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Abstract. Samples of the leaf tissue (14 cm?) were placed in a plexiglass chamber which con-
sisted of three parts. Water absorbed by the leaf tissue on one side of the sample was transported
through the middle part of the sample to the opposite side and was transpirated there. The in-
tensity of transpiration the intensity of water absorption and water saturation deficit (w.s.d.) were
determined simultaneously in this tissue by gravimetry. Water balance was studied either in
saturated samples of leaf tissue or in tissue where w.s.d. (10%, 20%, 309%,, 409%,) was established
in advance. Although conditions for water absorption in leaf segments were optimal, w.s.d.
originated in the saturated leaf tissue under all given external conditions (evaporation from 41-7
to 17-8 mg em~? h1), W.s.d. which was established in advance for the most part increased
during the experiment and reached even high values (more than 609,). The equilibration was
reached only under conditions of low evaporation and initial w.s.d. higher than 209, in young
leaves and higher than 309, in adult leaves. A positive correlation between the ratio of the
intensity of water absorption to the intensity of transpiration and w.s.d. was found only under
conditions of lower evaporation (17-8 and 23-2 mg ¢m~2h~1). The maximal values of w.s.d. were
limited in this way.

Water balance was studied: 1. in leaf tissue of upper, middle and lower leaves of fodder
cabbage, 2. in leaf tissue of middle leaves of young and adult plants of fodder cabbage, 3. in leaf
tissue of dicots (fodder cabbage) with different vessel orientation in respect to water transport,
4. in leaf tissue of monocots (banana-tree) with water transport upright to the vessel orientation.

Considerable change of water balance was observed when the water transport was prolonged
by two incisions in the middle part of the sample.

Results of all these experiments revealed the possibility of water stress origin even in leaf
tissue sufficiently supplied with water.

Little attention has been paid so far to the simultaneous investigation of
the intensity of transpiration and water absorption even if the water balance
(difference between water income and output) determines the water content
of the whole plant, its organs, tissues and cells.

Water balance has been studied either in the whole plant (KramMER 1937,
TArLowskI 1955, 1956, ToTsurA and Monst 1959, 1960, KUsTER 1960) or
in cells (Tamr1A and Tazawa 1956).

The aim of this work was to develop a method for water balance studies
in leaf tissue samples and to determine the laws regulating origin of water
stress in the isolated leaf tissue.

* Address: Flemingovo nam. 2, Praha 6, Czechoslovakia.
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Fig. 2.

Fig. 1. Ground plan, front view and side view of a plexiglass chamber for studying water
balance in leaf tissue.
Fig. 2. The position of leaf tissue sample in an open chamber.

Material and Methods

90 to 180 days old potted fodder cabbage (Brassica oleracea L., cv.
acephala) plants grown in the greenhouse (temperature from 18 to 25°) were
used throught the experiment. The plants had 8 to 9 resp. 11 to 13 leaves.
Banana-tree (Musa sapietum L.} was also used.

The leaves were cut off in the early morning before every experiment and
their petioles immersed in water and left in darkness in a saturated atmo-
sphere for 24 to 48 hours for saturation. Oblong samples (14 or 24 cm?) were
cut in such a manner that no major vessels was running parallel with the
longer axis of the sample. The larger samples were left to dry in a climatic
chamber (25°, from 359% to 409, R.H.) to reach the desired w.s.d. (109,
20%, 309%, 409%) and at that time the smaller samples of 14 cm? were cut
from them to prevent undesirable drying of the edges during handling the
samples.

Special plexiglass chambers were designed for studying the water balance
in leaf tissues (inner dimension: 65X 31 X 8 mm). These chambers consisted
of three parts of the same size (Fig. 1). Part ¢ was lined with two plates of
gel (polymer of ethylenglycolmonomethacrylate) which loses water very
easily and in a reversible way. Parts B and C were covered with aluminium



WATER BALANCE IN LEAF 121

foil so that the samples were in darkness and were not overheated at the same
time. Part A was provided with holes on the sides and the conditioned air
(constant temperature, humidity and rate of flow) passed through them.
These small chambers were placed during the experiment in a large climatic
box with constant temperature. Each small chamber was illuminated using
a light channel provided with 100 W krypton bulb, mirrors and water
filter. The sample of leaf covered the whole area in part A and B and was
slid with one shorter edge between two plates of gel saturated with water in
part C (about 3 mm from the edge). A sufficient supply of water was ensured
in this way (Fig. 2). The water absorbed by leaf tissue in part C passed
through part B and was transpired to the surrounding air in part A.

The transpiration, water absorption and w.s.d. were established gravi-
metrically at given time intervals, usually every 30 minutes (4 30 sec). The
weight of the whole chamber and of leaf tissue samples was done on analytical
balances with accuracy 10~% g. Every experiment was repeated tenfold. The
relationship between s; and n was quite satisfactory under these conditions.

In some experiments the stomata opening was determined in the trans-
piring part by direct observation under the microscope.

The rate of transpiration was regulated by external conditions in such
a way, that evaporation (measured as evaporation from green filter paper
saturated with water) under conditions IV was less than a half of evaporation
under conditions I (Table 1).

Table 1
Different types of external conditions
Density of
T T, " Relative il(l;\lzlzt)agion Linear rate Evavoration
ype emperature humidity - py ° of air flow vap s
of conditions (°C) (%) 700 nm) (m s~1) (mg em
° (cal cm~—2 h-1)
min—1)
T 1
I 25 0 0-19 3-48 x 10-2 41-7
I 25 31 0-19 3-48 x 10-2 341
111 25 66 0-19 3-48 x 10-2 23-2
v 25 79-3 0-19 1-63 x 10-2 17-8

The leaf temperature was checked during the experiment by thermistor
thermometers. The temperature was never higher than 29° even under con-
ditions of lowest evaporation.

For detailed description of the method see PospiSiLovi 1967.

Results and Discussion

1. The influence of external conditions on water balance in leaf tissue

The water balance was observed in samples of tissues from the 3rd, 4th,
5th leaf under different types of external conditions (I, II, I1I, IV). W.s.d.
was adjusted to 09, 10%,, 20%, 309, or 40 %, before the experiment.
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Only small differences in the intensity of transpiration appeared between
samples with different initial w.s.d. under conditions of high evaporation
(I, II). In particular the amount of water loss during five hours was prac-
tically the same. The intensity of transpiration decreased with increasing
initial value of w.s.d. under conditions of lower evaporation (I1I, IV) (Fig. 3).
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Fig. 3. Time-course of water loss
by transpiring part of
sample at different levels
of initial w.s.d. (w.s.d.

40%— —+— — - } under
conditions III. Abscissa:
time in hours, ordinate:
amount of transpirated
water in mg.

This difference may be explained by a gradient in the water potential between
leaf and air which was greatest under conditions I and lowest under con-
ditions IV. Lowering of water content in leaves decreased the gradient of
water potential between leaf tissue and surrounding air. This drop became
more marked when the whole gradient was low (I1I, IV) and was less ap-
parent with high gradient (I, IT).

The intensity of transpiration decreased throughout every experiment.
This was probably caused by gradual closing of stomata, by incipient drying
of cuticula and cell walls surrounding intercellulars and by a decrease in
sample area resulting from their drying.

hid
200

Fig. 4. Time-course of water ab-
sorption by sample on leaf
tissue at different levels
of initial w.sd. (w.s.d.

40% —— - —— -} under
conditions IV. Abscigsa:
time on hours. Ordinate:
amount of absorbed water
in mg.
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The initial value of w.s.d. influenced the rate of water absorption at the
beginning of the experiment, e.g. in treatment IV only the amount of water
absorbed after 30 and 60 minutes was higher with higher initial w.s.d.
(Fig. 4). '

W.s.d. appeared under conditions I, IT and ITI in water saturated samples
of leaf tissue and increased under the same conditions in tissues with initial
w.s.d. from 109, to 40 %,. W.s.d. increased about 20 —25 %, in every experiment
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under conditions of higher evaporation (I, II) often independently of the
initial w.s.d. (Fig. 5). W.s.d. under conditions III increased similar to that
at lower initial w.s.d. but the highest initial w.s.d. increased only about 79,
(Fig. 6.) The conditions of lowest evaporation (IV) resulted in a high incre-
ment of w.s.d. only in saturated samples and slight one in samples with
initial w.s.d. of 109, or 209%,. The deficit remained practically unchanged in
samples with an initial w.s.d. of 309, and 40% and even slightly decreased
at the beginning of the experiment (Fig. 7).
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Fig. 6. Time-course of water sa-
turation deficit develop-
ment in leaf tissue at di-
fferent levels of initial
w.s.d. under external con-
ditions I1I. Abscissa: time
in hours. Ordinate: w.s.d.
in %. (W.s.d 0% —,
10% «--,im 209% -.-.-,
309 — — — 40% --.--.)
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Time-course of water sa-
turation deficit develop-
ment in leaf tissue at di-
fferent levels of initial
w.s.d. under external con-
ditions IV. Abscissa: time
in hours. Ordinate: w.s.d.
in %. (ws.d. 09
109% --- 209% —.—.—
30% — — —, 409% --.--)

Relationship of ratio of
intensity of absorption to
intensity of transpiration
and of w.s.d. under condi-
tions IV. Abscissa: w.s.d.
in 9%. Ordinate: ratio of
intensity of absorption to
intensity of transpiration.

Time-course of w.s.d. de-
velopment in leaf tissue
from upper{ A ), middle{Q )
and lower ([]) leaves at
initial w.s.d. 0% (Q) and
209, (@) under conditions
IV. Abscissa: time in
hours. Ordinate: w.s.d.
in %.
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The ratio of the intensity of water absorption to transpiration increased
with inereasing value of w.s.d. (positive correlation) only under conditions of
low evaporation (IIT and IV) and thus the maximal value of w.s.d. was
limited (Fig. 8).

Results of all these experiments indicate that high w.s.d. may be found
in leaf tissue sufficiently supplied with water from one side, under conditions
where the evaporation and also the intensity of transpiration are not ex-
tremely high. An equilibrated water balance existed only under conditions
of lowest evaporation and with an initial w.s.d. of 309, and 409,.

2. Water balanee of leaf tissue in relation to leaf insertion and age

Leaf growth and development is accompanied by many changes in ana-
tomical and physiological features. In order to confirm the general validity
of our results we tried to compare experiments on tissues from upper, middle
and lower leaves and on middle leaves from older and younger plants.

The upper (2nd leaf), middle (4th leaf) and lower (7th to 9th leaf) leaves
differed in relative water content, which was lowest in the upper leaves and
highest in the lower leaves.

The intensity of transpiration was higher in middle and upper leaves in
comparison with lower ones at the initial w.s.d. of 09,. The highest intensity
of transpiration was observed in upper leaves at an initial w.s.d. of 209, the
lowest was under the same conditions in middle leaves.

The lowest ratio of intensity of water absorption to intensity of transpi-
ration took place in samples from upper leaves at an initial w.s.d. of 09,.
W .s.d. appeared very soon in these leaves. On the other hand only in samples
from upper leaves the initial w.s.d. of 209, decreased in such a way, that at
the end of the experiment (after three hours) there were no more differences
between samples of initial w.s.d. of 09 and 209%,. W.s.d. in samples from
middle and lower leaves at initial w.s.d. of 09, was lower at the end of the
experiment than in upper leaves but remained higher at an initial w.s.d. of
209, (Fig. 9). The relationship between the ratio of the intensity of absorption
to the intensity of transpiration and w.s.d. was most clearcut in uppre leaves.

CaTskY (1962) studying the development of w.s.d. in plants dried in situ
found at the beginning of the experiment the highest w.s.d. in young leaves.
These differences disappeared in the course of the experiment and from the
average w.s.d. values he ascertained a distinct preference of young leaves
for water supply.

The ratio of the intensity of water absorption and transpiration was prac-
tically equal in the samples from middle leaves of younger (from 90 to 120
days) and older (from 150 to 180 days) plants at an initial w.s.d. of 09%.
There were no differences between these samples during the experiment.
This ratio was higher in samples from younger plants at an initial w.s.d. of
209% and only in these samples w.s.d. decreased in the course of the ex-
periment (Fig. 10).

Although some difference in the intensity of transpiration and water
absorption and of w.s.d. development were established, the basic trend of
water balance was the same in all the experiments. The general validity of
our preceding results on water stress origin in samples supplied unilaterally
with water was confirmed in this way.
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3. Water balanee in leaf tissue with different vessel orientation to water transport direction

The water balance of different areas of the leaf blade and thus under con-
ditions of different vessel orientation in respect to water transport direction
was compared under lowest evaporation (IV) in following experiments. Four
directions of water transport were chosen: from the base to the top, from the
top to the base, from the middle to the margin and from the margin to the
middle. There were no differences in water loss and water absorption between
these variants. The highest w.s.d. was found in the transport from the
margin to the middle and the lowest in the transport from the middle to the
margin. W.s.d. of the lengthwise type of transport (used for all preceding
measurements) was between these extreme values (Fig. 11).
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Fig. 11. Time-course of w.s.d. de-
5 velopment at different, po-
sitions of samples on leaf
blade (Transport of water
o b from middle to margin O,
. from margin to middle @,
from base to top A, from
5 | top to base 4) under
conditions IV. Abscissa:
time in hours. Ordinate:
Bl 1 1 _— ) L w.s.d. in %.

0 1 2 3

The intensity of transpiration and of water absorption and w.s.d. was also
studied, using the same method, in samples from leaves with parallel vessels
(Musa sapientum L.). The water was transported upright to the direction of
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lance in leaf tissue of ba-
nana under conditions IV.
Abscissa: time in hours.
Ordinate: above: w.s.d.
in 9,, below:
quantity of transpired wa-
ter and — — — — —
quantity of absorbed wa-
ter in mg.

the vessels (Fig. 12). Although the transpiration of banana leaves was in
average lower then the transpiration of fodder cabbage leaves, w.s.d. also
appeared during the experiment.

Both experiments brought us to the conclusion that water transport was
practically independent of vessel orientation in leaf tissue samples. The
continuity of water columns in the vessels was apparently disturbed during
the cutting and thus the role of vessels in water transport was relatively
small. Samples of leaf tissue may be hence used as a macromodel of leaf
mesophyl.

4. The influence of water transport prolongation on water balance

Water balance was studied in further experiments in leaf tissue from
fodder cabbage (under conditions IV) where the length of water transport
was prolonged by two incisions in the middle of the sample. This prolongation

%
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Fig. 13. Time-course of w.s.d. de-
velopment in samples with
prolonged water transport 5
length (@) and in control
samples (O) under condi-
tions IV. Abscissa: time T Y L ! L
in hours. Ordinate: w.s.d. [ 1 2 3 4 5 hars

in 9.
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clearly influenced the water balance of leaf tissue in a negative way. Althought
the transpiration in the incised samples was only slightly lower than in
controls, the water absorption was lower in quite clear-cut way. W.s.d.
developed sooner and reached higher values in samples with longer transport
(Fig. 13).

These experiments show that water transport may play an important role
in water balance of leaf tissue.
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Vzorky listového pletiva byly umistény v trojdilnyeh plexitovych komurkéch tak, %e voda
absorbované listovym pletivem na jedné strand vzorku byla transportovédna stfedni &dsti to-
hoto vzorku do jeho protilehlé éasti, kde byla vydavéna transpiraci. Gravimetrickou metodou
byla soutasné méfena intensita transpirace, intensita absorpce vody a vodni sytostni deficit
(v. s. d.) tohoto pletiva. Vodni bilance byla sledovéna jednak u nasycenych vzorka listového
pletiva, jednak u vzorkét s urditym predemn navozenym deficitem (109, 20%, 309, 409%,).
Aékoliv podminky pro absorpei vody byly optimdlni, vznikal pii viech zvolenych typech vnéj-
gich podminek (vyparnost 41,7 a% 17,8 mgem-2h-!) v nasyceném listovém pletivu deficit. Také
pfedem navozeny deficit b&hem pokusu vétdinou stoupal a dosahoval i vysokych hodnot (pfes
60%). K vyrovnané vodni bilanci dochézelo pouze pfi podminkéch nejni#ii vyparnosti a poda-
tednim deficitu vét&im nez 20% u mladych listh a vétsim nez 309 u starsich listi. Také pouze
pii podminkéch niZ$f vyparnosti (17,8 a 23,2 mgem-2h-1) byla zjisténa kladné korelace mezi
pomérem intensity absorpce vody a intensity transpirace a v. 8. d., takZe byly ohraniteny hod-
noty maximalniho deficitu.

Vodni bilance byla sledovéna: 1. u listového pletiva hornich, stfednich a dolnich listd ka-
pusty, 2. u listového pletiva stfednich listd mladSich a starSich rostlin kapusty, 8. pfi ruzné
orientaci Zilek vzhledem ke sméru transportu vody u listit dvouddlofné rostliny (kapusta),
4. pfi trangportu kolmo na smér %ilek u listt jednodsloZné rostliny (bandnovnik).

Znaéné zhordeni vodni bilance bylo zjiSténo pii prodloueni transportni dréhy dvéma zéfezy
ve stfednf ¢ésti vzorkd listového pletiva.

Vysledky viech téchto pokust ukdzaly redlnou moZnost vzniku vodniho deficitu v listovém
pletiva i pfi jeho dostateéném zésobovan{ vodou.
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f1. HocumurmnoBa, Hactaryr skcnepEMentadsnoii Gorammxm YUCAH, TIpara: Bopmsrik
Gananc ancrooil TRamm. — Biol. Plant. 11: 119129, 1969.

OO0pasmsl aMcTOBOM THAHM ORUJIM NMOMeMIEHH B INIGKCHTOBOM KaMepe COCTOSMmeH H3 Tpex
ONEHAKOBHIX YacTel TarmM cmocoGoM, ITO BOfja IPMHATAA TKAHBIO Ha OAHOH cTopoHe 06pasna
TPAHCHOPTHPOBAJIACH Yepe3 CPeHIOn 4acTh o00pasna M pacXofoBalIACh NpPH TPaHCIHAPATHA
NPOTHRONOJIONKHON YacThio TKaud. ONHOBPEeMEHHO OENIA IPaBAMETPHYECKH ONPefelicHA HH-
TOHCUBHOCTh TPAHCHAPATMM, HHTEHCUBHOCThL abcopOnME BOAL M BORHEA Redmudr THaHM.
Bopauk Gamanc mCclemoBasicAd HE TOJALKO Y 00pasmOB ¢ IOJHEIM HAacHIIEHEEM, HO B y 00-
pasmnoB ¢ Hexoropeim gedmmurom (10, 20, 30 m 409%). Xora ycaoBma abcopOunm Bogu OIIH
ONTHMAJLHEIMY B HACHIIEHHOA TKAHM JWCTA BO3HEKAJ BOXHHI Ne(ANUT IPU BeeX HM30paHHbIX
THNAX BHEIIHAX yciosmit (ssanopanmua ot 11,7 mo 17,8 mr cM~29-1), Tawe pmepunurar 10,
20, 30 w 40% ® TeueHme OMHITOB YBEJIMUHBAJIACH W AOcTHraj® Jaske Gosee 609%. Papno-
€CHHI BONHHMA OANAHC HPOMCXONMI TOJILKO B YCJIOBHAX caMOH HHRKOA 3Banopanun
(17,8 Mr cM2 gy-1) u mnepBomavaXAsHOro pAedmmmra okoMo 209 Yy MOMOLHX JIACTHEB
71 0Koao 309 y cTapmux JIEcTheB. TakiKe JIMWE B yCAXOBAAX caMoi Hu3Ko# sBamopamun (17,8
m 23,2 Mr cM—29-1) ORJIA YCTAHOBJICHA NOJIOKHUTENLHAS KOPPENIANHA MEKLY OTHOIIeHHEM
abcopbmuu ¥ TpaHCcOHpAamUA M BOAHKIM Ne(UUUTOM JIACTOBOH TKAaHH M TAKAM CcnocoGoM
HalileH MaKcHMaJbHEIN Aedunmr. Vcememomasica Bommbii Oanamc 1. THARE BEepXHEX, cpeX-
HAX W HIGKAEX JIACTHEB KAMYCTH, 2. TRAHW CPeJHUX JIHCTHEB MIAXIIKX K CTAPIIAX PacTeHHH
RaNyCTH, 3. OPH pasjiMvyHOH OPHMEHTHPOBKe HEPBATYPHL IO OTHOMIEHMIO K HaNpaBIleHHIO
TPAaHCHOPTA BOJH y JIACTHEB JBYXAOJILHOTO PACTEHMA (Kamycra) 4. NPH TPAHCIOPTE BOMKK
OePHeHANKYIAPHO K HANPABJICERI0 HePBATYPHL ¥ OJHORONBHOro pacreHms (Gamam).

3naunTeNsHOe yXyQUIeRHe BogHOro OajlaEca OBUIO Halileno B ciiydae YIVIDHEHHA IYTH
TPaHCIOpTA BOJKL ABYyMA 3apyOmHamm B cpefHeil wacTw 006pasmoB JIMCTOBOH THAHM.

Pe3yabTaTh BCeX STHX SKCIEPAMEHTOB MOKA3AAN PeayIbHYI0 BO3MOKHOCTh BO3HUKHOBEHAR
BOfHOrO AeHOUTa B THAHW JIECTHEB AaiKe IPH ero JOCTATOYHOM cHaOKeHHM BOROM.



