
Summary We tested the ability of a model to scale gas ex-
change from leaf level to whole-tree level by: (1) measuring
leaf gas exchange in the canopy of 10 trees in a tall Eucalyptus
delegatensis RT Baker forest in NSW, Australia; (2) monitor-
ing sap flow of the same 10 trees during the measurement
week; and (3) using an individual-tree-based model
(MAESTRA) to link the two sets of measurements. Photosyn-
thesis and stomatal conductance components of the model
were parameterized with the leaf gas exchange data, and can-
opy structure was parameterized with crown heights, dimen-
sions and leaf areas of each of the measurement trees and up to
45 neighboring trees. Transpiration of the measurement trees
was predicted by the model and compared with sap flow data.
Leaf gas exchange parameters were similar for all 10 trees,
with the exception of two smaller trees that had relatively low
stomatal conductances. We hypothesize that these trees may
have experienced water stress as a result of competition from
large neighboring trees.

The model performed well, and in most cases, was able to
replicate the time course of tree transpiration. Maximum rates
of transpiration were higher than measured rates for some
trees and lower than measured rates for others, which may
have been a result of inaccuracy in estimating tree leaf area.
There was a small lag (about 15–30 minutes) between sap
flow and modeled transpiration for some trees in the morning,
likely associated with use of water stored in stems. The model
also captured patterns of variation in sap flow among trees.
Overall, the study confirms the ability of models to estimate
forest canopy transpiration from leaf-level measurements.

Keywords: canopy modeling, Eucalyptus delegatensis, gas ex-
change, scaling, stomatal conductance, transpiration.

Introduction

Predictions of forest carbon and water balances are necessary
to answer many scientific questions, such as the effects of for-

est management on carbon sequestration, groundwater re-
charge and climate (e.g., Walker et al. 2002, Lasch et al. 2005,
Silva et al. 2006, Vano et al. 2006, White et al. 2006) and the
impacts of global change on forest production and water use
(e.g., Hatton et al. 1992, Gordon and Famiglietti 2004, Mo-
rales et al. 2005, Gedney et al. 2006). The models used to pre-
dict such impacts usually involve scaling of ecophysiological
processes over a range of temporal and spatial scales (Jarvis
1995). In particular, scaling from leaf-level physiology to pre-
dict canopy responses, either explicitly or implicitly, lies at the
heart of many models (Medlyn et al. 2003).

For predictions to be credible, it is necessary to verify or test
the accuracy of the models that generate them, but there are
significant challenges in performing meaningful tests (Mayer
and Butler 1993, Oreskes et al. 1994, Rykiel 1996, Medlyn et
al. 2005a). One challenge arises because data to test model
output are often the outcome of a range of processes. Eddy
covariance data, for example, include contributions from
overstory, understory and soil processes, and soil water or
catchment runoff data include processes such as interception,
soil evaporation, evapotranspiration and soil drainage. Mis-
matches between model output and data can be difficult to un-
derstand, because any of the component processes could be at
fault. Also, errors in the representation of one process may be
compensated for by errors in another process.

In this study, we made use of closely related datasets to di-
rectly test the ability of a model to scale from leaves to tree
canopies. Measurements of leaf gas exchange and tree sap
flow were made concurrently and on the same trees. An indi-
vidual-tree-based model (MAESTRA; Medlyn 2004) was
used to scale from the leaf-level measurements to predict tran-
spiration of the tree crowns. Predicted transpiration was then
compared with measured sap flow. Because sap flow repre-
sents the loss of water from the tree crown, this exercise di-
rectly tests the parameterization of the leaf-level model and its
ability to scale to the canopy.

Although sap flow measurements have been previously
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used to test canopy models (e.g., Köstner et al. 1998, Williams
et al. 2001, Meiresonne et al. 2003), the current work is novel
in that (1) concurrent measurements of leaf-level and tree-
level processes were made and (2) the model simulates radia-
tion absorption by individual tree crowns, rather than by the
stand as a whole. When sap flow measurements are used to test
one-dimensional stand models, the measurements must be av-
eraged across a number of representative trees to obtain
stand-scale water use. By using an individual-tree model, we
can avoid this averaging process and instead investigate the
ability of the model to simulate features of sap flow of individ-
ual trees. The peak transpiration rate and diurnal pattern of sap
flow vary among trees because of differences in tree size and
aspect. We tested the ability of the model to capture these dif-
ferences among trees.

The measurements were made in a tall Eucalyptus dele-
gatensis RT Baker forest at the Tumbarumba eddy flux site
(Leuning et al. 2005) on the western side of the Great Dividing
Range in southern NSW, Australia. This forest is highly pro-
ductive despite its relatively open canopy. It is typical of the
cool temperate forests of southeastern Australia, which, be-
cause of their high productivity, are economically valuable and
represent an important carbon sink. Eddy flux measurements
at Tumbarumba estimate the net ecosystem exchange (NEE)
of the forest to be about 650 g C m– 2 year –1 in a year of high
rainfall, but it is dramatically reduced by drought (Leuning et
al. 2005). Model simulations are being used together with
measurements of carbon stocks and respiratory fluxes to de-
velop a carbon budget for the forest and its response to drought
(Keith et al., unpublished data).

Materials and methods

Site

The study site is located in the Bago State Forest near Tumba-
rumba in temperate south-eastern New South Wales, Austra-
lia. Elevation of the site is 1200 m, and long-term mean annual
precipitation is 986 mm (Leuning et al. 2005). Eucalyptus
delegatensis is the dominant species in this wet sclerophyll

forest. The forest is tall but relatively open: mean tree height is
about 40 m and leaf area index is about 1.4.

Measurements were made on 10 trees, two at each of five
sub-sites located within 1 km of the Tumbarumba eddy flux
tower (35°39′20.6″ S, 148°9′7.5″ E; Leuning et al. 2005). The
height and diameter at breast height (DBH) of each measure-
ment tree are given in Table 1. Measurements were made dur-
ing May 6–10, 2002 (Southern Hemisphere autumn). Incident
radiation and air temperature over these five days are shown in
Figure 1. Soil water storage was monitored by time-domain
reflectometry close to the eddy flux tower, and during this pe-
riod, it was about 325 mm in the top 120 cm of soil. Sap flow
was monitored on each tree throughout the week, and gas ex-
change measurements were made at a different sub-site each
day. A 20-m-tall cherry picker mounted on a truck was used to
access the forest canopy. At Sub-sites 1–4, we could reach
only the bottom third of the tree crowns from the cherry picker,
whereas at Sub-site 5, we were able to sample leaves from the
top of the tree crowns (Table 1).

The canopy environment at each sub-site was characterized
by measuring the dimensions of all large trees that would af-
fect direct solar radiation reaching the canopy of the measure-
ment trees. Diameter at breast height, tree height, height to
crown base and crown diameter were recorded for each tree, as
well as distance and bearing from the first measurement tree.
Between 25 and 45 trees were measured at each sub-site. Mean
DBH and height for each sub-site are given in Table 1, and
maps of the data are shown in Figure 2. The approximate posi-
tions of the leaves monitored for gas exchange are indicated,
showing that the aspect of the measured leaves varied among
sub-sites.

Gas exchange measurements

Leaf gas exchange was measured with a Li-Cor LI-6400 porta-
ble Photosynthesis Measuring System (Li-Cor, Lincoln, NE)
with attached light source (6400-02 LED). Two sets of mea-
surements were taken. Spot measurements of photosynthesis
and stomatal conductance were made in ambient light, mea-
sured with a hand-held PAR sensor, throughout the day. In ad-
dition, four leaves (two from each tree) were chosen each day
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Table 1. Diameter at breast height (DBH), height and height to crown base of measured trees. Mean DBH, height and height to crown base of dom-
inant trees at each sub-site are also given. Date indicates when the gas exchange measurements were made at the site.

Date Sub-site Tree DBH (cm) Height (m) Crown base (m) Mean DBH (cm) Mean height (m) Mean crown base (m)

May 9 1 1 45.1 34.9 20.3 62.8 34.9 20.8
2 56.6 33.1 19.3

May 6 2 3 32.1 29 18 63.1 38.2 23.5
4 42.3 29.4 19

May 8 3 5 53.2 37.3 16.8 60.9 37.1 21.2
6 38.6 32.5 18.9

May 7 4 7 63.1 30.7 18.1 55.8 32.3 19
8 41.1 24.3 17

May 10 5 9 30.4 23.7 14.9 69.2 39.4 23.7
10 28.5 20.6 13.4



for detailed measurements of photosynthetic response to CO2

concentration and irradiance (A–Ci and A–PAR curves).
These measurements were interspersed with the spot measure-
ments. All measurements were made at ambient temperature
and relative humidity.

Leaves for measurements were randomly selected, with
equal numbers selected from each tree accessible from the
cherry picker each day. Two leaf age classes were present and
were equally represented in measurements. No differences be-
tween leaf classes could be statistically detected, so data from
the two classes were combined for this analysis.

At the end of each day, all leaves used for gas exchange mea-
surements were harvested by excising the twig to which the
leaves were attached. Leaves were oven-dried at 60 °C for 24 h

to constant mass and finely ground. A 0.1 g sample was ana-
lyzed for nitrogen and phosphorus by semi-micro Kjeldahl di-
gestion and automated colorimetry (Technicon TRAACS 800;
Rayment and Higginson 1992). A second sample was ana-
lyzed for chlorophyll a and b by extracting chlorophyll from
the sample with dimethylformamide and then determining ab-
sorptance (Perkin Elmer UV/VIS Spectrometer Lambda 2) at
660.8 nm for chlorophyll a and 642.5 nm for chlorophyll b
(Porra et al. 1989).

Variation in leaf properties through the canopy was also in-
vestigated. Additional leaves were harvested from each tree
crown with an extendable pruner, classified according to can-
opy position (top, middle or bottom) and leaf age, and ana-
lyzed for leaf nitrogen and phosphorus as previously
described.

Sap flow measurements

Sap flow was measured in each tree by the compensation heat
pulse technique with commercially available sap flow loggers
(Greenspan Technology, Warwick, QLD). Heat pulse velocity
was measured at 15-min intervals at four depths in the sap-
wood. The solutions of Swanson and Whitfield (1981) were
used to correct for the effects of wounding, assuming a wound
width of 3.1 mm (O’Grady 2000). Heat pulse velocity was
converted to sap velocity as described by Edwards and
Warwick (1984), and sap velocity was scaled to tree water use
by the weighted average technique of Hatton et al. (1990).
Wood cores were taken from each tree for determination of
sapwood depth and volume fractions of wood and water con-
tents. Sapwood depth was distinguished from heartwood by a
distinct colour change. Sap flow data for Tree 7 were omitted
from the analyses because of obvious errors in the dataset.

TREE PHYSIOLOGY ONLINE at http://heronpublishing.com

MODELING SAP FLOW OF INDIVIDUAL TREES 1689

Figure 1. Meteorological data over the five days of measurement.
Data were measured at the top of the eddy flux tower (70 m) and cor-
rected to canopy height. Symbols: solid line = incident photosyn-
thetically active radiation (PAR); closed squares = vapor pressure
deficit (VPD); and crosses = air temperature.

Figure 2. Maps of tree positions and
crown dimensions for each sub-site. The
measurement trees are shown in white. All
trees whose crowns affected radiation inci-
dent on the measurement tree crowns are
shown in gray. Black dots indicate the ap-
proximate location of leaf gas exchange
measurements. At each site, the first mea-
surement tree (i.e., Trees 1, 3, 5, 7 and 9)
is located at (0,0). North is up.



Leaf model

Spot measurements of stomatal conductance (gs; mol m– 2 s–1)
were fitted to the Ball-Berry equation (Ball et al. 1987):

g g g
A

C
s

r

a

= +0 1
h

(1)

where A is assimilation rate (µmol m– 2 s–1), hr is relative hu-
midity, Ca is ambient CO2 concentration (µmol mol–1) and g0

and g1 are parameters. Two alternative leaf models were con-
sidered (Jarvis 1976, Leuning 1995) but Equation 1 resulted in
the best fit to the data. This model of gs assumes no effect of
soil water supply.

To use Equation 1 in up-scaling, it is necessary to model leaf
photosynthesis (A). Here, the Farquhar et al. (1980) model of
leaf photosynthesis was fitted to the A–Ci and A–I response
curves by nonlinear least squares regression to obtain the key
photosynthetic parameters Jmax25, the potential rate of electron
transport at 25 °C (µmol m– 2 s–1), Vcmax25, the maximum rate of
carboxylation by Rubisco at 25 °C (µmol m– 2 s–1), Rd25, the
dark respiration rate at 25 °C (µmol m– 2 s–1), and αJ, the quan-
tum yield of electron transport. The following assumptions
were made when fitting the model. The light response of elec-
tron transport was assumed to be a non-rectangular hyperbola,
with the curvature parameter Θ set to 0.7. Temperature
dependences of the CO2 compensation point, Γ*, and the Mi-
chaelis-Menten constant for Rubisco, Km, were taken from
Bernacchi et al. (2001). Temperature dependences of Jmax and
Vcmax were taken from measurements made on Eucalyptus
pauciflora Sieb. ex Spreng. by Kirschbaum and Farquhar
(1984), as re-parameterized by Medlyn et al. (2002). These
temperature dependences were confirmed by fitting the pa-
rameters at measurement temperature and checking the rela-
tionship with leaf temperature. Leaf Rd was estimated as

R e T
d

a= 0 41 0 0575. . (2)

from nighttime leaf measurements, where Ta is air tempera-
ture.

Tree model

The MAESTRA model (Wang and Jarvis 1990, Medlyn 2004)
was used to predict transpiration of the measurement trees
throughout the study period. In this model, the forest canopy is
represented as an array of tree crowns, whose positions and di-
mensions are specified. Radiation absorption, photosynthesis
and transpiration are calculated for an individual “target”
crown. The distribution of leaf area within the target crown is
specified, as is the leaf angle distribution. The target crown is
divided into 60 grid points, and the radiation penetrating to
each grid point is calculated for three wavebands (PAR, near
infrared and longwave). Direct, diffuse and scattered radiation
are considered separately. The absorbed radiation at each grid
point drives the photosynthesis and transpiration routines.
Photosynthesis is calculated from the Farquhar et al. (1980)
model. Stomatal conductance is calculated from Equation 1.

Transpiration is calculated by applying the Penman-Monteith
equation (see Appendix) at each gridpoint and summing over
the gridpoints. This model has been widely applied and has
been previously tested against radiation absorption (e.g.,
Wang and Jarvis 1990) and eddy flux data (e.g., Medlyn et al.
2005b). Further information about the MAESTRA model, to-
gether with a full bibliography for the model, can be obtained
from the website www.bio.mq.edu.au/maestra/.

The model was parameterized with crown positions and di-
mensions for each sub-site (Figure 2). To prevent side-light
entering below the crowns at low solar angles, we assumed
that there was an opaque forest surrounding the mapped area,
to the mean tree height at that site. The total leaf area of each
crown (L) was estimated from an allometric regression be-
tween leaf mass and diameter at breast height (D) (Keith et al.
2000) and the crown average specific leaf area (4.85 m2 kg–1)
as:

L = 4.85e3.625 + 1.575lnD (3)

According to Keith et al. (2000), this allometric relationship
was estimated from unpublished data of Raison et al. and had
an r2 of 0.919 (n = 11 trees). The trees measured by Raison et
al. were comparable to those measured here, being 25 to
86 years old and having a DBH in the range 11.9–83.2 cm, but
were harvested in the Brindabella Ranges, ACT.

Foliage was assumed to be evenly distributed within the
crown. Mean leaf incidence angle was estimated to be 77°
from hemispherical photographs. Meteorological data (inci-
dent radiation, air temperature and relative humidity) on a
15-min time step were obtained from the Tumbarumba flux
tower (Figure 1; Leuning et al. 2005). Photosynthesis and
transpiration routines were parameterized from the leaf-level
gas exchange measurements.

We tested the model’s simulation of several different fea-
tures of the sap flow data, including: peak transpiration rates
for different trees; total daytime transpiration; responses to en-
vironmental variables; and diurnal patterns of water use. Sim-
ulation outputs were compared with measured data based on r2

and model efficiency (ME) statistics (Mayer and Butler
1993).

Results

Leaf gas exchange

Typical daily patterns of spot measurements of gs are shown in
Figure 3. For all trees, gs increased rapidly between 0730 and
1030 h, and decreased rapidly between 1600 and 1630 h, coin-
ciding with the times that sunlight reached the canopy. How-
ever, the time of peak gs varied according to leaf aspect. Peak
gs was observed midmorning in east-facing leaves (Tree 2) and
mid-afternoon in west-facing leaves (Tree 6). Incident PAR
was thus a strong driver of gs.

The Ball-Berry model (Equation 1) was fitted to the com-
bined dataset from all trees. Fitted parameters are given in Ta-
ble 2. We used regression analysis (Kleinbaum et al. 1998,
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p 327) to test if the slope of the equation (g1) was similar for all
sub-sites, and found that it was significantly less (P < 0.05) at
Sub-site 5 than at the other sub-sites. It did not differ signifi-
cantly between the two measurement trees at Sub-site 5. Sepa-
rate parameters for Sub-sites 1–4 and Sub-site 5 are given in
Table 2.

We examined residuals of the gs model to determine if there
was any systematic bias. For trees at Sub-sites 1–4, the residu-
als were correlated with time of measurement, with the model
underpredicting measurements in midmorning (particularly
between 0830 and 1130 h) and overpredicting in the afternoon
(Figure 4a). The distribution of residuals was different for the
trees at Site 5, with the model tending to underpredict mea-
sured values in the afternoon (Figure 4b).

Close examination of the residuals also showed that gs did
not conform to the model during the morning period of
stomatal opening. This period appeared to last for about 30
minutes, and during this time, the model consistently
overpredicted gs (Figure 4a).

Detailed A–Ci and A–PAR curves were measured on 15
leaves sampled from each of the 10 trees. Photosynthetic pa-
rameters were fitted to data from each leaf. Means and stan-
dard deviations of each parameter are given in Table 3. Be-
cause these parameters were poorly correlated with leaf nitro-
gen, phosphorus and chlorophyll and specific leaf area, it was
assumed that mean parameter values could be used to
parameterize the canopy.

We tested how well the combined leaf photosynthe-
sis–stomatal conductance model could predict measured val-
ues by comparing gs predicted by the combined model with the

spot measurements (Figure 5). As expected, use of the com-
bined photosynthesis–stomatal conductance model resulted in
reduced model efficiency compared with the stomatal model
alone, but the fit to data was still reasonable (ME = 0.49). For
trees 1–4, residuals remained correlated with time of day, as
for the stomatal model alone (data not shown).

Tree water use

Modeled tree transpiration is compared with measured sap
flow in Figure 6. Regression coefficients for the comparison
are given in Table 4. Overall, the model reproduces much of
the variation in sap flow among trees and over time. However,
there are some discrepancies, which provide insight into errors
in our scaling scheme.

Maximum daily rates of tree water use are predicted reason-
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Figure 3. Typical daily patterns of leaf stomatal conductance (gs) in
four of the measured trees. Each measurement was made on a differ-
ent leaf.

Table 2. Parameters fitted to the Ball-Berry Equation 1 from stomatal
conductance data. Standard errors are given in brackets.

Dataset g0 (mol m– 2 s–1) g1 (dimensionless) r2 n

All data 0.051 (0.009) 11.1 (0.53) 0.703 185
Sub-sites 1–4 0.054 (0.010) 11.6 (0.60) 0.729 142
Sub-site 5 0.036 (0.016) 9.82 (0.95) 0.722 43

Figure 4. Residuals of leaf stomatal model compared with time of day
for (a) Sites 1–4 and (b) Site 5. The residuals are expressed as mea-
sured gs – modeled gs, where gs is stomatal conductance. Trend-lines
fitted to residuals have r2 values of (a) 0.16 and (b) 0.04.

Table 3. Photosynthetic parameters estimated from A–Ci and A–PAR
curves. Mean and standard deviation across 15 leaves. Abbreviations:
Jmax25, potential rate of electron transport at 25 °C; Vcmax25, maximum
rate of carboxylation by Rubisco at 25 °C; Rd25, leaf dark respiration
rate at 25 °C; and αJ, quantum yield of electron transport.

Parameter Mean Standard deviation

Jmax25 (µmol m– 2 s–1) 194.6 23.3
Vcmax25 (µmol m– 2 s–1) 81.5 13.8
Rd25 (µmol m– 2 s–1) 2.55 0.67
αJ (mol mol–1) 0.26 0.03



ably well, but are higher than measured for some trees and
lower than measured for others (Figure 7). This difference
among trees occurs because modeled tree water use is strongly
related to leaf area, whereas measured sap flow per unit leaf
area is more variable among trees. Tree leaf area was estimated
from DBH based on an allometric equation, so it is possible
that our leaf area estimates are inaccurate. We also investi-
gated whether there were differences in nutrition among trees
that could have caused gs and assimilation rates to vary among
trees. There were some differences in mean leaf nitrogen con-
centration among trees, but these tended to vary by site (Sites 1
and 5 having the highest leaf nitrogen). In general, the model
overestimated sap flow in one of two trees at each site, sug-
gesting that nutrition does not explain the discrepancies in
maximum tree water use. Inaccuracies in our estimates of leaf
area are more likely.

Measured sap flow was lower in the final 2 days of the week,

consistent with the lower VPD and PAR on these days (Fig-
ure 1). The model captured this difference among days reason-
ably well (Figure 6), although daytime totals of transpiration
suggest that the model is overly sensitive to the low incident
PAR and VPD on Day 4 (Table 5). Modeled daytime transpira-
tion, averaged across all trees, is lower than measured on Day
4, whereas it is equal to or higher than measured on the other
days. Response surfaces of modeled:measured transpiration
also indicate that the model is overly sensitive to incident PAR
and VPD. A plot of the ratio of modeled transpiration:mea-
sured sap flow against incident PAR for low-VPD and
high-VPD conditions shows that the ratio is lowest at low PAR
and low VPD (Figure 8).

Diurnal time-courses of sap flow and modeled transpiration,
averaged over the five measurement days, are shown in Fig-
ure 9. The time-courses are normalized to facilitate compari-
son of diurnal patterns. The timing of maximum sap flow cor-
responds well with the timing of maximum transpiration for
most trees, with the exception of Trees 6, 9 and 10. Trees 9 and
10 are smaller trees and shaded by a larger dominant tree.
Modeled transpiration responds to the shadow cast by the
larger tree, with clear sunlit and shaded periods evident in the
diurnal time course. The sap flow pattern did not show these
fluctuations, likely because sap flow is buffered by water stor-
age in the stem. Because of this buffering effect, we would ex-
pect the general pattern of sap flow to correspond to that of
predicted transpiration, but not to show rapid changes. The
lack of correspondence between diurnal time-courses of sap
flow and transpiration for Tree 6 is more puzzling. Transpira-
tion is predicted to peak in the afternoon for this tree, because
of its westward facing exposure, similar to Tree 5 at the same
site. Leaf-level measurements showed that stomatal conduc-
tance peaked in the early afternoon for Tree 6 (Figure 3). It is
unclear why sap flow peaked earlier than predicted for this tree
but not for others.

The model’s ability to predict the start and finish times of
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Figure 5. Modeled versus measured leaf stomatal conductance (gs).
Dotted line shows the 1:1 line. Open symbols and dashed line show
the predictions of the stomatal model alone (ME = 0.73) and closed
symbols and solid line show the predictions of the coupled A–gs

model (ME = 0.49).

Figure 6. Comparison of modeled
transpiration with sap flow data
for each measured tree (1–10).
Crosses are measured sap flow,
and lines are MAESTRA output.
Note change of scale for Trees 9
and 10. Statistics for correlations
of modeled transpiration versus
sap flow are given in Table 4.



sap flow is affected by water storage in the stem. Other studies
have shown that sap flow measured at breast height lags can-
opy transpiration by 0–3 hours (Phillips et al. 1997) because
of stem capacitance. Comparison of modeled transpiration and
measured sap flow in this study (Figure 9) indicates a short lag
of about 15–30 min in most trees. The explanatory power, or
r2, of the model increased for Trees 3, 4 and 9 when modeled
values were lagged by 15–30 min (data not shown). This in-
crease was most dramatic for Tree 3, where r2 increased from
0.73 to 0.81 when a lag of 30 min was used.

Although there was a pattern in the residual of gs over the
course of the day (Figure 4), there was no corresponding pat-
tern in the tree water use residuals. Based on the pattern shown
in Figure 4, it might be expected that the model would tend to
underestimate midmorning sap flow and overestimate mid-
afternoon sap flow. No such pattern was evident. Model error
in estimating the canopy radiation environment appears to
overwhelm this relatively small leaf-scale error.

We assumed that gs was zero in the dark, and hence, transpi-
ration was predicted to be zero at nighttime. However, Trees 1,
2, 3 and 5 showed significant sap flow at nighttime (Figure 6).
We consider the implications of this finding below.

The model thus appears to capture much of the variation in
sap flow for most measured trees. To specifically test whether

the model was capturing variation among the trees, we calcu-
lated r2 values for each model output against each tree, thus
testing whether each tree could have been better modeled by
the set of parameters obtained for a different tree. These values
are given in Table 6 and show that, in most cases, the specified
model for a given tree is close to the best model for that tree.
Tree 6 is fairly poorly modeled, as mentioned previously.
Tree 9 is better fitted by models for several other trees, largely
because, for that tree, the model simulates swift responses to
short periods of shade that do not appear in the sap flow data
(cf. Figure 9).

We also investigated whether using different stomatal con-
ductance parameters for Trees 9 and 10 (cf. Table 2) improved
the model fit for these data by simulating sap flow for these
trees based on the parameters for Trees 1–8 (Figure 10).
Changing these parameters changes the overall magnitude of
predicted sap flow, but does not change the pattern. Hence, r2

values were little affected by the choice of parameters, sug-
gesting r2 values will be improved only by incorporating addi-
tional second-order effects into the model. Model efficiency
was marginally reduced by the use of parameters for all trees,
from 0.88 to 0.87 for Tree 9 and from 0.85 to 0.81 for Tree 10.
Given that the magnitude of sap flow is uncertain because of
the uncertainty in leaf area, it is difficult to say which of the
two parameterizations performs better for these trees.
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Table 4. Statistics for comparison of modeled transpiration (y) against
measured sap flow (x) for each tree. Root mean square error (RMSE)
is in mmol tree–1 s–1.

Tree Equation RMSE r2

1 y = 0.82x + 0.44 28.2 0.81
2 y = 1.6x – 28.7 48.2 0.78
3 y = 0.6x + 4.1 27.4 0.73
4 y = 1.40x + 14.8 38.2 0.81
5 y = 0.73x + 5.3 54.0 0.85
6 y = 1.16x + 28 38.4 0.76
8 y = 1.03x + 6.5 17.0 0.81
9 y = 0.66x + 8.1 9.6 0.73

10 y = 0.56x + 12.7 11.5 0.80

Figure 7. Maximum modeled transpiration over the week plotted
against maximum sap flow. Filled symbols give data for each mea-
surement tree; open symbol indicates the mean of all nine trees.

Table 5. Daytime totals of tree transpiration, averaged across all mea-
surement trees. Values are given in mol tree–1 day–1. Note that May 6
and May 10 were partial days.

Date Measured sap flow Modeled transpiration Ratio

May 6 2.12 2.15 1.01
May 7 3.27 3.54 1.08
May 8 3.05 3.45 1.13
May 9 2.48 2.04 0.82
May 10 1.91 2.04 1.07

Figure 8. The ratio of modeled transpiration to measured sap flow as a
function of incident photosynthetically active radiation (PAR). Filled
symbols show data at high vapor pressure deficit (VPD > 0.9 kPa) and
open symbols show data at low VPD (< 0.68 kPa). Values are for
Tree 2 (values for other trees were similar). Modeled and measured
values were normalized by their respective peak values before the ra-
tio was taken.



Discussion

Our main objective was to examine the ability of a model to
scale from leaf-level to canopy-level processes. We achieved
this objective by using an individual-tree based model applied
to simultaneous measurements of leaf and canopy transpira-
tion, allowing a direct test of the ability of the model to scale
between these levels. Previous attempts to evaluate canopy
models have had to parameterize additional processes. For ex-
ample, comparisons of canopy models against eddy flux data
or canopy chamber data must account for soil fluxes and plant
respiration (e.g., Amthor et al. 1994, Van Wijk et al. 2000,
Kramer et al. 2002, Medlyn et al. 2005b). Similarly, compari-
sons of one-dimensional canopy models against sap flow data
must scale from tree sap flow to whole-canopy transpiration
(e.g., Williams et al. 2001). In contrast, the exercise carried out
here allows a direct evaluation of model scaling from leaf to
crown.

We compared modeled estimates of individual tree transpi-
ration against estimates of tree water use based on sap flow
measurements. In assessing this comparison, we also consid-

ered several errors associated with implementation of the sap
flow technique itself. The sap flow estimates are sensitive to
the assumed wound size, which we assumed to be 3.1 mm
(O’Grady 2000). However, wound development takes
5–7 days, so wound size would have changed during the mea-
surement campaign. This change over time would mean that
sap velocity is slightly overestimated, but this effect would be
consistent across the trees. An important error that could vary
on a tree by tree basis is associated with estimating sapwood
area, because scaling from sap velocity to total tree water flux
is highly sensitive to errors in the estimation of sapwood area.
We used cores from the measurement trees to estimate sap-
wood area and confirmed these values based on a calibration
between diameter and sapwood area measured on felled trees.
Another important source of error could arise from probe mis-
alignment. This source of error, which is difficult to resolve us-
ing the compensation heat pulse technique, may lead to an
overestimate of sap velocity, particularly at low velocities. We
used a drilling rig to minimize problems with probe alignment.
The overall error in the sap-flow-based estimates of tree water
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Figure 9. Mean diurnal courses of
measured sap flow (open sym-
bols) and modeled transpiration
(closed symbols and line). Both
datasets were normalized to their
maximum value before averaging
over the five measurement days,
to allow easy comparison of the
diurnal pattern.

Table 6. Matrix of r2 values for model output for each tree (Model 1–10) compared to sap flow data for each tree (Tree 1–10). Bold values indicate
the r2 of the model when parameterized for that tree; underlined values indicate where the model has a higher r2 when parameterized for a different
tree (i.e., highest values in a given column).

Tree 1 Tree 2 Tree 3 Tree 4 Tree 5 Tree 6 Tree 8 Tree 9 Tree 10

Model 1 0.796 0.782 0.645 0.774 0.755 0.743 0.782 0.649 0.627
Model 2 0.775 0.774 0.622 0.746 0.741 0.724 0.765 0.638 0.648
Model 3 0.792 0.778 0.726 0.818 0.783 0.797 0.797 0.722 0.673
Model 4 0.735 0.723 0.595 0.808 0.657 0.759 0.696 0.553 0.504
Model 5 0.676 0.674 0.722 0.646 0.846 0.730 0.862 0.805 0.704
Model 6 0.722 0.688 0.760 0.698 0.860 0.753 0.875 0.814 0.657
Model 8 0.624 0.667 0.683 0.602 0.796 0.714 0.811 0.762 0.794
Model 9 0.647 0.646 0.661 0.558 0.762 0.634 0.768 0.745 0.768
Model 10 0.580 0.608 0.641 0.515 0.706 0.603 0.701 0.715 0.800



use is likely to be of the order of 10% when sap velocity is high
(Hatton et al. 1995, Vertessey et al. 1997).

We tested the ability of the model to simulate several fea-
tures of the sap flow data, including peak transpiration, mean
daily transpiration, response to environmental variables and
diurnal patterns of transpiration. The peak transpiration rate
was overestimated for some trees and underestimated for oth-
ers, with errors ranging from –35% to +65% (Figure 7). We
detected no pattern in this error, with underestimation and
overestimation occurring in neighboring trees, suggesting that
the error is not caused by model bias. It seems more likely that
it is a result of error in tree leaf area estimation. Leaf area was
estimated based on an allometric regression for leaf mass
against DBH, and a mean value for specific leaf area (SLA).
The error for the allometric regression was low (mean square
error = 0.4025 kg; Keith et al. 2000), but there will be addi-
tional errors in applying the regression to a new site. To esti-
mate the error in leaf area at this site, we used crown size as a
proxy for leaf area. A regression of crown size against DBH
had an r2 of 0.76 but crown size of individual trees differed
from predicted values by –50% to +40%, similar to the range
in error in peak transpiration rate. This error is likely to be re-
duced in stand-scale simulations because estimates of stand
leaf area are more accurate than those for individual trees. For
example, the error in daily transpiration, when averaged across

all nine measurement trees, was considerably lower than the
error for individual tree transpiration (Table 5).

Another potential source of error in estimating peak transpi-
ration rates is our use of leaf-level measurements made at the
base of the canopy to represent leaf processes throughout the
canopy. Because the cherry-picker reached only to 20 m, we
could reach only the lower third of most tree crowns. The ex-
ception was the smaller trees measured at Sub-site 5, where we
sampled the top of the tree crown. Our experimental design
raises two questions: (1) how representative of the average leaf
are the measurement leaves; and (2) what bias is introduced by
using mean parameters rather than a distribution (e.g.,
Rastetter et al. 1992)? Most forest canopies show a gradient in
leaf properties with increasing depth (e.g., Meir et al. 2002),
suggesting that leaves at the base of the canopy are unlikely to
be representative. We found a gradient in leaf nitrogen on an
area basis, with mean values ranging from 2.5 g m– 2 in the
lower third of the canopy to 3.0 g m– 2 in the upper third. This
gradient was mainly driven by differences in specific leaf area.
However, variability around these mean values was high, and
the leaves sampled at the canopy base had nitrogen concentra-
tions ranging from 2 to 3.5 g m– 2, indicating that we sampled
across the full range of leaf nitrogen concentrations. These are
open canopies, with pendulous leaves and a low leaf area
index, so the gradient between canopy top and base is less than
in other forest types. Another unusual feature of this forest
type is that there is a poor relationship between leaf nutrition
and gas exchange properties. Although strong relationships
between conductance, photosynthesis and leaf nitrogen are
found for many tree species (e.g., Schulze et al. 1994, Medlyn
et al. 1999), Eucalyptus leaves commonly do not show these
relationships (e.g., Leuning et al. 1991, Close et al. 2004). We
found no significant correlation between leaf gas exchange
and leaf nutrition. Thus, for this forest type, the use of mean
leaf parameters, rather than a parameter distribution, is un-
likely to introduce bias in the estimates of peak transpiration.

A comparison of the temporal variability of sap flow with
modeled transpiration is of interest, because our model is able
to reproduce the radiation environment of individual tree
crowns. Most of the measurement trees were smaller and
shorter than average trees, allowing us to test the ability of the
model to simulate shading by surrounding tree crowns. For
most trees, the model captured the diurnal pattern of sap flow
well, with some buffering evident (Figure 9), showing that dif-
ferences in time-courses of sap flow among trees can be ex-
plained by differences in their local radiation environment.
There was a short time lag between modeled transpiration and
sap flow data, of the order of 15–30 min. This lag is less than
that found for conifers and rain forest trees (Phillips et al.
1997). Although these trees are tall, ranging in height from 20
to 40 m, they have a high hydraulic conductance (Mokany et
al. 2003) such that sap flow responds rapidly to transpirational
demand.

It is informative to contrast the performance of the leaf and
canopy scale models. Based on the residuals of the gs model,
we anticipated that the model might underestimate transpira-
tion around mid-morning and overestimate it in midafternoon.
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Figure 10. Comparison of modeled transpiration against measured
sap flow for Trees 9 and 10. Filled symbols and solid line, simulations
with parameters for Trees 9 and 10; open symbols and dashed line,
simulations with parameters for all trees; bold line, 1:1 line. The re-
gression fits were as follows: For Tree 9 with parameters for Trees 9
and 10, y = 0.66x + 8.1, r2 = 0.73, ME = 0.88; with parameters for all
trees, y = 0.8x + 11.4, r2 = 0.74, ME = 0.87. For Tree 10 with parame-
ters for Trees 9 and 10, y = 0.67x + 16.9, r2 = 0.80, ME = 0.85; with
parameters for all trees, y = 0.56x + 12.7, r2 = 0.80, ME = 0.81.



This pattern is consistent with other gs data that tend to show a
depression after midday, which may be related to reduced wa-
ter supply as soil dries around fine roots (e.g., Tognetti et al.
1998, Brodribb and Holbrook 2004). However, when scaling
to the canopy, this morning–afternoon trend in residuals is not
seen, perhaps because this source of error is overwhelmed by
the error in estimating the radiation environment of the can-
opy. Alternatively, there may be some compensation at the
canopy scale unaccounted for in the model.

A second area of difference between leaf and canopy scale
models is the sensitivity to environmental conditions. Figure 8
illustrates that the canopy-scale model is overly sensitive to in-
cident PAR at low VPD, simulating a stronger reduction in
transpiration than observed on a cloudy humid day. The leaf-
scale model, in contrast, is less sensitive to environmental con-
ditions than the measurements (Figure 5). This contrast be-
tween models seems to indicate that leaf conductance is more
sensitive to PAR than canopy conductance. Various hypothe-
ses could explain such a difference in behavior at different
scales. For example: if an individual leaf is shaded, it may be
optimal for stomata on that leaf to shut, saving water for use by
sunlit leaves elsewhere in the canopy; whereas if the entire
canopy receives low light on an overcast day, stomata through-
out the canopy may remain open to maximize photosynthesis.
This difference in behavior at different scales warrants further
research.

Overall, the discrepancies between modeled and measured
tree transpiration are relatively minor. Although the model
performed well during the measurement week, we asked how
well it might perform during the rest of the year. In particular,
gs and transpiration of eucalypts are reduced during drought
(e.g., Crombie 1992, David et al. 1997, Prior et al. 1997,
Mielke et al. 2000). Soil water content during this campaign
was 0.27 cm3 cm– 3. Stomatal conductance measurements
were also made in the canopy in November 2001 and March
2005 when the soil water content was 0.33 and 0.29 cm3 cm– 3,
respectively. The stomatal model (Equation 1) was fitted to
these datasets, and identical parameter values were obtained,
indicating that these parameters are valid for periods with soil
water content > 0.27 cm3 cm– 3. During the period July
2001–May 2005, the soil water content remained above this
value except for two periods of severe drought, from Novem-
ber 2002 to April 2003 and February 2004 to April 2004
(Leuning et al. 2005). These results indicate that the model
should be applicable except during severe droughts.

The sap flow data indicated significant flows at nighttime in
several trees. It is possible that these data are in error. The com-
pensation heat-pulse technique is subject to error in resolving
low flows. However, nighttime sap flow has been confirmed in
several studies (Benyon 1999, Snyder et al. 2003, Bucci et al.
2004, Daley and Phillips 2006). These flows have been attrib-
uted to stem refilling (Phillips et al. 2003) or to stomata re-
maining open at night (Snyder et al. 2003) and are often corre-
lated with wind speed and vapor pressure deficit (Daley and
Phillips 2006). Our measurements indicate that stomata shut at
the end of the day in all measured trees, to the limit of resolu-

tion of the gas exchange measurements. If the nighttime sap
flow was due to stem refilling, it might be expected that day-
time sap flow would be less than predicted, because of the use
of stored water. However, this was the case only for Tree 2; for
Trees 1, 3 and 5, not only was there nighttime sap flow, but
daytime sap flow exceeded that predicted. The significance of
the observed nighttime sap flow remains to be resolved, but
eddy covariance measurements at this site suggest that night-
time stand water use is minimal (Helen Cleugh, CSIRO Ma-
rine and Atmospheric Research, Canberra, Australia, personal
communication).

Variability among trees also appears to be well captured,
with the model generally performing best when parameterized
for the measured tree (Table 6). The gs data indicate that there
were differences in stomatal behavior among the trees, with
Trees 9 and 10 having the lowest conductances. We hypothe-
size that the water relations of these trees were relatively poor
because they were smallish trees growing beneath an over-
arching large tree that may have been out-competing them for
water. It is possible that competition among trees in these open
eucalypt forests is for water rather than for light. However, be-
cause of the uncertain leaf area of the trees, we were unable to
confirm whether this reduced leaf-level stomatal conductance
was manifested in lower whole-tree transpiration. A better un-
derstanding of how and why the stomatal conductance rela-
tionship varies among trees is needed.

Conclusions

We tested the ability to scale from leaf-level to tree-level pro-
cesses with an individual-tree model and datasets that were
measured simultaneously at the leaf and tree scales. Some dis-
crepancies between data and model output were found, high-
lighting areas where our understanding is poor. Our study
raised several questions. For example, why is the canopy-scale
model more sensitive to environmental conditions than mea-
surements, whereas the leaf-scale model is less sensitive than
measurements? How do leaf conductance parameters vary
among trees, and how does the variation depend on tree water
relations?

Overall, however, the model performed well. Errors in esti-
mating peak transpiration were likely caused by errors in esti-
mating leaf area for individual trees and became much smaller
when averaged over several trees. The model also simulated
the time-course of transpiration well. Although the study was
carried out with an individual-tree based model, it has implica-
tions for the more widely used one-dimensional canopy mod-
els, because the structure, assumptions and performance of the
different types of models are comparable (Hanson et al. 2004).
A recent model evaluation (Abramowitz et al. 2007) indicated
that total latent heat flux estimated by land surface schemes is
biased. Our study suggests that the canopy component of la-
tent heat flux estimated by land surface models is unlikely to
be biased and that efforts should be concentrated on improving
estimates of soil and understory components of the flux.
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Appendix: Calculation of transpiration in MAESTRA

Transpiration is calculated separately for sun and shade fo-
liage at each grid point. The iterative scheme proposed by
Wang and Leuning (1998) is used to solve for leaf energy bal-
ance. This scheme uses the following steps: (1) assume that
leaf surface temperature, VPD and CO2 concentration (Ts, Ds

and Cs) are equal to air temperature, VPD and CO2

conentration (Ta, Da and Ca), respectively; (2) calculate leaf
photosynthesis and stomatal conductance; (3) calculate
boundary layer conductance and radiation conductance; (4)
apply Penman-Monteith equation to calculate transpiration;
(5) calculate new values for Ts, Ds and Cs.; and (6) if leaf tem-
perature has converged (i.e., is within a given tolerance of pre-
vious leaf temperature value), finish: otherwise, return to
Step 2.

Boundary layer conductances to heat transfer by free and
forced convection and the radiation conductance are calcu-
lated according to formulae given by Leuning et al. (1995).
The boundary layer conductance for free convection (gbHf, mol
m– 2 s–1) is given by:
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where DH is molecular diffusivity to heat (21.5 x 10– 6 m2 s–1),
w is leaf width (here 2 cm), P is atmospheric pressure (Pa), R is
the universal gas constant (8.314 J mol–1 K–1) and Tk is air
temperature in Kelvin. Boundary layer conductance for forced
convection (gbHu, mol m– 2 s–1) is given by:
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where U is wind speed (m s–1). The radiation conductance
(grN, mol m– 2 s–1) is given by:

g k e ek k L
rN k d

d d= +− − −4 1
4ε σ ξ ξT ( ) (A3)

where εl is leaf emissivity (0.95), σ is the Stefan-Boltzmann

constant (5.67 × 10– 8 W m– 2 K– 4), kd is transmittance of dif-
fuse radiation to the gridpoint, ξ is cumulative leaf area above
the gridpoint and L is total leaf area (cf. Wang and Leuning
1998, Table 1, and Jones 1992, p 108).

The Penman-Monteith equation is then calculated accord-
ing to:
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where λ is the latent heat of water vapor (J mol–1); E is transpi-
ration per unit leaf area (mol m– 2 s–1); s is the slope of the
curve relating saturation water vapor pressure to temperature
(Pa K–1); Rn is isothermal net radiation (W m– 2); gH is total
leaf conductance to heat (mol m– 2 s–1); cp is the heat capacity
of air (1010 J kg–1 K–1); Ma is molecular mass of air (29 × 10– 3

kg mol–1); γ is the psychometric constant (Pa K–1) and gV is to-
tal leaf conductance to water vapor (mol m– 2 s–1).

The latent heat of water vapor varies with air temperature
according to:

λ = (2.501 × 106 – 2.365 × 103 Ta) 18 × 10– 3 (A5)

Isothermal net radiation, Rn, is calculated as the sum of
beam, diffuse and scattered radiation absorbed by foliage at
the grid-point in three wavebands: PAR, NIR and thermal radi-
ation. The total leaf conductance to heat is given by:

gH = 2(gbHf + gbHu + grN) (A6)

and total leaf conductance to water vapor, gv, is calculated as
the sum in series of the stomatal conductance and boundary
layer conductance. Boundary layer conductance to water va-
por is given by:

gbV = 1.075 × 2(gbHf + gbHu) (A7)

where the factor 1.075 accounts for the relative diffusivities of
heat and water vapor in air.
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