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ABSTRACT

Climate modelling studies predict that the rain forests of
the Eastern Amazon basin are likely to experience reduc-
tions in rainfall of up to 50% over the next 50-100 years.
Efforts to predict the effects of changing climate, especially
drought stress, on forest gas exchange are currently limited
by uncertainty about the mechanism that controls stomatal
closure in response to low soil moisture. At a through-fall
exclusion experiment in Eastern Amazonia where water
was experimentally excluded from the soil, we tested the
hypothesis that plants are isohydric, that is, when water is
scarce, the stomata act to prevent leaf water potential from
dropping below a critical threshold level. We made diurnal
measurements of leaf water potential (%)), stomatal con-
ductance (g;), sap flow and stem water potential (¥,) in
the wet and dry seasons. We compared the data with the
predictions of the soil-plant-atmosphere (SPA) model,
which embeds the isohydric hypothesis within its stomatal
conductance algorithm. The model inputs for meteorology,
leaf area index (LAI), soil water potential and soil-to-leaf
hydraulic resistance (R) were altered between seasons in
accordance with measured values. No optimization param-
eters were used to adjust the model. This ‘mechanistic’
model of stomatal function was able to explain the individ-
ual tree-level seasonal changes in water relations (r* = (.85,
0.90 and 0.58 for ¥, sap flow and g, respectively). The
model indicated that the measured increase in R was the
dominant cause of restricted water use during the dry sea-
son, resulting in a modelled restriction of sap flow four
times greater than that caused by reduced soil water poten-
tial. Higher resistance during the dry season resulted from
an increase in below-ground resistance (including root and
soil-to-root resistance) to water flow.

Key-words: drought; psychrometer; sap flow; SPA model;
stem water potential; stomatal conductance.

INTRODUCTION

Over the next 50-100 years, most global climate models
predict that increasingly El Nifio-like climate conditions
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will cause reduced rainfall over Eastern Amazonia (Cox
et al. 2000; Cubasch et al 2001; Cowling et al. 2004; Cramer
et al. 2004). Cox et al. (2004) suggested that the reduction
in rainfall over Amazonia may reach as high as 50% by
2100. Reductions in rain forest evapotranspiration during
the dry season have been observed at Manaus, in relatively
wet and humid Central Amazonia, by using the eddy cova-
riance technique (Malhi et al. 1998, 2002). However, more
recent eddy covariance studies in Eastern Amazonia have
not shown any limitation in forest evaporation during the
dry season, even though these forests experience more
intense dry seasons than the Manaus forest (Carswell et al.
2002; Saleska et al. 2003; Goulden et al. 2004; da Rocha
et al. 2004). The lack of a simple correlation between the
limitation of forest evapotranspiration and the intensity of
the dry season implies that we cannot simply extrapolate
the results of a small number of experiments uniformly
across the Amazon region. A more sophisticated under-
standing of the drought physiology of rain forest trees is
necessary before we can predict the responses to the pre-
dicted drier conditions.

To investigate the mechanisms underlying the response
of forest evapotranspiration to reduced rainfall, we con-
ducted a manipulation study on a 1 ha parcel of land in
Caxiuand, Eastern Amazonia. Rain passing through the
canopy (through-fall) was intercepted by a system of plastic
panels and then drained away from the plot, thereby artifi-
cially reducing soil moisture. Within this through-fall exclu-
sion (TFE) site and an adjacent control site, we collected
diurnal cycles of leaf water potential (), stem water
potential (¥.n), stomatal conductance (g;) and sap flow
from a sample of trees during the wet and dry seasons. We
used the tree physiology data to investigate three areas of
uncertainty: (1) the mechanism by which the stomata sense
and respond to soil water status; (2) whether leaf water
supply is controlled by changes in soil water potential (')
or in soil-to-leaf hydraulic resistance (R); (3) and whether
major resistance to water uptake is located above or below
ground.

The first part of our investigation involved testing the
hypothesis that the stomata sense reduced soil moisture via
‘hydraulic signalling’ between soil water potential and leaf
water potential (Jones 1998; Salleo et al. 2000; Chaves,
Maroco & Pereira 2003). In this hypothesis, low soil mois-
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ture affects stomatal conductance and gas exchange via its
influence on leaf water potential. It has been repeatedly
observed that some plants act to maintain leaf water poten-
tial above a critical minimum value, or ‘isohydric’ condi-
tions, under hydraulically stressed circumstances (Field &
Holbrook 1989; Tardieu 1993; Saliendra, Sperry & Com-
stock 1995; Cochard, Breda & Granier 1996; Comstock &
Mencuccini 1998; Sperry et al. 1998, 2002; Oren et al. 1999;
Bonal et al. 2000; Salleo et al. 2000; Hubbard et al. 2001).
However, this does not mean that the water potential is
constant at all times; rather, it suggests that because of
stomatal closure, there exists a definite minimum value
which the water potential does not exceed. The supposed
primary role of this mechanism is the avoidance of low
water potential, which leads to xylem cavitation (Jones &
Sutherland 1991) and the possibility of runaway cavitation
(Tyree & Sperry 1988). It has yet to be demonstrated that
this isohydric behaviour is common in tropical forest trees,
or that it can solely explain altered water use in whole
trees between seasons.

As a complement to empirical testing, we used a model-
ling approach to investigate the ability of the isohydric
hypothesis to explain the physiology of whole trees. In the
field, stomatal conductance is high when both energy and
water are abundant and stomata close due to either due to
a lack of water, or due to a lack of energy (when the
increase in photosynthesis to be gained by opening stomata
is very small) (Farquhar et al. 1980)). Using a model allows
us to dynamically link stomatal conductance, leaf water
potential and energy availability to account for the multiple
factors that determine stomatal conductance. The model we
have used is the soil-plant-atmosphere (SPA) model (Wil-
liams et al. 1996). The SPA model is a multilayer soil-veg-
etation-atmosphere transfer (SVAT) model, the stomatal
conductance algorithm of which is based on the isohydric
hypothesis. We parameterized the SPA model, using mea-
sured estimates of hydraulic parameters, and compared the
diurnal predictions of the model with the tree physiology
data to test the isohydric hypothesis embedded in the
model.

The second area of uncertainty investigated was whether
soil water potential or soil-to-leaf hydraulic resistance was
the factor that limits soil-to-leaf water supply under water-
stressed conditions. Soil-to-leaf water transport, along with
atmospheric demand, determines leaf water status, but it is
not clear whether soil water potential or soil-to-leaf
hydraulic resistance is the major factor that constrains
water uptake during the dry season. Some previous model-
ling studies on tropical and seasonal temperate forests (Wil-
liams et al. 1996, 2001a) suggest that changes in ecosystem
water use during the dry season could be explained only
through changes in soil-to-leaf hydraulic resistance, as only
small changes in soil water potential have been observed.
However, other studies have found very large seasonal
changes in soil water potential between seasons (Misson,
Panek & Goldstein 2004). In this paper, we use measured
estimates of soil water potential and soil-to-leaf hydraulic
resistance, as well as the description of soil-leaf water trans-

port in the SPA model, to isolate the relative importance
of both transport factors in constraining evapotranspiration
during the dry season.

The third area of uncertainty investigated in this paper is
the distribution of hydraulic resistance within the soil-to-
leaf continuum. Soil-to-leaf hydraulic resistance consists of
several hydraulic resistances in series in the leaves,
branches, trunks, roots, root-soil interface and soil matrix.
Much information exists describing the resistance of
excised branch segments under different water potentials
(Mencuccini 2002), but little information exists on the rel-
ative magnitudes of branch, trunk and below-ground resis-
tance components (Sperry etal. 1998, 2002). It is
impractical to obtain all information to model the dynamics
of every resistance in the SPA continuum, it is more effi-
cient to deduce the location of the major resistance to water
transport. In this paper, we split the resistance of the soil-
to-leaf pathway into above- and below-ground components
using stem psychrometry measurements, and thus deter-
mine the location of the greatest resistance to water
transport.

The following key questions are addressed in this paper:

1 Are the leaf water potential, sap flow and stomatal con-
ductance data consistent with the hypothesis that sto-
mata function to prevent leaf water potential declining
below a minimum critical value under water stressed
circumstances?

2 Are changes in soil-to-leaf water supply dominated by
changes in soil water potential or by soil-to-leaf hydraulic
resistance?

3 If there is a major change in soil-to-leaf hydraulic resis-
tance between seasons, is the change in resistance located
above or below ground?

We first address how the data alone may be used to answer
these questions, then we investigate what additional con-
clusions we may draw, by comparing the data with the
predictions of the SPA model.

METHODS
Site

The experimental site is located in the Caxiuana National
Forest, Pard, Brazil (1°43'3.5”S, 5°27°36”W). The forest is a
lowland terre firme rain forest. The mean annual rainfall is
2272 mm (+ 193 mm), but with a pronounced dry season
between July and December, when on average only
555 mm (£ 116 mm) of rainfall is recorded (data from 1999
to 2003). The soil is a yellow oxisol (Brazilian classification
latosol), with a 0.3-0.4 m thick stony/laterite layer at 3-4 m
depth. The soil texture (0.0-0.5 m) is 75-83% sand, 12-19%
clay and 6-10% silt (Ruivo & Cunha 2003). The soil consists
of mainly kaolin in the clay fraction and quartz in the sand
fraction (Ruivo & Cunha 2003). The site elevation is 15 m
above river level, and the water table has been observed at
a depth of 10 m during the wet season.
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TFE experiment

To investigate the limitation of soil water on forest gas
exchange in drier conditions than those normally experi-
enced, an artificial soil drought was created by using TFE.
This work was carried out as part of the LBA (Large-Scale
Biosphere Atmosphere Experiment in Amazonia) Ecology
program (Avissar & Nobre 2002). Two 100 x 100 m plots, a
control and a treatment TFE plot, were established, and the
borders trenched to a depth of 1 m to reduce the lateral
flow of water. In the TFE plot, a roof of transparent plastic
sheeting and wooden guttering was installed at a height of
approximately 2 m height in November 2001, to keep the
soil free from rainfall.

A 30-m-tall canopy access tower was installed in each
plot. Nine trees were accessible from each tower. Of these
trees, five in the TFE plot and four in the control plot were
equipped with sap flow monitors. The species, canopy
heights and diameter at breast height (DBH) were
recorded (Table 1). The sap-flow-equipped trees were the
tallest trees accessible from the towers, and their leaves
ranged from 11 to 28 m in height in the control plot and 16—
28 m in the TFE plot. Trees were measured up to the top
of the canopy. A meteorological station (Campbell Scien-
tific, Loughborough, UK), installed on a 55-m-tall tower
located 700 m from the experimental site, recorded climatic
conditions [wet and dry bulb temperatures, rainfall, wind
speed and direction, incoming and outgoing photosynthet-
ically active radiation (PAR), short-wave and long-wave
radiation] every 15 min.

Tree physiology measurements

Canopy leaf area index (LAI) was measured with an LAI-
2000 Plant Canopy Analyser (Li-Cor, Inc., Lincoln, NE,
USA) on a 10 x 10 m grid in both plots, in May 2003 and
November 2003. The grid covered the full extent
(100 x 100 m) of each plot. Diurnal courses of leaf water
potential were monitored by using a digital pressure bomb
(Skye Instruments, Llandrindnod Wells, UK) on 17 and 19
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May 2003 (late wet season) and on 19 and 20 November
2003 (late dry season). On each of these days, four to five
leaves were sampled from each of the intensively studied
trees at 0600, 0900, 1100, 1300, 1500 and 1630 h, and leaf
water potential was determined for each leaf by using the
pressure bomb. Sap flow rates were measured for each of
the intensively studied trees by using the trunk segment
heat balance method (Environmental Measuring Systems,
Brno, Czech Republic) (Cermak, Deml & Penka 1973;
Cermak, Kucera & Nadezhdina 2004). The heat balance
sensors measure sap flow over an entire sector of circum-
ference, therefore they do not require calibration for xylem
depth if the sensors (which are 30-50 mm long) penetrate
through all of the active xylem tissue. Xylem depth was
estimated in wood cores both visually and using dye previ-
ously injected below the point of measurement, to confirm
that water was not transported beyond 30 mm depth.
Xylem depth measurements of 47 trees, which ranged from
0.1 to 1.3 m in diameter, indicated that the xylem rarely
extended beneath 20 mm depth, irrespective of tree size
(data not shown); therefore, the 30-mm-long sap flow sen-
sors cut through all of the conductive tissue. Water flux was
logged every 15 min throughout each day.

The heat balance sap flow measurement method suffers
from calibration errors around zero, such that when there
is zero flow, a slight positive flow is recorded and a calibra-
tion is necessary. This is typically achieved by taking the
minimum point over a period of several days and subtract-
ing it from the raw data, so that the minimum becomes the
zero point. This method is problematic if sap flow data are
used to establish that the trees and soil have reached equi-
librium, based on the achievement of zero sap flow during
the night. However, if flow continues through the night as
the leaves refill, then the flow will constantly decline as the
soil-leaf water potential gradient becomes smaller. If flow
were to stop altogether, then the apparent flow would be
constant. For all of the trees studied the refilling period
appeared to last only until between 2200 h and midnight.
Thereafter, sap flow values remained constant to within
0.002 kg s cm™. This constant value was used as the zero

Table 1. Details of the intensively studied

Measurement Canopy  (rees equipped with sap flow monitors and
Tree ) DBH Fori height height accessible from the canopy tower (C trees
code Species (m) MPa (m) (m) are the trees in the control plot, T trees are
the ones in the TFE plot)
C1 Mezilaurus mahuba 0.156 -1.9 11 6-21
C2 Licania heteromorpha 0.187 -0.9 19 18-26
C3 Manilkara bidentata 0.515 —4.3 28 21-30
C4 Manilkara bidentata 0.439 2.7 27 23-31
T1 Licaria ameniaca 0.159 2.2 16 10-22
T2 Hirtela bicornis 0.295 2.1 20 15-30
T3 Lecythis confertiflora 0.366 -2.9 25 21-32
T4 Swartzia racemosa 0.485 -32 27 22-32

TFE, through-fall exclusion; DBH, diameter at breast height; ¥, critical leaf water

potential.
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point in all cases, and the existence of unchanging sap flow
for several hours was used as evidence of the existence of
zero flow.

Stomatal conductance was measured using an LI-1600
leaf porometer (Li-Cor, Inc.). Diurnal measurements of the
ambient transpiration rates, stomatal conductance and
other associated meteorological variables (humidity, pho-
ton flux density, leaf and cuvette temperature) were made
on the control plot on 27 May 2003 and on 31 October 2003,
and in the TFE plot on 23 May 2003 and on 2 November
2003. (The May dates represent the late wet season while
the October and November dates represent the late dry
season.) Four to five leaves were sampled from each of the
intensively studied trees. Measurement times were 0900,
1030, 1200, 1330, 1500 and 1630 h. Prior to 0900 h, very high
(> 90%) humidity prevented accurate readings from being
obtained from the porometer, because of low transpiration
rates. Leaves were not divided into shade and sun leaves,
because the sun/shade definition of a mid-canopy leaf
changes very frequently as the position of the sun shifts
throughout the day. It was assumed that at a given canopy
level, all leaves experienced a similar proportion of sun and
shade conditions.

Stem psychrometers (Plant Water Systems, Guelph,
Ontario, Canada), in conjunction with a manual microvolt-
meter (Wescor, Logan, UT, USA), were used to measure
the water potential of the xylem at the base of each of the
intensively studied trees. We collected these measurements
at the same time as the leaf water potential measurements,
in order to compare the water potentials of the leaves and
stem. Prior to installation, the psychrometer sensors were
calibrated against the pressure bomb measurements of leaf
water potential. Nine leaves were collected from trees at
different levels in the canopy at midday. From each leaf, a
piece of the lamina was removed and measured with the
psychrometers according to the Wescor protocol, while the
water potential of the remaining leaf was measured by
using the pressure bomb. After the calibration, we installed
the sensors between the height of 0.2 and 0.3 m at the base
of the intensively measured trees. The sensors were insu-
lated with a foam with depth of 0.1 m and an aluminium
foil radiation shield. This insulation was highly effective at
removing temperature gradients between the two thermo-
couple junctions — the main source of error in psychrometer
measurements — and the voltage gradient was never higher
than 0.1 uV, which was within the range recommended by
the manufacturers.

We measured the ambient hydraulic resistance of the
excised segments of terminal branches during November
2002, May 2003 and November 2003 as another means of
observing changes in above-ground hydraulic resistance.
Four branches were collected from each intensively mea-
sured tree over several days. Branches were collected
between 1400 and 1500 h to ensure that embolism risk was
maximal. The leaves and petioles were removed immedi-
ately to prevent further water loss, and measurements were
made within 3 h of collection to minimize the effects of
cavitation recovery (Zwieniecki & Holbrook 2000). A low-

pressure hydraulic resistance measurement system similar
to that described by Sperry & Tyree (1988) was used to
measure hydraulic resistance. Branch segments were
between 0.09 and 0.15 m in length and 10-14 mm in diam-
eter. Leaf area distal to each measured segment was found
by measuring the area/mass ratio of a subset of leaves from
each branch, using digital photography and Scion Image
software (Scion Corporation, Frederick, MD, USA).

RESULTS
Meteorology

The average meteorology changed between the measured
wet and dry season days (Fig. 1). The average air vapour
pressure deficit (VPD) between saturation and the atmo-
sphere over a 24 h period was higher in the dry season
(0.5 kPa) than in the wet season (0.38 kPa). The average
short-wave radiation increased from 183 W m™ in the wet
season to 216 W m™ in the dry season. The average temper-
ature was higher in the dry season (25.3 °C) than in the wet
season (24.6 °C).

Sap flow

In the control plot, sap flow was 44% higher in the dry
season than in the wet season. However, in the TFE plot,
sap flow was 15% lower in the dry season than in the wet
season (Fig.2 and Table 2). The majority of the changes
between seasons occurred in the upper canopy trees (C3,
C4, T3 and T4). In particular, tree T3 showed a very large
decline from 1134 to 16 kg d™'. The sap flow data in Fig. 2
are normalized for tree leaf area (see modelling section),
so differences between the trees are due to factors other
than size.

Stomatal conductance

In control and TFE plots, the stomatal conductance of six
out of the eight trees measured remained high
(> 100 mmol m™s™") for the majority of the day during the

Table 2. Average daily sap flow value for the control plot (C) and
TFE plot (T) trees during the wet and dry seasons

Daily sap flow (kg d™)

Plot Tree code Wet season Dry season
Control C1 27 40

C2 13 13

C3 184 285

Cc4 438 777
TFE T1 40 45

T2 34 45

T3 134 16

T4 157 134

TFE, through-fall exclusion.

© 2006 Blackwell Publishing Ltd, Plant, Cell and Environment, 29, 151-165



Hydraulic behaviour of rain forest trees 155

— 15 May
1.5r ... 17 May
— - 23 May
-—. 27 May

Vapour pressure deficit
(kPa)

0.5f
IR~z =
0 ==
1000}
[ =
o 800 |
k=
g & 600f
o £
& = 400f
; N
5 200}
£
(7]
30
28}
4
2 o6t
gL |
£ 24
(]
|_
22t
20 : : : : : :
0000 0600 1200 1800 0000 0600 1200 1800 0000
Time (h) Time (h)

Figure 1. Diurnal courses of vapour pressure deficit, short wave radiation and air temperature at 30 m height on wet season days (15,17,
23 and 27 May 2003) (left-hand panels) and dry season days (19 November, 20 November, 31 October, 2 November 2003) (right-hand panels).

wet season (Fig.3). Average maximum stomatal conduc-
tance was 184 mmol m?s™ and the only period with low
(<100 mmol m2s™") stomatal conductance occurred at
1630 h in the TFE plot, which corresponds to a period of
low radiation and temperature (Fig.1). In the dry season,
gs was 35 and 39% lower than in the wet season in the
control and TFE plots, respectively. In the dry season, g
declined gradually between 0900 and 1530 h in the control
plot, but no diurnal pattern was observed in the TFE plot,
and g, remained between 45 and 85 mmol m?s™ for the
whole day.

Leaf water potential

We found that the daytime leaf water potentials were lower
in the dry season than in the wet season for both plots
(Fig. 4). The average minimum leaf water potential reached
was —1.71 MPa in the wet season, and —2.47 MPa in the dry
season. For each measurement period, there was no signif-
icant difference in daytime leaf water potential values
between plots (P > 0.05). During the dry season, leaf water
potential declined quickly each morning in all trees, reach-

ing a plateau around a minimum value by 0900 or 1100 h
and remaining within 0.5 MPa of the minimum value for
the majority of the day (from 0900 or 1100 h until at least
1500 h). The exception to this was tree C1, which showed
gradual recovery in leaf water potential throughout the
afternoon of 20 November. However, this tree did display
a minimum plateau around —1.7 MPa on the 19th Novem-
ber, below which it did not decline at any other time.
Between 1500 and 1630 h, leaf water potential recovered
slightly in six out of the eight trees studied. We found large
differences in the minimum leaf water potential values
reached by the different trees (Table 1). The minimum leaf
water potential reached was negatively correlated with
height (#*=0.74). In the wet season, none of the trees
reached the same minimum level observed in the dry sea-
son (with the exception of tree T2).

Stem water potential

The calibration procedure showed that the psychrometers
provided an unbiased estimate of stem water potential.
Regression analysis of the data indicated that very little
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Figure 2. Measured (symbols) and modelled (lines) sap flow per m* leaf area for individual trees in the control (top four panels) and
through-fall exclusion (TFE) (bottom four panels) plots for wet and dry seasons. C1-C4 are trees in the control plot and T1-T4 are trees
in the TFE plot. Note the change in scale between control and TFE plot figures.

calibration was necessary, as the slope of the psychrometer/
pressure bomb relationship was 1.03 and the intercept was
0.092 MPa with an #* value of 0.94, thus indicating that the
psychrometers provided a reliable estimate of leaf water
potential compared with that of the pressure bomb. In
other investigations, stem psychrometers have been cali-
brated against sections of wood that are subject to drying
(Irvine & Grace 1997). In this instance, the variability of
tree species and the logistics of felling large rain forest trees
meant that this approach was not possible. We were there-
fore limited to calibration against leaf laminar measure-
ments. In this case, however, virtually no correction was
made to the psychrometer outputs following calibration. It
is feasible that an error in the psychrometer measurements
could have been introduced as a result of measurements
being made on woody stems instead of leaf laminae. In the
wet season, the values of stem water potential were consis-
tently higher than —0.5 MPa, close to the values of soil
water potential estimated from pre-dawn leaf water poten-
tial (-0.08 to —0.09 MPa). In the dry season, the data on
stem water potential show similar plateaux to the leaf water
potential measurements (Fig. 5), with the levels of the pla-
teaux being slightly (0.7 MPa average difference) wetter

than the values of leaf water potential. The average dry
season stem water potential was —1.69 MPa in the control
and —1.53 MPa in the TFE plot.

Branch resistivity

We found no difference in the ambient resistivity of the
excised terminal branch segments between seasons (Fig. 6),
but there were large differences between the resistivity
values for the different trees. The highest resistivity
(0.37 m™? s MPa mmol™), which was recorded for tree C1,
was 9.4 times higher than the least resistivity (0.04 m™
s MPa mmol™), which was recorded for tree C3.

Modelling

Justification of modelling exercise

The data presented here indicate, from an initial analysis,
that they are broadly consistent with the isohydric hypoth-
esis that the stomata respond to leaf water potential in
order to prevent leaf water potential from decreasing to a
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Figure 3. Measured (symbols) and modelled (lines) stomatal conductance for individual trees in the control (top two panels) and through-
fall exclusion (TFE) (bottom two panels) plots for wet and dry seasons. C1-C4 are trees in the control plot and T1-T4 are trees in the TFE

plot.

level below a critical threshold value under water-limited
conditions. A persistent minimum leaf water potential pla-
teau was observed during the dry season in all trees. When
the leaves were at their minimum leaf water potential dur-
ing the dry season, the stomatal conductance was consis-
tently low. During the wet season, high stomatal
conductances were observed and the leaf water potential
was not near the minimum value.

However, the leaf water potential data alone do not
actually confirm the existence of an isohydric mechanism.
The plateaux in leaf water potential could possibly have
been due to the meteorological conditions, for example,
low atmospheric demand for moisture may have caused
the fortuitous maintenance of stable leaf water potentials.
To exclude this possibility, we must establish that the
atmospheric demand at all the different canopy levels
was high enough to reduce leaf water potentials to a
level below the measured values, in the absence of sto-
matal control. Therefore, construction of the predictions
of the isohydric model necessitated the use of a dynamic
simulation model. We chose to use the SPA model
(Williams ez al. 1996) to simulate the predictions of the
isohydric hypothesis for each data set for the following
reasons:

1 The isohydric hypothesis proposes that leaf water poten-
tial is the dominant control over stomatal conductance
and water use in water-limited conditions. Leaf water
potential is the balance of soil-to-leaf water supply and
atmospheric loss. To generate ‘expected’ leaf water poten-
tial values, we must simultaneously model both atmo-
spheric demand and soil-to-leaf water supply. Both these
processes are explicitly simulated by the SPA model.

2 Stomatal conductance may be limited either by hydraulic
stress or by low light energy levels. Therefore, to predict
the model expectations of stomatal conductance, we
need simulations of both the leaf water potential and the
availability of light energy to the leaves. The SPA model
includes a radiative transfer scheme and a model of leaf
water potential to allow both the factors that determine
stomatal conductance to be simulated.

3 Tree-level predictions of sap flow must be constructed
from leaf level estimates of evapotranspiration. Leaves
at different heights in the canopy of a single tree have
different rates of sap flow depending on their respective
energy supply and hydraulic limitation. The SPA model
includes a multilayer model of the forest canopy and a
radiative transfer model, so it is possible to scale from
leaf-level evapotranspiration predictions to tree-scale
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Figure 4. Measured (symbols) and modelled (lines) leaf water potential for individual trees in the control (top four panels) and through-
fall exclusion (TFE) (bottom four panels) plots for wet and dry seasons. C1-C4 are trees in the control plot and T1-T4 are trees in the TFE

plot.

sap flow predictions, therefore producing patterns of sap
flow that are consistent with the isohydric hypothesis.

4 Prediction of stem water potential from leaf water poten-
tial is difficult, because water storage, or capacitance, in
the tree leads to a lag between the leaf water potential
and the stem water potential measured at the base of the
tree in the morning, as water is supplied from above the
ground and not drawn from the soil. Estimates of stem
water potential dynamics consistent with the hypothesis
can be made by using a dynamic model of the interaction
between capacitance and resistance that has been incor-
porated into the SPA model.

The SPA model

The SPA model is a multilayered SVAT model that is
designed to represent processes that are common to vascu-
lar plants, so that ecosystem—atmosphere exchange may be
understood in terms of similar processes in different loca-
tions. The model has previously been tested in temperate
deciduous and evergreen forests, arctic tundra and tropical
rain forest ecosystems (Williams e al. 1996, 1998, 2000,
2001a; Williams, Bond & Ryan 2001b).

SPA is ideally suited to investigating the impact of
drought on forest ecosystems because of its explicit model-
ling of water transport to leaves. In the model, stomatal
conductance is controlled such that photosynthesis is max-
imized while not allowing leaf water potential to drop
below a critical minimum value. If leaf water potential ()
reaches the critical minimum leaf water potential (W),
stomatal conductance (g;) decreases and further water loss
is prevented, therefore causing isohydric model behaviour
under water-stressed conditions. Leaf water potential is
determined from the balance of atmospheric demand, sim-
ulated by using the Penman-Monteith equation (Jones
1992), and leaf water supply, as shown in Eqn 1.

¥ _ ¥ -pgh-ER-¥

ot CR @)

where Y, is the soil water potential, p is the density of liquid
water (kg m?), g is gravitational acceleration (9.8 m s) and
h is the height (m) of the canopy layer. Strictly, this should
be the vertical distance between the point of water uptake
and the leaves. However, we are, at this stage, unsure of the
height of the water uptake and therefore are not able to
correct for these changes. However, a 10 m difference in
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Figure 5. Measured (symbols) and modelled (lines) stem water potential for individual trees in the control (top four panels) and through-
fall exclusion (TFE) (bottom four panels) plots for wet and dry seasons. C1-C4 are trees in the control plot and T1-T4 are trees in the TFE

plot.

height causes only a 0.1 MPa difference in gravitational leaf
water potential, so this is thought to be of little conse-
quence in relation to the observed changes in leaf water
water potential in all trees. E is the rate of evapotranspira-
tion (mmol m?s™), C is the capacitance (mmol m? MPa™)
and R is the soil-leaf hydraulic resistance (m™s
MPa mmol™). To solve this equation, we must first define
the hydraulic properties that determine water supply to the
leaves, R, C and Y. All these parameters are physical prop-
erties of trees or ecosystems and can be estimated either
independently or, in the case of R, from a subset of the data.
The hypothesis underlying the SPA stomatal conductance
algorithm has not been previously tested against high-
resolution diurnal time series tree physiology data as pre-
sented here.

Models inputs

We ran the SPA model for each tree for each of the inten-
sively measured days. All parameters in SPA remain as

given by Williams ez al. (1996) unless stated otherwise. Of
those inputs that were changed to reflect local observations,
some were common to all trees, plots and seasons, and
others were varied according to available data (Table 3).

C was estimated as 2300 mmol MPa™' m™ from measure-
ments made by Goldstein ez al. (1998) for a seasonal trop-
ical forest in Panama, the only published estimate of C for
tropical forest trees (see Appendix) and was assumed to be
constant between seasons. ¥, was determined from the
averaged pre-dawn ¥; measurements (Fig. 4), for each plot
and season. Sap flow decreased to zero during the night
(Fig.2), indicating that equilibrium between the soil and
tree had been reached, so pre-dawn ¥, should be a reason-
able estimate of ¥, (Donovan, Linton & Richards 2001).
LAI was determined from the LAI-2000 measurements
(Table 3). ¥, was determined for each tree from the min-
imum observed leaf water potential (Table 1) and was kept
the same between seasons.

Soil-to-leaf hydraulic resistance (m*s MPa mmol™) var-
ies between trees and seasons, and was calculated as shown
in Eqn 2.
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where S is the tree-level sap flow (mmols™) and A is the
tree leaf area (m?) calculated from the tree diameter. The
diameter was assumed to be proportional to leaf area since
we found no relationship between xylem depth and tree
diameter. The ratio between diameter and leaf area was
derived from the tree survey diameter data and canopy
LAI We estimated R from each measurement of ¥. The
estimates of R at 0900 h were very high, since the release
of stored water from plant tissues above the sap flow sensor
allowed ¥ to drop without causing a corresponding
increase in sap flow rate and thus creating a high apparent
resistance. Thereafter, R reached a plateau that is stable to
within 1 m*s MPa mmol™. We took the average value of
this post-0900 h plateau and used it as the R parameter in
the model (Table 4).

The SPA model inputs were independent of the verifica-
tion data, with the exception of three parameters, ¥, ¥;
and R. However, all three of these parameters were found

without reference to the fit between the model and the
data; therefore, they are not “fitted’ or ‘optimized’ parame-
ters but representations of real physical or biological prop-
erties.

Processing of model output for comparison
with data

The SPA model provided predictions of gas exchange and
physiology for layers of leaves at different heights in the
canopy. Leaf water potential and stomatal conductance
data were compared directly with the model output at the
height at which they were measured. To allow comparison
of the tree-level sap flow data with the model output, the
leaf-level model predictions were scaled to the tree level.
We again allocated a total leaf area to each tree (A) and
distributed it evenly between the lowest and highest canopy
layers occupied by each tree (Table 1). Sap flow was esti-
mated for each layer from the SPA model predictions, and

Table 3. Characteristics of the control and TFE plot used as input to the SPA model.

Control TFE
Parameter Units Wet Dry Wet Dry Source
Canopy height m 30 Measurement from tower
Capacitance mmol m~ MPa™ 2300 Goldstein et al. (1998)
Soil water potential MPa -0.09 -0.17 -0.08 —-0.66 Pre-dawn ¥
LAI m’m~ 5.0 43 4.6 LAI 2000

Some parameters were constant between seasons (canopy height and capacitance) and some were varied between seasons according to

measured values (LAI, soil water potential).

TFE, through-fall execution; SPA, soil-plant-atmosphere; ¥, leaf water potential; LAI, leaf area index.
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Table 4. Values of R (soil-leaf hydraulic

Control plot TFE plot resistance) calculated using Eqn 2, b (the
. proportion of resistance located below
Parameter  Units Season Cl1 C2 C3 (4 T T2 T3 T4 ground) fitted to the ¥, data, and the R,
., . and Ry, (above- and below-ground
R m™*s MPa mmol Wet 20 30 11 06 11 37 05 08 resistance, respectively) calculated from the
Dry 28 30 41 25 21 35 197 61  iluesof Randb
b - Wet 01 01 02 01 01 01 01 02
Dry 06 02 09 08 03 01 07 06
R, m~s MPa mmol™ Wet 1.8 27 09 05 10 33 05 06
Dry 11 24 04 05 15 31 59 24
Ry, m~s MPa mmol™  Wet 02 03 02 006 01 04 005 02
Dry 17 06 37 20 06 03 138 37

TFE, through-fall exclusion.

the tree-level sap flow was the sum of all the sap flow from
the individual layers (see Appendix for full details of the
scaling approach).

To compare the predictions of the isohydric hypothesis,
as embedded in the SPA model, with the data on stem
water potential, we used the SPA model output of ‘¥ to
create estimates of modelled stem water potential for each
tree. However, stem water potential depends not only on
¥ and ¥, but also on the distribution of hydraulic resis-
tance above and below ground, b, which can be obtained
through Eqn 3.

Ry
R (3)

where R,, is the leaf-specific hydraulic resistance located
below ground, in the roots and soil, and R is the total soil-
to-leaf hydraulic resistance (both m?s MPa mmol™). To
find the value of b, which best explained the stem water
potential data, we created several different scenarios of the
modelled stem water potential, with values of b ranging
from 0 and 1, in increments of 0.1. We calculated the mod-
elled stem water potential, as shown in Eqn 4.

lIlstem = [b(l}’l _lIIs)]+ llus

b:

(4)

where W, and ¥, are the modelled leaf and stem water
potential, respectively, and ¥, is the soil water potential
estimated from pre-dawn leaf water potential. We then
determined which value of b gave rise to the smallest root
mean square error (RMSE) between the modelled and
measured Y., values. The value of b, fitted in this manner,
is therefore an estimate of the proportion of the soil-to-leaf
resistance which was located below ground in each season.
We then estimated the absolute values of the above- and
below-ground resistance (R, and Ry, respectively) by mul-
tiplying the total soil-leaf resistance (R) by the proportion
located below ground (b) or above ground (1 — b).

Model sensitivity to wet—dry season
input changes

Water supply to leaves, at a given leaf water potential,
depends on soil-to-leaf hydraulic resistance and soil water

potential. It is unclear which of these two factors change
the most between seasons and which has the greatest
impact on water supply within the range experienced. In
addition, sap flow rates are influenced by meteorology and
LATI changes. We used the SPA model to investigate which
of these factors was the dominant cause of altered sap flow
between seasons, by generating SPA output for each plot
six times. For the ‘baseline’ run, we used wet season input
values of LAI, ¥, R and meteorology data (Table 4). For
the second run, we altered the meteorology data to its dry
season value to test the impact of increasing temperature,
VPD and solar radiation. The remaining four model runs
tested the impact of altering the LAI, ¥; and R to their dry
season values (Table 5, column 1). In each instance, we esti-
mated the canopy sap flow, averaged for the two modelled
days in each season and for the four tree-specific parame-
terizations. This allowed us to create a stepwise estimate of
the effect of the different variables on the total sap flow.

Model verification

The isohydric hypothesis, as incorporated into the SPA
model, showed good agreement with the data in the

Table 5. Modelled average daily sap flow in mm d™*

Variables included Control plot TFE plot
Baseline 3.4 3.7
Met 42 4.6
Met + LAI 43 4.7
Met + LAI + ¥, 42 44
Met + LAI+ R 4.0 3.6
Met + LAl + ¥+ R 3.9 3.1

Baseline refers to the predictions made using wet season
meteorology data and parameters. The model inputs were then
sequentially changed to their dry season values to identify which
factor was the main cause of interseason variation in water use.
Differences between plots in the baseline values are due to
differences in wet season LAIL

TFE, through-fall exclusion; Met, meteorology data; LAI, leaf area
index; ¥ soil water potential; R, soil-leaf hydraulic resistance.
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majority of cases. The model accounted for an average of
85% of the variation of ¥, 83% of the variation of sap
flow, 57% of the variation in g and 98% of the variation in
Yem (Table 6). In the wet season, stomata were fully open,
leaf water potential did not drop down to the minimum
value and sap flow values were high (Fig.4). In the dry
season, as a result of changes in model inputs (R, ¥ and
LAI) and meteorological drivers, the SPA model captured
the reduction in leaf water potential to the minimum value
in all trees (Fig. 4), and the resulting reduction in stomatal
conductance (Fig.3). The reduction in g in the TFE plot
was strong enough to cause a large reduction in the sap
flow of the TFE plot trees, in agreement with the data
(Fig. 2). In the control plot, the stomatal closure necessary
to maintain the minimum leaf water potential was not suf-
ficient to cause a major decline in sap flow rates, and in
fact, the rising VPD meant that sap flow increased in the
control plot in the dry season, again in agreement with the
data. Other features of the data that were well described
by the model include the reduction in the rate of sap flow
during the evening (this is codependent on the resistance
and capacitance values) and the difference in leaf-area-
specific sap flow between trees, which occurs as a result of
their different illuminations at different heights in the can-
opy. Predictions of the magnitude of reduction in leaf
water potential in the wet season, when no hydraulic limi-
tation is present, agrees with the data.

One inconsistency between the model hypothesis and the
data is that a modelled increase in stomatal conductance
was found on several of the trees at 1630 h during the dry
season (Fig.3), when no increase in stomatal conductance

Table 6. /* and slope values of the relationship between data and
the SPA model predictions of leaf water potential, sap flow,
stomatal conductance and stem water potential for individual trees
Data for different seasons are combined

Parameter Tree Y Sap flow 8s Yem

r C1 0.78 0.90 0.39 0.98
C2 0.83 0.90 0.74 0.92
C3 0.80 0.92 0.29 0.93
C4 0.89 0.90 0.90 0.97
T1 0.85 0.72 0.70 0.99
T2 0.87 0.81 0.38 0.99
T3 0.94 0.72 0.87 0.99
T4 0.91 0.75 0.30 0.99

Slope C1 0.73 1.06 1.34 0.71
C2 0.73 0.91 1.24 1.11
C3 0.92 0.79 0.49 1.11
C4 0.99 0.85 1.05 0.98
T1 1.00 1.02 0.53 1.01
T2 0.89 0.63 0.26 1.12
T3 0.81 0.71 0.71 1.00
T4 0.81 0.88 0.42 0.99

Data for different seasons are combined.
SPA, soil-plant-atmosphere; yj, leaf water potential; g, stomatal
conductance; Wyen, Stem water potential.

has been observed in the data. This coincides with a recov-
ery in leaf water potential in both the model and the data
(Fig.4). This indicates that in the model the energy avail-
able was sufficient to justify some stomatal opening in the
late afternoon. However, the data show that the trees did
not respond to the removal of hydraulic limitation in the
same manner. The data therefore indicate that some further
stomatal closure mechanism may be necessary to explain
the observed stomatal behaviour.

DISCUSSION

Are the leaf water potential, sap flow and
stomatal conductance data consistent with the
hypothesis that the stomata function to maintain
isohydric conditions within the plant under
water-stressed circumstances?

The isohydric hypothesis, as embedded in the SPA model,
produced results that were broadly consistent with the data.
Importantly, the SPA model contains no ‘optimized param-
eters’, or parameters whose value is adjusted to minimize
the model-data error. A minimum plateau of leaf water
potential was observed during the dry season in the major-
ity of cases, at the same time as reduced stomatal conduc-
tance was observed. The SPA model analysis indicates that
these patterns are consistent with a hypothesis of hydraulic
limitation and not of reduced atmospheric demand or light
availability. Because the model is based on underlying
physical factors, we have been able to use it to test the
physiological hypothesis underlying stomatal function, with
encouraging results.

The main consistent exception to the isohydric hypothe-
sis was the afternoon stomatal opening which the SPA
model predicted for some trees in the dry season but was
not observed in the data. There are at least two possible
explanations for the observed lack of afternoon stomatal
reopening in the absence of hydraulic stress. Firstly, there
is a direct response of stomata to VPD, such that the VPD
observed at 1600 h during the dry season (1.2-1.5 kPa)
causes stomatal closure even in the absence of actual
hydraulic stress. This sort of response is implicit in Jarvis-
type stomatal conductance models, and the implied mech-
anism is a direct response of the guard cells to VPD. A
second possible explanation, invoked by Tardieu (1993),
involves the chemical signalling of soil water status,
whereby abscisic acid is produced in root tissue in dry con-
ditions and transported to the stomata, where it invokes
stomatal closure (Zhang & Davies 1989). The sap flow
velocities measured in this study were sufficient to allow
the transport of abscisic acid at a rate of 8-15 m d™!, around
the height of the smallest trees. This is not sufficient to
allow abscisic acid to be the cause of afternoon stomatal
closure or any sort of subdiurnal pattern. It is possible that
the afternoon stomatal closure may be explained by an
interaction between chemical and hydraulic signals, as
described by Tardieu (1993). However, since we did not
measure abscisic acid concentrations, and because the dis-
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crepancy is only a minor one, the integration of additional
hypotheses into the model is not a research priority at this
stage.

We have shown here that it is possible to model leaf
water potential dynamics, stomatal conductance and sap
flow, given a knowledge of the soil water potential and soil-
leaf hydraulic resistance. However, modelling the dynamics
of the soil-to-leaf hydraulic resistance is a further challenge
(Sperry et al. 1998; Williams et al. 2001a; Tuzet, Perrier &
Leuning 2003; Misson et al. 2004). To reduce uncertainty in
the modelling of leaf water potential, we recommend that
efforts should be concentrated on the estimation of soil and
plant hydraulic resistance dynamics.

Are changes in soil-to-leaf water supply
dominated by changes in soil water potential or
by soil hydraulic resistance?

We tested the impact of changing the model input variables
from their wet to their dry season values to investigate
which factor had the greatest impact on gas exchange.
Water supply to leaves is proportional to both the ¥, to ¥
gradient and to 1/R (Eqn 1). R appears to be more sensitive
to changes in ecosystem water status and therefore was the
dominant cause of reduced water use during the dry season.
There is a small change in the ¥, to ¥, gradient (an average
factor of 2.2). while a large change in 1/R between seasons
has been recorded (an average factor of 7.6) (Table 3).
Altering the model input meteorology and LAI from wet
to dry season caused an increase in the SPA-simulated sap
flow (Table 5). Subsequently decreasing ¥, to dry season
values caused only a very small reduction of 0.07 mm d™' in
the control plot and a larger decrease of 0.26 mm d™' in the
TFE plot. However, setting R to its dry season values
caused the simulated sap flow to decrease by 0.23 and
1.07mmd™" in the control and TFE plots, respectively.
Some authors (Donovan et al. 2001) have criticized the use
of pre-dawn leaf water potential as a proxy for soil water
potential, using plants from desert ecosystems which are
prone to night-time transpiration. In this instance, we
believe that sap flow reaches zero during the night and that
night-time transpiration is unlikely. In addition, if errors
were introduced by the disequilibrium between soil and
leaf water potential, correction of this would have the effect
of reducing the estimated soil water potential. In this case,
this would decrease the impact of soil water potential on
model predictions even further and would reinforce the
conclusions already drawn.

In addition, this analysis indicates that very little restric-
tion on sap flow occurred in the control plot even in the
height of the dry season. The maximum unstressed sap flow
in the control plot was 42mmd™”, compared with
3.9mm d when resistance and soil water potential were
changed to their dry season values. This finding mirrors
that of Carswell et al. (2002), who found no seasonality in
the eddy covariance gas exchange measurements per-
formed at a flux tower 1 km from the TFE experiment at
Caxiuand.
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If there is a major change in soil-to-leaf hydraulic
resistance, is the change in resistance located
above or below ground?

We have shown that ecosystem sap flow is sensitive to soil-
to-leaf hydraulic resistance and that soil-to-leaf hydraulic
resistance is highly variable both between trees and through
time. If simulation of the supply of water to leaves is a
realistic and accurate means of simulating tree and forest sap
flow as demonstrated here, then the next goal of the devel-
opment of hydraulic limitation simulation must be to
develop a process-based model for the a priori prediction of
soil-to-leaf hydraulic resistance from other ecosystem level
data. To achieve this goal, we must first deduce which part
of the SPA continuum provides the greatest resistance to
water movements under hydraulically stressed conditions.

We found that during the wet season, the stem water
potential measurements were very close to the soil water
potential measurements, indicating that most of the soil-to-
leaf hydraulic resistance was located above ground. How-
ever, the main change in resistance between seasons was
located below ground. The optimization of the parameter
b indicated that an average of only 13% of the resistance
was located below ground during the wet season, increasing
to 45% during the dry season. Between seasons, the total
soil-leaf resistance increase in all trees, except in trees C2
and T2. The total above-ground resistance did not change
by more than 0.5 s MPa m> mmol™ between seasons for all
trees, except for trees T3 and T4. These results suggest that
under control or ambient conditions, changes in Ry, are the
dominating factor in the dry season response of the trees.
Under some more extreme dry conditions in the TFE plot,
some increase in R,, was triggered by the low system water
potential. Branch resistivity values indicate no change in
above-ground resistance between seasons.

We have therefore found that changes in below-ground
resistance are the likely cause of stomatal limitation in the
dry season. It remains to be determined whether this is
due to increases in root xylem or soil-to-leaf hydraulic
resistance.

CONCLUSIONS

We tested the hypothesis that stomata function to maintain
isohydric conditions in rain forest trees under hydraulically
stressed situations. We tested this hypothesis against diur-
nal time series in leaf water potential, stomatal conduc-
tance, sap flow and stem water potential from a tropical rain
forest. The hypothesis, as embedded in the SPA model and
including no optimized parameters, is in broad agreement
with the data. Further model analyses indicate that varia-
tions in soil-to-leaf resistance are the major factor that lim-
its water use during the dry season and that very little
hydraulic limitation of sap flow occurred in the control plot
during the dry season. Stem psychrometer measurements
indicate that the major change in resistance between sea-
sons is located below ground, and we suggest that advances
in understanding the response of tropical forests to gas
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exchange will result from intensification of research on the
dynamics of soil-to-leaf hydraulic resistance.

We expect that increasing confidence in process-based
representations of drought stress will eventually allow
identification of the critical factors that controls forest
vulnerability to drought stress. This will allow integration
of our increasing understanding of forest hydrology and
gas exchange processes with our concern about the effect
of drier climates on biosphere-atmosphere interactions,
both within Amazonia and in other drought-threatened
ecosystems.
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APPENDIX

We used an estimate of capacitance (C) derived using the
data of Goldstein et al. (1998) for a seasonal tropical forest
in Panama, the only published estimate of C for tropical
forest trees. Goldstein eral. (1998) found a relationship
between tree basal area and tree capacitance by measuring
the lag between sap flow in terminal branches and at the
base of the trunk. We converted these estimates of C to the
units required for SPA, using Eqn 5:

c=iy G ®)

n r lI’min..i

where C is the new value of capacitance [mmol MPa™ m™

(leaf area)], ¢; is the value of capacitance [mmol m™ (basal
area)] calculated by Goldstein et al. (1998) for the ith tree,
Y,.in is the minimum value of ¥ reported by Goldstein et al.
for the ith tree (MPa), n is the number of trees sampled and
R is the ratio between basal area and leaf area calculated
for our site (5.5 m* m™). The sensitivity of soil-plant-atmo-
sphere (SPA) to C is low, except at the extremes of the
ranges (Williams et al. 1998), so this method of calculation,
using data from elsewhere in the tropics, is a tolerable level
of uncertainty, given that there are no other data sets avail-
able for tropical species. Using this method, we find a mean
value of C of 2300 mmol m™ MPa™.

The simulated sap flow (S;) in mm h™' was calculated as
shown in Eqn 6.

4
s, =21L (6)
i=lj i

where j is a given tree and i is one of the 10 modelled
canopy layers. s; is the SPA-simulated sap flow (mm h™
m™ — ground area) of layer i. [, is the modelled leaf area
(m™) in layer i per m™ of ground area. L;; is the leaf area
estimated for layer i of tree j (m™).
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