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SUMMARY

Plant water condition determines to a large extent their general condition, their health and growth. Water
potential is one of the newer and most important parameters that have emerged in the fields of plant biology
physiology and ecology for the description of the water status of plants, in the last few decades.

What is water potential and how it is measured is the focus of this review, which aims to clarify definitions, to
describe what is currently known, and to provide the reader with practical information on how it is measured.

The concept of water potential is defined first. Reference is made not only to plant but also to soil water
potential. Then two methods of measuring water potential are presented. They are thermocouple psychrometry and
Scholander’s pressure chamber. Emphasis is given to the latter as it is the most common and practical method for
water potential measurements. The steps for making a measurement, and the instruments themselves are
presented. Furthermore, other important considerations for making good and reliable measurements are
discussed. Finally, an extensive list of references is included in an appendix in order to facilitate finding more
information on specific subjects about water potential measurements.

GLOSSARY

Adhesion: Clumping of unlike molecules. It only occurs between polar molecules (for example water and
cellulose are strongly attracted to each other). Adhesion reduces water's mobility and thus its water
potential.

Cambium: a layer of formative cells between the wood and bark in woody plants: the cells increase by division
and differentiate to form new wood and bark (Webster’s Dictionary 1982). The meristematic sheat of cells
that surrounds the stem, shoots and roots. It originates the successive layers of secondary growth and is
functionally a single cell layer, although a zone of actively dividing cells is typically observed (SPURR and
BARNES 1980).

Cohesion: Clumping of like molecules together when the molecules are not compressed. These molecules
clump because they are polar (they contain positive and negative regions). Water molecules attract each
other through hydrogen bonds; this causes surface tension; a column of water can be pulled from above
like a rope (a column of water has 1/4th the tensile strength of a copper wire of similar diameter).

Matrix: A matrix is any particle that is too large to go into solution. Examples of a matrix are solid particles,
sand grains, soil particles, cell wall microfibrils (cellulose), and starch.

Osmosis: Diffusion of water across a differentially permeable membrane.

Ploem: The vascular tissue serving as a path for the distribution of food material in a plant, made-up chiefly of
sieve tubes and parenchyma cells, sometimes with companion cells and fibers (Webster's Dictionary
1982). The phloem is generated by the cambium, to the outside of the tree stem (opposite of the direction
of ylem growth) and can also be described as the food-conducting inner bark. The phloem cells serve as
transport channels for photosynthetic products, growth regulators, and many other substances within the
crown, from crown to other parts of the tree, and from the roots to the crown. Phloem cells are not
lignified and must be regularly differentiated because they function only for a few years before collapsing
and becoming part of the outer bark (SPURR and BARNES 1980). Phloem conduction at its maximum is
100 cm/hr ()

Sap: The juice that circulates through a plant, especially a woody plant, bearing water, food, etc. to the tissues
(Webster’s Dictionary 1982).

Thermocouple: A complete electrical circuit formed by two dissimilar metals forms a thermocouple. A
thermocouple is a kind of thermometer consisting of two wires of different metals that are joined at both
ends; one junction is at the temperature to be measured and the other is held at a fixed lower
temperature; the current generated in the circuit is proportional to the temperature difference. The
principle that allows thermocouples to be used for measurements of temperature is the thermoelectric
effect (also known as the Seebeck effect after its discoverer). The advantage of thermocouples is that
they can detect very minor changes in temperature, over very large temperature ranges. They can also
detect any changes to temperature very quickly.

Turgor Pressure: The hydrostatic pressure within a cell due to osmosis

Xylem: The woody vascular tissue of a plant, characterized by the presence of vessels or tracheids or both,
fibers and parenchyma, that conducts water and mineral salts in the stems, roots, and leaves and gives
support to the softer tissues (Webster’s Dictionary 1982). The cambium gives rise to the water-conducting
cells, the xylem, toward the center of the stem. The xylem cells become lignified and form the dead
woody axis of the tree (SPURR and BARNES 1980). Xylem conduction is 15 m/hr or faster.
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1. INTRODUCTION

Water is one of the most important elements for life.
In regard to plants, their water condition determines to a
large extent their general condition, their health and
growth.

The water cycle constitutes a part
ecosystems just as does the nutrient cycle.

Lack of water, in extreme cases, leads to irreversible
changes and ultimately to death of the plants.

of forest

In regard to wildland fires, the water status of the
plants is clearly one of the factors affecting fire
behaviour.

After a fire, water availability affects, among others,
regeneration of trees, shrubs and grasses and
ultimately site re-vegetation.

Given the importance of water for plants, biologists
and ecologists have devoted an immense amount of
work in an effort to comprehend the ways in which
water plays its role in the plants.

This includes its contribution to plant tissues, its
functions such as food transportation, cooling etc., its
movement in the plant and the forces dictating it, etc.

One of the relatively newer and most important
parameters that have emerged in the fields of plant
biology physiology and ecology for the description of
the water status of plants, in the last few decades, is
water potential.

Being relatively new, it has many facets that are still
being investigated, both in regard to what it means,
what influences it, and how it can be utilized for
practical purposes.

This also holds true about its relation to forest fires.

What is water potential and how it is measured is the
focus of this review, which aims to clarify definitions, to
describe what is currently known, and to provide the
reader with practical information on how it is measured.

1.1 DEFINITION OF WATER POTENTIAL

The mechanisms of water absorption and rate of
water flow from soil to plant are primarily controlled by
water evaporating from the leaves, as this evaporation
creates a vapour pressure gradient.

In transpiring plants, water moves from the soil to
the root epidermis, the root cortex and free space, the
root xylem, the stem xylem, the leaf veins, the leaf
mesophyll and free space, and through the stomates to
the atmosphere.

The driving force for all this movement are gradients
of decreasing water potential (SPURR and BARNES
1980).

In its simplest form, the equation describing one-
dimensional liquid flux can be written as (CAMPBELL
1977):

dx
where k is the hydraulic conductivity (kg2m-1s-1J-1),
Jw is the flux density and @ is the water potential (J/kg).

Water potential is defined as the potential energy
per unit mass of water with reference to pure water at
zero potential (CAMPBELL 1977).

If pure water at atmospheric pressure and 20°C is
taken as a reference having zero potential, increasing
pressures provide positive potentials with increased
attraction among water molecules, whereas decreasing
pressures result in negative values with less attraction
(WARING and SCHLESINGER 1985).

Water in the plant-soil system has a chemical
potential, a capacity to do work. It always flows in the
direction of more negative potential.

The chemical potential, or energy status of water in
cells determines the direction of net water movement
(GATES 1980).

By converting units of work to equivalent units of
pressure, water potential may be expressed in pressure
units.

Standard international units are megaPascals (MPa)
with dimensions of m'lkgs'l.

One Mpa is equivalent to 10’ dyne/cmz, 10 bars, or
10.13 atms (atmospheres) SPURR and BARNES 1980,
WARING and SCHLESINGER 1985).

In everyday field practice, as in agriculture, the bar is
commonly preferred (1 bar = 0.98 atmospheres or 0.10
MPa).
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Water potential consists of several components,
some of which may not be active in a plant system at a
particular time.

Whether or not a component is active depends on
the system.

In a general view, the components of water potential
can be represented as (CAMPBELL 1977):

Q:®g+®m+gp+®0
Where:

Qg : gravitational component due to position in the
gravitational field.

The gravitational potential of free water (or its
potential energy per unit mass in the gravitational field)
at some level, z, above (+) or below (-) a reference level
is just @% =gz, where g is the acceleration of gravity
(9.81 m/s®).

@m :osmotic component due to dissolved solutes in
the presence of a semipermeable membrane.

It is equal to the potential energy difference per unit
mass of water between water in solution and pure free
water at the same elevation.

It is a driving force for water movement only when
solute movement is restrained with a semipermeable
membrane.

Without this restraining provision potential energy
difference cannot be generated.

The osmotic potential is approximated by the Van't

Hoff relation @y =-C R T where

- C is the concentration of the solution in moles of
ions  (for electrolytes) or molecules (for
nonelectrolytes) per Kilogram of water,

- Ris the gas constant (8.31 JK'lmoI'l), and

- T is the Kelvin temperature. It can only be zero or
negative.

Qp : matric component due to the attraction of the
matrix for water molecules.

It arises from the attraction between water and soll
particles, proteins, cellulose, etc.

Adhesive and cohesive forces bind water and
reduce its potential energy per unit mass compared with
pure, free water at the same elevation.

@, : pressure component due to hydrostatic or

pneumatic pressure, @ = P / fiy, where

- P is the hydrostatic or pneumatic pressure in the
plant system and

- Ry is the density of water.

In soils, where water is held by capillary forces in
crevices between irregularly shaped particles and in
films on the surface of the particles, matric potential is
the dominant component of water potential.

On the contrary, in plant cells, the matric potential is
so small that it can be ignored, and in any event, it is in
equilibrium with the osmotic potential (WARING and
SCHLESINGER 1985).

It should be noted, that there is still substantial
discussion and contrasting views between scientists of
various fields in regard to the mechanisms of water
exchange and transport in living organisms (TYREE
1997, HAMMEL 1999).

As HAMMEL says, “the story of osmosis is like a
tapestry. There are many strands, many ideas in the
story.

Each idea is associated with a person or persons”.
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1.2 WATER POTENTIAL CHARACTERISTICS

Measurement of water potential is probably the most
satisfactory single measurement of plant and soil water
status (KRAMER and KOSLOWSKI1979).

In the past it has been termed suction force or water
pressure deficit.

In order to develop a general view of the meaning
and function of water potential it is important that both
plant and soil water potential are considered.

1.2.1 Soil water moisture characteristics and its

potential

In the soil, water adheres to soil particles and
occupies the spaces between soil particles, called
pores.

These pores become completely filled with water
only after a lot of water is added to the soil as a result of
heavy and continuous rain or after a thorough irrigation.

Then the soil is saturated.

Once the addition of water stops, gravity begins to
pull the water out of larger soil pores.

The leaving water is replaced by air in those spaces.

Once all of the water that gravity can pull away has
been removed, the soil is at its naturally ‘full’ level of
water content.

This is called field capacity (FC).

Soils that have larger pores, such as sandy soails,
lose more water to gravity, as a percentage of the total,
than soils with finer pores such as clay soils.

Thus, sandy soils have a lower FC than clay soils.

After the soil has reached FC, its water content
changes only due to two outside forces that can remove
it.

These are evaporation at the soil surface, which is
relatively a minor force, and extraction by plant roots.

If the soil keeps losing water through these two
mechanisms, without any new water addition by rainfall
or irrigation, the roots have an increasingly difficult task
to do as they have to pull water with more suction.

The remaining water is that with the strongest
attraction to the soil particles.

Ultimately, the attraction of soil particles to the
remaining water exceeds the roots’ ability to extract the
water away.

This low level of soil
permanent wilting point (PWP).

At PWP, the small amount of water remaining in the
soil is not available to the plants as the roots can’t pull it
out.

Hence, the useful range of soil water content for
plants is from FC at the highest, down to the PWP at
the lowest.

moisture is called the

As obvious, the availability of soil water is clearly
related to the level of attraction (suction) of the soil to its
water.

More scientific terms for soil suction are tension and
soil water potential.

The water potential of the soil is determined by the
relative amount of water held in pore spaces.

As the water content of the soil decreases, so does
the water potential.

It should be stressed here that suction
measurements are negative as they describe a
negative pressure.

Alternatively water potential may be thought as
water deficit: the more the stress the plant is
experiencing, the greater its deficit of water.

Water uptake by the roots depends on the absorbing
surface area, its permeability, and the driving force
which is the difference between the water potential of
the root and that of the soil.

When soil water is unavailable, predawn water
potentials in trees fall (i.e. they become more negative)
until irreversible damage occurs.

For most temperate forest species, water potentials
much below -5.0 MPa (-50 bars) are lethal (Hinckley et
al. 1981).

1.2.2 Plant water potential characteristics

The most widely accepted (although not undisputed)
theory about the way water moves in plants, is the
Transpiration-Cohesion Hypothesis.

According to it, transpiration creates a water
potential gradient between leaf cells and root cells.

The water potential of the leaves is much lower than
that of the roots.

Water moves from places of high potential to places
of low potential, so, as a result, water is pulled up the
plant, from the roots to the leaves.

Consequently, transpiration is the driving force
behind the movement of water through the plant and
factors that increase transpiration increase water
transport in the plant.

Furthermore, the mechanism of xylem transport is
explained by the cohesion-adhesion-tension
hypothesis.

These are three important characteristics of water
that allow the formation of a continuum of water, a
water column that makes this suction from the leaves to
effectively draw water.

Cohesion is the attraction of water molecules to
each other, adhesion is the attraction of water to other
molecules (like cell walls), and tension is the ability of
water to withstand negative pressure.

The movement of water through the soil-plant-
atmospheric system is a continuous process, and the
flow is determined by the difference in water potential
and resistances in the plant and the boundary layer
(KRAMER 1974):

Difference in water potential
Flow =

Resistances (root, xylem, leaf, boundary layer)

Alternatively, it can be said that the flux
(amount/time) of water movement can always be
expressed as the product of a driving force, which is the
potential difference, and conductance or conductivity of
the material or space that the water is moving through.

In a general sense:

Flux =A@ *k
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It is helpful to know, for realizing the order of
magnitude of the resistances in water movement, that
the frictional potential associated with moving water
along the pathway of water flow through the roots and
stems, is usually in the range of -0.01 to -0.02 MPa/m
even during times of maximum transpiration (NOBEL
1983, WARING and SCHLESINGER 1985).

The gravitational term @g) is very small in going
from one cell to another within a plant and can be
neglected. It is not so, though, when water moves up a
tree: the gravitational potential is equivalent to about -
0.0098 MPa/m (-0.098 bar/m) (GATES 1980, WARING
and SCHLESINGER 1985).

It should be noted that there are limits to the
capability of water to maintain its continuity in the
xylem.

Under high levels of tension transport of water
through xylem vessels may become disrupted by
breakage of water columns (TYREE and SPERRY 1989).

Gas-filled vessels cannot transmit tensions, so
embolized vessels are permanently lost from the water
transport system unless a mechanism exists to
reconnect the water column.

It is known that cavitated vessels may be repaired
under certain conditions but there is no clear and widely
accepted explanation about the mechanism through
which this occurs (Holbrook et al. 2001).

D-04-02.doc
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2 WATER POTENTIAL MEASUREMENT

In the last two to three decades water potential has
emerged as a tool for scientific research in regard to
plant evapotranspiration and the mechanisms that
control it (MIELKE et al. 1999) but is also becoming an
important tool of everyday work in agricultural
production.

Grape production for wine making is the type of
cultivation where use of water potential for determining
irrigation needs is most common.

Having said that, it is obvious that methods for
measuring water potential are needed both for scientific
work and for practical purposes.

2.1 METHODS FOR WATER POTENTIAL
MEASUREMENT

The methods for measuring water potential are not
many and the few existing ones are not without pitfalls.

The most common methods currently used for this
purpose are:

a) Thermocouple psychrometry
b) Pressure chamber (pressure bomb)
¢) Chardakov's Method

Hereafter, the first two methods, which are more
modern and have more practical applications will be
described.

R R L ek M

2.1.1 Thermocouple psychrometry

Thermocouple psychrometry has been used for
more than 30 years to measure the water potential of
leaf tissue and plant sap (BOYER and KNIPLING 1965) as
well as that of soil. Initially, the technique was restricted
to the laboratory because of the need for precise
temperature control.

However, the introduction of temperature-
compensating electronic circuitry in the 1980's (ice point
reference electronic compensation) has expanded the
usefulness of the instruments based on this principle.

2.1.1.1 Principles

Thermocouple psychrometry is a technique that
infers the water potential of the liquid phase of a sample
from measurements within the vapor phase that is in
equilibrium with the sample.

The psychrometer employs the principle that the
water vapor pressure developed over a solution or
piece of tissue is directly related to its water potential.

When a sample of plant material is placed in a
vapor-tight chamber, the vapor pressure (relative
humidity) of the air in the chamber comes into
equilibrium with the water potential of the sample.

The water potential of the enclosed volume of air
can be measured by determining the vapor pressure of
that air.

R e
'-L'F!g!'-_"." A rlg..l

B LT

Figure 2-1: Diagram illustrating the use of isopiestic psychrometry,
to measure the water potential of plant tissue. As it can be seen, a thermocouple is built into the chamber.
(From a Powerpoint presentation by Barbara J. BOND, College of Forestry, Oregon State University)
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The theoretical relation between water potential of
the liquid phase and relative humidity of the vapor
phase is given by the Kelvin equation ANDRASKI and
SCANLON 2002):

@ = energy/volume = (RT/Vw) In(p/po)
where

%) is water potential (sum of matric and osmotic
potential, MPa),

R is_the universal gas constant (8.314 x 10016
MJ mol™* K™),

T is temperature (K),

Vw is molar volume of water (1.8 x 1005 m?®
molm), and
p/po is relative humidity expressed as a fraction

where p is actual vapor pressure of air in equilibrium
with the liquid phase (MPa) and po is saturation vapor
pressure (MPa) at T.

Thermocouple psychrometry is often used as a
collective term for both psychrometric (wet-bulb
temperature depression) and hygrometric (dew-point
temperature depression) measurements for determining
water potential.

The psychrometric technique is most widely used.

Both techniques are based on measuring the
temperature of a wet thermocouple junction that is
located in an air cavity adjacent to or nearly surrounded
by the sample to be measured (ANDRASKI and SCANLON
2002).

In thermocouple psychrometry, the temperature
depression of the sensing (wet) junction that is
measured relative to the reference (dry) junction varies
as a function of the relative humidity of air surrounding
the sensing junction.

Although theoretically water potential can be
calculated directly from such measurements, in practice
thermocouple psychrometers are calibrated empirically
using solutions of known water potential.

In regard to soil water potential measurement, there
are two main types of sensors for thermocouple
psychrometry, differing mainly in the manner by which
water is applied to the sensing junction.

The wet-loop type described by RICHARDS and
OGATA (1958).

This type of sensor is only used with
psychrometric measurement technique.

The wet-loop sensor is wetted by mechanically
placing a drop of water on a small silver ring or ceramic
bead that is at the sensing junction.

This drop of water, is relatively large (compared to
the next type of sensor), and allows stable readings for
enough time following water application.

The lower limit of water potential measurements with
wet-loop sensors is about (1300 MPa

the

The Peltier type, first described by SPANNER (1951).

This type of sensor, which is more widely used, can
be utilized with both the psychrometric and the
hygrometric measurement techniques.

It utilizes a thermoelectric principle, the Peltier effect,
to apply water to the sensing junction.

An electric current passing across the thermocouple
junction causes it to cool slightly so that a minute drop
of water condenses on it.

This point of moisture acts as a wet bulb. The
temperature  difference  between wet and dry
thermocouple readings is a direct function of the vapor
pressure of the air in the chamber.

The lower limit for accurate measurements made
with Peltier sensors is about 18 MPa. Below this

The practical value of these devices is that they can
be used to quickly measure solute concentrations of
virtually any fluid, including plant sap.

However there are certain limitations and probable
sources of error, especially with the Peltier type of
Sensors.

These are discussed in detail by ANDRASKI and
SCANLON (2002).

2.1.2 Pressure chamber

The concept of the pressure chamber was first
developed by Henry DIXON (Dublin, Ireland) near the
turn of the 20th Century (DIXON 1914, HAMMEL 1999).

However, pressure chambers became popular only
after SCHOLANDER and co-workers at the Scripps
Institute of Oceanography, USA, improved design in the
early 1960s (SCHOLANDER et al.1965, HAMMELL 1999).

2.1.2.1 Principles

The pressure chamber or “pressure bomb” is an
instrument used for the determination of plant water
content.

Its principle of operation is quite straightforward.

In its typical form, the pressure chamber consists of
a metal, usually cylindrical, chamber, with a lid that has
a hole.

A rubber seal that allows the petiole of plant leaves
to pass through is used to seal this hole.

The chamber, which can withstand high pressure, is
connected to a source of air or nitrogen under pressure.

The flow of the gas into the chamber is controlled by
a regulator.

Water moves in the soil-plant-atmosphere system in
response to differences in the free energy content of
water in different parts of the system.

The water column in a plant is always under tension.

When a leaf is removed from the plant, the tension
in the leaf petiole’s xylem is released and the sap
withdraws from the cut surface and moves into the
blade.

When a leaf is put in the chamber and the chamber
is pressurized, the water potential of the leaf is raised
by the amount of pressure applied so that at the
balance pressure (the pressure required to force the
sap to the surface of the cut end of the petiole), the
water potential is zero.
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The original leaf water potential plus the balance
pressure equals zero.

Therefore, the negative of the balance pressure
equals the original leaf water potential.

The more negative the water potential is, the more
stress a plant is undergoing.

It is assumed that the xylem osmotic pressure is
negligible.

If the plant is at an equilibrium with soil, then the soil
water potential (natric + osmotic) is then equal to the
xylem pressure, or the negative value of the applied air

pressure.
The following figure 2-2 illustrates these principles of
operation using grape vine leaves as an example.

HOwW
IT WORKS

TR
AT kA

Figure 2-2: A schematic presentation of the Scholander
pressure bomb methodology (PMS Instruments).

The actual physics of how the water moves from the
leaf within the pressure chamber to the cut surface just
outside the chamber is more complex than just
"squeezing" water out of a leaf, or just bringing water
back to where it was when the leaf was cut.

In practice, however, the only important factor is for
the operator to recognize when water just begins to
appear at the cut end of the petiole.

2.1.2.2 Method of measurement

How to measure

Leaf or stem water potential measurements are easy
and common ways to monitor free energy content in
plants.

Leaf water potential and stem water potentials
values are both valuable ways of monitoring water
stress.

The benefit of taking leaf water potential
measurements is that the process is quicker than
measuring stem water potentials.

This is the case with an appropriately selected leaf,
which is cut with a razor and is quickly placed into the
chamber with the cut end of the petiole protruding out of
the chamber.

The leaf blade must be kept inside a plastic bag,
such as a plastic sandwich bag, and then the petiole
must be cut with a sharp razor blade.

The plastic bag enclosing the leaf blade is intended
to minimize transpiration between petiole excision and
pressurization within the chamber.

It has been found that a difference in leaf water
potential of 2 to 3 bars is possible between bagged
grape leaves and those that were not bagged (the latter
being more negative) (DIXON and SCHOLANDER, 1965;
TYREE and HAMMEL, 1972).

The steps for making a measurement of leaf water
potential using the pressure chamber are outlined as
follows:

- a) Locate the 5th-7th fully expanded leaf from the
shoot tip.

- b) Enclose leaf in a plastic bag.

- ¢) Cut petiole with a sharp razor, making a flat cut
and leaving as long of petiole as possible.

- d) Seal the petiole into the rubber stopper and the
chamber lid. Insert leaf and plastic bag into the
pressure chamber and secure the lead.

- e) Begin increasing pressure within the chamber.
This, depending on the type of device used, can be
done manually by pumping when using a pump-up
chamber or can be done by using the valve to
control the flow of nitrogen gas into the chamber
when using a device with a nitrogen tank.

- f) Observe petiole end closely for xylem water to
emerge.

- g) When water just barely begins to appear, shut the
valve and record the pressure.

- h) The pressure required to do this is equal to the
tension of the water column at the time the sample
was cut. The recorded pressure value is equivalent
to the negative leaf water potential.
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When the objective is to measure stem water
potential the first four steps are different:

- a) Locate a fully expanded leaf near the base of a
shoot.

- b) Enclose leaf in a plastic bag and cover completely
with foil. Leaf must remain unexposed to light for at
least an hour (two hours according to Dr. Ken
SHACKEL). This process brings the leaf into
equilibrium with the “stem” (cane).

- ¢) Cut petiole with a sharp razor, making a flat cut
and leaving as long of petiole as possible.

- d) Insert leaf, plastic bag, and foil into a pressure
chamber.

The next steps are the same as for leaf water
potential determination.

A powerpoint presentation by Mark CHEN and Dr.
Ken SHACKEL with further details and pictures of how to
use the pressure bomb, is available at
http://weather.nmsu.edu/Teaching_Material/soil698/pre
ssure_bomb/.

When to measure

Plant water potential varies throughout the day as
well as throughout the year.

This is due to the fact that, at any given time, the
water potential of a plant reflects the availability of water
to the plant in the soil on one hand and the demand for
water placed upon the plant by its environment on the
other.

The former has to do with the water content of the
soil and the soil characteristics that make this water
available as explained earlier.

25
20
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PMS {BAR)

51

The demand for water on the plant depends on the
atmospheric conditions and more specifically on the
intensity and duration of the radiation received from the
sun, the air temperature, the relative humidity of the air
near the plant, and the wind speed.

The plant responds regulating water use/loss mainly
by opening and closing the stomata of the leaves, but
also through leaf temperature control, leaf flagging and
rolling, and leaf loss.

In longer-terms it also develops an suitable root
system.

As these factors are almost always changing, the
water potential is nearly always changing.

Obviously, then, the time of measurement of plant
water potential requires careful consideration.

It is necessary to understand what causes the
changes in water potential and what information is
desired from the measurements before choosing the
best time to sample.

As seen in figure 2.3, water potential remains
relatively constant during the night hours when demand
for water on the plant is quite low and steady.

Under most conditions plants are likely to be close to
equilibrium with the soil moisture at that time.

Water potential values before sunrise usually reflect
average soil moisture tension, if the soil is uniformly
irrigated.

Consequently, measurement of predawn water
potential is the preferred baseline measurement.

For many purposes it is the most useful and reliable
single measurement of the water status of the plant.

At that time the water potential is changing slowly
and is usually at a minimum for the day.

After sunrise, it quickly declines (becomes more
negative) during the day to reach a daily minimum, then
increases as the sun sets.

This pattern occurs regardless of the availability of
water in the soil profile.

0
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Figure 2-3: A typical curve of changes of water potential values during the day
for a plant with adequate water supply
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Mid-day water potential reflects the tension
experienced by the plant as it pulls water from the soil
to satisfy the water demand of the atmosphere.

Mid-day water potential measurements are likely to
indicate the maximum water potential (more negative
value) for the day.

This can be useful in agriculture for scheduling
irrigation or water deficit irrigation.

For example, Larry E. WILLIAMS of the Department of
Viticulture & Enology of the University of California-
Davis, and Kearney Agricultural Centre reports that in
all his irrigation trials, he measures mid-day leaf water
potential between 12:30 and 1:30 pm. to assess vine
water status.

Since the environment may change from one day to
the next, when measuring mid-day water potential, a
series of measurements is required to establish clearly
the time of maximum for any given day.

25

20-

The maximum water potential indicates whether a
plant is under moisture stress sufficient to impair
physiological processes, such as cell elongation or
photosynthesis.

For an accurate diurnal (daily) curve, sampling
should be more intensive when the water potential is
changing rapidly, as in the early part of the day.

Water potential varies significantly with season as
well (figure 2.4) as the environmental factors affecting it
and the physiological stage of plants vary.

Seasonal changes in plant water potential can be
measured by taking a series of daily measurements.

When the objective is to determine the seasonal
water potential pattern for a plant, sampling should be
more intensive when the potential is changing rapidly,
such as during the onset of drought; at other times bi-
weekly or even monthly measurement will suffice for
most purposes.

= 151
o MAX
77
E o
= 10
5 MIN
Mar May Jul Sep Nov Jan Mar
Figure 2-4: Typical curves of annual changes in Maximum and Minimum daily water potential values.
Other considerations and some additional For more accurate estimates, mainly for research
comments purposes, the experimental design should take into

Another important question is how many samples to
measure in order to have a reliable average
measurement.

Sample size depends upon the purpose for which
the measurements are made.

If a rough estimate is the objective, then a small
sample size is appropriate.

As a general rule, three samples is the minimum
acceptable number in that case; at least five samples
should be taken if possible (PMS Instrument, 2004).

consideration the exact objectives for the measurement,
the acceptable level of accuracy, and the variability
between measurements.

If the objective is to obtain a reliable estimate for a
particular tree the number of measurements needed is
very low since the reliability of the method is quite good.

According to Dr. Ken SHACKEL two or more leaves
on the same tree should give almost identical readings,
i.e., within about 0.2 bar.
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Larry E. WILLIAMS of the Department of Viticulture &
Enology of the University of California-Davis, and
Kearney Agricultural Center, has used extensively in his
work water potential measurements of grape vines to
assess plant water status and needs of irrigation.

For his work:

- He prefers to measure midday leaf water potential
between 12:30 and 1:30 pm.

- He selects mature, fully expanded leaves exposed
to direct sunlight (no shading on the leaf). He has
found that any fully expanded leaf on the outside of
the canopy is appropriate as long as it is not
senescent (starting to turn yellow), diseased, or
suffering from insect damage.

- He encloses the leaf blade inside a plastic bag and
then he cuts the petiole with a sharp razor blade. He
reports that he has found a difference in leaf water
potential of 2 to 3 bars between bagged grape
leaves and those that were not bagged (the latter
being more negative). It should be noted that
logically this difference must be less for predawn
measurements as water demands on the plant are
much less at that time.

- He suggests that the time from enclosing the leaf

inside the plastic bag to placing it inside the
chamber should be 10 seconds or less.
- He suggests that “the chamber should be

pressurized with compressed nitrogen until the sap
just exudes from the cut end of the petiole. If the
sap forms into a lens or hemisphere, then the
sample has been over-pressurized”.
The recommended rate of pressurization is less than
1 bar per second initially, then slowed to less than
0.2 bar per second as the balancing pressure is
approached. The end point should be observed with
a magnifying lens and adequate light”.

- He reports that since time of day is very important,
and the evaporative demand varies considerably
throughout the day, he limits taking leaf water
potential measurements to one-half hour on either
side of solar noon. That is when a grapevine uses
the greatest amount of water on a daily basis.

- He has found that midday leaf water potential values
of fully irrigated vines on a day of low evaporative
demand (ambient temperature at the time of
measurement 29°C) are approximately 1 bar higher
(less negative) than on a day when ambient
temperature is 37°C at the time of measurement.
This is also true for vines that are deficit-irrigated.

Another question that must be considered is the
preference of using leaf water potential versus stem
water potential measurements.

In regard to this Dr. Ken SHACKEL (Department of
Pomology, University of California, Davis)
(http://www.microirrigationforum.com/new/archives/glwp
g.html) makes reference to a paper by GARNIER and
BERGER (1985) in peach, showing a major difference
between transpiring and non-transpiring leaf water
potentials, with non-transpiring leaf water potential (also
called stem water potential) much more indicative of
irrigation differences.

He asserts that he has found stem water potential to
be a very reliable and sensitive measure of stress in a
number of tree crops, and usually finds leaf water
potential much more variable and less helpful.

On the other hand, he notes that Larry WILLIAMS
showed some very good relations between leaf water
potential in grape and a number of water stress
responses (reductions in water loss at the canopy and
leaf level, reductions in vegetative growth, and the like),
but said that to get good results it was critical to choose
a completely unshaded leaf that was perpendicular to
the sun both at the time of measurement and for some
time before.

In regard to the later, Jessie HOWE, from Oregon
State University, has noted that (to be comparable and
meaningful) measurements should be taken between
1lam-1pm and should not be taken on a cloudy day.

It should also be noted that, although unshaded
leaves should be wused for leaf water potential
measurements, for stem water potential measurements
Dr. Ken SHACKEL specifies that the selected (and
bagged) leaf must be a lower canopy leaf that is close
to the trunk, it should be dry, and should be in shade at
the time of covering and should remain in shade until
the time of sampling.

Direct sunlight will cause the envelope to heat up,
and can cause water condensation on the inside, which
can artificially hydrate the leaf.
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2.2 EQUIPMENT

Today, the most commonly used pressure chamber
was designed by Brian CLEARY and others at Oregon
State University and is still manufactured in Corvallis,
Oregon, USA.

The Oregon-based company manufacturing this
pressure chamber is called “PMS Instrument
Company”, 480 SW Airport Avenue, Corvallis, OR
97333 USA, (www.pmsinstrument.com).

The company produces a series of Pressure
Chamber Instruments (figures 2-5 and 2-6),
(alternatively called “Pressure Bomb” or “Plant Water
Status Console”) that mainly differ from each other as
for the highest pressure that can safely be achieved
and measured and to the dimensions of the chamber.

The chamber is made of stainless steel and the
maximum rating that can be achieved with one of these
models is 70 bars.

Compressed nitrogen from an external tank
connected to the instrument is used to bring-up the
pressure in the chamber.

Figure 2-5: Pressure Bomb
manufactured by the PMS Instrument

Figure 2-6: The same Pressure Bomb
with its bottle of compressed nitrogen

The same company also produces a new chamber
that doesn’t require compressed gas cylinders.

This chamber is pressurized via a manual pump and
is very portable (Figures 2-7 and 2-8).

The "Pump-Up Pressure Chamber” was developed
by Dr. Ken SHACKEL of the University of California -
Davis. and is different from the conventional gas
chamber in that it does not require a source of
compressed gas such as nitrogen.

The instrument produces pressure in the chamber
required to take water potential readings by pumping it
as shown below (Figure 2.7).

The relatively small chamber allows the user to
achieve about ¥2 Bar (7.25 psi) pressure per stroke.

The instrument is limited to 20 Bar and is designed
primarily for irrigation scheduling/monitoring, particularly
for managing deficit irrigation and for teaching students
basic plant water relations.

Figure 2-7: The Pump-Up Pressure Chamber
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MAGNIFYING GLASS :
__—PRESSURE GAUGE

FOIL-LAMINATE BAG

5T

Air pressure in chamber
forces water to cut

METAL CHAMBER surface of stem
N (artist's conception)

INTAKE STROKE COMPRESSION STROKE CHEICK
Lift up instrument Push down instrument tc Look to see if water has
to take in air compress air into chamber come te surface of cut stem

Figure 2-9: Operation of the Pump-Up Pressure Chamber
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Another series of pressure chamber instruments,
based on the Scholander pressure bomb technique, is
manufactured by the British company Skye Instruments
Ltd., 21, Ddole Enterprise Park, Llandrindod Wells,
Powys LD1 6DF, United Kingdom,
(www.skyeinstruments.com).

The chamber is made of brass and the maximum
rating that can be achieved with one of these models is
80 bars.

Some of the 6 models of this line feature a digital
display.

Compressed nitrogen, air or carbon dioxide from an
external tank connected to the instrument may be used
to bring-up the pressure in the chamber
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