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Abstract 
Marine coastal eutrophication is generally described as a shift fron1 a diatom- to a non 
siliceous spec1cs-do1n1natcd phytoplankton co111mun1ty in response to the N and P 
anthropogenically-ennched nutnent delivery to the coastal ~one. J;,,utroph1cat1on of the 
coastal "aters of the outhen1 Bight of the North Sea 1s characte111ed by the 
occurrence of recurrent short-living spnng bloo111s of the non sll1ceous colony 
fom1ing haptophyte Phaeoc}'st1s succeeding to a moderate early spnng diatom growth 
The more evident n1a111festat1on of these bloon1s is the accumulation of ugly foam on 
the beaches bordering the continental coastal North Sea due to a troph1c food chain 
di sruption. The obJect1\ e of this thes1s \vas to pro\ 1dc a deeper 1ns1ght on the biology 
and ecology of the genus Phaeocystis and to assess its eco logica l role in the ecosysten1 
of the continental coastal orth ea and 1n the Belgian coastal \vaters 1n particular 
The final ai111 \vas a better understanding of the mechanisn1s behind eutroph1cation 111 
this area. The It fe cycle of Pliaeocvst1s alten1ates several types of nanoplankton1c cells 
and large colonies. The prodigious success of Phaeocyst1s as blooming species was 
ho\vever related to its ability to fonn large gelatinous colonies. The eco-phys1ological 
properties of the colonial stage al low indeed this genus to take benefit of the large 
excess of 0 3 over i(Oi l)4 and PO.i relattve to :P:Si d1ato1n requirements, that 
characterises the nutrient environment of these coastal \Vaters. The colonial structure 
of Phaeocysns is also responsible for its unpalatabi lity for indigenous 
mesozooplankton. Ungrazed Phaeoc;1st1s colonies stimulate the establtshn1ent of a 
very active n1icrobial nenvork \Vhich indirectly resun1es the linear food chain through 
microzooplankton grazing on Phaeocyst1s free-living cells. Ho\vever, the troph1c 
effiency of this n1icrobial food chain is very low. The huge biomass produced by 
Phaeocystis colony bloom has therefore little benefit for the higher trophic levels. The 
very lo\v trophic efficiency of the planktonic linear food chain and of the microbial 
nenvork together with the potential contribution of ungrazed Phaeoc;·st1s-derived 
production to the bacteiial carbon den1and suggest that most of the Phaeocyst1s­
derived production in the Belgian coastal \-Vaters is remineralised 1n the \Vater column. 
The analysis of time series data on diatoms and PhaeocystLs and their environmental 
control evidences some of the mechanisms controlling the succession and co­
occurrence of these l\VO taxa. So, the three diatom communities succeeding in the 
Belgian coastal waters are characteri?ed by a silici fication level (Si :C) positively 
related to the S1(0H)4 availabil ity suggesting a good adaptation of the diatoms to their 
Si environment. The particularly low Si:C characterizing the Rhi::.osolenia spp.­
dominated diaton1 community, co-occurnng \-V1th Phaeocyst1s colonies, suggests these 
diatoms are \Veil adapted to the very lov: Si(OH)4 levels prevailing during the spring 
bloom. A preferential di stribution of this diaton1 con1munity is elsev:here observed in 
well-balanced \vater 111asses. All together, these results suggest that diatoms are not 
necessary S1-l1111ited but also probably P04 limited or Si and P04 co-lin1ited. 
Phaeocystis colonies are characterized by a n11xed nutrient behaviour, gro\ving on ne\V 
sources of NO , and remineralised PO.i. These results, coupled to results of ecological 
MIRO n1odel runs, reveal the 1neffic1ency of measures proposed by national and 
international authorities to ach1e\ e a substantial reduction of hannful Phaeocyst1s 
bloom. Only an integrated land-coastal sea modcltng approach \VOtild be able to 
provide guidance to better select the available control actions on the \vatershed in 
order to reduce the development of Phaeocys11s colony blooms. 
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Res11111e 

Le phenon1ene d 'eutroph1sat1on des eaux c6tieres est generalement dccrtt comme une 
modification de la proportion relative des diaton1ees dans la communaute 
phytoplanctonique au pro fit d'especes non silicifiees, en reponse aux apports de 
nutrin1ents anthropogeniques considcrablcn1ent enrichis en N et P. L'eutrophisation 
des eaux c6tieres de la Ba1e Sud de la Mer du Nord sc caractense par le 
devcloppen1ent d 'efflorescences printaniercs de I ' espcce non silici fiee Phaeocyst1s qui 
succcde a une croissance precoce des diaton1ees. La manifestation la plus ev1denle de 
ces efflorescences est l 'accun1ulation de n1ousses nauseabondes sur les plages de cette 
zone c6ticre lie a une rupture de la cha!ne trophique. L 'obJectif de cette these est 
d'assurer une 111ei lleure connaissancc fonda111entale de la biologic et de l'ecolog1c du 
genre PhaeocJ1s11s ma1s aussi de son role dans l'ecosystemc de la Ba1c Sud de la Mer 
du Nord et p lus particulicrement de la zone c6tiere beige. Le but final de ce travail 
vise a une mei lleure con1prehcnsion des n1ecanismcs d'eutroph1sat1on c6tiere. Le 
cycle de vie de PhaeocJ1Stls alleme plusieurs types de cellules 
nanophytoplanctoniques et des colonies volumineuses. Le succcs prodigieux de cette 
algue dans les milieux enrichis est cependant lie a sa capacite de fonner des colonies. 
Les caracteristiques cco-physiologiques du stade co lonial lui permettent en effet de 
tirer avantage des excedents de o, en regard des beso1ns de Si(OH)4 et P04 des 
diatomees que presentent ces eaux c6tieres. La structure co loniale de Phaeocystts lui 
pennet egalen1ent d , cc hap per a la press ion de broutage du n1esozooplancton indigene. 
Les colonies de PhaeocystlS stimulent cependant l'etab lisscment d'un reseau 
microbien tres actif. Celui-ci reintegre la chaine trophique lineaire par I 'ingestion des 
cellules isolees de Phaeocyst1s par le microzooplancton, proie de choix pour le 
mesozooplancton. Cependant, l 'efficience trophique de ce transfert est tres peu 
elevee. La production des efflorescences de PhaeOC)JS{lS est done tres peu benefique 
pour Jes niveaux tropniqucs supcrieurs. Cette faible efficience trophique ainsi que la 
den1ande en carbone considerable des bacteries printanieres suggerent que la 
production primaire provenant de PhaeOCJ'Slls est majori tairement ren11neral isee dans 
la colonne d 'eau. 
L'analysc de donnees temporelles de diato111ees e t de PhaeoCJ'St1s ainsi que de leurs 
factcurs de conto le, met en evidence certains n16canismes contr6 lant la succession et 
la co-occurrence de ces deux taxons. Ainsi, Jes 3 comn1unautes de diatomees se 
succedant au printen1ps dans la zone c6tiere beige sont caracterisees par un niveau de 
si licification (Si/C) positivement correle a la disponibilite en si lice. Plus 
particulierement, le tres faible rapport Si:C de la communaute de diatomees don1inee 
par Rhizosolen1a spp., co-occurrente de PhaeocJ'St1s, suggere une bonnc adaptation de 
ces diaton1ees aux faibles niveaux de i(OI 1)4. Une di stiibution preferentiellc de cette 
con1n1unaute de diatomecs est par aillcurs observee dans des masses d'eau cquilibrees 
en nutrin1ents. Ensemble, ces resultats suggercnt que lcs diato1necs ne sont pas 
neccssa1ren1ent lim1tees par la si lice rnais auss1 probablen1ent par Jes phosphates ou 
co-lin1itecs par Jes? nutri111cnts Les colonies de PhaeoC)'Slis sont, ellcs, caracterisees 
par un cornportement nutnt1f base sur des sources nou\elles de N03 et du P04 
regcnere. Ccs resultats, couples a ceux du 111odcle ccologique MIRO, revclent 
l'1ncfiicac1te des n1esures proposees par les auton tes afin de redu1re substant1ellen1enl 
les efflorescences indesirables de Phaeoc\1Sl1s. Scu le une approche intcgrcc de 
111odelisat1on des 1nteract1ons cont1nent-1one c6tiere pourra foum1r la guidance 
neccssa1rc pour decider au n1ieux des n1csures a prendre sur le bassin versant afin de 
redu1re ces efflorescences 1ndcs1rables. 
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J11trod11ctio11 

1. Mari1ze coastal e11trop/1icatio11 

I .I De0111t1011 

Tradi tionally, the tcnn eutrophication refers to "the process of enrichment of \Valers 
\V1th nutrients, prin1arily nitrogen (N) and phosphorus (P), that stimulates aquatic 
production". Its niost serious manifestations leads lo v1s1blc algal blooms, ci the1 
planklonic or benthic, either ni1cro- or macrophytes (Yollenwe1der, 1992). 

Marine coastal areas, at the interface between land, ocean and atn1osphere arc 
particularly vu lnerable to human-n1ade eutrophication, especially those with only 
limited interactions \Vith adjoining oceanic waters and large freshwater influence. 

Human-eutrophicated coastal zones contrasts fTom coastal shelf areas submitted to 
upwelling of deep 'vaters at the shelf break. In naturally ennched coastal systems, 
seasonal upwelling of deep waters at the shelf break supply ne\v dtagenetically 
remineralised nutrients to coastal phytoplankton. These nutrient sources, well­
balanced in terms of N:P:Si with regards to the diatoms (N:S i = 1 1n average, 
Brzezinski, 1985) and phytoplankton (N:P = 16; Redfield et al., 1963) needs, 
stimulate the growth of diatoms. In these naturally enriched coastal envirorunent, the 
diatoms are efficiently controlled by grazers, inititing the linear food-\veb 'diatom­
mesozooplankton-fish' (Claustre et al., 1994). In hu1nan-eutrophicated coastal areas, 
the nutrient environment of phytoplankton is strongly n1odified, both quantitatively 
and qualitatively, by anthropogenic "new" sources of nutrients from continental 
origin. These terrestrial nutrient sources generally present large amounts of N and P 
resulting from human activities (use of fertilizers, intensive livestock farming, use of 
phosphate-containing detergents, land use modification). Silicon (Si) delivery \Vhjch 
depends on rock weathering, is not di rectly affected by human activities. 

These freshwater sources of nutrients to the coastal zone present therefore a strong 
unbalance with large excess of N and P over Si with regards to coastal diaton1 
requirement (Billen et al., 1991). In addition to these changes in proportion of 
inorganic nutrients, a quantitative shift might occur among the oxidation degree of N 
con1pounds delivered to coastal areas \V1th oxidized forms dominant over reduced 
ones (Billen et al, 1991, Lancelot, 1995). As a result of the freshwater influence in 
coastal areas, these ne\v sources of nutrients generate therefore n1arked niodi fications 
or the an1ount and balance or nulnent env1ronn1ent or coastal phytoplankton 

The n1odification of N·P·S1 ratio and particularly the increase of N: 1 and P:S1, 
induces a sh1 ft 1n the nonst1c con1pos1t1on of phytoplank.ton '' 1th the occurrence of 
additional bloo1ns of non-si !Jceous species (Officer & Ryther, 1980; S1nayda, 1990, 
Billen et al, 1991, Conley el al., 1993). The non-sil1ceous species bloon11ng are the 
most often undesirable nagellates, either toxic or poorly edible, causing harn1ful 
effects on the cnv1ronn1ent (Sn1ayda, 1990; Billen et al, I 991, 111ayda, 1997). 
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1. 2. Terrestrial sources 0[11utrients 

Nutrient transport (N, P, Si) into coastal areas, either inorganic and organic forms, 
occurs a long 3 nl~J or pathways: the riverine run-off, direct emissions and atmospheric 
depos1llon. 

Riverine nutrient transport to the coastal zone depends of the amount of nutrients 
discharged into the river system either from point or diffuse sources. Point sources (N, 
P) depends on urban (household) and industrial sewage as \Vell as the level of waste 
water purification treatments. Diffuse sources of nutrients depends on lithology (Si) , 
land use such as the existence of a permanent or intermittent vegetation cover (N, P, 
Si) but also on fertilizing practices (N). The link between nutrient delivery in the 
watershed and nutrient inputs to the coastal marine area is, however, far for being 
direc t due to the biogeochen1ical processes that eliminate, im1nobilize or transfonn the 
nutrients \vithin the aquatic continuum formed by rivers, lakes, estuaries (Billen et al. , 
199 1). Biological uptake, adsorption of ~ and P04 onto suspended matter, 
mineralisation in the sediment, nitrification, denitrification eliminating N03 very 
efficiently in anoxic zones, are riverine and estuarine processes modifying the transfer 
of nutrients to the coastal areas (e.g. Billen et al., 1985; Zwolman, 1994; Billen et al., 
1995; Ogilvie et al., 1997; Robinson et al., 1998). In addition , hydraulic managements 
such as damming of rivers, has an indirect impact on nutrient inputs to the coastal 
zone. Modifications of stream tlo\VS, are indeed deeply modifying the biogeochemical 
processes in the system. 

Direct e1nissions from coastal cities and industries contribute also to the nutrient 
budget of coastal areas. These nutrient sources are particularly significant in tourist 
areas \vhen the population densi ty increases dramatically during the spring-summer 
period, 1n the absence of \vaste \Vat er treatn1ent. · 

Atmospheric dry and wet deposition on the sea surface of anthropogenic N 
compounds emitted from agricultural (livestock farming, cattle and liquid manure) , 
urban and industrial (combustion of fossil fuels) origin is an additional source of 0 3, 

NH3, NH4 but also urea, amino acids and organo-nitrate in the nutrient budget of 
coastal waters (Paerl, 1995; Asman & Larsen, 1996; Stalnacke et al., 1996; Paerl, 
1997). Atmospheric deposi tion \Vas even suspected lo exceed estuarine transport in 
some north western European shelf area down\.vind of urban, industrial and 
agricultural en11ssions (Graneli et al., 1999). Atmospheric inputs of P, mainly related 
to high temperature con1bustion o f organic matter, seaspray and soil particules 
(Stalnacke et al, 1996), are negli gible as arc those or i (Reid et al., l 988). 

1.3. Oua11t1ta111•e and qual11a11ve changes of the nutrient e111•1ro11111ent o[coastal areas 

ln many ten1perate regions of the northern hen11 spherc, both quantitative and 
qualitative mo<l1ficallon of the nutrient en\1ronment o f the coastal phytoplank.ton has 
been related to continental or anthropogenic sources of nutrient , enriched in N and P 
(e g. van Bennekom el al, 1975; Lancelot el al., 1987; Brockn1ann et al., 1988; 
Conley er al., 1993, Ragueneau et al. 1994; Just1c et al, 1995; elson & Dortch, 
1996). Quantitative changes are n1ostly related to the 1ncreas1ng inputs of and P to 
estuarine and n1anne \Vatcrs over the last 50 years due to increasing urbani /ation, 
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industnalizat1on and intensification of agriculture. In this way, the N load of the 
North Sea has increased by a factor 2.5 fron1 1950 to 1980 (van Bennekom & 
Wetsteijn, 1990, Radach et al., 1990; Graneli et al. , 1999). In Dutch coastal waters, N 
and P concentrations has been shown to increase by a factor 7 since 1932 (Van 
Bennekom et al., 1975). In the Baltic, an upward trends in the concentration of N and 
P was observed during the last 30 years (Stalnacke et al., 1996). Since the 60's and 
until the late 80's, riverine N and P inputs in the northwcslern Black Sea has increased 
by a factor 5 and 3 respectively (Cociasu et al., 1996) as a result of the developn1ent of 
economic activities and urbanization of the watershed. 

While N and P inputs have dran1atically increased in most of hu1nan-influenced 
coastal areas, Si loads ei ther remai ned constant or decreased. Si load 1s indirectly 
affected by man through the con1bined effects of modifications of the hydraulic 
regimes (Officer & Ryther, 1980) and higher retention in fresh\vaters due to N and P 
enriclunent (van Bennekom et al., 1975; Adn1iraal et al., 1990; Billen et al., 1991). 
Decreasing Si riverine inputs resulting from numerous hydraulic management 
progran1n1es \Vas reported for the weste111 Black Sea (Hun1borg et al., 1997). 

1.4. Manifestation o(eutrophication 

The manifestations of eutrophication are very variable and regionally specific. The 
effect of a given enrichment on the complex coastal ecosystem depends on the 
receiving \Vater body, 1.e. the loading tolerance, the geomorphological and 
hydrodynamical characteristics but also of the trophic structure of the ecosysten1 
determined by the p lanktonic and benthic con1r11unities. 

Beyond the diversity of its local manifestations, the common feature of coastal 
eutrophication lies in the shift in species con1position of the planktonic conm1unity, 
with the occurrence of undesirable non-siliceous phytoplankton. The n1anifest effects 
on human-induced coastal eutrophication usually appear as qualitative changes of the 
structure and functioning of the pelagic and benthic food \Veb \Vith resulting adverse 
effects. Few beneficial effects of human-made eutrophication, such as increase of 
biological resources, have indeed been reported (Nehring, 1992). 

The non-siliceous species sustained by additional anthropogenic nutrients includes 
most often harmful organisms, toxic or unpalatable for indigenous zoop lankton with 
resulting adverse e ffects (Smayda, 1990; Lancelot, 1995). A1nong them, oxygen 
deficiency or deple tion with associated fi sh and benthos mortality, fi sh and shellfish 
killing, reduction of species diversity, shortening of the trophic chains, hindrance for 
recreallon (bathing, \Vater sport, tourism) due to reduced transparency and 
unsightliness are the most o ften reported (Vollenweider, 1992). 

Among the problen1s of \\ idest concen1 1s the apparent spread and increase in 
frequency of bloon1s of toxic algae (Richardson & Jorgensen, 1996; Graneli et al., 
1999) Son1e dinoflagellatcs and chrysophyceae are invo lved in causi ng Paralytic and 
Oiarrhet1 c or Amnesic Shellfish Poisoning (PSP and DSP, ASP). These algal toxins 
accun1ulated 111 the food web and constitute a danger even when toxin producers are 
present at lO\\ cel l concentrations Ichtyotoxic species such as dinonagellates and 
haptophyceac (Cl11:11sochro1111t!111a , Pr:y11111esll1111) are not tox ic by themsel\eS but 
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produce water soluble toxins causing mass mortality of fish and bottom fauna with 
serious econon1ical consequences for the aquaculture industry. The episodic blooms of 
the toxic Chrysochron1ult11a polylep1s in the Danish, Swedish and Norwegian waters 

· of the Skagerrak et Kattegat in 1988/ 1989 caused death of tons of farmed fish and 
bottom fauna kill (Rosenberg et al., 1988; 1991 ). The observed increase in frequency, 
extent and duration of such blooms could be however caused by both technological 
development increased capacity of detection (satellite imagery) and change in cultural 
habits (consumption of shellfish during summer when they are more likely 
contaminated) or increasi ng fish concentrations in sea farming. 

Some non-siliceous phytoplankton species, while not toxic, induce however indirecl 
adverse effects on the marine ecosystem such as foam accumulation, anoxia, c logging 
of fi sh gills, reduced yield of harvestable marine resources and loss of the recreational 
value of coastal area (Smayda, 1977). These negative impacts are the vis ible 
manifestations of a disruption of the marine food web due to the unbalance between 
biomass production and consumption by the higher trophic levels. Two weU-known 
exa1nples of such deleterious effects are the Phaeocyst1s blooms and mucilaginous 
phenomenon in the Adriatic sea. The recurrent blooms of Phaeocystis colony in the 
coastal waters of the Southern Bight of the North Sea produce indeed enormous 
amounts of unpleasant foam \Vhich accumulates along the beaches (e.g. Lancelot et 
al., 1987). The huge phytoplankton biomass due to river Po discharges beaches in the 
North Adriatic coastal waters .was responsible for the ugly rnucilage floating near the 
beaches during summer 1988 and 1989 (Herndl, 1992). 

The distinction between direct eutropbication-related effects and those engendered by 
other anthropogenic factors could not be easily assessed . Pollution, introduction of 
alien species through ballast "vaters, over-fishing and hydraulic 111anagement are 
among factors whose effects superimposed to those of anthropogenic nutrient 
enrichment (Brockmann et al., 1988). Over-fishing of piscivorous fishes strongly 
modifies the food-web structure, causing indirect accumulation of phytoplankton 
biomass by suppressing their control by herbivorous zooplankton. Increasing inputs 
to marine waters of trace n1etals essential or inhibiting algal growth (Cu, Co, Mn, Fe) 
were related to increasing n1obility and leaching of these metals fron1 the soils due to 
acid precipitation (Graneli et al., 1999). 

Moreover, eutrophication-related changes observed in the n1arine ecosystem occur 
against a background of n1eteorological and clin1atic variations without any possible 
distinction between both driving forces. Their con1plex interplay could result in 
intensi ft cation of eutrophication effects or unexpected manifes tations. In this \vay, the 
red tides observed during spring 1998 1n south China. causing huge fi sh damages, 
were related to the combined effects of El-Nino and eutroph1ed conditions (Yin et al, 
1999). The Cl11:vsochro111u/u1a event constitutes another exan1ple of such con1plex 
interplay. The toxin production by Chrysochro1111tl111a, an usual cornponent of 
phytoplankton community 111 this area, was related to unusually high N:P ratio 
prevailing at the time of the bloon1 due to the combined effect of extren1e 
n1eterological conditions and nutrient enrichn1ent (Maestrini & Graneli, 199 1, 
Richardson & Jorgensen. 1996). 
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2. E 11troplticatio11 of t/1e So11t/1er11 Big /11 of t/1e Nort/1 Sea 

2.1 81otope descr1pt1011 

The continental coastal zone of the North Sea constitutes one example of a human­
induccd eutrophicated coastal ecosystem in response to anthropogenic nutrient 
change. This area receives indeed the discharges of 7 large west-European rivers : the 
Seine, cheldt, Meuse, Rhine, En1s, Weser and Weser. The watersheds of these nvcrs 
draining an area of 850.000 kn12 (Fig. l ), arc very densely populated , highly 
industrialised and used for intensive agricultu1 al practices . 
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Figu re l : Map showing the \vatershcd of the n1a1n nvcrs d1scharg1ng 111 the 
continental coastal v.. aters of the North ea. Arro,vs indicate the general 
residual circulation of \Valer 111asses no,v1ng northeast,vard. 
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The Southern Bight of the North Sea, extending from the Straight of Dover to the 
Gern1an Bight, inc ludes the coastal \Vaters of France, Belgium, the Netherlands and 
Germany (Fig. I) . It is limited by the thermic stratification of Atlantic waters in the 
south-west and in the German Bight in the north-east. This area is a shallow 
continental coastal shelf with a maximum depth of 40 m. The combination of strong 
tidal current maintaining a high turbulent regime, with shallow water depths ensures a 
general vertical niixing throughout the year (Reid et al., 1988, Otto et al., 1990; 
Simpson, l 994). Along the Dutch and German coast, halinc stratification often occurs 
1n the river plu1nes with associated fronts between stratified and \veil mixed regions. 
The Southen1 Bight of the North Sea is an open system characterized by an inOow of 
Atlantic \Vaters entering the Southern North Sea through the Dover Straits. This water 
mass flows a longshore along a southwest-northeast axis due to the general residual 
c irculation (Fig. 1 ). Moreover, the physical feature of these shallow tidal waters is 
considerably influenced by wind which induces significant residual currents (Otto et 
al., 1990). The progressive dilution of At lantic waters by the various sources of 
freshwaters from rivers Seine, Scheidt, Rhine, Meuse, Elbe, Weser and Ems, results in 
a marked SW-NE salinity gradient. As a consequence, the Atlantic waters flowing in 
the Southern Bight of the North Sea are progressively enriched by nutrient river 
discharges. 

2.2. Enrichrnent o(the Souther.n Bight o(the North Sea 

The riverine inputs to the continental coastal waters of the North Sea constitute by far 
the main sources of nutrients. The atmospheric deposition of N has been indeed 
estimated to only 9 o/o of the total N input into Dutch coastal waters (Klein & van 
Buuren, 1992). The riverine loads of nutrients discharged into the Southern Bight are 
charac terized by large amounts of anthropogenic N and P. Some 720 OOO T of 
inorganic N (whose 80 % N03) and 50.000 TP (70 % P0 4) are discharged every year 
in the Southern Bight of the North Sea (Lancelot, 1995). The flux of Si was estimated 
to 290.000 TSi per year. 

The excess of N over P and N over Si of North European river discarges, with respect 
to phytoplankton and diatom nutrient requirements are evidenced on figure 2 
(Lancelot et al. , 1991 ). These data compiled for the period 1978 to 1988, evidenced a 
much higher N excess over P in northen1 rivers (Rhine, Enis, Weser, Elbe) than in 
southern (Seine, Scheidt) \Vhile a 3-4 times excess of N over 1 is evident for all the 
rivers (Fig. 2). 

f l1storically, the anthropogenic N and P rivcnne loads in the area sho,vn a n1arked 
increase fro1n the thirties (Radach et al, 1990; van Be1u1ekon1 & \Vetsteijn, 1990) 
while, in the san1e period, silicate was not or poorly affected by hun1an ac tivities (van 
Bennekon1 et al., 1975) Frorn the eighties, an increase in N:P ratios in northern rivers 
(Rhine, Elbe) ''as recorded resu lting both from a decrease 1n P and an increase or 
stagnation of N loads. The lowering of the P discharge observed is a consequence of 
the decreasing load of P to Dutch and Geiman coasta l \Vaters due to the introduc tion 
of secondary treatn1ent in SC\\ age punficat1on plants and regu lation about the use o f P­
free detergents (Klei n & van Buuren, 1992; l I 1ckel et al, 1993 ). During this period, 
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the inputs of total N and St has rcn1a1ned unchanged (source· international 
Con1n11ss1on for the protection of the Rhine against pollution) 
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Figure 2: NP and N:Si ratio of the \v1nter 1norgan1c nutrient pool of the coastal areas 
of the Southern Bight of the North ea (circles) and 1n the annual ri\cr 
discharges of the maJOr rivers (reprinted f10111 Lancelot et al. 1991) 
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The quantitative and qualitative enrichment of the Southern Bight of the North Sea 
can be assessed from the winter concentrations and ratios of inorganic nutrients N, P, 
Si. In January-February, nutrients reached their highest level due to the completion of 
minerahsatton processes and very reduced phytoplankton activities. Winter nutrient 
concentrations display one-order-of magnitude increase from the French to the 
Gennan coastal \Vaters as a result of the mean residual circulat ion of the water masses 
(van Bennekom et al., 1975; Lancelot et al., 1991). At the entrance of the Channel, at 
35 salinity, inorganic N, Si and P are present at concentrations of 8, 4 and 0.6 µM 
respectively (Brockmann et al., 1988; Lancelot et al., 1990). These concentrations 
increase progressively along the salinity gradient, reaching average winter levels in the 
Gennan Bight of 90, 50 and 1.9 µM of N, Si and P respectively (data 1988-1989; 
Lancelot et al., 1990). 

The N:P and N:Si ratios of winter inorganic nutrient concentrations clearly reflects the 
unbalance of riveiine waters (Fig. 2; Lancelot et al., 1991). N:P ratios are increasing 
regularly from 13 in the Western Channel up to 47 in the Gern1an Bight (Fig. 2). N:Si 
ratios vary from 2 in the Channel to 3.7 in the French coastal zone then decreases 
again do,vn to 2.2 in the Gennan Bight, showing a larger excess of S i in the French 
and Belgian coastal areas than in the North. T hese data also suggest a deficit of Si 
compared to P in the Channel. 

The measures taken for reducing land-based sources of nutrient in the eigthies are 
clearly reflected in the marine coastal waters. P04 concentrations decrease due to 
efficient reduction of P inputs and related increase of N:P \Vere indeed reported, for 
the Dutch (Cadee & Hegeman, 1993; de Vries et al., 1998; Philippart et al., 2000) and 
the German coastal waters (Ilickel et al., 1993) \Vhile Si concentrations ren1ain stable. 

2.3 Phaeocvst1s blooms in the Southern Bzght o(the North Sea 

The nutrient signature of the coastal waters of the Southern Bight of the North Sea 
presents therefore a large excess of N03 over Si and P (Lancelot et al., 1991; 
Lancelot, l 995). This unbalanced enrichment is responsible for a peculiar structure 
and functioning of the eco~ystem 'vith visible harniful environmental effects 
(Lancelot, 1995). C learly transient foam accumulations observed every spring at sea 
surface and on the beaches (Fig. 3b) are resulting from food chain disruption due to 
the proliferation of one si ngle non-si liceous species, the gelatinous colonial 
haptophyte Phaeoc.vstis sp. (Fig. 3a). In contrast to the episodic Ch1J1sochron1uli11a 
sp. bloom, PhaeoCJ'Stis proliferation is a \veil kno'vn phenomenon \vhich is observed 
c\·ery year fron1 mid-Apnl to m1d-f\1ay 111 the \Vhole Southern Bight of the North Sea 
(Gieskes & Kraay, 1977, Cadce & Hegen1an, 1986, Lancelot et al., l 987). Phaeocyst1s 
colony bloon1 occurs after a moderate d1aton1 growth in late winter-early spring often 
reported as silicate-limited. Phaeocystis colony bloom occurs in association or not 
\Vllh a late spnng diaton1 comn1unity don11nated by larger species (Weisse et al., 1986; 
Cadee & Hegcn1an, l 99 1; Rousseau et al., in preparation). 

Largely unpalatable for the indigeneous mesozooplankton (Gasparini et al., 2000), 
r>Jiaeocystis is responsible for the accun1ulation of large gelatinous colonies (Batje & 
Michaelis, 1986; Cadec, 1986, Cadec & J lcgc1nan, 1986; Lancelot et al, 1987; 
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Figure 3: a.) Phaeocystis globosa colonies (scale bar = 200 µm) ; b.) Phaeocystis foan1 
accumulated on a Belgian beach (Ostende, May 1998); c.) Sledge for bentho 
sampling (250 µrn size mesh) clogged by Phaeocysn colonies (Belgica, May 
1999). Photographs by V Rousseau 



Lancelot, 1995). l'haeocJ1strs outburst, \vith cell density reaching 50- 120 I O'' cells r1 

represents usually, at their n1a>.1n1um develop1ncnt, rnorc than 90% of the 
phytoplankton carbon biomass due to the high contribution or exopolysacchandes 
constituting the n1atnx (Rousseau et al. , 1990). l lowever, the ex tent and magnitude of 
PhaeOCJ'Slrs colony blooms s1gn1ficanlly vary 111 the \vhole area and has been shown to 
be sustained by nitrate availab1 lily at the end of the early spnng diatom bloom 
(Lancelot, 1995, Lancelot et al , 1998) 

The n1ost visible han11 rul effect of l'haeocysf!s bloon1s is the dcpos1t1on of thick layers 
of odorous foan1 on the beaches that constitutes an hindrance to recreational and 
tounst activities specially in sonic popular resorts (Fig 3b, I ancelot et al, 1987; 
Cadce, 1990). E"'portation or organic matcnal to the Wadden Sea, the stratified 
Gcm1an and Danish coastal '' aters resulting 1n anoxic botto111 waters 1s another 
adverse effects associated to the massive bloon1s of Phaeocvst1s colonies (Lancelot, 
1995). Besides, Phaeocyst1s 1nucilage \Vas shown to affect aquaculture by clogging 
the gi lls of fi sh and shellfish, affecting their feeding and reproduction (Pieters et al., 
1980). Indirect effects on fi sheries by clogging the fishermen's nets (Grosse!, 1985) 
or influencing fish migration (Savage, 1930) were also reported. The presence of 
anoxic sediment due to massive Phaeocyst1s colonies sedimentation and bacterial 
degradation was also shown to reduce fish nursery ground in some areas (Rogers & 
Lock\vood, 1990). Phaeocystrs colonies could also affect scientific work by clogging 
sampling net (Fig. 3c). 

3. Tlze ge1111s P/1aeoc)'Stis 

Phaeoc_vst1s sp. belongs to the class of Prymnes1ophyceae Hibberd, order 
Phaeocystales Medlin, fami ly of Phaeocystaceae Lagerheim. It is characterized by an 
unusual heteron1orphic life cycle wich alten1ates gelatinous colonies whose size vary 
from 1 O µm to 2-3 mm (Fig. 3a), and different morphotypes of nanoplanktonic fTee­
living cells (Rousseau et al, 1994). Phaeoc;vstrs colonies are characterized by 
thousands of cells embedded in a n1ucilaginous rn atrix composed of 
exopolyssacharides secreted by the cells the1nselves (Lancelot & Mathot, 1987; 
Lancelot & Rousseau, 1994). ThLs genus, whose success as blooming species is 
clearly associated to its colonial stage (Lancelot et al., l 998), has an almost \VOrldwide 
distribution. Recurrent spring blooms of Phaeocystrs sp. have been reported fro1n the 
Arctic (e.g. Barnard et al. , 1984, Wassmann et al., 1990, Smith et al. , 199 1, Cota et 
al., 1994), the Antarctic (e.g. Paln11sano et al, 1986, Gibson et al , 1990; Rogers and 
Lockwood, 1 990~ Smith et al. , 1998; DiTu ll io et al., 2000), ten1pcrate (e.g. Lancelot et 
al , 1987; Davies et al., 1992; Cadee & Hegen1an, 1986) and subtropica l areas 
(Gui llard & Hellebust, 197 1, Estep et al., 1984). 

Despite its 'vorld\v1de distribution and its s1gn1 ficance as bloon11ng spec ies, there is 
still controversy about the taxonomy of the genus Phaeoc_rst1s due to the Jack of true 
taxonon1ic criteria (Soumia, 1988). Some species were idcnti fi cd on the basis of their 
free-li ving cell stage such as P scrob1culata (Moestrup, 1979), P. cordota and P . 

.1td111 11 (Zingone et al., 1999). Bloom-fon111ng species recogn ized up to nO\V are 
ho" ever differentiated on the basis of morphology of the colony, the chemical 
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composition and genon1e charactensttcs (Baumann et al. 1994. 1cdlin e1 al, 1994. 
\ 1aulot et al., 1994). On the basis of these studies. it 1s gencrall} adn1ittcd that the 
'orth Sea strain is PhaeOC)'Stis globosa. the northen1 strain 1s P. JJ011cht?t11 and the 

Antarctic strain is[>. antarctica. 

Irrespective of the colony-forming species, the dynamics of Phaeocrstt'i bloon1s, their 
grO\\: th and \vane. is driven b} th1.. dominance of its colonial stage (Lancelot 
Rousseau. 1994) The ability of Phaeocrst1s to take benefit fron1 cutroph1callon or 
bloo1ning in nutnent-nch environment. \\as attnbuted to 1ts high ab1ht) of to utt hle 
nitrate as nitrogen source under colonial stage (R1cgn1an er al. , 1992, n11lh e/ al .. 
1991: Lancelot & Rousseau, 1994. Lancelot er al., 1998) 

The fate of ?haeocrst1s bloon1 depends on the en\ 1ronn1ent and is dctem11ned by the 
physical and biological charactenstics of the ecosysten1 (\Vassinann, 1994, \\'c1sse et 
al, 1994). Although largely debated, tl is gcncrall) admitted that PhaeoCJ'Stts colonies 
are not grazed b> meso1ooplankton in shallO\\ en\ 1ronn1ents, de\ 1at1ng therefore the 
classical plankton1c food \Veb (Weisse et al., 1994, Lancelot & Rousseau, 1994, 
Gaspanru et al • 2000) Comp le>-. changing plankton1c food-\\ ebs \\ere ho\\ C\ er 
evidenced v.. 1th a complex microbial food-\veb 1n1llated by m1croproto1oa acttYel> 
grazing on Phaeocvstis cells orig1nal1ng from disrupted colonies (Weisse & Scheffel­
Moser, 1994) Part of the Phaeoc_vst1s-den' ed production is hO\\e\ er resuming the 
classical food-,veb through mesozooplankton feeding acll\ity on proto1oa (I lanscn et 
al. 1993; Gaspanni et al, 2000, Rousseau et al, 2000) Massi\ e scd1n1cntatton of 
Phaeocvst1s bloon1s \Vere obsen cd both in shallov.· an<l deep env1ronn1cnts 
(Wassmann et al, 1990, R1ebeselJ, 1993. PeperLak et al, 1998) Its role 1n carbon 
sequestration through rapid and early export to deep \~ater and sc<l1111cnt was 
particular!) e\ idenced 1n the Ross ea in the Southen1 Ocean (Sn11th et al, 1998, 
DiTulho et al., 2000). On the contrary, cell and colonial lys1s with further bactc1 ial 
degradation could be the maJor process in the shallo'v turbulent v.. aters of the Sou them 
Bight of the North Sea (Van Boeckel et al., 1992; Brussaard et al, 1995, Os1nga et al., 
1997. Rousseau et al, 2000). 

4. 011t/i11e of t/1i t/1e i 

The different chapters presented in this thesis a1n1 to contribute to the fundarncntal 
knO\\ ledge of the b1olog}. ecology and eco-phys1ology or Phaeocystis gloho'ia. 'fhe 
final obJect1\'e of the thesis 1s to better understand the mechan1sn1~ behind 
eutroph1cat1on in the Southen1 Bight of the North Sea and, rnore part1cula1 Jy, in the 
Belgian coastal \\ ,lters. 

This 1nanuscript is nlade up of t\VO main parts. The first pat t (chapters I - 4) 1s 
de\ otcd to a better knO\\ ledge of the biology and ccolog} of genus fJ/u1eoc_i 1J t1s. J he 
second part (chapters 5 8) is dedicated lo the role of fJhaeoc\·~·tis and to the spring 
ph}toplankton succession in eutrophicated coastal areas of the C:,outhem Bight of the 
'\orth ~ea . 

l'he kno'' ledge on JJJiaeoc)Slts life cycle and mechanisn1s dctcrn1ining the occurrence 
of its di ffercnt life fom1s in natural environ1nents \Vere rcvie\\ cd and reappraised in 
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chapter l . Particularly, the transition fron1 the free-living to the colonial stage and its 
env1ronn1ental control \Vas studied on basis on m1croscop1c observations and flow 
cytofluon1netry analysis conducted on natural populations and cu ltures. 

The assessment of PltaeocJ1st1s abundance and biornass is essential for understanding 
the dynamics of the blooms and their ecological role. In chapter 2, we present 
con' crs1on factors allo,ving to calculate Pltaeoc}1st1s free- ltv1ng cells and colony 
carbon b101nass dctennined fron1 m1croscop1c observations and chemical analysis 
conducted on natural and cu ltures f>ftaeoc}'Slts strain. 

The biogeographical distribution, global s1gni fi cancc and ecophysiology of both free­
It' 1ng and colonial stages of Phaeoc)1st1s are exan1incd in chapter 3. On basis of this 
extensl\ e revie'', son1e key elc1ncnts of the autoecology of Phaeocyst1s arc presented 
and discussed through case studies 

The dominance of one form over the other in natural environments has dran1atic 
consequences for planktonic and bcnthic ecosysten1 structure and functioning. As the 
most in1portant n1orphological form occurring in the natural environment, the 
biological functioning and ecological role of Phaeoc}1St1s colonies are more 
specifically studied in chapter 4. 

The eutrophicatcd Belgian coastal \Vaters arc characterized by Phaeocyst1s colony­
dominated spring blooms succeeding to a moderate silicate-limited diatom gro,vth and 
co-occurring \Vith a late spring diatom community. A long-term monitoring of 
phytoplankton successions and their environmental control was undertaken in Belgian 
coastal waters with, as main objective, the assessment of the interannual variability of 
the diatom-PhaeoC)'Slts colony succession. Chapter 5 presents the results of this 
phytoplankton and envirorunental data time series. 

Diatoms, requiring S1 for their gro\vth, are essential components of the spnng 
phytoplankton community of the eutrophicated Belgian coastal waters. Three main 
diatom communities were identified during spring bloom. The silica requirement of 
these 3 diatom aseemblages was investigated on basis of si lica cellular content and 
tracer experiments. This study, presented in chapter 6, suggests that si licate 
availability is a key factor for regulating the intrinsic diatom succession. 

The dominance of the coastal ecosystem by Pltaeoc;1stis colonies affects the structure 
and functioning of the pelagic food web. Analysis of a carbon flow network of the 
planktonic systen1 subdivided into its different trophodynamic groups, alJo,vs to 
estimate the trophic efficiency of the planktonic food " eb in the Pltaeocystis­
dominated ecosystem of the Belgian coastal \Vaters. This analysis is presented in 
chapter 7. 

Finally, an integrated research n1ethodology combining field observations of 
Phaeocyst1s bloon1s and associated physico-chen1ical and b1ological variables, field 
and laboratory physiological studies of nutrient metabolisn1, and developn1ent of the 
n1cchan1stic b1ogeochemical model MIRO is presented 111 chapter 8. This 
methodology \Vas used for assessing trend 1n the cutrophication status of the Southern 
Bight of the North Sea. 
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1h.11 n11111cnts 1eg11l.1tc colon) d1\ls1on, \\h1le tc1npcr.Hu1c anti nu111cn1 ... ire'' \\OulJ '111n11IJll. cell c1111g1,1t1on finm 

I he 1.:olon 1c' 

J. l11t1oductio11 

l'hac•ot \HI\ ,., one o l the IC\\ mannc phylo­
plan l..t ets cxh1h111ng clll hclcron1orph1c lile h1s­
IOI\ \\ htlc l\.\O Jiffc1en1 cell L)pe - vegc t,lll\ C 
c1,, ll<. ttnd fl age ll.1te., (101d-.) - \vere alrcad; 1den-
11f1ed 111 the earl~ hcg1nn1ng of this centuG as P 
gloho\a \ chcrll 1,,l (Schcrffe l. I 900) and I' 
pouchcru (llarint) I agerhe1n1 (0sLenfeld. 1904), 
th1,, lust description ol the gencrdl featu re of the 
Phacoc\ \ft\ life cvc lc 1s due to the detailed m1cro­
sLnp1c "01 k ol Kornrn.1nn ( 1955) Thi., morphn­
log1c.d 'tlllh LOlltlUctctl On cl CUitu red f' r,:/oho'ia 

't1 1111 1'nl.1t1.·d f1tl!11 f)utch coa,tal ''atcr'> 1n Lhc 
'\1111h 'i t. 1 c\ldcnccd the h1ch complcx1t~ of 1hc 
l'\1.k th.ir.icte11zt.•d h\ the .tlternancc het\\ecn 
dllfl'll'llt l1ec-ll\1ng cell'> ,1nd 111ucil q.: llllll" 
uilllntcs nf !ltlll-llltllik cocco1J ce ll.., (thl' p.dr11cl­
lo1d -.t.igLI ( nlon1cs \\CIC \h0\\11 to \\ILk·h \.JI\ 111 
... 11.ipe .111d s11L. ll"tch1ng \C\L'1.il 1nn1 ,1t the <;tc1-
l11H1.1n ... 1,1gc nl lh1.·11 g1owth ~\p.nt fron1 coh>n t,tl 
cell ... lhreL diflc1 Cll l l} pc ... o l Phal'()(\:,(/.\ n.ige l­
la11... li ce li\111 g CL' ll s \\llh l1keh Jtllcrcnt lun 1,, t1on., 
111 the C\Llc \\l'IC 1den ttf1cd b} Kornn1ann (1955). 
thL -.\\ a1n1ers. the n11crozoo~pores anJ the n1acro-
1oosporcs. \Jrytng hci'veen 3 and 9 µm rn d1an1e­
tt.r 1 he occurrence of these \'arious morphologi­
cal Lcll L>rcs \\llh add1t1onal refe re nce to non­
flagcllate f rcc-11\lng Lelis, "as later reported by 
K.1)scr ( 1970) and Parke et c:tl (1971). 

Both morpholog1c,1J forms - free-li\ 1ng ce lls 
anJ colonies have been reported to occur in 
the natur.11 en,ironmcnt Among the different 
species. the n,1gc ll.ltc stage has been commonl) 
1 cco1 tied 111 absence of an) colonies 1n olig­
ot1 oph1c \\.lters nl the Atlantic (Pa rke et al, 
197 1, I step et al . 1984). Pacific (t-.1oestrup, 1979, 
Booth c l al . 1982. I lallegraeff. I 983; Hoepffnc1 
and l l.1as, I 990) and Mediterranean ea (l)c­
lg.1do and I ·nr tu no. l 991) Re\. ersel) . colony fornl'; 
,11e p1cdo1111nt1nt 111 nut11ent enriched \\alers dnd 
,11..: 1 c ... pon.,1hle tor 111ass1\e de' elopments ( l l­
\.1\ ed Lt .11 19~3; l dcrl'ien and Taasen I 984, 

Re\ .ind I ocng, 198), Ba11e and t\ltchaelt.,, I lJ86, 
\\ c1ssc cl al. 1986, f) ,1\1dson and i\.hu chant. l9H7, 
I ancclnt c l al , 1987: (1unkel. 1988; Al-l lctsa11 cl 
al . 1990) I ht: p1edon1111ance ol one 111orphologi­
ca l form nn the other ha ... been shO\\n to h,nc .1 

strong 1nnue ncc on the trophodyna1n1c structu1e 
ol l'lllH'OC\ \f/.s-tlorn1nated ecosysten1s. due Lo the 
l.ugc ..,11c dllfcrence ex1st1ng bet\.veen both lonns 
(1 ancclnt et al . J 987, 0 <\\ 1dson and i\.1archanl . 
1992) Phaeo< \\It.\ free-II\ 1ng ce lls. due to the ir 
sn1all s111.\ h,1\ e been -;ho\\'11 lo be actl\·eh grazed 
h\ p1 01010,1 ( \d1nira,1I and \ e neka1np l 98h, 
\\ 1..1ssc and ~t hcll1.l - \1 o,Lr, 1990) en1pha'>111ng 
the 1111porl 1111.e nl the n11unh1al fond \\l'h . 
( nlo111L''· on th1.· nthi.:r h.1 nJ . \\htlc lillk g1,11ctl 111 
-.h.dlo\\ 1.'ll\ 111l!1111c11i... ( I l.111\t n ,1 nd \.ill B11ckcl. 
111111 \\ c 1..,..,c l'l al llJlJ-l) . \\CfL -.hn\\n Ill Lllllst1-
tull' .1 -.011rcc ot fond f11r 'nn1e 111c,01nopl,1111\tllll 
,111d n1c t,111i.1 'lk'lll'" 111 dcep-\\.aler' e ll \ i1n11 -
111enh (\\et..,,\.'. e t .ii. [ IJ9-l) 

l'h c 11111 h.111>'' ledge of PltococyHt5 Ill e cyLlc. 
including I he· d1.:t.11kd de..,cnpt1on of all 11101 pho 
lngiL,11 Jo1111 s ,1s \\ ell .is the factors cont1oll1ng the 
l1<1n'1l1on f1un1 one fo1m to another 1s thus prc­
rcqu1,1te lnr unde1sttlnd1ng the ecological ..,lruc­
ture .ind lunct1on111g of PhaeocvsrH·-donu natccl 
ecosystems Nun1e rous morphological studies 
\\ere conducted for th1 pu rpose unde r laboratory 
cond1t1ons, using un1alga l Phaeoc\stn cultures 
(Ka}ser, 1970, Parke et al. 1971. Veldhu1s and 
t\dn11raal. 1987, Rousseau et al. , 1990, Canou, 
1991, R1 egn1.tn cl al .. 1992). mesocosm (Veri ty et 
al. J988a. b) and field (Batje and M1chae lts, 
1986, \ 'eldhu1s et al, 1986, Cadee. J99J) condi­
t1ons. Surp11~1ngl}, nothing rea lly ne'v could be 
deduced fron1 the e 1nvest1gallons since l he n101-
pholog1cal cl csc11pt1on of son1e stages of f>haco­
< 1·st1.\· lif t.! cycle b} Komman n (1955). Even 111 
1ecenl labonlloG' s tudies, a great dea l of confu 
s1on subsists about the different life fo1 ms. since 
the\ can be quite difficult to d1st111gu1sh using 
co1n cn t1nnal nbscf\ation techniques. I Jage llatcs 
.11 e nil' n t 1oncd 1 n nu 111c rous papers on P!taeoc\ \' 
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t/\ (c g R1cgn1.1n et .II, 1992) 1n n10-.1 1...1-.e-.. 11 1-. 
not ch.:.u, ht)\\C\Cf. \\hcther Juthor< .. ob-.cncd 
llagcll.11e-. (\\\,111ncrs) '>Cll'>U Korn111c1nn ( 19')'\) 01 
n11c101on-.pnrc' ~\n a<..ld111onal d1ff1cult~ stcn1' 101 
the con\ldc1.1ble la\.onon11c confusion and uncc1. 
ta1nt1c-. ,1bou1 1dcnt1ty of Phacoc\·sttC> 'pcc1c-, 01 
st1<11ns (Sou1111.i, 1988; Baumann et al., 1991) Jn 
ftcld nbsc1va11nns, data intcrprctatton 1'> -.on1c­
tunc!'> dtlf1cult due to the pos~1blc p1 cscncc nl 
<..l1flcn:n1 l'haeocr\f1s spectcs and ot selcctl\c 
g1 a1cr' lccL11ng prcfcrent1ally on one n1orpholog1-
cal -.1agc 

Jn this p.tpcr. C\.1..,l1ng d,lla on Phaeoc\ Ht\ ltfc 
cycle are 1e.1ppr,11setl 1n the light of unpuhl1,hcd 
m1croscop11.. .1nd flO\\ C:>-tometric obsen.1t1011' 1n 
culture anti l1cltl contl1t1ons. On th1" b.1-.1..,, C\ 1-
<..lence and ne\\ h}pOlhe e about the Pluu.>oc' ·'tl.\ 
life cycle anti 1t controlltng factor are pn:,cntctl 

Re fen 1ng lo the cntena de\ eloped h)- Jahnke 
and Baun1ann ( 19 7) and Baumann cl .11 ( 1994) 
for 1tlcnllt)1ng the different Phacoc\ 511\ 'pcc1e-.. 
near!} all 1nvcs11gallons made on cultured n1.11c­
nal refer ln the only P. globosa cherffcl ... pcc1c., 
;\I though tl ts the 111ost \Vtdcly used t.t\.a 1n l1tc1 <1-

turc, very fc,v 1nformat1ons concern indeed the 
Ille cycle of P. poucltetil (Hanot) Lagerhci1n 
(Ostenfcld, L904; Gunkel, 1988) and no reference 
to the Ide cycle of P scrobiculata Mocstrup. has 
been n1atle 111 literature. Even. the colon1al \lagc 
of this latter species. has. at the present time. 
never been ob~ene<l It 1s therefore questionable 

\\hLthLr the sequence of C\Cnts ,1 nd regulating 
f,11..IOI\ cllL the \amC for the dtffLrCnl 1dcnt1ltcd 
'PCltL''> 1 lcrc, \\.C \\tll ahvays relc1 to P gloho.\a 
Sthctllcl, unlc'>'> 1ncnt1oned 01hcrw1sc .tv1orcovLr, 
111 01dc1 to .ivo1tl extending the t:onf us1on th .1t 
al1 cady C\tsts 111 literature, we will ahvays use 
Ko111111.1nn 's ( 1955) nomenclature for rcfe1 ring to 
the dtllc1cnt cell types, despite the \V<ll n1ng 111atlc 
by Sou 1n1a ( 1988) for a bi i nd use of wortb such as 
-.pore, 10HJ. s\\.a1 rncr ... This dclihcrale choice 1s 
1ust1l1cd hy the fact that Korn111ann's ( 1955) oh­
'.'>Cf\<llHHl'- conslltutc still today the 1nosl complete 
.1ntl the onl} con1parauve stutl} of the tltfferent 
l'lt"coc i HI\ cc II t} pcs 

2. Obscnations in culture 

2 I /lie c/1ffcrcnt Phaeoc) StLs cell t\pes 

Bc ... 1de colonial cells, four different Phaeoc) 5-

tt.\ Ii cc-It\ 1ng cells have been tlescnbcd, ha-.cu on 
their -.11e. 111otil11y and DNA content: 

f 1ee-l11111g cells derit •ed fro111 the rra11sfon11at1011 of 
co/0111al cell\ released 1nro rhe external 111ed1un1 

At 11.!ast two n1orphotypes of free-living cells 
011g1n,H1ng from the transformation of colonial 
cells ha\e been 1dent1f1ed on basis of their s11e 
.1nd mot1ltt) 

Fig. I Free-living cell lypes of P g/obosa Cdls v.ere fixed w11h gl111a1<tldchydc l"'c and \1ewed under Nomar,k1 interference 
contrast Scale bar 5 µ.m (a) Flagellate (swarmer) that appeared ,1 fe\• hour-. afler the release of non-mottle colonial cell\ lluc 10 
colon> dt\ruptmn (~train ROSKO-A): (b) Non-mottle cell<. ((\train Nl07). (d M1crozoo~pore that appeared 1n a 2 month oil.I 
culture btrain PCCS-IOl (photogr by R Casot11) 
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Flagellate' or \U ar ncn 
'J'hese cell<, ( r 1g I a) \\Cre identified <lS nagcl­

Jatcs rroducL.d after colon) disruption. ''hen 1n1-
tialh 11on-111oti le colonial ct.:lls released from the 
colonial n1at1 i\ 1n the cult ure medium, de,·c lop 
tlagclla w1th1n .t fe\\ hours (Kornmann, 1955; 
( 'anou. I 99 I) The life span of these nagcllates IS 

however VCIJ short (Kornmann. 1955: " J)as 
kurz1c1t1gc Schwlirn1erstadium .. ") and ll 1s not 
dea r whc thc1 these ce lls are capable of ce llular 
d1v1s1on rhcse 1notilc ce lls possess ~o nage lla , 
one haptoncm.1 and the ir size 1s quite similar to 
that of original colonial cells. i e. 4.5-8 µn1 
( l<.ornn1,1nn, l 95'i) 

\ 011-111<>tilc free-lit 111g ( L lls 
\ 1su,d ohser. a tion gl\ es C\ 1dence of the short 

life sp.in of the s\\,1 rnll .. r1;, \\llh1n 24 to 48 h. their 
1na101 ll' (90",. ( .1riou. 199 I) drsper e 1n the cul­
turL' 0,1sk<., lnse lhe1r n1oliJ1t) and settle USllctll\ 
nn the \\.tlls .ind the hnllom of the culture Oasks 
(Kaysc1, 1970 ('anou. 1991). These non .. moll lc 
f rec-h,1ng cel ls (r ig 1 b) are similar to colonial 
ce lls, 111 p.nt1cu lar with respect to the ce ll size 
(Rous1;,ca11 et nl. 1990) and cannot be differenti ­
ated fro rn colonial ce lls released into the medium 
11nn1cd1atcly after colon) disruption The size sim­
ilar 11) of s\\nrrners and non-moti le free-II\ 1ng cells 
1s conf1rn1cd by datJ of light scattenng (size 111-
dexl n1ca<.,u1 cu b} flov. cy tometry (Table 1). 

iv101 CO\ e r. con1p.1n..,on of llo" C) tometnc signa­
ture ( 1 Jble I) 1nd1cates that both ce ll types are 
ch.traltcr11cd b) the same plo1d) le\e l. These 
lClls have been sho\\n capable of vegetat1\ e d1v1-
s1on (Ka)ser, 1970. D. Vaulet and R Casott1, 
unpu bl ished dat<l) an<l ha\e a strong ability to 
gene rate ne"' colonies by secre ting the polysac­
c hand1c substances composing the colony matnx 
(Kayser, 1970) By successive div1s1ons. the ce ll 
number increases 111 the colony \vhile this latte r 1s 
1ncreas1ng 1n s11e (Kornrnann, 1955). This sequen­
t 1al patll\vay constitutes the most common mecha­
n1sn1 to induce the forn1ation and growth of new 
colonies I lowevcr. the re 1s presently not enough 
C\1<.lcnce that the n.1gell,tte ce ll stage is a neces­
<.,al) 1nte1 n1cc.ha1e for 1n1t1ating colony fom1allon 
and th.1t thl.' ,1bo\e p.1th\\ay consti tutes the onl) 
n1ech,1nisn1 tn gcnL1.1t1.: !'haeoc,st1s colonies 

I .1hlc I 
I lo\\ C\.l11mctr1c '1gn.1tures of the thffercnt free h\tn~· cell 
t\pts ol I' >:lobo111. f·on\;.Jrd anti nght angle \C,tttcr' (J \I S 
1ml R \I S rcspel'lln:I\) .ire rel,lli\e mtlexc~ of ~11e, \\htk the 
D~A k\d ot CJ I phase mdttates the plotd) level ol 1hc u•JI, 
!\lciin ± s t.ind.trd error of eJch parameter are cxp1cs~cd rd.1 
t1vc to 2.07 µ m lluorcscent beads (Pande\) 11 numhct 111 
s<11nplcs ,111,tlyscd Method Anal) 1ical proiocol slightly modi 
ficd from Oouchcr c.: t al. ( 1991) as follow~ P1escrvat1on of 
cclb in ltqu1d nnrogcn after rtxa11o n wtth glutara ldchyde I "(l 
or paraform,lldchydc 0 5"'c S1aming \\llh 25 µg ml o f Chro 
momycin A 1 (Sigma) and no,, C): tometnc anal>~•!< at l'i7 nm 
and JOO m\v [l-P ICS \ (Coulter Electronic!'>)) (R C'a<,0111, 

unpubl d,lla) 

I \I S 
RALS 
D \ lc\d 
of (1 1 ph.i~e 

II 

<:; tr ,11 n s 

Non motile Flagellates 
cells (s,,armers) 

R"l 1- 021 12.8.t ±0 54 
047+001 00 . .W +O 00 
I I I+ 0 O~ 0104+0.09 

l 2h ... 
I)( /112 P( C .-;40 

NIO/ 
PCC'i.JO 
ROSKO A 
ROSKO·L 

I\ ltcrozoospore'> 

4 51±079 
o 24 ± o o.-; 
0 58 + 0 01 

0 

PC C541l 
RO'iKC > \ 

RO'iKO I· 

'i1r,11ns DC/02 and Nl OZ (provided b> 1\1 Vcldhu1s an<I W 
vJn B11ccJ...c l, f i.: xcl. The Netherlands), PCC540 (prci\ tded b} 
1hc Plymou th Cuhurc Collec11o n, Plymou th, U K l. ROSKO A 
,ind ROSKO I· (1sol<1 tetl in R oscoff, France) 

·1 he prope rty of these cells to adhere to solid 
surfaces expla in~ their label "benth1c stage" 
(Ka:>-sc r, 1970; Parke e t al., 1971; S1ehurlh. 1979, 
Chang. 198 l , 'ourn1a , 1988). There 1s ne\erthe­
le~s absolute!) no evidence for a trul> d1tfcrent1 -
atcd hcnth1c stage. as obsef\' ed in H y111e1101no11as 

carl<'rae Braarud, another prymnes1oph) tc (von 
Stos<.. h, 1967) 

Af1crozoospore'i 
Kornman n ( 1955) identified a second type of 

nage llatc ce ll , called microzoospores because of 
the 11 smaller size (3-5 ,um). Microzoosporcs (Fig. 
le) have been identified in senescent cultures 
afte r colony disappearance (Kornnuinn. 1955) or 
in conjunct1on \Vtth non-motil e ce lls and colonies 
(R Casott1. unpubl. obs.). The proc~ss of n11cro­
loospore lo rmat1011 1 present!> unkno\\n lnte1-
est1ngl), tlO\\. c) tometnc signature 1nd1c.1tcs th,it 
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rig. 2. Different development stages of I' globo.rn colonu.!:-. (:>tram from Plymouth Culture Collec11on). Culture conthllon'> rnoculum with colomal cdh released lrom 
their matrix by mechanical d1~rup11on, culture medium of Veldhui1, and Adm1raal'~ (1987) with N0.1 , NI I ~ and PO ~ concentrattons 50, 25 and 5 µ \l. respecuvely, 
temperature· 10°C; 1rrad1ance 100 µ.I m " ' 1 under 12 h light 12 h dark cycle. M1crophotographs were taken under inverted microscope (Leitz Fluovert) from 
living ~pec1mens sampled daily and n.:p1escn11ng the predominant !>tagcs of colony development in culture dunng a 10 day period. Colon} diameters are respec11vel\: 
a 14 µ.m b. 28 µ.m. t . 43 µ.m d . bi .um e 108 ,um I 148 µ.m. g 232 µ.m, h 2<>0 µ.m, i 925 µm (photogr. b}' \I Rou"eau). 
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Fig. ~ Sequential dcvclopml:nt nl f' poucl1t•111 htr~11n 1,ol.1ted from the Grcenlam.I ')ea) trom lrce·lt'l11ng cells to cloud·ltke colonic~. The characteristic groupmg of 
cell-; '\\tthm the muc1lagimrn' rnJttt\ i-. clearly v1'1bk '>Ince the 16-ccll .. tage (p1cturt. f) Culture condition~. moculum wtth frcc·ltvtng cell~ origmattng from ;t culture tn 
exponential pha'>c; cuhure medium ot Jahnke and Baumann tl 987); temperature: er 2'C; contmuou~ 1rradiance ol 10-40 µ E · m -2

.... 
1. Photographs were lJkcn 

under inverted microscope from ltvtng ,pec1mcn' 'amplcd daily and repre,enting the dominant ~tage' of colony development m culture during a IO·dJy period 
Colony ,1ze~ are re~pecttvely. a S µm; b. 12 µm ; c. 15/lg µm; d 16/24 µm: e 40/48 µm, f. 6h/68 µm. g. f/J/75 µm, h. 125/140 µm: t. 150/180 µm, J. 370/470 
µm; i..:. 400, 560 µm; I. 700/890 µm (photogr. hv 1. Gunkeli 
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n11uo1nn'P''ll'' d1,11ngu1sh thL'n1schL's 110111 .iho\c 

tell t\pl's b~ thL'11 s1gn1l1c.1111h s1n.1lll'r 'llL', .1 nd 
b\ thl'll hall I) \ llll11Lnt (I .tblc 1) (\;lls have 
bL'l'll hHllld 111 L'llhL'I (j 1, S Of () , ph,1ses nf the 
cell r)clc (R l ,1-.LHt1. unp11bl dat.1) conl11 n11ng 
that tlH!\ .11e c.1p.1ble ol \egclat1Yc d1\i1s1on (l\.01 n 

n1ann. ltl)'I) ln 1971. Parke et al published .1 

\Cl) dct.1ilcd ult1.1-.truLtural study nl cells ll' 
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fl·11cd .1s 1111ds the rnost likely Kor11111;11111 's 111i ­
llll/oospn1 cs. 0\\.111~' to lhei1 site 1 c1ngl. I hLll 

\\Olk ll'\e ,tl cd (\\.O l}pLS of <.:el ls Both typl.s pos­
Sl'Ss t\\O equal hLl1:1odynamil flagLlla, a sho rt 

stout h.ipl<H1l.111 .t '' tlh a distal swl.lling an antc-
1101 di.:p1i.:s1.,1on, two types of 01gan1c hndy ~ca l cs, 

l h1ysll l.11111n .111n \'t:.S1cles and two c. h loroplasts. 
1 ltl') d1lll't by till. (HCSl'lllC. 111 only one type, of 
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Fig. 4 Cleavage of a large colony into two daughter.,, each con1,11nmg nearl; the same number of cells (A) Colony cell number and 
(8) Colon} volume Sum of volumes o f daughter colonies 1s ahoul IQ",, ot the. volume of the mo1her colonv as an indirect t:Vldence 
of colony matrix loss following colony cleavage Culture cond1t1.111' 11101:11lum \\ 1th an 1sol<1ted P globosa colon} (strain PCCS40), 
culture medium of \ cldhuis and Adm1raal !> (1987) \\Ith ro; conccntra1ion of 2 'i µ1\1, conunuous 1llumm.111on ol 100 
µE · m 2 • s 1 temperature: 15 C Dail} monitoring of colon} lCll numhcr .1nd \olumc (\ Canou. unpubl dt1ta) 
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-.upc1 llu.i l \es1clcs that release a thread-like ma­
te ri al ro11111ng a il\e f <l \ S Star pa ttern . "fh1s fca­
lUrC has been used as an important taxono n11c 
Lnte non 10 ident ify l.hffc re nl species an1ong 
PhaeoC)'\'fl !; ln.!c living ce lls (sec in pa rti cular 
Mocst1 up, 1979) 

1\ l a croLOO.\fJOl l'S 

In add1t1on to the swanncrs and the m1cro-
1oosporcs. Kornn1ann ( l 955) observ ed 1n l11s cul ­
lu1 c'> .• 1 third l}PC of nagc llates: the macro-
100.,porc'> I hc-.c te lls we1e shown to appear 
1n '>1dc colon1cs of 50 to 150 µm 111 d1an1e te r tha t 
thtl not lunhc r increase 1n size Some of these 
tell-. rcgene r.1ted nc\\ colon1es, e ither 1ns1dc the 
colonies 1hc111sch e-. or. alter em1grat1on fro n1 the 
colon1e'> into the exte rnal nicthum ll 1s not clea r 
'' h1. th1. r thc\c ce lls ' ' e re niorpholog1call\ tl1fl e r­
e nt 11 0111 e1th1. 1 .,,, arme rs or mic1ozoosporcs 
l'hc 11 lo 11na t1un -,ccn1., to be linked to 1nJdequa te 
gro\\ th cond1t1 on'> fo r colonial s tage .ind \\ C1lil d 
cnn., tilute an a nomal~ in colon] de, elopme nt 
1\ ctn1d1nglv. 111ac101oospo1es have ncvc1 bee n 
1ncnt10 11 ed a-, -.uch a lt e r Kornmann 's descnpt10 11 . 
although U\!\ clopn1c nl of flage ll ate cells w11h111 
colo111cs lollowed by cn11grat1on has been subse 
quc ntl y 1c portetl (Verity e t al , 1988b). 

( '0/0111 a I cell \ 
Cnlon1al cl.! lls arc non-motile cells \\h1ch s11e 

ra nges between -1 .'5 and 8 µm They have two o r 
fnur d1loropla-.1s a nd contain a \ es1cle of chryso­
lan11n .1nn (fo rn1erl> leucos1n) that can be stained 
"llh Lrcsyl blue (Sche rffe l. 1900, Kornmann. 
195')) I heir ultrastructure has been studied by 
e l!.!t ll on m1croscop} (( 'ha ng, 1984) although taxo­
non11c 1den1 tl} of the de ·cn bed species 1s no t 
dea 1 (Baumann e t al . 1994). This m1croscop1c 
analysis '>howcd tha t colonial ce lls are deprived of 
nagc ll a and haptonen1a , possess a long1lud1n.1l 
groove, lack the o rganic scales covering m1cro-
1oospn1es and a rc surrounded by a mucilage e n­
velope ton1pnscd of about J 0 laye rs roughly 0.5 
µn1 wide 

2. 2 Co/0111al ::. tage deuclop111e11t 

l'h<: seque nti al dcvclopn1enl of a colo n} r1 o n1 
a r1 ce II\ 111g cell 1l '>e lf on g1na11 ng frorn colnnv 

di srupt ion h,1._ been obse f\ ed in culture fo r both 
I ' 1:fol>o.\a ( Kornmann . 1955. Fig. 2) a nd P 
po11chcru ((junke l. 1988; Fig. 3). In lls earliest 
stage, the colonial developme nt 1s similar fo r both 
specH.:s with d1v1d1ng ce lls rema1n1ng locatect 1n 
the ccnt1 c of the colony. D1ffe rcntia11on in colony 
dcvelopn1c nt occurs at the 16 cell-stage. At this 
-. tage, /' poucheru colo ny transfo rn1s fro n1 a 
sphe ncn l to a cloud-like shape showing the \VCll­
knc)\vn t} p1cal group arrangement of the ce lls 
'" 1th1n the 1nucilag1nous matrix (Fig. 3). In a P 
gloho.H1 colony, cells progressively niigrate to­
\\ards the edge of the colony and re mai n located 
on cl sphe1ical surface. 15-20 µm :l\\ ay from the 
borde r nf the colonial ma lnx (Fig 2). Usuall} , 
ce lls .1rc rcgul .1rh distributed on the pe riphef\ of 
the colo n~ r lo\\ C\Cf. polarized colo n1cc; \v11h ce ll o; 
.1c1. un1ul t1 ted on one side ha\ e been occas1 on.ill ~ 
oh.,cf\eu 111 both undio; turbed cultures (Korn ­
n1ann 19'i '\ (',n1nu, 1991 ) and mesocosms (\ e r-
1ty e t a l , I lJ88h) 1\ s P glohosa colonies gro" 111 
slit' , .,on1c of 1hen1 may progress1, e ly lose 1he11 
sphe 11 ca l shape and hecon1e e longa te . thg1ta te o r 
hl.idde1-l1ke (Kornn1 a nn. 1955; Rousseau c l a l . 
J 990) I he d1v1s1on of a large colony into two 
... n1allc1 daughters of e ithe r similar Sl/ C!) conta1n-
1ng nea1 ly ihc san1e numbe rs of ce lls (Fig . ..J) o r 
into C\C\ e t al colonies o f diffe rent sizes hac; hecn 
ob\c rYed bo th 111 pure culture (Kornn1a nn . 1955, 
Rcn1'>scau e t .tl , 1990, Ca n ou, 199 1) and 111 111eso­
tosn1s (Ve 11t} e t al . l 988a). The re gene ra t 1on o l 
e ntire colo n1e., from fragments has also been 
obsen ed b} Kornmann ( 1955). 

( 'olon) di <.uncte r ' a ne from 10 µm up to 8 
mm (Korn1na nn, 1955) o r even 20 mm (K,t}Scr. 
1970) to r P globosa. The maximum size recorded 
for P po11 <. lt£'t11 does no t exceed 2 mm (Baumann 
c l al . 1994) A significant loganthm1c re la11on­
.,h1p bct\\ cen cell nun1be r per colony and colony 
vo lun1c (Fig c;) has been e tablished for several 
Pltaeocy!;tts species fro n1 dive rse o ri gins· !' g/o­
/Josa ( K.ornn1ann, 1955; Rous cau et al., 1990), I' 
pouchct11 (Ciunkcl, 1988) and Phaeocysr1s sp. f ro n1 
An la rct ica ([ )av1dson and Ivlarchan t, 1987). Fig. 
'i, which con1pares these data \Vtlh the regression 
line cslahlishcd 1n cultu re fo r J> gfobo.H1 by 
Rousseau et al (1990). suggests tha t the calcu­
lated I c l,1!10nsh1p IS gl oba l)~ valid rn1 the dtf (c r-
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ent Phacocrs11 s spec ies 'fhe 1.96 expone nt of the 
rc l,111onsh1p 1nd1cates that the re lat1\e 1n1por-
1.ince o f the mucilag1nous matrLX dramat1ca ll) in­
creases \\.tlh the <,1ze of the colon) . 

W1th1n the colony, cell d1v1s1on occurs by usu­
ally synchronous buHll) fission (Kornmann. 1955). 
' I he resulting numbe r of colonial cells 1s the n 
expected to be a po\Afer of t\\ O. Some evidence of 
,\S) nchronous colon1al ce lls division has been 
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I 1F s Rl l,111on~h1p be tv. een colo ny cell numbe r a nd colony 
"olumt es1.1hl1she d for diffe re nt Pltaeocystu strains a nd com 
pared with the regressio n line and its confidence 1111erv<1l at 
CJ9% c.1lculattfd !or a g rov. mg P globosa culture ( Rousseau cl 
al 1911()) • I' g/obosa ( Kornmann 1955). 0 P globo.w 
( Rou\\e.1u Ll ,11 . 1990), • Phaeocystis sp An tarcllc strain 
(D .1"1.1lho11.ind ~l .irc h .int , 1987), P poucht·lll ((,un ke l Jll88) 
l· q11.ll 1l)l1 uf the regression \me 1s: log C = Cl SI log V t 1 67 
''hen· C 1s the l11lon~ cell number and V 1s the colon1,il 

' 'olurne C\prcs,ed 111 mm 

45 

30 

.,, 
II) 

20 - -
Cl 
0 -0 
u ._ 

r -0 
..... 
II) 

.0 

E 
::I 10 z 

0 l 
0 2 3 4 S 6 7 8 Q 10 II 12 

!\lumber of c ell s per colo n) 

I 1g b I requcnt;. h15togram of cell number per colon\ 111 ,1 P 
gloho111 (strain l'CC'>-10) c ulture . T he dark bJr\ n1rre,pond 10 
lhe numhc 1s ol cdls per (.ttlOn\ expec ted fur s~m.hronou' lCll 

dl\1s1011 ( u lt ure cund111C1n:>. 111 K culture medium (1'.dk1 et 
.tl , llllP) temperature l 'l. C. con11nuous 11lumina11on o l ton 
/l I·· m 2 • s 1 Phaeot } .His colo n; sampling m the expnnt: nti.d 
!!lll\\lh phasL Sta111ing \\Ith Alc1a n b lue and 111\erted 1111ln1 
' cnpll c\,1mma twn (D \ ,1u lo1 unpubl data) 

howe, c r report ed for Phaeocysns exam1natcd c1-
the1 unJc1 light m1croscop} <Kornm,1nn. J 9)'), 

f 1g 6) o r lln1e l.ipse 'ideo m1croscop} (J -L. Bir­
rien , unpubl data ). From these obsef\:.it1ons. 11 1s 
suggested tha t synchron) of the UJ\ 1s1on 1ns1dc 
colonies ,.,, ould be induced b) the ltght rcg1n1c 

l\ \'o phe non1cna are gene ral!} ob<>e f\ ed al the 
dccltnc of ,1 c:olon) culture gro'' th . (1) mKro.ig­
g1ega1 e fom1at1on through the progres~ 1\'e 111,·a­
s1on of c:olon} mucus by bacte ria (Gu1Jl ,ird and 
l lellebu <; t. 197 I , Oa\ 1dson and tvlarLhanl. 1987) 
Je,1d1ng ult1111atc l1 to the comple te deg1 adallon of 
the colonies and (11) "ghosts•· colo n1 cs fo rn1at1on 
due to the e migration into the exte rnal n1cthun1 
of nagc llalcs issued from the transfo rmation of 
non-moulc cells w1th1n healthy sphe rica l colon1 cs 
(Kornmann, 19)5, Ve rity e t al., 1988b, C'.111ou, 
199 1) It 1s not clea r. ho\.\ e\'e r. "'hetht: r these Le lls 
,1re d1pln1d tl ,1gc.;. lla tes or .ind h.1 ploid 1111L ro 
1nospo1 c~. 
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J. f< icld oh-.e1"'I atit>11s 

l hc scqUL'l1l'C nl C\Cnl" cha1acll'ri1ing a P 
~lol>o.\a hllll)lll dl'\~lopn1ent 111 natural cn\11011 

rnent ha" been identified through a detailed light 
rnicr osc:opy an.ii~ sis oJ niorphnlogical stages that 
'-lH."LlldL'd each other tluring the sprrng hloon1 
I 988 111 the Be lg ran coastal \\etlcr" <I rg. 7). ·rhis 

Fig 8. Young ~pherica l P globosu colonies less than 50 µm 1n di.imetcr attached to t.hfferent solid substrates (Al on Clraetoceros 
sp ~et,1c ,1s observed in the Belgian coa~tal water' during the early '>tagc of the spring bloom 1988 (methods as in Fig. 7) ([3) on 
living diatom Astcr10111:/la sp (C) on a sand particle and([)) on a !!1•1'""'001 fibt:or Culture cond1trom. moculum \\llh free h\.mg celb 
obtarned bv mechanical d1srup11on of colonies. culture medium of Vcldhu1\ .rnd '\dmrraal\, (1987) with '\Q, NH 7 and PO: 
concen1r.1t1on~: 50. :25 and 5 µ.\1. respecuvelv; temperature· ltl C rlluminat1on ot 80 µ.E m ? ~ 1 under a I:! h light - 12 h dark 
q•dc {\f Rous\e,1u and r Oa\tes. unpubl data) 
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o;; luth o;;hn\\<; that the con1plex even ts e\ 1denccd 1n 
pu1e culture of Phaeoc~sri~ are also occurring 
unde r natur<1 1 cnnd1 t1ons 

3 I. ('o/011y grv11th 

I he ca1 ly stage of the bloo1n development is 
do111inntcd by young healthy sphen c::il colonies 
that <;uccecd to n Chaetoceros-domin ated diatom 
con11nun1ty. 'fhcse colonies, less than 50 µ.111 111 
d1a111ete r, a1 e usually located on the setae of the 
diaton1 Chnctoccros spp. (Fig. 8a) whereas free­
Ii\ 111g colonies of this size a re seldom obse rved. 
1 he formation of these small colonies seems to 
he strictly linked to the occurrence of Cltaero­
ceros '>PP· 1 his phenomenon, also observed 1n 
othe r Phacoc~sr1s-don11na ted populations (Boalch, 
1987). ...uggcst., tha t some Clzaetoceros specie" 
\\Ot1 ld pl .1\ .1 k.e)- role 111 the de, e lopn1en1 of 
J>haeoc \.\11~ bloon1 b} nc. t111g as a solid substrate 
I lo\\ C\cr. .1cc.01 ding to Cadee and Hege1nan 
( 199 I). ( '/u1e1occros ce ll s would be too SP.arse to 
"uppo1 t all colon1es, suggesting that, if required. 
othe r '\pcc1es or pa rticles could act as substrate 
101 colony tic\ e lopn1en t. As the bloom e\ olves, 
sphc 11ca l colo111 cs released from Chaetoceros sc­
tac undergo ditle ring development. Part of lhc n1 
kee ps sphe rica l form and increase 1n size, cover­
ing a la rge range of diamete r (50 µn1-2 mn1 ). 
() thc rs change from pherica l to elongate form 
and produce ne\v daughter colonies by budding 
or d1\ 1s1nn ·1 his d1ffere nt1at1on results, a t the top 
of the bloon1 , 111 the complex coexistence of a 
high d1\'c rs1t} of colony shapes and sizes. al so 
nbscn ed 1n German coastal \Va ters (BatJe and 
t\ llchac lts, 1986). 

3.2 Se11esce11t stage and b/00111 ten11inat1011 

Decaying colon1cs a re very scarce in the ea rly 
stage of the bloo111 but appear in grea t nun1bers 
du1 ing the course of the bloom developn1ent 
Senescent colonies are irregular 111 shape, less 
tu1 g1d and have a sticky mucus \Vhich appears less 
cons1stcnl con1parcd lo hea lthy colonies. Their 
large range of size (200 µ in-2 mm) indicates that 
the} originate fron1 healthy colonies of diffe rent 
<1gc l;)L·nc,Lcnl colonies are progressive!} invaded 

b} \an ou-; auto- and he te rotroph1c microorgan-
1sms and .1re co,·crcd b} 1norgan1c de tritus, lead­
ing to the formation of aggrega tes of various size 
and con1pos1t1on at the end of the bloom Phaeo­
cvst1s-dcn vcd aggrega tes composed of niucus, 
Plzaeocys11s ce lls, di atoms. ciliates, dinonagellatcs 
and hc tc rotrophic nanofl agellates constitute n1i­
cro-c nvironn1cnts \Vhere a comple te trophic food­
\VCb develops (Weisse et al. , 1994). Their sudden 
d1sappea1 ancc from the wate r column may result 
from sedimenta tion, consumption, desintegration 
1n the wate r column (Thingstad and Billen, 1994; 
Wassmann, l 994; Weisse e t al. , 1994) or advective 
transportation. Concomitantly \Vith aggrega te for­
n1at1on, at the end of the bloom, small flage lla te 
cells s11111la r to the m1crozoospores described in 
c. ultu rcs, \\ Crc obser\'ed to develop 1ns1de colonies 
and -;ub<,cqucntl} migrate outside. T his has been 
obsef\cd for both P globosa (Scherffe l. 1900; 
Jone'> and i laq, 1963. Parke e t al., J 97 1; Ca dee 
and I lcgcn1 an, 1986. Veldhuis e t al. , 1986a) and 
fo r P po11che111 (Gunkel, 1988). 

3 3. The f ree-l1£ 111g cell stage 

In the fie ld , IO\V densities of free·living nagc l­
la le ce lls \.\loC1 e obse rved lo precede the forn1a tion 
of the colon1 a l form (Tande and Ban1stedt, 1987; 
Davies c l al., 1992) and persisted a long the 
Plzaeocysr1s colony development. The nature o f 
the 1n1t1al colony- forming cells could. ho\vever, 
not be 1dent1fied due to the inadequacy of the 
light m1croscopy technique u ually used 111 field 
studies for 1denlify1ng the PhaeocystlS cell t}pes 
present tn the \va te r. Jn fhe same way, the nature 
of the ove r-\vtntenng Phaeocys11s fom1 remains 
un1denttf1cd. Kornmann (1955) hypothesized that 
Phaeocyst1s survives as motile form throughout 
the year Alte rnative ly, Cadee (1991) regularly 
observed Phneocysr1s colonies during winte r 1n 
Dutch coastal wate rs of the North Sea. I le sug­
gested tha t these colonies could constitute the 
winte ring fo r111 of Phaeocystis providing the in­
oculun1 lor the next spring bloom through the 
re lease of rnotil c cells. The presence, during the 
course of the bloon1, of IO\V density of f1 cc-living 
ce lls ol the <;a n1e size as colonial cells, whethe r 
111ot1lc 01 not. ( Rousseau e t al. , 1990; \Ve1sse and 
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~chclft•l tost• t . 191>0) :-.uggcsts that pail of 
l'h11c·oc' ''" cnlo111 c., a1 c conunuousl) d1s1 upted 
,1lc,ng the c1n11 sc nt the bloom de\'clopn1ent 

4. Factor~ regulating the different pha~e~ or 
l'hneoryst1s life cycle 

./. I (~0/0111 jo1111ar1011 

L·\t sllng uata on the factors controlling c:olon; 
fo rn1c\l10ll a1 e \Cl) '>CJrce The nut1cnt stalu\ 1s 
nO\\ belic, ·cu to t:onslltute a nlaJor factor dn\1ng 
colon; fo rn1,H1on from free-li\1ng ce lls. Pho\ph,\lc 
conccn trat1on less th.1 11 I µ 1 has been suggested 
to induce n1as<.1,·e form.1 t1 on of colonies l1on1 
frcc-l1,1ng cell-. 1n batch un1algal cu ltures ol 
Pliat'OC\ \'fl.\ \ ctu,1lh·. ,1 ra1eful ree\.am1nat1on of 
thc'e d,11,1 (Ilg' l anJ 2 111 \ eldhu1s and \01111-
ra.il. 1987) 1nd1c,1teo;, that colonies "en; ',-L'l pre­
sen t .11 ,1 ''1de r.1nge of phosphate concentr.it1nn.., 
(0 to 70 µ j\.1) lorL' recent I). Canou ( 199 1) ga\ t: 
c\pen n1e nt .1 I C\ 1tle nce that a thrcsholJ pho-, 
ph.i tc conccn t1 a t1on ol 0.5- 1 µ J\1 v.·as n nccc-,s<11) 
cond1t1on to genera te colonies fron1 released 
colo r11 al ce lls Contrasting '' 1th these resu lts, 
con1pc t1t1\ e expcnments earned ou t b) R1eg1n<tn 
et al (1992) unucr laboratory con tro lled cond1 -
t1ons Licari; showed that P. globosa colon) f orn1' 
were .1hscnt unt.ler phosphate or an1n1on1un1 ltn11-
t,t11on hut dominant under nitrate control l h1-. 
1ndtcatcs that mass1,·e blooms of Phacoci \ft.\ 
colonies may be e\pected in -controlled e n\ 1-
ron n1c nts v. 1th a high ne\\ production re lat ive to 
regene rated production. According!). Phaeoc} HIS 

colon1cs arc gene rally bloomrng 111 manne sys­
tems e nnched 111 nutnents e ither na turall> (cl· 

aycd, 1984; m1th et al., 1991) o r through an­
thropogenic inputs (La ncelo t e t al.. J 987, Al­
Hasan e t al.. 1990) The role nutri ents could play 
111 colony 1n1t1at1on 1s still unclea r. Several hy­
potheses have been suggested an1ong vvhich the 
induction of cellular diffe rentiatton (e.g. from 
f1 cc-living cell type to colonial type) and the 
selccuvc e nhancement pre-ex1sttng colonial-t)pe 
ce lls (1{1cg111an e t al., 1992) a re the nlost proba­
ble 

1 he requirement of .1 solid subst rate has been 
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sugl'1.:stcd h) sc\CI al authors as l1 igge 1 ing factn1 
101 toln1n fo1111ation 1n batch cultu res and 111 
11.1lu1.1l 1.·n\ 11 on111c nl Both Kornmann (19'i'i) and 
k..1\ sc1 ( 1970) found that, 111 cul tures. the IJ ,1gcl­
l.1lc te lls l1hcrn ted f ro1n d1s1 uptcd colo111cs ht· 
L.unc atta t hcd before forrn1ng new colonies £ rorn 
I 1cld nhsc rvall nns, several au thors (Boalch, 1987. 
V llousscau, this work) concluded thc1t sorne 
d1.1tn111s and 111ore particularly sonic Cliaeroc eros 
spp lllcl ) fulfiJI the role Of subst rate. I lov,cve1, 
1c(cnt c\pc1 1n1cnta l work unucr cont rolled labo­
ratol) cond1t1ons (Rousseau and Oa\1es. unpubl 
d.1ta). g1\cs st rong C\1dence that any n11cnl..,c.op1c 
part1dc. cllhcr b1olog1cal (e g. d1aton1s). o rgan ic 
o r 1111ncra l (s,1 nd. glass\\-001) ma) act as subst rate 
lor LnltHl\ dc\clopn1ent (Fig 8b. c. d) Supporting 
this. ~<n1ng Lolon1cs attached Lo the d1.1ton1 Bul­
d11/pl11a sp \\CfL obscf\Cd 111 the Gern1,1n to,1st,1I 
\\t1tl.'1' ('I \\ 1."1ssc, pers co1nnn1n) ~elt.-:e ll\C 

g1 a11ng nl the ..,111.tl l frce-!J,1ng Lolon1es. prcfl.'rcn­
t1al adhl.'sitin of d1aton1s to colonies due to spc­
c1 1Jc at tat h111e nl properties of surface pol) n1crs or 
1L'k:i...c o l att1,1L11ng sub~tanccs arc h;pothesc.., to 
hL' tested lot e xpla1n1ng the loca liLa t1on of s111all 
c:olu11 1cs on diatoms and more spec1f1c.i llv nn 
( ltaeto< cn1.\ spp. se lae 1n the natural en\ 11on-
111t' n l. 

./.:!.. ( olonJ d1ffere11r1ac1on 

I he f.tctors that regulate colon) shapes (f ron1 
'phcrical to e longate and budding colon1es) arc 
... ull unkno\\ n but the influence of physical forc­
ing (\, .ttcr turbulence. particles) are s trong!) sus­
pected ( Kornmann. 1955). The process of colon) 
dt\ 1s1on seems to be, at least partially. regulated 
by nutncnt concentrations although autogen1c 
lacto1 s cannot be excluded (Verity et al.. I 988a). 
1\L the end of the bloom, nutrie nt ltm1tation ,.,,oultl 
induce physiological changes leading to the 
senesce nce of colonies and the ir 1nvas1on hy \an­
ous n11croorga n1sms. 

4 1. f\ !ot1hty dei•eloprnenl and en11grat1on of cells 
j ro111 r he colo111es 

Mo t1l1ty development w1th1n the colon) and 
sub'>equcnt release of cells from colon1c-. ha\ c 
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been oh,1.'f\ 1.·d ln1 rolon1c" under st1 esscd condi-
11011" ul111.·nl l111111 a110 11 (Korn1nann, llJ)'I) pns 
s1h l) a1.l'tll11pan1cd h) s1gn tl1canl lc1npe1atu1L 
ch.1ngc ( \ c1 1t) et al, 1988b) h:nc been sho\\Cd to 
gcncr.llc nHHtlit) dc, c lopn1c nl \v1th1n J>Ju1cocv,11s 
colon1e-. c1t hc1 unde t 111c-.ocosn1 or labn1 ato1 ~ 
contl1t 1on-; 

5. Conclus ions 

1 Ill' curre nt kno'' ledge of P globvsa !tic cycle 
") nthc111cd from ftc ld and cu lture obsef"\.ll1ons 1-. 
11lu-.tratcd ln Fig 9 1\t this tage, h O\\ C\ Cf. 11 I'> 
difficul t to propose a cohe rent sche n1c for the 
pl.1cc of the 1.hffcrent cc ll t)pe \\1th1n Pha('OC\\· 
t1s life c\1. lc .1nd lo c luc1dale the pa th\\ ,!\'> lccld-
1ng I ron1 lH1c l\ pc to another ;'\lore has to hL 
kno'' n ahnu1 the n11:chan1sn1s init1al1ng Plu1co, \ ,_ 
to cellula r d1ttcrcnll.ll1on Jnd Ct)lon) lorn1.1l1on 
1\ S il (If'>( °'lCp 111 thl\ dtreCtlOn. 00\\ L} (Ollletl ll 
stud1c,, h) dcn1on .... 11 at1ng plo1d~ d1ff c1cnl'cs bl 
t\\ cen non-111otile solitary cells and Dagcllatc' (di 
plo1d) and n11Crt)7oospores (haploid). g1\'e strong 
support lnr the 1nvoh cmcnt of these latter 111 
-;c xual1ty .is already suggested b) Kornn1.1nn 
( 1955) Such c1 1lc rn.ll1on ol haploid and d1pln1d 
gene rations h.1s also been observed 1n l /) -
111c110111v11<H cartcrae Bra a rud ('on Losch, l 9n 7) 
\Yhcthcr this give nse to an alte rnation of d1plo1d 
and ha plo11J colonies (the former ongina t1ng fron1 
non-n1ot1le l.hplo1d ce lls and the latter from hap­
loid m1crozoospores) or \\ he the r all colo n1e" arc 
<l1plo1d has not been demonstrated. Hov. e,er. no 
change 111 plo1dy has been obsen ed when diploid 
cells released from colonies give n se to ncv. 
colonies (R Casott1, unpubl. data), so corn> 
spond1ng to a vegetative mult1plica t1on of this 
alga favouring the furthe r spreading of the colo­
n1<1I st,1gc once initiated. This opens several ques­
tions that could be solved through furthe r C} tonu -
01on1ctnc investigations. Indeed, assun11ng all 
colonies arc diploid, the n colony formation from 
m1crozoospore-don1inated cultures (Kornmann, 
1955) 1111plies either the sexual conjuga tion of 
haploid ce lls or alterna tive!> the presence of a 
backg1ound of d1plo1d cells 1n m1crozoospore cu l­
ture-; Converse ly, meiosis n1ust 1ntef"\cne "hen 
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11111.101nnspntl'S ~lie fo rmed in '>Cncsccnt cultures. 
NonL ol these processes has been ohservcd )Cl, 
sug)'est1ng that <..LXU<tlity ma) 1nvohc a tiny per· 
lent.1ge ol the \Cg1.·tall\C populations In thL 
1nc.1111in1c, the potential comn1on occur rencc of 
se\u,1l1ty 111 J>haeocy.s11s, resulting 111 high genetic 
plast1uty, could be an explana l1on for its wo1 lc.l 
"1dc d1s111bul1on 

ldcntil1c.1l1on o[ the over-·w1ntc11ng fon11 and 
nl 1 he lirst active lorrn preceding colony (0 1 ma-
11011. a'> \\Cll as the mechan1sn1s involved 111 the 
t1 ,1ns1t1on bet\\een free-living ce ll stage and 
co l on~ arc csscn11al for understanding the occur­
ren1.c of Plut£'OC\. His hlooms A better 1-.nO\\ ledge 
o l prolcsses ol colon) dl\1s1on and ce;:ll release 
fi 0 111 l'olony v .. nulu allo" to estimate the spread 
1ng of the l'Olonial stage once 1n1l1ated J 1nally. 
lhL rclati'c 1n1pnrtance of n1ot1llly Jc,clopmcnt. 
of scnLs1.cnl colon) and aggregalL fnrn1ation 
"hould he further 1n,cst1gated D\\ ing lo thltr d1f­
IL rent ccolngic:d role 1n the bloon1 tcnn1nation. 
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Calculating carbon bion1ass of P/1aeocJ 1stis p. 
from microscopic observations 
\ '. Roust;cau , S. l a lhot and (.' . Lancelot 

C1rour1:. de ~IKrob1tilog1t· des t-lihcn\ \quauqucs. Campus <le la Platne. C'P 221, 
Boule\,Hd dn Jnomph1:. B 10°'0 Bruxclles. B..:lg1um 

[),lie nl Ii na I nhtn uscnpl .1cccptancc· Ju 1) 2. 1990 ( omm uni ea led b) 0 I\. innc Oldcn<lorl Luhc 

Abslract. Con\'crs1011 factors for calculating ca rbon 
btomJ5S of Phacoc_l Ho sp colonies and free-li\.1ng cells 
\\ere detern11neJ from m1croscop1c obsen a lions and 
che1n1cal anal)s1s conducted on cultured and natural 
Phacocl \Ii\· sp popul,n1ons ong1n<1t1ng from the South­
ern Bight ol the "iorth Se.1 111 1986 and 1987 The) allO\\ 
c,1kul.1uon. 111 tcrn1" of 1...1rhtlll b1on1,1ss. of the different 
lorn1s of l'hac·oc 1 \/1., "P· that ... ucceed each other \\hen 
the popul,tl1on l'i g1 O\\'lng.. on the baslS Of ffilCrOSCOpll 
ob'>cr\ .tt1ons The latte1 1nL·lutlc cnu1nerallons of free­
II\ 1ng ce lls (fl1gcll.1tcd ttnd non-1notile) and colonies. a., 
\\Cll "" colon1nl h10\olu1ne 1neasurement. Specific appl1-
ca l1 on to natu1 al populc.1t1on., frn1n Dutch coastal\\ atcrs 
during sp11ng 1986 sho\vs that n1o re than 90°/o of 
f'haeoc 1 5f1s sp Lal hon b10111as<> 1s under colon1al fonn. 
most o f 1 l exceeding the gra11ng characteristics of cu1 rent 
700plankton tll this penotl or the ;car Detailed anal) SIS 

of seasonal changes slHn\ <; 1n atld1llon that the size of the 
colon1es great!} increases during the course of Phaeocl \-
11s sp OO\\enng. rca1..h1ng sizes as high as I mm d1an1eter 
at the Lop of the bloo1n \\hen nutrients are depleted 
Ph)s1olog1call) th1<> c;orn.:-;ponds to an enhanced S]nthe­
s1s of muctlag1nous subst.1nces. \\ llh the decrease of a\atl­
able nu tnents kad1ng to nn 1ncre.1s1ng contnbut1on of the 
1natnx to the tot.11 co lonial carbon during the course of 
the bloo1n ('arbon con tent of Phaeocyscis sp colonies 
therefore great!) \ancs \\.1th thei r size, ranging from 0 3 
to 1430 ngC colon) 1 

1 ntroduct ion 

f'hacocJsfls sp 1s a vc1 > \\!despread phytoplankton1c al­
ga that 111as<;l\·el1 hloo1ns n1a1nl) 1n temperate (G1eskcs 
anti Kraay 197\ ('adec and llege1nan 1986. Lancelot 
cl al 1987) .111d pol.u \\,ttcrs (K.1shk1n 1963. El-Sa)ed 
cl al 191'13 ( h,1ng 1984. Eilcrlsen and Taasen 1984. 
Pahn1sano LI .11. 1986. l)<l\1Json and .\1archanL 1987) 
l l11s pr] 1nncs1oph)Cean 1s Lhar.1cte11zcd by a co1nple\ 
pol)n101ph1c hie C)Clc ,111d OLlUls under at least l\\'O d1f-

fcrcnt n1orpholog1cal stages unicellular and colonial. 
The lorn1cr 1s charac terized b) free-h\'ing cells of 3 to 
8 11111 either nagell,Hcd or non-mottle The latter 1s con1-
poscd of c.elb de\ 01d of nagella. e1nbedded 111 a muulag-
1nous 111.tt1rx n1Jinly composed of polys,lcLhandes 
((hang 1984 Lancelot unpubhshed d,lta) 1 hese colon1e., 
ong1na1e c11her fro1n one n1ollle <;1nglc cell that lose" - -1notilil) 'iCLrLtCs 1i... 1nucilag1nous sub5tances (Korn1nann 
1955. L.tnL·clPt anti ~l.nhot 1985 I and J1\ 1Jes 1n.,1de the 
L'Olon) (lr l.tlcr in the course of the life C)Cle. I 10111 11 uc 
LOloni.11 d1\1s1on (Kornn1ann 1955. \ent) et al 1988) 
Colon\ Sl/C \anes therefore b\ more than t\\O order ... or . ; 

1nagn1tude dunng the course of their devclopn1enL. rang-
ing fron1 I 0 11111 to } n1n1 under natural cond1t1ons l heir 
u~llula1 content vanes accorc11ngh. fro1n 2 to about 

~ . 
10 OOO celb, and their shape greatly chc.1ngcs \\.1lh age 
({3atJe .1nd l\ l 1chaelis 1986) The t\\O n101pholog1cal 
lornl'> c:ohab1t 1n natur.tl en\ironments but Iced different 
plank.tonic organ1s1ns: single celb are ingested by proto-
70a like tint1nn1ds and other c1hates (1-\dn11raal and 
Venek,1111p 1986). \\ hereas colonies 1n the 10 to 100 11111 
s11e range can son1eun1es be grazed b) zooplankton. de­
pending. on the spec.1es and its de\elopment stage (\\ 'e1sse 
1981 l).1ro 1985. \'ertl) and Smayda 1989) Ungra1cd. 
large colo111cs tlepo'>t L onto the bottom (\\'assman 1984. 
Jenness .tnd Du1ne\ eld 1985), cover beaches as layers of 
"etlfo,1111 (BatJC and t\11chaehs 1986, Lancelot cl al 1987). 
or tlrc degraded 1n the \\ater column b] plankton1c 
hactena (81llen anti Fonllgn) 1987) 

Rcgartltng the troph1c role of PhaeOC).SflS sp 'and lls 
11npo1 t.1 nee as a clom1nanl species 111 cutroph en\ iron 
mcnts, either natural like 1\ ntarcllc \Vaters o r anth1 opo­
gen1calh 1nllucnccd like the \veil known eu trop h1catcd 
No11h l·u1opcan cont inental coastal 7oncs, the accurntc 
dctcrn11n<ll1<.H1 o f single cell and colony numbers together 
\\ 1th their respective carbon conten t 1s of pnme 1n1por­
ta111..c 101 undcrst.1nd1ng of the d) nam1cs of Plzaeoc; \tts 
sp bloon1s 

Unforlttn<llely. there 1s still pre!>ently no unil) ing 
c11tena tor .ILLUr.1 tely assessing Phacocy.His sp. abun­
dance T'h1s 1s explained h) the Jack of adequate procc-
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<lures l or the sa1nphng and preser\ au on of intact colonies 
and for the n1cchan1cal separauon or free-Ii\ 1ng cells and 
colonies Current lilcr aturc reports PhacocJ 'ilH sp a o.;111-
gle cell nu111bcrs (l·1krtscn et al 1981. Cadee and tlegc­
rnan l 9S6, Vcldhurs cl al 1986. \\e1sse et al 1986). as 
chlo1 oph) II a (Ci1cskcs and Kraay 1975. Cadee and l-legc-
111an 1986. l ancdot and \l.Hhot 1987) or as colon\ nun1-
hcrs (Innes and Tlaq 196) Bal_le and .i\lichaeh-; 1986) 
1 he first two 1ncthods because the} do not tl1'\l1ngu1sh 
bet\\een unKcllular and colonial fom1s, greatly O\ercstJ­
rnatc Phacoc 1 \/II sp. single cell abundance '"hen colonial 
forn1s arc p1cdo1111nant. as 1s usual 1n natural en' 1ron-
111cnts (1 anccll)l cl al 1987) Indeed chlorophyll a ton­
cenl!.1l1011s 1cfc1 to both co lonial and free-l1\'111g 
PhueocJ His sp cells ns isolated by classica l liltrauon pro­
ccdu1cs, \\htbl cell counts fron1 classical Lugol's 1od1ne 
01 lor n1al1n prcscn eel sa111ples enurnerate colonial cells tts 
well bee.a use these preserving agents d issolve the 1nuctlag-
1nous 111atnx (Chang 1984. Admiraal and \'enekamp 
1986) Colon) cnun1erat1on. on the other hand. 1s of 
minor ccolog1cal interest \\hen not combined \\ 1th colo­
n1c1\ o.;11e and 1.:cll Lontenl evaluation. 

. \n 1111po1 t.11H step\\ as. ho\\ e\'er, recent I) ach1e\ ed by 
Da,1dson (198"1 .1nd Da\tdson and f\ l archant ( 1987). 
\\ho cstabltshcd an C\penn1ental procedure for the e<;t1-
n1ate of lrce-h,1ng ,1n<l colonial cell numbers These au­
thc)J s not onl) used a suitable preser\ ing agent for colo­
n1al fl11111s but l.'stahltshed a log log regression bct\\CCn 
the dt,llllL'ICI of P/iaeoc I Hi:i sp colonies gr0\\111g Ill the 
~outhet n <>ccan ,1nJ their number of cells. This 1 clat1on­
sh1p ,1\10\\ s tht.: asscs<;1nent of the cell content ur 
Phacoc I \'/I.I sp culontcs fronl the knO\\ ledge or thetr Sl/C 

f·ro111 tl11s. c<lrbon con tent of colonies on the one hand. 
and of frce-11\ 1ng cclb on the other hand, should nO\\ be 
est1 n1a tcd p1ov1dcd the a bO\ e relalionshi p is general {0 1 
Phac o' 1.\t1:i sp ant.l the con,ers1on factors for the trans­
format1on or 1nd1\1dual cells and mucilaginous n1aln\ arc 
detct 1n111cd 

In the lran1ewo11'. of a joint EEC Research Project on 
the d) na1111cs of PhaeocJ:ills sp blooms 1n the North 
[ uropcan conuncntal coastal zones of the North Sea. we 
ha\'C <letcrn11ned 1.:on,ers1on factors that allo'' one to ea'>­
tl) calculate Phacoc 1 His '>P single cell and colon) biomass 
on the b,1-;1s or single cell and colon) counts and colon1al 
,·olu1nc n1e<1surc1ncnts These factors \\'ere stat1st1call) 
determined by con1b1111ng numerous m1croscop1c obser­
\ at1ons 111c\ud1ng cellular and colonial volume rneasure­
rncnts and chemical and b1ochem1cal analysis The} \\Crc 
cstab\1shcd from both pure cultures and field comn1un1-
t1es do1n1nated at n1ore lhan 95° o b) Phaeoc.isus sp. l·co­
log1cal interest of Lhts methodology 1s given by appl1ca­
lton to pure culture and field populations of Phaeoc'} \'/I.\ 
sp at different stages or their development 

i\1ateri als and n1ethods 

Phaeoc1>.\/ i.\ "P· sarn pies 

f'lza1·01 1s111 sp s,1mples originated from bolh field populallons ,1nd 
unaalg.il cullure' Field populauons \\Cre sampled in Dutch and 
Bclg1.in to,1St.1l \\,tiers rcspe.::ll\el) during spring 1986 and I lJ87 and 

\ Rousseau et al l'haeocp11.1 sp carbon h1omas\ 
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\\Ct~ d1rccll} fi\ed for m1croscop1c anal:- sis 5uhsampks ''ere trc.H­
ed for thluroplnll a and d1ssohed orgamc carbon (DOC) an,1lys" 
.1ccordmg to methods descn bed belo1' 

l ult urcs of Phaeon sus sp colonies "'ere first mocula led wnh 
.i suspension of free-hvmg cells The latter had prcnousl) been 
oh1<1111ed by gentle filtral1on through a I 0 Jim sterile net of un1algal 
!'lweun 111.1 sp culture onginaung from the Channel (strain from 
Pl]mouth.Manne Laborator). UK) Culture medium was prepared 
\\ 11h slcnle, liltered seawater enriched as 10 Vcldhu1s .1nd Adm1raal 
( 1987) except for 111trate, ammo111um and phosphate vvhose concen­
lrat1ons 111.!re respect11el) 50, 25 and 5 µ\I Cultures 1\ere gro11n Jt 
11 (' tn an 11lumma1cd gro1\th cabinet (Lumin1ncube 11 Anal'<S) 
under a 12 h light 12 h dark cycle at 12011E m 1 s 1 Subsamplmg 
!or mu:roscop1c and chemical (DOC and chi a) analysis \\JS per­
formed at short mtervals dunng 2 '' k m order Lo folio'' appearance 
of colonies and change 10 colon) and single cell numbers 

I\ 1 u:roscopic a na lys1s 

{ ell and colon} enumerations and b101 olume measurements were 
earned out e!lhcr by 1n\'erted (Lenz Fluovert) or ep1nuorescence 
m1croscop} (l c1tz Laborlux D) The l\\O methods are highly com­
parable ,1s sho\\11 10 Fig I \\ h1ch compares the diameters of a large 
range ol c.;olon; sizes measured by m1erted and ep1nuorescencc 
1111~ roscopy Fxpenmental procedures \\ere the following (I) Sam 
pies for 111\erted m1croscop) were preserved 111 glass bottles with a 
gluta1d1illdehyde-lugol (35°00, v/v) solution (I ml for 100 ml seawa· 
tc1) as prepared accord mg lo Thomas (personal communica11on) 
,1nd :.to red tn the dar l.. at 4 °C Fixed samples ( I 0 ml) were sethment· 
cd for 12 h 111 Utermohl plankton chambers (2) Samples for ep1flu-
01 escencc m1cro::.copy (2 lo 10 ml ~ea water) were sta111ed with 
acrtdine orange soluuon as recommended b} Ilobb1e et al ( 1977) 
( olonics were sampled 1\tth open-end pipettes (Stenhn), collected 
on black-stained 0 2 pm filters using a gentle .. acuum 10 order to 
,\\on.I colon:- d1sn1p11on After filtrauon lilters ''ere placed on 
nm.:roscope slides .1nd stored m the Jark al 4 C unul an.ii} sis 
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I ij!. 2. i'lweoc} fl sp l)p1cal shapes of colonies L•bscr etl 10 cul 
lure .1111.J licld populc111011 and their tr.111slorniat1on m c;1111phfied 
gcornetnc.il forms \olume O'.ier cst11na11ons {stippled areas) and 
under c tmldllOn'i 1fillcd areas) arc equl\alent D1rnens1ons to be 
measured arc also 1111hca1ed l•lhpso1d .ire considered .is rotating 
,uound their ni.tJOr .u1s, their \olumes are then calculated by 
I I 3 n a2 b 

In e.1c:h case .111 colomes (11 IU to 150J \\crc enumerated and 
1hc11 1ze men urcd \\ 1th a prec1s1on ol j 0 'ii 1un Single cells \\ere 
counted 011 evc1 al t 10 to '\0) r mdoml) chosen field~ (I 0 to 50 cells 
llcld 1) < olonv cell contu1t dctc:rnnn.1t1on ''••s pcrforn1ed onl} h) 

cp1n1101<'~cc11cc micro t:Op) Indeed, tl11s method allO\\.S eas) cnu· 
me1,111011of!>l11ned cells bcc.111\c of their t\\O·d11ne11'>1onal loc.111011 
(ell nnc.1 colony sizes \\ere e 11m.11cd '1su,1ll) b) comp.1nson 10 a 
c.1hhro1ed gr 111 l ell 'oh1111e \\il'i calculated h) c:ons1dermg 
l'lrat oc1st1 sp cell 1<; clhpsouh \\ h1lc;t colonial volume "a calcu­
lated by cons1denng colonies as pherc~. clhpsoul or an .urange 
ment ol b llh I he h'J pothC!il \\a lonnulated thul elhp 01J arc 
elon • 1ted 1 c rot llm • uound their m lJOr 11ii;1s Typical hapes of 
/'lr l 11 p c. I 111e-; 1h.11 can be ob cned m culture nnd field 
popul 111 n in I 1h 1r tr u1 form 111011 10 a Ila e of geometric; 11 
~ rrn ue 111 u t r 11 d 1 n I 1 ' 

Chen11cal anal)s1 

Samples for c.hloroph)ll a and DOC anahsis \\ere collected by 
filtrall n of mall 'liolun1e<> on pre-ashed fibergl,1 hlter (\\ hatman 
GT ( l using a high \ac.uum pressure m order to adne\e complete 
c.olon) d1'5rupt1on ( hloroph) II a \\as measured either b\ pec­
trophotometr) (Loren1en 196-) or b) fluore cence ('aentsc.h and 
Menzel 1961) and dissolved orgJmc c-arbon \\ c15 determined b\ a 
pcr-;ulf lie. L V .iss1stcd \\ el oii;1dauon folio'' ed b} ml rared ddernn­
nJtton of C 0 2 u mg Dohrmann I 0 eqmpment 

( Oil \ (' r <, io n f :l l lo r -.. 

Rcl,1l1onship bel\\Ct'n colon1al cell nurnber and h10\ ol­
u111 c 

rhc rclauon'.'>hlp hct\\Cen the colon1.ll \ olun1c and CL'll 
nurn bcr per colon) \\a~ established on the has1s ol n11t ro­
scoptc nhscr\al1ons perforn1ed dunng the de,cloprncnt 
of a pure l'ltatOC)Slls sp culture, 1111t1.11l) inoculated \\llh 
s1ngh: cells. f·ig. 3 "hO\\S the size di ... tnbutJon of colon1t.•s 
.it d1llcrenl stage ... of cullurc grO\\ th together ''uh the 
change 111 colon) nun1bcr. Colon) size. expressed in 
cqu1\ :dent spherical diameter unit. increased\\ uh the agt• 
<.if the cult urc from I 0 to 2000 µnl. 1\ t the sarne tune, a 
progre nc change 111 don11r1a11t sh.ipes fro111 spheres to 
elhpso1d ,1nd 111egular forn1s \\as oh er\cd [)eta1led C\­

c1111111.1t1on OI tC1Tipl>T3l change Ill colon) ...,1ze .tlld 11Utnhcr 
clc.1rl) 111chc.1tcd th.ll colorucs nn: not onl) 1.:011t111uou I\ 
111111.ited b) lrce-ln1ng cells but .tlso 011g111<1tc frorn the 
dt\ 1s1on ol colo111cs 1hc1nsches. Ill pcrlcct .1grcen1e11t \\ 1th 
\ c11t \ Cl ,ii \ (I <JS ) d.lla 

• 
l·1g 4 sho\\S .1 lughl) s1gn1Jicant log log rclat11)11sl11p 

(1 2 O 9), 11- 244) het\\Cen colonial \{1lu1nc .ind cell 
nu1nbc1 pet t'llhlll) tor the L1rge range of rolon) s11t.:s and 
h.1pe'I 11lustr.1ted 1n [ 1g 3. rh1s relat1onsh1p ,tllo\\ed Us 

to e<;111na te the cell content C of a colony fr 0111 the k no\\ l­
edge ol 11'. \Olu1ne I cxprcs-,ed 1111111113 , .1ci.:ord1ng to the 
lullo\\ tng eq11.ll1on: 

log (' () 51 log I + 3.6~. 
I he lope of the rcgrcs ... 1on line 111d1c,1ted that the 

rel,1tnc 11nportance of the rnucilag1nous 111atnx \\Ith re­
g.11d to thcccll 11u1nbcr \\a' 1ncre.1stng ''uh the tze of the 
colon) 

I he zero onhnate of the regression hnc, on lhc othct 
h.11HI, c tunatcd at 11n1 the n1ininu11n ...,1ze ot ,1 starting 
colon\ lrorn ,1 single free-Ii\ 1ng cell. 

V.ihcl.111on ol this c111p1ncal rclat1onsh1p ,1nd 1t .1pph­
c.ih1ht) tll /'/ia('OC)Sll\ sp cnlon1cs lrorn SC\ c1.il 011g1ns 
\VC1c e:x.1111111cd 111 l·1g. :i \\here s1n1ilar datCI rel.ill\I.! to 
both n.11ural popul.111ons and u111alg.il str,Hns isolated 
lro111 tcn1pcratc and polar \\aters are co1np.11cd \\Ith the 
reg1css1on line and Its 99°0 conlidcncc trllCt\,d ac; ~alcu­
lc1ted lrorn d.it,1 illuslr.itcd 111 f·1g. 4 J·x.in111i.1llon l)I 
I 1g 5 suggc t that the e1np111cal log log rclat1on hip 1s 
\,tlu.1ble for l'ha1.:or.Jst1o; sp colon1es f101n SC\Cr.il 011g1n5 
I he l11ghe1 <le' 1.1uon lo the regres ion hne for Southern 
Hight field d.it,1 1111ght be expl.uned b) the pre cncc at the 
lop of the PhaeO<) <1t1s p bloon1 of large colon1cs cli.1r.ic 
tenLcd b) lughh d1\cr 1fied hapc \\hose gcornctnc.il 
fonn 1 omel1n1e d1fl1cuh to define properl\ 
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10 th DAY 

-
-

• • • .00.Q, I 0 I I I I 0 l .,--. 

1 2 3 4 15 6 7 8 9 10 II 12 l3 1" 15 16 17 18 19 20 21 

SIZ E CODE 

Total " 6332 colonies I L 
Fi(!. 1. Plwcon .HIS 'P StLe d1stnbut1on of colon} number at six 
different '>lilges of <le\clopment of a pure culture SJZes are ex­
pressed 111 terms of equivale nt sphcncal diameter Colonia l diameter 
Sl/C codt! IS as folio\\ s ( I) < 50, (2) 50 I 00. (3) I 00 - 200, ( 4) 200 
300, (5) 300 400, (6) 400 SOO. (7) 500-600, (8) 600 700. (9) 700 

Ct1 rbon con ten t of free-li ving and colon1al cells 

T\\ o proccdu1 es were used and compared lo detc r1111nc 
LOn\ crs1011 l<H..lors for c.1lculal1ng carbon conten t ol 
!'lu1<'01 1 1f11 sp free-In 1ng <1nd colon1al cells fron1 n11cro­
scopil counts. 
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11th DAY 

Jkoooor;iOD. 0. I T 

1 2 3 4 15 B 7 6 9 10 II 12 13 14 16 16 17 18 19 20 21 
SIZE CODE 

To tal • 7666 colonies I L 

13 th DAY 

I 2 3 4 15 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 
SIZE CODE 

Total = 15000 colonies I L 

14th DAY 

1 2 3 4 15 6 7 8 9 10 11 12 13 14 16 16 17 18 19 20 21 

SIZE CODE 

Total • 13000 colonies I L 
800, (10) 800 900. (11) 900- 1000, (12) 1000 1100, (13) 11 00-
1200, (14) 1200 1300,( 15) 1300- 1400.(16) 1400 l 'i00.( 17) 1500 
1600.( 18) 1600 1700.(19) 1700- 1800,(20) 1800 1900,(2 1) 1900 
"000 11m 

The n1ost classical one 1s based on the dctcnn1nalion 
or plasn1a 'olun1e from cell \Olume measuren1cnt and its 
trnnsronn,ll1on to carbon using the con,·ers1on factor 
0 I I (pgC 111n - 3 ) recomn1ended b) Edler (I 979) for 
nagc tl ,ttes Table I reporls a\·erage value and standard 
dc\1aL1on or Phaeoc_lsl1s sp cell carbon content calculat-
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l•ii.:. 4 /'ha<'Ol l'Slls sp Rela11onsh1p bet\\Cen (010111.11 
' J ,1 1 .u1d cell number per colon) for the 1.irgc 

- .,.... ..-.---rr -...--~~..-,-- ~~-.-~....., 

10 7 103 10~ 

r.111ge of colon) sizes Jnd sh.1pcs s.unplccl Jui mg lhc 
hatch cullurc de\clopmcnt 11lustrntcd 111 I 1g 3 ( olo 
111,tl equr\alenl ~phencal J1.1meter sl.1le 1s 111d1c.11ed 
on left ol ~olume sc.1le 

Cells number per colony 

I ahll' I . /'haeoc} r11s sp (·ell carbon con ten I I pgC cell 1
) calculated 

from cell \O(urnc mc.isurc111cnts 

Cells 

( otomal cell~ 

r ree h"vmg cells 
I l.igcll,11cd 
Non 111011le 

No of obscn.111ons 

220 

5 
260 

C content iSD 

10 80.t \ ·17 
1591±4 () 

cd f101n \:Cll11lu1 volunlcs rclauvc ll) a large nu1nbcr of 
f>ha1 or.1•J//\ sp cells ntiginaling r101n pure cullurc .1nd 
-.1111pled 111 the lk·lg1.111 coas1,1l \\ atc1 s 1n spnng 19 8 .uul 
llJS9, ,11 d1llc1r111 ~lagcs or the spnng bJ00111 de\elopntenl 
(H.011 sc.1u uupubh hcd dat.i) l·xa1n1n.111011 of 1:1blc I 
hO\\ th it c.11bon ,1ssoc1.11ed \\llh non-rnolllc free-h\111g 

cell h \ery ~to c 10 thdl .is o 1atcd \\llh coloru.il cell 
1nd1cat1ng their colon1. I 011g111 C>n the other hand. 1nc.111 
c.1rbon content ol tl.1gell 1tccl 1ngle cell 1 lo\\cr, a ex­
pc tcd f ro1n their 1nallcr 1ze 

1 he second procedure estimates .i factor for the 
convcr ion of cell counts to carbon un11 on the bas1 or 
the 1.1 t1s11c.1l rcgrcs..,1011 analysis bet\\ ecn b1oche1111cal 
c.irhon ,1nd cell nu111ber. Biochen1ic.1l carbon ''defined 
h) the cell content 111 proteins. polysacchandcs and hp1cls 
.u1d 1s calculated fro1n chlorophyll a concentrauons u 1ng 
a 29 C :chla (Y. :\\} conversion factor as rccornn1endcd 111 
I ancclol-V.111 Bc\cren (1980> \\hen Plia<'OC)Sl1s p. <10111-
inalcs lhl' con1111111111y. This procedure docs not d1<;c111111-
n.1tc, ho\\C\cr, hct\\cen colonia l and rrcc-h\1ng cells •• 1 
chlo1oph)11 a concentrations refer to the whole popula­
tion 1sola1cd by filtrat1on. This statisllcal analysis \\as 
pcrforrncd on Phaeocys11s sp. populations sa1nplcd 111 the 
Belgian .1nd I )utch coastal zones fnr d1lfcrcnl s1,1gcs of 
the hloo1n cle,clopn1en1 'J"hc ~lope of the regres 1011 hne 
e't11nate" at 13 5+ I pg the Phaeocislls sp cell ~1rbon 
content (r2 0 I. n 2'), p < O 0 I) Ciood agreen1enl w.ts 
ob crve<I bct\\Cen the latter \aluc and the carbon content 
of colorual .and non-n1011le free-h\ 1ng cell c.tlculated b) 
1nenn of the pl.1sma 'olurne method 
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Cell number per colony 

Carbon content of n1uctlag1nous matrr\ 

Mucilaginous substances that compose the colonial 1n.i­
tnx are currently separated from cells by vacuu1n filtra­
tion at high pressure through gJassfiber (What man G F 
C) filters (1 ancelot and Mathot 1985). This n1echan1c.ll 
proccdu1c disrupts the colonies and solub1hzes the colo­
nial rnatrix into sea\\ at er Ho,ve,·er, under these cond1-
llons, the dissolved 1nuc1lag1nous compounds ;u1s1ng 
fro1n living colonies cannot be d1st1nguished fron1 00(~ 
of other origin \Vtthout laborious chemical treatn1en t 1n­
clud1ng desalting, concentrallon of organic tnaller by d1-
alys1s and chc1111cal prec1p1tat1on of the mucdag1nous 
substances. 

This chcn11cal procedure, unsuitable for roul111e anal­
}Sts \\as bypassed b\ utilizing stat1st1cal regression anal­
) SIS bet\\ccn f)C)C conccntrat1on a variable charactcriz-
1ng the total pnol of J1ssol\ed organic substan1..es and 
the tot.11 colon1a I 'ol u1ne a \aria ble spec11ic of th1..· 
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h g. 5. f'lwt'Vt 1111.1 ~p . Comparison hd\\ccn dJt;i rclalt\c 
to both ll<lllt1,1I ropula11on~ (open \!mb~1)s) .111J Untalg.1) 
s1r,1ms (filled symbols) isolated from temrer,1te .111d pol,11 
\h1te1 s, <.1nd the regression line and its 99° o conlidcncc 
inlcr\,tl c.1lculated on the basis of data 11Ju-;tr<1ted tn 

I ig -l J),11a nrc from (o) Belgi.rn co:iq,tl \\att•rs (Rousseau 
u11puhll',hed data) (• J German Bight (K.ornmann 1955), 
l • ) PrHlt B.1) ( Da \ 1dson 1985) 

colonies This stat1sllcal analysis \\as applied on se\eral 
couples of data ong1nallng from both pure Phtu•ocl .'if1s 

sp cultures and field comn1un1t1es dominated at 95° o (1n 
lcrn1s of cell number) b~ Phacoc.1 slls sp colon1es [)QC 
data \Vet e, hO\\ever, pre\ 1ousl} corrected for a back­
ground DOC \alue due either to culture 1ncd1um 1n1t1all) 
enriched'' 1th '1tam1ns or to refraclor} d1ssohcd organic 
rnatter ah\a)s present 1n natural sca,\alcr The fonncr 
h<ts nn a\ erage \<.llue of 2 8 + 0 4 mg(' I 1 \\h1lsl the lat­
tc1 reaches a n1ean background value of J J + 0 5 mgC 
1 1 1n early spring in the coastal \Vatcrs of lhc Southern 
l31ght of the North Sea. 

·rhc relationship bet,veen DOC and total colonial' ol­
un1c of Phaeocystts sp. 1s illustrated 1n Fig 6 /\ good 
correlation (r2 =074, n=24, p<0.01) 1s obse rved be­
tween total colonial volun1e of PhaeoCJSlH sp and its 
org.1 n1c carbon content. The pos1tl\e } -intercept ob­
scr\.ed 111 1 1g 6 1s due to the high 'anab1lit) of the back­
ground \.tlue The slope of the regression line C'>llnl.ttcs 
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the con\c1s1011 into c.1rbon un11 of rnucila21nous b10-
volun1c 

I he co11\crs1on factor recon1111cndcd 1n the pre\ 1ou ec-
11011 nrc su1nn1.inzcd 1n I able 2 1 he) \\ere u ed for calcu­
l.1t1ng ,1ncl cornp.1nng J>lu1roc\ us b1oma changes dur-
111 • ll dc\clopnu.:nt 111 ,, pure culture and 1n the natural 
en\ ironrncnt 

J 1g 7 sho\\s the \.tn.1t1onc; 111 carbon b10111u of rc­
c;pcctl\cl) frcc-li\1n •, colon1.1l cells and colonic as calcu­
l 11cd fron1 n11c1oc;cop1c count .1nd colonial volun1e 1ne,1-
urc1ncnts dur 111g the clc\cloprnent ol n b.1tch culture ol 

Plturoc, st1s sp ol '' luch the frcquc11C) di.1gr.un of 
colo1uc.:; 1s 11luc;11nlcd 1n I 1g 3 1\s 1nchc 1tcd by I 1g 7, 
colo111cc; clc,elop und 1111111cch,1tcl) clorn1n.1tc the popula 
t1on 1n tcnn ul c ubon h101nns<> <. olorual b101nas con­
lnhulc<; 111dccd to 450 to 91° of total Ph"co l 11 sp 
b101111 s dunn • the c >Ur<;c >f culture de,eloprnenl I 
.11111111t1 11 ol I 11 h " on the other h.1nd th.11 free 
h\ 1n 11 ;111 1 I n1 h I\ c .i11 1dcnt1l'.nl c.1rh< n 
turn ' r r 11 It 111 h .He 111 dd111 n th.it the pcc11ic 
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coloni.11 cells (• co11t111uou 
hne) and olomt: ( • d 1-;hc I 
hne) dur111g the b 11 h cultur 
de\clopment allu tr led 111 

I 1g 

A h1ghl) different feature 1s ho,,e-.er oh crved \\hen 
carbon d 1t,1 rel,1tl\c to PhaeoC)Slls p colon1e arc d1 -
l:U cd 1n terms of their 11c cl1 tnbullon I 1g sho''" the 
1clnu-.cconlnbullon per colon) of different tle ofcolo 
111,tl cclb 1nd mucil,1g1nou n1.11nx to the total l'haeoc) • 
urr p coloru.il c 1rbon for four typ1c.1l st. ges of the hntch 
culture de,cloprncnt It clc<1rly 1nd1catc that the specific 
carbon content ol the colonies 111crc.i c 1ccord1ng to 
their 11c alto\\ 1ng a lughl) '.in.1blc c.irbon colon) r.1t10 
1,1ng1ng frorn 0 3 to 1436 (ngC colon) 1

) for olon1ec; 
''ho c diameter are rc,.pecll\ clv I 0 11m .and 2 1n1n \I­
th u h cellul.1r carbon n e the contnbut1011 f nn1 u 

1rb n t t t tl Pit 1 J 11 p b1on1 l 1 1n r a 1n 
mu~h mor r 1p1dl "h n the 11e of th 1 n1c 1 • llln 
I 1r •er and be m • d nun 1nt on e c. I 111 11 d1,1rn ter 1 
tu •her th 1n 400 111 \\ h n I n} d1 1m t r 1 111 h r th 1 n 
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Fig. 8 . f'lwcocys11s 'P Size d1stnbut1on of colon) carbon tontenl 
wtth relative contribution of cellular and mucous carbon al four 
stages of b;itd1 c.ulturc <lc\elopmcnt as illustrated tn Fig 3 I or s17c 
code, see hg 1 

I mn1. n1ucous contributes up to 90°/o of Phaeocrst1s sp 
1..010111 b1on1ass I his has important ecolog1cal 1mpltca­
t1ons for organ1sn1s ol higher troph1c level that Iced on 
Phaeoci \Its sp Cells an<l rnucous are indeed of \Cr) dif­
ferent nutnllonal qual1t) The mucilaginous substdnces 
of the n1atnx being 1n.11nly con1posed of polysac1..h.1n<les 
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GROWING PHASE 

n, 
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SIZE CODE 

Total = 50500 colonies I L 

STATIONARY PHASE 

·:=Jo DaoJ 
2 3 4 5 6 7 8 9 10 t 1 12 

SIZE CODE 

Total = 11000 colonies I L 
l'ig. 9 f>lwcon s11s sp Size d1s tnbut1on o f colo n) number ,11 l\\ O 

dil fi:rcnt s1.1ges 11f bloom de' elopment 111 Dutch coastal \\.,llcrs 
during spring 1986 <\1zes are expressed 111 terms ofequ1h1lcnt sphcr-
1L·al J1amr1er Coloma I diameter s17c code I'•. (I) < 50, (') SO I 00 
(1) JOO 200 (4) 200 300. (5) 300 -IOO. (6) 400 500 (7) '500 600 
(8) 600 700, (9) 700 - 800, !IOl 800 900 (II) 900 1000 112) 

• I OOO 11m 

,1n<l de\ Old or nitrogen ( Guillard and Hellebtht I 971. 
Ch.tng 1984. Braeckman personal commun1callon). the~ 
,1rc of less nutnllonal \alue 

Fcolog1cal 1n1phcauon of the size <l1 tnbut1on of 
P'1aeoc1s11s sp biomass 1n the natural en,iron111ent ''a' 
<le<luccd f ro1n F-1gs. 9 and 10 '' hrch 1 nd1ca tc. respcctn cl). 
the s17c d1stnbu11on of Phaeoc_lsfts sp colon) number 
and of c.t rbon conten t al l\\ o different stages of its de,el­
op1nent 111 the Dutch coastal '' alers dunng spring l 986 
G1tr::able and 1111gra:::uble colon) s17e-classes '"ere defined 
on the basis of copcpods specie and de\ elopment lages 
pre. cnt al the time of the Plraeocrst1s sp bloorn (Daro 
1985) as \Veil as their grazing cbaracten ucs detcrn11ned 
under controlled cond1uons (Weisse 1983). Accord111g to 
this. a s1Le l11n1t ol 300111n of equ1,alent d1an1cter \\ .ls 

chosen 
S11ntlarl) to its developn1enl 1n batch culture. 

Plrococ 1 f;/ts sp population 1s dominated b) nu1nerou-; 
s1nall s11ed colonies dunng 11 gro'' rng phase.'' hen nu111 
Cills ,lrC su0iCIClll \l this lime. the pOpUltltlOll IS do111inal­
ctl b\ ~ra able ro1m<; or Phacoc\ \(/\ <;p ( f 1g 9, T.thk ~) 
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\ Rou'iscau et .d l'haeoc 1 r/H sp c.irhon h11,mass 

c GROWING PHASE 
0 200 
L 
0 180 
N 

160 I 
A 1 .io 
L l 

c 120 

A 100 
R 
B 80 
0 60 N 

40 
IJ 

g 20 

I 0 r -- • 
L :> 3 4 5 6 7 8 9 10 11 12 

SIZE CODE 

Total • 1156 µgC I L 

c STATIONARY PHASE 
0 3000 T 

L 
0 
N 2500 -l 

I 
A 
L 2000 i 

c 
A 1500 ' 
R 
B 
0 1000 • 
N 

IJ 500 
9 c 
I 0 
L 1 2 3 4 5 6 7 8 9 10 11 12 

SIZE CODE 

.b.l CELL CARBON ] MUCOUS CARBON 

To tal = 3006 µgC I L 
Vig. I 0. l'hacoci 111.1 sp S111: d1strihu11on of <.:olon} carbon con lent 
\\Ith rclat1\~ t;11n1nbut1011 ol cdlul,ir and mucous carbon. al l\\O 

d1flert:nt st.igcs ol bloom JcH:lopmcnt in Dutch coastal \1,1tcrs 
during sp11ng 1986 I or o;11c 1:odc sec Fig 9 

fa ble 3. Plwcoc1111s <.p <. '.irhon content (µg (.I 1) of gra1-0blc anJ 
ungr.iz.ible form' .1t l\\ll pcr11xls ol the spnng bloom Ill 1986 111 
Dutch coastal \\,Iler~ . Numbers .1nd percent mucous alo;o gl\cn 

Date rrec-11\ mg Gra1.1ble Ungrazable 
1.:ells ( < 300 11m) ( >300 µm) 

No. c No. c l\.lu- No c ~lu-

10" I I I o .i I I co us 103 1 I co us 
OQ 00 

7 S6 1117 28 125 26 22 5 1031 65 
l 82 26 27 23 38 8 -l 298-l 8S 

Re\erscly. ,1t the stalionat) ph.1se of 1Ls de\elop1nent. the 
populat1011 htts decreased 111 te11n'> of colon) nu1nber hut 
1s don11naled at 75° o b) big colonies\\ hose size 1s greater 
thnn I 111111 

\ different lcature can be obser\ed \\hen data ol 
Fig 9 ,11e lOn\crtcd 111ln carbon unit as 11lustratecl b) 
Fig. 10 ( .ubnn content lll' sn1all colonies 1s 1ns1gn11icant 
co~np.Hl'd "1th the l.11 £l' sill' onl.!s , these l.1tter being con1-

posed of 1nore than 50 11 
n of 1nucilag1nous substances 

1\l the top ol the bloo1n \\hen large colo111cs do1n111.1te 
lhl.! popU(atlOll, f'frllCOC)'SllS sp b1on1ass JS COlllposcd of 
R5" o of 111ucilag1nlHIS subst.1nccs This corresponds phys-
1nlng1cally to the enhanced S)nthes1s of n1ucilag111ous 
substances that con1posc the colonial matrix \\hen a\a1l-
• hie rnttncnts heL0111c scarce (Lancelot and Billen 1985). 
\cLnrdtng lo th1<>, colon) Larbon content ranges hcl\\CCn 

0 ..J .lnd 811 ng 111 the Dutch coastal \\'alers du1111g the 
course ol l'liaeoc1 .111.s sp no"enng Tht: ect,log1cal 1111-
p.11 .. t ol the s11c d1stnbution of Phaeoc1sti1· c;p b1on1clss on 
hcterotrophtL gnn\lh 111 the Dutch coastal \\ate1s during 
sp1 tng 1986 1s Lkarl) shO\\ n by Table 3. \\ b1ch gnes .n,1tl­
.1blc food fo1 spccilic gn1/ers (c1liaLes and /OOplankton) 
1n Lenns of carbon and cell or colony numbers for the two 
slagcs of the bloo1n [ xam1nal1on of Table 3 h1ghltghts 
the fact that 1no'it Phaeoc1.H1s sp. b101nass 1s not gra::ablc 
b) zooplanklon and thus escapes this troph1c path\\<l) 
Ungra1.ed Phaeoc rH" sp colonies can. hO\\C\'Cr. be de­
graded h) plank tonic bacteria. The effic1enc; of this 111i­
crob1al trophtc p.llh\\a) 1s hO\\eYer h1ghl) questionable. 
as n1orc than 50° o of PlraeocJ 'ill<; sp biomass 1s corn­
posed of n1uc1 lag1nou'> pol)sacchandes. the b1odcgrad­
C1billl) of\\ htch ren1a1ns lO be determined 

( onclu<., ion 

The con\ l'rs1on l.tlllH s recommended 1n this paper for 
tht• calcul.it1l1n 111 Phatoc 1 \f/S sp carhon b1orn,1ss <•ll 

the h.ists of 1111c1 os1..optc observations, \\Cre sho\\ n ll> bt: 
uselul both !or deterrn1nrng the life cycle of Phaeoc1 Hts 
sp du n ng the course of its nov.enng, and for e\.alu,H1ng 
<I\ atl ablc rood ror 1.:tl1ates and zooplankton thnt gra11:. 
rcspect1\·cl), on cells and colonies provided that n11cro­
<;t:op1c ob'ier\at1ons .1rc Jctailed as follo\\s· ( I ) counts tif 

fn.·e·ll\lllg cells and d1st11lCLIOn bet\\'Cen Oagellalcd and 
non nH.Htlc cells. (2) counts of colonies and measuren1cnl 
o(' thetr rcspCltl\C b10\0lume for different COIOl1) Sill!· 

ranges. <lctcrn11ned on the basis of grazing charactenst1cs 
or zooplankton present at the ume of Phaeocistn sp 
bloon1. These colon\ size-classes \'ar). therefo re, fro111 
one b1otope to another 

,lck11c111/cdgt'ln<11t5. This \\Ork \\as linanc1all} supported b} the: 
fl C (1.ontract l:Nv 862 Band E\ -l\ -01202-8) and by the r-.11111s1n 
nf 5uencc Pol1C) Field c\penments \\.ere conducted on board of the 
Belgian "Bdg1c.1" anJ English "Charles Dan\ln" research \Cs~els 
\\c arc grateful lo l\.IU/\tl\I (l\ lanagement Unit of the l\lathem.ill­
<:al l\. l odc:I of the North Sea) and 10 Dr P Holllgan (Pl}moulh 
f\.1armc I abor,11cir}) lor cruise organizauon Finally, we thank f\.1 
Berliner for d1av.1ng pit.lures of Plzaeoc\'slls sp colonies 
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Autecology of the Marine Haptophyte Phaeocystis sp. 

C . Lancelot 1, l\I. D. Kcllcr
2

, V. Rou ea u 1, \V. 0. Sn1ith, J r3• and S. 
l\lathot3 

1
Groupe de f'vficrob1ologic des f'vttlicu x Aquatiques, Un1vers1tc Libre de Bn1xelles, 
Cain pus de la Pla1nc CP 22 1, I3d du Tnon1phc, B-1050 Bn1xcllcs, Belg1u1n 

2BigelO\\' LaborCllory for Ocean Sciences, \V Boothbay 11arbor, ME 04575, USA. 
3 
Depart1nent of Ecolog) and Evolutionary B1olog), Un1\'ers1ty of Tennessee, 
Knox' 1llc. TN 37996. U A 

1. Phaeoc}'Sfis physiological ecology 

1.1. Life forms 

The CUI") thermal and cur) hnl1nc genus l'haeoc; •st1s is one of the n1ost '"idespread 
marine haptoph) tes. '' 1th n1ost species shanng the abiht) to produce nearl) 
1nonospcc1fic bloon1s in 1nan) cnv1 ronn1ents Its unusual hc1eron1orphic life cycle, 
\vhich alternates bct\\een gelatinous colonies and diITcrent t)pcs of free-livi ng cells 
(vegetat1Yc non-1not tlc. vegeta tive flagellate and 1n1cro1..oosporcs). sets it apart fro1n 
other n1e1nbers of the class (Fig 9 111 Rousseau et al 199-l). The colonies - con1posed 
of thousands of cells e1nbeddcd 1n a 1nuc1lag1nous n1atri x - occasionally reach several 
m1n 1n dian1eter. Individual cells, 3-10 11111 in dia111etcr, are distributed within the 
gel matn....: of the colonies. "h1ch vaf)' in forn1 fro1n little (20 11111) to large ( J mm) 
homogeneous spheres and to large 11l -for1ned colonies invaded by bacteria and 
protists This vanety in colony form appears lo be largely a function of life stage. 

The don1inance of one fonn over the ot her in natural environ1ncnts has dra1natic 
consequences for planktonic and benthic ecosyste1n structure and functioning 
(Lancelot and Rousseau 199-l , \Veissc et al 1994) and can ha\'e severe 
environ1nental (Lancelot et al l 987) and biogeochemical (Wassn1ann 1994) 
consequences. Free-living cells are heavily grazed b) protozoa (Weisse et al. 1994) 
and st11nulate the de\'elop1nent of an act1\'e 1nicrob1al food-\reb (Lancelot 1995) 
\vhich retains 1nost Phaeoc.vst1s-dcn\'ed material 10 the surface \\'aters 
(' regenerat ion-based food chat n '). HO\\ ever a li near 'export ' -food chain. \Vith 
mesozooplankton grazing on protozoa (I Jansen and va n Boeke! 199 J; Bautista et al. 
1992, \'an Boekel et al 1992) n1ay also de,·elop The trophic and geoche1nical role 
of the colonial fonn 1s 1nore co1nplex and depends on the colony size (Weisse 1983), 
the niicrobial colon11.ation of senescent f>haeocyst1s colonies (Estep et al. 1990) and 
the feeding behav1or and life strategy of indigenous 1nesozooplankton (Weisse et al. 
199-l . \Vass1nann 1994) The large si1e of colonies IO\\ ers the risk of being eaten 
because of the cons1dcr<1blc t11ne-lag 1n the response of large herbivores. Ho\\·ever, 
the presence of ovenvintenng 1neso- <1 nd 1netC1- zooplankton in deep \vater 
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en\'iron1nents can result in sustained gra1.ing. Jn shallo\v, turbid environrncnls, 
colony grazing is limited due to the prevalence of in1mature mesozooplankton 
(Weisse et al. l 99-l). In addition, the gel propert ies of the Phaeocyst1s 1nucilaginous 
1natnx (Lancelot and Rousseau 1994) co1nb1ned \vith lo'" aggregation properties 
con1pared to those of diato1ns (Ricbesell 1993 ) tend to maintain healthy Phaeocystis 
colonies in surface \Va ters. Phaeocyst1s supply to the deep ocean and the benthos 
thus relies on the capacity of colonies to resist microbial degradat ion and 
sedin1entation 1.e., a co1npromise bet\vecn the cnviron1nental characteristics and the 
intrinsic features of Phaeocyst1s (colony size and density) determined by the gel 
properties and the colonization by bacteria and protists. 

Phaeocystis colonies, if present in sufficient density, are a nuisance occurrence. 
The mucopolysaccharide 1natrix of the colonies is extremely viscous and odorous, 
clogs nets and upon colony death, either sinks or breaks do\vn into an organic foam 
Impressive banks of this foa1n arc regularly observed on North Sea beaches (Lancelot 
et al 1987 and references therein). There arc also many reports of fish avoiding 
areas of 1)haeocystis bloo1ns (e.g Hurley 1982 and references therein) and of 
deleterious elJects on shellfish (Moestrup. 1994 and references therein) In addition. 
there is one recent report of fish mortaht1cs associated \\ ith Phaeocyst1s. \\ ith a 
substantial crop of farn1ed sa l1non lost 111 1992 in Non\ay during a bloom period 
(Tangen pers. com1n. in Moestrup 1994) Furthem1ore Phaeoc;vst1s is a 1najor 
planktonic source of the at1nosphenca lly-i1nportant gases, di1nethyl sulfide (e.g. 
Barnard et al. 1984) and methyl bro1n1dc (Sae1nundsdottir and Matrai, 1997) . 

• 

1.2 Biogeographical distribution 

1.2.1 Species number and distribution 
There has been considerable confusion in the literature regarding the number of 
valid Phaeocystis species due to the lack of taxono1nic criteria (see revie\v by Sournia 
1988). Recent 1nolecular data 1nd1ca1e the existence of at least three colony­
producing species : P pouchet11, P glohosa, and P. a11tarct1ca (Medlin et al. 1994). 
in addition to the distincti\'e, P scroh1culata. \\ hich has only been observed in the 
single cell phase (Moestrup 1979) The latter is ultrastn1cturally different from the 
colon) -fonning Phaeocyst1s species. especially in the occurrence of a nine ray 
pnllern in its filaments and the fine stn1cturc of 11s scales. Aside from resolution at 
the 1nolecular le\'el. the only cntena for separation of the three colonial species are 
the original diagnostic features. colon) shnpe and geographic distribution (Baun1a nn 
et al 1994). In both P. globosa and I' a111arcl1ca, individual cells are un1fonnly 
distnbuted around the periphery of the colony. "hereas in P poucheti1, the cells are 
grouped 111 clusters, usually of four cells. 111 lobes of the colony. Phaeoc_l 1st1s 
a111arct1ca is present only in Antarctic coastal \Vaters, \Vhereas P. globosa is present 
in more te1nperate \Vaters, '' 11h a gro\vth te1nperature opti1nun1 of l 5°C. The 
te1nperaturc range of Phaeoc)1st1s pouchet11 is intennediate, being present in boreal 
and cold. tc111perate \vaters (Bau1nan et al. J 994) 
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1.2.2. Life forms distribution: the importance of inorganic nitrogen sources 
Strain-related 1norpholog1cal and ph) s1olog1cal charactenst1cs appear to be of li ttle 
s1gn1ficance \\Ith respect to the autecolog) and dyna1n1cs of Phaeoc.vstis blooms The 
shared ab1ltty to forn1 la rge gelatinous colon1cs, de1nonstrated for all strains except 
P scrob1culata constitutes the key ecologica l factor Conditions prevailing for the 
existence of free-living and colonial Phaeocyst1s forms are thus exan11ncd 
irrespective of species. 

Despite intensive research efforts, factors controlling the occurrence and 
don1inance of Phaeocysfls life forms in natural environ1nents, and in particular the 
transition fron1 the free-living to the colonial stage are not full y understood 
(Rousseau et al 1994 ). The nutrient status, 1n particular phosphate limitation, is 
no'v believed to be a major factor driving colony fonnation from free-li\'ing cells 
(Veldhuis and Admiraa l 1987). Furthennorc. the do1ninant form of inorganic 
nitrogen is likely an i1nportant clue for understanding the do1ninance and the 
biogeographical distribution of the colonial stage Expen1nents perfom1ed ,., ith 
cultures of Phaeoc,vstis (Rieg1nan et al 1992) den1onstrate that free-living cells 
outcon1pete colonial fonns in ammoniu1n- and phosphate-lin1ited conditions "hereas 
colonies don1inate 1n nitrate-replete cultures This suggests that free-living 
Phaeoc.Fst1s cells \\ Ould be prevalent 111 en\ 1ron1nents \\ luch rely on regenerated 
nitrogen and that colonial forms ,,·ould rely on nitrate supply and thus \\'Ould be 
associated \\ Hh ne\v production The geogrnphical distnbut1on of free-living cells 
and colonies supports this hypothesis Solitary cells arc cosn1opolitan in distribution. 
and arc an 11nportant co1nponent of the hnptophycean assc1nblage \Yhich do1111natcs 
oceanic nC1 noph) toplankton in 1nany areas (c.g Tho1nsen et al. 199-t ). They arc also 
a seasonal do1ninant 1n so1ne relatively pnstine coastal areas including the Gulf of 
Maine (Keller and Haugen 1996) and the Gulf of Alaska (Booth et al. 1982). The 
abundances recorded in these areas ho,vever arc up to an order of n1agnitudc lo\ver 
(e.g., ea 2 106 cells r 1 in the Gulf of Maine, Keller and Haugen 1996) than the 
bloo111 concentrations typical of 1nore cutroph1c env1ronn1ents The biomass of frec­
living cells of Phaeoc.vst1s is presu1nably k.ept 1n check by protozoan grazing 
pressure \\ h1ch 1n turn regenerates a1n 1no11 1u111 and phosphate 

Massive bloo1ns of Phaeocyst1s colonies have been observed 1n turbulent, nutnent­
nch env1ron1nents at all latitudes These dense. near-111onospcc1fic blooms regularly 
occur 1n spnng. in n1trate-nch tc1nperatc and polar areas of the \\ Orld ocean In the 
North Atlantic, colonial Phaeocyslis bloo1ns ha' c been recorded 111 such ph) s1cally 
contrasting areas as temperate estuaries (c g Roger and Lock\\ ood l 990), coastal 
bays (e g Jones and Haq 1963; Vcnty et al 1988), the t1dally-m1xed continental 
coastal \\aters of the North Sea (e.g. Lancelot et al 1987). the Nonvegian (e g Egge 
and Askncs J 992) and Danish coastal \\aters (R1en1an unpublished) and 1nost 
Nonvegian fjords (e g. Sakshaug 1972. Eilcrtsen et al 198 1). In boreal and austral 
polar \.Va ters, Phaeocystis bloo1ns have been recorded at the receding ice-edge of the 
Barents Sea (e g. Rey and Loeng 1985: \Vnss1nann et al 1990), Greenland Sea (e.g. 
S1nith et al l 99 1), Islandic \\'aters (e g Stefa nson and Olafsson, 199 1), Benng Sea 
(e g Barnard et al 198-t ). Ross Sea (c g El-Sayed et al 1983, Palmisano et al 
1986). Weddell Sea (e g Buck and Gan ison 1981). Pl)dl. Ba) (e.g. Davidson and 
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l'v1nrchant 1992) and Bra nsfield Strait (e.g. Dodungen et al 1986). Scattered 
colonies of Phaeocystrs \Vere also recorded in the pennanently ice-free portion of the 
Barents Sea (Rey and Loeng 1985, Wass1nann et al. 1990) 

In nil of these areas, the colonial fonn largely dominates Its rapid development is 
sustained by ne\v sources of ni trate of natural (winter deep convection) or 
anthropogenic (coastal areas under the uilluence of river discharge) origin as showed 
by the pos1 t1Ye relationship bet,veen the 1nax1n1u1n Chi a concentration reached by 
colonies 1n each Phaeocys11s-do1n1nated environment and the nitrate reduction 
observed dunng the bloorn (Fig. 1 ). 

Figure I Emp1ncal relat1onsh1p bct\veen max1111um Phaeocysrrs-Chl a and nitrate reduction 
Data frorn Rey and Loeng 1985, Wassmann et al. 1990; Vernet, 1991, Smith unpublished, 
Palrn1sano er al 1986, El-Sayed er al. 1988, Rousseau et al unpublished 

Accordingly elevated fNo3 rnt1os (the rnt10 of nitrate uptake to the total inorganic 
nitrogen uptake rate) have been measu red 1n the Greenland Sea (mean 0 56, range: 
0 09-0.9, S1n1th 1993) as \\ell as in the conunental coastal \Vaters of the North Sea 
(rnca n: 0 62, range 0 5 -0.8; Lancelot et al. 1986). In both areas, fNoJ decreased 
fro1n 0 8-0 9 at the beginning of the Phaeoc.vst1s bloom to 0 4-0.5 at its decline 

1.3. Ecophysiology of PhaeOCJ1Stis colonies 

The above charactenst1cs place Phaeoc.vst1s colonies at an ecological posi tion similar 
to the spnng diatom population "hich often bloo1ns at the sa1ne tune. Ho\vever, the 
pos1t1on of the maxin1u1n developn1ent of Phaeocystis colonies \Vith respect to that of 
d1aton1s 1n the spring ph)1oplnnkton succession varies arnong systen1s and bet\veen 
years Reasons for tlus vanat1on - resource versus predator based compet1t1on - are 
not \veil understood, although the unique abili ty of Phaeoc.yst1s to forrn colonies is a 
co1n1non clement of 1nost hypotheses 

The gcl-fonn1ng exopol)sncchandes of the colon1al matnx, may enable 
Phaeoc.vst1s colonies to outco1npete other phytoplankters in turbulent \vaters by 
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1ncreas111g buo) ancy and retention in surface "aters and by a\·01d1ng consu mption by 
1nd1gcnous 1neso1ooplankton due to their large s11e (Lancelot and Rousseau 1994) 
In add1t1on. the palatab1hty of Phaeoc_v~tts colonies 1s sl111 questionable, as large 
1ncta1ooplankton "111 feed selcct1YCI) on d1aton1s ''hen offered a choice bcl\vcen 
l )hneoc_r.\ tts colonies and diaton1s (Verity and S1nayda 1989) So1ne diatoms (e g 
C'hnetoceros soc1alts, a species "luch often co-do1n1nates "1th /)haeoc_vst1s) have 
developed si1nilar adaptive n1echanisms to resist sinking and grazing 

·rablc r PhotosynU1et1c characteristics - photosynU1ct1c capacity Kmax 
and light adaptation para1netcr IK - of Phaeocyst1s and spring d1ato1ns 

Km.ix IK Reference 
mgC 1ngChl a·' h"1 p1nol 111·2 s 1 

110REAL POLAR \VATERs· 

Pltaeocl•sris cells 0 9-1.5 4-29 Matrai er al. 1995 

Pltaeoc}"ift s colonies 0 8-4 2 16-57 Matrai et al. 1995 
5 3-13 3 32-140 Cota et al. 1994 

Yentyetal. 199 1 

D1aton1s 0 8-1 2 14-104 Cota et al. I 994 
0 6-7 5 9-48 Matra1 et al. 1995 

T E1'.1PERAfF \\iATERS: 

Pltaeocvst1s cells 0 8-3 10-120 Lancelot, Mathot 1987 

Phaeoc}1sr1s colon1cs 2- 14 120- 180 Lancelot, Mathot 1987 
Lancelot unpublished 

5- 15 9 1-144 Colijn 1983 
3-8 5 250 Verity et al. 1988 

D1ato1ns 1 6-4 125-236 Lancelot, Malhot 1987 
Lancelot unpublished 

ANTARCTIC'\\ ATERS. 

Phaeocvst1s colonies 3 5-8 I 47-144 Pahnisano et al. 1986 

Spnngt1n1c populations and cultures of Phaeoc.rstts colonies and d1aton1s display 
s11nilar photosynthetic properties (Table l) suggest ing that both taxono1nic groups 
are able to adapt their photophysiology to the lo\v light conditions pre\'ailing in early 
spring The superior photosynthetic efficiency of Phaeocyst1s free-liYing cells at 
lo\ver light levels (Table I) 1nay indirectly pro1note the prevalence of Phaeocystis 
colonies by seeding the \Vater colu1nn \Vith large numbers of cells for colony 
1n1t1at1on. Furthennore, the considerable flexibili ty of Phaeocyst1s colonies to adapt 
their photosynthetic characteristics to an1bicnt light conditions, as evidenced in the 
Southern Ocean (Palmisano et al. 1986) and 111 the cont inental coastal \vaters of the 
North Sea (Lancelot unpublished) ofTers an alternate explanation for the co1npetitive 
success of JJhaeocystis colonies in turbulent and turbid syste1ns. In the Ross Sea, 
!)hneo(vst1s colonies associated \Vith sea-ice doubled their photosynthetic efficiency 
by lo\\·enng the typical value of the light adaptation para1ncter Ik (Platt et al. 1980) 
fro1n about JOO to 50 ~unol n1°2 s·1 \vhen drifting underneath the ice fron1 \Veil-
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illuminated ice-free \\'aters (Palmisano et al. 1986). Similarly in the near-shore 
continental coastal \\'aters of the North Sea, Ik va lues for Phaeocystis exponentially 
decrease from 250 to 10 ~! mol 1n-2 s·1 along the SW-NW turbidity gradient (Lancelot, 
unpublished) 

Finally. the energy (La ncelot and Mathot 1985). phosphate (Vcldhuis and 
Adm1raal 1987) and trace element (Davidson and Marchant 1987) storage capacity 
of the colonial matrix 1nay also impart a competitive advantage to Phaeocystis 
colonies over diato1ns ivhen energy-costly nitrate is the don1inant nitrogen source 
and/or ambient trace elements concentrations are depleted. 

Keeping in 1nind the peculiar physiology of Phaeoc_yst1s, v,1c noiv present the 
autecology of Phaeocysris colony bloon1s in key areas. Particular attention is given 
to the diato1n-Phaeocyst1s colony succession and to physical and chen1ical conditions 
initiat ing, maintaining and li1niting bloo1ns of Phaeocystis colonies. For this 
co1nparison, \Ve have not included zooplankton grazing pressure, although 've 
ackno\vledge that in son1e syste1ns and at certain ti1nes, it may be critical. 

2. Auto-ecology of Pl1aeocJ1stis colony blooms : case studies 

2.1. Boreal and Austral polar waters 

Bloo1ns of Phneocystis colonies reaching 6-8 111g Chi.a 1n-3 (about 7 106 cells per 
liter) are regularly observed in subarctic and arctic shelf seas at the beginning of the 
vernal period (April-May). In these sea-ice associated areas, Phaeocystis colonies 
are often associated \Vith the retreating ice-edge. 8100111 develop1nent is triggered by 
the stabili ty induced in the upper 15-40 1n surface \Va tcrs by ice 1nell. An exception, 
hov.rcver, is the Atlantic Current region where Phaeocystis colonies flourish later in 
the season, after \Valer colu1nn stabiliza tion due to surface heating (Rey and Loeng 
1985; Vernet J 99 1; Wass1nann et al. 1990). 

The sequence of phytoplankton succession at the receding ice-edge is sin1ilar for 
diverse sea-ice environn1ents. In most areas, Phaeocystis colonies appear first, 
contributing up to 95% of cell density (Vernet 199 1). Populations peak in late April­
early May and are distributed homogeneously in the upper mixed layer at depths of 
15-40 m (e.g. Rey and Locng 1985). The bion1ass n1axi1num is li1nited by the \Vinter 
stock of nitrate (about 12 µM) . Winter silicate levels of 5-6 µM re1nain unutilized 
during this period (Sm ith et al. 199 1; Stefansson and Olafson 199 1). Depending on 
the degree of turbulence, Phaeocystis colonies accumulate at the pycnocline, 
reaching bion1ass levels of 12 1ng Chi.a in-3 (Vernet, 1991) or densi ties up to 27 106 

cells r' (Thingstad and Martunissen 199 l). These deep maxi1na tend to be very 
transient ho\vevcr and often sedi1ncnt abruptly (Wass1nann 1994). Ren1incralization 
typically is co1npleted \vithin the aphotic \\'ater column and little Phaeocystis-derived 
1natcrial reaches the botto1n (Wassmann et al. 1990). 

LO\V conccntrC1tions of Chaetoceros soc1alis and Pseudo-11 rtzschia delicatissin1a 
arc present at the ti1nc of the Phneocystis bloo1n, but the 1nain diaton1 populat ion, 
con1poscd of Chaetoceros spp., Thalas1ossira sp., P. delicat1ssi111a and N. cylindrus, 
develops later, as Phaeocyslis declines, reaching 1naxi1nu1n density at the depth of 
the nutriclinc (Rey and Loeng 1985) Occasionally, the diaton1 co1n1nuni ty blooms 
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before />hneoc.vst1s. as lo" silicate concentrations (- l µM) have been observed at the 
tune of J>hneoc_vst1s bloon1s (\Vass1nann et al 1990) Reasons for tlus re\'crse 
succession arc not knO\\ n 

Jn the Southern Ocean, bloo1ns of Phaeoc.vst1s colonies haye been recorded in 
\\aters 1nnucnced by a recedi ng ice-edge as "' ell l'hneocyst1s bloo1ns are particularly 
\veil docu1nented in the Ross Sea ''here they do1n inatc 111 the extreme southern (El­
Snycd et al 1983) and southeastern areas (e.g Paltnisano et al. 1986). The 
south\\'estem region of the Ross Sea is characteriLed by d1aton1-do1ninated bloon1s, 
\vhich arc also enhanced by ice 1nelt (S1n ith and Nelson 1985). Melling ice not only 
increases \vater colu1nn stability but also supplies a significant inoculu1n of viable 
sea-ice diato1ns into the \vater colu1nn. The sea-ice con11nunity in the soutl1\vestern 
Ross Sea is con1posed largely of diaton1s (Sn1ith and Nelson 1985). 

The seasonal pattern in phytoplankton bio1nnss in the Ross Sea follO\\ S the 
retreating ice edge \vhich is driven in the southeastern region by catabatic \vinds and 
by solar heating at the northern ice-edge Ph} toplankton con11nunity succession at 
the ice-edge from south to north shO\\'S a shift fro1n a Phaeoc.vstis-don1inated to a 
dia to1n-do1ninated population (Fig. 2). The reasons for this change are not kno" n. 
although changes in the degree of vertical stability 1nay be important. The observed 
ice-edge d1ato1n bloo1n in the south\\ Cstern Ross Sea typica lly coi ncides '' ith the 
fonnntion and persistence of a sharp halochnc and pycnocline at a depth of 20-30 1n 
(Sn1ith and Nelson 1985). High intensity " inds. typica l in the area adjacent to Ross 
Island. prevent the establishment of vert ical stability We suggest that Phaeocystis 
colonies, " ith the buoyancy attributable lo the nlucilng1nous 1natrix, are better able to 
1naintai n themselves in the surface \vaters thnn d1ato1ns. We also believe that 
Phaeoc.F t1s is better able to adapt to the lower a1nbient light conditions associated 
' ith deep vertica l 1nixing. 

Maxi1nun1 recorded Phaeoc_vstis bio1n'1ss in the Southern Ocean is 12 n1gChl.a m·3 

(JO I 06 cells rt, Pal1nisano et al. 1986). Although ea 3 1 ~lM of nitrate has been 
consistently n1easurcd in this area. it has not been fully uti lized during the bloo1n 
period Based on this nitrate level. the observed b10111ass 1s ea. 50o/o lo\\·er than 
n11ght be expected (30 mg Chi.a ni"3 or 60 I 06 cells rt, Fig. 1 ). Nit rate 
concentrations of l 0 to 19 µM have been 1neasurcd 111 the \\'alcr colu1nn at the peak 
of the Phaeoc.vstrs bloom (e.g. Pahnisano et nl 1986) Light and/or iron limitation 
have been suggested to expla in this paradig1n (de Baar et al. 1997) The expected 
30 1ng Chi a ni"3 level of biomass has been observed 111 the spring beneath the annual 
sea ice 1n Prydz Bay (Davidson and Marchant 1987) In this area, as in the Ross Sea 
(Pallnisa no et al. 1986), high densities of Phaeoc.yst1s colonies \Vere found beneath 
the sea ice, advccted fro1n ice-free surface \va tcrs \vhcre their gro\-vth \Vas initiated. 
Populations appear to be n1aintained in this di1n environ1nent both from the buoyant 
properties of the Phaeocystis 1natrix, \Vhich keep the colonies just beneath the sea 
ice, and the rapid photoadaptative capability of l'haeocystis to the variable light 
cnviron1nent (Pal1nisa no et al. 1986) The exccp1ionally high concentrations of 
Phneoc_vst1s recorded beneat h the ice in Prydl Bny (0 :1v1dson and Marchant 1992) 
1nny have been sustained by additional iron present 111 the ice Iron released in this 
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\\'1)' dunng sea ice melt has been obserYed 111 the Atlantic sector of the Southern 
Ocean (de Baar et al. 1997) 

Figure 2: Phaeocys11s- and d1aton1- daily grO\\'lh 1n lhe Ross Sea 

2.2. North Atlantic coastal waters unde r the influence of riverine inputs 

Large blooms of Phaeocyst1s colonies arc recurrent phenomena in the fjords and 
coastal envi ronn1ents of Nonvay, occumng 111 early spnng, bet\veen early March and 
late May, depending on the latitude. In these systems, the spring bloom utilizes 
\vinter stocks of nutrients \Vhile later spring-sum1ner blooms rely on tJ1e riverine 
supply of nutrients enriched 1n sno\v 1nelt from the mountains. Phytoplankton 
seasonal succession is particularly \veil docu1ncntcd in Trondheimfjord ( 1963 -1 966; 
Sakshaug 1972) and Balsfjorden ( 1977- 1978, Eilertscn et al. 198 1 ), respectively at 
64°N and 69°N. In both fjords, the spring bloon1 is initiated by increasing light 
levels, rather than \Valer colun1n stabi!Jty, \vhich occurs later in the spring as 
frcsh\vater inputs increase (Sakshaug 1972, Eilertsen et al. 198 1). The composi tion 
of the spring bloo1n exhibits considerable interannual variability, sometimes it is 
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do1n1natcd b) diatoms, other years by Phaeocvst1s, or by co-occurrence (Fig 3) In 
years "hen Phaeocvst1s bloo1ns arc co-111c1dent \\ 1th diatoms, the mai n diatom 1s 
t) ptcall) ( 'haeroceros soc1alts 

The an1pl1tudc and extent of the colon1al I'haeoc.vst1s bloo1n also shoiv s1gn1fica nt 
interannual vanat1on. Jn 1977, Phaeoc_lst1s cell nu111bcrs ranged from 0 5 and 2 
106 cells r1 in Balsfjorden throughout the spring and su1nmer, from Jv·larch to 
Septe1nber In contrast. the 1978 PhaeocJSl1s bloo1n \\3S short in duration (Apri l), 
but very intense, \Vith 1naxima up to an order of 1nagn1tudc higher than observed in 
1977 (Fig 3). Furthermore, the relative abundance of d1ato1ns and Phaeocyst1s in the 
spring bloo1n period \Vas quite diITcrcnt, \vith diato1ns don1inant in 1977 and 
Phneocyst1s 111 1978. The reasons for this C1rc not kno,vn, although freshwater inputs 
may contribute to \Yater colu1nn and nutncnt conditions \Vhich 1nay favor one form 
over the other , 

S11ntlar Chaetoceros-Phaeocyst1s successions arc typical 111 the Trondhei1nfjord as 
'vell , although Phaeoc_rstis maxi1na typ1colly persist only for one month (March­
ApnL Sakshaug 1972) As in the northern fjord. large interannual variat ion occurs 
\\tth cell dens1t1es rangi ng fro1n l to 8 106 cells r1 Higher levels have been 
observed 1n areas under river influence (Sakshaug 1972) 

, 111 
• 1977 - -• 

~ "' ..:: 
0 c - -

;1 
"' E I s -• "' 0 .... - u 
<':l 0 

CJ c <':l 
~ 
c. 

lonths 

2 

-. 
" 0 -
"' E 
0 -<'l 

0 

l 
• 

II I . ' • 

1978 

,~ / ."'-._ 
• . 

i\ lonths 

r Ill 

..:: :::: -
- "' :i ·= 

"' ~. 
:J 
0 
CJ 
<'l -:... 

F1gwe 3 D1ato1n-Phaeocyst1s (gray area) colon1es succession 1n the Balmsfjord m 1977 and 
1978 (redra,,11 fron1 Eilertsen et al 1981 ) 

lv1ass1Ye bloo1ns of Phaeocyst1s colon1cs. \\ 1th cell nu1nbers up to 10
8 

cells r1
, are 

observed eYcry spnng in the continental coastal " aters of the North Sea, '' hich 
receives the discharge of se\en 1ntlJOf \\'CSt-Europenn nvers The fluvial basins, 
characterized by lugh population densities and intense industrial and farming 
act1v1t1cs, have introduced ne'v and unbalanced sources of nutrients into coastal 
''atcrs (Lancelot J 995and references therein) The general N, P, Si enrichn1ent of 
the coastal area is chnracterized by \Vlntcr concentrations an order of n1agnitude 
higher than those in adjacent Atlantic \Va ters (Lancelot 1995). Quali tative changes 
1n the nutnent rattos supplied by the freslnv::itcr sources have resulted in an excess of 
nitrate \Vith respect to silicate, \Vhich h<1s i1nplicat ions for the groivth of coastal 
d1ato1ns (Lancelot 1995). 
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Figure 4· Diatom-Phaeoc; ~t1s (gre)- area) colonies succcss1on in the conl1ncntal co,1stal " ·atcrs 
of the North Sea (station 130) Rousseau er al unpublished 

Since 1988. the spnng pin toplankton con11nun1t) at Slc'Hion 110 (N 5 l 0 26 05 , E 
02°9 08) located 111 Belginn coastal '' alcrs has been 111onitored e\.lensl\ Cl) T he 
general ph) toplankton succession 1s s1111ilar to that characten11ng Non, eg1an fjords 
D1aton1s 1n1t1ate the \ emal bloo1n 111 e.1rl) spring (Febn1al) -1'.i1arch) (F1g . ..t.). 
/>hoeocvst1s colonies appea r so1ne\\ hat later Large 1nterannual 'anauons 1n 
Phaeocvst1s b101nass arc also e\ 1denl 1n this systc1n. \Vilh l)haeocvst1.\ cell 111ax11na 
\ 'af) 1ng O\'Cr t\\ O orders of n1agn1tudc (Fig. 4) The earl}-Sp11ng d1ato1n con11nun1ty 
1s composed of sn1all , nenl1c species 1nclud1ng 7halass/(Jstra nor<le11.\kold11 , T. 
rotuln. Aster1011ella glac1a/i,, 7/1(1lass1011en1a ni t=~·chou/e\·. l 'lag1ogra111111a 
hrock111an11 , and Skeletonen1a costa/11111 . This dtato1n co111n1un1ty. although typical of 
the North Sea. 1s not obsen ed tll the Non, eg1an fjords. its gro\\ th is controlled by 

" the \Vtntcr concentration of silicate (Rousseau et al unpublished) l'haeoc.vs t1s 
colon1es appear as the early spnng d1ato111 co1n111un1ty declines The later diaton1 
con11nun1t) co1nposcd of Chaetoceros spp and ·Schroeclerella sp , both of \Vh1ch 
require rclatl\ eh lO\\ le\ els of silicate. appe,1r at the san1c t1n1c As the l'haeocJ·s11s 
bloorn develops. add1l1onal d1ato1ns. Cerataulina sp and R/11zo.\ole111a spp . 1na1nly 
R delicarula, becorne abundant as \\ Cll The Ouctuat1ons 111 this con11nun1ty of 
larger d1ato1ns and Phaeoc_vst1s colonies (F1g.4) appear to result fro1n the 
co1npetll1on for nitrate. suggesting that both occupy the sa1ne ecologica l niche T he 
cxtrerne d1ITcrenccs 1n the abundnncc of diatoms and Phaeocvst1 s colonies recorded 
1n 1993 ,1nd 199..t. , \\Ith f.>haeoc)'S fl s dom1nat1ng Ill 1993 and d1ato111s 111 199..t. (Fig 4) 
has been correlated lo ddTerences 1n late ''inter meteorolog1cal cond1t1ons prevailing 
during 1993 (cold and dry) and 1994 (tempera te, lugh rainfall ) Rousseau et al 
(unpublished) shO\\ e\ 1dencc that rainfall - strength, frequency and duration -
cont rols the an1ount and the relatl\·e colltnbut1ons of nitrate and silicate of 
fresh\\ ater ong1n, "1th lugh s11Icatc associated '' llh l11gh rainfall \.Vhen silicate 1s 
a\ <lllablc. the Rl11=osole111a sp and Ceroraulina sp d1ato1n co1nn1un1ty 111ay be able 
to outcon1pete l'haeoc.Y511s colonies 

It appears that under non-hrn1t1ng conccntrallons of silicate and nit rate d1aton1s 
outcon1pcte Phaeocv5t1~ colonies 1n tcn1perale North Atlantic coastal \vatcrs This 
cont rasts ' ' llh the succession fron1 Phaeocvs11s colonies to d1ato1ns observed 1n 
borcal and austr.11 polar ''atcrs Based on llS apparent!) superior photoadapta t1\e 
properties. I haeociH1s should h:ive an ad,antage 111 all S)Sterns in earl) spnng 
HO\\L\·cr. tc1npcraturc-dcpendent grO\\ th expen1nents performed on d1ato1n and 
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Phaeoc)Slls con1mun1t1es sampled throughout the \\lnter-spnng 1n the coastal North 
Sea (Fig 5) den1onstrate that the earl) spnng d1ato1n cornn1un1ty grO\\S better tha n 
f>haeoc\st1s at the ten1peratures typical of early spnng (5-8°C) 
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Figure 5 Relat1onsh1p bet\veen 
tcn1peralure and specific grov. th of 
diatoms and Plzaeocysr1s colon1es 
(1 ancclol er al, unpublished data) 

There are 111any questions\\ h1ch re1na1n about the pl1ys1ological ecology of the genus 
Phaeoc_vs11s The success of Phaeoc.vst1s 111 n1anne S) stcn1s has been attributed to its 
ability to fonn large gelatinous colonies during Its life cycle (Lancelot and Rousseau. 
1994) These colonies are functionally s11nliar to the large, chain-forming or 
colonial diaton1s that occupy the sa 1nc spring bloom niche in turbulent, tidally- or 
seasonally-1nixed \Yater colu1nns In n1ost cnviron1nents, the n1agnitude of the 
Pltaeocyst1s colony bloo1n appea rs to be regulated by nitrate avai lability An 
exception 1s the Southern Ocean \vhere iron shortage 1nay prevent optimal utiliza tion 
of the high nitrate resources An analysis of the diatom-colonial Phaeocyst1s 
succession 1n contrasting Phaeoc_rs11s-do1111nated ecOS)'Ste1ns demonstrates that, 
"htle there are large interannuaJ and spatial \a nations. there appear to be consistent 
differences bet\\'een ecosystem t:ypes f n polar \\'aters. Phaeoc.vst1s precedes the nia1n 
d1ato111 bloo1n in most areas: in te1nperate \Vatcrs. the reverse is true. Chaetocer os 
soc1alts emerges as a co1n1non co-do1111nant \\ 1th Phaeoc_vsus colonies in each 
PhaeocJ•st1s-do1n1nated ecosysten1, typically bloo1n1 ng slightly before but never 
achie,1 ng biomass co1nparable to Phaeoc_i·sus colonies 

The efficient and adaptable photophys1ologJ of Phaeocysus, combined 'vith 
supenor buoyant properties imparted by the colon1al matrix, make Phaeocyst1s 
extrc1nely co1npet1t1ve in turbulent environ n1cnt s or under lo'v light conditions 
These conditions are typical 111 polar \\atcrs \vhere Phaeocyst1s colonies in itiate the 
vernal season Diato1ns appear to do1n1nntc early spring bloo1ns 1n these \Vatcrs only 
\Vhcn vertical stratificauon occurs (S1n1th and Nelson, 1985) This scenario is not 
typica l of Northeast Atlantic coastal " ·nters and ba)'s \vhere the spring bloon1 is 
1111tiated bv a d1ato1n co1nn1unity co1nposed of s1nall neret1c species, \vhich also do 

• 
\\ell at IO\\' light levels but gro\v better than f>Jiaeocyst1s colonies at the temperatures 
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of 5-8°C pre\'a l11 ng in earl) spring \Vhile a co1npa nson of regional differences in 
bloom fonnat1on and succession is helpful, the d1ITercnces obser\'cd bel\\ een regions 
ma} be simply a result of biogeography, i.e. the occurrence of diITerent species 
These observed differences reinforce the need to establish the systematics of this 
genus 1n a comprehensive \\·ay In polar envi ron1nents, the don1inant species appear 
to be Phaeocyst1s poucheli1 and P. antarcflca, 111 Arctic and Antarctic coastal \vaters 
respectively In Northeast Atlantic te1nperatc v.·aters (North Sea), the species appears 
to be P globosa. In North\\ eSt Atlantic ternpcrate v.atcrs (Gulf of Maine. 
Narraganseu Bay), the species appears to be P. pouchet11 . The te1nperature 
tolerances of these species are difTerent enough to account for at least so1ne of the 
reported contradictions 1n autccology fro111 difTerent environ1nents. Thus, it is not 
unreasonable to conclude that Phaeoc_yst1s precedes diaton1s in polar 'vaters due to 
its supenor photophys1ology, \Vhtle in temperate environ1nents, \vhere the less 
euf)1hennal P. globosa do111inates, diato1ns have the edge in early spring Although 
\vhat \Ve kno'v about the physiology of these algae is consistent v.11th the empirical 
observations of diato1n-Phaeoc:J•stis colony succession, our kno,vledge is incomplete. 
We need to de\'elop appropriate 1nechanistic 1nodels ' vhich consider the unique 
physiological characteristics of diato1ns and of Phaeoc.ystis. Comparative laboratory 
experiments of the physiology of the different species of Phaeoc_yst1s are also 
required. 

Little can be said about the autecology of the solitary cells of PhaeocJ•st1s. 

Phaeocyst1s colonies arc rare in regions \Vith a pcnnanently stratified \vater colun1n . 
In these areas, solitary cells of Phaeoc;·st1s, \vhich appear to be more co1npetitivc at 
Jo,v nutrient concentrcll1ons; are 1nore prevalent. Changes in trophic function and 
structure result fro1n these alterations in life stage. With the flagellate stage, an 
entirely different co1111nunity develops, based on a microbial food \Veb, "vith 
regeneration of nutrients and carbon in surface ' vaters. Understanding the life cycle 
of Phaeocystis is critical to understanding the ecasyste1ns ""here it occurs. How do 
the cells ovenvinter? Is there a benthic stage? Is the flagellate stage linked to 
sex'Uality? These are all questions "hich need attention. The role of other trophic 
levels in bloom dynan1ics also \Varrants further investigation. Do n1icrozooplankton 
play a critical role by controlling the single cell phase and is bloo1n devclop1nent 
ult1n1ately controlled by ineta/OOplankton grazing upon 1nicrozooplankton? Is there 
any basis for allelopathy in these bloo1ns and if not, \\ hy arc bacteria and protozoa 
not associated '' 1th healthy colonies? Finally, 1s there any basis for the observations 
that Phaeocyst1s 1s toxic? If so, can this toxicity be induced or arc the toxic effects 
associated "1th anox1a or hypoxia, due to the viscous character of the mucilage ? 

To date eITorts have concentrated on understanding the physico-che1nical 
conditions enhancing the exponent1:i l develop1nent of Phaeocyst1s colonies, rather 
than the fa te of Phaeocystis colonies and JJhaeocystis bloorn termination. Grazing 
and sedin1entation in particular appear to rely on the presence (deep environn1ents) 
or absence (shallo\\ ' vater cnviron1nents) of ovenvintering n1eso- and 111eta­
zooplankton (Weisse et al, 199..t ) and on the " ·a ter colu111n characteristics 
(\Vassmann. 199-l ). The sudden tern11nat1on of Phaeoc;1s/1s bloo1ns in all 
Phaeoc_rst1s-don1inated systen1s highl ights the need for additional investigations on 
the relat1onsh1p bet\\Cen turbulence and the fonna t1on of Phaeocyst1s-den \'ed 
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aggregates Although Phaeoc}1St1s colonies do not apparently readily aggregate 
(R1ebescll , 1993), changes 1n \\'ater colun1n \ ert1cal stn1cture, especially if dri\'en b) 
salinity change, rnay be irnportant The gelling properties of the colony matnx, 
\\ hich equilibrate colony densi ty to that of sea\\'ater, rnay cause Phaeocyst1s colonies 
to n se 111 response to salini ty increases or sink \\hen salinity decreases Further 
investigations should focus on the interaction of physics and Phaeocyst1s colonies at 
difTercnt stages of their de\'elopment, particularly 1n frontal st ructures such as n ver 
plu1nes and the receding ice edge in polar syste1ns 

The unique heteron1orphic life cycle of J>1taeoc.vst1s i1nparts versatili ty a nd 
adaptive abilit ies lo this genus that arc not shared by other co-occurring 
phytoplanktcrs. The colonial life stage is an obvious and in1portant factor in the 
structure and function of coastal ecosysten1s, but the ubiquity of the less-\vell studied 
solitary flagellate stage niay niake it an i1nportant contributor to oligotrophic 
environments as \\·ell Phaeocyst1s is present :-ind in1portant as a pri1nary producer 
in a hnost every oceanic cnvi ron1nent. Its occurrence as a nuisance species is directly 
linked to cutrophication. and as such, is one of the fe\v species \\here such a clear, 
causal relationship is apparent 
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Chapter 4 

Ecology of Pliaeocystis: tlie key role of colony forms 

C. La11celot a11d V. Ro11ssea1' 

111: T/1e Haptopliyte Algae, Syste111atics Associatio11 51: 229-245 (1994) 
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li:c() lOg)' <1f [ J/1r1eo<}1.\fi\: tll <' I,<.')' rc)lc of 

C() 10 11)' f o r111 s 

( : I r R l ST 11\ N 1': Lr\ N C: 1', 1 < > I' :111d \I ER<> N I Q l f I' R 0U SS 1':1\ l J 
{ unw111/1 l 1brr de Br1txl'llfl, 

(,1011pr di J\f1crob1ologu dl's ,\/i/1r11\ tlqu11f1q11n, UtlJ!,71111/ 

1\b!>tract 

Spct te<> of Phaco0stzs exhibil phase .1her nation bet,, ccn incli,idual cell <> 
.1ncl gel.1uno u colonic . l 'h e\ 1 cgula1 h f 011n d e nse, nearly <;pec 1f1c 
hloon1'>, 111 'en contra ting nuu 1en 1-1 it h .t1 e.1s of the '\OI Id 's oceans ·1 he 
un1qlH.' l1C..,., of this ge nus o f n1.11111e pin topl.u1kte1 s 1 e<;ts 11ot onh in !ls 

uh1cp11l) hut 1110 tl\' in it pccu!ta1 ph) s1olog' .111cl ccolog't. No othe1 1na-
1111e ph\toplankter ha e\ CJ bee n sh<n'n to do1111n<lle dll enure ecosystcn1 ; 
no 01he1 111.uin e pecies dist1nguishc'I it <>e lf b) .1 co1nplex poh1norphic life 
C"\c le that induces dra1natic change<> 111 the 'l t1 ucture and functionin g of 
pl.1nkton1c and benthic foo cl-,veb'I ,1<; '"e ll tlS in th e biogeochen1istrv of 
u a( e elen1enLs. The n1ain fea tu1 e'I or the ecology o f Phaeoc)'slzs-don1inaled 
ccos\Slcn1 at e analysed ,,·ith 1 cga1 cl to the l'haforvstis life cycle, and to 
1 cccnt cl.1ta o n the bioch en1isLn ancl null icnt (rnajo1 a nd trace e len1ent) 
111cc.tboli.,111 of the diffe ren L n101 pholog1c.1I 1'0 1 rn c; Lhar succeed each o the1 
clu11n?; Phaeo0stzs bloon1 cle' e lop1nen l , 111 1 el.Hion..,hip to the be ha' io u1 of 
hacte11.1 and micro-, meso-, and 111eLa-1oopl.1nkton and the ph' sical 
<> t1 uctt11e of the niarine habitat P.u llcul.11 c1npha<;is is gi,en to rhe bio­
logical fun tioning of Phaeoc)'stzs colnn1cs that con tittlle b\ far the mo\t 
11nportant rnorphological fo1 n1s 111 na tu1 .11 en' 1ronn1enlS, a determined 
ft orn the analysis of the tructure ancl function or the 1nucilaginou mau ix 
e rnbcdding the cell . EYidence 1s p t e<,ented that the n1ost ren1arkable 
ecological and biogeochen1ic.1I p ropc1 ties of Phaeocystzs-don1inated 
cco<;ysten1s a1 e attributable to the cap.1<.ity o f F'hafOC)'Slts colonial cell to 
'l)'nthcc;i1e, in nutrient-deprived conditions, cxopolysaccharides capable of 
gclation. 

the I laptophyte tllg<JR (ed. ] . C. Green and B c; C. l eaclbeaw1), Systemaucs Association Special 
Voh11ne No 5 1, pp 229-45. Clarendon Press, Oxfo1d, 199 1. © fhe S7ste1natics Assocrauon, 
199 I 
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I lu I la/1tn/Jh)·/r , \lgne 

Phaeocy tis: a very ";de pread genu but till poorly unde r. tood 

f'hnrorJ~fz-; is one of the 1110'-l \\' idesp1 ccld 1na1 ine genera and al"o one of the 
n1ost int11~ung. l'haton \II\ "Pl'Cll''> .u c arnong the Ie" ph' tnplank tc1 s 
exh ibiting pha"e <lltc 1 nauon h<:"\l'Cn (1cc-In1ng o litar\ ccllc; (3-9 µ111 111 
dian1ete1) and gcl,tt1nous colo111eo; (paln1clloicl cage. reaching sc\c1al 
1nillin1etres in dian1cte1) ( IZ0111111ann 1955: \ 'er11:y <>I al. 1988. 1992; 
Rous eau et al. 1991) . .._ pecics o f l'haeory'il1sar "Urvhaline and eur,thennal, 
,111d, in the spring, they rcgu la1 l) fo1111 dense, near monospecific bloo1ns in 
\'cry contra Ling nutrient-rich areas o l the \Vorl<l ocean (D avidson and 
l\la1 chant 1992). In 1110. l o f thc~c ,u e.1s, the colonial forms large I) do111 inatc 
a nd are sustain ed bv ne'v sour ccs o f nutrient \Vhich are either of natural , 
(Buck and Garrison 1983: S111Jth et al. 1991) or anthropogenic o rigin (1\l 
I-la san 1990: Caclee and I Icgen1.1n 1990. 1991: Lancelot et al. 1992) . 

fhe uniquenes of f'ha ror1·sln lies not onl\. in it n1assi\ e bloorn . bul 
al o in its exceptional ph\\1010~ and e( olo~. o other n1a1 ine ph\ to­

plankters ha\'e been e\e1 '>ho\\n to dorninate an entire eco \'~ten1, or to 

di.,tingui h thern eh·es h\ .1 cornplc-.;: pol) 11101 phic life C\'cle ( Kc)l 11111,\1111 
1955; Rou seau et al. 199 1) th<tl 111du c dra1nat1c changes in the '>ll ll( ture 
and functioning of the pl.1nkton1c (e.g. Lancelot et al. 1987; Da' id son ,1nd 
l\larchant 1992: \\7eisse cl al. l99 1) .1nd bcnth1c food-,,eh'> (e.g. Piete rs 
f'I al. ] 980; Roger and Lock\VOOd 1990)' cl \\ell a in the biogeo< he111i~l l')' 

of trace e]e1nents (ba\'icl on ancl f\ l arrhant 1987; Lubber et al. 1990) and 
su 1 fur (Li s et al. 1 991) . 

'The biology of Phneocyst1s and the ecology of Phaeoryst1s-clon1 i natecl 
syste1ns have recently been rcvic,.vcd bv Davidson and ~larchanl ( l 992). 
Other recent publication have clc'"tlt 'vith n1ore pecific aspecLs of l'haeorysti.s 
ecologv such as pe ie cli,c1sil\ and ,1ssocialecl bioche1nistr1 (Baun1a11n 
f' l al. 1994); the life C)CI<' ( R.ousscau rt al. 199~1 ), the fate of Phaeocystis 
colonie (\Veis e et al. 1991; rhi11g~t.1cl ,1nd Billen 1991: \\'as,111.inn 1994 ), 
t1nd D 1 production (Liss l'l al. l99 l ) .. \JI thee authors conclucl cl that 
Lhc n1ain featu1 e of Phaf'on·stn-do1n1n.ltecl eco v ten1s a1 e dri' en b) the 
phrsiology, biochemistn .. tncl pc uli,u life C'\ cJe of this 1na1 ine phvto­
plankter. Surpri ingly, ou1 ht1'1< kno\\ ledge in this field i u ll lirn1tcd and 
fi agmentary clue to unce1 ta1nt1<.'s su n ounding p ecie iclenlll). and the 
incomplete morphological and b1ochen1ical de c1 iption of Phnron~tzs life 
for111 found during bloom dc,clopn1ent. 

Thi paper con Litutes an aue1npt lo e . tabli h the cause and effect re la­
tion hip bet"'een the peculi.11 ph}siology of Phaeocystzs, and the ll uclure 
and functioning of Phnron1sto-clon1i11tltec.I ccosy tern . This \vill he done on 
the basis of 1 ecenl investigations on the T'haeocystls life cycle, and on the 
carbon and nutrient (1najo1 and trace e lernent) n1etabolis n1 of the dif­
ferent u cce sional n1orphot\ pcs occurring during a PhaeoC)1st1s bloon1. 
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f .'(o/ og:; of P h .H' oc \'s t 1 s 

Particul,1r c111phasi 1c; g l\ c n to the biologica l functioning of Pharott\115 
colonte\ -.;incc the\ conc;titute I)\ f.u the n1ost 11npo1 tant n1orpholog1cal 
101111 111 n.Hu1al en,·i1on1ncnts Jn 0 1dc1 to ,1\otd confu-.;ion due to 1nter ­
popul,\lion \,uiabilit\, and so le,nc ,\-.;1cl< tht un1e-.;ohe<l specie" di\Ct'>lt\ 

pt oblc111 .• 111 the reported data 1 e[c1 to 1111t 1 osc op1t dcsc11ptionc;. chen11cal 
.111.1hses, .111d process-or1e ntcd studies c,u11ecl out 011 Phaeo0·st1s popul ,1-
uons 011ginating fro1n one a 1 ea, the southe111 No1 th . ea. On the basi · of 
this .1nalysis, current kno\vleclgc on J>fifu•oryslis in the \\Tor Id ocean is briefly 
1 <'-t1ppraisecl and some general fcatu1 es o r th e factors controlling the 
s11 uc.turc and functioning of f>/1aroc)'\ln-clon1ina1ccl ccosvste111s a1 e put 
[()!'\\(_\)d. 

T h e sequen ce of Phaeocystis lifeforms in the sou th e rn North Sea 
and its ecological in1plica tio ns 

1 he co1nplex sequence o f mo1 pholog1c. a l fot 1n exhibited in a pu1 e 
culture of Phaeocystis colonies ( •Cl 1nan Right '>ll .1in) during their gro\vth 
( Ko1111nann 1955) ha been -.ho\\n to co11esponcl to rho e during a 
f>ftacoc\s/15 bloo1n de\'eloprncnt in the southe1 n 'orth Sea (R ousseau rt al. 
I q9 I. Fig. 12. l). Under natural concliuons, hcn'e' c1. the succe si' e phases 
of .1 T'haeo0•s/1s bJoom are ac..con1paniecl b) the cle\elopn1enl of a large 
\a11et\ of heter0Lropl1ic organis1ns feeding selecti,ch on some Phaeoc·y~tn 
11101 phot\ pes, so producing con1plex and dyn,1111ic food " 'ebs (Fig. 12.2). 
'fhe rnain features of the Phaeocy\ t?S bloon1 in the southe rn Torth Sea can 
he sun1111a1 i7ed as follov.'s. 

l'hrtro01 stzs succeeds an earl) sp1 ing diaton1 bloo1n and don1inatcs the 
phYtoplankton community at n1ore than 90% of cell number, nearly 
\\. holh of the colonial form (Lancelo t an cl i\J.nhot 1987). Colonie o rigin­
.He ft 0 111 th e tran forn1ation of f1ee-li\1ng <ells and 1nulripl) b\' budding or 
ell\ 1-.1on (Fig. 12.1; Kot nn1ann 1955). ,\ lo'' clen'itt\ o! free-Ii' 1ng cell c; 1s 
,\h\,l\5 present, being controlled b' colon1.1l hs1s .1 ncl g ra?ing b' 111ic1 o-
1ooplc1nkton (Fig. 12.2: ~ Carten" 198 1; . \cln111a.1l ,1ncl \ ' eneka1np 1986: 
\\ e1 se and cheffel-i\16 er 1990). 

( 'olon\ for1n exhibit a ma1 keel letnpot al e' olution. fron1 rnall (20-50 
,un1 111 dia1neter) pherical colonie._, oflen local11ecl on Chaeloceros etae. lo 
l.11gc (1nrn ) healthy colonies of \atious sphc1e-cle1i, e d forn1s devoid of 

,11tachccl heterotrophic microorganis1ns clu11ng the e'<ponential pha c 
of the bloo1n development (Fig. 12. 1), to enc cenc i1 regular colonie 
(Fig. 12. 1) progre sive ly invaded hy protozoa actively grazing on co lo nia l 
cell (Fig. 12.3) and, rlnally, al the encl of the bloo1n , to the for1nation of 
sticky aggregates (Fig. 12. 1) coloniLcd by variou helerotrophic organisms 
de' eloping con1plex microbial nct\\'Or ks (Fig. 12.3). This pt ogt cssive 
t1 <1n-.;fo 1 n1ation of homogeneous biologic.tl entities to h eterogeneous 
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I rolo.1.0· of Ph .H'oc \'slls 

Fig. 12. I The sequence of l'harnc1 \IH 11101 phol \pc-. cl u 1 i ng spring hloo1n de\ t lop­
llH. ll l 111 Belgian coa-.t.11 \\..ll<Js ('>outhc 1n l\Jo11 h ~c.1) R('drawn f1on1 Rous<;ccn1 
1tal (l<l94 ) 

1111( 1 ob1.ll .lggr egatcs appea1 s lo be cir n en hv th e 111.nura tion of the colony 

1tselr. l'his is n1 a d e p ossible by· the unp.l la ttbtl1t) of h c,1lthy colo nies for co­

O C( lll I ing n1 SOlOOplankto n ( l lclnsc n cll lcl Boeke I 1 9~2; Fransz et al. 1992). 
l\.n cnvlc clge of e nviron m e nta l fa lo ts conu o lling th ese tran sfo1mations is 
ve r )' scarce. 

In the southe rn North 'ea , as in n1os t f>hn<•on•s/15-do1ninated e n v i1 0 11-

111ent . the te rn1ination o f the bloo rn is c h ,11 ac tc r i1ecl by the sudde n com ­

plete di a ppear ance o f sen csccn t colo ni s .111 d their cle riYe d aggregates 

due to eith e r accele rated secl i1nc nta tion ( poss1bh 1 esulting fro 1n in c1 eas­

ing d e n . itv clue co coloni1atio n ). 1nicrobi,1l d is1nteg1a tion in the \Vatc1 

ro lu1nn , con umptio n bv 1ne 01oopl.tnkto n , or ,1dvcc ti\ e export. Little ic; 

1-.no\\' ll at pre en t about th e r e la ti\ c irnpo1 ta n ce of th ese mech a ni sn1s 

\\ h ich d e pend o n the phvsical ha 1 c\CtCI i'>ll C<; of th e tnarine h a bita t , the 

food qua lity and d e n sitv o f th e aggreg.ttes, the feeding behaYiour o f 

111cc;o7oop lankton , and the h1 o cleg1 .1cl .1htlit\ o f the 0 1 ganic m a tte r f1 o rn 

dccaving co lonies. Thus, th e bioche1111cal < o rnpositio n of th e prin1 a r y 

co lonies n1ay b e i1nportant. E.'iclen ce fo 1 lcnv bio d egradability of the 
Plzaeoc)'slis-clerivcd p o ly1ne1;c 1n.1tc1 ia l is g i\ en by the large accumulatio n 

of se,\ foan1 o bserved at bloon1 dee lin e in th e ope n sea (R oger s and 

Lockwood 1990), and o n th e beach es (Bi\ Uc an cl i\ l ic h .1elis 1986; Lancelo t 
el al. 1987) of the shalJo,v tu r bule nt outhe1 n North Sea. 

'!' his simple vi u a l de c ription of th e fJJzaeocvstzs e\'ent in the southern 

No1 th . ea highlig hts the kev r o le of / )lza<'OC)'S/1s colo nies in dete rmining 
ccosvste n1 structure a nd function ing. 'fhe .1pp1 a 1o;,1 l of its ecologiccll 

{unctio n is n o'" approached tlu ough th e clete1 nllnauon o f the biological 
func tioning o f Plzaeoc;stzs colo nies. 

The biological functioning of Phaeocystis colonies 

. \ f>Jiaeoc;stis colo ny orig ina te fi 0111 the tran fo11n.lti o n of o ne free-Ji,1ng 

cell ( IZ01nman n 1955; Ro u scau et al. 1994). Once fo rme d, each colo n y 

con stitu te a n enti t) inside 'vhic h lhc n o n -1no til e cell g ro\v and divide 

( Lance lo t and lacho t 1985). I lo w f<1r t hi aggregation makes Phaeor;1'ilis 
colo nie particularly ' ve ll adap ted to g 1 owth in nu trien t-ri ch conditio n s 
and to o utcompete oth e r phy to p lanktc 1s is xa1nine d on the ba i o f 

the bio logica l fun c tio ning of Phrzeocystzs colo ni es (Fig. 12.4). This in turn 

is detern1in e d from an ana lysis o f lhc t1 u c tu1 e and fun ction of the 
rnuci lagino u matrix. 
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Planktonic foo<l-\\eb of Phaeocystis-dominated ecosystem 
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Fi({. 12.2 ':>chen1alic reprc<;t nLation of th<" '1111e ltlle of the planktonic foocl-\\·eh ol 
tla f>l u·nc\~f1s-domina1ed eco"''1en1 of the 'outhe1n '\01th <->e<1. 

flu 1111uilaf!:1nous n1atnx: <hr1111ca/ rharrult•n:a/1011 and b10\)'lllhcs1s . -
\ .u ious rnicroscopic and chc1111c ,\] rnethocls h,1\C been used to cleter1n1ne 
Lhe hiochen1ical composition of l'haeo0 .s t15 cell and colony mat1 ix. 
( :u1 rent kno,vledge, although prelin11nary, indicate that the mucilaginous 
111at1 ix is fonnecl through gela1ion of tat boxylated and sulphated po1v­
s,t cha1 icle hains pro1notecl b\ ._,tit (c,dc iu1n and 111agnesium) bridges 
(Boeke I 1992). These poh ac.ch.111dec; ell e .1c ll\eh ecreted by the colon' 
cells, uncle1 the control of light .1nd ino1gan1<.. nut11ents (Lancelot and 
Billen 1985; Lanceloc et nl. 1986). 1 he C:\opoh 1nc1 ic S\ nthe i i . ho'' e'er, 
not 111ggered by nutrient cleplet1011 ( l ,tncelot 1983). At the height of 
the bloon1, " 'hen nutrients a1 e cleplctccl. n101 e than 80% of the photo­
,1ss11111latecl carbon i cle\oted to the s\n thc"i" of exopohmeric ubstancc, 
c 01npar eel'' ith about 50% \\hen null ients .u c not li1111nn ~. Thus, the con­
u 1huuon of the mucilaginous n1au 1x to the f>htu•ocistz5 colon\ bio1nass 
1nc 1 cases eh amatica11v fro1n ,\bout 5o<'c to 90(1' clu11ng bloon1 de' e lop-
1ncnt ( Rou sseau et al. 1990). \lso, the se,n,,1tcr content of the gel in­
< 1 ra'ies \\ llh Lhe size of the co lon\ . suggcsung that the gel co1npactnec; 
elect case<; \Vith colony gro\\ t h (Fig. l 2. I ). l o \Vh,1r extent this ctpparen c 
111ocliflcation of gel con islen c\ is accon1panicd bv changes in gel prop­
ert ies (e.g. gel strength, <;\\e lling abditv) has not been cleter1ninecl, but 
111ight be a clue to understanding the p1og1t·ss1vc uansfor111ation of healthy 
colonies to aggregate as obse r\ ed unclc1 natural condition (Fig. 12. l ). 
L>C'tc11n in ,Hion o f gel firn1ness 1 cqui1 es, ho\'l'e\e1, a con1plete analysi of 
the < 0111pos1tion and st1 uctu1 c o( the poh sacch,111de chain , i.e. the t\ pc 
.u1cl sequence of tu;ars 1n the- poh11H:11c ttnlls that n1.1ke up the n1uc1-
Ltg111ou-, rnauix. Basic kno\,lcdge 111 tht'> held 1s. ho\\eYer, still li1nited .u1d 
\\ otdd b~nen t f1 om furthe1 111\ est11.{.H1ons. 

f Ill' /'hlHologtralfunction of tltr lllltrilaginoll\ 111at1ix. 

l he ene1 gv torage function of the 111uctlaginous n1atr1x 1 no\\.' 'veil 
.tg1 eecl . Nun1erous p1 oce s stuclic>s h,1\e clc111onstrated chac the poly­
s,1c c h.11 ides con1posing the 111,\ll 1x tonslltute ,\n energv-storing subscr .1cc, 
\\lllch 1. c,1t.1boli1ed bv the colon\ cells clu11ng the ItghL-li1nitec1 period to 
1nC'et their b1osyntheLic 1 c>qu11 e111cnts (Fig. 12. 1: Lancelot and .l\Iathot 
I 985: eldhui and 1\.dm11..1 ,1 I 1985; L.tncclot et al. I 98G: \ 'eldhuis et al. 
19<)1 ) l'his rcscnoir thus gi\C<; to <olonial cell a se lective advant,tge o\er 
f 1 c·e lt\ing cell to benefit (10111 high nu111<:nt conce-ntration in lo\\'-lig ht 
en\11on111ents b' inc.1ea'>1ng the energ' storage capacll\ of each cell. "The 
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~Fhe I l a/Jlo/Jhyte r\ lgae 

Fig. 12.3 Sch en1.uic rcp1escntallon of Lhc• stn1c tu1 e of the microbial foocl-\veb 111 
.1ggrcgates clen\cd f1 on1 J>/uzfOC)'\ln colon1('s 1n the southern No1 t h Sea, dl11straung 
the prog1 e<;sivc invasion o f a senescen t colon\ bv va1 ious hcterotrophic micro-
01 g.1n1<;n1o; (a) Jin,1c;io11 of a clec.1\ing l'hal'0()\11\ colon\ b\ p1oto.ro,1 (mostlv 

<ili.ucs) g1.11 ing on colo n y cell s. and (b ) -.ubsequcnt dc\C'lopn1cn1 o f co1nplex a nd 
c h.1ngjng n11crobi.1I foocl -\vcb<; in,olv1ng / >ftaeocy\ll\ cells.bacteria, .1nd hac te1 l\'Oro11s 

.1ncl herb1\01ou-. pt<H010,1 Phnto~taph<; In\'. Rou <>seau and BC'<CJUC\OI L 

C'ncrgeu c gain d e pe nds on the colo n ) si1e. (), er an o rd C'1 of 1n.1gn itude 
111c1 ea c to a colo n y of l m111 3 (th e average colon\ siLe at the h e igh t of a 
J>harocystz~ bloo1n, Rouc;seau l'l al. 1990), th~ pool o f energe tjc c;ub trates 

<l\ailable to the colo n y has been es tirna te cl to inc1case by a factor of 20. 
()n the other ha nd , cxpe1 i1nental evidence uggesLs that th e catabolism 

o f colo n1 .1 I poh sacch .111cles g r eJ.tl) n1odifies the c h c1n1cal structur e of the 
gel by p 1 ovi<ling interrnediatcs of lo•'7er 1no lec ular ~·eight inside the 
colo nia l rna trix (Fig. 12 l ; \ ' elcl huis .u1cl , \d1niraa l 1985). I hese ch emical 

c h .1nges 111 odif) gel fir rnn ess .1nd could 111d1rectl't be th e cauc;c of the 
p r ogrcc;si\'e tran c;form a Lion o f health) h o1nogcneous colonies to 1nicrobe-
111\ acled cl cca\ 1ng colon1e. Indeed this u a nsi tion 1110..,th occurs at the 
height o( the hloon1 , ... hen light 1s pos~1hlv l in11t ed clue to the high 
f'haron stts bio1n.1ss. 

1'he nutnent and trare elenzent \fquesten11gfunt/1on of the n1unlag;1nou~ 1natnx 

Besides rt.., tructural 1 ole an cl en erg, ..,tor.u~c function, the 1nut il.iginou 
111.1trix of f>haeory\lts colon ies h.1 been ho\\ll recent!) to .tcl a a re en1oi r 
for phosphorus (\ ' e lclhuis et nl. l <)<)I). and trace ele111cnt . especial}) 
111angane c (Da' 1d o n ,1nd :\la1 chant 1987; Lubbers t l al 1990) and prob­
abl} i1011. These sequc•strat10 11 n1ec'1.u1i ins 1 esult fro1n a suite o f abio tic 
rhc1nic.1I 1 cacu ons. 1 e..,u lting lroru both the ~el pr ope1 ll<.., and the b 10-

log1cal .1cLl\1t\ o( colo11 1.1l cells (Fig 12 {; l uhherc; tl al. 19VO). The colo n­
ial 1nau ix conslituce-; ,t 3-cli inensional ncl\\'Ork, ernbedding cell and 
"C'<l\\·ate1. and .1cLc; as d1ffu 1011 bar11<:1 for olute n1oleculc.., (Lubber et al 
1990). c:onseg uenLI), physico-che1n1 cal conditio ns (nUlJ1('11l5, pl l , Eh) 
111side the colo 111e can be c;1gn1fic.1nth cl1Cferent ft om th o e o f the ex­
lC'rna l 111eclit11n due to th e b1olog1cal .1c ti' 1t\ o f colo nia l cell . For exan1ple , 
Lubbers rt al. ( l 990) clcrnon t r aLecl thac hig h pH condition , corrc po nd­
ing to th ,H of l\ln Fe O\.\ h\cl1 oxide prec1p1tauon, can be 1 each e cl in icle 
Phaeo0st1s colo n1e in < ultu1 c \vhen e xpo eel to o pt1n1al ltg ht condition . 

langanc•se p1ccipit.ttion j ., -. u ongh light-dependent .1nd j., lig ht lv 
1 c' er ible under prolonged d.u k pc 11o d -, rnaking cli oh eel n1angane e 
,l,ai lablc for colonia l c.c ll ( Fig. 12. 1; Lubber t•t al. 1990). D epo it of 
\ In Fe ox\h~clt oxides inside the 111ucilag111ou 111.llr i\. 111 Lurn cir i\'e the 

<)() 



(a) light metabolism and chcrrJcal rcacLions 

d1tfus1on 

muclla91nous matrix 

Phaeocystis colony 

(b) dark metabolism and chemical reacLions 

G I CE! 
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muc1la91nous matrix 

/ 
Phaeocystis colony 

Fig. 12.4 Schematic representauon or. (a) lhe light and (b ) the dark metabo hs1n 
o f Phneorystzs coJonies. lntra cellulr11 and 111t1acolo111al pools: B = cellular biomass; 
e = exoglucosidase; E = extracellula1 ohgo'>acchar idc; £ P =extracellular polysac­
chandc; l\1 = trace rnetals (n1ainly ln and Fe); l\10x = trace rn etal o:xy-hydroxide; 

= inorganic nitrogen (nitrate and amrnoniun1); P = phosphate; S = monomeric 
precursor. Processes. l = photosynthesi~; 2 - nuu 1cnt uptake; 3 =cellular growth; 4 
pol}saccharide secretion ; 5 = polys,1cc ha11de In cir olysis; 6 = polysaccharide 
cataboli-.ffl 
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1'/ze Ha/110/Jll)lc , \lgae 

sequestering of oth e r n1ctalc; and o f phosphate b\ .1dso1 pt 1o n f1 nrn the 
C'nclosed sc::nv.Her. ·r his 1 caction is re\'CI ihle. n1aking pho ... ph.1te ·'' ailahle 
to colonial cells '' h e n phosphate 1n the exl<' I nal 1ncdn1 111 1s clcpletecl (Fig. 
12.-1: \ ' e1cl huis l'I al. 19<) I ). Rough a lcu l.1 u un'>, b.1sed on the potenu.11 
a 111oun t o f n1.1ngane c precipitate in sid e a I m1n ·~ l 'haf(lf)stn colony 
(Lubber <'l al. 1990), uggcs t th,1t this nutric-nt to1,1ge 1nec..han1s1n can 
111 ee t trace 1n c tal a nd phospho ru rc qui1 c 1nc nt of incl1viclual colo nia l 
ce lls. fhi n1a ke colo ni ct l ce ll n1 o rc co1npe t1t ive than free-Ii\ ing cell 
"hen ambien t con ce ntration o f these n utrient reach li1ni t ing \'alucs. 
l nte1 cstin g ly, nitrate a nd a n11noniun1 arc n o t .1d~o 1 bed o n ~In / Fe oxy­
h\d1 oxide , ancl n o m cc.h a ni m of nitrogen cqucstrat1on in Phaeoc)'slis 

colon ies ha ve t been d e n1o n stratccl . 

The biological func tio ning o f Phaeocystis colo nies: its i1nplication fo r the 
structure and func tio ning o f Phaeocy /is-d omina ted ccosyste rns 

'fh e n ear-complete don1ina n ce of colony for111s in / >hal'O<)'S/n-clon1 in a te d 
ccos\ ste n1s a ll O\'er the \\'OJ lei O(ean indic.itcs th,\I sin1tlar 1nec hanis1n 
have clevclo p c cl both to d ecrease )o<;se th rough g 1 a1i11g, .... inking, and 
clegraclation, a nd to outc o n1pc te f1 ee-li\ ing Pharo0•st1s cells as \vell ,1s o th er 
phytopla nkters. Thus, the bio logical rune tioning of PhaeOC}\ f is colonies 
outlined abO\(' fro1n soutbc1 n o rth Sea data (Fig. l 2.4) 111ig ht be ex­
te n ded to the genus \vo1 lcl\\1ide. Each f 'haeoryst1\ colo n\ ctln be 1 eg.ll ded as 
a bio flln1 in \vhich scvc1 a l r e la te d and n1utually-clepcndc 11t b io logical and 
ch e n1ical procc e<; ar e occu rring fo r the bencflt o r th e aggreg.1 tc d bio­
logica l e ntitv. Biogeog1 aphical and ecological fc .1 turcs of Plzaeocystis­

clominacccl y te 1ns ,\re here rcapp1 a i eel 0 11 this ba"iJS. 
Our a naly is su gges t<; that the 111 0 t re 1na1 kahle ph\siologicc\I a nd 

ecological properties of f )haf'oc;ist1s colonies a re a ttribu te d to th e ir capacity 
to S\ n thel>ize gel-fo1 m 1ng n utricn r-dcpri' eel e'opohsac c ha1 JC les First I), 
this n1ech a ni n1 lead e ith e r direc tly o r inclirect h to the building of sig­
nifi can t su pplc1ne ntary intracolo nial reserYes of e n e 1gc li c ubs traLes, 
phosphate, and trace e le 1nent fo r the benefi t or colonial cell . The intra­
colon ia] cnei g) r c . er,oir 1night " 'e ll ex plain th e co1npctitivc e d ge 
Phaeoc;•slis colonies h ave over free-Ii' ing cell and o thc 1 ph' toplanktcrs 
\vh en e nergy-cos tly nitrates const i1ute Lh e ni trogen source (Ricgn1an et al. 
1992). I t 1nay also explain the dominance of colo nia l ro rms in nitrate­
e nrich ed envi ronments. ·r o \Vhat exten t the phospha te ancl micro-nulric nt 
scque trating n1ech anisrns a lJo,v I )haeoC)istzs to outco1n p e 1e oth er a lgae by 
d e priving the n1 of cs e ntial e lemen ts i diffi cult to a~ ess pro perly at p1e­
sent a nd \vi l1 depend on the a n1bienc ch c mi t ry of Lhc 1na1 in e . ys tc n1. 
Pre umablv, the ro le of Lrace m etal eque ll ation b\ f->hafoC)'Sll~ colo nies as 
1nediators of spec ies su cces ion \vould be o f le s s ig ni fica n ce in Lhe 
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polluted coastal \\·aters of the southe1 n ~orrh ea than in Lhe outhe1 n 
()cl ,tll, \\hich is tYpica1lv characte1 i1ed b) lo\\ trace n1etal a\ail.1b1lit\ 
('\c,Jung ft al. 1991: \\'e terlund and ()h1nan JC)91) \luch ha \et co be 

kno\\'11, hO\\e\er, about the tegulauon of \ In ~c p1ec1pitallon and d1s­
solutio11 inside the colon\ and the <:.uhsequcnt pho phate ad orpt1on 
dt'so1 puon, and about the diffusion p t ope1 ties of the gelatinous 1nat1 ix, 
but there is no doubt that Plzaeoc)stzs bloo111s, clue to their in1portance 
and the dominance of colonial fo1 n1s, pla} an i1nportan t role in 
h1ogcochemical cycles. T h e fate of scque tra ted trace elemen ts i then 
.,,. ongly linked to the fate of f>harocvst1.s colonies. 

~<'( ond ly, the nutrien t-dep1 j, eel 1nucous sec1 etion, by rapidly increa ing 
f'haro0·stis colony size \\'hile lo\,ering s1g11if1cantl\ its nutritional value, can 

bC' scc:n as causing the gene1al unpala t1bilitv of Pharo0sl1s colonie to mo t 
g1 ,11ers ( \ \'e isse PI al. 199..J:). Related Lo thi<>, pol-.saccharide produced 

Lh1 ough colony ly i ha' e been sho" n to be 1 ef1 acto1~ to bacterial de­
graclaLion (Thing tad and Billen 199 1), cau 1ng accumulation of dis oh·ecl 
01 ~,1nic 1natter in the '''ater colun1n (B1llen and Fonugn\ 1987). 

1 h11dh, Lhe gel character1 ties of the rnuc1laginous 1naLrix and it rapid 
1u1 no\ et rate con iderablv reduce Lhe ,,, c1 age den-;iL\ of the " 'hole colon\ 

h11ng1ng it clo er to that of su 11 nund111g sc,n"ate1, '"il11 attendant benefits 
for suspension. The firn1ness of the gel 1s cletc11n1necl b) the ugar re idue 

co1nposiLion of the exopoh accha11cle and the c:,1 l\ lg content of ea.,."ater 
(hoLh poss ib ly varying bet\,ecn JJJzaeo0·.stn-clo1ninatecl ecosy ten1s). imple 
c a lcul.ttion sho¥vs that this n1ethocl of detc1111ini11g densitv \voulcl preven t 
J>!zru1orysl1s colonies fron1 sinking in sll atdiccl seas 'vhere stratification i 
cl11c to salinity differences. Such a1eas a1e l)picall) coa ca l an d p o la r 
\e,1s. '"here tnassive bloorns of J>!zaeon•stn colonies h,n e been ob e rvecl 
( l),n1dson and ~ larchant 1992), s11,1ul1caLion being clue to river outOO\V 
cllHI I((' lllCILing, 1especti\eh. On the othc1 h,1ncl, gelauon offers no parti­
( ul,11 .Hh.tnt.ige 1n the fulh 1111'\.ecl ucl.11 ell e,\') ltke che southern North ea. 
<:oun1c1,1c ti 11g this n1echani n1, \ l n ~e ox,h\cl1n'\.1dc deposi ts in ide the 
colon\ 111oclif\, the inJ...1ng ch,trac tc1 is11cs of l'haro0st1\ colonie b\ sig11i­
f I( clllll\' il1( 1 casing CO}Ontal clcnsll\ [ he pt C\Cl1 t-cl,l\ fa1Ju1 e to apprecia te 
p1 op<.·1 Iv ho\\ these oppo'>lle 1ncch.1111"n1 ... 1 egulate the dcns1t\ of Phaeoc;stzs 
<<> lo111cs n11ght \\·ell explain the g<:>11<.·1,t l confu<.;1011 su11ound1ng an appre­
c 1,111011 of Lh e secl in1en tation of J>lzat'on .stn colon1es in natural environ­
llH'lll'> of ront1asting h\drod\narnics (R1cbcsell 1 99~. \\'as mann 1994). 

I he .,uclclen tcrn1ination of Phaco0'sl1\ h loo111s, con1n1on lv ch aracteriLed 
In the fo 11nation of senescent rolon1rs,1ncl ,1gg1cgatcs (Fig. 12.1) follo1vecl 
h}' 1he11 n1assne di appearance th 1 cH1gh eithc1 <.;pcc1l1c grating on aggrc­
g.H<''- (Estep rt al. 1990). secli n1cnl,\tion (\Va., 1na11n PI al. 1990: \ Vas 1nann 
1()<)1), 0 1 cl 1ssolution in the \\atc1 <.olu1nn ( Billen ,1nd Fontignv 1987), 
,,hJI<• pt:tlt'l\Cd as a pe1tu1b,\llCC, C.111 ,tl so be S('('ll .ls cl Consequence of 
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l'hnror.;'11.5 ph\siolofZ;\ \I teration o f the cht. 1nical (01npo,ll1011 .111cl -.uuc-
1u1 c o f the 1nucilaginou-; n1al11'\., due to I'hat'OC)'s/1\ cl ~u k < .ll.1holi"n. ronst 1-
lltles one po<.,s1ble auLogencous rnec han1sn1 u1ggc11ng th<. der.n o( 1n.H 111 e 

colon1<.s and the11 \tthsequcnt colon1z.l11011 b\ \,u1ou' 1n1c1001gan1.,111-. 
through the n1ocl ifi ccl tton o f thei1 .Htach111cnt p1opc1L1c'> l h<· -.lHC<'"' ''<.' 

colon17,1llon of cleca\ 111g colon1cs In at tac heel .Hilo- ,111cl hct< 1 ou oph1 <. 
111icroh1.1I con11nnniues cr ecll<''i m1c1oen\11011111cnts based o n 1cg<'nc1.1tt>cl 
J>l OdUC'tion. I'hi procJuction, tht ough 11llll le11l I cgcnc1,\ll Ol1. pOst.,ibh 
t>n hanccs the bacterial clegr.1clatio n of th<' n1trogen-dchc a'nl poh n1e1 s of 
1nncu-;. 1\ ggrcgate fo1111at io n and tr,1nsfo1 1nation c. an thu cons1dc1ablv 
1nodih the de nsitv and food qualit:\ o f the p11mc11\ l 'haronst1s rnlo nic'>. 

fh e c;ubscquc nc fa te of l'haeon ,11s-dc1 I\ ed .1gg1 ega tc\ g1 e.lll) va11cs 
be nvcen sha llow and d e ep-sea e n' i1 o nn1<'n t . • 1cc 0 1 ding to 1h<.• physic ,11 
structu1 e of the marine habitat a nd the 1cH>planJ...ton p1 <.''>C nt ( \\'as 1n.1nn 
1994). f1 o pho cl na111i cally, the fo1111,Hio 11 o ( }Jhal'orySll5-c.I CI 1ved .lggrcgatc 
can be een a a ubtle mcchani 111 co 111cluce lo\'' g 1 .11 1ng p1 ('')5U1 c o n 
health) colonic by copepocls, an d \\'Oulcl <on utute one cxpl.111 a t1o n of 
the often high secondary b io logica l procluc11on .1so;ociated \\ilh l 'hneoC)1\/1Y­

clominated ero v ten1 . ~1eso1oopl.u1kton gra1 1ng o n l 'hatocv\ln-d e 1 i'cd 
aggregate'> has, ho\ve,cr, no in1pac t o n bloorn regulation. ()n)\, the e lect­
ive gra1ing by pro to10,1 o n fJhaeon \/ls ce lls could be of s1gni lic .1nce ro r 
bloom 1cgulatio n (JJan en and Boeke! l99l ). ln 1h1 ''•\\,colon\ cli,1s1o n 
a nd budding, as con1111only ob e1, ccl du1 in g f.Jh neocystn bloo111 cle\'e lop-
1nent (\ 'critv et al. 1988: Ro us cau et nl. 199•1; Fig. 12.2), 1111ght be seen .t\ a 
subtle , .. ,1v o f delaying aggreg.ite f 0 11nation an cl so esc .1ping g 1 a1i ng b) 

1neso1ooplankto n . In addition , colony division , b\ providing sn1 .11l e1- i1ccl 
health\ colo nie , probably a l o redures l'haeocyst1~ colon\ lo sc\ b\ secli­
rnen tation . Thus, it is not only the ability 10 forn1 gelatin ous coloni es o f 
high biological co1npccicivity that contributes to the c;uc.ccss o f l'haeory~t1s 
as a bloo1n-fo11ning g<:>nus, but a lso the occurrence in 1hc11 life l11stor1 o f 
variou colony division events (Fig. 12. 1) \Vh ich .u e pt obably cl riven bv 
phv ical condition . 

'fhis 'vork is a con uibutio n to th e EC 1 rscarch projec t on ·~t ode lling J>haeoC)'!>lzs 

blooms, their c.\uses and con sequences' (con llact STl· P-CT 90-0062), and to the 
Belgian Impulse Programme · C\l ari n e Scien ces' (conu ac t l\JS/ 11 070). \Ve a rc 
greaLly indebted LO pat ti c ipants or the JOint EC I CS<:'arch pt ojet t . especially, 

Becque\Ort, (;. Btllc n . \\!. v.\n Bocl...el, \\'. Gieskes, F !I a n en. ~ ~lath<H, 

R Rieg1nan, 1 \ 'eldhu1s, and f . \Vetsse, who e sc1e nllf1c conu 1buuons prov1cl<:cl 
1naterial for most ideas de' e loped in this S\nthesis. \\le at e g1 ate f ul to C Veth .1ncl 
P \Vassn1ann fo1 the ir helpful cli scuo;sion on Phaeo0stlS colon} sccl11ncnta!lo n 
F1nalh, we thank£\. Lafftll for cl nnving the pic l\11 e of the Phaeo<)'~l1s life c'c le. 
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Chapter 5 

011 the interannual variability of diatoms and Phaeocystis 
colonies blooms in the eutrophicated Belgia1i coastal waters 
(Southern Bight of the No and 1999. 
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On the intcrannual variability of diaton1 and P/1aeocJ'Sfis colonic 
bloon1 in the cutrophicated Belgian coa tal \Vatcr (Southern 

Bight of the North ea) bct"~veen 1988 and 1999. 

Rou eau \ 1., J.-Y. Parcnl and C . lJancclot 

!·SA (l ·colog1c des Systemes Aquat1ques) , U111vers1tc I 1b1c de B1 uxcllcs, Ca1npus Pla1nc -
CP 221 - boulcva1d du Tnon1phe - 13-1050 Bruxcllcs, l3clg1un1 

Abstract 

Current k.110'' ledge describes coastal eutroph1cat1on 1n the Southen1 bight of the North Sea and 1n the 
Belgian coastal \Vatcrs 1n particular, as mass1\e blooms of gelatinous Pliueoc;st1;;, colonies gro,v1ng on 
the nitrate C\.Cess left O\er after a first sil1cate-controllc<l d1ato111 bloom of moderate amplitude Long­
term n1on1tonng of phytoplankton successions and their en' 1ronmental control (temperature, light and 
nutrients) ''as undertaken at reference statton 330 of the Belgian coastal '' aters 1n 1988-1999 The 
main ob3ecl1\ e \vas the assessment of the 1nterannual vanab1lit} of the d1atom-Phaeocyst1s colony 
succe s1on as a result of naturally- and/or human-induced en\ 1ronmental changes. This time sencs 
data set ''as comple111ented with \V1nter geographical surveys of 1norgan1c nutrient concentrallons 1n 
order to estimate the vanab1hty of nutrient loads. ln spite of the variable hydrodynamic cond1t1ons 
prevailing at station 330, the phytoplankton succession \Vas recurrent from year to year. Three 1na1n 
diatom commun1tes \vere identified on basis of stat1st1cal analysis (TWINSPAN). ln this way, the spring 
bloom 1s 1n1t1ated by small colony-forming species Tlialassios1ra spp., Ske/e1011e111a costatu111 , 
Thalass1011e111a 111/:schioides, Pfag1ogra1111na brock111a111111 , Aster1011el/a glacialis, A. karia11a. 
lvfelos1ra sulcata. Biddulphia spp. and the larger Cosc111od1scus spp. This moderate gro,vth 1s 
follo\ved by an ephemeral assemblage composed of Clraetoceros spp. (mainly the colonial C. 
soc1alr<i), and Schroederella sp , 1nvanably associated to the onset of the blooming of Plraeoc}'Sf1s 
colonies. Co-occunng v.1th these latter, a third d1ato1n co1nmun1ty blooms, essentially composed of 
larger diatoms Rl11:osole11ia spp., Gui11ard1a sp. and Ceratau/1110 sp. but largely dominated by 
Rl11:osole111a spp and constitutes the bulk of summer diatoms from June to about mid-September A 
s1gn1ficant 1nterannual vanabihry \Vas observed 111 the t1m1ng and duration of spnng phytoplankton 
bloon1s A one-n1onth shift v.1as observed 1n the onset of phytoplankton spnng bloom '' htle the 
seasonal succession 1s not modified. The onset of the spnng bloom 1s dnven by available hght 1n the 
\l.ater column \\Ith a hght threshold of 12 µmol quanta. m 2 s 1 required for phytoplankton gro,vth. 
Duration 'aned from about a factor 2, ranging bet\veen 56 and 97 days. The contnbut1on of 
R/11:osole111a spp.-dom1nated community and Phaeocvst1s colonies biomass to the phytoplankton 
spnng bloom \Vas highly variable with d1aton1s contnbultng from about 30 to 90 % of the cellular 
carbon b10111ass. This varying contnbut1on of both taxa to the phytoplankton spring bloom \vas not 
related to changing nutrient loads. The 111a1n source of vanab1ltty al the time scale of 12 years \Vas 
rather related to changing hydrodynamic cond1t1ons due to d1 fferent meteorological dnv1ng forces. 
The relative proportion of both taxa could indeed be re lated to the average salin ity prevailing dunng 
their no\vcnng, adding a spatial vanabi11ty component to the te1nporal changes. rfhe preferential 
no,vcnng of diatoms al low sahn1t1es (belo\v 31) \Vas related to the nutrient quality change observed 
along salinity gradient \V1th \\'ell-balanced nutrient environment compared to diatom requirements 
prevailing at lo\V salinity. The results of this mon1tonng data set are discussed and compared \v1th 
phytoplankton succession and controlling factors observed 1n ad3acent areas. 

Kc) ' ' ord : eutroph1cat1011, phytoplankton vanab1ltty. diatoms. PhaeocrJtH, nutrients. light, temperature 
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The ten1poral Yanab1hty of ph) toplankton 1s go\ cmed by physical, chcn11cal and biological 
factors according to \ anous patterns such as c1clcs, trends, fluctuations at different 
frequencies (Sn1ayda, 1998). J\latural \ anability 1s dn\ en prin1an ly by cxten1al \\ 1nd- and 
\\Cather-drt\Cn forcing e\CiltS \\hich lead to fluctuation in ten1pcrature, 1n ad1ancc, rainfall. 
These natural events. b) stabtl17ing the ocean surface or up~ cl ling deep nutncnt-cnnched 
\\ aters, detcm11ne the light and nutrient en\ 1ronn1ent of phytoplankton. rhc nutrient 
environ1nent of phytoplankton 111 coastal '' atcrs 1s add1t1onall) niod1ficd both quant1tat1\ cl) 
and quahtal1\ ely b) anthropogenic sources of nutrients brought through nver discharges 
and or at1nosphcnc dcpos1llon (e.g Lancelot et al, 1991, Paerl, 1995) 1 his alteration 
constitutes a maJor driving force behind natural change (Cadce, 1986, I lickel, 1998). 
Ifo\\e\Cr, the d1st1nct1011 bet,veen the effects of hun1an-1nduced vanat1ons fro111 those 
attributable to natural variation 1s difficult to assess (Cohjn et al., 1998) 

The nutrient signature of coastal \Vaters results fro1n anthropogenic inputs of nitrogen and 
phosphorus, 1nduc1ng a n1odtficat1on of nutrient ratios a\ ailable to coastal phytoplankton \v1 th 
a severe deficiency in si licon compared to d1aton1 silica requiren1ents (Br1e1insk1, 1985) As 
a consequence, the anthropogenic nutrient sources result 1n the do1ninancc of often poorly 
edible non-siliceous algae \vith harmful en\·i ronmcntal consequences ( 1nayda, 1990,Bi llcn et 
al., 1991). 

Rcce1\ 1ng the discharge of 7 maJ or \Vest-European rivers, the Southern Bight of the North ea 
is one cxan1ple of hu1nan-induced eutrophicated coastal ecosysten1. rfhe unbalanced nutrient 
environment of these coastal \Vatcrs results from the large influence of river inputs 
characterized by a large excess of nitrate over silicate and phosphate (Lancelot, 1995; 
Lancelot et al., 1998) compared to diatom silica requiren1ents (Brzezinski, 1985) and nitrogen 
and phosphorus phytoplankton needs (Redfield et al., 1963). As a consequence, the spring 
phytoplankton bloo1n is recurrently characterized by the occurrence of a nioderate diato1n 
outburst in early spring, follo\ved by a n1assive bloom of the non-siliceous colony-forming 
haptophyte Phaeoc; sr1s sp. in association or not \V1th late spring diaton1s (Gieskes & Kraay, 
1975; Batje & Michaelis, 1986; Cadee, 1986; Cadee & J Iege1nan, 1986; Yeldhuis et al, 1986; 
\Ve1ssc et al., 1986; Lancelot et al., 1987; Cadec & Hegeman, 199 1; Fi1ckel et al, 1994; 
Lancelot, 1995; Lancelot e1 al., 1998). Apart from these spring events, n1odcrate bloon1s often 
dominated by d1 aton1s but also ci liates and dinoflagellates are observed during sun1 1ner and 
fall (G1eskcs & Kraay, 1975; Cadee, 1986, Cadee & Hegeman, 1986). 

The 111agnitude of Phaeocrst1s colony bloo1ns in these coastal \\ aters is <.leten111ncd by the 
nitrate excess left over at the end of the early spring silicate-controlled diaton1 no\vcring 
(Lancelot, 1995, Lancelot el al, I 998). The high ability of Phaeoc..rstis colonies to util1/e 
nitrate as nitrogen source \Vas demonstrated through con1pctiti\ e c'.pcnn1ents under 
laboratory-controlle<.I cond1t1ons (R1egman er al., 1992) and con finn ed by the elevated fN

01 

ratio (0 5-0 8) characterizing the nitrogen 1netabolisn1 of field Phaeoc..rst1s colonies (Lancelot 
et al, 1986; Lancelot et al, 1998) The low palatability of the large 1~haeocysr1s colonies to 
coastal 1nes0Looplankton, due to a s11e n11sn1atch, (\Ve1sse et al., 1994, Gaspann1 et al, 2000) 
results 111 the pelagic food chain disruption (Lancelot & Rousseau, 1994, Rousseau et al, 
?OOO) The foan1 deposit obscf\ed every year on the beaches of the Southern Bight of the 

orth ea. represents the n1ost manifest effect of this food chai n d1srupt1on and resulting 
biomass accun1ulatton 111 the \.\ater colun1n (Lancelot, 1995). 
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Long-term n1onitoring of phytoplankton successions and their environmental control 
(temperature, light, nutnents) constitutes one approach to assess the changing quality of these 
coastal \vaters and its possible vanat1on in relation to anthropogenic and natural impact. T1n1e 
senes provide indeed a phenomenological descnption of the temporal pattern of 
phytoplankton con1munities, allo,ving ident1ftcat1on of the 1nterannual variability and its 
dnven factors. Such 1nonitoring was undertaken in the eutroph1cated Belgian coastal \vaters of 
the Southern Bight of the North Sea with for main objective the assessment of interannual 
variability of the diatom-Phaeoc_ystts colony succession as a result of naturally- and/or 
hun1an-1nduced environmental changes. 

The high resolution ti111e series nlonitoring at one single location representative of the area 
\\as preferred to a lO\\ tin1e resolution giid due to the high dynan1ics of phytoplankton bloo1ns 
111 Belgian coastal \Vaters (Lancelot et al., 1998; Ruddick et al, 1998). Station 330 \\as 
chosen an1ong stations of the national n1onitonng net'' ork as a possible observatory of 
eutrophication-related changes in the Belgian coastal \\ aters because of its average phys1co­
chen11cal and biological characteristics (Ruddick et al, l 999). Belgian coastal \Vaters arc 
n1a1nly co1nposcd of Atlantic \Vater mass enriched by nutnents discharged by rivers Seine and 
Somme and 1nflo\v1ng north-east\vard fron1 the Straits of Dover (Lancelot et al., 1991 ). These 
waters 1nix \V1th fresh\vater from the Scheidt (Yang, 1998) and to some extent, the Rhine and 
the Meuse (van Bennekom et al., 1990). An inherent problen1 related to sampling at one 
location in such hydrodynamical area, consists in the changing \Valer mass distribution \Vhich 
add a spatial variability component to the observed ten1poral vanability (Colijn et al., 1998). 
Due to the difficu lty to distinguish the changes related to the sequence of different water 
masses fro1n those due to the intrinsic succession within the water n1ass, our time series 
monitoring al station 330 provides an average picture of the ecological functioning in this 
area, rather than a population dynamics. 

In accordance, this paper presents results of phytoplankton tin1e series recorded from 1988 to 
l 999 at station 330 in the Belgian coastal waters. Particular attention \Vas given to the t\VO 
maJor phytoplankton groups: the diatoms and the Phaeocvst1s colonies. The seasonal and 
1nterannual pattern of the phytoplankton succession ''as investigated in relation \Vith 
en' 1ronn1ental phys1co-chemical parameters (ten1perature, light, nutrients, salinity). This l1n1e 
senes data set at one location 'vas con1plen1entcd '' 1th \\Inter geographical surveys of 
inorganic nutrient concentrations in order to assess the 1ntcrannual variability of nutrient loads 
111 the investigated area. 

Material & M et/1 od 

an1plin g tation and procedure 

I he tune scncs 1non1tonng ''as conducted at station 330 (N 51 °26.05; E 002° 48.50; Fig. l) 
111 the 13clg1ctn coastal "aLers. Surface sea\\ ater \\as san1p lcd \\ 1th a bucket aboard R Y 
Bclg1c.1 01 \\hen not a' a dab le '' ith a n1bber boat CJ\\atcr \\as anal1 sed for 1najor nutncnts, 
suspended 111.1tlcr, tcrnperature, sahntl) , Chi a and ph) Loplankton a1npllng occurred usually 
ell .i \\eel... I} ltc4uenc) but fortnight!) dunng \\inter anti su111n1er months From 1989 to 1992. 
sa1npltng '' .1s 1 estnctcd to the spnng penod 
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1 he \\ 111tcr geograplucal gnd \\a a1npled aboard H. \ l3clg1ra at the l 9 1 t1011s of the 

f3elg1an rnonJtonng net\\ Ork (J~1r-o PAR; l·1g. I) du111u: 3-da)~ c1111scs hL't\\c~n I.He J.un1.u\ 
and earl) l·cbrual) for the pcnod 19 9-1999 <,L \\ atcr fo ..... · . 11101 .b.1111 nutnent 
conccntrauons ,111d sahntt) anal) sis'' as collcc11.::d ,lt 3 111 depth \\ 11h '\ 1sk111 bott h:s. 
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Phy ico-chcn1ical rnea urements 

Sca\\atcr tcn1pcrature and salinity \\ere n1easured directly after sampltng \V1th a 
them1osa!Jnon1etcr (Beckn1an). uspended n1attcr content was detem11ned by weighting 
pa111culatc n1attcr collected by filtration on a GF/F (Whatn1an) prC-\\C1ghted filter and dried 
for 4 hours at I 05 °C. 

Global solar radiation GR (J.cn1-2.d-1) \Vas recorded by the n1clcorological station Ostendc 
(lnsti tul f{oyal de Mctcoro logie de Belgique). ·rhcse data were converted into daily-averaged 
photosynthct1cally ac ti ve radiation PAR using the cn1pincal relationship derived fron1 the 
direct calibration of the global radiation instrun1cnt \Vith a PAR sensor (Li-Cor): 

GR 3.43 I o-<> PAR 2 + 0.0805 p ,/R 

1n \Vluch GR 1s the global radiation (J.cn1-2.30n1111 1) and PAR is the photosynthetically active 
rad1at1on (~tn1ol quanta. m-2• s-1). 

The averaged ltght avai lable to phytoplankton cells 1n the '' atcr column ''as assumed to be 
un1fon11 1n these \ertically n1ixed \Vaters. It ''as calculated by the equation of Riley (1957). 

I -A. , : 
- e 

I lo -
K : 

l' 

in \Vh1ch 1 is averaged PAR in the \Valer colun1n (µ11101 quanta. 111-
2

. s"1
), 10 is the subsurface 

PAR, Ke is the vertical light attenuation coefficient (m-1) and z is the average depth of the 
station (17 m). 

The vertical light attenuation coefficient Ke was calcu lated fron1 the suspended niatter content 
(SM; mg. i-1

) according to the empirical rel ationship established for the Belgian coastal waters: 

Ke = 0.024 Sfvl + 0.188 (n = 38; r = 0.89) 

\Vhere K 11 \Vas derived from optical vertical profiles. 

Major nutrient (N03, 1\TH4, Si(OH)4 and P04) concentrat1ons \Vere determined on 0.45 ~1m 
filtered seawater according to the colorimetric n1ethods descnbed in Grasshof et al. (1983). 

Chlorophyll a (Chla) ''as measured on 90 °,o (\ :\ ) aceton extracted particulate material 
isolated by filtration on GF/C filters (Whatn1an). Chia concentration "vas 
spectrophoton1etrically determined using the nlethod and equations recomn1ended by 
LorenL.en ( 1967). 

Phytoplankton analysis 

Phytop lankton san1ples \Vere preserved with l % (final concentration) lugo l-glutaraldehyde 
solution and stored at 4°C in the dark. Diaton1s and P/Jaeoc_vst1s colonies \Vere enun1eraled 
under an inverted nlicroscope (Leitz Fluovert) according to the Utennohl method (Hasle, 
1978) Magnification \,Vas chosen according to cell or colony size: 40 or 100 X for 
Phaeocrst1s colonies and l 00 or 200 X for d1aton1s. At least 400 cells v. ere enumerated 1n 
total \V1th at least l 00 cells of the most abundant genus or species. Diatoms'' ere enumerated 
and 1denti fied according to the genus le,el unless a species ''as easily identifiable or 
don11nant Their carbon biomass (C-biomass) \Vas calculated on the basis of cell density and 
b1on1ctnc factors deten111ned for each species or genus A spec1 fie a\ erage con' ers1on factor 
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c: 

"' C/l 

\vas calculated fron1 b1ovolun1es 111easured on a cell population along the \vhole penod of its 
growth. Biovolumes \Vere then con' erted using a carbon content factor of 0.11 pgC µn1 3 of 
plasma ' olun1e (Edler, 1979). Phaeoc_vstrs \vas identified as P globosa and \viii here be 
referred as Phaeoc1st1s. Colony cell nun1ber \Vas determined according to the method 
described in Rousseau et al ( 1990). Phaeoc.vst1s colony C-b10111ass "as esti111ate<l fron1 
biovolume nicasuren1ent according to the en1pincal procedures of Rousseau et al ( l 990) 

The phytoplankton communi ty co111posi tion \Vas statistically analysed '' ith the 'T,vo \\'ay 
Indicator Species Analysis' T\\'J'\SPA '\ (I I1ll , 1979). This analysis ''as performed on the 
phytoplankton C-b101nasses 111atnx of all the individual san1plcs co llected during the 1988-
1998 period The C-bion1asses " ere expressed as relative proportion prior to the statistical 
analysis. 

R es tilts 

Hydrological regime and nutrient enrichment of the Belgian coastal \Vater . 

The temporal changes of salinity recorded at station 330 during the period 1988-1999, sho\vs 
variations fron1 30.8 to 35.5 \vith an average of 33.5 (Fig. ?). Physical factors deten111ning 
salinity distribution are tidal di spersion, river discharge, \Vind stress and advection. The 
salinity variations observed during the investigated period , \Vith a 1naxin1um amplitude of 4.7, 
is much higher than that observed during a tidal cycle (maxin1un1 amplitude of 0.5) as 
revealed by a ?4h-cycle 1neasurement (not sho,vn). The salinity variations observed reCTect 
therefore changing hydrographic conditions due to the varying mixing of freshwater sources 
originating from rivers Scheidt, Meuse and Rhine \Vith Atlantic \Vaters. Hydrodyna111ical 
modelling shovvs that, at the time scale involved in eutrophication processes, persisting \vind 
direction strongly affect the spread ing of the cheldt plume in the Belgian coastal 'vaters 
(Verlaan & Groencndijk, 1993; Yang, 1998). In particular, salinity decreases are associated 
\Vith persisting northeast\vard \V1nds deflecting the Scheidt plu1ne to the north-east through 
station 330 (Yang, 1998). 
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Figure 2: Tcn1poral changes of sali nity recorded at station 330 during the period 1988- 1999. 
Dotted line represents the a' crage salinity for the\\ hole period. 
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Figure 3: l volution of 1norgan1c nutnent loads (µM) for the penod 1989-1990. a ) D1ssoh cd 
1norg.ln1c nitrogen \\ 1th 1nd1cation of the percentage of NO, ; b ) S1hcate; c) Phosphate 
\ crtical bars represent the standard de\ 1at1on of the '{-intercept ill IC = 95 o,o. 

l he nutrient load of the 1nvest1gated area \\as 1nd1rectl1 assessed on the basis of 'vvinter 
gcog1.tph1c sut\C)'S of nutncnt concentrations an<l saltn11tcs At the end of January and early 
l·eb1uary, nut11cnts reach their highest le\el due to co1nplet1on of n11ncral1sation processes and 
\Cl} reduced phytoplankton1c acuv1t1es l n<lcr such cond1llons, nutnents beha\e essential I} 111 
.t conscrv,1t1\c \\a]. as reflected by the llneanty of the recorded dtlut1on curves (not sh0\\11). 
The extrapol.1t1on of each nutnent dtlut1on curve to 1cro-saltn1ty reflects the actual nutrient 
cnrich111cn1 of the coastal area, taking into account a<l\ cct1\ c transport. fresh'" aters input and 
bcnth1c contribution in these shallO\\ coastal '' atcrs t,1ttst1call~ den\ cd Y-1ntcrccpt ''as 
calculated fro111 least squares regression for each \\inter <lata set ,1nd used here to assess the 
possible e\ oluuon of 1norgan1c nutrient loads for the period 1989-1999 (Fig 1 ). Clearly, 
cxllapolatcd concentrations of DI'. - 111ainly con1posc<l of N03 (Fig. Ja) - and ')1(0II)a (Fig. 
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3b) did not vary significantly (at P < 0.0 1) during the investigated period. Average nutrient 
load of 520 µM and 181 µM \Vas ca lcu lated for DIN and Si(OI-1)4, respectively. On the 
contrary, P04 load sho\-vs a clear decrease from 15.2 to 6.2 µM for the penod 1991 to 1999 
after, hO\\ ever, a significant increase fron1 1990 to 1991 (Fig. 3c). 

The year-to-year evolution of molar ratios of the zero-salinity extrapolated nutrient 
concentrations (Table 1) reflects the quality of the river load. DIN:Si did not change 
significantly dunng the period 1990-1999, remaining far above the : 1 requirements of 
coastal d1aton1s (a\ crage = 1; Brzezinski, 1985). Due to the observed decrease of P04 load, 
DIN:P increased dra111atically fron1 1992 to 1999, reinforcing the excess of N over P 
compared to the phytoplankton needs (16; Redfield et al., 1963). Such up\\ard trend is also 
observed for Si:P rat io Table 1). It \\Ould indicate a shift fron1 rather \\CH-balanced Si:P 
( 1992-1995) or slight Si Jin11tat1on ( 199 l and 1996) with respect to diatom requirement to P 
limitation for the 3 last years (Tab le 1). 

T able 1: Year-to-year evolution of n1olar ratios of inorganic winter nutncnt loads for the 
period 1990- 1999. Phytoplankton N:P as well as diaton1 N:Si and S1: P requircn1ents 
are indicatc<l 

Phyto- 90 91 92 93 94 95 96 97 98 99 
Plankton 

DIN S1 l 2.6 - 2 8 28 3 2 3 2 30 24 28 26 
DfN.P 16 62 - 39 51 45 48 37 46 63 81 
Si:P 16 24 9 14 19 14 15 12 20 23 3 I 

Phytoplankton ucce ion in the Belgian coa ta l \Yaters bet,, een 1988 and 1999. 

Seasonality and recurrence arc the most striking features of phytoplankton bloon1s recorded at 
station 330 during period 1988-1999 (Fig. 4). The seasonality is reflected by the level of Chia 
concentrations reached (Fig. 4a): a \\Cl! pronounced spring outburst follo\ved by further 
fluctuating sumn1cr and fall accun1ulations before reaching the\\ inter level 1n mid-No\ ember, 
at the end of the vegetative season. These characteristics arc also visible 111 the C-b1on1ass 
pattern of the t\vo n1ain phytoplankton con1munity con1ponents, the diaton1s and Pltaeocystis 
colonies (Fig. 4b, c). One single short-living bloon1 of l~haeoc_lstrs colonies occurs 
repet1t1\ cly dunng spring after a first d1atorn grO\\ th Diaton1s are present throughoul the 
vegetative period including that of Phaeocrstrs bloon1 (Fig. 4b. c) and are the main 
phytoplanktcr during early spnng, su1nn1cr and fall periods (Fig. 4b ). 
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Skeletonema costatum 

Plagt0gramma brockmann11 
Thalass10slfa spp 

Bddulph1a spp 

Aster10nella glaciat1s 
Astert0nella kariana 
Me/oslfa sulcata 
Coscmod1scus spp 

Thatass10nema mtzsch101des 

February - March 
September - October 

Chaetoceros soc1at1s 
Chaetoceros compressus 
Chaetoceros costatus 
Chaetoceros deetpiens 
Chaetoceros curv1setus 
Chaetoceros deb1lls 
Chaetoceros densus 
Chaetoceros teres 
Schroederel/a spp 

Mid - End March 

Phaeocyst1s sp 

Rh1zosolema shrubsole1 
Rhizosolema stolterforth11 
Rhizosolema de/1catula 
Gumard1a sp 

Cerataulma sp 

April - August 

Figure 5 : Dendrogramm, obtained fron1 TWINSPAN analysis, presenting the classification of 
diatorn species and Phaeocyst1s colony into various periods. 

The TWI SPA analysis (Hill, 1979) was used for sorti ng the diaton1 species and P!taeocystis 
colony recorded during 1988-1999 on basis of their period of occurrence and don1inance. 
Three major phytoplankton assemblages \Vere identified corresponding to seasonal 
distribution as shown on the dendogramm in figure 5. This analysis shows that the don1inance 
of the same species during spnng and fall, \Vhilc t\.VO different communities were identified in 
spring and sumrner (Fig. 5). According to this classification, the seasonal changes of the C­
b1on1ass of the three identified diatom assemblages \vere considered (Fig. 6). The 
phytoplankton spring succession is 1n1t1ated in late winter-early spring by a comn1unity 
con1posed of small colony-forming species Thalass1os1ra spp., Skeleto11e111a costat11111, 
T!talass1011en1a 111tzscl11oides, Plag1ogra111111a hrockn1a111111, Asterione/la glacialis, A. kar1a11a, 
Melos1ra sulcata. Biddulphia spp. and the larger Cosc111od1scus spp. (Figs. 5 & Ga). This 
con1n1unity, here reported as DIA], again bloon1s fron1 the end of August until the end of 
October \vhere it usually contributes to 111ore than 90 % of the diatom C-biomass (Fig. 6a). 
The DIA I co1nn1unity is progressively replaced by an ephemeral diatom assemblage con1posed 
of C'haetoceros spp. (n1ainly the colonial ('. socialis ), and Schroederella sp. (Figs. 5 & 6b). 
This con1111unily (DIA2) is invariably associale<l to the onset of the bloon1ing of P!taeoc)'Slis 
colonrcs. Sn1all forms of these latter arc often found in the setae of Chaetoceros spp. A third 
d1aton1 co1nn1unity (DIA3) bloon1s at the san1c l1n1e of Pliaeocystis colonies and 1s essentially 
con1pose<l of larger diatoms Rl11::osole111a spp., (;11111arclia sp. and Cerataulu1a sp. but largely 
<lon1inaled by Rlu::osole111a spp. (Fig. 6c) The latter genus composes usually the \Vholc bulk 
of sun1n1cr <l1aton1s from June to about n1id- cptember (Figs. 5 & 6c). 
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Figure 6: Seasonal changes of the C-biomass (n1gC.m-3
) of the three diatom com1nun1t1cs tdentdic<l o n the basis ofT\\'l,SPA' analys1c;, at stal!on 

310 for the period 1988- 1999: a) DIA l : Thalass1os1ra spp., Skeleto11en1a costatu111, Thalass1011c111a 111t::.scl11oules, Plae:10Rra111111a 
hrockn1a111111 , As1er1onella glac1alts. A. karurna. /llelos1ra sulcata, B1ddulpl11a spp. and Cosc111othscus spp. ; b.) DIA? Chae1oceros spp and 
Schroederella sp.; c.) DIA3: Rl11::.osole111a spp., Gu111ard1a sp. and Cerataultna sp 



Phytoplankton bloom timing, duration and magnitude. 

\Vhilc the phytoplankton seasonal succession \Vas remarkably repeated from 1988 to 1999, a 
sign1 ficant interannual variability \Vas observed 1n the tin11ng and duration of phytoplankton 
bloon1s (Figs. 4 & 6). 

The onset of the spring succession occurred bet\veen mid-February and late-March with the 
more frequent events bet\veen the end of February and mid-March (Fig. 7). Interestingly, this 
shift in the inception time of the bloom moves the whole phytoplankton spring succession. In 
particular, the onset of the Phaeocystis and DIA3 cornmunity took place bet,vcen early-March 
in 1997 and mid-April in 1996 (Fig. 7). Varying a1nbient tcn1perature (4 - 8.2 °C), salinity 
(32.2 - 34.9) and incident global radiation (253 - 597 J.cn1·2.d-1) conditions \Vere prevailing at 
the time of the phytoplankton bloom onset (Table 2). Much n1ore stable averaged PAR 

conditions in the \vater colu111n, varying fro111 l 0 to 14 µ11101 quanta. m·2.s·1 \Vere ho\vcver 
recorded at that ti111c (Table 2). 

1988 

1989 ? 

1990 

1991 

1992 

1993 

1994 

1995 

1996 

1997 

1998 

1999 

J r ivf A 1 J 
0 DIA1 0 DIA2 • DIA3 + Phaeocys!Js 

Figure 7: Tin1ing and duration of the 3 1nain spring comn1un1t1es: DIA 1, D1A2 and the 
assen1blagc of DIA3 and Phaeoc_1·st1s colonies. o data available in early March 1989. 

The spnng bloon1 duration 'ancd fron1 about a factor ? \\ 1th a n1inimun1 of 56 days in 1996 
and a n1ax1111un1 of 97 days 111 1995 (Fig. 7). o apparent relation to the tin11ng of the bloon1 
inception was found (Fig. 7). tarting again usually in nlid-June, diatom blooms persisted 
dunng summer and fall before ending around n1id-October to early November (Figs. 4b & 6). 
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Table 2: lntcrannual vanat1ons of ten1pcraturc, salin1ty, global rad1alton and averaged PAR in 
the \\ atc1 colun1n at the onset of the spnng bloon1. 

Year I cn1perature Salinity Global Sola1 A vcraged PAR 

Radiation 111 the \\ater column 
C'C) (J n1 2 d 1

) (un1ol m 2 s 1
) 

1988 5 8 32.2 384 14 
1989 - - - -
1990 8 2 34.6 414 14 
1991 60 33.6 377 13 
1992 5 9 34 0 323 1 1 
1993 60 33.5 597 12 
1994 SS 33 9 35 1 10 
1995 80 32 8 323 10 
1996 4 0 32 8 421 13 
1997 40 34 9 253 12 
199 59 33 0 294 12 
1999 7.0 34 I 573 14 

Also, the 1naxi n1un1 Chia concentration reached in spnng varied by a factor 3, ranging 
between 14 n1g. n1 -3 in 1992 and 45 1ng.n1·3 in 1993 and 1994 (Fig. 4a). The average spring 
Chi a concentration, taking into consideration both intensi ty and duration of the blooms, was 
varying tworold, fron1 6.9 mg.m·3 in 1989 to 17.4 n1g.n1·' in 1997 (Table 3). On the contrary, 
the magnitude of sumn1er and fall bloon1s showed lower year-to-year variability. In summer, 
maxin1un1 Chia concentrations varied between 10 and 16 ing.m-3 with average values, ranging 
between 3.6 and 5.7 mg.1n·3 (Table 3). During raJI, a t\vofold fluctuation of the average Chla 
concentrations, fro n1 1. 7 to 4.1 mg.m-3 \Vas estin1ated (Table 3 ). 

Table 3 : A\ eragc Chia concentrations (mg.m-3
) during spring, summer and fa ll dunng the 

period 1988 - 1999. 

Year Spring Sun11ner Fall 

1988 7 8 3.7 1.7 
1989 67 - -
1990 99 - -
1991 9.2 - -
1992 8 6 3 6 -
1993 16 0 4 8 39 
1994 16 9 5 6 41 
1995 I 0 4 4 5 1 8 
1996 91 57 27 
1997 I 1 4 5 6 1 6 
1998 86 3 7 17 
1999 89 4 2 25 
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The spring diaton1-Phaeocystis colonies succession 

Every year, the n1aximum Chi a concentration reached during spring co1Tesponded to the 
blooming of both Phaeocystis colonies and DIA3 comn1unity (Figs. 4a-c & 6c). The 1naximum 
C-biomass reached by Phaeoc_vst1s colonies ranged fron1 340 mgC.m-3 in 1992 to 4275 
mgC.m-3 1n 1993 \vhile the maximun1 C-biomass of DIA3 varied from 117 n1gC.n1-3 in l 99 1 to 
705 mgC.111-3 1n 1994 (Figs. 4c & 6c). 

The observed variation of the maxi1num Chla concentration reflects both a difference in the 
n1agnitudc of the two taxa but also their vaiying contribution to the phytoplankton 
community. This is evidenced when considering the C-biomass of both taxa integrated over 
the whole spnng period. In this \Vay, OIA3 contributed fron1 only 3 % in 1997 to 94 % in 1994 
of the total phytoplankton C-biomass (not sho\vn). 

Phaeocys11s colonies are biological entities composed of cells secreting an exopolysaccharidic 
matrix deprived of nutrients. The relative proportion of the mucilaginous con1ponent of 
Phaeocyst1s colony C-biomass increases significantly during the course of the bloom and 
could represent up to 90 % of the colony C-biomass (Rousseau et al., 1990). Calcu lated on a 
cellular basis, the relative proportion of DIA3 and Phaeocystis colonies average C-biomass 
changes dran1atically with DIA3 C-bio111ass contributing between 30 and 96 % of the total C­
biomass of spnng phytoplankton con1munity (Fig. 8). 
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Figure 8 Lntcrannual vanat1ons obscf\ ed 111 the averaged spring C-bion1ass of the DIA3 
con1111u111ty and Phaeoc_rs11s colon1al cells. 
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ea onal varia tion of in organic nutrient concentration 

The seasonal changes of dissolved inorganic nutrient (NH4 , N03, Si(OH)4 ) and P04 ) 

concentrations are shO\\n on Fig. 9. Nutrient concentrations reached at the end of the \V1nter 
period nuctuated fron1 year-to-year as a result of the con1bined effects of varying 1n1x1ng of 
fresh\vater sources and remineralisation. For the 1988- 1999 period, the winter concentrations 
\Vere in average 3 µM. 33 µM, 18 µM and l.2 µM for NH4 , N03, Si(OH)4 and P04, 

respectively (Fig. 9). Con1pared to diaton1 and phytoplankton nutrient requirements (N:P:Si 
16: l: 16), these \Vinter concentrations indicated a large excess of inorganic nitrogen 
(dominated at more than 90 % by N03) over Si(011)4 and P04 \Vhile these latter are \veil 
balanced. As a general trend, N03 and Si(OH)4 varied sin1ilarly \vith a maximum in \Vtnler 
and a niinin1un1 dunng the spring bloon1. A delay is ho\vever observed in the time of the 0 3 

and i(OH).i 1n1n11num concentrations. Later, during late spring and sumn1er, 0 3 and 
S1(0H)4 concentrations increased again and alten1ated bet\\ ecn ephen1eral peaks and very lO\\ 
values (Figs. 9b-c). From October, both 0 1 and Si(OH).i concentrations increased again 
progressively up to their n1axin1um \V1nter levels (Figs. 9b-c). NH.i and P04 concentrations 
also sho\ved a spnng decrease but significant accun1ulat1ons were recorded during late spnng 
and sun1111er due to very intensive heterolrophic activities occurring at that tin1e (Figs. 9a & d; 
sec Schoen1ann er al., 1998). The concentrations of these nutrients largely fluctuated during 
the \vhole vegetative period before progressively increasing again during fall. During sun1n1er 
and fall, nutrient concentrations are generally anticon·elated to the diatom occurrence (Figs. 4 
& 9), suggesting that top-dovvn control could regu late phytoplankton dynamic at that tin1e. 

Sprin g nutrient dynamics 

The spring dyna111ics of nutrients and phytoplankton \Vas highlighted by zoon1ing on the 
spring pcnod 1996 (Fig. 10). This year presents indeed a typical pattern of phytoplankton 
succession and nutrient. lnterannual variations are ho\.\ ever recorded in the amplitude of both 
phytoplankton C-biomass and nutrients concentrations (Fig. 9). 

In February, nutrient concentrations fluctuated around a\ erage \vinter levels of 32 µ.tvl, 6 µM, 
22 µM and 1 µM of 0 3, NH4, Si(OH)4 and P04 respectt\ ely (Fig. 10 b-d). The decrease of 
nutrient concentrations started from early-March, except for 0 3 \Vhich exhibited a higher 
concentrations in Mid-March (Fig. l 0 b-d). The spring nutrient decrease \Vas associated to the 
very n1oderate blooming of D!Al-2 assemblage (Fig.10 a-d). ln the sa1ne time, ho\\ ever, an 
increase of N01, 1(01-!)4 and P04 concentrations was correlated to a salinity decrease. At the 
end of the flowering of DIA 1-2, NH.i, Si(Oll )4 and P04 reached a 111inin1um values of 0.5, 1.8 
and 0.6 µM, respectively \vhile 28 µM of N03 \Vere left over (Fig. lOa-d). From 1nid-April to 
early-May, JJhaeocysris colonies and DIA3 con1muni ty consun1cd the ren1aining stock of N03 
while NIJ4, i(OH)4 and P04 concentrations ren1aincd at low levels during their flo\vering 
(Fig. I Oa-d). Fron1 their decline, the observed increase of nutrient concentrations suggests the 
predon11nance of heterotrophic activities, rcn11nerahsation and grazing (Fig. I Oa-d). 
Particularly, N03 increased from 6 to 1..., µM suggesting that high nitrification processes 
occurred at that t1Ine (Fig. 10 ab). 
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Di\Cll \\ i Oll 

·rhc n10111tonng data set of ph) toplankton at station 330 of Belgian co.1st.1l ".1tcrs 
cncon1passcs n1ult1ple sources of \ anab1hty In aJdtt1on to the 1ntr1ns1c succession patte111 
\\ ithin the seasonal c1cle. highly dynan11c changes of natural cond1ttons. / c. n1cteo1olog1c.tl 
changes but also potential n1od1fications of nutrient cond1t1ons related to hurnan acll\ 1t1cs arc 
processes dn\ 1ng the obsel\ ed changes 1n ph) toplankt011 C0111111Ulllt) 1 hcsc d1 Cfcrcnt 
clc1ncnts \\ill be discussed here and co1nparcd to the dyna1111cs of d1aton1s and JJJiococ\'\'fts 

colony bloo111 in adjacent areas 1\ part1cula1 attention \\as paid to the R/11::osole1110 spp. 
l)lu1eocrsr1s colony con1n1un1ty \\ h1ch 111akcs the bulk phytoplankton b1on1ass during the 
spnng hloon1 . 

Fhc du1to1J1 Phaeoc\ sL1s success1011 

In spite of the \ anable hydrod111an11c cond1t1ons pre\ ailing at station 330. the ph}toplankton 
succession of the \ arious d1aton1 con1111un1 t1cs as \\ell as the d1aton1-J>Jiaeoc\ sirs colon1cs 
succession \\as recurrent from year-to-) car fhc obsen ed seasonal patten1 and flonst1c 
con1pos1t1on are typical of the non-stratified outhen1 Bight of the rorth ea (G1eskcs &. 
Kraa}. 1975, \'elhu1s et al., 1986, Cadcc, 1986, Cadce & Hegc1nan, 1986; 199lb, Bakker et 
al, 1990, Lancelot et al., 1998) The 1n1t1at1011 of the spnng succession by sn1all colonial 
d1aton1s (DI·\ I) \\hose representat1\ e species arc Thalass1os1ra spp., Skelero11e11u1 costat11111, 
Thalass1011e111a 1111:sc/110Ydes, Plag1ogra11111u1 hroc/..111a111111, .Asterronella glacu1/rs. A karrana. 
/'vlelosrra sulcata, Buldulphra spp. and the no\\ enng or a Chaetoceros spp.- Schroederella 
sp don11nated d1ato111 comn1unity (DtA2) at the end or this venial bloom \Vere also reported 111 
adjacent Dutch coastal \vaters (Gieskes & Kraay, 1975; Cadee, 199 l ). The presence or 
C'haetoceros spp. at Plzaeocyst1s colony bloon1 inception \Vas largely reported for the North 

ea (Boalch, 1987) but also in various other env1ronn1ent such as the Tasn1an Bay (Chang, 
1983), the Irish sea (Jones & Hacq, 1963). the Arctic fjords (Eilertsen & Taasen, 1984) 

E\ cry year, the bulk phytoplankton b1on1ass during the spring bloom \Vas con1posed or 
f)haeocyslls colonies but also of d1aton1s such as G11111ardu.1 sp., Ceraraul111a sp. but largely 
don11natcd b) R/11:osole111a spp (DI \3) rhc co-occurrence of Phaeocrstrs colonies and 
Rl11:osolc111a spp -don11nated diaton1 con1111un1t1 \\as reported in other areas of the outhcn1 

orth ea (Cadee, 1986, Veldhu1s et al , 1986, Cadce & Hegeman, 1991 a; Rahn1cl et al , 
1 995~ Pepcr?ak et al, 1998; Ph1hppart et al, 2000) On the contrary, 1t contrasts '' tth the 
obscn at1on of the n1utuahst1c exclusion of d1aton1s and Phaeocyst1s 111 the Gcn11an Bight 
(\\'c1ssc et al, 1986). lntercst1ngly. the reported d1ato111 succession, \v1th an accu111ulallon or 
the R/11:osole111a spp -don1inated d1aton1co1nn1un1ty111 late spnng-sun1mer, 1s also rccon.Jcd 111 
poorly enriched Atlantic \~:aters (Grall, 1973; ou1111a et al., l 987). This suggests that the 
succession or the three diaton1 assen1blagcs constitutes the basic con1ponent of the North 
Atlantic \\ atcrs that flows through the Channel along the continental coast. !'haeoc)•str\· 
colon1cs appear then as an additional con1ponent of the phytoplankton con1n1un1 ty, 
supcrin1pos1ng on the natural diato111 succession 111 response to the continental sources or 
anthropogcn1c nutnents (Lancelot et al .• 1987) 

l-~ac101 s confl ollu1g the b/00111 111cevtro11 

The onset of the spnng bloon1 shO\\Cd s1gn1ficant intcrannual \anab1ltty v.h1ch did not 
correl.nc \\ ith a1nb1ent ten1peraturc or 1nc1<.lenl global rad1allon Tcn1peraturcs ranging 
bet\\ ccn 4°C and 8 2 C and solar radiauon~ bcl\\ ccn 253 and 597 J cn1 ~ .d- 1 \\ere indeed 
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recorded at the DI\ I spring bloom onset Rather our results sho\v that the ambient light, driven 
by the load of suspended matter, \\as the factor detcnn1n1ng the onset of the phytoplankton 
bloo1n A light threshold of about 12 µn1ol quanta 111 .i.s 1 1n average for the penod 1988-
1999, 111 this 17111-depth \\ater colu11111, \\Otild be required for the beg1nn1ng of the 
phytoplankton e\.pone11t1al gro\vth. The light control of the start of phytoplankton spn11g 
bloon1 \\as already reported in Dutch coastal \vaters by G1eskes and Kraay (1975) \vho 
esti111ated that a threshold of 0.03 gcal.c111 2.n1in 1 (about I 0 µn1ole quanta.m·2.s·1) was 
necessary for gro\vth of the first d1ato1n con1n1unity. ~rhese authors observed that the bloon1 
\Vas starting later inshore than offshore due to the higher turbidity caused by river discharges. 
Also Cadce ( 1986) observed a close relat1onsh1p bet\veen the start of the spring bloon1 in the 
Marsd1ep and the turbidity. For all these areas, the ltght threshold 1s primarily detern1ined by 
the turb1d1ty of the coastal \Vaters, 1 e. the content of suspended n1atter driven by river loads 
and resuspens1on of suspended matter under control of tidal amplitude and \v1nd forcing. 

Factors co11trol/111g the dza10111-Plzaeocrst1s success1011 

The grO\\ th of the late \\inter-early spring d1aton1s (DIA l) under nutnent repleted condil!ons, 
suggests that a better adaptation of these d1aton1 species to the IO\V temperature and 1rradiance 
prevailing at that time. As a matter of fact, these species are characterized by higher specific 
grO\\ th rates 111 the ten1perature range typical of the early spring ( 4-8°C) con1pared to the late 
spring diato1ns and Phaeoc_i·stis colonies (Lancelot et al., 1998). [n a comparative study on 
the photoacclirnation behaviour of Thalass1os1ra sp. (DIA I) and Phaeoc;•st1s colonies, Meyer 
et al. (2000) den1onstrated that the light saturation for optin1al cell division rate was reached 
for the diaton1 at water colunm irradiance prevailing in late winter-early spring (10 µE.m·2.s-1) 
while Phaeoc;1stis colony is still far belo\v its saturation level. Thi s adaptation to both low 
temperature and light level could well explain the don11nance of these first diatom co1nn1unity 
in early spring. 

The grovvth of the late winter-early spring diatom con1n1unity (DIA 1) and of Chaetoceros spp.­
Schroederella spp. (DIA2) consumed the \\inter stock of NI-Li, Si(OH)-i and P04 \Vhile N03 
concentrations ranging from 4 to 32 µM depending of the year, \Vere left over. Such nutrient 
spring decrease related to the early diatom bloom \Vas observed 111 the French (Grosse!, pers. 
comm.; ournia et al. , 1987), Dutch (Veldhuis et al., 1986; Peperzak et al., 1998) and Gern1an 
(Weisse et al., 1986) coastal \vaters. Ho\vever, depending on the level of enrichment of the 
area, N03 an1ount left over vary. While 0 3 is depleted 1n the Channel, increasing amounts 
ofN03 arc left over along the coast of the Southern Bight of the North Sea due to the residual 
c irculation (Lancelot et al., 1991; Lancelot, 1995). This N03 excess \vas shown to govern the 
amplitude of the Phaeoc.vstis bloom as evidenced by the positive relationship existing 
between the n1aximum Phaeoc.vstis cell density reached and the N03 availability (Lancelot, 
1995). 

Very low P04 concentrations (0.08 µM) persisting dunng Phaeoc_vstis growth were reported 
for the outhern North Sea (van Bennekon1 et al, 1975; Yeldhuis et al. , 1986, Weisse et al. , 
1986; Rahn1cl et al , 1995). The IO\V P04 concentrations recorded at the time of Phaeocyst1s 
inception \Vas suspected to induce the process of colony fonnation from soli tary cells present 
in the \Valer (Ycldhuis et al., l 987b; Canou et al, l 994). The possible role of Chaetoceros 
spp 1n tnggcnng the Phaeoc.rst1s colony formation, through n1echanical or allelopath1c 
effects, \\as also suspected but never pro\ ed (Boalch, 1987; Cadee, 1991; Rousseau et al, 
1994) It \\as also suggested that light could act as a trigger for colony formation (Pepcr1ak, 
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1993 ). Phaeoc.l'st1s colony bloom onset \Vas indeed related to a rapid light increase in the 
\\ ater colun1n (Peperzak et al., 1988). This observation is compatible \vith recent expenn1ental 
work den1onstrat1ng the ability of Phaeoc_rst1s colonies to respond to a rapid light increase 
through xanthophyll cycling (Meyer et al., 2000). 

The vc1111111g contrrbution o[RhizosolenLa do111111ated co1111nu111tv and Phaeocyst1s colonres to 
the spr111g b/00111 

The observation of sometin1es high diaton1 bion1ass at the ti1ne of Phaeocyst1s colony blootn 
contrasts vvith the general assun1ption that the spring bloo1n is entirely don1inated by 
Phaeocystis colonies after diatoms are limited by Si(Ol-£)4. 

The relative contribution of Pliaeocystis colonies and Rhizosolenia-dominated community to 
the phytoplankton spring bloom was changing significantly from year to year (Fig. 8). This 
high variability recorded in the relative proportion of the Rluzosole111a con1munity and 
Phaeoc.yst1s \Vas not corresponding to a drastic interannual modification of the nutrient loads 
for the investigated period (Table l ). A significant (n = 11 ; r = 0.81 at P<O.O 1) negative 
correlation is however observed betvveen the proportion of the Rhizosole111a spp.-dominated 
comn1unity (DIA3) to the total phytoplankton cell (DJA3 + Phaeoc_vstis colonial cell) C­
biomass averaged over the spring bloon1, and the average salinity prevailing during their 
nowering (Fig. 11 ). This relation suggests that the niain source of variability at the tin1e scale 
of 12 years is related to changes in hydrodynamic conditions prevailing at station 330 due to 
different meteorological driving forces. Clearly, the Rhr=.osolenia spp.-do1ninated comn1unity 
represented a larger proportion of the phytoplankton C-biomass at lo\ver salinity while 
Phaeocyst1s colonies reach higher C-biomass when salinity is hjgh during the spring bloom 
(Fig. 11 ). This suggests a different spatial distribution of both taxa with diato111s bloon1ing 
closer to freshwater source and Phaeocyst1s colonies n1ore offshore. 
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The '1rtu.1l gcograph1cal d1slnbut1on o r d1ato111s and l'liaeoc\1s·t1\ colonies observed could be 
related lo the nutrient signature of the " atc1 1nasses I he d1stnbut1on of the \Vlnter nutnent 
ratios along salin1t1 gradient (Fig. 12) calculated on basis o f the data used 1n Fig. 3, shO\\ S a 
clear significant (at P < 0 0 I ) decrease of .P ( l·1g 12 a) and S1. P (Fig 12 c) ' ' htle N :S1 (1"' 1g 
12 b) do nol sho\\ any trend. The nutrient quality grac.l1 cnt sho\vs the excess ofN over P and 
1 '' 1th regards to phytoplank.ton needs 1s p1 escnt 111 the '" hole Belgian coastal waters. On the 

contrary, a <lcfi c1t of 1 over P con1parcd to d1 ato111 requircn1cnt 1s observed above sal1n1ty 3 1. 
This suggests that only bclo\v salinity 3 1, a '' e ll-balanced nutri ent cnv1ron111ent con1parcd to 
the d1aton1 nutri ent rcquiren1ents 1.e :P:S i 16· l 16, \\ as preva iling. ~fhis could explain the 
don11nancc o f d1aton1s O\ er Phaeoc\1st1s co lo ni~s under these nutrient conditi ons. 
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The addillonal 1111pact of the decreasing trend observed 111 the P04 concentrations '' h1ch 
supenn1poses on the spatial 'anabiltt) could ho'' e\'er not be evidenced 1n this stud) (Fig 3, 
Table I). 

The occurrence of important R/11:osole111a delicatula bion1ass, \V1th cell density reaching n1ore 
than I ? 106 cells r' (3 times the n1aximun1 concentrations recorded al station 330), 1n the 
Channel \\as associated to ' cry IO\\ nutrient concentrat ions ( oum1a et al , 1987) Their 
grO\\ th occurred indeed at N03, N f-I4 , P04 and 1(0H)4 concentrations of 0.3, 0.4, 0. 1 and I 5 
µM, respectively (Soumia et al., 1997). Well adapted to gro\V al these lo\v nutrient 
concentrations, this species is sustained by either rc1nineralisation or riverine inputs (de! An10 
et al. 1997) provided they arc \veil-balanced. The demonstrated IO\V i(OI I).i requiren1ent of 
the R/11:osole111a community confinns their abi ltty to gro'' at lo\\ i supply (Rousseau et al, 
subn11tted). 

Whtie co-occurring with the Rluzosole11ia spp., Phaeocyst1s colonies are ho\vever 
characterized by a different nutrient regin1c. The very lo'v P04 concentrations recorded 
dunng the Phaeocvstis colonies bloo1n and the excess of 0 3 left over by the early spring 
d1aton1s suggests this phytoplankter is characteri7ed by a "mixed" nutnl1onal behaviour, 
growing on new sources of NO~ and partially ren1ineralised P04 A carbon budget established 
ror the spring bloon1 period in the Belgian coastal waters sho\vs that only a third of the diaton1 
bion1ass was gra7ed and that most of the diatom production undenvent lysis and \Vas 
re1nineralised by bacteria (Rousseau et al., 2000). On the other hand, the ability of 
Phaeoc_vst1s to gro'v on organic source of phosphorus has been established in cultures 
(Vcldhuis et al., 1987a; van Boeke! & Veldhuis, 1990; van Boeke!, 199 1). 

A selective zooplankton control by grazing could also explain the variability or the 
contribution or these 2 taxa to the phytoplankton spring con1munity. Seasonal cycle of 
herbivorous zooplankton in the Belgian coastal \vaters sho,vs that high density are recorded 
from early Apnl to end September (Hecq, 1982) suggesting a high grazing pressure. There is 
now strong evidence that Phaeoc_rstis colonies escape to 111esozooplankton grazing in these 
shallow coastal waters (Hansen & van Bocckel, 1991 ; Weisse et al., 1994; Gasparini et al., 
2000). It is ho\vcver still questionable if diaton1s of the Rhr::osolenia-dorninatcd comn1unity 
are grazed or not. Although these diato1ns could constitute a good source of food ror 
mesozooplankton, a mechanical or chemical hindrance due to Phaeoc_rst1s mucilage could 
explain the reduced clearance rates for diatoms measured at the time of Phaeoc;·st1s co lony 
bloon1 (Gasparini et al., 2000). 

All together, these results indicate the niultiractorial control of the diaton1-diatom and diato1n­
Phaeocyst1s colonies succession, consisting 111 a complex interaction bet,veen light and 
te1nperature adaptation, nutnent status, potential allelopath1c effects. Only a careful 
characterization or the nutritional physiology of Phaeoc_l'StlS colonies and the three n1ain 
diaton1 con1munitics succeeding during spnng \VOuld provide a deeper understanding of the 
succession pattern as well as the relative in1po1iance of the (\\ o blooming tax a. 
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A bstract 

The s1gn1ficance of silicon 111 the diatom bloom d}nan11cs 111 the eutroph1cated coastal '' atcrs of the 
Belgian coa"lal \\aters ( outhcm Bight of the North Sea) \\as assessed by 1n\cst1gat1ng ph}toplanklon 
succession and nutrient changes during the seasonal cycle of 1995 Particular attention \Vas paid to 
establish the ltnk bet,veen J15solved stl1catc ava1labtl1ty. d1..1to1n species succession and their stl1ca 
content l he stl1ca cellul.11 content {s1ltc1ficat1on le' cl) of natural <.ltatom commun1t1cs \\'as 
determined on basis of l\\ o methods. The rncasurement of b1ogen1c s1ltca after alkaline d1gcslton of 
pamculate matcnal and est1111atc of diatom carbon b1on1as<; derived from m1croscop1c obscf\at1ons 
'vas perfom1cd on "eekl} samples from the reference stal1on 330 of the Belgian coastal \vaters As an 
alternat1,·e n1ethod, parallel 24 hour-k1net1cs cxpenmenls or 11C 1ncorporat1on into proteins, as an 
index of ph}toplankton gro,vth. and 32St 1ncorporat1on into d1atom-dom1natcd natural con1mun1t1es 
\vere conducted 1n sem1-s1tu condn1ons 1 he seasonal pattern of diatom grO\\ th ''as charactcn1ed by 
three diatom assemblages don11nated b} small nent1c species, Chaetoceros spp - Schroederella sp. 
and Rh1=0.\o/e111a spp, respectn ely Supen1npos1ng the t\\ o latter dtatom commun1t1es, Phaeoc; st1s 
colonies bloomed dunng about one month fhc t\\O methods evidenced that the 3 diatom assemblages 
\Vere characlcnsed by d1st1nct stl1ca content \V1th S1:C values decreasing from 0.68 to 0.04 along the 
course of the spring bloom and ambient dissolved silicate decreasing from about 13 µM to a m1n1mum 
of 1.3 µl\1 The pos1tt,·e relat1onsh1p obscf'·cd bet\\ een the diatom S1 C ratio and ambient dissolved 
s1hcate \\'ould suggest that dissolved silicate avatlabtl1ty play a maJor role 1n shaping the diatom 
succession 1n the Belgian coastal 'vaters 1 he t\\Ofold vanab1ltty of the d1aton1 S1:C ratio recorded 
within each assemblage \vould, ho\vevcr. suggest that intra-specific variabtl1ty might be important as 
\vell. Our data are compared \V1th available 1nfonTiat1on on lhe inter- and 1ntra-spec1fic vanabtltty of 
1ndiv1dual manne dtatorn species and thei r potential controlltng factors. An add1t1onal laboratory 
expenment '' 1th pure Skele1011e111a costat11111 cultures e' 1denced that detrtta l diatoms could ,,·ell 
represent an important proportion of the extracted BSt and hence s1gn1ficantly overestimate the 
calculation of St : C ratio of diatoms. 

Key \Vorel : Diatoms. succession, s1hcate, s1hc1ficat1on level 
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/11tro{/11 ctio11 

Diaton1s have an absolute requircn1cnt for silicon and the avai lability of dissolved silicate can 
li1nit diatom grO\\lh. Depiction of dissolved silicate relative to inorganic nitrogen and 
phosphate has been observed to select for non-siliceous algae. As conceptually discussed in 
Officer & Ryther (1980) and Billen et al. (1991), this shift is exacerbated in coastal waters 
recei\ ing anthropogenic inputs of nitrogen and phosphorus and results in the don1inance of 
often poorly edible non-siliceous algae\\ ith harmful consequences. 

Such is the case of the Belgian coastal waters (Southern Bight of the North Sea) largely 
influenced by freshwater sources \vith high concentrations of nutrients of anthropogenic 
origin. The \\'inter signature of these coastal \vaters (Lancelot et al., 199 1; Lancelot 1995) 
shO\VS nitrogen (n1ostly nitrate) excess, and silicate and phosphate deficiency relative to 
dialon1 silica requ1rernents (B1re1inski, 1985) and nitrogen and phosphorus phytoplankton 
needs (Redfield et al., 1963). As a consequence, the spring phytoplankton bloon1 is recurrently 
do1ninaled by large unpalatable Phaeoc)1stis colonies succeed ing lo an early spring diatom 
bloo1n (Lancelot et al., 1987; Cadee & Ilegeman, 1991; Lancelot, 1995, Lancelot et al., 
1998). Nutrient changes along the spring bloo1n suggest that the gro,vth of early spring 
diaton1s is limited by dissolved silicate a"a1labllity (Billen et al., 1991; Schoemann et al., 
1998; Rousseau et al, in preparation) \Vhi le the n1agnitude of the PhaeoCJ'Stis bloom is 
deten11ined by the excess of nitrate (Lancelot, 1995; Lancelot et al., 1998). The bloom of 
Pliaeoc) 'Stis colonies in the Belgian coastal \vaters is generally unique and persists during 20-
40 days in spring (Rousseau et al, in preparation). On the contrary, diatoms are always 
present and contnbute significantly to the phytoplankton community throughout the 
vegetative season including periods of Phaeocyst1s occurrence when ambient dissolved silica 
is very lo\v (Lancelot et al., 1998). At this tin1c, two consecutive diato1n assemblages with 
different species composition succeed to the early spring diaton1 community (Lancelot et al., 
1998). This suggests that fresh\\ ater input and re-mineralisation processes are sustaining the 
grO\\ th of post-spring diatoms n1ak1ng more con1plex the link bet\\ een silicate availability and 
diatom succession and coastal eutrophicat1on 111 general, as already reported for other coastal 
areas (Ragueneau et al., 1994; Del Amo et al., 1997). Hence a highly relevant question with 
this respect is \Vhethcr the an1bient silicate is an i1nportant factor in the selection of the diatom 
species Earlier n11croscopic obsen·at1ons in the English Channel (Cooper, 1933) reported 
indeed that a thin-\\ ailed species ( Cerataulina JJelagica) succeeded to a thick-\valled one 
(Cosc111od1scus gra\'ll) \\hen dissolved silicate declined during the spring bloom. 
Unfortunately the cl1ato1n sil ica content was not 111easured. On the other hand, an extensive 
laboratory study conducted on 27 n1arine species reported an interspeci fie variabi lity of the 
diaton1 si licification level S1:C of about one order of magnitude (0.04-0.42; Brzezinski, 1985). 
Y cl the link bet\\ een diaton1 succession and dissolved sil icate avai labtlity in natural 
environments is probably more con1plex due to the 1ntraspecific variabili ty \Vith si lica content 
of species decreasing under si li con lin1itation ('filn1an & Kilha1n, 1976). 

In order to better understand the significance of si licon 111 eutrophicated coastal seas, 
phytoplankton succession and nutrient changes\\ ere 1n\·estigated in the Belgian coastal \Vaters 
of the North Sea during the seasonal cycle of 1995. Particular attention \\as paid to establish 
the link between dissolved silicate a\iailabil 1ty, d1aton1 species succession and their silica 
content. The detcrn1ination of the diatorn silica content \Vas estin1ated indirectly based on the 
con1bination of different n1ethods (chen1ical and 1nicroscopic, radiotracers) in order to 
c1rcurnscnbe the interference of non-diaton1 carbon and detntal particulate sil icon of various 
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ongin (lithogen1c n1aterial and detrilal diatom frustules). In the first niethod, the sil ica ceJlular 
content of the natural diato1n comn1unitics \Vas determined on basis of the measurement of 
biogcn1c silica (8 i) after alk.aline digestion of particulate n1atenal (Paasche, 1980, Krausse et 
al., 19 3) and estimate of diato111 carbon b1on1ass (C-bion1ass) den vcd from niicroscoptc 
observations. The protocol of Ragueneau & 1~r6guer ( 1994) was used to remove the 
interference of lithogenic si lica (LSi). Additional laboratory expe1in1cnts \Vith pure diatom 
cultures\\ ere conducted to estimate the interference of dead diatoms. 

As an al ternative niethod to estimate the silici.fication level of natural diatoms, we conducted 
parallel time-course studies of 14C and 32Si incorporation into diatom-dominated natural 
com1nunities. Indeed the recent 32Si technique (Treguer et al., 1991; Brzezinski & Phillips, 
1997) has been applied successfully in various 1narine environments to n1easure the BSi 
production associated to living diaton1s (e.g. Trcguer et al., 1991; Nelson & Dortch, 1996; 
Brze7inski et al., 1997; l998; Ragueneau et al., 2000). 

In this paper, \\IC present data on the silica content of coastal diatom con11nunities succeeding 
in the Belgian coastal vvaters of the North Sea along the 1995 seasonal cycle, as obtained by 
the application of both methods. Results are discussed in relationship \Vith silicate availabi lity 
and species do1111nance. 

A-Jaterial a11<l 111 etl1ods 

Diaton1 cultures. A Skeletonenza costatun1 monospeci fie culture (North Sea strain) was 
gTO\Vll in polycarbonate carboy in the n1odified F20 n1edium (Rousseau et al., 1990) where 50 
µM of Na2St03.9H:!O (fi nal concentration) \Vere added. The culture \Vas !ra_intained under a 
12h: l 2h light:dark cycle \vith an illu111ination intensity of 200 µmole .n1 -.s 

1 
at a constant 

temperature of 8°C. In order to esti rnate the interference of detrital BSi, two sub-cultures of 
the exponentially gro,ving culture \\'ere congidered : one pure S. costat111n and one enriched 
\vith empty fn1 stules of S. costation (6.5 10 cell.r1). The en1pty frustules \Vere obtained by 
pasteurisation by heating at 70°C for l hour an aliquot of the stock culture. After a 24h delay, 
sampl es of each sub-culture \Vere taken for diatom enumeration and C-bion1ass detcnnination 
as \\e ll as B i and nutrient analysis. 

Field ampling. Measuren1ents \Vere conducted on samples collected at the station 330 (N 
51° 26.00 - E 002° 48.50). This station is part of the Belgian network. It const itutes since 
1988 the reference station for inonitoiing seasonal and interannual changes in the Belgian 
coastal \Vaters (Southern Bight of the orth Sea) O\\ing to its a' erage physico-chemical 
characteristics (depth, temperature, salinity, nutrient enrichment level). These continental 
coastal \Vaters nowing nor1hcastward are influenced by freshwater discharges of the Scheidt 
(Yang, 1998) and to a less extent, by the Rhine/Meuse (van Bennekom & Wetstcijn, 1990). 
The strong tidal currents combined to a shallo\v \vater column ensure a complete vertical 
mrxrng of the \Valer colun1n (Simpson, 1994). The discharge of continental suspended matter 
together \Vith a quasi-pem1anent resuspension of sandy and silt sedin1ents due to the high 
turbulent regin1c, supply these coastal \\ aters '' ith large an1ounts of particulate matter 

Surface sea\\ atcr samples \Vere collected 'vith a bucket aboard R.\r. Belgica. Sampling \Vas 
conducted at a \VCekly frequency bct\veen February and December 1995. Sub-san1ples \verc 
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analysed for major nutrients (NH4 , N0 3, P04 and Si(Ol l).i), phytoplankton and BSi . 
Radiotracer experin1ents ' ' ere n1n \\ ith four diatom-dominated phytopl ankton communities, 
three collected in March 1995 and one in October 1995 . 

Analytical methods 

Major nutrients (Nl 14 , N03, P04 and Si(OJ 1)4 ) concentrations \vere determined on 0.45 µn1 
filtered sea,vater according to the colorimetric nlethods described in Grasshof et al. (1983). 

Diatoms as \Veil as the non-stliceous PhaeoCJ'Sl is colonies and free- li ving cells \Vere 
enun1erated under inverted n1icroscope (Leitz Fluovert) according to Utem1ohl 's method 
(Has le, 1978). Samples \Vere preserved with J o/o (final concentration) lugol-glutaraldehyde 
solution and stored at 4°C in the dark until analysis. Magnification \Vas chosen according to 
cell or colony size: 40 or 100 X for Phaeoc_rst1s colonies; I 00 or 200 X for diaton1s and 320 X 
for cells of s ize less than 50 µn1. At least 400 cells \Vere enu111erated in total \vith 100 cells of 
the rnost abundant genus or species. Diatoms were enumerated and identifi ed according to the 
genus level unless a species \Vas easily identi liable or don1inant. Their C-biomass was 
calculated on the basis of cell density and biometric factors determined for each species or 
genus. A specific average conversion factor \Vas calculated rron1 biovolumes 1neasured on a 
cell population throughout the period of its development. Biovolumes were then converted 
using a carbon content factor or 0.1 l pgC µm ·3 of plasrna ' olun1c (Edler, 1979). Phaeoc)'Sl is 
colony and free- li ving C-bion1ass \Vas calculated according to Rousseau et al. ( 1990). 

BSi \Vas detem1ined on particu late material collected on 47 mm diameter polycarbonate 
me111brane (0.6 µn1 pore size~ ucleopore). Filters \Vere dried immediate ly after filtration at 
50°C for l 2h. Filters \Vere stored at room ten1perature in sealed Petri dishes until analysis. 
Two 1nethods \Vere applied for determination of BSi of culture and fi eld samples. The BSi 
from the S. costatu111 cultures was determined on basis of time course experiments on the 
dissolution of BSi in boiling 0.2 M NaOH (Ragueneau & Trcgucr, 1994). BSi concentrations 
of the samples are then calculated from the Y-extrapolated intercept at the plateau (de ivlaster, 
198 1 ). BSi concentrations fro1n fi eld samples were detem1ined according to the sequential 
Na(OI-I)/HF digestion 1nethod (Ragueneau & Treguer, 1994). This method is based on the 
determination of a factor correcting the interference of LS i leaching \Vith BSi extraction 
during the NaOH digestion. A linear relationshi p holds bet,veen lithogenic material extracted 
and the BSi of san1ples collected during period or lo\v biological activity. The slope of this 
regression represents the proportion of LSi extrac ted '' ith B i. Application o f this method on 
sa1n ples fro1n the Belgian coastal waters during \vinter and IO\V diatom occurrence periods, 
estin1ates that the contribution or LSi to BSi was 0.28 (n = 6; r2 

= 0.74). 

Tracer experirncnts 

The silicification le' cl of diaton1s \Vas estin1atcd by running parallel 24 hour time-course 
kinetics of 14C and 32 Si radiotracer experi111ents on natural con1munities sampled at station 
330. rncubations \Vere conducted at in situ ten1perature under saturating light intensity (200 
µm ole.m-2.s·1

) under a l 2h: 12h light:dark cycle. 

lncorporation of 14C into proteins \vas measured kinetically. Protein synthesis is indeed 
considered as good index or phytoplankton grO\Vth (Lancelot et al., 1986). Natural 
comn1unities \Vere inoculated \Vith 100 µCi.i-1 of a solution o r 14C-bicarbonate (45 n1Ci. 
111n1ole-1

, Amershan1). After incubation, san1ples \Vere filtered according to the procedure 
described by Mathot et al. (1992). Proteins \Vere then specifically isolated fron1 other cellular 
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constituents ancr l'C ,\ precipitation (protocol of l ancclot and l\tlathot, l 985). Radioact1v1ty 
1ncorporatc<l into proteins \vas n1easurcd by ltqu1c.J sc1nt11lat1on (Packard Tn-Carb) afier 
<l1sso lut1on of proteins 111 l 0 1111 Reac.Jy afc (Bcck111an) 

ln par.1llcl to 
14

C cxpcnn1ents, t1n1e course of 3
, 1 1ncorporat1on by natural diaton1 

con11nun1ties \\as n1casurecl making use of the protocol o f 'frcguer et al. (1 991). Natural 
san1plcs \\ Crc inocu lated \Vith 0.6 µCi.11 of a 32St(011) 1 solution (1.125 µCi.µgSi -1; Los 
Alan1os, U ) in NaOH 0.1 N and incubated in 200 1111 polycarbonate fl ask. Afier each 
incubation t1n1e, phytoplankton \Vas collected by filtration on 0.6 µn1 polycarbonate 
n1cmbrancs (Nuclcopore) and rinsed \Vith 0.2 µn1 -filtered sea\vater. The diatom 32Si 
incorporation \Vas estin1ated by detection of the Cerenkov radiation (Packard Tri-Carb) of the 
daughter 32P afler secular equilibrium \vas reached (about 4 n1onths) 

Re 11/ts 

Phytoplankton ucce ion in the Belgian coa tat '' aters in 1995. 

Diatoms and Phaeocys11s are major contributors of ph11oplankton in the Belgian coastal 
\Vaters (Rousseau er al., in preparation). 1\ s repo11cd by Fig. I, diatoms \Vere alinost 
permanently present in the Belgian coastal \Vaters throughout the 1995 vegetative period. On 
the contrary the occurrence of Phaeocystts colonies, although i1npressive in bion1ass, \vas 
Jin1ited to t\VO n1onths in spring (Fig. I). Diaton1s initiated the phytop lanktonic succession at 
1nid-February, \vhen a light threshold of about 12 ~tn1o l e 111 2s·1 \Vas reached in the water 
colun111 (Rousseau et al., in preparation). Their biomass increased from a background level 
of 10 1ngC. n1 3 up to the end of Apri l 'vhen the niaximu111 \Vas reached (226 mgC.m-3, Fig.1). 
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Figure 1: Seasonal changes of diatoms (open dots) and Phaeoc;1stis (black dots) C-biomass 
observed at station 330 in 1995. 
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Diatoms n1aintained at level as rngh as 136 111gc.m·3 during the Phaeocystis bloom. Al the 
end of May, diatoms nearly disappeared from the \Valer column for a one-1nonth period. A 
summer diatom bloon1 (138 111gC.111-3) occurred in July-August and a late rather modest 
diaton1 grovvth occurred in October. Phaeoc)·stis colonies bloon1ed bet\veen late tvfarch and 
early June (Fig. I). As an average, Phaeoc_rstrs biomass reached \Vas simi Jar to that of diaton1s 
except in n1id-May \Vhen a niaximum colony biomass of 540 nigC.1n·3 \Vas recorded (Fig. 1 ). 

Three seasonally distinct diatom assemblages that represented together more than 95 % of the 
C-biomass could be identi tied fron1 the taxonomic analysis (Fig. 2; Rousseau et al., in 
preparation). The early diatoms (assen1blage l) \Vere characterised by small colony-forming 
neri tic species: Asterionella glacialis. A. kariana, Thalassiosira spp., Thalassione111a 
nitzschioicles, Skeleto11e111a costatzon, AJelosLra sulcala, Plag1ogra111111a hroclananii (Fig. 2). 
Consecutive to this group a second diatom assemblage con1posed of Chaetoceros spp. and 
Schroederel/a sp. bloomed in mid-March (Fig.2). This comn1unity partly co-occurred \Vith 
Phaeoc;·st1s colonies (Figs. I & 2) but \vas rapidly replaced by a Rhrzosolenra-dominated 
con1munity (mainly R. stolte1fothii and R. delrcatula). The latter diatoms (assemblage 3) were 
present during the 'vhole Phaeocytis bloom, reaching in Apri l the maximum diatom bion1ass 
ever recorded in 1995 (Fig. 2). During sumn1er, the diatom con1munity \Vas again dominated 
by the genus Rhisozolenia, 111ainly R. delicat11/a and R. shrubsolei, which composed the bu lk 
diatom at the end of July (Fig. 2). The autumn di aton1 community \Vas basically similar to the 
early assen1blage \Vith ho,vcver the additional occurrence of large Cosci11odiscus spp. 
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Figure 2: Seasonal changes of the late winter and fall (diamonds), the Chaetoceros­
Schroederella-dominated (squares) and Rhizosole111a-dominated (dots) diatom 
assemblages bloomjng at station 330 in 1995. 

Phytoplankton domin ance and ino rganic nutrient concentrations 

Jn February, the early diatom comn1unity was responsible for the consun1ption of the Si(OH)4 

and PO.i \\inter stocks, \vhose concentrations ''ere in average 13 µM and 2. 7 µM respectively 
(Figs. 2 & 3b,c). Son1e 3.9 µM Si(OH).i and 0.3 µM P04 were left over at the end of March 
when the diatom population shifted to\vards assemblage 2 (Chaetoceros spp. and 
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c/11 ocdcrclla sp ) I he latter co111n1un1ly 1na1nla1ncd al lO\\ an1h1enl St(OH) 1 / e l 5 ~tM up 
lo n11d-r\pnl . (l•tgs 2 & 3b,c). 1-\t thal l11nc, a pc.tk of 1 I µ~1 of P04 \Vas recorded probably 
due lo rc-n11ncraltsal1on of the early thalon1-dcn' ed n1alcnal. ln contrast, N0 3 concentrati ons 
rcn1a1ncd at an a\ en1gc le\ cl of l 9 µ 1 unlt l early ;\pn I ( f< 1g Ja). This large excess of N0

3 
O\ Cr 1(011)4 and P04 \\as nearly depicted al the tune of J>hc1<! ocl'Sl1s colony bloon1 n1ax1n1un1 
(Figs 2 L~ 3a). In the scconu half of !\lay, the decline of the 1~1iaeoc;1st1s and R/11zosole11u1 
spp. bloon1 corresponded to lo'v N03, 1(0 J 1)4 and P04 concentrations, 1.e. I .3, 4.8 and 0.2 
~t~l, rcspccti' ely (Figs. 2 & Ja-c). The increase in nutrient concentrations observed in June 
\vas due to 1111portant re-1nineralisation processes (Billen & Fontigny, 1987) in the nearly 
absence of diaton1s. The latter \Vas explained by the presence of high bio1nass of the giant 
01nn1vorous dinoOagellate Noct1/uca (Schoen1ann et al , 1998). As a consequence, a high 
transient NI r .. accun1ulation of 8.8 µl\1 \\ as obscr\ ed in early June (Fig. 3a). These 
regenerated nutnent concentrations persisted before being taken up by summer Rluzosolen1a 
spp. bloon1 (Figs. 2 c ' J a-c). Fro111 early cpten1ber, nutnent concentrations \vere 
progress!\ cly increasing up to their" inter le\ els \\ hlle phytoplankton biomass ' vas decreasing 
due to light-lin11tation and grazing pressure . 
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Figure 3: Seasonal changes of major inorganic nutrient concentrations: a) N03 (black dots), 
NH4 (open dots); b.) Si(OH).i; c) PO.i recorded at station 330 during 1995. 

I 41 



Biogenic ilica and the silicification le' el of dia tom assemblage 

The seasonal evolution of BSi (Fig. 4) shO\\ s a clear bimodal pattern\\ h1ch contrasts \\'ith that 
or diaton1 (Fig.2). So, BSi concentrations as high as 3.7 pM were associa ted to the modest 
bloom of early diatoms (Figs. 2 & 4) The sharp decrease obsen ed at the end of April 
corresponded to the occurrence of R!11:oso/e111a spp. Lo\V B i concentrations of 0.6 µM 
persisted during the \vhole spring and summer period as long as R!11:osole111a \Vas present in 
the \Vat er colurnn (Figs. 2 & 4 ). Again, high BSi concentrations of about 2 µM \Vere 
measured in fall but these \Vere not clearly associated \Vith diaton1 biomass max ima (Figs. 2 & 
4). Clearly n1inimal values of BSi corresponded \Vith the highest accu n1ulation of diatom C­
biomass and reversibly. As a \vhole, this suggests a large variability of the silica content of the 
different diatom assemblages but also a variable contribution to the BSi pool of dead diaton1s 
and faecal pellets. Indeed, our analytical n1ethod for BSi determination measures all the 
particulate si licon associated to siliceous algae and their derived matter as cell debris and 
faecal pellets. When significant, this \VOtrld overestin1ate the silica content of fi eld diatoms. 
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Figure 4: Seasonal changes of B i concentrations recorded at station 330 during 1995. 

In order to evaluate the importance of this overestimation, BSi measuren1ents \Vere conducted 
on a pure culture of S. costatu111 in the presence and the absence of detrital diaton1s. Figure 5 
compares ti1ne course experiment of the BSi alkaline digestion for both cultures. A complete 
dissolution is obtained after 12 n1in \vhen a plateau is reached (Fig. 5). The silica content of 
each S. costa/11111culture1s given by the Y-extrapolated intercept value ( 13.2 and 16.4 µM for 
the pure and frustu le-enriched culture, respectively; Fig. 5). The contribution of empty 
fn1stules \\as cstin1ated to 3.2 ~tM, z.e. 21 o,o of the living diatom BSi , corresponding to the 
proportion of e1npty fru stules added. Relating these BSi concentrations to the S. coslatun1 C­
btomass g1\es a molar ratio BS1:C significantly higher for the frustule-enriched culture (0.31, 
~tN1 : µM) compared to the non-e111iched one (0.25). Fro111 these laboratory experirnents, one 
n1ay conclude that diaton1 si lica content based on BSi measurement and C-diatom estimate 
can be significantly biased for natural diatom communities when not gro\ving exponenti ally. 
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Figure 5: Time course experiment of the BS1 alkaline digestion for a pure (dots) and frustule­
ennched (squares) cultures of Skeleto11e111a costatu111. 

Taking this into consideration, \Ve calculated the S1.C of the three 111a1n diatom assen1blagcs 
bloon11ng 1n the Belgian coastal \vaters (Fig 2) fron1 BS1 and C-b1on1ass diatom 
measurc111ents of san1ples correspond1ng lo d1aton1 con1111un1lies in gro\ving phase. The 
absence of s1gn1 ficant cm ply frustules \Vas checked by 111icroscopy. Results of this calculation 
arc reported 111 Table I. Clearly, the various d1aton1 assetnblages succeeding along the 
vegetat ive penod (f<1g. 2) distinguished by their silica content. The diatom population 
con1poscd of lhc sn1all colony-fom11ng d1aton1s and C'osc111od1scus sp. of late \Vinter and fall 
(assemblage I) 1s the highest silicified \Vith S1 C \Jry1ng bet\\Cen 0 49 and 0.68 The lale 
spnng and su1111ner f~l11:oso/e111a spp.(asscn1blagc 3) rs the IO\\ est sil1c1fied (0.04 - 0 1 O; Table 
I)\\ htlc ( haeloccros spp and Schroederella sp (asscrnblage 2) sho\\ 1ntermed1ate 1 C ratios 
(0 27-0.14). 

·r able I: 51hc11icJtion le\ cl of the natural d1ato1n con1n1unitics blooming in Belgian coastal 
\\ aters rn 1995, e:xpressed as the 1 C n1olar ratio. 

-
Dia l on1 ~ Bloomin g ea on i:C ( I ) 

. 
I : (2) 

-
1\sse1nblagc I earl} spring & fall 0 49 - 0 68 0.30 - 0 52 

lJ. s1na II net 1t11.. d 1ato1ns) 

. \sscrnblagc 2 spnng 014-027 0.20 - 0 24 
( ( lull'loc ero\ spp I 
Sc hrnederel/a sp,) 

1\ ssc111blagc 3 spnng 8: su111mcr 0.04 - 0.10 undctem1ined 
(Rl11:osole11111 spp.) 

( l) calcul,11ed on basis of B. 1 and nucroscop1call}-bascd C-b1onuss clcternunauons 
(2) calculated lron1 the tracer expenn1cnts 
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As an alternative to this n1ethod based on stock 1neasurements, the silicification level of field 
diaton1s vvas detennined from para llel 24h-time course experiments of 32Si cell uptake and 14C 
incorporation into proteins perforn1cd on natural diatom-dominated con1munities. Co1npared 
to stock n1easuren1ents, this method has the advantage of being specific to si liceous algae and 
active phytoplankton. Protein synthesis is used here as index of growth (Lancelot et al. , 1986). 
Although it has been sho,vn in laboratory conditions that most o f the diatom si licic acid 
uptake and silica deposition is restricted to the cell division ti1ne (Sullivan, 1977), it is 
assu1ned that phytoplankton growth in natural environn1ent is not synchronous. Under these 
conditions, 32Si uptake should proceed linearly during the 24h period of incubation and with 
respect to protein synthesis. Accordingly, ti1ne-course experiments of 32Si uptake and 14C 
incorporation into proteins by a diatom community sampled in late February (assemblage 1) 
showed significant parallelism bet\veen the kinetics of both tracers which proceed linearly 
during the light and dark period (Fig. 6). On thi s basis, the si lici fication level of diatoms was 
estin1ated from the ratio between the rate of Si uptake and that of C-protein synthesis, the 
latter converted in cellular gro,vth. A protein contribution of 72% to the diato1n C-biomass 
vvas considered as typical for coastal North Sea communities (Lancelot et al., 1986). Similar 
experi ments conducted on diatom assemblages I and 2 during spring and fall allowed to 
calculate their silicification levels (Table 1). Such estimate could not be secured for 
assemblage 3 in spring due to the co-occurrence of Plzaeocyst1s which contributes to protein 
synthesis. As shovvn in Table 1, the diatom Si :C ratio calculated from rate processes varies 
behveen 0.30 and 0.52 for assemblage I and bet"' een 0.20 and 0.24 for assemblage 2, in good 
agreement \V1th those estimated fron1 the biomass-based n1ethod. 
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Figure 6: Time-course experiments of a.) 12Si uptake and b.) 14C incorporation into proteins 
by a diaton1 comn1unity (assemblage 1) san1pled 111 late February 1995 at station 330. 
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Disc11ssio11 

Detcrn1ioatioo o f ilica content of dia tom in hallo' " coa tal \Yater 

Accurate deten11111ation of the silica content of 111arine d1aton1s constitutes one prerequisite for 
assessing the role of si licon in the diatom bloo1n dynan1ics of eutrophicatcd coastal waters. No 
direct 1nethod exists to measure specifica lly the Si:C of diaton1s in natural aquatic ecosysten1s 
due to several interferences. Companng n1easure1nent of BS1 to diatom C-biomass, the latter 
derp.ed fron1 n1icroscopic observations, consti tutes one of the best approaches. However, a 
n1ajor problen1 associated to the determination of BSi in coastal waters when applying the 
classical alkaline digestion method (Krausse et al., 1983), results from the contribution of 
detrital BSi and of some L 1 silica. In this \Vork, the contribution of LSi could be assessed by 
using the sequential digestion Jnethod of Ragucneau & Trcguer ( 1994) and determining a 
con·ection factor specific for the Belgian coastal \Vaters. 'fhcse authors showed indeed that the 
interference of LSi is related to its concentration niodulatcd by a correction factor that is 
typical for the area. 

More complicated is the estimate of the contribution of detiital BSi which includes both 
empty frustules, diaton1-derived aggregates and faecal pellets. all of them greatly varying 
along the season. This is particularly i1nportant during periods of diatom bloom decline and 
high n1esozooplankton activity (from mid-May lo Septen1ber in the Belgian coastal waters; 
Heeg, 1980). For instances, the presence, revealed by microscopic observation, of empty 
diaton1 frustules and copepod faecal pellets in the samples of summer and faJI 1995 \\·hen BSi 
\Vas niaximun1 and the d1ato1n biomass not that important (Figs. 2 & 4) argues for the 
significant contribution of detrital BSi to the pool of BSi. On the other hand, the possible 
contribution or en1pty frustules \Vas quantitatively supported by our laboratory experi1nent on 
pure diaton1 culture. This experiment sho\ved that empty frustules could \Veil represent an 
important proportion of the extracted BSi and hence significantly overestimate the further 
calcu lation of Si:C ratio of diatoms. This situation occurs in the natural environn1ent, at 
bloo1n decline, especially in the \Vell-rnixed \Valer column of the Southern Bight or the North 
Sea \\here re-suspension of sedimented frustules is expected. Under such conditions, it is 
save to conclude that the si Jtca content estimates of field diatom con11nunities based on BSi 
and diatom C-biornass n1easuren1ent, are highly valuable 'vVhen con1munities are in the 
gro"ving phase but most probably overestimated outside these periods. 

The second approach \Ve used to determine the silica content of marine diatoms \Vas based on 
radiotracer technology, by n1easuring the slope between the si licic acid (32Si) uptake rate and 
C-protein synthesis (14C) by natural diatom comn1unities. The parallelism observed bet\vecn 
the 24h-kinetics of 32Si uptake and 14C incorporation into proteins of diatoms gives support to 
a close coupling bet\veen si licic acid uptake, silicJ deposition and protein synthesis (Sull ivan, 
1986). This contrasts ho\vever vvith other observations (e.g. Brzezinsky et al., 1990) reporting 
that diatom si licic acid uptake is a discontinuous process, tightly geared to the fom1ation of 
cell \Vall (G2 phase of the cell cycle). Under such conditions, the ltnear 32Si uptake observed 
for our 2-lh experiments 'vould reflect asynchronous gro\vth of field diatoms rather than a 
continuous uptake of si licic acid by siliceous algae. More has to be kno\vn on the 
mechanisms controlling Si transport, silica deposition and valve fonnation before safely 
concluding. Ne' ertheless relating the uptake rate of s1ltcic acid to the diatom gro,vth (here 
n1easurcd as protein synthesis) seems to be a valuable approach to estin1ate the siltca content 
of field diaton1s providing that diaton1s are the don1inant carbon producers. If not, other algae 
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\viii interfere \Vith the measurement of protein synthesis and the Si:C ratio of diatoms \Vi ii be 
underestin1ated. 

Diatoms succession and silica availability 

The phytop lankton seasonal pattern in the Belgian coastal \Vaters in 1995 was identical to that 
recorded every year since 1988 (Lancelot et al., 1998; Rousseau et al., in preparation). It 
showed the occun·ence in spring of three consecuti ve asse1nblages of diatoms respectively 
do111inated by sn1all neritic species (assemblage I), Cliaetoceros spp. - Schroederella sp. 
(assemblage 2) and Rhizosolenia spp. (asse111blage 3). Superimposing the t"vo latter diatoms, 
the colonia l I-Iaptophycea Phaeocystis bloo111ed during about one month. This spring pattern 
has been reported in the French (H. Grosse!, pers. com m.) and Dutch (Gieskes & Kraay, 1975, 
Cadee & Hegeman, 1986; Philippart et al., 2000) coastal \vaters and seems thus typical for the 
Southen1 Bight of the North Sea. 

The three diatom assemblages observed in the Belgian coastal \vaters in 1995 \Vere 
characterised by distinct silica content \Vith i:C \ alues decreasing from 0.68 to 0.04 (Table 1) 
along the course of the spring bloon1. At the sa111e tune, the ambient dissolved silicate was 
decreasing from about 13 µM to a n1ini111um of 1.3 µM (Fig.3) suggesting that the observed 
seasonal pattern of diatoms might be due to difference in their sil ica requirement. 
Accordingly, a posi tive relationship is observed bet,veen the diatom Si:C ratio and ambient 
dissolved si licate (Fig. 7). Altogether this \VOuld suggest that dissolved silicate avai labi lity 
play a 111ajor role in shaping the diato1n succession in the Belgian coastal waters. The t\vofold 
variability of the diatom Si:C ratio recorded \Vi thin each assemblage (Table 1) wou ld however 
suggest that intra-specific variability 1night be irnportant as well. 
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Figure 7 : Relationship between the diatom Si:C ratio and an1bient dissolved silicate fro n1 
bio1nass- (squares) and process-based (dots) 111easurements. 

rn order to better understand the link beh\ ccn diaton1 succession and dissolved silicate 
availability 1n the Belgian coastal \vaters, \\ e con1parcd our data \Vith available information on 
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the inter- and 1ntra-spcc1 fie Yariabtlit) of 111d1v1dual d1ato1n species Table 2 gathers the 
available 1n fom1at1on for cultured nianne diato1ns selected \\ 1th respect to the three diatom 
assen1blages identified 1n the Belgian coastal \Vatcrs. All data correspond to diatoms in 
exponential gro\ving phase but no distinction \Vas niade between light and tcrnperature 
conditions. Globally, literature values report an inter-specific variation of the diato1n Si:C 
bel\veen 0 04 and 0.68 and so give strong support to our field data (Table l ). HO\\ e\ er, the 
\'ari ability of the Si:C ratio bcn.veen the different assen1blages (Table 2) is not as d1st1nct as 
1neasured in the Belgian coastal \Vaters (Table 1 ). In average, the si lic1fication level of diatoms 
of assemblage l is significantly higher than the one or assernblages 2 and 3. Some diatoms of 
assemblage 1 such as Thalassione111a 111tszc.,hioilles and Coscu1odiscus sp. are well 
characterised by silica content as high as those n1easured in the Belgian coastal \Vaters (0.3-
0.68, Table I). HO\\'ever, the si lici fication level or other species of asscrnblage I such as e.g. 
Skeleto11e111a cos1atun1 is significantly lo,ver (0.07-0.25; Table 2) with lowest values 
cornparable to published values for assen1blages 1 and 2. Also, and contrary to \vhat has been 
rneasured in the field (Table l ), no clear distinction can be rnade bet\veen cultured diatoms of 
assemblages 2 and 3 based on their si lica content (Table 2). The inter-specific variability of 
the silica content \Vi thin assemblage 2 ranges bet\' een 0.04 and 0. 16 \vhile Rhr=osolenra sp 
and Dit;•lun1 brzghllvelll shO\VS variations bet,veen 0. 1 1 to 0.20 (Table 2). 

Part of the variability repo11ed by rf ab le 2 is most probably due to intra-specific variability. 
This particularly suggested "hen several i:C \'alues are available for a same species (Table 
2). An intra-specific variability of about 2-3 is reported for the selected species of Table ? 

\vhjch fits \\'ell \Vith the current kno,,Jedge (Paasche, 1980). Intra-specific variability of the 
diatom Si :C has been attributed to changes in light intensity, photoperiod, temperature and 
nutrient availability (Eppley et al., 1967; Tlarrison et al., L976; Paasche, 1980; Brzezinski, 
1985; Takeda, 1998; De la Rocha et al., '000). The effect of changing light and ten1perature 
on the diatom Si:C \\'as revisited by Brzezinski ( 1985). No ob\ ious generic trend \Vas 
observed \vhen changing the photoperiod and temperature although a n.vofold variation of 
Si :C has been reported. On the contrary, IO\V light (Fun1as, 1978) and/or nitrogen (Harrison et 
al., 1976) and/or iron (Takeda, 1998) and/or zinc (De La Rocha et al. , 2000) limiting 
conditions had a net effect of increasing the silica content of diatoms provide dissolved 
silicate is sufficient. Although alteration of kinetics of silica production under iron and zinc 
stress \vas recently evidenced (De La Rocha et al., 2000), the increase of Si:C could result 
from a slo\v-clown of the growth process \Vithout affecting the diatom silicic acid uptake and 
silica deposition. In accordance, a two-three-fold increase of the Si:C was reported for a 
natural Chaetoceros-dominated diatom population \Vhen nitrate \vas decreasing to depletion 
and dissoh ed silicate \\as abundant (Kudo et al., 2000). Yet inconclusive results \Vere 
obtained by Lle\vellyn & Gibb (2000) \vho compared the silica content of l 0 diato1n species at 
the exponential and stationary stage of their gro,vth. A increase of Si :C vvas well observed for 
lo\v-si lici fi ed diatoms along the course or their gro\vth. The reverse \Vas observed for highly 
silici fi ed diato1n s such as Tha/assionen1a, Nav1cula (Llewellyn & Gibb, 2000). 

These results suggest a n1ore complex pattern of nutrient interactions on the silicification level 
of diaton1s \\ 1th opposi te effect of stl1cate and nitrogen!tron depletion. Indeed the ability of 
diatoms lo vary their cell-\val I thickness and consequently their silica content with Si(OH)4 

availability has been dernonstrated by Paasche (1 980). The physiologica l adaptation lo lo\v 
Si(OH)-1 concentrations by individual species \Vas reported by elson & Dortch (1996). 
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Table 2: Diaton1 Si:C ratio: literature revie\v 

Species Si:C Reference 
Assemblage 1 
Asterionella glacialis 0.11-0.12 Brzezinski (1985) 
Skeletonen1a costaturn 0.07-0.15 Brzezinski (1985) 

0.10 Paasche ( 1980) 
o. 11 Harrison et al. ( 1976) 
0.20 Parsons et al. ( 1961) 
0.29 Lle\vellyn and Gibb (2000) 

Ste1;hanopyxis sp. 0.19 Brzezinski (1985) 
Thalassio11en1a nitzschiofdes 0.12-0.14 Brzezinski (1985) 

0.52 Lle\vellyn and Gibb (2000) 
TlialassLosira sp. 0.05-0.15 Brzezinski (1985) 
Tha/assiosira lveiss. 0.13 Lle\vellyn and Gibb (2000) 
Coscu1ocliscus 0.22 Brzezinski (1985) 
Navicula hansenii 0.44 LI ewe I lyn and Gibb (2000) 
Fra$!tlaria striatula 0.68 Llewellyn and Gibb (2000) 
Assemblage 2 
Cliaetoceros sp. 0.04-0. 16 Brzezinski (1985) 

0.13-0.15 LleweJJyn and Gibb (2000) 
Lauderia boralis 0.08 Brzezinski (1985) 
L. danicus 0.08-0. 11 Brzezinski (1985) 

Assemblage 3 
Rhizosolenia sp. 0.14 Brzezinski (1985) 
Dttrh1111 bruzlt11velli1 0.1 1-0.20 Brzezinski (1985) 

Based on this infon11ation, it seems plausible that the high ambient dissolved silicate of late 
\vinter and fall, in con1bination \Vith sufficient inorganic nitrogen and phosphate and lo\v light 
lead to the early-spring dominance of highly silicified diatoms in the Belgian coastal \Vaters 
(Table l ). The pattern is more complex for the spring and sumn1er diatom communities 
(assen1blages 2 and 3) \Vhich grow under sufficient light but low silicate and phosphate 
conditions. indeed high light and low silicate \VOuld decrease the diatom Si:C ratio while an 
opposite effect would resu lt fron1 phosphate depletion. Although the nutrient limitation status 
of the coastal diaton1 communities was not assessed during this study, the positive relationship 
existing between the silicification level of the different diatom community and the Si(OH)4 

availability suggests that the succeeding diaton1 con1munities in the Belgian coastal \Vaters 
are\\ ell adapted to their Si(OH)4 environn1ent. This has particularly well docun1ented for the 
large c11aton1 genus Rhizosolenia \Vhich con1posed the bulk diatom during late spring and 
summer in the Belgian coastal \Vaters (Fig.2; Lancelot et al., 1998). This diaton1 genus is 
kn0\\11 to form huge blooms of 400 10 3 cells. r 1 in tv1ay-June in the Channel (Grall, 1972; 
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Soumia et al, 1987) and 1n the Bay of Brest (Ragueneau et al, 1994). It \Vas also 
docun1ented 1n other 1nanne ecosystems such as 111 the Lou1s1ana shelf (Dortch & \\'hitledge, 
1992) and 111 the orth Pac1fic (Shipe et al. 1999) In all these environments, this diatom 
genus 1s associated to Jo,v Si(OH).i concentrations. In the Bay of Brest, the ability of 
Rl11=osole111a spp. to gro'v on diagenetically ren11neralizcd silicon from sedimented early­
spnng diatoms \Vas evidenced by Del A1110 el al ( 1997). This suggests that the genus 
Rhr:.osole111a is particularly \VeJl adapted to take advantage of Jo,v regenerated Si(0}J)4 

concentrations and support to the hypothesis that ambient dissolved silicate is an important 
factor in the selection of diaton1 species. 
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Plc1nlaan 2. B-1050 Brussel, Belg1u1n. 

Abstract 

The troph1c efficiency of the planktonjc food \VCb in the Pliaeocrst1s-dom111atcd ecosystem of the 8elg1an 
coastal "aters \Vas deduced fron1 the analysis of the carbon flo,v oehvork of the plankton1c system 
subd1v1dcd into its different trophodynaJ11lc groups. A carbon budget \vas constn1cted on the basis of 
process-le' cl field expenn1ents conducted <lunng the spnng bloom penod 1998 Biomasses and major 
metabolic actl\ 1t1es of auto- and hetero-troph1c planktoruc commun1ties {pnn1ary production, bacterial 
production, nanoproto-, micro- and meso-zooplankton feeding activities) \Vere detenruned 1n 9 field 
assemblages collected along spnng at reference station 330 In 1998, the phytoplankton spring flo,venng 
was cha1 actenzed by a 1noderate diaton1 bloom folJo,ved by a massive Phaeocystzs colony bloom. 
Phaeocvst1s colonies, contnbutmg 70 o,o of the net primary production, escaped the linear food chain wlule 
the early spring diatom production supplied 74 o,o of mesozooplao.kton carbon uptake The rest of 
mesozooplankton food requirement \\as. at the time of Phaeocist1s colony bloom, partially fulfilled by 
n11crozooplankton. Only one-third of the 1111crozooplankton production, however, \\'as controlled by 
1nesozooplankton grazing pressure. Ungrazcd Phaeocystis colon1cs \Vere stin1ulat1ng the establishment of a 
very active rrucrobial net\vork. On the one hand, the release of free-living cells from ungrazed colonies has 
been shO\\'n to stimulate the gro\vth of nucrozooplankton, \\ h1ch was controllmg 97 o,o of the 
nanophytoplankton production On the other hand, the d1sn1pllon of ungrazed Phaeoc;st1s colorues 
supplied the \Vater column \Vtth large amounts of d1ssoh'ed organic matter available for plank.tonic bactena. 
The budget calculahon suggests that ungrazcd colorues contnbuted up to 60 °'o to the bacterial carbon 
demand, \Vhile alternative sources (exudation. zooplankton cgesllon and lys1s of other organisms) provided 
some 30 o/o of bacterial carbon requirements 'I his suggests that the spnng carbon demand of plankto1tic 
bacteria \\as satisfied largely by the autogen1c producllon The trophic efficiency v. as defined as the ratio 
bet\veen n1esozooplankton grazing on a given source and food producuon In spite of 1lS ma3or contnbution 
to mesozooplankton feeding, the trophlc efficiency of the linear food chain, restricted to the grazing on 
d1aton1S, represented only 5.6 o,o of the available net pnn1ary produchon The tropruc efficiency of the 
1nicrob1al food cham, the ratio between mcsozooplankton grazing on microzooplankton and the resource 
inflow (the bactenal carbon de1nand plus the nanophytoplankton production) amounted to only 1.6 %. 
These lo\v tropluc effic1enc1es together with the potential contnbut1on of ungrazed Phaeocrst1s-denved 
productJon to the bactenal carbon demand suggest that most of Phaeoc.>-st1r-denved production dunng 
sprt.ng 1998 1n the Belgian coastal area \Vas renunerahsed 1n the \\ater column 

Key \\ ord. : Phaeocyst1s colo111es, diatoms, plankton1c food chain, rrucrob1al nehvork, trophlc efficiency. 
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/11trod11ctio11 

The Southen1 Bight of the North Sea is do1n1nated in spring by recurrent Phaeocyst1s 
colonies bloon1s \vhich occu r after a silicate-contro lled vernal diaton1 bloon1 (Cadce, 
1992 ; Lancelot et al., 1998). Thereby, PhaeoC)'Stis colonies take advantage of the excess 
nitrate that characterises these eutrophicatcd coastal \vatcrs (Riegman et al., 1992; 
Lancelot, 1995; Lancelot et al., 1998). These blooms, \Vhich cumulate high biomass 
(Cadee & Hegeman, 1986; Cadce, 1990; Rousseau et al., 1990), last for about 4-6 weeks 
and then suddenly disappear. In spite of numerous investigations, the trophic efficiency 
and n1ore generally the fate of the huge amount of organic 111.atter produced by these 
blooms are not yet entirely understood. Sedimentation/exportation, colony disruption 
releasing cells and organic n1atter in the surrounding n1edium, cell lysis and grazing 
constitute the processes that could explain the sudden tem1ination typical of Phaeocystis 
colony bloon1s. The relative in1portance of these loss processes in the shallow coastal 
"vaters of the Southern Bight of the North Sea is stilJ controversial (Wassn1ann, 1994). It 
is generally accepted that healthy Phaeocystis colonies arc not grazed upon by the 
indigenous mesozooplankton. Cell Jysis \vas identifi ed as the major loss factor for 
PhaeoCJ'Stis at the decline of the bloom in the Marsdiep area in the Wadden Sea "vith 
further remineralisation of the lytic organic co111ponents by bacterioplankton (van Boeke! 
et al., 1992; Brussaard et al., 1995). In these shallow turbulent coastal waters, 
sedimentation and direct grazing on Phaeoc_vstis colonies \Vere not found to be significant 
processes (van Boekel et al., 1992; Brussaard et al., l 995). On the contrary, 
Riebesell (1993) found that sedin1entation of Phaeocyst1s colonies "vas the dominant Joss 
factor from the surface layer in the Gerrnan Bight. In the Dutch open waters, Peperzak et 
al. (1998) also observed some colony sedimentation but concluded that 
microprotozooplankton grazing \Vas the dominant loss process of Phaeocystis cellular 
bion1ass. 

The trophic fate of Phaeoc:vst1s-derived material, especially the transfer to higher trophic 
levels, is also unce11ain. Phaeocystis bio1nass accu1nulation in the water column clearly 
indicates a lack of top-down control. In these shallo'v coastal vvaters, Phaeoc;1stis 
colonies seem indeed to escape direct gra7ing due to a mismatch behveen the size of 
colonies and most indigenous niesozooplankton (Joiris et al., 1982; Daro & van 
Gij sseghem, 1984; Daro, 1985; Hansen & \'an Boekel, 199 1; Weisse et al., 1994; 
Gasparini et al., 2000). Pa1i of the Phaeocystis production is assumed to be transferred to 
higher trophic levels via a con1plex n1icrobial food web in \Vhich mjcroprotozooplankton 
occupies a key trophic position as food item for n1esozooplankton (Bautista et al., 1992; 
Hansen et al., 1993). Direct microprotozooplankton grazing on Phaeoc;1stis free-living 
cells released afler colonial disruption at the end of the bloo1n \Vas observed (Admiraal & 
Venekamp, 1986; van Boekel et al., 1992) and quantified (Weisse & Scheffel-Moser, 
1990; Peperzak et al., 1998). Furthermore, bacterial production sustained by Phaeocystis 
cell lysis products and polysaccharides released after disn1ption of ungrazed colonies 
could transfer Phaeo0·st1s-derived material to\vards higher trophic levels via complex 
path\vays involving heterotrophic nanoflagellates and microprotozooplankton. Ho,vever, 
the efficiency of this troph1c patl1,.vay is not kno\vn yet (Weisse et al., l 994). Also the 
biodegradabi lity of dissolved organic inatter derived fron1 the colony matrix is still 
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questionable and seerns to depend on nutnent a\ atlab11tty (Thingstad & Billen, 1994; 
J ansc et al., 1999). 

Finally, transient Phaeoc_rst1s-derived agregatcs fo rn1cd afier colony senescence or by 
fragn1cntation have been recurrently obsen ed at bloorn tem1ination (Lancelot & 
Rousseau, 1994 ; Bccq uevort et al., 1998). Thc11 coloni1ation by bacteria (Becquevort et 
al., 1998) and other microorganisms (Lancelot & Rousseau, 1994) makes the1n a possible 
valuable food resource for n1esozooplankton. This trophic pathway has not been 
investi gated yet. 

Despite these nu111erous studies on the various processes underlying the decline of the 
bloo111 , the trophic effi ciency in the ecosysten1 don1inated by Phaeocystis colonies still 
needs to be adressed in a synoptic vie\v. uch questions as : does PhaeoCJ'Slis constitute 
an effi cient link tO\\ ards higher trophic levels or docs it represent a trophic loss for the 
coastal ecosystem still require an ans,, er. \Vith this objective, a carbon flo\v net\\ Ork of 
the plank.tonic systen1 has been constructed on the basis of fieJd,vork performed at one 
station in the PhaeoC)'Slzs-dominated Belgian coastal \vaters. This area consists in an 
open syste1n characterized by an alongshore north\\ ard \vat er mass transport additional to 
the tidal currents. As a consequence, th(! temporal developments observed reflect a 
change in \Valer niasses as \Vell as the plankton dynan1ics. The strategy of sampling at 
this unique station \Vas, ho,vever, justified by the cst1111ated residence time of \Yater in the 
zone, 60 days (Lancelot, 1990 ; BiJlen, pers. con1111 .), a duration close to that of the 
Phaeocystis bloo111, combined to the homogeneity of processes occurring dovvn\vards and 
upwards. This is particularly well illustrated by the continuity in microscopical 
observations perfon11ed during a Phaeocyst1s bloorn, e.g. the sequence of events from the 
young, sn1all co lony to the colonized agregate (Rousseau et al ., 1994). 

The carbon budget \Vas constructed on the basis of process-level fi eld experiments 
conducted during the PhaeoCJlstis bloo1n event in spring 1998. Biomasses and major 
n1etaboltc activities of auto- and hetero-trophic planktonic communities {primary 
production, bacterial production. nanoproto-, m1croproto- and meso-zooplankton feeding 
activities) \Vere experirnentally determined on field assemblages collected at reference 
station 330 of the Belgian monitoring ncl\vork at different key periods of the 
phytoplankton spring bloom or calculated on the basis of literature parameterisation. 

Material a11d Met/1ods 

San1pling station. The 20m-deep station 330 (N 51 °26.00; E 02° 48.50; Fig. 1) \Vas 
chosen as a reference of the Belgian coastal zone for the physico-chemical characteristics 
(depth, ten1pcrature, salinity, nutrient enrichrnent level). This region is mainly influenced 
by Atlantic \vaters already enriched by nutrients discharged by rivers Seine and Somme as 
\Veil as Scheidt (Yang, 1998) and, to a less extent, by the Rhine and the Meuse (van 
Bennekon1 & Wetsteijn, 1990). The strong alongshore tidal currents ( l m s·1

) combined 
to the shallO\V \Valer depths ensure a permanent vertical mixing of the water colun1n 
(Creut1berg & Postn1a. 1979; Simpson. 1994). 
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ampling. Aboard R.V. Belgica, sea\vater \Vas sampled every \Veek from late January to 
mid-June 1998. Sa1npling \Vas done \vith a bucket to avoid Phaeoc;·st1s colony disruption, 
and the sea\\'ater \vas transferred to polycth) lene bottles. Biological acti\ itics \vere 
determined on a large amount (200 I) of sea\valcr sampled at key stages of the spn ng 
bloo1n. 
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Figure I : Map of the Belgian coastal ?one \Vi th location of station 330 

Physico-chemical parameters . Sea\vater ten1perature and salinity \Vere measured aboard 
'vvith a thermosalinometer (Beckman). Major nutrient (N03, ~, Si(OH)4 and P04) 
concentrations \Vere detennined on 0.45 µ 111 Ii ltered seawater according to the 
co lorimetric niethods described in Grasshof et al. ( 1983). Additionally, for days vvhen 
biological processes were investigated, irradiance was continuously ineasured using a 
cosi ne sensor (LiCor). Chlorophyll a (Chi a) concentrations were measured on 90 % (v:v) 
acetone extracted particulate material isolated by filtration on glass fiber fi lters (GF/C, 
Whatn1an). Concentrations were spectrophotometrically determined using the method 
and equations recomn1ended by Loren7en ( 1967). Dissolved organic carbon (DOC) \Vas 
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detcrn11ncd on ashed GF 'F filtered sea\\ ater using the high-temperature catalytic 
0'\1dat1on (111 CO) technique ( ug1n1ura & Su1uk1, 1988, Su1uk1, 1993) 

Bion1a of th e troph od~ nan1ic group ·. l)cpcnd1ng on the organ1sn1s, specific 
procedures '' ere used for sampling. prcscr\ at1on, storage and 1111croscop1c analysis. 
D1aton1s, J>1iaeocrst1s co lonies and 1111croproto1oopl ankton \Vere enumerated under an 
inve1icd n1icroscopc (Lcit7 Fluovert) according to Uten11ohl n1ethod (Hasle, I 978). 

an1ples \Vere preserved \vith 1 % (final concenlrat1on) lugo l-glutaraldchyde solution and 
stored at 4°C in the dark until analysis. Magnification \Vas chosen accord ing to cell or 
colony si7c: 40 or I 00 X for PhaeocJ'S/1s colonies; l 00 or 200 X for diatoms or protozoa 
and 320 for cells ranging in the si7e range 20-50 ~Ln1 . In total , at least 400 cells \Vere 
enun1eratcd \\ 1th I 00 cells of the 1nost abundant genus or species. Diatoms \vere 
enun1eratcd and 1ucnti fi ed according to the genus level unless a species was easily 
identifiable or c.lon1inant. Their carbon bion1ass (C-bion1ass) \Vas calcu lated on the basis 
of cell dcnsit) and bion1etric factors detcnnined for each species or genus. A specific 
average conversion fac tor "as calculated from bio' olun1es measured on a cell population 
throughout the period of its developn1ent. 810' olun1cs " ere then converted using a 
carbon content factor of 0. 11 pgC µn1·3 of plasn1a ' olun1e (Edler, 1979). Phaeocys11s 
\Vas tdenti fi ed as P. globosa and \\i ll here be referred as Phaeoc;•stis. Colony cell 
number \\as detcnnined according to the n1cthod <lescnbcd in Rousseau et al ( 1990). 
P'1aeoc_rst1s colony C-bion1ass \vas estin1ated fron1 b1ovolurne 1neasurement according to 
the empirical procedures of Rousseau e/ al. ( 1990) and van Rijssel et al. (1997). These 
two n1ethods reflect different approaches of the colony structure based on the existing 
kJ1ovvledge. In l 990, Rousseau et al. considered Pliaeocvstis co lonies as jelly spheres 
\Vith eel Is embedded in 1nucus and derived the 111easuren1cnt of cellular and mucilaginous 
C-bion1ass fro1n colony biovolume. Later, \Vith the development of confocal laser 
scanning in1agery co1nbined to biochen1ical analysis, van Rijssel et al. ( 1997) 
den1onstratcd the hollo\v stn1cture of PliaeocJ'Stts co lonies, also confirmed by Hamm et 
al. ( 1999), '"ith cells embedded in a 7 µ111 111en1brane-like structure. On this basis, a 
constant carbon content of 57 pg C celr 1 \\as e'.penn1entally dete1mined for the Southern 
North Sea colonies (van Rijssel et al., 1997). Analysis of both calculations (not sho,vn) 
indicates that the f\\ o methods are con1parable for natural colony assemblages \Vith an 
average dian1eter of less than 700 µm . For higher a' erage diameter, the method of 
Rousseau et al. ( 1990) estin1ates 30 % higher C concentrations. Therefore, the niethod of 
van Rijssel e/ al. ( 1997) \Vas used in our further discussion. 

-3 
Microprotozooplankton C-biomass \Vas calculated by using the factor 0.19 pgC µm 

(Putt & Stoecker, 1989) and 0. 13 pgC µn1-
3 

(Edler, 1979) for ci liates and dinofl age llates, 
respectively. 

Bacteria, auto- and hetero-trophic nanoflagel I ates \Vere enun1erated by epifluorescence 
microscopy aflcr DAPI staining follovving the 111ethod of Porter & Feig (1980). Samples 
\Vere preserved with 40 % fom1aldehyde (final concentration 2 %) and 25 % 
glutaraldehy<le (final concentration 0.5 °10) for bacteria and flagellates, respectively. 
Bactena \Vere cnun1erated on I 0 different fields at l OOO X niagni!ication. Biovolurnes 
\Vere calculated by treating rods and cocci, respecti\'ely, as cylinders and spheres (Watson 
e/ al, 1977) and con,-erted to C-biomass by using the bto\olurne dependant con' ersion 
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factor established by Simon & Azam ( 1989). At least 100 fl agellates \Vere counted and 
autotrophs \vere discriminated fron1 hetcrotrophs by the red chlorophyll autofluorescence. 
C-bion1asses \Vere calculated from cell density and biometric factors by using the factor 

-3 
0. 11 pgC µn1 of Edler (1979). 

About 50-100 liters of \Vater \Vere fi Itered through a 50 µ1n size mesh net for enumeration 
of copcpod nauplii and copepodites I-II stages as well as other sm all metazooplankton. A 
300 ~11n size mesh net equipped \Vith a fl o,v 1neter was used to sample larger stages of 
n1esozooplankton. All sa1nples \Vere preserved \vith fonnaline ( 4 % final concentration). 
Sm al I and large metazooplankton were identified to species level and enumerated under 
stereoscopic niicroscope. C-biomass was ca lculated using species- and s tage- speci fic dry 
\veight measured for the dominant metazooplankton species of the Belgian coastal waters 
(Daro & van Gijsegem, 1984). 

l\Ietabolic activities. Daily primary production, bacterial production and meso­
zooplankton grazing \Vere experimentally determined under simulated in sltu conditions 
in 9 field assen1blages collected along spring. Daily photosynthesis, gro,vth, respiration 
and exudation rates of phytoplankton \Vere determined from 14C radiotracer experiments 
using the niethod described in Mathot et al. ( 1992) and the AQUAPHY set of equations of 
Lancelot et al. (199 1 ). The experin1ental protocol involved t\vo radiotracer experiments 
run in parallel for each sampled phytoplankton community. Photosynthetic characteristics 
\Vere determined from short-term (2 h) experiments of 14C uptake at different light 
intensities (P/I curve). Growth, exudation and respiration were assessed by running 24h­
tin1e course experiment of 14C incorporation into phytoplanktonic cellular components 
(sn1a ll rnetabolites, proteins, po lysaccharides, lipids) during a natural day light cycle 
accord ing to the protocol of Lancelot & Mathot ( 1985). AQUAPHY parameters \Vere 
determined by mathe1natical fitting or experin1ental data using the equations described in 
Lancelot et al. (1991). Particular attention \Vas given to select samples with a clear 
don1inance of either diatoms or nanophytoplankton or Phaeocystis colonies. Dai ly rates 
of each conm1unity \Vere then calcu lated by integration on the variations of light in time 
and \Vi th in depth of the AQUAPHY set of equations \Vith the relevant parameters, making 
use of 111 s1tu biomass, temperature and nutrients. 
Bacterioplankton production \vas determined by 3H-leucine incorporation into proteins 
and 3H-thymidine into DNA according to the protocol described in Becquevort et al. 
( 1998). Lcucine and thymidine incorporation rates \Vere converted into bacterial 
production using the following conversion factors established for the North Sea bacterial 
communi ties by Servais (1990): 3950 gC produced per mole of leucine incorporated into 

18 
proteins and 2.66 x 10 bacteria produced per 1nole o f thymidine incorporated in the cold 
TCA insoluble material. 
Mesozooplankton grazing on phyto- and protozoo-plankton was estimated from 
clearance or ingestion rates experi1nentally detern1ined for each copepod species and 
stages and the respective prey bion1ass. Three niethods, pigment gut content, radio­
Jabellcd prey and cell-count experiments, \Vere used and combined (Gasparini et al., 
2000). The ranges of measured clearance rate arc reported in Table 1 and discussed in 
Gasparin1 et al. (2000). No grazing \\as nieasured for Phaeoc;,stis colonies (Gasparini et 
al., 2000). The daily grazing rate of each species and stage of copepod \Vas then 
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calculated on lhe basis of the specific b1on1ass, lhc clearance rates reported in Table 1 and 
the pre) b1on1ass 

Table I : Range of clearance rates detcnnined by Gaspann1 et al (2000) for the different 
copcpod species and stages on the ' arious prey. 

Prey Prey 

Copepod specie & stage Diatoms l\licrozooplanktoo 
ml 1nd 1 h 1 ml 1nd·1 h-1 

Acartia clausi 

Ill- IV 0.2-0.4 0.2-0.5 v 0.3-0.6 0.3-0.8 
Adult 0.6- 1.1 0.5-1.4 

Te111 ora !011gicor11i 

III-IV 0.4 0.2-0.5 v 0.6 0.2-0.7 
Adult 0.8 0.3- 1.0 

Ce11 tropages lta111at11s 

Ill-IV 0.3-0.4 0.6-0.9 
v 0.4-0.6 1.0- l .5 
Adult 0.5-0.8 1.2-1.8 

The gra1ing rates of nano- and n1icro-prolo1ooplankton and of the small 
mesozooplankton (nanograzers) \Vere calculated fron1 prey concentrations using 
relationships describing the dependance of ingestion or clearance rates on prey. These 
relationships \\'ere derived from previous experiments perfonned on natural populations 
of prey and grazers in the Belgian coastal \Vaters during the spring bloom period. The 
Holling type JI functional response characterised by a n1axin1u1n ingestion rate of 64.5 
bacteria ingested per nanoprotozooplankton per hour and a half-saturation constant of 7. 7 
108 bacteria 1"1 (Becquevort, 1987; Lancelot et al., 199 1) \Vas used to calculate the 
nanoprotozooplankton grazing on bacteria. Microprotozooplankton grazing on 
nanoOagellatcs \Vas calculated on basis of clearance rates ranging between 3.5 and 15.5 µI 
ind-1 11·1 for nanophytoplankton concentrations varying fron1 5 to 62 mgC m·3 measured 
by Weisse & Scheffel-Moser (1990). Grazing rates of metazoan nanograzers were 
considered as the sun1 of the grazing rate of nauplii and copcpodite I-11, each "vith its own 
specific clearance rate. The follo,ving clearance rates prey concentration relationships 
derived fron1 Daro ( 1985) : 

CR = 0 135 10 -0001 
P and CR = 0.442 10 ·0003 

P 
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\\'here C R, the c learance ra te, is expressed in 1nl intr 1 r' and p , the prey concentration, in 
µ gC r1 \Vere used for naupli i and copepodite I-II s tages, respectively. 

T he fl o' v nehvork n1odel. The flo\v nel\vork mode l was designed on the basis o f the 
current knovvledge of the trophic jnteractions betvveen the main auto- and hetero-trophic 
planktonic organism s. These latter were the re fore grouped according to their trophic 
position . So, as already described in Lancelot & Rousseau (1 994), phytoplankton was 
assemb led as three trophodynam ic groups with different trophic fates: Phaeocystis 
colonies, nanophytoplankton and diatoms. D iatoms are consumed by 1n esozooplankton 
or exported to the sediment~ Phaeoc;:stis colonies vvhich are no t grazed by 
n1esozooplankton are susceptible e ither to sedin1cntation, or to colonial lys is produc ing 
dissolved organic 1natter and free- li ving cells. These free- living ce lJs are then cons idered 
as nanophytop1ankton together \vith unidentified autotrophic flagellates. 
Nanophytoplankton is grazed by microzooplankton but does not sediment due to its small 
s i7e. The dissolved orgaruc matte r produced by lys is of organisms o r mucus dissolution 
in the ' vater column initiates a microbial netvvork \vhere bacteria are grazed by 
nanoproto1ooplankton, being then1selves a food item for in icrozooplankton. In this 
n1ode l, 1nicrozooplankton is co1nposed of various nanograzers, \.Vhich inc lude the usua l 
microprotozooplankton (the protists: ciliates and dinoflagellates) but a lso sn1all 
111etazoans such as copepod nauplii , copepodites T-II and pluteus larvae. These organisms 
represent a food resource for mesozooplankton he re mainly composed of copepods. 

Sonic me tabolic flows, not determined expcnn1cntally, vvere additionally calculated on 
the bas is of existing measurem ents and in forn1 ation available in the literature. For 
instance, the bacterial carbon demand (BCD) \Vas es timated from the measured 
produc tio n rate assuming a gro\vth effi c iency or 0.28, the average reported for North Sea 
Pliaeoc_rst1s-dominated ecosystem (Billen & Fontigny, 1987; Billen, 1990; Bi llen et al., 
1990; Brussaard et al., 1995; Becquevort et al, 1998). Furthermore, nano- and mic ro-
1ooplankton production rates \vere es tin1ated fro111 measured grazin g rates us ing an 
average gro\v th efficiency of 0.3 (Verity, 1985; Caron & Goldman, 1990; Hansen et al., 
1993; Riegn1an et al., 1993). A lso, protozoa and mesozooplan.kton egestion vvhich 
releases d issolved organic m atter, \vas estin1ated to ?5 ° o and 15 °/o of the measured 
grat ing activity, respective ly (Eppley et al., 198 1; Elbrachter, 1991; Nagata , 2000). 

Res11lts 

Seasona l evolution of inorgan ic nutrient concentra tions. The seasonal evolution of 
dissolved inorganic nutrients (N03, NI-1.i, P04 and Si(OI-I)4) is il lustrated in F ig. 2. T he 
significan t dominance o r dissolved inorganic ni trogen by N03 (more than 95 % during 
the winter period ; Fig. 2a) is characteris tic of the Southcn1 Bight area as a consequence of 
the strong river influence. N 0 3 vvin ter concentrations (Fig. 2a) increased unti l end of 
February before dropping to detec tion lin1it va lue in mid-April at the time of the 
Phaeoc_1 1st1s colony b loom (Fig. 3d) and increased again up to 1 O µl\1 at the beginning of 
May. NH-1 concentrations, at a \\ inter level or 0.7 µM , reached 2.1 µM in early Apnl. 
Later, NI-Lt concentrations increased progress!\ c ly from 0.2 µM in mid-April up to 3.7 
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p\l .ll thL' bL·~ 111nint' ol .lune. bL·fo1c dropp1111; "uddcnly lo I I pt\ ! ,1 fe\v d.iys later (Fig . 
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Figure 2 : Seasonal changes recorded at station 330 during spring 1998 of major 
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Spring ucce ion of auto- and heterotropbic planktonic organism . The temporal 
variation of the biomass of auto- and hetero-trophic organisms during spring is shown in 
Fig. 3. In 1998, the onset of phytoplankton bloom occun·ed around the end of February 
and reached a n1aximun1 Ch i a concentration of 18 mg m-' (Fig. 3a) in mid-April. It 
decreased sharply during the second part of April do\vn to 2 n1g m-3 at the end of April. 
T"vo addi tional bloon1s of n1oderate an1plitude were recorded from May (7 mg m-3) to early 
June (5 mg m-3). The spring phytoplankton bloon1 \Vas initi ated by a n1odest diaton1 bloom 
(124 n1gC m-3; Fig. 3b ), consuming a large part of the 'vinter stock of inorganic nutrients 
(Fig. 2), follo\ved by a nearly monospecific Phaeoc;·stis co lony bloom (95 % in terms of 
cellu lar density) reaching 11 00 mgC 111-3 (Fig.3d). The Phaeocystis colony bloom ended in 
early May, probab ly due to N03 and/or P04 limitation (Fig. 2a,b), \vhen a transient modest 
bloom of nanophytoplankton (150 mgC m-3) \Vas observed (Fig. 3c). At this time, 
nanophytoplankton \Vas aln1ost entirely don1inated by Phaeoc;1stis free-living cells. After 
the decline of the Phaeocystis bloon1, di atoms accun1 ulated again and reached a biomass of 
350 mgC m-3 in late June (Fig. 3b). 

Two successive n1axima of bacterial biomass \Vere observed in spring (Fig. 3e): in early 
April (20 mgC n1-3) at diatom decline (Fig. 3b) and in early May (61 n1gC in-3) du1ing the 
decline of Pliaeoc_)'lis coloni es (Fig. 3d). The latter bacterial proliferation lasted for one 
month . The fe\V avai lable DOC data (Fig. 3e) suggest that these bacteria benefited from the 
substantial accun1ulation of organic n1atter in the \Yater colun1n observed during the second 
half of April. DOC concentrations \Vere indeed increasing fro1n a winter level of 16 l 5 mgC 
m-3, close to the DOC background level recorded in Belgian coastal area (Rousseau et al., 
1990) to a maxin1um of 41 60 mgC m-3 at the end of April \V hen most of the Phaeoc.ystis 
colonies disappeared from the \vater colunm. 

The bion1ass of nanoprotozooplankton (Fig. 3f) ren1ained lo\v (5 mgC ni-3) during most of 
the spring period, probably because it \vas controlled by microzooplankton (Fig. 3g). A 
transient peak of nanoprotozooplankton (56 mgC m-3; Fig. 3.f) \Vas, ho,vever, recorded in 
nlid-May. These bacterivorous nanonagellates \Vere n1ost probably stimulated by the 
second bacterial development (Fig. 3e). At this time also, the grazing pressure of 
microzooplankton on nanoprotozooplankton \Vas ineffective due to its lo\v biomass (20 
mgC 111-3; Fig. 3g). Contrary to s1nall n1etazoans remaining at a IO\V biomass(< 15 mgC m-
3) during the whole spring period, microprotozooplankton sta1ted their growth at the end of 
February. They reached a first peak al the end of March ( 49 n1gC m-3) but sho\ved a much 
more intense biomass accu1nulation at the end of April (133 n1gC n1-3) and disappeared 
very suddenly in early May. At the end of the spring bloom period, bacteria, nanoproto­
and micro-zooplankton were reaching levels close to their winter biomass. 
Mesozoopla11kton (Fig. 3h) \Vas composed of the usual coastal North Sea copepod species, 
mainly Ten1ora /011g1cor111s, Acart1a clausi, Ce11tropages han1atus but also Pseudo- and 
Para-ea/anus and the tunicate Oikopleura. A n1oderate bion1ass of 48 mgC m-3 was 
reported at the end of March (Fig 3h), after the diatom bloo1n (Fig. J b). At that time, 
01kopleura, a gelatinous herbivorous, \Vas contributing up to 50 % of the bulk 
mesozooplankton. The biomass of 01kopleura \Vas n1uch reduced during Phaeocystis 
colony growth, but a transient peak of 38 n1gC 111-

3 \Vas recorded at the end of April (Fig. 
Jh). Final ly, a considerable increase in nlesozooplankton bion1ass occurred in early June. 
At that time. the d1noflagellate Noctduca appeared and contributed up to 23 % of the bulk 
mesozooplankton. 
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Figure 3 : Seasonal changes recorded at station 330 during spring 1998 of a.) Chl a 
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3
) of auto- and hetero-trophic 

planktonic organis1ns: b.) di aton1s; c.) nanophytoplankton; d.) Phaeocystis colonies; 
e.) bacteria (black dots) and DOC (open dots); f.) nanoprotozooplankton; g.) 
1nicroprotozooplankton (black dots); nauplii, copcpodites I-II, various larvae (open 
dots); h.) mesozooplankton 
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Seasonal changes in metabolic activities. The ten1poral clcvelopn1cnt of daily rates or 
auto- and hetero-trophic organisms is sho\vn in Fig. 4. Jn 1998, daily phytoplankton gro"vth 
(Fig. 4a) \Vas highest in early April (220 n1gC m·3 d"1) at the time of Phaeoc;·stis colony 
bloom. Jn the early stage or the spring bloon1, diatoms \Vere exclusively responsible for the 
nioderate phytoplankton gro,vth (25 n1gC m-3 c1 ·1

). 
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Figure 4: Seasonal evolution of rnajor 111ctabolic activities (mgC 1n·3 a·1
) of natural 
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After the decline of the JJ/iaeoc_rst1s colony bloorn, nanoph)toplanklon \vas the main 
pnn1<1f) prouucer (Figs -la & 3d). l leterotroph1c actl\ 1l1es increased \Vith a delay of 
bet\\ ccn a fc,, days anu a fe,, \vecks '' 1th respect to phytoplankton production. Baclenal 
production (Fig. 4b) increased in early N1arch ahnost 111 concert \\i th diatom product1on and 
lasted up to lhc end of ~lay. Clearly, two peaks of high activity (20 and 35 mgC m 3 d 1; 

Fig. -lb) ''ere recorded follo\ving the diaton1 and the {Jhoeoc_rs11s colony production, 
respectively, 'vith a short delay (Fig. 4a). 1~he con1pari son of the spring evolution of daily 
grazi ng rates of nano-, n1icro- and nieso-zooplankton (Figs. 4c-c) 'vith thei r respective prey 
(Figs. Jb, c & e-g) suggests con1plex trophic interactions bet\veen bacteria-, nano- and 
microzoo-plankton. For instance, nanoproto1ooplankton appeared to be controlled by 
n1icrozoop lankton grazing up to the end of Apri l (Figs. J f & 4d). This top-do,vn control 
ceased in late April \\hen 1n1crozooplankton c.leclinec.l (Fig. Jg). Al this time, high daily 
nanoprotozooplankton grazing rates of 36 and 61 nigC 111·3 d. 1 \Vere recorded (Fig. 4c) 
presun1ably stin1ulated by the high bacterial bion1ass (Figs. Jc & 4c). Microzooplankton 
(prolo- and n1eta-zoa) grazing (Fig. 4d) \vas highest at the end of April responding 
immed1ately to the abundance of Phaeoc_rst1s cells released after colony disruption (Fig. 
Jc). Jn early t-..lay, microzooplankton grazing and b1on1ass declined dramatically for 
unknO\\ n reasons, dropping to \Vinter level in early June. tv1esozooplankton grazing (Fig. 
4e) \\'as slightly slin1ulated by the early spring diaton1 bloon1 (Fig. 3b) but obviously \Vas 
restricted during the duration of the Phaeocrst1s colony bloon1 (Fig. 3d) except at the end of 
ApriJ \Vhen colonies \vere scarce and n1icroproto7ooplankton \vas abundant. Actually, 
n1esozooplankton grazing \Vas effective 'vhen the second diaton1 bloom occurred stin1u lated 
by regenerated nutrients (Fig. 3b). 

Spring carbon budget. C-bion1asses and daily n1ctabolic rates were integrated over the 
\Vhole spring period (105 days, from 20 February to 6 June). This period included most of 
the auto- and hetero-trophic proliferations associated '" ith the Phaeoc;1stis event (Fig. 3). 
As sho,vn in Table 2 \Vhich reports the \Veightcd average biomass of each trophodynan1ic 
group, autotrophs represented the major part (72 ° o) of the total biomass (310 mgC n1.3). 

This indicates a net accumulation of phytoplankton1c 1nattcr in the ecosystem. Some 70 o,o 

of the autotrophic biomass consisted of Phaeoc_rst1s colonies \Vhi le diatoms and 
nanophytoplankton contributed 17 and 13 ° o, rcspectJ\,ely. The heterotrophic community 
consisted of bacteria, nanoproto-, micro- and n1cso-1ooplankton, \Vh1ch contributed 20, 13, 
40 and 27 o/o to the heterotrophic carbon, respectively. 

The spring planktonic Oo\V network of carbon (Fig. 5) has been constructed on the basis of 
the integration of the daily metabolic rates sho,vn in Fig. 4. A total of 6035 n1gC m·1 

period·' was photosynthetised by the 3 groups of phytoplankton. From this. 15 o/o \Vas 
respired and 5 % was directly excreted as s1nall metabolites. Son1e 70 % of the spring net 
primary production (4846 mgC m·3 period-1

) vvas attributable to Phaeocystis colonies \Vhile 
spring diaton1s and nanophytoplankton contributed 17 % and 1 J %, respectively. 
As Phaeoc;1stis colonies vvere not grazed by the coastal North Sea 1nesozooplankton 
(Gasparini et al., 2000), most of the net spring prin1ary production escaped the linear food 
chain Son1e 273 1ngC m·3 period·', 1.e. one third of the net diatom production (Fig. 5), 
fuelled the n1esozooplankton directly and contributed 74 o,o to the total mesozooplankton 
ingestion The rest of the n1esozooplankton diet " 'as provided by the microbial food '' eb 
through the grazing of n1esozooplankton on micro1ooplankton (97 nigC ni ·3 period-I). This 
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transfer represented 3., 0 'o of the total production of the n11crob1al food '' cb (''63 111gC m·3 

penod"1: fig. 5) This production issued from t\\'O d1st1nct path\\ ays corresponding to the 
production path of t\\O possible prey items for n11crozooplankton . 1\ direct one '"hich 
consists in the <.h rect gra11ng of 1n 1cro1ooplankton on nanophytoplankton and a niore 
con1plcx one lcadtng to the production of nanoproto1ooplankton '' htch tnYOl\ cs bacterial 
production and the subsequent grazing of bactena by nanoproto1ooplankton (Fig. 5). 
Assun1ing no food selectiv 1ty, budget ca lcu lation of Fig. 5 shov. s a higher efficiency of the 
direct path\\ ay '' 1th nanoph) toplankton production supplying 7 1 ° o (623 nigC m· 1 period-1) 
of the total m1cro1ooplankton diet (875 n1gC n1 

3 penod"1) This flo,, corresponded to a 
transfer of 97 ° o of the nanophytoplankton production to higher trophic levels, indicating a 
close coupling bet,,·een n1icrozooplankton and nanophytoplankton (Fig. 5). A lo,ver 
proportion (64 ° o) of the nanoprotozooplankton production ''as ingested by 
m1cro1ooplankton and corresponded to 29 o/o of their needs. The nanoprotozooplankton 
was fuelled by bacterial production. The \Vei l-balanced budget bct\veen bacterial 
production ( 1584 rngC m·3 period-1) and the nanoprotozooplankton gra11ng ( 13 15 1ngC 111·3 

period 1
) indicates a strong coupling bet,\een bactena and their grazers. 

T able 2 : Average carbon biornass of the different trophodynan1ic groups present at station 
330 dunng the spring bloom period 1998 (I 05 days; 20 February-6 June). 

Trophodyn a1111c groups 

plankton 
Diatoms 
Nanophyto 
PhaeocJ 'S/1 
Phaeoc;1st1 

s colonies 
s colonial cells 

1ooplankton 
Bactena 
Nanoproto 
Microzoop 
Mesozoopl 

lankton 
ankton 

Average biomass 
c -1 n1g 111 · 

38.3 
27.8 
156.5 
39 .1 

17.4 
11.6 
34.7 
23.4 

Figure 5 : Carbon budget established on basis of integrated no,vs for the spring period (26 
February- 6 June). Flo\vs arc expressed in 1ngC m"3 period 1

. Underlined figu res 
correspond to metabolic flo\\ s not experin1cntally determined but calculated from 
existing n1casuremcnts and infom1ation a\ailable 111 the literature (see text). O.M. 
represents the pool of organic 1nattcr. 
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The bacterial carbon den1and was estimated to 5657 mgC ni-3 period-1
• The autogenic 

sources of carbon for planktonic bacteria originate from phytoplankton exudation, lysis of 
auto- and hetero-trophic organisms and zooplankton egestion. Budget calculation shows 
that in 1998, the direct production of sn1all substrates by phytoplankton amounted to 302 
mgC m-3 period·', / e. 5 o/o of the bacterial needs. Zooplankton egestion contributed \Vtth 
603 mgC m-3 period-1, 1. e. about I I % of the BCD. Together these t:\vo processes 
represented therefore a niinor contribution to the BCD. Ungrazed Phaeocystis colonies, 
diatoms and nanophytoplankton amounted to 3397, 532 and 20 mgC m·3 period-1

, 

respectively. Assun1ing a con1plete lysis of ungrazed prin1ary production, autogenic carbon 
avai lable for bacteria cou ld amount to 4854 mgC m·3 period-1 which con1pares very well 
\vith the estimated BCD, 5657 mgC m·3 period-'. These results suggest that Phaeocyst1s 
colony loss by lysis might be the major process stin1ulating the bacterial activity. The high 
DOC concentration (Fig. 3e) observed after the Phaeoc;1stis colony bloom at the end of 
April, consti tutes an additional elemen.t suggesting the occurrence of massive lysis. 

Discussio11 

The assessment of the fate of the large amount of organic matter produced during 
Phaeocystis bloon1s in the Belgian coastal waters is essential to determine the trophic status 
of Phaeocystis-don1inated shallo\v coastal North Sea systen1s submitted to man-induced 
eutrophication. The beaches of these coastal seas are indeed often covered with transient 
foam layers of Phaeocystis-derived niaterial (e.g. Lancelot et al., 1987), thus suggesting 
that only little Phaeoc~vstis niaterial fuels the higher trophic levels. The planktonic carbon 
budget established on the basis of this time-resolution process study (Fig. 5) was intented to 
give a synoptic view of the trophic efficiency of the planktonic food web in the Belgian 
coastal ecosystem during the spring period of 1998. The main results of this carbon budget 
are discussed here and co1npared 'vith previous studies in order to assess their relevance 
with respect to other Phaeocystis-dominated areas of the Norih Sea. 

T he spring carbon budget. As den1onstrated by the 1998 results (Gasparini et al., 2000) 
and in agreement \Vith other existing data (Hansen & van Boeke!, 199 1; Weisse et al., 
1994), Phaeocystis colonies, which represented the bulk (70 %) of the net primary 
production during spring 1998, escaped the linear phytoplankton to mesozooplankton food 
chain. As nanophytoplankton has been shown non valuable food for North Sea 
mesozooplankton (Fiansen et al., l 993), diatoms were the only piimary producers directly 
available as a food source to mesozooplankton in spring. In 1998, the early spring diaton1 
bloom \Vas particularly moderate in con1parison \vith previous years (Becquevort et al., 
1998 ; Lancelot et al., 1998). In spite of its small contribution to the total primary 
production, the vernal diatom bloom in 1998 supplied more than t"vo-thirds of the 
n1esozooplankto11 food. Later, during the Phaeocyst1s colony bloom, mesozooplankton 
grazing was food limited (Gasparini et al., 2000). At that time however, some 
mesozooplankton food requirements were partially fulfil led by microzooplankton. 
Surprisingly, only one-third of the m1crozooplankton production \Vas controlled by copepod 
grazing pressure. This proportion even drops to 22 % if the maximum microzooplankton 
gro\vth yield of 0.5 nieasured by Hansen et al. ( L 993) is considered. This inefficient control 
of microzooplankton by mesozooplankton contrasts with reported laboratory (Hansen et al., 
1993) and field (Brussaard et al., 1995 ; Gasparini et al., 2000) grazing experiments which 
demonstrate indeed that microzooplankton is a valuable prey for copepods. Physical or 
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chc1111cal s tress due to the presence 111 the \\ ,1tc1 co lutnn or large gelatinous Pltacocrstis 
colon1es arrecttng the reeding beha\ IOUr o r Copcpods could be put fonvard (Gaspartn1 et al , 
2000) On the other hant.1, the presence or other l1H.: ta10,1ns gt a11ng on m1cro1ooplankton, 
not 111\ cst1g.lled 111 this study, cannot he e\ cludcd I l11s could ex plain the gap observed 
bet'' ccn n11cro1ooplankton production and tls gra1111g by copcrods. Fish larvae (Fukan1i el 

al., 1999), clenophorc Ian ae ( toeckcr et al, 1987), c ladoccrans ('furner et al, 1988) have 
indeed been reported to achieve an i1nportant link bct\\Cen ni1crozooplanklon and higher 
trophic levels 111 o ther coastal areas. 

Budget calculations suggest that ungra.led l)!taeocvstrs co lonies were stimulating the 
devclopn1ent o r a very active n1icrobial nel\VOrk. ' f'hc release or Solitary ceJJs from nutrienl­
Stressed l)ltaeocrstis colonies to the sun·ounding n1cd1 L1111, \Vhich can be either controlled by 
Phaeocrstrs 1tseJr (Ycldhuis et al., 1986; Rousseau et al, 1994) or be a result of co lony 
disn1ption (Lancelot & Rousseau, 1994), has been sh0\\.11 to stimulate the gro\vth of 
1n1croproto1ooplankton (Adn1iraal & Venekan1p, 1986, \Vc1sse & Scheffel-Moser, 1990). 
ln spring 199 as '' ell , the microzooplankton largely t.lon11 11ated by protists, \Vas controlling 
97 ° o of the nanophytoplankton production. In addition to the release of free-li ving cells, 
Pltaeoc_rstrs colony disruption supplies lhe \\ atcr colun1n ' ' 1th large amounts of dissolved 
organic matter a' ailable for bacteria (Th1ngstad & Billen, 1994; Lancelot, 1995). At that 
tin1e, bacten a \\ ere already blooming (Fig 3c), uttl111ng presumably organ ic products 
denved fro111 the early spring diatom produc tion The adJ1t1onal supply or Phaeocystrs­
derived di sso lved organic matter (Fig. Je) enhanced the 111agnitude and extent of the 
bacterial bloon1 up to June. Assuming that the carbon of lhc P/1{1eoc;·st1s colony matrix is 
entirely biodegradable and nutrients were not li111 1t1 ng, budget ca lculation estimates the 
1nax imal contribution of ungrazed colonies to the BCD at 60 %. Alternative sources arc 
provided by exudation, zooplankton egestion and lysis or other organisms. Altogether these 
processes contributed up to 90 % of the BCD in 1998 As such, this calculation indicates 
that the spring carbon demand of plankton1c bacteria \Vas aln1ost entirely satisfied by the 
autogenic production \Vitb no carbon left for supply to the sedin1ent. This conclusion \VOuld 
not be n1oddied if the BCD 'vas calculated '"1th C\lren1e reported values for bacteri a gro\vth 
efficiency 0. 1 and 0.35. 

The discharge of continental organic matter by the n\ er ScheJdt should therefore be 
considered as complementary source of biodegradable carbon in these coastal \Vaters. 
Further \vork should be done in this direction. 

T he trophic efficiency of the planktonic foo d \Yeb. The trophic effi ciency of the linear 
and microbial food 'vebs \Vas further defined as the ratio bet\veen the mesozooplankton 
grazing on a given food source and the food production. In spite of its major contribution 
to 1nesozooplankton feeding, the trophic effi ciency of the linear food chain was only 34 % 
of the diatom net production. It drops to 5.6 % if the total available net p1irnary production 
is considered. The trophic efficiency of the inicrobial food chain was calculated as the ratio 
bet\veen n1esozooplankton grazing on 111icrozooplankton and the resource inflow. The 
latter was calculated as the sum of the bacterial carbon demand and the nanophytoplankton 
production. This calculation gives a trophic effi ciency o r 1.5 o/o suggesting that the transfer 
of carbon to mesozooplankton through rnicrozooplankton grazing \Vas not sigrtificant. 

T he fate of Pllaeoc}'Sfis colony bloom. These IO\\ troph1c efficiencies together \,\ ith the 
high potential contnbution of ungrazed pri 1nary production to the BCD suggest that most of 
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the Phaeocyst1s-dcrived production \VOuld be remineralised in the \vater column. 
Furthermore some investigations on bacte1ial activities in Belgian coastal waters during 
spring 1994 suggested that Pliaeocystis production as a whole \vas sufficient to sustain the 
BCD shared partly by free-living and Phaeoc:vst1s-attached bacteria (Becquevort et al., 
1998). In the sa1ne line, Brussaard et al. ( 1995) concluded that the lysis products of 
ungrazed Phaeoc;·st1s accounted for 75 % of the dec line of the bloom in the Dutch coastal 
\vaters. 

Although no direct sedimentation of Phaeoc;·stis 1natcrial has been measured in the Belgian 
coastal waters, this result contrasts with visual observation (Cattrij sse, pers. comm.) and 
sediment spring release of di sso lved Fe and Mn recorded in spring in the same area 
(Schoen1ann et al., 1998) as indirect measurement of spring transfer of fresh organic matter 
from the \Vater colurnn to the sedin1ent. In other areas of the Southern North Sea, Riebesell 
(1993) and Pepcrzak et al. ( 1998) also observed Phaeocyst1s colonies accumulated onto the 
bottom in the southern North Sea. This suggests that remineralisation is not al\vays the 
dominant fate of the eutrophication-related Phaeoc_rst1s blooms of the Southern Bight of the 
North ea. The occurrence of preferential sites for sedin1entation depending on local 
turbulent strength could be an explanation of the different fate of Phaeocyst1s reported. 

Even though the rc1n inerali sation of Pliaeocyst1s in the \\ ater column \vas suggested to be 
the main fate of Phaeocyst1s-deri ved organic matter 1n spring 1998 in the Belgian coastal 
\Vaters, several questions need still to be addressed. Sedimentation of Phaeocystis colonies 
seen1s to be a minor process in these coastal \Valers but should be definitely investigated in 
relation \Vith benthic comn1unities. Also nitrogen and phosphate regeneration processes 
accon1panying the retnineralisation Phaeocyst1s-den ved material should be investigated as 
well their i1npact on the sun1n1er phytopl ankton bloon1s. 
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I. Introduction 

The coastal zone. at the 1n1erface bet~ een land. ocean and atmosphere. plays a 1naJor 
role as rec1p1enl of large amounts of nutnents fron1 human act1,·1ues, 1nclud1ng 
industrial effiuents. agncultural runoff. and mun1c1pal SC\\age Manifest effects of 
man-induced coastal cutroph1cat1on usuall) appear as quali latJ' e changes of the 
structure and funcl1on1ng of the pelagic and benth1c food-\\eb \\ nh rcsulung 
undesirable effects (e g 1nvas1ons of undesirable or toxic ph)10plankton species, 
exti nctions of key species on higher trophic levels. reduced yields of harvestable fi sh or 
1n' ertebrate populauons ) This alterallon of the ecosystem structure and funct1on1ng 
1s pnmanly dnven b) changes 1n nutnent ratios available to coastal ph)10plankton 
with respect to s11Jcon availability - severely deficient compared to nitrogen and 
phosphorus -. resulting from the interplay of several factors as anthropogenic actI' Hies 
(land use mochficat1on. \\3Ste \-\a tcr punficat1on treatments. hydraulic n1anagmcnts. 
farming practJces. ). b1ogeochem1cal transforma11ons occun ng 1n the n' er systems 
and meteorolog1cal cond1uons [I] 
Such hannfull events arc occurnng 1n the eutroph1cated continental coastal ~·a1crs of 
the North Sea This area receives the discharge of 7 maJor '-'CSt-curopean n' ers 
dra1n1ng regions charactenzed by hi gh population dens111es and 1ntensrve 1ndustnal 
and agncultural activ1 ues (Fig I) Transient foam accu1nulations observed. indeed. 
every spnng at sea surface and on the beaches are resulllng from food chain d1srupt1on 
due to the prohferauon of one single non-sil1ceous species. the gelaunous colony­
form1ng Phaeocyst1s, largely unpalatable for mesozooplankton and apparently hardly 
biodegradable [2] . Even if no tox1cicy is attnbutable to Phaeocvs11s to date. its 
dramauc 1nvas1on 1s being senously considered regarding the nuisances 1t causes to the 
coastal ecosyste1n and to recreat1,·e and aquaculture act1v1t1es. Most of these -
1nclud1ng their impact on the higher troph1c levels of the plankton1c and benth1c food 
chain. the exportallon of organic rnatter to the oxygen depleted botto1n waters of the 
Danish coastal area. the accumulation of foam on the beaches and the production cf 
volattle sulphur compounds into the atmosphere - are the consequence of the peculiar 
physiology and life cycle of Phaeoc.vsns. espcc1ally in Its capacity to fonn large 
unpalatable gelatinous colonies causi ng food chain d1srupt1on [3] and to synthet1ze 
d1methyl-sulph1de precursors [-l ] 
Reduction of harmful Phaeoc.vst1s blooms 1n the contJ nental coastal \vaters of the 
North Sea through the formulation of national and 1ntema11onal regulations on sewage 
treatment facililles and farming practices aiming at the reduction of nvenne nutrient 
deh\'ery to the coastal sea 1s no,vadays a main concern of pubhc authonues. Ho~·ever 

the basic scientific knov ledge required to properly assess the extent of nutnent 
reduction as \Vei l as its pnon ty target (ammon1 u1n. nJtrate. phosphorus) was up to no\v 
lacking Yet. the choice be~·een phosphorus or nitrogen reduction for controll1 ng 
coastal eutroplucauon has considerable economical consequence 
In the scope of national and EC resea rch projects. an integrated land-coastal sea system 
approach that combines field observations. process-level studies and nurnencal 
e:xpenmentat1on has been implemented since 1988 The purpose 1s to 1mpro' e 
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knO\\ ledge on eutroph1cat1on mechanisms 1n Lhe coastal North Sea and give guidance 
fo r making selections among the possible measures to counteract eutroph1cauon 1n this 
coastal sea The feasibility and the appropnateness of this integrated research 
met hodology to 1dent1fy and solve coastal eutroph1cat1on problems 1s illustrated 1n this 
paper '" h1ch syntheuzes (i) knowledge on the present-<lay eutroplucation level of the 
conunental coastal waters of the Nonh Sea and its natural and man-induced 
controlling mechanisms: (i i) shortly descnbes the mechanistic biogeochem1caJ model 
MIRO. (1i1) appraises the model perfonnance 1n its ab1hty to predict present-day 
Phaeoc_vsr1s blooms: and (iv) explore the response of the current Phaeocyst1s­
dom1 nated coastal North Sea ecosystem to environmental policies scheduled for the 
next decade by North-Western European countnes with respect to EC guidelines. 

f gure I \tap sho-wtng the -watershed of the main nvers d1schargmg Ul the continental coastal waters of the 
'-orth Sea. the location of the monitonng stall ons ( • ). and the su~areas (doned contours) considered 
tor the apphca11on of the ~ft RO model ( V. CH Western Channel FCZ French coastal zone BCZ 
B<!lg1an ... oastal zone. OCZ Dutch coastal zone) 
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2. T he eutrophication phenomenon of the continental coastal " 'aters of the 
or1h ea : a e ment and mechani m 

The prcscnt-da) features of coastal onh Sea eutroph1cauon ' ' ere appraised fron1 the 
comprehens1\'e analysis of high resoluuon ume-scnes data on nutnents. ph) toplankton 
and heterotroph1c organisms ) ea rl) collected dunng the penod 1988-1 991 at selected 
reference stations ~1th1n the area extending fron1 the Western Channel to the Dutch 
coastal waters (Fig. l ) [5]. 111 relation to nutnents nvenne loads and 1neteorolog1cal 
cond1t1ons When combined \\Ith phys1olog1cal studies on Phaeocvs11s nutnent 
metabolism [3. 6] and on the b1odegradab1ilty of Phaeocvst1s-<len\'ed matcnal [7]. th is 
comprehensl\ e anal) SIS allO\\ S to 1denll~ the basic mechanisms behind cutroph1cat1on 
of coastal Nonh sea. 1n pan1cular those ccolog1ca l e\ ents that lead in spnng to 
transient accu mulations of foa1ns on beaches bordenng the Nonh Sea 

2 l THE NL 'TRIENT EN\"IRONt\ IENT OF COAST..\l NORTll SFA PHYTOPL1\NkTO. 

The general nutnent ennch1nent of the coastal area from conunental sources 1s 
renected by N. P. S1 ' 'inter concentrauons (Table I ) ' ' h1ch d1spla) a onc-ordcr-of­
magn1tudc increase from the Western Channel to the Dutch coastal \\'aters R1venne 
nutncnts d1scharg1ng 111 the Nonh Sea are indeed curnula11ng along a SW-NE a'\1S as a 
result of the mean residual c1rculat1on of the \Va ler masses Qualitative changes 
induced by fresh\vater sources of nutnents as exh1b1tcd b) the NP, N S1 and P S1 molar 
rauos of the \Vlnter inorganic nutncnt pool (Table 1) clearly CVldence in the whole area 
a nitra te excess over silicate and phosphate with respect to coasta l d1ato1n silicon 
requ1re1nents (average N S1 1nolar rauo of I 2) [8] and phytoplankton phosphon1s 
needs (Redtield's N P molar rauo of 16) 

TABLE I ;\lutnent discharge and winter concentration in lhe coastal '=onh s~a 

Coastal .irea WCH FCZ BCZ DCZ 

River 111puL<; 

nitrogen I 01Tv 1 (0 o n1tra1es) I 25 (80) 58 (44) 500 (70) 

phosphorus 101 T y"1(0 o phospha1e) I 2 (77) 7 3 (45) 29 (70) 

s1 licates 101 T \ 01 67 27 I 91 

molar'\ P - "J S1 - P S1 24 - 3 - 0 I 3 29 - 3 4 - 0 11 31 - 42-0 14 

.\ \'erage winter concentrations 

nitrate µ~I 8 25 35 80 

phospha1e µ 1\1 06 1 5 I 2 2 

silicate µ1\1 6 9 12 40 

molar:-.. P - '\ S1 • P S1 17-14-011 17-~7-017 30 - 3 - 0 I I 28 - 2 7 - 0 I 

~1ax1mun1 spnng chi a ·' 4 10 45 ., ., 
mgm 

182 



• 

2 2 STRUCTL'RC A.'!D Fl.JNCTJONING OF THE COASTAL NORTH 5E .\ PLANl(TONIC 
FOOO-\\'EB 

2 2 1 The ph;vtoplankron co111111un1ry 

Nutncnt ennch1nent of coastnl \vaters st11nulntes 1n spring U1e develop1nent of 
phytoplankton of \Vhich the bio1nass exh1b1ts a one-order-of-magnitude increase fro1n 
the Western ~hanne l to the Dutch coastnl \vatcrs (Tnble 1). The severely unbalnnced 
nutncnt ennch1nent 'vith respect to diato1ns requirc1nents, ho,vever. stunulates. after 
the en rly spnng develop1nent of a si lic:He-controlled diato1n bloo1n (Fig.2a). the 
explosive dcvelop1nent of the colony-fonn1ng Phaeoc.rsus. sustJ1ned by ne'" sources of 
nitrate of anthropogenic orgin (Fig.2b). The link bet,\'ecn Phaeocysc1s colony bloo111s 
and the 8nthropogen1c nitr<1te ennch1nent of the conunent81 coasta l \V<lters of the North 
SeJ 1s clc:lrl~ c' 1denced by the posllne relauonsh1p bet\\een the 1n:lx1n1un1 Phaeoc,sus 
cells dens1r~ reached 111 spnng nnd the n1tr:lte s t ~1nding stock d\ailable <ll d1ato1n 
decline (Fig 3). 
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Supenmpos1ng changes 1n anthropogenic act1v1t1es - 1n particular those supplying 
nitrates to the fresh\vater and marine systems -, as dnv1ng forcing of Phaeoc_vs(ls 
colonies development 1n the coastal North Sea. vanat1ons of late \\lnter meteorological 
cond1tlons on the watershed, 1n particular rainfall, \\'ere shown to induce contrasting 
changes in the spring diatom-Phaeoc_vsns dominance as well [9) . Accordingly, the 
relative importance of diatom versus Phaeoc_vst1s colony blooms is positively related to 
late winter rainfall conditJons (Fig.4) with pers1stant intense precipitallons tn winter 
dnv1ng the development of a diatom-dominated spnng bloom \vhile less intense 
rainfall promoting Phaeoc_vs11s colonies. To which extent this altem,auon in 
ph)1oplankton species dominance 1s affecting the troph1c efficiency and the 
geochemical significance of the coastal North Sea 1s not kno\vn yet. 
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2 2.2. Plankron1c food-u•eb srructure 

Phaeoc_vs11s 1s one of the fe \\ rnanne ph~ toplankters e.xh1b1t1ng phase alternation 
bct\.veen free-liVlng cell s of 3-9 ~un 1n d1a1netcr and l 1nm gelatinous colonies typica lly 
composed of thousands of cells e1nbcdded in a gel-like rnatrix made of polysaccha rides 
[e g. 3. l 0. 11 l These Phaeoc_i·st1s life forms are charactenzed b) different ecological 
and geochc1rucal fate [ 12]. The successful I deYelop1ncnt of Phaeoc_vsfls colonies 1s 
e>..1Jlained by an apparent higher ability of the colonial fonn tu use nitrate as nitrogen 
source [1 2, 13]. and by their high resistance to grazing by indigeneous 
mesozooplankton [ 14] The dominance of meso1ooplankton-unpalatable Phaeoc_vs11s 
colonies has been deVlating the classical linear food chain towards a complex microbial 
net\-vork. The latter 1s primanly stimulated by the release of Phaeoc_vst1s free-living 
cells and dissolYed organic matter after disruption of non-grazed colonies The 
outstanding aggregauon of foa1n deposited on beaches during penods of onshore ,.,,1nds 
then results fro1n transient accumulation of Phaeocystrs-denvcd organic matter 
resistant to immediate microbia l degradation. Interestingly enough, a positive 
relationship exists bet"·een the magnitude of Phoeoc_vs11s blooms and mesozooplankton 
[ 15] . This pos1li\'e feedback might be explained by the existence of an act1'e m1crob1al 
food-v;eb 1n \Vhich protozoa play a key role as grazers of Phaeoc_vs11s free-living r 16. 
I 7] and as food ressources for indigeneous mesozooplankton [ 18) This stresses the 
high flexibility of tlus coastal ecosystem and its adapLJb1ltty to environmental changes 

3. Modelling the cutrophication of the continental coastal lvaters of the Nonh 
Sea 

An integrated net\vork of mechanistic biogeochemical models, consisting of the offiine 
coupling of a biogeochemical model of Phaeocysris blooms development in the coastal 
North Sea - the MIRO model (5] - \\'i th a nver system model calculating nverine 
nutrient delivery to the coastal zone, as a fu nction of hydrology, land use and ,,·aste 
water purification poltc1es - the RIVERSTRAI-Il..ER model [9) - is being developed for 
predicting the response of the Phaeocysrrs-<lominated coastal ecosystem to changes in 
nverine nutnent loads resulting from changes occunng 1n the " 'atershed. Basically 
these mecharustic models are describing and predicting the cycling of carbon. nitrogen. 
phosphorus and silicon through aggregated key components of the freshwater and 
coastal ecosystems over seasons and years in response to the physical and nutrient 
forcing. Such mathematJcal models. therefore, are based on physiological and 
geochemical principles.. The numerical code synthettzes knowledge on the kinetics 
and the factors controlling the rnain auto- and heterotrophic processes involved in the 
funct1on1ng of the nver and manne coastal ecosystem The code 1s conti nuously in 
development relying on progress 1n experi1nental aquatic ecology Current 
development of the MIRO model, 1n particular its abili ty to reproduce the present-day 
eutroph1cation in the continental coastal waters of the North Sea. 1n particular the 
magnitude and extent of Phoeoc_vs11s bloo1ns. and explore the coastal ecosystem 
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response to nutnent reduction scenanos scheduled fo r the next 25 years 1s short! )' 
presented below 

3 l THE tvf!RO MODEL ~10DELLrNG PRESENT-DAY PHAEOC'lST!S BLOO~IS 

DEVELOPMENT TN THE COAST AL NORTH SEA. 

3. l. l. Descr1pllon of the ecolog1cal n1odel 
The MIRO ecological model describes the cycling of carbon, nitrogen, phosphorus and 
si licon through aggregated chemical and biological companments of the planktonjc 
and benthic components of the coastal area (Fig.5). Thirty-two state variables and 
t\venty-six processes linking them " 'ere ident ifi ed as important from the knowledge of 
the structure and fu ncuoning of Phaeoc.vst1s-dominated ecosystems. The model results 
of the assemblage of .t modules describing the dynamics of phytoplankon. zooplankton. 
organic matter degradation and nutrient regenerauon 1n the water column and the 
sediment. Mathematical formulat ion of k1 net1cs. parameters and forcing functions are 
descnbed 1n [5] 

I co, 

I S -t0-+8 
II 

-...!'------_,__-112 1---1 

---'--------- 8 1--------

"-----------1 81--------~ 

e .. nthos 

F1g11re 5 Structure of the ~1IRO modd carbon cvchng Legend for state variables (circles) and processes 
linking thl!Tll (numbers) m text 
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The phytoplankton module considers 3 ph) toplankton groups diatoms (DIA). free­
hv1ng nanoflagellates (PHS) and Phaeoc\''ilts colonies (PHC) Due to their trophic 
fate. Phaeocvst1s free-Jiving cells and colon ies arc considered as separate state 
vanablcs. even though they constllute t'"o different stages of the life cycle of the sa1nc 
phytoplankter (e g. Rousseau et al. 1994). The k1net1cs of ph)10plankton act ivi ties 1s 
descnbcd according to the AQUAPHY model of Lancelot et al [20] . It considers 3 
intracellular pools - monomers (S): reserve 1naterial (R): functional and structural 
metabolites (F) - and distinguishes the processes of photosynthesis (1) directly 
dependent on light availabili ty. from the process of growt h (4) controlled by the 
ava tlability of intracellular monomers and amb1ant nutnents. One single nutrient is 
hm1t1ng ph)10plankton gro,,th, according to the L1eb1g la\v of m1n1mum. With respect 
to Phoeoc_vsr1s colonies. an addiuonal pool of extrapol) 1ners (MUC) has been added to 
consider the mucilaginous matnx 1n '' h1ch the cells are embedded and '"'hich ser\'es as 
reserve of energeuc matenal (5). Beside resp1rat1on (3), loss processes include 
excreuon. cellular lysis (6). under control of nutncnt stress: sed1mentauon (diatoms 
and Phaeoc_vsr1s colonies) (8). zooplankton grazing (I 2) 

The zooplankton module of the MIRO model considers tv.·o groups of zooplankton 
the 1n1crozooplankton (CIL) feeding on free- lt\'tng flagellates (9) and the 
mesozooplankton (MZO) grazing ( 12) on diatoms and 1n1crozooplankton according to 
a preference for the latters (F Hansen. pers. corn.) Phaeoc_vsr1s colonies escape 
grazing. Colonies are ho,vever submitted to a nutnent stress-dependent process of 
colonial disruption (7) which releases 1n the \Vater colutnn free-living cells and 
dissolved organic polymers. A simplified descnption of zooplankton dynamics has 
been chosen. considering grazing as an hyperbolic Michaelis-Menten function of food 
Items \\1lth ho'"'ever a threshold value bclo\v \Vh1ch no grazing is possible 
Zooplankton gro\vth and excretion ( 14) are calculated from grazi ng rates based on 
gr0\\1h efficiency, zooplankton stoech1ome1ry and the calculated nutnent composition 
of food. First-order mortality is considered. 

Organic matter degradauon by planktonic bactena 1s descnbed according to the HSB 
model of B1llen[21 ]. considenng t\vo classes of biodegradability for both dissolved 
(HCI and HC2) and particulate (PCl and PC2) organic matter. Ectoenzymatic 
hydrolysis of these polymers ( 17) produces mono1ners (BS) that can be taken up by 
bacteria (18). These processes are descnbed by standard Michaelis-Menten kinetics. 
According to their origin. carbon and nitrogen contnbute 1n vanable proportions to the 
pools of organic matter. This proportion. compared to the bacterial C:N ratio 
determines whether net ammonification or arnmon1um uptake accompanies bacterial 
act1v1ty All organic phosphorus is assumed to be released directly as ortho-phosphate 
dunng hydrolysis of polymeric orga nic matter and phosphorus is taken up by bactena 
in its inorganic fonn only. 

Benthic organic matter degradation and nu tnent (N, P, Si) recycling is calculated 
making use of the algof)1hms developed by Lancelot and Billen [22] and Billen er al. 
(23] These algorythms. by solving stead)-state d1agenet1c equallons expressing the 
1nass balance of organic carbon. O'-> gen. 1norgan1c fonns of nitrogen and phosphorus 
1n the scd11nentaf) column. calculate the flu'\eS of nitrate. ammonium and phosphate 
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accross the sediment-\vater interface resulting from a given sedimentation flux of 
particulate organic matter. Furthermore, a first-order kinetics describes benthic silicon 
redissolution and release of silicic acid to the water column. 

3. 1.2. The multi-box MIRO model 
For a first application of the MIRO model to the continental coastal waters of the 
North Sea, a multi-box model has been considered on the basis of the hydrological 
regime. Such a low resolution of the hydrodynamics is reasonable in this tidally-well­
rnixed area. Three successive boxes , assumed to be homogeneous, have been chosen 
from the Baie de Seine to the Wadden Sea area of the Dutch coastaJ zone, on the basis 
of the hydrological regi me (Fig. I ). T he offshore limit of the boxes is taken along a 
residual streamline so that inshore-offshore exchanges can be neglected. Each 
successive box is treated as an open system, receiving waters from the upwards 
adjacent box and exporting water to the downwards box. The seasonal variation of the 
state variables are calculated by solving the different equations expressing mass 
conservation in the system according to the Euler procedure. 
The boundary conditions are provided by the results of the calculations performed for 
the conditions existing in the western Channel area, considered as a quasi oceanic 
closed system. Forcing functions are observed seasonal irradiance and seawater 
temperature and monthly riverine nutrient discharges of 1985 (source : North Sea Task 
Force, 1992). 

The prediction capability of the MIRO model can be appraised from Fig.6 and 7 which 
compares respectively predicted chlorophyll a and Phaeocystis cellular density and 
nutrients concentration in the 3 sub-areas of the continental coastal waters of the North 
Sea with observations at the respective reference stations of the observational network, 
from 1988 to 1993. In spi te of a reasonable general agreement between predictions 
and observations, in particular in the timing and magni tude of Phaeocystis blooms. the 
model does not predict properly the fast decline of Phaeoc~vstis blooms. especially in 
the northern part of the simulated area where non-observed elevated biomass is 
predicted along the summer season. This discrepancy between predictions and 
measured data could originate either from the oversimplification of the hydrological 
regime, neglecting for instances the influence of the Wadden Sea in the Dutch coastal 
area or from a low description of mechanisms prevailing for Phaeocystis blooms 
termination and degradation. Further research in this field is in progress. 
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3 2 MODELLfNG PHAEOCYST!S BLOOMS rN RESPONSE TO NUTRlENT REDUCTION 

SCENARIOS 

The appropriateness of the integrated modelling approach for coastal management 
purpose is shown by exploring the response of the MIRO model to reduction scenarios 
of riverine nutrient delivery of the coastal zone consequent to the application of the EC 
guideline of May 1991 on urban waste water treatment for sensitive areas. 1. e. 90 o/o 
phosphate removal and/or 75 % denitrification. 
Nutrient reduction scenarios were established by modifyjng nutrient riverine inputs of 
1985, according to the results generated by application of the RIVERSTRA.HLER 
model to watersheds similar to those of the rivers Seine. Scheidt and Rhine and for 
vanous scenarios of urban waste water treatment. These calculations were based on 
published level of urban waste water treatment reached in the different watersheds. 
Due to the marked seasonality of both river flow discharge and nutrient transformation 
witlun the nver system. a summer (Apnl-September) and a winter (October-March) 
nutnent reduction factors were considered 
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The extent of Phaeoc_vst1s colony blooms rcducuon expected from the application of 
the EC gu1del1ne of May 199 1 can be appraised on Ftg 8 which compares predicted 
Phaeoc.vst1s blooms after nutnent abatement sccnanos wtth present-day predictions 
Slight differences 1n the response of the coastal ecosystem are to be observed between 
subarcas. Severe reductions of Phaeoc_vsr1s bloorns colonies are predicted after 90 % p 
removal By contrast, very little bloom reduction 1s achieved in the scenario involving 
the den1tnfication treatment of waste waters This is explained by the importance of 
diffuse sources of rutrogen. Interest1nglv enough, the simultaneous application of 
phosphorus removal and denitnficat1on treatment of urban waste waters is not required 
fo r obta1n1ng the largest reduction of Phaeocvsfls blooms 1n the coastal North Sea. 
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Figure 8 Predicted present-day magnitude o f Phaeoc;. sfls blooms (white block) and after nutrient reduction 
scenanos (black block) I = 90°0 P remo"al. 2 - 75°0 denitnficat1on. 3 = 90°0 P removal and 75°0 
den1tnficat1on 

These exploratory nutrient reduction scenanos highlight the complex interactions 
between the continental and coastal manne systems and provide guidance to better 
select the available control actions on the watershed in order to reduce the development 
of Phaeoc.vsfls colony blooms. Further numencal work has to be done in this direction 
and should be supported by infrastructure development 1.e. the serung up of permanent 
mon1tonng stations of Phaeoc_vst1s colony bloom development in the key sites of the 
coastal North Sea for assessing long-term changes of the ecosystem functioning 
resulting of \.\'aste \.\ ater punficauon pol1c1es and climate change and veri fy model 
pred1ct1ons 
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Ge11era/ clisc11ssio11 

Afar111e coasral e11rrop/11cat1011 and pln·tm1lankton pln·s10/ogr 

Phytoplank.ton dyna1111cs, co1npellt1on and succession arc the resu lts of gro,vth and 
loss processes. Phytoplankton gro,vth is regulated by te1npcralurc, light and nutrient 
avatlabilit) '' 1th large group- and species-specific differences. Loss processes are the 
fact of gret7ing, lys1s and sedimentation . l~hc don1inancc of one or the species depends 
on both gro'' lh characteristics and loss factors 

IJu1nan-1nduced coastal eutrophication appears usuall1 as a shift fro111 a d1atom­
to" ards non siliceous spec1es-don11nated phytoplankton con1n1unity in response to 
nutrient dell\ Cl) to the coastal zone. The cont1nental nutnent sources present a large 
e-..cess of anthropogenic and P relatt\ c to 1 a\ ailability compared to d1aton1s 
requ1ren1ents (Officer & Ryther, I 980; Billen et al, 199 1, Conley et al, 1993). This 
concept of cutroph1cat1on is based on the assun1pt1on of d1ato1n limitation b) St 
a' ailab1lil) 

The con1pclll1\ e supenor1t) of d1ato111s has hccn related to their higher nia-..1111urn 
gro" th rates con1pared to flagellates and other phytoplanktcrs (Fun1as, 1990, S111ayda, 
1997) The detcrn11nat1on of env1ronn1enlal control or gro\vth rate is therefore of 
capi tal 1111portance for understanding the don11nance or ei ther diaton1 or non-si liceous 
phytoplankton 1n the phytoplankton cornn1un1ty Tcn1pcralure adaptation is 
encon1passed in the seasonal succession patten1. It 1s generally adn11tted that diatorns 
'' i 11 outcon1pellt1ng other phytoplankton provided thal \Ve! I-balanced nutrients arc 
supplied\\ 1th regards to their requiren1enls ( on1n1er, 1994), 1.e. N:Si = 1 (Brzezinski, 
1985) and N·P = 16 (Redfield et al., 1963) The success of non si liceous species \vas 
attributed to nutrient physiological characte1istics contrasting \vith those of diaton1s 
( 1nayda, 1997). The dominance of non siliceous species in anth.ropogenically­
enriched coastal environment has been attributed to characteristic high values of half­
saturation constant Ks for N and P uptake con1pared to those of diatoms (Smayda, 
1997). The distinction of photo-adaptative characteristics proper to both taxa appears 
less evident (Smayda, 1997). 

While diaton1s are usually effi ciently controlled by graLers, the non-siliceous species 
growing in anthropogenically e1uiched waters, arc toxic or non edible by 
n1esozooplankton (Sn1ayda, 1990, 1997). These phytoplankton species consequently 
accun1ulate in the ecosystem, causing harmful algal bloom (HAB) event with resulting 
deleterious effects for the coastal ecosystem. 

Phaeocvst1s colonr bloorns in the Southern Bight o(the North Sea 

Recun·ent spnng blooms of Phaeoc;1st1s colonies are recorded in the Southern Bight 
of the North ea, succeeding to a late \V1ntcr-early spring diatom community. The 
genus Phaeoc) 'St1s presents the typical charactcnst1cs of non-siliceous HAB species 
\\ ith a high capacity to gro'' in anthropogcn1cally-cnriched \\'aters and being 
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unpalatable for mesozooplankton. T he li fe cycle o f Pliaeoc_vst1s alten1ates several 
types of nanoplankton ic cells and large colo nies (Chapte r l ). The pro<l ig1ous success 
of Phaeoc;·st1s as blooming species in these eutrophicated \\ aters \\ as related to its 
abili ty to fonn large gelatinous colonies (Chapters 3, 4 & 5). The eco-phys1ologica l 
characteristics of the co loni al stage a llo\v Phaeocystis to take bene fit o f the large 
excess o f NOJ over Si(OH)-t and P04 re lative to N: P:Si diato111 requi ren1ents, 
characteriz ing the nutrient environment o f these coasta l \\ aters. 

The higher abiltty o f PhaeoCJ'S fts colo nies to u tilize energy-consu1111ng N03 is 
explained by the physio logical function o f the mucilag inous matiix. This latter 
increases indeed the energy storage capacity of each cell (Chapte r 4). This \Vas 
de111onstrated else\vhere through competiti ve experiments in chemostats (Riegman et 
al. , 1992) and in the field \\here f- ratio o f 0.5-0.8 are recorded (Lancelot et al., 1986, 
Smith et al. , 1992). This 1s \veil evidenced by the empirical re lationship existing 
bet\veen the N03 an1ount lc f1 over afte r the di atom decline (chapter 8). 
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Figure 1: Relationship between Phaeoc.vstis max imun1 cell density reached during 
the bloon1 and N03 concentrations at diatom decline. 

The foam event observed every year on the beaches o f the Southern Bight of the North 
Sea is the manifest consequence of a disruption of the trophic chain. The colonial 
s tructure o f Pliaeocystis is indeed responsible for n1assive accumulation of organic 
matter in the water column due to its u11palatabi lity for indigenous mesozooplankton 
(Lancelot, 1995; Gasparini et al. , 2000). ln these shallo\v coastal ~1aters, Phaeoc;•st1s 
colonies \Vere indeed sho\vll to escape direct grazing due to a misn1atch behveen the 
s ize of colon1cs and most of indigenous n1esozooplankto11 . 

Ungrazed Pliaeocystis colonies stimulate the estab lishn1cnt of a very acti ve microbial 
net,vork. T his latter indi rectly resun1es the linear food chain through 
microzooplankton graLing on Phaeoc\ st1s free-livi ng cells and heterotroph1c 
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nanonagcllalcs. ( lO\Vever, the troph1c cffiency Of lhlS n11crob1al food chain IS \ ery 
IO\\, an1ounltng to 1.6 °/o. The huge biomass produced by Phaeoc_vslls colony bloo111 
has therefore little benefit for the higher troph1c levels (Chapter 7) 

The very lo\v trophic efficiency of the plankton1c linear food chain and of the 
niicrob1al net\VOrk together \Vith the potential contribution of ungrazed Phaeoc;·stts­
derivcd production to the bacter1al carbon den1and suggest that niost of the 
Phaeoc_rst1s-den ved production in the Belgian coastal waters is remineralised in the 
\Valer column (Chapter 7). The PhaeOC)'Slis colony production would then acts as a 
additional, transient particulate nutrient reservoir with few usefulness for the 
ecosystem but rather negative effects. Some sedin1cntation of Phaeocystis colonies 
onlo the botton1 could hovvever occur (Riebesell, 1993; Peperzak et al., 1998) the 
111ost probably in preferential sites depending on the prevailing hydrodynamic 
characteristics. The northeast\vard exportation of a part of the Phaeoc;1st1s bio1nass, 
due to the residual circulation, could \\ell be at the origin of the sumn1er 
eutrophication problems recorded in this area (van Bcusekom, 1999). The 
accun1ulation of ugly foarn onto the beaches, resulting from exportation of 
Phaeocvst1s organic matter under coast,vard strong \\'ind and stormy conditions, is 
another negative effect of these bloon1s. 

The du110111-JJhaeocrst1s success1011 

The bloon1ing of Phacocys11s colonies succeeds to an early-spr1ng diatom gro\vth and 
co-occurs \Vith late spring diaton1s (Chapters 5 & 6). The diatom Oo'vvering 1s 
con1poscd of a succession patten1 of 3 n1ain con1n1unitics. A late \Vinter-early spring 
diaton1 bloon1 occurs generally from n11d-February to n1id-March and is constituted of 
an asse111blagc of small nerit1c species \Vhosc the n1ore con1n1011 are Skeleto11e111u 
costa/11111 . Aster1onnella glaczalis. Thalass1011e111a 111t:sc/11ordes. Thalassios1ra spp., 
Plag1ogra1111na brockrnanii, A/elos1ra sulcata. This con1n1unity is progressively 
replaced by a Chaetoceros spp. - Schroederella sp. asse111blage. Later on, co­
occurring \Vith Phaeocysris colonies, a R/11:osole111a spp. - don1inated community 
takes place (Chapters 5 & 6). 

This reported diatom succession, \\ ith an accun1ulat1on of the Rhrzosole111a spp.­
do111inated diaton1 community in late spnng-sumn1er, 1s also recorded in poorly 
enriched Atlantic waters (Grall, 1972; Sournia et al., 1987). This suggests that the 
succession of the three diatom asse111blages constitutes the basic component of the 
North Atlantic \vaters that flovvs through the Channel along the continental coast. 
Phaeoc;,stis colonies appear then as an additional cornponent of the phytoplankton 
succession pattern, grafting on the natural diatom succession in response to the 
continental sources of antlTiopogenic nutrients (Chapter 5 & 6). 

The S1-lunitatio11 hypothesis 

It is generally admitted that Phaeocyst1s colonies bloom after a first silica-limited 
diaton1s bloon1s (Gieskes & Kraay, l 975; Lancelot & Mathot, l 987; Veldhuis et al, 
l 986; Weisse et al., 1986). Without direct expcrin1ental evidence, some of our results 
indicate, hO\Ve\ er, that silicate is not the only regulating factors of the diaton1-
P/Jaeocrs11s succession. 

199 



The positive relat1 onsh1p observed betvveen the si l1ci fi cation level ( i:C) or diatorns 
and 1 availability suggests that the different succeeding d1atorn co1nn1unities are \veil 
adapted to their i environn1ent (chapter 6). Particularly, the IO\v 1:C characterizing 
the Rl11zosolen1a spp.-do1ninated con1munity suggests this diatom is particularly vvell 
adapted to gro\v on low silicate levels prevailing at the time of their Ilo\vering 
(chapters 5 & 6). 

Our time-series data on phytoplankton in Belgian coastal \Vaters indicate a higher 
contribution of the Rlu::.osole111a spp.-don1inated con1munity to the total cellu lar C­
biomass of phytoplankton at lo\v salinity. The \vinter nutrient ratios indicate 
elsewhere a pronounced change in nutri ent quality along salinity gradient with a 
deficit of P04 over Si(OH)-i v. hi le NO, is in large excess \Vith regards to :P:Si 
16: l : 16 ratio required by diatoms. This \vould suggest that only well-balanced nutrient 
environment in tcnns of Si but also P04 'viii stin1ulate diatom gro\vth. The spectacul ar 
development of Rhizosole11ia de!tcatula in the \Vaters of the Channel (Soumia et al., 
1987; Lancelot et al., 199 l) \Vould confim1 the ability of this diatom to grov\ v;hen 
nutrients are well balanced either due to remincralisation (Del Amo et al., 1997), 
either due to Atlantic vvaters inflo\vs. 

AJI together, these elcn1ents indicate that R/11zosol<!111a spp. are able to gro\v and reach 
high bio111ass on low nutri ents concentrations provided their are equi librated. Rather 
than a i(OH)-i lin1itation, sorne P04 lin11lat1on or and S1(0l-1 )4 and P04 co- l11n1tat ion 
cou ld control the d1aton1 gro,vth. The potential P0 4 limitation of d1ato1ns could also 
\Veil explain the non-lin1iting Si(OH)-i concentrations (3 to 5 µM) recorded during the 
Phaeoc_rstis spnng bloon1 in the Belgian coastal \\ aters (chapter 5). This '' ou ld also 
indicate that the diaton1s of the R/11::osole111a spp .-don1inatcd co1nn1unity arc better 
competitors than PhaeocystLs co lonies ir N, P and i are \veil balanced. This is not 
contradictory \VJth the observation that the re)at1ve proportion or diatOl11 in the 
phytoplankton conm1unity is related to Si avai !ability (Egge & Asknes, 1992), 
provideu that the other nutrients are not lin1iting. 

A better light adaptation of R/11zosole111a spp. to the turbid \vaters close to the estuary 
could however not be excluded . 

The nutrient behaviour o[Phaeocvstis 

The relationship observed bet\veen the average Pltaeoc}'Stis colonial cells C-biomass 
and the average sal inittes prevailing during spring ( 1988- 1999) indicates a preferential 
Phaeoc}•stis colonies in high salinity vvater 111asses (Fig. 2). This observation, the very 
lovv PQ4 concentrations recorded during the Phaeoc~vst1s colonies bloom and the 
excess of N03 left over by the diatoms (chapter 4-7) would indicate that Phaeocystis is 
able to grovv N03 excess to grow in P04 deficient waters n1asses (chapter 5). The 
magnitude and extent of Phaeoc_rstis colony bloon1 \VOuld rely then not only on ne\V 
sources of N03 but also on regeneration processes o f ungrazcd diatom-derived organic 
matter for their PQ4 requirements (chapters 5 & 7). Phaeocystis would therefore be 
characterized by a "mixed" nutritional behaviour, gro\ving on ne\v sources of N03 and 
partially rem1neralised P04 A carbon budget est a bi ished for the spring bloon1 period 
111 the Belgian coastal \vaters shO\VS n1ost of diato111 production underwent lys is and 
\Vas ren1ineralrsed by bacteria (chapter 7). On the other hand, the ability of 
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l'hacocrstr'i lo gro'' on organic source of phospho1 us has been established in cullurcs 
( \ ' c ldhu1s et al , 1987, 'an Boekcl & V e ldhu1s. 1990, van Boeke I, 1991 ). 
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Figure 2 : Relat1onsh1p be l\\ een a\ cragc spring F'lu1cocrs11s colonial cell C-bion1ass 
and the a\erage salinity prevailing during their grov, th (data 1988- 1999). 

This has been recently shO\\'n in the fi eld '''here a pos1tl\ e con·elat ion bet\veen 
alkaline phosphatase activity and Phaeocrstr ~ colony b101nass (S. Becquevort; pers. 
co111m.) \vould indicate the ability of Phaeocrstrs to hydro lyzc organically bound P. 

The conclusions of the above discussion suggest that the reduction o f P04 loads 
\\ ould therefore have little impact on Phaeocrsus colony bloom \Vhile reducing 
d1aton1 flO\\ ering. On the contrary, a reduction of the N03 loads should be required 
for effi cient lo\vering of Phaeoc_rst is bloom intensity 

Nutr1enT reduction scenarios 

Substan tial reduction of harmful Phaeocyst1s bloon1s in the continental coastal \Vaters 
of the No1ih Sea is no\vadays the main concern of Belgian and international public 
autho1ities. T his occurs through the formulation of regu lat ions on sewage treat1nent 
facilities, land use change and farming practices ain1ing at the reduction of riverine 

nutrient delivery to the coastal sea. 

At the Second International Conference on the Protection of the North Sea (London, 
Noven1ber 1987), the participating ministers of environment decided, as a preventive 
approach, to reduce by 50 % the N and P loads into the North Sea over the period 
1985- 1995. ln para llel, the EC guideline of May 199 1 on urban \Vaste \vater treatment 
for sens1t1 ve areas, recommend strong nutnenl ren1oval fron1 point sources, 1.e. 90 ° o 

phosphate ren1oval and/or 75 % deni tnftcation The response o f the MIRO model lo 
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reduction scenarios of riverine nutrient delivery of the coastal zone consequent to the 
~vo directives \Vas investigated. (Chapter 8) 

Nutrient reduction scenarios \Vere establ ished by niodifyjng nutrient riverine inputs of 
l 985, according to the North Sea Conference Ministerial Declaration of 1987 t e 50o/o 
of P load on the one hand and 50°/o reduction of & P discharge to the coastal sea on 
the other hand . MIRO niodel runs sho\v that significant reduction of Phaeocystts 
blooms are reached \Vhen both N and P loads to the Southern Bight o f the North Sea 
are reduced by 50%. l f only P re1noval is effective, no or little effect on Phaeocys11s 
colony bloom is sirnul atcd due to very effi cient P recycling in the coastal environment 
and its consequent limited effect on algal developn1ent. The 50% reduction of both N 
and & P loads to the coastal sea are primarily affecting diatom spring de' elopment 
reducing their bloom n1agnitude by nlore than 30%. 

The response of the MlRO model to nutri ent reduction scenarios consequent to the 
application of the EC guideline of May 1991 \Vas investigated. These nutrient 
reducti on scena1ios were established by modifying nutri ent 1i verinc inputs of 1985, 
according to the results generated by application of the RIVERSl RAHLER model 
(Garnier el al., 1995) to \\ atersheds similar to those of the nvers Seine, Scheidt and 
Rhine and for va rious scenarios of urban waste water treatn1ent. Severe red uctions of 
Phaeoc:rstts bloorns colonies are predicted after 90 ° o P removal. On the contra[), 
\'ery littl e bloon1 reduction is achieved 111 the scenario 111 \'o lving the den1 tn fi cation 
treatn1ent of '1-vas te \Va ters. This is explained by the in1portance of di ffuse sources of 
nitrogen. Interestingly enough. the si n1ultaneous applicat1on of P re1no' al and 
denitn fi cation treatn1ent of urban " aste \Vaters is not required for obtaining the largest 
reduction of Pltaeoc_) 'Sl1s blooms in the coastal North Sea. 

These exploratory nutrient reduction scenarios clearly sho'v that the proposed 
nieasures by the European Con1n1ission don' t achieve the 50% reduction of and P 
load to the coastal North Sea needed to substantially reduce P/Jaeoc)·st1s bloon1s in the 
eutrophicated Southern Bight of the North Sea. This is due to the complex 
interactions bet\veen the continental and coastal marine system. Only an integrated 
land-coastal sea 111odeling approach would be able to provide guidance to better select 
the avai lable control actions on the \Vatershed in order to reduce the developn1ent of 
Phaeoc.l'slis colony bloon1s. 

Historical data analysis sho\v that the occurrence of PhaeOC)'Sfis blooms has been 
reported at the end of the century in the Dutch (Cadee & Hegen1ari, 199 1) and French 
(Grosse!, 1985) coastal \Vaters. Through a retrospective n1odelling approach, Billen 
( 1993) sho\ved that these ~·aves of Phaeocystis colony blooms were positively 
correlated to the fluctuations of nitrate delivery to the sea follo\ving increasing 
urbanization, industrialization and agriculture intensification in the \Vatershed. 

The consequences of the n1easures taken in the eighties for reduce riverine nutrient 
have already been recorded in the coastal \Vaters of the Southern Bight of the orth 
Sea. A downward trend in P04 loads was indeed recorded in the Belgian (Chapter 5), 
Dutch (de Vries et al., 1998) and Gen11an (Hickel et al., 1993) coastal \Vaters in 
response to measures taken on the \Vatershed for reducing ri verine P loads. As a 
consequence of the N:P increase, an extension of Pliaeocystis colony bloon1 duration 
to,vards summer \vas observed in the Dutch coastal '' aters (Cadee & Hegen1an, 199 1; 
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R.1cg1nan et al, 1992). l'hcse observations constitute a direct evidence of the response 
of the l'haeocr~t1s-don11nated ecosysten1 to n1od1 ficat1ons of nulnent loads. 

l)crspectn •es 

This thesis pro' ides son1e sen11-quant1tatl\ c conclusions on the functton1ng of the 
eutroph1cated coastal ecosystem of the outhen1 Bight of the North Sea. It also 
1denll fies gaps 111 our kno,vledge. Future research shou ld be perfonned to provide a 
deeper insight into the underlying principles and processes regulating phytoplankton 
gro\vth and succession. 

The detcnn1nation of n1ax imum gro,vth rates (µ 111", ) and the con1parative study of the 
nutrient physiology of the 3 diaton1s con1111unities and Phaeoc;·stis colonies would 
allo'' to understand the n1echanisn1s behind succession and co1npetition. Chemostat 
studies a11n1ng to determine the rnajor nutrient uptake para1ncters (the maximal uptake 
rate \ ' n1a'\ and the half saturation constant Ks) are indeed required for a proper 
charactcnsat1on of Phaeoc_rstzs and d1aton1s succession and competition. Also, P04 
and 1(0H)4 cycling in these coastal "aters should be 1nore deeply investigated. 
Further research should be deserved to not only 1norgan1c but also organic nutrient. In 
particular, the capacity of co-occurring Rl11:osole111a spp.-don1inated diato1n 
con1n1unll) and 1~'1aeoc_1·s11s to utilt1c organic sources of P04 

The specr ric photo-physiology. of these ke)-groups, and particularly their adaptation to 
turbid coastal '' aters is another field or research for a deeper understanding of 
phytoplankton dyna1n1cs and n1ore particularly their d1 ffcrent d1stribut1on. 

Palatabi I ity d1 ff ere nee for the prevailing n1esozooplankton and selective grazing 
constitute an altematl\ e explanation for the varying don1inance of each of the taxa and 
should be fu11her investigated. 
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