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19.1 Introduction

Quantitative estimates of the fluxes and dynamics
in the nutrient load on marine environments, their
distribution and channelling through the food web
and the effect on the increase of new production,
are fundamental and constitute a prerequisite for
the planning of actions for water protection mea-
sures. The Gulf of Riga is no exception. The Gulf
is a semi-enclosed part of the eastern Baltic Sea,
surrounded by Estonia and Latvia and has one
major outlet, the Irbe Straight Sound, and one mi-
nor one, the Muhu Sound. The Gulf of Riga has a
surface area of 19,000 km?, is up to 67 m deep, has

a relatively simple topography and a volume of 420
km? (Figure 19.1). The Gulf is eutrophicated and
most of the pollution loads in the Gulf can be at-
tributed to human activities in the drainage basin,
which covers 135,700 km?, or more than seven
times the surface area of the Gulf itself. In pelagic
environments the fate of organic matter produced
by an increased supply of nutrients, the regula-
tion of vertical flux and in particular the pelagic-
benthic coupling are not well known in general,
let alone in the Gulf of Riga. Since the beginning
of this century Estonian, Latvian, Lithuanian and
Russian scientists have already carried out a sub-
stantial body of work in various disciplines in the
Gulf of Riga and its drainage area (summarised
by Ojaveer 1995). From 1993-1997 Nordic and
Baltic scientists joined forces in an international
project, the ‘Environmental Research in the Baltic
Sea’, also referred to as the ‘Gulf of Riga Project’
(GoR). The objective was to study environmental
problems in the Gulf and its drainage area, and to
determine their impact on the rest of the Baltic
Sea in general and the Baltic Proper in particular
(Figure 19.2).

The investigations reviewed here aim at to un-
derstand the Gulf of Riga as an ecosystem by
analysing

1. the dynamics of the runoff of nutrients and
their supply to the Gulf

2. the distribution of nutrients in the Gulf
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19.2. HIGH INPUT, LOW LOAD
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Figure 19.1: The Gulf of Riga between Estonia and Latvia. Also shown are some of the stations that were

investigated
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Figure 19.2: A conceptual scheme of the Gulf of Riga
project.

3. the production and distribution of plankton
and organic matter and

4. the processes involved in settling and the ver-
tical export of organic matter

This chapter rests upon 14 publications from
the project ‘Pelagic eutrophication and sedimen-
tation’” (Wassmann & Tamminen, 1999); see also
J. Mar. Syst, Vol 23.

19.2 The riverine input of nu-
trients is high, area-specific
loads are low

The Gulf of Riga receives more than 140,000 t
of nitrogen and 3,000 t of phosphorus annually
(Laznik et al., 1999). Most of this pollution load
can be attributed to the activities in the drainage
basin of the Gulf of Riga. The two largest drainage
basins are those of the Daugava and Lielupe River,


http://www.sciencedirect.com/science?_ob=IssueURL&_tockey=%23TOC%236001%231999%23999769998%23163388%23FLA%23Volume_23,_Issues_1-3,_Pages_1-283_(December_1999)&_auth=y&view=c&_acct=C000043701&_version=1&_urlVersion=0&_userid=805548&md5=d2111f205cd583b74d82abda2820613d

252

CHAPTER 19. GULF OF RIGA, THE BALTIC SEA

Figure 19.3: The town of Riga, the river Daugava and the adjacent coast in the southern coast of the Gulf of

Riga.

which cover 78% of the total drainage area (Fig-
ure 19.4). On an annual basis, runoff corresponds
to 9% of the total water volume of the Gulf. Thus,
the impact of the rivers on the Gulf of Riga is sub-
stantial. River supply to the Gulf of Riga is by
far the most important pathway of nutrients. Ap-
proximately 113,000 t of nitrogen (79% of the total
load) and 2,050 t of phosphorus (68% of the total
load) are annually transported by the rivers to the
Gulf. In addition, the Gulf receives approximately
65,000 t yr'! of silica. Bio-available forms of nitro-
gen and phosphorus were shown to be responsible
for 55% and 74% of the total loads of nitrogen and
phosphorus, respectively. The share for the inor-
ganic nitrogen is comparable with other Baltic Sea
rivers, whereas the share for phosphate is some-
what higher (P. Stalnacke, pers. comm.). The
high N:P ratio (>50 on an average annual basis,
w:w) suggests that rivers entering the Gulf of Riga
are phosphorus-limited, and that their discharge
contributes to phosphorus limitation in the Gulf,
which was suggested by Yurkovskis et al. (1993).

Although the riverine input of nutrients is high,
the area-specific load from the catchment area of
the Gulf of Riga is low or moderate compared
to loads from other areas in the Baltic Sea re-
gion. For example, Stalnacke (1996) reported an-
nual area-specific riverine exports of 12.2 kg ha™!
for nitrogen and 0.42 kg ha! for phosphorus in
the Western Baltic sub-basin (i.e. Kattegat, The
Belts, @resund) compared to 8.3 kg ha™! for nitro-
gen and 0.15 kg ha™ for P reported for the Gulf
of Riga catchment area by Laznik et al. (1999).
These relatively low values are unexpected in view
of the generally inefficient sewage treatment for
the 4.5 million inhabitants in the drainage basin
and the previously intensive agriculture (approxi-
mately 40% of the catchment area is used for agri-
cultural production) with e.g. inefficient and inap-
propriate handling and spreading of manure and
commercial fertilisers.
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Figure 19.4: The water shed of the rivers discharging into the Gulf of Riga.

19.3 Temporal variation in

riverine loads is substantial

The temporal variation in riverine loads of nutri-
ents to the Gulf of Riga is substantial and char-
acterised by both large interannual and seasonal
variations. Most of these variations can be ex-
plained by natural fluctuations in runoff (Laznik
et al., 1999). The large interannual variation in
the nutrient loads can be exemplified by the nu-
trient loads for 1984 and 1990, which differed by
a factor of two for all major nutrient constituents.
The seasonal distribution in load also correlates
well with the variability in runoff. Comparatively
low loads normally follow a pronounced peak dur-
ing the spring flood during the low-flow period in
summer. For example, the phosphorus load of the
Daugava River in April usually accounts for 20%
of the total annual load, whereas the correspond-
ing loading during summer is much lower.

The annual loads in the period investigated
(1993-1995) were, when compared with a 20-year
average, relatively normal. Thus the biological in-
vestigations of the present study were carried out
in a runoff scenario that resembles the average

over the last 20 years. However, in recent years
increased nitrate concentrations were observed in
the Daugava River (P. Stalnacke, pers. comm.).
No definite and clear evidence of downward trends
in the nutrient loadings related to the rapid eco-
nomical recession (particular agriculture: fertiliser
application decreased to 20%) in the catchment
area in the former republics of the Soviet Union
(i.e. Baltic Republics and Belarus) can be noted.
The decrease in annual loadings that can be ob-
served in certain periods is almost solely due to
a decrease from the high runoff observed during
other periods.

Riverine runoff dominates
hydrography in spring,
variable atmospheric forc-
ing during summer — a
shift from lateral to verti-
cal processes

19.4

At the beginning of the annual plankton succes-
sion, the spring flood period dominates the growth
conditions of phytoplankton not only because of
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the nutrient supply factor, but also because of
the physical conditions. The density difference be-
tween the high riverine runoff and the well-mixed
basin water results in a strong, diffusive river
plume. Salinity differences are the main agent for
springtime stratification, and the buoyancy trans-
port from springtime river runoff can re-stratify
the Gulf after winter homogenisation in a period
of about 5 weeks. During summer this would take
about 1 year, indicating that the river runoff plays
a major role in the creation of stratification only
in spring (Stipa et al., 1999).

The springtime river plume implies a formation
of distinct horizontal gradients within the basin,
whereas during summer conditions the weak river
plume quickly dissolves and creates spatial vari-
ability in the southernmost basin only. The hor-
izontal stratification gradients during spring have
significant effects on the depletion of wintertime
nutrients from the water column, and thus on the
forthcoming growth conditions of planktonic com-
munities during the stratified period. The areas
in the middle and northern Gulf are mixed down
to the bottom far later than the southern basin,
which is under immediate river plume influence
(Stipa et al., 1999). Therefore significant nutri-
ent reserves remain in the intermediate and deep
layers of the southern basin after spring, whereas
the northern basin is depleted of nitrate and espe-
cially phosphate down to deep layers (Tamminen
& Seppild, 1999).

After the establishment of thermal stratification
the surface fluxes take over the buoyancy forcing
by lateral freshwater eddy fluxes, and the mixed
layer starts to deepen due to more variable at-
mospheric forcing. This implies higher temporal
variability in the growth conditions of the plank-
tonic community, and also more variability of lat-
eral heterogeneity than during spring. An espe-
cially important feature of the vertical processes
is the relation between mixed layer deepening and
the depth of the euphotic zone, which in the Gulf
of Riga is typically around 10 m as in adjacent
Baltic Sea. Towards early autumn, the depth
of the mixed layer clearly exceeded the euphotic
zone, with dramatic consequences for the nutri-
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tional and production preconditions of the plank-
tonic biota (Tamminen & Seppéld, 1999; Olesen
et al., 1999).

19.5 The Gulf
nitrogen-limited

is  basically

The total nutrient pools in the Gulf of Riga show
significant seasonal changes. Springtime levels of
ca. 400 mug N I'! and 30 pg P I'! in the whole
basin (1995) except for the southern River Dau-
gava plume, where concentrations of >>600 pg N
1! and up to 40 pg P I'! have been detected. Dur-
ing the summer stages, total nutrient pools levels
are lowest (on average, 270 png N I'! and 17 pg P
It in June 1994), increasing slightly from midsum-
mer and onwards (Tamminen & Seppéld, 1999).
The annual cycle of total nutrients with maximum
in spring, minimum in early summer and grad-
ual increase towards autumn is well established
for adjacent Baltic areas like the Gulf of Finland,
and overall total nutrient levels were comparable
to long-term data from the coastal areas of the
middle and eastern Gulf of Finland (HELCOM,
1996). Thus the total nutrient pools of the Gulf
of Riga indicate a rather similar overall degree of
eutrophy as other Baltic subareas.

The early spring 1995 nutrient distributions
clearly indicated that the spring bloom period in
the Gulf of Riga is potentially N-limited, since
during the homothermal and deep-mixing season,
inorganic N /P ratios were markedly and uniformly
below the Redfield ratio in the whole basin, with
the exception of the River Daugava plume (Tam-
minen & Seppéld, 1999). In early summer 1994,
the mixed surface layer was effectively depleted of
inorganic nutrients (both phosphate, nitrate and
ammonium), yielding low (<Redfield) inorganic
N/P ratios, except for the southernmost basin,
which had high ammonium levels because of a
strong mixing event. In mid-July 1994, very low
inorganic nutrient concentrations and very low in-
organic N/P ratios prevailed over the whole Gulf
in the surface layer. Under this strongly N-limited
productive layer, cumulative mineralization of am-
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monium and phosphate took place in the rela-
tively warm intermediate layers, as well as near
to the bottom. A strongly N-limited productive
layer, and equally strongly N-surplus deeper strata
below the mixed layer characterize the summer
stages in the Gulf of Riga as long as distinct
separation of these layers prevail (Tamminen &
Seppala, 1999).

It is obvious that physical mixing events can
produce drastic temporary fluctuations in the lim-
itation pattern by introducing the significant ni-
trogen reserves from deeper water into the eu-
photic zone. When the effectively mixed surface
layer depth exceeds significantly the depth of the
euphotic zone towards the end of the stratified pe-
riod, the production preconditions of planktonic
autotrophs deteriorate, and consequently so do
their capacity to utilise the nutrient pool of the
mixed surface layer. As the considerable accumu-
lations of nutrients in deep layers are also mixed
into the surface layer, a combined result could be
a sharp increase of inorganic nutrients in the eu-
photic zone.

Deep mixing during the stratified period pro-
motes P-limitation, whereas a thin or moderate
mixed layer promotes N-limitation, as previously
observed in the outer estuary of the River Neva,
eastern Gulf of Finland (Pitkédnen & Tamminen,
1995). During the stratified period, strong mix-
ing events due to physical forcing can abruptly
change the prevailing N limitation into a P-limited
phase, but unless deep mixing is prolonged, N-
limitation is likely to be re-established in the sur-
face layer. The probability of P-limited phases
should increase towards the end of the stratified
season, both due to the hydrographical develop-
ment towards deep mixing, and to cumulative in-
crease of subthermocline N reserves. The Gulf of
Riga appears therefore to be characterized by con-
siderable, hydrographically driven interannual and
within-season variability with regard to surface
layer inorganic nutrient concentrations and limita-
tion patterns, in spite of the essential N limitation
of the basin. The limitation scenario suggested
by Tamminen and Seppald (1999), which contra-
dicts the conclusions of Yurkovskis et al. (1993)
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Figure 19.5: Cladophora, a filamentous algae that
is characteristic species in eutrophicated, marine and
brackish water regions, growing on a stone in the Gulf
of Riga.

and Suursaar (1995) suggesting P limitation of the
Gulf, is supported by experimental evaluation of
nutrient limitation of the natural planktonic com-
munities (Seppélé et al., 1999).

19.6 Spatial variability of phy-
toplankton and pigments of
the entire Gulf is high

During the spring bloom in 1995, the spatial
structures of the high phytoplankton biomass and
chlorophyll a were well explained by common fac-
tors such as inorganic N, total N and P, salin-
ity and the depth of the mixed layer (Seppéld &
Balode, 1999). Contrary to our expectations, the
SW part of the Gulf was more influenced by the
freshwater flow from the river Daugava than the
SE part. Furthermore, the bloom was more pro-
nounced in the SW part of the Gulf. Also in the
central region of the southern gulf are influenced
by the freshwater load. The river plume can move
towards the centre and the western part of the
Gulf instead of the anticipated north-easterly di-
rection suggested by the general circulation pat-
tern. This is obviously caused by the predominat-
ing wind strength and direction and suggests that
wind plays a significant role for the spreading of
surface and river plume water in the Gulf of Riga.

During the middle of the spring bloom diatoms
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prevail over the entire Gulf, but algal biomass and
chlorophyll a can quickly decrease during week-
long periods, although considerable amounts of
inorganic N and P are still available (Seppala &
Balode, 1999; Tamminen & Seppild, 1999). The
dinoflagellate Peridiniella catenata can be an im-
portant constituent of the phytoplankton spring
community. The reduction of the silicate pool over
the last ten years in the Gulf of Riga (Yurkovskis
& Kostrichkina, 1996), which is probably the re-
sult of decreased runoff (Laznik et al., 1999), could
be one of the factors stimulating the develop-
ment of dinoflagellates in late spring, as dissolved
silicate becomes a limiting nutrient for diatoms.
The proportion of diatoms/non-silicate demand-
ing phytoplankton species varies in accordance to
the annual and climatological variations in runoff.
Strong stratification of the water column appeared
to enhance sedimentation of diatoms while the
motile dinoflagellates controlled their position in
the water column in spring (Olli, 1999; Olli &
Heiskanen, 1999). In the most stratified region in
the southern Gulf a clear dominance of diatoms,
however, remained.

The early summer stage is characterized by a
homogenous distribution of algal biomass and low
concentrations of inorganic N and P. Picoplank-
ton was dominating the phytoplankton commu-
nity in the outer Gulf (Seppélad & Balode, 1999).
The small relative fraction of picoplankton in the
regions affected by nutrient load in the southern
part of the Gulf is in accordance with the conclu-
sions of Kuparinen and Kuosa (1993). The domi-
nating species of green algae, Monoraphidium con-
tortum was probably favoured by eutrophic con-
ditions (Kononen, 1988); the opposite seemed to
be true for dinoflagellates.

An intense bloom of the cyanobacterium Apha-
nizomenon sp. took place in the middle of the
summer of 1994 after an increase in tempera-
ture of the surface layer. Similar to the situa-
tion in spring, the abundance of Aphanizomenon
sp. was related to the common structure of N,
P and freshwater, and the bloom was most dense
in the southern Gulf (Seppéld & Balode, 1999).
It has been postulated that the recent increase
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of cyanobacteria blooms is caused by the decreas-
ing DIN/DIP ratio (Balode, 1994; Balode & Pu-
rina, 1996). During the cyanobacteria bloom in
1994, the DIN/DIP ratio was rather low (0.7-
6.4 w:w). As during the early summer stage,
the contribution of picoplankton was lower in the
most eutrophicated, southernmost areas (Tammi-
nen & Seppild, 1999). Cyanobacteria are obvi-
ously supported by the high nutrient status of the
river runoff. Less eutrophic conditions in the cen-
tral and northern parts of the Gulf favoured the
growth of cryptomonads and diatoms.

The early autumn phase in 1993 (after an in-
tense bloom of cyanobacteria which covered the
entire Gulf; Kahru et al., 1994) was character-
ized by high heterotrophic activity and the phy-
toplankton community was dominated by cryp-
tomonads (on average 50% of the total biomass).
Diatoms were relatively more abundant in the
most nutrient-rich southern Gulf. Cryptomonads,
as main constituents of the phytoplankton com-
munity, were most abundant on the western side
of the Gulf or generally in areas with less total N
or P.

Basin-wide the distribution of phytoplankton
variables correlated clearly, except during the
early autumn stage, with environmental factors
such as salinity, stratification and nutrients. Thus,
the distribution of phytoplankton variables fol-
lowed closely the patterns of nutrient-rich freshwa-
ter (Seppéld & Balode, 1999). The nutrient load
from the rivers obviously generates a south-north
gradient of phytoplankton biomass while the east-
west gradient is more variable, probably depend-
ing on the predominating winds. The differences
in phytoplankton biomass or chlorophyll a along
the north-south axis were 3 to 6 fold. It seems
to be clear that the nutrient load from rivers in
the southern Gulf of Riga is the reason for higher
phytoplankton biomass in the southern Gulf, es-
pecially during blooms.
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19.7 Temporal variability domi-

nates over spatial variabil-
ity in the central and south-
ern Gulf

High seasonal differences in the phytoplankton
community structure and sedimentation charac-
terise the southern Gulf of Riga (Olli & Heiskanen,
1999). However, the high within-season temporal
variability dominates over the variability between
different areas of the southern Gulf. For most of
the suspended and sedimented parameters studied
at the spatial stations, the recorded variability is
significant in all seasons (Lundsgaard et al., 1999;
Reigstad et al., 1999). The temporal variation
found in the centre of the Gulf was even higher
than the spatial variation. The situation off the
mouth of the Daugava river is, however, different.
This station is affected by resuspended matter at
depth and by the suspended loads from the river
runoff in the upper water column.

The sedimentation in the southern and central
Gulf of Riga is influenced by river discharge, strat-
ification and wind (Reigstad et al., 1999). Wind
causes high temporal variability in nutrients, sus-
pended matter and vertical fluxes. In particular
the wind direction changes the concentration of
suspended matter and influenced stratification of
the surface water that is influenced by both the
river Daugava and by water entering through the
Irbe Straight.
the sedimentation rates and retention of nutri-
ents in the Gulf is difficult to evaluate since short-
term variation exceeded the spatial variation in

the Gulf.

The influence from the river on

19.8 Moderate primary produc-
tion and high community
respiration rates

Plankton community production and respiration
rates in relation to wind, solar radiation, biomass
and nutrients revealed that the predominant lim-
iting factor for phytoplankton growth is nutrient
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supply during spring and summer (Olesen et al.,
1999). In autumn, the combination of low light
levels and deep vertical mixing due to wind leads
to conditions of light limitation. The growth
conditions are in all three situations, however,
strongly affected by the stabilising (solar heating)
and destabilising (wind) forces acting on the sys-
tem. Depending on the relative strength of these
forces, day-to-day primary production varies by a
factor of two. Under conditions of nutrient limita-
tion mixing may lead to increased photosynthesis,
which is a consequence of improved exploitation
of incident light and of available nutrients in the
deeper mixed layer.

Primary production and respiration measure-
ments indicate that the gross primary production
is generally high during the productive season,
on average about 2 g C m? d! (Olesen et al.,
1999). Assuming that this estimate is represen-
tative for a presumed growth period March/April
to October (approximately 200 days), the total
annual primary production is estimated to range
between 300 and 400 g C m™2 (Olesen et al., 1999).
High respiration estimates (on average about 4 g
Cm™2 d!) demonstrates that the pelagic system is
rather based on regenerated than on new produc-
tion. This is supported by simultaneous vertical
flux measurements (Lundsgaard et al., 1999) that
indicate that the export of autochthonous matter
out of the euphotic zone, relative to the stand-
ing stock and primary production, is small. Com-
pared to many other coastal areas, the pelagic sys-
tem of the Gulf of Riga appears exceptionally effi-
cient in recycling and its ability to retain biogenic
matter and nutrients in the upper layers.

19.9 Phytoplankton assem-
blages and the limited
vertical export of phyto-
plankton cells

During spring the Gulf is characterised by an in-
tensive dinoflagellate (mainly Peridiniella cate-
nata) dominated spring bloom while the diatom
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Thalassiosira baltica contributed most (80 to 90%)
to the settling phytoplankton biomass. As min-
eral nutrients are abundant during the bloom it
is suggested that the differential sedimentation
of species is caused by physical factors (Olli &
Heiskanen, 1999).

During summer the phytoplankton biomass is
dominated by high abundance of the filamen-
tous cyanobacterium Aphanizomenon sp., au-
totrophic nanoflagellates and picoplankton. The
primary vertical flux of phytoplankton is mainly
due to non-motile species and aggregate-bound
picoplankton and Aphanizomenon sp. Be-
low the pycnocline, resuspended dormant di-
atom populations cause a significant secondary
flux. Large heterotrophic dinoflagellates (Gyro-
dinium/Gymnodinium) are abundant in the mid-
dle layers and associated with ammonium regener-
ation. The phytoplankton assemblage appears to
have three major functional groups, which build
up roughly equal parts of the total biomass (Olli
& Heiskanen, 1999):

1. Large filamentous cyanobacteria (Aphani-
zomenon sp.). These are mainly inedible by
the majority of the ambient zooplankton com-
munity in the Baltic Sea (Sellner et al., 1994,
1996). As with the grazing losses, the sed-
imentation loss rates of this group are very
low. Consequently, the fate of this biomass is
probably to disintegrate in the water column
and to fuel the detrital and microbial path-
ways of the food web.

2. Nanoflagellates (e.g. Teleaulax spp., Pla-
gioselmis prolonga,  Pyramimonas spp.,
Pedinelle spp. and Pseudopedinella spp.,
Chrysochromulina  spp., Heterocapsa
tundata).  These are usually considered
as readily available for mesozooplankton
grazing.  Their abundance points at the
importance of the grazing food chain and
represents the ‘efficient’ part of the energy
transfer in the food web to higher trophic
levels. The sedimentation of this compart-
ment is also insignificant. It is suggested

ro-
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that most of the nanoflagellates are grazed,
and that their abundance is the result of
an equilibrium between their growth and
herbivory.

3. Picoplankton. This includes picocyanobacte-
ria and pico-sized eucaryotes. The abundance
of picocyanobacteria is quite common every-
where in the Baltic during summer. It is sug-
gested that this compartment is an important
food source for ciliates and cladocerans. Sur-
prisingly, the sedimentation of picocyanobac-
teria was consistent. A likely mechanism is
sedimentation within detrital aggregates.

The only significant sedimentation of fresh phy-
toplankton biomass took place in spring, in partic-
ular for Thalassiosira baltica. In the other seasons
phytoplankton sedimentation appears unimpor-
tant. The matter that sedimented was detritus.
Consequently, there must be mechanisms that pre-
vent vertical export of phytoplankton cells and
promote recycling of bioelements in the pelagic
ecosystem of the Gulf of Riga.

19.10 The importance of micro-
bial and viral loops in car-
bon cycling

In the planktonic ecosystem bacteria are the main
consumers of dissolved organic carbon, and bac-
terial carbon production can be as much as half,
or at times even higher than the primary produc-
tion because carbon can be recycled several times
through the microbial loop (Giorgio et al., 1997).
This seems to be the case in the Gulf of Riga
during summer, when bacterial production was as
high as primary production (Tuomi et al., 1999).
The carbon fixed by the phytoplankton is released
by direct exudation, cell lysis and directly from the
higher trophic levels (e.g. sloppy feeding). All this
dissolved organic matter can be utilised by bacte-
ria. Viral lysis of bacterioplankton is thought to
make the bacteria-DOM-bacteria loop even more
important (Thingstad et al., 1993). Thus, there
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are several routes by which the carbon from the
primary producers ends up in bacteria and can be
cycled several times through bacteria. One impor-
tant route is the lysis of the cells due to viral infec-
tion. On average more than half of the bacterial
production in the Gulf of Riga was lost through
viral lysis (Tuomi et al., 1999). This bacterial car-
bon is recycled back to bacteria. Unfortunately it
is not possible to estimate how much of the other
plankters in the Gulf were lysed. In particular
phytoplankton blooms may be attacked by viral
infection.

Grazing by heterotrophic nanoflagellates and vi-
ral lysis have been recognised as two main reasons
for bacterial mortality in aquatic ecosystems (e.g.
Fuhrman & Noble 1995). Viral lysis of bacterial
biomass produces dissolved organic matter to be
utilised again by bacteria, while grazing can trans-
fer bacterial carbon and other elements to higher
trophic levels. In the Gulf of Riga heterotrophic
nanoflagellates were estimated to consume on av-
erage one third of the bacterial production (Tuomi
et al., 1999). Due to respiration and sloppy feed-
ing, only part of this carbon finally ends up to
higher trophic levels.

It appears that a larger proportion of the car-
bon channelled into bacteria is recycled among the
bacteria than is transferred to the higher trophic
levels in the Gulf of Riga. Between trophic levels
bacteria are thus more a sink than a link. Viral
lysis of the cells seems to be very important at
least among the bacteria. This results in the con-
sumption of carbon among the bacteria and fast
turnover of mineral nutrients. While the amount
of carbon recycled through bacteria is as high as
the primary production during summer, the bac-
terial production is lower during the other seasons,
where bacterial production comprised 13 to 45%
of primary production (Tuomi et al., 1999). Thus
the importance of the microbial loop in the car-
bon cycling of the whole plankton community is
less pronounced.
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19.11 P retention depends on
the complexity of the
pelagic food web

indexphosphorus!retention indexpelagic!nutrient
retention

Although increased vertical export of C and N
was recorded along with the export of phytoplank-
ton cells at the end of the spring bloom (Olli &
Heiskanen, 1999), pelagic retention of P is already
high in late spring, resulting in low vertical loss
rates of P. It is suggested that increased export of
C, N and P to the benthos may take place during
the spring bloom before the pelagic system de-
velops sufficient complexity to greatly reduce ver-
tical losses. The main supply of phytoplankton
biomass to the benthos in the Gulf of Riga is thus
determined by the time window characterised by
low trophic complexity in spring. Retention of P
was also high during summer and early autumn.
In regions where nutrients are continuously sup-
plied both from allochthonous and autochthonous
sources, C and N are lost in excess while P is recy-
cled from the pelagic system throughout the pro-
ductive season (Heiskanen et al., 1996). However,
species-specific differences in bloom dynamics and
sedimentation (i.e. dinoflagellates vs. diatoms)
give rise to episodic events which are crucial for
the further channelling of the assimilated nutri-
ents and produced biomass into pelagic or benthic
food webs (Heiskanen, 1998). Seasonal and an-
nual variations in nutrient supply through rivers
(Laznik et al., 1999), in particular with regard to
dissolved silicate, will possibly contribute to the
differences in dinoflagellates vs. diatoms preva-
lence and thus induce interannual changes in the
pelagic-benthic coupling.

The efficiency of P retention depends on the
complexity of the pelagic food web and is en-
hanced by the increasing complexity of the trophic
structure in the system over time. Increased P
retention will also counteract the P deficiency in-
duced by river runoff (Laznik et al., 1999) and con-
tribute to the complex N vs. P limitation scenar-
ios recorded from the southernmost Gulf (Seppéld
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et al., 1999). Through this response P limita-
tion may be eliminated and the P requirements
of phytoplankton are adequate. The trophic com-
plexity of the planktonic community in the south-
ern and central Gulf of Riga and the variable, but
continuous supply of nutrients by rivers such as
Daugava give rise to a high ‘buffering capacity’ of
the pelagic ecosystem throughout the productive
season. Thus retention rather than export food
chains are favoured and the effect of external per-
turbations, such as increased nutrient supply, is
reduced.

19.12 Sources of settling mate-
rial: Aggregation and zoo-
plankton mediated fluxes

Despite the relatively high suspended biomass
during summer situation, and the presence of suit-
able physical conditions, significant aggregate for-
mation and export did not take place (Lunds-
gaard et al., 1999). Contrary to expectations
aggregation was not involved during mass sedi-
mentation of diatoms during spring (Lundsgaard
et al., 1999). A positive correlation between sed-
imentation of detritus aggregates, sedimentation
rates of biogenic matter and sedimentation veloci-
ties/specific loss rates of POC and phaeopigments
is encountered. Aggregation of detritus may thus
partly control the sedimentation dynamics, but
it did not correlate with turbulent shear as ex-
pected according to classical coagulation theory.
The aggregates are possibly fragile and form only
during periods of low turbulence. The correla-
tion between phaeopigments and aggregate sed-
imentation, the observed disintegration of faecal
pellets into amorphous detritus, and the inclusion
of pellets in the larger aggregates indicate that
faecal matter constitutes an important component
of sedimenting matter (Lundsgaard et al., 1999).
This points at the significance of the larger plank-
tonic heterotrophs in the food web of the Gulf.
The food web composition in spring is charac-
terised by a relatively high biomass of large phy-
toplankton and a dominance of protozoa (mainly
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ciliates), while mesozooplankton are almost ab-
sent. During midsummer a medium phytoplank-
ton biomass is encountered with significant quan-
tities of mesozooplankton (both copepods, clado-
cerans and rotifers). However, all other het-
erotrophic components increase their biomass as
well, and a complicated food web prevails. The
early autumn is characterised by low phytoplank-
ton biomass and a heterotrophic system with de-
creasing biomass. Protozoa (ciliates) increase
their importance relative to metazoa. Bacterial
production is reduced.

The relative export of biogenic matter in sum-
mer is possibly low due to a high potential for re-
tention, disintegration and decomposition of detri-
tus by heterotrophic organisms. The high concen-
trations of mesozooplankton during summer result
in a disintegration of the larger detritus particles
and aggregates. Or they disintegrate or ingest fae-
cal pellets by mechanisms such as coprophagy or
coprorhexy (sensu Noju 1991). Strong wind ac-
tion may also affect the disintegration of aggre-
gates. Furthermore, picoplankton and the micro-
bial food web are important in the organic carbon
flow and for regeneration. Ciliates were dominant
among the large protozoa, and cladocerans as well
as rotifers constitute a significant fraction of the
metazoa. Contrary to copepods, these organisms
produce faecal particles that easily disintegrate.

in the
fiction or

19.13 Eutrophication

Gulf of Riga:
reality?

Assuming that the bioavailable N and P from the
rivers (Laznik et al., 1999) would be spread over
the entire Gulf, the annual supply would be 0.57
and 0.016 g m™ for N and P, respectively. Assum-
ing further that the euphotic zone is 10 m deep and
that the nitrate and phosphate concentrations at
the end of the winter are 20 and 0.6 uM, respec-
tively (Suursaar, 1995), it becomes obvious that
the river supply to the winter-accumulated N and
P in the euphotic zone is moderate: 20 and 15%,
respectively. However, as the spreading of fresh-
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Figure 19.6: A river meets coast of the Gulf of Riga
in winter

water in the Gulf is dependent on runoff variations
and meteorological forcing (Stipa et al., 1999),
the effect of nutrient supply (Turner & Rabbal-
ais, 1994) and suspended biomass (Reigstad et al.,
1999; Babichenko et al., 1999) in the southern part
can vary considerably. Also, wind mixing induces
new nutrients to the euphotic zone. The great-
est impact of nutrients is confined to the southern
area and consequently new production is signifi-
cantly increased.

A rough estimate of the autochthonous supply
of P to the euphotic zone shows that it is less
than half of what is delivered to the Kattegat.
As compared to the high primary production rate
(Olesen et al., 1999), the relatively small vertical
export of biogenic matter from the euphotic zone
(Lundsgaard et al., 1999), the small new produc-
tion (Olesen et al., 1999), the insignificant contri-
bution of phytoplankton cells to the vertical ex-
port after the vernal bloom (Olli & Heiskanen,
1999) and the prevalence of detritus and faecal
matter (Lundsgaard et al., 1999) point at high
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pelagic recycling efficiency in the Gulf. The buffer-
ing capacity of excess suspended biomass in the
pelagial causes the prevalence of retention rather
than export food chains. Consequently, the ef-
fect of external perturbations such as increased
nutrient supply is reduced accordingly. The main
supply of fresh biogenic matter to the benthos is
defined by the extent of the vernal bloom and the
complexity and efficiency of the seasonal develop-
ment of the planktonic community structure. As
the duration and start of the spring bloom can
change as a consequence of variable seasonal and
annual nutrient discharge to the Gulf as well as
climatic factors such as ice-cover, wind forcing,
solar radiation and the spectral light composition
(clouds, fog etc.), the time window in which ver-
nal phytoplankton is exported to the benthos is
variable.

As the supply of nutrients to the Gulf depends
strongly on the seasonal and interannual vari-
ability in river runoff, which can double during
years of increased precipitation as compared to
dry years, the allochthonous supply of nutrients
varies accordingly. Thus also the interannual new
production and the extent of eutrophication vary.
Nutrient removal of bioavailable N and P from
coastal point sources would only relieve the N bud-
get of the Gulf by 9%, that of P however by 44%
(Laznik et al., 1999). Obviously a removal of P
from coastal point sources would reduce the P
budget of the Gulf significantly and even N re-
moval would to some extent mitigate the N bur-
den.

Nutrient removal from point sources such as the
city of Riga will reduce the eutrophication in both
the southern littoral zone as well as in those off-
shore areas of the Gulf that are under direct in-
fluence of the river Daugava. Clear evidence of
downward trends in the nutrient loadings of rivers
related to the rapid economical recession in the
catchment area were so far not recorded (Laznik
et al., 1999). Thus, the allochthonous supply of
nutrients to the Gulf by rivers from diffuse sources
(e.g. agriculture) will basically continue in the
future. The general eutrophication of the Gulf
will probably only decline when both nutrient re-
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moval at coastal point sources is introduced and
the use of fertilisers and manure is kept continu-
ously low over lengthy periods of time. Also, mea-
sures ought to be taken to limit the effect of mod-
ern forestry on nutrient discharge, to constrain the
introduction of deserted farms into modern agri-
culture, to eliminate drainage of former wetland
areas and to increase the vegetation along rivers
and small streams in intensive agricultural areas.
These measures will jointly increase the denitrifi-
cation in the drainage basin or constrain the dis-
charge of nutrients to small catchment areas. Fi-
nally, reduced emissions of P and organic mat-
ter from point sources in the drainage basin may,
under certain conditions, reduce the denitrifica-
tion capacity in rivers (Chesterikoff et al., 1992).
Therefore, it cannot be ruled out that the N loads
to the Gulf of Riga may increase in the future, re-
gardless of modernisation in the agricultural sec-
tor and nutrient removal from point sources along
rivers (Stalnacke et al., 1999). Accordingly, it is
difficult to predict changes in both the total nutri-
ent discharge to the Gulf and the N-P-DSi com-
position of the waters in the Gulf.
Eutrophication in coastal waters is not only
characterised by substantial additions of P and N,
but also by the fact that the supply of DSi is more
or less constant or subjected to natural runoff pat-
terns (Skjoldal, 1993; van Bennekom & Salomons,
1981). There is also a tendency for DSi supply to
the sea to decrease over time in many eutrophied
rivers (Turner & Rabbalais, 1994). This is ex-
plained by increased growth of freshwater diatoms
in the river due to increased N and P concentra-
tion, and subsequent sedimentation of diatoms be-
hind dams. There seems to be evidence for declin-
ing DSi supply also from the Gulf of Riga (Laznik
et al., 1999). However, there are several dams
along the river Daugava that were built already
before nutrient records became available. Thus,
DSi supply to the Gulf must have been reduced
already for several decades. Scenarios where the
relative concentration of DSi is decreased while
that of N and P is increased, favour the growth of
non-DSi dependent forms such as flagellates. The
resulting change in phytoplankton species compo-
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sition results in increased residence times of the
phytoplankton-derived organic matter in the up-
per layers because aggregate formation and the
relative contribution of rapidly sedimenting di-
atom blooms decreases. DSi obviously plays an
important role for eutrophication as emphasised
by Officer and Ryther (1980), Conley et al. (1993);
see also Chapter 13. The increasing gap between
decreasing DSi, but increasing N supply results in
a decreasing significance of diatom and increased
potential of nuisance blooms.

The high buffering capacity of the pelagial con-
fines the vertical supply of biogenic matter to the
benthos. However, the supply of biogenic mat-
ter to the benthos and the main accumulation
bottom derives probably from advective transport
from the slope, the river plume and the littoral
zone where erosion of fine biogenic matter results
in a predominance of hard substrate (D. Conley,
pers. comm.). The effect of frequent resuspen-
sion episodes, weather-controlled bottom currents
which regularly and easily entrain organic matter
from the sediment-water interface (Floderus et al.,
1991), as well as sediment focusing, add to the
supply of food for the benthos at depth. Here bio-
genic matter from the surface accumulates on an
area which is less than half that of the entire sur-
face area, creating favourable growth conditions
for the benthos.

Statements that regard the Gulf of Riga as
an eutrophic to hypertrophic area seem not to
be valid. The data of Laznik et al. (1999)
and Tamminen and Seppéld (1999) indicate that
the nutrient supply to the Gulf, as well as the
concentrations in the water body, are similar to
or less than that of other Baltic Sea areas (e.g.
the middle/eastern Gulf of Finland or the Katte-
gat. In contrast to previous assumptions the Gulf
of Riga is basically N- and only periodically P-
limited. Furthermore, it has a high pelagic buffer-
ing capacity with regard to nutrient discharge in-
duced by efficient recycling by the pelagic food
web, which limits the occurrence of massive al-
gal blooms. Nevertheless, the pollution loads from
the rivers, in particular those originating from the
catchments of the Daugava and the Lielupe rivers,
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have contributed to an overall eutrophication of
the Gulf of Riga, with a continuously shifting gra-
dient between the southern and northern halves
of the Gulf. As the simple and exposed topogra-
phy of the basin makes it exceptionally prone to
physical forcing, it is obvious that episodic mix-
ing events can cause considerable interannual and
within-season variability in the production pre-
conditions and nutrient limitation of the plank-
tonic community, especially towards late summer
and early autumn.
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