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INTRODUCTION

Rubber tree (Hevea brasiliensis) is grown for the production of natural latex.
Commercial plantations are displayed over several continents of the world: Asia,
Africa and South-America, but the main region of growing is south-east Asia.

Hevea brasiliensis is a brevi-deciduous tree, native from the tropical rainforest
of the Amazon Basin. Its habitat is characterized by small variation in air temperature
and precipitation throughout the year. Annual rainfall range between 1800 and 2500
mm (Pakianathan et al., 1989) and rainy days range between 100 and 150 (Watson,
1989) are considered as optimum for rubber tree growing. However, the rubber tree is
now more and more cultivated in marginally suitable environmental zones or “non-
traditional” areas, which are too cold or too dry. For instance, Thailand, the first world
producer, had policies which have supported the extension of rubber tree plantation to
the North and Northeast regions. In several areas of the Northeast, rubber tree
plantations inevitably face atmospheric and soil droughts.

The south of northeastern Thailand is a new and large rubber growing area
despite relatively low annual rainfall amount (1,200 mm) and five months of dry
season. Hence, soil and atmospheric droughts occur mainly during the long seasonal
dry period, from November to April, while defoliation occurs between January and
February. However short intermittent droughts frequently occur during the rainy
season, between June and July, when rains stop for several weeks. Such droughts
should have dramatic consequence because the trees are in full canopy with newly
mature leaves.

The importance of the water relations for growth and latex production is
acknowledged (Pakianathan et al., 1989) and several authors have studied the impact
of water constraints on tree water status, girth increment, canopy architecture and
latex production (Chandrashekar et al., 1990; Chandrashekar, 1997; Chandrashekar et
al., 1998; Devakumar et al., 1999; Gururaja Rao et al., 1990; Silpi et al., 2006).
Detailed study on rubber tree water relations are few and focused on young trees
(Ranasinghe and Milburn, 1995; Sangsing, 2004; Sangsing et al., 2004b). Little is
known of the relationships between whole-tree transpiration and soil and atmospheric

droughts, particularly for mature rubber trees in natural conditions.
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Hydraulic models of the soil-plant-atmosphere continuum based on electric
analogy and the cohesion-tension theory provide a simple integrated approach of the
regulation of tree transpiration (Cochard et al., 1996; Sperry et al., 1998; Sperry et al.,
2002; Tyree and Zimmermann, 2002). Evaporative demand is the driver of leaf
transpiration. These models assume that the transpiration or xylem sap flow depend
directly of the water potential gradient between the leaf-atmosphere interface and the
soil-root interface and of the whole-tree hydraulic conductance, when the water
storage is neglected.

Basically, atmospheric drought or high evaporative demand increases
transpiration rates and lowers midday or minimum leaf water potential. On the other
hand, soil drought decreases soil water potential and the conductivity at the soil-root
interface and by consequence the whole-tree hydraulic conductance. To satisfy the
same evaporative demand, the decline of the whole-tree hydraulic conductance
induces a further decrease of the minimum leaf water potential. Then, when the
decreasing xylem water potential reaches cavitation thresholds, embolism of xylem
vessels provoke a further decrease of the whole-tree hydraulic conductance and a
lethal cycle of runaway embolism can be engage (Cruiziat et al., 2002). A this point,
several authors support the “hydraulic limitation hypothesis” which states that for a
majority of species (i.e. isohydric species) regulation of transpiration through stomatal
closure maintains xylem water potential above a certain threshold of cavitation to
prevent this runaway embolism of xylem vessels (Cochard et al., 1996a; Jones, 1998;
Sperry et al., 1998; Cruiziat et al., 2002).

Previous studies on young rubber trees found that rubber tree is relatively
vulnerable to cavitation (Ranasinghe and Milburn, 1995; Sangsing et al., 2004b) and
that stomatal control operates at the onset of xylem embolism in the petiole (Sangsing
et al., 2004b). These results suggest that the hydraulic limitation hypothesis may well
apply to rubber tree. Stomatal closure is the major short term response that regulates
transpiration under both atmospheric and soil drought. However, reduction of
transpiring leaf area and root growth in wetter soil layers are long term processes that
may change dramatically the hydraulic conductance at the canopy-atmosphere and

soil-root interface, respectively (Breda et al., 2006). These long term processes of leaf
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and root phenologies concern particularly the regulation of transpiration for deciduous
trees facing seasonal drought such as rubber trees.

The general objective of this study was to test the framework of the “hydraulic
limitation” hypothesis to describe the change of whole-tree transpiration of mature
Hevea brasiliensis under both soil and atmospheric droughts. Continuous and
accurate estimate of whole tree transpiration over a long period of time was a key
measurement of this study. To achieve an accurate measurement of xylem sap flow
rates, we applied a transient thermal dissipation method (TTD) developed by Do and
Rocheteau (2002b) which has several advantages but which was never tested in
rubber wood

Therefore, this work had four related objectives:

1. The first step was to test and validate for rubber tree wood, the
measurement of xylem sap flow density by a simple transient thermal
dissipation method.

2. The second objective was to assess particular thresholds of transpiration
decline versus atmospheric drought, soil drought and tree water status in
full canopy conditions.

3. The third objective was to test the ability a simple “hydraulic limitation”
model, based on whole-tree hydraulic conductance and a critical minimum
leaf water potential, to describe the main changes of transpiration under
drought in full canopy conditions

4. The fourth objective was to study the change of transpiration in the
seasonal dry period where long term responses to drought (leaf senescence
and shedding, leaf flushing, root growth in the subsoil) are susceptible to
interact and change the relationships.

These objectives were addressed in this thesis under the form of three
scientific publications. Before the papers, a first part reviews the literature about
general features of Rubber tree, drought definition and measurements, whole-tree
transpiration and hydraulic parameters, hydraulic limitation hypothesis and modeling.

A final part provides a general conclusion.
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LITERATURE REVIEW AND EXPERIMENTS

1. Botany, plantations, tree characteristics and yield

1.1 Botany

The genus Hevea is a member of the Euphorbiaceae family which comprises
10 species, of which the Para rubber tree, Hevea brasiliensis Muell Arg., is the only
one commercially planted (Webster and Paardekooper, 1989). The rubber tree
originates from the Amazon forest. This species is virtually the only source of natural

rubber (Cilas et al., 2004).

1.2 Rubber plantations

Rubber plantation in the world concerns more than 10 million hectares
nowadays, 92.3% in Asia and 7.7% in Africa and others. Thailand is the first world
producer. Rubber plantation covered 2.4 million hectares (or 15 million rais) which
produced 3 million tons in 2007 (RRIT, 2009). The tree is normally suited to the wet
tropical climate. The optimal temperature and annual rainfall are 28°C and 1,800-
2,500 mm, respectively. It is why in Thailand the traditional area of rubber growing is
the southern part of the country.

According to the ever-increasing demand for natural rubber and to the lack of
available lands, rubber tree growing is extended in non-traditional area such as in
northeastern Thailand. In this region, the large rubber growing areas can be separated
between favourable locations in the north-east part along the Mekong River and water
limited locations in the south-east part.

In the south-east part, average annual rainfall ranges between 1,000 mm and
1,200 mm. The rainy season generally lasts from April to October and the seasonal
dry period comprises approximately 5 months. Therefore, the rubber trees planted in
this area currently experience 4 months of both soil and atmospheric droughts.
Moreover, intermittent drought or “mid-drought” of several weeks occurs regularly in
the middle of the wet season, between June and July. Moreover, this area is assumed

to have a low availability of water in the subsoil.



Literature review and experiments

1.3 Tree characteristics, leaf phenology, growth and yield

The rubber tree is a quick-growing, erect tree with a straight trunk and a bark
which is usually grey and fairly smooth. In the natural wild, it may grow up to over 40
m and live for over 100 years, but in plantations they rarely exceed 25 m height, and
they are replanted after 25-35 years when yield falls (Webster and Paardekooper,
1989). The leaves are trifoliate, and the laminae hang downwards with a bronze color
when emerge. The leaf expansion follows a sigmoid curve. During the first 5 days
after leaf unfolding, the expansion increases slowly and then rapidly from 5-12 days;
the leaf becomes fully expanded thirteen days after unfolding (Sangsing et al., 2004a).
The mature laminae are shiny dark green on their upper surface and light green below.
Samsuddin et al. (1978) reported that the period from emerged to mature of leaves
lasts 35 days. The leaves exhibit a full rate of photosynthesis 50 to 60 days after
emergence (Samsuddin and Impens, 1979).

Rubber trees older than 3 or 4 years are subject to ‘wintering’, which is the
term used to describe the annual shedding of senescent leaves. The leaf shedding is
partial or complete for a short period of few weeks (Webster and Paardekooper,
1989). Latex yields usually decreased slightly at the onset of leaf fall, and are more
markedly reduced during re-foliation (Webster and Paardekooper, 1989; Sanjeeva
Rao et al., 1998). Leaf fall is normally followed within 2 weeks by the terminal bud
bursting and by the expansion of new leaves within further weeks (Webster and
Paardekooper, 1989). In the south part of northeastern of Thailand, usually leaf
yellowing starts at the end of December, massive leaf shedding occurs between the
end of January and the onset of February, and bud emergence is noticed at the end of
February. The phenological stage of fully mature leaves eventually last from May to
November-December.

Rubber tree starts to be tapped according to the average trunk girth in each
plot. In Thailand, the tree is considered mature when the girth attains 50 cm at 1.5
meters height above ground. This maturity is usually achieved around 5-6 years after
planting in traditional conditions and around 8-10 years in sub-optimal conditions
(Chardrashekar et al., 1998). More generally, growth of rubber tree varies with clones
(Chandrashekar, 1997; Chandrashekar et al., 1998; Pathiratna et al., 2006), planting
density (Pathiratna et al., 2006), climatic season (Silpi et al., 2006), air temperature
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(Jiang 1988), drought occurrence (Devakumar et al., 1999), irrigation (Vijayakumar et
al., 1998), tapping systems (Gunasekara et al., 2007; Silpi et al., 2006) and others.
Typical radial growth pattern in water-limited areas of Thailand, starts at the onset of
rainy season and lasts until the onset of dry season, girth growth completely ceases in
the driest period (Silpi et al., 2006).

Latex is issued from a secondary metabolic pathway and exuded from the
trunk after a deep tapping of the bark. The latex contains on average 60 to 70 % of
water, so the tree water status and the availability of water in the soil are important
limiting factors of rubber production (Pakianathan et al., 1989). Accordingly, several
authors report that rubber yield decreases in the dry season (Chandrashekar et al.,
1990; Gururaja Rao et al., 1990). Consistently, the highest flow rates of latex
generally occur during wet months when growth rate are maximal (Pakianathan et al.,
1989). Several meteorological parameters have been related to yield: temperature,
sunshine duration, pan evaporation and vapor pressure deficit are negatively

correlated, whereas only rainfall is positively correlated (Sanjeeva Rao et al., 1998).

2. Drought

2.1 Definition and primary effects

Drought is difficult to define precisely. It is a period of time where water
limited conditions induces prolonged plant water deficits and reduces growth. Larcher
(2001) quoted that drought causes stress in plants if not enough water is available at a
suitable thermodynamic status. This situation can occur for a variety of reasons, such
as soil dryness, high evaporation, osmotic binding of water in saline soils or in frozen
soil. Breda et al. (2006) pointed out that drought stress occurs whenever soil water
availability drops below a threshold inducing restriction to transpiration and growth.
Frequently, but not invariably, soil dryness is coupled with strong evaporation caused
by dryness of the air (Larcher, 2001). Reversely an atmospheric drought may occur
despite available water in the soil.

The primary effects of the water deficit in the plant are to decrease cell water
content, turgor, and the free energy status or potential of the remaining water
(Kozlowski et al., 1991). Finally, ecophysiologists can evaluate plant water stress in

several terms: turgor loss, growth reduction, stomatal closure, transpiration decrease
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and inhibition of processes such as photosynthesis and disturbance of the normal

course of other processes such as nitrogen and carbohydrate metabolism.

2.2 Evaporative demand
2.2.1 Definition

The evaporative demand corresponds basically to the existence at the leaf level
of a vapour pressure gradient between the leaf and the surrounding air (“leaf to air”
VPD; Larcher, 2001). This is the driving force of the leaf transpiration which pulls
water fluxes along the soil-tree-atmosphere continuum. Hence, whole-tree
transpiration or sap flow rate are highly related to the evaporative demand when other
factors are non limiting (Granier et al., 1996; Meinzer et al., 1997; Irvine et al., 1998;
Meinzer et al., 1999; Meinzer, 2003; David et al., 2004; Bush et al., 2008; Huang et
al., 2009).

2.2.2 Reference evapotranspiration measurement

Several climatic parameters or formula are used to represent the evaporative
demand according to the background, scale and focus of studies. Air VPD is more
often used by ecophysiologists who studied individual plant responses (David et al.,
1997; Meinzer et al., 1997; David et al., 2004; Bush et al., 2008; Huang et al., 2009;
Woodruff et al., 2010).

Studies considering water balance per unit of soil and larger scale use more
complete formula based on the energy balance such as previously the potential
evapotranspiration (PET) according to Penman equation or now the reference
evapotranspiration (E7y) according to Penman-Monteith equation and FAO
recommended coefficients.

In this thesis, ET) was used to represent the evaporative demand according to

the details given by Allen et al. (1998):

0.408A(R, - G)+y u,(e, —e,)
ET, = T+273 ° (1)

A+y(1+0.34u,)
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where ET, = reference evapotranspiration (mm day™),
R, = net radiation at the crop surface (MJ m™ day™),
G = soil heat flux density (MJ m™ day™),
T = air temperature at 2 m height (°C),
u = wind speed at 2 m height (m s™),
es = saturation vapour pressure (kPa),
€a = actual vapour pressure (kPa),

es - e, = saturation vapour pressure deficit (kPa),
A = slope vapour pressure curve (kPa °C™"),

y = psychrometric constant (kPa °C™).

2.3 Soil water availability
2.3.1 Definition

Water infiltrates the soil following precipitation and gradually percolates to
the ground water table. The maximum soil water content of natural soils that remains
after gravitational percolation is called field capacity. The plant can withdraw water
from the soil only as long as the water potential () of its fine root is more negative
than that of the soil solution in its immediate surrounding (Larcher, 2001). When the
soil dries out sufficiently, the soil water potential (yy,;;) fall below root water potential
(Wr00r) and plant cannot withdraw water what is called the wilting point. Therefore, the
available water in the soil is usually ranged between field capacity (y,,; between -0.01
and -0.03 MPa) and permanent wilting point (y,,; = -1.50 MPa). Hence, the state of
water in the soils can be described in terms of quantity or water content, and in terms
of energy status or water potential which is the most important for the availability to
the plant (Rundel and Jarrell, 1989). There is a unique relationship between soil water
content and soil water potential which changes according to soil texture (Figure 1).

The soil water availability is often expressed from actual water content as a
relative value compared to values at field capacity and permanent wilting point. In the
thesis, we have used the “relative extractable water” (REW) as defined by Granier et
al. (1999) and Breda et al. (2006). REW may be computed at any given time, from soil

water content in the root zone as follows:

10
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REW = EWIEW, )

where, EW is the actual extractable soil water and EW, is the maximum

extractable water. With more details:

REW = (W' Wm)/( WF' Wm) (3)

where, W is the actual water content, W, is the minimum soil water content

(lower limit of water availability or permanent wilting point) and Wk is the soil water

content at field capacity.
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Figure 1 The relationship between soil water potential and gravimetric soil water
content of several soil textures.

(Source: Kursar et al., 2005)

2.3.2 Soil moisture measurement
There are several techniques of soil moisture measurement such as the
gravimetric method, the neutron probe count, the time-domain reflectrometry and
more recently the capacitive probe. In this thesis work, we used both the neutron

probe and the capacitive probe.

11
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The measurement principle of the neutron probe is based on the emission of
fast neutrons which are slowed down when they strike a body of similar mass, such as
a hydrogen nucleus. The number of slowed neutrons detected is proportional to the
number of collision between neutron and hydrogen nuclei, which in turn reflects
mainly the soil water content. Each individual probe should be calibrated for each
general soil type and soil layer when the percentage of clay markedly changes.
Usually, the soil surface layer requires a specific calibration. The calibration is
generally done versus gravimetric method. This measurement is well proved and it
usually gives the best accuracy but it is difficult to use in automatic monitoring
(Rundel and Jarrell, 1989). Moreover its general use is more and more reduced due to
the safety needed for the management of a radioactive source.

The capacitive probe is a new technique safe and well adapted to continuous
monitoring. It measures the relative electric permittivity of soils which mainly
depends of water content except in electrically conducting soils (Robinson et al.,
1998). Usually the probe is vertical and includes several sensors corresponding to
each depth of measurement. For absolute measurement, each sensor needs to be
calibrated for each particular soil and textural layer. The sensor produces magnetic
frequencies which have to be scaled between maximum value in the water and
minimum value in the air. Then the scaled frequencies are converted in volumetric
water content through calibration curves. The scaled frequencies can be calibrated
versus gravimetric method or cross-calibrated versus another reliable measurement
which may give a large range of soil water content values (e.g. neutron probe

measurements (Girona et al., 2002).

3. Tree transpiration and hydraulic parameters
3.1 Whole tree transpiration
3.1.1 Estimate and sap flow measurement
Whole-tree estimates of water use are increasingly important in forest science
and crop science (Wullschleger et al., 1998). Several techniques have been used such
as weighing lysimeters, large-tree porometer, ventilated chambers, radio-isotopes,
stable isotopes and xylem sap flow measurements (Rundel and Jarrell, 1989). Since

twenty years, automatic measurements of xylem sap flow rate have became from far

12
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the most applied techniques to estimate whole-tree transpiration in the field
(Wullschleger et al., 1998). They are now routinely used with concurring stand-level
(energy balance, eddy correlations) or leaf-level measurements (porometry) to better
understand the relationships between components and scales of the system. These
techniques use the heat as a tracer with mainly three principles of measurement
depending the methods: heat pulse, heat balance and heat dissipation.

The continuous thermal dissipation (CTD) method of Granier (1985, 1987) is
largely applied due to its simplicity and low cost. This method uses two sensors, each
containing a thermocouple inserted perpendicularly into the sapwood (Figure 2A and
2B). The downstream sensor is heated and the measured difference in temperature
between the sensors narrows as sap flux density increases. Granier (1985) established
the relationship between the temperature difference and sap flux density empirically
by testing the system on cut stems in laboratory. To avoid the influence of natural
thermal gradients between the two probes and to obtain more stable zero-flux
references. Do and Rocheteau (2002a, 2002b) developed on the same probe basis a
transient thermal dissipation method (TTD) based on cycles of heating and cooling.

Due to its analogy with the original CTD method, the response of the thermal
index was assumed to be independent of the woody species and the first calibrations
were performed on a synthetic porous media (sawdust). The TTD method has been
used on several tree species including Acacia tortilis (Do and Rocheteau, 2002b; Do
et al., 2008), Adansonia sp. (Chapotin et al., 2006a, 2006b), Hevea brasiliensis
(Isarangkool Na Ayutthaya et al., 2007, 2008), and Olea europea (Abid-Karray et al.,
2007).

However, to our knowledge no calibration-validation studies on these species
have been performed. Therefore, the first objective of the thesis was to test the validity

of the calibration for rubber tree wood before to use it.

3.1.2 Atmospheric drought effect on transpiration
The constraining effects of evaporative demand on transpiration are less
documented than soil water shortage consequences. However, the midday stomatal

regulation in well watered soil conditions is a well known phenomenon. Figure 3 from
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Meinzer et al. (1997) illustrated a classical comparison of transpiration pattern

between cloudy and sunny days.

Figure 2 A) Granier-type probes of 2-mm diameter and 20-mm long sensors
(UPgmBh, Cottbus, Germany). The yellow probe and blue probes are
heating and reference probes, respectively.

B) Probes setting on the tree trunk, the heating probe is on the top and the

reference probe is on the bottom.
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For the cloudy day, i.e. with low evaporative demand, the transpiration of
Populus trichocarpa x P. deltoides hybrid increased according to the VPD and
radiation. For the clear day, i.e. with high evaporative demand, transpiration steeply
increased in the morning and abruptly reached a plateau from 10 hr to 17 hr despite
steadily changing radiation and VPD. Accordingly, the maximum value of canopy

conductance was reached at 10:00 h and decreased steadily for the remaining hours of

the day.
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Figure 3 Daily course of transpiration (£), crown conductance (g.), leaf-to-air
vapour pressure deficit (V), and solar radiation for a clear (31 July) and a
partly cloudy (1 August) day of Populus trichocarpa x P. deltoides hybrid.
(Source: Meinzer et al., 1997)
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Similarly, the response of stomatal conductance versus VPD has a well known
pattern (Fernandez et al., 1997; Comstock and Mencuccini, 1998; Cochard et al.,
2002; Meinzer, 2003; Woodruff et al., 2010). At low evaporative demand, stomatal
conductance increases with increasing light and evaporative demand, it reaches its
maximum value at intermediate evaporative demand, it steadily declines as
evaporative demand continues to increase. The combination between increasing VPD
and decreasing stomatal conductance induces a plateau of leaf transpiration. Similar
conclusions were recently drawn for whole-tree transpiration of several species
estimated with sap flow measurement.

In evergreen oak tree (Quercus rotundifolia), midday transpiration rates
remained approximately constant for VPD higher than 1.5 kPa (David et al., 2004).
The mean daily sap flux of Populus grandidentata, Betula papyrifera, Acer rubrum
and Quercus rubra exhibits saturated values when VPD increased also above 1.5 kPa
in either wet or dry soil (Bovard et al., 2005). Similarly, Bush et al. (2008) found that
sap flux density (J;) of Gleditsia triacanthos, Quercus rubra, and Quercus gambelii
increased with increasing of VPD, and reached maximum J; around 2 kPa of VPD.
However, in Platanus acerrifolia which is a diffuse-porus wood species, transpiration
increased almost linearly with VPD up to 5 kPa (Bush et al., 2008).

There are no available results on rubber trees in the literature despite the
importance of this response for the extension in drier areas. More knowledge should
allow to improve the choice of planting climatic areas, the clone selection and
discussion of the interest of irrigation. Therefore, one objective of the thesis was to
study, for the main clone planted in Thailand and south-east Asia, the relationship
between transpiration and evaporative demand and to check the existence of a

particular threshold of regulation despite availability of water in the soil.

3.1.3 Soil drought effect on transpiration
The negative effects of soil drying on transpiration at different scales of
measurement have been extensively studied. Recent works applying sap flow
measurements have confirmed in the field the dramatic decline of whole-tree
transpiration versus soil drought in Citrus limon (L.) Brurm. fil (Ortuno et al., 2004;

Ortuno et al., 2006), Cyclobalanopsis glauca (Huang et al., 2009), Eucalyotus
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globulus (David et al., 1997), Olea europaea L. (Tognetti et al., 2004), Prunus
armeniaca (Alarcon et al., 2000; Ruiz-Sanchez, 2007), Prunus persica (Conejero et
al., 2007), and Quercus petraea (Breda et al., 1993).

The plot of relative transpiration (E7../PET or Er.../ETy) or relative canopy
conductance versus relative extractable soil water (REW), or any ratio of soil water
availability, generally provides the same characteristic pattern.

The values are stable and maximum at high REW and they start to decreases
below a threshold between 0.5 and 0.3 REW below 0.2 corresponds to severe soil
droughts where relative transpiration could be reduced by 80 % (Granier et al., 1999;
Sinclair et al., 2005; Breda et al., 2006). These results concerned mainly the temperate
zone.

The change of transpiration has been studied under seasonal drought for
mature rubber trees and compared between clones (Gururaja Rao et al., 1990).
However, the authors analyzed change with time but did not provide relationship
versus soil water availability and response thresholds. Hence, a third objective of the

thesis was to study the relationship between relative transpiration and soil drought.

3.2 Water potential
3.2.1 Definition and measurement

The concept of water potential () is the key physiological parameter of plant
water relations. It defines the thermodynamic or energy status of water within the
plant (tissues and cells) and along the soil-plant-atmosphere continuum (Taiz and
Zeiger, 1991; Kozlowski and Pallardy, 1997). The value of  is always negative or
nil; however, in the cell the component of pressure potential (y,) can be positive with
turgor. The gradient of potential is the driving force of water flow and the water flows
towards the more negative values across cell membranes, tissues and in the whole
soil-plant-atmosphere continuum.

For instance, the atmosphere surrounding the leaf corresponds to water
potential c.a. one hundred times lower than water potential in the leaf. Hence when
stomata opens, the huge gradient of water potential dramatically draw the water from

the leaf and the leaf water potential decreases.
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The pressure chamber is the reference measurement of water potential or sap
tension for plant samples (Scholander et al., 1965; Boyer, 1967). The sample of leaf,
shoot or root is introduced within the chamber with a cut end protruding outside and
exposed to the atmospheric pressure. The pressure is increased until xylem sap starts
to appear. At this point, the positive pressure applied is assumed to equilibrate the sap

tension existing in the intact stem.

3.2.2 Predawn and midday values
According to the Ohm’s law analogy (Van den Honert, 1948) and the
Cohesion-Tension theory (Tyree and Zimmermann, 2002), the water flow from soil to
leaves can be efficiently described as simple hydraulic model where the flow is
proportional to water potential gradients, the coefficient of proportionality being

analog to a hydraulic resistance or its reverse a hydraulic conductance:

F = 1 / Rplant (WS()[‘I - l//Leaf ) = gL (WS()[I - WLeaf ) (4)

where s, and .. are soil water potential (MPa) and leaf water potential
(MPa), respectively. F is the sap flux density (normalized by sap wood area; L dm™ h’
b, Ry 1s the plant hydraulic resistance (MPa L' dm® h) and g, is whole tree
hydraulic conductance (L dm™ h™ MPa™) on the whole soil-to-leaf pathway.

Then a simple expression of ., may be deduced from equation (4):

l//Leaf = !//S()il - (F / gL) (5)

It shows that the fluctuations in ;.. are determined by the variation in sap
flux density, i.e. mainly by the transpiration, and by the hydraulic conductance if the
soil water potential surrounding the roots remain constant.

Thus within the diurnal operational range two extreme values are
characteristics: The maximum value measured at predawn (Wpresawn) before the

increase of transpiration which is assumed close to the soil water potential
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surrounding roots. And the minimum value measured at midday (Wminimum OF Wmidday)
which corresponds to the maximum of transpiration. The operational range of w;c.s 1S
species-specific (Tyree and Sperry, 1988; Cochard et al., 1996; Lu et al., 1996).

Logically drought generally induced a decrease of leaf water potential as
observed for Carica papaya (Mahouachi et al., 2006), Citrus sp. (Ruiz-Sanchez et al.,
1997; Ortuno et al., 2004; Ortuno et al., 2006; Garcia-Orellana et al., 2007),
Eucalyptus spp. (Eamus et al., 2000; O’Grady et al., 2008), Prunus salicina Lindl.
(Intrigliolo and Castel, 2006), Prunus armeniaca L. (Ruiz-Sanchez et al., 2007) and
Quercus petraea (Breda et al., 1993).

Additionally, equation 5 shows why y,.dawn 1S often used as a reliable
indicator of the average soil water potential surrounding the roots (Richter, 1997,
Donovan et al., 2001). Hence, a threshold value of y,ciavn 1 Often used as a surrogate
of soil water availability to define the onset of water stress and transpiration
regulation. However, the relative influence of soil or atmospheric droughts on w,ininum
varies depending on species.

Some plants exhibited reduction of both y,cdawn and Wiinimum Whereas in other
Species Winimum remains stable such as for Eucalyptus gomphocephala (Franks et al.
2007), Juniperrus osteosperma (Linton et al. 1998), Populus euramericana, and Zea
mays L. (Tardieu and Simonneau 1998). Hence, plants have been separated
schematically between 2 groups: the isohydric and anisohydric species (Tardieu and
Simonneau, 1998; Franks et al., 2007; Maseda and Fernandez, 2006; West et al.,
2007). In isohydric plants, a tight control of transpiration through stomatal closure
allows to stabilize Winimum above a discernable threshold. By contrast, anisohydric
species have a less strict control by stomata, and express no discernible threshold of
Wminimum (West et al., 2007). These differences of stomatal regulation will have
important consequences on carbon assimilation and growth under drought and on the
speed of water depletion. Therefore, the pattern of wnimun under drought is an

important indicator of the type of hydraulic regulation of the transpiration.
3.2.3 Drought effect on leaf water potential in rubber tree

The results from literature on mature rubber are not clear about the pattern of

Wminimum Under drought. Comparing seasons, Chandrashekar et al. (1990) suggested an

19



Literature review and experiments

anisohydric behaviour under drought when w,,;imum decreased from -1.3 MPa in wet
season to -1.8 MPa in dry season. But we are not sure that this comparison refers to
similar sunny days, the difference could be related to difference of evaporative
demand and magnitude of transpiration.

Additionally, lower values of y,..s.wn have been noticed in seasonal drought
but no threshold for water stress or transpiration decline was clearly assessed
(Chandrashekar et al., 1990; Chandrashekar, 1997; Gururaja Rao et al., 1990). Hence,
another objective of the thesis was to study the operational range of leaf water
potential under drought conditions and particularly to assess the pattern of Wmidday

under drought.

3.3 Whole tree hydraulic conductance
3.3.1 Definition and measurement

As expressed in equation 4, the whole-tree hydraulic conductance (Kpa) 18
the coefficient of proportionality between the sap flow rate and the gradient of water
potential. Hence, this relationship implies that K., (or its reverse the resistance) is
the constant slope of a linear relationship between change of ;.. and sap flow rate.
This assumes that the sap flux is conservative from soil to leaves, i.e. that the effect of
water storage in the plant (capacitance) is quantitatively negligible which may be not
true in diurnal kinetic depending species (O’Grady et al., 2008). The whole-tree
hydraulic conductance can be also expressed per unit of leaf area instead of sapwood
area which can be useful for comparison with stomatal conductance (Meinzer, 2003).

Basically, K, can be estimated from equation 4 by the linear regression
method (“multipoint”), plotting diurnal change of sap flux density versus leaf water
potential (Cochard et al., 1996, Lu et al., 1996). Equation 4 can be also simplify to
estimate K., (also called g;) from the two characteristic values of leaf water

potential (“single point” method, Cochard et al., 1996):

gL = Jsimidday /(leredawn - \Pmidduy ) (6)

20



Literature review and experiments

where g; 1s whole tree hydraulic conductance; J migiay 1S the daily maximum

flux density; and ¥ eqawn and idaqy are predawn and midday leaf water potential,

respectively.

Figure 4 from Lu et al. (1996) illustrates a successful comparison between the

multipoint and the single point method to estimate g;.
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Figure 4 Whole tree specific hydraulic conductances (g;) of Picea abies (L) Karst,
gr was calculated either as the slope of linear regression between the daily
variations in leaf water potential (y;..) and sap flux density (dF; Y-axis) or
as the ratio between the daily maximum flow density (dFidaqy) and
difference between the predawn and minimum leaf water potentials
(Yoredawn - Pmidaay)- The two techniques yielded similar results (n = 24, —
0.91, slope not different from one at P = 0.05).

(Source: Lu et al., 1996)

The components of g; have been investigated to understand its processes of
regulation. As simplified electric analog circuit, g;, can be parted in four components
(Sack and Holbrook, 2006): soil conductance (Kj,;), root conductance (K,,,), stem

(Kstem), leaf conductance (Kjey). g was found mainly dependent of Ko, and K,
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which account together for more than 70% of the plant hydraulic resistance (Cruiziat
et al., 2002; Sack et al., 2003; Sack and Holbrook, 2006; Domec et al., 2009; Passos
et al., 2009).

3.3.2 Drought effect on whole tree hydraulic conductance

Drought-induced changes in g; have been demonstrated in many species. For
instance in Bursera simaruba, Calycophyllum candidissimum, Enterolobrium
cyclocarpum, Gliricidia sepium and Rhedera trinervis (Brodribb et al., 2002), Juglans
regia x nigra (Cochard et al., 2002), Picea abies (L) Karst (Lu et al., 1996), Pinus
sylvestris L. (Irvine et al., 1998), Prunus armeniaca cv. Bulida (Alarcon et al., 2000),
Pinus palustris Mill. (Addington et al., 2004), Pinus taeda L. (Domec et al., 2009)
and Quescus petraea (Cochard et al., 1996a; Breda et al., 1993). It was related to the
decrease of soil water availability. In this case, the decrease of g; is mainly explained
by the decrease of the hydraulic conductance at the soil-root interface. Moreover, a
further decrease of g; may be explained by xylem embolism due to the decrease of
xylem water potential (Cruiziat et al., 2002).

Additionally, Domec et al. (2009) studied the relationship between whole tree
hydraulic conductance (K;..) and the conductance in roots and in leaves under both
soil and atmospheric drought. They found that the change of K., and corresponding
response of stomatal conductance (gy) to PD were mainly driven by K., under high
soil water availability and by K,,,, under low REW.

Moreover, recent studies have drawn attention on modifications of hydraulic
conductance in leaves and roots by the effect of active processes. Diurnal changes in
root hydraulic conductance have been ascribe to changes in plasmalemma or tonoplast
aquaporins that act as water channels controlling water fluxes between cells (Martre et
al., 2002). For instance, within the leaves, it has been shown that the main resistance
in the liquid phase is extravascular (Tyree and Zimmermann, 2002). Hence, active
processes may play a key role in the control under drought of the hydraulic
conductances in the bottlenecks of leaves and roots.

For the rubber tree, the results of Sangsing (2004) in young potted trees
support the good applicability of the whole-tree hydraulic conductance approach. A

quick increase of R,.. was noticed under soil drought. Hence, one objective of the
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thesis was to analyze for mature rubber trees under field drought how the decrease of
transpiration is related to change of whole-tree conductance and thresholds of

environmental conditions.

3.4 Stomatal regulation
3.4.1 Interaction with whole tree hydraulic conductance

Stomatal conductance (g;) is not a direct component of the whole-tree
hydraulic conductance which concerns only the liquid phase. However, stomatal
regulation plays the key role of coupling and short term adjustment between the
gaseous phase and liquid phase water transfers in the soil-plant-atmosphere
continuum while maximizing carbon assimilation (Whitehead, 1998; Franks, 2004).

To better understand the main interactions, Whitehead (1998) provided a

simplified conservative equation neglecting water storage:

E = gSDAl = gL (WS()[‘I - WLea_/' )Asw (7)

where F is the canopy transpiration, g, is stomatal conductance, D is leaf-to-air
vapour pressure deficit, 4; is the leaf area, Ay, is the sapwood cross sectional area,
others parameters are the same than in equation 4.

From this equation, it is understandable that an isohydric species growing in
varying conditions of evaporative demand and soil water potential will have to

dramatically adjust g, 4;, Kyiun and Ay, to insure water potential homeostasis.

3.4.2 Drought effect on stomata
The decrease of stomatal or canopy conductance at high evaporative demand
despite soil water availability is well known for temperate and tropical rain forest
species (Meinzer et al., 1999; Granier et al., 2000a; Granier et al., 2000b; Meinzer,
2003). Such process may explain the observation of saturated whole-tree transpiration
above a certain threshold of VPD or ET, (Breda et al., 1993; David et al., 2004;
Bovard et al., 2005; Bush et al., 2008). However, the exact mechanism is not known

and it is still a critical area of research.
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Previous studies assumed a direct response of stomata to vapour pressure
deficit is the feed forward response (Farghuar, 1978). However, more recent studies
suggest that this is a feedback response to leaf transpiration and whole plant water
status (Franks et al., 1997; Meinzer et al., 1997; Monteith, 1995; Mott and Buckley,
1998; Domec et al., 2009)

The effect of soil drought is better understood. Basically, the induced decrease
of yr., may have a direct effect on gy through its impact on leaf turgor (Cochard et
al., 2002) or through interaction with stomata sensibility to ABA (Tardieu and
Simonneau, 1998).

For young potted rubber trees, Sangsing (2004) found that a strong
relationship between stomatal conductance and leaf water potential. For two clones
(RRIM600 and RRIT251), the stomatal closure was maximum when leaf water
potential reached to —2.2 MPa.

3.5 Influence of leaf phenology on drought responses
3.5.1 General features

As described in equation 7, to prevent excessive dehydration plant can express
short term reversible responses like stomatal closure and long term responses like
reducing transpiring leaf area, increasing root development in wetter soil layers,
decrease of the active sapwood area (Breda et al., 2006).

Reducing leaf area is a major phenological adaptation of deciduous trees to
seasonal drought in the dry tropics (Eamus and Prior, 2001). Moreover, the different
stages of leaf phenology may correspond to particular changes of root phenology: root
decay or root growth in different soil layers according to soil water availability. These
processes should influence tree water relations and g;, particularly the leaf and root
parts which contribute to more than 70 % of the total hydraulic resistance (Becker et
al., 1999; Nardini and Tyree, 2000; Brodribb et al., 2002; Domec et al., 2009).

Leaf senescence and shedding should decrease the total leaf hydraulic
conductance. Following soil drying, root decay may decrease furthermore the soil to
root conductance. Reversely, root growth in the wetter subsoil could increase soil to
root conductance and K,,,. At last, leaf flushing should increase the hydraulic

conductance of leaves.

24



Literature review and experiments

3.5.2 Phenology of rubber in seasonal dry period

In the water limited area of northeast Thailand, the period of leaf yellowing-
leaf shedding-bud bursting-leaf flushing normally takes around five months, from
December to April. Hence, such period of relatively low green leaf area should
markedly reduce whole-tree transpiration. The dry season generally lasts from
November to April.

In the same area, Gonkhamdee et al. (2009) had followed growth dynamics of
fine roots of rubber trees down to 450 cm. They found that the onset of the dry season
(November) corresponded to a period of active growth in the subsoil from 100 to 400
cm depth. After a rest period, root growth appeared again in the very deep soil
between 300 and 400 cm around the time of massive leaf flushing in March. The
onset of the rainy season (May) corresponded to an active growth in the top soil above
100 cm. The higher root length density was found above 50 cm. Root decay was
observed above 100 cm at the end of the rainy season in September-October.

Guardiola-Claramonte et al. (2008) stress up for rubber tree the importance of
including leaf phenology in soil water balance model to correctly predict the trend of
water uptake in dry season. Moreover the same authors found a shift of root water
uptake from topsoil in the onset of dry season to subsoil at the end of the dry season
when leaf flushing occurs.

Hence, one particular objective of thesis was to compare the change of water
regulation under drought between period with full canopy where dominate short term
response like stomatal regulation and period of leaf shedding like in seasonal dry

period where the leaf area dramatically changes.

3.6 Hydraulic limitation hypothesis
3.6.1 Embolism
Previous paragraphs explained that water in the xylem is under tension, and
that this tension increases as transpiration rate increases or soil water potential
decreases. If the tension in the water column becomes too great, embolism (gas
bubbles) occurs within the xylem vessel, and cavitation (breaking of water column)
occurs. Then the xylem conduit becomes permanently or temporarily dysfunctional

and there is a loss of hydraulic conductivity of the xylem (Tyree and Sperry, 1989).
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The vulnerability to cavitation is measured by the xylem pressure potential
(wxp) that induces cavitation; a more vulnerable vessel or tracheid will cavitate at a
less negative y,, (Tyree et al., 1993).

Additionally, Zimmermann (1983) introduced the hypothesis of “plant
segmentation” which states that during periods of severe drought, embolism will first
occur in the terminal part of trees (ie, leaves and small branches) where water
potential are the lowest. This has been demonstrated in several temperate species

(Tyree et al., 1993).

3.6.2 Critical minimum leaf water potential

Stomatal control of leaf transpiration and loss of hydraulic conductivity in
twigs have been monitored in parallel in a range of species during the course of
drought (Cruiziat et al., 2002). A tight coordination was evidenced between stomatal
closure and induction of embolism: usually, embolism begins only when stomatal
conductance drops below 10% of initial values. This supports the ‘“hydraulic
limitation” hypothesis that a tight control of water loss protects the xylem against
drought-induced embolism (Jones and Sutherland, 1991; Tyree and Sperry, 1988).
The range of water potential between full stomatal closure and onset of cavitation
corresponds to a safety margin (Sperry and Pockman, 1993). In most species, this
margin is narrow, meaning that tree transpiration operates close to the cavitation
induction point.

The consequence of this tight regulation is the observation a critical minimum
water potential (y.,;,) above which the operational water potential is maintained. This
value varies largely depending on species. For example, .., in shoot water potential
of Thuja occidentallis, Acer scacharum, Cassipourea elliptica and Rhizophora
mangle were -1.8, -2.0, -1.6 and -4.0 MPa, respectively (Tyree and Sperry, 1988). In
Quercus petraea (Cochard et al., 1996a) and Picea abis (Lu et al., 1996), the W
were -2.8 and -2.5 MPa, respectively.

The combination of equation 6 and hydraulic limitation hypothesis is the basis
of RER model (Cochard et al., 1996a, Lu et al., 1996) which is similar to the ones
developed by Tyree and Sperry (1988) and Sperry et al. (1989):
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Js _crit = gL (leredawn - Tcrit ) (8)

where J; i 1 the estimated critical maximum sap flux density and ., is the
critical leaf water potential at the completely stomata closure period. This equation
allows to estimating the critical value of minimum leaf water potential from

recordings of leaf water potential and xylem sap flow rates.

3.6.3 Simple transpiration model in water-limited conditions
The ‘hydraulic limitation’ hypothesis provided a very simple but process-
based model to analyze tree transpiration under water stress. According to equation 8

it is possible to compute a critical transpiration (E.,;;) corresponding to /.

E. = (¥

crit

wit = Vo)X gy xa )

where E..; (mm day'l) is critical maximum tree transpiration, g; (L dm? h!
MPa) is whole tree hydraulic conductance per sapwood area and a is coefficient to
transform maximum sap flux density to total flow of tree transpiration per day and
unit of soil area. w,,; and v, (MPa) are represented by predawn leaf water potential
and critical minimum leaf water potential that estimated from equation 8, respectively.

According to the hydraulic limitation hypothesis, E.; set a functional
limitation to E7;.. that can be reached under drought conditions (low ,;; and low g,
values) but also when the evaporative demand is very high (v, and g; max). The
climatic conditions (e.g. ET)) set also a maximum transpiration which cannot be
exceeded by E,;.

By combining both limiting effects of E7, and E.; on tree transpiration
(Cruiziat et al. 2002, Figure 5), it is possible to construct a simple model for E7.:

E Min(E.,;ET,) (10)

Tree — crit ®

In this model, it is assumed that soil drought affects £, by its effect on the g;

and l//predawn or Wsoil-
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Figure 5 Factor controlling maximum water loss. Flux/Potential relationships help
in understanding daily maximum transpiration rates in Quercus. For well
watered trees (line 1), F,,y is probably limited by climatic conditions such
as light level, air vapor pressure deficit or CO, concentration. However,
for water-stressed trees (lines 2), whole hydraulic resistances increased
(steeper slopes) causing xylem water potential (¥y.n) to reach values
close to water potential at cavitation point ().

(Source: Cruiziat et al., 2002)

3.6.4 Embolism on rubber tree

There are no published results on native embolism and vulnerability to
cavitation on mature rubber trees. However, there are several insights that suggest an
isohydric behaviour for mature rubber trees with relatively strict stomatal control of
transpiration.

Studying young potted trees, Ranasinghe and Milburn (1995) and Sangsing et
al. (2004b) both found high values of xylem tension corresponding to 50% of
embolism in the petioles (between -1.5 and -2.0 MPa) which suggests that rubber tree
is relatively vulnerable to cavitation. Moreover, Sangsing et al. (2004b) assessed that

stomatal control operates at the onset of xylem embolism in the petiole. Finally, the
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minimum values of leaf water potential found under drought are within the same
range (-1.8 to -2.2 MPa) for the rare results available on mature rubber trees
(Chandrashekar et al., 1990; Gururaja Rao et al., 1990, Chandrashekar, 1997).
Therefore, the general objective of this thesis was to test the framework of the
“hydraulic limitation” hypothesis to describe the change of whole-tree transpiration

for mature Hevea brasiliensis under soil and atmospheric droughts.

4. Experiments

4.1 General approach

To address the objectives detailed previously, we selected a mature (7 years
old after planting and started tapping) and representative rubber tree stand in the
drought prone area of Northeast Thailand. The key measurement was the continuous
and long term monitoring of whole tree transpiration by applying xylem sap flow
measurement. It was performed over a complete annual cycle including rainy season
with intermittent short droughts and seasonal dry period with leaf shedding stage.
Seasonal and diurnal variations of leaf water potential and whole-tree hydraulic
conductance were measured with concurrent observation of canopy phenology and

recordings of atmospheric and soil water conditions.

4.2 Materials
4.2.1 Location and characteristics of the field experiment

The plantation is located at Baan Sila site (N15° 16" 23" E103° 04’ 51.3"),
Khu-Muang, Burirum province in northeast Thailand (Figure 6). The experiments
were conducted in a monoclonal plot, clone RRIM600, planted at 2.5m x 7.0m
spacing (the density 571 trees/ha) and tapped for 4 years or age 11 years old from
planting (Figure 7A). 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 six months, from November to April, and average annual rainfall
is 1,176 mm. In 2007, even drier climatic conditions occurred with an annual rainfall

was less than 1,000 mm.
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Figure 6 The maximum temperature (A) and annual rainfall (B) of Thailand and for
Burirum province, which is in the southern part of northeast of Thailand,

shown in the circles.

4.2.2 Detail in experimental trees
Figure 8 illustrates the layout of 11 experimental mature rubber trees which
separated in 6 healthy trees (green with black cover) and 5 necrotic trees (red with
black cover). The comparison between soil water depletion and tree transpiration in
the multi-species xylem sap flow calibration part was done with all 11 experimental
trees, while the investigation of effect of intermittent and seasonal droughts on tree

transpiration was done on only 6 healthy trees.
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Figure 7 A) The plantation of rubber tree in this work that is located at Baan Sila
(N15° 16’ 23" E103° 04’ 51.3"), Khu-Muang, Burirum, northeast Thailand.
The spacing is 7 x 2.5 m. and tapped for 4 years.
B) The instruments were installed in the experimental plantation such as
neutron probe tubes, capacitive probe (red circle), and leaves collecting

boxes.
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Figure 8 Schematic diagram showing the layout of 11 experimental mature rubber
trees which separated in 6 healthy trees (green with black cover) and 5
necrotic trees (red with black cover). The sky blue circles indicate the

position of installation of 12 neutron probe tubes.
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4.3 Methods
4.3.1 Sap flow calibration on cut stem in the laboratory

The cut stems used for calibration experiments comprised three species of
particular interest for our laboratory: Hevea brasiliensis (Rubber tree), Mangifera
indica (Mango), Citrus maxima (Pummelo). The water flow rate (J) through the cut
stem was controlled by a high pressure flow meter (HPFM, Dynamax Co., Houston,
USA). The reference measurement of J; was obtained by weighing water flowing out
of cut segments (0.01 g accuracy balance, Adventurer ™, Ohaus, Pine Brook, USA).
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 inserted into the
sapwood. 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. (Figure 9A) The same set of two probes was used
for all tests and the probes were located at the same position. The probes were

connected to a data logger (21X, Campbell Scientific, Leicester, U.K.). (Figure 9B)

4.3.2 Xylem sap flux measurements in the field

The measurements of xylem sap flow density were made using the transient
thermal dissipation method (TTD) developed by Do and Rocheteau (2002) which is a
modification of the continuous thermal dissipation method of Granier (1985). Probes
were inserted into the trunks at a height of 1.8 m above the soil. After removal of the
bark, the probes, 2-cm long probes were inserted into a hole of 2.5 cm deep within the
sapwood, in such a way that the whole probe was inside the conductive sapwood.
Three probes were inserted into each trunk to take circumferential variability into
account. After the probe was inserted, the exposed parts of the needles were coated
with silicone. The trunk area containing the probes was protected from direct solar
radiation and rainfall by a deflector. Probes were connected to a data logger (CR10X,

Campbell Scientific, Leicester, U.K.). (Figure 10)
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Figure 9 A) Installation of cut stem with a high pressure flow meter (HPFM) and
weighing water flowing out of cut segments by 0.01 g accuracy balance.
Also, the two sets of Granier’s type probe were inserted to the cut stem,
which the distance between two set of probe was 10 cm.
B) A data logger 21X, Campbell Scientific with the relay electric boxes
controlled turn on and turn off of heating in transient thermal dissipation

method according Do and Rocheteau (2002b)
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Figure 10 Installation of xylem sap flow probe in the experimental tree at a height of
1.8 m above the soil and the data logger (CR10X, Campbell Scientific,

Leicester, U.K.) with multiplexer setting.

4.3.3 Leaf water potential measurements
Leaf water potential (y..) Was measured on the six healthy experimental trees
with a Scholander type pressure chamber (PMS 1000, PMS Instrument Company,
Corwallis, Oregon, USA; Figure 11). Two trifoliate leaves with petiole were
randomly selected from sunny locations on each experimental tree. Wiesr
measurements were performed in situ rapidly after cutting. Regular measurements of
Wiear Were carried out once or twice times per month, W,requwn, between 05:30 and

06:15 hours, and midday leaf water potential (Wmidas), between 12:30 and 13:30
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hours. Additionally, diurnal kinetics of y;.,r measurements, i.e., every 1-2 hour from

predawn to sunset, were performed on sunny days.

Figure 11 A Scholander type pressure chamber (PMS 1000, PMS Instrument
Company, Corwallis, Oregon, USA).

4.3.4 Leaf area index
Leaf area index was calculated from total leave area, which collected by the
leaves collecting boxes (Figure 7B), divide by spacing size of leaves collecting boxes
(1 m?). The leaves collection was done in leaves shedding period during November
2007 to February 2008. Leaf area was measured by leaf area meter (LI-3100C Area
Meter, LI-COR Biosciences, Lincoln, Nebraska USA).

4.3.5 Climatic measurements
Local microclimate was automatically monitored in an open field, 50 m from
any trees (Figure 12). A datalogger (Minimet automatic weather station, Skye
Instruments Ltd, U.K.) recorded half hourly values of air temperature, relative
humidity, incoming short wave radiation and rainfall. A reference potential

evapotranspiration (E7y) was calculated according to Allen et al. (1998).
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Figure 12 Local microclimate (Minimet automatic weather station, Skye Instruments
Ltd, U.K.) was automatically monitored in an open field, 50 m from any

trees.

4.3.6 Soil water content measurements with a neutron probe
Volumetric soil water content (f) was measured with a neutron probe (3322,
Troxler, Research Triangle Park, North Carolina, USA; Figure 13A) calibrated for the
experimental soil with separated calibrations between upper (0-0.2 m) and lower
(below 0.2 m) layers (Figure 13B). The highly linear relation in both upper and lower

layer express following these equations:

Upper layer
6 = (0.0436NP) - 0.7957 ; R’ = 0.94,n=19 (11)

Lower layer
6 = (0.04NP) - 4.0296 ; R’= 0.89,n=126 (12)

where 6 is volumetric soil water content and NP is neutron probe value.
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Twelve tubes of 2.0 m in length were set up, six along the rows and six
between the rows (Figure 8; sky blue circles). Measurements every 0.2 m, from 0.1m

until 1.7 m depth, were performed every month or two weeks. According to soil water

fluctuations, the soil profile was separated between two layers, a top soil (0-0.4 m)

and a subsoil (0.4-1.8 m).
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Figure 13 A) A neutron probe (3322, Troxler, Research Triangle Park, North
Carolina, USA).
B) Relationship between volumetric soil water content (6) and neutron
probe value separated calibrations between upper (0-0.2 m; closed circles)
and lower (below 0.2 m; opened circles) layers. The dotted line and
continuous line indicate the tendency in upper layer and lower layer,

respectively.

4.3.7 Continuous soil water content measurements
Continuous # was measured with a capacitive probe (EnvironSCAN System,
Sentek Sensor Technologies, South Australia, Australia; Figure 14) within a single
tube close to a tube dedicated to neutron probe measurement (tube No. t4; Figure 7B

and 8). Capacitive sensors were located at the same levels than neutron probe
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measurements. For each capacitive sensor, § was estimated from a cross-calibration
with the neutron probe measurements over the whole season range. To estimate
continuous change of the average soil water profile, linear regressions were performed
between 6 of the average soil water profile (12 neutron probe access tubes) and 6 of

the profile continuously measured with the capacitive probe according Girona et al.
(2002).

Figure 14 A capacitive probe (EnvironSCAN System, Sentek Sensor Technologies,
South Australia, Australia).
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Transient thermal dissipation method of xyvlem sap flow measurement:
multi-species calibration and field evaluation
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evirlution of the original constant thenmal dissipotion
(CTD) method of Gronier {1983), The TTE medhod has
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ey om cul sfears using an HPFM device amd gravometric
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colibrobion from woady species ond the simple linear re-
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mn-limear cabibratwon between K oand fow dessity hokds
for several woody speies (Gramier 1985) o for ssmibetic
poraus media (Granier unpublished data). Becouse of its
epirical basis, Smith and Allen (1996) recommended
checking the calibration For each new woody spocis. Ap-
plymg the CTD anethod and Cimmer-type probes, several
avhors ohserved valees close or whentcal b the sriginal
calibration: Cabibel and Do {19910 on Malier dersesnio
Borkh, Lu and Chacko (E9R98) on Mangifers indica L.,
Braun an Schmid (19959 an Fids viriera L., Clearwater e
al. {1599 an Eveilypis deeivese Blume, Aseomlion cooel-
sum {Berl. & Balh ) Skeels and Bursera simareha (L) Sarg.
L et al. (2003} on Mresw “cavendish’, D and Rochetean
(2002 om s sawdust column, MeCalloh et al, (2007 on Prew

et ey sepdematnan Uocg. ) Dugond and Calaglnfem fongz-
tfafium Willd,, based on the cut slem experiments in the
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dufferences wihich they assumed b be due o the allect of
oy spectes (i Obivelra Res etal 2006 on Cavea papayn
L), or due o the configurstion ol the probe (Boupsand o al.
HHIGh Henee, calibration of the CTD metlsd = mamly con-
sidered do be imdependent of the species even il some son of
validadion 15 still recommierded (Lo eal. 2004),

To aveid the mfleesce of nowmral thermal gradients be-
tween the two probes ond o obtin mene dshle seno-lus
references, Do amd Bochetsn (3002, 20028 mroduced a
moma-combmucus heatmyg system with o cyole ol heating amd
cooling, The temperamre signal wed hecanme tme-reloted:
it was the difference betwesn the wmpernture reached ot
the end of the lweating period ond the Emperstere reached
alber dhe conling period. the il demperatane reaclsed aller
the cooling perdod. By amlogy with the argnal CTD
medd, the ow midex (K] was comedenad = the moe
ol the signal at eens Tow o e sgnal ol wssiured Bow.
Duie 1o s analogy with the origmal CTD medbod, the -
sporse of &, wos assumed i be independent of the woody
species @nd the first calibmtions were perfirmed on o syn-
thete porous medes (seadustl Tl suthors found 3 smalar
&, neiponse o Dow devsiy with different cyclbes of beat-
mg amd coalmg: 4505, 30030, 15715 and 1T aun, The
calibrotion was wvery different from the CTD method be-
cause of the transient conditbans, e, after 10 min of heat-
ing, the tempersure reached o slow kinetic phose, b for
ko and wero flow mobes it was far fom equilbium and
the equilibrium was not completely resched even alber
M) o (0 and Bocketean 2002q). This ransient thermal
thesapation (TTH method has now been used on several
trez species including Aoecia el (Forsk.) (Do and Bo-
cheteau 20028, Do et ol 2008), Adarsamia sp. (Chapatin
et ol 2006, 200681, Heven brasiliensiy Ml Arg. (lsar-
ampkool Mo Ayubthaoya et al. 2007, 2008) mmd (Mew o
paca L. dAabid-Karray et al. 2008), However, o our
knovwledpe, no calhratbon sy on ilese species s been
published. Therelme, this work had o amis: the st was
e test the hvpothesis that calibration of the TTDr method is
independent of the woody species o porous medin, The

respomse o Mow densiy of the &, fxlex caboulated wath
16 min af heating was cvaleated in three mopical specics:
M. brasiftensis, M. indica and Cirens mextme Merr. Severnl
ses of put stens were processed with A bewsilienis wood
o s e vanahility of mesponse curves, We expected 10
lind a calibrabion somilar bt one obkeed by Dooand
Rischetean (2H020) on symibetic porows netenal {sawdusty
The second relsed objective was fo compare the cstimates
of daily trarspiration betwesn sap fow messurements. and
ihe soil waber balasee in the dry sessen in & mstore sind
of # feasiliersi. We expected the values 1o be close il
the hypotbesis of tree raspiaton smstes Tom e son-
plified w01l water balames holda

Materials andd nvethsrls

TTD metthod of sap T meersereoen?

The TTD method (Do and Rechetean 20026, P el al. 2R
15 4 close evolutiom ol the original CTD metlsod of Graneer
{19835, 19870, It is based om the change over time in the dif-
ferencs in femperstare between tao probes inserbed radiolly
inkee the xylem., one heated and other unbested, with a evclic
getdicdule of heating smd coolmg on the hested probe. Giran-
fer's probe of Z-mim dizaoeter and -mmn-long sensors wene
wied (UP gmih, Cotthus, Genmamy), When e Teatmg poa-
er is adpusted w0200 W, it iduces & masimmn tempemniune
difference of B—12 “C pfter 10 min under zero flow . comd:-
tictns. Do and Bochetesu (20028 found an emqrirical relation-
ship between wap s density (4: L dm " h ') ond an index
ol the chamge in e remperature difference, desoted altemane
Mo midex (& dimensionless )

The calthration was perfommed on a symletic ponsus medis
{ sanwedust in @ plastic-glass cwlinderh, K, was detenmined as
halon,

Ky = 1001 + RERTMY o
J= (LA (L - Ky

A transient or aliempie sigral (&1,) was defined os
ATi= AT = Torr.

where AT, s the temperture difference resched ol the end
ol the penad of beating ol ATy & e erpenature differ-
ened idber the perod ol eoaling,

The altemate fow index wos calcubated as

Ko = (AT — &A1)/ AT,

where 47T, is the maximum aliemate femperabure diffene e
ohtained mder oo Bow comitions and AT = the e
sured allemate signal ab a goven S

D mesisune S, every holl hour with o beating penod off
10 min, @ eyele of 10-min heating and 20-min conling was
apphicd and the femperature signals were recorded every
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MULTESPECIES CALIBRATION OF TRANMSIENT THEEMAL DISSIPATICR METHO 141

Tabke 1 Chaiasinstes l:rl'l:.l.pﬁim.‘t:ﬁl cul sheivis waid Tor calibsatos oD e TTI i o on Uere spcios: 1 dvod fe s Lev LW Deelaca 1M
] o [ C0). Pammeter & is vdmolic condumance memsued by HPFM and normalized by length and sylemarea. A T is the max mum
(1R = ST difTerence 2t s ooy, Acrodyme Pl oand P2 indhise probe | oand probe 2 when fwo prekes vt imseted oo the s ool sl

Ul siers Lesgmli Dieewer Diry densily St owiner conbent A Tk s MPa7 din?| Sigriond ATy (T}
pcrenym  demb {cm) [icm™ {emens®y area {dm )

Pl P Fl FZ
Hev 5.4y 343 49 5 47 = L 115 1103 T Q3
e I 53,15 4.8 .52 1151 e [ 123 21
v, 2 5550 410 LIRS k54 49 = 1" k108 (L] 94 ([
Hlev. 4 55,y 4.5 k50 58 R k143 134 8 T8
Hev 5 IH.55 L 1] 15T 5% 076 = it k151 T8
i, & 3775 56N [[IEY .55 1100 = L e (k. 160 (L)
e, T 52010k 5.33 1149 1151 a0 = I 1153 151 105 X}
v, 8 56,14k 471 k47 154 7500 1Y k145 1r141 93 (LLRA]
Man. | AhH3 LR ] 142 (1¥. 2] LR L (b iE g (I EX w1
Mlom, 2 53.30 452 k41 A3 27z 115 T 10% BE Q4
LR 1 S4.IHp 514 1130 IL.72 [ T (LN [ 1k.144 wa 1032

[0 min, Accarding to Do and Bochebeau (20025), AT, g is the
terperatire aller 10 min of cooling, Here, the caleulstion
o AT, was shehtly modified; the final empersione after
10 min of cooling was averaged with the dmital empera-
tre before heating, so after 20 min of cooling, Such
modification vislded the same K, bt meduced the emors
due te o quick changs in notural thermol gradient, which
may oceur widlim 10 s m the sarly moming (Do un-

i bhishend ).

Clet stenm expartment (o e Sabarasory

The characteristics of the cut stems ussd for colibrotion ex-
peeriments are Listed in Table 1. They comprised thres spocies
ol partcular micrest lor our laberatory: S bewsifiensis {rub-
ber tree), M. indlico fmaneo]) ol O mevimeo (pammelo). The
cul stems of M. brasiliensic recewved specal irealment o
avord vessel blockage doe o latex exudaes, They were
sonked for ane full night in a woter bath, For all species, afier
re-cutting each cut stem, a 2-em-thick dise from both ends of
stem was cut off amd set up o enable capillary rise of & bro-
mothymal blue solutson. Only cut slens where wood siaiming
wae coursely homogemius were retaiwd for furber amlysis
The cul slems wene comscbed Lo & limgh pressare (ow meter
(HPFFM, Drymamay Co,, Houstond, which allowed the pres-
sure, S, and conductance to be controllad. The reference mea-
surement of J, was obmined by weighing woter flowing out
ol cul segments (001 g accuracy balance, Advenfurnes ™
Obaus, Pine Brook). Flow densily ranged from 0.3 1o
0L dm B Depending on the length of the cut segments
and oin the expenment, ome ar o sels ol probes were n-
seried kg the sapwoad, Aluminim tubes were inserted into
the siem befare insertion of the probes, The distance beiween
rezdles of the some probe was 10 cm, ond the hested nesdle
ol prabe 1 wis separated from e reference needle of probe 2
by 10 com toe. Probe | owas i apstresm possbion: The same sel
al pwo probes wes used for all tests amd te probes were Jo-

cated o the same position. These were connected to & data
lengeer (21X, Camphell Scientelie, Lewester, UK). Data, such
ax the weight of water fnan the holance, were recorded every
T Tor emsure best comiact between the probes (especially
thee hested one) and the sapwioad, only set-ups with 4T, be-
lgww o ggqunl o 1003 50 wene wsed [ Table 1)

Sap thow measwremenis in bhe el

The theld coompanson of estmales of franspmation oo tbe
sap flow measurements and soil water balonce waes carried
aut in 0 matane stand of B feesibiensss in nonbeost Thakland
in i plamation of RRIMSO0 clones 157167237 Noand 103°04°
S1.3% Eb that were located close o Khu-Muoong, Burinun
prowvmce. The spacmg was 2.5 < 70 m and the treed had been
tapped fior 4 years. The soil was o deep loamy samd Mean
comtents of cloy, koam and organic matter varied From 9.9,
24.2 wnd OLTES in the top sail (0-200 to 2002, 236 and
(0.34% ot o depdb of |3 m, sespectively. In this nop-traditicnal
ribber trez plantstion area, the environmental conditions ane
water limted for #, deavifieesds, The dry season lasis foo
f saondls, from Movember o April, and the average amual
ramfall & FLT6 mm, In 2007, even drer cimatie condibions
ageumed with an anmal minfall of %946 mm. Eleven irees
were selected within the main classes of trunk girh, The
trunk girth fmeasured ot 1.3 moabove the soil) mogesd from
Al Lo A can, yielding an averags of 55 con [3iandand desiatoom
{500 = 6,03] that comesponded w 175 an mdizmcter,

The mylem area was estmuted from (e obseratioms of
cones amd whole sectiors of freshly cul trees or branclhes
from the stand for & wide renge of giths, There was a
strong relatiomship between bork thickoess (8 and total m-
divs (/0. which allowed the deduciion of xylem mdius
(= 093, B = 0.0822 # - 00287 and n = 30). Dying
caperiments with brosmesthymal bloe showed that sy lem
wis oompletely conductive, except ol a pub of ain abnost

TREE PHY SEOLOGY ONLINE al hito s fwsw seephii axfordioomalsome
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K 127 dromatic decresse in the leal area toward the dry season, the
2 qp- S N r.||.;|_.',,|'.|l.—'lunr_-. r.‘ll.m.n.ml;.ﬂ hehavior of |.1Ir..' species amd I.E-r_' I santl
= - waber availability. In a representative recond of 7 days, the
@ A - o raclial profile of & showed the classical shape of dilfuse po-
E y rous species (Figure 1) Midday . wos macimum in the
2 061 A outer ring (236 L dm = b' and SD = 0.45), .1, decreased
=] b 20% im the infermesdiote ring and by 70% in the Low-
B - I-—’ caomlucting wood close o the cemer. The hral caleulstion
E ’ of ol fow (Fyed gave
E o2 J Firee = Ay * Sy
“ ondl = : i , * (D.64C1 +0.27C2 + D.0STSC3),

a ki 40 & il 100

% xylem radius

Figime 1. Racdial pafomn of melatve aap foax density G0 i 5 b
Bewwie, The peréentape ol wylén madhus sams an the conter of the
i, Bold peimis mepresent e average of Toar radal profiles [three
depihis) of Jinly waxmmum & mecopded lor T days an four mepreson-
fative trees daken within 1] imstrunsended trees. Vertical bars are 50
Horienoal bars represent the svemge Incation of 2-om sensors along
the profile. Xylem radius avemged 725 cmy S0 = (074, Moimam .,
in the outer ring averaged 236 L dm® b, 8D = (.45,

conslant radivs of 0.3 con. However, an area with slighily
less staining was observed toward the pith. Probes were in-
serbed dmo the trunks a1 a begh of 18 m above the soil. AL
this height, the average xylem area was estimated al
20M dim” (S0 = 0.47Y The sel-up ok mko socount the cir-
curn fzrential and radial variability of S, within the sapwocd
{Granier o al, 1%946), Xylem area was schematically divided
info four rings: the ower ing comprised bebween 100% and
6% of xylem radivs, the inkermediate ring between 607
and 30%, the mner low-comducting ring between 30% amd
5% and the nom-conductive pith, Semdand equipment oome-
spomided o tlmee probes imserted mio the ouber nng of each
trumk ta a depth of 0325 e after remaoval of the bark. In
four representative trees within the same sample of 11 frees,
sersars were irseried ot two complemeniary depths: 5 and
T em beneath cambium (xylem radivg mngmg rom & o
B oem and average = 7.33 am). The exposed parls of the nee-
dles were coated with stheome, The runk area conlaming
the prabes was protecied from direct solar radiation and
from rainfall with a waterproof deflector. The 41 probes
were connecied 1o o daia logper (CRIGK, Camphell Scien-
fific, Leicester, UK The zero-flux signal was determined
every nighl, assuming that sp Now was neghgible an the
end of the might, Toward the dry sessom, noctumal vapour
pressure deficit of the air (VPD) (a0 the same dme of AT,
recarding) differed from zero, and reached a maximum of
06 KPa, However, our sssumption relied upon the facis that
& s of probes was quite stable over the S-momth pericsd
{vanaton coefMcien = 1.8% on average), am overall thene
wits no relatonship between these snall variatiors amd the
progressive mensse of noctumal VPD wowand tbe dry ses-
gim. The explanation of peghgble night-time sap ows de-
spite substantial YV PLY wos likely des 10 several feastares; the

whene A, 15 lhe ol erss-sectional area ol xylem st the bev-
el ol the beating probe, & ) 18 the & messuned i the owler-
masl fang arel O 45 e mbio of 1o, o m the iomer fings.
The later formuala showed that due 1o the relative areas, the
messurements. of J, close 1o the cemer were of linle impor-
tance. The ratio of J, applicd 10 the successive ings from the
ouiside toward the cepder was |, .79 and 0.27. The resuli
was the application of a reduction coeMicient of L4574 1w
the J, mezasured inthe outer nme ol comducting xy lem. Hour-
Iy ol loww over a period of 24 howses cumulated o calculse
daily tatal ow, Additionally, daily total Aow was an estimale
of daily treg franspiration, igraring the changs in e water
storage. Draily trorspiration of an individual tree over o period
of tme (A0 was compubed 2 the sum of daily Innspration
divided by the period of tme. The final estimate of daily tram-
spirabion was the mesm ol the aversge daily trngprstion of
the 11 brees.

Simplified soif waler balance

Tree rnspiration cam be e tmted foom the depletion of the
sl waber content (SWE profile alome when the followimg
corditions are assumed in the soil woter balapce: (i) 2ero wa-
ter input Crainfall and irrigation), (i) negligible soil evapore-
tion, (Gi) pepligible loteral and desp water trarsfers and (iv)
ronl winler uplakes Hovted o the mesored sl profile. Under
these crreunmslances, e tree water uplake (E) equals the sotl
water depleton [AX) from the nool 2one for a period of bme
(&x) acoording bo the simple fonmula

E=AK/Ar=[8(r) — St + &r]/ ar.

where E represents tree water uptake or transpiration in mm
day ', A5 is the soil water depletion expressed in mm, 5i1) is
the s | waster sborage o 3l Uhe il dave 5 and S5+ Ad) s
the soil wailer storage mommaller aperiod A expressed m days.

The ol water slorage in the rool wome 500w denved
fromn soil maistare messurement ot different depths folloying
the Gz la:

S = _Jf fiz, 1) =k
(]

whene # is the valumetic SWC and 2 is the depth of the rom
200,
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MULTI-SPECTES CALIBRATION OF TRANSIENT THERMAL DISSIPATIIN METHOD 143
& Hawn 1| Tz ganl water halance was asaomed o fulfill dsese regire-
e 12 ments durimg the dry seosom, long encagh after the Lt minfill
:::: 4 ond considering the soil profile to o depth-of L& mo Bubber free
- Haw. 3.3 ronts gre mainly convenirated within the G meber bot o fow
B Hayd 1 ronls are abserved &t 4 grester depth Devakurar et al, 1999,
:::: # Sl moshire wis measuned with a sewtnon probe (3322 Troe-
:Fai b ler, Researeh Triamgele Pack, MO} every 0.2 moto g depth of
& Hav. 1 b# oo Two prvimetric calibrations wens applied, separating
:::: f the top layver from the ofher lavers. The W was nod uniform
 Haw B 3 in the harizontal ditection dus o rum-aff fowands the inter-row

: in the rainy season. Therefore, weset up 12 tubes by conples;
B o each couple, | fube aloag the planting Lise between Laa

trees, apprasatately 175 m from esch, amd | wbe nothe mid-
dle of the mier-row, approximately 35 m fom each planting
line. Apaverage soil water profile was detenmined by couple of
tube urd slatistics showed the variability reloted to the six re-
petitions, Tree water usz was esfimated from sail woter deple-
Ligm lor five penods staning 15 days afler the lagt rainfall
{Chctoher 30 o February 21, a1 beal’ Gl peak. Averspe sodl wa-
Ler depletion was compuied as the mean of measuremanis

::: ::: mle on sex pairs of lwhes. Sou mostones ab ekl capacity®
= k. 2 1 (—0.03 b and *permarent wilting point® (— 123 MPa) were
A 2 2 deduced rom soil water retention curves madeled from soil
:21' :; properties (% clay, % silt, % OM, medivom siee of sand and

bulk density) ol the Tour man yers of the sol prodibe -
0.2 0200, - 16 arwd 1.O-1.% m) weseng the vam Gennch-
terii—Blualem sl sdapbed by Weslen e al. {19985

da{l dm )

Dard whalvass

Frghre: 2. Values of the fhone index (R viersus Bax densily Based an 1 . B, .
The cul st expertmen? with e 1-mim TTD meethod: 1A) B fre- Regression anabysis and other statistics were perfommed using

sifiemsar (Fe | tumbers related 1o scoonems indicte e sef of cul Sigmaplol Versan [0 and SPS5 Verson LLS. Linesr slops:
stems nml probes (presented in Table 170K, =078 A4 /= = L84S wire compared using therr confidence migrvals ol D%,

and p = 133 (B) M. (edica (Man.} and C. maxinia (€3 Cyeye fits and estimates wene oorpansd wing the rool miesn
(K, = 049 00 8 = 054 md @ = 121k The Lines indicmie ghe e

speciive lincor egressions

Tanle 2. Detaiks of regnession curves froma cut stem experimens with she TTD method: (Sev L limear egression of I brordfensds datn;
(OHh_ L, Besisar pesgnession of i B ofes spocies, M fadce al O saciee; (ME_LE, multli-specics Hnr pegression mclodeg all the data;
(S gl mali-spocies sigmmmad repressim aml (D& R_siph sowdksl sigmaid regrission ol Dooamd Rochitzan ZINEZY The liverm aff e g
funciion is

T

The paremeizns of the cobares e o, member of dii o, slope of linear oarve; Xy, consieet velee of sigmiid curves; b, power of sinoid peve, SE.

ks

sanderd eror of egression parametemn crelwod o X, for ME_sip ) 195, confidence imferval g 25% of lrear slopes; {7 el M, sniemies elated o vach
regroson; Toml KMSEE, Toted moaot mmanes sguase temoe (n = 276) and BMEE., rolatinve ool mes square omie # siverl ramges of Do ries

n ] Xa f SE CLes  ® P Total BMEE 6 RMSEq rmge of . (L dm Y

0e0S Ki-10  Lo-30 A0S

Iev L 155 (LO?7E OAHEZE  (LIMRS X9 < (UOiHE]
Oeh L 121 Qude OJHEMD  (LWe0  0&d < DOTHE]
Ma L iTa- OIE - OHME  (UMES  OEH < Q0INF - 052 414 kA I63 il
SIS siy M 1 GEME 1414 ZHSI9 0T < QOMH 057 e 13 241 2]

[MEcR s 1 S555T 1404
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square emor | EMSE) according do the Fllowing fommulao:

RMEE =

where in the amnlyvsis of cut siem experiments, &, snd 52,
are sap Aow densities fron weighed and caleulated values
al ihe same K, sespectively, and i the number of esi-
miabed values, In the field comparizon, x, , and xo; are sol
waier depletion and free iramspirntion for the same period
of time, wespectively and » is dhe number of ree frapspira-
tion vinlues,

The comparmon of curve Biomg, winch separated Lthe
s of Mow rtes moeul slom expermmenis, was made using
relative mool mean square emor (RMS E, ) accosdmg 1o the
followme fonmula:

.

(ru-n:}:

RMSEy =
"
whene oy and 1o are sap o densities rom werghed and
estimated values ab the same K, respectively and r 15 the
tauirther of values.

Tio determme 11 sap ow measurensents and sob water bal-
ance resulted inosimilar sstimodes of doily tromspirstion, o
paired f test was performed for each period of time,

Ju (L 2 h-'}

Figure 3, Muli-spevics calibmtion of U flow indes |8 bverdus M
density with the 10-min TTD methad mcluding three species £f.
traaliencie. M, mdiog and O movisee. The dofied line indicoies
the original sigmieid calibmtion perfrmed by De and Rochelesa
. smwedust | 20026, D& sigh, the boll dotted bine indicaies the
il -sgieice sgrmme] ealibration (M g amd e conlmisus Hie
inlicanes the mailli-aorcios Hiear calibeabion (ME_L: &, = 00772 .4,
&= 0EK md w = 276)

4 T B

Ju from DER_Sig equation (L dm 2 h")
Y diffarent of 2 equations

-2 = -3
] 1 F s 3 4

Je from M3 _L equation (L dm™ R

Figun: 4. Sap flux denuny G5 cstimated (ha the eyuaiom ¢f Ta
agel Roscheboim [ZHZYE fopen circlesp versus S, estnsdad Irom th
niew imdalli-sposics Imear egualion [presentod in Figime 30 The
chosad ciroles relmod o the secomd 1oawis indicate the differences
Between dhe oo caimaies selative o the estimases fom e moli-
species oquminm.

Rsmlis

el st expaniments

Firstly, for M. bvasibiensis wood, the responses ol the £, in-
des 1 S, showed o strong Hoear relatbonship (Figune 24
Table 2, B = (U89, A substantial disenepancy wos -olseryod
aver |3 resporse curves, Figune 24 shows that variobility
arigmated from the differences in response both bebween
cul stems and between probes within dhe same o stem.
For example, batween cul stems, the global response off
Hev, 1, ab b dop end aof the scatler, contnsts with that ol
Hew T oot dle Jow end. And withm the same col stem, tse
regporse of Hew H.2 contrests with thot of fee 81 The
datn recorded wing A dedica and O seadma woods (s
setsl displayed o linear relotiorship close to the one sssessed
using H. brasiffensts wood (Figure 2B; Table 2, B = 0.84),
The slope of M. indica and € masmea dats dod nist diflfer
lran thet of & braviffensis | Table 2 Somilady o 8. Fea-
siliereniy clata, & subsiaotial discrepancy wos observed within
ihe seatter of points coming from the differences in responss
hath betwesn cul stens and between probes within the same
cul siems,
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L
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Trew transpiration {mm day ™'}
l:' ey
[=4] &n
II:I
H
e
‘ a S

04 " £ . , 4 3
oo 05 1.0 1. Z4 25 3D
Soil water deplation {mm day~'}

Figuire: & T transguraison ssimed fom @p o mcasooink
it extiveles fom sl waler doplotion B Pve pooeds in ghe diy
sppmin. Estimatis o sap 1o msssesiment ame tho avorage ol 11
sl Lros Uhnes proofes. por fedk ol M vanifesss. Esbimatli from
sl water depletion are $he average of neuinm probe measanenents
made an six pairs of Jbes insened oo depth of 1.8 mo The closed
cincles indicoe tree transpimtion estimatos fmm the multispecies lin-
car calibrmtion {presenied in Figure V). Open spaares are tree fmmeqi-
raboa ¢sdimates Dom Do mid Bochetean's cahibaation {2I24H),
Yertical and homzomtal ks pdhicaoe stancind crrors, ® nod = il ecaic
whirn esiimmaes differ significantly Fom cach ober, which wis the
G darmg e firel peod ad the onsel af the dry season (Mo eiiter,
P 005 and duneeg the last peniod (leaf all peak, Febminny, P < 00005

The whisle data el was (led o oa e function possng

throwgh O (Figare 3: Table 1)
Ko=007720,, o J=1208K,,
where o+~ equals 0L58 and & cquals 276,

The [ 1o 0 sigroid function similar to the fomm vwsed by Do
arel Bochebsa (20028 was very close to the previows Linear
fumctiom (Figume 31 and proved 1o he ro better {Table 25 The
EMEE (absoluts and relatve) wenz even shiehily lower fiar the
hiszar fmeticn, The calibrabion curve obiaosed with sawdias
by Do amd Bochetsu (20024) & located at the upper eixd of
the seatter of points {Figure 33 The companson of the two sig-
i fumnetions i M5 sip and [ R_sig in Tabbe 21 shiowed that
the unceriainty on parameter LX) m ihe muli-species colibm-
tiem i buded the response curve sssesed with o st by Do
atwd e beteau (20024 ), However, the estbrasbes of 4, differed
substannially between the average calibrations st vary low fow
ared high Ay rotes, Comipared to the multi-species calibmtion,
the values from the Do and Rochetean (200257 calibration
wene avercatioated & Tow J, (= 08 L dm™% 'y e, +30%
ot 0.5 Lodm™™ b, and were underestimated at high J, e,
—20% At &0 L dm T Y (Frgune 4).

Extimeeres of M. ot lemsiy mansggiration (o the feld

Tree ranspiration esimated from sap fow messurements
with il multi-apecies near ealibration decreased fnon
Lt mm day ™' i Mevember o 004 mm day™! fn February

at leaf foll peak (Figure 31, Comparisen with estimates from
the depletion of sl water profile (o a depth of 1.8 m showed
& strong correlation (8 = 0971 and RMSE egual o
(47 mm day ™. However, there were barge discrepancies al
the borders, ond for these two exiteme points, the estimates
differsd significanily from each other {F < D05 In Moyvem-
her, @ the starl of the dry season, the tmnspirotion estimaied
lraan sanl wader depletion was bwo-fold higher (2.5 min
day ") Companed o the previows equatin of Do and Boche-
N [ Z0HIER Y, e mulli-species calibration e hothe efTect on
the transgpimation estmates, il shighily lowersd RMSE, [rom
ih.35 o 0,47 mm day ', muinly through the differences. i
I AL {Figuare 53 The modest difference of trarspirsion es-
fimates hetween the two calibrations was related to the niea-
sured range of medivm 1o kw £ = 200, and wes fonseeahle
From the previows analyses of Figune 4.

IHswsabiom

TTD plifenion Indepremdent of woody speviey

By armlogy with the CTD methisd of Cranper (1985, the TID
wvethond developed by Do and Bochetean | 20020 was st cal-
bt on syiathetic porsis material (sawdust)y, assumimg tal
the rebationship was independent of the woody species and po-
revits masdin. Car results demonstrated that the mesponse of ihe
Ko index to Nux density, calculated with 10 min of heating,
was somilar fisr three dropical woody species: 8. beeviliersiy
{with o berge somple of ool sters and twa probes), W indion
arwl O merima. All the species bested had dufusive-porous
wonnd. So i ang-porous wosd had been wed, would the ne-
aponses have been different? The previows calibrafion per-
formed by Do oand Rochetean (2026 ] wos done using
sawehst, This is very different porous media tham cut stems
mxl Dikely nxluced beterogemeous J,. However, 1 fell within
the vanabality of e multe-species calibration, These results
stromgly sumpord e bypotbiess that the TTIY empirncal cali-
hation is mde pendent of the woedy species, alilaugh it is re-
commerded 1o check resulis by some son of validastion before
interpreding oy obsolue values obained from different spe-
cies of wood and in different environmental conditions (L et
al. 200Ky Henoe, the TTD method appesrs 1o shore the prop-
ety of universal calibration with the crigmal CTD methesl.
Whit = the explanation? Even concermmg the CTE method,
ihis point has nod been msch discussed, but this independence
is likely due to D, Gramicrs design of the thenmal index (87,
which 15 also wsed in the TTD methad. It is the mtio of sipnol
resporse wl semo Now to sl response ot aciusl Dow, Unlike
sl physical miethods of measuement, axch probé has no
paricnlar caltheton coefficient. As o works, il appears thal
wero-flug responss of the set-up system octs o8 8 calibration
coeflivient for the whole probe-poross media sysiem.

Limfraetions of cut stem caperamens with TTE menboas

[Respomse curves showed an tra-speciss diserepancy fis the
dilferent species. The discrepancy came from both ditler-

TREE PHYSRMLOGEY OMNLINE al I|ltl:"-h'u'w.h"|'.“|1h:||:=-.|.!l::r'llllel.r:mmI}ur::
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SWE {em 100 em® of soil)
2 ] m 14 B\ B m

[=]

i

=100 -

Soil depth {cm)

-120

=140

=160

18D =

Figure &, Changes in the yolametric SWC profile during the dry se-
som from Ocinher 2007 do Fehruary 3008, Sail meaistare at field ca-
pacity is indicated by the pmofle at (k02 MPa, and =odl maisture =
wilting poind is indicated by dhe profle ot — 1.5 MPa. Horioondal bars
nchcate stanchard Grors (@ = Gk

ences between the cud stem samplss and the probe set-ups
within the same segment of cut stem. Similarly o the CTID
method, the diserepancy i the TTD method may come in
particular Mnom (1) probe coniact with non-comductive sap-
wiond, (1) poor contect between the probe and the sapaood,
(iii} heterogereous Aow density within the cut sample and
poor representotiveness of the probe position, (iv) beteroge-
mepus flow density along the lengih of the probs and (v) the
extslence of transienl nalural tbermal gradients. Fistly, con-
L between the probe and the condective sapwood only has
bzen a known reguirement of T methods since the star
(Gronier 1983, Braun and Schmid 1999, Clearwater ot al.
19949}, The response curves assessed for the multi-species
calibration comesponded b fully conduciive sapwood con-
firmed by staining. We did some tesis on the cut stems of
Longam [Dimocarpay forger Lour) and observed a large
mai-slamed anea around the pith, implymg the the 2 em up
of the probe was in partial contact with non-conductive
wirgd, The final resulis were a much lower response curve
than the ronge presented in Figure 3 {doto nod shown ), Sec-
ondly, comect contact between the probe and the sapwood is
alao a basee requiremnent of TEY methids Lo et al. 20060, This
i parivcularly true when dealing with desd wood in cul spem
experments because there 15 no progressive tghtening of
wind s ogours in living trees. AT is a good indicator of
such comiact, In this experiment, 4T, below 1005 °C insured
a gl pomtact and heat dissipation between probe ard wood,

Hevwewver, there was sill & substantial vanability of AT, be-
tween 105 and 7.5 °C (Table 1), despite on sccurobe regula-
tiom of the power of each probe heating at 0.2 W, The data do
nad suppart a difference relaved 1o the probe itsell bocouss
within the samse sbems, the mean amd variaion coefficen of
AT, wene stmtdar, 90 %0 (S0 = 0.9 and 9.4 0 (S0 = (.93,
lor prabes 1 amd 2, respectively. Hence, the varabilivy of
& Ty, particulardy within the same cut stem, reflects mainly
the varigtions of heat dissipation by comdwection dus 1o vania-
tiom in the guality of the contact between probe and wood, This
conld explain the swhstantial differences observed in probe re-
apomses within the same cul stem amd between cul stens.

Thirdly, heterogemeous fows within cul samples ame nalu-
rally expected. They could be due 1o L exslence of lension
wiroid counderacting the effect of wind or weight. The probe
miay have been inserted into o sector that was niod representa-
tive of average Aow, Moreover, Table | shows that eonduwe-
tance could vary considerably i somilar col segments of the
samme species, and such differences may also exist between
seclors within the same sample. This could explain some dil-
lererces i e response of a probe within the sme cul sam-
ple. Fourthly, Clearaater et al. (19949) showed thai with the
CTD method, heterogeneous flow density along the probe
may lead 10 underestimation of sap flow due 1o the non-linsar
resporse of 4 1o the wmperature signal. Sap Dow along the
length of the probe was likely heteropeneows m oour cul skem
experiments al a magnsde tha varied with stem samples.
This feature may have inducsd some discrepancy betwesn ne-
sponses, Howewver, the more lisar response of the TTD fher-
mal index o flow density should decrease sensitivity o this
elfect. Fmally, by contrst with the CTD method, the T
miethod 15 maensitive woa stable natural thernal gradient
(D0 amd Bochebesu 20024). Howewer, a change in thbe nat-
ural thermal gradient over the IWmin penod of measune-
ment may indues a large error in the measurement
(AT, — AT &l a0 it was noticed in the field in the early
miorming when ATy was not inferpolated betwesn values
before and aller heating. Even m the laborlory experi-
mienls, the use of an mierpolabed AT g decressed the overall
diserepamey {data not ghovam). Thene ane certamly otler un-
knowm factors that comiribune o the uncertainty and o the
difficulty of laboratory calibration on cul stems. Neverihe-
less, the sources of wariohility ore surely emphasized in
the field with large rees. Even with small trees in contain-
ers, MeCulloh e al. (2007) observed laree mdividual ermors,
{up o S0 when comparing the responses of the CTD
mithod with gravimelne measurements. Consequenly when
warking in the figld, a5 in cui stem experimens, il appears
important b estimade dhe mean responss wsing o large num-
her of set-ups ard repetitions,

Comprerdion febveen cwrvewd colibwation erd that of Do and
Recketean (2M20)

The sawdust calibration of Do and Bocheteaw (20028) was
included in the vardability of response curves observed in

TREE PHYSIOLOGY VOLUME 30, 2010

48



Results: xylem sap flow calibration

MULTLSPECIES CALIBRATION OF TRANSIERT THERMAL DISSIPATION METHOGD 147

cul siems of the three mopical species (Figure 3} However,
the estimates usmyg the average muli-specees calibraton dif-
feied substatially from e previous cabibration at hogh tow
and wery low fow mabes, The mult-specues calibrtwon was
based on the [® response curves mixing 3 wood samples
nmnd two probes, The calibration of Do and Rocheiean
(200240 on sowdust was hased on o sawdust columns
arl one probe. The dada besis ol the mult-species calibnation
Likeely sreimized vanatality and provided a mone reliahle ov-
crage response curve. We assume ol a e sanple of saw-
dust columme and probe set-ups woukd have yielded a mean
respanse closer (0 our multi-species calthmtion.

Fiirld evilivaiion of framspleerion estismme S mafwe
H. bred e

The fcld evalisstion compared the esbrates of rampurston
from sap ow mieasurenents with the estimates from & sim-
plified soil wader balapce, The comparizon validated the mag-
nitude of trunspivation estimates fom sap Qow measurements
with flse mmlti-species calibration when corsidering the nid-
dle of the dry season, The estmate of 1.6 mm day ' may ap-
pear guiate low aller anly | momb ol dey season, when ees
are sull me bl fodisge asd evaporative demand s relatively
hiigh. However, lsoranghkonl Mo Ayuithoyva et ol (2008]
shovwed thot at this time bath ., and whole-tree hvdraulic con-
ducance hod already decreased obout 0% compared 1o va-
lues measured at the cod of the oy season 1 Octaobwer
(25 o elay ') A the start and &t the el of the soil drymg
period used for companson, we Tound sigmificant discnepan-
cies between trunspiration estimates from sop fow messure-
ments and from dhe soil water balimee, For the first period of
comparison, starting |3 days afler the Inst minfall, the change
in sl water prafiles to o depdl of 18 m did mot support the
lyposthess of meglgble soil surfsce evaporation and waler
trznsfiers aulside the aoil profile {Figure 63 There was sill
. large amount of water availahle in tlse soil surfice layer,
arsd at the lower end, the 5WC had substantially decreased.
Moreover, ot the end of the dry season, the hypothesis of neg-
ligible rood waier upinke outside the messured profile wos
doubafial, Al Uis dme of beal fall peak, msn manspiratoon es-
timated from the sap Oow mesurements was 041 mm day !
awhibe tlie L8 m soil water prolile shioved almost oo change
ovier @ persod of 30 days, vielding 001 mun of depletion. Fig:
urg: & shovas that the soil water prafiles wene not far from the
reference profile ot —1.3 MPa. In the same plantation, Caon-
khamdes et nl. ¢ 20008 reported root activity at o depth of 3 m
m the diy semsorn, ol s Sy possible thn at this e the
Lrest Tap waler fhom deeper soil layess, Addmonally, m s
study, e rangpiration estimate of 0.4 mm day ™" corne.
sponded wovery Tow hourly 4, betow 0.5 L dm ™ h™". At this
rafe, the accumey of absalute measurement with the TTI
meihed s poor becouse of the calibrotion uncenninty {see
EMSE.: im Table 2) opd becouse of the nelative influence
ol any dnaccursey 0the messarement ol AT, i the feld
The relative accoracy of AT, and W ssumed comespon-

dende 1o zere flow are o common weakpess of all thermal
methods (Do ssl Rochetean 20026, Lo e al, 20064, Regalado
aisd oo 2007 The © T axl mone recently dlse TTO{C e
patin et al. 2, HHIGE, Abul Karmay e ol 2008, Da et al.
2008y methods hove demonstrobed their ability o accurabely
recond the changes in bourly nnd seasonal transpiration. The
avouraey of ahsolute estimates of ranspiration s another
slegr, which obviously requites 3 large number of probes
arl cross-valilation with an dslependent methd auch ag 2eil
water halancs or gs exchemge mesinemenls

Conclusion

In conclusion, the evidenoe of non-species specific calibra-
tion strengthens the mterest of dhe [0-min TTD method de-
veloped by Do and Bocheteau (2060285 In addition, the fizld
conrmarisa with e soil waber balanoe metbod valslaied s
nensonable extent the absolule estimates of ranspiration fion
the new mauli-species calibraton. Compared w the CTD
method. the cument sdvanages of the TTD method are (1)
a mare stable night-time reference (Do and Rocheteau
2002a) amd insensitivity to @ stoble rataral thermal gradient
§ Do Bochetea 2020 ard (i) the sinple linsar response
al the mmswent &, isdex. Obvious drawbacks are () 0 low
fesolubion Hime of mensurernenl — with 10 mun of heating
and conling: one measurement every 20 min or every
200 mim @t the best and (i1 o little more complex elecironic
cirguitry required including a relay box (Lu et al. 20045, Fi-
nally, one promising new sdvantage of the TTE medbod is
the applicahility of its fime-relobed signol o o single probe
using exsclly the same K nxlex (Do unpub Ebed) or g meme
saphistcated imlex {Malgoub et al, 20097 The use of a smgle
probi will furtber reduce problems associated with thermal
grodients und minke instrumentation simpler and chenper,
which may inerense the cwrrent ndvaningss of thermol dissi-
patinn methads aver ather thermal methods.
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Abstract

Effects of soil and atmospheric droughts on whole-tree transpiration, leaf
water potential and whole-tree hydraulic conductance were investigated for mature
rubber trees (Hevea brasiliensis, clone RRIM 600) during the full canopy of the rainy
season in a drought-prone area of North-East Thailand.

Despite well-watered soil conditions, transpiration did not follow completely
evaporative demand, transpirations saturated above reference evapotranspiration (E7y)
ca. 22 mm day'. Intermittent soil drought provoked a dramatic decrease of
transpiration below a threshold of 50% of relative extractable water (REW) in the top
soil which corresponded to a predawn leaf water potential (W, eqqun) c.a. -0.45 MPa.
Transpiration was reduced by 40% at 0.3 REW and 80% at 0.1 REW. The minimum
leaf water potential for sunny day did not change according to soil drought and was
stable around -1.95 MPa which supported an anisohydric behaviour. The decrease of
transpiration was mainly due to the change of whole-tree hydraulic conductance. The

results of simulation proved the ability of a simple “hydraulic limitation” model,
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based on evaporative demand, whole-tree hydraulic conductance, and critical
minimum leaf water potential, to simulate the pattern of transpiration changes.
Finally, combination between the cohesion-tension theory, electric analogy
and hydraulic limitations hypothesis provides a promising framework to analyze
transpiration responses to soil and atmospheric droughts and to develop simple

process-based models to compare genotypes in contrasted environments

Keywords: Hevea brasiliensis, water regulation, intermittent drought, tree

transpiration, leaf water potential, whole tree hydraulic conductance

1. Introduction

In trees, leaf carbon gain is tightly coupled to water loss. As a consequence, to
maximize their growth and productivity trees also need to maximize their
transpiration. Plants respond to drought by reducing transpiration through stomatal
closure which prevents the development of excessive water deficits in their tissues.
Such a dilemma represents for plants facing drought the complicate trade-off between
carbon gain and water losses. This probably explains why considerable attention has
been given to the measurement and modeling of transpiration response to drought. A
large number of empirical models have been proposed to predict transpiration.
However, in order to predict tree response to environmental conditions or to evaluate
the performance of new tree genotypes, it is now crucial to develop more process
based models. It is then critical to identify the key processes that govern tree
transpiration to properly model their function under drought and contrasted
environmental conditions.

Tree transpiration (E7..) 1S a physical process determined by the evaporation
of water molecules at the leaf surface. Hence, E7.. 1s first governed by an evaporative
demand closely linked to climatic variables like global radiation or vapor pressure
deficit (VPD). This climatic demand sets an upper physical limit to Ez... When
reference evapotranspiration (E7)) is low, during rainy days for instance, E7z;.. is also
low. But there are a number of situations where ET) largely overestimates E7zc.. In
other words, under these circumstances trees operate a biological control limiting their

water losses. This is usually achieved by a stomatal closure (Comstock and
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Mencuccini 1998; Cochard et al. 2002; Buckley 2005). For instance, under high
climatic demand (high VPD), several studies reported results in well-watered soil
conditions where E7... does not follow evaporative demand, a saturated E7.. at
maximum value occurs (David et al. 2004; Bovard et al. 2005; Oguntunde et al. 2007,
Bush et al. 2008). Similarly, decline of soil water content induces limitations and
reductions of E7.. through stomatal closure (Breda et al. 1993; Cochard et al. 1996;
David et al. 1997; Irvine et al. 1998; Meinzer et al. 1999).

Water transport in trees behaves like the transport of water in a plumbing
system and can be efficiently modeled by simple hydraulic analogy where flows are
proportional to pressure gradients, the coefficient of proportionality being analog to a

hydraulic resistance (Van den Honert 1948; Tyree and Zimmermann 2002):

— * — T
V/Soil - V/Leaf = E Tree RTree - = ( 1 )

Tree

where s, is the soil water potential, y;.. the leaf water potential, Rz... and
K7 are the hydraulic resistance and conductance of the whole sap pathway,
respectively.

The wieqr is a key physiological parameter that has strong direct of indirect
impact on E7... Direct effects of yre.son E7y. can be caused by its impact on leaf
turgor (Cochard et al. 2002) or on the interaction with stomata sensibility to ABA
(Tardieu and Simonneau 1998). More indirect effects explained by the correlation
between ;. and the xylem water potential (wx;en) and by the effect of wyyenm on
cavitation (Sperry et al. 1998; Cochard et al. 2002). Whatever the mechanisms,
experimental data suggest that many tree species tend to adjust their transpiration with
the effect of maintaining w;..,, above a critical value () which results in an
isohydric behavior (Tardieu and Simonneau 1998; Franks et al. 2007; Maseda and
Fernandez 2006; West et al. 2007). Conversely, the anisohydric plants are less strict
control by stomata, thus no discernible threshold (West et al. 2007).

On the other hand, maximum leaf water potential or predawn (Wpredawn) 1S
typically used as a reliable indicator of soil water potential, which fluctuates

following soil water status (Richter 1997; Donovan et al. 2001). The relative
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extractable water (REW) is also used to directly characterize soil water status in
transpiration modeling (Granier et al. 1999, 2000; Breda et al. 2006). Additionally,
the decrease of K7, under soil drought has been demonstrated in several temperate
trees (Breda et al. 1993; Cochard et al. 1996; Lu et al. 1996; Alarcon et al. 2000;
Cochard et al. 2002; Brodribb et al. 2002).

A number of mechanistic models have been proposed to predict Ez.. under
these limiting conditions which are based on hormonal (Tardieu and Simonneau,
1998) or air humidity signals (Granier et al 1996, 2000; Ewers et al. 2001; Oguntunde
et al. 2007). The ‘hydraulic limitation’ hypothesis (Jones 1998; Sperry et al. 1998) is
an alternative and very promising way to model tree transpiration under water stress.
According to Eq. 1 it is possible to compute a critical transpiration (E..)

corresponding to

Ecrit = (y/soil - V/crit ) * KTree (2)

According to this hydraulic limitation hypothesis, E.. set a functional
limitation to E7.. that can be reached under drought conditions (low w,,; and low
Kz values) but also when the evaporative demand is very high (Jones and
Sutherland 1991; Sperry et al. 2002). By combining the limiting effects of ET) and

E..;;on tree transpiration, it is possible to construct a simple model for E7e.:

E.= Min(E,,; ET,) 3)
This approach has proven to be valid and robust for temperate angiosperms
(Sperry et al. 1998; Cochard et al. 2002). As far as we know, there is little evidence so
far that this approach remains valid species from other biomes, such a tropical species
for instance. In wet tropical conditions, tropical species are more rarely exposed to
severe water stresses than species from other biomes. Therefore, they may have
developed very different mechanisms to control their water losses.
The general objective of this study was to test this approach in Hevea

brasiliensis (rubber tree), a species native from wet tropical forests in Amazonia. To
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benefit from the ever-increasing demand for natural rubber, the cultivation of Hevea
brasiliensis is extended in drought prone areas such as in the southern part of
northeast Thailand. In this area, rubber tree has to face soil drought and atmospheric
drought in both wet and dry seasons. Several authors have studied the influence of
soil and atmospheric droughts on the water relations of mature rubber trees
(Chandrashekar et al. 1990; Chandrashekar 1997; Gururaja Rao et al. 1990), however
they focused on the absolute comparison of variables between seasonal dry season
and wet season and on the relationships with latex yield. Two studies of hydraulic on
young potted trees provide interesting insights before testing hydraulic limitation
hypothesis (Ranasinghe and Milburn 1995; Sangsing et al. 2004). First, both authors
found high values of xylem tension corresponding to 50% of embolism in the petioles
(between -1.5 and -2.0 MPa) which suggests that rubber tree is relatively vulnerable
to cavitation. Secondly, Sangsing et al (2004) found that stomatal control operates at
the onset of xylem embolism in the petiole which suggests an isohydric behavior.

Our study had four detailed objectives. The first objective was to assess the
response of whole-tree transpiration to intermittent drought in rainy season: we
hypothesized responses to both atmospheric drought and soil drought with particular
thresholds. The second objective was to study the operational range of y;..r water
potential under soil and atmospheric drought conditions: we hypothesized sensitivity
of predawn value to soil drought but a relative stability of midday value for sunny
days. The third objective was to study the concurrent change of whole-tree hydraulic
conductance: we expected that these changes mainly explain the reduction of
transpiration. The last objective was to test the ability of a simple “hydraulic
limitation” model, based on i) whole-tree hydraulic conductance (sensitive to soil
drought) and on ii) a critical minimum leaf water potential, to simulate the main
changes of transpiration.

To address these issues, we selected a mature and representative rubber tree
stand of the main planted clone in South East Asia. It was located in the southern part
of northeast Thailand where trees are regularly exposed to soil and atmospheric
droughts during the full canopy in rainy season. Seasonal and diurnal variations of
Etrees Wiear and K7y were measured with concurrent recordings of atmospheric and

soil water conditions.
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2. Materials and methods

2.1 Field site and plant material

The experiment was conducted in a plot of RRIM600, planted at 2.5m x 7.0m
spacing and tapped for 4 years. The plantation is located at Baan Sila (N15° 16’ 23"
E103° 04’ 51.3"), Khu-Muang, Bureerum, northeast Thailand. The rainy season lasts
approximately from April to October and the annual amount of rainfall averages 1176
mm. Six representative trees were selected. Their trunk girths, measured at 1.50 m
above soil, varied from 43.3 to 58.3 cm (average: 52.5 cm). The maximum leaf area
index measured by litterfall collection at defoliation time (December-January-

February) was estimated c.a. 3.89 in 2007.

2.2 Climatic measurements

Local microclimate was automatically monitored in an open field, 50 m from
any trees. A datalogger (Minimet automatic weather station, Skye Instruments Ltd,
U.K.) recorded half hourly values of air temperature, relative humidity, incoming
short wave radiation and rainfall. The reference evapotranspiration (ET)) was

calculated according to Allen et al. (1998).

2.3 Soil water content measurements

Volumetric soil water content () was measured with a neutron probe (3322,
Troxler, Research Triangle Park, North Carolina, USA) calibrated for the
experimental soil with separated calibrations between upper (0-0.2 m) and lower
(below 0.2 m) layers. Twelve tubes of 2.0 m in length were set up, six along the rows
and six between the rows. Measurements every 0.2 m, from 0.1m until 1.7 m depth,
were performed every two weeks from May 2007 to October 2007. According to soil
water fluctuation, the soil profile was separated between two layers, a top soil (0-0.4
m) and subsoil (0.4-1.8 m). Average field capacity and permanent wilting points were
equal to 19.8 and 7 cm’/100 cm’ of soil for the top soil, and to 25.1 and 10 cm®/100
cm’ of soil for the subsoil, respectively (Isarangkool Na Ayutthaya et al., Paper 1).

Additionally, 6 was measured continuously with a capacitive probe
(EnvironSCAN System, Sentek Sensor Technologies, South Australia, Australia)

within a single tube close to a tube dedicated to neutron probe measurement.
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Capacitive sensors were located at the same levels than neutron probe measurements.
For each capacitive sensor, 6 was estimated from a cross-calibration with the neutron
probe measurements over the whole season range. To estimate continuous change of
the average soil water profile, linear regressions were performed between 6 of the
average soil water profile (12 neutron probe access tubes) and 6 of the profile
continuously measured with the capacitive probe. For the previously defined top soil
and sub soil layers, R* of linear regressions were 0.89 and 0.76, respectively. Relative
extractable soil water (REW) was calculated according to Granier et al. (1999) and

Breda et al. (20006).

2.4 Leaf water potential

Leaf water potential (y;.,) was measured on the six instrumented trees with a
Scholander type pressure chamber (PMS 1000, PMS Instrument Company, Corwallis,
Oregon, USA). Two trifoliate leaves with petiole were randomly selected from sunny
locations on each experimental tree. ., measurements were performed in situ
rapidly after cutting. Regular measurements of ;.. were carried out once or twice
times per month, W,requun, between 05:30 and 06:15 hours, and midday leaf water
potential (Wmidday), between 12:30 and 13:30 hours. Additionally, four diurnal kinetics
of ;.. measurements, i.e., every 1-2 hour from predawn to sunset, were performed in

contrasting periods of soil water content.

2.5 Xylem sap flow measurements and tree transpiration calculation

The measurements of xylem sap flow density were made using the transient
thermal dissipation method (TTD) developed by Do and Rocheteau (2002) which is a
modification of the continuous thermal dissipation method of Granier (1985). The
modification avoids the influence of passive temperature gradients. The TTD method
is based on the same Granier’s probe design and heating power but uses a cyclic
schedule of heating and cooling to assess a transient thermal index over 10 min
change. The hourly sap flux density (J;; L dm™ h™) was calculated according to the
empirical and non species-specific calibration assessed by Isarangkool Na Ayutthaya

et al. (Paper 1):
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J. = 12.95K, (4)

where K, is a transient thermal index (dimensionless).

An alternate signal (AT,) was defined as:

AT,= AT, —AT,, (5)

where AT,, is the temperature difference reached at the end of the 10 min
heating period and AT, is the temperature difference reached after 10 min of cooling,

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 10 min. Experience showed that averaging AT, values (before 10 min
of heating and after 10 min of cooling) improves measurement accuracy. This
interpolation of AT,; at the time of AT,, measurement likely reduces sensitivity to
quick changes of reference temperature or natural thermal gradients.

The transient thermal index was calculated as:

K,= (AT, -AT,)/AT,, (6)
where ATy, is the maximum alternate temperature difference obtained under
zero flow conditions and AT, is the measured alternate signal at a given J.

The zero flux signal was determined every night assuming that sap flow was
negligible at the end of the night. Probes were inserted into the trunks at a height of
1.8 m above the soil. At this height, average sapwood area was estimated at 1.97 dm®.
After removal of the bark, the probes, 2-cm long probes were inserted into a hole of
2.5 cm deep within the sapwood, in such a way that the whole probe was inside the
conductive sapwood. Three probes were inserted into each trunk to take
circumferential variability into account. After the probe was inserted, the exposed
parts of the needles were coated with silicone. The trunk area containing the probes
was protected from direct solar radiation and rainfall by a deflector. Probes were

connected to a data logger (CR10X, Campbell Scientific, Leicester, U.K.).
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Hourly sap flow density (J;) was cumulated over 24 h to calculate daily J;
(Js_dairy)- For taking care of the variation of sap flux density in the depth of wood, a
reduction coefficient of 0.874 was applied to the J; measured in the outmost ring of
conducting xylem (Isarangkool Na Ayutthaya et al, Paper 1). Finally, neglecting tree

water storage, E... (mm day™) was estimated according to the equation:

Etree = 0.874%* J qaily *sapwood area/tree spacing area (7)

2.6 Whole tree hydraulic conductance

The whole-tree hydraulic conductance (g;) was calculated from concurring
measurements of sap flow rate and leaf water potential following Eq. 1. The multi-
points method plotted the diurnal changes of y;..sversus sap flux density, the slope of
the assumed linear relationships representing the hydraulic resistance, the reverse of
the hydraulic conductance. The single point method applied the simplified following
formula (Cochard et al. 1996).

gL = Js _ midday /(leredawn - \Pmidduy ) (8)

where J; midgaqy 1 the maximum sap flux density, Wyreduwn anNd Wiidday are

predawn and midday leaf water potentials, respectively.

2.7 Hydraulic limitation model of water loss

The basis of the “hydraulic limitation” model is a critical minimum leaf water
potential at the level of which, tree regulates its transpiration whatever it is induced by
atmospheric drought or soil drought. The basic model used was similar to the ones
developed by Tyree and Sperry (1988) and Sperry et al. (1998). Called “RER”, it was
developed in Microsoft Office Excel according to Cochard et al. (1996, 2002)

following the simple equation:

JS _crit = g L (\Ppredawn - \Pcrit ) (9)
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where J; . 1s the critical maximum sap flux density and ., is the critical
leaf water potential which stomata are assumed completely closed at this point
(Cochard et al. 1996). Following Eq. 9, w., corresponds to the value of Wi,y When
Js orir €quals actual midday sap flux density, J; midday (Slope close to one).

Then, the midday or maximum sap flux density was estimated daily according

to the following equation:

Js _est = gL (\Ppredawn - \Pcrit ) (1 O)

where J; .y 1s estimated maximum sap flux density, g, and y,redann are both
estimated daily from relationships with REW (input data). y.,;; was assumed stable to
the same value for the whole rainy season. The critical tree transpiration (E.,;,; mm
day'l), was deduced from J; .y according to Eq. 11. A simplified linear relationship

was applied (R* = 0.93, n = 434; Figure 1):

E = 0.7194J (11)

crit s _est

E.;; defines a maximal value of daily transpiration due to the hydraulic
limitations, however it may not be reached due to low evaporative demand. Hence,
the final step of modeling selects the minimum value between E.;; and ET, (input

data) according to Eq. 3.

2.8 Statistical analyses

Mean comparison, regression analysis and other statistics were performed
using SPSS11.5 and Sigmaplotl10.0. Linear slopes were compared using their
confidence intervals at 95%. For the models, measured E7.. and estimated E7;.. were

compared using the root mean square error (RMSE) according to the formula:

(12)
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where x;; and x, ; are measured E7,.. and estimated E7;.., respectively, and n is

the number of estimated E7yce.

3.0

y =0.7194x
R?=0.93

N
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Figure 1 Daily tree transpiration (E7..) versus maximum sap flux density (Jy) in
mature rubber tree (n = 434). The continuous line indicates the tendency of

relationship, slope equals 0.7194 (r* = 0.93).

3. Results

3.1 Environmental conditions and seasonal changes

In 2007, rubber trees of the plantation displayed as usual a full canopy from
May to November. Rainfall occurred from mid April to October. The cumulated
amount of 960 mm was 20% below the long-term average in the area. After the onset
of the rainy season, several drought spells, i.e., periods without significant rains from
10 to 20 days, occurred in May, June, July, September (Figure 2A). In the rainy
season, the ET, varied largely from 0.43 to 4.17 mm day'. The values were
particularly high (above 2 mm day™) in the first part of the rainy season from May to
July and at the end of the rainy season in October (Figure 2A).

3.2 Transpiration
Despite full canopy, daily transpiration (E7..) showed remarkable changes
along the rainy season (Figure 2A). First, there were recurring stable values around 2

mm day” (maximum = 2.38 mm day"), where the transpirations did not follow the
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ET, increases. Secondly, there were dramatic decreases down to 0.32 mm day (more
than 80%) in June and July. This period which combined low rainfall and high E7), is
known as the “mid-drought” period of the wet season in this area. However some
peaks of transpiration decrease could also correspond to low E7) and rain occurrence

(Figure 2A).

3.3 Soil drought

The volumetric soil water content () showed marked changes in the top soil
(0 - 0.4 m depth) with a continuous decrease from May to July (Figure 2B). Values
ranged from 26 to 8 cm’/100 cm® of soil, the minimum being reached at the same time
than the minimum transpiration (Figure 2A). By contrast,  in the subsoil (0.4 — 1.8 m
depth) stayed at low values around 11 ¢cm?/100 cm® of soil, except a slight increase in
October after high rains.

REW estimated from continuous soil water data (capacitive probe) confirmed
the very low water availability in the sub soil (below 0.2 REW) except in October
(Figure 2C). Above all, it showed the importance and severity of the soil drought in
the top soil from June to the end of July, approximately 60 days below 0.5 REW.
According to REW in the top soil, three periods of time were approximately
distinguished: well-watered period (May and August to October), REW being above
0.5; mild-drought period (June to early July), REW fluctuating around 0.3; severe-
drought (mid-end July), REW fluctuating around 0.15.

3.4 Leaf water potential and whole-tree hydraulic conductance

Leaf water potential before dawn (ypreqawn) ranged between -0.32 and -0.44
MPa in the well-watered period (average = -0.38 MPa, Figure 2D). It slightly
decreased, between -0.47 and -0.54 MPa in the mild drought period (P<0.05) and
reached -0.83 MPa at the peak of drought (P<0.01). By contrast, ¥4,y did not appear
related to soil drought. It ranged from -1.21 to -1.84 MPa when ET) was less than 2.2
mm day” (averaged -1.60 MPa), and ranged from -1.57 to -2.27 MPa when ET, was
more than 2.2 mm day' (averaged -1.93 MPa). Wmidday 10 sunny days did not

significantly differ between the three periods of contrasting REW.
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The environments condition and tree water parameters during mid May - October
2007: A) rainfall (columns), reference evapotranspiration (E£7); dotted line) and
average of 6 individual rubber trees in daily tree transpiration (E7..; opened
circles), B) volumetric soil water content (6) at top soil (closed circles), subsoil
(opened circles), and recorded @ by capacitance probe of top soil (bold line) and
subsoil (thin line), C) relative extractable soil water in top soil (REW) on top soil
(bold line) and subsoil (thin line), and D) predawn (¥csawn; closed circles) and
midday leaf water potential (Wuiu,; opened circle) and whole tree hydraulic
conductance (g;; closed rhombus with dotted line). The 2 g; values in the
parentheses were the estimated values from the relationship between g; and

Wpredawn- T he vertical bars in each picture indicate confidential interval at 95%.
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g1 calculated with the single point method appeared related to soil drought. It
averaged 1.63 L dm™ h' MPa™ in the well-watered. g; decreased to 1.47 L dm™ h™
MPa™ in the mild-drought period which did not significantly differ from the value in
the well-watered period. At the peak of soil drought, the decrease by 50% was
significant (0.89 L dm™ h™ MPa™ in 24 July 2007 and 0.79 L dm™ h"' MPa™ in 25
July 2007; P<0.05; Figure 2D).

3.5 Transpiration responses to atmospheric and soil droughts
3.5.1 Atmospheric drought
The relationship between FEp.. and ET, showed that in well-watered
conditions, transpiration followed E7) along the 1:1 line up to a ET7j threshold
between 2 and 2.2 mm day' (Figure 3). Above this threshold the transpiration
saturated. Points corresponding to mild and severe soil drought periods were logically

displayed below the response in well-watered conditions.

3.0 - //
2.5 -
2.0 -

1.5

ETree (mm day-1)

1.0 -

05 4 <

ET, (mm day™)

Figure 3 The relationship between tree transpiration (E7..; average of 6 rubber
trees) and reference evapotranspiration (E7)) at well-watered period (REW
> 0.5) with ET, < 2.2 mm day™ (opened circle), well-watered period with
ET, more than 2.2 mm day™ (closed circle), mild-moderate drought period
(REW range from 0.15 to 0.5; cross), and moderate-severe drought period
(REW lower than 0.15; closed square). The dotted line indicates 1:1

reference.
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3.5.2 Soil drought

According to previous results of transpiration response to atmospheric
drought, the values of Ep.. were separated depending on ET, threshold and
transpiration was expressed relative to E7) (Figure 4A and 4B).

Above 0.5 REW, Ere. and Erp../ET) showed scattered points without
significant slope. For non-saturating conditions of ET, (ETy < 2.2 mm day"), the
relative transpiration ranged between 0.69 and 1.36 and the average was closed to 1
(0.98). The scatter of relative transpiration points corresponding to E7y > 2.2 mm
day” was logically lower than 0.5 REW. Below 0.5 REW, there was a significant
linear decrease of the relative transpiration versus REW (R* = 0.65, P<0.0001, Figure
4B). Saturating condition of E7) did not affect the transpiration response at low REW,
REW being the limiting factor. Considering the crossing between the decreasing line
and the plateau above 0.5 REW, a REW threshold around 0.5 was estimated. This
estimate was approximate due to the lack of soil data between 0.4 and 0.5 REW.
Finally, relative transpiration had decreased by 40% at REW around 0.3 (mild-
drought) and by 80% at REW around 0.1, the peak of drought.

In addition, the relationship between y,.eiuwn and REW confirmed a highly
significant effect of soil drought upon v cdann (Figure 4C, R*=0.93, P <0.0001). The
previous threshold of 0.5 REW for the onset of transpiration decrease corresponds to a
Wpredawn Of -0.45 MPa. The tree transpiration was also strongly related to Wpedawn
decrease (Figure 5: E. and E7.../ETy), however intermediate data were missing to
get an accurate relationship. The REW data appeared more appropriated to analyze

transpiration response threshold than y,,.q.w» because their recording were continuous.

3.6 Diurnal Kinetics

Bi-hourly kinetics of Er.. and wi..r were compared for 4 sunny days of
contrasted soil drought conditions (Figure 5): onset (May 23, REW = 0.90), mild-
drought (July 11, REW = 0.24), peak of drought (July 25, REW = 0.08) and recovery
period (August 22, REW = 0.82). Daily ET) significantly varied between 2.23 and
3.71 mm day™.
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Figure4 A) Ep.. versus REW on top soil. The continuous line indicates the
tendency of E7.. as related to REW. The dotted line shows the average of
Erree at ETy) < 2.2 mm day’l. B) Eree/ ETo versus REW on top soil relations.
The continuous line indicates the tendency of Ep../ET) increasing
following REW. The dotted line shows the average of Er../ ETp in non
limited of ET, (< 2.2 mm day™). The closed circles and opened circles in
Figure A and B exposed in no limited evaporative demand days (E7) > 2.2
mm day™), whereas crosses and pluses exposed in the low evaporative
demand days (E7) < 2.2 mm day'l). C) The relationship between Wy edawn
and REW on both top soil (closed circle) and subsoil (opened circle). The
vertical bars indicate the 95% confidential interval, and ** indicate the

highly correlation at 99%.
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Figure 5 The relationship between A) E7ye. and Wy edawn and B) Erree/ ETy and Wpredawn
in full canopy during May — October 2007. The vertical and horizontal
bars indicate the 95% confidential interval. * and ** indicate the highly

correlation at 95% and 99%, respectively.

In well-watered conditions, E7,... exhibited a classical pattern following ET)
increase and reaching maximum rate around midday. According to the effect of
transpiration on leaf dehydration, y;., showed the highest value at predawn, declined
to the lowest value around midday, and increased again up to the end of daytime
(Figure 6). It was noticeable that the maximum of transpiration decreased according

to soil drought intensity, from 0.23 to 0.08 mm h! and reach again 0.22 mm h' at the
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recovery period. The curves of diurnal Er.. and yi..r were particularly flattened
during the drought period (Figure 6B and 6C).

Wmidday did not change significantly, values ranging between -1.73 to -1.88
MPa. By contrast, ) cdwn decreased as previously shown from -0.34 to -0.83 MPa.
Moreover, soil drought decreased the ;.. at sunset (Wgunse) not allowing the same

hydration recovery at the end of day-time than in well-watered conditions (Figure 6).

3.7 g multipoints

Diurnal ;.. plotted versus hourly J;, showed significant linear relationships
(P<0.001, Figure 7) in which the slopes represent the reverse of gL. The linear form
supported the hypothesis that the effect of water storage (capacitance) was negligible.
It confirmed the validity of the single-point method which uses only the single
gradient between Wy edawn aNd Winidday VEIsus Js miaday to calculate seasonal g; (Figure
2D). The 3 periods of soil drought intensity were distinguished in Figure 7. It was
noticeable that both Y intercepts and slopes tend to decrease according to the drought
intensity. Compared with well-watered conditions, the slope differed significantly at
drought peak (P<0.05) but not in mild drought conditions. Conversely, minimum leaf

water potential (Wrear min) did not change according to soil drought intensity.

3.8 g single point versus Er..., REW and yyciawn

As suggested in Figure 2D, plotting of Ez.. versus g; confirmed that the
decrease of daily Er.. was mainly explained by the change of g; following a linear
response (R2 =0.91, P<0.001, Figure 8A). The decrease of g; under the effect of soil
drought was confirmed by the highly significant relationships with decreasing REW
(R* =091, P <0.0001, Figure 8B) and ypredawn (R> = 0.88, P < 0.001, Figure 8C).
However, intermediate values of g;, between 1 and 1.4, were missing to provide

accurate relationships.
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Figure 6 Diurnal reference evapotranspiration (E7); opened circle),

transpiration (E7..; closed circle) and leaf water potential (yieqs; closed
square) of rubber tree in 4 periods: A) onset (REW of top soil = 0.85; May
23, 2007), B) moderate drought (REW of top soil = 0.24; July 11, 2007),
C) peak of drought (REW of top soil = 0.08; July 25, 2007) and D)
recovery period (REW of top soil = 0.81; August 22, 2007). The vertical
bars of E7.. and ;.. indicate the standard deviation of 6 rubber trees. The
horizontal lines in each ;.. illustrations indicate the critical minimum

leaf water potential.
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Figure 7 The pattern for daily variations of leaf water potential (y;.,) and sap flux
density (J;) and for well-watered in onset and recovery periods (opened
circle and dotted line), started drought period (opened square and thin line)
and peak of drought (closed circle and bold line). Each data point is the
average of 6 rubber trees. The linear equation of well-watered period is
Wiear = -0.5237J; — 0.4959; R? = 0.88; the upper bound and lower bound of
confident interval 95% are -0.61 and -0.44 for slope, and -0.63 and -0.36
for Y interception. The linear equation of mild drought period is yie, = -
0.6437J, — 0.7165; R* = 0.90; the upper bound and lower bound of
confident interval 95% are -0.81 and -0.48 for slope, and -0.92 and -0.51
for Y interception. The linear equation of peak of drought period is yre.r =
-1.036J, — 1.0582; R® = 0.74; the upper bound and lower bound of
confident interval 95% are -1.50 and -0.56 for slope, and -1.28 and -0.84
for Y interception. The vertical and horizontal bars indicate the standard
error, and ** are highly linear relationship. The horizontal dashed line

indicated the critical minimum leaf water potential.

71



Results: intermittent drought in rainy season

3.0 7y =1.063x; R? = 0.84* 24 -
25 _ 2.0 -
o i} s
> 2.0 s 1.6
© — -
£ 15 : o 12 -
Y 5
m.% 1.0 a 08 -
-l
=1.8257"x/(0.0925
05 —— ® 04 - Yo 1 BRT o)
] A ] B
- 05 10 15 20 25 - 02 04 06 08 10
gL (L dm?Zh" MPa™) REW

r 2.5
y =1.7233x +2.2912
R2 = 0.88*

F 2.0 i
o
=

F 1.5 e
:

F 1.0 o
]

F 0.5

C -

-1.0 -08 -06 -04 -0.2 -
lI’predawn (MPa)

Figure 8 The relationship between A) tree transpiration (E7..) and whole tree
hydraulic conductance (gz), B) g and relative extractable soil water
content (REW), and C) g; and predawn leaf water potential (Wpredawn) 1N
full canopy during May — October 2007. Each data points were taken on
only the sunny day. The vertical and horizontal bars indicate the 95%

confidential interval, and ** indicate the highly correlation at 99%.
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3.9 “Hydraulic limitation” model

werir Was estimated according to RER model and Eq. 9. -1.95 MPa provided
the best adjustment between J; s and J; miaday With a slope not different from 1 (Table
1). This simple model properly simulated both the tendencies of saturating
transpiration when high ET) occurred in well-watered conditions and the dramatic
effects of soil drought in June and July (Figure 9). In the details, the simulated
saturating transpirations averaged 1.85 mm day' and were slightly lower that
measured values at high £7) in May. However evidently the model did not simulate
the decrease of transpiration related to low ET) in well-watered conditions (Figure 9
and 10A).

Logically, the combination between the maximum transpiration permitted by
ET) and E,,;, improved the simulation of transpiration (RER_ET)) model, Figure 9 and
10B, n = 160, R?>= 0.78, RMSE= 0.23). The group of points corresponding to
contrasted conditions of soil and atmospheric drought are quite properly displayed

along the 1:1 reference line.
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Figure 9 Comparison of measured daily tree transpiration (Measured E7..; opened
circle) and estimated daily E7.. of RER model (black dotted line) and
RER _ET, model (continuous line). The bold gray dotted line indicates the
daily ET).
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Figure 10 Relationship between measured daily tree transpiration (Measured E7ye.)
and estimated daily tree transpiration (Estimated E7..) in the matured
rubber tree during mid May — October 2007: A) RER model, and B)
RER ET) model. The dotted line in each pictures indicate the 1:1
reference. The meaning of each marker indicates each period: well-
watered period with ET) < 2.2 mm day” (REW > 0.5; opened circle), well-
watered period with ET, more than 2.2 mm day' (REW > 0.5; closed
circle), mild-moderate drought period (REW range from 0.15 to 0.5; cross),
and moderate-severe drought period (REW < 0.15; closed square). The R?
and RSME (n=160) were 0.51 and 0.34 for RER model, and 0.78 and 0.23

for RER_ET, model, respectively.
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Table 1 The slope with set origin at 0, statistics related to each regression (R* and P)
and 95% confidential interval for slope (CI_95) both lower bond and upper
bond of theoretical threshold sap flux density (J ) inducing completely
stomata closure versus measured midday sap flux density (Js midday) In

several given critical minimum leaf water potential (yci; giv).

Werit_giv Slope R? P i RSME
Lower Bound Upper Bound
-1.70 0.851 0.979 <0.0001 0.827 0.875 0.42
-1.80 0.916 0.980 <0.0001 0.890 0.942 0.34
-1.90 0.981 0.980 <0.0001 0.954 1.009 0.30
-1.95 1.014 0.980 <0.0001 0.985 1.042 0.31
-2.00 1.047 0.980 <0.0001 1.017 1.076 0.34
-2.10 1.112 0.980 <0.0001 1.081 1.143 0.42
-2.20 1.177 0.980 <0.0001 1.144 1.210 0.52

4. Discussion

4.1 Responses of transpiration to soil and atmospheric droughts

Our results demonstrate a response of transpiration to both atmospheric
drought and soil drought with critical thresholds. Firstly, a critical £7 inducing
saturating transpiration despite well-watered soil conditions was noticed between 2.0
and 2.2 mm day’. These values corresponded to maximum and average VPD of 1.6
kPa and 1.8 kPa, respectively. The maximum E7,., measured was around 2.4 mm
day' and corresponded to J; per sapwood area close to 3 L dm™ h™. To our
knowledge, this is the first time that a saturating transpiration over a certain threshold
of ET) is assessed for rubber tree. Continuous recording of rubber E7;.. with sap flow
measurement are very rare. These results concern RRIM600, the most planted clone
in South-East Asia. The data of Gururaja Rao et al. (1990) for mature rubber trees in
India did not support saturating transpiration under high evaporative demand. They
found very high transpirations in dry season, between 3.5 and 4.5 mm depending the
clone, the relative transpiration E7../ETy being close to 1. Transpirations were
estimated by porometer which could have induced large over-estimation. Moreover,

they also recorded xylem sap speed with Heat Pulse method at the same date but the
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corresponding sap flux densities, approximately ranged between 1.6 and 1.0 L dm™
h', appear very low for such high whole-tree transpiration. However, the studied
clones, RRII 105 and RRII 118, were also different from RRIM 600 and comparative
studies showed large clonal variability of water response to soil and atmospheric
droughts (Chandrashekar 1997). Several recent studies quote the saturation of
transpiration at high evaporative demand for other species (David et al. 2004; Bovard
et al. 2005; Oguntunde et al. 2007; Bush et al. 2008; Huang et al. 2009). The
thresholds of critical evaporative demand are within similar range: at 1.5 kPa of VPD
for Quercus rotundifolia (David et al., 2004), around 1 kPa of VPD for Acer rubrum,
Betula papyrifera, Populus grandidentata, Quercus rubra (Bovard et al., 2005) and
around 1.5-2 kPa of VPD for Gleditsia triacanthos, Quercus gambelii, Quercus rubra
(Bush et al., 2008). However, some species in ring-porous taxa do not exhibit
saturating transpiration, Er. increasing almost linearly with ¥PD until 5 kPa (Bush et
al., 2008).

Secondly, soil drought in rainy season induced a dramatic decrease of E7je..
The relative transpiration started to decrease linearly below c.a. 0.5 REW in the top
soil (0-40 cm) and was reduced by 40% at 0.3 REW and 80% at 0.1 REW. The
threshold of 0.5 REW for the onset of transpiration decrease was close to the range
(0.4-0.5) quoted by Granier et al. (1999, 2000), Breda et al. (2006), Domec et al.
(2009), for mainly temperate trees. In our conditions the particularly low water
availability in the sub soil (40-180 cm), below 0.2 REW at the period of the top soil
drought, could have amplify the reduction of transpiration versus water availability in

the top soil.

4.2 Operational range of leaf water potential

Results confirmed a significant decrease of wyeqawn under soil drought and
demonstrate a relative stability of minimum leaf water potential (Wyinimum) for sunny
days. Well-watered soil conditions corresponded to predawn values between -0.3 and
-0.4 MPa. The threshold of 0.5 REW for the start of transpiration decrease
corresponded to a Wyreqmn value of -0.45 MPa. The extreme soil drought (0.1 REW)

with 80% of transpiration reduction corresponded to -0.78 MPa.

76



Results: intermittent drought in rainy season

Wminimum Values ranged between -1.8 and -2.2 MPa for sunny days and did not
decrease when soil drought occurred. The average value was -1.93 MPa. Such pattern
expresses an isohydric behaviour which maintains leaf hydration above a critical
Wminimum through stomatal closure (West et al. 2007). Such behaviour appears also
consistent with the observation of saturating transpirations at high evaporative
demand.

For mature trees of the same clone RRIM 600, Chandrashekar (1997) found
values of Winimum, between -1.8 and -1.9 MPa, within the low range of our results.
Comparing 8 clones, this author found values between -1.75 and -2.13 MPa, within a
similar range to our results. For other clones in traditional area of India, Gururaja Rao
et al. (1990) found minimum values of ¥,,ninmum Within similar range, between -1.8 and
-2.4 MPa. Comparing seasons, Chandrashekar et al. (1990) suggested an anisohydric
behaviour under drought of rubber trees when y,inimum decreased from -1.3 MPa in
wet season to -1.8 MPa in dry season. But we are not sure that this comparison refers
to similar sunny days, the difference could be related to difference of evaporative
demand and magnitude of transpiration.

However, for young potted rubber trees of the same clone (RRIM600), the
results of Sangsing et al. (2004) clearly did not support an anisohydric behaviour. In
the latter experiment, the drought treatments provoked in four weeks a marked
decrease of minimum xylem pressure from -0.8 to -1.7 MPa. Hence, the separation
between isohydric and anisohydric behaviour for the same clone could be relative to
the experimental conditions of study.

The decrease of yp edawn under soil drought was not a surprise. It is a well
known result which explains that y,.cqw, 1s often used as a surrogate of soil water
potential or soil water availability in the zone of root uptake (Richter 1997; Donovan
et al. 2001). In the literature, the range of W, eqmwn values quoted for mature rubber
trees in well-watered conditions is very large. Chandrashekar et al (1990) and
Chandrashekar (1997) found values between -0.57 and -0.68 MPa for the same clone
(RRIM 600) in the wet season of a water-limited area of India. Gururaja Rao et al.
(1990) found values between -0.1 and -0.3 MPa in a water-optimal area of India.
Previous values between 0.6 and 0.7 appear definitively too low to represent well-

watered conditions. This artifact may come from limiting conditions of soil water
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availability or root uptake despite wet season. Another reason can be methodological
because the measurements were performed with psychrometer which could be much
more difficult to apply than pressure chamber, particularly at high pressure. The range
found by Gururaja Rao et al. (1990) appears more representative of well-watered
conditions.

The range of our values may appear slightly too low. With the pressure
chamber, if the increment of pressure is too quick the measurement of pressure in
equilibrium with sap exudation can be over-estimate. It is possible because
measurements done in the following year (2008) with a very low pressure increment
provided predawn values between -0.2 and -0.3 MPa (unpublished data). However,
this year there was more water availability in the subsoil in wet season. Finally,
predawn value below -0.4 MPa appears as a clear indicator of water stress and

constraint over water use for mature rubber trees.

4.3 Whole tree hydraulic conductance and transpiration

Results demonstrate that the decrease of E7,.. was mainly due to the change of
the g;. And the decrease of g; was strongly correlated to the decline of REW and
Wpredawn- Our maximum values of g; (between 2.0 and 1.5 L dm™h’! MPa'l) are within
the range found by previous authors on temperate trees (Cochard et al. 1996, Lu et al.
1996) and tropical trees (Do et al. 2008, O’Grady et al. 2009). The decrease of Ezyee
mainly related to the decline of g; has been reported for several tree species (Cochard
et al. 1996; Lu et al. 1996; Irvine et al. 1998; Addington et al. 2004; Domec et al.
2009). The quick recovery of g; after substantial rainfall in August suggests that the
main control came from the change of soil-root conductance. Several studies showed
that, compared to trunk and branches, roots and leaves had the highest loss of
conductivity and contributed for more than 70% of the total hydraulic resistance
(Cruiziat et al. 2002; Sack and Holbrook 2006; Domec et al. 2009). As rubber tree
exhibited a strong control of water losses through the relative stability of yyimimum, We
assume that during soil drought the percentage of embolism was relatively low.
However, it could have increased and contributed to the decrease of g;. The hydraulic
limitation hypothesis assumes that the plant maintain y,m.m above a critical value

through stomatal closure to prevent the vessels from xylem tension inducing runaway
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embolism (Jones and Sutherland 1991; Cochard et al. 1996; Sperry et al. 2002). It was
found in several species that w,.; corresponded to ca. 10% of percentage loss of
hydraulic conductivity (PLC) and 90% of stomatal closure (Cochard et al 1996;
Cruiziat et al. 2002). However, no study of vulnerability to cavitation has been
published on mature rubber tree. Nevertheless in young potted trees, Ranasinghe and
Milburn (1995) and Sangsing et al. (2004) both found values of xylem tension
corresponding to 50% of embolism in the petioles between -1.5 and -2.0 MPa. Which
suggests that yiimum values measured in our studies (from -1.8 to -2.2 MPa) could
correspond to substantial embolism of petioles and xylem vessels. However, the
operational range of W,inimum values noticed by Sangsing et al. (2004) in its study on
young rubber trees was higher than the one in our studies. And results of several
authors support the idea that operational range of leaf water potential and
vulnerability to cavitation decrease with age (Becker et al. 2000; McDowell et al.
2002; Phillips et al. 2002; Ryan and Yoder 1997). Measurements of native embolism
and vulnerability to cavitation in xylem of mature rubber tree deserve further

researches.

4.4 Performance of the “hydraulic limitation” model

The results proved the ability of a simple model, based on g; and ., to
simulate the pattern of transpiration changes. It was remarkable to see that this model
could simulate the main effects of both soil drought and atmospheric drought, i.e. the
saturating transpiration at ET) higher than 2.2 mm day. The change of g; was only
related to soil water availability (REW) which influenced also ¥ eqawn. Hence the
saturating transpiration in well-watered conditions was only simulated by the
maximum value of g; and by ., which are hydraulic traits of the tree. Moreover,
there is no reason to consider that these parameters were completely stable over 6
months. They could fluctuate according to root growth, stem growth and leaf aging.
These evidences could explain inaccuracies in the simulation of maximum
transpiration.

The good performance of the simple model is likely related to several features.
One feature is the isohydric behaviour of the clone in the experimental conditions. A

comparison between 8 clones in a water limited areas of India ranked RRIM 600 with
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the best performance in term of control of water status and girth growth
(Chandrashekar 1997). The extreme condition of soil drought could be another feature
because it exacerbates the responses with little possibility of root water uptake in the
subsoil. The full canopy insures a relative stability of the leaf area index which is a
key factor of whole-tree transpiration. Hence it will be interesting to apply the same
model and parameters in the more complicated conditions of the seasonal drought in
dry season where soil water availability is different in the subsoil and leaf yellowing

and shedding occur.

5. Conclusion

We investigated for the main clone planted in Southeast Asia (RRIM600) the
transpiration response of mature trees to atmospheric and soil droughts during the full
canopy in the rainy season of a drought-prone area of northeast Thailand. Despite
well-watered soil conditions, transpiration did not follow evaporative demand at high
values and saturated above a critical value of E7). Soil drought provoked a dramatic
decrease of transpiration below a threshold of 50% of REW in the top soil or -0.45
MPa v, edgann. And Er. reduction was mainly explained by a decrease of the g;.
Under soil drought, the relative stability of wimimum for sunny days supports an
isohydric behavior of these trees. Additionally, a simple modeling approach based on
the hydraulic limitation hypothesis proved to be successful to simulate the main
pattern of transpiration responses to soil and atmospheric droughts.

Finally, the combination between the cohesion-tension theory, electric analogy
and hydraulic limitations hypothesis had provided a useful framework to analyze
transpiration responses to soil and atmospheric droughts and to develop a simple
process-based models. On this basis, several development of such process-based
model could be considered towards the inclusion of details about soil-root interface,
vulnerability to cavitation, stomatal behaviour and consequence on carbon gain. This
approach is a promising way to better evaluate the performance of genotypes in

contrasted environments.

80



Results: intermittent drought in rainy season

6. References

Alarcon JJ, Domingo R, Green SR, Sanchez-Blanco MJ, Rodriguez P, Torrecillas A
(2000) Sap flow as an indicator of transpiration and water status of young
apricot trees. Plant Soil 227:77-85

Allen RG, Pereira LS, Raes D, Smith M (1998) Crop evapotranspiration: guidelines
for computing crop water requirements. FAO

Becker P, Meinzer FC, Wullschleger SD (2000) Comment on ‘Hydrualic limitation of
tree height: a critique’. Funct Ecol 14:135-140

Bovard BD, Curtis PS, Vogel CS, Su H-B, Schmid HP (2005) Environmental controls
on sap flow in a northern hardwood forest. Tree physiol 25:31-38

Breda, N, Cochard H, Dreyer E, Granier A (1993) Water transfer in mature oak stand
(Quercus petraea): seasonal evolution and effects of a severe drought. Can J
For Res 23:1136-1143

Breda N, Huc R, Granier A, Dreyer E (2006) Temperate forest trees and stands under
severe drought: a review of ecophysiological responses, adaptation processes
and long-term consequences. Ann For Sci 63:1-20

Brodribb TJ, Holbrook NM, Gutierrez MV (2002) Hydraulic and photosynthetic co-
ordination in seasonally dry tropical forest trees. Plant Cell Environ 25:1435-
1444

Buckley TN (2005) The control of stomata by water balance. New Phytol 168:275-
292

Bush SE, Pataki DE, Hultine KR, West AG, Sperry JS, Ehleringer JR (2008) Wood
anatomy constrains stomatal response to atmospheric vapor pressure deficit in
irrigated, urban trees. Oecologia 156:13-20

Chandrashekar TR (1997) Stomatal responses of Hevea to Atmospheric and soil
moisure stress under dry subhumid climatic conditions. Journal of plantation
crops 25(2):146-151.

Chandrashekar TR, Jana MK, Thomas J, Vijayakumar KR, Sethuraj MR (1990)
Seasonal changes in physiological characteristics and yield in newly opened
trees of Hevea brasiliensis in North Konkan. Indian J Nat Rubb Res 3(2):88-
97

81



Results: intermittent drought in rainy season

Cochard H, Breda N, Granier A (1996) Whole tree hydraulic conductance and water
loss regulation in Quercus during drought: evident for stomatal control of
embolism? Ann For Sci 53:197-206

Cochard H, Coll L, Roux XL, Ameglio T (2002) Unraveling the effects of Plant
Hydraulics on Stomatal closure during water stress in walnut. Plant Physiol
128:282-290

Cochard H, Damour G, Bodet C, Tharwat I, Poirier M, Ameglio T (2005) Evaluation
of a new centrifuge technique for rapid generation of xylem vulnerability
curves. Physiol Plant 124:410-418

Comstock J, Mencuccini M (1998) Control of stomatal conductance by leaf water
potential in Hymenoclea salsola (T.&G.), a desert subshrub. Plant Cell
Environ 21:1029-1038

Cruiziat P, Cochard H, Ameglio T (2002) Hydrualic architecture of trees: main
concepts and results. Ann For Sci 59:723-752

David TS, Ferreira MI, David JS, Pereira JS (1997) Transpiration from a mature
Eucalyptus globulus plantation in Portugal during a spring-summer period of
progressively higher water deficit. Oecologia 110:153-159

David TS, Ferreira MI, Cohen S, Pereira JS, David JS (2004) Constrains on
transpiration from an evergreen oak tree in southern Portugal. Agric For
Meteorol 122:193-205

Do F, Rocheteau A (2002) Influence of natural temperature gradients on
measurements of xylem sap flow with thermal dissipation probes. 2.
Advantages and calibration of a non-continuous heating system. Tree Physiol
22:649-654

Do FC, Rocheteau A, Diagne AM, Goudiaby V, Granier A, Lhomme J (2008) Stable
annual pattern of water use by Acacia tortilis in Sahelian Africa. Tree Physiol
28:95-104

Domec J-C, Asko N, King JS, Sun G, Mcnulty SG, Gavazzi MJ, Boggs JL, Treasure
EA (2009) Decoupling the influence of leaf and root hydraulic conductances
on stomatal conductance and its sensitivity to vapour pressure deficit as soil

dries in a drained loblolly pine plantation. Plant Cell Environ 32:980-991

82



Results: intermittent drought in rainy season

Donovan LA, Linton MJ, Richards JH (2001) Predawn plant water potential dose not
necessarily equilibrate with soil water potential under well-watered conditions.
Oecologia 129:328-335

Ewers BE, Oren R, Johnsen KH, Landsberg JJ (2001) Estimating maximum canopy
stomatal conductance for use in models. Can J For Res 31:198-207

Fernandez JE, Moreno F, Giron IF, Blazquez OM (1997) Stomatal control of water
use in olive tree leaves. Plant soil 190:179-192

Franks PJ, Drake PL, Froend RH (2007) Anisohydric but isohydrodynamic:
seasonally constant plant water potential gradient explained by stomatal
control mechanism incorporating variable plant hydraulic conductance. Plant
Cell Environ 30:19-30

Granier A (1985) Une nouvelle méthode pour la mesure des flux de séve dans le tronc
des arbres. Ann For Sci 42:193-200

Granier A, Loustau D, Breda N (2000) A generic model of forest canopy conductance
dependent on climate, soil water availability and leaf area index. Ann For Sci
57:755-765

Granier A, Biron P, Breda N, Pontailler JY, Saugier B (1996) Transpiration of trees
and forest stands: short and long-term monitoring using sapflow methods.
Global Change Biol 2:265-274

Gururaja Rao G, Sanjeeva Rao P, Rajagopal R, Devakumar AS, Vijayakumar KR,
Sethuraj MR (1990) Influence of soil, plant and meteorological factors on
water relations and yield in Hevea brasiliensis. Int ] Biometeorol 34:175-180

Huang Y, Zhao P, Zhang Z, Li X, He C, Zhang R (2009) Transpiration of
Cyclobalanopsis glauca (syn. Quercus glauca) stand measured by sap-flow
method in a karst rocky terrain during dry season. Ecol Res 24: 791-801

Isarangkool Na Ayutthaya S, Do FC, Pannengpetch K, Junjittakarn J, Maeght J-L,
Rocheteau A, Cochard H (2010) Transient thermal dissipation method of
xylem sap flow measurement: multi-species calibration and field evaluation.
Tree physiol 30:139-148

Irvine J, Perks MP, Magnani F, Grace J (1998) The response of Pinus sylvestris to
drought: stomatal control of transpiration and hydraulic conductance. Tree

Physiol 18:393-402

83



Results: intermittent drought in rainy season

Jones HG (1998) Stomatal control of photosynthesis and transpiration. J Exp Bot
49:387-398

Jones HG, Sutherland RA (1991) Stomata control of xylem embolism. Plant Cell
Environ 14:607-612

McDowell NG, Phillips N, Lunch C, Bond BJ, Ryan MG (2002) An investigation of
hydraulic limitation and compensation in large, old Douglas-fir trees. Tree
Physiol 22:763-774

Medina E, Francisco M (1994) Photosynthesis and water relations of savanna tree
species differing in leaf phenology. Tree Physiol 14:1367-1381

Meinzer FC, Goldstein G, Franco AC, Bustamante M, Igler E, Jackson P, Caldas L,
Rundel PW (1999) Atmospheric and hydraulic limitations on transpiration in
Brazilian cerrado woody species. Funct Ecol 13:273-282

Oguntunde PG, van de Giesen N, Savenije HHG (2007) Measurement and modeling
of transpiration of a rain-fed citrus orchard under subhumid tropical
conditions. Agric Water Manag 87: 200-208

O’Grady AP, Cook PG, Eamus D, Duguid A, Wischusen JDH, Fass T, Worldege D
(2009) Convergence of tree water use within an arid-zone woodland.
Oecologia 160:643-655

Phillips N, Bond BJ, Mcdowell NG, Ryan MG (2002) Canopy and hydraulic
conductance in young, mature and old Douglas-fir trees. Tree Physoil 22:205-
211

Ranasinghe MS, Miburn JA (1995) Xylem conduction and cavitation in Hevea
brasiliensis. J Exp Bot 46:1693-1700

Richter H (1997) Water relations of plants in the field: some comments on the
measurement of selected parameters. J. Exp Bot 48:1-7

Robinson DA (2001) Comments on “Field calibration of a capacitance water content
probe in fine sand soils”. Soil Sci Soc Am J 65:1570-1571

Ryan MG, Yoder BJ (1997) Hydraulic limits to tree height and tree growth.
Bioscience 47:235-242

Sack L, Holbrook NM (2006) Leaf hydraulics. Annu Rev of Plant Biol 57:361-381

84



Results: intermittent drought in rainy season

Sangsing K, Kasemsap P, Thanisawanyangkura S, Sangkhasila K, Gohet E, Thaler P,
Cochard H (2004) Xylem embolism and stomatal regulation in two rubber
clones (Hevea brasiliensis Muell. Arg.). Trees 18:109-114

Silpi U, Thaler P, Kasemsap P, Lacointe A, Chantima A, Adam B, Gohet E,
Thanisawanyangkura S, Ameglio T (2006) Effect of tapping activity on the
dynamics of radial growth of Hevea brasiliensis trees. Tree physiol 26:1579-
1587

Sperry JS, Adler FR, Campbell GS, Comstock JP (1998) Limitation of plant water use
by rhizosphere and xylem conductance: results from model. Plant Cell
Environ 21:347-359

Sperry JS, Hacke UG, Oren R, Comstock JP (2002) Water deficits and hydraulic
limits to leaf water supply. Plant Cell Environ 25:251-263

Tardieu F, Simonneau T (1998) Variability among species of stomatal control under
fluctuating soil water status and evaporative demand: modeling isohydric and
anisohydric behavious. J Exp Bot 49:419-432

Tyree MT, Sperry JS (1988) Do woody plant operate near the point of catastrophic
xylem dysfunction caused by dynamic water stress? Plant Physiol 88:574-580

Tyree MT, Zimmermann MH (2002) Xylem structure and ascent of sap. 2" ed.
Springer-Verlag, Berlin Heidelberg, New York

Van den Honert TH (1948) Water transport in plant as catenary process. Disc Farad
Soc 3:146-153.

Watson GA (1989) Climate and soil. /n Webter CC, Baulkwill W] (ed) Rubber.
Longman Singapore Publishers (Pte) Ltd, Singapore, pp125-164

West AG, Hultine KR, Jackson TL, Ehieringer JR (2007) Differential summer water
use by Pinus edulis and Juniperus osteosperma reflects contrasting hydraulic

characteristics. Tree Physiol 27:1711-1720

85



Chapter V

Result I11:

Whole-tree transpiration response to
seasonal drought in mature

Hevea brasiliensis: hydraulic limitation
and influence of leaf phenological stages



Results: seasonal drought

Whole-tree transpiration response to seasonal drought in mature
Hevea brasiliensis: hydraulic limitation and influence of

leaf phenological stages

S. Isarangkool Na Ayutthayal’z’*, F.C. Do’, K. Pannangpetch', J. Junjittakarn',
J. Maeght*, A. Rocheteau’ and H. Cochard?

'Faculty of Agriculture, Khon Kaen University, Khon Kaen, 40002 Thailand
UMR547 PIAF, INRA, Université Blaise Pascal, 63100 Clermont-Ferrand, France
*Institute of Research for Development (IRD), Faculty of Agriculture, Khon Kaen
University, Khon Kaen, Thailand

*Institute of Research for Development (IRD), Land Development Department,
Bangkok, Thailand

*Institute of Research for Development (IRD), Centre d’Ecologie Fonctionnelle et
Evolutive (CEFE), Montpellier, France

*corresponding author (isupat@kku.ac.th)

Abstract

The changes of whole-tree transpiration under atmospheric and soil droughts
were investigated for mature rubber trees, and the main clone planted in Southeast
Asia (RRIM600), in the seasonally dry period where several major phenological
changes occur: leaf senescence, leaf shedding and leaf flushing.

The responses were analyzed under the framework of a simple hydraulic
limitation model ‘RER_ET, model’ previously assessed by Isarangkool Na Ayutthaya
et al. (Paper 2) in full canopy conditions for intermittent drought in rainy season. This
model is mainly based on a critical minimum leaf water potential (y.;) and the
response of the whole-tree hydraulic conductance (g;) to the relative extractable water
(REW) from soil.

Data were separated in three periods according to canopy phenology and soil
drought: full canopy period in well-watered soil conditions (topsoil REW>0.5,
September — mid November), full canopy period with starting soil drought (topsoil
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REW<0.5, mid November — mid December 2007), and leaf senescence-shedding and
leaf flushing conditions which corresponded to a low green leaf area, and a severe soil
drought (topsoil REW < 0.25, mid December 2007 — mid March 2008).

Results proved first that the principles of RER ET, model hold: stability of
minimum leaf water potential (Winimum) for sunny days under soil drought, decrease
of tree transpiration (Er..) mainly related to change of g;, decrease of g; mainly
related to REW. Secondly, the deciduous pattern showed little influence upon the
parameters and the relationships of the hydraulic limitation model. The simulations
demonstrated the ability the model to describe the trend of transpiration change under
seasonal drought without taking into account the phenology and variation of green
leaf area by contrast with the majority of transpiration models.

Finally, our results support the idea that phenological changes converged
toward a same response of whole-tree water relations to soil and atmospheric drought,
which was correctly described by the concepts of hydraulic limitation: ..., g1
decrease versus soil water availability. This convergence certainly hides complex
adjustments between short term process (stomatal regulation, xylem embolism) and
long term process of leaf and root phenologies which change the relative contribution

of hydraulic conductances to the soil-root and canopy-atmosphere interfaces.

Key words: Hevea brasiliensis, rubber tree, seasonal dry period, tree transpiration,

whole tree hydraulic conductance, leaf water potential

1. Introduction

Facing drought, plants have to prevent excessive dehydration and maintain the
integrity of their hydraulic system. They can achieve these goals by short term
reversible responses like stomatal closure and by long term responses like increasing
root development in wetter soil layers or reducing transpiring leaf area (Breda et al.
2006).

Reducing leaf area is a major phenological adaptation of deciduous trees to
seasonal drought in the dry tropics (Eamus and Prior 2001). Many deciduous trees
drop all their leaves during seasonal drought and sprout new ones just before or after

the first rains (Taiz and Zeiger 1991). Moreover, the different stages of leaf
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phenology may correspond to particular changes of root phenology: root decay or root
growth in different soil layers according to soil water availability. Hence,
environmental and hydrological models have to take into account the phenological
stages and changes of leaf area and or root profile to predict the pattern of tree
transpiration under seasonal drought.

The hydraulic limitation hypothesis (Jones 1998; Sperry et al. 1998) is a
promising plant-based way to model transpiration under water stress. This approach
has proven to be valid for several temperate angiosperms (Sperry et al. 1998; Cochard
et al. 2002). Recently, Isarangkool Na Ayutthaya et al. (Paper 2) proved the validity
of this approach to analyze and to simulate the change of rubber tree transpiration
under intermittent drought in rainy season while trees maintained full canopy. In this
simple model called ‘RER ET,’, tree transpiration (E7..) is calculated as the
minimum value between the reference potential evaporative demand (E7y) and a
critical transpiration (E,,;) according to critical value of minimum leaf water potential

(werir) and whole-tree hydraulic conductance from soil to leaves (gy):

Epii = (Y petamn = Ve ) x 8, ¥ (1)

Where W edann 15 assumed to correspond to y;,; in contact with roots and a is a
coefficient to transform midday sap flow density in total flow of transpiration
expressed per day and unit of soil area.

The hydraulic limitation hypothesis assumes that many species (i.e., isohydric
ones) tend to adjust their transpiration with the effect of maintaining ;.. above a
critical value. In RER ET) model, g; and ¥y eqaun are calculated from relationships
with the relative extractable water from soil. Hence, E.,;; sets a functional limitation to
E7ye. that can be reached under soil drought (ow wycdann, low gz value) but also under
atmospheric drought in well-watered soil conditions (g7 _mex value, we).

One question was how the changes of leaf phenological stage that occurred in
seasonal dry period for rubber trees may influence the responses of transpiration to

drought under this framework and by comparison with the ones assessed by

Isarangkool Na Ayutthaya et al. (Paper 2) in rainy season.
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Rubber tree (Hevea brasiliensis) is a tree member of the Euphorbiaceae family
and native from the tropical rainforest of the Amazon Basin. It is a tropical brevi-
deciduous tree. The rubber trees older than 3 or 4 years are subject to ‘wintering’,
which is the term used to describe the annual senescence and shedding of leaves. The
duration and intensity of deciduousness are variable depending environment, clones,
and individuals. Leaf fall is quickly followed by bud bursting and expansion of new
leaves within few weeks (Webster and Paardekooper 1989). In the water limited area
of Northeast Thailand (the southern part), the period of leaf yellowing-leaf falling-
bud bursting—leaf flushing normally lasts at its maximum extent five months, from
December to April. Hence, such period of relatively low green leaf area should
markedly reduce whole-tree transpiration. The dry season generally lasts from
November to April.

In the same area, Gonkhamdee et al. (2010) had followed growth dynamics of
fine roots of rubber trees down to 450 cm. They found that the onset of the dry season
(November) corresponded to a period of active growth in the subsoil from 100 to 400
cm depth. After a rest period, root growth appeared again in the very deep soil
between 300 and 400 cm around the time of massive leaf flushing in March. The
onset of the rainy season (May) corresponded to an active growth in the top soil above
100 cm. The higher root length density was found above 50 cm. Root decay was
observed above 100 cm at the end of the rainy season in September-October.

Guardiola-Claramonte (2008) stressed up for rubber tree the importance of
including leaf phenology in soil water balance model to correctly predict the trend of
water uptake in dry season. Moreover, the same authors found a shift of root water
uptake from topsoil in the onset of dry season to subsoil at the end of the dry season
when leaf flushing occurs.

Hence, the period of leaf senescence and shedding corresponds to several long
term processes which could accelerate the decrease of g; versus top soil REW
compared to intermittent drought conditions in rainy season where no leaf yellowing
and shedding were observed.

Leaves are assumed to contribute to between 40% and 80% of the g; (Becker
et al., 1999; Nardini and Tyree, 2000; Brodribb et al. 2002; Domec et al., 2009).

Following soil drying, root decay may decrease furthermore the soil to root
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conductance. Reversely, root growth in the wetter subsoil could increase soil to root
conductance and root conductance. At last, leaf flushing should increase the hydraulic
conductance of leaves.

Therefore, this work had two objectives. The first objective was to investigate
for mature rubber trees the change of whole-tree transpiration under seasonal drought
within the framework of a simple hydraulic limitation model. The second objective
was to assess how the deciduous phenological pattern may influence the responses to
atmospheric and soil droughts under this framework and by comparison with the ones
assessed by Isarangkool Na Ayutthaya et al. (Paper 2) in rainy season with full
canopy condition. We hypothesized first that the principles of RER _ET, model apply
also for seasonal drought with leaf senescence-shedding and leaf flushing period:
stability of Wy inimum under soil drought, decrease of Ey.. related to change of g;, and
decrease of g; related to REW. Secondly, we hypothesized that the deciduous pattern
markedly changes the parameters and relationship of the model. Because of the
periods of massive leaf shedding and leaf flushing correspond first to changing and
low green leaf area and secondly to a possible shift of root water uptake between
topsoil to subsoil.

To address these issues, we selected a mature and representative rubber tree
stand of the main planted clone in South East Asia. It was located in the southern part
of northeast Thailand where trees are exposed to soil and atmospheric droughts in the
seasonal dry period. Seasonal and diurnal variations of xylem sap flow density, y;cqr
and g; were measured with concurrent observation of canopy phenology and

recordings of atmospheric and soil water conditions.

2. Materials and methods

2.1 Field site and plant material

The experiment was conducted in a plot of RRIM600, planted at 2.5m x 7.0m
spacing and tapped for 4 years. The plantation is located at Baan Sila site (N15° 16’
23" E103° 04' 51.3"), Khu-Muang, Bureerum province in northeast Thailand. The
average annual rainfall in 2007 was less than 1,000 mm; the rainy season lasts
approximately from April to October. Six representative trees were selected for

intensive measurements. Their trunk girths, measured at 1.50 m height above the soil,
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varied from 43.3 to 58.3 cm. The average circumference was 52.5 cm, and the
maximal leaf area index was estimated around 3.9 in 2007. The investigation was
carried out from the end of the rainy season (September 2007) to the period of

massive leaf flushing in March.

2.2 Leaf phenology observation

Leaf phenology or more exactly the canopy fullness was regularly assessed on
the same sample of 38 trees including the six instrumented trees. A percentage of
canopy fullness was allocated to each tree according to the seven following categories
taking into account the percentage of twigs bearing green expanded leaves in the

whole-canopy: 100, 90, 75, 50, 25, 10 and 0%.

2.3 Climatic measurements

Local microclimate was automatically monitored in an open field, 50 m from
any trees. A datalogger (Minimet automatic weather station, Skye Instruments Ltd,
U.K.) recorded half hourly values of air temperature, relative humidity, incoming
short wave radiation and rainfall. A reference potential evapotranspiration (E7)) was

calculated according to Allen et al. (1998).

2.4 Soil water content measurements

Volumetric soil water content () was measured with a neutron probe (3322,
Troxler, Research Triangle Park, North Carolina, USA) calibrated for the
experimental soil with separated calibrations between upper (0-0.2 m) and lower
(below 0.2 m) layers. Twelve tubes of 2.0 m in length were set up, six along the rows
and six between the rows. Measurements every 0.2 m, from 0.1m until 1.7 m depth,
were performed every month or two weeks from September 2007 to March 2007.
According to soil water fluctuations, the soil profile was separated between two
layers, a top soil (0-0.4 m) and a subsoil (0.4-1.8 m). Average field capacity and
permanent wilting points were equal to 19.8 and 7 cm’/100 cm’ of soil for the top soil,
and to 25.1 and 10 cm’/100 cm’ of soil for the subsoil, respectively (Isarangkool Na

Ayutthaya et al. Paper 1).
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Additionally, 6 was measured continuously with a capacitive probe
(EnvironSCAN System, Sentek Sensor Technologies, South Australia, Australia)
within a single tube close to a tube dedicated to neutron probe measurement.
Capacitive sensors were located at the same levels than neutron probe measurements.
For each capacitive sensor, 6 was estimated from a cross-calibration with the neutron
probe measurements over the whole season range. To estimate continuous change of
the average soil water profile, linear regressions were performed between 6 of the
average soil water profile (12 neutron probe access tubes) and 6 of the profile
continuously measured with the capacitive probe. Relative extractable soil water

(REW) was calculated according to Granier et al. (1999) and Breda et al. (2006).

2.5 Leaf water potential

Leaf water potential (y.,) was measured on the six instrumented trees with a
Scholander type pressure chamber (PMS 1000, PMS Instrument Company, Corwallis,
Oregon, USA). Two trifoliate leaves with petiole were randomly selected from sunny
locations on each experimental tree. ., measurements were performed in situ
rapidly after cutting. Regular measurements of ;.. were carried out once or twice
times per month, W,reqaun, between 05:30 and 06:15 hours, and midday leaf water
potential (Wmidday), between 12:30 and 13:30 hours. Additionally, diurnal kinetics of
Wiear Measurement, i.e., every 1-2 hour from predawn to sunset, were performed on

sunny days in contrasting conditions of leaf phenology and soil drought.

2.6 Xylem sap flux measurements and tree transpiration calculation

The measurements of xylem sap flow density were made using the transient
thermal dissipation method (TTD) developed by Do and Rocheteau (2002) which is a
modification of the continuous thermal dissipation method of Granier (1985). The
modification avoids the influence of passive temperature gradients. The TTD method
is based on the same Granier’s probe design and heating power but uses a cyclic
schedule of heating and cooling to assess a transient thermal index over 10 min
change. The hourly sap flux density (J;) was calculated according to the empirical and

non species-specific calibration assessed by Isarangkool Na Ayutthaya et al. (Paper

1):
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J,= 12.95K, )

where K, is a transient thermal index (dimensionless).

An alternate signal (AT,) was defined as:
AT,= AT, -AT, 3)

where AT,, is the temperature difference reached at the end of the 10 min
heating period and AT, is the temperature difference reached after 10 min of cooling,

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 10 min. AT, values were averaged between values before 10 min of
heating and after 10 min of cooling.

The transient thermal index was calculated as:

K,= (AT,, —AT,)/AT , 4)
where ATy, is the maximum alternate temperature difference obtained under
zero flow conditions and AT, is the measured alternate signal at a given J,.

The zero flux signal was determined every night assuming that sap flow was
negligible at the end of the night. Probes were inserted into the trunks at a height of
1.8 m above the soil. At this height, average sapwood area was estimated at 1.97 dm®.
After removal of the bark, the probes, 2-cm long probes were inserted into a hole of
2.5 cm deep within the sapwood, in such a way that the whole probe was inside the
conductive sapwood. Three probes were inserted into each trunk to take
circumferential variability into account. After the probe was inserted, the exposed
parts of the needles were coated with silicone. The trunk area containing the probes
was protected from direct solar radiation and rainfall by a deflector. Probes were
connected to a data logger (CR10X, Campbell Scientific, Leicester, U.K.).

Jy was cumulated over 24 h to calculate daily J; (J; aip). For taking care of the

variation of sap flux density in the depth of wood, a reduction coefficient of 0.874

94



Results: seasonal drought

was applied to the J; measured in the outmost ring of conducting xylem (Isarangkool
Na Avyutthaya et al, Paper 1). Finally, neglecting tree water storage, Ere. (mm day™)

was estimated according to the equation:
Etree = 0.874* J;_guiny*sapwood area/tree spacing area (5)

2.7 Whole tree hydraulic conductance

The g; (expressed in L dm™? h' MPa') was calculated from concurring
measurements of sap flow rate and leaf water potential. The multi-points method
plotted the diurnal changes of e, versus sap flux density from kinetic
measurements, the slope of the assumed linear relationships representing the
hydraulic resistance, the reverse of the hydraulic conductance. The single point

method applied the simplified following formula (Cochard et al. 1996).

gL = Js _ midday /(\Ppredawn - \Pmldday ) (6)

where J; midday 1 the maximum daily sap flux density, Wyredawn and Wiidaay are

predawn and midday leaf water potentials, respectively.

2.8 Hydraulic limitation model of water loss (RER_ET, model)

The basis of the “hydraulic limitation” model is a critical minimum leaf water
potential at the level of which, tree regulates its transpiration whatever it is induced by
atmospheric drought or soil drought. Called ‘RER ET,’, it was developed in
Microsoft Office Excel according to Cochard et al. (1996, 2002) following the simple

equation:

Jsiest = gL (Tpredawn - chrit ) (7)

where J; .y 1s estimated maximum sap flux density, g, and y,redann are both
estimated daily from relationships with REW (input data). y.,;, was assumed stable for

the whole period (-1.95 MPa; Isarangkool Na Ayutthaya et al. Paper 2).
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The critical tree transpiration (E..;; mm day’l), was deduced from J; ., with
the multiplicative constant coefficient 0.7194 which transforms the midday sap flow
density in total flow of transpiration expressed per day and unit of soil area
(Isarangkool Na Ayutthaya et al. Paper 2).

E.; defines a maximal value of daily transpiration due to the hydraulic
limitations of the trees; however it may not be reached due to low evaporative
demand. Hence, the final step of modeling selects the minimum value between E.,;,
and ET) (input data) according to Eq. 8.

E Min(E,,;ET,) (8)

Tree — crit ®

The summary of model parameters and units has shown in Table 1.

Table 1 Summary of model parameters

Symbol Name Unit
ETee tree transpiration mm day'1
E. i critical tree transpiration mm day'1
ET) reference evapotranspiration mm day”!
REW relative extractable soil water dimensionless
Js est estimated maximum sap flux density L dm2h’
Werit critical minimum leaf water potential (-1.95) MPa
Wpredawn predawn leaf water potential MPa
ar whole tree hydraulic conductance L dm™h' MPa™

The previous study on mature rubber trees in rainy season and full canopy
conditions (Isarangkool Na Ayutthaya et al. Paper 2) provide a first set of parameter
and relationships for the value of .., and the non linear relationships of v edanwn and
g versus REW, which were developed in intermittent drought in rainy season as Eq. 9

(R*=0.93, n = 12) and Eq. 10 (R* = 0.90, n = 10), respectively.

b4 = —1.3528+(1.0628REW /(0.0862 + REW)) 9)

predawn
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g, = 1.8257TREW /(0.0925+ REW) (10)

A second set of parameters were estimated when necessary in the current
study. The whole data set comprise 196 days of automatic recordings of sap flux
density, soil water and E7). Within this, the 12 days with measurements of leaf water
potential and calculation of g; were used to assess the parameters and relationships of

the simple model. The remaining 184 days were used to test the model performances.

2.9 Data analysis

Mean comparison, regression analysis and other statistics were performed
using SPSS 11.5 (SPSS Inc., Chicago, Illinois, USA) and Sigmaplot 10.0 (Systat
Software, Inc., San Jose, California USA). Linear slopes were compared using their
confidence intervals at 95%. For the models, measured E7;.. and estimated E7;.. were

compared using the root mean square error (RMSE) according to the formula:

(1)

where x; j and x, ; are measured E7,... and estimated E7.., respectively, and n is

the number of estimated E7yce.

3. Results

3.1 Environmental conditions and leaf phenology

Leaf phenology showed a stage of full canopy until the end of November, one
month and a half after the last significant rainfall (Figure 1A). Leaf yellowing started
in mid December. The percentage of green leaves in six experimental trees steeply
decreased with leaf shedding at the end December, and it reached its minimum value
at the end of January (13.33%). The tendency of decreasing in percentage of green
leaves exposed in the same values with 38 trees in the same 2 lines of six
experimental trees. The trees were almost leafless from the end January to mid

February. Flushing of new leaves occurred at the end of February (Figure 1A).
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ET, fluctuated around 2 mm day” from September to mid October. In the dry
period, ET, rose to reach an average value of 3.10 mm day’' from November to
March. The maximum value occurred in early March (5.85 mm day™).

0 in both top and subsoil reached their highest values at the end of the rainy
season (Figure 1B). Top soil # had dramatically decreased at the onset of the dry
period from 25.8 ¢cm®/100 c¢m® of soil in mid October to 7.4 cm®/100 cm® of soil in
March 2008. Subsoil 0 decreased more slightly from 16.7 cm*/100 cm? of soil to 10.0
cm’/100 cm® of soil.

REW in the top soil decreased below 0.5 (assumed soil drought) in mid
November and below 0.25 (assumed severe drought) at the end December. Maximum
value of REW in subsoil in mid October corresponded only to 0.5 and decreased

below 0.2 at the end of November (Figure 1C)

3.2 Tree transpiration, leaf water potential and whole tree hydraulic

conductance

At the end of the rainy season, E7.. fluctuated around 2 mm day'l, very close
to the £T, values. Er... started to decline at the end October while £7) increased and
trees were still with full canopy. Leaf yellowing started approximately 1.5 month
later. Compared to the average value in September, the decrease of E7.. reached
approximately 45% at the end of full canopy period (end of November) and 80% at
the time of maximal defoliation (end of January). Surprisingly, E7.. did not increase
in March according to the flushing of new leaves since February. (Figure 1A)

Wpredawn Tanged from -0.32 to -0.41 MPa during full canopy stage from
September to November (Figure 1D). Compared to the average value in September -
mid November, Wy edann slightly decreased in mid December (P>0.05) and reached -
0.65 MPa at end of December (P<0.01). For these two periods, percentages of green
leaves were 95.4 and 38.3%, while topsoil REW were 0.25 and 0.16, respectively
(Figure 1C). The lowest value of ¥pedawn, -0.81 MPa (P<0.01), was noticed in mid
March 2008 at the stage of leaf flushing.

For Wuinimum» the values recorded for sunny days from September to October
(full canopy, well-watered soil) averaged -2.03 MPa (Standard deviation; SD = 0.19,
Figure 1D). The value recorded for sunny days in full canopy and soil drought
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conditions (end of November) was similar (-1.96 MPa), even slightly lower. In mid
December, while leaf yellowing started and soil drought reached severe rate (REW
0.25 in topsoil and 0.08 in subsoil, the value was also similar (-1.94 MPa).

g was maximal and stable around 1.60 L dm? h! MPa™! from September to
October, in well-watered conditions (Figure 1D). It significantly decreased by 40 % at
the end of November (P<0.05), before any visible changes of leaf phenology and
Wpredawn- The decline of g; reached 55% when leaf yellowing started in mid December

and 65% at the time of leaf flushing in March.

3.3 Relationships with evaporative demand and soil water availability

Data were separated in three periods according to leaf phenology and soil
drought: full canopy period in well-watered conditions (P1; topsoil REW>0.5,
September — mid November), full canopy period with starting soil drought (P2;
topsoil REW<0.5, mid November — mid December 2007), and the period of leaf
senescence-shedding and leaf flushing conditions (P3; topsoil REW<0.25, mid
December 2007 — mid March 2008) where the green leaf area was markedly lower
than in the previous periods.

In well-watered conditions, P1, Epe.. increased according to ET) increase
(Figure 2A) but, it exhibited a saturating plateau for ET, above about 2 mm day™'. The
periods P2 and P3 concerned ET, above 1.5 mm day™. For the P2 with starting soil
drought, E7.. dropped towards 1.0 mm day'1 average value. And for the P3, Ep..
dropped further toward 0.5 mm day™ value. When the relationship was considered
with the ratio of Er,../ETy, it showed that the 3 data groups belong to a similar global
trend driven by evaporative demand (Figure 2B).

The relationship between E7,... and REW showed that tendency of the data of
P1 which is Eze. above 0.5 REW seemly was stable and a large variability (Figure
3A). Especially, this period in the sunny day (ET, > 2 mm day') average Er.. was
around 1.9 mm day'l. Below 0.6 REW, Ery.. decreased according to the same linear
relationship (P<0.01) from full canopy to almost leafless canopy. The relationship
expressed with E7,.../ET) ratio displayed a similar trend with a higher variability above

0.6 REW and a steep early decrease below 0.6 REW (Figure 3B).
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Figure 1 Changes in environments and tree physiological responses of the rubber tree during

September 2007 — mid March 2008: A) percentage of green leaves (closed triangle and

dotted line), daily rainfall (vertical bars), reference evapotranspiration (E7); continuous

line) and daily tree transpiration (E7,..; opened circles); B) volumetric soil water content

(0) that measured by neutron probe (NP) on top soil (closed circles) and sub soil (opened

circles) and the € that measured by capacity probe (CP) on top soil (bold line) and subsoil

(thin line), C) relative extractable soil water (REW) on top soil (bold line) and subsoil

(thin line) and D) whole tree hydraulic conductance (g;; opened squares and dotted line)

and predawn (closed circles) and midday (opened circles) leaf water potential (y;eq). The

vertical bars in each marker indicate 95% confidential interval.
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Figure 2 A) Daily tree transpiration (E7..) versus reference evapotranspiration
(ET)y) and B) ratio of Er.../ETy versus ETy in 3 leaf phynology periods: full
canopy period in rainy season (opened squares; September — mid
November 2007), full canopy period with starting soil drought (closed
circles; mid November — mid December 2007), and period of leaf
senescence-shedding and flushing (opened circles; mid December 2007 —

mid March 2008). The dotted line in Figure A indicates 1:1 reference.
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3.4 Diurnal Kinetics

Bi-hourly kinetics of Er.. and wi..r were compared for 6 sunny days of
contrasted leaf phenology and soil drought conditions (Figure 4). The daily ET) for
sunny days increased towards the dry season from 1.76 mm day™ in September 11 to
3.54 mm day'1 on March 13. The diurnal E7.. exhibited a classical pattern in full
canopy stage and well-watered soil conditions; E7... followed the steeply increase of
ET) and reached maximum rate around midday. The pattern started to flatten on
November 26 at the end of the full canopy stage (Figure 4C), while wpcdawn Was still
high (-0.35 MPa). The diurnal kinetic became almost completely flatted at on end
December while percentage of green leaves equaled 38.3% (Figure 4E).

According to the effect of daily transpiration on leaf hydration, ;.. equated
the highest value at predawn, declined to the lowest value around midday, and went
back to high values at the end of the daytime (Figure 4). During the full canopy period
and onset of leaf yellowing, winimum Was stable around -1.95 MPa despite soil and
atmospheric drought (Figure 4A-4D). Finally, y;.qr kinetic dramatically flattened on
December 27 following the pattern change of sap flow rates.

Maximum E7,.. had approximately declined according to the decrease of the
percentage of green leaves from 0.26 to 0.10 mm h™'. However, in the period of leaf
flushing, the maximum E7,.. was close to zero (0.06 mm h'l) while the percentage of

green leaves had increased to 45 % (young and light green leaves; Figure 4F).

3.5 g, multipoints

Diurnal ;.. plotted versus hourly J;, showed significant linear relationships
(P<0.0001, Figure 5) in which the slopes represent the reverse of g;. The linear form
supported the hypothesis that the effect of water storage (capacitance) was negligible.
It confirmed the validity of the single-point method which used only the difference
between Wy edawn and Wiidday VErsus Jy maqx to calculate g; (Figure 1D).

The 3 periods of contrasted conditions of phenology and soil drought were
distinguished in Figure 5. The slope significantly changed between the three periods
(differed in 95% confidence interval, Table 2). The change which represents a

decrease of g; was particularly remarkable between P1 and P2, before any leaf
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yellowing and shedding. By contrast, Y intercept which represents a theoretical

Wpredawn did not differed between the 3 periods (Table 2).
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Figure3 A) Ep.. versus relative extractable soil water (REW) and B) ratio of
Ereo/ETy versus REW in 3 leaf phenology periods: 1) full canopy period in
rainy season during September — mid November 2007 with sunny days
ET,>2.0 mm day” (opened squares) and with low evaporative demand
days ETy<2.0 mm day™ (crosses), 2) full canopy period with starting soil
drought (closed circles; mid November — mid December 2007), and 3)
period of leaf senescence-shedding and leaf flushing (opened circles; mid
December 2007 — mid March 2008). The dotted lines indicate the tendency

of the relationship in each figure.
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Diurnal reference evapotranspiration (E7); opened circles), tree transpiration (E7..;

closed circles), and leaf water potential (y..; closed squares) on: A) full canopy

period at mid rainy season (11 September 2007), B) full canopy period at end rainy

season (30 October 2007), C) end full canopy period in started dry season (26

November 2007), D) leaves shedding periods with 95% of green leaves (14 December
2007), E) leaves shedding periods with 38% of green leaves (27 December 2007) and

new leaves flushing period (13 March 2008). The horizontal line in each period indicate

critical minimum leaf water potential of mature rubber tree (w.., =

-1.95 MPa;

Isarangkool Na Ayutthaya et al. Paper 2). The vertical bars in each marker indicate

standard deviation (SD).
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Figure 5 Hourly leaf water potential (y;.qs) versus hourly sap flux density (Jy) in 3

Table 2

periods: 4 days of full canopy period in rainy season (FLR; opened squares
and dotted line), full canopy period with starting soil drought in end
November (FLD; closed circles and thin line) and 2 days of leaves
senescence-shedding period in December 2007 (LSS; opened circles and
bold line). The vertical and horizontal bars indicate the SD. The horizontal
bold dotted line indicates the critical minimum leaf water potential of
mature rubber tree, which was -1.95 MPa (Isarangkool Na Ayutthaya et al.
Paper 2).

Details of regression curves between water potential (wzcqs) and hourly sap
flux density (J;) in 3 periods: 4 days of full canopy period in rainy season
(FLR), full canopy period with starting soil drought in end November (FLD)
and 2 days of leaves senescence-shedding period in December 2007 (LSS).

95% confidence 95% Confidence
interval for slope interval for
Interception
Periods n Slope interception Y-axis
Y-axis
Lower Upper Lower Upper
Bound Bound Bound Bound
FLR 39 - 0.5295 - 05964 - 0.4626 - 0.5471 - 0.6498 - 0.4444
FLD 11 - 0.929% - 1.2221 - 0.6367 - 0.6224 - 0.8846 - 0.3602
LSS 22 - 1.2756 - 15353 - 1.0158 - 0.5760 - 07177 - 0.4342
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3.6 g, single point versus E7;,,

Plotting of E7.. versus g; demonstrated that the decrease of daily Ez.. was
mainly explained by the change of g; following a linear response (R* = 0.98, P<0.001;
Figure 6). The same linear trend included data of the three periods distinguished by
leaf phenology and soil drought. Additionally, the slope calculated over the seasonal
drought (P2 and P3) did not differed from the slope calculated over the whole data

including P1 period of well-watered soil and full canopy conditions.

2.5 7 y=11102x; Rz = 0.98*
(All periods)
2.0 ~
%
T 1.5 -
S
E
g 1.0 -
=
1]
05 - 7 y = 1.2068x; R? = 0.97**
/é} (Dry period)
= T 1

- 05 10 15 20 25
g. (Ldm?2h' MPa™)

Figure 6 The relationship between tree transpiration (E7..) versus whole tree
hydraulic conductance (gz) in 3 leaf phenology periods: full canopy with
well-watered condition (opened squares), full canopy period with starting
soil drought (closed circles) and period of leaf senescence-shedding and
leaf flushing (opened circles). The dotted lines indicate tendency in all
periods, whereas bold lines indicate only tendency in seasonal drought
period (mid November 2007 — March 2008). The horizontal and vertical
bars indicate standard error (SE). ** indicates the significant linear

relationships at 99%.
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3.7 Wpredawn and g1 versus REW

Figure 7A illustrated the relationships between v eiann and REW in the top
soil. However, the relationships between ¥, equwn and REW in both top soil and subsoil
are highly related. Nevertheless, the relationship with subsoil REW (data not shown)
appears more correlative than causal because of the magnitude of the values; W, eqaum
starts to decrease below 0.1 REW, a very low value. Therefore the change of w,edumn
appeared more related with topsoil REW. In details, W, cqawn Started to decrease below
0.4 REW in the topsoil, which did not exclude any partial influence of REW in the

subsoil. The simple relationships assessed were:

b4 = 1.2487REW —-0.8514, for REW=0-0.4

predawn

(R*=0.95, P<0.05,n = 4)

b4 = —-036MPa, for REW>0.4 (12)

predawn

The relationship between g; and REW confirmed a strong decrease of g; at
low REW which include in the same trend data of P2 and P3 (Figure 7B). Data of P1
defined a plateau of maximum g; at high REW. However, data were missing to
determine an accurate threshold which could have been between 0.7 and 0.5 REW.
The change of g; showed a non linear decrease, quick at the start. Relationships
between g; and subsoil REW showed also a significant link (R?> = 0.63; data not
shown) but the less stronger than with topsoil REW. The relationships assessed for

modeling considered only the top soil:

g, = 0.283exp(3.3456REW), for REW = 0-0.5
(R*=0.95, P<0.01,n = 6)

g,= 1.60 Ldm?h' MPa, for REW>0.5 (13)
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Figure 7 Relationship between A) predawn leaf water potential (y,requwn) and top
soil relative extractable soil water (REW) and B) whole tree hydraulic
conductance (gz) and top soil REW in 3 leaf phenology periods: full
canopy with well-watered condition (opened squares), full canopy period
with starting soil drought (closed circles) and period of leaf senescence-
shedding and leaf flushing (opened circles). The dotted lines indicated
tendency of relationships. The vertical bars in Figure A and Figure B
indicate SD and SE, respectively.
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3.8 Test of hydraulic limitation model

RER ET, model was applied with two sets of parameters (Figure 8). The first
set corresponded to the initial parameters assessed by Isarangkool Na Ayutthaya et al.
(Paper 2) for intermittent drought with full canopy conditions (Eq. 9 and Eq. 10). The
second set corresponded to the parameters assessed in this study (relationship of
predawn versus top soil REW, Eq. 12; relationship of g; versus top soil REW, Eq. 13,
Werit = -1.95 MPa).

The model with initial parameters provided already the trend of transpiration
decrease, however with overestimates for the starting drought and mild drought
periods (Figure 8 and 9A; n = 185, RMSE = 0.33, R? = 0.78). The model with new
parameters logically provided simulations closer to measured transpirations (Figure 8
and 9B, RMSE = 0.22, R? = 0.90). Nevertheless, the model with initial parameters
overestimated Ez... by 16%, while the model with new parameters underestimated

Etyee by 9%.
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Figure 8 Comparison of RER ET, model that predicted tree transpiration (E7..) by
developed physiological relation equations during intermittent drought in
rainy season (Int. D.; black dotted line) and RER_ET), model that predicted
Ere.. by developed physiological relation equations during seasonal dry
period (Sea. D.; continuous line). The opened circles and gray dotted line

are measured E7;.. and ET), respectively.

109



Figure 9

Results: seasonal drought

2.0 - /
o 20
© [m]
T 1.6 - a
: £
% 1.2 -
A £
w
- 0.8 -
(]
®
£ 0.4 -
kA RMSE =0.33
m -

0.0 0.5 1.0 1.5 2.0 2.5
Measured Er,ee (mm day™)

2.0 - L
‘T> u:nl:l:l:l:lml:im-u
S 16 - ®, E
g 0 on & o
‘-é 1.2 A :E o
B ur
W08 ’&
(]
® 21
€ 04 -
5 RMSE =0.22
m -

0.0 0.5 1.0 1.5 2.0 2.5
Measured Er,ee (mm day™)

Relationship between estimated daily tree transpiration (Estimated Er..) and
measured daily tree transpiration (Measured E7..) during leaf senescence-
shedding-new flushing period. A) RER ET, model that predicted tree
transpiration (Er..) by developed physiological relation equations during
intermittent drought in rainy season and B) RER ET, model that predicted Er,..
by developed physiological relation equations during seasonal dry period during
seasonal dry period with leaf senescence-shedding and leaf flushing occurrence.
The dotted line in each figure indicates 1:1 reference. The meaning of each
marker indicates each leaf phenology period: full canopy period in rainy season
(opened squares; September-mid November 2007), end full canopy with starting
soil drought (closed circle; mid November — mid December 2007) and period of
leaf senescence-shedding and leaf flushing (opened circle; mid December —mid

March 2008).
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4. Discussion

4.1 Principles of a simple hydraulic limitation model

Results confirm the hypothesis that the principles of RER ET, model hold to
describe transpiration response to seasonal drought.

First, Wuinimum for sunny days did not decrease under soil drought and
atmospheric drought while maintaining full canopy for two months after the last
significant rains. Secondly, the decrease of E7;.. was mainly explained by the change
of g;. The data corresponding to the period of massive leaf shedding and leaf flushing
are fully included in the same linear trend. Thirdly, the decline of g; was strongly
related to REW decrease.

It was expected that the basis of RER ET, model applied similarly for
transpiration response under seasonal drought at least with full canopy conditions.
The principles of the ‘“hydraulic limitation model” are assumed to be clonal or
species-specific characteristics; such as the isohydric behaviour of mature trees for
werir, OF the negligible quantitative effect of tree capacitance on daily transpiration.
Hence, these properties are not expected to change depending drought conditions.
These conclusions confirm the principles of water losses regulations and the isohydric
behaviour previously assessed for mature rubber trees under intermittent drought and

for this clone in particular (Isarangkool Na Ayutthaya et al. Paper 2).

4.2 Influence of the deciduous pattern

Results do not confirm the hypothesis of a marked influence of the deciduous
pattern on the parameters and relationships of RER ET; model. The changes were
lesser than expected despite the conditions of changing and low transpiring leaf area
and the possible shifts of root water uptake from topsoil to subsoil. The model with
previously assessed parameters for intermittent drought in rainy season provides the
trend of transpiration decrease under seasonal drought. The newly assessed
parameters and relationships were not very different from initial parameters assessed
in intermittent drought and full canopy conditions (Isarangkool Na Ayutthaya et al.

Paper 2). In the details, there were similarities and differences.
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4.3 Value of vyinimum under drought

The average Wuinimum for sunny days under drought (end of November an
December) was very close to the value measured in intermittent drought conditions.
Werie equated -1.95 MPa in intermittent drought of rainy season (Isarangkool Na

Avyutthaya et al. Paper 2).

4.4 Wy edawn Yesponse to drought

The late change of W, equwn compared to the decreases of transpiration and gy
was the main difference with the responses noticed for intermittent drought in rainy
season. The decrease of y,eqawn OCcurred at least one month after the decrease of g,
at the same time than the onset of leaf yellowing and shedding in mid December. For
the intermittent drought, ¥, edawn had decreased at the same time with Er.. and g
(Isarangkool Na Ayutthaya et al. Paper 2). Comparison based on the relationships
versus REW shows that both wycguwn are still mainly related to REW in the topsoil
(Figure 7A). However, Wy ciawn started to decrease at a lower threshold value than in
the intermittent drought (Figure 10A). This result suggests that wpeqmm Was
complementary controlled by other parameters than REW in the top soil. By contrast
with the drought in rainy season (Isarangkool Na Ayutthaya et al. Paper 2), more
water was available in the subsoil at the onset of the seasonal drought. Average REW
in the subsoil (40-180 cm) was between 0.2 and 0.3 in November against <0.1 in
June-July (intermittent drought). Moreover, root growth was observed in the same
experimental field at depths between 1.25 and 4.25 m in November (Gonkhamdee et
al., 2010). Hence, root water uptake in the subsoil could have influenced v, cquwn at
this period.

In the literature, it is known that the interpretation of ) ciawn 1S complicated in
conditions of large development of roots and heterogeneous soil water content
(Richter 1997; Ameglio et al. 1999). Moreover reduction of transpiration through
stomatal regulation and leaf senescence could have decrease daily dehydration and
facilitate nighttime rehydration of remaining green leaves, which may have delayed

the decrease of W redqn-
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Figure 10 Relationship between A) predawn leaf water potential (¥ edavn) and top
soil relative extractable soil water (REW) and B) whole tree hydraulic
conductance (g;) and REW in intermittent drought in rainy season (Int. D.,
dotted line; Isarangkool Na Ayutthaya et al. Paper 2) and seasonal dry

period (Sea. D., bold continuous line).
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4.5 g; response to REW

The relationship of g; versus topsoil REW yielded for seasonal drought
showed similarities and differences with the one obtained for intermittent drought in
full canopy conditions (Isarangkool Na Ayutthaya et al. Paper 2). By comparison with
subsoil, REW in the top soil still appeared as the main driver of g; decrease from the
full canopy stage to the leaf shedding and leaf flushing stages (Figure 7B). The
relationships showed both a plateau and a critical threshold around 0.5 REW for the
onset of g; decrease. However after the plateau, the decrease of g; differed between
the two periods of drought (Figure 10B). It was quicker in the seasonal drought where
40% of g; decrease corresponded approximately to 0.4 REW of top soil compared to
0.10 REW in intermittent drought.

4.6 Processes of g; decrease and increase

Such as in mid-drought conditions, the decline of the g; can be mainly
explained by the decrease of the soil to root conductance. The decrease of the soil to
root conductance is logically attributed to the decrease of the soil water availability
(measured) and the declining contact between soil and roots. Moreover a certain
percentage of xylem embolism in the petioles and branches may have contributed to
the decrease of g;. For example, Wuinimum compared to 50% loss of hydraulic
conductivity in young potted trees that assessed by Ranasinghe and Milburn (1995)
and Sangsing et al. (2004) found values of xylem tension corresponding to 50% of
embolism in the petioles between -1.5 and -2.0 MPa. Moreover, a higher sensitivity to
xylem embolism is expected with leaf aging (Cochard et al. 1992; Cruiziat et al.
2002).

The period of leaf senescence and shedding also corresponds to several long
term processes which can explain the quicker decrease of g; versus top soil REW
compared to intermittent drought conditions in rainy season where no leaf yellowing
and shedding were observed (Isarangkool Na Ayutthaya et al. Paper 2). At the stage
of leaf senescence preceding leaf shedding, there is the formation of an abscission
zone in the petiole (Taiz and Zeiger 1991). This abscission zone should logically
decrease the hydraulic conductance between xylem of twigs and leaves. Additionally,

several studies on temperate species have shown decrease of g; before leaf senescence
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(Salleo et al. 2002; Brodribb and Holbrook 2003). Later on, leaf yellowing and
shedding should reduce drastically the total hydraulic conductance of leaves. Leaves
are assumed to contribute to between 40% and 80% of the whole-plant hydraulic
conductance (Becker et al. 1999; Nardini and Tyree 2000; Brodribb et al. 2002;
Domec et al. 2009).

However, two other phenological long term processes in the seasonal drought
may have a reverse effect by increasing g;. The significant root growth observed in
the subsoil (Gonkhamdee et al., 2010) could have increased soil to root conductance
and K,,,. Later on, in February and March, the observed leaf flushing should have
increased the hydraulic conductance of leaves. Surprisingly, the leaf flushing
observed in February and March was not followed by an increase of g; and
transpiration (Figure 1A). This suggests a strong stomatal regulation adjusted to the
very low g; likely mainly controlled by low soil water availability and soil to root
conductance. To maintain steady-state water status, stomatal conductance is assumed
to adjust the water losses in gas phase to the change of g; which controls the water
transfer from soil to leaf in liquid phase (Whitehead, 1998). The large number of
processes involved reflects the complexity of the regulation of g; and transpiration in

the seasonal drought.

4.7 Convergence of whole-tree responses and modeling

The simulations confirm the ability of RER_ET, model to simulate the trend of
transpiration change under seasonal drought without taking into account the
phenology and variation of green leaf area by contrast with the majority of
transpiration models. It was particularly remarkable to see that transpirations
simulated by the model with simple parameters issued from full canopy conditions
meet the values measured in January with only 15 % of green leaves. The results
imply that in our experimental conditions the simple principles of the hydraulic
limitation model were enough to simulate the influence of the deciduous pattern of the
trees facing climatic and soil droughts.

This conclusion supports the idea that phenological changes converge toward
a same response of whole-tree water relations to soil and atmospheric drought, which

is correctly described by the concepts of hydraulic limitation: g; decrease versus soil
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water availability and ., stability. This converging response of transpiration to
droughts despite contrasted conditions of leaf phenology and, i.e. green leaf area, was
particularly illustrated by Figure 2 and Figure 3 where the data corresponding to leaf
shedding and leaf flushing periods fit the same tendencies against E7) and REW than
the ones of the full canopy period.

Finally, this convergence certainly hides complex adjustments between short
term process (stomatal regulation, xylem embolism) and long term process of leaf and
root phenologies which change the relative contribution of hydraulic conductances to
the soil-root and canopy-atmosphere interfaces.

The results suggest that in our conditions the deciduousness of rubber tree was
completely driven by drought. However it may be not always the case even for the
same rubber tree stand. We noticed in the following year (2008/2009), a deciduous
pattern despite a large soil water availability. However, the duration of the period of
changing and low leaf area was particularly shortened compared to 2007/2008. The
next interesting step will be to apply RER ET) framework in various environmental

conditions and with different clones.

5. Conclusion

In this study, we investigated for the main clone planted in Southeast Asia
(RRIM600) the transpiration response of mature trees to atmospheric and soil
droughts in the seasonally dry period where several phenological changes occur: leaf
senescence and massive leaf shedding, leaf flushing. The results were compared with
responses to intermittent drought in rainy season with full canopy conditions
(Isarangkool Na Ayutthaya et al. Paper 2)

The results proved first that such as for intermittent drought the principles of a
simple hydraulic limitation model hold: stability of yinimum for sunny days under soil
drought, decrease of Er.. mainly related to change of g;, decrease of g; mainly
related to REW in the top soil. Secondly, the deciduous pattern showed little influence
upon the parameters and the relationships of the hydraulic limitation model.

Finally, our results support the idea that phenological changes converged
toward a same response of whole-tree water relations to soil and atmospheric drought,

which was correctly described by the concepts of hydraulic limitation: g; decrease
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versus soil water availability, while ., stable. This simple convergence certainly
hide complex adjustments between short term process (stomatal regulation, xylem
embolism) and long term process of leaf and root phenologies which change the
relative contribution of hydraulic conductances at the soil-root and canopy-

atmosphere interfaces (Domec et al. 2009).
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GENERAL CONCLUSION

This general conclusion is developed according to the objectives set in the

general introduction.

1. Experimental conditions

Before to draw the general conclusion it is of value to recall that the conditions
of droughts were particularly extreme compared to the other areas of rubber growing.
Before the onset of the rainy season in May, the soil water availability was very low
in the subsoil, below 0.2 REW up to 1.8 m. Moreover, deep profiles up to 5 meters
have shown that the soil water availability was still low up to this depth (data not
shown). The annual amount of rainfall in 2007 was less than 1,000 mm, 15 % lower
than the average in the area and 45% lower than the optimum amount of 1,800 mm.
The evaporative demand was particularly high, ET) above 2 mm day” when soil
drying occurred in both intermittent drought and seasonal dry period. In the seasonal
dry period (2007/2008), the duration of the period of low leaf area, (including leaf
senescence, massive leaf shedding and leaf flushing) was maximum c.a. four months.
However these conditions of drought occur regularly in this large area of rubber
growing. They represented a suitable environment to study water relations under

drought.

2. Accuracy of transpiration estimate

The first step of the study was to test and validate the estimate of whole-tree
transpiration by sap flow measurement. Paper 1 assessed a reliable average calibration
for rubber tree wood (and other woody species) to estimate xylem sap flux density
from very low rates (0.3 L dm™ h™) to high rates (5 L dm™ h™"). And the field
comparison with soil water balance in the dry season validated the absolute estimates
of whole-tree transpiration at a reasonable extent. The number of replicate
measurement in the field (11 trees and 3 probes per tree) insured a good accuracy in
the determination of the average sap flux density in the outer xylem. The
determination of the sapwood area was facilitated by a very limited non conductive

heartwood and a strong relationship between trunk diameter and bark thickness.
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However, the average decreasing radial profile of sap flux density was possibly a
source of inaccuracy at medium and low flow. Because the decreasing radial profile
within the xylem was assessed with 4 replicates over 7 days for medium-high flow
rates in the outer xylem in well soil watered conditions. It is possible that the current
reduction coefficient (0.87) was slightly underestimated for medium-low flows. This
possibility may explain some overestimate values of whole-tree transpiration which
were substantially over ETy (around 10 %). However, the overestimation occurred in
only low evaporative demand or cloudy day (ET, < 2.0 mm day™). Therefore, another
cause for this overestimation could be occurred by water storage in the top part

canopy above sap flow probe installation area.

3. Thresholds of transpiration change

Results in papers 2 and 3 have shown particular thresholds of transpiration
change for evaporative demand, soil water availability and tree water status. The
whole-tree transpiration of the studied trees saturated when ET) increased over 2.0 —
2.2 mm day'1 or 1.6 — 1.8 kPa of vapour pressure deficit (VPD) despite soil water
availability. And values of relative extractable soil water (REW) below 0.5
corresponded clearly too constraining conditions for tree water uptake. Moreover,
predawn leaf water potential (¥ edann) below -0.4 MPa indicated water stress and the
onset of transpiration decrease. However, in paper 3 it was shown that values above
Wpredawn threshold do not prove that there is no water stress. Because of ¥y edawn Was
very late indicator of transpiration decrease, it decreased only after the tree exhibited
leaf fall.

There are no reasons to think that these observations might not be general. As
detailed in the discussion of papers, threshold REW of 0.4-0.5 is an agreement with
literature references on other woody species yielded mainly in temperate conditions. It
is also known that y,.eqwn could be a very late indicator of soil water constraint
because it is influenced by features of the plant itself such as the relative equilibrium
of the root profile with a heterogeneous soil water profiles or the rehydration allowed
by reducing transpiring leaf area. The saturating transpiration at high evaporative
demand is a new and important insight for rubber tree water relations. It has

consequences on the modeling of tree transpiration and on the reduction of carbon
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gain through the induced stomatal closure. This behaviour has been recently observed
in several temperate species with different thresholds of evaporative demand.
However, it is fairly possible that the threshold differ between clones of rubber trees

as it differs between species.

4. Framework of the hydraulic limitation model

The framework of a simple hydraulic limitation model was successful to
describe the main change of whole-tree transpiration under both atmospheric and soil
drought. Firstly, the saturating of transpiration at high evaporative demand was
explained by plant hydraulics. The combination of a critical minimum leaf water
potential (y;) and of the maximum value of whole-tree hydraulic conductance (g;)
defines a maximal transpiration that cannot be over-passed despite well soil watered
conditions. Secondly, the decrease of transpiration under soil drought was correctly
described by the decrease of g; versus REW. Thirdly, paper 3 has shown that the
simple model globally applied also for the seasonal drought where the leaf area was
dramatically reduced and root growth was noticed in the subsoil. This result implies
complex adjustment between short term process (stomatal closure, xylem embolism)
and long term process (canopy area, root dynamic) at the different parts of the soil-
plant-atmosphere continuum that converge toward an apparently simple relationship

of g; versus soil drought.

5. Limits of modeling framework

The conditions of very marked droughts were likely favourable to the test of
this approach particularly for the results with changing leaf area. The model RER _ET)
was used as an exploring model. It has obviously several over-simplicity and lack of
general appliance. For instance, ET) appeared correct here to define directly the
maximum transpiration without plant constraint. Hence, the maximum transpiration
allowed by climatic demand is certainly smaller for a young plantation where the
transpiration is limited by the size of the canopy and the sapwood area. However, the

model assessed represents an interesting base for further improvement.

122



General conclusion

6. Limits of the experimental approach

As many works in the field, this experiment in 2007 has studied change of tree
transpiration under drought without factor experimentally controlled (like with
irrigation or rainfall restriction). In this case, one difficulty is to separate causal from
correlative relationships. It was done by several ways. Firstly, the relationships are
assessed from a framework with mechanistic basis. Secondly inside the relationships,
the points corresponding to contrasted conditions of soil water availability,
evaporative demand or leaf phenology were clearly identified and compared. Thirdly,
the soundness of the observed thresholds was considered. However, some correlative
contribution may not be completely excluded. For example, the relationship of g,
versus REW assessed in the seasonal drought with 0-40 cm topsoil, was likely not
completely causal, because a significant co-variance of REW in the subsoil was
noticed. It is likely that a relationship considering REW for 100 cm instead of 50 cm
could have improved the analysis. In 2008, we set up new experimental design
comparing rainfed trees with trees which were complementary irrigated. But these
data were not usable to complete the study of soil drought effects because 2008 was
an exceptional year with high rainfall and no natural water shortage and likely several
period of water stress due to excess of water. However, the saturating transpiration

was confirmed.

7. Isohydric behaviour

Our experimental and modeling results demonstrate the isohydric behaviour of
the studied mature rubber trees in both intermittent drought and seasonal drought.
Despite soil or atmospheric droughts, trees maintained the minimum leaf water
potential (Wminimum) between -1.8 and -2.2 MPa, -1.95 MPa being the critical value
estimated. In the hypothesis of the hydraulic limitation, these trees control leaf water
potential above this critical value through a strict stomatal closure to prevent the
occurrence of runaway embolism. For several temperate species, the critical minimum
leaf water potential corresponds to 10% of percentage loss of hydraulic conductivity
(PLC) and 90% of stomata closure (Cochard et al, 1996; Cruiziat et al., 2002).
However, these related parameters are not known for mature trees and this clone in

particular. It is possible that values of wyinimum values at the lower range of -2.2 MPa,
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General conclusion

corresponded to a substantial embolism. One next step of research on this topic is to
analyze for the mature trees the xylem embolism occurrence (native embolism and
vulnerability curve) and the response of stomatal closure to decreasing leaf and xylem

water potential.
8. Summary of physiological responses values
Thresholds of atmospheric and soil droughts limitation and the value of

important physiological responses are shown in Table 1.

Table 1 Conclusion of several physiological parameters

Name Value Unit

Threshold of saturated £7) 20-2.2 mm day'1
or 1.6-1.8 kPa

Threshold of soil drought in REW 0.5
Threshold of soil drought in w,equwn -0.45 MPa
Y.t -1.95 MPa
Maximum E7.. 24 mm day'1
Maximum J; 3.0 Ldm?h?!
Maximum g; 1.7 L dm? h'MPa’

9. Clonal variability

Literature results yield on young and mature trees support the existence of
substantial variability of water relations within rubber clones (Gururaja Rao et al.
1990, Sangsing 2004). RRIM600 was ranked as a drought tolerant clone with the best
water status and long term growth. Hence, it is possible that the ., may vary
according to the clone. One major interest of the hydraulic limitation model is that it

will allow to compared clone performance in contrasted environments

10. Consequence on potential growth and production

Hence, both soil and atmospheric drought decrease or limit the transpiration of
mature rubber trees of RRIM600 clone. Such regulation implies a strong stomatal
closure which should decline CO, diffusion and rate of photosynthesis. Then, the final
impact of these droughts is the inhibition of growth and production. As these droughts
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General conclusion

certainly occur more often in sub-optimal area than in traditional area, it may partly
explain the difference of growth and production between the areas. Irrigation is one
obvious solution to improve growth and production in water limited areas
(Vijayakumar et al. 1998). However our results suggest that the gain will be not
maximum because the negative effect of high evaporative demand remains. One
solution is likely to adapt the clone choice to the agricultural practice. For instance, a
“water saver” as it is assumed for RRIM600 is may be a good choice for rainfed
growing, but it is likely that a clone with less strict control of stomata will be more

adapted to irrigation practice.
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ABSTRACT

The changes of whole-tree transpiration under atmospheric and soil droughts were
investigated for mature rubber trees (Hevea brasiliensis, clone RRIM 600) in a drought-prone
area of North-East Thailand. The changes were analyzed and compared between intermittent
drought in the rainy season and seasonal drought where occur periods of lower leaf area (leaf
senescence, massive leaf shedding and leaf flushing) and subsoil root growth.

The physiological responses were analyzed under the framework of a simple
hydraulic limitation model called ‘RER ET,’. This model is mainly based on a critical
minimum leaf water potential (y,;;) and the responses of whole-tree hydraulic conductance
(gr) and predawn leaf water potential (Wpresuwn) to relative extractable water (REW).
Continuous and accurate estimate of whole tree transpiration over a whole year was a key
measurement of this study with concurring measurement of environmental conditions and
leaf water potential (wicq). We applied the transient thermal dissipation method (TTD)
developed by Do and Rocheteau (2002b) which has several advantages but which was never
tested in rubber wood

The TTD method was calibrated in the laboratory with cut stems of Hevea
brasiliensis and two other species (Mangifera indica and Citrus maxima). The results
provided a simple linear calibration which was independent of the woody species tested (R? =
0.88, n = 276, P<0.0001). Field comparison with soil water depletion in the dry season
validated to a reasonable extent the absolute estimates of transpiration.

In rainy season, the first remarkable result was the assessment of saturating
transpiration above reference evapotranspiration (ETp) c.a. 2.2 mm day™ in period of well soil
watered conditions. Intermittent soil drought provoked a dramatic decrease of transpiration
below a threshold of 50% REW in the top soil which corresponded to a ¥y edaun c.a. -0.45
MPa. Transpiration was reduced by 40% at 0.3 REW and 80% at 0.1 REW. The minimum leaf
water potential (Wyiimum) for sunny day did not decrease according to soil drought and was
stable around -1.95 MPa which supported an isohydric behaviour. The decrease of
transpiration was mainly due to the change of g;. Results in the seasonal drought showed that
the principles of the hydraulic limitation model hold despite changing phenology and leaf
area. Moreover, the deciduous pattern showed little influence upon the details of parameters
and relationships. Finally, the framework of a simple hydraulic limitation model was
successful to describe the main change of whole-tree transpiration under both atmospheric
and soil drought. Both our experimental and modeling results demonstrate the isohydric
behaviour of the studied mature rubber trees.

Key words: Hevea brasiliensis, xylem sap flow calibration, tree transpiration, hydraulic
limitation model, soil drought, atmospheric drought



Résumé

Les variations de transpiration totale sous contraintes hydriques, a la fois
atmosphérique et édaphique, sont étudiées pour des arbres matures d’Hevea brasiliensis
(clone RRIM600) dans une zone limitée en eau du Nord-Est de la Thailande. Les variations
sont analysées et comparées entre une sécheresse transitoire en saison des pluies et la
sécheresse saisonnicre caractérisée par des fluctuations de la surface foliaire (sénescence
foliaire, chute des feuilles and re-feuillaison) et de la croissance racinaire en profondeur.

Les réponses physiologiques sont analysées dans le cadre d’'un modéle hydraulique
simple appelé¢ “RER ET,”. Ce mod¢le est principalement basé sur une valeur critique du
potentiel hydrique foliaire () et sur les réponses, de la conductivité hydraulique totale de
I’arbre (g;) et du potentiel hydrique de base (Wpredann), @ la disponibilité en eau du sol (REW).
Une estimation précise et en continue de la transpiration totale des arbres durant une année
compléte était une mesure clé de cette ¢tude avec des mesures concomitantes des conditions
environnementales et du potentiel hydrique foliaire (y;..s). Nous avons appliqué la méthode a
dissipation thermique transitoire (TTD) développée par Do et Rocheteau (2002b) qui a
plusieurs avantages mais n’avait pas été testée sur bois d’hévéa.

La méthode TTD a été calibrée en laboratoire sur des segments de branches d’Hevea
brasiliensis et de deux autres espeéces (Mangifera indica and Citrus maxima). Les résultats
fournissent une calibration linéaire unique indépendante des especes étudices (R* = 0.88, n =
276, P<0.0001). Une comparaison en plantation via un bilan hydrique du sol en saison séche
valide les ordres de grandeurs de transpiration ainsi estimés par les flux de seve.

Les résultats démontrent une remarquable saturation de la transpiration au dessus d’un
certain seuil d’évapotranspiration de référence (ET7)), environ 22 mm day’,
indépendamment de la disponibilité en eau du sol (REW). Ensuite, le dessechement du sol en
saison des pluies provoque une chute marquée de la transpiration en dessous d’un seuil de
50% du REW dans I’horizon de surface du sol, ce qui correspond & ¥pedawn autour de -0.45
MPa. La transpiration est réduite de 40% a REW 0.3 et 80% a REW 0.1. La valeur minimale
de potentiel hydrique foliaire (Winimum) €n journée ensoleillée ne décroit pas en fonction du
dessechement du sol mais est stable autour de -1.95 MPa ce qui suggere un comportement
iso-hydrique. La décroissance de la transpiration est essentiellement liée a la variation de g;.
Les résultats durant la sécheresse saisonniere montrent étonnamment que les principes du
mode¢le a limitation hydraulique tiennent malgré les variations de phénologie et de surface
foliaire. De plus, les variations phénologiques ont peu influencé sur les détails des parametres
et relations du modéle. Finalement, le cadre du simple modéle hydraulique a été suffisant
pour décrire correctement les principales variations de transpiration de 1’arbre sous contrainte
hydrique édaphique comme climatique. Un comportement iso-hydrique des arbres matures
¢tudiés est démontré a la fois par les résultats expérimentaux et la modélisation.

Mots clés: Hevea brasiliensis, étalonnage des mesures des flux de séve brute, transpiration
totale, mod¢le a limitation hydraulique, sécheresse du sol, sécheresse atmosphérique
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