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Voorwoord 
 
 
Op 19 juli 1991 startte ik uit pure nieuwsgierigheid een proef met als doel te 
meten wat het effect is van licht op de groei van de alg Phaeocystis. Dit eerste, 
hier niet zo wetenschappelijk beschreven experiment zou de aanleiding worden 
tot het maken van dit proefschrift. 

Destijds bestond mijn werk bij de toenmalige Dienst Getijdewateren van 
Rijkswaterstaat uit het beschrijven van de seizoensontwikkeling van het 
plankton in Noordzee en Oosterschelde. Zo zag ik ieder voorjaar de kolonies 
van Phaeocystis globosa plotsklaps in de watermonsters verschijnen. En, na 
meerdere weken dominant aanwezig te zijn geweest, waren ze weer even snel 
verdwenen. Niemand kon mij deze mysterieuze verschijning en verdwijning 
verklaren, en eigenlijk was het mijn taak ook niet om een verklaring te vinden. 
Ik wil daarom in de eerste plaats mijn collega en projectleider Kees Peeters 
bedanken voor zijn toestemming om met het Phaeocystis-onderzoek te 
beginnen. Na wat puzzelen en rekenen had ik namelijk een hypothese, een idee 
dat het plotselinge verschijnen van de Phaeocystis-bloei verklaarde. Deze 
hypothese moest met een experiment getoetst worden. 

Zo ging met dit eerste experiment het Phaeocystis-werk van start. Het 
onderzoek was echter geen officieel, op zich zelf staand project. Met andere 
woorden: er was geen geld voor en het moest daarom uitgevoerd worden met 
dat wat in het gebouw voorhanden was. Veel onderzoekers hebben een ‘low-
budget’ project, dit was een ‘no-budget’ project. Mijn dank gaat daarom vooral 
ook uit naar Wim Schreurs, hoofd van het laboratorium in Middelburg, die me 
regelmatig hielp met chemicaliën en apparatuur, en naar zijn medewerkers 
Fred Geyp, Geert den Hartog, René de Leeuw, Riet Luteijn, Anneke Nijsse, Ben 
Sandee, Hetty Schade, Gerard Spronk en Martin Steendijk die er voor zorgden 
dat mijn monsters op uitstekende wijze door ‘het lab’ gemeten werden. 

Gelukkig kon ik rekenen op de steun van nog meer collega’s. Huig Hiemstra 
zorgde jarenlang voor super-gefiltreerd Oosterscheldewater om de algen in te 
kweken. Gilles Wattel hielp met de opsporing van meetgegevens in DONAR. 
Liana Pekaar bedank ik voor haar hulp in de zoektocht naar oude literatuur. 
De belangrijke berekeningen aan licht in de Noordzee had ik niet kunnen 
maken zonder de gegevens van Herman Haas. Wim Verlinde regelde de 
bemonsteringen op zee en José Joordens gaf me de mogelijkheid mee te varen 
met een groep fysici die de Rijnpluim onderzochten. Ik bedank hier ook de 
collega’s van de directie Noordzee van Rijkswaterstaat, en de schippers en 
bemanningen van de ms. Holland en de ms. Mitra, die bij het onderzoek 
behulpzaam waren. Een woord van dank ook aan alle collega’s die het 
dagelijkse werk bij de DGW en zijn opvolger, het Rijksinstituut voor Kust en 
Zee (RIKZ) veraangenaamden. 

In de loop der jaren werden delen van het Phaeocystis-werk door studenten 
uitgevoerd. Christine Hozee, Anke Huiting, Arne de Kruyff, Nathalie Merandi, 



 

 

Angela Pigmans en Geert Mol: bedankt voor jullie bijdrage. Mijn ‘externe’ 
collega’s Marion Rademaker, Jan Rijstenbil, Wim van Boekel, Marion van 
Rijssel, Judith van Bleijswijk en Engel Vrieling waren zo vriendelijk in tijden 
van gebrek mij te helpen aan chemicaliën en algen. Reinoud Koeman en Marjo 
Vink hielpen met determinaties van mij onbekende planktonsoorten. 

Vele malen leenden mijn collega’s Bert Wetsteyn, Ies de Vries, Kees Peeters, 
Vincent Escaravage en Richard Duin een gewillig oor om naar mijn ideeën te 
luisteren. Commentaar op bepaalde onderdelen van het onderzoek en op 
manuscripten werd geleverd door dr. M.-J. Chrétiennot-Dinet (Laboratoire d’ 
Oceánographie Biologique de Banyuls), dr. J. Green (Plymouth Marine 
Laboratory), dr. Johan de Kok (RIKZ), dr. dr. H.C. Kornmann (Biologische 
Anstalt Helgoland), dr. R. Leewis (RIVM), M. van de Tol (RIKZ), dr. P.G. Verity 
(Skidaway Institute of Oceanography) en dr. P. Wassmann (Norwegian College 
of Fisheries Science). 

Tenslotte bedank ik mijn promotoren Franciscus Colijn, Wim Wolff en 
Winfried Gieskes voor het in mij gestelde vertrouwen. Het enthousiasme van 
Franciscus bracht me er toe om, vele jaren geleden, met hem de mogelijkheid te 
bespreken om op het Phaeocystis-werk te promoveren. Ik dank prof. dr. C. van 
den Hoek die daar zijn toestemming voor gaf. Het experimenteren, rekenen en 
schrijven nam echter wel wat meer tijd in beslag dan verwacht. Mijn speciale 
dank gaat dan ook uit naar Wim om als promotor voor dit proefschrift op te 
treden. Daar komt bij dat geen wetenschappelijk werk klaar is met een handvol 
ideeën en een laboratoriumjournaal met meetgegevens. In wetenschappelijke 
artikelen moeten de ideeën worden omgezet in ‘introductions’, de 
meetmethoden in ‘methods’, de gegevens in ‘results’ en het geheel moet kritisch 
van een beschouwing worden voorzien in de ‘discussion’. In dit verband wil ik, 
naast Franciscus en Wim, in het bijzonder Winfried bedanken van wie ik in de 
afgelopen jaren heb geleerd mijn gedachten helder op papier te zetten. 
 

In het laatste jaar van de 19e eeuw gaf Aladar Scherffel de eerste 
microscopische beschrijving van Phaeocystis globosa. Halverwege de 20e eeuw 
begon Peter Kornmann zijn beroemde Phaeocystis-artikel met de woorden: “Es 
ist verwunderlich, wie gering unsere Kenntniss über die Biologie von 
Phaeocystis ist”. Ik verwonder me nog regelmatig over Phaeocystis en ik 
verwacht dat pas in de loop van de huidige eeuw, als in aanvulling op het 
traditionele veld- en laboratoriumonderzoek ook moderne moleculair-
biologische technieken toegepast worden, we echt gaan begrijpen hoe die 
biologie in elkaar steekt. Ik hoop dat mijn proefschrift een bijdrage kan leveren 
aan dit Phaeocystis-onderzoek van de 21e eeuw. 
 
 
Middelburg, februari 2002 
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Figure 1.1. Temperature ( ), salinity ( ) and the occurrence of Phaeocystis in the North 
Sea off the Dutch coast in 1910 and 1911. The first sample in 1910 was in week 19. In 
1911 no samples were taken in weeks 27 to 31. Data from Delsman (1914a and b) who 
classified the abundance of Phaeocystis colonies as 0, rr, r, +, c and cc (0 to 5 on the right 
abscissa). Following Apstein (1904) and assuming colonies of 1 mm diameter, category 
rr is up to 102, r is 103, + is 104, c is 105 and cc is 106 cells per litre. 
 
 
P. cordata and P. jahnii (Moestrup 1979, Zingone et al. 1999). The species 
investigated in this thesis is Phaeocystis globosa Scherffel 1900. 
 
first studies of Phaeocystis in Dutch coastal waters  
 
A century ago, the study of Phaeocystis was led by the Scandinavians P.T. 
Cleve, H.H. Gran and C.H. Ostenfeld. Cleve was the first to describe the 
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occurrence of Phaeocystis in Dutch water samples (Hoek 1898). Cleve’s work, 
together with most other historical phytoplankton data from the Marsdiep area 
has been reviewed by Cadée and Hegeman (1991a). 

The first Dutch study on marine phytoplankton was made by van P.J. van 
Breemen who showed that Phaeocystis was a common species in the Southern 
Bight of the North Sea; the maximum colony abundance occurred in May and 
June although colonies were also observed in March and November (van 
Breemen 1904, 1905). Of special interest is his observation that young 
Phaeocystis colonies develop on Chaetoceros willei (van Breemen 1905). Much 
later, Boalch (1987) attributed a key role to Chaetoceros species in the 
initiation of Phaeocystis blooms, either by providing a solid substrate for the 
colonies to develop on, or by secreting some kind of chemical trigger. 

Semi-quantitative weekly studies of Phaeocystis were made by H.C. 
Delsman (Figure 1.1). As today, large amounts of colonies were observed in late 
spring (Delsman 1914a and b). During these Phaeocystis blooms, Delsman 
noted a decrease in the numbers of other plankton species. This decrease was 
attributed partly to the clogging of his plankton net by the colonies, partly to a 
real decrease in numbers because many diatoms and dinoflagellates appeared 
bleached or were dead (Delsman 1914b). This apparent antagonistic effect of 
Phaeocystis on diatoms was confirmed, but not resolved, in later studies 
(Savage and Hardy 1934, Jones and Haq 1963, Weisse et al. 1986, Escaravage 
et al. 1995). 
 
Phaeocystis life cycle 
 
Two types of cells are present in the life cycle of Phaeocystis: flagellates and 
non-flagellate cells. The German marine biologist P. Kornmann, the first to 
make uni-algal Phaeocystis cultures, observed colonial non-flagellate cells and 
several types of flagellates. His publication on these life cycle stages became 
one of the standard works on Phaeocystis (Kornmann 1955). Using an electron 
microscope, which had just become available for marine research, the English 
investigators M. Parke, J. Green and I. Manton described two types of 
flagellate Phaeocystis cells in great detail. A peculiar find was the five-rayed, 
pentagonal star, formed by threads extruded from one type of flagellate (Parke 
et al. 1971). The flagellate stage of Phaeocystis scrobiculata produces a nine-
rayed star (Moestrup 1979). The function of these stars is still enigmatic 
(Chrétiennot-Dinet 1999). 

The transitions between free-living flagellates and colonies with non-
flagellate cells form one of the oldest puzzles in the ecology of Phaeocystis. 
Colonial blooms appear and disappear quite abruptly (Lagerheim 1896, 
Lancelot and Rousseau 1994), and colonies seem absent from the plankton in 
winter. What and where is the inoculum for the next bloom in spring? 

Lagerheim (1896) and Scherffel (1899, 1900) thought that colonial 
flagellates produced “Dauerzellen” that would give rise to new colonies the 
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next year. Gran (1902) on the other hand, assumed that normal, vegetative 
cells formed a resting stage in the (sub)-littoral. Ostenfeld (1904) disagreed; he 
thought that special resting spores sank to the bottom of the sea, and Jones 
and Haq (1963) assumed that flagellates were the precursor of this resting 
stage. 

However, Kornmann (1955) found colonies of P. globosa in laboratory 
cultures made from winter water samples at a time that no colonies were 
present in the sea and he deduced that the colony precursor was present in the 
water column all year round. Later studies showed that both solitary cells and 
colonies of P. globosa, although in low concentrations, are present in the water 
in winter (Veldhuis et al. 1986, Cadée 1991a). Laboratory incubation of 
sediment samples from a Norwegian fjord led to the germination of a variety of 
diatom resting stages (Eilertsen et al. 1995), but P. pouchetii was never 
observed. Therefore, there is still no proof of a Phaeocystis “benthic resting 
stage”. In fact, despite several descriptive life histories (Veldhuis 1987, 
Davidson and Marchant 1992, Rousseau et al. 1994), there is still no coherent 
description of all cell types and their transitions in the life cycle of Phaeocystis. 
 
global distribution, climate and physiology 
 
The first map showing the global distribution of Phaeocystis was published by 
Kashkin (1963). The world wide occurrence of Phaeocystis blooms drew the 
attention of biogeochemists. The existence of such blooms, parts of the ocean 
where the water contains thousands of colonies and millions of cells per litre, 
means that enormous amounts of the greenhouse gas CO2 are bound by 
Phaeocystis (Smith et al. 1991, Arrigo et al. 1999). The simultaneous production 
of dimethylsulfide, a gas with an alleged role in cloud formation, increased the 
attention on Phaeocystis as a species with a role in global climate regulation 
(Stefels 1997). The prominent role of Phaeocystis in biogeochemical fluxes was 
one of the reasons for Verity and Smetacek (1996), to argue that Phaeocystis is 
one of a few key species that determine the structure and function of marine 
pelagic ecosystems. 

Besides the distribution and the development of its blooms, interest rose in 
the physiology of the alga. Guillard and Hellebust (1971) were the first to study 
the composition and secretion of the mucus the cells produce to form the 
colonial matrix. This physiological work on P. globosa was extended by 
Lancelot and co-workers, who studied the role of nitrogen on the growth of 
Phaeocystis in the Belgian coastal zone (e.g. Lancelot et al. 1991, Lancelot and 
Rousseau 1994). The role of phosphate, a second important nutrient, was 
studied both in the North Sea and in the laboratory by Veldhuis (1987). 
Riegman et al. (1992) found that with ammonia as the growth-limiting nitrogen 
source, flagellates instead of colonies were formed. Later, several other 
physiological studies would be performed: on organic phosphate utilisation 
(van Boekel 1992a), dimethylsulfide production (Stefels 1997, Kwint 1997, Van 
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Duyl et al. 1998), and mucus composition and breakdown (Thingstad and 
Billen 1994, Osinga et al. 1996, Janse 2000). 
 
negative aspects of Phaeocystis blooms 
 
Phaeocystis’ world-wide distribution was not the only factor that drew the 
attention of scientists. The clogging of plankton and fishing nets by colonies 
was since long interpreted as a negative aspect of Phaeocystis blooms 
(Thompson 1885, Gran 1902, van Breemen 1904, Ostenfeld 1910, Delsman 
1914a, Savage 1930, Chang 1984a). In England, Phaeocystis blooms were 
referred to as ‘foul water’ or ‘baccy juice’ (Chadwick 1885, Thompson 1885, 
Orton 1923). 

Mackerel fishing in the English Channel was positively correlated to 
zooplankton abundance, and negatively correlated to the abundance of  
phytoplankton that mainly consisted of Phaeocystis (Bullen 1908). ‘Weedy 
water’ was avoided by herring shoals in the southern North Sea (Savage 1930), 
although Wulff (1933) could not find the same fish behaviour in the German 
Bight. 

Sieburth (1960) quotes M. Parke who found cultured Phaeocystis to be toxic 
to herring fry. Moreover, bioassays with fish larvae showed that P. pouchetii 
produces lethal toxins (Eilertsen and Raa 1995, Aanesen et al. 1998). On the 
other hand, the extensive killing of cultured fish in Zhelin Bay (China) was 
related to high (250 million cells per litre) cell densities which led to oily water 
and foam masses on the water surface (Huang et al. 1999). There is no evidence 
for the remark made by Leewis (1985) that Phaeocystis causes sickness in man 
via ingestion of mussels. 

In the Wadden Sea, the condition and spawning of Mytilus edulis is reduced 
during Phaeocystis blooms (Pieters et al. 1980). Phaeocystis colonies are 
unsuitable food for Macoma balthica (Kamermans 1994). According to Smaal 
and Twisk (1997), large colonies lead to reduced clearance rates of M. edulis, 
but on the longer term, colonies do not seem to affect M. edulis growth rate 
(Petri and Vareschi 1997). The effects of Phaeocystis spp. on zooplankton 
grazing appear to be similarly contrasting (Weisse et al. 1994). 

Rogers and Lockwood (1990) related the widespread mortality of littoral 
invertebrates in the Irish Sea, to post-bloom sedimentation of Phaeocystis 
colonies which led to anoxia. In the Oosterschelde (The Netherlands), the 
spring mortality rates of M. edulis in the years 1988 to 1990 were related to 
chlorophyll a concentrations, hence Phaeocystis abundance (Rijkswaterstaat 
1991). Due to reduced current velocities the phytoplankton settled on the 
mussel beds and the consequent mineralisation led to anoxia and bivalve 
mortality. A comparable situation occurred in 2001 when 10 million kg of M. 
edulis, with an economic value of € 20 million, died in the western 
Oosterschelde after a P. globosa bloom (L. Peperzak, unpublished). 
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Figure 1.2. Foam (‘meisop’) examination at Westkapelle (The Netherlands) spring 1998. 
 

‘How can it be that in such filth anything beautiful can be detected?’ 
Charlotte Mutsaers, Zeepijn (1999) 

 
 

Grøntved (1960) described how Phaeocystis colonies washed ashore in 
Denmark, leading to an evil smell. On the Kuwaiti coast, thick brown jelly 
layers occurred after colonies washed ashore (Al-Hasan et al. 1990). A better 
known phenomenon is the accumulation of foam on beaches along the North 
Sea following the Phaeocystis spring bloom (Lancelot et al. 1987, Figure 1.2). 
However, neither the mechanism for foam production, nor the correlation 
between foam and Phaeocystis blooms have been substantiated. 
 
long-term occurrence, blooms and eutrophication  
 
During the first World War, the European co-operation in marine biology that 
had led to many monitoring reports on Phaeocystis, came to an end. After the 
second World War, the economic development of Europe led to an increased 
pollution of the rivers and seas with the plant nutrients nitrogen and 
phosphorus (van Bennekom et al. 1975), and it was soon recognised that this 
eutrophication would lead to an enhanced growth of flagellate algae. This 
seemed obvious because in contrast to their main competitors the diatoms, 

 



chapter 1 

 18 

flagellates do not need silicon. Dissolved silicon is produced through the 
weathering of rock and its concentration is, therefore, not directly influenced 
by human activities. The correlation between eutrophication and enhanced 
Phaeocystis bloom duration was supported by a Phaeocystis time series from 
1973 to 1985 made in the Marsdiep by Cadée and Hegeman (1986). If this 
correlation is causal, the reduction of eutrophication from 1986 onwards (de 
Vries et al. 1997), should lead to a decline in Phaeocystis blooms. 

The effect of eutrophication on Phaeocystis blooms may, however, not be 
straightforward. First, Owens et al. (1989), using data from the continuous 
plankton recorder, have shown that the abundance of Phaeocystis over vast 
regions of the northeast Atlantic and North Sea, areas hardly influenced by 
eutrophication, is extremely variable. In the 1950s Phaeocystis abundance was 
high; in the early 1970s a minimum was reached (Owens et al. 1989), the 
Dutch coastal zone inclusive (Gieskes and Kraay 1977). Owens et al. (1989) 
attributed this variability to a changing large scale environmental factor such 
as climate. 

Second, changes in nutrient ratios in the Rhine and in coastal waters may 
have decreased the ratio of colonial to solitary cells (Riegman et al. 1992). 
Solitary Phaeocystis cells are harder to detect, especially with the 250 µm silk 
used by the continuous plankton recorder (CPR). Although there may be no 
causal relation, it is interesting to note that the CPR data for the Dutch coastal 
zone after 1960 (Gieskes and Kraay 1977), a period of rapidly increasing 
eutrophication of the Rhine (van Bennekom et al. 1975), show an inverse 
relation between the abundance of Phaeocystis colonies and silk colour (“µ-
flagellates”). A third factor that should be considered in analysing the relation 
between eutrophication and Phaeocystis abundance, lies in the observation 
that ultimately the duration of the Marsdiep Phaeocystis blooms increased, not 
the maximum cell concentration (Cadée and Hegeman 1986). So far, this 
observation has been overlooked and cannot be explained yet.  
 
bloom trigger 
 
Because Phaeocystis does not need silicon for growth, it can outcompete the 
fast growing early spring diatoms only when silicon has been depleted (Reid et 
al. 1990). If true, silicon depletion could therefore be the trigger for the start of 
the Phaeocystis bloom in late spring. Alternatively, the diatoms themselves 
could provide this trigger; they either provide a solid substrate for solitary cells 
to develop a colony, or they produce a chemical that triggers colony formation 
(Boalch 1987). To make matters more complicated, there is an increase in 
water column daily irradiance (daylength and solar angle) and in temperature 
during spring. Because Phaeocystis blooms start at water temperatures in the 
range of 5 to 14°C, Cadée and Hegeman (1986) ruled out temperature as 
trigger. The punctual timing of Phaeocystis in the Oosterschelde estuary 
(Peperzak 1991), led to the hypothesis that passing a threshold daily 
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irradiance forms the trigger for the spring bloom. This threshold would be 
higher than for diatoms, because Phaeocystis requires more light energy to 
convert CO2 for the construction of the carbohydrate colony matrix. 
 
bloom disappearance 
 
As mentioned earlier, colonial Phaeocystis blooms disappear suddenly and the 
question is: why? Young and healthy P. globosa colonies are not grazed by 
zooplankton (Hansen and van Boekel 1991). On the other hand, Admiraal and 
Venekamp (1986) had shown that when old colonies disintegrate, the colonial 
cells become available for grazing leading to the development of large 
populations of tintinnids. Later, van Boekel et al. (1992) and Brussaard et al. 
(1995) made clear that cell lysis may be an important factor in bloom decline. A 
third mechanism for the rapid disappearance of blooms is sedimentation 
(Wassmann et al. 1990, Riebesell 1993, Cadée 1996). Finally, the transition 
into solitary flagellates (Lagerheim 1896, Scherffel 1900, Ostenfeld 1904, 
Kornmann 1955, Jones and Haq 1963, Parke et al. 1971, Veldhuis et al. 1986, 
Verity et al. 1988b, Cadée 1991a) could play a role in the decline of colonial cell 
numbers. The relative importance of these four processes and the factors that 
influence their magnitude remain to be established.  
 
questions 
 
This chapter began with the two questions that formed the start for my 
investigation of the Phaeocystis puzzle: where do the colonies of Phaeocystis 
come from when they suddenly appear in spring, and where do they disappear 
to afterwards? In other words, which factors and processes are involved in the 
wax and wane of Phaeocystis globosa blooms? 

What is and where is the inoculum in winter for the ensuing spring bloom? 
What triggers the Phaeocystis spring bloom? Perhaps a daily irradiance 
threshold provides an adequate explanation for the order in which blooms take 
place: first the diatoms then Phaeocystis. Or are the diatoms themselves the 
trigger by providing a solid substrate or an as yet unidentified chemical signal? 
Maybe the depletion of silicon by the diatoms is sufficient? Another question is 
how increased eutrophication extends the duration of Phaeocystis blooms and 
not the peak cell concentration. This remarkable fact leads to the question if 
other nutrients beside nitrogen and phosphorus are important to Phaeocystis 
blooms.  

Several loss factors are involved in the wane of Phaeocystis blooms: grazing, 
lysis, sedimentation and flagellate formation. However, the relative importance 
of each of these factors is still unclear. Furthermore, the mechanism for foam 
accumulation on beaches is unknown. And, is the amount of foam correlated 
with the magnitude of Phaeocystis blooms?  
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In the following nine chapters an attempt is made to solve these queries. It 
will be shown that in order to do so, knowledge of Phaeocystis’ sexual life cycle 
is needed as well as the factors that rule the transitions between the different 
cell types. In fact, to understand the wax and wane of Phaeocystis blooms its 
life cycle needs to be known. The development of an ecophysiological model 
incorporating the sexual life cycle is a theme underlying this thesis.  

Aspects of the life cycle will therefore return in each chapter. Finally then, 
the questions on the wax and wane of Phaeocystis globosa blooms, rearranged 
in four sections: (i) inoculum and bloom trigger, (ii) bloom development, (iii) 
bloom height and duration, and (iv) bloom disappearance, will be answered 
using an ecophysiological model of Phaeocystis in the ultimate, synthesis 
chapter. 
 
thesis outline 
 
The many questions on Phaeocystis are addressed in the following chapters of 
this thesis. In the next chapter two major hypotheses concerning the life cycle 
are presented: (i) Phaeocystis blooms start when a daily irradiance threshold is 
passed under nutrient replete conditions, and (ii) Phaeocystis flagellates are 
formed when a nutrient becomes limiting and daily irradiance declines when 
colonies sink. In a first experiment, also described in chapter 2, Phaeocystis 
was cultured in a range of daily irradiances to search for a colonial-flagellate 
transition threshold. In chapters 3 and 4, the development of Phaeocystis 
blooms under (semi)-natural conditions is described, with special attention to 
both hypotheses. Additionally in chapter 3 the antagonistic effect of a 
Phaeocystis bloom on diatoms is described. Chapter 4 also describes 
microzooplankton grazing in the wane of Phaeocystis blooms, and develops a 
hypothesis for foam formation. 

The high mortality rate of the non-flagellate cell type is a second factor in 
bloom decline; its measurement is described in chapter 5. The third factor is 
sinking, and results of sinking rate measurements are reported in chapter 6. In 
chapters 7 and 8, the requirements for B vitamins and inorganic carbon are 
investigated. Furthermore, the provision of a solid substrate by diatoms as a 
trigger for the development of Phaeocystis blooms is examined in relation to B 
vitamins in more detail in chapter 7. 

A central theme in the ecology of Phaeocystis is its life cycle. A model for the 
life cycle is presented in chapter 9. This chapter also contains arguments for 
the existence of two types of gametes that produce the spring inoculum, and a 
hypothesis for the function of the pentagonal threads. In chapter 10, basic 
autecological functions of Phaeocystis growth are derived. The antagonistic 
effect, described in chapter 3, is explained. Furthermore, the relation between 
eutrophication and Phaeocystis bloom duration, and between Phaeocystis 
blooms and coastal foam are examined in chapter 10. Finally, a synthesis based 
on an ecophysiological model is provided in chapter 11. 
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Chapter 2 
 
 
 
 
 

Daily irradiance governs growth rate and 
colony formation of Phaeocystis (Prymnesiophyceae) 

 
 
 
 
 
L. Peperzak. Journal of Plankton Research 15: 809-821 (1993) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
“Any light that can be thrown upon the nature and appearance of these curious 
bodies will be much esteemed” 
 
I.C. Thompson (1885) 



chapter 2 

 22 

ABSTRACT. Phaeocystis was cultured at a range of ecologically significant daily 
irradiances under nutrient-replete conditions. Below a threshold of 100 W h m-2 day-1, 
the cells were small and flagellated, and remained solitary. Above this threshold, the 
cells were larger and able to form colonies. Growth rate and colony formation were 
maximum at sea surface irradiances (> 700 W h m-2 day-1). Presumably, colonial growth 
is a strategy to maintain optimum growth rates in the water column. Sinking, nutrient-
stressed colonies reach low irradiances and colonial cells can transform into small 
solitary flagellated cells. These observations are important in understanding the ecology 
and life cycle of Phaeocystis. 
 
 

Introduction 
 
 
Phaeocystis (Haptophyta, Prymnesiophyceae) is a common phytoplankton 
genus in temperate and polar seas, occurring as solitary cells or colonies. 
Colonial blooms may play an important role in global carbon and sulphur 
fluxes (Gibson et al. 1990, Smith et al. 1991). In the North Sea, Phaeocystis is 
considered to be a major nuisance alga (Lancelot et al. 1987). Because its life 
cycle is imperfectly understood (Kornmann 1955, Veldhuis 1987), there are 
several hypotheses for the triggering of blooms. They include temperature, 
salinity, freshwater runoff and nutrient discharge, but none of these 
hypotheses has been conclusive (Lancelot et al. 1987, Verity et al. 1988b). Long-
term variation in the occurrence of Phaeocystis colonies in the northeast 
Atlantic is probably related to climatic change (Owens et al. 1989). 

These different suppositions do not rule out a common cause for the start of 
Phaeocystis blooms, such as the amount of light energy received. For instance, 
Arctic and Antarctic blooms follow the retreating ice caps in summer, because 
meltwater-induced stratification reduces mixing depth and consequently 
increases mean irradiance in the surface layer of the water column (Heimdal 
1989, Marchant et al. 1991). In the Southern Bight of the North Sea the spring 
diatom bloom starts when the increase in solar radiation results in a mean 
water column irradiance of 9.5 W m-2 (Gieskes and Kraay 1975). The 
Phaeocystis spring bloom starts 1 to 2 months later (Leewis 1985, Veldhuis 
1987), when incident solar radiation has increased considerably. A comparable 
delay in the blooming of Phaeocystis has been found in the Ems-Dollard 
estuary (Colijn 1983). It has also been shown that Phaeocystis colonies may 
develop in the laboratory, i.e. at increased daily irradiances, in North Sea 
water samples taken before the spring diatom bloom (Kornmann 1955, 
Veldhuis 1987).  

Previous investigations on the relationship of irradiance and Phaeocystis 
were mostly focused on the short-term process of photosynthetic production. 
The responses reported vary (Davidson and Marchant 1992), but some general 
abstractions can be made. For instance, Phaeocystis is capable of rapid carbon 
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incorporation at relative low irradiances while at high irradiances 
photoinhibition may be less severe than in diatoms (Colijn 1983, Lancelot and 
Mathot 1987), or even absent (Verity et al. 1988a). It has also been shown that 
the amount of excreted photosynthetic products by colonial cells, mainly 
macromolecular carbohydrates used for the colony matrix, increases with the 
amount of light energy (Guillard and Hellebust 1971, Colijn 1983, Lancelot and 
Mathot 1985, Veldhuis 1987). Phaeocystis also seems able to adapt to a wide 
range of light climates (Davidson and Marchant 1992). 

However, the rate of photosynthetic production versus irradiance or photon 
flux density is something quite different than growth rate as a function of daily 
irradiance. Of course, these two can be linked in a model, but to do so much 
more information on species-specific variables must be available (Bannister 
1990). Furthermore, differing environmental factors encountered in the field, 
and the occurrence of different Phaeocystis cell types, will impede this 
relationship (Jahnke 1989, Madariaga 1992). In the case of Phaeocystis 
especially, there is a clear lack of parallelism between the photosynthesis rate 
and growth rate (Lancelot and Mathot 1987). 

The effect of daily irradiance on Phaeocystis in monocultures has indirectly 
been studied by Kornmann (1955). In the course of several years, his batch 
cultures underwent seasonal changes in irradiance because his culture vessels 
were placed in a northern-facing window. The nutrient concentrations will also 
have varied considerably. Several life cycle stadia of Phaeocystis were 
described, but unfortunately the amount of daily irradiance and nutrient 
concentrations were not measured. A second study was performed by Jahnke 
(1989) using a range of daily irradiances and temperatures. However, in this 
study no life cycle events were apparently observed. An important conclusion 
was that the temperate Phaeocystis globosa would outcompete diatoms only 
under ample nutrient conditions, near its optimum temperature (14oC) and at 
high irradiances. This agrees well with Langdon (1988), who found diatoms, as 
a group compared with a.o. haptophytes, the species best adapted to grow at 
low light. 

To investigate the role of light in the vernal bloom of Phaeocystis more 
thoroughly, it was cultured at a range of daily irradiances that represented an 
ecologically significant sequence of the values encountered from winter to 
summer in the Southern Bight of the North Sea. 
 
 

Methods 
 
 
Mean water column daily irradiance was calculated for early January (week 1) 
to late June (week 26) along the 'Noordwijk' transect (cf. Peeters and Peperzak 
1990) perpendicular to the Dutch coast, as follows. Global radiation data for 
1980 to 1988, obtained from the Royal Dutch Meteorological Institute, were 
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averaged to weekly values and converted to W h m-2 day-1 for comparison with 
experimental irradiances. Multiplying by 0.45 gave photosynthetically active 
radiation (I0, PAR). Mean water column PAR (Im) was calculated as: 
 

Im = I0 (1 - e - Kd ∗ z) / (Kd  ∗ z)       [ 2.1] 
 
where Kd = attenuation coefficient (m-1) and  z = water column depth (m). 
 

In situ Kd measurement data obtained in spring and summer in 4 
consecutive years at Noordwijk stations 2, 10, 20 and 70 km offshore (H. Haas, 
personal communication), were averaged: NW2: Kd = 1.05 ± 0.58, z = 13, NW10: 
Kd = 0.55 ± 0.26, z = 19, NW20: Kd = 0.43 ± 0.23, z = 21, NW70: Kd = 0.22 ± 0.06; 
z = 32. 

Assuming a homogeneous water column, depth-dependent irradiances at 5 
m intervals for NW70 were calculated as: 
 

Iz = I0 ∗ e - Kd ∗ z          [2.2] 
 

Phaeocystis clone Ph91 (non-axenic), originating from the North Sea, was 
grown at 15oC in f/2 culture medium without added silicon. The salinity was ca. 
32 psu. To investigate the effect of daily irradiance on growth rate and colony 
formation the following experiment was set up. In several timer-controlled 
incubators (daylength = 8, 13, 15 and 18 h day-1), different irradiances (4, 8, 10, 
18, 32, 55, 70, 101 W m-2, measured with a Photodyne XLA photometer with a 
spherical sensor) were obtained with neutral-density filters. Solitary cells were 
obtained by sieving through 20 µm gauze (Veldhuis 1987). Their concentrations 
at the start of the experiment were 105 or 106 cells l-1 (two runs were made). 
Cultures were shaken gently once daily, before sampling. Growth was 
monitored by measuring in vivo chlorophyll fluorescence with a Turner Design 
model-10 fluorometer. Cells were kept in exponential growth phase by dilution 
with fresh culture medium and were therefore assumed to be nutrient-replete. 
Growth rates were calculated after linear regression analysis of log-
transformed fluorescence values. Statistically significant regressions (P < 0.05) 
were used for the equation: 
 

µ = (ln Ft - ln F0) / (t - t0)       [2.3] 
 
where Ft,0 = fluorescence on day t and day 0, respectively and µ is growth rate 
(day-1) 
 

Colony formation was monitored by examining 2 ml non-fixed subsamples 
at a 63x and 160x magnification on an inverted microscope. To estimate the 
amount of colonial cells, samples were taken during the exponential growth 
phase.  
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Figure 2.1. Development of water column irradiance January-June, in the Southern 
Bight of the North Sea. (a) mean water column daily irradiance in W h m-2 day-1, along 
the 'Noordwijk' transect perpendicular to the Dutch coast. Stations 1 to 4 respectively 2, 
10, 20 and 70 km offshore; (b) depth-dependent daily irradiance log W h m-2 day-1 at 
station 4 (70 km offshore). 
 
 

One part was fixed with acid Lugol's iodine solution (Throndsen 1978); the 
remainder was fixed after being sieved through 20 µm gauze. In unfiltered 
samples colonies were destroyed by vigorous shaking. Cell counts were done 
microscopically. The percentage colonial cells was calculated as: 
 
 

((total c l-1) - (c l-1 < 20 µm) / (total c l-1)) * 100%    [2.4] 
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Figure 2.2. Growth rate as a function of daily irradiance for Phaeocystis, cultured at 
different light:dark cycles: 8:16 (O), 13:11 (∆), 15:9 (✧) and 18:6 (❑) h day-1 and at 
several irradiances per cycle; closed symbols (�): no colony formation. The regression 
line (r2 = 0.72) was calculated with growth rates measured at 2 < log DI < 3. 
 
 

Results 
 
 
The large temporal and spatial range in daily irradiance from January through 
June in the Southern Bight of the North Sea is shown in Figure 2.1a. Although 
water depth decreases offshore to coast, the simultaneous increase in water 
turbidity (Gieskes and Kraay 1975) is the reason why mean daily irradiance at 
the inshore stations never exceeds 250 W h m-2 day-1. There is also a large 
vertical gradient because irradiance decreases exponentially down through the 
water column (Figure 2.1b). 

Figures 2.2 and 2.3 show growth rate and percentage of colonial cells of 
Phaeocystis when cultured in such gradients. At daily irradiances less than 100 
W h m-2 day-1 no colony formation could be observed. Cells were small (ca. 4 
µm) and flagellated (Figure 2.4a). Above this value growth rates increased from 
0.3 day-1 to a maximum of 1.4 day-1, reached at 700 W h m-2 day-1. These rates 
are slightly smaller than those of Jahnke (1989), probably because his cultures 
were aerated (Peperzak unpublished). A statistically significant regression line 
could be fitted for 2 < log DI < 3 :  
 

µ = -2.31 + 1.30 ∗ log DI  (r2 = 0.72 , P < 0.001)    [2.5] 
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Figure 2.3. Percentage of colonial cells (means ± 1 sd) as a function of daily irradiance in 
W h m-2 day-1: 1 . 0-100 (n = 6); 2. 100-200 (n = 6); 3. 200-300 (n = 10); 4. 400-500 (n = 
12); 5. 500-600 (n = 2); 6. 800-900 (n = 1); 7. 1200-1300 (n = 6); 8. 1800-1900 (n = 6). 
 
 

Cells were large (ca. 8 µm) and capable of forming colonies (Figure 2.4b). 
The globular form of the colony, the regularly distributed cells, and the high 
growth rate at this temperature (15oC) are characteristic for the temperate 
Phaeocystis globosa (Jahnke and Baumann 1987). 

The percentages of cells in colonies followed a similar trend to the growth 
rate (Figure 2.3), but the data contained to much variation to give a 
statistically significant relation with daily irradiance. The trend that larger 
colonies are formed at increasing daily irradiance is, however, in line with 
physiological (photosynthesis) data (see introduction). The method employed 
overestimates the percentage colonial cells because the gauze may retain ca. 
5% of the solitary cells (Veldhuis et al. 1991). This accounts for the apparent 
colony formation (< 5%) at daily irradiances less than 100 W h m-2 day-1 (Figure 
2.3). 
 

Discussion 
 
 
Phaeocystis clone Ph91 formed colonies above a 100 W h m-2 day-1 threshold, 
under nutrient replete conditions. This seems to agree well with in situ and 
laboratory observations. In winter, irradiance is too low (Figure 2.1) to form 
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the colonial matrix and cells remain free-swimming (Kornmann 1955,  
Eilertsen et al. 1989). However, a temporary increase in irradiance in shallow 
water could induce colony formation, even at sub-zero temperatures (Veldhuis 
1987). This may explain low concentrations of colonies in the Wadden Sea 
during winter (Cadée and Hegeman 1986). Kornmann (1955) observed colonies 
after increasing irradiance to a culture of 'Mikro-zoosporen', small flagellates 
apparently similar to those observed in this study below 100 W h m-2 day-1 
(Figure 2.4a). Solitary cells adhering to solid surfaces may not detach and 
evolve into colonies on substrates such as seawater-rinsed glass (Kornmann 
1955) or on diatoms (Veldhuis 1987, Cadée and Hegeman 1991b). 

In the North Sea, the temporal development of phytoplankton blooms 
follows the coastward irradiance gradient, and Phaeocystis normally blooms 
after the first diatom bloom (Gieskes and Kraay 1975, Colijn 1983, Leewis 
1985, Veldhuis 1987). The increase in irradiance in this temperate sea is 
slower (Figure 2.1a) than in polar regions. In high latitudes the increase in 
daily surface radiation is faster than in temperate ones (Kirk 1994). Enhanced 
by meltwater-induced stratification (Heimdal 1989, Marchant et al. 1991), 
daily water column irradiance will rise much more steeply. This may explain 
why Phaeocystis is one of the first species to bloom in polar seas (Wassman et 
al. 1990, Davidson and Marchant 1992). The intrusion of deep water on a 
continental shelf may also trigger colony development (Atkinson et al. 1978). 
Davies et al. (1992) studied the Phaeocystis spring bloom in the English 
Channel in 1990. Phaeocystis concentration increased after a marked rise in 
mean daily radiation, when the water column was not stratified and nutrient 
concentrations were high. Using data from their Table I and assuming that: (i) 
daylength is 12 h day-1 on 21 March and 12.5 h day-1 on 28 March, (ii) the 
carbon fixation was measured near midday and mean daily surface irradiance 
= 0.5 ∗ surface irradiance during measurements, and (iii) 1 µE m-2 s-1 = 0.22 W 
m-2, it can be calculated that the mean water column (z = 0 - 72 m) daily 
irradiance, rose from 50 W h m-2 day-1 to 400 W h m-2 day-1. This amply 
satisfies the light energy requirement for colony formation (Figure 2.2), 
although growth rates presumably were low due to a subsequent decline in 
mean surface irradiance. Just before, and during the bloom, daily irradiance 
was high again. 

At irradiances above 100 W h m-2 day-1, non-colonial Phaeocystis cells may 
contribute over 50% of total cell numbers, in culture (Figure 2.3) as well as in 
situ (Weisse and Scheffel-Möser 1990b). These solitary cells may be non-
flagellated, in which case they resemble colonial cells in form and size, or 
flagellated, in which case they usually are smaller and different in cell shape 
(mesoflagellate, not shown). A third cell type is the small microflagellate, 
observed at DI < 100 W h m-2 day-1 (Figure 2.4a); it is significantly smaller and 
is considerably morphologically different from the mesoflagellates (Peperzak et 
al. 2000c). 
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Figure 2.4. Phase-contrast photomicrographs of: (a) solitary flagellated cells grown at 80 
W h m-2 day-1; (b) colonies of non-flagellated cells, cultured at 620 W h m-2 day-1. Bar = 
10 µm. Sample (a) was fixed with acid Lugol’s iodine solution; (b) was not fixed. 
 
 

Phaeocystis colonies (Figure 3.4b) should be regarded as entities that store 
organic carbon, phosphate and nitrogen, in the colony matrix when the light 
supply is sufficient (Lancelot et al. 1987, Verity et al. 1988b, Veldhuis et al. 
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1991). The colonial cells may use these substances at night to sustain growth 
(Lancelot and Mathot 1985). However, the measured maximum growth rate of 
1.4 day-1 (Figure 2.2) is equal to the mean of maximum growth rates of non- 
colonial marine microflagellates in laboratory cultures (Furnas 1990), and is in 
the range of in situ growth rates of non-colonial Phaeocystis cells (Weisse and 
Scheffel-Möser 1990b). Above all, the calculated in situ dark growth rate of 
colonial cells, can be very small compared to daily (24 h) growth rate (Lancelot 
and Mathot 1987). Therefore, the storage of energetically valuable 
carbohydrates in the colonial matrix, seems not to be primarily aimed at the 
purpose of dark growth. This implies that colony formation is a multi-purpose 
strategy. It has also been suggested that the large size of the colonies compared 
with solitary cells, and the colony membrane, both serve to protect against 
zooplankton grazing (Lancelot et al. 1987). This, however, does not prevent 
several micro-, meso- and metazooplankton groups from grazing on Phaeocystis 
colonies (Weisse and Scheffel-Möser 1990b, Sournia 1991, Davidson and 
Marchant 1992). 

The mean water column irradiance in the North Sea never reaches the 700 
W h m2 day-1 (Figure 2.1a) necessary for maximum growth rate. This implies 
that colonies should be able to position themselves at a certain optimum level, 
high in the water column (Figure 2.1b). Spring blooms in Arctic fjords, in the 
absence of a density gradient, could only be explained by assuming that the 
phytoplankton stratified itself; two of the dominant species in this area were 
Phaeocystis and the diatom Chaetoceros socialis (Eilertsen et al. 1989). C. 
socialis has also been observed before and during the spring Phaeocystis bloom 
in the North Sea (Gieskes and Kraay 1975, Lancelot and Mathot 1987) and 
may possibly use a similar strategy. Its weakly silicified, small cells secrete 
mucus and form colonies in the same size range as Phaeocystis (Drebes 1974), 
and recently buoyancy of C. socialis colonies has been observed (Riegman et al. 
1992). 

Unfortunately, studies of the vertical distribution of phytoplankton in the 
Southern Bight of the North Sea are scarce, because the water column is 
assumed to be homogeneous throughout the year (Gieskes and Kraay 1975, 
Leewis 1985, Weisse and Scheffel-Möser 1990b). Normally, only surface 
samples are taken. However, in April 1926, a Phaeocystis bloom in the 
Southern Bight was investigated at depth intervals of 10 m. Large differences 
in vertical distribution were found, and it was suggested that Phaeocystis 
blooms in surface waters and later sinks to the bottom (Savage and Hardy 
1934). Recent observations in this area also showed post bloom sinking, and 
formation of colonial microflagellates (Peperzak et al. 1998 and 2000c). In 
general, rates at which algal cells sink increase under physiological stress 
(Bienfang 1981a) and presumably the buoyancy of Phaeocystis colonies 
decreases under nutrient stress. Van Boekel et al. (1992) could not find a clear 
relation between the sinking rate of Phaeocystis colonies and stage of the bloom 
development, although they did observe a slight increase during the bloom 
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decline. However, the colonies were obtained from surface samples and may 
not have been representative of the North Sea Phaeocystis population as a 
whole. Once North Sea phytoplankton, notably Phaeocystis, is deposited on the 
sea floor, there is little resuspension, despite high mean current velocities 
(Jennes and Duineveld 1985). 

The spring Phaeocystis bloom in the North Sea depletes either phosphate 
(Veldhuis 1987) or nitrogen (Lancelot and Mathot 1987, van Boekel et al. 
1992). Presumably sedimentation is enhanced by detritus or other planktonic 
forms adhering to the colonial mucus (Drebes 1974, Wassman et al. 1990). 
Bloom sedimentations have been described in several temperate and polar seas 
(Jennes and Duineveld 1985, Lancelot et al. 1987, Rogers and Lockwood 1990, 
Wassman et al. 1990). Sinking Phaeocystis colonies will eventually reach zones 
with very low irradiances (Figure 2.1b). As a result, colonial cells may 
transform into small flagellates (Figure 2.4a). Small solitary flagellates have 
been observed in North Sea surface samples after bloom collapse (Veldhuis 
1987, Lancelot and Mathot 1987, Peperzak et al. 2000c). The reduction in 
irradiance experienced by a surface Phaeocystis bloom advected under the fast 
Antarctic ice in nutrient-replete conditions, did not result in such a 
transformation (Palmisano et al. 1986). It seems that both reduced light energy 
and nutrient stress are needed to trigger the phenomenon. 

The emigration of flagellated cells from nitrogen-stressed colonies in a 
mesocosm experiment, leading to so-called 'ghost' colonies, was ascribed to a 
rapid drop in temperature (Verity et al. 1988b). However, irradiance decreased 
concomitantly because surface ice was formed and daily solar radiation 
decreased (Verity et al. 1988b), and this important variable was not taken into 
account. In a recent mesocosm experiment, phosphate-stressed colonies were 
observed to sink to low irradiances. This also led to the release of small 
flagellates and the formation of 'ghost' colonies (Escaravage et al. 1995). Davies 
et al. (1992) observed an increase of small Phaeocystis flagellates under the 
seasonal thermocline (40 m), after the decline of the surface (10 m) spring 
bloom. This was ascribed to downward migration of the flagellates, possibly 
due to photophobotaxis. An alternative explanation is that the colonies lost 
buoyancy control after nitrate became limiting (Davies et al. 1992). Under the 
assumptions made earlier, daily irradiance at these depths was: 500 W h m-2 
day-1 (10 m) and 2 W h m-2 day-1 (40 m). During descent, colonies would pass 
the 100 W h m-2 day-1 threshold and this would have triggered the release of 
small Phaeocystis flagellates (Peperzak et al. 2000c). It also explains the large 
concentration of small Phaeocystis flagellates at this depth, compared with the 
surface. 

Presumably colonial sedimentation is an adaptive response to nutrient 
limitation. Small and motile solitary Phaeocystis cells will be better able to 
compete for scarce nutrients and they may recolonize the water column. 
Colonial development will start when both nutrient concentration and daily 
irradiance are adequate again. 
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It has been suggested that summer blooms in the Wadden Sea started in 
1978 after a lowering of the nitrogen:phosphorus discharge ratio, and because 
Phaeocystis may outcompete other species at low nitrogen concentrations 
(Riegman et al. 1992). However, summer blooms had already occurred before 
1978, e.g. 1974, 1975 and 1976 (Cadée and Hegeman 1986) and the ratio 
shifted due to an unequal increase of both phosphorus and nitrogen discharge 
(Riegman et al. 1992). Also, the colonial membrane and mucus act as a 
diffusion barrier for phosphate (Veldhuis et al. 1991), and it is unlikely that 
this would not be so for nitrogen. Therefore it is plausible that summer blooms 
are initially still light-controlled. The supply of the first nutrient to limit 
growth rate will govern the peak and duration of the bloom (Jahnke 1989, 
Peeters and Peperzak 1990). The notion that oligotrophic tropical waters may 
not be an environment conducive to the development of Phaeocystis blooms 
(Davidson and Marchant 1992) may well be, therefore, attributable to the 
inherent difficulty of colonies to compete for nutrients when these are scarce. 
For instance, the anthropogenic eutrophication of the bay of Kuwait has led to 
the blooming of Phaeocystis (Al-Hasan et al. 1990). The reverse, 
oligotrophication, has occurred in the Oosterschelde estuary. The strong 
reduction of nutrient loads, notably nitrogen, has led to poor development or 
absence of Phaeocystis colonies (Bakker et al. 1994). 

Owens et al. (1989) related the changes in abundance of Phaeocystis colonies 
in the northeast Atlantic Ocean since the 1940s to climatic change. The most 
pronounced physical change in this period has been an increase in northerly 
winds and in gales, delaying the time at which the critical depth exceeds the 
depth of mixing (Cushing 1990). Given the strong dependence of Phaeocystis 
colony formation on underwater light climate, the relation as assumed by 
Owens et al. (1989) seems plausible. This is corroborated by observations of 
Davies (cited in Lancelot et al. 1991). He noticed that the development of the 
Phaeocystis spring bloom was delayed by periods of strong wind that prevented 
long-term stratification. 

The coherent observations on the ecology of Phaeocystis presented here form 
the basis for the description of its life cycle. The relatively high requirements 
for light energy and nutrients, in conjunction with species- specific 
temperature optima (Jahnke and Baumann 1987), seem to define the 
geographical and temporal distribution of colonial blooms. Supplementary 
research with other, e.g. polar and tropical strains or species should confirm 
this. On the other hand, a role for other environmental factors, such as organic 
nutrients or the use of diatoms as a substratum for colonial growth in situ 
(Lancelot et al. 1991), should not be ruled out. 
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ABSTRACT. A widespread hypothesis is that man-induced eutrophication, an increase in 
nitrogen and/or phosphorus rather than silicon, gives a competitive advantage to the non-
silicon using flagellates against the silicon dependent diatoms. Some authors suggest that 
such a mechanism could explain the intensification of the Phaeocystis blooms observed in 
the last decades in the coastal zones of the North Sea. 
A mesocosm experiment aiming to investigate this mechanism was performed in two 3 m3 
mesocosms. Light climate, mixing regime and nutrient concentrations reproduced 
conditions in Dutch coastal waters. Silicon was added to ensure a phytoplankton 
development without Si limitation. Massive blooms of the colony forming prymnesiophyte 
Phaeocystis globosa developed in both mesocosms and outcompeted the diatom community. 
Nutrients were continuously added and no nutrient limitation occurred during the bloom 
development. After four weeks, the Phaeocystis bloom collapsed and diatoms reappeared in 
both tanks. The dominance of Phaeocystis in a non-silicon-limited environment constitutes 
an original observation which is in contradiction with the conclusions of some previously 
published works. 
 
 

Introduction 
 
 
Irradiance and nutrients (nitrogen (N), phosphorus (P), silicon (Si)) are essential 
factors controlling primary production, phytoplankton biomass and species 
succession. Irradiance determines the season of primary production at temperate 
latitudes. Depending on the nutrient concentrations, irradiance can also become 
a limiting factor for primary production when light attenuation is increased by 
suspended sediment and high phytoplankton concentrations (self-shading). If 
irradiance is not limiting, the quantity of nutrients available for primary 
producers determines the potential phytoplankton biomass. 

The actual phytoplankton biomass is also controlled by loss factors such as 
sedimentation, autolysis and grazing. There are strong indications that 
sedimentation and autolysis are closely coupled with the physiological properties 
of the cell. These properties are often related to the availability of the controlling 
factor (nutrient or light) (van Boekel et al. 1992, Waite et al. 1992b). Moreover, 
there seems to be a positive correlation between the cell size and the intrinsic 
sinking rate (Smayda 1970) whereas a negative correlation has been found 
between the cell size and its edibility by microzooplankton (Verity 1986, Burkill 
et al. 1987).  

Riegman et al. (1993a) proposed a food web model, combining the import rate 
of the controlling factor for the primary production (nutrient or light), the 
sedimentation and the grazing rates to describe the phytoplankton community 
structure in response to eutrophication. At a low import rate of the controlling 
factor, the growth rate of large phytoplankton species cannot exceed their high 
sedimentation rate. Consequently, the phytoplankton community is dominated 
by small species. When there is a high import rate of the controlling factor, the 
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biomass of the small phytoplankton species is rapidly limited by the grazing of 
microzooplankton, whereas the large phytoplankton species escape grazing and 
could compensate their sedimentation rate in these favourable growth conditions. 
This functional shift can be interpreted as a response of the system allowing an 
optimal utilization of the elevated import of the controlling factor (nutrient or 
light), a crucial step in the eutrophication process. 

Eutrophication in coastal and stratified areas has led to the development of 
massive algal blooms, hypoxia and shifts in phytoplankton species composition in 
many areas in the world (Smayda 1990, Vollenweider et al. 1992). In Chesapeake 
Bay increasing levels of eutrophication over the last decades led to greater 
abundance’s and extended periods of phytoplankton growth (Marshall and 
Lacouture 1986). Man induced eutrophication usually corresponds with an 
increase of N and P rather than Si and may therefore favour non Si dependent 
algae against diatoms (Officer and Ryther 1980). In the inner German Bight 
flagellate biomass increased 10- to 15-fold while diatom biomass slightly 
decreased between 1962 and 1984 (Radach and Berg 1986). The authors related 
this to a sharp increase of the N:Si ratio because the nitrate concentration 
increased nearly fourfold whereas silicate dropped to one fifth during the same 
period. 

In Dutch coastal waters, the increase in phytoplankton biomass and shifts in 
its species composition (Cadée and Hegeman 1986, Radach et al. 1990) have also 
been attributed to eutrophication. Cadée and Hegeman (1986) reported an 
increase of both the Phaeocystis spring bloom cell numbers (two-fold) and the 
duration of the spring bloom (eight-fold) in the Marsdiep over the period 1973-
1985. Riegman (1991) found that non-colonial Phaeocystis became dominant in 
N-limited chemostats. In P-limited chemostats, Phaeocystis was outcompeted. In 
discontinuously diluted batch cultures, Phaeocystis colony formation only 
occurred when NO3- was the sole limiting N source, under P limitation (P < 0.23 
µM) no colonies were formed. Although these observations seem contradictory to 
previous findings (Veldhuis and Admiraal 1987, Veldhuis et al. 1991) where 
colony formation was observed at P concentrations below 0.2 µM (and thus 
limiting with a Ks for growth estimated as 0.7 µM), Riegman (1991) concluded 
that the summer colonial bloom of Phaeocystis in the Marsdiep was caused by 
major shifts in the N:P ratio (from P to N dominated limitation) and in the 
NH4+:NO3- ratios which occurred since the year 1978. However, colonial 
Phaeocystis summer blooms were observed before 1978 (Cadée and Hegeman 
1986) and the ratio shifted due to an unequal increase of both P and N discharge 
(Riegman et al. 1992). It can be argued that, as simultaneous increases of N and 
P loads occurred, the high loads themselves could have caused an increased 
duration of the Phaeocystis bloom (Peperzak 1993). 

The question remains why it is, amongst all the non-diatom species, that 
Phaeocystis profits most from elevated nutrient availability. Veldhuis et al. 
(1991) observed that the ability of Phaeocystis to switch from flagellate to colonial 
forms with completely different requirements broadens its ecological niche and 
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could confer a competitive advantage in transient state nutrient conditions to 
this species. Phaeocystis colonial cells are able to perform protein synthesis under 
light limitation at the expense of the extra-cellular muco-polysaccharides 
synthesised in the light (Lancelot and Mathot 1985). This feature could be 
advantageous for Phaeocystis colonial cells, especially by transient light 
conditions such as in turbid coastal areas. Phaeocystis colonies have been shown 
to be less edible to microzooplankton and some mesozooplankton species than 
smaller cells (Verity and Smayda 1989). This could also be one of the features 
contributing to the Phaeocystis dominance during the summer blooms. 

The non-toxic Phaeocystis is regarded as a nuisance alga mainly because of 
the intensive foam production during the wane of the bloom. In the Southern 
Bight of the North Sea the Phaeocystis bloom consists of a high spring peak 
appearing usually some weeks after the spring diatom peak (Gieskes and Kraay 
1975, Cadée and Hegeman 1986). 

Several hypotheses have been proposed to explain the diatom/Phaeocystis 
succession. According to Egge and Aksnes (1992), a high inherent growth rate of 
diatoms at non-limiting Si concentrations may prevent Phaeocystis to break 
through at high Si concentrations. Under N or P limiting circumstances, diatoms 
would have a competitive advantage over Phaeocystis colonies because they have 
a higher storage capacity for these nutrients (Jahnke 1989). Phaeocystis blooms 
could develop utilising the remaining N and P after the diatom spring bloom 
becomes Si limited (van Bennekom et al. 1975). 

The fact that the spring Phaeocystis bloom occurs after the diatom bloom may 
also result from specific requirements for other environmental factors such as 
light and/or temperature. The Phaeocystis bloom may need higher temperature 
and irradiance than diatoms (Veldhuis et al. 1986). Under controlled 
experimental conditions, Phaeocystis was unable to develop colonies when daily 
irradiance was less than 100 W h m-2 day-1 (Peperzak 1993). 

This mesocosm experiment was used to test whether diatoms could 
systematically dominate phytoplankton assemblages under silicon-replete 
conditions as stated by Officer and Ryther (1980) and Egge and Aksnes (1992). 
 
 

Methods 
 
 
experimental scheme 
 
The experiment was executed at the National Institute for Coastal and Marine 
Management (RIKZ) fieldstation 'Jacobahaven' situated at the mouth of the 
Oosterschelde (S.W. Netherlands). The experiment started on 01-06-1992 and 
lasted 40 days. Two 3000 l mesocosms (mesocosm 1 and 2) were filled with sea 
water originating from the Oosterschelde, filtered over 100 µm gauze and 
complemented with 100 l non-filtered sea water. The purpose of the 100 µm 
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filtration was to avoid the introduction of large predators which could have 
significantly and selectively influence the phytoplankton development, and to 
favour the reproducibility between the mesocosms (possible patchy distribution of 
large organisms). As a consequence, some large diatoms and Phaeocystis colonies 
were discarded. Nevertheless 12 diatom species were present in the mesocosms 
with among them, large chain forming species as Rhizosolenia shrubsolei, 
Eucampia zodiacus and Odontella aurita. 

Rotating mixers mixed the mesocosms water continuously. Continuously 
operating scrapers limited the fouling on the mesocosm walls. Optical diffusers 
above the mesocosms ensured a homogeneous light climate in the mesocosms. 
The mixing and the light climate in the mesocosms reproduced (on scale) the 
conditions of a 10 m water column in the Dutch coastal zone. N (NaNO3), P 
(NaH2PO4) and Si (Na2SiO3.5H2O) were added to establish initial nutrient 
concentrations (N = 95 µM, P = 3 µM, Si = 20 µM) sufficient to promote a massive 
phytoplankton development. The Si concentrations were adjusted relatively to 
the N and P concentrations to prevent any Si limitation for the diatoms. 
Nutrients were periodically added in order to compensate for phytoplankton 
uptake (Figure 3.3). On average, the daily nutrient inputs were 3.71 µM N, 0.23 
µM P and 1.52 µM Si for mesocosm 1 and 3.56 µM N, 0.18 µM P and 1.40 µM Si 
for mesocosm 2. Vitamins (0.01 nM of thiamine, biotin, B12) and trace metals (10 
nM Fe, 1 nM Mn, 0.1 nM of Zn, Co, Mn, Mo) were added together with the macro-
nutrients. 
 
sampling and analytic procedures 
 
Daily integral irradiance (PAR in W h m-2 over one day) was recorded with a 
Kipp and Zonen Solar Integrator in combination with a light sensor (developed 
by Wageningen Agricultural University) mounted on top of a nearby building. To 
account for light absorption by the optical diffuser above the mesocosms the 
measured daily integral irradiance was multiplied by 0.7. Irradiance attenuation 
in the water column was measured in duplicate 3 times a week with a LiCor 
underwater quantum spherical sensor (SPA-QUANTUM). The apparent 
attenuation coefficient (Kd in m-1) was calculated using linear regression 
(equation 3.1): 
 

  ln (Iz / I0) = -Kd * z         [3.1] 
 
with I0: incident irradiance at surface and Iz: incident irradiance at z meters      
(W m-2).  

From daily surface irradiance (W h m-2 day-1) and Kd (m-1), the daily irradiance 
averaged over the water column follows from equation 3.2: 
 

DI = DI0 * (1 - e -Kd * z) / (Kd * z)       [3.2] 
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with DI0 is daily irradiance at surface (W h m-2 day-1) and DI is daily irradiance 
averaged over the water column (W h m-2 day-1) and z (m) is the depth of the 
water column. 

Water samples were collected 3 times a week. Dissolved inorganic nutrients 
(N as NH4+ + NO3- + NO2-), P as PO43- and Si as Si(OH)4 were determined with an 
autoanalyzer according to Grasshoff et al. (1983). The detection limits were: 0.14 
µM N-NO3- , 0.07 µM N-NO2-, 0.29 µM N-NH4+, 0.06 µM P-PO43-, 0.36 µM Si-
Si(OH)4. Chlorophyll a and phaeopigments were extracted on GF/C filters 
according to Gieskes and Kraay (1984) and analysed by HPLC with a 85-100% 
acetone/water-water gradient, using a reversed phase RP18 Novopack column 
(Waters) in a Spectra Physics Chromatography station. Chlorophyll a was 
detected with a Perkin Elmer LS-2B fluorometer (excitation: 410-430 nm; 
emission: > 530 nm). A standard chlorophyll a solution was used for calibration. 

Primary production was measured by incubating water samples for 2 hours 
with 185 kBq 14C-bicarbonate (Amersham) at irradiances of 0, 2.3, 5.3, 11.7, 29.6, 
61.1, 144.3 and 332.3 W m-2 in a temperature-controlled incubator. Samples were 
processed according to Peeters et al. (1991a). Irradiance (I, W m-2) and production 
(P, mg C mg Chla-1 h-1) were fitted to the model (Eilers and Peeters 1988): 
 

P(I) = I / (a I2 + b I + c)        [3.3] 
 

Maximum production (Pmax), irradiance half saturation constant (Ik) and daily 
integrated production were calculated combining irradiance, chlorophyll a 
concentration and P/I curve parameters using PRODUK software (Duin and Bil 
1988). 

Indications over the degree of light limitation were obtained from the P to Pmax 
ratio. The following scale was used to interpret the P:Pmax ratio. P:Pmax between 
0.5 and 0.1: moderate limitation, P:Pmax below 0.1: extreme limitation (Peeters et 
al. 1993). Care has, however, to be taken with the interpretation of this ratio as it 
considers the gross production. The light limitation for the net growth (µ) could 
be more intense than suggested by the P:Pmax ratio since even if algae grow at 
µmax, the corresponding P is lower than the Pmax. The P:Pmax is calculated as 
follows:  
 

P / Pmax = Iav / ( Ik + Iav)         [3.4] 
 
Where Iav is the daily averaged irradiance (W m-2) in the water column. 

Deviations of the ratio P:N:Si = 1:16:16 (Gillbricht 1988) for dissolved 
nutrients were used as indicator for the first potentially limiting nutrient 
(Peeters et al. 1993). The concentration of this nutrient was then compared to the 
range of half-saturation constants for nutrient uptake: N = 1-2 µM; P = 0.1-0.5 
µM; Si = 1-5 µM (Fisher et al. 1988, Peeters and Peperzak 1990). 

Phytoplankton samples were fixed with acid Lugol's iodine solution. 
Phytoplankton cell numbers and species composition were determined by the 
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Utermöhl technique (Utermöhl 1958). Counts were made in 5 ml concentrated 
samples (x10) on an inverted microscope (magnification x160 and x400). Dense 
samples were counted in a hemocytometer. 
 
 

Results 
 
 
Due to variable weather conditions the surface irradiance changed erratically 
during the experiment (Figure 3.1a). The apparent light attenuation coefficient 
(Kd) increased from day 5 onwards and reached a value of 3 m-1 on day 17 in both 
mesocosms (Figure 3.1b). Then Kd decreased until days 31 to 33. An increase of 
Kd occurred in both mesocosms from day 33 onwards, followed by a new decrease 
in mesocosm 1 but not in mesocosm 2. Mean water column daily irradiance was 
mostly between 100 and 400 W h m-2 day-1 (Figure 3.1c). Mean water column 
daily irradiance at Noordwijk 10 for the same period in 1988-1990 was between 
100 and 260 W h m-2 day-1 (Peeters et al. 1993). Light limitation coefficients 
(Figure 3.2) lay between 0.1 and 0.5, indicating moderate light limitation 
(Peeters et al. 1993). Increase of the light limitation observed around days 20 and 
30 corresponded to decrease of the surface irradiance (Figure 3.1c). 

The nutrient concentrations varied over time (Figure 3.3). Inputs until day 10 
maintained (N) or increased (P, Si) nutrient concentrations. From day 10 onward 
the nutrient concentrations decreased in both mesocosms in spite of inputs on 
day 13 (N and P). Inputs of N and P on days 18 and 25 provoked marked 
concentration increases except for P in mesocosm 1. Since Si was not added after 
day 9, concentrations decreased in both mesocosms. The Si decrease was more 
pronounced in mesocosm 1, indicating higher biological uptake in mesocosm 1 
compared to mesocosm 2. 

P concentrations showed a similar difference. The N:P ratio remained at 
values higher than 16 during the whole experiment (Figure 3.4) indicating P as 
potentially limiting nutrient. However, minimum P concentrations were higher 
than 0.5 µM and therefore probably not actually limiting. The Si limitation 
programmed for the second half of the first experiment was not effectively 
established. 

Chlorophyll a concentrations evolved in a comparable way in both mesocosms 
(Figure 3.5). From day 5 till day 18, concentrations increased in both mesocosms 
and reached values between 50 and 60 µg l-1. From day 20 onwards there was a 
further increase in mesocosm 1 followed somewhat by mesocosm 2. 
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Figure 3.1. Surface daily irradiance (a), light attenuation coefficient (b) and mean water 
column daily irradiance (c) in mesocosm 1 (M1) and mesocosm 2 (M2). 
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Figure 3.2. Light limitation coefficient (P:Pmax) in mesocosm 1 (M1) and mesocosm 2 (M2). 
 
 

Maximum chlorophyll a concentrations were reached in both mesocosms on 
day 24. From then on concentrations decreased until day 36. During the last days 
of the experiment concentrations increased again in mesocosm 2 but remained 
unchanged in mesocosm 1. 

Daily primary production increased exponentially starting on day 5 till day 
15, from 0.5 to almost 6 g C m-2 day-1 (Figure 3.6). Between day 15 and 17 daily 
primary production decreased to 2 g C m-2 day-1. From day 19 to 26 the 
production in both mesocosms remained fairly constant. Between day 26 and 31 
the daily primary production decreased continuously. 

19 phytoplankton species and groups of species were identified (Table 3.1). 
Most of the time the prymnesiophyte Phaeocystis was numerically dominant. The 
diatom phytoplankton was dominated by two species: Pseudo-nitzschia 
delicatissima and Skeletonema costatum. The rest of the phytoplankton 
community mainly consisted of dinoflagellates, microflagellates and some 
diatoms which appeared episodically in the counts. 

After one week diatoms started to grow together with Phaeocystis in both 
mesocosms (Figure 3.7). The diatoms reached their maximal density almost one 
week later and then declined in both mesocosms despite high nutrient 
concentrations available at that time (Figure 3.3). Colonies of Phaeocystis could 
be observed in both mesocosms. 
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Figure 3.3. DIN (a), DIP (b) and Si (c) concentrations in mesocosm 1 (M1) and mesocosm 2 
(M2). n.a. = nutrient addition 
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Figure 3.4. N:P ratios in mesocosm 1 (M1) and mesocosm 2 (M2). 
 
 

The Phaeocystis population continued to grow and reached densities of almost 
200 x 106 cells l-1 in both mesocosms between day 19 and 24. By this time 
primary production had declined (Figure 3.6) and the bloom collapsed within one 
week in both mesocosms. From day 26 onward, during the Phaeocystis decline, 
diatoms (mainly S. costatum) again developed in both mesocosms. In mesocosm 2 
this development went on until the end of the experiment. In mesocosm 1 diatom 
development stopped after one week. In  
the week following the decline of the Phaeocystis bloom, so called 'ghost colonies' 
were observed in both mesocosms. They consisted of colony residue (empty 
matrix) and disrupted envelopes still containing a few cells. From day 26 
onwards microflagellates identified as Phaeocystis (cell diameter 3 to 4 µm) 
appeared in mesocosm 1 and to a lesser extent in mesocosm 2. Their numbers 
increased until the end of the experiment (Figure 3.8). 
 
 

Discussion 
 
 
The mesocosms were originally designed to reproduce the environmental 
conditions of monitoring station NW10 in the Dutch coastal zone. The nutrient  
concentrations measured at NW10 for the same period of year as the experiment 
(June/July) and averaged over the years 1980 to 1987 were: N = 62 µM, P = 1.16 
µM and Si = 6.6 µM (Dutch monitoring programme of water quality). For 
comparison the mean concentrations measured during the present experiment 
were: N = 72 µM, P = 2.40 and Si = 21.1 µM. Except for Si, set at purpose to 
excessively  high  concentrations, the  mean  concentrations  of  the  other  macro- 
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Table 3.1. List of phytoplankton species growing in the mesocosm tanks during the 
experiment (ranked following decreasing numerical importance) 
 
Phaeocystis sp. dinoflagellates (unidentified) 
microflagellates Protoperidinium bipes 
cryptophyceae Navicula sp. 
Skeletonema costatum Licmophora sp. 
Pseudo-nitzschia delicatissima Pseudo-nitzschia seriata 
Oxyrrhis marina Odontella aurita 
Amphora sp. Thalassiosira nordenskioldii 
pennate diatoms (unidentified) Rhizosolenia shrubsolei 
centric diatoms (unidentified) Eucampia zodiacus 
Nitzschia longissima  

 
 
nutrients did not differ much from field concentrations for the same period of the 
year. 

The temperature fluctuated between 16 and 20°C during the experiment. For 
the same period of the year the temperature at NW10 was lower with a mean 
value (1980-1987) of 15.6°C. 

Mixing is a very important factor as it determines how fast phytoplankton 
items will travel across the light gradient. The intensity of the currents 
generating the turbulent mixing will determine whether algal cells will settle or 
be stirred up from the bottom of the mesocosms. The mixing of the mesocosm 
water was set to reproduce the mixing time at NW10 in the first 10 m of the 
water column (45 min). For this purpose the rotation was set at 5 rpm 
corresponding to a tangential speed at the end of the mixer equalling 0.23 m s-1. 
The current speed generated by the mixers were certainly lower than this value. 
For comparison, the averaged tidal currents measured at our reference station 
equal 0.4 m s-1. Whereas the mixing time in the mesocosms was representative 
for the field, the current speed appears lower than at sea; this could have affected 
the sedimentation process in the mesocosms. 

The phytoplankton species found in this experiment are common 
Oosterschelde and North Sea species (Gieskes and Kraay 1975, Bakker et al. 
1990, Reid et al. 1990). Species such as Nitzschia longissima, Amphora sp., 
Navicula sp. and other unidentified pennate diatoms are typical fouling or 
phytobenthic algae. They probably originated from the mesocosm walls and were 
brought in suspension by the anti-fouling device and the mixer. 

The collapse of the diatom bloom occurred without indications of any light or 
nutrient limitation. The reappearance of diatoms after the collapse of the 
Phaeocystis colonial bloom did not coincide with remarkable improvement of 
nutrient and light conditions in the mesocosms. Note that diatom cell numbers 
decreased  as  Phaeocystis  cell  numbers  increased  to  bloom  intensity, and that  
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Figure 3.5. Chlorophyll a concentrations in mesocosm 1 (M1) and mesocosm 2 (M2). 
 
 
diatoms increased again after the Phaeocystis colonies had disappeared. The 
following questions are raised: why were diatoms outcompeted by Phaeocystis, 
despite the presence of sufficiently high Si concentrations? Why did the 
Phaeocystis colonial bloom collapse? Several explanations can be proposed: 
 
differential sedimentation rates 

 
According to Smayda (1970) most of the non motile marine phytoplankton 
species sink. Bienfang (1982) observed that Chaetoceros socialis colonies had a 
very low settling rate (less than 0.40 m day-1) when compared with the settling 
rate of other diatoms (≈ 1.39 m day-1 for Leptocylindricus danicus and 
Thalassiosira decipiens). C. socialis are spheres of several millimetre in diameter 
consisting of coiled chains of many hundred cells. Bienfang (1982) attributed the 
low settling rate to the contribution of the enveloped water to the net density of 
the colony. Only the cellular material contributes to the excess density of the 
entire colony since water is isopycnic with respect to itself. More surprisingly, 
Riegman et al. (1992) observed buoyancy (negative settling rate) of C. socialis 
colonies in one of their competition experiments. This means that the algae were 
able to decrease the net colony density (cells + enveloped 'water') below the 
density of the seawater. A comparable phenomenon has been documented for 
Phaeocystis colonies (see chapter 6). Cariou et al. (1994) observed that after a 
period of growth (≈ 4 days) on the bottom of unshaken culture vessels newly 
initiated Phaeocystis colonies began to float and continued their growth in the 
water column. 
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Figure 3.6. Daily primary production in mesocosm 1 (M1) and mesocosm 2 (M2). 
 
 

The low turbulence in the mesocosms may have favoured Phaeocystis to the 
detriment of co-existing diatoms. Buoyant Phaeocystis colonies could remain in 
the well lit upper part of the water column (cf. Peperzak 1993) whereas diatoms, 
more evenly distributed over the water column, could experience less favourable 
light conditions. The high growth rate of Phaeocystis resulting from favourable 
light and non-limiting nutrient conditions may have led to an increase of 
biomass, diminishing the light available for diatom growth in the mesocosm.  

Diatoms depend for their buoyancy on ionic pumps and the activity of these 
ionic pumps is strongly affected both by light and by the availability of 
respiratory energy (Anderson and Sweeney 1977, Anderson and Sweeney 1978). 
From an experimental study with Ditylum brightwellii Waite et al. (1992b) 
suggested that when light is unavailable, energy gained from respiration rate 
may be the principal determinant of sinking rate. 

Van der Tol and Joordens (1993) calibrated a mathematical ecosystem model 
on the present experiment. The model pointed out that, with the available 
nutrients and light, diatom biomass should be higher than it was in the 
mesocosms after day 12. The only way for the model to compute the measured 
diatom biomass was to increase the sedimentation rate of the diatoms (but still 
within ecologically significant ranges). Fitting procedures can not be considered 
as evidence, nevertheless the model confirmed that the diatom decline was not 
induced by nutrients or light. An increased sedimentation rate is one of the 
possible processes which could have been responsible for the observed pattern. 
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Figure 3.7. Diatom and Phaeocystis cell numbers in mesocosm 1 (M1) and mesocosm 2 
(M2). (note different vertical scales) 
 
 
selective grazing 
 
Diatoms are considered to be a potential prey for many grazers whereas 
Phaeocystis globosa colonies are supposed to be less attractive food for 
microzooplankton and some mesozooplankton (Lancelot et al. 1987, Doering et al. 
1989, Hansen and van Boekel 1991, Bautista et al. 1992, Fransz et al. 1992).  
Selective grazing by copepods on diatoms may have been a reason for the decline 
of the diatom bloom in the mesocosms. Reduced copepod grazing pressure caused 
by the negative influence of a Phaeocystis colonial bloom on copepods, as 
suggested by Bautista et al. (1992) and Fernandez et al. (1992), may have allowed 
the reappearance of diatoms after the Phaeocystis colonial bloom. Specific data on 
zooplankton species composition and feeding during this mesocosm experiment 
are not available. However abundance of copepods was certainly low since they 
were never observed in the phytoplankton samples. This could result from the 
initial filtration of the mesocosm water over 100 µm gauze. Oxyrrhis marina, 
another potential phytoplankton grazer was also counted in both mesocosms 
during the experiment. Nevertheless it appeared only on day 24 and could not be 
responsible for the diatom decline taking place from day 12 onwards. 
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Figure 3.8. Phaeocystis colonial cells and solitary flagellates transition observed in 
mesocosm 1. 
 
 
high temperatures 
 
The relative high temperatures measured in the mesocosms could have favoured 
Phaeocystis to the detriment of the diatoms. During the growing phase of the 
diatoms (day 6 to 10), the temperature increased from 16°C to 20°C. Between 
days 12 and 25, i.e. the period when the diatom density decreased, the 
temperature remained in the same range. The decrease of the diatom density did 
not coincide with radical changes in the temperature, neither did the second 
diatom increase measured in the last week of the experiment. The temperature 
cannot be responsible for the observed species succession. 
 
nutrient deficiency 
 
Auxotrophic phytoplankton species are unable to synthesise some of their growth 
factors like vitamin B12 and they depend on the presence of these factors in the 
water (Bonin et al. 1981). This has been documented for centric diatom species 
e.g. S. costatum (Provasoli and Carlucci 1974, Swift 1980). If B12 binding factors 
are excreted in the water, as has been described for the haptophyte Isochrysis 
(Swift 1980), B12 is no longer available and the diatoms suffer from B12 
deficiency. It could be hypothesised that the diatoms present in the mesocosm, 
e.g. S. costatum, were B12 auxotrophs and that Phaeocystis (also a haptophyte) 
produced B12 binding factors. 
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The wane of the Phaeocystis spring bloom in the North Sea has been 
attributed to nutrient depletion, either P (Veldhuis et al. 1986) or N (Lancelot 
and Mathot 1987, van Boekel et al. 1992). Van Boekel et al. (1992) found that a 
Phaeocystis colonial bloom declined through cell lysis induced by N limitation. 
Moreover nutrient depletion is said to be the factor causing ageing colonies to 
release motile single cells (Veldhuis et al. 1986, Verity et al. 1988b, Riegman 
1991, Davies et al. 1992). Whereas Veldhuis and Admiraal (1987) observed colony 
formation at P concentrations below 0.2 µM, they also noted that the growth rate 
of the colonial cells was limited by P concentrations below 2 µM with an apparent 
half saturation constant for growth of 0.7 µM. Peperzak (1993) observed that, 
under nutrient-replete conditions, Phaeocystis cells remained at the solitary 
flagellate stage when the daily irradiance was below 100 W h m-2 day-1 and that 
colonies sinking below 100 W h m-2 day-1 released small flagellates. 

Between day 15 and 17 P concentrations in both mesocosms were below 2 µM 
and mean water column daily irradiance decreased from 280 to 110 W h m-2 day-

1. During this period primary production, mainly attributed to Phaeocystis, began 
to decrease. We hypothesise that the drop in daily irradiance decreased the 
photosynthetic activity, thus reducing the energy available for P uptake and for 
buoyancy control (cf. Waite et al. 1992b). The simultaneous nutrient and light 
energy stress resulted in decreased buoyancy regulation, causing the colonies to 
sink and reach regions of even lower irradiance. This triggered the 
transformation of colonial cells into microflagellates (Peperzak 1993), as is 
illustrated by the observed appearance of ghost colonies accompanied by an 
increase of Phaeocystis microflagellates in the mesocosms. Moreover the colony 
destruction processes could have been intensified by increasing numbers and 
activity of bacteria measured in the same period (cf. van Boekel et al. 1992, Prins 
et al. 1993). The subsequent increase in light intensity and P concentration did 
not stimulate a resumption of the colonial bloom. Veldhuis and Admiraal (1987) 
observed that in cultures started with solitary cells the first colonies appeared 
after 7 days. In the present experiment the microflagellates appeared from day 
26 onwards. The experiment ended on day 38. So no information is available 
about the further evolution of this flagellate population and about a possible 
delayed resumption of the colonial bloom. 
 
 

Conclusions 
 
 
A similar phytoplankton succession was observed simultaneously in both 
mesocosms. Contrary to the observations of Officer and Ryther (1980) and Egge 
and Aksnes (1992), Phaeocystis outcompeted diatoms in the presence of high Si 
concentrations. Relatively low turbulence and competition for light could also 
have been factors promoting the Phaeocystis dominance in the mesocosms. 
Moreover, selective grazing by zooplankton on diatoms, and vitamin deficiency of 
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diatoms caused by the presence of binding factors may also have played a role. 
However none of these hypotheses could until now be sustained with decisive 
evidence. The wane of the Phaeocystis colonial bloom to the profit of the flagellate 
form appeared to be triggered by transitory alterations of the environmental 
conditions: lowered irradiance combined with low P concentrations. These 
observations are in agreement with the findings of Peperzak (1993), who 
considered the transition of colonial to solitary cells to be part of the Phaeocystis 
life cycle, and an adaptive response to nutrient limitation. 
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“Den 27e Julij 1676, heb ik mij begeven aende zeestrant, omtrent den dorpe 
van Schevelinge, de wint comende uijt zee met seer warme sonneschijn, en aen 
strant sijnde het zee water na mijn vermogen observerende, heb ik daer inne 
ontdekt verscheijde levende diertgens ... “ 
 
A. van Leeuwenhoek (1676) 
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ABSTRACT. The Dutch coastal zone of the North Sea is characterized by high nutrient 
inputs and low water column irradiance due to high concentrations of suspended 
matter. The vernal phytoplankton blooms are dominated by diatoms and the flagellate 
Phaeocystis (Haptophyta). Two hypotheses that predict the timing of the Phaeocystis 
bloom were tested with field data collected in 1992. The first one, stating that the 
Phaeocystis bloom starts when silicon has been depleted by a preceding diatom bloom, 
could not be bracketed with observations. The second hypothesis, predicting that 
Phaeocystis blooms under nitrogen- and phosphorus-replete conditions after a daily 
irradiance threshold has been passed could be supported by field observations. 
Furthermore, it is shown that the Dutch coastal zone is not continuously homogeneously 
mixed. It is argued that this is an important factor in the life cycle of Phaeocystis and in 
foam formation on nearby shores. Grazing by the ciliate Strombidium sulcatum and 
heterotrophic gymnodinoid flagellates could have accounted for over 90% of Phaeocystis 
cell loss after the bloom. 
 
 

Introduction 
 
 
Eutrophication of the rivers Rhine and Meuse since the late 1950s has led to 
increased loads of nitrogen (N) and phosphorus (P) into the North Sea (van 
Bennekom et al. 1975, van Bennekom and Wetsteyn 1990). In the Dutch 
coastal zone of this shallow sea this nutrient enrichment led to increased 
N:silicon (Si) and P:Si ratios. N, P and Si are major nutrients for diatoms. 
However, "flagellates" do not require Si, the nutrient that is not influenced by 
eutrophication. The abundance of one species of flagellate in particular, the 
colonial haptophyte Phaeocystis sp., has received considerable attention. 
Phaeocystis is considered to be a nuisance alga because there are negative 
effects on shellfish and because it causes foam banks on shores during the 
bloom decline (Lancelot et al. 1987, Weisse et al. 1994). A decrease in 
occurrence of Phaeocystis colonies in the Southern Bight of the North Sea has 
been observed in the 1950s and 1960s (Gieskes and Kraay 1977, Owens et al. 
1989). The subsequent increase in the 1970s and 1980s (Cadée and Hegeman 
1986) has been ascribed to the high N and P loads to the Dutch coastal zone 
(Cadée and Hegeman 1986, Lancelot et al. 1987, Reid et al. 1990, Peeters et al. 
1991b) and to changes in N:P ratios (Riegman et al. 1993b). 

Changes in nutrient ratios have been proposed as a mechanism to explain 
the world-wide increase in phytoplankton blooms, notably flagellates (Smayda 
1989). In a recent review on the phytoplankton of the North Sea, it is stated 
that colonial forms of Prymnesiophyceae, i.e. Phaeocystis sp., bloom after the 
spring diatom increase, once Si has been depleted (Reid et al. 1990). The line of 
reasoning is that, apparently, Phaeocystis cannot compete with diatoms for N 
and P. After the diatoms have succumbed to Si starvation, the flagellates are 
able to take over if enough N and P are still available. Recently, experimental 
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evidence for this succession phenomenon has been reported for Norwegian 
fjords: in artificially fertilised enclosures diatoms dominated above a Si 
threshold concentration of 2 µM, whereas Phaeocystis never occurred at high Si 
concentrations. Therefore, this species was probably outcompeted due to the 
high inherent growth rate of the diatoms (Egge and Aksnes 1992). 

These findings seem to be in marked contrast, however, with observations 
made in the western Oosterschelde estuary where, at the end of April 
combined Phaeocystis sp. - diatom blooms have been observed (Bakker et al. 
1990, Peperzak 1991). Veldhuis et al. (1986) demonstrated that viable 
Phaeocystis cells occurred in the Dutch coastal zone two months before its 
spring bloom. They attributed delayed blooming to low water column 
irradiance and temperature. Cadée and Hegeman (1986) have shown that 
water temperature is not the trigger for the spring Phaeocystis bloom, although 
it clearly affects growth rate (Jahnke 1989). 

Two centuries after the historical microscopical plankton observations in 
Dutch coastal waters by van Leeuwenhoek (1676), Cleve examined samples 
from the Marsdiep (Figure 4.1). This tidal inlet is thought to be representative 
of the Rhine-influenced Dutch coastal zone (Cadée and Hegeman 1993). The 
results of the phytoplankton research carried out there since Cleve were 
reviewed by Cadée and Hegeman (1991a). The results of a literature survey of 
diatom abundance during the Phaeocystis spring bloom in recent years in the 
Dutch coastal zone, including the Marsdiep, are shown in Table 4.1. 
Apparently, diatoms are always co-occurring species during the Phaeocystis 
spring bloom. 

The regular appearance of Phaeocystis sp. colonies in the Oosterschelde led 
to the hypothesis that a yearly recurring physical phenomenon acts as a trigger 
for colony formation (Peperzak 1993). Laboratory studies have suggested that 
above a threshold in daily irradiance of 100 W h m-2 day-1, under nitrogen- and 
phosphorus-replete conditions, Phaeocystis forms colonies and attains growth 
rates comparable to those of diatoms (Jahnke 1989, Peperzak 1993). This daily 
irradiance threshold for colony formation is reached in the Dutch coastal zone 
in late spring, at a time when all three major nutrients are still available in 
excess (Peeters and Peperzak 1990, Peperzak 1993). Therefore, the irradiance 
threshold hypothesis opposes the Si depletion hypothesis. 

In this paper the two hypotheses concerning the Phaeocystis spring bloom 
are tested: (i) the bloom starts after Si depletion and (ii) the bloom starts under 
nitrogen- and phosphorus-replete conditions after a daily irradiance threshold 
of 100 W h m-2 day-1 has been passed.  
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Method 
 
sampling 
 
At monitoring station NW10 (Figure 4.1) surface samples were taken from day 
15 (January) to day 70 (March) in 1992. From day 94 (April) till day 163 (June) 
samples were taken with Niskin bottles at three depths: "surface" (-3 meter), 
"half depth" (- 9.5 m) and "bottom" (bottom + 3 m = -16 m). Temperature and 
downwelling irradiance (530 nm, NIOZ sensors) were recorded during CTD 
casts. The attenuation coefficient Kd was calculated from ln(Iz/I0) = -Kd * z, with 
Iz = irradiance at depth z, and I0 = simultaneous irradiance on deck. 
 

Figure 4.1. The Dutch coastal zone. Outflows of Rhine and Meuse are to the south, the 
Marsdiep is to the north. The zone extends ca. 70 km offshore where the amount of river 
water is < 1% (van Bennekom et al. 1975). Monitoring station NW10 is located 10 km off 
the Dutch coast. The mean residual current is to the north-east. 
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chemical analyses 
 
Dissolved inorganic nitrogen (DIN, detection limit d.l. = 0.5 µM), dissolved 
inorganic phosphorus (DIP, d.l. = 0.06 µM), dissolved silicon (Si, d.l. = 0.36 µM), 
particulate organic carbon (POC, d.l. = 0.2 µM) and suspended matter (SPM, 
d.l. = 0.1 mg l-1) were analysed according to Grasshoff et al. (1983). Chlorophyll 
a analysis is described in Peeters and Peperzak (1990). Salinity was measured 
as conductivity and is expressed in practical salinity units (psu). Seawater 
density was calculated from temperature and salinity using the equation in 
Peperzak et al. (1996a). 
 
daily water column irradiance calculations 
 
The vertical irradiance attenuation coefficient Kd (m-1) was not measured 
during all cruises. In order to calculate missing values a multiple linear 
regression model was fitted to measurements of Kd, salinity (psu), suspended 
matter (mg l-1) and chlorophyll a concentration (µg l-1) made in 1989 and 1990 
on the Dutch continental shelf (H. Haas, personal communication): 
 

Kd = 2.404-0.058*sal+0.012*SPM+0.020*chl a    [4.1] 
 
The total number of measurements was 114, r2 = 0.84 (P < 0.001). 
 
This model was tested by calculating Kd with 1992 and 1993 surface data of 
NW10 and comparing those to simultaneously measured Kd values. Linear 
regression of calculated Kd on measured Kd resulted in: 
 

Kd(calculated) = 0.12 + 0.94*Kd(measured)       [4.2] 
 
With r2 = 0.65 (n = 13; P < 0.005) model 4.1 was considered to predict Kd 
sufficiently accurate. Model 4.1 was then used to calculate Kd when actual 
measurements were missing. Between sampling dates Kd was calculated by 
linear interpolation.  

Daily global radiation data (J cm-2 day-1) for the first half of 1992 were 
obtained from the Royal Dutch Meteorological Institute (location De Kooy), and 
were converted to PAR and W h m-2 day-1 (Peperzak 1993). Mean daily water 
column irradiance and daily irradiance at half depth were calculated using the 
equations in Peperzak (1993). To smooth large day-to-day variations in 
irradiance, the three day running mean was calculated. 
 
plankton fixation, counting and biomass calculations 
 
1 litre samples were fixed with 4 ml Lugol's iodine (Throndsen 1978) and 
stored in the dark. A 10 ml sample was removed after thorough mixing and 



Diatom-Phaeocystis spring bloom 

 57 

stored separately (non-concentrated sample). After settling the supernatant 
was siphoned off gently. All samples were counted within 6 months. Samples 
from day 94 to day 143 were examined directly upon arrival in the laboratory 
to study Phaeocystis colonies before colonial disintegration by the fixative. 

First (samples up to day 106) only concentrated samples were counted. In 
order to detach detritus from plankton cells and to disrupt colonies of 
Phaeocystis, samples were sonificated for 1 minute in a Branson model 1200. 
After sonification 5 ml was counted in Hydrobios (Utermöhl) counting 
chambers on a Zeiss inverted microscope. Depending on cell size different 
magnifications were used, ranging from 63x (detection limit 20 cells l-1), up to 
400x (detection limit 4.700- 7.000 cells l-1). From day 106 onwards, the number 
of particles in the concentrated samples became so high that 1 ml of the non- 
concentrated sample was examined in  1 ml "Tripos" counting chambers 
(courtesy Ms. M. Rademaker). This reduced the number of particles per field of 
view tenfold. The number of cells counted per sample varied from 
approximately 50 to 1000. This means that the relative error in cell 
concentration at the 95% confidence level was ± 6 - 28% (Anderson 1996). Tests 
showed that cell losses due to the settling procedure usually amounted to < 5%. 
Because sonification partially destroyed Noctiluca scintillans cells, their 
concentrations were calculated as the sum of intact cells and detached 
tentacles. 

Identification of the plankton was according to Drebes (1974), van de Werff 
and Huls (1957-1974) and Dodge (1985). The form of the young Phaeocystis 
colonies and the homogeneous distribution of cells (mean diameter 6.6 mm) 
along the colony membrane would identify our species according to Jahnke and 
Baumann (1987) as Phaeocystis globosa Scherffel. In the text it will be referred 
to simply as Phaeocystis. 

Plankton cell dimensions were measured with an eyepiece graticule 
(accuracy 1.2 µm) and by assuming simple geometric forms their individual 
volumes were estimated. Gymnodinium species, ciliates, and unidentified 
Chaetoceros spp., discoid and pennate diatoms were grouped according to size. 
Size measurement analysis of the most frequent diatom, Rhizosolenia 
delicatula showed that during the period of observation no significant changes 
in cell volume occurred. The total plankton was grouped into four: diatoms 
(including the silicoflagellate Distephanus speculum), autotrophic flagellates 
(prymnesiophytes, dinoflagellates), heterotrophic flagellates and 
microzooplankton (including ciliates, Noctiluca scintillans). Cell volumes were 
converted to cell carbon using equations (7) and (8) in Smayda (1978) for 
diatoms, and auto- and heterotrophic flagellates respectively. 
Microzooplankton (including N. scintillans) volumes were converted to carbon 
using the equations of Hagmeier (1961) and assuming a carbon:dry weight 
ratio of 0.5. Because of the large vacuole in N. scintillans a ratio of 0.1 was 
used.   In  order  to  check   the  plankton   volume  and  carbon   calculations  a  
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Figure 4.2. Seasonal development of temperature (a), salinity (b) and chlorophyll a 
concentration (c) at NW10 in 1992. 
 
comparison was made with data of Hagmeier (unpublished) for the German 
Bight by calculating total (n = 50) and partial linear regression models after 
logarithmic transformations. Partial models were made for diatoms, auto- and 
heterotrophic flagellates, and microzooplankton. The models did not indicate 
statistically significant differences (P < 0.01). Although some variation was 
observed, it was concluded that large systematic errors in size measurements, 
volume calculations and carbon were not made. 
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Figure 4.3. Development of diatom biomass as log cell concentration (a) and as carbon (b) 
at NW10, surface samples. 
 
 
statistics 
 
All statistical calculations were made with SYSTAT (Wilkinson 1990). 
 
 

Results 
 
 
environmental variables and phytoplankton succession 
 
From February to June 1992, surface temperature at NW10 increased from 5 
to 15° C (Figure 4.2a). Occasionally, a small difference in temperature between 
the surface and bottom was measured which coincided with differences in 
salinity (Figure 4.2b), probably the result of freshwater inflow in the area and 
incomplete mixing. 
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Figure 4.4. Development of autotrophic flagellate biomass as log cell concentration (a) and 
as carbon (b). NW10, surface samples. Note the difference in vertical scale between 
Figures 4.4b and 4.3b. 
 
 

Chlorophyll a concentrations peaked at day 119 at the surface and at day 
114 near the bottom (Figure 4.2c). Two diatom blooms were measured, 
consisting mainly of Chaetoceros spp. and Rhizosolenia delicatula (Figure 4.3). 
Both are common species in the Dutch coastal zone (Table 4.1). Biomass 
concentration at day 143 is higher then at day 119 (Figure 4.3b) due to a 
change in relative cell numbers from small Chaetoceros spp. (mainly C. 
socialis) to larger R. delicatula (Figure 4.3a). The first peak in autotrophic 
flagellates of 3 x 107 cells l-1 (Figure 4.4a) consisted of 98% Phaeocystis cells in 
terms of biomass (Figure 4.4b). A small flagellate peak of 3 x 106 cells l-1 (99% 
Phaeocystis, Figure 4.4) appeared after the second diatom peak (Figure 4.3). 
During the main chlorophyll peak at day 119, the diatoms made up 3% of the 
phytoplankton as cell numbers and 18% as carbon biomass. 
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Figure 4.5. Seasonal development of (a) DIN and N:P ratio, (b) DIP and P:Si ratio, and 
(c) Si and N:Si ratio at NW10 in 1992. Potential diatom nutrient limitation occurs at 
deviations from the ratios: N:P = 16, P:Si = 0.14 and N:Si = 0.4 (Peeters and Peperzak 
1990). 
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Figure 4.6. Development of daily irradiance (W h m-2 day-1) in 1992 at the surface (a) and 
in the water column (b) of NW10. Calculated are mean daily irradiance (0-19 m) and daily 
irradiance at half depth (9.5 m). 100 W h m-2 day-1 = 36 x 104 J m-2 day-1 = 1.5 E m-2 day-1. 
 
 

At the start of the diatom-Phaeocystis spring bloom (day 100), nutrient 
concentrations were: 78.6 (DIN), 1.52 (DIP) and 18.6 (Si) µM (Figure 4.5). DIN 
concentrations declined, but always remained well above 10 µM, and the N:P 
ratio remained well over 16 (Figure 4.5a). At the peak of the first bloom, the 
DIP concentration had reached a minimum value of 0.2 µM (Figure 4.5b). 
Unfortunately no Si concentrations are available for days 119, 129 and 136. 
However, on day 114, the Si concentration was still 7.7 µM (Figure 4.5c) and 
the P:Si ratio was well under 0.14, indicating potential P limitation rather then 
Si limitation. 

On day 136 a small decline in salinity (Figure 4.2b) resulted in a small rise 
in DIN and DIP (Figure 4.5), and presumably Si concentrations. The second 
diatom bloom developed between day 129 and day 143, resulting in lower DIN, 
DIP and Si concentrations. Si remained low, but an increase in DIP was  
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Figure 4.7. Succession of autotrophic phytoplankton, heterotrophic phytoplankton and 
microzooplankton (including Noctiluca scintillans) at NW10 in 1992 at surface (a) and 
bottom (b). 
 
 
noticeable from day 143 onwards (Figure 4.5b). The second, much smaller, 
Phaeocystis bloom developed from day 143 to day 156 (Figure 4.4). On these 
days, the highest values for the P:Si and N:Si ratios were found (Figures 4.5b 
and c). Together with ambient nutrient concentrations, these ratios indicate 
potential Si limitation of the diatoms. 

Mean water column daily irradiance was always < 100 W h m-2 day-1 in the 
first 2 months of 1992 (Figure 4.6b). From day 60 to day 85, mean water 
column daily irradiance fluctuated around this level. Between day 90 and 100 a 
period of sunny weather (Figure 4.6a) resulted in a steep increase to 250 W h 
m-2 day-1 on day 100. This is the time when the first diatom-Phaeocystis bloom 
started (Figures 4.2, 4.3 and 4.4). During this bloom, a decline in daily surface 
irradiance and the increased contribution of chlorophyll a to the attenuation of 
irradiance by ≈ 50% resulted in lower water column values (Figure 4.6b). From 
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day 130 onwards, daily water column irradiance remained > 200 W h m-2 day-1. 
Daily irradiance at half depth was always < 100 W h m-2 day-1 (Figure 4.6b). 

 
bloom fate 
 
The general pattern was the same for all depths. The first autotroph bloom 
(day 100-119) was followed by comparatively small blooms of heterotrophic 
flagellates and ciliates (Figure 4.7). On day 129, 90% (83 µg C l-1) of the 
biomass of heterotrophic flagellates consisted of large (40-60 µm long) ovoid 
heterotrophic gymnodinoid dinoflagellates. These flagellates were found on old 
Phaeocystis colonies (Figure 4.8a and b). According to R. Koeman (personal 
communication) they resemble Gymnodinium rubrocinctum or Gyrodinium sp. 
ined.6 (Hansen and Larsen 1992). Some Phaeocystis colonies were colonized by 
small pennate diatoms (Figure 4.8c). An aloricate ciliate, Strombidium 
sulcatum (M. Vink, personal communication) also reached a maximum on day 
129. At that time, its biomass, averaged over three depths, was 139 µg C l-1, 
which was 88% of microzooplankton biomass. From day 129 onwards nauplii of 
Temora longicornis (M. Vink personal communication) were observed 
regularly, but its biomass was always low (= 10-30 µg C l-1). 

The second autotroph bloom on day 143 (Figure 4.2c and 4.7) consisted mainly 
of R. delicatula (Figure 4.3b). At that time, microzooplankton biomass, which 
consisted of 92% N. scintillans, was increasing. N. scintillans preyed heavily on 
R. delicatula, as shown by the large amounts of diatom cells that were lumped 
inside food vacuoles (Figure 4.8d, cf. Dodge 1985). On day 156, N. scintillans 
reached peak concentrations. At that time, a second Phaeocystis bloom (day 
156, Figure 4.4b) occurred. This flagellate contributed 71%, and diatoms 13%, 
to phytoplankton biomass. However, Phaeocystis biomass was small compared 
to that of the first bloom. 
 
 

Discussion 
 
 
environmental variables and phytoplankton 
 
The development of temperature and salinity at NW10 (Figure 4.2) was not 
very different from other years (Gieskes and Kraay 1975, van Bennekom et al. 
1975, Cadée and Hegeman 1986). The maximum DIN concentration at NW10 
was comparable to values at the beginning of the 1980s in the Dutch coastal 
zone (60-100 µM, van der Veer et al. 1989). However, DIP concentrations then 
were 2-3 µM (van der Veer et al. 1989), which is higher then in 1992: 1.5-2 µM 
(Figure 4.5b). The reason for this is the reduction of P loads of the Rhine which 
have caused a significant reduction in DIP concentration in the Dutch coastal 
zone from 1986 until 1992 (de Vries et al. 1998). 
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Figure 4.8. Photomicrographs of (a) and (b) heterotrophic dinoflagellates in Phaeocystis 
colonies (day 129 bottom), (c) pennate diatoms on Phaeocystis colony (day 119 bottom)  
(d) R. delicatula lumped in food vacuoles in N. scintillans (day 156 surface). bar = 1000 
µm in a, 50 µm in b, and 100 µm in c and d. 
 
 

Despite this reduction in P load, the chlorophyll a concentration at NW10 in 
1992 was within the range of 20-80 µg l-1 reported in previous years (Gieskes 
and Kraay 1975, Veldhuis et al. 1986, Reid et al. 1990, Cadée and Hegeman 
1993, Hofstraat et al. 1994). 

A remarkable feature in Figure 4.2 and 4.3 is the absence of a diatom 
winter-spring bloom prior to the diatom-Phaeocystis bloom that started on days 
94 to 100 (beginning of April). Such early blooms have been reported by, for 
example, Gieskes and Kraay (1975) and Cadée and Hegeman (1993) for Dutch 
coastal waters in March. The threshold for diatom growth is 0.03 gcal cm-2 min-

1 (Riley 1957), equivalent to 50 W h m-2 day-1. This value is applicable to the 
Dutch coastal zone (Gieskes and Kraay 1975, Colijn 1982), and is generally 
reached in February (Peperzak 1993). 

In the Marsdiep, in 1992, Brussaard et al. (1995) measured two spring 
diatom peaks (days 75-140) with chlorophyll a concentrations > 10 µg l-1 before 
Phaeocystis bloomed. Their sampling regime was about three times per week, 
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which was considerably higher than in this study: samples were taken only 
three times prior to day 94 and therefore a diatom bloom in this period could 
easily have been missed. The effect of high sampling frequency is also apparent 
from the differences in spring-peak chlorophyll a concentrations reported for 
the Marsdiep in 1992 by Cadée and Hegeman (1993): 30-40 µg l-1 (one sample 
per week) and Brussaard et al. 1995: 50-60 µg l-1 (three samples per week). 
 
succession 
 
A diatom bloom started at day 94, closely followed by the Phaeocystis bloom. At 
that time (day 100), the concentration of Si was > 15 µM, a value 3-8 times the 
Ks value of Si uptake (Peeters and Peperzak 1990, Riegman et al. 1990). Si is 
therefore not considered to limit diatom growth. This is clearly shown in Figure 
4.3: a first maximum in diatom biomass is reached nearly three weeks later, on 
day 119, together with the Phaeocystis maximum (Figure 4.4). Therefore, the 
hypothesis that the Phaeocystis spring bloom develops only after depletion of Si 
by diatoms is not supported by the observations presented here. Additional 
evidence against this hypothesis comes from mesocosm studies with 
Oosterschelde water (North Sea, Figure 4.1) in which Phaeocystis could even 
outcompete diatoms at Si concentrations > 10 µM (Escaravage et al. 1995). 

This Si depletion hypothesis may well originate from severe 
underestimation of diatom biomass, if during spring blooms diatom cell 
numbers are compared with Phaeocystis cell numbers (Table 4.1). For instance, 
in 1992, Phaeocystis contributed 97% to phytoplankton cell numbers and 
diatom biomass seemed negligible (this study). Combined with observations of 
early diatom blooms in March (Gieskes and Kraay 1975, Cadée and Hegeman 
1993) the underestimation of diatom biomass could have led to the assumption 
that Si had been depleted before the Phaeocystis blooms in April. 

On the other hand, it has clearly been shown in Norwegian enclosures that 
Phaeocystis is outcompeted by diatoms at Si concentrations > 2 µM (Egge and 
Aksnes 1992). At lower Si concentrations, blooms of Phaeocystis (> 50 x 106 
cells l-1) occurred at relatively high temperatures (14-15°C), high nitrate (> 15 
µM) and high phosphate (> 8 µM) concentrations at a daily irradiance of 25-30 
E m-2 day-1 (Egge 1993). Phaeocystis also grew well (> 106 cells l-1) at lower 
temperatures (< 10°C), nitrate > 6 µM, phosphate > 3 µM and daily surface 
irradiances between 5 and 15 E m-2 day-1 (Egge 1993). 

Taking 5 E m-2 day-1 as the lower limit for Phaeocystis growth, and 
assuming 4.2 µE m-2 s-1 = 1 W m-2 (Lüning 1981), salinity = 32 psu (Egge 1993), 
mean average chlorophyll a = 40.8 µg l-1 in the Si-enriched enclosures (Egge 
and Aksnes 1992), suspended matter concentration is negligible, z = 4 m (Egge 
1993) and equation [4.1] is applicable in this situation, the average mean water 
column daily irradiance in the diatom-dominated enclosures was 60 W h m-2 
day-1. Although Phaeocystis in the enclosures was not identified to species level  
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(Egge 1993), this value is well below the P.globosa threshold (<100 W h m-2 
day-1) in the Dutch coastal zone. Furthermore, in the non-Si-enriched 
enclosures with a mean chlorophyll a of 19.6 µg l-1 (Egge and Aksnes 1992), 
mean water column daily irradiance at 5-15 E m-2 day-1 would have been 86-
258 W h m-2 day-1. These calculations also support the conclusion of Egge 
(1993) that dominance of Phaeocystis in the enclosures was probably influenced 
by a combination of irradiance and/or temperature and nutrient composition. 

At the start of the Phaeocystis bloom at NW10, DIN and DIP concentrations 
were 80 and 1.5 µM, respectively. For nitrate, which formed 95% of DIN, this 
value was 20-40 times the Ks value for N uptake by phytoplankton (Peeters 
and Peperzak 1990, Riegman et al. 1990) and 20 times the Kµ for Phaeocystis 
protein synthesis (Lancelot et al. 1986). For DIP, this was 0.5-5 times the Ks 
value for P uptake by Phaeocystis colonies and solitary cells, respectively 
(Veldhuis et al. 1991). The increase in Phaeocystis biomass from then on 
indicates that these nutrients were not limiting. Furthermore, a DIP 
concentration of 1.5 µM is in the optimum range (0.8 - 1.3 µM) for colony 
formation (Veldhuis and Admiraal 1987, Cariou et al. 1994). 
     Mean water column daily irradiance fluctuated around the 100 W h m-2 day-

1 threshold between days 50 and 90 (Figure 4.6b), and small Phaeocystis blooms 
could have occurred before day 100. On day 70, 105 cells l-1 were counted in the 
surface sample, but other small blooms may have been missed due to the low 
sampling frequency. Brussaard et al. (1995), who had a high sample frequency, 
measured two small Phaeocystis blooms in the Marsdiep before the regular 
bloom in 1992. This regular bloom was later then usual, which was explained 
by the previously low (< 100 W h m-2 day-1) mean water column daily irradiance 
(Brussaard et al. 1995). 

At NW10 mean water column daily irradiance increased sharply at day 97 
from < 150 to 250 W h m-2 day-1 (Figure 4.6) and the Phaeocystis bloom 
commenced (Figure 4.4). The hypothesis that the Phaeocystis spring bloom 
starts under nutrient-replete conditions after a daily irradiance threshold has 
been exceeded is supported by these observations. Mesocosms studies have 
confirmed this hypothesis (Escaravage et al. 1995). 

During the diatom-Phaeocystis bloom, nutrient concentrations decreased 
considerably (Figure 4.5). N:P and N:Si ratios increased, indicating that P and 
Si became potentially limiting nutrients. At day 129, when DIP was still 0.2 
µM, a second R. delicatula bloom started. Apparently, this low DIP 
concentration was not limiting the diatom. Diatom blooms just after the 
Phaeocystis decline have been reported previously (Cleve 1900a and b, Kat 
1982, Cadée and Hegeman 1991b and 1993, Cadée 1986 and 1992, Veldhuis et 
al. 1986, Brussaard et al. 1995). At the peak of the R. delicatula bloom on day 
143 (Figure 4.3), high P:Si and N:Si ratios and low Si concentration indicated 
Si limitation (Figure 4.5). A small secondary Phaeocystis bloom on day 156 
(Figure 4.4) coincided with the peak in P:Si ratio, an increasing DIP 
concentration (> 0.25 µM), DIN at 12 µM (Figure 4.5) and mean water column 
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daily irradiance at 200 W h m-2 day-1 (Figure 4.6b). However, despite the 
presumed Si limitation, diatoms still made up 13% of phytoplankton biomass. 
During the first bloom, this was 18%. 

 
bloom fate 
 
Because Phaeocystis may attain high biomasses during blooms, its effect on the 
ecosystem and the fate of the large amounts of fixed carbon has received 
considerable attention (Lancelot et al. 1987, Moestrup 1994). In the southern 
North Sea Phaeocystis blooms disappear suddenly from surface waters 
(Lancelot and Rousseau 1994). Surface samples were considered to be 
representative of the whole water column because this part of the North Sea 
was considered well mixed (Gieskes and Kraay 1975, Admiraal and Venekamp 
1986, Peeters and Peperzak 1990, Tett et al. 1993). In Figure 4.9, the 
phytoplankton concentrations and seawater density of surface and bottom 
samples are given relative to the values at half-depth. In general, diatom as 
well as Phaeocystis concentrations are lower at the surface and higher near the 
bottom, especially during bloom periods. This even occurred when stratification 
was absent or weak (Figure 4.9c). Stratification and its effects on 
phytoplankton development in this area have also been described for the 
summer period (Peperzak et al. 1996b). Therefore, in contrast to the previous 
opinion, the water column of the Dutch coastal zone may not always be 
completely mixed. 

When Phaeocystis colonies disappear from the surface, this may be due to two 
processes. From the higher biomass in bottom samples (Figure 4.9b), it is 
concluded that colonies sediment to bottom waters, in keeping with visual 
observations in freshly fixed plankton samples. Settling rates of colonies 
probably were enhanced by pennate colonization (Figure 4.8c) because these 
diatoms have a higher specific density then Phaeocystis colonies (van Ierland and 
Peperzak 1984). Alternatively, Phaeocystis may have had a higher growth rate in 
bottom waters, but this is unlikely because of the low daily irradiance both 
absolute (< 100 W h m-2 day-1) and relative to the surface layer (Figure 4.6b, 
Peperzak 1993).  

Sedimentation has already been described in the Southern Bight of the North 
Sea in 1926 (Savage and Hardy 1934). In the German Bight, Riebesell (1993) 
found that sedimentation of P. globosa colonies from the surface layer was the 
dominant loss factor.  

Sedimentation has been proposed to be an important factor in the life cycle 
of Phaeocystis, especially in the reformation of the flagellate form (Peperzak 
1993). Indeed intracolonial flagellates were observed in NW10 bottom samples 
in 1992 (Peperzak et al. 2000c). This may well bridge the gap between the 
sudden disappearance of colonies and the appearance of small Phaeocystis 
flagellates near the surface, as observed by Veldhuis et al. (1986). 
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Figure 4.9. Differences in (a, b) carbon concentration and (c) seawater density between 
half depth and surface and bottom respectively. (a) diatoms, (b) autotrophic flagellates. 
Note differences in vertical scale between (a) and (b). 
 
 

Sedimentation may also play a key role in the formation of large foam 
banks on sea shores. Organic matter originating from the colonial matrix is 
assumed to have a low biodegradability (Lancelot and Rousseau 1994) and, 
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therefore, it can accumulate near the bottom (e.g. Riebesell 1993). Because the 
residual bottom current in the Dutch coastal zone is shoreward (van der 
Giessen et al. 1990), this matter is transported to the coast where it provides 
the material that is beaten to foam in the turbulent surf zone. 

The second factor involved in the disappearance of Phaeocystis is cell lysis 
and grazing. The demise of the phytoplankton blooms was accompanied by 
increases in the biomass of Gymnodinium spp., S. sulcatum and N. scintillans. 
In order to estimate the impact of grazing, the ingestion of phytoplankton 
carbon was estimated. Firstly, the autotroph biomasses at the various depths 
were summed and the amount of carbon decline per m2 was calculated (Table 
4.2). Then the growth rates (µ) of each of the grazers Gymnodinium spp., S. 
sulcatum and N. scintillans were calculated as: 
 
 

µ = ln (B1/B0) / (t1-t0)         [4.3] 
 
 
with B1,0 = biomass in gram carbon l-1 at time t1 and t0, respectively. 
 

Rates were averaged over the water column. Carbon ingestion was 
estimated with the growth rates and assuming a growth efficiency of 20% 
(Verity et al. 1996). It was also assumed that Gymnodinium spp. and S. 
sulcatum grazed on Phaeocystis cells only (Admiraal and Venekamp 1986, 
Weisse and Scheffel-Möser 1990b), and that the diatoms were grazed by N. 
scintillans. Table 4.2 shows that 92% of the decrease of Phaeocystis cell 
biomass is accounted for by S. sulcatum (40%) and Gymnodinium spp. (52%) 
grazing. Experimental results of Hansen et al. (1993), and measurements by 
Tillmann and Hesse (1998), confirm the potential high impact of protozoan 
grazers on Phaeocystis cells. 

Weisse and Scheffel-Möser (1990b) found that, compared to ciliates, 
heterotrophic dinoflagellates made a minor contribution to Phaeocystis grazing 
off the Belgian coast in 1988. The calculated high grazing pressure here (Table 
4.2) also contrasts the conclusion of van Boekel et al. (1992) who hypothesised 
that the carbon flow after cell death and lysis of Phaeocystis in the Marsdiep, 
went from released DOC via bacteria up into the foodweb. 

Brussaard et al. (1995), also working in the Marsdiep, calculated that cell 
lysis accounted for 75% of the Phaeocystis decline in 1992. Just as our 
calculations are rough estimates, the cell lysis method (esterase activity) 
should be considered semi-quantitative (van Boekel et al. 1992). It depends 
heavily on the EA/Chl a value, derived from algal cultures, which in the case of 
Phaeocystis may vary between 5 and 15 nmol fluorescein (µg Chl a)-1 h-1 
(Brussaard et al. 1995 and van Boekel et al. 1992 respectively). Furthermore, 
besides differences in methodology, Brussaard et al. (1995) measured the  
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Table 4.2. Observed autotroph biomass decline ( g C m-2) in comparison with calculated 
grazer ingestion (see the text) 
Period  autotrophs decline 

(gC m-2) 
grazers µ (day-1) ingestion 

(gC m-2) 
119-129 diatoms   -2.4 N. scintillans 0.09  0.6 
      
119-129 Phaeocystis -18.2 Gymnodinium sp. 0.26  9.5 
   S. sulcatum 0.11  7.3 
     -------+ 
     16.8 
      
143-156 diatoms  -3.0 N. scintillans 0.06  9.0 

 
 
Phaeocystis decline later in the year and at a location that is probably more 
turbulently mixed then NW10. 

Table 4.2 also indicates that the calculated carbon ingestion of the first 
diatom bloom by N. scintillans is still low. At that time the grazer constituted 
10% of zooplankton biomass. During the second diatom bloom, Noctiluca 
biomass was 92% of zooplankton biomass. Then the calculated ingestion is 
higher then the carbon supply by the diatoms. This may be due to inaccuracies 
in our method, but it may also indicate that N. scintillans utilized other carbon 
sources, e.g. micro-zooplankton, marine snow (Shanks and Walters 1996) 
derived from the Phaeocystis bloom (Passow and Wassmann 1994) and tree 
pollen (L.Peperzak, unpublished). 
 
 
conclusions 
 
Phaeocystis bloomed in 1992 in the Dutch coastal zone (NW10) under nitrogen- 
and phosphorus-replete conditions when mean water column daily irradiance 
exceeded 100 W h m-2 day-1. Because the Si concentration was high, the 
Phaeocystis bloom coincided with that of diatoms. The water column in the 
coastal zone was partially mixed, which led to differences in phytoplankton 
concentration between surface and bottom by sedimentation. Accumulated 
colony material near the bottom of the water column may be transported by 
currents to Dutch shores to give rise to the foam production that is such a 
characteristic phenomenon after Phaeocystis blooms. Grazing by Gymnodinium 
spp. and S. sulcatum accounts for Phaeocystis cellular biomass decline. 
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ABSTRACT. Two cell types of the same clone of Phaeocystis globosa, solitary non-
flagellate cells and flagellates, were grown in batch cultures under identical conditions. 
The non-flagellate cells had a shorter lag phase (1.4 vs. 2.8 days) and a higher growth 
rate (0.72 vs. 0.65 day-1) than flagellate cells. The flagellates had a longer stationary 
phase (15.6 vs. 9.5 days) and a lower death rate  (0.07 vs. 0.52 day-1) than non-flagellate 
cells. All differences were statistically significant. Biomass yield did not differ between 
the two cell types. 
The short lag phase and high growth rate of non-flagellate cells corresponds to field 
observations of rapidly developing non-flagellate Phaeocystis blooms that are typically 
observed in nutrient-rich environments such as temperate seas in spring. The flagellate 
cell type, with its longer stationary phase and lower death rate than non-flagellate cells, 
is better equipped for survival in oligotrophic environments. This explains why the 
flagellates of Phaeocystis are abundant after the spring phytoplankton bloom in 
temperate seas and in other nutrient-poor environments such as the open ocean. 
 
 

Introduction 
 
 
Phaeocystis is a well studied, globally distributed prymnesiophyte. It has a life 
cycle consisting of flagellate and non-flagellate cells. The non-flagellate cell 
type of Phaeocystis is usually described in a spherical or lobed colony (Pouchet 
1892, Scherffel 1900, Kornmann 1955). Such a colony starts after one cell 
begins to divide inside a mucous envelope (Cariou et al. 1994). In the sea, 
blooms of  colonial non-flagellate Phaeocystis cells develop rapidly in nutrient- 
rich environments (Kashkin 1963, Margalef 1978, Davidson and Marchant 
1992, Peperzak 1993). In contrast, the Phaeocystis flagellate is commonly 
observed as a solitary cell which, besides two flagella, possesses a haptonema 
(Scherffel 1900, Kornmann 1955, Parke et al. 1971). Phaeocystis is observed in 
the form of flagellates in the oligotrophic ocean (Moestrup 1979, Booth et al. 
1982, Hallegraeff 1983, Estep et al. 1984, Hoepffner and Haas 1990) and when 
nutrients have been depleted after the spring bloom in temperate seas 
(Veldhuis et al. 1986, van Boekel et al. 1992, Peperzak et al. 1998). Nutrient 
depletion has different effects on the colonial blooms of Phaeocystis in the 
North Sea in spring. The non-flagellate cells can lyse (van Boekel et al. 1992, 
Brussaard et al. 1995, 1996), they can be grazed (Admiraal and Venekamp 
1986, Weisse and Scheffel-Möser 1990b, Peperzak et al. 1998) and thirdly, 
flagellates can be formed (Veldhuis et al. 1986, van Boekel et al. 1992, 
Peperzak et al. 1998). 
 As Phaeocystis blooms have a large ecological impact on ecosystems 
(Lancelot and Rousseau 1994), a comparison of the growth characteristics, e.g. 
growth and death rate, of the non-flagellate cell and the flagellate could help to 
explain the differences observed in their temporal and geographical 
distribution. So far, however, such a comparison has not been made. When, 
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during experiments, flagellates were observed their growth rates were not 
measured (Kayser 1970, Tande and Båmsted 1987, Verity et al. 1988b, 
Rousseau et al. 1990, Vaulot et al. 1994) or Phaeocystis growth rates were 
calculated from total (flagellates + non-flagellate) cell counts (Guillard and 
Hellebust 1971, Jahnke and Baumann 1987). Verity et al. (1991) compared 
photosynthetic rates of Phaeocystis colonies and solitary cells. However, the 
size range (3-10 µm) of the solitary cells (Verity et al. 1991, p. 122)  implies that 
here, too, both flagellate and non-flagellate cells were present (P.G.Verity, 
personal communication). Buma et al. (1991) measured growth rates of 
flagellates and non-flagellate cells of an Antarctic Phaeocystis under identical 
conditions, but the number of measurements (n = 3) was too small to draw any 
significant conclusion. Riegman et al. (1992) were the first to show the effect of 
nutrient limitation on the appearance of the Phaeocystis cell types. However, 
the different kinds of nutrient limitation, and the fact that the growth rates 
were provided in relative units (Riegman et al. 1992), hinders direct growth 
rate comparisons between the two cell types. The statement of Baumann et al. 
(1994) that the growth rate of motile free-living cells of Phaeocystis is the same 
as that of  non-motile colonial cells is incorrect because in the reference cited 
(Lancelot et al. 1991, p. 73), a comparison was made between growth rates of 
solitary and colonial cells, both non-motile (C. Lancelot, personal 
communication). Finally, Phaeocystis death rates have not been measured at 
all. 
 During the routine maintenance of cultures of non-flagellate cells and 
flagellates of Phaeocystis globosa, the non-flagellate cells appeared to have a 
higher growth and death rate than the flagellates. In order to calculate these 
apparent differences, the culture biomass data were subjected to a statistical 
analysis. The growth curve variables, lag time, growth rate, biomass yield, 
duration of the stationary phase and death rate (Fogg 1975) of the two cell 
types were measured and compared. The general null hypothesis tested was 
that there are no differences in the growth curve variables between the 
flagellates and the non-flagellate cells of P. globosa. 
 
 

Method 
 
 
seawater and culture medium 
 
Phaeocystis globosa was cultured routinely in seawater batches that had been 
collected near Jacobahaven (51°36'N,3°43'E) in the Oosterschelde (North Sea). 
In order to obtain sufficient data for statistical analysis, culture results of 
Phaeocystis grown in April, July, October (1995) and January (1996) batches of 
seawater were used. Each batch (20 litre) had been filtered directly (< 1 µm) 
and stored in the dark at 4°C. Mean salinity was 30.5 (CV = 3%), and 
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macronutrient concentrations ranged from 19-42 µM DIN and 0.6-1.3 µM DIP 
after collection. Before the start of an experiment, one litre aliquots were 
autoclaved (120°C, 20 minutes) in glass bottles. After cooling, three stock 
solutions were added aseptically: nutrients (100 µmol NO3- , 6.3 µmol PO43-), 
trace metals (10 µmol Fe, 1 µmol Mn, 0.1 µmol Zn, 0.1 µmol Mo, 0.1 µmol Co, 
0.01 µmol Cu) and vitamins (1 nmol B1, 1 nmol B12, 1 nmol biotin (H)). As Si 
was omitted this culture medium is referred to as PEP-Si. PEP-Si medium has 
been successfully used for years for culturing different species of Cryptophyta, 
Cyanophyta, Dinophyta, Haptophyta and Chlorophyta (L. Peperzak, 
unpublished data). All culture glassware was soaked 1 day in detergent (0.1% 
Decon) followed by 1% HCl (1 day), then rinsed with demineralized water. 
 
cultures 
 
Two cell types of P. globosa clone Ph91 (Peperzak 1993), diploid non-flagellate 
cells (spherical equivalent diameter ± 95% confidence interval = 6.1 ± 0.2µm) 
and haploid flagellates (s.e.d. = 4.2 ± 0.1 µm), were cultured at 15°C, 10 W m-2 
(2.4 µE m-2 s-1) in a 12:12 light:dark cycle in 350 ml erlenmeyer flasks with 100 
ml PEP-Si. Each new culture was inoculated with ≈ 50 µl of a 3-week-old 
previous culture. Microscopic observations showed that both cultures consisted 
of  > 99% of one cell type with one exception: in a culture of non-flagellate cells, 
grown in seawater collected in April, flagellates were also observed. In the 
cultures of non-flagellate cells the majority (> 95%) of cells was solitary. The 
colony concentration was low and variable, but was not related to the seawater 
batch used (Kruskal-Wallis test, P > 0.05). 
 Cultures were swirled three times per week prior to biomass measurements, 
as in vivo fluorescence (Fv) on a Hitachi F2000 spectrofluorometer ( λex  = 435 
nm, λem  = 683 nm). Significant Pearson correlation’s were observed between 
Coulter Counter cell counts (10log cells ml-1) and biomass yield (10log Fv) in 
stationary growth phase for both cell types (non-flagellate cells: r2 = 0.81, P < 
0.001; flagellates: r2 = 0.77, P < 0.001). It was therefore concluded that in vivo 
fluorescence was a good measure of Phaeocystis biomass (cf. Janse et al. 1996). 
 
growth curve model 
 
In order to calculate the five growth curve variables the same way for each 
culture, a growth curve model was designed based on the logistic growth model 
(Pielou 1969). The logistic model can be used to calculate growth rate and 
biomass yield in stationary growth phase. However, the logistic model does not 
take cell death into account. This means that the declining biomass values in 
the death phase lead to too low biomass yield model estimates (Figure 5.1a).  
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Figure 5.1. Biomass development of Phaeocystis globosa as in vivo fluorescence (Fv) in 
batch cultures. (a) Schematic growth curve showing the calculation of the variables: lag  
phase (Tlag), growth rate (µ), biomass yield (a0), stationary phase (Tstat) and death rate 
(d). The line (----) below a0 is the preliminary biomass yield (a0’), including the values in 
death phase and before application of equation 5.1. For equations 5.1-5.5: see Method. 
(b) Non-flagellate cells. (c) Flagellates. In b and c, the measured in vivo fluorescence 
values (o) are connected by a dashed line. The solid line was calculated using the logistic 
growth model without the values in death phase (equation 5.2).  
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Therefore, the death phase values were omitted, and the other growth curve 
variables were calculated using the following procedure. Firstly, all in vivo 
fluorescence (Fv) measurements were fitted preliminary to the logistic model 
(Pielou 1969). This first fit resulted in the preliminary, too low, biomass yield: 
a0’ (Figure 5.1a). Secondly, an arbitrary limit of 0.85 was set which defines a 
datapoint to be in death phase when: 
 

10log Fv < 10log (0.85*10a0 ’ )       [5.1] 
 
In equation 5.1, a0’ is the preliminary biomass yield. 
 Thirdly, the Fv measurements (as 10log Fv) with the death phase values 
excluded (equation 5.1) were again fitted to the logistic model (Pielou 1969): 
 

10log Fv = a0/(1+a1*exp(-a2*t))       [5.2] 
 
in which a0 (biomass yield), a1 and a2 (exponential rate) are parameters of this 
model and t is the variable time [days], see Figure 5.1a. The logistic model 
(equation 5.2) accounted for 99% of the variability of 10log Fv (r2 = 0.99, mean of 
all experiments). The parameter a0 of this second fit was now a satisfactory 
measure of biomass yield (see cultures). 
 Fourthly, the growth rate [day-1] was calculated from parameter a2 as: 
 

µ =  elog(10)*a2          [5.3] 
 
Finally, the other growth curve characteristics were calculated as follows: 
 
Tlag: length of the lag phase [days], defined as the length of the horizontal 
  line from (t = 0 ; 10log F0) to its intersection with the line with slope µ 
  through (t = tµmax ; 10log Ft) with tµmax calculated from day to day   
  with equation 5.2 , 
Tstat:  length of the stationary phase, defined as the time [days] that: 
 

10log Fv  ≥ 10log (0.85*10a  )       [5.4] 
 
d:  death rate or rate of biomass decline [day-1] from the difference in  
  10log Fv between the last time point (ts) in stationary phase (10log Fs) 
  and the first (td) in death phase (10log Fd): 
 

d =  elog(10)*(10log Fs - 10log Fd)/ ts - td       [5.5] 
 
 The application of equations 5.2, 5.3, 5.4 and 5.5, and examples of growth 
curves of  non-flagellate cells and flagellates with their calculated variables, 
are shown in Figure 5.1. 
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statistical calculations 
 
In each seawater batch (n = 4) three successive cultures (n = 3) of each cell type 
(n = 2) were grown. As one flagellate culture had shown inexplicably poor 
growth its growth curve variables were not used. Therefore, the total number 
of growth curves used was 23. 
 Each growth curve yielded one set of five growth curve variables that where 
related to each other. To preserve this relation a Multivariate Analysis Of 
Variance (MANOVA) was applied on all data simultaneously (Seber 1984). In 
the MANOVA the effects of two factors (seawater batch and cell type) on the 
growth curve variables (Tlag, µ, a0, Tstat and d) were tested. Seawater batch was 
the first factor because the cultures were grown in four seasonally different 
batches of seawater. Therefore, an effect of seawater batch on the growth curve 
variables could not be disregarded a priori. The second factor in the MANOVA 
was Phaeocystis cell type. For each of the two factors, and their interaction, the 
multivariate test statistic Wilks’ Λ (Seber 1984) and its level of significance 
were calculated in SYSTAT (Wilkinson 1990). The interaction of seawater 
batch and cell type was investigated first because, if significant, one or more of 
the growth curve variables would be dependant on both these factors and this 
would hamper the investigation of each factor separately. If, for a given factor, 
Wilks’ Λ is not significant (P > 0.05), the null hypothesis (“this factor has no 
effect”) cannot be rejected. If, on the other hand, Wilks’ Λ is significant, the 
mean, the 95% confidence interval and the significance of the differences can 
be calculated for each of the growth curve variables (Johnson and Wichern 
1998). In this way, the growth curve variable(s) that contribute(s) to the 
rejection of the null hypothesis can be analysed. 
 A prerequisite for performing a MANOVA is a normal distribution of, and 
homogeneity of variances of the growth curve variables. Because death rate 
showed heterogeneous variance, this variable was log-transformed. 
 
cell viability 
 
In a separate experiment, the viability of non-flagellate and flagellate cells 
during batch culture growth was tested. Viability, defined as the length of Tlag, 
was measured after transferring 0.5 ml of the parent cultures (one of each cell 
type) at different points of time in their growth curve into 75 ml fresh PEP-Si 
medium. In all cultures growth was followed by measuring in vivo fluorescence 
as described earlier. The parent cultures were inspected regularly on an 
inverted microscope. Death was assumed when no growth had occurred after 
20 days. 
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Results 
 
 
Statistical analysis of all data combined resulted in a weakly significant 
multivariate test statistic Wilks' Λ for the interaction of cell type and seawater 
batch (P < 0.05, Table 5.1). Wilks’ Λ was not significant for the first factor, 
seawater batch (Table 5.1). This means that there was no overall effect of 
seawater sampling time (season) on the five growth curve variables. For the 
second  factor tested, cell type, Wilks’ Λ was significant (P < 0.005, Table 5.1). 
This indicates that when simultaneously tested, all five growth curve variables 
were different between non-flagellate cells and flagellates. 
 The main contributing factors for the significant difference between non-
flagellate cells and flagellates were Tlag, µ, Tstat en log(d) (Table 5.2). The 
flagellates had a longer lag phase (200%) and a lower growth rate (90%) than 
the non-flagellate cells. Both types achieved a similar biomass yield (Table 5.2). 
In cultures of non-flagellate cells, rapid discoloration and cell death had been 
observed (e.g. Figure 5.1b). This macroscopic difference with flagellate cultures 
was confirmed statistically: flagellates had a longer stationary phase (164%) 
and a lower death rate (13%) than the non-flagellate cells (Table 5.2). All 
differences between the non-flagellates and the flagellates were significant at 
the 95% confidence level (Table 5.2). 
 
cell viability 
 
In this separate experiment, new cultures of non-flagellate cells had short lag 
phases (mean < 2 days) when the parent culture was less than 2 weeks old 
(Figure 5.2). In other words, viability was still high. However, after 3 weeks 
the number of non-flagellate cells observed microscopically declined rapidly, as 
did in vivo fluorescence (e.g. Figure 5.1b). Within 4 weeks, Tlag exceeded 20 
days (Figure 5.2), and the non-flagellate parent culture was considered dead. 
 
 
 
Table 5.1. Results for the simultaneous test (MANOVA) of the effect of two factors: cell 
type (non-flagellate cells and flagellates) and  batch (seawater from January, April, 
July, October), on five growth curve variables of Phaeocystis globosa in batch cultures. P 
< 0.05 indicates a significant Wilks’ Λ, the MANOVA test statistic.  
factor Wilks’ Λ P 
cell type x batch 0.14 < 0.05 
batch 0.28 n.s. 
cell type 0.17 < 0.005 
n.s. = not significant. 
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 On the other hand, in flagellate cultures motile and presumably viable cells 
could still be observed with the microscope after more than 50 days. Till day 
58, the number of viable cells apparently was ≥ 2 ml-1  although Tlag had 
increased to 2 weeks (Figure 5.2). Finally, after 2 months the flagellate parent 
culture was dead. 
 
 

Discussion 
 
 
The effect of cell type on the growth characteristics of Phaeocystis was very 
significant (Table 5.1). Four growth curve variables, the duration of lag time 
(Tlag), growth rate (µ), duration of stationary phase (Tstat) and death rate, where 
significantly different between non-flagellate cells and flagellates (Table 5.2). 
Because both Phaeocystis cell types were cultured parallel in similar media, 
the biomass yield achieved did not differ (Table 5.2). 
 In the MANOVA the interaction of cell type and seawater batch was weakly 
significant. Examination of the data revealed that this was due to one growth 
curve variable (Tstat) of the non-flagellate cultures in the April seawater batch. 
In this April batch, the cultures of non-flagellate cells had, in contrast to the 
other batches, a higher Tstat than the flagellates. Presumably the flagellates in 
the April culture of non-flagellate cells (see Method) had contributed to an 
extended Tstat. Furthermore, univariate analysis revealed that the non-
flagellate Tstat differences between the batches were not significant. Therefore, 
it was concluded that there was no important interaction effect between sea 
water batches and cell type. 
 
Table 5.2. Means of five growth curve values: lag  phase (Tlag), growth rate (µ), 
maximum biomass (a0), duration of stationary phase (Tstat) and the death rate (d) of the 
two cell types of Phaeocystis globosa: flagellates and non-flagellate cells. The means 
include data from all seawater batches because this factor had no significant effect on 
the growth curve values (see Table 5.1). Calculated also is the 95% confidence interval 
(c.i.) of the differences between the two cell types  
Variable flagellates non-

flagellates 
difference 95% c.i. signifi-

cance 
Tlag       [day]   2.8   1.4   1.4   1.2     s. 
µ           [day-1]   0.65   0.72   0.07   0.06     s. 
a0          [10log Fv]   3.63   3.63   0.00   0.07    n.s. 
Tstat       [day]  15.6   9.5   6.1   3.5     s. 
log(d) a     -1.16  -0.28  -0.87   0.59     s. 
s. = significant difference (P < 0.05); n.s. = no significant difference. 
a death rate = d [day-1]: 0.07 day-1 (flagellates) and 0.52 day-1 (non-flagellate cells) 
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Figure 5.2. Duration of the lag time (Tlag) of new cultures of non-flagellate cells (ο) and 
flagellates (∆) as a function of parent culture age. If lag time exceeded 20 days the 
culture was assumed dead. Lines are third degree polynomials.  
 
 
lag phase 
 
A lag phase, the time it takes a phytoplankton population to start growing 
exponentially in fresh culture medium, is usually associated with the time 
necessary for the cells to take up nutrients and to regain division capability 
(Fogg 1975). In the routine cultures in this study, Phaeocystis flagellates and 
non-flagellate cells were assumed to be equally deprived at inoculation. Both 
cell types were simultaneously transferred to fresh culture medium when they 
were in stationary phase, at the age of 3 weeks. Therefore, differences in Tlag 
between flagellates and non-flagellate cells were not expected. Moreover, the 
significantly longer Tstat of the flagellates (Table 5.2) indicated that they 
endured stationary phase conditions relatively better, which would imply a 
shorter Tlag than non-flagellate cells. Instead, the flagellates had a significantly 
longer Tlag (Table 5.2). As this difference in lag times is not related to the time 
of inoculation, it is presumably due to factors present in the fresh culture 
medium to which the two Phaeocystis cell types react differently. Alternatively, 
the motile flagellates may be more sensitive to enclosure in flasks although 
such a ‘bottle-effect’ is not likely in view of the small size of the cells relative to 
the culture volume.  
 One of the factors negatively influencing the start of phytoplankton growth 
in fresh medium is the high concentration of nutrients. According to Provasoli 
et al. (1957) phosphates become rapidly toxic at concentrations below those 
needed for buffering. The diatom Phaeodactylum, has an increased lag phase 
when it is subcultured in fresh medium with high, rather than low phosphate 
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concentrations (Fogg 1975). In Phaeocystis high (≥ 2 µmol l-1) phosphate 
concentrations have been found to inhibit colony formation (Veldhuis and 
Admiraal 1987, Cariou et al. 1994). The growth rate of non-flagellate 
Phaeocystis cells is also significantly reduced by 10 nmol l-1 of vitamin B12 
(Peperzak et al. 2000c). Presumably, the growth response to fresh culture 
medium is cell type specific, e.g. the Phaeocystis flagellates are more sensitive 
to high concentrations of  phosphate. 
 A second factor influencing growth in fresh medium is the concentration of 
external glycolate. Addition of glycolate to the culture medium shortens the lag 
phase of several chlorophyte and diatom species (Fogg 1975). In contrast to the 
flagellates, non-flagellate (colonial) cells of Phaeocystis can secrete large (> 
30%) amounts of photo-assimilated organic carbon (Veldhuis and Admiraal 
1985). Possibly, the non-flagellate Phaeocystis cells in the present experiment 
still secreted some organic compounds that played a role in reducing Tlag. 
Experiments with both Phaeocystis cell types are needed in order to measure 
this hypothetical effect of secretion differences.  
 
growth rate 
 
Several  physiological differences between the two cell types of Phaeocystis may 
be responsible for the significant 10% lower growth rate of the flagellates 
(Table 5.2). To begin with, short-term 14CO2 uptake measurements revealed 
that Phaeocystis sp. flagellates have lower photosynthetic rates at 10 W m-2 
(the culture irradiance) than non-flagellate cells (L. Peperzak, unpublished 
data). Secondly, smaller cells have theoretically higher respiration rates. 
Assuming (i) that both Phaeocystis cell types can be approximated as spheres 
with a diameter of 4.2 µm (flagellates) and 6.1 µm (non-flagellate cells) and (ii) 
using  the model : Respiration (pl O2 cell-1 h-1) = 0.0068*(cell volume in µm3)0.88  
(Tang and Peters 1995), and (iii) normalising cellular respiration rate to 
biomass, the flagellates would have a 14% higher respiration rate (4.4 fl O2 
(µm3 cell volume)-1 h-1). Finally, non-flagellate cells in colonies may have higher 
growth rates because they store energy in the colony matrix. This energy can 
be used in the dark for prolonged protein synthesis (Lancelot and Mathot 1985) 
and subsequent growth. However, in this study the number of cells in colonies 
was too low (≈5%) to have a significant impact on growth rate. Therefore, both 
a lower photosynthetic rate and a higher respiration rate of the flagellates 
contributed to a lower net growth rate compared with the non-flagellate cells. 
 
stationary growth phase and death rate 
 
The duration of the stationary phase of non-flagellate Phaeocystis cells was 
short and the death rate was high relative to those of the flagellates (Figure 
5.1, Table 5.2). The difference in death rate was corroborated by the results of 
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the viability experiment. Flagellates remained much longer viable in 
stationary growth phase (Figure 5.2).  
 The different behaviour in stationary phase has a relation with the 
surface:volume (s:v) ratios of the two cell types. Taking 6.1 µm (non-flagellates) 
and 4.2 µm (flagellates) as cell diameter, the s:v ratios are 1.0 and 1.4 µm-1, 
respectively. This 40% higher s:v ratio gives the flagellates a competitive 
advantage under nutrient-limiting conditions because it theoretically increases 
nutrient uptake rate and nutrient conversion (cf. Aksnes and Egge 1991, 
Reynolds 1993). Indeed, in continuous cultures of Phaeocystis that were 
ammonia- or phosphate-limited, Riegman et al. (1992) obtained flagellates 
only. Differences in phosphate uptake rates between non-flagellate solitary and 
colonial cells have been measured by Veldhuis et al. (1991). However, the 
nitrogen and phosphate uptake characteristics of both flagellate and solitary 
non-flagellate cells have not yet been measured. 
 The mean death rate of the non-flagellate cells (0.52 day-1) is comparable to 
the maximum lysis rate of a Phaeocystis sp. bloom measured in the Marsdiep 
in 1993 (0.3 day-1, Brussaard et al. 1996). The death rate of the flagellates (0.07 
day-1) is in the range measured for the diatom Ditylum brightwellii in axenic 
cultures under phosphate limitation: 0.067-0.005 day-1 (Brussaard et al. 1997). 
A general lack of data on phytoplankton death rates prevents comparisons 
with other species.  
 
Phaeocystis: life cycle and ecology 
 
The life cycle of Phaeocystis consists of  haploid flagellate and diploid non-
flagellate cells which both reproduce vegetatively (Vaulot et al. 1994, this 
chapter). Such a haplo-diploid bimorphic life cycle is regarded as an 
evolutionary adaptation to a seasonally variable environment (Valero et al. 
1992). In addition, heteromorphic generations in algae are related to grazer 
avoidance (Lubchenco and Cubit 1980, Slocum 1980). 
 Solitary Phaeocystis cells (flagellate and non-flagellate) are in a size range 
suitable for grazing by small predators as protozoans (Admiraal and Venekamp 
1986, Verity 1991). Inside their colonies, the diploid non-flagellate Phaeocystis 
cells are protected against grazing by protozoans, metazoans and bivalves 
(Admiraal and Venekamp 1986, Hansen and van Boekel 1991, Smaal and 
Twisk 1997). It is therefore likely that grazer avoidance has played an 
important role in the evolution of the colonial form. 
 However, colonial growth has drawbacks too. The affinity constant (Ks) of 
phosphate uptake is much higher for colonial Phaeocystis sp. cells than for 
solitary cells (Veldhuis et al. 1991). In contrast to flagellates, the large 
Phaeocystis colonies are prone to sedimentation, especially under nutrient 
stress (Peperzak 1993). Under nutrient-limited conditions therefore, colonial 
cells will be less competitive than solitary cells. Furthermore, the flagellates 
are better survivors under nutrient stress than solitary non-flagellate cells 
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(Table 5.2, Figure 5.2) and this is reflected in the geographical and temporal 
distribution of the cell types. Non-flagellate colonial cells are found in spring 
and in eutrophic waters, in coastal and upwelling regions, and along the polar 
ice shelf. Flagellates usually occur in summer and in oligotrophic waters as the 
open ocean. The interaction of bottom-up (nutrients) and top-down (predation) 
factors did not only determine the evolution of Phaeocystis as a bimorphic 
genus. The resulting physiological differences between the two cell types also 
define their present day geographical and temporal distribution. 
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“Da die Pflanze viel Fett zu entwickeln vermag, ist schliesslich wohl jede 
Diatomee schwimmfähig zu machen, aber die im engeren Sinn als Plankton-
Formen zu bezeichnenden Diatomeen schwimmen auch schon, ehe sie 
Fetttropfen enwickelt haben” 
 
V. Hensen (1887) 
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ABSTRACT. According to Stokes’ law colony-formation in phytoplankton should lead to 
enhanced sinking rates and higher sedimentation losses, especially if vertical mixing is 
reduced by stratification. However, sinking rate measurements in the Rhine region of 
freshwater influence (ROFI) using SetCol settling columns did not reveal a 
straightforward relation between phytoplankton sizes (< 10 µm to > 1000 µm) and 
sinking rates (-0.4 to > 2.2 m day-1) of 24 autotrophic phytoplankton species and groups. 
In fact, under nutrient replete conditions the sinking rates of the diatoms Chaetoceros 
radicans, Rhizosolenia shrubsolei and R. stolterfothii decreased with size. The sinking 
rates of large colonies of the prymnesiophyte Phaeocystis globosa were also negatively 
correlated with their size and positive buoyancy was observed. Chlorophyll a sinking 
rates exceeded 1 m day-1 periodically which is sufficient to cause significant surface 
layer loss rates over 0.2 day-1. Under stratified conditions both chlorophyll a 
concentrations and sinking rates in the bottom layer where significantly higher (+49% 
and +16% respectively) than in the surface layer. These observations are discussed in 
relation to Stokes’ law, together with a critical analysis of the SetCol technique. It is 
concluded that: (i) SetCol’s give adequate results when incubations are performed at or 
near in situ irradiance and temperature, (ii) sinking rates are predominantly 
determined by cell or colony density rather than their size, (iii) periodic sedimentation is 
an important species-specific loss process for phytoplankton in the Dutch coastal zone. 
It is speculated that for diatoms with low sinking rates autolysis is an important loss 
factor. 
 
 

Introduction 
 
 
Traditionally the shallow Dutch coastal zone has been considered vertically 
well-mixed due to the strong tidal currents in the Southern Bight of the North 
Sea (Laevastu 1963, Pingree and Griffiths 1978). However, recent vertical 
salinity measurements have revealed continuous salinity stratification near 
the narrow, artificial mouth of the Rhine where on average 1500 m3 s-1 
freshwater is discharged into the North Sea. The stratified area can extend 30 
to 40 km offshore and 100 km along the coast towards the north (van Alphen et 
al. 1988, van der Giessen et al. 1990, de Ruijter et al. 1997). Neap tidal 
currents, high discharges and low wind speeds enhance vertical density 
differences and the size of the stratification area (van Alphen et al. 1988, van 
der Giessen et al. 1990, de Kok 1996). Depending on the phase of the moon, 
environmental circumstances and distance from the river mouth, stratification 
may last from several hours to several days (Simpson and Souza 1995, de 
Ruijter et al. 1997). Despite its variable nature, salinity stratification is now 
considered to be a dominant feature in this region of freshwater influence 
(ROFI) (van Alphen et al. 1988, de Ruijter et al. 1997). 

According to Sournia (1982) there is general agreement between theory and 
practice that sinking rates increase with particle size (cf. Smayda 1970), and 
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this relation is used to explain the dominance of small algae over larger ones in 
stratified waters where vertical turbulence is reduced (Margalef 1978b). In 
models describing the plankton food web structure, sedimentation is the fate of 
‘large’ ungrazed algae while ‘small’ species are grazed by zooplankton 
(Thingstad and Sakshaug 1990, Riegman et al. 1993a). 

Theoretically, sinking rates also increase when solitary plankton cells 
produce colonies because the sinking rate of a particle is related to the square 
of its radius according to Stokes’ law: 
 
 
 

ψ = 2 g r2 (ρp - ρSW) / 9 η        [6.1] 
 
 
 
where ψ = sinking rate (m s-1), g = gravitational acceleration, r = spherical 
particle radius (m), ρp = particle (cell or colony) density, ρSW = seawater density, 
and η = dynamic viscosity (see Table 6.1). 
 
 
Table 6.1. Data for Stokes’ law (equation 6.1) 
     

g gravitational acceleration 9.8  m s-2  
ρcell diatom cell density 1030 - 1230 

(median value 1100) 
kg m-3 van Ierland and Peperzak 

1984 
ρreplete Phaeocystis cell density 

under nutrient replete 
conditions 

 
1091± 8 

 
kg m-3 

 
note a 

ρN-stress Phaeocystis cell density 
under nitrogen limitation 

1109± 6 kg m-3 note a 

ρP-stress Phaeocystis cell density 
under phosphorus 
limitation 

 
1098± 2 

 
kg m-3 

 
note a 

ρcolony Phaeocystis colony density 
under nutrient replete 
conditions 

 
1035 - 1047 

 
kg m-3 

 
note b 

ρSW seawater density 1025 
(8 - 12°C; 29 - 35 psu) 

kg m-3 Peperzak et al. 1996a 

η dynamic viscosity 1.51 x 10-3 
(10°C; 35 psu) 

kg m-1 s-1 Vogel 1996 

a culture data (L.Peperzak unpublished) (± 95% confidence interval) 
b field samples with varying and unknown colony size (E.T. van Ierland and L. Peperzak 1982, 
unpublished; van Ierland and Peperzak 1984; L. Peperzak, unpublished) 
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In the bottom layer of the turbid Dutch coastal zone irradiance will be too 
low to sustain even moderate phytoplankton growth rates (Peperzak et al. 
2000c) and algae settling out of the water column are subject to zoobenthos 
grazing or to physical mixing into the sediment (Jennes and Duineveld 1985, 
Jago et al. 1994). Therefore, the formation of colonies in the Dutch coastal zone 
by common diatom species and the prymnesiophyte Phaeocystis globosa seems 
paradoxical because colonies would increase the probability that sedimentation 
becomes a significant loss factor. 

Although the understanding of the physical nature of the Rhine ROFI has 
increased much in recent years (Huthnance 1997), there is a considerable lag 
in the application of this knowledge to the biology of this system. Stratification-
induced diatom sedimentation in this system was already inferred by Gieskes 
(1972), and more recently the development of harmful algal blooms has been 
studied in relation to nutrients, irradiance and water column stratification 
(Peperzak et al. 1996b, Peperzak et al. 1998). However, there have been no 
investigations dedicated to the effects of salinity stratification on 
phytoplankton production and succession, e.g. by considering differences in 
sinking rate and sedimentation as a species-specific loss factor (Harrison et al. 
1986, Brzezinski and Nelson 1988, Passow 1991). 

Calculating the sinking rates of phytoplankton and their colonies on the 
basis of Stokes’ law [6.1] is problematic because, with the obvious exception of 
young P. globosa colonies (e.g. Peperzak 1993: Figure 4b), the phytoplankton is 
rarely spherical. Deviations from a spherical shape and the formation of 
spines, fibres and the secretion of mucus are believed to reduce sinking rate 
(Smayda 1970, Sournia 1982, Reynolds 1993). Another way to reduce sinking 
rate is by physiological regulation of cell density (ρcell), a variable and species-
specific property (van Ierland and Peperzak 1984) that is influenced by 
nutrient and light availability. In general, sinking rates increase under 
nutrient limitation (Eppley et al. 1967, Bienfang 1981a, Jaworski et al. 1981, 
Waite et al. 1992a) and low daily irradiance (Bienfang 1981a, Johnson and 
Smith 1986, Riebesell 1989, Waite et al. 1992b), and dead cells have higher 
sinking rates than living ones (Reynolds 1993). Therefore, physiological 
variation of cell density is a second impairment to a straightforward 
application of Stokes’ law [6.1]. 

Using a practical approach instead, phytoplankton sinking rates were 
measured during different phases of the vernal bloom in the Rhine ROFI with 
settling columns or SetCols (Bienfang 1981b). The first aim was to measure the 
sinking rates of P. globosa and other phytoplankton species such as colony-
forming diatoms, because neither sedimentation nor in situ sinking rate data of 
these ecologically important species are available for the southern North Sea 
(Wassmann 1994). Because of severe critique by Vogel (1996) on sinking rate 
measurement techniques, the results of several control experiments are 
reported and discussed. Secondly, the relation between colony formation of P. 
globosa and diatoms and sinking rates was investigated. Thirdly, the effect of 
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water column stratification on the sinking rates and vertical distribution of the 
phytoplankton was measured. 
 
 

Method 
 
sampling 
 
Surface (= - 3 meter) and bottom (= bottom + 4 m = - 15 m) samples were taken 
during the EC project MAST PROFILE (Huthnance 1997) at North Sea station 
NW10 (52°18’N, 4°18’E) with Niskin bottles in April and May 1994. The 
average salinity difference between 1 and 10 meter below the surface at this 
station between 1986 and 1990 was 1.0 to 1.5 psu (de Ruijter et al. 1997). Due 
to high waves only bucket samples were taken on April 15. On May 18 
additional samples were taken at station NW20 (52°21’N, 4°11’E). Table 6.2 
provides dates, sampling depths and type of sinking rate measurements. 
Meteorological data from location De Kooy were obtained from the Royal Dutch 
Meteorological Institute; surface values of temperature, salinity, silicate (Si), 
Dissolved Inorganic Nitrogen and Phosphorus (DIN and DIP) and chlorophyll a 
from the RIKZ-database. CTD-casts made during sampling provided 
information on water column stratification; additional data on the vertical 
distribution of temperature and salinity were obtained from Joordens et al. 
(1995). 
 
sinking rate measurements 
 
Sinking rates were measured in settling columns (SetCols, Bienfang 1981b), 
glass cylinders with a height of 0.2 m and a volume of 229 ml. Within 30 
minutes after sampling the SetCols were filled completely with a homogeneous 
sample and capped. Although the incubation took place on board the ship, 
visual observation of large phytoplankton colonies indicated that hydrostatic 
conditions were achieved within minutes. Sea water temperature was 
maintained by pumping water from a thermostatically controlled water bath 
through water jackets. The mean incubation time was 2.2 hours, which means 
that the maximum sinking rate that could be measured was 2.2 m day-1. 
Experiments were conducted at 10 W m-2 in April and 17 W m-2 in May (+7 W 
m-2 daylight) provided by circular Philips TLE 22/33 lamps, except on May 16 
and 17 when incubations were performed in the dark. 

Both species-specific (maximum n = 14) and chlorophyll a (= phytoplankton 
population) sinking rates were measured (Table 6.2). The incubations were 
terminated by successively draining the upper, middle, and bottom SetCol 
compartments by taps through the wall; of each compartment duplicate 10 ml 
plankton samples were fixed, or the complete content was filtered for 
chlorophyll a analysis. 
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Table 6.2. Summary of SetCol incubations; surf = surface, botm = bottom 
date week day station strata ψ species b ψ chlorophyll c control d Fig 

940411 15 101 NW10 yes botm surf + botm i (botm, n = 2) 6.5a 
940412 15 102 NW10 no surf surf e + botm e i (botm, n = 2) 6.5a 
940415 15 105 NW10 no surf surf e i (botm, n = 2) 6.5a 
         
940510 19 130 NW10 yes surf + botm surf + botm iii(botm, n = 3) 6.5c 
     (twice) (tidal cycle)    
940516-7 20 136-7 NW10 no surf + botm surf + botm iii (botm, n = 6) 6.5c 
     (twice) (diel cycle)   
940518 20 138 NW20 yes - - ii (botm, n = 4)  6.5b 
940519 20 139 NW10 yes - - ii (surf, n = 4) 

iv (botm, n = 4) 
6.5b 
6.5d 

astratification of the water column 
bsinking rate of individual species 
csinking rate of chlorophyll a 
dcontrol experiments: (i) sinking rate precision, (ii) incubation, (iii) settling time, (iv) rapid 
settling chl a particles  
esamples lost 

 
 

All SetCol incubations were run in duplicate, except in May when the 
species-specific sinking rates were measured in singular. 

Plankton samples were preserved at 0.1% w/v formaldehyde; this low 
concentration prevents disintegration of P. globosa colonies (L. Peperzak, 
unpublished). On shore, at least 100 cells or colonies of each species were 
counted in 10 mL chambers on inverted microscopes. Because of the distinct 
differences in form, P. globosa colonies were counted as spheres or cylinders. In 
May, a third P. globosa group consisted of solitary, non-flagellate cells. P. 
globosa colony size was measured as the diameter (spheres), or as length and 
width (cylinders). Cell and colony sizes were measured of maximally 25 
individuals using an eyepiece graticule (1 unit = 2.4 µm). In addition, the size 
of chain-forming diatoms was measured by counting the number of cells per 
colony (maximum 25 chains). The diameter of non-flagellate P. globosa cells 
was calculated from previous measurements as 7.7 ± 0.3 µm. 

For each SetCol compartment, the cell concentration was calculated by 
averaging the duplicate counts. The cell or chlorophyll a concentrations in all 
three compartments were combined to calculate the total biomass in the 
SetCol. Then the sinking rate (ψ) was calculated as: 
 

ψ = (Bs / Bt) * L / t  [m day-1]       [6.2] 
 
with Bs = biomass settled into the bottom compartment, Bt = total biomass,  
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L = 0.2 m and t = incubation time (days). This procedure eliminates the need 
for duplicate total biomass determinations in the original sample before and 
after incubation (Bienfang 1981b) and previous tests had shown that it results 
in a small, 15% variation in the sinking rate of cultured P. globosa colonies (L. 
Peperzak, unpublished). 

In addition, the counting of all three compartments provides a check on the 
phytoplankton distribution in the SetCol. For instance, when during the 
incubation all cells settle out of the upper and middle compartments, the 
sinking rate would be underestimated if calculated from the initial and the 
lower compartment biomass only (Bienfang 1981b). Furthermore, measuring 
the size of P. globosa colonies and diatom chains in all three compartments 
gives information on the size distribution of the algae in the SetCol. For a 
particular species, differences in the mean colony or chain size from top to 
bottom would indicate the presence of size-dependant sinking rates; such 
differences would otherwise go unnoticed. 
 
controls 
 
Several controls were run to test the SetCol method (see Table 6.2): (i) Species-
specific sinking rate variation of diatoms was determined by incubating the 
samples in week 15 in duplicate. (ii) Effect of incubation on sinking rate: four 
SetCols were filled and incubated. After one hour the first SetCol incubation 
was terminated, the remaining three SetCols were homogenised, and the 
incubation proceeded for another hour. This procedure was repeated three 
times, until the total incubation time in the fourth SetCol had increased to 
nearly five hours. Yet, in each SetCol the settling time had been one hour; (iii) 
Effect of settling time on sinking rate measurement: several SetCols were filled 
simultaneously and the experiments were terminated after a half to three 
hours; (iv) Test for rapidly sinking chlorophyll a particles. To test the 
assumption that the rate of chlorophyll a disappearance from the upper and 
middle compartments is constant (Bienfang 1981b), 6 SetCols were filled and 
incubated simultaneously. After incubating for 40 to 60 minutes all middle and 
upper compartments were drained and mixed, a chlorophyll a sample was 
taken and the remainder of the sample was re-incubated. This procedure was 
repeated three times. The disappearance rate was calculated as the difference 
in chlorophyll a biomass between the incubations, divided by the incubation 
time. Because the number of particles is reduced after each incubation, this 
control experiment also provides a test for the effect of particle concentration 
on sinking rate. 
 
stratification and sinking rate variability 
 
To test short-term sinking rate variability, measurements were made during a 
tidal and during a diel cycle in week 19 and 20 respectively (Table 6.2). 
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Samples were taken every two or three hours from both surface and bottom. 
Current velocities were obtained from the “Dienst der Hydrografie van de 
Koninklijke Marine” (1976). 
 
data analyses 
 
To compare spherical and cylindrical P. globosa colonies their size was 
calculated as the colony surface area; to normalise the variance the surface 
area was log-transformed. The size of the diatoms was expressed as number of 
cells per chain. For each SetCol incubation and for each of six selected diatom 
species, the mean chain lengths were divided with the overall mean chain 
lengths (Table 6.3); the resulting relative chain lengths were tested against 
sample week and depth.  

The mean sinking rate and the 95% confidence interval were calculated for 
those species for which four or more measurements were available. In 13% of 
the 782 measurements made, all cells of a species had settled in the lower 
compartment leading to a calculated sinking rate of ≥ 2.2 m day-1; these data 
could not be used in statistical analyses.  

SetCol size distributions, and the effect of categorical variables such as 
sample depth, sample week on sinking rates were examined in ANOVA’s. 
Relations between sinking rate and cell size, colony size and specific cell 
density were calculated as Pearson correlation’s, Pearson χ2, or using linear 
regression. All statistical calculations were made with SYSTAT (Wilkinson 
1990). 
 
 

Results 
 
field conditions 
 
The SetCol measurements took place during periods of fluctuating surface 
irradiance (Figure 6.1a) and relatively high wind velocities of 5 to 10 m s-1 
(Figure 6.1b). Surface water temperature increased from 8 to 12°C (Figure 
6.1b) while surface salinity fluctuated between 30 and 31 psu (Figure 6.1c). 
The water column stratification at NW10 was mainly due to salinity 
differences (Figure 6.1c); temperature differences between surface and bottom 
were less than 0.7°C. The DIN concentration was well over 10 µM during the 
whole period (not shown). During the SetCol measurements in week 15, DIP 
and Si concentrations were declining (Figure 6.1d) as a result of the developing 
diatom-P. globosa bloom which reached its top at day 110 with 48 µg 
chlorophyll a per litre (Figure 6.1e). DIP and Si concentrations were low during 
the SetCol measurements in weeks 19 (Figure 6.1d). Despite these low nutrient  
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Figure 6.1. Development of daily surface Photosynthetic Active Radiation (a), daily 
average wind speed () and water temperature (- - -) (b), surface salinity (c), the 
nutrients DIP (multiplied by 10, ) and Si (- - -) (d), and surface chlorophyll a 
concentration (e), from 21 March to 9 June 1994 at station NW10 in the North Sea. 
Horizontal bars indicate the three weeks in which SetCol measurements were made 
(week 15 = day 101 to 105, week 19 = day 129 to 133, week 20 = day 136 to 140). The 
vertical bars in (c) indicate the salinity at -15 meter. 
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Table 6.3. Diatom dimensions: cells per chain is the overall mean of the mean chain 
length in n SetCol compartments.  Dimensions (length and diameter), in µm, from 
measurements made in 1992 (chapter 4) and in 1994. ± 95% confidence interval  
Species chain 

form 
minimum -  
maximum 

cells per 
chain  

cell 
length 

cell 
diameter 

cells in 
1 spiral 

spiralc length 
x diameter  

Chaetoceros 
radicans 

linear 8 - 34 
(n = 20) 

21 ± 3 8 20a - - 

Eucampia 
zodiacus 

spiral 1 - 51 
(n = 78) 

12 ± 2 38 33b 21 ± 4 70 x 250 

Guinardia 
flaccida 

linear 1.0 - 2.8 
(n = 78) 

1.3 ± 0.1 104 61 - - 

Rhizosolenia 
delicatula 

linear 1.0 - 1.6 
(n = 59) 

1.2 ± 0.0 39 16 - - 

Rhizosolenia 
shrubsolei 

linear 1.2 - 5.4 
(n = 83) 

3.0 ± 0.2 230 11 - - 

Rhizosolenia 
stolterfothii 

spiral 1.8 - 12.3 
(n = 83) 

4.9 ± 0.5 108 22 6 ± 1 70 x 230 

a setae length up to 220 µm 
b cell thickness = 13 µm 
c µm x µm 
 
 
concentrations a second, presumably advected, diatom-P. globosa bloom peaked 
in week 20 with 40 µg chlorophyll a per litre (Figure 6.1e). Besides diatoms and 
P. globosa, cryptophytes and heterotrophic flagellates were common species.  
 
size measurements and microscope observations 
 
P. globosa. In both months spherical and cylindrical colonies were observed 
although the number of colonies was low in April. The cylindrical colonies 
usually appeared deflated and were flat. The spherical colonies had a mean 
diameter of 92 ± 11 µm. The cylindrical colonies were 459 ± 26 in length and 
201 ± 12 µm in width or diameter. The maximum colony length observed was 
3000 µm in April and 4000 µm in May. Because of the significant size 
difference (ANOVA, P < 0.0001) between spherical and cylindrical colonies they 
were treated as separate categories in further analyses. 

In 7% of the colony observations (n = 1476) P. globosa and diatoms were 
attached to one another. Spherical small colonies were found mainly (77%) on 
chains of Chaetoceros radicans, while in 63% Pseudo-nitzschia delicatissima 
was attached to the cylindrical colonies. Occasionally, solitary non-flagellate P. 
globosa cells were observed on the setae of C. radicans.  
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Both spherical and cylindrical colonies were significantly (P < 0.005) larger 
at the sea surface than near the bottom; there were no significant colony size 
differences between the sample weeks or months.  
 
diatoms. Centric diatoms were abundant in both months. Rhizosolenia 
shrubsolei was the longest diatom with a mean cell length of 230 µm and 
chains occasionally measuring well over 1000 µm. Other long linear chains 
were formed by Leptocylindricus minimus (1100 µm) and Thalassiosira 
nordenskioldii (1600 µm). Long spiral chains of Eucampia zodiacus and 
Rhizosolenia stolterfothii were observed in April. Chaetoceros radicans, and 
five diatom species that were measured in the SetCols in all three sampling 
weeks were selected for further analyses of size and sinking rate (Table 6.3). 

When these diatoms where combined to one group, their relative chain size 
was significantly related to both depth and week number (ANOVA r2 = 0.61; 
depth P < 0.005, week P < 0.0001, interaction P < 0.01): chain length decreased 
with time and increased with depth, with the exception of week 20 when the 
surface samples contained slightly longer chains than bottom samples. 

After incubation in the SetCols some remarkable differences in chain length 
distribution among the six diatom species were found. The linear chain formers 
G. flaccida, R. delicatula and R. shrubsolei had equal chain sizes in each of the 
SetCol compartments. In contrast, the spiral chains of E. zodiacus and R. 
stolterfothii were 25% smaller in the bottom compartments relative to the 
middle compartments (ANOVA P = 0.07 and P < 0.01 respectively); this 
occurred in every week that measurements were made. Apparently, large 
spiral diatom chains did not settle as rapidly as small chains. 
 
sinking rates 
 
General. Sinking rates ranged from slightly negative minimum values to 
maxima over 2.2 m day-1. Fourteen species had settled out occasionally; four 
species had always settled out. The mean sinking rates of the remaining 
species and groups ranged from approximately 0 to 1 meter day-1 (Table 6.4). 
The average sinking rate of the 20 autotrophic species and groups with Ψ < 2.2 
meter day-1 listed in Table 6.4 is 0.60 ± 0.12 m day-1, which is not significantly 
different from the mean chlorophyll a sinking rate: 0.75 ± 0.10 m day-1. 

The variability in chlorophyll a sinking rates (Figure 6.2i) was related to 
sample week (ANOVA, P < 0.001) with the lowest rates in week 20 and the 
highest rates in week 19. There was no significant relation to sample depth 
although on average chlorophyll a in bottom samples had higher sinking rates. 

 
P. globosa. The mean sinking rates of P. globosa ranged from 0.51 m day-1 for 
solitary cells, 0.64 m day-1 for spherical colonies to 1.05 m day-1 for the large 
cylindrical colonies (Table 6.4). The mean sinking rates of the small spherical 
colonies and solitary cells were not significantly different. The lower range of  
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Table 6.4 Phytoplankton sinking rates (n ≥ 4 observations) measured in spring 1994 using 
the SetCol technique. Presented are the minimum, maximum and mean with 95% 
confidence interval in meter day-1, listed according to increasing mean sinking rate. choa = 
choanoflagellate, crypt = cryptophyte, diat = diatoms, dino = dinoflagellates, auto = 
autotrophic plankton, and prym = prymnesiophyte. 
Species class min max mean 95%ci 

Chaetoceros radicans diat -0.12 0.20 -0.02 0.24 
Heterocapsa cf. minima dino -0.14 0.32 0.10 0.14 
Rhizosolenia setigera diat 0.01 0.84 0.25 0.42 
Protomonadales < 10 µm note b -0.15 0.89 0.38 0.33 
Rhizosolenia shrubsolei diat 0.04 0.83 0.38 0.13 
Chrysomonadales < 10 µm note a -0.28 0.98 0.39 0.46 
Thalassiosira decipiens diat -0.24 2.01 0.40 0.44 
Skeletonema costatum diat -0.17 1.22 0.43 0.31 
spheres < 10 µm (unidentified) note c 0.19 0.98 0.50 0.24 
Brockmanniella brockmannii diat -0.06 1.49 0.51 0.41 
Phaeocystis globosa cells prym 0.18 1.04 0.51 0.24 
Rhizosolenia stolterfothii diat 0.04 1.02 0.51 0.16 
Gyrodinium spirale dino -0.09 1.71 0.54 0.63 
Rhizosolenia delicatula diat 0.20 1.03 0.55 0.12 
Craspedomonadaceae choa 0.11 0.98 0.57 0.50 
spheres 10 < µm < 30 (unidentified) note c 0.22 1.23 0.59 0.31 
Pennales <10 µm diam < 50 µm length diat 0.07 1.22 0.62 0.66 
Cryptophyceae < 10 µm crypt -0.02 1.31 0.64 0.38 
Phaeocystis globosa spherical colonies prym -0.10 1.29 0.64d 0.37 
Thalassiosira sp. diat 0.42 1.08 0.69 0.20 
chlorophyll a auto -0.05 1.94 0.75 0.10 
Lauderia annulata diat 0.45 1.90 0.76 0.23 
Thalassionema nitzschioides diat 0.31 1.88 0.78 0.50 
Cerataulina pelagica diat -0.12 1.50 0.83 0.26 
Protomonadales > 10 µm note b 0.06 1.90 0.85 0.88 
Pseudo-nitzschia delicatissima diat 0.53 1.49 0.99 0.27 
Guinardia flaccida diat 0.33 1.50 1.03 0.22 
Phaeocystis globosa cylindrical colonies prym -0.37 1.92 1.05 0.49 
Eucampia zodiacus diat 0.32 1.61 1.14 0.18 
Coscinodiscus concinnus diat  ≥ 2.2   
Coscinodiscus radiatus diat  ≥ 2.2   
Helicotheca thamesis diat   ≥ 2.2   
Diplopsalis sp. dino   ≥ 2.2   

a unidentifiable chryso- and prymnesiophytes  
b unidentifiable heterotrophic flagellates  
c spherical cells of divers taxonomic origin 
d 2 negative values of C. radicans-attached colonies not included 
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Figure 6.2. Sinking rates of P. globosa spherical colonies (a), P. globosa cylindrical 
colonies (b), Chaetoceros radicans (present in week 15 only) (c), Eucampia zodiacus (d), 
Guinardia flaccida (e), Rhizosolenia delicatula (f), R. shrubsolei (g) R.stolterfothii (h) 
and chlorophyll a (i) at NW10 in 1994. Bars are standard deviations from the mean.  
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Figure 6.3. Sinking rates of three types of Phaeocystis: solitary cells (∆, bars are 95% 
confidence interval), spherical colonies (Ο) and cylindrical colonies ( ❑,  � ) as a function 
of cell and colony size (surface area in µm2). The correlation between sinking rate of 
cylindrical colonies (�) and their surface area was significant (r = -0.73) when two 
negative ‘sinking’ rates (❑) were omitted from the regression line.  
 
 
the colony sinking rates of spheres and cylinders was -0.10 to -0.37 m day-1 
(Table 6.4), meaning that both types of colonies were sometimes positively 
buoyant (Figure 6.2a and b). In two out of three cases, positively buoyant 
spherical colonies were found in bottom samples in week 15 attached to C. 
radicans, a diatom with a minimum sinking rate of -0.12 m day-1 (Table 6.4). 

The two observations of positively buoyant cylindrical colonies were made in 
week 19 in surface samples of the stratified water column (Figure 6.2b). All 
other cylindrical colonies were negatively buoyant; these were found in bottom 
samples of stratified water columns (n = 3), or in surface (n = 5) or bottom 
samples (n = 2) of non-stratified water columns. However, the number of 
observations was too small to conclude that positively buoyant cylindrical 
colonies occur only in surface waters of stratified water columns (Pearson χ2, P 
= 0.07).  

The sinking rate of the spherical P. globosa colonies was not related to surface 
area (Figure 6.3). When the two negative sinking rates of C. radicans-attached 
colonies were excluded the correlation between surface area and sinking rate 
even became negative, though not significant (r = -0.29, P = 0.46). On the other 
hand, the variability in sinking rates of these small colonies could be explained 
by sample depth and week (ANOVA r2 = 0.94; depth P < 0.05, week P < 0.01, 
interaction P < 0.001). 
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Figure 6.4. Sinking rate as function of chain size for diatoms with more then 2 cells per 
chain: Chaetoceros radicans (a), Eucampia zodiacus (b), Rhizosolenia shrubsolei (c) and 
R. stolterfothii (d). Linear regression lines () of all data ( ❍ ) or (- - -) of week 15 data 
only (�) in c and d. The Pearson correlation coefficient was not significant in a and b, P 
< 0.05 (c) and P = 0.07 (d).  
 
 

High sinking rates of the spherical colonies were found in the surface samples 
of week 15 and week 20 (Figure 6.2a). In contrast, the surface sinking rate in 
week 19 during stratification was lower than the bottom value (Figure 6.2a); this 
caused the significant interaction in the ANOVA. 

The variability in sinking rates of the large cylindrical colonies was weakly 
correlated with sample week (ANOVA r2 = 0.76; depth not significant, week P = 
0.07, interaction not significant). In contrast to expectation, the sinking rate of 
the large cylindrical colonies was negatively correlated with surface area  (r =   
-0.51, P = 0.08).  There appeared to be two clusters of cylindrical colonies with 
different sinking rates (< 1 and > 1 m day-1, Figure 6.3), but the difference 
between these two clusters was not related to week, sample depth, 
stratification or incubation. 
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Figure 6.5. Control experiments: linear regression of duplicate diatom sinking rate 
measurements made in week 15 (a); effect of incubation on chlorophyll a sinking rate; 
the total incubation time ranged from 1 to 5 hours, but settling time was constant at one 
hour: day 138 bottom sample (�) and day 139 surface sample ( ❍ ) (b); chlorophyll a 
sinking rate in bottom samples as function of settling time: day 130 (incubated at 17 W 
m-2, �) and day 137 (incubated at 0 W m-2, �) (c); disappearance rate of chlorophyll a 
from the middle and upper SetCol compartments when the contents of the bottom 
compartment was removed after successive incubations (d). 
 
 
 

Just like the spherical colonies, the cylindrical colonies had relatively low 
sinking rates in bottom samples while week 19 again proved to be the exception 
with two negative sinking rates in surface samples (Figure 6.2b). When these two 
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Figure 6.6. Surface ( ❍ ) and bottom ( � ) development of salinity (a), current velocities (+ 
towards NE, -  towards SW) (b), chlorophyll a concentrations (c) and sinking rates (d) 
during a tidal cycle at NW10 day 130 1994. Time is UTC + 2. Sunrise was at 5:53, sunset 
at 21:18. 
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Figure 6.7. Surface ( ❍ ) and bottom ( � ) development of salinity (a), current velocities (+ 
towards NE, -  towards SW) (b), chlorophyll a concentrations (c) and sinking rates (d) 
during a diel cycle at NW10 days 136-7 1994. Time is UTC + 2. Sunrise on day 137 was at 
5:43, sunset at 21:28. 
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negative values were excluded, the negative correlation between the sinking rate 
of the cylindrical colonies and their surface area (Figure 6.3) became significant:  
r = -0.73 (P < 0.05). 
 
diatoms. The mean sinking rates in the most diverse class of phytoplankton, 
the diatoms, ranged from -0.02 to > 2.2 m day-1 (Table 6.4). Just as the 
chlorophyll a sinking rates, the variability in the diatom rates was not due to 
sample depth but to the week of sampling, with the highest rates measured in 
week 19 (Figure 6.2d-h).  

Contrary to expectation there was no relation between size and sinking rate 
(Figure 6.4) for the diatoms forming large chains (Table 6.3). Because there 
were significant chain size differences between the sample weeks the Pearson 
correlation coefficient was recalculated on a weekly basis. Surprisingly a 
negative relation between size and sinking rate in week 15 was found for 
Chaetoceros radicans (n.s.), Rhizosolenia shrubsolei (P < 0.05) and R. 
stolterfothii (P = 0.07) (Figure 6.4a, c and d).   

 
controls. In general there was good agreement (r2 = 0.66) between the sinking 
rates of six diatom species (Table 6.3) that had been measured in duplicate 
(Figure 6.5a). The incubation itself hardly influenced chlorophyll a sinking 
rates. When settling time was held constant but total incubation time was 
increased, the sinking rates of a surface sample in illuminated SetCols did not 
change (Figure 6.5b). On the other hand, when a bottom sample was incubated 
in illuminated SetCols the sinking rate slightly decreased with -0.07 meter day-

1 hour-1 (Figure 6.5b). Incubation times of less than 1 hour led to relatively high 
sinking rates (Figure 6.5c). Such erroneously high sinking rates are due to 
particles that settle out completely in the first half hour of incubation (Figure 
6.5d). 

 
stratification. When the water column was stratified, significantly higher 
chlorophyll a concentrations (49%, paired t-test P < 0.005) and higher sinking 
rates (16%, paired t-test P < 0.05) were measured near the bottom compared to 
the surface (Figure 6.6 and 6.7); there were no significant differences under 
non-stratified conditions. Furthermore, there were no significant effects of 
current velocities on sinking rates or on chlorophyll a concentration on either 
depth. A clear dip in surface chlorophyll a concentration after slack tide was 
observed only twice (Figure 6.6c and 6.7c). There were no significant changes 
in sinking rate during the diel cycle (Figure 6.7). 
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Discussion 
 
 
The search for the mechanisms that keep phytoplankton afloat has inspired 
the measurement of their sinking rates since the beginning of the 20th century 
(Smayda 1970). However, most sinking rates have been measured using 
techniques that by now are considered obsolete. Settling chambers and a 
photometric technique were two principal methods, but in neither of them both 
temperature and irradiance were controlled and it was impossible to correct 
the data for wall effects and population density (Smayda 1970). According to 
Johnson and Smith (1986) the range of SetCol-measured microparticulate 
sinking rates is 0 to 1 m day-1, which is much lower than previous estimates 
based on other techniques. It is, therefore, not surprising that there is only a 
weak correlation between the sinking rates of the diatom species that Table 6.4 
and Smayda (1970) have in common (n = 6, paired t-test of minimum rates P < 
0.05; maximum rates P = 0.66).  

According to Vogel (1996) the reliability of the sinking rate data is poor 
because little or no attention has been given to convection in test chambers, 
wall effects or interactions among sinking particles (cf. Smayda 1970). 
Therefore, as a first step in discussing the present results, the SetCol 
technique itself will be discussed. First, the applicability of Stokes’ law [6.1] 
must be checked by computing the dimensionless Reynolds number (Re), which 
must be less than 0.5 (Vogel 1996): 

 
Re = ρSW L ψ / η          [6.3] 

 
Taking ρSW and η from Table 6.1, L = 10-5 to 10-3 m (Table 6.3) and ψ = 10-5 m s-

1 (0.9 m day-1), Re is 10-4 to 10-2, and it is concluded that Stokes’ law is 
applicable for the particles under study. Furthermore, because Re can be 
interpreted as the ratio of inertial to viscous forces, the inertial forces acting on 
particles in the SetCol are more then hundred times weaker than viscous 
forces, meaning that any effects of random ship motions during incubations are 
negligible. 

 
A problem associated with measuring sinking rates at low Reynolds 

numbers is the wall effect imposed by the measuring device on the sinking 
particle. Viscosity is dominant and as a result of the ‘no-slip condition’ a 
relatively thick layer of water is “attached” to both particle and wall. If these 
layers interfere the wall will decrease the sinking rate of a particle by 
increasing drag, and the lower the Reynolds number the larger the particle 
distance to the wall must be (Vogel 1996) according to: 

 
y/L > 20/Re          [6.4] 
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with y = distance to the wall and L and Re as in equation [6.3]. With equation 
[6.3] Re was calculated to be 10-4 to 10-2 for L = 10-5 to 10-3. Using these 
numbers in equation [6.4] y must be > 2 m. In other words, the drag on a 
sinking particle would be negligible if the particle is 2 m away from the SetCol 
wall. This means the SetCol diameter should be 4 m to have no wall effect on 
the particles in the centre. In practice there always will be a wall effect, unless 
the SetCol has a diameter > 4 m and if only the settling particles from the core 
of the column are collected. Bienfang’s (1981b) SetCol had a diameter of 30 x 
10-3 m; the present SetCols diameter was 37 x 10-3 m meaning that both types 
would yield underestimated sinking rates. In even smaller vessels (e.g. 4 x 10-3 
m diameter, Smayda 1970) wall effects should have lead to far greater errors.  

Fortunately it is possible to correct for the wall effect on the sinking rate of 
a particle in the centre of the SetCol by recalculating η (Vogel 1996) by: 

 
ηtrue = ηapparent / (1 + 2.4 r / R)       [6.5] 

 
with ηapparent = η in equation 1, r = particle radius and R = SetCol radius (18.5 x 
10-3 m). Taking particle size L again as 10-5 to 10-3 m and r = 0.5 L, ηtrue = 1.00 
to 0.94 ηapparent, so the wall effect appears to be negligible for particles in the 
centre of the SetCol. However, all particles between the centre of the column 
and the glass wall are subject to the wall effect. By imagining 29 P. globosa 
colonies with L = 10-3 m from the centre of the SetCol distributed evenly in 
concentric rings to the wall, and 4 x 103 colonies per litre (equivalent to a bloom 
concentration of 107 cells per litre), the ηtrue calculated for all these particles 
leads to an average ηtrue = 0.78 ηapparent. In other words, the theoretical limits for 
sinking rate underestimation by the wall effect for large particles such as P. 
globosa colonies are relatively low at 6 to 28%. Furthermore, this calculation 
should be verified in practice because Bienfang (1981b) found no difference in 
sinking rate when incubations were conducted in SetCols differing over a factor 
of 9 in surface area to volume ratio. 

 
A third effect influencing sinking rate measurements is population density. 

For instance, an increase in Thalassiosira fluviatilis cell concentration up to 
108 cells per litre led to increased sinking rates, hypothetically attributed to 
increased aggregation due to chitin fibre production (Eppley et al. 1967). 
Supposed aggregation also explained increased sinking rates in ageing Ditylum 
brightwellii cultures, although Eppley et al. (1967) admitted that there was no 
visual support of aggregate formation. Another solution to this phenomenon 
can be provided when viscosity is taken into account. At the small size scale 
and low velocities of phytoplankton cells, i.e. at low Reynolds numbers, 
viscosity is dominant and a falling particle will move fluid with it in such a way 
that other particles may be carried along. These particles may even catch up 
with one another and together they will obtain an increased sinking rate 
(Jackson 1990, Vogel 1996). This means that it is not a high concentration of 
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diatoms or chitin fibres per se, but high particle concentrations in general that 
will lead to enhanced sinking rates. The ‘weak long-range interaction by 
“invisible” mucous threads’ (Eppley et al. 1967) is in fact viscosity at work. 

In the present measurements, however, the population density effect was 
small. After fast sinking particles in control experiment iv (Table 6.2) had been 
discarded the stepwise removal of material from the SetCols, hence a reduction 
of  particle concentration, did not lead to decreased sinking rates (Figure 6.5d). 

 
A fourth factor invalidating sinking rate measurements is non-linearity 

between the settled biomass fraction of the phytoplankton population and 
incubation time. In the first place, this occurs if the incubation time is too long 
and the biomass fraction in the bottom SetCol compartment attains unity 
(Bienfang 1981b). In the present experiments this possibility was checked by 
counting the phytoplankton in all three SetCol compartments. A second form of 
non-linearity takes place if the plankton, measured as chlorophyll a or another 
plankton proxy, consists of species with widely varying sinking rates. Fast 
sinking particles will then lead to a high initial sinking rate, but this average 
rate declines with increased incubation time (Figure 6.5c, Johnson and Smith 
1986, Pitcher et al. 1989). Control experiment iv (Figure 6.5d) showed that 
after removal of this high sinking rate fraction, the effect vanishes. However, 
during normal SetCol operation, with a fixed 2 hour incubation time, the 
presence of such a high sinking rate fraction will go unnoticed and may lead to 
overestimates of chlorophyll a sinking rates in the order of 10% (Figure 6.5c). 

 
Other factors that influence sinking rate measurements occur when 

incubation temperature and irradiance are different from in situ 
circumstances. Especially in stratified waters these variables change 
considerably with depth. However, the incubation of samples from different 
depths usually takes place simultaneously at one set of environmental 
(surface) variables (e.g. Johnson and Smith 1986). In the present study, 
temperature differences between surface and bottom samples were small (≤ 
0.7°C), incubation itself had little effect on sinking rate measurements (Figure 
6.5b) and the incubation of bottom samples in the light resulted in a significant 
but only small (-10%) decrease in sinking rate over time (Figure 6.5b). The 
reduction of sinking rates by incubation in the light also provides an 
explanation for the decreased sinking rates observed by Johnson and Smith 
(1986) and Pitcher et al. (1989) in samples from the thermocline and the 
bottom mixed layer. 

In general, physiologically stressed phytoplankton cells sink relatively 
faster than non-stressed cells (e.g. Eppley et al. 1967) and SetCol incubations 
that are performed under circumstances much different from in situ, e.g. at 
higher temperatures, are expected to lead to elevated sinking rates. Therefore, 
the high sinking rates of 3.6 to 12 m day-1 of P. globosa colonies from the 
Marsdiep measured by van Boekel et al. (1992), compared to the maximum of 
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1.9 m day-1 in Table 6.4, are probably an effect of a constant and too high 
incubation temperature. Riegman and van Boekel (1996) also questioned the 
high Marsdiep sinking rates because the maximum sinking rate they observed 
in laboratory cultures was just 2 m day-1. 

Finally, the patchy distribution of phytoplankton, tidally influenced 
resuspension of phytoplankton settled on the sea bed (Jago et al. 1994) and diel 
changes in diatom sinking rate (Anderson and Sweeney 1977) are natural 
factors that can influence instantaneous sinking rate measurements. The 
sinking rate measurements made during a tidal (Figure 6.6) and a diel cycle 
(Figure 6.7) showed this kind of short-time variability to be low and not 
significantly related to the time of sampling. 

To summarise: considerable errors in sinking rates can be due to (i) effects 
of the measuring device, (ii) high cell densities, (iii) non-linearity between 
incubation time and settled fraction, and (iv) incubation circumstances 
differing from in situ. Control experiments and calculations showed these 
errors to be small relative to measurement variability (Figure 6.5a). Changes 
in sinking rate due to physiological changes in the phytoplankton population 
are likely to occur parallel to changes in the physical characteristics of the 
water column, e.g. stratification. Therefore, to evaluate the effect of changing 
sinking rates on phytoplankton dynamics in the Rhine ROFI, sinking rate 
measurements must be made on a time scale comparable to stratification-
destratification events. 
 
P. globosa 
 
Solitary P. globosa cells need a solid substrate to develop into small colonies 
(Riegman and van Boekel 1996, Peperzak et al. 2000c), and usually this 
substrate is provided by a Chaetoceros species (Boalch 1987, Peperzak et al. 
2000b). The fact that colonies develop on C. radicans, at times a negatively 
buoyant species (Table 6.4, Figures 6.2c and 6.4a) may not be coincidental 
because this diatom secretes polymers through its setae (Drebes 1974). 
Polymer or mucus secretion will increase viscosity between the large setae so 
that the diatom colony as a whole can be regarded as a turbulence-free zone (cf. 
Jenkinson and Wyatt 1992). In the life-cycle of P. globosa non-turbulent 
conditions are important for the flagellate to colony transition (Peperzak et al. 
2000c). 

The sinking rates of P. globosa colonies in the present study (Table 6.4) are 
comparable to SetCol values obtained in laboratory cultures: 0.4 m day-1 
(spherical colonies < 300 µm, Huiting 1995) to a maximum of 2 m day-1 
(Riegman and van Boekel 1996). The development of the small, spherical 
colonies into the largest phytoplankton particles in the Dutch coastal zone 
would, according to Stokes’ law [6.1], have disastrous effects on sinking rate. 
Although the average colony density is merely 1040 kg m-3 (Table 6.1), a 
medium-sized 500 µm diameter colony with this density would theoretically 
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[6.1] achieve a sinking rate well over 100 m day-1. Such a high sinking rate 
would explain the rapid export of healthy P. antarctica colonies to deep waters 
and the sediment in the Ross Sea (Antarctica)(DiTullio et al. 2000), but in the 
Dutch coastal zone this rate would result in 99% sedimentation out of a 20 
meter water column in less than a day, even if this column is continuously 
mixed (Reynolds 1993: equation 10). Three arguments are presented, 
explaining why large P. globosa colonies do not sediment in less than a day. 

First, the density of P. globosa colonies will not be a constant 1040 kg m-3 
because the relative number of cells per colony declines with increasing size 
and nutrient stress (Rousseau et al. 1990, L.Peperzak unpublished). The cells 
provide excess density (ρ ≈ 1100 kg m-3) but the colonial space, with its 
relatively low concentration of extracellular organic carbon (Rousseau et al. 
1990), tends to decrease overall colony density towards ρSW.  

Second, the ability to obtain negative sinking rates (Figure 6.2b) indicates 
that the colonial density may become less than ρSW, for instance by increasing 
cellular lipid concentration or by entrapment of gas in the colonial matrix. 
Increasing cellular lipid could eventually lead to ρcell < ρSW, however, ρcell is 
remarkably constant under different nutrient conditions (Table 6.1). Gas 
bubbles have been seen trapped in viscous marine aggregates (Riebesell 1992, 
Jenkinson 1993) and, perhaps, oxygen produced by Phaeocystis cells forms 
bubbles in the colonial mucus that provide positive buoyancy, like the 
intracellular gas vesicles that cause buoyancy in cyanobacteria (Kromkamp 
and Walsby 1990). Colonies of P. antarctica demonstrated buoyancy regulation 
when placed in an illuminated incubator (Putt et al. 1994). Indeed, the 
positively buoyant P. globosa colonies were found on day 130 in the surface 
samples of a stratified water column when surface irradiance was high (Figure 
6.1). 

The third argument for relatively low sinking rates lies in the morphological 
development of colonies from spheres to cylinders (Rousseau et al. 1990). 
Assuming that the colonies sink normal to the axis of rotation, the relative 
sinking rate: ψ’ = ψ / ψ(sphere of equal density), declines from 1.00 for spherical 
colonies, to 0.77 for prolate spheroids and to 0.30 for cylinders (Vogel 1996). 

In short, P. globosa has several options to influence sinking rate: cell 
number, matrix density and colony form. The importance of each of these 
options should be analysed in cohorts of developing colonies in culture 
(Rousseau et al. 1990); field samples (Figure 6.2) comprise differently sized 
colonies who’s densities have been conditioned by the environment to an 
unknown degree, either physiologically or by attached detritus or pennate 
diatoms. 

In a surface layer with high concentrations of nutrients and a high 
irradiance, P. globosa is capable of vigorous colonial growth (Peperzak 1993), 
but when nutrient concentrations have become low, the colonial cells are prone 
to lysis (van Boekel et al. 1992, Peperzak et al. 2000a). Therefore, the 
sedimentation of colonies to the darker bottom mixed layer can also be 
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regarded beneficial for cell survival. Furthermore, the decline in irradiance is a 
trigger in the formation of flagellates (Peperzak 1993) facilitating an important 
stage in the sexual cycle of P. globosa (Peperzak et al. 2000c). Savage and 
Hardy (1934) already correlated surface P. globosa maxima in the North Sea 
with optimum growth conditions, followed later by sinking to the bottom.  

In situ measurements of seston dynamics in the Southern Bight of the 
North Sea have shown that a sinking rate of 1 m day-1 is sufficient for P. 
globosa colonies to settle out on the seabed (Jago et al. 1994). In the present 
study, rates in excess of 1 m day-1 were measured at NW10 (Figure 6.2b), and 
the settling and sedimentation of P. globosa blooms has been described in this 
area (Savage and Hardy 1934, Jennes and Duineveld 1985, Cadée 1996, 
Peperzak et al. 1998, Rousseau et al. 2000). In the German Bight, the 
sedimentation of P. globosa colonies from surface waters is even considered a 
dominant loss factor (Riebesell 1993). Indirect evidence of sedimentation of P. 
globosa blooms in European coastal waters is derived from post-bloom 
observations of anoxic bottom waters (Rogers and Lockwood 1990, Weisse et al. 
1994) and of maximum concentrations of DMS and DMSP after the spring 
bloom near the sediment-water interface (Nedwell et al. 1994). 

The fate of the settling or settled P. globosa biomass varies. It can be grazed 
by the gastropod Hydrobia ulvae (Cadée 1996), or mixed physically into the 
sediment (Jennes and Duineveld 1985) where it apparently is degraded by 
bacteria (Rogers and Lockwood 1990, Weisse et al. 1994). Therefore, in addition 
to lysis (van Boekel et al. 1992, Rousseau et al. 2000) and grazing on 
deteriorating colonies (Admiraal and Venekamp 1986, Peperzak et al. 1998), 
sedimentation of P. globosa colonies is an important loss factor in the Dutch 
coastal zone.  
 
diatoms 
 
Diatom sinking rates ranged from slightly negative to maximum values over 2 
m day-1 without any clear relation with environmental conditions or with 
particle size (Table 6.4). This absence of a relationship between size and 
sinking rate becomes even more clear when the sinking rate of several diatoms 
is plotted against chain length (Figure 6.4). In addition, the relatively high 
abundance of short chains of C. radicans, E. zodiacus and R. stolterfothii in 
bottom SetCol compartments after incubation indicate that such chains settle 
quicker than longer chains. Because viscosity is dominant at this length scale, 
the water inside the spiral chains of E. zodiacus and R. stolterfothii may be 
regarded an aid in reducing overall chain density. Indeed, assuming ρcell = 1100 
kg m-3 (Table 6.1) and applying the cell and chain dimensions of Table 6.3, the 
reduction of the density difference by the intracolonial seawater would be 90% 
for both species. 

Contradictory to what is predicted by Stokes’ law [6.1], a negative 
correlation was found in week 15 between sinking rate and chain length for 
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three diatom species (Figure 6.4a, c, d). Similarly, Waite et al. (1992a and b) 
found no relation (Thalassiosira aestivalis), or negative relations between 
chain length (S. costatum) and cell size (D. brightwellii) with sinking rates. The 
plausible explanation is that cell density is by far more important in regulating 
sinking rate then cell or chain size. Particle size is measured more easily than 
cell density and has, therefore, received more attention. However, the data 
presented here and by Waite et al. (1992a and b) suggest that both explanation 
and prediction of sinking rates based on size and morphology only, i.e. without 
knowledge of cell density, is futile. This can be exemplified with data for the 
largest unicellular diatom: Ethmodiscus rex. 

Using the regression line for actively growing cells in Smayda (1970: Figure 
1) the sinking rate of an E. rex cell with a 5 x 10-4 m diameter would be +30 m 
day-1. However, using the SetCol technique Villareal (1992) measured an 
average ‘sinking’ rate of -8 m day-1 in E. rex field populations with that cell 
diameter. In addition, large tropical Rhizosolenia species are able to regulate 
cell density to the extent that they too can achieve positive buoyancy (Moore 
and Villareal 1996). Clearly the variable and often unknown value of cell 
density is quintessential for both sign and value of phytoplankton sinking rate. 
This means that models that describe plankton structure using the axiom that 
large diatoms sink faster than small ones are too simple (Thingstad and 
Sakshaug 1990, Riegman et al. 1993). 

Recent findings suggest that diatoms are well capable of enduring nitrogen 
and light limitation (Brussaard et al. 1997, Berges and Falkowski 1998). On 
the other hand, under phosphorus limitation Brussaard et al. (1997) found that 
cultured D. brightwellii has an increased mortality rate. The vernal diatom 
bloom in the Dutch coastal zone is not only phosphorus but silicon limited as 
well (Figure 6.1d; Peeters and Peperzak 1990). Therefore, just as non-
sedimenting P. globosa cells (van Boekel et al. 1992), diatoms with low sinking 
rates may be subject to high mortality rates. Recently Bidle and Azam (1999) 
showed that bacteria greatly enhance dissolution of the diatom cell wall. 
Because mesozooplankton grazing is insignificant in spring in the Southern 
Bight of the North Sea (Fransz and Gieskes 1984) this means that cell death 
and subsequent lysis and dissolution may be an important loss factor for 
diatoms and the cycling of Si in this region. 

Sinking rates of 2 meter day-1 and less as reported for diatoms in shelf seas 
and upwelling areas (Pitcher et al. 1989, Waite et al. 1992a, Table 6.4), seem to 
be in stark contrast with sedimentation rates observed in oceans where these 
velocities range from 10 to 100 meter day-1 (Smetacek 1985, Jenkinson 1986). 
Compared to shallow shelf seas, the phytoplankton in deep waters experiences 
a rapidly decreasing turbulence from the surface downwards. The formation of 
plankton aggregates in ocean surface waters (Jackson 1990, Passow 1991) 
leads to enhanced sedimentation (equation 6.1, Smetacek 1985) bringing the 
aggregates to deeper, less turbulent waters. In shelf seas, on the other hand, 
combined wind induced surface and tide-related bottom turbulence will set a 
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limit to the size and hence sinking rate of such aggregates. The process of in 
situ aggregation impairs the comparison of diatom sinking or sedimentation 
rates between different oceanographic domains.  
 
phytoplankton 
 
The 0 to 2 meter day-1 range of chlorophyll a sinking rates measured (Table 
6.4) is in agreement with other SetCol-based measurements from widely 
different coastal areas (Johnson and Smith 1986, Pitcher et al. 1989, Riebesell 
1989, Waite et al. 1992a). Occasional and very short peaks of 3 to 5 m day-1 
(Riebesell 1989, Waite et al. 1992a) could have been missed at NW10 due to the 
low sampling frequency (Table 6.2). 

The main and significant effect on chlorophyll a, P. globosa and diatom 
sinking rates in the spring period was related to the sample week. When 
chlorophyll a concentrations increased in weeks 15 and 20 (Figure 6.1) the 
sinking rates were low. Relatively high sinking rates were measured in week 
19 (Figure 6.2) when both DIP and Si had been low for more then a week 
(Figure 6.1). These observations are coherent with the general notion that 
active, growing phytoplankton has a lower sinking rate than non-growing 
phytoplankton (Eppley et al. 1967, Bienfang 1981a, Jaworski et al. 1981, Waite 
et al. 1992a). A reduction of chlorophyll a sinking rates at higher irradiance is 
apparent from the differences measured in surface and bottom samples in the 
Dutch coastal zone (Figure 6.2i), especially during periods of stratification 
(Figure 6.6 and 6.7). Unfortunately, more specific relations between 
environmental data and sinking rates are difficult to make. As Bienfang 
(1981a) and Pitcher et al. (1989) pointed out, the phytoplankton will have been 
preconditioned by the environment over a longer period then the actual 
conditions at the time of the sinking rate measurement. Furthermore, size-
dependant sinking rates occur within a species (Figures 6.3 and 6.4) so the use 
of cell numbers or chlorophyll a concentration in SetCol calculations will 
average out intra- or interspecific, environmentally induced, sinking rate 
changes. 

Measuring chlorophyll a and its sinking rate at a high frequency (Figure 6.6 
and 6.7) showed that water column stratification influenced these variables to 
a large degree. When continuous stratification occurred the temporal 
variations in chlorophyll a concentration and its sinking rate were small 
(Figure 6.8a and b); the prevailing phytoplankton population had adapted to 
the stratification. On the other hand, when stratification was intermittent a 
negative correlation was found between the surface sinking rates and 
chlorophyll a concentration (Figure 6.8c), while this correlation was positive in 
the bottom layer (Figure 6.8d). Apparently the high surface chlorophyll a 
concentrations were only maintained when sinking rates were low (Figure 
6.7c). When phytoplankton sank out of the surface layer it contributed to the 
chlorophyll a concentration in  the bottom  layer where its sinking rate increased, 
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Figure 6.8. Relation between chlorophyll a concentration in surface (a, c) and bottom 
samples (b, d) and sinking rate during a period with continuous stratification on day 
130 (a, b) and a period with intermittent stratification on days 136-7 (c, d) at NW10 in 
1994. The Pearson correlation coefficient is not significant in a and b; but P < 0.05 (c) 
and P = 0.07 (d). 

 
 

presumably due to low irradiance (Bienfang 1981a, Johnson and Smith 1986, 
Riebesell 1989, Waite et al.1992b). Such significant changes in the vertical 
distribution of phytoplankton have long gone unnoticed in the Dutch coastal 
zone because the water column was considered well mixed (e.g. van Breemen 
1905, Peeters and Peperzak 1990). 

 
The sinking rates determined in SetCols were measured under non-

turbulent circumstances, and it would appear that due to turbulence these 
rates would be smaller in the sea. However, comparisons of SetCol and 
sediment trap sinking rate estimates by Riebesell (1989) show that, depending 
on species composition, sediment trap rates are in fact 1 to 5 times the SetCol-
derived sinking rates. The 0.1 to 3.6 m day-1 P. globosa sinking rates obtained 
from mesocosm sediment traps by Osinga et al. (1996) are, therefore, in 
agreement with the SetCol-measured rates (Table 6.4). 
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Taking a surface layer of 5 m, and a chlorophyll a sinking rate of 0.75 m  
day-1 (Table 6.4), the sedimentation loss rate is 0.15 day-1. The rate of surface 
chlorophyll a decline between days 110 to 123 and 139 to 160 (Figure 6.1e), is 
0.14 and 0.09 day-1 respectively and it can be concluded that sedimentation is 
an important factor in the loss of chlorophyll a to the bottom layer.  

 
As discussed for P. globosa, the phytoplankton in the bottom layer of the 

ROFI will settle out to the seabed. The relative contributions of zooplankton 
and zoobenthos grazing, sedimentation and lysis are species-specific and have 
never been measured simultaneously. Because it is not possible to make a 
priori sinking rate calculations for phytoplankton, and because in the Rhine 
ROFI the spatial and temporal variability of physical, chemical and biological 
processes is high (Figure 6.1, 6.6, 6.7; van der Giessen et al. 1990, Joordens et 
al. 1995, Simpson and Souza 1995, Peperzak et al. 1998), the required 
quantification of sedimentation and other loss processes should be carried out 
on comparable time and space scales. The physical aspects of the Rhine ROFI 
have been modelled (Huthnance 1997); for a better understanding of the 
complex effects on phytoplankton dynamics and ecosystem functioning an 
additional biological model is required. 
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“Paradoxically, in spite of the ubiquity of this species, little is known on its 
growth and the factors controlling it.”  
 
C. Lancelot and S. Mathot (1987) 
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ABSTRACT. In batch cultures of flagellates and non-flagellate cells of Phaeocystis 
globosa the biomass yield was significantly enhanced by the addition of a mixture of the 
vitamins thiamine (B1), cyanocobalamin (B12) and biotin (H). A bioassay with B1 and 
B12, using the non-flagellate cells of Phaeocystis globosa, showed that this 
prymnesiophyte is a B1 auxotroph. The bioassay also indicated a significant difference 
in growth rate between culture medium with 10 nmol litre-1 B1 (µ = 0.80 day-1) and 
culture medium with 10 nmol litre-1 B12 (µ = 0.52 day-1). These findings are discussed in 
relation to the hypothesis that centric diatoms, through vitamin B1 excretion or B12 
depletion, initiate Phaeocystis blooms. It is concluded however, that an alternative 
hypothesis, that diatoms provide a solid substrate for colony initiation, has more 
experimental support. 
 
 

Introduction 
 
 
Many phytoplankton species require one or more vitamins for growth, a 
phenomenon called auxotrophy. This implies that vitamins can become a 
limiting resource and that they can play a role in phytoplankton growth and 
succession (Provasoli and Carlucci 1974, Swift 1980, Bonin et al. 1981). The 
vitamin requirement of many species that play a key role in the primary 
production of seas and oceans is not known. This is also the case for 
Phaeocystis, a ubiquitous prymnesiophyte (Davidson and Marchant 1992) that 
is particularly well studied in the North Sea (Gieskes and Kraay 1975, Bätje 
and Michaelis 1986, Cadée and Hegeman 1986, Veldhuis et al. 1986, Weisse et 
al. 1986, Lancelot et al. 1991, Brussaard et al. 1995, Peperzak et al. 1998). In 
the first place the sensitivity and specificity of the vitamin requirement of this 
species is unclear. Secondly, the concentrations and fluxes of vitamins in the 
North Sea have hardly been studied in any detail. Bioassays of North Sea 
water with the diatom Skeletonema costatum and the cryptophyte Rhodomonas 
sp. indicated that vitamins and/or trace metals may occasionally become 
limiting in the Dutch coastal zone for Rhodomonas sp. (Peeters and Peperzak 
1990, Peperzak and Peeters 1991). Thirdly, the effect of competitive and non-
competitive inhibitors of vitamins should be considered (Provasoli and Carlucci 
1974). Recently, Escaravage et al. (1995) have hypothesised the production of a 
vitamin B12 inhibitor by Phaeocystis sp. in order to explain its dominance over 
S. costatum in a mesocosm experiment. 
 The first attempts to culture Phaeocystis (P. pouchetii) were made by 
Lagerheim (1896) who reported that the colonies died within 12 hours. Gran 
(1902) had less problems with Phaeocystis cf. globosa: ‘die Kolonien konnten in 
kleinen Aquarien im Laboratorium ohne Schwierigkeiten am Leben erhalten 
werden’. Dangeard (1934) observed the formation of Phaeocystis cf. globosa 
colonies in a sample of untreated seawater taken in winter at the French 
Atlantic coast. The first uni-algal cultures of Phaeocystis (P. globosa) were 
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established by Kornmann (1955) in (Erd)-Schreiber medium. This led to the 
first observation of the beneficial effect of soil extract (0.5-2%) on colony 
development and Phaeocystis growth (Kornmann 1955). Soil extract is 
traditionally considered a source of organic and inorganic micronutrients 
(Stein 1975). Unfortunately, the composition of soil extract is variable and this 
may be the reason for conflicting reports on its effects. For instance, Kayser 
(1970) observed a retardation of colony development of a North Sea Phaeocystis 
strain, at increasing concentrations (0.1 - 10%) of soil extract.  
 In the Irish Sea, Jones and Haq (1963) found circumstantial evidence that 
an “essential growth factor” for Phaeocystis was provided by river run-off. 
Weisse et al. (1986) hypothesised that “dissolved organic substances” played a 
role in the diatom-Phaeocystis succession in the German Bight. Jahnke (1989) 
measured higher growth rates of Phaeocystis sp. in cultures based on coastal 
seawater compared with ocean water. Boalch (1987) observed that Phaeocystis 
colonies appeared on a Chaetoceros sp. only and hypothesised that this diatom 
produced some “chemical” which triggered the transition of solitary cells to 
colonies. Based on similar field observations, Lancelot et al. (1991) attributed a 
key role to Chaetoceros sp. in Phaeocystis colony initiation. 
 Despite these observations and much physiological research on the genus 
Phaeocystis (reviews by Davidson and Marchant 1992, Lancelot and Rousseau 
1994 and Riegman and van Boekel 1996), the vitamin requirement of 
Phaeocystis has not yet been elucidated. Chu (1946) claimed that the organic 
phosphate phytin had a growth-stimulating effect on Phaeocystis. However, 
van Boekel (1991) suggested that inorganic phosphate might have been 
released in Chu’s cultures through bacterial activity.  
 Spencer (1981) investigated the effect of vitamins on colony growth of a 
Phaeocystis sp. strain, isolated from the Irish Sea. In a natural seawater 
medium without vitamins added, or with 2 nmol l-1 biotin, he found an 
induction period of two days before colonies were formed. The addition of 1.5 
nmol l-1 B1 or 74 nmol l-1 B12 suppressed the formation of colonies. When the 
same experiments were repeated in a vitamin-free (charcoal-treated) seawater 
medium, the formation of colonies was delayed when B1 or B12 had been 
added (Spencer 1981). This delay was hypothetically attributed to the removal 
of the stimulus for the motile uni-cells to initiate colony formation. Biotin 
(vitamin H) had no such effect (Spencer 1981).  
 Although the vitamins B1 and B12 suppressed colony formation, Spencer 
(1981) could not maintain axenic Phaeocystis sp. cultures indefinitely in 
vitamin-free media and he interpreted this as an indication that the alga is 
auxotrophic. On the other hand, Davidson and Marchant (1992) maintained 
colonies of Phaeocystis sp. for six culture generations in synthetic seawater 
without vitamins, and they concluded that mixotrophic nutrient sources were 
not obligatory. To investigate this contradiction, two experiments were carried 
out. In the first experiment the combined effect of vitamin B1, B12 and H on 
Phaeocystis globosa biomass yield in routine cultures was investigated. In the 
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second experiment, a bioassay with P. globosa was performed to examine 
which vitamins are required for growth. Of the 15 species of haptophytes listed 
in Provasoli and Carlucci (1974), eight are strict B1 auxotrophs while six 
species need B1 and B12. Therefore, these two vitamins were chosen in the 
bioassay using non-flagellate cells, the type which commonly forms Phaeocystis 
blooms (Davidson and Marchant 1992, Lancelot and Rousseau 1994). 
 
 

Methods 
 
 
vitamins combined 
 
In this first experiment, the effect of the vitamins thiamine (B1), 
cyanocobalamin (B12) and biotin (H) was examined by adding them collectively 
at a concentration of 1 nmol l-1 each to PEP-Si culture medium. This culture 
medium was made four times, from batches of seawater sampled in the 
Oosterschelde (North Sea) in four seasons (April, July and October 1995 and 
January 1996) as described by Peperzak et al. (2000a). 
 Two cell types of Phaeocystis globosa clone Ph91 (Peperzak 1993), 
flagellates and non-flagellate cells (not axenic), were cultured at 15°C, 10 W m-

2 in a 12:12 light:dark cycle. Growth was measured three times per week as in 
vivo fluorescence on a Hitachi F2000 spectrofluorometer (λex = 435 nm, λem = 
683 nm). The total number of cultures with vitamins added was 22 (12 
flagellate and 10 non-flagellate cultures), in 21 control cultures the vitamins 
were omitted (10 flagellate and 11 non-flagellate cultures). Fluorescence 
measurements were processed using a growth curve model that was based on 
the logistic growth model (Peperzak et al. 2000a). With this growth curve 
model, five growth curve variables were calculated per culture: length of the 
lag phase, growth rate, biomass yield, length of stationary growth and death 
rate.  
 
statistical analysis 
 
In order to reduce the total number of possible comparisons, a statistical 
analysis was made in which the effects of the two experimental factors, P. 
globosa cell type and vitamins, on all five growth curve variables were 
simultaneously examined. Flagellates and non-flagellate cells had a 
significantly (P < 0.05) different lag time, growth rate, duration of stationary 
phase and death rate. In contrast, biomass yield was not significantly different 
between flagellates and non-flagellate cells. The statistical analysis also 
indicated that addition of vitamins had no effect on lag time, growth rate, 
duration of stationary phase or death rate (not shown). Vitamin additions did 
have a significant (P < 0.05) effect on biomass yield. Because the natural 
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vitamin concentrations in seawater change during the season (Provasoli and 
Carlucci 1974, Swift 1980), the effect of two factors, vitamin addition and 
seawater batch (season), on one variable, biomass yield (both cell types 
combined), was examined in an ANOVA (analysis of variance). 
 
vitamin requirement bioassay 
 
In this second experiment, the effect of individual additions of vitamin B1 and 
B12 on growth rate and biomass yield of non-flagellate P. globosa cells was 
measured. One batch of Oosterschelde seawater was used (August 1993). To 
remove naturally occurring vitamins this seawater was treated with charcoal 
following Carlucci (in Stein 1975). With this seawater four media were made: 
NONE (no vitamins added), B1 (10 nmol l-1), B12 (10 nmol l-1) and ALL (both 
vitamins at 10 nmol l-1 each) and other nutrients as in the first experiment. A 
culture of P. globosa clone Ph91, made axenic by antibiotic treatment (courtesy 
M. van Rijssel, University of Groningen) and containing > 90% non-flagellate 
cells had been kept in NONE for 1 month prior to inoculation. The cultures (106 

cells l-1 at t = 0) were incubated at 14.5°C, 15 W m-2 in a 12:12 light:dark cycle. 
Checks for bacterial presence with phase contrast microscopy were negative.  
 All cultures were grown in duplicate. Growth was measured as in vivo 
fluorescence (see above). Only growth rate and biomass yield were calculated 
using standard procedures (Stein 1975). The effect of the four media on growth 
rate and biomass yield was analysed in an ANOVA model, after which the 
significance of the individual treatments was calculated in Tukey post hoc tests 
(Wilkinson 1990). 
 
 
 

Results 
 
 
vitamins combined 
 
In the first experiment the effects of vitamin addition and seawater batch (four 
seasons) on biomass yield of Phaeocystis globosa were examined. When 
vitamins had been added to the culture media the mean biomass yield was 
significantly higher (Figure 7.1a, Table 7.1). The box plots in Figure 7.1a also 
indicate that the addition of vitamins reduced the variability of biomass yield. 
The seawater batches for the culture media had been collected in four different 
seasons and this had a significant influence on biomass yield as well (Table 
7.1). Especially the January-batch had a low mean biomass yield (Figure 7.1b).  
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Figure 7.1. Box plots of  biomass yields, as in vivo fluorescence (Fv) units, in Phaeocystis 
globosa cultures of flagellates and non-flagellate cells (combined), (a) as a function of 
vitamin (B1+B12+H) additions and (b) as function of seawater batch (yymmm). 
 
 
Table 7.1. ANOVA result of the effect of vitamins (B1+B12+H) addition, and natural 
seawater batch (4 seasons), on biomass yield of Phaeocystis globosa flagellate and non-
flagellate cells (n = 44). Shown are the F statistic and the probability (P) for testing the 
null hypothesis that the means in each category are equal.  
Category F P 
vitamins 31.4 < 0.000010 
batch 33.6 < 0.000001 
interaction 19.7 < 0.000001 
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Figure 7.2. Phaeocystis globosa non-flagellate cells in a medium with no vitamins added 
(NONE), with vitamin B1, vitamin B12, and B1+B12 (ALL). (a) biomass yield as in vivo 
fluorescence (Fv) units, and (b) growth rate (day-1). Error bars indicate 1 standard 
deviation. 
 
 
vitamin requirement bioassay 
 
In this second experiment, the effect of the vitamins B1 and B12 on growth 
rate and biomass yield of the non-flagellate P. globosa cells was examined. 
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B1) and without vitamin B1 (NONE and B12) became apparent within two 
weeks: the cultures with B1 were greener and they also contained more 
colonies. Measurements confirmed that the B1 cultures attained a higher 
biomass (Figure 7.2a).   
 The ANOVA of the four treatments on biomass yield was significant (r2 = 
0.98, P < 0.001). A Tukey test confirmed that the biomass differences between 
ALL and B1, and NONE and B12 were significant (P < 0.005). The effects of 
the vitamins on P. globosa growth rate were also different (Figure 7.2b). The 
ANOVA of the four treatments on growth rate was significant (r2 = 0.84, P < 
0.05). The highest growth rates were attained in the medium with B1 (µ = 0.80 
day-1), the lowest in the medium with B12 (µ = 0.52 day-1). The difference 
between these two was significant (Tukey, P < 0.05). In NONE, the growth rate 
was higher (µ = 0.56 day-1) than in the B12-medium, and in ALL it was lower (µ 
= 0.66 day-1 ) than in the B1-medium (Figure 7.2b), indicating that vitamin B12 
had a negative effect on Phaeocystis growth rate. The fact that some growth did 
occur in media without B1 added was probably due to inadequate vitamin 
removal from the natural seawater. 
 
 

Discussion 
 
 
B1 auxotrophy 
 
B1 auxotrophy is common among the prymnesiophytes (Provasoli and Carlucci 
1974, Swift 1980), and Phaeocystis globosa is no exception. The vitamin 
requirement experiment indicates that non-flagellate cells of Phaeocystis 
globosa are B1 auxotrophs. The simultaneous addition of the vitamins B1, B12 
and H to cultures of flagellates and of non-flagellate cells of P. globosa 
stimulated biomass yield significantly in both. This suggests that the 
flagellates of P. globosa are B1 auxotrophs too.  
 On the other hand, Davidson and Marchant (1992) could culture their 
Phaeocystis sp. in vitamin-free synthetic seawater and concluded that it was 
not auxotrophic. Unfortunately, it is uncertain which Phaeocystis species 
Davidson and Marchant (1992) used. Indeed, they did not differentiate 
between P. pouchetii and P. globosa. Their deviating results suggest that B1 
auxotrophy varies among the species of Phaeocystis. Similarly, in Provasoli and 
Carlucci (1974), the prymnesiophyte genus Coccolithus (Emiliania) is listed 
once as a strict B12 (E. huxleyi), and twice as a strict B1 auxotroph (Emiliania 
sp. and  E. huxleyi).  Differences in auxotrophy could also be due to the fact 
that within a species, individual clones occur with different vitamin 
requirements (Swift 1980). Bioassays with different Phaeocystis species and 
with clones of different geographical origin are necessary to resolve this 
question. 
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effects of vitamins on Phaeocystis growth  
 
In this study, a negative effect of 10 nmol l-1 B12 on growth rate was observed 
(Figure 7.2b), while 1-10 nmol l-1 B1 had a positive effect on biomass yield 
(Figure 7.1a, 7.2a), growth rate (Figure 7.2b) and colony formation (not shown). 
Comparison of these findings with growth data from soil extract media is 
difficult because the composition of soil extracts is unknown. In general, the 
conclusion seems to be valid that high B12 concentrations added directly (or 
indirectly via soil-extract) suppress colony formation of Phaeocystis (Kayser 
1970, Spencer 1981). The direct or indirect addition of B1 promotes Phaeocystis 
growth (Kornmann 1955; this paper) although Spencer’s (1981) observations on 
colony suppression do not support this conclusion. 
 
Phaeocystis blooms 
 
A positive role for organic substances in the development of Phaeocystis blooms 
in the sea has emerged in several studies (Jones and Haq 1963, Weisse et al. 
1986, Jahnke 1989). Boalch (1987) hypothesised that the centric diatom 
Chaetoceros sp. triggered Phaeocystis colony formation by releasing a chemical. 
The production of vitamin B1 has been shown for the centric diatoms 
Skeletonema costatum and Stephanopyxis turris (Swift 1980). However, B1 
production has not been demonstrated for Chaetoceros spp., and its role in the 
initiation of Phaeocystis blooms remains unresolved. 
 A new hypothesis complementary to that of Boalch (1987) is that centric 
diatoms, which are predominantly B12 auxotrophs (Provasoli and Carlucci 
1974), create a microzone around the cell with a reduced B12 concentration. 
Such a microzone will be created when a cell takes up B12 with a rate higher 
than the supply rate which, near the cell surface, is determined by molecular 
diffusion (Mann and Lazier 1991). A low B12 concentration near the diatom 
cell surface would be beneficial to Phaeocystis colony formation (Spencer 1981) 
and to its growth rate (this study: Figure 7.2b). Indeed, Cadée and Hegeman 
(1991) reported that Phaeocystis colony formation not only takes place on 
Chaeotoceros sp., but also on other centric diatom species (Bacteriastrum 
hyalinum, Biddulphia sp., Coscinodiscus sp.). 
 On the other hand, Cadée and Hegeman (1991b) inferred that not a 
chemical  but only the need for a solid substrate is probably involved in colony 
formation of Phaeocystis. Kayser (1970) observed that Phaeocystis, attached to 
the walls of his culture bottles, continuously released solitary cells and colonies 
into the medium. This observation, and the fact that young Phaeocystis sp. 
colonies were found on different diatom species in the Marsdiep (North Sea), 
led Cadée and Hegeman (1991) to their statement that excretion of an organic 
chemical was not necessary to initiate colony formation. Their conclusion has 
experimental support. Spencer (1981) did not find a positive influence on 
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Phaeocystis colony formation after filtrates of diatom cultures were added. He 
did, however, measure considerable colony formation when a natural littoral 
sediment composed mainly of sand and shell fragments was added to the 
Phaeocystis cultures (Spencer 1981). Furthermore, Rousseau et al. (1994) 
showed that colony formation can be triggered by any solid substrate and, 
according to Riegman and van Boekel (1996), the rate of Phaeocystis sp. colony 
formation in culture is linearly related to the glass wall surface area. There is 
no such experimental support for a role of diatoms by B1 production or B12 
depletion in the initiation of Phaeocystis blooms.  
 It is concluded, therefore, that Phaeocystis bloom initiation by diatoms is 
probably based upon a physical, not a chemical (vitamins) phenomenon. 
However, the low Phaeocystis biomass yield in the January-batch of seawater 
(Figure 7.1b), i.e. at a time before any diatom bloom has taken place in the 
Oosterschelde (Bakker et al. 1990), warrants further examination of the role of 
vitamins in Phaeocystis bloom development in the sea. The findings that 
Phaeocystis sp. is a vitamin autotroph (Davidson and Marchant 1992) and that 
Phaeocystis globosa clone Ph91 is a B1 auxotroph (this study) indicates 
possible differences in the vitamin requirement within the genus Phaeocystis. 
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Chapter 8 
 
 
 
 
 

Inorganic carbon availability influences cell numbers in 
colonies of  Phaeocystis globosa (Prymnesiophyceae) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
“Despite a centennial of investigations, factors influencing the inception and 
regulation of Phaeocystis blooms are poorly understood” 
 
P.G. Verity, T.J. Smayda and E. Sakshaug (1991) 
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ABSTRACT. The phenomenon that Phaeocystis globosa colonies gradually disappear in 
f/2, a culture medium in which inorganic carbon (Ci), and CO2 in particular, is a 
potentially limiting nutrient was investigated in three steps. First, it was demonstrated 
by measuring pH and alkalinity changes during batch culture growth, that P. globosa 
cells take up CO2 and not the major Ci species HCO3

-. Second, the effect of Ci availability 
on colony formation was investigated by aerating one litre batch cultures with 0, 8 and 
80 ml air minute-1. Increased aeration did not lead to higher colony concentrations or 
larger colonies. However, it did lead to significant increases in the numbers of cells per 
colony: from 0.32 ± 0.10 to 0.87 ± 0.18 and 1.33 ± 0.13 cells per 1000 µm2 colony surface 
while in the non- and medium-aerated cultures organic carbon δ13C, an indicator of CO2-
stress, was significantly less negative (-24.8 ± 0.3 ‰) than in the high-aerated culture (-
26.3 ± 0.2 ‰). Third, a Ci uptake model for P. globosa was developed on the argument 
that by raising the interior pH to 9 growing colonies establish CO2, OH- and HCO3

- 
gradients with the bulk sea water (pH 8), which lead to fluxes of CO2 and HCO3

- into, 
and of OH- out of the colony. These fluxes were calculated as a function of colony 
diameter and turbulence (both influencing diffusion from and towards the colony 
surface) and the pH difference (∆pH) between the colony and the bulk seawater. It is 
shown that despite high turbulence, relatively large (> 500 µm diameter) colonies are 
prone to Ci limitation when bulk seawater pH rises to 8.8 (∆pH = 0.2), which may well 
occur during batch culture growth. Under such circumstances the number of cells in 
colonies decreases, the percentage of solitary cells will increase and eventually the 
number of colonies in subsequent cultures declines.  
 
 

Introduction 
 
 
Phaeocystis colonies are found world-wide in nutrient-rich seas where they can 
dominate the phytoplankton assemblage in terms of cell numbers and organic 
carbon (Kashkin 1963, Gieskes and Kraay 1975, Davidson and Marchant 1992, 
Peperzak et al. 1998) which makes Phaeocystis a prominent genus in the global 
carbon cycle (Smith et al. 1991, Verity and Smetacek 1996, Arrigo et al. 1999). 
Over the years the importance of Phaeocystis has lead to a variety of culture 
studies. Unfortunately, the amount of colonies that P. globosa and P. pouchetii 
produce declines in nutrient-rich culture media such as f/2 (Stein 1975) and 
repetitive transfer in ‘nutrient-poor’ media (f/20 - f/50) is necessary to maintain 
colonial growth (Guillard and Hellebust 1971, Verity et al. 1991). 
Understanding how nutrient concentrations influence colony development in 
cultures will not only lead to improved culture methods but it can also provide 
new insights on Phaeocystis growth in the sea. 

One reason for the reduction in colony abundance appears to be the high 
concentration of inorganic phosphorus (Pi ≥ 36 µmol l-1) at f/2 nutrient levels. 
Cariou et al. (1994) found that high initial Pi concentrations (5 µmol l-1) delayed 



inorganic carbon 

 129 

the appearance of P. globosa colonies and Veldhuis and Admiraal (1987) 
measured less than 20% colonial P. globosa cells in cultures with Pi over 10 
µmol l-1.  

A second reason for the decline of Phaeocystis colonies may be related to the 
relatively low inorganic carbon (Ci) concentration in f/2. The total amount of Ci 
in seawater is 2200 µmol l-1 so that in f/2 medium the Ci : Ni : Pi ratio is 2200 : 
880 : 36, or 61 : 24 : 1. The general C : N : P ratio of phytoplankton cells is 106 : 
16 : 1 (Redfield et al. 1963) which means a potential Ci shortage in f/2 by a 
factor of 2 relative to Ni and Pi.  

Ci limitation may even be more severe if the form of inorganic carbon that 
the phytoplankton take up from the medium is CO2, as is the case for certain 
marine diatoms (Riebesell et al. 1993). CO2 is the substrate for RUBISCO, the 
primary inorganic carbon fixing enzyme in marine phytoplankton (Raven and 
Johnston 1991). At a normal seawater pH of 8, the CO2 fraction of Ci is less 
than 1% (Stumm and Morgan 1996) and, therefore, the CO2 : Ni : Pi ratio in f/2 
medium is approximately 1 : 24 : 1. 

By shifts in the seawater carbonate system, CO2 can be formed by 
dehydration of HCO3-. However, the rates of such uncatalysed dehydration and 
of CO2 diffusion to the cell surface are small compared to potential CO2 fixation 
rates (Gavis and Ferguson 1975, Riebesell et al. 1993). Furthermore, HCO3- 

dehydration also leads to OH- production, an increase in pH and hence a 
further decrease of CO2 concentration if the seawater is not in equilibrium with 
the atmosphere. 

In view of the important role attributed to Phaeocystis blooms in the global 
carbon cycle, it is surprising that the acquisition of inorganic carbon has not 
been studied extensively. In this chapter several aspects of carbon acquisition 
by P. globosa are investigated: (i) the species of Ci taken up, (ii) the effect of Ci 
availability on colonial growth (colony concentration and the number of cells 
per colony) and, (iii) the effect of pH and turbulence on inorganic carbon uptake 
by growing, differently sized colonies. 
 
 

Method 
 
 
Ci  uptake assay 
 
Cultures of non-flagellated colonial-type cells and mesoflagellates of 
Phaeocystis globosa clone Ph91 (Peperzak et al. 2000c), and calcifying (clone 
Ch24-90) and non-calcifying (clone LN) Emiliania huxleyi (van Bleijswijk et al. 
1994) were grown in 100 ml PEP-Si (Peperzak et al. 2000a) with a salinity of 
32.3 psu, at 15°C, 36 W m-2 irradiance in a 12:12 L:D cycle. The calcifying (CO2 
and HCO3- using) and non-calcifying (CO2 using) E. huxleyi clones were used as 
controls for the assay's ability to detect decreases in alkalinity (HCO3- uptake)  
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and increases in pH (CO2 uptake). All cultures and experiments were done in 
an orbital incubator set at 90 rotations per minute. Both types of P. globosa 
grew as solitary cells. Calcification of E. huxleyi clone Ch24-90 was confirmed 
microscopically. Biomass was measured as in vivo fluorescence with a Hitachi 
F-2000 (λex = 435 nm, λem = 683 nm). Cultures were transferred to fresh culture 
medium when the stationary growth phase had been reached. 

The measurement of inorganic carbon (Ci)-uptake was a slight modification 
of the method described by Sikes et al. (1980). All cultures were diluted with 
PEP-Si medium one day before the experiments to ensure continued 
exponential growth. Ci-uptake measurements were performed in the light 
period and were started by adding 25 ml culture to air-equilibrated 100 ml 
PEP-Si medium. Dark control flasks were covered with foil. Both light and 
dark incubations were made in duplicate. pH and alkalinity samples were 
taken after 1 and 6 hours incubation and processed directly (see below). The 
remaining culture was fixed with acid Lugol (0.4% v/v) or paraformaldehyde 
(0.1% w/v) and the cell concentrations were measured (see below). The pH and 
alkalinity changes during the five hour incubation were calculated as the 
difference between dark and light flasks. All cultures were assayed twice, on 
different days, bringing the total number of measurements for each clone at 
four. Because the assimilation of either NO3- or NH4+ will lead to an increase or 
decrease of alkalinity respectively (Stumm and Morgan 1996), control Ci-
uptake measurements were made with non-flagellated P. globosa cells cultured 
in PEP-Si with the NO3- replaced by NH4+. 

 
Ci availability and colonial growth 
 
Phaeocystis globosa strain 677-3 was inoculated at a concentration of 106 cells  
l-1 in 1 litre PEP-Si culture medium in airtight 1.14 litre Schott bottles. The 
medium had a salinity of 31.9 psu, and NO3- and PO43- were ten times regular 
strength (1000 and 63 µmol l-1 respectively), i.e. at approximately f/2 levels 
(Stein 1975). Temperature was 23 ± 1°C. Irradiance was 12 W m-2 and was 
provided 24 h day-1 in order to prevent an effect of diel changes on the 
measurements (Flynn and Davidson 1993). Air from a well ventilated 
laboratory, i.e. with a constant CO2 and δ13C content, was supplied at 0 ml min-

1, 8 ml min-1 and 80 ml min-1 through tubes with a fritted glass end; the three 
cultures will be referred to in the text as non-, medium- and high-aerated 
cultures. 
 
growth rate and biomass measurements 
 
Growth rates were computed from in vivo fluorescence values with a logistic 
model (Peperzak et al. 2000a) using SYSTAT software (Wilkinson 1990). The 
colony concentrations (detection limit: 5 to 15 colonies ml-1) were measured in 
non-fixed 2 ml subsamples on a Zeiss inverted microscope (magnification 63x). 
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In early stationary growth phase (day 15, 16 and 17) the colony diameter was 
measured from 12 colonies per sample (accuracy = ½ eyepiece graticule unit =  
3.3 µm). The number of cells per colony was counted on day 16 and 17 in ca. 12 
colonies per sample. After pH-alkalinity measurements on day 15, 16 and 17, 
the samples were fixed with Lugol's iodine, colonial cells were released by 
shaking and cell counts were made with a Coulter Counter equipped with a 50 
µm aperture tube and a model II Multisizer. The mean spherical equivalent 
diameter (s.e.d.) and standard deviation of ca. 1000 cells was calculated. The 
percentage of colonial cells on days 16 and 17 was calculated as (colony 
concentration x mean number of cells per colony / total cell concentration) x 
100%. 
 
pH, alkalinity, Ci and CO2 determinations 
 
pH was measured with a Schott H61 glass-combi electrode and a Schott CG 
811 pH meter, calibrated with pH 4 and pH 7 buffers (Baker), in 25 ml sample. 
The precision was ± 0.01 pH unit. The sample was titrated with 0.01 N HCl 
(Baker) to pH 4.5 (a ml HCl) and pH 4.2 (b ml HCl). The total alkalinity in 
milliequivalents (meq) per litre was calculated as: (2 * a - b) * 0.01 * 1000/25 
(Standard methods for the examination of water and waste water 1975) and 
had a precision of ± 0.005 meq l-1. The total inorganic carbon (Ci) and CO2 
concentrations were calculated according to Strickland and Parsons (1972) 
using a computer program that extended their tabled values of the parameters 
A, FT and FP at pH > 8.6 by linear or polynomial extrapolation.  
 
measurements of δ 13C and particulate constituents 
 
The 13C:12C ratio of the particulate carbon was measured as a CO2-stress 
indicator. RUBISCO discriminates against the naturally occurring 13C isotope 
and, expressed as δ13C, less negative δ13C values indicate CO2-stress (Johnston 
and Raven 1992, Beardall et al. 1998). On day 15, 16 and 17, 50 ml samples for 
δ13C and simultaneous PON and POC analysis were filtered over pre-
combusted GF/C glass fibre filters under positive pressure. The filters were 
dried overnight at 600C, treated with HCl fume, and combusted in a Carlo-
Erba CHN model EA 1180 analyser, yielding PON and POC concentrations. 
The carbon dioxide was collected in a liquid nitrogen coldtrap and analysed 
with a Sira II mass spectrometer. The 12C:13C ratio of the seawater was 
measured after adding 5 ml 2.5 M H2SO4 to 50 mL GF/C filtered culture; the 
carbon dioxide was collected and analysed as described. The 12C:13C ratio was 
measured relative to Peedee belemnite (PDB). Deviations from this standard 
are expressed as: 
 

δ 13C = ((13C:12C sample / 13C:12C PDB)-1) x 1000 [‰]   [8.1] 
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The precision in the δ 13C measurement was ± 0.5‰. In addition 10 ml samples 
for Chl a analysis were filtered over GF/C filters and stored directly at -70°C. 
Chl a was extracted according to Gieskes and Kraay (1984) and analysed by 
HPLC as described by Escaravage et al. (1995).  
 
statistics 
 
The overall significance of aeration on the culture variables was calculated in 
one-way ANOVA’s, followed by Tukey post hoc tests for individual differences 
among the treatments (Wilkinson 1990). When variance was high, as in the 
colonial data, a non-parametric (Kruskal-Wallis) test was carried out 
(Wilkinson 1990). Secondly, the 95% confidence interval (c.i.) around the 
means of cell measurements and particulate constituents was calculated as: 
 

c.i. = t0.1(df) . stdev / √(n)         [8.2] 
 
in which n = number of measurements, stdev = the standard deviation from the 
mean and t0.1 = the value of t from a t-distribution at degrees of freedom (df) = 
n - 1 and α = 0.1 (one-sided test). If the confidence intervals of two means do 
not overlap, than the means are significantly different at P < 0.05. The benefit 
of calculating confidence intervals is that the means of each variable can be 
compared for significant differences individually, while Tukey post hoc tests 
provide two matrices, one of the absolute differences between means, the 
second of the levels of their significance. Comparisons of both methods, 
ANOVA + Tukey and 95% confidence intervals, with data obtained in the CO2 
supply experiment did not lead to different conclusions on the significance of 
differences between individual means at P < 0.05. 
 
 

Results 
 
 
Ci  uptake assay 
 
All clones of E. huxleyi and P. globosa took up CO2 during incubation in the 
light, leading to a rise in pH of the medium (Figure 8.1). Net changes in 
alkalinity could not be measured in cultures of the non-calcifying E. huxleyi 
and the flagellates of P. globosa. NO3- assimilating non-flagellated P. globosa 
cells increased alkalinity of the medium while the same cell type decreased 
alkalinity when assimilating NH4+. In contrast, calcifying E. huxleyi cells in a 
NO3- containing medium decreased alkalinity. 
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Figure 8.1. Rates of pH and alkalinity changes by cells of Emiliania huxleyi clone Ch24-
90 (calcifying, Ehux+), clone LN (non-calcifying, Ehux-), and of Phaeocystis globosa 
clone Ph91 flagellates (Phfl) and non-flagellated cells (PhNO3) in medium with 100 
µmol l-1 NO3

-. P. globosa clone Ph91 non-flagellated cells were also grown in medium 
with 100 µmol l-1 NH4+ (PhNH4). Bars are 95% confidence intervals. 
 
 
Ci availability and colonial growth 
 
After a lag period of 1 to 2 days P. globosa biomass began to increase 
exponentially (Figure 8.2a). The growth rate was lowest in the high-aerated 
culture (Table 8.1). Flagellated cells were seen in the high-aerated culture 
regularly with an abundance of approximately 5%. These flagellates had the 
same size as non-flagellated cells. Flagellates were observed once in the 
medium-aerated, but never in the non-aerated culture. 
The medium-aerated culture reached the stationary growth phase on day 14 
(Figure 8.2a), and it attained the highest biomass yields (Table 8.1). The 
differences between the cultures in biomass yield (PON, Chlorophyll a and cell 
concentration) were significant (Table 8.1, ANOVA P < 0.05). However, there 
were no significant differences in C:N and C:Chl a ratios, nor in C and Chl a on 
a per cell basis between the three aeration treatments (Table 8.2, ANOVA P > 
0.05). The concentration of colonies in the three cultures followed the trend in 
biomass development (Figure 8.2b). Colony development in the high-aerated 
culture lagged behind that in the other two, but eventually a mean of 1500 
colonies l-1 was reached in all cultures (Figure 8.2b). The mean colony 
concentration (Figure 8.2b, ANOVA P > 0.05) and colony diameter (Figure 8.3a, 
Kruskal-Wallis test P > 0.05) were not significantly different among aeration 
regimes. 
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Figure 8.2. Development of Phaeocystis biomass as in vivo fluorescence (a), colony 
concentration (b), inorganic carbon (Ci) (c) and CO2 concentration (d) in non- (❍), 
medium- ( ❑ , 8 ml min-1) and high- (∆, 80 ml min-1) aerated cultures. The curves in (a) 
were calculated with a logistic growth model. Note the linear vertical axis in (c). 
 

On day 15 a remarkable feature was discovered in the sample from the non-
aerated culture during microscopic observation. The number of cells per colony 
appeared to be very low and this was corroborated by colonial cell counts that 
were made in all cultures on day 16 and 17. The number of cells per colony 
increased significantly (Kruskal-Wallis test, P < 0.0001) with aeration rate 
(Figure 8.3b) as did the mean percentage of colonial cells (Figure 8.3c, ANOVA 
P < 0.05). 

During the growth of P. globosa the concentration of Ci declined and pH rose 
in all cultures. The smallest changes took place in the high-aerated culture 
while the largest differences were measured in the non-aerated culture (Table 
8.1). The Ci concentration in the high-aerated culture was never lower than 2.0 
mmol l-1 (Figure 8.2c) and the CO2 concentration remained above 10 µmol l-1 

(Figure 8.2d). The δ 13C value in this culture was -26.3 ± 0.2 ‰ (Figure 8.3d). In 
contrast, both the non- and medium-aerated cultures reached concentrations < 
2.0 mmol Ci l-1 and < 10 µmol CO2 l-1, and both had a significantly less negative 
δ 13C value of -24.8 ± 0.3 ‰  (Figure 8.3d; ANOVA, P < 0.001). 
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Table 8.1. Growth rate (µ), mean (day 15 - 17) concentrations ± 95% confidence interval 
of particulate organic carbon (POC), particulate organic nitrogen (PON), chlorophyll a 
(chl a), cell concentration, and changes in inorganic carbon (Ci) and pH, in three 
differently aerated (0, 8 and 80 mL min-1) P. globosa strain 677-3 cultures. n.s. = not 
significant. 
 non medium high unit ANOVA 
µ 0.63 ±  0.15 0.65  ±  0.13 0.49 ±  0.08 day-1 - 
POC 288  ±  20 307a  ±  39 236  ±  19 µmol l-1 P < 0.005 
PON 49.5 ±  8.5 50.7a ±  8.8 41.0 ±  4.5 µmol l-1 n.s. 
chl a 46.8 ±  2.2 55.2  ±  1.8 44.5 ±  4.9 µg l-1 P < 0.05 
cells 196  ±  42 207   ±  35 157  ±  16 106 l-1 P < 0.05 
∆ Ci -302b -270c -34c µmol l-1 - 
∆ pH +0.77b +0.44c +0.10c - - 

a day 16 and 17 only    b  between day 1 and 17    c between day 1 and 13 
 
 
 

Discussion 
 
Ci uptake 
 
In a first step to investigate the inorganic carbon acquisition of P. globosa, the 
uptake of CO2 or HCO3-, resulting in a rise in pH or a decline in alkalinity 
respectively (Sikes et al. 1980), was measured in cultures of flagellate and non-
flagellate Phaeocystis cells. The observed increase in pH clearly shows that 
both Phaeocystis cell types take up CO2 (Figure 8.1). The measurement of 
HCO3- uptake is influenced by the simultaneous uptake of NO3- or NH4+ 
(alkalinity increase or decrease respectively, Stumm and Morgan 1996). 
Despite that NO3- was the nitrogen source in the control culture with calcifying 
E. huxleyi, a decrease in alkalinity could be measured (Figure 8.1) which is a 
clear indication that these cells were taking up HCO3- (Sikes et al. 1980). 

The non-flagellated Phaeocystis cells grew rapidly enough to measure the 
alkalinity increase in NO3- medium, and the decrease in NH4+ medium (Figure 
8.1). Although the possibility that some HCO3- was taken up cannot be rejected, 
it is concluded that the major Ci species taken up by Phaeocystis is CO2. This 
conclusion is corroborated by Elzenga et al. (2000) who found that cells of P. 
globosa convert HCO3- to CO2 extracellularly by the enzyme carbonic 
anhydrase (see also chapter 10). The concomitant production of OH- does not 
change alkalinity; but it does increase pH.  
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Figure 8.3. Means of Phaeocystis colony diameter (n = 36) (a), colonial cell concentration 
expressed as numbers of cells per 1000 µm2 colony surface (n ≥ 20) (b), the percentage of 
cells in colonies (n = 2) (c), δ13C in ‰ (n = 3) of the particulate organic carbon in the 
early stationary growth phase (d) in no-, medium- and high-aerated cultures. Bars 
indicate the 95% confidence interval (a, b, d) or 1 sd (c). 
 
 
Ci availability and colonial growth 
 
Increased aeration of the P. globosa cultures was accompanied by significant 
increases in the mean number of cells in colonies and in the percentage of 
colonial cells. In the high-aerated culture the CO2 concentration remained 
above 10 µmol l-1 and the δ13C value of the particulate organic matter was 
significantly more negative than in the less aerated cultures (Figure 8.3). A 
more negative δ13C as a result of aeration has also been observed in cultures of 
Skeletonema costatum (Degens et al. 1968) and Phaeodactylum tricornutum 
and indicates a relief of CO2 stress (Johnston and Raven 1992). Low CO2 
concentrations in non-aerated culture media with high nutrient concentrations 
may therefore contribute to the gradual decline of the percentage of colonial 
Phaeocystis cells. Furthermore, CO2 limitation may have been the cause of the 
relatively low (≈ 50%) and variable percentages of colonial cells in the f/2, non-
aerated Phaeocystis cultures in chapter 2 (Figure 2.3). 
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Table 8.2. Mean particulate carbon, nitrogen and chlorophyll a characteristics and s.e.d. 
(spherical equivalent diameter of the cells) in three differently aerated (0, 8 and 80 mL 
min-1) P. globosa strain 677-3 cultures (days 15 - 17). If 1.18 pmol C cell-1 from the 
literature (Rousseau et al. 1990) is used, the amount of extracellular organic carbon  is 
20% of POC. Means ± 95% confidence interval. n.s. = not significant. 
 
 no medium high unit ANOVA      
      
C:N 5.8   ± 0.8 6.1a  ± 0.3 5.8   ± 0.2 mol mol-1 n.s. 
C:Chl a 74    ± 2    66a   ± 15 64    ± 14 µg µg-1 n.s. 
C cell-1 (b) 1.5   ± 0.2 1.4a  ± 0.1 1.5   ± 0.1 pmol cell-1 n.s. 
Chl a cell-1 241  ± 37 269  ± 38 284  ± 45 fg cell-1 n.s. 
s.e.d. 4.20 ± 0.09 4.06 ± 0.11 4.56 ± 0.14 µm3 P < 0.001 

a day 16 and 17 only    b including 20% extracellular carbon 
 
 

The decrease in the number of cells per colony due to CO2 stress, will reduce 
the organic carbon content of the colony because cells contain 300x more 
carbon then the equivalent volume of colony matrix (Rousseau et al. 1990). 
Statistical models have been made (e.g. Davidson and Marchant 1987, 
Rousseau et al. 1990) that relate Phaeocystis colony size to intracolonial cell 
concentration and hence to carbon content. When such a model would be 
applied to colonies that have developed under CO2 stress, i.e. with a reduced 
cell content, the organic carbon content will be overestimated. This 
overestimation can be calculated by assuming: (i) 1.5 pmol C cell-1 (Table 8.2), 
(ii) 27.9 amol extracellular C µm-3 colony volume (Rousseau et al. 1990), and 
(iii) constant cell numbers per 1000 µm2 for each aeration rate (Figure 8.3b: 
0.32, 0.87 and 1.33). Then, medium- and non-aerated 100 µm colonies would 
have 28 to 62%, and 1000 µm colonies 10 to 23% less colonial carbon relative to 
the high-aerated colonies. The difference becomes less at increasing colony 
diameter because of the decrease of cell carbon (which is related to colony 
surface area: Figure 8.3b) relative to extracellular carbon (which is related to 
colony volume: Rousseau et al. 1990). 
 
a model of Ci uptake 
 
Aeration not only tends to keep the pH and CO2 concentration in the culture 
medium constant, the simultaneously created turbulence may also decrease 
the size of the diffusive boundary layer around plankton cells and colonies. The 
consequences for the growth of Phaeocystis colonies are difficult to calculate 
directly, because the CO2 flux towards the colony surface is a function of the 
pH difference between the colony and the bulk seawater (affecting CO2 
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concentrations), and of colony size and turbulence (both affecting the diffusive 
boundary layer thickness). 

In general, the phytoplankton, which usually is smaller then 1 mm, is 
surrounded by a layer of water in which the transport of nutrients and wastes 
is governed by molecular diffusion (Lazier and Mann 1989). In stagnant water, 
the thickness of this diffusive boundary layer is equal to the particle radius. In 
practice this means that large Phaeocystis colonies have such thick diffusive 
boundary layers, that these layers can be measured with an oxygen electrode 
(Ploug et al. 1999a). 

The flux of a nutrient from high to low concentrations is, according to Fick’s 
first law, proportional to the concentration gradient (Atkins 1999). This 
gradient is the difference in concentration divided by the diffusion path length. 
Turbulence decreases the size of the diffusive boundary layer and hence the 
diffusion path length. Therefore, an increase in turbulence will increase the 
concentration gradient, hence the nutrient or waste flux towards or from the 
colony surface. However, theory predicts that whatever high the turbulence 
may be, on the small scale size of plankton a diffusive boundary layer of some 
size will always persist (Mann and Lazier 1991). 

In the case of CO2, its flux towards the Phaeocystis colony will be 
proportional to the concentration difference between the bulk seawater and the 
colony interior. The colony interior has a pH of 9 (Lubbers et al. 1990, Ploug et 
al. 1999a), is not in equilibrium with the atmosphere, and hence has a much 
lower CO2 concentration than the bulk seawater at pH 8 (Stumm and Morgan 
1996, chapter 10). In other words, by increasing its interior pH, the Phaeocystis 
colony steepens the CO2 concentration gradient, thereby increasing the CO2 
flux into the colony.    

However, if the bulk seawater pH increases too, and if the seawater is not in 
equilibrium with the atmosphere (chapter 10), the CO2 gradient will become 
less steep. Eventually, when bulk seawater and colony pH are equal, the net 
flux of CO2 will be zero. In the non-aerated culture the bulk seawater pH 
increase was nearly 0.8 pH units (Table 8.1). Such a high pH increase (low CO2 
concentration) in combination with low turbulence (thick diffusive boundary 
layer) will lead to a decrease of the CO2 flux towards and into the colonies. If 
this reduced CO2 flux leads to inorganic carbon limited growth, an explanation 
is found for the low colonial cell numbers (Figure 8.3), because the amount of 
carbon needed to construct the colonial matrix is much lower then the amount 
needed for cell replication (Rousseau et al. 1990).  

For a model calculation of Ci uptake by Phaeocystis it is assumed that the 
cells in a spherical colony are growing at µ = 0.6 day-1 (Table 8.1) in continuous 
light at 23°C in 32 psu seawater (i.e. present conditions). The increase in the 
colony diameter was calculated per day using the equation of Rousseau et al. 
(1990). Under these conditions an inward Ci-flux is necessary to sustain growth 
because the amount of intracolonial Ci in colonies < 1000 µm is < 3% the 
amount necessary for organic carbon production.  
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Turbulence in the sea, expressed as energy dissipation rate, ranges from   
10-6 to 10-10 m2 s-3 (Ploug et al. 1999b). Below the Kolmogorov length scale 
viscosity dominates over inertia, and turbulent flow results in a laminar shear 
(Karp-Boss et al. 1996). The shear rates calculated from energy dissipation 
rates range from 0.01 s-1 to 1 s-1; these values were taken as minimum and 
maximum estimates for the non- and well-aerated cultures respectively.  

Increases in turbulence lead to increases in the Reynolds number (Re, the 
ratio of inertial and viscous forces), and in the Péclet number (Pe, the ratio of 
convective bulk flow and diffusion). For both the low and the high shear rate, 
the Sherwood number (Sh, the ratio of turbulent and diffusion mass flow) was 
calculated from Re and Pe (Ploug et al. 1999b), using DCO2 = 1.58 x 10-9 m2 s-1 
and a kinematic viscosity of 1.03 x 10-6 m2 s-1 (Vogel 1996). 

Because Re and Pe increase with colony size, the calculation of Sh was 
performed on colony diameters ranging from 10 µm to ≈2000 µm (Karp-Boss et 
al. 1996, Ploug et al. 1999b). For each diameter the flux of CO2 towards the 
colony surface was calculated as: 
 
 

Q = 4 π r Sh DCO2 ( [CO2]bulk - [CO2]colony )     [8.3] 
 
 
With Q is mol CO2 s-1, r = colony radius [m], Sh = Sherwood number 
[dimensionless], DCO2 = CO2 diffusion coefficient [m2 s-1] and [CO2] in mol m-3 

calculated with the equations in Stumm and Morgan (1996).  
 
 The CO2 flux is positive, into the colony, due to the difference between 
[CO2]bulk = 1.4 x 10-2 and [CO2]colony = 5.6 x 10-4 mol m-3. However, at an 
intracolonial pH of 9 the HCO3- concentration (7.4 x 10-1 mol m-3) is also 
reduced significantly compared to the bulk seawater (1.9 mol m-3). This 
concentration difference will also lead to a flux of HCO3- into the colony. 
Because the HCO3- ion is negatively charged, an exchange with another 
negative ion is necessary in order to maintain a neutral charge balance. 
Assuming no differences in major anion concentrations (Cl-, SO42-) between the 
bulk seawater and the colony interior, it is most likely that the exchange is 
made with a OH- ion because the intracolonial pH of 9 (pOH = 5) implies a 10-
fold higher OH- concentration then in the bulk seawater (pOH = 6). A more 
detailed description of this Ci uptake model is presented in chapter 10 (Figure 
10.7). 

The flux of OH- out of the colony was calculated using equation 8.3 with the 
appropriate OH- concentrations and DOH- = 5.25 x 10-9 m2 s-1. DOH- at 25°C was 
calculated from ionic mobility (Atkins 1999). The flux of HCO3- into the colony 
was set equal to the slower OH- flux out of the colony. 
 
 



chapter 8 

 140 

 
Figure 8.4. Calculated inorganic carbon fluxes as CO2 only and as CO2+HCO3

- into a 
Phaeocystis colony as a function of colony diameter and turbulence at a constant pH 
difference between bulk seawater and colony interior of ∆pH = 0.2. Both fluxes will 
increase when this pH difference is larger. The arrows on the right indicate the higher 
Ci flux as a result of a 104 increase in turbulence. The thick line is the calculated 
inorganic carbon demand for a colony with cells growing at µ = 0.6 day-1 in 24 h day-1 
light. The carbon demand will increase when the light period decreases (L < 24 h day-1 
while µ remains 0.6 day-1) or when growth rate increases (µ > 0.6 day-1).  
 
 

The efflux of OH- will increase bulk seawater pH and hence reduce the 
seawater CO2 concentration (assuming no atmospheric equilibrium) as was 
actually measured in the non-aerated culture: the pH increased with 0.8 units 
(Table 8.1). Therefore, the CO2 and Ci (= CO2 + HCO3-) fluxes into the colony 
were calculated for a pH difference of 0.2, assuming that the colonial pH was 
constant at 9.0. 
 The flux of inorganic carbon into the colony was then compared to the 
carbon needed by the colony for growth by calculating the organic carbon 
difference between day i and day (i + 1) using the colony size - carbon relations 
of Rousseau et al. (1990). The results of these calculations are shown in Figure 
8. 4. 

Several conclusions can be drawn from the model calculations (Figure 8.4). 
First, the fluxes of inorganic carbon are proportional to the size of the 
Phaeocystis colony, as is apparent from equation 8.3. The flux of HCO3-  is an 
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order of a magnitude higher than the CO2 flux. At the ∆pH = 0.2 used in the 
calculation, only colonies with a diameter < 30 µm obtain sufficient inorganic 
carbon by CO2 diffusion alone.  

Second, the effect of turbulence on inorganic carbon fluxes is relatively 
small. Only when the colonies grow beyond 500 and 1000 µm in diameter a 
doubling of the CO2 and Ci flux respectively, is gained at high compared to low 
turbulence. In the present experiment the mean colony diameter was ≈100 µm 
(Figure 8.3a), therefore, the turbulence differences between the aeration 
treatments will have had little effect on a potential Ci limitation. 

Third, any decrease in daylength or increase in growth rate must lead to an 
increase in inorganic carbon demand. On the other hand, any increase in ∆pH 
will enhance CO2 and HCO3- fluxes. Daylength, colony diameter and growth 
rate can be obtained relatively easy but this is less so for the exact value of 
∆pH because the pH inside the Phaeocystis colony is difficult to measure. The 
colony interiors of temperate P. globosa strains reach pH 9.0 to 9.1 in the light 
(Lubbers et al. 1990, Ploug et al. 1999a) but this crucial variable has not been 
measured yet in warm water strain 677-3, used in the second experiment. 
Therefore, in future experiments, a temperate strain of P. globosa should be 
used or both the extra- and intracolonial pH should be measured. 

Furthermore, the present model suggests that colonial growth will stop 
when the pH of the bulk seawater has reached the intracolonial pH. Then, the 
bulk seawater CO2 concentration and hence its influx will be very low, and 
because the OH- efflux will have stopped the influx of HCO3- stopped as well. If 
so, the pH ≈ 8.8 reached in the non-aerated culture (Table 8.1) is an indication 
of the maximum intracolonial pH of strain 677-3. This is 0.2 to 0.3 pH units 
below the values measured in temperate strains (Lubbers et al. 1990, Plough et 
al. 1999a) and may account for the fact that relatively small (100 µm) colonies 
of strain 677-3 are already prone to Ci limitation. 

It is quite remarkable that the mode of Ci acquisition in Phaeocystis has not 
been studied extensively. When ∆pH can be measured accurately, the model of 
Ci uptake presented here can be tested and used in further studies of the role 
and effect of Ci availability on colony development. When the concentrations of 
Ni and Pi are high it is probable that the growth of Phaeocystis colonies 
becomes limited by Ci . Therefore, the number of cells in colonies growing in f/2 
cultures will decrease, the percentage of solitary cells will increase and the 
number of colonies will decline. The prevalence of Ci limited growth in the sea 
and its possible consequences, such as changes in the relative abundance of 
both colonial and solitary cells, and consequently grazing and sedimentation 
losses, remain interesting topics for further investigations into Phaeocystis’ 
role in plankton ecology and biogeochemical cycles. 
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“we have already a rather large literature on Phæocystis, ... nevertheless, very 
little is known regarding the mode of development of this interesting alga” 
 
C.H. Ostenfeld (1904) 
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ABSTRACT. Flagellates of Phaeocystis globosa were observed inside colonies in North Sea 
samples in 1992. Field data suggest that low phosphate concentrations (≤ 0.5 µM) and, as a 
consequence of sedimentation, a 20 to  > 100 fold reduction of daily irradiance (to < 10 W h 
m-2 day-1), triggered the transition of non-flagellate colonial cells to flagellate cells. The 
colonial flagellates appeared to be similar to cultured solitary Phaeocystis microflagellates; 
these flagellates do not produce pentagonal stars. Nevertheless, pentagonal stars were 
observed inside the colonies. This implies that two types of flagellates, ‘microflagellates’ 
and the larger pentagonal star-producing ‘mesoflagellates’ are formed simultaneously in 
Phaeocystis colonies. Therefore, this observation fills a missing link in the life cycle of 
Phaeocystis. It is proposed that micro- and mesoflagellates are the ‘Mikrozoosporen’ 
described by Kornmann (Helgoländer wiss. Meeresunteruchungen 1955, 5: 218-233) and 
that these flagellates are comparable to the small and large ‘zoids’ described by Parke et al. 
(J. Mar. Biol. Assoc. UK 1971, 51: 927-941). Thus, four different cell types can be 
distinguished in the life cycle of P. globosa: (i) the haploid microflagellate (3.1 ± 0.1 µm), (ii) 
the haploid mesoflagellate (4.2 ± 0.1 µm), (iii) the diploid macroflagellate (6 - 7 µm) which 
is Kornmann’s (1955) ‘Makrozoospore’, and (iv) the diploid non-flagellate colonial cell (6.1 ± 
0.2 µm). A life-cycle for Phaeocystis is presented, and the life-cycle transitions still to be 
tested are identified. 
 
 

Introduction 
 
 
During the life cycle of the genus Phaeocystis (Haptophyta, Prymnesiophyceae, 
Prymnesiales), non-flagellate and flagellate cell types alternate (Pouchet 1892, 
Scherffel 1900, Kornmann 1955, Parke et al. 1971, Moestrup 1979, Rousseau et 
al. 1994, Vaulot et al. 1994). The position and function of these cells and the 
moment of appearance in the life cycle is still unresolved (Veldhuis 1987, 
Davidson and Marchant 1992, Billard 1994, Rousseau et al. 1994). In the 
palmelloid phase, which is planktonic (Billard 1994), the colonies of Phaeocystis 
are multi-lobed (P. pouchetii), spherical (P. antarctica, P. globosa) or irregular (P. 
jahnii), and the cells are non-flagellate (Pouchet 1892, Scherffel 1900, Karsten 
1905, Zingone et al. 1999). Haptophycean features such as the haptonema and 
typical body scales are observed only on flagellates (Parke et al. 1971, Chang 
1984b, Davidson and Marchant 1992, Baumann et al. 1994, Billard 1994), with 
non-flagellate P. jahnii cells as an exception (Zingone et al. 1999). 

Several morphologically-different solitary flagellate Phaeocystis cells, usually 
referred to as ‘swarmers’ or ‘zoids’, have been described (Kornmann 1955, Table 
9.1). All these free-living flagellates bear a haptonema, and one type of flagellate 
can produce extracellular threads (Parke et al. 1971) made of α-chitin 
(Chrétiennot-Dinet et al. 1997). Of two species, P. scrobiculata and P. cordata 
only flagellate cells are known (Moestrup 1979, Hallegraeff 1983, Zingone et al. 
1999). The flagellates of P. scrobiculata produce threads arranged in nine-ray 
figures, while the flagellates of P.antarctica, P. globosa, P. pouchetii and 
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P. cordata make five-ray figures or ‘pentagonal stars’ (Table 9.1). Besides the 
intraspecific difference in thread arrangement, there are also differences in 
flagellate size, body scales (Table 9.1) and ploidy (Rousseau et al. 1994, Vaulot et 
al. 1994). 

Flagellate cells have also been observed inside Phaeocystis colonies 
(Lagerheim 1896, Scherffel 1900, Ostenfeld 1904, Kornmann 1955, Jones and 
Haq 1963, Parke et al. 1971, Verity et al. 1988b, Cadée 1991a, Davidson and 
Marchant 1992, Garrison and Thomsen 1993, Marchant and Thomsen 1994, 
Zingone et al. 1999). Such intracolonial flagellates have often been called 
‘zoospores’ (Lagerheim 1896, Ostenfeld 1904, Scherffel 1900, Kornmann 1955). 
The intracolonial ‘zoospore’ described by Pouchet (1892: Figure 9.3) was the 
heterotrophic dinoflagellate Oxyrrhis sp. (Scherffel 1900, Ostenfeld 1904).  

The transition of non-flagellate cells to flagellates has been related to nutrient 
stress (Veldhuis et al. 1986, Brussaard et al. 1995, Escaravage et al. 1995, Matrai 
et al. 1995), combined nutrient and temperature stress (Verity et al. 1988b), 
mechanical stress (Kornmann 1955, Cariou et al. 1994) and melting of sea ice 
that contained Phaeocystis colonies (Garrison and Thomsen 1993). Recently, a 
hypothesis was proposed in which colonial flagellates were considered a 
transitional stage, from non-flagellate colonial cells to solitary flagellates, 
appearing when a combination of nutrient stress and irradiance limitation occurs 
(Peperzak 1993). It is known that nutrient stress, by phosphate or nitrate 
limitation, is the reason for the collapse of the colonial P. globosa spring blooms 
in the Dutch coastal zone (van Bennekom et al. 1975, Veldhuis et al. 1986, 
Brussaard et al. 1995, Peperzak et al. 1998); after this collapse small Phaeocystis 
flagellates (Veldhuis et al. 1986, Peperzak et al. 1998) and ‘ghost colonies’ 
(Brussaard et al. 1995) are observed. Sedimentation of Phaeocystis colonies is 
bound to lead to irradiance limitation (Peperzak 1993). Sedimentation of 
Phaeocystis colonies has been observed in several parts of the North Sea (Savage 
and Hardy 1934, Riebesell 1993), the Wadden Sea (Cadée 1996), and recently 
also in the Dutch coastal zone (Peperzak et al. 1998). 
 

In this paper, observations on Phaeocystis colonies and cell types are 
presented that were made during the spring bloom in the North Sea in 1992, and 
in cultures of this species. The hypothesis that combined nutrient stress and 
irradiance limitation can lead to a transition from non-flagellate to flagellate 
colonial cells is tested. The position of this cell type transition in the life cycle of 
Phaeocystis will be discussed. 
 
 
 
 
 



Life cycle 
 

 147 

 



chapter 9 

 148 

Method 
 
 
sampling,  physical and chemical variables 
 
Samples were taken weekly in the North Sea at ‘surface’ (-3 m), half depth and 
‘bottom’ (bottom + 3 m = -16 m) at station NW10 (52°18'N, 4°18'E) with Niskin 
bottles from Julian day 94 to 163 (3 April to 11 June) in 1992. Sampling, 
measurements and analyses are described in more detail in Peperzak et al. 
(1998). Briefly, plankton samples were preserved with 0.4% v/v Lugol's iodine 
(Throndsen 1978). Nutrients and salinity were determined according to 
Grasshoff et al. (1983). Temperature and attenuation coefficient Kd were 
measured during CTD casts. Daily global radiation data were obtained from the 
Royal Dutch Meteorological Institute (De Kooy), and were converted to PAR and 
W h m-2 day-1, where 1 W h m-2 day-1 = 3600 J m-2 day-1 = 0.015 E m-2 day-1 
(Peperzak 1993, Peperzak et al. 1998). Daily irradiance (DI) in the water column 
was calculated as the three day running mean. The mean water column DI and 
DI at half depth were calculated using the equations in Peperzak (1993). Mean 
DI in the lower half of the water column (9.5 -19 m) was calculated from DI at 
half depth. Mean DI in the upper half (0 - 9.5 m) was calculated by subtracting 
lower half mean DI from the mean water column DI (0 - 19 m). 
 
cell counts and microscopic observations 
 
Phaeocystis cell counts were made within 6 months with a Zeiss inverted 
microscope after sonification (Peperzak et al. 1998). In order to study Phaeocystis 
colonies before the disintegration by fixation and sonification, plankton samples 
from day 94 to day 143 were examined directly upon arrival in the laboratory; 5-
10 ml aliquots were screened for colony appearance on the inverted microscope. 
The number of colonies was not counted. Photomicrographs of pipette-picked 
colonies were made with an Olympus Vanox microscope equipped with phase 
contrast optics. Part of the fixed samples was stored at 4°C until additional 
transmission electron microscopy (TEM) was performed. Small (2-4 µl) samples 
were pipetted on Formvar-coated grids and air-dried. After the salt was washed 
away with double-distilled water, the grids were stained with 1% (w/v) uranyl 
acetate and examined in a Philips 201 TEM.  
 
cell size measurements 
 
Phaeocystis cell size measurements were made in the 1992 North Sea samples 
with the Zeiss and the Olympus Vanox with 40x objectives (eyepiece graticule 
units 2.5 µm). Additional size measurements of micro- and mesoflagellates were 
made in a Lugol-fixed surface sample from NW2 (52°15’N, 4°24’E), day 121 1997,  
with an Olympus AX microscope equipped with a 100x objective (eyepiece 
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graticule unit 1.0 µm). Living and Lugol-fixed surface samples of Nw10 were 
screened for micro- and mesoflagellates in 1999. 

Non-flagellate cells and meso- and microflagellates of Phaeocystis clone Ph91 
(Peperzak 1993) and clone Ph95 were cultured in f/2 (Stein 1975) or PEP-Si 
medium (Peperzak et al. 2000a) at 10-15°C, 30-32 psu and 70-400 W h m-2 day-1. 
In the course of several years, cell sizes in these cultures were measured using 
three different techniques: (i) directly under the Olympus Vanox light-microscope 
(LM), (ii) indirectly from photomicrographs (LM and TEM) and (iii) using a 
Coulter Counter electronic particle counter with a 50 µm aperture tube and a 
model II Multisizer (size as spherical equivalent diameter or s.e.d.). The cultured 
cells were either: (i) live, (ii) fixed with Lugol’s (0.4% v/v) or Utermöhl’s iodine 
(0.4% v/v) (Throndsen 1978), or (iii) fixed with an aldehyde (paraformaldehyde, 
formaldehyde, glutaraldehyde) at concentrations ranging from 0.1 to 4% (w/v). 
The microflagellates were measured in Lugol-fixed samples only. The combined 
results of the LM and electronic (CC) size measurements (n = 334) on living and 
fixed Phaeocystis cultures of non-flagellate cells, meso- and microflagellates (n = 
279) and LM measurements made in NW10 field samples (n = 55) are used. The 
relative differences in size between the three cell types (non-flagellate, meso- and 
microflagellates) were independent of the method of fixation or measurement.  

TEM micrographs were also used to identify and measure certain flagellate 
characteristics: length of the flagella and their tapered ends, length of the 
haptonema, thickness of ejected threads, size of the pentagonal stars, and size of  
the cell surface body scales. 

Of all measurements the 95% confidence interval (c.i.) around the mean was 
calculated as: 
 

c.i. = t0.95(df) . stdev / √(n)       [9.1] 
 
 
in which n = number of measurements, stdev = the standard deviation from the 
mean and t0.95 = the value of t from a t-distribution at degrees of freedom (df) = n 
- 1 and α = 0.95. When the confidence intervals do not overlap, the means are 
significantly different at P < 0.05. 
 
 

Results 
 
 
physical and chemical variables 
 
Two Phaeocystis blooms were observed (Figure 9.1a). During the first one (day 
100-119), the upper column daily irradiance declined to ≈ 100 W h m-2 day-1 
(Figure 9.2); the lower column daily irradiance was reduced to < 0.1 W h m-2 day-1  
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Figure 9.1. Surface ( o ) and bottom (·) development of Phaeocystis non-flagellate (= 
colonial) cells (a), and of the fraction of small Phaeocystis flagellates (b) at station NW10 
(North Sea) in 1992. 
 
 
(Figure 9.2). The second, smaller bloom of Phaeocystis developed between day 
143 to day 156 (Figure 9.1b). At the top of this second bloom, at day 156, the 
upper column daily irradiance was ≈ 200 W h m-2 day-1 and the lower column 
daily irradiance was < 10 W h m-2 day-1 (Figure 9.2). During the first bloom, the 
Phaeocystis biomass was higher near the bottom than at the surface, presumably 
as a result of sedimentation. At the top of the second bloom, the difference in 
biomass was negligible (Figure 9.1a). Colonies sedimenting from the upper 
column to the lower water column experienced a 20- to > 100-fold reduction in 
daily irradiance. During the first bloom all major nutrient concentrations 
declined, but it was DIP that became the growth-limiting nutrient (Peperzak et 
al. 1998). The values of all environmental variables at the top and directly 
following the blooms of colonial Phaeocystis are presented in Table 9.2. 
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Figure 9.2.Development of upper (0 - 9.5 m) and lower (9.5 - 19 m) water column daily 
irradiance in W h m-2 day-1 at station NW10 (North Sea) in spring 1992. 100 W h m-2 day-1 
= 1.5 E m-2 day-1. 
 
 

During each of the two periods there were no large changes in mean 
temperature, salinity, dissolved inorganic phosphorus (DIP) and dissolved 
inorganic nitrogen (DIN). The DIP concentration remained ≤ 0.5 µM after day 
106 with little or no differences in the water column (Table 9.2). The most 
pronounced difference between surface and bottom at NW10 in both periods was 
that in water column DI (Table 9.2).  
 
cell types 
 
The three flagellate types described here will be named according to size: ‘macro’-, 
‘meso’- and ‘micro’-flagellate. The colonial cell type can also grow solitarily and 
is therefore named non-flagellate cell. Judging from colony form, pentagonal star 
formation and size and form of the body scales, all four cell types described here 
belong to one species: Phaeocystis globosa Scherffel (Baumann et al. 1994), 
referred to here simply as Phaeocystis. 
 During the two Phaeocystis blooms, three different cell types were observed 
with light microscopy (LM). Most abundant was the non-flagellate cell type 
(Figure 9.3a) which had a size range from 5.6 to 8.3 µm (Table 9.3). The second 
Phaeocystis cell type was the large (6-7 µm, Table 9.3) macroflagellate. These 
haptonema-bearing flagellates were observed only occasionally and 
photomicrographs were not made. The macroflagellate falls in the size range of 
the colonial cells (5.6-8.3 µm, Table 9.3).  
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Table 9.2. Ranges of environmental variables during and after two Phaeocystis blooms 
at NW10 in 1992 at which time high relative microflagellate concentrations were 
observed. Each value is the mean of three depths, except day 163 (surface only). The 
maximum observed differences between surface and bottom are presented as well. DIP 
= Dissolved Inorganic Phosphorus. DIN = Dissolved Inorganic Nitrogen. The NH4:NO3 
ratio is dimensionless. 
 
 (post)-bloom 

1 
δmax 

(bottom-
surface)a 

(post)-bloom 
2 

δmax 

(bottom-
surface)a 

days 119 - 136 119 - 136 156 - 163 156 - 163 
     
daily irradianceb 
(W h m-2 day-1) 

89 - 434b   -399c 225 - 387b -365c 

     
temperature (°C)  9.1 - 11.7 -0.6 14.5 - 15.2 -0.4 
     
salinity (psu) 31.1 - 31.6  0.5 31.6 - 31.8  0.9 
     
DIP (µM)   0.19 - 0.23 -0.07 0.26 - 0.52 -0.07d 
     
DIN (µM)  20.2 - 24.9 -2.8 12.4 - 17.0  2.2d 
     
NH4:NO3  0.07 - 0.16 -0.05 0.78 - 0.69 -0.18 

 

amaximum difference during the (post)-bloom period; positive difference indicates higher bottom 
values  
btotal water column daily irradiance (Peperzak et al. 1998) 
cdifference between upper layer and bottom layer daily irradiance (see Figure 9.1) 
dno bottom nutrient samples at day 163 
 
 
 
The third Phaeocystis cell type was a small flagellate falling in the size range of 
3.4 to 4.1 µm (Table 9.3); its relative concentration peaked 17 and 7 days after 
the peaks of the non-flagellate cells, respectively (Figure 9.1b). 
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Figure 9.3. Electron micrographs of Phaeocystis cells of field samples and cultures. A. non-
flagellate cell from NW10, North Sea (day 129, 1992); B. microflagellate (cultured), 
haptonema not visible; C. microflagellate from NW10, North Sea (day 129, 1992), small 
haptonema visible; D. mesoflagellate (cultured) with a clearly visible haptonema; E. 
ruptured mesoflagellate (cultured) with characteristic threads (arrowheads) and 
pentagonal stars; F. body scales of mesoflagellates. Notes: h = haptonema, ps = pentagonal 
star. Cells were fixed with Lugol (A-D) and aldehyde (E,F). Scale bar = 1.0 µm (A-E) and 
0.5 µm (F). 
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Figure 9.4. Coulter counter measurements of the three vegetatively-reproducing cell 
types of Phaeocystis globosa clone Ph91. Lugol-fixed cultures of microflagellates, 
mesoflagellates and non-flagellate cells. Each curve is composed of 2500 cells. 

 
Coulter counter measurements of Lugol-fixed, cultured microflagellates, 

mesoflagellates, and non-flagellated cells, revealed considerable differences in 
size (Figure 9.4). Combined with the LM field data, these differences between the 
cell sizes were highly significant (Table 9.3). Furthermore, both the micro- and 
the mesoflagellate were observed simultaneously at Nw2 in 1997, and at Nw10 
in 1999 (L. Peperzak, M. Rademaker and F. Colijn, unpublished). 

With LM a haptonema could not be observed on microflagellates in field 
samples. On cultured microflagellates, no haptonema was visible, either with LM 
(Peperzak 1993: Figure 9.4a), or with TEM (Figure 9.3b). However, TEM analysis 
on NW10 samples revealed a haptonema on ≈ 50% of the microflagellates (Figure 
9.3c). This haptonema was more or less bent (Figure 9.3c), and it appeared to be 
0.4 µm smaller than the mesoflagellate haptonema which was 1.0 µm (Table 9.4). 
In an additional Lugol-fixed field sample from 1997, both microflagellates (3.6 
µm) and mesoflagellates (4.8 µm) were observed, and a haptonema was seen with 
LM on 33% of the microflagellates. In a test where haptonema possessing Lugol-
fixed mesoflagellates were studied with TEM, the haptonema could not be seen 
in 35% of the cells. Haptonema loss by fixation, and its small size on 
microflagellates, are likely reasons for the difficulties of detecting it with LM. 
 TEM observations on cultured Phaeocystis micro- and mesoflagellates showed 
that the quality of the cells in Lugol (Figure 9.3d) was better than in an aldehyde 
fixative (Figure 9.3e). In aldehyde fixatives, many mesoflagellates had ruptured 
cell walls. The cell size of micro- and mesoflagellates as determined by TEM 
(Table 9.4) was 50% of those measured by LM and CC (Table 9.3) and therefore,  
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Table 9.4. Phaeocystis globosa micro- and mesoflagellate characteristics determined by 
electron microscopy in field samples from the North Sea and in cultures. Microflagellate 
scales had probably dissolved, but chitinous threads and pentagonal stars had not been 
produced. 
 
Flagellates: meso- 

 
  micro- 

 
  

variablea 

 
n 
 

mean 
 

95% c.i.b n  mean 95% c.i.b 

haptonema length  18 1.00 ± 0.21  5 0.56 ± 0.22 
       
length 1st flagellum 29 5.07 ± 0.42 17 3.70 ± 0.40 
length 2nd 
flagellum 

26 4.47 ± 0.38 17 3.32 ± 0.33 

length all flagellac 55 4.78 ± 0.29 34 3.51 ± 0.26  
       
flagella thicknessc 25 0.13 ± 0.01 18 0.08 ± 0.01 
taper 1st flagellum 25 0.52 ± 0.06 11 0.48 ± 0.07 
taper 2nd flagellum 18 0.46 ± 0.07 14 0.47 ± 0.06 
       
small scales   6 0.11 x 

0.14 
± 6%d  0   

large scalese  18 0.18 x 
0.19 

± 2%d  0   

       
thread thickness  5 0.04 ± 0.01  0   
pentagonal star  9 0.85 ± 0.08  0   
       
cell size 32 2.09 ± 0.16 21 1.60 ± 0.11 

a all sizes in µm; overall means of field and culture samples 
b confidence interval 
c 1st and 2nd flagella combined 
d mean of length and width c.i. relative to the means 
e 48 ridges 
 
the TEM-sizes were not used to estimate the mean spherical equivalent 
diameters presented in Table 9.3. 
 On the other hand, several flagellate characteristics, which could not be 
determined accurately by LM, had to be measured with TEM. Significant 
differences between meso- and microflagellates were haptonema and flagella 
length (Table 9.4, Figure 9.3). Two forms of body scales were observed in cultures 
of mesoflagellates  (Figure 9.3f).  The  oval  body scales  were  small,  the  circular  
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Figure 9.5. LM micrograph of a Phaeocystis colony with microflagellates in a bottom 
sample of station NW10, North Sea (day 129 1992). The colony membrane (cm) is clearly 
visible. Scale bar = 10 µm. 
 
 
body scales were larger (Table 9.4). The number of ridges on the large scales was 
48, but ridges could not be observed on the small scales.  
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Figure 9.6. LM micrograph of a Phaeocystis colony in a bottom sample of station NW10, 
North Sea (day 129 1992), with microflagellates and pentagonal stars (white arrowheads). 
Note that the colony membrane (cm in Figure 9.5) is not visible anymore. Scale bar = 10 
µm. Inset: electron micrograph of a pentagonal star of the same sample (scale bar = 0.5 
µm). 
 
 In contrast with material in aldehyde fixatives, fewer body scales were 
observed in Lugol-fixed mesoflagellate cultures. On the other hand, threads and 
pentagonal stars were observed in mesoflagellate cultures, independently of the 
type of fixative used. This means that the body scales, but not the threads and 
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pentagonal stars, may deteriorate or be lost in Lugol’s fixative. Threads and 
pentagonal stars were never observed in the Lugol-fixed microflagellate cultures 
(Table 9.4) which indicates that, unlike the mesoflagellates, microflagellates do 
not produce threads and pentagonal stars. Unfortunately, the microflagellate 
culture was lost before aldehyde fixations were made. 
 
colonial flagellates 
 
Microscopic examination showed that the NW10 bottom samples contained more 
Phaeocystis colonies than surface samples. During the first Phaeocystis bloom, 
normal non-flagellate cells in colonies were observed with LM in samples from all 
depths till day 119. On day 129, several colonies with small flagellates were 
observed in the bottom water sample (Figure 9.5). These colonial flagellates had 
a mean diameter of  2.9 µm (c.i. ± 0.10 µm), and usually they had two straight 
flagella at an angle of ca. 45° to each other (Figure 9.5). Haptonemata were not 
observed with LM. These colonial microflagellates were therefore 
morphologically similar to cultured microflagellates (Peperzak 1993: Figure 
9.4a). 

In addition to the microflagellates, ‘five-rayed stars’ were observed in 
deteriorating colonies (Figure 9.6), revealing the typical pentagonal arrangement 
(inset Figure 9.6). The size of the pentagonal stars in field samples was 
approximately 1 µm across, while the overall mean size (including those observed 
in mesoflagellate cultures) was 0.85 µm (Table 9.4). The threads, at whose ends 
the stars were present, had a mean diameter of 0.04 µm. 
 
 

Discussion 
 
 
The appearance of colonial Phaeocystis flagellates has been linked to conditions 
unfavourable for colonial survival, i.e. at the end of the bloom (Lagerheim 1896, 
Scherffel 1900, Ostenfeld 1904, Jones and Haq 1963, Cadée 1991a). Such 
unfavourable conditions include a temperature decline (Verity et al. 1988) and 
nutrient stress (Veldhuis et al. 1986, Verity et al. 1988b, Brussaard et al. 1995, 
Escaravage et al. 1995, Matrai et al. 1995). In the North Sea, the first Phaeocystis 
flagellates appeared during the colonial bloom when DIP became the growth-
limiting nutrient (Table 9.2, Peperzak et al. 1998). The high DIN values preclude 
nitrogen limitation (Peperzak et al. 1998) and therefore the NH4:NO3 ratio has no 
influence on flagellate formation here (Riegman et al. 1992). A second adverse 
factor was the sedimentation of the colonies (Peperzak et al. 1998), since this 
process implies strong reduction in daily irradiance (Figure 9.2, Table 9.2). 
Presumably, the combination of nutrient stress and irradiance limitation is 
needed to trigger flagellate formation. The increase of small Phaeocystis 
flagellates at depths > 40 meter in the Channel, as observed by Davies et al. 
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(1992), was explained by Peperzak (1993) as the result of nitrate stress and a 
decline of daily irradiance from 500 to 2 W h m-2 day-1. In the North Atlantic, 
Marra et al. (1995) observed the demise of a P. pouchetii bloom after increased 
vertical mixing and consequently, low mean irradiance. However, nitrate 
concentrations were high (10 µM) and Phaeocystis flagellates were not observed 
(Marra et al. 1995). Likewise, Palmisano et al. (1986) did not observe flagellate 
formation when an Antarctic Phaeocystis bloom was advected, under ice, to low 
light conditions in nutrient-replete water (19 µM nitrate and 1.5 µM phosphate). 

The morphology of the three different Phaeocystis flagellates (Table 9.3) and 
the non-flagellate cell type will be discussed now, with special reference to the 
classical papers of Kornmann (1955) and Parke et al. (1971). Both papers deal 
with what is now considered to be P. globosa (Baumann et al. 1994, Rousseau et 
al. 1994). The position of the four cell types in the Phaeocystis life cycle will be 
discussed. 
 
non-flagellate cells 
 
The size of the non-flagellate Phaeocystis cells reported here (Table 9.3) is in the 
range of cell sizes reported for  Phaeocystis cultures by Kornmann (1955), and by 
Rousseau et al. (1990) for Phaeocystis sp. from Belgian coastal waters and 
cultures. Besides the lack of flagella, the non-flagellate cell does not possess a 
haptonema nor body scales (Figure 9.3a, Chang 1984b). An exception to this rule 
is P. jahnii; its non-flagellate cell is covered with extremely thin scales (Zingone 
et al. 1999). The non-flagellate cell type is diploid (Rousseau et al. 1994, Vaulot et 
al. 1994). 
 
macroflagellates: ‘Schwärmer’ and ‘Makrozoosporen’ 
 
The largest haptonema-bearing Phaeocystis flagellates, the so-called 
macroflagellates, that were observed at NW10 fall in Kornmann’s size range for 
“Schwärmer” (Table 9.3). Kornmann (1955) obtained “Schwärmer” from non-
flagellate cells in a matter of hours after sucking colonies into a fine capillary 
tube. Cariou et al. (1994) obtained such flagellates (≈ 7 µm) by shaking 
Phaeocystis colonies. Zingone et al. (1999) found a strong ultrastructural 
resemblance between the non-flagellate and a flagellate stage of P. jahnii. 
Macroflagellates attach to the water surface (Kornmann 1955, Zingone et al. 
1999), diatoms (Boalch 1987, Cadée and Hegeman 1991a, Marchant and 
Thomsen 1994), inanimate particles (Rousseau et al. 1994: Figure 8), or the wall 
of the culture vessel (Kayser 1970, Cariou et al. 1994, Riegman and van Boekel 
1996, Zingone et al. 1999), where they develop new colonies within a day  
(Kornmann 1955, Garrison and Thomsen 1993, Cariou et al. 1994). This short 
life-time provides an explanation why macroflagellates were observed only 
occasionally at NW10 in 1992.  
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Parke et al. (1971) define Kornmann's ‘swarmers’ as ‘definitely asexual zoids’. 
Cariou et al. (1994), who studied the non-flagellate cell to macroflagellate 
transitions could indeed not measure any changes in ploidy. Therefore, because 
non-flagellate cells are diploid (Vaulot et al. 1994), the macroflagellates are 
diploid as well. 

Kornmann (1955) also described ‘Makrozoosporen’, large flagellates which 
developed seldomly and for unknown reasons from non-flagellate cells in 
colonies. When these flagellates had escaped the colony, they could rapidly 
develop new colonies after adhesion to a surface, just as macroflagellates. The 
validity of the ‘Makrozoosporen’ as a separate life cycle stage in Phaeocystis has 
already been doubted by Davidson and Marchant (1992). Garrison and Thomsen 
(1993) observed comparable, large (6.5 µm) haptonema-bearing Phaeocystis 
flagellates in colonies; their formation was triggered by the melting of the 
Antarctic ice on which the colonies lived. Marchant and Thomsen (1994) 
described such flagellates as unlike typical Phaeocystis ‘swarmers’ because they 
did not possess body scales (Table 9.1). On the other hand, Zingone et al. (1999) 
recently reported very thin scales on the colonial flagellates of P. jahnii. 
However, in this typical case of P. jahnii these scales were also present on the 
non-flagellated (colonial) cell type (Zingone et al. 1999). After the Antarctic 
flagellates escaped from the colony, they settled within 6 hours on diatom setae 
and appendages (Garrison and Thomsen 1993, Marchant and Thomson 1994).  

The similarity in (i) size, (ii) physical trigger for production and (iii) ability to 
rapidly form new colonies, lead to the conclusion that ‘Schwärmer’, the 
intracolonial ‘Makrozoospore’ and its ‘Schwärmer’, and the ‘atypical Antarctic 
swarmers’ are all diploid macroflagellates.  
 
‘Mikrozoosporen’ and ‘small and large zoids’ 
 
Kornmann (1955) observed  ‘Mikrozoosporen’ in elderly cultures after nearly or 
complete degeneration of the colonies. These flagellates were smaller (3 - 5 µm) 
than the ‘Schwärmer’ (4.5 - 8 µm). It is hypothesised here that this 
‘Mikrozoospore’ is probably not a single flagellate type, but consists of two types 
which will be called the meso- and the microflagellate (Table 9.3). Support for 
this hypothesis comes from the literature as well as from data presented here. 
Since the first EM observations on Phaeocystis flagellates by Parke et al. (1971), 
it is known that there are two types of ‘small’ flagellates. These so-called ‘zoids’ 
(Table 9.1) fall in the size range of the ‘Mikrozoosporen’ (3 - 5 µm). The first type 
of small flagellate (clone 64, Parke et al. 1971), which is the smallest of the two 
zoids, does not produce threads or pentagonal stars. The second flagellate type 
(clone 147, Parke et al. 1971), is slightly larger than clone 64 and its main 
characteristic is its ability to produce threads and pentagonal stars. Such 
differences in star production have also been observed in field samples (Manton 
and Leadbeater 1974, Booth et al. 1982), and were related to flagellate size 
(Leadbeater 1972, Pienaar and Copper 1991), (Table 9.1). Furthermore, in 
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Phaeocystis cultures of micro- and mesoflagellates (sizes: 3.1 and 4.2 µm, Table 
9.3) threads and pentagonal stars have only been observed in the mesoflagellate 
cultures (Table 9.4). Therefore, the small and large ‘zoid’ (Parke et al. 1971), or 
the micro- and the mesoflagellate (Table 9.3), belong to the category of  
‘Mikrozoosporen’ (Kornmann 1955). 
 
 
microflagellates 
 
Lugol-fixed microflagellates have rather straight flagella at an angle of 45°-90° 
(Figure 9.3; Peperzak 1993: Figure 4a). The haptonema is small and difficult to 
detect. Scherffel (1900) could observe the haptonemata of  ‘Schwärmer’ only after 
fixation with 1% osmium acid. Ostenfeld (1904) could not observe the haptonema 
of ‘zoospores’ and Guillard and Hellebust (1971) found the haptonema only in 
10% of the ‘motile cells’ that retained their flagella through iodine staining. The 
apparent lack of a haptonema is also clear from TEM analyses on P. pouchetii by 
Hoepffner and Haas (1990: Figure 4a) and Phaeocystis sp. by Novarino et al. 
(1997: Figure 34). In the present study, the microflagellate haptonema could be 
found with TEM (Figure 9.3c), although not on all cells (Figure 9.3b). Difficulties 
in observing haptonemata in several prymnesiophyte species, due to their 
reduced size or even their absence in certain life cycle stages, have already been 
reported by Green and Pienaar (1977). In contrast to observations by Parke et al. 
(1971), no body scales were observed in microflagellate TEM preparations here 
(Table 9.4), presumably the result of the prolonged storage of the cells in Lugol’s 
fixative.  
 
mesoflagellates 
 
The mesoflagellate of Phaeocystis was a significant 35% larger than the 
microflagellate when measured with LM and CC (Table 9.3). Nearly the same 
significant difference (31%) was found with TEM (Table 9.4). However, there was 
a large absolute difference between either TEM or LM and CC. With TEM the 
sizes of both micro- and mesoflagellates were half in comparison to LM and CC 
(Table 9.3, 9.4). Probably, this is largely due to sample processing for TEM. A 20-
50% reduction in size between living cells and TEM samples of 
Chrysochromulina spp. has been measured by Manton and Leadbeater (1974). 

Shrinkage did not occur in the mesoflagellate body scales (Table 9.4) and their 
size, and the number of ridges of the large scale were the same as those reported 
by Parke et al. (1971) for both ‘zoids’ (Table 9.1). Also, the mesoflagellate flagella 
were in the size range (4.5 - 6.8 µm) reported by Parke et al. (1971), although 
they were slightly unequal (Table 9.4). Unequal flagellar length in Phaeocystis 
spp. has also been reported by Inouye (1990), Pienaar (1991) and Zingone et al. 
(1999). For P. globosa, Parke et al. (1971) and Davidson (1985) give a length of 
1.5 - 2.3 µm for the haptonema which is above that observed in Phaeocystis clone 
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Ph91 (Table 9.4). The size of the pentagonal stars was 0.85 µm (Table 9.4), close 
to the 1 to 1.2 µm reported by Parke et al. (1971), Davidson (1985) and 
Chrétiennot-Dinet et al. (1997). Apart from size, the mesoflagellate had 
significant longer flagella (ca. 40%) and it had a longer haptonema than the 
microflagellate (Table 9.4). 

In this study, micro- and mesoflagellates in the 1992 North Sea samples were 
not separately identified by LM. This accounts for the rather large size range of 
the ‘microflagellates’: 3.4 - 4.1 µm (Table 9.3). The small size of Phaeocystis 
micro- and mesoflagellates is probably the reason that they have been described 
and counted collectively in several LM investigations as ‘Mikrozoosporen’ or 
‘microzoospores’. In the Channel (Parke et al. 1971) and in 1997 at Nw10 in the 
North Sea, the two differently sized flagellates appeared simultaneously. 
Scherffel (1900) already commented that the intracolonial flagellates were of 
variable form and size. Apparently, only the microflagellates were observed 
intracolonially with LM in the field samples (Figures 9.4 and 9.5). This is 
probably due to the small size differences (1 µm) between micro- and 
mesoflagellates and the large number of flagellates per colony: the two flagellate 
types could not be distinguished from each other. When separately cultured, a 
significant size difference between micro- and mesoflagellates was measured 
(Table 9.3, Figure 9.4). 

In addition to the micro- and mesoflagellate of P. globosa, TEM observations 
of P. scrobiculata also indicate the existence of two types of flagellates (Table 
9.1). Common in all five reports of P. scrobiculata is the production of nine-rayed 
stars. The P. scrobiculata type is 8 µm in size and it possesses 23-30 µm long 
flagella and 0.45 x 0.60 µm large oval body scales (Moestrup 1979). The smaller 
flagellates are 2-4 µm and have flagella that are 7-10 µm long (Estep et al. 1984: 
Figure 30, Hoepffner and Haas 1990). In addition, Hallegraeff (1983) and Estep 
et al. (1984) report that the large oval body scales of their P. scrobiculata 
flagellate are 0.3 x 0.4 µm in size, compared to 0.45 x 0.60 µm in the original 
description (Moestrup 1979). Zingone et al. (1999) observed presumed P. 
scrobiculata cells in Mediterranean samples with small, 0.2-0.3 x 0.3-0.4 µm 
scales. Such large size differences in flagella and body scale size, conservative 
features in P. globosa, suggest that two flagellate types, presumably micro- and 
mesoflagellates, also exist in the life cycle of  P. scrobiculata. Alternatively, there 
is a second nine-ray star producing Phaeocystis species besides P. scrobiculata. 
 
‘threads and pentagonal stars’ 
 
Phaeocystis mesoflagellates are the producers of thin threads and pentagonal 
stars (Table 9.4). The pentagonal stars have been observed both in field samples 
and in cultures (Table 9.1). This report is the first describing these structures in 
North Sea samples, as well as in colonies (Figure 9.6). Novarino et al. (1997) 
described threads around solitary Phaeocystis flagellates in North Sea samples, 
but they did not observe their pentagonal arrangement. It has been hypothesised 



chapter 9 

 164 

that the threads are involved in colony formation (Ramani et al. 1994) or in the 
capture of the diatoms on which colonies develop (Chrétiennot-Dinet 1999).   

In Phaeocystis flagellates from the Arctic and from Southern Africa, Davidson 
(1985) and Pienaar (1991) described intracellular balloon- or disc-like vesicles 
that contain the five-armed stars before their release. This agrees with 
observations made by Parke et al. (1971) who described such vesicles in the 
‘mesoflagellates’ (zoids clone 147), but not in the ‘microflagellates’ (zoids clone 64) 
of Phaeocystis. Clone 147 produced threads and stars, clone 64 did not (Parke et 
al. 1971; Table 9.1). A more detailed study by Chrétiennot-Dinet et al. (1997) 
revealed that Phaeocystis threads are composed of chitin. Chitin threads are also 
produced by certain genera of diatoms, notably in the Thalassiosiraceae, and 
they function against tintinnid grazing by increasing the overall cell size 4- to 10-
fold (Verity and Villareal 1986). Phaeocystis globosa produces 20 µm (Parke et al. 
1971, Davidson and Marchant 1992), and P. scrobiculata  ≥ 50 µm long threads 
(Moestrup 1979), 5 to 6 times cell size (Table 9.1). Presumably the Phaeocystis 
threads play a role in grazer defence too. 
 
life cycle 
 
It is proposed here that there are four different cell types in Phaeocystis (Table 
9.3). Two types are large and they lack body scales: the non-flagellate cell and the 
macroflagellate. The two other cell types, the meso- and the microflagellate, are 
smaller and they possess a haptonema and body scales. In Figure 9.7 their 
possible relationships in the life cycle of Phaeocystis are presented. 

A colony starting with one diploid non-flagellate cell is formed from a single 
diploid macroflagellate (Kornmann 1955, Cariou et al. 1994, Rousseau et al. 
1994), under nutrient and irradiance replete conditions (Peperzak 1993). 
Physical phenomena (Kornmann 1955, Garrison and Thomsen 1993, Cariou et al. 
1994) can reverse this step. The micro- and the mesoflagellate are haploid 
(Rousseau et al. 1994, Vaulot et al. 1994) and combined nutrient and irradiance 
limitation of the colony lead to their simultaneous formation. The hypothesis for 
this pathway is bracketed by several observations: (i) Micro- and mesoflagellates 
occur simultaneously in the field. (ii) Mesoflagellates produce the pentagonal 
stars, and because the stars were observed in colonies together with 
microflagellates both flagellates were formed in the colonies. (iii) During meiosis 
one diploid cell should produce four haploid gametes, which, in the case of 
Phaeocystis means two micro- and two mesoflagellates. Indeed, the volume of two 
microflagellates (2 x 16 µm3 ) and two mesoflagellates (2 x 39 µm3) is 92% of the 
mean volume of a non-flagellate cell (119 µm3, volumes computed from s.e.d.’s in 
Table 9.3). In non-fixed field samples in 1999, the combined volumes of two 
micro- and two mesoflagellates was 102% the volume of the non-flagellate cell 
type. 
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Figure 9.7  Life-cycle of Phaeocystis. n = haploid, 2n = diploid. (a) A colonial non-flagellate 
cell is formed from a macroflagellate under non-turbulent conditions when nutrients and 
daily irradiance are sufficient. Normal, vegetative reproduction can lead to a colony 
consisting of  thousands of non-flagellate cells. (b) Diploid macroflagellates from non-
flagellate cells are produced physically, e.g. by turbulence. Names previously used were 
‘Makrozoosporen’ for flagellates still inside the colony, and ‘Schwärmer’ or ‘swarmers’ for 
solitary flagellates. Macroflagellates have a life-time of less than a day. (c) Under nutrient 
stress and irradiance limitation haploid micro- and mesoflagellates are formed 
intracolonially. Names previously used were ‘Mikrozoosporen’ and ‘small’ and ‘large zoids’. 
The mesoflagellates of P. antarctica, P. globosa, P. pouchetii and P. cordata produce 
pentagonal stars. (d) Meso- and microflagellates escape the colonial matrix. Both are able 
to reproduce vegetatively. (e) Presumed syngamy of micro- and mesoflagellates leads to 
the diploid macroflagellate. This step has not been observed yet. 
 
 

Presumably, one micro- and one mesoflagellate produce a diploid 
macroflagellate (syngamy) under certain circumstances, e.g. after an increase in  
irradiance (Kornmann 1955, Peperzak 1993). Until now, the only test on 
sexuality and attempts to restore the colonial form from ‘micro’- and 
‘mesoflagellates’ has failed (Parke et al. (1971). Insufficient irradiance might 
have been one reason, because Parke et al. (1971) themselves deduced from the 
increased stacking of thylakoids that their cultures received ‘sub-optimal 
illumination’. Manton and Leadbeater (1974) even considered prymnesiophytes 
as non-sexual organisms, and it should be noted that although in the 
Prymnesiophyceae, haplo-diplontic heteromorphic life cycles have been 
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demonstrated for some species in the Coccolithophorales, sexuality has not yet 
been proven for any species in the Prymnesiales, the order to which Phaeocystis 
belongs (Billard 1984, van den Hoek et al. 1995). 

The Phaeocystis life cycle in Figure 9.7 must be regarded tentative. It is based 
largely on observations of P. globosa and not all the life cycle transitions have 
been tested under controlled, culture conditions. However, this is the first 
attempt to provide a model that includes all cell types, the life cycle stages, their 
transitions and the physical and chemical variables involved. Previous 
descriptions (Veldhuis 1987: Figure 1, Davidson and Marchant 1992: Figure 4 
and Rousseau et al. 1994: Figure 9) placed more emphasis on the colony and its 
temporal development. Rousseau et al. (1994) described colonial ‘macrozoospore’ 
formation as a separate loop in the life cycle. The final difference between Figure 
9.7 and previous life cycle schemes is the introduction of micro- and 
mesoflagellates (Parke et al.’s 1971 ‘zoids’, Table 9.1) in the place of the single 
‘Mikrozoospore’ (Kornmann 1955).  
 Despite the complete life cycle description of Phaeocystis, there are still two 
major issues remaining. First, the simultaneous formation of haploid micro- and 
mesoflagellates has not been measured under controlled conditions. Secondly, the 
demonstration of syngamy between micro- and mesoflagellates, the final missing 
link in the life cycle of Phaeocystis, will overcome the tentative nature of the life 
cycle presented here.  
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Phaeocystis globosa: autecological data 
and bloom phenomena 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
“Es ist verwunderlich, wie gering unsere Kenntnis über die Biologie von 
Phaeocystis ist...” 
 
P. Kornmann (1955) 
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Introduction 
 
 
In the previous chapters, several physical, chemical and biological factors that 
are involved in the wax and wane of Phaeocystis globosa blooms have been 
investigated. In this chapter, several remaining questions will be examined. 
How do salinity and temperature influence Phaeocystis growth rate? Is it 
possible to describe growth rate as a function of the three autecological 
variables: salinity, temperature and daily irradiance? Autecological functions, 
or equations, are essential in population models because they provide first 
estimates of growth rates. Furthermore, they help in identifying bloom 
conditions in the sea. Growth rate estimates also provide vital information for 
mixed species experiments, in which Phaeocystis has to compete for nutrients 
with other phytoplankton. Within the boundaries (temperature, salinity, daily 
irradiance) set in such experiments, the choice of species may well determine 
the competition result. Rather surprisingly, the basic autecological equations 
have not been made yet for Phaeocystis. 

In addition, some important questions remained unanswered. How can 
Phaeocystis outcompete diatoms under Si-replete conditions? Phaeocystis 
blooms are related to eutrophication, but does eutrophication ultimately 
determine the maximum Phaeocystis concentration in the sea? The wane of 
Phaeocystis blooms in the sea is notoriously associated with large amounts of 
foam on nearby shores; one of the major reasons to name the species a harmful 
alga. Is there a quantitative relation between bloom magnitude and the 
amount of beach-foam? These questions will be addressed in the following 
paragraphs. The goal is to gain a better understanding of the bloom 
characteristics of P. globosa, and to identify any remaining gaps in our 
knowledge that need further investigation. 
 
 

Salinity 
 
 
In coastal regions of the oceans, seawater salinity is subject to fluctuations due 
to variable freshwater input from the land. One of Europe's largest rivers, the 
Rhine, discharges into the North Sea leading to profound changes in salinity, 
nutrient concentrations, water density, water column stratification and, as a 
consequence, in phytoplankton development off the Dutch coast (van 
Bennekom et al. 1975, Peeters and Peperzak 1990, Simpson and Souza 1995, 
de Ruijter et al. 1997, Peperzak et al. 1998, chapter 6). Therefore, it would be 
expected that the effect of salinity variations on the growth rate of Phaeocystis 
globosa, the most abundant phytoplankton species in the Dutch coastal zone, 
has been well investigated. However, this is not so. 
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At present, only information on the salinity tolerance of Phaeocystis is 
available. In the first review of Phaeocystis, the genus was characterised as 
‘relatively stenohaline’ (Kashkin 1964). This conclusion was based on a large 
number of field observations of P. pouchetii in a narrow salinity range (29.5 to 
35.5‰). Furthermore, in the Gulf of Elat, Phaeocystis sp. was found at the 
maximum salinity of 40‰ (Thomsen 1978). However, the prymnesiophytes 
generally tolerate salinities from 10 to 30‰ (Pintner and Provasoli 1963, 
Hibberd 1980, Brand 1984). Nowadays, after three decades of Phaeocystis 
studies that include coastal regions as well, P. globosa is considered a 
euryhaline species (Lancelot et al. 1998). 

In the North Sea, P. globosa has been found at salinities ranging from 23 to 
35‰ (Wulff 1933, Rahmel et al. 1995, Rick and Aletsee 1989, Cadée 1991a). 
The maximum salinity at which P. globosa was found, in the Arabian Gulf, was 
36-37‰ (Al-Hasan et al. 1990). Stefels (1997) was able to culture P. globosa at 
salinities from 25 to 50‰, which was accompanied by an increase in the 
osmolyte dimethylsulphoniopropionate from 6 to 38 fmol cell-1. Yet, no 
quantitative relation between growth rate of any Phaeocystis species and 
salinity has been established. 

The effect of salinity on Phaeocystis growth rate was tested in seawater 
originating from the central North Sea (36 psu) and the Oosterschelde (32 psu). 
Oosterschelde water was diluted with demineralised water to obtain salinities 
of 14.9 and 5.1 psu (in the present notation 1 psu or practical salinity unit ≅ 
1‰). After sterilisation and enrichment with PEP-Si nutrients (Peperzak et al. 
2000a), combinations of undiluted and diluted seawater were made to obtain a 
total of seven different salinities ranging from 10 to 36 psu. P. globosa clone 
Ph91 (Peperzak 1993) was incubated at 15°C and 110 W h m-2 day-1 (12:12 L:D 
cycle). Growth rate was measured from the exponential increase of in vivo 
fluorescence (Peperzak et al. 2000a). Flow cytometric measurements of 
exponentially growing cells, showed that there were no significant fluorescence 
differences between cultures of different salinities. 

Growth rates were fitted in SYSTAT (Wilkinson 1990) to an adapted Eilers-
Peeters (1988) equation. Under the assumption that growth rate decreases 
linearly towards a minimum salinity where growth rate is zero, and that 
growth inhibition occurs at high salinities, the growth rate - salinity equation 
reads: 
 
 

µ = (sal-sal0) / (a (sal-sal0)2 + b (sal-sal0)  + c)     [10.1] 
 
 
In which: µ = growth rate (day-1) and sal = salinity in psu; a, b, c and sal0 (= sal 
where µ = 0), are equation parameters. 
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Figure 10.1. Phaeocystis globosa growth rate as a function of salinity. The curve is 
equation [10.1] fitted to the experimental data (.);  o = data from the literature. 
 
 

The experimental results were compared with data from Kayser (1970), 
Guillard and Hellebust (1971), Grimm and Weisse (1985), Jahnke and 
Baumann (1987), Jahnke (1989), Lubbers et al. (1990), Rousseau et al. (1990), 
Buma et al. (1991), van Boekel (1992a), Veldhuis et al. (1991), Stefels and van 
Boekel (1993), and from chapter 2 (E > 500 W h m-2 day-1), 5, 7 and 8). These 
data pertain to P. globosa strains isolated in coastal areas, and cultured in the 
laboratory under controlled conditions. Aberrant high growth rates (µ > 1.5 
day-1 or k > 2 divisions day-1) from Grimm and Weisse (1985) and Jahnke 
(1989), cannot be explained by an optimum combination of salinity, 
temperature and daily irradiance (this chapter) and therefore, these outliers 
were excluded from the database. 

Under the experimental conditions, P. globosa grew at approximately 1   
day-1 in the 25 to 35 salinity range (Figure 10.1). The cultures slowly died at 15 
psu; at 10 psu the cells disintegrated rapidly. The results of the fit of equation 
[10.1] to the experimental data were good. The model explains 95% of growth 
rate variability (r2 = 0.95). The model parameters (± standard error) are: a = 
0.012 (± 0.014), b = 0.65 (± 0.30), c = 2.36 (± 1.23), sal0 = 15.0 (± 0.2). Using 
equation [10.1] the calculated maximum growth rate was 1.0 day-1 at 29 psu. 

Considering the 20 psu salinity range in which P. globosa is able to grow 
(Figure 10.1), the species is indeed euryhaline (Lancelot et al. 1998). However, 
this cannot be concluded from previous laboratory studies, because these were 
performed in the narrow range of 29 to 35 psu (Figure 10.1). The large range of 
growth rates measured in these studies (Figure 10.1), are due to the widely 
differing culture conditions, such as in temperature and in daily irradiance. 
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Brand (1984) distinguished oceanic, coastal and estuarine species on the 
basis of the salinity tolerance of 46 phytoplankton clones. Following Brand’s 
classification, P. globosa Ph91 is a coastal species (reproduction optima at 25 to 
33 psu), which is in line with the origin of this strain (Peperzak 1993). The 
ability of P. globosa to grow at widely differing salinities, may well be a factor 
contributing to its success in Dutch coastal waters, where salinities vary 
between 26 and 32 psu (chapter 4: Figure 4.2b; de Ruijter et al. 1997). 
However, the effect of fast fluctuating salinities on, for example, the speed at 
which Phaeocystis adapts its growth rate or colony buoyancy, have not been 
investigated yet. 
 
 
 
 

Temperature 
 
 
 
Seawater temperature ranges from -2°C, its freezing point, to an extreme 36°C 
in the Arabian Gulf (Al-Hasan et al. 1990). The genus Phaeocystis occupies a 
large part of this temperature range, although the tolerances of the individual 
species are distinct. Jahnke and Baumann (1987) measured the difference in 
temperature tolerance, between Phaeocystis pouchetii (-2 to 14°C) and P. 
globosa (4 to 22°C). The temperature tolerance of P. antarctica (-2 to 7°C; 
Baumann et al. 1994), resembles that of the arctic P. pouchetii. Phaeocystis sp. 
from the east coast of north America grows between 0 and 13°C (Guillard and 
Hellebust 1971, Verity et al. 1988a, Hegarty and Villareal 1998). 

The observation that in polar regions Phaeocystis blooms before diatoms, in 
contrast to temperate seas, has been related to interspecific differences in 
temperature optima (Lancelot et al. 1998). On the other hand, Cadée and 
Hegeman (1986) could not find a relation between the start of the spring 
Phaeocystis globosa bloom and water temperature in the North Sea.  

Colonies of P. globosa have been observed at widely differing temperatures, 
from approximately -1°C in Dutch coastal waters (Veldhuis et al. 1986, Cadée 
1991a) to 25-26°C in the Atlantic Ocean off the South American coast 
(Lohmann in Kashkin (1963), Guillard and Hellebust 1971). This wide 
temperature tolerance makes P. globosa well suited for growth in the coastal 
regions of the North Sea, where the temperature ranges from near zero in 
winter (Cadée 1991a) to 22°C in summer (Cadée 1991a, Peperzak et al. 1996b).  
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Figure 10.2. Phaeocystis globosa growth rate as a function of temperature. The curve is 
equation [10.2] fitted to data from the literature. 
 
 

To evaluate the role of temperature in the development of Phaeocystis 
blooms, a quantitative relation between this variable and the algal growth rate 
is necessary. A first attempt was made in a review by Baumann et al. (1994: 
Figure 8), by drawing a curve by eye. However, the maximum growth rate (> 
0.1 h-1) they obtained would mean that, assuming continuous irradiance, the 
cells divided nearly four times per day, which is extremely high for a flagellate 
(Peperzak 1993, Furnas 1990). The temperature tolerance of a single P. globosa 
strain measured by van Boekel (1992a) was 3 to 24°C, with a maximum growth 
rate of 1 day-1 at 12°C. 

Here, the relation between temperature and P. globosa growth rate will be 
re-examined. Data from the literature (see the previous paragraph on salinity), 
were used to fit a second degree regression equation: 

 
µ = a T2 + b T + c        [10.2] 

 
In which: µ = growth rate (day-1), T = temperature (°C) and a, b and c are 
equation parameters. 

The result of applying equation [10.2] is shown in Figure 10.2. The 
temperature tolerance of P. globosa, at the prevalent experimental conditions, 
ranges from 2 to 23°C. Equation [10.2] explains 57% of the variance in growth 
rate (r2 = 0.57), despite the fact that the growth rates were obtained at widely 
varying salinities and irradiances. The parameters (± standard errors) for 
equation [10.2] were: a = -0.0056 ± 0.0010, b =  0.180 ± 0.025 and c = -0.385 ± 
0.154.  
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The choice for a second degree regression was based on the position of the 
data points (Figure 10.2), which form a parabola. Better known equations, that 
are based on the van ‘t Hoff rule, are the Belehrádek temperature formula (µ = 
a (T - b)c, see Eppley 1972), and the Arrhenius equation (µ = a e-b/RT, see 
Goldmann and Carpenter 1974). Both these equations could not be fitted 
properly, basically because they are unable to describe reduced growth rates 
beyond the optimum. Van ‘t Hoff based equations can, therefore, only be used 
to model maximum temperature dependent growth rates of a variety of algal 
species, not a single one. 

The optimum temperature, calculated with equation [10.2] is 16°C, the 
same value as found by Baumann et al. (1994). The temperature range (2 to 
23°C) is nearly the same (3 to 24°C) as found by van Boekel (1992a). From 6 to 
16°C the growth rate, calculated with [10.2], increased by a factor 2.2. 
Goldmann and Carpenter (1974) calculated a maximum Q10 of 2.2 for a variety 
of small single-celled green algae and diatoms, and suggested that the growth 
rate of many algae is controlled by some master reaction. 

For P. globosa too, temperature is an important determinant of growth rate. 
For example, at the start of the spring Phaeocystis bloom in 1992, water 
temperature was 7 to 8°C (chapter 4). At this temperature the cells would grow 
at 0.6 day-1, already 60% of the maximum growth rate. Indeed, the actual 
growth rate calculated from the cell concentrations in Figure 4a (chapter 4), 
was 0.5 day-1. In summer, when a relatively high temperature of 22°C is 
reached in the North Sea, Phaeocystis would still be able to grow at 80% of its 
maximum rate. Because of this broad temperature tolerance, it appears 
incorrect to call P. globosa less eurythermal than polar species (Lancelot et al. 
1998). Polar Phaeocystis species have lower temperature optima and less broad 
temperature tolerances, and as such they are better adapted to polar 
conditions.  
 
 

Daily irradiance 
 
 
Sunlight drives photosynthesis and phytoplankton growth. The way 
phytoplankton harvest the sun’s energy and convert it into new cells is, by 
analogy with the short-term irradiance-photosynthesis process, species-specific 
(Falkowski et al. 1985). In addition to salinity and temperature, daily 
irradiance, the product of irradiance (W m-2 or µE m-2 s-1) and the daily light 
period (h day-1) is the third autecological variable. An attempt is made here to 
model growth rate mathematically as a function of daily irradiance. 

One of the first mathematical relations between growth rate and daily 
irradiance was described by Yoder (1979), using a hyperbolic tangent function. 
One drawback of his function is that, for mathematical reasons, the modelling 
of photoinhibition is excluded. The Yoder equation has been applied to growth 



chapter 10 

 174 

rate data of several diatoms and Emiliania huxleyi but, according to Nielsen 
(1992), with varying success. Another model, the Bannister-Law algal growth 
model (Bannister 1990) includes both photosynthesis and growth rate, three 
adaptive properties, and it treats irradiance and daily light period as separate 
variables. However, the complexity of the Bannister-Laws model (5 equations 
and 10 constants), combined with the current lack of the required data, 
prohibit its use for modelling Phaeocystis growth rate. Here, it is proposed that 
the daily irradiance - growth rate relation may be described using an 
adaptation of the Eilers-Peeters (E-P) equation (1988): 
 

µ = (E - Ec) / (a (E - Ec)2 + b (E - Ec) + c)     [10.3] 
 
With µ = growth rate (day-1), E = daily irradiance; a, b, c and Ec are equation 
parameters. Ec = E where µ = 0 (E and Ec in W h m-2 day-1). 
 

Originally, the E-P equation describes photosynthetic rate as a function of 
irradiance. Unlike other equations of this kind (Kirk 1994), the E-P equation is 
based on phytoplankton physiology, the process of photoinhibition inclusive 
(Eilers and Peeters 1988). A second advantage of the of the modified E-P 
equation [10.3], is that it should allow the easy calculation of species-specific 
characteristics of the daily irradiance-growth rate curve (Table 10.1).  

To test the applicability of equation [10.3], two fits were made. In both of 
these fits, only P. globosa growth rates measured at ± 5°C of the optimum 
temperature (11-21°C) were used. The first fit was made with the non-
flagellate data from chapter 2. Subsequently, the P. globosa dataset used in the 
previous two sections was tested. The chapter 2 data were omitted, but because 
the dataset then contained only one measurement above 500 W h m-2 day-1, the 
high daily irradiance data (E > 500 W h m-2 day-1; n = 7) from chapter 2 were 
included again. Then, the second fit was made. 

Figure 10.3 and Table 10.1 show that the daily irradiance growth rate 
equation can be fit properly to experimental data. At low daily irradiances, the 
chapter 2 growth rates were slightly lower than those calculated with the 
literature data (Figure 10.3), leading to a less steep slope (1/c) and a higher 
characteristic daily irradiance (Ekµ, Table 10.1). This difference may be due to 
the short time the cells in the chapter 2 experiment had to adapt to new 
irradiances. The fitted compensation daily irradiance or Ec, is much lower in 
Figure 10.3b, compared to Figure 10.3a, due to one growth rate measured by 
Jahnke (1989) at 20 W h m-2 day-1. The calculated maximum growth rate is the 
same for both datasets. There is no apparent inhibition at high daily irradiance 
(Figure 10.3), which is reflected in the high daily irradiance optima and the low 
inhibition constants (Table 10.1), in line with the conclusion reached in chapter 
2. However, P. globosa mesoflagellates do show photoinhibition at high 
irradiances (L. Peperzak, unpublished data).  
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Figure 10.3. Growth rate of Phaeocystis globosa as a function of daily irradiance. Curves 
are equation [10.3] fitted to: (a) chapter 2 data of non-flagellate cells, (b) literature data, 
including chapter 2 growth rates measured at daily irradiances above 500 W h m-2  
day-1.  
 

 
The characteristic variables of the daily irradiance-growth rate curve, can 

be useful in quantitative comparisons of Phaeocystis with other phytoplankton 
species. Until now, the comparison of Phaeocystis strains and morphotypes 
with each other, or with diatoms, was usually made on the basis of short-term 
photosynthesis  data  (Verity  et  al.  1991,  Baumann  et al. 1994). Only Moisan  
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Table 10.1. Daily irradiance-growth rate equation [10.3], fitted to data obtained from 
chapter 2, and from the literature (including chapter 2 data at >500 W h m-2 day-1). All 
data measured at 16 ± 5°C. Characteristic variables of P. globosa growth were 
calculated with the parameters a, b and c. 
    chapter2 

data 
literature 
data 

unit 

fit:      
explanation r2 - 0.76 0.68 - 
number of data n - 23 27 - 
parameters a :      
compensation d.i. b  Ec 99 4 W h m-2 day-1 
  a 0.000020 0.000011 - 
  b 0.659 0.675 - 
  c 75.2 56.5 - 
characteristic 
variables: 

     

initial slope s 1 / c 0.013 0.018 - 
optimum d.i. b Em

µ √ (c/a) 1900 2300 W h m-2 day-1 
maximum µ c µmax 1 / (b + 2√(ac)) 1.4 1.4 day-1 
characteristic d.i. b Ek

µ c / (b + 2√ (ac)) 102 78 W h m-2 day-1 
inhibition parameter w b / √(ac) 17 27 - 

a parameters of equation [10.3]  b daily irradiance  c growth rate 
 
and Mitchell (1999) compared daily irradiance growth rate data of P. 
antarctica with P. globosa. Although the shape of their curve (Figure 8b, 
Moisan and Mitchell 1999) is comparable to that of P. globosa (Figure 10.3), 
the maximum growth rate of P. antarctica (0.3 day-1 at 4°C) is only one third 
that of P. globosa. In contrast, Baumann et al. (1994) claim that the maximum 
growth rate of P. antarctica is 1.9 day-1. 

Because Phaeocystis and diatoms often co-occur it seems obvious to compare 
their growth rates. In early spring Phaeocystis outcompetes diatoms in polar 
regions, but not in temperate waters. In general, diatoms have much higher 
growth rates than other phytoplankton groups (Furnas 1990) and, under Si-
replete conditions, diatoms are expected to gain dominance over Phaeocystis 
(Egge and Aksnes 1992). Jahnke (1989) compared the generation times of P. 
globosa and the diatom Thalassiosira rotula, and concluded that the diatom 
would outcompete Phaeocystis at daily irradiances < 500 W h m-2 day-1. 
Hegarty and Villareal (1998) found that in semi-continuous cultures, the 
diatom Skeletonema costatum always dominated over P. cf. pouchetii 
flagellates at either low (100 W h m-2 day-1) or high (570 W h m-2 day-1) daily 
irradiance and irrespective of N- or P-limitation. 
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Table 10.2. Equations describing the growth rate of non-flagellate P. globosa cells as a 
function of three autecological variables: salinity, temperature and daily irradiance.  
Variable unit growth rate (µ) = 
   
salinity (sal) psu (sal-15.0)/(0.012 (sal-15.0)2 + 0.65 (sal-15.0)+ 2.36) 
temperature (T) °C - 0.0056 T2 + 0.180 T - 0.385 
daily irradiance (E) Whm-2day-1 (E-99) / (0.000020 (E-99)2 + 0.66 (E-99) + 75) 

 
The application of equation [10.3] on daily irradiance-growth rate data of 

different Phaeocystis species, morphotypes and of relevant diatom species, will 
provide a better quantitative basis for explaining the competition results 
observed in the sea. However, in order to do so, growth rates must have been 
measured at a range of ecologically significant daily irradiances (cf. chapter 2). 
 
three autecological relations 
 
In the previous paragraphs, three autecological equations have been presented 
that are useful in calculating the growth rate of Phaeocystis as a function of 
salinity, temperature and daily irradiance (Table 10.2). These equations should 
be used carefully. In the first place, they pertain to non-flagellate cells of P. 
globosa only. A lack of data is the reason that similar sets of equations for P. 
pouchetii and P. antarctica, nor for flagellate cells or colonies of either three 
species, can be made. Second, irradiance and daylength, which are often 
treated as separate variables, were combined here in daily irradiance. Third, 
the autecological equations were derived from data collected in experiments 
where only one factor was varied. Interactions between the autecological 
variables have not been taken into account. 

Several examples can be given where interactions between autecological 
variables have been observed. For instance, factorial experiments with the 
dinoflagellate Karenia mikimotoi have shown that its growth rate is influenced 
by interactions between salinity and temperature, and between irradiance and 
daylength (Yamaguchi and Honjo 1989, Nielsen and T∅nseth 1991, Nielsen 
1992). Interactions of irradiance and daylength were also found in the 
prymnesiophyte Emiliania huxleyi, but not in the diatom Ditylum brightwellii 
(Yoder 1979). Yoder (1979) also found an effect of daylength on the growth rate 
of S. costatum, when temperature was 10°C or higher. The temperature 
optimum of the prasinophyte Dunalliela tertiolecta is influenced by salinity 
(Eppley 1972). Such interactions have not yet been investigated in Phaeocystis. 

Other reasons to use the autecological equations in Table 10.2 with caution 
are that (i) autecological data are generally derived from steady state cultures, 
while in the sea fast acclimatisation in response to rapid environmental 
changes may be an important part of a species’ competitive abilities, (ii) the 
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autecological data were acquired from nutrient-replete P. globosa cultures; 
nutrient limitation will not only lead to lower growth rates, but it may also 
affect Phaeocystis morphology (Riegman et al. 1992), and (iii) autecological 
equations for mortality rates (see chapter 5) have not been considered at all. 

Despite their limitations, the equations in Table 10.2, and comparable sets 
for other phytoplankton species, are valuable in making first estimates of 
growth rates for a given set of environmental data. For instance, the 
competition among phytoplankton species for a growth rate limiting nutrient 
has been tested in chemostats in which the species are mixed (Riegman et al. 
1992, Hegarty and Villareal 1998). In chemostats, the growth rates are a 
function of the supply rate of the limiting nutrient. However, the growth rates 
will also depend on the prevalent set of environmental data (salinity, 
temperature, daily irradiance), that determines the species-specific maximum 
growth rates. Therefore, the success of certain species in mixed chemostat 
experiments, and the failure of others, not only depends on their competitive 
capabilities for the limiting nutrient, but also on their species-specific response 
to the environmental conditions.  
 
 

pH, CO2 and the diatom-Phaeocystis succession 
 
ABSTRACT. Observations made in the Dutch coastal zone and in marine mesocosms 
did not provide evidence for the widely accepted hypothesis that the flagellate 
Phaeocystis blooms only after Si has been depleted by a preceding diatom bloom. On the 
contrary, at high Si concentrations Phaeocystis outcompeted the diatoms. The 
mechanism for this succession was unknown. Therefore, the mesocosm data were re-
analysed in view of Phaeocystis' ability to grow at an intracolonial pH over 9. It was 
found that the abundance of diatoms in the mesocosms (mostly Skeletonema costatum), 
declined when pH reached 8.6 and the CO2 concentration became less then 4 µM. The 
maximum Phaeocystis biomass was reached later, at pH 8.9 and 1 µM CO2. In addition, 
measurements made in batch cultures revealed that the growth rate of S. costatum 
declined from 0.7 day-1 at pH 8.0 to 8.4, to 0.3 day-1 at pH 8.7 to 8.9. The growth rate of 
Phaeocystis at low pH, 0.7 day-1, decreased by only 6% in the high pH range. The ability 
to maintain a high growth rate at high pH gives Phaeocystis a competitive advantage 
over diatoms. 
 
 
Only after diatoms have depleted their essential nutrient silicon, the flagellate 
Phaeocystis is able to bloom, and take advantage of the excess nitrogen and 
phosphorus in eutrophied marine waters. This hypothesis was tested in 1992 
by monitoring nutrient concentrations and phytoplankton development in the 
Dutch coastal zone. Quite unexpected, it was found that Phaeocystis starts 
blooming well before the silicon has been depleted by diatoms (chapter 4). 
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Figure 10.4.  Diatom and flagellate biomass and the development of pH during the 1992 
mesocosm experiment. Diatom biomass is multiplied by 10 for clarity. Shown are the 
means of two duplicate mesocosms. S. costatum was the dominant diatom; P. globosa was 
the dominant flagellate. P. globosa biomass was computed from cell abundance. The 
diatom peak on day 29 is from benthic diatoms that detached from the mesocosm walls. 
 
 

In the same year, the Si-depletion hypothesis was tested in two similarly 
treated, nutrient-replete marine mesocosms. Again, Phaeocystis bloomed before 
Si-depletion and the flagellate outcompeted the diatom community (chapter 3). 
Several hypotheses were proposed to explain the diatom-Phaeocystis succession 
in the mesocosm experiment, but none could be substantiated. 

In chapter 8, a model was presented in which Phaeocystis cells sequester 
inorganic carbon from the bulk seawater by employing the high intracolonial 
pH of 9. In contrast, the growth rates of several species of diatoms are reduced 
at such a high pH (Hinga 1992, Riebesell et al. 1993, Chen and Durbin 1994). 
Therefore, the rise in pH and the concomitant decline in CO2 concentration 
during Phaeocystis-diatom blooms, could provide an explanation why 
Phaeocystis outcompetes diatoms at high Si concentrations. 

This hypothesis was tested in two ways. First, the mesocosm data were re-
analysed by comparing the temporal development of diatom and flagellate 
biomass with pH. Then, the biomass of S. costatum and P. globosa were plotted 
as a function of CO2 concentration. Second, the effect of pH on growth rate of S. 
costatum and P. globosa was measured in batch cultures, incubated at 15°C at 
100 W h m-2 day-1. The pH in the PEP culture medium (chapter 5) was buffered 
at values between 8  and 9 using  10  mM Tris  (Provasoli  et  al.  1957). Growth 
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Figure 10.5. S. costatum and P. globosa biomass as function of CO2 concentration. Data 
of two mesocosms (day 0 to 24) were combined. The curved lines are second degree 
regression equations of phytoplankton carbon over CO2 concentration: S. costatum r2 = 
0.46; P. globosa r2 = 0.92.  
 
 
rates were calculated from the exponential increase of in vivo fluorescence 
(chapter 5) in the first week of growth, when only 5% of the maximum biomass 
in these batch cultures had been reached. 

In the mesocosms, the development of the diatoms (60% Skeletonema 
costatum) stopped at day 12, when pH rose above 8.5 (Figure 10.4). The 
flagellates (99% Phaeocystis globosa cells) continued to grow until the pH rose 
to 8.8. The increase in S. costatum biomass stopped when the CO2 
concentration had declined to 4 µM (Figure 10.5). At the top of the P. globosa 
bloom, the CO2 concentration was approximately 1 µM. 

The mean growth rate of S. costatum in the pH experiment (Figure 10.6), 
declined from 0.7 day-1 at pH 8.0 to 8.4, to 0.3 day-1 (-40%) at pH 8.7 to 8.9. This 
agrees well with the 30% decline in S. costatum growth rate between the pH 
range of 6.5 to 8.5 and pH 9.0 found by Taraldsvik and Myklestad (2000). 
Hinga et al. (1994) also found that pH values in the range of 7.5 to 8.3 did not 
influence the growth rate of S. costatum; however, they did not culture the 
diatom at higher pH values. The mean growth rate of P. globosa at low pH 
values was 0.7 day-1. In contrast to S. costatum, the prymnesiophyte’s growth 
rate decreased by only 6% in the high pH range. 
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Figure 10.6. Growth rates of S. costatum and P. globosa in pH buffered batch cultures. 
Error bars are standard deviations (n = 3). 
 
 

Reports on the negative effect of a rising or high pH on diatom growth rates 
are not limited to S. costatum. According to Hinga (1992) diatoms grow 
optimum at pH 8.1 with a notable growth rate decrease above pH 8.5. Riebesell 
et al. (1993) showed that the growth rates of three diatom species decreased 
rapidly above pH 8.6 due to CO2-limitation. Chen and Durbin (1994) found that 
a pH over 8.8 reduced the growth rate of the diatoms Thalassiosira 
pseudonana and T. oceanica. Therefore, the rise in pH during Phaeocystis 
blooms may well be a competitive mechanism, leading to a reduction of diatom 
growth rates.  

It would be possible that a decline of diatom growth rate at high pH (Figure 
10.6), is the result of a reduction in the availability of Si(OH)3. However, the 
concentration of Si(OH)3  in PEP medium, calculated using a pKSi of 9.5 (Butler 
1992), merely declines from 97 µM (pH 8) to 68 µM (pH 9). Therefore, it is 
improbable that Si(OH)3 became limiting in the pH experiment. The same 
holds for NO3- . In fact, Thoresen et al. (1984) measured maximum NO3- uptake 
rates of S. costatum at pH values between 8.5 and 9. Phosphate or trace metal 
availability can also be influenced by pH, but it is unclear how that would 
effect only S. costatum and not P. globosa. 

Can the pH-dependence of growth rates be used to explain the 1992 
phytoplankton succession in the mesocosms? In the cultures the growth rate of 
S. costatum declined by 60% when the pH was over 8.5 (Figure 10.6). In the 
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mesocosm the net growth rate of the diatoms (Figure 10.4), changed from 0.6 
day-1 (day 3-12), to -0.2 day-1 (day 12-22). Assuming a grazer biomass in excess 
of diatom biomass at day 12, growing at 0.26 day-1 with a growth efficiency of 
20% (Table 4.2) and a 60% drop in the overall growth rate (from 1.3 to 0.5 day-

1) due to the rise in pH, a -0.2 day-1 “growth rate” is indeed feasible. 
Phaeocystis cells are offered protection against grazing by the colonial 

matrix (e.g. Admiraal and Venekamp 1986). Despite this, the net P. globosa 
growth rate in the mesocosms was only 0.45 day-1 (day 5-12), and would have 
been insufficient to win the competition from S. costatum (µ = 0.6 day-1) at low 
pH (Figure 10.4). The ability of P. globosa to maintain its growth rate at pH 
values over 8.5 (Figure 10.6) apparently was a major factor for its success over 
S. costatum in the mesocosm experiment.  
 
 

Maximum achievable biomass of Phaeocystis blooms 
 
 
ABSTRACT. The pH inside the colonies of Phaeocystis globosa is one unit higher then 
the bulk seawater pH, leading to a flux of OH- out of, and a flux of HCO3- into the 
colonies. Assuming that (i) the final bulk seawater pH can ultimately increase by one 
unit with no changes in alkalinity, (ii) the rate of CO2 diffusion from the atmosphere 
into the sea can be neglected, and (iii) a Phaeocystis-carbon model from the literature is 
valid, it is calculated that a maximum of 0.7 mol inorganic C m-3 can be converted into 
an equal amount of organic colonial Phaeocystis carbon, which is equivalent to a 
Phaeocystis concentration of 1011 cells m-3. Such high Phaeocystis concentrations have 
indeed been observed in highly phosphate-eutrophied parts of the North Sea. It is 
concluded that inorganic carbon availability is the prime determinant for the height of 
the Phaeocystis bloom. The second limiting nutrient phosphate determines the length of 
the bloom. 
 
 
CO2 is the substrate for algal photosynthesis. Because CO2 in water is an acid 
(CO2 + H2O ⇒ H2CO3), the diffusive uptake of CO2 by algal cells leads to a rise 
of the bulk medium pH. As a consequence, the carbonate system (H2CO3 ⇔ H+ 
+ HCO3- ⇔ 2 H+ + CO32-) shifts to the right, meaning that, if there is no 
equilibrium with the atmosphere, the CO2 concentration declines even further 
and may ultimately limit photosynthesis. Here, calculations will be made to 
investigate, how the rise in pH inside Phaeocystis colonies may influence the 
abundance of Phaeocystis in the sea. 

The calculations are based on the Ci uptake model developed in chapter 8. 
In short, this model consists of the following steps: (i) colonial Phaeocystis cells 
split HCO3-, the major Ci species, into CO2 and OH- using the extracellular 
enzyme   carbonic   anhydrase,  (ii)  CO2  diffuses   into  the   cell,  is  fixed,  and  
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Figure 10.7. Inorganic carbon uptake by Phaeocystis. CO2 in the seawater diffuses into 
the colony and (i) directly into the cells, or (ii) is hydrated by OH- to yield HCO3- that is 
dehydrated at the cell surface by the enzyme carbonic anhydrase (CA). The pH inside 
the colony is higher than in seawater due to CO2 uptake by the cells and by OH- 
production. The diffusion of OH- out of the colony is balanced by the diffusion of HCO3- 
into the colony (chapter 8). Diffusion of CO2 from the atmosphere to the seawater is 
negligible with respect to the rate of photosynthesis.  
 
 
converted to organic carbon, (iii) the colony interior does not contain sufficient 
HCO3- to sustain a prolonged Ci fixation rate, (iv) due to steep concentration 
gradients, OH- will diffuse out of the colony, and HCO3- and CO2 diffuse into 
the colony (maintaining a neutral charge balance), (v) the rate limiting OH- 
diffusion is a function of colony size and the pH difference between the colony 
interior and the external seawater, (vi) during colony growth, the relative rate 
of OH- diffusion decreases because the colonies increase in size, and because 
the increase in seawater pH decreases the concentration gradients. A model of 
Ci-uptake by Phaeocystis colonies is shown in Figure 10.7. 
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Figure 10.8. Concentrations of total inorganic carbon (Ci) and of the inorganic carbon 
species, as a function of pH when HCO3- is converted to CO2 and OH-, and CO2 is taken 
up by the phytoplankton cells (alkalinity = constant).  
 
 

The CO2 flux into the colony will eventually stop when the pH in the bulk 
medium has also risen to 9.1, due to the diffusion of OH- out of the colony 
(Figure 10.7). The rise in bulk medium pH is slow because the total colony 
volume is low, even in dense blooms, relative to the volume of the bulk 
medium: OH- ions diffusing out of the colonies will be strongly diluted. This is 
corroborated by measurements of steep pH gradients between the outside and 
the inside of Phaeocystis colonies (Ploug et al. 1999a). 

Theoretically, the carbonate system is completely defined by alkalinity, 
total inorganic (Ci) concentration and pH (Stumm and Morgan 1996). The 
diffusion of CO2 from the atmosphere to the seawater is generally slower than 
the rate of photosynthesis (Stumm and Morgan 1996). This means that the 
bulk medium pH will not be influenced significantly by CO2 diffusion. 
Alkalinity does not change by the reaction: HCO3- ⇒ CO2 + OH-, and the 
consequent uptake of CO2 by the cells (chapter 8 and Figure 10.7). Therefore, 
the rise in seawater pH to a potential maximum of 9.1 can be used to calculate 
the maximum amount of Ci taken up by Phaeocystis cells, and converted into 
organic Phaeocystis carbon. 
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Figure 10.9. Calculated development of a Phaeocystis bloom. Phaeocystis biomass is 
expressed as cells m-3 and as organic carbon (Corg). The decrease of inorganic carbon (Ci) 
was calculated from the increase in Corg. At day 25, pH has reached a value larger than 
9.1 and the growth of Phaeocystis stops. 
 

Concentrations of Ci and the Ci-species (CO2, HCO3- and CO32-) were 
calculated as a function of alkalinity and pH using the equations in Stumm 
and Morgan (1996). The necessary dissociation constants (except pKB(OH)3 = 
8.80) were computed as a function of salinity (30 ‰) and temperature (10°C) 
(Stumm and Morgan 1996). The initial pCO2 was set at 10-3.45 atmosphere, 
resulting in a calculated total alkalinity of 2.33 eq. m-3 at pH 8.1. By raising 
the pH to 9.1, and keeping total alkalinity constant, the Ci concentration 
dropped by 0.70 mol m-3. Near pH 9.2, HCO3- and CO32- reached equimolar 
concentrations (Figure 10.8). 

The 0.7 mol Ci m-3 resulting from a 1 unit pH increase is converted to 
organic Phaeocystis carbon (Figure 10.7). The concentration of Phaeocystis 
cells, in colonies with a diameter of 10-3 m, calculated from 0.7 mol carbon by 
using the equations of Rousseau et al. (1990), is 1.3 x 1011 cells m-3. This 
calculated concentration is nearly equal to peak numbers observed in the 
Menai Street in 1970 (Morris 1971), in the Marsdiep over the years 1978 to 
1995 (Cadée and Hegeman 1986, Cadée 1990, Cadée 1991b, Cadée and 
Hegeman 1991b and 1993, Brussaard et al. 1996, Cadée 1996), and between 
1985 and 1988 in German coastal waters (Lancelot et al. 1991). Apparently, the 
model calculation does not produce an extraordinary result in terms of cell 
numbers. 
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The development of inorganic and organic carbon concentrations during a 
bloom can also be calculated. The mean Phaeocystis growth rate in spring is 0.4 
divisions day-1 (Cadée and Hegeman 1986). The final colony concentration is 
calculated from 1011 cells m-3 and 212 cells colony-1 (diameter 1.1 x 10-3 m), as 24 
x 106 colonies m-3. If the colony concentration is constant during the bloom, the 
initial Phaeocystis cell concentration is known, because the bloom started with 
20 cells colony-1. As shown in Figure 10.9, a concentration of 1011 cells m-3 is 
reached on day 25. Any further exponential increase in Phaeocystis biomass 
would be halted by a rapid exhaustion of inorganic carbon. However, in the 
present model, the biomass increase already stopped when the seawater pH 
became equal to the intracolonial pH. 
 

By using straightforward carbonate system calculations, simple 
assumptions on the diffusion of CO2, and an organic carbon model for 
Phaeocystis from the literature, the prediction of the maximum achievable 
Phaeocystis biomass in the sea was quite similar to actually measured values 
in the North Sea coastal zone. The calculations and assumptions will be 
discussed. 

First, the calculations were performed for a pH rise in the bulk medium of 
exactly 1 unit, with no change in alkalinity. Comparable high rises in pH have 
been measured in the chapter 3 mesocosm experiments (∆pH = 1.0; Figure 
10.4), and in the Marsdiep in 1993, during a Phaeocystis bloom (∆pH = 0.8; 
Brussaard et al. 1996). In batch cultures of Phaeocystis the pH may well 
increase by 0.8 pH units (Table 8.1) and even reach values up to pH 9.2 
(Elzenga et al. 2000). As Figure 10.8 shows, any change between start and end 
pH will lead to a change in the achievable Ci difference. Figure 10.8 also makes 
clear, that the pH in Phaeocystis colonies will not reach values much higher 
than those measured by Lubbers et al. (1990). The convergence of HCO3- and 
CO3-- concentrations at pH > 9 means an increase in buffer capacity, which 
reaches a maximum at pH 9.1 to 9.2, the pK’2 of the carbonate system in 
seawater of 31 psu at 10 to 15°C (Stumm and Morgan 1996, L. Peperzak, 
unpublished data). Because the carbonic anhydrase catalyzed conversion of 
HCO3- is not coupled to an exergonic reaction, the enzyme does not change the 
equilibrium of the Ci species (Falkowski and Raven 1997). Indeed, at pH 9.16, 
the intracolonial concentration of CO2 is close to the CO2 compensation 
concentration for Rubisco, giving only a minimal net C-fixation in Phaeocystis 
cells (Elzenga et al. 2000). In other words, Phaeocystis stops growing when the 
intracolonial pH is between 9.1 and 9.2. 

Changes in alkalinity that would impair the calculations, could arise from 
HCO3- uptake by the cells, the formation of CaCO3 and by calcium binding by 
the colonial mucus. In chapter 8 it was reported that alkalinity does not change 
appreciably during photosynthesis, implying that Phaeocystis cells do not take 
up HCO3-. Furthermore, the formation of CaCO3 in seawater at high pH is 
negligible (Johnson et al. 1979). Binding of Ca2+ by the Phaeocystis mucus 
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polymers (van Boekel 1992b) is, in an alternative way of defining alkalinity 
(Stumm and Morgan 1996), equivalent to the release of 2H+ in the colony. This 
would decrease both alkalinity and pH and increase the CO2 concentration. 
The significance of this process can only be estimated when the Ca2+ to mucus 
ratio is known. However, this is not the case. A preliminary calculation, using 
an estimate of the number of negative charges in the mucus in a 10-3 m 
diameter colony, showed that Ca2+-binding would provide only 3% of the CO2 
necessary for one division (L. Peperzak, unpublished). Therefore, it is probable 
that the effect of Ca2+-binding on the colonial carbonate system may be 
neglected. 

Second, it was assumed that diffusion of CO2 from the atmosphere into the 
seawater was negligible. With a diffusion film model (Stumm and Morgan 
1996) the diffusion rate of CO2 through the water-air interface layer (zw = 50 x 
10-6 m) into the bulk seawater can be calculated with pCO2 = 10-3.45 atmosphere 
and a diffusion coefficient DCO2 = 2 x 10-9 m-2 s-1. The CO2 diffusion coefficient is 
independent of temperature and wind speed (Peng et al. 1987). In the interface 
layer, where CO2 is in equilibrium with the atmosphere, the concentration is 16 
mmol CO2 m-3 and independent of pH. The bulk medium CO2 concentration is 
set at 1 mmol CO2 m-3 (pH 9, Figure 10.8) which yields a flux of 0.05 mol CO2 
m-2 day-1. Combined with a water depth of 20 m for the North Sea coast 
(chapter 2), the flux of CO2 from the atmosphere leads to an increase of 2.5 
mmol Ci m-3 day-1. This amount has to be multiplied by a factor 3, because at 
pH 9 the hydration of CO2 by OH- leads to an enhanced CO2 transfer (Stumm 
and Morgan 1996). Even so, the daily total CO2 influx is still only 0.5 % 
relative to total Ci. Therefore, the flux of CO2 is indeed negligible compared to 
the Ci demand at the end of the bloom (Figure 10.9). 

The Phaeocystis maxima measured in the Marsdiep were approximately 
1011 cells m-3. However, in 1985, 1989 and in 1993 peaks of 2 x 1011 cells m-3 
were measured (Cadée and Hegeman 1986, Cadée 1991b, Cadée 1996), similar 
to the Phaeocystis concentration reached in well-mixed mesocosms in 1992 
(Figure 3.7). In later years, however, when mixing conditions in the mesocosms 
were reduced, Phaeocystis did not reach such high concentrations (V. 
Escaravage, personal communication). Therefore, it is feasible that due to 
waves and vigorous turbulent mixing, as during storms, more CO2 is 
transferred to the water, leading to potentially higher Phaeocystis 
concentrations. 

Third, the Rousseau et al. (1990) model used to convert organic carbon into 
cell concentrations, has a cell-carbon : colonial-carbon ratio that is a function of 
colony diameter. In other words, large colonies have relatively fewer cell-
carbon and more mucus-carbon than small colonies. Therefore, choosing a 
colony diameter influences the Phaeocystis cell concentration that is equivalent 
to 0.7 mol Ci m-3. These calculated cell concentrations range from 1.8 x 1011 (211 
cells colony-1 ≡ 0.72 x 10-3 m), 1.3 x 1011 (10-3 m) to 1.1 x 1011 (212 cells colony-1 ≡ 
1.14 x 10-3 m) cells m-3. A diameter of 10-3 m is representative for the North Sea 
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(Rousseau et al. 1990), and has been used for the conversion calculation. The 
examples also show that blooms composed of small Phaeocystis colonies contain 
more cells than blooms of large colonies. However, the calculated range of 
maximum cell concentrations, 1.1 to 1.8 x 1011 cells m-3, is still within the range 
observed in the sea: 1 to 2 x 1011 cells m-3 (see references on page 185).  

Alternatively, the van Rijssel et al. (1997) field model with a constant cell : 
carbon ratio (1 cell = 4.75 x 10-12 mol total, = cellular and colonial carbon) could 
have been used. Applying this constant ratio on the calculated cell number, 1.3 
x 1011 cells m-3 in 10-3 m colonies (obtained from 0.7 mol Ci m-3), leads to a total 
organic carbon biomass of 0.6 mol C m-3. In other words, here the Rousseau et 
al. (1990) and the van Rijssel et al. (1997) conversion models give comparable 
organic carbon estimates. 

The Rousseau model makes use of a constant cell content : colony diameter 
relation (Rousseau et al. 1990), which may not be applicable when Phaeocystis 
colonies grow under Ci stress (chapter 8). However, for the relatively large 
colonies of 10-3 m diameter used here in the calculation of maximum 
Phaeocystis biomass, Ci stress would only lead to a decline in organic carbon in 
the order of 10 to 20% relative to unstressed colonies (chapter 8). 
 

A simple check of the carbon calculations in the sea would be the direct 
comparison of Marsdiep Phaeocystis concentrations, measured from 1973 
onwards (Cadée and Hegeman 1986), with measurements of (in)-organic 
carbon concentrations. Unfortunately there are insufficient data. Although the 
Dutch Rijkswaterstaat-database contains pH measurements and chlorophyll a 
concentrations in the Marsdiep for 1978 to 1998, the first particulate and 
dissolved organic carbon (POC and DOC) data are from 1988. Only two rough 
estimates of the correlation between pH and organic carbon production can be 
made. 

For the first estimation POC and DOC were combined to total organic 
carbon (TOC), and the linear regression between the spring rise in pH (δpH) 
and TOC concentration (mol m-3) in April-May 1988 - 1998, was calculated. For 
6 years with both TOC and pH data available this yielded: TOC = 0.84 x δpH - 
0.12 (r2 = 0.26, P = 0.30). In other words: a pH rise of 1.0 unit equals 0.72 mol 
TOC m-3.  

In the second estimation, of the TOC concentrations before 1988, the 
chlorophyll a (Chla) data and an appropriate C:Chla ratio were used. The 
frequency of Chla measurements in 1978 to 1985 was once per month. Not 
surprisingly, the doubling of the measurement frequency in some years during 
the 1990s lead to 40% higher spring chlorophyll a concentrations (L. Peperzak, 
unpublished; see also chapter 4). Therefore, the chlorophyll data need to be 
corrected by at least a factor 1.4. The Marsdiep April-May C:Chla ratio was 
118 ± 49 (1988 to 1998, L. Peperzak unpublished data), and  falls in the P. 
globosa ranges 54 to 113 (Table 8.4), 106 ± 49 (chapter 4, unpublished data) 
and 50 to 250 (Belgian coastal water, Lancelot et al. 1991). Using C:Chla = 118, 
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and a 1.4 frequency correction, the calculated spring TOC maxima in 1978 to 
1985 ranged from 0.4 to 0.7 mol m-3. Therefore, it can be concluded that both 
methods of calculating organic carbon concentrations in the Marsdiep 
apparently lead to estimates near or at the value of 0.7 mol m-3, which was 
derived theoretically from a one unit pH rise. 

In conclusion, the calculations and assumptions made to estimate the 
maximum achievable Phaeocystis biomass in the sea: (i) the rise in pH by one 
unit, (ii) the neglect of CO2 diffusion from the atmosphere, and (iii) the 
Phaeocystis-carbon model, seem to be valid. 

Finally, the estimated maximum Phaeocystis biomass can be used to 
evaluate the effect of other potentially limiting nutrients. In the coastal North 
Sea, the first limiting mineral nutrient in spring is phosphorus (P) (Peeters 
and Peperzak 1990). Assuming a standard Redfield ratio of C:P = 106, P is in 
unlimited supply, relative to 0.70 mol Ci m-3, at concentrations over 6.6 mmol P 
m-3. However, under P-deficient conditions the Phaeocystis C:P ratio varies 
from 128 to 568 (Jahnke 1989). Therefore, P-stress in the coastal North Sea 
begins at concentrations less than 6.6 mmol P m-3. Taking C:P is 128 to 568, P 
becomes limiting at 1.2 to 5.5 mmol P m-3. This means that, under the 
assumption of a constant cell number : colony diameter ratio and C:P is 568, 
the maximum of 1011 Phaeocystis cells m-3 can still be attained with 1.2 mmol P 
m-3. Maximum P concentrations during the 1970s and 1980s in the Dutch 
coastal zone were 3 to 5 mmol m-3 (de Vries et al. 1998) which means that both 
Ci and P may have been nutrients limiting the Phaeocystis spring bloom. 

In other words, the carbonate system determines maximum biomass at P 
concentrations > 1.2 mmol P m-3. In turn, the P surplus determines the length 
of the Phaeocystis bloom. This mechanism provides an explanation for the 
relation between increased eutrophication in the Dutch coastal zone and the 
increased length of the Phaeocystis spring bloom in the Marsdiep during the 
1970s and 1980s (Cadée and Hegeman 1986). 
 
 
Foam observations on the coast of Holland are correlated with blooms 

of Phaeocystis globosa (Prymnesiophyceae) in the North Sea 
 
L. Peperzak, M. Rademaker and L.P.M.J. Wetsteyn, submitted to the Journal 
of Plankton Research. 
 
 
ABSTRACT. A conspicuous feature of Phaeocystis globosa blooms is the production of 
large amounts of foam. However, so far quantitative relations between Phaeocystis 
concentrations and the observations of foam have never been established. Here the 1993 
to 1997 data from two independent monitoring programs are reported. In the first 
program P. globosa cell numbers in the North Sea were counted; in the second foam was 
monitored on the beaches of Holland. Taking into account a two-week delay between 
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Phaeocystis blooms and foam observations a significant (r = 0.85, P < 0.001) correlation 
between the two was found. Above 1 million Phaeocystis cells per litre the chance of 
observing foam in the following two-week period was 90%, with a mean frequency of 0.5 
(i.e. at 5 out of 10 shore locations). This is the first report that quantifies the link 
between Phaeocystis blooms and foam production. 
 
 
The increase in eutrophication in the North Sea has lead to an increase in 
blooms of Phaeocystis globosa (e.g. Cadée and Hegeman 1986). It is widely 
accepted that this in turn led to a concomitant increase in the amount of foam 
on nearby coasts (Bätje and Michaelis 1986, Lancelot et al. 1987). However,a 
quantitative relation between the abundance of Phaeocystis in the sea and the 
amount of foam observed on shores has never been established. In fact, it is 
uncertain which component of the Phaeocystis bloom is the precursor of the 
foam. Eberlein et al. (1985) related foam production in the German Bight to 
Phaeocystis-derived dissolved organic matter. Lancelot and Rousseau (1994) 
assumed that the foam is derived from remnants of the Phaeocystis colony with 
a low biodegradability. Peperzak et al. (1998) hypothesized that when such 
colony remnants settle towards the seabed in the Dutch coastal zone, a 
shoreward bottom current would transport them to the coast, where they could 
be beaten to foam in the turbulent surf zone. Surface foam may be derived from 
buoyant ‘jelly’, after gas bubbles have been produced by the decaying cells 
(Boalch 1984). An increase in wind-induced turbulence is generally considered 
conducive to the formation of coastal and seasurface foam. 

Sometimes even non-degraded colonies are washed ashore as jelly 
(GrØntved 1960, Al-Hasan et al. 1990). Both jelly and foam are considered a 
nuisance to humans (GrØntved 1960, Lancelot et al. 1987). On coastal 
meiofauna the effect of the foam varies, depending on the species, from 
beneficial to lethal (Armonies 1989). 

In order to investigate the relation between Phaeocystis and foam, results of 
two independent monitoring programs of the Dutch Rijkswaterstaat were 
compared. These programs were run simultaneously from 1993 to 1997. In the 
first program phytoplankton cell numbers were counted in Lugol-preserved 
North Sea surface samples, and the Phaeocystis data from three stations near 
the coast of Holland: Noordwijk 2, Noordwijk 10 and Marsdiep (Figure 4.1) 
were used. These stations were sampled two to four times per month from 
April to September, and once per month in the rest of the year. The second 
monitoring program was established to evaluate beach and swimming water 
quality. It extended from the southern tip of Holland nearby the Rhine outflow  
into the North Sea, to the northern tip near the Marsdiep (Figure 4.1). At ten 
locations on the shore, sampled at two week intervals from week 15 (April) to 
week 43 (October), foam was monitored as: 0 (not present), 1/2 (some foam) and 
1 (foam present). Weeks 17 and 18  were never monitored. 
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Figure 10.10. Frequencies of Phaeocystis blooms in the North Sea coastal zone of 
Holland (a), and of foam on the coast of Holland (b) in the period 1993-1997. Foam was 
not monitored prior to week 13, in weeks 17-18, and after week 44. Bars are standard 
deviations from the mean. 
 
 

First, the temporal relation between Phaeocystis blooms, and the occurrence 
of foam was investigated by comparing bloom and foam frequencies. Blooms of 
Phaeocystis  were  defined  as cell concentrations over 1 million per litre (Cadée 
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Figure 10.11. Foam frequency and Phaeocystis concentration in 1993-1997. A two-week 
delay between Phaeocystis concentration and foam was taken into account. 
 
 
and Hegeman, 1986); during such blooms up to 85% of the cells are present in 
colonies (Weisse and Scheffel-Möser 1990a). For each of the three North Sea 
stations, the occurrence of blooms in two-week intervals was summed, and 
divided by the total number of samples taken. Then, the two-weekly mean 
Phaeocystis bloom frequency and its standard deviation were calculated from 
the three stations.  

For each of the ten beach locations, the two-weekly foam data of 1993 to 
1997 were summed, and divided by the total number of observations made. The 
two-weekly mean foam frequency and its standard deviation were calculated 
from the ten locations. 

The occurrence of Phaeocystis blooms and foam vary over the year (Figure 
10.10a and b). The first blooms took place in weeks 13-14, followed two weeks 
later by the first foam. The spring bloom attains its top in weeks 17-18 (Figure 
10a), while the maximum foam frequency was observed in weeks 19-20 (Figure 
10b). Phaeocystis blooms were not restricted to spring. In July and August 
(weeks 27-36) blooms took place, but with a lower frequency (Figure 10.10a), 
and they stopped in the weeks 39-40. This Phaeocystis bloom sequence is in 
accordance with previous reports for the Marsdiep by Cadée and Hegeman 
(1986). 

The Pearson correlation between the frequencies of Phaeocystis blooms and 
foam was significant: r = 0.67 (P < 0.05). This correlation even improved when 
a two-week delay between bloom and foam frequencies was taken into account:   
r = 0.85 (P < 0.001). 
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Second, the mean foam frequency was plotted as function of the Phaeocystis 
cell concentration at the best sampled station, Noordwijk 10, in the preceding 
two-week interval (Figure 10.11). It appears that the bloom criterion of 1 
million cells per litre (Cadée and Hegeman 1986) was aptly chosen. Above 1 
million cells per litre, the chance of observing foam in the following two-week 
period was 90%, with a mean frequency of 0.5 (i.e. at 5 out of 10 beach 
locations). Above 10 million cells per litre foam was always observed, with a 
mean frequency of 0.7.  

Foam was also observed without a preceding Phaeocystis bloom (Figure 
10.11, vertical axis) which may be due to Phaeocystis blooms in the Dutch 
coastal zone that were not observed at Noordwijk 10. Alternatively, 
phytoplankton species other than Phaeocystis give rise to foam production. In 
the summer of 1995 for instance, a period of continuous foam observations in 
the absence of Phaeocystis blooms coincided with a high abundance of diatoms 
and flagellates. However, it was not possible to identify any particular 
phytoplankton species in relation to this summer foam. 

On the whole it can be concluded that the observed synchrony of Phaeocystis 
blooms with the foam observations on nearby shores, both temporal and 
quantitative, makes it plausible that Phaeocystis is indeed the origin of that 
foam. This is the first time that this relation is quantified. 
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Büsum), W.W.C. Gieskes and W. Wolff (both RUG, Groningen) provided comments on 
an earlier version of the manuscript.  
 
 
 

Concluding remarks 
 
 
In this chapter autecological equations were derived that relate the growth 
rate of non-flagellate P. globosa to salinity, temperature and daily irradiance. 
The growth rates were obtained from various batch culture studies, performed 
under steady-state conditions. However, the effects of fluctuating, non steady-
state conditions as they appear in the sea, on growth and mortality rates of 
Phaeocystis are not known. Nor have the interactions between the 
autecological variables been measured. Furthermore, Phaeocystis flagellates 
have not been examined and, in general, Phaeocystis species other than P. 
globosa have hardly been investigated. The equations presented here, should 
therefore be considered a first step in a more comprehensive study of the genus 
Phaeocystis. 
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The role of the nutrients nitrogen, phosphorus, vitamin B1 and inorganic 
carbon in Phaeocystis growth has been described in the previous chapters. Here 
in chapter 10, the hypotheses was discussed that the inorganic carbon 
acquisition of Phaeocystis colonies is related to the maximum bloom biomass, 
and that the supply of phosphate determines bloom duration. This hypothesis 
has not been tested yet. To do so, the use of more sophisticated mathematical 
models that incorporate the intricate relations between the concentrations and 
fluxes of phosphate, carbon and Phaeocystis biomass, is necessary. 

Furthermore, diatoms are outcompeted by, a Phaeocystis-induced, increased 
pH and decreased CO2 availability in the bulk sea water. Laboratory or 
mesocosm experiments are needed to test this hypothesis. However, the 
ultimate complexity of the interacting effects of salinity, temperature, 
interference (CO2), and resource (nutrient and light) competition and several 
loss factors that determine the structure of the phytoplankton community, will 
only be found under natural conditions: in the sea. Field measurements, 
therefore, remain essential in the study of Phaeocystis blooms. 
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“Do not infest your mind with beating on the strangeness of this business” 
 
W. Shakespeare, The Tempest (1611) 
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ABSTRACT. The spring bloom of Phaeocystis globosa colonies is triggered when the 
water column daily irradiance exceeds 100 W h m-2 day-1. The inoculum for this bloom 
most likely consists of solitary pelagic cells, the macroflagellates. A low turbulence 
environment such as a diatom surface is a prerequisite for the macroflagellate to colony 
transition. 

Colonial Phaeocystis cells attain high growth rates in a broad temperature and 
salinity range when nutrient concentrations and daily irradiance are sufficiently high. 
The cells are able to adapt to high as well as to low irradiance. Inside the colony the 
cells are protected from grazing and the mortality rate is low. This combination of high 
growth rate and low mortality rate explains the sudden and rapid spring bloom 
development. The maximum Phaeocystis concentration in the sea, 100 million cells l-1, is 
reached when seawater pH has reached the intracolonial pH of 9 and when according to 
model calculations the diffusion of inorganic carbon into the colony has stopped.  

When nutrient concentrations have become low the colony structure weakens and 
the microzooplankton starts to graze the cells. Furthermore, the cells lyse if daily 
irradiance remains high. On the other hand, if the colony reaches a daily irradiance 
below 100 W h m-2 day-1 by sedimentation, the diploid colonial cells transform into 
micro- and mesoflagellates: morphologically different haploid gametes. Grazing, lysis 
and sedimentation are rapid processes explaining the swift disappearance of Phaeocystis 
blooms from surface waters.  

The transitions between the life cycle stages and the chemical, physical and 
biological factors that influence these transitions are presented in a life cycle diagram. 
It is presumed that the fusion of a micro- and a mesoflagellate (syngamy) produces a 
diploid macroflagellate, the colony precursor. 
 
 

Introduction 
 
 
With two puzzling questions, where do Phaeocystis colonies come from so 
suddenly in spring and to where do they vanish so swiftly, this thesis was 
outlined in chapter 1. In the chapters following, the trigger of the bloom and 
the factors and processes involved in its wax and wane were investigated and 
described. In this final chapter the various pieces of the puzzle are fitted 
together in four main sections: (i) inoculum and bloom trigger, (ii) bloom 
development, (iii) bloom height and duration, and (iv) bloom disappearance. 
These sections provide a coherent description of the development and 
disappearance of Phaeocystis globosa blooms with the life cycle as an 
underlying theme as summarised in Figure 11.1. This synthesis not only 
provides a review of the factors influencing Phaeocystis blooms, but also a 
description of current gaps in our knowledge. Some new hypotheses that are 
intended to bridge these gaps are proposed, providing subjects for future 
research. 
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Inoculum and bloom trigger 
 
 
In the course of a century three hypotheses have been advanced concerning the 
life cycle stage that provides the inoculum for the spring Phaeocystis bloom: (i) 
some kind of resting cell lies in or on the seabed until the conditions for normal 
growth are favourable again (Gran 1902, Ostenfeld 1904), (ii) colonies winter 
at the sea bed (Cadée 1991a), and (iii) flagellates winter in the water column 
(Kornmann 1955). 

The first hypothesis, pertaining to P. pouchetii, dates from the early 20th 
century but has never been bracketed by field observations or experimental 
data (Eilertsen et al. 1995), despite claims to the contrary (Eilertsen 1989, H.C. 
Eilertsen in Riebesell et al. 1995). 

The second hypothesis, wintering of colonies at or near the sea bed, has 
been suggested by Cadée (1991a) on the basis of the very low abundance of 
colonies (≤ 1 colony m-3) in the water column in that time of year. The colonies 
do not persist in the water column itself because that would carry them away 
with the currents. Again hypothetically, the bottom-dwelling colonies provide 
the spring inoculum by releasing flagellates (Cadée 1991a).  

The third hypothesis stems from Kornmann’s (1955) observation that 
colonies developed in winter on glass slides dripped with sea water that did not 
contain colonies. Kornmann (1955) deduced that free-living colony precursors 
were present in the sea. Veldhuis et al. (1986) observed both colonies and 
solitary cells in winter; in the laboratory the solitary cells were able to form 
colonies rapidly. 

The fact that colony precursors are present in winter (Kornmann 1955, 
Veldhuis et al. 1986) when the colony concentration is low (Cadée 1991a), 
combined with the observation that the early phase of the spring bloom is 
characterised by high numbers (>107 m-3) of small colonies (Rousseau et al. 
1990), indicates that the inoculum consists of a multitude of solitary cells. 
Therefore, until a benthic stage, either resting cell or colony, has been found 
the hypothesis that flagellates winter in the water column (Kornmann 1955) 
finds the greatest support. 
 
bloom trigger 
 
Phaeocystis does not bloom in winter when the sea is dark, but in spring after 
the first diatom bloom. During this first diatom bloom Phaeocystis cells are 
present (Veldhuis et al. 1986). The experiments and measurements presented 
in this thesis (chapter 2, 3 and 4) strongly suggest that the formation of the 
colonial Phaeocystis bloom is triggered when daily irradiance increases above 
100 W h m-2 day-1. Apparently, when this threshold is passed enough energy 
becomes available for the transition from macroflagellate (chapter 9) to colony 
(Figure 11.1).  
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Although the physiological basis of the 100 W h m-2 day-1 threshold has not 
been studied yet, it is remarkable that the compensation irradiance, where the 
respiration of a Phaeocystis colony is balanced by photosynthetic oxygen 
production, is 1/15 of the saturating irradiance (Ploug et al. 1999a). Application 
of this fraction on the optimum daily irradiance of 700 W h m-2 day-1 (chapter 
2), and assuming a 12:12 L:D cycle, yields a compensation daily irradiance of 
90 W h m-2 day-1, a value very near the colony formation threshold. 

Furthermore, Riegman and van Boekel (1996) noted that above the 100 W h 
m-2 day-1 threshold value, equal to 50 µE m-2 s-1 in a 12:12 light dark cycle, the 
internal pH of colonies increases up to 9 (Lubbers et al. 1990). This high 
intracolonial pH is important in the mechanism of inorganic carbon acquisition 
(chapter 8 and 10). 

In other words, these observations suggest that only above a threshold 
amount of photosynthetic energy, Phaeocystis is able to achieve net colony 
growth. This threshold is higher than that of diatoms (chapters 2 and 10) 
because a considerable proportion of the photosynthetic energy is not used for 
cellular growth but is secreted and used to build the colonial matrix (Veldhuis 
and Admiraal 1985). This is the explanation why Phaeocystis blooms after the 
first diatom bloom in spring (Gieskes and Kraay 1975, Cadée and Hegeman 
1986, Veldhuis et al. 1986, chapter 4). 
 
colony formation 
 
Colonies of Phaeocystis globosa develop from macroflagellates. This colony 
precursor settles on a solid substrate that may be inanimate (a glass slide, the 
glass wall of a culture vessel) or animate such as a co-occurring diatom in the 
sea (chapter 9, Figure 11.1). It has been suggested that certain Chaetoceros 
species are necessary to start the development of the colony (Boalch 1987); the 
attachment of young Phaeocystis colonies on C. radicans is described in chapter 
6. However, colony formation also takes place on other centric diatom species 
(chapter 7). 

A more general hypothesis on colony initiation by diatoms, by inferring a 
key role for vitamins, was developed in chapter 7. Diatoms either produce B1, a 
vitamin stimulating Phaeocystis growth, or they deplete their immediate 
environment of B12, a vitamin reducing Phaeocystis growth. This hypothesis 
has not been tested, however, and combined with observations that colonies not 
only develop on diatoms but on inanimate objects as well, the conclusion 
reached in chapter 7 was that not a chemical but a physical factor is involved 
in colony initiation. 

The physical factor involved in early colony development may be related to 
the initial lack of a colony structure. The macroflagellate settled on a surface 
starts to secrete polysaccharides. However, unlike mature colonies this single  
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cell stage misses a rigid colony membrane (Kornmann 1955, Cariou et al. 
1994). In a turbulent environment the secreted polysaccharides would be 
diluted by enhanced diffusion before a colony matrix can be formed (chapter 6). 
However, near a large surface turbulence is always low, and especially in 
between the setae of Chaetoceros a zone of low turbulence will prevent the 
rapid diffusion and dilution of early colony matrix material. After two 
divisions, a membrane separating the colony matrix from the environment 
becomes visible (Cariou et al. 1994). Such colonies are still small (van Breemen 
1905, chapter 6), but after they have reached a diameter of ca. 50 µm 
(Rousseau et al. 1994) they shear from the diatom and become free-living 
(Figure 11.1). 

Colony formation by the freshwater phytoplankton species Scenedesmus 
acutus and S. subspicatus is induced by a chemical released by its predator 
Daphnia magna (Hessen and van Donk 1993, Lampert et al. 1994, Lürling 
1999). Because Phaeocystis colonies develop in culture media made from 
completely synthetic seawater (Veldhuis and Admiraal 1987), it is not probable 
that predator-released chemicals are involved in colony initiation. 
 
formation of macroflagellates 
 
High turbulence can reverse the macroflagellate-to-colony transition (chapter 
9, Figure 11.1). Kornmann (1955) obtained macroflagellates after sucking 
colonies into a capillary. Water flow velocity in a Pasteur type capillary pipette 
with a 5x10-4 m radius is ≈ 0.5 m s-1, giving a shear rate of ≈103 s-1. Under a 
normal sea state the shear rate is much lower at 10-2 to 100 s-1 (Ploug et al. 
1999a), and in ‘gently mixed’ cultures (3 to 4 rpm on a rolling device) with 
Phaeocystis colonies (Veldhuis and Admiraal 1985, 1987) this rate is still less 
then 100 s-1; both rates are insufficient for the reformation of macroflagellates.  

On the other hand, in cultures aerated with 5 l air per l culture h-1, 5% of 
the Phaeocystis cells were present as a macroflagellate (chapter 8). Even higher 
turbulence (> 103 s-1) occurs in breaking waves at the sea surface during storms 
or in shallow water near the shore. This turbulence is comparable to the 
vigorous shaking of cultures (Cariou et al. 1994), and will greatly enhance 
macroflagellate formation (Figure 11.1). Later, under less turbulent conditions 
these flagellates will give rise to a multitude of new colonies (Kornmann 1955). 
As with turbulence, this pathway in the formation of colonial blooms in the sea 
is difficult to measure and has, therefore, not yet been supported with 
observations. 

At a relatively high turbulence level (> 100 s-1), but below one that is 
necessary for macroflagellate formation, a large colony can be fragmented. 
From the fragments new colonies can regenerate under less turbulent 
circumstances (Figure 11.1). This second pathway of colony formation has been 
observed in cultures (Kornmann 1955, Verity et al. 1998a, Rousseau et al. 
1994), and it might well explain the large range in colonies sizes sometimes 
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observed in the sea (Rousseau et al. 1990, chapter 6). In Figure 11.1 both 
pathways of colony formation, via macroflagellates and via colony fragments 
are shown. 
 
 

Bloom development 
 
 
Blooms of Phaeocystis refer to a high abundance of colonies, with a total cell 
concentration between 1 and 100 million cells l-1 (Cadée and Hegeman 1986, 
chapter 10). The rate at which P. globosa forms blooms depends primarily on 
the growth rate of the colonial cells which has been estimated from net 
increases in cell numbers to be 0.3 to 0.5 day-1 in the sea (Cadée and Hegeman 
1986, chapter 10), 0.45 day-1 in mesocosms (chapter 3 and 10) to a maximum of 
1.4 day-1 (2 divisions per day) in the laboratory (chapter 2). Within the salinity, 
temperature and daily irradiance boundaries that permit colonial growth, the 
major factor that influences Phaeocystis growth rate is daily irradiance (Table 
10.2). 

During a bloom, water column irradiance declines, just as nutrient 
concentrations do, so an ability to adapt to such self-mediated abiotic changes 
would contribute to the observed domination of ecosystems by Phaeocystis. The 
mechanisms involved in irradiance adaptations will be described in this 
section, together with the effects that nutrient availability has on morphology. 

Both daily irradiance and nutrient availability determine if Phaeocystis will 
be present as a flagellate (Figure 2.4a, 9.3a-e) or a colony (Figure 2.4b). The 
colony evolves from a small sphere to a large prolate spheroid (Figure 9.5 and 
9.6), that eventually is invaded by bacteria and microzooplankton (Figure 4.8a 
and b). This evolution in colony morphology (Figure 11.1) during a bloom has 
important consequences for the structure and functioning of the pelagic 
ecosystem (Lancelot and Rousseau 1994, Weisse et al. 1994). 
 
salinity, temperature and nutrients 
 
Above 100 W h m-2 day-1 P. globosa forms colonies, and at 700 W h m-2 day-1 the 
maximum growth rate of 1.4 day-1 is reached (chapters 2 and 10), the highest 
among prymnesiophytes (Furnas 1990). The optimal salinity and temperature 
for Phaeocystis globosa are 29 psu and 16°C (chapter 10). However, this species 
is flexible: it attains high growth rates in a broad salinity and temperature 
range (chapter 10). Besides inorganic carbon, nitrogen and phosphorus, 
vitamin B1 is an essential nutrient (chapter 7). High concentrations of vitamin 
B12 (10 nmol l-1) and phosphorus (> 1.5 µmol l-1) reduce growth rates and the 
ability to form colonies respectively (Veldhuis and Admiraal 1987, Cariou et al. 
1994, chapter 7) and probably are, together with a lack of aeration, the cause of 
the gradual transformation of colonies into solitary cells (non-flagellate and 
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flagellates) in media with high nutrient concentrations (Guillard and Hellebust 
1971, Verity et al. 1991). 
 
high irradiance adaptations 
 
The maximum P. globosa growth rate of 1.4 day-1 is reached above 700 W h m-2 
day-1 (chapter 10). These are approximate sea surface values (chapter 2) that 
even in coastal regions can be available to the cells during salinity 
stratification (chapter 2 and 6). Here Phaeocystis exhibits an advantageous 
physiological characteristic: photo-inhibition of Phaeocystis at high irradiances 
is less severe than in diatoms (Colijn 1983, Lancelot and Mathot 1987, Verity et 
al. 1988a, Verity et al. 1991). In P. antarctica two photoprotective mechanisms 
have been identified. The first is secretion of UV-B protecting compounds in 
the colony matrix (Marchant and Davidson 1991, Riegger and Robinson 1997). 
The second is the ability for the rapid enzymatic transformation of 
diadinoxanthin into diatoxanthin (Moisan et al. 1998). Diatoxanthin is a 
carotenoid that provides protection by non-photochemical quenching of excess 
irradiance energy (Demers et al. 1991).  

For P. globosa protection against photoinhibition by colonial mucus has 
been suggested (Lancelot and Mathot 1987), but never measured. On the other 
hand, the ability for rapid diatoxanthin formation from diadinoxanthin has 
been measured in P. globosa (Meyer et al. 2000). This property helps to explain 
why P. globosa is able to bloom at higher daily irradiances (chapter 2 and 4) 
than early spring diatoms (Meyer et al. 2000). 
 
low irradiance adaptations 
 
The high Phaeocystis growth rate will lead to a rapid increase in chlorophyll a 
concentration and hence a fast reduction of water column irradiance (equation 
4.1, Figure 4.6b). A bloom-forming species should be able to respond quickly to 
this self-shading if rapid photosynthetic and growth rates are to be 
maintained. 

The general photoadaptative long-term, slow response of phytoplankton to 
decreasing irradiance is an increase in cellular chlorophyll and accessory 
pigment concentrations (Buma et al. 1993, Kirk 1994) and P. antarctica is no 
exception to this rule (Moisan and Mitchell 1999). However, Palmisano et al. 
(1986) measured that P. antarctica advected under sea-ice increased its 
chlorophyll a- normalised photosynthetic efficiency (αChla) 3- to 4-fold with a 
rate of 40% day-1. This increase in αChla could not be explained; it probably was 
the result of an increase in cellular accesory pigments (Palmisano et al. 1986). 

High chlorophyll a-normalised photosynthetic efficiencies have also been 
measured in temperate P. globosa and high-latitude Phaeocystis species. In the 
Ems-Dollard estuary αChla in diatom blooms was 0.23 ± 0.04; in P. globosa 
blooms αChla was 0.52 ± 0.23 (Colijn 1983: Table VII, p. 57). Interestingly, in 



Synthesis 

 203 

Belgian coastal water the mean αChla for the small, mucus-secreting colonial 
diatom Chaetoceros socialis and P. globosa were comparable (Lancelot and 
Mathot 1987: Table I). Verity et al. (1991) measured αChla values in Phaeocystis 
sp. that were 22 to 57% higher than in large diatoms. Stuart et al. (2000) found 
a 32% higher αChla in prymnesiophyte (P. pouchetii, Emiliania huxleyi) 
populations compared to diatom populations, which they attributed to an 
increased pigment-packaging effect in the large-cell diatoms. 

The fast adaptation and maintenance of a high photosynthetic efficiency 
(Palmisano et al. 1986) is a strategy that would give Phaeocystis an ecological 
advantage over other species in environments with decreasing irradiances. 
Just as the rapid transformation of the xanthophyll diadinoxanthin in 
diatoxanthin provides a fast protection against a sudden increase in irradiance 
(Moisan et al. 1998, Meyer et al. 2000), it is feasible that the reverse 
transformation when irradiance suddenly decreases is involved in maintaining 
photosynthetic efficiency. 

However, the effects of changing irradiance on the kinetics of 
photosynthetic adaptation of Phaeocystis globosa have not yet been measured 
under controlled laboratory circumstances. So far, only the steady-state 
photosynthetic capabilities of solitary (non-flagellate) cells and colonies of one 
unidentified Phaeocystis, probably P. pouchetii, have been examined (Verity et 
al. 1991). 

The production of colonial cells with their associated exopolymers costs 
more energy than the production of solitary cells only (Lancelot and Mathot 
1987). Yet, despite that colonies do not have better reproductive properties 
then solitary cells, colonies dominate during spring blooms (Riegman and van 
Boekel 1996). One explanation is that small solitary cells are easily grazed and 
colonies are not (Riegman et al. 1993a), but this mechanism does not quite 
explain the presence of high concentrations of small autotrophic phytoplankton 
species in the Dutch coastal zone (Hofstraat et al. 1994). Therefore, in addition 
to grazer susceptibility, the adaptive capabilities of Phaeocystis colonies to 
changes in irradiance may help in explaining its success over other 
phytoplankton species. How the photosynthetic characteristics, xantophyll-
cycling and photo-acclimation of flagellates, non-flagellate solitary cells and 
colonies vary within one Phaeocystis species, between Phaeocystis species, and 
between Phaeocystis species and co-occurring algae remains a topic for further 
research. 

In relation to low irradiance environments other specific advantages 
exhibited by colonial Phaeocystis are the ability of dark uptake of phosphorus 
(Veldhuis et al. 1991), and dark protein synthesis (Lancelot et al. 1986) using 
energy form organic carbon stored in the colonial matrix (Lancelot and Mathot 
1985, Veldhuis and Admiraal 1985).  
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nutrients and morphology 
 
The morphology of Phaeocystis is influenced by nutrient availability. Under 
nutrient-replete conditions, as in eutrophied coastal seas, colonies are formed 
(chapter 2). In the oceans Phaeocystis forms colonies when NO3¯ is a non-
limiting nitrogen source, e.g. in upwelling areas (Margalef 1978a), but in 
oligotrophic oceans, where the primary nitrogen source is NH4+, Phaeocystis is 
observed as a solitary flagellate (chapter 9).  

The life cycle alternations between colonies and flagellates can be regarded 
as adaptations, related to grazer avoidance and to a seasonally variable 
environment that contains different ecological niches (Lubchenco and Cubit 
1980, Slocum 1980, Valero et al. 1992). In comparison with diatoms, 
Phaeocystis flagellates appear to be good competitors under nitrogen limitation 
(Riegman et al. 1992). Furthermore, flagellates have a much lower death rate 
under nutrient stress than the non-flagellate colonial cell type; this may be 
related to the flagellates’ higher surface: volume ratio (chapter 5). In 
Phaeocystis colonies the cells are protected against grazing (see next section), 
but the uptake rates of nutrients will be lower due to the physically 
determined, and size related, presence of a diffusive boundary layer (chapter 
8). 

The existence of a colonial boundary layer was measured by Ploug et al. 
(1999a). Using model calculations Ploug et al. (1999b) showed that the nitrogen 
and phosphorus uptake rates of Phaeocystis colonies were indeed lower than 
those of flagellates. The calculated colonial nitrogen and phosphorus half-
saturation uptake constants (NKM and PKM) were higher than those of solitary 
cells. Such a difference in PKM between solitary cells and colonies confirms 
measurements made by Veldhuis et al. (1991). High uptake rates and low KM 
values imply that flagellates are better competitors at low nutrient 
concentrations than colonies (Ploug et al. 1999b).  

However, the PKM of Phaeocystis flagellates is unknown; the PKM of 0.3 µmol 
l-1 used by Ploug et al. (1999b) is the uptake constant of solitary non-flagellate 
cells (Veldhuis et al. 1991). Furthermore, for colonies, the only NKM measured 
so far is the combined NO3¯ and NH4+ constant for nitrogen assimilation 
(Lancelot et al. 1986); the NKM for solitary cells and flagellates has never been 
measured at all. In other words, there is still no comprehensive set of nitrogen 
and phosphorus uptake constants and maximum uptake rates for the three 
major morphological cell types for none of the Phaeocystis species. The 
assumption that flagellates are more competitive compared to colonies under 
nutrient limitation (Ploug et al. 1999b) remains, therefore, a theoretical 
generalisation. 

Indeed, contrary to theoretical expectations, P. globosa does form colonies 
under NO3¯ limitation (Riegman et al. 1992). The physiological mechanism for 
this phenomenon is unknown (Riegman and van Boekel 1996) and the 
competitive capabilities of Phaeocystis colonies in relation to other 
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phytoplankton species under NO3¯ limitation have not been tested yet 
(Riegman et al. 1992). Because the nitrogen atom in NO3- has to be reduced, a 
NO3- metabolism is energetically expensive. Cells in Phaeocystis colonies are 
able to synthesise proteins in the dark using the ample energy supply derived 
from both intra- and extracellular organic carbon stored during the light 
(Lancelot and Mathot 1985, Janse et al. 1996) which would give Phaeocystis a 
competitive advantage over species that do not have this ability (Lancelot and 
Rousseau 1994). Counteracting the low competitiveness due to diffusion 
limitation, dark NO3¯ assimilation as suggested by Lancelot and Rousseau 
(1994), may contribute to the summer occurrence of Phaeocystis colonies in 
turbid North Sea coastal waters when, according to Riegman et al. (1992), NO3¯ 
is the nutrient controlling phytoplankton growth. 
 
NH4+ and flagellate formation 
 
Under NH4+ stress Phaeocystis forms flagellates (Riegman et al. 1992). It is 
unclear whether this transformation is a sexual or an asexual process and why 
it does not occur when NO3¯ is the nitrogen source. Because the diffusion 
coefficients of NO3¯ and NH4+ are nearly similar (Ploug et al. 1999b), it is not 
probable that the NH4+ supply rate to colonial cells is a decisive factor in this 
morphological change. Another probability is related to the chemical 
conversion of NH4+ to NH3 in the colony matrix. 

In an alkaline environment even low concentrations of NH3 are toxic to 
sensitive phytoplankton species such as the prymnesiophyte Prymnesium 
parvum (McLaughlin 1958). In the bulk seawater with pH 8 less then 3% of 
NH4+ is in the form of NH3 (assuming pKNH3 = 9.57). When NH4+ enters the 
colony 20% is converted to NH3 due to the high pH of 9 inside the Phaeocystis 
colony (Lubbers et al. 1990). The intracolonial NH3 concentration will not be 
high, but it could be sufficient to act as a trigger for nutrient-stressed colonial 
cells to transform into flagellates. Such a mechanism, for which nutrient-
replete cells should not be susceptible, would also explain why flagellates 
dominate in phosphorus-limited cultures where NH4+ is one of the nitrogen 
sources (Riegman et al. 1992). 
 
inorganic carbon 
 
Inorganic carbon is a major nutrient. A model calculation showed that in the 
course of a bloom of P. globosa colonies, the inorganic carbon concentration 
may drop by 30% (chapter 10). By then the diffusion of OH- out of the colony 
will have increased the bulk seawater pH from 8 to 9. This increase in bulk 
seawater pH leads to shifts in the carbonate equilibria, and hence low CO2 
concentrations. Co-occurring diatoms and other species that are unable to 
compensate, e.g. by exploiting HCO3¯, such as Skeletonema costatum (Degens et 
al. 1968), will experience reduced growth rates due to CO2 limitation (Hinga 
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1992, Riebesell et al. 1993, Chen and Durbin 1994). Because a widely accepted 
hypothesis states that the spring Phaeocystis bloom in temperate seas only 
takes place when silicon has been depleted by a preceding diatom bloom, CO2 
induced limitation may be an important clue to understanding the dominance 
of Phaeocystis over diatoms when the silicon concentration is not limiting 
diatom growth (chapter 3, 4 and 10). 
 
trace metals 
 
Fe, Mn and Zn are required in much lower concentrations than all previous 
inorganic nutrients. These metals are used in normal cellular metabolism, but 
large quantities also precipitate in or absorb to the colony matrix (Morris 1971, 
Davidson and Marchant 1987, Lubbers et al. 1990). This precipitation may 
decrease bulk sea water trace metal concentrations, theoretically depriving 
other species from these micronutrients. Smayda (1973) observed that the 
addition of Fe to a natural population of Phaeocystis sp. and moribund diatoms 
(cf. Delsman 1914b, chapter 1), led to higher diatom growth rates then in 
controls without Fe. During the Dutch coastal spring bloom, concentrations of 
Fe and Mn are low (Schoemann et al. 1998). However, trace metals in this part 
of the North Sea apparently do not decrease to concentrations limiting the 
phytoplankton biomass development (Peeters and Peperzak 1990). 
 
diatoms during Phaeocystis blooms 
 
During Phaeocystis blooms, the number of diatoms is usually reported to be low 
for a number of reasons: (i) cell numbers are compared; this leads to an 
underestimation of diatom biomass because diatom cells are 10 to 1000 times 
larger than Phaeocystis cells (chapter 4), (ii) an antagonistic effect of 
Phaeocystis (see chapter 1) which may be related to nutrient (CO2, trace metal) 
exclusion or (hypothetically) vitamin B12 binding (chapter 3 and 7), (iii) silicon 
limitation of diatom growth (van Bennekom et al. 1975, Peeters and Peperzak 
1990, Riegman et al. 1990), (iv) the preferential grazing of copepods on 
diatoms.  

The impact of copepod grazing on diatom abundance in spring has not 
received much attention, because the amount of diatoms during Phaeocystis 
blooms in the North Sea was considered negligible (chapter 4), and because 
copepod biomass is still low in that time of year (Fransz and Gieskes 1984). 
However, it is likely that the relative abundance of Phaeocystis colonies 
increases by the preferential grazing of copepods on diatoms; this has been 
observed in the Bering Sea (Barnard et al. 1984). In the Marsdiep, the copepod 
Temora longicornis grew well during the spring Phaeocystis-diatom bloom 
because it used non-fluorescent microzooplankton as food source; it did not feed 
on Phaeocystis (Hansen and van Boekel 1991). However, T. longicornis gut 
fluorescence declined with 75% but was not zero, which means that some 
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grazing on (fluorescent) diatoms still took place, diminishing the already low 
diatom concentration. 

Summarising, there are several factors involved in the rapid blooming of 
Phaeocystis and its ultimate dominance over other species: (i) Phaeocystis has 
an inherent high growth rate, (ii) adapts easily to low irradiances and is not 
inhibited by high irradiances, (iii) continues protein synthesis in the dark, (iv) 
has flexible temperature and salinity requirements, and (v) reduces CO2 and 
trace metal availability for co-occurring species.  

Some of these traits are related to growth in a colonial form, and this also 
has its impediments: (i) the need for a solid substrate to start colony growth, 
(ii) the allocation of organic carbon to the colony matrix, (iii) the formation of a 
diffusion barrier for nutrients, and (iv) the inability of nutrient-limited colonial 
cells to exploit NH4+.  

The relative importance of these bottom-up factors in the development of 
Phaeocystis blooms will depend on the physical and chemical characteristics of 
a given environment, as well as the competitive abilities of the co-occurring 
phytoplankton species.  
 
 

Bloom height and duration 
 
 
bloom height and pH 
 
The increase in Phaeocystis bloom height and duration in the Dutch coastal 
zone in the 1970s and 1980s has been linked to eutrophication (Cadée and 
Hegeman 1986, Lancelot et al. 1987). Although this relation appears simple, 
the explanation is not. Why should an increase in nutrient concentrations lead 
to an extension of bloom duration and not simply to an ever increasing cell 
concentration? The answer is that if nitrogen and phosphorus are in ample 
supply some other factor must limit bloom development. This factor is probably 
inorganic carbon (chapter 10). 

The fact that the intracolonial pH can rise to approximately 9 (Lubbers et 
al. 1990, Ploug et al. 1999a) was used to develop the argument that the 
maximum organic carbon concentration cannot exceed 0.7 mmol l-1, equivalent 
to 100 million cells l-1 (chapter 10). The reason is that the rise in bulk seawater 
pH from 8 to 9 is equal to the removal of 0.7 mmol l-1 inorganic carbon. The 
colony pH, and hence the seawater pH do not proceed much above 9 (chapter 
10).  

The calculated 100 million cells l-1 is indeed the maximum measured in 
highly eutrophied areas such as the Irish Sea (Morris 1971) and the Marsdiep 
(Admiraal and Venekamp 1986, Cadée and Hegeman 1986, Riegman et al. 
1990). If the height of the Phaeocystis bloom is determined by inorganic carbon 
availability, its duration is set by the concentration of the second limiting 
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nutrient. This nutrient is phosphorus in spring in the Dutch coastal zone 
(Veldhuis et al. 1987, Peeters and Peperzak 1990), in other areas of the North 
Sea it may be nitrogen (Lancelot and Mathot 1987, van Boekel et al. 1992). 
 
bloom duration 
 
At the top of a Phaeocystis bloom a large amount of inorganic carbon has been 
transformed into small cells and extracellular organic carbon. Such high 
amounts of prey would normally be consumed rapidly by bacteria and 
zooplankton. However, this is not the case. Phaeocystis blooms can last many 
weeks (Cadée and Hegeman 1986, chapter 3 and 4) because colonies have 
several lines of defence: (i) extracellular carbon is not easily accessible to 
bacteria, (ii) microzooplankton grazers cannot reach colonial cells, and (iii) the 
colonies are too large to be grazed by zooplankton and zoobenthos. 
 
bacterial consumption 
 
Half the extracellular colonial carbon produced in a Phaeocystis bloom can be 
degraded by bacteria in 2 to 11 days (Osinga et al. 1997, Janse et al. 1999), but 
bacterial invasion of the colonial mucus is prevented for three reasons. First, at 
the onset of the Phaeocystis bloom its concentration is still low as is, relatively, 
the concentration of bacteria (Laanbroek et al. 1985, Billen and Fontigny 1987, 
Rousseau et al. 2000), resulting in a relatively low encounter rate. Second, the 
attachment of bacteria to moving particles is substantially enhanced only when 
these particles are millimetre-sized, as in the case of marine snow (Jackson 
1989). Only old Phaeocystis colonies attain this size. Third, the mucus is 
protected by a strong colony membrane (Kornmann 1955, Hamm et al. 1999) 
which prevents bacteria entering the colony. These three reasons explain why 
the number of epibacteria on young Phaeocystis colonies in the early stages of 
bloom development is low (Putt et al. 1994, Becquevort et al. 1998). The 
antibiotic acrylic acid, produced by colonial Phaeocystis cells through lysis of 
DMSP, does not diffuse out of the colony, therefore it has no effect on 
epibacterial growth (Noordkamp et al. 2000). Weisse et al. (1994) had already 
dismissed the presumed function of acrylic acid as an inhibitor of other 
organisms as a ‘widely quoted legend’. 
 
microzooplankton grazing 
 
Pelagic predators are generally 8 to 50 times larger then the phytoplankton 
cells they graze (Hansen et al. 1994). This means that the relatively small -8 
µm- P. globosa cells would form a perfect prey for heterotrophic dinoflagellates 
and ciliates (Weisse and Scheffel-Möser 1990b, Hansen et al. 1993, Tillmann 
and Hesse 1998, chapter 4). However, the colonies rapidly exceed 100 µm 
diameter (Rousseau et al. 1990, chapter 6) making them even larger than most 
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microzooplankton. Furthermore, the cells are protected from such potential 
predators by a rigid colony membrane (Kornmann 1955, Admiraal and 
Venekamp 1986, Hamm et al. 1999).  

Despite the rigid colony membrane, cells are lost to microzooplankton 
grazing; during blooms about 10 to 15% of the non-flagellate cells is found 
outside the colonies where they are grazed by microzooplankton (Admiraal and 
Venekamp 1986, Weisse and Scheffel-Möser 1990a and b). Especially large 
colonies seem to disintegrate (Admiraal and Venekamp 1986), but the rate of 
the transformation into solitary cells and the factors influencing this process 
are unknown. Although 10 to 15% appears to be a small fraction, 
microzooplankton grazing on solitary cells is fast. This means that this ‘cell 
leakage’ pathway may be a considerable loss factor for Phaeocystis (Figure 
11.1). 

The microzooplankton itself falls prey to the larger copepods, thereby 
indirectly relaxing the grazing pressure on Phaeocystis (Hansen and van 
Boekel 1991). 
 
zooplankton and zoobenthos grazing 
 
A second group of potential predators consists of copepods and benthic filter 
feeders such as shellfish. However, to be grazed by copepods the solitary 
Phaeocystis cells are too small, and the colonies are too large (Verity and 
Smayda 1989, Bautista et al. 1992). According to Petri and Vareschi (1997) 
Phaeocystis colonies can serve as food for benthic shellfish but this is 
controversial because Pieters et al. (1980), Kamermans (1994), Prins et al. 
(1994) and Smaal and Twisk (1997) reported the contrary. M. balthica ejected 
colonies after ingestion (Kamermans 1994), M. edulis reduced its clearance 
rate (Prins et al. 1994) and rejected filtered colonies as pseudofaeces (Smaal 
and Twisk 1997). Therefore, the effect of zoobenthos grazing on Phaeocystis is 
probably small (Beukema and Cadée 1991). Likewise, the grazing impact of 
zooplankton on blooms of P. globosa is considered insignificant (Fransz and 
Gieskes 1984, Claustre et al. 1990, Hansen and van Boekel 1991) because the 
colonies are too large to be grazed (Bautista et al. 1992, Gasparini et al. 2000). 

Because of its potential relevance, the microzooplankton grazing on solitary 
non-flagellate cells has been included in Figure 11.1. Assuming that the loss 
rates of whole colonies, colonial cells and colonial extracellular carbon under 
nutrient-replete conditions are low, these pathways are not shown. 
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Bloom disappearance 

 
 
colony sedimentation 
 
In the North Sea the sedimentation of Phaeocystis globosa colonies is a well-
known phenomenon (Savage and Hardy 1934, Riebesell 1993, Cadée 1996). 
Phaeocystis colonies can attain sinking rates well over 1 meter day-1, sufficient 
for a surface layer loss rate of 0.2 day-1, sedimentation on the sea bed and 
burial into the sediment (chapter 6). Sedimentation rates may increase due to 
nutrient stress, but also because of detritus and pennate diatoms sticking to 
large, deteriorating colonies (chapter 4: Figure 4.8, chapter 6).  
 
flagellate and ghost colony formation 
 
The main pathway leading to the transformation of colonial cells into 
flagellates and ghost-colony formation, is a fast decrease in daily irradiance to 
< 100 W h m-2 day-1 by sinking (chapter 2, 3 and 9). Apparently, this rapid 
decline in irradiance triggers the transformation of each diploid non-flagellate 
cells into four haploid cells: two micro- and two mesoflagellates (chapter 9, 
Figure 9.7). The mesoflagellate produces pentagonal stars made of chitin, that 
are still visible after these cells have abandoned the colony (Figure 9.6). A 
colony devoid of cells is called a ghost colony (Figure 11.1).  

Before the haploid flagellates can swim through and out of the colony 
(Verity et al. 1988b, Figure 9.5 and 9.6), the polysaccharide mucus in which the 
colonial cells are normally embedded must dissolve. How this is accomplished 
is unknown. The reduction of the colonial firmness in the later stages of the 
bloom, has been ascribed to an increased seawater content of the mucus gel as 
colony size increases (Lancelot and Rousseau 1994). A second proposition was 
made by Janse et al. (1996). With the exception of glucose, they did not find 
changes in the carbohydrate mucus composition during the development of P. 
globosa blooms in the North Sea. Apparently, the composition of the mucus did 
not change, and the weakening of gel firmness was attributed to changes in 
polymer length and branching, or in alterations in the amount of carboxyl and 
sulphate groups (Janse et al. 1996).  

Van Boekel (1992b) had shown that Ca2+ is an essential ingredient to obtain 
firm Phaeocystis mucus, because this divalent ion forms ionic bridges between 
the negatively charged carboxyl and sulphate groups on different polymer 
strands. Assuming that cells cannot alter polymer length and branching of 
already secreted mucus polymers, a fast alternative for dissolving the gel is 
breaking the ionic bridges by a chelating agent. In vitro, the chelator EDTA is 
capable of dispersing such marine gels, releasing them as free polymers (Chin 
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et al. 1998). Many phytoplankton species are able to produce chelators or 
phytochelatins (Reynolds 1993, Stumm and Morgan 1996), and demonstrating 
their secretion by Phaeocystis would provide an important clue to gel 
destabilisation during colonial blooms. Gel destabilisation may be an 
important factor in the elongation of large colonies (Rousseau et al. 1990, 
chapter 6). Rapid gel dispersion would allow the free movement of the haploid 
intracolonial flagellates, and could give rise to the high post-bloom DOC 
concentrations observed in the sea (cf. Eberlein et al. 1985). 
 
increased microzooplankton grazing 
 
The reduction of mucus firmness will also lead to the loss of colony shape 
(chapter 4, 6 and 9), and ciliates and heterotrophic dinoflagellates can invade 
the colony to graze on remaining cells (Pouchet 1892, chapter 4, Figure 4.8, 
Figure 11.1). High microzooplankton abundance has been observed 
immediately following Phaeocystis blooms (Admiraal and Venekamp 1986, 
Riegman et al. 1990, van Boekel et al. 1992). In the German Wadden Sea 
microzooplankton grazing accounts for 12 to 50% of Phaeocystis cell loss 
(Tillmann and Hesse 1998); in the Dutch coastal zone this can be as high as 
90% (chapter 4).  
 
cell lysis 
 
Non-grazed nutrient-stressed Phaeocystis cells in colonies lyse if they do not 
sediment and remain exposed to daily irradiances over 100 W h m-2 day-1 
(Figure 11.1). In cultures, the death rate of non-flagellate cells under such 
circumstances is 0.5 day-1 (chapter 5). Mortality rates in the sea are somewhat 
lower at 0.15 day-1 (Brussaard et al. 1995), and 0.15 to 0.29 day-1 (Lancelot and 
Mathot 1985). In the Marsdiep cell lysis can account for 75% of the decline in 
Phaeocystis cell numbers (Brussaard et al. 1995). Both lysis and colonial matrix 
disintegration provide a large organic carbon pool that, for a large part, is 
rapidly exploited by bacteria (Laanbroek et al. 1985, Billen and Fontigny 1987, 
van Boekel et al. 1992, Becquevort et al. 1998, Rousseau et al. 2000).  

The death and lysis of non-flagellate P. globosa appears to be inherent to 
this cell type; mesoflagellates have a much lower death rate at 0.07 day-1 
(chapter 5). However, flagellates are prone to virus infection and rapid virus-
induced lysis. Virus infection has been demonstrated in flagellates of P. 
pouchetii (Jacobsen et al. 1996) but not in P. globosa. 
 
foam 
 
In the Dutch coastal zone, sinking colony-remnants come into a shoreward 
bottom current (chapter 4). This current behaves as a conveyor belt that 
transports these remnants towards the turbulent surf zone (chapter 10). Here 
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the froth is produced that is characteristic for the wane of Phaeocystis blooms 
(chapter 1, Figure 11.1). The high correlation (r = 0.85) between the 
Phaeocystis bloom in the Dutch coastal zone and foam frequency on the nearby 
shores of Holland (chapter 10), confirms previous claims suggesting a link 
between the Phaeocystis blooms and foam (Bätje and Michaelis 1986, Lancelot 
et al. 1987). 

Summarising the previous two sections, several abiotic and biotic factors 
are involved in the height, duration and disappearance of P. globosa blooms. In 
bloom dynamics the role of the Phaeocystis colony is quintessential. The bloom 
height (i) is determined by the pH difference between the colony interior and 
the surrounding seawater while, (ii) the availability of phosphorus or nitrogen 
determines the duration of the bloom. Inside the colony the cells and secreted 
organic carbon are protected from consumption by (i) bacteria, (ii) 
microzooplankton and (iii) large filter feeders. Blooms disappear when (i) 
colonies sink out of the water column, (ii) colonial cells transform into 
flagellates, (iii) bacteria and microzooplankton consume the colony matrix and 
its cells or, (iv) the colonial cells lyse.  
 

It should be noted that not all life cycle stages of Phaeocystis and their 
transitions have been studied equally well. The exact nature of the 
overwintering stage is unknown; syngamy has not been observed yet. The life 
cycle of P. globosa should be compared to the incompletely known life cycles of 
the other species in the genus Phaeocystis.  

Furthermore, there are gaps in the knowledge on the adaptive process to 
low irradiances, and in nutrient (C, N, P) uptake kinetics for the various life-
cycle stages. Such physiological processes should be studied in all P. globosa 
life cycle stages, and should be examined in other Phaeocystis species an co-
occurring algae as well. 

Data in the literature are either scant or confusing, because it is often 
unclear which Phaeocystis species, and what kind of life cycle stages were 
investigated. In future experiments, the Phaeocystis species under study 
should be identified clearly, e.g. with genetic tools, and the morphology of the 
colony or the solitary cells should be stated explicitly.  

The initiation and development of Phaeocystis blooms are influenced by 
several physical (daily irradiance, turbulence), and chemical factors (inorganic 
nutrients, vitamins). Itself, Phaeocystis affects the development of many other 
plankton species (bacteria, diatoms, zooplankton). A multi-disciplinary 
approach will be necessary to fully understand the processes involved in the 
wax and wane of Phaeocystis blooms. 
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Summary 
 
 
Phaeocystis is a microscopically small plankton alga that inhabits the world 
seas. The small algal cells are able to form large colonies that can be seen with 
the naked eye. In the ocean, the colonies bind large amounts of CO2 and, 
therefore, Phaeocystis is considered important in a.o. the global carbon cycle. 
When Phaeocystis appears in large quantities, which is often the case in the 
North Sea, Phaeocystis is known as a harmful alga: it blocks the food chain 
because the colonies are inedible for crustaceans and shellfish. Sedimentation 
of colonies on the sea floor can lead to oxygen depletion and the subsequent 
death of bottom-dwelling animals. In addition, Phaeocystis allegedly causes 
large amounts of foam on the coast. 

For reasons previously unknown, blooms of Phaeocystis in the North Sea 
appear punctually in April and they disappear just as rapidly in May or June. 
This mysterious wax and wane prompted the investigations reported in this 
thesis. The aim was to discover what triggers the start of the Phaeocystis bloom, 
and what induces its disappearance. To solve these puzzles, experiments were 
carried out in the laboratory and measurements were made in mesocosms (large 
outdoor tanks) and in the sea. It was shown that changes in daily irradiance are 
a key factor for understanding the life cycle of Phaeocystis. This life cycle is the 
centre of an ecophysiological Phaeocystis model that was ultimately made. 
 

The species studied was Phaeocystis globosa, an alga belonging to the 
prymnesiophytes, a class in the division Haptophyta. The cells, that are smaller 
then 0.01 mm, occur in the form of free-swimming flagellates, or as immobile 
non-flagellate cells in colonies up to 20 mm in size. The colony and several types 
of flagellates were described in 1900 by A. Scherffel. 

Phaeocystis blooms in the Dutch coastal zone of the North Sea, periods with 1 
million cells or more in a litre seawater, were already observed at the beginning 
of the 20th century. Yet, in the course of that century both the maximum 
concentrations and the bloom duration of Phaeocystis strongly increased. This 
increase is usually related to eutrophication [chapter 1]. 

However, a comprehensive description of Phaeocystis blooms comprising all 
life cycle stages, the different flagellates and the colony, was still difficult to 
make. Such a description or model is necessary in understanding which 
biological, chemical and physical factors bring about the transitions in the life 
cycle, so that it can be used to predict the timing and magnitude of the blooms. In 
the final chapter [11], the knowledge of the wax and wane of Phaeocystis globosa 
blooms acquired in the chapters 2 to 10, will be synthesized into such a model. 
 

The start of the Phaeocystis spring bloom in the Oosterschelde (The 
Netherlands) is not only rapid, it also starts at the same time each year. This 
bloom usually disappears in May and so-called May-froth, ‘meisop’ in Dutch, can 



summary/samenvatting 

 215 

be observed on the water and on nearby coasts. The regular wax of the bloom 
could not be explained by water temperature, salinity or nutrient concentrations 
because these vary widely from year to year. However, at a given day of the year 
daylength and the solar angle at noon are fixed. The product of daylength (h day-

1) and irradiance (W m-2) is daily irradiance (W h m-2 day-1) , the solar energy flux 
entering the water column between sunrise and sunset. The effect of changes in 
daily irradiance on growth rate and cell morphology of Phaeocystis became the 
subject of the first experiment. 

In this first experiment, Phaeocystis was cultured in a range of daily 
irradiances under nutrient-replete conditions and constant temperature and 
salinity. Below 100 W h m-2 day-1 it grew as a flagellate [chapter 2]. Such low 
daily irradiances are found in winter and near the seabed in all seasons. Above 
the 100 W h m-2 day-1 threshold spherical colonies with non-flagellate cells were 
present. The highest growth rate of Phaeocystis, 2 divisions per day (µ = 1.4 day-

1), was obtained at sea surface irradiances (> 700 W h m-2 day-1). Such a high 
growth rate implies that cell numbers can increase more than 10,000 times in 
one week, sufficient for the rapid bloom observed each spring. It was 
hypothesized that colonies maintain a position near the sea surface by buoyancy 
regulation. When nutrients are depleted buoyancy is lost. On their way to the 
seabed the sinking colonies would pass the daily irradiance threshold which 
would lead to the formation of flagellates. The evacuating flagellates leave 
behind a so-called ghost colony. 
 

A theory widely held relates the timing of the Phaeocystis spring bloom to the 
silicon-(Si)-requirement of the co-occurring diatoms. In several seas, diatoms 
bloom before Phaeocystis until they run out of Si, an essential nutrient for their 
cell wall. Only then would Phaeocystis, which does not need Si, would be able to 
bloom, at least if the other major nutrients nitrogen (N) and phosphorus (P) are 
still in ample supply. This Si-theory and the opposing daily irradiance hypothesis 
from chapter 2 were examined by measuring the development of nutrients, 
irradiance and phytoplankton in a mesocosm experiment and in the sea 
[chapters 3 and 4]. 

Despite a Si surplus, the diatoms were outcompeted by Phaeocystis in the 
mesocosm experiment within two weeks [chapter 3]. A reduction of the mean 
water column daily irradiance to 110 W h m-2 day-1 and sinking of the colonies to 
even lower values, in conjunction with relatively low P concentrations (< 1 µM), 
led to the formation of Phaeocystis flagellates and ghost colonies. Only after the 
termination of the Phaeocystis bloom the diatoms reappeared. Why the diatoms 
were outcompeted could not be explained at that time. However, it could be 
concluded that low Si concentrations are not a prerequisite for Phaeocystis to 
outcompete the diatoms. 

In the North Sea too Phaeocystis was observed blooming before Si was 
limiting diatom growth. Furthermore, changes in daily irradiance indeed 
influenced the life cycle [chapters 4 and 9]. In 1992 the bloom started above 100 
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W h m-2 day-1 and during bloom decline Phaeocystis colonies with flagellates were 
observed below this threshold. The formation and release of flagellates is one of 
the factors in the disappearance of colonial Phaeocystis blooms. During the wane 
of the bloom the protective colonial structure can disintegrate. As a consequence 
up to 90% of the colony cells fell prey to ciliates and heterotrophic dinoflagellates, 
small grazers for which colonies are too large [chapter 4]. 

Next it was shown that contrary to common belief, the coastal North Sea  
along the Dutch coast can be stratified by freshwater discharged by the Rhine 
[chapters 4 and 6]. It is argued that this stratification plays an important role in 
the life cycle of Phaeocystis and in foam formation on nearby shores.  

Phaeocystis colonies have sinking rates ranging from –0.4 to 1.9 meter day-1. A 
rate above 1 meter day-1 is already sufficient for the colonies to sediment out of 
the surface layer [chapter 6]. Not only do the colonies trapped in the bottom layer 
receive a low daily irradiance: they will be transported by the shoreward 
undertow to the coast, where they presumably provide the material that is 
beaten to foam in the turbulent surf zone [chapter 4]. 
 

In addition to flagellate formation, grazing and sedimentation, a fourth factor 
in the rapid disappearance of Phaeocystis blooms is lysis of the colonial cells 
[chapter 5]. If these cells are cultured above 100 W h m-2 day-1 and become 
stressed by nutrient deficiency, they died with a rate d = 0.52 day-1. On the other 
hand, flagellates kept under the same conditions had a very low d = 0.07 day-1. 
This is one explanation why flagellates and not the colonies or colony cells occur 
in nutrient-poor environments such as the open ocean. 
 

The prolongation of Phaeocystis blooms is generally related to an increase of 
eutrophication, a rise of N and P concentrations in the sea. Bioassay experiments 
showed that besides N and P Phaeocystis also needs vitamin B1, and that 
vitamin B12 reduces growth rate [chapter 7]. Apparently, there is sufficient B1 
available in the North Sea to facilitate Phaeocystis blooms, and insufficient B12 
(a vitamin for diatoms) to constrain them. 

Young Phaeocystis  colonies iften appear on the diatom Chaetoceros. This 
known from the literature and it was also observed during measurements in the 
North Sea in 1994 [chapter 6]. It was then suggested that the colony growth of 
Phaeocystis is induced either by secretion of B1 or depletion of B12 in the vicinity 
of the diatom cell wall. However, the literature also showed that colonies can 
develop on inanimate particles. Therefore, an alternative hypothesis was 
presented based on the turbulence-free zone that is present near dead and living 
particles. This zone prevents too fast diffusion of the first colony building blocks 
at a moment the colony membrane has not yet been formed [chapter 11]. 
 

During a Phaeocystis bloom a large amount of organic carbon is produced 
from inorganic carbon (Ci) that is largely present as carbondioxide (CO2) and 
hydrogenbicarbonate (HCO3-). The effect of lowered Ci concentrations on 
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Phaeocystis growth was measured in cultures by decreasing the aeration 
[chapter 8]. An increase in Ci-stress diminished the number of colonial cells 
from 1.33 ± 0.13 cells per 1000 µm2 to 0.32 ± 0.10 cells per 1000 µm2 colony 
surface. This observation led to a Ci model for the Phaeocystis colony in which 
the colonial cells, using the extracellular enzyme carbonic anhydrase, split 
HCO3- into OH- and CO2. The CO2 diffuses into the cells and is assimilated, 
while OH- increases the intracolonial pH to 9.2. 

Concentration gradients between the colony and the external seawater 
drive HCO3- diffusion into, and OH- diffusion out of the colony. However, the 
rate of OH- diffusion slows down because growing colonies increase seawater 
pH and thus decrease the concentration gradient. In non-aerated cultures 
therefore, pH can rise to 9.2. Furthermore, the colony size is correlated with 
the thickness of the diffusive boundary layer: both increase. Ultimately, this 
means a decrease of both the HCO3- diffusion into the colony and the CO2 
assimilation rate. Because it costs less organic carbon to produce colony 
building blocks then the much denser cells, the net result is a decrease in the 
relative number of cells per colony.  

In contrast to the colonies, the small solitary cells are hardly diffusion limited. 
Therefore, this Ci model also explains why the ratio of colonial to solitary cells 
decreases in culture media with high N and P concentrations relative to Ci 
[chapter 8]. 

What does a pH-rise of the seawater mean for other algae? By a shift in 
chemical equilibria an increase in pH directly leads to lower CO2 concentrations. 
Many diatoms cannot produce CO2 from HCO3-. In chapter 10, the effect of an 
increase in pH on the growth of the diatom S. costatum was tested by culturing it 
in the pH range of the mesocosm experiment [pH 8 to 9, chapter 3]. Indeed, from 
pH 8 to 9 the diatom growth rate declined from 0.7 to 0.3 day-1, while the 
Phaeocystis growth rate remained fairly constant at 0.7 day-1. These results were 
used to re-analyse the mesocosm data. It was concluded that increasing the pH is 
an adequate way to outcompete diatoms, even if Si is not limiting diatom growth. 

The Ci model could also be used to calculate that the maximum 
celconcentration in Phaeocystis blooms is 100 million cells l-1, a number that 
agrees well with the highest values measured in the sea [chapter 10]. This means 
that intensification of eutrophication does not ultimately lead to ever increasing 
cell concentrations, but to an increase in bloom duration. Such an increase has 
been observed in the Dutch coastal zone. 
 

The observations on flagellate formation in the laboratory, mesocosm and 
field studies, combined with the discovery of flagellate cells in colonies together 
with so-called ‘pentagonal stars’, led to a hypothesis for the life cycle of 
Phaeocystis [chapter 9]. In this life cycle, four cells types are distinguished: (i) a 
haploid microflagellate (3.1 ± 0.1 µm), (ii) a haploid mesoflagellate (4.2 ± 0.1 µm), 
(iii) a diploid macroflagellate (6 to 7 µm) and (iv) the diploid non-flagellate 
colonial cell (6.1 ± 0.2 µm). Syngamy of the haploid flagellates leads to a diploid 
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macroflagellate. The macroflagellate is the precursor of the first colonial cell. The 
production of two micro- and two mesoflagellates from a diploid colony cell closes 
the circle. 
 

The life cycle scheme [chapter 9] and knowledge of the growth and loss rates 
[chapters 2 to 8] form a basis for modelling the wax and wane of Phaeocystis 
blooms. Autecological relations needed to do the calculations could be established 
by using newly measured and literature data [chapter 10]. With growth rate µ in 
day-1, salinity sal in psu, temperature T in °C and daily irradiance E in W h m-2 
day-1: 
 

µ = (sal-15.0)/(0.012 (sal-15.0)2 + 0.65 (sal-15.0) + 2.36) 
µ = - 0.0056 T2 + 0.180 T - 0.385 
µ = (E-99) / (0.000020 (E-99)2 + 0.66 (E-99) + 75) 

 
Finally in chapter 10, the relation was investigated between Phaeocystis 

blooms in the North Sea and foam, one the harmful effects ascribed to 
Phaeocystis. The significant correlation coefficient (r = 0.85) that was found 
between blooms and foam frequency indeed supported such a relation. However, 
the composition of the foam and the process of foam formation are still poorly 
understood.  
 

Several new pieces of the ecological puzzle formed by Phaeocystis have been 
discovered and are described in this thesis. In chapter 11, these pieces were 
finally put together to describe the wax and wane of Phaeocystis blooms in four 
steps: (i) inoculum and bloom trigger, (ii) bloom development, (iii) bloom height 
and duration and (iv) bloom disappearance. These steps were combined in an 
ecophysiological model of Phaeocystis globosa. This model contains all cell types 
and the chemical and physical factors that govern the transitions. Furthermore, 
several processes that need further investigation were identified. The Phaeocystis 
model describes the effects of the various biotic and abiotic factors on the life 
cycle transitions as follows:  

Phaeocystis globosa spring blooms start when daily irradiance exceeds 100 W 
h m-2 day-1 and diploid flagellates in a non-turbulent environment transform into 
non-flagellate cells and produce the first colony stage. In the colonies the non-
flagellate cells grow rapidly under ample nutrient (N, P, B1, Ci) conditions, are 
not grazed, and compete with diatoms by raising the seawater pH. Once a 
nutrient is depleted the colony structure weakens and the non-flagellate cells 
disappear through grazing, lysis or by transforming into two morphologically 
different haploid flagellates. The latter occurs when daily irradiance is less then 
100 W h m-2 day-1, the result of sinking towards the seabed. The haploid micro- 
and mesoflagellates leave behind a ghost colony. The fusion of the micro- and the 
mesoflagellate produces a diploid macroflagellate, the inoculum for the next 
bloom. 
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Samenvatting 
 
 
Phaeocystis is een microscopische planktonalg die in alle zeeën ter wereld 
voorkomt. De kleine algencellen kunnen grote kolonies vormen die zichtbaar 
zijn met het blote oog. In de oceaan binden de kolonies veel CO2 en daarom 
wordt Phaeocystis een belangrijke rol toebedacht in onder meer de 
koolstofcyclus op aarde. Wanneer Phaeocystis in grote hoeveelheden voorkomt, 
zoals dat vaak gebeurt in de Noordzee, is het een plaagalg: de voedselketen 
raakt geblokkeerd omdat de grote kolonies oneetbaar zijn voor 
planktonkreeftjes en schelpdieren. Sedimentatie van de kolonies op de 
zeebodem kan leiden tot zuurstofloosheid en vervolgens tot de dood van dieren 
die daar leven. Daar komt bij dat Phaeocystis verdacht wordt de oorzaak te zijn 
van grote hoeveelheden schuim op de kust.  

Om tot voor kort onbekende redenen verschijnt Phaeocystis in de Noordzee 
massaal en punctueel in april, om in mei of juni weer snel te verdwijnen. De 
raadselachtige verschijning en verdwijning van deze ‘voorjaarsbloei’ waren de 
aanleiding voor het onderzoek dat in dit proefschrift wordt beschreven. Het 
doel was te ontdekken wat de aanzet vormt tot de start van de Phaeocystis-
bloei en wat de reden van zijn verdwijning. Om deze vraagstukken op te lossen 
werden er experimenten uitgevoerd in het laboratorium en metingen gedaan in 
‘mesocosms’ (grote tanks in de buitenlucht) en in zee. Aangetoond werd dat 
veranderingen in de dagelijkse lichtinstraling (daginstraling) een sleutelfactor 
vormen voor het begrijpen van de levenscyclus van Phaeocystis. Deze 
levenscyclus staat centraal in een ecofysiologisch Phaeocystis-model dat 
uiteindelijk werd opgesteld. 
 

De soort die werd bestudeerd was Phaeocystis globosa, een lid van de 
prymnesiofyten, een klasse in de divisie van de Haptofyten. De cellen, die 
kleiner zijn dan 0,01 mm, komen voor als vrij zwemmende flagellaten of als 
onbeweeglijke cellen in kolonies van wel 20 mm groot. De kolonie en 
verschillende typen flagellaten werden in 1900 beschreven door A. Scherffel. 

Phaeocystis-bloeien in de Nederlandse kustzone van de Noordzee, perioden 
met 1 miljoen cellen of meer per liter zeewater, werden al in het begin van de 
20e eeuw waargenomen. In de loop van die eeuw echter zijn zowel de maximum 
concentraties als de bloeiduur van Phaeocystis aan de kust sterk toegenomen. 
Deze toename wordt algemeen in verband gebracht met eutrofiëring, 
vermesting van de zee [hoofdstuk 1]. 

Echter, een volledige beschrijving van Phaeocystis-bloeien met inbegrip van 
alle levensstadia, de verschillende typen flagellaten en de kolonie, was nog 
steeds moeilijk te maken. Zo’n beschrijving of ecofysiologisch model is nodig om 
te begrijpen welke biologische, chemische en fysische factoren de overgangen in 
de levenscyclus tot stand brengen, zodat het gebruikt kan worden om het 
tijdstip en de grootte van de bloeien te voorspellen. In het laatste hoofdstuk 
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[11] zal alle kennis over de verschijning en verdwijning van Phaeocystis 
globosa-bloeien die in de hoofdstukken 2 tot en met 10 is vergaard 
samengevoegd worden tot zo’n model. 
 

In de Oosterschelde start de Phaeocystis-voorjaarsbloei niet alleen snel, hij 
verschijnt ook jaarlijks rond dezelfde tijd. Deze bloei verdwijnt meestal in mei 
en het zogenaamde meisop, schuim op het water en op de kust, kan dan 
worden waargenomen. De regelmaat in deze verschijning kon niet verklaard 
worden uit de watertemperatuur, de saliniteit of nutriëntenconcentraties 
omdat deze factoren van jaar tot jaar sterk verschillen. Echter, voor een 
gegeven dag van het jaar staan de daglengte en de hoogte van de zon op het 
midden van de dag vast. Het product van daglengte (h dag-1) en instraling (W 
m-2) is de daginstraling (W h m-2 dag-1), de flux aan zonne-energie die de 
waterkolom binnenkomt tussen zonsopgang en zonsondergang. Het effect van 
veranderingen in de daginstraling op de groeisnelheid en de celmorfologie van 
Phaeocystis werd het onderwerp van het eerste experiment. 

In dit eerste experiment werd Phaeocystis gekweekt in een reeks van 
daginstralingen, bij een overmaat aan nutriënten en gelijkblijvende 
temperatuur en saliniteit. Cellen groeiden onder 100 W h m-2 dag-1 als 
flagellaat [hoofdstuk 2]. Zulke lage daginstralingen komen in de waterkolom 
voor in de winter, en vlak bij de zeebodem in alle seizoenen. Boven de drempel 
van 100 W h m-2 dag-1 kwamen er bolvormige kolonies voor met cellen zonder 
flagellen. De hoogste groeisnelheid van Phaeocystis, 2 delingen per dag (µ = 1.4 
dag-1), werd bereikt bij daginstralingen zoals die aan het zeeoppervlak 
voorkomen (> 700 W h m-2 dag-1). Zo’n hoge groeisnelheid houdt in dat de 
hoeveelheid cellen in één week meer dan 10.000 keer kan toenemen, voldoende 
voor de snelle bloei die ieder voorjaar wordt waargenomen. De hypothese werd 
gesteld dat de kolonies door regulering van hun drijfvermogen een positie aan 
het zeeoppervlak kunnen behouden. Het drijfvermogen gaat verloren als de 
nutriënten op raken. Zinkend naar de bodem zou de daginstralingsdrempel 
gepasseerd worden hetgeen zou leiden tot de vorming van de flagellaten. Als 
deze flagellaten de kolonie hebben verlaten dan blijft een lege, zogenaamde 
spookkolonie over. 
 

Een wijdverbreide theorie koppelde de verschijning van de Phaeocystis-
voorjaarsbloei aan de silicium-(Si)-behoefte van de samen met Phaeocystis 
voorkomende diatomeeën. In verscheidene zeeën bloeien sneller groeiende 
diatomeeën vóór Phaeocystis totdat zij alle Si hebben verbruikt, een voor hun 
celwand noodzakelijk nutriënt. Pas daarna zou Phaeocystis, die geen Si nodig 
heeft, kunnen bloeien, tenminste als de andere belangrijke nutriënten stikstof 
(N) en fosfaat (P) nog in voldoende mate aanwezig zijn. Deze Si-theorie en de 
daar haaks op staande daginstralinghypothese van hoofdstuk 2, werden nader 
onderzocht door de nutriënten-, instraling- en fytoplanktonontwikkeling in een 
mesocosmexperiment en in zee te meten [hoofdstukken 3 en 4]. 
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Ondanks een overmaat aan Si werden in het mesocosmexperiment de 
diatomeeën binnen twee weken door Phaeocystis verdrongen [hoofdstuk 3]. Een 
afname van de gemiddelde daginstraling in de waterkolom tot 110 W h m-2 dag-

1 en het zinken van de kolonies tot nog lagere waarden, in combinatie met de 
relatief lage (< 1 µM) P concentraties, leidden tot de vorming van Phaeocystis- 
flagellaten en spookkolonies. De diatomeeën kwamen pas weer terug toen de 
Phaeocystis-bloei voorbij was. Waarom de diatomeeën weg werden 
geconcurreerd kon toen nog niet worden verklaard. Er kon echter wel 
geconcludeerd worden dat lage Si concentraties geen voorwaarde zijn voor 
Phaeocystis om de concurrentie van de diatomeeën te winnen. 

Ook in de Noordzee werd waargenomen dat Phaeocystis bloeide voordat Si 
de diatomeeëngroei kon limiteren. Verder werd bevestigd dat veranderingen in 
de daginstraling de levenscyclus beïnvloeden [hoofdstukken 4 en 9]. In 1992 
startte de bloei boven 100 W h m-2 dag-1 en tijdens de bloeiafname werden 
onder deze drempelwaarde flagellaten gezien. De vorming en het vrijkomen 
van flagellaten is één van de factoren in het verdwijnen van Phaeocystis-
koloniebloeien. In de afnamefase van de bloei kan ook de beschermende 
koloniestructuur verdwijnen. Daardoor kan wel 90% van de koloniecellen ten 
prooi vallen aan ciliaten en heterotrofe dinoflagellaten, kleine grazers voor wie 
de kolonies te groot zijn [hoofdstuk 4]. 
 

Vervolgens werd aangetoond dat in tegenstelling tot wat algemeen wordt 
aangenomen, het Noordzeewater langs de Nederlandse kust gelaagd kan raken 
door zoet water uit de Rijn [hoofdstuk 4 en 6]. Gesteld wordt dat deze 
gelaagdheid een belangrijke rol speelt in de levenscyclus van Phaeocystis en in 
schuimvorming op de nabije kust. 

Phaeocystis-kolonies hebben bezinkingssnelheden die uiteenlopen van –0.4 
tot 1.9 meter dag-1. Een snelheid boven 1 meter dag-1 is al voldoende voor de 
kolonies om uit de oppervlaktelaag te sedimenteren [hoofdstuk 6]. De kolonies 
die in de onderste waterlaag belanden ontvangen niet alleen een lage 
daginstraling: ze kunnen door de kustwaartse onderstroom naar de wal 
getransporteerd worden, waar ze dan waarschijnlijk het materiaal leveren dat 
in de branding tot schuim wordt geslagen [hoofdstuk 4].  
 

Naast flagellaatvorming, begrazing en sedimentatie speelt een vierde factor 
een rol bij het snelle verdwijnen van Phaeocystis-bloeien: lysis van de 
koloniecellen [hoofdstuk 5]. Als deze cellen boven de 100 W h m-2 dag-1 
gekweekt werden en gestresst raakten door nutriëntengebrek, dan stierven zij 
met een snelheid d = 0.52 dag-1. Daarentegen hadden flagellaten onder dezelfde 
omstandigheden een zeer lage d = 0.07 dag-1. Dit is een van de redenen dat 
flagellaten en niet de kolonies of koloniecellen worden aangetroffen in 
nutriëntarme omgevingen zoals de open oceaan. 
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De verlenging van Phaeocystis-bloeien wordt algemeen in verband gebracht 
met een toename van eutrofiëring, een stijging van N- en P-concentraties in 
zee. Bioassay-experimenten toonden aan dat behalve N en P Phaeocystis ook 
behoefte heeft aan vitamine B1 en dat vitamine B12 de groeisnelheid remt 
[hoofdstuk 7]. Klaarblijkelijk is er voldoende B1 in de Noordzee aanwezig om 
Phaeocystis-bloeien mogelijk te maken, en onvoldoende B12 (een vitamine voor 
diatomeeën) om deze te remmen. 

Jonge Phaeocystis-kolonies komen vaak voor op de diatomee Chaetoceros. 
Dit is bekend uit de literatuur en het werd ook waargenomen tijdens metingen 
in de Noordzee in 1994 [hoofdstuk 6]. Daarop werd de suggestie gedaan dat de 
koloniegroei van Phaeocystis wordt geïnduceerd door uitscheiding van B1 of 
door verwijdering van B12 in de directe nabijheid van de diatomeeëncelwand. 
Echter, uit de literatuur bleek dat kolonievorming ook op niet-levende deeltjes 
kan plaatsvinden. Daarom werd een alternatieve hypothese gepresenteerd die 
uitgaat van de turbulentievrije zone die zowel rond dode als levende deeltjes 
voorkomt. In deze zone wordt voorkomen dat een te snelle diffusie van de 
eerste koloniebouwstenen, op een moment dat de kolomiemembraan nog niet 
gevormd is,  de opbouw van de kolonie tegenwerkt  [hoofdstuk 11]. 
 

Tijdens een bloei van Phaeocystis wordt een grote hoeveelheid organisch 
koolstof geproduceerd uit anorganisch koolstof (Ci) dat voornamelijk voorkomt als 
kooldioxide (CO2) en waterstofbicarbonaat (HCO3-). Het effect van verlaagde Ci-
concentraties op de Phaeocystis-groei werd onderzocht door de beluchting van 
kultures te verminderen [hoofdstuk 8]. Een toename in Ci-limitatie deed het 
aantal cellen per kolonie afnemen van 1.33 ± 0.13 cellen per 1000 µm2 tot 0.32 ± 
0.10 cellen per 1000 µm2 kolonieoppervlak. Deze waarneming leidde vervolgens 
tot een Ci model voor de Phaeocystis-kolonie waarin de koloniecellen, 
gebruikmakend van het extracellulaire enzym carbonzuuranhydrase, HCO3- in 
de kolonie splitsen in OH- en CO2. Het CO2 diffundeert in de cellen en wordt 
geassimileerd, terwijl het OH- de kolonie-pH opdrijft tot 9.2. 

Concentratiegradiënten tussen de kolonie en het externe zeewater vormen de 
drijvende kracht achter de de HCO3- diffusie in, en de OH- diffusie uit de kolonie. 
De OH- diffusiesnelheid neemt echter af doordat groeiende kolonies de pH van 
het zeewater verhogen en zo de concentratiegradiënt verminderen. In onbeluchte 
kultures kan de pH daarom oplopen tot 9.2. Bovendien is de koloniegrootte 
bepalend voor de dikte van de diffusiegrenslaag: beide nemen toe. Uiteindelijk 
betekent dit een afname van zowel de HCO3--diffusie de kolonie in als van de 
CO2-assimilatiesnelheid. En omdat het minder organisch koolstof kost om 
koloniebouwstenen te maken dan de veel dichtere cellen, is het netto resultaat 
een afname van het relatieve aantal cellen per kolonie. 

Losse Phaeocystis-cellen zijn in tegenstelling tot kolonies zo klein dat ze 
nauwelijks door diffusie worden gelimiteerd. Daarom verklaart het Ci-model ook 
waarom de verhouding tussen koloniecellen en losse cellen afneemt in 
kultuurmedia met een hoge N en P concentratie t.o.v. Ci [hoofdstuk 8]. 
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Wat betekent een pH verhoging van het zeewater voor andere algen? Door 
een verschuiving van chemische evenwichten leidt een pH-stijging direct tot 
lagere CO2-concentraties en CO2 kan door veel diatomeeën niet uit HCO3- 
gevormd worden. In hoofdstuk 10 wordt het effect beschreven van een pH-
verhoging op de groei van de diatomee S. costatum door deze te kweken in de pH-
reeks van het mesocosm-experiment [pH 8 tot 9, hoofdstuk 3]. Inderdaad daalde 
van pH 8 tot pH 9 de groeisnelheid van de diatomee van 0.7 tot 0.3 dag-1, terwijl 
de groeisnelheid van Phaeocystis in deze reeks vrijwel constant bleef op 0.7 dag-1. 
Dit resultaat werd gebruikt om de mesocosmgegevens te heranalyseren. 
Geconcludeerd kon worden dat pH-verhoging een adequate manier is om 
diatomeeën weg te concurreren zelfs als, zoals in het mesocosmonderzoek, Si de 
diatomeeëngroei niet limiteert. 

Het Ci-model kon ook gebruikt worden om te berekenen dat de maximale 
celconcentratie in Phaeocystis-bloeien 100 miljoen per liter is, een getal dat goed 
overeenkomt met de hoogste in zee gemeten waarden [hoofdstuk 10]. Dit 
betekent dat verergering van de eutrofiëring uiteindelijk niet leidt tot steeds 
hogere celconcentraties maar wel tot een toename in de bloeiduur. Zo’n toename 
is in de Nederlandse kustzone waargenomen. 
 

De waarnemingen van flagellaatvorming in laboratorium-, mesocosm- en 
veldstudies, gecombineerd met de ontdekking van flagellaten en zogenaamde 
‘pentagonale sterretjes’ in kolonies, leidde tot een hypothese voor de levenscyclus 
van Phaeocystis [hoofdstuk 9]. In deze levenscyclus worden vier celtypes 
onderscheiden: (i) een haploïde microflagellaat (3.1 ± 0.1 µm), (ii) een haploïde 
mesoflagellaat (4.2 ± 0.1 µm), (iii) een diploïde macroflagellaat (6 tot 7 µm) en (iv) 
de diploïde koloniecel zonder flagellen (6.1 ± 0.2 µm). Syngamie van de haploïde 
flagellaten leidt tot een diploïde macroflagellaat. De macroflagellaat is de 
voorloper van de eerste koloniecel. De cirkel wordt gesloten als twee micro- en 
twee mesoflagellaten gevormd worden uit een diploïde koloniecel. 
 

Het schema van de levenscyclus [hoofdstuk 9] en kennis van de groei- en 
verliessnelheden [hoofdstukken 2 tot en met 8] vormen een basis voor modellen 
om aan de verschijning en verdwijning van Phaeocystis-bloeien te rekenen. Een 
aantal daarvoor benodigde autecologische vergelijkingen kon worden opgesteld 
door gebruik te maken van zowel nieuw-gemeten als literatuurgegevens 
[hoofdstuk 10]. Met groeisnelheid µ in dag-1, saliniteit sal in psu, temperatuur T 
in °C en daginstraling E in W h m-2 dag-1 luiden deze vergelijkingen: 
 
 

µ = (sal-15.0)/(0.012*(sal-15.0)2 + 0.65*(sal-15.0) + 2.36) 
µ = - 0.0056*T2 + 0.180*T - 0.385 
µ = (E-99) / (0.000020*(E-99)2 + 0.66*(E-99) + 75) 
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Ten slotte werd in hoofdstuk 10 de relatie tussen Phaeocystis-bloeien in de 
Noordzee en schuim, één van de aan Phaeocystis toegeschreven negatieve 
effecten, onderzocht. De significante correlatiecoëfficient (r = 0.85) tussen bloei- 
en schuimfrequentie ondersteunt inderdaad dit verband. De samenstelling van 
het schuim en het proces van schuimvorming worden echter nog slecht begrepen. 
 

Verscheidene nieuwe stukjes van de door Phaeocystis gevormde ecologische 
puzzel zijn ontdekt en beschreven in dit proefschrift. Uiteindelijk werden in 
hoofdstuk 11 deze stukjes samengevoegd om het verschijnen en verdwijnen van 
Phaeocystis-bloeien te beschrijven in vier stappen: (i) ent en bloeiaanzet, (ii) 
bloeiontwikkeling, (iii) bloeihoogte en (iv) bloeiverdwijning. In een ecofysiologisch 
model van Phaeocystis globosa worden deze stappen weergegeven. Dit model 
bevat alle celtypen, de levenscyclus, en de chemische en fysische factoren die de 
overgangen sturen. Bovendien werd een aantal nog te onderzoeken processen 
geïdentificeerd. Het Phaeocystis-model beschrijft de effecten van de verschillende 
biotische en abiotische factoren op de overgangen in de levenscyclus als volgt: 

Voorjaarsbloeien van Phaeocystis globosa starten als de daginstraling de 100 
W h m-2 dag-1 overschrijdt en diploïde flagellaten in een omgeving met lage 
turbulentie overgaan in cellen zonder flagellen en het eerste koloniestadium 
vormen. In de kolonies groeien de cellen snel bij een overmaat nutriënten (N, P, 
B1, Ci), ze worden niet begraasd en ze beconcurreren diatomeeën door de pH van 
het zeewater te verhogen. Als een nutriënt op is dan verzwakt de 
koloniestruktuur en de cellen verdwijnen door begrazing, door lysis, of door te 
transformeren in twee morfologisch verschillende haploïde flagellaten. Het 
laatste gebeurt als de daginstraling lager is dan 100 W h m-2 dag-1, het resultaat 
van bezinking naar de zeebodem. De haploïde micro- en mesoflagellaten laten 
een spookkolonie achter. Het samengaan van de micro- en de mesoflagellaat 
levert een diploïde macroflagellaat op, de ent voor de volgende bloei. 
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