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Abstract:  Granier sap flow system is one of the most commonly used techniques for measurements of
whole-tree water use in ecophysiological and forest hydrological studies. However, in the literature there
is not one paper that exclusively reviews the Granier method. In this paper, we recapitulate the theoretical
basis of the Granier sap flow system and review recent developments in calibration and modification of the
sensor probes. Practical issues, such as the determination of the non-flow signal values, natural thermal
gradient, wounding effect, reversed sap flow pattern and extrapolation of individual measurement of sap flux
density to whole-tree sap flow, are discussed in detail. In the perspectives, new approaches are put forward
to use the strong coupling between photosynthesis and transpiration or canopy conductance, via the
measurement of '*C discrimination, to estimate whole-canopy carbon assimilation.
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Xylem sap flow measuring systems are being increas-
ingly used to quantify whole-plant water use, especially in
woody plants (Swanson, 1994; Smith and Allen, 1996;
Kostneretal., 1998; Wullschleger et al., 1998). Granier (1985)
developed a dual-probe sap flow measuring system, which
is now commonly referred to as the Granier or thermal dissi-
pation probe (TDP) method.

The Granier method has been particularly popular among
tree physiologists and forest hydrologists owing to its
simplicity, high degree of accuracy and reliability, and rela-
tively low cost. However, because the original methodologi-
cal papers describing the theory and the design were in
French (Granier, 1985; 1987b), there are many misunder-
standings about this method. With the ever-increasing
number of new users and the appearance of several com-
mercial and “home-made” variants of the Granier sensors
that more or less violate the fundamental assumption of the
method, there is a need to recall the theory and discuss the
specific issues with the application of the Granier method.
Although several general reviews on sap flow methods
discussed the Granier system {Cohen, 1994; Swanson, 1994;
Smith and Allen, 1996; Kostner ef al., 1998), most reviewers
did not have first-hand experience with the Granier method
(except Kostner et al., 1998) and there were often confu-
sions on the Granier system. This paper is the first to
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exclusively review the Granier system. The senior author of
this paper worked for seven years with André Granier in
France and has 15 years experience using the Granier sys-
tem under temperate, subtropical and tropical climates and
forest and orchard conditions (Lu et al., 1995; 2000; Lu,
2002; Luef al., 2003). In this paper we recapitulate the theory
and the original and subsequent calibrations of the Granier
system for which original information was often in French
and/or not-readily accessible. We then review new develop-
ments in sensor design and procedures for data processing,
and finally discuss the practical issues that users of the
Granier system may encounter under field conditions.

For the Granier method, as for other methods which
measure only sap flow in part of the entire cross-section of
a stem, e.g. the “point” measurement by the heat pulse
probe (Hatton ef al., 1995) and the “sector” measurement
by the method of Cermak ef al. (1973), errors associated
with estimating whole-tree sap flow may arise from (a) the
measurement and calculation of the “point™ estimates of
the sap flux density and (b) the integration of these “point™
estimates into a flux for a single tree (Hatton ef al., 1995).
This review discusses these two issues. It is generally ac-
cepted that the main source of error in estimating transpira-
tion in a forest stand is in the estimate of water use for
individual trees and not in the scaling up process (Hatton
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et al., 1995; Wullschleger er al., 1998). Methods to scale up
sap flow measurement from individual trees to the stand is
not covered in this review and readers are referred to the
publications of Hatton et al. (1995), Granier ef al. (1996a)
and Kostner ef al. (1998).

1  Granier Sap Flow Measuring Method:
Theory and Calibration

1.1 Measuring system

The Granier system consists of two sensor probes (Fig.
1}. Each probe consists of a heating element (which also
represents the effective sensing part of the probe, typically
20 mm long), wound around a steel needle containing a T-
type thermocouple (copper-constantan), with the thermo-
couple tip located in the middle of the heating element. The
constantan ends of the two thermocouples are connected
to measure the temperature difference between the two
probes at the ends of the copper wires. The two probes are
typically inserted radially into the stem 10- 15 cm apart
(Granier, 1987a; 1987b; 1992), in pre-inserted heat-distrib-
uting tubes made of aluminium (Granier, 1992) or of copper
(Granier, personal communication, 1994; Lu ef al., 2000);
previously the tube was first fixed onto the probe (Granier,
1985). The downstream (upper) probe is continuously

Tree trunk

heated at constant power (0.2 W) while the upstream (lower)
probe is left unheated to measure the ambient temperature
of the wood tissue and acts as a reference probe. Tempera-
ture difference between the two probes is influenced by
the heat dissipation effect of sap flow in the vicinity of the
heated probe.
1.2 Theory

Under conditions of thermal equilibrium of the system
established between the sensor probe and its surround-
ings (wood and sap), and for a constant sap flux density, it
can be assumed that input of heat by the Joule effect is
equal to the quantity of heat dissipated by convection and
conduction at the wall of the probe (Granier, 1985; Cabibel
and Do, 1991),i.e.:

hS(T-T:)=R I*  (Equation 1)

h, coefficient of heat exchange (W.m 2.°C™ ")

S, exchange surface area (m?)

T, temperature of the probe ('C)

Tt, temperature of the wood in the absence of heating ('C)

R, electrical resistance of the heating element (€2)

1, intensity of the electric current (A)

It is assumed that the coefficient /1 is related to sap flux
density (sap flow velocity) by the following equation:

h=ho(1 +aFP (Equation 2)
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Iy, thermal exchange coefficient at zero flux, i.e. F4=0

Fy, sap flux density (m*.m 2.5 1)

aand S, coefficients depending on the quantity of heat
applied.

hy is calculated from Equation 1:

o~ v
ST T7)

where 11, is the temperature at zero flux (Fy = 0), i.e.

when only conductive heat loss occurs.

(Equation 3)

When Fy# (0 and is constant, it can be described by:

_ 1 h }fg
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Jue (Equation 4)

Combining Equations 1, 3 and 4, we have:
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(Equation 5)

AT, maximum temperature difference established be-
tween the heated and non-heated probes at zero flux (Fy =
0);

AT, temperature difference between the heated and non-
heated probes at a given Fy,

K, flow index (dimensionless).

1.3 Calibration of the original-type Granier sensors

Experiments carried out by Granier (1985) showed that
K was highly correlated with the sap flux density (Fy). A
series of calibrations of the sap flow probes on several
sample stems of three different tree species (Pseudotsuga
menziesii, Pinus nigra and Quercus pedunculata (i.e. Q.
robury) provided an experimental relationship between K
and Fy, which was independent of the tree species studied
(coniferous and ring-porous sapwood). The empiric equa-
tion proposed by Granier (1985) for the relationship be-
tween K and Fy was:

K= [(ATax ~ AT) /AT]
= o FP=0.020 6 x 107 F,3"?

Equation 6 can be rearranged as:

Fy=118.99%10°° [(ATpu — ATY/ATI ' (Eqution 7)

In fact, the Granier system directly measures the electri-
cal potential difference (AV) between the two
thermocouples. It is evident from Equation 7 that it is not
necessary to convert those AV measurements into AT

(Eqution 6)

because the conversion factor (i.e., Seebeck coefficient: 40
uV/°C) will be cancelled out in Equation 7. Therefore, £y
can be directly calculated from the voltage measurements
using the following equation (Lu, 1997):

Fy=118.99% 10°¢ [(AVpax — AV)/AV]MB! (Equation 8)

where AV isthe maximum voltage difference recorded
at zero flux (F; = 0), and AV is the voltage difference re-
corded at a given Fy,

Granier (1985) fixed the intensity of the electric current
in the heating element of the sensors to 0.140 A (for an
average value of the resistance of the heating element of 10
€, the heating power is 0.2 W). Granier (1985) stated that
this value of 0.140 A represented a compromise between
the sensitivity of the sensor (which increases with the in-
tensity applied) and the risk of unwanted heating of the
reference probe. Granier (1985) found that the coefficient ot
depended on the quantity of heat applied. Therefore, the
empiric equation apparently depends on the heat field cre-
ated by the probe with its particular physical properties
{(geometry, building materials) and the heating power used.
It is evident that recalibration should be undertaken on any
sensor probes that have a different geometry or heating
power to the original design (i.e., Granier, 1985).

Unlike the heat pulse method, the distance between the
heated and reference probes in the Granier method is not
critical as long as the reference probe is not influenced by
the heat propagated from the heated probe. Granier firstly
used a distance of 5 cm (Granier, 1985), and then 10 cm
(Granier, 1987a; 1987b) and 15 cm (Granier, 1992). The dis-
tance is now commonly set between 10 to 15 cm. The rea-
son for these changes was to ensure that the reference
measurements were not affected by the heating. It appears
that the further the distance is, the less the chance for any
interference. However, as discussed further, as the distance
increases, the ambient thermal gradients increase too, which
increases the measuring errors. Therefore, depending on
the heating power used by a particular variant of the Granier
system, the distance should be kept as short as possible
while ensuring that the reference probe is not affected by
heating. A rule of thumb is that in stems of small diameters,
due to the heat storage effect during the low/zero flow
periods, it is better to keep the distance larger. It is possible
to assess the risk of interference by monitoring the changes
of the absolute temperatures at the reference probe posi-
tion while switching on and off the heating power.

Since the first publication of the method (Granier, 1985),
the Granier sensors have been calibrated on several other
tree species as well as on synthetic materials (Cabibel and
Do, 1991; Granier, personal communication, 1992). Those
calibrations confirmed that the original calibration param-
eters of Granier (1985) were valid for all the materials tested,
which suggested that the original calibration was universal.
However, we found that Cabibel and Do’s (1991) calibra-
tion (Equations 9 and 10) on three broadleaf tree species
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(Malus domestica, Quercus robur, Castanea safiva) and
PVC columns filled with synthetic fibres was, in fact, some-
how different from the original Granier calibration.

K=0.02272x 10 F"™% (R*=0.97) (Equation 9)
andthus F;=136.835 6 X 107 [(AT e — AT) /AT] 297

(Equation 10)

Figure 2 shows the values of Cabibel and Do (1991)
were up to 15 % higher than those of Granier’s (1985) for K
values up to 1, i.e. within the normal range of the
measurements.

Considering all results from various studies to date, we
recommend that although the calibration coefficients are
similar in diverse types of woods (coniferous, ring- and
diffuse-porous trees) and even artificial medias, the early
claim that Granier’s original calibration is independent of
tree species or wood anatomy should be considered with
caution. Considering the complexity of the calibration pro-
cedure and the strict requirement of a section of the stem
with homogenous sap flux density (Cabibel and Do, 1991;
Goulden and Field, 1994 and Clearwater et al., 1999), we do
not recommend a new calibration for each new species as
suggested by Smith and Allen (1996). Rather we suggest
that there should be some sort of validation of the method
on the species in question, for example, using gravimetric
or “cut-tree” methods (Hatton et al., 1995; Lu and Chacko,
1998; Lu et al., 2002). Nevertheless, the spatial variability
of the sap flux density in stems (Goulden and Field, 1994)
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Fig.2. Difference between the original calibration of Granier

(1985} and that of Cabibel and Do (1991).

and the potential errors in estimation of sapwood areas
should be considered while making such validations.

1.4 Calibration of modified Granier sensors and new
developments

Several variants of the Granier sensor probes were also
calibrated (a 1-cm-long wound heating element by Granier,
personal communication; a 1.5-cm-long wound heating el-
ement by Braun and Schmid, 1999; a 1-cm-long line heater
by James et al., 2002). All those authors claimed that their
modified types of the Granier sensors adhered to Granier’s
original calibration equation despite Granier’s (1985) sug-
gestion that changes in the heat field around the probe
may cause deviation in the calibration factors. Although
there is no report of a thorough study on the heat field
changes in any of those variants, James et al. (2002) ad-
justed the power input to the modified sensor such that
AT remained similar to that of original-type probes (M.
Clearwater, personal communication, 2003). We remain cau-
tious about any changes in probe geometry and heating
power, and recommend thorough test on any variations of
the sensors.

Braun and Schmid (1999) calibrated a 1.5-cm-long
Granier-type sensor probe on grapevines and extended the
original calibration for a sap flux density of 0 — 140 x 10°°
m®.m %5 ! (i.e. 5.04 kg.dm 2.h" ") to around 225 x 10~ m®
mZ2s ! (ie. 8.1 kg.dm 2.h"). Under natural field
conditions, observed values of sap flux density are hardly
above 4.0 kg -dm *.h~' and well below 8.1 kg-dm™*.h""
(Luetal,2002).

The Granier sap flow system is commercially available
fromthree manufacturers, UP Gmbh (Germany), PlantSensors
(Australia) and Dynamax (USA) (Table 1). Both UP Gmbh
and PlantSensors claim that their sensors are of the original
Granier design. UP Gmbh claims their sensor probes con-
sume 0.2 W, but the technical data provided at their website
are different. They use a current of 0.12 A for a heating
resistance of 34.5 £ which gives 0.497 W. Considering that
they use a 20 gauge steel needle (observed on probes pur-
chased in 1995 by the authors), which is thinner than
Granier’s original 19 gauge ones, resistance of their heat-
ing coil, can be reasonably estimated to be less than 10 Q

Table 1 Commercial availability of the Granier sensors — claimed sensor type, heater type, contacts and published sensor price

Manufacturers Sensor type Heater

Web site and email address Sensor cost

UP Gmbh, Germany original wounded heater
PlantSensors, Australia original wounded heater
Dynamax, USA modified line heater

http://www.upgmbh.com Contact vender

g.kast@upgmbh.com

http:// www.plantsensors.com

AUS$200

sales(@plantsensors.com

http://www.dynamax.com Contact vender

admin@dynamax.com
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that was reported by Granier (1985; 1992). Therefore, their
system may only produce less than 0.15 W if they do use
a current of 0.12 A. The PlantSensors’ sensors use 0.13 A
for a heater resistance of 12 € which gives (0.2 W as speci-
fiedin Granier (1992). Dynamax commercializes several modi-
fied types of sensors which use a line-heater instead of a
wound heater and a heating power different from the
original. Although Dynamax uses the Granier’s original cali-
bration for the calculation of the sap flux density, there is
no information available as to how they have calibrated
their sensors. There were suspicions that those sensors
with modifications in design and/or heating power may not
adhere to Granier’s original calibration and such modifica-
tions may have contributed to the observed substantial
underestimations of /4 (Oliveras and Llorens, 2001; Wil-
son et al., 2001; Offenthaler, 2003; Lu, unpublished data).

2 Practical Issues of the Application of the
Granier Methods

2.1 Determination of AT,

Estimation of Fy by the Granier method relies on the
measurement of a single parameter, i.e. the temperature dif-
ference AT. Determination of AT, 18 fundamental for the
calculation of /4y (Equation 7). Although A7, can theo-
retically be defined as AT'at Fy = 0 (that usually occurs
predawn), many factors may prevent the occurrence of the
zero flow state, such as night-time water movement for new
growth (vegetative or reproductive), slow restoration of
the tree’s internal water storage during prolonged drought
(Luet al., 1995; Goldstein et al., 1998) and water loss from
the canopy due to high vapour pressure deficit and high
wind speed (Snyder er al., 2003).

Night-time water flow: non-zero flow during the night
time affect the determination of the sap flow by underesti-
mating the true AT, required in calculation of the sap flux
density using Equation 7, thus underestimating F (Fig.
3a).

Drift in AT e AT 18 influenced by the thermal proper-
ties of the wood surrounding the heated probe. AT, for
dry wood is usually greater than for wet wood. During the
development of a severe soil water deficit, there could be a
drift in daily values of AT},.,. This drift in A7, could occur
during both drying and re-wetting phases (Fig.3b).

Sometimes, there could also be a drift (increase, Fig.3¢)
in A7, over a long period from several months to years as
the contact between probe and surrounding wood deterio-
rates and the thermal conductivity decreases. Such a drift
is mostly unpredictable; and sometimes one of several

individuals of the same tree species may show such a drift
while others do not. This might be linked to the quality of
hole-drilling for installation of the probes. For an experi-
enced user, this problem can be mostly overcome. In
practice, when the drift exceeds a certain limit, the probe
should be reinstalled to improve the quality of the
measurement. It has been demonstrated that the Granier
probes could produce accurate measurements over several
months, and even over two growing seasons (Granier ef
al., 1996a; Kostner et al., 1998; Lu et al., 2000; Oliveras and
Llorens, 2001).

According to Granier (1987b), AT}, should be deter-
mined separately for each sensor because A7}, is a com-
pound result of the factors mentioned above that are often
probe-specific. To overcome the problem of night-time sap
flow, AT . should be estimated over a 7- 10-day period by
taking the maximum value of AT to avoid the underestimation

AT (mv)

0. 530 -

0.510 -

0. 490 4

A Tmax (m\r)

0. 470
250 252 254 256 258 260 262 264 266 268

0. 605

0. 580

0. 555

ATmax (mv}

[

0. 530 1
01 2 3 45 6 7 8 910111213 14

Time (day of year)

Fig.3.
when there is no drift, taking the maximum over the period.
Otherwise, taking the maximum AT over each 24-h cycle as AT},
will mask the night-time flow if'it does occur. Arrows indicate the
nights with sap flow, (b) when there is a period of water stress,

Determination of AT, over a period of 7- 10 d, (a)

ATy should be determined by breaking the whole period into
drying and wetting periods and applying Granier’s double regres-
sion method to each of the periods (see text), and (¢) when there
is a period of night-time water loss and a drift in AT}, Granier’s
double regression method should be used. Closed circles repre-
sent the 24-h maximum of AT and the solid lines (or opened
circles) represent the regression line of the Granier estimation of
AT max.
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of the “real” AT}, (Fig. 3a). Otherwise, taking the maximum
AT over each 24 h cycle as ATy, (as in the calculation
sheets provided by some manufacturers) will mask the
night-time flow if it does occur.

In practice, to deal with the problems of both night-time
flow and drift, Granier (1987b) proposed to first calculate
the local maxima of A7}, over a 10-d period, then to calcu-
late the new AT}, by a linear regression between these
local maxima and time (day of year). This procedure has the
advantage of not taking into account the nights during
which significant transpiration or more precisely, sap move-
ment occurs. To provide a better estimate of the true AT ..
especially when there are both night-time flow and drift,
Granier proposed a different procedure (Granier, personal
communication, 1994). Following the first linear interpola-
tion as outlined above, the data points that were below the
estimated values were eliminated, and another linear inter-
polation was made with the remaining data points. Figures
3aand c show the calculation of AT}, using Granier’s pro-
cedure to overcome the problem of night-time flow during
several nights. Figure 3b shows the breakup of a long time
series of AT, into two periods, caused by a prompt re-
watering of trees undergone a prolonged water stress; a
linear regression was fitted to each of the periods.

2.2 Calculation of whole-tree sap flow

The Granier probe only measures the sap flux density
(velocity) along a 20 mm x 3.14 x 1 mm? cylinder. To ex-
trapolate this measurement to the whole cross-sectional
area of the sapwood (active water-conducting wood), total
sap flow of the tree (F) is calculated as the product of ¥y
and the area of the cross-section of the sapwood at the
level of the heated probe (Agy).

The ideal case (Fig.4a) is when the depth of the sap-
wood (D, ) is equal to the length of the probe (we assume
the probe length = 20 mm), where A4, is the area of the

Sapwood

Heartwood

D=2 cm

D=2 cm

annulus of the sapwood.

If Dy, =20 mm (Fig.4b), the same calculation as for D,
=20 mm can be used if 4 is assumed to be the same in the
sapwood beyond the length of the probe. This assumption
may not always be true as there is often substantial varia-
tion in Fy across the entire cross-section.

If Dy, <20 mm (Fig. 4¢), there are several options. Granier
(personal communication in 1989) assumed that the sen-
sors integrated one section of the probe intercepting ac-
tive sap flux density #4 and the other section in contact
with heartwood (where ;= 0). Thus it could be considered
that the sap moves at a mean F; over a fictitious depth of
sapwood, which is equal to 20 mm. The fictitious sapwood
area corresponds to an annulus of radius of R and of the
width of 20 mm.

This method assumes that the probe integrates not only
temperature but also F along the probe length (Granier et
al., 1994). However, Lu (1997) showed that although the
temperature could be integrated, the probe did not provide
a true mean Fy, with the measured Falways underestimat-
ing the true mean /. Based on a similar analysis, Clearwater
et al. (1999) proposed an alternative method to calculate Fy
in the portion of active sapwood. If a portion of the probe is
inserted into non-conducting xylem while the reminder is in
sapwood with uniform Fy, then it could be assumed that
the measured AT is a weighted mean of AT in the sapwood
(AT, ) and AT in the inactive xylem (AT, assuming that
the thermal properties of inactive xylem are the same as
sapwood when Fq = 0):

ATy = (AT—b ATy | @ (Equation 11)
where a and b are the proportions of the probe in the sap-
1-a), respectively.

If the depth of sapwood is known then the corrected Fy
for that portion of sapwood can be calculated by replacing
AT in Equation 7 with AT,

wood and inactive xylem (b

Dyw<2 cm

Fig.4. Situations when the sapwood depth, D, is (a) equal to the probe length (= 2 cm), (b) > 2em and (¢) <2 cm.
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A more common situation may be the presence of gradi-
ents in sap velocity along an individual heat dissipation
probe. Lu (1997) and Clearwater ef al. (1999) showed that
the estimates of sap velocity from Granier probes were rela-
tively insensitive to moderate radial variation in /7y, for
example, in coniferous and diffuse-porous trees, as long as
the probe length was within the sapwood. Lu (1997) showed
that if the probe was in contact with sapwood with a two-
fold differences in /7, the error in F;estimated from the
mean A7 was no more than 6%. However, for some ring-
porous trees with a sharply uneven radial pattern of Fy, the
situation is similar to that when a probe is in partial contact
with inactive xylem, i.e. Fis high over part of the probe and
close to zero over the reminder (see Fig. 7a in Clearwater ef
al., 1999). For some species, it is almost impossible to de-
termine the boundary between sapwood and heartwood.
Use of a shorter probe to reduce the error due to non-
uniformity of F along the length of the heated probe might
be feasible to deal with the problem. However, any new
design of the probes will require recalibration (James et al.,
2002).

Insertion of the probe tangentially into the sapwood
(still perpendicular to the axis of the stem), rather than
radially, to ensure the entire probe length being in contact
only with active sapwood, could be another alternative
when the sapwood depth is shorter (up to 50%) than the
probe length. The probe should always be installed per-
pendicular to the stem axis to ensure the number of vessels
in contact with the probe remains unchanged.

2.3 Determination of the sapwood area, A,

The portion of xylem between the cambium and the
heartwood, which contains tracheary elements and living
parenchyma ray cells is called sapwood. Estimation of the
sapwood area, Ay, is critical because errors made on this
parameter have a direct effect on the calculation of the total
sap flow of a tree. There are several methods to measure or
estimate Ay,

In some cases, sapwood area can be determined on one
or several incremental core(s) taken with a Pressler borer
(the one used by foresters), or on a disk of the stem, by
examining the natural macroscopic features (colour or den-
sity changes of the wood) or utilizing a specific chemical.
For example, in cucalypts the colour generally changes from
pale sapwood into reddish heartwood, and in Norway
spruces the light coloured sapwood is distinctly different
from the brown heartwood. Chemicals should be able to
show a specific characteristic of the sapwood, such as pH
or starch content. For example, bleach can stain heartwood
differently from sapwood in Pinus radiata (Hatton et al.,

1990;1991).

The colour change associated with the heartwood
boundary may not be a reliable indicator of the conducting
wood boundary. In a lychee tree of 16 cm diameter, both
dye perfusion and Granier methods showed that the effec-
tive no flow boundary was 4 ¢cm below the apparent heart-
wood boundary (Lu and Urban, unpublished data). In other
species, especially tropical hardwoods, there may be no
obvious indicator of the sapwood/heartwood boundary
{(e.g. mango), in which case other methods are required.

In most tree species, the sapwood has a much higher
water content than heartwood. This is observed as an opal-
escent aspect or translucency of the core when it is held to
diffuse light (e.g. for spruce). However, several recent stud-
ies showed that changes in relative water content of the
wood in some tree species might not be a reliable indicator
for determination of the boundary of the sapwood/heart-
wood (Cermak et al., 1992; Phillips et al., 1996; Lu ef al.,
2000; Zhao, unpublished data).

For ring-porous and some diffuse-porous trees, vessels
in the older xylem could be blocked by tylosis and turn into
heartwood. Functional sapwood can be visually determined
with a magnifying glass or the naked eye by holding up an
incremental core to the light and rotating it so that the xy-
lem vessels are aligned with the line of sight.

In situ staining by feeding of dye solution (e.g. Eosin)
into stem through holes created under water (Granier ef al.,
1994; Cermak et al., 2002) or feeding dye solution to a *“cut
tree” (Lu and Chacko, 1998) provides the most accurate
and direct assessment of the sapwood area, although they
are more or less destructive,

Measurement of sap flux density using heat pulse probe
(Hatton et al., 1990; 1995; Granier ef al., 1994; Zang et al.,
1996), heat-field deformation probes (Nadezhdina et al.,
2002) and, to a lesser extent, the Granier probe (Phillips et
al., 1996; Lu et al., 2000), at different depths into the sap-
wood should also be able to show the sapwood/heartwood
boundary. Those could be used as preferred non-destruc-
tive methods.

To estimate the total sapwood area of a forest stand, the
sapwood area of individual trees can be estimated by tak-
ing incremental cores. Error from this procedure has been
estimated to be less than 10% for trees with large and regu-
lar annual growth rings (10% for Douglas fir, Granier, 1987a;
9% for Norway spruce, Lu, unpublished). However, for trees
with eccentric growth rings such as maritime pine, multiple
cores per tree or even direct measurements by felling trees
at the end of the experiment are required (Hatton et al.,
1991;1995).
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2.4 Spatial variation in sap flux density in stem

Substantial spatial variations (radial, circumferential and
axial) in Fy in sapwood were observed in many tree species
(Cermak ef al., 1992; Granier ef al., 1994; Hatton et al., 1995;
Phillips et al., 1996; Zang et al., 1996; Kostner ef al., 1998;
Lu et al., 2000; Wullschleger and King, 2000).

When the sapwood depth is substantially larger than
the length of the probe, it is necessary to determine the
radial profile of Fy(Jimenez et al., 2000; Lu et al., 2000).
Distinct patterns of radial variation in /4 along the sap-
wood depth were observed in tree species with different
xylem structures (ring-porous, diffuse porous and
coniferous, see also Phillips et al., 1996; Nadezhdina et al.,
2002; Fig.5). Large systematic errors of — 90% to +300%
arose during flow integration and scaling from single-point
measurements to whole trees when it was assumed that
sap flow was uniform over the sapwood depth (Lu, 1997;
Nadezhdina ef al., 2002).

To take into account the radial variation in /4 and
minimise the cost of the experiment, it is recommended to
develop a point-to-area correction factor. The point-to-area
correction factor can be obtained by determining first the
radial F pattern using sensors with a 10— 20-mm-long
effective sensing element at multiple measuring points along
a stem radius, and then establishing the correlation between
the total flow of the tree and Fy measured at the depth

Sap flow rate (relative)

0 20 40 60 80 100 20 40 60 80 100 20 40 60 80 100
Radius of stem (relative)

Fig.5. Radial pattern of relative sap flow rate (in relation to
depth into sapwood, 100 represents the layer immediately be-
neath the cambium) in trunks of trees with different wood anatomy:
Pinus sylvestris (a), coniferous wood; Populus-hybrid (b), sum-
mer-green deciduous tree with diffuse-porous wood; Quercus
petraea (¢), summer-green deciduous tree with ring-porous wood;
Olea europeaea (d), evergreen sclerophyllous tree with diffuse-
porous wood (narrow pores); Ficus carica (e), subtropical de-
ciduous tree with diffuse-porous wood (large pores) and Shorea
sumatrana (f), tropical rainforest tree with diffuse-porous wood
without distinct annual rings (After Yoshikawa ef al., 1986;
Cermak ef al., 1992; Cermak and Nadezhdina, 1998. Redrawn
from “Okophysiologie der Pflanzen” by Walter, 2001, with the
permission from the publisher Verlag Eugen Ulmer, Stuttgart).

where /3 is maximal (Hatton ef al., 1995, Zang ef al., 1996;
Lu et al., 2000; Nadezhdina et al., 2002). Long probes of 5
and 8 cm containing several thermocouples are not
recommended because there is uncertainty about their
measurements (Clearwater ef al., 1999; James ef al., 2002).

Because there is high temporal variation in the point-to-
area correction factor along the xylem radius used for flow
integration (Lu et al., 2000; Nadezhdina et al., 2002), the
point-to-area correction factor should be calculated from
the slopes of the best-fit lines between the half-hourly or
hourly values of Fy, at the depth where F is maximal and at
other depths over a diurnal course (Lu ef al., 2000). This
could minimize the influence of temporal variations on the
point-to-area correction factor. Positioning a single-point
sensor at a depth where F3is maximal is advantageous
because of the high sensitivity of maximum Fyto water
stress conditions and changes in microclimate (Nadezhdina
et al., 2002). It is important to note that sap flow does not
occur in the immature and differentiating tissue just inside
the cambium (Swanson, 1994). Therefore, the outmost point
of'the sensing part of sap flow probes should be placed 1-
2 mm beyond the cambium rather than immediately beneath
it.

There are also substantial circumferential variations in
Fg4, especially where stems are short and trees are in
isolation. Circumferential variation often depends on the
canopy exposure in a forest stand (Granier, 1987b), but such
exposure effects are often not evident in orchard trees due
to horticultural practices such as grafting and training (Lu
and Chacko, 1998; Lueral,, 2000). Circumference variation
can also be integrated into the point-to-area correction
factor. However, there are also temporal changes in the
circumferential patterns, particularly when the soil water
status changes (Lu et al., 2000). Soil water supply and
drought also significantly increase circumferential varia-
tions (Lu et al., 2000; Pausch et al., 2000). Users should be
aware of those changes when planning measurements and
interpreting results.

Axial variations in Fy were observed in forest trees and
Fyis generally higher at higher points of the stem/trunk
than at 1.3 m(Granier, 1987b; Loustau ef al., 1998). For the
convenience of measurement and comparison of results, it
is normal for trees with a tall stem/trunk to measure the sap
flow at 1.3 m. In one case, Loustau ef al. (1998) found that
in a coniferous species (Pinus pinaster), there was signifi-
cantly less circumferential variation at the height immedi-
ately beneath the lowest living whorl than at 1.3 m. However,
in broadleaf trees with unevenly distributed branches, it
may be the opposite (Lu et al., 2000).
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Sap flow sensor probes, especially the heated probes,
may have been inadvertently inserted into an area of less
active sapwood for pathological reasons that are not vis-
ible externally. A “bad position of the probe™ is only evi-
dent when it is compared with other probes. Since there is
always some degree of spatial variation in the sapwood, it
is recommended to systematically examine the radial and
circumferential variations for each new species.

Nevertheless, the Granier method has a clear advantage
over methods based on “point” measurements (e.g. the
heat pulse method). It has relatively low sensitivity to spa-
tial variations in sap flux density caused by micro-variation
in xylem structure thanks to its heat averaging property of
the 2-cm-long heat distributing tube (Granier, 1987a; 1987b;
Lu, 1997; Clearwater et al., 1999).

Although the point-to-area method can be used to cover
the spatial variations, it is certainly more desirable to moni-
tor directly those variations, especially when the experi-
ment extends over a long period and under varying soil
water conditions (Lu ef al., 2000; Martinez-Vilalta er al.,
2003). Lu (1997; 2001) developed a method to directly mea-
sure the average Fy in a tree with important spatial varia-
tions in Fy. By using this method, the error in sap flow
measurement that is usually associated with limited sam-
pling can be substantially reduced without the need for
extra datalogging facilities, the most expensive item. This
method may underestimate the true mean F, to various
degrees, but under the most common situations the error is
rather small (Fig.6). This method can average readily
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Fig.6. Effect ofnon-conducting wood and difference in sap flux
density on average sap flux density measured using the method of
Lu (1997; 2001). Average F; is the mean of Fy values measured by
two sensors of equal length (2 cm) at two points in a stem or in two
trees. Lu’s (1997) method underestimates the true mean Fy by no
more than 6% for two Fy values being different by two fold. The
error of underestimation increases as the difference increases. Num-
bers next to the lines indicate the ratio of Fy at these two points.

circumferentially varied Fy, and can also, without extra sam-
pling error, average the radially varied F,; using a particular
stratified sampling (i.e. each sampled sapwood annulus has
equal sapwood area, Hatton ef al., 1990; Hatton et al,, 1995).
2.5 Ambient thermal gradients, heat storage and inad-
equate thermal contact

Trees are standing between soil and atmosphere, which
have greatly different thermal properties. There are often
thermal gradients along the trunk and such gradients are
steeper near the ground and at sunrise and sunset, or near
the part of stem on which direct sunlight casts. All methods
based on heat balance are sensitive to external heat
perturbations. Ambient thermal gradients often interfere
with sap flow measurements.

A “morning peak” in sap flow refers to a rapid increase
to unrealistically high sap flow rates observed soon after
sunrise (Fig.7b). This is commonly observed in isolated
trees, e.g., in an open forest stand or in an orchard where
the lower part of the trunk is exposed to direct sun and a
large area of the ground is not shaded. It also occurs when
sap flow is measured very close to the ground surface. The
exact cause of this problem is still unknown, but it may be
associated with the natural thermal gradients between the
two sap flow probes (Cermak and Kucera, 1981; Goulden
and Field, 1994; Braun and Schmid, 1999; Do and Rocheteau,
2002a; 2002b) or with heat storage (build-up), especially in
small stems/branches during night times (Kostner et al.,
1996).

Under certain conditions these “morning peaks™ could
be avoided or alleviated by improving thermal and radiant
insulation of the area of measurement (probes, plant and
soil surfaces). Figures 7b and 7¢ show diurnal changes in
Fy measured in an open-grown mahogany tree (Fig.7a) in
tropical Darwin, Australia. “Morning peaks™ (Fig.7b) were
evident in those sensors on the side of the trunk, which
were directly exposed to the sun (sensors named east, high
and low) on DOY (day of year) 109 even though the part of
the trunk into which the probes were inserted was fully
insulated up to 30 cm above and 50 cm below the sensors.
Note that about a 1-m-long section of the trunk below the
cover and exposed root systems were still not covered.
The “morning peaks” disappeared on DOY 111 after
shading the exposed roots and extending the insulation to
the ground surface (Fig.7c). This demonstrates that in an
open forest stand or in an orchard where individual trees
have isolated canopies, the type of insulation cover that is
commonly used in a closed forest stand, which just covers
the area of the measurement about 20- 30 ¢cm around the
sensor probes, is inadequate. More extensive insulation is
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Fig.7. Good insulation can eliminate “morning peak” under certain situations, e.g. (a) in an open grown mahogany tree, with four
sensors, named as east, west, and high and low. (b) On day of year (DOY) 109, only the trunk surface (including sensors) 30 cm above
and 50 cm below the sensors was covered. (¢) On DOY 111, the whole trunk below the sensors and the ground surfaces were covered.

required for isolated trees. Moreover, even in closed stands,
full cover of the whole trunk to the ground level will be
beneficial considering the sun flecks and wind which may
create thermal gradients.

Under some conditions, e.g. in a vineyard or an orchard,
the main trunk/stem available for the installation of the sen-
sor probes is usually very short (thus the probes are very
close to the ground), and the natural thermal gradients seem
to be inevitable despite the use of appropriate insulation.
Cabibel and Do (1991} proposed a correction method which
involves correlations between natural gradients for each
probe and micrometeorological measurements. However,
this method has been largely disregarded because it is very
complicated, impractical and often ineffective (Braun and
Schmid, 1999; Do and Rocheteau, 2002a; 2002b). Kostner
et al. (1998) proposed to use measurements of natural gra-
dients on neighbouring trees or measurements made on
the same tree but at different times to correct the sap flow
signals. Unfortunately, this method is not always effective.
In a recent study with three young mango trees grown in
an orchard in Darwin, the natural thermal gradients were

high and did not show any constant patterns during a three-
day period (Fig. 8). The thermal gradients differed between
trees under the same micrometeorological conditions, and
between days for the same tree. This suggests that it is not
appropriate to use either of the above mentioned methods.

To overcome this problem of natural thermal gradients
in their heat balance sap flow system, Cermak and Kucera
(1981} directly measured the natural gradients with an extra
pair of thermocouples in a nearby non-heated area on the
same trunk. The raw sap flow signals were then corrected
by the natural thermal gradients. Goulden and Field (1994)
adapted Cermak and Kucera’s compensation method for
the Granier system by integrating one extra pair of thermo-
couples in the existing electrical circuit, therefore
automatically offsetting the ambient gradients. Their sys-
tem worked satisfactorily. We have further streamlined the
configuration of the circuit and tested this technique on
container-grown 5-year-old mango trees with satisfactory
outcomes (Figs. 9a,b).

For large trees, it is also possible to place the reference
probe horizontally to the heated probe if the horizontal
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thermal gradients are close to zero. Evidently, the above
methods require natural temperature gradients to be rela-
tively constant along/around the trunk, and the stem to be
sufficiently long or large, which may not always be true.
Thus a thorough study of the natural temperature gradi-
ents is required before using these methods. In any case,
good insulation is still imperative.

In recent years, two new techniques were developed to
overcome the natural thermal gradients and also alleviate
the problem of heat storage. Granier used a data logger to
alternately switch on the power to the heater for 30 min and
to record A7'when the system reached a thermal equilibrium,
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Fig.9. A. Configuration of the Granier probes to automatically

offset the effect of natural thermal gradient (probe « is heated and
the others are not). B. an example of the result of using this
system on a container-grown S-year-old mango tree.
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Natural temperature gradients in three orchard-grown 5-year-old mango trees over five days (represented by different line styles).
Trunks were covered and the ground surface was mulched/shaded.

and then to switch off the heating for another 30 min and to
record AT when the system again reached a thermal equi-
librium (Kostner et al., 1998). The advantage of this method
is that the original calibration equation can still be used.
The drawbacks are that under low flow situations (e.g. un-
der water stress) the thermal equilibrium may not be
achieved within 30 minutes and the measurement is dis-
continuous (one reading per hour).

Do and Rocheteau (2002a; 2002b) further improved this
technique of cyclic heating and cooling. They found that
the cycle of 15 min heating on and 15 min heating off was
the best option. This new cyclic TDP system is based on
the same Granier probe design, but with a specific calibra-
tion to account for non-steady-state temperature regimes.
Compared with the original Granier system, this new sys-
tem significantly reduced the influence of the ambient tem-
perature gradients, thus improved the accuracy of sap flow
measurements under conditions where large ambient ther-
mal gradients occurred. This system also reduces power
requirements by half, which may be particularly important
for field studies. However, the drawbacks are that it has a
low time resolution (two sap flow measurements per hour
for the recommended 15/15 cycle of heating and cooling),
and increased complexity of the measuring system. It re-
quires a datalogger with a control port and an electronic
relay to provide cyclic heating. Extra electronic circuits of-
ten increase the chance of failure, especially under hot and
humid field conditions. Considering the advantages and
the drawbacks, we recommend using this method only when
ambient thermal gradients are large, heat storage effect is
evident or power supply is limited.

The effect of “wounding” created by the insertion of
the probes into sapwood on sap flow measurement has not
been well examined for the Granier method, and it is gener-
ally believed it is not as critical as for the heat-pulse system.
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However, our recent studies showed that inadequate con-
tacts between probes (especially the heated one) and the
sapwood could significantly affect sap flow measurements.
A phenomenon of “reversed diurnal sap flow pattern” (Fig.
10) was observed in plant stems with soft-tissued vascular
systems such as banana (Lu ef a/., 2002) and palm plants
(Ringersma ef al., 1996) or in trees subjected to severe soil
water deficit (Wang and Ma, 2002). However, Ringersma ef
al. (1996) and Wang and Ma (2002) failed to explain such
phenomena. Lu ef al. (2002) demonstrated that this phe-
nomenon was an artefact due to partial or full “loss of con-
tact” between the sensor probe and the surrounding sap-
wood tissue. There is also evidence showing that the
“wounding effect” and varying degree of the contact be-
tween the probe, covering tube and sapwood may also
cause sap flow to be underestimated and alteration of the
normal pattern of the diurnal changes in sap flow (Lu, un-
published data). It is, therefore, critical to ensure tight con-
tact between the probe and sapwood tissue and install the
probes with minimal disruption of the xylem (e.g. by care-
fully drilling the holes at predawn or under overcast
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Fig.10. Diurnal changes in (a) sap tflux density and in (b) sensor
signals (temperature difference, AT, redrawn from Lu ef al., 2002
with permission) between heated and reference probes of the
Granier sensors in a potted banana plant. Two probes showing,
respectively, a normal and abnormal (reversed) diurnal pattern in
sap flux density and in AT.

conditions).

The Granier method calculates F solely from AT, there-
fore the constant power supply to the heating element is
paramount. It is also desirable that the heating system is
based on constant current rather than on constant voltage
to avoid the effect of the variation in cable resistance. We
recommend the power supply units (Fig.1) should be spe-
cially designed and made for the purpose and certainly not
be bought from the shelf of an electronics shop.

It is recommended to regularly check the quality of the
measurement by examining the raw sap flow signals. Op-
erators should carefully consider practical suggestions
stated above and follow the installation procedures pro-
vided by the supplier of the system. A pattern similar to the
one shown in Fig.11a will produce satisfactory measure-
ments of sap flow. Signals like that in Fig.11b, which could
not reach a stable AT, during the night and appear erratic,
clearly demonstrate a major problem with the measuring
system (e.g., unstable heating, varying contact or inad-
equate insulation against wind or rainwater).

3 Perspectives

The Granier method is based on heat balance of an
undelimitated volume around the heated probe and so far
sap flux density is calculated using empiric calibrations.
Theoretic calibration and numeric simulation such as that
made for the heat-pulse sensors (Green ef al., 2003) should
be of great value for improving the reliability and accuracy
of the Granier method, and assessing impacts of many un-
explored effects, such as “wound-width™ of the non-con-
ducting sapwood, different heating power, size and geom-
etry of the probes, hole size and water content of the
sapwood. With the commercialization of the true original
design of the Granier system at an affordable price, this
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Fig.11. The sap flow sensors should reach a good thermal

balance at the night as shown by raw signals in (a). Problems with
thermal balance in the system are evident as shown in (b).
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method will become more popular. Less sensitive to natural
thermal gradients and consuming less power, the new cy-
clic heating TDP system (Do and Rocheteau, 2002a) should
render this method more reliable and attractive for sap flow
measurements under conditions where large ambient ther-
mal gradients occur.

Use of sap flow measuring techniques in studies of tree
physiology, orchard/vineyard irrigation and forest hydrol-
ogy has been rapidly expanding and has been reviewed by
Cohen (1994) and Wullschleger ef al. (1998). The sap flow
method can be used in research on hydrology of irrigated
areas and ground-water pollution by fertilizers, pesticides
(Cohen, 1994) and other industrial pollutants. Drainage of
irrigation water (in irrigated areas) and rainwater (in
bioremediation projects) into the ground water can be con-
trolled by accurately estimating plant water requirement.
The importance of this aspect is gradually increasing in
many regions in the world where good water quality sources
are declining (Cohen, 1994). Actual knowledge of whole-
tree water use and transpiration from forests, woodland
and plantation would improve our ability to assess the hy-
drologic impact of changes in vegetation types, thus man-
age local ecosystem.

With the increasing concerns about the global warming,
carbon budgeting of forest stands is becoming particularly
important in the greenhouse gas studies. We believe that
whole-tree sap flow measurements will play a unique and
important role in the forest carbon budgeting. Use of cou-
pling between canopy photosynthesis and whole-tree tran-
spiration estimated from sap flow measurements to assess
forest stand carbon assimilation seems particularly
promising. Both leaf and branch gas exchanges methods
were used to derive the coupling factors (instantaneous
water use efficiency) between transpiration and carbon
assimilation (Moren et al., 2001). A promising approach, we
put forward here, is to use the long-term water use effi-
ciency derived from C discrimination (Farquhar ef al.,
1989). However, such coupling factors may be affected by
the vapour pressure deficit of air and/or phenology (Condon
etal, 1993; Moren et al., 2001). In our studies on improve-
ment of mango productivity, we found strong coupling
between stomatal conductance and net leaf photosynthe-
sis in evergreen mango trees, which is apparently indepen-
dent of the changes in vapour pressure deficit of air and
largely unaffected by phenology (Urban er al., 2003; Lu,
unpublished data). We are currently using this coupling
factor and the canopy stomatal conductance calculated from
the Penman-Monteith equation and sap flow measurements
(Granier ef al., 1996b; Kostner et al., 1996; Wullschleger ef

al.,2000; Orenefal., 2001; Lueral,, 2003) to estimate mango
canopy photosynthesis. Recently Catovsky ef al. (2002)
and Schafer ef al. (2003) successfully used this approach
in forest trees that display strong coupling between sto-
matal conductance and photosynthesis.

Another very promising approach, which we put for-
ward here, is to express the net photosynthesis as a func-
tion of the stomatal conductance, ambient air CO, concen-
tration and "*C discrimination (Farquhar et al., 1989). As a
result, the problem of the vapour pressure deficit can be
overcome. We can then use the coupling factor between
net photosynthesis and stomatal conductance derived from
13C discrimination together with the canopy conductance
derived from sap flow to estimate the long-term canopy
carbon assimilation. This approach combines the advan-
tages of two of the most powerful tools in modern plant
ecophysiology: sap flow and stable isotope techniques.
Continuous canopy conductance can be readily and reli-
ably simulated from weather data and physical characteris-
tics of the canopy (Granier ef al., 1996b) and the highly
representative, intrinsic photosynthesis-stomatal conduc-
tance coupling can be derived from easily measurable *C
discrimination of well-mixed leaf samples.

Similarly, the above mentioned approaches using whole-
tree sap flow measurements would make a great contribu-
tion to plant growth dynamic modelling. To link structure
and function, models generally rely on the Penman-
Monteith transpiration model and on the assumption that
water use efficiency (biomass per water use) is constant, at
least over extended periods of time, to calculate biomass
acquisition (de Reffye and Hu, 2003).
Acknowledgements We thank Anna Padovan (CSIRO)
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