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Summary The transient thermal dissipation (TTD) meth-
od developed by Do and Rocheteau (20025) is a close
evolution of the original constant thermal dissipation
(CTD) method of Granier (1985). The TTD method has
the advantage of limiting the influence of passive natural
temperature gradients and of yielding more stable zero-flux
references at night. By analogy with the CTD method, the
transient method was first calibrated on synthetic porous
material (sawdust) on the assumption that the relationship
was independent of the woody species. Here, our concern
was to test the latter hypothesis with a 10-min heating time
in three tropical species: Hevea brasiliensis Miill. Arg.,
Mangifera indica L. and Citrus maxima Merr. A comple-
mentary objective was to compare the field estimates of
daily transpiration for mature rubber trees with estimates
based on a simplified soil water balance in the dry season.
The calibration experiments were carried out in the labora-
tory on cut stems using an HPFM device and gravimetric
control of water flow up to 5 L dm™ h™'. Nineteen re-
sponse curves were assessed on fully conductive xylem,
combining 11 cut stems and two probes. The field evalu-
ation comprised five periods from November 2007 to Feb-
ruary 2008. Estimates of daily transpiration from the
measurement of sap flow were based on the 41 sensors
set up on 11 trees. Soil water depletion was monitored
by neutron probe and 12 access tubes to a depth of
1.8 m. The calibrations confirmed that the response of
the transient thermal index to flow density was indepen-
dent of the woody species that were tested. The best fit
was a simple linear response (R*> = 0.88, n = 276 and
P < 0.0001). The previous calibration performed by Do
and Rocheteau (2002b) on sawdust fell within the variabil-
ity of the multi-species calibration; however, there were
substantial differences with the average curve at extreme
flow rates. Field comparison with soil water depletion in

the dry season validated to a reasonable extent the absolute
estimates of transpiration acquired with the 10-min TTD
method. In conclusion, evidence for the independence of
calibration from woody species and the simple linear re-
sponse of the thermal index strengthen the interest of the
TTD method with 10-min heating.

Keywords: Citrus maxima, cut stem experiment, Granier’s
sensors, Hevea brasiliensis, Mangifera indica, soil water
balance, tree transpiration, validation.

Introduction

During the last 20 years, the wide use of automatic thermal
techniques to measure sap flow has been crucial in im-
proving our understanding of the hydrological cycle, com-
munity ecology, whole-plant physiology and tradeoffs
between water use and carbon acquisition (Granier et al.
1996, Burgess et al. 1998, Wullschleger et al. 1998, Eamus
and Prior 2001, Meinzer et al. 2003, Roberts et al. 2005,
Breda et al. 2006, Sevanto et al. 2008).

One of the most commonly used techniques to measure
sap flow in trees is the constant thermal dissipation (CTD)
method developed by Granier (1985, 1987). This method
uses two needle sensors inserted radially into the sapwood.
Each sensor contains a thermocouple, and the sensors are
connected and yield a differential measurement of temper-
ature. The downstream sensor is constantly heated, and the
measured difference in temperature decreases when the sap
flux density rises because the flow increases heat dissipa-
tion through a convective effect. Granier (1985) developed
a flow index (K), which is the ratio between the difference
in temperature at zero flow and at measured flow. The
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non-linear calibration between K and flow density holds
for several woody species (Granier 1985) and for synthetic
porous media (Granier unpublished data). Because of its
empirical basis, Smith and Allen (1996) recommended
checking the calibration for each new woody species. Ap-
plying the CTD method and Granier-type probes, several
authors observed values close or identical to the original
calibration: Cabibel and Do (1991) on Malus domestica
Borkh., Lu and Chacko (1998) on Mangifera indica L.,
Braun and Schmid (1999) on Vitis vinifera L., Clearwater et
al. (1999) on Eucalyptus deglupta Blume, Anacardium excel-
sum (Bert. & Balb.) Skeels and Bursera simaruba (L.) Sarg.,
Lu et al. (2002) on Musa ‘cavendish’, Do and Rocheteau
(2002b) on a sawdust column, McCulloh et al. (2007) on Pseu-
dobombax septenatum (Jacq.) Dugand and Calophyllum long-
ifolium Willd., based on the cut stem experiments in the
laboratory, pot or lysimeter experiments. A few authors found
differences which they assumed to be due to the effect of
woody species (de Oliveira Reis et al. 2006 on Carica papaya
L.), or due to the configuration of the probe (Roupsard et al.
2006). Hence, calibration of the CTD method is mainly con-
sidered to be independent of the species even if some sort of
validation is still recommended (Lu et al. 2004).

To avoid the influence of natural thermal gradients be-
tween the two probes and to obtain more stable zero-flux
references, Do and Rocheteau (2002a, 2002b) introduced a
non-continuous heating system with a cycle of heating and
cooling. The temperature signal used became time-related:
it was the difference between the temperature reached at
the end of the heating period and the temperature reached
after the cooling period. the final temperature reached after
the cooling period. By analogy with the original CTD
method, the flow index (K,) was considered as the ratio
of the signal at zero flow to the signal at measured flow.
Due to its analogy with the original CTD method, the re-
sponse of K, was assumed to be independent of the woody
species and the first calibrations were performed on a syn-
thetic porous media (sawdust). The authors found a similar
K, response to flow density with different cycles of heat-
ing and cooling: 45/15, 30/30, 15/15 and 10/10 min. The
calibration was very different from the CTD method be-
cause of the transient conditions, i.e., after 10 min of heat-
ing, the temperature reached a slow kinetic phase, but for
low and zero flow rates it was far from equilibrium and
the equilibrium was not completely reached even after
30 min (Do and Rocheteau 2002a). This transient thermal
dissipation (TTD) method has now been used on several
tree species including Acacia tortilis (Forsk.) (Do and Ro-
cheteau 2002b, Do et al. 2008), Adansonia sp. (Chapotin
et al. 2006a, 2006b), Hevea brasiliensis Miill. Arg. (Isar-
angkool Na Ayutthaya et al. 2007, 2008) and Olea euro-
paea L. (Abid-Karray et al. 2008). However, to our
knowledge, no calibration study on these species has been
published. Therefore, this work had two aims: the first was
to test the hypothesis that calibration of the TTD method is
independent of the woody species and porous media. The

response to flow density of the K, index calculated with
10 min of heating was evaluated in three tropical species:
H. brasiliensis, M. indica and Citrus maxima Merr. Several
sets of cut stems were processed with H. brasilienis wood
to assess the variability of response curves. We expected to
find a calibration similar to the one obtained by Do and
Rocheteau (20025) on synthetic porous material (sawdust).
The second related objective was to compare the estimates
of daily transpiration between sap flow measurements and
the soil water balance in the dry season in a mature stand
of H. brasiliensis. We expected the values to be close if
the hypothesis of tree transpiration estimates from the sim-
plified soil water balance holds.

Materials and methods

TTD method of sap flow measurement

The TTD method (Do and Rocheteau 20024, Do et al. 2008)
is a close evolution of the original CTD method of Granier
(1985, 1987). It is based on the change over time in the dif-
ference in temperature between two probes inserted radially
into the xylem, one heated and other unheated, with a cyclic
schedule of heating and cooling on the heated probe. Gran-
ier’s probe of 2-mm diameter and 20-mm-long sensors were
used (UP gmBh, Cottbus, Germany). When the heating pow-
er is adjusted to 0.200 W, it induces a maximum temperature
difference of 8—12 °C after 10 min under zero flow condi-
tions. Do and Rocheteau (20025) found an empirical relation-
ship between sap flux density (Ji; L dm 2 h™") and an index
of the change in the temperature difference, denoted alternate
flow index (K,; dimensionless).

The calibration was performed on a synthetic porous media
(sawdust in a plastic-glass cylinder). K, was determined as
below.

K,=1/(1+11.3J71414) or
Jo=(11.3K,/(1 — K,))*"".

A transient or alternate signal (AT,) was defined as
AT, = ATon — Tor,

where AT, is the temperature difference reached at the end
of the period of heating and AT is the temperature differ-
ence after the period of cooling.

The alternate flow index was calculated as

K, = (ATOa - ATua)/ATuzh

where AT, is the maximum alternate temperature difference
obtained under zero flow conditions and AT, is the mea-
sured alternate signal at a given Jj.

To measure J; every half hour with a heating period of
10 min, a cycle of 10-min heating and 20-min cooling was
applied and the temperature signals were recorded every
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Table 1. Characteristics of experimental cut stems used for calibration of the TTD method on three species: H. brasiliensis (Hev.), M. indica (Man.)
and C. maxima (Cit.). Parameter K}, is hydraulic conductance measured by HPFM and normalized by length and xylem area. ATy is the maximum
temperature difference at zero flow. Acronyms P1 and P2 indicate probe 1 and probe 2 when two probes were inserted into the same cut stem.

Cut stem Length Diameter ~ Dry density Stem water content Ky [kg s MPa™' dm %] Sapwood ATy (°C)
acronym (cm) (cm) (g/cm3 ) (cm3/cm3 ) area (dmfz)

P1 P2 P1 P2
Hev. 1 55.20 3.93 0.49 0.54 0.47 x 107° 0.115 0.105 7.9 9.3
Hev. 2 53.75 4.38 0.52 0.51 578 x 107° 0.123 9.1
Hev. 3 55.30 4.30 0.48 0.56 0.49 x 107° 0.108 0.095 9.4 10.3
Hev. 4 55.00 4.90 0.50 0.58 632 x 10°7° 0.143 0.139 7.9 7.9
Hev. 5 38.55 4.88 0.52 0.58 9.76 x 1077 0.151 7.9
Hev. 6 37.75 5.08 0.48 0.55 11.01 x 1073 0.166 10.3
Hev. 7 52.10 5.33 0.49 0.51 6.90 x 107° 0.153 0.151 10.5 9.6
Hev. 8 56.00 4.71 0.47 0.54 7.50 x 1073 0.145 0.141 9.3 10.0
Man. 1 56.85 3.88 0.42 0.69 5.19 x 107° 0.084 0.080 8.2 8.3
Man. 2 53.30 4.82 0.41 0.63 272 x 1073 0.115 0.109 8.8 9.6
Cit. 1 54.00 5.14 0.80 0.72 10.64 x 1073 0.168 0.144 9.6 10.2

10 min. According to Do and Rocheteau (20025), AT is the
temperature after 10 min of cooling. Here, the calculation
of AT,; was slightly modified; the final temperature after
10 min of cooling was averaged with the initial tempera-
ture before heating, so after 20 min of cooling. Such
modification yielded the same K, but reduced the errors
due to a quick change in natural thermal gradient, which
may occur within 10 min in the early morning (Do un-
published).

Cut stem experiment in the laboratory

The characteristics of the cut stems used for calibration ex-
periments are listed in Table 1. They comprised three species
of particular interest for our laboratory: H. brasiliensis (rub-
ber tree), M. indica (mango) and C. maxima (pummelo). The
cut stems of H. brasiliensis received special treatment to
avoid vessel blockage due to latex exudates. They were
soaked for one full night in a water bath. For all species, after
re-cutting each cut stem, a 2-cm-thick disc from both ends of
stem was cut off and set up to enable capillary rise of a bro-
mothymol blue solution. Only cut stems where wood staining
was coarsely homogenous were retained for further analysis.
The cut stems were connected to a high pressure flow meter
(HPFM, Dynamax Co., Houston), which allowed the pres-
sure, J, and conductance to be controlled. The reference mea-
surement of J; was obtained by weighing water flowing out
of cut segments (0.01 g accuracy balance, Adventurer™,
Ohaus, Pine Brook). Flow density ranged from 0.3 to
5.0 L dm > h™". Depending on the length of the cut segments
and on the experiment, one or two sets of probes were in-
serted into the sapwood. Aluminum tubes were inserted into
the stem before insertion of the probes. The distance between
needles of the same probe was 10 cm, and the heated needle
of probe 1 was separated from the reference needle of probe 2
by 10 cm too. Probe 1 was in upstream position. The same set
of two probes was used for all tests and the probes were lo-

cated at the same position. These were connected to a data
logger (21X, Campbell Scientific, Leicester, UK). Data, such
as the weight of water from the balance, were recorded every
10 min. To ensure best contact between the probes (especially
the heated one) and the sapwood, only set-ups with AT}, be-
low or equal to 10.5 °C were used (Table 1).

Sap flow measurements in the field

The field comparison of estimates of transpiration from the
sap flow measurements and soil water balance was carried
out in a mature stand of H. brasiliensis in northeast Thailand
in a plantation of RRIM600 clones (15°16’23” N and 103°04’
51.3” E) that were located close to Khu-Muang, Buriram
province. The spacing was 2.5 x 7.0 m and the trees had been
tapped for 4 years. The soil was a deep loamy sand. Mean
contents of clay, loam and organic matter varied from 9.9,
24.2 and 0.78% in the top soil (0-20) to 20.2, 23.6 and
0.34% at a depth of 1.5 m, respectively. In this non-traditional
rubber tree plantation area, the environmental conditions are
water limited for H. brasiliensis. The dry season lasts for
6 months, from November to April, and the average annual
rainfall is 1176 mm. In 2007, even drier climatic conditions
occurred with an annual rainfall of 990 mm. Eleven trees
were selected within the main classes of trunk girth. The
trunk girth (measured at 1.5 m above the soil) ranged from
40 to 60 cm, yielding an average of 55 cm [standard deviation
(SD) = 6.03] that corresponded to 17.5 ¢cm in diameter.

The xylem area was estimated from the observations of
cores and whole sections of freshly cut trees or branches
from the stand for a wide range of girths. There was a
strong relationship between bark thickness (B) and total ra-
dius (R;), which allowed the deduction of xylem radius
(R* = 0.93, B = 0.0822 R, — 0.0287 and n = 30). Dying
experiments with bromothymol blue showed that xylem
was completely conductive, except at a pith of an almost
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Figure 1. Radial pattern of relative sap flux density (J;) in H. brasi-
liensis. The percentage of xylem radius starts at the center of the
trunk. Bold points represent the average of four radial profiles (three
depths) of daily maximum J; recorded for 7 days in four represen-
tative trees taken within 11 instrumented trees. Vertical bars are SDs.
Horizontal bars represent the average location of 2-cm sensors along
the profile. Xylem radius averaged 7.25 cm, SD = 0.74. Maximum J;
in the outer ring averaged 2.36 L dm 2 h™', SD = 0.45.

constant radius of 0.3 cm. However, an area with slightly
less staining was observed toward the pith. Probes were in-
serted into the trunks at a height of 1.8 m above the soil. At
this height, the average xylem area was estimated at
2.04 dm? (SD = 0.47). The set-up took into account the cir-
cumferential and radial variability of Js within the sapwood
(Granier et al. 1996). Xylem area was schematically divided
into four rings: the outer ring comprised between 100% and
60% of xylem radius, the intermediate ring between 60%
and 30%, the inner low-conducting ring between 30% and
5% and the non-conductive pith. Standard equipment corre-
sponded to three probes inserted into the outer ring of each
trunk to a depth of 0.5-2.5 cm after removal of the bark. In
four representative trees within the same sample of 11 trees,
sensors were inserted at two complementary depths: 5 and
7 cm beneath cambium (xylem radius ranging from 6 to
8 cm and average = 7.33 cm). The exposed parts of the nee-
dles were coated with silicone. The trunk area containing
the probes was protected from direct solar radiation and
from rainfall with a waterproof deflector. The 41 probes
were connected to a data logger (CR10X, Campbell Scien-
tific, Leicester, UK). The zero-flux signal was determined
every night, assuming that sap flow was negligible at the
end of the night. Toward the dry season, nocturnal vapour
pressure deficit of the air (VPD) (at the same time of A7
recording) differed from zero, and reached a maximum of
0.6 KPa. However, our assumption relied upon the facts that
AT,.x of probes was quite stable over the 4-month period
(variation coefficient = 1.8% on average), and overall there
was no relationship between these small variations and the
progressive increase of nocturnal VPD toward the dry sea-
son. The explanation of negligible night-time sap flows de-
spite substantial VPD was likely due to several features: the

dramatic decrease in the leaf area toward the dry season, the
night-time stomatal behavior of the species and the low soil
water availability. In a representative record of 7 days, the
radial profile of J; showed the classical shape of diffuse po-
rous species (Figure 1). Midday J; was maximum in the
outer ring (2.36 L dm > h™' and SD = 0.45). J; decreased
by 20% in the intermediate ring and by 70% in the low-
conducting wood close to the center. The final calculation
of total flow (Fie.) gave

Firee = Asw X Js_ut
x (0.64C1 +0.27C2 +0.0875C3),

where A, is the total cross-sectional area of xylem at the lev-
el of the heating probe, J; o is the J; measured in the outer-
most ring and C; is the ratio of J; to J; o in the inner rings.
The latter formula showed that due to the relative areas, the
measurements of J; close to the center were of little impor-
tance. The ratio of J; applied to the successive rings from the
outside toward the center was 1, 0.79 and 0.27. The result
was the application of a reduction coefficient of 0.874 to
the J; measured in the outer ring of conducting xylem. Hour-
ly total flow over a period of 24 h was cumulated to calculate
daily total flow. Additionally, daily total flow was an estimate
of daily tree transpiration, ignoring the changes in tree water
storage. Daily transpiration of an individual tree over a period
of time (A¢) was computed as the sum of daily transpiration
divided by the period of time. The final estimate of daily tran-
spiration was the mean of the average daily transpiration of
the 11 trees.

Simplified soil water balance

Tree transpiration can be estimated from the depletion of the
soil water content (SWC) profile alone when the following
conditions are assumed in the soil water balance: (i) zero wa-
ter input (rainfall and irrigation), (ii) negligible soil evapora-
tion, (iii) negligible lateral and deep water transfers and (iv)
root water uptakes limited to the measured soil profile. Under
these circumstances, the tree water uptake (E) equals the soil
water depletion (AS) from the root zone for a period of time
(A1) according to the simple formula

E=AS/At=[S(¢) — S(¢t+ Ar)]/ At

where E represents tree water uptake or transpiration in mm
day !, AS is the soil water depletion expressed in mm, S(¢) is
the soil water storage in mm at the initial date # and S(z + A¢) is
the soil water storage in mm after a period Az expressed in days.

The soil water storage in the root zone S(f) was derived
from soil moisture measurement at different depths following
the formula:

S(t)= Z/() 0(z, 1) x dz,

where 0 is the volumetric SWC and z is the depth of the root
zone.
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© Hev.1_1 The soil water balance was assumed to fulfill these require-
® Hev.1.2 ments during the dry season, long enough after the last rainfall
: ::: § ] and considering the soil profile to a depth of 1.8 m. Rubber tree
= Hev. 3_2 roots are mainly concentrated within the first meter but a few
o Hev.4_1 roots are observed at a greater depth (Devakumar et al. 1999).
; :Z: 2—2 Soil moisture was measured with a neutron probe (3322, Trox-
- Hev. 6 ler, Research Triangle Park, NC) every 0.2 m to a depth of
A Hev.7_1 1.8 m. Two gravimetric calibrations were applied, separating
::Zt ;—? the top layer from the other layers. The SWC was not uniform
o Hev.8_2 in the horizontal direction due to run-off towards the inter-row

. in the rainy season. Therefore, we set up 12 tubes by couples;

6 for each couple, 1 tube along the planting line between two

trees, approximately 1.75 m from each, and 1 tube in the mid-
dle of the inter-row, approximately 3.5 m from each planting
051B line. An average soil water profile was determined by couple of
tube and statistics showed the variability related to the six re-
petitions. Tree water use was estimated from soil water deple-

o4 tion for five periods starting 15 days after the last rainfall
0.3 (October 30) to February 21, at leaf fall peak. Average soil wa-

5 ter depletion was computed as the mean of measurements
024 : x:; ]-; made on six pairs of tubes. Soil moistures at ‘field capacity’

® Man.2_1 (—0.03 MPa) and ‘permanent wilting point’ (—1.5 MPa) were

014 I:AC/I?"1 21_2 deduced from soil water retention curves modeled from soil

o C:'t: . properties (% clay, % silt, % OM, medium size of sand and

0.09 . - bulk density) of the four main layers of the soil profile (0—

0.2,0.2-0.4, 0.4-1.0 and 1.0—1.8 m) using the van Genuch-
ten—Mualem model adapted by Wosten et al. (1998).

0 1 2 3 4 5 6

Js (L dm=2h™1)
Data analysis
Figure 2. Values of the flow index (K,) versus flux density based on

the cut stem experiment with the 10-min TTD method: (A) H. bra- Regression analysis and other statistics were performed using
siliensis (Hev.), numbers related to acronyms indicate the set of cut Sigmaplot Version 10.0 and SPSS Version 11.5. Linear slopes
stems and probes (presented in Table 1) (K, = 0.0778 J;; R* = 0.89 were compared using their confidence intervals at 95%.

and n = 155); (B) M. indica (Man.) and C. maxima (Cit.)
(K. =0.0749 J;; R> = 0.84 and n = 121). The lines indicate the re-
spective linear regressions.

Curve fits and estimates were compared using the root mean

Table 2. Details of regression curves from cut stem experiments with the TTD method: (Hev_L), linear regression of H. brasiliensis data;
(Oth_L), linear regression of data from other species, M. indica and C. maxima; (MS_L), multi-species linear regression including all the data;
(MS_sig), multi-species sigmoid regression and (D&R_sig) sawdust sigmoid regression of Do and Rocheteau 20025. The form of the sigmoid
function is

a

G

The parameters of the columns are n, number of data; a, slope of linear curve; X, constant value of sigmoid curves; b, power of sigmoid curve; SE,
standard error of regression parameters (related to X, for MS_sig); CI_95, confidence interval at 95% of linear slopes; (R> and P), statistics related to each

regression; Total RMSE, Total root mean square error (n = 276) and RMSE,,, relative root mean square error at several ranges of flow rates.

n a X, b SE CL95 R* P Total RMSE % RMSE,, range of J; (L dm2 h™")

0-0.5 0.5-1.0 1.0-3.0 3.0-5.0

Hev_L 155 0.0778 - - 0.0022  0.0045 0.89 < 0.0001

Oth_L 121 0.0749 - - 0.0030 0.0060 0.84 < 0.0001

MS_L 276 0.0772 - - 0.0018 0.0035 0.88 <0.0001 0.52 41.4 30.6 26.3 20.5
MS_sig 276 1 6.8986 1.414 2.8519 0.87 < 0.0001 0.57 58.6 273 24.1 23.1
D&R_sig — 1 5.5557 1414
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square error (RMSE) according to the following formula:

where in the analysis of cut stem experiments, x;; and x,;
are sap flow densities from weighed and calculated values
at the same K,, respectively, and n is the number of esti-
mated values. In the field comparison, x;; and x,; are soil
water depletion and tree transpiration for the same period
of time, respectively and z is the number of tree transpira-
tion values.

The comparison of curve fitting, which separated the
ranges of flow rates in cut stem experiments, was made using
relative root mean square error (RMSE,,) according to the
following formula:

RMSE, =

where x; ; and x,; are sap flux densities from weighed and
estimated values at the same K,, respectively and » is the
number of values.

To determine if sap flow measurements and soil water bal-
ance resulted in similar estimates of daily transpiration, a
paired ¢ test was performed for each period of time.

0.57 -------- D&R_sig 7
= = MS_si o ..~
0.4 MS_Lg °g° g
| - o,,{'g;%ogpé
// 0%6 o
[o2N(e]
%O
T T 1
4 5 6

Js (L dm-2h-")

Figure 3. Multi-species calibration of the flow index (K,) versus flux
density with the 10-min TTD method including three species: H.
brasiliensis, M. indica and C. maxima. The dotted line indicates
the original sigmoid calibration performed by Do and Rocheteau
on sawdust (2002h, D&R _sig), the bold dotted line indicates the
multi-species sigmoid calibration (MS_sig) and the continuous line
indicates the multi-species linear calibration (MS_L: K, = 0.0772 J,
R*=0.88 and n = 276).

4 - T 60

% different of 2 equations

--10

Js from D&R_Sig equation (L dm=2h-1)

- -20

0 1 2 3 4
Js from MS_L equation (L dm=2h-")

Figure 4. Sap flux density (J;) estimated from the equation of Do
and Rocheteau (20025) (open circles) versus J; estimated from the
new multi-species linear equation (presented in Figure 3). The
closed circles related to the second Y-axis indicate the differences
between the two estimates relative to the estimates from the multi-
species equation.

Results

Cut stem experiments

Firstly, for H. brasiliensis wood, the responses of the K, in-
dex to J; showed a strong linear relationship (Figure 2A;
Table 2, R* = 0.89). A substantial discrepancy was observed
over 13 response curves. Figure 2A shows that variability
originated from the differences in response both between
cut stems and between probes within the same cut stem.
For example, between cut stems, the global response of
Hev. 1, at the top end of the scatter, contrasts with that of
Hev. 7 at the low end. And within the same cut stem, the
response of Hev. 8_2 contrasts with that of Hev. 8_1. The
data recorded using M. indica and C. maxima woods (six
sets) displayed a linear relationship close to the one assessed
using H. brasiliensis wood (Figure 2B; Table 2, R> = 0.84).
The slope of M. indica and C. maxima data did not differ
from that of H. brasiliensis (Table 2). Similarly to H. bra-
siliensis data, a substantial discrepancy was observed within
the scatter of points coming from the differences in response
both between cut stems and between probes within the same
cut stems.
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Figure 5. Tree transpiration estimated from sap flow measurements
versus estimates from soil water depletion for five periods in the dry
season. Estimates from sap flow measurement are the average of 11
mature trees (three probes per tree) of H. brasiliensis. Estimates from
soil water depletion are the average of neutron probe measurements
made on six pairs of tubes inserted to a depth of 1.8 m. The closed
circles indicate tree transpiration estimates from the multi-species lin-
ear calibration (presented in Figure 3). Open squares are tree transpi-
ration estimates from Do and Rocheteau’s calibration (2002b).
Vertical and horizontal bars indicate standard errors. * and ** indicate
when estimates differ significantly from each other, which was the
case during the first period at the onset of the dry season (November,

P <0.05) and during the last period (leaf fall peak, February, P <0.01).

The whole data set was fitted to a linear function passing
through 0 (Figure 3; Table 2):

K,=0.0772J,, or J,=12.95K,,

where 7 equals 0.88 and 7 equals 276.

The fit to a sigmoid function similar to the form used by Do
and Rocheteau (2002b) was very close to the previous linear
function (Figure 3) and proved to be no better (Table 2). The
RMSE (absolute and relative) were even slightly lower for the
linear function. The calibration curve obtained with sawdust
by Do and Rocheteau (20025) is located at the upper end of
the scatter of points (Figure 3). The comparison of the two sig-
moid functions (MS_sig and D&R _sig in Table 2) showed that
the uncertainty on parameter (Xy) in the multi-species calibra-
tion included the response curve assessed with sawdust by Do
and Rocheteau (2002b). However, the estimates of J; differed
substantially between the average calibrations at very low flow
and high flow rates. Compared to the multi-species calibration,
the values from the Do and Rocheteau (20025) calibration
were overestimated at low J; (< 0.8 L dm™? h_l); e.g., t30%
at 0.5 L dm 2 h™!, and were underestimated at high J, e.g.,
—20%at 4.0 Ldm 2 h" (Figure 4).

Estimates of H. brasiliensis transpiration in the field

Tree transpiration estimated from sap flow measurements
with the multi-species linear calibration decreased from
1.6 mm day ' in November to 0.4 mm day ' in February

at leaf fall peak (Figure 5). Comparison with estimates from
the depletion of soil water profile to a depth of 1.8 m showed
a strong correlation (R = 0.97) and RMSE equal to
0.47 mm day '. However, there were large discrepancies at
the borders, and for these two extreme points, the estimates
differed significantly from each other (P < 0.05). In Novem-
ber, at the start of the dry season, the transpiration estimated
from soil water depletion was two-fold higher (2.5 mm
day ). Compared to the previous equation of Do and Roche-
teau (2002b), the multi-species calibration has little effect on
the transpiration estimates, it slightly lowered RMSE, from
0.55 to 0.47 mm day ', mainly through the differences at
low J; (Figure 5). The modest difference of transpiration es-
timates between the two calibrations was related to the mea-
sured range of medium to low J; (< 2.0), and was foreseeable
from the previous analysis of Figure 4.

Discussion

TTD calibration independent of woody species

By analogy with the CTD method of Granier (1985), the TTD
method developed by Do and Rocheteau (20025) was first cal-
ibrated on synthetic porous material (sawdust), assuming that
the relationship was independent of the woody species and po-
rous media. Our results demonstrated that the response of the
K, index to flux density, calculated with 10 min of heating,
was similar for three tropical woody species: H. brasiliensis
(with a large sample of cut stems and two probes), M. indica
and C. maxima. All the species tested had diffusive-porous
wood. So, if ring-porous wood had been used, would the re-
sponses have been different? The previous calibration per-
formed by Do and Rocheteau (2002b) was done using
sawdust. This is very different porous media than cut stems
and likely induced heterogeneous J;. However, it fell within
the variability of the multi-species calibration. These results
strongly support the hypothesis that the TTD empirical cali-
bration is independent of the woody species, although it is re-
commended to check results by some sort of validation before
interpreting any absolute values obtained from different spe-
cies of wood and in different environmental conditions (Lu et
al. 2004). Hence, the TTD method appears to share the prop-
erty of universal calibration with the original CTD method.
What is the explanation? Even concerning the CTD method,
this point has not been much discussed, but this independence
is likely due to Dr. Granier’s design of the thermal index (K),
which is also used in the TTD method. It is the ratio of signal
response at zero flow to signal response at actual flow. Unlike
most physical methods of measurement, each probe has no
particular calibration coefficient. As it works, it appears that
zero-flux response of the set-up system acts as a calibration
coefficient for the whole probe-porous media system.

Limitations of cut stem experiment with TTD methods

Response curves showed an intra-species discrepancy for the
different species. The discrepancy came from both differ-
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Figure 6. Changes in the volumetric SWC profile during the dry sea-
son from October 2007 to February 2008. Soil moisture at field ca-
pacity is indicated by the profile at —0.03 MPa, and soil moisture at
wilting point is indicated by the profile at —1.5 MPa. Horizontal bars
indicate standard errors (n = 6).

ences between the cut stem samples and the probe set-ups
within the same segment of cut stem. Similarly to the CTD
method, the discrepancy in the TTD method may come in
particular from (i) probe contact with non-conductive sap-
wood, (ii) poor contact between the probe and the sapwood,
(iii) heterogeneous flow density within the cut sample and
poor representativeness of the probe position, (iv) heteroge-
neous flow density along the length of the probe and (v) the
existence of transient natural thermal gradients. Firstly, con-
tact between the probe and the conductive sapwood only has
been a known requirement of TD methods since the start
(Granier 1985, Braun and Schmid 1999, Clearwater et al.
1999). The response curves assessed for the multi-species
calibration corresponded to fully conductive sapwood con-
firmed by staining. We did some tests on the cut stems of
Longan (Dimocarpus longan Lour.) and observed a large
non-stained area around the pith, implying that the 2 cm tip
of the probe was in partial contact with non-conductive
wood. The final results were a much lower response curve
than the range presented in Figure 3 (data not shown). Sec-
ondly, correct contact between the probe and the sapwood is
also a basic requirement of TD methods (Lu et al. 2004). This
is particularly true when dealing with dead wood in cut stem
experiments because there is no progressive tightening of
wood as occurs in living trees. ATy is a good indicator of
such contact. In this experiment, AT, below 10.5 °C insured
a good contact and heat dissipation between probe and wood.

However, there was still a substantial variability of AT, be-
tween 10.5 and 7.5 °C (Table 1), despite an accurate regula-
tion of the power of each probe heating at 0.2 W. The data do
not support a difference related to the probe itself because
within the same stems, the mean and variation coefficient of
AT, were similar, 9.0 °C (SD = 0.9) and 9.4 °C (SD = 0.9),
for probes 1 and 2, respectively. Hence, the variability of
AT,, particularly within the same cut stem, reflects mainly
the variations of heat dissipation by conduction due to varia-
tion in the quality of the contact between probe and wood. This
could explain the substantial differences observed in probe re-
sponses within the same cut stem and between cut stems.

Thirdly, heterogeneous flows within cut samples are natu-
rally expected. They could be due to the existence of tension
wood counteracting the effect of wind or weight. The probe
may have been inserted into a sector that was not representa-
tive of average flow. Moreover, Table 1 shows that conduc-
tance could vary considerably in similar cut segments of the
same species, and such differences may also exist between
sectors within the same sample. This could explain some dif-
ferences in the response of a probe within the same cut sam-
ple. Fourthly, Clearwater et al. (1999) showed that with the
CTD method, heterogeneous flow density along the probe
may lead to underestimation of sap flow due to the non-linear
response of J; to the temperature signal. Sap flow along the
length of the probe was likely heterogeneous in our cut stem
experiments at a magnitude that varied with stem samples.
This feature may have induced some discrepancy between re-
sponses. However, the more linear response of the TTD ther-
mal index to flow density should decrease sensitivity to this
effect. Finally, by contrast with the CTD method, the TTD
method is insensitive to a stable natural thermal gradient
(Do and Rocheteau 2002b). However, a change in the nat-
ural thermal gradient over the 10-min period of measure-
ment may induce a large error in the measurement
(AT,, — AT,y) as it was noticed in the field in the early
morning when AT, was not interpolated between values
before and after heating. Even in the laboratory experi-
ments, the use of an interpolated AT, decreased the overall
discrepancy (data not shown). There are certainly other un-
known factors that contribute to the uncertainty and to the
difficulty of laboratory calibration on cut stems. Neverthe-
less, the sources of variability are surely emphasized in
the field with large trees. Even with small trees in contain-
ers, McCulloh et al. (2007) observed large individual errors,
(up to 50%), when comparing the responses of the CTD
method with gravimetric measurements. Consequently when
working in the field, as in cut stem experiments, it appears
important to estimate the mean response using a large num-
ber of set-ups and repetitions.

Comparison between current calibration and that of Do and
Rocheteau (2002b)

The sawdust calibration of Do and Rocheteau (2002b) was
included in the variability of response curves observed in
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cut stems of the three tropical species (Figure 3). However,
the estimates using the average multi-species calibration dif-
fered substantially from the previous calibration at high flow
and very low flow rates. The multi-species calibration was
based on the 19 response curves mixing 15 wood samples
and two probes. The calibration of Do and Rocheteau
(2002b) on sawdust was based on two sawdust columns
and one probe. The data basis of the multi-species calibration
likely maximized variability and provided a more reliable av-
erage response curve. We assume that a larger sample of saw-
dust columns and probe set-ups would have yielded a mean
response closer to our multi-species calibration.

Field evaluation of transpiration estimate in mature
H. brasiliensis

The field evaluation compared the estimates of transpiration
from sap flow measurements with the estimates from a sim-
plified soil water balance. The comparison validated the mag-
nitude of transpiration estimates from sap flow measurements
with the multi-species calibration when considering the mid-
dle of the dry season. The estimate of 1.6 mm day~' may ap-
pear quite low after only 1 month of dry season, when trees
are still in full foliage and evaporative demand is relatively
high. However, Isarangkool Na Ayutthaya et al. (2008)
showed that at this time both J; and whole-tree hydraulic con-
ductance had already decreased about 40% compared to va-
lues measured at the end of the rainy season in October
(2.5 mm day ). At the start and at the end of the soil drying
period used for comparison, we found significant discrepan-
cies between transpiration estimates from sap flow measure-
ments and from the soil water balance. For the first period of
comparison, starting 15 days after the last rainfall, the change
in soil water profiles to a depth of 1.8 m did not support the
hypothesis of negligible soil surface evaporation and water
transfers outside the soil profile (Figure 6). There was still
a large amount of water available in the soil surface layer,
and at the lower end, the SWC had substantially decreased.
Moreover, at the end of the dry season, the hypothesis of neg-
ligible root water uptake outside the measured profile was
doubtful. At this time of leaf fall peak, mean transpiration es-
timated from the sap flow measurements was 0.41 mm day
while the 1.8 m soil water profile showed almost no change
over a period of 30 days, yielding 0.1 mm of depletion. Fig-
ure 6 shows that the soil water profiles were not far from the
reference profile at —1.5 MPa. In the same plantation, Gon-
khamdee et al. (2008) reported root activity at a depth of 4 m
in the dry season, so it is fairly possible that at this time the
trees tap water from deeper soil layers. Additionally, in this
study, the transpiration estimate of 0.4 mm day ' corre-
sponded to very low hourly J;, below 0.5 L dm > h™". At this
rate, the accuracy of absolute measurement with the TTD
method is poor because of the calibration uncertainty (see
RMSE,, in Table 2) and because of the relative influence
of any inaccuracy in the measurement of ATy in the field.
The relative inaccuracy of AT and its assumed correspon-

dence to zero flow are a common weakness of all thermal
methods (Do and Rocheteau 20024, Lu et al. 2004, Regalado
and Ritter 2007). The CTD and more recently the TTD (Cha-
potin et al. 2006a, 20065, Abid Karray et al. 2008, Do et al.
2008) methods have demonstrated their ability to accurately
record the changes in hourly and seasonal transpiration. The
accuracy of absolute estimates of transpiration is another
step, which obviously requires a large number of probes
and cross-validation with an independent method such as soil
water balance or gas exchange measurements.

Conclusion

In conclusion, the evidence of non-species specific calibra-
tion strengthens the interest of the 10-min TTD method de-
veloped by Do and Rocheteau (20025b). In addition, the field
comparison with the soil water balance method validated to a
reasonable extent the absolute estimates of transpiration from
the new multi-species calibration. Compared to the CTD
method, the current advantages of the TTD method are (i)
a more stable night-time reference (Do and Rocheteau
2002a) and insensitivity to a stable natural thermal gradient
(Do and Rocheteau 200256) and (ii) the simple linear response
of the transient K, index. Obvious drawbacks are (i) a low
resolution time of measurement — with 10 min of heating
and cooling: one measurement every 30 min or every
20 min at the best and (ii) a little more complex electronic
circuitry required including a relay box (Lu et al. 2004). Fi-
nally, one promising new advantage of the TTD method is
the applicability of its time-related signal to a single probe
using exactly the same K, index (Do unpublished) or a more
sophisticated index (Mahjoub et al. 2009). The use of a single
probe will further reduce problems associated with thermal
gradients and make instrumentation simpler and cheaper,
which may increase the current advantages of thermal dissi-
pation methods over other thermal methods.
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