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GLOSSARY

activeiontransport transport of ions requiring metabolic energy
activestomatalmovement stomatal movement originating from a change of
turgoroftheguardcells
airboundary layer of theleaf the zone of air surrounding a leaf exposed to a
certainwind speed inwhich air movement islaminair and transport ofwater
vapourisby diffusion
amplitude difference between maximum (or minimum) value and mean value
in oscillation
ATP adenosine triphosphate; an important energy donor in biological processes
fl-gauge instrument to measure the mass of a part of the leaf placed between
aftradiation sourceand a/Jradiation detector, shortperiodicfluctuationsin
leaf mass being attributed to changes in water content
boundary layerresistance resistance to diffusion of the air boundary layer of
the leaf
build-upperiodfor stomatalopening see'Spannungsphase' ofstomatal opening
carbon dioxide compensationpoint carbon dioxide concentration at which the
absorption of carbon dioxide by photosynthesis exactly balances carbon
dioxideoutputbyrespiration
circadian rhythm circa = about, diem = day; rhythm with periods approximating but different from 24hours
cyclingof stomata rhythminstomatal opening with periods smaller than 120
minutes
damping ofcycling thegradual decrease of theamplitude ofcyclingwithtime
day timeintervalof24hours
diffusion conductance reciprocal of diffusion resistance,expressed ascm sec -1
(seeleafdiffusion resistance)
diurnal ordaily rhythm rhythm with periods of exactly or approximately one
day
endogenous rhythm rhythm continuing in constant environment
entrained stomatalcycling stomatal cycling forced to match exactly that of
someoscillation in theenvironment or another part of thesameplant
forcingrhythm rhythmcapableofsynchronizingorentraininganother rhythm
free-running cycling self-sustained cycling under constant conditions
full turgor state of turgor when a cell or tissue is in equilibrium with pure
water(waterpotentialiszero)
half-time thetimeforcompletion of halfaprocess
hydroactive stomatalclosure active stomatal closure caused by the reaction
of the guard cellsturgor to a decrease of plant water potential
ionpump activeiontransport mechanismorprocess
latentheat heat of evaporation
Meded. Landbouwhogeschool Wageningen 71-3 (1971)
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eaf diffusionresistance mean diffusion resistance to gas of both surfaces
of the leaf expressed on single side leaf area in sec cm -1 and composed of
resistances inparallel ofthe stomatal and thecuticular pathway
leaf'thickness' massperunit area (mgcm-2)measured bythejS-gauge
leafwater content absolute quantity of water in the leaf
light compensation point light intensity at which the absorption of carbon
dioxide byphotosynthesis exactly balances theproduction ofcarbon dioxide
byrespiration
negativefeedback control system a system in which the value of some factor
iscontrolled byfeeding back and usingitsvalueinsuchamanner asto bring
the value of the controlled factor closer to a desired (reference) value (see
figure 1 onp.7)
osmosis thetransport of asolvent acrossadifferentially permeable membrane
osmoticpressure an evaluation of the potential maximum turgor pressure
whichwilldevelopinasolution ifitispermitted tocometoequilibrium with
purewaterinanidealosmoticsystem
overshootof stomatal movement stomatal movement shooting beyond the
degreeofstomatalopeningthatisaimedat
oxidativephosphorylation ATP generation by the transport of electrons from
thesubstratetooxygeninrespiration
passive stomatal movement stomatal movement caused by variation of the
mechanical pressure of thesurrounding cellson the stomata
peak-to-trough difference difference between maximum and minimum value
ofoscillation
period time required for an oscillation to make a complete cycle
phase the stage of the cycle; instantaneous state of an oscillation within a
period
phaseshift asingledisplacementofthewholecyclealongthetimeaxiswithout
changingtheperiod
photoactive stomatalopening active stomatal opening caused by the reaction
oftheguardcellturgortolight
photoperiod part of the day during which the plants are illuminated
photophosphorylation ATP generation using chemical energy produced by
the photoreactions of photosynthesis
plant waterpotential thermodynamic expression of the difference in chemical
potential of the plant water and pure freewater, the difference beingdivided
bythe partial molal volume of water; itisexpressedasenergypervolumeand
its dimensions are equivalent to pressure; water potential of a cell is turgor
pressureminusosmoticpressure
positivefeedback controlsystem a system working as a negative feedback
control system, but bringing the value of the controlled factor further away
from thereferencevalue
Qio seetemperature coefficient
relative water content ratioofactual watercontent and watercontent at water
saturation ( = atfull turgor)
2
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rootresistance the resistance to water transport of the root system
self-sustainedcycling cycling being able to continue without an influence ofa
periodicsourceofenergy
shortwave radiation visible and infrared radiation up to wavelength 3000nm
'Spannungsphase' ofstomatalopening primary stage of the stomatal opening
process during which the pore is not yet opened and preparatory processes
intheguard cellsgradually build uptheirturgor pressure
stable controlsystem control system capable of bringing thecontrolled factor
to a constant value near the reference value without overshooting or with
successively decreasing overshoots (seefigure2)
stomataldiffusion resistance resistance to gas diffusion through the stomatal
opening
sub-period apartofaperiodofcycling
synchronization state in which two or more oscillations have the same period
duetomutualorunilateral influences
temperature coefficient theratio oftherate ofprogressinanyreaction orprocessin a plant at a given temperature to the rate or the linearly interpolated
rateatatemperature 10°Clower
time constant the time required for a physical quantity to change its initial
magnitude by a factor 1-1/e(e = 2.71828), being 0.632
turgor pressure the excess pressure exhibited by solution inside plant cells or
an osmometer above the external pressure; the equal opposite pressure is
exerted upon thecellcontentsbythewallsofthecell
unstable controlsystem control system not capable of bringing the controlled
factor to steadiness near the reference level, but cycling continuously and
causingthe controlled factor to cycle(seefigure2on p.8)
vapour pressure deficit the difference in vapour pressure between the actual
vapour pressure and saturation vapour pressure of the air at the same temperature
waterpotential seeplantwaterpotential
water stress water shortage
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1. I N T R O D U C T I O N

1.1. P U R P O S E S

Cycling stomatal behaviour was encountered during investigations on deviating plant behaviour due to the use of artificially controlled environments. The
preliminary investigations concerned the behaviour of the stomatal opening in
Phaseolus vulgarisplants.At the time,that a vigorous cyclic stomatal movement
with short periods (35-50 minutes) and a diurnal rhythm in stomatal opening
were found (1967), only a few papers had been issued on these phenomena.
The interpretations were rather inconvincing and far from uniform. During
continuous measurement of photosynthesis and transpiration, cycling had been
found also by GAASTRA and KUIPER (personal communications) as a seriously
disturbing factor.
On first sight as well as during extended analyses,thecyclingstomatal behaviour seemed to contradict someideasconcerning the relation between stomatal
opening and environmental factors. For these reasons the rhythms in stomatal
opening found were challenging.
An analytic study of the stomatal cyclic behaviour was made in order to
explore the cyclicbehaviour, to explain it, and to utilizethe cycling of transpiration rate to obtain information on different aspects of general plant water
relations and of properties of the action mechanism of the stomata.

1.2. LITERATURE

In the present condensed literature treatment, publications on stomatal
cycling are listed. Literature on diurnal rhythms in stomatal opening will be
reviewed in the introduction of chapter 5, whereas several chapters and paragraphs will be introduced with the literature on the subjects concerned. For
comprehensive up-to-date treatments of the physiology of stomata reference is
made to MEIDNER and MANSFIELD (1968) and ZELITCH (1969). The publications
on stomatal cycling can be arranged in 7groups in relation to the present study.
1. Observations of rhythms, difficult to interpret at present due to the methods
used, by MAXIMOW und KRASNOSSELSKY-MAXIMOW (1928) and BORESCH
(1933).
2. Stomatal cycling, synchronous for the different plants of a crop in the field
with periods of about 2 hours, found by BROWN and ROSENBERG (1970) in
Beta vulgaris.
3. Microscopic observations. NIKOLIC (1925) found an oscillation in stomatal
opening during the adaptation to a changed light intensity and WENT (1944)
found it on intact plants. STALFELT (1929) found rhythms with periods of 15
minutes in pieces of leaves immersed in water under the microscope. KUIPER
Meded. Landbouwhogeschool Wageningen 71-3 (1971)
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(1961)described separate rhythmic changes with very short periodsofindividual
stomata.
4. Oscillations of stomata with short periods. RASCHKE (1965, 1967) and APEL
(1967)found oscillation inmaize leaf segments withperiods of3to4minutes.
They suggested that this rhythm would originate from thefunction ofthe stomata to control theconcentration ofcarbon dioxide in theleaf.
5. Cycling in stomatal opening measured indirectly as rate of transpiration,
photosynthesis or leaf temperature or directly with viscous and diffusive
flow porometers, with periods ranging from approximately 20to 100 minutes.
Description ofdampingorsustained rhythms with orwithout suggestions foran
explanation have been published by GREGORY and PEARSE (1937), SCARTH et al.
(1948), ANDERSSON et al. (1954), FLORELL and RUFELT (1960), HOWE (1964),
SKIDMORE and STONE (1964), KARMANOV and SAVIN (1964), RASCHKE (1965,
1967), KUIPER (1965), KARVE and MISHAL (1966), APEL (1967), Cox (1968),
EHRLER (1968), GRAU (1968), KRIEDEMANN (1968), UNGER (1968), KANEMASU

and TANNER (1969), TAYLOR and GATES (1970).

6. Experimental analyses of the water relations of plants with cycling as indicated under 5were made by KARMANOV et al.(1965, 1966), EHRLER etal.
(1965), HARRIS (1968), BARRS and KLEPPER (1968), HOPMANS (1968, 1969a),
LANG et al. (1969) and by RASCHKE and KiiHL (1969). In order to explain the
stomatal cycling as an oscillation of the control mechanism of the water relations of the plant, MELESHCHENKO and KARMANOV (1966), MEISTER und APEL
(1968), HOPMANS (1969b), LANG et al. (1969) proposed models with a negative
feedback control system. HOPMANS (1969b) also indicated a positive feedback
loop, which might amplify thecycling, because thestomata seem to be subject
to passive opening movements during cycling (Cox, 1968; BARRS and KLEPPER,
1968).
7. BARSS (1968), TROUGHTON and COWAN (1968), and TROUGHTON (1969)
utilized stomatal cyclingtotest andestimate theimportance ofthe mesophyll
resistance to carbon dioxide transport.

1.3. CYBERNETICS ANDRHYTHMICITY OFSTOMATA

The stomata control the water status and the carbon dioxide concentration
in the leaves byvarying the vapour andthecarbon dioxide fluxes through the
stomatal pores. When the water potential in the leaf falls beneath a certain
value, therate ofwater loss through thestomatal opening isreduced by partial
stomatal closure and the water balance is re-established. When the carbon
dioxide concentration intheleaf falls duetoanincrease intheassimilation rate
at a certain stomatal opening, the guard cells increase the stomatal opening
until a certain concentration is regained. The interaction of both control
functions isonly partly known. From what isknown about theresponses of the
stomata to changes inthewater status intheplant (STALFELT, 1956), combined
with thetypes of oscillatory behaviour published, evidence isavailable andhas
Meded. Landbouwhogeschool Wageningen 71-3(1971)

been presented that thestomata behave just ascontrollers with negative feedback forthe water status inthe plant (MAERCKER, 1965; KARMANOVetal., 1966;
HOPMANS, 1969a, b ; LANG et al., 1969; RASCHKE and KUHL, 1969) andof the
carbon dioxide concentration in theintercellular spaces of maize by RASCHKE
(1965).
For such a control the stomata have to execute the functions of sensors,
comparators, amplifiers andactuators asin figure1.
feedback loop (information loop)
,i

>->

comparator!

J

:sensor;
correction
signal

amplifier

amplified
correction
signal

actuator

factor tobe
controlled

reference

FIG. 1. Diagram ofa controller with negative feedback. The comparator supplies thecorrection signal by comparing the sensor signal with the reference signal.

Thesecomponents inthecontrol circuit arefarfrom physiologically identified
in thestomata. In stomatal control asdescribed above, the information loopto
and within thestomata (water potential intheleaf) isdifferent from the control
step (changing vapour diffusion resistance). The reference values for both
controlled factors, water and C 0 2 , aredependent on some environmental and
internal factors. RASCHKE (1966) indicated an influence of light onthe carbon
dioxide reference value inhisexperiments with maize leaves.Also daily rhythms
in stomatal opening, independent of photosynthesis, vary the reference value.
The reference forthewater status isdependent onthespecies. Seefor example
the ranges of water saturation deficits at which different species close their
stomata (STALFELT, 1956).

In negative feedback controllers thetime delay inthefeedback loop and the
amplification canbecombined with a damping ontheactuator in such a way,
that a correction of a deviation from the level of the reference overshoots.
When theseovershoots arerepeated, but with decreasing amplitudes, proceeding
to steadiness, a damped rhythm occurs. Both in the latter case and when no
overshoots occur in the correction, thecontrol system is called stable (SOLLBERGER, 1965).When the overshoots are repeated and reach amaximum level,a
sustained rhythm results; thecontrol system is then called unstable. Figure 2
illustrates both cases.
In this theoretical case factor x could be stomatal opening andthe control
system thestomatal apparatus.
For definitions and explanations of most terms, used in rhythm research,
reference ismade toASCHOFFetal. (1965), SWEENEY(1969) and WILKINS(1969).
Some terms, much used inthepresent work will beclarified with the following
examples. The stomatal system of many bean plants with 2 primary leaves
Meded. Landbouwhogeschool Wageningen 71-3(1971)
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Factor x I

Factor x

unstable control system

stable control system

reference level

steadiness
deviation
overshoot
Time

Time

FIG. 2. Course of factor a after deviation from the reference level (arrows),when controlled
bya stable control system (left figure) and byan unstable control system (right figure).

exhibited a continuous cycling in a constant environment. This cycling will be
called self-sustained; its period is the free-running period. The cycling might
becalled endogenousinorderto stressthat there isnoexternal oscillatorwhich
causes thiscycling. If an external factor e.g. light intensity or humidity, affecting stomatal opening, would be cycling, and stomatal cycling would get the
sameperiod, this exogenous agent iscalled a forcing oscillator, which entrains
the cycling of the stomata. A self-sustained oscillation can be entrained only
to a range of periods near its ownfree-running period (KLOTTER, 1960).

1.4. PRESENTATIONOFRESULTS

After having dealt with materials and methods in chapter 2, the conditions
required for stomatal cycling to be induced and sustained, and the properties
ofcylingarepresented inamainlydescriptivemannerinchapter 3.Theinteraction of the plant water potential with stomatal movement and the way the
leafwatercontent cycled dueto resistancesand waterpotential gradientsinthe
transpirationflowpathwaywillbeanalysed inchapter4.Alsofrom thisanalysis
it will become clear that cycling originated from and was synchronized by the
interaction of the stomatal apparatus with thewater potential in the transpiration pathway, as will be illucidated by a diagrammatic conceptual model.Stomatal cycling has been used as an extraordinary sensitive way to show the
effects of factors on stomatal action. Theinfluence ofan endogenous circadian
rhythm on stomatal opening tendency in light and darkness, as amplified by
thecycling,ispresented inchapter 5.It isnecessary to beaware of this rhythm
and its influence on cycling, when interpreting the influence of other factors
on stomatal cycling.Theinfluence of light intensity, carbon dioxide concentration and temperature on cycling, separated from the components of the water
relations proper, involved in the reactions, will be used to reveal information
onthephysiologyofthestomatal mechanism (chapter6).
8
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2. G E N E R A L M A T E R I A L S A N D M E T H O D S

2.1. PLANTS

Beans, Phaseolus vulgaris 'Vroege Wagenaar', were sown in a greenhouse at
20°C and natural daylight. Supplementary irradiation from fluorescent tubes
was given from 600 to 2200 with an intensity of approximately 20,000 erg
cm _2 sec _1 . The plants were either cultivated in the soil or in water cultures.
In the case of water cultures, sowing was performed in river sand; thereafter,
the seedlings were placed on a non-aerated nutrient solution with the following
composition:
5.5 mM Ca(N0 3 ) 2
5.5 mM K N 0 3
2.5 mM MgS0 4
1.2 mM K H 2 P 0 4

0.9 mM FeS0 4 (EDTA)
5.1 X 10-2 mM H3B0O3
1.1 X 10"2 mM M n S 0 4
1.5 X 10"3 mM ZnS0 4
4.3 X 10- 4 mM H 2 M o 0 4
3.5 X 10- 4 mM CuS0 4

The other plants were grown in peat-perlite in 0.3 Ipots and remained in the
greenhouse until the primary leaves were fully developed. After approximately
18 days all plants were put in a climate room at an air temperature of 24°C,
a relative air humidity of 75% and an irradiation intensity of 35,000 erg cm - 2
sec - 1 . Irradiation was obtained from Daylight type fluorescent tubes (Philips
TL 55) for a period of 16 hours per day. If not stated otherwise, all trifoliates
had been removed from the plants. The daily light-dark periods were not
altered from cultivations to experiments.

2.2. ENVIRONMENT AND PLANT POSITION

Most experiments were carried out in a large climate room with ventilation,
but without an operating air temperature or humidity control during the course
of the experiments. This procedure prevented short periodic fluctuations of
temperature and relative humidity. Each morning after the lights were switched
on, the air temperature increased to a fairly constant level within a few hours.
The wind speed varied from 10 to 40 cm sec -1 depending on the site of the
measurement. At the leaf surface the short wave radiation, supplied by 10
40W Daylight type fluorescent tubes (Philips TL 55), was 35,000 erg cm - 2
sec - 1 .
The environmental factors, existing during the experiments and shown in the
figures, will be presented in an abridged form. For example an air temperature
of 25°C, a vapour pressure of 10 mm Hg, a short wave radiation of 35,000
Meded. Landbouwhogeschool Wageningen 71-3(1971)
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ergcm -2 sec -1 , and awindspeed of 10to 15cmsec-1, willbepresented as25°C/
10mm Hg/35,000ergcm-2sec_1/10-15cm sec-1.
Experiments were also carried out in a plexiglass plant chamber of 251.
Cold air of 5CC with a vapour pressure of 5-6 mm Hg was forced into the
chamber by 2inlets with a rate of about 8001 h -1 . Inside the chamber the air
was circulated by 2 ventilators placed on opposite sides and giving a wind
speed of 50-60 cm sec-1. The primary leaves and the epicotyledonary part of
the stem wereonly inserted in thechamber. In all experiments the leaves were
kept in position between fine nylon wires.
Measurements of transpiration and COa exchange were performed with
facilities to be described furtheron.
Measurements on 6 plants in the large room or on 2 plants in the plant
chamberwererecorded simultaneously.

2.3. MEASUREMENTOFENVIRONMENTALFACTORS

Air temperature was measured with a copper-constantan thermocouple,
built in an injection needle, which was shielded from direct radiation of the
light source. The relative humidity was measured with Pernix hair elements.
ThemV-output of both measurements wasregistrated with amillivoltrecorder.
Wind speed was measured with a hot wire anemometer. Short wave radiation
was measured with a Kipp-solarimeter or a selenium photocell, calibrated
againstthesolarimeter.

2.4. LEAF TEMPERATURE MEASUREMENTANDINTERPRETATION

Thetemperature difference between leaf and air wasmeasured with a double
set of copper-constantan thermocouples of 0.1 mm threads, wired in series.
Twojuntions werepressed against thelowerepidermis bytheir ownspringand
the 2otherjunctions,which werebuiltin an injection needle,wereplacedinthe
air underneath the leaf. In combination with air temperature and relative air
humidity, the leaf temperature was recorded by a mV Philips recorder. As
practically always the relative changes in leaf temperature in a constant environment were to be investigated, measuring the leaf temperatures with thermocouples pressed to the leaf surface was estimated sufficiently accurate.
Changes in leaf temperatureTt (°C) at aconstant wind speed, air temperature,
airvapourpressureandabsorbed shortand longwaveradiation canbeascribed
to changes in transpiration rate.Transpiration rate isdependent on the vapour
pressure gradient from leaf to surrounding airand diffusion resistance accordingtothewellknown relation (seee.g. SLATYER,1967):
E=
10

'
rt+r.

(1)
Meded.Landbouwhogeschool Wageningen 71-3(1971)

E transpiration rateinmgcm -2 h _1
Cj conversion factor
es vapour pressure within the leaf in mm Hg
eaactual vapour pressure of surrounding air in mm Hg
r, and ra leafand boundaryairlayerresistancetowatervapour diffusion
in sec cm -1
It isassumed that esisthesaturated vapour pressure at theleaf temperature.
Furthermore, es is taken to be linearly related to the leaf temperature T, for
theleaftemperaturevariationsunder investigation.
es = c2T,

(2)

Equation (1)becomes
E=

nfar,-0

.

From theoretical and experimental analysesbye.g. WOLPERT(1962)and GATES
(1968) a linear relation may beassumed to exist between J1,and E at constant
environmental factors:
Ti = c3 E

(4)

Equation (3) becomes

Tl

_c3c1

(c2 Ti-ett)

^+7~

(5)

This equation can be converted into
„,

r, = —

c. c3 ea
3

(6)

fi c2 c3-r,-ra
Because the air vapour pressure e„ and the boundary layer resistance ra in the
present experiments were constant, constants are introduced for it into equation(6).
T, =

Cl Cs C

*

(7)

Theconstants in equation (7)are grouped to newconstants.
T, = - * (8)
c 7 -r,
The relation between Tt and r, is illustrated in figure 3for different radiation
intensities.
The thin bean leaves (approximately 1mg fresh weight cm*2) have a low
heat capacity and therefore the time constant for leaf temperature variation is
small. If, for example, a latent heatfluxof 0.1cal cm -2 min -1 (equal to 1 mg
cm _2 h _1 transpiration) represents the net loss of energy from a leaf of 1mg
fresh weight cm -2 for a time interval, the temperature will fall 1°C per 8
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FIG. 3. Relation of leaf temperature to leaf diffusion resistance for radiation intensities 0.8,
1.0and 1.2cal cm _2 min _I absorbed by a leaf of 5 x 5cm. Derived from computed data of
GATES(1968).40°C/27.7 mm Hg/ seefigure/10cm sec -1 .

seconds. The time lag of leaf temperature behind transpiration rate may be
neglected,evenifrapid changesinstomatal opening occur as described in the
following.
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3. I N T R O D U C T O R Y O B S E R V A T I O N S O N C Y C L I N G

3.1. INTRODUCTION

In this chapter conditions favouring the susceptibility of the plants of stomatal cycling will be discussed. The way how cycling is induced will be described.
Together with a description of the properties of cycling it may serve as an
introduction to the reader to the complicated cyclic behaviour of the stomata.

3.2. PRACTICAL REQUISITES

3.2.1. Plant cultivation
In spite of the fact that Phaseolus plants have been widely used in studies on
transpiration and photosynthesis, cycling stomatal openings have rarely been
mentioned (HOWE, 1964; KARMANOV and SAVIN, 1964; KARMANOV et al., 1965;
KUIPER, 1965; HOPMANS, 1969a). In the present study, however, cycling was

readily induced in the cultivar 'Vroege Wagenaar' and in 'Berna' either grown
inpeat-perliteor in nutrient solution. In order to test theimportance of previous
treatments on the plants susceptibility of cycling, an experiment was done in
which the effect of various growth factors, described on p. 9, was compared
with those in use at the Institute for Biological and Chemical Research on
Field Crops and Herbage, IBS (Brouwer, 1960). At that Institute stomatal
cycling was rare, considering the continuous recordings of transpiration and
photosynthesis available.
In one climate room at 25-26°Cair temperature and 75%relative humidity,
plants were grown in aerated or non-aerated nutrient solution in fluorescent
light of 31,000 erg cm~ 2 sec- 1 (low) and in HPLR light of 80,000 erg cm" 2
sec -1 (high). All seedlings were treated as plants for water culture from sowing
until the stage that the primary leaves were 3 - 4 cm long. At high light the
plants with aerated roots showed more and longer roots and larger leaf areas
than the non-aerated plants, on which adventitious roots were present on the
hypocotyl. At low light no morphological differences were observed between
aerated and non-aerated plants. The test on susceptibility of cycling consisted
of an effort to inducecycling by a dark-light transition shortly after removal of
the plants from the growing-environment to the measurement room. Previous
aeration was continued. Tabel 1shows the results.
Comparing low with high irradiation it is evident, that sustained cycling was
induced at once in plants grown in low irradiation intensity, whereas no sustained cycling nor an overshoot occurred in a large part of the plants grown in
high irradiation. The effect of aeration was important for plants from high
irradiation.
Without aeration cycling was induced in the majority of the plants at once,
Meded. Landbouwhogeschool Wageningen71-3 (1971)
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TABLE 1. The effect of the growth conditions light and aeration on stomatal reaction on a
dark-light transition shortly after removal from the growth conditions.
growth conditions
irradiation

absolute and relative (in brackets)
numbers of plants

root
aeration

low

+
high

+

plants investigated

sustained
rhythm

7 (100)
10 (100)
6 (100)
12 (100)

7 (100)
9 (90)
4 (66)
2 (17)

damped
rhythm
0 (0)
1 (10)
1 (17)
2 (17)

no overshoot
0 (0)
0 (0)
1 (17)
8 (66)

whereaswithaeration cyclingwasinducedinonlyasmallnumber oftheplants,
the majority not even showing an overshoot. In conclusion, plants from low
irradiation intensityshowed ahighertendencyto sustained cycling,irrespective
of aeration, than those from high irradiation intensity. In high irradiation
intensitynon-aeration increasedthetendencytocylingwithamorethanadditive
effect (interaction). It should be added, however, that these clear differences
diminishedconsiderablywhentheplantswereintheexperimental setupin35,000
ergcm-2sec_1. The results suggest that high irradiation and aeration of the
root environment make bean plants unsusceptible of cycling.
BROUWER (1960) observed that non-aerated nutrient solutions inhibited leaf
and root growth and he found evidence that leaf growth was reduced because
ofanunfavourable waterbalanceoftheplantsduetolimitedroot growth.Also
permeability of theroots towaterin non-aerated nutrient solution wasreduced
(BROUWER, 1954,1965). Thisinturn mayexplainthehighertendencytocycling
aspresentedbytable1.
Only after a period of water stress thebean plants of KARMANOVand SAVIN
(1964)could beinduced tocycling.Theregion ofthemain water uptakeviathe
roots decreases during water stress, because root growth is limited whereas
suberization proceeds (BROUWER, 1965), so that the root resistance to water
transport increases.Thesameexplanation might beapplied to the observations
of KARMANOVand SAVIN (1964).
3.2.2. Position of the leaves
Plants, susceptible of cycling of the stomatal apparatus, showed different
instability of the stomatal system. The position of the leaves under the light
source turned out to bean important factor. In case theprimary leaves of one
plant overlapped each other, the rhythm was often damped, whereas it turned
to a self-sustained rhythm by simply removing the overlapping.'The rhythm
could be made self-sustained from damped also by taking away young shoots
orbybendingatrifoliate from itsnaturalplaceinto the same horizontal plane
as the primary leaves without causing overlapping of leaf surfaces. These
findings suggest that all sites of the total leaf area with active stomata should
14
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be inan equal environment in order to approach theconditions, that the stomatal behaviour over thewhole plant without entrainment would berather similar.
It may be concluded that the synchronized cycling over the whole plant, as
described earlier (EHRLER et al., 1965; Cox, 1968; BARRS and KLEPPER, 1968;
HOPMANS, 1968; LANG et al., 1969) and as found here, was frequently disturbed
by bringing a part of the active stomata out of phase.

3.3. INDUCTION

3.3.1. Sharp changes in environmental factors
Cycling was induced when factors, which affect stomatal opening, were
changed abruptly, e.g.:
• Switching on the light after a long dark period.
• Alight break by 1 to 10minutes darkness.
• Increasing the carbon dioxide content of the air from 300 to 900 or more
ppm for some minutes.
• Asudden fall ofair humidity.
• Applying water to the roots of water stressed plants in peat-perlite.
3.3.2. Entrainment
In this experiment (figure 4) the vapour pressure in the plant chamber was
cycling with variations of about 3 mm Hg, caused by the cycling stomatal
opening in one plant (curve 1). This induced stomatal cycling in another plant
(curve 2) in the same chamber. The amplitude in curve 2 gradually increased
and cycling turned from entrained into free-running with a period deviating
from that of the originally forcing rhythm.
+2
Leaf temp, mi nus air temp, in

•c

+1 -~

1

\ / " * - \
•1 -

•H

10
Time of day

.J- u — A["} %
~-'v7
2

11

12

13

14

15

FIG. 4. Self-sustained stomatal cyclinginoneplant (curve 1),inducingcyclingbyentrainment
in another plant (curve 2) in the same plant chamber. Air temperature and air humidity
cycled.24.8-25.2"C/9.9-10.2mmHg/50,000ergcnr 2 sec-'/50cmsec"1.

Figure 5shows an example of how stomatal cycling in one leaf was mediated
to other leaves on the same plant through induction by entrainment. The plant
Meded. Landbouwhogeschool Wageningen 71-3(1971)
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FIG. 5. Cycling in an old trifoliate (curve 1), inducing by entrainment cycling in the primary
leaf (curve 2) and in a young trifoliate (curve 3).25°C/9mm Hg/30,000ergcm-2sec-'/10-20
cm sec -1 .

under investigation was on nutrient solution and possessed 2 primary and 2
trifoliate leaves,allbent inonehorizontalplane,without overlappingleafparts.
In the older trifoliates (curve 1), stomata had been induced by putting the
plantintheexperimentalsetupat 1700.Thephasedelayinthebeginningofovert
entrainment in the curves 2and 3in relation to curve 1 isin line with the explanation, that acyclingwaterpotential asaresult ofcyclingtranspiration rate
from the older trifoliate is the forcing rhythm. When the delay disappeared,
induction may be considered completed. According to MELESHCHENKO and
KARMANOV(1966),Cox(1968)and LANGet al.(1969)thewaterpotential inthe
plant worksasasynchronizer oftherhythm intheleavesononeplant.
3.3.3. Spontaneous
When a plant is capable of self-sustained stomatal cycling, the stomatal
system isunstable and the steady state is labile as long as cylinghas not been
induced. Figure 6illustrates howin such a situation an extremely small change
inthestomatal openingwasfollowed bygradually increasing overshoots.
The rhythm had damped after some hours of self-sustained cycling in the
same environment some hours before this spontaneous beginning of cycling.
Hence,anunknowninternal factor had brought thestomatal system from instabilitytostabilityandagaintoinstability.
16
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FIG. 6. Example ofseemingly spontaneous start ofcycling ina constant environment. 26°C/
13-14 mm Hg/35,000 erg cm-2sec"V10-20 cm sec -1 .
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3.4. PROPERTIES

3.4.1.Amplitudes
In thecourse of the investigations a very wide range of amplitudes of leaf
temperature has been recorded. Thelargest peak-to-trough difference found
was 6.2°C. Between this maximum andthe still measurable variation in leaf
temperature of 0.1 to 0.2°C all intermediate values were found. The most
common cycling showed peak-to-trough variations in leaf temperature of 2
to 3°C. The amplitudes of stomatal cycling could be constant or gradually
increase in course of timein self-sustained rhythms or gradually decreaseina
damped rhythm. Thedamping oftherhythm could beeitherrapid,completed
after afewperiods,orslow,orresultinalongdamped rhythmofup to7hours
duration.
3.4.2. Free-runningandentrainedperiods
The periods of cycling lasted between 15and90minutes with a frequently
occurring range between 40to 50minutes. When stomata inprimary andtrifoliate leaves were cycling synchronously in theintact plant, theyounger the
leaves participating in thesynchronized cycling, theshorter theperiods were.
Anexperiment wasperformed tofindhowtheperiod wasaffected bythe different leaves ononeplant. Theimmediate response ofthe periodsintheprimary
leaf wasinvestigated upon removalofleaves,beginningwiththeyoungest,and
proceedingtotheoldertrifoliates andtooneprimaryleaf.Theperiod increased
each time when a trifoliate wasremoved. When a primary leaf was detached,
theperiod intheotherprimaryleaf didnotalter.
It didnotalter either, when onethird ofthe lamina at thetopsidewas cut
from theremainingleaf.
Meded. Landbouwhogeschool Wageningen 71-3(1971)
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Furthermore,theperiod inayoungtrifoliate leafwasrecorded, while successive leaves were removed proceeding from the oldest to the younger leaves of
a plant. No change of the period was observed.
Cycling in the younger leaves showed shorter periods and it appeared to
entrain cyclingintheolder ones.Thefree-running period oftheprimary leaves
could onlybestudied,whenthetrifoliates weredetached.
3.4.3. Changingfrom onetypeto another
Sometimes different types of cycling from one moment to the other were
observed inaplant.Thedifference incyclingconsisted mainlyoftheamplitudes
and to a smallerextent of theperiods. Figure 7shows2typesofcycling,which
were induced by subsequent dark-light transitions.
The occurrence of either of the types had no relation to the time of the day.

FIG. 7. Two types of rhythm in the same plant differing mainly in amplitude, both induced
after small dark periods indicated by black bars. 25°C/14 mm Hg/35,000 erg cm _2 sec -1 /
10-20cm sec -1 .

3.4.4. Irregularity inform
One type of irregularity from the form of the smoothly running curves was
rather frequent. It can be indicated as a delay in stomatal closure during
cycling, though it appeared in different ways. Figure 8 is a representation of
different waysperformed byoneplant.

18
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FIG. 8. A delay in the closure during stomatal cycling, presenting itself in different ways.
26°C/8 mm Hg/50,000 ergcm-2sec-720-25 cm sec-1.
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4. W A T E R R E L A T I O N S O F C Y C L I N G

4.1. INTRODUCTION

Several authors on cyclic stomatal openings payed attention to the water
relations. HOWE (1964) proposed that photoactive opening and hydroactive
closure (STALFELT, 1956) were alternating without indicating a reason. Several
analyses and interpretations of aspects of the water relations in relation with
cyclic stomatal opening showed, that the type of cycling in the present
study originated from the control function of the stomata on the water status of
the leaf (EHRLER et al., 1965; RASCHKE, 1965; APEL, 1967; HARRIS, 1968; Cox,
1968; BARRS and KLEPPER, 1968; HOPMANS, 1969a; LANG et al., 1969; RASCHKEand KUHL, 1969). BARRS and KLEPPER (1968) mentioned as essential factors
for cycling the resistance to water transport in the roots, whereas HOPMANS
(1969a) and LANG et al. (1969) pointed to the delay in the adjustment of the
turgor of the guard cellsto the water potential in the leaf cellwalls. Cox (1968),
BARRS and KLEPPER (1968) and HOPMANS (1969a) suggested, that the stomata
might open passively during cycling.
In the present chapter these factors will be analysed by different methods in
rather uniform environments. Aclear understanding ofthedifferent mechanisms
in the water relations of the whole plant, integrated in the cyclic behaviour of
the stomata, is aimed, including their interaction and phase relations.

4.2. MATERIALS AND METHODS

Transpiration measurement
The transpiration rate was determined psychrometrically by measurement
of the water vapour pressure of air, flowing in and out of the plant chamber in
which one plant was placed. Both 35.5 liter chambers and 1.5 liter 'sandwich'
type chambers were used. Leaf temperature and radiation intensity were
measured inside the plant chamber. The transpiration rate and the diffusion
resistance for water vapour of the leaf were calculated by a computer from the
data obtained. The facilities used have been described by LOUWERSE and VAN
OORSCHOT (1969). When stomata were cycling, rapid changes in transpiration
rate were followed by changes in vapour pressure of the outflowing air with a
time delay and with a reduced amplitude, because of the amount of water
vapour needed to balance the vapour concentration in the chamber at the
existing air flow rate and transpiration rate. The real transpiration rate was
found bycorrecting thecomputed transpiration rate with thequantityof vapour,
lost or accumulated in the chamber for the time interval under consideration.
For this computation the computer program was extended as described by
MILLENDORFER and BORGHORST (1963). Sometimes processing was extended by
plotting thecomputed data.
20
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/^-gauging of water content
A/J-gauge (NAKAYAMA and EHRLER, 1964)wasused to measure changesin
water content of theleaf. A suitable /^-sourcefor these leaves proved to bea
source of 10^c of Ca-45mounted ontopofa small perspex rod(Instituteof
Atomic SciencesinAgriculture).Thesourcewasplaced overtheleaf.
AGM-tube,typeGM18505,withawindowof 1.5mgcm -2 wasplaced ata
distanceof8cmfromtheisotope.Theleaf,attachedtotheplant,waspositioned
halfway between sourceanddetector.Acontinuous recordingoftheradiation
transmittedthroughtheleafwasmadewithaset-upofvoltagesupplyamplifier,
count ratemeter(40sectimeconstant),andtimerecorder.Acalibrationcurve
wasmadeforeachgeometryofthe/?-gauge,usingaluminumfoilsas absorbers.
The calibration curves were adapted toa decrease ofthe amount ofradiation
emitted bythe/?-source. Before relatingvariations inleaf 'thickness'(mass per
unit area) tovariations inleaf water content, theextent ofleaf area shrinkage
hadtobeknown,becausearea shrinkageincreasesthickness.Thisrelationwas
determined for leaves of 3 different ages by measurement of the distanceof
thin marksinlength andwidth direction ondetached leavesandmeasurement
of thefall in weight. Measurements aregiven infigure9.Theplants hadnot
Relative leaf area
1.00

.95

.90

80
Relative total leaf weight

1.00

FIG. 9. Relation of relative leaf area and relative total leaf weight during falling leaf weight
duetowater lossofprimary leavesfrom plantsof13 days,23daysand32daysold.Thevalues
1.00 on abscissa and ordinate represent therelative magnitudes of total leaf weight and leaf
area someseconds after detachingtheleavesduringthephotoperiod. Thetheoretical relations
for leaves with no shrinkage and with proportional shrinkage of leaf area are indicated by
broken lines.Thecurveforeach ageistheaverage of4 leavesfrom separate plants.
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been defoliated previously, had been cultivated on nutrient solution and at low
lightintensity.
Leaf area shrinked considerably at all ages investigated, but young leaves
weremoresensitive. Relativeleaf 'thickness'wascalculated bydividing relative
total leaf weight by relative leaf area. This calculated relative 'thickness' was
plotted against relative total leaf weight in figure 10in order to show how to
correlate total leaf weight values with leaf 'thickness' data measured by the
0-gauge.
Rtlativt total Itaf wtight
1.00

.85
Rtlativt Itaf

1.00
'thickntss'

FIG. 10. Relation of relative total leaf weight during water loss to relative leaf 'thickness'
(the parameter which a/?-gaugewould measure) of primary leavesfrom plants being 13days,
23daysand 32days old.The values 1.00 on abscissa and ordinate represent the relative magnitudes some seconds after detaching the leaves during the photoperiod. The theoretical
relationsfor leaveswith noshrinkageand with proportional shrinkageofleafarea are indicated by broken lines.Thecurve for each age isthe averageof4leavesfrom separate plants.

Thedifference in theordinate direction between thecurves for actual behaviour ofplantsofdifferent agesand thetheoretical linefor noleaf area shrinkage
shows the errors made, if leaf 'thickness' values are interpreted as leaf weight
without correction for shrinkage.
If for examplethe/?-gaugeshowed a decrease of4%in leaf 'thickness' from
1.00 to 0.96, this would mean a decrease of total leaf weight due to water loss
inthe 13 daysoldplantsof 12%andinthe23daysplantsof6.6%.Ifshrinkage
had not been taken into account, however, only a 4% decrease would have
22
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been measured. Earlier data on leaf shrinkage (HOPMANS, 1969a) proved to be
not reliable. Variation in total leaf weight is indicated in the text also as variation in water content. In the experimental data presented no plants of 13 to
15 days have been used, but corrections for shrinkage as indicated by the
curve for 23days old plants had to be considered.
Root temperature control
For root temperature control a small pump transported water from a 1001
container of controlled temperature to the 1 1plant pot, equipped with an
overflow back to the reservoir. Root temperature was changed by moving the
water pump and tubing to a container of the desired temperature. The halftime of the root temperature transition produced was about 2 minutes. Root
temperatures were sensed by thermocouples and recorded.

4.3. TIME COURSE OF SOME FEATURES OF
THE LEAF WATER RELATIONS

4.3.1. Transpiration rate, leaf temperature and diffusion resistance
As shown in the preceding chapter a wide diversity in amplitudes of leaf
temperatures, hence in transpiration rates and diffusion resistances was found.
Figure 11 presents an illustration of cycling of leaf temperature, transpiration
rate, and leaf diffusive conductance and resistance in a young plant with 2
fully developed primary leaves in a 'sandwhich'-type plant chamber.
The resistance to vapour diffusion in the boundary air layer, at a wind speed
of 100 cm sec -1 was approximately 0.7 sec cm - 1 (compare SLATYER and BIERHUIZEN, 1964).
4.3.2. Variation in water content
Cyclicvariations inleaf weight of 15-20%duetowater losswerefound during
stomatal cycling with the /J-gauge using the correction for leaf area shrinkage.
A time lag between minimal leaf 'thickness' and minimal leaf temperature was
observed. As has been discussed earlier (HOPMANS, 1969a),this time lag originates from the lag of change in water absorption rate behind the change in transpiration rate.
Variations in leaf water content determined by the /?-gauge may be related
to variations in water potential in the leaf in a semi-quantitative way, due to
the fact that an almost linear relation between relative water content and water
potential may be assumed (ALTMAN and DITTMER, 1966; WEATHERLEY, 1965;
KNIPLING, 1967).
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FIG. 11. Timecourse of leaf temperature, transpiration rate,and calculated diffusive conductance in cm sec -1 and resistance in sec cm"' for water vapour (stomatal and cuticular).
Transpiration rate and diffusion conductance and resistance are expressed on single sideleaf
area. Airtemperature cyclingwith amplitudes approximately 0.7 x leaf temperature amplitudes, with the same mean and 1.8 to 2.4 min phase delay/mean vapour pressure 8.7 mm Hg/
39,000 erg cm-^sec-'/lOOcm sec -1 .

4.4. REACTIONS OF CYCLING UPON INDUCING A
CHANGE IN PLANT WATER POTENTIAL IN DIFFERENT WAYS

4.4.1. Changing air humidity

At a constant stomatal diffusion resistance to water vapour the vapour
pressure gradient from the intercellular spaces in the leaf to the leaf exterior
is the only controlling factor for transpiration rate. Leaf temperature and
vapour pressure of the air affect this gradient. Stomata are assumed to close
at increased transpiration rate only if the rate of water loss gives a water deficit
in the leaf (MEIDNER and MANSFIELD, 1968; RASCHKE and KOHL, 1969). The
effect of arapid change of air humidity and the effect of airhumidityon the
properties of sustained cycling were studied by affecting transpiration rate
by a change in the vapour pressure of the air.
24
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Figure 12shows an example of a frequently occurring response of cycling
toan increaseinair humidity.Assoon asthevapourpressuredeficit decreased,
the amplitudes of cycling decreased and the rhythm damped. The vapour
pressuregradientsfrom leaftoairat band dwere 12.1and 9.4mm Hg respectivelyand the differences of the troughs b and d with their preceding peaks a
and cwere 1.5° and 0.8°Crespectively. The ratio of thepeak-to-trough differenceswaslarger than the ratio ofthecorresponding vapour pressuregradients.
Therefore, the peak-to-trough difference in stomatal opening d-c was lower
than b-a, and it was assumed that the minimal stomatal openings at a and c
were equal.

+1

1
1
1
I
Leaf temp, minus air temp, in "C

- 2 -

6
7
Time of day

-13.9mm Hg— = 4 * — 8.3 mmHg
vapour pressure deficit

8

10

11

12

FIG. 12. Influence of decreasing the vapour pressure deficit of the air on stomatal cycling.
26°C/seefigure/35,000erg cm-2sec-'/10-15 cm sec"1.

Although at high air humidity cycling often damped completely (figure 12),
it was also frequently found to be sustained. Thus properties of self-sustained
cycling could be compared at different air humidities. Figure 13 illustrates
that amplitudes of the cycling transpiration were reduced by decreasing the
vapour pressure deficit. This response was obtained, when the time between
the different vapour pressures wassmall.
Theamplitudeofleaftemperatureandtranspiration ratewould doublewhen
thevapour pressure deficit increased from 6.4to 13.3mm Hg,ifthe amplitude
in the cycling of stomatal opening was not affected. The measured ratio was,
however, approximately 3,indicatingthat thestomatalcyclingwaslargerwhen
thevapourpressuredeficit waslarge.Thisreasoningassumesthat themeanleaf
temperature at different air humidities wasequal. The period turned out to be
hardly affected by vapour pressure deficit.
Table 2 shows that different vapour pressure deficits (v.p.d.) at equal or at
practically equal air temperatures affected peak-to-trough difference in leaf
Meded.Landbouwhogeschool Wageningen 71-3 (1971)

25

Leaf temp, minus air temp, in "C
+1

VVWV./VW

0
1

9
Time of day

11

FIG. 13. Influence of air humidity, indicated as vapour pressure deficit of the air, on period
and amplitude ofleaf temperaturecyclinginoneplant.Thedifferent airhumidities weregiven
on 2 consecutive days.28°C/see figure/35,000 ergcm -2 sec -1 /10-15cm sec -1 .
TABLE 2. Influence of air humidity expressed as vapour pressure deficit (v.p.d.) of the air on
peak-to-trough difference and periods of leaf temperature cycling on 3 days in succession
for oneplant.Shortwaveradiation 35,000ergcnr^sec -1 ,windspeed 10-15cm sec -1 .
day

1
2
3

time of
day

air
temperature

v.p.d. air
in mm Hg

7-9

28.0
28.0
28.0
28.0
27.5
27.6

13.3
13.3

11-13
11-13
14-16
13-15
21-24

6.4
6.4
11.5

5.9

peak-to-trough
difference
in°C

2.1
1.8
0.4
0.4
1.7
0.4

periods

52
47
51
47
47
48

temperature as was demonstrated in figure 13. Also here the peak-to-trough
difference of stomatal cycling was larger in dry air, without a considerable
changeintheperiod.
4.4.2. Enhancing thewaterpotentialintheroot medium
In this section the immediate response of the stomata to an increase of the
waterpotential intherootswillbestudied and theeffect ofincreased soilwater
potential oncycling.
Ifpeat-perliteinpotswithgradually decreasingsoilwaterpotential iswettened,thewaterpotential near the root surface rapidly increases. Figure 14shows
the effect of such a rapid increase inwater potential on cycling and steadystomatal opening. In both plants (curve 1and 2)cycling damped during gradual
drying of the soil in the pot prior to watering. The immediate response was
26
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stomatal closure, during cycling as well as when the stomatal opening was
constant.

H
15
Tim* of day
FIG. 14. Effect of watering plants on the roots (arrows) on the course of leaf temperature
when stomata werecycling(curve 1)and when theyweresteady (curve2).Plants insmall pots
with peat-perlite, which was dry before watering. 25°C/10.5 mm Hg/35,0OOerg cnr 2 sec - 1 /
15-20cm sec -1 .

Themean increaseinleaftemperaturedirectlyafter wateringof 15 randomized cases in approximately similar environmental conditions was0.6°C.When
water stress was extreme, leaf temperature did not rise further after watering,
but began to decrease slowly after some hours. The response of the leaf temperature of 4 plants is presented in table 3, indicating the relative intensity
and duration of the temporary stomatal closure. The increased leaf 'thickness'
shown in thetable developed slowly during thetime of increased leaf temperature.
No increase in leaf 'thickness' was observed during the closing movement
itself(figure 15).
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TABLE 3. Examples from 4 plants of leaf temperature increase, increase in leaf 'thickness'
and duration of the period of temporarily increased leaf temperature after watering plants in
peat-perlite.
leaf temperature
increase in
°C

leaf 'thickness'
increase in
mg cm -2

0.60
0.47
0.30
0.90

0.40
0.25
0.00
0.10

duration of increased
temperature in
min
12.5
16.7
12.4
14.5

9
10
Time of day
FIG. 15. Effect of water supply to the roots (arrow) ofa plant in peat-perlite on thecourse of
leaf temperature and leaf 'thickness'. Before watering, the plant had a slight water stress.
26.5°C/9.6 mm Hg/35,000ergcm^sec-'/lO cm sec -2 . (After HOPMANS, 1969a).
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4.4.3. Reducing the waterpotential intheroot medium
The effect on cycling of reduction of the plant water potential by decreasing
the water potential in the root medium wasstudied. The latter may be decreased
by a gradual decrease of the soil moisture content or by an increase in the osmotic pressure of the nutrient solution. When the water potential in the root
medium is reduced, the water potential in the plant will follow as assumed by
SLATYER (1967), COWAN and MILTHORPE (1968) and JANES (1970). When the
soil moisture content decreases, part of the plant water stress may be caused by
increased resistance to water transport in the soil adhering the roots (GARDNER,
1960; MACKLON and WEATHERLEY, 1965; WEATHERLEY, 1965). Experimental
data to evaluate the impact of this resistance will be presented.
When the peat-perlite in small pots gradually became dryer, cycling that
had been sustained for a long time, at a certain moment began to damp more
or less slowly. During damping the leaf temperature of the minima increased
more than the temperature of themaxima decreased. Some timeafter steadiness
was reached, a gradual stomatal closure movement set in. Figure 16 shows an
example.

1
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Leaf ttmp. minus air ttmp. in 'C
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~1 ^flf
1

1
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13
17
U
15
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10
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Tim* of day
FIG. 16. Damping stomatal cycling caused by gradual drying of peat-perlite in a small pot.
27-28°C/10.5-11.0 mm Hg/35,000 erg cm-2sec-V15 cm sec"'.

18

The water potential of the nutrient solution was decreased with glucose,
mannitol or sodium chloride as osmotically active substances. The osmotic
pressure of0.8atm ofthenutrient solution wasincreased with 1 atm by replacing
the pot by another one, filled with identical nutrient solution in which the
osmoticum had been dissolved. A control changing with unchanged nutrient
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solution did not affect cycling. Glucose and mannitol were used 12times and
thecyclingstopped 10times,whereas2timesitcontinued.Insuchanexperiment
stomatal opening of a cycle was unchanged but subsequent closure began at
thenormalphaseorinadvanceofit.Theextent ofclosurewaslessthan normal
and it was followed by a slight and slow reopening to a steady state. Cycling
could continue after decreasing the water potential with 1atm by glucose (1
experiment),bymannitol(1experiment)andbysodiumchloride(4experiments),
as illustrated by figure 17. Immediately after the water potential of the root
surface was decreased (arrow), the stomata closed less during sub-period b,
coinciding with a decreased leaf 'thickness' at that sub-period b', whereas the
preceding minimum in leaf 'thickness' a' was at least as low as the previous
ones.Thefurther amplitudesinleaftemperature remained smaller,themaxima
remaininglowerand theminimahigherthanbefore theosmoticumwasapplied.
Theimportance of apossible resistanceto watertransport inthe soil around
the roots was tested as follows. No differences in cycling were found between
plantsinwatercultureandinsoil.Alsonocleardifference intherateofrecovery
from theperiodic leafwater deficits wereobserved between plantsin the different root media. Theseobservations suggest that theresistance to transport was
situated intherootsand notinzonesofsoiladheringtheroots.

•J
Ltaf ttmp. minus air t t m p . in *C

b

11

10

17
T i m t of day

FIG. 17. Effect on sustained cycling in leaf temperature and leaf 'thickness' of decreasing the
water potential in the root medium by 1 atm (arrow) with sodium chloride. 27°C/15 mm
Hg/35,000erg cm^sec-'/lOcm sec"1.
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4.4.4. Discussion
The following factors, causing a rapid fall in the water potential in the plant
were found to induce a temporary increase in the opening of the stomata in
bean plants by HOPMANS(1969a):an abruptly enhancing oftheosmotic pressure
of the nutrient solution by 5 atm with sodium chloride, a severing of the
petiole in air. This effect was attributed to passive opening of the stomata.
Explanations of this type of temporary opening are very old. VON M O H L ( 1 8 5 6 )
indicated that guard cells regulate the pore opening actively by their turgor
pressure and that opening also may occur passively: 'Es ist also deutlich, dass
bei Amaryllus die Oeffnung und Schliessung der Spaltoffnungen nicht von der
Thatigkeit der Porenzellen allein abhangt sondern dass zwischen diesen und
den Epidermiszellen ein Antagonismus existiert'. VON MOHL also already used
the word 'passiv' for movement of stomata caused by thepressure of the epidermis cells. Evidence for the passive nature has been increasing up to recent data
(LEITGEB, 1886; DARWIN, 1898; DARWIN and PERTZ, 1911; WILLIS et al.,
1963; MEIDNER and HEATH, 1963; FALK, 1966; LOUGUET, 1968; RASCHKE
and KOHL, 1969; RASCHKE, 1970a).

Temporarily overshooting opening movements have been induced by enhancement of the transpiration rate by wind (MILTHORPE and SPENCER, 1957),
by sharply decreasing the vapour pressure of the air around the leaf or of the
air blown through the leaf (MACKLON and WEATHERLEY, 1965; RASCHKE and
KOHL, 1969). These opening movements were identified as passive.
In the present experiments a rapid increase of the water potential in the root
medium induced stomata to close temporarily. HOPMANS (1969a) discussed this
response, keeping in mind the explanation in the literature and the theory for
water transport (STRUGGER, 1943; WEATHERLEY, 1963, 1965). He concluded
that a passive stomatal closure was involved.
On page 25 it was described that the stomatal opening during cycling was
reduced when in the course of the opening movement the acceleration of transpiration rate was diminished by increasing air humidity. The increasing air
humidity possibly decreased a passive component in stomatal opening movement. Hence during the cycling in dry air the mechanism of passive stomatal
opening contributed to theopening movement.
The immediate reaction on the decrease in water potential in the root medium during cycling (figure 17)isexplained asfollows. During stomatal closure,
the water content and therefore the turgor of the surrounding epidermal cells
increased less at a lower water potential at the roots, thus indicating a decrease
in the contribution of passive stomatal closure, present before the water potential at the root was decreased.
In figure 14,curve 1,the increased stomatal closure during cycling immediately after watering the plant represents an example of passiveclosure duringcycling, caused by a rapid increase of the soil water potential.
The susceptibility of the stomatal apparatus of passive opening made BARRS
and KLEPPER (1968), Cox (1968) and HOPMANS (1969a) suggest that passive
stomatal opening movements contributed to stomatal cycling.
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Inconclusion, the present results indicate that during cycling in dryairand
at a high water potential at the rootsbothpassiveopeningandpassiveclosure
contributed to thestomatalopenings andclosures.
WILLIS et al. (1963) found that with opened stomata, the smaller the initial
water deficit in the leaves, the more intense the stomatal opening movement
wasin response to excision of the petiole in air. This effect would mean that,
thehigherthewatercontent reachedduringthesub-period withminimal stomatal opening, the more the contribution of passive opening to the following
openingmovement.
HOPMANS(1969a) suggested that the important factor underlying the cycling
wasthetimedelayintheadjustment oftheturgoroftheguard cellstothewater
potential of the epidermis, being the same time delay as involved in passive
stomatal movements. With the indication of the contribution of both passive
opening and passive closure during cycling, the evidence for this delay factor
hasincreased.
In the present findings the amplitude of cycling wasincreased bya decrease
of the air humidity and an increase of the water potential in the root medium.
Thecyclingwasfound toappear onlyindryairbyseveralauthors.These effects
on cyclingareinterpreted according to thefollowing picture.
A delay in the reaction of the guard cells to increasing water deficit during
stomatal opening causes excessive water lossin dry air. The increasing water
deficit inthecourseofthelagperiod,duringwhichstomatal openingcontinues,
induces passive stomatal opening which amplifies the overshoot. This effect
would according to WILLIS et al. (1963) be stronger, the smaller the water
deficit was during the preceding sub-period with minimal stomatal opening.
Thedelayfactoragaincausesovershootintheactivemovementinthesubsequent
stomatalclosure.Theextentofthecontribution of passive closure isaffected by
thewaterpotentialofthewatersuppliedbytheroot.Thehigherthewaterpotentialintherootmedium,themoretheturgorofthesurroundingcellswillincrease
and the more the contribution of passive movement to the stomatal closure.
These effects lend support to the importance of the delay in the adjustment
oftheturgor oftheguardcellsto theplant waterpotential asthefactor causing
overshooting of the active stomatal movement and as the factor amplifying
theimportance of passivestomatal movement.

4.5. THE ROLEOFTHE RESISTANCETO WATERTRANSPORT
IN THEROOTS

From theprevious sectionsitisclearthat acyclingofthewaterdeficit of the
leaves accompanied cycling of transpiration rate. A water deficit will arise,
however,onlywhenthesupplyislimited. BARRSand KLEPPER (1968) identified
the roots as the sites of major resistance to waterflowassociated with cycling.
The objective of thefollowing investigations was to study the importance of
theroot resistanceand theeffect ofroot temperatureinrelation tocycling.
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4.5.1. Influence ofsevering the roots
Tips of 2-3 cm were cut under water with a sharp edged cutter from the
roots while approximately 20 cm remained on the plant. Cutting was done
during a sub-period with minimum transpiration and maximum and constant
leaf water content. As an example: the peak-to-trough differences of 2.3°C
and periods of leaf temperature cycling were slightly affected, but the peakto-troughdifferences inleaf'thickness'fellfrom 2.5to0.5mgcm -2 ,immediately
after cuttingtheroots.
The maxima in leaf 'thickness' did not change and were maintained longer.
The fact that the maxima in water content continued 10-15 minutes during
each cycle both before and after root cutting, suggests that during that subperiod a high water potential was reached and maintained throughout the
whole plant. Because in the next sub-period the decrease in water content was
affected by the decrease of the resistance to water flow into the roots, it is
concluded that the water potential in the roots cycled down to a resistance in
the roots. This resistance apparently was not located within the xylem vessels
of the remaining part (80%) of the roots.
Some hours after cutting the roots, the amplitudes of leaf 'thickness' gradually began to rise again,presumably becauseofgradual blockingofthexylem
vesselsinthecutendsoftheroots.
Frequently the amplitudes of cycling in stomatal opening were also reduced
after severingtheroots.
When a large part of the roots was cut off, stomatal opening was set in at
the normal phase, but remained smaller and the water content fell hardly any
more. This indicates that an increasing transpiration rate no longer induced a
passive part in the opening movement, when the water supply was improved.
4.5.2. Influence ofcycling ontheroot resistance
It was mentioned in the previous section that the xylem vessels in the cut
ends of the roots gradually blocked. The blocking was removed by cutting a
fewmoremillimetersfrom theroot end.Thecyclingtranspiration, asindicated
in figure 18,did not change by this decrease of the resistance to water flow.
The time curve of leaf 'thickness' shows that the fall in water content during
sub-period d' wasconsiderably lessthan in b',indicating that thewater supply
wasimproved.Therateofchangeofleaf 'thickness'isrepresented bythesteepnessofthecurve.It indicatesthat after reopeningthexylemvesselsintheroots,
both the fall (c'-d') and the rise (d'-e') of water content slowed down after
cutting,(a'-b')and(b'-c')respectively.Hence,duringtheincreasingtranspiration
rate(c-d)andsynchronouslyfallingwatercontent(c'-d')therateofwatersupply
wasincreasedbythecutting.
This response was explained above as a decreased resistance of the xylem
vessels.Theslowerriseofwatercontent overidentical rangesof leaf'thickness'
indicates a relatively lower rate of water uptake during this part of the cycle
in spite of the reduced viscousflowresistance. The resistance to water uptake
in the roots before cuttingmust havefallen considerably duringthe sub-period
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FIG. 18. Reaction of stomatal cycling and variation in leaf 'thickness' on reopening blocked
vesselsintherootsofa plantonnutrient solution bycuttingsomemillimetersfrom theends.
28°C/19 mm Hg/35,000 erg cm-2sec-'/30 cm sec~l.

with reduced water content (b'). During each cycle this course of events was
repeated. During the sub-periods with low transpiration, constant high water
content,and lowwateruptakerate(e.g.aanda), theresistancetowater uptake
in the root wasagain established at theprevious highlevel.
Leaves detached from the plant with the petiole submerged in water seldom
showed cycling. If present, this cycling vanished by cutting off under water a
few millimeters from the tips of the petioles, suggesting that a resistance to
water flow had developed at the initial cut. Figure 19 shows an example of
cycling in a detached leaf. The rate of decrease of leaf 'thickness' during each
cyclewascomparable to thecorresponding rate in leaves on intact plants.The
subsequent increase was much slower, indicating that the resistance to water
uptake in the petiole limited the water uptake more than intact root systems
didduringthat sub-period.
The fall in leaf 'thickness' was often twice as large as the falls in the next
cycles with approximately equal amplitudes in leaf temperature, when an
overshooting stomatal openingwaspreceded byalongperiod oflowtranspiration rate, like a daily dark period. Obviously the resistance to waterflowwas
larger whenpreceded byalongerperiod of lowrate ofwater uptake.
34

Meded. Landbouwhogeschool Wageningen 71-3 (1971)

+2
1
0
1
2
-3
-2
15 .Leaf 'thickness' in mgcm
H
13
12
11

^v>^/vr^

15
12
13
17
16
u
Time of day
FIG. 19. Cycling in leaf temperature and in leaf 'thickness' in a detached leaf with the petiole
in water. 27.5°C/11 mm Hg/35,000 ergcm- 2 sec-'/30 cm see -1 .
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4.5.3. Interaction of rootresistance andcycling indifferent leaves
It was concluded in chapter 3 that younger leaves generally have shorter
free-running periods than older leaves on the same plant and that they entrain
cyclingintheolderleaves.
Figure20,upperleft part,oncemoredemonstrates,thatcyclingintheprimary
leaf showed thesameperiod as,but lagged behind,cyclinginatrifoliate on the
same plant. Removal of the trifoliate changed the variation in the 'thickness'
of the primary leaf.The water content decreased more during the sub-periods
of high transpiration. Thisindicates that after thedetachment the resistance to
water transport was higher when the stomata opened. There was a time of
approximately 10 to 15minutes during each cycle, during which the rate of
water loss was very lowand leaf water content wasconstant, hence a period
ofverylowwater uptake bytheroots.
Removaloftheprimaryleavesfrom aplantdidhardlyproduceanychangeof
the amplitude and period of stomatal cycling in the remaining trifoliate, but
the amplitude of the variation in leaf 'thickness' increased considerably. This
conduct isincomplete harmony with thefirstcase.
4.5.4. Influence ofroot temperature
It is generally found that an increase of the root temperature induces a
decrease of the root resistance to water uptake and vice versa (GAVRILOFF,
1926; DORING, 1935; KRAMER, 1942; 1956; JENSENand TAYLOR, 1961; KUIPER,
1964;BROUWER,1965).

In thepresent experiments an abrupt decrease of root temperature of plants
with steady stomatal openings induced a temporary stomatal opening moveMeded. Landbouwhogeschool Wageningen 71-3 (1971)
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FIG. 20. Stomatal cycling in a primary leaf and in a trifoliate on one plant and variation in
'thickness' of the primary leaf before and after removal of the trifoliate. Roots in nutrient
solution. 26°/10 mm Hg/35,000 erg cm-2sec-710-15 cm sec"1.

ment,probably ofapassivenature,whichwascausedbyimpaired watersupply.
The reaction of stomatal opening and the change in water content during
cycling upon abruptly decreasing or increasing root temperatures have been
investigated in the usual way.
Initial and stationary effects of loweringtheroot temperature oncyclinglike
infigure 21 werefound in6outof 16cases.Intheothercasesstomatal opening
remained steady after the water content had regained a new constant level.
Adeepfallofleaf'thickness' (b')indicated,thatthewateruptakewasseriously impaired soon after the root temperature had decreased.
Stomatal closure during prolonged water deficit (c) was not complete, but
closure didnot continueearlierthan after acertain leafwatercontent had been
reached. This final closure probably was merely passive. The leaf 'thickness'
at c', e', g', coinciding withthe sub-periods of lowtranspiration rate,remained
lower at lower root temperature than at higher root temperature. The transpiration rate at c, eand gdid not reach the sameminimum either. Effects of
an increase of root temperature like in figure 21 were found in 14out of 18
cases. The increase of leaf 'thickness' (from h' to i') was more rapid, and the
extent of stomatal closure (at i)increased immediately after the increase of the
root temperature. The amplitude remained larger.
The gradual increase of the amplitude at the lower root temperature was a
morefrequently observedsymptomofadaptation tolowtemperature.Thesame
reactions as shown infigure21 appeared after changing the root temperature
36
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FIG. 21. Reactions of cycling leaf temperature and variations in leaf 'thickness' on root
temperature decrease (21.2°->-15.30C) and increase (15.3°-*21.2°C). 25°C/7 mm Hg/50,000
ergcm~2sec-1/4O-50cm sec -1 .

from 15°Cto 12°Cand back to 15°C after an adaptation time of approximately 20hoursin 15°C.
In general, the effect of an increase of the root temperature consisted of a
decreased rootresistanceduringthesub-periodsofstomatalclosureandincreasedwatercontent.Therapid and highriseofthewatercontentprobably fortified
passiveclosure.
4.5.5. Discussion
Cyclingwaterpotentialastheentrainingagent
LANG et al.(1969)concluded that thewaterpotential inthexylemcycledand
proposed with MELESHCHENKO and KARMANOV (1966) and Cox (1968) that
cycling of the water potential was a necessary condition for the observed synchronization ofstomatalcyclingondifferent leavesofoneplant.
The present results indicate that the water potential cycled down to the site
of resistancetowater uptake into theroots.Thelocation of themain resistance
intherootsisstillbeingdiscussed (DAINTY,1969).
The mechanism of entrainment of cycling in the older leaves to periods
shorter than their free-running periods may be explained by the cycling water
potential. It was common that the onset of stomatal opening of the entrained
cycling in the primary leaves lagged behind the opening in the trifoliate. This
wasprobably caused by a delayed fall in waterpotential inthetrioliates,which
waspropagated totheprimary leavesandaccelerated thepoint wheretheactive
stomatal opening force exceeded thepressureofthesurroundingcells.
Meded. Landbouwhogeschool Wageningen 71-3 (1971)
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Cycling of the resistance to water flow into the roots
During stomatal cycling the root resistance was found to be high during
sub-periods with increasing andhigh plant water deficit that followed sub-periods with low rate of water uptake, and to be considerably decreased inthe
subsequent sub-period of decreasing and low water deficit. Hence, the root
resistance decreased and increased during each cycle. It is proposed, that the
decreaseoftheroot resistance wasinduced bythetemporary lowwater potential
in the roots during the sub-period with high water deficit. Similar reactions
have been described by JOST (1916), KOHNLEIN (1930), BREWIG (1937), BROUWER (1953, 1965), MEES and WEATHERLEY (1957a, b) and WEATHERLEY (1965).
MEES and WEATHERLEY (1957a, b) and BROUWER (1965) indicated a time delay
in this response of the root resistance.
KUIPER (1963) reported that the root resistance decreased with increasing
water potential gradient and remained at the lowlevel when the gradient was
decreased subsequently. Also during the present cycling the root resistance
apparently remained at the low level during gradual decrease of the gradient.
It returned to theprior high level, however, during thesubsequent sub-period
with very lowwater potential gradient.

Influence of root temperature oncycling of the root resistance
The decrease ofroot resistance, induced bythehigh water potential gradient
between root interior andexterior, wasfortified byan increase ofthe root temperature. Asaresult theleaf water content increased more inthefollowing subperiod and passive stomatal closure was increased, thus lowering the rate of
water uptake.The riseinroot resistancewillhavebeenstimulated bythedecreased flow rate as concluded above. Thesteeper fall of the water content during
cycling with an increased root temperature supports this view. The increased
root resistance at that particular sub-period stimulated passive opening.
In conclusion: Dueto thefact that the fall of root resistance was enhanced
by increasing temperature, both cyclingofstomatal opening and cyclingof root
resistance were intensified.

4.6. SYNTHESIS

Models for the mechanism of water transport through the plant becoming
more refined and comprehensive from author to author, were presented by
VAN DEN HONERT (1948), BROUWER (1961), COWAN (1965), and Woo et al.

(1966a,b).
KARMANOV et al. (1966), MELESHCHENKO and KARMANOV (1966), CLAUS
MEISTER und APEL (1968), HOPMANS (1969b), LANG et al. (1969) and
RASCHKE (1970a) proposed models, simulating stomatal cycling. The salient

(1968),

component in these models isa control system with negative feedback forthe
control of the water balance in the leaf by the stomata. In this control circuit
the water balance is controlled by the stomatal opening (actuator, seep.7).
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Theinformation onthestatusofthewater balanceintheleafreachestheguard
cellsasawaterpotentialvaluethrough theinformation loop. HOPMANS(1969b)
and LANG et al. (1969) proposed a time delay in this information loop to be
caused bya resistance for water transport to the guard cells.This delay causes
a timelaginthecorrecting action of thestomata upon a deviation of thewater
balance.
Thepresent study provides evidence in support of the action of the negative
feedback circuit as indicated earlier. Furthermore, evidence wasfound for the
existance of a positive feedback circuit, which controlled the water balance of
theleaf bythestomataasproposed by HOPMANS(1969b)and RASCHKE(1970a).
In addition, a variable root resistance as a component involved in cycling is
introduced. In a conceptual model the action of the new components will be
illustrated. Figure 22 presents this model.
How the model works will be illustrated by the following course ot events,
based on thepreceding part of thischapter. The guard cellsare assumed to be
triggered byotherfactors tokeeporbringtheirturgor toahighlevel,whennot
a low water potential induces active stomatal closure.
When stomata are opened actively during cycling, the water vapour diffuses
through r,, rsand r„. Evaporation from the cell walls of the substomatal cavitiesrisesandthewaterpotential decreasesineachsegmentofthepathway from
the leaf cell walls to the xylem vessels in the roots. The water potential of the
cell walls continues to fall, accompanied by a falling water content in the
mesophyll (cm) and epidermal cells (ce), which is mainly due to the root resistance rr.The intercellular pressure in theepidermis,caused bythe turgor in the
epidermal cells,induces already passive stomatal movement by a small alteration.Thepassiveopeningwillbelarger,thehigher theturgor intheguardcells
whenthe opening movement isstarted and the higher thevapour pressure gradientleaf-air, whenthewatersupplytotheleafisimpaired. This passive stomatal opening is proceeding due to the delayed reaction of the guard cells by
activeclosure (delayed negative feedback correction,-). Arelatively highresistance to water transport through the guard cell membranes, rmg, might be the
cause of this delay. In the course of this lagtime the passive opening tendency
increases, induced by the continuing decrease in turgor of the epidermal cells
(positive feedback,+).
During thesubsequent activestomatal closurethewatercontent risesrapidly
due to a delayed decline of rr in response to the high water potential gradient
from root exterior to interior. Theturgor of theepidermal cellsincreases,causingpassive stomatal closure by the above mentioned positive feedback circuit.
This passive closure is more pronounced, the lower the resistance in the root
duringthispartofthecycleandthehigherthewaterpotentialintherootmedium.
Summarizing, theeffects ofdelayfactor(s) inthenegativefeedback ofstomatal control become apparent if combined with a resistance in the water supply
pathway to the leaf.Overshooting of stomatal movement, asa consequence of
this combination, isamplified bypositive feedback actions aspassive stomatal
movement. Cyclicvariations in the resistance to water transport into the roots
Meded. Landbouwhogeschool Wageningen 71-3(1971)
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fortify theovershootingeffect onstomatalmovement ofbothfeedback systems.
The variation inthewater potential synchronizes stomatal cycling withinone
leafandwithintheleafsystemofoneplant.
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FIG. 22. Diagrammatic conceptual model ofthepathways ofthe transpiration stream, ofthe
transfer ofwaterwithintheleaf,andofthestomatalcontrol systemofthewaterbalanceofthe
leaf. Therelative sizesofthesymbols for water storage (rectangulars) andresistance indicate
in a semi-quantitative sense therelative magnitudes of theentities they represent.
Denominated resistances, subsequently metbythetranspiration stream from theroot tothe
surrounding air,areintheliquid phase:
rr root,
rw cell walls oftheleaf,
rc cuticula,
and inthevapour phase;
#•/ substomatal cavity,
r, stomatal opening,
r„ boundary air layer.
Water storagesare:
c„ stem tissue,
cm mesophyll cells,
c„ cell walls inside theleaf,
c, epidermal cells.
rm, guard cell membranes,
rmt epidermal cell membranes.
The stomatal control system isindicated to contain a negative (-) and a positive ( + ) feedback loop.
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CIRCADIAN RHYTHM INSTEADY AND CYCLING
STOMATAL OPENINGS

5.1. INTRODUCTION

The periodicity instomatal opening with periods ofexactly or approximately
one day is expressed as daily or diurnal rhythm. When periods explicitly
approximate 24 hours, the term circadian rhythm is used. Only the short
period rhythm will be indicated as cycling. A diurnal rhythm in the stomatal
openingofPrunus laurocerasusleavesincontinuous lightwasfound by MASKELL
(1928) and it was the reason for an observed diurnal rhythm in the rate of
photosynthesis. GREGORY and PEARSE (1937), HEATH and RUSSELL (1954),
MEIDNER and MANSFIELD (1965) found this rhythm inperiods of24 to30 hours
continuous light indifferent plants. KANEMASU and TANNER (1969) also observed it in Phaseolus vulgaris. GRAU (1968) described a daily rhythm modulating
the cycling ofstomata inapiece oflettuce leaf in continuous light.
Diurnal rhythms in darkness have been studied more extensively. Stomatal
opening was observed incontinuous darkness by KUYPER (1915), SAYRE (1926),
SCHWABE (1952), MONTERMOSO and DAVIS (1942), DALE (1961), STALFELT
(1963, 1965, 1967) and PALLAS (1969). STALFELT (1963) observed stomatal
opening in carbon dioxide free air in darkness. In all these reports stomatal
opening in continuous darkness wasfound during the first day and in a few
cases during the second day.It wasdamped on subsequent days in darkness.
BRUN (1962) concluded that the delay in the onset of stomatal opening in
banana leaves after turning on the light was dependent on the length of the
preceding dark period in accordance with a daily rhythm. The rate andthe
degree ofopening insoybean andXanthium wasfound to depend onthe length
of the dark period as indicated above for banana leaves (MANSFIELD, 1963,
1965).Intheabove mentioned examples ofopeningindarkness the phase ofthe
rhythm in darkness turned outtobesetbythetermination ofthe light period.
Daily rhythms instomatal openings inconstant environments were found by
WILLIAMS (1952), PALLAS (1969) and SEIDMAN and RIGGAN (1969) during the
normal daily photoperiods. The latter authors, working with bean plants,
demonstrated a daily course of the stomatal opening andcarbon dioxide concentration intheclimate room, which didnot correspond.
SKIDMORE and STONE (1964), BARRS and KLEPPER (1968), HARRIS (1968)and
HOPMANS (1968, 1969a) found daily patterns inthestomatal opening, coinciding with a daily course inthetendency tocycling during thephotoperiod. Evidence waspresented that thewater balance of the leaf didnot cause this daily
pattern instomatal opening. MEIDNER and MANSFIELD (1965)suggested thatthe
rhythm inlight and darkness might proceed by the same mechanism, because
the tendency to open incontinuous darkness coincided with therhythm inthe
ability to open asa response to illumination.
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MEIDNERand MANSFIELD(1968)stated that noconclusiveevidencewasavailableyetfor theendogenousnatureofthediurnal rhythm inlight.

5.2. IN CONTINUOUSLIGHT

The diurnal periodicity of stomatal opening in continuous light was studied
using the experimental setup described in the general materials and methods,
p. 9. Plants in each experiment were of the same age and grown in equal
conditions in nutrient solution. The primary leaves of the bean plants, if not
held in a fixed position, performed the often described diurnal movement.
For leaf temperature measurements a diurnal change in the contact of the
thermocouples withtheleafsurface wasprevented bykeepingthelaminae fixed
betweennylonwires.
Arhythm withmean period of25.7hours wasfound inthe leaf temperature
oftheprimaryleaveswithoutstomatalcycling,hencethetermcircadian rhythm
was applied here. Within one group of synchronously recorded plants the
periods differed only slightly between the plants, but differences between the
observed phases varied between 2and 5hours. Theleaf temperature increased
during the time which corresponded with the last part of the light period and
thedark period ofthelight-dark cycleofthepretreatment. The latter wascomposedof 16hourslightand 8hoursdarkness.
Infigure23a phase shift of a circadian stomatal rhythm is shown, brought
about by 12hours darkness. The rhythms in both plants during day 4 and 5
were irregular and synchronization was lost. The dark period induced a shift
ofthephasesand putbothplantsinapproximately thesamephase.
Often stomatal openingswerecyclingduringcontinuouslight.Cyclingsome-
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FIG. 23. Circadian rhythm in leaf temperature of 2 plants, that had been grown in daily
dark-light alternation until day 2 as indicated on day 1.On day 6 a light break of 12 hours
darkness was given. 27.2-27.4"C/9.2-9.6 mm Hg/35,000 erg cirr2sec-1/15-20 cm sec -1 .
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times sustained for several days, in one case even for 6.5 days without interruption, but it frequently occurred that time intervals with cycling and with
non-cycling opening alternated as shown in figure 24. Air temperature and
humidity did not vary with a daily periodicity. Curve 1 is representative for 3
plants,curves2and 2'for 2plants andcurves3and 3'for oneplant.

Days
FIG. 24. Leaf temperature in continuous light in curve 1, indicating circadian rhythm in
persistantly non-cycling stomatal opening and in curves 2 and 3 in non-cycling stomatal
opening, interrupted by time intervals of cycling (interruptions of the curves). For the time
that stomata of 2and 3werecycling the peak-to-trough differences of leaf temperatures are
indicated incurve2'and 3'respectively.Up today2thedaily light-dark alternation wasason
day 1. 23.4-24.6°C/7.4-9.0 mm Hg/20,000 erg cnr 2 sec-7l5-25 cm sec"1.

Stomatal cyclingstarted atthephaseofthecircadian rhythm,wherestomatal
opening approached the daily maximum. At other times the amplitude of
cyclinggraduallydecreasedandcyclingdamped.
As an example of a circadian rhythm, modulating sustained cycling, figure
25isshown. From sowinguntilday 1 inthefigure the daily dark periods were
given during the last 7hours ofthe day.The dashed curveisrepresentative for
5plantswhich behaved similarly with slight differences ofphases and amplitudes. The relation of the peak-to-trough differences of cycling to the phases of
the circadian rhythm in non cycling stomatal opening was approximately that
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presented in figure 24. However, the circadian rhythm in the peak-to-trough
differences in the present figure fully matched the circadian rhythm in steady
stomatal openings. The periods of sustained cycling were modulated by the
circadian rhythm in such a way that they increased during the circadian subperiod, in which overall stomatal opening tended to decrease. The opposite
combination applied to the other half of the circadian period. The phases of
circadian rhythminthepeak-to-trough differences and intheperiodsofcycling
were not exactly equal. Infigure25the maxima in the periods lag some hours
behindtheminimaoftheamplitudes,buttheoppositewasfound inotherplants.
The above results showed, that in continuous light the phase of circadian
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FIG. 25. Temperaturecourseofleaveson 2plants incontinuous light.Plant 1 without cycling
at all (dashed line),plant 2without cycling on days 5and 6(drawn line).The peak-to-trough
differences and theperiodsofplant 2duringsustained cyclingarecurves2'and 2"respectively.
Air temperature and humidity without a diurnal periodicity. 25.5-26.5"C/9.6-10.8 mm Hg/
20,000erg cm-2sec_,/15-25 cm sec -1 .
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rhythm in non-cycling stomatal opening could be caused to shift. Cycling
started spontaneously and the amplitude of sustained cycling was largest
approximately at thetimethat insimilarly treated plantsmaximawereattained
in the circadian rhythm in the opening of non-cycling stomata. The amplitude
was smallest and the period largest and cycling stopped temporarily half a
circadian period later.

5.3. IN CONTINUOUSDARKNESS

Two typical examples of diurnal rhythm in darkness are shown in figure26.
The large amplitude in curve 1shows that stomatal opening during cyclingin
darkness may be of the same magnitude as stomatal opening during cycling
in light. The amplitude sometimes showed a clearly daily pattern (curve 1),
but a lessregular pattern wasfrequently found (curve2).
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FIG. 26. Temperature course of leaves on different plants during the first day in continuous
darkness. Curve 1:22.1°C/10.5 mm Hg/ -/20-30 cm sec"1. Curve 2: 23.3-23.8°Q 12.5
mm Hg/-/20-30cm sec -1 .

Stomatal opening only occurred during thefirst day of darkness,and during
that part of the day when the plantusedtobeinthelight,viz.from2300to1100
(curve 1)and from 600to 2300(curve2).
Groupsof5 or6plantswereinvestigated duringperiodsof31hoursdarkness
for a quantitative description of the diurnal rhythmic stomatal opening in
darkness(table4).
The maximum of stomatal opening was gradually attained at 12-14, 6 to
8 hours after thetimethatonthepreviousdaysthelightperiodstarted.Lateron
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TABLE4. Stomatal cycling in continuous darkness per time interval of the day. Analyses
derived from 18plants. Daily light on the previous days from 600 to 2300.
time intervals in hours of the day
6-8
relative leaf temperature decrease
due to stomatal opening
cycles with peak-to-trough
difference larger than 1.0°C
smaller than 1.0°C
total
mean period in minutes
coefficient of variability

16.2
2
4
6
79.0

9.7

8-10 10-12 12-14 14-16 16-18 18-20

55.8

92.5 100.0

7

11

4
11

8
19

79.6
12.8

80.0
34.0

95.4

54.5
8

20.6

10
7
17

13
21

3
8
11

101.0
25.2

116.0
23.8

138.0
33.6

1
4
5

stomatal opening gradually decreased. Also the total number of cycles was
centered around this time interval. The cycles with peak-to-trough differences
larger than 1.0CC appeared earlier than the smaller ones. The mean period
was almost constant throughout the first 3 time intervals (600 to 1200), and
itconsiderably increased during thefollowing ones.

5.4. DURING THE DIURNALPHOTOPERIOD

The influence of a diurnal rhythm in the opening of the stomata wasalmost
alwaysfound duringdayswithcommonlight-darkalternationwithphotoperiods
of 16or 17hours.Thistendencyinteracted withthesusceptibility ofthestomata
of cycling and it varied from case to case. The main types of interaction are
presented in figure 27. In curve 1the stomatal system was stable throughout
thewholephotoperiod;only at the beginning some overshoots occurred. Cycling damped incurve 1 and2,indicatingthatthestomatalsystembecamestable
whentheopeningtendencyofadailyrhythmreachedacertainlevel.Interaction
ofadailyrhythmwithcyclingspeciallyoccurred asshownincurve2inyounger
leaves, in which stomata cycled with short periods. Curve 3 represents the
maintypeofinteraction,wherecontinuousinstability ofthestomatal apparatus
ledto sustained cycling.Bysuperposition ofadiurnalrhythm ontheamplitude
(and the periods) of cycling, the amplitudes reached a maximum (and the
periods a minimum) near themiddle of the daily photoperiod.
The rhythmic behaviour shown in curves 2 and 3has been found synchronouslyinthesameplant inafewcasesviz.type2intheprimary leafandtype3
in atrifoliate leaf ofthe sameplant. Thissuggeststhat thefrequency ofcycling
was increased by the increase of some form of activity. The activity was increased to a level, where stomata became stable. The level of this activity
depended onleafageand on thephase ofthedaily rhythm.
According to the influence of temperature on cycling, to be described in
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FIG. 27. Leaf temperature minus air temperature in the course of the daily photoperiod of
17 hours to which the plants were adapted. Three different plants from different days. Air
temperatures, gradually increasing until about 1800,especially during thefirst half of thelight
period, are for 800 and 1800; curve 1: 24.3°C, 26.6°C/15 mm Hg/35,000 erg cm^sec-'/
10-20cm sec-'; curve 2: 25.1°C, 27.0°C/9 mm Hg/35,000 erg cm-2sec-'/10-20 cm sec"*;
curve 3: 23.7°C, 25.3°C/10 mm Hg/35,000 erg cm-2sec-1/10-20 cm sec"1.

section 6.6.1, the increase of the amplitude and the decrease of the period in
thefirst partofthephotoperiod could beassignedtotheincreaseoftemperature
inthecourseofthephotoperiod asindicatedinthelegendoffigure27.However,
thedevelopment ofboth theamplitude and theperiod in thesecond half of the
photoperiod could not beexplained thiswayatall.Furthermore,daily patterns
duringthephotoperiodssimilartocurve3 alsowereobtained from plants in a
plant chamber with constant air temperature, constant vapour pressure and
constant carbon dioxideconcentration of the incoming air.
The mean periods during approximately 2 hours at 4 time intervals in the
course of the daily light periods were determined from 25 plants (figure 27,
curve 3).These mean periods werecorrected for the deviation from the mean
daily temperature and expressed on a relative basis per day. For the separate
time points the mean of the relative values of the 25 day-plant combinations
weremultiplied bythe overall mean period. Thefollowing data were obtained.
Hours since start of light period: 1.5
6.0
10.5
15.0
Period in minutes:
41.1
39.6
42.6
46.4
The periods at the beginning and at the end of the daily light periods were
longerthantheperiodsatbothmediumtimes(probability levelexceding0.5%).
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Theperiod ofcyclingchanged duringthewholephotoperiod possibly duetoan
internal factor.
A group of uniform plants on nutrient solution was observed during consecutive days, either intact, or after removal of the root system, in order to
ascertain whether the daily rhythm inthe lightperiod wasgoverned by factors,
situated intheleavesorintheroots.Precautions weretaken that thexylemvesselswould not beblocked. Cuttingwasdoneunder water,a sharp-edged cutter
was used, and the hypocotyl was desinfected and was washed with distilled
water. The stem was placed in distilled water with 10~7M CuSO*. Figure 28
shows that the stomatal openings completed the daily rhythm during the light
periods after root excision in the same way as before.

4
12
Time of day

FIG.28. Leaf temperature minus air temperature, representing stomatal behaviour inthe
courseofthelightperiodsof3 consecutivedaysofplantsonnutrientsolution,beforeand
aftertherootsystemhadbeencutoffunderwater.Thecurvesaremeansof4,2and2 plants
respectivelyfortheconsecutivedays.AirtemperaturesgraduallyJ increasedduringeach1photoperiodasindicated.26°C-27°C/16.5mmHg/35,000ergcirr sec-7lO-25cmsec" .

Alsoinisolated leavesthesamedailyrhythm wasperformed bythe stomatal
opening.
It isconcluded that factors governing the daily rhythm in stomatal opening
duringthelightperiodaresituatedintheleaves.
The ability of the stomata to open after closure by short dark periods of
40minutesinthecourseofthedailylightperiod wastested (figure29).
A daily rhythm existed in the opening ability of the stomata after the light
wasswitchedon.
Thevariation in the opening ability consisted fully of a variation in thetime
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FIG. 29. Time lapse between the dark-light transition and maximal stomatal opening of 5
plants on the same day after short dark periods, distributed over the daily photoperiod, to
which the plants were adapted. Air temperature gradually increasing. 27-29°C/10 mm Hg/
30,000erg cm^sec -1 /10-30 cm sec - '.

between thelightswitchingonand thebeginningofstomatalopening.Oncethe
openingmovement had started, theratesof opening wereequalthroughout the
lightperiod.
Presumably, oneand thesamefactor caused thedailyrhythm inthe onsetof
stomatal opening in the light after dark periods,the daily rhythm in the steady
stomatal opening in attached and isolated leaves, as well as the daily rhythm
in period and amplitude of cyclic stomatal opening.
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5.5. DISCUSSION

In continuous light theperiod ofthedaily rhythm in stomatal opening differed from 24 hours. The phases were not the same in different plants with the
same treatment and interruption of continuous light bya dark period caused a
phase shift. These findings supply sufficient evidence that thecircadian rhythm
in light isendogenous inthebean plant.
It is assumed that themaintenance of the daily rhythm during only oneday
in continuous darkness originates from thelack ofenergy required for stomatal
openingonthesecondday.
Similar phase relations tothepreceding dark-light alternation were found for
the daily rhythm in stomatal opening during daily photoperiods for the circadian rhythm instomatal opening incontinuous light andforthedaily rhythm
in continuous darkness. This corroborates the assumptions made by STALFELT
(1965, 1967) and by MEIDNER and MANSFIELD (1965) that the rhythm in light
and darkness might proceed by the same mechanism.
Evidence was presented in the preceding section that the daily rhythm in
stomatal opening during normal daily light periods originated from the leaf
itself. This confirms the data of GRAU (1968), who described a daily rhythm
in light in the cycling stomata of pieces of lettuce leaves. Bybringing different
leavesononeXanthium plantin different phases MEIDNER and MANSFIELD (1965)
demonstrated that the source of the rhythm in darkness wasin the leaf. These
facts lead to the hypothesis that one general endogenous oscillator behind the
circadian rhythms in continuous darkness, in continuous light and in the normal dailyphotoperiod issituated intheleaf.
The amplitude and period of stomatal cycling in continuous light and darkness and during the daily light periods were all modulated by the circadian
rhythm in a waythat cycling wasmost intensified at approximately the phase
where the non-cycling stomatal openings reached their circadian maximum.
This suggests that the same endogenous circadian oscillator mentioned above,
caused the modulations. STALFELT (1967) found that in darkness the diurnal
rhythm in the width of the pore and in the width of the stomatal apparatus
of Viciafaba was accompanied by a rhythm in the same phase of the surplus
of the osmotic value ofthe cell sapintheguard cells over that ofthe epidermal
cells. This surplus wasmainly caused bya variation in theosmotic value inthe
guard cells.
From chapter 4itisclear, that theamplitude ofcycling depends ontheturgor
of the guard cells, the active contribution to the combined active and passive
opening movement. This active component being subject to a diurnal rhythm,
will have caused theamplitude toassume a daily pattern.
In all cases of high instability of the stomatal apparatus the daily variation
in theperiod ofcycling was made upmainly bythevariations ofthe sub-period
between stomatal closure and theonset of stomatal opening. Aswill be further
clarified inthenext chapter, thelength ofthat sub-period reflects thetime required to increase theturgor of guard cellsenough toopen thestomata. A circadian
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rhythm in the osmotic pressure of the guard cells might very well partly have
modulated these sub-periods to daily patterns.
The hypothesis of an endogenous oscillator in the leaf, causing circadian
rhythm in non-cycling stomatal openings in light and darkness, isextended by
hypothesizing that this sameendogenous oscillator modulates stomatal cycling
tothedailypatterns.
JONES and MANSFIELD(1970) found an endogenous circadian rhythm in the
carbon dioxide compensation point in detached leaves of Bryophyllumand
Coffea. A similar rhythm in bean might play an important part during the circadian rhythm in the stomata in light. Probably in the present study a circadian rhythm in the compensation point was not the primary source for the
circadian rhythm in stomatal opening, because also in darkness the primary
oscillator affected thestomata.
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6. ENVIRONMENTAL EFFECTS ON CYCLING STOMATA

6.1. INTRODUCTION

The cyclic opening and closing of the stomatal apparatus in a constant
environment might be affected by changed environmental factors in aspecial
way. The responses of cycling stomata to different factors have been studied,
because they might provide useful data for the further analysis of the cyclic
behaviouraswellasforthestillunrevealed action mechanism of theguard cells.

6.2. MATERIALS ANDMETHODS

Lightintensitiesin thelargeclimateroomwerepartlyvaried byswitching
on different numbers offluorescenttubes and partly by using grey cinemoid
filters. In the assembly for the measurement of carbon dioxide exchange, described by LOUWERSEand VANOORSCHOT(1969),thelightineachplantchamber
was obtained from 4 Philips HPLR-lamps of 400W, with a layer of running
water of 5 cm underneath. Light intensity was varied here using perforated
metalscreens.
Carbon dioxide concentration wasvaried in the plant chamber described in section 2.2 (p. 10). Short timeincreasesofthecarbon dioxideconcentration in the plant chamber were realised by adding a roughly controllable,
measuredflowofcarbon dioxide from a cylinder to thenormal air stream into
the plant chamber. In the plant chambers of theassembly for measurement of
the rate of carbon dioxide exchange the concentration was controlled by
mixing continuously carbon dioxide to carbon dioxide free air (LOUWERSE
and VAN OORSCHOT, 1969), hence a carbon dioxide free atmosphere could be
obtained aswell.
Variation of leaf temperature. Leaf temperature wasvaried in 2 differentways.Themostfrequently usedmethod wasbyvaryingtheair temperature.
In some experiments a specially built device was used, consisting of a clear
panelofglasswithanelectricalconductingmetalcoating,whichcouldbeheated
upto 100°Cbyanelectriccurrentpassingthroughthecoating.Thetemperature
ofthepanelwascontrolled byathermostate.Thepanelwasplaced betweenthe
light source and the leaves. By placing the sensor of the thermostate (a thermocouple) on theleaf,theleaf temperature could becontrolled inawiderange
above the air temperature independently of air temperature and short wave
radiation.
Measurements of the carbon dioxide exchange rates. The carbon
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dioxidecontentsofthein-and outgoingairoftheplantchambersweremeasured with an infra-red gas analyser. Both 35.5 1 chambers and 1.5 1 'sandwich'type chambers were used, Together with the environmental factors, leaf temperature and transpiration measurement were processed by a computer (LouWERSE and VAN OORSCHOT, 1969). In addition, the computer program was
extended as indicated in section 4.2 (p.20) to correct for delays due to the
volumeof theplant chambers at rapid variations of C0 2 exchange.

6.3. PRECONDITIONINGFACTORS
6.3.1. Introduction

Responsesofstomatato external factors can only be compared if important
preconditioning factors were equal for the different plants. The importance of
2preconditioning factors willbedealt within this section.
6.3.2. Duration of thepreceding dark period

The rate of stomatal opening in the light, as well as the degree of stomatal
opening are affected by the length of the preceding dark period. BRUN(1962),
MANSFIELDand HEATH(1963) and MANSFIELD(1963)found that the reactivity
of the stomata on the onset of light followed a daily rhythm after increasing
dark periods.The responsetime of stomatal opening in banana leaves,investigated by BRUN (1962), tended to increase as the length of the previous dark
period was extended. The higher the temperature during the dark period, the
more pronounced the increase was. The combination of a decreasing opening
activity ofthestomata inprolonged darkness witha diurnal rhythm was found
by most authorswhostudied diurnal rhythm indarkness (e.g. STALFELT,1963).
It was also mentioned in section 5.3 (p.45). ALVIM (1949) indicated, that in
bean plants therate and thedegreeof stomatal opening in light decreased with
the length of the previous dark period.
The effect of the length of the preceding dark period on stomatal opening
in light was investigated at equal phases of the diurnal cycle of 16hours light
and8hoursdarknessofthepretreatment.Attheonsetoflightafter 8hoursdark
periods and after 8+ 24hours dark periods the time lapses between the darklight transitions and maximal stomatal openings werecompared. At the beginning of 3 consecutive photoperiods the mean time lapses after the indicated
dark periodswere:
preceding dark period 32hr 8hr
32hr
time lapse in minutes 73.7 37.0
78.2
The environmental conditions during the lapse periods were: 25°C/14 mm
Hg/35,000ergcm -2 sec -, /10 - 30cmsec -1 .Thetimebetweendark-lighttransition
andmaximalstomatal opening wasabout doubled bythe longer dark periods.
No difference was found in the rate of the opening movement, and the
effect was confined to the period from the onset of light until the beginning
ofstomatalopening.
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Theonsetof light induced stomata to cycling in all the treatments presented
above.Inordertoascertain,whethertheinfluence ofthelengthofthepreceding
dark period on the rate of stomatalopening remained inthecourse of thelight
period, themean lengthsofthesecond periodsofcycling after the first stomatalopeningwerecompared.Thismeanlengthwas43 minutesafter the32hours
dark periods and 38minutes after the 8hours dark period, indicating that the
effect of a dark period, which was 24 hours longer than normal, had almost
disappeared after 1 hourinthelight.
6.3.3. Competitionbetweenleaveswithrelationtotheperiod
The free-running period of the primary leaves of plants, grown while the
trifoliates remained on the plant, was found by determining the period immediately after detachment of these trifoliates. The period increased when the
plants grewolder. Theincrease oftheperiod consisted mainlyof an increasein
the sub-period with relatively closed stomata. It was about 25% in 2 weeks,
following the stage ofjust completed extension of the primary leaves. At the
same time the primary leaves gradually yellowed.
The yellowing did not appear when the trifoliates had been removed, and it
was reversed when removal of the trifoliates was done at a later stage.One or
2days after removal of the trifoliates, the period in the primary leaves wasalwaysseentoreturn toshorter periods,approximately ofthelength aswhen the
trifoliateswerenotyetdeveloped.
6.3.4. Discussion
The effects ofprolonged dark periods and of thepresence of younger leaves
on the same plants have in common a reversible after-effect, consisting of
increased sub-periods with small stomatal openings. For the interpretation of
the effect of detaching the younger leaves the following literature data for
Phaseolus vulgaris arerelevant. WAREINGet al. (1968)showed an increased rate
of photosynthesis in the remaining leaves of partially defoliated plants. They
suggested that partial defoliation leadsto increased rate of photosynthesis due
to increased supply of cytokinins, produced by the roots, to the remaining
leaves.This,inturn,leadsto an increased enzymesynthesis including carboxylatingenzymes.MEIDNER(1969,1970)found increasedphotosynthesisandstomatal
opening upon defoliation of bean plants like WAREINGet al.did. The response
of the stomata appeared to coincide with the increase in the levelsof carboxylationenzymes.
In the present stomatal cycling the smaller periods - or rather the shorter
sub-periods of relatively closed stomata - could havebeen brought about bya
reduced competition for minerals, enzymes, and pro-enzymes from the roots.
Accordingto ALVIM(1949)and BRUN(1963)thedecliningstomatal reactivity
to lightafter longdark periodsmight becaused bystarvation.This explanation
is preferred for the declined reactivity found in the present experiments after
longer dark periods. Starvation might consist of a deficiency of a product of
photosynthesis, since the reduced reactivity disappeared rapidly in the light.
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6.4. LIGHT INTENSITY

6.4.1. Literature
KUIPER (1961) found that the stomatal opening in bean increased with increasing light intensity until the maximum was reached at 50,000 erg cm - 2
sec -1 . KANEMASU and TANNER (1969) found the stomatal diffusion resistance
of the lower leaf surface of bean to attain its maximum at approximately 30,000
erg cm - 2 sec - 1 , when the leaf was irradiated from above and at 7000 erg cm - 2
sec -1 when it was irradiated from below.
Some publications reported sensitivity of the stomata to extremely low or
moderately low light intensities as 30-40 erg cmr 2 sec _1 (VIRGIN 1956) or 1290
erg cm~2sec_1 (MANSFIELD and MEIDNER, 1966). The data of KANEMASU and
TANNER (1969) indicate an appreciable stomatal opening in the lower epidermis
upon irradiation from 400 to 800 erg cm _2 sec _1 .
6.4.2. Generalinfluence
Cycling continued or damped, when light intensity was increased in the
course of self-sustained stomatal cycling. When cycling damped, it often dampedjust as well after a new induction to cycling by a short dark period. In figure 30 an example of a damping cycling with increase in light intensity is
presented. The irradiation of a plant in a plant chamber was abruptly increased
from 38,000 to 115,000 erg cm _2 sec _1 during sustained cycling. The other
environmental factors remained unchanged.
The minimum of leaf diffusive conductance increased from a to c and was
followed by a decrease of the maximum from b to d, hence, primarily the
stomataclosed lessand subsequently opened lessthan atthelower light intensity.
The overshooting stomatal closure movement was counteracted at the
higher light intensity by an intensified opening trigger and/or by the lower carbon dioxide concentration in the leaf. The subsequent decrease in stomatal
opening (d) might result from a change in the course of events in the water
relations, suggested as follows. Since the stomata closed less in sub-period c,
the water stream into the root did not stagnate and the root resistance did not
increase as in the preceding periods according to section 4.5.2 (p. 34). Consequently a less serious water deficit developed in the leaf during the sub-period
c to d and the passive component in stomatal opening was diminished.
The figure shows that the rate of C 0 2 uptake increased markedly with the
increased light intensity. Thisconfirmed other experimental data on the influence of light intensity on C 0 2 uptake during cycling. For instance in 5cases the
change in the mean rate of C 0 2 uptake per unit change of irradiation was 70%,
57%, 120%, 108%and 90% of the mean change in the figure.
6.4.3. Influence on sustained cycling
The influence of light intensity on the period of sustained cycling was studied.
The mean value of 2or 3periods ineach light intensity immediately before and
after the change of the light intensity was measured and corrected for the
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Time of day

FIG. 30. Influence of increase in short wave radiation on cycling in leaf temperature, transpiration rate,calculated leafdiffusive conductance towatervapour,and rateofcarbon dioxide
uptake of a plant with 2 primary leaves. Plant chamber 1.5 1. Air temperature until 830
cycling with an amplitude of 0.7 times leaf temperature and with the same mean, after 830
cycling in average 1.0°C below leaf temperature; vapour pressure between 9.3 and 13.7
averaging 11.5mm Hg; wind speed approximately 100cm sec -1 .
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estimated change of the period duetothediurnalrhythm.Atirradiationintensitieshigherthan 16,000ergcm_2sec_Ithecorrection was derived from the daily
pattern in normal photoperiods as described in section 5.4 (p.47),whereas at
the intensities lower than 2100ergcm_2sec_1 themuch largercorrection coefficients, derived from the daily pattern of cycling in darkness, were used. A
correction was applied for the influence of temperature on the period (to be
dealtwithinsection 6.6.2onp.65),whenthemeanleaftemperaturewaschangedbythechanged lightintensity.Theexperimentsontheeffect oflightintensity
on sustained cyclingaredivided into 3groups;viz.short waveradiation above
35,000 erg cm~2sec_l on the upper side of the leaves, short wave radiation
from 34,000to 16,000ergcm_2sec-1 on theupper side of the leaves,and short
wave radiation lower than 2,100ergcm~2sec-1 on thelowersideoftheleaves.
Short wave radiation above 35,000 erg cm _2 sec _1 on the upper side
of the leaves
The changes of irradiation intensity mainly consisted of 20,000 or 40,000
erg cirr 2 sec -1 between 75,000 and 35,000 erg cm~2sec_1 (17 replications with
different plants),whereas a few increases up to 100,000ergcm_2sec_1 (3replications) and up to 200,000 erg cm_2sec_1 (2 replications) were performed.
Statistical analysis with the t-test did not yield a significant influence of irradiationintensityontheperiod ofcycling.
Short wave radiation from 34,000to 16,000erg cm~ 2 sec -1 on the upper
side of the leaves
The experiments consisted of 6replications with different plants, each replication comprising 3to 5plants. The mean period at 16,000ergcm~2sec_1 and
34,000 erg cm_2sec_1 was 51.8 min and 47.6 min respectively at an air temperature 21-23°C. The t-test indicated theinfluence to bemore than probably
significant, texceedingthe2.5%probabilitylevel.
The above results indicate that between 16,000 and 34,000 erg cm_2sec_l a
levelintheeffect ofirradiation intensityontheperiod wasreached abovewhich
irradiation intensity had no effect and under which the period increased with
decreasing irradiation intensity. At the lower irradiation intensities the compensation point was approached. At 7,000 erg cm-2sec_1 the rate of C0 2
uptake was2-3 filcm~2h_1 and could no longer be distinguished from zero in
some cases. The respiration rate in darkness was 1-2 n\ cm~2h_1 at 22°C.
Short wave radiation lower than 2,100 erg cm _2 sec _1 irradiated
on the lower side of the leaves
KANEMASU and TANNER (1969) found that irradiation from below the leaf
wasmore effective than irradiation from above. Theeffect of lowlight intensitieswasstudiedbystartingat2,100ergcm_2sec_l atabout 1100andprogressively decreasing the irradiation during 5 hours with the steps as in figure 31.
Theperiods and peak-to-trough differences havebeen corrected for changesof
the influence of the circadian rhythm using the course of the periods and
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peak-to-trough differences in continuous darkness (table 4, p.46). The effect
of irradiation intensity has presumably been attenuated by this correction,
because the increase of the period and the decrease of the peak-to-trough
difference in darkness were larger than in light. The effects of low light intensities on the period and peak-to-trough differences of sustained cycling are indicated in figure 31.
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120 - Rttativi p«ik-to-trough difftrtnct in V.
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Fio. 31. Periods and peak-to-trough differences of cycling leaf temperatures in different
irradiation intensities,expressed aspercentages of thevaluesat 2100-2110ergcm -2 sec -1 and
corrected for the circadian rhythm. Each curve represents the mean of one uniformly treated
group of 6 plants studied on one day. Temperature varied 0.1-0.2°C per day and from 25.3
to 29.0°Cbetween days.Vapour pressure9-12 mm Hg,wind speed 10-30cm sec -1 .
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The periods consistently increased with decreasing irradiation intensity,
which wasduetotheincreaseofthesub-period withminimal stomatal opening
(nottobeseeninthefigure).Atdecreasingirradiation intensitiesthe differences
between peaksand troughsofcyclingbecamesmallerwith oneexception.
Hence, when the irradiation intensity decreased from 2,200 to 200erg cm 2sec-1,therateofcyclingdecreased.Obviously,thelowertheradiation absorbed
by the leaf, the longer the accumulation time to induce stomata to open. Furthermore the peak-to-trough difference indicates that, once the stomata are
open,theleveloftheturgor oftheguard cells,lowenoughtoclosethe stomata,
was sooner reached at low light intensity. According to chapter 5,the opening
tendency by the endogenous circadian factor was at a high level during the
circadian sub-period when the investigations were made. Hence an important
part oftheturgoroftheguard cellswasduetothis factor.
6.4.4. Influenceofverylowlightintensity
Sensitivity of the stomata to very low light intensities during the period of
high effect of the circadian rhythm on stomatal opening was tested at 150erg
cirr 2 sec _i ontheupper sideoftheleavesand 50ergcm_2sec_1onthelowerside
of the leaves. Irradiation was performed by distantfluorescenttubes during 2
periods ofapproximately 2hours at daytime.The 3curvesinfigure32demonstratedifferent degreesofreaction ofthestomatal openingtolight.
Table5indicatesthefrequency ofthesetypesofreaction.
An opening reaction in the light wasmost frequent. This indicates, that this
irradiation intensityaffected stomatal opening.Often thestomata opened rhyth—i
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FIG. 32. Some examples of the influence of 2 periods of 150ergcm _2 sec _1 on the upper and
50erg cm _2 sec -1 on the lower side of the leaveson stomatal opening during the time of the
day that normally the light period with 35,000ergcnr 2 sec _1 was given (600to 2300). Curve
1: 18°C/5.7mm Hg/-/15-20cm sec -1 . Curves 2and 3:24°C/ 11mm Hg/-/15-20cmsec -1 .
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TABLE 5. Numbers of plants per type of reaction of stomatal opening on irradiation with150
ergcirr 2 sec _1 on the upper and 50ergcm~2sec_1 on the lowersideof the leaf during 2hours,
beginningat 1000and at 1500.22-24"C/9-12mm Hg/10-30cm sec -1 .
time

totals

1000-1200 1500-1700
number of plants
opening at 1500
opening at 1000
sum of opening by light
no reaction
opening indistinguishable from daily rhythm

24

29

53

21
7
1

16
14
30
13
10

12
9

mically in the dark as a consequence of the daily rhythm, so that an effect of
weak light could not be distinguished. This suggests that a large part of the
turgor increase of the stomata was due to the endogenous daily rhythm, even
so, thestomataclearlyreactedonthelight.
6.4.5. Influence of low lightintensity onentrainedcycling
In section 4.5.3 (p.35) it has been described how cycling with short freerunning periods was able to entrain the cycling in older leaves from larger
free-running periods to shorter onesbythewater potential.
Entrainmentwasstudied inthecase,whenadecreased lightintensitybrought
the free-running period of the entrained cycling further away from the period
oftheforcing cycling.Duringself-sustained cyclingoneof the2primaryleaves
was kept at a constant irradiation intensity (figure 33,curve 1), whereas irra-

13
U
Time of day
Fio. 33. Stomatal behaviourof2primaryleavesononeplant.Oneleaf(curve 1)wasirradiated
with constant intensity, whereas the intensities on the other leaf (curve 2) were gradually
decreased as indicated. 27°C/13.5 mm Hg/see figure/ 10-15cm sec -1 .
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diation on the twin leaf wasstepwise decreased from the original 39,000erg
cm_2sec_1 to 200 ergcm_2sec-1 ontheupper leaf surface (figure 33,curve2).
The period of the leaf during constant irradiation was increased dueto the
dailyrhythmasdealt within5.4(p.46).Theperiod oftheother leaf remained
equal to that ofthe fully irradiated leaf, in spite ofthe fact that the free-running period maybeassumed to haveincreased duetothedecreased light.The
amplitude, however, decreased. A whole cycle wassometimes omitted at200
erg cm_2sec-1, hence the period wasdoubled, together with a strong further
decreaseoftheamplitude.
The time lagbetween the onset of stomatal opening in theprimary leaf at
39,000ergcm -2 sec-1 andtheonsetintheotherprimaryleaf at lowlight intensitywasmeasured.Thelagtime, averaged over 4periods for 2plants,was 4.1
min at 1,320ergcm_2sec_1 and 8.3min at 200ergcm_2sec-1, indicating that
the lower the light intensity, the larger the delay of the onset of openingof
theshaded leaf compared withtheonset ofopeningofthefully irradiated leaf.
The response of the shaded leaf is interpreted as follows. As discussed in
section 4.3.2 (p.23)andsection 4.5.3(p.35)thecycling water potential ofthe
leaveslagged behind stomatal cycling,andchangesinthewater potential were
rapidlypropagated from oneleaftotheother.Adecreaseofthewater potential
in thefully irradiated leaf, when propagated totheshaded leaf, decreasedthe
turgor pressure in theepidermal cells of that leaf, and thus reduced thelevel
of the turgor pressure oftheguard cells, necessary to open thestomata.The
lower thelight intensity ontheshaded leaf,thelowertheturgor pressureinits
guard cells and therefore themore the water potential in the leaf had to fall
before thestomatacouldbeopened.Thisexplainswhyatdecreasingirradiation
the onset of stomatal opening lagged gradually more behind the onset of
stomatal opening of the fully irradiated leaf. The turgor of the guard cells
increasedsoslowlyat200ergcm_2sec_1thattheminimalpressureexertedbythe
surrounding cellswassometimesnotexceededandthecyclewasdoubled.
The sub-periods with minimal stomatal openings increased with decreasing
light intensity due to an increase of the time required for the guard cells to
overcomethepressure from thesurrounding epidermiscells.
6.4.6. Discussion
The influence of lowlight intensity ontheperiod and more specifically on
the sub-period of minimal stomatal opening suggests that the guard cells
accumulatetheeffect ofasmallimpulseoveralongtime,buildinguptheturgor
pressure gradually to a level where the stomata open. This build-up period
is identical to the 'Spannungsphase' of STALFELT (1927, 1956), who claimed
that a product rule could be applied to this build-up period: k = (i+x)
(t+y), in which / is light intensity, t the duration of irradiation required for
the onset ofthe opening movement, andk, x andy areconstants. STALFELT'S
experimental data did not conform to this rule, but he ascribed this tothe
variable initialcondition ofthe leavesinhisexperiments.The effect ofthelow
light intensity on the sub-periods with minimal stomatal apertures or onthe
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'Spannungsphase' obviously conformed an approximately similar rule. For
2 reasons the product rule is believed to be manifest in the present stomatal
behaviour contrary to STALFELT'S observations: (a) the same leaves returned
to and started each cycle at the same situation of water balance and stomatal
position, so an identical initial situation was reached at each cycle; (b) the
build-up period ('Spannungsphase') proved to be only sensitive to unusually
lowlightintensities.

6.5. CARBONDIOXIDE CONCENTRATION

6.5.1.Literature
Many investigators found that the stomatal opening in light was larger, the
lowertheC02-concentrationoftheair(FREUDENBERGER,1940;HEATHand RUSSELL1954; GAASTRA, 1959; KUIPER, 1961; PALLAS, 1965; HARRIS,1968).According to MEIDNER and MANSFIELD(1968)the stomata ofmost plants appeared
to beinsensitiveto reductionsinC02-concentration belowthe 100ppmlevel.
In darkness stomata weregenerallyfound to beclosed at 300ppm. Stomata
were open at low concentrations, provided however, that they had not closed
prior to thedecreaseinC02-concentration (LLOYD, 1908;MEIDNERand MANSFIELD,1968).
Stomata were reported to open at extremely high C02-concentrations in
light (PALLAS, 1965)and indarkness (LOUGUET, 1965).Therates ofresponseof
stomatal opening to changes of the COz-concentration and to changes of the
light intensity were of the same order of magnitude (GAASTRA, 1959; KUIPER,
1961). Stomata of Xanthiumpennsylvanicum immediately closed when the
C02-concentration was increased from 400 ppm to 1050 ppm for 5 minutes
(MANSFIELD, 1965a). In C02-free air a transfer from light todarknessinduced
a decreaseinstomatal apertureinitiall as rapid as in 300 ppm, but gradually
slowingdown (KUIPER, 1961; MEIDNERand MANSFIELD,1968). Atransfer from
darkness to light in C02-free air increased stomatal aperture (KUIPER, 1961),
asdid anincreaseofthelightintensity (HEATHand RUSSELL,1954).
APEL (1967) concluded that C02-concentrations from 200 to 500 ppm did
not affect sustained stomatal cycling in young seedlings of barley in light.
6.5.2. General influence
Myexperiments showed that arapid increaseoftheC02-concentration from
300 to 1000 ppm after some minutes induced a rapid decrease of stomatal
openinginlight.When stomatal openingwascycling,however,cyclingwasnot
altered significantly by a similar increase of the C02-concentration. Cycling
stopped with small stomatal opening only when still higher concentrations
were applied. A rapid decrease of the C02-concentration from 300 to 0 ppm
causedanincreaseofstomatalopening,wheninitiallythestomatalopeningwas
constant.
When in the course of cycling the C02-concentration wasdecreased, cycling
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damped in some exceptional cases with approximately doubled periods; in
most cases, however, cycling continued.
In C02-free air in light as well as in darkness the C02-output ranged from
plant to plant from 4 to 20 (i\cm _2 h -1 . During stomatal cycling in C02-free
air the rate of C02-output did not cycle measurably.
6.5.3. Influence ontheperiodofsustainedcycling
The effect of decreasing C0 2 on sustained cycling is presented in figure 34.
The increase in the period was due to the extension of the sub-period with
minimal opening. The amplitude was not affected. The period also increased
to a relatively small extent in time by the daily rhythm. This effect, however,
wasalwaysmuch smaller than the increase of theperiod upon a change of the
C02-concentration.

11
12
Time of day

FIG. 34. Influence of decreasing the carbon dioxide concentration of the air from 300 to 0
ppm on stomatal cycling. 27.2-27.4°C/10.0-10.4 mm Hg/70,000 erg cm-2sec-1/50 cm sec - '.

Infigure35the influence ofvariation of the C02-concentration from 300to
200and 0ppm duringsustained cyclingon theperiod ispresented.Theperiods
weresmallerat 300ppmthan at200ppmandsmallerat200ppmthanat0ppm.
Opposite and therefore consistent results were obtained, when the C02-concentration wasincreased from 0to 300ppm.
6.5.4. Discussion
In literature stomatal openinghasbeenreported to bestimulated bydecreasing C02-concentration and the present results seem to contradict these earlier
findings.My experimental results, however, supply the new information, that
the build-up period ('Spannungsphase') is increased by decreasing C0 2 concentration. Therefore it is not justified to accept without reservations the
effect ofdecreasing C02-concentration to stimulatestomatal opening.
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FIG. 35. Influence of carbon dioxide concentration on the periods of stomatal cycling of 6
plants,represented by6different symbols.Environmental factorsconstant duringeachexperiment with one plant (equal symbols), but different for different plants: 23-27°C/6-10 mm
Hg/33,000-90,000ergcm-2sec-V60-l00 cm sec -1 .

6.6. TEMPERATURE

6.6.1.Literature
Reports on theeffect oftemperatureon stomatalopeninghavebeencontradictory. Severalauthorsfound no significant effect of temperature. It hasbeen
demonstrated that the reaction of the stomatal mechanism to temperature
changes is obscured by accompanying active and passive reactions of the
stomatato changesinthewaterbalanceoftheleaf (STALFELT, 1962),andreactions of the stomata to changesin the internal C02-concentration, called forth
by this temperature change (MEIDNER and MANSFIELD, 1968). The effect of
temperature may be distinguished in effects on the rate of opening and on the
final steady opening. MEIDNER and HEATH (1959) found a Qi0-value of 2.2
for the rate of stomatal opening in onion. When the accumulation of C0 2 in
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the leaf was prevented by sweeping the leaf cavity with normal air, the rate of
opening and the final opening increased with increasing temperature. STALFELT
(1962) found in Viciafaba leaves, well supplied with water, that the degreeof
stomatal opening was practically proportional to temperature in light as well
as in C0 2 -free air in darkness. HOFSTRA and HESKETH (1969) concluded that
thetemperature responseofthestomata ofseveral species appeared to be correlated with the response of photosynthesis to temperature. RASCHKE (1970b)
found that between 15° and 35°C the stomatal conductance in maize leaves
was proportional to the net rate of photosynthesis. He concluded that this
was an indication that the stomatal opening was controlled by the C0 2 -concentration. Above 35°C stomatal opening in maize increased with temperature,
irrespective of the high internal C0 2 -concentration. The increase of stomatal
opening at very high temperatures was also found by EL-SHARKAWY and HESKETH (1964), while net photosynthesis had fallen to zero. A temperature increase from 27°C to 36°C without removing C 0 2 from the leaf induced stomatal opening in darkness in Xanthium pennsylvanicum (MANSFIELD, 1965b).
This reaction only occurred during the phase of the diurnal rhythm, at which
the stomata tended to open. In this experiment the stomata still responded
to C0 2 -concentration. DARWIN (1898) and MANSFIELD (1965b) reported that
high temperature delayed the rate of nocturnal closure.
6.6.2. In light
••' ••;
The leaf temperature in light was varied by increasing the air temperature
from 17°C to 29°C in one experiment and from 15.5°C to 31.3°C in another
in 5 intermediate steps. The vapour pressure, which was not controlled, increased from 8.4 mm Hg at the minimum temperature to 10.7 mm Hg at the
maximum temperature. The vapour pressure gradient between the leaf interior
and the external air, determined from leaf temperature and air humidity measurements, increased from 6.5 to 18.3 mm Hg. During the temperature transitions light was switched off for half an hour. At each new temperature level
the stomata were induced to cycling by the onset of light. This was necessary
because cycling in several plants was interrupted and stopped by the rapid
air temperature increase. The mean period of cycling was determined over the
whole time of 2 - 4 hours, during which the temperature period lasted. The
temperatures 17°C up to 22.5°C were given from 1200 to 2300 on onedayand
25°C up to 29°C from 1100to 1800on the next day. In the data presented no
correction has been made for the effect of the daily rhythm, which especially
from 1900 to 2300 maximally increased the periods. In figure 36 the mean
period per plant as affected by temperature is presented.
From 17°C to 20°C the period decreased strongly and a temperature coefficient (Qio) of 3to 4 was measured. As temperature increased further, the Q 1 0 value in general decreased. Figure 37 indicates how sub-periods with minimal
stomatal openings and sub-periods with open stomata during the rest of the
period wereinfluenced by temperature.
Sub-periods with closed stomata were more sensitive to temperature than
Meded. Landbouwhogeschool Wageningen71-3 (1971)
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FIG. 36. Influenceofairtemperatureontheperiods(ordinateinlogscale)ofstomatalcycling
of6plants,designatedbydifferent symbols.Intheinsertionthesteepnessesofthelinesindicate
Qio-values,applicabletothecurvesofthepresentfigure.Airvapourpressureincreased from
8.4 to 10.7with increasing temperature. Short wave radiation 35,000ergcm-Jsec-'. Wind
speed10-30cmsec-1.

sub-periods with open stomata. The irregularity in the closed stomata curve
at 22.5°C is ascribed to the daily rhythm, because its influence is mainly apparent during the sub-periods with closed stomata (chapter 5, p.47).
The first stage of the opening movement and the second half of the closing
movement were decreased by increasing temperature during the sub-period
with open stomata. The timeof maximal opening and the first half of the closing
movement were only influenced to a small degree.
Obviously, the difference from peak to trough in leaf temperature during
cycling was greatly affected by the combined increase of air temperature and
vapour pressure deficit. The mean difference amounted from 0.9°C in 17CC to
2.5°Cin 25°C.The peak-to-trough differences in leaf temperature were divided
by the mean vapour pressure difference between leaf and air during the subperiods with open stomata. These data indicated that from 17° to 22.5°C the
amplitudes in stomatal opening had increased, but no further increase was
observed at higher temperatures.
According to section 4.4.1 (p. 25), no effect of vapour pressure on the period
was found, but only an effect on the amplitudes of stomatal opening. This
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FIG. 37. Influence of air temperature on the sub-periods with open and closed stomata,
presented as the mean of 4 equally treated plants for which figure 36 illustrates the total
period-temperature relation. In the insertion the steepnesses of the lines indicate Ql0-values,
applicable to the curves of the present figure. Air vapour pressure increased from 8.4 to 10.7
mm Hg with increasing temperature. Short wave radiation 35,000ergcm -2 sec _1 . Wind speed
10-30cmsec _1 .

suggeststhat only temperature and not vapour pressure deficit had affected the
periods.
In section 4.5.4(p.36)theeffect ofanincreaseoftheroot temperature onthe
intensity of cycling was described. Apart from a temporary shock effect of a
temperaturedecrease,theamplitudesand not theperiodsappeared to be affected by changing the root temperature. The influence of temperature on cycling
in isolated leaves wasstudied to exclude possible changes in the water balance
oftheleaf,caused byachanged root resistance.Theaveraged periodof3leaves
in35,000ergcm^sec -1 at 17.5°Cand26.0°Cwere83.4and45.6minrespectivelyat airvapour pressures of 8and 9mm Hgrespectively. Hence,anincreaseof
temperaturealsostronglydecreasedtheperiodinisolatedleaves.Thesensitivity
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of the root resistance did not seem to play an important role in the reaction
oftheperiodtotemperature.
The period was equally affected by temperature in normal air as in C0 2 free air in light when the temperature was raised from 22° to 29°C. No increase in the rate of C02-output could be detected during cycling in COafree air as a response to this increase of temperature.
In conclusion, the period of stomatal cycling and specially the sub-period
with minimal stomatal opening was strongly affected by temperature in the
light. The water balance of the leaf did not appear to be primarily involved.
6.6.3. Hightemperature in darkness
When thelight wasturned off at ahigh leaf temperature, thestomata started
closing, which movement soon reversed into an opening movement and was
followed by cycling (figure 38).Attention is drawn to the relation between the
course of the transpiration rate and of the C02-exchange rate in figure 38.

FIG. 38. Transpiration rateand carbon dioxideuptakeand output rateinhighair temperature
in light and darkness, presenting stomatal cycling in high temperature in darkness. Leaf temperature 34-35°C.35.2-36.5°C/12-16mm Hg/100,000ergcm- 2 sec-750-60cm sec"1.
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TherateofC02-output dropped inadvanceofadecreaseintranspiration rate,
especially during the last period in thisfigure.Hence, the rate of C02-output
wascontrolled byanother factor besides the stomatal diffusion resistance.The
maximum rate of C02-output in 35°was 80fAcm -2 h _I .
Another experiment showed the sensitivity of the stomatal opening to increased temperature in darkness.Theupper sideof theleaf wasirradiated with
long wave infrared radiation, as described in section 6.2 (p.52). During the
daytimeofthecircadian rhythm at about 21°C,leaftemperature wasincreased
from 21°Cto 24°C by the irradiation panel. Stomatal opening cycled in most
plantswithameanperiod of82minutesand a mean peak-to-trough difference
of 1.5°Conlyduringthetimewithincreased leaftemperature.Stomatal cycling
stopped and leaf temperature returned to thesteady levelof0.1to0.2°Cbelow
theairtemperature,assoon astheheat sourcewasturned off.
Accordingtofigure38itissupposed thatC02-concentrationinthesubstomatalcavitieswasvery highwhenstomata opened.Theenhanced temperature has
stimulated the increase of turgor of the guard cellsand it may have decreased
the turgor of theadjacent epidermal cellsbyincreasing thecuticular transpiration. The degree of turgor of the guard cells, required to open the stomata,
might therefore have been decreased by temperature. It has been concluded,
however, from the analysis of the water relations of cycling that especially
thosecellscausingpassivestomatalmovementsshowed alowresistancecontact
with the roots. Infigure38the reversal of the stomatal closingmovement into
an opening movement occurred at a time that the root resistance to water
transport may be assumed not to have decreased yet by a lasting low water
transport through the roots (p.34). It is concluded therefore, that cycling at
increased temperature in darkness was caused by enhancement of the passive
as well as the active stomatal opening component.
6.6.4. Discussion
Apart from the influence on the water balance of the leaf, increasing leaf
temperature decreased the sub-period with minimal stomatal opening, hence,
the build-up period ('Spannungsphase'). Because increasing the C02-concentration in the light decreased these periods, the separate effects of C0 2 and
temperature cannot be distinguished for several temperature light intensity
combinations.From 17° to approximately 25°Cin light, however, net photosynthesis wasstimulated byincreasingthetemperature,whereasathighertemperaturesitwasdecreased.Itisconcludedthattemperatureexertsaninfluenceindependent ofC02-concentration,becausetheeffect oftemperatureincreaseonthe
build-up period wasthe same when C02-concentrationincreasedor decreased.
Literaturereportsontheeffect oftemperatureonstomatalopening(mentionedin6.6.1p.64)cannotbedirectlyrelatedtotheeffects describedinthepresent
report, becausetheeffect oftemperatureonthebuild-upperiod wasnotinvestigated earlier. The Q10-valuesfor the build-up period during cycling of 3to 4
are much larger than the Q,0-values observed for stomatal opening of 2.2
(MEIDNERand HEATH, 1959), 1.5 (STALFELT, 1962)and 1.8 (RASCHKE,1970b).
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6.7. DISCUSSION ON THE GUARD CELL MECHANISM

The effects of environmental factors on stomata are so clearly demonstrated
by the unstable stomata, because the onset of an opening movement is followed
by synchronous overshoots. Mainly the sub-period with minimal stomatal
opening was affected. This sub-period was called build-up period and according
to STALFELT (1956) 'Spannungsphase' (see p. 61). The length of the build-up
period is determined by the time required for the guard cells to increase their
turgor enough to open the pore. An external factor may influence the length
of the build-up period by changing the turgor of the guard cells, but also by
changing the turgor of the surrounding cells. The environmental factor may
directly affect the osmotic pressure of the guard cells and/or that of the surrounding cells. The osmotic pressure in the guard cells may increase due to the
production of osmotically active material inside them. Several authors admitted
that starch-sugar conversion might contribute to variationof the turgor of the
guard cells, but that it acted more or less as a stabilizer in addition to other
mechanisms (STALFELT, 1956; FUJINO, 1967; FISCHER, 1968a, b ; MEIDNER and
MANSFIELD, 1968). Solutes may be absorbed from the surrounding cells and
water may follow passively. Evidence is rapidly growing that the osmotic
pressure of the guard cells is enhanced by potassium ions being actively transported into the guard cellsin amounts sufficient to raise the turgor so much that
the stomata open (IMAMURA, 1943; FUJINO, 1967; FISCHER, 1968a, b; FISCHER
and HSIAO, 1968; HUMBLE and HSIAO, 1969; SAWHNEY and ZELITCH, 1969;
WILLMER and MANSFIELD, 1970). In the latter case the turgor of the guard cells

might increase at the expense of the adjacent cells and accelerate the onset
of stomatal opening.
Light appeared to limit the length of the sub-period with minimal stomatal
opening at irradiation intensities lower than 2000 erg cm _ 2 sec - 1 on the lower
side of the leaf. At the intensities in the range from 150to 2000 erg cm" 2 sec -1
the C0 2 -content of the stomata isnot supposed to beaffected by photosynthesis
of the guard cellsor the mesophyll. Light isreported to stimulate active potassium uptake bycorn leaf tissue at intensities below 1100lux (RAINS, 1968). Apart
from the potassium pump theory evidence has been accumulating that ATP,
produced in the light by photophosphorylation of the guard cell chloroplasts,
provides the energy needed for an increase of turgor (ZELITCH, 1969;
KUIPER, 1961, 1964; FUJINO, 1967). The experimental results of FUJINO
(1967) suggested, that ATP is involved in the active uptake of potassium into
guard cells in epidermal strips of Commelina communis, both in light and in
darkness. RAINS (1968) presented evidence that the transport mechanism for
absorption of potassium is the same in the light as in the dak, the energy for
uptake inthe light comingpartly from ATP produced by photophosphorylation
and in darkness from oxidative phosphorylation.
My data on the sensitivity of stomatal opening to weak light in combination
with these literature reports on the sensitivity to weak light of ion pumps,
requiring ATP, support the hypothesis that weak light may increase the turgor
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pressure oftheguard cellsbyincreasing ATP requiring active uptake of potassium ions.
The conclusion of RAINS (1968) that ATP from respiration would supply
the energy for the potassium pump in corn leaves would enable such a pump
to increase the turgor of the guard cells with respiratory energy, as proposed
byFuJiNo(1967).
The opening in darkness and the high Q 10 -value in light and darkness of the
build-up period of stomatal opening as presented, support the view of FUJINO
(1967) that stomatal opening is largely dependent on ATP produced by respiration. A possibly important role of respiration has also beenstressed by some
of the investigators who noted numerous mitochondria in guard cells (PALLAS,
1966; THOMSON and D E JOURNETT, 1970).
The decrease of the build-up period with an increase of temperature was
accompanied bydecreased temperature coefficients. Several factors might have
been involved. The permeability of the guard cell membranes to water might
have been limiting in a part of or in the total temperature range investigated.
In both cases the Q 10 -value may change with temperature according to WARTIOVAARA (1956). Another possibility might be that the Q 10 -value of the net
result of active ion absorption and passive ion loss by the guard cells changed
with temperature (WARTIOVAARA, 1956).
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7. CONCLUSIVE REMARKS

Whichfactors determined the instability of the stomatal system?
It appeared that several factors played a part in causing instability of the
stomatal apparatus:
a. Resistance to water transport in the water transport pathway. In intact
plants the most important resistance was located in the roots.
b. Delay in effective adaptation of the turgor of the guard cells to changes of a
factor they control.
c. Susceptibility of the stomata of passive movements.
d. Rapid propagation of water potential in the pathway from root to the
epidermisand between different leaves.
e. Position and shape of the leaves such that environmental conditions,
especially light, were uniform for the whole leaf area of one plant.
f. The level of stimulation to stomatal opening by e.g. light intensity, circadian
rhythm.
When a large vapour pressure gradient existed between leaf and air and when
the water potential in the root medium was high, the factors a, b and c caused
and stimulated overshooting of the opening movement, whereas, the factors
d and e caused synchronization over the whole plant. Increase of the level of
stimulation of the opening movement (f) either increased or decreased instability.
Whichpart(s) of the circuit of the stomatal control system causes the delay in the
adaptation of the turgor of the guard cells in response to changes of controlled
factor (s)?
It is difficult to answer this obvious question satisfactorily as long as the
action mechanism of the guard cells is unrevealed (MEIDNER and MANSFIELD,
1968; ZELITCH, 1969). The main controlled factor involved in the present
cycling seems to be the water status of the plant as described in 4.6 (p.39).
The delay in thefeedback circuit for thecontrol of the plant water status may be
caused by: (a) a dc-lavof the informational water potential inentering the guard
cell from the surrounding epidermal cells; (b) a delay in one or more of the
steps of the active change of turgor of the guard cells in response to the information.
Whichenvironmental conditionsfavour stomatal cycling?
Intact plants with flat leaves on petioles, the laminae not overlapping each
other at short distances, may be expected to be suscetible of synchronized
stomatal cycling in dry air. Cotton, Helianthus and Phaseolus vulgaris plants,
of which the present type of cycling is most frequently described, conform to
these features. Cycling could also be induced in Xanthium and Viciafaba. When
the stomatal system is unstable, small rapid changes in the environment as in
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wind and irradiation induce cycling, but also disturb it. A specially favourable
situation for induction to cycling proved to be irrigation of the plants after a
period ofmoderate water stress.It seemsprobable that stomatal cyclingoccurs
in the field and in the glasshouse at low air humidity in the type of plants
indicated above,standingisolated orinacropwithout mutual shadingbetween
plants.Uniform plantsmaybeexpected to haveapproximately similar periods.
Thephasesofcycling indifferent plants at short distance will bethesameonly
inthecourseofafewperiodsafter acommonabruptinduction.Inclimaterooms
the abrupt onset of irradiation induces optimally to cycling. When the above
described conditions are fulfilled (as in the present study) in climate rooms
stomatalcyclingmaynotberare.
What isthe effect ofstomatalcycling onlong termplant behaviour?
It has to be borne in mind that thepresent stomatalcyclingisafailureofthe
stomatal controlsystem.
Incasetheamplitudesofstomatalcyclingarelarge,cyclingprobablydecreases mean net rate of photosynthesis. During the sub-periods with minimal
stomatal openingtherate of C0 2 assimilation bythechloroplastswilldecrease
due to a decreased concentration gradient from chloroplasts to the substomatal cavity. During the sub-period with large stomatal opening, hence
low stomatal diffusion resistance, the relative contribution of the boundary
layer resistance and the mesophyll resistance for COa transport to the total
diffusion resistanceincreases.
At stomatal cycling in dry air the plant water content may cycleso severely
that ateachcyclewiltingoccurs.Notonlyfor thephotosyntheticcapacityof the
protoplast but also for other plant activities short periodic wilting may be
disadvantageous. The question in which respect the effect of short periodic
water deficiency onphysiological activity differs from longterm constant stress
cannot beanswered without further study.
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SUMMARY

Ananalytical studyofthecyclicstomatal behaviourinleavesofbean, Phaseolusvulgaris L. 'Vroege Wagenaar', wasmade in order toexplorethecycling,
to study different aspects ofplant water relationsandoftheaction mechanism
of the stomata. Ageneral method ofinvestigation wasrecording ofthe difference oftemperature ofleaf and airwith thermocouples inaconstant environment.
Introductory observations
Plants grown at lowlight intensity showed a higher tendency to sustained
cycling (higher instability of the stomatal apparatus) than those grown at
higher light intensity. Atthehigher light intensity non-aeration ofthe nutrient
solution increased thetendencytocyclingwithamorethan additiveeffect. Itis
suggested that the lower capacity to take up water of non-aerated rootswas
involved in thehigher tendency to cycling. Cycling over thewhole plantwas
frequently disturbed bybringing cycling ofapart ofthe active stomata outof
phase.Cyclingwasinduced bychangingabruptlyanyfactor thataffected stomatal opening, byentrainment with cycling airvapour pressure, by entrainment
withcyclingplantwaterpotential,andapparently spontaneously.
Younger leaves showed shorter free-running periods than older ones. When
both were attached onthesame plant, cycling intheyounger leaves entrained
cyclingintheolderones.
Water relations ofcycling
Amplitudesofcyclingincreased bydecreasingairhumidityand byincreasing
the water potential intheroot medium.Atime delay intheadjustment ofthe
turgor oftheguard cellstotheplant waterpotentialisassignedtobethecause
of overshooting ofthe active stomatal movement andasto bethefactor amplifying both passive opening and closing movement. Cycling only occurred
when animportant resistance towater uptake waspresent inthetranspiration
stream. In intact plants this resistance was located in the roots. The water
potential cycled in the whole plant down to this resistance, synchronizing
cycling in the whole plant. During each cycle the root resistance increased
during the sub-period with lowrates of water uptake and decreased delayed
at subsequently decreasing plant water potential. Dueto thefact that the fall
of root resistance wasenhanced byincreasing root temperature, both cycling
of stomatal opening andcyclingofroot resistance were intensified.
A diagrammatic conceptual model ispresented, showingthepathway ofthe
transpiration stream,ofthetransfer ofwaterwithintheleaf,andofthestomatal
control system of the water balance of theleaf. A negative feedback control
circuitinitindicateshowactivestomatal movementsfunction, whileapositive
feedback circuitshowshowpassivestomatalmovementsfunction duringcycling.
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Circadian rhythm insteady andcyclingstomatalopenings
Incontinuous lighta circadian rhythm innon-cycling stomatal openingwas
found, which phase could be caused to shift. Cycling was most intense at the
timethat in similarly treated plants the maximumwasattained inthecircadian
rhythmintheopeninginnon-cyclingstomataand leastintensehalf a circadian
period later. In continuous darknessduring thefirstdayafter thelast photoperiod, stomata opened in a cyclicway with a daily pattern in the amplitudes as
well as in the number of cycles. During photoperiods of 17 hours the noncycling stomatal opening in leaves, attached to plants with and without root
systems, as well as in isolated leaves followed a daily pattern. During these
photoperiods themodulation ofamplitudes and periods showed the samedaily
pattern as during the circadian rhythm in continuous light. During the daily
dark periods stomata remained closed. A daily pattern was observed in the
onset of stomatal opening after short dark periods in the course of the daily
photoperiod.Thedatasuggestthatoneendogenouscircadian oscillator, situated
intheleaves,caused thecircadian rhythm innon-cycling stomatal openingand
modulated stomatal cycling in continuous light, continuous darkness and
during the daily photoperiods.
Environmentaleffects oncycling stomata
The time between the onset of light and the beginning of stomatal opening
increased with increasing length of the preceding dark period at equal phases
of the circadian rhythm. After 1hour in the light the effect of the preceding
darkperiod hadalmostdisappeared. After removalofthetrifoliates theperiods
in the primary leaves gradually shortened in the course of some days. It is
suggested that this increased activity was caused by a reduced competition for
minerals,enzymesandproenzymesfrom theroot.
Cycling was frequently damped by increasing the irradiation intensity.
Irradiation intensity beyond 34,000 erg cm_2sec-1 affected the rate of C0 2
exchange, but not the period or amplitude of sustained cycling. When the
irradiation intensity on the lower surface of the leaf during the diurnal photoperiod was decreased from 2100to 800erg cm_2sec_1, cycling continued. The
amplitude decreased and theperiod increased,mainlyduetotheincreaseofthe
sub-period with minimal stomatal opening. During the photoperiod 150 erg
cm~2sec-1 on the upper surface of the leaf induced overshooting stomatal
opening. The sub-period with minimal stomatal opening, being similar to
STALFELT'S 'Spannungsphase' (build-up period), increased at decreasing irradiationintensityduetoanincreaseintimerequiredfor theguardcellstoexceed
the counterpressure from the surrounding cells, hence, the product rule of
STALFELTappliedhere.
The build-up period of stomatal opening increased by decreasing the C 0 2 concentration of the air from 300to 200to 0ppm.
Enhancing the temperature in light decreased the period. This effect was
clearly distinguished from the effect of increasing vapour pressure gradient.
The Q 10 of decrease fell gradually from approximately 4 between 17° and
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20°Ctoapproximately 1.5between25°and29°C.The sub-period with minimal
stomatal opening was mainly affected. In light the same effect of temperature
on cycling wasfound in C02-free air asin normal air and the same on cycling
in detached leaves as in attached leaves. A temperature increase in darkness
induced stomatal cycling; this was assigned for the major part to the stimulation of the active opening component. Temperature is concluded to exert an
influence independent of the effect of C02-concentration and of the water
balance.
Theeffects oflightandtemperatureoncyclingsupporttheexistinghypothesis
for anactiveATPusingpotassium pumpasamechanism for stomatal opening.
Conclusive remarks
Severalinternalplant factors playapart incausinginstability ofthe stomatal
apparatus, but also the habit of the plant. Cycling must be expected to occur
in the field and in the glasshouse, especially at lowairhumidity,when these
factors favour instability. Severe stomatalcyclingissuggestedtodecreasemean
assimilationrate.
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SAMENVATTING

RITMEN IN DE OPENING VAN DE HUIDMONDJES BIJ DE BOON

Oscillaties van de stomata van bladeren van boon, Phaseolus vulgaris L.cv.
'Vroege Wagenaar', zijn onderzocht met de bedoeling waarnemingen te doen
aanhetoscillatiegedrag,hetbestuderenvanverschillendeaspectenvandewaterhuishouding in verband ermee en van het werkingsmechanisme van de huidmondjes. Als algemene methode van waarneming werd in constant milieu het
temperatuurverschil tussen blad en lucht gemeten met thermokoppels en geregistreerd.
Inleidende waarnemingen
In lage lichtintensiteit opgekweekte planten vertoonden een sterke neiging
tot continue oscillatie (sterkere instabiliteit van het stomata-apparaat) dan in
hogere lichtintensiteit opgekweekte planten. Niet aereren van de voedingsoplossing tijdens de opkweek in hoge lichtintensiteit verhoogde de neiging tot
oscillatiemeerdan additief.Waarschijnlijk komt desterke neigingtot oscillatie
voort uit het lagere vermogen van niet geaereerde wortels om water op te nemen. De oscillatie over deheleplant werd dikwijls verstoord door de oscillatie
van een deelvan deactievestomata uit degemeenschappelijke fase te brengen.
De oscillatie was te induceren door een factor, die de stomata-opening bei'nvloedt, abrupt te wijzigen, door een meesleepeffect van een oscillerende waterdampspanning in delucht, door een meesleepeffect van een oscillerende waterpotentiaalvandeplant,enschijnbaar spontaan.
Jonge bladeren vertoonden kortere eigen perioden dan oudere. Als beide
aan dezelfde plant zaten, werd de oscillatie in oudere bladeren meegesleept
tot dezelfde periode (entrainment) door de oscillatie in de jongere bladeren.
Waterhuishouding van de oscillatie
De amplituden werden groter door de luchtvochtigheid te verlagen en door
dewaterpotentiaal vanhetwortelmedium teverhogen. Eentijdsvertraging inde
aanpassingvandeturgor van desluitcellen aan dewaterpotentiaal vandeplant
wordt geacht er de oorzaak van te zijn dat de actieve beweging van de huidmondjes aan zijn doel voorbijschoot (overshoot) en defactor te zijn,diezowel
depassieve opening als de passieve sluitbewegingversterkte. De oscillatie trad
alleen op als erin de transpiratiestroom een belangrijke weerstand bestond. In
intacte planten lagdezein dewortels. Dewaterpotentiaal oscilleerde in dehele
plant tot aan deze weerstand en synchroniseerde daarmee de oscillatie in de
hele plant. In de loop van elke oscillatie steeg de wortelweerstand tijdens de
subperiode met een lage snelheid van wateropname en daalde vertraagd bij de
eropvolgendelagerwordendewaterpotentiaal vandeplant.Doordatdeafname
van dewortelweerstand versterkt werddoor deworteltemperatuur teverhogen,
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werden hierdoor zowel de oscillatie van de stomata-opening als die van de
wortelweerstandge'intensiveerd.
Een schematisch principemodel is opgesteld voor de loop van de transpiratiestroom, voor het watertransport in het blad en voor het stomataire regelsysteemvandewaterbalansvan het blad. In het model geeft een regelcircuit met
negatieve terugkoppeling dewerkingweervan actievebewegingen eneenregelcircuit met positieve terugkoppeling de werking van passieve bewegingen van
dehuidmondjes tijdensdeoscillatie.
Dagritme indenietendeweloscillerende opening van dehuidmondjes.
In continu licht bestond een dagritme met perioden niet geheel gelijk aan
24 uur (circadiaan ritme) in niet oscillerende openingen van stomata. De fase
van dit ritme kon verschoven worden. De oscillatie was het hevigst gedurende
de tijd, dat in identiek behandelde planten het maximum bereikt werd van het
circadiane ritme in de opening van niet oscillerende huidmondjes. Een halve
dag later wasde oscillatie het zwakst. In de loop van de eerste dag in continu
donker traden oscillerende stomata-openingen op, waarvan zowel de amplituden als het aantal optredende oscillaties een dagpatroon vertoonden. Tijdens
fotoperioden van 17 uurverliepdeniet-oscillerendeopeningvan de huidmondjesvanbladeren aan planten metenzonderwortelvolgenseendagpatroon. Dit
dagpatroon bestond uitmodulatievan deamplituden endeperioden gelijk aan
die tijdens het circadiane ritme in continu licht. Ook kwam een dagpatroon
tot uiting in deinzet van destomata-opening na herhaalde korte donkerperioden in de loop van een dagelijkse fotoperiode. Deze gegevenswijzen erop, dat
een en dezelfde endogene circadiane oscillator in het blad het circadiane ritme
veroorzaakte in de opening van niet oscillerende huidmondjes en de oscillaties
volgenseen dagpatroon moduleerde in continu licht, continu donker en tijdens
dedagelijkse fotoperioden.
Invloed van milieufactoren oposcillerendehuidmondjes
De tijd tussen het aangaan van het licht en het inzetten van de opening van
huidmondjes bijdezelfde fasevan hetdagritmewaslanger naeenlangereeraan
voorafgaande donkerperiode. Na een uur in licht wasdeinvloed van delengte
van devoorafgaande donkerperiode vrijwel verdwenen.
Na het wegnemen van de drietallige bladeren werden in de loop van enkele
dagen deperioden in deprimaire bladeren geleidelijk korter. Dezestijging van
deactiviteitvan dehuidmondjes werdwellichtveroorzaakt door eenvermindering van concurrentie om mineralen, enzymen en pro-enzymen vanuit de wortels.
De oscillatie dempte dikwijls door de stralingsintensiteit te vergroten. Bestralingsintensiteiten hoger dan 34.000 ergcm~2sec_1bei'nvloeddendesnelheid
van C02-uitwisseling, maar niet de periode of de amplitude van continue
oscillatie. Bijverlagingvan debestralingsintensiteit op het onderoppervlak van
het blad tijdens de dagelijkse fotoperioden van 2100 tot 800 erg cm_2sec_1
gingde oscillatie verder. De amplituden werden kleiner en de perioden groter.
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Dit laatste hoofdzakelijk, omdat desubperiode met minimalestomata-opening
langer werd. Een intensiteit van 150erg cm~2sec_1 op het bovenoppervlak van
het blad, toegediend tijdens defotoperiode, induceerde opening met degebruikelijke overshoot van de stomata. De subperioden met minimale stomataopening, soortgelijk aan de 'Spannungsphase' van STALFELT(opbouwperiode),
werden groter bij lager wordende lichtintensiteit alsgevolgvan verlenging van
de tijd, die de sluitcellen nodig hadden om de tegendruk van de omringende
cellen te overwinnen. Voor deze opbouwperiode ging dus de z.g. productregel
van STALFELT op.

Deopbouwperiode van deopeningsactie van destomata werdverlengd door
deC02-concentratievandeluchtvan300naar200ennaar0dpmteverlagen.
Temperatuurverhoging in licht veroorzaakte verkleining van de periode.
Deinvloed vandetemperatuurwasinditopzichtduidelijk teonderscheidenvan
de invloed van verlaging van de dampspanning van de lucht.Detemperatuurcoefficient van deverkleining van de periode daalde van ongeveer 4tussen 17°
en 20°C tot ongeveer 1,5 tussen 25° en 29°C. Hoofdzakelijk de subperiode
met minimale opening van de huidmondjes werd door de temperatuur bei'nvloed. In licht had de temperatuur dezelfde invloed op de oscillatie in C0 2 vrije luchtalsinnormaleluchtendezelfde invloed opdeoscillatiein afgesneden
bladeren als in bladeren aan de plant. Een temperatuursstijging in donker
induceerde oscillatie van de huidmondjes. Dit werd grotendeels toegeschreven
aan de stimulering van de actieve openingscomponent. De temperatuur oefent
een invloed uit onafhankelijk van de invloed van de C02-concentratie en van
dewaterbalans.
Deinvloedenvantemperatuur enlicht opdeoscillatiebevestigen debestaande hypothese, dat een actieve, ATP-energie verbruikende kaliumionenpomp
hetactiemechanismeisvoordeopeningsbewegingvande huidmondjes.
Opmerkingen ter conclusie
Verscheidene inwendige factoren zowel als de habitus van de plant bei'nvloeden de instabiliteit van het huidmondjesapparaat. Als deze factoren de
instabiliteit in de hand werken, is het voorkomen van oscillatie te verwachten
in het veld en in kassen bij lage luchtvochtigheid. Het is waarschijnlijk, dat
hevigeoscillaties degemiddelde assimilatiesnelheid verlagen.
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