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TERMINOLOGY 

In this thesis the following terms are used to characterise the origin of species. The terms are presented in 
further detail in V. 

Endemic: a species that occurs only within a limited area and is not found elsewhere. 

Native: a species that occurs within its known or consensual range as documented in scientific 
publications; synonymous with indigenous. 

Introduced: a species that occurs outside of its consensual range as a consequence of human action; synony-
mous with alien, exotic, foreign, non-indigenous and non-native. 

Newcomer: an expansive or introduced species. 

Cryptogenic: a species that is not demonstrably native or introduced. 

Cognogenic: a species with a demonstrably known origin. 
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ABSTRACT 

Dinoflagellates form blooms that can be toxic and harmful to other organisms or human health 
and society. Increase of algal blooms has been globally linked with eutrophication of aquatic en-
vironments and human-mediated dispersal of species, primarily by transport in ships’ ballast 
water. An example of species dispersal is the spread of the potentially toxic dinoflagellate Pro-
rocentrum minimum into the Baltic Sea two decades ago. Since then P. minimum has become a 
common component of the phytoplankton assemblages in the Baltic Sea. 

In this thesis the role played by expansive and introduced species in the phytoplankton ecology 
of the Baltic Sea was investigated. The aims were threefold. First, the studies investigated the 
resting stages of dinoflagellates, which were transported into the Baltic Sea via shipping and 
were able to germinate under the ambient, nutrient-rich, brackish water conditions. The studies 
also estimated which factors favoured the occurrence and spread of P. minimum in the Baltic Sea 
and discussed the identification of this morphologically variable species. In addition, a new clas-
sification system for phytoplankton species based on their spread was developed and is intro-
duced here. 

Incubation of sediments from four Finnish ports and 10 ships’ ballast tanks revealed that the 
sediments act as sources of living dinoflagellates and other phytoplankton. Dinoflagellates ger-
minated from all ports detected and from 90% of ballast tanks. Small-sized species predominated 
and formed 55–100% of the germinating dinoflagellate cells. Truly non-native species were not 
observed in this study. The concentrations of cells germinating from ballast tank sediments were 
mostly low compared with the acceptable cell concentrations set by the International Maritime 
Organization’s (IMO’s) International Convention for the Control and Management of Ships’ 
Ballast Water and Sediments. However, the IMO allows such high concentrations of small cells 
in the discharged ballast water that the total number of cells in large ballast water tanks can be 
very high. 

Prorocentrum minimum occurred in the Baltic Sea annually but with no obvious trend in the 10-
year timespan from 1993 to 2002. The species was usually more abundant in the Belt Sea region 
and the southern Baltic proper than in the central and northern Baltic and the Gulf of Finland. 
Prorocentrum minimum occurred under wide ranges of temperatures and salinities and the abun-
dance of the species was positively related especially to the presence of organic nitrogen and 
phosphorus. This indicated that the species was favoured by increased (organic) nutrient loading 
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and runoff from land and rivers. The relationship between P. minimum abundance and silicate 
concentrations was conflicting in different datasets and in different areas of the Baltic Sea. 

Scanning electron micrographs demonstrated that the morphological fine details of P. minimum 
were more complex than previously pointed out. The thecal and apical decorations were identi-
cal and independent of cell shape or geographic origin of the cells collected from the Baltic Sea 
and Chesapeake Bay. In addition, triangular and oval cell types with several intermediate shapes 
were present under similar environmental conditions. These results imply that only one mor-
phospecies was present. 

Introductions of phytoplankton are difficult to verify because of too low a sampling frequency 
and previous overlook or misidentification of the species. Therefore, it is suggested that phyto-
plankton species should be classified based on the distribution, abundance and harmfulness of 
the species, rather than on the distinction between native and non-native species without defini-
tive evidence. Such assessment shows that P. minimum is, according to present knowledge, the 
only potentially harmful phytoplankton species that has recently expanded widely into new areas 
of the Baltic Sea. 

Key words: ballast water, Baltic Sea, cysts, dinoflagellates, germination, introduced species, 
Prorocentrum minimum, ship traffic 
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1. INTRODUCTION 

Algal blooms are comprised of high numbers of 
phytoplankton cells that discolour the water 
brownish or greenish. Algal blooms are a natural 
phenomenon known for thousands of years, but 
during the last 3–4 decades the frequency, intensity 
and geographic distribution of these blooms have 
increased in concert with their harmful impacts on 
public health and the economy (Smayda 1990, Hal-
legraeff 2003). 

Algal blooms have increased for four main rea-
sons including i) increased scientific awareness of 
harmful species, ii) more intense use of coastal wa-
ters for aquaculture, iii) stimulation of algal blooms 
by eutrophication and exceptional climatic condi-
tions and iv) spread of phytoplankton and resting 
cysts to new regions by human agency (Hallegraeff 
2003). Globally, many of the bloom-forming and 
spreading phytoplankton species belong to the group 
called dinoflagellates (Hallegraeff & Bolch 1992, 
Sournia 1995). 

1.1 The dinoflagellates 

The division Dinophyta is comprised of only one 
class – Dinophyceae, the dinoflagellates. These are 
eukaryotic and unicellular organisms that can be 
autotrophic, heterotrophic or mixotrophic and that 
live in salt and fresh waters, both in the pelagic and 
benthic environments (Taylor 1987). 

Dinoflagellate blooms are often harmless, how-
ever, dense occurrences can decrease light penetra-
tion in the water and inhibit growth of submerged 
vegetation, or cause oxygen depletion, which kills 
fishes and invertebrates (Moncheva & al. 1995, 
Gallegos & Bergstrom 2005). Some dinoflagellates 
especially in the genera Alexandrium, Dinophysis, 
Gymnodinium and Prorocentrum also produce toxic 
compounds (Sournia 1995). These toxins can have 
lethal effects on aquatic organisms and lead to gas-
trointestinal and neurological illnesses in humans, 
even when only low concentrations of dinoflagellate 
cells are present. As a consequence of toxicity, 
nearly 2 000 cases of human poisoning with 15% 
mortality are reported each year on a global scale 
(Hallegraeff 2003). 

Of the approximately 2 000 known dinoflagellate 
species (Taylor 1987), approximately 230 have been 
reported in the Baltic Sea (Hällfors 2004). One of 
these, Prorocentrum minimum (Pavillard) Schiller 
1933, was recently recognised as a harmful species 
of growing worldwide importance (Heil & al. 2005). 

1.2 Prorocentrum minimum 

Prorocentrum minimum is a globally widespread 
dinoflagellate that occurs typically in nutrient-en-
riched coastal waters from temperate to tropical cli-
mates (Smayda & Reynolds 2001, Heil & al. 2005). 
This bloom-forming species has been reported in the 
Baltic Sea since the early 1980s and in Finnish sea 
areas since the 1990s (Edler & al. 1982, Hajdu & al. 
2000). In the nearly adjacent English Channel P. 
minimum was already observed several decades ear-
lier (Lebour 1925). 

Prorocentrum minimum is variably linked with 
paralytic shellfish poisoning (PSP), diarrheic shell-
fish poisoning (DSP) and venerupin toxins, but a 
definitive link between P. minimum and the poison-
ings is lacking (Heil & al. 2005). P. minimum was 
possibly the causative organism for the gastrointes-
tinal symptoms observed in humans who consumed 
mussels collected from the Skagerrak (Tangen 
1983), and there is clear evidence that some Medi-
terranean P. minimum strains produce neurotoxic 
compounds in cultures (Grzebyk & al. 1997). No 
toxicity of P. minimum strains has yet been docu-
mented in the Baltic Sea. 

Morphological identification of P. minimum and 
other armoured (thecate) dinoflagellate species is 
based on the specific arrangement and surface orna-
mentation of plates forming a theca that covers the 
cells. In the genus Prorocentrum the theca is com-
prised of two laterally flattened valves. The right 
valve has an indentation with seven or eight small 
periflagellar plates. The size and shape of the bipar-
tite theca, shape of the periflagellar area, number 
and pattern of the periflagellar platelets, presence of 
the anterior processes, ornamentation of the valve 
surface (smooth, spiny or covered with depressions), 
pattern of the trichocyst pores and architecture of the 
intercalary bands are the most important features 
used to determine distinctive Prorocentrum species 
(Steidinger & Tangen 1996, Taylor & al. 2003). 
Since the species attributed to P. minimum can bear 
a triangular or an oval-round theca, the species has 
numerous names that are currently considered syn-
onymous with P. minimum (Heil & al. 2005). Fur-
thermore, based on the similarity of the apical fine 
details, some authors prefer the name Prorocentrum 
cordatum (Ostenfeld) Dodge 1975 over Prorocen-
trum minimum (Pavillard) Schiller 1933 (Velikova 
& Larsen 1999, Taylor & al. 2003, Krakhmalny & 
al. 2004). 

1.3 Role of dinoflagellate resting cysts 

In addition to vegetative motile stages, many 
dinoflagellates can form immotile temporary cysts 
and/or resting cysts that are often referred to as hyp-
nozygotes or simply as cysts. Temporary cysts aid 
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dinoflagellates in withstanding short-term fluctua-
tions in the environment. Temporary cysts are 
formed when the vegetative cells are exposed to 
unfavourable conditions such as mechanical shock 
or a rapid change in temperature. When favourable 
conditions return, temporary cysts recover and be-
come normal motile cells again (Anderson & al. 
2003). 

Resting cysts are survival stages that can with-
stand even long periods of environmental conditions 
adverse to the vegetative cells. The cysts can remain 
viable in sediment for as long as 40 years and still be 
able to germinate if exposed to suitable conditions 
(McQuoid & al. 2002). In this way resting cysts act 
as a seed bank for future algal blooms. High toler-
ance to environmental fluctuations also makes cysts 
superior dispersal agents, and water- or sediment-
associated cysts can be transported to new areas 
(Dale 1983). In many dinoflagellate species, resting 
cysts are a stage in sexual reproduction and perform 
genetic recombination (Fig. 1). Cysts usually have a 
mandatory dormancy that lasts from only 12 hours 
up to 6 months, depending on the species (Pfiester 
1977, Anderson 1980). When the dormancy is over 
and the cyst is mature, the resting period continues 
in quiescence until external factors such as 
temperature, light level and oxygen concentration 
are favourable for excystment (Kremp & Anderson 
2000). Estimates on the percentual proportion of 
dinoflagellate species that can produce resting cysts 
range from 10% to 28% (Nehring 1997, Persson & 
al. 2000, Dale 2002), but the percentages may be 
higher because the life cycles of many species 
remain unknown. 

 

Fig. 1. A classical view of the dinoflagellate life cycle with 
sexual cyst formation. 1) Motile vegetative cell forms gametes 
by mitosis, 2) two gametes fuse and produce 3) a swimming 
planozygote that sinks to the bottom sediment and becomes 
4) a non-motile resting cyst. After a mandatory dormancy 
period the cyst germinates and produces 5) a planomeiocyte, 
which forms through division 1) two vegetative cells. 
Modified from Dale (1983) and Anderson et al. (2003). 

1.4 Spread of phytoplankton to new 
regions 

1.4.1 General prerequisites and range expansion 

Dinoflagellates and other phytoplankton can 
spread to new regions when a suitable transport 
vector is present and a proper combination of 
chemical, physical, biological or ecological states 
occurs (Carlton 1996a). Successful establishment to 
a new environment is dependent primarily on the 
prevailing conditions of temperature and salinity 
(Gollasch & Leppäkoski 1999, Paavola & al. 2005) 
and is less affected by native biotic communities 
(Ricciardi & MacIsaac 2000). 

Phytoplankton can disperse both by natural 
means and by human-assisted transport. In natural 
range expansion, phytoplankton cells and cysts drift 
along with the sea currents or travel attached to birds 
and other migrating organisms. Phytoplankton dis-
persal by subsurface currents between the North Sea 
and the Baltic has long been known (Ostenfeld 
1908) and subsurface occurrences of phytoplankton 
are also common within the Baltic Sea (Kuosa 
1990). Such spread and survival at subsurface depths 
are possible for dinoflagellates, which can adjust 
their light-absorbing pigments and nutrient assimila-
tion to low light conditions (Faust & al. 1982, Fan & 
al. 2003b). 

1.4.2 Transport of phytoplankton in ships’ ballast 
water tanks 

The foremost human-mediated transport vectors 
of phytoplankton on a global scale include imports 
of cultured shellfish and ship’s ballast water (Halle-
graeff 2003). Since shellfish aquaculture activities 
are minimal in the Baltic Sea, the proportion of bal-
last water-induced introductions is crucial here. 

Ships take ballast water to achieve their optimum 
depth and to add trim and stability when the ship is 
carrying less than full levels of fuel, is only partially 
loaded or operates with no cargo. Living organisms 
come unintentionally into the tanks with the salty or 
fresh ballast water, which is pumped into the ships’ 
tanks in the ports or during the voyage. 

Transport of ballast water is increasing due to 
expanding global trade and shipping. Accordingly, 
introduction of exotic species has accelerated after 
the 1950s (Leppäkoski & al. 2002) as a result of 
more, larger and faster ships carrying increased vol-
umes of ballast water. The ballast water is currently 
also of improved quality due to better water quality 
in the ports and separation of ballast and cargo 
tanks. This enables more organisms to survive in the 
tanks. Furthermore, construction of new ports en-
ables more species and habitats to be involved in the 
spreading (Carlton 1996a). Intensified algal blooms 
due to anthropogenic eutrophication (Hallegraeff 
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2003) and internal nutrient loading (Pitkänen & al. 
2001) also result in increased numbers of algal in-
oculants in the water, which are taken into the bal-
last tanks (Carlton 1996a). 

Ballast water tanks are harsh growth environ-
ments: dark, often hypoxic or anoxic, and exposed to 
rapid changes in temperature and salinity during the 
voyage and ballast water exchange. Thus, although 
ballast water tanks contain a wide variety of phyto-
plankton, most of the vegetative cells die during the 
voyage or ballast water discharge, and only species 
or resting stages tolerant to changing conditions sur-
vive (Hallegraeff & Bolch 1992, Yoshida & al. 
1996, Olenin & al. 2000). 

Most of the unicellular ballast water organisms 
accumulate in the sediments on the tank bottom 
(Hülsmann & Galil 2002). It was estimated that 
bottom sediments in a single ballast tank contain 
more than 300 million harmful Alexandrium tama-
rense (Lebour) Balech 1992 cysts, which may later 
germinate into vegetative cells (Hallegraeff & Bolch 
1992). The majority of these sediment-associated 
cysts are not discharged into the environment, be-
cause the sediments lie confined to bottoms usually 
away from the ballast water outlets (Hamer & al. 
2001, Rigby 2001). However, even a single living 
phytoplankton cell or cyst can theoretically be the 
initiatory seed for an algal population in a new envi-
ronment. 

The International Maritime Organisation (IMO) 
recently accepted the International Convention for 
the Control and Management of Ships’ Ballast Wa-
ter and Sediments (IMO 2004). The Convention will 
call for all ships to implement a ballast water and 
sediment management plan and carry out ballast 
water management procedures to a given standard. 
However, although the Convention aids in mini-
mizing unintentional species introductions, total 
elimination of unwanted dispersal appears unlikely. 
Ballast water exchange in the open sea is only par-
tially efficient in removing the organisms from the 
ballast (Hallegraeff & Bolch 1992, Rigby 2001), and 
tank sediments can diminish the effect of treatments 
such as ultraviolet (UV) and ozonation (Oemcke & 
van Leeuwen 2003). Since the Convention provides 
a forum for activity by governments and the ship-
ping industry, all knowledge on the distribution of 
transported and potentially harmful species is in-
creasingly in demand. 

1.4.3 Defining of native and non-native 
phytoplankton 

Distinguishing between native and non-native 
phytoplankton is not free from problems. The first 
recordings of a species in a certain environment can 
follow the true species dispersal to new areas, or 
mirror the intensity of research and sampling of 
formerly  misidentified,  overlooked  or  sparsely oc- 

curring cells. This means on the one hand that some 
“introduced” phytoplankton species are actually 
native species ignored in previous investigations 
(Elbrächter 1999). On the other hand, difficulties in 
species determination imply that the smaller the 
taxon, the less likely it will be considered as intro-
duced. Instead, small species are more often be-
lieved to be cosmopolitans (Wyatt & Carlton 2002). 
Accordingly, phytoplankton often comprises minor 
parts of the reported introductions (Carlton 1996b, 
Hewitt & al. 2004). 

Despite the low proportion of introduced phyto-
plankton species of all introduced taxa, some of the 
reported phytoplankton “introductions” are not true 
human-mediated transfers. This discrepancy stems 
from the inconsistent use of the term introduced and 
its synonyms. While many prefer the strict definition 
of an introduced species and presume human in-
volvement in the spread, others may consider all 
newly observed species as introduced, irrespective 
of how they are spread (Occhipinti-Ambrogi & Galil 
2004). Some phytoplankton species could thus be 
inaccurately referred to as introduced, even though 
they expand the range naturally (Elbrächter 1999). 
Due to the difficulty in verifying an introduction, 
there is need for an additional way to classify the 
phytoplankton species. An assessment relying on the 
abundance and distribution of the species can be an 
option (Colautti & MacIsaac 2004). This type of 
classification emphasizes merely the spread of the 
species and the possible impacts, irrespective of the 
origin of the species. This is justified because the 
origin of the species is not necessarily related to the 
impacts the species has on other organisms, humans 
or the ecosystem. 

1.5 The Baltic Sea and species dispersal 

The Baltic Sea is a brackish water basin situated 
in the northern European temperate and boreal zones 
and includes the Kattegat and Belt Sea region, the 
Baltic proper and the adjoining gulfs (Fig. 2). 

The Baltic Sea is well suited to studies on spe-
cies dispersal and shifts in communities. The current 
brackish water conditions have prevailed in the Bal-
tic Sea for only about 6 000 years, the development 
of the species communities is still in progress and 
more species from other aquatic and marine habitats 
are expected to enter the Baltic. The Baltic Sea is 
also an extensively monitored environment, in which 
plankton research has been carried out since the 19th 
century (Finni & al. 2001). This offers good back-
ground information for observing changes in species 
assemblages. In addition, the Baltic has been sub-
jected to environmental change and severe human 
impact, including anthropogenic eutrophication and 
rapidly growing shipping (Leppäkoski & Olenin 
2001). 
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Fig. 2. The Baltic Sea region: kb) Kattegat and the Belt Sea, 
ab) Arkona Basin, sb) Southern Baltic Proper, cb) Central 
Baltic Proper, nb) Northern Baltic Proper, gr) Gulf of Riga, gf) 
Gulf of Finland, as) Archipelago Sea, bs) Bothnian Sea, bb) 
Bothnian Bay. 

New species can migrate or be transported to the 
Baltic Sea from several directions. The Atlantic 
Ocean and the North Sea are connected with the 
Baltic proper through the Kattegat and the narrow 
sounds in the Belt Sea area. In addition, the Kiel 
Canal in Germany and the Danish Limfjord are di-
rect openings between the North Sea and the Baltic. 
Other routes open up through the southern Baltic 
estuaries and coastal lagoons, which are connected 
via inland waterways to the brackish Black and Cas-
pian seas. Canal and river systems also link the Gulf 
of Finland, Lake Ladoga, the Caspian Sea, the Black 
Sea and the Sea of Azov (Gollasch & Leppäkoski 
1999, Leppäkoski & al. 2002). 

The Danish Sounds and the canals and rivers en-
able the spread of both benthic and pelagic organ-
isms. For phytoplankton, a well-documented exam-
ple is the migration of the diatom Odontella sinensis 
(Greville) Grunov 1884 in subsurface currents from 
the North Sea to the Baltic (Ostenfeld 1908). Of the 
human-mediated species introductions in the Baltic 
Sea, more than 50% originate from the North 
American or Ponto-Caspian regions (Leppäkoski & 
Olenin 2001). 

In the Baltic Sea, incoming species face a salin-
ity gradient that ranges from about 20 psu in the 
Kattegat to 10–20 in the Belt Sea, 5–10 in the Baltic 
proper, and 0–6 in the Gulf of Finland and the Gulf 
of  Bothnia.  This  strongly  affects  regional  species  

composition and diversity. Species richness appears 
to be minimal at salinities of 5–8 psu, at which the 
diversity is clearly smaller than in truly marine and 
freshwater (Remane 1934). 

The species must also cope with cold and dark 
winters, which influence crucially the annual eco-
logical succession. The length of the winter varies 
remarkably in the different parts of the Baltic. 
Whereas the coastal ice cover lasts for less than a 
month in the Belt Sea and around 2 months in the 
central Baltic, the coastal zone is enclosed by ice 
nearly 6 months in the Bothnian Bay. In the open sea 
the ice period is 1–2 months shorter and ice-free 
winters are common in the open southern Baltic. The 
length of the growing season together with the re-
gional nutrient concentrations also determines the 
level of annual phytoplankton primary production, 
which is notably higher in the Baltic proper than in 
the Gulf of Finland or the Gulf of Bothnia (Lep-
päkoski & Bonsdorff 1989, Hagström & al. 2001). 

2. AIMS OF THE THESIS 

The starting points for this thesis were the lack of 
knowledge on the coupling of phytoplankton intro-
ductions and ballast water transport into the Baltic 
Sea, the recent migration of the potentially harmful 
dinoflagellate Prorocentrum minimum into wide 
areas of the Baltic and a deficient understanding of 
the reasons for its spread. The more specific aims 
were: 

1. To investigate which phytoplankton species, 
dinoflagellates in particular, are found in ships’ 
ballast tanks and port sediments, and the poten-
tial of these species for germinating in nutrient-
enriched brackish water (I). 

2. To study the distribution and interannual fluctua-
tions in the occurrence of P. minimum and to 
explore the related environmental conditions 
and reasons for the spread of this species in the 
Baltic Sea (II, III). 

3. To clarify whether the morphological details of 
P. minimum indicate the presence of several 
distinctive or only one highly variable (mor-
pho)species, and whether the morphological 
variation is associated with certain environ-
mental factors (III, IV). 

4. To update and review those phytoplankton spe-
cies that are new to the Baltic Sea and to recon-
sider their classification as natives or non-
natives (V). 
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3. MATERIAL AND METHODS 

3.1 Sampling areas 

Dinoflagellate cysts were sampled at 12 sites in 
four ports on the southern coast of Finland: the oil 
port of Naantali, port of Koverhar, oil port of Porvoo 
(= Sköldvik) and port of Hamina (Fig. 3, I). These 
ports were selected because they are evenly spaced 
along the Finnish south coast, and oil port of Porvoo 
is one of the largest oil-handling ports in the Gulf of 
Finland. 

 

Fig. 3. Study area. 1) Oil port of Naantali, 2) Port of Koverhar 
and Tvärminne area, 3) Oil port of Porvoo, 4) Port of Hamina 
on the south coast of Finland (I). Three black dots – Swedish 
monitoring stations (II). Solid line – Route of the ship that 
took the flow-through samples (II, III, IV). 

The ports are located near the open sea and are 
bordered only by a narrow archipelago zone. The oil 
port of Naantali is exceptional, since it is situated in 
a sheltered area separated from the open sea by a 
fractured, mosaiclike and very island-rich sea. In 
Naantali and Koverhar the surface water salinity was 
nearly 6 psu, in Porvoo around 5 psu and in Hamina 
about 4 psu. The near-bottom salinities were 0.5– 
1 psu higher than those of the surface. 

The specific sampling sites were usually selected 
around the piers and always based on the bottom 
type. In the Koverhar area one site was situated next 
to the pier, one along the ship route to the port (= 
Storfjärden) and one was located further outside 
Koverhar port (= Rävskär). The latter site was less 
affected by human activity and was used as a control 
site. At all sites, exposed hard-bottom areas were 
avoided and likely accumulation bottoms were sam-
pled. The sampled bottoms were mixtures of soft 
clay, mud and sand and were situated at depths of 
10–35 m. The ballast water tank sediment samples 
were collected in 10 ships calling on the port of Por-
voo. 

The pelagic study area for Prorocentrum mini-
mum investigations extended from the Bay of 
Mecklenburg in the Belt Sea across the open Baltic 
proper to the central Gulf of Finland and the Finnish 
coast (Fig. 3, II–IV). Of the coastal stations east of 
Sweden, Landsort Deep represented an open sea 
area, Askö a more coastal station and Himmer-
fjärden Bay a nutrient-enriched and rather sheltered 
bay (II). Within the entire study area, the salinity 
decreased gradually towards the north as described 
above and the nutrient levels were generally higher 
near the coasts than in the open sea. 

3.2 Sampling and preparation of 
sediments in ports and ballast water tanks 

The field sediments were sampled with a tube 
corer and the uppermost 2 cm of the sediment core 
were used for the study. The ballast sediments were 
collected from the tank bottom with a plastic spade 
into plastic jars. The salinity was measured both in 
the field and in the tanks using a YSI salinometer 
with a probe (YSI Inc., Yellow Springs, OH, USA). 
The sediment samples were stored in tightly closed 
plastic jars in darkness at 3 °C for 6–10 months to 
permit the dinoflagellate cysts to mature for germi-
nation. 

One gram (wet weight) of each sediment sample 
was cultured in 60-ml culture flasks (n = 132), 
which were filled with 6-psu f/2 medium (Guillard 
& Ryther 1962, Guillard 1975) prepared from aged, 
filtered (0.2 µm) and autoclaved water from the 
Baltic Sea without silicate addition. The sediments 
were not sieved before the culture experiment to 
ensure that also the smallest and most fragile 
dinoflagellate cysts were also retained in the sam-
ples. The sediment slurries were incubated for 1, 4 
and 7 days both at 10 °C and 20 °C with the light: 
dark (L:D) photoperiod of 14:10 at 90 µE m-2 s-1. 
After the incubation, 55 ml of the culture were 
pipetted into new flasks without stirring up the 
sediment and then fixed with acidic Lugol’s solution 
(Willén 1962). The fixed dinoflagellate cells were 
enumerated with an inverted microscope (Utermöhl 
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1958) and examined with a scanning electron micro-
scope (SEM). Notes were made on the presence of 
other phytoplankton taxa (I). 

3.3 Sampling and preparation of 
Prorocentrum minimum cells 

The Prorocentrum minimum cells originated 
from three sources: i) mixed surface water sampled 
by a computer-controlled flow-through device in-
stalled on a merchant ship operating between Fin-
land and Germany (Leppänen & Rantajärvi 1995), 
ii) integrated water samples taken with a hose on the 
Swedish east coast (0–20 m and 0–14 m depths) and 
iii) a culture isolated from Chesapeake Bay, USA 
(II–IV). 

The flow-through samples were taken in 1993–
2002 and analysed for the presence of phytoplank-
ton, concentrations of ammonium-nitrogen (NH4

+-
N), nitrite + nitrate-nitrogen (NO2

--N + NO3-N), 
phosphate-phosphorus (PO4

3--P), total N, total P, and 
silicate-silica (SiO4

--Si), salinity, temperature and 
chlorophyll a concentration. The abundance of P. 
minimum cells was estimated semiquantitatively 
during the entire sampling period (n = 626) (II). The 
semiquantitative method is based on the relative 
abundance of the species and is described in detail in 
the monitoring guidelines of the Baltic Marine Envi-
ronment Protection Commission (Helcom 2005). 
Additionally, the P. minimum cells were enumerated 
with the inverted microscope technique, using the 
samples taken in 1998 and 1999 (n = 197) (Utermöhl 
1958, III, IV). The samples from the Swedish coast 
were collected between 1998 and 2003 and were 
enumerated according to the recommendations of 
Helcom (1988b). Analysis of environmental pa-
rameters also followed the Helcom (1988a, b) rec-
ommendations, both in the flow-through and the 
Swedish samples. 

To examine the morphology, the P. minimum 
cells from the field samples collected from the Baltic 
Sea were compared with the cells isolated from Che-
sapeake Bay. The isolated cells were received from 
the Hornpoint Laboratory, University of Maryland, 
where the cells had been cultured in f/2 medium 
without silicate and then preserved with glutaral-
dehyde. Thereafter the cells were prepared for scan-
ning electron microscopy (IV). 

3.4 Scanning electron microscopy 

For the preparation of Prorocentrum minimum 
cell samples for SEM, the fixed cells were initially 
centrifuged,  rinsed and placed on a thin copper-rho- 

dium grid covered by pioloform plastic film, and 
attached to a metal stub with graphite tape. How-
ever, electric charge caused problems during the 
SEM examination. In addition, many of the cells 
remained covered by small detritus particles (IV). 
Therefore, another method was applied for the re-
maining P. minimum samples and for the germinated 
dinoflagellates (I, IV). This method included i) re-
moving the detritus and unwanted particles with a 
capillary pipette from the samples fixed with acidic 
Lugol’s solution or glutaraldehyde, ii) filtering the 
prepared sample on a polycarbonate membrane fil-
ter, iii) post-fixing with osmium tetroxide, iv) rins-
ing with deionised water, v) dehydration in ethyl 
alcohol, vi) critical point drying, vii) coating with 
gold-palladium and viii) examination with SEM 
(Faust 1998). The method worked especially well 
for P. minimum cells, but the germinated dinoflag-
ellates collapsed easily, probably due to fragile, re-
cently formed cell walls. 

3.5 Statistical analysis 

The nonparametric Kruskal-Wallis test followed 
by the Wilcoxon two-sample test of the SAS 8e 
software were used to analyse the number of germi-
nated dinoflagellate cells from ballast tank and port 
sediments (I), the spatial and interannual variability 
in P. minimum abundance under different environ-
mental conditions (II) and the morphological char-
acteristics of P. minimum (IV). The quantitative P. 
minimum data were analysed with the Pearson cor-
relation matrix and multiple regression using SAS 8e 
software and with redundancy analysis (RDA) using 
Brodgar 2.0.5 software (III). 

3.6 Review of phytoplankton 
introductions and the new classification 
scheme 

Review of those phytoplankton species having 
distant type localities and/or that have recently been 
reported from the Baltic Sea, was based on the pre-
vious literature. The previous lists of introduced 
phytoplankton species in the Baltic Sea (Jansson 
1994, Gollasch & Mecke 1996) were used as a basis, 
original references on the observation of the species 
were checked and some more recent references were 
also used (V). This information was compared with 
an extensive checklist of Baltic Sea phytoplankton 
(Hällfors 2004). The idea behind the new classifica-
tion scheme was based on the review of invasion 
terminology (V) and a recent framework for defining 
terms related to the spread of species (Colautti & 
MacIsaac 2004). 



 Diffusive and ship-mediated spread of dinoflagellates in the Baltic Sea with Prorocentrum minimum as a special case 17 

4. RESULTS AND DISCUSSION 

4.1 Proliferation of vegetative cells from 
ballast and port sediments 

4.1.1 Sediments as sources of dinoflagellates and 
other phytoplankton 

Ballast water is recognised worldwide as a po-
tential transport vehicle for dinoflagellate cysts 
(Hallegraeff & Bolch 1992, Hamer & al. 2001). The 
current results demonstrate that ships also carry 
dinoflagellate cysts that are able to initiate growth 
under conditions similar to those in the low-salinity 
waters along the Finnish south coast. 

Dinoflagellates germinated from 90% of the 
ballast tank sediments and from all field sediment 
samples, including those from the ports and a control 
site. A total of 28 dinoflagellate taxa were recorded, 
13 in the ballast tanks and 27 in the field. Of the taxa 
observed in the ballast tank samples, 12 were also 
present in the field samples. Likewise, the species 
from the “pristine” control site were comparable to 
the species in the other samples. 

All except one of the germinated species identi-
fied in this study were previously known from the 
Baltic Sea and one, Peridinium quinquecorne Abé 
1927, from the nearby Skagerrak. Species of the 
Gymnodiniales and the peridinoid Heterocapsa ro-
tundata (Lohmann) Hansen 1995 (mostly < 20 µm) 
were the predominant germinating dinoflagellates. 
They formed 97–100% of all dinoflagellate cells in 
the ballast sediments and 55–100% in the field sedi-
ments (I). 

The cell concentrations of germinated dinoflag-
ellates ranged from the order of 102 to 104 cells l-1 in 
ballast sediments and from the order of 10 to 105 
cells l-1 in port sediments. These cells germinated 
from only 1 g of incubated wet sediment, and the 
total cyst reservoir in ships and ports was hence very 
large (I). 

Theoretically, if 1g of sediment represents 1 cm2 
on the tank bottom and the water depth in the ballast 
water tank is 2–20 m (Fig. 4), germination of 
< 2 000–20 000 cells from 1 g of sediment results in 
cell concentrations of less than 10 000 cells l-1 in the 
total volume of ballast water. Such concentrations 
are allowed according to the IMO’s new standards 
for < 50 µm phytoplankton in the discharged ballast 
water (IMO 2004), this concentration was exceeded 
in only one of the 10 ships in this study. However, 
even though < 10 000 cells l-1 in the water are ac-
cepted by the IMO, these concentrations result in 
very high total numbers of dinoflagellates in the 
ships’ ballast water. This example demonstrates that 
in a cargo ship with a ballast water capacity of 
34 400 m3, 2–20 m deep ballast water tanks and 1 g 
of bottom sediment on 1 cm2 (Fig. 4), less than 250 
milliard cysts (< 50 µm) in the entire sediment mass 

are accepted by the IMO. In comparison, approxi-
mately 1 000 dinoflagellate cells can be enough for 
establishment of a new algal population (Acil 1994) 
and less than 1 000 cells l-1 of some dinoflagellate 
species can be considered harmful (Edler L., pers. 
comm.). 

 

Fig. 4. A cross-section of a cargo ship demonstrating the 
location and volume (34 400 m3) of ballast water tanks. 

Furthermore, the true concentrations of phyto-
plankton cells are likely higher than the observed 
concentrations, because germination experiments 
often underestimate the true size of the cyst pools 
(Hamer & al. 2001). Here, only one group of algae 
(the dinoflagellates) was enumerated, and therefore 
the total number of phytoplankton cells is even 
higher. If the ballast sediments are released into the 
sea, they enrich the seed beds in the sediments in the 
discharge areas and can increase phytoplankton dis-
persal (I). 

In addition to the enumerated dinoflagellate 
cells, other phytoplankton groups were also found in 
the ballast and port sediments (I). Especially note-
worthy is the proliferation of vegetative cyanobacte-
ria cells from the sediments, since cyanobacteria 
form extensive and often toxic blooms in the Baltic 
Sea (Finni & al. 2001). In addition to the apparent 
import of cyanobacteria into the Baltic Sea (I), aki-
netes of the toxic Nodularia spumigena Mertens ex 
Bornet & Flahault 1886 have likely spread from the 
Baltic into the North Sea (Nehring 1998). Baltic 
strains of Nodularia are also able to grow in North 
American waters (Moisander & Paerl 2000). Fur-
thermore, an oil tanker with ballast water from the 
Baltic Sea contained more than 8 000 Scrippsiella 
hangoei (Schiller) Larsen 1995 cysts ml-1 of wet 
sediment (Hamer & al. 2001). There is thus a risk 
that toxic cyanobacteria, dinoflagellates or any other 
phytoplankton may be introduced by ships from the 
Baltic Sea into distant brackish water regions. 

In addition to the transport of non-indigenous 
species, introductions of new strains of already ex-
isting species are risky, because the toxicities of 
different strains of a microalgal species may be dif-
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ferent (Carrillo & al. 2003). Dispersal of the same 
strains to all seas also reduces genetic diversity and 
uniqueness on a global scale if the transported 
strains hybridise with indigenous strains or replace 
them (Leppäkoski & Olenin 2001). Finally, whilst 
most of the introductions will likely be harmless and 
the Baltic Sea has so far managed to avoid epidem-
ics of non-native dinoflagellates, theoretically even a 
single cyst may be the seed for new populations. 
Once toxic dinoflagellate cells become established, 
they can pose a threat to public health, aquaculture 
and tourism, and may cause economic costs of up to 
several hundred million dollars (Acil 1994). 

4.1.2 Environmental conditions and establishment of 
species  

The probability for successful establishment of a 
species increases when the climate and salinity in 
the environment resemble those of the donor area 
(Gollasch & Leppäkoski 1999). Almost as many 
dinoflagellate taxa germinated at 10 °C as at 20 °C 
(I), and it is evident that the wide seasonal tempera-
ture range in the Baltic Sea offers appropriate ger-
mination temperatures for various dinoflagellates. 
The mesohaline salinity can instead be more restric-
tive and it is likely that salinities between 0 and 6 
psu along the Finnish coast exclude strictly marine 
species. Ballast water salinity mainly differed from 
the ambient salinity in the Gulf of Finland, which 
may clarify the absence of non-native species in the 
study (I). However, ships’ dispersal potential cannot 
be directly deduced from the salinity of the last vis-
ited port. Comparing the salinity of the donor and 
recipient areas provides a good tool for prediction of 
potential newcomers (Paavola & al. 2005). How-
ever, since tank sediments are mixtures of several 
origins, it is difficult to foresee if a ship carries a 
harmful species able to establish and reproduce in 
the environment concerned (Hamer & al. 2001, I). 

Dinoflagellates can germinate within a single day 
(I). Therefore even a short period under favourable 
environmental conditions can trigger excystment. 
Ports are typically highly turbulent environments 
due to continuous mixing by ships. Ship-induced 
mixing causes resuspension of sediment and in-
creases recruitment of benthic cells into pelagic en-
vironments (Nehring 1996). In the pelagial zone 
better light conditions can increase germination effi-
ciency and enhance bloom initiation (Kremp 2001). 
Sediment mixing also helps to maintain the sediment 
surface in a state of oxygen-repletion and may fa-
vour dinoflagellate germination, which usually re-
quires oxygen (Anderson & al. 1987). However, 
poor oxygen conditions in ballast tanks or in highly 
polluted ports can selectively affect germinating 
species, since some species have lower germination 
potentials after temporary exposure to anoxia and 
high sulphide concentrations (Kremp & Anderson 
2000). In addition, polluted sediments (e.g. by oil) 

can injure dinoflagellates directly (Persson 2002). 
Anoxic and polluted conditions may thereby explain 
why dinoflagellates did not germinate in all ballast 
tank sediments. 

Since small dinoflagellates were numerous in 
this study (I) and since they are frequently present in 
other ballast and port sediments (Hamer & al. 2001, 
Persson 2001), small dinoflagellates can be consid-
ered as possible bloom formers in turbulent port 
areas. Various environmental conditions or long-
term incubations were not included in the present 
study, but small-sized (< 50 µm) dinoflagellates 
usually withstand turbulence well (Sullivan & Swift 
2003), and 10 µm Gymnodiniales can divide at the 
same rate in still and turbulent water (Estrada & 
Berdalet 1998). Even if very high turbulence can 
harm dinoflagellate cells mechanically or physio-
logically (Estrada & Berdalet 1998), dinoflagellates 
appear to tolerate turbulence and advective diffusion 
better than has been reported previously (Smayda 
2002, Sullivan & Swift 2003). Ship-induced water 
mixing may also give competitive advantages to 
fast-swimming dinoflagellates, because blooms of 
cyanobacteria are disfavoured in frequently mixing 
waters in ports (Lindholm & Nummelin 1999). 

Harmful taxa such as the ichthyotoxic species 
Karlodinium micrum (Leadbeater & Dodge) Larsen 
2000 and Pfiesteria piscicida Steidinger & Burk-
holder 1996 have life-stages smaller than 20 µm 
(Burkholder & al. 1992, Daugbjerg & al. 2000, 
Taylor & al. 2003). These harmful species could be 
potential newcomers in the Baltic Sea, since toxic 
strains of K. micrum occur in brackish water estuar-
ies elsewhere (Deeds & al. 2002) and P. piscicida 
can cause fish mortality over wide ranges of tem-
peratures (9–31°C) and salinities (0–30 psu) (Burk-
holder & al. 1992). An early warning was sounded 
from the Oslo Fjord in Norway, where P. piscicida 
was recently observed for the first time (Jacobsen & 
al. 2002). 

The present results highlight the benefits of the 
simple method with untreated sediments or “sedi-
ment slurries” in screening of potentially establish-
ing species. The method focuses on those species 
that from the sediment proliferate effectively rather 
than on those found only as cysts. Furthermore, even 
if various small species with inconspicuous cysts are 
not seen in the sediment, they can be detected with 
the present method as motile cells (Hamer & al. 
2001, Persson 2001, I). In other words, the slurry 
method does not discriminate the < 20 µm size frac-
tion, whereas a considerable part of the proliferating 
cells can be missed if the sediments are sieved 
through a 20–35 µm sieve, as is commonly done in 
cyst studies. 

Combining different methods would naturally 
lead to the most comprehensive knowledge of the 
cyst pools. Thus, germination studies could be aug-
mented with microscopic examination of sediments 
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and picking of individual cells to reveal the presence 
of cysts that do not germinate easily. Taking into 
account these methodological challenges, it would 
require years before the entire potential of the cyst 
beds in ships and ports is understood. However, this 
survey has already shown that ships are potential 
agents for dinoflagellate dispersal, which calls for 
ballast water monitoring. 

4.2 A range-expanding species: 
Prorocentrum minimum 

4.2.1 Dispersal of Prorocentrum minimum in the 
Baltic Sea 

The dinoflagellate Prorocentrum minimum is the 
only newcomer phytoplankton species that has 
spread widely in the Baltic Sea (V) and can serve as 
an example of a fortuitous establishment. The abun-
dance of P. minimum varied considerably but with 
no obvious trend over a 10-year period. Geographi-
cal differences were evident, since P. minimum was 
significantly more abundant in the Bay of Mecklen-
burg and the southern Baltic proper than in the cen-
tral and northern Baltic proper and the Gulf of 
Finland. The species occurred mainly from July to 
October in the Bay of Mecklenburg, from August to 
October in the southern Baltic proper, and from 
September to October in the central and northern 
Baltic proper and the Gulf of Finland (II). Although 
the species can form dense blooms (Hajdu & al. 
2000, II), serious consequences caused by this spe-
cies have not been documented in the Baltic Sea. 

The dispersal route of P. minimum into the Baltic 
Sea is unknown, but its early occurrence in the 
North Sea (Lebour 1925) and gradual dispersal into 
the Baltic region suggest diffusive dispersal with the 
aid of sea currents from the North Sea (Hajdu & al. 
2000, II). This is supported by observations that P. 
minimum can be transported long distances of at 
least 200 km in subsurface currents (Tyler & Seliger 
1978) and that a P. minimum bloom was found in a 
20 m thick layer at a 130 m depth east of Gotland 
Island in the central Baltic proper (Edler & Skejvik 
2003). 

However, human-mediated transport to the Baltic 
cannot be excluded. P. minimum cells have been 
found inside a newly filled ballast water tank in the 
northern Baltic Sea. Vegetative P. minimum cells 
were observed only on the 2 days following ballast 
water exchange (Olenin & al. 2000), and motile 
dinoflagellates are also generally rare in ballast after 
the ships’ voyage (Hallegraeff & Bolch 1992). Nev-
ertheless, P. minimum can produce recoverable tem-
porary cysts due to an abrupt drop in temperature or 
total darkness of 8–10 days (Grzebyk & Berland 
1996, Manoharan & al. 1999). Since the temporary 
cysts remain viable in the dark for at least 3 months 
(Grzebyk & Berland 1996), P. minimum has the po-

tential to tolerate even extended transports in ships’ 
ballast tanks. 

P. minimum did not germinate in the present 
sediment incubation (I), and temporary cysts or 
resting cysts of P. minimum have never been docu-
mented in field samples, even though sexual repro-
duction and cyst formation are known in benthic 
Prorocentrum species (Faust 1993). Furthermore, 
sediment from another P. minimum bloom area was 
incubated without germination success of P. mini-
mum (Tyler & Seliger 1981). Laboratory observa-
tions showed that temporary cysts of this species are 
only 8–15 µm (Grzebyk & Berland 1996), sug-
gesting that temporary cysts and cysts of P. mini-
mum could possibly have been missed in previous 
surveys due to the very small size of the cells. De-
spite this, small size does not explain why the spe-
cies did not germinate from the non-sieved sedi-
ments (Tyler & Seliger 1981, I). Therefore, tempo-
rary cysts or cysts of P. minimum may have a limited 
lifespan (Grzebyk & Berland 1996) or special re-
quirements for germination. 

The successful spread of P. minimum to the Bal-
tic Sea is most likely a reflection of several charac-
teristics of this species. P. minimum is able to adapt 
to wide ranges of temperatures and salinities, it util-
izes both inorganic and organic nutrients, and it can 
switch between autotrophic and heterotrophic feed-
ing modes. Nutrient enrichment and ability to sur-
vive under temporarily adverse conditions have also 
likely enhanced the dispersal of this species (Heil & 
al. 2005, II, III). 

4.2.2 Influence of temperature and salinity 

The broad temperature range from 3 ºC to 26 ºC 
during P. minimum occurrences in the Baltic Sea (II) 
largely resembles the range from 4 ºC to 27 ºC that 
supports prominent P. minimum populations in the 
Mediterranean (Grzebyk & Berland 1996). In addi-
tion, temperatures above 10 ºC, which appear to be 
especially favourable to P. minimum (Tyler & Seli-
ger 1981, II), commonly occur in the Baltic. 

P. minimum also appeared to withstand well the 
brackish water of the Baltic Sea with salinities 
ranging from 5 to 17 psu in the present studies (II, 
III). In addition, P. minimum was found in a river 
outlet in the southern Baltic, where the salinity is 
near 0 psu (Hajdu & al. 2000). The maximum re-
corded salinity tolerance by this species is high and 
not encountered in the Baltic region, since salinities 
up to 38 psu maintain P. minimum growth at least 
under laboratory conditions (Grzebyk & Berland 
1996). 

The above suggests that temperature and salinity 
unlikely limit the occurrence of P. minimum in the 
Baltic Sea (II, III). Although a combination of low 
temperatures below 10 ºC and salinities less than 15 
psu are unfavourable to some P. minimum clones 
(Tyler & Seliger 1981), different clones of the same 
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species can have dissimilar temperature- and salin-
ity-dependent growth rates (Wood & Leatham 1992 
and references therein). The Baltic may be inhabited 
by clones that are especially well adapted to low 
temperature and salinity. 

The inverse relationship between P. minimum 
and temperature and salinity indicates further that 
occurrences of P. minimum are probably connected 
with runoff from land and rivers (Grzebyk & Ber-
land 1996, II, III). Since P. minimum is a euryther-
mal and euryhaline species, it tolerates temperature 
and salinity fluctuations in estuaries and coastal wa-
ters. Moreover, runoff from land and rivers provides 
important nutrients. 

4.2.3 Contribution of nutrients 

Prorocentrum minimum is usually successful in 
somewhat eutrophied and stratified coastal waters 
(Smayda & Reynolds 2001), and the global increase 
in P. minimum blooms is connected with eutrophi-
cation (Heil & al. 2005). The present observations 
suggest a link between the Baltic Sea P. minimum 
occurrences and availability of organic nutrients. 
The abundance of P. minimum was positively related 
to total phosphorus and total nitrogen, especially in 
the Bay of Mecklenburg and the Gulf of Finland (II, 
III). 

P. minimum grows well on a variety of inorganic 
and organic nutrient sources and the diversity of 
useable substrates and uptake mechanisms aids es-
sentially in the formation and maintenance of P. 
minimum blooms (Fan & al. 2003a). The preferable 
substrate varies, depending on the relative propor-
tion of available nutrients, the prevailing tempera-
ture and the nutritional state of the cell (Lomas & 
Glibert 1999, Fan & al. 2003a). Mere inorganic nu-
trient concentrations are evidently insufficient to 
maintain high biomasses of P. minimum (Glibert & 
al. 2001), and P. minimum appears to be a good 
competitor when nitrate is exhausted from the water 
but high concentrations of organic nitrogen are 
available (III). Furthermore, although ammonium 
can be the primary nitrogen source nourishing P. 
minimum during a bloom, highly elevated concen-
trations of urea have been observed prior to the 
bloom period (Glibert & al. 2001, Fan & al. 2003a). 
This suggests that urea can contribute significantly 
to the development of P. minimum blooms (Glibert 
& al. 2001) and P. minimum can have a competitive 
advantage over many other phytoplankton species 
under organic enrichment (Heil 2005, II, III). 

Organically bound nitrogen and phosphorus 
comprise about half the river-borne nutrient input to 
the Baltic Sea in summer. A substantial part of the 
dissolved organic nutrients is biologically available, 
31% and 75% of nitrogen and phosphorus respec-
tively, and can hence considerably stimulate algal 
growth (Stepanauskas & al. 2002). 

As much as 45% of the dissolved organic nitro-
gen consists of urea and amino acids (Stepanauskas 
& al. 2002), which are available to P. minimum 
through urease activity and ectoenzymes called leu-
cine aminopeptidases (Fan & al. 2003b, Stoecker & 
Gustafson 2003). Similarly, P. minimum can take up 
orthophosphate groups from organic phosphorus 
through alkaline phosphatase activity on the cell 
surface (Sakshaug & al. 1984, Dyhrman & Palenik, 
1997). 

Organic humic and fulvic acids are other poten-
tial nutrient sources. This may be of particular im-
portance in those Baltic areas where the catchment is 
peat- or forest-dominated and the release of humic 
substances is high, because humic and fulvic acids 
can increase the biomass yield, growth rate, chloro-
phyll a content and cellular nitrogen content of P. 
minimum (Granéli & al. 1985, Carlsson & al. 1999). 
It is nevertheless possible that nitrogen bound in 
humic and fulvic acids is not directly obtainable to 
P. minimum. These acids may instead help the spe-
cies to utilise inorganic nitrogen. Humic and fulvic 
acids may enhance iron assimilation, which is neces-
sary to synthesize nitrate reductase, an enzyme 
needed for the use of nitrate (Heil 2005). 

The ability to take up ammonium, nitrate and 
urea under conditions of light and darkness supports 
efficient nutrient exploitation (Paasche & al. 1984, 
Fan & al. 2003b). P. minimum can sustain photo-
synthetic capacity and adapt to extremely low light 
intensities by maintaining the pigment content under 
low light (Tyler & Seliger 1981, Harding 1988). 
This together with the preference for red wave-
lengths makes P. minimum successful in turbid 
coastal estuaries (Faust & al. 1982), which corre-
sponds to the conditions typical along Baltic Sea 
coasts. 

Dark uptake also means that if surface waters are 
nutrient-poor, P. minimum can complement its nutri-
ent requirements by migrating to deeper and more 
nutrient-rich water layers (Olsson & Granéli 1991). 
An additional competitive advantage is that P. 
minimum is able to form a large internal pool of ni-
trogen, which further reduces the effects of tempo-
rary nutrient depletion (Sciandra 1991). 

Furthermore, P. minimum cells can ingest small 
algae, especially during periods of nutrient limita-
tion. The shift to heterotrophy likely provides suffi-
cient nitrogen for the cells rather than supplements 
carbon nutrition during light limitation and reduced 
photosynthesis (Stoecker & al. 1997). Hence, mixo-
trophic activity complements the diverse nutritional 
mechanisms and ecological adaptability, all of which 
make P. minimum a good competitor in brackish and 
nutrient-rich coastal waters. In contrast, P. minimum 
may be a poor competitor during extended periods 
of nutrient-impoverishment, because it has a high Ks 
– the concentration at which nutrient uptake is half 
the maximal (Fan & al. 2003a). 
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We still need to clarify whether the eutrophica-
tion-associated changes in the elemental ratios of 
nitrogen, phosphorus and silicate are important to P. 
minimum in the Baltic Sea. The increasing propor-
tion of nitrogen and phosphorus in relation to silicate 
usually favours non-diatomaceous phytoplankton 
(Smayda 1990) and, accordingly, the dramatic de-
crease in silicate:dissolved inorganic nitrogen ratio 
in the Baltic (Kuparinen & Tuominen 2001) could 
enhance the establishment of P. minimum. Confu-
sion results because P. minimum has dissimilar rela-
tionships with silicate and silicate:total nitrogen ratio 
according to two datasets. Whereas the enumerated 
P. minimum data suggest that P. minimum is fa-
voured by the decreasing silicate:total nitrogen ratio 
(III), the semiquantitative dataset leads to differing 
results (II). The semiquantitative data show that P. 
minimum proliferates both in increasing concentra-
tions of silicate in the Bay of Mecklenburg and in 
decreasing silicate concentrations in the Gulf of 
Finland. Therefore, factors not measured in the pre-
sent studies may be involved or the Baltic Sea may 
be inhabited by several P. minimum clones that re-
spond differently to nutrient concentrations. It is 
well documented that silicate, phosphorus and nitro-
gen metabolism varies between clones of single 
phytoplankton species (Wood & Leatham 1992 and 
references therein). 

4.2.4 Role of biological interactions 

In addition to the physical and chemical proper-
ties of the sea, interactions with the surrounding 
biotic communities can be critical to the success of 
P. minimum. The topic extends out of the scope of 
the studies conducted (II–IV), and requires addi-
tional investigation in the Baltic region. Important 
themes include chemical stimulation and inhibition 
of P. minimum by other phytoplankton species (and 
vice versa), influence of bacteria and parasites, and 
grazing. 

Previous studies in other seas have already sug-
gested that P. minimum can inhibit the growth of 
other phytoplankton and showed that P. minimum 
blooms often follow the presence of the diatom 
Skeletonema costatum (Greville) Cleve 1878 (Iwa-
saki 1979, Heil & al. 2005); whether the same hap-
pens in the Baltic is not known. Furthermore, even 
though parasites are not always a relevant loss factor 
to dinoflagellate species in the Baltic (Salomon & al. 
2003), bacteria and parasites have the potential to 
suppress P. minimum populations (Coats & al. 1996, 
Hare & al. 2005). In addition, while heterotrophic 
dinoflagellates, ciliates and copepods prey effec-
tively on P. minimum (Johnson & al. 2003, Dam & 
Colin 2005), these interactions in the Baltic food 
web have not been documented so far. 

4.3 Observing the spread of 
phytoplankton species 

4.3.1 Morphological identification of species 

Spreading of phytoplankton species to new envi-
ronments can be observed by monitoring the species 
composition of phytoplankton assemblages. The 
bedrock for the characterisation of phytoplankton as-
semblages lies on common agreement on the identity 
of the species. However, although a species is an 
elementary biological unit, even experts sometimes 
have difficulty in reaching a consensus on morpho-
logical species determination (Culverhouse & al. 
2003), Prorocentrum minimum is an example of this. 
Since species boundaries are commonly recognised 
from gaps in the range of variable forms (Taylor 
1993), the various cell shapes of P. minimum have 
puzzled taxonomists and P. minimum has been 
described with several different names (Heil & al. 
2005, IV). The current results (II–IV) agree with the 
suggestion that P. minimum is a single morpho-
species (Dodge 1975, Hajdu & al. 2000). This is 
supported by a gapless continuation of cell shapes, 
all having highly similar fine thecal details (spines, 
trichocyst pores, intercalary bands). The cells also 
have an identical apical architecture that appeared to 
be more complex than previously described and con-
sisted of three distinct apical spines and a ridged 
edge. Furthermore, the detailed morphological fea-
tures were uniform in cells from different locations 
in the Baltic Sea and Chesapeake Bay. In addition, 
all cell shapes were similarly related to salinity, 
temperature and nutrient concentrations in the field, 
and both triangular and oval-round cells could pre-
dominate in the open sea and on the coast (III, IV). 

The reasons for the variation in P. minimum cell 
shape and size remain unknown, but several factors 
such as temperature, salinity and light intensity may 
be involved (Solum 1962, Taylor & al. 1995, Hajdu 
& al. 2000). P. minimum appear to show reduced 
cell size at high temperatures (Lomas & Glibert 
1999). However, the effect of temperature can be 
hampered by salinity in at least some dinoflagellates, 
which are larger at low salinities, independently of 
the prevailing temperature (Solum 1962). These 
contrasting effects of environmental factors may 
explain why the cell size of P. minimum shows both 
positive (Velikova & Larsen 1999, Monti & al. 
2005) and inverse relationships with salinity (Hajdu 
& al. 2000, IV). The decrease in cell size of P. 
minimum is also linked with the physiological state 
of the cell at the end of active growth in cultures, i.e. 
when fewer cells increase their size for cell division 
(Monti & al. 2005). In other dinoflagellates, the size 
and shape of the cell can also vary in response to 
sudden changes in environmental conditions and as a  
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part of their sexual life cycle (Reguera & Gonzáles-
Gil 2001). Additionally, the impact of mixotrophy 
and intracellular parasites on the cell shape and size 
of P. minimum should be detected, because a transi-
tion from autotrophy to heterotrophic feeding and 
infection by parasites can increase the cell size and 
volume notably (Legrand & al. 1998, Kim & al. 
2004). 

In addition to the intraspecific variation, the dis-
tinction between P. minimum and some other small 
prorocentroids is under discussion. Many authors 
consider Prorocentrum minimum (Pavillard) Schiller 
1933 conspecific with Prorocentrum cordatum (Os-
tenfeld) Dodge 1975 (Velikova & Larsen 1999, 
Krakhmalny & al. 2004, Heil & al. 2005), even 
though P. minimum was originally described with an 
apical spine (Pavillard 1916) and P. cordatum with-
out the spine (Ostenfeld 1901). 

When Ostenfeld (1901) described Exuviaella 
cordata Ostenfeld 1901 (= P. cordatum), he was 
seemingly aware of the importance of the apical 
spine as a taxonomic character and mentioned that 
E. cordata did not have the spine. Apparently, the 
technique Ostenfeld used would have been adequate 
for observing fine details such as an apical spine, 
because he was able to see small pores or spines on 
the thecal surface. He also described another new 
species Exuviaella compressa (Bailey) Ostenfeld 
1899, which has apical spines (Ostenfeld 1899, 
1903). In this description Ostenfeld did not mention 
the spine, but considered E. compressa identical to 
Dinopyxis compressa (Bailey) Stein 1883 illustrated 
with two apical spines (Schiller 1933). 

Furthermore, Makarova (1968) gave an elaborate 
description of E. cordata cells from the Caspian Sea, 
pointing out for instance a shallow indentation in the 
middle of the apical area and pores arranged in rows 
with densities of 13–19 per 10 µm. Despite these 
detailed observations, Makarova did not indicate the 
presence of an apical spine in E. cordata. Therefore, 
it is not fully evident that the spiny prorocentroid 
occurring in the Azovan, Black and Caspian seas at 
present (Velikova & Larsen 1999, Krakhmalny & al. 
2004) represents the original P. cordatum described 
by Ostenfeld (1901). Before the taxa P. minimum 
and P. cordatum are combined, the identity of P. 
minimum/cordatum should be ensured by re-exam-
ining Ostenfeld’s and Makarova’s original material 
or by conducting an extensive genetic survey in-
cluding Prorocentrum strains from the type locali-
ties and various other seas. 

Similar genetic comparisons should be made 
between P. minimum and Prorocentrum balticum 
(Lohmann) Loeblich III 1970. P. minimum is differ-
entiated from P. balticum mainly by its larger size 
and less circular shape (Faust & al. 1999), but in 
some cases the morphologies of these two species 
are remarkably similar even in SEM (Azanza & al. 
2005). Accordingly, previous records of P. balticum 

in Portuguese coastal waters and the Black Sea were 
interpreted retrospectively as misidentifications of P. 
minimum (Silva 1985, Velikova & Larsen 1999), 
while P. balticum is still reported at least in Irish and 
Mexican waters (O’Boyle & al. 2001, Alonso-
Rodríguez & Ochoa 2004). In the northern Baltic 
Sea, an abundant occurrence of P. balticum cells 
was reported near the thermocline (Kuosa 1990), 
and the species is still recorded in the Baltic yearly, 
if only infrequently (Hällfors, S., pers. comm.). A 
genetic survey could reveal how closely related the 
various strains of P. minimum and P. balticum are 
and whether it is meaningful to distinguish between 
them. 

4.3.2 Need for combination of traditional and 
advanced methods 

The taxonomic challenges regarding prorocen-
troids (IV), difficulties in identifying small gymno-
dinoids, and morphological similarities of Diplosalis 
sp. vs. Oblea rotunda (Lebour) Balech ex Sournia 
1973 and Peridinium grenlandicum Wołoszyńska 
1929 vs. Glenodinium sp. (I) indicate that monitor-
ing the phytoplankton with an inverted light micro-
scope technique does not give a full understanding 
of the occurrence of complex and rare dinoflagellate 
species. To identify species more precisely, treat-
ment with Calcofluor White (Fritz & Triemer 1985) 
or examination with a SEM is useful. However, al-
though visible morphological characters form the 
traditional basis for distinguishing phytoplankton 
species, the morphological species concept has 
limitations. 

The relationship between morphology and ge-
netic information is often non-uniform. Since mor-
phology is a conservative feature, a remarkable 
amount of genetic variability can be hidden within a 
single morphotype. Identical morphology thus does 
not necessarily imply a similar genotype, suggesting 
that dinoflagellate cells could be genetically more 
closely related based on their geographic origin than 
on their morphotaxonomy (Scholin & Anderson 
1994). On the other hand, although algal blooms are 
often considered as monospecific events, field 
populations can be mixtures of similarly appearing 
but genetically different genotypes (Gallagher 1980, 
Taylor 1993). For instance, genetically dissimilar 
populations of Prorocentrum micans Ehrenberg 
1883 can predominate during bloom and non-bloom 
periods and play possibly different ecological roles 
(Shankle & al. 2004). Accordingly, even if P. mini-
mum can constitute at least 90% of the biomass of 
the bloom (Hajdu & al. 2000), the bloom population 
may be more heterogeneous than as interpreted 
merely by microscope observations. 

Molecular work could provide a deeper under-
standing of the obscure reasons for the differing cell 
shapes of Prorocentrum minimum and of the rela-
tionships of P. minimum to morphologically close 
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species. It is already known that P. minimum strains 
from the Mediterranean and the east coast of North 
America have highly similar 18S ribosomal DNA 
(rDNA) sequences (Grzebyk & al. 1998). This work 
could be augmented by investigating the genetic 
similarities of several geographically distant P. 
minimum, P. cordatum and P. balticum populations 
by comparing 18S rDNA or internal transcribed 
spacer region (ITS) sequences, and using methods 
such as randomly amplified polymorphic DNA 
(RAPD), amplified fragment length polymorphism 
(AFLP), or restriction fragment length polymor-
phism (RFLP). 

In addition, studies on heterotrophic dinoflagel-
lates or other dinoflagellates growing poorly in cul-
tures would clearly benefit from molecular tech-
niques. Some species may also occur in the field at 
concentrations too low to be observed with the mi-
croscope. With modifications of the polymerase 
chain reaction (PCR), the sensitivity and accuracy of 
detection can be increased significantly (Coyne & al. 
2001). Furthermore, molecular tools enable recogni-
tion of species directly at the cyst stage without 
germination into vegetative cells or can link cysts of 
unknown identity with their respective vegetative 
cells (Bolch 2001). 

Godhe & al. (2002) demonstrated a molecular 
method that enables detection of dinoflagellate cysts 
directly from natural sediment samples. Direct ex-
amination of sediments would be useful in screening 
for the presence of dinoflagellates in ballast water 
tanks. Since it is likely too laborious to determine all 
taxa present, investigators could first focus on the 
screening of some possibly harmful or “most un-
wanted” newcomers or species that are difficult to 
identify morphologically. Suitable targets could be 
potentially toxic species such as Alexandrium 
minutum Halim 1960, Alexandrium tamarense, 
Gymnodinium catenatum Graham 1943, Karenia 
brevis (Davis) Hansen & Moestrup 2000, Karlodin-
ium micrum, Pfiesteria piscicida and Prorocentrum 
minimum. 

If ballast water samples indicate that the ballast 
water in a particular ship poses a threat to the envi-

ronment, human health, property or resources, 
IMO’s Ballast Water Convention will prohibit the 
ship from discharging the ballast until the threat is 
removed. However, sampling and analyses must not 
unduly delay the operation or departure of the ship 
(IMO 2004). There is thus a need for detecting 
dinoflagellate cysts and other potentially harmful 
taxa in ballast tanks with rapid and sensitive diag-
nostic tests that can be adapted to the tight schedules 
of ship traffic (Hallegraeff 1998). Before the meth-
ods are adapted widely, it is reasonable to develop 
ballast water management to meet the IMO’s stan-
dard (IMO 2004) and to form an early warning net-
work for algal blooms in areas where ballast water is 
taken in. By such measures the ballast water-induced 
import and export of all phytoplankton cells can be 
minimised in the Baltic Sea. 

4.3.3 A new classification scheme of phytoplankton 
species based on their spread 

In the Baltic Sea, only 10 phytoplankton species 
are non-indigenous or cryptogenic or were not ob-
served until recent decades (V, Table 1), whereas 
some 30 established non-indigenous invertebrate 
species are reported in the region (Leppäkoski & 
Olenin 2001, Baltic Sea Alien Species Database 
2006). The proportion of “new” phytoplankton spe-
cies is low, since the total number of phytoplankton 
species in the Baltic Sea is an order higher than the 
number of invertebrate species (Leppäkoski & Bons-
dorff 1989, Hällfors 2004). This discrepancy likely 
reflects the high taxonomical expertise and specific 
equipment required to identify small phytoplankton 
species correctly, and the difficulty in assessing the 
origin, transport vector, establishment or previous 
absence of a species (Elbrächter 1999, Wyatt & 
Carlton 2002). Alternatively, the discrepancy may 
result from some special characteristics of the 
unicellular plankton, e.g. their inability to tolerate 
physicochemical conditions, competitors or parasites 
and viruses in the new environment. 
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Table 1. Introduced / expansive and recently observed phytoplankton species in the Baltic Sea (V).  

 Type locality First observed 
in the Baltic Comment 

DIATOMOPHYCEAE    
Coscinodiscus wailesii  
Gran and Angst 1931 

Pacific,  
North America  

19831 HAB 

Odontella sinensis 
(Greville) Grunov 1884 

Pacific,  
China Sea 

19032  

Pleurosira laevis  
(Ehrenberg) Compère, 1982 

Atlantic,  
North America 

≤19303   

Thalassiosira punctigera 
(Castracane) Hasle 1983 

Pacific, Japan 20014 HAB 

DINOPHYCEAE    
Alexandrium minutum  
Halim 1960 

Mediterranean 
Sea, Egypt 

19935 

(cysts) 
HAB 

Alexandrium tamarense  
(Lebour) Balech 1992 

North Sea, 
English Channel  

≤1985 
6, 7 

HAB 

Karenia mikimotoi 
(Miyake et Kominami ex Oda) Hansen 
and Moestrup 2000 

Pacific, Japan 19818 HAB 

Prorocentrum minimum  
(Pavillard) Schiller 1933 

Mediterranean 19818, 9 HAB  
Dominant 

RAPHIDOPHYCEAE    
Chattonella sp. Pacific? 199810 HAB 
Heterosigma cf. akashiwo  
(Hada) Hada ex Hara et Chihara 1987  

Pacific, Japan 200411 HAB 

 

Symbols: HAB) can be harmful due to toxins or mucilage production or can cause fish mortality; Dominant) widespread and 
seasonally dominant in the Baltic Sea. 

References: 1 Hajdu 1995, 2 Ostenfeld 1908, 3 Hustedt 1927–1930, 4 Hällfors & Hällfors 2002, 5 Nehring 1994, 6 Christensen 
& al. 1985, 7 Pankow 1990, 8 Edler & al. 1982, 9 Pedersen 1983, 10 Edler & Hernroth 1999, 11 Edler 2004. 

 
 
Classifying of phytoplankton species into natives 

or non-natives is valuable only if there is evidence 
on the origin of a species. Since such data are sel-
dom available, an additional way to assess the spe-
cies becomes reasonable. The emphasis of the new 
classification is on all established species, however, 
if the introduction of a species is reliably docu-
mented, it can be mentioned because it gives more 
information on the characteristics of this species (V). 
The new classification is based on the distribution, 
abundance and harmfulness of the phytoplankton 
species (Fig. 5). In the classification, harmfulness 
can be divided into three categories that represent 
the impact of a species on other organisms, includ-
ing humans. Whereas a harmless species has a neu-
tral or positive impact on other organisms, a poten-
tially harmful species affects the organisms nega-
tively (e.g. due to toxicity, mucilage formation or 
suffocation) elsewhere but not in the target area, in 

this case within the Baltic Sea. In contrast, a species 
known to be harmful also affects the organisms 
negatively within the specified area. The scope of 
the classification is to aid in distinguishing between 
the most harmful or unwanted species and the nu-
merous non-harmful unicellular species. The classi-
fication also helps investigators to observe possible 
changes, e.g. when a species spreads to wider areas 
or becomes dominant. 

To classify the phytoplankton species, extensive 
knowledge on the occurrence and impacts of the 
species are needed. Currently, nine of the 10 intro-
duced or expansive phytoplankton species occur 
only locally and/or sparsely in the Baltic Sea (V, 
Table 1). The tenth species, Prorocentrum minimum, 
was also locally distributed in the Baltic 20 years 
ago, but has since become a widespread and season-
ally dominant species that can be considered poten-
tially harmful (II, III, V). 
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Fig. 5. Classification scheme of phytoplankton species (V). Modified from Colautti & MacIsaac (2004). 

 
The example demonstrates on the one hand that 

harmful epidemics of newcomer phytoplankton have 
not yet occurred in the Baltic Sea, unlike in many 
Atlantic and Pacific coastal areas where toxic 
dinoflagellate blooms have increased since the 
1970s (Hallegraeff 1998). On the other hand, once a 
phytoplankton species arrives in a region of the Bal-
tic, the species can expand its range within the entire 
brackish sea basin. Hence, since the spreading 
dinoflagellates and other phytoplankton do not rec-
ognise state borders, the control of ballast water dis-
charges is an important issue throughout the Baltic 
Sea. 

4.4 Future perspectives 

Changes in phytoplankton assemblages and dis-
tributions of species are interlinked with environ-
mental change. Long-term datasets indicate that the 
climate has become slightly warmer in the Baltic 
Sea region during recent decades. The development 
implies higher temperatures, reduced seasonal tem-
perature amplitude and reduced ice cover (Omstedt 
& al. 2004). It is believed that climate change im-
pacts river flow to the Baltic Sea, because winter 
flows tend to increase and summer flows apparently 
decrease (Graham 2004). Increased runoff from land 
and rivers transports more nutrients into the sea and 
strengthens stratification and formation of frontal 
zones. These factors enhance the development of 
dinoflagellate blooms if low temperature and low 
light conditions during rain events, or grazers and 

parasites do not suppress the growth of dinoflagel-
lates (Litaker & al. 2002). Furthermore, increased 
runoff should favour mixotrophic dinoflagellates 
such as Prorocentrum minimum. The contribution of 
river-borne organic nitrogen and phosphorus to pri-
mary production is comparable to the contribution of 
inorganic nutrients (Stepanauskas & al. 2002). Both 
these nutrient types can be utilised effectively by 
mixotrophs, which can shift between organic and 
inorganic nutrition. 

Most of the introduced species already existing 
in the Baltic Sea were originally described from cli-
mate environments warmer than the Baltic (Lep-
päkoski 2002). The same applies to introduced or 
recently observed phytoplankton species (Table 1). 
Even a slightly elevated water temperature may 
thereby increase the spread and establishment of 
thermophilic species in the Baltic Sea. Moreover, oil 
transports and associated transport of ballast water 
are expected to double from the early 2000s until the 
year 2010 (Hänninen & Rytkönen 2004). The Baltic 
Sea is thus susceptible to future introductions of 
dinoflagellates and other phytoplankton. 

5. CONCLUSIONS 

1. Ballast tank and port sediments contain viable 
phytoplankton resting stages and ships are po-
tential transport agents of dinoflagellates and 
other phytoplankton. Small dinoflagellates, 
cyanobacteria, diatoms, chlorophytes and small 
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flagellates germinate effectively in low-salinity 
nutrient-rich water. 

2. The abundance of P. minimum can fluctuate 
considerably over time and occurrences in the 
southern and northern parts of the Baltic Sea are 
not interlinked. The abundance of the species is 
likely related to runoff from land and rivers and 
elevated concentrations of (organic) nitrogen 
and phosphorus. The role of silicate is contro-
versial at the southern and northern sites. 

3. Prorocentrum minimum is a single morphospe-
cies and its morphological variability cannot be 
directly linked with geographic location, tem-
perature, salinity or nutrient concentrations in 
these datasets. 

4. It is difficult to authenticate whether a phyto-
plankton species is native or non-native. By fo-
cusing on the distribution, abundance and harm-
fulness of the species, we can keep special 
watch on the spread of the most unwanted spe-
cies. 
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