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Abstract The phytoplankton genus Phaeocystis
has well-documented, spatially and temporally
extensive blooms of gelatinous colonies; these are
associated with release of copious amounts of
dimethyl sulphide (an important climate-cooling
aerosol) and alterations of material flows among
trophic levels and export from the upper ocean.
A potentially salient property of the importance
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of Phaeocystis in the marine ecosystem is its
physiological capability to transform between sol-
itary cell and gelatinous colonial life cycle stages, a
process that changes organism biovolume by 6-9
orders of magnitude, and which appears to be
activated or stimulated under certain circum-
stances by chemical communication. Both life-
cycle stages can exhibit rapid, phased ultradian
growth. The colony skin apparently confers pro-
tection against, or at least reduces losses to,
smaller zooplankton grazers and perhaps viruses.
There are indications that Phaeocystis utilizes
chemistry and/or changes in size as defenses
against predation, and its ability to create refuges
from biological attack is known to stabilize preda-
tor—prey dynamics in model systems. Thus the life
cycle form in which it occurs, and particularly
associated interactions with viruses, determines
whether Phaeocystis production flows through the
traditional “great fisheries” food chain, the more
regenerative microbial food web, or is exported
from the mixed layer of the ocean.

Despite this plethora of information regard-
ing the physiological ecology of Phaeocystis,
fundamental interactions between life history
traits and system ecology are poorly understood.
Research summarized here, and described in the
various papers in this special issue, derives from
a central question: how do physical (light, tem-
perature, particle distributions, hydrodynamics),
chemical (nutrient resources, infochemistry,

@ Springer



312

Biogeochemistry (2007) 83:311-330

allelopathy), biological (grazers, viruses, bacteria,
other phytoplankton), and self-organizational
mechanisms (stability, indirect effects) interact
with life-cycle transformations of Phaeocystis to
mediate ecosystem patterns of trophic structure,
biodiversity, and biogeochemical fluxes? Ulti-
mately the goal is to understand and thus predict
why Phaeocystis occurs when and where it does,
and the bio-feedbacks between this keystone
species and the multitrophic level ecosystem.

Keywords Biocomplexity - Plankton life cycles -
Phaeocystis - Viruses - Zooplankton

Introduction

The assembly of phytoplankton communities is a
continuous process in which instantaneous exter-
nal assessments, e.g., species abundances, diver-
sity, and bulk constituents, reflect the outcome of
a host of physical, chemical, and biological pro-
cesses operating at a hierarchy of temporal and
spatial scales. The absolute abundance of a given
taxon increases according to growth, immigration,
physical concentration, and other mechanisms,
whereas losses including grazing, lysis, sedimenta-
tion, dilution, and emigration act to stabilize pop-
ulation fluctuations. In this manner, many species
generally compete yet coexist in a water mass of
seemingly similar properties. That one species
becomes numerically dominant, much less forms
a near monospecific bloom, is a remarkable phe-
nomenon, especially given that many loss pro-
cesses are density dependent in nature. To do so
regularly, over large spatial and long temporal
scales, is indicative of a life-history strategy more
successful than the competition. It may also indi-
cate that one species is more genetically diverse
than another, and that diversity enables it to exist
over these scales as one suite of genotypes gives
way to another suite of genotypes to perpetuate
the bloom. From this perspective, each suite of
genotypes conceivably thrives in a discrete set of
environmental parameters.

The genus Phaeocystis is one such taxon.
Whereas it contains at least six species (Medlin
and Zingone this volume; Rousseau et al. this vol-
ume), it is ecologically acknowledged that the
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blooms are typically caused by the two cold water
species, P. pouchetii (high boreal and arctic
waters) and P. antarctica (Southern Ocean), and
by P. globosa (primarily cold north temperate
waters). What is unusual in marine ecosystems is
that such blooms are primarily a life cycle event:
these Phaeocystis species transform from a tiny
single-celled morphotype into a colonial stage in
which hundreds or thousands of cells are embed-
ded within a gelatinous matrix and protected
behind an elastic but solute-permeable commu-
nity membrane. Something about this transforma-
tion and/or the characteristics of the colony life-
cycle stage (Lancelot and Rousseau 1994; Lance-
lot et al. 1998) permit Phaeocystis to out-compete
other phytoplankton, which belong to a variety of
algal classes with diverse strategies for competing
for light and nutrients, but without a functionally
comparable gelatinous house. At sufficiently high
concentrations, colony blooms have been associ-
ated with a variety of ecosystem changes and neg-
ative effects on fisheries and fish farming
(Lancelot et al. 1987; Schoemann etal. 2005;
Nejstgaard et al. this volume), such that blooms of
Phaeocystis colonies are considered as harmful
algal blooms (HABs, e.g., Anderson et al. 1998,
Veldhuis and Wassmann 2005). Less is known
about the occurrence and significance of solitary
cell stages of Phaeocystis, primarily because these
small nanoplankton require specific careful meth-
ods for quantification. However, blooms of soli-
tary cells have been reported on occasion, e.g.,
Ratkova and Wassmann (2002) and Wassmann
et al. (2005), and thus the temporal and spatial
distribution of Phaeocystis may have been under-
sampled. Solitary cells may also be important to
over-wintering strategies (see below) but relevant
quantitative studies are lacking. Nevertheless,
given that colonies derive from solitary cells,
knowledge of their dynamics and mechanisms
influencing their occurrence are important to
understanding the success of this genus (Reigstad
and Wassmann, this volume).

Thus the causes of life-cycle alterations in
Phaeocystis may be under environmental con-
trols, whether abiotic or biotic, and elucidation of
these controls will shed light on the fundamental
processes that regulate ecosystem organization
and biogeochemical flows. Research attempting
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to explain these life-cycle transformations from
the perspective of resource limitation or physio-
logical capability have been underway for almost
a century, but have failed to provide conclusive
evidence of why Phaeocystis is so successful in
sequestering resources and dominating its com-
petitors. Emphasis of studies on shifts in life cycle
dominance insitu has increasingly focused on
influences by other organisms, either direct causes
such as viral- or grazer-mediated reduction of abun-
dance of specific stages, or indirect causes such as
stage transformation induced by allelopathy or info-
chemicals. Because of the large change in effective
organism size when it transforms from solitary cells
to colonies or vice-versa, Phaeocystis can function
in reality as a dual species: a nanoplanktonic
solitary cell, a micro- to macroplanktonic colony,
or both concurrently. But whereas we understand
some of the evolutionary costs and benefits of
these two stages (see Verity and Medlin 2003;
Veldhuis et al. 2005 for discussions), and some of
the factors influencing biomass accumulation of
these stages, we do not yet understand how they
interact to make the keystone phytoplankton that
is Phaeocystis. If we could, the expected insights
into planktonic ecosystem structure and function
might be remarkable.

This was the rationale and motivation for the
formation of the scientific committee on ocean
research (SCOR) working group #120 (“Marine
Phytoplankton and Global Climate Regulation: The
Phaeocystis spp. Cluster as a Model”). The work-
ing group’s mission during the period 2000-2005
was to define research needs on Phaeocystis, and
to provide a logistical mechanism to integrate
results into a revised conceptual model of this
taxon’s role in the transfer of elements relevant to
climate regulation, such as carbon and sulfur, and
the biogeochemical processes that influence such
a role. These goals were a natural development
from previous symposia on Phaeocystis held in
Belgium (1991) and the Netherlands (1999), and
resulting in special publications in the Journal of
Marine Systems (1994, Volume 5) and Journal of
Sea Research (2000, Volume 43), respectively. As
such, the field of interest was broad, encompass-
ing genes to climate, with a goal of generating
sufficient information to place Phaeocystis not
only in the context of biodiversity but also in the

framework of global international programs such
as the surface ocean lower atmosphere study
(SOLAS: http://www.uea.ac.uk/env/solas) and
integrated marine biogeochemistry and ecosys-
tem research (IMBER: http://www.igbp.kva.se/
obe). The ultimate objective was to improve pre-
dictability in the essentially chaotic plankton
world. The following section summarizes progress
regarding key aspects of the fitness, ecology, and
biogeochemistry of Phaeocystis that occurred
during the working group’s organizational life-
time, and which are described in more detail in
papers in this special issue of Biogeochemistry.

New perspectives on Phaeocystis and its role
in upper ocean biogeochemistry

Phaeocystis-dominated ecosystems include large
and biogeochemically important portions of the
global ocean, which are trophically unusual and
poorly understood. Life-cycle alternations caused
by system stresses on Phaeocystis, whether abiotic
or biotic, restructure the entire food web and
change ecosystem characteristics ranging from
nutrient utilization to trophic energy transfer to
vertical export of biogeochemically salient
elements. Evidence supports the notion that
Phaeocystis is so successful because, through a
combination of life cycle stages, a range of colony
sizes, and perhaps grazer-activated defenses, it
can reduce mortality more than competing phyto-
plankton. Interactions between Phaeocystis and
other organisms, especially zooplankton, may
involve sophisticated signaling, and attempts to
accurately model and predict the complexity of
these ecosystems requires quantitative informa-
tion on the feedbacks between Phaeocystis and its
environment. For these reasons, among many,
Phaeocystis is a model organism from which to
begin the study of complexity in marine pelagic
ecosystems.

Taxonomy
The genus Phaeocystis is thought to have origi-
nated 75 million years ago. There are currently

six recognized species: P. antarctica Karsten,
P. cordata Zingone et Chretiennot-Dinet, P. globosa
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Scherffel, P. jahnii Zingone, P. pouchetii (Hariot)
Lagerheim, and P. scrobiculata Moestrup (Medlin
etal. 1994; Zingone etal. 1999; Medlin and
Zingone, this volume; Rousseau et al. this volume),
and several as yet undescribed species are
thought to exist. However, one or more of these
may represent species complexes. For example,
the existence of different internal transcribed
spacer (ITS) alleles in a single strain of Phaeocystis
globosa was interpreted as evidence of hybridiza-
tion between cryptic species within the P. globosa
morphotype (Lange et al. 2002). Normally ITS
regions should be homogenized by concerted
evolution but this was not the case in P. globosa.
In hybrids of land-plant species, both parental
copies are present in the offspring and a contin-
ued crossing of the F1 generation will eventually
lead to the loss of one of the parental types.
These regions were not evolving too rapidly for
homogenization to take place based on relative
rates tests made on the 18S ribosomal deoxyribo-
nucleic acid (rDNA; Lange et al. 1996). Cryptic
species within Phaeocystis globosa had been
inferred earlier in this species based on differ-
ences in DNA content determined by flow cytom-
etry among strains of the species (Vaulot et al.
1994). Thus there seems to be substantial inter-
and intraspecific variation in this genus.

Gaebler et al. (this volume) attempted to trace
the biogeographical history of Phaeocystis strains
in the Southern Ocean by quantifying the genetic
diversity within populations of P. antarctica from
each of the three major gyres in the Antarctic
continental waters and calculating the gene flow
between them. They described methods to quan-
tify genetic diversity, and preliminary results for
P. antarctica in comparison to two other colonial
species: P. globosa and P. pouchetii. Results
showed differences in the AFLP patterns between
isolates of P. antarctica from different regions,
and that a wide variety of microsatellite motifs
could be obtained from the three Phaeocystis spe-
cies. Initial results (Lange et al. 2002) support the
ITS analysis that the populations from the Ant-
arctic circumpolar current (ACC) are seeding the
continental gyres.

Lange et al. (2002) used sequence variation to
compare 22 isolates representing a global distri-
bution of the genus. The most conserved 18S
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rRNA analysis suggested that an undescribed
unicellular Phaeocystis sp. (isolate PLY559) is a
sister taxon to the Mediterranean unicellular
Phaeocystis jahnii; this clade branched prior to
the divergence of all other Phaeocystis species,
including the colonial ones. Phaeocystis globosa
and pouchetii have multiple different ITS copies,
suggestive of cryptic species that are still able to
hybridize. A molecular clock was constructed that
estimates the divergence of the cold-water forms
from the warm-water forms to be about 30 Mya
and the divergence of P. antarctica and P. pouchetii
to be about 15 Mya. Medlin and Zingone (this
volume) have reviewed the morphological
information on the validly described Phaeocystis
species and presented some new information on
undescribed species. The combined molecular
and morphological data implied that the number
of species in the genus is still underestimated, and
that cryptic or pseudo-cryptic diversity requires a
sound assessment in future research on this genus.

Life cycles

The complex life cycle of Phaeocystis is the key to
understanding its role in marine ecosystems
(Verity et al. 1988b; Rousseau et al. 1994; Peperzak
et al. 2000). However, despite almost a century of
study, the number and role of the different cell
types involved in the Phaeocystis life cycle is still
uncertain. Rousseau et al. (this volume) provided
a detailed review of the different morphotypes of
the six recognized Phaeocystis species, and found
four different cell types. There are two types of
scaly flagellates: one produces star-forming fila-
ments and has been reported for all species
except P. jahnii, while the other, lacking filaments
and stars, has been found in P. globosa and P. jahnii.
The three colony-forming species, P. globosa,
P. pouchetii, and P. antarctica, share three cell
types in common: a flagellate with scales and fila-
ments, a colonial cell, and a flagellate devoid of
scales and filaments. In contrast, only flagellates
with scales and filaments have been observed in
the non-colony-forming species, P. scrobiculata
and P. cordata. The authors provided evidence
for a haploid—diploid life cycle in P. globosa that
includes sexuality during colony bloom forma-
tion, and two types of vegetative reproduction.
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The high genetic diversity recovered in the pre-
liminary genetic analysis done by Gaebler et al.
(this volume) would suggest that sexual reproduc-
tion is quite common.

Different hypotheses have been proposed to
explain the selective pressures that led to the evo-
lution of colony formation in Phaeocystis, includ-
ing as a strategy to reduce population mortality
by grazing or viral lysis (Verity and Medlin 2003;
Brussaard et al. this volume; Nejstgaard et al. this
volume). If cells in colonies have lower per capita
losses than freely dispersed cells, and also have
equivalent or even higher intrinsic growth rates
(Veldhuis et al. 2005), then colonies would
appear to provide a distinct life-cycle advantage.
Nevertheless, there remain numerous questions
regarding the ecological roles of the different life-
cycle stages, before their significance can be
completely understood (Rousseau et al. this
volume). However, there is universal agreement
that these life-cycle transitions may have large
direct and indirect effects on trophic dynamics
and biogeochemistry of planktonic ecosystems. In
coccolithophorids, another member of the Pry-
mnesiophyta, life-cycle changes are likely related
to niche partitioning (Noel et al. 2004). The hap-
loid holococcolith stage thrives in oligotrophic,
deeper oceanic waters, whereas the diploid het-
erococcolith stage lives in more-eutrophic coastal
water. To evaluate the hypothesis of the effect of
life cycle transitions on trophic dynamics, a better
understanding of the occurrence, transitions, and
causal mechanisms of the life cycle is needed.

Yet another life-cycle issue is how Phaeocystis
survives the long polar winter, i.e., several months
of darkness. It would be advantageous in such an
environment for photosynthetic solitary cells to
be mixotrophic (capable of also ingesting bacteria
or other small particles), or for mixotrophy to be
induced by decreasing photoperiod or some other
signal of the impending months of darkness.
Phagotrophy of bacteria and phytoplankton by
other prymnesiophytes related to Phaeocystis has
been documented (Nygaard and Tobiesen 1993;
Tillmann 1998), but to the authors’ knowledge it
is unknown whether Phaeocystis has such capa-
bility. It is known that with the induction of low
temperature and low light, the expression of
photosynthetic genes is increased in sea-diatoms

(Mock and Valentin 2004), but whether or not
this is a universal response of other polar phyto-
plankton has not been investigated. Interestingly,
Phaeocystis may serve as a source of photosyn-
thetic potential for its own predators. A new
undescribed dinoflagellate, related to Karenia and
Karlodinium, has been found in the Antarctic
with kleptoplastids from Phaeocystis (Gast et al.
2006). Cultures of this heterotrophic dinoflagel-
late are maintained on single cells of Phaeocystis,
from which it extracts its plastids by a yet as
unknown mechanism to become photosynthetic.
The dinoflagellate has also been seen inside
Phaeocystis colonies, but it is unknown if the
dinoflagellate prefers colonial or unicellular
stages as its plastid source. The dinoflagellate is
quite abundant in Antarctic waters, and this rela-
tionship represents another unusual relationship in
understanding the biological role of Phaeocystis
and its predators.

To provide a framework for the details of cell
biology, genetics, and chemical signaling as con-
trols on P. pouchetii life-cycle transitions, Whip-
ple et al. (2005a) constructed a 15-compartment
conceptual life cycle that includes solitary cell
types and size classes of growing and senescent
colonies. Whipple etal. (2005b; this volume)
described how this conceptual approach was used
to direct integrated research into various facets of
P. pouchetii ecology: appearance of colonies from
fjord sediments; in vitro colony division; in vitro
changes in colony shape of P. pouchetii associated
with senescence; determining which P. pouchetii
life stage is vulnerable to viral infection and lysis;
colony division rate and growth rates; enhance-
ment by diatoms frustules of P. pouchetii colony
formation from solitary cells; and investigation of
mesozooplankton suppression and microzoo-
plankton enhancement of P. globosa colony for-
mation by grazer infochemicals.

Although life-cycle alternations may be the key
to unraveling the biofeedbacks that occur
between Phaeocystis and the ecosystem, many
questions remain unanswered. For example, het-
eromorphic life cycles such as those exhibited by
Phaeocystis function in macroalgae as adaptations
to reduce grazing pressure (Lubchenco and Cubit
1980; Slocum 1980). Do life-cycle transformations
such as development of motility and emigration
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of cells from colonies (Verity et al. 1988b) happen
randomly, are they driven only by physical (light,
temperature) or chemical (nutrient) stimuli, or
are they also under biological control such as
grazing (Tang 2003), or perhaps intra- or interspe-
cies signaling? In any case, these transformations
are best viewed as responses to stressors [grazing,
viruses, nutrient and light limitation, prolonged
darkness (polar winter)]. By changing its life-
cycle morphology, Phaeocystis changes the size
structure of the ecosystem and also essentially
disperses offspring to another future where the
stressor may be avoided or reduced.

Environmental regulation

The distribution patterns of Phaeocystis species
can partly be explained by its specific light and
nutrient requirements, which are thoroughly
reviewed in Schoemann et al. (2005). The genus
occurs under a wide range of light intensities. In
temperate regions, the ability of Phaeocystis to
grow at low light levels allows bloom develop-
ment early in the season (Peperzak et al. 1998).
Massive colony blooms in Antarctic waters
early in spring are only terminated once nutri-
ents become depleted. In those areas, high bio-
mass of Phaeocystis cells may also be found
under the sea ice, where light intensities are
often <5 umol quantam~2s~! (van Hilst and
Smith 2002).

The concentrations of the macronutrients PO,
and NOj largely control biomass development of
Phaeocystis in temperate areas (Lancelot et al.
1987; Verity et al. 1988a; Veldhuis et al. 1991).
Early studies demonstrated that this reflected the
ability of Phaeocystis to both utilize organic
phosphate (Admiraal and Veldhuis 1987) and be
competitive at high nitrate levels (Lancelot et al.
1998). Gieskes et al. (this volume) studied the
extensive data set on Phaeocystis that is provided
by the continuous plankton recorder (CPR), a
sampling device towed behind ships-of opportu-
nity throughout the North Atlantic since 1948
(Reid etal. 2003). Phaeocystis abundance has
mainly been restricted to neritic regions and lim-
ited to springtime, with the southeastern North
Sea as a hotspot. Abundance and length of seasonal
occurrence of Phaeocystis in the North Sea was not
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correlated with the increasing eutrophication
during the period of data collection. This is
apparently because Phaeocystis is not only influ-
enced by anthropogenic nutrient enrichment in
river discharge: nutrients in the Channel/Atlantic
water entering through the Dover Straits may be
equally or more important, although this region is
also influenced by discharge from the Seine and
Somme rivers. Only very close to the Dutch coast
was phytoplankton biomass related significantly
to Rhine river run-off in spring; elsewhere in the
North Sea, Atlantic water incursion overruled
anthropogenic nutrient enrichment. As discussed
later, the relative importance of Phaeocystis
blooms compared to diatoms in the Belgian
coastal zone is related to the combined effects of
riverine nutrient load and the North Atlantic
oscillation (NAO: Breton et al. 2006).

In the Southern Ocean, algal growth is partly
controlled by iron when this micronutrient is
available in limiting concentrations, but variable-
light climate also plays an important role. Thus
a complex interaction between iron and light
limitation has been described (Stefels and van
Leeuwe 1998; van Leeuwe and Stefels 1998; Arrigo
and Tagliabue 2005). Recently, experiments were
designed to study photoacclimation in P. antarctica
under more natural light conditions (van Leeuwe
and Stefels, this issue). Cells were exposed to a
variable light regime that mimicked vertical mix-
ing of the water column. Iron limitation was
invoked by adding ethylenediaminetetraacetic acid
(EDTA) to natural seawater. Periodic exposure
to high irradiance induced rapid conversion of the
light-harvesting pigment, diadinoxanthin, into the
photoprotective pigment, diatoxanthin. Under
iron limitation, cells showed characteristics of
high light acclimation. An expansion of the
photoprotective pigment pool coincided with
weaker diurnal patterns of pigment cycling. These
results supported prior conclusions that photoacc-
limation can be successful under conditions of
iron limitation.

DiTullio et al. (this volume) studied the pig-
ment composition of freshly isolated strains of
P. antarctica. The experiments were performed
in EDTA-free media thus utilizing the natural
organic Fe binding ligands present in the
seawater, and applying ecologically relevant Fe
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concentrations (i.e., subnanomolar). Ratios of the
pigments 19’-hexanoyloxyfucoxanthin: chloro-
phyll a increased while ratios of fucoxanthin:
chlorophyll a decreased under increasing Fe-lim-
ited conditions. Thus DiTullio and colleagues
confirmed the findings by van Leeuwe and Stefels.
The ratios retrieved in the laboratory experi-
ments mimic those typically measured in
P. antarctica spring blooms in the Ross Sea, which
stresses the importance of Fe limitation in this
region.

At low light intensities, the iron demand of
cells increases in relation with enlargement of the
photosynthetic apparatus (Raven 1990; van Leeuwe
and de Baar 2000). Sedwick et al. (this volume)
studied the iron requirements of P. antarctica in
the laboratory, and recorded a relatively high
iron requirement (a half-saturation constant of
0.45 nM dissolved iron) at low light levels (at ca.
20 pmol photons m~2s~1). Their results showed
that dissolved iron availability plays a primary
role in regulating blooms of colonial P. antarctica
in the southern Ross Sea during summer. Sed-
wick and colleagues also performed field studies
in the Ross Sea, which showed that in late spring
iron was still in ample supply and Phaeocystis
growth was controlled by the ambient light con-
ditions rather than by iron availability. It
appears that insitu cellular iron demand was
<0.45 nM Fe. The authors related this low iron
requirement to the relatively high ambient light
levels.

Annual patterns of P. antarctica in the
Southern Ocean may thus be determined by the
interplay between variable micronutrient concen-
trations and irradiance availability. In contrast,
patterns in high latitudes in the northern
hemisphere, where iron is not typically limiting,
are primarily determined by nutrient conditions
and large-scale hydrographical phenomena.

Characterization of organic matter
and biodegradability

The gross biochemical composition of Phaeocystis
differs to a certain extent from other phytoplankton.
For example, colonies appear to have a specific
carbohydrate signature, including a rather
unusual, or even unique, nuclear magnetic reso-

nance (NMR) spectra of the mucus (van Boekel
1992; Janse et al. 1996). A combination of sterols
and fatty acids can be used as a biomarker of
Phaeocystis, and a set of fatty acids, sterols, and
pigments is diagnostic for the class of algae to
which Phaeocystis belongs (Prymnesiophyceae),
although individually they are widespread among
phytoplankton. However, the fatty acids 20:5w3
(eicosapentaenoic acid, EPA) and 22:6w3
(docosahexaenoic acid, DHA), which are essential
for the growth of multicellular animals, occur in
only trace amounts in Phaeocystis, whereas they
are common in other phytoplankton (Nichols et al.
1991). Moreover, based upon the fatty acid and lipid
contents, solitary cells are more nutritious than
colonies.

Phaeocystis is well known for producing
extravagant amounts of particulate and dissolved
organic carbon, especially during the colonial
stage of its life cycle. Alderkamp et al. (2005; this
volume) reviewed the characteristics and dynam-
ics of the organic matter compartments produced
by Phaeocystis. When nutrients become limiting
and Phaeocystis blooms reach a stationary growth
phase, excess energy is stored as carbohydrates
that leads to an increase in C/N and C/P ratios of
Phaeocystis organic material. At the end of a
bloom, deterioration of colonies, autolysis of
cells, grazing of colonies and cells, and lysis of
cells that are virally infected release dissolved
organic matter (DOM) rich in glucan and muco-
polysaccharides. Whereas this organic matter is
potentially readily degradable by heterotrophic
bacteria (Brussaard et al. 2005b; Ruardij et al.
2005), the high C/N and C/P ratios of Phaeocystis
organic matter may lead to nutrient limitation of
microbial degradation. Furthermore, carbohy-
drate hydrogel formation may physically retard
the degradation potential of the Phaeocystis
organic material, and also accelerate its sedimen-
tation. The production of dissolved organic mat-
ter and subsequent formation of transparent
exopolymers (TEP) may influence microbial pop-
ulation dynamics directly through bacterial colo-
nization and indirectly through scavenging of
predators and viruses (Brussaard et al. 2005b).

The relationship between Phaeocystis photo-
synthesis, DOC release, and microbial dynamics
is thus complex and likely mediated by nutrient
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availability (Thingstad and Billen 1994). For
example, bacterial degradation of primary pro-
duction in high-nutrient low-chlorophyll regions
can be limited by iron availability (Arrieta et al.
2004). Iron supply can either directly stimulate
microbial activity, or do so indirectly by enhanc-
ing DOC production of phytoplankton upon their
release from iron limitation. Becquevort et al.
(this volume) investigated indirect effects of Fe
supply on bacterial degradation by measuring
bacterial response to organic substrates derived
from P. antarctica cultures set up in high and low
Fe-amended treatments using Antarctic seawater.
Iron addition influenced the relative abundance
of colonies versus single cells of Phaeocystis and
caused a decrease in the C/N ratio of Phaeocystis
material. In turn this altered microbial commu-
nity composition and cellular activity levels, such
that more Phaeocystis-derived organic matter was
degraded in high iron compared to low-iron bio-
assays. The authors concluded that by increasing
bacterial degradation and thereby preventing the
accumulation of dissolved organic carbon, the
positive effect of Fe supply on the carbon biologi-
cal pump via enhanced phytoplankton export
may partly be counteracted.

Another aspect of Phaeocystis colonies that is
under-appreciated is that they provide sites for
temporary settlement of other plankton. For
example, Sazhin et al. (this volume) enumerated
the consortia of organisms associated with colo-
nies during blooms of P. globosa in the eastern
English Channel and P. pouchetii in mesocosms in
western Norway. In both environments, mass
development of the small needle-shaped diatom,
Pseudonitzschia species, occurred on Phaeocystis
colonies, and comprised up to 70% as much car-
bon as contained in the Phaeocystis cells inside
the colonies at the end of the bloom. The authors
proposed that the diatoms use the organic sub-
stance of the colonial matrix for growth.

Grazing

Despite almost a century of qualitative observa-
tions and two decades of quantitative studies,
there remains considerable uncertainty about
the extent to which Phaeocystis, especially colo-
nies, provide a good food for, and are ingested
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significantly by, zooplankton (reviews by Weisse
etal. 1994; Schoemann et al. 2005; Nejstgaard
et al. this volume). Reported feeding rates are
very variable and span the full range from non-
detectable to close to physiological maxima for
the respective grazer and prey size. A variety of
filtering or suspension-feeding organisms
decrease or stop their feeding when Phaeocystis
colonies are present, including zooplankton and
various bivalves (Weisse et al. 1994; Smaal and
Twisk 1997; Nejstgaard etal. this volume).
Active rejection of colonies has also been
observed (Kamermans 1994) and mechanical dis-
turbance of the gills of bivalves and the mouth-
parts of zooplankton caused by colony mucus has
been hypothesized. Widespread speculation
attends the notion that Phaeocystis may be
unpalatable, the wrong size, noxious, toxic, or
combinations of these (see Weisse et al. 1994 for
earlier review), at least during some bloom
phases when investigated insitu (Estep etal.
1990). Colony blooms themselves are offered as
evidence of reduced mortality for whatever rea-
son; in contrast, regions and seasons with regular
blooms are also ecosystems with great fisheries.
Hamm et al. (1999) argued that the colony mem-
brane may be largely responsible for minimizing
a variety of loss processes including grazing,
viruses, cell lysis, and sedimentation. In this
regard, intact small colonies of P. cf. pouchetii
with living cells have been observed in copepod
fecal pellets from the Barents Sea (P.G. Verity,
E. Arashkevitch, P. Wassmann, unpubl.). Seuront
et al. (this volume) offered another mechanism
that protects Phaeocystis against grazing. They
investigated the distribution patterns of chloro-
phyll a and seawater excess viscosity over the
course of a phytoplankton spring bloom domi-
nated by Phaeocystis globosa. Positive and nega-
tive correlations were measured during the
bloom and after the formation of foam in the
turbulent zone. The authors suggested that the
biologically induced increase in seawater viscos-
ity might be a competitive advantage to Phaeo-
cystis as a potential anti-predator strategy. In
addition, through this unique environmental
engineering strategy, P. globosa can create a
favorable, turbulent-free physical habitat that
protects colony integrity.
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In marine systems, both proto- and metazoan
zooplankton use species-specific contact chemo-
reception and diffusable chemical cues in analyzing
particles they encounter (Friedman and Strickler
1975; Spero 1985; Verity 1988). If grazing is
selective and varies in response to prey ratio,
abundance, or palatability, then investment
in mortality reduction by prey is rewarded.
Considerable evidence illustrates that many proto-
and metazoan zooplankton are indeed selective
feeders (e.g., Alcaraz etal. 1980; Verity 1991;
Sanders and Wickham 1993). Hence, theory would
suggest that phytoplankton such as Phaeocystis
would evolve defenses against predation. But
relatively little is known about production of
secondary chemicals or metabolites that function
as feeding deterrents in Phaeocystis as well as for
other phytoplankton (see reviews by Pohnert
2004; Yoshida et al. 2004). Phaeocystis has been
shown to have toxic effects on several organisms
and cell types (see Nejstgaard et al. this volume
for a review), and dimethylsulphoniopropionate
(DMSP) and its cleavage products have been sug-
gested to function as grazing deterrents in the
closely related Emiliania huxleyi (e.g., Wolfe
2000; Strom etal. 2003). Further, lectins are
known to function as infochemicals signaling the
presence of certain prey to predators so that the
predators can recognize and select their prey item
(Wooten and Roberts 2006). Phaeocystis is
known to possess lectins in the wall of its colonial
stage (van Rijssel et al. 1997; Hamm et al. 1999),
but perhaps these lectins function in the opposite
way by discouraging the predator rather than sig-
naling its presence to the predator.

Phytoplankton vary widely in their physiology
and internal chemistry as a function of growth
conditions, and may change their physiology con-
siderably and irreversibly when isolated from
nature into culture conditions (Edvardsen and
Paasche 1998). Likewise it is also known that
many zooplankton may show strong variations in
feeding rates in response to chemical and physio-
logical cues (e.g., Dutz etal. 2005; Koski et al.
2005; Dutz and Koski 2006; Long and Hay 2006).
Nejstgaard et al. (this volume) critically reviewed
the evidence for and against Phaeocystis as a
nutritious ration for herbivores and omnivores.
Based on available data, they concluded that much

of the reported variation in feeding on Phaeocystis
especially between field and laboratory studies
may (a) be due to methodological problems
(including use of nonspecific bulk pigments in
field investigations, and zooplankton not having
alternative prey available in laboratory experi-
ments), and (b) reflect physiological differences
between Phaeocystis species, strains, and cell
types within a strain, and/or induced changes in
algae during culture. This study showed that this
may have resulted in an overestimation of feeding
rates in laboratory studies of as much as fivefold
compared to field estimates based on specific cell
counts. They further posited that colony size pro-
vides a (partial) refuge from predation by small
copepods (such as Temora spp. and Acartia spp.)
at least for P. globosa, while colonies of P. pouchetii
appear less protected from large copepods
(such as Calanus), and that chemical signaling
between the predator and its prey may be one
of the major factors controlling grazing on
Phaeocystis. From presently available data, it is
unclear whether colonies of P. pouchetii are less
protected from copepod grazing compared to
similarly sized colonies of P. globosa due to differ-
ences in the colony physiology. This should be
tested in future experiments. For smaller colonies,
size may also be less important for those proto-
zooplankton whose feeding mechanisms permit
engulfment of larger prey, e.g., heterotrophic
dinoflagellates (Stelfox-Widdicombe et al. 2004).

Allelopathy and toxicity

The effects of anti-metabolites on phytoplankton
were recognized over 40 years ago (Johnston
1963). Marine plankton themselves also produce
allelochemicals that have antagonistic effects.
Gauthier and Aubert (1981) presented several
examples within and between bacteria, phyto-
plankton, and zooplankton. Pratt (1966) reported
allelopathy between the diatom Skeletonema
costatum and the flagellate Olisthodiscus luteus.
Where investigated, release of allelochemicals
by marine microalgae has been observed
(Uchida 1977; Chan etal. 1980; Van Alstyne
1986; Targett and Ward 1991), although the
identity of the allelochemicals was seldom
known. Arguments have also been presented in
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support of contact inhibition in microalgae
(Costas et al. 1993).

Phaeocystis has long been suspected to nega-
tively impact co-occurring organisms, including
allelochemical and toxic effects, and recently it
has been identified as a harmful algal bloom
(HAB) species, at least in European waters
(Veldhuis and Wassmann 2005). Van Rijssel et al.
(this volume) used a bioassay to quantify the
potential impact of living P. pouchetii, collected
during mesocosm blooms in western Norway, on
other living cells. Red blood cells were used as
model targets representing unprotected cells, and
their lysis were quantified by monitoring dis-
solved hemoglobin. Hemolytic activity was best
correlated with P. pouchetii abundance compared
to other phytoplankton, including diatoms, and
was enhanced by increased temperature and light.
In comparison to other harmful algae, living
P. pouchetii colonies were highly hemolytic and
the mechanism was apparently quite different
from the hemolytic harmful algal bloom species
studied so far. Whereas it can be argued that red
blood cells may not mimic the responses of
marine phytoplankton, the lytic response of the
chemicals to the membranes is likely the same.
Long et al. (subm.) reached similar conclusions
that Phaeocystis possesses allelopathic properties
from experiments with both algal cultures and
natural plankton communities during Phaeocystis
blooms in mesocosms. Results such as these sup-
port the notion that Phaeocystis may use plant
chemistry in its competitive interactions with
other phytoplankton, as well as a means of adjust-
ing to grazing pressure, as discussed earlier.
These antagonistic effects may help account for
the prodigious, near-monospecific colony blooms
regularly observed in high latitudes. It seems
increasingly likely that “allelochemistry ... may
help explain complexity in biological systems”
(Lewis 1986).

Viruses

Viruses are now universally recognized as poten-
tially being a major contributor to phytoplankton
and bacterial mortality. Given a life cycle that
includes solitary cell and gelatinous colony stages,
and their role in food web dynamics and biogeo-
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chemical fluxes, viral infection of Phaeocystis may
affect not only host population dynamics, but also
ecosystem structure and function. Viral infection
and lysis have been described in P. pouchetii and
P. globosa (Bratbak etal. 1998a, b; Jacobsen
2002; Brussaard etal. 2005a). Among other
issues, determining which stages of the life cycle
are vulnerable to viral infection and lysis is crit-
ical for understanding the effects of viruses on
Phaeocystis life-cycle dynamics and ecology.
Brussaard et al. (this volume) reviewed the role of
viruses with respect to Phaeocystis bloom dynamics,
and offered a discussion on potential factors affect-
ing viral control. The colony morphotype provides
protection against infection (Brussard et al.
2005a; Jacobsen etal. 2005, subm.), with the
importance of viral infection being inversely
related to colony size (Ruardij et al. 2005). Degra-
dation of the colonial matrix and the resulting
formation of transparent exopolymeric particles
(TEP) also indirectly affect the process of viral
infection by acting to scavenge viruses from the
water column (Brussaard etal. 2005b). It
becomes more and more obvious that viral lysis of
Phaeocystis may be significant to biogeochemical
processing in the water column by affecting nutri-
ent remineralization from Phaeocystis biomass,
stimulating bacterial productivity, and increasing
release of climatically active organic sulfur com-
pounds.

Sedimentation and vertical export

Aggregation and accompanying sedimentation is
a physical process that can provide a significant
fate for Phaeocystis blooms in situ, in addition to
trophic losses caused by grazing and viral lysis.
Understanding of vertical export of organic mate-
rial or cells comprising Phaeocystis blooms thus
helps to constrain water column biogeochemistry
and reflects physical water column and pelagic
food web structures. For example the fluxes
through the water column not only depend on
grazing pressure per se but also the (meso-)zoo-
plankton present. TEP formation and coagulation
associated with colony degradation may favor
export. The importance of sedimentation to the
fate of blooms, and the significance of vertical
export of POC associated with Phaeocystis
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blooms is hard to define for all species and cases,
mainly due to the extraordinary plasticity in the
ecology and life cycle of the species (Wassmann
1994; Schoemann et al. 2005).

Reigstad and Wassmann (this volume) have
made an attempt to quantify the various export
mechanisms and determined cell and colony
sedimentation rates and their contribution to the
vertical POC directly. Their compilation of data,
ranging from polar to sub-Arctic and boreal
regions, suggests that the overall contribution of
Phaeocystis species to vertical export of biogenic
matter is not significant. Colony blooms are often
associated with strong vertical export in the upper
photic zone, but between 40 m and 100 m, the
contribution of Phaeocystis cells to total export
declines to only ~3% at 100 m depth. By compar-
ison, vertical export of diatoms is significantly
larger. Other processes that favor export of
Phaeocystis-derived carbon, such as grazing and
fecal pellet production, downwelling, and sinking
mucilagenous matter, are difficult to quantify, but
even considering colony mucilage, the contribu-
tion of Phaeocystis apparently increases only slightly
to <5% of POC export.

Not withstanding these results, episodic sedi-
mentation events may still be of local importance
(e.g., DiTullio et al. 2000). Such events are hard to
monitor, e.g., they can be associated with grazing
by highly mobile krill (Hamm et al. 2001), and
other difficulties remain. Reigstad and Wassmann
(this volume) note how difficult it is to quantify the
carbon content of Phaeocystis colonies and also
refer to the problems caused by fragmentation of
colonies. Given the known links between Phaeo-
cystis physiology (Brussaard etal. 2005b; Mari
et al. 2005; Alderkamp et al., this volume), it seems
likely that bloom export is coupled to both nutrient
regime and zooplankton dynamics. While N limita-
tion would favor retention of fragmented colony
material in upper euphotic zone (Mari et al. 2005),
P limitation may induce rapidly colony disruption
resulting in heavy and sticky mucus aggregates
(thought to sink rapidly). Again, it is difficult to
quantify carbon export along this pathway, since
this pool is not visible as pigments or cells using
microscopy, and perhaps not even picked up accu-
rately by traditional POC measurements (Reigstad
and Wassmann, this volume).

Additional information on sedimentation rates
can be derived from tracer studies. Schmidt et al.
(this volume) and Lalande (2006) show, however,
that interpretation of tracers is not straightfor-
ward in the presence of Phaeocystis. Particulate
thorium-234 (?**Th) removal from the water col-
umn and presence in sediment traps can be used
as indication of vertical export of biogenic matter
(Buesseler et al. 2006). However, the occurrence
of Phaeocystis can temporarily delay the export of
particulate 2*Th from surface waters, e.g., sedi-
ment trap POC fluxes were much lower than
large-volume POC fluxes in such waters (Lalande
2006). Schmidt et al. (this volume) suggests that
large flocculation negatively affects the scaveng-
ing of 2*Th onto biological particles. When large
colonies make up a significant fraction of the ver-
tical flux, *Th clearly underestimated particle
fluxes.

DMS(P) and the sulfur cycle

Spring blooms dominated by Phaeocystis have
been associated with considerable production of
dimethyl sulphide (DMS). It is thought that the
atmospheric oxidation products of DMS result in
cooling of the Earth’s atmosphere and thereby
reduce the effects of greenhouse gases such as
CO,. Given the global importance of DMS for the
biogeochemical sulfur cycle and climate, the
observed correlations between Phaeocystis
blooms and DMS in the atmosphere are signifi-
cant (Turner et al. 1995; Kwint and Kramer 1996).
The main direct source for DMS is dimethylsul-
phoniopropionate (DMSP), which is produced by
several phytoplankton including FEmiliania
huxleyi and Phaeocystis spp. (Keller et al. 1989;
Liss et al. 1994). DMSP has properties in common
with the compatible solute glycine betaine, and
production of DMSP and DMS may be related to
physiological stress (Stefels 2000; Sunda et al.
2002). Phaeocystis has an extracellularly located,
membrane-bound DMSP-lyase enzyme that
cleaves DMSP into equimolar amounts of DMS
and acrylate (Stefels and Dijkhuizen 1996). It has
long been speculated that the production of acry-
late may function as a microbial inhibitor
(Sieburth 1960). But ambient concentrations of
acrylate during Phaeocystis blooms are inade-
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quate to expect bacterial inhibition. However,
acrylate concentrations inside the colonial matrix
are much higher (Noordkamp et al. 2000), provid-
ing the potential to function as a grazing deter-
rent. Wolfe et al. (1997) reported that strains of
the related genus Emiliania, which contained low
levels of DMSP-lyase were preferred by grazers
over strains with high DMSP-lyase levels. The
mechanism apparently was lyase-induced release
of high concentrations of acrylate in grazer food
vacuoles. Given the very high concentrations of
acrylate in the colony (Noordkamp et al. 1998)
and also high DMSP-lyase activity in cells (Stefels
and van Boekel 1993), DMS production and graz-
ing-activated DMSP cleavage by Phaeocystis is
thought to contribute to the avoidance of healthy
colonies by protozoan and metazoan zooplankton
(Wolfe etal. 2000). It has also recently been
shown that copepods react strongly to DMS in the
feeding current (Steinke et al. 2006), although it is
not clear whether this is a cue to trigger ingestion
of the Phaeocystis cell or its micropredator by the
copepod (see discussion in Nejstgaard et al. this
volume).

Stefels et al. (this volume) reviewed the func-
tional relationships between physical and chemi-
cal ecosystem parameters, biological productivity,
and the production and consumption of DMSP
and DMS. They made specific attempts to quan-
tify these functional relationships, and described
the various factors controlling DMSP production
(species composition, abiotic factors), the conver-
sion of DMSP to DMS (by algal and bacterial
enzymes), the fate of DMSP-sulfur (e.g., grazing,
microbial consumption, sedimentation), and fac-
tors controlling DMS removal from the water col-
umn (microbial consumption, photo-oxidation,
emission to the atmosphere). The authors con-
cluded with specific recommendations for future
studies needed to improve accuracy of model pre-
dictions linking ecosystem structure and function
to DMS dynamics. One of these recommenda-
tions is the subdivision of the algal realm into six
groups, one of which (Phytoflagellate B) is based
on the features of Phaeocystis. Although it cannot
be excluded that a few other prymnesiophytes
with high DMSP-lyase activity fall within this
same category, Phaeocystis is thought to be the
main contributor. This outstanding position is
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indicative of the global importance of this single
genus. In this regard, DiTullio et al. (this volume)
described rapid sedimentation of DMS and
DMSP at the end of spring blooms of P. antarctica
in the Ross Sea. Shenoy and Kumar (this volume)
provided a detailed overview of spatial and tem-
poral patterns of organic sulfur compounds in the
Indian Ocean, where Phaeocystis globosa blooms
have recently been reported to occur (Madhupratap
et al. 2000; Schoemann et al. 2005).

Modeling

The search for organizational pattern in plankton
and its causes is not new. The realization is grow-
ing that there is more to the organization of
nature than can be revealed in empirical data.
Thus there must be theory, and there must be
modeling. The role of model simulation in under-
standing system complexity and in decision-mak-
ing is recognized even in the business world
(Schrage and Peters 1999). Models offer the ability
to test conceptual understanding of how
components of a given system are linked, and to
simulate complex interactions in a quantifiable
repeatable manner. Modeling, however, succeeds
only if new insights subsequently lead to valida-
tion or rejection of hypotheses upon more
detailed examination. Thus information extracted
from model runs is strongly linked to the chosen
structure (trophic resolution) of the model and to
the parameterizations of the interactions between
the components. When properly validated, mod-
els can be useful in both hindcast and forecast
modes and used for guiding decision-making in
environmental matters.

Life-cycle, food web and ecosystem models
have all been formulated to facilitate understand-
ing of the ecology of Phaeocystis and the impact
of their blooms on marine food web structures
and biogeochemical cycles. Environmental appli-
cation of these models included the control of
Phaeocystis blooms in eutrophic coastal waters
(Gypens etal. 2004; Lancelot etal. 2006) and
their contribution to the oceanic biological pump
of atmospheric CO, (Gypens et al. 2004; Pasquer
et al. 2005; Tagliabue and Arrigo 2005).

Conceptual models for the life cycle of Phaeo-
cystis (Rousseau et al. 1994, this volume; Whipple
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et al. 2005a, b; this volume) have been essential to
progress in understanding Phaeocystis ecosystems
by providing the basis for subsequent experimen-
tal studies and for best trophic resolution in math-
ematical models. Mechanistic models including
different life forms of Phaeocystis as the dominant
primary producer and their various micro- and
meso-grazers have been developed to mimic
Phaeocystis bloom dynamics in mesocosms and
investigate the role of life history attributes at the
population level. These include several types of
food web models such as individual-based models
that track cells and colonies as they grow and
divide (Canziani and Hallam 1996), food web
models that investigate trophic interactions
(Verity 2000), and a combination of these two
(Ruardij et al. 2005). The latter model is the
most sophisticated, describing the dynamics of
Phaeocystis free-living and colonial cells including
50 colony classes (2-80,000 cells per colony).
Simulations obtained with these different models
suggest critical processes determining Phaeocystis
life form dominance and the exchanges between
them. These are the specific growth rate of colony
cells compared to solitary cells, their light and
nutrient controls (e.g., Ruardij et al. 2005), the
mechanisms controlling colony lysis, as well as
top—down controls (including virus) specific to the
different Phaeocystis life forms.

Several ecosystem models with Phaeocystis and
diatoms as dominant primary producers but vari-
ous trophic resolution, have been implemented to
describe seasonal cycles of ecosystem constituents
and elemental fluxes in areas where Phaeocystis
blooms have been recorded: the Barents Sea
(Wassmann and Slagstad 1993), the southern
North Sea (Gypens et al. 2004; Lancelot et al.
2005; Lacroix etal. 2006), and the Southern
Ocean (Arrigo et al. 2003; Pasquer et al. 2005;
Tagliabue and Arrigo 2005, 2006).

Mechanisms controlling Phaeocystis domi-
nance over diatoms in the iron-limited Southern
Ocean, and the influence of ecosystem structure
on oceanic capability of absorbing atmospheric
CO,, were investigated by two ice-ocean ecosys-
tem models applied to the Ross Sea: the coupled
ice atmosphere ocean (CIAO; Arrigo et al. 2003;
Tagliabue and Arrigo 2005, 2006) and the seawter
microbial community (SWAMCO-4; Pasquer

et al. 2005) models. These models differed in their
trophic resolution, notably in the description of
Phaeocystis life forms with only free-living cells in
CIAO, while both colony forms and free-living
cells were explicitly described in SWAMCO-4.
Simulations all suggested a similar substantial
uptake of atmospheric CO, associated with
Phaeocystis blooms under control of light and
iron availability, but explanatory mechanisms for
Phaeocystis success were contrasting, due to
different Phaeocystis life-cycle resolutions. In
CIAO simulations, the success of Phaeocystis
over diatoms was explained by better photosyn-
thetic performance of Phaeocystis cells at low
light and low iron, while iron availability deter-
mined the height of the bloom and the related
CO, sink (Tagliabue and Arrigo 2005). In con-
trast, the explicit description of colony forms in
SWAMCO-4 simulations emphasized the key
iron-sequestering role played by the Phaeocystis
colony polysaccharidic matrix, which deprived
diatoms of iron (Pasquer et al. 2005).
Mechanisms regulating the diatom—Phaeocystis
succession and the magnitude of colony blooms in
the eutrophic coastal waters of the eastern Chan-
nel and Southern North Sea were investigated
with the MIRO model implemented in a multi-
box (Gypens etal. 2004; Lancelot etal. 2005,
2006) and a tridimensional (Lacroix et al. 2006)
structure. MIRO was very similar to SWAMCO-4,
including two Phaeocystis stages (free-living cells
and colonies) as well as their interrelations, tro-
phic fates, and associated carbon and nutrient
fluxes. Interpretation of MIRO simulations sug-
gested a key role of Phaeocystis colony affinity for
low PO, in determining the success and magni-
tude of Phaeocystis blooms along the NO; rich
coastal zone, as already proposed from field
observations (Veldhuis and Admiraal 1987,
Veldhuis et al. 1991). Historical reconstruction of
eutrophication in the area indicated that a well-
balanced nitrate and phosphate enrichment as
observed between 1960 and 1989 was more bene-
ficial to diatoms than to Phaeocystis, while the
contemporary decrease in phosphate loads
while high nitrate is maintained is beneficial to
Phaeocystis (Lancelot etal. 2006). The latter
study concluded that future management of nutri-
ent emission reduction aiming at decreasing
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Phaeocystis blooms in the southern North Sea
without impacting on diatoms should decrease
nitrate loads. Further MIRO simulations showed
that: (i) a significant sink of atmospheric CO, was
associated with Phaeocystis blooms in the southern
North Sea (Gypens et al. 2004), (ii) the coastal
ecosystem had a low nutrient retention and elimi-
nation capacity, (iii) the trophic efficiency of the
planktonic system was low, and (iv) both were
modulated by meteorological forcing (Lancelot
et al. 2005).

Beside mechanistic models, inductive models
built on cause—effect relationships such as Regres-
sion Analysis (Breton et al. 2006) and fuzzy logic
(Chen and Mynett 2004) have been developed as
early-warning tools for predicting the occurrence,
timing, and magnitude of undesirable Phaeocystis
blooms in the southern North Sea. Chen and
Mynett (2004) demonstrated that the integration
of a fuzzy cellular automata model in a three-
dimensional numerical model describing the light
and nutrient fields was a promising approach to
forecast possible Phaeocystis blooms in Dutch
coastal waters. Statistical analysis of 14 years of
diatom and Phaeocystis records in Belgian
coastal waters identified synergy between climate
driven by the North Atlantic oscillation (NAO)
and human-induced river-based nitrate inputs
(Breton et al. 2006), and predicted that elevated
Phaeocystis blooms during years of middle NAO
while high NAO years would favor diatom blooms.

Concluding thoughts on the complexity
of Phaeocystis ecosystems and recommendations
for future research

Much of the research on this enigmatic phyto-
plankton species cluster during the 20th century
was conducted from two mutually reinforcing
perspectives: that phytoplankton patterns in time
and space could be understood essentially from a
perspective of physiological ecology, and that
plankton, being microscopic, were necessarily
rudimentary in their physiology, behavior, inter-
actions, and integration of environmental stimuli.
We now know better. For example, appreciation
is spreading that evolutionary strategies which
result in, e.g., 10% reduction in mortality are
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every bit as effective selective forces as those that
enhance growth by 10% (Verity and Smetacek
1996). Single-celled plankton are no longer
viewed as biologically simple creatures, merely
because they bear little resemblance to complex
human structures: auto- and heterotrophic unicel-
lular plankton are fully capable of assessing their
environment with multiple sensors and commu-
nicating with one another using a host of chem-
icals. It should not be surprising therefore that
Phaeocystis is one of these complex organisms.
The papers deriving from the SCOR sympo-
sium on Phaeocystis and the arguments mar-
shaled here infer that it is essential to distinguish
between factors affecting production and standing
stocks, in which the nature, type, and amount of
resources may be essential, versus factors affect-
ing time/space distributions, diversity, community
composition, and energy transfer, in which preda-
tion, morphology, chemical ecology, and life
cycles may be more influential. Phaeocystis is one
of the few recognized key species or trophic engi-
neers (sensu Lawton and Jones 1995) whose mor-
phologies and transformations result in their
contributing the bulk of biogenic fluxes or fish
production in specific ecosystems (Verity and
Smetacek 1996). Population oscillations represent
complex ecosystem behavior influenced by com-
ponent organisms, and evidence clearly indicates
that Phaeocystis reorganizes these complex eco-
systems (Fig. 1). Thus biocomplexity drives bio-
geochemistry, but the fundamental mechanisms
behind these patterns are only now becoming
appreciated. Through chemistry and/or size, the
life cycle of Phaeocystis finds refuge from preda-
tion and viral infection, a process thought to stabi-
lize ecosystems (see Strom and Loukos 1998).
Diversification at a given trophic level promotes
diversification at the levels above (through more
food options) and below (through resource utili-
zation), and is considered responsible for adap-
tive radiation throughout the course of evolution
(Stanley 1973; Butterfield 1997). Interestingly, the
strategy for success apparently used by Phaeocys-
tis (gelatinous morphology, heteromorphic life
cycle, size changes, and allelochemistry) is very
successful in freshwater ecosystems. Is this
because grazing pressure is greater in freshwater
compared to marine systems? Is Phaeocystis so
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Fig.1 A diorama of a Phaeocystis ecosystem, in which
physical, chemical, geological, and biological components
interact to varying degrees to influence food web structure,
biogeochemical flows, and ecosystem function. For simplic-
ity, only well-documented components are illustrated. Cur-
rent extent of our knowledge base is qualitatively related to
font size. Arrow magnitude and direction indicate major
known flows; increasingly smaller and more numerous ar-
rows imply unknown connections, the importance of indi-
rect flows among ecosystem compartments, and overall
system complexity

ecologically successful because it is one of the few
marine phytoplankton to combine these behav-
ioral and physiological capabilities? Ultimately,
taxa such as Phaeocystis may help unravel
similarities and differences in the biocomplexity
of freshwater versus marine pelagic ecosystems,
and help us better understand and predict
aquatic ecosystem structure and function.
Recent studies including those conducted
under the aegis of SCOR working group 120 have
advanced understanding of Phaeocystis ecosys-
tems, as reviewed above and described elsewhere
in this special issue. However, there remain sev-
eral salient topics where data and information
needs are foremost. For example, organelle-
specific or complete genomes of several phyto-
planktons have been sequenced (Prochlorococ-
cus: Dufresne et al. 2003; Emiliania: Puerta et al.
2004; Ostreococcus: Derelle et al. 2006) and this
information has identified metabolic pathways
previously unsuspected, e.g., a complete urea
cycle in Thalassiosira pseudonana (Armbrust
et al. 2004). Thus it would likely prove very useful
to sequence Phaeocystis in the future (see the
Joint Genome Institute website http://genome.

jgi-psf.org/euk_home.html for eukaryotes planned
and already sequenced), and such knowledge
would enable answers to questions such as the
identity of genes responsible for life cycle trans-
formations. In this regard, determination of pro-
tocols and culture conditions under which either
growth stage can be maintained reliably in cul-
ture, and induced to transform to the other stage,
would permit a vast array of experiments aimed
at quantifying evolutionary advantages and disad-
vantages of each life-cycle stage, their susceptibil-
ity to mortality, and role in biogeochemistry.
Comparisons of genomic architecture would also
enhance the basis for comparing adaptations in
the field. In general, quantitative understanding
of controls and causes, and accurate prediction of
switches between colonies and solitary cells,
would advance the field tremendously.

Another important gap remains. Phaeocystis is
suspected of producing large pools of dissolved
organic matter, and the magnitude of this extra-
cellular release likely vary with each life stage,
their physiological status, and environmental
stresses. Moreover, its composition and lability
influences the microbial food web, production of
transparent exopolymers, and thus particle coagu-
lation and sedimentation. Thus we need to learn
more about this pool, its sources, turnover, and
sinks, to determine the specific role of Phaeocystis
in biogeochemical cycles.

Future needs are not limited to empirical stud-
ies, and in fact substantial progress likely will not
be achieved without continued model develop-
ment. These include the need for the larger mod-
eling community to share and combine models,
to agree upon minimum formats or base models
for widespread wuse, and to use common
parameterizations. Where datasets permit,
model intercomparisons should be conducted.
Experimentalists clearly need to be intimately
involved in the entire process, from model con-
ceptualization to simulations, especially regard-
ing Phaeocystis (Whipple et al. 2005a). While
empiricists and modelers often speak different
languages (Anderson 2005; Flynn 2005), the
effort to design and implement such models can
integrate research and teach us more about eco-
systems than the outcomes or predictions of the
models themselves.
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