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STELLINGEN 

I 
Proeven over de invloed van verschillende spectrale gebieden op fysiolo-

gische processen in planten, kunnen niet met elkaar worden vergeleken wan-
neer het ingestraalde licht in fotometrische eenheden wordt uitgedrukt. 

Dit proefschrift. 

II 
De invloed van de openingstoestand van de huidmondjes op de fotosynthese-

snelheid kan slechts met zekerheid worden vastgesteld, wanneer de diffusie-
weerstand in de huidmondjes en de totale weerstand in de weg waarlangs het 
koolzuur naar de chloroplasten diffundeert, bekend zijn. 

Dit proefschrift. 

I l l 
Hoewel de diffusieweerstand in de mesofylcellen de fotosynthesesnelheid in 

belangrijke mate kan bepalen,is de invloed van deze weerstand op de productie 
van onder natuurlijke omstandigheden groeiende gewassen veel geringer dan 
door PENMAN en SCHOFIELD wordt berekend. 

H. L. PENMAN and R. K. SCHOFIELD, Symp. Soc. Exp. Biology V, 1951: 
115-129. 
Dit proefschrift. 

IV 
Wanneer bij proeven over de lichtafhankelijkheid van fysiologische processen 

in een blad, de factor licht wordt gekarakteriseerd door de hoeveelheid licht-
energie die het bladoppervlak treft, biedt het meestal geen voordelen om voor 
de meting van deze energie een overeenkomstig de cosinus-wet gecorrigeerde 
lichtmeter in plaats van een vlakke, ongecorrigeerde lichtmeter te gebruiken. 

V 
De directe invloed van de temperatuur op de fotosynthesesnelheid van onder 

natuurlijke omstandigheden of in kassen groeiende gewassen wordt vaak over-
schat. 

K. V. THIMANN, Proc. World Symp. on Applied Solar Energy, Phoenix, 
Arizona, 1955: 256. 
R. VAN DER VEEN und G. MEYER : Licht und Pflanzen. Philips' Technische 
Bibliothek, 1958: 17-18. 

VI 
De proeven van WENT met jonge tomateplanten houden geen voldoende 

rechtvaardiging in voor zijn conclusie dat groei en fotosynthese onafhankelijk 
van elkaar door licht worden be'invloed. 

F. W. WENT: The experimental control of plant growth. Chronica 
Botanica 17, 1957: 280-284. 

Proefschrift P. Gaastra 
Wageningen 1959 



VII 
Wanneer bij proeven over de invloed van licht op de groei en de ontwikke-

ling van planten, op het wisselspanningsnet aangesloten fluorescentie- of gas-
ontladingslampen worden gebruikt, dient men er rekening mede te houden 
dat de groei en misschien ook de ontwikkeling, mede kunnen worden bepaald 
door de periodiek veranderende lichtemissie van de lampen. 

VIII 
De mogelijkheid om op een economisch verantwoorde wijze uit in ons land 

geteelde groenvoedergewassen en eventueel andere in aanmerking komende 
gewassen, een eiwitrijk maar vezelarm product te winnen, dient nader te worden 
onderzocht. 

J. J. I. SPRENGER: Kunstmatig drogen in de landbouw. Staatsdrukkerij-
en Uitgeverijbedrijf, Den Haag, 1958: 161-170. 

IX 
Het effect van de voedingsvoorlichting op het platteland zal worden vergroot, 

wanneer bij de voorlichting ook het mannelijke deel van de bevolking direct 
wordt bereikt. 

X 
Plantefysiologen kunnen een belangrijke bijdrage leveren tot het mogelijk 

maken van de bemande ruimtevaart, indien ze, in samenwerking met andere 
onderzoekers, er in slagen een gesloten ecologisch systeem mens-plant te ver-
werkelijken. 
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CHAPTER I 

INTRODUCTION AND OUTLINE OF THE INVESTIGATION 

1-1. INTRODUCTION 

In higher plants, the organic matter and the energy required for the mainte­
nance of the plant originate from photosynthesis, so that the latter is an 
important yield-determining process. Consequently, quantitative data relating 
to the photosynthetic activity of crop plants are important, e.g. for investi­
gations into the maximum production capacity under normal outdoor condi­
tions or under optimum conditions, for the establishment of the light-, CO2-, 
and temperature requirements in glass house culture, and for investigations 
into the possibility of plant selection at an early stage of development. 

In this connection, several aspects of photosynthesis are of interest: 
1. Under normal outdoor conditions, the C02-concentration is relatively 

constant, but light and temperature vary considerably. Therefore, studies on the 
effect of such factors on photosynthesis in normal air may provide important 
data, e.g. on the light intensity at which respiration compensates photosyn­
thesis, on the efficiency of light energy conversion, on the saturating light 
intensity and the corresponding rate of photosynthesis. 

2. For determination of the absolute maximum rate, and in connection with 
C02-fertilization in glass house culture, the effects of light, temperature, and 
C02-concentration should be considered. 

3. Systematic investigation of the influence of light, temperature, and CO2 
upon photosynthesis provide information about the nature of the rate-limiting 
process, because the photochemical processes, the diffusion of reactants, and 
the chemical processes are differently affected by these factors. 
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4. The rate of diffusion of CO2 from the external air towards the chloro-
plasts, partly depends upon the dimensions of the diffusion path in the sto-
mata, the intercellular spaces and the mesophyll cells. In this connection, the 
study of the stomatal regulation of photosynthesis is important, because the 
stomatal aperture is influenced by several factors, e.g. by the water content 
of the leaf and, consequently, the water supply to the leaf, and the transpira­
tion rate (STALFELT, 1956), and by the light intensity and the C02-concentra-
tion (FREUDENBERGER, 1940, SCARTH and SHAW, 1951, HEATH and RUSSELL, 
1954). 

Qualitatively, much is known about photosynthesis, but the quantitative 
data which are available vary widely. This is clearly demonstrated in the survey 
by RABINOWITCH (1951, Table 28.VI) of the maximum rates by leaves of land 
plants under natural conditions: large differences occur, even for the same 
species under similar climatic conditions. Also, in experiments on the relation 
between C02-concentration and photosynthesis, the values given for saturating 
CC>2-concentrations vary widely. With Asparagus, MULLER (1958) required 
10 % CO2 to obtain saturation, whereas, in wheat, HOOVER, JOHNSTON, and 
BRACKETT (1933) observed saturation in air with 0.11 % CO2. 

We agree with RABINOWITCH that the differences observed have to be as­
cribed in part to experimental errors which, in experiments with higher plants 
enclosed in assimilation chambers, are easily introduced. Some possible sour­
ces of uncertainty are listed in the following paragraphs. 

a. The physiological state of the leaf may change during an experiment. For 
example, in excised leaves or in plants with insufficient water supply to the 
roots, the water balance of the leaf may change, and this may result in a de­
creased photosynthetic rate, because the water balance affects the stomatal 
opening (STALFELT, 1956) as well as the activity of the photosynthetic process 
itself (SCHNEIDER and CHILDERS, 1941, LOUSTALOT, 1945, ASHTON, 1956). 
Furthermore, in excised leaves or in leaf discs, the transport of assimilates is 
hindered and, in experiments of extended duration, this may affect the photo­
synthetic activity. 

b. The heat conductivity and the specific heat of the air are low, so 
that considerable differences between air temperature and leaf temperature 
may occur (TRANQUILLINI, 1954, RASCHKE, 1956). In many experiments, how­
ever, the temperature conditions are inadequately defined, because leaf temper­
atures have not been measured, while effective means of preventing excessive 
temperatures have been omitted. 

c. In experiments with normal air, the C02-concentration limits photosyn­
thesis at high light intensities, so that the observed rate depends upon the 
average CCVconcentration in the assimilation chamber, and hence upon 
several experimental factors, e.g. the initial C02-concentration, the dimensions 
of the leaf, the rate of air supply, the dimensions of the chamber as compared 
with those of the leaf, and the position of the leaf in the chamber. In many 
experiments, however, no allowance has been made for the reduced C02-con-
centration in the chamber, so that the methodical features mentioned will 
have affected the observed rate of photosynthesis. To minimize such errors, 
high rates of air supply have been recommended (KOSTYTSCHEW et ah, 1927, 
HEINICKE and HOFFMAN, 1933, DECKER, 1947) but even so, fluctuations in the 
initial concentration (cf. CHAPMAN, GLEASON and LOOMIS, 1954) will still be 
reflected in the experimental results. 
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d. Even with sufficient control of the experimental conditions, several fac­
tors are interrelated, so that the effect of the factor under investigation may 
easily be obscured. Increased light intensity, e.g., affects temperature, transpi­
ration, and, in the event of increased photosynthesis, the average CCVcon-
centration. Moreover, light and CO2 affect the degree of stomatal opening, so 
that these factors may influence photosynthesis directly as well as indirectly. 

e. In experiments in which the air is supplied to the chambers by the action 
of aspirators of limited volume (BOYSEN-JENSEN, 1934, HOLDHEIDE, HUBER, 
and STOCKER, 1936, STOCKER, REHM, and PAETZOLD, 1938, MICHAEL, 1954, 
LUNDEGARDH, 1954), the experiments are of short duration. Unless precautions 
are taken, the steady state values may not be obtained. 

/ . In experiments with entire plants and with non-collimated light beams 
from artificial sources, it is difficult to define the light intensity, because it is 
strongly influenced by the distance from the light source. Moreover, the com­
parison of the light intensities used in different experiments is rendered difficult 
because photometric units (lux or foot-candle) as well as energy values have 
been used. 

In the present paper, experiments designed to analyse the photosynthetic 
activity of crop plants from the viewpoints outlined in the beginning of this 
chapter, are described. Several measures have been taken to exclude experi­
mental errors as much as possible. The scope of the investigations is dealt with 
in the next section. 

1-2. OUTLINE OF THE INVESTIGATION 

For a successful attack on these problems, the rate of photosynthesis and 
the experimental conditions must be measured accurately, and independent 
variation of the conditions should be possible. Equipment designed to meet 
these requirements is described in Chapter II. 

In fact, the experimental conditions actually measured (incident light 
energy, leaf temperature, C02-concentration of the air before and after passage 
of the leaf) only give an approximation of the physiologically important con­
ditions, which are the temperature and the light intensity in the chloroplasts, 
and the CC>2-concentration close to the leaf surface. Obviously, the relation 
between both types of conditions, and, consequently, the reliability and repro­
ducibility of the experimental results, is strongly affected by the experimental 
set-up. A discussion of this relationship is attempted in Chapter III. 

Measurements of the influence of light, carbon dioxide, and temperature 
upon the rate of photosynthesis in cucumber, spinach, tomato, sugar beet, 
and turnip are presented in Chapter IV. 

In the course of the experiments, it became desirable to investigate the sto­
matal control of photosynthesis. To this purpose photosynthesis, transpiration, 
and leaf temperature were measured simultaneously in the same leaf. From 
these data, the diffusion resistances in the external air, in the stomata,'and in 
the mesophyll cells could be computed. The underlying principles, data on the 
effect of light intensity and carbon dioxide upon the stomatal diffusion resist­
ance, and an analysis of the stomatal control of photosynthesis are presented 
in Chapter V. 
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CHAPTER II 

MATERIAL AND METHODS 

II—1. GENERAL 

The plants used were grown under controlled conditions. For the measure­
ment of photosynthesis, transpiration, and leaf temperature, plants were 
transferred to the experimental set-up, in which the light intensity, the CO2-
concentration, the leaf temperature, and the humidity of the air could be 
varied over a wide range. Most experiments were made with one leaf, attached 
to the plant, so that the water supply of the leaf and the transport of assimilates 
were not hampered. Moreover, as mentioned in the previous chapter, the 
light intensity can be better defined for a single leaf than for an entire plant. 
Air with a definite C02-concentration and water vapour content was supplied 
to the leaf, which was enclosed in a "Plexiglass" assimilation chamber. The 
C02-concentration in the air that had passed along the leaf was determined 
with the aid of an infrared gas analyzer and the water vapour content with a 
lithium chloride hygrometer. Leaf temperature was measured with thermo­
couples, applied to the under surface of the leaf. 

II-2. PLANT MATERIAL AND CULTIVATION OF THE PLANTS 

So far, the majority of our experiments has been made with sugar beet, 
fodder beet, turnip, tomato, and cucumber. The plants were grown in a room 
at a temperature of 20 ° ± 1CC for most of the year. In summer, however, 
higher temperatures occurred occasionally. The plant growth equipment has 
a battery of 40 "daylight" fluorescent tubes (TL-55, 40 W, PHILIPS) on top, 
and is provided with light reflecting walls. A glass plate is installed 4 cm below 
the tubes, and the air space between plate and lamps is flushed by a fan, so 
that overheating of the plants is prevented. The light intensity at the top of 
the plants was 5 X 104 erg.sec-1.cm~2, in the spectral region between 400 and 
700 mjj.. 

The plants were usually raised in fine gravel, in light-tight, two liter pre­
serving jars. They were supplied with HOAGLAND'S solution, with iron ad­
ded as ferric potassium ethylenediamine tetra-acetate, cf. JACOBSON (1951). 
By way of glass tubes, sealed in the bottom, sets of 10 containers were con­
nected with a stock flask, containing 50 liters of nutrient solution. Two or 
three times a day the nutrient solution was aerated and pumped into the con­
tainers. As soon as the containers were completely filled, the solution was 
drained back into the flask. The amount of solution remaining in the gravel 
proved sufficient for healthy growth. The stock solution was renewed every 
week. 

II—3. APPARATUS FOR THE CONTINUOUS RECORDING OF THE C02-CONCENTRA-
TION IN THE AIR 

II-3-1. Principle of the method and technical details of the apparatus. The 
C02-concentration was measured with a recording infrared gas analyzer of 
the selective detector type. Except for the microphone, the apparatus was built 
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in our laboratory. In order to facilitate the description of technical details, a 
short explanation of the principle will follow. A more extensive exposition is 
given e.g. in EGLE and ERNST (1949), WEIGL (1950), STRUGGER and BAUMEIS-
TER (1951), EGLE and SCHENK (1951), and KLUYVER (1952). 

The method is based upon the infrared absorption of CO2 (a strong band at 4.3 [i. and a 
weaker one at 2.7 (j.). The difference in infrared-transmission of two gas samples with known 
and unknown C02-content, is determined. The air samples are flushed through the analyzer 
tube Tl and the reference tube T2 (fig. 1). Both tubes are provided with infrared-transmitting 
mica windows W\, 2, 3,4. Infrared radiation, generated in the radiators Rl and R2 is admitted 
to the tubes. Dependent on the C02-concentration of the air samples, part of the radiation in 
the CXVabsorption bands, is absorbed. The difference between the intensities in these bands 
at the exit of Tl and T2 reflects the difference in C02-concentration of the air samples, and is 
measured. 

The intensity differences are small, so that for adequate accuracy either the radiators or the 
detection method should be selective for the 4.3 and/or 2.7{x bands. Selective radiators, e.g. 
C02-producing flames, were applied by DINGLE and PRYCE (1940) and by SCARTH, LOEWY, 
and SHAW (1948). For reasons of stability, however, non-selective radiators, consisting of 
electrically heated metal wires are to be preferred, and are commonly used.at present, in con­
junction with a selective detection method. MCALISTER (1937) isolated the 4.3JX band by means 

FIG. 1. Diagram, illustrating the infrared C02-analyzer." For explanation see text. 

of a spectrograph and measured the intensity with a thermopile-galvanometer system The 
apparatus required is rather delicate and expensive, so that at present non-dispersive selective 
detectors are more commonly used. Essentially, they consist of two small cells Dl and Dl 
(fig. 1), provided with infrared-transmitting rocksalt windows, W5 and W6 and separated by a 
thin metal membrane, El. This membrane is one of the electrodes of a condenser microphone, 
Micr. The other electrode, E2, is rigid and perforated, whereas the perforated plate E3 is present 
for reasons of symmetry. Dl and D2 are filled with C02 or with air, with a high C02-content 
so that the radiation in the 4.3 and 2.7fx bands still present at the exit of Tl and T2 is absorbed 
in these cells. 

The beams of infrared radiation are interrupted synchronously by a rotating sector disc Sh 
driven by the synchronous motor Mo. Thus, energy is intermittently absorbed in the detection 
cells, resulting in pressure oscillations of the gas in Dl and D2, and in vibration of the partition 
membrane El, causing capacity oscillations in the condenser microphone The size of these 
oscillations depends upon the difference in C02-concentration of the air samples in Tl and T2 
The signal induced in the microphone is amplified, rectified, and measured with the recording 
mA-meter, Rec. 

Our experiments were started with an apparatus, obtained from the Physical Laboratory of 
the Utrecht University, and designed by KLUYVER (1952) for the measurement of C13-isotot>es 
In the course of the experiments it became desirable to adapt the apparatus more specifically 
to our problems, and, except for the microphone, a new apparatus was built The greater nart 
of it was designed by Dr. J. A J. STOLWIJK, at that time a member of the staff of this labora­
tory. Several technical difficulties had to be overcome before our aim of an accuracy of 1 ppm 
was reached. Some technical details will be described. 
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The radiators comprise zigzagged nichrome wires, (diameter 0.4 mm, length 110 mm, re­
sistance 1 Ohm), spotwelded onto steel pins, and protruding into the cylindrical cavity of a 
brass housing. The steel pins are led through small holes in the back of the brass housing, 
from which they are insulated by porcelain beads, clamped in the holes, while they are fixed to 
the back wall by a layer of cement (5 parts talcum and 1 part water glass). The radiators are 
connected in series, and fed from a stabilized 12 V AC-source. Thin mica windows protect 
them from draught. 

An aluminum sector disc with four apertures, and driven by a synchronous motor at 750 
rpm, interrupts the beams 50 times per second. A bicycle dynamo (PHILIPS Philidyne, 6 V, 
0.5 A, connected with 6 V AC) is used as a synchronous motor. The motor housing is clamped 
in a brass jacket, so that the motor can be turned along its axis for phase adjustment of the 
signal. Moreover, the motor can be moved in a vertical plane, for ascertaining synchronous 
interruption of the beams. 

The detector is essentially the same as that described by KLUYVER (1952). However, the 
partition membrane which, originally, was made from aluminum foil of 30jx thickness, has 
been replaced by a nickel foil 8(x thick, kindly placed at our disposal by the "Nederlandsche 
Radio Unie". The nickel foil distorts less than the aluminum foil, so that the sensitivity of the 
apparatus remains unchanged for long periods. 

The analyzer and reference tubes are of stainless steel, 30 cm long, and of 3 cm diameter. 
They are provided with mica windows. Diaphragms, mounted on the tubes, enable the beams 
to be balanced when the analyzer and reference tubes are filled with air of equal CC>2-con-
centrations. 

All mechanical parts are mounted on top of a heavy I-shaped iron block, and the whole 
assembly is enclosed in an iron box. 

A diagram of the electronic circuit for amplification and subsequent rectification of the 
signal induced in the microphone, as designed by Dr. STOLWIJK, is presented in fig. 2. The 
rectified signal is measured with a recording mA-meter (Metrawatt PC-120, internal resistance 
6 kOhms, full scale deflection 120 mm for 1 mA). 

II-3-2. The calibration of the CO%-analyzer and the measurement of the 
COz-concentration in air samples. In the photosynthesis experiments, a sample 

1 220V J 
UMMJ 

rmT7 
FIG. 2. Electronic circuit of the infrared C02-analyzer. MICR = condenser microphone 

(capacity 200 pF); REC = recorder (internal resistance 6 kOhms, full scale deflec­
tion 100 mA). 

Meded. Landbouwhogeschool, Wageningen 59 (13), 1-68 (1959) 1 



of the air which has passed the leaf, is supplied to the analyzer tube, while the 
reference tube is not supplied with nitrogen or CCVfree air as usually, but 
with air with the same CCVconcentration as that entering the assimilation 
chamber. This allows full scale deflection for small differences in C02-con-
centration of the air before and after its passage along the leaf. Furthermore, 
periodic control of the zero position of the recorder during an experiment is 
easy, viz., by establishing a direct connection between the reference and ana­
lyzer tubes, so that reference air passes both tubes successively. 

For the calibration of the set-up, two gas streams with slightly different 
CCVconcentrations (cref and canai) are prepared. First, the zero point is de­
termined, i.e. the position of the recorder when both tubes are flushed with the 
air sample with the highest CCVconcentration (cref). Thereupon, the, ana­
lyzer tube is provided with the other air sample, and the resulting galvano­
meter indication is compared with the zero point (A U). For a definite value 
of Cref, an almost linear relation between A U and cref-canai is found for 
small concentration differences, so that the sensitivity at the reference con­
centration is given by (cref-canai)l& U (%CC>2 per mm scale deflection). A 

calibration curve (fig. 3) is obtained 
K^JSCOJ by applying the same procedure at 
so r different values of cref. At crej = 

0.03 % C0 2 , the sensitivity of the 
apparatus was 6.3 X 10~5 %C02per 
mm scale deflection. 

In photosynthesis experiments, 
the difference between the CC>2-con-
centrations in the air streams before 
and after having passed the leaf, 
Cref-canai, has to be determined. 
In most experiments this value is 
approximated with sufficient accu­
racy by multiplying the deflection 
A U with the sensitivity value as 
defined above at the C02-concentra-
tion of the air entering the assimila­
tion chamber. At high C02-concen-
trations, however, the relation be­
tween A U and (cref-canai) deviates 
from linearity, so that for large scale 

deflections the difference between the concentrations is then better approx­
imated by multiplying A U with the sensitivity at the concentration (cref-0.5 X 
Sref X -ALO which is intermediate between cref and canai; Srefis the sensi­
tivity at the reference concentration. 

% C02 in reference tube 

FIG. 3. Calibration curve of the infrared CO2-
analyzer. The sensitivity is expressed 
as the difference in C02-concentration 
of the air samples in the reference and 
analyzer tubes, causing a galvanometer 
deflection of 1 mm. 

II-4. APPARATUS FOR THE CONTINUOUS RECORDING OF THE WATER VAPOUR 
CONTENT OF THE AIR 

For the continuous measurement of the transpiration rate, the moisture 
content of the air stream leaving the assimilation chamber has to be deter­
mined continuously. For this purpose an apparatus of small dimensions with 
a quick response and operating in streaming air was constructed. The author 
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is indebted to Dr. C. J. P. SPRUIT, of the staff of this laboratory, for this 
apparatus which is a modification of instruments described by DUNMORE 
(1938), STEIGER (1951), BRASTAD and BORCHARDT (1953), LIENEWEG (1955), 
and TANNER and SUOMI (1956). It is based on the principle that the electrical 
resistance of a film of lithium chloride is a function of the moisture content 
of an air stream led over it; this resistance is measured. 

To resistance 
meter 

FIG. 4. Diagram, illustrating the lithium chloride hygrometer. 

The detecting element (fig. 4) consists of two platinum wires (diameter 0.1 
mm, length 120 mm), spirally wound side by side on a glass tube (diameter 
10 mm). Tube and wires are covered with an aqueous solution of lithium 
chloride. The element is enclosed in a second glass tube, provided with an air 
inlet and an outlet. 

After the wires are wound on the glass tube, the assembly is heated until the glass becomes 
soft, so that by blowing at one side of the tube, which is left open for the purpose, the wires 
become partially sealed in the glass surface. Each of the platinum wires is soldered to one of 
two brass rings, which are clamped around the tube and connected with the resistance meter. 
A small quantity of a 0.1 N LiCl-solution is then brushed over the tube and the wires, and 
allowed to dry. 

The apparatus is placed in a thermostated waterbath, since the resistance 
depends on temperature. Before entering the apparatus, the air passes a 
copper tube, present in the same waterbath. At high relative humidities the 
results were first found to be irreproducible, which may have been due to 
small displacements of the diluted solution. In order to avoid this difficulty, 
the temperature of the waterbath was made a few degrees higher than the 
highest air temperature in the assimilation chamber, and, moreover, the sur­
face of the glass tube was etched. 

For the measurement of the resistance, the lithium chloride element is taken 
up in a voltage divider, supplied with a 900 c.sec-1 tension in order to avoid 
polarization effects. The recorder is of the same type as that used for the 
C02-analyzer. A diagram of the electronic circuit, as designed by Dr. SPRUIT, 
is presented in fig. 5. 

The moisture content is determined with an error of about 1 %, but the 
determination of the transpiration rate, which is based on the difference in 
moisture content of the air before and after passage of the leaf is less accurate. 
At high transpiration rates, the error is 2 %, and at low rates up to 7 %. 

Meded. Landbouwhogeschool, Wageningen 59 (13), 1-68 (1959) 



0.5 ^ F * 0.1 i l F 

ECC 82 EC C82 

-R 4') ? 

FIG. 5. Electronic circuit of the lithium chloride hygrometer. The resistances R1-9 are used for 
the calibration of the set-up. Rx = the resistance of the detecting element; REC= 
recorder (internal resistance 6 kOhms, full scale deflection 100 mA). 

II—5. THE GAS CIRCUIT 

For reliable measurements of the photosynthetic rate, the air supply to the 
assimilation chamber should be in the order of 500 l.h-1 (cf. section III—2), 
while the reference tube is supplied with air at a rate of 60 l.h-1. Taking into 
account air losses in the overflow valves, air of the required CCVconcentra-
tion should be available at a rate of 700 l.h-1. A't first, it was difficult to obtain 
reliable air pumps, inert to CO2, and delivering a continuous output of 700 
l.h-1 at a head of approximately 100 cm H20. The electro-magnetic piston 
pumps finally adopted were found to operate quite satisfactorily (Reciprotor 
pumps, type 406G, Gentofte, Denmark). For small air supplies and low pres­
sures, electro-magnetic membrane pumps were used (Magnetos pump, 
B.A.S.F., Ludwigshafen, Germany). 

The rate of the gas flow is measured with flow meters, consisting of a capil­
lary tube, and a U-shaped manometer for measuring the pressure difference 
between both ends of the capillary tube. The manometer fluid of the air flow 
meters is water, coloured with a dye, while for the CO2 flow meters liquid 
paraffin was used. The flow meters are calibrated by measuring the time re­
quired for the replacement of a certain volume of water by air or of a certain 
volume of paraffin by CO2. The liquid is contained in a calibrated cylindrical 
glass tube, placed with its open end slightly below the level of the water or 
paraffin surface of a large vessel. The gas inlet is slightly below the open end 
of the cylinder. Appropriate corrections were made for temperature, hydro­
static pressure, and water vapour content. 

A diagram of the gas circuit is presented in fig. 6. Air with the required CO2-
content is obtained by mixing pure CO2 and CCVfree air. A cylinder delivers 
CO2 with a constant velocity to the vessel Ml. The overflow valve 02 keeps 
pressure constant, and the flow is measured by the flow meter F2. 

Air is freed from CO2 by pumping it (PRi) first through 400 cm3 of a 40 % 
KOH-solution, contained in a glass cylinder with a sintered glass plate near 
the air inlet, and then through a tube containing soda lime. After passing Ol 
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and F\, the CCVfree stream joins the CO2 stream in a glass tube at a point 
50 cm in front of the vessel Ml, so that thorough mixing is obtained. Ml is 
provided with an open connection to the outside air, in order to prevent 
pressure changes in the system behind the pumps PR2 and PM2 affecting the 
pressure in Ml and the composition of the gas mixture by interference with 
the gas streams through the flow meters Fl and F2. 

Part of the air in Ml is pumped (PM2) through a tube containing silica gel 
(Z>2) for drying, and then through 04 and FA into the reference tube of the 
C02-analyzer. The overflow 04 is inserted in order to reduce pressure varia­
tion in the reference tube, since it was found that the accuracy of the CO2-
analysis was impaired by such variation: pressure changes, due to variations 
in flow rate, induce changes in the position of the mica windows and, conse­
quently, in the reflection of the infrared beam. 

Pump PR2 pumps air from Ml via 03 and F3 to the humidifier. The re­
quired water vapour pressure is obtained as follows: Air is saturated with 
water vapour by bubbling through a water column at a certain temperature, 
and this saturated air is then heated to the required temperature. The humidity 
of the air can be altered as required by varying the temperature of the water 
column. Gravimetric tests showed that complete saturation is not obtained 
when a single water column is used. Therefore, before being bubbled through 
the column at the required temperature, the air is led through a water column 
at a higher temperature, so that the air becomes oversaturated with respect to 
the temperature finally applied.' 

The humidifier consists of two glass tubes, Hi and Hi, filled with distilled 
water, each provided with a sintered glass plate, and placed in the waterbaths 
Wl and W2 respectively. Both baths are provided with a thermo-relays, and 
with cooling, heating, and stirring equipment. The water in Wl is circulated 
by the centrifugal water pump PS through the double walls of the assimilation 
chamber. The temperature of W2 and H2 is lower than that of Wl and Hi, 
and is adjusted in accordance with the desired vapour pressure. The tempera­
ture in H2 is indicated by a thermometer inserted through a hole in the rubber 
stopper, at the top of the tube. To prevent small droplets of water being car­
ried by the air stream, a tube containing glass wool is in the circuit after H2. 
After humidification, the air passes through the copper spiral Sp (to obtain 
the correct temperature) and enters the assimilation chamber (Ass). After 
passing the leaf, the greater part of the air escapes to the external atmosphere, 
but a sample is drawn off by the pump PMl, and conducted first to the hygro­
meter, and then via D\, 05, and F5 to the analyzer tube (Tl) of the CO2-
analyzer. 

To calibrate the CCVanalyzer, the stopcocks Si and S2 are put in the po­
sition II. Again, air from Ml is led into the reference tube T2. By the action of 
pump PR2 another sample is carried from Ml via 06 and F6 to M2. Before 
reaching Ml, it is mixed with a measured volume of CCVfree air, delivered by 
pump PMl. The pump PMl carries a sample of the mixture from M2 to the 
analyzer tube Tl. 

To check the zero point of the CCVanalyzer, air from the reference tube 
can be supplied to the analyzer tube by a system of stopcocks, not represented 
in the diagram. 

The hygrometer is calibrated with the same circuit as that used for transpi­
ration measurements. Different vapour pressures are applied by varying the 
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temperature in HI. The humidified air is blown into the (empty) assimilation 
chamber, and a sample is flushed through the analyzer by pump PM\. 

H-6. THE ASSIMILATION CHAMBERS 

The construction of the assimilation chambers should satisfy the following 
requirements {cf. also Chapter III): introduction of a leaf attached to the 
plant, reproducible position of the leaf in the centre-plane of the chamber, 
regular distribution of the air stream over the cross-section of the chamber, 
adaptation of the width of the chamber to the width of the leaf, double walls 
with circulating water for control of the leaf temperature. 

Our "Plexiglass" chambers, inside dimensions 25 x 20 x 2 cm, have double, 
water-cooled walls. The upper wall can be taken off for the introduction of the 
leaf, and a small groove in one of the side walls admits the leaf petiole. After 
the introduction of the leaf into the chamber and application of the thermo­
couples, the front wall is screwed onto the lower part of the chamber. An 
air-tight fit is obtained by a rubber washer, and by sealing the groove which 
admits the leaf petiole. 

The air inlet is at one side of the chamber, and consists of 18 small holes 
( 0 0.5 mm), regularly distributed over the width of the chamber. A regular 
air distribution is, furthermore, promoted by the fact that half of the inlet 
holes are directed upwards under an angle of 45°, whereas the other holes are 
facing downwards under the same angle. 

After the air has passed along the leaf, a sample is drawn off for analysis at 
the side of the chamber opposite to the air inlet, through two tubes, each with 
nine small holes, and positioned close to the upper and lower walls respectively. 
The main air flow escapes through another set of 18 small holes, regularly 
distributed along the side of the chamber opposite to the air inlet. The groove 
admitting the leaf petiole is sealed during the experiments, so that the air can 
escape through the outlet holes only. 

The leaf is kept in the centre-plane of the chamber by means of two net­
works of fine nylon wires. One of these is fixed to the lower part, the other to 
the upper wall of the chamber. The chamber closed, the distance between the 
leaf supports is 1 mm. 

Plastic-covered rubber strips of different widths, and of the same length as 
the assimilation chamber, can be inserted into the chamber along the long 
sides, so that the effective width of the chamber can be adapted to the width 
of the leaf under investigation. During such experiments, the holes for the air 
inlet, sampling, and outlet which are outside the effective width of the cham­
ber, are sealed. 

II—7. THE MEASUREMENT OF THE LEAF TEMPERATURE 

Leaf temperatures are measured with copper-constantan thermocouples 
(constantan 0 0.08 mm, copper 0 0.1 mm). The wires are joined side by side 
over a distance of 4 mm with acid-free solder and hammered as flat as possible. 
All measuring junctions are connected with the same reference junction, which 
is in a water-filled DEWAR flask. The temperature of the reference junction is 
indicated by a thermometer, reading to 0.1 °C. By means, of an eight-way 
switch the measuring junctions are successively connected with a portable 

Meded. Landbouwhogeschool, Wageningen 59 (13), 1-68 (1959) 13 



galvanometer (type A-70, K IPP, Delft, Holland), shunted in such a way that 
one cm scale deflection corresponds to 1°C. An accuracy greater than 0.1 °C 
is obtained. 

Introduction of the junctions into the leaves proved to be difficult, so that 
they were usually applied to the lower leaf surface. 

II—8. THE IRRADIATION OF THE LEAVES 

High light intensities were obtained with a set of five narrowly spaced high 
pressure mercury lamps (PHILIPS, #0-450 W) or with a set of four incandes­
cent lamps with internal reflection (PHILIPS, Altrilux 500 W). A layer of eight 
cm running tap water was inserted between the lamps and the assimilation 
chamber. Behind this filter, 68 % of the radiation from the incandescent lamps 
was in the infrared (X > 700 mpi), while this was only 6 % for the mercury 
lamps. The maximum intensities obtainable from both light sources were in 
the order of 30 x 104 erg.sec-1. cm - 2 in the spectral region between 400 and 
700 m.[K. Lower intensities were obtained by inserting various phosphorbronze 
screens of definite transmission values into the light path. The lamps were 
connected with the three phases of the AC-supply, to reduce cyclic flickering. 

II-9. THE MEASUREMENT OF THE LIGHT INTENSITY 

Light intensity was measured in absolute units (erg.sec_1.cm~2); for routine 
measurements barrier-layer photocells were used, because they have a quick 
response and are easy to handle. The non-uniform spectral sensitivity of the 
photocells necessitates calibration in absolute units for each type of light 
source used (see below). . 

The photocell (type 732, Electrocell G.m.b.H., Berlin-Dahlem) was mounted in a brass 
frame, and covered with a slightly convex opaline glass, in order to prevent damage. Further­
more, it was expected that closer agreement with the cosine law might be obtained in this way. 
Measurements in a beam of paralel light showed that a slight improvement only was obtained 
at angles of incidence greater than 65 °, whereas at angles between 30° and 65 ° the glass-covered 
cell showed a slightly greater deviation than an uncovered one (Table I). Since, however, 
in the photosynthesis experiments the angle of incidence rarely exceeded 40°, the opaline 
glass-covered cell was used throughout the experiments. If necessary, the deviation from the 
cosine law can be eliminated successfully, by using a design as described e.g. by PLEYEL and 
LONGMORE (1952) or HARTIG and HELWIG (1955). 

TABLE I. Deviation from the cosine law (in %) for barrier-layer photocells with and without 
opaline glass cover. 

Photocell + cover 
Photocell — cover 

Angle of incidence 

0° 

0 
0 

10° 

0 
0 

20° 

1 
0 

30° 

1 
1 

40° 

3.5 
1.5 

50° 

5.5 
2.0 

60° 

8.5 
7.0 

70° 

18 
20 

80° 

35 
48 

The photocurrent was measured with a shock-proof galvanometer (type K, AEG, internal 
resistance 100 Ohms, full scale deflection 100 (J.A). 

For calibration of the photocell-galvanometer system in absolute units, the relation between 
the galvanometer deflection and the light energy as measured with a calibrated thermopile, 
was determined. The calibration of the thermopile was checked periodically at the Physical 
Laboratory of the Utrecht University, and was 0.35 V/(W.cm-2). The galvanometer used for 
measuring the thermopile output was calibrated with the device, described by STOLWUK (1954). 
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