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Abstract

This study was designed to estimate transpiration in a container nursery under both irrigated and water stressed condi-
tions using a biologically based canopy model. The model, MAESTRA, was parameterized with a suite of physiological
measurements and an explicit response function for soil moisture deficit was incorporated. The model was validated against
transpiration measurements monitored by the stem heat balance method in both irrigated and non-irrigated plots. Distinct
disconnects between estimated and measured values were found at high soil moisture deficits. The data justify the incorpora-
tion of a soil moisture component to simulate transpiration of plants with root zones in limited soil volumes. The agreement
between measured and modelled canopy transpiration separated at a soil moisture deficit of 0.85 or greater, however, estimates
of daily transpiration simulated by the model were in agreement with sap-flow measurements when water was not limiting.
The data indicate that cuticular conductance at soil moisture deficits≤0.85 may explain the separation in model estimates
and actual plant water loss.
© 2002 Elsevier Science B.V. All rights reserved.

Keywords:Stomatal conductance; Modeling; Transpiration; Red maple

1. Introduction

It is well known that water management is es-
sential for the survival and growth of crops. Just as
important, if not more so, is successful water man-
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agement in limited soil volumes such as container-
ized plants. Either over watering or under watering
plants can have negative consequences. Over wa-
tering can lead to leaching of nutrients that affect
environmental quality, while water deficit can delete-
riously affect potential growth. Management practices
with nursery crops tend toward excessive water use
due to fears of a decline in growth and production.
Models to predict potential transpiration add to this
fear by often over-estimating transpiration rates in
water-stressed trees. One possible explanation for
this over-estimation is not taking into account the
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water balance in the soil profile. Another explana-
tion includes inadequate representation of canopy
parameters.

Recent studies emphasize the need to go beyond
whole-tree measurements of sap flow into stands of
plants (e.g.Wullschleger et al., 2000), a necessary
component of nursery scale water use modeling.
Aerodynamically rough, well-ventilated canopies
such as forests, orchards, or nurseries are well cou-
pled to their environment. When aerodynamically
rough conditions are present, stomatal conductance
(gs) can cause an increase in canopy conductance
that is nearly proportional to transpiration (Jarvis and
McNaughton, 1986). Micrometeorological techniques
such as estimates using Bowen ratio, however, are not
very feasible under nursery conditions because they
require large amounts of fetch, whereas, the expense
and logistics of monitoring individual tree sap flow
does not lend itself to nursery conditions. Modeling
synthesis of experimental measurements offers an-
other viable approach to estimate water use in both
well-watered and drought stressed canopies. To date,
simplified forms of the Penman-Monteith equation are
often used to estimate rates of canopy transpiration
from atmospheric humidity deficits in aerodynami-
cally well-coupled canopies (Phillips and Oren, 1998).
Numerous models have been employed to estimate
evapotranspiration (ET) from meteorological data in
an attempt to relate the climatic conditions to a refer-
ence crop such as the Penman-Monteith well-irrigated
short-green grass based equation (Schuch and Burger,
1997). The next step in this scenario is to develop a
crop coefficient to compare the water use of a spe-
cific crop to that of a reference crop. Lost in this
common procedure are a number of plant morpho-
logical and physiological features of both the crop
canopy as a whole and the individual tree within the
canopy. Furthermore, the assumption that adequate
water exists in the soil profile can lead to overesti-
mates of transpiration in water-stressed trees (Dye,
1996).

Water supply limits evaporation in dry environ-
ments when demand is independent of supply, and
meteorological measurements and modeling become
irrelevant when demand exceeds supply (Calder,
1998). The evaporation process primarily depends on
six types of potential limits: advection, radiation, soil
water, tree physiology, tree size, and raindrop size.

Tree physiologists attempt to account for these limits
through biophysical models that have become increas-
ingly complex and difficult to apply to real-world wa-
ter resource problems (Calder, 1998). Alternatively,
oversimplification can misrepresent crop parameters,
especially when primary controls are not well de-
fined. Dynamic ET factors can complicate the prob-
lem. For example, under semiarid conditions,Calder
et al. (1993)found soil water availability and plant
physiological controls to limit evaporation; whereas,
in a wet UK upland, atmospheric demand through
advection and radiation controls were the prominent
evaporative drivers. Robust model estimates, there-
fore, rely on identification and parameterization of
controlling limits to accurately estimate water use
under inadequate supply of one or more limiting
factors.

Leaf transpiration and photosynthesis are related to
radiation flux density in a non-linear fashion that can
be overestimated if averaged over a long time period
and large spatial area (Smolander and Lappi, 1985).
Alternatively, MAESTRO, a model originally devel-
oped byNorman and Jarvis (1974, 1975)and vali-
dated byWang and Jarvis (1990a), takes into account
canopy radiation and photosynthesis of single trees at
relatively short time intervals. The model holds po-
tential advantages for nursery, forest, and orchards in
that structural parameters such as tree position, crown
shape, and dimensions are specified. Moreover, spe-
cific physiological values of the species under study
are incorporated into model calculations, potentially
yielding a more accurate estimate of water use for a
specific crop.

The model MAESTRO has been described and
applied byWang and Jarvis (1990a,b)and recently
updated and renamed MAESTRA (Medlyn et al.,
1999). The aim of this paper is to parameterize and
analyze the ability to model water use using the
canopy model MAESTRA (Medlyn et al., 1999) in re-
sponse to water deficits under nursery conditions. The
MAESTRA model parameters were estimated from
leaf scale gas exchange measurements and validated
against whole-plant flux data at ambient atmospheric
CO2. The validity of the model will be compared to
whole-plant flux data (E) under both well-watered
and water stress conditions. Finally, the model will
be used to simulate below-potential transpiration
rates.
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2. Materials and methods

2.1. Plant material

In August 2001, South Carolina grownAcer rubrum
(red maple) cultivars were shipped to Clemson Uni-
versity, transferred to an outdoor gravel pad of open
terrain, and fit with pressure-compensating micro
emitters (ML Irrigation Inc., Laurens, SC). Prior to ar-
rival, cultivars were transplanted into 15 gal Spin Out
treated plastic pots containing a mixture of pine bark
and sand (20:1 (v/v)), fertilized with 8.3 kg m−3 of
NutricoteTM 20N-3.0P-8.3 K type 360 (Chiso-Asahi
Inc., Japan). Upon arrival, all pots were watered to
saturation and permitted to drain for 18 h.

2.2. Water measurements

After drainage and thereafter on alternate days,
bulk volumetric water content of each container was
measured in four locations with a Theta Probe type
ML2 (Delta-T Devices, Cambridge, England) at 10
and 20 cm below the rooting medium surface. The
readings were taken in pre-drilled locations on oppo-
site sides of the pot. Drilled holes were large enough
to allow the probe adequate movement and contact
with the soil surface within the container. The read-
ings were then averaged in order to estimate bulk
volumetric water content for each container.

We undertook a preliminary experiment to con-
struct soil moisture release curves on representative
soil samples (n = 6). Our pressure plate apparatus
was capable of 1500 kPa. In order to relate soil mois-
ture to plant water relations, we paired a sub-sample
of leaf water potential (Plant Moisture Status Con-
sole, Soil Moisture Equipment Corp., Santa Barbara,
CA) to bulk moisture content of the rooting medium.
For water potential readings, one leaf per tree was
selected on the south side and covered with alu-
minum foil 24 h prior to the reading. At solar noon,
the leaf water potential was measured in parallel
with soil moisture. For leaf water potential readings,
a leaf was removed and, while still covered with
foil, its water potential measured. This measurement
provided an estimate of the xylem stream water
potential under conditions in which mid-afternoon
(13:00–15:00) transpiration is minimized (Bauerle
et al., 1999).

2.3. Sap-flow measurements

Commercially available sap-flow gauges (Dynamax
Inc., Houston, TX) were used for all measurements.
The gauges have been described in detail elsewhere
(Steinberg et al., 1990). Briefly, a flexible heating
element surrounds the stem and heat is accounted for
with a thermopile for radial heat loss and thermocou-
ples above and below the heater for vertical conduc-
tive heat loss. A one-layer thick 5 cm piece of Saran
Wrap® (Dow Brands, Indianapolis, IN) encircled the
stem to exclude moisture from the heater element. A
thin coat of silicone-based waterproof grease (Dow
Corning 64, Dow Corning, Midland, MI) was applied
to the Saran wrapped stem segment to facilitate gauge
contact. The sap-flow gauges (Models SLD 13, 16,
and 19, Dynamax) were installed between the two
foam insulation rings, approximately 60 cm above the
container soil surface. Also, a weather shield encased
the gauge and rubber sealant circled the stem–gauge
interface at both the upper and lower stem extrusion
points. Lastly, aluminum foil was placed over the
gauge assembly and sealed to the stem with Parafilm
(American National CanTM, Greenwich, CT) and
white elastic cord. The foil continued from the base of
each gauge to the plastic skirt for a distance of about
50 cm. Power supply for the heaters were set between
3.5–4 V (Model AVRDC, Dynamax), a manufacturer
recommended setting. At times when sheath conduc-
tivity was not estimated for radial heat loss, heating
elements were operated from 4:00 a.m. to 8:00 p.m.
to minimize overheating of the stem during night time
low flow conditions. Gauge signals were monitored
by a CR10X data logger (Campbell Scientific, Logan,
UT) equipped with a multiplexer (AM416, Campbell
Scientific, Logan, UT) every 30 s; and 15-min aver-
ages were computed and stored in a storage module
(SM4M, Campbell Scientific, Logan, UT). Thermal
conductivity was assumed to be constant with an
average value of 0.42 W m−1 ◦C−1 (Steinberg et al.,
1989). Sheath conductivity (Ksh), was computed as the
average of the measuredKh values between 02:00 and
04:00 h, four times over the course of the experiment.

2.4. Nursery experiments

Sixty containerized red maple saplings were spaced
1.5 m center-to-center. Plants were irrigated six
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times daily to container capacity prior to imposing
drought. For each cultivar, treatments consisted of a
well-watered control and a drought treatment where
water was withheld. Randomly selected plants from
each source and treatment combination were chosen
for continuous sampling of sap flow. To eliminate
evaporation from the soil surface and/or water pene-
tration in case of rain, white plastic bags were cut and
sealed to the stem with Parafilm (American National
CanTM, Greenwich, CT). The bottom ends of the bags
were left open and secured to the pots with an elas-
tic fit. Wrapping the exterior of each container with
aluminum foil reduced radiation load on containers.

Sixteen sap-flow gauges were installed on the trunks
of red maple. Trunk diameter at the point of gauge at-
tachment ranged from 13.7 to 24.9 mm. Of the gauges
employed, six were on well-watered control plants
and eight were on plants subjected to a drought stress
and well-watered recovery cycle. Two additional trees
with unheated gauges were continuously monitored
to check for environmentally induced fluctuations in
the stem temperature difference across the heater. The
gauges were evenly distributed between two red maple
cultivars, Summer Red and October Glory®, in both
the well-watered (n = 3) and drought stressed (n = 4)
treatments.

When the media of an individual replicate of a given
cultivar reached a bulk volumetric water content of
0.090 m3·m−3, a timed drought and recovery cycle was
initiated. Plants were re-watered to container capacity
the evening of the 5th day and tracked for recovery
responses. When a plant completed its cycle, it was
removed from the study.

Whole-tree sap-flow rates and microclimatic condi-
tions were measured simultaneously. Meteorological
data (air temperature, precipitation, humidity, pho-
tosynthetic photon flux density (PPFD), wind speed,
wind direction, and direct and diffuse solar radiation)
were collected at a height of 3 m using a Campbell
Scientific Weather Station located on the north side
immediately adjacent to the experimental plot and
within 0.25 m of canopy level.

2.5. Gas exchange determinations of leaf
transpiration

During the experiment, transpiration measure-
ments were taken twice daily in conjunction with

soil moisture. Transpiration was measured on the
first fully expanded leaf using a portable steady state
gas-exchange system (CIRAS-I, PP Systems, Haver-
hill, MA) equipped with a light and temperature
controlled cuvette (Model PLC5 (B); PP Systems).
Measurements were taken on the youngest fully ex-
panded and undamaged leaf from 09:00 to 12:30 h.
The leaves were tagged and daily measurements were
taken in random order to compensate for any effects
caused by time of sampling. All leaves were natu-
rally south oriented and fully exposed to incoming
radiation to reduce environmental interactions. Leaf
temperature was controlled at 25◦C; PPFD was main-
tained at 1000�mol m−2 s−1 with the cuvette light
source; and vapor pressure deficit in the cuvette was
kept at 1.3 ± 0.4 kPa. Measurements at saturating
PPFD were recorded after reaching steady state.

2.6. Model parameterization

In this study, MAESTRA—a 3D model of for-
est canopy radiation absorption, photosynthesis, and
transpiration—was parameterized for an experimen-
tal containerizedAcer rubrum site near Clemson,
SC, USA (latitude, 34◦40′8′′; longitude, 82◦50′40′′).
Model structure and parameterization followed that
of Luo et al. (2001). Briefly, the canopy is repre-
sented by an array of semi-ellipsoidal tree crowns
in an area of 90 m2. The trees were evenly spaced
in nursery drip irrigated rows. Leaf area of all trees
was measured at the end of the study by a destructive
harvest with an LI-3100 leaf area meter (Li-Cor Inc.,
Lincoln, NE). Parameter values used by the photo-
synthesis and stomatal conductance models are listed
in Table 1. Unless otherwise noted, parameter values
were not changed from that of the Luo model (Luo

Table 1
Summary of CO2 exchange and stomatal conductance model pa-
rameters onAcer rubum(red maple) taken fromBauerle (2001)

Parameter Units A. rubrum

Vcmax (25◦C) �mol m2 s−1 77.3 ± 2.9
Jmax (25 ◦C) �mol m2 s−1 189.1± 5.0
Rd (25◦C) �mol m2 s−1 1.7 ± 0.1

Maximum carboxylation rate (Vcmax) and estimates of the potential
electron transport rate (Jmax) were calculated from the biochemical
model of von Caemmerer and Farquhar (1981), incorporating the
parameter values ofKirschbaum and Farquhar (1984).
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et al., 2001). Leaf area index was assumed to be
constant during each simulation.

2.7. Modeling the stomatal canopy conductance

We followed the approach ofJarvis (1976), mod-
ified by Granier and Loustau (1994)for a maritime
pine canopy. Parameter estimates forks1 andks2, de-
rived and validated byGranier and Loustau (1994),
were used to parameterize the effect of soil drought on
stomatal function within MAESTRA by constraining
water loss as soil water depleted. We made the follow-
ing changes to their approach: the mean bi-daily value
of soil moisture deficit was substituted for the leaf
water potential (Schulze et al., 1987). We substituted
PPFD into theGranier and Loustau (1994)equation,
shown to be of primary importance in modeling the
response of stomatal conductance (Massman and
Kaufmann, 1991). The final form of the model was
as follows:

gs = k1

(
Ps

Ps + kr

) (
1 − kd1 δq

1 + kd2 δq

)
[1 − ks1exp(ks2δM)] (1)

wherek1, kr, kd1, kd2, andks2 are estimated parameters
(Table 2), Ps is the PPFD (�mol m−2 s−1), δq the water
vapor deficit (g kg−1), and δM is the soil moisture
deficit. Soil moisture deficit (δM) was estimated by

δM = (Mmax − M)

(Mmax − Mmin)
(2)

whereMmax, Mmin andM are the maximal, minimal
and actual root zone volumetric soil moisture, respec-
tively.

Other functions of these variables were tested (e.g.
Ogink-Hendriks, 1995), but the estimates derived by
Granier and Loustau (1994)gave the best fit between
predicted and observed values ofE. We compared the

Table 2
Estimates of the model parameters, taken fromGranier and Loustau
(1994)

Parameter Estimates Units

k1 0.02017 mm s−1

kr 497.791 W m−2

kdl 0.0360 kg g−1

kd2 0.389 kg g−1

ks1 0.0156 –
ks2 4.269 –

estimates to the stomatal response of both sap flow
and gas exchange measurements. A negative exponen-
tial function fit to our data agreed well with the re-
sponse function derived in theGranier and Loustau
(1994)dataset; therefore, we used those estimates in
our model.

2.8. Validation tests

Using the physiological and physical parameters,
the E values were computed and compared with the
observed values. Predicted transpiration values were
also compared to potential evapotranspiration of both
the Penman-Monteith with zero canopy resistance and
van Bavel combination equations. These values were
compared with MAESTRA estimates and observed
values of transpiration calculated from sap flow and
gas exchange measurements on both a 15-min and
daily basis.

The Penman-Monteith equation for a leaf with
stomata just on the lower surface only can be defined
as

Ecrown = SRn + ρa Cp Dga

λ[s + γ (1 + ga/gcrown)]
(3)

whereEcrown is transpiration (kg m−2 s−1), s the slope
of the saturation vapor pressure deficit versus temper-
ature at air temperature (kPa K−1), Rn net radiation
(W m−2), ρa the density of dry air (kg m−3), Cp the
specific heat capacity of air (J kg−1 K−1), D the vapor
pressure deficit (kPa),ga the boundary layer conduc-
tance (m s−1), λ the latent heat of evaporation of water
(J kg−1), γ the psychrometer constant (kPa K−1), and
gcrown is the crown conductance (m s−1).

The transpiration rate of individual trees is known in
our study and in that situation, crown conductance can
be calculated by substitutingEcrown, ga, and weather
station data into the inverted Penamn-Monteith equa-
tion. We used the inverse form given inGranier and
Loustau (1994):

1

gcrown
=

[
s

γ

(
Rn − λEcrown

λEcrown

)
− 1

]
1

ga

ρa

Ecrown

Cp

λγ
D (4)

The combination model of potential evaporation was
a formulation given invan Bavel (1966):

LE0 (m2/s−1) = −∆/γH + LBvdα

∆/γ + 1
(5)
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whereL is the latent heat of vaporization,E0 the po-
tential evaporation rate,∆/� a dimensionless number
dependant on the air temperature at the elevation above
the surface,H the sum of energy inputs at the surface
other than those of latent heat and sensible heat,B� the
turbulent transfer coefficient, andd� is the saturation
vapor pressure deficit of air.

The change in observed and predicted transpiration
values (y) with increased soil moisture deficit (x) was
characterized by the exponential function

y(x) = α + βe−λx (6)

where response declines at an ever decreasing rate, ac-
cording to shape parameterλ toward asymptotic value
� asx → ∞, parameterβ shifts the location of the
curve along thex-axis by determining the intercept,
y(0) = α + β. The above relationships was fitted by
non-linear least squares using an iterative process to
obtain parameter estimates.

3. Results

3.1. Whole-tree sap flux

Stem diameters of the 14 sap flow measured trees
at gauge height (approximately 60 cm above the con-
tainer surface) ranged from 13.7 to 24.9 mm, leaf area

Table 3
Above ground biometric characteristics of theA. rubrum trees used for sap-flow measurements

Treatment Tree no. Diameter at gauge
height (cm)

Length of
canopy (m)

Leaf area (m2) x-radii (m) y-radii (m)

Irrigated 1 1.73 1.22 1.79 0.61 0.74
2 1.73 1.50 1.56 0.61 0.74
3 1.88 1.44 2.61 0.39 0.44
4 2.0 1.19 2.34 0.43 0.58
5 2.13 1.27 2.85 0.41 0.64
6 1.67 1.42 2.03 0.41 0.71

Drought 7 1.43 1.27 1.10 0.36 0.64
8 2.20 1.35 2.84 0.48 0.66
9 2.49 1.07 2.64 0.46 0.53

10 2.09 1.12 2.30 0.43 0.56
11 1.94 1.09 2.25 0.41 0.53
12 1.78 1.32 1.31 0.28 0.66
13 1.85 1.37 1.75 0.36 0.69
14 1.87 1.12 1.42 0.36 0.56

An average measure of the south and northx-radii direction was taken with a flexible meter tape. They-radii was measured from a ladder
using a flexible meter tape.

from 1.1 to 2.85 m2, and length of canopy from 1.07
to 1.5 m (Table 3). Fig. 1 depicts sap flow of four
representative trees (Fig. 1b) in relation to potential
transpiration of both the Penman-Monteith and van
Bavel combination equations (Fig. 1a) and soil mois-
ture deficit (Fig. 1c) for the period Julian day 245
to 262. Potential evapotranspiration calculated by the
Penman-Monteith and van Bavel combination equa-
tions was nearly identical, leaving different symbols
undecipherable (Fig. 1a). It is important to note that
container-to-container variation in soil water content
prevented aggregating trees and, therefore, sap flow
and soil moisture deficit is expressed for individual
trees inFig. 1b and c. In addition,Fig. 1billustrates the
variation in water loss among irrigated trees and trees
subjected to progressive water stress within the plot at
similar soil moisture deficit. First, for irrigated trees,
transpiration rate calculated on a unit leaf area basis
varied from day-to-day in parallel with potential tran-
spiration. Second, as soil moisture deficit increased in
trees subjected to water deficit, sap flow declined and
became disconnected from the other environmental
variables that drive transpiration. In measurement trees
subjected to water deficit when soil moisture deficit
rose above 0.5, sap-flow measurements began to de-
viate from those of potential transpiration (Fig. 1b).

Fig. 2 illustrates the relationship between measured
and modeled water loss under irrigated conditions.



W.L. Bauerle et al. / Agricultural and Forest Meteorology 114 (2002) 45–57 51

Fig. 1. Variation of (a) potential evapotranspiration calculated by the Penman-Monteith combination equation (solid squares) and the
van Bavel combination equation (open squares), which is not distinguishable due to the similar estimate, (b) actual transpiration of two
representative irrigated individual trees (trees 1 and 6; solid squares) and two representative drought stressed individual trees (trees 7 and
12; solid circles) on a m2 crown projection area basis, (c) soil moisture deficit (δM) of the respective trees from Julian day 245 to 262.

Measured water loss of a representative tree (tree 4)
and that predicted by MAESTRA on a 15-min basis
from Julian day 248–259 agree under various daily en-
vironmental conditions atδM values below 0.5. Again,
it is important to note that individual representative
trees are presented due to the container-to-container
variation in soil moisture values. Soil moisture deficit
was relatively low (below 0.4) and did not appear to
influence either measured or predictedE. Overall, the
model agreed well with measured sap flow under these
conditions and appeared to be sensitive enough to es-

timate the highest and lowest transpiration rates. The
response to rapidly changing environmental variables,
however, was generally underestimated by the model,
which resulted in a water loss estimate higher than
that measured by sap flow.

In comparison to irrigated measured and modeled
values, Fig. 3 illustrates a representative drought
stressed tree for the same period as shown inFig. 2.
Based onEq. (2), soil moisture deficit was calculated
for each individual tree and date. The model appeared
to be sensitive enough to estimate the lowest rates



52 W.L. Bauerle et al. / Agricultural and Forest Meteorology 114 (2002) 45–57

Fig. 2. Comparison of transpiration evolution for a representative irrigated tree (tree 4; broken line) to estimated transpiration using the
canopy transpiration model (solid line) from Julian day 248 to 259. The daily soil moisture deficit is depicted by solid squares connected
by a solid line.

Fig. 3. Comparison of transpiration evolution for a representative drought stressed tree (tree 13; broken line) to estimated transpiration
using the canopy transpiration model (solid line) from Julian day 248 to 259. The daily soil moisture deficit (δM) is depicted by solid
squares connected by a broken line. The non-linear curve indicates the soil moisture deficit stomatal function response in the model.
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of transpiration unless soil moisture deficit exceeded
0.85. A moisture deficit of this magnitude equates to
volumetric water content slightly below 0.11 m3·m−3,
a laboratory calculated estimate performed on our
soil. Beyond the threshold of 0.85, model predictions
became unreliable and underestimated water loss
in comparison to both sap-flow and gas exchange
measurements. As long as soil moisture deficit re-
mained below 0.85, the stomatal function developed
for maritime pine byGranier and Loustau (1994)
worked well for our red maple container nursery.
The non-linear stomatal function of the Granier and
Loustau function and that of our measured values are
similar, as might be expected from physical parameter
derivations (Fig. 3).

Sap-flow measurements (kg per day) and informa-
tion on the biometric characteristics of individual trees
were used to estimate daily water use in relation to
soil moisture deficit (Fig. 4). For the 14 measurement
trees, there was a clear relationship between soil mois-
ture deficit and water used (Fig. 4). The intercept of
this relationship came close to crossing zero in the
measured trees but fell short of zero in the model pre-
dictions. Other than soil moisture deficits above 0.85,
model and measured mean water loss estimates were
comparable and roughly equivalent.

Fig. 5. Predicted transpiration (E; solid squares) and actual transpiration (crosses) at PPFD 1000–1020�mol m−2 s−1 in relation to soil
moisture deficit. Arrow indicates soil moisture deficit at which predicted values become erroneous.

Fig. 4. Daily mean predicted transpiration (solid squares) and actual
mean transpiration (crosses) in relation to soil moisture deficit.
The non-linear curves indicate the soil moisture deficit stomatal
function response in the model (solid line) and measured (broken
line).
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Fig. 6. Leaf level transpiration (solid squares) measured with the gas exchange unit at PPFD 1000–1020�mol m−2 s−1. The data is
expressed in relation to soil moisture deficit. Arrow indicates soil moisture deficit at which predicted values become erroneous.

3.2. Comparison between leaf and canopy
transpiration

Transpiration, measured and modeled from sap-flow
data collected every 15 min were selected at a PPFD
1000–1020�mol m−2 s−1, a value shown to saturate
the red maple photosynthetic apparatus in a prior
study (Bauerle, 2001), is illustrated as shown inFig. 5.
The negative exponential function, fit to modeled and
measured transpiration independently, described the
negative influence of soil moisture deficit. The effect
of soil moisture deficit increased dramatically above
0.70; δM did not appear to exert a strong influence
below this value. At a thresholdδM value of 0.85, the
model underestimated transpiration and did not agree
with measured trends of potential transpiration derived
from environmental meteorological parameters. The
curvatures of measured and modeled negative expo-
nential functions were slightly different due to un-
derestimated water loss at high soil moisture deficits
(>0.85).

To provide an independent measure of transpira-
tion, gas exchange estimates of leaf level transpira-
tion are as shown inFig. 6. The measured values were
taken under similar light levels of 1000�mol m−2 s−1

and again the curvature of the negative exponential

function, fit to measured transpiration, described the
negative influence of soil moisture deficit. Gas ex-
change values ofE, however, were nearly twice those
of either measured or modeled estimates.

4. Discussion

Internal tree physiological and biometrical condi-
tions, as well as external atmospheric and soil water
status, provide the framework for tree transpiration.
Using the MAESTRA biological process model, esti-
mated transpiration of a red maple container nursery
was validated with measured transpiration rates. The
scale of the study was appropriate to identify the need
for stomatal response functions, where our results
indicate that the incorporated parameterizations effec-
tively capture the important PPFD, temperature, and
soil moisture dependences of water loss from indi-
vidual trees of red maple in a container nursery. On a
quarter hourly basis, the model overestimates at high
evaporation rates and underestimates at low soil mois-
ture, a possible result of soil water depletion around
the roots (Bosveld and Bouten, 2001). Although soil
moisture deficit may influence estimated transpira-
tion under low soil moisture conditions, the extreme
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water deficits experienced in this study are not likely
under managed nursery conditions. Nonetheless, they
explicitly uncover a possible model limitation at low
soil moisture conditions.

The ability of a tree to adjust H2O exchange with the
ambient atmosphere is primarily a function of stomatal
response. Good parameterization and general use of a
model require the inclusion of a wide range of envi-
ronmental conditions. The soil moisture manipulation
period in the study contained extreme wet, cloudy, dry
and warm days. Additionally, with the exception of
flooded conditions, the variation from container capac-
ity to extreme soil water deficit spanned the breadth
of all possible soil moisture deficits. Clearly, includ-
ing a soil moisture function in the model enhances
the general applicability. This may be relevant when
models are used to schedule irrigation or when used to
model photosynthetic response. During drought, wa-
ter absorption by roots from the soil seemed to con-
tinue across the full range of observed soil moisture
deficits in measured water loss. In contrast, modeled
estimates indicated little to no water loss at soil mois-
ture deficits above 0.85. Similar to forest trees in a
plantation, where the relationship between soil water
in the upper meter of soil and daily stand water use
identifies the effect of water availability in the up-
per soil horizons on transpiration (Teskey and Sheriff,
1996), containerized nursery trees show a close corre-
spondence between the rate of evapotranspiration and
soil water content.

Independent measures of both sap flow and leaf
gas exchange indicated that water loss still occurs
above 0.85. In unstressed vascular plants, stomatal
transpiration represents approximately 90% of to-
tal water losses (Monneveux and Belhassen, 1996).
One possible explanation of transpirational water loss
at extreme water deficits, when stomata are likely
closed, is the effect of cuticular transpiration. Cuticu-
lar transpiration is a well known phenomena in leaves
(Boyer et al., 1997) and identifies an incomplete part
of the MAESTRA model. The known root system
depth and rain shielded soil volume made it possible
to predict the occurrence and severity of soil water
deficits from the relationship between transpiration
rate and available soil water within the rooting zone,
thus eliminating the potential uncertainty of soil wa-
ter recharge mechanisms. Evaluating the cuticular
contribution to gas exchange is relatively unexplored

in intact leaves and difficult due to stomata in the
epidermis (Boyer et al., 1997). In grape leaves,Boyer
et al. (1997)found the cuticular conductance to be
5.7% of that of the total conductance for water vapor.
Our findings on containerized red maple indicate that
under severe water stress, when stomata are likely
closed, transpirational water loss can reach approxi-
mately 10% of the water vapor loss under conditions
of high evaporative demand and small water deficit.

The need for complex, multilayer models increases
as the scale diminishes from the region to the forest
allowing for within canopy allocation of parameters
appropriate to different foliage (Whitehead, 1998).
Incorporation of detailed process information, com-
mon to the bottom-up approach, facilitates prediction
under conditions other than those in which the model
was derived. Crop coefficients are commonly used
to estimate water use in woody ornamental nurseries
(Schuch and Burger, 1997). Crop coefficients were
originally developed for uniform canopies such as
alfalfa, but containerized plants in nursery produc-
tion situations have more similarities to stands of
vegetation. Moreover, “universally valid” crop co-
efficients are nonexistent, even in fully developed
canopies, because the values are subject to solar ra-
diation, air temperature, air vapor density, and wind
speed (Annandale and Stockle, 1990). An integrated
biological process approach, without the use of a
crop coefficient, can further refine water balance
models and predict evapotranspiration directly from
Penman-Monteith. Leaf level simulation models of
CO2 and H2O exchange have been successfully pa-
rameterized and applied to a deciduous forest (e.g.
Harley and Baldocchi, 1995; Baldocchi and Harley,
1995). No model closely matches experimental data
in all situations and errors must be expected. MAES-
TRA, an integrated multilayer biological process
model, can synthesize the complex and non-linear
forcing of environmental variables on biological sys-
tems, as well as predict container nursery water use
without the uncertainties of crop coefficients.

4.1. Concluding remarks

The results indicate that when soil water is ex-
tractable, measured and modeled transpiration follows
that of atmospheric demand. In contrast, when soil
water becomes limiting during progressive drought,
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transpiration is not only reduced, but diverges from at-
mospheric driving variables. Surprisingly, water loss
continued even under severe water deficit, cuticular
conductance being one possible explanation. As all
the parameters of the model can be measured directly,
it can be applied without calibration. However, in its
present state, the model does not consider the effect
of cuticular transpiration on evapotranspiration and is,
therefore, not applicable to severe soil water stress
conditions. Transpiration can vary between plants at
the same site (e.g.Hatton and Wu, 1995); however, the
model is spatially explicit and allows for assessment
of positional variation in evaporation. Further work is
required to evaluate containerized plants in different
conditions, such as abnormal precipitation and temper-
ature, and to check whether modeling the water bal-
ance in the soil profile would then permit prediction
of the fraction of potential transpiration taking place
both spatially and temporally.
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