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ABSTRACT
The vapor pressure psychrometer was used as a tool

to study the physical state of water in plant xylem ves-
sels. The experimental procedure involved measuring
the change in diffusion pressure deficit (DPD) of corn
and tomato plants when the stem was cut. When the
DPD was greater than 4 bars in tomatoes and 28 bars
in corn, the water in xylem vessels no longer appeared
to flow in response to hydrostatic pressure gradients. The
limiting value of DPD increased as the xylem radius
decreased. A mechanism is suggested which describes the
physical state and the movement of water through xylem
tissue under high DPD. The proposal is based on the
pressure difference across a curved air-water interface
and on the concept of an electrostatic double layer with
its associated osmotic pressure.

Additional index words: transpiration, DPD, xylem
sap.

W
ATER in living plants is generally at a lower
chemical potential than pure water. This re-

lation (10) may be quantitatively expressed as:

Ap. = R T in p/p. = V AP	 [ 1]

where Ake is the difference in chemical potential be-
tween pure water and water in the plant; R., the uni-
versal gas constant; T, the absolute temperature; p,
the equilibrium water vapor pressure associated with
the plant; po, the saturated vapor pressure of pure
water; V, the partial molar volume of water; and
AP, an effective hydrostatic pressure difference referred
to pure water at 1 atmosphere pressure. The chem-
ical potential of water in a plant is normally measured
by finding the equilibrium vapor pressure associated
with the plant. The result is usually expressed as
AP in bars of negative pressure, or as DPD, the diffu-
sion pressure deficit.

The large effective negative pressure which can de-
velop in plant cells is known to arise in part from
dissolved material; i.e., osmotic pressure. However,
since the xylem system consists of very small vessels
relatively free from dissolved materials, it has been
suggested that the water contained in the vessels may
be under a negative hydrostatic pressure (tension)
of the same magnitude as the DPD of the cells.

Scholander, et al. (9), conducted extensive studies
of the xylem fluid system and concluded that large
negative hydrostatic pressures do exist in the vessels.
However, their interpretation of experimental results
was challenged by Gardner and Rawlins (5).
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The question arises: Why doesn't water in the
xylem vessels vaporize when the absolute pressure is
reduced to the vapor pressure of water? Such vaporiza-
tion occurs in the laboratory when the water pressure
in small tubes is reduced to po (i.e., about —1 bar)
unless extraordinary precautions are taken to keep
the system free from materials which could initiate
nucleation of a vapor bubble. Some investigators have
suggested that the large negative pressures of water in
the xylem are only apparent and are due to physical
adsorption to the sides of the vessels. This occurs
when a thin water film surrounds finely divided col-
loids, resulting in a reduced equilibrium vapor pres-
sure. However, if the water is physically adsorbed in
the vessels, it is difficult to account for the rapid
rate of water transfer up the stem during periods of
high transpiration, Zimmerman (12).

An alternate way to study vessel fluid pressure is
to determine the water flow in the xylem elements
when they are suddenly vented to the atmosphere.
Suppose that a plant's water status is in a steady-state
condition, such that it may be described by the relation

AP = —OP TP —DPD	 [2]

where OP is the osmotic pressure in the cell; TP, the
turgor pressure of the cell; and P. the effective pres-
sure of water in the xylem vessels. If the xylem is
cut and vented to the atmosphere, AP may change ac-
cording to the air entry value at the cut end. If the
DPD were greater than the air entry value of the
stems, flow would occur from the xylem vessels into
the plant cells. If AP is only the "effective" negative
pressure and represents primarily the physical adsorp-
tion of water to the walls of the xylem vessels, venting
the system to the atmosphere will not materially
change AP and little or no flow will occur. If the
flow does occur from the xylem tissue into the plant
cells, the osmotic pressure in the cell will decrease
and the turgor pressure will rise. The result will be
an increase in the equilibrium vapor pressure of the
plant. The vapor pressure may be measured with a
thermocouple psychrometer as discussed by Rawlins
(8).

EXPERIMENTAL PROCEDURE

Tomato seedlings were grown in a nutrient solution and corn
seedlings in distilled water. When the plants reached a height
of 6 to 15 cm, they were gently folded and placed into a psy-
chrometer cup 4 cm in diameter and 5 cm deep. In cases were
a high DPD was desired, the corn roots were presoaked in
aerated 0.4 to 0.8 molar KC1 solutions for 3 hours prior to
placing them in the psychrometer cup' The psychrometer was

'Drying the seedlings for a few minutes in air to create the
desired stress was satisfactory for the tomatoes, but failed to
affect the corn until the root system became severely dessic-ated,
thus the KC1 solution was used instead.
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placed in the constant temperature bath and time for reach-
ing equilibrium was allowed. This required 3 or 4 hours for
the tomatoes, and 12 to 16 hours for the corn. After reaching
steady state, the DPD was measured, and a piece of razor blade
was inserted through a port in the cup to sever the stem. Within
30 minutes the psychrometer system recovered from the per-
turbation caused by the insertion of the blade. The change in
DPD caused by severing the stem was then measured over a
2-hour period.

RESULTS AND DISCUSSION

Results typical of the 143 seedlings tested are shown
in Table 1. Since each sample had a slightly different
geometry and since this geometry could not be exactly
copied with the calibrating solution on filter paper
strips, an uncertainty of ±1/2 bar exists in the absolute
value of these measurements. Uncertainties associated
with the change in DPD of each single sample were
much less because the geometry was not disturbed by
the cutting operation. Measurements of DPD were
made on each seedling for several hours prior to cut-
ting. From these data the standard error of the mean
was found to be 0.04 bar or less for all observations
reported in Table 1. Consequently, all differences
between measurements of DPD before and after cut-
ting are real. Of all the 143 seedlings used, none de-
creased after cutting by more than their standard error
so long as the initial DPD was less than 0.8 bar or
greater than 4 bars in the case of tomatoes, or when
the DPD was less than 18 bars or greater than 28 bars
in the case of corn.

Both the corn and tomato plants showed a definite
region of DPD values in which a decrease in DPD
followed severing of the stern. The lower limit of this
range of DPD values could have been due to biological
plugging of the vessels by some substance such as cal-
lose (3), but more likely it was a result of the air
entry value of the xylem vessels combined with osmotic
effects.

The relation between the air entry pressure, Pc,
and the vessel's radius, r, is given by the capillary
equation when r1	r2, and the contact angle is G

I 1 )
[ 3 1r2

where Q is the surface tension of water, and r i and r2
represent the radius of the curvature. In the case of
the tomato seedlings, the lower limit of pressure re-
sponse was 0.9 bar, which gives a vessel radius of
about 1.7 microns. This is an order of magnitude less
than values reported by Dimond (4). The apparent

Table I. Typical observations of the change in DPD caused
by severing the stems of small corn and tomato plants. Stand-
ard errors are 0.04 bar or less and discussed in detail in the
text.

DPD before minim	 DPD after cutting DPD Niers cutting	 DPD after cutUng

Dar.	 Tomato Bars Rare	 Corn Bare

0.3 0.9 0, 2 0. 2
0. 0. 4.0 4. 0
1. 0 0.5 18.0 18.0
1.
1. 5

0.5
1. 0

#2. 0
22, 5

19. 5
22.5

2.4
3.0

2,0
2.0

25.3
26.5

23. 0
84.0

4. 0 4.0 28. 0 28.0
5. 5 5.5 • 33.3 33.0

39.5 40.0?

• Towle *seams stressed oboe* I or 7 bars of DPD did not colas to equilibrium
la NM peyChionteter, erldeatty because of restricted water to Defer betweenthe
L 	 and VMS.	 t Of the sally seedllas• tested. severel *owed a mall
rise to DPD upon ending. This did not seem to be omfbted to any particular range
at DOD value..

discrepancy may be attributed to the osmotic pressure f-Th
of the xylem fluid which develops in part from electro-
static double-layer phenomena. Assuming that the'
xylem vessel's wall has a charge density of 1 electron
per 50A2, the concentration of protons and cations
associated with these charges will be in the neighbor-
hood of 1, a? milliequivalent per liter of vessel volume.
These cations and protons will be dissolved in the
xylem fluid. Such a system could easily create several
tenths of a bar of osmotic pressure within 100 A or so
of the cell wall (1, 7). In addition, the water in the
xylem vessels has a small amount of dissolved solutes
which creates an additional osmotic pressure, although
this would generally be less than 1 bar. The solutes
in the xylem fluid are displaced toward the center
of the pore by the cations which dissociate from the
wall, thus increasing the concentration per unit vol-
ume and consequently the osmotic pressure of the
fluid in the pore.

Examination of the tomato vessels with a calibrated
microscope indicated their radius to be about 10 to
20 microns, which gives an air entry value of about
0.1 bar. Since the observed air entry was 0.9 bar, the
effective osmotic pressure in the xylem vessel would
have been about 0.8 bar.

The failure of the DPD to respond to cutting at
stresses above 4 bars may be due to the effects of the
vessel's radius and the solution's osmotic pressure on
the stability of a two-phase liquid-vapor system. For
example, when the tomato seedling was under a zero
moisture stress (DPD = 0), the osmotic pressure of
the solution in the xylem was 0.8 bar. This osmotic
pressure must be balanced by a real positive hydro-
static turgor pressure contained by the walls of the
vessel (6), similar to that which occurs in a turgid
plant cell. With an increase in DPD due to increased
evaporation, higher soil moisture stress, or both, the
positive hydrostatic pressure exerted by the walls of
the xylem vessels would decrease and eventually go
to zero as the DPD reached the osmotic pressure of
the fluid in the xylem. With a greater increase in
DPD, the water in the xylem would undergo increas-
ing negative hydrostatic pressure until the absolute
pressure reached the vapor pressure of water, i.e., ap-
proximately -1 bar. At this point one might expect
nucleation to occur and a water vapor phase to de-
velop in the center of the vessel. However, when the
gas phase does appear, the smallest pressure difference
across the interface, as determined by equation [3],
which could exist in the tomato xylem would be about
0.05 bar if r1 were to be a maximum of 15 microns
and if constraints were such that r 2 > > ri . It is likely
r2 would be similar to r1 and the lower limit for a
stable two-phase system would require a pressure drop
of about 0.1 bar. Since the pressure in vapor phase
is fixed at a value near that of the vapor pressure of
water, it follows that pressures in the liquid phase
must approach a value of P,

In order for the vapor phase to develop, liquid must
be displaced from the vessels. This most likely occurs
by water flow across semipermeable membranes into
surrounding cells, resulting in an increased concen-
tration of solutes in the xylem and a compression of
the electrostatic double layer. The result should be
a significant rise in the osmotic pressure of the fluid
and a bubble radius less than the radius of the vessel.

PC = -cr
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The data in Table 1 would indicate that the vapor
phase did not develop until the DPD reached about
4 bars in the tomato seedlings. This suggests that
until this point was reached the total stress in excess
of 0.8 bar was dependent on negative hydrostatic pres-
sure in the xylem fluid and at these negative pressures
the system was stable because of the interrelation
between the osmotic pressure of the liquid and the
hydrostatic pressure drop across a curved air-water
interface.

The apparent air entry value for the corn seedling
stem was about 20 bars, indicating a vessel diameter
of approximately 0.15 micron. Microscopic examina-
tion of the xylem elements indicated that they were
only about 1/4 the size of the tomato vessels with di-
ameters of 5 to 10 microns. The air entry value would
be about 0.2 bar. One possible source of this differ-
ence is the pretreatment of corn seedlings with KC1
solutions to achieve stresses above 12 bars. If the
solution "leaked" into the xylem elements, the higher
DPD measurements for corn in Table 1 could have
been shifted upward due to higher than normal os-
motic pressure in the vessel fluid. Three other factors
which should be considered are: (a) the surface ten-
sion of the xylem fluid was taken as that of pure
water, (b) the contact angle was taken as zero, and
(c) the radius of the corn xylem vessels under nega-
tive pressure stress may have been significantly less
than the radius observed in the dissected tissue under
the microscope. In any case, the same general events

(111\ 
described for the tomato seedlings likely occur in corn
seedlings. However, because of the possibility of a
higher concentration of xylem solutes coupled with
smaller conducting vessels, and consequently a greater
charge per unit volume, a stable liquid vapor system
was not reached until a DPD of about 28 bars, which
halted the "rapid" viscous flow of water through the
stem.

If this theory describes the state of water in the
xylem, then other implications are involved. For
example, when the water vapor phase comes into
existence, the flow of water through the vessel may
decrease sharply because of the increased viscosity (7)
and reduced cross-sectional area of the liquid phase.
This event may be followed by wilting. If desiccation
continues, the moisture stress could eventually reach
the air entry value of the vessel walls, allowing a flow
of atmospheric gas into the vapor phase contained in
the vessel (see the discussion by Teoh et al. ( 1 1). At
this point, the gas phase may not readily disappear
upon relaxation of the environmental moisture stress.
However, as DPD in the plant proceeds from high
stress values toward zero, the gas pressure in bubbles
in the xylem will approach Pe. The increasing gas
pressure accelerates the solution of gas into the xylem
fluid. This is a key factor in the reestablishment of
fluid flow in woody plants after thawing, a phenom-
enon recently reported on by Hammel (6).

CONCLUSIONS
If the preceding explanation is correct, even in

part, it implies that the transpiration stream from

the roots to the leaves could be maintained under in-
creasingly high stress conditions by reducing the radius
and increasing the number of xylem vessels, by in-
creasing the charge density in the xylem vessels, and
by introducing monovalent cations into the xylem to
develop maximum diffuse double-layer effects. Conse-
quently, xylem elements may deserve much more than
the usual passing acknowledgment in studies of plant-
water relations. While the data presented here are
by no means complete proof of the proposed system,
and while the calculations are of an "order of magni-
tude" nature due to simplifying assumptions, the
mechanism does present a qualitative explanation of
many plant-water relations and is based on known
physical phenomena.

In any event, the data do suggest that plants have
an upper stress limit above which water will not flow
freely through the xylem vessels under a hydrostatic
pressure gradient. It also appears that the "effective"
radius of the xylem vessels may vary widely between
plant species. Furthermore, it may be noted that
sampling plants may cause a significant decrease in
DPD of the sample. This should be considered when
interpreting data such as that recently reported by
Barrs (2).
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