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Abstract Stable hydrogen and oxygen isotopic compo-
sition of bulk leaf water (dDlw and d18Olw) in piñon pine
(Pinus edulis and P. monophylla) and gas exchange
parameters were measured under field conditions to
examine the effects of seasonal moisture stress on leaf
water isotopic enrichment. Study sites were located near
the lower elevation limit for piñon in the southwestern
USA. Leaf-level transpiration measurements were made
four times daily in spring, summer and early autumn;
simultaneously, leaf samples were collected for water
extraction and stable isotope analysis. Diurnal varia-
tions in dDlw and d18Olw values were small, especially
when leaf water residence times (molar leaf water con-
tent divided by transpiration rate) were high. Stomatal
conductance explained most of the variance (60%) in
leaf water enrichment across the dataset. Observed leaf
water enrichment was compared with predictions of
steady-state and nonsteady-state models. Nonsteady-
state predictions fit observations the best, although D
enrichment was often lower than predicted by any
model. Hydrogen isotope ratios of leaf water and cel-
lulose nitrate were strongly correlated, demonstrating
preservation of a leaf water signal in wood and leaf
cellulose.

Keywords D/H Æ 18O/16O Æ Relative humidity Æ
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Introduction

The isotopic composition of leaf water responds
dynamically to environmental variations, and in turn
affects the isotopic composition of atmospheric water
vapor and carbon dioxide. Equilibration between leaf
water and CO2 diffusing into and out of leaves con-
tributes to latitudinal and seasonal variations in oxygen
isotope values of atmospheric CO2 on a global scale
(Francey and Tans 1987; Farquhar et al. 1993; Yakir
et al. 1993). A large isotopic offset between leaf water
and soil water may allow partitioning evapotranspira-
tion into its plant and soil components by measuring
vapor (Wang and Yakir 2000) or water pool isotopic
compositions (Ferretti et al. 2003). Leaf water isotopic
composition contributes to the oxygen and hydrogen
isotopic composition of plant organic matter, which is a
long-term recorder of environmental conditions (e.g.,
Epstein and Yapp 1977; Flanagan et al. 1991; Yakir
1992a; Sauer et al. 1997; Barbour and Farquhar 2000;
Pendall 2000). The ability to model and predict seasonal
variations in leaf water isotopic composition will im-
prove paleoclimate reconstructions from isotopes in or-
ganic matter, facilitate global modeling of gross fluxes of
photosynthesis, and perhaps constrain biome-level
photosynthetic rates (Farquhar et al. 1993; Yakir et al.
1993).

Leaf water becomes isotopically enriched relative to
source water during transpiration (Wershaw et al. 1966;
Dongmann et al. 1974; Epstein et al. 1977; Farris and
Strain 1978; Zundel et al. 1978; Walker and Brunel
1990). The stable isotopic composition of leaf water has
been modeled as an evaporating body with one inlet
(leaf veins) and an outlet only via evaporation (Craig
and Gordon 1965; White 1983; Flanagan et al. 1991).
The Craig–Gordon model, originally developed for the
ocean, is the basis for most models relating meteoric
(source) water to the isotopic composition of cellulose
(Yapp and Epstein 1982; Leaney et al. 1985; Edwards
and Fritz 1986; White et al. 1994; Roden and Ehleringer
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1999; Pendall et al. 1999, 2001; Pendall 2000). The
Craig–Gordon model shows that the main factors
influencing the isotopic composition of an evaporating
water body are its starting (source) isotopic composi-
tion, that of vapor, and the relative humidity. Fractio-
nations during vapor–liquid equilibration and diffusion
across the liquid–gas boundary layer were considered
well constrained for the physical systems originally in-
cluded in the model. Although this model has been
successfully applied to many biological systems (for re-
views see Yakir 1992a and Roden et al. 2000), it has been
insufficient for modeling leaf water enrichment in cases
where the leaf water is not homogeneous (Yakir 1992b)
and when evaporation does not occur under steady-state
conditions (Wang and Yakir 1995; Cernusak et al.
2002).

In leaves, xylem water isotopic value (dxw) sets the
‘‘background’’ or source value, but temporal variations
in dlw, or the degree of evaporative enrichment of leaf
water, are controlled by physical environmental condi-
tions and physiological responses to those conditions.
Physiological responses to humidity and soil moisture
often exert strong control over transpiration rates, but
these are not explicitly included in the Craig–Gordon
model. For example, stomatal conductance decreases
with increasing soil moisture stress, reducing transpira-
tion rate and the rate of leaf water enrichment, poten-
tially leading to nonsteady-state conditions (Farris and
Strain 1978; Zundel et al. 1978). The original Craig–
Gordon model included a kinetic fractionation term that
assumed purely diffusive fractionation, but leaves may
also include a turbulent boundary layer that effectively
reduces the kinetic fractionation proportionately as the
importance of turbulent flux increases (Farquhar et al.
1998). Leaf water residence time (molar leaf water con-
tent divided by transpiration rate) may not be constant,
violating the steady-state assumption (Wang and Yakir
1995; Cernusak et al. 2002). Thus, in our view, relative
humidity (or more precisely, leaf–air vapor pressure
difference; Dongmann et al. 1974; Förstel 1978; Allison
et al. 1985; Leaney et al. 1985; Flanagan et al. 1991),
temperature (Walker and Brunel 1990), and soil mois-
ture status (Farris and Strain, 1978; Yakir et al. 1990a,
b) exert control over isotopic enrichment primarily via
their influences over stomatal conductance and thus
transpiration rate and leaf water residence time. [dD or
d18O=((Rsample/Rstandard) � 1)·1,000, where R is the
ratio of heavy to light isotopes, expressed in permil, &,
using V-SMOW as the standard (Coplen 1994).]

The Craig–Gordon model may fit measured dlw val-
ues in many cases (at least during steady-state condi-
tions) because the relative humidity term might
effectively incorporate many of the physiological effects
that drive leaf water enrichment (especially stomatal
conductance). In particular, if changes in values of dxw
and vapor isotopic composition (da) are small, relative
humidity (or vapor pressure deficit) should have the
primary control over variations in dlw. Many observa-
tions support these predictions, with the most enriched

dlw values occurring during the middle of the day when
conditions are warmest and driest (Dongmann et al.
1974; Farris and Strain 1978; Förstel 1978; Zundel et al.
1978; Bariac et al. 1989; Walker and Brunel 1990).
Seasonal variations in dlw were also found to be con-
trolled primarily by relative humidity (Allison et al.
1985).

In several studies, measured dlw values remained
lower than predicted by the Craig–Gordon model (Al-
lison et al. 1985; Bariac et al. 1989; Walker and Brunel
1990; Flanagan et al. 1991, 1993; Wang and Yakir 1995).
This observation has been explained by the possible
existence of two or more compartments of leaf water,
one of which is subject to evaporation, the other isolated
from evaporation sites and retaining a less enriched
isotopic composition similar to xylem sap (White 1983;
Leaney et al. 1985; Yakir et al. 1990a, 1994a). About
10% of the leaf water pool was estimated to be unfrac-
tionated vein water in a recent study (Roden and Ehle-
ringer 1999). Alternatively, the Péclet effect, in which
isotopic gradients form within leaves as diffusion of
evaporatively enriched water is opposed by convection
of unenriched water from the transpiration stream, has
been proposed to explain the discrepancy between pre-
dicted and measured values (Farquhar and Lloyd 1993).
Enrichment of 18O in phloem sucrose supports the
importance of the Péclet effect and transpiration rate on
the difference between measured and predicted dlw
(Barbour et al. 2000a), and this explanation for lower
than expected dlw values may apply to many situations
(Barbour et al. 2004). Less commonly, measured dlw
values may be higher than predicted steady-state values;
this has been explained by decreasing leaf water volume
and nonsteady-state conditions (e.g., Farris and Strain
1978; Wang and Yakir 1995; Cernusak et al. 2002), or by
repeated cycles of enrichment in a partially closed pool
(Cooper and DeNiro 1989) or along a series of pools
(Helliker and Ehleringer 2000). These different expla-
nations for unexpectedly high dlw values have so far been
applied to a limited number of data sets.

Leaf water is the initial source for H and O in pho-
tosynthates, although the degree to which the leaf water
isotopic signal, and therefore, a relative humidity signal,
is retained in secondary compounds such as cellulose
appears to be variable (Roden et al. 2000). A biochem-
ical fractionation of about �50& was invoked to ex-
plain the offset between dD of leaf water and wood
cellulose (White et al. 1994), which may be the net effect
of opposing autotrophic and postphotosynthetic fracti-
onations (Yakir and DeNiro 1990). Some studies have
suggested that postphotosynthetic exchange of H be-
tween triose phosphate intermediates and stem water
during wood formation promotes a strong temperature
(source water) signal (e.g., Hill et al. 1995; Terwilliger
and DeNiro 1995), although a relative humidity (leaf
water) signal may be retained in wood cellulose (e.g.,
Lipp et al. 1991) and in some cases may completely
dominate (Pendall 2000). One mechanistic model
incorporates a factor of 36% H exchange between car-



bohydrates and stem water (Roden et al. 2000), although
this proportion might be expected to vary. Direct com-
parisons of the isotopic composition of leaf water and
the cellulose formed from that water, as well as physi-
ological parameters, may help elucidate mechanisms
underlying the variability of the leaf water vs. stem water
contribution to dD of cellulose.

The main objective of this study was to evaluate how
well models predicted measurements of leaf water
enrichment under varying field conditions. We measured
temporal and spatial variations of dDlw and d18Olw

values in piñon pine (Pinus edulis and P. monophylla), on
sites at the lower tree-line to emphasize the influence of
moisture stress and reduce intra-specific competition.
Our three sites in New Mexico, Arizona and Nevada
provided contrasting conditions of growing season rel-
ative humidity and soil water status. We predicted that
diurnal and seasonal changes in relative humidity,
transpiration and/or stomatal conductance would
influence leaf water isotopic enrichment. Although
diurnal variations in dD and d18O values of leaf water
(lw) have been well documented under natural condi-
tions (e.g., Gonfiantini et al. 1965; Dongmann et al.
1974; Walker and Brunel 1990; Harwood et al. 1998;
Cernusak et al. 2002), few field-based studies have ad-
dressed seasonal changes (e.g., Allison et al. 1985).

We compared our measured dDlw and d18Olw values
with the commonly used Craig–Gordon model as well as
two alternative models to evaluate processes responsible
for seasonal and diurnal variations. We considered the
Péclet effect, which accounts for back-diffusion from the
evaporative sites into the bulk leaf water (Farquhar and
Lloyd 1993), as a possible explanation for bulk leaf
water that were less enriched than predicted from stea-
dy-state. We applied a nonsteady-state model to evalu-
ate possible effects of changing leaf water volumes and

residence times (Cernusak et al. 2002). As a secondary
objective, seasonally averaged dDlw values were com-
pared with wood and leaf cellulose dD values to evaluate
the role of leaf water vs. xylem water in producing the
isotopic composition of cellulose.

Methods

Site description

Sites were established to test the effects of growing sea-
son moisture stress and relative humidity on the stable
isotope composition of leaf water in piñon pine (Pendall
2000). The Goat Draw, NM, site was within the Sevilleta
long term ecological research (LTER) area south of
Albuquerque, at 1,880 m elevation. The Red Butte, AZ,
site was located at 2,120 m elevation, on the northern
flanks of Red Butte, 27 km south of the South Rim of
Grand Canyon National Park. The Great Basin, NV,
site, at 2,060 m elevation, was located �4 km southwest
of the Visitor Center at Great Basin National Park.

Sites were located near the lower tree-line on slopes of
10–15% with shallow soil (<1 m) to ensure that the
primary water source was precipitation. At Goat Draw
and Great Basin, soil textures were very gravelly sandy
loams and loams, but the soil depth was shallower in NV
(�60 cm) than NM (�90 cm). At Red Butte, soil texture
was gravelly clay loam to gravelly clay, with higher
water-holding capacity than at the other two sites. Soil
depth at Red Butte was about 60 cm to fractured bed-
rock.

The three sites had comparable mean annual precip-
itation (330–400 mm) and relative humidity (42–47%),
but because of its lower elevation and latitude, Goat
Draw has higher mean annual temperature than the

Table 1 Site characteristics

Site Goat Draw, NM Red Butte, AZ Great Basin, NV

Elevation (m) 1,880 2,120 2,060
MAPa (mm) 375 400 330
MATb (�C) 12.4 9.3 8.9
Summer Rain (percentage of total) 50 35 25
Local MWLc dD=8.0d18O+13.5,

r2=0.986, n=22
dD=7.4d18O + 6.5,
r2=0.983, n=53

dD=7.2d18O�2.1,
r2 =0.987, n=55

dDmw
d (&) �58.1 �77.4 �99.7

dDgw
e (&) �62.3 �90 �93.1

aMean annual precipitation amount from 1989–1996 at Cerro
Montoso, NM, weather station (34�21¢N, 106�31¢W, 1,975 m);
1903–1995 at Grand Canyon, AZ, weather station (36�03¢N,
112�07¢W, 2,120 m); and 1938–1995 at Great Basin, NV weather
station (39�00¢N, 114�13¢W, 2,080 m)
bMean annual temperature from the same periods at each station
cLocal meteoric water line, calculated from d18O and dD on pre-
cipitation samples collected during 1990–1996 at Great Basin and
Grand Canyon, 1994–1996 at Cerro Montoso. Correlation coeffi-
cients (r2) and number of data points (n) given in parentheses;
P=0.0001 for all lines
dAnnual amount-weighted average dDmw calculated on a water
year basis (October–September) from samples collected during

1990–1996 at Great Basin and Grand Canyon, 1994–1996 at Cerro
Montoso
e Groundwater value from Goat Draw based on four samples
collected in 1995–1996 from a windmill 0.5 km from piñon sam-
pling site. Grand Canyon value based on three samples collected in
1993–1994 from Santa Maria Spring at the South Rim, �27 km
from Red Butte. Great Basin value based on one sample collected
in fall, 1995, from Lehman Cave, �5 km from piñon sampling site.
Goat Draw and Great Basin groundwater samples lie on the local
MWL; no d18O value was available for the Grand Canyon sample,
but it most likely does as well. All groundwater samples represent
shallow groundwater (<100 m depth) at a comparable elevation to
the piñon sampling sites



other two sites (Table 1; Pendall 2000). Precipitation
seasonality at Goat Draw is clearly dominated by the
summer monsoon, which also causes a significant in-
crease in summertime relative humidity; 50% of the
annual precipitation falls in summer. At Red Butte,
precipitation seasonality is weakly bimodal, with peaks
in winter and summer (35% in summer); at Great Basin,
rainfall is nearly equal in all months, with a pronounced
minimum in relative humidity during the summer
months (25% of precipitation falls in summer) (Table 1).
Precipitation patterns during the study period and
sampling dates for all three sites are shown in Fig. 1.

Pinus edulis (Colorado piñon) was studied in NM and
AZ, whereas P. monophylla (single-leaf piñon) was
studied in NV. The two species are genetically similar
enough to hybridize (Malusa 1992), and we evaluated
gas exchange parameters to determine whether species
effects confounded our interpretations. Four mature
trees (�100 to 300 yrs old) were chosen at random from
a larger population on the same hillslope. Trees had
open canopies, and were located in typical open piñon
juniper stands near the lower treeline.

Sampling for leaf water isotopic composition
and physiological parameters

Leaf and stem samples were collected for isotopic anal-
yses in spring, early summer, and early fall at the three
sites. In 1995, leaf and stem samples were collected from
each of the four trees at mid-day. In 1996, leaf samples
were taken from each tree at 07:00, 10:00, 13:00 and
1600 h local time, and stems were collected at 07:00 and
1:300 h to test for diurnal shifts in source water isotopic
composition. About 25–30 fully expanded leaves devel-
oped during the previous growing season were collected
from the stems and placed into scintillation vials with
poly-cone-seal lids. Only sunlit leaves from the southeast
to southwest sides of the trees were taken; cohorts from
several branchlets were collected to fill the 25-mL vials.
Short cores were collected from the trunks of the trees
with a 12-mm diameter increment borer for xylem sap
extraction, and latewood cellulose extraction. Two–four
samples were taken from opposite sides of each tree and
pooled for analysis; bark and phloem were removed be-
fore placing the cores into vials, which were immediately
capped with poly-cone-seal lids. All plant samples were
kept frozen with dry ice during transport and then in a
freezer until water extraction could take place. At Great

Fig. 1 Monthly precipitation totals and sampling dates (asterisks)
for all three sampling sites in 1995 and 1996. a Goat Draw, NM.
Sampling dates were 16 April, 18 June, and 22 September 1995, and
23 April, 12 August, and 5 October 1996. b Red Butte, AZ.
Sampling dates were 18 April, 26 June, and 4 October 1995, and 19
May, 31 July, and 4 October 1996. c Great Basin, NV. Sampling
dates were 1 July and 8 October 1995, and 26 July and 30
September 1996 (Asterisks to the right of the plot area denote
sampling dates in early October)

b



Basin in spring, 1996, only one set of leaf water samples
was collected at 17:00 h, because of inclement weather.
Therefore, spring leaf water samples were excluded from
seasonal comparisons.

Gas exchange measurements were made concurrently
with leaf collection in 1996. A 1995 cohort was selected
from southwest and southeast sides of each tree and
re-sampled for each measurement at 07:00, 10:00, 13:00
and 16:00 h. A PP Systems portable gas exchange sys-
tem (CIRAS-1, PP Systems, Haverville, MA, USA) with
a conifer cuvette was operated at steady-state condi-
tions, with CO2 concentration at 375 (±2 ppmv) and
vapor partial pressure set close to ambient (±0.2 mbar).
Needles were almost always in the sun during mea-
surement (ambient light and temperature conditions
were used in the cuvette). Cohorts were collected after
completing each day’s gas exchange measurements, and
leaf area was determined in the laboratory, using a LI-
COR Model 3100 leaf area meter. Gas exchange results
from the two cohorts were averaged as subsamples, and
then results from each of the four trees were used as
replicates in statistical analyses. Average molar water
content per unit leaf area was determined on a subset of
needles by obtaining fresh and dry weights (60�C) and
leaf area as above. Leaf water residence time, s, was
calculated by dividing the average molar water content
by transpiration rate. Relative humidity was measured
with a sling psychrometer at each collection time; air
temperature was taken from the dry bulb reading and
leaf temperature was assumed to be 1�C higher than air
temperature.

Precipitation samples were collected at daily to
monthly intervals for stable isotope analysis (Pendall
1997). Local meteoric water lines (MWL) were devel-
oped for each site based on the entire period of sampling
(1990–1996 at Great Basin and Grand Canyon; 1994–
1996 at Goat Draw). Atmospheric vapor was collected
by pumping air (�150 ml min�1) from a height of
�1.5 m through three cold-finger traps in series cooled
with dry ice and liquid N2 in ethanol (about �85�C).
The triple-trap was assumed to capture all vapor,
resulting in minimal fractionation. The pump was run
for about 2 h at mid-day on each of the sampling dates.
Enough condensed liquid was collected to analyze for
hydrogen, and usually for oxygen, isotopic composition
(1–3 ml).

Laboratory methods

Cryogenic vacuum distillation was used to extract bulk
leaf water and xylem sap from leaves and 12-mmdiameter
cores (Ehleringer et al. 2000). The distillation temperature
was 95�C and took up to 4 h; water was collected in traps
cooled continuously with liquid N2. Extracted water was
stored with a few grains of activated charcoal in 4-ml vials
with poly-cone-seal caps, and refrigerated until isotopic
analysis. Thismethod removed all water from the leaf and
core samples. Hydrogen from leaf water and precipitation

samples was generated by zinc reduction (Coleman et al.
1982) and analyzed on a Finnigan Delta S and custom-
built hydrogen mass spectrometers at the University of
Arizona Laboratory of Environmental Isotopes, with a
precision of ±2& based on repeated analyses of a labo-
ratory standard. Oxygen isotopes were analyzed at the
University of Arizona after equilibrating 1-mL water
samples with CO2 for 10 h (Epstein and Mayeda 1953),
with a precision of 0.15& based on repeated analyses of a
laboratory standard. Several plant water and precipita-
tion samples from 1996 were analyzed for hydrogen at the
University of Colorado, prepared by reduction in a ura-
nium furnace on a SIRASeries II mass spectrometer, with
precision of ±1.0& based on repeated analyses of a lab-
oratory standard (Vaughn et al. 1998). An adjustment of
+4&, based on inter-laboratory comparison of n=38
standards, was applied to samples analyzed at Colorado.

Leaf and tree-ring samples were collected following
the 1995 and 1996 growing seasons. Unfortunately, the
second year experienced such a severe drought that
insufficient wood was available from Red Butte and
Goat Draw sites. Ground wood and leaf samples were
treated following Leavitt and Danzer (1993) to produce
holocellulose. Nonexchangeable hydrogens were re-
moved by nitrating the cellulose (Sternberg 1989), and
the resulting samples were combusted in the presence of
excess CuO and Ag metal. Water from the combustion
was cryogenically purified and reacted with Zn for dD
analysis (Coleman et al. 1982).

Calculations and statistical analyses

In order to compare the amount of evaporative enrich-
ment taking place in the leaves, the dDlw and d18Olw

values were standardized using dDxw and d18Oxw values.
Measured leaf water enrichment was defined as D
Obs=(dlw�dxw)/(1 + dxw), which is similar to the dif-
ference between dlw and dxw (Barbour et al. 2000a).
Values observed in the field were compared with values
predicted from steady-state isotopic enrichment at the
leaf evaporative sites (Craig and Gordon 1965; Farqu-
har et al. 1989):

DES ¼ e� þ ek þ ðDv � ekÞ
ea
ei

ð1Þ

where e* is the temperature-dependent equilibrium
fractionation factor between liquid and vapor; ek is the
kinetic fractionation factor owing to diffusion through
stomata and boundary layer; ea/ei is the ratio of ambient
to intercellular vapor pressure; and Dv is the isotopic
discrimination between vapor and source water (xylem
water):

Dv ¼
Rv

Rs � 1
� 1; 000 ð2Þ

where Rv and Rs are 18O/16O or D/H of vapor and
xylem water, respectively. For calculating D ES from



Eq. 1, isotopic values of vapor and source (xylem) water
measured at each site on each day were used; thus,
equilibrium between source water and vapor was not
assumed. Equilibrium fractionation factors were esti-
mated for the local air temperature at the time of leaf
sample collection (Majoube 1971). We used kinetic
fractionation factors for purely molecular diffusion (2

ak=1.0251, 18ak=1.032) after sensitivity tests revealed
that correcting for turbulence agreed poorly with ob-
served values (Merlivat1978; Buhay et al. 1996; Pendall
1997; Cappa et al. 2003). We estimated ea/ei from mea-
sured h, air and leaf temperatures, assuming full satu-
ration of the substomatal cavity.

Preliminary analyses showed that observed leaf water
enrichment of hydrogen and oxygen isotopes was pre-
dicted poorly by the steady-state model, with observed
values both more negative and more positive than
steady-state values (Pendall 1997). We estimated non-
steady-state enrichment at the evaporative sites follow-
ing Cernusak et al. (2002):

DEN ¼ DES �
dðW DENÞ=dt

gwi

� �
ð3Þ

whereW is the relative leaf water content (mol m�2), g is
stomatal conductance, and wi is the mole fraction of
vapor in intercellular spaces. Equation 3 was initialized
using the first (0700) measured leaf water enrichment
value as a starting point for each day, and solved iter-
atively using the Solver function in Excel v. X. Values of
g were measured as described above and wi was calcu-
lated from leaf temperature at full saturation.

We estimated steady-state bulk leaf-water enrichment
accounting for back-diffusion (Péclet effect) from (Far-
quhar and Lloyd 1993):

DLS ¼
DESð1� e�qÞ

q
ð4Þ

The dimensionless Péclet number, q, is defined as
(EL)/(CD), where E is transpiration rate, L is the scaled
effective path length, C is molar concentration of water,
and D is diffusivity of H2

18O or HDO in water. We
measured transpiration rates as described above. We
scaled L values to D18OObs for each date and typically
found a good match for L=8 mm, although 1.5 m was
used in spring at Goat Draw, and 150 mm in summer at
Red Butte. The effective path length values are much
larger than the leaf length because of tortuosity effects.

Repeated measures ANOVA (ANOVAR) was con-
ducted to test for differences in stable isotope values in
leaf water between sampling dates (spring, summer and
fall) with time as the repeated measure (Scheiner and
Gurevitch 1993). Pearson’s correlation coefficients
demonstrated relationships among physiological and
environmental factors and leaf water enrichment. Sig-
nificance levels of P<0.05 were considered significant
unless otherwise noted. SAS v. 6.0 was used for all tests
(SAS Institute, Inc. 1990).

Results

Diurnal and seasonal patterns of leaf water
enrichment and gas exchange across a moisture gradient

We observed small diurnal variations but large seasonal
contrasts in dDlw and d18Olw values at Goat Draw, Red
Butte and Great Basin in 1996 (Tables 2, 3, 4, respec-
tively). Significant variations in dDlw were found among

Table 2 Gas exchange parameters and stable isotope composition of leaf water (lw), xylem water (xw), and vapor (a) collected at Goat
Draw, NM, in 1996

Time Air temperature
(�C)

RHa

(%)
VPDb

(kPa)
Ec (mmol
m�2 s�1)

gs
d (mmol
m�2 s�1)

se (h) dDlw (&) dOlw (&) dDxw
(&)

dOxw
(&)

dDa
(&)

dOa
(&)

Spring: April 23
7:00 13.4 13 1.80 0.083 (0.040) 4.0 (1.7) 53.9 �1.8 (2.8) 20.1 (0.1) �69 (5.4) �6.7(5.4) (0.61)
10:00 14.7 12 1.98 0.064 (0.007) 1.9 (0.2) 70.6 �4.4 (2.6) 20.7 (0.9)
13:00 20.8 14 2.83 0.055 (0.007) 1.2 (0.2) 81.6 �1.9 (0.5) 19.4 (1.3) �190 �33
16:00 23.9 9 3.60 0.055 (0.010) 1.1 (0.2) 81.6 3.7 (3.8) 20.1 (1.1)
Summer: August 12
7:00 18.6 51 1.48 0.977 (0.065) 50.4 (3.0) 4.6 14.8 (0.7) 20.2 (0.4) �42 (1.1) �5.2 (0.64)
10:00 25.6 34 2.96 1.546 (0.110) 39.4 (2.8) 2.9 17.6 (0.9) 20.0 (0.2)
13:00 31.1 26 4.51 2.024 (0.288) 43.2 (7.2) 2.2 18.1 (1.2) 21.6 (0.8)) �102 �18
16:00 32.8 13 5.77 1.418 (0.263) 27.8 (6.5) 3.2 19.6 (0.5) 23.7 (0.5)
Fall: October 5
7:00 9.4 98 0.13 0.696 (0.056) 77.2 (6.9) 6.5 �15.5 (2.4) 4.4 (0.9) �49 (4.4) �5.9 (0.84)
10:00 14.2 83 0.48 0.890 (0.069) 96.2 (3.7) 5.1 �16.7 (0.8) 2.8 (0.4)
13:00 18.0 68 0.99 1.572 (0.040) 117.8 (4.9) 2.9 �12.1 (1.1) 6.2 (0.5) �95 �17
16:00 21.1 62 1.39 0.921 (0.097) 68.1 (6.7) 4.9 �7.9 (3.6) 8.0 (1.4)

Standard errors in parentheses (n=4)
aRelative humidity of air
bLeaf-to-air vapor pressure deficit, VPD=(ei � ea)/P, where
ei=intercellular vapor pressure, ea=atmospheric vapor pressure,
P=atmospheric pressure

cTranspiration rate, E=gs VPD/(1 � (ei + ea)/2P)
dStomatal conductance
eResidence time of leaf water, molar volume per unit area (not
shown) divided by transpiration rate


















