and three xylem samples were
taken. All samples were then placed into a cooler for
transport and long-term storage.
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Needle samples were obtained on 15–16 October 2005,
and 19–20 June 2006. Observations on solar radiation, dew
point, air temperature, and precipitation were available
from the Little Valley weather station, located less than
1 km from the sampled area. Those weather data were
downloaded from the Western Regional Climate Center
(http://www.wrcc.dri.edu), and described by Monnar
(2007). Weather conditions varied during the fall diurnal
cycle, with rain on 15th October from a fast moving storm.
Collection was delayed until humidity was less than dew
point. Average air temperature on 15th October was 5.4°C,
and the total precipitation for the day was 4.8 mm. 16th
October was a little cooler (average air temperature of
3.8°C), and without precipitation. Weather conditions were
less variable in the summer, with no precipitation on both
days. 19th June was sunny, with average air temperature of
15.6°C, and on the following day average air temperature
was 14.9°C.
During the summer sampling event, measurements of
CO2 gas exchange (lmol CO2 m-2 s-1), transpiration
(mmol H2O m-2 s-1), and stomatal conductance (mol
H2O m-2 s-1) were made using a LI-6400 portable infrared gas analyzer (Li-Cor, Lincoln, NE). The LI-6400
analyzer was used with a clear conifer chamber adapter to
maximize total leaf area within the chamber, and to track
ambient light conditions. The conifer chamber is made of
lexan lined with Teflon and approximates normal photosynthetically active radiation within 10% of ambient light
conditions. The formulas used to determine gas exchange
followed von Caemmerer and Farquhar (1981). Leaf area
was measured by digital image analysis (O’Neal et al.
2002), and used in conjunction with the gas exchange
measurements to assess net photosynthesis, transpiration,
and stomatal conductance.
Laboratory methods and data analysis
Water extraction was performed by azeotropic distillation
using toluene, after the method of Revesz and Woods
(1990). Leaf water concentration was calculated from the
weight of the extracted waters divided by the weight of the
wet samples. Leaf water residence times were calculated
by dividing the weight of water per unit leaf area by the
transpiration rate measured with the LI-6400. Water-d18O
analyses were performed using the CO2 equilibration
technique (Epstein and Mayeda 1953), and water-dD
analyses were performed using an on-line chromium
reduction method (Morrison et al. 2001). Isotope analyses
are reported in the usual d notation versus VSMOW, and
have precision (one standard deviation) of ±0.1% for d18O
and ±1% for dD.
Steady-state modeling of leaf water isotopic compositions was performed using a modified Craig–Gordon
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equation (Cernusak et al. 2002; Craig and Gordon 1965;
Farquhar and Cernusak 2005; Muttiah et al. 2005):
dL ¼ dS þ ek þ ee þ ðdV  dS  ek Þ h

ð1Þ

where dS is the isotopic composition of the source water
(assumed to be the same as xylem water); ek is the kinetic
fractionation factor due to diffusion through stomata and
leaf boundary layer (Farquhar and Lloyd 1993); ee is the
equilibrium liquid–vapor fractionation factor at leaf
temperature (Majoube 1971). Leaf temperature was
assumed to follow canopy air temperature. dV is the
isotopic composition of vapor in the atmosphere, assumed
to be in equilibrium with source water (Muttiah et al.
2005); and h is the leaf boundary relative humidity,
assumed to be in equilibrium with the measured canopy
relative humidity (%). The kinetic fractionation factor for
oxygen can be estimated as:
ek ¼ ð32rs þ 21rb Þ=ðrs þ rb Þ

ð2Þ

where Den is the calculated non-steady state value of isotopic composition at the site of evaporation; Des is the
calculated steady-state value (from Eq. 1) of isotopic
composition at the site of evaporation; W (mol m-2) is the
leaf water concentration; g (mol m-2 s-1) is the total leaf
conductance to water vapor; and wi is the mole fraction of
vapor in the intercellular spaces. The model was initialized
with the measured leaf water enrichment values for
hydrogen and oxygen at 1800 h on 19th June. This was
used as the start time because it was when the first gas
exchange measurements were made concurrent with more
frequent measurements of leaf water isotopic composition
(Cernusak et al. 2002; Pendall et al. 2005). The model was
solved iteratively using the Microsoft Excel solver function
(Cernusak et al. 2002; Pendall et al. 2005). The g parameter
was determined from the gas exchange measurements, and
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Results
Diurnal variations, fall 2005

where rs and rb are stomatal and boundary layer resistances, and 32 and 21% are the respective associated
oxygen isotope fractionation factors (Cappa et al. 2003).
However, since there was no gas exchange data for the fall
sampling, we used an approximation for both seasons.
Since conifer needles have low stomatal conductance and
leaf area is small, thereby increasing boundary layer conductance, the stomatal term will dominate and the equation
will approach 32%, which we used as reasonable approximation. For hydrogen, the same equation was used with
respective fractionation coefficients of 16 and 11%, and a
reasonable approximation of 16% was used.
The gas exchange measurements performed in summer
2006 allowed for non-steady state modeling to be performed (Cernusak et al. 2002; Farquhar and Cernusak
2005; Farquhar et al. 2007; Pendall et al. 2005):
Den ¼ Des  ½ðdðWDen Þ=dtÞ=ðgwi Þ

wi was calculated from leaf temperature at full saturation
(see Pearcy et al. 1990).
A two-way ANOVA was used to determine the effect
of species and tree size (and their interaction) on observed
leaf water enrichment values (dD and d18O). Data were
inspected to meet the assumptions of ANOVA. Significance differences were reported (a \ 0.05). Due to small
sample size (only four trees were sampled) these data are
only indications of trends and are interpreted with caution. Linear correlation was used to determine if there was
a relationship between leaf water enrichment and measured variables (relative humidity, photosynthetic rate,
stomatal conductance, transpiration and canopy
temperature).

Leaf water d18O ranged from 0.7 to 9.0%, and leaf water
dD ranged from -70 to -50%. Xylem water d18O and dD
was characterized at -13.6 and -101%, respectively, for
Jeffrey pine and -13.9 and -104% for lodgepole pine. In
general, measured leaf water d18O decreased in the morning between 7 and 9 am, reached a minimum between 9
and 11 am, and then increased to a maximum in the
afternoon around 2 pm. Measured leaf water dD showed
very similar patterns, decreasing in the morning between 7
and 9 am, reaching a minimum between 9 and 11 am, and
then increasing to a maximum around 2 pm (Fig. 1).
Overall for all four trees, there was no significant correlation between needle water isotopic ratios (d18O and dD)
and canopy temperature or relative humidity. This lack of
correlation held true when correlations were run for subsets
of the data by species and size. In addition to showing
pronounced diurnal variation, d18O and dD were substantially enriched above source water (Fig. 1) ranging from
14.3 to 22.9% for d18O and 31–53% for dD. There was no
main effect of species or tree size on leaf water isotope
values (p [ 0.14), but there was a significant interaction
effect of size and species (p \ 0.003), which is likely due
to the small sample size.
Diurnal variations, summer 2006
Leaf water d18O ranged from 7.7 to 20.7%, and leaf
water dD ranged from -61 to -24%. Xylem water d18O
and dD was characterized at -13.3 ± 0.1% (1 SE) and
-100 ± 1.0%, respectively, for Jeffrey pine and
-17.1 ± 0.6 and -119 ± 7.0% for lodgepole pine.
Measured leaf water d18O decreased in the morning,
reaching a minimum between 8 and 10 am, then increased
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Fig. 1 Diurnal variations of leaf water d18O and dD, and leaf
water–source water enrichments for Pinus contorta and Pinus jeffreyi
on 15–16 October 2005. Gray shading indicates dark hours
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in the in mid-morning to early afternoon, reaching a
maximum by 2–3 pm. Measured leaf water dD followed
similar patterns, decreasing in the morning from 8 to 9 am,
reaching a maximum between 12 and 1 pm, and then
decreasing (Fig. 2). There was also another pronounced
minimum on 19th June in the afternoon between 5 and
6 pm (Fig. 2). Similar to the fall sampling, leaf water was
substantially enriched above source water (Fig. 2) ranging
from 21.0 to 37.8% for d18O and 39 to 95% for dD. A
significant difference (p value \ 0.0002) was detected
between species, with lodgepole pine being more enriched
than Jeffrey pine in both dD and d18O.
Summer gas exchange data showed photosynthetic
activity during daytime, with a maximum of 6 lmol
CO2 m-2 s-1 at 1 pm (Fig. 3). One data point erroneously
indicated nighttime photosynthesis and was likely due to a
transient leak in the chamber for that particular measurement point. Transpiration increased from near zero in two
of the trees at 7 am and was above zero in all trees by
10 am. Transpiration continued to increase in the afternoon
in all but one tree. Stomatal conductance peaked at 7 am in
two of the trees at 75 mmol H2O m-2 s-1, was above zero
in all trees by the 9 am sampling period, and remained
above zero in all but one of the trees until the last measurement period at 3 pm. In general, stomatal conductance
was near zero during dark hours, although two trees
showed evidence of nighttime stomatal conductance.
The d18O of leaf water for all trees sampled had a significant correlation with relative humidity (p = 0.004).
Significant correlations (p \ 0.05) of d18O and relative
humidity held for most groupings (small trees, each species), but not for large trees. However, d18O of leaf water
was not correlated with photosynthetic rate, stomatal conductance, transpiration or canopy temperature for all the
data or any subset of the data (by size or by species). The
dD of leaf water was not significantly correlated with any
variable for any grouping. Relative humidity, leaf water
concentration and calculated leaf water residences times
are plotted for the summer diurnal event (Fig. 4). Relative
humidity increased at night and sharply declined throughout the day reaching values of approximately 10%. There
was no consistent pattern in leaf water concentration. Leaf
water residences times (calculated as the concentration of
leaf water per unit area divided by the transpiration rate)
were generally between 500 and 100 min, except under
low-light or dark conditions when transpiration rates were
very slow or zero, then residence times increased and
approached infinity as transpiration rate approached zero.
In order to conveniently plot all residence time calculations
in a single figure, the very long residence times calculated
when transpiration rates were very slow or zero, have
therefore been assigned and plotted with a residence time
of greater the 5,000 h. (see gray box in Fig. 4.)
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Fig. 2 Diurnal variations of leaf water d18O and dD, and leaf water– c
source water enrichments for Pinus contorta and Pinus jeffreyi on
19–20 June 2006. Gray shading indicates dark hours

Steady-state versus non-steady state modeling
A comparison of measured versus steady-state model
isotopic compositions for the fall 2005 sampling event is
presented in Fig. 5.1 Comparisons of measured versus
steady-state and non-steady state model isotopic compositions for the summer 2006 sampling event are presented in
Figs. 6 and 7 for d18O and dD, respectively. Steady-state
modeled isotopic compositions generally show poor agreement with measured leaf water values (Figs. 5, 6, 7). Typically, the steady-state values overestimate the amount of
isotopic enrichment during the daylight hours, and underestimate the amount of isotopic enrichment during the nighttime
hours. In contrast, the non-steady state model values generally
show a much better correlation with the measured leaf water
values (Figs. 6, 7), although this comparison could only be
performed for the summer 2006 sampling.

Discussion
A striking result was the strong diurnal variation in leaf
water isotopic values and the high levels of enrichment
above source water. The magnitudes of these diurnal
fluctuations were 4.8–6.8% for d18O, and 7–18% for dD in
fall 2005; 6.5–11.5% for d18O, and 12–34% for dD in
summer 2006 (Figs. 1, 2). The general pattern of midafternoon maxima, due to progressive enrichment of
residual leaf water from continued loss of isotopically light
evaporated water, followed by early morning minima,
which was likely due to the recharge of isotopically light
source water to the leaf, agrees well with the general pattern found in other studies (such as Cernusak et al. 2002).
Some previous studies (such as Cernusak et al. 2002)
showed smooth diurnal variation of isotopic compositions,
whereas diurnal isotopic changes in this field study indicate
a greater amount of non-systematic variation on short time
scales.
The high degree of enrichment above source water (up
to 37.8% for d18O and 95% for dD) is indicative of low
stomatal conductance which produces progressive
enrichment above source water. This is supported by the
summer gas exchange data (Fig. 3). Published gas
exchange rates for these species are uncommon, but a
study performed in Montana and Idaho found that mean
maximum photosynthesis rates of lodgepole pine averaged
1

The absence of LI-COR gas exchange measurements precluded
calculation of the non-steady state model.
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Fig. 3 Diurnal gas exchange data for Pinus contorta and Pinus
jeffreyi on 19–20 June 2006. Gray shading indicates dark hours

around 10 lmol m-2 s-1 (Korol 2001) and conductance
was 370 mmol m-2 s-1, which are greater than rates
found in the current study (Fig. 3).
Leaf water residence times were generally between 1.6
and 8.4 h (Fig. 4), which compares to residence times of 2–
82 h for pinyon pine (Pendall et al. 2005), and a residence
time of 11 h for Douglas fir (Lai et al. 2006). The extreme
variation in pinyon pine hampers comparison with the
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Fig. 4 Relative humidity, leaf water concentration and leaf water
residence times for Pinus contorta and Pinus jeffreyi on 19–20 June
2006. For display purposes, when transpiration rates are very slow or
zero, leaf water residence times approach infinity and have therefore
been assigned and plotted with a residence time of greater the
5,000 h. Gray shading indicates dark hours

current study; however, it seems reasonable that these
residence times are long enough so that trees are not
operating under steady-state conditions. Some of the
observed non-systematic variation in leaf water enrichment
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Fig. 5 Comparison of steady-state (modified Craig–Gordon) model values with measured values for leaf water d18O and dD for Pinus contorta
and Pinus jeffreyi on 15–16 October 2005. Gray shading indicates dark hours

observed through time may be due to sampling on different
pine needles where differences in the light environment
and other abiotic factors lead to accumulated differences in
enrichment within a single tree. However, even with this
potential limitation, there was a consistent diurnal pattern
across all sampled trees.
A high degree of isotopic enrichment has been documented in another pine species (Pinus hartwegii) where
leaf water versus source water enrichment reached up to
40.6% for d18O, and up to 104% for dD (Hartsough et al.
2008). Other studies on conifers have reported leaf water
versus source water enrichments of d18O between 12 and
35% (Pendall et al. 2005; Lai et al. 2006; Seibt et al. 2006;
Barnard et al. 2007). Isotopic enrichments of leaf water
versus source water in the current study are high (especially during the summer), but fall within the range of other
published studies.
Overall, comparison to other field studies on conifers
showed that the diurnal isotopic variation measured in this
study was much higher than reported by Pendall et al.
(2005) for pinyon pine (Pinus edulis and P. monophylla) in
the Great Basin and southwest US, and slightly higher than
reported for Sitka spruce (Picea sitchensis) in Scotland
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(Seibt et al. (2007). Values in the current study were
similar to that of Douglas fir (Psuedotsuga menziesii) in the
Pacific Northwest (Lai et al. 2006) and Scots pine (Pinus
sylvestris) in Germany (Barnard et al. 2007). We uncovered seasonal differences in diurnal cycles, with fall d18O
and dD values being less enriched than summer values
(Figs. 1, 2), which suggests that evaporative demand was
greater in summer 2006 than fall 2005. Summer data
showed that lodgepole pine was more enriched than Jeffrey
pine. This suggests that stomatal conductance was lower in
lodgepole pine, which is consistent with the gas exchange
data (Fig. 3).
The steady-state model values showed a poor fit with
measured values in both the fall and summer sampling
events. Suggesting that the evaporative flux term (gwi),
found in the non-steady state equation, was not relatively
high in either sampling period (Cernusak et al. 2002),
because if evaporative flux is high the non-steady state
model approaches the steady-state value (see Eq. 2).
Steady-state modeling overestimated enrichment during
the day and underestimated enrichment at night similar to
reports on other conifer species (Lai et al. 2006; Barnard
et al. 2007). Lai et al. (2006) estimated the Péclet effect to
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Fig. 6 Comparison of steady-state (modified Craig–Gordon) and non-steady state model values with measured values for leaf water d18O for
Pinus contorta and Pinus jeffreyi on 19–20 June 2006. Gray shading indicates dark hours

see if it improved the steady-state model, but there was no
marked improvement. Our findings indicate that interpretation of the d18O and dD in organic material, especially
in tree rings, may not follow steady-state predictions
(Farquhar et al. 2007), as we found poor agreement with
the steady-state model.
In contrast, non-steady state modeling estimations matched measured isotopic compositions much more closely
than the steady-state model (Figs. 6, 7). The non-steady
state model followed measured enrichment and depletion
patterns relatively well, especially during the night. Better
performance of non-steady state modeling over the steadystate model has also been observed in a number of previous
studies (Cernusak et al. 2002; Farquhar and Cernusak
2005; Farquhar and Gan 2003; Flanagan and Ehleringer
1991; Lai et al. 2006; Pendall et al. 2005; Seibt et al. 2007;
Wang and Yakir 1995).

Conclusions
This study revealed distinct diurnal variation in dD and
d18O of leaf water, and a high degree of isotopic

enrichment of leaf water above source water for Jeffrey and
lodgepole pines in the Sierra Nevada. Diurnal changes in
isotopic composition were largest during the summer, but
were also substantial in the fall. Relative humidity, canopy
temperature and leaf gas exchange parameter were not well
correlated with leaf water isotope values. A non-steady
state model was a much better estimator of leaf water
isotopic ratios than a steady-state (modified Craig–Gordon)
model, in agreement with previous studies.
Our results illustrate the importance of considering the
diurnal variation of the isotopic composition of leaf water,
with consequent implications for studies of the isotopic
composition of various atmospheric gases (water vapor,
CO2, O2), climate studies based on the isotopic composition of plant tissues such as tree rings, and investigations of
ecosystem water fluxes. Particularly for the genus Pinus,
reconstruction of climatic records based on the d18O in tree
rings may need to make adjustment for non-steady state
conditions. Further consideration of the diurnal variation of
the isotopic composition of leaf water (especially if these
can be performed with increased spatial resolution), in
conjunction with the rapid and accurate isotope analyses
which can be performed at high temporal and spatial
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Fig. 7 Comparison of steady-state (modified Craig–Gordon) and non-steady state model values with measured values for leaf water dD for
Pinus contorta and Pinus jeffreyi on 19–20 June 2006. Gray shading indicates dark hours

resolution using the newly developed technique of tunable
diode laser absorption spectrometry, promises to yield
improved insight into the complex behavior of water and
other gases in natural environments.
Acknowledgments This work originated from the second author’s
Master’s thesis at the University of Nevada, Reno, and was supported,
in part, by the Whittell Forest Graduate Fellowship to R. Monnar and
by National Science Foundation grant BCS-0518655 to F. Biondi,
who was also funded, in part, by National Science Foundation grant
ATM-CAREER-0132631. We are grateful to Dr. Stephen B. Vander
Wall for logistical support at the Whittell Forest (Little Valley). This
manuscript benefited greatly from the comments of three anonymous
reviewers.

References
Barbour MM, Farquhar GD, Hanson DT, Bickford CP, Power H,
McDowell NG (2007) A new measurement technique reveals
temporal variation in d18O of leaf-respired CO2. Plant Cell
Environ 30:456–468
Barnard RL, Salmon Y, Kodama K, Sörgel HJ, Rennenberg H,
Gessler A, Buchmann N (2007) Evaporative enrichment and
time lags between d18O of leaf water and organic pools in a pine
stand. Plant Cell Environ 30:539–550

123

Cappa CD, Hendricks MB, DePaolo DJ, Cohen RC (2003) Isotopic
fractionation of water during evaporation. J Geophys Res
108(D16):4525–4535
Cernusak LA, Pate JS, Farquhar GD (2002) Diurnal variation in the
stable isotope composition of water and dry matter in fruiting
Lupinus angustifolius under field conditions. Plant Cell Environ
25:893–907
Cernusak LA, Farquhar GD, Wong SC, Stuart-Williams H (2004)
Measurement and interpretation of the oxygen isotope composition of carbon dioxide respired by leaves in the dark. Plant
Physiol 136:3350–3363
Cernusak LA, Farquhar GD, Pate JS (2005) Environmental and
physiological controls over oxygen and carbon isotope composition of Tasmanian blue gum, Eucalyptus globulus. Tree Physiol
25:129–146
Cooper LW, DeNiro MJ (1989) Covariance of oxygen and hydrogen
isotopic compositions in plant water: species effects. Ecology
70:1619–1628
Craig H, Gordon LI (1965) Deuterium and oxygen-18 variations in
the ocean and the marine atmosphere. In: Tongiorgi E (ed)
Proceedings of a conference on stable isotopes in oceanographic
studies and paleotemperatures, Spoleto, Italy, pp 9–130
DeLucia EH, Schlesinger WH (1991) Resource-use efficiency and
drought tolerance in adjacent Great Basin and Sierran plants.
Ecology 72:51–58
Dongmann G, Nonrberg HW, Forstel H, Wagener K (1974) On the
enrichment of H18
2 O in the leaves of transpiring plants. Radiat
Environ Biophys 11:41–52

Trees (2010) 24:585–595
Epstein S, Mayeda T (1953) Variation of 18O content of waters from
natural sources. Geochim Cosmochim Acta 4:213–224
Farquhar GD, Cernusak LA (2005) On the isotopic composition of
leaf water in the non-steady state. Funct Plant Biol 32:293–303
Farquhar GD, Gan KS (2003) On the progressive enrichment of the
oxygen isotopic composition of water along a leaf. Plant Cell
Environ 26:1579–1597
Farquhar GD, Lloyd j (1993) Carbon and oxygen isotope effects in
the exchange of carbon dioxide between terrestrial plants and the
atmosphere. In: Ehleringer JR, Hall AE, Farquhar GD (eds)
Stable isotopes and plant carbon–water relations. Academic
Press, San Diego, pp 47–70
Farquhar GD, Hubick KT, Condon AG, Richards RA (1989) Carbon
isotope fractionation and plant water use efficiency. In: Rundel
PW, Ehleringer JR, Nagy KA (eds) Stable isotopes in ecological
research. Springer, New York, pp 21–40
Farquhar GD, Cernusak LA, Barnes B (2007) Heavy water fractionation during transpiration. Plant Physiol 143:11–18
Flanagan LB, Ehleringer JR (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 Physiol 97:298–305
Gessler A, Peuke AD, Keitel C, Farquhar GD (2007) Oxygen isotope
enrichment of organic matter in Ricinus communis during the
diel course and as affected by assimilate transport. New Phytol
174:600–613
Hartsough P, Poulson SR, Biondi F, Estrada IG (2008) Stable isotope
characterization of the ecohydrological cycle at a tropical
treeline site. Arct Antarct Alp Res 40:343–354
Hoffmann G, Cuntz M, Weber C, Ciais P, Friedlingstein P, Heimann
M, Jouzel J, Kaduk J, Maier-Reimer E, Seibt U, Six K (2004) A
model of the Earth’s Dole effect. Glob Biogeochem Cycles 18.
doi:10.1029/2003GB002059
Korol RT (2001) Physiological attributes of 11 Northwest conifer
species. USDA Forest Service, Rocky Mountain Research
Station
Lai CT, Ehleringer JR, Bond BJ, U KTP (2006) Contributions of
evaporation, isotopic non-steady state transpiration and atmospheric mixing on the delta O-18 of water vapour in Pacific
Northwest coniferous forests. Plant Cell Environ 29:77–94
Luo YH, Sternberg L (1992) Spatial D/H heterogeneity of leaf water.
Plant Physiol 99:348–350
Majoube M (1971) Oxygen-18 and deuterium fractionation between
water and steam. J Chim Physico-Chim Biol 58:1423–1436
Monnar RD (2007) Diurnal cycles of leaf water stable isotopes in two
pine species. Department of Geography, University of Nevada,
Reno
Morrison J, Brockwell T, Merren T, Fourel F, Phillips AM (2001) Online high-precision stable hydrogen isotopic analyses on nanoliter water samples. Anal Chem 73:3570–3575
Muttiah RS, White JD, Duke JR, Allen PM (2005) Estimation of
source water to cedar elm in a central Texas riparian ecosystem.
Hydrol Process 19:475–491

595
O’Neal ME, Landis DA, Isaacs R (2002) An inexpensive, accurate
method for measuring leaf area and defoliation through digital
image analysis. J Econ Entomol 95:1190–1194
Pearcy RW, Ehleringer JR, Mooney HA, Rundel PW (eds) (1990)
Plant physiological ecology: field methods and instrumentation.
Springer, Berlin
Pendall E, Williams DG, Leavitt SW (2005) Comparison of measured
and modeled variations in piñon pine leaf water isotopic
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