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1. INTRODUCTION

1.1. Eutrophication and the Baltic Sea

Increased nutrient loading due to human activity has caused eutrophication of coastal
ecosystems throughout the world (Nixon 1995, Cloern 2001, Smith 2006). Eutrophication
has been defined as “the enrichment of water by nutrients, especially nitrogen and/or
phosphorus and organic matter, causing an increased growth of algae and higher forms
of plant life to produce an unacceptable deviation in structure, function and stability
of organisms present in the water and to the quality of water concerned, compared
to reference conditions” (Andersen et al. 2006). The consequences of eutrophication
include a possible shift in phytoplankton species composition (Wasmund & Uhlig
2003, Carstensen & Heiskanen 2007, Suikkanen et al. 2007), an increase in harmful
algal blooms (Smayda 1990, Cloern 2001, Scavia & Bricker 2006), increased turbidity,
oxygen deficiency in bottom waters (Rosenberg et al. 1990, Bishop et al. 2006, Kiirikki
et al. 2006) and changes in fish (Baden et al. 1990, Rajasilta et al. 1999, Lappalainen
et al. 2000) and benthos communities (Hansson & Rudstam 1990, Perus & Bonsdorff
2004, Perus et al. 2007).

In the Baltic Sea the total load of nitrogen (N) and phosphorus (P) have been estimated
to have increased fourfold and eightfold respectively from the 1940s to the 1980s (Larsson
et al. 1985). Enhanced nutrient inputs have increased primary production by 30 to 70 %
and sedimentation by 70 to 190 % (Elmgren 1989). This has resulted in increased oxygen
consumption in the sediments, leading to an increase in oxygen-deficient bottom areas
(Jansson & Dahlberg 1999). The increase in anoxic bottom sediments in turn enhances
the benthic release of P. Oxic bottom sediments function as a sink for P, which is bound
to iron (IIT) hydroxides, but when the sediments turn anoxic P is released via reduction
of the metal oxides (Krom & Berner 1981, Lehtoranta et al. 1997, Pitkdnen et al. 2003,
Blomqvist et al. 2004). This may lead to a vicious circle, whereby eutrophication
increases the sedimentation rate leading to anoxic sediments, triggering the release of P,
causing more nutrients to enter the system and further exacerbating the eutrophication
problem (Tamminen & Andersen 2007, Vahtera et al. 2007a).

Although cyanobacterial blooms are a natural annual late summer phenomenon in
the Baltic Sea (Bianchi et al. 2000), there are indications that they have increased during
recent decades concomitantly with raised nutrient levels (Kahru et al. 1994, Finni et al.
2001, Kauppila & Lepistd 2001, Poutanen & Nikkild 2001, Suikkanen et al. 2007). In
open waters the blooms are dominated by the nitrogen-fixing species Aphanizomenon
sp. and Nodularia spumigena Mertens ex Bornet and Flahault, while in coastal waters
Anabaena spp. is also common (e.g. Sivonen et al. 2007). All three genera contain
gas vesicles, making them buoyant; in calm weather they rise to the surface, where
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they may form large aggregates (Walsby et al. 1995, Walsby et al. 1997, Ploug 2008).
Cyanobacterial blooms are of particular concern because they are often toxic. In the
Baltic Sea Nodularia spumigena produces the hepatotoxin nodularin (Sivonen et al.
1989), while Anabaena has recently been confirmed to produce microcystin, another
hepatotoxin (Halinen et al. 2007). Baltic Aphanizomenon has not been found to be
toxic (Sivonen et al. 1989, Repka et al. 2004), but freshwater species of both Anabaena
and Aphanizomenon are capable of producing neurotoxins in addition to microcystins
(Sivonen et al. 1990, Carmichael 1997, Willen & Mattson 1997). Toxin production by
algae may be affected by nutrient availability (Granéli et al. 1998, Granéli & Flynn
2006, Lindehoff et al. 2009). Toxicity may increase under nutrient limitation due to
cellular stress (Johansson & Granéli 1999). However, non-toxic algal blooms may also
have negative effects due to their high biomass production. The blooms sometimes form
an unpleasant scum on the water surface, reducing the recreational value of the water,
and their decay may deplete water oxygen concentrations. Cyanobacterial blooms may
moreover aggravate Baltic eutrophication by their nitrogen fixation (Savchuk & Wulff
1999, Rolff et al. 2007, Vahtera et al. 2007a). Recent studies suggest that diazotrophic
cyanobacteria are responsible for one third to half of the total external nitrogen load in
the Baltic proper (Larsson et al. 2001, Wasmund et al. 2001, Moisander et al. 2007, Rolff
et al. 2007).

The high occurrence of N -fixing cyanobacteria in the Baltic Sea has been suggested
to be due to the low N:P ratio in the area (Niemi 1979, Stal et al. 2003). A low N:P ratio is
assumed to favour the growth of diazotrophic cyanobacteria because of the competitive
ability provided by N, fixation (Smith 1983, Granéli et al. 1990, Vrede et al. 2009).
Mesocosm experiments in the Baltic, however, have yielded contradictory results as to
the effects of the N:P ratio and P-enrichment on cyanobacterial growth (e.g. Wallstrom
et al. 1992, Rydin et al. 2002, Kuuppo et al. 2003). Thus the effect on cyanobacteria of
an increased nutrient load and of the N:P ratio in the Baltic Sea is still a debated subject.
It is well known that cyanobacterial growth is affected by many other factors in addition
to nutrient availability, including water temperature, salinity and water column stability
(Kononen et al. 1996, Laamanen 1997, Wasmund 1997, Hyenstrand et al. 1998, Kahru
et al. 2000, Larsson et al. 2001, Rydin et al. 2002, Kanoshina et al. 2003, Stal et al. 2003,
Lips & Lips 2008). It has also been proposed that the availability of trace elements,
especially iron, may be an important factor affecting the growth of Baltic cyanobacteria
(Howarth & Marino 1998, Stal et al. 1999, Schubert et al. 2008). Iron is a component of
the nitrogenase enzyme complex, the enzyme responsible for nitrogen fixing, and is thus
essential for N, fixation (Fay 1992). It has been estimated that N,-fixing cyanobacteria
require two orders of magnitude more iron than non-diazotrophic organisms (Raven
1988), and iron has been shown to limit the growth of N,-fixing cyanobacteria in some
lakes (Elder & Horne 1977, Wurtsbaugh & Horne 1983, Hyenstrand et al. 2001).
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Cyanobacteria have been the focus of interest in the Baltic Sea because of their
increasingly frequent annual occurrence (Kahru et al. 2007); other algal blooms, which
may also be harmful, have received less attention. Other potentially harmful species
occur regularly in Baltic plankton (e.g. Leppénen et al. 1995, Lindholm & Ohman
1995, Hallfors 2004, Kuuppo et al. 2006), and mass occurrences of toxic dinoflagellates
(Pertola et al. 2005, Hajdu et al. 2006, Kremp et al. 2009) and prymnesiophytes (Dahl
et al. 1989, Lindholm & Virtanen 1992, Hajdu et al. 2008) are not unusual. Sometimes
the blooms can have dramatic effects, as in 1988 in Skagerrak-Kattegat, where massive
blooms of the toxic prymnesiophyte Chrysochromulina polylepis Manton & Parke caused
mortality on all trophic levels, from phytoplankton to zooplankton, benthic macroalgae,
fauna and fish (Dahl et al. 1989, Lindahl & Dahl 1990, Nielsen et al. 1990). Blooms of
another prymnesiophyte, Prymnesium parvum Carter, have been associated with fish
kills in Finland and Sweden (Lindholm & Virtanen 1992, Holmquist & Willén 1993,
Lindholm et al. 1999). Nutrient availability and nutrient ratios may trigger the initiation
of such blooms (Dahl et al. 2005, Hajdu et al. 2005). For example the abundance of
Chryschromulina species has been associated with high N:P ratios (Dahl et al. 2005)
while blooms of the invasive, potentially toxic dinoflagellate Prorocentrum minimum
(Pavillard) Schiller have been correlated with high nutrient concentrations (Hajdu et al.
2005, Pertola et al. 2005).

Knowledge of the responses of phytoplankton communities to changes in nutrient
load and ratios is essential for making decisions in water management issues (Conley
2000, Olsen et al. 2001). It has been debated whether reductions in phosphorus, nitrogen
or both are needed to deal with eutrophication in the Baltic Sea (e.g. Boesch et al.
2006). Some studies have indicated that in the short term a reduction in the N-load
may increase the biomass of N_-fixing cyanobacteria, due to their competitive advantage
during N-limitation (Elmgren & Larsson 2001). It has even been suggested that any
reduction in the N-load may be offset by increased N, -fixation, making N reduction
useless (Hellstrom 1996, Schindler et al. 2008).

1.2. Nutrient regulation of phytoplankton growth

Phytoplankton biomass accumulation is a function of growth rates and losses. Growth
rate and productivity are often regulated by the availability of resources (bottom-up
regulation), such as light (e.g. Huisman et a. 2004), temperature (e.g. Hagstrom et al.
2001) or nutrients (e.g. Hecky & Kilham 1988), while losses are due to grazing (top-down
regulation) (e.g. Carpenter et al. 1985, Sterner 1989, Kagami et al. 2002), sedimentation
out of the photic zone (e.g. Heiskanen 1998), and viral and fungal parasitism (e.g. Suttle
et al. 1990, Bratbak et al. 1993, Brussaard 2004).

According to Liebig’s law of the minimum, the yield of any organism is limited by
the factor present in the lowest amount in relation to its requirements (de Baar 1994). In
most systems phytoplankton production is limited by the availability of light or the supply
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of N and/or P (Schindler 1978, Hecky & Kilham 1988, Downing 1997). The general
paradigm is that N is the nutrient most often limiting production in marine waters (Fisher
et al. 1992, Oviatt et al. 1995, Howarth & Marino 2006), as well as in estuaries and
coastal marine systems, while freshwater phytoplankton tends to be P-limited (Schindler
1974, Hecky & Kilham 1988, Smith 2003). However, this paradigm has been the subject
of controversial debate (e.g. Hecky & Kilham 1988, Tyrrell 1999, Schindler et al. 2008).
It is indeed obvious that nutrient limitation patterns vary both spatially and seasonally;
moreover, co-limitation by both nitrogen and phosphorus is common in both freshwaters
and marine waters (Elser et al. 1990, Kivi et al. 1993, Maberly et al. 2002, Howarth &
Marino 2006, Smith 2006, Elser et al. 2007).

Diatoms and some chrysophytes may additionally be limited by the availability
of silica (Si), since they need Si in large amounts for their frustules (Egge & Aksnes
1992, Nelson & Dortch 1996). In eutrophicated waters the high supply of N and P often
increases diatom growth and sedimentation, which in turn enhances Si accumulation in
the sediments (Conley et al. 1993). This may lead to reduced Si concentrations and Si
limitation in the water (Papush & Danielsson 2006), which will favour the growth of
flagellates rather than diatoms (Smayda 1990, Wasmund & Uhlig 2003, Conley et al.
2008) and may also affect the diatom species composition (Olli et al. 2008). Ultimately,
this shift in phytoplankton composition may cause major changes in the entire food web
and may also lead to harmful algal blooms (Smayda 1990, Conley et al. 1993, Conley
et al. 2008).

In some situations phytoplankton growth may also be limited by the availability
of certain trace elements; oceanic phytoplankton, for instance, has been shown to be
limited by the availability of iron (Kolber et al. 1994, Coale et al. 1996, Hopkinson et
al. 2007).

Phytoplankton on average requires C, N and P in an approximate molar ratio of
106:16:1, the Redfield ratio (Redfield 1958). Deviations from this optimal ratio can be
used to infer nutrient limitation of phytoplankton growth. However, species differ in their
P and N requirements and the kinetics of nutrient uptake, and may thus have different
optimal N:P ratios (Rhee & Gotham 1980, Hecky & Kilham 1988, Quigg et al. 2003,
Klausmeier et al. 2004). In laboratory cultures, optimal molar N:P ratios measured for
different phytoplankton species lie in the range between 7 and 84 (Rhee 1978, Healey &
Hendzel 1979, Rhee & Gotham 1980, Smith 1982). The species-specific optimal ratios
may vary depending on different factors, e.g. growth rate (Goldman et al. 1979, Terry
et al. 1985, Elrifi & Turpin 1985, Turpin 1986), temperature (Tilman et al. 1986) light
conditions (Healey 1985, Goldman 1986) or CO, availability (Burkhardt & Riebesell
1997).

In addition to ambient nutrient concentrations, the availability of nutrients for
phytoplankton is affected by the regeneration rate of nutrients in the food web (e.g.
Dugdale & Goering 1967, Andersen et al. 1991, Gaul et al. 1999). When primary
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production is fuelled by recycled nutrients in the food web, it is referred to as regenerated
production; production based on the external input of nutrients — i.e. from land and
deep water, atmospheric fallout, allochthonous supply, and nitrogen fixation — is termed
new production (Dugdale & Goering 1967, Eppley & Peterson 1979). Both the rate of
nutrient cycling and the fate of new nutrient inputs in the system depend on the structure
and function of the whole food web (Heiskanen et al. 1996, Verity & Smetacek 1996).
Knowledge of the food web structure and of the mechanisms structuring community
composition is thus of central importance in understanding the impact on these systems
of environmental changes such as eutrophication.

1.3. Coastal food webs

Food webs are divided into trophic levels, in which the first level, i.e. the base of the
food web, is formed by primary producers (Fig. 1). In the pelagic food web, primary
producers consist of picoplankton (0.2-2 um), nanophytoplankton (2-20 um) and large
microphytoplankton (20-200 um). Picoplankton consists of both prokaryotes (unicellular
cyanobacteria) and eukaryotes (Stockner & Antia 1986). Nanophytoplankton is usually
dominated by flagellates, while diatoms, dinoflagellates and filamentous cyanobacteria
are the most common microphytoplankton. Large phytoplankton may be preyed upon

——
large ~ large ~ Fish
phytoplankton ”| zooplankton g
A 4
viruses ciliates, small
-~ zooplankton
. heterotrophic
» »
DOM P> bacteria P fagellates
A
mixotrophic
flagellates
picoalgae
autotrophic
flagellates
peng:é/ton P inorganic /‘

B nutrients
macrophytes

zoobenthos

A 4

Figure 1. Simplified schematic illustration of the major pathways of flow of energy and nutrients
in the coastal food web.
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by herbivorous zooplankton, which again serves as food for carnivorous zooplankton;
this in turn forms an important food for small fish and mysids. The flow of energy from
phytoplankton via zooplankton to fish is known as the classic herbivorous food chain
(Hairston et al. 1960, Carpenter et al. 1985, 1987).

Part of primary production is excreted or lost from the phytoplankton in the form
of dissolved organic material (DOM) (Lignell 1990). DOM is also released due to
incomplete ingestion and digestion by grazers, i.e. “sloppy feeding” (e.g. Lampert 1978,
Strom et al. 1997, Titelman et al. 2008), and by excretion and leakage from their fecal
pellets (e.g. Jumars et al. 1989, Urban-Rich 1999) as well as due to viral-induced cell
lysis (Fuhrmann 1999, Riemann et al. 2009). This DOM is utilized by heterotrophic
bacteria, which together with photosynthetic picoplankton form the basis of the
microbial food web (Azam et al. 1983, Sherr & Sherr 1988, Titelman et al. 2008). The
dominant grazers on bacteria and autotrophic picoplankton are heterotrophic flagellates
(Kuuppo-Leinikki 1990, Kuuppo-Leinikki et al. 1994, Gasol et al. 2002), which in turn
are grazed by ciliates and other protozoa and small zooplankton (Azam et al. 1983,
Bernard & Rassoulzadegan 1990). Part of this ingested material is passed up the food
chain to larger zooplankton, reconnecting the microbial food web with the classic food
chain; part is regenerated into the water column and re-utilised by primary producers.
Nutrient regeneration is of central importance in the microbial food web, but is difficult
to measure since regenerated nutrients are so rapidly taken up by other cells.

Omnivory, i.e. the ability of organisms to obtain food from more than one trophic
level, and mixotrophy, their ability to gain nutrition through a combination of autotrophy
and heterotrophy, are common in pelagic food webs, and further add to the complexity
of the food web structure. Viruses are considered as part of the planktonic food web and
may play an important role in regulating phytoplankton (Suttle et al. 1990, Bratbak et al.
1993, Brussaard 2004), bacteria (Fuhrmann 1999, Tuomi & Kuuppo 1999, Riemann et
al. 2009) and protists (Garza & Suttle 1995).

Energy transfer through the microbial food web is less efficient than through the
classic food chain because of the increased average number of trophic links (Fenchel
1988, Pomeroy & Wiebe 1988, Berglund et al. 2007), but is considered highly significant
for total energy throughput in the system (Pavés & Gonzalez 2008). The importance
of the microbial food web differs both seasonally and between different systems. The
classic or herbivorous food chain has been considered more important in nutrient-
rich waters, while the microbial food web is predominant in nutrient-constrained
environments where productivity is based on nutrients regenerated within the system
(Legendre & Rassoulzadegan 1995). The opposite, however, may also be true: high
nutrient availability can stimulate the growth of either predation-resistant inedible algae
or fast-growing small opportunistic primary producers which are not accessible to larger
zooplankton, leading to a dominance of the microbial food web and reduced energy
transfer to higher trophic levels (e.g. Andersson et al. 2006).
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In shallow coastal and estuarine ecosystems the pelagic food web is closely coupled
to the benthic food web (Fig. 1). The importance of bottom sediment in fluxes of nutrients
and organic matter between the two habitats, and the role of sediment as a nutrient sink
and source, are well known (reviewed by Graf 1992). In addition to nutrient fluxes,
however, the pelagic and benthic systems are connected through several biological
interactions between benthic and pelagic organisms, including grazing and competition
for the same resources.

The base of the benthic food web is formed by periphyton, an assemblage of algae,
bacteria, heterotrophic microbes and detritus which covers almost all substrates (Liess &
Hillebrand 2004). Periphyton is grazed upon by invertebrate grazers, which in turn may
be grazed by predatory macroinvertebrates (Hillebrand et al. 2000, Liess & Hillebrand
2004). The latter serve as food for fish, which may also feed directly on inverterbrate
grazers and periphyton (e.g. Mittelbach et al. 1992, Bronmark 1994). Periphyton may
also be grazed by pelagic zooplankton, while benthic invertebrates may be important
grazers on phyto- and zooplankton and may also compete with zooplankton for the
phytoplankton food resource (e.g. Horsted et al. 1988, Sullivan et al. 1991, Prins et al.
1995, Noren et al. 1999). Moreover, the zoobenthos may affect the pelagic community
by altering the nutrient fluxes near the sediment-water interface, either directly through
nutrient excretion or indirectly by promoting nutrient release from the sediment through
their bioturbation (Aller 1982, Kristensen & Hansen 1999, Karlson et al. 2007). In
shallow waters, where much of the sediment surface is within the euphotic zone, benthic
microalgae and macrophytes may be important primary producers and compete for
nutrients with phytoplankton (Sand-Jensen & Borum 1991, McGlathery et al. 2001,
Mulderij et al. 2007).

Benthic and pelagic systems are also coupled in that many marine organisms have both
benthic and planktonic life stages (Marcus & Boero 1998, McQuoid & Godhe, 2004):
many species of benthic macrofauna living in coastal systems have planktonic larvae,
while many planktic organisms have benthic resting stages. Migration from the sediment
surface via either recruitment or growth can play a significant role in plankton dynamics
and bloom formation (Hansson 1996, Kremp 2001, McQuoid & Godhe 2004).

1.4. Phytoplankton competition for limiting nutrients

Competition for limiting nutrients is seen as an important factor in the determination of
phytoplankton community composition (Tilman et al. 1982, Sommer 1989, Grover 1997).
Competition occurs when two or more organisms have a demand for the same limited
environmental resource. It may take the form either of direct interference by competing
species against each other, for example through aggressive behavior or the release of
chemical compounds (interference competition), or of indirect negative influence by one
species on another, by consuming or controlling access to a common limited resource
(exploitation or resource competition).



12 Introduction

The ability of phytoplankton to compete for nutrients is largely determined by their
physiological properties, including nutrient transport kinetics, half-saturation constants
for growth (Ks), maximal growth rate and storage capacity (Tilman 1977, Tilman et al.
1982, Sommer 1989, Flynn 2002). The half-saturation constant for growth (Ks) is the
concentration of the limiting nutrient at which the growth rate is one half of its maximum.
With sufficient information about the uptake and growth kinetic parameters of different
algae, their competitive abilities can be determined in relation to resource availability.
However, since the growth parameters measured are influenced by environmental
conditions and vary widely among studies, the extrapolation of growth parameters from
one algal population to another may be unreliable (Guillard et al. 1973).

Sommer (1985) divided algae into three categories according to their ability to
utilize nutrients; affinity, velocity and storage specialists. Affinity specialists have low
requirements for nutrients and are efficient users of low nutrient concentrations. Velocity
specialists have high uptake and growth rates and are able to utilize temporary high
nutrient enrichment for rapid growth, thus offsetting the possible decline under lower
nutrient concentrations. Storage specialists are able to use temporarily high nutrient
concentrations to build-up an intracellular storage pool; they usually have relatively high
uptake rates but only moderate maximum growth rates. A fluctuating nutrient supply
should favour both velocity specialists, which are capable of rapid growth after nutrient
pulses, and storage specialists, which are capable of luxury consumption, while a low
and continuous nutrient supply should select for affinity specialists (Sommer 1985,
Grover 1991).

The nutrient kinetics of phytoplankton are strongly related to size (Stolte & Riegman
1996). Small algal species, with a high cellular surface to volume ratio, appear to have the
highest affinity for nutrients (Stolte & Riegman 1996), and are supposed to be favoured
by continuous, stringent nutrient limitation (Malone 1980, Banse 1982, Probyn et al.
1990). Large species, on the other hand, are believed to benefit from a pulsed nutrient
supply because of their higher uptake and storage potential (Turpin & Harrison 1979,
Stolte & Riegman 1996).

Other nutritional strategies available to phytoplankton, such as nitrogen fixation
and mixotrophy, seem to be especially advantageous in nutrient-limited conditions.
Heterocystous cyanobacteria, which are able to fix atmospheric dinitrogen to supplement
their N requirements, are thought to be primarily limited by the availability of P and thus
favoured by a low N:P ratio (Smith 1983, Rydin et al. 2002, Stal et al. 2003). Mixotrophs
may be favoured by nutrient limitation, because of their ability to utilize particulate
food as a source of mineral nutrients (Nygaard & Tobiesen 1993, Isaksson 1998, Stibor
& Sommer 2003). However, the need of mixotrophs to invest in both a photosynthetic
apparatus and mechanisms for uptake and assimilation of organic substances is thought
to be energetically costly, resulting for example in a lower growth rate compared to
phototrophic or heterotrophic specialists (Rothhaupt 1996). Mixotrophs are therefore



Introduction 13

thought to be inferior competitors in comparison with specialist phototrophs for light or
specialist phagotrophs for prey.

For some algae, special life history patterns may function as a survival strategy under
nutrient competition. The formation of resting spores, for example, may be an adaptation
to survive nutrient depletion (Smetacek 1985).

The ability of phytoplankton to compete for nutrients is further influenced by cell
motility (Ross & Sharples 2007). Under nutrient limitation, flagellates will derive an
advantage from their swimming ability, enabling them to migrate vertically to exploit
nutrient gradients (Smayda & Reynolds 2001). Many planktonic cyanobacteria, on the
other hand, possess gas vesicles, allowing them to control their buoyancy and vertical
position in the water column (Utkilen et al. 1985, Walsby et al. 1995, Walsby et al. 1997,
Porat et al. 2001).

Phytoplankton nutrient competition may also be indirectly affected by interference
competition by means of allelopathy (Granéli & Hansen 2006, Granéli et al. 2008).
Allelopathy is the production of chemical compounds which inhibit the growth of competing
organisms, thus indirectly preventing them from consuming common resources (Legrand
et al. 2003, Suikkanen et al. 2005). Allelopathy is known among several different algal
groups, including cyanobacteria, diatoms, dinoflagellates, prymnesiophytes, raphidophytes
and chlorophytes (Granéli et al. 2008, Suikkanen 2008). For example the Baltic filamentous
cyanobacteria Anabaena, Aphanizomenon and Nodularia inhibit the growth of cryptophytes
(Suikkanen et al. 2004, Suikkanen et al. 2005), while the prymnesiophytes Prymnesium
parvum and Chrysochromulina polylepis inhibit the growth of some diatoms, cryptophytes
and dinoflagellates (Schmidt & Hansen 2001, Granéli & Johansson, 2003, Fistarol et al.
2005). The production of allelochemicals has been shown to increase in response to abiotic
stress such as nutrient limitation (Granéli & Johansson 2003, Fistarol et al. 2005, Granéli
& Hansen 2006, Granéli et al. 2008).

The outcome of nutrient competition is further affected by a number of other factors.
These include continuously changing environmental conditions, such as temperature
(Tilman et al. 1986) or light conditions (Sommer 1994); interactions with other species
and with the abiotic environment; sedimentation, grazing, disease, and chaotic dynamics
(Huisman & Weissing 1999, Cloern & Dufford 2005, Beninca et al. 2008). Furthermore, if
aresource is so abundant that it does not limit phytoplankton, no competitive interactions
will naturally occur. This could be the case if phytoplankton populations are kept at low
densities by other factors, such as grazing or abiotic disturbance.

1.5. Nutrient-phytoplankton-zooplankton interactions

Zooplankton may affect phytoplankton community structure either directly, by selective
grazing (Sterner 1989, Kivi et al. 1996, Sommer et al. 2001, Kagami et al. 2002), or indirectly,
through nutrient regeneration (Elser et al. 1988, Sterner 1989, Kagami et al. 2002).
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From freshwater studies it is well known that the effect of nutrient supply on
phytoplankton biomass and species composition can be strongly modified by the top-
down control exerted by the grazing community (e.g. Reynolds 1984, Sterner 1989,
Carpenter etal. 1995, Cottingham & Schindler 2000, Cottingham et al. 2004). Cottingham
et al. (2004), for instance, showed that large zooplankton grazers such as Daphnia spp.
may reduce the effect of nutrient pulses on the phytoplankton community. In other
studies, nutrient enrichment in combination with high zooplankton grazing pressure, led
to the dominance of large grazing-resistant cells (e.g. Lynch & Shapiro 1981, Horsted
et al. 1988, Mazumder et al. 1988). The role of top-down effects in shaping marine
phytoplankton communities is less well known (e.g. Horsted et al. 1988, Riemann et al.
1988, Granéli et al. 1993, Gismervik et al. 2002).

Just as zooplankton can regulate the phytoplankton community, phytoplankton, as
food, can have a major impact on its predators. Changes in phytoplankton abundance,
species composition, chemical composition and palatability due to nutrient enrichment
may affect zooplankton growth and reproduction (e.g. Sterner & Hessen 1994, Van
Nieuwerburgh et al. 2004, Jones & Flynn 2005, Klein Breteler et al. 2005), which in turn
may further affect higher trophic levels of the food web and alter the entire ecosystem
(Smith 2006). The efficiency of energy transfer from phytoplankton to consumers and
ultimate production at upper trophic levels vary with algal species composition. While
some algae synthesize biochemicals that are essential dietary components for animal
consumers, others produce toxins which inhibit animal growth or reproduction (Wolfe et
al. 1997, Lindehoff et al. 2009).

1.6. Aim of the study

The aim of the present study was to examine the response of phytoplankton biomass and
community composition to changes in external nutrient supply and the role of sediment
in nutrient and phytoplankton dynamics in the Archipelago Sea, northern Baltic Sea. The
main questions were as follows:

1. What is the role of the N:P ratio in structuring phytoplankton community
composition? (Article I)

2. How does the frequency of nutrient pulses influence plankton community
structure? (Article 1)

3. Is the growth of N -fixing cyanobacteria favoured by nutrient enrichment,
specifically by a nutrient supply with a low N:P ratio (Articles II - IV), and is it
limited by the availability of Fe? (Articles 111, IV)

4. What is the role of sediment in nutrient release (Article V) and in structuring the
phytoplankton community (Article VI) in shallow coastal areas?



Material and Methods 15

2. MATERIAL AND METHODS

2.1. Study Area

The Baltic Sea is a non-tidal brackish sea located in northern Europe with an area of
about 412 000 km?. The sea has a restricted connection to the North Sea through the
Danish straits and the residence time of the water is long, about 30 years (Stigebrandt
& Wulft 1987). The salinity of the surface waters ranges from around 20 psu in the
Danish straits to 1-2 psu in the northernmost and easternmost parts of the sea. The sea
is characterized by a strong seasonality: maximum summer water temperatures reach
around + 20°C, while in winter part of the sea is covered by ice. The Baltic Sea has low
species diversity, partly because of the young age of the sea (about 7 500 years) and
partly due to the brackish water and the harsh climate. Organisms include limnic, marine
and brackish water species.

The Archipelago Sea is located in the northern part of the Baltic Sea, between the
Baltic Proper and the Bothnian Sea. The sea area is approximately 8,000 km? and includes
a mosaic of about 22 000 islands and more than 14 000 km of shoreline (Grané et al.
1999). The sea is shallow: the mean depth is 23 m, but the coastal waters are usually
less than 10 m deep. The high abundance of islands and the many narrow and shallow
passages make the water exchange through the Archipelago Sea relatively slow. Thus
the sea area acts as a filter between the coastline and the open sea, as well as between the
northern Baltic proper and the Bothnian Sea (Jumppanen & Mattila 1994, Bonsdorff et
al. 1997a, b). Surface salinity ranges from 4 to 7 psu from the inner archipelago towards
the open sea.

Like other parts of the Baltic Sea, the Archipelago Sea is severely affected by
eutrophication (Jumppanen & Mattila 1994, Bonsdorff et al. 1997a, b, Ronnberg
& Bonsdorff 2004). Signs of eutrophication were detected in the inner archipelago
areas already in the 1960s (Jumppanen & Mattila 1994), while the outer areas became
affected in the 1980s (Jumppanen & Mattila 1994). In the 1970s and 1980s the water
quality improved close to urban areas because of more effective phosphorus removal
from sewage waters (Suomela & Syddnoja 2006). During the 1990s, however, nutrient
concentrations and the abundance of plankton algae continued to increase and the Secchi
depth decreased in many parts of the middle and outer archipelago (Suomela 2001).

During the 2000s the phosphorus concentration has stopped rising or has even dropped
slightly in many parts of the Archipelago Sea, but is still high (Suomela & Sydénoja
2006). The concentration of chlorophyll a, representing phytoplankton biomass, has
continued to rise in large parts of the sea. The increase in nutrient concentrations and
phytoplankton biomass has been suggested to be due to an increase in internal nutrient
loading resulting from sediment P release (Suomela & Sydénoja 2006), since oxygen
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deficiency and anoxic bottom sediments are common in the sea area (Virtasalo et al.
2005).

Annual succession of phytoplankton in the Archipelago Sea

The annual phytoplankton succession in the Archipelago Sea follows the general pattern
for the northern Baltic Sea (Fig. 2). Low light intensity limits production during winter.
The spring bloom begins in March-April after the melting of the ice, when the amount
of light increases. The spring bloom is dominated by chain-forming diatoms such as
Achnanthes taeniata Grunow, Chaetoceros wighamii Brightwell, Chaetoceros spp.,
Skeletonema costatum (Greville) Cleve, Thalassiosira baltica (Grunow) Ostenfeld
and Thalassiosira Levanderi Van Goor and the dinoflagellates Peridiniella catenata
(Levander) Balech and Protoperidinium granii (Ostenfeld) Balech, Protoperidinium
bipes (Paulsen) Balech and Gymnodinium spp. In the northern Baltic proper the spring
bloom has been estimated to be responsible for up to 60 % of annual planktonic primary
production (Kuparinen 1984, Kuosa & Kivi 1989). A large part (40-70 %) of production
during the spring bloom is lost from the planktonic food web due to high sedimentation
rates (Lignell et al. 1993, Heiskanen & Leppénen 1995). The spring bloom ends when
inorganic nutrients are depleted from the water column, in early June.

400 2000 : :
\ ] picocyanobacteria
350 &2 Myrionecta rubra
\ O others
300 7 ] diatoms
_ 250 ‘Y M chrysophytes
] B prymnesiophytes
Q 200 - \ dinoflagellates
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Figure 2. Seasonal succession of main phytoplankton groups at the study site in the Archipelago
Sea during 2000 and 2001. Data from Suomela et al. (unpublished).
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The spring bloom is often accompanied by a biomass peak of the autotrophic ciliate
Myrionecta rubra Lohmann (Fig. 2), followed by a summer phytoplankton minimum,
when inorganic N or P, or both, are almost completely depleted in the photic zone
and autotrophic production is mainly based on regenerated nutrients. During this time
picocyanobacteria may make up 25 - 80 % of the total autrophic biomass (Fig. 2).
The rest of the autotrophic biomass consists of a diverse phytoplankton community,
dominated by small flagellates such as the cryptophytes Plagioselmis prolonga
Butcher, Teleaulax acuta (Butcher) Hill, Teleaulax amphioxeia, (Conrad) Hill and
Katalepharis spp, chrysophytes (Pseudopedinella tricostata (Rouchijajnen) Thomsen,
Pseudopedinella spp., and Uroglena sp.), the prymnesiophytes Chrysochromulina spp.,
the prasinophytes Pyramimonas spp. and unidentified small flagellates. However, some
larger dinoflagellates, especially Dinophysis acuminata Claparéde & Lachmann, also
contribute to the summer biomass.

In July-August there is often another peak in the phytoplankton biomass due to
blooms of the nitrogen-fixing cyanobacteria Aphanizomenon sp., Anabaena spp., and
Nodularia spumigena. In late summer, when water temperatures start to decline, blooms
of dinoflagellates such as Heterocapsa triquetra (Ehrenberg) Stein and Prorocentrum
minimum (Pavillard) Schiller may form (Fig. 2).

2.2. Mesocosm experiments

A mesocosm can be defined as a model ecosystem, such as an enclosed water-body,
large tank, natural or artificial pond, which can be replicated and in which specific
environmental factors can be manipulated and their effects monitored. During the last
decade mesocosm experiments have successfully been used to study the response of
plankton communities to different environmental changes, such as light, temperature,
pH, mesozooplankton or nutrients. Mesocosms are intermediate between controlled
laboratory experiments and field studies. Although they cannot be controlled to the
same extent as laboratory experiments, they represent more natural conditions. The
realism of a mesocosm, however, may be reduced by enclosure artifacts, factors in the
experimental system that differ from the natural ecosystem: these include periphyton
growth on mesocosm walls, changes in water turbulence in the enclosure, shifts in
material exchange rates, and distortions in the mixing and light regimes (Brockmann
1990, Schindler 1998, Petersen et al. 1997, 1999). Moreover, experimental conditions
can favour or disfavour different species present in the natural community, and the
absence or uneven distribution of larger and less abundant species in a mesocosm can
disrupt the function of the natural food web.

In this study, mesocosm experiments were conducted in a small, shallow bay (depth <
5 m) close to the island of Seili (60° 15°N, 21° 58°E) in the central part of the Archipelago
Sea (Fig. 3). Two different types of mesocosms were used, 300-400 liter bags and large
30-40 m® enclosures, of which some included the bottom sediment. The experiments
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Figure 3. Location of the study site in the Archipelago Sea, northern Baltic Sea.

were based on factorial designs; treatments included the addition of N as NH,Cl and P as
KH,PO,. Some of the experiments also dealt with the effects of iron (Fe). The individual
experiments are summarised in Table 1 and are briefly described below. More detailed
information on the experiments can be found in the respective articles.

Experiments with small enclosures (Articles I, Ill & IV)

The 300-400 liter transparent enclosures were made of 0.15 mm thick polyethylene and
were about 1.5 m deep. The enclosures were mounted on three floating wooden racks,
which were anchored in the sea in a row in an E-W direction (Fig. 4). The enclosures
were protected from bird faeces with a plastic roof, but the exchange of gases between
air and the sea was not prevented. The enclosures were filled with surface water from the
study site on the evening prior to the start of the experiments.

The first experiment JUN99 was performed in the beginning of summer, after
termination of the phytoplankton spring bloom (Article I). The focus of the experiment
was to study the effect on the phytoplankton community composition of the N:P ratio
versus the absolute nutrient concentration. The design of the experiment was such that
the phytoplankton community in the different treatments would be potentially either
N-limited, P-limited or supplied with N and P in an optimal ratio, according to the
Redfield ratio. To be able to distinguish the N:P ratio effect from the direct resource
effect, the three N:P mass ratios — 2.7 (N-deficient), 18 (P-deficient) and 6.9 (close to
Redfield-ratio) — were supplied in two different concentrations (Low and High). In
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Table 1. Experimental setup in the different experiments. All experiments except for JUL99 were
based on a factorial design.

Experiment

JUN99

PULSO1

JUL99

AUGO1

SEDO1

Article

\'

v, Vi

Focus of experiment

Effects of N:P ratio
versus absolute

Interaction effects
of N:P ratio and

Effects of N, P and
Fe on especially

Effects of Fe, EDTA
and the N:P ratio

Effects of sediment
vs. external nutrient

nutrient levels frequency of cyanobacteria on especially enrichment
nutrient supply cyanobacteria
Mesocosms 300 liters 30-40 m? 300 liters 400 liters 30-40 m?
Experimental design |3 N:P ratios 2 N:P ratios Control, only P, P |1) Control and Control and
(N-deficient, (N-deficient, and Fe + EDTA, N |2 N:P ratios Nutrient enrichment
Redfield, P-deficient) [Redfield) x 2 and Pin 2 ratios  |(N-deficient, Redfield) | (Redfield) x

x 2 nutrient levels |nutrient addition  |(N-deficient, x addition of Fe sediment bottomed
(Low, High) + frequencies (Daily, |P-deficient) vs. plastic-bottomed
zooplankton Weekly) 2) addition of Fe x |enclosures
removal + control addition of EDTA

Number of replicates 3 3 2 3 3

Number of 24 12 10 24 12

mesocosms

Experimental time |7 - 18 Jun 1999 8 Aug - 6 Sep 2001 (22 Jul - 2 Aug 1999 |7 - 27 Aug 2001 12 Jul - 2 Aug 2001
11 days 29 days 11 days 20 days 21 days

NH, additions 3.0;7.6; 20 1.7;12 9,40 1.7;12 5

ug |—1 d-1

PO, additions g 0.42;1.1;2.9 1.7 3 1.7 0.7

[ d!

DIN:DIP 2.7,6.9;18 1,7 3;13.3 1,7 7

mass ratio of

additions

Figure 4. Small 300-400 liter enclosures.
Photo: Janne Suomela.
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addition, there was a control treatment with no nutrient addition and a zooplankton
removal treatment, which was used to estimate the effect of zooplankton grazing on the
phytoplankton community. The zooplankton removal treatment was supplied with the
same amounts of nutrients as in the high Redfield nutrient enrichment, but the water was
filtered through a 100 pm net during the filling of the enclosures. The enclosures were
sampled for analysis of nutrient and chlorophyll concentrations and picocyanobacteria
at intervals of two to three days. Phytoplankton was analysed three times during the
experiment; zooplankton was analysed at the start and end of the experiment.

The two other experiments, JUL99 and AUGO1, were performed in late summer,
and focused on cyanobacterial responses to nutrient enrichments (Articles III & 1V).
Since the concentration of N -fixing cyanobacteria at the start of the experiments
was low, an inoculum of cyanobacteria was added to the enclosures. In the JUL99
experiment the inoculum was water collected from a surface bloom dominated by
Anabaena lemmermannii and Aphanizomenon sp. from a nearby area, while in AUG01
the cyanobacteria were collected from a bloom in the Gulf of Finland dominated by
Nodularia spumigena and Aphanizomenon sp.

The JUL99 experiment was conducted over eleven days in July 1999 (Article III).
Treatments included addition of Palone, Ptogether with Fe and ethylenediaminetetraacetic
acid (EDTA), P and N in a N-deficient ratio, P and N in a P-deficient ratio, and a control
treatment without nutrient addition. The organic chelator EDTA was added in order to
increase the bioavailability of Fe. In the course of the experiment, water nutrient and
chlorophyll a concentrations and phytoplankton biomass were monitored.

In the AUGO1 experiment, which lasted twenty days in August 2001, the treatments
were based on two factorial designs (Article [V). In design 1, a control treatment without
any additions of N and P and two nutrient enrichments with additions of N and P either
at the optimal Redfield mass ratio 7:1 or at the N-deficient ratio 1:1 were crossed with
the addition of Fe. In design 2, N and P were added at the N-deficient ratio 1:1 in all
four treatments and the treatment factors were the addition of Fe and EDTA according
to a two-way design. Water samples for measurements of primary productivity and
concentrations of nutrients and chlorophyll @ were taken at intervals of two to three days.
Phytoplankton community structure and water hepatotoxin concentration were analysed
three times during the experiment.

Experiments with large mesocosms (Articles II, V &V1)

Twelve 30 to 40 m?® cylindrical enclosures made of double-layered transparent
polyethylene were placed in a small bay, where the euphotic zone reaches the bottom
(Fig. 5). The surface sediment at the study site is characterized as an oxic transportation
bottom with a low content of organic matter. The mean nutrient concentrations in the
upper 0-3 cm of the sediment have been analysed as 285 umol total N g! DW (dry
weight), 26 umol total P g' DW and 569 pumol total C g! DW and the loss of ignition



Material and Methods 21

Figure 5. Large 30-40 m® experimental enclosures. Photo: Janne Suomela.

as 3.7 % DW (Gran, unpubl.). The enclosures contained the whole water column, from
surface to bottom. The enclosures were of two types: with natural sediment as a bottom,
or with a plastic bottom with no contact with the sediment. The enclosures were 3.6 m in
diameter, with a water depth varying from 3.1 to 3.9 m. The upper edges extended about
1 m above sea level, to prevent the entrance of waves. During filling of the enclosures a
nylon net of 1 mm mesh size was stretched over the upper edge to prevent the accidental
entrance of fish and large mysids. In the sediment-bottomed enclosures mysids and fish
were removed after filling with a 1-mm mesh seine net.

The effect of nutrient supply frequency under different N:P ratios was studied in
PULSOL1, a four-week experiment in late summer 2001 (Article II). The experimental
design was a 2 x 2 factorial, with the interval between nutrient additions and the N:P
ratio of the enrichment as treatment factors. Nutrients (N and P) were added either
once a day or once a week and in either an N-deficient (N-def) or an optimal Redfield
ratio (Redf). Nutrient doses were seven times higher in the weekly than in the daily
enrichments, so that integrated over the whole experimental period the enclosures which
received nutrients in the same N:P ratio also received the same total amounts of N and P.
The enclosures were sampled for analysis of nutrient and chlorophyll a concentrations at
intervals of two to three days. The phytoplankton community and ambient hepatotoxin
concentrations were analysed at the beginning, middle and end of the experiment. The
zooplankton community was examined once a week.

The role of sediment in water quality and in phytoplankton dynamics was studied in
SEDO1, a three-week experiment in July-August 2001 (Articles V & VI). The aim was to
compare the effects of bottom sediment with those of a known external nutrient addition,
and to determine if the effects of nutrient enrichment differ in the presence or absence
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of natural sediment. The enclosures included or excluded the natural bottom sediment,
and half of them were enriched with nitrogen and phosphorus. The experiment was a 2
x 2 factorial design, with presence or absence of sediment and nutrient enrichment as
treatment factors. Prior to the start of the experiment, fish and mysids were removed
with a 1-mm mesh seine net to minimize differences among the enclosures in densities
of large predators. In addition, 60—80 individuals (2 ind m™, mean length 13.8 mm)
of Neomysis integer Leach were placed in each enclosure, to prevent abrupt increases
in mesozooplankton densities. Water samples were taken for analysis of chlorophyll a
and nutrients concentrations, picocyanobacteria and primary productivity at intervals of
three or four days. Phytoplankton and zooplankton community structure and sediment
pore water nutrient concentrations were analysed once a week.

2.3. Plankton biomass

Phytoplankton samples were preserved in acid Lugol’s solution and analysed with an
inverted light microscope (Nikon Eclipse), using the Uterm&hl technique (Utermohl 1958),
and identified to species level whenever possible. A small drop of detergent was added
to the sedimentation chamber to improve the settling of gas-vacuolate cyanobacteria.
At least 100 units of each of the dominant species were counted, yielding a precision
of + 20 % within 95 % confidence limits if the algae were randomly distributed (Lund
et al. 1958). Phytoplankton cell biovolumes were obtained using appropriate volume
formula according to Edler (1979). Carbon biomass was calculated from the biovolume
by estimating a carbon content of 0.22 pg C um for picoplankton (Li 1986), 0.13 pg
C um? for thecate dinoflagellates, and 0.11 pg C um™ for all other phytoplankton cells
(Mullin et al. 1966, HELCOM 1988). Autotrophic picoplankton samples were preserved
with ice-cold 2 % glutaraldehyde. Subsamples were filtered on black-stained Nuclepore
filters (pore size 0.2 um). The filters were stored at — 24°C and counted later with a Leica
Dialux epifluorescence microscope using Leica M2 filter set with green excitation (BP
546/14). Mesozooplankton samples (30 L) were concentrated on a 25 um mesh net and
preserved in 70 % ethanol. Zooplankton were identified and enumerated with an inverted
microscope and the biomasses were calculated according to average species-specific
biomass values or carbon biomass values (Hernroth 1985, Pellikka & Viljamaa 1998).

2.4. Primary production

Primary production was measured using the C method (Steemann Nielsen 1952).
Duplicate light and one dark incubation bottle were used per sample. The bottles (100
ml) were incubated with 4 pCi NaH'*CO, (International Agency for '“C Determination,
Hersholm, Denmark) in a light- and temperature-controlled incubator (at an irradiance
of 120 umols'm? and a temperature of 20 °C) for 4 h. The incubation was terminated
by adding 0.5 ml 37 % formaldehyde to the bottles and filtering the water through
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membrane filters (Sartorius pore size 0.45um). The filters were rinsed with prefiltered
(Whatman GF/F) seawater, dried in a fume cupboard and transferred to scintillation
vials. 20 ml of scintillation cocktail was added to the vials and the radioactivity of
the samples was measured with a liquid scintillation counter (Rackbeta, LKB Wallac
Finland), using the external standard channel ratio method. The total carbon dioxide
concentration of the water was derived from measurements of pH, alkalinity, salinity and
temperature according to HELCOM (1988). Water pH and conductivity were measured
with a Multiline P4 meter with a SenTix 97/T probe (WTW, Germany). Alkalinity was
measured by acid titration.

2.5. Hepatotoxins

Water samples for hepatotoxin (microcystin + nodularin) analyses were stored frozen
until analysis. The samples (5 ml) were thawed at room temperature, sonicated in an
ultrasonic bath (Sonorex Super 10P, Bandelin) for 60 minutes, filtered through syringe
filters (Whatman Puradisck, nominal pore size 0.2 um), and kept in a refrigerator overnight.
The next day the samples, microcystin-LR standards (0.1, 0.4 and 1.6 ppb) and negative
controls were prepared and run in duplicate with an enzyme-linked immunosorbent assay
(ELISA, EnviroGard Microcystins Plate Kit, Strategic Diagnostics Inc.). Hepatotoxins
in the samples were measured with a spectrophotometer (Labsystems I EMS Reader
MF) and analysed with Windows-based microplate software Genesis II (Labsystems and
Life Sciences International Ltd.).

2.6. Nutrients and chlorophyll a

Nutrients were analysed from unfiltered samples within five to eight hours after sampling.
Total P was analysed by digesting with K.S O, in acidic conditions and measured
spectrophotometrically as ammonium molybdate blue complex (SFS 3026, 1986).
Phosphate-P (PO,-P) was analysed as total P but without the digestion phase (SFS 3025,
1986). Total N was measured by digesting the sample with K, S O, to nitrate, which was
further reduced to nitrite and measured in an FIA-ion analyser application according to
the EPA 353.2 method (U.S. EPA, 1983). Nitrate-N (as a sum of (NO,+NO,)-N) was
analysed as total N, but without digestion (U.S. EPA, 1983). Ammonium-N (NH,-N) was
measured spectrophotometrically with the indophenol blue method (SFS 3032, 1976).
Unfiltered silica (Si0,) was analysed with a Bran & Luebbe AutoAnalyser according to
ISO/DIS 16264 (2002) standard for soluble silicate. Chlorophyll a samples were filtered
through Whatman GF/F-filters. The filters were air-dried, stored frozen, then extracted

in ethanol and measured spectrophotometrically (SFS 5772, 1993).
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3. RESULTS AND DISCUSSION

3.1. Phytoplankton community

3.1.1. Nutrient limitation

Nutrient enrichment increased primary production (Articles IV, VI) and phytoplankton
biomass (Articles I, II, III, IV, VI), indicating nutrient limitation. This is in accordance
with results from several other studies in coastal waters (e.g. Granéli et al. 1990,
Lignell et al. 2003, Smith 2006, Tamminen & Andersen 2007). At the beginning of all
experiments the ratio of inorganic N to P (DIN:DIP) in water ranged from 0.7 to 2.8 (by
mass), suggesting potential N-limitation of the phytoplankton community (according to
Forsberg et al. 1978). As expected from the low N:P ratio in water, total phytoplankton
biomass responded most strongly to the addition of N (Fig. 6, Articles I, II, 111, IV). This
agrees with the results from laboratory enrichment experiments performed throughout
the growth season, in which the Archipelago Sea was most often N-limited (Tamminen
& Andersen 2007). According to the ambient N:P ratios, the Archipelago Sea has
been shifting during the 1990s from a co-limitation of N and P towards a prevalence
of N-limitation (Kirkkala et al. 1998), which is characteristic of eutrophicated coastal
waters (Tamminen & Andersen 2007). It has been suggested that P-limitation prevails
when the phytoplankton community is dominated by diazotrophic cyanobacteria which
are able to utilize molecular N, (Granéli et al. 1990, Lignell et al. 2003). In the present
study, however, phytoplankton biomass responded most strongly to the addition of N
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Figure 6. Time course of the concentration of chlorophyll @ in the different treatments in the
PULSO1 experiment with large enclosures and the AUGO1 experiment with small enclosures,
carried out at the same time in July 2001. N-def = N-deficient nutrient enrichment; Redf =
Redfield nutrient enrichment. Figure redrawn and modified from articles II & IV.
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also when N, -fixing cyanobacteria made up the major part of the biomass (Articles II,
III, IV). The results are in line with those of Tamminen and Andersen (2007), and show
that the growth of N -fixing cyanobacteria also depends on other factors besides the
availability of P.

The phytoplankton groups most frequently stimulated by nutrient enrichments
were picoplankton, chroococcalean and oscillatorian cyanobacteria, dinoflagellates,
chrysophytes, diatoms and chlorophytes (Articles I, II, III, IV, VI). The same groups
have also previously been stimulated by nutrient additions in mesocosm experiments
in the Baltic Sea (Kononen et al. 1993, Heiskanen et al. 1996, Moisander et al. 2003,
Pilkaityte & Razinkovas 2007, Kangro et al. 2007). The effect of nutrient enrichments on
N,-fixing cyanobacteria varied both between genera and among experiments, and will be
dealt with in detail in section 3.2.

In SEDO1 experiment the external nutrient enrichment was primarily transferred
to picosized cyanobacteria, the biomass of which increased four- to fivefold due to
the enrichment (Article VI). Of the other phytoplankton groups only chlorophytes
were clearly stimulated by nutrient enrichments. The reason why other phytoplankton
responded less clearly to external nutrient enrichment in this experiment than in the
others could be that the enrichment was lower than in the other experiments. Due to their
high surface-to-volume ratio, picocyanobacteria are more efficient than larger algae in
nutrient uptake at low nutrient concentrations.

The biomass of picocyanobacteria increased due to nutrient enrichment in the other
experiments as well (Articles I & IV), except for the early summer experiment JUN99
(Article I). The increase in picocyanobacteria due to enrichment contradicts the theory
that picoplankton, due to their small size and large surface-to-volume ratios, are seldom
nutrient limited (Fogg 1986, Raven 1986, Suttle & Harrison 1986, Kuosa 1991, Agawin
et al. 2000). Other studies too, however, have shown picocyanobacteria to be stimulated
by nutrient enrichment (Vaulot et al. 1996, Stal et al. 1999, Kuuppo et al. 2003, Sipura
et al. 2005)

3.1.2. Role of the N:P ratio

While total phytoplankton biomass correlated most highly with the addition of N,
individual phytoplankton groups varied in their response to the nutrient enrichments.
A low N:P ratio favoured the growth of the N,-fixing cyanobacteria Anabaena spp.,
although the total biomass of N_-fixing cyanobacteria was not affected by the N:P ratio
of the enrichments (see section 3.2.1., Articles 11, III & IV). A high N:P ratio increased
the biomasses of dinoflagellates, diatoms and especially two mixotrophic algae, the
chrysophyte Uroglena sp. and the prymnesiophyte Chrysochromulina spp. (Articles [ &
110).

Uroglena sp. made up 30-40 % of the total phytoplankton biomass in the two
P-deficient enrichments at the end of the JUN99 experiment (Fig. 7, Article I). In
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Figure 7. Growth of the mixotrophic flagellates a) Uroglena sp. and b) Chrysocromulina spp. in
the different N:P supply mass ratios in a) JUN99 and b) JUL99 experiments. H = high nutrient
concentration; L = low nutrient concentration. Figure 7a redrawn from article 1.

the AUG99 experiment, on the other hand, Chrysochromulina spp. bloomed in the
P-deficient enrichment with a high addition of ammonium, in which it made up of
40 % of the final total phytoplankton biomass (Fig. 7, Article III). The success of the
mixotrophic flagellates in the P-deficient treatments may be due to their ability to obtain
P through bacterivory at low dissolved P concentrations (Urabe et al. 1999, Stibor &
Sommer 2003). Compared to flagellates, bacteria have a higher affinity for phosphate
at low concentrations (Currie & Kalff 1984, Bratbak & Thingstad 1985, Giide 1985),
and are also better competitors for nutrients due to their higher surface-to-volume ratio
(Sieburth & Davis 1982, Fenchel 1986). Since both the C:P and N:P ratios are generally
lower in bacteria than in phytoplankton (Fagerbakke et al. 1996), algae that are able to
feed on P-rich bacteria may have a competitive advantage under P-limitation (Jansson
et al. 1996).

Mixotrophy has been thought to be a competitively advantageous strategy under
certain poor nutrient conditions; high abundances of mixotrophs are usually recorded
in humic lakes with low nutrient concentrations and low light conditions (Jones 2000).
The role of mixotrophs in brackish and marine environments is poorly known, but they
may play an especially important role in transferring phosphorus to higher trophic levels
during P limitation.

The results of the present study suggest that along with absolute nutrient
concentrations, the N:P ratio is an important factor affecting phytoplankton community
structure (Articles I, II, Il & IV). While a low N:P ratio may favour the growth of
some N -fixing cyanobacteria such as Anabaena, an increase in the water N:P ratio may
increase the abundances of mixotrophic algae, some of which might also be harmful.
An indication of this occurred in 1988, when the bloom of the toxic Chrysochromulina
polylepis occurred along the Scandinavian coast at a time when the N:P ratio of the water
was high (Dahl et al. 1989).
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3.1.3. Frequency of nutrient supply

The effect of the frequency of nutrient supply under different N:P ratios was studied in a
four-week experiment (Article II). Nutrient enrichment included N and P, added either in
a N-deficient (N-def) or in a Redfield (Redf) ratio, at either daily or one-week intervals.

The frequency of nutrient supply affected the phytoplankton community structure
in addition to the absolute nutrient supply (Article II). The effect of nutrient addition
frequency varied with time and between nutrient ratios. In the N-def treatments the
phytoplankton biomass was higher in the daily than in the weekly enrichment, while in
the Redf-enrichment the phytoplankton biomass increased more in the weekly than in
the daily enrichment. In the N-def treatments, the higher biomass in the daily than the
weekly enrichment was mainly due to a higher growth of N -fixing cyanobacteria and
centric diatoms. The responses of N,-fixing cyanobacteria differed among genera and
will be discussed in section 3.2.2.

In the Redf-treatments the difference in phytoplankton biomass between addition
frequencies seemed to be due mainly to the high growth of chlorophytes (dominated by
Dictyosphaerium subsolitarium Van Goor and Kirchneriella sp.) towards the end of the
experiment in the weekly enrichment. The biomass of dinoflagellates was also higher in
the weekly enrichment at the middle of the experiment, but declined toward the end. The
daily Redf-enrichment stimulated the growth particularly of chrysophytes. The biomasses
of small centric diatoms and picoplankton were higher in the daily than in the weekly
enrichment in the middle of the experiment but declined toward the end, possibly due to
Si-limitation of the diatoms and high grazing pressure on the picoplankton (Article II).

The present results agree in part with an enclosure study conducted in Norwegian
marine waters, in which nutrients given in two pulses increased phytoplankton biomass
more than when they were given continuously (Svensen et al. 2002). Svensen et al.
(2002) suggested that the higher biomass in the pulsed treatments was due to a larger
temporal mismatch between the growth of phytoplankton and of their zooplankton
grazers. In their experiment the pulsed nutrient supply resulted in a spring bloom-like
system, with a high sedimentation rate. This was not the case in the PULSO1 experiment,
where the nutrient enrichments also affected the zooplankton community, the biomass of
which increased 3- to 4-fold during the study (see section 3.3.2., Article II).

It has been suggested that pulsed nutrient supply should be advantageous for both
velocity specialists, which have high uptake and growth rates, and storage specialists,
which are able to take up nutrients in excess of what is required for growth (Sommer
1985, Grover 1991). The chlorococcalean chlorophytes, which in this experiment
benefited from weekly nutrient pulses, have very high rates of cell division (Sommer &
Kilham 1985) and can therefore be categorized as velocity specialists. They are known
for their rapid growth responses to nutrient enrichment (Article IV, Kononen et al. 1993,
Moisander et al. 2003) and have also previously been found to take advantage of nutrient
pulses (Sommer 1985, Padisak & Toth 1991, Jensen et al. 1994). On the other hand,
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the biomasses of cyanobacteria and chrysophytes were higher in the daily than in the
weekly enrichments. The results are only partly in accordance with Sommer (1985),
who in a laboratory experiment with freshwater algae found that a pulsed P addition
contributed to the advantage of chlorophytes but also to the cyanobacterian storage
specialist Aphanizomenon flos-aquae.

The reason that storage specialists, such as large dinoflagellates (Dortch et al. 1984,
Collos et al. 2004), were not favoured by the pulsed nutrient supply in the present study
may be that the ability of phytoplankton to store N depends on the type of nitrogen source
(Stolte et al. 1994, Stolte & Riegman 1996). NH,*, which was used in this experiment, is
a positive-charged or neutral (NH,) molecule that may not be a suitable storage product,
because it can easily diffuse across biological membranes (Stolte et al. 1994). NO," is
a negatively charged ion that does not diffuse so easily and can therefore be stored in
higher concentrations in intracellular pools. Moreover, NH," is most preferred by pico-
and nanophytoplankton, whereas larger phytoplankton are more dependent on NO, -
(Stolte & Riegman 1996). In the present experiment the larger phytoplankton may also
have been actively grazed by copepods, which increased in the weekly enrichments (see
section 3.3.2, Article II).

3.2. Diazotrophic cyanobacteria

3.2.1. Effects of nutrient enrichments and N:P ratio

The biomass of N_-fixing cyanobacteria was dominated by Aphanizomenon sp, which
in most experiments grew equally well in all treatments, independently of N and P
enrichments (Articles II, III & VI). The biomass of Aphanizomenon also increased in the
control treatments without nutrient enrichment (Articles III & VI), with the exception
of the AUGO1 experiment, where it declined 3-fold in the control (Article IV). Growth
of Anabaena spp. was most stimulated by an N-deficient enrichment (Articles 11, III &
IV) or by the addition of P alone (Article III). A nutrient enrichment with a Redfield
ratio, however, also increased the biomass of Anabaena compared to treatments without
nutrient enrichments (Articles III, IV &VI).

The results for Nodularia spumigena are less clear, probably because in most of the
experiments the species was not very abundant. Nodularia often dominates cyanobacterial
blooms in open waters, but is less common in coastal waters. The biomass of Nodularia
increased in all treatments during the experiments except for the control treatment
in JUN99 (Articles II, III & IV). In both the JUL99 and the AUGO1 experiments the
Nodularia biomass was highest in the N-deficient enrichments, although in AUGO1 the
response was not statistically significant (Articles III & IV). In PULSO1 there was a
bloom of the species both in one enclosure with a N-deficient enrichment and in one
with a Redfield enrichment, resulting in no effect of the N:P ratio of the enrichments
(Article II). Thus the hypothesis that N_-fixing cyanobacteria are favoured in N-limited
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conditions if enough P is available applied clearly only for Anabaena spp. Although
Nodularia likewise seemed to be favoured by P-enrichment and a low N:P ratio, it also
may grow well when N and P are supplied in a Redfield ratio (Articles II, Il & IV).

The reason why Aphanizomenon showed no response to nutrient enrichments may be
due to the ability of the genus to grow on stored phosphate (Uehlinger 1981, Sommer
1985, Larsson et al. 2001). Aphanizomenon is thought to be able to form late summer
blooms in the Baltic Sea on the basis of intracellular P stores from the early summer
(Larsson et al. 2001, Walve 2002, Walve & Larsson 2007). It is thus likely that already
at the beginning of the experiments Aphanizomenon had enough stored P for growth
during the experimental periods. The increase of Aphanizomenon biomass in the control
treatments, without nutrient enrichment, was probably due to both P storage and N,
fixation. Unlike Aphanizomenon, both Nodularia and Anabaena seem not to have early
summer seed populations (Laamanen & Kuosa 2005) and may therefore be unable to
form the same large nutrient reserves for later growth. However, Nodularia has been
shown to have a higher affinity than Aphanizomenon for organic phosphorus and to grow
better on an organic phosphorus source (Degerholm et al. 2006, Vahtera et al. 2007b),
which has been suggested to give it a competitive advantage over Aphanizomenon later
in the summer (Vahtera et al. 2007b). Lake isolates of Anabaena spp. have also been
found to have a higher affinity for P than Aphanizomenon (De Nobel et al. 1997a).

The results of the present study are generally in accordance with the results
of enrichment experiments in other parts of the Baltic Sea, in which the biomass of
filamentous, N,-fixing cyanobacteria dominated by Aphanizomenon and/or Nodularia
was not affected by N and P additions (Kononen et al. 1993, Stal et al. 1999, Kuuppo et
al. 2003), whereas Anabaena was occasionally stimulated by P additions (Moisander et
al. 2003, Pilkaityte & Razinkovas 2007). In a mesocosm study by Kangro et al. (2007),
on the other hand, both Anabaena and Nodularia were stimulated by P enrichments.
Moreover, Rydin et al. (2002) found that P enrichments resulted in a cyanobacterial
bloom dominated by Aphanizomenon sp. and Anabaena sp., whereas a Redfield nutrient
enrichment resulted in the dominance of other algae than N _-fixing cyanobacteria. In a
short-term enrichment experiment in the eutrophic Curonian lagoon, in contrast, growth
of Aphanizomenon was stimulated only by the combined addition of both P and N
(Pilkaityte & Razinkovas 2007).

These discrepancies between the results in different studies may be due to many
different factors, including type of experimental system, experiment duration, initial
intracellular nutrient contents of the cyanobacteria, different nutrient regeneration,
and/or different grazing pressure in the systems due to different food web structure.
In addition there may be strain-specific differences in cyanobacterial responses to
environmental factors. Strain-specific variation is commonly overlooked in experiments,
but for example Wulff et al. (2007) found that the effects of UV-B radiation on Nodularia
spumigena differed among Baltic strains.



30 Results and Discussion

Although nutrient enrichment had no effect on Aphanizomenon growth, a low N:P
ratio or the addition of P alone increased the frequency of heterocysts in both Anabaena
and Aphanizomenon compared to a control treatment and nutrient enrichment with a
Redfield or high N:P ratio (Articles II & III). The result for Aphanizomenon corresponds
to other studies in which the nitrogen fixation rate and nitrogenase activity were stimulated
by P enrichment, but the growth of N -fixing cyanobacteria was not affected (Stal et al.
1999, Moisander et al. 2003). The reason may be that N -fixation is an energetically
costly process, which in laboratory experiments has been observed to reduce growth in
diazotrophic cyanobacteria (De Nobel et al. 1997b).

3.2.2. Effects of nutrient supply frequency

Large filamentous cyanobacteria have been thought to benefit from a pulsed nutrient
supply because of their capability to store P (Sommer 1985, Suttle et al. 1987, Larsson et
al. 2001, Walve 2002). Accordingly, mass occurrences of N -fixing cyanobacteria in the
Baltic Sea have sometimes been recorded after previous nutrient pulses originating from
the upwelling of nutrient-rich bottom water (Kononen & Némmann 1992, Gronlund
et al. 1996, Kononen et al. 1996). Thus the higher growth of N_-fixing cyanobacteria
found in the present study in daily than in weekly enrichments (see section 3.1.3.) was
unexpected (Article II). However, there were again differences in the responses of the
different genera. Of the N -fixing genera, the biomass of Anabaena and Nodularia
was higher in daily than in weekly enrichments, while Aphanizomenon was unaffected
by enrichment frequency (Article II). Anabaena grew clearly best in the N-def daily
enrichment, whereas the positive effect of the daily enrichment on Nodularia was mainly
due to a bloom of the species in two enclosures receiving nutrients daily but in different
N:P ratios. The bloom formation of Nodularia in only two of the six enclosures with a
daily enrichment shows that the initiation of cyanobacterial blooms is more complex
than merely a matter of nutrient availability.

The concentration of inorganic phosphate in water was high in both the daily and
the weekly N-deficient treatments (mean 0.18 and 0.27 uM respectively) and increased
during the study (Article II). This indicates that cyanobacteria were not limited by the
availability of P in these treatments, but the better cyanobacterial growth in the daily
enrichment may have been due to the ability of cyanobacteria to compete for ammonium.
This is supported by the fact that the cyanobacteria had fewer heterocysts in the daily
than the weekly enrichment, indicating a lower N_-fixing rate (Lehtiméki et al. 1997).
Due to the energy required for the mechanism of N, -fixation, it is more advantageous
for algae to grow on inorganic N than to fix molecular N (Howarth et al. 1988, De
Nobel et al. 1997b). In laboratory experiments the maximum growth rate of N, -fixing
Aphanizomenon flos-aquae cells was 67 % that of cells grown on ammonia (De Nobel
et al. 1997b), whereas Anabaena flos-aquae (L.) de Brebisson reached 80 and 71%
respectively of the values reported for growth on NH, (Rhee & Lederman 1983, Layzell



Results and Discussion 31

et al. 1985). The present study shows that when there is enough P available but inorganic
N is in short supply, Anabaena seems to be favoured by a low regular supply of N
(Article IT). The same phenomenon was observed in the JUL99 experiment (Article I1I),
where the biomass growth of Nodularia was higher in the treatment with P and some
N than in the treatment with P alone or with P and excess N; this indicates that under
N-limitation, when there is enough P available, N -fixing cyanobacteria may be able to
compete for N.

Based on the results of this experiment, it seems that from a water quality management
point of view pulsed discharges of nutrients may be less harmful than a regular nutrient
supply, as the weekly nutrient enrichments resulted in a plankton community with fewer
N, -fixing cyanobacteria. The results are not in line with those from field studies in open
waters, where blooms of N,-fixing cyanobacteria have been initiated after nutrient pulses
following the upwelling of nutrient-rich bottom water (Kononen & Noémmann 1992,
Gronlund et al. 1996, Kononen et al. 1996, Vahtera et al. 2005). The cyanobacterial
genus that has frequently been observed to be stimulated by upwelling, however, is
Aphanizomenon sp., (Kononen & Nommann 1992, Gronlund et al. 1996, Kononen et al.
1996, Lips & Lips 2008), whereas in this study the daily enrichment favoured Anabaena
and Nodularia. Moreover, upwellings involve many other processes besides just nutrient
supply, as the surface water and the whole plankton community within it is displaced by
cold, nutrient-rich bottom water (Laanemets et al. 2009). The results of the present study
are more closely comparable to pulsed nutrient supply following runoff from land, which
is more relevant for the study area, whereas uppwellings are more an outer archipelago
phenomenon. However, due to the many ways in which a mesocosm may differ from
natural systems, further work is needed before any definite conclusions can be drawn
as to the role of nutrient supply frequency on the plankton community. This study, for
example, did not include any top grazers, which are likely to be important regulators of
zooplankton. Moreover, the results of mesocosm experiments are highly dependent on
the inoculum plankton community, which may vary significantly not only seasonally but
also diurnally (e.g. Article VI).

3.2.3. Effects of Iron

The addition of Fe together with the organic chelator EDTA increased the biomass of
Anabaena spp. (Articles III & IV), while the addition of Fe or EDTA alone had no
effect (Article IV). Nodularia was unaffected by Fe and EDTA enrichments, while the
effects on Aphanizomenon sp. varied between experiments (Articles III & IV). In the
AUGO1 experiment Aphanizomenon was positively affected by both Fe and EDTA, but
in the JUL99 experiment the enrichments had no effect. The discrepancy may be due to
different initial conditions as well as to the different duration of the experiments. In the
11-day JUL99 experiment (Article III) the availability of Fe may not yet have started to
limit Aphanizomenon growth, in contrast to the 20-day AUGO1 experiment (Article IV).
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The positive effect of EDTA was probably due to its improvement of the bioavailability
of Fe or other trace elements necessary for cyanobacterial growth (Levstad & Krogstad
2001). It is also possible that cyanobacteria were able to utilize the carbon (C) or N in
EDTA, since they may be able to grow on dissolved organic N (Panosso & Granéli 2000,
Berman 2001).

The results of this study agree with a recent Baltic mesocosm experiment, in which
Anabaena cf. inaequalis was stimulated by the addition of iron together with EDTA
and by land-derived organic matter (DOM), while Nodularia spumigena was stimulated
by the addition of DOM alone (Stolte et al. 2006). In contrast, both the growth and
nitrogenase activity of Nodularia spumigena have previously been stimulated by
Fe enrichment (Stal et al. 1999, Paczuska & Kosakowska 2003). On the other hand,
Moisander et al. (2003) found in short-term bioassay experiments that Fe enrichment
had no effect on N, -fixation or on the growth of heterocystous cyanobacteria, whereas
EDTA increased the N -fixation rates. In a recent study by Schubert et al. (2008), the
addition of Fe stimulated the photosynthesis of Nodularia in two out of four short-
term experiments. They suggested that the stimulating effects of iron were linked to
physiological photoprotection mechanisms, since the enzyme Fe-superoxide dismutase,
which protects the algae from the damaging effects of high photon irradiances, contains
iron (Canini et al. 1998, Schubert et al. 2008). The contradictory results of Fe enrichments
on Baltic N -fixing cyanobacteria in different studies may thus be due to different light
climates (Schubert et al. 2008). As noted earlier, however (see section 3.2.1.), there may
also be other factors accounting for these discrepant results.

3.2.4. Cyanobacterial hepatotoxins

In this study cyanobacterial hepatotoxin concentration was not affected by nutrient
enrichments (I, IV). The ambient hepatotoxin concentration increased during the
experiments in line with the increased biomass of potentially toxic cyanobacteria.
Previous results on the effect of nutrients on the nodularin production of Nodularia spp.
have been contradictory. In some studies more nodularin was produced in conditions
promoting growth (Lehtiméki et al. 1994, Lehtiméki et al. 1997) or during phosphate
limitation (Granéli et al. 1998, Stolte et al. 2002), whereas in others nodularin production
was unaffected by nutrient concentrations (Repka et al. 2001, Jonasson et al. 2008).

3.3. The grazer community

3.3.1. Top-down effects of zooplankton

In this study phytoplankton biomass seemed overall to be more affected by nutrient
availability than by grazer control: the phytoplankton biomass responded to nutrient
enrichments in the same way independently of the different initial zooplankton
communities in the experiments (Articles I & VI). One exception to this was observed at
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the end of the SEDO1 experiment, where the cladoceran Bosmina longispina maritima
was abundant in four enclosures which had been filled one day later than the other
enclosures (Article VI). In those enclosures the cladoceran reached very high densities
(up to 0.3 x 10° ind m~) during the later part of the experiment. Due to the intensive
grazing of Bosmina the phytoplankton biomass declined to lower levels than at the start
of the experiment, independently of nutrient enrichments. The effect of Bosmina was
thus comparable to freshwater Daphnia spp., which is known to be able to prevent an
increase in phytoplankton biomass following nutrient enrichments in lakes (Cottingham
et al. 2004). The high density of Bosmina in the mesocosms may have been an enclosure
effect; such high densities are seldom recorded in nature, where the population of the
cladoceran is probably efficiently controlled by predation by fish and mysids (Pellikka
& Viljamaa 1998). However, high densities (up to 0.5 x 10¢ ind m) of Bosmina have
been recorded sporadically in the eutrophic inner archipelago waters of the Baltic Sea
(Pellikka & Viljamaa 1998) and the cladoceran may thus locally be an important regulator
of the phytoplankton community. The results from the SED01 experiment also show the
importance of the initial plankton community for the outcome of experimental results
(Article VI).

In the JUN99 experiment the effect of large zooplankton on the plankton community
was studied by sieving the water through a 100 um net in one treatment at the start of
the experiment (Article I). This prefiltering successfully removed copepods, cladocerans
and the large rotifers Synchaeta baltica, but did not affect the smaller rotifers Synchaeta
spp. The biomass of Synchaeta spp. increased in the prefiltered enclosures during the
experiment, resulting in a higher total zooplankton biomass at the end of the experiment
than in the treatment without filtration. This increase of Synchaeta spp. may have been
due both to decreased predation by larger zooplankton and to reduced competition for
food. Prefiltering had no effect on the total phytoplankton biomass, in accordance with
the study of Kivi et al. (1993) in the northern Baltic, where 100 um prefiltration in
summer experiments resulted in high growth of protozooplankton, but did not affect
total phytoplankton biomass. In the present study, however, prefiltration was shown
to result in a change in phytoplankton species composition, increasing the biomass of
Dinobryon faculiferum Willén, small Myrionecta rubra, Skeletonema costatum (Grev.)
Cleve, pennate diatoms and Chrysochromulina spp., but depressing Nitzschia spp. and
Pseudopedinella spp. (Article I). Decreased grazing by copepods and cladocerans was
probably the reason for the increases in the prefiltered treatment, whereas the decreases
may have been due to both increased grazing by Synchaeta spp. and increased competition
among the phytoplankton species.

The results of this study do not permit precise quantification of the role of top-down
regulation by zooplankton in the phytoplankton community; in accordance with other
studies, however, zooplankton was shown to play an important role in shaping the
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plankton community structure in the northern Baltic Sea (Article, I, Kivi et al. 1993, Kivi
et al. 1996).

3.3.2. Bottom-up effects of nutrient enrichments on higher trophic levels

The effects of nutrient enrichments on the zooplankton community differed among
the experiments. In JUN99 the total zooplankton biomass increased in the different
treatments in line with the total phytoplankton biomass, and like the phytoplankton
biomass was positively related to the N dose of the treatments (Article I). This increase
was due to the growth of rotifers, which dominated the zooplankton biomass; copepods
were not affected by the nutrient treatments, and cladocerans were most affected by the
P dose of the enrichment (Article I). In SEDO1 there were no statistically significant
differences among the treatments in zooplankton biomass, although the biomass of
rotifers was highest in the nutrient enrichment treatments (Article IV). In PULSO1 the
total zooplankton biomass and the biomass of copepods increased most in the weekly
Redfield enrichments, whereas rotifers became dominant in the daily Redfield enrichment
(Article II).

The differences among treatments in zooplankton species composition may have
been due to a change in the taxonomic composition of the phytoplankton community
and/or to a change in phytoplankton chemical composition (Articles I & IV). Since
zooplankton species differ in their demand for and elemental composition of C, N and
P (Andersen & Hessen 1991, Sterner & Hessen 1994, Elser & Urabe 1999, Elser et al.
2003) the community structure may be directly affected by food quality in terms of the
N and P content of the prey (Andersen & Hessen 1991, Sterner et al. 1993, Liirling &
Donk 1997). In freshwater systems the cladoceran Daphnia has a high P content and a
low N:P ratio and thus is usually P-limited (Andersen & Hessen 1991, Urabe et al. 1997),
while copepods generally have a lower P content and higher N:P ratios and therefore
more often face N limitation. In rotifers both P and N limitation have been documented
(Rothhaupt, 1995, Jensen & Verschoor 2004, Jensen et al. 2006).

In the Baltic Sea, no clear differences have been observed between zooplankton species
in their C:N:P stoichiometry (Walve & Larsson 1999, Pertola et al. 2002). However,
Walve and Larsson (1999) reported a lower content of N in the cladocerans Bosmina
longispina maritima and Evadne nordmannii than in the copepod Acartia sp. Moreover,
in Norwegian marine waters the cladocerans Evadne sp. and Podon sp. displayed low
C:P ratios and a high P content, corresponding to freshwater cladocerans (Gismervik
1997). Accordingly, the positive response to the P dose of the cladocerans (dominated
by Bosmina longispina maritima and Podon intermedius) in the JUN99 experiment may
have been due to P-limitation, whereas rotifers may have been N-limited (Article I).

The lack of a clear effect of nutrient enrichments on the zooplankton community in
the SEDO1 experiment may be due to the fact that nutrient enrichment in this experiment
was primarily transferred to picoplanktonic algae. Small picoplankton are not directly
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accessible to most large zooplankton (Hansen et al. 1994, Vargas & Gonzalez 2004,
Finlay & Roff 2004); they probably entered the microbial food web, resulting in a less
efficient energy transfer to higher trophic levels. It is also possible that the zooplankton
in this experiment was controlled by predation by mysids, which in this experiment were
added to the enclosures as top predators.

The bottom-up effect of nutrient enrichments on the zooplankton community was
most striking in the PULSO01 experiment, where a daily nutrient dose in a Redfield ratio
led to a greater proportion of rotifers; when nutrients were added in a weekly high dose,
calanoids became dominant (Article II). In contrast to these results, nutrient addition
frequencies had no effect on mesozooplankton in mesocosm experiments in Norwegian
marine waters (Svensen et al. 2002). While the phytoplankton biomass in that study
too was higher in treatments with a lower nutrient addition frequency, the higher
production resulted only in a higher sedimentation rate (Svensen et al. 2002). The results
of the present study, however, are consistent with microcosm experiments conducted
in two Texan estuaries, where a pulsed inflow of nutrient-rich river water every third
day resulted in a higher biomass of copepods as well as of total zooplankton than a
continuous flow (Buyukates & Roelke 2005, Miller et al. 2008). This also generally
agrees with a modeling study, in which higher zooplankton biomass was predicted when
nutrient inflow was pulsed (Roelke 2000). The better performance of zooplankton during
a pulsed nutrient supply in these studies was due to better food quality in terms of algal
content of N and P. A pulsed nutrient supply usually results in elevated uptake rates
by phytoplankton; if the uptake rate exceeds the growth rate, this will lead to higher
intracellular nutrient concentrations (Droop 1974, Goldman & Gilbert 1982, Sommer
1989, Roelke 2000). According to this theory, however, zooplankton grazing in pulsed
inflows should also reduce phytoplankton biomass (Roelke 2000, Buyukates & Roelke
2005); this was not the case either in the present study or in one of the microcosm
experiments (Article 11, Miller et al. 2008).

The difference in zooplankton species composition among treatments in the PULS01
experiment may also have been due to a change in the taxonomic composition of the
phytoplankton community (Article II). In the daily enrichment there was an increase
of filamentous cyanobacteria, which are considered unpalatable and little grazed in the
Baltic (Sellner et al. 1994), and are therefore unlikely to directly support much consumer
production. On the other hand, the small chrysophyte flagellates which increased in the
daily Redfield enrichment were probably good food for rotifers, which increased in the
same treatment. It is also possible that the weekly enrichment favored the growth of
larger algae, which were so rapidly grazed by copepods that changes in phytoplankton
community structure were not detectable in the phytoplankton results. This was indicated
by the fact that the biomass of dinoflagellates in the Redfield weekly enrichment was
high in the middle of the experiment, but decreased towards the end (see section 3.1.3.,
Atrticle II).
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Our findings indicate that pulsed inflows may favour the dominance of the classic
grazing food chain, enhancing energy transfer up the food web by stimulating the
growth of larger zooplankton which are the preferred food of fish (Article IT). Daily low
enrichment, in contrast, may lead to dominance of the microbial food web, stimulating
the growth of small rotifers and protozoa. However, our experimental enclosures did not
explicitly include predators on zooplankton or many other components of the natural
system, and the results thus cannot be scaled up to the ecosystem level. It is possible that
under natural conditions the zooplankton community is often so strongly controlled by
predators (Rudstam et al. 1994) or by other factors, such as hydrography (e.g. Viitasalo
et al. 1995), that the role of food remains low. It has been suggested that in marine
systems the linkages between nutrient load and the upper trophic levels are weak due to
the complexity within trophic levels and the advection of nutrients and organisms from
open marine systems (Micheli 1999).

3.4. Role of the bottom sediment

3.4.1. Sediment as a source of nutrients

The role of sediment in water quality and in plankton dynamics was studied in a three-
week mesocosm experiment in July-August 2001 (Articles VI & V). The enclosures
included or excluded the natural bottom sediment, and half of them were enriched with
nitrogen and phosphorus.

Both nutrient addition and the presence of the sediment significantly increased the
concentrations of total N and total P (Fig. 8). The increase was highest in the sediment-
bottomed enclosures with nutrient enrichment, where the concentrations of total N and P
increased from mean initial values of 25.7 and 0.68 uM to 32.2 and 1.2 uM respectively.
In the sediment-bottomed enclosures without nutrient enrichment the concentrations of
total N and P increased as much as in the plastic-bottomed enclosures with nutrient
enrichment, while the concentrations decreased in the plastic bottomed enclosures
without nutrient enrichment. The concentration of Si was 6.7-8.3 uM at the beginning
of the experiment and increased 2.5 to 3-fold in the sediment-bottomed enclosures, but
decreased to 2.8 and 5.6 uM in the plastic-bottomed enclosures with and without nutrient
enrichments respectively (Fig. 8). By calculating the difference in nutrient concentrations
between the plastic- and sediment-bottomed enclosures at the end of the experiment, the
average net flux of nutrients from the sediment for the whole three-week period was
calculated as 23 pumol m?h' N, 2.6 umol m? h™' P and 98 umol m? h' Si (Article V). The
N flux was within the range of results from laboratory measurements of sediment cores
from deeper areas of the Baltic Sea, but the P flux was clearly lower (Koop et al. 1990,
Conley et al. 1997, Pitkédnen et al. 2001). The Si flux was at the same level or higher
than results from measurements in the Dutch Wadden Sea, North Sea and northern Baltic
Sea, in which the flux rates were based on calculations or on measurements conducted in
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Figure 8. Concentrations (means + SE) of a) total N, b) total P, and c) Si in the different treatments
and in the surrounding sea in the SEDO1 experiment. 00 = no sediment, no nutrients; ON = no

sediment, nutrients; SO = sediment, no nutrients; SN = sediment, nutrients. Figure redrawn from
article V.

chambers in situ (Van Bennekom et al. 1974, Rutgers van der Loeff et al. 1984, Conley
et al. 1997).

The concentration of NH", in the sediment pore water declined considerably during
the experiment and indicated high fluxes from the sediment to the overlying water.
Recruitment of plankton organisms from resting stages in the sediment may also have
contributed to the transport of nutrients to the water column (Salonen et al. 1984,
Petterson et al. 1993, Schallenberg & Burns 2004).

These results agree with other studies, in which significant benthic fluxes have been
measured in shallow marine waters (Rozan et al. 2002, Sundbéck et al. 2003). Smetacek
et al. (1982) found significant nutrient release from the sediment to the water column
in Kiel Bight, and Riemann et al. (1988) found in enclosure experiments off the Danish
coast that summertime chlorophyll a concentrations were higher in sediment-bottomed
enclosures than in controls without sediment. The results indicate that sediment may have
a crucial effect on nutrient dynamics and may contribute to eutrophication in shallow
coastal areas, even when the content of organic matter of the sediment is low.
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3.4.2. Effects of sediment on phytoplankton community structure

Primary production and phytoplankton biomass increased with increasing total nutrient
concentrations in the water (Figs. 8 & 9, Article VI). Although the presence of sediment
and external nutrient enrichment resulted in an almost identical increase in primary
production, the phytoplankton species composition differed between the treatments. The
external nutrient enrichment resulted in a drastic increase in picoplanktonic cyanobacteria,
dominated by the cyanobacteria Synechococcus spp., whereas the presence of sediment
stimulated the growth of small flagellated algae, including cryptophytes, chrysophytes
and prasinophytes, and decreased the biomass of N,-fixing cyanobacteria (Fig. 9). In
addition to picocyanobacteria, small chlorococcalean algae also benefited from external
nutrient enrichment.

The negative effect of the presence of sediment on N, -fixing cyanobacteria was
due to Anabaena spp., which grew better in the plastic-bottomed than in the sediment-
bottomed enclosures (Article VI). This finding is similar to the results of a freshwater
experiment, in which exposure to sediment reduced the biovolume of cyanobacteria
(Beklioglu & Moss 1996). The reason for this negative effect of sediment exposure
on cyanobacterial growth is unclear (Article VI, Beklioglu & Moss 1996). Since the
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Figure 9. Chlorophyll a concentration, rate of primary production, biomasses of picocyanobacteria
and nano- and microphytoplankton during the SEDO1 experiment in different treatments (means
+ SE) and in the surrounding sea. 00= no sediment, no nutrients, ON= no sediment, nutrients, SO
= sediment, no nutrients, SN = sediment, nutrients. Figure redrawn from article VI.
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zooplankton community did not differ among the treatments and the macrobenthos was
dominated by deposit feeders, the grazing community did not seem responsible for the
effect (Article VI).

In previous studies the effects of sediment on phytoplankton community structure
have been variable (Riemann et al. 1988, Sullivan et al. 1991, Beklioglu & Moss 1996,
Schallenberg & Burns 2004). Bottom sediment has been found to stimulate primary
production due to nutrient fluxes from the sediment or recruitment or resuspension of
phytoplankton (Beklioglu & Moss 1996, Schallenberg & Burns, 2004). On the other
hand, phytoplankton biomass may decrease due to predation by benthic suspension
feeders (Riemann et al. 1988, Sullivan et al. 1991) or to increased grazing pressure by
zooplankton due to the hatching of zooplankton resting eggs and the revival of dormant
organisms from the sediment (Ortega-Mayagoitia et al. 2002).

The positive effect of the sediment on small flagellated algae in the present experiment
was probably due to their ability to utilize nutrients close to the bottom sediment because
of'their capacity for short-term vertical migration in the water column. Vertical migrations
have been documented in dinoflagellates, cryptophytes and chrysophytes (Arvola 1984,
Salonen et al. 1984, Sandgren 1988, Roenneberg & Deng 1997, Olli & Seppéld 2001); of
these groups, dinoflagellate biomass was unaffected by the presence of sediment in this
study. It is also possible that some algal cells were recruited from resting spores in the
sediment. Recruitment from sediment has been observed among various algal groups,
including cyanobacteria (Pettersson et al. 1993, Olli et al. 2005), dinoflagellates (Hansson
1996, Kremp 2001, McQuoid 2005) cryptophytes (Salonen et al. 1984, Hansson 1996),
chrysophytes (Sandgren 1983), diatoms (McQuoid & Godhe 2004, McQuoid 2005), and
euglenophytes (Olli et al. 1996).

The present study showed that the effects of sediment on the structure of the plankton
community are not related to nutrient fluxes alone but include more complex interactions
among the systems, which at present are not fully understood.
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4. CONCLUSIONS

Increased nutrient loading favours the development of photosynthetic biomass (Articles
L II, I, IV & VI). The Archipelago Sea proved in this study to be primarily N-limited
during the summer growth period (Articles I, II, Il & IV). The results of this study
show that in addition to the absolute nutrient concentration, the nutrient supply ratio is
an important factor structuring the phytoplankton community (Articles I & III). While
certain N,-fixing cyanobacteria may be favoured by a low N:P ratio, an increase in the
water N:P ratio may favour the growth of some mixotrophic species, such as Uroglena
and Chrysochromulina, which are able to gain P through bacterivory (Articles I & III).

In addition, this work showed that the frequency of the nutrient supply may influence
the outcome of nutrient enrichments in aquatic ecosystems (Article II). The effects of the
nutrient ratio and the frequency of nutrient supply were not independent of each other,
but had a combined impact as well. Weekly nutrient enrichment resulted in a plankton
community with fewer cyanobacteria, more chlorophytes and larger zooplankton species
than daily enrichments. If these findings can be verified in future studies, they may have
important implications regarding the management of nutrient inputs from point sources
to aquatic environments.

In this study the total biomass of N,-fixing cyanobacteria was not affected by the
N:P ratio of the nutrient enrichments, but there were differences in responses among
the dominant genera (Articles I, I1I, IV & VI). The dominating genus Aphanizomenon
showed no clear response to the nutrient enrichments, probably because the algae in
the experiments were growing on stored P and fixing N,. Anabaena, on the other hand,
was favoured by additions of P alone or a N-deficient nutrient enrichment, fitting the
general paradigm that a low N:P ratio favours diazotrophic cyanobacteria. However,
under N limitation, and when the concentration of P is sufficient, N -fixing cyanobacteria
may also benefit from a regular moderate supply of nitrogen. The results also indicate
that iron and its bioavailability may play an important role in regulating the growth of
cyanobacteria in the Archipelago Sea (Articles III & IV). Furthermore, when conditions
are favourable, the initiation of cyanobacterial blooms is probably triggered by other
factors that nutrient availability (Article II).

The present study showed that bottom sediment plays a considerable role in nutrient
dynamics in coastal, oxygenated waters, even when the content of organic matter in
the sediment is low (Article V). The role of sediment is not restricted to nutrient and
material fluxes but also includes more complex biological interactions between benthic
and pelagic organisms (Article VI). The close coupling between the benthic and pelagic
habitats underlines the importance of including both of these in studies of plankton food
webs in shallow waters.
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The only way to combat the effects of eutrophication and reduce the intensity of
cyanobacterial blooms is the management of both N and P discharges. This study
underlines in particular the importance of N reduction in the Archipelago Sea. Although
initially a reduction in N load may lead to a local increase in some N, -fixing cyanobacteria,
especially in the potentially toxic Anabaena spp., a decrease in N input would reduce
the overall production and sedimentation rate. A lower export of O,-consuming organic
material to the bottom water, on the other hand, would be likely to reduce the amount of
anoxic bottom sediments, which are one important source of P for the water column, and
would also decrease the resuspension of nutrients from oxygenated shallow bottoms.
Due to internal nutrient loading, however, the effects of a reduction in external nutrient
load will probably not be seen directly, but may take time.
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