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Abstract. — A gasometric method was developed for measuring water deficit 1n leaves. For
a leaf at full turgor the amount of water penetrating into the tissue after removing the air from
intercellular spaces by means of & vacuum pump, is equal in volume to the gas removed from the
intercellular spaces. In a leaf with a water deficit the amount of the infiltrating water is greater
than the removed gas volume by the amount egual to the water deficit. Determination of the
volumes of the gas removed and penetrating water enables water deficit, if any, to be calculated.
Comparative measurements carried out on five plant species confirmed the correctness of the
method suggested. Reduction of the measuring time allowed to ehminate completely the sources
of errors associated with the growth of tissue and loss of dry weight during respiration.

StockER (1929) developed a very simple method for determining the water
saturation deficit (WSD) in terms of the percentage of water contained in
leaves at full-turgor. The use of this procedure has been found to be limited
because of the following difficulties and intrinsic errors:

1. The time of saturating leaves with water is rather long and can be as long
as 3 days.

2. During saturation, infiltration of the tissue can occur.

3. During prolonged saturation, the tissue takes up water even due to extens-
ion growth and related factors respectively (CATSKY 1965).

Other investigators (SHREWE 1924, HAMNER and CARLSON 1945, WEATHER-
LEY 1950, CaTskY 1960, 1962, 1963, STREBEYKO 1966) attempted to develop
more accurate methods for measuring water deficit. HEWLET and KRAMER
(1963) criticized the existing methods of evaluating water deficit and came to
the conclusion that data obtained by different investigators are in no way
comparable.

Gasometric data on the intercellular space (CZERSKI 1964) have suggested
a new possibility of measuring the water deficit in plant tissues. The water
penetrating into the tissue of a fully turgid leaf under reduced pressure
conditions is equal in volume to the air removed. When the leaf exhibits a
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water deficit, the amount of water absorbed is greater than the intercellular
air space. This excess of water absorption associated with incomplete satura-
tion of the tissue, may be a measure of water deficit in that tissue. The
deficit evaluated in this way is the difference in the volumes of the water
absorbed and air removed.

Fig. 1. Apparatus for determination of water deficit. For description see text.

Method

The apparatus described below (Fig. 1.), is a modification of the apparatus
devised for measuring intercellular space volumes (CZERSKT 1964). It consists
of 10 identical extractors A held peripherally by a plexiglas plate R. Each
extractor contains & plexiglass vessel Z equipped with a rubber bung which
carries & glass cylinder. The conical upper portion of the cylinder is connected
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to a capillary K and then to & measuring burette P. The capillary K and
burette P are connected by rubber tubing through a bubble collector S.
The collector allows disjoined gas bubbles to coalesce before their being
admitted to the measuring capillary. The extractors are connected by heavy-
walled rubber tubing to a vacuum pump. The procedure for the preparation
of the apparatus as well as the way of carrying out measurements were the
same as described earlier (CZERSKI 1964).

Results

During measurements by different methods of the water deficit in the
leaves of one plant, CaTskY (1965) obtained different values of WSD in the
same material using different methods and their modifications. This fact has
made a comparison of the gasometric method with other, methods.of measur-
ing water deficit rather difficult. The usefulness of the present method was
therefore ascertained in terms of the following assumptions:

1. For a leaf in full turgor, i.e. exhibiting no suction force, the volume of the
gas removed from intercellular spaces is equal to that of the penetrating
(infiltrating) water.

2. Upon removal of the gas trom intercellular spaces the leaf cha,racterlzed
by incomplete turgor will absorb water to fill up these spaces and to
compensate the water balance of the tissue.

3. The difference between the volume (mass) of the penetrating water and
the volume of the gas removed is equal to the water deficit of the tissue.

4. In a leaf whose weight in full turgor is already known, a decrease in water
content due to transpiration may be artificially brought about. The sub-
sequent measurement (by the gasometric method) ought to give a value
consistent with the calculation based on the comparison of leaf weights.
The difference, if any, between the calculated and observed deficits will be
a measure of the inherent error of the method.

Since the temperature of the leaf-infiltrating water did not exceed 18° C,
no correction was made for volume and 1 g. of water was assumed to have
a volume of 1 cm?® Water deficit was calculated by Stocker’s equa,tlon

Ws — W,

WSD = =7 . 100 (1)
where W = the water content at full saturation, W, = the actual water
content, and DW = the dry weight.

For the verification of the above assumptions, the following experiments
were performed: A pot with Begonia semperflorens LINK et OTTO Was kept
in a lumistat chamber with relative humidity 989,. The fresh weight of
a studied fully saturated leaf (FW;) and the intercellular spaces volumes in
that leaf were determined. After water infiltration and removal of water
from the leaf surface, the leaf weight was re-determined (FW,). The data are
listed in Table 1. The intercellular space volumes were found to be equal or
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nearly equal to the volume of the infiltrating water, which proves that the

tissue examined was completely saturated with water.

A further experiment was carried out with turgor-deficient Begonia leaves.
A fully saturated leaf was cut off, weighed (FW;) allowed to transpire then
re-weighed (F W) to determine the amount of the water transpired (Table 2.).
The experiments enable us to draw the following conclusions:

. During infiltration, a turgor-deficient leaf absorbs water not only to fill its

intercellular spaces but also to make up the water balance of cells.

. The amount of water absorbed for compensation of the tissue water deficit

is equal to the difference between the initial fresh weight (FW;) of the
fully water saturated leaf and its fresh weight (FW,) after a partial loss
of water due to transpiration.

Table 1
Measurements of water deficit in fully turgid leaves of Begonia semperflorens
Fresh weight Fresh weight Intercellular
after infiltration space
FW, Fw, FWs — FW;
mg mg mm? mg H,0
660 750 90 90
1070 1280 216 210
970 1135 162 165
640 745 100 105
1180 1390 210 210
1200 1415 214 215
930 1090 176 160

For symbols and calculation see text.

Table 2
Measurements of water deficit 1n turgor-deficient leaves of Begonia semperflorens
Fresh Fresh Fresh
weight weight weight
at full after after
saturation transpiration | FW; — FW,| infiltration
FWwg Fw (= WDaps FW; Vg W Days WSD
calculated) measured
mg mg mg mg mm? mg H,0 %
1082 905 177 1220 138 177 16-3
1740 1615 125 2020 280 125 7-1
1490 1370 120 1735 248 117 8.0
1515 1360 155 1760 248 152 10-2
1052 940 112 1220 158 122 10-6
1540 1385 155 1840 298 157 10-0
990 875 115 1100 104 121 11-6
1980 1850 130 2345 354 141 65
580 500 80 660 78 82 13-7
1410 1220 190 1675 270 185 13-4

For symbols and calculation see text.
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Table 3
Measurements of water deficit in Reineckea carnea KTH leaves
Fresh Fresh Fresh
weight weight weight Intzrc:(l}}aular
at full after after voliume
saturation transpiration mfiltration
FW, Fw FWy — FWy FW, Ve W Dgys WSD
mg mg mg mg mm? mg %
300 240 60 420 112 60 20-0
698 580 118 935 234 121 22-0
405 350 55 560 146 64 17-7
568 410 168 800 222 168 355
582 440 142 830 250 140 31-3
660 520 140 890 216 154 27.8
640 500 140 920 265 155 28-2
570 440 130 795 228 127 29-5

For symbols and calculation see text.

Table 4
Measurements of water deficit in Zebrina pendula Schmitzlemn leaves
Fresh Fresh Fresh
weight weight weight Intercellular
at full after after s
saturation | transpiration infiltration
FWg FWy FWs — FWy FWy Vg W Dpare WSD
mg mg mg mg mm? mg %
370 340 30 426 54 32 87
611 570 41 714 103 41 72
590 548 42 690 103 39 7-8
540 492 48 605 66 47 9.7
630 580 50 720 88 52 84
580 540 40 660 76 44 7-4
540 480 60 620 81 59 114
510 470 40 590 76 44 85
540 490 50 620 82 48 9-8
540 510 30 635 94 31 5-9
4560 410 40 515 64 41 9-6

For symbols and calculation see text.

3. In studying a leaf with an unknown water content, the water deficit of
the tissue may be calculated by Eq. (2). Thus, the fresh weight of the leaf
in the full turgor (FW;) equals the value of the absolute water deficit
(W Dans) plus the fresh wieght of the leaf after transpiration (FW:). Then

W Dapg = (FWy — FWy) — Vg (2)

where W Daps = the weight of water required for the full saturation of the
leaf, FW; = the fresh weight of the leaf after infiltration., FW; = the



280 . J. CZERSKI

fresh weight of the leaf after transpiration, and Vg = the volume of the gas
removed (eguals the volume of intercellular space).

Further experiments were carried out in a very similar manner on Reineckea
carnea CTH and Zebrina pendula Schmitzlein leaves. Data are collecte 1 in
Tables 3 and 4.

The gasometric method was verified by measuring the water deficit ilso
in incompletely turgid leaves. It was found that the deficits of leaf-halves had
approximately the same values. The experiment was carried out as follows:
Brassica oleracea L. leaves were cut in halves and water deficit was im-
mediately determined in one half of a leaf. The other half was allowed to lose
some water by transpiration and then its deficit was measured. With the
initial deficit of the one half of the leaf already known, the deficit of the other
half after some additional loss of water could be calculated and compared
with the observed value. The calculation was made as follows: The defici
determined in one half of a leaf immediately after being cut from the plant
was 5-4%,. Since the fresh weight of the second half of the leaf was 1256 mg,t
its fresh weight with full saturation should be 1327 mg. As the weight of the
second half-leaf after transpiration was 1124 mg, the amount of water
required for its complete saturation could be calculated (1327 —1124 = 203
mg). When the dry weight of the leaf was determined and the experimental
data were put into the Stocker equation, the water deficit was calculated as
16:39,, whereas the experimentally stated value was 18%,. The above
described experiments (Table 5.) were performed on Brassica oleracea L, and
Beta vulgaris L. var. saccharifera LNGE, (cv. AJ4) leaves.

Discussion

The purpose of the present investigations was to develop a method for
determining water deficit applicable in field conditions, easy to perform, and
connected with a minimum error. The necessity of using an oil vacum pump
to produce a subatmospheric pressure in the extractors renders field measure-
ments difficult. This appears, however, to present no insurmountable diffi-
culties in measuring the water deficit of plants in natural conditions. This
suggestion is based on the data collected in Tables 2—5. As can be seen from
these Tables, the measurement of the initial weight of the tissue under
investigation is very important. Further losses of water preceding the actual
measurement have no effect on the correctness of determination. It is there-
fore sufficient to determine the weight of leaves in field conditions and the
water deficit may be determined after their having been ransferred to'a la-
boratory.

SToCcKER’s method (1929) appears to be the most suitable method
for measuring water deficit, but as already indicated the measurement is
of rather long duration; this may result in changes of the material under
investigation and thus in a higher error of determination. The present method
obviates the difficulties of the Stocker’s method. This is particularly true as
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Table 5

Water saturation deficits (in per cent) in leaf-halves of Brassica olera »a L (BO) and Beta vul-
garis L. var. saccharifera LNGE cv. AJ4 (BV)

Immediately after After transpiraticn

being cut off calculated experimmental
BO BV BO BV Lo BV
5-4 15-8 16-3 33-8 18-0 33-6
121 11-7 23-6 27-3 22-8 32-1
8-4 21-6 17-4 35-7 17-5 33-2
7-2 18-5 16-2 340 16-1 335
00 21-6 9-7 36-5 12:0 33-0
70 16-2 19-3 30-1 16-8 31-5
2-9 17-3 12-4 36-1 13-9 37-2
1-0 21-4 9-2 373 10-9 36-3
15-4 3141 32-6
24-9 37-8 33-8
mean 5-5 18-4 15-5 33-9 16-6 33.7

regards an infiltration of the material investigated during the saturation of
leaves with water, which is the drawback of the Stocker method but is the
principle underlying the gasometric method of measurements. The time of
measuring water deficit by the gasometric method is about 30 min., but the
actual saturation of tissue with water takes 1 to 15 min. A question arises
whether the tissue could be completely saturated with water within this
short period of time. After the gas has been removed, water penetrates
rapidly into the intercellular spaces and this makes possible its contact with
the surface of all cells adjacent to these spaces. In these conditions cells can
rapidly replenish their water contents and the tissue will become completely
saturated with water. A confirmation of the complete saturation of a tissue
with water within 1 min. is the fact that when kept in water for a protracted
period of time the tissue fails to absorb more water.

According to RosENE (1943) and STREBEYKO (1956), the cytoplasm is very
slightly permeable. Radish hairs, for example, have been found to absorb
water at a rate of 0-2 to 3-1 pm3 per pm? per minute. A prismatic cell model,
60 6020 um in size, has a surface area of 5600 pm? and a capacity of
24,000 um?3. If water penetrates through 1 um? of the cytoplasm surface at
a rate of 3 pm3 per minute, the whole surface will allow 16,800 pm3 of water
to pass within this time. If the cell is assumed to contain 809, of water, its
capacity will be equal to 19,200 um?3. If the water deficit of the cell should be
as high as 509, it would be compensated within 0-5 min.

Individual cells of a leaf tissue contact with one another and the free
surface accessible to water infiltration may be less that calculated for the
model. However, the presence of large intercellular spaces in the leaf tissue
results in a surface of cells high enough to allow the water deficit to be com-
pensated very rapidly.

It was found that the volume of air removed from intercellular spaces is
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equal to that of the water infiltrating the leaf only if that leaf is in full turgor.
When not fully turgid, the leaf will absorb an amount of water greater than
the volume of the gas removed by the amount required to achieve complete
saturation. A question arises whether the determination will be correct also
for tissues showing a greater water deficit, i.e. when the intercellular spaces
may undergo contraction. With beet and cabbage leaves made to exhibit
water defcits of 33.99, and 15.5%, -Table 5.), respectively, the intercellular
spaces were found to undergo no change in volume. However, at still higher
deficits leaves of certain plants are likely to exhibit changes in the intercellular
space volume high enough to affect the accuracy of the present method. In
such cases it appears sufficient to determine the weight of a leaf under
investigation and to keep it in a water vapour-saturated atmosphere until
the turgor partially grows and then to carry out the actual water deficit
measurement.
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J. Czerski, Oddsleni fysiologie rosthn University ve VarSavé: Gazometricka metoda ke
stanoveni vodniho deficitu v listech. — Biol Plant. 10 : 275—283, 1968.

V praci Je popsana nova gazometrickd metoda ke stanoveni vodniho deficitu v hstech. Prin-
cipem metody je stanoveni objemu vzduchu vysatého vyvévou z mezibunéénych prostor sledo-
vanych listd U plné turgescentniho listu se mnozstvi vody vmklé do pletiva pit podtlaku rovné
objemu plynu vysatého z intercelular U hLstu majiciho vodni deficit je mnoizstvi vmklé vody
v&tsi nez objem plynu z interceluldr o mno#stvi odpovidajici vodnimu deficitu Vahové stanoveni
vniklé vody a soucasné stanoveni objemu plynu z mezibunéénych prostor tedy umoziuje vy-
poéet vodniho deficitu Srovnavaci méfeni na pét1 druzich rostlin potvrdila spravnost navriené
metody. Zkricenim doby potiebné k méfeni se zcela vyloucily zdroje chyb spojené s rastem
pletiva a prodychanim sudiny b&hem méfeni

E.UYepckn, Orpesenve uanonorum pacreHnit, Bapmwasekuil yuusepcuter asomerpuuec-
Kuil MeTox usmepenus Bojnoro aedunura B Auctbsax. — Biol Plant 10 . 275—283, 1968.

PaspaGotan MeTOL M3MepCHHA BOJIHOTO NeUINTa B INCTHAX. MaMepurenbHoe yeTpo#icTBO
paboraer Ha NPUHNMIIC M3BJICYEHNA rasa U3 MCKKICTHHKOB BaKYYM-HAcOCOM H H3MEDeHHA
ero o6pema Ilpn nomHOM TYprope KOIUYeCTBO BOMK NOCTYNBIICH B TKAHb PaBHO 1Mo 06peMy
ra3y H3BJIEYEHHOMY U3 MEHKICTHHKOB. B ycsoBusax sogsoro geduumra 06sem Boap Gospumi
4eM 06beM rasa Ha BeJIMUHHY paBHYI0 BogHomy geduunry [To mamepennm o6sema BOJE! I rasa
MOMHO pacyuTath BOAHEIL geduuur CpaBHHTeNlbHEIE MBMCPEHMH Ha OATH BHAAX pacTeHHi
Al XOpouIne pe3yJbTaThl ONpaBILIBAIOIINE NPAMeHEHUe NpeljiaraeMoro MetToia. Y MeHb-
HIeHNe JUIATEJIbHOCTH H3MEePeHHs M KIIOYMII0 OWIOKY ¢BABAHHKIE ¢ POCTOM TKAHM M NMotepel
CyXOTo Beca HpPH RbIXaHHH.



