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It included terminology for all the forces in plants and soils, and the 
ideas were rapidly accepted. 

The new terminology accelerated the development of new 
methods for measuring these forces. A pressure chamber was proposed 
to measure the tension in the xylem and apoplast of plants (Scholander 
et af., 196!5), and the equipment was used with a vapor pressure 
osmometer to measure the water potential of leaves soon afterward 
(Boyer, 1967a). Other methods employed vapor pressures (Monteith 
and Owen, 1958; Richards and Ogata, 1958; Spanner, 1951) to measure 
the water potential and were simplified and made more accurate (Boyer 
and Knipling, 1965). A microcapillary method was developed for 
directly measuring the turgor inside individual cells (Hiisken et al., 
1978). Each had the ability to indicate not only the water status of 
various parts of plants and soils but also the forces used to move water 
from place to place. 

With the new methods, efforts have been increasingly directed 
to determining how water moves through the soil-plant system and 
how metabolism is affected. They show that water is directed to 
various parts of the soil-plant system according to the difference in 
water status between the parts (Boyer, 1985; Passioura, 1988). Cell 
water status often determines the rate of enlargement of the parts and 
thus is fundamental to the growth process. The forces moving water 
usually do not directly affect the activity of enzymes because other 
factors begin to alter enzyme activity before the water status becomes 
low enough to exert a direct effect (Kramer and Boyer, 1995). The 
important factors are the availability of products of photosynthesis, the 
movement of small regulatory molecules, changes in plant growth 
regulators, and differences in gene expression. As a result of this work, 
the control of plant metabolism with limited water is seen increasingly 
as a chemical problem that can be manipulated by altering the 
availability of particular regulators of enzyme activity and synthesis. 

Questions that are now attracting attention include: What 
conditions lead to changes in regulatory behavior at the molecular 
level? Is decreased transport of regulatory molecules from the soil a 
result of the decreased water in the soil or a property of the plant? 
What signal causes changes in levels of plant growth regulators and 
gene expression in plant tissue? Answers to these questions will 
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continue to require repeatable water status measurements. For an 
expanded treatment of these questions, the reader is directed to Kramer 
and Boyer (1995) and to a symposium volume edited by Close and Bray 
(1993). 

A Little Thermodynamics 
Let us think about how the later physically based methods 

originated. When we consider molecules of any kind, all of them 
contain e ergy in their atoms and chemical bonds that can be 
exchanged p i t h  the surroundings by their motions, chemical reactions, 
and radidtional exchanges (here we assume that the isotopic 
composition remains stable). The energy exchanges always result in a 
rearrangement of chemical or atomic structure that in itself requires 
energy (Fig. 1.1). Thus, a fraction of the energy goes to the 
rearrangements and a fraction to the surroundings, and the latter 
fraction can be made to do work. The rearrangement energy is the 
entropy and the energy available for work is the free energy (Fig. 1.1). 

It readily can be seen that the amount of work is determined by 
the number of molecules exchanging energy. Doubling the number of 
molecules doubles the work, all other factors remaining constant. 
Often, however, it is more desirable to know the work per molecule or 
per mole of molecules than the total work. J. Willard Gibbs (1931) 
recognized this and defined the term "potential" and symbol p as the 
way to describe the work that a mole of molecules can do. 

The work is not known in absolute terms because the total 
amount of energy in molecules is not known. Therefore, the work is 
determined by comparing the chemical potential of the system with a 
reference potential. For liquid water, the reference has been chosen to 
be pure unrestrained water at atmospheric pressure, a defined 
gravitational position, and the same temperature as the system being 
compared. If we define the chemical potential of the system to be 
measured as p, and the chemical potential of the reference as p@ (p, - 
po) is the comparison we wish to make. When the system is not pure 
water, the p, is lower than p,,, and (p, - po) is negative. When the 
system is pure water, (p, - po) is zero. When the system is varied in 
pressure or gravitational position in a water column, (h - 11,) can be 
positive or negative. 

'h 
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Figur<l.l. Molecular changes occurring when work is done by a gas and 
piston. The rise in the piston represents work which is the force of the piston 
times the distance moved. On the left, the molecules are close together and on 
the right they are far apart. The work cannot occur unless this molecular 
rearrangement takes place. The energy consumed in the rearrangement is the 
entropy. The remaining energy raises the piston, does the work, and is the free 
energy. 

The (p, - p,) is the energy state of the molecules. It does not 
matter how the molecules get to that state, the energy is the same 
whenever (p, - p,) is at the same level. The energy represents the 
maximum work that can be done if the molecules are part of an ideal 
machine. Pure water moving through a selective membrane into a 
solution on the other side is a machine allowing work to be done as 
molecules on one side escape from the bulk and pass through the 
membrane to the other side. If the membrane allows water to pass but 
not solute (the membrane reflects solute), more water will move to the 

water is higher than in the solution. The work is determined by the 
potential difference on the two sides of the membrane and the net 
volume of water moved. The work can be measured by opposing this 
movement with a chemical potential that counters the movement. 

If the membrane is not reflective for solute, the volume of water 
moving into the solution is the same as the volume of water and solute 
moving in the opposite direction. No work is done because there is no 
net volume change. Nevertheless, at the beginning, the (p, - p,) is the 

solution side than to the other side because the free energy of the pure 1 

I 

I 
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same as when the reflective membrane was present. Thus, the ability 
to do work is identical but the work actually done depends on the 
characteristics of the machine. 

This example illustrates that the (b - p,) is an intrinsic 
property of the molecules. The membrane simply determines the work 
extracted from the molecules. The reflectiveness of the membrane is 
usually described by the reflection coefficient which is 1 for a perfectly 
reflective membrane but 0 for a nonreflective one. This is important for 
anyone studying water movement in plants and soils. The osmotic 
effectiveness of a solution is determined by the membrane reflectiveness 
from the beginning even though large concentration differences exist on 
the two sides of the membrane. This is one reason why methods of 
measuring wate status with osmotica may not give accurate data 
unless the mem ranes have a reflection coefficient of 1. 

The id a of Slatyer and Taylor (1960) was to express the 
chemical poten i 'a1 in pressure units to make it simpler to apply to plant 
and soil systems. This was done by dividing (p, - p,) by the partial 
molal volume of liquid water fw to give the water potential Y,: 

Because the units for (p, - p,) are energy per mol and for f, are 
volume per mol, the units of Yw are energy per volume = force per unit 
area = pressure. The pressure is usually expressed in megapascals 
(MPa) where 1 megapascal = lo6 pascals = lo6 newtons.m-2 = 1 j~u le -m-~  
= 10 bars = 9.87 atmospheres or 145 pounds per square inch. 

The f, is the volume of a mole of liquid water mixed with 
other molecules in the system and is nearly a constant 18 crn3.mol-' 
over most of the temperatures and water contents of cells and soils. 
Therefore, the Yw is simply (pw - po) divided by a constant. In concen- 
trated solutions, dry soils, and other systems of low water content, this 
simplification may not hold because interactions between water and the 
other molecules can be so extensive that 1 mol of water no longer 
occupies 18 cm3. In this case, the proportionality breaks down, and (b 
- p,) should be used whenever Y, is below about -10 MPa. 
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The chemical potential can be measured from the relationship 
between pressure and volume. In Fig. 1.1, work is done by the 
expansion of the gas against the piston. The work is the distance the 
piston moves ~ m e s  the force exerted by the piston, which is described 
by dV.P and has units of m3 x force.m-2 = force-distance. The work can 
be measured by holding the volume constant and measuring the change 
in pressure or by holding the pressure constant and measuring the 
change in volume. Of the two the former is easier so that at constant 

\temperature 
I 

= V;(P - O), 

where the volume is held constant. Notice that, because the pressure 
is in the liquid water whose volume is essentially incompressible, the 
volume of 1 mol of water is a constant vw. The constant does not enter 
the integration and the equation gives the maximum work that 1 mol 
of liquid water molecules can do. From Eq. 1.2, the water potential is 

which indicates that the water potential is equivalent to a pressure, 
usually negative. To measure this pressure, we create a counteracting 
pressure that prevents work, i.e., prevents water from moving in the 
plant or soil system. The measuring pressure equals P. Because the 
measuring pressure counteracts P, it is an equilibrium measurement. 

Measuring work with vapor pressures follows a similar 
procedure. The pressures are applied to water vapor in the gas phase. 
In this case, the volume of a mole of water is no longer constant. From 
the gas law, the volume of a mole of gas molecules is v = RT/e  where 
we use lower case o and e to indicate the volume and pressure in the 
gas phase. The chemical potential in the gas phase is 

I 
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e,  = RT In,. 
e, 

I 

Here, &he gas constant (8.3143 x m3-MPa.mol-1-K-1), and T is 
the Kelvin temperature (K), which is held constant. Therefore, RT does 
not enter the integration. The water potential is 

RT Yw = l L ,  
v, eo 

which expresses the water potential in the usual way by dividing the 
chemical potential by the partial molal volume of liquid water. 

One may visualize that just as the chemical potential affects the 
ability of liquid water molecules to escape through a membrane, it will 
affect the ability of liquid water molecules to escape into the gas phase 
(evaporate). If we can measure the ability to evaporate, we have a 
measure of the chemical potential in the liquid. To measure the ability 
to evaporate, we need only to create a partial pressure for water in the 
gas that matches the vapor pressure of water in the liquid, preventing 
evaporation. This is the equilibrium vapor pressure, and the Yw in the 
gas equals the Yw in the liquid. Equation 1.4 tells us that (p, - p,) of 
the gas is related to the ability to evaporate according to the ratio of the 
vapor pressure of the system (ew) to the vapor pressure of the reference 
(e,), i.e., the relative humidity at the temperature of the system. 

Of course, temperature has large effects on the vapor pressure 
of water but Eq. 1.5 compares ew and e, at the same temperature and 
ew/eo responds only to nonthermal effects (concentration, pressure, and 
so on). Temperature has its effect mostly on T (which decreases at 
lower temperatures) and slightly on ?, (which decreases, then increases 
at lower temperatures). As T decreases to absolute zero, Yw approaches 
zero. Similarly, P in Eq. 1.3 shows no thermal response because of the 
isothermal nature of the measurement, but it will respond to the change 
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in potential according to T in the measured system. Appendix 3.2 is a 
practical demonstration of these facts as the osmotic potentials of 
sucrose solutions become less negative when the Kelvin temperatures 
decrease. As a consequence, the cell changes slightly in potential as T 
varies, and the e, or P used to measure the potential will vary 
accordingly. The response is not large because there is only a narrow 
range of Kelvin temperatures in which biological systems exist, and the 

This book will treat pressure and vapor pressure methods of 
measuring plant water status. The pressure chamber and pressure 
probe use pressures to measure Y, and thus Eqs. 1.2 and 1.3 apply 
(Chaps. 2 and 4). The thermocouple psychrometer uses vapor pressures 
to measure Y, and Eqs. 1.4 and 1.5 apply (Chap. 3). The equal signs 
in the equations indicate that the measurements are made at 
equilibrium, termed thermodynamic equilibrium. 

or P measurements respond similarly and predictably. 

The Value of Thermodynamic Equilibrium 
Thermodynamics tells us that it is simplest to measure the 

energy state of molecules by using a system that prevents any work 
from being done, that is, by preventing the molecules from changing to 
a lower energy state during the measurement. In practical terms, this 
is done by using a measuring system to counterbalance the tendency of 
the molecules to do work. In this case, the measuring system is in 
thermodynamic equilibrium with the molecules being measured. For 
pressure in liquids, we counterbalance the pressure with an opposing 
but equal pressure. For vapor pressures, we create a vapor pressure 
that equals the vapor pressure of the molecules, preventing evaporation 
and again counterbalancing the pressure being measured. 

Thermodynamic equilibrium is valuable first because it allows 
molecular energies to be determined without changing the molecules. 
If measurements are not at equilibrium, the measured molecules change 
energy and the measurement is affected by all the factors that affect 
energy change: the size of the energy differences that drive the process, 
the resistances to energy change imposed by the apparatus, the position 
of the exchanging molecules relative to each other, and so on. 
Measuring pressure without using a counterbalancing pressure on 
liquids, for example, allows flow to occur. While the flow rate can give 
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Figure 1.2. Accurate measurements of the pressure in this pore are easiest when 
there is no flow! 

information about the pressure, one also must know the pressure 
difference between the measured molecules and the measuring 
instrument, the resistance to flow between the two systems, and many 
other factors. The pressure measuring instrument can be calibrated if 
conditions can be precisely controlled and repeated, but additional 
complexity is added. Therefore, it is preferable to measure at 
equilibrium where there is no flow. 

The second reason thermodynamic equilibrium is important is 
that energy standards are readily available. Reference pressures are 
precisely known for the atmosphere or at the base of a column of water. 
Vapor pressures of solutions are well known and standards are readily 
available in the laboratory. As a result, equilibrium methods need little 
if any calibration, which is a great simplification. Moreover, because 
the factors affecting energy exchange between the molecules and 
measured system do not affect the measurement, determinations have 
less variability (see Chap. 5, Fig. 5.1 for an example). All in all, more 
accurate measurements are the result (Fig. 1.2). 
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Additional Readings 
For readers interested in pursuing these concepts further, a 

number of papers and reviews treat various aspects of measuring plant 
and soil water status. Particularly recommended are papers by Slaver 
and Taylor (1960), Ritchie and Hinckley (1971), Tyree and Hammel 
(1972), and Brown and Oosterhuis (1992), reviews by Boyer (1969b) and 
Zimmermann and Steudle (1978), and the symposium proceedings 
published by Brown and Van Haveren (1972) and by Hanks and Brown 

,,,J,d87). A review by Barrs (1968) is useful for a historical description of 
older methods but contains several errors concerning more recent 
methods. 




