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Abstract

We describe a novel method for partitioning evapotranspiration (ET) from isotopic measurements of water vapor within large

(4.86 m3) plot-scale gas exchange chambers. Using this approach, the short-term (15-day) dynamics of transpiration (T) and

evaporation (E) in experimental replicated stands of the invasive grass Eragrostis lehmanniana and the native Heteropogon

contortus were assessed following a 39-mm irrigation event in semiarid grassland in southeastern Arizona, USA. Water vapor

samples (20–40 mL each) were collected sequentially during a 6-min transient increase of vapor concentration inside the chambers

and used to produce Keeling plots (isotope mixing relationships) for identification of the isotopic composition of ET and

partitioning of component fluxes. The method worked well in plots free of grass cover and in the sparsely covered plots of E.

lehmanniana. Keeling plot estimates of the isotopic composition of soil evaporation (dE) in bare plots closely matched modeled

values, lending strong support for the validity of the chamber approach. T/ET increased in stands of E. lehmanniana from

0.35 � 0.07 on day 1 to 0.43 � 0.08 on day 3 after the irrigation pulse, but decreased to 0.22 � 0.05 by day 7 as the soil surface

dried. Estimates of stand transpiration from the Keeling plot chamber method were positively correlated (Pearson’s r = 0.76,

p = 0.0004, n = 17) with independent estimates based on leaf-to-canopy scaling of stomatal conductance. We were unable to

calculate T/ET on days 1 and 3 in plots of H. contortus because Keeling plot intercepts did not fall within the range of soil and

canopy end-member isotope values. This likely occurred due to unaccounted effects of a wet litter layer on the estimation of dE. Our

approach is useful for partitioning ET over a dynamic wetting event in semi-arid grassland at a scale relevant for experimental

ecosystem studies, but requires further validation under a wide range of vegetation structures and environmental conditions.
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1. Introduction

Arid and semiarid ecosystems are characterized by

infrequent precipitation events and highly variable soil

moisture. Episodic increases in resource availability in

these ecosystems trigger active, but short-lived periods

of soil nutrient cycling and biosphere-atmosphere

exchange of materials and energy (Austin et al.,

2004; Huxman et al., 2004a). Water from growing-

season precipitation is rapidly lost from the rooting zone

by transpiration or soil evaporation depending, in part,

on the size of the precipitation event (Loik et al., 2004)

and structural and physiological characteristics of the

vegetation (Huxman et al., 2004a). From an ecohy-

drological perspective, characterizing the rapid changes

in plant transpiration and soil evaporation during these

dynamic wetting and drying cycles will help to resolve

the linkages between precipitation and ecosystem

production (Huxman et al., 2005), and the role of

vegetation in controlling water balance (Scanlon et al.,

2005).

The ratio of transpiration (T) to evapotranspiration

(ET) is a synthetic parameter that integrates ecophy-

siological and microenvinronmental controls on total

ecosystem water exchange (Reynolds et al., 2000), and

provides insight into mechanisms linking the carbon

and water cycle. This parameter is often approximated

with modeling or with empirical measurements made at

unmatched spatial and temporal scales (Reynolds et al.,

2000; Wilson et al., 2001). For instance, micrometeor-

ological techniques integrate ET fluxes over large areas,

but often lack information on ET components (Mon-

crieff et al., 2000). In contrast, up-scaling gas exchange

measurements from plants and soil surfaces is challen-

ging due to the heterogeneous nature of natural

ecosystems (Pearcy et al., 1989; Kostner, 2001). Both

approaches have limitations in experimental ecosystem

studies where plot size is often small and the demand for

measurement replication is high.

The use of stable isotope techniques to scale and

partition CO2 and water fluxes is now common in

terrestrial ecosystem studies (Yakir and Sternberg,

2000). Stable isotope measurements offer valuable

information on the sources of and processes influencing

ET (Wang and Yakir, 2000). When combined with flux

measurements (Williams et al., 2004) and/or process-

based ecosystem models (Riley et al., 2003) isotope

measurements provide unique information about the

biophysical controls on ecosystem gas exchange.

Dynamic changes in T/ET can be estimated from the

isotopic composition of water vapor in the ecosystem

boundary layer and that of the sources of ecosystem
water flux. Water added to the ecosystem air from ET

carry the unique isotopic signal(s) from plants and soil

(Wang and Yakir, 2000). By knowing the isotopic signal

of plant transpiration and soil evaporation (E), the

relative contributions of E and T to total ET can be

determined. Isotopic mass balance is used to estimate

these fractions (Yakir and Sternberg, 2000):

T

ET
¼ dET � dE

dT � dE
(1)

where dET is the isotopic composition of evapotranspira-

tion determined with a Keeling plot of water vapor

(Keeling, 1961; Wang and Yakir, 2000); dT, the isotopic

composition of transpiration (Flanagan et al., 1991;

Farquhar and Cernusak, 2005) and dE is the heavily

fractionated isotopic composition of the vapor from soil

evaporation (Craig and Gordon, 1965; Gat, 1996).

Keeling plots of water vapor have been used success-

fully to describe ecosystem-level water relations in

tropical and temperate forest (Moreira et al., 1997;

Harwood et al., 1999), herbaceous and woody crops

(Wang and Yakir, 2000; Williams et al., 2004), a

semiarid woodland (Yepez et al., 2003) and a sub-humid

temperate grassland (Helliker et al., 2002).

In this paper, we present a method for determining

instantaneous T/ET values from Keeling plots of water

vapor generated within a static, plot-scale gas exchange

chamber. We demonstrate the applicability of the

method by describing the short-term patterns of ET and

T/ET in experimental grassland plots following a large

irrigation pulse.

2. Materials and methods

2.1. Experimental grassland plots and irrigation

Short-term patterns of ET and T/ET were measured

in experimental plots (1.8 m � 1.5 m) of the African

invasive grass Eragrostis lehmanniana Ness. and the

native grass Heteropogon contortus (L.) Beauv. grow-

ing under rain-out shelters at the Santa Rita Experi-

mental Range (SRER) in southeastern Arizona, USA

(English et al., 2005; 318780N, 1008880W). Replicated

grass-covered plots of each species were arranged in

three rain-out shelters. Measurements were made also

on two bare plots where the only possible source of ET

was soil evaporation. Soil at this study site is a coarse,

loamy-sand with 6% clay. The experimental plots used

in this study had received experimental precipitation

regimes for 2 years that closely matched the long-term

precipitation average (English et al., 2005). We hand-
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irrigated each plot with 39 mm of water at the start of

the growing season (June 12) in 2003 to simulate a large

precipitation event. As part of a larger effort to

understand dynamics of plant water uptake in grasses

and tree seedlings following water manipulations in the

experimental plots (e.g. Fravolini et al., 2005),

irrigation water used in our study was highly enriched

with 2H, which produced a d2H value of +143%.

Labeling is not necessarily required for ET partitioning

using the Keeling plot approach.

2.2. Evapotranspiration measurements

Instantaneous ET rates were measured twice daily in

each plot on days �1, 1, 3, 7 and 15 with respect to the

watering treatment (hereafter designated D�1, D1, D3,

D7 and D15). Measurements were made in the morning

between 8:30 and 11:30 h (local time) and in the

afternoon between 14:00 and 16:30 h. ETwas measured

using a large (4.86 m3), plot-sized gas exchange

chamber similar to the one used in Huxman et al.

(2004b). Chamber materials were the same as those

described in Arnone and Obrist (2003). The chamber

was fitted tightly to the ground surface onto 5-cm high

permanent boarders delimiting plot boundaries and was

sealed by pressing side sleeves to the ground with a

heavy steel chain. ET rates were calculated from the

slope of incremental increases in water vapor concen-

tration inside the chamber through time (mmol H2O

s�1). Vapor concentration was measured with an

infrared gas analyzer (IRGA; LI-7000, Li-Cor Inc.,

Lincoln, NE, USA) configured in a closed loop with the

chamber. Three 625-cm2 12-V DC fans fitted to a tripod

mixed the air inside the chamber. The air was drawn

through low absorption tubing (3 mm i.d.; Bev-a-Line

IV, Thermoplastic Inc., Stirling, NJ, USA) with a small

diaphragm pump (Gast Inc., Benton Harbor, MI, USA)

for sampling at a flow rate of 3 L min�1 (measured with

a direct reading flow meter; Gilmont Instruments,

Barrington, IL, USA). Air temperature inside the

chamber was measured at 1-s intervals with a shielded,

fine-wire copper-constantan thermocouple. Each ET

measurement lasted 6 min, which resulted in an

increase of water vapor concentration of approximately

10–15 mmol mol�1 and an increase of air temperature

of typically 1 8C.

2.3. Evapotranspiration flux partitioning

2.3.1. Vapor collection for Keeling plot analysis

We calculated T/ET during measurements of

ecosystem gas exchange based on isotopic mass balance
(Eq. (1)). Keeling plots of water vapor were used to

determine dET (Wang and Yakir, 2000). Keeling plots

were obtained by regressing the isotopic composition

(d2H) of five vapor samples withdrawn from the

chamber at different time intervals against the inverse

of the vapor concentrations inside the chamber during

the gas exchange measurements. For this relationship,

the y-intercept of the best-fit line indicated dET. Errors
from the measurements of the isotopic composition and

the vapor concentration were calculated for the

intercept using a geometric mean regression (Sokal

and Rohlf, 1995). The standard error of the intercept

was calculated with estimates from the original

regression (model I; Sokal and Rohlf, 1995). We

further used estimates of T/ET from the chamber

method to calculate instantaneous rates of stand

transpiration from each stand by multiplying T/ET

times the net evapotranspiration rate (e.g. T = T/

ET � ET).

Water vapor collection for isotope analysis was made

with a five-port cryogenic vapor trapping system

(Fig. 1). The trapping system consisted of a set of

10-paired electronic solenoid valves (Clippard Inc.

Cincinnati, OH, USA), a datalogger (CR23x, Campbell

scientific, Logan UT, USA), an array of five solid-state

relays (DC60S3, Crydom Corp., San Diego, CA, USA)

and a cold ethanol bath holding five 25-cm long glass

vapor traps (modified from Helliker et al., 2002). The

ethanol was kept at �80 8C with frequent additions of

liquid nitrogen. Vapor collection started 10 s after the

chamber was placed and sealed to the ground for gas

exchange measurements (see above). During the gas

exchange measurements, the datalogger-controlled

relays opened and closed paired valves every 70 s to

route air flow sequentially through each of the five glass

traps. Opened valves allowed constant flow (3 L min�1)

to one trap at a time. Traps were completely isolated

from the loop and from background air when valves

were closed. Individual traps collected between 20 and

40 mL of water, depending on the ET rates and the

position in the collection sequence during gas exchange

measurements. After the complete 6-min interval, traps

were removed from the bath and immediately sealed

with a rubber stopper and Parafilm. Samples were then

wrapped in aluminum foil and stored at 2 8C in a dry

insulated cooler for transport to the lab.

2.3.2. Isotopic composition of transpiration

The isotopic composition of transpiration (dT;

Eq. (1)) was calculated from modeled values of leaf

water enrichment under non-steady state conditions

(Farquhar and Cernusak, 2005):
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Fig. 1. Diagram of gas exchange and vapor trapping system used to measure ET rates and to collect water vapor for stable isotope analysis. For

clarity, only one of the five glass vapor traps is shown.
Den ¼ Des�
�
dðWDenÞ=dt

gwi

�
(2)

where Den is the isotopic enrichment of leaf water

under non-steady state conditions; Des, the isotopic

enrichment of leaf water at steady state (Craig and

Gordon, 1965); W, the relative leaf water concentration

(mol m�2); g, stomatal conductance (mol m�2 s�1); t,

time (s) and wi, the mole fraction of leaf water (e.g.

vapor saturation at leaf temperature/atmospheric pres-

sure). The leaf evaporative water enrichment at isotopic

steady state was calculated as (Cernusak et al., 2002):

Des ¼ e� þ ek þ ðDa � ekÞ
ea
ei

(3)
where e* is the temperature-dependent equilibrium

fractionation factor in permil; ek, the kinetic fractiona-

tion factor for d2H (16.4%; Cappa et al., 2003); Da, the

isotopic discrimination between ambient vapor sur-

rounding the leaf and source (stem) water (Da = Ra/

RS � 1, where Ra and RS are molar ratios of heavy to

light isotopes of vapor and stem water, respectively); ea,

the ambient vapor pressure and ei is the vapor pressure

at the intercellular leaf spaces (e.g. saturation vapor

pressure at leaf temperature).

The isotopic composition of transpiration relative to

the source water was then calculated as (Farquhar and

Cernusak, 2005):

DT ¼ Den� Des

aka�ð1� hÞ (4)
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where DT denotes the isotopic composition of tran-

spired vapor expressed as deviation beyond the source

(stem) water; ak, the kinetic fractionation factor for

hydrogen (1.016; Cappa et al., 2003); a*, the equili-

brium fractionation factor (Majoube, 1971); and h, the

relative humidity normalized to the leaf temperature.

Eqs. (2)–(4) were parameterized with g data for the

grasses (see Section 2.5) and microclimate measure-

ments to develop predictions of DT for each whole-plot

gas exchange measurement period. Eq. (2) was solved

iteratively for three periods during the day using the

Solver function from Microsoft Excel. The model was

initialized for each vegetation plot at 7:00 h, 2 h before

the first gas exchange measurement. Den at this time

was assumed to be 40% (Cernusak et al., 2002). The

average relative water content of three leaves collected

at predawn was used for the initial value of W. We used

average values of W measured at 9:00, 12:00 and

16:00 h on three leaves per species for the remainder of

the iterations. The daily average W for E. lehmanniana

was 7.9 � 1 mol m�2 and for H. contortus was

8.7 � 1.6 mol m�2 with the standard deviation indicat-

ing the difference between W values at predawn and

those at 16:00 h. In all simulations, we assumed fixed

time intervals for all plots. Such intervals roughly

corresponded to the average time between 7:00, 9:00,

12:00 and 16:00 h.

We used the isotopic composition of the first vapor

sample collected from the static chamber for Ra in

Eq. (3). We used the values corresponding to each plot

for morning and afternoon while the average of these

two periods was used for the midday iteration. We

collected small (�3-cm long) portions of shoot bases

near the ground surface from three different grasses

growing inside each experimental plot at midday of

each measurement day for estimates of RS. Grass

samples were combined into a single sample within

each plot and then placed into screw-cap glass vials and

sealed with Parafilm.

2.3.3. Isotopic composition of the soil evaporation

flux

We collected soil samples from six depths (0–2, 2–4,

4–6, 6–10, 10–20 and20–30 cm)within eachplot on each

sampling day to determine the water content and the

isotopic composition of water for calculations of dE

(Eq. (1)). Soil samples in the field were handled similarly

to the stems. The soil moisture profiles were used to

identify soil layers where liquid water was available for

evaporation, defined here as the transition zone between

liquid andvapor diffusion (van deGriend andOwe, 1994;

Yamanaka and Yonetani, 1999; Whythers et al., 1999).
This region occurred near the soil surface shortly after

irrigation, but as the topsoil dried the evaporation front

deepened in the soil profile. Liquid diffusion in the soil is

limited by a critical matric potential (Cme); below this

critical value (more negative matric potential) water

transport takes place only as vapor. In coarse sand; Cme

occurs at about �7 MPa (at 0.02 m3 m�3 volumetric

water content) while liquid diffusion is at maximum

around�0.2 MPa (0.09 m3 m�3) (Konukcu et al., 2004).

We assumed that the upper boundary of a 10 cm thick

evaporation front occurred within this transition zone in

the sandy soils in our experimental plots and used a soil

water potential of �3.6 MPa (0.027 m3 m�3 or 10%

below thewater contentwhereCme occurs in coarse sand)

as a threshold value to indicate the top of the evaporation

front. We used the average isotopic values of soil water

from these layers in each plot for the calculations of dE

(below). We used the average values from 0 to 10 cm on

D1 and D3 and the value from the 10–20 cm layer on D7

(Fig. 2). The soil profile was too dry in all plots on D15

and none of the layers from0 to 30 cmmet our criteria for

estimating dE. Therefore, we did not compute dE on D15.

We further compared the isotopic composition of grass

source water (xylem water in basal culms) with the

isotope values of water from our assumed evaporation

front to determine if grass source water values would

serve as a suitable proxy for the isotopic composition of

water at the evaporation front (Wang and Yakir, 2000).

dE (d2H) was calculated based on Craig and Gordon

(1965) formulation that accounts for equilibrium and

kinetic fractionation during phase change and diffusion

of water vapor to the mixed boundary layer near the soil

surface. The expression for the overall fractionation in

delta notation (%) is provided in Wang and Yakir

(2000):

dE ¼ a�dL � hda � e� � ð1� hÞek
ð1� hÞ þ ð1� hÞðek=1000Þ

(5)

where dE is the isotopic composition water evaporated

from the soil; dL, the isotopic composition of liquid

water at the evaporating front; and da, the isotopic

composition of the background atmospheric water

vapor. a* is the temperature-dependent equilibrium

fractionation factor for 2H [a* = (24.844(106/

Tsoil
2) � 76.248 (103/Tsoil) + 52.612)/1000 + 1] with

Tsoil in degrees Kelvin (Majoube, 1971).

e* = (1 � a*) � 103. ek is the kinetic fractionation factor
for hydrogen (16.4% for non-turbulent conditions and

10.9% for turbulent transport; Cappa et al., 2003); and

h, the relative humidity normalized to the temperature
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Fig. 2. Surface soil volumetric water content (uv) and corresponding

d2H profiles in experimental stands of Eragrostis lehmanniana (dark

symbols) and Heteropogon contortus (open symbols) on three differ-

ent days following an experimental irrigation. Bars are the standard

errors of the mean (n = 3). Shaded regions indicate the assumed

evaporation front for calculations of dE.
of the soil surface. dE estimates were made using the

average soil temperature recorded at 5 cm depth in three

randomly chosen locations inside each stand prior to the

gas exchange measurement to calculate a* and normal-

ize h, the isotopic composition of liquid soil water at the

evaporation front and the initial isotopic composition of
vapor inside the chamber (e.g. the value of the first

vapor sample withdrawn from the chamber). Turbulent

conditions for evaporation were assumed to occur only

when the surface soil layers were visually wet; 10.9%
was used for ek on D1 in stands of E. lehmanniana.

2.4. Isotope analysis

Water extraction of soils and stems for isotope

analysis was carried out by cryogenic vacuum distilla-

tion (Ehleringer et al., 2000). Similarly, water vapor

from gas exchange was quantitatively distilled to flame-

sealed Pyrex tubes for storage within a few days after

collection. Following the extraction, the volumetric

water content (uv) of the soil samples was determined

based on the change in weight of each sample and the

bulk density of the soil. d2H values of vapor, soils and

stem water were measured with a dual-inlet isotope

ratio mass spectrometer (Optima, Micromass Ltd.,

Manchester, UK) at the University of Wyoming Stable

Isotope Facility following an offline reduction with zinc

(Coleman et al., 1982). Reported values are in per mil

(%) relative to V-SMOW. Precision for our method

based on repeated analysis of working standards was

1.2%.

2.5. Grass water relations and leaf-to-canopy

scaling

Predawn shoot water potentials were determined on

one individual grass plant per plot on (D�1, D1 and D3

with a Scholander-type pressure chamber (PMS

Instrument Co., Corvallis, OR, USA). Stomatal con-

ductance (g) was measured at morning, midday and

afternoon in grasses from all plots during the same days

on which stand-level gas exchange was determined.

Measurements were made on one fully expanded sun-lit

leaf per plot with a LI-6400 photosynthesis system (Li-

Cor Inc., Lincoln, NE, USA), where temperature,

photosynthetically active radiation and humidity in the

chamber were set to match ambient conditions. Canopy

temperatures were determined with an infrared thermo-

meter at the time of stomatal conductance measure-

ments.

We estimated canopy light interception as an indirect

index of canopy cover (e.g. live and dead standing

biomass) on each plot prior to the irrigation with a 1-m

line quantum sensor (Li-191, Li-Cor Inc., Lincoln, NE,

USA). After one above-canopy (1.5 m) reading, the

sensor was inserted above leaf litter but below any

standing blades of grass. Three light measurements

were taken perpendicular to the long axis of each plot at
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Fig. 3. Daytime evapotranspiration rates in experimental stands of E.

lehmanniana and H. contortus following an experimental irrigation of

39 mm. Bars are standard errors of the mean (n = 3).
approximately 1/4, 1/2, and 3/4 along the axis. The

mean difference between these three readings and the

above canopy reading was computed as the light canopy

interception. Green leaf area (LAI; m2 m�2) from each

plot was determined as in Huxman et al. (2004b) by

multiplying the mean individual tiller’s leaf area by the

mean number of live tillers per individual and plant

density in a given stand. We scaled leaf-level

transpiration to canopy transpiration rates based on

the measurements of LAI, g, canopy temperature and

the difference in vapor pressure between the air and

canopy (Pearcy et al., 1989). Estimates of canopy

transpiration from this method were compared with

those from the stable isotope chamber method at

corresponding times (Section 2.3).

3. Results

3.1. Soil water budget and evapotranspiration

The soil volumetric water content (uv) from 0 to

30 cm depth increased in all experimental plots

following the 39-mm irrigation, but decreased to

original levels within 15 days. uv was higher in stands

of H. contortus than in stands of E. lehmanniana during

the first week after the wetting event (Fig. 2). The

isotopic composition of water within the soil profile

during the first 3 days following the wetting event was

similar between plots covered with the two grass

species. Values from the top 10 cm were very similar to

that of the irrigation label (+143%) suggesting that the

irrigation water was the dominant source of water in the

surface layers but mixed at a slower rate with less

enriched water at lower depths (Fig. 2). Soil water in

stands of H. contortus by D7 had a more positive d2H

value compared to that in stands of E. lehmanniana

(Fig. 2). The greater isotopic enrichment of soil water in

H. contortus stands compared to E. lehmanniana stands

on D7 indicates that proportionally more water was lost

through soil evaporation over the pulse period in the

native grass community. Interestingly, this pattern

contrast with observations from the previous year

under similar experimental conditions (Huxman et al.,

2004b).

Soil wetting by irrigation produced a rapid increase

in ET that reached maximum rates on D3 (Fig. 3). ET

rates over the 15-day period in stands of H. contortus

were low compared to those in stands of E. lehmanniana

( p = 0.028; species by time interaction; MANOVA

repeated measurements analysis). The contrasting ET

rates among stands of both species were reflected in soil

water storage. Low ET rates in stands of H. contortus
maintained higher soil moisture content than in stands

of E. lehmanniana (Fig. 2).

3.2. Plant responses to the irrigation pulse

The moisture pulse produced a rapid ecophysiolo-

gical response in E. lehmanniana. Shoot water

potentials in this invasive grass rapidly shifted from

very negative values on D�1 (<�5 MPa) to an average

of �0.9 � 0.5 MPa on D1 and �1.4 � 0.6 on D3. In

contrast, the response of H. contortus was less

pronounced. Shoot water potentials only rose to

�1.7 � 0.5 and�1.8 � 0.6 on D1 and D3, respectively,

in this native grass. Similarly, the isotopic composition

of stem water revealed greater uptake of the labeled

irrigation water in stands of E. lehmanniana compared

to stands of H. contortus. Based on a simple, two-ended

linear mixing relationship 92 � 3.5% of the E.

lehmanniana transpiration water on D3 was from the

irrigation pulse and only 82 � 3.9% of transpiration

water was from the irrigation pulse in H. contortus. H.

contortus apparently had limited physiological recovery

from antecedent drought conditions.

The average plant density in vegetated stands was

16 � 1.7 and 17 � 1 plants per plot for H. contortus and

E. lehmanniana, respectively. Despite the similarities in

plant density, two important structural differences were

evident between stands of the two species. In stands of

E. lehmanniana green LAI was higher, in these stands

the mean green LAI was 0.66 � 0.20 m2 m�2 compared



E.A. Yepez et al. / Agricultural and Forest Meteorology 132 (2005) 359–376366
to an average of 0.37 � 0.05 m2 m�2 in stands of H.

contortus. Conversely, dead standing biomass and

ground litter cover was much higher in stands of H.

contortus (authors personal observation) than in stands

of E. lehmanniana. Differences in canopy light

interception among stands of both species and

differences in soil temperature (at 5 cm depth)

indirectly supported our observation. The mean canopy

light interception in stands of E. lehmanniana was
Table 1

Geometric mean regression parameters for Keeling plots of water

vapor produced in three stands of E. lehmanniana during morning

(a.m.) and afternoon (p.m.) of several days following the water pulse

Slope y-intercept r2 p

Day 1

Stand 1

a.m. (�940.7 � 51.9) +67.7 � 3.2 0.99 0.004

p.m. (�707.0 � 42.6) +72.9 � 3.3 0.99 0.001

Stand 2

a.m. (�756.7 � 80.0) +87.9 � 6.9 0.97 0.003

p.m. – – – –

Stand 3

a.m. (�1227.5 � 82.4) +83.9 � 5.3 0.98 0.007

p.m. (�892.8 � 81.7) +86.3 � 5.5 0.97 0.002

Day 3

Stand 1

a.m. (�1098.7 � 121.7) +94.3 � 8.1 0.96 0.003

p.m. (�842.4 � 38.0) +81.3 � 2.0 0.99 0.001

Stand 2

a.m. (�1158.5 � 91.4) +100.3 � 7.2 0.98 0.001

p.m. (�943.3 � 141.8) +90.7 � 11.8 0.93 0.008

Stand 3

a.m. (�1037.4 � 45.3) +89.4 � 3.2 0.99 0.001

p.m. (�1059.4 � 137.1) +85.7 � 10.8 0.95 0.005

Day 7

Stand 1

a.m. (�690.1 � 110.4) +30.7 � 9.2 0.92 0.009

p.m. (�871.6 � 127.5) +40.1 � 12.2 0.93 0.007

Stand 2

a.m. (�649.6 � 87.7) +36.2 � 8.9 0.94 0.006

p.m. (�757.6 � 107.0) +22.6 � 10.4 0.94 0.006

Stand 3

a.m. (�792.3 � 176.0) +53.7 � 15.9 0.85 0.025

p.m. (�882.0 � 143.8) +53.6 � 13.5 0.94 0.026

Day 15

Stand 1

a.m. (�431.0 � 105.9) �44.2 � 10.3 0.81 0.040

Stand 2

a.m. (�230.0 � 107.1) �71.2 � 13.1 0.35 0.290

Stand 3

a.m. (�306.9 � 132.3) �56.6 � 14.5 0.44 0.220

The y-intercept in all regressions (bold; n = 5) represents the isotopic

composition (2H) of the ET flux (dET).
34 � 8% versus 50 � 18% in stands of H. contortus.

Soil temperatures at 5 cm depth in stands of H.

contortus were on average 5 8C cooler during gas

exchange measurements than in soils from stands of E.

lehmanniana. The limited physiological recovery, low

green LAI and the cooling effect of the dead standing

biomass and litter cover in plots of H. contortus may

explain the lower ET rates in these stands (Fig. 3;

Murphy et al., 2004).
Table 2

Geometric mean regression parameters for Keeling plots of water

vapor produced in three stands of H. contortus during morning (a.m.)

and afternoon (p.m.) periods on several days following a 39-mm

irrigation pulse

Slope y-intercept r2 p

Day 1

Stand 1

a.m. (�633.2 � 132.9) +27.6 � 8.1 0.87 0.021

p.m. (�280.5 � 35.6) +17.5 � 5.0 0.95 0.004

Stand 2

a.m. (�544.2 � 21.9) +12.5 � 2.0 0.99 0.009

p.m. (�251.4 � 67.1) +7.8 � 8.4 0.78 0.045

Stand 3

a.m. (�981.5 � 125.2) +47.1 � 9.4 0.95 0.005

p.m. (�384.9 � 32.6) +37.0 � 4.3 0.98 0.001

Day 3

Stand 1

a.m. (�1021.0 � 92.0) +81.3 � 6.3 0.98 0.002

p.m. (�735.1 � 60.3) +64.1 � 4.8 0.98 0.001

Stand 2

a.m. (�633.8 � 92.7) +35.5 � 8.9 0.94 0.007

p.m. (�409.7 � 59.2) +26.1 � 6.2 0.94 0.007

Stand 3

a.m. (�530.0 � 44.0) +24.2 � 4.4 0.98 0.001

p.m. (�599.4 � 86.5) +37.7 � 7.5 0.94 0.007

Day 7

Stand 1

a.m. (�761.4 � 77.7) +46.4 � 7.0 0.97 0.003

p.m. (�818.0 � 143.8) +36.7 � 12.9 0.90 0.012

Stand 2

a.m. (�559.2 � 93.3) +21.5 � 9.7 0.91 0.011

p.m. (�486.0 � 34.2) +5.5 � 3.7 0.98 0.001

Stand 3

a.m. (�623.4 � 127.9) +31.0 � 11.9 0.87 0.019

p.m. (�736.5 � 101.3) +32.7 � 8.3 0.94 0.006

Day 15

Stand 1

a.m. (�265.3 � 132.4) �64.2 � 17.0 0.25 0.387

Stand 2

a.m. (�179.2 � 84.5) �59.0 � 7.8 0.33 0.308

The y-intercept in all regressions (bold; n = 5) represents the isotopic

composition (2H) of the ET flux (dET).
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3.3. Isotopic composition of sources contributing to

ET

The isotopic compositions of component fluxes

contributing to ET were easily distinguishable over the

pulse period. dE was more depleted in heavy isotopes

than dT in all cases, but absolute differences were not

constant between morning and afternoon periods,

species or collection days (Tables 4 and 5). dE was

5–10% more depleted in 2H on D1 and D3 in stands of

H. contortus than in stands of E. lehmanniana as a result

of cooler soil temperatures since the isotopic composi-

tion of soil water at the evaporation front was alike in all

stands (Fig. 2). This trend was reversed on D7 as a result

of less enriched dL values in E. lehmanniana stands.

Despite contrasting patterns of physiological recovery

from previous drought (Section 3.2), our modeling

approach to calculate DT (Eq. (4)) revealed similar daily

trends in both grass species through the pulse period

(Tables 4 and 5). In general, grasses did not transpire at
Fig. 4. Daytime Keeling plots of water vapor collected inside a large static

days 1 (a), 3 (b), 7 (c) and 15 (d) following an irrigation of 39 mm. Differen

collected between 8:30 and 11:30 h and open symbols are for vapor colle

Table 1.
isotopic steady state (ISS; dS = dT or DT = 0) in the

morning but rapidly approached and remained near ISS

during the afternoon. The magnitude of deviation from

ISS in the morning was not constant across different

measurement days. dT during morning periods was more

depleted in heavy isotopes than dS by 13–26% onD1, 4 to

10% onD3and5–8% onD7 (Tables 4 and5). In all cases

dTwas about 1%more enriched than dS in the afternoon.
3.4. Partitioning of ET based on Keeling plots of

water vapor

Significant (a = 0.05) linear relationships between

increments of vapor concentration inside the chamber

and the isotopic composition (d2H) of vapor collected at

different time intervals during the gas exchange

measurements were found for all Keeling plots

produced in vegetated stands on D1, D3 and D7 (mean

r2 � S.D. = 0.94 � 0.05, n = 35; Tables 1 and 2), and in

one case in stands of E. lehmanniana (stand 1) on D15
chamber covering experimental stands of Eragrostis lehmanniana on

t symbols represent different stands. Dark symbols correspond to vapor

cted between 14:00 and 16:30 h. Regression parameters are shown in
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Fig. 5. Daytime Keeling plots of water vapor collected inside a large static chamber covering experimental stands of Heteropogon contortus on days 1

(a), 3 (b), 7 (c) and 15 (d) following an irrigation of 39 mm. Different symbols represent different stands. Dark symbols correspond to vapor collected

between 8:30 and 11:30 h and open symbols are for vapor collected between

Table 3

Geometric mean regression parameters for Keeling plots of water

vapor produced in stands free of vegetation during the morning (a.m.)

and afternoon (p.m.) of D3 and D7 after the irrigation pulse

Slope y-intercept r2 p dE

Day 3

Stand 1

a.m. (�738.7 � 81.2) +66.9 � 9.5 0.96 0.003 63.5

p.m. (�747.4 � 147.2) +61.9 � 15.2 0.88 0.018 68.9

Stand 2

a.m. (�723.43 � 147.7) +66.7 � 15.6 0.87 0.019 62.8

p.m. (�580.50 � 205.8) +36.1 � 26.0 0.62 0.11 66.3

Day 7

Stand 1

a.m. (�798.0 � 212.2) +51.2 � 32.9 0.78 0.044 55.6

p.m. (�1117.5 � 107.9) +60.7 � 16.3 0.97 0.002 60.0

Stand 2

a.m. (�451.3 � 159.7) �13.9 � 26.6 0.62 0.111 45.7

p.m. (�1034.7 � 125.6) +48.7 � 19.0 0.95 0.004 51.3

The y-intercept (bold) represents the isotopic composition (2H) of the

entire flux. In all regressions, n = 5. dE is the isotopic composition of

soil evaporation (Eq. (5)).
(Table 1). Slopes of most Keeling plots on D15 were not

statistically different from zero for both species

(Figs. 4d and 5d). The lack of linear fit in Keeling

plot regressions and consistency of values for the y-

intercepts of both species (��60%; Tables 1 and 2)

suggests that dETwas similar to the isotopic composition

of the atmospheric background vapor under the rain-out

shelters. If this was true, then E dominated the ET flux

since the average (n = 3) isotopic composition of stem

water in E. lehmanniana on D15 was still highly

enriched in 2H (+61 � 20%).

Values of dET in stands of E. lehmanniana always

fell between values of dT and dE on D1, D3 and D7

(Tables 1 and 4). T/ET in these stands was determined

from Eq. (1), except on D15 when we were unable to

determine dE. The T/ET values for individual plots of

E. lehmanniana were similar within each measure-

ment day and no consistent differences were evident

between morning and afternoon periods (Table 4).

Mean daily values of T/ET varied from 0.35 � 0.07

on D1 to 0.43 � 0.08 on D3, but decreased to



E.A. Yepez et al. / Agricultural and Forest Meteorology 132 (2005) 359–376 369

Table 4

Measured and modeled isotopic compositions (2H) of ecosystem water sources contributing to ET in three stands of E. lehmanniana

g (mol m2 s�1) dS (%) Des (%) Den (%) DT (%) dT (%) dE (%) T/ET

Day 1

Stand 1

a.m. 0.038 115 93 68 �26 89 60.7 0.25 � 0.06

p.m. 0.071 79 80 1 116 60.5 0.22 � 0.06

Stand 2

a.m. 0.020 127 86 63 �22 105 63.0 0.60 � 0.10

p.m. 0.050 78 80 1 128 52.5 –

Stand 3

a.m. 0.053 124 87 73 �13 111 71.0 0.31 � 0.09

p.m. 0.041 78 80 2 126 66.9 0.33 � 0.09

Day 3

Stand 1

a.m. 0.085 134 85 76 �10 124 59.6 0.54 � 0.10

p.m. 0.087 78 79 1 134 67.2 0.21 � 0.03

Stand 2

a.m. 0.046 121 80 70 �10 111 71.0 0.74 � 0.12

p.m. 0.135 78 79 0 121 68.9 0.42 � 0.19

Stand 3

a.m. 0.135 125 79 75 �4 121 69.0 0.39 � 0.05

p.m. 0.103 78 79 1 125 70.3 0.28 � 0.17

Day 7

Stand 1

a.m. 0.069 111 82 74 �8 103 15.8 0.17 � 0.09

p.m. 0.039 82 84 2 113 20.0 0.22 � 0.12

Stand 2

a.m. 0.124 100 81 77 �5 95 �5.4 0.42 � 0.08

p.m. 0.063 81 82 1 101 �8.2 0.28 � 0.10

Stand 3

a.m. 0.106 105 81 76 �6 99 50.5 0.07 � 0.16

p.m. 0.082 81 82 1 106 44.7 0.15 � 0.22

dT is the isotopic composition of transpiration after accounting for potential deviations from isotopic steady sate. dS is the isotopic composition of

water from basal culms and dE, the isotopic composition of soil evaporation (Eq. (5)). g is stomatal conductance. Den, Des and DT are modeled

outputs from Eqs. (2)–(4), respectively (see Section 2.3.2). Instantaneous T/ET during morning (a.m.) and afternoon (p.m.) periods were calculated

from Eq. (1). The error on T/ETwas determined from errors in the y-intercept from Keeling plots and the variability of the sources based on Phillips

and Gregg (2001).
0.22 � 0.05 on D7. Assuming that E. lehmanniana

transpire at ISS during the morning could under-

estimate T/ET by 8–21% on D1, by 3–15% on D3 and

by about 2% on D7, while the impact during the

afternoon would be on the order of only 1% for all

days (Section 3.3; Table 4).

We were not able to calculate T/ET on D1 and D3 in

stands of H. contortus because in most cases dET values
did not fall between dE and dT (Eq. (1)). In these cases,

dET was, on average, 25% more negative than dE.

However, on D7, the mean daily T/ET in H. contortus

stands was 0.09 � 0.03 (Table 5). Notably, when we

were able to resolve T/ET prior to D7 (stand 1, D3) the
ET rate was comparable to the rates in stands of E.

lehmanniana (e.g. ET in this single case was

2.2 mmol m2 s�1; see error bars in Fig. 3). The

difference in ET rates among stands of H. contortus

on D3 (�1 mmol m2 s�1) was consistent with the

magnitude of canopy transpiration in stand 1 during D3

(T/ET was 0.37 or 0.82 mmol m2 s�1 in this case;

Table 5), suggesting that grass transpiration was

responsible for the higher ET in this stand. Estimates

of T/ET in stands of H. contortus were always lower

during the afternoon, coinciding with a tendency

towards lower values of stomatal conductance during

the same periods (Table 5).
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Table 5

Measured and modeled isotopic compositions (2H) of ecosystem water sources contributing to ET in three stands of H. contortus (see Table 4 for

symbol codes)

g (mol m2 s�1) dS (%) Des (%) Den (%) DT (%) dT (%) dE (%) T/ET

Day 1

Stand 1

a.m. 0.050 104 85 71 �14.3 90 55.6 –

p.m. 0.049 79 80 0.9 105 48.9 –

Stand 2

a.m. 0.022 100 85 63 �22.1 78 45.3 –

p.m. 0.100 79 79 0.4 100 42.9 –

Stand 3

a.m. 0.014 98 85 59 �26.5 72 59.1 –

p.m. 0.043 78 79 0.8 99 49.7 –

Day 3

Stand 1

a.m. 0.080 114 84 74 �9.6 104 51.6 0.57 � 0.09

p.m. 0.101 78 79 0.4 114 53.1 0.22 � 0.07

Stand 2

a.m. 0.056 112 81 71 �9.9 102 57.3 –

p.m. 0.108 78 79 0.4 112 60.2 –

Stand 3

a.m. 0.048 100 78 70 �8.7 91 51.1 –

p.m. 0.075 78 79 0.5 100 51.8 –

Day 7

Stand 1

a.m. 0.118 100 82 76 �5.5 94 35.2 0.16 � 0.10

p.m. 0.102 82 82 0.4 100 36.0 0.01 � 0.17

Stand 2

a.m. 0.135 110 81 77 �4.9 105 3.8 0.18 � 0.08

p.m. 0.103 80 81 0.5 111 5.0 0.01 � 0.03

Stand 3

a.m. 0.149 103 81 77 �4.5 99 21.0 0.12 � 0.13

p.m. 0.126 81 82 0.4 103 28.3 0.06 � 0.10

Instantaneous T/ET during morning (a.m.) and afternoon (p.m.) periods were calculated from Eq. (1). The error on estimates of T/ETwas determined

from errors in the y-intercept from Keeling plots and the variability of the sources based on Phillips and Gregg (2001).
Soil evaporation was likely the dominant component

of ET in stands of H. contortus where T/ET was

unresolved since Keeling plots indicated a dET value

that was far more depleted in heavy isotopes than dT and

the grass did not appear to fully recover from previous

drought stress (Section 3.2). This observation is also

consistent with changes in soil water content and the

isotopic composition in the soil profile (Section 3.1;

Fig. 2). Estimates of canopy transpiration in stands of H.

contortus from scaled leaf-level measurements support

this assertion. The mean (n = 3) canopy transpiration

rate from stands of H. contortus on D1 was only

0.12 � 0.01 mmol m2 s�1 (e.g. about 10% of the ET

flux). This value is within the standard error of estimates

of T/ET determined from isotopic measurements

(Table 5).
3.5. Method validation

Mean soil evaporation rates in stands free of

vegetation were 0.8� 0.1 mmol m2 s�1 (�S.D., n = 2)

on D3 and decreased to 0.3� 0.03 mmol m2 s�1 on D7.

Keeling plot regressions from these stands were linear

except in two cases (Fig. 6). dET values from Keeling

plots produced in these bare-soil plots were similar to

modeled dE values (Table 3). In six of the eight

cases, measured values of dET based on the Keeling

plotswere only slightly different than themodeled values

(Table 3).

Estimates of stand transpiration in E. lehmanniana

based on ET rates and T/ET calculations from isotopic

measurements were somewhat higher than estimates of

stand transpiration from leaf-to-canopy scaling. This
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Fig. 6. Keeling plots of water vapor collected inside a large static chamber covering stands free of vegetation on days 3 ((a) a.m.; (c) p.m.) and 7 ((b)

a.m.; (d) p.m.) following an irrigation of 39 mm. Different symbols represent different experimental stands. Arrows indicate the modeled isotopic

value (Eq. (5)) of the soil evaporation flux (dE). Regression parameters are shown in Table 3.
was particularly the case on D1 (Fig. 7). However, both

approaches appear to capture the dynamics of tran-

spiration throughout the pulse period; estimates from

both methods were positively correlated (Pearson’s

r = 0.76, p = 0.0004, n = 17; Fig. 7) and ranks were

maintained for each time combination (e.g. pulse day

and morning versus afternoon). There were insufficient

data to show this relationship for H. contortus but

overall estimates tend to agree on the contrast between

morning and afternoon transpiration rates (Fig. 7).

The isotopic composition of water from grass stems

was generally lower than d2H of soil water at the

evaporation front (Fig. 8). This correlation was positive

for stands of E. lehmanniana (Pearson’s r = 0.75,

p = 0.018, n = 9), but no statistically significant

correlation was found for H. contortus (Pearson’s

r = 0.03, p = 0.9, n = 9). The differences between d2H of

stem water and soil water at the evaporation front was

possibly because grass roots extended below the soil
layers that we sample as the evaporation front (or even

below 30 cm) and the grass was using some water more

depleted in the heavy isotope.

4. Discussion

The use of Keeling plots of water vapor to partition

ET until now has been restricted to large-scale

ecosystem studies using sampling within the open

boundary layer (Moreira et al., 1997; Wang and Yakir,

2000; Helliker et al., 2002; Yepez et al., 2003; Williams

et al., 2004). Here, we have illustrated the application of

the Keeling plot method using large gas exchange

chambers in experimental grassland plots. To our

knowledge, this is the first time that Keeling plots of

water vapor from plot-scale chambers have been

reported. This is in remarkable contrast with CO2

studies for which Keeling plot chamber methods are

commonly used to partition components of ecosystem
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Fig. 7. Relationship between instantaneous rates of canopy transpiration calculated based on the stable isotope chamber method (y-axis) and canopy

transpiration calculated from the leaf-to-canopy scaling (x-axis) along several days (different symbols) in stands of E. lehmanniana (left; n = 17) and

H. contortus (right; n = 8). Dark symbols correspond to the morning and open symbols to the afternoon collection periods.
respiration (Flanagan and Ehleringer, 1998; Cable and

Huxman, 2004). The chamber-based Keeling plot

method proved to be useful for assessing the short-

term dynamic response of T/ET in experimental grass

stands under field conditions. High ET rates after

irrigation produced large transient changes in water

vapor concentration and isotope composition during the

6-min gas exchange measurements.
Fig. 8. Relationship between the isotopic composition of soil water at

the evaporation front and the isotopic composition of water from basal

grass culms over three dates following the experimental irrigation (e.g.

different symbols). Dark symbols are for E. lehmanniana and open

symbols are for H. contortus.
The inherent advantage of the Keeling plot method

outlined here compared to other approaches is that it

provides estimates of T/ET that are temporally and

spatially compatible with parallel measurements of net

ecosystem CO2 exchange using plot-sized chambers

(e.g. Angell et al., 2001; Arnone and Obrist, 2003;

Obrist et al., 2003; Huxman et al., 2004b). The

combined measurements are potentially very useful

for characterizing the biotic and abiotic factors under-

lying ecosystem-level water-use efficiency under

rapidly changing conditions typical of arid and semiarid

environments experiencing wet/dry transitions. Further,

the chamber method is suitable for plot-scale experi-

mental manipulations (e.g. litter removals, grazing

exclosures, resource manipulations, etc.) and can be

used with replicated experimental units, which allow

statistical analysis. However, sufficient isotopic gradi-

ents necessary for Keeling plot analysis are difficult to

obtain when soil conditions are dry and ET rates are low.

The use of irrigation water highly enriched with 2H

resulted in a very distinct isotopic composition of ET.

Although labeling is not required for this approach to

work (Wang and Yakir, 2000) the use of labeled water

provides a large contrast between the isotopic composi-

tion of ET and the background atmosphere. Preliminary

measurements of stand gas exchange are recommended

to verify that isotope and vapor concentration gradients

can be generated for Keeling plots.

Leaf-to-canopy scaling in combination with cham-

ber measurements of ET have been employed pre-
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viously at our research site to calculate T/ET (Huxman

et al., 2004b). Although this approach is suitable for this

goal, estimates are prone to error. In the present study,

estimates of stand transpiration based on the ET

partitioning by Keeling plots in stands of E. lehmanni-

ana were somewhat higher than the estimates from leaf-

to-canopy scaling. Underestimations of LAI in the leaf-

to-canopy scaling, poor spatial representation of g

measurements (e.g. single leaf measurements), poor

estimations of dT under non-ISS conditions and/or

temporal differences between measurements of g and

stand-level gas exchange could account for these

differences. Nevertheless, independent estimates of

stand transpiration from both methods correlated well in

stands of E. lehmanniana, providing support for the

validity of the Keeling plot method.

4.1. Method assumptions

Previous field and laboratory experiments concerned

with factors controlling the isotopic composition of leaf

water suggest that, during typical diurnal regimes of

atmospheric humidity, leaf water is not always at ISS

and that transpiration at ISS occurs only after ambient

conditions are relatively stable (Flanagan et al., 1991;

Wang and Yakir, 1995; Harwood et al., 1998; Lai et al.,

2005; Farquhar and Cernusak, 2005; Pendall et al.,

2005). These observations are of particular relevance in

studies where the isotopic composition of transpiration

vapor is a key parameter for isotopic mass balance

partitioning of ET because the error for not accounting

for deviations from ISS can be large (Lai et al., 2005). E.

lehmanniana and H. contortus did not transpire at ISS

during the morning, but transpiration at ISS was

attained by midday and persisted through the afternoon.

Failure to account for deviations of transpiration at ISS

in our study would translate into an error of up to 20% in

our final estimates of T/ET. The modeling scheme that

we chose to calculate dT could be further improved by

considering isotopic heterogeneity of leaf water

(Helliker and Ehleringer, 2000; Farquhar and Cernusak,

2005). For example, by accounting for differences in the

isotopic composition of bulk leaf water and that at the

sites of evaporation (e.g. accounting for a péclet effect;

Barbour and Farquhar, 2003).

Approaches for estimating dE also could lead to error.

Potential errors associated with our selection criteria of

soil layers where liquid water was available for

evaporation and modeling of fractionation appeared

to be minor. The y-intercept of Keeling plots closely

matched our modeled value of dE in stands free of

vegetation where dE = dET. An alternative approach for
identifying the evaporation front in the calculation of dE

is to assume that the isotopic composition of plant

source water represents that of water from soil layers

where water is available for evaporation. This approach

was used by Wang and Yakir (2000) under very humid

conditions where little change in the isotopic composi-

tion of soil water was assumed between rewetting

events. However, this approach is prone to error under

rapid drying conditions typical of semiarid regions and

when the vegetation takes up water from several layers

in the soil profile that may include water from below the

evaporation front. The use of stem water values as a

proxy for dL in the calculations of dE substantially affect

estimates of T/ET in our experimental grassland system.

Further investigations are needed to select valid

parameters for an accurate expression of dE under

different circumstances. For example, our inability to

calculate T/ET in stands of H. contortus during periods

of low transpiration early in the pulse period may be

partially related to unaccounted effects of a wet thick

litter layer on the estimation of dE (e.g. interception,

poor mixing, nighttime condensation). Litter intercepts

and absorbs significant amounts of water (Sato et al.,

2004) and controls evaporation rates (Murphy et al.,

2004). In our experiment, the litter layer may have acted

as the source of evaporation contributing an isotopic

signal distinct from the one expected from the isotopic

composition of soil water. Differences in temperature of

soil and litter and its influence on the equilibrium

fractionation (Majoube, 1971), the varying contribu-

tions of turbulent and diffusive transport through these

media and nighttime condensation in the litter layer

should be considered to improve estimates of dE when a

wet litter layer is present.

Three additional assumptions underlie the applica-

tion of the chamber Keeling plot method for ET

partitioning: (1) only two sources contribute to ET; (2)

the relative contribution of the two sources does not

change during the analysis period; and (3) there is no

loss of water vapor other than by turbulent mixing with

the air (e.g. no condensation occurs) (Yakir and

Sternberg, 2000). The first assumption is met with

the chamber method since the experimental unit

delimited by the chamber during gas exchange

measurements contained only bare soil and grasses.

In relation to other techniques where the Keeling plot

partitioning is employed (Yepez et al., 2003), this

represents an advantage because it avoids the problem

of flux contamination from adjacent areas (Williams

et al., 2004). Condensation likely did not occur during

chamber sampling. Despite high ET rates on days

immediately following the irrigations, dew-point
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temperatures inside the gas exchange system during

measurements never approached ambient air tempera-

tures.

The chamber-based method outlined in Arnone and

Obrist (2003) is very flexible for ET measurements at

the plot scale (Obrist et al., 2003; Huxman et al., 2004b;

see also Murphy et al., 2004). In such studies, daytime

ET measurements are conducted during short time

intervals (90–160 s) to avoid significant modification of

the microenvironment. In our case, ET rates were

measured over 6 min in order to allow enough time for

collecting five vapor samples to produce Keeling plots.

Relative humidity inside the chamber in most cases

increased by 15% during this period. This change

apparently did not substantially alter transpiration by

the grasses or steady-state soil evaporation rates since

the time traces of water vapor concentration were linear

in all cases (data not shown). Keeling plots from D1 to

D7 also were linear, suggesting that the relative

contribution of transpiration and evaporation did not

change over the 6-min measurement period. Further-

more, by using an isotopic non-steady state model of

transpiration (Farquhar and Cernusak, 2005), an effect

of 15% change in h during the instantaneous chamber

measurement periods should not substantially affect dT

since these values are largely dependent on the isotopic

composition of leaf water which, depending on its

turnover time in the leaf, is controlled by antecedent

environmental conditions (Cernusak et al., 2002; Lai

et al., 2005; Pendall et al., 2005).

Other considerations regarding the method include

the efficiency of the vapor trapping system. In order to

collect vapor circulating in the traps at a flow rate of

3 L min�1 without compromising trapping efficiency,

we made two modifications to the glass traps originally

outlined by Helliker et al. (2002). We increased the trap

length to 25 cm and filled the 6 mm inner tube with an

18 cm long column made with 3 mm glass beads. Such

modifications allowed us to collect all the vapor

circulating through the traps for the isotope analysis

without significant flow restrictions in the gas exchange

system. Attention to these issues is required if the

chamber method is used in more humid conditions

where, perhaps, enough water for the isotope analysis

can be collected in a shorter amount of time or at lower

flow rates.

5. Conclusion

Empirical estimates of T/ET advances the mechan-

istic understanding of how vegetation influences

ecosystem processes like carbon and water exchange.
Characterizing the rapid changes in plant transpiration

and soil evaporation during dynamic wetting and drying

cycles following precipitation events is useful for

identifying the biotic and abiotic factors controlling

variation in ecosystem production in semiarid environ-

ments. Estimates of T/ET can be obtained using Keeling

plots of water vapor produced under transient condi-

tions inside large static chambers in the field. This is the

first time that Keeling plots of water vapor are produced

with the aid of a chamber for ecosystem studies. In

general, the method proved to be quite robust for

estimating T/ET under different soil moisture and plant

physiological conditions during the first week following

an experimental irrigation. However, the method is

limited under very dry conditions when isotope and/or

vapor concentration gradients are absent during the

measurement periods. Also, our results suggest that

further investigation is needed to appropriately define

the parameters required in the calculation of the isotopic

composition of the soil evaporation flux when a dense

wet litter layer is present. Nevertheless, the method

described here is suitable for plot or patch-scale

experimental manipulations, which in combination

with simultaneous measurements of CO2 and water

exchange provide a unique tool to characterize the

biotic and abiotic factors underlying ecosystem-level

water-use efficiency at matched scales.
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