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Sum mary. Leaf water potentials were estimated from the sum of the balancing
pressuire measured with a pressure chaimber and the osmotic potential of the xylem
sap in leafy shoots or leaves. WVhen leaf water potenitials in yew, rhododendron, and
stnflower were compared with those measuired with a thermocouple psychrometer
known to indicate accurate valuies of leaf water poten'tial, determ nations wcre within
± 2 bars of the psychrometer measuirements with sunflower and yew. In rhododen-
dron. water potentials measuired with the pressulre chamber pluis xylem sap were 2.5
bars less negative to 4 bars more negative than psychrometer measurements.

The discrepancies in the rhododendron measutrements couild be attributed, at least
in part, to the filling of tissues other than xylem with xylem sap during measurements
with the pressure chamber. It was concluded that, althotugh stem characteristics mav
affect the measurements, pressure chamber determinations were sufficiently close to
psychrometer measurements that the pressure chamber may be used for relative
measurements of leaf water potentials, especially in sunflower and yew. For accurate
determinations of leaf water potential, however, pressulre chamber measurements muist
be calibrated with a thermocouiple psychrometer.

A pressuLre chamber has recently been used to
measuire what has been termed the sap pressure of
plants (9, 10). The method consists of increasing
the pressture arotund a leafy shoot until xylem sap
appears at the ctut enid of the shoot, which extends
ouitside the chamber and is exposed to atmospheric
pressuire. It has been suiggested that the pressuire
necessary to retain this condition represents nega-
tive pressuire existing in the intact stem (9, 10),
but it is not clear whether the method estimates
only hydrostatic presstures or whether other factors
are involved (6). Basicallv, however, the amouint
of pressuire necessary to force water otut of the
leaf cells into the xylem is a function of the water
potential of the leaf cells. Determinations made
with the instruimenit, which have been reported for
several species (10), appear qualitatively similar
to the water potential expected for leaves of these
species. Therefore, experiments were undertaken
to determine whether measturements made with the
pressuire chamber cotuld be uised to estimate leaf
water potentials.

The thermocotuple psychrometer provides a basis
for determining the accuiracy of the pressture cham-
ber, since an isopiestic modification (4) of psy-
chrometer tecllhniquie has recently been shown to be

1 Presenit address: Department of Botany, University
of lE'inlois, 'Urhatna, Illinois 61801

an accuirate measuire of leaf water potentials (2).
Comparison of the 2 techniques is complicated,
however, by the difference in potential which prob-
ably exists between water in the xylem and that in
leaf cells as a result of the resistance to water flow
between these 2 points in plants in which transpira-
tion is occuirring. Thuls, measurements obtained
with the pressure chamber, which depend on obser-
vations of the xylem sap, might not be comparable
to those made with a psychrometer, which indicate
the water potential of leaves. Unfortunately, no
data are available describing the magnitude of the
resistance between xylem and leaf. The following
comparisons were therefore made with excised
shoots in which water loss was zero and the poten-
tials of water in the xylem ancl leaf were at
equiilibritum.

Under these conditions, the potential of water
in a plant shoot during a measuirement with the
pressuire chamber mav be partitioned into the fol-
lowing components:

VP . - P + 41 MI
where f.I is the water potential of the leaf cells,
P is the pressuire applied by the chamber, and ti
represents the effect of solutes in the xylem sap.
The terms P and qj. represent the total force tend-
ing to remove water from the leaf cells and, to the
extent that P estimates the hydrostatic or matric
forces in the intact xylem, they represent the total
force acting on water in the xylem of the intact
plant. For convenience, therefore, P + q. will
be referred to as xvlem q.n.
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Althouigh it has beeni proposed that the effects
of soluites are small enouigh to ignore (9), deter-
minations of leaf water potentials with the pressure
chamber muist incluide the osmotic potential of the
xylem sap since xylem osmotic potentials may
represelit 2 or 3 bars in some cases (7,8).

Materials and Methods

Three species were choseni as examples of a
wide range in leaf and stem anatomy: yew (Taxus
cutspidaitta Sieb. & Zucc.), rhododendron (Rhodo-
dendron roseumiii Rehd.), andl sunflower (Helianthus
annutts L.). Two year old yew and rhododendroni
were grown in soil in the greenihouise. Stunflower
was growni from seed in soil in a constant en-
vrironment room (temperatuire 303310 day, 27-28'
night; relative humidity 45-55 %; light 2500 ft-c).

The plant tissue to be sampled was washed and
perm,itted to dry in the air for several houirs. Tests
with parallel samples indicated that washing had
no effect on the potential of the plant tisstue.
Immediately after sampling and duiring all subse-
quient maniptilations, the plant tissue was kept in
a huimid chamber to prevent desiccation.

Pressii re Chamt1ber Mleasuremiients. A pressure
chamber (9, 10) was modified so that nitrogen gas
entered the chamber by bubbling throtugh water in
the bottom. The moist gas reduiced water loss of
the plant sample to an undetectable amouint dutring
a determ.nation. A baffle prevented the water
from splashing on the tissuie. The qtuantity P in
equation 1 was estimated with the pressture chamber
by applying sufficient pressuire to a leafy shoot
16 to 15 cm long (rhododendron and yew) or
single leaf (stunflower) to retuirn the meniscuis of
the xylem sap to the ctut suirface of the stem or
petiole.

WaVoter Potential of the Leazes. After measture-
meints with the pressture cham,ber, leaves (yew) or
interveinal leaf tissuies (rhododendron and suin-
flower) were sampled for the thermocotuple psy-
chrometer from the same tissuie uised for pressure
measturements. Leaf water potentials were meas-
tired by isopiestic techniqtue (4) and consisted of
2 consecuitive determilnations, first with water on
the thermocouple and then with a sucrose soluition
on the thermocouiple. The potential of the suicrose
solution was close to the potential of the leaf tissue.
Thermocouiple ouitpult was plotted as a fuinction of
the potential of the water or soluition on the ther-
mocotiple, and the line was extrapolated to zero
ouitpu1t. The potential at zero oultpult was taken as
the potential of the leaf tissule. Determinations
were corrected for the heat of respiration, which
was measured with a dry thermocouiple (1).

V-alues of water potential measutred with a
thermocouiple psychrometer are likely to be in
error becatuse water is adsorbed by the chamber
wvalls if the walls are not covered with plant tissue
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FIG. 1. The effect of a coatinig of vaseline oil the
xx-all of a psychrometer chamber when distilled xx ater
covers the bottom of the chamber and the thermocouple.
A positive galvanometer deflection indicates that water
is evaporating from the thermocouple and is being ad-
sorbed on the chamber %N-alls.

(5). The samples from sunflower and(I rhodo(leni-
dron were cu1t so that the wall and(I bottom of the
psy-chrometer chamber were covered andl water
adsorption was not a problem. However, the yew
leaves did not cover the walls. Preliminary ex-
periments were therefore conduicte(d to redulce the
adsorption of water by the walls when leaves of
yew were in the psychrometer chamber. The innier
sturface of the brass psychrometer chamber was
made hydrophobic with a coating of vaseline which
had been melted and resolidified on the wialls and(
bottom. Under these conditions, the output of the
thermocouple with distilled water on the bottom of
the chamber and on the thermocouiple shouilcl have
been zero if the adsorption of water vapor on1 the
coated walls was negligible. Figulre 1 shows that ou1t-
puit was zero after 20 minutes when the walls N-ere
coated, but hadinot reached zero after 2 hounrs if
the walls were uncoated. Evidentlv wall adsorp-
tion was negligible when vaseline covered the walls
ancl all determinations with yewA7 A7ere carrie(d out
in chambers coated with this material.

Osmnotic Potential of the Xylemt Sap. After
stubsampling for the psychrometer, the shoot or leaf
was placed back in the pressuire chamber and
stubjected to a slight overpressuire. The first 15
to 30 ,ul of exuidate which appeare(l had an osmotic
potential that was constant to within 0.5 bar in all
3 species. Therefore, the initial 5 ul was collecte(d
and placed on a thermocoulple for dletermination of
xylem osmotic potential by a micromethod (3').

Results

Figure 2 shows that pressure chamber measuire-
ments plus xylem osmotic potentials (xylem ifr.)
were within 2 bars of psychrometer measuiremnents
of leaf wtater potentials (leaf qP ') for sunflower

30.

9 1-0 a

134



BOYER-LEAF WN'ATER POTENTIALS MEASURED WITH PRESSURE CHANIBER

35

..

os 4 -lo - _to -es -310 -35f -40
LEAF Yw (bars)

- \ RHODODENDRON

hi
-50

-SB

-t

s -o-s 0 -IS -0 4

LEAF Yr, (boys)

and yew. In rhododendron, xylemO.C was 2.5 bars
less negative to 4 bars more negative than leaf qj..
All 3 plant species showed the tendency toward
less negative valties of xylem q.w relative to leaf
ip. in wet plants and more negative valties of xylem
ip in dry pl-ants.

For determinations w ith the pressuire chamber,
all plant samples were expose(I to balancing pres-
stires for 5 minuites in order to detect whether
equilibrationi of ^-vater potentials in xylem and leaf
cells had occtirred. In everv case, there was neg-
ligi.ble change in the balancinlg pressulres, which

IFIG. 2. Xylem and leaf w-ater potentials in sunflow-er.
yew, and rhododendron. The equipotential values are
represented b- the diagonal line in each illustration.
Each point represents a single determination.

remained constant in tests which extended to half
an hour in some cases. Apparently, equilibratioli
of the potential of water in leaf cells and xylem
occurred rapidly.

The pressures necessary for measurement com-
pressed the vascular tissue of sunflower and rho-
dodendron. The stem that protruded outside the
chamber necessitated additional pressures equivalent
to 0.2 to 0.3 bar cm-1 of protruding stem in order
to obtain balancing pressures. The effect was not
present in yew bult, for uniformity, samples of each
of the 3 species were mounted in the chamber so
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Table I. Comiparison of Xylem and Leaf Water Poten tials in Long and Short Stemmnied Rhlododendron Samples at
Various Leaf Water Potentials

Eaclh pair of long and short stemmed samples was takeni from the saime 1)lant.

Long stems
Leaf qiw

-13.0 bars
-19.0
-16.6
-23.6
-28.6
-29.5

Average

Difference Xylem j,,.

2.6 bars
2.5
5.5
4.8
3.2
3.1

3.6

-14.0 bars
-21.7
-20.5
-27.2
-32.1

32.3

Short stems
Leaf qi,

-15.6 bars
-20.4

16.5
-23.3
-29.6

29.5

Ax erage

-that a maximum amouint of the stem or petiole
wNas exposed to presstures inside the chamber.

\Vhile tusing the pressure chamber with rhodo-
(lendron, which showed the greatest discrepancy
between xylem and leaf tpi,. it was observed that
the pith filled with sap during a determination.
The free liquiid sturface of the xylem was contintuouis
with that of the pith at balancing pressuire. In

3.,
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FI(;. 3. Xx lemil osmotic potentials (xylem qj.) mea-
.cured at various leaf wxater potentials in sunflower, yew,

anid rhodolenidroni. Each poinit represents a single deter-
.111 ination.

stuch a sittuation, greater pressture wouild be required
to fill both xylem and intercelluilar spaces in the
pith, resuilting in erroneouisly low values of xylem

To test this hypothesis, comparisons of xylem
and leaf qiw were made with short stemmed (35-
cm) and long stemmed (10-12 cm) shoots of dry
rhododendron taken from the same plant. The
branches had approximately the same nuimber of
leaves, while the amotunt of pith tisstie in the
sample varied with the different stem lengths.
The results, table I, indicate that in every case
xylem 4iw was nearer leaf i.w when short stemmed
rather than long stemmed samples were observed.
The average difference between xylem and leaf
4, for the short stemme(d samples was 2.2 bars;
for lonIg stemmed, 3.6 bars. This (lifference xvas
highly siginificaint.

Sap concentratioins at variouis leaf water poten-
tials remained essentially constant (fig 3) at -0.4
to - 1.0 bar in all 3 species when leaf water poten-
tials were -15 bars or less negative. Below that
potential, however, the sap became more conceni-
trated in rhododendron and yew and ha(l osmotic
poteintials as low as -2.5 bars.

Discussion

The presstire chamber does niot measuire xylem
potenitials directly. The pressuire applie(d to the
leafy shoot raises the potential of water in the leaf
cells of the shoot blut the xylem sap is exposed,
only to atmospheric pressuire. The method there-
fore measures the pressuire necessary to raise the
potential of water in the leaf cells to the point at
which it equals the potential of the xylem sap at
atmospheric pressure. To exteni-d this measurement
to xylem potenltials occuirring in the intact plant,
2 assumptions must be made. First, the water
potenitials of the xylem sap andl leaf cells must be
in equiilibriuim dutiring the time of measuirement.
Equlilibration apparently occuirred in the experi-
ments reported here, so rapidly in fact that a
significant chanige in potential couldl not be dle-
tectecl after the iniitial balancing pressuires wvere
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applied to the tissue and for intervals as long as a
half hour.

Secondly, the assumption muist be made that
water is arranged spatially in the same manner in
the shoot under pressure as it is in the shoot while
intact onl the plant. This assuimption implies that
the dimensions of the conducting system dluring
measurement represent those in the intact plant
and that the stem tissuies are filled with water in
the same manner in the 2 situations.

Both of the latter restrictions pose problems in
certain plants. In rhododendron, for example, de-
viations between xylem and leaf water potentials
were the largest of the 3 species tested. Both stem
deformation and the filling of stem tissues other
than xylem (probably pith tissues) occurred in this
species. Cn the other hand, there was relatively
good agreement between xylem and leaf water
potenitials in yew, which was not subject to stem
deformation and had only a small amount of pith.
The large amount of ground parenchyma in sun-
flower also may have affected the valuies obtained
with this species, btut the effect of ground paren-
chyma was not tested.

Regardless of the errors involved, the agree-
menit between leaf and xylem 41w provides evidence
that the pressuire chamber estimates the nonosmotic
component of xylem 41w, whether it arises from
matric or hydrostatic forces (6). Agreement is
close enoutgh so that pressuire chamber measture-
menits pluis xylem osmotic potentials may be used
to predict relative valuies of leaf 41,, particuilarly
in suinflower an(d yew. Fairlv accuirate estimates
of leaf 41w in the absoluite sense are possible in all
3 species if the pressuire chamber method is first
calibrated with a thermoco-tuple psychrometer (2),
althouigh there is more variability in the data
obtained with the pressure chamber [in stunflower,
a range of ±0.1 bar may be obtained with the
psvchrometer (2) whereas pressture chamber meas-
uremenits had a range of +0.3 bar in this species].

Determinations made with the pressture chamber
are rapid and simple. For certain stuidies, the
rapidity of determinations might julstify its ulse in
estimating relative values of leaf 4w, without ac-
coulntinig for xylem osmotic potentials. Field meas-
urements, for example, often contain soturces of
variability which are larger than the discrepancies
between leaf 41w and relative measuirements made
with the pressture chamber. The pressture chamber
would find wide use in suich sttudies.

Although the comparisons were made with
shoots or leaves w-hich were not losilng water, the

rapidity with which equilibrium occurred between
xylem and leaf cells in the pressure chamber may
indicate that resistance to water flow between
xylem and leaf cells is low. If stuch is the case,
the results presented here could be extended to
shoots in which transpiration is occurring.

The osmotic potentials of the xylem sap of the
3 plants are similar to those reported for other
plants (7,8). Although xylem osmotic potential
is often small relative to pressure chamber meas-
urements, it constitutes as much as half of xylem
41w when plants are well watered. The increase
in concentration which occurred in rhododendron
and yew as these plants dried has not been reported
before. Scholander, et al. (8) tested for diurnal
changes in xylem osmotic potentials but found that
sap concentrations remained about the same
throuighotut the day, although diturnal changes in
leaf 41w probably occutrred.
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