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“Rather than repeating the same cycle rigidly each year,
Nature improvises as she goes along. The basic themes recur
cyclically and can be persieved in the intricacies of the improvisations
if one takes the trouble. It is now up to us to identify the various
themes underlying the rhythms of the ecosystem. When we marine
ecologists train ourselves to read numbers as mucisians read notes, we
might learn to appreciate music where we have previously only sensed
cacophony.”

Smetacek and Pollehne, 1986
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Factors governing sedimentation and pelagic
nutrient cycles in the northern Baltic Sea

Anna-Stiina Heiskanen

Finnish Environment Institute, P. O.Box 140, FIN-00251 Helsinki, Finland

Heiskanen, A. -S. 1998. Factors governing sedimentation and pelagic nutrient
cycles in the northern Baltic Sea. Monographs of the Boreal Environment Re
search No. 8, 1998.

Seasonal studies on the vertical flux of organic matter, nutrients, and phytoplankton were carried
out in the coastal area of the western Gulf of Finland. The objective was to study factors that influ
ence settling loss from the pelagic system, and to assess the magnitude of seasonal export produc
tion in relation to a potential nutrient supply from external and internal sources and to the total
primary production of the pelagic ecosystem. Moreover, large-scale mesocosm experiments were
carried out in order to study the effect of resource supply (bottom-up) and predation control (top-
down) on nutrient dynamics and sinking loss from the pelagic system in summer. Methodological
aspects of sediment trap measurements, such as sample representativeness, preservation, contami
nation by planktonic micro-swimmers, and resuspension were also studied, and their effects on
sedimentation measurements were assessed. Phytoplanicton species composition and life strategies,
such as resting stage formation and vertical migration, influence sedimentation rates and the fate of
algal bloom biomass. Diatoms have high settling rates, thus being the major vehicle in the down
ward transport of organic matter. Vegetative cells of vernal dinoflagellates have low sinking loss
rates resulting in a prolonged retention and lower sedimentary loss from the dinoflagellate-domi
nated spring bloom. Sinking losses from the cyanobacterial blooms, which are recurrent pheno
mena during late summer, are generally low. Thus they are mainly disintegrated and remineralized
in the water column, and have a minor contribution on the organic matter transport to sediments.
Considerable interannual variability in the pelagic retention of nutrients and in the seasonal export
flux, in relation to to the total primary production, may occur, depending on hydrodynamic fluctua
tions. The more effective sedimentation and heterotrophic assimilation of nitrogen, in comparison
to phosphorus, promote nitrogen limitation in the pelagic new production systems. Thus, a decrease
in the external nitrogen loading is required to abate eutrophication and to improve the quality of the
coastal waters in the northern Baltic Sea.

Keywords: Sedimentation, nutrients, phytoplanicton, life cycles, plankton, food web, resuspension,
hydrodynamics, Baltic Sea
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1 Introduction

During the last decades, eutrophication of the Bal
tic Sea has reached an alarming stage, especially in
many coastal areas which receive large amounts of
nutrients from terrestrial and riverine sources. Also
the concentrations of nutrients in the deep layers of
the Baltic Sea have increased, although the trends
have recently started to level off (HELCOM 1996).
At the moment there is no doubt that these features
would not be a consequence of anthropogenic ac
tivities. It also seems likely that the natural removal
processes are not sufficiently effective to balance
the increased nutrient supply to the Baltic Sea eco
system (e.g. Rosenberg et. al. 1990). Although in
the northern Baltic Sea there is no clear evidence of
the long term increase in phytoplankton species
composition and biomass (HELCOM 1996), the
extensive cyanobacterial blooms which have oc
curred during the early 1990s (Kabru et aL 1994)
and also recently (Alg@line 1997) may be a sign of
an impaired “buffering” capacity of the pelagic
system to assimilate the external nutrient flow on
its present level. The unexpected harmful blooms,
which are a serious sign of eutrophication (Rich
ardson 1997), may result in hazardous consequenc
es such as poisoning of animals or humans as in the
case of cyanobacterial blooms in the Baltic Sea
(Sivonen et a!. 1989, Kononen 1992). Also, signifi
cant changes of the littoral and shallow soft-bottom
communities due to the increased nutrient levels
and growth of filamentous algae (Bonsdorff et aL
1991, Kiirikki 1996) and sedimentation of particu
late material leading to oxygen deficit in the
benthos (Rosenberg et aL 1990), as well as detri
mental effects on fisheries due to possible changes
in the fish communities (HELCOM 1996), are
signs of increased eutrophication.

It is well known that eutrophication and in
creased phytoplankton biomass production ulti
mately leads to increased sedimentation in many
aquatic environments. Nevertheless, it is fruitful to
ask “how much primary production can increase
before detrimental consequences for the whole ec
osystem would be formed” or “how much biomass
would be exported from the pelagic system by sed
imentation in the case of severe eutrophication?”
In other words, what is the critical amount of exter
nal nutrient inputs and how does this capacity
change as a function of total productivity of the
system? This problem can be conceptualized by
examining the ratio of new and regenerated pro-

duction of the total primary production. New pro
duction is the fraction of total primary production
based on nutrients transported from external sourc
es (i.e. nitrogen from deep water, atmospheric fall
out, allochthonous supply, and nitrogen fixation),
while regenerated production is a share of primary
production based on nutrients provided by recy
cling processes inside the pelagic system (Dugdale
and Goering 1967). In a nitrogen-limited open
ocean, the conceptualizing is related to fluxes of
nitrogen, although the same principal approach
could also be applied to phosphorus and carbon.
The ratio of new production to total primary pro
duction is called the f-ratio (Eppley and Peterson
1979). The export of organic carbon by sedimenta
tion is assumed to be proportional to the input of
external nitrogen to the pelagic system. At steady
state, there should be a balance between the input
of nitrogen and export of carbon, implying that on
a long time scale (i.e. > 1 year) sedimentary loss
from the pelagic system approaches new produc
tion (Eppley et aL 1983). The ratio of carbon ex
ported by sedimentation to total primary produc
tion (i.e. the e-ratio) has thus been frequently used
as a proxy off-ratio.

Several algorithms compiled from simultane
ous primary production and sedimentation meas
urements indicated that there was an exponential
relationship between total primary production and
export flux of carbon from the pelagic system
(Wassmann 1990a). Accordingly, with increasing
primary productivity, the e-ratio should be propor
tionally larger in more eutrophied areas (Wass
mann 1990b). Following Dugdale and Goering
(1967), thef-ratio is traditionally determined as the
fraction‘5NOf-assimilation of total nitrogen up
take by phytoplankton. However, in the coastal ar
eas, where the supply of reduced nitrogen from al
lochthonous sources can be a significant part of the
total nitrogen input to the system, the short-term
15N-measurements cannot be used in the estima
tion of the fraction of new production. Instead,
sedimentation measurements using sediment traps
provide a time-integrated measure of the seasonal
export flux from the pelagic system, thus estimat
ing the magnitude of external, allochthonous nitro
gen input to the system. The variability of the long-
term (e) and short-term (<e>) export-ratios is relat
ed to the structure of the planictonic community or
the magnitude of the external nutrient loading to
the pelagic system (i.e. Platt et al. 1992). The de
termination of the export flux provides informa
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Fig. 1. Sources of the settling psrticulate matter in coastal areas. Material deriving from the allochthonous sources (1):
horizontal transport by advection from terrestrial, riverine, and littoral sources and atmospheric deposition. Primary sedi
mentation (2) from the autochthonous sources (settling material from phytoplankton, detritus and carcasses trom micro
bial food web and mesozooplankton feces), and secondary sedimentation (3: resuspension) of particulate material from
littoral zone and benthos.

tion both of the magnitude of nutrient supply (bot
tom-up) as well as the effectivity of the planlctonic
food-web regulation processes (top-down) of the
pelagic system.

In the shallow coastal areas settling particles
derive from several sources: from atmospheric
fallout, terrestrial and littoral inputs, resuspension
from sediment surface, and export from the photic
zone (Fig. 1). Atmospheric fallout and inputs from
the terrestnal and littoral systems present alloch
thonous inputs, while autochthonous material is
produced in the pelagic system. In this paper, the
concept of primary sedimentation represents mate
rial settling in the water column for the first time
and deriving from autochthonous sources. Second
ary sedimentation includes particles which have
afready settled once to the sediment surface, but
have been resuspended due to hydrodynamic ac
tivity, and are settling for the second or later times
before final deposirion (HAkanson et ci. 1989).
The total downward flux comprise the sedimenta
tion of allochthonous, primary and secondary ma
terial, which is equal to the gross deposition to the
sediment surface. Resuspended particles may have
a notably different chemical composition than pri
mary particles, after being mixed in the sediment
surface where early diagenesis and particle re
working starts immediately. On the other hand,

they may have a composition close to the primary
particles if they are resuspended before having un
dergone considerable changes at the sediment sur
face. Such particles are defined as rebound materi
al according to Walsh et ci. (1988).

Studies of vertical flux using sediment traps
provide an “upside-down” view of the pelagic sys
tem. Organic material sedimenting out from the
planktonic ecosystem carries information on both
the origin and the processes resulting in the sinking
loss from the pelagic system. The quality and
amount of settling material are a result of several
interacting processes both in the pelagic and to a
minor degree in the benthic subsystem. While set
tiing material results in a loss of nutrients from the
pelagic system, it is provides concurrently a supply
of organic material to the benthos (Smetacek
1984). Historically plankton and benthos have
been treated separately in many investigations.
Vertical flux studies combine these two realms and
provide a link between plankton and benthic stud
ies. Particle interception, using sediment traps
adds a temporally and spatially integrated dimen
sion to traditional plankton studies which are gen
erally based on discrete sampling of small scale
concentrations and short term flow measurements
within a time scales of hours.

In the coastal areas hydrodynasnic processes
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govern the fluxes of external nutrients into the
photic layer, and thus exerting control on the pro
ductivity of the surface waters. Selection of the
dominant species is a product of interaction be
tween species-specific adaptations and auxiliary
energy resulting in an input of external energy and
nutrients into the pelagic system (Margalef 1978).
While the physical environment sets the growth
limits of the species and thus controls the seasonal
succession (Levasseur et ol. 1984), species interac
tions (assimilation efficiency, growth rate, compe
tition), species-specific life cycle strategies (be
havior, reproduction, seeding, grazing avoidance,
aggregation potential, sinking rates) and plankton
ic food web interactions (selective grazing, tempo
ral match-mismatch between primary producers
and major herbivores, viral infection, and nutrient
competition between bacteria and algae) govern
the species composition and magnitude of the bio
mass production and ultimately the fate of the pro
duced biomass.

The species which exert a dominant role in the
planktonic ecosystem are often those that govern
the fluxes of organic matter and nutrients in the
pelagic system. An understanding of the function
ing of the aquatic ecosystem would not be possible
without studying the species-specific properties,
regulation and the role of the “key” species (Verity
and Smetacek 1996). Instead of studying bulk
fluxes of elements and incorporating those rates
into pelagic models, focusing on the common
properties, which make some species successful
and enable them to govern elemental fluxes in the
pelagic ecosystem, might provide a more frnitful
approach to understand where and when nutrients
are flowing and why.

This thesis is a journey into the “upside-down”
world of a planktologist working on vertical flux.
It will provide a view on how the planktonic eco
system looks when glanced from the perspective
of down-below. The story will start from the meth
odological peculiarities of sediment trapping
(Chapter 4) and continue with an evaluation of the
importance of some hydrodynaniic processes
which govern the sources of settling from material
in the shallow coastal ecosystem (Chapter 5). In
Chapter 6, some aspects of the life cycles and sur
vival strategies of the major bloom foi-ming phyto
plankton species in the Baltic Sea will be enlight
ened. In particular, the influence of these species
on the retention and loss of nutrients from the pe
lagic ecosystem will be discussed. Thereafter

some processes of the food web interactions will
be embraced, especially the way concurrent top-
down and bottom-up processes govern the reten
tion and loss or organic matter and nutrients in the
planktonic ecosystem (Chapter 7). Finally, the
magnitude of sources, recycling and export flux of
nutrients in the pelagic ecosystem of the coastal
northerfi Baltic Sea during two seasonal cycles
will be compared (Chapter 8), and the implications
of the interannual differences on the channeling of
the nutrients in the Baltic ecosystem, and the con
sequences of these findings to ecosystem model
ling will be discussed (Chapter 9).

2 The study areas

2.1 The Baltic Sea

Baltic Sea is a semi-enclosed brackish water sea,
which is situated between 54° N and 66° N in the
northern temperate and boreal zones. It is charac
terized by strong seasonality, large freshwater sup
ply, strong vertical thermal and salinity stratifica
tion, lack of tidal movements and partial ice cover
during winter. The Baltic Sea is separated into sev
eral basins, which all have their characteristic mor
phology, hydrography, freshwater supply and wa
ter retention times. The salinity (Practical Salinity
Scale) varies from 2—3 in the Bothnian Bay up to
6-8 in the Baltic Proper and 15—20 in the Danish
Sounds. The permanent halocline is situated be
tween 60 and 70 m, which is the lower limit for the
annual circulation of the Baltic surface water. For
mation and break-down of the seasonal thermo
dine between 10 and 30 m is governed by thermal
balance and wind mixing (e.g. Malkki and Tamsa
lu 1985). The bottom water in the deep basins is
replaced periodically by inflows of more dense
and saline water through the Danish sounds, which
influence salinity and nutrient levels in the whole
Baltic proper and in the Gulf of Finland (Nehring
and Matthäus 1991). The long stagnation period of
the Baltic deep water since the early 1980s togeth
er with increasing nutrient levels both in the deep
water and above the permanent halocline, have re
sulted in an overall increase of nutrient levels com
bined with decreasing oxygen concentrations in
the deep basins. This development was interrupted
by a moderate inflow in 1993 leading to improve
ment of oxygen concentrations and a decrease of
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salinity in the deep basin areas (Bergstrom and
Matthaus 1996).

A major part of the research work summarized
in this thesis (I-TV, VT-TX) has been conducted in

the coastal area of the south-west Finland at the
entrance of the Gulf of Finland (Fig. 2A), while a
single study (V) was carried out in the southern
part of the Gulf of Riga (Fig. 2B), providing a
more eutrophicated reference area compared to the
western Gulf of Finland.

2.2 The Gulf of Finland

The Gulf of Finland is a direct extension of the
Baltic Proper, being influenced by the deep water
of the Baltic Proper and the freshwater inflow to
the eastern part of the Gulf. The general circulation
pattern is governed by density differences and the
Coriolis effect leading to anti-clockwise circula
tion (Malldci and Tamsalu 1985). The River Neva,
discharging to the eastern end of the Gulf of Fin
land, has a mean annual fresh water flow of 2600
m3 s1, being the largest river of the Baltic Sea
catchment area (Stâlnacke 1996; and the referenc
es therein). The influence of the River Neva is thus
crncial for the hydrography and nutrient balance of
the Gulf of Finland (Pitkanen et at. 1993, Pitkanen
1994, Pitkanen and Tamniinen 1995, Perttila et at.
1995). Phosphorus concentrations have decreased,
and the increasing trends of inorganic nitrogen
concentrations in the Gulf of Finland have leveled
off in the 1990s (Perttila et at. 1996). However, the
occurrence of extensive cyanobacterial blooms in
the early T990s (Kahru et aL 1994), and exception
ally strong blooms in summer 1997 (Alg@line
1997) indicate that nutrient loading (both external
and internal) still exceeds the buffering capacity of
the system, leading to hazardous events if meteor
ological conditions are favorable.

The main study area is located on the south
west coast of Finland, at the entrance to the Gulf of
Finland (Fig. 2A). In this part of the Gulf the coast
al morphology is variable and depth fluctuations
are relatively large. The elevations of the Precam
brian bedrock create a mosaic of islands character
ized by rocky islets and shallow areas surrounded
by sediment accumulation bottoms. The study area
is influenced by the general circulation pattern,
transporting less saline surface water from the east
ern parts of the Gulf, especially during early sum
mer (SegerstrAle 1951). Coastal upwelling, gener

ated by moderate winds (4—10 m st) blowing be
tween south-west to north-west and persisting for 2
to 3 days, occurs frequently, especially during sum
mer when the surface layer is thermally stratified.
Upwelling events thus provide an important nutri
ent source to the nutrient impoverished planktonic
ecosystem during summer (Haapala, 1994). In the
mixing region between the open Gulf and the archi
pelago zone, the residual flow of the Gulf of Fin
land is modified by local winds, topography, water
column stratification, and by the influx of freshwa
ter rnn-off from the inner regions of the archipela
go. The morphology of the archipelago is likely to
cause local eddies which do not follow the mean
direction of the surface water current in the Gulf of
Finland (Laakkonen et at. 1981).

The sampling sites represent a salinity gradient
from the semi-enclosed, estuarine Pojo Bay,
through the archipelago, to the open sea area,
where the proximity of the coast line and shallow
regions gradually decrease. The hydrography and
tbe plankton dynamics in this area have been stud
ied since the beginning of the century (see Niemi
1973, for references), which makes the area unique
in Finland. The outermost study site, station 1B is
located in the open sea area, while
station P3, is situated in the mixing region between
the open sea and the outer archipelago zone
(Fig. 2A). Both study sites are mainly influen
ced by the surface water flow of the Gulf of Fin
land and deep water originating from the layer
near the permanent halocline (Baltic Sea winter
water). Surface water flow from the inner archipel
ago, originating from the River Svartâ (syn. Kar
jaanjoki), episodically reach station P3 during ear
ly spring (Niemi 1975, Laakkonen et at. 1981, I
TV, TX).

Station ‘A is located in the northern end of
an underwater canyon (Fig. 2A, VIII). The sam
pling site at Tvbrminne Storfjlird (station XII; Fig.
2A), which is situated in the archipelago region, is
also connected to a trenchlike furrow leading from
the open Gulf of Finland towards the archipelago.
The bottom topography and north-south direction
of the underwater canyon generally lead to consid
erable fluctuations in salinity and temperature
which are caused by the rapid changes in water
masses originating from the Baltic surface water,
deep water upwelling from the layer near the per
manent halocline, and the surface water from the
inner archipelago (Niemi 1975, Hallfors et at.
1983, VT-TX).
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Fig. 2. A. Map of the study area in the coastal area of the western Gulf of Finland and the sampling stations (V = Sällvik
in the Pojo Bay, XII =Tvärminne Storfjärden, 1A, P3 and P15, Tv.Z. = Tvärminne Zoological Station. R = River Svartá).
Depth contours of 40 m (solid line) and 60 m (stippled line) in the open sea area are denoted. B. Map of the Gulf of Riga,
including the sampling station 119. Depth contours of between 20 and 60 mare shown.
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The semi-enclosed fjord-like Pojo Bay is con
nected to the outer archipelago through a series of
basins with variable depths. The inner part of the
hay is separated by a 5 m deep sill by the town of
Tammisaari, thereafter it deepens down to the
maximum depth of 42 m in Sallvik (Station V; Fig.
2A). Freshwater outflow from the River Svartâ
forms an oligohaline surface layer where salinity is
generally less than 4 upon the more saline (4 to 5)
deep water of the bay (e.g. Niemi 1973, 1982, IX).
The deep water renewal of the Pojo Bay occurs pe
riodically, mainly during autumn and winter, and
the vertical mixing is only partial during winter
(Stipa 1996). Thus the water column of the Pojo
Bay remains vertically stratified for most of the
year leading to a relatively regular pattern of grad
ual oxygen decrease in the deep water (Niemi
1973, 1982, Stipa 1996).

2.3 The Gulf of Riga

Contrary to the western Gulf of Finland, which is a
direct extension of the Baltic Proper, the Gulf of
Riga (Fig. 2B) is a semi-enclosed coastal area of
the Baltic Sea (maximum depth 62 m). It is con
nected to the main Baltic Sea by the shallow sound
of Muhu (5 m depth) opening to the entrance of the
Gulf of Finland in the north, and the Irbe Sound
(35 m depth) opening to the Baltic proper in the
west. Salinity of the Gulf varies between 4 and 7
(Berzinsh 1995). In comparison to the other sub-
basins of the Baltic Sea (excluding western Baltic,
i.e. Danish straits and Kattegat), the Gulf of Riga
receives the highest drainage area-specific nitro
gen and the second highest phosphorus (after the
Baltic Proper) loading from rivers (Stãlnacke
1996). Thus the Gulf of Riga is one of the most
eutrophic areas of the Baltic Sea, receiving sub
stantial amounts of untreated waste-water and nu
trients from its drainage area (Yurkovskis ci aL
1993).

Generally, the inorganic nitrogen contents of
the water column have been reported to be 2—3
fold higher than in the western Gulf of Finland,
while phosphorus concentrations are on the same
level (Suursaar 1995). Nutrient concentrations are
generally high in the southern sub-region of the
Gulf of Riga, where the influence of the River
Daugava (which is the largest river discharging
into the Gulf of Riga) is most prominent (Yur
kovskis ci aL 1993, Suursaar 1995). During the

late summer, higher concentrations of ammonium
were measured in the surface layer of the Gulf of
Riga than in the Gulf of Finland, while the phos
phorns concentrations were on the same level (V).

3 Methods

3.1 Hydrographical measurements and
water column sampling

In all studies, the water column samples were gen
erally taken at the same time as the sediment traps
were retrieved (I-IX). Salinity (Practical Salinity
Scale) was measured using a laboratory salinome
ter (I-IV, VII,VIII) or a temperature and conduc
tivity sonde (V, VI, TX). Current direction and ve
locity as well as temperature and salinity were
measured at two stations (surface layer and deep
water moorings) using current meters equipped
with a conductivity sonde (VIII). The typical sam
pling frequency in such studies is generally once a
week during the spring bloom period (April—May),
every second week during summer and early au
tumn (June—September), and every second week
or monthly for the rest of the year.

Although weekly sampling may not be suffi
cient to cover fluctuations of various processes or
not even the biomass changes and planktonic spe
cies succession which may occur in relatively
short time scales in the pelagic system (e.g. Kuosa
and Kivi 1989), weekly sampling during the bloom
periods and less frequent sampling during other
times of the year have been found to result in a rel
atively representative description of the seasonal
cycle (Wulff 1979).

The temporal sequence of planktonic commu
nities is superimposed over the spatial variability.
Within a length scale of a few nautical miles chlo
rophyll a biomass may vary considerably, depend
ing on the stage of succession in different water
masses (Kahru ci aL 1990). In the coastal areas,
small scale patchiness may distort the interpreta
tion of results, although in a smaller scale (100-
200 m) each sampling point is relatively represent
ative, while on a larger scale (i.e.> 1 km) sampling
location in relation to coastal zonation becomes
more important (Kuuppo-Leinikki 1993). Howev
er, the sampling schedule is always a compromise
between available resources and the objectives of
the study. As the sediment traps provide an inte
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grated sample of the settling particles over the time
of deployment, a reasonable water column sam
pling frequency has to be determined according to
the temporal resolution of the major processes in
fluencing sediment trap measurements.

3.2 Sediment trap devices and sampling

Sediment traps with single, double or triplicate
cylinders, which had a height:diameter ratio of 5 to
10, were used in most of the studies (I-VT, VII-IX).
When preservative (concentrated formaldehyde)
was used in the trap cylinders (TI, VIII, IX), it was
added from a diffusion chamber through holes in
the cylinder wall and the trap material was emptied
through a tap in the bottom of the cylinders
(Gundersen 1991).

Sediment traps were emptied weekly, if possi
ble, during the spring bloom period. In summer
and autumn, longer deployment periods were used
(I-IV, Vifi, IX). Physical processes which effect
downward transport of particles may vary within a
time scale of hours (current velocity and direction,
vertical mixing), while the biomass build-up and
sedimentation of planktonic organisms which are
most liable to sink (i.e. large phytoplankton and
aggregates) change within a time scales of days.
However, following the termination of a bloom,
rapid sedimentation within one or two days may
occur (Bodungen et ci. 1981, Passow 1991a), and
thus resolution to detect such rapid processes may
be lost if sampling intervals are longer (i.e. from
one to two weeks). The daily sedimentation study
in 1994 showed that the day-to-day variability in
the phytoplankton sedimentation and loss rates
may be considerable (V).

3.3 Sediment sampling

In order to obtain end-member nutrient concentra
tions of the particulate material settled on the sedi
ment surface, the top layer of sediment (Vifi) was
sampled using a gravity corer (Niemisto 1974).
Later, the uppermost fluffy layer of the sediment
surface (IX) was sampled using an open gravity
corer (Limnos sediment corer; Kansanen et ci.
1991). The fluffy sediment surface was sampled
by slowly siphoning particulate material from the
uppermost 1—2 mm of the sediment before the wa
ter remaining in the sediment corer above the sedi

ment was discarded (IX). Such procedure provided
a qualitative sample of the nutrient ratios in the up
permost fluffy layer.

3.4 Mesocosm experiments

The mesocosm experiments were conducted at the
Tvarminne Storfjarden (close to station XII; Fig.
2A) in the outer archipelago region (VI, VII).
Large scale enclosures were constructed of trans
parent double-layered polyethene, which were
mounted on triangular platforms (Fig. 3). The mes
ocosms were filled with ambient seawater contain
ing a natural planktonic community by lifting them
from 15 m depth to the surface (maximum depth at
the location ca. 26 m), thus enclosing a relatively
undisturbed water column (VI, VII). The enclo
sures were manipulated by nutrient additions (su
crose only in 1993; VI) and by the presence or ab
sence of planktivorous fish (stickleback fry, Gas
terosteus aculeatus L.). For details of the experi
mental design, manipulations, and sampling, see
papers VI and VII.

In the 1988 experiment, sedimentation inside
the enclosures was measured with cylindrical sedi
ment traps (diameter 10 cm and height 50 cm),

Fig. 3. Schematic figure of the large scale enclosures.
Total length 9 (VII) and 14 m (VI), diameter 2.15 m, c =

sediment trap cylinder (VII), f = tubing for pumping up the
settled material (VI), b = buoys for keeping the enclosures
afloat. (Modified from the original drawing by J. Seppalâ).

2.15 m
( >1

9-14 m
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which were positioned in the middle of each enclo
sure at 7 m depth (Fig. 4). However, only qualita
live sedimentation measurements were obtained
due to the movements of the flexible enclosures
which hampered the measurement of the total sed
imentation rate (VII). Therefore, a different kind
of method was constructed to obtain sedimentation
measurements in the experiment in 1993. In this
experiment the whole mesocosm acted as a “sedi
ment trap” in which the settled material was col
lected directly from the bottom of the enclosures
(VI). The conical bottom part ended in an opening
into which tubing for collecting sedimenting mate
rial was attached (Fig. 3).

3.5 Treatment of sedimentation samples

In the laboratory, some of the sediment trap sam
ples were concentrated, freeze-dried, and the dry
weight of the samples was determined (I). Other
samples were kept in a suspension in the overlying
water and subsampled for microscopy and for
measurements of oxygen consumption (I, Ill, IV).
Later on, particulate material in the sediment trap
sample was mixed into the total water volume (4
to 81 which was measured by accuracy of ± 10 ml)
of the sample. Thereafter the water was subsam
pled and filtered in a similar to the water column
samples (II, V-IX). Subsamples for total particu
late material (TPM), particulate organic carbon
(POC), nitrogen (PON), particulate total phospho
rus (PTP), chlorophyll a and phaeopigments were
filtered on glass-fibre filters. If formaldehyde was
used for the preservation of the sediment trap sam
ple during deployment, mesozooplankton swim
mers (calanoid and harpacticoid copepods and
cladocerans) were picked from the filters under a
stereomicroscope (II, VIII, IX).

3.6 Chemical analyses

Particulate nitrogen and phosphorus from the wa
ter column samples were initially analyzed by wet
oxidation (Laakkonen et ci. 1981, Grasshoff et ci.
1983), while Kjeldahl digestion was used for the
sediment trap samples (I). Particulate organic car
bon was determined by high temperature combüs
tion with an infrared gas analyzer (I). Later on, it
was possible to use an elemental CHN analyzer for
simultaneous determination of total nitrogen and

carbon in particulate material (II, VII-TX). Particu
late total phosphorus (VIT-IX) was analyzed ac
cording to the method described by Solorzano and
Sharp (1980), in which refractory phosphorus
compounds are decomposed by high temperature
combustion in the presence of magnesium sulfate
followed by an acidic hydrolysis. The produced or
thophosphate, and all other inorganic nutrient were
analyzed following the methods described in
Grasshoff et ci. (1983). Although the various ana
lytical practices may influence the comparability
of the different data sets, it is more likely that the
differences in sample treatment and sediment trap
preservation are more crucial in this respect (see
Chapter 4). Moreover, the total nitrogen analyses
by using Kjeldahl digestion or high temperature
combustion (CHN analyzer) have a good compara
bility (Craft et aL 1991).

Dissolved organic nitrogen (DON) and phos
phorus (DOP) concentrations in the water and sed
iment trap samples were obtained by analyzing the
samples filtered through glass-fiber filters as total
dissolved nitrogen and phosphorus (Solorzano and
Sharp 1980, Grasshoff et ci. 1983) and subtracting
the inorganic nitrogen and phosphorus concentra
tions measured from the same water samples (VII).
The division between particulate and dissolved
fraction is thus operational and determined by the
pore size of the filter. Whatman GFIF glass-fiber
filters (nominal pore size 0.7 tm), which were
generally used for fractionation, have been report
ed to pass through a relatively large fraction of ml
croparticles in the oceanic waters, contributing up
to 35% of picoplanktonic (0.2—2.0 tim) chloro
phyll a fraction (Taguchi and Laws 1988). In the
northern Baltic ca. 50% total bacterial numbers
(and ca. 30% of bacterial activity; R. Lignell, pers.
comm.), but no picoplanktonic algae were found to
pass through GF/F filters (Lignell 1992).

Chlorophyll a samples were filtered on glass-
fiber filters, extracted in acetone (I, III, IV) or etha
nol (VT-DC) and measured fluorometrically. Chlo
rophyll a samples from sediment traps were acidi
fied for the determination of phaeopigments.

3.7 Biological analyses

Phytoplankton samples from the water column
were preserved with acid Lugol’s solution, while
those from the sediment traps were generally pre
served with formaldehyde (11-TV). Lugol’s acid so-
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lution is generally considered to be a more gentle
preservative for fragile phytoflagellates and for
Mesodiniuju rubruin (Lohmann) Hamburger and
Buddenbrook than either buffered or non-buffered
formaldehyde (Throndsen 1978). Many flagellated
species that do not have an organic theca around the
cell membrane either burst or are unrecognizably
deformed when encountering formaldehyde. This
may have led to an underestimation of some deli
cate species in the formaldehyde-preserved seth
ment trap samples (II).

Phytoplankton counts were made from single
samples using an inverted microscope (Utermohl
1958) with phase contrast optics. The reliability of
the cell counts depends on the number of counting
units (cells, chains or colonies) enumerated per
sample (Lund et al. 1958, Venrick 1978). At least
50 (but generally more than 100) units of the most
abundant micro- and nanoplanktonic species were
counted, giving the species-specific 95% confi
dence limits less than 28% (as a percentage of the
units counted; Lund et aL 1958). Counts were con
verted to biomass (mg m3) and presented as wet
weight by calculating the algal plasma volumes ac
cording to Strathmann (1967), Sicko-Goad et al.
(1977), Baltic Marine Biologists (Edler 1979),
Kononen et al. (1984) and assuming a density of 1
g cm3 for algal cells. The conversion factor from
wet weight to carbon biomass was 0.13 for dino
flagellates and 0.11 for all other phytoplankton
groups (Edler 1979). The nomenculature of phyto
plankton species follows Edler et al. (1984), if not
otherwise stated. The same cell volumes, deter
mined for the each size class of phytoplankton,
were used in all studies (Il-VI).

The numbers of the dinoflagellate Scrippsiella
hangoei resting cysts were enumerated using an
inverted microscope equipped with a polarizing
filter (Reid and Boalch 1987), which facilitated the
identification of cysts among detrital material (II,
III). The cyst biomass was estimated by measuring
their average size (ifi) and assuming the same vol
ume-to-carbon content conversion factor as used
for armored dinoflagellates (Edler 1979).

The flux of cyanobacteria attached to aggregates
was studied by using the method introduced by
Lundsgaard (1995). A pen-i-dish containing a high
ly viscous fluid of polymeric acrylic aniide was
placed at the bottom of the sediment trap cylinders.
This fluid kept the settled aggregates intact and al
lowed them to be enumerated in the laboratory (V).

Copepod grazing inside the non-preserved sedi

ment trap cylinders was estimated by assuming
that the total number of copepods trapped in the
formaldehyde-preserved cylinders during each
collection interval represented a cumulative accu
mulation of a constant number of copepods which
arrived daily into the non-preserved cylinders (II).
The numbers of mesozooplankton swimmers
trapped in the formaldehyde-preserved cylinders
were enumerated under a stereomicroscope (II).
The biomass-specific carbon consumption values
adjusted to the local temperature were used for the
calculation of the total grazing inside the non-pre
served cylinders.

3.8 Calculation of sedimentation,
resuspension and decomposition rates

Sedimentation rate (5) of each substance or phyto
plankton cell numbers (m2d-t) was calculated ac
cording to the equation:

S = bCV/(At) (1)

where b is the sample dilution factor (e.g. if dilu
tion is 1:2, then b = 2), C is the concentration of the
substance or phytoplankton cell numbers in the an
alyzed sample (mlt), V is the total volume of the
sediment traps sample (or the volume of the sam
ple pumped from the bottom of the enclosure) in
which the settled material is suspended (ml), A is
the trap opening area (or the area of the mesocosm;
m2), and t is the sampling interval (days).

The sinking loss rates (L, % d1) were calculat
ed as:

L= 100’S/N (2)

where N is the integrated concentration of the sub
stance (m2) in the layer above sediment trap depth
(or in the whole mesocosm).

The fraction of resuspended material of the to
tal sedimentation was estimated by the two source
mixing model of Gasith (1975):

Vr= V (CpC)/(CpCr) (3)

where V is the total sedimentation rate, C is the
concentration of label substance, and the indexes p
and r represent primary and resuspended material,
respectively.

This method has been applied in several coastal
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sedimentation studies (Floderus 1989, Hákanson
et at. 1989, Wallin and HAkanson 1992, Blomqvist
and Larsson 1994). Although there are shortcom
ings, especially if concentrations of organic sub
stances are used as end-member labels (e.g.
Taguchi 1982, Floderus 1991, Blomqvist and
Larsson 1994), the method was chosen in order to
get a comparable approximation of resuspension
between the different studies (I, VIII, LX). The reli
ability of the two source mixing model is discussed
in the Chapter 5.3.

An exponential model was applied to obtain de
composition corrected sedimentation rates (Sd; g
m2d1) for the non-preserved sediment traps:

5d= kFI (l—e) (4)

where the measured flux of organic matter (F; g
m2) is a result of two opposite processes, i.e. addi
tion of organic material by sedimentation and a
concurrent loss by mineralization, following an
empirically determined (I) decay rate (k) during a
collection period oft days.

4 Sediment trap methodology:
Development and state-of-the-art

4.1 Sediment trap configuration and
mooring

Sediment traps are commonly deployed in various
kinds of aquatic environments (lakes, fjords, estu
aries, coastal regions, shelf areas and deep oceans)
where hydrodynamic conditions allow measure
ments of vertical flux. Traps are mostly used to
quantify a settling loss of various substances (or
ganic matter, metals, pollutants) from the tropho
genie zone and ultimately to provide measure
ments of material deposition to the sediment sur
face. In the early 1980s, comprehensive reviews of
the sediment trap literature, including recommen
dations for trap configuration and deployment
practices were published (Bloesch and Bums
1980, Reynolds et at. 1980, Blomqvist and Hfkan
son 1981). However, it was also recognized that
more methodological research was needed in order
to fully understand the effect of hydrodynamics,
trap configuration, and in situ alteration of trapped
material on sediment trap measurements.

Both laboratory (Lau 1979, Hargrave and

Bums 1979, Gardner 1980a) and field experiments
(Gardner 1980b, Blomqvist and Kofoed 1981,
Lorenzen et at. 1981) were conducted in order to
study the effect of hydrodynamics on the particle
trapping efficiency for different trap configura
tions and aspect ratios. Results of the experiments
resulted in a general recommendation for sediment
trap configuration and aspect ratios in relation to
current velocities. It was agreed that traps with cy
lindrical configuration and with an aspect ratio
(height:diameter ratio) higher than 5:1 generally
result in good trapping efficiency (Hargrave and
Bums 1979, Bloesch and Bums 1980, Gardner
1980a,b). Moreover, cylinders should have a di
ameter larger than 45 mm, since narrower cylin
ders had a tendency to collect material which had
higher organic contents than cylinders with a larg
er diameter (Blomqvist and Kofoed 1981).

The physical background of the particle inter
ception and sediment trap dynamics was presented
in the theoretical and laboratory studies by Butman
(1986), Butman et at. (1986) and Baker et at.
(1988). They showed that the trapping efficiency is
not only a function of the trap aspect ratio, but also
the trap Reynolds number and particle sinking
rates influence the measured flux rates (Butman et
at. 1986). Trap Reynold’s number (Re) is a dimen
sionless parameter that relates the ratio of inertial
(u D) to viscous (v) forces in the flow

Re = u D / V

where u is the horizontal flow speed at the trap
mouth and D is the trap diameter, and V is the kin
ematic fluid viscosity. Relative trap collection effi
ciency decreases as a function of Re, thus depend
ing on the trap diameter or the horizontal flow ve
locity where the trap is exposed (Butman 1986,
Baker et at. 1988). Trapping efficiency is also de
pendent on the settling velocity of the particles (W)
in relation to the horizontal component of fluid ve
locity a, where W can be calculated using the
Stoke’s law:

W=g(p—p)d2I18V

where g is the acceleration due to gravity, d is the
diameter, p,, is the density of the particle, and p is
the density of water. When the ratio u/W increases
the ratio of horizontal to vertical particle transport
increases and eddies within a trap become more ef
fective at capturing and removing particles, thus
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decreasing the trapping efficiency (Butman et al.
1986, Baker et al. 1988).

Measurements of fluid velocities inside fun
nel-shaped sediment traps by using small-scale
hot-film sensors (Gust et at. 1992) and compari
son between the model- and trap-derived 234Tho-
rium particle fluxes in the upper ocean (Buesseler
1991) suggested that in hydrodynamically active
areas funnel-shaped traps can seriously underesti
mate vertical fluxes even if baffles were used
above the opening of the traps. However, no field
studies have been carried out where the actual
flow velocities inside the cylindrical sediment
traps have been measured. The theoretical calcu
lations (Butman et al. 1986) and results from lab
oratory flume experiments (Butman 1986) indi
cate that fluid velocities approach zero in the bot
tom of the cylinders in low Reynold’ s numbers
(i.e. either low current velocity at the trap mouth
or a small diameter which prevents the penetra
tions of small and medium scale eddies into the
trap cylinders).

The results of the methodological studies
showed that there was no single universal sedi
ment trap configuration and type which could be
used in all kinds of aquatic environments. The
choice of the dimensions and the shape of the trap
ping device have to be considered in respect to the
local conditions, such as current velocities, particle
size spectra, and expected magnitude of the verti
cal flux. In more quiescent environments where
considerable vertical flux can be expected (such as
meso- and eutrophic lakes, coastal lagoons and
embayments) small cylinders (50 to 70 cm length)
with a moderate aspect ratio (5—7) provide suffi
cient amount of settled material for flux measure
ments, while in the oligotrophic ocean large funnel
shaped traps are necessary in order to sample
measurable amounts of settled material.

In relatively quiescent environments, gross sed
imentation, measured by sediment traps in various
depths of the water column, can be compared with
net accumulation to the sediment by 210Pb or

core datings (Lorenzen et al. 1981, Lund-
Hansen 1991, Overnell and Young 1995). Howev
er, the temporal scale of these measurements is dif
ferent from vertical flux measured by sediment
traps. Core datings give an annual accumulation
rate, while sediment traps provide sedimentation
rates from daily to monthly scales. The difference
between the temporally integrated gross sedimen
tation and the net accumulation to the seabed gives

an estimate of the annual resuspension activity in
the study area, provided that the mineralization
rate in the sediment surface and in the nepheloid
layer (above the seabed) would be known (Lund-
Hansen 1991, Overnell and Young 1995, Valeur et
al. 1995, Valeur 1995). However, since it is diffi
cult to obtain temporally and spatially reliable
measurements of the mineralization in the fluctuat
ing nepheloid layer or in the sediments, the compa
rability of these methods is restricted to hydrody
namically calm environments, where insignificant
resuspension can be expected.

Inmost of the studies (I-TV, VIII, IX), sediment
traps with an aspect ratio of 10:1 and a diameter of
10 cm were used to quantify the settling loss from
the photic zone. It was shown by Baker et at.
(1988) that the trap efficiency did not decrease un
til the trap Reynold’ s number reached a value of
2.4 x l0, which is equivalent to the maximal cur
rent velocity of 24 cm s and the trap diameter of
10 cm (by using funnel-shaped traps with a slope
of 73 at their study). Thus it was likely that al
though short term burst-like events of high current
velocity (up to 20 cm s or more) occur frequently
in the study area at the entrance of the Gulf of Fin
land (Laakkonen et al. 1981, Haapala 1994), the
cylindrical traps with the high aspect ratio of 10
measured closely the total downward flux of vari
ous size classes of particles.

Fixed sediment trap mooring, using a rope lead
ing from the bottom anchor to the trap and thereon
to the surface buoy (I-V, VIII, TX), may cause
problems in the vertical flux measurements.
Strong currents may force the mooring to tilt,
which would bias the estimate of the downward
flux (Gardner 1985). Tn addition, surface waves
may result in oscillatory movements or shaking of
the mooring and cause variable velocity field
around the opening of the traps. However, in most
of the studies the sediment trap cylinders were
gimbaled to maintain vertical position up to 30° tilt
of the mooring (IT, V, VIII, TX). Also, the center of
gravity was below the center of pivot, which has
been observed to minimize oscillatory rotation of
the cylinders down to 1—2° at the current velocity
of 20 cm s (Gardner 1985). Moreover, the mean
wave height is generally less than 1 m during
spring and summer in the central Gulf of Finland
(Kahma and Pettersson 1993). Thus it is concluded
that the trap configuration, cylinder dimensions,
and construction of the moorings used in the most
of the studies, were appropriate for the local hy
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drodynamical conditions, resulting in reliable esti
mates of the downward flux.

4.2 Replicability and representativeness
of sediment trap measurements

The replicability of sediment trap measurements
were tested within the replicate cylinders of a sin
gle trap array as well as between trap arrays
moored at the same location (ca. 20 m distance
from each others at station XII; Fig. 2A). For most
of the measured parameters, replicability of the
trap arrays was good and the standard deviation as
a percentage of the mean was found to vary be
tween 3—12% (VIII). The variability was even less
for replicate cylinders (3—9%) which indicated that
a measurement of a single cylinder can be consid
ered to be representative for vertical flux within a
range less than ± 10% (coefficient of variation) at
the given location (Hedges et al. 1993, VIII). The
good replicability of the sediment traps cylinders
was also shown by microscopical enumeration of
the settled dinoflagellate (Scrippsiella hangoei)
cysts (II).

Basin scale variability of the sediment trap
measurements was checked at station P3 (Fig. 2A)
in 1992. Two cylindrical sediment trap arrays were
moored ca. 400 m apart from each other and re
trieved weekly during spring and every second
week during summer (TX). The results showed that
the sedimentation rates measured by the two moor
ings were not significantly different from each oth
er and that the variability was generally small (the
mean coefficient of variation was 9% for TPM
fluxes; TX). The results of this study were in ac
cordance with other experiments showing that a
single trap positioned in the middle of the basin
generally results in a reliable measure (<± 15%,
coefficient of variation) of the downward flux at
the basin scale (Bloesch and Bums 1980, Bloesch
and Uhlinger 1986, Bloesch 1988, Bottnen 1988).

4.3 Effect of microbial decomposition and
zooplankton grazing

Organic material settling in the water column is
modified considerably during sinking and also in
the sediment traps if no preservatives are used dur
ing trap exposure. The settling material consists of
aggregates of variable sixe which are enriched with

bacteria and are sites of active bacterial production
(Alldredge and Silver 1988, Lampitt et al. 1993).

Once the settling particles arrive into the traps
they have already gone through a degree of degra
dation, as shown by the altered quality (C:N, C:P,
N:P ratios) of settled material in comparison to that
of suspended matter (I, VTT-1X), while in the non-
preserved sediment traps microbial decomposition
will degrade settled material further (Tturriaga
1979, Taylor et al. 1986). As the particles sink,
there is a preferential removal of labile organic
compounds such as amino acids, lipids and sugars
over more refractory compounds such as lignins
and aldoses. Nitrogen-rich amino acids and pro
teins are removed preferentially due to their great
er solubility, and settled material is enriched with
more refractory carbon compounds (Lee and Cron
in 1982, Wakeham et a!. 1984, Lee and Wakeham
1991).

Decomposition rates have been measured by
quantifying the disappearance rate of particulate
organic matter in various experimental conditions
(Gardner et al. 1983a, Lorenxen et al. 1983), or in
directly by measuring oxygen consumption of set
tled material, and by converting the amount of ox
ygen respired into a carbon degradation rate (Har
grave 1978, Tturriaga 1979, I). Also bacterial up
take of‘4C-glutamic acid has been used as a meas
ure of bacterial activity within preserved and non-
preserved sediment trap samples (Lee et a!. 1992).
Degradation rate may be considerable (from 0.1%
to 10% of organic C per day) depending on the
quality of settled material and temperature (Iturria
ga 1979, Gardner et al. 1983a, Lorenzen et a!.
1983, I).

Vertically migrating mesozooplankton (i.e.
swimmers) may modify settled material considera
bly by grazing and defecation during the trap de
ployment (Knauer et al. 1984, Lee et al. 1988,
Gundersen and Wassmann 1990, Lee et aL 1992).
It was estimated that during early summer the loss
of organic matter due to grazing by copepods
(Acartia sp., Eurytemora sp., and harpacticoid
copepods) inside the sediment trap cylinders (TI)
was in the same magnitude (ca. 5% d1) as the car
bon decay rates estimated by measuring oxygen
uptake of settled material (Iturriaga 1979, I). Even
if one could correct for microbial degradation in
the sediment traps by using experimentally esti
mated decay rate coefficients for different in situ
temperatures (I), this would be no more than a
rough estimate of the eventual degradation and
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original quality of the settled material, since the
losses due to mesozooplankton grazing may vary
considerably during the seasonal succession and in
different locations. Thus it was recognized that
degradation of organic matter within sediment
traps may be considerable and the use of preserva
tives or poisons during trap deployment was rec
ommended (Gardner et al. 1983a, Knauer et al.
1984, Gundersen 1988, Gundersen and Wassmarm
1990, Wassmann and Heiskanen 1988, p. 197,
Heiskanen 1992).

There was a considerable difference between
the sedimentation rates of particulate matter meas
ured by formaldehyde and non-preserved sediment
traps during the seasonal cycle in 1988 (VIII). The
sedimentation rates of TPM, POC, PON and PTP
were on average 20, 30, 40 and 16% higher, re
spectively, when formaldehyde was used com
pared with the non-preserved sediment traps. Dif
ferences were most pronounced during spring,
when the POC settling rates were up to 50% higher
at formaldehyde-preserved cylinders (Heiskanen
1991). Decomposition correction of the POC sedi
mentation rates measured by the non-preserved
sediment trap cylinders (Equation 4) explained
only about half of the difference during the spring
period. Thus also other factors had to be sought to
explain the considerably higher sedimentation
rates measured by formaldehyde-preserved cylin
ders (Lignell et al. 1993, II, VIII).

4.4 Effect of in situ preservation on
sediment trap measurements

4.4.1 Choice of preservative

Several types of preservatives and/or poisons have
been used to prevent leaching, autolysis and mi
croheterotrophic activity within sediment trap cyl
inders during deployments (Knauer et a!. 1984,
Lee et a!. 1992). The most frequently used poisons
or inhibitors (i.e. those that retard bacterial activity
but do not bind to the sample) are sodium azide,
chloroform, and mercuric chloride and preserva
tives (i.e. those that incorporate chemically into
sample tissue) such as formaldehyde. Knauer et a!.
(1984) tested the effects of buffered formaldehyde,
azide, and mercuric ion, and found formaldehyde
to give the highest C and N fluxes in comparison to
other preservatives, while azide did not prevent
bacterial activity. Chloroform was widely used

(since it it easy to apply due to its high density and
poor dissolution with water) until it was shown
that bacterial activity was not sufficiently inhibited
by the concentrations normally used (Gundersen
and Wassmann 1990, Lee et al. 1992). A compari
son between chloroform and formaldehyde
showed that formaldehyde was superior as a pre
servative and an inhibitor of bacterial activity
(Gundersen 1988), although it resulted in degrada
tion of chlorophyll a in sediment trap samples
(VIII). In a detailed study assessing the effects and
required concentrations of several preservatives,
poisons and antibiotics Lee et al. (1992) showed
that the most effective inhibitors of bacterial activ
ity in relatively low concentrations were formalde
hyde and mercury chloride.

Based on the available experimental evidence of
the effectivity of different preservatives and poi
sons, formaldehyde was chosen for the preserva
tive (II, VIII, IX). The required amount of formal
dehyde to ensure complete preservation of organic
matter during the deployment period of 7 to 14
days was tested using three different volumes.
There appeared to be no significant difference,
which suggested that even the smallest volume of
concentrated formaldehyde added (12.5 ml result
ing in the final concentration of 0.9% at maximum)
to the lower part of the cylinders was sufficient
(VIII). Lee eta!. (1992) showed that 0.04% was an
effective formaldehyde concentration needed to re
tard bacterial activity to below 20% of the control,
and only a 0.11% formaldehyde solution was need
ed for complete cessation of bacterial activity. Ac
cordingly, the concentrations used (1.8 or 3.7 %) in
the seasonal sedimentation studies were apparently
sufficient to ensure a complete in situ preservation
of the sediment trap samples (II, VIII, IX).

4.4.2 Effect of leaching

Leaching of dissolved organic material from parti
cles when they hit the preservatives or poisons in
sediment traps may result in an underestimation of
total flux (Gardner et a!. 1983a, Knauer and Asper
1989, Lee et a!. 1992). Initial leaching and autoly
sis during the first day of the 14 day long experi
ment caused a 20% loss of the particulate organic
carbon when preserved with formaldehyde, while
thereafter loss of POC and PON were insignificant
(Gundersen 1991). On the other hand, phosphorus
was found to be continuously released from copep
ods preserved with formaldehyde in NaC1 solution
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Fig. 4. Sedimentation of total phoaphorua (mg P m2 d1)
measured by (A) the non-preserved and by (B) the for
maldehyde-preserved aediment trap cylinders at station
P3 in 1992 (the average of the two trap arrays deployed
ca. 400 m apart from each others; vertical bars = range
between the two trap arrays; DP= dissolved phosphorus;
PP= particulate phosphorus.

(Knauer and Tuel 1989, as cited in Knauer and As-
per 1989). A major part of total phosphorus was in
the soluble fraction of the trap samples from the
upper ocean preserved with sodium azide (Dy
mond and Collier 1989, as cited in Knauer and As-
per 1989).

The concentrations of the total dissolved P (in
cluding P04-P and DOP) and PTP in the sediment
trap cylinders were measured at station P3 during
the seasonal cycle in 1992 (Fig. 4). The results
showed that there was a considerable net flux of
dissolved P in the formaldehyde-preserved sedi
ment trap cylinders, while in the non-preserved
trap cylinders P was mostly in particulate fraction
(Fig. 4). The net flux of the total dissolved P was
highest during spring and summer, which indicat
ed that the leaching of dissolved P from the fresh
phytodetrital material was most effective during
the productive period (A.-S. Heiskanen, unpublj.
In autumn, and during periods when the settled
material consisted mostly of resuspended matter
(mid-July and mid-August; IX), the net flux of dis
solved P was lower (Fig. 4).

There were high concentrations of DOP in the
water column after the spring bloom and during
summer (50 to 75% of total phosphorus; Fig. 5)

denoting that the cell lysis of the dying algal cells
or release of DOP due to sloppy feeding of meso
zooplankton resulted in natural leaching and accu
mulation of soluble P in the water ôolumn (A.-S.
Heiskanen, unpubl.). Since bacterial growth was
prevented in the formaldehyde-preserved cylin
ders (Lee et al. 1992, IX), dissolved P, which
leached from the settled material, accumulated in
traps. In the non-preserved trap cylinders, total dis
solved P concentrations were similar to the ambi
ent water surrounding the trap cylinders (i.e. there
was no net flux of dissolved phosphorus). This
suggested that bacterial uptake prevented the accu
mulation of dissolved P and kept it on the same
level as in the water column.

The time scale of the particle interception is
crucial for interpretation. If the trap sampling time
is shortened indefinetely and the traps deployed in
the mixed surface layer, most of the labile P would
probably be inside the cells when they enter the
trap. While the cells age and start to sink they are
prone to loose their P contents very rapidly (Gar
ber 1984). Accordingly, the total P (including the
dissolved fraction) concentrations in the formalde
hyde-preserved trap cylinders would yield an esti
mate of the natural leaching of P from the particu
late fraction as it is sinking, and thus overestimate
the export flux of P. It is suggested that the “true”
P flux out from the pelagic system was closer to
the PTP sedimentation, while the flux of dissolved
phosphorus into the sediment traps was equal to
the fraction of soluble P that was concurrently lost
and retained in the water column as the material
was sinking.
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Formaldehyde showed a tendency to prevent cell
lysis and leaching of intracellular dissolved free
amino acids from zooplankton in comparison to
other poisons. However, it was not clear whether it
would be tbe same for detrital particles (Lee et al.
1992). This suggests that carbon and nitrogen,
which are mainly bound to structural and storage
molecules sucb as amino acids, proteins, and car
bohydrates of the cells, are better preserved with
formaldehyde as it acts as a fixative for the pro
teinaceous matrix of organisms. On the other band,
phosphorus, which is mainly bound to soluble
phosphates, polyphosphates, or energy transfer
ring molecules (such as ATP) with high turnover
rates, is more easily leached from the cells (Garber
1984).

Knauer et al. (1990) found that particulate ni
trogen flux was underestimated by a factor of two
due to solubilization of nitrogen from collected
particles. Also Hansell and Newton (1994) found
that the flux of carbon and nitrogen were underes
timated by 7 and 17%, respectively, due to a re
lease of carbon and nitrogen into a dissolved frac
tion during deployments, if only the particulate
fraction was analyzed. However, since they did not
use preservatives in the sediment traps, their esti
mate is actually equal to the net release after DOC
and DON uptake by bacteria. The results of these
studies indicate that the question of the alteration
of the chemical quality of settled material during
the trap exposure is by no means resolved. Meas
urements of dissolved concentrations in the sedi
ment traps are necessary as well as experiments
dealing with the natural leaching of nutrients from
different kind of particulate material.

4.4.3 Swimmer contamination

Preservatives and poisons, which are needed to
prevent microbial decomposition and zooplankton
grazing in sediment traps during deployments, re
sult in artificial trapping of vertically migrating zo
oplanlcton (swimmers) and other micro-organisms
which otherwise do not contribute to passively set
tling organic material (Knauer et al. 1979, 1984,
Lee et al. 1988, Knauer and Asper 1989, Michaels
et al. 1990, Lee et al. 1992). Although addition of
formaldehyde often resulted in considerable con
tamination, it appeared to be most useful, due to its
ability to solidify the proteinaceous matrix of or
ganisms when zooplankton was removed manual
ly under a microscope.

A sudden evacuation of zooplankton gut con
tents when they hit formaldehyde, or a hypcrsaline
solution inside the sediment traps, provides an ad
ditional bias which is very difficult to separate
from the total flux (Peterson and Dam 1990). Also,
leaching of dissolved lipids, aminoacids and pro
teins from zooplankton swimmers increased the
flux of these compounds in the preserved sediment
trap cylinders (Wakeham et al. 1993). Moreover,
some gelatinous zooplankton, and vertically mi
grating protozoa and larvae (i.e. cryptic swim
mers) were impossible to detect visually among
the settled material (Dale 1989, Michaels et a.
1990). It seemed likely that during short-term de
ployments, preserved sediment traps were more
biased due to swimmer contamination than traps
with no preservatives due to microbial decomposi
tion (Lee et al. 1992, Hedges et al. 1993).

All these problems urgently called for new de
vices and methods to prevent vertically migrating
organism from entering the sediment traps. New
solutions were invented by taking advantage of the
knowledge of zooplankton swimming and feeding
behavior. A trap equipped with several separate
chambers and funnels (the “Labyrinth of Doom”)
was constructed to exclude the downward migrat
ing copepods from the narrow and straight path
leading to the chamber, where passively settled
material was ultimately collected and preserved
(Coale 1990, Hansell and Newton 1994). Also a
trap equipped with a rotating sphere, and pro
grammed to suddenly switch the settled particles
into the collection chamber below, leaving a
stunned bunch of copepods behind (Peterson et al.
1993). These devices succeeded relatively well in
removing most of the swimmer problem, but the
problem of micro-swimmers was not investigated
by the inventors of the swimmer-free traps. There
was some indication that the “Labyrinth of Doom”
did not separate micro-copepods (i.e. copepods
smaller than 2 mm) as effectively as the larger
copepods, probably due to their more rectihnear
movements with little deflection to any horizontal
direction (Hansell and Newton 1994).

Detrital aggregates settling in the water column
may harbor a large number of micro- and nano
sized organisms which are difficult to separate and
enumerate. Moreover, it may be difficult to judge
whether these organisms are actually a part of the
passive downward transport (i.e. export flux) or if
they represent a life stage which is transported
downwards together with the aggregates but will
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later migrate back to the photic layers. Therefore
they are generally considered a part of the sinking
flux and their contribution to the settled organic
carbon (which may be small) is generally not esti
mated (Silver et al. 1991). However, in the coastal
areas where the mixed surface layer and the photic
zone are relatively shallow many phototrophic and
heterotrophic micro-organisms are not a part of the
gravitational downward flux but they migrate in
dependently to deeper water layers to return later
on, thus causing a true contamination of the sedi
ment trap measurements (Dale 1989, II).

Microscopical examination of settled material
showed that during the spring bloom, the formal
dehyde-preserved cylinders collected on average
twice as many cells of the chain forming an
totrophic spring bloom dinoflagellate, Feridiniella
catenata (Levander) Balech (syn. Gonyaulax cate
nata), than the non-preserved cylinders. The bio
mass of P. catenata contributed to ca. 36% of total
POC flux in the formaldehyde-preserved cylinders
and was ca. 4 times higher than in the non-pre
served cylinder during the maximum sedimenta
tion in mid-May (II). Assuming the disintegration
rate of P. catenata cells to be 10% d-1 at maxi
mum, in the non-preserved cylinders, only 10% of
the observed difference was explained (II).

Since there are no earlier observations of verti
cal migration of this species in the study area, the
effect of migration contamination was not antici
pated until Passow (1991b) showed that Peridin
iella catenata performed diurnal vertical migration
with a depth range of 30 m d-1 during the vernal
bloom period in the Baltic Proper. Since a part of
the P. catenata celts had also settled (as indicated
by the small flux rates in the non-preserved cylin
ders) it was estimated that migration contamina
tion caused by P. catenata was on average 12%
and at most 32% of the total POC flux during the
spring bloom period (II).

Another vertically migrating phototrophic mi
cro-organism common during the spring bloom
period in the Baltic Sea is the ciliate Mesodinium
rubrum (Lohmann) Hamburger and Buddenbrook
with algal endosymbionts (Lindholm 1985, Kivi
1986). This species was also more than twice as
abundant in the formaldehyde- than in the non-pre
served cylinders during the spring bloom, but due
to its lesser abundance in the water column and in
the traps it did not contaminate sediment trap flux
es as much as Peridiniella catenata (II). However,
a large part of the M. rubrum cells had probably

burst and become unrecognizable in the formalde
hyde-preserved cylinders, thus contributing to the
detrital flux and possibly to the dissolved organic
matter flux in the sediment traps.

After the spring bloom had terminated, an an
totrophic Euglenophycean flagellate, Eutreptiella
sp., became abundant both in the water column and
in the formaldehyde-preserved sediment trap cyl
inders, contaminating the POC fluxes by up to
13% at 15 m depth (II). However, it was also pos
sible that up to 90% of the difference was caused
by grazing of calanoid copepods, presuming that
they fed only on Eutreptiella sp. in the non-pre
served sediment trap cylinders. In mid-June, the
estimated copepod grazing inside the non-pre
served cylinders only corresponded with 35% of
the estimated POC flux, due to vertical migration
of Eutreptiella sp.. This indicated that migration
contamination caused by this species in the upper
sediment traps could also have been considerable.

In conclusion, microscopical investigation of
the settled material is required, especially if pre
servatives are used inside the trap cylinders. Other
wise, there is a danger of serious overestimation of
the vertical flux and misinterpretation of the re
sults, if only the chemical quality of the settled
material is analysed.

5 Impact of coastal hydrodynamics
on sedimentation

5.1 Resuspension in coastal areas

Resuspension of particulate matter from littoral re
gions and slopes surrounding sedimentary basins
is a frequent phenomenon in shallow coastal areas.
It is induced by wind and waves which lead to de
tachment and transport of particulate material from
sediments (Floderns and Pihl 1990, Lund-Hansen
et a!. 1993). Wind-induced resuspension from lit
toral regions is dependent on the direction, dura
tion and velocity of the winds, effective fetch, and
the morphology of a given region (Demers et al.
1987, Kristensen et al. 1992, Evans 1994). Resus
pension is also caused by internal waves, seiches,
resulting in turbulent mixing and a botrom shear
stress in the littoral areas of the basin. It is often
connected to the sudden burst-like currents which
induce considerable shear to the nepheloid and
bottom layers (Gardner et a!. 1983b, Gloor et ol.
1994).
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Detachment of sediment particles from the sedi
ment surface is dependent on the bottom shear
stress, which is proportional to the energy derived
either from wind or currents (Komar and Miller
1973). The quality of the sediment surface and con
sequently its susceptibility to resuspension varies
during the seasonal cycle. The critical shear stress,
which is the lowest value that will give sufficient
energy for the erosion or particles from the sedi
ment surface, may vary between different sites de
pending on the sediment type and roughness (i.e.
grain size porosity, organic matter or water con
tents of sediment). More coherent and organically
poor sediment require a higher threshold energy for
the detachment of particles than sediment which
has high organic material and water contents, and is
effectively reworked by benthic organisms (Drake
and Cacchione 1986, Gloor et al. 1994, Valeur
1995). Furthennore, the density and size of the re
suspended particles, surface layer turbulence, ve
locity of the horizontal currents, and depth of the
basin area determine the length of distances resus
pended particles will be transported prior to settling
at the depth of the sediment trap or to the sediment
surface. Organic rich detrital particles of small size,
low density and low sinking velocity may be trans
ported long distances if no aggregation occurs dur
ing the drift, while inorganic particles with high
density settle close to the location of their origin
(Siegel etal. 1990, Kristensen etal. 1992, Kozerski
1994, Wassmann and Slagstadt 1995).

5.2 Effect of currents and wind forcing

In the coastal area at the entrance of the Gulf of
Finland, high current velocities are related to
coastal upwelling events (Haapala 1994). Moder
ate and strong winds (4—7 m -1) blowing from the
sector between southwest and northwest, and per
sisting for more than a couple of days, produce a
classical two-layer current system resulting in an
upwelling. During such situations Ekman-type
transport carries surface water away from the
coast, and a deep water current flowing towards
the coastline results in the replacement of the sur
face water with cold and nutrient-rich bottom wa
ter. In connection to such phenomena, high current
velocities were recorded near the bottom (at 35 m
depth) at station1A situated in the northern end of
the underwater trench (Vifi). Less wind energy
was required to initiate upwelling in summer,
when the water column was thermally stratified,

than in spring and autumn (Haapala 1994).
In connection to the upwelling events, deep wa

ter salinity always increased at the 50 m deep sam
pling site P3 (1, VIII, IX). Deep water salinity had
a significant negative correlation with the organic
carbon contents and a positive correlation with the
C:N ratio of settled material (VIII). This suggested
that during sampling periods, when the current ve
locities in the bottom water were higher than aver
age, resuspended material with low organic con
tents dominated the settling flux. Moreover, the
mean current velocity had a significant negative
correlation with the C:P and N:P-ratios of settled
material (VIII), indicating that when the current
velocities were high, phosphorus contents of the
settled material increased in relation to carbon and
nitrogen. This denoted that, especially during sum
mer, resuspension was a source of organic carbon
and nitrogen-poor, but phosphorus-rich particulate
material to the pelagic system. The main reason for
resuspension was hydrodynamical forcing caused
by the high current velocities during upwelling
(VIII).

There was no clear connection with any of the
measured quality parameters of the settled material
and wind velocity, when data from long term de
ployments (I to 2 weeks) were related to average
and maximal wind velocities during each sampling
period (VIII). Sampling site at station P3, was rela
tively unsheltered for winds from the sector be
tween south and west, where the mean effective
fetch (calculated as in Hàkanson and Jansson
1983, p. 190) was 190 km. However, this site was
also located relatively far away from the nearest
shallow regions (effective fetch from less than 10
m deep shallows to the south-west sector was ca.
23 1cm). There were some implications that strong
winds blowing from the south-west direction were
related to the higher C:N ratio of settled material at
the sampling station(1A; Fig. 2A) which was lo
cated closer to the archipelago and shallow areas
(significant negative correlation with the mean N
S wind component; r = — 0.67, p < 0.04) possibly
indicating material detachment and input from lit
toral regions (VIII).

However, on daily basis wind velocity may
have a significant effect on sedimentation rates
(A-S. Heiskanen, unpubl.). Preliminary analysis
between wind velocity and daily sedimentation
measurements of TPM and particulate organic mat
ter (POM) at station P3 during the seasonal cycle in
1994 suggest that the quantity and quality of settled
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Fig. 6. A. Daily sedimentation rates ot total particulate
material (TPM; g m2d1) and B. the traction of particulate
organic material (POM, %) of TPM sedimentation (the
stippled lines indicate the 95% contidence interval of the
regression), in relation to the maximum wind velocity (m
-1) during the two days prior the trap sampling interval at
station P3 in spring and late summer 1994. R2= coeffi
cient of determination.

material are significantly influenced by winds.
When the maximal wind velocity during the 48
hours before the sediment trap sampling is related
to the daily sedimentation rates of TPM, a signifi
cant relationship emerge (Fig. 6A). Accordingly,
settled material has a lower fraction of POM (de
noting an input of more refractory material) when
wind velocities are high (Fig. 6B).

In conclusion, the mean wind velocity over a
sampling period of 7 to 14 days seem to have little
predictive value for the quality of settled material
in the open sea area, since the episodical inputs of
resuspended material are diluted by the more con
tinuous settling of primary particulate material.
The significant conelation with the deep water sa
linity, high current velocities and quality of the set
tling material (VIII) indicates that only the com
bined effect of high current velocities and persist
ent strong winds, which are requisite to induce up-
welling events (Haapala 1994), are sufficient to
create resuspension pulses which can significantly
alter the quality of settled material collected over
longer periods of time.

5.3 Estimation of resuspension rates

In coastal areas where the productive surface layer,
the bottom nepheloid layer, and the henthos are in
close proximity, several approaches have been ap
plied to estimate the effect of resuspension on sedi
ment trap measurements (Floderus 1988, HAkanson
et ci. 1989, Bloesch 1994, Valeur 1995). Vertical
variability in the settling flux can be used to esti
mate the relative contribution of secondary parti
cles at different depths. Increased sedimentation
rates close to the sea-bed are either due to hydrody
namic activities in the bottom nepheloid layer or to
the focusing of settling particles from shallower re
gions of the basin (Floderus 1989, Valeur et ci.
1995). Recently, current meters attached to the trap
mooring have been used to develop an event driven
sediment trap, which separates settling particles ac
cording to the direction (Hargrave et ci. 1994), or
strength of the currents (Baker et ci. 1988).

Chemical composition of settled material (ele
mental ratios, organic content, pigment composi
tion) can be used to distinguish the potential sourc
es (i.e. particles produced in the pelagic system, re
suspended from sediment surface and transported
from littoral regions). A simple two-source mixing
model yields an approximate correction of resus
pension for sediment trap samples if particles from
both sources have a sufficiently different composi
tion (Gasith 1975). The resuspension rate can be
estimated by assuming a constant concentration of
label substance both in the primary and secondary
sources of the particulate material (Equation 3).
Further, it is assumed that the resuspension is pro
portional to the conservative mixing of the two
end-members. Thus the eventual concentration of
the label substance in the total settled material can
be calculated as a function of the relative domi
nance of either of the two sources.

In natural conditions the label approach is ham
pered by the multitude of potential sources. More
over, the label substance should preferably be bio
logically and chemically inert so that it would not
be altered during settling or in the sediment trap
during deployment. The applicability of the label
approach is sensitive for the representative sam
pling of the end-member concentrations in the po
tential sources (Taguchi 1982, Hâkanson et ci.
1989, Floderus 1991, Blomqvist and Larsson
1994). Seasonal variability in the label concentra
tions should be known since the use of constant
values may lead to an under- or overestimation of
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the resuspended fraction. For instance, organic
carbon or nitrogen contents of primary material
may change in the course of the seasonal cycle as
heterotrophic activity increases in the water col
umn. Settling organic matter may go through sev
eral stages of mineralization and repackaging due
to zooplankton grazing, defecation, and co
prophagy resulting in an altered quality of the pri
mary settling material (Noji 1991). The use of the
label approach for resuspension correction is dis
toned if rebound organic material is the predomi
nant fraction of the resuspended material. Such
problems cannot be completely avoided even if bi
ologically inert inorganic elements are used as la
bel substances. The concentrations of inert ele
ments, which are associated with primary and sec
ondary settling material, and with that of the pure
biological fraction of settling material may also
vary seasonally (Blomqvist and Larsson 1994).

Despite the deficits, the label approach was the
only alternative to the estimation of resuspension
during the present studies (I, VIII, IX). The good
correlation between the organic carbon contents of
the settled material and the high current velocities
and the increase in salinity indicated an intensified
input of inorganic material by resuspension during
upwelling events (VIII). Thus the lowest carbon
percentage of total material measured in the sedi
ment trap during the seasonal cycle (I, IX) or the
measured average carbon contents of the sediment
surface (VIII) were used as the label concentration
of the secondary matter in the calculations (Equa
tion 3).

More careful sampling of the sediment surface
end-member revealed that the concentration of or
ganic carbon in the uppermost sediment surface,
the sediment fluffy layer, was relatively high (8—
12%), and occasionally even higher than that of
the settled material (IX). This indicates that it may
be unwise to use the organic carbon contents of the
fluffy sediment surface as a label substance for the
secondary settled material, since it would result in
extremely low or even negative primary sedimen
tation values. The reasons for the higher organic
carbon contents of the uppermost sediment surface
in comparison to the (formaldehyde-preserved)
sediment trap material could be due to 1) bacterial
growth and subsequent organic carbon enrichment
in the sediment surface, 2) lateral transport of car
bon rich organic material from the surrounding lit
toral region and slopes (which is not detected by
sediment traps), or 3) over-representation of the

rapidly sinking mineral particles in the sediment
trap samples during periods when upwelhng and
resuspension events occurred (IX). This corrobo
rates the conclusion that the lowest organic content
measured by the sediment traps during the season
al cycle, rather than that of the sediment surface,
should be used as a label concentration for resus
pended material (Wallin and Hfkanson 1992,
Blomqvist and Larsson t994, IX).

5.4 Seasonal and spatial variation of
resuspension

The highest C and N contents of the sediment trap
samples during the whole study period (VIII, IX)
or during each season (I) were used as the label
concentrations for the primary settling material.
During the spring bloom, the organic carbon con
tent of settled material varies between 20 to 34%
of settled TPM (I, VIII, IX). Although, the organic
carbon content of suspended material may be up to
60%, as during the phytoplankton spring bloom,
the settled material always has a lower carbon con
tent than the suspended (Reigstadt et at., in press).
This indicates that there is an effective vertical
separation between the settling and suspended ma
terial in the water column. Consequently, the end-
member concentration of the suspended material
cannot be used to characterize the primary settling
material, which has already gone through some
degradation and lost part of its organic contents
while sinking. Likewise, the organic content of the
settling material is even lower (generally < 20%)
during sununer (I, VIII, IX, Reigstadt et at., in
press), denoting that the material exported from
the pelagic system has lost a considerable part of
its organic contents due to the effective pelagic re
cycling in summer. This problem illustrates the
difficulties of choosing the “right” end-member
concentrations both for the primary and secondary
material (Taguchi 1982, Floderus 1991). The sedi
ment traps selectively collect particles which are
bound to move downwards. Thus the primary set
tling particles are those that are cast out from the
pelagic system rather than those that remain sus
pended. th most studies, the lowest and highest la
bel concentrations measured in the settled material
provide reasonable values for the characterization
of the secondary and primary material, respective
ly (Wallin and Hfkanson 1992, Blomqvist and
Larsson 1994, I, Vifi, IX).
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There was some indication that the fraction of
resuspension, calculated according to Equation 3,
was overestimed during spring since the total sedi
mentation of phytoplankton carbon was estimated
to be higher than the resuspension corrected pri
mary flux (I). The resuspension corrected primary
flux was 26% lower than the measured flux (cor
rected for migration contamination; formalde
hyde-preserved cylinders) during the spring period
in 1988 in the open sea area (VIII). The migration-
corrected carbon flux was in good balance with the
carbon requirements of the pelagic heterotrophs
and the carbon budget of the vernal plankton com
munity (Lignell et al. 1993), indicating that the la
bel approach could have resulted in an overestima
tion of secondary sedimentation.

During summer, settled material generally has a
lower organic carbon content than during spring,
indicaring that either the primary settling material
is already degraded due to pelagic mineralization,
or that secondary particles are the dominant source
of the settling material (I, VIII, IX). Since the in

creased horizontal current velocities occurring
during upwelling events are the most important
reason for resuspension (VIII), it is likely that the

total sedimentation is more strongly influenced by
resuspension during summer, when upwelling is

more frequent (Haapala 1994), compared to the

spring period. Resuspended material was estimat
ed to contribute from 24 to up to 44% of the total
POC sedimentation in the open sea area (station
P3) during summer (I, VIII, IX).

The contribution of resuspension was higher in

the archipelago region (stations ‘A and XII) than
in the open sea both during spring and summer
(VIII, IX). In the semi-enclosed Pojo Bay the ma

jor part of the settling material (> 90%) derived
from the secondary or allochthonous sources
throughout the seasonal cycle (IX). In the archipel
ago and open sea areas, resuspension was estimat
ed to contribute to the total seasonal sedimentation
of POC by 33% in spring to up to 87% in autumn
(VIII, TX), corresponding with the other estimates
from the shallow coastal areas of the Baltic Sea
(Wallin and Hàkanson 1992, Blomqvist and Lars
son 1994, Nilsson et al. 1997).

Due to the stable stratification in the Pojo Bay,
the hydrodynamical conditions were more quies
cent than in the archipelago or in the open sea are
as. However, the estuarine characteristics, consid
erable allochthonous supply, and shallow morphol
ogy resulted in the constantly high sedimentation

rates of the particulate mailer in the Pojo Bay. Un
like in the open sea area and in the archipelago re
gion, there was no clear seasonality in the total ver
tical flux, while the composition of the settled ma
terial and the sedimentation rates of phytoplankton
(Tallberg 1994) revealed a higher export of freshly
produced organic matter during spring than for the
rest of the year (IX). The comparison of the resus
pension and the potential export flux of organic
mailer along the coastal transect from the 1]ord-like
Pojo Bay to the open sea area, illustrated clearly the
impact of the basin morphology and the proximity
of the shore on the resuspension rates (IX).

6 Impact of phytoplankton
succession and life cycle
strategies on sedimentation

6.1 Seasonality and the succession of
phytoplankton community

The major part of the annual new production in the
northern Baltic Sea takes place during the spring
bloom in April—May and during cyanobacterial
blooms in late summer (July—August). During the
bloom, the algal biomass is dominated only by few
“key” species, which govern the overall synthesis
and channeling of organic material in the pelagic
system (cf. Verity and Smetacek 1996). These spe
cies represent several taxonomic groups and main
ly belong to microphytoplankton by their chaln or
colony size (although individual cells may be
smaller) as typical for new production regimes
(e.g. Smetacek and Pollehne 1986, Legendre and
LeFdvre 1989).

As the permanent ice cover breaks up in April
(usually in mid or late April during an average ice
winter; Seina and Palosuo 1996) the vernal bloom
starts immediately in the Gulf of Fialand. Occa
sionally blooms of several nano- and dinoflagel
late species have been observed to occur already
under the ice cover in the study area (Hatlfors and
Niemi 1974, Niemi and Astrdm 1987, Larsen et al.
1995). Fresh water flow under the ice, which forms
a sharp density stratification and carries nutrients,
microelements, and humic substances, has been
suggested to promote such blooms (Hallfors and
Niemi 1974, Persson and Graneli 1993, Larsen et
al. 1995). The ice-algal community consists of the
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typical diatom and dinoflagellate species which
dominate the vernal bloom in the western Gulf of
Finland (Huttunen and Niemi 1986, Ikavalko and
Thomsen 1997).

In the northern Baltic Sea, the mixing depth of
the water column is reduced due to vertical salinity
differences, which are caused by a high fresh water
mn-off during spring. Even small vertical differ
ences in salinity (>0.02) are sufficient to result in
prolonged residence times of algae in the illumi
nated surface layer and to maintain positive net
production (Kahru and NOmmann 1990). Patches
of phytoplankton bloom develop in areas where
lenses of less saline surface water occur and evolve
from more stratified coastal areas into open sea
(Kabru and Nommann 1990). The temporally co
occurring but spatially separated phytoplanlcton
communities in various patches may be in differ
ent stages of the succession depending on the for
mation and history of the mesoscale strnctures
(Kahru et al. 1990, Kononen et at. 1992). In the
coastal areas, where vertical stratification is re
peatedly terminated by wind mixing and upwell
ings, the vernal phytoplankton blooms consist of a
series of biomass maxima (Niemi and Astrom
1987).

During the phytoplankton spring bloom, spe
cies larger than tO tm form more than 80% of the
total suspended phytoplankton biomass (Lignell et
at. 1993). The dominating species are chain-form
ing diatoms and dinoflagellates. Diatoms are gen
erally abundant during the eariy stage of the vernal
bloom and form generally 20—50% of total bio
mass. The major bloom-forming dinoflagellates
often comprise more than 80 or 90% of the total
algal biomass during the maximum, although their
relative contribution to the bloom biomass varies
interannually (Niemi 1973, 1975, Kononen and
Niemi 1984, II, III, IV).

After the vernal bloom has terminated in late
May or in early June, phytoplankton biomass and
primary production remain low for most of the
summer period (Niemi 1975, Kononen and Niemi
1984, Kuparinen 1984, Lignell 1990, Grbnlund
and Leppanen 1990, I, IV, VII). Autotrophic bio
mass and productivity are dominated by pico
planktonic algae (KuOsa 1990), which are effec
tively controlled by flagellate grazing (Kuosa
1991a). The species composition and taxonomi
cal diversity of the mid-summer phytoplankton
community is rich, consisting of numerous spe
cies of small (mostly < 3 tm by size ) monads,

flagellates and green algae (Niemi 1973, 1975,
Huttunen and Kuparinen 1986). However, low
ambient nuthent concentrations and the effective
grazing of the heterotrophic planktonic communi
ty keep the biomass levels of autotrophs low and
transfers assimilated carbon and nutrients to high
er trophic levels (Kivi et at. 1993, Uitto 1996,
Uitto et at. 1997).

In late summer, out-breaks of cyanobacterial
blooms may occur, representing a new production
regime which is superimposed on the principally
regenerating pelagic system. The main bloom-
forming species are Nodularia spumigena and
Aphanizoinenon cf. .flos-aquae, both of which are
capable of fixing atmospheric nitrogen (N2) as
their nitrogen source. Occasionally cyanobacterial
surface accumulations cover huge areas (Kabru et
at. 1994). Besides being a recreational problem if
being drifted onto the shores, they produce toxins
that ultimately may be lethal. Most of the N.
spumigena samples studied have been shown to
contain a hepatotoxin, nodularin. However, the
Baltic strain of Aphanizomenon has not been re
ported to be toxic (Sivonen et at. 1989).

There are basically two kinds of strategies that
are common both for the vernal and late summer
bloom-forming algal species. Transitory species
survive as resting stages on the sediment surface
whilejhrtive species rely on continuous low densi
ty persistence in the water column between the
bloom peaks. Although the basic pattern may be
more or less similar, various species often have
fundamentally different behavioral adaptations
and mechanisms to grow, reproduce and survive in
the unstable and dynamic environment.

6.2 Life strategies and sinking loss of the
major bloom algae

6.2.1 Vernal diatom strategies

In coastal temperate and boreal regions the classi
cal seasonal succession pattern of phytoplankton
proceeds from a spring bloom dominated by small
diatoms to a low biomass of large (K-strategist)
dinoflagellates or small nanoflagellates during
summer (Margalef 1978, Smayda 1980). Diatoms
which prevail during the first stage of succession
are adapted to more turbulent environments char
acterized by a relatively deep mixing and ample
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supply of inorganic nutrients. Many diatoms are
classified as typical r-strategists that have high
growth rates, small cell size, and a transient and
opportunistic growth strategy: they emerge as pio
neer species of succession, rapidly scavenge re
sources (i.e. nutrients), and escape from the photic
zone upon termination of the vegetative life cycle
(Kitham and Kilham 1980).

Diatoms are generally the species of the winter
and spring stage (Reynolds et al. 1983), polar re
gions (Bienfang and Ziemarm 1992), upwelling ar
eas (Sellner et al. 1983), deep chlorophyll maxima
(Venriek 1988), and also in estuaries (Smayda
1983), thus being adapted to transitory environ
ments where supply of new nutrients is predomi
nant (Smetacek 1985). Diatoms are also the spe
cies responsible for a large part of the export flux
in worid oceans and coastal areas where vertical
mixing provide high concentrations of new nutri
ents either seasonally or continuously (Smetacek
1985, Legendre and Le Fèvre 1989). Their cumu
lative sinking flux (as measured by sediment traps)
is often several times higher than the maximal
standing crop in the water column which indicates
that sedimentation is the major loss process from
diatoms (Reynolds et al. 1982, Reynolds and
Wiseman 1982, Trimbee and Harris 1984,
Riebesell 1989, IV). As the sinking loss rates of
diatoms can be as high as 30—60% of a suspended
population per day (IV; Table 1), it is evident that
the ratio of organic matter exported from the pe
lagic system in relation to total primary production
(Eppley et al. 1983) is strongly influenced by the
abundance of r-strategic diatoms. Diatoms are
generally the major vehicle in the downward trans
port of organic matter, resulting in high e-ratios
and seasonal supply of organic matter to the
benthos.

The bloom termination and rapid sedimentation
of diatoms have been shown to be connected to ag
gregate formation, being enhanced by polysaccha
ride extretion and formation of transparent exopol
ymeric particles (TEP) which together with diatom
cells and other particulate material form aggre
gates (Alldredge et al. 1993). In various aquatic
environments, aggregates are the major vehicle re
sulting in rapid sinking rates and mass sedimenta
tion of diatoms from the pelagic system (Alidredge
and Gotschallc 1989, Riebesell 1991, Lampitt et al.
1993, Kiørboe et al. 1994). Aggregate formation is
a selective process, which may lead into sequential
sedimentation of diatoms leaving non-aggregating

species in suspension and sweeping other particu
late material from the water column if TEP is
abundantly produced (KiØrboe and Hansen 1993,
Crocker and Passow 1995).

Sexual reproduction has also been observed to
influence vertical export of diatoms from the sur
face layer either as increased sinking rates of zy
gotes and auxospores formed after fusion of gam
etes (Wake and Harrison 1992) or as mass flux of
empty frustules being cast out after sexual repro
duction in the surface waters (Crawford 1995).
This has been suggested to promote dispersal of
genetically recombined population, despite the
high costs of sexual reproduction in unicellular eu
karyotes (Waite and Harrison 1992), and to en
hance downward transport of silica as empty dia
tom frustules (Crawford 1995).

Many diatom species form resting spores,
which are a means to survive over prolonged peri
ods in dark and cold conditions with low or zero
metabolic costs during dormancy (Hargraves and
French 1975, Durbin 1978). Resuspension of
spores promotes dispersal and also provides a
seeding mechanism for the establishment of a new
diatom bloom, as favorable environmental condi
tions are renewed (Hargraves and French 1983,
Garrison 1984). Such a strategy has been suggest
ed to provide rapid bloom initiation of diatoms,
and subsequent escape to benthic refuge as the
conditions turn less favorable (Smetacek 1985).

In the northern Baltic Sea, the transient dia
tom species emerge as the first pioneers of the
vernal bloom. Some of them are often observed
as the abundant members of the ice biota (e.g.
Melosira arctica, Achnanthes taeniata, Chae
toceros holsaticus, C. wighamii, Thalassiosira
baltica and Skeletonema costatum) (Niemi 1973,
Huttunen and Niemi 1986). It has been suggested
that the ice algae may play an important role in the
initiation of the vernal diatom bloom in polar re
gions (Horner 1984, as cited in Syvertsen 1991).
Whether the ice cover promotes seeding of some
vernal diatom species in the Baltic Sea has not yet
been investigated. However, it could be anticipat
ed that in the areas where the formation and melt
ing of the seasonal ice cover is regular, the under-
ice diatoms would have a firm start and gain domi
nance in the vernal bloom as the permanent ice
cover breaks up.

The species that form resting spores (e.g.
Achnanthes taeniata, Chaetoceros holsaticus and
Melosira arctica) have a sharp increase in cell
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Table 1. Daily loss rates (% d1) of the dominant spring bloom phytoplankton species at station P3 during spring bloom
1988. Daily loss rates were calculated by dividing the total sedimentation rate (cells m2 d1) by the average suspended
cell numbers (cells m2) above the 15 m trap (non-preserved cylinder). The sedimentation rates of Scrippsiella hangoel
vegetative cells and Peridinium catenata cells are corrected for mineralization as in equation (4), where k= 0.05. Periods:

= April 30—May 4, II = May 4—May 13, III = May 13—May 18, IV = May 25—June 1.

I II III IV mean

Scrippsiella hangoei
— vegetative cells 0.3 0.4 0.9 9.5 2.8
—cysts 0.7 10.3 5.5
—total 0.3 0.4 0.9 9.9 2.9
Peridiniella catenata 0.9 3.3 3.4 1.1 2.2
Chaetoceros holsaticus
—cells 0.3 23 11.7
—spores 12 24 21 19.0
—total 0.6 7 3.8
Chaetoceros wighamii 13 33 23 23.0
Melosira arctica
—cells 2 13 20 11.7
— spores 34 33 33.5
—total 2 15 24 13.7
Skeletoneina costatum 1 4 7 15 6.8
Thalassiosira baltica 4 20 18 19 15.3
Thalassiosira levanderii 4 41 47 2 23.5
Achnanthes taeniata
— cells 2 6 8 44 15.0
— spores 0.5 6 29 35 17.6
—total 2 6 23 35 16.5

numbers in the surface layer in early May (Fig. 7).
The bloom peak of vegetative cells is followed
by a formation of resting spores which have high
loss rates and sinking velocities, resulting in a
rapid disappearance of the species from wa
ter column (Fig. 7). The daily loss rates of dia
toms range from 5% d’ during the bloom peak up
to 60% d-1 during the decline. Resting spores of
ten have higher loss rates than vegetative cells, al
though opposite situations may also occur (IV,
Table 1). A. taeniata and C. holsaticus were ob
served to form resting spores already in the water
column, while the vegetative cells of M. artica
dominated both in the water column as well as in
the trap material (Fig. 7). Resting spores have
generally reported to have higher sinking rates
than vegetative cells (Bienfang 1981, Hargraves
and French 1983), although the spores can also be
formed within the rapidly sinking aggregates
(Alldredge et al. 1995).

There are also species-specific differences in
the succession of resting spore formation and sink-

ing. In the coastal northern Baltic Sea, the cells and
resting spores of Melosira arctica and the cells of
Thalassiosira levanderi and Chaetoceros
wighamii had high sedimentation rates already in
early May, while the peak sedimentation of
Achnanthes taeniata and C. holsaticus was record
ed in mid-May, when inorganic nitrogen was al
ready depleted from the surface layer. Finally the
maximal sedimentation rates of Skeletonema cos
tatum occurred in late May (Fig. 7). The species-
specific aggregate formation and selective sinking
were attributed to cause the temporal differences
in the sedimentation of Chaetoceros spp. and T le
vanderi during a spring bloom in the northern Bal
tic Proper (Passow 1991a). The temporal sequence
of species-specific sedimentation suggests that
resting spore formation also contributes to the suc
cession pattern of the vernal diatoms (McQuoid
and Hobson 1995).

In most cases nitrogen deficiency has been
found to precede spore formation of diatoms (Har
graves and French 1983), while silica deficiency
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Fig. 7. The cell numbers (cells rn3) of the dominant vernal diatom species in the surface layer (0 to 15 m; upper panels
with continuous lines) and the sedimentation rates (mean between 15 and 30 m depth; cells m2 d1; lower panels with
columns) of the vegetative or morphologically similar cells (white columns) and resting spores (cross-hatched columns)
at station P3 from late April until mid-June in 1988. Concentrations (mg rn-3) of dissolved inorganic nitrogen (DlN NO3-
N + N02-N + NH4-N) and silicate (Si02-Si) in the upper water column (0-15 rn) are also presented (broken lines). ND= no
data. Note the difference in scales.

has been observed to trigger high sinking rates of
diatoms (Bienfang et a!. 1982, Riebesell 1989).
Spore formation requires plenty of silicate, which
may enhance a rapid sinking of diatoms to the
depths were silicate concentrations are restored
(Rey and Skjoldal 1987). During the vernal phyto
plankton bloom silicate concentrations are gener
ally relatively high in the coastal northern Baltic
Sea (Niemi 1975, Hällfors et al. 1983, Kuosa et al.
1997), although there is increasing evidence of the
low silicate concentrations in relation to nitrogen
during spring (Niemi and Astrom 1987, Wulff and
Rahm 1988, I, Rahm et al. 1996).

Furtive diatom species are always present in the
water column, although periodically in very low
numbers. They may have very high sedimentation
and loss rates after the major biomass peak, but

appear in low numbers in sediment trap samples
for the rest of the year. For instance, Chaetoceros
wighamii (Fig. 7), which is always present in the
water column and sediment trap samples (IV) has
not been observed to form resting spores in the
coastal northern Baltic Sea (H. Kuosa,
pers.comin.), although many neritic Chaetoceros
species conmionly form resting spores (Hargraves
and French 1983, Garrison 1984).

The common coastal and estuarine diatom Skel
etonema costatum is able to survive long periods in
dark and cold temperatures (Smayda and Mitchell
Innes 1974). S. costatum has a physiological rest
ing stage, which is morphologically similar to the
vegetative cell, and has a capability to rapidly es
tabllsh a bloom as conditions turn favorable (Har
graves and French 1983). After culmination of the

Achnanthes taeniata Chaetoceros holsaticus

9.Oe+8

6.Oe+8

3.Oe+8

O.Oe÷0

Melosira arctica

3
CD

C’,

3

3.Oe+8

2.Oe+8

1.Oe+8

O.Oe+O

1.Oe+8

2.Oe÷8

3.Oe+8

3.Oe+8

6.Oe+8

9.Oe+8

3.Oe+9

2.Oe+9

1.Oe+9

O.Oe+O

3.Oe+9

6.Oe+9

9.Oe+9

3.Oe+9

2.Oe+9

1.Oe+9

O.Oe+O

3.Oe+9

6.Oe+9

9.Oe+9

‘7
E

CD
C.)

C

‘I,

CD
C.)

C

E

CD
C.)

C,’

E
C’,

CD
C.)

Skeletonema costatum Chaetoceros wighamli
6.Oe+8

4.De+8

2.Oe-f 8

O.Oe+O

Thalassiosira Ievanderii

1.Oe+9

2.Oe+9

3.Oe+9
Apr May Jun Apr May Jun



32 Heiskanen Monographs of the Boreal Environment Research No. A

bloom, a large part of the population sinks rapidly
to deeper water layers (IV, Fig. 7). The cells of S.
costafum excrete a thin film of mucus around the
cells, resulting in high stickiness promoting the
cell to cell aggregation potential also with other di
atom species (Kiørboe and Hansen 1993, Passow
ef at. 1994, Crocker and Passow 1995). Aggrega
tion and sedimentation have been suggested to be
predominant during the exponential phase of the S.
costatum, while flocculation is prevented as the
bloom ages. Such behavior would provide a com
petitional advantage for the fast gruwing small dia
toms, such as S. costatum, during a multispecific
diatom bloom (Hansen et at. 1995) and retain a
seed population in the water column as the bloom
ends. The cells of S. costatum are always observed
in low numbers in the water column (H. Kuosa,
pers. comm.) and in the sediment trap samples (IV,
Tallberg 1994), indicating that the physiologically
dormant cells of S. costatum remain suspended in
the deep water column and “hang around” until the
environmental constraints become suitable for the
re-establishment of a bloom.

6.2.2 Vernal dinoflagellate strategies

Dinoflagellates are generally considered to be spe
cies adapted to more stable environments with less
turbulent mixing and low nutrient concentrations
(Margalef 1978). As such they resemble K-strate
gic species with low growth rate, large size, and
steady state between growth and loss rates (Killiam
and Kilham 1980). Typically they are considered to
allocate resources efficiently in activities which
promote survival of individuals, such as large stor
age capacity, body armor, and toxin production,
rather than in reproduction (Kilham and Hecky
1988). Outside the r-K and spring-summer succes
sional continuum presented by Margalef (1978),
there is a niche for bloom forming “red-tide” dino
flagellates. Due to their affinity for high nutrient
conditions they resemble r-strategic diatoms
(which demand large resource supply), but grow in
more stable, stratified conditions as K-strategic
dinoflagellates. In respect to this scenario, the dom
inant vernal dinoflagellates, Scrippsiella hangoei
and Peridiniella catenata, in the northern Baltic
Sea can be classified as “red-tide” dinoflagellates
(ifi, Larsen et at. 1995). They represent character
istics (besides toxicity) that are typical for red-tide
species adapted to decaying turbulence and abun

dant supply of nutrients, such as mobility (P. cate
nata and £ hangoei) and cyst formation (at least £
hangoei) (Margalef et. al. 1979).

Generally the dominance of dinoflagellates in
creases after diatoms have already passed their
bloom peak. When the winter is mild, and the ice
cover completely lacking, or melting already in
March, the dinoflagellates often dominate (Kono
nen and Niemi 1984, 1986). Calm conditions seem
to promote the dominance of dinoflagellates over
diatoms during the spring bloom (III, lv). When
the surface layer is stratified either due to fresh
water out-flow, resulting in salinity stratification,
or development of a shallow thermocline, dino
flagellates, due to their mobility, are able to over
come diatoms, which sink below the mixed surface
layer, and are unable to return to the illuminated
surface layer thereafter (Ill, IV). After the germi
nation of the resting cysts (at least those of Scripp
sietta hangoei), the flagellated cells are able to
swim to the illuminated surface layer and remain
suspended. In early spring, S. hangoei, often forms
dense blooms concentrated into a thin layer below
the ice cover, where light conditions are probably
sufficient for growth (Larsen et at. 1995).

The sequence of the different size fractions of
Scrippsietta hangoei in the water column indicated
that there is a successiun of different life stages of
the species (Fig. 8). Results from the germination
experiments have indicated that Scrippsietta
hangoei may have an obllgate dormancy period,
since its cysts do not germinate until December
when vegetative cells start to emerge (A. Kremp,
pers. comm.). The population is first dominated by
a size fraction of 20 to 25 jim, representing a vege
tative stage, whereafter the numbers of small cells
(16 to 18 jim, possibly gametes) increase (Fig. 8).
Gamete formation takes place soon after depletion
of nitrate from the surface layer, which is a typical
factor triggering sexual reproduction of dinofla
gellates (Pfiester and Anderson 1987). Thereafter
the numbers of larger cells, probably mobile
planozygotes (20 to 25 jim), increase again. Verti
cal flux of S. hangoei resting cysts (hypnozygotes)
starts to increase almost concurrently with the re
newed appearance of large cells in plankton (Fig.
8). A similar sequence of size fractions has been
observed several times in the study area, suggest
ing that the sexual cycle of £ hangoei (Fig. 9) reg
ularly occurs during spring (II, Ill, A. Kremp, pers.
comm.). The numbers of vegetative cells in the
sediment trap samples are always very low (II, Ill),
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Fig. 8. The cell numbers (cells m3; upper, panels with lines) of the dominsnt vernal dinoflegellete species, snd the se
quence of the difterent size trsctions of Scrippsiella hangoel- cells in the surface layer (0 to 15 m) st station P3 during the
spring bloom in 1988. The sedimentation rates (mean values between 15 and 30 m; trom the non-preserved sediment
traps; lower panels with columns) of the vegetative cells are corrected for potential decomposition using a decay rate
coefficient of 0.05 d1 (Equation 4). The sedimentation ot the S. hangoel resting cysts are not corrected for decomposi
tion. ND = no data.

and the sinking loss rate of vegetative cells is less
than 1% dt (Table 1). However, the flux of S.
hangoei resting cysts in relation to the numbers of
the suspended population (Ill, Table 1) suggests
that if the cell density is high, a relatively large
fraction of the suspended population is able to
complete sexual reproduction and form hypnozy
gotes.

There are interannual differences in the magni
tude of the bloom biomass and in the flux of
Scrippsiella hangoei cysts. The major peak of the
cyst deposition at the entrance to the Gulf of Fin
land occurs regularly at the end of May (II, ifi, A.
Kremp, pers. comm.), suggesting that the timing of
encystment may be governed by an internal spe
cies-specific periodicity rather than by external
factors. Also in the central Gulf of Finland, the
major peak of £ hangoei cyst deposition was ob
served to start at the end of May (Kankaanpaa et
al. 1997), suggesting that the timing of encystment
may also be similar elsewhere.

An another important dinoflagellate species in
the vernal phytoplankton assemblage is Peridiniel
la catenata (syn. Gonyaulax catenata). It is a large
chain-forming species, which is abundant through-

out May (Fig. 8), often forming prolonged blooms
continuing until early June (Niemi 1975). Vertical
migration and subsequent trapping of the migrat
ing population resulted in an accumulation of P.
catenata cells into the formaldehyde preserved
sediment trap cylinder (II). However, sedimenta
tion rates of P. catenata cells are rather low. Daily
sinking loss rates were less than 4% of the sus
pended population (II, lv), while up to 12% of the
population was estimated to migrate daily below
15 m depth (II). P. catenata has been observed to
perform extensive daily migrations, ranging be
tween the surface and 30 m during a spring bloom
in the Baltic Proper (Passow 199lb). However,
vegetative cells of Scrippsiella hangoei did not
have significantly higher sedimentation rates (in
formaldehyde preserved cylinders), which indicat
ed that it was not migrating as P.catenata (II, III).
Indeed, it was shown by Olli et ol. (in press) that P.
catenata was performing daily vertical migration
from below the mixed surface layer into the nutri
ent rich layer (down to ca. 20 to 24 m depth). In
contrast, £ hangoei was concentrated in the nutri
ent depleted surface layer and did not show migra
tional behavior.

Peridiniella catenata Scrippsiella bangoel
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Fig 9. Schematic preaentation of the dinoflagellate,
(Scrippsiella hangoei), life cycle in the northern Baltic
Sea. In winfer and early spring fhe vegetafive cells germi
nafe (1) from resfing cysts. During spring bloom, the veg
etative cells divide (2) forming gametes, which fuse (3)
and change info a diploid planozygote. After encystment
(4), planozygotes form hypnozygotes (resting cysts),
which sink to the sediments at the end of the spring bloom
(Ill). During summer and autumn, resting cysts remain
dormant (5) in the sediments.

Chain formation of Peridiniella catenata may be a
specific adaptation for vertical migration. Dino
flagellates with several cells in the chain have been
shown to have higher swimming speeds than sin
gle-celled species (Fraga et al. 1989). Vertical mi
gration enables P. catenata to use deep nutrient re
serves below the mixed surface layer, which would
explain the prolongation of the bloom even after
nutrients have been exhausted from the mixed sur
face layer. Moreover, vertically migrating dino
flagellates can act as nutrient pumps and transport
nutrients from the deep layer into the mixed sur
face layer (Fraga et al. 1992), which can be availa
ble for non-migrating species after regeneration
(Prego 1992).

It has been suggested, that the niche separation,
through the different behavioral characteristics of
the major bloom forming dinoflagellates, enables
the coexistense of these species during the spring
bloom (Olli et al., in press). On the other hand, dif
ferent nutritional strategies of Scrippsiello
hangoei, such as high affinity to low nutrient con
centrations, or potential mixotrophy, could explain
the competitional success of £ hangoei and coex
istence with the vertically migrating P. catenata.
While the bloom of S. hangoei terminates after
sexual reproduction and cyst formation (III), no
evidence has yet been found that P. catenata

would also have resting cysts. However, both ver
nal dinoflagellates form transient blooms, and they
are completely absent from the water column sam
ples for the rest of the seasonal cycle. Only low
numbers of £ hangoei cysts are found in sediment
trap samples, indicating dispersal caused by resus
pension (ITT). In conclusion, it seems in many re
spects that P. catenata has a behavior, which more
resembles a “K-strategist”, investing on vertical
migration and cell armor, while S. hangoei be
haves more like a “r-strategist” with a shorter du
ration of the high bloom biomass and subsequent
seeding of cysts.

6.2.3 Fate of the cyanobacterial blooms

In the Baltic sea, blooms of filamentous cyanobac
teria are natural and recurrent phenomena during
late summer. However, the intensity, relative
abundance of the major species (Nodularia spumi
gena and Aphanizomenon cf..flos-aquae), and tem
poral and spatial coverage of the blooms vary con
siderably from year to year, and the predictability
of cyanobacterial blooms is poor (Kononen 1992,
Kahm et al. 1994). Tn the following, Twill limit the
discussion on the fate of N. spumigena and Apha
nizomenon, which generally dominate the late
summer blooms in the open Gulf of Finland and
the Baltic Proper, and exclude the blooms of cy
anobacteria (such as Planktothrix agardhii, Oscil
latoria spp. and Microcystis spp.), which regularly
occur in the eutrophied eastern parts of the Gulf of
Finland and in the Neva estuary (Kauppila et al.
1995, Leppänen et al. 1995). Considerable varia
bility in the bloom intensity has been observed
during the last two decades in the northern Baltic
Sea. Exceptionally large cyanobacteria blooms
(mainly dominated by N. spumigena) have been
reported in 1983, 1984 and 1992 (Kononen 1992).
While N. spumigena did not form extensive
blooms during the late 1980s (Kahru et al. 1994),
Aphanizomenon blooms were regularly observed
(cf. Kononen 1992). Recently, massive blooms of
N. spumigena occurred in 1996 and 1997, covering
large areas in the northern Baltic Sea (Alg@line,
1997).

Diazotrophic cyanobacteria are considered to
be favored by low N:P ratios due to their ability to
fix molecular nitrogen, which provides a compet
itive advantage over other algae in nitrogen-limit
ed environments (Niemi 1979, Paeri 1996). From
a water quality management point of view, this

Vegetative cell
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has often been regarded as the major reason for
the success of cyanobacteria in the Baltic Sea dur
ing summer. However, the abundance of diazo
trophic cyanobacteria is governed by a multitude
of factors, such as frequency of hydrodynamic
perturbations, duration and strength of surface
layer stratification, combined with favorable nu
trient supply, light conditions, and a subsequent
physiological ability of cyanobacteria to establish
buoyancy control (e.g. Paerl 1996). Moreover,
with respect to nitrogen input (nitrogen fixation
or deep water nitrogen assimilation; Kononen
1992, Kononen et at. 1996), toxicity (Sivonen et
at. 1989), and the fate of the produced biomass
(IV, V), there is a difference whether the cyano
bacterial bloom is dominated by Nodutaria or
Aphanizomenon.

Aphanizomenon is able to grow in lower tem
peratures, and in lower light intensities than Nod
ularia spumigena (Lehtimäki et at. 1997). Al
though Aphanizomenon has a lower phosphorus
demand (Lehtimäki et al. 1997), it is probably
more dependent on an initial nutrient input
through wind-induced mixing or upwelling than
N. spumigena (Kononen et at. 1996). N. spumige
na has large intracellular P reserves (Huber and
Hamel 1985) and a higher affinity to phosphate
(Wallström et at. 1992), implying that the low
N:P ratio favors particularly the development of
the N. spumigena bloom (Kononen 1992, Konon
en et at. 1996). Moreover, aggregates of cyano
bacteria are often colonized by large numbers of
bacteria, other algae, and heterotrophic nano- and
micro-organisms which supply regenerated phos
phorus for cyanobacterial growth, indicating a
mutualistic symbiosis between heterotrophic bac
teria and cyanobacteria (Paerl 1996, and referenc
es therein).

There is also vertical separation between the
two species: Aphanizomenon filaments are gener
ally observed to be more evenly distributed
throughout the water column than Nodularia
(Nieniistö et at. 1989, Kononen 1992), which
forms floating surface accumulations and has a
higher ascending velocity than Aphanizomenon
(Walsby et at. 1995). The dominant cyanobacteria
also have different overwintering strategies. N.
spumigena can be classified as a transitory species
which is recruited from benthic akinetes, carried to
the water column by resuspension, and settles after
the termination of bloom (Huber 1984). Aphani
zomenon is a furtive species; its filaments can be

observed in low density in the water samples
throughout the year (Kononen 1992).

Cyanobacteria are able to control their position
in the water column by means of gas vacuole and
carbohydrate content (Walsby 1987); thus the sed
imentation losses of cyanobacteria have been con
sidered to be negligible (Reynolds and Walsby
1975, Seilner et at. 1994). Indeed the sinking loss
es from the late summer phytoplankton communi
ty dominated by Nodularia spumigena and Apha
nizomenon appeared to be small (IV). Although N.
spumigena was the dominant species in the water
columii, comprising ca. 40% of the total phyto
plankton biomass during the cyanobacterial bloom
peak in early August, it did not settle in measurable
quantities in the sediment trap cylinders (IV). Also
the daily loss rates of Aphanizomenon, the second
most abundant species in the water column, were
less than 1% d’, although it was relatively numer
ous in the trap material (IV).

Decomposition of organic matter may have
been relatively rapid in the trap cylinders, since no
preservatives were used (IV). Assuming that the
disintegration rate of the cellular structures of
Aphanizomenon was 25% d-1 (Fallon and Brock
1979), which was more than twice the measured
decay rate of the settled organic carbon during
summer (I), the decomposition corrected sedi
mentation of Aphanizomenon (Equation 4) would
have been ca. 2 times higher than the measured
rate. Nevertheless, the maximal daily loss rate of
Aphanizomenon would have been less than 2% of
the suspended biomass in the water column,
which suggests that the sinking losses were truly
low (IV).

Sedimentation and buoyancy of Aphanizome
non were studied (V) during the mid-summer peri
od at a fixed station in the southern part of the
Gulf of Riga (station 119; Fig. 2), and at the en
trance to the Gulf of Finland (station 1B; Fig. 2).
In comparison to the Gulf of Finland, where low
nitrogen concentrations (and low N:P ratios) pre
vailed, inorganic nitrogen levels and N:P ratios
were higher and fluctuated more in the surface
waters of the Gulf of Riga. The ambient phospho
rus concentrations in the Gulf of Riga were low
and on the same level as in the western Gulf of
Finland (V).

The successful growth and establishment of
Aphanizomenon bloom in the Gulf of Riga was fa
vored by wind-induced mixing and transport of
deep water nutrients into the surface layer (V).
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Sinking loss rates were low (1—12% of the sus
pended population d’) and Aphanizomenon chains
were able to control their buoyancy. Vertical dis
tribution of Aphanizomenon indicated that a part of
the population descended down to a 10—12 m
depth during the night. After residing in the deeper
water layers, Aphanizomenon regained positive
buoyancy and ascended to the surface in the morn
ing (V). The diurnal pattern of the vertical distribu
tion of cyanobacteria is governed by a cyclic accu
mulation and utilization of cellular photosyn
thetates (Spencer and King 1989). In the surface
layer, where high ligh intensities prevail, carbohy
drates accumulate and turgor pressure of cells in
crease leading to a collapse of the gas vesicles and
subsequent sinking of cyanobacteria. At the deeper
strata, carbohydrates are used for synthesis of new
protein-rich gas vesicles (if the nitrogen supply is
sufficient). Subsequently, positive buoyancy will
be restored, and cyanobacteria will start floating
back to the surface layer.

In contrast to the nutrient-replete situation in
the Gulf of Riga, stronger stratification of the sur
face layer resulted in a separation of the nutrient-
rich deep layers from the euphotic surface layer in
the coastal Gulf of Finland. Also, the differences in
the availability of nitrogen suggested that the
bloom formation of Aphanizomenon was depend
ent on the deep water nutrient supply. In such nu
trient-depleted conditions, a proportionally larger
fraction of Aphanizoinenon was lost by sedimenta
tion (20—40% d-1), compared to the Gulf of Riga,
probably being promoted by concurrent entangle
ment with detrital aggregates. Apparently, the
physiological buoyancy control was less efficient,
and most of the chains were negatively buoyant.
These results support conclusions of other studies,
implying that the establishment of an Aphanizome
non bloom is dependent on a deep water nutrient
supply (Kononen and NOmmann 1992, Kononen
et al. 1996). Thus the bloom formation and suc
cessful buoyancy control of Aphanizomenon were
favored by higher nitrogen (and phosphorus) lev
els in the Gulf of Riga rather than purely by the
low N:P ratio (illustrating low availability of nitro
gen in relation to phosphorus) at the entrance of
the Gulf of Finland (V).

6.3 Algal bloom development and fate in
the nutrient enriched enclosures

In comparison to the spring bloom, which is gener
ally dominated by the same group of species every
year (although their relative abundance may slight
ly vary between years), the species which dominat
ed the phytoplankton community after nutrient en
richments in the enclosure experiments during
summer were unpredictable (VI, VII). Emerging
algal assemblage is a result of a number of pro
cesses shaping the species composition and their
abundance. Processes such as size selective graz
ing (Kivi and Setala 1995) , viral infection (Brus
saard et al. 1996), species-specific aggregation
(Crocker and Passow 1995) and sinking rates
(Smayda 1970) as well as physical factors set the
boundaries for algal succession (Levasseur et al.
1984). Also the species-specific life cycle strate
gies for seeding and survival, influence the ability
of an algal community to establish a bloom in the
enclosures, if nutrients become available.

The effect of nutrient enrichments on the bio
mass development and sinking loss from the re
generating phytoplankton community was studied
during two large scale mesocosm experiments in
the south-west coast of Finland (close to station
XII) during summer (VI, VII). The cumulative
amount of nutrients added was almost the same for
both experiments (180mg N m3 and 40 and 45 mg
P of3), corresponding roughly to the nutrient con
centrations available in the water column before
the onset of the vernal bloom in the study area. The
experimental design was different during the two
experiments: in 1988 nutrients were added daily
during two separate five day periods (VII), while
in 1993 nutrients were added in three (60 mg N

and 15 mg P of3) pulses (VI).
The initial conditions and timing of the nutrient

enrichment had a crucial impact on the further de
velopment of the system. Apparently enclosing of
the water column into mesocosms changed the
structure of algal assemblages so that a transient
“new production” type of community (albeit being
dominated by a chrysophycean flagellate Pseudo
pedinella sp.) emerged in the units which received
nutrients after a delay of a few days (VII). Mass
balance calculations indicated that the added nuth
ents where not as efficiently incorporated into the
planitonic food web in units with transitory bloom
development compared to other units (VII). After
the bloom maximum, large numbers of resting
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spores of Pseudopedinella sp. were found in the
water eolunm of all units (Autio et al. 1990),
which suggests that spore formation was also relat
ed to the internal life cycle of the species. In units
which received nutrients immediately after the
start of the experiment, a small centric diatom,
Thalassiosira sp., dominated the phytoplankton
biomass. This species was apparently efficiently
grazed, which led to an accumulation of detritus
and development of a more “regenerated” type of
pelagic system (VII).

During the large scale experiment in July 1993,
the history of the planktonic community was dif
ferent. There had been an upwelling just before the
start of the experiment, and an autotrophic Euglen
ophycean flagellate, Eutreptiella gymnastica,
which could establish a vigorous bloom already a
one day after enrichments, dominated the initial al
gal biomass (VI). This indicates that the post-up-
welling E. gymnastica population was adapted to
an efficient use of episodic nutrient additions and a
successful maintenance of a vegetative population
in between nutrient inputs. Due to its ability to mi
grate vertically, E. gymnastica was able to survive
in the lower part of enclosures, where nutrient con
centrations were probably higher than in the sur
face layer. However, throughout the experiment
the total numbers of E. gymnastica declined. This
was most likely due to the efficient grazing by
copepods, since the sinking loss rates of E. gym
nastica explained only a minor part (< 1% d’) of
the total losses (VI). Furthermore, the low number
of large viral particles did not suggest for viral
lysis either (P. Tuomi, unpubl.). Cysts of E. gym
nostica were found in the bottom of the enclosures
throughout the experiment, although their daily
settling flux corresponded to less than 0.5% of the
total population in the water column (Olli 1997).
The manipulations did not result in any significant
differences in the sedimentation rates of cysts, sug
gesting that cyst formation of E. gymnastica was
an endogenous process being governed by the spe
cific life cycle of the species (VI, Olli 1997).

6.4 Implications on seasonal export
production and nutrient dynamics

During the spring bloom phytoplankton comprise
a major part of the particulate carbon in the water
column. In the northern Baltic Sea, diatoms gener
ally form the largest fraction of settled material,

while in the water column their contribution is of
ten less than that of dinoflagellates (II, IV, Fig.
10). The sedimentation rates of diatoms were rel
atively constant during the different years, varying
between 300 and 500 mg C m2 d’ in the south
west coast of Finland (II, IV, Tallberg 1994). Ap
parently, the interannual variability of total sedi
mentation was mainly influenced by other factors
than by the species composition or sedimentation
rates of diatoms. In the Auke Bay, Alaska, it was
found out that despite the interannual differences
in the species composition and the sinking rates of
diatoms, or in their ability to form aggregates, the
relationship between production and sedimenta
tion remained relatively constant during spring
(Bienfang and Ziemann 1992).

Dinoflagellate biomass may comprise a sub
stantial part of the suspended POC during the
spring bloom in the coastal northern Baltic Sea (II
IV, Fig. bA). However, the contribution of their
vegetative cells to the POC sedimentation is con
siderably smaller (II, IV, Fig. lOB). Although the
resting cysts of Scrippsiella hangoei formed a
considerable part of the total settled carbon, the to
tal cumulative flux of cysts was estimated to corre
spond to less than 20% of the decline of the S.
hangoei biomass in the water column, during an
intense dinoflagellate bloom in spring (III).

Sinking loss rates of Peridiniella catenata are
also relatively low. The cumulative sedimentation
of P. catenata cells in the non-preserved sediment
trap cylinders has been observed to vary between
20 and 30% of the maximal standing crop in the
water column. The daily loss rates varied between
0—4% of the suspended population (II, IV). Since
the grazing losses are relatively small during the
vernal bloom (III, Lignell et ol. 1993), it is likely
that the major part of the vernal dinoflagellate bio
mass (both Scrippsiella hangoei and P. catenata)
disintegrates in the water column and settles grad
ually as unrecognizable detrital material.

Dinoflagellate blooms are seldom sinking en
masse as diatoms, but rather disintegrate in the wa
ter column, thus fueling the detrital food chain of
the pelagic system rather than the benthic commu
nity (Sellner et al. 1993, Olesen 1995). However,
contrasting observations have also been made: the
unsuccessful completion of the sexual cycle of
Ceratium spp. was suggested to be the reason for
the mass mortality and breakdown of cells in the
water column prior to sedimentation in the Mel
Bay (Noji et a!. 1986). Accordingly, it seems that



38 Heiskanen Monographs of the Boreal Environment Research No. 8

‘ May ‘ Jun Jul Aug

dinoflagellates do not sink as intact cells, but pro
duce slowly sinking pbytodetrital material after the
bloom has terminated.

The limitation of dissolved silica has been sug
gested to change the species composition of the
planktonic community from a diatom-dominated
into a flagellate-dominated community (Officer
and Ryther 1980). There is also increasing evi
dence that the nutrient discharge of anthropogeni
cally influenced rivers changes the coastal plank
ton communities to an increasing silica-deficiency
in relation to nitrogen and phosphorus (Lancelot et
al. 1987, Justic et al. 1995). This is also promoted
by the uptake of silica and rapid sinking of diatoms
in the river mouths (Smetacek 1986, Heiskanen
and Keck 1996). Silica limitation has not (yet)
been documented in the Baltic Sea, despite clear
indications that the inorganic Si:N ratio in the wa
ter column prior to the spring bloom has decreased
in the Gulf of Finland and Baltic proper during the

last decades (Wulff and Rahm 1988, Rahm et al.
1996). Such a development implies that if nitrogen
and phosphorus loading will further increase, or
silica leaching and transport from the watersheds
will decline, silica limitation in relation to supply
of nitrogen and phosphorus may occur (Rahm et
al. 1996).

The further consequences would imply that if
the vernal diatoms would become silicon-limited,
more nitrogen and phosphorus would remain
available in the water column for the later growth
of dinoflagellates. Formation of strongly silicified
structures of resting spores (Hargraves 1976) re
quires plenty of silica and other nutrients (Oku and
Kamatani 1995), while rapid sedimentation of sili
ca occurs in connection to the sinking of diatom
resting spores (Leppanen 1988). The changes may
also be more subtle, leading first into shifts in the
species composition of diatoms from species,
which require silica for resting spore formation, to
less silicified diatoms (Kuosa et al. 1997). Such
changes would probably result in the rapid sinking
of more silicofied vernal diatoms, and accelerated
transport of biogenic silica into the sediments, as
observed in the Chesapeake Bay (Conley and
Malone 1992). Ultimately, it may be hypothesized
that in the northern Baltic Sea, a severe silica limi
tation could lead to an increase in the dinoflagel
late biomass, resulting in a prolongation of the ver
nal bloom and subsequent delay in sedimentation.
Consequently, the retention of organic matter in
the pelagic system could be more substantial than
during a diatom-dominated spring bloom period,
thus providing a more abundant supply of sus
pended material to the regenerating planktonic
community in summer.

Nitrogen fixation by cyanobacteria such as
Nodularia or Aphanizomenon represents an input
of new, external nitrogen into the pelagic system
(e.g. Dugdale and Goering 1967). Albeit being vis
ually dramatic, the share of cyanobacteria in the
total algal biomass in the water column may be
rather modest (Fig. bA), although considerable
variation occurs (TV, Kononen 1992). Cyanobacte
rial nitrogen fixation has been estimated to con
tribute ca. 11 % of the total N input to the Baltic
Sea (Larsson et al. 1985). Nitrogen fixation by cy
anobacteria was estimated to be 16%, at maxi
mum, of the total N assimilation of the planktonic
community during an intense Nodularia bloom in
the central Baltic Proper. Uptake of regenerated
nitrogen by other, non-nitrogen fixing algae, dom
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Fig. 10. A. Contribution ot the difterent phytoplankton
groups to the total particulate organic carbon (POC) in the
surface layer (between 0 and 15 m) B. and to the total
sedimentation of POC (corrected for migration contami
nation) at 15 m depth at station P3 from in 1988. Sedi
mentation of the vernal dinoflagellates, Eufreptiella and
Mesodinium rubrum, is measured by the non-preserved
sediment trap cylinders end corrected for mineralization
(Equation 4; k= 0.05 d-1). The sedimentation rates of dia
toms are mean values between non-preserved and for
maldehyde-preserved cylinders. The fluxes of other spe
cies are from the formaldehyde-preserved cylinders.
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mated the total N assimilation (Sorensson and Sa
lIsten 1987). Also phosphate uptake was dominat
ed by the smallest size fraction of bacteria and pi
coplankton during a cyanobacterial bloom in the
Gulf of Finland (Gronlund et ci. 1996).

Since Noduicria spumigenc aggregates are not
directly settling, mesozooplankton grazing is prob
ably negligible (Seliner et ci. 1996), and there is no
direct evidence that overall sedimentation of or
ganic matter (C and N) would have been increased
during summers when Noduicria blooms were in
tense (I, IX), it is likely that the input of external
nutrients (both P and N) is channeled to the micro
bial food web after the termination of the bloom
(Sellner 1992, Sellner et ai. 1994). This indicates
that the pelagic system could incorporate the fixed
nutrients into the planictonic food web within a
time scale of several weeks (or even months). Con
sequently, although cyanobacteria (in particular N.
spurnigena) impose a serious problem due to their
toxicity, their importance for the overall export
production from the pelagic system, as well as to
the oxygen deficiency in the deep waters is rela
tively small.

7 Impact of planktonic food web
interactions on sedimentation

In addition to the species composition of the phyto
plankton community (as discussed in the Chapter
6), also the structure and functioning of the hetero
trophic community of the planktonic food web
have a crucial impact on the quality and quantity of
organic matter leaving the pelagic system. The
feeding activities of planktonic meta- and protozoa
accelerate or retard the magnitude of the export
flux from the productive surface layer (Legendre
and Le Fevre 1989, Peinert et ci. 1989, Wassmann,
in press). In most new production systems large al
gae (often belonging to diatoms or dinoflagellates)
dominate, which either leads to accelerated sinking
(i.e. export of produced biomass) or increased graz
ing by larger zooplankton, such as copepods, and a
subsequent increase in retention in the pelagic sys
tem (Legendre and Le Fevre 1989, Peinert et ci.
1989). Small nano- and pico-sized algae are typical
for regenerating systems, leading to a greater reten
tion and more effective recycling of organic mate
rial in the pelagic system. The effectivity of new
production systems in channeling the produced bi
omass into harvestable fish yield (i.e. Iverson

1991) or into export flux from the pelagic ecosys
tem is dependent on the species composition, re
crnitment and development of secondary producers
(Peinert et ci. 1989, Wassmann, in press).

In the early 1980s, the structure of the traditional
grazing food chain (algae-mesozooplankton-fish)
was complemented by the concept of the microbial
food web (Azam et ci. 1983). As the knowledge of
the role of the minute (picoplankton; ie. 0.2 to 2 Inn,
Sieburth et ci. 1978) autotrophic and heterotrophic
planktonic organisms and their grazers (hetero
trophic nano- and microprotozoa) increased, under
standing of the size selective, multiple feeding in
teractions within the microbial food wed started to
expand (see Williams 1981, and Sherr and Sherr
1988 for reviews). In this scenario, primary synthe
sis of organic material takes place in multiple size
classes of pelagic autotrophs (pico-, nano- and
microautotrophs), which are in turn grazed by nano,
micro- and meso-sized heterotrophs (e.g. Azam et
ci. 1983, Sherr and Sherr 1988). Also, the important
pathway of dissolved organic matter (DOM) utili
zation by bacteria, and subsequent grazing of bacte
ria by heterotrophic nanoflagellates, implicated a
link from DOM via bacterial production to the mi
crobial food web (Fenchel 1982, Azam et ci. 1983).
These findings, combined with the spimting wheel
hypothesis of rapid mineralization and uptake of
nutrients within the microbial clusters (Goldman
1984), emphasized the role of the microbial loop,
particularly in oligotrophic systems. The “reinven
tion” of the concepts of new and regenerated pro
duction (Dugdale and Goering 1967) in the late
1970s (Eppley and Peterson 1979) paved the way
for a novel combination of the classic food chaln
and the microbial food web within a conceptual
framework of new and regenerated production,
structuring the patterns of the seasonal succession
and oligotrophy-eutrophy continuum of the pelagic
systems, both in the open ocean (Eppley et ci. 1983,
Platt et ci. 1989, Legendre and le Fevre 1989, Platt
et ci. 1992) and in coastal areas (Smetacek et ci.
1984; Smetacek and Pollehne 1986, Wassmann
1986, 1991).

However, new and regenerated systems are not
temporally or spatially separated, but often exist su
perimposed on each other (Peinert et ci. 1989). For
instance, in a stratified water column, a deep-living
population of primary producers may be supplied
by a diffusive transport of new nitrogen from below
the pycoocline, while in the surface layers nutrients
may be available mainly through heterotropbic
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mineralization. These systems may also prevail
closely associated even within the spatial scale of
an aggregate. For instance, during the late summer
cyanobacterial blooms in the Baltic Sea, nitrogen is
partly provided externally (deep water or atmos
pheric sources), and phosphorus from internal re
serves of the algal cells, or by the enzymatic miner
alization of the heterotrophic bacteria living within
cyanobacterial aggregates (i.e. Chapter 6.).

7.1 Grazing control versus sedimentation
of the spring bloom

In the temperate and boreal coastal areas, a major
part of the spring bloom biomass is generally con
sidered to be lost by sedimentation, due to the slow
development of mesozooplankton. Thus the bulk
of the biomass is left ungrazed (Peinert et at. 1982,
Smetacek et at. 1984, Nielsen and Richardson
1989). However, the fate of the high latitude new
production is strongly dependent on the over-win
tering strategies and success of zooplankton,
which may retain a considerable fraction of the
vernal new production in the pelagic system, pro
vided that their recruitment will match with
growth of the vernal phytoplankton bloom bio
mass (Peinert et at. 1989, Wassmann et al. 1991).

In the Baltic Sea, the dominant calanoid copep
od species overwinter as late copepodite stages, as
adults, or as resting eggs (Viitasalo et at. 1994, Vii
tasalo and Katajisto 1994). The development of the
first generation of the major vernal copepod spe
cies, Acartia bifilosa, is influenced by the melting
of the ice cover (Viitasalo et at. 1994), as well as by
the hydrographical conditions leading to resuspen
sion of A.bffilosa resting eggs from the sediments
(Viitasalo 1992). The late copepodite stages of the
earlier generation may occur simultaneously with
the first generation of nauplii in the water column
(Viitasalo et al. 1994). As the nauplii are feeding
on a smaller size range of particles than adult cope-
pods, they are competing for the same particle frac
tion as microzooplankton (Uitto 1996). Hence, they
cannot control the spring bloom phytoplankton bi
omass mostly consisting of large chain-forming di
atoms and dinoflagellates (Lignell et at. 1993).
Concurrently, the adult copepods and copepodites
may exert a minor top-down control on ciliates
(Kuuppo et at. 1998).

It is generally believed that due to the late devel
opment of mesozooplankton, a large part of the ver

nal bloom is lost by sedimentation in the northern
Baltic Sea (Forsskâhl et at. 1982, Kuparinen et at.
1984, Lignell et al. 1993). However, the considera
ble variability of the export ratio during the spring
period (30—70%; I, VIII, TX), suggests that besides
the methodological differences, the species compo
sition and the structure of the planktonic system
may influence the amount of organic matter re
tained in the water column after the spring bloom.

The fluctuations in the hydrodynamics, and in
the extension of the ice cover, influence the devel
opment, species composition, and duration of the
vernal bloom (i.e. Chapter 6), leading to a potential
co-occurance of the bloom and the later life stages
of copepods. Potentially, the export flux of organic
matter in relation to the total primary production
(i.e. the e-ratio) may be higher, if the diatoms,
which sink rapidly from the surface layer, and ex
port most of the produced biomass to the benthos,
comprise a major part of the vernal phytoplankton
biomass. When the dinoflagellates form a high hi
omass, more organic matter in relation to primary
production may be retained in the pelagic system
for a longer period of time as detrital DOM and
POM. This could lead to a better temporal match
between the spring bloom and the developing gen
eration of copepods (or the overwintering copep
odites).

Microzooplankton, i.e. mainly heterotrophic
dinoflagellates and ciliates, form a biomass peak
soon after the phytoplankton maximum in spring.
They have been suggested to be favored both by
the abundant supply of food as well as due to low
predation control by the mesozooplankton (Smeta
cek et at. 1984, Kivi 1986, Kivi et at. 1993, Kuup
p0 et at. 1998). The importance of ciliates as po
tential grazers of the vernal phytoplankton bio
mass was emphasized earlier by Leppanen and
Bruun (1988), while in the more coastal location
their grazing impact on the spring bloom phyto
plankton production was estimated to be minor (<
4% of the vernal net primary production; Lignell et
at. 1993). The controversial role of microzoo
plankton as consumers of the vernal phytoplanicton
bloom is probably due to interannual variability
both in hydrographical factors (melting of ice cov
er, development of stratification) as well as in the
variability of the top-down control by the meso
zooplankton predators (Kivi 1996).

Since a large part of vernal phytoplanicton pro
duction is exported by sedimentation, the actual
amount of the produced biomass retained within
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the heterotrophic biomass, or as suspended detrital
DOM and POM after termination of the bloom,
may be crucial for the later development of the pe
lagic system. This would imply that if dinoflagel
lates are abundant, a potentially greater fraction of
the vernal new production could fuel the microbial
food web, for instance, through the DOM-bacteria
heterotrophic flagellates-link. Thus a larger frac
tion of nutrients would be incorporated into the
microbial loop, and the total export through sedi
mentation would be smaller than the initial input of
new nutrients into the pelagic system. Consequent
ly, more nutrients would remaln in the mixed sur
face layer after stratification of the water column,
and a higher planktonic biomass could be support
ed by the regenerated production during sunmier.
Ultimately, however, sedimentation would be tem
porally delayed, and lead to a gradual settling of
organic matter from the regenerating pelagic sys
tem in summer (Lundsgaard & Olesen 1997).
Moreover, the retention capacity of the pelagic
system is likely to deteriorate, as during a shift
from one dominating mesozooplankton communi
ty to another (Peinert et al. 1989), or as the mortal
ity of the pelagic heterotrophs increases at the end
of the productive season.

7.2 Food web interactions and top-down
control in regenerating systems during
summer

As the seasonal cycle proceeds from the vernal
new production to regenerated production period
in the western Gulf of Finland, the overall size of
the dominant organisms decreases and a major part
of primary production and respiration takes place
in the nano- and picosize fractions of the pelagic
community (Kuparinen 1987, Kuosa 1991b). Most
of the carbon produced by autotrophs is channeled
further in the microbial food web, and consequent
ly respired by heterotrophs belonging to several
tropbic levels and size fractions (Kuosa 1991b).
There is a tight coupling between picosized plank-
tonic producers, algae and bacteria, and their nano
sized predators, heterotrophic nanoflagellates,
which rapidly catch up with the increment of their
prey (Kuuppo 1994).

The pelagic microprotozoa, mainly cihates, ef
fectively control the numbers of nanoflagellates
(Kivi 1996). Planktonic protozoa are a hnk be
tween microbial food web and larger predators,

metazoan zooplankton (Stoecker and Capuzzo
1990). They are also a preferred food type for
many copepods (Kieppel 1993, and references
therein), and efficiently captured by raptorially
feeding calanoid copepods (Jonsson and Tizelius
1990, Kivi 1996). There may also be food compe
tition between ciliates and metazoa (Kivi 1996), or
the predation control of microprotozoa by metazoa
may extend cascading effects down to the smallest
size classes of the planktonic community, promot
ing a biomass growth of bacteria, and pico- and
small nanoalgae (Kivi et al. 1996). While the bot
tom-up processes govern the overall level of bio
mass production, the cascading effects of top-
down control (or grazing I predation control) regu
late, into which compartments of the planktonic
food web biomass increase will ultimately be
channeled.

Evidence mainly from freshwater environ
ments show that the top-down processes have a
considerable effect on the sedimentary losses from
the pelagic community. In freshwaters, external
nutrient inputs, combined with high metazoan
grazing pressure, lead to dominance of large graz
ing-resistant algae (e.g. Lynch and Shapiro 1981,
Hessen et al. 1986, Horstedt et al. 1988, Mazum
der et ol. 1988), increased sedimentation of large
planktonic algae (Bloesch and Burgi 1989, Maz
umder et al. 1989), and zooplankton fecal material
(Bloech and Burgi 1989). In marine environments
the situation may be different: Food web manipu
lation experiments conducted in the south-west
coast of Finland during autumn, showed that high
numbers of crustacean zooplankton (mainly cala
noid copepods and cladocerans) resulted in strong
grazing/predation control of microprotozoa (Kivi
et al. 1996). This led to a consequent relaxation of
grazing pressure on small autotrophic nanoflagel
lates (< 10 jim). On the contrary, a lower predation
pressure on microprotozoa resulted in a dominance
of larger phytoplankton (> 10 jim) (Kivi et al.
1996). Hypothetically it could be predicted that
high numbers of crustacean zooplankton enhance
retention of algal cells in the water column due to
shift into dominance of smaller algal size fraction,
while large numbers of protozoa excerting higher
grazing pressure on smaller phytoplankton would
enhance potential sinking losses from larger algal
size fraction (Fig. 11). The large size of phyto
plankton may also promote accumulation of bio
mass, as during the cyanobacterial blooms in the
Baltic Sea, or during the blooms of the large cob-
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fly forming algae, Phaeacystis in the North Sea.
However, there are controversial observations
which insinuate that the Phaeocystis blooms may
also be lost by sedimentation in the deep water en
vironments (Wassmann 1994).

The differences between freshwater and marine
environments are also related to the different struc
ture of crustacean communities in these systems.
In freshwater, filter-feeding daphnids may exert a
dominant role in nutrient retention and loss (Hes
sen et at. 1992) and function as a link between the
microbial loop and higher consumers (Salonen et
at. 1992), while in the northern Baltic Sea mainly
microprotozoa appear to be the mediating link be
tween pico- and nanoplankton and larger mesozo
oplanicton (Kivi 1996). Accordingly, in freshwater
the controlling effect of crustacean zooplankton
(i.e. daphnids) on the lower trophic levels (pico
and nanoalgae and bacteria) may be more direct
(Salonen et at. 1992, Lyche et at. 1996b), while in
the Baltic Sea the top-down effect of crustacean
zooplankton (mainly calanoid copepods; Kivi
1996, Kivi et at. 1996) is mediated through several
trophic steps (i.e. cascading through the ciliate-na
noflagellate-picoplankton-link).

Strong top-down control

Top predators, such as planktivorous fish or
mysids (or other invertebrates), will exert top
duwn control on larger mesozooplankton and lead
to biomass increase in their prey (Hessen et at.
1986, Mazumder et at. 1988, Threilceld 1988, Uit
to ci at. 1995). The effects of trophic cascade from
top predators to the basis of the food-web have tra
ditionally been used in the concept of lake bioma
nipulation (Carpenter et at. 1985, McQueen et at.
1986). Thus the effect of planktivorous fish on
phosphorus cycles in lakes has been intensively
studied (Drenner et at. 1989, Carpenter et at. 1992,
Mazumder et at. 1992). In marine planktonic food
web studies, the introduction of a top predator has
been a less popular practice, although some exper
iments have been conducted where fish (Sonntag
and Parsons 1979, Grice et at. 1980, Kuuppo-Lei
nikki et at. 1994, VI, VII) or fish together with
benthic suspension feeders have been added
(Horstedt et at. 1988, Riemann et at. 1988, Graneli
et at. 1993). Generally the experimental ecosystem
studies in marine environments have been domi
nated by bottom-up rather than top-down ap
proach.

Weak top-down control
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Fig. 11. Potential impact of the top-down control by planktonic copepods (mesozooplankton) on the channeling of the
algal biomaas in the pelagic syatem of the northern Baltic Sea. Strong top-down control reatraina the numbers of ciliatea,
and leads to enhanced nutrient assimilation and biomass accumulation of small algae (<10 pm). Weak top-down control
leads to increased ciliate numbers which suppress the biomasa of small algae (Kivi et al. 1996). Consequently, large
phytoplankton attain a greater share of nutrients leading to increased sedimentation or accumulation depending on the
species.
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7.3 Effect of increased resource supply on
food web interactions and sedimentation

The combined bottom-up (nutrient addition) and
top-down (removal of larger crustacean) effects on
the planktonic ecosystem have been studied inten
sively during over a decade in the south-west coast
of Finland (Tamminen et al. 1985, Kivi et at.
1993). These studies revealed the dominant role of
nitrogen limitation throughout the seasonal cycle,
as well as the strong top-down control of the nil
croprotozoa by mesozooplankton during summer
(Kivi et at. 1993). Later experiments were de
signed to study (among other things) the interac
tion of the bottom-up (nutrient enrichments) and
the top-down control (addition of a planictivorous
fish) on the structure and functioning of the plank-
tonic food web (Kuuppo-Leinikki et at. 1994) and
the sinking loss of the late summer planktonic
community (VI, VII).

External nutrient input is generally incorporat
ed into the growth of the nano- and microalgae,
which are more efficient in establishing a bloom
after nutrient enrichments than the picoalgal size
fraction (Thingstad and Sakshaug 1990, VI, VII).
The initial increase in picoalgae and bacteria is
soon followed by heterotrophic nanoflagellates,
leading to fluctuating predator-prey cycles in the
microbial community (Kuuppo-Leinikki et at.
1994). Especially the continuous accumulation of
phosphorus, which was mainly bound to the detri
tal pool of the pelagic system, was related to the
development of the heterotrophic community
(VII). Carbon and nitrogen were lost in equal rates
by sedimentation, and more efficiently than phos
phorus. This indicated that while phosphorus was
retained and recirculated in the pelagic system
(presumably favored by the feeding activities of
the heterotrophic community, such as sloppy feed
ing and disruption of algal material), nitrogen lim
itation was maintained by rapid sedimentation and
efficient incorporation into the body tissue of the
pelagic heterotrophs (VU). The cascading effects
of the top-down control by fish predation resulted
in carry-over effects and a diversified structure of
the heterotrophic community, which, in a combi
nation with the timing of nutrient additions and se
lection of the dominant algal species, were deci
sive in the efficient accumulation of phosphorus
into the detrital pool of the pelagic system (VII).

The low algal loss rates (< 1% d-t) of Eutrep
tietta gynnastica in the 1993 experiment indicated

that the total loss from the pelagic system via sedi
mentation was relatively low in the summer situa
tion, even if considerable amounts of nuthents
were added (VI). Indeed, the daily loss rates of
particulate organic carbon as well as that of nitro
gen and phosphorus were generally less than 2%
(A.-S. Heiskanen, unpubl.). Thus the major part of
total primary production was incorporated into the
food web, and there was a temporal uncoupling
between primary production and sedimentation
within the time scale of the experiment (21 days).
E. gymnastica biomass was lower in the unit where
both nutrients and sucrose was added than in the
units with nutrient additions only (VI), suggesting
that bacteria were able to successfully compete for
inorganic nutrients, when a labile organic carbon
supply was provided.

The significant effect of the combined fish and
nutrient manipulation on the total chlorophyll a bi
omass and Eutreptietta gymnastica cell numbers
indicated that zooplanicton grazing effectively con
trolled the algal biomass (VI). Fecal pellets were
fully packed with the paramylon grains of E. gym
nastica, which confirmed that copepods were
feeding on this algae (Olli 1996). However, the
nutritional value of euglenoids is probably quite
low, since the paramylon grains are generally re
ported to be undigestable for copepods (Hirayama
et at. 1979).

The flux of fecal pellets was higher in the units
where sucrose was added (A.-S. Heiskanen and M.
Rosenberg, unpubl.). Bacterial production was
also greatly enhanced in the sucrose enriched units
(P. Tuorni, unpubl.). It is hypothesized that the
links between bacteria, heterotrophic nanoflagel
lates, ciliates and copepods became the dominant
pathway of organic matter to mesozooplanicton in
units, where bacterial production and microbial
food web was stimulated by labile carbon addition.
It is possible that the grazing on Eutreptietta gym
nastica cells was not completely sufficient to ful
fill the nutritional requirements of copepods,
which were obliged to additionally feed on fecal
pellets. By rupturing and destroying pellets, they
feed directly on fecal material (coprophagy), de
stroy the fecal pellet (coprorhexy), or remove and
ingest the peritrophic membranes (coprochaly). By
these means copepods may obtain a more nutri
tional diet from the microbes attached to mem
branes (Lampitt et at. 1990, Noji 1991). These
copepod feeding activities retard settling velocity,
and enhance dissolution and bacterial mineraliza
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tion of fecal pellets in the water column. The large
number of settled fecal pellets, especially in the
sucrose em-iched enclosures, could have been a re
sult of a combination of the suppressed co
prophagy and coprorhcxy of copepods, and higher
sinking velocities of feces, being mainly formed
on protozoan or on bacterial diet (Bienfang 1980,
Voss 1991). The increase in more preferred food
items could have resulted in a decreased handling
of feces by copepods, and consequently lead to a
greater flux of intact fecal pellets from the pelagic
system.

8 Pelagic nutrient cycles and
seasonal export production

8.1 New and regenerated production in
the coastal pelagic system

In pelagic systems, which are limited by nitrogen,
new and regenerated production are defined on
the basis of the nitrogen sources of the planktonic
production (Dugdale and Goering 1967). Nitro
gen mineralized and exported from the external
sources (e.g. winter accumulation, mixing, diffu
sion, advection, and precipitation) supports new
production, while nitrogen remineralized by the
pelagic heterotrophs supports regenerated pro
duction. New production based on external nutri
ents represents the fraction of total production
that can be exported without distorting the long
term integrity of the pelagic system (Vezina and
Platt 1987). In steady state, the export of nitrogen
(either in particulate or in dissolved form) by sed
imentation or by advective transport is equal to
the input of nitrogen (Eppley at at. 1983). The
downward flux of nitrogen can be used as a meas
ure of the new production of the system in the en
vironments where advective transport is negligi
ble (Eppley and Peterson 1979). However, the pe
lagic systems are seldom in steady state within
the time scale of conventional investigations, and
thus the fraction of total production which is ex
ported by the downward flux is not a direct meas
ure of the new production. On a longer time scale,
i.e. annual cycle, steady state can be assumed,
thus the measured primary sedimentation of nitro
gen can be used as a proxy of the annual new pro
duction (Wassmann 1990a).

The fraction of new production of the total pri
mary production (f.ratio; Eppley and Peterson

1979) can be used to illustrate the recycling capac
ity of the pelagic system (Platt at at. 1992), while
the export ratio for lengthy periods of time (a) de
scribes the ratio of organic material exported by
sedimentation in relation to total primary produc
tion (Wassmann 1990a). Local differences in hy
drodynamics, phytoplankton species assemblage of
the bloom communities, and development of the
heterotrophic community are likely to cause vari
ability in the export ratio between different areas.
However, also interannual differences governed by
climatological fluctuations may be considerable.

In the coastal Baltic Sea, the sources of nitro
gen and phosphorns are not completely coupled
(Fig. 12). Although a considerable share of the
new production is based on external nutrient sup
ply carrying both P and N from allochthonous
sources (river inputs, sewage discharge, precipita
tion) or from below the mixed surface layer (win
ter accumulation, vertical mixing, diffusion,
upwelling), there are also some crucial differences.
In addition to the sub-pycnocline ammonium sup
ply during coastal upwelling (Haapala 1994), local
waste water discharge from industrial and munici
pal point sources (Tamminen 1982) or from
riverine inputs (Pitkanen 1994), and nitrogen fixa
tion by diazotrophic cyanobacteria (Niemisto at at.
1989) provide an additional nitrogen supply to the
pelagic system (Fig. 12A).

In the traditional concept of the new and regen
erated production, bacteria were not considered as
producers in the pelagic system, but rather as a
part of the regenerating community providing nu
trients for the primary producers. Their role as
competitors of mineral nutrients with phytoplank
ton (Currie and Kalff 1984, Horrigan at at. 1988),
and as a mediating link between dissolved orgainc
matter and higher levels of the planktonic food
web (e.g. Williams 1981, Azam at at. 1983), indi
cate that they are more likely to act as a sink of
nitrogen rather than nitrogen mineralizers (Gold
man at at. 1987). Transfer of dissolved organic
material into particulate form by bacterial uptake
is potentially a significant source of land-based
organic carbon into the pelagic system in many
estuarmne environments (such as the Baltic Sea),
and it provides an input of organic material be
sides the algal primary production (Kuparmnen and
Kuo’sa 1993). In the present concept of the plank-
tonic food web, bacteria are thus considered as
producers of particulate organic matter, which
consequently compete for the same external and
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Fig. 12. Schematic presentation of the processes related to new and regenerated production in the northern Baltic Sea.A.
Processes related to nitrogen cycling. Transport of dissolved inorganic nitrogen (DIN) from below the euphotic surface
layer by vertical mixing, upwelling, and vertical migration (1), assimilation of external DIN and DON (dissolved organic
nitrogen) by phytoplankton and bacteria (2), £4-fixation by cyanobacteria (3), regenerated production (4): assimilation of
DIN and DON remineralized by heterotrophic protozoa and metazoa (5), metazoan and protozoan grazing on primary
producers and bacteria (6), sinking of particulate organic nitrogen (PON) (7), mineralization of PON in the deeper waters
and sediments (8), resuspension of PON from the deeper waters (9), accumulation of PON in sediments (10), denitrifica
tion in deeper waters and sediments (11), denitrification in the water column (12), and horizontal transport by advection
(13 and 14). At steady state (1) + (2) + (3) = (7) = New production (sensu Dugdale & Goering 1967), (3) + (13) = (10) + (11)
+ (12) + (14). B. Processes related to phosphorus cycling. Transport of dissolved inorganic phosphorus (DIP) from below
the euphotic surface layer by vertical mixing and upwelling (1), assimilation of external DIP and DOP (dissolved organic
phosphorus) by phytoplankton and bacteria (2), exoentzymatic mineralization of DOP and assimilation of DIP by phyto
plankton and bacteria (i.e. regenerated production) (3), mineralization of DIP by bacteria (bacteria are assumed to act both
as a sink and source of P) (4), exudation of DOP by algae (5), release of DOP (6) and metazoan and protozoan grazing (7)
on algae and bacteria, sinking of particulate organic phosphorus (POP) (8), mineralization of POP in deeper water and
sediments (9), P enrichment of particulate material by sorption of DIP in the deeper water and sediments (10), upward
transport of particulate total phosphorus (PTP) by resuspension (11), accumulation of P into sediments (12), and horizon
tal transport by advection (13 and 14). At steady state: (1) + (2) + (11) = (8) = “new” production, (12) + (13) + (14) = 0.
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internal (regenerated) nitrogen sources as au
totrophic primary producers (Sterner et at. 1995).
Accordingly, the production of planktonic bacte
ria has to be taken into account in the estimation of
total production available either for consumption
of the other components of the food web, or for
vertical flux of organic matter exported from the
pelagic system (Fig. 12A).

Borh algae and bacteria may obtain part of their
P supply through exoenzymatic hydrolysis of DOP
by alkaline phosphatase (Perry 1972, Gronlund et
at. 1996.). Although bacteria are limited both by N
and P in the Baltic Sea (Kuparinen and Heinanen
1993), and act as a sink of P in the Bothnian Sea
(Zweifel et at. 1995), they are also important min
eralizers of inorganic phosphorus, hydrolyzing nu
cleotides and liberating dissolved inorganic phos
phorus (DIP), even if P is supplied in excess to the
pelagic system during summer (Tamminen 1989).
Accordingly, with respect to P cycling, bacteria
appear to have a dual role in the pelagic system.
They both consume and mineralize inorganic
phosphorns, thus acting as a simultaneous source
and sink of mineral P (Martinussen and Thingstad
1987). External P inputs are thus incorporated into
bacteria and autotrophic primary producers, which
both produce “new” particulate organic P into the
pelagic system (Fig. 12B).

In steady state the external nitrogen inputs
should be equal to the sinking loss of nitrogen
from the pelagic system (Fig. 12A). There may be
a concurrent transport of DON with the sinking
particles to greater depths (Knauer et at. 1990),
which should be included in the estimation of the
total export flux of nitrogen. However, in the
present discussion, transport of DON was not
considered since there are no measurements of
the potential vertical flux or the import of DON
into the surface layer in the northern Baltic Sea.
Moreover, the PON import from deeper waters
and sediment by resuspension is considered to be
small, due to the relatively high C:N ratio of parti
cles being derived mainly from resuspended
sources (VIII).

The complicated internal cycling and sources
of P in the pelagic system make it difficult to
evaluate if the sinking loss of P is balanced by the
external input of P during a seasonal cycle (Fig.
12B). However, there is indication that the plank-
tonic food web has a considerable buffering ca
pacity for the external P inputs during summer
(VII). Moreover, the vertical transport of DOP

seems to be small, due to the rapid liberation of
soluble P from settling material (VII, VIII; see
also Chapter 4). As there also are episodic inputs
of P-enriched particulate material from the sedi
ment surface to the pelagic system by resuspen
sion (VIII), no steady state between P inputs and
outputs can be achieved within an annual cycle of
the pelagic system. Short term P supply is provid
ed by the internal recycling within the planktonic
food web, while the large scale transport process
es provide external P supplies throughout the sea
sonal cycle.

The long term steady state of N and P is
achieved if the external inputs are balanced with
removal processes. Both N and P are removed by
accumulation into sediments, while N is also re
moved by bacterial nitrification, and subsequent
denitrification into N2 in the water colunin and
sediments (Fig. 12). Although the overall system
limitation may be defined on the basis of the effec
tivity of the long-term removal processes, the daily
or seasonal nutrient limitation of the pelagic pro
duction is influenced by short-term nutrient supply
or removal processes.

8.2 Interannual variability of the seasonal
nutrient and plankton dynamics

Seasonal studies focused on the pelagic nutrient
dynamics, plankton succession, and sedimentation
were conducted at the same sampling station, P3,
in the western Gulf of Finland (Fig. 2) in 1983 (I,
III, IV), 1988 (II, VIII), and 1992 (IX). The overall
strategy of the sampling scheme was more or less
the same during these years, but comparative
methods were mostly used in 1988 and 1992. Also,
several planktonic process variables (primary pro
duction, bacterial production) were measured us
ing comparable procedures during 1988 and 1992
(Lignell ci at. 1993, Uitto ci at. 1997, Tuomi et at.,
in press). These two years also appeared to be quite
different in many respects, thus the comparison of
the interannual dynamics was justified between
these two investigations.

8.2.1 Description of the main features of
the pelagic system in 1988 and 1992

There was an obvious difference in the ice condi
tions between 1988 and 1992: The extension of ice
cover in the Baltic Sea was average in the winter
1987—8 8 (Seina and Palosuo 1996). Permanent ice
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cover prevailed from the begioning of February
until mid-April in the outer archipelago and open
sea area (Seina and Kalliosaari 1991). On the con
trary, the winter 1991-92 was one of the mildest
for the last two centuries (Seina and Palosuo
1996), and the outer archipelago and open sea area
were completely ice free for the whole winter
(Seinh et at. 1996). Also wind conditions were dif
ferent in 1988 and 1992. The average monthly
wind velocities were significantly higher in 1992
than in 1988 (Finnish Meteorol. Inst. 1989, 1994).
Moreover, there was greater difference between
surface and deep layer salinity, resulting in strong
er surface layer stratification in 1988 than in 1992
(VIII, IX). This indicates that more wind-induced
mixing of deep water nutrients and upwellings
may have occurred in spring and summer 1992.

In spring 1992, water column nutrient reserves
were consumed earlier than in 1988 (Autio et at.
1990, Tallberg 1994). An abrupt interruption of
the spring bloom in mid-May 1992 was caused by
an upwelling (IX), which brought new nutrients
into the surface layer, and terminated the increase
of phytoplanlcton biomass (Tallberg 1994). Anoth
er difference was the occurrence of extensive cy
anobacterial blooms in late summer 1992 (Kahru
et at. 1994), consisting mainly of filamentous ni
trogen-fixing species Noduloria spumigeno and
later also Aphonizomenon cf. flos-aquae. In 1988,
however, filamentous cyanobacteria had only a
minor share of total algal biomass (Uitto et ol.
1997).

The vernal mesozooplankton assemblage did
not increase in biomass before the late May in
1988 (Lignell etol. 1993). In 1992 the vernal cope-
pod maximum was observed already in April,
while in mid-May the mesozooplankton biomass
was low agaln, presumably being distorted by the
vigorous upwelling (Koski 1995).

8.2.2 Seasonal sedimentation and
estimated export production

In the northern Baltic Sea, the seasonal cycle of
sedimentation follows the general pattern de
scribed for many coastal areas in temperate and
boreal coastal zones (Smetacek et at. 1984, Har
grave et al. 1985, Wassmann 1991, Olesen and
Lundsgaard 1995). The major pulse of freshly pro
duced organic matter into the sediment occurs at
the end of the spring bloom, while sedimentation

rates are generally low during the regenerating
production period in summer (I, VIII, IX).

In spring 1988, the total sedimentation of POC
and PTP were estimated to be twice as high as in
1992 (Table 2). In summer, the situation was oppo
site; total POC sedimentation was higher in 1992
than in 1988. Although the total sedimentation
rates were heavily influenced by resuspension in
autumn 1992 (IX), the estimated primary sedimen
tation denoted that a large part of the annual export
flux occurred after the productive period was al
ready turning to an end (Table 2). Accordinly, in
1988 a major part of tbe total seasonal sedimenta
tion probably occurred already in spring and sum
mer, while in 1992, the overall sedimentation (in
relation to primary production) was lower during
the productive period, and did not increase before
autumn.

The primary sedimentation was estimated to
correspond to 62 and 31% of the integrated net
primary production during the spring period in
1988 and 1992, respectively (Table 2), when the
potential resuspension was calculated in a com
parative manner, and the same label concentra
tions were used (Equation 3). The highest and
lowest organic carbon contents of the settled ma
terial measured at station P3 in 1992 (IX) were
used as label concentrations for the primary and
secondary material. These values were chosen,
since the total POC sedimentation increased dur
ing spring 1988, due to a vertical migration of
dinoflagellates, resulting in exceptionally high or
ganic carbon contents of the settled material
(VIII). However, if the impact of resuspension
was considered to be negligible, the total export
production (corrected for migration contamination
only) was estimated to comprise 70% of the inte
grated net primary production during spring 1988
(Lignell et at. 1993). Likewise, the migration-cor
rected total sedimentation of POC was estimated
to comprise 48% of the total primary production
in 1992. Windy conditions and the occurrence of a
strong upwelling in mid-May 1992 implied that
resuspension must have had a significant impact
on sedimentation, while in 1988, the more calm
conditions suggested for a minor effect. The com
pilation of the existing investigations showed that
the fraction of carbon exported by sedimentation
from the photic zone varies generally between 30
and 60% (excluding the extreme values) of the to
tal vernal primary production in the northern bore
al coastal areas (Wassmann 1991). In conclusion,
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Table 2. Integrated net primary production (NPP; g C m2), total particulate organic carbon (TPOC), nitrogen (TPQN),
and phosphorus (TPP) sedimentation (g m2) measured by the formaldehyde-preserved cylinders at station P3 in 1988
(mean sedimentation at 15 and 30 m depth; VIII) and in 1992 (mean of the replicate trap arrays; IX), estimated primary
sedimentation of POC (PPOC; g C m2), estimated total resuspension of POC (C-Res.), the ratio of PPOC to NPP (<e>).
d = number of days, Total = total integrated value, Totld = average daily rate. Periods in 1988: Spring = March 29— June
10, Summer = June 10— Aug. 25. Periods in 1992: Spring = March 24—June 10, Summer = June 10— Sept. 1, Autumn
= Sept. 1 — Nov. 17.

1988 1992
Period d Total Totld d Total Totld

g m2 mg m2 d g m2 mg m2 d

NPP Spring 72 50 694 78 54C 692
Summer 76 20b 263 83 36’ 433
Autumn 77 17’ 221
Total 148 70 473 238 107 450

TPOC Spring 73 53d 726 78 27 346
Summer 76 14 184 83 18 217
Autumn 77 68 883
Total 149 67 450 238 114 475

TPON Spring 73 58d 79 78 4.1 52
Summer 76 1.7 22 83 2.8 34
Autumn 63 8.6 137
Total 149 7.5 50 224 15.5 69

TPP Spring 73 090d 12.3 78 0.45 5.7
Summer 76 0.40 53 83 0.32 3.8
Autumn 77 1.14 14.8
Total 149 1.30 8.7 238 1.91 8.0

ppoce Spring 73 31d 425 78 17 218
Summer 76 9 118 83 10 120
Autumn 77 11 143
Total 149 40 268 238 38 160

C-Rest Spring 73 15” 205 78 9 115
Summer 76 5 66 83 8 97
Autumn 77 57 740
Total 149 20 134 238 74 311

Spring 0.62. 0.31
Summer 0.45 0.28
Autumn 0.65
Total 0.57 0.36

a From Lignell eta!. (1993) and Uitto eta!. (1997).
b From Uitto eta!. (1997).

From Tuomi eta!. (in press) and Suominen (1994).
ii Missing periods are estimated by linear interpolation between suspended and settled material (Lignell eta!. 1993, VIII).
e Estimated using the label approach (Equation 3), and corrected for migration contamination (II). Same label concentra
tions were used for both studies: = 29% (maximum value at station P3 in 1992; IX), Cr= 4% (minimum value at station
P3 in 1992; IX).

Migration-corrected primary POC-sedimentation (PPOC) subtracted from migration-corrected total sedimentation of
POC.
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the spring bloom sedimentation in 1988 falls in
the upper end of the range, while in 1992 the ex
port production was intermediate or in the lower
end of the range.

The primary sedimentation of organic carbon
from the photic zone was estimated to comprise 45
and 28% of the total primary production during
summer 1988 and 1992, respectively (Table 2).
Accordingly, the export ratio was considerably
lower in summer 1992, when extensive cyanobate
rial blooms were observed.

The estimated export flux in the open sea area
(station P3) in 1992 (IX) was in accordance with
the value calculated according to the empirical al
gorithm obtained from investigation in the coastal
northern Atlantic and the Baltic Sea (Wassmann
1990a). The estimated c-ratio varied between
0.30 and 0.48 at the three sampling stations along
the coastal gradient from the semi-enclosed Pojo
Bay to the open sea area (IX). This suggests that
the fraction of the total seasonal primary produc
tion exported by sedimentation is less variable
than the total sedimentation, although the hydro
dynamic conditions and the species composition
of the planktonic community change along the
coastal gradient (IX). However, the estimated ex
port flux in 1988 (Table 2) was considerably
higher than the calculated value based on the em
pirical algorithm (Wassmann 1990a). In conclu
sion, these results imply that there may be a con
siderable interannual variability in the total export
flux, and the two seasonal cycles investigated
may represent extreme situations within the same
study area.

8.2.3 Pelagic retention and loss of N and P
during the seasonal cycle

There were considerable differenàes in the sus
pended biomass, sedimentation, and pelagic reten
tion capacity of nutrients. The low sedimentation
rates of POC and PON, and the high C:P and N:P
ratios of the suspended and settled material (IX),
suggested that the pelagic system was more P defi
cient in summer 1992 than in 1988 (VIII).

Prior to the spring bloom, settied material
which was mostly resuspended from the sediment
surface had low C:N:P ratios. On the contrary, sus
pended particulate material had high C:N ratios in
dicating predominance of allochthonous sources
(terrestrial or littoral material) during winter

(Smetacek 1980, Peinert et al. 1982). Soon after
the onset of the vernal bloom the quality of settling
material started to change: C:P and N:P ratios in
creased, while C:N and C:CHL ratios were low (I,
VIII, IX), concurrently with a high input of fresh
phytoplankton material through rapid sedimenta
tion of diatoms (II, IV, Tallberg 1994). During the
growth phase of the spring bloom, suspended ma
terial generally had lower C:P and N:P ratios than
settled material, denoting that P was retained more
effectively than C and N in the water column (Fig.
13). In spring, P was mainly incorporated into the
detrital pool but the autotrophic plankton was esti
mated to comprise the second largest fraction (Fig.
14). The retention of P in the pelagic system was
most effective in early spring 1988 as indicated by
the large difference between suspended and settled
C:P and N:P ratios (Fig. 13).

Upon culmination of the vernal bloom, sedi
mentation rates increased, and the C:N, C:P and
N:P ratios of settled particulate material were high.
Settled material had low P contents in relation to C
and N during the spring bloom sedimentation
(VIII, IX). The C:N ratio of suspended and settled
particulate material increased concurrently as a
sign of growing N deficiency in the water column
(VIII, IX). The insignificant difference in the C:N
ratios between settled and suspended material
(Fig. 13) indicated that C and N were lost by sedi
mentation at more or less equal rates (as they are
bound into structural and storage compounds of al
gal cells), while P was lost more rapidly as dis
solved phosphate, and DOP from senescent and
dying algal material and retained in the pelagic
system (Garber 1984). In respect of P retention, the
artificially eutrophied system, established during
the mesocosm experiment, was comparable to the
spring bloom situation (Fig. 13). In the meso
cosms, P accumulated effectively in the suspended
detrital fraction (VII).

The small but significant difference between
the average C:N and C:P ratios of settled and sus
pended material during summer 1988 indicated
that both N and P were retained more effectively
in the pelagic system than C, while in summer
1992, when cyanobacteria were abundant, all ele
ments were lost (or retained) at equal rate (i.e.
there was no significant difference between the
mean nutrient ratios of settled and suspended ma
terial; Fig. 13). In 1988, N was retained effective
ly in the open water column, where oligotrophic
conditions prevailed during summer, while in nu
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Fig. 13. Comparison of the C:N, C:P and N:P ratios of the
settled end suspended particulate material prior the onset
of spring bloom (winter), during the growth (spring I) and
decline (spring II) phase of the spring bloom, during sum
mer (from June to August), and in the mesocosm experi
ment (Exp88; VII) in 1988 (VIII) and 1992 (IX). The signif
icant difference (two-sample f-test) between the nutrient
ratios is denoted by an asterisk (*;

p <0.05). Positive val
ues in the panels C:N and C:P denote retention of N and
P, respectively, while the positive values in the last panel
(N:P) indicate P-retention, and negative values N-reten
tion.

trient enriched enclosures only P accumulated
significantly, and N was lost at an equal rate to C
(Fig. 13). In the mesocosms, N deficiency was
maintained through rapid sedimentation and effi

cient incorporation of N into the body tissue of
beterotrophic organisms (VII). In the open water
column, heterotrophs also comprised a large frac
tion of total suspended PON in summer (> 60 %),
while in spring most of suspended PON was
bound to the autotrophic biomass (Fig. 14). The
fraction of detrital PON was more or less the
same during both spring and summer, while the
fraction of detrital P was larger in summer than in
spring (Fig. 14)

The chemical composition of phytoplanicton
varies depending on the nutrient availability and
growth rate (Goldman et at. 1979, Sakshaug et at.
1983). Although the species-specific saturation
levels for different nutrients may vary considera
bly, in a natural multispecific community the av
erage saturation level approaches the Redfield’s
C:N:P ratio (Sakshaug and Olsen 1986). Howev
er, in a monospecific bloom situation, the C:N:P
ratios of the suspended matter reflect the nutrient
status of the entire population. For example, at the
end of the spring bloom, when only few species
dominated the algal community, the C:N ratio of
suspended particulate material increased strongly
(VIII). This reflected the decrease in the algal ni
trogen content as a response to the growing nitro
gen deficiency, rather than to that in detritus or
heterotrophic organisms, which have a more sta
ble elemental content than algal cells (Goldman et
at. 1987, Elser and Hassett 1994, Gismervilc
1997a). Accordingly, the C:N ratio of total sus
pended material was used for the estimation of the
algal nitrogen content from mid-May until early
June (Fig. 14). However, in summer, the Red-
field’s C:N ratio for autotrophs did not result in
overestimation of nitrogen contents of planktonic
organisms, suggesting that either the share of de
trital PON was high or that the algae were grow
ing close to the maximal growth rates, thus hav
ing no physiological limitation of nitrogen (Gold
man et at. 1979). The estimated phosphorus frac
tion of planktonic organisms was constantly
much lower than the total measured PTP, imply
ing that the share of PTP not identified as living
organisms under the microscope was indeed sub
stantial (Fig. 14, VII).

Comparison between these two years indicate
that there may he considerable interannual differ
ences in the ratios of nutrients being retained or sed
imented from the pelagic system. Variability in cli
matological and hydrodynamical factors (such as
duration of the ice cover, strength of the water col
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• autotr

EJbact

heterotr

111detr

Fig. 14. Mean distribution (%) of suspended particulate organic nitrogen (PON), carbon (POC) and particulate total phos
phorus (PTP) in the autotrophic (autotr), heterotrophic (heter), bacterial (bact), and detrital (calculated by the difference)
biomass fractions in the surface layer (0 to 10 m) at station P3 during spring and summer periods in 1988. The biomass
determination and carbon contents of the planktonic organisms are presented by Lignell ef a!. (1993) tor the spring bloom
period, and Uitto et at (1997) for the summer period. For the elemental composition of the autotrophic end heterotrophic
organisms see text.

umn stratification, and frequency of strong wind
impulses), which in turn regulate the development
of the whole planlctonic community, were apparent
ly crucial for the retention of nutrients in the pelagic
system.

8.3 Seasonal nitrogen and phosphorus
dynamics in the pelagic system

The sedimentary losses of organic material and nu
trients are influenced by the structure and function
of the pelagic ecosystem, as discussed in Chapters 6
and 7. The overall export of N and P from the pelag
ic system is dependant on the retention and recy
cling capacity of the pelagic heterotrophs, which
vary during the seasonal cycle. The fraction of algal
production based on regenerated nutrients could
roughly be estimated as a difference between total
production and export flux (Fig. 12), provided that
the primary sedimentation measurements (approxi
mating sinking losses) are reliable (Chapter 5). In
order to verify whether the estimated regenerated

production would match the potential mineraliza
tion in the pelagic system, the recycling of N and P
by the pelagic heterotrophs was calculated. In addi
tion, it was estimated if additional (external or inter
nal) nutrient sources were necessary to balance the
nutrient requirements of the pelagic system. Due to
the these reasons, the budgets of nitrogen and phos
phorus fluxes in the pelagic system were compiled
both for the spring and summer periods in 1988
(Figs. 15 and 16). However, in such calculations
several rough assumptions and simplifications have
to be made. Therefore the purpose of these calcula
tions is not to provide an exact description of the
nutrient flows in the pelagic system, but rather to
place the various measurements in a mutual per
spective, and to estimate if the measured export flux
was realistic on the seasonal basis.

Simultaneous measurements of the primary pro
duction, sedimentation, and carbon biomass of the
autotrophic and heterotrophic planictonic organisms
were conducted at the Storgadden (P3) sampling
station (Lignell a’ al. 1993, Uitto et ol. 1997, II,

PON POC PTP

16
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VIII)’. Since oniy bulk measurements of nitrogen
and phosphorus compounds were available (VIII),
stoichiometric ratios between carbon, nitrogen and
phosphorus measured at the same study site or pub
lished from other studies were used to convert the
carbon based production and biomass data to nitro
gen and phosphorus equivalents. Similar calcula
tions were also done for the data collected in 1992
when appropriate2but since there was no informa
tion on the protozoan abundance and biomass, it
was not possible to construct a comparable budget
of the nutrient flow within the pelagic system.

Moreover, it was assumed that the assimilation
of N and P in relation to C uptake by pelagic au
totrophs followed Redfield’s ratio throughout the
seasonal cycle3. Generally, autotrophic micro-or
ganisms assimilate carbon, nitrogen and phospho
rus in the Redfield’s ratio of 41 :7.2:1 (by weight)
when maximal growth rates prevail. As the growth
rate decreases, the C:N and C:P ratios of algae in
crease (Goldman et al. 1979). After termination of
the vernal bloom in early summer, the C:N ratio of
suspended biomass approached the Redfield’ s ra
tio (VIII, IX), indicating that the average cellular
saturation level of the multispecific algal comniu
nity was balanced.

8.3.1 Sources and supply of new nutrients
during the vernal bloom period

Vernal bloom in the northern Baltic Sea is a tran
sient new production system, which is mainly
based on nutrient reserves being mineralized dur
ing the previous winter. Depletion of dissolved in
organic nitrogen (DIN) during the spring bloom
can be considered to approximate vernal new pro
duction (Dugdale and Goerlng 1967). During the
early stage of the vernal bloom, nitrate is con
sumed effectively by the growing phytoplankton

community while later ammonium uptake increase
(Tamminen 1995). The mitial DIN supply availa
ble in the water column4corresponded to ca. 56%
of the integrated net primary productivity, during
the spring bloom in 1988 (Fig. 15A). The primary
sedimentation of PON (corrected for migration
contamination using the C:N ratio of 7.7 for the de
scending micro-organims; VIII) to 4.1 g N m2,
which indicated that the PON export during the
spring period was ca. 50% of the total N assimila
tion by autotrophs (NPP). Accordingly, more than
70% of the estimated P assimilation of autotrophs
could have been provided by winter accumulated
nutrients (Fig. l6A).

During the vernal bloom period in 1992, the
water column depletion of DIN5 amounted to 39%
of the estimated total autotrophic N requirements
(Fig. 17). This was in balance with the PON sedi
mentation (Ca. 40% of the estimated N assimila
tion) during the spring period, implying that the
fraction of N exported from the pelagic system
during the vernal bloom period was lower than in
1988. Moreover, during the spring bloom in 1992,
new nitrogen was supplied to the pelagic system in
the middle of May, when an upwelling occurred in
the study area (IX). This was allocated into an in
crease in the autotrophic production at the end of
May (Tuomi et al. in press), while elevated sedi
mentation did not follow (IX). Consequently, a
considerable share of the external, new nitrogen
input was retained in the pelagic system, either by
the feeding activities of heterotrophs or by leach
ing and dissolution of the particulate N into the
DON fraction.

Vertically migrating micro-organisms provide
an additional source of external, deep water nutri
ents into the pelagic system (Cullen 1985). Dino
flagellates generally start their descent at the end
of the photoperiod, when their cell contents are

1 The pelagic nitrogen and phosphorus budgets sere calculated for the surface layer of 0 to 10 m and integrated over the time period
between March 24 and May 26 in spring 1988, and between June 2 and August 24 in summer 1988. Calculation of the net primary produc
tion, bacterial production and assimilation, hetetrophic grazing, production, excretion, and remineralization are based on the data and car
bon budgets presented in Lignell eta! (1993) and Uitto eta!. (1997),
2 The pelagic nutrient budgets were integrated over a time period of March 24 and June 10 in spring 1992, and between June 10 and
September 1 in summer 1992. Primary and bacterial production ware measured by Tuomi at a!. (in press) and mesozooplankton biomass
and production by Koski (1995).

The total net primary production in the photic zone was convened to nitrogen and phsphorus equivalents by using the Redfield’s C:N:P
ratio 41: 7.2 :1 (C:N = 5.7, by weight).

Supply of winter accumulated nutrients (DlN and DlP) is assumed to be equivalent to the measured decrease of DIN and DIP from the
water column of 0 to 40 m between March 25 and May 5 in 1988.

Decrease of DIN and DIP from the water column between 0 to 40 m from April 1 until May 6 in 1992.
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A

Fig. 15. Nitrogen flow in the pelagic system during A. spring (integrated for the period between March 24 and May 26)
end B. summer (integrated for the period between June 2 and August 24) in 1988 (all values are in g N rn2). DINW = input
of winter accumulated inorganic nitrogen, DINe = input of other external nitrogen (calculated by the difference; see text),
NPP= assimilation of nitrogen by autotrophs, PON = accumulation of nitrogen into suspended particulate N at the end of
the sampling period, SED= primary sedimentation, Migr = nitrogen transport by the vertical migration of phototrophic
micro-organisms, Res = total resuspension, DON = pool of dissolved organic nitrogen (not determined), Exu = release of
algal DON by exudation, lysis, and dissolution (calculated by difference; see text), Ass= Bacterial uptake of nitrogen
(including both DON and DIN uptake), Bact = bacterial production, Flag = assimilation by heterotrophic nanoflagellates,
Prof = assimilation by other protozoa (dilates and heterotrophic dinoflagellates), Gra = zooplankton (proto- and meta
zoa) grazing on autotrophs, Grab = protozoan grazing on bacteria, Rec = total recycling by heterotrophs, Fec= production
of fecal pellets by copepods, SLF= production of DON by metazoan sloppy feeding (Rec = total excretion of heterotrophs
- Fec - SLF). Grey arrows: nutrient supply to the autotrophs, black arrows: other flows. See text for details.

rich in carbohydrates and low in nitrogenous sub
stances, thus having a higher C:N ratio. Dark nitro
gen assimilation takes place in the deep, and the
cell C:N ratio decreases before the start of the as
cent (Cullen and Horrigan 1981, Heaney and Epp
ley 1981). It was estimated that vertical migration6
could have provided ca. 6% of the total N require
ments of pelagic autotrophs, increasing the flux of
new nutrients into the pelagic system up to 5 mg N

m2 in spring 1988 (Fig. 15A). In 1992, the N input
by migrating dinoflagellates was positive, but
small (ca. 1% of total N-assimilation by au
totrophs). Although it is likely that also P assimila
tion occurred in the deep, the cells were assumed
to be P-replete in the surface layer. Accordingly
the net import of P by vertical migration was pre
sumed to be negligible (Fig. 16A).

6 The input ot N into the pelagic system by migrating dinotlagellates (Migr) was estimated by assuming that the vertically migrating micro
organisms which were entrapped into the sediment trap (Il) cylinders had a C:N ratio of 7.7 when descending (Heaney and Eppley 1981).
The ascending population was assumed to have an equivalent carbon biomass but higher nitrogen contents than the descending population,
thus having a C:N ratio of 5.7. Accordingly, during each diurnal cycle, the upward migrating population would transport ca. 1.25 times more
nitrogen into the pelagic system.
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8.3.2 Sources and supply of recycled
nutrients to the pelagic system

The magnitude of the regenerated nitrogen and
phosphorus supply was estimated using the meas
urements of the biomass values of the nano- and
microheterotrophs as well as the mesozooplank
ton. The carbon based production of the different
heterotrophic organism groups (Lignell et al.
1993, Uitto et al. 1997) were converted to nitrogen
and phosphorus equivalents using stoichiometric
C:N:P ratios typical for various planktonic organ
isms found in the literature7.Also, the estimated
carbon flux from the different food sources (bacte
ria, algae, heterotrophic nanoflagellates and micro
zooplankton) of each compartment were converted
to N and P equivalents using the C:N:P ratios from
the literature. Excretion of nitrogen and phospho
rus by the various heterotrophic compartments was
a product of the difference between ingestion and
assimilation (production). As most of the hetero
trophic organisms often have lower C:N:P ratios
than their food source, this resulted in higher as
similation efficiencies of N and P than of C for
most of the organisms.

The total biomass of heterotrophic organisms
was mostly dominated by bacteria (Fig. 14) which
have low and relatively stable C:N:P ratios, re
gardless of the variations in the gross growth effi
ciency or the elemental composition of the sub
strate (Goldman et al. 1987). The rigid stoichiome
try of the elemental composition of marine meso
zooplankton (Elser and Hassett 1994, Gismervilc
1997b) and protozoa (Verity 1985, Caron et ol.
1990) implies that the heterotrophic organisms
tend to conserve the nutrient which is of shortest
supply into their body tissue more efficiently than
the other more abundant nutrient (Goldman et al.
1985).

The channeling of the algal primary production
to the dissolved poo1 was estimated by adding up

the primary sedimentation, estimated total grazing
by heterotrophs and the remalning suspended par
ticulate pool8. The rest of the assimilated N and P
were assumed to be released through exudation,
dissolution, and cell lysis. During the spring bloom
period in 1988, total grazing9was estimated to cor
respond to 14% of total N and P assimilation by
autotrophs. This suggested that in addition to the
sedimentary losses, ca. 25 and 20% of N and P, re
spectively, were channeled into the DOM pool
through exudation, dissolution, and cell lysis,
while ca. 10 and 13% remnined suspended in the
particulate fraction (Figs.15A, 16A).

Bacterial production was relatively small in
comparison to primary production in spring, while
in summer 1988 the estimated nutrient assimila
tion by bacteria10 comprised a considerable frac
tion of algal N and P assimilation (45 and 35%, re
spectively; Pigs. 15B, 16B). Although also inor
ganic N (NH4-N) may have been important for
bacterial nutrition, the remainder of dissolved N
after the vernal bloom period would have been suf
ficient to supply the total bacterial N demand in
summer. Accordingly, the surplus of dissolved P,
remalning in the water column after the vernal pe
riod, was estimated to correspond to 90 % of the
bacterial P demand during summer. This, together
with the algal and mesozooplankton release of dis
solved P, suggested that all P demand of bacteria
was satisfied during summer (Pig. 16B).

In a nitrogen limited system, bacteria generally
incorporate all assimilated N into their cells and do
not mineralize organic N, thus acting as a sink
rather than as a source of nitrogen in the pelagic
system (Goldman et al. 1987). Net uptake of N by
bacteria takes place when the C:N ratio of the sub
strate is higher than 10, which is probably the case
for the most avallable organic substrates (Lancelot
and Billen 1985, Goldman et al. 1987). In addition,
heterotrophic bacteria compete with phytoplank
ton for inorganic nitrogen (Horrigan et al. 1988).

Nitrogen and phosphorus consumption, and assimilation of heterotrophic organisms ia converted from the carbon equivalents using c:N
and C:P retina: 5.7 and 41 for phytopisnkton (Goldman at at 1979(, Sand 45 for bacteria (Goldman stat 1g87(, 5.3 and 28 for heterotrophic
nanotlagetates (Ceron at at 1 g90), 4.7 and 44 tar other protozoa (Verity 1985, Lyche et at 1996s), 5.0 and 41 for Rotatoria (Y. Olsen, pera.
comm.), 4.8 and 39 for copepods, and 5.3 and 24 for cladocera (Gismervik 1997s). The structure ot the food meb and feeding interactions
are as in Lignell at at (1993) and Uitto at at (1997). Internal cycling of nutrients mithin the heterotrophic compartments is not considered.
a The total release of DON and DOP trom sutotrophs (EXU) is estimated by the difference: Total assimilation by autotropha (NPP) — primary
sedimentation (SED) — total grazing by hetsrotrophs (GRA5) — accumulation into particulate pool at the snd of the budget period (PON or
PTP).

Grazing (Grsa) denotes for the total phytoplsnkton biomass consumed by heterotrophic protozoa and mesozoopiankton. Protozoan grazing
on hsterotrophic bacteria (Gre5)mss calculated separately.
15 Bacterial nitrogen and phosphorus assimilation mere calculated using a gromth efficiency of 40% (Lignell at at 1993), and assuming
bacteria to act ass net sink tor N and P, mhich imply zero mineralization rates ends constant C:N:P ratio ot 112.5:9:1 for bacterial substrate.
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Fig. 16. Phosphorus flow in the peisgic system during A. spring (ss in Fig.15) snd B. summer (ss in Fig. 15) in 1988.

DIPW = input of winter sccumulsted inorgsnic phosphorus, DIPe = input of other externsl phosphorus (calculated by the

difference; see text), NPP= assimilation of phosphorus by autotrophs, PTP = accumuistion of P into particulate phospho

rus pooi at the end of the ssmpling period, other abbrevist ions ss in Fig. 15. except for P (mg P m2). Grey errows:

nutrient supply to the eutotrophs, blsck srrows: other flows. See text for details.

In the present budget, bacterial uptake of N was
assumed to be proportional to the C assimilation
(converted from bacterial carbon production;
Lignell et al. 1993, Uitto et al. 1997), and the N
release by bacteria was presumed to be zero.

Bacteria compete successfully with phyto
plankton for inorganic P (Currie and Kalff 1984),
while they also liberate significant amounts of or
thophosphate by enzymatic activity from the DOP
fraction (mainly from nucleic acids) even if inor
ganic phosphate is available (Tamminen 1989).
Whether bacteria act as a sink or source for phos
phorus is dependent (as for nitrogen) on the availa
bility of P in the substrate (Martinussen and Thing
stad 1987, Zweifel et al. 1993). In P limited condi
tions, addition of inorganic P results in the increase
of bacterial production, provided that C supply is
sufficient (Kuparinen and Heinanen 1993, Zweifel
et al. 1995). In the present budget, bacteria were
postulated to act as net consumers of dissolved P,
and bacterial mineralization of DOP was assumed
to be negligible.

All protozoan N and P excretion was consid
ered to be directly usable for phytoplankton11.
Ammonium excretion of ammoniotelic organisms
is theoretically related to CO2 production, so that
nitrogen excretion is the carbon respiration divided
the C:N ratio of the organism (Verity 1985). Re
lease of DOM by protozoa was not considered sep
arately. In summer, N-mineralization of protozoa
(including heterotrophic nanoflagellates) was esti
mated to contribute 38 % to the autotrophic N-re
quirements (Pig. 15B). Together heterotrophic na
noflagellates and protozoa were estimated to pro
vide a larger fraction (45—63%) of the remineral
ized nutrients than mesozooplankton (Figs.15, 16),
which was in accordance with the observations
from the other marine environments (Glibert 1982,
Verity 1985).

Mesozooplankton excretion was divided into
feces production, DOM excretion by sloppy feed
ing, and mineralization12.Generally, copepod fe
cal pellets have high C:N ratios, which is in ac
cordance with their high N assimilation efficien

Total nitrogen end phosphorus exoretion by heterotrophio protozoa was estiwated trow the difference (consumption — assiwilation).
12 Total nitrogen and phosphorus excretion by wesozooplankton (including respiration, feces production and sloppy feeding) is estimated
from the difference (conauwption — assiwilation). Production of fecea (Fec) la converted trow carbon equivalenta (20% ot total carbon
conauwption ot meaozooplankton; Lignell et at 1993) uaing the c:N ratio of tecal pelleta (8) by Morales (1957), and the c:P ratio obtained
from the calculated copepod C and P excretion, which was 40 in spring and 45 in auwwer. DON and DOP excretion by weaozooplankton
aloppy feeding (25% of total carbon ingeation by meaozooplankton; Lignell etat 1993) wax estimated by essuwing a C:N:P ratio of 41:7.2:1
tor the excreted substances. Nutrient wineralization by wesozooplankton, end total recycling (Rec) by the heterotropha (flagellates, protozoa
& wetazos) is calculated by the difference: Total excretion — feces production of copepods — sloppy feeding. Allocation of phosphorus into
feces was left open.

A B
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cy. Consequently, copepods may to act as a sink
of nitrogen in the pelagic system (Morales 1987,
Andersen and Hessen 1991, Gismervik 199Th).
The limited information of the fecal pellet C:P ra
tios, suggests that the ratios are relatively high as
well (Sapozhnikov and Pasternak 1988). In the
present budget the allocation of P into feces was
left open.

Fecal pellets are effectively processed and frac
tionated in the water column by mesozooplankton
feeding activities (Noji 1991). In 1992, zooplank
ton feces comprised only a negligible fraction (<
0.1%) of total settled POC (M. Rosenberg, pers.
comm.), denoting for effective mineralization of
feces in the surface layer. Although the estimated
feces production could potentially have contribut
ed ca. 25% to the PON sedimentation in summer
1988 (Fig. 15B), they were apparently recycled in
the surface layer, since only few feces were ob
served in the settled material during summer. Re
cycling of fecal material would have supplied an
additional 5% of N for primary producers in sum
mer (Fig. 15B).

Mesozooplankton DON and DOP excretion
through sloppy feeding was estimated to be only a
small fraction of the total N and P requirements of
phytoplankton (2—12%), while it would have pro
vided a considerable fraction of bacterial N (19 to
50%) and P (from 30 to up to 60%) requirements
both during spring and summer, respectively.
However, nutrient release through sloppy feeding
may have been overestimated, since the C:N:P ra
tio of produced DOM was assumed to be equal to
that of pbytoplankton (C:N:P = 41:7.2:1). Excre
tion of urea by mesozooplankton was not consid
ered separately, but all nitrogen left over after sub
traction of feces production and DOM-release
from total excretion, was assumed to be equally
usable for phytoplankton (Tamminen and lrmisch
1996). Likewise, all phosphorus extrected by mes
ozooplankton is generally considered to be directly
usable for phytoplankton, although the exact
chemical composition of the P-excreta is not
known (Olsen and østgaard 1985).

The average nitrogen mineralization rate of the
whole heterotrophic community was calculated to
be ca. 1.5 and ca. 2.6 mg N m3 d-1 in spring and
summer 1988, respectively. In 1992 the comme

sponding N mineralization rates of mesozooplank
ton only were estimated to be ca 0.4 and 1.1 mg N
nf3 d-t, being on the same level as the estimated
mesozooplankton remineralization in 1988 (0.7
and 1.0 mg N m3 d’, respectively). These values
were comparable with the experimental values of
ammoalum mineralization rates measured in
coastal environments (Harrison 1978, Owens et ol.
1986, Glibert et al. 1991), considering that urea
excretion is a minor fraction of total nitrogenous
excretion of mesozooplankton (Bigitare 1983,
Goldman et al. 1985). This suggested that the
budgetary calculations resulted in a realistic esti
mation of the heterotrophic N recycling.

Mineralization by heterotrophic proto- and
metazoa potentially provided 11 and 60% of the
total N, and 11 and 55% of the total P requirements
of the autotrophs in spring and summer 1988, re
spectively (Figs. 15, 16). Assuming that the proto
zoa contributed 50% to the total mineralization of
nitrogen (Ferier-Pagès and Rassoulzadegan 1994),
total heterotrophic mineralization could have sup
plied 6 and 29% of phytoplaalcton nitrogen re
quirements in spring and summer 1992, respec
tively (Fig. 17).

8.3.3 Evaluation of the residual nutrient
sources

The estimated N and P supply from the winter ac
cumulated nutrients and from the heterotrophic
mineralization was not sufficient to maintain the
measured primary production during the spring or
summer period in 1988 (Figs. 15, 16). Thus addi
tional sources of nutrients must have been availa
ble both during spring and summer13. In spring,
ca. 26% of nitrogen and 12% of phosphorus sup
plies were estimated to be provided for from other
sources. In summer, even a larger fraction of both
N and P supply (ca. 40%) was not accounted for.
This may have been due to considerable underesti
mation of the potential heterotrophic recycling. On
the other hand, the nutrient supply through up-
welling, horizontal advection, turbulent diffusion,
or due to atmospheric deposition andN2-fixation
by cyanobacteria may have been considerably
larger than anticipated.

13 Minimum input of other external nutrient sources (DINe end DlPl ie calculeted by the difference NPP.DIN (or DIP) — Rec — Migr, and it
includes all poseible residual sources such as adveotion, upwelling, diffusion, atmospheric deposition end cyanobecterial Nu.tixetion.
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Fig. 17. Channeling of nitrogen in the pelagic system

during spring (A) and summer (B). Comparison between
the sources and the major flows in 1 98B and 1992 (peri
ods are the same as in Fig. 15). DIN5 = combined exter

nal nitrogen pools (DIN5 = NPP- DINW - REC; including
winter accumulated DIN in spring and other external ni

trogen sources, calculated as in Fig. 15), REC = recy

cled nitrogen (i.e. regenerated production) mineralized
by heterotrophic protozoa and metazoa, NPP = total au
totrophic assimilation of N (assuming Redtield’s C:N ra

tio between net primary production and N assimilation),
EXP = Export of N by vertical flux (primary sedimenta

tion), RET = total retention of N in the pelagic system
(including heterotrophic assimilation, feces production,
PON accumulation, and dissolved N pools; RET = NPP -

EXP), RES = estimated input of PON by resuspension.

Indeed, episodical nutrient supply was significant
during upwelling events, which were relatively fre
quent in the study area (Haapala 1994). Assuming
that after an upwelling the average DIN concentra
tions in the surface layer (above 10 m) episodically
increased up to 40 mg N m3 (the DIN concentra
tion immediately below the mixed surface layer in
creased from 20 up to 90 mg N m3 during summer;
Autio et ol. 1990) and were rapidly consumed there
after (within 2—3 days as during the mesocosm ex
periment; VI), the four upwelling events recorded

in summer 1988 (Haapala 1994) could have provid
ed a total supply of 1.6 g N m2 into the mixed sur
face layer. This suggests that the upwellings alone
could have been sufficient to provide the required
nutrients for the euphotic surface layer.

Since the estimated external DIN source was
equal to the calculated resuspension of PON dur
ing summer (Fig. 15B), the primary PON sedimen
tation (Equation 3) may have been underestimated.
Thus the input of the external N into the mixed sur
face layer could have supported the total measured
PON sedimentation, corresponding to > 40% of
the total N assimilation by primary producers dur
ing summer. The same also applies for phospho
rns14. The measured phosphate concentration be
low the mixed surface layer increased from 2 up to
8 mg P m3 during summer (Autio et at. 1990), in
dicating that an increase up to 6 mg P m3 after an
upwelling event would have provided the required
external P supply into the photic layer (Fig. I 6B).

The increase of P flux into the sediment traps,
during the sampling periods when upwelling oc
cured, was attributed to resuspension of P-en
riched detrital particles from sediment (VIII). Re
suspension of particulate P could also have provid
ed usable P both for algae and bacteria in the water
column (Burkholder 1992). Also, the estimated
surplus of DOP release after the vernal bloom (ca.
190 mg P m2; Fig. 16A) could have provided an
additional input of ca. 90 mg P m2, which was re
quired to support bacterial production during sum
mer. Moreover, as the enzymatic cleavage of P
from the DOP fraction by bacteria (Tamminen
1989) was not accounted for, but included in the
external P fraction, it was evident that the estimat
ed P supply to the pelagic system was sufficient
during summer.

Although the upwelling event in mid-May
1992 initially suppressed both algal and bacterial
production (Tuomi et at., in press), it provided a
significant supply of new nutrients for renewed al
gal and bacterial growth after the re-establishment
of stratification. Since the sinking losses did not
increase after the upwelling, more than 40% of the
total assimilation of N by autotrophs was estimat
ed to be channeled into the DON pool, and remain
suspended after the spring bloom period. The
overflow of N from the spring bloom, together

14 Estimated primary sedimentetion ot oc was converted to primary sedimentation of P assuming c:p ratio ot 54 for seuled material,

obtained during the mssocosm esperiment and being tree of resuspended P (VII).
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with the estimated recycling of mesozooplankton
and heterotrophic protozoa, could have supported
all algal and bacterial N assimilation during sum
rner (Fig. 17).

A part of the external N supply could have been
provided by the nitrogen-fixation of the diazo
trophic cyanobacteria (i.e. Nodularia spuinigena
and Aphanizornenon cf. fins-aquae) which formed
extensive blooms in summer 1992 (Kahru et al.
1994). Moreover, bacterial production was 50%
lower than in 1988 (Uitto et al. 1997, Tuomi et al.,
in press), which implied that more mineral nutri
ents could have been available for algal growth.
Weak stratification and stronger winds during
surtuner 1992 may have allowed a more abundant
supply of nutrients by vertical mixing, while in
summer 1988 relatively calm conditions and
strong stratification could have prevented the nu
trient supply from vertical mixing. In addition, nu
trient supply from freshwater mn-off and from at
mospheric deposition could have contributed to
the residual import of nutrients to the pelagic sys
tem.

9 Epilogue

Scenarios of a dynamic interplay between
climatological factors, development of the
algal blooms and fate of the assimilated
nutrients in the northern Baltic Sea

The seasonal development of the pelagic system is
influenced by climatological and physical pertur
bations, which act on different levels of the spatial
and temporal scale. Physical forcing sets the
boundaries for seasonal and short term evolution
of the planktonic community, while planktonic or
ganisms possess evolutionary adaptations to cope
with the uncertainty of the fluctuating environ
ment. These adaptations work on multiple scales
from physiological adaptations of the cell to the
community interactions between the species and
their consumers. “Key species”, i.e. those which
have a dominant role in the synthesis and channel
ling of organic matter as well as cycling of nutri
ents in the pelagic system, regularly emerge out of
the immense diversity of the planktonic organ
isms. Along the seasonal cycle there are multiple
ecological constraints determining which phyto
plankton species (or groups consisting of several

co-occurring species) will be the most successful
in growth and in the competition for resources.
The shift from one multidimensional niche, deter
mined by several constraints, to another may be
gradual, and no clear boundaries can be set where
one species starts to exert dominance over the oth
ers. However, some of the environmental con
straints can be simplified in one-dimensional cate
gories such as “strong vertical mixing” and “strong
stratification” in order to examine how the jump
from one end of the scale to the other could change
the response of the community. Such “bifurca
tions” between the extremities of the system can be
used to constrnct alternative scenarios of the po
tential evolution of the planktonic community over
the seasonal cycle (Fig. 18). In the following, some
hypothetical scenarios are constrncted, based on
the simplified causal relationships between algae
and their physical environment, and following the
discussions presented in the previous chapters.

The first scenario starts at the end of the winter
period, when the out-break of the vernal bloom is
beginning. The combination of a strong ice winter
and a relatively strong turbulence provides nutri
ents, physical support, and ensures successful
seeding of the non-motile vernal diatom species
(Fig. 18). Nutrients are incorporated into the grow
ing diatom assemblage which sinks rapidly from
the photic layer transporting organic matter and
nutrients to the benthos. However, if the overcast
and windy days are predominant and strong physi
cal perturbations occur, such as storms or vigorous
upwelhngs keeping the water column more or less
homogeneous, a large part of the nutrients will be
retained in the water column. If the bloom termi
nates due to exhaustion of the limiting nutrient (i.e.
nitrogen in the coastal northern Baltic Sea), a large
part of the nutrients (mainly nitrogen) will be lost
from the pelagic system by sinking. Hence a nutri
ent-poor situation will follow in summer. Thus the
vernal diatoms are the major vehicle of export pro
duction and represent a trne loss from the pelagic
system.

The second scenario predicts a spring bloom
development, where the dinoflagellates (both
Scrippsiella hangoei and Peridiniella catenata),
which are promoted by the low turbulence, shal
low mixed surface layer and the weak ice condi
tions, have a successful seeding strategy, dominate
over the diatoms. A prolonged bloom is enabled by
vertical migration which allows the dinoflagellates
(mainly P. catenata) to use the nutrients from be-
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Fig. 18. Bifurcation scenario for the alternative pathways of seasonal phytoplankton development, and implications of the

selection of dominant groups on seasonal export flux, and retention of nutrients in the pelagic system of the northern

Baltic Sea (inspired by the bifurcation scheme presented by Legendre and Le FOvre, 1989). See text.

low the stratified surface layer. At the end of the
spring bloom, and upon completion of the sexual
cycle (S. hangoei), the vegetative stages of the
dinoflagellates perish from the surface layer. Only
a small fraction of the dinoflagellate population
sinks as intact cells, but most of their biomass dis
integrates in the water column and settles slowly as
phytodetrital material. After the dinoflagellate
bloom terminates, a potentially larger fraction of
the incorporated nutrients remains in the surface
layer as dissolved and particulate organic matter,
than after the diatom-dominated spring bloom.
However, there is a possibility for physical pertur
bation: If the spring is very stormy and upwelling
events are frequent, dinoflagellates will not be able
to establish a vigorous bloom, and the non-assimi
lated nutrients will remain in the water column
(Fig. 18).

Let us assume that the scenario of the strong
physical perturbations during spring will be ac
complished and more nutrients will remain in the
water column. Picoplanktonic algae and other
small nanoflagellates (small-sized algae of the re

generating system) are not able to accumulate ex
cess nutrients as an increased biomass due to tight
grazing and predation control, but other, larger al
gae will take advantage of the situation. However,
many of those are grazed effectively and the nu
trients are retained in the planktonic system. As
suming that the stable conditions continue and
warming of the water column takes place, cyano
bacteria, mainly Nodularia, will find a chance to
grow (Fig. 18). Given a head start by the larger-
than-normal initial nutrient supply, and favoured
by their large size as a refugio from zooplankton
grazing, cyanobacteria will establish extensive
blooms and incorporate new nitrogen into the sys
tem. Provided that the calm conditions prevail, or
that the physical perturbations are moderate
(short duration and low frequency), cyanobacteria
can flourish for long periods of time (i.e. weeks).
Most of the produced biomass and organic matter
will be mineralized in the water column, and the
burial of N, P and C into the sediments may even
tually be small. More nutrients might remain in
the water column after a cyanobacteria year, pro-

Export/Total production
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viding new nutrients for the following spring
bloom, when the seasonal cycle starts again. Here
we retum back to the beginning of the cycle.

What will happen according to this scheme, if
there will be another weak ice winter followed by
an early development of a strong stratification?
Presumably more dinoflagellates, and eventually
more nutrients will be left in the water column for
the next cyanobacteria bloom, which again will fix
more nitrogen and retain more nutrients in the wa
ter columm. Such a scenario predicts a cyclic de
velopment, where, along with intensified global
warming (the “green house effect”), leading to di
minishing ice cover and early establishment of the
stratification, huge blooms of dinoflagellates in
spring and cyanobacteria in summer could be an
ticipated. This kind of scenario, together with the
increasing anthropogenic influence and nutrient
input, would implicate that the coastal areas of the
northern Baltic Sea would gradually become dom
inated by dinoflagellate-cyanobacteria bloom cy
cles. Both of these bloom types channel little of
their production into harvestable biomass, but
rather cause hazardous effects, such as toxicity and
hygienic problems, in the coastal areas.

Unpredictable and chaotic physical perturba
tions will cause interruptions and lead to repercus
sions of the development. There are possible new
bifurcations (which will have new bifurcations,
and so on...) all along the way. In reality, such al
ternating cycles of the massive dinoflagellate and
hazardous cyanobacterial blooms would be diffi
cult to forecast. However, using a coupled physical
and biological modelling, it could be possible to
test such scenarios and the probability of the oc
currance of such a cyclic development. In conclu
sion, the evolutionally selected adaptations of the
dominant “key” species crucially influence the
channelling of nutrients in the pelagic system. The
species-specific life-cycle strategies, which con
trol assimilation, growth, and the channelling of
algal biomass act together with the physical pertur
bations and the planktonic food web interactions.
The dynamic interplay between all these factors
has a profound impact on the development of eu
trophication and channelling of nutrients in the pe
lagic system of the northern Baltic Sea.

10 Summary

Nutrients imported to the pelagic system from the
external sources (i.e. new nutrients from the deep
water, or allochthonous and atmospheric sources)
support new prOduction, which is either incorpo
rated in the planktonic food web, or channelled
into the increased sedimentation. In a longer time
scale (i.e. one productive season), and assuming a
steady state of the pelagic system, export of organ
ic matter by sedimentation may approach new pro
duction. Thus the measurements of the vertical
flux below the euphotic surface layer can be used
to approximate the annual new production of the
pelagic system. In order to study the factors gov
erning the nutrient retention and loss in the pelagic
ecosystem of the northern Baltic Sea, seasonal
studies of sedimentation and plankton dynamics
were carried out in the coastal area off south-west
Finland (at the entrance of the Gulf of Finland).
Additional large-scale mesocosm experiments
were carried out in order to study the short-term
effects of the resource supply (bottom-up) and
planktonic food web interactions (top-down con
trol) on the nutrient dynamics and sinking loss
from the regenerating pelagic system during sum
mer.

Sedimentation in the shallow coastal area is in
fluenced by several interacting processes which
have to be considered if primary sedimentation (or
export flux) from the photic zone is to be meas
ured. Sediment trap measurements have a good
replicability, and a single mooring is representa
tive within a topografically defined basin. Howev
er, local topography and the current regime influ
ence resuspension of particles from the sediment
surface, resulting in a variable fraction of second
ary sedimentation at different study sites. In the
more open location (open sea area) resuspension
was observed to have a significant effect on the
sedimentation rates only when high current veloci
ties were recorded in connection to the upwelling
events. Moreover, in the shallow coastal areas
phototrophic micro-organisms (e.g. dinoflagel
lates) contaminate sedimentation measurements, if
preservatives are used during deployments, and
traps are deployed within the vertical range of their
daily migration interval (i.e. above 30 to 40 m). A
special care must be taken to separate the vertically
migrating organisms from passive sedimentation
in order to prevent serious overestimation of the
vertical flux.
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The major new production in the northern Bal
tic Sea takes place during the spring bloom in
April—May and the cyanohacterial bloom in late
summer. During these bloom situations biomass is
dominated by few “key” species, which govern the
overall synthesis and channelling of organic mate
rial. During the spring bloom peak, dinoflagellates
often dominate in the water column, while diatoms
form the major part of the settled material. Thus
the magnitude of the spring bloom sedimentation
is mainly governed by the diatoms, which are the
major vehicle of the export flux from the pelagic
system.

The dominant vernal dinoflagellates in the
northern Baltic Sea, Scrippsiella hangoei and Fe
ridiniella catenata, can be classified as “red-tide”
dinoflagellates favoured by high nutrient and strat
ified conditions. When the weather conditions are
calm and the surface layer is stratified, dinoflagel
lates, due to their mobility, are able to overcome
diatoms, which sink below the mixed surface lay
er. Following the completion of the sexual cycle in
the water column, the settling flux of S. hangoei
resting cysts can be relatively high, and contribute
a considerable share to the total sedimentation of
organic carbon. A part of the P. catenata popula
tion performs daily vertical migrations, and poten
tially transports the deep water nutrients into the
mixed surface layer. The major part of the vernal
dinoflagellate biomass produces slowly settling
phytodetrital material after the bloom has termi
nated, and potentially retain more organic matter
and nutrients in the planktonic food web than dia
toms.

Blooms of filamentous, diazotrophic cyanobac
teria are a natural and recurrent phenomena during
the late summer in the northern Baltic Sea. The
toxic cyanobacteria Nodularia spumigena forms
periodically extensive blooms together with the
non-toxic Aphanizomenon ct flos-aquae. Al
though the blooms may be visually spectacular,
due to the massive surface accumulations, the im
portance of the cyanobacteria for the overall ex
port production during summer is relatively small.
The cyanobacterial biomass disintegrates mostly
in the water column, fuelling mainly the microbial
food web, and thus does not directly contribute to
the organic matter loading and subsequent oxygen
depletion in the sediments. The successful bloom
formation and buoyancy control of Aphanizome
non was favoured by higher nitrogen (and phos
phorns) levels in the southern Gulf of Riga, which

represents a more eutrophied reference area to the
investigations carried out in the western Gulf of
Finland. In the coastal Gulf of Finland, strong ver
tical separation of the mixed surface layer from the
nutrient rich deep layers resulted in nutrient-re
plete conditions in the surface layer. Consequent
ly, a larger fraction of Aphanizomenon was lost
due to sedimentation in the Gulf of Finland than in
the nutrient-replete Gulf of Riga. In conclusion,
rather the availability of deep water nitrogen than
merely the low N:P ratio promote the bloom for
mation and the successful buoyancy control of
Aphanizomenon.

In comparison to the composition of the spring
bloom phytoplankton assemblage in the coastal
northern Baltic Sea, the dominant phytoplankton
species, which emerged after the nutrient enrich
ments in the experimental enclosures during sum
mer, were unpredictable. The timing of the nutri
ent enrichments, and the selection of the dominant
algal species influenced bloom development in the
enclosures further, either into a more regenerating
or transient-type pelagic system. The results of the
enclosure experiments indicated that the hetero
trophic community has a crncial impact on the re
tention of nutrients in the pelagic system. The cas
cading effects of the top-down control by fish re
sulted in a diversified strncture of the heterotroph
ic community, which was decisive for the accumu
lation of phosphorns into the detrital pool of the
pelagic system. At the same time, continuous ni
trogen limitation (despite the additions) was main
tained by a greater sedimentary loss of nitrogen (in
relation to phosphorns), and by an effective incor
poration into the body tissue of heterotrophs. In
another experiment, the post-upwelling phyto
plankton community, consisting mostly of an cu
glenoid flagellate, Eutreptiella gymnastica, was
adapted to rapid growth after episodic nutrient ad
ditions. The sinking loss of theE. gymnastica pop
ulation was low, and the biomass increase was ef
fectively harvested by mesozooplankton grazing.

A comparison between the two seasonal studies
in the coastal area of the Gulf of Finland, in 1988
and 1992, revealed that there may be considerable
interannual differences in the seasonal sedimenta
tion and plankton dynamics depending on climato
logical factors and hydrodynamic conditions. Al
ter an average ice winter in 1988, hydrodynamic
conditions were calm, and the spring bloom devel
oped and sedimented rapidly. On the contrary,
strong physical perturbations, and a vigorous up-
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welling in the middle of the spring bloom in 1992
resulted in an abrupt termination of the bloom de
velopment and a lower sedimentation of organic
matter during the spring bloom. Based on the nu
trient ratios of the settled and suspended material it
was concluded that in 1988, phosphorus was effec
tively retained in the pelagic system while both
carbon and nitrogen were lost by sedimentation to
a greater extent. However, in 1992, nitrogen and
carbon were, on average, more effectively retained
in the pelagic system than phosphorus. According
ly, it was conceivable that during the productive
season in 1988, pelagic system was inclined to ex
perience nitrogen limitation, while in 1992, phos
phorus limitation was more likely.

The budgets of nitrogen and phosphorus were
compiled for the planktonic system during the
spring and summer periods in 1988. The measured
export flux was considered to approximate the pe
lagic new production. The magnitude of the regen
erated production was estimated by calculating the
potential nutrient recycling by the pelagic hetero
trophs. Furthermore, it was evaluated if the as
sessed new and regerated nutrient supply was suf
ficient to consummate the requirements of the pe
lagic autotrophs, or if other nutrient sources were
needed to balance the budget. The decline of inor
ganic nitrogen in the water column was in good
correspondence with the primary sedimentation of
particulate nitrogen during the spring bloom. This
denoted that the export from the pelagic system
could be used as a proxy of the vernal new produc
tion. The estimated regenerated production was
not completely supported by the potential reminer
alization of the pelagic heterotrophs, indicating
that an additional nitrogen supply was required.
This could have been provided by the physical
processes, and partly by the vertically migrating
dinoflagellates, acting as nutrient pumps from the
deeper strata.

During summer, the export flux of nutrients
was clearly lower than in spring, although the im
pact of resuspension was relatively high. Recyc
ling by heterotrophs was estimated to supply a ma
jor part of the nitrogen requirements of the plank-
tonic autotrophs. However, external sources, such
as upwclling, wind mixing, diffusion, atmospheric
deposition, and cyanobacterial nitrogen fixation,
were requisite to balance the budget and to satisfy
the total nitrogen demand of autotrophs.

The initial inorganic phosphorus reservoirs in
the water column were estimated to support most

of the pelagic phosphorus assimilation during the
spring bloom. Since a large part of the assimilated
phosphorus was retained in the surface layer, a
considerable supply of dissolved and particulate
phosphonis was left in the pelagic system after the
termination of the vernal bloom. The dual role of
bacteria, both assimilating and mineralizing phos
phorus, probably provided a generous supply of re
cycled phosphorus to the pelagic system through
out the seasonal cycle. Moreover, resuspension of
phosphorus-enriched particles from the sediments
may have provided an additional, episodic phos
phorus supply to the pelagic system.

11 Conclusions

In the northern Baltic Sea, the major part of the an
nual new production and sedimentation of organic
matter takes place during the spring bloom period.
Physical processes set the boundaries for the initia
tion and duration of the bloom, while the fate of
the produced biomass is dependent on the specific
adaptations and life strategies of the dominant ver
nal phytoplankton species (i.e. diatoms and dino
flagellates). The bloom-forming diatoms are the
major vehicle of the export flux from the pelagic
system, while the vernal dinoflagellates promote a
greater retention of nutrients in the pelagic system.
Thus the balance between the dominance of dia
toms or dinoflagellates may have consequences to
the pelagic nutrient retention, and to the temporal
overflow of organic material and nutrients from
the vernal new production to the regenerated pro
duction period in summer.

On a seasonal scale, the fate of the cyanobacte
rial bloom biomass is mainly disintegration and
mineralization in the water column during sum
mer. Consequently, the cyanobacterial blooms
contribute a minor share of the overall export flux
and deep water oxygen deficiency in the northern
Baltic Sea. A tentative scenario is envisioned,
where increasing anthropogenic eutrophication,
combined with intensifying global warming, may
result in a decrease of the share of the vernal dia
toms. Subsequently, more of nutrients may remain
available in the water column, leading to intense
vernal dinoflagellate blooms. Abundant nutrient
supply during summer provides a firm start for the
cyanobacterial blooms, leading to an intensified
retention of nutrients in the water column.
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The common properties of the new production
systems, where nutrients are mostly supplied from
external sources (as from the waste-water dis
charge of coastal municipalities, or during the
spring bloom when the initial nutrient reserves of
the water column are consumed), seem to shift the
planktonic system predominantly into nitrogen de
ficiency. Nitrogen limitation is maintained by con
current sedimentation and effective sequestration
of nitrogen into the body tissue of pelagic hetero
trophs, while proportionally more phosphorns is
retained and recirculated in the pelagic system.
Thus, a decrease in the external nitrogen loading,
in addition to the efficient removal of waste-water
phosphorns, is required to abate eutrophication
and to improve the quality of the coastal waters in
the northern Baltic Sea.
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Yhteenveto

Ulappaekosysteemin uusi tuotanto pernstuu ullco
puolisista lahteisth tuleville ravinteille (esim. poh
janlaheisissh vesimassoissa mineralisoidut ravin
teet, maalta, huuhtoutumana jokivesisth seka ii-
man kautta tulevat ravinteet). Kierratetty tuotan
to perustuu ulappaekosysteemin toisenvaraisten
elioiden ravinnemineralisaatioon. Ulappaekosys
teemin ulkopuolelta tulevien ravinteiden aiheutta
ma perustuotannon lishys kanavoituu planktonle
vien tuotannon ja biomassan kasvuna, hiukkasmai
sen tai huenneen orgaanisen aineen kertymisenh
vesipatsaaseen, tai johtaa lishhntyneeseen sedi
mentaation. Pitemmhllh aikavitlillit (esim. kasvu
kausi tai vuosi), orgaanisen aineen vajoamishavik

H ulappaekosysteemista vastaa suuruudeltaan uu
den tuotannon mäiirää, jos oletetaan, etth ulap
paekosysteemiin tulevat ja sielth poistuvat ravin
nevuot ovat tasapainossa. Tassa tydssä selvitettiin
kolmen kevht- ja keshjakson aikana hiukkasaineen
vajoamishhvikin vuodenaikaista vaihtelua seka ra
vinteiden pidhttaytymiseen tai niiden poistumiseen
ulappaekosysteemista vaikuttavia tekijaith Hanko
niemen edustalla. Lisaksi heina- ja elokuussa
(kierratetyn tuotantojakson aikana), tehtiin laaja
mittaisia ekosysteenilkokeita kayttaen suuria (30
ja 50 m3) kelluvia altaita (ns. sakkikokeita), joissa
koko planktonelioyhteison vastetta ravinnelisayk
seen (ns. bottom-up control) ja samanaikaiseen tai
erilliseen planktonravintoverkon ylhtasoihin koh
distuvan saalistuspaineen kasvuun (ns. top-down
control) tutkittiin usean yukon ajan.

Tulosten mukaan hiukkasaineen kerhilysylin
tereilla tehtavat sedimentaatiomittaukset ovat
varsin toistettavia, ja jo yksi sylinterisarja on rut
thvä antamaan luotettavan kuvan sedimentaatios
ta mor-fologialtaan selkeasti rajattavalla rannik
kovesi-alueella. Paikallinen topografia ja virtaus
olosuhteet kuitenkin vaikuttavat mm. hiukkasai
neen resuspensioon ja kulkeutumiseen. Koko
naissedimentaatiossa saattaa olla suuria alueelli
sia eroja riippuen resuspension voimakkuudesta
esim. eri saaristovyohykkeilla. Avomerivyohyk
keella resuspensiolla oh selva vaikutus sedimen
taatiomittauksiin ainoastaan silloin, kun kumpu
amisten yhteydessa havaittiin korkeita virtausno
peuksia.

Vesipatsaassa vertikaalivaeltavien plankto
nayriliisten ja yksisoluisten mikro-organismien
vaikutus sedimentaatiomittauksiin voi olla huo
mattava, mikali kerailysylintereissa khytetaan
sailontaaineita mikrobien hajotustoiminnan esth
miseksi. Pienten yksisoluisten siimaelididen ja
ripsielainten vertikaalivaellus saattaa ulottua jopa
30—40 metrin syvyyteen. Runsaana esiintyesshhn,
kuten esim. kevatkukinnan aikana, ne saattavat li
shtä mitatun kokonaislaskeuman mhärhä merkit
tävästi (10—30%). Virhetta voidaan arvioida las
keutuneen hiukkasaineen niikroskooppisella tar
kastelulla.

Tarkeimmat uuden tuotannon jaksot pohjoisel
la Itamerella ovat kasviplantonin kevhtkukinta
huhti-toukokuussa ja sinilevakukinnat loppu
keshlla. Kukintojen aikana orgaanisen aineen tuo
tantoa ja planktonlevien kokonaisbiomassaa val
litsevat vain muutamat “avainlajit”, jotka sahtele
vat orgaanisen aineen ja ravinteiden kanavoitu
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mista ulappaekosysteemissa. Kevatkukinnan aika
na panssarilevat vallitsevat tuottavan vesipatsaan
levabiomassaa, kun taas piilevSt muodostavat val
taosan vajonneesta hiukkasaineesta. Pilievien run-
sans saatelee siten kevatkukinnan sedimentaatiota
ja vajoamishavikin kokonaismaaraa suhteessa
tuotettuun levabiomassaan. En lajien ominaispiir
teet liittyen niiden elSmSn erto- ja selviytymis
strategioihin vaikuttavat merkittavasti orgaanisen
aineen vajoamisnopeuksiin kukinnan loppuvai
heessa.

Vesipatsaan voimakas kerrostuminen kevatku
kinnan aikana, kun ravinnepitoisuudet ovat yleen
sa korkeat, suosii panssariievien (Scrippsiella han
goei ja Peridiniella catenata) kasvua. Liikuntaky
vyttdmät piilevSt vajoavat sekoittuvan pintaker
roksen alapuoleile eivatka pysty palaamaan tuotta
vaan kerrokseen, joiloin panssarilevat yieistyvatja
saattavat ajoittain muodostaa vaitamerten ns. “red-
tide” iimiota muistuttavia massakukintoja. Kevat
kukinnan loppuvaiheessa S. hangoei-panssarile
van suvullisen lisaantyimskierron tuioksena tuote
tnt iepoitiöt, kystit, vajoavat nopeasti pintakerrok
sesta vieden mukanaan osan vesipatsaan biomas
sasta. Voimakkaan panssarilevakukinnan jailceen
niiden kystit saattavat muodostaa vaitaosan orgaa
nisen hiiien kokonaissedimentaatiosta.

Osa toisen valtaiajin, Peridiniella catenata, p0-
pulaatiosta vaeltaa vertikaaiisesti vesipatsaassa ja
voi ilmeisesti kayttaa tuottavan pintakerroksen
alapuolisia ravinteita kasvuunsa. Varsinkin vuosi
na, joiloin panssarilevat ovat yleisia vertikaaiivaei
ins voi olia merkittava kabden samoista ravinnere
sursseista kiipaiievan panssariievaiajin yhtaaikai
sen massaesiintymisen ja pidennetyn kevatkukin
nan keston mahdoffistava tekija. Kukinnan päStty
misen jalkeen pääosa panssarilevasoiuista hajoaa
vesipatsaassaja tuottaa hitaasti vajoavaa orgaanis
ta detritusta. Panssarilevien kukinnan pidennetty
kestoja hitaampi vajoaminen voivat edesauttaa or
gaanisen aineen ja ravinteiden pidattymista ulap
paekosysteemin ravintoverkkossa (joko pianicto
nayriaisten iaidunnuksen tai ns. mikrobisiimukan
kautta). Tasapaino ph- tai panssariievien vahha
kevatkukinnan aikana voi vaikuttaa ratkaisevasti
ravinteiden pidattaytymiseen vesipatsaassa. Taiia
todennakoisesti on merkitystk tuotannon lahtota
solie seka ravinteiden saatavuudelle kesan kierra
tetyn tuotannon aikana.

Loppukesan ribmamaisten sinlievien kukinnat
ovat iuonnoilinen ja vuosittain toistuva ilmio poh
joisella Itamereila. Myrkyilinen siniieva Nodula

na spumigena muodostaa ajoittain iaajoja massa
esiintymia yhdessa myrkyttoman Aphanizome
non cf. flos-aquae siniievan kanssa. Vaikka sini
leviikukinnat ovat huomiota herattavia muodosta
essaan veden pinnaiia keiiuvia suuria ievalautto
ja, niiden osuus vuotuisesta perustuotannosta ja
kasvipianlctonin biomassasta voi olia varsin pieni.
Lisaksi siniievakukintojen aikana tuotettu ieva
biomassa hajoaa paaasiaiiisesti vesipatsaassa ja
kanavoitnu uiappaekosysteemin milcrobisilmuk
kaan, eika nainoiien vaiittomasti lisaa orgaanisen
aineen vajoamishaviicicia ja hapen kuiuniista poh
jan iaheiia.

Aphanizomenon-sinilevan kukintadynamiikan
vertaiiu Hankoniemen edustaila ja eteiaiseiia
Riianiahdelia, osoitti, etta pintakerroksen aiapuo
iisten ravinnevarantojen saatavuus on ratkaiseva
kukinnan kehittymiselie. Riianiahdelia ravinnepi
toisuudet oiivat korkeita ja pintakerroksen kerros
tuminen heikkoa, mika edesauttoi ravinteiden se
koittumista tuottavaan pintakerrokseen. Aphanizo
menon-sinileva pystyi iisaantymaan ja saatele
maan aktiivisesti sijaintiaan vesipatsaassa kaa
surakkuioittensa avuiia. Voimakas kerrostunei
suns Hankoniemen edustaila esti ravinteiden paa
syn pintakerrokseen, joiioin Aphanizomenon-sini
ievan paivittainen vajoarnishavikki oh poikkeuk
seliisen suuri (20—40% vesipatsaan ievabiomassa
ta) Veden epaorgaanisen typen saatavuus, pikem
minkin kuin peikka N:P suhde, oii ratkaiseva ku
kinnan muodostunjiseiie, vaikka Aphanizomenon
sinileva kykenee sitomaan myds iiman molekyiaa
nsta typpea.

Voidaan oiettaa, etta hsaantyvan rehevoitymi
sen ja iimastonmuutoksen myota, piiievien osuus
kevatkukinnan vaitaiajeina voisi vahentya, jolioin
panssariieviiie jaisi enemman ravinteita kaytetta
vaksi ja niiden osuus kevaticukinnan biomassasta
kasvaisi. Kesan suurempi ravinnemaiira voi puo
iestaan edistaa siniievien massesiintymisten muo
dostumista, ja edelieen edesauttaa ravinteiden pi
dattymista vesipatsaaseen. Mikali taiiaiset voi
makicaat panssari- ja siniievien massaesiintymis
ten syklit yieistyisivat, orgaanisen aineen sedimen
taatio tuotantokauden ailcana todennäkdisesti va
henisi, ja vesipatsaaseen pidattaytyvien ravintei
den maara oiisi suurempi.

Loppukesan kierratetyn tuotannon aikana säk
kikokeiden ravinneiisayksista hyotyva ievaiaji oil
etukateen ennustamattomampi kuin kevaticukin
nan vaitaiajisto, joka vuodesta toiseen koostuu sa
moista lajeista (vaikica iajien keskinaiset runsaus
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suhteet saattavat vaihdella). Ilmeisesti ns. “sakkie
fekti” (luonnollisen turbulenssin muuttuminen)
seka ravimielisaysten jalcsotus olivat merkittavia
koko planktonyhteison kehittymiselle. Nopeasti

,kasvava ja vastaavasti vaheneva, “uuden tuotan
non” tyyppinen levakukinta kehittyi slkeissa, joi
hin lisattiin ravinteita muutaman paivan viiveen
jalkeen. Sakeissa, joihin lishttiin ravinteita vhlitth
mhsti, kehittyi enemnian”kierratettya tuotantoa”
muistuttava planktonelioyhteiso, jossa suuri osa ii
shtyistä ravinteista kertyi vesipatsaaseen.

Erityisesti fosfori kertyi tehokkaasti vesipat
saan hiukkasaineeseen, ilmeisesti toisenvaraisten
elioiden laidunnusaktiviteetin ansiosta. Ravinneli
sayksista huolimatta typen suurempi vajoamisha
vikki (suhteessa fosforiin) ja toisenvaraisten
planktonorganismien tehokas assimilaatio yllapiti
vat jatkuvaa typpirajoitteisuutta planlctonyhteisos
sa. Saalistuspaineen lisays planktonyhteison tro
fiatasojen ylapaassa (kolniipiikkien planictonay
riaisiin kohdistuva saalistus), vaikutti koko toisen
varaisen planktonyhteison kehitykseen ja johti val
litsevien ryhmien erilaistumiseen koemanipulaa
tioista riippuen. Toisessa kesaaikaisessa sakkiko
keessa planktonyhteiso koostui etupähssh silmale
vim kuuluvasta, Eutreptiella gyinnastica-siimale
vhsth, joka oh hyvin sopeutunut puissimaisten ra
vinnelisaysten (kuten kumpuaniiset) tehokkaaseen
assimilaatioon. Vajoamishavikki oh aihainen ja
elainplanktonin laidunnus selitti suurimman osan
levabiomassan vahenemisesta tuotantohuippujen
jalkeen.

Vuodenaikaisessa sedimentaatiossa tai plank
tondynamiikassa saattaa olla merkittavia eroja
riippuen ilmastollisista ja hydrodynaamisista teki
jdisthh. Vuonna 1988 jaatalvi oh keskimaarainen ja
kevaan tuuli- ja virtausolosuhteet olivat melko rau
halliset. Kevatkukinta kehittyi nopeasti ja vajosi
melko pikaisesti ravinteiden loppuessa. Touko
kuussa 1992, kumpuaminenja siihen liittyvat fysi
kaaliset prosessit (virtausnopeudet ja tuuli) johti
vat kevatkukinnan keskeytymiseen ja aihaiseen or
gaanisen aineen sedimentaatioon kevatjakson ai
kana. Sekoittuvan pintalcerroksen ja vajonneen
hiukkasaineen ravinnesuhteiden vertailu osoitti,
etth kevaan ja keskjakson ailcana vuonna 1988 hii
len ja typen vajoamishavilcit olivat suhteellisesti
suurempia bin fosforin. Toisaalta kevat ja kesa
jalcsolha 1992, huh ja typpi pidattyivat keskimaa
räisesti tehohckaammin uhappaehcosysteemiin bin
fosfori. Ravinnesuhteiden perusteelha typpi oh
vuonna 1988 herkemmin tuotantoa rajoittava bin

fosfori, kun taas vuonna 1992 uhappaekosysteemin
tilanne oh painvastainen

Ulappaekosysteemin typpi- ja fosforitaseet has
kettiin hcevat- ja kesajaksoihhe 1988, jotta mitattua
vajoainishavihckia voitiin verrata potentiaaliseen
kierratetyn tuotannon maarhan. Mitatun vajoamis
hhvikin avulla arvioidun primaarisedimentaation
maärhn ohetettiin olevan verrannoihinen uuden tuo
tannon maaraan. Epaorgaanisen typen vahenemi
nen vesipatsaassa kevatkukinnan aikana vastasi
hyvin mitattua hiukkastypen vajoamihavikkia,
mika viittasi siihen, että kevatjakson aikana kas
viphanktonin kasvuun sitoutuneet veden typpiva
rannot poistuivat suureksi osaksi vajoamahia tuot
tavasta kerroksesta. Vesipatsaan talvenjailceiset
fosforivarannot kattoivat valtaosan uhappaehcosys
teemin arvioidusta fosforintarpeesta hcevatjahcson
ailcana.

Kesahia ravinteiden vajoamishavilclci oh sehvas
ti aihaisempi bin kevaahla, vaikica hiuldcasaineen
resuspensio hishhsi kokonaissedimentaation maaraa
huomattavasti. Planktonekosysteemin sisaisen ra
vinnehcierratyksen arvioitiin tyydytthhvan vahtaosan
perustuottajien typpi- ja fosforitarpeesta, mutta
myds ulkoiset ravinnehahteet (esim. hcumpuami
nen, sinilevien typensidonta, ihmahashceuma, yms.)
ohivat todennhilcoisesti merkittavia. Taman hisaksi
kevatbhcinnan jhhhhceen vesipatsaaseen jaaneet hiu
enneet ja hiukkasmaiset orgaaniset ravinnevarat
ohivat ihmeisesti riittavat kattamaan kesaaikaisen
bakteerituotannon arvioidun typpi- ja fosforitar
peen. Bakteerien kaksoisrooli, seka fosforin kayt
tajina etta sen hcierrattajina todennakoisesti takasi
fosforin jatbvan tarjonnan myds planlctonhevihhe.
Lishksi hiulcicasaineen resuspensio toi ajoittain
runsaasti fosforia sisahtavaa hiuhckassainetta sedi
menteista yhempiin vesilcerroksiin.

Vuosien vahiset erot hydrodynamiikassa (esim.
bmpuamiset ja tuuhet) vaibttivat hevakuhcintojen
ja phanktonekosysteemin kehittymiseen ja edeh
heen vajoaniishavihcin kokonaismahiraan seka sedi
mentaatiohuippujen ajoittumiseen kasvukauden
ailcana.

Pohjoisehha Itamerelha kasvukauden aihcainen
typpikuormitus rannikkoahueihha (esim. asutusjate
vesistk) johtaa hevabiomassan hisaantymiseen, joka
sitoutuu tehokkaasti uhappaekosysteemin toisenva
raisten ehioiden kasvuun tai sedimentoituu. Uuden
tuotannon systeemeissa, joissa ullcoiset ravinne
lahteet (esim. harppauskerroksen ahapuolisista ye
simassoista, tai maahta jate- tai jokivesista peraisin
olevat ravinteet) ovat vahlitsevia, typen fosforia
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suhteellisesti suurempi vajoamishhvilcki ja sen te
hokkaampi sitoutuminen toisenvaraisten plankto
nelioiden biomassaan yllhpithvht typpirajoittei

suutta.
Rehevoitymisprosessin mydtä kiihtyvh vajoa

mishhvilckisiis”pumppaa” typpeh Ga orgaanista

ainetta) pois ulappaekosysteemista, kun taas fosfo

ri kierratetaan tehokkaamniin pintakerroksessa.

Nain ollen, jätevesien tehokkaan fosforinpoiston

lishksi, typpikuormituksen vahenthminen todenna

koisesti edesauttaa rannikkovesien puhdistumista

ja rehevoitymiskehityksen taantumista.
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