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Abstract

Understanding and modeling water exchange in arid and semiarid ecosystems is complicated by the very heterogeneous
distribution of vegetation and moisture inputs, and the difficulty of measuring and validating component fluxes at a common
scale. We combined eddy covariance (EC), sap flow, and stable isotope techniques to investigate the responses of transpiration
and soil evaporation to an irrigation event in an olive (Olea europaeaL.) orchard in Marrakech, Morocco. The primary goal
was to evaluate the usefulness of stable isotope measurements of water vapor in the turbulent boundary layer for partitioning
evapotranspiration under such dynamic conditions. The concentration and deuterium isotope composition (δ2H) of water
vapor was collected from different heights within the ecosystem boundary layer of the olive canopy before and over several
days following a 100 mm surface irrigation. ‘Keeling plots’ (isotope turbulent mixing relationships) were generated from
these data to estimate the fractions of evaporation and transpiration contributing to the total evapotranspiration (ET) flux.
Transpiration accounted for 100% of total ET prior to irrigation, but only 69–86% of ET during peak midday fluxes over the
5-day period following irrigation. The rate of soil evaporation and plant transpiration at the stand level was calculated from
eddy covariance measurements and the evaporation and transpiration fractions from isotope measurements. Soil evaporation
rate was positively correlated with daily atmospheric vapor pressure deficit (D), but transpiration was not. Component fluxes
estimated from the isotope technique were then compared to those obtained from scaled sap flow measurements. Sap flow
in multiple-stemmed trees increased following the irrigation, but large single-stemmed trees did not. We matched the source
area for eddy covariance estimates of total ET fluxes with scaled sap flow estimates developed for the different tree types. Soil
evaporation was determined from the difference between total ET and the scaled sap flow. Ecosystem-level transpiration and
soil evaporation estimated by the isotope approach were within 4 and 15% of those estimated by scaled sap flow, respectively,
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for periods of peak fluxes at midday. Our data illustrate the utility of the isotope ‘Keeling plot’ approach for partitioning
ET at the ecosystem scale on short time steps and the importance of accurate spatial representation of scaled sap flow for
comparison with eddy covariance measurements of ET.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Evapotranspiration (ET) is an important component
of ecosystem water balance and is strongly related
to gross ecosystem production in terrestrial vege-
tation (Law et al., 2002). The correlation between
ET and ecosystem production highlights the role of
water as a principal limiting resource for plant pho-
tosynthetic metabolism. Ecosystem productivity is
especially limited by water availability in arid and
semiarid ecosystems (Noy-Meir, 1973), which are
marked by highly variable moisture inputs in space
and time (MacMahon and Schimpf, 1981). The fre-
quently long periods of inactivity during dry periods
in these environments are punctuated by active peri-
ods of water and carbon exchange following precipi-
tation events. Accurate prediction of water exchange
and ecosystem carbon metabolism in these dynamic
resource environments requires an understanding
of the factors driving the rates and timing of soil
evaporation and plant transpiration at the ecosystem
scale.

The contributions of soil evaporation and plant tran-
spiration to total ecosystem ET in arid and semiarid
environments are highly variable in space and time
(Sammis and Gay, 1979; Evans et al., 1981; Smith
et al., 1995; Kemp et al., 1997; Reynolds et al., 2000;
Hutley et al., 2001; Ferretti et al., 2003). Prediction and
modeling of evapotranspiration in these environments
is complicated by the heterogeneous distribution of
vegetation elements that often have different func-
tional properties, and the difficulty of measuring com-
ponents of water exchange at meaningful and compa-
rable scales. These problems are especially acute dur-
ing the very dynamic period following precipitation
events when ET fluxes are highest and when soil and
canopy conductances are changing rapidly (Huxman
et al., 2004). Partitioning of the total evapotranspira-
tion flux is important in these ecosystems because of
the need to understand biotic and abiotic factors un-

derlying the efficiency with which water from pulsed
inputs of rainfall is circulated through the transpira-
tion pathway and thus contributes to photosynthetic
gas exchange and productivity (Aguiar et al., 1996;
Prince et al., 1998).

Evaporation and transpiration fluxes are sepa-
rately represented in ecosystem water balance models
(Paruelo and Sala, 1995; Reynolds et al., 2000), but
are very difficult to measure independently at the
ecosystem scale. Some surface-vegetation-atmosphere
transfer (SVAT) models (e.g. SiSPAT,Braud et al.,
1995; Boulet et al., 2000) operate at hourly or daily
time steps, and thus are useful for investigating fluxes
during the highly dynamic period following moisture
pulses and extrapolating these fluxes to landscape
and larger scales. However, ET parameterizations in
SVAT models generally are validated at the ecosys-
tem level using measurements of net fluxes taken at
a single reference height above the vegetation (e.g.
eddy covariance (EC) method). Soil evaporation and
plant transpiration are often not independently veri-
fied with measurements at the same scale. Recently,
measurements of the stable isotope composition of
water vapor exchanged between vegetation and at-
mosphere have been used to trace the sources of ET
at the ecosystem level allowing total ET fluxes to
be partitioned into their component fluxes (Moreira
et al., 1997; Harwood et al., 1999; Wang and Yakir,
2000; Yepez et al., 2003). When combined with eddy
covariance measurements of ecosystem ET flux, the
isotope partitioning approach becomes extremely
powerful. Estimates of component fluxes from the
isotope technique can be used to validate parame-
terizations in SVAT models. SVAT models then can
be tested for their ability to predict how component
fluxes and processes respond to changing environ-
mental conditions after pulsed inputs of moisture in
arid and semiarid environments. Water vapor for iso-
tope measurements is typically collected at or near
the same height that eddy covariance measurements
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are made, but source area dimensions for the con-
centration measurements are larger than that for the
fluxes (Schmid, 1994). Consequently, care should be
taken when relating the eddy covariance and isotope
techniques.

Evaporation from soil and transpiration from plants
each contribute unique isotopic signals to water va-
por within the ecosystem boundary layer. Water evap-
orated from the soil is depleted in the heavy isotopes
(2H, 18O) compared to liquid water at the evapo-
rating surface of the soil as a result of kinetic and
equilibrium fractionations (Craig and Gordon, 1965;
Allison et al., 1983). Although the water in leaves
is enriched in the heavy isotopes during transpiration
because of these same fractionations, at steady-state
the water transpired from leaf surfaces is isotopically
similar to that taken up by the plant’s roots (Flanagan
et al., 1991; Wang and Yakir, 1995). Since fractiona-
tion generally does not occur during uptake of water
by roots (Dawson and Ehleringer, 1991; Thornburn
et al., 1993), the isotopic composition of vapor derived
from soil evaporation and plant transpiration is very
different and easily distinguished.

Isotope ratios of the water vapor present in the
planetary boundary layer (δpbl), within the turbulently
mixed ecosystem boundary layer (δebl), and that com-
ing from evapotranspiration sources (δET) can be rep-
resented by a mass balance mixing equation:

δebl = Cpbl(δpbl − δET)

(
1

Cebl

)
+ δET (1)

whereCpbl and Cebl are the water vapor concentra-
tions. This ‘Keeling-type’ relationship (Keeling, 1958;
Yakir and Sternberg, 2000) is linear with a slope of
Cpbl(δpbl–δET) and an intercept (δET) that represents
the net isotopic contribution from the ET flux. Mea-
surements of the concentration and isotopic composi-
tion of water vapor collected at different heights within
the ecosystem boundary layer will provide data to fit
the linear model. The fractional contribution of tran-
spiration to the total ET fluxes (FT) can be calculated
from:

FT = δET − δE

δT − δE
(2)

whereδE andδT are the isotopic compositions of soil
evaporation and plant transpiration. Values forδE and

δT can be estimated from field sampling and modeling
(Yakir and Sternberg, 2000).

Soil evaporation should comprise a significant
fraction of the ET flux following input of water in
semiarid and arid ecosystems (Paruelo and Sala,
1995). Soil evaporation rates initially are high fol-
lowing the wetting event, but decline rapidly as the
soil surface dries (Ritchie, 1972). Transpiration may
or may not change following inputs of water, de-
pending on the rooting distribution of the dominant
plants and response of leaf stomata to a change in
soil water availability. The isotope technique recently
was shown to be useful for partitioning ET within a
semiarid ecosystem dominated by woody plants in the
overstory and grasses in the understory (Yepez et al.,
2003). However, the Keeling plot approach has not
been employed to examine the short-term dynamics
of evaporation and transpiration following a wetting
event.

Sap flux techniques also are useful for partition-
ing total ET fluxes when combined with eddy covari-
ance measurements (Hutley et al., 2001, Mackay et al.,
2002), but scaling to the ecosystem level can be com-
plicated by spatially and functionally heterogeneous
vegetation (Schaeffer et al., 2000). Unique responses
by different species or individuals to a wetting event
and the poor representation of this variation within the
footprint of the eddy covariance measurement can lead
to significant error in partitioning estimates from sap
flux. Scaling ecosystem-level transpiration from sap
flux to the footprint of eddy covariance measurements
presents unique challenges.

Here, we compare estimates of ET partitioning
from eddy covariance and sap flux to that derived
from stable isotope measurements of water vapor.
These comparisons were made over several days
following a large surface irrigation in an olive or-
chard in Marrakech, Morocco. Our goals were to:
(1) test the utility of the Keeling plot method for
partitioning ET fluxes over a dynamic wetting cy-
cle in a semiarid environment; and (2) evaluate the
consequences of plant functional heterogeneity for
scaling sap flux to the ecosystem level. The study
was part of a larger effort (project SUD-MED;
http://www.cesbio.ups-tlse.fr/cadrerech.htm) to char-
acterize the water and energy balance and hydro-
logical resources in the Tensift region in southern
Morocco.

http://www.cesbio.ups-tlse.fr/cadrerech.htm
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2. Materials and methods

2.1. Site description

We conducted our study in the 275 ha Agdal olive
(Olea europaeaL.) orchard on the southern end
of the ancient walled city of Marrakech, Morocco.
Marrakech has a semiarid Meditterranean climate;
76% of the 253 mm average annual precipitation
falls during winter and spring (November–April).
Very little precipitation falls between May and Oc-
tober. Our study was conducted between October
27 and November 11 (DOY 300–315), 2002. No
significant rainfall had been recorded at our study
site for at least 100 days prior to initiation of our
measurements.

The density of olive trees was∼400 ha−1 in the
southeastern portion of the Agdal orchard where our
study was conducted. Many of the trees at our study
location were quite old, having been coppiced at
least four times. Others had been recently planted in
spaces where older trees had died. Thus, tree crown
structure was somewhat variable across the study
area; large, multi- and single-stemmed trees were in-
terspersed with smaller and younger single-stemmed
trees.

The Agdal olive orchard is periodically surface-
irrigated by diverting flow from a large impoundment
through a network of ditches. Water is diverted man-
ually to every tree by manipulation of small earthen
check dams. The∼45 m2 ground surface occupied
by each tree is bordered by a small∼30 cm high
earthen levy that retains the irrigation water, allow-
ing precise application of irrigation water to every
tree.

All understory plants were cleared from the
study area by tilling prior to the start of mea-
surements. Eddy covariance, micrometeorological,
soil temperature, and sap flux measurements were
continuously recorded over the 10-day study pe-
riod. Isotope sampling took place on four dates;
once prior to the large irrigation event, and three
times following irrigation. Irrigation was applied
on November 3 (DOY 307) to the section of
the orchard containing our instrumentation. Irri-
gation completely wetted the entire soil surface
of this 3 ha section with approximately 100 mm
water.

2.2. Eddy covariance and micrometeorological
measurements

Two 9.2 m tall instrument towers were erected in
September 2002 in the Agdal orchard. One tower
(south tower) was placed in the southeastern por-
tion of the orchard near the center of the section
that was irrigated on DOY 307. The second tower
(north tower) was placed in the north-central portion
of the orchard 3 km north of the first tower in an
area that did not receive irrigation during the study
period. Near-continuous measurements of water va-
por, carbon dioxide, and sensible heat fluxes were
recorded on each tower at 8.8 m height 2 m above
the top of the olive canopy. A 3D sonic anemometer
(CSAT3, Campbell Scientific, Logan, UT) on each
tower measured the fluctuations in the wind velocity
components and temperature. An open-path infrared
gas analyzer (LI7500, LiCor, Lincoln, NE) measured
concentrations of water vapor and carbon dioxide.
The calm, prevailing winds were from the northeast
to northwest during daytime periods of our study,
providing a large and homogeneous fetch.

The wind speed and concentration measurements
were made at 20 Hz on CR23X dataloggers (Camp-
bell Scientific, Logan, UT) and on-site portable com-
puters to enable the storage of large raw data files.
Fluxes were later calculated off-line after performing
coordinate rotations, correcting the sonic temperature
for the lateral velocity and the presence of humidity,
making frequency response corrections for slow ap-
paratus and path length integration, and the inclusion
of the mean vertical velocity according toWebb et al.
(1980). Data from the eddy covariance system was
processed using the software “ec-pack” developed by
the Meteorology and Air Quality Group, Wageningen
University. The software is available for download at
http://www.met.wau.nl/.

Air temperature and humidity were measured at 8.8
and 3.7 m heights on the towers with Vaisala HMP45C
probes. Total shortwave irradiance (St) was measured
at 9.2 m height with a BF2 Delta T radiometer. Net
radiation was measured with a Kipp and Zonen CNR1
net radiometer placed over the olive canopy at 8 m
height. Soil temperature was recorded at 5 cm depth
at two locations approximately 30 m from the towers.
Three heat flux plates continuously monitored changes
in soil heat storage at each of the two tower sites.

http://www.met.wau.nl/
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2.3. Sap flow measurements

We used a modified heat-pulse velocity technique
(heat ratio method, HRM) to measure xylem sap flux
on eight olive trees at the south tower (irrigation) site.
The HRM employs temperature probes inserted into
the active xylem at equal distances up- and down-
stream from a pulsed heat source. The difference in
heat carried up- and downstream is proportional to the
magnitude of sap flux (Burgess et al., 2001; Hultine
et al., 2003). This technique was employed because
of its precision at low sap velocities and because the
heat-pulse velocity methods have been shown to be
robust for olive (Fernández et al., 2001). Low tran-
spiration rates were anticipated in the water-limited
olives late in the dry season, before the irrigation in-
put.

Sap flux sensors were installed on four large
single-stemmed and four large multi-stemmed trees
adjacent to the flux tower. Initial surveys revealed
an aggregated, non-random distribution of these tree
types within the potential flux source area of the
tower. We did not measure sap flux in the young,
single-stemmed trees that were sparsely scattered
through the stand, but assumed that these trees
would have similar sap flux rates and irrigation re-
sponses to the coppiced, multi-stemmed trees. Two
sensors were installed on each of the eight trees.
The HRM measurements were conducted every
half-hour spanning DOY 303–313 using a datalog-
ger control and measurement system (Hultine et al.,
2003).

After correcting for wounding effect (Burgess
et al., 2001), heat-pulse velocity was converted to
sap velocity according toBarrett et al. (1995)using
1200 J kg−1 ◦C−1 for the specific heat of dry wood,
4182 J kg−1 ◦C−1 for the specific heat of xylem sap
(assumed to equal that of water at 20◦C) and 1.0×
103 kg m−3 for the density of sap (assumed to equal
that of water). Wood density and moisture content
were measured on 12 cores from single-stemmed
trees and 12 cores from multi-stemmed trees. We
validated zero flow in situ at the end of the 10-day
measurement period by drilling 2 cm diameter holes
∼10 cm up- and downstream from the probe to com-
pletely interrupt flow in the vicinity of the sensors.
The holes were then sealed with silicon to prevent
desiccation during the zeroing measurements. Spac-

ing error between probes was calculated according to
Burgess et al. (1998).

Volumetric sap flow (L h−1) was calculated from
sap velocity with measurements of the active sap-
wood area of trees fitted with HRM probes. Sapwood
area was calculated first by subtracting the bark thick-
ness from the total radius of the stem. The heartwood
depth, visually identified by its dark color on core
samples, was used to calculate heartwood area. This
was then subtracted from total wood area to estimate
sapwood area for each tree. The sapwood area was
then divided into concentric bands coinciding with the
depth into the sapwood of each thermocouple junc-
tion within the probes (10, 20, and 30 mm). A lin-
ear decay function was used to estimate sap velocity
within the active xylem at depths beyond the insertion
of the probe. Thus, estimates of sap flow were ad-
justed by the percent of conducting sapwood of each
band.

Scaling of sap flow to the eddy covariance source
area was facilitated with a detailed survey of average
per tree sapwood area for the three tree classes in
the stand. Thirty single-stemmed, 16 multi-stemmed
and 10 young trees were randomly selected from
within a 200 m× 200 m plot using the tower as the
center position. Each stem was measured for diam-
eter at 1 m above ground surface, bark thickness,
sapwood depth, and per cent damage to the stem.
These data were used to estimate sapwood area us-
ing the above procedure. Additionally, every tree
(965 total) within the 200 m× 200 m plot was as-
signed to one of the three tree classes. A portion
of the plot extended beyond the northern boundary
of the section irrigated on DOY 307. Trees that fell
within this non-irrigated section were noted. Vol-
umetric sap flow was scaled to transpiration on a
ground area basis (mm h−1 or mm d−1) from mea-
surements of the average ground area domain (41.9
to 46.0 m2 per tree) occupied by each tree type
within the potential eddy covariance flux source
area.

2.4. Evapotranspiration partitioning from sap flow
and eddy covariance

We assumed that differences between the total
ecosystem evapotranspiration estimated by eddy co-
variance and ecosystem transpiration estimated from



246 D.G. Williams et al. / Agricultural and Forest Meteorology 125 (2004) 241–258

scaled sap flow before irrigation were due to error in
sap flow scaling. Since soil evaporation during this
pre-irrigation period was negligible (the soil was dry
to 30 cm depth prior to irrigation), the ET flux mea-
sured by EC was used to calibrate the scaled sap flow
measurements for estimating stand transpiration. Af-
ter calibrating the scaled sap flow estimates of transpi-
ration to the EC measurements for this pre-irrigation
period, differences between scaled sap flow and ET
from eddy covariance after irrigation were presumed
to reflect the contribution of soil evaporation. To com-
pare sapflow estimates of transpiration on a per tree
basis (as described inSection 2.3) to the evapotran-
spiration estimates from EC, we calculated the EC
flux footprint (i.e. the relative contribution of each
unit element of the upwind surface area to the mea-
sured vertical flux). Also, to ensure that we scaled sap
flux to the corresponding flux source area measured
by the EC system, we spatialized the tree distribution
according to the above mentioned tree-classification
within the EC source area.

The EC flux source area for each interval was cal-
culated using the analytical footprint model proposed
by Horst and Weil (1992, 1994). The flux footprintf,
or the contribution per unit surface flux of each unit
element of the upwind surface area to a measured ver-
tical flux, is related to the vertical flux measured at
heightzm, F(x, y, z = zm), and to the spatial distribu-
tion of surface fluxes,F(x, y, z = 0) ≡ F0(x, y), i.e.

F(x, y, zm) =
∫ ∞

−∞

∫ x

−∞
F0(x

′, y′)f(x − x′, y

− y′, zm) dx′ dy′ (3)

(Horst and Weil, 1992). The source area arises from the
integration of the footprint function. In this study we
calculated the crosswind-integrated footprint function
using the model ofHorst and Weil (1994):

f̄ y(x, zm) ∼= dz̄

dx

zm

z̄2

ū(zm)

ū(cz̄)
Ae−(zm/bz̄)r (4)

wherez̄ is the mean plume height for diffusion from a
surface source and̄u(z) the mean wind speed profile.
The variablesA, b andc are gamma functions of shape
parameterr. We have assumed thatU(x) = ū(cz̄), and
that the violation of the Monin–Obukhov similarity
theory is small (Horst, 1999; Meijninger et al., 2002).

In order to spatialize the surface contributions to
evapotranspiration, the trees within the 200 m× 200 m

plot surrounding the eddy-covariance tower (965 trees
in total) were georeferenced using a high resolution
satellite image of the orchard, and every tree was as-
signed to one of the three tree classes. A detailed
land-cover layer was thus obtained. Overlaying this
layer with the calculated EC flux source area (i.e.
overlaying the land cover layer with a “ponderation
field” for surface contributions) allowed us to obtain
the relative contributions for each of the tree classes
(either single-stemmed, multi-stemmed, young tree or
missing tree; irrigated or non-irrigated) for each in-
terval. Combining these relative contributions and the
sap flow estimated transpiration of each tree-type, the
total footprint-integrated transpiration within the EC
flux source area was calculated.

2.5. Isotope sampling

Water vapor was collected on four dates (DOY 303,
308, 310, and 313) at the south (irrigated) site with
an automated cryogenic trapping system (Yepez et al.,
2003). Water vapor was collected from five heights
within the ecosystem boundary layer (8.9, 6.4, 3.7,
1.2 and 0.1 m above ground surface) by drawing air
through low-absorption tubing attached to the eddy co-
variance tower. Air was pumped through a network of
solenoid switching valves that every 90 s routed the air
from each height through a hygrometer (OEM-2010,
Yankee Environmental Systems, MA, USA) to record
dew point temperature. From each height, air con-
tinuously circulated through glass vapor traps (mod-
ified from Helliker et al., 2002) immersed in an al-
cohol bath. The alcohol was kept at−80 ◦C by pe-
riodically adding liquid nitrogen. Samples from the
five heights were collected during three 30 min peri-
ods between 10:00 and 12:30 h and between 14:00 and
16:30 h on each sampling day (30 samples total on
each day). Sample traps were removed from the alco-
hol after 30 min of continuous trapping and then sealed
with a rubber stopper and Parafilm. Water was quan-
titatively transferred from the vapor traps within 48 h
after collection to flame-sealed 6 mL diameter Pyrex
tubes by cryogenic vacuum distillation (Ehleringer and
Osmond, 1989).

Plant and soil samples were collected at midday
(13:00–14:00 h) on all sampling days to estimate the
δ2H value of soil evaporation (δE) and plant transpi-
ration (δT). It was assumed that transpiration of olive
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trees was at isotopic steady-state, such that theδ2H
value of non-evaporated twig xylem water would be
representative of that of transpiration vapor during
the sample collection periods (Yakir and Sternberg,
2000). Soil and olive twig samples (n = 4–6 per sam-
ple day) were collected near the south tower. Soil sam-
ples were collected from 20 to 30 cm depth (the shal-
lowest moist soil layer) on DOY 303 prior to irriga-
tion and from the moist soil surface (0–2 cm depth) on
sampling days after irrigation. Twig and soil samples
were placed into screw-cap glass vials, sealed with
Parafilm, and extracted by cryogenic vacuum distilla-
tion into flame-sealed Pyrex tubes within a few days
of collection. A single sample of the irrigation water
was collected on DOY 307.

2.6. δ2H analysis

δ2H analysis was performed at the University
of Arizona Laboratory of Isotope Geochemistry on
a dual-inlet stable isotope ratio mass spectrometer
(Delta S, Finnigan MAT, San Jose, CA, USA), ex-
cept for vapor samples collected on DOY 313. Small
(3�L) water subsamples were injected into a reac-
tion furnace (HDevice, Finnigan MAT, San Jose, CA,
USA) in the presence of chromium at 1025◦C to pro-
duce diatomic hydrogen (Nelson and Dettman, 2001).
The hydrogen was transferred on-line into the sample
bellows on the mass spectrometer for analysis. The
standard deviation for repeated analysis of calibrated
working standards with this method was 0.8‰. Vapor
samples from DOY 313 were analyzed by pyrolysis
with a continuous flow method on a Finnigan MAT
Deltaplus stable isotope mass spectrometer (San Jose,
CA, USA) coupled with a thermal combustion ele-
mental analyzer (Finnigan MAT TC-EA, San Jose,
CA, USA) that combusted samples at 1380◦C. Sam-
ples then flowed at 40◦C and 50 ml min−1 from a GC
column packed with 5 Å molecular sieve to the mass
spectrometer. The repeated measurements of known
standards had a standard deviation forδ2H of 2‰. All
δ2H values are reported relative to V-SMOW.

2.7. Evapotranspiration partitioning from isotopes

Theδ2H value of the ET flux (δET; Eq. (2)) was es-
timated from they-axis intercept of the linear regres-

sion of δebl (the δ2H value of water vapor) on the re-
ciprocal of water vapor concentration (Eq. (1)) for the
samples collected within the morning or afternoon pe-
riods on each of the four sampling days. The water va-
por concentration (mmol mol−1) was calculated from
measurements of dew-point temperature (seeSection
2.4) and total atmospheric pressure at the south tower
site. The spreadsheet model Isoerror (version 1.04;
Phillips and Gregg, 2001) was used to estimate the
fractions and variance components of transpiration and
soil evaporation sources contributing to the total ET
flux. The meanδ2H value of olive-twig xylem water
was used for the transpiration isotope value (δT) in the
isotope mixing model. The isotope value of soil evap-
oration (δE) was estimated from the Craig–Gordon
evaporation model (Craig and Gordon, 1965) using
measurements of soil temperature, humidity, and the
δ2H values of soil water and water vapor near the
soil surface. The temperature-dependent equilibrium

Fig. 1. Daily trends in environmental conditions at the Agdal
south tower site during the 10-day study period. Conditions were
measured near the top of the 9 m tower at the site, above the olive
canopy (seeSection 2.2). Arrows along thex-axis show the dates
on which stable isotopes were sampled. The vertical bar shows
the date of irrigation.
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fractionation factor for the liquid-vapor phase change
was calculated fromMajoube (1971). The kinetic frac-
tionation was assumed to be high (26‰) for the pe-
riod prior to irrigation (diffusive transport through dry
soil), and low (13‰) after irrigation (turbulent trans-
port from wet soil surface) (Merlivat, 1978).

3. Results and discussion

Accurate measurement of the component fluxes
of ET on a scale useful for integration with eddy
covariance and remote sensing is necessary for the
development and validation of modeling and obser-
vation tools that can be used to monitor and predict
the dynamic responses of water-limited ecosystems to
rainfall variability. Our study took place over a
10-day period at the end of the dry season in an
olive orchard in southern Morocco. Meteorological

Fig. 2. Example of diurnal trends in environmental conditions on 2 days during the study. Horizontal bars abovex-axis show the time
intervals during which atmospheric water vapor was collected for stable isotope analysis.

conditions were fairly stable over the study period;
air temperature, solar radiation, and vapor pressure
deficit were high, especially after irrigation, providing
optimal conditions for flux and stable isotope mea-
surements (Fig. 1). Vapor pressure deficit increased
over the last several measurement periods providing
an opportunity to investigate responses of vegetation
and soil components to variable ET demand by the
atmosphere. Isotope sampling took place under calm,
cloudless conditions. However, afternoon sampling
(14:30–16:30 h) took place under changing conditions
as solar irradiance and air temperature declined at the
end of the solar period (Fig. 2).

3.1. Evapotranspiration estimated by eddy
covariance

Sap flow and isotope measurements were carried
out within the potential flux source area measured by
an eddy covariance system installed on a 9.2 m tower
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in the southern portion of the Agdal olive orchard.
The validity of eddy covariance measurements at this
site was tested by evaluating how well the available
energy (i.e. net radiation,Rn, minus ground heat flux,
G) was balanced by the sum of the turbulent fluxes
(i.e. the sum of the latent,�E, and sensible,H, heat
fluxes). Closure of the energy balance (Rn − G = �E
+ H) depends on the validity of the eddy covariance
measurements and the ability to quantify the avail-
able energy within the flux source area. The closure
of the energy balance was acceptable (slope = 0.74,
r2 = 0.94) for this site over the 10-day measurement
period (Fig. 3). Energy storage within the olive tree
biomass and in the air column beneath theRn mea-
surement are not included in this simple analysis. En-
ergy storage within the biomass may account for as
much as 10% of the available energy in such ecosys-
tems (Scott et al., 2003). Soil heat flux plates used to
estimateG were concentrated in a shaded area on the
north side of a large olive tree at the south tower site.
We are not confident that this location accurately rep-
resentedG for the flux source area across the orchard
as many locations were exposed to higher direct solar
radiation than the area chosen for soil heat flux mea-
surements. Such exposed locations likely experience
much higher positiveG during the day and higher neg-
ative G during the night compared to that in shady
locations. These differences easily could account for

Fig. 3. Energy balance closure for the Agdal south tower site.
Data are paired 30 min averages collected before the irrigation on
DOY 303-306 (�) and after irrigation on DOY 308-313 (�). The
1:1 line is provided as is the regression equation and coefficient
of determination for the best-fit line through the data.

Fig. 4. Comparison of daily total evapotranspiration observed at
the Agdal North (not irrigated) and Agdal south (irrigated) sites.
The vertical line shows the date on which irrigation was applied.

the apparent lack of energy closure observed. Despite
these minor concerns about energy closure, we were
confident that the eddy covariance measurements ac-
curately estimated ET.

The 100 mm surface irrigation event on DOY 307
enhanced ET by 54% over that in the few days be-
fore irrigation (Fig. 4). Compared to daily total ET
recorded at the north tower site (not irrigated), the irri-
gated south site showed a pronounced upward shift in
ET following irrigation that was apparently not driven
solely by changing meteorological conditions (Fig. 1).
The initially higher ET rates at the north site com-
pared to that at the south site was likely due to the
more recent irrigation at that site prior to the start of
our measurements on DOY 303; soil was still visibly
moist just beneath the surface at the north site on DOY
303. The upper soil profile was quite dry at the south
site prior to irrigation.

3.2. Partitioning of ET from scaled sap flow
measurements

Our goal was to investigate the component con-
tributions to enhanced ET rates observed following
irrigation at the south tower site. The difference be-
tween total ET and ecosystem-level transpiration esti-
mated from scaled sap flow measurements offers one
approach to partitioning these fluxes. This method is
widely applied (Wilson et al., 2001), but often does
not provide satisfactory results. Dominant compo-
nents of natural vegetation (i.e. species, functional
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Fig. 5. Average daily sap flow per tree for the three tree classes at
the Agdal south tower site. Values were calculated from average sap
velocity recorded by the HRM sensors and the average sapwood
area measured on a subset of trees at the site. Sap velocity measured
for multiple stemmed trees was used to estimate sap flow in the
young single-stemmed trees. The vertical line shows the date on
which irrigation was applied.

types) are heterogeneously distributed within ecosys-
tems and among landscape units and often have
unique responses to wetting events (Williams and
Ehleringer, 2000). To be successful, partitioning of
ET fluxes from scaled sap flow must account for this
heterogeneity through distributed sampling. The flux
source area measured by eddy covariance can change
rapidly depending on wind speed and direction and
can frustrate attempts to match scaled sap flow to
eddy covariance measurements. This is arguably less
of a problem in a tree orchard where cultivation has
led to a structurally and functionally homogenous
vegetation cover. However, sap flow in the multi- and
single-stemmed olive trees in this study responded
very differently to irrigation (Fig. 5). Average daily
sap flow in the large single-stemmed trees increased
only slightly (17%; from 49.5 to 53.8 L d−1) fol-
lowing the irrigation, whereas the average sap flow
of multi-stemmed trees increased by 86% (21.8 to
40.4 L d−1). Multi-stemmed trees occur on less favor-
able micro-sites within the orchard and experience
greater levels of water stress, and thus respond more
to the periodic irrigations. In fact, these trees were
coppiced because they were less productive.

We modeled the source flux area measured from
the tower and used this to scale tree sap flow
to the ecosystem level based on a geographically

referenced classification of the olive tree types
(Fig. 6). Sap flux measurements were not made on
the young single-stemmed trees because they rep-
resented only 9.4% of all trees in the stand. The
large single-stemmed trees accounted for 77.3% and
multi-stemmed trees accounted for 13.3% of trees in
the stand. For the purposes of scaling transpiration
to the stand level, we assumed that sap flux in the
young single-stemmed trees was the same as that in
multi-stemmed trees. Although we anticipated in our
sap flow sampling design that prevailing winds and
the flux source area would include a large cluster of
multi-stemmed trees situated to the west-northwest of
the eddy covariance tower (Fig. 6), the winds were
predominantly from the northeast over the study pe-
riod where very few multi-stemmed trees were found.
By super-imposing the calculated flux footprint over
a geographically referenced tree classification, we
determined that on average only 1.8% of the flux
source area during daytime periods was occupied
by multi-stemmed trees. Large single-stemmed trees
occupied 88.7% of the flux source area, and the
much smaller young single-stemmed trees occupied
7.3% of the flux source area. Since whole-tree sap
flow was low in the young single-stemmed trees
(Fig. 5), their contribution to stand transpiration
was minimal. Simple scaling of sap flow from the
absolute proportions of each tree type from the ini-
tial surveys would have led to considerable error in
partitioning estimates. Accounting for spatial and
functional heterogeneity in tree sap flow, especially
when integrating with eddy flux measurements is
clearly important, even in relatively homogeneous tree
orchards.

We assumed that differences between sap flow
scaled to the eddy covariance footprint and the eddy
covariance estimates of ET would reflect the contri-
bution of soil evaporation. This difference should be
negligible when the soil surface is dry, as was the case
prior to irrigation (DOYs 303–306) at the south tower
site. However, our scaled sap flow tended to underes-
timate ET during this period by about 24% (Fig. 7).
This error is likely due to either: (1) underestimation
of wounding damage (Swanson and Whitfield, 1981);
(2) a failure to capture sap flux in the most active
region of the xylem that is generally located near the
cambium (Swanson, 1994); or (3) underestimation of
sap flux at depths beyond which our sensors were
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Fig. 6. Example from the Agdal south site showing the spatialized tree classification used for scaling sap flow and integrating the scaled
sap flow estimates with the ET source area footprint model. Data are for DOY 308, averaged from 10:00 to 12:30 h. Each spatial element
of the footprint model is assigned a proportion of the total ET flux from the up-wind field. Each tree element is assigned to the following
classification categories: single-stemmed, “single”; multi-stemmed, “multi”; young tree, “young”; or missing tree, “missing”; irrigated,
“irrig” or non-irrigated (no designation).

Fig. 7. Correlation between sap flow measurements scaled to the
eddy covariance flux footprint and the eddy covariance ET flux for
DOY 303–306, before irrigation. Soil surface conditions were very
dry during this period. This relationship was used to calibrate the
scaled sap flow measurements for extrapolation to post-irrigation
transpiration.

designed to measure (in this case, 30 mm,Fernández
et al., 2001).

The consistent error associated with the scaled sap
flow measurements was overcome for the purposes
of ET partitioning by using the pre-irrigation period
to calibrate sap flow to the eddy covariance measure-
ments. We recalculated all the scaled sap flow data
with a regression model relating paired sap flow and
eddy covariance estimates of ET from each 30 min
interval between DOY 303 and 306 (Fig. 5). The
linear regression model (Transpiration = 1.56*[scaled
sap flow] – 0.009) was statistically significant (P <

0.001) and accounted for more than 95% of the to-
tal variance (r2 = 0.954). Prevailing wind speed and
direction was similar between the calibration period
before irrigation and during the period after irriga-
tion (data not shown), thus we were confident that
this model was valid for the post-irrigation period.
Further, over the entire measurement period no less
than 85% of the flux was derived from areas oc-
cupied by single-stemmed trees within the irrigated
area and no more than 2% of the flux was derived
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Fig. 8. Daily course of scaled transpiration from calibrated sap flow and evapotranspiration measured by the eddy covariance system at the
Agdal south site. Horizontal bars abovex-axis show the time intervals during which atmospheric vapor was sampled for isotope analysis.

from the non-irrigated area. Thus, the shifts in wind
direction and speed over the 10-day measurement
period did not have much bearing on the type of veg-
etation included within the source flux area, adding
further validity to the pre-irrigation calibration and
application. Total ET flux recorded by the eddy co-
variance system was higher than the adjusted, scaled
values of olive transpiration on days 308, 310, and
313 – the days on which stable isotope measure-
ments were taken after irrigation (Fig. 8). The dif-
ferences reflect the significant contribution of soil
evaporation to total ET within the flux footprint of
the eddy covariance measurements. The soil surface
remained very moist through the last sampling day
(DOY 313). We likely did not capture during this
period the second phase of soil drying when evapora-
tion becomes limited by surface resistance (Ritchie,
1972).

3.3. Partitioning of ET fromδ2H of atmospheric
water vapor

Large gradients in atmospheric moisture content
and isotopic composition through the profile of the
ecosystem boundary layer were observed on all the
sampling dates except DOY 303, the sampling date
prior to irrigation. Linear regressions were fitted to
morning and afternoon data to estimateδET, the iso-
topic composition of the ET flux, separately for these
periods, except from DOY 303 for which morning and
afternoon data were combined for a single estimate of
δET (Fig. 9). They-intercepts for these best-fit regres-
sions estimateδET (Table 1). The value forδET was
more negative on the days following irrigation than
prior to irrigation, likely reflecting the input of water
vapor lost from the soil surface, which carried a very
depleted isotope signal (Table 2).
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Fig. 9. Deuterium isotope (δ2H) mixing relationships (‘Keeling plots’) generated for each sampling period (midday = 10:30–12:30 h;
afternoon = 14:30–16:30 h) on DOY 303, 308, 310, and 313. Lines represent best-fit regressions for each period. Data for midday and
afternoon were combined for the regression analysis on DOY 303.

Table 1
Summary of linear regression analyses from Keeling plots of atmospheric water vapor (Eq. (1) in text)

Sampling period N Slope y-Intercept r2 Significance ofF statistic

DOY 303
10:00–12:00 h+ 14:30–16:30 h 27 −630 (118) −40 (13) 0.53 P < 0.001

DOY 308
10:30–12:30 h 12 –771 (115) –57 (8) 0.82 P < 0.001
14:30–16:30 h 15 –723 (42) –63 (3) 0.95 P < 0.001

DOY 310
10:30–12:30 h 14 −594 (57) −57 (4) 0.90 P < 0.001
14:30–16:30 h 15 −869 (198) −48 (16) 0.56 P < 0.001

DOY 313
10:30–12:30 h 15 –295 (35) –57 (7) 0.85 P < 0.001
14:30–16:30 h 13 –300 (24) –52 (5) 0.93 P < 0.001

Values in parentheses represent 1 S.E. of the parameter estimate.
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Table 2
Estimates of theδ2H value of evapotranspiration (δET) from Table 1and the isotope values of plant transpiration (δT) and soil evaporation
(δE) sources for each sampling period

Sampling period δT δE δET FT FE

DOY 303
10:00–12:00 h+ 14:30–16:30 h –44 (2) –131 (2) –40 (13) 1.05 (0.15) –0.05 (0.15)

DOY 308
10:30–12:30 h –46 (1) –123 (5) –57 (8) 0.86 (0.10) 0.14 (0.10)
14:30–16:30 h –120 (5) –63 (3) 0.77 (0.04) 0.23 (0.04)

DOY 310
10:30–12:30 h –46 (1) –106 (4) –57 (4) 0.82 (0.07) 0.18 (0.07)
14:30–16:30 h –120 (4) –48 (16) 0.97 (0.22) 0.03 (0.22)

DOY 313
10:30–12:30 h –41 (1) –93 (2) –57 (7) 0.69 (0.13) 0.31 (0.13)
14:30–16:30 h –86 (2) –52 (5) 0.75 (0.11) 0.25 (0.11)

Also shown are the estimated fractions of evapotranspiration from tree transpiration (FT) and soil evaporation (FE). Values in parentheses
are 1 S.E. of the means. Data from midday and afternoon sampling on DOY 303 were combined.

The δ2H value of the irrigation water applied on
DOY 307 was−30‰. Interestingly, theδ2H value of
olive twig water remained near−45‰ throughout the
study period until DOY 313 when average twigδ2H
values increased to−41‰ (Table 2). The increase in
δ2H values 6 days after the irrigation likely reflects
uptake of irrigation water by the trees. Unfortunately,
we did not sample intensively enough within single-
and multi-stemmed trees to distinguish differences be-
tween the two types in the timing our quantity of up-
take of the irrigation water. However, because sap flow
rates in the multi-stemmed trees responded very sig-
nificantly to the irrigation, even by the 3rd day after
irrigation, water stress in these trees likely was ame-
liorated by the irrigation.

Theδ2H values estimated for olive transpiration and
soil evaporation differed from each other by 45–87‰
over the 10 days sampling period, providing very dis-
tinct signals for partitioning analysis (Table 2). The
fraction of total ET from soil evaporation (FE) ranged
from 0 on DOY 303 prior to irrigation to as high as
0.31 at midday on DOY 313. Although middayFE
increased from DOY 308 to 313,FE was quite vari-
able over these days in the late afternoon sampling
periods. The high variance for the estimated fractions
on the afternoon of DOY 310 indicates that the tech-
nique was flawed during this sampling period. The
rapidly changing environmental conditions and total
ET fluxes during this late afternoon period (Fig. 2)
may have led to unstable proportional fluxes from trees

and soil over the 2-h sampling period and/or isotopic
non-steady-state fluxes from trees (Harwood et al.,
1999). Either mechanism could produce high variance
in Keeling plot data or inaccurate or non-interpretable
estimates ofδ2H values for ecosystem ET. Regression
analysis using only the first of the three sets of five
atmospheric vapor samples (14:30–15:00 h) produced
an estimate of−58‰ for the δ2H value of ecosystem
ET, which contrasted sharply with that estimated from
all three sample sets (−48‰) during this period. For
these reasons, we were not confident with the isotope
partitioning results from the afternoon periods.

The principal assumptions for the valid application
of the Keeling plot method for partitioning ET from
measurements of stable isotope ratios of atmospheric
moisture, plants, and soils in this study are that: (1)
plants are transpiring at isotopic steady-state, such that
vapor transpired from leaves has the same stable iso-
tope value as that sampled from twigs; (2) there is no
loss of water vapor other than that lost from turbulent
mixing with the atmosphere (e.g. no condensation);
(3) there are no more than two sources for the evap-
otranspired water vapor; and (4) the relative contribu-
tions of the two sources does not change within an
analysis period (Yakir and Sternberg, 2000). Assump-
tions 2 and 3 are easily met in the simple, two-layered
olive ecosystem. The warm, dry conditions precluded
any possibility of condensation during our measure-
ments and all understory plants were removed prior to
the study such that the soil was completely bare. We
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assumed that the short intervals for morning and af-
ternoon measurements (∼2 h) was insufficient time to
allow large shifts in the proportional fluxes from tran-
spiration and soil evaporation. We did not directly test
the assumption of isotopic steady-state, however, be-
cause of the large differences in the isotope values of
modeled soil evaporation flux (δE) and twig water (δT),
we assumed that deviations from isotopic steady-state
transpiration would not greatly compromise accuracy
in our partitioning estimates. The most unfavorable
conditions for applying this approach were clearly dur-
ing the afternoon sampling periods, when solar irradi-
ance (Fig. 2), olive transpiration, and ET fluxes were
declining rapidly (Fig. 8).

3.4. Technique comparison

Partitioning total ET into its components at the
ecosystem or larger scale requires integration of sev-
eral measurement techniques. Often these techniques
require measurements that differ greatly in spatial
or temporal scale (Grelle et al., 1997;Wilson et al.,
2001). Tree sap flow and stable isotope estimates of
component ET fluxes are derived from measurements
representing very different spatial scales. Sap flow is
typically carried out on just a subset of trees within
the stand, and it is assumed that these trees capture
the variance and mean response of all trees within the
footprint of the eddy covariance flux measurements.
This is a reasonable assumption for a relatively homo-
geneous agricultural ecosystem, but we found it nec-
essary to account for tree-to-tree variation in sap flow
responses in the Agdal olive orchard. Confidence in
the component ET estimates was improved by scaling
tree sap flow responses to the flux source area of the
eddy covariance measurements. Careful evaluation of
flux source area is even more essential in natural veg-
etation where heterogeneity in species composition
and stand structure precludes accurate representation
of ET components at a large scale (Grelle et al.,
1997; Mackay et al., 2002). Still, this technique de-
pends on adequate sampling of trees within each class
and validity of the eddy flux source area modeling
(Moncrieff et al., 2000; Mackay et al., 2002). Another
concern with sap flow measurements is that tree ca-
pacitance can lead to temporal lags between rates of
sap movement in the base where measurements are
made and evaporation from leaf surfaces (Goldstein

et al., 1998). We saw little evidence of a lag between
sap flow and ET in olive.

The isotope technique arguably has fewer con-
straints with respect to spatial and temporal scale
when partitioning fluxes measured by eddy covari-
ance. Isotope samples are collected within the ecosys-
tem boundary layer, including the constant flux zone
where eddy covariance sensors are deployed. Thus,
the footprint for the atmospheric vapor samples is
somewhat similar to that for the eddy covariance
measurements (but seeRannik et al., 2000). Although
we collected some samples for isotope analysis from
near the ground surface, the Keeling plots were linear
(Fig. 9) with no apparent break or non-linearity that
might be expected if upper and lower profiles were
integrating different source areas with different flux
properties (Yepez et al., 2003). Air was likely well
mixed within the canopy.

Despite the concerns of spatial scale and temporal
matching between the isotope and sap flux techniques,
the two approaches yielded very similar estimates of
component fluxes in the present study for the midday
period (10:30–12:30 h) between DOY 308 and 313 af-
ter irrigation (Fig. 10). Ecosystem-level transpiration
and soil evaporation estimated by the isotope approach
were within 4 and 15% of that estimated by scaled sap
flow, respectively. These slight differences may have
been due to errors in matching source areas of wa-
ter vapor and isotope concentrations with eddy fluxes
(Schmid, 1994; Rannik et al., 2000). Regardless, soil
evaporation rates estimated by both approaches were
highly correlated with vapor pressure deficit (D), as
is expected for the first, energy-limited stage of soil
evaporation (Ritchie, 1972). However, as with the tran-
spiration rates estimated from sap flow, transpiration
rates partitioned from total ET using the isotope tech-
nique were not correlated withD. Apparently olive
trees at the south tower site at midday were transpir-
ing at near-maximum rates set by soil and/or plant hy-
draulic limitations (Sperry, 2000), and thus were not
sensitive to day-to-day variation in maximumD. Other
studies have noted that olive is insensitive to high af-
ternoonD (Fernández et al., 2001).

The isotope and sap flow techniques for parti-
tioning ecosystem ET did not compare favorably
for the late-afternoon sampling periods (Fig. 10).
Plant transpiration declined substantially during the
2 h sampling period in the late afternoon due to
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Fig. 10. Comparisons of soil evaporation and tree transpiration
rates estimated from stable isotopes (solid symbols) and scaled sap
flow (open symbols) plotted as a function of atmospheric vapor
pressure-deficit (D).

the rapidly changing light conditions and/or highD
(Figs. 2 and 7). Transpiration possibly was not at iso-
topic steady-state under these dynamic environmental
conditions, although we have no direct evidence to
support this claim. Another possible reason for the
difference between isotope and sap flow partitioning
for the late afternoon sampling periods is that the
source area for eddy covariance fluxes and isotope
concentration measurements are different. The con-
centration footprint and the flux footprint source areas
have different decay functions in the upwind direction
(Rannik et al., 2000); sources farther upwind have a
greater influence on the isotope measurement than on
the flux measurement. Afternoon winds were from
the northwest, while in the morning winds were from
the east. In the morning the upwind distance to the

non-irrigated portion of the stand to the north of the
mast was much larger than in the afternoon, therefore,
in the afternoon the influence of the non-irrigated
section may have influenced the isotope results.

4. Summary

A greater understanding of processes driving the
dynamics of soil evaporation and plant transpiration
during wetting–drying episodes in arid and semiarid
environments is needed to manage scarce water sup-
plies and to elucidate factors controlling variability in
ecosystem productivity. Our data illustrate the utility
of the isotope ‘Keeling plot’ approach for partitioning
ET at the ecosystem scale on short time steps, and the
importance of accurate spatial representation of scaled
sap flux for comparison with eddy covariance mea-
surements of ET. Estimates of component ET fluxes
derived by partitioning total ET using either scaled
sap flow or the isotope approach were very similar
for midday periods when ecosystem gas exchange was
at maximum daily rates, but compared less favorably
during late afternoon periods. The isotope approach,
when combined with eddy covariance estimates of to-
tal ET fluxes, can be a very useful alternative to ap-
proaches that rely on scaling-up from leaf-, plant-, or
plot-level measurements in heterogeneous ecosystems
typical of arid and semiarid environments.
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