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1. I N T R O D U C T I O N

1.1. INTRODUCTORY STATEMENT

The sunisthemajor source of energyforlifeonearth. About onehalfofthe totalradiationenergyreceivedontheearth isin thevisiblepart ofthespectrum and
can be used inphotosynthesis. Byway of modern agriculture it ispossible tofix
1-2 %of thephotosynthetically activeradiation, calculated on ayearbasis. Only
a small part of the year a closed crop surface exists. During this period, conversion of light energy is much better, reaching values of 5-10%. The trend of
the investigations found in literature is that longer periods of closed crop surfaces result in higher yields per unit area, cf. ALBERDA (1962), BROUWER (1962),
GAASTRA (1962), DE W I T (1959, 1966).
Selection of special varieties may result in prolonging the period of optimal
light utilization. Although the total yield/unit area will improve a little bit in
this way, a light energy conversion much higher than 5-10% is rather improbable.
Algae were believed to be better producers than higher plants. They offered
advantages on higher plants:culture conditions were rather easy to maintain,
they had a short generation time, and their nitrogen content could be very high
(2-11%) as compared with 1.5% in maize (cf. KRAUSS, 1953).
It seemedattractive,therefore, tocultivatealgaeonalargescaleasa source of
food, especially to deal with the food shortage which exists in several parts of
the world. A lot of investigations about mass culturing were carried out during
the period 1945-1955, but after that interest waned (cf. BURLEW e s . 1953).
Yield values were disappointingly low which made algae less attractive as economicfood producers. At someplaces they are used for thebiological oxidation
of metropolitan wastes. Theproduction of algal material isa matter of secondaryimportance inthesecases;theycanbeusede.g.as cattle fodder (cf. GOLUEKE
and OSWALD 1964).In some East-European countries and inJapan, research on
algal mass culture is still done, especially with the purpose to obtain a cheap
protein source.
In order to provide the basis for a discussion of the possibilities of mass
culturing of algae it seemed unavoidable to pay more attention to theculture requirements of the algae. Therefore, it seemed worth while to carry out a thorough investigation concerning the influence of external factors on energy conversion in masscultures. In thiswayit should bepossible to predict yield values
throughout the growing season and to give maximum levels for light energy
conversion under natural daylight which should betheultimate aim.
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1.2. SURVEY OFTHELITERATURE

An excellent survey about the efficiency of photosynthesis is given byKOK
(1960). Theoriginal and later measurements of thequantum yield for photosynthesis asmeasured by WARBURG and his school were discussed in the light of
new material collected by EMERSON and LEWIS (1941), KOK(1948), SPRUIT and

KOK (1955)andothers.
WARBURG and NEGELEIN (1922, 1923)estimated the quantum yieldforphotosynthesis at 0.25by way of manometric methods. However, there are strong
arguments to support the assumption that in these measurements transistory
effects, suchasalarge C0 2 -gush inthefirstsecondsofthe lightperiod may have
interfered andhave made thedata less reliable (cf. EMERSON and LEWIS, 1939,
SPRUIT and KOK, 1955).
RABINOWITCH surveyed the maximum quantum yields EMERSON and LEWIS
obtained forgreenandbluegreen algae(cf. RABINOWITCHpp. 1095).The general
tiend was that maximum quantum yields of 0.10 and lower were obtained.
WASSINK (1946) measured quantum yields for 0 2 -production in horticultural
plants reaching values ranging from y = 0.023 up to 0.092. GAASTRA (1959)
measured photosynthetic rates with theinfrared analyzer atvarious C0 2 -levels.
An average quantum yieldof0.10 wascalculated forturnip, tomato andcucumber.
In practice, high quantum yields are only obtained at low light intensities.
For thecucumber leaf GAASTRA (1962) found that photosynthetic activitywas
rather constant at lowlight intensity, butvaried strongly at higher light intensities.
Maximum photosynthetic efficiency canonly beexpected at lowlight intensities. Athigh light intensities, thediffusion ofC 0 2 from theairtothe reaction
centre in the cells may become a limiting factor. The large variation in the
'mesophyll resistance',(cf. GAASTRA, 1959, 1962)isone ofthefactors considered
inexplaining thevariation ofthephotosynthetic activity athigh light intensities.
THOMAS and HILL (1949) calculated an efficiency of 16%for alfalfa under
light limiting conditions in the field. GAASTRA (1962), using mercury light
and leaves from different plant species, estimated themaximum photosynthetic
efficiency to be 12.5%. Both authors used normal air, i.e. with 0.03% C 0 2 .
Even with closed crop surfaces, lower values for theefficiency of light energy
conversion during the growing season are reported, viz.4 - 9 %for sugar beet
(GAASTRA, 1958, 1962), and 6 - 7 % for grassland (ALBERDA, 1962). WASSINK
(1948)calculated theefficiency incropplants over thewhole season tobe2%or
less. WASSINK'S figures differ from theones mentioned above since also periods
withanincomplete leafcoverageofthesoilarenecessarily included.
It maybe asked whether maximum efficiencies of light energy conversion in
photosynthesis andin growth are equal. KOK (1952) measured efficiencies for
growth in unicellular algae in a WARBURG apparatus in sodium light, using
diethanolamine asa C02-buffer. Thealgae were suspended inculture solutions
with ahighanda low nitrogen content. Photosynthesis, respiration, andenergy
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fixed were determined during the experiment. This enabled a comparison between the efficiencies for growth and photosynthesis. The efficiencies for growth
varied largely, depending o n environmental conditions. The best growth efficiencies were comparable with the maximum photosynthetic efficiencies of 2 0 - 2 5 %
in suitable culture solutions.
V A N OORSCHOT (1955) estimated the production rates of Chlorella in stirred
solutions of 300 1volume, using natural daylight; there was no temperature
control. He calculated the fixed energy by multiplying the daily production with
the average caloric value of the material (measured in a caloric bomb). Dividing
the fixed energy by the incident energy, he obtained the net photosynthetic
efficiency which was 1-4 %.
A decrease of light intensity by screening algal mass cultures resulted in better
light energy conversion, ranging from 4 . 5 % at 8 4 % daylight to 7.7% at 2 5 %
daylight. The reason for this improvement is that light saturation of the photosynthetic apparatus in a single cell is already reached at 0.05 cal •c m " 2 - m i n - 1 ,
whereas the maximum photosynthetically active radiation (400-700 va\i) in the
daylight amounts to 0.5-0.6 cal •c m " 2 - m i n ~ 1 . Exposing a single cell to natural
daylight thus gives a saturation of photosynthesis for a large part of the day,
and therefore a low efficiency of energy conversion, VANOORSCHOT (1955)
found energy conversions of about 8% in KOLLE dishes exposed to the south
under an angle of 45 degrees. Probably, this is due to a better gas flow and a
more suitable dimension of the culture vessel in relation to the volume of algal
suspension cultivated in it.
ANSELL C.S.(1963a, 1963b) studied the efficiency of energy conversion of
Phaedatylum cultures in fertilized sea water. Using flue gas to reduce p H and to
deliver the necessary C 0 2 , they arrived at efficiency values ranging from 3 . 0 4.4% for Phaeodactylum and 1.0-1.3% for Tetraselmis. These figures are comparable with those obtained by VAN OORSCHOT in 3001outdoor tanks.
For the cultivation of algae several culture methods have been devised.
TAMIYA (1957) reviewed this subject until 1957. Algae have been cultivated in
open ponds, trenches, boxes, or in closed circuits of some lucitematerial through
which the suspension is driven by a p u m p . Settling of cells is mostly prevented
by shaking or rotating the suspension or by bubbling a gas mixture of air and
C 0 2 through it. A research group in Czechoslovakia devised an open system in
which algae are pumped on a glass platform which inclines a few degrees. On
their way down, the fall is broken by vertical sheets. In this way the suspension
becomes turbulent like water in a cascade (PROKES and ZAHRADNIK, 1969,
1970). N o t all culture systems used proved to be successful. Experiments with
open systems deal with losses of C 0 2 , especially when the suspension is violently
shaken. The group of DAVIS, C.S. (1953) investigated several types of culture
vessels; e.g. bottles (5 gallons): production rate 4.8 g-m~ 2 - d a y - 1 , shaking
machine: production rate 8.2 g-m~ 2 - d a y - 1 , plastic and glass walled tubes:
production rate 4.5-11.7 g - m - 2 - d a y - 1 .
Increase in turbulence resulted in nearly doubling the growth rate: from 25.2
to 43.2 g •m - 2 - (12 h r ) _ 1 . This experiment, performed in a closed system with
Meded. Landbouwhogeschool Wageningen 73-6 (1973)
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small losses of C 0 2 anda good shaking device, indicated that also at high light
intensities high energy conversions arepossible.
By shaking a suspension, a flash effect isintroduced which especially improves
the light energy conversion at high light intensities. MYERS and GRAHAM (1959,
1961) attempted to overcome the difficulty of too high a light intensity in natural light fields by the use of diffusing cones. I n this way,the light energy is
distributed over a large surface. Inthebest examples, efficiency reached 10% of
the incident energy, using small vessels with reflecting side walls and light entrance from above.
Chlorella has a rather low saturation level for photosynthesis ranging from
16,000to 36,000 ergs •cm~ 2•sec" 1 . Light adaption was associated with changes
in chlorophyll content (cf. VAN OORSCHOT, 1955; STEEMANN NIELSEN and J Ö R -

GENSEN, 1962)although no significant change in maximum rate of photosynthesis or growth was found ( K O K and VAN OORSCHOT, 1954; STEEMANN NIELSEN

and JÖRGENSEN, 1962). By selecting newstrains with a higher saturation value,
it would perhaps be possibleto improve the yieldper unit surface. SOROKIN and
MYERS (1953) isolated a high temperature strain of Chlorella with an optimum
growth temperature of 39°C. It wasexpected that this would beconnected with
higher light saturation levels, which, however, wasnot the case. Light saturation of photosynthesis didnot increase significantly whereas thegrowth rate at
39°C was 1 5 % higher as compared with a 'normal' Chlorella at optimum temperature.
Temperature adaption, in order to obtain strains with a higher saturation
level, proved to be successful in Chlorella in the range of 20 to 40°C (cf. VAN
OORSCHOT, 1955). Yield values forcells adapted to 30°or40°C reached the same
maximum level at the same light intensity, whereas the maximum yield measured at 45° was sub-optimal. K O K a n d VAN OORSCHOT (1954) investigated
several Chlorella and Scenedesmus strains, including SOKORIN'S high temperature strain in outdoor experiments. They did not find significant differences in
yield between thedifferent strains.
Summarizing, we conclude that one of the best means to diminish the disadvantage of t o o high a light intensity in natural light fields is a n efficient
stirring system. It isfeasable that theefficiency of stirring at a certain speeddecreases with increasing layer depth inwhich thealgae arecultivated. W edidnot
find experiments inliterature, designed toexplore theoptimum relation between
stirring velocity and layer depth, although more knowledge on this subject
might beimportant for designers ofculture vessels.
A lot of physiological data have been collected after the introduction ofthe
synchronous cultures, by TAMIYA et al. (1953a). Aprogrammed light and dark
regime enabled these investigators to obtain a cell mass with uniform physiological properties, dividing in the dark a n d enlarging in the light. T h egrowth of
simple green algae, such as Chlorella and Scenedesmus, but also that of other
species appeared to be cyclic and could be reproduced numerous times after a
synchronous cell mass was obtained. A necessary requirement is a high light
intensity which saturates the photosynthetic apparatus. Several investigators
4
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used the new technique, which proved to he very successful. We refer here to
SOROKIN (1957,1958; 1960a, b, c; 1961 ; 1964); LORENTZEN and RUPPEL (1959),
METZNER and LORENTZEN (1960), PIRSON and LORENTZEN (1958), PIRSON
and RUPPEL (1962), SENGER (1961, 1967). Although differences in technique caused many controverses, some of the experimental results which are
well established may be mentioned here:
1) Temperature influences the duration of the growth cycle, a decrease in temperature causes an increase (cf. TAMIYA c.s., 1953a).
2) In principle, light energy determines the number of daughter cells. A minimum dry matter production or light exposure isrequired, before cell division
starts (cf. MORIMURA, 1959).Provided the exposure is long enough, the number
of daughter cells increased with increasing light energy input up to a certain
maximum. Too low a light energy input or too low a temperature can disturb
the synchronization, especially when the number of nuclei in the various cells is
not uniform (cf. TAMIYA, C.S., 1961). The maximum rate of photosynthesis
varies during the cycle. Maximum photosynthesis increases during the first
hours of light till an optimum is reached, and declines after that. Somewhere in
the middle of the dark period, cells brought back into the light give the lowest
maximum levelfor photosynthesis (cf. SOROKIN, 1960a, 1960b).
SENGER and BISHOP (1967) reported that, under conditions of light limitation,
differences in photosynthetic efficiency could be observed in synchronous cultures of Scenedesmus obliquus-T)3.Photosynthesis and photoreduction of this
strain, suspended in WARBURG buffer no. 9, were measured in a differential
respirometer. Absorption of the suspension was measured in a RIEKE sphere
using indian ink and methanol extracted cells as controls. The quantum requirement for photosynthesis (measured as 0 2 -evolution) was 10.7 for cells
which had received 8hours of light, and 16.6on the average for cellswhich had
received 16hours of light. On the contrary, the ability to assimilate C 0 2 of H 2 adapted Scenedesmus, poisoned during the experiment with DCMU, was not
affected by the duration of the illumination;the quantum requirements in both
cases mentioned above were 19.6and 21.0 respectively. The authors concluded
that thephysiological 'age' ofthecellsaffects theactivity ofphotosystem II.
Models constructed to explain phenomena in synchronous systems as given
by TAMIYA, SOROKIN and LORENTZEN, arehelpful to understand the interplay of
external factors in non-synchronous mass cultures of algae, but cannot be applied directly. Disturbing factors may be: 1)peculiarities of culture vessel and
technique; 2) variation of light intensity in natural light fields, in comparison
with a constant energy input in synchronous systems; 3) changes in spectral
composition of the incident light in natural light fields; 4)the variation of daylength in nature.
The present investigation intends among other things to contribute in
bridging the gap between laboratory experiments and semi-controlled experimentsinthefield.
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1.3. SCOPE OF THE INVESTIGATION

Some examples of discrepancies between the maximum photosynthetic efficiency and the actual growth efficiencies under the best conditions one could
provide in the field, were mentioned. KOK'S determinations of the maximum
quantum yield and the growth yield (1952) indicated that differences in the pretreatment of the material could influence thegrowth yield.
The question can be raised whether the rather fragmentary knowledge collected already has a general value. It seemed worth while, therefore, to investigate the influence of external factors on algae cultivated in different types of
culturevesselsboth inand outside the laboratory.
Effects of the composition of the culture solution on growth are described in
literature for some special cases. In general, these solutions wereused by several
investigators using different culture vessels.Data concerning algalgrowth in the
same solution but in different culture vessels are scarce. Experiments about the
composition of the culture solution are described in Chapter 3. The optimum
composition of the culture solution in relation to the type of culture vessel and
the light intensities applied is discussed. Influences of inorganic precipitates
owing to preferent consumption of certain ions and the effect of organic additions ongrowth were studied.
The influence of light intensity on photosynthesis is well known. In large cultures, the light field is difficult to describe which necessitates a lot of investigations before anything can be concluded. Chapter 4 starts with an attempt to
define the light field under natural conditions. In growing cultures cell and pigment concentration vary constantly. It is necessary, therefore, to work at a
constant optical density, or in a certain concentration range. Experiments,
designed to explore the relation between daily incident radiation and growth
rate or energy conversion had to fullfil these requirements. Starting the experiment each day at a fixed cell density, it was possible to estimate the amount of
energy conversion per day. A large number of these data were used to estimate
the net photosynthetic efficiency throughout the growing season. Finally, the
effect of altering layer thickness, influencing the average light intensity in the
vessel,was studied.
Day length, varying largely in the temperature zones, may interfere with the
yield. In chapter 5, experiments dealing with the effect of day length on energy
conversion are discussed.
Chapter 6describes the influence of temperature on growth rate in algal mass
cultures; the results will be compared with those of DAVIS et al. (1953) who
found that different day and night temperatures influence the growth rate.
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2. M A T E R I A L A N D M E T H O D S

2.1. ALGAL STRAINS AND THEIR PRECULTIVATION

The speciesused during this study were Scenedesmusand ina few experiments
also Chlorella-A (isolated by KOK). Scenedesmus was reisolated in 1962from an
old Scenedesmus-D3 strain already present in the laboratory (denoted as Scenedesmussp.K4).
In 1966, some fresh Scenedesmus strains were isolated from wild forms
(strains K22 and K15). The K4, K15 and K22 strain did not differ significantly
in morphological and physiological propeities. They were cultivated on BEYERINCK agar slants. During the investigation, two ways of precultivation were
used. Until the end of 1964,an inoculum from the agar slants was brought into
a flask containing 100 ml of a solution of the composition: 12.6 mM K N 0 3 ,
10 mM MgSOv 7H 2 0, 9.3 mM K H 2 P 0 4 , 8.3 mM glucose, 2.9 mM sodium
citrate, 3 ppm FeS0 4 . The algae were grown for 4 days in a light cabinet, at
30°C in fluorescent light. The light intensity at the surface of the culture solution was about 0.7 x 104 ergs • cm - 2 - sec - 1 . Thereafter, the algae were decanted and resuspended in sterile water. From this suspension 5ml was taken
and inoculated into a flask containing 300ml of a solution of the composition:
10mM K N 0 3 , 2 mM MgS0 4 ,1 mM K H 2 P 0 4 , and2mlof a solution containing
3g FeS0 4 ,2gsodiumcitrateand 1 gEDTAper litre, to which 1 ml Absolution
and 0.1 ml B7-solution (cf. ARNON, 1938) was added. The flasks were placed on
the rocking table at 30°C for 3days. They were illuminated continuously from
below by 4 'daylight' fluorescent tubes (40W / 33 PHILIPS). The light intensity
at the bottom of the flask wasabout 2 x 10*ergs • cm - 2 - sec - 1 . Air containing
5% C 0 2 , filtered through sterilized cotton wool, was continuously bubbled
through the suspension at a rate of 1.5-2.01/flask/hour.
After theend of 1964,theprecultivation wassimplified by omittingthegrowth
in the solution containing glucose. Tests indicated that in this way the growth
rate did not decrease. The danger of infection was also smaller. Experiments,
described in literature indicated that Chlorella metabolizes glucose quickly
whereas Scenedesmus stored it in a metabolically inert product (cf. GRIFFITH,
1961). The procedure runs as follows. Algae were taken from the agar slants
and suspended into a flask containing 300 ml of a solution of the composition
10mM K N 0 3 , 2mM MgS0 4 , 1 mM K H 2 P 0 4 , 1 ml Absolution and 0.1 ml B 7 solution. The lowphosphate concentration proved advisable for a rapid start of
growth. The flasks wereplaced on the rocking table, at a constant room temperature of 23°C. Illumination from below warmed the suspension up to 30°C.
The light was provided continuously by 5 fluorescent tubes (PHILIPS TLM
125W/33RS). The light intensity at the bottom of aflaskamounted to 7 x 104
ergs • cm" 2 ' sec" 1 on the average. Aircontaining 4%C 0 2 , and filtered through
cotton wool, was continuously bubbled through the suspension at a rate of
Meded. Landbouwhogeschool Wageningen 73-6 (1973)
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2.4-3.1 1/hour. After 4 days, the cell concentration was 1-2 pd packed cell
volume per ml suspension. From this suspension, 5ml was taken with a sterile
pipette and introduced into a flask containing 300 ml suspension of the same
general composition but with 15mM K H 2 P 0 4 whichproved to exert a buffering
effect, favourable for continued growth.
The flasks were placed on the rocking table and treated as described above.
After 3days, thecellscould beharvested; the cell concentration then amounted
to 5-7 ji.1 packed cell volume/ml suspension.
For reasons of simplicity, culture solutions are coded in the rest of this paper.
A key isgiven here:K N 0 3 = symbol N, MgS0 4 = S, K H 2 P 0 4 = P, NH 4 C1 =
A, N H 4 N 0 3 = AN, urea= U. Numbers behind the symbols, and separated by
dots, denote the concentration in millimoles. So: NSP 10.2.1 is the culture
solution already mentioned above, in which the algae are inoculated directly
from theagar slants.
Thick inoculates start growing in NSP 10.2.15. The buffering action of the
H 2 P0 4 -ions provides a good growth up to a cell concentration of 11 \il/m\ (at
thispoint pH = 6.8-6.9). Afurther discussion willbegiveninChapter 3.

2.2. CULTURE VESSELS AND TECHNICAL EQUIPMENT

For the experiments, the algae were cultivated in various types of vessels, e.g.
a) 11Erlenmeyer bottles containing 300 ml culture solution. The experiments
were made on a rocking table (amplitude 2 cm, 90 times/minute). Temperatures in the range of 20-40°C could be maintained within ± 1.0°C.The flasks
were illuminated from below by 4 PHILIPS fluorescent tubes (TL 40W/33). The
light intensity at the bottom of a flask, measured with a photocell calibrated
against a MOLL thermopile,was in therange of (2.5-3.6) x 104 ergs •cm" 2 sec - 1 . Air from a compressor and C 0 2 from a cylinder weremixed with the aid
offlowmeters in the composition: 95%air + 5 %C 0 2 . The gas stream was introduced into aflaskthrough a sterilized glasstubeprovided with a small cotton
plug;this tubepassing through thecotton plug in the neck of the bottle.
b) Fernbach bottles containing 500ml solution. The experiments were made on
the rocking table. Air containing 4% C 0 2 , filtered through cotton wool, was
continuously bubbled through the suspension.
c) All-glassculture tubes with a volume of 650-750 ml,consisting of thiee concentric mantles. Through the outer mantle, water at constant temperature
waspumped; temperatures in the range of 15-40°C could bemaintained within
± 0.5°C. The algae were cultivated in the middle mantle. The thickness of the
layer amounted to 0.5 cm on the average. Air containing 4% oi 5% C 0 2 was
pressed through a glass filter into the algal compartment. Above the surface of
the algal suspension was an overflow, used as a gas outlet only. The inner compartment contained a PHILIPS fluorescent tube (30W TL/34), the light intensity
ofwhich wasmeasured withaphotocell, calibrated against a MOLL thermopile.
8
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d) Tubes, closed with cotton plugs, in a thermostated water bath. Settling of
the algae was prevented bycontinuous bubbling ofair + 5% C 0 2 through
thebottom ofthe tube into the suspension. The temperature could be maintained inthe range of 10-50°C ( ± 0.5°C). Through one ofthe glassfront panelsof
the water bath illumination wasprovided by4 PHILIPS fluorescent tubes (TLMF
120W/33RS). Thelight intensity at thesurface of the culture tubes wasmeasured with a photocell, calibrated against a MOLL thermophile, and amounted
to 2.8 x 104ergs • c m " 2 - s e c - 1 .
e) 501 demonstration modelsof 'MIELE' washing machines (cf. WASSINK, 1959).
Each machine consisted of a perspex vessel and topand a stirring device,
alternately movingtoandfro. Aircontaining 4% or 5%C 0 2 was continuously
bubbled through thesuspension byway ofaplastic tube with holes, atthebottom ofthe container. During thesummer months, thewashing machines were
placed outdoors at a spot facing the south. In this position thepossible'sun'
hours were from 7.30-18.00 hours M.E.T. Thetemperature could be adjusted
by way ofan electric coil with amaximum capacity of2200W,while duringhot
days,the machines werecooled with tap waterifnecessary.
In winter, themachines wereplaced indoors inthelaboratory. Each machine
was illuminated from above by a PHILIPS HPLR mercury lamp. Thelight intensityatthesurface ofthe suspensionwasmeasuredwithaphotocell, calibrated
against a MOLL thermophile. In some experiments, 2 PHILIPS HO2000, 450W
mercury lamps and reflection screenswereadded forillumination from aside.

2.3. MEASUREMENT OFTHE ENERGY CONVERSION IN GROWING CULTURES

Growth of the algae wasmeasured in different ways e.g.,asincrease in cell
number, increaseinpacked cellvolume orincreaseindry matter.
Cell-numbers were estimated by counting in a haemocytometer (SCHRECK
withimproved double NEUBAUER ruling). Ineach count, theaveragecell number
withitsstandard error was calculated.
Packed cell volume was estimated bycentrifuging samples in 10ml TROMMSDORFF tubes for 10minutes in a HOMEF centrifuge at 1130 g.

Dry matter content of the suspension estimated by centrifuging four samples of 100or200 mlfor 10minutes at 2770ginan A.H.T. centrifuge. Thereafter, cells were resuspended in distilled water and again centrifuged for
10minutesat2770g. Thereafter, cellsweredriedfor24hoursat70°Cand 15 cm
Hg pressure. After that they were transferred to an exsiccator andallowed to
dry further and cool over silicagelfor 12hours. Finally, theywereweighed ona
METTLER balance, withanaccuracy of ± 0.1 mg.
Calculation of the photosynthetic efficiency. Photosynthetic efficiency was
determined in these experiments as the total energy fixed during a certain
period, divided bytheincident energy.Thefixedenergywasdetermined bymultiplyingthedrymatter increasewiththecaloricvalueofthematerial asmeasured
in a bomb calorimeter. KOK(1952) estimated thecaloric value of Chlorellaas
Meded.Landbouwhogeschool Wageningen 73-6 (1973)
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5.6 kcal/g dry material. The average ash content amounted to 10%. Also for
Scenedesmus, the caloric value was estimated as a reference.* According to
SPOEHR and MILLNER (1949),the degree of reduction of organic material can be
expressed as the amount of oxygen required for the oxydation of 1g ash-free
dry material. When the most highly reduced compound CH 4 receives a value of
100 on the reduction scale, the degree of reduction R of any compound can be
expressed as the percentage of the degree of reduction of methane. When the
material consists of c%C, h%H, o%0, n%N, the Ä-value amounts to: R =
0.668c + 1.989Ä - 0.250«. VAN OORSCHOT (1955) calculated the combustion
energy of 1 gdry weight as0.14 x R kcal.
Micro-elementary analyses of 4 Scenedesmus samples were used to estimate
the Ä-valueand the combustion energy of 1 g ash free dry material, being 5.1
kcal/g ontheaverage.
In the outdoor experiments the incident energy was measured with a KIPP
solarimeter attached to a KIPP micrograph with an integrator. The amount of
light between 400 and 700 nm, the region important for photosynthesis, may
vary between 45 and 55% of the total global radiation (cf. RABINOWITCH,
1945; REESINCK and DE VRIES, 1942). We therefore assumed that the photosynthetically activepart of the total global radiation was 50%.
The incident energy on a geometrically complex surface as that of a washing
machine could not be obtained directly, because also the side walls had to be
taken into consideration, and had to be 'translated' into an effective contribution to extension of the horizontally illuminated surface. For this purpose, we
compared the growth rates in washing machines under light limitation. In one
machine the vertical part of the wall was darkened up to the surface level of the
algal suspensionwhereastheother machinereceivedlight overthewhole surface.
Under light limitation the growth rate per unit time isproportional to the light
energy absorbed. Therefore, the ratio between the growth rates in the partially
darkened machine and inthemachine in which thetotal surface was illuminated
wastaken torepresent theproportionbetween theilluminatedsurfaces considered as horizontal planes. This can be expressed as:
Prod. tot. ill.: Prod. ill. hor.plane = Surface total: Surface hor. plane.

* The author ismuch indebted to Prof. Dr. H. J. DEN HERTOG for kindly carryingout the
micro-elementary analyses in hislaboratory.
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3. T H E I N F L U E N C E O F T H E C O M P O S I T I O N O F
T H E C U L T U R E S O L U T I O N ON G R O W T H

3.1. INTRODUCTION

Detailed information about the mineral nutrition of Scenedesmus isgiven by
ÖSTERLINDT (1949). KUZNETSOV and VLADIMIROVA (1965), with Chlorella,
determined theuptake from an N0 3 "-containing culture solution (as described
by TAMIYA, 1953b). The highest uptake per gram dry weight was found for
nitrogen; uptake of P, Mg, and K were of the same order of magnitude. The
nitrogen uptake of Chlorella sp.-K remained stable under conditions of light
limitation and high cell densities (1-10 g/1suspension). The uptake of nitrogen
depended on the culture conditions, and was high in vessels with active growth
and lower in vessels with lower growth rates (cf. KUZNETSOV and VLADIMIROVA, 1964). Nitrogen deficiency resulted in a lower level of energy conversion
(cf. VAN OORSCHOT, 1955; BONGERS, 1956). Growth in media containing
N H 4 + , yielded higher energy conversions than growth in media containing
N 0 3 - (cf. KOK, 1952).
It isawellknown fact thatpH increaseswhen algaearecultivated in solutions
containing N 0 3 ~ , while pH decreases in cultures containing NH 4 + (KRAUSS,
1953, TAMIYA, 1953). For this reason, TAMIYA proposed to apply nitrogen by
way of urea; pH would then be more stable, and magnesium and phosphate
would not precipitate. DAVIS et al. and TAMIYA et al. (1953) successfully used
urea in mass cultures of Chlorella. Growth rates were about the same in media
containing urea and nitrate (cf. DAVIS, 1953).The TAMIYA medium as improved
by KUZNETSOV (1967) contained macro-elements in concentrations proportional to those in the algal biomass, while nitrogen was given as urea. The
cultures appeared slightly unbalanced in K and S; however, on the whole the
relative amounts of the macro-elements remained the same after excessive
growth. Other sources of nitrogen, such as aspartic acid, glumatic acid and
alanine were tried by ALGÉUS. Glumatic acid gave the best results, although
growth was rather slow (cf. ALGÉUS, 1951).
The work of KUZNETSOV and VLADIMIROVA (1965) showed that light limited
growth of Chlorellastrains was highly independent of the salt concentration in
the medium. The nitrogen uptake, however, was not the same in different culture vessels and probably depended on the average energy flux received by the
cells. Therefore, the incident energy and the geometry of the culture vessel may
be of interest in relation to the optimal culture solution. Data concerned with
the relation between the optimal culture solution and the dimensions of the
culture vessel are scarce in literature. The medium used by the Russian workers
waswelladapted for intensive cultivation, it contained high salt concentrations.
We have tried to find out the optimal composition of the culture solution for
our special types of culture vessels, from the view-point of attaining the maxiMeded. Landbouwhogeschool Wageningen 73-6 (1973)
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mum energy conversion, and have investigated which other environmental
factors areimportant indetermining theenergyyield.

3.2. INFLUENCE OF KNO3-CONCENTRATIONS ON GROWTH

The optimum KN0 3 -concentration for the growth of some Scenedesmus
strains was determined on the rocking table. In the course of the work it sometimes was necessary to reisolate the original Scenedesmus sp. because contamination had occurred. Thegrowth rates of the related strains (called K, K4, K15,
K22 and K23 in the following), showed no significant differences. KN0 3 -concentrations ranged from 0 to 30 mM, while Sand P remained at 2 and 1millimolar respectively. In our notation, the solutions would be denoted as NSP
0-30.2.1. Growth was measured as the increase in dry weight in 3days in continuous light with an intensity of 6 x 104 ergs • cm _ 2 -sec _ 1 . The results of 3
experiments with Scenedesmus sp. K23 showed optimal production rates of 425
m g - l _ 1 - d a y _ 1 with NSP 5.2.1. With higher N0 3 -concentrations growth
ratesdecreased to 355mg •1 _ 1 - d a y - 1 , arelative decrease of 16%(cf. fig. 3.2.1.)
Preliminary experiments with Scenedesmus sp., strain K, showed the same
optimum concentration for K N 0 3 . The pH shift during the experiments was
from 5.8 at the start to 8.8-9.2 at the end of the experiment. The pH tended to

Production rate
-1
-1
in mg. I •day
400

300

200

100

10

20

30
mM KN0 3

FIG. 3.2.1. Drymatterproduction ofScenedesmussp.,strainK23, asinfluenced bytheKNO3concentration. Cultures on the rocking table in 1 litre erlenmeyer flasks, each containing
300mlsuspension.Temperature30°C.Growthwasmeasuredover3daysinthreeexperiments;
eachpoint isan averageof 12determinations; inoculation density0.10(/.1/ml.
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Production rate
in mg. L . day
600

500

400

300 -

200 -,

100

mM KN0 3

FIG. 3.2.2. DrymatterproductionofScenedesmussp.,strainK23,asinfluenced bythe KN0 3 concentration.Culturesontherockingtable;flaskscontained300mleach.Inoculationdensity:
0.30(il/ml, temperature 30°C. Growth wasmeasured over 3days,algae were resuspended in
fresh medium each day. Two parallel experiments;each point is an average of 8 determinations.

stabilize around thesevalueswhich may beattributed to large quantities of C 0 2
bound in C 0 3~~ and H C 0 3~. It ispossiblethat theoptimum KN0 3 -concentration depends on the amount of biomass present. Therefore, we designed a
similar experiment as described above with a three times higher inoculation
density (0.30 (il/ml). To prevent exhaustion of N 0 3 ~ from the solution, cells
werecentrifugea once a day, and resuspended in fresh medium. Also in this experiment, thegrowth rate washighest with 5mM K N 0 3 (cf. fig. 3.2.2).
Comparingfigure3.2.1andfig.3.2.2,weobservethat thegrowth rateat 5mM
K N 0 3 ishigher when theinoculation density isincreased. When N 0 3 "-concentrations above 5mM wereused, the relative decrease ingrowth rate was21%at
most. The inhibition of the growth rate by high KN0 3 -concentrations is of the
sameorder ofmagnitude.
We investigated the possibility that a higher N0 3 "-concentration might be
toxic by osmotic action. Themedium NSP 7J.2.1,in which N 1\ represents N
given as K N 0 3 , was used as the basic culture solution. Besides K N 0 3 , the culture solution was enriched with KCl in the concentration range: 0-32J mM.
This experiment on the rocking table was repeated twice. The temperature was
30°C, continuous lightwithanintensityof6 x 10 4 ergs • cm" 2 - sec - 1 wasused.
The average daily production rate decreased only slightly at KCl concentrations of 12| rnM and higher (cf. fig. 3.2.3). The average production rate in NSP
Meded. Landbouwhogeschool Wageningen 73-6 (1973)
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Production rate
in mg.f1,day"1
500

400

300 -

200

100

10

20

30
mM KCl added

FIG. 3.2.3. Influence of the osmotic value of the culture solution on the production rates in
Scenedesmus sp.,strain K23.Cultures on the rocking table, 3daysincontinuous light. Light
intensity 60,000 ergs • cm - 2 - sec - 1 . Temperature 30°C. Basis culture solution NSP 7£.2.1.
Osmotic value of the solution increased by adding: 0, 2£; 1\\ 12J; 22\ and 32£ mM KCl
(solidline);comparative amounts of KN0 3 only (cf.flg.3.2.2):broken line.

30.2.1 was 90% of the one in NSP 7J.2.1, whereas the production rate in NSP
7£.2.1 + 2 2 | mM KCl was 94% of the production in NSP 7^.2.1. The trend of
both curves was nearly the same. The experimental data suggest, that the decreased production rate above 1\ mM K N 0 3 may well be interpreted as an
osmotic phenomenon.
Growth rates in media with different nitrate concentrations were tested in
other types of culture vessels:culture tubes with a diameter of 3.0 cm in a thermostated bath, and in 'continuous culture tubes' (described in METHODS). TO
prevent N-deficiencies, thecellswerecultivated during short periods. Part of the
cellsuspension wasused for dry matter determinations, therest of thecellswere
brought into newmedium. Average growth ratesexpressed asg • 1~'• day~ 1 did
not differ significantly for the culture media used. The energy conversion is
slightly better in NSP 5.2.1 and 10.2.1 than in the rest of the culture solutions,
but thedifferences areinsignificant (cf. Table 3.2.1).
Growth rates were also determined in 100mlvessels with a diameter of 3cm
placed in a thermostated bath at 30CC. Light wasreceived from a bank of 5TL
fluorescent tubes (120W, PHILIPS TLMF/33RS). The light intensity at the surface of theculture tubes was 6.4 x 104ergs • cm" 2 - sec - 1 . Nitrogen concentration was varied between 3and 30 mM. The increase in packed cell volume was
taken as ameasure for growth. Thegrowth constants were about the same in all
treatments. This means that the KN0 3 -concentration had no influence on the
growthrateunder thissetofexperimental conditions(cf. fig. 3.2.4).
14
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TABLE3.2.1. Growth rates for Scenedesmus sp., strain K23,over periods of 7 hours; continuous light; 30°C. Media: NSP 5.2.1; 10.2.1; 20.2.1 and 30.2.1. Growth rates expressed as
g -l"1- day" 1 . Incidentenergyintherangeof(3-4) x 104ergs •cm - 2 - sec - 1 . Initialcelldensity
1.0(zl/ml.Culturesin'continuousculture'tubes.
Daily production rate (g •day l-

Medium
NSP

9/10

5.2.1
10.2.1
20.2.1
30.2.1

10/10

13/10

1.08
1.08
0.99
1.19

1.14
1.22
1.06
0.97

I" 1 )

Average

22/10

0.73
0.71
0.70
0.75

Average

production
energy
rate
conversion
1
Cg-day-M- )
(%)

0.96
0.92
0.87
0.97

0.88
0.69
0.74
0.98

8.0
8.1
7.3
7.0

4.U

3.0

O
v
-

,-,
<y

-

-o

2.0

1.0

i

i

i

!

1

1

1

1

1

10

1

1

1

1

20

1 1
30

mM K N 0 3
FIG. 3.2.4. Growthratesfor Scenedesmussp., strain K23, inrelationtothe KN03-concentration. Cultivation in 100ml vesselsin a thermostated bath at 30°C. Growth period 15Jhours.
Media:NSP3.2.1;5.2.1;10.2.1 ;20.2.1 ; 30.2.1.Inoculation density0.13fxl/ml,0.17fil/ml and
0.26[xl/mlpackedcellvolumepermlrespectively.Lightintensity 6.4 x 104ergs • cm - 2 , sec"',
continuous light. Growth constants were calculated from TROMMSDORFF values with the
formula :
,., 24 T Trommsdorffvalue endexperiment
Kg = — x In
/
Tromsdorffvaluestart experiment
Meded. Landbouwhogeschool Wageningen 73-6 (1973)
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3.3. THE EFFECT OFTHE MgS04-C0NCENTRATI0N ON GROWTH

The influence of the MgS0 4 -concentration on the average daily production
rate of Scenedesmus, strain K23,wasinvestigated on the rocking table.
Starting with the optimum N0 3 "-concentration and a variable MgS0 4 -concentration, the average daily growth rates in: NSP 5.0.1, 5.1.1, 5.2.1, 5.5.1,
5.10.1 and 5.20.1 were estimated. Small amounts of cells were inoculated into
1 1 erlenmeyer flasks, and grown for 3days in continuous light at 30°C. The results are presented in fig. 3.3.1. This is an average of 4 parallel experiments. A
rather weak optimum was obtained at an MgS0 4 -concentration of 2 mM. At
higher MgS0 4 -concentrations the average daily growth rate slightly decreased,
or washardly affected under thegiven set of experimental conditions.
SincepH increased inthecourse of theexperiment, owing to the consumption
of nitrate, the Mg + + was liable to precipitation withphosphate ions at pH7.1.
In such casesacid was added, sincethere was a chance that the MgS0 4 -concentration would be sub-optimal at higher pH. However, this was not done in the
present experiment, but the culture solution was buffered by increasing the
KH 2 P0 4 -concentration to 15mM (pH = 4.8). Average daily growth rates were
investigated in three experiments on the rocking table. One experiment was
continued for three days, two others for four days. The illumination was continuous, the temperature amounted to 30°C. The media used in the experiment
were: NSP 10.0.15, 10.2.15, 10.5.15, 10.10.15. The results from these experiments are demonstrated in fig. 3.3.2. At MgS0 4 -concentrations in the range of

Production rate
in mg. L".day"1
500

400

300

200

100

10

20

FIG. 3.3.1. Growth rates for Scenedesmus sp., strain K23, in cultures on the rocking table.
MgS04-concentration were varied. Media: NSP 5.0.1; 5.1.1; 5.2.1; 5.5.1; 5.10.1 and 5.20.1.
Duration experiment 3days,temperature 30°C,continuous light. Initial concentration 22mg
drymatterperlitre.
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FIG. 3.3.2. Growth rates of Scenedesmus sp.,strain K, as influenced by the MgS04-concentration ina buffered medium.Growth ratesestimated overa 3daysperiod: O
O;growth
ratesestimatedovera4daysperiodintwoexperiments: O
O.Experimentsontherocking
table,continuousillumination, temperature30°C.

2to 10mM theaveragedailygrowth rate remained nearly thesame or decreased
a little. Since the absorption ofthe incident light wasimcomplete, the growth
rate wasa function ofthebiomasspresent.Thisexplainsthedifference in average
dailygrowth ratebycellscultivated for threeand four days.
A comparison offig.3.3.1 and 3.3.2 shows that the optimum MgS0 4 -concentration is 2 mM MgS0 4 . Since the Mg + + remained mainly in soluble form in
buffered media, and the optimum concentration is equal in buffered and non
buffered media, wemayconclude that thereisnoinfluence of precipitate formationunder theconditions oftheseexperiments.

3.4. GROWTH MEASUREMENTS AT VARIOUS KH2PO4-CONCENTRATIONS

The influence of the KH 2 P0 4 -concentration on the average daily growth rate
was measured on the rocking table. Scenedesmus sp., strain K23,was cultivated
during 72 hours at 30°C. The KH 2 P0 4 -concentration was varied in the range
from 0 to 15mM, yielding media between NSP 7J.2.0 and 7|.2.15. To keep the
phosphate concentration fairly stable, the culture solution was renewed every
Meded. Landbouwhogeschool Wageningen 73-6 (1973)
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FIG. 3.4.1. Growth of Scenedesmussp., strain K23,asinfluenced bythe phosphate concentration.Culturesontherockingtableincontinuouslight,temperature 30°C.Averageproduction
rates: O
O; individual measurements: x .

day. Infig.3.4.1itappears,that theaveragedaily growthrateisoptimal at 1 mM
under thegivenconditions.
For some experiments on the rocking table, in culture tubes, and in washing
machines, the media NSP 25.2.1 or NSP 10.2.1 were used in order to avoid
renewal of the medium, although these nitrate concentrations were supra-optimal for growth (cf. section 3.2). In the first experiment, the CALVIN medium
NSP 25.2.1 was enriched with phosphate to the composition NSP 25.2.5. The
growth of Scenedesmus sp., strain K4, was measured in these media. Cells were
cultivated in washing machines at a temperature of 30°C over a period of 11
daysinthe open.Thegrowth curvesaregiveninfig.3.4.2.
The increase in dry weight was higher in NSP 25.2.1 than in NSP 25.2.5.
Significant differences in growth werepresent after a period of 3days. After the
second day of theexperiment, pH was always higher in NSP 25.2.1than in NSP
25.2.5. This also demonstrates the higher growth rate in NSP 25.2.1 because the
pH increase isdue to an unbalanced uptake of K + and N 0 3 ~ from the culture
solution. After some days, the cultures became somewhat turbid, at first in the
machine with NSP 25.2.1. It appeared that Mg + + interacted with the H P 0 4 ~ ions to form Mg H P 0 4 at pH 7.0-7.1. This drastically reduced the concentrations of M g + + and H P 0 4 ~ ~ in solution. Since the precipitate formation occurred in both culture solutions, we composed a culture medium with a strong
buffer action: NSP 10.2.15. When not all nitrate is taken up from the solution
the buffering is sufficient to keep pH below the point where precipitation of
U
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FIG. 3.4.2. Growth of Scenedesmus sp., strain K4, in washing machines as influenced by the
phosphate concentration. Experiments in the open, temperature 30°C. Culture solution NSP
25.2.1andNSP25.2.5,depictedas:•
• NSP25.2.1;and A
ANSP25.2.5.

MgHP0 4 occurs. Thus, the growth rates in NSP 10.2.1 and NSP 10.2.15 were
compared in cultures on the rocking table. The results are presented in Table
3.4.1.Three initialdensitieswere applied.
In Table 3.4.1 growth data of Scenedesmus with two P-concentrations are
compared in three otherwise unrelated experiments. In the 6 2 | hour experiment
no differences in growth rate between the two culture media were found. In the
24 hour experiments the growth rate in NSP 10.2.15 was higher than in NSP
10.2.1. It may be assumed that nearly all phosphate is precipitated in NSP
10.2.1(24hour series),but that in NSP 10.2.15solublephosphate isstill present
in excess in the culture solution. Available phosphate, which is equal to the
equilibrium concentration of MgHP0 4 in solution, would then determine the
growth ratein NSP 10.2.1.

TABLE3.4.1. Growth of Scenedesmus sp., strain K, in cultures on the rocking table. Culture
media: NSP 10.2.1 and NSP 10.2.15.Temperature 30°C; continuous illumination.
Number Averagegrowth Inocul.
of
rate
dens.
determin. NSP 10.2.1 NSP 10.2.1
(mg-1- 1 -day" 1 ) (mg-1" 1 )
(hours)

Duration

62i
24
24

8
8
8

450
730 ±19
437 ±11

Number Averagegrowth Inocul.
of
rate
dens.
determin. NSP 10.2.15 NSP 10.2.15
(mg-1- 1 -day" 1 ) (mg-1- 1 )

21
170
850
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7
7
7

445
995 ±43
597 ±26

24
180
900

19

28.9

1.10
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Date

FIG. 3.4.3. Growth of Scenedesmus sp., strain K, in washing machines in the open. Culture
media NSP 10.2.15 and NSP 10.2.1, temperature 30°C. Arrow: addition of diluted HCl in
NSP 10.2.1toapHof 5.3.NSP 10.2.1 :•
• ; NSP 10.2.15:O
O; courseof pHinNSP
10.2.1 :•
• and NSP 10.2.15: O
O.

Similar effects were observed inwashing machines. Scenedesmus sp.,strain K,
was cultivated in a machine with NSP 10.2.1 and NSP 10.2.15. Temperature
during the experiment was 30°C. As can be seen in fig. 3.4.3, the growth rate
was the same from 28/9 to 30/9. After that, the machine with NSP 10.2.1 had a
lower growth rate. Simultaneous pH measurements showed a pH increase in
both machines. The increase in pH in NSP 10.2.15 was smaller than in NSP
10.2.1,and pH did not exceed 6.5.In the machine with NSP 10.2.1,pH reached
7.0. Apparently, the slowing down of the growth rate in this medium was associated with the high pH. Acid addition (arrow in fig. 3.4.3) in the machine with
NSP 10.2.1. resulted in a resumed growth.

3.5. THE INFLUENCE OF DIFFERENT N-SOURCES ON GROWTH

The use of N H 4 + as a nitrogen source resulted in a pH decrease during the
growth period. In preliminary experiments, it was observed that at pH levels
below4.0thegrowth stopped, and thecellsturned brown.
20
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The growth rate in the media NSP 10.2.1 and ASP 10.2.1 at a temperature of
30°C was compared in washing machines. Cells precultivated on the rocking
table were divided in two parts. After washing of the cells in distilled water,
each sample was inoculated in the required culture medium. Productions were
measured once a day. Because the production rate per day varied, we totalled
(if possible) the daily productions. In some of the experiments the culture had
to bediluted sincecelldensitybecame too high. In suchcasestheNSP and ASP
pretreated cells were diluted to the same TROMMSDORFF level with fresh culture
solution. The resultsarecollected inTable 3.5.1.
It isevident from thetable that thenet photosynthetic efficiencies in the ASP
series werealwayshigher than in the NSP 10.2.1 series.On hot summer days the
covers were removed from thewashing machines to prevent overheating. At the
same time, however, C 0 2 escaped from the solution. This was concluded from
thefact that theASPseriesshowed an increase inpH whichisthereversal of the
normal course in this medium. Replacing the lid resulted in a decrease in pH.
The/>C0 2 in theculture solution normally isinequilibrium with the 5%C 0 2 in
the gas stream. It islikelythat the removal of the cover resulted in a lower equilibrium concentration of C 0 2 inthe solution. This may have influenced thelevel
of net photosynthetic efficiency during the periods 26/5-29/5 and 21/8-27/8.
The favourable effect of ammonium ions on growth, however, remained.
We investigated whether the enhanced efficiency values caused by N H 4 + salts, also existed in other types of culture vessels. Scenedesmus sp., strain K15,
was cultivated in 6 culture tubes during 3 days in continuous light. The temperature was 30°C. The media used were strongly buffered to prevent large pH
shifts during the growth period. Three tubes contained the culture medium
NSP 10.2.20, three tubes a culture solution with the following composition:
N H 4 N 0 3 - 5 mM, MgS0 4 -2 mM, KH 2 PO 4 -10 mM, K 2 HPO 4 -10 mM.
TABLE 3.5.1. Growth of Scenedesmus sp., strain K, in washing machines in NSP 10.2.1 and
ASP 10.2.1. Culture temperature 30°C. Productions are expressed as growth efficiencies.
Experiments inthe open. Irradiated surface = 'apparent horizontal surface' (cf. Section 2.3
and 4.2).
Expt.

Dates

Photos, active
radiation
(kcal - m " 2 )

Irradiated
surface
(m 2 )

Efficiency
NSP 10.2.1

Efficiency
ASP 10.2.1

(%)

(%)
5.1
5.5
6.5
4.9
3.5
4.9
6.4
4.3
3.7
5.2
4.1

64 B5
64 B6
64 B l l

18/3-21/3
25/3-26/3
20/5-22/5
26/5-29/5

3340
420
3051
4484

0.37
0.37
0.35
0.35

64 B15

23/6-26/6

2624

0.33

64 B19

21/8-24/8

4261

0.37

1.3
2.4
5.6
2.9
2.7
0.6
3.5
2.8

25/6-27/8

4380

0.37

3.0
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TABLE 3.5.2. The efficiency of Scenedesmus sp., strain K15, grown in buffered media containing KN0 3 or NH4NO3 asa nitrogen source. Experiment in 'continuous culture' tubes;
threedayscontinuous light.Temperature 30°C.Tubes2,3,5:KN0 3 ; tubes6,7,8:NH4NO3.
Light intensity(I0)in 104ergs • cm" 2 ' sec - 1 .
Tube
no.

Io
(10 4 ergscm" 2 - sec)

2
3
5
6
7
8

3.04
2.19
2.72
2.61
2.63
2.63

Irradiated Photosynthetically active
surface
radiation
(cm 2 ) ( k c a l - t u b e - 1 )
475
494
474
479
485
479

82.24
61.61
73.43
71.20
72.65
71.75

Production

Efficiency

(g •tube" ')

Energy fixed
dry weight in
g/tube. 5.05
(kcal)

2.89
2.52
2.45
3.14
4.04
3.16

14.60
12.71
12.40
15.85
20.42
15.97

17.7
20.6
16.9
22.3
28.1
22.3

(%)

The results of thisexperiment are shown inTable 3.5.2. The average efficiency
in media containing K N 0 3 was 18.4%, and 24.2% in solutions containing
N H 4 N 0 3 . The relative increase due to ammonium ions then is 31.4%.This isin
accordance with the theoretically calculated efficiency increase of 30%(cf. KOK,
1952).
Another possible N-source was urea which does not cause large shifts in pH.
Growth of Scenedesmus sp.,strain K, inurea concentrations ranging from 0-25
mM was measured in an experiment on the rocking table. After autoclaving of
theculture solution a whiteprecipitate wasformed. It appeared that autoclaving
caused a pH shift from about 5.6 to about 9.0. Growth was measured over a
period of 3 days. Optimum growth was observed at 15 mM urea. After the
growth period, pH in the urea containing media was highest in the series with
10mM urea and decreased with increasingurea concentration.
The optimum nitrogen concentration seems to be higher in media containing
urea than in media with K N 0 3 (15mM against 5mM respectively). Since autoclaving could have interfered with these results, the experiments were repeated
with urea, sterilized through a bacterial filter, added to the autoclaved other
part of the solution. The urea concentration was varied within the range from
0 to 30 mM (USP 0-30.2.1). Determinations of the growth rate over a 3 days'
growthperiod from 4parallel experiments aredemonstrated infig.3.5.1.Aweak
optimum was found at 15 mM urea. Experiments with KNO3, described in
section 3.2, showed growth rates of 400 to 500 mg • 1 _1 - d a y - 1 , which is about
thesameorder ofmagnitude asthose obtained with urea.
It was of interest to compare the results obtained on the rocking table with
growth data in the open. Growth rates of Scenedesmus sp., strain K were measured in 3or 4washing machines. Thegrowth ratesin NSP 10.2.1and USP 5.2.1
were compared. The temperature was kept constant at 30°C. Repetition of an
experiment bysimplydilutingthecultureproved to bedifficult. After somedays,
22
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TABLE3.5.3. Growth ofScenedesmus sp., strain K,culture media containing KNO3orurea.
Experiments in 1963 and 1964 in NSP10.2.1 and USP 5.2.1; experiments in 1966 in NSP
10.2.15andUSP 5.2.1.Temperature 30°C.Experiments inwashing machines inthe open.
Period

Photosynthetically
active radiation
(kcal - m - 2 )

Efficiency
NSP 10.2.1
(%)

5775
2265
1915
3180
1025
2341
3133
6108

1.2; 1.4
2.1
3.4
4.0
2.0
-

1963 - 13/9 -16/9
24/9 -26/9
8/10-10/10
1964- - 20/2 -23/2
4/3 - 6/3
1966--22/8-25/8
25/8-28/8
7/9 -11/9

Efficiency
USP 5.2.1
(%)
0.8
1.8;1.9; 1.4
4.1;3.8
2.7
5.3
5.1
6.3
5.4

Efficiency
NSP 10.2.15
(%)

4.2
4.4
4.8

Production rate
in mg .I .day
500 r

400 -

300 -

200

100

20
m M Urea

FIG. 3.5.1. Growth of Scendesmus sp., strain K23, as influenced bytheurea concentration.
Cultures in flasks with 300ml medium ontherocking table. Duration of the experiments
3 days incontinuous light, temperature 30°C. Four parallel experiments.

the cells turned yellow or brown. The cause of this phenomenon could not be
detected. These experiments were repeated in 1966 with a small modification.
Here Scenedesmus sp., strain K, was cultivated in NSP 10.2.15 and USP 5.2.1.
The data from the experiments in 1963, 1964 and 1966 are presented in Table
3.5.3.
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The average net photosynthetic efficiency per day in the '63-'64 series was
2.5% for NSP 10.2.1 and 2.6% for USP 5.2.1. The average net photosynthetic
efficiency per day in the '66seriesamounted to 4.5%for NSP 10.2.15and 5.6%
for USP 5.2.1,showing that thealgaepreferred urea over nitrate.Thenet photosynthetic efficiency in general was higher in the '66-experiments than in the one
in 1963. This may have been partly due to animprovement of the experimental
conditions in the washing machines after 1963, when the heating coils were
isolated with plastic tape and plastic coating, preventing possible leakage of
Cu + + -ions. Moreover, the fact that the 1963-1964 experiments werecarried out
in less favourable seasonal conditions (shorter days) may have lowered the
efficiency values.
TABLE3.5.4. Growthratesfor Chlorella-A inwashingmachinescontainingNSP 10.2.15and
USP5.2.1respectively.Lightfrom abovefrom onemercurylamppervessel(HPLR400W).
Light intensity (6-8)x 104ergs• cm"2-sec -1 ; temperature 30°C.
Duration
(days)

Expt.

Culture
solution

66L18

NSP 10.2.15
USP 5.2.1
USP 5.2.1
NSP 10.2.15

66L19

Washing
machine

W3
W4
W3
W4

Drymatter
Relative
production
growthrate
1
1
(g-vessel" -day" )
(%)
2.61
4.49
3.60
3.22

100
139
138
100

The growth of Chlorella-A, a strain already used by KOK, was compared in
NSP 10.2.15and USP 5.2.1 in washing machines in an indoor experiment. Each
machine received light from above by one HPLR 400W mercury lamp. Cell
samples precultivated in NSP 10.2.15 were divided in two parts. One part was
stored incontainers at + 5°C,topreventphysiological changes.Thesecellswere
used for inoculation in experiment 66L19 (cf. Table 3.5.4). The other part was
used directly in experiment 66L18. These experiments lasted 2 and 3 days
respectively. Because the light intensity at the surface of the culture solutions
was not exactly the same (intheorder of (6-8) X 10 4 ergs • cm - 2 - sec - 1 ) each
machine received one timethenitrate containing medium, and onetimethe urea
containingculturesolution.Thecollectedgrowth rates(expressed i n g - vessel~*•
day - 1 ), could be compared per machine. The results are collected in Table
3.5.4.
If we compare the growth rates in NSP and USP respectively, it is seen that
urea stimulated the dry matter production;thegrowth stimulation amounted to
ca. 38%. The effect is comparable with the data given in Table 3.5.3, although
the relative increase in efficiency was smaller in the latter case. There may be a
difference between the two species of algae, but also the culture conditions
differ: outdoor experiments, and round-the-clock-illumination with a lower
energy input in the laboratory; rendering a direct comparison of the data in
Table 3.5.3and Table 3.5.4 uncertain.
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3.6. THE INFLUENCE OF ORGANIC ADDITIONS ON Scenedesmus GROWTH

Although Scenedesmus is an autotrophic organism, itmight well be that the
addition ofyeast extract orsoil extract would favour growth. To investigate
theeffect ofyeastextract addition, an experiment on therocking table (temperature 30°C)wasmade.
In apreliminary experiment the growth ofScenedesmus over aperiod of4
days was compared in the culture solutions: NSP 10.2.1 and NSP 10.2.1 + 0 . 1
or 0.5 g/1 yeast extract. The average production rates over 4 days were: 0.1523
g/300 ml, 0.1672 g/300 ml and 0.1628 g/300 ml respectively. Although growth
was higher in theyeast containing series,differences were not significant, due to
the variation inproduction rates. Sincelight intensity varied from place to place
on the rocking table, the same experiment with 3series of 4 flasks each was repeated;theduration was4days.Each day, theplaceofeachflaskonthe rocking
table was different, to secure that the average light intensity received per series
wasasequal aspossible. Theresultsarecollected inTable 3.6.1.

TABLE 3.6.1. Growth of Scenedesmus sp., strain K, on the rocking table as influenced by the
addition of0.1 g/1or0.5 g/1 yeast extract. Series A, B, and Cwere parallel experiments.
Temperature 30°C; duration ofthe experiment 4days; light intensity 6x 104 ergs• cm" 2 sec" 1 .
Culture
solution

(SP10.2.1
h0.1g/1
1-0.5 g/1

SeriesA

Average
series A + B + C
(mg-l _1 -day _1 ) (mg-l _1 -day _1 ) (mg-l - 1 -day - 1 ) (mg-l^-day - 1 )
401.0 ±73.4
365.0 ±43.9
409.0 ±59.0

SeriesB

SeriesC

424.0 ±46.0
389.0 ±46.0
375.0 ± 100.4

332.0 ±64.8
483.0 ±56.7
461.0 ± 107.0

385.7 ±12.5
412.3 ± 13.6
414.7 ± 12.9

Eachvalueinthe seriesA,Band Cis the averageof 4 determinations. On the
basis of 4parallels, significant differences ingrowth rate by way of yeast extract
can be noticed only in series C. Collecting all the results, it shows that the average production rates inNSP 10.2.1 with yeast extract are significantly higher
than in the control, although the increase in production is not more than 10%.
Weconcludethat yeastextract increasesgrowth, but isofminor importance.
Besides yeast extract, also addition of soil extract prepared according to
PRINGSHEIM waspreliminary tested. It did not show anyeffect ifused in connectionwith our culture solutions.

3.7. DISCUSSION

The experiments described in section 3.2 showed that there isan optimum for
K N 0 3 ataconcentration of5 mM inrocking table experiments; the growth
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rates declined about 15%at concentrations higher than 5mM. The situation of
the optimum remained the same when using higher inoculation densities(cf. fig.
3.2.2). The results in 'continuous culture' tubes, and in 100 ml tubes in a theimostated bath, on the other hand, showed that the situation may be different if
weuse other types of culture vessels. In 'continuous culture' tubes a decrease in
energy conversion was observed at higher KN0 3 -concentrations which, however, was statistically insignificant. No effect of the composition of the culture
solution on thegrowth rate wasfound in algal cultures under conditions of light
saturation ina thermostatedbath (cf. fig. 3.2.4).This showsthat theoptimum as
observed in our experiments on the rocking table, is qua position only valid for
this particular set of conditions. There is a difference in absolute growth rate:
the cultures on the rocking table produced about 400-500 mg • 1"'• d a y - 1 , the
algae in the culture tubes 1.0 g • l" 1 - d a y - 1 on the average. For the following
reasons it may be assumed that the cells in 'continuous culture' tubes received a
higher average light energy flux than those on the rocking table. The light intensity on the surface of the vessels on the rocking table was (4-7) x 104 ergs•
cm" 2 , sec - 1 , depending on the age of the fluorescent tubes. In 'continuous
culture' tubes the intensities were (3-4) X 104 ergs • cm - 2 - sec - 1 . The algal
compartment in the cultures tubes had a diameter of 0.5 cm, on the rocking
tablethealgallayerwas2.8cm(with 300mlper 11 flask).
The decline in growth rate at concentrations above 5 mM K N 0 3 showed
parallelism with the decrease in growth rate observed in experiments in which
the KN0 3 -concentration was kept at 7.5 mM, and the osmotic value of the
culture increased with KCl. It hasto be admitted that thedecline ingrowth rate
is slightly different with KCl as compared with that observed with K N 0 3 . This
might indicate that the toxicities of K N 0 3 and KCl differ. Apparently, the concentration of K N 0 3 is only toxic in those cases where the growth rate is low.
High KN0 3 -concentrations then might osmotically inhibit thegrowth rate.
Apart from the 'osmotic explanation' of the decrease ingrowth rate, an alternativeexplanation may beconsidered inrelationtotheobservations of KUZNETsov and VLADIMIROVA (1964)and BONGERS(1956). KUZNETSOV and VLADIMIROVA (1964) with Chlorellasp., strain K, tried three different types of culture vessels in which they found different growth rates under conditions of light dependency. The N0 3 "-uptake depended on the culture conditions. In vessels with
highabsolutegrowth ratesthe N 0 3 "-uptakewas also at its maximum.
BONGERS (1956) found a competition between N 0 3 - and C0 2 -uptake in
+
weak light. In the absence of C 0 2 the NH 4 -excretion which then equals
N0 3 "-reduction was the same in weak and strong light, whereas N0 3 "-uptake
in the presence of C 0 2 was higher in strong light than in weak light. Thus, in
our experiments high KN0 3 -concentrations might inhibit N0 3 - -uptake especially in cases inwhich thegrowth rate is low, for instance at low light intensity
in both thin and thick layers, or at high light intensity in deep layers. However,
from our experiments it cannot be decided with certainty whether differences in
cell behaviour towards nitrogen are due to the energy supply, which also depends on sizeand shape oftheculture vessel,or totheosmotic conditions.
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The nutrients MgS0 4 and K H 2 P 0 4 gave optimal yields above 2 mM and
1 mM respectively in cultures with optimal KN0 3 -supply on the rocking table.
In some cases the KH 2 P0 4 -concentration was increased to 15 mM to inhibit
the formation of precipitates of MgHP0 4 , that occur at pH 7.0. Under such
conditions growth rates at MgS0 4 -concentrations above 2 mM were independent ofthe MgS0 4 -concentration.Precipitateswereformed inwashing machines
under artificial light and inthe open when no buffering agent waspresent or pH
was not lowered by acid addition. A small increase in KH 2 P0 4 -concentration
to 5mM K H 2 P 0 4 was not sufficient to prevent precipitate formation. In washing machines thegrowth rate wasfound to be reduced inNSP 25.2.5as compared with 25.2.1 (cf. fig. 3.4.2). The increase of the KH 2 P0 4 -concentration to 15
mM was favourable both in washing machines and in cultures on the rocking
table at higher cell densities. The growth rates obtained in washing machines
are lower than those on the rocking table (100-200 mg • 1 - 1 >d a y - 1 and 400500 mg •l - 1 - d a y - 1 respectively). Nevertheless pH also increased in the washing machines. After the formation of precipitate, the growth rate declined in
cultures with 1and 5 mM K H 2 P 0 4 (cf. figs. 3.4.2 and 3.4.3). Apparently the
growth rate depends on theequilibrium concentration of Mg + + or ofH P 0 4 ~ ~.
Another possibility is that the uptake of other kations, as for instance Fe + + , is
limitinggrowth atpH values of 7.0and higher.
N H 4 N 0 3 as well as NH 4 C1 stimulated growth and enhanced net photosynthetic efficiency as compared with K N 0 3 , provided pH was controlled. The
elimination of the nitrate reduction step when ammonium salts are used probablyisthecauseofthis phenomenon.
SYRETT and MORRIS (1963), with Chlorella, showed that N H 4 N 0 3 application results in a prefeiential uptake of NH 4+-ions. Nitrate was taken up only
when nearly all N H 4 + was removed from the culture solution. In our experiments comparison of the growth rates in N H 4 N 0 3 and K N 0 3 containing
media resulted in a 30%higher energy conversion in the case of N H 4 N 0 3 (cf.
Table 3.5.2). KOK (1952) also calculated an increase inphotosynthetic efficiency
amounting to 30% in media containing ammonium salts as compared with
media containing K N 0 3 . The increase of 30%found in our experiments, therefore, is probably due to the uptake of the ammonium ion from N H 4 N 0 3 . A
second argument isthe decrease in pH observed in N H 4 N 0 3 containing media,
whichalsodemonstrates the NH 4 + -uptake.
Nitrogen in the form of urea was favourable for growth in washing machines
(cf. Table 3.5.3). The optimum urea concentration on the rocking table was 15
mM (cf. fig. 3.5.1). The absolute growth rates were comparable to those in
media containing K N 0 3 . The stimulatory effect of urea in washing machines
(cf. Table 3.5.3) was obvious only inexperiments in 1966.
BAKER and THOMPSON (1962) described the urea metabolism in N-deficient
Chlorellacells. They demonstrated that the amino acid labeling after ,C14-urea
addition wasdifferent from that observed with NH 4 C1. No urease activity could
be detected, a fact also supported by earlier work of WALKER (1952) and HATTORI (1957).This would imply that hydrolysis of urea did not occur in Chlorella.
Meded. Landbouwhogeschool Wageningen 73-6 (1973)

27

According to BAKER and THOMPSON (1962), urea is incorporated in glutamate
directly, and less in alanine. This is a difference with NH 4 C1, which is metabolized mainly into alanine. In short: the literature gives evidence that a separate
pathway for urea-N and ammonium-N may exist. However, urea shares the
advantage that nitrate reduction isnot required, which isparticularly favourable
in weak light. The higher nitrogen concentration which can be applied without
harmful effects, and the absence of strong pH shifts are a recommendation to
use urea as a nitrogen source. The culture then has to be grown under fairly
asepticconditions, however.
The addition of yeast extract gives a small, but significant growth increase.
HUTNER and PROVASOLI (1964) described Scenedesmus as an autotrophic
organism. It might well be that factors in the yeast extract facilitate some metabolic step in the cell. Nevertheless, yeast extract is only a factor of secondary
importance for thegrowth of Scenedesmus.
Growth of Scenedesmus, in our hands, did not react to the addition of soil
extract.
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4. T H E I N F L U E N C E O F L I G H T I N T E N S I T Y
ON G R O W T H

4.1. INTRODUCTION

Numerous data exist for production rates under natural conditions, which,
however, arenot alwayscomparable because they havebeencollected in various
types of culturevessels. FELFÖLDYcollected productionrates from the literature
ranging from 3.5 to 28.5 g • m - 2 - d a y - 1 . This is not the best way to compare
these figures. To estimate a cultivation method on its merits it is necessary to
consider growth efficiencies. Data about energy conversion in large cultures are
scarce. GUMMERT, MEFFERT and STRATMANN (1953) obtained efficiency values
up to 2%, whereas VAN OORSCHOT (1955) obtained energy conversion values
of 1-4% in 300 1 vessels with a stirring motor. TAMIYA (1953), with Chlorella
cultivated in a closed circuit with a volume of 40 1,measured maxima of 24 g
dry weight increase per unit per day. Light energy was given in klux-hour,
and the exact surface was not given. We calculated the indicent energy with the
erg/lux ratios estimated by GAASTRA (1959),and the surface with the data given
in the text. The efficiency calculated on the basis of the energy actually received
was 2.6%. Russian investigators (cf. SEMENENKO and VLADIMIROVA, 1961)
claim to have obtained energy conversion values of 7% in open air trenches,
which is rather high. Small outdoor cultures by KOK and VAN OORSCHOT (1954)
gave average efficiency values of 8%.
Some general remarks about growth in large cultures have to be made. The
growth curves generally have a sigmoid shape (cf. MYERS, 1953).
Inthelight saturated region:
dN/dT=kN
(1)
where N is the cell number and k a constant. If there is light limitation, and
respiration canbeneglected:
dN/dT=k
(2)
During theexponential start and the sigmoid end of thegrowth curve photosynthetic efficiency does not reach high values. The initial part has incomplete
light absorption which reduces photosynthetic efficiency on the basis of incident
light. The final part is characterized by a relatively high respiration and a low
energy flux per cell, which also reduces the overall efficiency. Our aim was to
study those conditions, wherephotosynthetic efficiency was highest. This could
be expected in the linear part of the growth curve. In this part of the growth
curve,connectingthe initial and thefinalones,thegrowth rateand the efficiency
reach the optimal compromisefor theculture as a whole.Therefore, our studies
havebeenconcentrated especially on thispart ofthegrowthcurve.
EPPLEY and DYER (1965) reached the optimum growth rate in continuous
cultures at a cell density where the relative growth rate was one half of the
maximum relativegrowth rate (kmax).
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PLATE 1. Outdoorcultivationofalgaein 501washingmachineswithtemperature regulation.

This chapter starts with an attempt to describe the light fields for algal cultures in the open. The influence of the daily photosynthetically active radiation
on yield is studied with one type of culture vessels, viz. washing machines. It is
assumed that algal photosynthesis, as measured in cultures in the open, represents a simple integration of successive variable momentary photosynthetic
rates. With theproduction data, an estimate ismade for the average production
and efficiency values all over the growing season. The average light intensity in
the cultures may also be experimentally influenced by varying the thickness of
layer of the algal suspension, the results for the growth rate are described in
section 4.3.1.

4.2. LIGHT DISTRIBUTION PATTERNS ON HORIZONTAL AND
VERTICAL SURFACES OCCURRING UNDER NATURAL CONDITIONS

The washing machines were setup on a sitefacing the South. The laboratory
screened a large part of the northern and eastern sky. The duration of sunshine
and the amount of free sky was calculated with a method normally used by
architectstoestimate theduration of sunshine onfacades (cf. SWIERSTRA, 1954).
Height and azimuth of the buildings were taken from a technical drawing and
plotted on thecircular projection of the sky,enabling toestimate the percentage
of free sky. In this way the free sky, as seen from the place of the washing
machines was estimated to be 68%. The sun reached the culture vessels maximally 10.5and minimally 4.5hoursper day. Because only thelow sun elevations
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were screened bybuildings around theculture vessels, only a small percentage
of thepossible total sunlight waslost.
Light energy, received on a horizontal plane in the neighbourhood ofthe
culture vesselswas measured witha KIPP solarimeter, attached toan integrator.
It wasassumed that 50% of the total global radiation waswithin the range
available for photosynthesis. Thephotosynthetically active radiation is composed of direct and diffuse light. Theshape of the washing machines canbe
described ascylindrical. Different amounts ofdirect light arereceived on their
upper and side surfaces.
Theamount ofdiffuse light received overthe surfaces ofthewashingmachines
was determined ondays with totally overcast sky. The relative amount of light
on a vertical plane facing thedifferent directions was estimated with a cosinus
corrected flat light meter and one cell ofa spherical light meter*, both equipped
with Sephotocells. Theintensity on the horizontal plane, measured with the
one-sided spherical light meterwastaken as 100.After calibrating the photocells
in the horizontal position, the cosinus corrected flat light meter was heldinthe
vertical plane while theother remained horizontal. Because thealbedo ofthe
overcast skymayvary with different elevations of thesun,we estimated the
diffuse light distribution atdifferent heights ofthe sun. Figures fordiffuse light
distribution arecollected in Table 4.2.1. It canbe concluded that the relative
amount ofdiffuse lightin %ofIhorizontal doesnotvary much.
TABLE4.2.1. Relative light intensities on a vertical plane through the axis of a washing
machine,indiffuse light. Figures areaveragesforthedata obtained indifferent directions.
Sun'selevation
in degrees
61
48
48
48
40

Relativelight intensity
onavertical planein %
ofIhorizontal
43.4
46.4
43.5
40.5
42.0

The direct light energy ona vertical plane canbecalculated if the incident
radiation and theelevation ofthe sun are known. Only one half ofthe side walls
isdirectlyirradiated. Therefore, theenergy received onthevertical sidewallsis:
Aven.x

Ivert,=

Averu x cotgÄ x Ihor_

(1)

and onthehorizontal plane:
A\ior. X *hor.

(where Avert. andAhor. represent the areasofa verticalplane through the axisof
a washing machine andt hehorizontal wall ofa washingmachine respectively,
* Unfortunately this wasused since a second cosinus corrected flat light meter was not
available.
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and h is the height of the sun). Assuming that the total area is irradiated with
Ihor_, the apparent surface which receives suchanenergyfluxis called the'apparenthorizontal surface'.
App. hor.surf. = Ahor_ + Aven_ X cotgh
(2)
The apparent horizontal surface at several elevations of the sun is calculated
with formula 2 (cf. fig. 4.2.1). Especially at low elevations of the sun, such as
may occur on bright winter days, the apparent horizontal surface is about two
timeshigher ascompared with mid-summer.
If we knew the total amount of light received on a horizontal plane and the
ratio of diffuse light/direct light for various hours of the day, it would be possible with the aid of a computer to calculate the instantaneous light distribution
over the horizontal and the vertical surfaces. However, the amount of direct
and diffuse radiation at eachmoment isunknown. In order to obtain an average
impression, wemeasuredthisratio infront ofthelaboratory on aday witha half
overcast sky. A flat photocell with a white domewasused to measure direct and
diffuse light together, and a similar cell,placed in the shade of an opaque white
screen, to measure diffuse light separately. The outcome of these measurements
was48.1% direct sunlight and 51.9%diffuse light.
For general usewedid not worry about theproportion direct to diffuse light,
but only considered the total energy received on a horizontal plane. Therefore,

Apparent horizontal
s u r f a c e in m 2
0.6 p0.5 0.4

0.3 0.2 0.1 _L

10
20
30
40
50
60
Height of the sun in d e g r e e s

70

FIG. 4.2.1. The apparent horizontal surface as affected by the height of the sun, calculated
with the formula: Apparent horiz. surface= Ahortz. + Aven. •cotgA,where h is the height
ofthesunindegrees.Ahoriz. — 0.23m2 and Avert. = 0.11m 2 .
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TABLE4.2.2. Production values under conditions of light limitation in washing machines.
Thescreened machine had theside walls darkened up to thesurface of theculture solution.
Thehorizontalsurfaces.s. was0.23 m2.
Date

Production
unscreened
g/vessel

Production
screened
g/vessel

Ratio

Apparent
horizontal
surface (m2)

7/4-10/4
15/4-17/4
19/4-23/4 )
9/5-11/5
12/5-13/5 )
27/6-30/6

25.25

13.45

1.88

0.44

45.60

28.50

1.60

0.37

12.24
13.65

8.18
11.22

1.50
1.40

0.35
0.32

we looked for a method which gave us an average for the amount of light received on the sidewallsofthevessels.
To this purpose we measured the growth rates in cultures, where light was
limiting the growth rate. We screened the side wall of one machine up to the
surface of culture solution, whereas the other machine remained unscreened.
Growth ratesthen should beproportional to the 'apparent horizontal surfaces'.
By averaging several daily measurements, it was assumed that the results obtained would be representative for the average weather conditions during this
special part of the year. The experiments were done in the end of April, the beginning of May and middle June (cf. Table 4.2.2).
It can be observed that the apparent horizontal surface varies in different
parts of the year. The elevation of the sun being high in middle summer, should
give a decrease in apparent horizontal surface as compared with spring or autumn (cf. fig. 4.2.1). This ismore or less reflected in the data presented in Table
4.2.2.
In thecase of only diffuse radiation it waspossible to make independent estimates of the apparent horizontal surface. First, according to Table 4.2.1, the
average diffuse radiation on a vertical plane is 43.1% of that on a horizontal
plane; at highelevations of the sun itisrather constant. Thisyields an apparent
horizontal surface of: 0.23 + 0.43 x 0.32 m 2 = 0.37 m 2 (direct measurements
of the horizontal and vertical surface yielded 0.23 and 0.32 m 2 respectively). A
second method for estimating the apparent horizontal surface makes use of the
fact that the amount of free sky measured with the method of SWIERSTRA was
68%. The apparent horizontal surface would be: 0.68 X (0.23 + 0.32) m 2 =
0.38 m 2 . The values obtained in these two ways show good agreement and,
moreover, are in the range of the experimental data of Table 4.2.2.
4.2.1. Thelightdistributioninwashingmachinesintheopen
Weassume that the light distribution inthe washing machines follows BEER'S
law:
InI/I0 = k-c-d
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in which k isa constant characteristic for the algal suspension, c = cell concentration, d = thickness of layer.
The constant k was measured for 7 different Scenedesmus samples. Each
sample was diluted to cell concentrations in the range of 0.2 to 1.0 [xl packed
cell volume/ml. Absorption-maxima were measured in a BECKMAN spectrophotometer (type DU), using a piece of filter paper directly between the slit and the
glassbox. Preliminary experiments indicated that thismodified SHIBATA method
(cf. SHIBATA, 1955)largely reducedtheerrorproduced by scattering.
The absorption spectrum for Scenedesmus sp. showed a minimum at 550 nm,
whereas the extinction observed at 800 nm can be attributed to scattering. The
absorption of chlorophyll in vitro is very low at 550 nm as compared with the
maximum at 670-680 nm. The absorption minimum at 550nm and the measured extinction at 800 nm both increased when the concentration was enhanced.
We have considered these minima as reference points for scattering. The line
drawn through these points enabled to estimate the scattering value at each
wavelength byinterpolation. Preliminary experiments indicated that chlorophyll
determinations with acetone extracts, and in v/vo-estimates did not show significant differences between themaximum absorption valuesin thered part of the
spectrum (cf. fig. 4.2.1.1) provided the in Wvo-determinationswerecorrected for
scattering.
Because in vivoand in vitro measurements were comparable, the value of k
wasestimated in vivofor reasons of simplicity. If the maximum extinction (normally between 680and 670nm) wasplotted against cell concentration (in f/.l/ml)
the slope of the regression line represented the factor k. The factor k was determined in 7concentration seriesas described above. The average valuefor k was
considered asthebestestimate for k.

Maximum extinction
in v i t r o
0.51-

0.4 -

0.3 -

0.1
0.2
0.3
0.4
0.5
M a x i m u m e x t i n c t i o n in v i v o

34

FIG. 4.2.1.1. Comparison between chlorophylldeterminationsinvivo,withamodified
SHIBATA method, and in vitro in acetone
extracts from the same Scenedesmus
samples.Invivomeasurementswerecorrected for scattering (reference points 800and
550nm).
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Regression lines:
y = 0.371 x -0.007
y = 0.344 x +0.007
y = 0.291 x -0.007
ƒ = 0.309 x +0.008
y = 0.285 x +0.002
y = 0.266 x -0.006
y = 0.241 x +0.039
£ = 0.301 ± 0.031
With thisfc-valueit is possible to calculate the light intensities which exist in
the culture vessel. In fig. 4.2.1.2 we can see that light saturation for photosynthesis (0.05 cal •cm - 2 - min - 1 ), cf. VAN OORSCHOT (1955) is at smaller depths
when the cell density is increased. Without stirring, the average light intensity
can be estimated from the graph. The stirring movement of the cells can improve theefficiency of light utilization, providedthe stirring isvery quick. It was
not possible to measure the movement of the cells directly. Since the particles
were very small and immobile it was assumed that their movement was mainly
determined bythe streaming inthe water,caused bythe stirring motor.
Streaming was measured with a plastic diver, just floating in the water. The
average time needed by the diver to travel from surface to surface was 9.5 sec.
on the average. Taking into consideration that the depth of layer was 19.5 cm,
thevelocity of the streaming was:2 x 19.5:9.5 cm/sec = 4.1 cm/sec.
We assumed that the average velocity of cells was comparable to thevelocity of
the water stream, thus:4.1cm/sec.

.incident phot.act.rad iat ion
in cal. cm"2.min"1
0.10
0.20
0.30

FIG. 4.2.1.2. The light distribution in a
washing machine as a function of
TROMMSDORFF value calculated with
LAMBERT-BEER'Slaw. Density0.4 (xl/ml:

Depth of Layer in cm
beneath surface level

A
A;0.8|xl/ml: O
O; 1.6 ^1/
ml: x
x ; 4.0 |d/ml: •
e. On
the abscisthe photosynthetically active
2
1
radiation in cal • cm" -sec"" , on the
ordinate the number of cm beneath the
water level are given.
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TABLE4.2.1.1 Periods that the average cell receives incident radiation above the saturation
point ofphotosynthesis (TL) and belowthispoint (TD),calculated for washingmachines when
using the indicated cell concentrations.
Concentration
(Hi/ml)

TL
(sec)

TD
(sec)

0.4
0.8
1.6
4.0

8.525
4.47
2.14
0.88

0.975
5.03
7.36
8.62

TJ(TL+TD)

0.90
0.47
0.23
0.09

If we calculate theratio:
Time during which the cellsreceive light intensity above saturation
Time during which the cellsreceive light intensity below saturation
weobtain the datapresented inTable 4.2.1.1.
Assuming that the light intensity at the surface of the vessel amounted to 0.4
cal •cm - 2 - m i n - 1 , the light distribution was calculated. Because the suspension
was shaken, the cells moved 4.1 cm/sec in the vertical direction. We can now
calculate the average time, a cell receives a light intensity above and below
saturationofphotosynthesis(0.05cal •cm - 2 - min - 1 ), seeTable 4.2.1.1.
As can be observed in Table 4.2.1.1, above cell concentrations of 0.8 [il/ml
cellsremained more than 50 % of the timeunder light limited conditions.
Light intermittency can be obtained by screening some part of the light by a
rapidly rotating disc with incisions. If yield in intermittent light is compared
withyield incontinuous light with an intensity of:
Ti/(Ti + Td) •I duringthesametotal time
whereTt= flash duration inintermittent light;Tä = duration ofdark period in
intermittent light, the ratio between these two values can be calculated. RABONOWITCH (1956)discussed whether an enhancement by light intermittency could
be expected. This was not found. The gain in efficiency reached at T,-values of
0.1secand lesswasannihilated bythe shortness ofeachlightperiod.
In a culture with saturating light intensities at the top and lowlight intensities
at the bottom, stirring will help anyhow since it increases the energy flux received by an average cell. Furthermore, it decreases the light intensity received
byan averagecellat thetop of theculture with a factor (TJTi + Td)•I.To obtain
enhancement inenergy conversion in the light saturated part of the culture, it is
favourable if Ttis short as compared with Td. In washing machines this is so
aboveO.8-0.9 [xlpacked cellvolume/ml suspension (cf. Table4.2.1.1).
KOK (1953) determined the effect of flash duration on the relative efficiency
of the flash at several TJTi + Td ratios. Flash durations in the order of milliseconds would be necessary to obtain maximum photosynthetic efficiency. The highest cell concentration of Table 4.2.1.1, viz. 4.0 [il/ml, is about the
maximum whichcanbereached inwashing machines (5.0[/.l/mlinthemiddle of
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FIG. 4.3.1. Dry matter in washingmachines,calculated asg.m -2 , for Scenedesmussp., strain
K, cultures. Medium NSP 10.2.1, temperature 30°C. Average initial cell densities: O
O
1.5[xl/ml; A
A0.95fil/ml; D
D0.6jxl/ml.Experiment June1963.
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F i e 4.3.2. Net photosynthetic efficiency values based on incident light for Scenedesmus sp.,
strainK,cultivatedinwashingmachines.Temperature30°C,mediumNSP10.2.1.Experiments
June 1963. Average initial densities: O
O 1.5 (il/ml ; A
A 0.95 (il/ml; D
G
0.6(/.l/mi.
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summer). In this case the flash duration (Tt) is about 1sec and the TJTi +Td
ratio 0.10.
It was derived from graphs presented by KOK (cf. BURLEW, 1953) that the
relative efficiency of the flash in this case would have been 20%, which is comparable with an energy conversion of 0.2 x 25% = 5%at a cell concentration
of 4.0 (xl/ml (in washing machines). It has to be borne in mind that a relatively
long dark period unfavourably affects this enhancement. A decrease in depth of
layer, and shortening of the dark period, would therefoie be favourable with
thesame stirring rate.

4.3. INFLUENCE OF DAILY PHOTOSYNTHETICALLY ACTIVE RADIATION
ON YIELD UNDER SEMI-CONTROLLED FIELD CONDITIONS

Daily yield in a growing culture can be estimated by sampling a thinly inoculated culture every day until no further growth is observed. When natural daylight isused, it isnot easy to obtain aclear idea of the relationship between daily
energy input and production rate.
Growth is a function of net photosynthesis provided no other processes interfere and limit dry matter production. Net photosynthesis depends on the
amount ofabsorbed light in theculture under conditions of lightlimitation. It is
a function of the optical density of the suspension and of the input of light
energy. The energy flux varies frequently. Therefore, a well defined absorbing
system isnecessary toexplain light influences on growth.
Some washing machine experiments were designed in June and July 1963 to
solve the question whether there was an influence of the initial cell density on
the growth rate of Scenedesmus sp., strain K. The algae were cultivated in NSP
10.2.1 at a temperature of 30°C. Initial densities of the cell suspension were in
the range of 0.5-1.5 [xl/mlin each of three washing machines. The results, presented in fig. 4.3.1, showthat the increasein dry matter in most cases is fairly
linear with time. The daily growth rate appears to be somewhat lower at the
highest initial concentration. In general, the slopes of the growth curves are
similar for various initial concentrations. Differences in initial concentration
are reflected especially in the early readings. The fact that the growth rate
further shows increasing independence of this initial concentration suggests
that the light intensity during the main part of the growth period acted as the
limiting factor, the more so since C 0 2 and concentration of nutrients were suppliedat theoptimal level.
Net photosynthetic efficiency values based on incident light were calculated
for this experiment and are shown in fig. 4.3.2. Net photosynthetic efficiency
values decreased, when the initial cell density was increased. The highest value
was 4.2% for an initial concentration of 0.6 [xl/ml, and 3.0% on the average for
the initial concentration of 1.5 jAl/ml. Since light intensity acted as a limiting
factor during the main part of each growth period, initial cell density can only
influence the average cell density which isreached during such a growth period.
38
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TABLE 4.3.1. Growth of Scenedesmus sp., strain K, in washing machines. Natural daylight,
culture medium NSP 10.2.1, temperature 30°C continuously. Dilution every morning or
afternoon to the TROMMSDORFF valuesof 0.5 and 1.0 [xl/ml.Figures in brackets denote the
duration of the experiment in days.
Month

June'63 (12)*
June'63(8)*
Sept.'64(8)
Apr./May'65(8)
M a y'65(8)

Average photos.
Eff. (%)
act.rad.(kcal-m -2 ) 0.5fxl/ml
2492
1288
1437
1277
1971

Average photos.
Eff. (%)
act.rad.(kcal-m -2 ) 1.0 fil/ml

4.2
5.7

2492(12)'

4.4'
6.62
4.13

1225(6)4

3.8

4.5

1685(13)!

3.1

* Earlier experiment, added for comparison only. The cultures were diluted to TROMMSDORFF0.5-0.6[xl/mloverperiodsvaryingfrom 1to 3days.
Standard deviations:
l)Sept. '64:.s= 1.11 (« = 16).
2) April-May '65:s = 1.33 (n = 16)
3) May '65: J = 0.52(n = 24)
4) Sept. '64:s = 1.30(w= 11)
5)June'65: i = 1.10(n = 13)

The average energy flux per cell decreases at higher cell densities, so that the
explanation would be that photosynthesis was more compensated by respirationat higher celldensities than at lower ones.
In a new series of washing machine experiments, the cultures were diluted
daily to fixed TROMMSDORFFvalues of 0.50, or 1.0[xl/ml atthe sametime of the
day. The culture temperature was 30°C, the culture solution was NSP 10.2.1,
unless stated otherwise. Net photosynthetic efficiencies were averaged for a
growthperiod. Theresultsarecollected inTable 4.3.1.
The figures in the table indicate that the average efficiency values over longer
periods vary. Daily dilutions to the level of 1.0 \L\ packed cell volume per ml
tend to produce lower netphotosynthetic efficiency values ascompared with the
0.5 [xl/mlseries.The net photosynthetic efficiencies per day (Table 4.3.1) for the
'64 and '65 experiments were averaged. The corresponding daily growth rates
as a function of light energy input per day are given in fig. 4.3.3.
The general trend of the points was submitted to the rank correlation test of
KENDALL. The correlation between light intensity and production rates was significant in fig. 4.3.3. left and middle, and probably significant in the right curve.
This means that the culture as a whole behaved as under conditions of light
limitation. The experiments which were started at a TROMMSDORFF value of
1.0 [xl/ml (cf. Table 4.3.1) also showed growth rates proportional to the light
energy input. Weconclude that initial celldensities of 0.50 ^1/ml and higher are
sufficient to create light limited growth in washing machines.
Literature shows that the physiological properties of synchronous algae do
not remain the same, but depend on 'physiological age'. A correlation between
Meded. Landbouwhogeschool Wageningen 73-6 (1973)
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FIG. 4.3.3. Daily production rates for Scenedesmussp., strain K, cultivated in washing
machines. Daily dilutions to 0.50 \ù packed cell volume per ml. Medium NSP 10.2.1, temperature 30°C continuously; left part: experiment Sept. '64; middle part: experiment
April-May 1965;right part: experiment May 1965.Each point average of 3 to 4 parallel
determinations.

cell size and photosynthetic activity was shown in synchronous algal cultures
(cf. SOROKIN, TAMIYA, LORENTZEN). The question arises to what extent variationsincell sizeoccur indaily diluted cultures. Celllength andwidth determinations aregiven for the September experiment in 1964,with an initial cell density
of 1.0 [xl/ml(cf. Table4.3.1andfig.4.3.4).Small cellsjust after celldivision have
a length of7-8 \L,largecellsjustbefore division: 12-13jx.The fluctuations which
are showninfig.4.3.4. aretherefore rather strong.The maximumdiscrepancy in
cell length, i.e. from 9-12.6 \i, is an increase of about 70% of the maximum
possible difference. Inanalogy with synchronous cultures,variationinmaximum
and light limited photosynthetic rate, and in respiration might also be possible
indaily diluted cultures.
Ifwçassume that there isa variability inphysiological properties, arresting of
growth by cooling may keep the cells in the same physiological status as they
had in thepreculture period. Wetherefore stored a large amount of cells at 5°C
inthedark. Samplesfrom thiscellmasswereused toinoculate 1 litre erlenmeyer
flasks. Growth of these inoculations on the rocking table was determined after
3 days. There was no significant difference in growth rate of these inoculations
within a period of 10days. We concluded that the physiological properties remained thesameduring acoolingperiod ofat least 10days.
In the following experiment, we tried to establish whether the variability was
due to the dilution technique. Cells were precultivated in washing machines in
natural daylight, and stored afterwards at 5°C in plastic containers. In an ex-,
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FIG. 4.3.4. Averagelengthand widthfor Scenedesmussp.,strain K,cultivated intwowashing
machines. Measurements on 25 cells. The arrows denote the dilutions to TROMMSDORFF
1.0 (/,1/ml.Medium NSP 10.2.1,temperature 30°C.Experiment Sept. '64. O
O, A
A,
length; O
O, A
A, width.

périment in natural daylight samples from this cell mass were used as an inoculum for one washing machine each day. Another machine was diluted each
day to the same celldensity aspresent in the machine with the cooled cells.The
culture solution was ANSP 5.2.1 (to prevent pH interactions), the culture temperature 30°C. The concentration at the start of the experiment was 0.25 \t\
packed cell volume/ml. The yield as a function of the photosynthetically active
radiation per day followed a normal BLACKMAN saturation curve (cf. fig. 4.3.5).
The highest net photosynthetic efficiency was 7.0%, and it decreased with increasing light energy input. At the higher incident light energies the yield in the
daily diluted suspension was somewhat lower ascompared with thecooledcells.
In general, the differences between the two curves are in the range of 10-20%.
An influence of the dilution technique seems less evident. Cultures in washing
machines (depth of layer 19.5cm) are ingeneral so thick that lightintensity will
not be sufficient to saturate photosynthesis inlargeparts of themachine. Under
such conditions, variable maximum photosynthetic rates would be important
inthetop layers only.
Respiration seems to be the crucial factor under light limited conditions.
Knowledge of respiratory activity might, therefore, be important.
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FIG. 4.3.5. Production rates and net photosynthetic efficiency values for Scenedesmus sp.,
strain K, in washing machines as a function of the daily photosynthetic active radiation.
Daily dilutions to a TROMMSDORFFvalue of 0.25u.l/ml;culture medium ANSP 5.2.1; temperature 30°C. Production rates cooled cells: O
O; daily diluted cells: A
A; efficiency
valuescooled cells: •
• ; daily diluted cells: A
A.

Respiratory activity, measured as 0 2 -uptake per unit of cell volume or dry
weight wasestimated inthreetypes of experiments.
A) A washing machine experiment under continuous mercury light (HPLR
400W) in the laboratory. The culture medium was NSP 10.2.15, the temperature was30°C.
B) An experiment in the open in washing machines. Each day the culture was
diluted to thelevelof0.50 \i\packed cellvolumeper ml.Theculture medium
wasNSP 10.2.15and thetemperature 30°C;experiment madein April.
C) As B,but diluted to a TROMMSDORFFvalue of 1.0 [ilfml;experiment carried
out inMayand June.
Respiration wasmeasured incellsamplesresuspended inWARBURGbuffer no.
9,0.1M, ina WARBURG apparatus.
In experiment A), the respiration per unit cell volume was estimated in six
samples taken at different times from a growing culture of Scenedesmus sp.,
strain K22(cf. Table4.3.2).
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TABLE4.3.2. Respiration in mm3/hour per unit TROMMSDORFF value measured in cultures of
Scenedesmus sp., strain K22. Cells cultivated in washing machines under HPLR 400 W
mercury light, temperature 30°C, culture medium NSP 10.2.15.Expt. of Dec. 1966.
Samplingdate

Respiratory
activity (mm3- h~')

8/12
9/12
12/12
13/12
14/12
16/12

1.41
2.68
2.00
2.15
2.42
1.99

±0.63
±0.15
±0.30
±0.22
±0.16
±0.37

x = 2.11 ± 0.45mm3/mm3cellvolume/hour
s = 0.43mm3/mm3cell volume/hour
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FIG. 4.3.6. Respiration in (J.1 02-uptake per mg dry weight per hour. Manometric determinations in WARBURG buffer no. 9at 30°C, measured in morning samples taken from
cultures of Scenedesmussp.,strain K22. Natural daylight, temperature in washing machines
3Q°C, medium NSP 10.2.15. Experiment B: April 1967, diluted each day to TROMMSDORFF
value 0.50 fxl/ml, ( x ) ; experiment C: Mayand June '67, diluted each day to TROMMSDORFF
value1.0[il/ml, (O).
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The culture wasdiluted to itsinitial concentration on December 9th and 14th
after the measurements. The respiratory activity was variable. The differences
proved to be significant with the test of WILCOXON. Errors caused by the WARBURG and TROMMSDORFF determinations are considered to be 5%each as a minimum. The average respiratory activity per unit of packed cell volume
amounted to 2.1 ± 0.4 mm 3 /mm 3 cell volume.
Since TROMMSDORFF value is a parameter expressing the packed cell volume
present in 1 ml suspension, it depends on cellsize.Infig.4.3.4,itwasshown that
cell length and width were variable parameters in a growing culture. Therefore,
TROMMSDORFFvalue seems to be lesspreferable as a basisfor respiratory activity
ascompared withdry weight.
In the experiments, described above under B) and C), the respiration was
determined in samples taken from Scenedesmus sp., strain K22 cultures in the
open, just after a dilution in the morning. Respiration in mm 3 0 2 -uptake per
hour per mg dry weight present was estimated for 8samples in experiment
B) and for 16samples in experiment C). The averages were compared. The resultsaregiveninfig.4.3.6.
Differences between the two averages were significant when the t-test was
applied. The respiratory activity was highest in the culture with an initial concentration of 1.0 (xl/ml.Theaverage incident photosynthetically active radiation
in June is about 1.4 times higher than in April (cf. DE VRIES, 1955). The cell
density at the start of the experiment in June, however, was about two times
higher than in April. When light absorption follows more or less BEER'S
law, and whenthe incident energy inApril would havebeen the sameasin June,
the energy flux for an average cell in June would have been l/e2 lower than in
April. The overall effect thus generally is a decrease in energy received by an
averagecellin June.
We may assume that the difference in respiratory activity is due to a higher
carbohydrate level in experiment C). This assumption, however, can only be
supported by the shorter duration of the dark period, since the average light
energy received per cell is probably lower in experiment C) than in experiment
B).
The phenomenon can also be explained by assuming that the difference in
respiratory activity is due to a difference in cellular composition. The respiration per unit cell volume decreased for Chlorellapyrenoidosa in synchronous
cultures during the course of cell development (cf. SOROKIN, 1964). Respiration
per cell, however, increased during the course of cell development. This means
that larger cells have higher respiratory rates. Since dry matter and TROMMSDORFF value were determined in experiments B) and C), the dry matter content
per mm 3 packed cell volume could be calculated from determinations in experiments B)and C).
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Thedrymattercontent inexperiment C)was :130± 14.8mg/mlpackedcellvolume.
Thedrymattercontent inexperiment B)was :173 ± 12.0mg/mlpackedcellvolume.
(s„ = 22.6; sc = 27.8;F = 1.23; <pjq>2 = 13/7;t = 4.6, significant).
The overestimation of real cell volume by TROMMSDORFFdeterminations is highest in large
cells. A high dry matter content per mm3 TROMMSDORFFvalue indicates a small cell size, a
low dry matter content per mm3 Tromsdorff valuea larger cell size. This would mean that
theaveragecellsizeislarger inexperiment C)than in experimentB).
Therespiratory lossesperdaycanbecomputed withthedatafromfig.4.3.6:
ExperimentB)respiratoryactivity5.57ml - g - 1 •hour - 1 =5.57ml x 24mlC0 2 =133.6ml
C0 2 per g dry weight per day (30°C) = 5.37 mM C0 2 . We may assume that each mole 0 2
taken up byrespiration evolves 120kcal(cf. KOK, 1959).Theaverageenergy lossperday then
is645cal •g~' •day"'. Wedetermined thecaloric valueof the material to be 5.08 kcal/gash
free dry weight (cf. Chapter 2). Therespiratory lossesthenamounted to 12.7%.
Experiment C): respiratory activity 7.11 ml •g" 1 •hour - 1 = 170.6 ml •g - 1 •day - 1 =
6.85 mM C0 2 •g - ]• day - '. This amount of C0 2 represents a respiratory loss of 16.2% per
day.

In the above computation average values and by no means extremes for
respiratory activity wereapplied. Theupper and lower limit for respiratory activity- as predictedbytheseexperiments- wouldbeforexpt.B: xb ± s„ x 1.96;
andfor experimentC:xc ± sc x 1.96(for 95 % ofallcases).Roughlyestimated,
respiratorylevelinwashingmachinesmayvarybetween 16.2+ 2.4 % = 18.6%,
and 12.7-4.0% = 8.7%.
In order to show the effect of respiration on the production rate, the data
fromfig.4.3.3 left, are correctedforrespiratorylosses.Sincethe initialconcentration was0.5[xl/ml,respiratory activity wasassumed to be 12.7%.Theproductioncorrected for respiration wascalculated from theproduction rate.Because
the cultures were dilutedin the morning, the light period wasalways split bya
dark period. To simplify thecalculations, it wasassumed that all the lightwas
receivedinonecontinuousperiod followed byadarkperiod.
Ifa = dry matterin gpresent at thestart of the experiment
Aa = dry matter increase ing/day
X — numberofhourslight perday
R = respiratory loss per g dry weight present,
the average dry matter present during the light period is:
a + (a + Aa)
2
'
and the respiratory lossduringthelight period:
(a + iA«) • —• R

(1)

Inourassumptionthedrymatterpresent atthestart ofthe dark period wouldbe:(a + Aa)
andtherespiratorylossduringthenight:
(a + Aa)• — ^ — • R

(2)

Bycombining formulae 1and 2theproduction corrected for respiration (P) is :
P = (a + iAa) - — -R + ia + Aa)- — ^ — • R + Aa
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TABLE4.3.3.Measuredproduction ratesforScenedesmussp.,strainK,takenfrom fig.4.3.3left
and corrected for respiration with formula (3). Culture medium NSP 10.2.1, temperature
30°C,initialcelldensity0.50(il/ml.
Incident
radiation

Measured
production

Respiratory
loss

(g-m-2)

Production
corrected for
respiration
(g • m " 2 )

(kcal - m " 2 )
540
980
1310
1350
1400
1480
1575
1640
1765

0.04
6.82
16.95
8.26
11.35
10.18
15.40
15.05
17.10

1.62
9.49
20.16
10.67
13.42
12.74
19.75
17.55
20.04

97.5
28.0
16.0
22.5
15.5
20.0
22.0
14.3
14.6

(%)

Table 4.3.3 shows that an incident radiationof 540 kcal •m~ 2 is nearly the
compensation point ofphotosynthesis under this set ofexperimental conditions.
The respiratory lossesinthe range of 1000to 1800kcal - m - 2 incident radiation
arebetween28and 15%of thegross production.
The data collected inTable 4.3.1 andfig.4.3.3indicate that cultures diluted to
a level of 1.0 jxl/ml have a lower energy conversion than cultures diluted to 0.5
[xl/ml. This could be ascribed to a difference in respiratory activity and/or a
difference inaverageenergy input percell.
A lot of data were available for Scenedesmus cultures in washing machines
growing to a steady state level. In fig. 4.3.7 the energy conversion in cultures of
Scenedesmus sp., strain K, in nitrate containing media were collected over the
period from 1962 to 1965.The bulk of the experimental material was obtained
between March and October. The highest energy conversions were reached in
July or August. The scarce data collected in late fall and early spring are insufficient to obtain a clear idea of the energy conversion in winter. At best they
might indicate that energy conversion incultures kept at 30°Cislower in winter
than in summer. Energy conversions collected during 117days under comparableconditions i.e.30°Cand 5%C 0 2 , resultedinageneralaverageof 4.02%.
The incident radiation, measured by the Physics Department of the Agricultural University, is valid for an open field. Since no light measurements of ourselvesexist for the period 1962-1965,wehad to use their figures. In a later year
the incident energy measured by the Physics Department was compared with
light measurements at the place ofthe experiment. Theresults are presented in
fig. 4.3.8. On the average the total global radiation at the place of the experiment was 75% from the energy measured by the Physics Department. The
screening by the surrounding buildings explains why the incident radiation is
lower than that inthe open field. The average energy conversion figures over the
period 1962-1965,viz.4.02%,werecalculated onthebasisofthe determinations
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FIG. 4.3.7. Net energy conversion for Scenedesmus sp., strain K, over the period 1962-1965.
Culturemedium NSP 10.2.1,temperature 30°C.

from the Physics Department; the real energy conversion would then be:
100/75 x 4.02% = 5.4%. No correction was made for reflection and absorption by the perspex mantle of the culture vessel. Measurements indicated that
around 10% of the energy was lost on the surface of the vessel. This brings the
average energy conversion to 6.0%, and the maximum efficiency obtained in
these experiments to 10.2%. Comparison of the non-corrected average energy
conversion of 4.02% with the energy conversion in daily diluted cultures (cf.
Table 4.3.1) shows that about the same values are found. Furthermore, when
the high energy conversions in July and August each year are considered, it appears that cultures growing to the steady state level have no lower energy conversion than the daily diluted ones. As was shown in fig. 4.3.6, the rate of respiration per unit dry weight was higher in cultures which were diluted each day
to the TROMMSDORFF value of 1.0 jxl/ml than to the ones diluted to 0.5 (xl/ml.
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Extrapolation of these results to cultures growing towards a steady state level,
where an average cell receivesa steadily decreasing energy input, would suggest
that the energy conversion of the culture decreases owing to an increase in biomass and an increased respiratory activity. On the basis of this reasoning, the
energy conversion on the basis of incident light would be higher indaily diluted
cultures than in cultures growing to a steady state level. As was shown above,
this was not the case. Therefore, the behaviour of respiratory activity in daily
diluted cultures cannot be extrapolated to non-diluted cultures. Further research on this subject may start with the hypothesis that a decrease in photosynthetic activity which is caused by a decreased energy input or by altered
physiological properties may be associated with comparable alterations in
respiratory activity.
Influenceoflightintensity onyield inlaboratory experiments
Experiments described in the foregoing part demonstrated that the energy
conversion inwashing machines in the open isnot better than in a conventional
cropwithaclosedleafsurface andmaximum activity.
The growth rate under light limited conditions depends on the average energy
receivedper cell,and thus onthegeometry oftheculturevessel.When the depth
of layer in a culture vessel is altered or the surface of the vessel is screened, the
energy inputper cellisaffected. The efficiency ofthe stirring may bebetter if the
depth of the layer is changed. Artificial illumination, which in many cases is
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more one-directional than natural light, was easier than the complex situation
whichexistedinthefield.
In washing machines the depth of layer was decreased. Two machines were
placed under HPLR 400W mercury lamps. They received light via the upper
surface only. The energy supply on the upper surface was the same in both
machines. Onemachine alwayscontained the normal volume of 501, and served
as a control. The other machine contained either 50, 40, 30 or 25 1nutrient
solution. Growth rates, expressed as mg • l - 1 - d a y - 1 were compared for each
run, which lasted 2 - 4 days. All were initially inoculated with the same total
amount of cell material. Relative growth rates per 1were expressed as percentagesof the 501vessel.Theresults arepresented infig.4.3.9.

Daily growth in mg.L
200

Relative growth i n %
of 501 machine
-|300

150

- 250

100

200

50

- 150

100

100
150
Jncident e n e r g y / l in % of 501 machine

200

FIG.4.3.9. Daily growth rates of Scenedesmus sp., strain K, in washing machines with
different volumes of culture solution. Illumination with two HPLR 400 W Hg-lamps from
above; O
O daily growth rate in mg dry weight • l" 1 • day - 1 ; x
x daily growth
rate per litre in %of the 501 vessel (without enhancement); •
• daily growth rates in %
of the 501 vesselcalculated from O
O.
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The energy flux per unit surface is the same in the vessels with 50, 40, 30 or
251 volume. It can be seen that the growth rates per litre increased roughly
linearly withthe energy received per litrevolume. Thismeans that theculture as
a whole behaved as under light limited conditions. The production per vessel in
% of the 501vessel increased more than expected when the depth of layer was
decreased. This means an increased energy conversion on the basis of incident
lightwhichprobably should beascribed to a stirring effect.
Inanother experiment awashing machine received an energy input of 12.95 x
104 ergs • c m " 2 - s e c - 1 continuously which, in part, was decreased by wire
screens. The efficiency values were: 100% light intensity - 8.4%; 45% light intensity - 10.1% efficiency; 22.4% light intensity - 14.1% efficiency. Thus, the
energy conversion improved when the light intensity decreased. Probably this
means that light saturation wasobtained for part ofthecells.
The influence of depth of layer on yield was also investigated on the rocking
table. Volumes of 100, 200, 300,400 and 500 ml were used. The corresponding
depths of layer were: 0.8; 1.6; 2.3; 3.0; and 4.0 cm. Erlenmeyer flasks were
inoculated with Scenedesmus sp., strain K, at an initial concentration of 0.1
fxl/ml (see also legend fig. 4.3.10). The experiment lasted 4 days, the illumina-

Daily increase in cell

Production rate

volume in.pl.ml .day"

injjL .flask .day
1500r

1000

500

1 2
3
4
Depth of layer in cm

1
2
3
Depth of layer i

FIG. 4.3.10a. Daily increaseincellvolume asafunction of the depth of layer in Scenedesmus
sp., strain K, cultivated on the rocking table. Intensity of incident light at the bottom of the
vessels was 8X 104 ergs •cm - 2 - sec" 1 . Light-dark ratio 16/8, temperature 30°C, culture
mediumNSP 10.2.15andcultivatedin11Erlenmeyerflasks(growthperiodof4days) O
O;
cultivated in Fernbach bottles (growth period of 3days) •
•. Irradiated surface of erlenmeyerflask133 cm2,Fernbachbottle290cm2.
FIG. 4.3.10b. Total production per flask (u.1 • m l - 1 • day -1 ) as a function of the depth of
layer. Scenedesmus sp., strain K, was cultivated on the rocking table. Light-dark ratio 16/8,
temperature 30°C, culture medium NSP 10.2.15.Erlenmeyer flasks (growthperiod 4 days)
O
O;Fernbach bottles (growth period of 3days) •
•.
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tion was discontinuous. Light/dark ratios (L/D) of 16/8 were applied. Growth
was measured as increase in TROMMSDORFF value (cf. fig. 4.3.10a) and as increase in packed cell volume per flasks (cf. fig. 4.3.10b). A similar experiment
was made in FERNBACH bottles. In contrast with the 1litre Erlenmeyer flasks
these vessels have a partially vertical side wall. In this case the medium was
NSP 10.2.15. The flasks received 3days discontinuous light with an L/D ratio
of 16/8.Alsotheseresultsarepresented infig.4.3.10a, b.
In both experiments the production per 100ml suspension was highest in the
100ml vesselsand decreased more or lessexponentially with increased volumes.
Theproduction per flask increased up to a depth of layer of about 3cm in both
cases. Since the algal density at the start of the experiment was low, the results
may bepartly duetodifferences in absorption.
In order to eliminate the possibility of differences in light absorption, in subsequent experiments flasks were inoculated with the same total cell volume in
different quantities of NSP 10.2.15. Three parallel experiments with a duration
of 1day each were carried out under the same conditions as described in fig.
4.3.10. Increase inpacked cellvolume followed thesametrend asin fig. 4.3.10a.
The total production per flask was somewhat higher in the flasks with 200 ml
than with the other volumes, although the differences between the treatments
were statistically insignificant. These results imply that the differences in total
production given in fig. 4.3.10b were due to the differences in total cell volume
per flask at the start of theexperiments. No indications for a favourable effect of
a certain depth of layer incombination with theshakingrate could be found.
We have attempted at computing the energy conversion in a flask on the
rocking table. The data presented in Table 3.4.1 are reliable production rates
under conditions of light limitation. The best production was obtained with
NSP 10.2.15, viz. 995 mg • I - 1 - d a y - 1 or 330 mg • flask-*• d a y - 1 . The light intensity was 6 X 104ergs • cm - 2 - sec - 1 , the irradiated surface was 132.7 cm 2 . If
we consider that the depth of layer was 2.5 cm, the absorption coefficient k =
0.30 ml • fxl-1- c m - 1 (cf. section 4.2),and that the absorption in the flask was
95% of the incident light, the calculated energy conversion was 9.2%. Respiration will behigh at a temperature of 30°Cand at these high densities. Moreover
the light intensity at the surface of the flasks was above light saturation (the
saturating lightintensity for Chlorellaat 25°Cwas3.5 X 104ergs • cm~ 2• sec~ 1 ,
cf. VAN OORSCHOT, 1955).
Energy conversion was also estimated in water cooled culture tubes which
were inoculated with 8-10 \i\ packed cell volume/ml. The intensity of the fluorescent light was between 1.96 x 104 and 5.13 x 104 ergs • cm" 2 - sec - 1 . The
energy conversion asa function ofthe lightintensity isgiveninfig.4.3.11.
Net photosynthetic efficiency reached the theoretical maximum at light intensities lower than 20 kcal/day. The net efficiencies decreased also in culture
tubes when the light intensity at the surface of the suspension was increased.
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FIG. 4.3.11. Net photosyntheticefficiency for Scenedesmus sp.,strain K, grownat lowlight
intensityin'continuousculture'tubes.CulturemediumNSP10.2.1,temperature30°C,L/D=
24/0. Dryweight increase over a period of 1day used for thecalculation of net efficiency;
• individualmeasurements;Oaverageefficiencyvalues.

4.4. DISCUSSION

The apparent maximum efficiency in the open was rather low as compared
with the theoretical value. The high efficiencies obtained by KOK (1952) in a
WARBURG apparatus were measured in monochromatic Na-light of rather low
intensity. They were based on the amount of absorbed energy. Since there is a
difference in spectral composition between sunlight and Na-light, KOK (1952)
postulated that the efficiency in sunlight had to be lower than the observed 25%
underlaboratoryconditions. SEMENENKOeta/(1966),with Chlorella sp., strain K,
investigated the influence of the spectral composition on energy conversion.
They composed equi-energetic fields by mixing red and blue light in different
proportions. Cell division and productivity under conditions of light limitation
increased up to 120 % and 140% respectively whenthe light quality was changed
infavour of the red component. Their resultssuggest, that the number of quanta
ina certain energy flux influence theenergy conversion.
Since daylight is variable in composition owing to cloudiness and moisture
content of the air, the measured energy flux is difficult to evaluate as to its
quantum content. Light measurements with a thermopile integrate theenergy in
all wave-lengths. When the Russian investigations are correct this may imply
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that thermopile measurements alone do not give sufficient information to calculate the energy conversion. The quantum density in the different parts of the
spectrum may bedifficult toassess.
Our ownexperiments areevaluated intermsof incident energy.
Theenergyconversion innitrate containing media (NSP 10.2.1)wasestimated
over the period 1962-1965 (cf. fig. 4.3.7). The average net energy conversion
(mainly determined in the summer months) was 4.02% under conditions of
light limitation. Maxima of 6 - 7 % were obtained in July and August. These
measurements were carried out in the open. Screening by the buildings determined the ratio between direct and diffuse radiation. On the average, 75% of
the energy measured in the open field was received at the site of the experiment.
Considering a reflection of 10%on the surface of the vessel, the real net energy
conversion would be 6.0% on the average, with a maximum of 10.2% in July
and August.
High energy conversions were also found in agricultural crops during short
periods. KAMEL(1959),withbarley and sugarbeet,found netenergy conversions
of 13.6and 10.0% respectively for periods of about a fortnight, confirming earlier computations by GAASTRA (1958). These values were higher than those in
our algal cultures. It cannot be excluded that a more efficient energy conversion
ispossiblein other types ofculturevessels.
The data offig.4.3.1, 4.3.2,4.3.3, and 4.3.5 suggest that theculture asa whole
was light limited at an initial concentration of 0.5 (i.l/ml. In cultures with an
initial cell density of 0.25 [xl/mllight saturation was observed at an energy input
of 1200-1500 kcal • m~ 2 - d a y - 1 (cf. fig. 4.3.5). When the culture could grow
during a couple of days before it was diluted, as in the experiments described in
figures4.3.1and 4.3.2,a decreaseinaverageenergyconversionduringthe growth
period was observed when the initial concentration was increased. Under conditions of light limitation the initial cell density can only affect the average cell
density reached during the growth period, which may have consequences for
thetotal respiration.
The average efficiency for cultures diluted to 0.50 (xl/ml (cf. Table 4.3.1) increased when the incident radiation decreased. The sametendency was observed
withtheculturesdilutedeachdaytoacelldensity of 1.0ul/ml.
NICHIPOROVITCH and MALOFEEV (1965) arrived at the conclusion that an increase in leaf area ratio tended to produce a higher energy conversion at high
light intensities provided that thecrop had a closed canopy. This would mean in
algal cultures that an increase in initial cell density would produce higher efficiency values. A consultation of Table 4.3.1 shows that a doubling of the initial
cell density was associated with lower energy conversions as compared with the
0.50 |i.l/ml series. Our conclusion would be that other factors than light might
interfere withtheresults,asfor instance daylength, respiration.
The factor respiration appeared to be important in our cultures. Daily dilutions to 0.5 [xl/ml or 1.0 [i.l/ml showed significantly different respiratory rates/g
dry weight in morning samples in April and June respectively (cf. fig. 4.3.6).
Respiratory losses'per day (inpercent of ash-free dryweightpresent) amounted
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to 12.7%in the April experiment and 16.7%in the June one. An open question
still is the course of respiration in non-diluted cultures. The gradual increase in
cell density caused a decreased energy supply per cell in the culture. The data in
fig. 4.3.2. and fig. 4.3.6 might suggest that diluted cultures also have lower
energy conversion with higher initial concentrations, since respiration becomes
higher. Measurements over longer periods, as in fig. 4.3.7, do not show lower
energy conversions if the cultures are kept growing without dilution. Does this
mean that respiration adapts to a lower energy input in non-diluted cultures?
There are indications in the literature that this might occur. LOOMIS (1967)
mentioned work of LUDWIG and SAEKI with corn. They found that corn transferred from a wide to a narrow spacing adapted its respiration to lower values
in acouple of days.
Algae are appropriate to investigate the influence of density on respiratory
activity. The experiments in culture tubes described in fig. 4.3.11 show that the
theoretical maximum efficiency value (20-25%) can be reached in cultures
provided the light intensity is sufficiently low. Higher light intensities resulted in
efficiency values of 9-10% inexperiments on the rocking table.
As described in part 4.2, an enhancement of the stirring velocity might increase the energy conversion. The results of DAVIS (in BURLEW, 1953)show that
the energy conversion in strong light increases with increased stirring velocity.
The only case in which we could detect an influence of quicker stirring was in
washing machines with varied depths of layer (cf. fig. 4.3.9). The experimental
data obtained ontherocking tabledid not show significant differences in growth
rate whenthevolume intheflaskswasvaried. Sincestirring inwashingmachines
was more rapid, and the depth of layer 7 times higher as compared with the
flasks on the rocking table, a decrease indepth of layer had a relatively stronger
effect on the T,/Tt + Td ratio in washing machines than on the rocking table.
The rather high values of the standard deviation on the rocking table are possibly due to TROMMSDORFF measurements used as a growth indicator. A possible
small increase in growth rate might be obscured by the high standard deviation
ofthe measurements.
Discussing once more the low efficiency values in the open, we stated in part
4.2.1 that the Tt/Tt+ f 7Vratio was rather high inWashing machines. A decrease
in depth of layer with the same stirring velocity would have been favourable,
since it decreased the ratio T,/Tt+ Td. The stirring is not without any effect
since efficiency values of 6.0%on the average could be obtained. The high level
of respiration and the stirring rate seem tobelimiting factors for theenergy conversion inwashing machines.
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5.EFFECTOFDAYLENGTHONYIELD

5.1. INTRODUCTION

Literature does not present experiments specifically dealing with effect of light
duration. Using 3001 vessels, VAN OORSCHOT (1955), with Chlorella,found a net
photosynthetic efficiency of4%inJuly, and a lower value inautumn and spring.
On the other hand, GUMMERT, MEFFERT and STRATMANN (1953) reported a
maximum photosynthetic efficiency for Chlorella in October, when the algae
werecultivated inopenair trenches.Becausetheauthorsmentioned above worked under natural conditions, temperature, light intensity, and light duration
effects cannot well be separated in their experiments. It might well be that light
duration interferes with net photosynthetic efficiency via changes in respiratory
levelwhen the light-dark ratio ischanged.
On the other hand, the existence of a lifecycle inalgae(cf. TAMIYA, 1953b;
SOROKIN, 1964; LORENTZEN and RUPPEL, 1959), an inconstant photosynthetic
rate (SOROKIN, 1964) and a decreasing maximum quantum efficiency (SENGER
and BISHOP, 1967) do not exclude the possibility that changes in the light-dark
ratios interfere with processes other than respiration only.
Sinceinthetemperature zonesdaylengthisastronglyvariablefactor it seemed
worth while to investigate to what degree effects of daylength on yield could
be observed.

5.2. EFFECT OF DAYLENGTH ON GROWTH IN THIN AND THICK LAYERS

Cell concentration, light intensity, and depth of layer affect the level in the
vessel at which the photosynthetic apparatus is saturated, and that at which
photosynthesis iscompensated by respiration. Therefore, weconsidered 4 combinations ofdepth oflayerand cellconcentration:
a) thick layers and highcellconcentrations, inwashing machines.
b) thick layers and lowcellconcentrations in the same type of culture vessels.
c) thin layers and high cell concentrations, in 'continuous culture' tubes as
described inChapter 2.
d) thin layersand lowcellconcentrations, also inculture tubes.
Wewill subsequently consider the various cases.
a) Thick layers, high cell c o n c e n t r a t i o n s . Inexperiments madeindoors
in the laboratory high cell concentrations and thick layers were used. Washing
machines were illuminated from above by 1 HPLR mercury lamp 400 W
(PHILIPS), and by four HO-2000, 450 W mercury lamps (PHILIPS) from aside.
Cells were precultivated under continuous light during a 4 days' growing
period on the rocking table. After that, cells were aerated overnight in the dark
Meded. Landbouwhogeschool Wageningen 73-6 (1973)
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TABLE 5.2.1. Growth of Scenedesmus sp., strain K, as a function of daylength. Washing
machines were inoculated with 0.05 [/.1/ml algae in NSP 10.2.1. Culture temperature 30°C.
Daylength treatments started after 1 day in continuous light.
Treatment
L/D
24/0
16/8
12/12
8/16

(a)
Production
(mg •l~'/24 hours)
187.1
152.2
105.3
38.8

± 15.8
± 11.0
± 5.3
± 8.9

(b)
Production
(mg •l"'/24 hours)
7.80
8.14
8.78
4.85

±0.66
±0.69
± 0.44
± 1.11

sa

sb
24.2
17.7
8.1
12.4

9
1.01
1.11
0.68
1.55

5+4
3+2
4+ 5
3+ 5

at room temperature. In this way all possible cell divisions were effectuated
before inoculation of the washing machines. The influence of daylength on
growth was estimated in several experimental series run after each other.
Light limited growth rates were measured. The results are collected in Table
5.2.1.
Column <p denotes the number of degrees of freedom. Parallel experiments
could be combined since the standard errors did not differ significantly as measured with the F-test. Production washighest in the L/D = 24/0 series,and lowest inthe L/D = 8/16series.Onlyinthe8/16series,theproduction per light hour
was significantly lower than under the other conditions. Since we were measuring production rates, it liesat hand to ascribe the lower production rates under
conditions of L/D = 8/16to a relatively increased respiration, resulting in lower
productions per lighthour with shorter daylengths.
An alternative would be that the cells adapt themselves to a certain light regime and behave differently if they are transferred to other light conditions. A
change in cellular composition, for instance, was observed when cells precultivated at L/D = 24/0 were transferred to L/D = 16/8 (this was one of the L/D =
16/8 experiments from Table 5.2.1). Fig. 5.2.1 shows the change in frequency
distribution of the cell mass which occurs in the course of time. The normal
distribution found at the start of theexperiment changes to a preponderance of
large cells at the end of the second light period (40 hours) and smaller cells at
theend ofthedark period (48hours).
In an experiment on the rocking table we investigated whether the previous
light period had an influence on the growth rate under different daylengths.
Cellswere inoculated from agar slantsinNSP 10.2.1and received 5days of continuous light. After that, 5 ml of equal cell density were inoculated in NSP
10.2.15.Theseflasksreceived thepretreatments:L/D= 24/0, 16/8, 12/12,or 8/16
during three days. The cultivated cells were stored in the dark at 5°C and then
used for inoculation at 1.0 pdpacked cell volume per ml. Each treatment used
for the determination of production rates consisted of 7parallels. The duration
wasoneday for each treatment. Table 5.2.2 showsthe results.
The differences between the individual production rates were tested for significance. Let us subsequently consider the experimental treatments in relation
to thepretreatment. Treatment L/D = 24/0showed the highest production rates
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FIG. 5.2.1. Frequency distributions of cell volume calculated from length and width measurements withthe formula: V= 1/6 TCIW'1 Cells precultivatedat L/D= 24/0 and aerated
during 12 hours in the dark at room temperature were transferred to L/D = 16/8. Light
periods started at 0,24and 48hours after the start of theexperiment Scenedesmussp., strain
K, temperature 30°C, NSP 10.2.1.

TABLE 5.2.2.Theinfluenceofthelight regimeduringprecultivation on thegrowth ofScenedesmussp.,strain K, under several daylengths.
Precultivation 1) 5days NSP 10.2.1.; L/D= 24/0; 3days NSP 10.2.15;L/D= 24/0.
2) 5days NSP 10.2.1; L/D =24/0; 3days NSP 10.2.15;L/D = 16/8.
3) 5days NSP 10.2.1 ;L/D = 24/0; 3days NSP 10.2.15;L/D = 12/12.
4) 5days NSP 10.2.1; L/D = 24/0; 3days NSP 10.2.15;L/D = 8/16 .
Temperature 30°C ±0.5°C; NSP 10.2.15precultivated cellskeptat 5°Cinthe dark and used
for inoculation at 1.0 \L\packed cellvolume perml.Each treatment one daygrowth.
Pretreatment

Treatment

(L/D)

L/D = 24/0
(mg - l - 1 •day" 1 )

24/0
16/8
12/12
8/16

528.3 ±
585.3 ±
433.0 ±
481.6 ±

71.5
68.3
113.4
26.4

L/D = 16/8
(mg-1 - 1 - day - 1 )

L/D =12/12
(mg • r ' • d a y - ' )

391.3 ± 54.8
363.3 ± 58.3
258.0 ± 47.8
295.0 ± 62.3
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242.3 ±31.4
194.0 ± 59.7
210.0 ± 32.2
152.3 ±23.1

L/D = 8/16]
(mg-1 - 1 - d a y 1
154.3 ±21.9
149.0 ± 17.6
132.5 ±20.4

-
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under the pretratment L/D = 16/8, although the difference with the pretreatment 24/0 was statistically insignificant. Pretreatment L/D = 16/8 had a significantly higher production rate than 12/12 and8/16. Treatment L/D= 16/8shows
the highest production rate with a pretreatment of L/D = 24/0, which does not
significantly differ from pretreatment L/D = 16/8. Significant differences inproduction rates exist between pretreatments L/D =24/0 and 12/12 and 8/16 respectively. Treatment 12/12 does not show significant differences between the
pretreatments L/D = 24/0, 16/8and 12/12. Significant differences in production
rate existed between L/D = 24/0and L/D = 8/16,and also between L/D = 12/12
and L/D = 8/16. Treatment L/D = 8/16 showed no significant differences in
production rates for the several pretreatments. The last series is omitted owing
to a defect of the rocking table machinery.
We conclude that pretreatment influences the growth of algaeunder different
light regimes. An extreme shortening of the daylength, e.g. from continuous
lightto L/D = 8/16,wasunfavourable for growth.
Experiments in washing machines, as described in Table 5.2.1 showed a decreased production under conditions of L/D = 8/16 and a pre-treatment at
L/D = 24/0. If we do not attribute the lower production at L/D = 8/16 to a relatively increased respiration alone,but also to thepretreatment, wemay expect
that photosynthesis is favoured by certain pretreatments. The cultures on the
rocking table received a higher energy input per cell than the ones in washing
machines. Differences in photosynthetic activity due to the pretreatment would
be first expected under thebest illumination, thus on the rocking table.

Production i n m g - v e s s e l
200r-

100

FIG. 5.2.2. Effect of daylength on yield of
Scenedesmus sp., strain K, in washing
machines. Temperature 30°C, culture
mediumNSP 10.2.15.Illumination by6TL
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12
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16

_L _l_ _L
18 20 22 24
Hours light
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fluorescent tubes 125 W (PHILIPS), 46 cm

above the water level. Initial cell density
0.10u.l/ml.
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b) Thick layers, low cell c o n c e n t r a t i o n s . An experiment was carried
outintwo washingmachines, illuminated withsix (PHILIPS) 125 Watt fluorescent
tubes,46cm above the water level.Cellsprecultivated at L/D = 24/0in washing
machines to thedensity of 0.95 (j.1 packed cellvolumeper ml,werestored at 5°C.
Each day, the machines were inoculated witfûhis suspension (initial concentration: 1g dry weight per 50litre). The cell suspension was subjected each day to
another light treatment. Light-dark ratios of L/D = 24/0; 22.5/1.5; 18.5/5.7*;
16/8 and 12/12 were applied. Dry matter production over a period of 24 hours
wasestimated. Since thecellmass usedfor inoculation remained physiologically
stable during cooling there was no objection to collect the production rates in
onegraph (cf. flg.5.2.1). Growth ismore or lessexponential in relation to duration of thelightperiod, between 12and 24hours of light.
In thick layers with a low cell concentration (light saturation for the majority
ofthecells),increase indaylength willresult inincreased light absorption, owing
to algalgrowth. Growth rates then can becalculated with theformulae :
W=W0-ekt
(1)
in which W0 and W are dry weights at time 0 and t respectively, and k is a
growth constant.
Maximum increase in cell number in one day, as given in literature under
conditions of light saturation, is 8-fold for Scenedesmus. The same is true for
dry weightincrease (cf. TAMIYA, CS., 1953).Substituting W/W0= S informula 1,
the calculated maximum value for k would be 0.087/hour (which in practice
means hours of light). If we neglect respiration, and consider the growth rates
at several daylengths (cf. fig. 5.2.2)aspart ofan exponential curvein continuous
light, k as resulting from our observations in this experiment can be calculated
by substituting the growth data in formula 1. The results of these calculations
arecollected inTable5.2.3.

TABLE 5.2.3. Valuesofk for growthof Scenedesmus sp., strain K, intwowashingmachinesas
influenced by daylength. Illumination by six TL fluorescent tubes (PHILIPS) 125 W; 46 cm
above the water level. Culture temperature 30°C; NSP 10.2.15. Inoculation with material
precultivated in washing machines up to a concentration of 0.95 jxl/ml.Initial concentration
O.lOfxl/ml.
L/D
24/0
22.5/1.5
18.5/5.7
16/8
12/12*

&/hour

average fc/hour

0.044;0.041
0.043;0.037
0.042;0.042
0.046;0.030
0.064;0.053

0.043
0.040
0.042
0.038
0.058

* In thiscasethe initialconcentration was0.75 g/501 instead of 1.0 g/50 1, owingto a dilution error.
* This particular experiment lasted 24hours and 12minutes.
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The^-valuesfrom L/D= 24/0to 16/8areabout thesame,but lowerthan the
maximum value of 0.087/hour. The observed variation can be due to the fact
that the precision of the dry matter estimation is questionable at the low cell
densities of 1 g/50 litre suspension. The ^-values, in general, are too low toassumecomplete lightsaturation. Considering that thedepth of layer inwashing
machines was 20cm, it isunderstandable that already at very low concentrations part of the cells have light limited growth. Nevertheless, the production
increased more than proportional with increasing daylength, owing to an apparent increase in efficiency based on incident light energy by increased light
absorption.
c)Thin layers, high cell concentrations. Theinfluence ofdaylengthon
algae grown at increasing cell concentrations was investigated at light-dark
ratios (L/D) of 8/16, 12/12, 16/8, and 24/0 in culture tubes. The temperature
duringtheexperiment was30°C.Thepretreatment wasunder continuous light.
TheresultsarepresentedinTable5.2.4.
At theinitial concentrations of 3.16[i.1 packed cellvolumeper mland higher
theenergyconversion attained highvalues.Thismaybedueto theprobability
thatlightenergywaslimitinginthisrangeofconcentrations.
If weaverage the energy conversions obtained with initial concentrations of
3.16^l/mlandhigher,theenergyconversionshowsatendency todecrease from
L/D= 24/0 to L/D= 8/16. Differences between L/D= 24/0, 16/8 and 12/12
were insignificant. Nevertheless, energy conversion at L/D= 24/0 Was significantly higher than at L/D= 8/16. It can be observed in Table 5.2.1 that cells
pretreated with an L/D= 24/0 show significant differences in growth rate be-

TABLE 5.2.4. Net photosynthetic efficiencies for Scenedesmus sp., strain K, in culture tubes
as influenced by daylength and inoculation density. Temperature 30°C; NSP 10.2.15. The
measurements started with different initial cell densities (in |xl packed cell volume/ml) and
were all run independently for 24hours.
TROMMSDORFF

valueat start
(Hi/ml)
3.16
4.97
5.30
8.12
13.40
Average

60

Efficiency
L/D= 24/0

Efficiency
L/D= 16/8

Efficiency
L/D= 12/12

Efficiency
L/D = 8/16

(%)

(%)

(%)

(%)

-

13.3
12.8

18.8
14.6
19.2
12.4
23.1
17.2
19.4
16.4
17.0
14.9
17.3 ± 2 . 2

9.9
13.4
19.3

-

-

11.0
17.7

16.0
13.9

-

14.5 ± 4 . 3

13.7 ± 4.5

7.2
4.8
13.3
12.4
13.6
13.3
16.8
13.7
11.9 ± 3.3
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tweenthetreatmentsL/D= 24/0andL/D= 8/16.Theresultsoftheexperiments
described in Table 5.2.4 giveanalogous results.Thiswould mean that respiration,especiallyatshortdaylength,diminishestheefficiency ofenergyconversion
inthisdifferent experimentalsetup.
d)Thin layers, low cell concentrations. Energyconversionsina series
ofL/Dtreatments,obtainedwithScenedesmussp.cultivatedatlowcelldensities
inculturetubes,arepresentedinTable5.2.5.
Celldensitywaslowat the start oftheexperiment; weassumed light saturation and exponential growth. Under theseconditions theenergy conversion on
thebasisofincidentlightwilldepend ontheamount ofabsorbed energy,which
is a function of the cell density, unless an influence of light-dark treatment is
present. We took as a zero hypothesis that the average cell density over the
growth period isthe only relevant factor in determining theenergy conversion

Energy c o n v e r s i o n in %
9 rOO
8 -

O
O

O

O

<Ö>

_l_

1.0
2.0
A v e r a g e c e l l c o n c e n t r a t i o n in j j l / m L
FIG. 5.2.3. Energyconversion asafunction ofaveragecellconcentration for Scenedesmussp.,
strain K. Tubes were inoculated with low initial cell concentrations. Temperature 30°C;
NSP 10.2.15.Data from Table 5.2.5usedfor the calculation.
Meded. Landbouwhogeschool Wageningen 73-6 (1973)

61

|
3

e

Ü O;

1w ^w

'o Z
S o
'o J3

|-~ • *

« \D N

»

bS •*
<N

60
C8

o

tN t - O

r-- <N o
r- oo oo
© © o

t«

CD

oo"
II

~H

>n -* "O

3

oo r^- oo

ö 6 «s

y-V

II

co "O

Q

0 e

1 8.

j

S

•gî
W ^

cE

A.

si i>
D.T3

-^

«e

1H

ö c

C3

3
•O n
C u

m

| ü
3

Ö

Bi

eu

O
Q
CO

S
lH

^°.
^ *"!
in >o "o

". 1
^- m

o\ m £*
ON O 0 \

NO Os <N
oo r* oo
o © c>°

ööo

W
H »n
,c (N
o
d
CO T—1

s

vo

.
^

S 00
II

o

•si

•sa

ca D-

e

»2

CO

u
O

^

,-H Ö "^

£6

r— «
CN O
CN ( S

Jz
13

-a
<L>

00 oo

u

CO

03

Ö Ö

55

\Ô w-i NÔ

m

>H

3
J
i-t>
o,
(H
X 13
V

tf S

Ov Ov "fr
0 0 t-^ oô

gH
'3
tH w>,

w—

CO

(/)

C

00
cd

CU

o. T3
V3

«
a _o

*-H T-H " ^

<0

S ca
3 "3
o

3

•O
C

O

.g
oô

W •

C

S
%
o
tH "?>

0

T3 - 5

CS

t*H

Xi

0

o
c

K:

M

ON Os "^
oô rV oô

S
w

CCJ
•o

<
H

62

Ö Ö

>>

»n X>
(N
wî o

a

00 00

c

3
tC
e

«

U

m

a

Meded. Landbouwhogeschool Wageningen 73-6 (1973)

under conditions of light saturation. We may then expect a linear relationship
between average cell density and energy conversion in terms of incident light,
irrespective of the applied L/D ratios. The average cell concentrations, calculated as thegeometric mean of the TROMMSDORFFvalues at the start and the end
of the growth period, and energy conversions for the different L/D ratios are
presented infig.5.2.3.
The distribution of the data was tested with KENDALL'S correlation test. The
zero hypothesis, viz. that the distribution of the data was produced by chance
could be rejected (p < 0.01). These data do not allow to conclude, therefore,
that there is an influence of daylength during the first 24 hours after a change
from continuous light to a certain light/dark treatment.
Influences of daylength were investigated in this chapter on cultures with increasing optical density. Identical results had to be expected when the cell
density was kept at a constant level. This could be made in similar tubes which

P r o d u c t i o n r a t e in
mg . t u b e -day
Y=0.99 X+ 40.2 /

800

700

A)

0

/

600

500

o

.

/°

40 0 300

-

200

-

100

-

o/

/
I
100

I
200

1
1
1
1
1
1
300 400 500 600 700 800
Celt d e n s i t y in m g . L"

Fio. 5.2.4. Production of Scenedesmus sp., strain K.22, in a continuous culture tube as a
function of cell concentration. Temperature 30°C; L/D = 24/0; NSP 10.2.15;light intensity
3.4 x 10*ergs• cm"2- sec - 1 .
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were fitted out withthespécifie designfor continuous culture sothatgrowth was
kept at constant optical density.
Fig. 5.2.4 shows that, operating this design at different cell densities, a linear
relationship exists between production rate and cell density in the range of 160
to 700mgdry matter per litre (TROMMSDORFF 1.1-4.6jj.l/ml).Theseresults imply
that photosynthesis was light saturated in this case, and also at the cell concentrations inTable 5.2.5 and fig. 5.2.3.In the following experiment cellswere kept
at a constant optical density of about 2.0 (xl/ml. A series of measurements with
this technique was carried out with different light regimes, viz. L/D = 24/0,
16/8, 12/12,and 8/16 at a temperature of25°C. Production rateswere measured
at intervals over a total period of 5to 8days.Theproduction rateper hour light
isgiveninfig.5.2.5.
The production rate at L / D = 12/12 was significantly higher and that at L/D
= 24/0 significantly lower than in the other treatments tested. The total production per vessel per light period was highest at L/D= 12/12and decreased at

Total production in
-1
-1
m g . tu
m g . t u b e -light period
500,-

Production rate
in m g . h .tube

400

16
24
Daily Light period ( h )
FIG. 5.2.5. Productionperhourlight O
O,andtotalproduction perlightperiod O
O
for Scenedesmus sp., strain K23, kept at a constant density of 2.0 jxl/ml in a continuous
2
-1
culture tube. Light intensity was 3.4 x 10* ergs • cm" - sec , temperature 25°C, culture
medium NSP10.2.15.
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shorter and longer daylengths. Apparently, continuous illumination is disadvantageous when the culture is kept at a constant low cell density. This phenomenon did not occurintheexperiments lasting oneday asfor instancein Tables
5.2.3and 5.2.4.Incultureskeptat aconstantcelldensity,theenergyfluxreceived
byan averagecellremains nearlythesame.Aproduction rate whichdepends on
the light/dark treatment suggests, therefore, that the photosynthetic activity or
the efficiency of dry matter production isnot the same when different light/dark
ratios are applied. Similarly, we concluded from the experiments described in
Table 5.2.2 that certain pretreatments with different L/D regimes influenced
photosynthetic activity. Apparently, a longer lasting pretreatment or a treatment over a period of a week asin this experiment, induces the production rate
to become dependent on the light/dark regime applied. Since comparable phenomena are well known for synchronous algal cultures, weconclude that a long
range of certain light/dark ratios induces synchronisation to a certain extent.
Experiments lasting one day were independent of the daylength which can be
explained asan absence of synchrony.

5.3. DISCUSSION

First of all we will draw attention to the fact that the energy conversions in
our experiments are based on incident light. Thisis a reasonfor the decreasein
energy conversion in thin suspensions with shorter daylengths (cf. fig. 5.2.2 and
5.2.3).
In thin suspensions at light saturation in experiments lasting 24 hours, the
light absorption decreasesin asmuch asthedaylength is shorter.
In thick suspensions, with partial or total light limitation it must be born in
mind that the influence of respiration on yield can be expected to be considerable. In this respect the cause of a decreased energy conversion at L/D = 8/16,
as compared with L/D = 24/0 (cf. Table 5.2.1, 5.2.4)waspartially attributed to
respiration. It has to be stated that these explanations are based on measurements of dry weight increase. Alterations in chemical composition, owing to
prolonged light-dark treatments and apossible influence onyieldwerenot taken
into consideration.
According to several investigators, photosynthetic activity is not constant in
synchronous cultures of algae;cf. NIHEI et al (1964); SOROKIN (1964); METZNER
and LORENTZEN(1960); SENGER and BISHOP(1967). SOROKIN(1960c,1961) found
that desynchronisation unfavourably influenced thephotosynthetic rate. Photosynthetic activity thus appeared coupled with cell development. Since light
duration may influence development, an influence of light duration on photosynthetic activity can be expected (cf. SOROKIN, 1960a; 1960b).
The results presented in Tables 5.2.3 and 5.2.4 were obtained with cells, pretreated at L/D = 24/0 which results in a normal distribution of all cell sizes, i.e.
a desynchronisation. Growth rates under other light/dark ratioswere measured
during one dayimmediately after the growth period, or with these cells cooled
Meded. Landbouwhogeschool Wageningen 73-6 (1973)
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at 5°C. Preliminary experiments indicated that the physiological properties of
cooled cells remained stable during aperiod of at least 10 days and we may
safely assume that cellspretreated inthiswaywere completely desynchronised.
Thissituationprofoundly alteredby shifts from onelighttreatmentto another
(cf. Table 5.2.2). These data suggest that the pretreatment can influence the
growth rate at different light-dark ratios. Cells in these experiments were pretreated during 3days, and experiments started with dark cellsinthe L/D = 16/8,
12/12 and 8/16 series. Adaptation to a certain light regime during 3 days normally is sufficient to synchronise the algae. Therefore, we have good reason to
assume that these cultures were partially synchronised. A shift in light regime
might then cause desynchronisation. In thisway photosynthetic rates may be
lower, resulting in lower production rates. We concluded that a strong discrepancy between pretreatment and treatment unfavourably affects the production
rate.
We found that Scenedesmuscould be synchronised at L/D = 12/12and 14/10
at 30°C. LORENTZEN and RUPPEL (1959); SENGER (1961) used L/D ratios of
16/12; and BONGERS (1958), with Scenedesmus, L/D ratios of 14/10 to synchronise them. Since these light/dark ratios were favourable to establish
synchronisation, we expect that they are also close to the optimum for production.
In all the experiments described so far, the optical density and thus the light
absorption of the total cell mass changed. A variation in physiological properties of the cells,for instance a higher or lower saturation rate of photosynthesis
(cf. SOROKIN, 1964) which is, of course, mainly restricted to the exponential
start of thegrowth curve,may havebeen obscured for thisreason. In the experiment described in fig. 5.2.4, optical density combined with the existing light intensity ensured light saturation during the whole experiment. It was shown that
production rates and total production were not the same under the light/dark
treatmentsused, but showed an optimum for L/D = 12/12.
It strengthens the idea that a light/dark ratio which is in harmony with the
cycle ofcelldevelopment, enablesthecellto optimal production under the given
set of conditions.
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6.THEINFLUENCEOFTEMPERATUREO NYIELD

6.1. INTRODUCTION
KOK and VAN OORSCHOT (1954) found that strains of Chlorellaand Scenedesmus could be adapted to temperature. In this way 'high' and 'low' temperature
adapted forms could be cultivated. 'Low temperature forms' brought to a high
temperature gave significantly lower absolute growth rates than 'high temperature cells'. 'High temperature cells' brought to a lower temperature gave lower
absolutegrowth ratesthan lowtemperature adapted cells.
In most of the experiments described in the foregoing chapters, the temperature during growth was 30°C. In order to prevent adaptation phenomena cells
wereprecultivated atthesametemperature (28-30°C).
Temperature is a diffuse environmental factor influencing many processes
more or less connected with growth, e.g., the saturation rate of photosynthesis,
the rates of respiration and cell division. Synchronous cultures enable to separate in time increase in organic matter and cell division.
MORIMURA (1959) investigated the effect of temperature on synchronous
cultures of Chlorellapyrenoidosa. Thelifecyclewasshortenedwhenthetemperature was increased. This was partly due to an increased rate of photosynthesis,
partly to amorerapid rate ofcelldivision.
SOROKIN (1960d),withlowandhightemperatureforms of Chlorellapyrenoidosa, investigated the effect of temperature and light on celldivision. With a high
energy input the minimum temperature required for cell division was higher
than with a low energy input. It was concluded that cell division was inhibited
byhighlightintensities.
SOROKIN and KRAUSS (1962), with the high temperature strain of Chlorella
pyrenoidosa, confirmed that an increase in temperature shortened the 'generation time'. High temperatures during the dark period as compared with the
light period accelerated the division to an earlier completion. A lower temperatureduring thedark period retarded celldivision.
Extreme temperatures (40°Candhigher)tendto stopcelldivision. SEMENENKO
et al. (1967), with Chlorellasp. K cultivated at 43° and 38°C and extreme high
light intensities,found anincreaseindryweightper unitnumber ofcellsanda reduction of celldivision in the cellscultivated at 43°Cascomparedwith those at
38°C. Respiration at 43°Cwasdoubled, and photosynthesis at 43°Creduced to
onethird ascompared with 38°C.
Optimum temperatures for growth and photosynthesis are different. TRUKHIN and MIKRYAOVA (1969), with Chlorella, measured changes in respiratory
activity in cells precultivated at different temperatures. Photosynthesis was
light limited. Rates ofrespiration at 39°Cfor cellsprecultivated at low temperatures were 2 - 3 times higher than those from cellsprecultivated during a couple
ofdaysat 39°C.
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DAVIS and DEDRICK (in BURLEW, 1953), with Chlorella, measured growth
rates in full sunlight. Cultures grown at constant temperature were compared
with cultures receiving the same day temperature but different night temperatures.Acombination of25°Cday temperature and20°Cor 15CCnight temperature showed an increaseingrowthrate ascompared withaseries receiving25°C
continuously. Night temperatures higher than 25°Cor lower than 15°Cin combinationwith25°Cday temperaturereducedthegrowthrate as compared with a
series receiving 25°Ccontinuously. The phenomenon was typical for high light
intensities since it was not found in cultures grown in the shade or with diffuse
light.
The work of SOROKIN and MORIMURA mentioned above suggests that cell
division is strongly temperature dependent. A lower night temperature retards
cell division in synchronous cultures. SOROKIN et al, (1961), with Chlorella
pyrenoidosa, compared rates of growth and photosynthesis in synchronous and
non-synchronous cultures. The saturation level for photosynthesis was higher
in synchronous than in non-synchronous cultures under comparable experimental conditions. The number of daughter cells was about two times higher in
synchronous cultures than innon-synchronous ones.
METZNER and LORENTZEN (I960), SENGER and BISHOP (1967), SENGER (1970),
SOROKIN (1960), found that the photosynthetic capacity in different species of
Chlorellawas high in cells early in their life cycle, and low in cells at the end of
thelightperiod.
Considering theevidencefrom literature therewasreason tobelieve that:
a) Celldivisionwasatemperature dependent process.
b) Photosynthesis was high in synchronous cultures briefly exposed to light,
and therefore containing smallcells.
We might deduce from b that photosynthetic capacity in non-synchronous
cultures depends on the ratio: cells just divided / total number of cells being
high when this ratio is high and low when it is low.
According to a), a decrease in night temperature unfavourably affects cell
division. This might influence the rate of photosynthesis during the following
light period.
Since DAVIS' results were in conflict with the experimental evidence from
SOROKIN (1957, 1965), and MORIMURA (1959), we decided to reinvestigate the
effect of temperature on growth. Photosynthesis, dry matter production and
respiration were measured in cultures receiving various constant temperatures.
Growth rates for cultures receiving constant day temperatures and non-regulated night temperatures were compared with growth rates in cultures receiving
a constant day- and night temperature.
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6.2. THE EFFECT OF CONSTANT DAYTEMPERATURES ANDNON-REGULATED NIGHT
TEMPERATURES ONGROWTH

The rate ofphotosynthesis ofScenedesmussp.,strain K22,wasmeasured ina
apparatus. Cells precultivated at 30°C in continuous light were
brought atpH 4.8intheculture medium in order to dissolveprecipitates formed
during growth. After washing with distilled water, cells were resuspended in
WARBURG buffer no.9, 0.1 M. Measurements were made over periods of
f hour at various temperatures. Duplicate runs were made successively. In
fig.6.2.1 the relation between the maximum rate of photosynthesis andthe
temperature under theconditions of ourexperiment is given. A maximum is
reached at 35°C. Rates of photosynthesis at 40°C were difficult to measure,
however. They showed a decline in time, which was notthecase atthe other
temperatures. Thisintroduces un uncertainty intheaveragevaluesat40°C.
Respiration ofScenedesmus sp., strain K22,precultivated incontinuous light
at 30°C, wasmeasured at15,20,25, 30,35, and 40°C (cf. fig.6.2.2).The measuringperiod was 1 hour. Eachpoint infig.6.2.2isan average of5parallelmeasurements in rather thick suspensions. Thehighest rates of respiration were measured at 35°C. At40°C, therespiratory activity declined during themeasurements. This was notthecase attheother temperatures.
WARBURG

Rate of photosynthesis i n j j l . h " '
400

r

X35 C
3 0"C

300 -

25"C

200 -

100 -

100
L i g h t i n t e n s i t y in 9ó

FIG. 6.2.1. Rates of photosynthesis of Scenedesmus sp., strain K22, ina WARBURG vessel.
Light intensity wasreduced with wire screens. Figures denote the temperature applied.
WARBURG buffer no. 9,0.1 M; volume (Vf)= 15ml, TROMMSDORFFvalue: 0.67\x\jm\.
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Respiratory activity

in jjL 0 2 •pi cell vol"
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-I 2.5
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FIG. 6.2.2. Rates of respiration and respiratory activity of Scenedesmus sp.,strain K22cells,
as a function of temperature.Vf= 15 ml, TROMMSDORFFvalue14.75u.l/ml.Rateof respiration
x
x ;respiratoryactivity O
O.

The decrease of both photosynthesis and respiration at 40°C as a function
of time is therefore probably due to a destruction or inactivation of the enzyme systems of photosynthesis and respiration (KUYPER, 1910).
Growth implies several processes fundamentally different from photosynthesis. Therefore, it cannot be accepted apriori that the optimum temperature
for growth isthesamefor several light/dark ratios.Tothis purpose we measured
the growth rate of Scenedesmus with the light/dark ratios 24/0 and 8/16 at
several temperatures. Cells precultivated in continuous light were stored at
5°Cand used for inoculating culture tubes to a cell density of 0.2 yA packed cell
volume per ml suspension, in NSP 10.2.15. The results are collected in fig.
6.2.3. Highest growth rates were measured at 35 °C. In Chapter 5, we discussed
the influence of a shift from one light treatment to another on growth (cf. Table
5.2.2). In essence the same occurred in this experiment. Before the measuring
period the cells received a pretreatment in continuous light. The L/D = 8/16
cells were transferred from a round the clock light regime to a shorter light
period. This may explain why the absolute growth rate in the L/D = 8/16
series is lower than the expected value, calculated from the continuous light
series. We calculated the relative values for the growth constant kg {kg at 35CC
in 24/0 and 8/16 kept at 100). There is no large difference in behaviour be70
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Relative growth
in %, of 35°C series

Production rate
in mg.tube -day
200r

150 -
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T e m p e r a t u r e in c

FIG. 6.2.3. Growth of Scenedesmus sp., strain K22, as a function of temperature. O
O
daylength 24/0; A
A daylength 8/16; A
• production 8/16 series calculated for
24hours light; O — O relative growth rate L/D= 24/0; A— Arelative growth rate L/D =
8/16. Cells were precultivated in continuous light and stored at 5°C; initial cell density 0.20
u.l/ml;NSP 10.2.15;cultivationin'continuous'culturetubes.

tween the short day treated cells and the continuously illuminated ones. The
optimum is not altered and remains at 35°C. Essentially, as for photosynthesis,
thegrowth rate decreased at 40°C. Sincetherates ofphotosynthesis and respiration decline in time, and growth will be highlydependent onthese processeswe
assume that thedecrease in growth rate at 40°C iscaused by agradual destruction or inactivation of the enzymatic apparatus. A constant temperature of
35°C thus seems optimal also for dry matter production irrespective of daylength.
Inan attempttotest MILLNER'Sresults(Davis, 1953),Scenedesmuswas cultivatMeded. Landbouwhogeschool Wageningen 73-6 (1973)
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TABLE6.2.1. GrowthofScenedesmussp.,strainK,inwashingmachines.Growthataconstant
temperatures as compared with constant day temperature and variable night temperatures.
Daytemperature 30°C.Culturesolutionsasindicated.
Medium

Incident
radiation

Duration

(kcal - m - 2 )
NSP 10.2.1
NSP 10.2.1
NSP 10.2.1
NSP 10.2.1
NSP 10.2.1
NSP 10.2.1
NSP 10.2.1
NSP 10.2.1
ANSP 5.2.1
NSP 10.2.15
NSP 10.2.15
NSP 10.2.15
NSP 10.2.15
NSP 10.2.15
NSP 10.2.15

1478
6112
7482
6635
1632
3423
8515
1870
4215
2401
6216
3302
5500
3860
2500

10/7 -13/7
13/7 -16/7
16/7 -18/7
18/7 -22/7
22/7 -24/7
12/8 -15/8
15/8 -19/8
17/9 -20/9
7/8 -10/8
31/5 - 2/6
4/7 - 6/7
8/7 -11/7
11/10-17/10
20/10-24/10
29/10- 3/11

Efficiency
30°C continuously

Efficiency
variable night
temperature

(%)

(%)

8.6; 3.4; 3.2
1.9; 1.7
2.3; 1.9
2.3; 3.9
4.65; 2.5
3.8
4.3 5.2
4.7
3.9
5.3
2.7
4.7
2.0
-

9.9; 8.6
5.2; 5.5
2.4; 3.0
3.0; 3.1
4.6; 5.2
5.6; 5.6
3.8; 4.2
4.7; 4.7; 5.1
4.6; 2.4; 4.9; 2.5; 4.7; 1.9; -

ed in washing machines in natural daylight. Two machines were kept at a
constant temperature of 30°C; the other two were kept at 30°C during the day
while at night the heating device was disconnected. Experiments were carried
out in July and August. The culture solution was NSP 10.2.1. One of two times
per day pH was adjusted to 5.8. On hot days, the cover was taken from the
vessels to prevent overheating. The experimental results are collected in Table
6.2.1. Efficiency values were lower in the constant temperature series as compared with those obtained with variable night temperatures when NSP 10.2.1
was used. The efficiency values, obtained with the two temperature treatments
mentioned above, were about the same in the culture medium ANSP 5.2.1.
With NSP 10.2.15 a constant temperature was slightly better than variation in
night temperature.
No influence of temperature on growth would be expected under conditions
of light limitation for the culture as a whole. Nevertheless, three series of
measurements at a constant temperature of 20 c and 30°C respectively, showed
an increase in energy conversion in the 30° series (cf. Table 6.2.2). Its origin
has to be sought in the high light intensity at the surface of the algal suspension
in daylight. Although the light intensity is assumed to decrease exponentially
within the solution, owing to mixing, part of the cells is always light saturated
and has for thisreason arate ofphotosynthesis which istemperature dependent.
Illustrated with a BLACKMAN curve for photosynthesis this would mean that
a deviation from the 'normal' shape occurs, viz.: a long linear range for light
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TABLE 6.2.2. Growth of Scenedesmus sp., strain K,inwashingmachinesataconstant temperature of 20°C. and 30°C. Medium NSP10.2.15.
Duration

18/4-30/4
2/5- 4/5
5/5- 7/5

Incident radiation
(kcal-m- 2 )

Efficiency 20°C
(%)

6756
4541
2712

3.5
2.8
4.1

Efficiency 30°C
(%)
4.1
5.3
5.0

limitation and a sharp bending with light saturation would be altered in a
longer transition zone from light limitation towards light saturation. In the
transition zone influence of temperature and C 0 2 concentration can still be
expected. The variable night temperature is favourable in the case of NSP
10.2.1, suggesting a higher rate of photosynthesis as compared with the constant temperature series. Since this phenomenon did not occur in NSP 10.2.15
(cf. Table6.2.1)and inANSP 5.2.1,thereasonhastobesought inthe differences
in composition of the culture solutions. NH 4+- or N 0 3 ~ containing culture
solutionsdiffer inthattheygiverisetoadecreaseand increase ofpH respectively.
In using NSP 10.2.15, the culture solution does not show strong pH shifts and
remains more acidic than NSP 10.2.1. In the case of NSP 10.2.1, pH increased
during theday. Thentheequilibrium:H 2 P 0 4 ~ ^ H + + HP0 4 —will shiftto the
right. During the night, C 0 2 in solutionconverts H P 0 4 " i n H 2 P 0 4 ~ again,
whereas H C 0 3 ~ is formed, so that C 0 2 is bound. At lower night temperatures
the culture solution has a higher capacity to dissolve C 0 2 as compared with a
cultureathigher constanttemperature. ThisC 0 2 caninteract with H P 0 4 thus
increasingtheH 2 P0 4 - -concentrationandtheamountofpotentiallyavailable C 0 2 .
Solutions containing N H 4 + or buffered media as NSP 10.2.15become acidic or
less alkaline. In these cases the beneficial pH effect of the extra available C 0 2
at low temperature is lower since less H C 0 3~ is formed at lower pH; or the
phosphate concentration is sohigh that hardly any limitation byphosphate can
be expected.
For comparison, pH values were determined in morning samples from cultures receiving constant temperature or variable night temperature (cf. Table
6.2.3). Although the efficiency values were higher in the series with a variable
night temperature (cf. Table 6.2.1), which would have given rise to a higher pH
than in the constant temperature series, pH was slightly lower at the variable
night temperature. This may be due to a higher amount of available C 0 2 as
compared withtheconstant temperature series.
Measurements of photosynthesis of Scenedesmus in a diaferometer, which
were made together with Mr. G. A. PIETERS in this laboratory, indicated that
C 0 2 dependency started below partial pressure of 2% C 0 2 in an air stream,
equilibrated with the water phase at 30°C(cf.fig.6.2.4 and PIETERS, 1972).
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FIG. 6.2.4. Maximum rates of photosynthesis of Scenedesmus as a function of
pC0 2 asmeasuredina diaferometer. Algal
cells, suspended in distilled water, were
sprayedover 100cm2filterpapersothatthe
average cell density was 4.14 \x\ •cm - 2 .
Light intensity: 4.74x10* ergs •c m - 2
•sec"1, temperature 25.2°C.

Rate of photosynthesis
in j j I -h~

1

1500,-

1000 -

500

TABLE 6.2.3. Measurements of pH in cultures receiving a constant temperature of 30°Cor a
variable night temperature. Scenedesmus sp. K, was cultivated in washing machines in NSP
10.2.1. Measurements duringexperiments described inTable 6.2.1.
Sampling
time
13/814/815/816/817/818/819/821/8-
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9.00hours
9.00hours
8.50 hours
8.45 hours
8.30 hours
9.00 hours
8.45 hours
11.15hours

pH constant
temperature
6.9
7.0
6.75
6.75
6.85
6.15
6.15
6.4

pH variablenight
temperature
6.55; 6.45
6.65; 6.85
6.65; 6.85
6.55; 6.55
6.65; 6.60
6.1; 6.15
6.0; 6.0
5.9
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6.3. DISCUSSION

The influence of temperature on dry matter production, photosynthesis and
respiration was investigated. The optimum temperature for growth, photosynthesis and respiration was 35°C. No influence of daylength on the position
of the optimum temperature could be found in our experiments. At 40°C
respiration and photosynthesis declined in time, which was not the case at the
lower temperatures. The lower rates of photosynthesis and respiration were
ascribed to a deterioration or partial destruction of the enzymatic apparatus.
MILLNER'S experiments, suggesting a favourable effect of low night temperatures in combination with higher day temperatures and strong light could be
partially confirmed in our experiments (cf. Table 6.2.1 - NSP 10.2.1 series).
In NSP 10.2.15, however, a constant temperature was more favourable for
growth than a variable night temperature, whereas in ANSP 5.2.1 the growth
rates under the two conditions were about the same. We concluded from our
experimentsinTable 6.2.2, describingan increase oftheenergy conversion by an
increase of the culture temperature, that the light limited conditions existing
for the culture as a whole did not exclude a temperature effect for that part of
the cells which was under light saturated conditions. In a BLACKMAN curve this
would mean an extended transition zone between light limited and light saturated conditions. In the transition zone temperature and C02-effects are possible.
Measurements of pH as given in Table 6.2.3 showed that higher pH values,
whichwouldbeexpected inthefaster growingNSP 10.2.1cultureswith variable
night temperature, were not found. Since the solubility of C 0 2 is temperature
dependent we concluded that the total available amount of C 0 2 was higher in
the cultures with a variable night temperature than in the constant temperature
cultures. Although the culture was continuously aerated with an air mixture
containing 4% C 0 2 , C 0 2 may bea ratelimitingfactor sincethecoverwas taken
from the vessels on hot days to prevent excessive heating when the culture was
illuminated, or H P 0 4 maybe limitingowingtoprecipitation athighpH. Indirect evidence, obtained from an experiment about the effect of ammonium-or
nitrate salts on growth rate indicated that removal of the cover resulted in an
increase of pH in all the experimental series. Since uptake of ammonium salts
will decrease pH (cf. Chapter 3) this is an abnormal effect, probably caused by
C 0 2 escaping from the culture solution. Because we did not pay attention to
this phenomenon during the experiment with NSP 10.2.1, we could not exactly retrace when the covers were taken from the vessels. In the series with ANSP
5.2.1 and NSP 10.2.15 the cooling was established with tap water flowing
through copper tubing (isolated from the culture suspension with plastic tape
and 'plastoderm' coating). In these series a C 0 2 depletion or phosphate deficiency could hardly be expected, therefore.
In this context an interesting field for further research would be to investigate the effect of partial pressures of C 0 2 on the rate of photosynthesis and
especiallyontherateof growth.0STERLiND(1951a, 1951b)found that ScenedesMeded. Landbouwhogeschool Wageningen 73-6 (1973)
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muscoulduseHCO3~a n d C 0 3 asacarbon source.Differences indiffusion of
C 0 2 and H C O 3 - from water to cell and possible interference of membrane
permeability still have to be explored.
Reasons why a constant temperature is more favourable for growth of algal
mass cultures than a variable night temperature, as was the case in the NSP
10.2.15 series, may be summarized as follows:
1) Rates of photosynthesis and respiration increased up to 35°C.
2) The 'generation time' decreased with increasing temperature.
3) Cell division is strongly temperature dependent.
The question of temperature adaptability, which was investigated by KOK
and VAN OORSCHOT (1954) and VAN OORSCHOT (1955) still remains. They found
that it was possible to adapt certain species cultivated at low temperatures to
high temperature conditions. Cells transferred from a lower pretreatment
temperature to a higher culture temperature showed a relatively lower growth
rate than algae precultivated at the same temperature as in the experiment.
Under all circumstances, however, absolute growth rates at 30°C were higher
than at 20°C. Adaptation of respiration to temperature wasfound in Chlorella
by TRUKHIN and MIKRYAOVA (1969). This was a rather fast process lasting one
day, whereas KOK and VAN OORSCHOT (1954) measured adaptation times of one
to three weeks to convert low temperature forms into high temperature forms.
Wewould suggesttwo alternatives for further research:
a) Apopulation of 'low' temperatureforms maycontainafew'high' temperature
cells; this would imply certain(slight) genetical differences. The predominance
then merely is a question of the existing temperature conditions. Then the
generation time simply is the number of divisions to reach dominance of the
adapted types to the existing temperature. This may be best investigated in
synchronous cultures. We would expect that the time needed to adapt high
temperature cells into the low temperature modification is longer than the
reversed operation. The reason for this would be that the generation time
increases with a decreasing temperature (cf. MORIMURA, 1959, SOROKIN and
KRAUSS, 1962).
b) The temperature adaptations are variations on an enzymatic pattern only.
The adaptation time could then be interpreted as the time required to induce
the synthesis of an enzyme system, necessary to protect the cells against the
effect of high or low temperatures.
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7. G E N E R A L D I S C U S S I O N

Algal photosynthesis as measured in the laboratory is influenced by light
intensity, C 0 2 content and mineral supply.
The influence of the salt concentration on the growth rate of Scenedesmus
was described in Chapter 3. Growth rates were nearly independent of the salt
concentration in a broad range of concentrations of S0 4 — and H 2 P 0 4 ~ (cf.
figs. 3.3.1 and 3.4.1). Scenedesmus was more strictly in its demands concerning
K N 0 3 . Initial concentrations of 5mM were optimal for growth on the rocking
table.
The application of N H 4 + salts is favourable for growth, provided the solution is well buffered. This is in accordance with experiments of KOK (1952) and
+
VAN OORSCHOT (1955) with Chlorella. Using N H 4 , photosynthetic efficiency
could be increased by about 30%, as compared with media containing nitrogen
as KNO3 (cf. Table 3.5.2). Scenedesmus sp., strain K, could be cultivated in
washing machines in media containing urea. A comparison of growth in washing machines in 1963/64 and '66 using NSP 10.2.1 and USP 5.2.1 (cf. Table
3.5.3) showed no big differences in energy conversion between these media.
Less favourable experimental conditions and shorter daylengths probably
caused low efficiency values in these experiments. In the '63-64 experiments the
efficiency values as such were low, indicating other growth limitations. In
general, a comparison of the growth rates in NSP 10.2.15 and USP 5.2.1
showed preference for USP 5.2.1. The average efficiencies were 4.5% in NSP
10.2.15,and 5.6% in USP 5.2.1, which isa relative increase inenergy conversion
of 25% in media containing urea. Growth of Chlorella-A cultivated in washing
machines in artificial light, was 38% higher in USP 5.2.1 than in NSP 10.2.15.
Since the growth stimulation by urea was more pronounced in longer lasting
experiments with high cell densities, it is concluded that urea acts as a growth
stimulator under light limited conditions by bypassing the rate limiting N 0 3 ~
reduction. The growth of Scenedesmus sp., strain K23 on the rocking table was
highest in the concentration range of 5to 15mM urea (cf. fig. 3.5.1)
With respect to KCl it is of interest that rather high concentrations are tolerable (cf. fig. 3.2.3) which may partly be a reason that Scenedesmus occurs in
brackish waters.
It was already stated that Scenedesmus is rather non-selective in its salt demands. Several authors give formulae for the best composition of the culture
solution which mutually differ rather profoundly (cf. KRAUSS and THOMAS,
1954, KRAUSS 1958; PRATT, 1941; DAVIS et al., 1953; 0STERLIND, 1949). This
may be connected with the fact that the light conditions in the vessel, i.e.
irradiated surface and volume of the suspension, influence the potential growth
rate and, therefore, also the requirement of nutrients. The actual growth rates
are functions of the average light energy received per cell as applied by the
various authors mentioned above. The dissimilarities in technical equipment do
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notguarantee comparable lightfields,and thus similar light energies per cell. It
is therefore difficult to suggest an optimum composition of the growth medium
without specification of the type of culture vessel. Laboratory experiments
perhaps offer the opportunity to calculate the average light energy received per
cell. This appeared extremely difficult in natural light fields. In order to obtain
an idea about the average light energy received per cell, the actual growth rates
per day were estimated. Together with the knowledge of the average cell composition, this appears sufficient to calculate the nesessary amounts of salts to
sustain uninhibited growth. In essence, this method was already applied by
KUZNETSOV (1967), who used media containing urea. The use of sterile conditions is highly advisable with such media. An application in closed systems
(cf. TAMIYA, 1957), therefore, seems to be best.
The occurrence of an N0 3 ~-optimum for growth in cultures on the rocking
table and the absence in cultures in a thermostated bath or in 'continuous
culture' demonstrate that the optical properties of the culture unit may alter
the behaviour towards a major nutrient.
BONGERS (1956) found that N0 3 ~-uptake was light dependent within a
range of light intensities. Comparison of the growth rates in cultures in flasks
ontherockingtable,in'continuous culture' tubes, and in flasks in a thermostated bath show that the growth rate on the rocking table isabout two times lower
than the one in 'continuous culture' tubes although light intensity is about two
times higher than in these vessels (cf. fig. 3.2.2 and Table 3.2.1). The depth of
layer in these culture tubes is about four times smaller than that in flasks on the
rocking table, so that the average energy received per cell is higher in 'continuous culture' tubes than in flasks on the rocking table. In the thermostated bath
the depth of layer in the flasks was comparable with that on the rocking table
but the optically thin suspensions which existed during the shortly lasting
experiment (cf. fig. 3.2.4) also resulted in higher average light intensities in the
flasks in the thermostated bath than in flasks on the rocking table.
Therefore, the different behaviour of cells towards N 0 3 ~ in the various
culture vessels are probably due to differences in the average energy received by an individual cell. This can induce differences in the rate of N 0 3 " - u p take.
The effects of light intensity and light duration were mainly studied in Chapters4and 5.
VAN OORSCHOT (1955) calculated the total photosynthetic yield by integrating the rates of photosynthesis over all depths. Formulae as he derived can only
be applied with vessels of an easy geometrical shape, e.g. rectangular boxes,
receiving light from above as in VAN OORSCHOT'S case. When more than one
surface is illuminated, it becomes very complicated to introduce the effect of
stirring in the formulae for yield determination.
We attempted to describe the light field by assuming that BEER'S law was
valid. The complicated surface of the washing machines was converted into the
model of a rectangular box with the same depth of layer, receiving light via the
horizontal surface only. Therefore, to fit the model, the horizontal surface of a
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washing machine had to be extended as a correction for the amount of light
received on the vertical plane of the machine. The effective surface in the model
( = 'apparent horizontal surface') wasdetermined bycomparing thelight limited
growth rates in washing machines illuminated on the horizontal surfaces
only,and on theentiresurface respectively. Sincethegrowth ratesdepend on the
amount of energy actually received under these conditions, the ratio between
the growth rates also represents the ratio between the effective surfaces. This
method had the drawback that the apparent horizontal surface had to be
estimated separately for different parts of the year, because the maximum
elevation of the sun affects the results (cf. Table 4.2.2). Moreover, we had to
consider the stirring velocity in its effects on the motion of the cells. The movement of the cells was more or less circular in a vertical plane as could be seen
with aplastic diver.
The aim of the stirring mechanism was to improve the yield per unit surface.
Going from surface to bottom of the culture vessel, part of the cellswill receive
an energy input above the saturation point of photosynthesis. The rates of
photosynthesis of the rest of the cells depend on the light intensity. Stirring
introduces a sort of 'flash' effect, which, however, is different from the flash
effect obtained with rotating discs, in that the transition from light to darkness
and vice versa is of a completely different nature. During transition from light
saturation to light dependent conditions part of the enzymatic apparatus
regulating the C 0 2 fixation is 'free' to convert a high light received just before
within a short flash. With some restrictions knowledge derived from flash
experiments can be applied. In section 4.2.1, the intermittency factor for equal
energy and equal total time was already discussed (cf. RABINOWITCH, 1956):
E

'

Yield in intermittent light
Yield in continuous light with equal total energy and equal total duration

To obtain enhancement in energy conversion, the movement of the cells had to
be in the order of seconds or less,to obtain IIE values higher than 1.
KOK (1953) found that flash durations in the order of msec were necessary
to obtain a maximum utilisation of the absorbed energy.
Incident energies of direct sunlight amount to 0.6 cal.cm - 2 • m i n - 1 at
most (cf. DE VRIES, 1955), which is about ten times the saturation value for
photosynthesis. This means in our model that the duration of the flash has
to be 1/10 of the total time used for one rotation in the vessels provided its
absolute value is sufficiently low. This was approached for cell concentrations
of 4.0 |i.l packed cell volume per ml suspension (cf. Table 4.2.1.1).
Considering that the duration of the flash in this case could be estimated
at about 1sec,maximumutilisation of theenergy received duringtheflashcould
not be expected. This would mean that: a) The stirring velocity had to be increased, which is impossible in the existing apparatus; b) The depth of layer
had tobedecreased toabout 4cm,and thecellconcentration had tobe increased
at the same time if the stirring velocity was not altered.
When designing a new apparatus for mass cultivation, theoretically it would
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be the easiest way to use thin layers of the order of a few cm, and high cell
densities. In this case a simple stirring device would besufficient. With accelerated stirring, the danger of mechanical injuries increases.
The daily production rates, described in section 4.3 demonstrated that the
production in washing machines was light limited at initial densities of 0.5
|i.l/ml and higher. The situation then is more or less comparable with a standing
crop with closed leaf canopy.
Comparing the average productivity of an algal culture and a conventional
crop, it appears that they are of the same order of magnitude (200-240 kgha _ 1 -day _ 1 representing about 10-12 g C - m ~ 2 - d a y _ 1 ) , cf. A L B E R D A ( 1 9 6 2 ) , GAASTRA (1962), K O K (1952, 1953), VAN OORSCHOT (1955) SIBMA (1968).
In this respect, the discussion of STEEMANN-NIELSEN (1960, 1961) about the
productivity in communities of terrestrial and water plants is of interest. He
concluded that the productivity in the water always had to be inferior to that of
terrestrial plants. He based this on the higher photosynthetic capacity of leaves
in comparison with algae. If we consider a collection of primary productivities
in natural waters, STEEMANN-NIELSEN'S statement is certainly correct (cf. Table
7.1). The production rates are expressed in g C - m _ 2 - d a y _ 1 . According to
KRAUSS (1953) an average green alga contains 4 9 . 5 - 7 0 . 2 % C. The average
C-content of Scenedesmus, as measured in 4 samples was 47.7% of total
water and ash-free dry matter content (elementary analysis of our own
material).
By multiplying the production rates, expressed as g C - m _ 2 - d a y _ 1 , with 2
they represent the production rate of dry matter in g - m _ 2 - d a y _ 1 . It appears
that the production rates are very low, except in the Tsymlyanskii Reservoir
and in the Southampton measurements of ANSELL et a/(1963a).Thelow values,
however, are averages calculated over periods of half a year or a year. The
possibility cannot be excluded that the production rate is higher if we consider
for instance June or July in particular (cf. for instance the measurements in
Southampton). The two exceptions with higher production rates, mentioned
above, were in eutrophic waters.
The conclusion would be that the mineral supply in natural waters may be a
rate limiting factor. Moreover, especially in deep waters, temperature stratification may occur which prevent the mixing of the fertile bottom water with the
layers on the surface (cf. TALLING, 1957, 1963).
Some other work about energy conversion in higher plant communities may
be mentioned here.
WASSINK (1948) calculated the efficiency values in agricultural crops over the
entire growing season. A maximum of 2% of the incident energy was reached.
WASSINK, K O K and VAN OORSCHOT (1953) with Chlorella-k, found that the
energy conversions of this strain under natural conditions were in the same
order ofmagnitude as the energy conversion measured in a 1 m 2 plot of grass on
three successive harvests. Cultures under semi-controlled conditions give
growth rates comparable with the highest production rates in agricultural crops.
The measurements in Scenedesmus-cultures
over the period 1962-1965
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TABLE7.1. Primary productions insomenatural waterscollected from literature.
Place invest.
Method.

Production
gC • m~ 2 - d a y - 1

Author.

Reference

0.21-0.55

STEEMANNNlELSEN

Ann. Rev. Plant Physiol. 11
341-363 (1960)

KATTEGAT ( 1 4 C)
LlMFJORD
GREAT BELT
DYBSÖFORD

0.17
0.29
0.16
0.02

STEEMANNNIELSEN

Ibid.

SOUTH ATLANTIC
OCEAN ( 1 4 C)

Min.: 0.08
Max.: 0.27

STEEMANNNÎELSEN

Ibid.

KUZNETSOV
ROMANENKO
GLAZUNOV.

Doklady Akad. Nauk SSSR
156 (6): 399-402 (1964)

POTOTSKAYA
TSYBA

Doklady Akad. Nauk SSSR
155 (3): 234-236 (1963)

FELFÖLDY

Ann. Biol. Tihany 28
99-104 (1961)

ANSELL,
RAYMONT,
LANDER,
CROWLEY,
SHACKLEY

Limnol. Ocean. 8 (2):
184-206(1963)

ENGLISH CHANNEL

Decrease nitrate
Decrease phosphate
Decrease C 0 2

LAKE BAIKAL( 1 4 C)

RYBINSKOE RESERV.
GORKII RESERV.
KUIBYSHEV RESERV.
TSYMLYANSKII RES.

(Mod. 0 2 -method)
LAKE BALATON

Min.: 0.02-0.04
Max.: 0.20-0.26
0.33
0.48
0.93
2.50
(0.81-1.17%)
0.62-1.01

(Diatom Bloom)
Glucose determin.
SOUTHAMPTON

Fertilized seawater
Phaeodactylum
0 2 -method
Decrease phosphate
Increase packed cell
volume

March:
2.2
May-Aug. : 4.9
O c t - N o v . : 2.0
(3.0-4.4%)

suggest that the energy conversion can be as high as in crops with a closed leaf
canopy, and that even over longerperiods. If werestrict ourselves toalgae forming autospores, as Chlorella and Scenedesmus, we may even say that these
species are superior to higher plants in that they are not bound to an annual
production cycle and that with suitable techniques high productivity may be
obtained overprolonged periods. We,therefore, do not agree with STEEMANNNIELSEN that the productivity in the water necessarily is inferior to that of
terrestrial plants.
The experiments about the effect of energy input on the energy conversion
at various initial concentrations suggest that the efficiency in non-diluted cultures declines when the initial concentration is increased.
As a comparison, the experiments of KAMEL (1959), about the influence of
plant density on net photosynthetic efficiency in barley and sugar beet are of
interest. With close spacing high efficiency values were reached early in the
Meded.Landbouwhogeschool Wageningen 73-6 (1973)

81

season. Later on, theefficiency valuesdeclined and thehighest values were found
inthe normal spacing.
NICHIPOROVITCH and MALOFEEV (1965), with kale, investigated theeffect of
light intensity on the efficiency of photosynthesis at various plant densities,
for every leaf area ratio which waschosen, theenergy conversion decreased
with higher light intensities.An increase ofplant density inthe range0.25-10 m2
ground surface resulted in higher energy conversion values using high light
intensity.
Plant densities and algal densities were compared onthe basis ofthe amount
of chlorophyll percm 2irradiated surface (cf. Table 7.2). Thetransition from
light saturated tolight dependent growth inwashing machines occurred above
0.5 fi.1 packed cell volume per ml.Achlorophyll content of4 mg/dm 2 forsingle
leaves (cf. GABRIELSEN, 1948) andfrom 1-5%ondry weight basis inChlorella
(cf. VAN OORSCHOT, 1955) were used forthe calculations.
It appears that algae in dense packing contain an amount of chlorophyll
which is comparable with that in a plant density with a closed leaf surface,
normally given in literature as having a leaf area ratio of 5. Light limitation
in washing machines started above TROMMSDORFFvalues of0.5 ul/ml, i.e. 38 u.g
chlorophyll per cm 2 , afigurewell comparable with the40fxgchlorophyll/cm2of
GABRIELSEN (1948) atwhich energy conversion was independent of chlorophyll
concentration.
We found inourexperiments that netenergy conversion decreased withan
increase ininitial chlorophyll concentration (intherange of0.6-1.5 ul/ml).It
may beexpected that inexperiments within higher plants anincrease in plant
density willbe favourable up toacertain plant density. After that adecreasein
efficiency will follow caused by respiratory processes.
In some cases observed differences inefficiency may be connected with differencesinrespiratory activity inthe culture asawhole(cf.Table 4.3.1,fig.4.3.2).
Average respiratory activity insamples taken from cultures inwashing machines
undercontinuous mercury lightwas2.11u.1 C 0 2 -u.1 - 1 •hour" 1 (cf. Table4.3.2).

TABLE7.2. Chlorophyll content of Scenedesmus ina 20cmlayer of water, surface 1 cm2,
irradiated with natural daylight. Average chlorophyll content taken as2.5%ondryweight
basis; 1\J\ algae isequivalent with 151|xgdry weight onthe average. Maximum energy conversioninleavesisindependent ofthechlorophyllconcentration above40-100(J.gchlorophyll/
cm2 leaf (cf. GABRIELSEN, 1948).
TROMMSDORFF value
((il • ml" -1)
0.4
0.5
0.7
0.8
1.1
2.6
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Cell number
(x 106ml-x)

Chlorophyll content
(jig-cm-2)

1.0
1.8
5.7
6.9
10.9
20.5

25.0
37.8
52.9
60.4
83.1
196.3
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The dry weight equivalent for 1\û algae was 151 (igas determined in experiments. Using this conversion factor, the 0 2 -uptake in Table 4.3.2 was2.11 JJ.1/
151 |i.g/hour= 14.0 [j.l/mg/hour. A difference in respiratory activity was
found in series of morning samples collected in cultures in washing machines
in April and June being 5 [J/mg/hour and 7 pd/mg/hour respectively (cf. fig.
4.3.6). It could be made plausible that respiratory activity was highest in
the morning samples in June, containing larger cells than in the April series.
It is evident, however, that the respiratory activity in the morning samples is
lower than in the culture in continuous light. Does literature present evidence
that respiratory activity changes when algal cells are illuminated?
NIHEI et al. (1964), with synchronous cultures of Chlorella ellipsoidea measured respiratory activities in the course of cell development. They found that
respiratory activity per unit of cell number increased during the light period.
Cell division, which depends on the duration of the light period and the
intensity of the incident radiation, decreases the average cell size (cf. TAMIYA,
et al., 1953a, 1961 ; PIRSON and RUPPEL, 1962; LORENTZEN and RUPPEL, 1959;
SOROKIN, 1964; SENGER, 1961).
It was shown in fig. 5.2.1 that cell size changed when cells were transferred
from continuous light to an L/D treatment of 16/8. Smaller cells than in the
suspension at the start of theexperiment werepredominant inmorning samples,
larger cellsat theend of thelightperiod. Fig.4.3.4isan example for the observation in many experiments that cell lengthand width increase during the day.
Changes in cellular composition thus occurred in our experiments. Table 4.3.2
and fig. 4.3.6 show that respiratory activity is not the same under several
experimental conditions. A cause for this phenomenon cannot be given on the
basis of the present material. Evidence for the existence of a relationship between the rates of photosynthesis and respiration in growing algal cultures was
subject of an investigation which will be published later on.
It can be stated that, in general, production is influenced by daylength when
the respiration of the cell mass cannot be neglected. In practice, these effects
could be observed in deep layers with rather high cell concentrations. An
appreciably decreased production rate was observed at an L/D ratio of 8/16
(cf. Table 5.2.1).
The growth rate of algae in thin layers (comparable with light saturated conditions) was more rapid during long days than during short ones, owing to the
fact that the higher growth rates during long days caused improved light absorption.
Transitions from one daylength regime to another influenced the production
rate (cf. Table 5.2.2), we concluded from our experiments that a strong discrepancy in light regime between pretreatment and treatment unfavourably affected the production rate. Cells cultivated in 'continuous culture' tubes at a constant optical density and light/dark ratios ranging from L/D = 8/16 to continuous light showed an optimum growth at L/D = 12/12 (cf. fig. 5.2.5). It was
concluded that long term action of a certain daylength treatment induced a
partial synchronisation of the cell mass. This explanation is illustrated with
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experiments with synchronous algal cultures taken from literature.
Synchronised algae, exposed to shorter or longer daylengths show disturbances in their cell division pattern. SOEDER (1968), with synchronous Chlorella
cultures, found that prolonging of the light period caused a delay in the start
of cell division. The same was found with the high temperature strain of
Chlorellapyrenoidosa by SOROKIN and KRAUSS (1965).
Shortening of the light period in synchronous algal cultures divided the
cell mass in groups with a normal and a prolonged cycle (cf. PIRSON, 1962;
SENGER, 1961).
It is evident from literature that rates of photosynthesis and respiration are
coupled with cell development (cf. SOROKIN and KRAUSS, 1965; NIHEI et al,
1964; SPEKTOROVA et al, 1968).

The conclusion would be that a delay or disturbance of cell division in
synchronous algae, owing to shortening or prolonging of the light period, may
influence the rate of photosynthesis and respiration at the start and during the
following light period. Therefore, our conclusion that a partial synchronisation
ofthealgalmassoccurswhendaylength regimesinthevicinity ofthe 'generation
time' are applied, seems plausible in the light of literature.
In Chapter 6, we discussed the influence of temperature on yield. Photosynthesis, dry matter production, and multiplication are influenced in a similar
way be temperature, resulting in an optimum around 35°C.
The favourable effect of a decreased night temperature as described by WENT
(1948) in higher plants,was alsofound byDAVIS and collaborators (1953). They
found such effects in cultures in the open when there was direct sunlight.
Laboratory experiments of the same group (cf. BURLEW, 1953) indicated that
a growth promotion by low night temperatures could not be obtained in low
intensity cultures. DAVIS et al supposed that only high light energy input was
more efficiently utilized when the night temperature was lower than the day
temperature.
In our experiments evidencefor a stimulatory effect of low night temperature
was only apparent in non-buffered cultures in daylight. The effect was not observed when buffered or N H 4 N 0 3 containing media were used. In non-buffered
cultures C 0 2 - orphosphate deficiency mayhave existed atconstant temperature.
In general, in our experiments no evidence for a stimulatory effect of low night
temperatures on the growth rate could be found. Arguments against growth
stimulation by low night temperatures are found in articles dealing with the
effect of temperature on cell division in synchronous algal cultures (cf. MORIMURA, 1959; SOROKIN and KRAUSS, 1962).
Cell division is a temperature dependent process. A decrease in temperature
during the night probably causes a phase shift in cell development when a
comparison is made with a culture receiving a high temperature continuously.
Thus, coupling of photosynthesis with cell development (cf. NIHEI et al, 1964;
SPEKTOROVA et al, 1968) will be influenced by low night temperature. In this
respect it is less likely that a stimulatory effect of low night temperature, as
described by DAVISet al, is due to a moreefficient cell division. Otherpossibil84
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ities are: 1) that the culture solution in the series with low night temperatures
stores large amounts of C 0 2 in the free and bicarbonate form, which induces
higher amounts of available C 0 2 as compared with a seriesreceiving a high
temperature continuously; 2) that rebalancing of cellular composition, or
restoration of thephotosynthetic apparatus during the night period is especially
favoured by low night temperature.
KOK (1952)found that cells at the end of the light period contained relatively
high amounts of carbohydrates and lipids.
A decrease in photosynthetic efficiency, coupled with a decrease in N- content was found by BONGERS (1956) in N-deficient cultures. There are no direct
experiments about theinfluence ofcellular N-content onphotosynthetic efficiencyincomplete media.
The maximum rates of photosynthesis for Chlorellapyrenoidosa reached an
optimum in the middle of the light period (cf. SOROKIN, 1961). Since the racontent is relatively highest at the end of the dark period (cf. KOK, 1952), it
is less likely that N-content and maximum rate of photosynthesis are directly
coupled.
At the end of this discussion we would liketo give a personal view concerning the possible use of algae.
In parts of the world with a large increase in the size of human population
and food shortage, the production of organic material rich in proteins is a
necessity. The area which can be cultivated already is a limiting factor for
food production at some places or may become so in the future. Additional
food production in shallow lakes and ponds might behelpful, therefore.
As was shown in this thesis, rather high energy conversion values were obtained over relatively long periods during the summer months. In temperate
regions,cultivation of Scenedesmus for nutritional purposes should be restricted
to this part of the year. The energy input in winter is too low and too variable
in the Netherlands to maintain high production rates. It is perhaps possible to
extend the culture period in winter by using stable communities of algae which
are adapted to low temperatures. The thermic pollution of natural waters in
industrialised countries might prevent too low a temperature during winter.
The existence of algal communities in arctic and antarctic waters might be a
proof that growth in winter is possible, provided that a combination of adequate speciesisselected.
The algal product is rich in proteins (cf. KOK, 1952; VAN OORSCHOT, 1955)
although part of the proteins are not directly digestible. Rather intricate and
thus expensive cultivation apparatus are needed to obtain yields which are
comparable with the maximum growth rate in modern agricultural crops,
although these high production rates can be maintained over longer periods
than in normal agriculture. It would be unrealistic, however, to recommend
algae as a possible source for nutrition in those countries of the world which
already have an agricultural overproduction, i.e. in the Western European
countries and the U.S.A. In subtropical and tropical countries with a lack of
area useful for agriculture and a high population pressure, stable communities
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of algae can be a possible source for nutrition since light and temperature are
adequate all over the year and food shortage urges to use all possible reserves.
The eutrophication of inland waters in industrialised countries offers a
substratum for 'algal blooms' which can be a menace for a healthy water flora
and fauna. The existence of such 'algal blooms' illustrates that algae can be
used inprinciple for the removal of inorganic and organic substances in heavily
contaminated water. Waste water treatment by algae is already used in the
U.S.A. (cf. GOLUEKE and OSWALD, 1964). Removal of the algae from the water
and composting of the filtered material or use of the algal residue as cattle
fodder might offer possibilities to purify waste water and to delay the flow
of solublefertilizing agentswhich elsewould havebeen lost. These methods can
be employed in temperate regions as well as in tropical areas.
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8. SUMMARY

Experiments about the influence of external factors on the energy conversion
in mass cultures of Scenedesmus are described in this thesis. Several types of
culture vessels were used in the laboratory as well as in the open. Demonstration models of MIELE washing machines with a volume of 50 1 were used for
experiments in the open. In the laboratory the algae were cultivated in flasks on
the rocking table, in washing machines under mercury light, in 'continuous
culture' tubes and in small culture tubes with a volume of 100ml in a thermostated bath. A mixture of 5% C 0 2 and air was continuously bubbled through
the suspension, and the temperature was kept constant in all culture methods.
The growth rate of Scenedesmus was independent of the concentrations
of S 0 4 and H 2 P 0 4 _ above a certain minimum. Thiswas not the case with
K N 0 3 (cf. Chapter 3). An optimum for growth was found in culture media
containing K N 0 3 at 5 mM in flasks on the rocking table. The average light
intensity received by an individual cell was low in this case. The inhibition of
growth by KN0 3 -concentrations higher than 5 mM could only partially be
explained osmotically. No optimal KN0 3 -concentration was found in other
types of culture vessels with a comparatively high average light intensity for an
individual cell. It was concluded that tolerance for K N 0 3 depended on the
energy supply for the individual cell. Therefore, the incident radiation, the
density of the algal suspension and shape and dimensions of the culturevessel
are of importance.
An increase of the energy conversion of 30% was found when the rate of
photosynthesis was light limited and when ammonium salts in well buffered
media or urea was used instead of K N 0 3 . It was concluded, that the yield at
low lightintensitiescanbeimproved withabout 30%bybypassingnitrate reduction.
The growth rate was slightly enhanced by the addition of yeast extract,
whereas the growth rate was not influenced by soil extract in our experiments.
Section 4.2 describes the light distribution over the surfaces of the washing
machines. The theoretical models for calculation of the total production per
unit of surface, which are described in literature suppose that light only enters
via the upper surface. The presence of horizontal and vertical surfaces in washingmachines necessitated to adapt such models to the situation existing in these
machines. The total global radiation measured in the field only was valid for a
horizontal plane. To estimate light distribution for any complex surface is
theoretically possible when the ratio between direct and diffuse light is known
for every moment of the day. Calculation of the distribution of the incident
radiation was simplified in our case in that the energy supply over the vertical
surface was expressed as if it was an enlargment of the horizontal surface. This
surface was called 'apparent horizontal surface'.
Growth rates depend on the incident energy under light-limited conditions.
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Algalproduction inwashing machines withincident radiation viathe horizontal
surface only, was compared with that in washing machines with incident radiation over the total surface. When light limitation exists, the ratio between these
productions measured over a period of several days enabled to estimate the
'apparent horizontal surface' for several parts of the growing season. Since the
contribution of the vertical surface depended on the height of the sun, it is
feasible that a minimum 'apparent horizontal surface' was obtained around
the longest day of the year. Decrease of light energy in the vessels was calculated with LAMBERT-BEER'S law. The extinction coefficient k was determined
experimentally. The stirring wasinsufficient to expect an appreciable increase in
energy conversion. An increase in algal density at the start of the experiments
decreased the energy conversion, which was atributed to respiratory losses
(cf. Ch.4.3).
A comparison between three series of experiments showed that respiration
varied significantly under the different experimental conditions. Daily respiratory losses were determined by means of WARBURG measurements and dry
matter determinations. These losses ranged from 8.7% to 18.6% of the total
amount ofdry matter present.
The energy conversion corrected for shading by the buildings, reflection and
absorption by the culture vessels was 6.0% on the average for the period from
March to October in the years 1962-1965. Energy conversion was 10.2% on
the basis of incident light in July and August.
The efficiency of stirring was computed on the basis of the stirring velocity. A
relative utilisation of20%ofthe maximum efficiency of the flash, i.e. 5%on the
basis of photosynthetically active radiation, was expected.
The energy conversion could be enchanced in washing machines under
mercury light by decreasing the volumes of the suspension in the vessels (cf.
section 4.3.1). A more effective stirring was obtained in using smaller depths of
layer at thesamerate of stirring.
Influence of daylengthontheenergyconversion inmasscultureswere examined in the four combinations: thick/thin layers; high/low cell densities (cf.
Ch. 5). The energy conversion on the basis of incident light decreased with
shorter daylengths under light saturated conditions in experiments lasting 24
hours, i.e. in thin/thick layers with low cell densities.
Thecultureasa wholewaslightlimited in thick layerswithhigh celldensities.
A lower energy conversion as compared with continuous light was obtained
only with a light/dark ratio of 8/16. This was atributed to respiratory losses.
A completely different situation occurred when cultures were exposed to a
fixed light/dark treatment during several days. A strong discrepancy in light/
dark ratio between pretreatment and experiment caused a decrease in energy
conversion in cultures in flasks on the rocking table. Optimum absolute growth
rates and growth rates per hour light were found at light/dark ratios of 12/12
in 'continuous culture' tubes in which the algal suspension was kept at a constant optical density.
It was concluded from the experiments described in Chapter 5 that cells
88
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pretreated in continuous light exhibited a simple reaction pattern during the
first 24 hours after the pretreatment. An increase in energy conversion on the
basis of incident light was found when the cell concentration at the start of the
experiment was increased, at relatively high average light intensities for the
individual cell. A decrease in energy conversion can be expected in thick layers
and high cell concentrations at very short daylengths (i.e. L/D = 8/16), which
is caused by respiratory losses. Longer lasting pretreatments with intercalation of dark periods were most favourable when the daylength approximated a
light/dark ratiowhichisnecessary for synchronisation; i.e. L/D = 12/12,causing
partial synchronisation. A temperature optimum of 35°Cwasfound for photosynthesis, respiration and growth when cells were precultivated at 30°C (cf.
Ch. 6).No shift in temperature optimum was obtained with shorter daylengths.
Higher energy conversion wasfound in cultures receiving variable night temperatures, when non-buffered culture solutions containing K N 0 3 were utilised.
Culture solutions containing N H 4 N 0 3 did not show differences in energy
conversion between the two temperature treatments, whereas a buffered culture
solution containing K N 0 3 showed highest efficiencies in the constant temperature series. The increase in energy conversion at variable night temperatures in
non-buffered culture solutions was attributed to a higher amount of total
availableC 0 2 , or solublephosphate, ascomparedwithcultureskeptataconstant
temperature. When phosphate or C 0 2 do not limit growth, as is the case in
buffered culture solutions, a low night temperature probably inhibits cell
division which reduces the efficiency.
The results of the experiments described so far are compared with literature
in Chapter 7. Considering the energy conversion values obtained in our experiments and the efficiencies measured in agricultural crops with a closed crop
surface, it is concluded that algae in dense packing contain a comparable
amount of chlorophyll per unit of surface. The energy conversion is about the
samein algal cultures and incrops with a closed canopy. An increase in efficiency would theoretically be possible in higher plants if the C 0 2 concentration
would havebeen increased.
At last a possible application of algae as food plants or as purifiers of waste
watersis discussed.
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10. S A M E N V A T T I N G

In dit proefschrift worden experimenten beschreven over de invloed van
milieufaktoren op de energieomzettingen bij de fotosynthese in massakulturen
van Scenedesmus sp. Er werd met verschillende soorten kweekvaten zowel buiten als binnen het laboratorium gewerkt. Voor de buitenproeven werden demonstratiemodellen van wasmachines gebruikt met een inhoud van 50 liter.
In het laboratorium werden dealgengekweekt inkolven op deschudmachine, in
wasmachines onder kwiklampen, in 'continue kweekbuizen', en voorts in kleine
kweekbuizen van 100 ml, die in een bad met een constante temperatuur werden geplaatst. Bij alle kweekmethodes werd een mengsel van lucht met 5%
C 0 2 door de algensuspensie geleid, terwijl de temperatuur constant gehouden
kon worden.
De groeisnelheidvanSce«e(fesmw,swasboven eenzekere minimum concentratie onafhankelijk van de gebruikte concentraties S 0 4 en H 2 P 0 4 ~ ; dit gold
echter nietvoor K N 0 3 (zieHfdst. 3).
Het gebruik van ammonium zouten in goed gebufferde voedingsoplossingen
of van ureum gaf in vergelijking met K N 0 3 een relatieve verbetering van de
energieomzettingen van 30%; dit alles echter indien de fotosynthesesnelheid
door de lichtenenergie werd beperkt. Hieruit kan worden geconcludeerd, dat
bij lage lichtintensiteiten de opbrengst met 30%kan worden verhoogd door de
nitraatreductie te vermijden.
In kolven op de schudmachine, waar de gemiddelde lichtintensiteit die door
een individuele cel ontvangen werd laag was, werd een optimum voor de groei
gevonden bij 5 mM K N 0 3 . Remming van de groei bij KN0 3 -concentraties
hoger dan 5mM was slechts ten dele osmotisch te verklaren. In andere soorten
kweekvaten, waar de gemiddelde lichtintensiteit die door elke cel ontvangen
werd hoog was, werd geen optimale KN0 3 -concentratie gevonden. Er werd
geconcludeerd dat detolerantie voor K N 0 3 afhing van de energietoevoer voor
de individuele cel. De ingestraalde lichtintensiteit, de dichtheid van de algensuspensie, en de vorm en afmetingen van het kweekvat zijn in dit verband dus
van belang.
Toevoeging vangistextract aanhetvoedingsmediumgaf een geringe maarsignificante stijging van de groeisnelheid. Grondextract had geen invloed op de
groeisnelheid in onze proeven.
In hoofdstuk 4, paragraaf 2, wordt de lichtverdeling over het oppervlak van
wasmachines aan een nader onderzoek onderworpen.
De modellen, die in de literatuur beschreven zijn om de produktie per eenheid van oppervlakte teberekenen, berusten op deveronderstelling dat het licht
alleen vanboven op een oppervlak valt. Het voorkomen van zowel een horizontaal als een gebogen verticaal oppervlak bij wasmachines maakte dit model
nietzonder meer bruikbaar. De totale globale straling, zoalsdie met de normale
metingen wordt verkregen geldt slechts voor een horizontaal vlak. Alleen hierMeded. Landbouwhogeschool Wageningen 73-6 (1973)
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mee is de lichtverdeling over een complex oppervlak zonder meer niet te berekenen, omdat de verhoudingen tussen de direkte en de diffuse hemelstraling op
ieder moment van de dag feitelijk mede gegeven zouden moeten zijn.
In ons geval werd de berekening van de instraling over beide oppervlakken
vereenvoudigd door de onbekende energietoevoer via het verticale vlak zo uit
te drukken alsof het een vermeerdering van het horizontale oppervlak betrof;
voor dit laatste waren de instralingsgegevens immers bekend. Het zo verkregen
horizontale oppervlak werd 'schijnbaar horizontaal oppervlak' genoemd.
Bij lichtlimitering is de groei afhankelijk van de ingestraalde hoeveelheid
energie. Onder deze omstandigheden werden produktie vergeleken tussen machines met alleen een verlicht bovenvlak en machines met een totaal verlicht
oppervlak. De verhouding van deze produkties over periodes van langere duur
gaf de mogelijkheid het 'schijnbaar horizontale oppervlak' te berekenen voor
verschillende periodes van het jaar. Aangezien de bijdrage van het verticale
vlak sterk afhankelijk isvan de zonshoogte ishet begrijpelijk dat een minimum
'schijnbaar horizontaal oppervlak' om en nabij de langste dag werd gevonden.
'De lichtverzwakking werd met behulp van de wet van LAMBERT-BEER berekend,
waarbij de extinctiecoëfficiënt k werd bepaald. De roersnelheid bleek onvoldoende snel te zijn om aanzienlijke verhogingen van de energieomzettingen te
verwachten. Indien bij beënting de dichtheid van de algensuspensie verhoogd
werd bleek hierdoor de energieomzetting van de netto-fotosynthese te dalen.
Dit verschijnsel werd aan ademhalingsverliezen toegeschreven (zie 4.3). De
laagdikte van 20cminwasmachines zorgde ervoordat reedsbij lage dichtheden
vandealgensuspensie lichtlimiteringen bestonden. Hierdoor werden de relatieve
ademhalingsverliezen bij hogere beëntingsdichtheden steeds groter. Bij vergelijking van 3 series proeven waarin de ademhalingssnelheid werd bepaald bleek
dat deze significant verschilde onder de verschillende omstandigheden. De
dagelijkse ademhalingsverliezen werden met behulp van WARBURG metingen
en droge stof bepalingen berekend. De verliezen lagen tussen 8,7% en 18,6%
van het aanwezige droge gewicht.
De gemiddelde energieomzetting van de lichtenergie werd berekend over de
periode van maart tot oktober in de jaren 1962 tot 1965. Deze bedroeg, gecorrigeerd voor reflektie en absorptie van de kweekvaten gemiddeld 6,0%, terwijl injuli en augustus rendementswaarden van 10,2%werden gemeten.
Op grond van deroersnelheid en de laagdikte in dekweekvaten iste verwachten, dat de gemiddelde lichtintensiteit die door de zon wordt ingestraald met
eenefficiency van 20%van het maximale rendement (5%van de fotosynthetisch
actieve energie) wordt omgezet. Het nuttig effekt van het roeren kon worden
verhoogd in wasmachines onder kwiklicht waarin de volumina werden verkleind (zie hoofdstuk 4 paragraaf 3.1). De geringere laagdikte bij kleinere
volumina gaf met dezelfde roersnelheid een effektievere roering.
Invloeden van daglengte op de energieomzettingen in massakulturen werden
nagegaan in de vier combinaties:dikkelaag/dunne laag,hoge/lage celdichtheid
(zie hoofdstuk 5). Indien gedurende 24 uur werd belicht zonder dat de lichtenergie de groei beperkte veranderde de energieomzetting op basis van deinge92
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straalde lichtenergie naarmate de daglengte korter werd, d.i. in dunne en dikke
lagen met lage celconcentraties. In dikke lagen met hoge celdichtheden heerste
gehele of gedeeltelijke lichtlimitering. Alleen bij zeer korte dagelijkse lichtperioden van 8 uur licht werd een lager rendement gevonden dan in continu
licht, hetgeen werd toegeschreven aan ademhalingsverliezen.
De situatie wijzigde zich indien langere tijd een bepaald licht-donker ritme
aan de kuituren werd gegeven. In kuituren in kolven op de schudmachine gaf
een grote afwijking in licht-donker verhouding tussen voorbehandeling en experiment een lager rendement. In 'continue kweekbuizen' waarin de optische
dichtheid van de celsuspensie constant kon worden gehouden bleek een dagnacht ritme van 12uur licht-12uur donker absoluut, en eveneens per uur licht
optimaal voor de groei te zijn. We concludeerden uit de proeven die in hoofdstuk 5besproken zijn, dat cellen, voorgekweekt in continu licht, gedurende 24
uur na de voorbehandeling een eenvoudig reaktiepatroon vertoonden. Bij relatief hoge lichtintensiteiten voor degemiddelde individuele celwaseen verhoging
van de celconcentratie gunstig voor het bereiken van een hoger rendement. In
dikke lagen met een relatief hoog aandeel van de ademhaling verlaagde een
korte dag (L/D = 8/16) het energierendement. Langer durende voorbehandelingen met tussenschakeling van donkerperiodes waren het gunstigst indien de
daglengte de tijd benaderde waarbij celsynchronisatie mogelijk is, d.i. L/D =
12/12.
In hoofdstuk 6 werd gevonden dat het temperatuuroptimum voor de fotosynthese, ademhaling engroei bij 35°Clagindien decellen waren voorgekweekt
bij 30°C. Een kortere daglengte veroorzaakte geen verschuiving van het temperatuuroptimum voor de groei.Variabelenachttemperatuurgaf meteen ongebufferde, K N 0 3 bevattende voedingsoplossing hogere rendementen dan een
constante temperatuur van 30°C. In NH4.N0 3 bevattende voedingsoplossingen
was er geen verschil tussen de twee temperatuurbehandelingen terwijl een gebufferde K N 0 3 bevattende voedingsoplossing hogere rendementen opleverde
bij constante temperatuur. De rendementsverhoging bij variabele nachttemperatuur in ongebufferde oplossingen werd toegeschreven aan een grotere hoeveelheid beschikbaarC 0 2 , of fosfaat inopgeloste vormdan in kuituren bij constante temperatuur. Wanneerfosfaat of C 0 2 degroei nietlimiteren, zoals in gebufferde oplossingen,remteenlagenachttemperatuurwaarschijnlijk de celdeling,
waardoor het rendement lager is dan bij een constante temperatuur.
In hoofdstuk 7worden de resultaten van de proeven vergeleken met gegevens
uit de literatuur. Een vergelijking van de door ons verkregen gegevens met
energieomzettingen van landbouwgewassen met een gesloten gewasoppervlak
laat zien, dat algen in dichte pakking een vergelijkbare hoeveelheid chlorophyll
per eenheid van oppervlakte en een vergelijkbaar rendement opleveren. Hierbij
valt op te merken dat bij hogere planten wellicht nog enige opbrengstverhoging
zou kunnen optreden indien de C0 2 -concentratie verhoogd zou worden.
Tenslotte wordt de mogelijke toepassing van algen alsvoedselplant en waterzuiveraar besproken.
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