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ABSTRACT: The fate and effects of high nutrient loading from the River Neva - St. Petersburg (NW
Russia) region was studied in the Neva Estuary and adjacent waters of the eastern Gulf of Finland
(Baltic Sea) under late summer conditions. Special emphasis was given to the role of N and P as pro-
duction limiting factors. The data originated from 5 cruises performed in 1990-1992 and include CTD
measurements and spatial distributions of different nutrient fractions as well as nutrient depletion mea-
surements onboard. The results revealed quick losses of both total and inorganic nutrients from the
euphotic layer of the inner estuary under varying physical conditions. On the basis of nutrient deple-
tion experiments, the very striking non-conservative behaviour of inorganic nutrients was explained by
effective biological fixation of nutrients into planktonic biomass, followed by sedimentation. For total
nutrients, physico-chemical loss processes might also be important in the salinity gradient prevailing in
the inner estuary. The theoretical limiting nutrient for planktonic production varied according to the
physical state of the water mass, especially to vertical mixing conditions. In general the inner estuary
was P limited, while the open eastern Gulf was mainly N limited. In the outer estuary low mixed layer
depth (MLD) favoured N limitation, while thick MLD (i.e. windy weather) favoured P limitation. This
indicates that reduction of both N and P load into the eastern Gulf would improve water quality in this
area. However, effective N removal would probably induce the most extensive improvement in the
trophic status of the entire Gulf of Finland.
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INTRODUCTION

In recent eutrophication studies of the Baltic Sea,
much attention has been paid to pelagic nutrient
dynamics, including the concept of limiting factors
(e.g. Stigebrand & Wulff 1989, Granéli et al. 1990,
Tamminen 1990, Kivi et al. 1993, Kuparinen & Heina-
nen 1993). Because the whole Baltic Sea is extensively
affected by its catchment area (1.7 x 10° km?, 4.5 times
larger than the Baltic Sea itself), influxes of nutrients
via the major rivers (Neva, Daugava, Vistula etc.) that
discharge into this enclosed brackish water sea area
evidently greatly affect nutrient conditions. However,
studies on nutrient and eutrophication dynamics in the
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most loaded estuarine areas (Gulf of Riga, eastern Gulf
of Finland) were not done until in the 1990s (Pitkdnen
et al. 1993, Yurkovskis et al. 1993).

The Gulf of Finland, part of the northern Baltic Sea,
is very strongly affected by river waters, especially
from the River Neva. Due to heavy loading and estuar-
ine hydrodynamics, extensive adverse signs of eutro-
phication are regularly found during the spring bloom
period in the entire Gulf (Gronlund & Leppéanen 1990)
and during the whole productive season in the east-
ernmost Gulf (Pitkdnen et al. 1993, Kauppila et al.
1995). In the middle and western Gulf summertime
blooms are occasional, and they are connected with
vertical mixing events near the coasts (upwelling) or
with quasistationary physical fronts in open waters
(Kononen & Nommann 1992).
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The western Gulf has been regarded mainly as N
limited during most of the productive season (Tammi-
nen 1990, Kivi et al. 1993). On the other hand, the east-
ernmost Gulf, receiving a great freshwater flow from
the River Neva and waste waters from the St. Peters-
burg region (NW Russia), is characterized by inorganic
N:P ratios (ca 20 w:w) 3 times the theoretical optimum
for phytoplankton (7 w:w; Redfield et al. 1963). These
waters have an average flow direction to the west,
mainly along the northern (Finnish) coast of the Gulf.
The deep flow, which has an average eastward direc-
tion and mixes with the surface flow especially in the
Neva Estuary, shows lower inorganic N:P ratios (5 to
10; Pitkdnen et al. 1993). The inorganic N:P ratio has
steadily increased in deep layers in the Gulf of Finland,
because of a continuous increase of inorganic N during
the 1970s and the 1980s (Kahma and Voipio 1990).

In the present study, the fate and effects of the huge
nutrient loading from the River Neva and the St.
Petershurg region (ca 6 million inhabitants) was exam-
ined under varying late summer (August) conditions.
Especially the nutrient limitation (N, P) of the area was
considered in relation to the nutrient loading and the
dynamic hydrographical nature of the estuary. In estu-
arine systems, seasonal or spatial shifts between N and
P limitation have been reported elsewhere, and inter-
nal nutrient cycling processes have been suggested to
play an important role in limitation dynamics (Caraco
1988). The study was based on water samples and
experimental data obtained during 3 Finnish-Russian
joint cruises (5 different data sets along the salinity
gradient from the open Gulf towards the mouth of the

River Neva) in the eastern Gulf between 1990 and
1992.

STUDY AREA

The eastern Gulf of Finland (area 13000 km?, Fig. 1)
can be divided into 4 main subareas according to
the geomorphological and hydrodynamical features
(Fig. 2; Pitkanen et al. 1993). The 2 easternmost areas
form the Neva Estuary, separated from the open Gulf
by a belt of islands, reefs and shallows (referred as the
transition zone or the gradient area). The water area
immediately off the mouth of the River Neva (Neva
Bay) is separated from the main part of the estuary by
a flood protection barrier. The western border of the
eastern Gulf can be defined along the belt of shallows
from the Finnish coast to the Estonian coast via
the islands of Suursaari and Lavansaari. The Finnish
northeastern archipelago forms its own subarea, with
special geomorphological and hydrodynamical fea-
tures.

The average summertime inflow from the River
Neva is 2460 m’ s~! (Bergstrdm & Carlsson 1994) and
the theoretical residence time of the eastern Gulf of
Finland ca 1 year (Pitkdnen 1991). Surface salinities of
the study area increase from 0 psu in Neva Bay to 4 to
5 psuin the open eastern Gulf, whereas in near-bottom
waters salinities are 4 to 8 psu (Pitkanen et al. 1993)
The halocline is weak or totally absent. The gradually
increasing salinities below the mixed surface layer
(usually 10 to 25 m thick) indicate almost continuous
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vertical mixing despite the density differences. How-
ever, the thermocline partly separates the nutrient-rich
deeper waters from the homogenous euphotic layer
elsewhere, except in the shallow innermost estuary.

In the whole estuary both primary productivity and
biomasses of auto- and heterotrophic organisms are on a
highly increased level compared to the open Gulf (Pitka-
nen et al. 1993, Kauppila et al. 1995), mainly due to the
eutrophying effects of the large land-derived nutrient in-
flow into Neva Bay and to the eastern Gulf of Finland
(7200 tP yr!and 130000 t N yr~!; Pitkdnen 1991). Max-
imum primary and secondary productivities and bio-
masses are usually found in the transition zone between
the inner and outer estuaries, where both physical and
chemical conditions favour biological production. Via
recycled and secondary effects the huge nutrient loading
from the River Neva and the St. Petersburg region
increases the productivity of the whole Gulf.

MATERIAL AND METHODS

The material originates from 5 east-west data sets
obtained during cruises in August 1990 to 1992 (18 to
23 August 1990, 19 to 21 August 1991, 24 to 28 August
1991, 10 to 12 August 1992, 14 to 18 August 1992).
Sampling stations varied somewhat from year to year
but the basic station network along the salinity gradi-
ent from Neva Bay towards the open Gulf remained
the same (Fig. 2). Most of the data presented in this
study compiles all surface layer measurements (aver-
age from 0 to 5 m), disregarding some near-coastal sta-

tions. Additionally, 4 representative stations were cho-
sen to illustrate vertical distribution of selected vari-
ables in the different subareas (inner estuary, outer
estuary, transition zone at the entrance to the estuary,
open Gulf).

Inorganic nutrients were analyzed immediately after
sampling, while samples for total nutrients (nonfiltered
samples, representing thus the sum of particulate and
dissolved fractions) were deep-frozen for later analy-
sis. The sum of dissolved inorganic nitrogen is denoted
as DIN (NO; + NH,) and correspondingly for phospho-
rus, DIP (PO,). Chemical analyses followed Grasshoff
(1976). With the exception of nutrient depletion exper-
iments, the methods for sampling and measurement of
the presented data were similar to those described in
detail in Pitkdnen et al. (1993), where a more detailed
presentation of the 1990 cruise results can also be
found. In addition temperature, salinity, pH and oxy-
gen were measured by CTD casts during the 1991-
1992 cruises instead of laboratory measurements from
discrete water samples in 1990.

Nutrient depletion experiments were carried out as
deck incubations during the cruise. Surface layer
water (0 to 2 m) was sampled and divided into 2 | bot-
tles, where nutrient additions (NO;-N, NH;-N, PO,-P)
were performed (10 mg P m~°, 40 mg N m~). Deple-
tion rates were calculated as the difference per unit
time between start- and end-point concentrations
(measured in duplicate). Incubations started at day-
time and were terminated at the end of the light cycle
(incubation time 3 to 12 h, depending on expected
depletion rates).
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In this paper, the classical approach using sea salt as
a conservative variable in assessing the conserva-
tive/nonconservative spatial dynamics of nutrients was
adopted. Due to a clear density stratification in the
study area, an important physical variable strongly
affecting the whole biogeochemical system is the
mixed surface layer depth (MLD). MLD was defined as
the thickness of the homogeneous surface layer (lower
limit estimated on the basis of the CTD casts: starting
depth of the pycnocline, or in the absence of a sharp
pycnocline, the depth where the difference from sur-
face density was less than 0.5 or units).

RESULTS

Salinity, density and the mixed layer depth

From Neva Bay fresh water (<0.1 psu) flowed to the
west, starting to mix with the brackish water immedi-
ately outside the flood protection barrier (15 n miles
from the river mouth, Fig. 3a). Surface salinities rapidly
reached 1.5 psu within the inner estuary. An area of
very intense vertical mixing was found in the transition
zone between the inner and outer estuaries (40 n miles
from the river mouth). In the deeper outer estuary,
more stagnant conditions prevailed with surface salin-
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ities from 2.5 to 4 psu, the level being horizontally
quite steady, but varying temporally according to
actual physical stratification of the water mass, as
determined by weather conditions. In the transition
zone between the outer estuary and the open Gulf
(60 to 70 n miles from the river mouth), surface salini-
ties increased to levels typical of the open eastern Gulf
(4 to 5 psu).

MLD typically increased from the inner estuary (usu-
ally 5 to 10 m) towards the open Gulif (up to 27 m,
Fig. 3b). There was much variation between the
cruises of the different years. However, during the 2
successive cruises in both 1991 and 1992, physical
stratification was quite similar.

In August 1990 northwesterly winds between 3 and
7 m s~! predominated. MLD was from 5 to 10 m in the
estuary and from 10 to 15 m in the open Gulf (Figs. 3b
& 4). During the first cruise in 1991 westerly winds
between 2 and 9 m s~! prevailed. One week later the
wind had turned to east and blew from 3 to 7 m s™',
Surface salinities were 0.5 to 1 psu lower than normal
in the whole study area. During both cruises, the
homogeneous low-salinity surface layer (MLD from 5
to 10 m) mixed gradually with deeper waters (Figs. 3b
& 4). Because the thickness of the euphotic layer
increased from 5 m in the inner estuary up to 10 m in
the open Gulf, the MLD corresponded closely to the
euphotic layer This kind of stratification is typical for
March-May in the eastern Gulf of Finland, but very
rare for late summer.

During the 1992 cruise the hydrographical situation
was very different than that of the previous year,
mostly because of heavier winds (up to 11 m s~') from
the south and west. The MLD increased from 10 to
20 m in the inner estuary to 20 to 30 m in the open Gulf
(Figs. 3b & 4). Thus the continuously circulating water
volume was 1.5 to 3 times to that in August 1991, and
was mostly aphotic.

Horizontal variation of nutrients

Surface layer concentrations of both total N and total
P decreased very strongly from the innermost Neva
Estuary (700 to 1000 mg N m~% and 50 to 85 mg P m %,
Fig 5a, b) towards the open eastern Gulf (250 to 400
mg N m~ and ca 20 mg P m~%. For both nutrients a
distinct non-conservative behaviour was evident, the
most effective losses taking place in the inner estuary.
Despite of varying physical conditions, total nutrients
exhibited surprisingly similar responses to the longitu-
dinal salinity variations (i.e. the ratio between freshwa-
ter and brackish water) during the different cruises.
However, in 1992 the outer estuarine concentrations
were somewhat higher than in 1990-1991
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Total N:P ratio varied between 10 and 20 and did not
show any clear trend along the salinity gradient
(Fig. 5c) in spite of the dramatic changes in corre-
sponding total nutrient concentrations (Fig. 5a, b). In
salinities >2 psu, the 1990 cruise differed clearly from
other cruises, showing total N:P ratios over 20 (w:w}.

Both inorganic N (DIN = NO; + NH,) and inorganic
P (DIP = PO,) displayed very steep concentration de-
creases immediately outside Neva Bay, where 300 to
600 mg Nm *and 15 to 30 mg P m~* were measured

9. 283-294, 1995
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1990-1992 at 4 stations representing different subareas ot the

(Fig. 5d. e; note the log scales). Typical open Gulf val-
ues for DIP (<2 mg P m~?) were usually reached within
the estuarine waters. However, for DIN the corre-
sponding level (<10 mg N m™?% was reached already
within the inner estuary in August 1991, but not until
the open Gulf in 1992. In general, the relative variation
of DIN between the different cruises was much
stronger than that of DIP.

The pronounced variations in DIN vs salinity could
be seen also in the dependence of the inorganic N:P
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ratio on salinity (Fig 5f). Values generally decreased
from Neva Bay (10 to 30 w:w) towards the open Gulf
(2 to 10). Particularly in the salinity range from 2.5 to
3.5 psu, l.e. In the outer estuary, the variation under
different physical conditions was pronounced (from 0.5
to 40). Usually the theoretical optimum for phytoplank-
ton (N:P = 7 w:w; Redfield et al. 1963) was reached
within estuarine waters. However, in 1991 this value
was achieved immediately outside the protection bar-
rier in the inner estuary, while in 1992 the level was not
reached until in the westernmost open waters of the
eastern Gulf.

Vertical distribution of inorganic nutrients

In spite of the high nutrient loading of the Neva
Estuary (see 'Study area'), inorganic nutrient concen-
trations were consistently very low in the productive
surface layer of the open Gulf (Fig. 6). However, the
depth of this layer differed remarkably between the
successive years, in obvious relation to MLD (Figs. 3b
& 4).

In 1990, especially nitrate concentrations began to
steeply increase with depth already at 10 m in the open
Gulf (Fig. 6). This was aggravated towards the outer
estuary, where wvery high nitrate concentrations
(250 mg N m % were encountered already at 20 m.
Coupled to the steep nitrate increase with depth in the
estuarine area, high ammonium concentrations (up to
50 mg N m~%) were measured at the bottom of the
euphotic layer (10 m). The inner estuary showed high
concentrations of all inorganic nutrients both at the
surface and near the bottom, with clear minima in
between.

In 1991, inorganic nutrients were scarce in the pro-
ductive surface layer throughout the study area, and
this low-nutrient layer extended down to 10 to 20 m in
the open Gulf and in the gradient area
at the entrance to the outer estuary

outer estuary and at the entrance to the estuary
(Fig. 6).

Vertical distribution of inorganic N:P ratio

Vertical distribution of the inorganic N:P ratio
reflected clearly the differences in physical conditions
between successive years. In 1990, very clear excess of
inorganic N (compared to the Redfield ratio of 7) pre-
vailed in the uppermost 20 m in the estuarine area
(Fig. 7). In contrast, surface layer N:P ratios were
clearly below 7 in the open Gulf. In all stations, the
inorganic N:P ratio approached the Redfield ratio at 30
to 40 m, and in the deep open Gulf near-bottom values
fell below 7

In 1991, low surface values of inorganic nutrients
(Fig. 6) were coupled with low (mostly < 7) N:P ratios
(Fig. 7). From 10 m to the bottom, ratios were consis-
tently close to 7, except for the deep open Gulf, where
low values were again observed near the bottom
(Fig. 7).

In 1992, the high levels of inorganic nutrients (espe-
cially of DIN, Fig. 6) were coupled to high inorganic
N:P ratios (10 to 30) in the whole estuarine area from
surface to 20 m, whereas in the middle open Gulf sur-
face layer values decreased to values below 7 as also in
1990-1991 (Fig. 7)

Nutrient depletion experiments

Experimental nutrient depletion rates illustrate not
only the high nutrient uptake potential of the estuar-
ine plankton communities, but also strong variations
between the different subareas and between the
successive years. During all years, estuarine commu-
nities demonstrated both nitrate and ammonium

(Fig. 6). Maximum nitrate concentra- 0 S 0

tions were detected at 40 m depth in 0. 0

the open Gulf, i.e. 20 m deeper than in

1990. A noteworthy feature of inor- P , 20

ganic nutrient distributions in 1991 £ 30 30

were the uniformly elevated ammo- 2 40| 1990 1991 40 1992
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Fig. 7 Vertical distribution of the inorganic N:P ratio in August 1990-1992 at
4 stations representing different subareas of the eastern Gulf of Finland. The
dotted lines represent the Redfield ratio (7 w:w)
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uptake potential in the range of 2 to 5 mg N m~> h~!
(Fig. 8).

In 1990 and 1991, nitrogen uptake potential clearly
decreased towards the open Gulf (<1 mgNm™h-'). In
1992, however, high values were found in all subareas,
with maximum NHy depletion rates of 8 mg Nm=h~!
{Fig. 8). Phosphate uptake (0.4 to 1.0 mg P m™* h™}),
measured only in 1990 and 1991, varied less between
the different areas, and the open Gulf communities
showed high P uptake potential when compared to
corresponding N values.

When nutrient depletion rates are normalized
against chlorophyll a values (Fig. 9), estuarine commu-
nities did not deviate consistently from those of the open
Gulf. Interannual differences of normalized depletion
values were irregular in the estuary. In the open Gulf,
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4 stations representing different subareas of the eastern Gulf
of Finland in August 1990-1992

nitrogen uptake potential per unit chlorophyll was
clearly higher in 1992 than during the previous years.

DISCUSSION

Variations in nutrient dynamics and N:P ratio during
estuarine mixing

The voluminous nutrient flux from Neva Bay into the
actual estuary was characterized by a high inorganic
N:P ratio (from 10 to 30 w:w, Fig. 5f) when compared to
the theoretical optimum for phytoplankton (7 w:w;
Redfield et al. 1963). The huge nutrient influx would
thus suggest an obvious P limitation of the estuary and
adjacent waters of the Gulf of Finland. However, the
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Table 1. Generalization of hydrographic characteristics and nutrient dynamics of subareas of the eastern Gulf of Finland under
late summer conditions

Surface Subarea Thermocline Permanent Loss of N and P DIN/DIP of Most probable
salinity halocline from euphotic euphotic limiting
(psu) layer layer [w:w) nutrients
<0.1 Neva Bay Missing Missing Small 10-30 (P)e
0.1-2 Inner estuary Strong Missing Very effective 5-30 P (N)"
2-3 Outer estuary Strong Weak Modest 1-40 P, N
3-4 Transition zone Strong Missing Small 2-40 N, P
>4 Open eastern Gulf Strong Weak Small 2-10 N
“The limiting role of P is theoretical, because turbidity and short residence time limit productivity in most parts of the bay
PN may limit in the case of a thin and well-defined mixed surface layer

development of both inorganic and total N:P ratios
(Fig. 5¢, f) in the estuarine waters revealled processes
that significantly affect the limitation pattern.

In order to examine these processes, the study area
can be treated as 5 successive surface salinity regimes,
each showing different nutrient dynamics (Table 1).
These salinity regimes roughly correspond to the dif-
ferent estuarine subareas (Fig 2), although areal vari-
ability naturally exists, depending on prevailing phys-
ical conditions of the water mass. Especially in August
1991, the salinity pattern of the eastern Gulf was
exceptional, and very low salinities (1 to 1.5 psu lower
than normal) were detected in the surface layer of the
outer Neva Estuary and of the northeastern open Gulf
(Fig. 3a).

Both DIN and DIP showed an order-of-magnitude
decrease in the salinity regime from 0 to 2 psu (the
inner estuary), and the decrease was extremely non-
linear in relation to salinity (Fig. 5d, e). Together with
the substantial losses of total N and P this means that
large amounts of inorganic N and P were transformed
to other chemical forms during the mixing process and
transferred from the surface layer. The losses must be
mostly due to the high biological activity of the inner

30
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Fig. 10. Surface layer (0 to 5 m} chlorophyll a concentration vs
salinity during cruises in August 1990-1992

estuary. High nutrient depletion potential (Fig. 8), high
chlorophyll a values (Fig. 10) and high amounts of
plankton, especially blue-green algae (Pitkanen et al.
1993, Kauppila et al. 1995}, were all evidence of in-
tense uptake of nutrients outside the flood protection
barrier in the inner estuary.

The inorganic N:P ratio displayed a strong and non-
linear decrease against the salinity gradient in the
inner estuary (1991, Fig. 5f) or at latest in the outer
estuary (1992). The decrease can be explained by sev-
eral biogeochemical processes (Pitkanen 1991).

(1) Denitrification removes N in all studied estuarine
systems (e.g. Seitzinger 1988). The steady vertical dis-
tribution of nitrate below the pycnocline, with the
ammonium maximum immediately below the mixed
surface layer of the eastern Gulf (Fig. 6), indicates that
this process may also take place in the organic flocs
present in the free water. On the other hand, the role of
the opposite process, fixation of N;, is probably negli-
gible due to small amounts of N,-fixing blue-green
algae in the estuary (Howarth 1988, Pitkanen et al.
1993, Kauppila et al. 1995).

(2) Increasing pH and decreasing DIP concentration
along the salinity gradient favour release of adsorbed P
from riverine particulate matter {(e.g Pomeroy et al.
1965, Froelich 1988), while a large fraction (ca 50 %,
Fig. 5a, d) of riverine N is included by the stable dis-
solved organic fraction (DON) which liberates inor-
ganic N only slowly (Burton 1988).

(3) The capacity of the saline water sediments to per-
manently retain P is generally poorer compared to that
of freshwater sediments because of the formation of
insoluble Fe(Il)S in anoxic saline water sediments. This
process reduces the potentially available adsorption
sites for P (Caraco et al. 1990).

(4) The near-bottom flow from the open Gulf, which
mixes with the surface layers especially in the inner
estuary has an inorganic N:P ratio considerably lower
(5 to 10 w:w) than the flux from Neva Bay (10 to
30 w:w). Denitrification and liberation of DIP from sus-
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Fig. 11. Inorganic N:P ratio vs mixed layer depth (MLD) in the
outer Neva Estuary and in the transition zone between the
estuary and the open Gulf in August 1990-1992

pended particulate matter and from the bottom sedi-
ment tend to keep this ratio low.

(5) Several blue-green algal species, e.g. Plank-
tothrix agardhii, one of the dominant species in the
estuary (Kauppila et al. 1995), accumulate extra P in
their cells when they are in aphotic, nutrient-rich
waters (Raynolds & Walsby 1975) and transfer P to the
euphotic layer via vertical mixing of the mixed surface
layer.

(6) The lower thermocline maxima of the inorganic
N:P ratio of the estuary (up to 30 to 40 w:w in 1990,
Fig. 7} and the general decrease of this ratio in the
euphotic layer during the estuarine mixing suggest
that the net losses of N, via sedimentation of auto-
chthonous POM, are relatively greater than those of P.
The same phenomenon has been experimentally
observed in studies in the coastal western Gulf (Tam-
minen 1989, Heiskanen & L.eppdnen 1995).

Thus the circulation of bioavailable P in the plank-
tonic food web of the euphotic layer is probably more
effective than that of N, leading to the observed
decrease in the inorganic N:P ratio. On the other hand,
the inorganic N:P maxima in the thermocline region
(Fig. 7) means that as a result of intensified vertical
mixing, e.g. as a result of heavy winds, erosion of the
pvenocline transfers water rich in N to the euphotic
layer (Fig. 11). Thus nutrional conditions can rapidly
change from N deficiency to nutrient balance or to P
deficiency in the estuarine waters.

Losses of N and P from the euphotic layer

The behaviour of the total N:P ratio (Fig. 5c) showed
that biological processes are able to explain only a part
of the losses of total P from the surface layer. The
increasing or steady total N:P ratio in the inner estuary
despite decreasing inorganic N:P ratios (Fig. 5f) and

strongly decreasing total N concentrations (Fig. 5a),
indicated effective removal of total P (representing
both particulate P and dissolved organic P) from the
surface layer. Because most of the removal took place
in the inner estuary, i.e. in the region where effective
mixing of river water and saline water takes place,
flocculation and precipitation of colloidal and particu-
late riverine matter into settlable aggregates (e.q.
GESAMP 1987) probably was the primary reason for
these losses.

The dependencies of both total N and P on salinity
appeared very consistent (Fig. 5a, b). Thus it is possible
to roughly estimate magnitudes of the net losses of
total nutrients from the euphotic layer of the inner
estuary. When the linear relations between nutrients
and salinity (the dilution dominated area from 2 to 4-5
psu) are extrapolated to the salinity of 0 psu, amounts
of 37 mg P m~? and 500 mg N m 3 are found to be lost
from the surface layer by vertical transport. The real
losses of N and P are even greater, because the deeper
flow, which gradually mixes with the upper layers
especially in the inner estuary, contains clearly higher
concentrations of both N and P than the open Gulf sur-
face layer (Pitkdnen 1991, Pitkanen et al. 1993).

Only a small part of the voluminous nutrient losses
from the euphotic surface layer of the inner estuary
settled permanently on the bottoms of the shallow and
physically very variable inner estuary. Due to effective
mineralisation of the high autochthonous production
already in the thermocline region (NH,-N up to 100-
150 mg N m~% Fig. 6}, outstanding amounts of both
DIN (150 to 300 mg N m %) and DIP (20 to 50 mg P m ?)
accumulated in sub-euphotic waters. Because the
average direction of surface flow in the inner estuary is
towards west (Pitkdnen et al. 1993), a part of the nutri-
ent losses from the euphotic layer were transported
towards the outer estuary in sub-euphotic layers, both
as mineralized and particulate fractions. The main
sedimentary basin of the estuary covers an area of
ca 1200 km? (Pitkdnen 1994). This area provides
favourable conditions for effective sedimentation and
denitrification.

If the late summer condifions are assumed to roughly
represent average annual conditions between spring-
time maximum and wintertime minimum, the esti-
mated concentration differences would suggest annual
net losses of 39000 t N yr~! and 2900 t P yr ' from the
surface layer of Neva Estuary when mean annual river
flow of 2460 m* s~! (Bergstrom & Carlsson 1994} is
applied. If we assume that these amounts are perma-
nently retained or removed in the estuarine waters
(surface area 3200 km?), average amounts of 12 g N
m~* yr~'and 0.9 g P m~2 yr~! are obtained. The esti-
mated figures correspond well with estimates of total
net losses (sedimentation and denitrification) for the
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entire eastern Gulf (7.6 g Nm~?yr "' and 0.6 g P m~?
yr '; Pitkdnen 1991), when the higher planktonic pro-
duction and more sheltered topography of the Neva
Estuary are taken in account.

Role of N and P as production limiting factors

Despite the high and continuous inputs of DIN and
DIP into the Neva Estuary these nutrients were in most
cases exhausted from the euphotic layer already
within the estuarine area, sometimes even in the inner
estuary (Fig. 5c, d). The nutrient depletion experiments
in the present study indicated very effective nutrient
uptake of the estuarine plankton community (Figs. 8 &
9). Although physical conditions are variable, espe-
cially certain blue-green algae are able to maintain
consistently blooming populations in the area (Pitka-
nen et al. 1993, Kauppila et al. 1995), causing effective
uptake of nutrients and sedimentation from the
euphotic layer.

The estuarine 2-layer flow system with average out-
flow in the surface layer and inflow in deeper waters,
as well as good oxygen conditions (>50% saturation;
Pitkdnen et al. 1993) in the near-bottom waters favour
permanent retention and removal of nutrients (Pitka-
nen 1991). A lot of variation existed, however, in the
dynamics of N and P, depending on the actual physical
conditions of the water mass. This led to very strongly
varying nutrient conditions and N:P ratios of the
euphotic layer, depending largely on actual weather
conditions {Table 1).

In the innermost estuary, inside the flood protection
barrier, nutrient concentrations were high (Fig. 5),
but due to high turbidity and short residence time
(Pitkanen et al. 1993), primary production is physically
limited, which was reflected in the low chlorophyll
levels of the area (Fig. 10). Only in certain near-shore
waters outside the main route of the Neva flow through
the barrier basin might DIP be exhausted.

Immediately outside the barrier the inorganic N:P
ratio started a rapid decrease. If MLD (Fig. 3b) is
>10 m, as it was in 1992, the euphotic layer easily
obtains nutrient replenishment from the aphotic sub-
surface waters. This allowed considerable DIN concen-
trations (10 to 70 mg N m~3) and high inorganic N:P
ratios (10 to 40 w:w) to be maintained throughout the
inner estuary and also in most parts of the outer estu-
ary (Fig. 11) and led to a probable P deficiency in the
primary production. In the case of a thin or moderate
MLD (<10 m), the relative net loss of DIN was much
more rapid than that of DIP and replenishment of DIN
from deeper waters was restricted. As a result low DIN
concentrations (<5 mg N m™ ') and inorganic N:P ratios
(<3 w:w) prevailed. Thus N deficiency can as well

occur even within estuarine waters. The result is in
good accordance with the sedimentation studies made
in the western Gulf of Finland by Heiskanen & Lep-
panen (1995).

The results obtained in August 1991 reveal that
under exceptional physical conditions of a thin and
low-saline mixed surface layer (Fig 3b), eutrophying
effects of the large nutrient load into Neva Bay can
reach Finnish territorial waters 80 n miles (150 km)
from the mouth of the River Neva. According to the
bimonthly monitoring performed in eastern Finnish
territorial waters since 1983, this is the only recorded
occasion when a distinct low saline layer has been ob-
served this far from the actual estuary during summer.

In the transition zone between the estuary and the
open Gulf, nutrional conditions were stabilized to-
wards the normal open Gulf conditions (theoretical N
deficiency, Table 1, Fig. 5f}. This means that if the
inorganic N:P ratio of the surface layer was high in the
outer estuary, it drastically decreased in this zone.
Under the condition of a thick mixed surface layer,
there might be substantial amounts of available DIN
(up to 50 mg N m~?% in the northern part of the study
area, far from the actual estuary, due to the average
westward flow from the Neva Estuary along the north-
ern coast. Under such conditions primary production
was clearly P limited also in these open Gulf waters. In
the middle part of the open eastern Gulf, N deficiency
was more likely also in this case.

In salinities over 4 psu (the open Gulf), the inorganic
N:P ratio in most cases stabilized to a level below 7
(Table 1, Fig. 5f). Thus, regarding the most probable
limiting nutrient under summer conditions, the open
eastern Gulf does not significantly differ from the
western Gulf, where, according to extensive meso-
cosm experiments (Tamminen 1990, Kiviet al. 1993), N
proves to be the key limiting nutrient. The same situa-
tion is valid in the open Baltic proper as well (Granéli
et al. 1990).

CONCLUSIONS

In addition to its efficient capacity in retaining and
removing nutrients, the Neva Estuary strongly trans-
forms the nutrional conditions for phytoplankton from
an obvious P deficiency in the inner estuary to a prob-
able N deficiency in the open eastern Gulf In practice
this means that if water protection measures in the
future are only aimed at phosphorus removal from
waste waters, planktonic production would decrease
mainly in the estuarine waters of the easternmost Gulf.
Probably no particular advances would likely occur in
the open Gulf under summer conditions, because of
the internal processes of the estuary which strongly
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decrease the high inorganic N:P ratio of the nutrient
loading to the euphotic layer. To achieve a more exten-
sive decrease in the trophic status of the Gulf, as much
as possible of the voluminous N inputs should evi-
dently be removed, in addition to P removal.
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