
PDF hosted at the Radboud Repository of the Radboud University

Nijmegen
 

 

 

 

The following full text is a publisher's version.

 

 

For additional information about this publication click this link.

http://hdl.handle.net/2066/146552

 

 

 

Please be advised that this information was generated on 2023-05-23 and may be subject to

change.

http://hdl.handle.net/2066/146552


licroalgae in fluctuating light conditioi 
'~~-luced by vertical mixing 

: 

,ez Flamelin 
•¿ш* 





Growth and photosynthesis of eukaryotic 
microalgae in fluctuating light conditions, 

induced by vertical mixing 

een wetenschappelijke proeve op 
het gebied van de Natuurwetenschappen 

PROEFSCHRIFT 

ter verkrijging van de graad van doctor 
aan de Katholieke Universiteit Nijmegen 

volgens besluit van het College van Decanen 
in het openbaar te verdedigen 

op woensdag 22 april 1998 
des namiddags om 1.30 uur precies 

door 

Inez Aleid Flameling 
geboren 24 januari 1968 

te Rotterdam 



Promotor1 Prof. Dr. P.H. Nienhuis 
Co-promotor: Dr. J Kromkamp (NIOO-CEMO, Yerseke) 

Manuscriptcommissie: 

Prof. Dr. H.J. Laanbroek 
Prof. Dr. L.R. Mur (Universiteit van Amsterdam) 
Dr. J.F.H. Snel (Landbouwuniversiteit Wageningen) 



Voorwoord 

Na 1200 chlorofylmetingen, 80 als gevolg daarvan gesprongen reageerbuisjes, 2 spijkerbroeken met 
gaten door zwavelzuur-spetters, 800 fotosynthese-lichtcurves (met soms gekmakend kromme 
lijnen), een aantal herzen gehoorverhes door het ultrasone tnlapparaat, 357 meter slang, 4532 
gebruikte pipettipjes 8 liter aceton, 4 liter methanol, 80 liter demi, 900 liter koffie, 67000 
lichtflitsen, 6,78854 1017 met de coulter-counter getelde deeltjes, 5 kapotte ballonpipetten, 23 
overstromingen in de klimaatkamer, 380 koude rillingen in de vriescel, 20 keer verkeerd installeren 
van alle slangen en draadjes van de PAM-fluorometer, 380 grappen van Jan Peene, 440 fietstochtjes 
van Goes naar Yerseke, 440 fietstochtjes van Yerseke naar Goes, 10 als gevolg daarvan verloren 
kilo's, 12 bactenele infecties in de cultures, 35 gesprongen pompslangetjes, 80 vaten met medium 
en een halve hernia van het sjouwen ervan, 160 zoektochten naar altijd in gebruik zijnde karretjes, 
300 dutoclaveerbeurten, 200 discussies met Jacco, 190 foutmeldingen van de spellingscheck 
vanwege het woord "spectrophotometncally", een twee jaar durende intensieve correspondentie met 
"Limnology & Oceanography", werkbezoeken aan Southampton, Montpellier, Wimereux, 
Plymouth, New York, Sint Petersburg en Elba, 700 lunchtochtjes naar de Yersekse Albert Heijn, 
4000 keer staren naar de vogeltjes achter het raam, 40 keer koffiepauze aan de Oosterschelde, 5 
sinterklaasbezoeken, 3 mesocosmos-barbecues en 3 YAIOO-etentjes in Antwerpen, zit het werk er 
dan eindelijk op OEF' 

Iedereen die op enige wijze heeft bijgedragen aan de totstandkoming van dit proefschrift wil ik 
hierbij van harte bedanken In de eerste plaats natuurlijk mijn begeleider Jacco Kromkamp, die 
vrijwel altijd tijd vond om me praktisch en theoretisch bij te staan Jacco, jouw niet aflatende 
interesse en enthousiasme waren altijd een flinke steun in de rug Bedankt voor de prettige 
samenwerking' 

Veel dank ben ik ook verschuldigd aan Bert Sinke, die altijd klaar stond om me bij te staan bij 
praktische problemen of als er weer een calamiteit was gebeurd Bert, bedankt voor alle hulp en je 
gezelschap, zonder jou was het een stuk saaier geweest in "de mesocosmos" Jan Peene, ons 
zonnetje in huis, ookjij bedankt voor alle praktische hulp en je immer vrolijke gezelschap 

Verder wil ik alle collega's bedanken die er met z'n allen voor hebben gezorgd dat het een 
gezellige tijd is geweest op het CEMO Ik zal ze niet allemaal opnoemen, want dan vergeet ik er 
vast een paar Alleen Monique, medebewoonster van het "Academisch Vrouwen Wooncollectief ' 
(AVW) wil ik hierbij met name bedanken voor alle vriendschap, gezelligheid en steun in de -niet 
altijd even gemakkelijke- afgelopen jaren 

Thanks are due to Prof Paul Falkowski, for his invitation to work at his laboratory, and for his 
help and assistance during my stay Thanks are also due to Kevin Wyman and Sam Laney, for 
technical assistance Sam, I still remember your fantastic Japanese food' 

Tenslotte wil ik mijn promotor, Prof Piet Nienhuis, bedanken voor de tijd en moeite die hij heeft 
genomen om deze promotie tot een goed einde te brengen Mijn dank gaat ook uit naar de leden van 
de manusenptcommissic, Prof Luuc Mur, Prof Riks Laanbroek en Dr Jan Snel, voor het lezen van 
dit proel schrift 

Kortom , iedereen bedankt' 

/ ' 





Contents 

Abbreviations 

Chapter 1. 

Chapter 2. 

Chapter 3. 

Chapter 4. 

Chapter 5. 

Chapter 6. 

Chapter 7. 

Chapter 8. 

References 

Summary 

Samenvatting 

Curriculum vitae 

List of publications 

General introduction 

Photoacclimation of Scenedesmus protuberans (Chlorophyceae) to 
fluctuating PPFD simulating vertical mixing / A Flameimg and J 
Kromkamp J Plankton Res 19 101! 1024 1997 

Effect of fluctuating PPFD on photosynthetic characteristics and 
quantum yields of Phaeocystis globosa l A Flamehng and J 
Kromkamp submitted for publication 

Growth and photosynthesis of Thalassiosiru weisflogu in 
fluctuating light conditions 

Photoacclimation to fluctuating PPFD in light- and phosphate 
limited Phaeodactylum tricornutum I In situ growth, chlorophyll 
content, P/E parameters and fluorescence / A Flamehng and J 
Kromkamp submitted for publication 

Photoacclimation to fluctuating PPFD in light- and phosphate 
limited Phaeodactylum tricornutum II Relationship between the 
rates of electron transport and photosynthetic oxygen evolution 
/ A Flamehng and J Kromkamp submitted for publication 

Light-dependence ol quantum yields for PSII charge separation 
and oxygen evolution in eucaryotic algae / Λ Flamehng and J 
Kromkamp Limnologi and Oceanography in press 

General discussion 

19 

31 

49 

59 

79 

93 

113 

119 

127 

131 

133 

135 





Abbreviations 

Abbreviations 

A 

D 

DD 

DT 

Ek 

ETR 

FRR fluorescence 

F„ 

F„' 

F,„ 

F m ' 

Fs 

Fv/Fra 

LHCII 

M 

NPR conditions 

OD 

PAM fluorescence 

PSI 

PSII 

РОС 

PPFD 

PSU 

qN 

qp 

QR 

RC 

Spectrally averaged (400-700 nm) chlorophyll-specific absorption 
cross section [m2 (mg chi) '] 

In vivo absorption (m 1 ) 

Dilution rate (day ') 

Diadinoxanthin 

Diatoxanthin 

Saturating PPFD (μπιοί photons m'2 s ') 

Electron Transport Rate (arbitrary units) 

Fast Repetitive Rate fluorescence 

Minimal fluorescence of dark-adapted cells 

Minimal fluorescence of light-adapted cells 

Maximal fluorescence of dark-adapted cells 

Maximal fluorescence of light-adapted cells 

Steady-state fluorescence 

Normalised variable fluorescence in dark conditions [(Fm-F0)/Fm], 

or quantum yield of PSII charge separation in the dark 

Light Harvesting Complex of PSII 

Photosynthetic quotient (O2/CO2) 

Non-photorespiratory conditions 

Optical Density (m 1 ) 

Pulse Amplitude Modulated fluorescence 

Photosystem I 

Pholosystem II 

Maximum photosynthetic capacity per unit chlorophyll 

I m g O z t m g c h D ' h ' 1 ] 

Maximum photosynthetic capacity per cell [pg 0 2 (cell)"1 h '] 

Particulate Organic Carbon 

Photosynthetic Photon Flux Density (μιτιοί photons m 2 s ') 

Photosynthetic unit [mol chi a (mol chi) '] 

Non-photochemical quenching 

Photochemical quenching 

Quantum Requirement [photons (Oi) '] 

Reaction Centre 



Abbreviations 

R t d l 

R U B I S C O 

SED 

TDLD 

YL 

в 
α 

a c d l 

ÖPSII 

τ 

μ 

M ' n j x 

Me 

λ 

Φρ 

Φθ2 

Фи 

Respiration per chlorophyll [mg O2 (mg chi) ' h ' J 

Respiration pei cell [pg O2 (cell) ' h '] 

Specific îespiration (day ') 

Ribulose Bisphosphate Carboxylase/Oxygenase 

Spherical Equivalent Diameter 

Total Daily Light Dose 

Electron Yield (oxygen electron ') 

Photosynthetic efficiency per unit chlorophyll 
[mg O2 (mg chi) ' (μπιοί photons m 2 s ') '] 

Photosynthetic efficiency per cell 
[pg O2 (cell) ' (μιηοΐ photons m 2 s ') '] 

Functional absorption cross section of PSII (A " photon ') 

Turnover time of photosynthesis (ms) 

growth rate (day ') 

maximum growth rate (day ) 

net growth efficiency (dimensionless) 

wavelength (nm) 

Normalised variable fluorescence in actinic light [(F,„' F„)/Fm], 
or quantum yield of PSII charge separation in actinic light 

Quantum yield ol СЬ production [mol O2 (mol photons absorbed) 

Quantum yield lor growth [mol С (mol photons absorbed) '] 



Chapter 1 

General introduction 



IO Chapter I General introduction 

Phytoplankton is a general term for microscopically small, free-floating algae in the water. Like 
higher plants, phytoplankton needs light to grow. With the energy from this light the phytoplankton 
can convert carbon dioxide, that is taken up from he water, into carbohydrates. This process, in 
which oxygen is released as a by-product, is called photosynthesis. In all eucaryotic cells 
photosynthesis takes place in specialised cell organelles, the chloroplasts The carbohydrates that 
are formed in photosynthesis are used as an energy source and as the building blocks for the 
formation of new cells. 

To capture light, phytoplankton use an extensive set of light-harvesting pigments. Of these 
pigments, chlorophyll a is the most important one and the only one that is present in all 
phytoplankton species. The composition of the pigment set differs between different taxonomie 
groups The prokaryotic cyanobacteria contain, besides chlorophyll a, phycocyanin and/or 
phycoerythnn, whereas the prokaryotic prochlorophytes contain chlorophyll a and b In eucaryotic 
phytoplankton species, two main groups can be distinguished based on pigment composition, the 
chlorophyll a/c-containing algae, that include diatoms, dinoflagellates and prymnesiophytes, and the 
chlorophyll а/й-containing chlorophytes or "green" algae. 

Fig. 1 shows a schematic representation of the chain of (chemical and physical) reactions that, 
together, make up photosynthesis The light-harvesting pigments are united into an antenna 

Besides light-harvesting pigments, the light-harvesting antenna may also contain protective 
pigments like /^-carotene. These pigments can remove surplus excitation energy by dissipating it as 
heat. Special photosystems are connected to this antenna, specific pigment-protein complexes that 
contain chlorophyll a molecules. Each photosystem contains a reaction centre. When a pigment 
molecule in the antenna is hit by a light quanta (photon), the energy of the photon brings one of the 
electrons of the pigment molecule to a higher energy level (an excited state). This excited state is 
transferred through the antenna to a special reaction centre chlorophyll, a chlorophyll α-molecule 

located in the reaction centre of a photosystem. 

When the chlorophyll molecule in the reaction centre is excited, it can donate an electron to the 

photosynthetic electron transport chain (as will be discussed later in this introduction, there are also 

other pathways of losing excitation energy) This is a series of oxidation-reduction reactions 

forming a pH and proton gradient across the thylakoid membrane, which is used to generate ATP. 

The electron is transferred through the electron transport chain to NADP\ thereby reducing this to 

NADPH2. Thus, light energy is transformed into chemical energy (ATP) and reducing power 

(NADPH2). The set of photosynthetic reactions from light harvesting to the formation of NADPH2 

are called light reactions. In the subsequent dark reactions, ATP and NADPH-, are used for the 

reduction of C 0 2 and the consequent formation of carbohydrates in a set of enzymatic reactions 

called the Calvin cycle 

There are two types of photosystems: photosystem I (PSI) ana photosystem II (PSII) 

Photosystem II donates its electrons via phaeophytin to QA, the first component of the electron 

transport chain. To regain its original state, the oxidised PSII withdraws an electron from water, 

thereby producing oxygen and protons. Thus, photosynthetically generated oxygen originates in 

PSII and is produced in the beginning of the photosynthetic reaction chain 

Photosystem I is located halfway in the electron transport chain. When the reaction centre 

chlorophyll of PSI is excited, it subtracts an electron from plastocyanin and donates this, via a 

number of iron-sulphur centres, to NADP' The serial linking of PSI and PSII makes it possible to 

use the cumulative energy of two captured photons to drive the complete series of oxidation-
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Figure 1 Scheme of photosynthesis in eucaryotic cells, indicating the route taken by electrons from the oxidation of 
water to the reduction of NADP' (after Hipkins, 1986) The components are PSII, photosystem II, Chi a, chlorophyll 
a, Ph, phaeophytin, PQ, plastoquinone, Qa, Qb, functionally distinct quinone molecules, FeS, iron-sulphur centre, Cyt 

j , cytochrome ƒ PC, plastocyanin, X, A and B, iron-sulphur centres Fur further explanation see text 

reduction reactions from water to NADPH2. The ratio of the number of PSII to PSI can vary, 

depending on phytoplankton species and growth conditions (Dubinsky et al, 1986). 

The size of the antenna, or the ratio of light-harvesting pigment molecules to photosynthetic 

reaction centres, is variable A photosynthetic unit (PSU) is the minimal unit (comprising reaction 

centres and light-harvesting antenna) that is necessary to produce oxygen, and it is operationally 

defined as the number of chlorophyll α-molecules that is needed to produce one oxygen molecule 

during a single turnover flash (Myers and Graham, 1971) A single turnover flash is a flash of light 

that is so short that all reaction centres can generate one electron To produce one oxygen molecule, 

4 electrons have to be generated by PSII Consequently, the PSU is the number of chlorophyll a-

molecules associated with 4 PSII's. The size of a PSU varies between 800 and 3000 chlorophyll a 

per oxygen, depending on species and growth conditions (Kromkamp and Limbeek, 1993). 

Photoacclimation 

Normally, phytoplankton cells (and plants in general) will optimise their photosynthetic rates so 

as to provide enough carbohydrates to sustain growth and maintenance in a specific set of 

conditions. If the capacity for light-harvesting is too low, growth will be limited by the availability 

of organic precursors. If the capacity for photosynthesis is too high (as can for example be the case 

in situations where light is in excess but growth is limited by the availability of biomass 

components like phosphorus), a number of problems arise. Firstly, the photosynthetic apparatus 

might be damaged if more light is captured by the antenna than can be taken up in the 

photosynthetic electron transport chain. This is called photoinhibition от photodamage Secondly, 
the building and maintenance of photosynthetic machinery costs a lot of energy and nutrients. 
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Generation of "useless" surplus photosynthetic capacity will therefore decrease the overall 

efficiency of nutrient- and light utilisation 

To optimise photosynthesis, higher plants and phytoplankton can adapt their capacity for light-

harvesting and photosynthesis to changes in light availability (Photosynthetic Photon Flux Density 

or PPFD) This process is called photoacchmatton Photoacclimation is synonymous to the common 

term photoadaption However the term "acclimation", that refers to phenotypic changes (as is the 

case in photoacclimation), is preferred to "adaptation", because this usually refers to genotypic or 

evolutionary adaptations 

Photoacclimation encompasses a number of distinct processes The most important is changes in 

photosynthetic pigment content If the PPFD increases, the amount of chlorophyll a per cell 

decreases and vice versa This allows the phytoplankton cells to optimise their growth rate in 

response to PPFD Other light-harvesting pigment contents may be varied in the same manner In 

contrast, the amount of protective pigments is usually positively correlated with PPFD (Richardson 

et al, 1983) Next, the amount of photosynthetic reaction centres per chlorophyll (or chlorophyll 

molecules per reaction centre, ι e antenna size) may be varied (Dubinsky et al, 1986) In low PPFD 

the amount of reaction centres does not have to be high, because photosynthesis is limited by the 

rate with which new photons are captured Consequently, in low PPFD, antenna size (or PSU) may 

be large However, if PPFD increases, photosynthesis starts to be limited by the rate at which the 

reaction centres can generate electrons Phytoplankton cells can prevent this by generating more 

reaction centres, or stated in other words, by dividing the light-harvesting antenna pigments over a 

greater number of reaction centres At very high PPFDs, photosynthesis may also be limited by the 

rate with which the enzymatic reactions in the Calvin cycle can regenerate NADP and ADP/AMP 

This may be visible as an increase in the photosynthetic turnover time (τ), ι e the time necessary to 

move four electrons through one PSU and donate them to NADP* Therefore, photoacclimation may 

also encompass changes in the amount and activation state of Calvin cycle enzymes (Portis, 1990) 

Especially the amount and activation state of Ribulose Bisphosphate Carboxylase/ Oxygenase 

(RuBisCO) may be important in this respect, since this enzyme has a very slow turnover time 

(Glover, 1989) 

The effect ot the abovementioned photoacclimalive changes are partly visible in the 

photosynthesis-irradiance (Р/С) curve For example, an increase in the amount of reaction centres 
per chlorophyll will result in a higher maximal photosynthesis per unit chlorophyll at light-
saturation (PD

l l m) On the other hand, increases in the amount of protective pigments will decrease 
the photosynthetic efficiency per unit chlorophyll (aD), ι e the rate of oxygen production per unit 

chlorophyll in low PPFD 

Although there is a wealth of information on phytoplankton photoacclimation, most studies have 

been performed on cultures acclimated to constant PPFD (e g Falkowski et al, 1985b, 1986b) 

However, in natural aquatic environments constant PPFD is not very common, as will be explained 

in the next section This limits the usefulness of the abovementioned studies tor the description and 

explanation of photoacclimation in natural conditions 

Light availability in the aquatic envuonment 

More than higher plants, phytoplankton cells are exposed to large fluctuations in ΡΡΓϋ in their 

natural environment Whereas on the land surface only the solar angle and the passing of clouds 
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influence the amount of light that plants receive, under water additional variability in PPFD is 

introduced by the light absorption and vertical movement of the water 

In aquatic environments, light is absorbed and scattered by the water itself, and by various 

particles and dissolved substances Consequently, light is progressively quenched going from the 

surface to the bottom of a water column The "steepness" of this light gradient depends on the 

optical properties of the water column In estuanne waters, that have a high organic- and sediment 

load, light may be attenuated within a few meters On the other hand, in the open ocean, light may 

penetrate to a depth of several hundreds ot meters (Kirk, 1992) 

Aquatic environments are often very dynamic Besides horizontal movements that are caused by 

wind, currents and wave actions, water masses are also subject to vertical circulation caused by 

turbulent mixing, internal waves, Langmuir circulation's and double diffusive processes The time 

scales of this vertical mixing processes may range from 15 minutes to hundreds of hours (Denman 

andGargett, 1983) 

During this vertical mixing, the phytoplankton that is captured in the mixed water masses is 

transported through the vertical light gradient This implies that the phytoplankton cells are 

subjected to fluctuating PPrDs with a time scale of 15 minutes to hundreds of hours, and an 

amplitude of almost zero μιηοΐ photons m 2 s ' at the bottom of the water column to several 

thousands μιηοΐ photons m 2 s ' (full sunlight) at the surface 

Photosynthesis m fluctuating light 

During aquatic field studies, total water column productivity is usually calculated from 

incubations of field samples at different light intensities, either in an incubator in the laboratory or 

in submerged bottles This method neglects the effects of vertical mixing-related light fluctuations 

on photoacclimation, and consequently on the phytoplankton productivity A few studies describe 

the effect of these light fluctuations on phytoplankton photosynthesis and primary production (see 

Ferris and Christian, 1991, for a review) Marra (1978b) compared integral water column 

photosynthesis in a series of incubation bottles at fixed depths and in bottles provided with vertical 

movement similar to that which might occur in Langmuir circulation He found that in all cases, 

estimated integral photosynthesis was higher in the vertically moved bottles than in the control 

series Evidence that calculations of integrated water column primary productivity that are derived 

from incubations in constant PPFD may underestimate the true productivity were also found by 

Richmond and Vonshak (1978), Hams and Piccinin (1977), Gallegos and Piatt (1982) and Joins 

and Beitels (1985) 

On the other hand, Falkowski and Winck (1981) concluded from a simulation model that vertical 

mixing may have little effect on integrated water column primary productivity There is also 

evidence that supports this conclusion Jewson and Wood (1975) and Yoder and Bishop (1985) 

found no effect of vertical movement on production In some cases light fluctuations may even 

decrease productivity (Randall and Day, 1987, Grobbelaar, 1989) 

A few studies describe the physiological response of phytoplankton to light fluctuations Marra 

(1978b) ascribed the enhanced primary production in vertically moved bottles to a higher maximum 

photosynthesis (P m a J in cells exposed to fluctuating light conditions 

Cosper (1981) found enhanced respiration and photosynthetic efficiency of a marine diatom in 

fluctuating light, compared to cells growing at constant PPFD with the same total light dose The 

increased losses in respiration were compensated by the higher efficiency, such that net growth rate 
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was not affected. Kroon (1992b,c) found similar results for a green alga. Light fluctuations did not 
affect growth rate, but caused a large depression of photosynthetic efficiency. Ibelings et al. (1994) 
found that light fluctuations mitigated photoinhibition in a green alga and a cyanobacterium. 
However, in this study the lower photoinhibition can not simply be ascribed to the fluctuating 
PPFD, but may also be a result of a lower total light dose in fluctuating light. Kromkamp and 
Limbeek (1993) described an increase in Pmax in fluctuating light in a marine diatom. In addition, 
they observed a decrease in PSU size. Since in this study the total light dose was equal in 
fluctuating and control conditions, these authors speculate that photosynthesis acclimates to the 
maximum PPFD, rather than to the total light dose. 

Comparison of the literature data yields the conclusion that fluctuating light conditions can have 
a range of effects on phytoplankton photosynthesis. Photosynthesis may be stimulated or depressed, 
and a range of physiological parameters (including Pmax, a, respiration, PSU size and 
photoinhibition) may be affected in various ways. 

PA M-fluorescence 

Measurements of the photosynthesis-light response by oxygen evolution is a time-consuming 
process. In fluctuating PPFD, this technique provides no information about the momentary response 
of phytoplankton cells to fluctuations in PPFD. Therefore, in all the experiments of this thesis 
continuous in situ monitoring of Pulse Amplitude Modulated (PAM) fluorescence has been used for 
the calculation of photosynthetic electron transport, the monitoring of diurnal patterns in 
photosynthesis and/or the detection of photoinhibition. Therefore, this technique deserves some 
explanation. 

A photosynthetic reaction centre can lose excitation energy via three possible pathways. As 
mentioned before, it can donate an electron to the photosynthetic electron transport chain (the 
photochemic pathway), which is the most common process in normally functioning photosystems in 
light-limited conditions. However, at higher light intensities, the pool of intermediate electron 
carriers between the two photosystems may be completely reduced, thereby making it impossible 
for the excited PSII to lose excitation energy by donating an electron to the next intermediate in the 
electron transport chain. In this situation, other pathways become important. 

Firstly, excitation energy may be lost by a number of non-radiative decay processes such as heath 
dissipation. Secondly, a closed PSII can lose excitation energy by emitting a photon. This process is 
called fluoresce nee, i.e. the re-emmitance of absorbed light. The energy load of this photon is 
always lower than the energy load of the absorbed photon, because of energy losses during 
transportation of excitation energy. Fluorescence stems almost exclusively from PSII, since in PSI 
virtually all excitation energy is removed by photochemistry and non-radiative decay processes. 

Since fluorescence, non-radiative decay and photochemistry are competitive processes, all 
fuelled by excitation energy, the amount of fluorescence varies inversely with the amount of 
photochemistry and/or non-radiative decay. If photochemistry is efficiently competing for excitation 
energy, fluorescence is low. However, even if the photochemical efficiency is maximal, the 
fluorescence yield is never zero: there is always a "minimal fluorescence" level. In fluorescence 
terminology this level is called F0 (all fluorescence terminology in this thesis is according to van 
Kooten and Snel, 1990). F0 is the fluorescence level that is measured when a low light pulse is 
administered to dark-adapted cells. F0 is measured with modulated light pulses of low intensity and 
of short duration (1 μβ). 
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Figure 2 Schematic representation of pathways of dissipation of excitation energy at PSII (After Schreiber, 1997) 
Excitation energy that is captured in the antenna of PSII may be lost via three possible pathways photochemistry, 
fluorescence and non-radiative decay For further explanation see text For a complete picture, it should be noted that 
there are indications that non-radiative decay may also take place in the reaction centre RC reaction centre 

If for any reason photochemistry becomes less efficient, the fluorescence yield increases. This is, 

for example, the case if the ambient PPFD of phytoplankton cells increases. The processing of 

excitation energy in PSII (i.e. the reduction of QA) takes a few microseconds, and during this time 

the PSII reaction centre can not donate an electron to the photosynthetic electron transport chain: 

the PSII is "closed". In light-limited conditions, the frequency with which PSII receives excitation 

energy is low and it rarely happens that a closed PSII is hit. When PPFD increases, however, the 

probability that a closed centre is hit increases, and more and more light is re-emitted as 

fluorescence. Consequently, fluorescence usually increases with increasing PPFD. The fluorescence 

level in background (or actinic) light is called steady-state fluorescence (Fs). If PPFD is saturating, 

fluorescence is maximal (Fm) However, the Fm that is measured in dark-adapted cells is usually 

higher than the maximal fluorescence in cells exposed to background light. This is caused by the 

development of non-radiative decay processes in the light, that compete with fluorescence for 

excitation energy. Therefore the maximal fluorescence level in cells that have been exposed to 

background light is called Fm'. Fm ' is usually lower than Fm. However, in some situations the 

maximal fluorescence slightly increases in low PPFD, compared to dark conditions (Fm' in low light 

is higher than Fm). This may be due to a number of different processes, including chloroplast 

respiration (i.e. the functioning of the photosynthetic electron transport chain as a respiratory 

electron transport chain in dark conditions) and state transitions (i.e the light-induced transfer of 

light-harvesting antenna components from photosystem II to photosystem I or vice versa) These 

processes may especially be observed in chi α/c-containing algae. 
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The difference between the maximum and the minimum or steady state fluorescence is called the 
variable fluorescence Variable fluorescence divided by maximum fluorescence (the normalised 
variable fluorescence) is a measure for the efficiency of photochemistry, or, more exactly for the 
amount of photons needed for the generation of one electron at PS 11 (Genty et al, 1989) 

Photochemistry may also become less efficient by malfunctioning of the photosynthetic 
apparatus This might be caused by heath, salt or drought stress, or by nutrient shortage 
Photoinhibitory damage will also decrease the efficiency of photochemistry Increases in 
fluorescence due to malfunctioning of the photosynthetic apparatus can be distinguished from 
increases due to light saturation because in the former situation, normalised variable fluorescence is 
also low at low light intensity 

The principle of the PAM-fluorescence technique is simple Phytoplankton samples are exposed 
to a low-intensity modulated measuring light beam that is too weak to induce significant 
photochemistry The modulated light has a wave length of 650 nm and the pulse duration is 1 μί 
Minimal (F0) or steady-state (Fs) fluorescence yield resulting from this measuring light is measured 
Subsequently, the cells are exposed to a high-intensity saturating light pulse In this situation, all 
reaction centres are closed, photochemistry is reduced to zero and fluorescence is maximal (Fm in 
dark-adapted cells or Fm' in cells exposed to background light) 

PAM-fluorescence is a common tool in research on higher plants (Schreiber et al, 1986) The 
development of this technique in higher plant physiology is so far advanced that it is even used for 
commercial purposes, e g for the determination of the condition of cut flowers However the 
application of PAM-fluorescence is relatively new in phytoplankton research (Kroon et al, 1993, 
Kroon, 1994, Hofstraat et al, 1994, Ibelings et al, 1994, Geel et al Λ 997) Compared to higher 
plants, the photosynthetic apparatus of phytoplanktonic algae is extremely plastic (Falkowski et al 
1994) In addition, photosynthesis is much more easily saturated in phytoplankton than in higher 
plants Therefore, the determination of photosynthesis and photosynthetic efficiency from PAM-
fluorescence data is more easily subject to artefacts in phytoplankton than in higher plants For 
example, non-linearity between the rates of photosynthesis, calculated from fluorescence 
measurements, and the rate of photosynthetic oxygen production was shown by Geel et al (1997) 
for a number of microalgae Clearly, the interpretation of PAM-fluorescence data obtained from 
phytoplankton deserves more attention 

Outline of this thesis 

As described above, there is very little agreement about the effect of vertical-mixing related light 
fluctuations on growth, photosynthesis and photophysiology of phytoplankton The various studies 
do not show one or a number of general pattern(s) in the response of phytoplankton to fluctuating 
PPFD In addition, evidence was found for both increases and decreases of primary production of 
the total phytoplankton community Consequently, it is not possible to draw an unambiguous 
conclusion with respect to the validity of primary production measurements in constant light 
incubations A number of questions arise 1 Is there a common response of photosynthesis and 
photophysiology of microalgae to fluctuating light conditions7 2 Are there different types of 
acclimation to fluctuating light conditions, and are these differences related to taxonomie group9 3 
What is the stimulus of photoacclimation in fluctuating light conditions, ι e do the cells acclimate 
their photosynthetic characteristics to the maximum PPFD, to the average PPFD or to some other 
forcing factor, and what is the mechanism of photoacclimation9 4 is there an effect of fluctuating 
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light on phytoplankton productivity, ι e can reliable estimates of primary production in mixed water 
columns be derived from primary production measurements in constant light incubations9 

To answer these questions, different species, belonging to different taxonomie groups, were 
examined The response of the green freshwater algae Scenedesmus protuberans is examined in 
chapter 2 Chapter 3 describes a study on the response of the marine prymnesiophyte Phaeocystis 
globosa to fluctuating PPFD The response of the marine diatom Thalassiosira ueissßogu to 
fluctuating light conditions is examined in chapter 4 

The studies described in chapter 2, 3 and 4 were performed in nutrient-replete conditions 
Chapter 5 describes a study on the combined effect of fluctuating light conditions and phosphate-
limitation in the marine diatom Phaeodactylum tricornutum Both phosphate-limited and nutrient-
replete cultures were exposed to a sinusoidal and a fluctuating light regime The effects of light 
fluctuations were compared for nutrient-limited and light-limited growth In order to be able to 
distinguish the effects of light fluctuations from the effects of total light dose, in all studies of this 
thesis the total light dose was kept constant This implies that peak irradiances were always higher 
in the fluctuating light regimes 

As mentioned above the interpretation of PAM-fluorescence data obtained from phytoplankton 
deserves more attention The technique offers considerable possibilities for estimation of primary 
production in the field Especially in mixed water columns, where artefacts due to constant-light 
incubations are most likely to occur, PAM-fluorescence may be used to estimate photosynthesis in 
fluctuating PPFD However, the conversion of fluorescence-based estimates of phytoplankton 
photosynthesis to carbon- or oxygen-based estimates of phytoplankton photosynthesis needs to be 
analysed Therefore, chapter 6 and 7 describe studies on the validity of PAM fluorescence 
measurements for the estimation of phytoplankton photosynthesis, by synchronous measurements of 
variable fluorescence and oxygen production in different species and under different conditions 
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Abstract. Photoacchmation of Scenedesmus protuberans Fritsch to fluctuating PPFDs, simulating vertical 
mixing, was studied in light-limited continuous cultures The algae were exposed to a simple sinusoidal light 
regime simulating diurnal PPFD, and two fluctuating regimes in which light fluctuations resulting from 4 
and 8 vertical circulations of the algae through the water column were imposed on the sinusoidal light 
regime Total Daily Light Dose (TDLD) was kept constant Maximum photosynthesis increased, and cellular 
chlorophyll content and photosynthetic unit size decreased in response to light fluctuations Photosynthesis 
efficiency decreased during the light period in the sinusoidal light regime whereas it remained at the same 
level in the fluctuating light regimes The results suggest that prolonged exposure to intermediate PPFDs 
lowers photosynthetic efficiency of 5 protuberans more than short exposure to high PPFDs alternated by 
low-light periods, and that this species is able to optimise its photosynthesis in fluctuating light 

Introduction 

Compared to sessile plants, planktonic algae are more exposed to extreme daily fluctuations in 
irradiance, due to wave action, turbulence and vertical mixing Most phytoplankton species meet the 
demands ol this unstable light climate by exhibiting extreme plasticity in their photosynthetic 
apparatus In general, planktonic algae can rapidly respond to changes in PPFD by changing their 
absorption characteristics and photosynthetic electron transport capacity (Fdlkowski et al, 1994) 

Primary production in aquatic systems is most often measured by the rate of 14C incorporation 
into acid-stable material as a function of PPFD (E) Incubation duration roughly varies between 20 
mm and 24 h An implicit assumption of this method is that the Photosynthesis-PPFD (P/E) relati
onship does not change when the algae are circulating through a light gradient Thus the effects of 
photoacchmation on phytoplankton photosynthesis, especially during longer incubation times, are 
neglected A few experimental studies have been conducted to assess the influence of fluctuating 
light on phytoplankton photosynthesis In some experiments, the effect of light fluctuations was 
investigated whereas the Total Daily Light Dose (TDLD) was kept constant (e g Marra, 1978, 
Kroon et al 1992b,c, Kromkamp and Limbeek, 1993) In other studies, TDLD varied while 
maximum PPFD (Emax) was kept constant (Ibelings et al, 1994) From the limited number of 
studies it appears that photophysiology and photosynthetic performance may be strongly affected by 
light fluctuations, even if the total light dose is the same 

In this study we investigated the response of the common freshwater chlorophyte Scenedesmus 
protuberans Fritsch to fluctuating PPFDs, in order to study the mechanism oí photoacclimation to 
rapid fluctuations in PPFD We kept TDLD constant while varying both E,lux and the frequency of 
the light fluctuations (ι e the speed of vertical mixing) separately It will be shown that light 
fluctuations had a clear effect on the photophysiology of this species The changes in 
photophysiology lead to an optimisation of photosynthesis in fluctuating light 

Methods 

Culture conditions 

A non-axenic unialgal culture of Scenedesmus protuberans was obtained from the culture 
collection of the laboratory of microbiology of the University of Amsterdam (Mur, 1971 ) The 
organism was cultivated in Oi-saturated filter-sterilised (IVEX-2, 0 22 mm pore-size) BG/11 
medium (Rippka et al, 1979) Light-limited continuous cultures were grown in ethanol sterilised 2 1 
flat-sided cylindrical vessels with a light path of 3 cm under a 10 14 L D photocycle, starting at 
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8.00h and ending at 18.00h. The cultures were illuminated by 400 W high pressure day-light lamps 
(Philips HPIT E40). A water jacket, connected to a temperature-controlled water bath was mounted 
between the cultures and the lamps to keep temperature at 20 °C. The cultures were continuously 
bubbled with air to prevent ССЬ limitation and sedimentation of the cells. When variations in 
optical density and chlorophyll a content of the cultures were <5% for at least 4 days, steady-state 
growth conditions were assumed. The dilution rate (D) was 0.12 d"1. In steady-state growth rate 
equals dilution rate over 24 h. 

Light regimes 

The desired light regimes were modelled according to Kromkamp and Limbeek (1993). The 
algae were grown at three different light regimes (Table 1 ; Figure I, dotted lines). In all three the 
diurnal intensity of solar influx was simulated by a sinusoidal light course. Other sinusoidal 
oscillations, simulating vertical movement through a light gradient, were superimposed in the two 
regimes simulating vertical mixing. 

Tabic 1 TDLD (mol m 2), E,nJ, (μιποί photons m 2 s ') and number of cycles (nc) in the 3 cultures 

culture no 

I 

2 

3 

TDLD 

1.83 

1 82 

1 85 

F 

80 

200 

200 

nc 

0 

4 

8 

The mean PPFD in the culture vessel was controlled using a specially designed software 
program. A system of Venetian blinds was mounted between the lamp and the culture. The position 
ot the slats of the Venetian blind was altered by a step-motor, controlled by a computer. The PPFD 
at the back of the culture vessel (E¿) was measured by three serially aligned custom-built light 
sensors, connected to the computer The incident PPFD in the culture vessel was calculated from E<j 
and the transmission (Ε/Ε 0). Every 5 seconds the measured PPFD was compared with the desired 
one and, if necessary, the position of the slats was altered. The system was originally described by 
Kroon et al. (1992a). Modifications were added according to Kromkamp and Limbeek (1993) 

Analyses 

Analyses were performed at samples drawn from the cultures at 9 OOh, 13.00h and 15 30h (Table 
2) Statistical comparison of steady state-values was performed using a t-test (p=0.05). Number of 
coenobia and coenobium diameter (Spherical Equivalent Diameter) were counted with a Coulter 
Multisizer (Coulter Electronics) connected to a sampling stand; aperture size 100 mm. Variation 
between measurements was generally <5%. The Coulter counter measurements were calibrated 
against microscopic cell counts. More than 95% of the cells were arranged into four-celled 
coenobia Therefore, the number of cells was simply calculated by multiplying the Coulter counts ( 
>8 0 mm diameter) by 4. 

Routine measurements of chlorophyll a and b were performed spectrophotometrically using the 
equations of Iwamura et al. (1970) Five ml. of the culture was centnfuged, and pigments were 
immediately extracted from the pelleted cells by boiling in 95% (v/v) methanol. After extraction, 
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the sample was centnfuged again and the supernatant scanned No pigments could be detected in the 
pellet, indicating complete extraction 

In vivo absorption (A) was measured in a double-beam scanning spectrophotometer (Uvikon 
940), according to Kromkamp and Limbeek (1993) The spectrally averaged (400-700 nm) chlorop 
hyll-specific absorption cross section [a*, m2 (mg chi) ' ] was calculated from the absorption (A, m 
') and the chlorophyll a concentration 

a* = [Ax I00xln(10)]/[chla] (1) 

Respiration and photosynthetic oxygen evolution were measured in a Dubinsky chamber 
(Dubinsky et al, 1987) using a Polarographie oxygen electrode (YSI 5331) The chamber was fitted 
with a water jacket connected to a cryostat to keep temperature at 20±0 02 °C Culture samples were 
dark-adapted for 15 minutes prior to the measurement of dark respiration Oxygen production was 
measured at 9-11 different PPFDs, among which at least 6 were <Ek Gross pholosynthesis-PPFD 
data were fitted according to the hyperbolic tangent function of Jassby and Piatt (1976) 

PB = PB,n,x x tanh (α Β χ E / PB,m x) (2) 

where PB

mM [mg СЬ (mg chi) ' h '] is the gross maximum rate of photosynthesis and a B [mg СЬ (mg 
chi) ' h ' (μπιοί photons m 2 s ') '] the photosynthetic efficiency Respiration [RB, mg СЬ (mg chi) ' 
h '] was taken as the Y-axis intercept of a linear regression on the initial slope of the net photo-
synthesis-PPFD curve The superscript В denotes normalisation of parameters to chlorophyll a The 
saturating PPFD for photosynthesis, Ek, was calculated as Ek= P B

m a x /a B 

The photosynthetic unit size (PSU, mol chlorophyll a (mol 0 2 ) ') was determined by exposing 
the culture samples in a Dubinsky-chamber to a train of repetitive saturating single-turnover flashes 
with increasing frequency ( IHz-20Hz, flash unit EG&G MVS 2601) PSU was calculated as the 
quotient of the flash oxygen yield and the chi a concentration (Dubinsky et al, 1986) The turnover 
time of light-saturated photosynthesis (τ, ms), ι e the time necessary to move four electrons through 
one PSU and donate them to NADP, was calculated from data for Ρ müx and PSU (Falkowski et al, 
1981) 

In situ fluorescence measurements 

We used the chlorophyll fluorescence nomenclature described by van Kooten and Sncl ( 1990) 
The diurnal course of steady-state fluorescence (Fs) and maximal fluorescence (Fm) was measured 
using a PAM-Walz 101-103 fluorometer (H Walz, Effeltrich, Schreiber et al, 1986) A light-
emitting diode delivered a low-intensity modulated measuring light beam that was weak enough not 
to induce any significant variable fluorescence The measuring light was guided to the cultuie vessel 
through a glass fibre, which also collected the fluorescence emitted by the culture At intervals of 
300 s (culture 1) and 120 s (culture 2 and 3), a high-intensity saturating light pulse (>10,000 mmol 
m " s ') with a duration of 0 7 s was applied to the culture, in order to close all reaction centres This 
reduces photochemical fluorescence quenching to zero, while fluorescence is maximal F, and Fm 

were recorded before and during a saturating light pulse, respectively During the dark period F, and 
Fm are equal to the dark-adapted minimal and maximal fluorescence F0 and Fm Background 
fluorescence was equal in distilled water, pure growth medium and culture supernatant, indicating 
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that there was no interference from the medium components or algal excretion products. The 

fluorescence values were corrected for background fluorescence. 

Results 

Coenobium size, chlorophyll and absorption cross section 

Culture 1, exposed to sinusoidal light, had the biggest coenobia (Table 2) Coenobia were 

significantly smaller in the cultures which were exposed to fluctuating PPFD. Coenobium diameter 

was smallest at the start of the light period in all cultures. Cellular chi a content varied from 2.5-3.5 

pg cell '. Daily averaged values were significantly higher in the sinusoidal light regime than in 

fluctuating light. However, this difference became insignificant after correction for cell volume 

(data not shown). Apparently the lower cellular chlorophyll content in fluctuating light was solely 

related to the decrease in cell size. The chi alb ratio varied around 5 for all cultures, with no 

significant differences between the cultures. Diurnal patterns in chi alb ratio seemed to be absent. 

The chlorophyll-specific absorption cross section (a*) varied from 0 006-0.007 m2 (mg chi α)"1, 

with no significant differences between the 3 cultures. There were no noticeable differences in the 

shape of the in vivo absorption spectra between cultures (estimated by the ratio of a*44o ш п and 
a*680nm, data not shown) This indicates that there were no noticeable changes in the ratio between 
carotenoid and chlorophyll. 

Respiration and photosynthesis characteristics 

In the beginning of the light period, i.e. at 9.00h, there were no significant differences in a B 

between the cultures (Table 2). However, a B decreased during the light period in culture 1, whereas 

it increased during the light period in culture 2. Such diurnal patterns in ocB were less clear in culture 

3 due to the limited number of measurements At 15 30h, a B in culture 1 was significantly lower 

than in culture 2 and 3 As a result, the diurnally averaged α was slightly higher in the fluctuating 

light regimes than in culture I. 

The diurnally averaged maximum photosynthetic capacity (PB

max) was highest in fluctuating 

light. The difference between culture 1 and 2 was significant. A decrease in PB

max was observed 

during the light period in all light regimes (Table 2). There was no significant difference in diurnally 

averaged values of the saturating PPFD (Ek) or respiration (RB) between the cultures (Table 2). 

Photosynthetic unit size and overall turnover time of photosynthesis 

A PSU size of ±3000 mol chi al mol O2 was found in culture 1 (Table 2), while being 

significantly lower (±2100) in culture 2. There was no significant diurnal variation. The observed 

values are in the upper range of values previously reported for chlorophytes (Myers and Graham, 

1971; Falkowski et al., 1981). Herzig and Dubinsky (1993) reported maximum values of 2200 mol 

chi al mol СЬ for Scenedesmus quadricauda. Daily averaged overall turnover times of 

photosynthesis (τ) of cultures 1 and 2 was not significantly different, but a diurnal pattern in τ was 

observed in culture 1. 
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Fluorescente 

Figure 1 shows the course of minimal and steady-state fluorescence (F0 and Fs) and maximal 

fluorescence (F m and F m ) in situ during 24 h in culture 1, 2 and 3 In the dark period prior to the 

onset of illumination, F 0 and F m were stable Following the onset of illumination, F s generally 

increased at low PPFDs due to closure of PSII reaction centres In contrast to this, F s decreased at 

higher PPFDs, probably as a result of an increase in non-photochemical quenching (qN) In culture 

1, F s decreased towards the afternoon to values below F 0, indicating a strong increase in qN 

Unfortunately, quenching coefficients could not be quantified because dark-adapted values of Fu and 

F m were not measured during the light period Quenching of F s to a level below F 0 was not observed 

in the other cultuies F„, was inversely related to PPFD It decreased slightly in low light With 

increasing PPFD F,„ decreased sharply in all cultures In all three light regimes, both F 0 and F m had 

decreased by about 20% at the start of the dark period, compared to the values measured prior to the 

light period During the night, F 0 and F m increased proportionally Stable, maximum values were 

reached again after 6-8 hours of darkness 

The quantum efficiency of charge separation at photosystem II in the dark (Fv/F,n) was calculated 

as F1/Fm=(Fm-F0)/(Fm) The quantum efficiency of PSII charge separation in the light (Φμ), was 

calculated as 0 P = ( F m F s)/Fm ' (Genty et al, 1989, Hofstraat et al , 1994) F v/Fm had a maximum, 

constant value of 0 72 during the dark period, reached within 15 minutes of dark acclimation 

(Figure 2) Fp was slightly (<10%) lower than Fv/Fm following exposure to low PPFDs (<20 mmol 

photons m 2 s ') Φι> sharply decreased at higher PPFDs in all cultures In the fluctuating light 

regimes, Φ Ρ quickly relaxed to its maximum value during the low-light periods There was a diumal 

hysteresis in photosynthetic efficiency in culture 1, ι e the decrease in Φρ was more pronounced in 

the second pait of the light period This hysteresis was absent in culture 2 and 3, but hysteresis in Φρ 

was observed during peaks in high PPFD (Figure 2) Φρ averaged over the entire light period was 

equal for the two fluctuating light regimes, but was 20% lower in culture 1 (data not shown) 

discussion 

Photoacchmation 

Cells exposed to light fluctuations had a lower cellular chlorophyll content and a lower PSU size, 

but a larger number ot PSU's per chlorophyll and, consequently, a higher PB,n a x This response to 

some extend resembles high-light acclimation (Richardson et al, 1983, Post et al, 1984, 1985) 

Related aspects characteristic for high light acclimation, like changes in Еь chi alb ratio, 
chlorophyll-carotenoid ratio or chlorophyll-specific absorption cross section, were not observed 
Apparently, the variations in cellular chlorophyll content did not influence pigment packaging This 
is in contradiction with the results of Berner et al (1989), who found a dependence of a* on cellular 
chlorophyll content, independent of cell size As mentioned before, the lower cellular chlorophyll 
content could entirely be explained by a decrease in cell volume, so care should be taken to interpret 
the obseived changes as high light acclimation in this study 

A dccicasc in PSU size in response to increasing PPFD resulting in an enhanced photosynthetic 
capacity (P H „ m ) and a decrease in the susceptibility to photoinhibition are 
common phenomena in planktonic algae (Perry et al ,1981 Richardson et al, 1983, Sukenik et al, 
1990) although the response is not universal (Fisher et al 1996) Since TDLD was equal in the 
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Figure 1 Solid lines In situ minimal fluorescence in the dark or in steady state (F„ or F J and maximal fluorescence in 
the dark or in steady stale (Fm or Fm) Dotted lines variations in irradiance during the light period (8 00h-18 OOh) in the 
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Fig 2 Solid lines In wrii quanlum efficiency of charge separation at pholosystem II in the dark oi in steady state (Р„/р„, 

ni Фр) Dotted lines variations in irradiante during the light period а с as in Fig 1 
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different cultures, it can be concluded that the mean PPFD is not the only factor regulating PSU 
size, and that changes in PSU size are at least partly influenced by E m a x . A similar decrease in PSU, 
accompanied by an increase in PB

max, upon exposure to light fluctuations in constant TDLD was 
found for the marine diatom Skeletonema costatum (Kromkamp and Limbeek, 1993), but only when 
Ещах w a s fully saturating (Етих>2Е|(), as was the case in this study. 

Photoinhibition 

F v/Fm is a measure for the efficiency of open photosystems in the absence of non-photochemical 
quenching (qN). Since the effect of qN is generally diminished within 15 min of dark-acclimation 
(Hofstraat et al., 1994), long-lasting depression of F v/Fm in light-limited conditions is indicative of 
photoinhibition (Krause et ai, 1990). The value of 0.72, that was found in this study, is close to the 
maximum dark-adapted values for F v/Fm of 0.65-0.80 which have been reported for various 
phytoplankton species or assemblages growing under light-limited conditions (e.g. Hofstraat et al., 

1994; Kroon et al., 1993; Rees et al., 1992). This might indicate that photoinhibition did not play a 
significant role in our experiments, as both F m ' and Фр relaxed rapidly back in dim light However, 
both F 0 and F m had decreased by 20% at the start of the dark period in all cultures (Fig. 1). The 
proportional quenching of both F 0 and F m may result from energy quenching and state transitions. 
The latter process, which rearranges the distribution of excitation energy between PSI and PSII, 
alters the PSU cross section without affecting F v/Fm, as was observed in our study (Fig. 2). True 
photoinhibition (i.e. damage of the Dl protein) should influence F m and F 0 disproportionally 
(Falkowski et al., 1994). On the other hand, it look 6-8 hours before F„ and F m were restored to their 
original value, and this time scale is quite long for state transitions, but is within the time which 
might be expected when significant Dl repair has to occur. 

The asymmetrical diurnal pattern of F,n suggests an increasing importance of qN in the sinusoidal 
light regime during the light period. This may partly have resulted from photoinhibitory quenching. 
Photoinhibilion usually results in a decrease in photosynthetic efficiencies (i е. Фр or a B ) and an 
increase in τ (Falkowski, 1992). Both processes were observed in the sinusoidal light regime In 

contrast to this, in fluctuating light diurnal patterns in Фр were completely symmetrical and a B was 
constant. Apparently the intermittent low light periods allowed complete recovery of PSII 
efficiency. 

Comparison of total photosynthesis 

To evaluate the effect of the observed differences in Pn

mJx and a B on photosynthesis, the gross 
oxygen production in sinusoidal and fluctuating light was calculated at intervals of 5 and 2 minutes, 
respectively, using equation 2. For this calculation, the lOh light period was divided in 3 equal parts, 
in which P m a x and α measured at lh, 5h and 7.5h after the start of the light period were used These 

calculations were compared with the total oxygen production that would have been obtained in the 

fluctuating light regimes if the cells exposed to fluctuating light would have had the P m j x and α 

values of the cells exposed to sinusoidal light, i.e. if the light fluctuations had not induced any 

differences. Total photosynthesis was calculated per mg chlorophyll and per μπι cell volume (using 

the spherical equivalent diameter measured by the Coulter Counter) Photosynthesis on a per cell 

base was not comparable between the different light regimes because of the differences in 

coenobium size between the cultures in sinusoidal and fluctuating light Table 3 shows the results 
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Tabic 3 Calculated total oxygen production during the 10h light period per chlorophyll (PB, mg O2 (mg chi) ') 
and per cell volume (Ρ4"1 pg O2 (μτη cell volume)') See text for an explanation of how the calculations were 
performed In between brackets are the total oxygen productions that would have been obtained in culture 2 
and 3 if the cells would have had the P/E parameters of culture 1,1 e if the light fluctuations would not have 
induced changes in α and P1"" 

culture 1 culture 2 culture 3 

P^mgOHmgchl) 1 ) 15 5 14 4(12 2) 14 6(12 5) 

P ' - ' i p g C ^ m ' cell volume)1) 0 143 0158(0114) 0 138(0 116) 

The differences between the light regimes were not very large However, total oxygen production 

would have been 20-40% lower in the cultures exposed to fluctuating PPFDs than in the sinusoidal 

light regime, both per chlorophyll and per cell volume, if the cells had not changed their 

photosynthesic parameters Apparently, S protuberans is able to optimise its photosynthesis in 

fluctuating light 

The effects of vertical-mixing related light fluctuations on photosynthesis should not be confused 

with the effects of light fluctuations with higher frequencies, such as could be caused by wave 

action Studies on this topic generally show enhanced photosynthesis in flashing light (e g Philips 

and Myers, 1954, Walsh and Legendre, 1983, Shin et al, 1987, Greene, 1990a) Greene (1990b) 

suggests that this could be explained by the uncoupling of electron transport and carbon fixation 

However, this mechanism will not operate in response to light fluctuations with lower frequencies 

Conclusions 

All cultures received the same total daily light dose The cultures exposed to fluctuating PPFD 

however, received peak PPFDs that were saturating for photosynthesis (1 e E m a x ^ 2Ek) PPFD 

above saturating levels does not lead to higher rates of primary production it may even induce 

downregulation of photosynthesis (as we observed) or photoinhibition Hence, the effective TLDL 

in cultures 2 and 3 could even be lower than in culture 1 If algae acclimated to a sinusoidal light 

regime would not change their photosynthetic performance, their daily integrated photosynthesis 

would decrease, resulting in lower biomass This was, however, not observed because the 

photosynthetic machinery of S protuberans acclimated by increasing the numbers of PSU's and 

thus the maximum photosynthetic capacity PB

max This supports the hypothesis that P B

m j x can be 

regulated in some algal strains by the maximal PPFD experienced by the algae and not by the 

TDLD, as found for the marine algae Skeletonema costatimi (Kromkamp and Limbeek, 1993) and 

Phaeoc \ stis globosa (Flamehng and Kromkamp, 1995, Chapter 3) We did, however, not observe 

this in IhaUissiosira ueisflogn or Phaeodacrxlum tricornutum (Chapter 4 and 5) Apparently, this 

response is not universal 

At the same time, the intermittent periods of low light in the fluctuating light regimes seemed to 

prevent a decline in the photosynthetic affinity a B and a diurnal hysteresis in Φρ As a result, 

differences in daily primary production (calculated from the daily oxygen production during the 

light period) between the cultures were small (Table 3) Ibehngs et al (1994) cultured S 

protuberans under different sinusoidal and fluctuating light regimes, thereby varying TDLD and 

keeping the maximum PPFD constant (approx 1100 μπιοί photons m 2 s ') In the culture that was 

exposed to a sinusoidal light regime there was a decrease in ccB during the day, a response that was 
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missing in the fluctuating light regimes Also, in contrast to the sinusoidal light regime, there was 
no photoinhibition, which was prevented by downregulation of photosynthesis (energy quenching). 
Comparison of both studies indicates that, as long as there are intermittent periods of low light or 
darkness (as with vertical mixing), saturating PPFDs do not affect the ability of S. protuberans to 
keep aB constant and prevent diurnal hysteresis in the PSII quantum efficiency. 

The results correspond well with the observed dominance of S. protuberans in conditions of 
strong vertical mixing in lakes (Ibehngs et al., 1994). However there may be other explanations for 
the abundance of this species in mixed waters: mixing may increase the availability of nutrients, or 
the high photosynthesisTespiration ratio of S. protuberans might give this species an advantage 
when the mixed layer depth is great. 
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Abstract. Photoacchmation of the marine unicellular haptophyte Phueocystis globosa to fluctuating PPFD 
simulating vertical mixing, was studied in light limited continuous cultures During a 10 14 L D cycle the 
algae were exposed to a constant light regime a simple sinusoidal light regime simulating diumal PPFD 
and a fluctuating regime in which light fluctuations resulting from 4 vertical circulation's of the algae 
through the water column were imposed on the sinusoidal light regime Total Daily Light Dose (TDLD) was 
kept constant Cellular chlorophyll a and protein content and number of photosynthetic units per cell 
increased, and cell size, chi c/chl a and fucoxanthin/chl «-ratio, chlorophyll-specific absorption cross 
section and photosynthetic unit size decreased in response to light fluctuations Photosynthetic efficiency 
maximum photosynthetic rate and respiration, estimated from oxygen production measurements were not 
affected by the light regime However the quantum yield for PSII charge separation (Φρ), as measured by 
PAM-fluorescence, increased in fluctuating PPFD Consequently, the ratio of ΦΡ to the quantum yield of 
oxygen production (Φ02) increased in fluctuating light The relationship between ΦΡ and Φ02 was linear at 
ФР<0 4 in all light regimes Total photosynthesis during the light period, calculated from tn situ fluorescence 
and the estimated ratio of ΦΡ to Φ02, was not affected by the light regime 

Introduction 

Marine pelagic microalgae are regularly exposed to light fluctuations due to turbulence and 

vertical mixing of the water column Vertical mixing usually occurs on a time scale of less than an 

hour to tens of hours (Denman and Gargett, 1983) Acclimation of phytoplanklon to variations in 

PPFD occurs on a variety of time scales, but the most important changes, including regulation of 

cellular pigment content, photosynthetic efficiencies and maximum rates, also take place within 

hours (e g Postera/, 1984, 1985) If the time scales of vertical mixing related light fluctuations 

and photoacchmative response overlap, mixing may have consequences lor primary productivity in 

the water column (Cullen and Lewis, 1988) There is still controversy about the existence, the 

magnitude and the sign of the effect ot light fluctuations on primary productivity 

Marra (1978a,b) found higher values toi primary production in incubation bottles that weie 

moved up and down in the water column, as compared to static bottle incubation Seveial other 

references also describe a stimulating effect of light fluctuations on primary production (Richmond 

and Vonshak, 1978, Harris and Piccinm, 1977, Gallegos and Piatt, 1982, Joins and Bertels, 1985) 

No effect or the reverse effect was found by several other authors (Jewson and Wood, 1975, Yoder 

and Bishop, 1985, Randall and Day, 1987, Grobbelaar, 1989) 

Productivity of phytoplankton in a circulating water column may increase by increasing 

photosynthetic efficiency during the periods of low light and/or higher maximal rate of 

photosynthesis during the peaks of high PPFD Mixing may also prevent photoinhibition, because 

the algae are only temporally exposed to high PPFD In addition, mixing may have an effect on 

lespiration A few studies describe the physiological iesponse of microalgae to light fluctuations 

Kiomkamp and Limbeek (1993) found that fluctuating light induced lower photosynthetic unit 

(PSU) size and higher maximal rate of photosynthesis in the marine diatom Skeletonema cos-tatum 

grown in constant Total Daily Light Dose (TDLD) This was also found for the green alga 

Scenedesmus protuberans (Flameling and Kromkamp, 1997, Chapter 2) Since this response 

resembles high-light acclimation (Richardson et al, 1983), these results suggest that algae in 

fluctuating PPFD will partly acclimate to the maximum PPFD encountered 

This chapter describes the effect of fluctuating PPFDs on photosynthesis of the marine 

haptophyte Phaeocwtis globosa Phaeocyitis is a widespread phytoplankton genus in European and 

polai waters (Lancelot and Mathot, 1987, Riegman et al. 1992) From the genus Phaeotwtu, Ρ 
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globosa is the dominating species in coastal and temperate zones, occurring as solitary cells and as 
colonies (Jahnke, 1989, Jahnke and Baumann, 1987) In light-limited, nutrient-replete conditions, Ρ 

globosa usually occurs as solitary cells (Peperzak, 1993) 

Phaeocystis sp colonies form massive nuisance blooms in coastal waters These blooms produce 

excessive amounts of foam that pollutes the water surface and the shores Due to this, this alga has 

been the subject of a lot of research efforts Photosynthesis and biochemical characteristics of 

Phaeocystis colonics and single cells have been well described (e g Riegman et al, 1992, Jahnke, 

1989, Вита et al, 1991, Weisse and Scheffel Moser, 1990, Verity et al, 1990, Vaulot et al, 1994, 
Lissera/, 1994) 

In this study, the quantum yield of PSII charge separation of Ρ globosa was calculated from in 

situ continuous measurements of variable fluorescence using a PAM-fluorometer Since previous 

experiments showed a large variability between variable fluorescence and oxygen production in this 

species (see Chapter 7), special attention was paid to obtain a reliable conversion factor between the 

two Therefore, repeated simultaneous measurements of variable fluorescence and oxygen 

production were carried out in photosynthesis-PPFD curves 

In the experiments, Ρ globosa was exposed to constant, sinusoidal and fluctuating light regimes 

TDLD was kept constant The aim of the experiments was to investigate whether photoacclimation 

and photosynthetic performance of Ρ globosa is influenced by light fluctuations, and whether the 

photoacclimation in fluctuating light is regulated by the maximum PPFD In addition, we describe 

the relationship between the quantum yield for PSII charge separation, measured by variable 

fluorescence, and the quantum yield of oxygen production 

Methods 

Culture conditions 

A non-axenic stiain of Phaeocystis globosa was isolated by J Rijstenbil from the Dutch delta area 

The organism was cultivated in СЬ saturated filter-sterilised (IVEX-2, 0 22 mm pore-size) MN 
medium, based on natural sea water (Rippka el al, 1979) Salinity was 30 psu The medium was 
enriched with the vitamins thiamine (Bl) 74 nM and biotin (H) 100 nM Continuous cultures were 
grown in autoclaved 3 5 1 cylindrical vessels with a light path of 6 cm under a 10 14 LD 
photocycle, starting at 8 00 h and ending at 18 00 h The cultures were illuminated by 400 W high 
pressure lamps (Philips HPIT E40) A water jacket, connected to a temperature-controlled water 
bath was mounted between the cultures and the lamps to keep growth at 15 °C The cultures were 
continuously bubbled with air to prevent ССь limitation and sedimentation of the cells When 
variations in optical density and chlorophyll a content of the cultures were smaller than 5% for at 
least 4 days, it was assumed that steady-state growth conditions were reached Measurements were 
performed on steady state cultures growing at 3 different light regimes (see below) Analyses were 
perfoimed at samples drawn from the cultures at 9 00h, 13 00h and 15 30h Statistical comparison 
of steady state values was performed using a l-test (p=0 05) 

Light regimes· 

The desired light regimes were modelled according to Kromkamp and Limbeek (1993) 3 
different light regimes were imposed on the algae (Fig 1) In culture 1, PPFD (Photon Flux Density) 
was constant during the lOh light period In culture 2 and 3, the diurnal intensity of solar influx was 
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simulated by a sinusoidal light course Sinusoidal oscillations, simulating the vertical movement 
through a light gradient, were superimposed on this in culture 3 In all cultures the total daily light 
dose (TDLD) was equal Consequently, the maximum PPFD was highest in the fluctuating light 
regime The dilution rate (D) was 0 2 d The mean PPFD in the culture vessel was controlled using 
a specially designed software program A system of Venetian blinds was mounted between the lamp 
and the culture The position of the slats of the Venetian blind could be altered by a step-motor, 
connected to a computer The PPFD at the back of the culture vessel (Ed) was measured by three 
serially aligned custom-build light sensors, connected to the computer The mean PPFD in the 
culture vessel was calculated from Ej and the transmission (Ej/Eo) Every 5 s the measured PPFD 
was compared with the desired PPFD and if necessary the position of the slats was altered The 
system was originally described by Kroon et al (1992a) Modifications were added according to 
Kromkamp and Limbeek (1993) 

Analyses 

Number of coenobia and coenobium diameter (Spherical Equivalent Diameter) were counted 
with a Coulter Multisizer connected to a sampling stand (Coulter Electronics), aperture size 100 
mm Since Phaeocystis cells are more or less spherical, SED is a good estimate of the actual cell 
diameter in this species Variation between measurements was generally less than 5% Coulter 
counter measurements were calibrated by microscopic cell counts 

Routine measurements of chlorophyll a and с were made spectrophotometncally using the 
equations of Jeffrey and Humprey (1975) 5 ml of the culture was centnfuged, and the supernatant 
was replaced by 95% acetone Subsequently, the cells were sonicated for 30-60s After pigment 
extraction, the sample was centnfuged again, and the supernatant was scanned No pigments could 
be extracted from the pellet The whole pigment spectrum was analysed by reversed-phase HPLC 
analysis according to Kraay et al (1992) Proteins and carbohydrates were measured in triplicate 
using respectively the Lowry and anthron method (Herbert et al 1971), with respectively Bovin 
Serum Albumin and D-glucose as a standard Variations between duplicate measurements was 
<10% Particulate Organic Carbon (РОС) and nitrogen (N) was measured using a Carlo Erba type 
NA-1500 elemental analyser according to Nieuwenhuize et al (1994) 

In vivo absorption (A) of the culture samples was measured in a double-beam scanning 
spectrophotometer (Uvikon 940), according to Kromkamp and Limbeek (1993) The spectrally 
averaged (400-700 nm) chlorophyll-specific absorption cross section (a*, m2 (mg chi) ') was 
calculated from the absorption and the chlorophyll concentration 

a* = [A 1001n(10)]/[chla] (I) 

Respiration and photosynthetic oxygen evolution were measured in a Dubinsky chambei 
(Dubinsky et al, 1987) using a Polarographie oxygen electrode (YSI 5331) The chamber was fitted 
with a water jacket connected to a cryostat to keep temperature at 15±0 1 °C Culture samples were 
dark-adapted for 15 minutes prior to the determination of dark respiration Oxygen production was 
measured at 9-11 different PPFDs, of which at least 6 were below Ek (ι e in the light limited part oí 
the P/E curve, see below) Gross photosynthesis-PPFD data were fitted according to the hyperbolic 
tangent function of Jassby and Piatt (1976) 

Ρ = Ρ max x tanh ( α Β χ E / P B

m a x ) (2) 
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Fig 1 Diurnal course of (he PPFD in culture 1, 2 and 3 

(mg O2 mg chi ' h ') is the gross maximal rate of photosynthesis and aB (mg 0 2 mg 
chi ' h ' (μιτιοί m'2 s'1)"') l s ш е photosynthetic efficiency. Respiration (RB; mg 0 2 mg chi ' h'1) was 
laken as the Y-axis intercept of a linear regression on the initial slope of the net 
photosynthesis-PPFD curve. The superscript В denotes that photosynthesis parameters are 
expressed per mg chlorophyll a. E|<, the saturating PPFD for photosynthesis, was calculated as: 

Ek= Pbmax/aB 
(3) 

The photosynthetic unit size (PSU, mol chlorophyll a (mol 02) ) was determined by exposure of 
a culture sample in a Dubinsky-chamber to a train of repetitive saturating single-turnover flashes 
with increasing frequencies (lHz-20Hz, flash unit EG&G MVS 2601). PSU was calculated as the 
quotient of the flash oxygen yield and the chi a concentration (Dubinsky et ai, 1986). The turnover 
time of light-saturated photosynthesis (τ, ms), i.e. the time necessary to move four electrons through 
one PSU and donate them to NADP, was calculated from PB,nax and PSU (Falkowski et al, 1981). 
The minimum quantum requirement (QR), i.e. the maximum number of O2 molecules generated per 
absorbed photon at low PPFDs, was calculated as: 

QR=115 a*/aB 
(4) 

wheie the constant 115 is needed to uniform dimensions The quantum yield of 0 2 production in 
actinic light (Фо2; 0 2 (photon) '), 1 с the number of 0 2 molecules generated per absorbed photon at 
a given PPFD, was calculated as. 

Ф 0 2 =Р в /(П5ха* xE) (5) 
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Fluorescence 

We used the chlorophyll fluorescence nomenclature of van Kooten and Snel (1990) The diurnal 
course of steady-state fluorescence (Fb) and maximal fluorescence (Fm') was measured using a 
PAM-Walz 101-103 fluorometer (H Walz, Effeltnch, Schreiber et al , 1986) A light-emitting diode 
delivered a low-intensity modulated measuring light beam that was weak enough not to induce any 
significant variable fluorescence The measuring light was guided to the culture vessel through a 
glass fibre connection, which also collected the fluorescence emitted by the culture At intervals of 
300 s a high-intensity saturating light pulse (>] 0,000 μπιοί m 2 s ') with a duration of 0 7 s was 
applied to the culture, in order to close all reaction centres In this situation, photochemical 
fluorescence quenching is reduced to zero, and fluorescence is maximal F s and F m were recorded 
before and during a saturating light pulse, respectively During the dark period F, and F m are equal 
to the dark-adapted minimal and maximal fluorescence F 0 and F m The maximum and operational 
quantum yield of charge separation at photosystem II (respectively Fv/Fm and ΦΡ) was respectively 
calculated as 

Fv/Fm=(Fm-F0)/(Fm) (6) 

in dark conditions and as 

<bp=(Fm'-Fù/Fm' (7) 

under actinic illumination (Genty et al 1989) Background fluorescence was equal in distilled 
water, pure growth medium and culture supernatant, indicating that there was no interference with 
fluorescing medium components or algal excretion products All measured fluoiescence values were 
corrected for background fluorescence 

Results 

Cell number:,, cell size and morphology 

Although the Phaeocy un strain used in this study was able to form colonies in nutrient-limited 
batch cultures (own observations), in the light-limited continuous cultures the cells remained 
unicellular in all light regimes This is in accordance with the observations of Peperzak (1993), who 
lound that Phaeocystis (clone Ph91 from the North Sea) did not form colonies at low TDLD in 
nutrient-replete conditions Although a high TDLD can initiate colony formation (Peperzak, 1993), 
it appears that exposition of the cells to short peaks of high PPFD at otherwise low TDLD, as in 
culture 3, does not have this effect Since colonies originate from single cells, the time required for 
colony formation is probably an order of magnitude larger than the time scale of the light 
fluctuations in this study (Cariou et al, 1994) Since daily variation in cell numbers could not be 
detected, daily averaged values are presented in Table I Cell numbers in culture 3 were 
significantly lower, compared to the other two cultures The Cell diameter (SED) was 5±1 mm, 
which is common for Phueocystis solitary cells (Weisse and Scheftel Moser 1990, Peperzak, 1993, 
Rousseau et al, 1990) SED of the cells in culture 3 was significantly smaller, compaied to the other 
two cultures 
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Table I Cell numbers (x 10*). cell si/e and biochemical characteristics ot the cells in the different light regimes 
η number ol measurements 

culture cells ml η SED η protein η carbo- η chi a cell ' η N cell ' η РОС cell ' η С Ν η 

no (χ lü6) (mm) cell ' (pg) hydrates (pg) (pg) (pg) (mol/mol) 

cell ' (pg) 

1 101(0 26) 12 5 47 (OIS) Il 10 39(0 87)12 2 50(0 11) 12 0 285(0 024)10 187(0 64)10 16 31(3 36) 10 4 90(0 61) 1 

2 124(035) 12 5 21(0 18)10 1190(096) 9 2 44(0 74) 9 0 281(0 028)12 3 75(0 11)9 1691(136) 9 5 27(019) 9 

1 229(025) 6 4 17(058) 6 1110(119) 6 2 72(0.17) 2 0 352(0 021) 6 4 10(046) 1 1795(117) 3 5 23(0 51) 8 

Biochemical characteristics 

Biochemical characteristics of the cells are presented in Table 1. Since daily patterns in these 
characteristics could not clearly be distinguished, only daily averaged values are given. Cellular 
protein content was lowest in culture 1 and highest in culture 3. The difference between each of the 
cultures was significant. Cellular chlorophyll a content was equal in culture 1 and 2, but was 
significantly higher in culture 3. There were no significant differences in cellular carbohydrate, 
nitrogen and РОС-content or in C:N ratio between the cultures. The equal and synchronous rise in 
cellular chi a and protein content indicates that the extra protein was mainly in the form of Light 
Harvesting Complex Proteins (LHCPs). 

Total РОС and nitrogen per ml culture sample was not significantly different in the different 
cultures (РОС ml'1 and N ml"1 are not shown, but can be calculated from the data in Table 1). This 
indicates that the biomass-based growth yield was not affected by light fluctuations. Comparison of 
the N-content of the cells with the N-contenl ot the medium reveals a tenfold surplus of nitrate in 
the medium. Assuming a N P ratio of 16, the same applies to phosphorus. Thus, nutrient limitation 
of the cells in the experiments may be excluded. 

Accessory pigments 

The HPLC measurements showed the presence of chi (cl+c2), fucoxanthin, /J-carotene, 
diadinoxanthin and diatoxanthin (Table 2). Since diurnal patterns in the contents of these pigments 
could not be detected, only diurnally averaged values are given. In addition, traces (<l% of chi α) of 
phaeophytin were found in culture 3 (data not shown). The relative chi с and fucoxanthin content 
decreased from culture 1 to culture 3. AH differences were significant A decrease in accessory 
pigments is usually observed when algal cells are transferred from low to high PPFDs (Richardson 
et al., 1983). From these results it can be concluded that pigment composition may not only respond 
to changes in TDLD, but can also be influenced by short-term exposure to high PPFD at constant 
TDLD. 

Table 2 Pigment composition of the cells in the different light regimes, expressed per unit chi a (w/w) η 

number of measurements 

Lultuie η chi (сI +L2) lucoxanthin β carothene diadinoxanthin diamxanlhin diatüxanlhin/ 

diadinoxanthin 

Ι Π 0 121(0 017) 0 759(0 067) 0 058(0 055) 0 090(0 015) 0 005(0 009) 0 04(0 08) 

2 12 (1261(0049) 0500(0091) 0058(0074) 0078(0016) 0011(0010) 0 14(0 11) 

1 7 0 220(0 019) 1)299(0 017) 1)052(0 052) 0 067(0 006) 0 005(0 006) 0 08(0 10) 
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/3-carotene content was constant in all cultures Diadmoxanthin content was significantly lower 
in culture 3, compared to culture 1 Diatoxanthin was only present in very small quantities Because 
diatoxanthin content was close to the detection limit of the HPLC, there 
was a large variability between measurements, as can be inferred from the high standard deviations 
Therefore, significant differences in diadmoxanthin content and diatoxanthin diadmoxanthin 
(DT DD) ratio between the different cultures could not be detected The DT DD ratio reflects 
diadmoxanthin cycle activity and may vary as a (unction of PPFD (Oilazola et al, 1994) Low 
(<0 2) DT DD mass ratios, as were observed in this study, are indicative of low-light adapted cells 
(Oilazola et al, 1992) Apparently, the exposure to supersaturating light peaks in culture 3 did not 
induce xanthophyll cycle activity 

PSU 

There was considerable variability in photosynthetic unit (PSU) size, both within and between 
different light regimes (Table 3) Since there was no indication of a daily pattern in PSU size in any 
of the light regimes, only daily averaged values are presented The largest PSU s were formed in 
culture I, whereas cells in culture 3 had the smallest PSU's The difference between each of the 
cultures was significant The number of PSU s per cell was calculated from the cellular chlorophyll 
content and the PSU-size According to these calculations, cells in culture 3 contained significantly 
more PSU s than cells in culture 1 and 2 (Table 3) 

Table 3 Photosynlhelii. Unit (PSU) size (Chi a 0 2 ') and number ot photosynthetie units per cell (xlO " mol) in the 
different light regimes η number of measurements 

Culiurc no 

1 

2 

3 

PSU si?e 

2370(866) 

1694(447) 

1203 (484) 

11 

12 

10 

12 

PSU i tell ' 

(xl()"mol) 

1 60 (0 56) 

2 00 (0 56) 

4 62 (2 62) 

η 

9 

10 

6 

Absorption cross-section 

Spectrally averaged chlorophyll-specific absorption cross section (a*, Table 4) showed values 
between 0 015 and 0 020 m2 (mg chi a) ' , which corresponds to the range of values normally found 
in marine phytoplankton (Kirk, 1983) a* increased during the day in all cultures Since cell size and 
the cellular contents of significant pigments did not vary, this may be caused by changes in the 
package effect, related to changes in cell or chloroplast morphology during the day In the 
fluctuating light regime a* was 20% lower than in the other light regimes The dilference was 
significant Comparison of the spectral distribution of a* of the cells in the different light regimes 
(Fig 2a) showed that the decrease of a* in culture 3 was not spectrally homogeneously distributed 
It was more pronounced at 440 nm, where a* decreased by ±20%, than at 680 nm where a small 
decrease of <10% was observed This is especially cleat when a* of culture 3 is divided by a* of 
culture 1 and 2 (Fig 2b) This indicates that the decrease in a* in culture 3 was caused by a 
decrease in the amount of some accessory pigments (probably fucoxanthin and/or chi с, see Table 2) 
andan increase in the package effect (Berner et al, 1989) The latter can be a combined effect of 
the higher cellular chlorophyll a content and smaller cell size that were observed in this culture 
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Fig 2 a spectral absorption cross section of culture I 2 and 1 b Differences in a* of culture 3 relative to culture 1 and 
2 determined as the quotient of the spectral absorption cross sections of these cultures 

Table 4 a* (m 2 (mg chi) ') τ (ms) and QR (photons 0 2 ' ) of the cells m the different light regimes η number 
of measurements 

Culture no 

1 

2 

3 

time 

9 00h 

13 OOh 

15 30h 

9 00h 

13 00h 

IS 30h 

9 00h 

13 00h 

IS30h 

a* 

0 0170(0 0012) 

0 0181 (0 0008) 

0 0192(0 0011) 

0 0174(0 0011) 

00185 (0 0010) 

0 0188(0 0002) 

0 0142(0 0014) 

00151 (0 0010) 

00153(0 0017) 

η 

6 

4 

3 

6 

4 

2 

4 

5 

2 

τ 

2 60(0 41) 

5 91 (2 86) 

7 05(6 53) 

3 33 (0 92) 

5 99(1 03) 

9 78(1 93) 

3 71 (0 79) 

8 07 (4 30) 

15 80(8 44) 

η 

6 

3 

3 

4 

4 

2 

4 

6 

2 

QR 

120(1 8) 

7 6 ( 1 4 ) 

8 3(3 I) 

18 8(3 5) 

12 9(2 0) 

15 0(0 9) 

10 6 (2 0) 

13 0(2 6) 

8 0 (2 8) 

η 

6 

3 

2 

4 

4 

2 

4 

4 

2 

Respiration photoiynthetic oxygen production and turnovertime 

Photosynthesis PPFD data were fitted using eq 2 Photosynthettc efficiency (a B ) per chi a was 

variable (Table 5) The highest values were observed in culture 1 and the lowest values in culture 2 

Daily patterns in a B were not clear, but lowest values were generally observed in the morning 

Gross maximal rate of photosynthesis per chi a (PB

max) was highest in the morning in all light 

regimes (Table 5) Since there was no diurnal variability in PSU size the diurnal pattern in P B

m i x 
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was caused by an increase in the turnover time of photosynthesis (τ) during the day (Table 4) There 

were no significant differences in diurnally averaged values o f t between the different light regimes 

Diumally averaged values of PB

max were slightly higher in the fluctuating light regime, but the 

difference with the other light regimes was nol significant There was a considerable variability in 

PBmax between different days in each of the light regimes, as can be inferred from the high standard 

deviations However, a decrease in Ρ m a x during the day was always observed Respiration rate (RB) 

was equal in all circumstances and showed no daily variation (Table 5) As a result of the diurnal 

decrease in P B

m a x , Ek, the saturating PPFD for photosynthesis, decreased during the day in all 

cultures Minimum quantum requirement (QR) was variable (Table 4) Daily averaged values were 

around 10 in culture 1 and 3, which is close to the theoretical minimum value for phytoplankton 

cells using NO3 as a nitrogen source (Schofield et al, 1993) In culture 2, daily averaged values of 

QR were slightly higher On a per cell basis, diurnally averaged maximal rate of photosynthesis 

(P c e max) was significantly higher in the fluctuating light regime, compared to the two other light 

regimes (Table 5) 

Table5 aB(mg 0 2 (mg chi) ' h ' (μηιοί photons m ' s ') ') Pu

m„(mg O, (mg chi) ' h ') RB(mg 0 2 (mgchl) ' h 
'), Ek (цгпоі photon;, m 2 s ') P""m„(pg О, cell ' h ') and or"(pg 0 : cell ' h ' (μηιοί photons m V ) ')oflhe 
cells in the different light regimes, expressed per chlorophyll (B) and per cell η number ot measurements 

Culture 

no 

2 

1 

t ime 

9 00h 

1100h 

15 10h 

9 00h 

1100h 

IS 10h 

9 00h 

llOOh 

I5 10h 

a B 

0 165(0 016) 

0 281 (0 060) 

0 295 (0 106) 

0 108(0017) 

0 168(0 022) 

0 145 (0 007) 

0 160(0 019) 

0 155(0 048) 

0 210(0 057) 

η 

6 

1 

2 

4 

4 

2 

4 

6 

2 

pB 
1 max 

19 84(2 98) 

11 56(188) 

12 20(6 41) 

22 66(1 81) 

14^6(1 78) 

8 27 (0 16) 

29 04 (6 44) 

1599(611) 

14 17(0 76) 

η 

6 

4 

2 

4 

4 

4 

6 

2 

RD 

1 97(0 51) 

1 65(0 21) 

1 51(0 06) 

2 08(0 51) 

1 96 (0 18) 

2 22(0 58) 

2 00 (0 97) 

1 52(012) 

2 49 (0 17) 

η 

6 

1 

1 

4 

4 
1 

4 

6 

2 

E t 

121 6(10 4) 

45 9(11 9) 

48 4(19 2) 

2104(17 1) 

85 1(145) 

->6 6(0 11) 

1821(27 7) 

1006(166) 

62 8(19 2) 

η 

6 

1 
2 

4 

4 

2 

4 

6 

2 

ρ"·" 1 [lux 

5 41 (0 66) 

118(1 02) 

140(1 96) 

6 97(1 19) 

1 81(0 48) 

2 26 (0 20) 

11 46(1 17) 

7 11 (2 27) 

5 20 (0 26) 

η 

5 

1 

4 

4 

2 

2 

1 

Ί 

оГ" 

0 048(0 006) 

0 092(0 025) 

0 08(1 (0 024) 

ООН (0 004) 

0 045 (0 004) 

0 040(0 001) 

0 058(0 024) 

0 065 (0 020) 

0 086(0 010) 

η 

5 

-> 
2 

4 

4 

2 

2 

2 

Fluorescence light curves 

Variable fluorescence was measured synchronously with oxygen production during the P/E 

measurements The light-dependency of F s and F,„' showed diurnal variability within all light 

regimes, as well as differences between light regimes (Fig 3) In culture I, F4 and F„, were more or 

less constant at subsaturating PPFD (1 e E<E0 and diurnal variability was almost absent 

Quenching of both Fb and F,„ occurred at higher PPFDs Fs was quenched to values below F„ in all 

measurements (Fig 3) Quenching of F, and F,„' was less severe at the start ot the light period Fb 

and Fm ' showed the same diurnal pattern in culture 2 and 3 However, quenching of F< below F„ was 

not observed in these cultures In all cultures, F,„' was slightly higher than F,„ in low light (Fig 4), 

indicating the presence of clororespiration (Peltier and Schmidt, 1991 ) or stale transitions 

F v/Fm in the P/E measurements was lowest in culture 1 and highest in culture 3 (Fig 4) 

Apparently, PSII quantum efficiency was enhanced by a higher E m j x FV/FIT, decreased slightly 

during the day in culture 2 and 3 Φρ decreased with increasing PPFD, especially at E>E!, 
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1000 

Ε (μηιοΙ photons m'2 s"1) 

Fig 3 Fs (black symbols) and F„,'(open symbols) during the P/E measurements Each data series is a means of 2-5 
measurements Standard deviations were generally <5% a culture l,b culture 2, с culture 3 circles 9 00h, squares' 
I 3 OOh, triangles 15 30h Fu and Fm values are given on the Y-axis 



42 Chapter 3 Effecl of fluctuating PPFD on photosynthesis of Phaeocysm 

0 10 100 

E (pmol photons m"2 s"1) 

1000 

Fig. 4 F/F™ (at E=0) and Φρ during the P/E measurements Each data series is a means of 2-5 measurements Standard 
deviations were generally <5% a culture l,b culture 2, с cultuic ~\ circles 9 00h, squares Π 00h, triangles I5 30h 
Fv/Fm is given on the Y-axis 
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Comparison of Фы and Фр 

Фо2, the quantum yield of O2 production, was more or less linearly related to Фр at low quantum 

yields (Fp <0 4), 1 e at high PPFD (Fig 5) This indicates that the amount of oxygen produced by 

linear electron flow at PSII (1 e the electron yield", Ye) was constant at high PPFDs in a defined 

light regime Ye seemed to be influenced by the light regime to which the algae were exposed In the 

lineai range (Фр <0 4-0 5) it was highest in culture 1 and lowest in culture 3 Hence, the efficiency 

ol oxygen production due to linear electron transport generated by PSII was highest in the constant 

light regime and lowest in fluctuating light At low PPFDs the relationship between Ф02 and Фр 

was less clear This may partly be due to large errors in the estimation of Ф02 at low oxygen 

production rates 

Ye=0 071 

R2=0 828 

. - < - " · 

С 
A 

> . 

ЧЖ 
A 

000 1020304050607 0001020304050607 0001020304 050607 

ФР 

Fig s Ф02 against Φ μ a culture l b Lulture 2 ande culturel circles 9 00h squares I3 00h triangles 15 30h The 
dotted lines represent the output of linear regressions of Φ02 against Фр in the area 0<ФР<0 4 The χ coefficient of this 
regression (Ye) is the amount of oxygen produced by linear electron flow at PSII 

In situ fluorescence 

The diurnal pattern of in situ steady-state fluorescence (1 e F 0 in the dark and F, in the light) and 

maximum fluorescence (1 e F m in the dark and F m in the light) is shown in Fig 6 In general, 

steady state fluorescence was positively and maximum fluorescence was inversely related to PPFD 

There were a few exceptions to this rule Firstly, F,„ was slightly higher than F m at low PPFDs at the 

slarl of the light period in culture 2 and 3 This phenomenon was also observed in the fluorescence-

light curves (see section above), and it indicates the presence of chlororespiration in the dark 

(Peltier and Schmidt, 1991) or state transitions Secondly, despite a constant PPFD there were some 

dynamics in both F s and F m in culture 1 Thirdly, the response of Fs and F m to peaks of high PPFD 

in culture 3 was slightly delayed 

F4/Fm 1 e the quantum yield of charge separation at PSII during the dark period, ranged from 

0 53-0 54 in culture 1 to 0 63-0 66 in culture 3 (Fig 7) This value is low, compared to other chi c-

contaimng phytoplankton species or assemblages growing under light limited conditions (e g Geel 
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et al, 1997, Kroon et al, 1993) Φρ, ι e the quantum yield of charge separation at PSII during the 

light period, slightly increased during the day in culture 1, until it reached an optimum value at 

15 OOh Averaged Φρ was ±10% higher in the second half of the light period In culture 2 and 3, 

light-induced depression of Φρ occurred In culture 2, Φρ at a given PPFD was consequently lower 

in the second half of the light period The same happened in culture 3 Superimposed on this, Φρ 

was depressed by the peaks of high PPFD in this culture or, stated in other words, Φρ at a given 

PPFD was lower in the second half of a light peak 

It should be noted that the large decrease in PB

m-,x during the day, that was observed in the P/E 

curves (Table 5), and was a result of an increase in τ (Table 4), was not visible as a substantial 

decrease in Φρ during the day in the in situ measurements, despite the fact that PPFD in the culture 

vessel was mostly above Ek (Table 5) 

Discussion 

Pigments and PSU 

The photosynthetic apparatus of Ρ globosa was clearly affected by a fluctuating light climate 

However, the observed changes can not be characterised as a simple photoacclimative response 

When cells were exposed to light fluctuations, they had a higher chlorophyll content and a lower 

chlorophyll-specific absorption cross section This is typical for low-light acclimation in a wide 

range of algae (Richardson et al, 1983) On the other hand, accompanying changes in 

photosynthetic characteristics, like lower PSU-size, higher number of PSU's per cell and lower 

relative amount of the accessory light harvesting pigments fucoxanthin and chi с, resemble high 
light acclimation (Myers and Graham, 1971 Dubinsky et al, 1986, Sukenik et al, 1990) 

Falkowski and LaRoche (1991), propose that there are two distinct photoacclimative strategies in 
microalgae alteration of the PSU-size, and alteration of the number of PSU's In this study both 
processes happened simultaneously (Table 3) Since TDLD was equal in the different cultures, it 
can be concluded that the mean PPFD is not the only factor regulating PSU size, and that changes in 
PSU-size are at least partly regulated by maximum PPFD (Ε,ω χ) 

Other studies on acclimation to fluctuating PPFD at constant TDLD show different patterns The 

marine diatom Skeletonema costatum decreased both its PSU size and the number of PSU's per cell 

in fluctuating light (Kromkamp and Limbeek, 1993) However, interpretation of these data is 

difficult since this species, in addition, showed a large decrease in cell size in fluctuating light The 

freshwater chlorophyte Scenedesmut protuberans decreased PSU-size but the total number of 

PSU's per cell was not variable (Flameling and Kromkamp, 1997, Chapter 2) Since TDLD was 

constant in all these studies, it might be inferred that (partial) regulation of PSU-size by En,ax is a 

general feature of microalgae 

Photoinhibition 

F v/Fm is a measure for the efficiency of open photosystems in the dark, in the absence of non 

photochemical quenching (qN) The effect of qN is generally diminished within 15 min of dark-

acclimation (Hofstraat et al, 1994), although qN may also have much longer relaxation times 

(Horton et al, 1994) Long lasting depression ol F4/F„, in light limited conditions is indicative of 
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photoinhibition (Krause et al, 1990) A depression of F v/Fm is the most sensitive indicator of 

photoinhibition, and is followed by decreases in α and P m a x (Falk, and Samuelsson, 1992, Falk et al, 

1992) In culture 2 and 3, F v/Fm of dark-adapted culture samples decreased during the light period 

(Fig 4) This may be an indication of increasing photoinhibition during the light period in these 

cultures However, the decrease in F v/Fm was small (<10%) and the F v/Fm values in the samples 

were close to the F v/Fm values that were observed during the dark period of the in situ measurements 

(Fig 7) 

From these results it can be inferred that slowly reversible photoinhibition (ι e Dl damage) if 

present at all, was not very large in culture 2 and 3 However, another indication of photoinhibition 

in culture 2 and 3 comes from the observation that the decrease in Φρ with increasing PPFD was 

not symmetrical around the diurnal sinusoidal PPFD in culture 2 (Fig 7b) and around the light 

peaks in culture 3 (Fig 7c) This suggests that the rate of photodamage exceeded the repair 

processes in these light regimes, a condition that is, by definition, characterised as photoinhibition 

Respiration 

The enhancement of dark respiration after light exposure is one of the processes that might 

decrease photosynthesis in fluctuating light This was observed by Stone and Ganf ( 1981 ) for the 

cyanobactenum Microcystis sp Cosper ( 1981 ) found a strong increase in respiration in the diatom 

Skeletonema costatum, when this organism was transferred to fluctuating light conditions However, 

respiration of the chlorophyte Scenedesmus protuberans was not affected by light fluctuations 

(Flameling and Kromkamp, 1997, Chapter 2) In the present study, respiration was also not affected 

by light fluctuations or by time of the day (Table 5) 

Calculation of total photosynthesis 

The electron transport rate (ETR) through PSII can be calculated by multiplying Φρ and the 

PPFD according to Hofstraat et al (1994) 

ЕТЯ^Фр ops» E (8) 

With the equipment used in this study it was not possible to measure Opsn Therefore the product of 

ФР E was taken as a relative measure of ETR This is a reasonable approach, since the observed 

linearity between Φρ and Φ02 (Fig 5) indicates that there are no changes in apsn at E>20 μιτιοί 

photons m 2 s ' At lower PPFDs, some variability in the relationship between Φρ and Φ02 (1 e Ye) 

may occur due to PSII heterogeneity (Schreiber et al, 1995), which may involve changes in GPSII 

Literature data also show that changes in PSII absorption cross section due to changes in PPFD are 

usually <15% within the range of PPFDs used in this study (Dubinsky et al, 1986, Kolber et al, 

1988 Kolber and Falkowski, 1993) However, it can not be excluded that changes in apsii may be 

impoitant The differences in YL between different cultures (Fig 5) may very well be related to 

differences in Opsii in cells acclimated to constant, sinusoidal and fluctuating PPFD 

Values of ETR during the light period, based on the data ftom Fig 7, are presented in Table 6 

The ETR is clearly lower in culture 3, exposed to fluctuating PPFD However, the total biomass in 

steady state is the same in all cultures (see results section) This can be explained by the fact that the 
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Table 6 Total daily Electron Transport through PSII (ETR eq 8) and total daily oxygen production per cell (P eq 
9) Values are relative units, ETR and Ρ in culture 1 are set to 100% 

culture no ETR Ρ 

1 100 100 

2 95 2 93 2 

3 55 9 95 6 

lower ETR is offset by the higher number of photosynthetic units (and, consequently, PSII reaction 
centres) in the cells grown in fluctuating light (Table 3) 

Multiplication of ETR and the measured conversion factors between Φρ and Φ02 (Fig 8) gives 
the relative oxygen production per PSII If this factor is multiplied with the number of PSII's per 
cell (nPSII=nPSU/4, assuming 4 PSII's per PSU), the relative oxygen production per cell can be 
calculated 

P = ETR Ye nPSII (9) 

It should be emphasised that the absolute value of Opsn is not incorporated in this calculation, and, 
consequently, that the value of Ρ is expressed in relative units Table 6 presents calculations of Ρ 
based on the in situ ΦΡ from Fig 7 and the electron yields from Fig 5 Assuming that apsn is equal 
for the different cultures, Ρ is remarkably similar in the different light regimes Apparently, 
exposure of Ρ globosa to a fluctuating light climate, with minimum PPFD that is limiting for 
photosynthesis and maximum PPFD that is saturating for photosynthesis, does not affect the total 
diurnally integrated photosynthesis 
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Abstract. Growth and photosynthesis of Thalassiosira ueissflogn were investigated in a light-limited 
lurbidostat system at a constant PPFD of 150 μιτιοί photons m 7 s ' and in a fluctuating light regime with an 
average PPFD of 150 цтоі photons m 2 s ' and a maximum PPFD of 365 μιτιοΙ photons m ' s ' The 
physiological response to the fluctuating light regime resembled shade acclimation cellular chlorophyll and 
nitrogen content increased, carotenoids per chlorophyll decreased and the optical absorption cross section 
normalised to chlorophyll decreased Mean photosynthetic efficiency was lower in the fluctuating light 
regime There was reversible photoinhibition during the peaks of high PPFD as indicated by transient 
decreases in variable fluorescence and functional PSII cross section that resulted in lower average growth 
rates in the fluctuating light regime Since the total light dose was constant average quantum yields fur 
photosynthesis and growth were lower in fluctuating light Specific respiration and net growth efficiency 
were not affected by light fluctuations The results of this study imply that growth rate is lower in 
fluctuating than in constant light due to a hysteresis in photosynthesis based on a lag time between 
photosynthetic downregulation and repair 

Introduction 

Phytoplankton in mixed water columns are regularly exposed to light fluctuations resulting from 

turbulence and wind driven circulation The time scale of these physical forcings generally ranges 

from 30 minutes to hundreds of hours (Denman and Gargett 1983) Phytoplankton 

photoacchmation occurs on a time scale of seconds to several days (for a review of 

photoacclimation responses see Ferris and Christian, 1991) Where the time scales ot mixing and 

photoacchmation overlap, mixing may affect integrated primary productivity in the water column 

(Cullen and Lewis, 1988) However, the magnitude and sign of the potential effects are 

controversial Marra (1978a,b), Richmond and Vonshak (1978), Harris and Piccinin (1977) 

Gallegos and Piatt (1982) and Joins and Bertels (1985) have suggested that calculations of 

integrated water column primary productivity that are derived from incubations in constant light 

may underestimate the true productivity This may be the result of suppression of photoinhibition in 

fluctuating light or of increases in photosynthetic efficiency at subsaturating PPFDs Falkowski and 

Winck (1981) concluded from a simulation model that vertical mixing may have little effect on 

integrated water column primary productivity There is also evidence that supports this conclusion 

Jewson and Wood (1975) and Yoder and Bishop (1985) found no effect of vertical movement on 

production In some cases light fluctuations may even decrease productivity (Randall and Day, 

1987, Grobbelaar, 1989) According to McCree and Loomis (1969), steady-state photosynthetic 

rates may be used to calculate photosynthesis in fluctuating light in higher plants 

A change in the photosynthetic response under fluctuating light, compared to constant light, can 

only be effected through a hysteresis in the photosynthesis vs PPFD (P/E) curve (Falkowski and 

Winck, 1981) Such a hysteresis was indeed observed in all the aforementioned studies describing 

an ellect of fluctuating light Hysteresis in the P/E curve can be the result of several processes, 

including state transitions, changes in cellular pigment content, end-product inhibition, 

photoinhibitory damage, photorespiration and changes in dark respiration (Falkowski, 1984) 

In this chapter we report on the effect of light fluctuations on the photophysiology of the marine 

diatom Thalassiosira weissflogu The mechanism and kinetics of photoadaption in this species have 

been well documented by Poste/ al (1984, 1985) and Falkowski et al (1985) Posti·;«/ (1985) 

found that the kinetics of photoinhibition in Τ weissflogu were dependent on the direction ol the 

light transition First-order rate constants for photoacclimative changes (like changes in cellular 

chlorophyll and carbohydrate content, chlorophyll-specific absorption cross section, photosynthetic 

efficiency and turnover time of photosynthesis) were 2 3 times higher tor the transition from low to 

high light than lor the reverse process We hypothesise that this discrepancy between the rjtc 
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constants for up- and downregulation of photosynthesis must lead to hysteresis in the P/E curve of 
Τ weissflogu, and, consequently, to different photosynthetic performance in constant light and 
fluctuating light 

Methods 

Culture conditions 

Thalassiosira weissflogu was grown in a cylindrical 3 6 1 growth vessel in nutrient-replete 
medium (Goldman and McCarthy, 1978) at 17°C Cell densities were maintained in a steady state 
by means of a computer-controlled turbidostat (Post et al, 1984) The culture was kept optically 
thin Dilution rate was monitored continuously and hourly integrated values were recorded 
Continuous illumination was provided by 3 cool-white fluorescent tubes and 8 press glass lamps 
PPFD in the fluctuating light regime was regulated by a computer-controlled Venetian blind that 
was mounted between the lights and the growth vessel, as described by Kromkamp and Limbeek 
(1993) 

Two different light regimes were imposed on the algae a constant light regime with an PPFD (E) 
of 150 μιηοΙ photons m 2 s ' and a fluctuating light regime simulating PPFD as a result of vertical 
mixing in a water column with depth ζ according to 

tv = fc-rnjx e ( ι ) 

and 

ζ = 0 5zm a x [ 1 + sin(27tt/t, - 0 5π)] (2) 

where E i m x is the PPFD at the surface, K¡¡ is the diffuse downwelling attenuation coefficient (m '), t 
is the time elapsed since the start of the programme and tc is the duration of a cycle The equations 
are similar to those of Kromkamp and Limbeek (1993), with the difference that the component 
describing the diurnal sinusoidal course ot solar influx at the surface (Es) was replaced by a constant 
(Emax) We choose parameters that would yield an average PPFD (Eavg) of 150 μηιοί photons m 2 s ' 

Em a x=365 μιτιοί photons m " s ', Kd=0 5 m ' , z m l x =5m and tc=3h At this average PPFD, μ<0 64μ""χ 

for Τ weissflogu (Falkowski et al, 1985) The resulting light regime is shown in Fig 1 

Analyses 

Cell counts and cell size measurements were performed with a Coulter Counter (TA II) 
Chlorophylls a and с were measured spectrophotometrically in 90% acetone extract using the 
equations of Jeffrey and Humprey (1975) The spectrally averaged chlorophyll-specific absorption 
cross sections (a*) were calculated from in vivo absorption according to Dubinsky et al (1986) 

Oxygen production and consumption ot culture samples were estimated in a flat-faced chamber 
using a polaiographic oxygen electrode (Dubinsky et al, 1986) Dark respiration (Rj) was estimated 
alter 15 minutes of dark adaptation Subsequently, oxygen production was measured at 9 different 
PPFDs in increasing order The data were fitted accoiding to Eilers and Peeters (1988) 
Photosynthetic efficiency (a) and maximum photosynthesis (P,m x) were derived from the fit Ek, the 
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Fig I Light regime during a 24-hour period in the constant and the fluctuating light regimes. 

saturating PPFD, was calculated as E k=Pm a x/a. Ρ was calculated for the growth PPFD using the fit 

results. 

The minimum quantum requirement of 0 2 production (l/фог) was calculated from a" and a*. 

Chl.PSII ratios were determined by exposure of a culture sample to a train of repetitive saturating 

single-turnover flashes with increasing frequencies from 5Hz to 50Hz, with a Rank Brothers 

electrode as described by Falkowski et ai, (1981). The turnover time of photosynthesis (τ) was 

calculated from Pmj> and the ChhPSII ratio (Myers and Graham, 1971). Chl:PSI ratios were 

determined from absorption differences at 697 nm relative to 720 nm in Triton X-100 extracted 

cells (Falkowski et ai, 1981). Particulate carbon and nitrogen were measured with an elemental 

CHN analyser (Perkin-Elmer 241). Variable fluorescence (Fv/Fm) and the effective absorption cross 

section of PSII (apsii) were measured on immediately after sampling using a Fast Repetition Rate 

(FRR) fluorometer (Kolber and Falkowski, 1992). Statistically significant differences were tested 

with a one-way ANOVA (p<0.05). 

Results 

Growth rales 

Hourly integrated values of the specific growth rate (μ) of the cells were calculated from the 

dilution rate. There was a large hourly variation in growth rate due to the "noisiness" of the 

turbidostat system Mean values and standard deviations for growth rate, based on daily averages of 

6 days, are presented in Table 1. Growth rates were slightly higher in the constant light regime but 

the difference was not statistically significant. 
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Table 1 growth rate and photosynlhetic parameters in constant 
between brackets Signihcanl differences (p<0 05) between the 
indicated by an asterisk (*) 

light and fluctuating light Standard deviations 
constant and the fluctuating light regime are 

μ (day ') 

cell diameter (|im) 

chlorophyll cell ' (pg) 

С cell ' (pg) 

С N (mole/mole) 

car/chl (pg/pg) 

a*(m2(mgchl)') 

RB (mol 0, (mol chi) ' min 

α β (mol 0 2 (mol chi) ' min 
photons m 2 s ') ') 

') 
1 (μιτιοί 

PBma*(mol 0 2 (mol chi) ' min ') 

a"" (fmol 0 2 (cell) ' min ' 1 

photons m ' s ') ') 

P"",„„(tmol02(cell)' min 

Ek (μπιο! photons m " s ) 

Chi PSII (mole/mole) 

Chi PSI (mole/mole) 

PSII PSII (mole/mole) 

Cpsii (À2/ photon) 

F^„, 
T(ms) 

¡μτηοΙ 

') 

constant light 

1 49 (0 22) 

9 03(0 13) 

1 86 (0 17) 

51 8(11 6) 

7 90(1 40) 

0 79(0 11) 

0 01062(0 00095) 

0 87(0 21) 

0 022 (0 007) 

6 16(091) 

0046(0013) 

12 7(1 35) 

300 (95) 

383(65) 

999(127) 

261 

395(16) 

0 601 (0 023) 

6 72(1 32) 

fluctuating light 

1 30 (0 28) 

9 49 (0 29) 

2 33 (0 32) 

47 6(6 1) 

6 44 (0 87) 

0 71 (0 05) 

0 00807(0 00146) 

0 66(0 16) 

0 017(0 003) 

6 73 (0 86) 

0 046(0 0095) 

17 5(2 26) 

409(61) 

406(102) 

1052(102) 

2 59 

438(21) 

0 588(0 028) 

5 64(104) 

significant 

difference 

* 

* 

* 
* 
* 

* 

* 
* 

* 

* 

Cell size, chemical componitori and absorption cross sections 

Samples were drawn from the culture at regular intervals A series of all the measurements 

described in the methods section were performed on subsamples of the same sample. The results are 

presented in Table 1 Cells weie significantly smaller in the constant light regime. Cellular carbon 

content remained constant but cellular chlorophyll a content increased with approximately 20% in 

the fluctuating light regime This was accompanied by a proportional decrease in the С N ratio 

Carothenes per chlorophyll and the spectrally averaged optical cross section of Chi a (a*) were 

lower in fluctuating light The spectral distribution of a* is shown in Fig 2 The decrease in a* is 

probably a result of the higher chlorophyll content in the cells grown in fluctuating light Patterns in 

cell size, chi cell, С cell, С Ν, chi car or a* as a result of light fluctuations could not be observed 

(data not shown) 
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Fig 2 Chlorophyll specific absorption cross section (a*) in constant and fluctuating light Bars indicate standard 
deviations of 13 measurements 

Chi PSII and chi PSI ratios 

Chi PSII and chi PSI ratios (and, consequently, PSII PSI ratios) were not different in the two 

light regimes (Table 1) These results are similar to those reported by Post et al (1985), who found 

no marked dependence of chi PSII on growth PPFD in Τ weissflogu They concluded that this 

species primarily acclimates to changes in growth PPFD by changing the number of PSII reaction 

centres per cell From the present study it can be concluded that a differential accumulation of one 

or the other pholosystem does not occur in the fluctuating light regime 

Photosynthesis, respiration and τ 

Gross photosynthesis-PPFD response curves calculated on a per chlorophyll a and a per cell basis 

in constant and fluctuating light are presented in Fig 3 Maximum photosynthesis normalised to 

chlorophyll a was comparable in cells adapted to constant and fluctuating light (Table 1 and Fig 

3a), but in the former situation photosynthetic efficiency was significantly higher On a per cell 

basis (Table 1 and Fig 3b), photosynthesis was higher in the cells adapted to fluctuating light over 

the whole range of PPFDs, due to the higher cellular chlorophyll content The saturating PPFD (Et) 

was significantly higher in the fluctuating light regime Photoinhibition was not observed Light 

fluctuations had no effect on dark respiration rates 
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2500 

E (pmol photons m 2 s ') 

Fig 3 Chlorophyll specific and cell specific net photosynthesis in constant and fluctuating light Bars indicate standard 
deviations ol respectively 11 and 12 measurements The lines were fitted through the data points according lo the fit 
method ol Lilers and Peelers (1988) 

Specific respiration (RM day ') and net growth efficiency (με) were calculated for the growth PPFD 

(based on the values of μ and R from table I) according to Falkowski et al (1985) 

Rp = (μ · R)/(P R) 

and 

Me=i-[R t/(M + RM)] 
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Under the fluctuating light regime, Ρ was calculated at 1 minute intervals and averaged over the 

period of 1 light cycle. There were no noticeable changes in RM and μ,; as a result of light 

fluctuations (Table 2), i.e. the fraction of carbon respired and the fraction retained for growth were 

comparable in the two light regimes. Strictly, the correct estimation of μ« should include a loss term 

for the excretion of dissolved organic material. However, excretion is generally <5% in nutrient-

saturated conditions (Williams, 1990), and we assumed that it was negligible. 

Table 2 Calculation!, of RM, μt, φμ and φρ based on data from table 1 

R„ 

Mc 

l/φμ (photon/atom C) 

1/φρ (photon/alom C) 

constant li 

1 02 

0.596 

28 4 

135 

ghl fluctuating light 

0 90 

0 592 

34 8 

15 7 

Whole chain electron transport rates from H2O to ССЬ were calculated in the two steady states. 

These calculations revealed a turnover time of the photosynthetic electron flow (τ) that varied 

between 3 and 10 ms Although τ was calculated from chl.PSII ratio's and PH„UX, neither of which 

was significantly different between the light regimes, mean values of τ were significantly higher in 

constant light. 

Fluorescence 

Normalised variable fluorescence (Fv/Fm) is a measure for the quantum efficiency of charge 

separation in photosystem II (Butler, 1978) Averaged values of F v/Fm were not significantly 

different in the two light regimes, but the effective absorption cross section of PSII (Opsii) was 

significantly higher in fluctuating light (Table 1) In the fluctuating light regime Fv/Fm and apsn 

decreased by 15% during the high light peaks (Fig. 4). Gpsn may be actively down-regulated by 

reversible phosphorylation of LHCII, or state-transitions, during periods of high PPFD (Allen, 

1992). De-epoxydation of diadinoxanthin in the diatoxanthin cycle also decreases Opsii (Oilazola et 

al., 1994). As a result of these processes, the rate of excitation delivery to PSII is diminished and 

possible irreversible photodamage is prevented. The changes in F v/Fm and Opsn were not 

symmetrical around the sinusoidal light peak, indicating that there was a lag time between 

downregulation and repair. 

Quantum yields 

The quantum yields for growth (φμ, mol С per mol quanta absorbed) and photosynthesis (φρ; mol 

O2 per mol quanta absorbed) were calculated according to. 

фм = иУ(а*'(СЫ:С)«Е е) 

and 

φρ = Φμ/(με · M) 
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where Chi.С is the chlorophyll to carbon ratio (w/w), E g is the growth PPFD, a* is corrected for the 

spectral distribution of the light source used for growth (calculated from spectral a* according to 

Dubinsky et ai, (1986)) and M is the photosynthetic quotient (O2/CO2). If NCh is used as a 

nitrogen source M can be approximated by [C:N/(C:N+2)] when C:N is calculated on an atom:atom 

basis (Falkowski et al., 1985). In the fluctuating light regime, φμ was calculated using average 

values of μ and Eg Both φμ and φρ were slightly higher in constant light (Table 2). 

400 

time (h) 

Fig 4 a and b Patterns in F,/F,„ and aPSii in the fluctuating light regime during one light cycle The dotted line indicates 
Ihc PPFD 

Discussion 

As expected, Τ weissflogu exhibited a hysteresis in the P/E relationship under fluctuating light 

conditions. This hysteresis was based on a lag time between photosynthetic downregulation and 

repair, as indicated by the asymmetrical patterns in variable fluorescence and functional PSII cross 

section around the sinusoidal light peak (Fig. 4). As a result of this hysteresis, both the average 

quantum yields for photosynthesis and growth were lower in fluctuating light. 

It should be noted that the reduction in photosynthetic efficiency is only coupled to growth at 

PPFDs less than Ει. At these subsaturating PPFDs, photosynthetic rates are limited by light 

absorption. Above Ek, carbon assimilation capacity becomes rate limiting Consequently, the 

outcome of the experiment would probably be different if the cells had been grown in saturating 

light. 

Kromkamp and Limbeek (1993) have described the physiological response of the marine diatom 

Skeletonema toMatam to light fluctuations This species responds to light fluctuations by decreasing 

its Chi PSII ratio and incicasing PB,T1JX Since this response is commonly found during acclimation to 

high PPFDs (e.g. Dubinsky et ai. 1986), they suggested that, in fluctuating light, photosynthesis 

per chlorophyll in this species is regulated by the maximum PPFD encountered. In T. weissflogii, 

however, the physiological changes following exposure to light fluctuations (i.e an increase in 

cellular chi a content and decreases in carotenoidxhl ratio and a*) resemble the pattern of changes 
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usually observed during shade-acclimation (Richardson et al, 1983) The results of this study 
suggest that the cellular pigment content of Τ weiaflogu acclimates to the median PPFD, ι e the 
light level at which the most time is spent, rather than to the mean or maximum PPFD The median 
PPFD in the fluctuating light regime was 105 μπιοί photons m 2 s ', ι e lower than the mean PPFD 
However, proof of this hypothesis would require an additional experiment in which the fluctuating 
light regime was adjusted to give a median PPFD equal to the PPFD of the constant light regime 
(ι e 150 μπιοί photons m 2 s ') 

Respiration and net growth efficiency were not affected Since these parameters are shown to be 
positively correlated to growth PPFD (Fdlkowski et al, 1985), they apparently respond to total 
integrated PPFD 
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Abstract. A laboratory study was conducted to assess the effects of light fluctuations caused by vertical 
mixing, on growth and photosynthesis of the manne diatom Phaeodaaylum tricornutum in light limited and 
phosphate-limited conditions Light and phosphate-limited Ρ tricornutum were grown in continuous 
cultures During an eight-hour light period, the cells were exposed to either a sinusoidal light regime, 
simulating diurnal PPFD in the absence of vertical mixing, or to fluctuating light, simulating the diurnal 
course of the PPFD in a vertically mixed water column Total light dose was identical in sinusoidal and 
fluctuating light 
Photosynthetic efficiency, maximal photosynthetic capacity and respiration were 3-4 times higher in light-
hmited cells than in phosphate-limited cells PSII quantum efficiency, estimated by variable chlorophyll 
fluorescence measurements, was higher in light-limited cells and showed a hyperbolic relationship with 
growth rate in phosphate limited conditions In light-limited conditions, light fluctuations caused a decrease 
in respiration and photosynthetic efficiency However these changes had no noticeable impact on growth 
rate In phosphate-limited conditions, growth yield declined by ±50% when cells were transferred from a 
sinusoidal to a fluctuating light regime It is concluded that vertical mixing of the water column will have a 
much larger impact on growth of Ρ tricornutum if growth is limited by the availability of phosphate 

Introduction 

Phytoplankton in mixed water columns is regularly exposed to light fluctuations due to vertical 

mixing caused by turbulent eddies and Langmuir circulation The time scale of these fluctuations 

generally ranges from 30 minutes to hundreds of hours (Denman & Gargett, 1983) Phytoplankton 

photoacchmation occurs on a time scale of seconds to several days (for a list of published time 

scales of algal photoacclimative responses see Ferris & Christian, 1991) Where the time scales of 

mixing and photoacchmation overlap, mixing may have implications for primary productivity in the 

water column (Cullen &Lewis, 1988) There is still a lot of controversy about this topic 

It has been indicated by Harris & Piccinin (1977) Marra (1978a,b), Richmond & Vonshak 

(1978), Gallegos & Platt (1982) and Joins & Bertels (1985) that calculations of integrated water 

column primary productivity that are derived from incubations in constant light may underestimate 

the true productivity This may be the result of suppression of photoinhibition in fluctuating light or 

of increases in photosynthetic efficiency at subsaturating PPFD's However Falkowski & Winck 

(1981) conclude from a simulation model that vertical mixing may have little effect on integrated 

water column primary productivity There is also evidence that supports this conclusion Jewson & 

Wood (1975) and Yoder & Bishop (1985) found no effect of vertical movement on production In 

some cases light fluctuations may even decrease productivity (Randall & Day, 1987, Grobbelaar, 

1989) 

So far, experiments were only carried out in nutrient-replete cultures In the open sea however, 

nutnent-limitation is more a rule than an exception Will the impact of light fluctuations be 

comparable in light-limited and nutrient-limited conditions9 To investigate this experiments were 

carried out in which light fluctuations were imposed on light limited and phosphate limited cultures 

of the marine diatom Phaeodactylum tricornutum The results suggest that vertical mixing of the 

water column will have a much larger impact on growth of Ρ tricornutum if growth is limited by 

the availability of phosphate In a companion study, the relationship between photosynthetic oxygen 

evolution and calculated estimates of photosynthesis derived from fluorescence measurements, 

which were measured during the same experiments, is described (Chapter 6) 
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Materials and Methods 

Culture conditions 

A non dxenic strain of Phaeodactylum tricornutum was obtained from the culture collection at 
the Netherlands Institute for Sea Research (NIOZ) The organism was cultivated in Cb-saturated 
filter-sterilised (IVEX 2 0 22 mm pore size) MN medium with silicate, based on deionised water 
(Rippka et al 1979) Salinity was 30 g 1 ' The medium was enriched with the vitamins thiamine 
(B1 ) 59 nM cyanocobalamin (B12) 0 59 nM and biotin (H) 0 16 nM Nutrient replete medium 
contained 147 μιτιοΙ 1 ' phosphate per litre To obtain phosphate-limited cells, medium was used 
with a phosphate concentration of 29 4 pmol 1 ' Continuous cultures were grown in autoclaved 3 5 
I cylindrical vessels with a light path of 6 cm under a 8 16 LD photocycle, starting at 9 00 h and 
ending at 17 00 h The cultures were illuminated by 400 W high pressure lamps (Philips HPIT 
E40) A water jacket, connected to a temperature controlled water bath was mounted between the 
cultures and the lamps to keep growth at 15 °C The cultures were continuously bubbled with air to 
prevent ССЬ limitation and sedimentation of the cells 

Phosphate-limited cultures were grown in chemostat mode at a fixed dilution rate of 0 2 day ' 
When variations in optical density (OD7so) and chlorophyll a content of the cultures were smaller 
than 5% for at least four days it was assumed that steady-state growth conditions were reached 
Light limited cultures were grown in turbidostat mode, ι e the dilution rate was adjusted to 
maintain continuous cell density in the culture vessel 

Bacterial numbers in the cultures were estimated using DAPI-stain and epifluorescence 
microscopy Bacterial biomass, calculated from cell numbers, was too low (<5% of algal biomass) 
to interfere with algal respiration measurements 

Light regime1, 

The desned light legimes were modelled according to Kromkamp & Limbeek (1993) Both 
light-limited and phosphate-limited cultures were exposed to two different light regimes a 
sinusoidal light regime, simulating the diurnal intensity of solar influx at a fixed depth in the water 
column, and a fluctuating light regime, simulating the PPFD experienced by a cell that is moved 
fiom the surface to the bottom of the water column four times during the light period (Fig 1 ) In 
both light regimes the total daily light dose (TDLD) was 1 81 mol photons m 2 The PPFD in the 
culture vessel was controlled by a system of Venetian blinds, that was mounted between the lamp 
and the culture The position of the slats of the Venetian blind could be altered by a step-motor, that 
was controlled by a computer using a specially designed software program The PPFD at the back 
of the culture vessel (Ε,ι) was measured by three serially aligned custom build light sensors, 
connected to the computer The mean PPFD in the culture vessel was calculated from Ej and the 
transmission (Ej/E„) Every 5 s the measured PPFD was compared with the desired PPFD and it 
necessary the position ol the slats was altered The system was originally described by Kroon, van 
Hes & Mur (1992) Modifications were added according to Kromkamp & Limbeek (1993) 

For the determination of the relationship between maximum PSII quantum efficiency (Fv/F,„) 
and giowth rate (see results section) cells were exposed to a continuous PPFD of 63 μπιοί photons 
m ' s ' during the 8 h light period 
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Cell counts, pigments and absorption cross section 

Cell numbers and diameter (Spherical Equivalent Diameter) were counted with a Coulter 

Multisizer connected to a sampling, aperture size 100 mm Variation between measurements was 

generally less than 5% Coulter counter measurements were calibrated by microscopic cell counts 

Chlorophyll a and t were measured spectrophotometrically after extraction in 90% acetone in a 

double beam scanning spectrophotometer (Uvikon 940) using the equations of Jeffrey & Humprey 

(1975) In vivo absorption (A) of the culture samples was measured according to Kromkamp & 

Limbeek (1993) The spectrally averaged (400 700 nm) chlorophyll-specific absorption cross 

section (a*, m (mg chi) ') was calculated from the absorption and the chlorophyll concentration 

a* = [Ax 100xln(10)]/[chla] (1) 

P/I measurements 

Respiration and photosynthetic oxygen evolution were measured in a Dubinsky chamber 

(Dubinsky et al 1987) using a Polarographie oxygen electrode (YS1 5331) The chamber was fitted 

with a water jacket connected to a cryostat to keep temperature at 15±0 1 °C At one side of the 

chamber there was a small window on which the glass fibre could be placed that was connected to 

the emitter/detector unit of the PAM fluorometer (sec the companion article) Culture samples were 

dark-adapted for 15 minutes prior to the determination of dark respiration (RB, mg Сь mg chi ' h ') 

10 12 14 16 18 

time (hour) 

: 1 Sinusoidal and fluctuating PPfD during the light period 
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Oxygen production was measured at a scries of increasing PPFD's. Gross photosynthesis-irradiance 

data were fitted according to the hyperbolic tangent function of Jassby & Piatt (1976). 

PB = РВ,шх x tanh ( α η χ E / PB

m a ) l) (2) 

where Ρ m a x (mg O2 mg chi h" ) is the gross maximal rate of photosynthesis and α (mg O2 mg 

chi"' h"' (μπιοί m" s ') ' ) is the photosynthetic efficiency. The superscript В denotes that 

photosynthesis parameters are expressed per mg chlorophyll а. Еь the saturating PPFD for 

photosynthesis, was calculated as: E^= Ρ max/a . 

Fluorescence 

Variable fluorescence was monitored in situ (1 e. on the culture vessel). We used the chlorophyll 

fluorescence nomenclature of van Kooten & Snel (1990) Measurements were performed using a 

PAM-Walz 101-103 fluorometer (H.Walz, Effeldnch; Schreiber, Schliwa & Bilger, 1986). A 

light-emitting diode delivered a low-intensity modulated measuring light beam that was weak 

enough not to induce any significant variable fluorescence. The measuring light was guided to the 

culture vessel through a glass fibre connection, which also collected the fluorescence emitted by the 

culture At intervals of 300 s a high-intensity saturating light pulse (> 10,000 mmol m" s" ) with a 

duration of 0.7 s was applied to the culture, in order to close all reaction centres. In this situation, 

photochemical fluorescence quenching is reduced to zero, and fluorescence is maximal. F s and F m ' 

were recorded before and during a saturating light pulse, respectively During the dark period F, and 

Fm ' are equal to the dark-adapted minimal and maximal fluorescence F 0 and F m . The maximum and 

operational quantum yield of charge separation at photosystem II was respectively calculated as 

Fv/F,n=(Fm-F0)/(Fm) in dark conditions and as Op=(Fm'-Fs)/Fm' under actinic illumination (Genty, 

Bnantais & Baker, 1989, Hofstraat et al, 1994) 

Background fluorescence was equal in distilled water, pure growth medium and culture 

supernatant, indicating that there was no interference with fluorescing medium components or algal 

excretion products. All measured fluorescence values were corrected for background fluorescence. 

Results 

Growth yield and growth rates 

Light-limited cells that were grown in turbidostat mode had, in steady state conditions, a growth 

rate of 0.50 day"1 in both the sinusoidal and the fluctuating light climate Apparently the fact that 

part of the TDLD was above saturating PPFD did not lead to decreases in the efficiency of light 

utilisation. 

Phosphate-limited cells were grown in chemostat mode at a dilution rate of 0.2 day . Since in 

steady state growth rate (μ) equals dilution rate, growth rates were also 0.2 day '. At this dilution 

rate, the cell density in the sinusoidal light climate was identical to the cell density in the light-

limited cells that were grown in turbidostat mode at 0.5 day . This is a straightforward proof that 

the cells were indeed phosphate-limited When the cells were transferred from a sinusoidal light 

regime to a fluctuating light regime, the cell density (X) in the culture vessel in steady-state 

decreased from 1 67x106 cells/ml to 0.7ІХІ06 cells/ml. If it is assumed that the phosphate-
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concentration in the culture vessel is zero (1 e all the incoming phosphate is immediately taken up 

by the cells), growth yield (Y) in steady-state can be calculated according to 

Y= X/s (3) 

where s is the phosphate concentration in the medium According to this calculation, the growth 

yield decreased from 5 68xl0 1 0 cells (mol phosphate) ' to 2 41χ1θ'° cells (mol phosphate) ' upon 

transfer from sinusoidal light to fluctuating light Apparently either the efficiency of the uptake of 

phosphate or the efficiency with which phosphate was incorporated in new cell material decreased 

in fluctuating light 

Cell size 

Light-limited cells had a spherical equivalent diameter (SED) of 4-5 pm (Fig 2a), and increased 

in size during the light period Cells grown in the sinusoidal light regime were slightly larger than 

cells grown in fluctuating light Under phosphate-limitation, cells were about 50% smaller In this 

situation, SED was not affected by light regime or time of the day 

Pigments 

In light-limited cells chlorophyll a per cell was, on a diurnal base, slightly higher in the 

fluctuating light regime (Fig 2b) The difference was not significant However, if it is taken into 

account that the cells in the fluctuating light were also slightly smaller, it could be infeired that m 

light-limited conditions the cells respond to light fluctuations by a small increase in chlorophyll a 

per biovolume Unfortunately, quantification of chlorophyll a per cell volume based on the SED 

measurements would not produce very reliable numbers because, since Ρ tncornutum is a star-

shaped diatom, SED can only be a rough estimate of cell size During the light period, cellular 

chloiophyll content increased in proportion with SED Chi с per cell was low about 15% and 10% 
(w/w) of the chlorophyll a in respectively the sinusoidal and the fluctuating light regimes (Fig 2c) 
Chlorophyll cla ratio remained at the same level during the light period 

In phosphate-limited cells, there was a 60% increase in cellular chlorophyll a content when the 
cells were transferred from the sinusoidal to the fluctuating light regime (Fig 2b) Diurnal patterns 
in chlorophyll a per cell were not detectable Chi cla ratio was not affected by light fluctuations or 
time of the day, but was 2-3 times higher than in light limited cells (Fig 2c) On average, cellulai 
chlorophyll content was not significantly different in light- and phosphate-limited cells Howevei 
since phosphate-limited cells were significantly smaller, chlorophyll per biovolume was probably 
larger in phosphate limited cells than in light-limited cells 

The ratio of absorbance at 664 nm to absorbance at 433 nm is a rough measure of the ratio of chi 
a to total carotenoids In light-limited cells this ratio was not affected by light climate or time of the 
day (Fig 2d) In phosphate limited conditions, cells that were exposed to a sinusoidal light climate 
contained relatively more carotenoids per chlorophyll a than cells in the fluctuating light climate 
(Fig 2d) On average, А664/А4Ц was not significantly different in light- and phosphate-limited cells 
However, since chi с, that also has an absorption peak around 433 nm, was significantly higher in 
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hgure 2 Patterns in cell size and physiological parameiers during the light period (means and standard deviations of 
two measurements on different days) Closed symbols P-limited cultures Open symbols light-limited cultures Circles 
sinusoidal light regime Squares fluctuating light regime 
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phosphate-limited cells (Fig 2c), it could be inferred that the ratio of chi a to total carotenoids was 
lower in phosphate-limited cells 

Absorption cross section of chlorophyll 

In light-limited cells, chlorophyll-specific absorption cross section (a*) was significantly higher 

in fluctuating than in sinusoidal light conditions (Fig 2e) The reason for this increase in a* is not 

clear as stated before, chlorophyll per cell volume probably showed a slight increase whereas 

chlorophyll с content and carotenoids remained stable upon tranferrance from sinusoidal to 
fluctuating light If anything, a* would therefore be expected to decrease in fluctuating light (Berner 
et al, 1989) In contrast to this, a* in phosphate-limited cells was totally unaffected by light 
climate Possibly the increase in cellular chlorophyll a content in fluctuating light, which would 
normally decrease a*, was counterbalanced by a decrease in the relative amount of carotenoids 

P/E characteristics and respiration 

In light-limited conditions, photosynthetic efficiency per chlorophyll (a B ) was significantly 
higher in the sinusoidal light regime than in the fluctuating light regime (Fig 3a) Maximal 
photosynthetic capacity per chlorophyll (PB

m;ix) was not affected by light regime (Fig 3b), but the 
dark respiration (RB) decreased significantly when the cells were transferred from a sinusoidal to a 
fluctuating light regime (Fig 3c) In the phosphate-limited cells, α , Ρ ,,ux and RB were 2-3- times 

lower than in the light-limited cells (Fig 3) There were no significant differences in any of these 

parameters between cells exposed to a sinusoidal or a fluctuating light regime Diurnal patterns in 

P/E characteristics were also not detectable in phosphate-limited conditions However it should be 

noted that, due to the higher cellular chlorophyll content in fluctuating light, R, Pm J X and α on a per 

cell basis (a c e", Pce"max and Rcc") were higher in fluctuating light Ek was highly variable (Fig 3d) 

In the light-limited cultures, Ek was significantly lower in the sinusoidal light regime In the 

phosphate-limited cultures, E^ was not notably affected by the light regime 

Maximum FJFm vs growth ι ate 

Fv/F l n of phosphate-limited cells was determined on dark-adapted samples growing in steady 

stale at different dilution rates (i e different levels of phosphate limitation) It was found that with 

increased phosphate limitation F v/Fm decreased from 0 45 to 0 22 (Fig 4) The relationship between 

Fv/Fm and μ was fitted according to Kolber, Zehr & Falkowski (1988) However since Fv/Fm is not 

zero at μ=0, we modified the equation to include a term for F v/Fm at zero growth 

(Fv/FJ= (Fv/Fm,max) [ 1 -e' м ] + (Fv/Fm,mm) (4) 

Where (Fv/Fm,max) is the maximum variable fluorescence that is attained in nutrient replete cells 
(Fv/F„,,min) is the maximum variable fluorescence at zero growth rate and к is a constant In 
general, the maximum measured value that F^/F„, obtained (ι e 0 45) was low πι Ρ tncornutum 

Using PAM-fluorescence techniques, maximum values of 0 65 0 70 have been found for this 

species (Geel, Versluis & Snel, 1997) and other chi с containing microalgae (Flameling & 
Kromkamp, in press) 
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Fig 4 The relationship between F»/Fm and the growth rate in phosphate limited cells The data were fit using eq with 
Fv/Fm,max= 0 30 ¥JFm min=0 15 and к = Π 

¡η situ fluorescence 

The steady-state fluorescence yield (Fs) and the maximum fluorescence yield (Fm ') were 

monitored in situ during 24 hours (In the dark, F s and F m ' are equivalent to F 0 and Fra) In hght-

limited cultures growing in the sinusoidal light regime, patterns in F s and F m ' were mainly related to 

the changes in chlorophyll concentration in the vessel and hardly responded to changes in PPFD 

(Fig 5a) In the fluctuating light regime, both F s and F m ' slightly increased during the periods of 

high PPFD (Fig 5b) Maximum PSII quantum yield in the dark (Fv/F,n) was clearly higher in 

fluctuating light (Fig 6) This corroborates with the higher values of α observed in this culture 

(Fig 3d) During the light period, PSII quantum yield (Φρ) was inversely related to PPFD In the 

sinusoidal light regime there was only a slight depression of Φρ during the light period (Fig 6a) In 

the fluctuating light regime, Φ Ρ decreased by 25% at the highest PPFD of 250 pmol photons m 2 s ' 

(Fig 6b) 

In phosphate-limited cultures, F s was strongly quenched with increasing PPFD (Fig 7) 

Fluorescence measurements on samples that were dark adapted for 5 minutes showed that the 

quenching of F s was fully reversible within 5 minutes at any time ol the day (data not shown) This 

is reflected in the completely symmetrical diurnal patterns in F s in both the sinusoidal and the 

fluctuating light regimes (Fig 7) F,n' showed more or less the same pattern as Fs, except that it 

slightly increased at very low light intensities, probably due to the presence of chlororespiration in 
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dark-adapted cells. As a result, Φρ also increased at low light intensities in phosphate-limited 

conditions (Fig 8). At higher light intensities Φ Ρ was inversely related to PPFD. In phosphate-

limited cells the decrease was much more pronounced than in light-limited conditions. Φρ 

recovered to its maximum value in 5 minutes of dark-adaptation in all conditions and at any time of 

the day (data not shown). 

The electron transport rate (ETR), ι с the rate at which electrons are generated at PSII, can be 

calculated by multiplication of ФР and PPFD (Hofstraat et al, 1994). If the relationship between 

ETR and PB (or between Φ Ρ and the quantum yield of photosynthetic oxygen production) is known, 

ETR can be used to calculate oxygen production rates (Flameling & Kromkamp, in press). 

However, in the present study the ratio between ETR and PB, as determined by synchronous 

measurement of fluorescence and oxygen production during the P/E measurements, was not 

constant (see the companion article). Ρ /ETR varied with limitation type, light regime and the 

PPFD during the measurements Therefore, in situ Φρ values (Fig 6 and 8) were not used for 

subsequent calculation of photosynthesis However, patterns in F s, F m and Φ Ρ are still useful for e.g 

the detection of photoinhibition or diurnal hysteresis in the rate of photosynthesis (see discussion). 

Discussion 

Effect of P-limitation 

P-limited cells were significantly smaller than light-limited cells (Fig. 2a). This is not surprising, 

since correlation's between cell size and hght-or nutrient-limited growth rates are commonly 

observed in microalgae (e.g. Tempest, Neijssel & Zevenboom, 1983). 

In the cultures exposed to a sinusoidal light regime, the lower chi a (Fig. 2b) and the higher a* 

(Fig. 2e) in P-hmiled cells resemble the results of Gelder et al. (1993), who described the response 

of the photosynthetic apparatus of Ρ incornutum to various types of nutrient starvation. They 

found that cellular chi a content decreased and a* increased during phosphorus starvation. Olsen, 

Knutsen & Lien (1983), Riegman, Rutgers & Mur (1985) and Kromkamp, van den Heuvel & Mur 

(1989) also observed a low chi a content under P-limiting conditions in respectively the green alga 

Chlamydomonas reinhardtii, and the cyanobactena Oscillatoria agardhii and Microcystis 

aeruginosa. 

In the fluctuating light regime of this study, however, P-limitation had the reverse effect. It can 

be concluded that the effects of P-limitation on light-harvesting capacity of P. tntornutum are 

modified by the light regime. This resembles the conclusions of Riegman et al (1985), who found 

that light-harvesting capacity of O. agardhii was determined by the relative availability of light, 

lather than by the character of the growth-limiting factor. 

P-limitalion induced a decrease in a n , Pnmax and RB, both in sinusoidal and fluctuating light. A 

decrease in P m l x and α as a result of nutrient limitation has been observed before, although the 

number of studies is limited Smith (1979) and Lean & Pick (1981) found a decrease in PmK per 

chlorophyll during phosphate-limited growth in natural phytoplankton populations However, this 

observation may also be the result of species succession. Riegman et al. (1985) found low values 

for P m a x and α per unit dry weight in P-limited cultures of О agardhii in comparison with light-
limited cultures Kromkamp et al (1989) found no effect of phosphate-limitation on P B

m a x , but a 
decrease in a n in phosphate-limited cells of M aeruginosa Smith (1983), based on a study on 
phosphate-
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limited growth of the green alga Scenedesmus quadrtcauda, suggests that Ρ max is a hyperbolic 

function of cellular phosphorus content 

Dark respiration is also lower in phosphate-limited cells than in light-limited cells (Fig 3c) 

Since mitochondrial respiration is to a large extend regulated by the availability of 

photosynthetically generated carbohydrates (Weger et al, 1989), this is probably related to the 

lower photosynthetic rates of phosphate-limited cells In accordance with this, the ratio of 

respiration to maximum gross photosynthesis is about the same in light-limited and phosphate-

limited cells (data not shown) Although there is no simple parameterization of respiration as a 

function of growth rate or gross photosynthesis, respiration is often found to be growth-rate 

dependent in both light- and nutrient-limited microalgae (see Gelder, 1992, for a review) 

A hyperbolic relationship was found between Fv/Fm and phosphate-limited growth late (Fig 4 ) 

This indicates a reduction in the photochemical energy conversion of PSII of phosphate-limited 

cells Similar results for phosphate-limited Ρ tiicornutum were reported by Gelder et al (1993) 

Inverse relationships between normalised variable fluorescence and nutrient limitation pressure 

were also reported for nitrogen-limitation (Kolber et al, 1988, and Kolber Wyman & Falkowski 

1990) and iron-limitation (Greene, Gelder and Falkowski, 1991, and Greene et al, 1994) Kolber et 

al (1988) and Greene et al (1991) relate the decrease in the photochemical energy conversion of 

PSII during iron- and nitrogen deficiency to the accompanying reduction in the relative abundance 

of the reaction centre II protein D1 According to Gelder et al ( 1993), this is also the case in 

phosphate limited cells In addition, these authors suggest that the decline in maximal fluorescence 

in nutrient starved cells is also associated with an increase in the abundance of xanthophyll-cycle 

pigments 

Kolbei et al (1988) suggest that fluorescence yield can be used to estimate the relative growth 

rate of nitrogen-deficient algae Greene et al (1994) and Falkowski el al (1991) demonstrated that 

Fv/F„, measurements can be used as a rapid tool to measure iron and nitrogen limitation in natural 

phytoplankton communities The present results indicate that this may also apply to cells growing 

under phosphate-limitation 

Influence of light fluctuations in hght-lumted cells 

In light limited cells, the maximum PPFD exceeded E^ in both the sinusoidal and the fluctuating 

light regimes (Fig 3d) Despite this, there were no signs of photoinhibition This is clear both fiom 

the diurnal course of fluorescence (Fig 5) and PSII quantum yield (Fig 6) In addition, theie was 

no deciease in a " during the day (Fig 3a) Although photoinhibition has been mentioned as a 

possible (actor influencing photosynthetic performance in fluctuating light (e g Mai ra, 1978b), this 

was apparently not the case in this study 

The growth rate of light-limited cells was 0 5 day ' in both the sinusoidal and the fluctuating 

light regime However, physiological characteristics of the cells grown in sinusoidal and fluctuating 

light were different Cells acclimated to sinusoidal light had a higher photosynthetic efficiency and 

respiration rate (Fig 3a,c) and a lower absorption per mg chlorophyll (Fig 2e) Probably the 

decrease in respiration was offset by the decrease in photosynthetic efficiency in cells acclimated to 

fluctuating light To test this assumption, we calculated the quantum yield for giowth (Φ ) using a 

set of formulas accoiding to Falkowski, Dubinsky & Wyman (198^Ь) 
Specific respiration (Rp, day ') was calculated for the growth irradiance 

RM = (μ · RB)/(PB-RB) (5) 
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Ρ was calculated at 5-minutc intervals according to eq 2, using the PPFD in the culture vessel 
(Fig 1) and the values ot PBmax and a B from Fig 3 Total accumulated photosynthesis during the 8 
h light period was estimated from these calculations. 

Total accumulated respiration in 24 h was calculated from the RB values in Fig. 3c. However, 
according to these calculations, the total respiration in 24 h exceeded the total photosynthesis 
during the light period (data not shown) This unrealistic situation probably arises from 
overestimation of respiration rates, either because the dark respiration rates were enhanced after 
illumination, or because R decreased during the dark period. So-called Enhanced Post-
Illumination Respiration (EPIR), persisting for up to 2.5 h, was observed by a number of authors 
(e.g. Flameling & Kromkamp, in press; Falkowski, Dubinsky & Santostefano, 1985a; Beardall et 
ai, 1994). EPIR can be as high as 10 times the respiration rate before illumination (Falkowski et 
ai, 1985a) In the present study, the occurrence of EPIR and/or a decrease in RB during the dark 
period is indicated by the observation that R was lowest just before the start of the light period and 
increased 3-5-fold during the light period (Fig 3c). 

Based upon these considerations, RB of eq.5 was recalculated under the assumption that RB 

during the dark period was 4 times lower than average R during the light period. Although this 
approach may be speculative, the ratio between the specific respiration in sinusoidal and fluctuating 
light was not changed. In addition, a sensitivity analysis of the model showed that if RB during the 
dark period was assumed to be even lower than 1/4 times RB during the light period, it had no effect 
on the ratio of the quantum yields for growth and photosynthesis in sinusoidal and fluctuating light 
(Φμ and Фиг, see later). RM values obtained this way were more realistic (Table 1), although RM in 
the sinusoidal light regime was still considerably higher than RM values reported by Falkowski et al. 
(1985b) for the diatom Thalasîiostra weisjlogii. However, comparison of the results of the present 
study with the results obtained by Falkowski et al. (1985b) is not entirely valid because the latter 
study was performed on cells growing in continuous light, i.e. in the absence of a light-dark cycle. 

Theoretically, the presence of bacteria in the sample could also disturb the measurements of 
algal respiration. However, bacterial numbers were low, as indicated in the methods section. 
From the RM values, total net growth efficiency (μ..) was calculated according to' 

M,= 1-[RM/(M + RM)] (6) 

με represents the fraction of fixed carbon that is retained for growth (it should be noted that, in 
contrast to μ, Цс is not a growth rale but a dimensionless fraction). Due to the lower respiration rate 
of cells acclimated to fluctuating PPFD, μβ was significantly highei in these conditions (Table 1). 
Strictly, the correct estimation of με should include a loss term for the excretion of dissolved 
organic material. However excretion is generally <5% in nutrient-saturated conditions (Williams, 
1990), so we assumed that it was negligible. 

The quantum requirement for photosynthetic oxygen production (Ι/Φ02; mol photons (mol 0 2 ) ' ' ) 
was calculated as: 

1/Фо2 = ( П 5 х а * х Е ) / Р в (7) 
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where the constant 115 is needed to uniform dimensions Ι/Φ02 was calculated from average Ρ , a* 

and E during the light period Ι/Φ02 was much lower in the sinusoidal light regime (Table 1) This 

is related to the lower photosynthetic efficiency in fluctuating light (Fig 3a) 

The quantum requirement for growth (1/Φμ, photons (C acquired for growth} ') was calculated 

as 

1/Ф,={1/Ф 0 2]/(М ехМ) (8) 

where M is the reciprocal photosynthetic quotient (CO2/O2) If NO3 is used as a nitrogen source M 
can be approximated by [C N/(C N+2)] when С N is calculated on an atom atom basis (Falkowski 
et al, 1985b) Although carbon and nitrogen content of the cells was not determined in this study, it 
is assumed that С N ratio of the light limited cells was not notably affected by the light regime, 
because both cell size and cellular chi a content were the same in sinusoidal and fluctuating PPFD 
(Fig 2a,b) Therefore M was assumed to be 0 78 in both light regimes based on а С N ratio of 7 
This is in agreement with the photosynthetic quotients of Williams & Robertson (1991) Again it 
should be noted that the (perhaps slightly arbitrary) values of these chosen parameters do not have 
any effect on the ratio of 1/Φμ in sinusoidal and fluctuating PPFD 

These calculations show that 1/Φμ was remarkably similar in the sinusoidal and the fluctuating 

light regime Apparently, the decrease in respiration compensated for the decrease in photosynthetic 

efficiency in cells acclimated to fluctuating light, such that the net effect of the change in light 

regime on the growth rate was zero 

These results differ from the results of other studies on photosynthesis of light-limited algae in 

fluctuating light For example, Cosper (1981) found that light fluctuations induced the exact 

Tabic 1 Average values of R,, (day') μ,. 1/Φη-> (photons 0 2 ) and Ι/Φμ (photons {С acquired tor growth) 
) of light limited tells grown in sinusoidal and fluctuating light 

light regime 

К 
Me 

1/Φθ2 

1/Φμ 

sinuso 

1 80 

0 2 1 8 

7 8 

46 3 

idal fluctuating 

0 66 

0 413 

16 8 

50 0 

opposite response in the marine diatom Skeletonema costatum In this species, net growth efficiency 

decreased, and respiration and photosynthetic efficiency increased in fluctuating light even though 

growth rates were not affected The author suggests that this increased respiration is related to 

photorespiratory activity Flameling & Kromkamp (1997) found that light fluctuations had no effect 

on respiration and a very minor effect on photosynthetic efficiency and maximum photosynthesis of 

the green alga Scenedesmus protuberans Respiration of the marine prymnesiophyte Phaeocyshs 

globosa was also not affected by light fluctuations (Flameling, unpublished results) This non-

uniformity in the photosynthetic response of phytoplankton to fluctuating light can be ascribed to 

variations in growth conditions or to interspecific differences 
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Influence of light fluctuations in phosphate-limited cells 

In contrast to light-limited cells, phosphate-limited cells showed strong light-dependent 
decreases in PSII quantum efficiency (Fig. 8) during the light period. However, these processes 
were readily reversible, as indicated by the symmetrical pattern in Fs and Fm ' (Fig. 7). Apparently, 
neither of the two light regimes induced irreversible photoinhibition (photodamage). 

Growth yield of phosphate-limited cells decreased with more than a factor 2 when the cells were 
transferred from sinusoidal to fluctuating light. Stated in other words, with the same amount of 
phosphate less than half of the cell material could be formed in fluctuating light, compared to 
sinusoidal light. Assuming that all the phosphate was taken up by the cells, this implies that the 
internal phosphate concentration was 2 times higher in cells acclimated to fluctuating light than in 
cells acclimated to sinusoidal light. 

In nutrient-limited algae, the relationship between the growth rate and the internal nutrient 
concentration can be described by a hyperbolic function (Droop, 1973). However, this relationship 
only holds in saturating light. Several studies show that reduction of the growth PPFD in nutrient-
limited cells can lead to an increase in the cellular content of the limiting nutrient, and, 
consequently, to a decrease in the efficiency with which this nutrient is used in cell synthesis. This 
phenomenon has been observed in nitrogen-limited diatoms and green algae (Rhee & Gotham, 
1981) and cyanobactena (Zevenboom, de Groot & Mur, 1980), and in phosphate-limited 
cyanobactena (Riegman & Mur, 1985). Riegman (1985) hypothesised that this is related to light-
induced variations in the concentration of organic precursors in the cell. He formulated a model in 
which the relative growth rate is determined by a multiplicative relationship of the internal 
concentration of organic substrates (i.e. photosynthesis products) and inorganic substrates 
(i.e. PO4") If this model is correct, an increase in the internal phosphorus concentration, without a 
change in growth rate (as was the case in this study) must be related to a reduction in the 
concentration of organic precursors in the cell. This implies that, in contrast to the situation in light-
limited cells, net photosynthesis of P-limited cells decreased in response to light fluctuations. 

To test this assumption, RM, pe, Ι/Φ02 and 1/Φμ were calculated for P-hmited cells according to 
eq. 5-8 As in light-limited cells, the total respiration in 24 h exceeded the total photosynthesis 
during the light period. Therefore, the respiration during the dark period was again assumed to be 4 
times lower than the respiration during the light period. 

Table 2 Average values ol R,, (day '), μ(, 1/Φοι (photons 0 2 ') and 1/Φμ (photons (C acquired for growth] ') 
of P-hmitcd cells grown in sinusoidal and fluctuating light 

light regime 

R„ 

Mc 

1/Φ02 

Ι/Φμ 

sinusoidal 

041 

0 330 

25 3 

98 5 

fluctuating 

0 47 

0 297 

34 1 

147 7 

The results of the calculations are presented in Table 2. Specific respiration and net growth 
efficiency were slightly higher in the fluctuating light regime, but the differences were not large. 
However, the quantum requirements for growth and photosynthesis were considerably larger in 
cells acclimated to the fluctuating light regime. Apparently, in contrast to the situation in light-
limited cells, light fluctuations had a negative effect on photosynthesis in phosphate-limited cells. If 
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these results apply to more phytoplankton species, it could be postulated that light fluctuations have 
a much more pronounced effect on phytoplankton production in conditions where nutrient 
availability limits growth (e.g. in the open ocean) than in conditions where growth is limited by 
light availability (like in coastal waters). 
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Abstract. The quantum yield for photosynthetic oxygen evolution (Φ02) and for PSII charge separation 
(Φρ), measured with variable fluorescence, was measured simultaneously in light limited and phosphate-
limited cultures of the manne diatom Phaeodactylum tncornutum, exposed to sinusoidal and fluctuating 
light regimes Relative photosynthetic electron transport rates (ETR) were calculated from ΦΡ and PPFD ΦΡ 

was lower and non-photochemical quenching started to build up earlier in phosphate-limited than in hght-
limited cells The efficiency and the maximum rate of photosynthetic oxygen evolution (PB) were also lower 
in phosphate-limited cells In all growth conditions, ETR increased faster than PB with increasing PPFD, 
resulting in a decrease in the ratio of Ρ to ETR Ρ /ETR was higher in light-limited than in phosphate-
limited cells In addition, PB/ETR was higher in cells growing in a sinusoidal light regime, especially under 
phosphate-limitation Possible explanations tor the variability in the ratio of PB and ETR are discussed 

Introduction 

Variable fluorescence measurements are a helpful tool for the rapid and non-invasive 

determination of PSII quantum yield (Φρ) of phytoplankton in situ Φ Ρ can be used to estimate 

phytoplankton photosynthesis or as an indicator of nutrient status of dark-adapted cells (Kolber, 

Zehr & Falkowski, 1988, companion article) However, straightforward estimations of 

photosynthesis by variable fluorescence measurements are often hampered, because the conversion 

factor between Φρ and the quantum yields for oxygen production (Φ02) or carbon fixation (Фс/02) 
can vary with PPFD 

Deviations from linearity may occur at low (Seaton & Walker, 1990, Oquist & Chow, 1992, 
Kroon, Prézehn & Schofield, 1993, Oberhuber, Dai & Edwards, 1993) or high PPFD (Geel, 
Versluis & Snel, 1997), or a linear relationship may not be found at all (see chapter 7) Variability 
between PSII quantum yield and the quantum yield for photosynthetic Cb evolution or ССЬ fixation 
can be the result of cyclic electron transport around photosystem II (Falkowski et al, 1986a, Prasil 
et al, 1996) or of changes in the functional cross section of PSII (Opsn) (chapter 7) In addition, 
several processes that consume O2 or influence photosynthetic oxygen evolution while leaving 
linear electron transport intact may be important Among these are Mehler reactivity (Robinson, 
1988), photorespiration (Raven & Johnston, 1991) and mitochondrial respiration (Beardall et al, 
1994) Extra variability can be observed between ΦpandΦco2> because of the occurrence of cyclic 

electron transport around photosystem I, and because electrons are used in processes other than ССЬ 
fixation, e g NO-) reduction (Robinson, 1988) The ratio of Φρ and Φ02 or ФСог can also vary 
between species (Geel et al, 1997, chapter 7), or it may be influenced by other factors, like nutrient 
availability or light history of the cells There are, to our knowledge, no studies on the effect of 
nutrient limitation on quantum yield ratios 

In this study we investigate the light-dependent behaviour of electron transport rate (calculated as 
the product of Φρ and photon flux density) and oxygen-based rates of photosynthesis in light-limited 

and phosphate-limited continuous cultures of the marine diatom Phaeodactylum tncornutum, grown 

in a sinusoidal light regime and a fluctuating light regime simulating vertical mixing In the next 

chapter, we found a strong decrease of the ratio Ф0г/Фр of Ρ tncornutum with increasing PPFD 

during the measurement (chapter 7) We will show that additional vai lability in this ratio is induced 

by phosphate limitation and light history 
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Methods 

Culture conditions 

A non-axenic strain of Phaeodactylum tricornutum was obtained from the culture collection at 

the Netherlands Institute for Sea Research (NIOZ) The organism was cultivated in Ch-saturated 

filter-sterilised (IVEX-2, 0 22 mm роге-size) MN medium with silicate, based on deiomsed water 
(Rippka et al, 1979) Salinity was 30 g 1 ' The medium was enriched with the vitamins thiamine 
(Bl) 59 nM, cyanocobalamin (B12) 0 59 nM and biolin (H) 0 16 nM Nutrient replete medium 
contained 147 μιτιο! I ' phosphate per litre Phosphate limited cells were grown in medium with a 

phosphate concentration of 29 4 μπιοί 1 ' 

Continuous cultures were grown in autoclaved 3 5 I cylindrical vessels with a light path of 6 cm 

under a 8 16 LD photocycle, starting at 9 00 h and ending at 17 00 h The cultures were illuminated 

by 400 W high pressure lamps (Philips HPIT E40) A water jacket, connected to a temperature 

controlled water bath was mounted between the cultures and the lamps to keep growth at a 

temperature of 15 CC The cultures were continuously bubbled with air to prevent CO2 limitation 

and sedimentation of the cells 

Phosphate limited cultures were grown in chemostat mode at a fixed dilution rate of 0 2 

day ' When variations in optical density and chlorophyll a content of the cultures were smaller than 

5% for at least 4 days, it was assumed that steady state growth conditions were reached Light-

limited cultures were grown in turbidostat mode, 1 e the dilution rate was adjusted to maintain a 

constant cell density in the culture vessel 

Light regimes 

The desired light regimes were modelled according to Kromkamp & Limbeek (1993) Both light-

limited and phosphate limited cultures were exposed to 2 different light regimes a sinusoidal light 

regime, simulating the diurnal intensity of solar influx at a fixed depth in the water column, and a 

fluctuating light regime, simulating the PPFD experienced by a cell that is moved from the surface 

to the bottom of the water column 4 times during the light period (see Fig 1 of chapter 5) In both 

light regimes the total daily light dose (TDLD) was 1 81 mol photons m 2 

The PPFD in the culture vessel was controlled by a system of Venetian blinds, that was mounted 

between the lamp and the culture The position of the slats of the Venetian blind could be altered by 

a step-motor, that was controlled by a computer using a specially designed software program The 

PPFD at the back of the culture vessel (Ed) was measured by three serially aligned custom-build 

light sensors, connected to the computer The mean PPFD in the culture vessel was calculated from 

Ed and the transmission Every 5 s the measured PPFD was compared with the desired PPFD and if 

necessary the position of the slats was altered The system was originally described by Kroon, van 

Hes & Mur (1992) Modifications were added according to Kromkamp & Limbeek (1993) 

P/E measurements and chloroph\ll 

Chlorophyll a was measured spectrophotometrically in a double-beam scanning 

spectrophotometer (Uvikon 940) after extraction in 95% acetone, using the equations of Jeffrey & 

Humprey (1975) Respiration and photosynthetic oxygen evolution were measured in a Dubinsky 
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chamber (Dubinsky et al, 1987) using a Polarographie oxygen electrode (YSI 5331) The chamber 

was fitted with a water jacket connected to a cryostat to keep temperature at 15±0 1 °C At one side 

of the chamber there was a small window on which the glass fibre could be placed that was 

connected to the emitter/detector unit of the PAM fluorometer (see below) Culture samples were 

dark-adapted for 15 minutes prior to the determination of dark respiration (R , mg СЬ mg chi h ) 

Oxygen production was measured at a series of increasing PPFDs, alternated by 3-minute dark 

periods Gross photosynthesis-PPFD data were fitted according to the hyperbolic tangent function of 

Jassby & Piatt (1976) 

p B = p B

m a x χ tanh (α Β χ E / P B

m a x ) ( 1 ) 

where PB,rax (mg O2 mg chi ' h ') is the gross maximal rate of photosynthesis and ocB (mg Съ mg 

chi ' h ' (mmol m 2 s ') ') is the photosynthetic efficiency The superscript В denotes that 

photosynthesis parameters are expressed per mg chlorophyll a 

Fluorescence 

Variable fluorescence was measuied synchronous with the P/E measurements in the Dubinsky 

chamber We used the chlorophyll fluorescence nomenclature of van Kooten & Snel (1990) 

Measurements were performed using a PAM-Walz 101 103 fluorometer (H Walz, Effcldnch, 

Schreiber, Schhwa & Bilgcr, 1986) A light-emitting diode delivered a low intensity modulated 

measuring light beam that was weak enough not to induce any significant variable fluorescence The 

measuring light was guided to the Dubinsky chamber through a glass fibre connection, which also 

collected the fluorescence emitted by the culture 

At intervals of 20 s a high intensity saturating light pulse (> 10,000 mmol m " s ') with a duration 

of 1 s was applied to the culture, in order to close all reaction centres In this situation 

photochemical fluorescence quenching is reduced to zero and fluorescence is maximal Fb and F m 

were recorded before and during a saturating light pulse, respectively The dark adapted values F 0 

and F m were measured during the intermittent dark periods Administration ot tar-red light (830 nm) 

during the dark periods had no effect on fluorescence levels (Fig 1), indicating that the PQ-pool 

was instantaneously oxidised as soon as the light was turned off The quantum yield of charge 

separation at photosystem II was respectively calculated as F^/Fm=(Fm-F0)/(Fm) in dark conditions 

and as 0 P = ( F m F s)/Fm under actinic illumination (Genty, Bnantais & Baker, 1989) Photochemical 

and non-photochemical quenching coefficients (qp and qbi) were calculated as qp=(Fm' F s)/(Fm ' F 0 ') 

and qN=l-(Fm'-F(1')/(Fm F„) (van Kooten & Snel, 1990) 

Relative electron transport rate (ETR) was calculated as ETR=Op · E Strictly this calculation 

should include the absorption cross section of photosystem II (apsii), but this parameter can not be 

measured with the PAM fluorometer (Hofstraat et al, 1994) Therelore values ot ETR are 

expressed in relative units, and possible variations in GPSII should be taken in consideration in the 

interpretation of patterns in ETR ETR data were fitted according to eq 1 

The background signal was equal in distilled water, pure growth medium and cultuie 

supernatant, indicating that there was no interference with fluorescing medium components or algal 

excretion products All measured fluorescence values were corrected for background signals 
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Results 

P/E measurements were performed at several different moments during the light period Since 

diurnal patterns in fluorescence or oxygen production were not observed, data from 10-14 P/E 

curves were pooled for each steady-state The results that follow are based on these pooled data 

Fluorescence 

Fig 2 shows the steady-state fluorescence (F,) and maximal fluorescence (F m ) in the P/E cui ves 
The corresponding minimum and maximum fluorescence (F 0 ' and Fm) that were measured in the 
intermittent dark periods are also presented For clarity, error bars have been omitted This was 
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necessary, because the F 0 signal increased during the light period as a result of growth However, if 

all the fluorescence values were normalised so that the initial dark-adapted value of F m was 1, the 

standard deviations were generally less than 10% It can be concluded that although the absolute 

value of fluorescence was variable, the pattern of fluorescence with PPFD was remarkably 

reproducible 

In order to obtain a reliable and reproducible value for F m or F m ' , a saturating pulse with a 

duration of 1 second had to be administered Since, within this innescale, several fluorescence 

quenching processes may take place, it should be noted that the measured maximum fluorescence 

values may be an underestimation of the real F m and F m ' 

In the light limited cultures, F s and F m ' increased at low light intensities At higher light 

intensities, both F s and F m ' decreased to values close to or slightly lower than the initial dark-

adapted value of F 0 Minimum fluorescence in the intermittent dark periods (F0 ') was more or less 

constant from 10-200 μιηοΐ photons m 2 s ', and slightly decreased at higher values Maximum 

fluorescence in the intermittent dark periods (Fm) was lower than F m ' in the range from 10-200 

μπιοί photons m " s ' In the cells grown in the sinusoidal light regime, F m and F,„' weie identical at 

higher light intensities In the cells grown in fluctuating light, F,„ was significantly higher than F,„', 

ι e maximum fluorescence increased when the light was turned off 

In the phosphate-limited cultures, F s and F m ' decreased with increasing PPFD over the whole 

range of light intensities The decrease was gradual from 10-100 μπιοί photons m " s ', but at higher 

light intensities Fb and F m ' decreased sharply F, and F m ' were quenched to almost zero at 1100 

μπιοί photons m 2 s ' in cells cultured in a sinusoidal light regime In cells cultured in a fluctuating 

light regime, F s was quenched to ±30% of F 0 at ±800 μιτιοί photons m 2 s ', higher light intensities 

were not imposed Minimum and maximum fluorescence in the intermittent dark periods were not 

much different from the values in the light, although F 0 ' tended to be slightly lower than F s The 

light regime (sinusoidal vs fluctuating) did not seem to have any effect on the fluorescence 

behaviour in phosphate-limited conditions 

Quenching coefficients and PSII quantum yield 

Fig 2 also shows the light-dependent patterns in qp, q\, Φρ and F v/Fm in the intermittent dark 

periods in the different conditions In the phosphate-limited cultures, the fluorescence at high 

PPFRs was so low that calculations of qp, qN and Φ Ρ could not properly be carried out, so these 

values were omitted from the figures 

Φ Ρ was markedly higher in light-limited conditions (see also Chapter 5) This is in accordance 

with several other studies describing the decline in PSII quantum efficiency with increasing nutrient 

limitation (e g Kolber et al, 1988, Greene et al, 1994) In light limited cells, Φρ decreased with 

increasing PPFRs, and came close to zero at E>1000 μιτιοί photons m 2 s ' In the phosphate-limited 

cultures Φρ also decreased with increasing PPFR qN started to be build up at E>150 μπιοί photons 

m - s ' in the light-limited cultures and at E>75 μιτιοί photons m 2 s ' in the phosphate-limited 

cultures F„/F,n in the intermittent dark periods was markedly higher than Φρ, although it did not 

fully reach the maximum value that was measured at the start of the P/E curve 
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Oxygen production and ETR 

P/E curves for oxygen production per mg chlorophyll (PB) and for electron transport rate (ETR) 

are presented in Fig 3 Both a B and PB

max were markedly higher in the light-limited cultures than in 

the phosphate-limited cultures (Table 1) In light-limited conditions, a B decreased in fluctuating 

light whereas PB„U X was not affected by light regime In phosphate-limited conditions, a B was not 

affected but there was a significant decrease in PB

max upon transference of the cells from the 

sinusoidal to the fluctuating light regime 

Table Ι α and P u

m „ Standard deviations in brackets 

limitation type 

Light limitation 

Phosphate-limitation 

light regime 

sinusoidal 

fluctuating 

sinusoidal 

fluctuating 

a" 

0 289 (0 057) 

0 148(0 038) 

0073(0031) 

0 090 (0 059) 

PBmax 

12 84(1 72) 

14 63(2 13) 

6 24 (0 74) 

4 86(1 73) 

Surprisingly, whereas P B showed no signs of photoinhibition, ETR declined at high light 
intensities in the light limited cultures The only physiological explanation for this would be, that 
the absoiption cross section of PSII (apsn) increases at high light intensities However, literature 
data suggest that the reverse is more likely to happen Gpsn usually decreases in high light (Kolber et 

al, 1988, Vdssihev et al, 1994), or is not affected by PPFD (Dubinsky, Falkowski & Wyman, 
1986) Clearly, an increase in öpsnin high light is not a very satisfying explanation for the observed 
patterns in ETR Perhaps the decline in ETR in high light is the result of a measurement artefact, as 
the fluorescence signals were very low at higher PPFD's In phosphate limited conditions, ETR was 
not calculated for the higher light intensities, since the difference between Fm ' and Fs was so low 
that Φρ could not be calculated (as stated before) 

The relationship between photosynthetic oxygen evolution and electron transport was not linear 
(Fig 4), especially in the phosphate-limited cells In all conditions, electron transport increased 
faster than oxygen evolution with increasing PPFD, resulting in curvilinear relationships between 
the two This is in accordance with earlier observations on this species (Geel et al, 1997, Chapter 
7) Only at very high PPFD in the light limited culture the relationship reversed, oxygen production 
still increased whereas the electron transport rate declined The opposite would be more likely to 
occur, because of the existence of alternative electron sinks at a PPFD that saturates Calvin cycle 
activity As noted before, a physiological explanation for this can not be given and we contribute 
this phenomenon to measurement artefacts 

The non-linearity between PB and ETR is more clearly visible when the ratio of P B and ETR is 
plotted as a function of PPFD (Fig 5) This graph also demonstrates that in algae growing in the 
sinusoidal light regime the ratio of PB to ETR was higher than in algae exposed to the fluctuating 
light regime This was true lor both light- and phosphate-limited cells, although the difference was 
more remarkable in the latter In addition, light limited cells had a higher ratio of P B to ETR than 
phosphate limited cells 
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Discussion 

The main purpose of this study was to investigate the difference in photosynthetic behaviour 

between light- and phosphate limited cells, and to see if the light climate might have a modulating 

effect on this In the companion article we demonstrated that the maximum PSII quantum efficiency 

(Fv/Fm) was lower in phosphate limited cells and decreased when the intensity of the limitation 

increased We also showed that the phosphate requirement of P-limited cells increased under a 

fluctuating light regime Here we take a closer look at the photosynthesis-PPFD curve and the 

relationship between the rates of photosynthetic electron transport and oxygen production 

Influence of limitation type 

The ratio of P B to ETR was lower in phosphate limited cells than in light-limited cells This can 

not be explained by increased mitochondrial respiration, since P B represents gross photosynthesis 

(ι e the initial dark respiration was subtracted from the net oxygen production at each PPFD) 

Phosphorus shortage could result in limitation of Calvin cycle activity due to 

ATP shortage This could lead to an increase of alternative electron pathways like cyclic electron 

transport around PSII, Mehler reaction and photorespiration in phosphate-limited cells, and, 

consequently, in lower PB/ETR However, this would only be manifested at high PPFD 

When comparing P B with ETR it should be noted that we measured relative ETR The true ETR 

per mg chlorophyll-a is the product of the relative ETR, the functional PSII cross section (apsii ) and 

the number of PSII per mg chlorophyll-a (nPSn) Hence a decrease in the ratio of PB vs ETR might 

be caused by either a change in Opsu or nPSn or both However, a decrease in apsii in nutrient-limited 
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Fig 5 The ratio of PB to ETR as a function of PPFD Open symbols, light-limited cells Closed symbols phosphate-
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cells is not supported by literature data Shortage of nitrogen and iron rather leads to an increase in 

Opsn, because of the loss of functional PSII centres for the ensemble of antenna (Kolber et ai, 1988; 

Greene, Geider & Falkowski, 1991 ; Greene et al., 1992). Nevertheless, these results can not directly 

be extrapolated to phosphorus limitation, because this docs not affect the photosynthetic machinery 

as directly as limitation of nitrogen or iron. 

Alternatively, the lower ratio of P B to ETR in phosphate-limited cells can be related to a decrease 

in the number of PSII per chlorophyll (Falkowski et al., 1994). A decrease in PBmax could be 

indicative of this process. Indeed, PB

111JX was lower in phosphate-limited cells than in light-limited 

cells (Table 1) 

Influence of light regime 

PB/ETR decreased when cells acclimated to a sinusoidal light regime were transferred to a 

fluctuating light regime (Fig. 5). This decrease may be related to a decrease in oPSii in fluctuating 

light. Some studies show an inverse relationship between Opsii and growth PPFD (Kolber et al, 

1988), while others (Dubinsky et al, 1986) found no effect of growth PPFD on Opsn The behaviour 

of CTpsii in fluctuating light has not been well documented Kroon ( 1994) calculated a 25% decrease 

in OHMI at mid-day in Chlorella grown in a fluctuating light regime However, peak PPFDs were 4 

times higher than in this study, and there was no comparison with cells giown in constant or 

sinusoidal light with the same TDLD. In the marine diatom Thalassiosira wei4sflogii, grown in 
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constant and fluctuating PPFD, Opsn decreased about 15% during periods of high PPFD in the 

fluctuating light regime However, average Opsn in fluctuating light was not significantly lower than 

in constant light (Chapter 4) 

A decrease in the number of PSII per chlorophyll in fluctuating light could also explain the lower 

ratio of P B to ETR (Falkowski et a l , 1994) This could especially be the case in phosphate-limited 

cells, since in these conditions a significant decrease in PBmax was observed (Table 1) 

Light-induced increases in Fm 

In the light limited cultures F m ' increased to values above F m at low PPFDs (Fig 2) Quenching 

of F m in the dark due to energetization of the thylakoid membrane has been observed in several 

chlorophyll-c containing algae (Buchel and Wilhelm, 1993) The rise in F m ' in low light, compared 

to the F m in dark conditions, can be explained by a change in excitation spill over between PSII and 

PSI, chlororespiration (Peltier and Schmidt, 1991, Ting and Owens, 1993), and changes in Opsn due 

to a state II to I transition A significant state II to I transition would be visible as an increase in Fu' 

as well as in F m ' , but would not affect F v/Fm A decrease in chlororespiration would increase F v/Fm 

in low light In this study, an increase in F 0 ' was not observed Therefore, the increase in F,„' in low 

light relative to F m was probably due to the occurrence of chlororespiration in the dark Since we did 

not carry out studies using inhibitors of chlororespiration or uncouplers we were not able to verify 

this 

Explanations for the non linearity of Ρ /ETR 

The non-linearity between oxygen- and fluorescence based estimates of photosynthesis with 

increasing PPFD has been observed in several other photosynthetic organisms as well In higher 

plants, the deviations from linearity between Φ Ρ and Φ02 (the quantum yield ol photosynthetic 

oxygen evolution) are usually restricted to low PPFD's (Seaton & Walker, 1990, Oquist & Chow 

1992, Oberhuber et al, 1993) This can be ascribed to PSII heterogeneity (Schreiber et al, 1995) In 

several other studies, a linear relationship between oxygen- and fluorescence based calculations ot 

photosynthesis was found throughout the whole range of light intensities in higher plants (e g 

Bjorkman & Demmig, 1987, Demmig & Bjorkman, 1987, Genty et al, 1989 1990, 1992, Strand & 

Lundmark, 1995) It should be noted, however, that most of these studies were performed at non 

photorespiratory conditions (1 e low oxygen and high ССь concentration) 

By using О and mass spectrometry, Genty et al (1992) were able to estimate unidirectional СЬ 
fluxes in leaves, without artefacts due to photorespiration, mitochondrial respiration or Mchler 
reaction This way they demonstrated a perfectly linear relationship between ФР and Ф02 
Apparently Фр is in principle a reliable measure of photosynthetic assimilation rates in higher 
plants 

Studies on microalgae show more variability between Фр and Фо: (e g Rees et al, 1992, Gccl et 

al, 1997, Chapter 7) This can partly be explained by the fact that photosynthesis is more easily 
saturated in microalgae than in higher plants Artefacts due to Calvin cycle limitation, like 
photorespiration and Mehler reaction, are therefore more liable to exist in micioalgae 

The results of this study show that in all Ρ iinornutum cultures, the latio of Pn to ETR 

decreased with increasing PPFD This non-linearity can be caused by several processes These 
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include cyclic electron transport around photosystem II. pseudo-cyclic electron transport (or Mehler-

peroxidase reaction), light-dependent mitochondrial respiration, photorespiration, and light-

dependent changes in PSII cross-section (CTpsn) and photosynthesis turnover time We will briefly 

summarise these processes here 

Cyclic electron transport around photosystem II was postulated by Falkowski et al (1986a) and 

Prasil et al (1996) as an alternative electron pathway to dissipate excess electron flow at high 

PPFD It results in a decreased oxygen production, but is not visible in the fluorescence signal In 

contrast, Schreiber et al (1995) suggest that cyclic PSII electron flow happens at low PPFD So far, 

there is still controversy about whether and in which conditions this phenomenon exists 

Mehler-peroxidase reaction, or pseudocychc electron transport, is by some authors regarded as 

the most likely explanation for deviations of oxygen- and fluorescence based estimates of 

photosynthesis (Rees et al, 1992, Geel et al , 1997) In the Mehler reaction, reduced ferredoxin at 

the donor site of PSI donates electrons to Cb instead of to NADP+, which is the usual terminal 

electron acceptor in the photosynthetic electron transport chain Reduction of oxygen results in the 

formation of tree superoxide radicals, that are rapidly converted in the chloroplast in a series of 

enzymatic reactions to oxygen and water (Robinson, 1988) Like in cyclic electron transport around 

PS II, Mehlei reaction results in a decreased oxygen production, but is not visible in the 

fluorescence signal Mehler reaction will preferably occur at high PPFD (Kana, 1992) 

Stimulation of mitochondrial respiration in the light is a common phenomenon in microalgae 

(Beardall et al, 1994, Falkowski, Greene & Kolber, 1994) Since it results in a decrease of net 

oxygen production, it can be an explanation for deviations in the ratio of P B to ETR However, in 

this study it was not observed (data not shown) 

Photorespiration could also be a mechanism decreasing net photosynthetic oxygen production 

However, photorespiratory activity is effectively suppressed in aquatic microalgae (Ogren, 1984, 

Glover, 1989, Raven & Johnston, 1991) Geel et al (1997) and Flameling & Kromkamp (in press, 

chaptei 7) found no effect of bicarbonate addition on the relationship between oxygen production 

and PSII electron flow in Ρ tricornutum This indicates that photorespiration can probably be 

excluded as one of the reasons for non-linearity between P B and ETR, at least in light-limited 

conditions 

Finally, during the P/E measurements the ambient PPFD can affect the number of functional PSII 

units, apsii and the number of PSII per chlorophyll Since this will not directly affect the efficiency 

of functional PSII, these processes are not detectable in the Φρ signal However, total oxygen 

production by the ensemble of PSII will be reduced 

Concludingly, it can be stated that the relationship between PSII electron flow and oxygen-based 

photosynthesis is very flexible in this microalga This seems especially to be the case in phosphate-

limited conditions 
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Abstract. Quantum yields of PSII charge séparation (Φ|>) and oxygen production (Φ0ι) were determined by 
simultaneous measurements ot oxygen production and variable fluorescence in tour different aquatic 
microalgae representing three different taxonomie groups the freshwater alga Sceiiedesmnsptotubetans 
(Chlorophyceae) and the marine algae Phaeocystts globosa (Prymnesiophyceae) Emthama huxlew 
(Prymnesiophyceae) and Phaeodad\lum tntornutum (Bacillanophvceac) In S piotuheram Ρ tritornutum 
and E huxleyi light-dependent variability was observed in the ratio of Φ07 to Φρ ι e in the number of 
oxygen molecules produced per electron generated by PSII The ratio Ф0->/ФР was highly variable at low 
light intensities (E<0 5Ek), and at higher light intensities (h>0 5bk) Φ0ι/ΦΡ showed a non linear decrease 
with increasing PPFD In contrast, in Ρ ¡-lobosa, a trend in Фоз/Фр could not be distinguished, and this 
species showed a decrease in Φ()·>/Φρ during the day, indicating a dependency of Φ0·>/Φρ on light history 
Additionally, considerable interspecific quantitative differences in Φ0ι/Φρ were observed Two possible 
interpretations to explain the variability in Фог/Фр arc discussed Assuming that Φι is a reliable measure of 
the quantum yield for charge separation at PSII one interpretation is that net oxygen production is 
influenced by processes that consume oxygen or affect linear electron transport e g cyclic electron 
transport around photosystem II (PSII), pseudocychc electron transport in the Mehler reaction Rubisco 
oxygenase activity and light dependent mitochondrial respiration A second interpretation, however, 
suggests that at saturating light, changes in photosynthesis turnover lime occur, such that ΦΡ does not predict 
the steady-state 02 yield 

Introduction 

Quantum yields of phytoplankton photosynthesis are usually defined as the quantum yields for 
O2 production (Φ02) or С fixation (Фсо2) (Kok, 1948, Myers, 1980, Bdbin et al 1996) Since 
measurements о! Ф02 and Фсо: ¿re laborious and time-consuming, much attention has been focused 
lately on the use ol vanable chlorophyll Muorescence as a tool to measure the quantum yield ol 
charge separation in photosystem II (PSII) reaction centres (Genty et al, 1989) This technique is 
rapid and non-invasive and may offer high temporal and spatial resolution, when used in field 
measurements (Schreiber et al, 1986) Theoretically, the tate of non-cyclic photosynthetic electron 
transport of a PSII (J) can be calculated trom the quantum yield of PSII charge separation (Φρ) 
according to 

Ь Ф р Е а Р Ч н (1) 

where E is the incident PPFD and Opsn is the absorption cioss section of PSII, which determines the 
fiaction of the incident PPFD that is actually used by PSII (e g Kolber and Falkowski, 1993, Kroon, 
1991, Holstraat et al, 1994, Biehler and Fock, 1995) 

In order to use J as a measure for photosynthesis, the relationships between ΦΡ, Φυ2 and Фсш 
have to be well established According to the stoichiometry ol the Z-scheme, 4 stable charge 
separations at both PSII and PSI are needed for the production of one oxygen molecule Therefore, 
Ф02 has a theoretical maximum of 0 125хФ Р (Кок, 1948) The ratio of the quantum yields for 
oxygen production and charge separation (Фо2/Фр) is a useful parameter to describe the efficiency 
of oxygen production by linear electron transport generated by PSII 

Since chaige separation and oxygen production aie closely coupled processes, both representing 
PSII activity, laigc variability in Фо->/Фр is not expected under physiological conditions In contrast, 
the coupling between Ф 0 2 and Фцл is supposed to be less strict because ol the occurrence of cyclic 
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electron transport around photosystem I (PSI) and because photosynthetically generated reducing 

power is used for processes other than CO2 fixation, i.e NOV reduction and thiolation of chloroplast 

enzymes (Robinson, 1988; Williams and Robertson, 1991) 

Experimental comparison of Φρ, Φο2 and Фсоз has yielded contradictory results. Non-linearity of 
ФР and Ф02 was observed in marine microalgae (Schreiber et al., 1995), macroalgae (Haneil and 
Nultsch, 1995) and higher plants (Biehler and Fock, 1995) In contrast, a linear relationship between 
Фр and Φ02 was observed in green alga (Kroon, 1991; Holmes et al, 1989) and in some higher 

plants (Strand and Lundmark, 1995; Genty, 1992). Indications for linearity between Фр and Фсог 
were obtained in higher plants (Genty et al., 1989; Edwards and Baker, 1993). Close coupling 
between Фр and Ф02, but not between Ф02 and Фсо2 has been observed by Kroon et al. (1993) in the 
dinoflagellate Heterocapsa pygmaea. Clearly, further research is needed in order to use J as a 
reliable measure of photosynthesis. 

We studied the light-dependency and the occurrence of diurnal patterns in Фр and Ф02 m 
light-limited continuous cultures of four different aquatic microalgae representing different taxono
mie groups The freshwater alga Scenedesmus protuberans (Chlorophyceae) and the chlorophyll 
c-containing marine algae Phaeodactylum tricornutum (Bacillanophyceae), Phaeocystis globosa 

and Emiliania huxleyi (Prymnesiophyceae). The results show considerable light-dependent 
variability in Фоз^Фр in all species. 

Methods 

Culture conditions 

The freshwater alga 5 protuberans was cultivated in Ovsaturated filter-sterilised BG/11 fresh 
water medium, enriched with trace metal mix. The marine species were grown in filter- sterilised 
MN medium, enriched with trace metal mix and the vitamins thiamine (B) 74 nM, cyanocobalamin 
(B12) 18 nM and biotine (H) 100 nM (both media according to Rippka et al., 1979). В12 was not 
added to P. globosa medium, because it was found to impair growth of this species. P. globosa did 
not form colonies. 150 mM Na2SiOi was added to the P. tricornutum medium Continuous cultures 
were grown in sterilised flat culture vessels under a 10:14 LD photocycle. The cultures were 
illuminated by 400 W high pressure lamps (Philips HPIT E40). A water jacket, connected to a 
temperature-controlled water bath was mounted between the cultures and the lamps to keep growth 
at constant temperature. The cultures were continuously bubbled with sterile water-saturated air to 
prevent ССЬ limitation or sedimentation of the cells The diurnal course of the PPFD in the cultures 
was regulated by a computer-controlled system of Venetian blinds, as described by Kromkamp and 
Limbeek (1993) The cultures were exposed to a sinusoidal diurnal light regime, simulating diurnal 
PPFD in the absence of vertical mixing. Total daily light dose (TDLD) and maximum PPFD are 
given in Table I, together with other culture variables. 

Analyses 

Chlorophyll a was measured spectrophotometncally after extraction in 95% boiling methanol for 
S. protuberans (Iwamura et al., 1970) or extraction in 95% acetone for the other species (Jeffrey and 
Humprey, 1975) In vivo absorption was measured spectrophotometncally according to Shibata et 
al (1954) Chlorophyll-specific absorption cross sections (a1·, m2 (mg chi)' ') were calculated trom 
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Table 1 Medium type and cullure conditions, of the different species Maximum PPFD (Em„ mmol m 2 s ') 
refers tp the peak intensity imposed on the algae in a sinusoidal light regime during the light period of a 10 14 
L D cycle D dilution rate (day ) Τ culture temperature (°C) 

species E,,„ D 1 medium 

S protuberans 

Ρ globosa 

E huxleyi 

Ρ tncornutum 

the chlorophyll concentration and the in vivo absorption (Dubinsky et al, 1986) Al! absorption 

measurements were performed using a Uvikon 940 double beam scanning spectrophotometer At 

lh, 5h and 7 5h after the start ot the light period, subsamples were drawn fiom the culture 

Photosynthetic oxygen evolution and PAM fluorescence ot the subsamples were recorded 

simultaneously in a specially designed Dubinsky-chambei (Dubinsky et al, 1987) at the growth 

temperature The chi α-conccntration in the chamber vaiied between 6 0 and 6 3 mg 1 ' for S 

protuberans, 0 94-0 98 mg 1 ' lor Ρ globosa, 1 19-1 45 mg I ' for E huxlevi and I 36-1 57 mg I ' for 

Ρ tncornutum 

The algae were dark-adapted for 15 minutes and subsequently exposed for 2-4 mm to increasing 

PPFDs of white light Steady-state fluorescence (Fs) and maximal fluorescence (F,„ ) were measured 

using a PAM-Walz 101-103 fluorometer (H Walz, Effeltnch, Schreiber et al, 1986) A 

light-emitting diode delivered a low-intensity modulated measuring light beam that was weak 

enough not to induce any significant variable fluorescence The measuring light was guided to the 

Dubinsky chamber through a glass libre connection (101-F5, Walz), which also collected the 

fluorescence emitted by the sample At intervals of 30s a high-intensity saturating light pulse 

(Schott KLI500 E, E>10,000 mmol m 2 s ') with a duration of 0 5-0 7 s was applied to the culture 

sample, in order to close all reaction centres In this situation, photochemical fluorescence 

quenching is reduced to zero, and fluorescence is maximal Increasing the pulse duration or 

decreasing the chi concentration in the chamber had no effect on PSII efficiency, indicating that the 

pulse was indeed saturating F s and F,„ were recorded before and during a saturating light pulse, 

respectively All measured fluorescence values were corrected for background signals Oxygen 

production was measured using a Polarographie oxygen electrode (YSI 5331 ) 

Quantum \ield calculations 

Maximum quantum yield for charge separation (Fv/Fm, mol charge separation (mol quanta) ') 

was measured at the end of the dark adaptation period F v/Fm was calculated as 

F,/Fm = (Fm-F0)/Fm (2) 

In which F„, and F 0 represent the maximum and minimum fluorescence of open reaction centres ι e 
after >15 min of dark adaptation ¥^i¥m was independent ot cell density of the sample (data not 
shown) 
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Operational quantum yields for charge separation (Φρ) were calculated as 

Φρ = (Fm'-Fs)/Fm· (3) 

Where F m and F s represent maximum and steady-stale fluorescence under actinic illumination, 

respectively 

Gross oxygen production was calculated by adding the initial dark respiration to the oxygen 

evolution data P/E curves were fitted according to the hyperbolic tangent function of Jassby and 

Piatt (1976) Photosynthesis efficiency (ocB, mg 0 2 (mg chi) ' h ' (mmol m 2 s ') '), maximal 

photosynthetic capacity (РВ

1ІЫХ, mg СЬ (mg chi) ' h ') and saturating PPFD (E K =P B

m a x /a B , mmol m 2 

s ') were derived from the fit Maximum quantum yield for O2 production (Фогтах rnol quanta (mol 

0 2 ) ') was calculated as 

Фо2тах = а в / ( І 1 5 х а * ) (4) 

where the constant 115 is needed to uniform dimensions The operational quantum yield for 0-> 

production (Ф01) was calculated as 

Ф о 2 = Р В / ( И 5 х а * х Е ) (5) 

Results 

P/E data 

All measurements were performed at least in duplicate Since measurements performed on 
di fièrent days showed the same pattern, for reasons of clarity we chose to use a data set obtained on 
a single day for each species Fig 1 and Table 2 present photosynthesis characteristics and 
chlorophyll-specific absorption cross sections of the four different species, measured lh, 5h and 
7 5h after the start of the light period 

The interspecific differences in α and Ρ m a x were considerable covering respectively a half and 

almost one order ol magnitude The highest values of PB,„ax were reached in Ρ globosa whereas 

both α and Ρ m a x were lowest in S protuberans, the only chlorophyll-b containing species Ρ l i m 

decreased during the light period in S protuberans, Ρ globosa and E huxleyi This diurnal pattern 

was especially pronounced in Ρ globosa Diurnal patterns in aB and in chlorophyll-specific 

absorption cross section (a*) could not be observed (Table 2) Despite the large interspecific 

differences in photosynthetic characteristics, maximum quantum yields of charge separation and 

oxygen production (Fv/Fm and Фогтах) of the different species had comparable values (Table 2) To 
a great extent the observed interspecific differences in α can be explained by differences in 

chlorophyll-specific absorption cross section (a*) Similar results were obtained by Welschmeyer 

and Loreii7en ( 1981 ) in the comparison of carbon based efficiencies and quantum yields of a 

number of phytoplankton species Apparently interspecific variability in photosynthetic efficiencies 

ol light limited algae can only to a limited extend be explained by variability in quantum yields 
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Table 2 a B (mg O, (mg chi) ' h ' (mmol m 2 s ') '), Рв„,ах (mg О, (mg chi) ' h '), Ek (mmol m 2 s '), RB (mg О, 
(mg chi) h ), Фп2лм> (photons 0 2 '), PJFm and a* (m-i (mg chi) ') of'he tour species measured al different 
limes of the day nd not done 

pB 
1
 max 

32 
30 
24 
21 9 
137 
80 
11 8 
93 
62 
10 1 
11 4 
109 

E
k 

66 7 
71 4 
54 6 
2190 
105 4 
80 0 
84 3 
54 7 
29 5 
140 3 
165 2 
158 0 

ĵ B M 

0 36 
0 50 
0 67 
1 83 
1 49 
2 63 
0 60 
1 75 
1 92 
1 23 
1 33 
1 49 

ni (b) 

nd 
1 22 
1 11 
nd 
4 73 

3 89 
4 38 
2 00 
3 26 
4 38 
2 33 

3 33 

* 0 2
m l
. 

0 059 
0 051 
0 051 
0 057 
0 065 
0 046 
0 037 
0 049 
0 061 
0 048 
0 038 
0 043 

Γν/Γ„, 

0 69 

0 68 

0 66 

0 60 
0 57 

0 54 

0 63 
051 

0 49 

0 35 

0 35 
0 34 

a* 

0 0070 

0 0072 

0 0075 
00154 

00175 

00187 

0 033 

0 030 

0 030 

00131 

0 0160 

00141 

(a) in dark-adapted cells 

(b) after illumination 

Fluorescence 

The course of sleady-.statc fluorescence (F,) and maximal fluorescence (F,n') of the different 

species at a range of light intensities is shown in Fig 2 When E<EK, F s remained constant in S 

protuberans, whereas F, increased by 15-30% in the chi c-containing algae Similar differences 

between light-dependent behaviour of F s of chlorophytes and chi c-containing algae were observed 

by Falkowski et al (1986b) As light became saturating (E>Ek), F s was progressively quenched in 

all species Quenching of F s to values below F 0 was observed in S protuberans, E huxleyi and Ρ 

tricornutum. This pattern was especially pronounced in Ρ tricornutum, where F s was quenched to 

<20% of F 0 at high light intensities 

According to Falkowski et al (1986b), a light-dependent increase of F m ' may be expected in chi 

c-containing algae at E<E|( due to light-induced changes in Opsn. Indeed, increases in Fm ' at low light 

intensities (E<0 2Ek) were observed in Ρ globosa and Ρ tricornutum but not in E huxleyi 

Maximum fluorescence yield was reached at I>0 2Ik in both species and was slightly quenched at 

higher, subsaturatmg light intensities In S protuberans and E huxleyi, variable fluorescence was 

maximal in dark-adapted cells and F m ' was slightly quenched with increasing light intensities at 

subsaturatmg light intensities (E>Ek) At saturating light intensities (E>Ek), Fm ' sharply decreased to 

values close to F s in all species 

With the exception of Λ tricornutum, it may be stated that quenching of both F s and F m ' was 

more pronounced and started at lower light intensities in the samples that were taken at the end of 

the light period This is not surprising, since P B

m a x (and subsequently Ek) decreased during the day 

in these species Consistent with this, diurnal patterns in Ρ m a x were absent in Ρ tricornutum (Table 

2) 

5 protuberans 

Ρ globosa 

E huxleyi 

Ρ tricornutum 

9 00h 

13 00h 

15 30h 

9 00h 

13 00h 

15 30h 

9 00h 

13 00h 

15 30h 

9 00h 

13 00h 

15 30h 

0 048 

0 042 

0 044 

0 10 

0 13 

0 10 
0 14 

0 17 

0 21 

0 072 

0 069 

0 069 
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Fig 1 Net photosynthesis (PB mg 0 2 mg chi ' h ') as a lunclion ol PPFD at Ih (circles) 5h (squares) and 7 5h 
(Inangles) aíter the start of the light period Closed symbols polarographically measured 0 2 production Open symbols 
0 2 production calculated according to equation 6 A Scenedesmui protuberans В Phaeocystis globosa С Cmihania 
hiixlew D PhaeodacPjlum tncornutum 

Maximum and operational quantum yields 

Although maximum quantum yield of charge separation (Fv/Fm) has been reported to reach 
values of 0 7-0 8 in various phytoplankton species or assemblages growing under light-limited 
conditions (e g Gilmour et al 1984, Greene et al, 1994, Hofstraat et al, 1994), in this study Fv/Fm 

had consistently lower values for all species Fv/Fnl ranged from 0 7 in S protuberans to 0 4 in Ρ 
tncornutum (Table 2) However for the latter species the low values recorded in this study may be 
due to specific culture conditions, since Fv/Fm values of approximately 0 65 were observed by 
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0 10 100 1000 0 10 

Ε (μπποΙ photons m"2 s"1) 

ι — I 
100 1000 

Fig 2 Steady-stale fluorescence (Fs, closed symbols) and maximal fluorescence (F,„', open symbols) as a function ot 
PPFD at lh (circles), 5h (squares) and 7 5h (triangles) after the start of the light period Minimum and maximum 
fluorescence (F„ and Fm) are shown on the Y-axis A Scenedcsmus рюшЬегат В Phaeoi\ s/n ¡¡Inbnm С hmiliama 
liu\leyi D Phaeodacr\liim tiicornutum The arrows indicale Ek al Ih (long arrow), 5h (intermediate arrow) and 7 5h 
(short arrow) 
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0 10 100 1000 0 10 

Ε (μητοΙ photons m"2 s"1) 

Fig 3 Opcralional quantum yields for charge separation (ΦΡ, closed symbols) and oxygen production (Ф0г. open 
symbols) as a (unction of PPFD al Ih (circles), 5h (squares) and 7 5h (triangles) after the start of the light period FJFm 

and Ф02 m „ are shown on the Y-axis Л Scenedesmus protuberans В Phaeocystis globosa С Emiltama huxleyi D 
Phaeodacnlum tncornulum 

Greene et al. (1991, 1992) and Geel et al. (1997) Longer dark-adaptation did not result in higher 
values for Fv/Fm in any of the species Apparently 15 minutes of dark adaptation were sufficient to 
achieve complete relaxation of photochemical quenching. One explanation for the relatively low 
Fv/Fm-ratios might be that we used relatively high measuring light intensities (settings 6-8 on PAM-
101) in oider to get a reliable signal This could have caused some variable fluorescence, and hence 
an overestimation of Fu Also, the algal species we used, with the exception of Scenedeunus, do not 
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form grana in the chloroplast This difference in chloroplast organisation might be responsible for 
an apparently lower Fv/Fm 

A general pattern in operational quantum yields of charge separation (ΦΡ) could be observed in 
all species (Fig 3, closed symbols) At low light intensities (E<30 mmol m 2 s ') Φρ was 
more or less constant and close to Fv/Fm, indicating that linear electron transport proceeded with 
almost maximal efficiency At higher light intensities, ΦΡ was inversely related to PPFD The 
light-dependent patterns in Φ02 resembled the patterns in Φρ (Fig 3, open symbols) At low light 
intensities (E<20 mmol m 2 s '), Φ02 was highly variable 

Calculation of Фог/Фр revealed that, in general, the efficiency of oxygen production due to linear 
electron transport generated by PSII was maximal in low light In S protuberans Ρ tncornuium 
and E huxleyi Фог/Фр decreased more or less logarithmically with increasing 

о 

100 1000 0 1 10 100 

Ε (μπηοΙ photons m 2 s1) 

юоо 

Fig 4 Фог/Фр as a lunction of PPFD at 1 h (circles), 5h (squares) jnd 7 5h (triangles) after the Man of the light period 
№02 ш )/(Fv/Fm ) 'S shown on the Y-axis A Scenedesmusprotuberans В Phaeoctstis gfobuui С Emiliania huxle)i 
D Phaeodactylum tricornutum The arrows indicate Ek at Ih (long arrow) 5h (intermediate arrow) and 7 5h (short 
arrow) 
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PPFD (Fig.4) In S. protuberans Фог/Фр started to decrease at saturating light intensities (i e. E>Ek), 
whereas in P. tritornutum and E. huxleyi Фог/Фр started to decrease before saturating 
PPFD was reached (E<E|<). E huxleyi was the only species in which Фог/Фр reached a constant, 
minimum value at light intensities above 100 pmol m " s ' (i.e. above EJ . In P. globosa, the 

patterns in Фог/Фр were less clear. In this species, Фог/Фр was highest at the start of the light 

period. 

Discussion 

From the results, it can be concluded that the efficiency of oxygen production by linear electron 

transport generated by PSII (Фог/Фр), 's generally maximal in low light. Using the dark-adapted 

maximum values of Фог mjx/(Fv/Fm) (Fig 3), the theoretical gross photosynthetic Ог production can 

be calculated from fluorescence measurements (assuming a constant Gpsn)' 

P B = Ε X a* X ^02,max/(Fv/Fm)) χ Фр (6) 

Comparison of calculated and measured Ог production shows a consistent overestimation of Ог 

production with increasing PPFD in all species (Fig. 1, open symbols), due to the decline in Фог/Фр· 

The difference between calculated and measured values may be up to 300%, as in S. protuberans. 

Explanations for the variability in Фог/Фр 

Basically, there are two possible interpretations of the observed non-linearity of Фог and Фр, yet 

these interpretations are not mutually exclusive. The processes that they assume may occur 

simultaneously and have a cumulative effect. 

Firstly, it can be assumed that Фр is a reliable measure of the operational quantum yield for 

charge separation at PSII (Genty et al., 1989), and hence that the product of Фр and E is a good 

measure for the rate of PSII electron transport. However, several processes that consume Ог or 

influence photosynthetic Ог evolution, without affecting the number of electrons generated at PSII, 

may be responsible for the light-dependent decrease in Фог/Фр This explanation is supported by 

Genty et al. (1992), who demonstrated a linear relationship between Фр and Фог m barley and 

beans using different stable isotopes of oxygen. Among the processes influencing net PSII electron 

production or net oxygen evolution are cyclic electron flow around PSII, light-dependent mito

chondrial respiration, pseudocyclic electron transport (or Mehler reaction), Rubisco oxygenase 

activity, and PSII heterogeneity. We will briefly discuss each of these processes here. 

Falkowski et al. (1986a,b) and Prasil et al. (1996) found deviation of linearity of oxygen flash 
yield and variable fluorescence yield in a number of microalgae. The deviation started when 
photosynthetic rates reached light saturation, in other words, there was a residual amount of variable 
fluorescence yield left when oxygen flash yield approached zero. These results were attributed to the 
occurrence of a cyclic electron flow around PSII at saturating light intensities The authors suggest a 
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model in which electrons are transported from PQH2 via Cyt b 559 to Ζ This process is only likely 
to occur at a high redox state of the plastoquinone pool, 1 e at or near saturating light intensities 

A different, simpler explanation for the deviation of Φρ and Φ02 may be that mitochondrial 
respiration rates are controlled by PPFD Not including this probability in the calculation of gross 
oxygen production, as was the case in this study, may result in consistent underestimation of gross 
oxygen production rates and consequently of Φ02 Experimental evidence for increases in 
mitochondrial respiration rate in the light has been found for a number of chi t-containing algae 
(Grande et al, 1989, Weger et al, 1989, Danen et al, 1992, Beardall et al, 1994) The higher 
mitochondrial respiration rates in the light are probably due to increased substrate supply by 
photosynthesis This would imply a quantitative relationship between photosynthesis and 
respiration Consequently, light-induced increases in mitochondrial respiration probably occur at 
subsaturating light intensities, and stabilise at E>Ek Although mitochondrial respiration was not 
directly measured in the light in this study, increased dark respiration rates were observed in the first 
15 minutes of darkness following a P/E measurement The increases were highly variable (Table 2) 
Although not direct evidence, these enhanced post-illumination respiration (EPIR) rates are 
indicative of increased mitochondrial respiration in the light We have recalculated Φ02, with the 
assumption that respiration linearly increased from the dark adapted value to EPIR at E<Ek, and 
respiration was constant at E>Ek This removes most of the non-linearity of Фог/Фр in E huxle\t, 
because this species showed a more or less constant ratio of Фог/Фр at higher PPFDs However, 
increased respiration can not explain the decrease in the ratio Фог/Фр above Ek for the other 
species 

A third process that has potential impact on the ratio of Φρ and Φ02 is the Mehler-peroxidase 
reaction, which is also referred to as pseudocyclic electron transport (Robinson, 1988) In the 
Mehler reaction, reduced ferredoxin at the donor site of PSI donates electrons to O2 instead of lo 
NADP+, which is the usual terminal electron acceptor in the photosynthetic electron transport chain 
Reduction of oxygen results in the formation of (ree superoxide radicals, that are rapidly converted 
in the chloroplast in a series of enzymatic reactions to oxygen and water Mehler reaction activity 
has been observed in a wide range of organisms, including cyanobactena (Kana 1992, 1993), 
Scenedesmus sp (Radmer and Kok, 1976, Radmer and Olhnger. 1980, Radmer et al, 1978) and 
higher plants (e g Can vin étal, 1980, Neubauer and Yamamoto, 1994) Reesetal (1992) found 
evidence for strong Mehler reaction activity in the green alga Dunaliella The net oxygen yield ot 
the Mehler reaction is zero Mehler reaction activity will preferably occur when the oxygen 
concentration is high and the supply of reductant is in excess of the demands of reductant by the 
carbon fixation cycle, 1 e when PPFD is saturating and the rate of photosynthetic carbon fixation is 
maximal (Kana, 1992) However, it was also observed at subsaturating PPFDs in a cyanobaclcnum 
(Kana, 1993) In higher plants, Mehler activity was shown to be a function of PPFD at maximal 
carbon fixation rates (Canvin et al, 1980) This underlines the possible role of the Mehler reaction 
as a mechanism to support additional linear electron transport and ATP production in conditions 
where the rate of linear electron transport is limited by the rate of NADP+ removal by the carbon 
fixation cycle The maximum quantitative contribution of Mehler-type electron transport to the total 
linear electron transport may be considerable, ranging from 10-50% (Furbank et al, 1982, Капа, 
1993) Schreiber et al (1995b) hypothesise that the trans thylakoid ΔρΗ gradient that is induced by 
the Mehler reaction plays a role in the dissipation of excess energy at high PPFD Thus, the Mehler 
reaction may function as a protective mechanism against the harmful effects of high PPFD 
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Photorespiration, initiated by the oxygenase activity of nbulosebisphosphate carboxyla
se/oxygenase (Rubisco) may be a fourth mechanism decreasing Фог/Фр However, it is not likely 
that photorespiration is quantitatively important in most microalgae, since photorespiratory activity 
in these organisms is effectively suppressed by the presence of CC>2-concentrating mechanisms 
(Ogren, 1984, Glover, 1989, Raven and Johnston, 1991) E huxleyi may be an exception to this 
(Raven and Johnston, 1991) We have tested the presence of photorespiration in batch cultures of £ 
huxleyi and Ρ tncornutum Non-photorespiratory (NPR) conditions were applied by addition of 0 2 
g 1 ' NaHCOi, in combination with flushing with N2 and C0 2 gas in order to lower the pH to 7 and 
the oxygen concentration to 40% saturation Φρ and Φ02 were measured as usual NPR conditions 
had no influence on patterns in Фог/Фр in both species (Fig 5) It should be remarked that the 
application of NPR conditions is more complicated in aquatic systems than in air, since CO2-
concentration in the water is mainly a function of pH This makes it difficult to separate the effects 
of increased CO2 concentration from direct pH effects 

PSII-heterogeneity might also add to the non-linearity between Φρ and Φ02 (see Melis, 1991 for 
a review) Hormann et al (1994) and Schreiber et ai (1995a) demonstrated a linear relationship 
between Φρ and Φ02 at high PPFDs, but a deviation from non-linearity at high quantum 
efficiencies, 1 e at low PPFDs Using artificial electron acceptors these authors were able to 
demonstrate that this non-linearity was related to the presence of two 
different populations of PSII This type of PSII heterogeneity has been observed in E huxleyi 
(Kromkamp et al, unpublished results) 
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In the second interpretation, steady-state photosynthesis in saturating light is limited by Calvin 

cycle reactions, rather than by electron transport (Heberet al., 1988; Leverenz et al., 1990) The 

residual capacity for oxygen production of cells with light-saturated steady-state photosynthesis can 

be revealed by the administration of saturating flashes (Falkowski et al., 1988) It can be assumed 

that the relationship between Φρ and steady-state oxygen production is not constant over a range of 

light intensities, because turnovertime (τ) decreases as a result of a decrease in the number of PSIT 

per rubisco at higher PPFD (Sukenik et ai, 1989). 

This explanation seems to be contradicted by the fact that linearity of Φ02 and Φρ over a range of 

light intensities has actually been observed in many higher plants in non-photorespiratory conditions 

(see Table 3 and the section on comparison with other studies later in this discussion). Deviations 

from linearity of Φ02 and Φρ in higher plants are mainly found at low light intensities (i.e high 

quantum yields) and are ascribed to the presence of PSII heterogeneity (e.g. Schreiber et al., 1995a; 

Hoimann et al , 1994). However, microalgae have a more flexible photosynthetic machinery and can 

more easily adjust their optical properties. Also, unlike in microalgae, it is very difficult to truly 

saturate photosynthesis in higher plants. Therefore possible non-linearity between Φ02 and Φρ 

because of limitation by Calvin cycle processes might be difficult to reveal in higher plants. 

If this interpretation is correct, it means that models relating fluorescence to steady-state oxygen 

production, like the ones used for higher plants (Genty et a l , 1989), cannot work for microalgae for 

the full range ol light intensities, without taking changes in τ into account (Kolber and Falkowski, 

1993) 

Comparison with other studies 

Table 3 presents the results of a number of studies (including this study) on the coupling of Φρ 

and Φ02 or Фсо2· It should be noted that this survey does not pretend to be complete. Most of the 

studies have been performed on macroalgae and vascular plants, whereas there is only a limited 

number of studies on microalgae (i.e. Falkowski, 1986a,b, 1991; Kroon et ai, 1993). Quantitative 

relationships between ФР and Ф02 or Фсог are only presented in the studies on higher plants. In 

these studies, φ Ρ / φ 0 2 or Фр/Фсог is generally constant at intermediate to high light intensities. If Φρ 

is plotted as a function of Φ02 or Фсог, deviations from linearity are usually found at high quantum 

yields (Фр>0.6-0.7), i.e. at low light intensities The observed quantitative relationship in the linear 

range varies between Фо2<со2)=0.056 Φρ and Фо2(со2)=0 137 ФР. This variability was much bigger 

between studies than within studies (i.e. Oquist and Chow, 1992, Seaton and Walker, 1990, 

Oberhuber et al., 1993; Demmig and Bjorkman, 1987), suggesting that part of it can be explained by 

methodological errors or differences in growing conditions The "true" range of variability in 

Фог/Фр or Фсог/Фр is probably rather small for higher plants. 

In contrast to the situation in aquatic studies, the majority of the studies on higher plants 

mentioned in table 3 were carried out in NPR conditions, i e. in an СЬ depleted or ССь enriched 

atmosphere The aim of these studies was to assess the validity of Φρ as a tool for the prediction of 

Φ02 NPR conditions had to be applied because in normal air, photorespiration is a very efficient 

sink of photosynthetic electron transport As a result, Фр/Ф<п or ФР/ФСо: m highei plants (especially 

C3 plants) may vary by a large extend in field conditions. It might be questioned whether a direct 

comparison between this study and higher plant studies, performed in NPR conditions, is correct 
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However, NPR conditions did not dttect the patterns in Φρ/Φο: observed in this study (Fig 5), and 
according to literature data photorespiration is not likely to be quantitatively important in 
microalgae (Ogren, 1984, Glover, 1989, Raven and Johnston, 1991) 

Comparison of the results of studies on microalgae (including the present study) and studies on 
vascular plants suggests two major differences Firstly, there seems to be more light-dependent 
variability in the efficiency of oxygen production or carbon fixation by linear photosynthetic 
electron transport in microdlgae Whereas in vascular plants deviations from linearity are usually 
restricted to low light intensities, in microalgae non-linearity is observed both at low and high light 
intensities (Falkowski et al, 1986a,b) or linearity is not observed at all (Rees et al, 1992, this 
study) As stated before, this might be related to the more flexible photosynthetic machinery of 
microalgae Secondly, the interspecific variability in the efficiency of oxygen production by linear 
photosynthetic electron transport is apparently larger in microalgae than in vascular plants This 
statement is illustrated in Fig 6, in which Φ02 is plotted against Φρ for all species The apparent 
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larger interspecific variability in Фог/Фр m microalgae, as compared to vascular plants, may be 

partly explained by the bigger diversity in pigment composition and, consequently, in spectral 

absorption characteristics of microalgae. To test the contribution of interspecific differences in 

spectral absorption characteristics to the interspecific variability in Фо?/Фр shown in Fig 6, the 

chlorophyll-specific absorption cross sections used to calculate Ф02 were corrected for the spectral 

composition of the light source (Dubinsky et al, 1986). However, we found that differences in 

spectral absorption characteristics accounted for only <5% of the variability in Φ02 (data not 

shown). 

Conclusions 

The relationship between estimates of linear photosynthetic electron transport rates based on 

variable fluorescence measurements and oxygen-based rates of photosynthesis in microalgae is not 

linear. This may be explained by assuming that, 1 : the relationship between electrons generated in 

PSII and net oxygen production is disrupted by cyclic electron transport around PSI1, mitochondrial 

respiration, pseudocyclic electron transport or Rubisco oxygenase activity, and, 2. light-dependent 

changes in τ disrupt the coupling between Φρ and Φ02 
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Introduction 

A number of questions were formulated in the introduction of this thesis Is there a common 

response of photosynthesis and photophysiology of microalgae to fluctuating light conditions ' Are 

there different types of acclimation to fluctuating light conditions, and are these diffeiences related to 

taxonomie group9 What is the stimulus of photoacchmation in fluctuating light conditions, ι e do the 

cells acclimate their photosynthetic characteristics to the maximum PPFD to the average PPFD or to 

some other forcing factor, and what is the mechanism of photoacchmation9 And finally, is there an 

effect of fluctuating light on phytoplankton productivity, ι e can reliable estimates ot primary 

production in mixed water columns be derived from primary production measurements in constant 

light incubations9 

In order to provide an answer to these questions, four phytoplankton species, belonging to three 

taxonomie groups, have been studied the freshwater chlorophyte Scenedesmus protuberans the 

marine prymnesiophyte Phaeocvstn globosa, and the marine diatoms Thalassiosira weissflogn and 

Phaeodactylum tricotnutum It should be noted that the choice of these species was not in the first 

place based on their ecological characteristics Only S protuberans is known to dominate in mixed 

conditions (Ibehngs el al, 1994) The occurrence of Ρ globosa although mainly coastal, is probably 

more related to nutrient availability than to mixing conditions, and the distribution of the two diatom 

species is not very well described However, this thesis should be looked upon as a mechanistic study 

into the physiological aspects ol photoacchmation to fluctuating PPFD, rather than as a search for an 

explanation for the occurrence ol phytoplankton species in the field 

All species were grown in continuous cultures, and the light regime in the cultures was controlled 

by means of a computer controlled system of Venetian blinds The algae were subjected to sinusoidal 

light regimes, simulating the diurnal intensity of solar influx in the absence of vertical mixing, and 

fluctuating light regimes in which light fluctuations resulting from the vertical movement of the algae 

through the water column were superimposed on the sinusoidal light regime A range of 

physiological parameters was measured in the steady states of the light regimes Although the 

response of these different species to fluctuations in PPFD was very different, from this research 

some general remarks can be made with respect to the behaviour of eukaryotic microalgae in 

fluctuating light conditions 

Short-term response of photoacchmation 

On a time scale of hours to days, photoacchmation ol phytoplankton is usually visible as a change 

in the pigment composition of the cells However, in none of the species observed, regular and 

predictable fluctuations in pigment content or composition were found Stated in other words, the 

daily fluctuations in PPFD were not followed by daily fluctuations in pigments Even variations in 

diatoxanthin and diadinoxanthin were not observed (Chapter 3), despite the fact that the xanthophyll 

cycle is the fastest pigment cycle in microalgae, and changes can be observed within few minutes It 

should be noted, however, that variations in pigment content may have been present in our study, but 

that they were not observed because they were too small to detect with the methods we used, or the 

frequency of the measurements was too low In accordance with the lack of change in pigment 

content and composition, other characteristics, like chlorophyll-specific absorption cross section (a*), 

cell size and the shape of the photosynthesis-light curve also showed no regular fluctuations that 

could be related to the fluctuations in PPFD, although the maximum rate of photosynthesis in some 
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species declined during the day These results are not surprising, since changes in pigments and P/E 
characteristics occur on longer time scales than the time scale of the light fluctuations in these studies 
(Post et al, 1984, 1985) The results correspond to the results of Ibelings et al (1994), who also 
found no direct relationship between light fluctuations and pigment content and photosynthetic 
variables 

On the othei hand the minimum and maximum fluorescence and the efficiency of charge 
separation at photosystem II (Φρ) were very dynamic In all species, Φρ lesponded almost 
instantaneously to increases and decreases in PPFD If PPFD increased, Φρ decreased and vice 
versa, and qN-quenching was very rapidly induced This implies that, in fluctuating light regimes, 
photosynthesis was to a large extent regulated by quickly reversible processes in the PSII reaction 
centre 

Long-term response of photoacchmation 

As was stated betöre the fluctuations in PPFD were not accompanied by similar fluctuations in 
biochemical and optical characteristics and in the shape of the P/E curve However, this does not 
mean that a fluctuating light regime had no el led on these parameters All species showed 
differences in some or most of the average values of these parameters in steady-states in 
constant/sinusoidal and fluctuating PPFD Although the experiments were not comparable with 
respect to maximum PPFD, number of fluctuations and length of the light period, it is possible to 
make a general comparison between cells grown in sinusoidal light regimes with a maximum PPFD 
that is close to E|< and cells grown in regimes with 4 fluctuations per day superimposed on the 
sinusoidal light regime, and maximum PPFD that was close to or more than 2Ek (Table 1) The only 
exception is Τ weissflogn (Chapter 4) that was cultured in continuous light without light-dark cycles 
Similar data of Kromkamp and Limbeek (1991) on Skeletonema testatum are added for comparison 
In that study, 3 fluctuations were superimposed on the sinusoidal light regime Em a x in the sinusoidal 
and the fluctuating light regime was respectively 100 and 320 μιτιοί photons m " s ', and total light 
dose was equal in sinusoidal and fluctuating light (as was the case in all the studies in this thesis) 

Table I shows that all species responded differently to a fluctuating light regime The response of 
S costatimi to fluctuating PPFD typically resembled high-light acclimation cellular chlorophyll 
content and PSU size decreased, and a* and P B „ r a increased Therefore, Kromkamp and Limbeek 
(1993) speculated that in fluctuating PPFD, phytoplankton cells tend to acclimate their rate of 
photosynthesis to the maximum rather than to the mean PPFD However, the results presented in this 
thesis do not support this hypothesis Of the observed phytoplankton species, only S protuberans 
showed a response that was similar to that of S costatimi Ρ globosa, on the other hand, increased its 
cellular chlorophyll content and decreased its PSU size in fluctuating PPFD In Ρ tricornutum, 
cellular chlorophyll content remained constant, while respiration and photosynthetic efficiency 
decreased and maximum photosynthesis increased The response of these species does not resemble 
unidirectional high-light or low-hght-acclimation In Τ weissflogn, acclimation to fluctuating PPFD 
resembled acclimation to lower PPFD cellular chlorophyll content increased and, as a consequence, 
a* decreased in fluctuating PPFD Therefore, it is suggested that this species does not acclimate to 
maximum or mean PPFD, but rather to the median PPFD during the light period 
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Table 1 Comparison of changes in cell size and photosynthetic parameters in S protuberans (Chapler 2 

Table 1), Ρ globosa (Chapter 3, Fig 1) and Ρ tricornutum (Chapter 5 Fig I) upon transference trom a 

sinusoidal light regime to a light regime with 4 fluctuations superimposed on the sinusoidal light regime 

Similar comparison for Τ weissflogtt upon transference from continuous light to fluctuating light (Chapler 4, 

Fig 1) Similar data of Kromkamp and Limbeek (1993) on Skeletonema costatum are added for comparison 

(see text for further explanation) + significant increase - significant decrease, 0 no significant effect n d 

not done Statistical comparisons were performed with a t test (p=0 05) 

5 protuberans Ρ globosa Τ »eissßogu Ρ lriLornutum S coîtatum 
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Ecological implications 

From the different studies in this thesis it can be concluded that the effects of vertical mixing on 

phytoplankton primary productivity in nutrient-replete conditions are generally small In light-limited 

waters, mixing may cause changes in the physiological characteristics ot phytoplankton cells These 

changes are most likely species-specific The number ot studies in this thesis is too low to ascribe 

certain types of photoacclimative behaviour to certain taxonomie groups However, the two diatoms 

Τ weissflogu (Chapter 4) and Ρ tricornutum (Chapter 5) show considerable differences In 

fluctuating PPFD, Τ weissflogu increased its maximum photosynthetic capacity per cell by 

increasing its cellular chlorophyll content In Ρ tricornutum, on the other hand, pigments and 

maximum photosynthetic capacity remained at the same level but respiration decreased in fluctuating 

PPFD These results at least suggest that large variation in the photoacclimative response to light 

fluctuations may also be present between species belonging to the same taxonomie group 

The story is different in conditions where growth and photosynthesis are limited by the availability 

of phosphate In Chapter 5 it is shown that, whereas light fluctuations had no effect on growth rate in 

nutrient-replete cultures of Ρ tricotnutum, in phosphate-limited conditions the quantum yield of 

photosynthesis decreased by more than 50% when the cells were transferred I rom sinusoidal to 

fluctuating PPFD This resembles the results of other studies on the combined effect of phosphdte-

and light-limitation (Riegman and Mur, 1985) In general, the efficiency with which a limiting 

nutrient is used in cell synthesis decreases when light decreases to limiting levels This synergistic 

effect of phosphate limitation and light can be explained by assuming that the nutrient content of the 

cells is determined by the availability of organic precursors in the cell 
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It is not unlikely that the same effect may be found for nitrogen as well, because the efficiency of 
nitrogen-utilisation is also shown to decrease in limiting PPFD (Rhee and Gotham, 1981, 
Zevenboom et al , 1980) If a decrease in the efficiency of nutrient utilisation in fluctuating PPFD is a 
general pattern, it means that mixing may have severe implications for phytoplankton primary 
productivity in oligotrophy waters Consequently, measurements of primary production that are 
carried out in constant PPFD will overestimate the real productivity 

Artefacts m the respiration measurements 

A number ot techniques that were used in this thesis may be subject to artefacts The most 
important artefact is possibly the subtraction of dark respiration rates to calculate gross 
photosynthesis Mitochondrial respiration is often found to increase in cells that are exposed to light 
(e g Beardall et al, 1994) due to an increase in photosynthetic products in the cell Enhanced Post-
IHumination Respiration (EPIR) was also observed in all the species that were investigated in this 
thesis However, the extent of it was variable, which suggests that it is very difficult to correct the 
gross photosynthesis values for increased respiration rates EPIR was also assumed to be the reason 
for the unreahstically low values of the specific respiration in Chapter 5 Based on the respiration 
measurements in light- and dark-adapted cells, it was therefore assumed that dark respiration was 
four times lower than EPIR Although this assumption may be not correct, taking a lower or a higher 
value does not change the relative differences between cultures exposed to sinusoidal and fluctuating 
PPFD 

Recommendations for julure research 

As mentioned above, the experiments described in chapter 5 suggest that respiration may play an 
important role in the response of Ρ tricomutum to fluctuating PPFD This species showed a decrease 
in both respiration and quantum yield of photosynthesis in fluctuating PPFD As a result the average 
quantum yield for growth was equal in sinusoidal and fluctuating PPFD Cosper (1981) also 
observed a change in respiration in response to light fluctuations in the marine diatom Skeletonema 

tostatum However, in this species the response was the exact opposite in fluctuating light both the 
respiration and the quantum yield of photosynthesis increased, resulting in an average quantum yield 
that was equal in constant and fluctuating PPFD Stone and Ganf ( 1981 ) also concluded that dark 
respiration of the cyanobactenum Microcystis was enhanced in mixing conditions, resulting in de 
decreased net С fixation Ibehngs et al (1994) found that respiration decreased in mixed conditions 
However, in that study the lower respiration rate may also be related to the lower total light dose in 
fluctuating PPFD Apparently, more research on the role of respiration in the determination of 
phytoplankton growth yield in fluctuating PPFD is needed In doing this, it should be noted that the 
occurrence of oxygen-consuming processes like Mehler reaction may be influenced by light 
fluctuations (Chapter 6) Therefore, respiration measurements should be done in such a way that 
these processes are distinguishable from mitochondrial respiration, e g by using Ι 8/ 1 6θ2 isotopes 
(Genty et al, 1992, Капа 1992, 1993) 

Another subject that deserves more attention is the effect of nutrient limitation on photosynthesis 
in fluctuating PPFD As shown in Chapter 5, fluctuating PPFD in itself had a limited impact on 
growth yield of Ρ ti ¡coi ñutían However, if the light fluctuations were accompanied by a limitation 
of phosphate, growth yield decreased with 50% As stated before, if this response is found in more 
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species, and with other types of nutrient limitation, the consequences could be considerable. It could 
be postulated that vertical mixing of the water column has a much more pronounced effect on 
phytoplankton production in conditions where nutrient availability limits growth (as for example, in 
the open ocean) than in conditions where growth is limited by light (as is the case in many coastal 
waters). 

A third aspect that should be investigated is the cause of the non-linearity between oxygen 
production measurements and estimates of electron transport rate based on measurements of variable 
fluorescence (Chapter 3, 6 and 7) Although we could reasonably well exclude photorespiration as 
one of the causes, the occurrence and the quantity of Mehler reactivity, cyclic electron transport 
around PSII and mitochondrial respiration in the light should be studied, in order to enable a 
functioning model that links oxygen production and/or carbon fixation to electron transport rates. In 
addition to this, PAM fluorescence as used in this thesis yields photosynthetic electron transport rates 
(ETR) that are an indication for the activity of an average, single PSII unit. In ecological studies the 
absolute ETR is more important. In order to calculate this, the total number of functional PSII's has 
to be known. There is ample evidence that the PSII/chl-a ratio is variable (Kromkamp & Limbeek, 
1993 and references therein). However, recent research by Geel and others (Geel, 1997) has shown 
that under certain conditions, the minimal fluorescence (F0) is a good measure for the product of the 
PSII cross section and the number of PSII's. This hypothesis certainly needs to be further 
investigated. 

Though it has not received much attention in this thesis, the effect of fluctuations in PPFD on cell 
size could be an interesting research topic. In S. protuberans (Chapter 2), P. globosa (Chapter 3), P. 
tricornutum (Chapter 5) and S. costatum (Kromkamp and Limbeek, 1993) the average cell size 
decreased in fluctuating light The only exception was T. weissflogii, where cell size significantly 
increased in fluctuating light (Chapter 4) It is not clear which processes cause the decrease in size, 
nor what the adaptive value could be. If there would be a difference at all, larger cells would be 
expected to have an advantage in conditions of fluctuating light or nutrient availability, because they 
have more storage capacity. A study on the growth rates and physiological aspects of a range of 
related species that are different in cell size could possibly shed more light on this matter 

Finally, the literature on photosynthesis in fluctuating light deserves a review. Ferris and 
Christian (1993) published a review on this subject, but this review did not contain all the relevant 
publications (e g. Kroon et ai, 1992a,b,c). Besides, a number of studies has been published since 
1993 (e.g. Kromkamp and Limbeek, 1993; Ibehngs et al, 1994; Kroon, 1994; Flameling and 
Kromkamp, 1997). This review should not only deal with the impact of light fluctuations on 
production, but also focus on the effects of mixing on algal physiology 
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Summary 

In natural conditions, phytoplankton is regularly exposed to fluctuations in photosynthetically 
available photon flux density (PPFD) due to vertical mixing of the water column This thesis 
describes the effect of these fluctuations in PPFD on growth, photosynthesis and photophysiology of 
a number of phytoplankton species Two important questions governed this research Firstly, what is 
the effect of fluctuations in PPFD on the production and the photosynthetic performance of 
microalgae'7 Secondly, how is photoacchmation in fluctuating PPFD regulated, ι e do the cells 
acclimate their photosynthetic characteristics to the maximum PPFD, to the average PPFD or to 
some other forcing I actor' 

Different species of micioalgae, belonging to different taxonomie groups, were grown in 
continuous cultures The cells were exposed to simulated diurnal light regimes in the presence and 
the absence of vertical mixing The mean PPFD in the culture vessels was controlled using a 
specially designed software program A system of Venetian blinds was mounted between the lamp 
and the culture The position of the slats of the Venetian blind was altered by a step-motor, 
controlled by a computer The PPFD in the culture vessel was measured by three serially aligned 
custom-built light sensors, connected to the computer Every 5 seconds the measured PPFD was 
compared with the desired one and, if necessary, the position of the slats was altered In order to be 
able to distinguish the effects of light fluctuations from the effects of total light dose, in all studies 
the total light dose was kept constant This implies that maximum PPFD was always higher in the 
fluctuating light regimes 

The results show that in all species, the imposed light fluctuations induced changes in the 
photosynthetic characteristics ot the cells There was a high interspecific variability in the way 
microalgae respond to light fluctuations However, light fluctuations had no effect or a very small 
negative influence on culture yields or growth rates of light-limited cultures 

The green alga Scenedeunus protuberans was grown in nutrient-replete medium (Chapter 2) The 
algae were exposed to a simple sinusoidal light regime simulating diurnal PPFD, and two 
fluctuating regimes in which light fluctuations resulting from 4 and 8 vertical circulation's of the 
algae through the water column were imposed on the sinusoidal light regime Maximum 
photosynthesis increased, and cellular chlorophyll content and photosynthetic unit size decreased in 
response to light fluctuations Photosynthesis efficiency decreased during the light period in the 
sinusoidal light regime, whereas it remained at the same level in the fluctuating light regimes The 
results suggest that prolonged exposure to intermediate PPFDs lowers photosynthetic efficiency of 
S protubeians more than short exposure to high PPFDs alternated by low-light periods, and that 
this species is able to optimise its photosynthesis in fluctuating light 

The response of the marine unicellular haptophyte Phaeocystis globosa to fluctuating PPFD was 
slightly different (Chapter 3) Ρ globosa was also grown in nutrient-replete medium The algae 
were exposed to a constant light regime, a simple sinusoidal light regime simulating diurnal PPFD, 
and a fluctuating regime in which light fluctuations resulting from 4 vertical circulation's of the 
algae through the water column were imposed on the sinusoidal light regime Cellular chlorophyll a 
and protein content and number of photosynthetic units per cell increased, and cell size, chi c/chl o-
and fucoxanthm/chl a ratio, chloiophyll-specific absorption cross section and photosynthetic unit 
size decreased in response to light fluctuations Photosynthetic efficiency, maximum photosynthetic 
tate and respiration, estimated from oxygen production measurements, were not affected by the light 



128 Summary 

regime. However the quantum yield for PSII charge separation (Φρ), as measured by PAM-

fluorescence, increased m fluctuating PPFD. Consequently, the ratio of Φρ to the quantum yield of 

oxygen production (Φ02) increased in fluctuating light. The relationship between Φρ and Φ02 was 

linear at Φρ<0.4 in all light regimes. Total photosynthesis during the light period, calculated from in 

situ fluorescence and the estimated ratio of Φρ to Φ02, was not affected by the light regime 

The results of studies on the marine diatom species Thalassiosira weisflogii and Phaeodattylum 

tricornutum show that even within this taxonomie group there were differences in the response to 

fluctuating light. Growth and photosynthesis of T. weisflogii were investigated in a light-limited 

turbidostat system at a constant light intensity and in a fluctuating light regime (Chapter 4). 

Acclimation to a fluctuating light regime resembled shade acclimation; cellular chlorophyll and 

nitrogen content increased, carotenoids per chlorophyll decreased and the optical absorption cross 

section normalised to chlorophyll decreased. Mean photosynthetic efficiency decreased in the 

fluctuating light regime There was reversible photoinhibition during the peaks of high light 

intensity, as indicated by transient decreases in variable fluorescence and functional PSII cross 

section. This resulted in lower average growth rates in the fluctuating light regime Since the total 

light dose was constant, average quantum yields for photosynthesis and growth were lower in 

fluctuating light. However, specific respiration and net growth efficiency were not affected by light 

fluctuations. 

P. tricornutum was grown in light-limited and phosphate-limited conditions (Chapter 5). In both 

conditions, the cells were exposed to either a sinusoidal light regime or to fluctuating light. 

Photosynthetic efficiency, maximal photosynthetic capacity and respiration were 3-4 times higher 

in light-limited cells than in phosphate-limited cells PSII quantum efficiency, estimated by variable 

chlorophyll fluorescence measurements, was higher in light-limited cells and showed a hyperbolic 

relationship with growth rate in phosphate-limited conditions. In light-limited conditions, light 

fluctuations caused a decrease in respiration and photosynthetic efficiency. However, these changes 

had no noticeable impact on growth rate. In phosphate-limited conditions, growth yield declined by 

±50% when cells were transferred from a sinusoidal to a fluctuating light regime It is concluded 

that vertical mixing of the water column will have a much larger impact on growth of P. 

tricornutum if growth is limited by the availability of phosphate. 

Simultaneous with the measurements described in chapter 5, the quantum yield for 

photosynthetic oxygen evolution (Φ02) and for PSII charge separation (Φρ), measured with variable 

fluorescence, was measured (Chapter 6). Photosynthetic electron transport rates (ETR) were 

calculated from Φ Ρ and PPFD. Φρ was lower and non-photochemical quenching started to build up 

earlier in phosphate-limited than in light limited cells. The efficiency and the maximum rate of 

photosynthetic oxygen evolution (PB) were also lower in phosphate-limited cells. In all growth 

conditions, ETR increased faster than PB with increasing PPFD, resulting in a decrease in the ratio 

of P B and ETR. PB/ETR was higher in light-limited than in phosphate-limited cells. In addition, 

Ρ /ETR was higher in cells growing in a sinusoidal light regime, especially under phosphate-

limitation. Possible explanations for the variability in the ratio of P B and ETR are discussed. 

Chapter 7 compares the quantum yields of PSII charge separation (ΦΡ) and oxygen production (Φ02) 

of 5. protuberans, P. globosa, the marine unicellular alga Emiliama huxleyi (Prymnesiophyceae) 

and P. tricornutum. In S. protuberans, P. tricornutum and E. huxleyi, light-dependent variability 

was observed in the ratio of Φ02 to Φρ, i.e. in the number of oxygen molecules produced per 

electron generated by PSII. The ratio Фог/Фр was highly variable at low light intensities (E<0.5Ek), 
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and at higher light intensities (E>0.5Ek), Фог/Фр showed a non-linear decrease with increasing 

PPFD. In contrast, in Ρ globosa, a trend in Фог/Фр could not be distinguished, and this species 

showed a decrease in Фог/Фр during the day, indicating a dependency of Фог/Фр on light history 

Additionally, considerable interspecific quantitative differences in Фог/Фр were observed. Two 

possible interpretations to explain the variability in Фог/Фр are discussed. Assuming that Ф Р is a 

reliable measure of the quantum yield for charge separation at PSII, one interpretation is that net 

oxygen production is influenced by processes that consume oxygen or affect linear electron 

transport, e.g. cyclic electron transport around photosystem II (PSII), pseudocyclic electron transport 

in the Mehler reaction, Rubisco oxygenase activity and light-dependent mitochondrial respiration. A 

second interpretation, however, suggests that at saturating light, changes in photosynthesis turnover 

time occur, such that Фр does not predict the steady-state СЬ yield. 
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Samenvatting 

Fytoplankton is een verzamelnaam voor microscopisch kleine algen die vrij in de waterkolom 
zweven Net als (land)planten heeft fytoplankton licht nodig om te kunnen groeien Met de energie 
uit dit licht kunnen de algen kooldioxide, dat ze uit het water opnemen, omzetten in koolhydraten 
Dit proces, waarbij zuurstof vrijkomt, wordt fotosynthese genoemd De koolhydraten die worden 
gemaakt in de fotosynthese dienen als voedselbron en als basismateriaal voor de aanmaak van 
nieuwe cellen 

Licht, bestaande uit lichtquanten (fotonen) is dus essentieel voor de fotosynthese, overleving en 
groei van planten Planten en fytoplankton kunnen zich aanpassen aan veranderingen in de 
lichtsterkte Dat gebeurt voor een groot deel door de hoeveelheid chlorofyl (bladgroen) te variëren 
als er veel licht is gaat de hoeveelheid chlorofyl omlaag en vice versa Omdat chlorofyl als een soort 
"antenne ' fungeert voor de opvang van zonlicht houdt de plant op deze manier de geabsorbeerde 
energie binnen bepaalde grenzen Deze vorm van aanpassing is duidelijk zichtbaar als een plant van 
een zonnige plek wordt overgebracht naar een plaats in de schaduw De bladeren worden dan vaak 
binnen een paar dagen donkerder van kleur, omdat de hoeveelheid chlorofyl erin toeneemt Ook 
fytoplankton wordt donkerder van kleur als het zich aanpast aan verminderde lichtsterkte 

Planten en algen kunnen zich ook op andere manieren aanpassen aan veranderend licht De 
hoeveelheid "reactiecentra" kan bijvoorbeeld variëren Een reactiecentrum bevat een speciaal 
chlorofylmolecuul dat dient als een soort verzamelpunt, waar de ingevangen zonneenergie van 
omringende chlorofylmoleculen en andere pigmenten naartoe wordt gestuurd In het reactiecentrum 
vinden de eerste stappen van de fotosynthese plaats Als er weinig licht aanwezig is hoeft de 
hoeveelheid reactiecentra niet zo hoog te zijn De fotosynthesesnelheid wordt dan beperkt door de 
frequentie waarmee nieuwe fotonen worden aangevoerd Maar als er meer licht komt kunnen de 
reactiecentra al die toegevoerde energie op een gegeven moment niet meer aan, en raakt de 
fotosynthese beperkt door de hoeveelheid reactiecentra Planten en algen kunnen dat voorkomen 
door meer reactiecentra te maken als de lichtsterkte toeneemt 

Aan het eind van de keten van processen die samen de fotosynthese vormen zijn enzymen aktief 
die kooldioxide vastleggen in koolhydraten, het eindprodukt Ook de snelheid waarmee deze 
enzymen dit proces uitvoeren kan de fotosynthesesnelheid remmen De oplossing hiervoor is, meer 
van deze enzymen aan te maken of te aktiveren 

Een verzamelnaam voor al deze aanpassingsmechanismen is "fotoacclimatie" Bij fytoplankton 
gebeurt fotoacclimatie meestal sneller dan bij (land)planten Dat komt omdat fytoplankton beter is 
toegerust voor het leven in constant wisselende lichtsterkte Boven water beïnvloeden alleen wolken 
en de stand van de zon de hoeveelheid licht die planten te zien krijgen Deze variaties in lichtsterkte 
zijn onder water ook belangrijk, maar daarnaast spelen ook andere processen een rol Onder water 
wordt het licht geabsorbeerd door het water zelf, en door allerlei opgeloste stoffen Daarom dooft 
het licht naar de bodem toe snel uit Als algen nu vertikaal bewegen in de waterkolom, wat 
bijvoorbeeld kan worden veroorzaakt door wind, golven of andere turbulentie, staan ze bloot aan 
steeds wisselende lichtsterktes 

De meeste metingen van fotoacclimatie bij phytoplankton zijn uitgevoerd bij constante 
lichtsterktes Uit een aantal studies waarin vertikale menging van de waterkolom werd nagebootst, 
bleek echter dat de fotosynthese heel verschillend kan zijn in constant en in fluctuerend licht Doel 
van dit promotieonderzoek was om te onderzoeken wat het effect is van lichtfluctuaties op de groei 
en fotosynthese van fytoplankton 
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Daartoe werden vier soorten zoet- en zoutwateralgen gekweekt in fluctuerend licht. Lichtfluctuaties 
werden verkregen door tussen de lamp en het kweekvat een computergestuurde luxaflex te plaatsen. 
Hiermee kon het hchtregime worden nagebootst dat een alg ervaart op een vaste diepte in het water 
(een simpele sinusvormige lichtcurve met een maximum in het midden van de dag) en het 
Hchtregime dat een alg ervaart die gedurende de dag een aantal malen vertikaal in het water heen en 
weer beweegt. De totale hoeveelheid licht in de verschillende lichtregimes werd gelijk gehouden, 
maar de totale hoeveelheid bruikbaar licht was iets lager in fluctuerend licht, omdat de lichtsterkte 
tijdens de licht-pieken te hoog was om volledig te kunnen gebruiken in de fotosynthese. 

Lichtfluctuaties bleken bij alle onderzochte soorten te leiden tot fysiologische veranderingen. Bij 
drie van de vier leidde het tot een hogere maximale fotosynthesesnelheid per cel. Soms gebeurde dat 
doordat de hoeveelheid chlorofyl per cel toenam, soms door een toename van de hoeveelheid 
reactiecentra per chlorofyl. Door deze aanpassing kunnen de algen meer fotosynthese bedrijven 
tijdens de licht-pieken in de fluctuerende lichtregimes. Ook de efficiëntie waarmee fotosynthese 
plaatsvindt en de ademhalingssnelheid werden in een aantal gevallen beïnvloed door de 
lichtfluctuaties. Het resultaat van deze fysiologische veranderingen was dat de produktiviteit van de 
meeste soorten niet of nauwelijks omlaag ging in fluctuerend licht. Alleen als de groei van 
fytoplankton werd beperkt door een tekort aan fosfaat hadden lichtfluctuaties een sterke remmende 
invloed 

Voor het meten van de fotosynthesesnelheid is, naast zuurstofproduktiemetingen, gebruik 
gemaakt van fluorescentie. Fluorescentie ontstaat als een fytoplanktoncel een deel van het 
geabsorbeerde licht niet kan gebruiken voor de fotosynthese en het daarom weer "weggooit". De 
fluorescentie zal toenemen als de cel minder goed in staat is om geabsorbeerd licht te gebruiken 
voor fotosynthese. Dat kan bijvoorbeeld gebeuren als het fotosyntheseapparaat is beschadigd, maar 
ook als een gedeelte van het fotosyntheseapparaat nog "bezig" is met het verwerken van eerder 
ingevangen licht. 

De fluorescentie is maximaal als er helemaal geen fotosynthese meer kan plaatsvinden. 
Maximale fluorescentie kan worden gemeten door een korte puls van verzadigend licht aan de algen 
toe te dienen. Tot enkele fracties van een seconde hiema zijn alle reactiecentra bezig met het 
verwerken van dit licht. Nieuw ingevangen licht wordt dan meteen weer retour afzender gestuurd. 
Voor deze metingen wordt gebruik gemaakt van een Pulse Amplitude Modulated (PAM) 
fluorimeter. 

Variabele fluorescentie is het verschil tussen de "normale" en de maximale fluorescentie. Het is 
een maat voor de efficiëntie waarmee de ingevangen fotonen worden gebruikt in de eerste stappen 
van de fotosynthese in het reactiecentrum Als het verband met de efficiëntie van zuurstofproduktie 
bekend is, kan variabele fluorescentie worden gebruikt om te berekenen hoeveel zuurstof er is 
geproduceerd. Het grote voordeel van deze techniek is dat de metingen heel snel en met grote 
precisie kunnen worden uitgevoerd. 

Om de fluorescentiemetingen uit te testen zijn bij een aantal onderzochte algensoorten 
parallelle metingen gedaan van zuurstofproduktie en fluorescentie bij verschillende lichtsterktes De 
twee metingen bleken niet altijd een lineair verband te vertonen. Vooral bij zeer lage of zeer hoge 
lichtsterkte waren er afwijkingen. Verder was het verband tussen de twee metingen anders bij 
fosfaatgehmiteerde dan bij lichtgehmiteerde algen, en varieerde het tussen verschillende soorten. De 
conclusie tot nu toe is, dat we voorzichtig moeten zijn met de interpretatie van 
fluorescentiegegevens. 
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