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Abstract 

NrnMI, AKE (Institute of Marine Research, Helsinki/Helsingfors): Ecology of 
phytoplankton in the Tvlirminne area, SW coast of Finland. II. Primary pro
duction and environmental conditions in the archipelago and the sea zone. -
Acta Bot. Fennica 105:1-73. 1975. 

The phytoplankton primary production, hydrography and nutrient con
ditions were investigated throughout the year during the period April 1968 -
June 1970 in undisturbed areas of the inner and outer archipelago zones and 
the sea zone, south of the Hango peninsula, at the entrance to the Gulf of 
Finland. 

The seasonal variation of the following parameters was studied: temperature, 
salinity, oxygen, pH, PO.-P, total phosphorus, N03-N, N02-N, NH•-N, Si02-Si, 
transparency (turbidity, humus and/or yellow substances, transmission of green 
light, Secchi disc readings), chlorophyll a, phytoplankton biomass (calculated 
from volumes), phytoplankton primary production (14C method in situ). 

The phytoplankton showed the same seasonal fluctuations and the primary 
production had about the same annual level (c. 50--65 g C (ass.) fm! X year) in 
the archipelago zones and the sea zone. In 1969, the primary production was 
higher in the sea zone than in the archipelago zones. The values for phytoplank
ton biomass and primary production correspond well during the vernal bloom, 
but lack of agreement was found at other times, especially during the summer 
minimum of the phytoplankton. 

The level of the annual phytoplankton primary production at Tvlirminne, in 
the transitional area between the Gulf of Finland and the Baltic proper, was 
higher than eastward in the Gulf of Finland, chiefly owing to upwelling of 
saline deep water rich in nutrients outside the Hango peninsula. 

Author's address: Mr. Ake Niemi, Institute of Marine Research, Box 166, 
SF-00141 Helsingfors 14, Finland. 

Received 1975-10-31 
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I INTRODUCTION 

The increase in the pollutant load 
imposed on the coastal waters of the 
Baltic Sea has enhanced the need for 
knowledge of the primary production 
level in clean coastal waters in different 
parts of the Baltic area. Such know
ledge will be necessary as a basis for 
monitoring work elucidating possible 
changes in the trophic status in the 
areas concerned. The present paper deals 
with the level of primary production 
in the Tvarminne archipelago and the 
sea area outside the Hangi::i peninsula, 
at the mouth of the Gulf of Finland, 
and examines the factors regulating the 
phytoplankton production. 

The hydrography, hydrochemistry, 
amount of chlorophyll a and phyto
plankton composition in the Tvarminne
Pojoviken area were discussed in part I 
of this study (NIEMI 1973a). There 
attention was paid to the spatial chang
es in the hydrographic, hydrochemical 
and biological parameters in this tran
sition area, where the surface salinity 
ranges from almost fresh water at the 
head of the firth Pojoviken to c. 6 %o in 
the open Gulf of Finland. The material 
was obtained by sampling along a trans
ect extending from the head of the 
firth to the open sea. Particular consi
deration was given to conditions in 

Pojoviken proper, i.e. the inner part of 
the firth, north of the town of Ekenas/ 
Tammisaari, to the quality of the out
flowing, oligohaline surface water, and 
to the influence of this outflow on the 
archipelago waters outside Pojoviken. 

The present paper deals with the phy
toplankton primary production, hydro
graphy and nutrient conditions at three 
sampling stations, Skaldo, Storfjarden 
and Ajax (Fig. 1), representing the inner 
and outer archipelago zone and the sea 
zone. Particular attention is paid to the 
seasonal variations, and the interaction 
between phytoplankton production and 
the hydrographic and hydrochemical 
conditions. 

This study was independently planned 
and commenced by the author in 1967, 
but was later included in the Finnish 
IBP-PM programme (cf. LUTHER 1972, 
LUTHER et al. 1975). 

Because of the urgent need for infor
mation on the level of primary pro
duction in different parts of the Baltic, 
part of the material, the estimates of 
annual primary production of the Tvar
minne area, has been published in ear
lier papers (NIEMI 1972b, 1973b, LASSIG 

& NIEMI 1972b, NIEMI & PESONEN 

1974a, b, LASSIG et al. 1974). 

ll STUDY AREA 

A description of the Tvarminne.Pojoviken 
area is given in part I (NrEMI 1973a:4-10), which 
treats the spatial changes in biological and hydro
graphical parameters from the inner part of Pojcr 

viken to the open sea. In the present paper, the 
sampling stations Skll.ldo, Tvarminne Storfjard 
(st. XII, abbreviated to Storfjarden) and 
Ajax have been chosen to represent the inner 
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FIG. 1. The study area and sampling stations. A = Ajax in the sea zone, L = U.ngskar (occasionally 
sampled) at the border between the archipelago and the sea zone, XII = Storfjarden in the outer archi
pelago zone, S = Sk£ldo in the inner archipelago zone, M = Maskskar in the outer archipelago zone 
(occasionally sampled in parallel with st. XII). The 50-m isobath is roughly given as a dotted line. 

and outer archipelago zones and the sea zone, 
respectively (Fig. 1). 

The station Ajax is situated in open water in 
the Gulf of Finland. The name Ajax actually be
longs to a shallow (8 m), but the sampling locality 
lies in a small, deep basin (81 m) to the south, 
which is isolated from the Central Basin of tbe 
Baltic proper by a sill at 5~55 m depth. From 
Ajax a shallowing furrow extends north-north-

eastwards, leading to Storfjiirden (st. XII, depth 
35 m). The hydrographic conditions in the area 
between Ajax and Storfjiirden are primarily de
pendent on meteorological factors and the puls
ation of Baltic deep water below the permanent 
halocline. Upwelling occurs in this area. The 
main features of its hydrography are described 
in part I (NrnMr 1973a). 

The station Sk£ldo is situated in Kurofjiirden, 
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a rather enclosed and shallow body of water in 
the inner archipelago zone, where the maximum 
depth is c. 10 m (7 m at the st . SH!do) . As a re
sult of fluctuations in the sea level, the water 
mass flows slowly and irregularly in different 
directions. The upwelling occasionally occurring 
at Storfjarden, does not greatly influence the 
hydrography of Kurofjarden. It is a fairly un
disturbed and unpolluted area. Some fishermen's 
houses and a few holiday cottages constitute the 
only human settlement on the adjacent shores. 
However, the land area is large in proportion 
to the small water surface area, which has a 
naturally fertilizing effect on the waters of the 
inner archipelago (cf. e.g. A.-M. JANSSON 1974:5) . 

The station Mas.kskar, c. 10 km east of Stor
fjarden in the outer archipelago zone, was occa
sionally sampled in parallel with Storfjiirden, in 
order to find out the extent to which the environ
mental conditions differed between the stations, 
and especially to clarify the influence of the out
flowing oligohaline surface layer from Pojoviken 
on the hydrographical, chemical and biological 
properties of Storfjarden. Like Storfjiirden, 
Maskskiir is situated at the inner end of a deep 
furrow extending outwards towards the Gulf 
of Finland (Fig. 1) . The depth at Maskskar is 
48 m, and the open channels stretching from the 
station in different directions permit good water 
exchange. Some holiday cottages are found on 

I I ~Hill! I 111111 I 11 11 I j I ! 
;S ,·a tN ,·ol J , F , ·M , A ,M 

1968 1969 

the surrounding islands. The waters are con
sidered undisturbed. 

The weather was fa irly similar during the 
su=ers of 1968-1970. Stable conditions pre
vailed in May and June (except for a rainy 
period in late May 1970), with a low sea level 
and rising surface temperatures. In July, de
pressions brought unsettled, stormy weather, 
decreasing surface temperatures and causing a 
rise in the sea level (cf. NIEMI 1973a, Figs. 2 
and 3). In August, the weather was fine again. 
The occurrence of periods of high pressure, 
with settled conditions, or depressions with 
stormy weather is of decisive importance for the 
seasonal fluctuations of the phytoplankton. For 
instance, occasional rainy periods in late May 1970 
and storms in late August 1969 had a marked 
influence on the ecological conditions in the 
archipelago waters . Precipitation, air tempera
ture and wind conditions during the study pe
riod are given in Fig. 2. 

In 1968 the ice disappeared in March; in 
1969 and 1970 not until late April (cf. also 
P ALOSUO 1971). 

The ice-bound period in the inner archipelago 
is slightly longer than in the outer areas, and 
the water temperature in su=er is somewhat 
higher. The differences in hydrography will be 
treated in section IV. 

~~~ I 11 ~ Il l ! ! 
OrNtO!JtFtM AtMtJ 

1970 

FIG. 2. Meteorological parameters at Tvarminne Zoological Station. Strong winds (> 12 m/s) are 
presented above. A point below the column denotes NW-N-NE-E wind (causing seaward flow of 
the surface layer). The air temperature as measured at 14 o'clock (scale to the left) and the precipitation 
in mm (scale to the right). The temperature and precipitation values are means of 3 days. 
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ill MATERIAL AND METHODS 

Research for this study was begun in 1967 
and part of it is still continuing. Since 1972 it 
has been included in the programme of the Insti
tute of Marine Research, Helsinki. The bulk of 
the material presented in this paper was collect
ed by me during the period April 1968 -June 
1970. 

As far as possible, primary production was 
measured every second or third week (d. Figs. 
21-23, pp. 36-38); the intervals between 
measurements were shortest during the vernal 
bloom and longest in late autumn and in winter. 
Hydrographical parameters and chlorophyll a 
were measured fairly frequently throughout the 
year, especially at Storfjarden (st. XII). 
Only occasional sampling was possible in winter 
at Ajax, because of difficult ice conditions. The 
Institute of Marine Research, Helsinki, performs 
salinity and temperature measurements at Stor
fjarden (st. XII) regularly every tenth day and 
my measurements have been supplemented with 
these values. 

A description is given in part I (NIEMI 1973a: 
10-11) of the methods employed in the samp
ling, hydrographical measurements, handling and 
transport of the material, chemical analyses, and 
measurements of turbidity and humus and/or 
yellow substances and chlorophyll a. Other 
techniques used are presented below. 

Underwater light 

A submarine photocell and a deck photocell, 
constructed and provided by the International 
Agency for 14C Determination, Charlottenlund, 
Denmark, were used. The transmission of green 
light (filter OGr 1 + opaque filter, provided by 
Chance-Pilkington) was measured. The green 
component of light penetrates deepest in coastal 
waters with a high content of yellow substances 
(cf. }ERLOV 1955, 1963:108, STEEMANN NIELSEN 
1974:379). The submarine photocell used was 
not calibrated. The measurements are given as 
percentages of the value (= 100 %) recorded 
just below the sea surlace. 

Quantitative phytoplankton samples 

Water samples (100 ml) from several depths 
between the surface and bottom were preserved 
in plastic bottles, at room temperature and in 
darkness. Five millilitres of coned formalin was 
added to each sample to make a final concentra
tion of 2 % formaldehyde. As is known, formalin 
is not the best preservative for plankton algae. 
Among other things, it appears to interfere with 
the sedimentation of the blue-green algae, and to 
cause the rupture of fragile monads 
(PAASCHE 1960). Moreover, the frustules of 
fragile diatoms (e.g. Chaetoceros holsaticus, 
C. subtilis, Rhizosolenia minima, Sceletonema 
costatum) seem to dissolve when samples preserv
ed with formalin are kept for several years (my 
own observations). MELvASALO et al. (1973) 
found Keefe's solution much better than formalin 
for this purpose. However, since the earlier 
samples were preserved with formalin, the later 
samples were treated in the same way, to ensure 
that the whole material was comparable. 

The phytoplankton species were studied and 
c0unted in an inverted plankton microscope 
(Zeiss Opton) and sliding sedimentation cham
bers, as described by UTERMOHL (1958). Fifty 
millilitres of the sample was left to sediment 
for at least 30 hours. Depending on the amount 
of phytoplankton, 25-100 visual fields were 
counted using a X 40 water immersion objective. 
Large cells (dinoflagellates, Actinocyclus, Cosci
nodiscus, Thalassiosira, etc.) were counted at a 
lower magnification on the whole chamber area. 
The volumes of the phytoplankton species were 
calculated with simple geometrical formulae (e.g. 
SooERQVIST 1970, WrLLEN 1974). It should be 
noted that the size of the species may vary con
siderably with the season and the type of water. 
The list of phytoplankton volumes published by 
NAULAPAA (1966, 1972) is intended for lakes, 
and could not be used for the present 
material. Nor was it possible to use the 
values calculated from phytoplankton from the 
sea area outside Helsinki (MELVASALO 1971) 
and from Lovisa (BAGGE & NrEMI 1971), since 
the volumes of certain algal species were mea
sured in different ways. Unfortunately the" 
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phytoplankton volumes given by different re
search workers must be considered somewhat 
subjective, and are therefore not fully com
parable. 

The mucilage was excluded in calculating the 
cell volume of species with cells surrounded by 
abundant mucilage (e .g. Aphanocapsa, Gompho
sphaeria, Dictyosphaerium), as in earlier studies 
(NIEMI 1971b, NIEMI & RAY 1975). Diatom 
slides were not prepared for counting, only for 
detailed studies of some important species . 

As is generally realized, the accuracy of the 
biomass values may be impaired right at the 
sampling stage, since the patchiness of the 
phytoplankton may make it difficult to obtain 
representative samples (see discussions by HAsLE 
1954, PAASCHE 1960, KANGAS & KER.>d!NEN 
1969). 

The use of volume and chlorophyll as criteria 
of phytoplankton biomass has been discussed 
and criticized in several papers (e .g. WEsTLAKE 
1965:319). 

Section IV E will deal with the distri
bution and seasonal variation of the phytoplank
ton groups and the dominant species. A descript
ion of the species composition in the area has 
previously been given by HALME & MoLDER 
(1958) and complementary observations will be 
presented in a later part of this study. The 
reference works used for the determination of 
phytoplankton species are listed in part I (NIEMI 
1973a:ll). 

The designation sp. stands for a taxon which 
has not been determined at specific level; spp. 
denotes the presence of several unidentified taxa 
belonging to the genus in question. 

The primary production of phyto
plankton 

Primary production was measured in situ 
by the 14C method, according to STEEMANN 
NIELSEN (1952). For details of the technical pro
cedt:re, the reader is also referred to LASSIG & 
NIEMI (1972a). The method is in accordance with 
the recommendations of the Baltic Marine Biolo
gists' Working Group 4 (for intercalibration and 
standardization of primary production measure
ments in the Baltic, cf. GARGAS 1975). 

Water was sampled with a Ruttner sampler 

equipped with a thermometer. Borosilicate glass 
bottles (Jena, 120 rnl) were used for incubation 
and the glass stoppers were secured. The dark 
bottles were enveloped in opaque black plastic. 
The radiocarbon ampoules were provided by the 
Instirute of Limnology, University of Helsinki. 
The quantity of radiocarbon (as H 14C0a) added 
to each bottle was c. 1--4 ~tCi (c. 4 in winter). 
Incubation was usually started between 8 and 
10 o'clock in the morning, and lasted 24 hours. 
From 1972 onwards, metabolism was arrested 
after incubation by the addition of formalin. 
The samples were filtered within 2 hours after 
the end of incubation on Sartorius Nr. 10(11306) 
filters, pore size 0.45 !tffi· The vacuum applied 
during filtration did not exceed 0.5 atmosphere. 
The filters were treated with HCl vapour . 

The radioactivity of the phytoplankton on 
the filters was measured with a Geiger-Miiller 
counter calibrated with the appararus of the 
Instirute of Limnology, University of Helsinki. 

pH was measured immediately after arrival 
at the laboratory with a Metrohm pH-Meter 
E 280A. Alkalinity was calculated according to 
the formulae of BucH (1945:114). 

The standard incubation depths used were: 
0.2, 1, 2, 3, 4, 5, 6, 8, 10, 12.5 and 15 m. These 
are enough to give a good picrure of the vertical 
distribution of the primary production. However, 
the estimate of the compensation depth may be 
somewhat inaccurate. 

Dark bottles were placed at every second 
depth. The dark fixation of carbon at the depth 
of maximum assimilation was generally 1-3 %, 
and only seldom exceeded 5 %, which is a cha
racteristic level for undisrurbed coastal waters 
(d. BAGGE & LEHMUSLUOTO 1971, GARGAS 1975: 
21) . 

The incubations were carried out on bright 
days to obtain comparable values (cf. STEEMANN 
NIELSEN 1955:382, 1958:147, USSIG & 

NIEMI 1972a). More accurate results would 
have been obtained by correlating the primary 
production values with the daily insolation. How
ever, an appararus for measuring the daily in
solation was not obtained by Tviirrninne Zoo
logical Station until 1973. In early summer the 
production does not seem to differ greatly be
tween bright and cloudy days, but in late summer, 
and particularly in autumn, great differences 
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FIG. 3. A schematic representation of the vertical structure of Baltic water masses at the entrance to 
the Gulf of Finland (ace. to HELA 1960:583, FoNsELIUS 1971:314). The water flowing out from Pojo
viken in late autumn, winter and spring, and forming a 2-3 m thick surface layer, is called the 
oligohaline surface layer ( = o.s .l. presented to the right). 

may exist between bright and overcast days 
(NrEMI & PESONEN 1974a, b). 

The annual level of primary production 
was estimated by integrating the results from 
the growing period. As pointed out earlier, the 
estimates must be considered rather rough 
(NIEMI & PESONEN 1974a, b). 

Some incubator measurements were perform-

ed, chiefly in winter, in standard conditions: 
illumination 5000 lux (light source 2 Philips TL 
33 tubes), temperature 0---1 °C, incubation time 
24 hours (for further details, see LASSIG & 
NrnMr 1972a). The results are considered to re
present primary production abiliry (cf. LEHMUS
LUOTO 1968, 1969). 

IV RESULTS 

The measurements of the main para
meters studied during the period April 
1968 - June 1970 are combined in iso
pleth diagrams (Figs. 4-5, 7-15, 19-
20). The trends are described below. 

Note that the depth scale of Skaldo 
differs from that of Storfjarden and 
Ajax. The vertical structure of the Baltic 
water masses and the terms used are pre
sented in Fig. 3. 

A. Hydrography and nutrients 

1. Temperature (Fig. 4) 

SkJldo. Thermal stratification developed in 
June in 1968 and in late May in 1969. In 1970 
no noticeable stratification had yet developed by 

early June. In late August of 1968 the water 
became homothermal down to the bottom, owing 
to stormy weather. The highest surface tempera
ture was measured in June and early September 
in 1968 (> 18°C) and in mid August in 1969 (> 



10 ACTA BOTANICA FENNICA 105 

20°C). Cold saline water penetrated into the in
ner archipelago in 1968 and 1969, in mid and late 
July (concurrently with marked upwelling in 
Storfjiirden). From September on there was no 
thermal stratification and the temperature de
creased towards the winter, falling more rapidly 
at Skaldo than at the outer stations. 

Storfjarden. Thermal stratification developed in 
early May in all the study years . The thermocline, 
usually occurring between c. 7 and 10 m, was very 
unstable, owing to alternating seaward and land
ward movements in the surface layer, and to 
the rising and sinking of the cold saline deep 

SKALDO 
Depth 1968 

A 

70 

water, which periodically forms a tongue 
stretching inwards along the bottom from 
Ajax to Storfjiirden. In 1968, after a warm 
period with high surface temperatures (> l6°C) 
and thermal stratification in late June, a 
weak upwelling caused a decrease in the sur
face temperature and homothermal conditions 
in early July. The surface layer subsequently 
warmed up again and thermal stratification de
veloped. In early September the thermocline was 
found at a depth of 25 m, coinciding with a 
halocline. A marked upwelling of cold water 
followed. In early October an inflow of surface 
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FIG. 4. Temperature (0 C) at Skaldo, Storfjiirden and Ajax during the period April1968 --June 1970. 
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FrG. 5. Salinity (%o) at Skaldo, Storfjiirden and Ajax (April 1968 - June 1970) . 

water from the sea zone and the seaward move
ment of the deep water produced homothermal 
conditions down to the bottom. No noticeable 
thermal stratification developed later. 

In 1969 the thermocline occurred at a depth 
of c. 7 m in late June. An influx and upwelling 
of saline deep water in late July raised the 
thermocline towards the surface, where the 
temperature decreased markedly. In August the 
water temperature rose down to a depth of 20 
m, where a strong thermocline occurred. 

In early September an influx of cold, saline 
deep water again pushed the thermocline up
wards, after which the autumnal turnover began 
and the water column became homothermal. 
Later on the temperature decreased towards 
winter. 

In 1970 early June was characterized by high 
surface temperatures (19°C) and cold deep water 
(2°C) below 27 m. Upwelling of cold deep 
water occurred in late June. 

A;ax. The su=er thermocline occurred at a 
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depth of c. 7-15 m, being nearer the surface 
in early summer. In 1968 upwelling of cold 
deep water occurred in late June - early July 
and early August. In 1969 upwelling was strong 
in mid July: the temperature at 7.5 m depth 
was as low as 3.4°C. In 1970 there was evidence 
of upwelling in late June. 

The Baltic deep water below the permanent 
halocline has a higher temperature than the cold 
winter water above that level (e.g. HELA 1962, 
FoNsEuus 1969:30-34). This was clearly exem
plified in August 1969, when the temperature 
of the Baltic winter water at 35 m was c. 2°C, 
but that of the water below 60 m was 4°C. 

2. Salinity (Fig. 5) 

Sk&ldo. The salinity near the bottom (6 m) 
varied between c. 6.40 o/oo (October 1969) and 
c. 5.50 %o (in spring). An outflow of fresh water 
from surrounding land areas in spring was re
vealed b:r low surface salinities (< 3 %o) . The 
mixing in May after the break-up of the ice 
caused a decrease in salinity throughout the 
water column. Low surface salinities were re
corded again in December, and in the winter 
below the ice until the vernal circulation period. 

Stor/ilirden. The variability of the salinity 
was remarkable. On the one hand, the seaward 
flow of surface water from Pojoviken reduced 
the surface salinity (see also NrEMI 1973a: 14-
16); on the other hand, the tongue of deep water 
extending along the bottom into Storfjiirden from 
Ajax periodically rose to the surface and marked
ly increased the salinity of the whole water 
column. 

In spring seaward flowing oligohaline water 
was observed in the uppermost 2-3 m under the 
ice. In 1968, after the early break-up of the ice 
in March, this layer mixed with the Baltic surface 
water and disappeared. No marked oligohaline 
surface layer was evident in late April, but a new 
surface outflow was observed in early May. 

In early summer low surface salinity was re
corded. Low surface salinities in late August 
1968 were caused by vigorous outflow from 
Pojoviken (NIEMI 1973a: Fig. 4). Higher surface 
salinities were observed in late October in con
nection with the autumnal turnover. 

An influx of deep water with a salinity above 
7 %o apparently occurred in September 1968, 
but this water subsequently moved seawards, 
without mixing with the upper layers. A new 
influx in early October, followed by the au
tumnal turnover increased the surface salinity 
(in December 6.40 %o at the surface). 

In 1969 marked influxes were observed in 
early April and in Inid May, but the tongue of 
deep water moved back outwards in late May 
and early June, and the salinity of the bottom 
layer decreased to 5.48 %o. A vigorous influx 
of saline deep water began in mid June. This 
water mass rose and partly Inixed with the 
upper layers in late July and early August. In 
mid August the tongue withdrew and the sali
nity at the bottom sank from 7.23 %o to 5.82 
%o. A new influx occurred in late August, rising 
to the surface and Inixing there, so that the 
surface salinity rose to 6.67 %o. New influxes, 
observed in September and early October, in
creased the surface salinity to 6.85 %o in early 
October. In 1970 influxes were observed in 
April and Mar-

Advances and retreats of the saline waters on 
the bottom of Storfjiirden are typical of this area. 
The influxes of saline deep water seem to be con
nected with landward movements of the Baltic 
deep water, which penetrates to Ajax below the 
permanent halocline and continues along the deep 
furrow into Storfjiirden. These influxes seldom 
have a direct influence on the hydrographic con
ditions in the euphoric layer. Upwelling seems 
to occur under suitable meteorological conditions 
(NIEMI 1973a:47). 

Ajax. The variations in the surface salinity 
were much smaller than at the two archipelago 
stations. The surface outflow from Pojoviken does 
not reach this area. The surface salinities were 
low in June and in late summer. In winter the 
water was homohaliue above the permanent 
halocline, owing to mixing. 

The salinity of the Baltic deep water below the 
permanent halocline fluctuated greatly. This was 
apparently due to saline deep water occasionally 
flowing over the sill into the Ajax basin, during 
the influ:"l:es of Baltic deep water into the Gulf 
of Finland. 

In spring 1968 the water column was mixed 
down to 80 m. No Baltic deep WP.ter penetrated 
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the Ajax basin at that time. In the summer three 
influxes of Baltic deep water were noted, in June 
(bottom layer 7.94 %o), in early August (bottom 
layer 8.67 %o) and in late September (bottom 
layer 8.39 %o). The halocline was located at a 
depth of 55-60 m. 

In 1969 Baltic deep water penetrated the Ajax 
basin in May (bottom layer 9.83 %o). The halo
dine was at a depth of 55---65 m. The saline 
water rose towards the surface in summer; in 
mid July the 6 %o isohaline occurred at 7.5 m 
depth, coinciding with the thermocline (5 m: 
13.2°C, 7.5 m: 3.4°C), but the saline water 
did not quite reach the surface. In late 
August a new influx of Baltic deep water 
(bottom layer 10.15 %o) occurred. As a result of 
the turnover in autumn, the surface salinity in
creased to c. 6.80 %o in October-November. 

In spring 1970 the salinity of the bottom 
water was below 7.5 %o. In June a new influx 
raised the salinity of the bottom layer to 9.75 %o. 

The influxes of Baltic deep water (c. 10 %o) 
into the Ajax basin were connected with intru
sions of high saline water through the Danish 
sounds into the Baltic, first recorded at the end 
of January 1969 (see FRANCKE & NEHRING 1973, 
FoNsEuus 1975). The first influxes were observ
ed in the eastern part of the Gotland Basin in 
summer 1969, and were recorded at Ajax in July 
and August of the same year. New intrusions of 
large quantities of high saline water into the 
western Baltic in early 1970 reached the eastern 

Gotland Basin in early summer and were observ
ed at Ajax as a new strong influx in June. The 
pulsations of the Baltic deep water could thus be 
observed at the Ajax basin at the entrance to the 
Gulf of Finland. The interval of ~ months be
tween the strong inflow through the Danish 
sounds and the observation at Ajax is in good 
agreement with the deductions made by Am.NXs 
(1962:143) and VoiPio (1968:8). 

3. Oxygen (Fig. 6) 

In the shallow waters of SHldo the oxygen 
concentrations never showed any marked de
crease. During the vernal bloom supersaturation 
occurred. The same situation prevailed in Stor
fjarden, where low oxygen concentrations were 
never measured (see also liALME 1944:27-37, 
LuoTAMO & LuoTAMO 1975), but a minor de
crease was noted in winter below the ice in the 
oligohaline surface water flowing seawards from 
Pojoviken (NIEMI 1973a:17). However, at the 
time of the influx of deep water with a salinity 
above 7 %o (July 1969), oxygen values of 66 % 
of saturation were recorded . This seems to be 
due to the fact that the bottom water in Stor
fjarden is the upper end of the tongue of oxygen
poor deep water extending from Ajax. 

At Ajax the oxygen conditions were good 
above the permanent halocline, which lay at c. 
50---65 m. The situation below the halocline de-

187-68 179-68 3110.-68 262.-69 31.3.-69 22 7.-£9 138-69 2610.-69 1n-1o 23L-70 55-70 26.-70 ~ 

~n~r-n;r:-GT~Ir!Pln0f1 i 
179.-68 2.\l-68 712-68 20 2.-69 22.7-69 317-69 29.8.-69 1.10.-69 121-70 1 3-70 6.5.-70 2.6.-70 l 

GT]TffiiJ!Vnlmnrm 1 
308.-68 169.-68 28.2.-69 1t6-69 :Jl.6- 69 1&7-69 1l8.-69 268.-69 610.-69 1L5 - 70 255.-70 176.-70 A 

fJT7fl?C::IiVPI7rC:D: 
FIG. 6. The concentration of oxygen {mg/1, solid line) and salinity (%o, dotted line) at SHldo, Stor
fjarden and Ajax. 
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FxG. 7. pH at SHldo, Storfjiirden and Ajax (April 1968 - June 1970). 

pends on the age of the deep water in this basin, 
and the oxygen concentrations of the Baltic 
deep water pushed into it. The periodic 
influxes into the Ajax basin caused by the pul
sation of Baltic deep water below the permanent 
halocline produce a stratification similar to that 
in the central basin southwest of the sill border
ing the Ajax basin. 

The penetration of Baltic deep water in 1969 
and 1970 was accompanied by an oxygen defi
ciency at Ajax. In late August 1969 hydrogen 
sulphide even occurred. In October the deep 

water was reoxygenated down to 80 m by the 
turnover. In May 1970 new influxes had again 
caused high salinities and low oxygen values. 
The course of the oxygen values of the bottom 
water shows that several influxes of deep oxygen
poor water occurred in the Ajax basin in 1969-
1970. 

Thus, in these clean archipelago and sea waters 
no marked oxygen decrease occurred above the 
permanent halocline. In summer the Baltic winter 
water at a depth of c. 30-40 m always showed 
high oxygen concentrations (d. also VoxPxo 
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1970:40). Slightly lower oxygen values were 
measured only in the inflowing Baltic deep water 
originating from layers below the permanent ha
Iodine, and in winter in the oligohaline surface 
layer, rich in organic material, flowing seawards 
through the archipelago. 

4. pH (Fig. 7) 

The pH of brackish water is influenced by 
the seasonal fluctuations in phytoplankton pro
duction. (No marked diel variation was observed 
by me in the pelagial.) In winter, when the phy
toplankton biomass is very low and no assimila
tion occurs, the pH is about 7.8-----8.0 in the clean 
brackish water above the permanent halocline. 
The vernal diatom-Goniaulax bloom and the 
blue-green algal blooms in late summer raise the 
pH to 8.3-8.6. The influx and upwelling of 
saline deep water poor in phytoplankton cause 
a decrease in pH in summer. 

Skaldo. The decline of the isopleths towards 
the spring is due to the outflow of fresh water 
with low pH from surrounding land areas. The 
lowest value (c. 7.2) was recorded in spring, 
when the fresh water of low pH mixed with the 
brackish water. The highest values were measur
ed in May (8.4--8.8) and in late summer (8.35-
8.50). After the vernal phytoplankton bloom the 
pH decreased. In July in both 1968 and 1969, 
an inflow of saline water from the outer archi
pelago reduced the pH to values below 8. 

Storfjarden. The outflowing surface layer al
ready had low pH values in December. In winter 
the pH of the Baltic surface water below the oligo
haline surface layer was c. 7.8-7.9. At the begin
ning of May the vernal bloom caused an increase 
in pH, which, owing to complete circulation of 
the water column, extended down to the bottom. 
As the vernal bloom proceeded, thermal (or sa
line) stratification developed, the phytoplankton 
biomass increased strongly in the surface layer 
and pH stratification occurred, with high pH 
values {up to 8.8 in 1969) in the euphotic layer. 

The pH decreased in June 1968 after the 
vernal bloom, but in 1969 and 1970 it remained 
high throughout June because the weather was 
stable and there was no mixing or upwelling of 
deep water. The upwelling of deep water caused 

a marked decrease in pH in the euphoric layer, 
towards the beginning of July in 1968, and in 
July and September in 1969. Blue-green and 
other algae caused high pH values (8.4--8.6) in 
September and August in 1968 and 1969, re
spectively. In 1968 complete mixing during the 
algal bloom gave a pH of 8.40 down to the 
bottom. 

In late April 1970 the water was well mixed. 
The beginning of the vernal bloom resulted in 
an increase in pH in the surface layer; in May 
a mixed layer with high pH overlay the deep 
saline water with low pH and little phyto
plankton. 

Aiax. The vernal diatom-Goniaulax bloom 
produced pH values above 8.4 in late May and 
June (even 8.8 in June 1970). Abundant occur
rences of blue-green algae caused an increase in 
pH in September 1968 and August 1969 (as at 
Storfjarden). 

In May the increase in pH extended down to 
c. 40-50 m, but in summer the thermocline at a 
depth of 10-15 m caused pH stratification. 
Thus the Baltic winter water had a lower pH than 
the upper layers during the summer stagnation. 
Upwelling of Baltic deep water lowered the pH 
of the euphoric layer in late June and July 1968. 
After the upwellings in August 1968 and July 
1969 the pH increased, owing to the abundant 
blue-green and other algae subsequently develop
ing in September and late August, respectively. 

The inflowing Baltic deep water has a rela
tively low pH (here below 7.4). pH values of 
7.8 or more were recorded at the bottom 
in early spring and late autumn, when the 
water column was thoroughly mixed. 

5. Phosphorus 

a. Orthophosphate (Fig. 8) 

The highest surface water concentrations were 
recorded in late winter before the commencement 
of the vernal bloom, c. 18-21 flg P04-Pil in 
winter 1970 and 14--18 f.lg/1 in winter 1969. 
In Storfjarden high concentrations (> 26 f!g/1) 
were recorded below the ice in 1969 in the sur
face water flowing seawards from the Ekenas 
area. 
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The vernal bloom consumed most of the 
orthophosphate in the euphotic layer, and low 
concentrations ( < 2 flg/1) were recorded in sum
mer in the water above the thermocline. 

Sk&ldo. The water represents Baltic surface 
water. Thus no marked P04-P stratification 
occurred. The high phosphate concentration (> 
10 flg/l) recorded in the surface layer in July 1968 
can be ascribed to nutrients running off the near
by land. In August the phosphate was partly con
sumed. Storms in late August 1969 increased 
the P04-P content but low concentrations ( < 6 
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flg/1) were recorded again in September. From 
October on, the phosphate concentration general
ly began to increase. Outflowing surface water in 
winter 1%9 was observed to contain somewhat 
more phosphate (> 16 flg/1) than the brackish 
water below (c. 14 flg/1). 

Storfjiirden. The thermocline and the period
ically occurring halocline, lying at a depth of 
20-30 m, caused marked, though unstable, 
stratification of orthophosphate. During the ver
nal bloom in 1968 and especially in 1969, P04-P 
decreased almost right down to the bottom. In 
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FIG. 8. Orthophosphate (!lg!l) at SHldo, Storfjarden and Ajax (April 1968 -- June 1970). At Ajax 
the isopleths for 50, 100, 150 and 200 flg/1 are presented as dotted lines. 
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FIG. 9. Total phosphorus (f.tg/1) at SHldi:i, Storfjiirden and Ajax (April 1968 - June 1970). Iso
pleths as in Fig. 8. 

May 1970 a pycnocline at c. 22 m isolated the 
deep water. Mixing occurred in the water column 
above the pycnocline at the beginning of June. 
During the vernal bloom in 1970 the decrease in 
PO.-P clearly moved downwards. 

Orthophosphate stratification occurred in sum
mer, although it sometimes broke down. Low 
phosphate concentrations were recorded in the 
euphotic layer from May onwards in all the 
study years, but upwelling of deep water caused 
occasional high concentrations of P04-P (> 6 

f.tg/1) at the beginning of August 1968. The out
flow of less saline water in mid August 1969 was 
accompanied by low PO.-P concentrations, but 
they rose again in connection with an upwelling 
in late August and early September. In both 1968 
and 1969, the phosphate concentrations began 
to increase in September. 

Influxes of deep water were observed in late 
summer in 1968, and a PO.-P stratification 
remained until March 1969. In 1969 several 
influxes influenced the phosphate concentration 
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of the surface water in August - September. 
In late October 1969 the tongue of deep water 
withdrew and Storfjarden was filled with Baltic 
surface water with a P04-P concentration of c. 
12 f.tg/1. Influxes of deep water were again ob
served in the early summer of 1970. Evidence 
that influxes had influenced the P04-P concent
ration of the surface waters at Skaldo was ob
served only once, in late summer 1969. 

Ajax. In spring the orthophosphate concentra
tion decreased more slowly than in the archipela
go. During the vernal bloom P04-P decreased in 
the mixed layer down to c. 50 m. Later on, when 
a thermocline had developed, the P04-P concent
ration increased evenly between 15-20 m and 
the permanent halocline at a depth of 50-65 m. 

The euphotic layer contained very little P04-P 
in summer. In September the amount began to 
increase gradually. The sloping isopleths show 
the diminishing depth of the euphotic layer in 
the autumn. In October the P04-P concentration 
of the euphotic layer was c. 6 J.tg/1 (in the archi
pelago at this time it exceeded 10 f.tg/1). 

In 1968 a P04-P stratification developed in 
the deep water in summer. However, only in 
1969 did large amounts of P04-P enter the basin 
with influxes of saline (c. 10 %o) Baltic deep wa
ter containing H2S . The P04-P stratification coin
cided with the permanent halocline. Yet another 
influx was observed in June 1970. The influxes 
in 1969, which raised the phosphorus concen
trations above 200 J.tg P04-Pil in Ajax, are 
remarkable and coincide with the influxes of 
Baltic deep water into the Gulf of Finland. 
These influxes were also evident in the tongue 
of deep water in Storfjarden. 

b. Total phosphorus (Fig. 9) 

In the mixed layer the highest concentrations 
were usually measured in late winter, and the 
lowest values in summer during the phytoplank
ton summer minimum stage, when thermal 
stratification had become stable and the surface 
layer was impoverished by sinking organic 
matter. 

Skt!ldo. High surface concentrations were 
found in summer, in July 1968 and in late Au
gust 1969. In 1968 this was due to the 

influence of water draining from the land, 
and in 1969 it was caused by stormy 
weather. In winter 1969, the layer directly below 
the ice contained abundant phosphorus. In winter 
1970, the total phosphorus concentration (no 
well-defined surface layer) was higher (> 24 
f.tg/1) than in 1969 (21 J.tg/1). The summer mini
mum concentrations were higher in 1968 (18 
f.tg/1) than in 1969 and 1970 (15 and 12 f.tg/1, 
respectively). 

Storfiiirden. The summer minimum concen
tration in the euphotic layer lay below 12 f.tg/1 
(1970 < 9 J.lg/1). The winter concentrations of 
the Baltic surface water were higher in 1970 (> 
24 J.tg/1) than in 1969 (> 21 J.lg/1). The oligohali
ne surface water flowing out from the Ekenas 
area in winter had a high total phosphorus con
centration (in 1969 30-40 f.tg/1). 

The penetration of saline deep water was 
evident in September 1968, and strong influxes 
were observed in summer 1969 and May 1970. 
In October 1969 total phosphorus increased 
to > 21 J.tg/1 in the surface layer, and con
centrations above 30 f.tg/1 were recorded between 
15 and 25 m in January 1970. 

Ajax. The concentration of total phosphorus 
in the euphotic layer decreased below 12 J.tg/1 in 
June 1968 and below 9 J.lg/1 in late June 1969. 
The concentration of the Baltic winter water 
lying below 20 m was somewhat higher, and the 
concentration increased markedly at the perma
nent halocline. The influxes in 1969 and 1970 
gave rise to concentrations in excess of 200 and 
100 f.tg/1, respectively, almost all the phosphorus 
being in the form of P04-P. 

6. Nitrogen 

a. Nitrate nitrogen (Fig. 10) 

The vernal phytoplankton maximum used up 
all the measurable nitrate from the mixed layer. 
Thus, during the summer months there was no 
or very little N03-N left in the euphotic layer. 
In late summer the nitrate below the pycnocline 
increased, and an increase commenced in late 
September - early October in the surface water, 
in connection with the autumnal turnover. The 
maximum nitrate values were measured in late 
winter before the commencement of the vernal 
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Frc. 10. Nitrate nitrogen (fLg/1, all values divided by 10) at Sklldo, Storfjiirden and Ajax (April 1968 
-June 1970) . The isopleth for 5 fLg/1 is presented as a dotted line. The bottom left and right diagrams 
show the conditions at Storfjiirden in spring 1969 and 1970, respectively. 
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bloom. The oligohaline surface water flowing out 
from Pojoviken contained abundant nitrate nitro
gen. At Ajax an inexplicable increase was noted in 
the surface water in March 1970. This cannot be 
connected with the occasional seaward move· 
ment of archipelago water, because the sea level 
was rising at that time (NIEMI 1973a:7, Fig. 2). 

Skaldo. The NOs-N concentration of the sur· 
face water increased during the winter. The high· 
est surface concentrations were measured in April 
(1969 >120, 1970 >180 J.Lg NOs-N/1). Later, 
after the break-up of the ice, the mixing of the 
water column diluted the nitrate. At the same 
time the developing vernal bloom consumed 
the nitrate, causing a deficiency in early May 
in 1969 and about one week later in 1970. In 
1970 abundant fresh water flowing out from the 
nearby land in late May (cf. the low salinity in 
Fig. 2) caused a temporary increase in the nitrate 
concentration, which was again rapidly used up by 
a late vernal phytoplankton bloom. In summer, 
no NOa-N stratification was observed in the shal
low water of SHido. In late August 1969, stormy 
weather caused some increase in the nitrate 
concentration, which was exhausted in Septem· 
her. 

Storfif.irden . Mixing occurred throughout the 
water column in April 1968. (No effect of the 
spring outflow from Pojoviken was observed in 
1968, probably owing to the lack of observations 
in early May.) The nitrate was used up in May. 
In spring 1969 and 1970 the nitrate of the 
outflowing surface water was partly consumed 
in late April (1969) and early May (1970) , but 
increased again in early May (1969) or mid May 
(1970), as the spring outflow from Pojoviken 
proceeded. After that, the vernal phytoplankton 
bloom rapidly used up the NOa-N, almost down 
to the bottom. 

The influxes of saline, deep water were 
reflected in increases in the nitrate values in 
the deep water in late July, August and late 
September, and early December in 1968, and in 
July and early September in 1969. However, high 
concentrations of NOa-N in the deep water in 
early May 1970 coincided with a decrease in 
salinity. 

Ajax. The vernal phytoplankton bloom used 
up the nitrate in the mixed layer down to c. 
50 m, i.e. to the permanent halocline. In 1968 

an increase in the NOs-N of the euphoric layer 
was observed in late May which was perhaps 
connected with an outward flow from the Gulf 
of Finland. In late summer the NOa-N content 
gradually increased in the Baltic winter water 
below 20 m depth. No marked decrease of the 
oxygen concentration was observed at that time. 

In the Baltic deep water below the permanent 
halocline the increase in the NOs concentrations 
coincided with an increase in salinity in early 
June and early August 1968, and in June 1969. 
However, in late August 1969, when the inflow 
of Baltic deep water increased the salinity to 10.15 
%o, the nitrate nitrogen decreased because the 
conditions were reducing and the nitrogen oc· 
curred as ammonia nitrogen (cf. p. 22). Thus in 
early August the concentration of nitrate nitrogen 
was lower at 80 m (25 J.Lg/1) than at 70 m (30 
f.Lg/1) and 60 m (32 f.Lg/1). 

Influxes in June 1970 again increased the 
nitrate concentration in the deep water at Ajax. 

b. Ammonia nitrogen (Fig. 11) 

Small amounts of ammonia are always found 
m water where biological activity occurs and 
large amounts indicate organic decay. In the 
study area appreciable amounts of ammonia 
originated chiefly from three different sources: 

1) outflowing oligohaline surface water rich 
in organic material of terrestrial origin, 

2) decaying plankton, or in the archipelago, 
organic matter transported from the littoral and 
benthos, 

3) influxes of Baltic deep water lacking oxy· 
gen. 

Ska/do. The highest values were recorded un
der the ice in mid April (in 1969 83 f.Lg NH4·Nil, 
in 1970 55 f.Lg/1). After the break-up of the ice, the 
ammonia was diluted by the mixing of the water 
column and simultaneously decreased, probably 
being consumed by the vernal phytoplankton 
bloom. Low concentrations (a few J.Lg/1) were 
measured during the bloom. In late August 1969 
somewhat higher values were recorded, owing to 
an increase in the organic content of the water 
caused by rough weather. From late October on, 
ammonia increased, reaching a maximum (c. 40 
J.Lg/1) in December. In winter the ammonia con-
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FIG. 11. Ammonia nitrogen (J.tg/1, all values divided by 10) at SHido, Storfjiirden and Ajax (March 
1969 - June 1970). The isopleth for 5 J.lg/1 is presented as a dotted line. 

centrations of the undisturbed Baltic surface water 
below the oligohaline surface layer were below 
10 J.lg/1, as in the outer archipelago and sea zone. 

Storfjiirden. The oligohaline surface water 
flowing out from Pojoviken was relatively rich in 
ammonia (c. 80--120 J.lg/1 under the ice) . Below 
this layer, the undisturbed Baltic surface 
Water contained normal amounts of ammonia 
(<10 J.Lg/1). During the vernal bloom the am
monia concentration of the mixed layer decreased 
below 5 J.lg/1 in 1969 and below 10 J.lg/1 in 1970. 

In 1969 influxes of saline deep water increas
ed the concentration of ammonia in the deep wa
ter in mid June and July, and especially in Au
gust, when upwelling water even raised the con
centration of the euphotic layer above 10 J.tg/1. 
The increase in ammonia in the deep water in 
May and June 1970 may be attributable to the de
composition of the vernal phytoplankton popula
tion or, especially in June, to influxes of saline, 
deep water. 

Ajax. Low values were measured in the Baltic 
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surface water all the year round. The maximum 
value ( 13 f!g/1) in the surface layer was recorded 
during the vernal bloom in 1970. Some higher 
values at a depth of c. 20-25 m may be caused 
by aggregations of plankton and pelagic fish 
(Clupeoidea) living at those depths in the day
time in summer (my own echo-recordings) . 

The Baltic deep water below the permanent 
halocline was rich in a=onia. The upwelling 
of this water was clearly indicated by increased 
NH• values in June-August 1969 and in May 
1970. In late August 1%9, when the Baltic deep 
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water contained hydrogen sulphide, the am
monia concentrations were high (> 80 f.lg/1). 
but, as explained above (p. 20), the nitrate con
centration was correspondingly low. 

c. Nitrite nitrogen (Fig. 12) 

The occurrence of nitrite nitrogen in brackish 
water indicates the decay of organic matter un
accompanied by phytoplankton assimilation. 

After the vernal bloom there is little (0.5 flg/l) 
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FrG.l2. Nitrite nitrogen (f!g/1) at SHldo, Storfjiirden and Ajax (April 1968 - June 1970) . The iso
pleth for 0.5 flg/1 is presented as a dotted line. 
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Silicate silicon (fLg/1, all values divided by 100) at Sk1Udo, Storfjiirden and Ajax (April 1968 
1970). The isopleth for 250 !!g/1 is presented as a dotted line. 

or no nitrite in the euphoric layer. In late sum
mer some nitrite is formed below the thermocli
ne. The influxes of deep water contained nitrite 
provided that hydrogen sulphide was not pre
sent. 

Skdldo. The highest values were recorded in 
late winter below the oligohaline surface layer 
(7.5 !!g NO!-N!l in early April 1969, 9 !!g/1 in 
late April 1970), unlike the maximum values of 
N03-N and NH4-N, which were obtained in the 
surface layer. The nitrite vanished during the 

vernal bloom. An increase in late May 1970 
was connected with a new outflow of fresh 
water from the nearby land. 

Storfiiirden. In 1968 and 1969 no nitrite was 
detected in the water column after the vernal 
bloom. In 1970 some nitrite was present below 
25 m owing to the influx of deep water (cf. the 
corresponding situation at Ajax). 

The highest concentrations (6--7 f.Lg/1) were 
measured in the surface halocline berween the 
outflowing oligohaline surface layer and the un· 
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derlying Baltic surface water, at a depth of c. 3 
m. In winter the undisturbed Baltic surface water 
contained about 1 f.t.g N02-N/l or less. Nitrite was 
fairly abundant in late autumn, especially in late 
November 1969 (6--8 f.t.g/l). After this maxi
mum period, the nitrite concentration again de
creased to c. 1 f.t.g/1 or less below the oligohaline 
surface layer. 

In early autumn 1968 the water below 
the thermocline at a depth of c. 20 m 
was rich in nitrite nitrogen (>7 f.t.g/1). In 1969 
the same phenomenon was observed in July. 

Ajax. In winter nitrite occurred below the 
ice (c. 3 f.t.g/1), particularly in March. The concent
rations of the euphoric layer before the vernal 
phytoplankton bloom were higher in 1970 (3-4 
f.t.g/1) than in 1969 (1-2 f.t.g/1). 

In May 1968 and 1969 practically no nitrite 
was found in the water column down to 80 m, 
bt:t in 1970 there was some nitrite below 40 m 
owing to the influx of Baltic deep water. In July 
1968 and 1969 nitrite was formed below the 
thermocline. Maxima were recorded at a depth 
of 40--60 m, i.e. above the permanent halocline. 
This nitrite-rich layer was pushed upwards by up
welling Baltic deep water in early August in 
1968, and in July and late August in 1969. The 
saline (> 10 %o) Baltic deep water penetrating 
the Ajax basin in late August 1969 contained 
hydrogen sulphide and lacked nitrite, the in
organic nitrogen occurring as NH4-N. In late 
autumn the mixing of the water column clearly 
increased the amount of nitrite in the euphoric 
layer. 

d. Total nitrogen 

No measurements were made during the study 
period 1968-1970. The Institute of Marine 
Research, Helsinki, has measured the total nitro
gen in Tviirminne, at Storfjiirden and Ajax, since 
1972. The values varied between c. 250 and 
350 f.t.g tot. Nil in the euphoric layer. LuoTAMO 
& LuoTAMO (1975) found the same level in 
Storfjiirden in 1974. 

In the open waters of the Gulf of Finland the 
values measured on board R1V Aranda were 
somewhat lower, but fluctuated greatly (LASSIG 
& NrEMI 1975a) . According to VorPro (1973), 

the level of total nitrogen in the undisturbed 
open sea areas off southern Finland is about 100 
-200 f.!g/1. 

7. Silicon (Fig. 13) 

The silicate is brought into the sea principally 
by fresh water from the rivers (VorPro 1961) . 
In the study area the silicate concentration of 
the surface water apparently increases towards 
the inner parts of Pojoviken (NIEMI 1973a:28). 

The silicate minimum in the archipelago and 
the sea zone occurred in late May or early 
June, during the late stage of the vernal 
phytoplankton maximum. The lowest concentrat
ions were measured in 1969 (Sk£ldo 210 flg 
Si02-Si!l, Storfjiirden 230 flg/1 and Ajax 240 
f.t.g/1). The minimum at Ajax occurred in June, 
i.e. 1-2 weeks later than at the two archipelago 
stations. 

Increases in the silicate concentration in late 
July 1969 at Storfjiirden and Ajax were caused 
by upwelling of deep water rich in silicate. No 
corresponding increase in silicate was observed 
at SHldo. The layer of oligohaline water flowing 
seaward from the land in winter and spring could 
be distinguished by its high silicate content at 
SHldo and Storfjiirden. This layer vanished 
during the circulation period following the 
break-up of the ice, and the vernal planktonic 
diatoms consumed the bulk of the silicate. At 
Storfjiirden the silicate concentration of the sur
face layer began to decrease in late April. How
ever, in early May (1969 and 1970) a new 
outflow from Pojoviken temporarily increased the 
silicate concentration of the surface water. Mter 
this increase the silicate decreased to minimum 
values in late May or early June, and then in
creased gradually during the summer and autumn. 

The Baltic deep water has a high silicate con
tent (d. VoiPro 1961 :6, FoNsEuus 1975), 
but its influence was not evident in the 
inner archipelago at Sklido. At Storfjiirden in
fluxes of saline deep water rich in silicate 
occurred in August and September in 1968. 
Between the influxes, mixing occurring almost 
down to the bottom of the water column broke 
up the silicate stratification. In 1969 vigorous in
fluxes of deep water at Storfjiirden were evident 
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from the high silicate values recorded in the 
bottom layer in July (> 1200 f!g/1), late August 
(880 f!g/1) and early October (1000 f!g/1). Be
tween these peaks the values of the deep water 
dropped to 600-700 f!g/1 . In May 1970 two 
influxes were apparent (> 1000 f!g/1). 

Ajax. The silicate values failed to reveal any 
well-defined, silicate-rich surface layer flowing 
seawards from the archipelago. A small increase 
was observed in 1968 (550 f!g/1 in August, 520 
flg/1 in September). This coincided with a de-
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crease in the salinity values. The upwelling in 
July 1969 caused an increase in the silicate con
tent of the surface layer. 

In April1968 the silicate concentration was uni
form down to the bottom. Influxes of Baltic deep 
water rich in silicate occurred in late June, August 
and September (1370 f!g/1, 1580 f!g/1 and 1380 f!g/ 
1, respectively) . Two strong inEluxes were observ
ed in 1969, in June (2{)20 f!g/1) and in late August 
(2450 f!g/1). The influx in May and June 1970 
caused high silicate concentrations below the per-

F1G. 14. Turbidity of water samples (O.D. at the wave-length 750 nm with a 5-cm cell) from Sk3.ldo, 
Storfjiirden and Ajax (December 1968 (Ajax from February 1969) - June 1970). All values multi
plied by 1000. 
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manent halodine. The silicate stratification reveal
ed the presence of a permanent halocline at a 
depth of c. 55 m. 

The concentrations of silicate at the entrance 
to the Gulf of Finland are fairly high in compa
rison with those in the inner par t of the Gulf, 
which VmPIO (1961:14) attributes to the relati
vely low silicate contents of the rivers emptying 
into the Gulf. However, the upwelllng of silicate
rich Baltic deep water at the entrance to the 
Gulf is probably also responsible for the diffe
rences in the silicate concentration of the sur
face water of the Gulf of Finland. 

8. Transparency 

a. Turbidity (Fig. 14) 

The turbidity of the water samples is express
ed as the optical density of the sea water in a 
5-cm cuvette at a wave-length of 750 run with 
double-distilled water as reference. The values 
give an idea of the amount of seston in the 
water sample, i.e. organic and inorganic particles, 
and plankton. The lowest values (O.D. < 0.003) 
were measured in winter at all the sampling 
stations. 

Skaldo. Increasing surface turbidity in April 
1969 indicated an outflow of turbid melt water 
and also the development of the vernal phyto
plankton bloom. After complete mixing in early 
May, the turbidity increased to O.D. 0.022, and 
then gradually decreased when the bloom had 
passed. High values measured later in 1969, in 
early July and late August, were caused by the 
outflow of fresh water from the nearby land and 
abundant phytoplankton, and stormy weather, 
respectively. In 1970 the course of turbidity in 
spring was similar to that in 1969, but high 
turbidity (O.D. >0.023) was still recorded in 
June, owing to the long duration of the vernal 
phytoplankton bloom. 

Storfiiirden. The oligohaline surface water 
flowing out from Pojoviken was characterized by 
high turbidity (OD. 0.010--0.020). The vernal 
phytoplankton bloom increased the turbidity to 
OD. >0.030 in May at the peak of phyto
plankton production in both 1969 and 1970. In 
1969 the turbidity increased to O.D. 0.012-0.015 

down to the bottom, but in 1970 only down 
to c. 10 m. In 1970 there were two turbidity 
peaks in the euphotic layer; the first one in 
late April was caused by phytoplankton, and 
tripton transported by the fresh water outflow, 
the second in mid May by the peak of the 
vernal bloom. After a decrease in late May the 
turbidity again increased in June. 

In summer 1969 the turbidity was low, 
but higher values were measured in late August 
and early October owing to upwelling and sub
sequent blooms of blue-green algae. In late 
autumn and winter the turbidity declined as the 
phytoplankton decreased. 

The penetration of the tongue of deep water 
into Storfjarden increased the turbidity of the 
deep water. In 1969, high turbidity was observed 
in the bottom layers in mid May, July, late. 
August and late September. In October the deep 
water of Storfjarden became clear in connection 
with the autumnal turnover. In May 1970 new 
influxes of deep water increased the turbidity 
to O.D. 0.024. 

Distinct vertical stratification was evident in 
the turbidity values, and in spring 1970 three 
well-defined layers could be distinguished in the 
water column: 1) the surface layer (0-10 m), 
where turbidity was high (O.D. 0.020-0.030) 
owing to the vernal phytoplankton bloom, 2) an 
intermediate layer (10-25 m) of low turbidity 
(OD. 0.00.3-0.010) and 3) a deep layer of high 
turbidity (OD. 0.020-0.030) caused by the in
flow of turbid deep water along th.e deep furrow 
from the Ajax area. 

Aiax. The turbidity was generally lower than 
in the archipelago. The highest surface values 
were measured during the vernal bloom in May 
(in 1970 also in June). 

High turbidity values were measured in the 
surface water in July 1969 in connection with 
the upwelling. The vernal bloom caused only a 
slight increase in the turbidity of the deeper 
layers. The increase extended down to c. 15 m in 
1969. 

The Baltic deep water below the permanent 
halocline was characterized by high turbidity 
(OD. >0.020 in 1969). Upwelling of this turbid 
water was evident in May, July and late October 
of 1969, and early May 1970. The Baltic deep 
water originating below the permanent halocline 
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FIG. 15. The amounts of humus and/or yellow substances as indicated by the optical density of 
Water samples at the wave-length 350 nm at SHldo, Storfjiirden and Ajax (February 1969- June 1970). 
A correction was made for turbidity when O.D. was measured at 35() nm. All values multiplied by 
100. 

probably becomes turbid as it pushes over the sill 
which divides the Ajax basin from the central 
basin of the Baltic proper. The deep water then 
stagnates in the Ajax basin and the turbidity 
gradually decreases, as is seen from the results 
of 1969. 

b. Humus and/or yellow substances 
(Fig. 15) 

Humus and/or yellow substances (humic oxi-

dation products, see ICES/SCOR 1974: 16) were 
measured as the O.D. of the water in a 5-cm cu
vette at the wave-length 350 nm. The largest 
amounts (OD. c. 0.220) were found in the out
flowing fresh water in the surface layer. Thus, 
at SHldo and Storfjarden the highest values 
were measured in winter and spring just below 
the ice, but no marked increase was observed be
low the ice at Ajax. In the archipelago an increase 
of "humus" in the surface layer was observed as 
early as in December. The lowest values (OD. 
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< 0.060) were measured in the Baltic winter 
water. 

Skaldo. The humus-rich oligohaline surface 
water, noted in 1969, mixed with the deeper wa
ter after the break-up of the ice, and the values 
increased somewhat near the bottom. Melt water 
and the phytoplankton bloom increased the O .D. 
in late April and May in 1969 and 1970, and also 
in early June in 197·0. In :late August 1969 
bad weather caused an increase in the con
centretion of humus and/or yellow substances, 
owing to the organic matter carried into the sea 
by runoff. 

Stor/iiirden. The high humus concentration 
(O.D. 0.220) below the ice decreased in 
late April, when the spring outflow from 
Pojoviken mixed with the underlying Baltic 
surface water, and the vernal phytoplankton 
bloom developed. The late outflow from Pojo
viken in the second week of May temporarily 
increased the concentration of "humus" in the 
surface water. The lowest values ( < 0.060) were 
measured below the thermocline in June-July 
and September-November 1969 in connection 
with upwelling of saline deep water. 

A;ax. The highest surface values were caused 
by the vernal phytoplankton bloom. In 1970 
this lasted until mid June at least. The Baltic 
winter water (at a depth of c. 25--55 m) showed 
the lowest values (OD. <0.040). The Baltic 
deep water below the permanent halocline had 
a slightly higher humus concentration, probably 
because the water pushing over the sill south 
of Ajax had resuspended plant pigments and 
their decomposition products occurring in the 
sediment surface (cf. BAGGE 1969:27) . 

c. Transmission of green light (Fig. 16) 

Fig. 16 illustrates the transmission of green 
light at different successional stages of the phyto
plankton. (The light curves of Skaldo are ex
tended to give the theoretical 1 %-light depth, 
the water column being assumed to be optically 
homogeneous. 1 %-light depth = the depth 
where 1 % of the subsurface light intensity 
remains.) 

SkJldo. The lowest transmission values were 
measured in the inner archipelago. In late winter 

(1969-04-21) the ice (c. 25 cm thick) reduced the 
green light to 23 % at a depth of 0.4 m (15 cm 
below the ice). Vertical stratification occurred in 
the optical properties of the water column, and 
probably also in other water properties, judging 
from the steep salinity gradients (Fig. 5). After 
the break-up of the ice, the water column became 
optically homogeneous (cf. 1968"04-27 and 1969-
04-30). The vernal phytoplankton bloom in early 
May (1969-05-09) reduced transmission, the 1 %
light depth being located at 4.7 m. After the 
vernal bloom transmission increased, and the 
maximum estimates of the theoretical depth of 1 
% light penetration were obtained on July 18, 
1968 (13 .5 m) and on July 22, 1969 (c. 10.5 m). In 
early autumn large amounts of suspended organic 
material again reduced the transmission of green 
light (1 %-light depth 8 m on 1968-09-03, 5.5 m 
on 1969--08-29). 

Stratification of the optical properties of the 
water column was occasionally observed in 
su=er as well as in winter: in July 1968, the 
transmission in the surface layer (0----3 m) was 
somewhat reduced and a similar bend in the 
light curve was observed in -late autumn (1968-
12-07 and 1969-11-24). 

Storfjiirden. The same tendencies were observ
ed in the optical properties of the water column 
as at SHldo. However, the bent light curve 
was a more co=on phenomenon at Storfjiirden 
(similar curves were obtained by HALME & 

KAARToTm 1946:15) . On April 15, 1969, the 
curve obtained was similar to that at Skaldo. 
Only 12.5 % of the green light penetrated 
through the 2~-thick ice and .3--4 cm of wet 
snow. According to the bend in the light curve, 
the outflowing oligohaline humus-rich surface 
layer was c. 2 m thick. 

During the vernal phytoplankton bloom of 
1969, the measurements (1969-05-09) gave a 
straight transmission curve (1 %-light depth at 
4.7 m). The measurements during the vernal 
bloom of 1968 (1 %-light depth at 8.8 m on 
April 22; at 11 m on April 27) indicated hetero
geneity in the optical properties of the euphoric 
layer, attributable to stratification of the phyto
plankton biomass and the presence of oligohaline 
water from Pojoviken at the surface. 

The best transmission was found in su=er 
during the phytoplankton minimum stage (1 %-
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just below the surface) at SHldo, Storfjarden and Ajax. At SHldo (depth 7 m) the light curves were 
extended to give the theoretical 1 %-light depth for an optically homogeneous water column (dotted 
lines). 
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TABLE 1. The penetration of green light through 
the chlorophyll a concentration (f.lg/1) and salinity 

Station thickness thickness 
date of ice of snow 

SHldo 
1969-02-26 43 cm 25cm 
1969-04-21 25cm 0 
1970-01-14 25cm 20cm 
1970-04-07 60cm 0---10 cm 

Storfjiirden wet snow 
1969-04-15 20cm 3-4cm 
1970-01-12 5---10 cm (bare spots) 

Ungskiir 5cm 

1969-03-19 50 cm 20---25 cm 

Ajax 
1969-03-21 66cm 5cm 
1970-03-23 50 cm 2-3cm 

light depth at 18.3 m on 1968-06-19; at 16 m on 
1969-07-22). Transmission was reduced in the 
surface layer (0-4 m). Low transmission values 
were measured again in early aurumn (1968-09-
17 and 1969-08-29). In October (1969-10-26), 
during the autumnal rurnover, the optical pf(}
perties were homogeneous in the euphoric layer. 

Ajax. Transmission was generally better than 
in the archipelago, except in summer during the 
phytoplankton minimum stage, when the values 
were occasionally similar to those from Stor
fjiirden. 

The lowest transmission values were measured 
in May 1969, when the 1 %-light depth occurred 
at 10 m. The optical properties of the water 
column showed stratification then also. The 
highest transmission was found in July (1 %
light depth at 17.3 m on 1968-07-25, at 19.3 m on 
1969-07-18). No measurements were made in late 
aurumn_ 

In some cases the optical heterogeneity of 
the water can be explained by the stratification 
of the phytoplankton biomass. Transmission 
usually increased with depth (e.g. on 1968-04-30, 
1969-06-30, 1969-07-18), because more phyto
plankton, living or dead, was present in the Ut>
per part of the euphotic layer. On 1968-07-25, 
there was an apparent increase of the amount of 
chlorophyll below 8 m, causing reduced trans
mission at greater depths. The bend in the light 
curve on 1969-05-07 cannot be explained by the 
stratification of the phytoplankton biomass. 

the ice under different ice and snow conditions, and 
(%o) of the water directly below the ice. 

light % chlorophyll salinity 
below af.lg/1 %o the ice 

0.4 0.4 2.64 
23 0.2 2.23 
4.7 0.4 5.14 
5.4 0.7 5.30 

12.5 0.4 2.01 
37 0.7 4.12 

0.1 0.9 4.96 

2 2.3 5.93 
10 1.3 5.86 

The transmission of green light varied less 
in the sea zone than in the archipelago waters, 
chiefly owing to the absence of an oligohaline 
surface layer rich in humus. 

In winter, the transmission of green light 
through the ice is, of course, dependent on the 
thickness of the ice and particularly on the 
thickness and consistence of the overlying snow. 
Some examples of the conditions are presented 
in Table 1. 

It is evident from Table 1 that sufficient 
light for assimilation can penetrate ice as thick 
as 60 cm, if the snow cover is thin. Wet, dark 
sr:ow is not as great a barrier to light as a new, 
white snow cover (cf. LITTLE et al . 1972:31). 
At Ungskiir only 0.1 % of the green 
light penetrated the ice (50 cm) and snow 
(20---25 cm). When the snow was shovelled 
and washed away from an area 5 X 5 m, c. 
30 % of the light penetrated the ice, which shows 
the decisive importance of the snow cover. Ice 
of 10---20 cm thickness without overlying snow 
does not greatly decrease the light penetrating 
into the water (cf. Skaldo 1969-04-21 and Stor
fjiirden 1970-01-12). 

At Ajax there was light enough for the 
occurrence of planktonic diatoms (1-2 1!8 
chlorophyll all) just below the ice. A comparable 
observation has not been made in the archipelago. 
However, an exceptional bloom of the hapto
phycean alga Chrysochromulina birgeri Hiillfors 
& Nierni was observed below tht> ice in the 
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archipelago, near the Tvarminne Zoological Sta
tion, in the winter of 1974 (lliLLFORs & NIEMI 
1974). 

d. Secchi disc transparency (Fig. 17) 

The Secchi disc transparency showed marked 
seasonal variations. In winter high transparencies 
were measured in the sea zone near Ajax (max. 
11.55 m in late February 1969). In contrast, in 
the archipelago the humus-rich oligohaline surface 
layer reduced the transparency at Storfjarden and 
Skaldo to 4-2 m, the greatest reduction appa
rently occurring in late winter, when this surface 
layer was thickest. 

When the ice broke up, the subsequent mix
ing of the water column caused a temporary 
increase in transparency in the archipelago (in 
late April or early May). At all three stations, 
the lowest Secchi disc readings were measured in 
early May during the vernal phytoplankton 
bloom. The very lowest readings were obtained 
at Storfjarden, where the vigorous phytoplankton 
bloom and the humus-rich surface layer caused 
extremely low transparencies (c. 1.5 m). 

From the vernal bloom until late autumn, the 
Secchi transparencies showed the same trends 
at all three stations. In 1969 the maximum va
lues were measured in late July or early August. 
Low transparencies recorded in late August and 
in September can probably be ascribed to an 
increase in seston caused by stormy weather, 
and to phytoplankton, especially blue-green algae 
in the surface layer. In late autumn the Secchi 
transparencies gradually increased until water 
flowing out from the land began to reduce the 
transparency of the surface layer in the archi
pelago in winter. 

1968 1969 

In summer, when the influence of the out
flow of water from Pojoviken is not evident in 
the surface layer at Storfjarden (cf. NrEMI 1973a: 
60), the Secchi transparencies were about the 
same as at Ajax in the sea zone. Markedly lower 
Secchi transparencies were recorded at Skaldo, 
in the inner archipelago, where the trophic 
status is higher. 

The relation of the thickness of the euphotic 
layer to the Secchi disc reading was examined 
by plotting the depth of the 1 % subsurface 
green light and the compensation depth estimated 
from 14C measurements against the corresponding 
Secchi disc reading (Fig. 18 A and B). The linear 
correlations (y = bx + a) are very good, but 
the data fit the power function (y = axb) still 
better. With both functions the depth of 1 % 
light penetration correlates better with the Secchi 
disc reading than does the compensation depth; 
however, the estimation of the compensation 
depth from the 14C values is rather rough. 

No clear difference was found between the 
sampling stations SHldo, Storfjiirden and Ajax. 

For practical work, the lower limit of the 
euphotic layer may be considered to be roughly 
twice the Secchi disc reading in summer. How
ever, the relation between the depth of the 
euphotic layer and the Secchi disc reading cannot 
be expressed as a simple ratio, because the re
gression line does not go through origo. The 
data fit a power function better. 

The O.D. at the wave lengths 750 nm and 
350 nm and the Secchi disc readings showed 
highly significant linear correlations but fitted 

the hyperbolic function (y = !!.. + a) still better. 
X 

In the outer archipelago and the sea zone both 
the turbidiry and the humus and/or yellow sub-

1970 
mASONDJFMAM A 5 0 N D J F M A M A 5 0 

8 
skaldo 

10 Storfjarden -
Ajax ----

/ 
I 

I 

12L---------------~------------------------------------------------~ 
Frc. 17. The Secchi disc readings (m) at Sk£1do, Storfjiirden and Ajax. Underwater viewer not used 
when measuring. 
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F1G. 18. The relations of the depth of 1 % light penetration (A), the compensation depth estimated 
from 14C measurements (B), the optical densities (5-cm path length) of the water samples (mean 
0-10 m) at the wave lengths 750 nm (C) and 3.50 nm (D) to the Secchi disc readings, expressed as the 
lea~t squares fit to a straight line, y = bx + a (A-D), a power function y = axb (A-B), and a 
hyperbolic function y = ~ + a (C-D). r! = index of determination. (Correlation coefficient = VTi). 

stances seem to determine the Secchi transpa
rency in contrast to the position in the head-

ward part of Pojoviken, where humus appears to 
be of decisive importance (NIEMI 1973a:32). 

B. Phytoplankton biomass 

1. Chlorophyll a (Fig. 19) 

In winter low values ( <O.S 11g chlo
rophyll a/1) were measured at all three 
stations. At Ajax somewhat higher chlo-

1ophyll a values were recorded imme
diately below the ice, when the snow 
cover was patchy and allowed light to 
penetrate the ice (p. 30). Such conditions 
were not observed in the archipelago. 
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The vernal phytoplankton bloom be
gan in mid April in 1968, when the ice 
disappeared in late March, but in late 
April in 1969 and 1970, when the break
up of the ice was delayed till mid or 
late April. In 1968 the peak of the 
vernal phytoplankton bloom was ob
served in late April at Skaldo and Ajax, 
but in early May at Storfjarden, where 
the bloom was probably prolonged by 
water flowing seawards from the land in 
May. In 1969 the vernal bloom occur
red in early May at all the sampling 
SKALDO 
Depto 

stations; in 1970 it was somewhat later. 
The highest chlorophyll a concentrations 
were measured at Storfjarden (18-21 
f.lg/1). The maximum concentrations at 
Skaldo (8-16 f.lg/1) and Ajax (10-15 
f.lg/1) were somewhat lower. The peak of 
the bloom occurred after the develop
ment of weak thermal stratification. 

In 1970 two peaks occurred at both 
Storfjarden and Ajax, in early and mid 
May at Storfjarden, and in early May 
and early June at Ajax. 

The sinking of phytoplankton m-
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Ftc. 19. The amount of chlorophyll a (!Lg/1) at SH!do, Storfjiirden and Ajax (April 1968 - June 
1970). The isopleth for 1.5 IJ.g/1 presented as a dotted line. 
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creased the chlorophyll a concentrations 
down to the bottom during and imme
diately after the bloom at the two inner 
stations, and also at Ajax in 1968. In 
1969 and 1970 at Ajax, the chlorophyll 
did not increase below 50 m in spring, 
probably because the permanent halo
dine reduced the sinking of phytoplank
ton containing chlorophyll. 

The vernal phytoplankton bloom de
clined in late May, when the nutrients 
were depleted. At Ajax, however, some 
higher values were recorded as late as in 
June, especially in 1970. 

Mid summer was characterized by 
low chlorophyll a concentrations (<1.5 
flg/1). In late July or early August, dino
flagellates (particularly Exuviaella) oc
casionally caused high chlorophyll a 
concentrations in the lower part of the 
euphotic layer (especially noticeable in 
late July in 1968 at Storfjarden and 
Ajax). 

The layer below c. 15 m at Stor
fjarden and Ajax usually contained 
only small amounts of chlorophyll a 
when the water column was thermally 
stratified. 

One or several maxima of blue-green 
and other algae are typical in late sum
mer or early autumn. In 1968, dinofla
gellates and blue-green algae occurred 
abundantly at Storfjarden (>6 flg/1) 
and SHldo (>3 flg/1) in August-Sep
tember. In 1969, abundant blue-green 
algae were observed in August-Septem
ber at Storfjarden (>6 flg/1), and in 
September-October at SHido (> 3 
flg/1) and Ajax (>3 flg/1). In late Octo
ber the chlorophyll a concentrations 
decreased toward the winter minimum 
at all three stations. 

The chlorophyll a values dropped 
sharply (to <LS flg/1) during periods of 
upwelling of cold, saline deep water 
containing little phytoplankton, e.g. at 
Storfjarden in late June - early July 
and early August of 1968, and in late 
July 1969, and at Ajax in July 1969. 

The autumnal bloom in the sea zone in 

October 1969 followed upon a period 
of mixing of the nutrient-rich upwelled 
deep water. KAISER & ScHULZ (1973a: 
23) observed unusually high phyto
plankton production in the open waters 
of the Gulf of Finland at the same time. 

2. Total phytoplankton biomass 

(Fig. 20) 

The maximum biomasses developed 
during the vernal bloom, viz. about 4 
mg/1 at all the stations in 1968-1970 
(3 and 2.5 mg/1 at Storfjarden and Ajax, 
respectively, in 1968). During rhe sum
mer minimum stage the biomass values 
dropped below 0.25, even below 0.1 
mg/ 1, in the euphotic layer at Stor
fjarden in June 1968, at SHldo and 
Storfjarden in August 1969, and at Ajax 
in July 1969. The value at Ajax was 
recorded during upwelling of cold, saline 
deep water. 

Skaldo. Biomasses above 2 mg/1 were 
found in August 1968 near the bottom 
(caused by dinoflagellates) and values 
above 1 mg/1 were recorded in late Au
gust 1969 (caused by blue-green algae 
in the surface). In 1970 high biomass 
values were still recorded in mid June 
(>4 mg/1). 

Storfjarden. Biomasses above 1 mg/1 
were found in the lower part of the 
euphotic layer in late July and early 
August 1968. Similar records were made 
at the same time at Ajax. 

Ajax. High values were found above 
the bottom in early July and early Sep
tember in 1968, and in July 1969. Ex
cept in April-May 1968, when the 
Ajax basin was devoid of Baltic deep 
water and a permanent halocline, no 
corresponding peak was noted in the 
chlorophyll a concentration (Fig. 19). 
The biomass was chiefly made up of 
dinoflagellates, which apparently con
tained very little chlorophyll a, and 
of diatoms. 

At Storfjarden and Ajax, the organic 
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FIG. 20. The phytoplankton biomass (mg/1, based upon volume values) at Skaldo, Storfjarden and 
Ajax (April 1968 - June 1970). Dotted line = 0.1 mg/1, dashed line = 0.25 mg/1. 

material developing during the vernal 
bloom sedimented to the bottom. More 
than 0.5 mg/l was measured in the lower 
part of the water column in 1968, and 
0.5-0.25 mg/1 in 1969. However, in 
1970 no increase in the biomass was 
observed just above the bottom at Ajax. 

In general, the distribution of the 
total phytoplankton biomass shows the 
same pattern as the distribution of chlo
rophyll (Fig. 19). However, they differ 

in some details. For instance, at Skaldo 
during the vernal bloom in 1968, the 
maximum biomass was observed near 
the bottom, but the chlorophyll a maxi
mum occurred near the surface. The 
occurrence of blue-green algae, crypto
monads and other algae in early October 
1969 was not revealed by the phyto
plankton biomass (probably owing to 
poor settling of Aphanizomenon in the 
sedimentation chamber, cf. p . 7). A 
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phytoplankton biomass (chiefly Apha
nizomenon) above 1 mg/1 in August 
-September 1969 at Skaldo was not re
vealed by the corresponding chlorophyll 
a values. At Storfjarden, two peaks oc
curring in the phytoplankton biomass in 
April 1%8 were not revealed by the 
chlorophyll a values. In spring 1969 the 
vertical distributions of chlorophyll a 
and phytoplankton biomass do not cor
respond. 

At Ajax the abundant occurrences of 
Aphanizomenon flos-aquae in September 
-October 1968 did not cause corre
spondingly high biomass values. How
ever, in 1969 Aphanizomenon caused 
high surface values in October. The bio
mass maximum occurring at greater 
depths during the vernal bloom of 1970 
was not reflected in the chlorophyll a 
values. 

C. Phytoplankton primary production 

The in situ measurements presented 
here illustrate daily primary production 
at different stages of the seasonal phyto
plankton succession. As already explain-

ed (p. 8), the measurements were per
formed during bright (sunny or slightly 
cloudy) days in order to obtain com
parable values. The intensity of insola-
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FIG. 21. Phytoplankton primary production at Skaldo expressed as mg C/m3 X day (solid line, values 
divided by 10) and the amounts of chlorophyll a f.Lg/1 (dashed line). The Secchi transparency is shown by 
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FIG. 22. Phytoplankton primary production at Storfjiirden (explanations as in Fig. 21). 

~ion in mid summer does not greatly 
mfluence the daily primary production. 
This is due to the fact that in summer, 
when the transparency is good and the 
euphotic layer is deep, the vertical maxi
~um of the phytoplankton assimilation 
1s located at a depth of 2-4 m and 
marked inhibition of assimilation occurs 
at the surface. Thus weaker insolation 
will slightly raise the vertical location 
of the maximum -layer of assimilation, 
hut the primary production per square 
metre will not greatly decrease (cf. STEE
MANN NIELSEN 1955:382, 1958:147). In 

late summer and autumn, however, the 
light intensity regulates the primary pro
duction. The biomasses (given as chloro
phyll a f.l.g/1) and the Secchi disc readings 
are also shown in the diagrams (Figs. 
21-23). 

1. Daily production (mg C(ass./m2 day) 

Sk&ldo (Fig. 21). The daily production 
per square metre represents the primary 
production in the 0-6 m-water 
layer, which usually corresponds to more 
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than 90 Ofo of the production in a water 
body as deep as the euphotic layer. The 
highest daily production (684-784 mg 
C/m2) was measured during the vernal 
phytoplankton maximum, in late April 
in 1968, and in early May in 1969 and 
1970. The daily production values mea
sured in May were usually high. Values 
below 300 mg C/m2 X day were 
measured during the summer minimum 
stage (148 mg C/m2 X day on 1969-
07-22). The low value (126 mg C/m2 X 
day) recorded on August 29 (1969) was 
caused by poor optical conditions, i.e. 
turbid water after a stormy period. 

No distinct late summer or early 
autumnal maximum was recorded. How
ever, rather high daily production va
lues (c. 350 mg C/m2 X day) were 
measured in July and August 1968 and 
early July 1969, which shows that 
the trophic status of the inner archi
pelago is naturally fairly high. 

In October the daily primary pro
duction fell below 100 mg C/m2 X day; 
in November the values were 20-10 
mg C/m2 X day and in December they 
sank below 10 mg C/m2 X day. 

Storfjarden (Fig. 22). The vernal 
maximum occurred in late April in 1968 
(break-up of ice in late March), and 

in early May in 1969-1971 (break-up 
of ice in mid or late April). The maxi
mum production varied between 835 
(1969) and 1205 (1971) mg C/m2 X 
day. In 1970, two peaks of production 
(May 6 and 12) were observed. The 
second production peak coincided with 
the outflow of nutrient-rich surface 
water from Pojoviken. In late May the 
daily primary production had fallen 
below 300 mg C/m2, except in 1969, 
when a value of 464 mg C/m2 X day 
was recorded on May 26. 

During the summer minimum stage 
the daily production varied between 
100 and 300 mg C/m2• As pointed out 
earlier by NrEMI & PESONEN (197 4a, b), 
the daily primary production at Stor
fjarden may vary considerably, owing 
to the alternating seaward and land
ward movements of the archipelago 
water in the area. 

In late summer or early autumn some 
higher daily production values were ob
tained, e.g. 541 mg C/m2 (1968-08-01 ), 
322 mg C/m2 (1969-09-08), 346 mg C/m2 

(1970-08-21). No marked autumnal 
maximum was evident. In October the 
values fell below 100 mg C/m2 (except 
on 1971-10-15 when 141 mg C/m2 X day 
was measured); in November and De-

FtG. 23. Phytoplankton primary production at Ajax (explanations as in Fig. 21). 
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cember values of about 10 mg C/m2 X 
day or less were obtained. 
. Comparison of the primary produc

tiOn values obtained from Storfjarden 
and Skaldo in 1969 reveals the follow
ing trends. The vernal maximum stage 
ceased earlier at Skaldo (except in 1970). 
The summer values were about the same 
at the two stations. In late autumn the 
values were somewhat higher at Skaldo. 
. Ajax (Fig. 23). The break-up of the 
1ce is difficult to date exactly because 
of drifting ice-floes. However, the ice 
had vanished by March in 1968, and by 
late April in 1969 and 1970. The vernal 
phytoplankton maximum was recorded 
m late April in 1968 ( 669 mg C/m2 X 
day on April 30), and in early May in 
1969 and 1970 (1 010 mg C/m2 X day 
on 1969-05-07; 636 mg C/m2 X day on 
1970-05-08). In 1969 and 1970 new 
phytoplankton production peaks were 
noted in early June (424 mg C/m2 X 
day on 1969-06-11; 617 mg C/m2 X day 
on 1970-06-06) which followed a rise in 
t~e o;thophosphate (Fig. 8) and ammo
nia nitrogen (Fig. 11) concentrations in 
the euphotic layer. (No new peak was 
observed at this time at Storfjarden.) The 
phytoplankton summer minimum stage 
:vas characterized by low daily product
IOn, which varied between 126 and 390 
mg C/m2 X day in 1968, and between 
106 and 253 mg C/m2 X day in 1969. A 
clear autumnal maximum was evident 
in early October in 1969 (396 mg C/m2 

X day). Low values were measured in 
late October and November 1968. 

In winter, phytoplankton primary 
production is inhibited by the lack of 
sufficient light for assimilation. The 
snowcovered ice prevents the light from 
penetratin~ into the water (cf. Table 1). 

At Skaldo no assimilation was record
ed during the period January-March. 
In April (1969-04-21, ice 25 cm, dark, 
and 1970-04-07, ice 60 cm, thin snow 
cover with bare spots) some light pen
etrated the ice, causing primary pro
duction of a few mg C/m2 X day. 

At Storfjarden no or very scanty 
primary production was found in the 
period January-March. In 1969 the 
primary production was only 2 mg C/m2 

X day, even in the middle of April (the 
20-cm-thick ice was covered with white 
snow). 

At Ajax no primary production was 
noted in February, but 8 mg C/m2 X 
day was measured on March 21 (1969) 
and March 23 (1970). On the latter 
dates, a marked biomass maximum (mea
sured as chlorophyll a) occurred just 
below the ice. The c. 60-cm-thick ice 
was covered with snow, but spots of 
bare ice occurring here and there pro
bably allowed enough light to penetrate 
into the surface water. 

Some parallel measurements were 
made in an incubator at constant light 
and low temperature (0-1 °C). The 
results are presented in Table 2. 

The production ability was low in the 
archipelago (except at 1 m at Skaldo, 
but the value 43.1 is probably erroneous), 
but at Ajax the primary production 
ability was markedly higher for the 
water column as a whole. An incubator 
measurement was also made in April 
1968 for Storfjarden, some weeks after 
the break-up of the ice, but before the 
vernal phytoplankton maximum. As is 
see~ from the values, the ability was c. 
3 tlmes as great as the corresponding 
in situ values. The potentially product
ive algae were evenly distributed down 
t0 the bottom, owing to the vernal mix
ing of the whole water column. 

2. Thickness of the euphotic layer 

Skaldo. The water was generally too 
shallow (max. 7 m) for a study of the 
lower part of the euphotic layer. How
ever, sometimes the euphotic layer did 
not reach below 6 m, as during the ver
nal phytoplankton maximum and in 
autumn. During the summer minimum 
stage the theoretical euphotic layer ex-
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TABLE 2. Parallel measurements of primary production in an incubator in constant light (temperature 
0-1 °C) and in situ. The figures indicate primary production ability (mg C/m3 X day). The figures in 
parenthesis indicate the concentration of chlorophyU a (l!g/1). The in situ measurements showed no pri· 
mary production in February. The measurements in April were performed c. 2 weeks after the break-up 
of the ice, before the peak of the vernal bloom. 

Storfjarden SH!do 
1969-02-20 1969-02-26 

Depth m incubator incubator 

0 1.0 (0.4) 0 (0.4) 
1 0.6 (0.2) 43 .1 (0.3) 
2 1.2 (0.2) 7.8 (0.3) 
3 2.5 (0.2) 3.8 (0.4) 
4 2.6 (0 .2) 3.7 (0.4) 
5 1.6 (0.1) 3.8 (0.3) 
7.5 1.3 (0.4) 4.8 (0.2) 

10 
13 
22.5 
40 

tended much deeper, e.g. in July and 
August 1968. (The 1 % -light depth (Fig. 
16) gives an indication of the theoretical 
thickness of the euphotic layer at 
Skaldo). 

Storfjarden. In spring, before the 
vernal bloom, the euphotic layer was c. 
10 m thick, according to the in situ 
measurements. During the vernal bloom, 
the increase in the amount of organic 
matter reduced the transparency, and 
for a short period at the peak of the 
bloom the euphotic layer was only 5 m 
thick (1969-05-09). At that time trans
parency was also reduced by the humus
rich water flowing out from Pojoviken. 

During the summer minimum stage, 
the compensation depth was usually lo
cated at a depth of 12-13 m, but seldom 
as deep as 15 m. As the insolation grew 
weaker, it rose to about 10 m in Sep
tember, to 7-8 m in October and above 
5 m in late autumn. 

Ajax. During the vernal maximum, 
the compensation depth occurred at 
about 10 m, and during the summer 
minimum stage it was encountered be
tween c. 13 and 16 m. It lay at about 
17 m on July 25 (1968), when the 
phytoplankton biomass was concentrat-

Ajax Storfjarden 
1969-02-28 1968-04-10 

incubator incubator in situ 

17.3 (0.8) 29.1 (0.8) 8.6 
17.0 (1.0) 32.5 (0.8) 13.8 
10.0 (0.6) 32.8 (1.1) 15.8 
8.7 (0.6) 32.2 (1.3) 12.8 
5.5 (0.4) 40.9 (1.5) 12.0 

10.6 (0.7) 33.9 (1.7) 6.6 
8.7 (0.4) 47.6 (2.0) 6.5 

43.7 (1.2) 1.3 
35.8 (0 .8) 1.3 
31.4 (0.8) 
40.4 (6.1) 

ed in the lower part of the euphotic 
layer. In September and October the 
euphotic layer was 10-13 m thick. In 
the sea zone the compensation depth 
generally occurred about 1-2 m deeper 
than in the outer archipelago. 

3. Location of the layer of maximum 
production 

In winter, assimilation sometimes oc
curred just below the ice. After the 
break-up of the ice, the layer of maxi
mum production usually occurred some
what below the surface, owing to 
the light inhibition in the surface layer 
(cf. STEEMANN NIELSEN 1964). How
ever, the glass bottles used absorb much 
of the ultraviolet rays that inhibit assi
milation, so that in full sunlight, glass 
protects phytoplankton to a certain de
gree from surface inhibition (SoEDER & 
TALLING 1969:65, ILMAVIRTA & HAKALA 

1972). 
Sk&ldo. The maximum production 

was usually located 1 m below the 
surface during the ice-free period. How
ever, great variation occurred; maxi
mum production was found at the very 
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surface in September and once in May 
(1969-05 -17), and inhibition occurred at 
the surface even in October (1968 -10-04, 
1969-10-26). The assimilation curve 
showed inexplicable notches (1968-04-
27, 1969-05-17, 1970-05-23) during the 
vernal bloom, and did not coincide with 
the biomass curve (given as chlorophyll 
a) . 

D uring the summer minimum stage, 
the maximum production occurred at 2 
m (1968-06-07, 1968-07-18, 197(}..05-
23), 3 m (1970-05-12) and even 5 m 
(1968-08-05) . 
. The location of the maximum product
Ion layer depends on both the light in
tensity and the presence of assimilating 
algae. In the early stage of the vernal 
bloom (e.g. 1969-05-03 ), the biomass 
occurred in the upper layer. Later (1969 
-05-09) the biomass was evenly distri
buted and the production curve was al
most a function of light (cf. STEEMANN 
NIELSEN 1955:381). Although thephyto
plankton biomass maximum occurred at 
a great depth on May 6 (1970), the as
similation maximum was recorded near 
the surface. 

D uring the summer minimum stage, 
when the biomass was evenly distributed 
(1968-06-07, 1968-07-10, 1969-08-13, 
1969-08-29), the assimilation curve 
~eemed to be a function of the light 
mtensity. Two marked maxima in the 
vertical distribution of the phytoplank
ton coincided with two vertical maxima 
in the primary production (1968-06-19, 
1968-08-05). 

Storfjiirden. During the peak of the 
vernal bloom (1969-05 -09, 1970-05-12), 
the maximum production was recorded 
just below the surface. At that time the 
euphoric layer was only c. 5 m deep. 
In summer the location of the maxi
mum production layer usually varied 
between 1 and 5 m. During the summer 
minimum stage, when the phytoplankton 
was evenly distributed in the euphoric 
layer (e.g. 1968-06-07, 1968-07-02, 
1970-06-19, 1971-06-24), the maximum 

production layer occurred between 2 
and 5 m. 

The vertical distribution of the phyto
plankton biomass sometimes very clearly 
parallels the assimilation curve (1969-
04-28, 1970-05-01, 1971-05-04, 1971-
05-08). The concentration of phyto
plankton in the lower part of the 
euphoric layer explains the occurrence 
of two separate maxima in the vertical 
distribution of assimilation (e.g. 1968-
08-01); the maximum near the surface 
was caused by a small biomass in opti
mum light conditions, the deep maximum 
by a large biomass in suboptimum light 
conditions. This pattern is characteristic 
of undisturbed outer archipelago and sea 
areas when thermal stratification is well 
developed and the phytoplankton is 
concentrated near the pycnocline, at a 
depth of 10- 12 m. Several notches in 
the assimilation curves cannot be ex
plained by the distribution of the bio
mass. There is a typical tendency for the 
assimilation curve to parallel the bio
mass curve somewhat higher in the 
water column (e.g. 1970-05-01, 1970-
05-06, 1970-05-09 and 1970-05-12). 

Ajax. The tendencies are essentially 
similar to those at Storfjarden. How
ever, the maximum production layer 
was never found at the very surface, 
except below the ice. During the vernal 
bloom, the maximum occurred c. 1 or 2 
m below the surface. During the second 
peak in early June 1970, it lay at 3 m. 
In summer the maximum production 
layer commonly occurred at a depth of 
3 m. At that time there was no real 
difference between Ajax and Stor
fjarden. The maximum layer was still 
found at a depth of 3 m in September
October. The production and biomass 
curves agreed well in 1970. 

In May the assimilation curve did not 
parallel the chlorophyll curve. In 
summer (e.g. 1968-06-05, 1968-08-08, 
1969-07-18, 1969-08-11, 1969-08-26, 
1970-06-17), when the chlorophyll 
showed an even, vertical distribution in 
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the euphotic layer, the assimilation curve 
was similar to the ideal light curve. 

The chlorophyll curve corresponded 
fairly well to the assimilation curve 
in autumn 1969, on August 30, 1968, 
and in early June 1970. Inexplicable 
notches occurred in the assimilation 
curve on 196 9-06-11. 

The concentration of the phyto
plankton biomass in the lower part of 
the euphotic layer caused two distinct 
vertical production maxima on 1968-07-
25. 

4. Relation between carbon assimila
tion and phytoplankton biomass 

The activity coefficient (e.g. NAu
WERCK 1963:109, fiNDENEGG 1965a:113, 
1965b:277, TALLING 1969), which ex
presses the relation between the phyto
plankton primary production and bio
mass, is presented in Fig. 24. The acti
vity coefficient in the layer of maximum 
carbon assimilation is expressed as mg 
C (ass.) /m3 day: chlorophyll a mglm3 

(= P/Chl a ratio) and mg C (ass.) /m3 
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day: biomass (fresh weight) mg/m3 (= 
P/B ratio). However, several factors in
fluence the chlorophyll content of the 
algae: the light, the nutrient concentrat
ion of the water, and the type of phyto
plankton, thus causing difficulties in the 
comparison of the chlorophyll concent
ration with the amount of phytoplank
ton (e.g. GrESKES 1972:21, GRONBERG 
et al. 1974:26). The ratio is only a crude 
measurement of the efficiency of popu
lation photosynthesis (YENTSCH 1974: 
60). 

In spring, the activity coefficient 
usually decreases during the develop
ment of the vernal bloom, being lowest 
during the biomass peak, when the nut
rients have been used up and a large part 
of the biomass is photosynthetically in
active. During this stage the P/B and 
P/Chl a ratios accorded fairly well, 
showing good agreement between bio
mass and chlorophyll a. The prolong
ation of the vernal bloom in 1970 is re
flected in the low activity coefficients 
still obtained in June in both the archi
pelago and the sea zone. 

The summer minimum stage of phyto
plankton coincides with a marked in
crease of the activity coefficient. How
ever, the P/Chl a ratio and P/B ratio 
do not accord well. The P/Chl a ratio 
shows a sinking trend during the sum
mer, with small peaks in September in 
both years. The very high activity co
efficient at SH!do in mid June 1968 
was caused by a low biomass (0.7 mg 
chl.a/m3) made up of chrysomonads, 
diatoms and dinoflagellates (Fig. 26). 
H igh activity coefficients in summer are 

generally obtained when a considerable 
proportion of the biomass is composed 
of nanno- and ultraplankton with a 
short life span and a large surface area. 
This results in efficient nutrient uptake 
and a high turnover rate in the eco
system, high temperatures favouring 
rapid mobilization of nutrients. In con
trast to the P/Chl a ratio, the P/B ratio 
showed relatively high values in the late 
summer and autumn. The explanation 
may be the poor sedimentation of blue
green algae with the Utermohl technique 
when formalin is used as a preservative. 
The biomasses of blue-green algae re
sponsible for the primary production 
have probably been underestimated, so 
that the P/B ratios are too high. For 
example, during the occurrence of blue
green algae in August 1968, the PIChi a 
ratio decreased but the P/B ratio increas
ed, and in late autumn 1969 the P/B 
ratios were rather high ( Aphanizomenon 
flos-aquae dominant) in comparison to 
the P/Chl a ratios. In summary, the acti
vity coefficient tends to be low during 
the vernal bloom, high during the sum
mer minimum stage and somewhat lower 
in autumn. Corresponding trends have 
been found in the seasonal fluctuation 
of the a.:tivity coefficient in the Lovisa 
archipelago in the middle part of the 
Gulf of Finland (BAGGE & NrEMI 1971: 
36). The results also agree with the fact 
that nannoplankton is more active in 
assimilation than larger species, and that 
an increase in population density (as in 
spring) diminishes the assimilation rate 
(FINDENEGG 1965 b :289, MARGALEF 1965: 
364). 

D. Comparison of the Storfjarden and Maskskar stations 

Fig. 25 presents the results for several 
parameters measured in parallel at Stor
fjarden and Maskskar. The presence of 
the deep water tongue stretching in-

wards from the sea area is generally evi
dent at both the stations. Higher values 
for ammonia in the deep water of Mask
skar in summer indicates a greater de-
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gree of summer stagnation than at Stor
fjarden. 

The oligohaline surface outflow from 
Pojoviken was readily observed at Stor
fjarden in late autumn (1969-11-26 ), in 
winter (1970-04-09) and in May. It was 
recognized not only by its low salinity, 
but also by the temperature conditions: 
comparatively high temperatures in 
winter and spring but a lower surface 
temperature in late autumn (1969-11 -
26); the lower temperature is due to the 
comparatively early cooling of the sur
face water of Pojoviken (NIEMI 1973a: 
14 ). Corresponding features were not 
observed at Maskskar, where no marked 
surface layer of low salinity was found 
during the cold season. The surface out
flow from Pojoviken does not contri
bute much phosphorus to Storfjarden -
the values at Maskskar were at the same 
level. However, in late autumn (1969-
11-26) and winter and during the vernal 
maximum of stream discharge, the oligo
haline surface layer at Storfjarden appa
rently has higher concentrations of nit
rogen and silicate than the surface layer 
at Maskskar, somewhat higher concent
rations of nitrite and ammonia, and 
higher values for turbidity and humus 
and/or yellow substances. Consequently, 
the Secchi disc readings were apparently 
lower at Storfjarden at those times. 

The higher concentration of chloro
phyll a in the surface water at Stor-

fjarden in mid and late May (1970-05-
16, 1969-05-31) was evidence of the 
prolongation of the vernal bloom at 
Storfjarden caused by the outflow of 
nutrient-rich surface water from Pojo
viken. After the vernal bloom, no ob
vious difference in the phytoplankton 
amount, as indicated by the concentra
tion of chlorophyll a, could be found 
between Storfjarden and Maskskar. In 
summer (1969-06-19 and 1969-07-31), 
during the minimum stage of phyto
plankton, the Secchi disc transparency 
was higher at Storfjarden. This may be 
due to upwelling of deep water poor in 
organic material. 

In summary: In late autumn (from 
about November on) the influence of the 
fresh water outflow from Pojoviken 
could be clearly distinguished in the 
hydrography and hydrochemistry of the 
surface layer at Storfjarden, and it be
came most pronounced in late winter 
and spring. Similar evidence of an oligo
haline surface layer was not observed 
at Maskskar in the archipelago east of 
Storfjarden. At Storfjarden the vernal 
phytoplankton production is favoured 
and prolonged by the surface outflow 
from Pojoviken, but its influence usually 
ceases in the summer, when the physico
chemical properties and the amount of 
phytoplankton (given as the concentra
tion of chlorophyll a) are similar at the 
two stations. 

E. Phytoplankton groups and important species 

The biomass of the different algal 
groups and their percentage contri
butions to the total phytoplankton bio
mass are presented in Figs. 26-28 (the 
total phytoplankton biomass is shown in 
Figs. 20 and 29). The values are the 
means of the 0-10-m layer (SHldo 
0-6 m), which generally corresponds 

to the euphoric layer in summer, the 
mean of the 20-50-m layer (Stor
fjarden 20-34 m), which represents the 
Baltic winter water during the summer 
stratification, and the mean of the 70-
80-m layer at Ajax, which represents the 
Baltic deep water below the permanent 
halocline. The percentages given in pa-
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rentheses in the text below are the pro
portions of the total phytoplankton bio
mas~ contributed by the algal group or 
spec1es. 

Cyanophyceae 

In the euphotic layer blue-green algae 
played an important role from July to 
September-October at all three sampling 
stations in 1968 and 1969. Occasional 
occurrences were observed in early sum
mer: at Ajax in late May 1969 (0.018 
mg/1, 1 fJ/o, chiefly Aphanizomenon flos
aquae), and at Skaldo in early June of 
1968 (0.012 mg/1, 2 fJ/o, chiefly Oscilla
toria agardhii) and 1970 (0.019 mg/1, 
< 1 °/o, Gomphosphaeria lacustris, Os
cillatoria limnetica, 0. agardhii). 

In late summer and autumn blue
green algae made up an important share 
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of the total phytoplankton biomass: in 
1968 10-20 fJ/o at the archipelago sta
tions and 30 Ofo at Ajax, in 1969 c. 70 fJ/o 
at Skaldo, and 40-50 Ofo at Storfjarden 
and Ajax. There were some differences 
in the species composition between the 
sampling stations in late summer and 
autumn, especially in 1968. In that year 
the blue-green algal peaks at Skaldo 
were due chiefly to Oscillatoria limne
tica and small amounts of Aphanizo
menon flos-aquae; at Storfjarden the 
late summer maximum of blue-green 

( algae was caused by Oscillatoria limne
tica in July-August, but by Aphanizo

~ menon flos-aquae in September and Oc
tober; at Ajax Anabaena inaequalis and 

' A. subcylindrica were dominant in July 
- early August but Aphanizomenon 
flos-aquae became dominant from late 
August onwards, and the importance of 
the two former species diminished. 

A 
!\ 
I I I ; 
. ' I \ i . 

I 

Cyanophyceae 
Cryptophyceae 
Dmophyceae 
Chrysophyceae 
Bac1lla riophycece -
Euglenophyceae 
Chlorophyceae 

F M A 

. . 
' ' 

I \ 

I 
! 

0.1 

M J 0.01 

j 
0 .1 

! 

FIG. 26. Seasonal fluctuations of the algal groups at Skaldo. The biomass values are the means of the 
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(Values below 0.01 mg/1 are not given). Prasinophyceae are included in Chlorophyceae. 

In late summer and autumn of 1969, 
the blue-green algal biomass developed 
somewhat later than in 1968 and at all 
three stations chiefly consisted of Apha
nizomenon flos-aquae and to a lesser 
degree of Anabaena flos-aquae f. lem-

mermannii, N odularia spumigena, and 
the other species mentioned below. 

The following species made up only 
a few percentage units of the blue-green 
algal biomass in 1968 and 1969, and 
occurred at all three sampling stations 
during the blue-green algal peak: 
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Anabaena baltica 
Aphanocapsa delicatissima 
Chroococcus minutus 
Gomphosphaeria lacustris 
G. lacustris v. compacta 
G. litoralis 

Except for Anabaena baltica (late 
summer species), these species were ob
served all the year round. 

The higher trophic status of the inner 
archipelago is indicated by the occur
rence of small quantities of Oscillatoria 
agardhii, Anabaenopsis sp. and Aphani
zomenon gracile at Skaldo in early sum
mer 1968. These species and Oscillatoria} 
limnetica form an assemblage characte
ristic of eutrophied archipelago waters 
(cf. MELVASALO 1971, NrEMI 1971b, 
1972a). Oscillatoria agardhii was occa
sionally found at Storfjarden, especially 
in summer, having probably drifted sea
wards from the Ekenas area, where the 
species is common (NIEMI et al. 1970:19, 
NIEMI 1973a:59). It was rarely observed 
at Ajax, where Anabaena flos -aquae f. 
lemmermannii and Nodularia spumigena 
were more abundant than in the archi
pelago. 

Although abundant in late summer 
and early autumn, the blue-green algae 
did not totally dominate the phyto
plankton biomass. The phytoplankton 
assemblages were made up of several 
algal groups, in 1969, chiefly blue-green 
algae and cryptomonads. However, it 
should be borne in mind that, when 
formalin is used as a preservative, the 
estimates of the blue-green algal biomass 

obtained by the Utermohl technique 
are most probably too low. 

It is interesting to note in Figs. 27-
28 that, during the blue-green algal peak 
in August-September 1968, Cyano
phyceae occurred in quantity in the 
Baltic winter water below 20 m at Stor
fjarden and Ajax. In autumn 1969 no 
such algae were found below 20 m at 
Storfjarden during the blue-green algal 
peak in the surface layer, but they were 
observed at Ajax in the Baltic winter 
water and even below the permanent 
halocline (0.080 mg/1) during the early 
part of the peak in August. In late Au
gust, when an influx of saline Baltic 
deep water had occurred at Ajax (Fig. 
5), no algae were left in the water below 
20 m, although blue-green algae increas
ed in the surface water in September 
and October. It seems probable that such 
vertical differences reflect different sta
ges of the vertical movement of the blue
green algae and/or displacement of the 
deep water layer. 

Cryptophyceae 

This group consists of several Crypto
monas species (not determined) generally 
ranging between 5 (lm and 16 (lm in 
length. 

Marked seasonal differences were 
found in the occurrence of the crypto
monads both in the archipelago and in 
the sea zone (Table 3). 

TABLE 3. Biomass (mg!l) of cryptomonads during dilierent stages of phytoplankton at Sk£1do, Stor
fjiirden and Ajax (mean of 0--10 m, Skaldo 0--6 m). 

station winter 
1969 1970 

Skaldo <0.01 <0.01 

Storfjiirden <0.01 <0.01 

Ajax 0.03 <0.01 

vernal bloom 
1968 1969 I 

summer minimum I early autumn 
1970 1968 1969 1968 1969 

0.02 0.04 0.09 <0.01 

0.03 0.02 0.06 <0.01 

<0.01 0.01 <0.01 <0.01 

0.02-
0.06 
0.01-
0.04 
0.01-
0.02 

0.03 

0.05 

<0.01 

0.1 

0.0 

0.1 

1 

6 

5 
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In winter, notable occurrences of 
cryptomonads were found only at Ajax, 
in early March 1969 (29 Ofo ). 

During the vernal bloom and the 
summer minimum stage, cryptomonads 
were apparently more abundant in the 
archipelago than in the sea zone. They 
played a less important role during the 
growing season of 1968 than in 1969 
and in spring 1970. 

During the vernal bloom they were 
fairly numerous, but they made up only 
a small proportion (2 Ofo or less) of the 
total phytoplankton biomass during the 
bloom of 1970. During the summer 

\

minimum stage in 1969, they were of 
some importance at all three stations, 
making up 5-10 Q/o of the total phyto
plankton biomass (see also NrEMI 1972c: 
7, NIEMI & lliLLFORS 1973). 

\ 

The cryptomonads were most abun
dant in autumn (when the blue-green 
algae were also numerous) and in au
tumn 1969 when they made up 55, 25 
and 42 Q/o of the total phytoplankton 
biomass at Skaldo, Storfjarden and 
Ajax, respectively. 

In the Baltic winter water below 20 
m, values above 0.010 mg/1 were noted 
only at Storfjarden in 1969, after the 
vernal bloom in late May, and in Octo
ber - late November, when crypto
monads constituted 1 Q/o and 33 Q/o of 
the total phytoplankton biomass, re
spectively. Below the permanent halo
dine, at Ajax, biomasses greater than 
0.010 mg/1 were recorded only in late 
June 1969 (0.017 mg/1, 2 Q/o). 

Dinophyceae 

The dinoflagellate biomass was low in 
winter (0.020-0.050 mg/1), chiefly con
sisting of Goniaulax catenata (young 
stages), and species of Glenodinium and 
Gymnodinium. 

Together with diatoms, dinoflagellat
es made up the bulk of the vernal rhyto
plankton biomass. In the spring o 1968, 

dinoflagellates were of minor import
ance at SHldo and Storfjarden (peak 
values of 0.100 and 0.300 mg/1, consti
tuting 5 and 25-50 Q/o, respectively), 
but at Ajax, their biomass rose above 
1 mg/1 (50-75 ()/o). 

In 1969 and 1970 the vernal dine
flagellate biomass varied between 1 and 
2 mg/1, and in the latter year even ex
ceeded 2 mg/1 at Ajax and Storfjarden. 
In general, dinoflagellates were then of 
about the same importance as diatoms. 

At Skaldo and Storfjarden the vernal 
diatom and dinoflagellate peaks more 
or less coincided, but at Ajax there was 
one diatom peak and two dinoflagellate 
peaks (not distinct in 1968). The first 
dinoflagellate peak (1969 and 1970) 
occurred in early May before the diatom 
peak, the second in early June, when 
Dinophyceae were completely dominant 
and diatoms were of minor importance. 
In early May the dinoflagellates made 
up about half of the total phytoplankton 
biomass, in early June 80-97 ()/o. Thus 
the prolongation of the vernal bloom in 
the western part of the Gulf of Finland 
(cf. also LAssrG & NrEMI 1973:37, 1975a: 
37) in 1968-1970 was due to dinofla
gellates, chiefly one species, Goniaulax 
catenata, which made up more than 3/4 
of their biomass. 

At the archipelago stations also, Go
niaulax catenata was the only dominant 
vernal dinoflagellate, except in 1968 at 
SHldo and Storfjarden, when Gymno
dinium spp. and Glenodinium spp. were 
also important. The following taxa 
made a less important contribution to 
the vernal dinoflagellate biomass at all 
three stations: 

Amphidinium spp. 
Dinophysis baltica 
D. acuminata 
Exuviaella cf. baltica 
Glenodinium spp. 
Gymnodinium spp. 
Peridinium brevipes 
P. granii 
P . minusculum 
P. pellucidum 
Phalacroma rotun<latum 
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No notable difference was found in 
the contributions of these species be
tween the inner and outer archipelago 
and the sea zone. 

Summer 1968 was characterized by a 
marked dinoflagellate peak in late July 
or early August at all three stations: 
Skaldo 0.700 mg/1 (67 °/o), Storfjarden 
0.600 mg/1 (69 Ofo) and Ajax 0.400 mg/1 
(77 °/o). This peak was caused by the 
large biomasses of Exuviae/la d. baltica 
(c. 1 mg/1) in the lower part of the eu
photic layer, just above the thermocline 
(cf. also NIEMI et al. 1970:26, NrEMI 
& PESONEN 1974a:180). Dinophysis acu
minata and D. norvegica were also im
portant at that time. In the summer of 
1969 dinoflagellates played a less im
portant role. Besides these three species, 
the following composed the summer bio
mass: 

Amphidinium spp. 
G!enodinium rotundum 
Glenodinium spp. 
Goniaulax triacantha 
Gymnodinium spp. 
Peridinium brevipes 
P. minusculum 
P. pellucidum 
P. triquetrum 
P. trochoideum 
Peridinium spp. 
Phalacroma rotundatum 
Protoceratium reticulatum 

No noteworthy differences were 
found between the stations in the occur
rence of the important species. 

In October 1969 the small autum
nal dinoflagellate maximum at Skaldo 
(0.050 mg/1, 43 Ofo) was chiefly caused 
by Glenodinium sp. and Gymnodinium 
sp. The small autumnal leak in late 
August at Ajax (0.045 mg/ , 17 Ofo) was 
caused by Protoceratium reticulatum 
and Dinophysis acuminata. 

In the Baltic winter water below 20 
m, dinoflagellates (together with dia
toms) made up the bulk of the total 
phytoplankton biomass, the maximum 
values occurring in early summer during 
and after the vernal bloom. At Stor-

fjarden, the biomass values were low in 
1968 but high (c. 1 mg/1, 24 Ofo) in 1969. 
At Ajax c. 0.600-0.700 mg/1 (35-60 
Ofo) was recorded in both years. 

In the Baltic deep water below the 
permanent halocline, the dinoflagellate 
biomass showed three peaks in 1968. 
The first one, in mid May (0.250 mg/1, 
29 °/o), was caused by Goniaulax cate
nata, the second, in late June (0.150 
mg/1, 74 Ofo), by Glenodinium sp., Peridi
nium minusculum and P. granii, and the 
third, in late August (0.350 mg/1, 91 Ofo), 
by Glenodinium sp. and Dinophysis acu
minata. 

One marked dinoflagellate peak 
(0.300 mg/1, 44 Ofo) was observed below 
the permanent halocline in 1969. It was 
caused chiefly by Exuviae/la cf. baltica 
and Glenodinium sp., and occurred in 
late June, about one month later than 
the corresponding peak in the Baltic 
winter water above the permanent halo
dine (the same tendency was found in 
respect of the diatoms). 

Chrysoph yceae 

The chrysomonads occurred in sum
mer, during the minimum stage of phy
toplankton production. In 1968 they 
were present in quantity both in the 
archipelago and in the sea zone (Skaldo 
0.065 mg/1, 6 Ofo, Storfjarden 0.032 mg/1, 
6 °/o, and Ajax 0.080 mg/1, 15 Ofo). In 
1969 they occurred from June to August 
at Skaldo (0.026 mg/1, 11 Ofo), but were 
chiefly limited to July at Ajax (0.135 
mg/1, 41 Ofo ), and had no biomass values 
above 0.010 mg/1 at Storfjarden. In 

r winter they played a negligible role. 
Several lorica-bearing species of Ke-

' phyrion type made up the bulk of the 
chrysophycean biomass. Uroglenopsis 
americana (Calk.) Lemm. caused peaks 
at all three stations in early August in 
1968, and was abundant at Skaldo and 
Ajax in mid July in 1969. Minor contri
butions to the biomass were made by 
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Dinobryon petiolatum Willen and D. 
balticum, which occurred from the ver
nal bloom to about August. Dinobryon 
divergens occasionally occurred in the 
area. This fresh water species is some
times carried out into coastal waters, 
when the sea level is falling and the 
surface currents are flowing seawards. 

Of all these species, only Uroglenop
sis americana (Calk.) Lemm. may some
times cause real blooms during the sum
mer minimum stage. I have observed 
such occurrences in the inner archi
pelago, outside the town of Ekenas 
(NIEMI 1973a:42). 

In the Baltic winter water below 20 
m, chrysomonads were found (>0.010 
mg/1) only at Storfjarden in 1968, in 
July (species of Kephyrion type). In the 
Baltic deep water below the permanent 
halocline, only occasional loricae of 
·chrysomonads were observed. 

Bacillariophyceae 

Diatoms (together with the dinofla
gellate Goniaulax catenata) made up the 
chief part of the biomass during the 
vernal phytoplankton bloom. From 
around November to the decline of the 
following vernal bloom, the diatoms 
(and Goniaulax) were the dominant 
group in the phytoplankton. The dia
tom biomass during the vernal bloom 
varied between c. 1.5 and 5.0 mg/1, the 
highest values (3-5 mg/1) occurring at 
Skaldo, and the lowest at Ajax (1.5-
2.5 mg/1). During the diatom peak in 
late April or early May, the diatoms 
made up about 60-98 <Jfo of the phyto
plankton biomass at Skaldo, 57-88 Ofo 
at Storfjarden and 54-79 ()/ o at Ajax. 

At SkaJdo and Storfjarden the decline 
of the vernal production peak coincided 
with the decline of the diatoms, but at 
Ajax (seep. 50), a marked second phyto
plankton biomass peak, caused by Go
niaulax catenata, followed in early June. 

The vernal diatom biomass consisted 

of several important species. At all three 
stations the early part of the bloom, 
from late April to early May, was caus
ed by the following dominant species 
(together making up 3/4 or more of the 
diatom biomass): Achnanthes taeniata, 
Chaetoceros holsaticus, C. wighamii, 
Melosira arctica, Thalassiosira levanderi 
and T. baltica. Constant constituents of 
the vernal diatom assemblage were also: 

Actinocyclus ehrenbergii 
Chaetoceros ceratosporum 
C. septentrionalis 
Coscinodiscus lacus tris 
Diatoma elongatum 
Fragilariopsis cylindrus (Grun.) Krieger 
Nitzschia frigida Grunow 
N. d. longissima 
Navicula vanhoffenii Gran 
Sceletonema costatum 
Synedra tabulata 

From mid May on, Diatoma elonga
tum became the dominant diatom at 
Skaldo and Storfjarden, though not at 
Ajax, and the diatom peak in early June 
1970 in the archipelago was caused by 
this freshwater species. 

At all the stations the diatom biomass 
was small during the summer minimum 
stage. Occasionally the diatoms played 
a minor role (< 0.010 mg/1) in summer, 
and made up a few percentage units of 
the total phytoplankton biomass (Skaldo 
in August 1968 and 1969, Storfjarden 
in August 1969, Ajax in late June and 
August 1968 and in August - early 
October 1969). The commonest diatoms 
were then Diatoma elongatum, Chaeto
ceros wighamii, Synedra tabulata and 
Actinocyclus ehrenbergii. Species occa
sionally abundant in summer, and al
ready occurring during the later part of 
the vernal bloom, were Chaetoceros sep
tentrionalis, C. subtilis and Rhizosolenia 
mzmma. 

In autumn the relative importance of 
diatoms increased. This was especially 
noticeable in the archipelago in 1968. 
Besides Chaetoceros wighamii, the big 
centric diatoms Actinocyclus ehren
bergii, Coscinodiscus granii and Thalas-
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siosira baltica became important. The 
diatom peak in September 1969 at 
Skaldo was caused by Coscinodiscus 
granii, a species which seems to be com
mon in late summer and autumn in the 
northern Baltic proper, in the Gulf of 
Riga (cf. NIKOLAEV 1953b) and in the 
Gulf of Finland (NIEMI & H.ii.LLFORS 

1974, NIEMI & RAY 1975, 1976). 
In the Baltic winter water below 20 

m, a diatom peak occurred at Ajax and 
Storfjarden in early or mid May, and 
as early as late April at Storfjarden in 
1968, when the vernal development was 
earlier. The minimum values found at 
Ajax in late June and early August in 
1968 and in August in 1969 accorded 
with the upwelling of deep water poor 
in phytoplankton. The upwelling of sa
line deep water at Storfjarden was also 
reflected in low diatom values for late 
June 1968 and August 1969. 

Below the permanent halocline at 
Ajax, the vernal diatom maximum oc
curred in early and mid May in 1968; 
~second maximum occurred in late June 
In 1969 (0.3 mg/1) . The variations may 
have been caused by the movement of 
masses of Baltic deep water with diffe
rent amounts of phytoplankton. 

Euglenophyceae 

Euglenomonads occurred in small 
quantities during the vernal bloom in 
1969 and 1970 (in 1968 only at Skaldo), 
and made up only a minor proportion 
(~ 11/o or less) of the total phytoplankton 
bwmass. 

In summer their biomasses rose to 
0.060-0.111 mg/1 at Skaldo, to 0.1 50 at 
St?rfjarden, and to 0.010-0.050 mg/1 at 
Ajax. During the summer maximum in 
1968 and 1969, they made up 16-17 Ofo 
of the total biomass at Skaldo, 23 and 
37 11/o at Storfjarden and less than 10 Ofo 
at Ajax, their contribution clearly being 
greater in the archipelago than in the 
sea zone. 

In the Baltic winter water below 20 
m, they were found in abundance only 
at Storfjarden, in July 1968, when they 
amounted to 0.034 mg/1 (23 Ofo). The 
occurrences in May 1969 at Ajax (0.011 
mg/1) were below 1 °/o of the total bio
mass. Euglenomonads were not found in 
any quantity (biomass <0.010 mg/1) in 
the Baltic deep water below the perma
nent halocline. 

The material consisted chiefly of Eut
reptia spp., but occasionally included 
Colacium vesiculosum and Eutreptiella 
spp. 

Chlorophyceae (including Prasino
phyceae) 

Green algae occurred all the year 
round both in the archipelago and in the 
sea zone. Although not observed in 1968, 
marked green algal peaks occurred dur
ing the vernal bloom in 1969 and 1970: 
Skaldo 0.100 and 0.030 mg/1, Storfjarden 
0.080 and 0.060 mg/1 and Ajax 0.060 
and 0.030 mg/1, but the green algae made 
up only 1-2 Ofo of the total phyto
plankton biomass at that time. Through
out the year, the biomasses in both the 
archioelago and the sea zone consisted 

( chiefly of the genera Pyramimonas (Pra
~ sinoohyceae) and Chlamydomonas 
/ (Chlorophyceae s. str.), the contributions 

of the former usually being greater. 
During the summer minimum stage, 

the green algae varied in importance. A 
clear peak occurred in 1969 at Skaldo 
(0.060 mg/1, c. 10 Ofo). In autumn green 
algae were of minor importance. In 1970 
the green algal biomasses both in the 
archipelago and in the sea zone were 
generally lower than in 1969. 

The following green algae occurred in 
the plankton Cc denotes species not ob
served in the sea zone): 

Ankistrodesmus spiralis 
A. falcatus* 
A. falcatus v. mirabilis 
Carteria sp. 
Dunaliella spp. 
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Oocystis borgei 
0. lacustris 
Oocystis sp. 
Kirchneriella contorta 
Scenedesmus acuminatus 
S. acutus 
S. armatus* 
S. bicellularis 
S. brevispina 
S. quadricauda 
S. spinosus 
Selenastrum minutum 
Pedinomonas sp. 

The genus Dunaliella was apparently 
more abundant in the sea zone than in 
the archipelago. 

Filamentous green algae, Ulothrix 
subflaccida, Mougeotia spp., and Hor
midium flaccidum (Kiitz.) A. Br. occur
red in the vernal plankton assemblage 
in the archipelago. 

In the Baltic winter water below 20 

m, green algae were found at Storfjarden 
in early September 1968 (Pyramimonas, 
Chlamydomonas), and at Ajax in early 
May in 1969 (Pyramimonas, Pedino
monas and Chlamydomonas), and 1970 
( Pyramimonas ). 

In the Baltic deep water below the 
permanent halocline, green algae were 
found in 1969, in June and July (Chla
mydomonas and Scenedesmus). 

The greatest diversity of chlorophy
cean species occurred at Skaldo in early 
June 1970, after rainy weather, when 
the salinity of the surface water was 
low, and freshwater species, such as 
Micractinium pusillum, Dictyosphae
rium pulchellum, Gloeocystis sp. and 
several Scenedesmus species, were an im
portant constituent of the green algal 
plankton. 

V. DISCUSSION 

A. Seasonal variation of chemical properties in the archipelago and the sea zone 

The chemical properties of the water 
in the archipelago and sea zone of the 
Tvarminne area show marked sea
sonal fluctuations, which are connected 
with seasonal changes in the hydro
graphy and biological activity of the 
water. In the study area the chief hydro
graphic features are the following: 
- outflow of oligohaline surface water 

from Pojoviken in late autumn, win
ter and spring, and occasionally in 
summer when the sea level is falling 
inward movement of B-mesohaline 
Baltic surface water, often connected 
with a rise in the sea level and most 
frequent in autumn 
upwelling and mixing of saline (> 
8 o/oo) Baltic deep water from layers 
below the permanent halocline, 
sometimes affecting the euphotic 
layer. 

The seasonal dynamics of the phyto
plaokton influences the nutrient level, 
the carbon dioxide balance and the pH 
of the euphotic layer (see also BucH 
1945, 1948). Special chemical properties 
of the mixed layer are connected with 
certain stages of the phytoplaokton. 

Winter 

The archipelago and the sea zone are 
usually covered with ice, which prevents 
effective mixing of the upper layers. 
The snow-covered ice usually presents 
an almost impenetrable barrier to the 
light up till March-April (p. 30), and 
the surface water is consequently un
affected by phytoplankton assimilation. 

The pH is about 8 or lower (cf. BucH 
1945). Nutrients are mobilized by 
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TABLE 4. Concentrations (f!g!l) of phosphorus, nitrogen and silicon in late winter (in the brackish 
water below the surface outflow) at Sk£1do, Storfjarden and Ajax in 1969 and 1970. 

P0-4-P 1969 
1970 

tot. P 1969 
1970 

N03-N 1969 
1970 

N02-N 1969 
1970 

NH•-N 1970 
Si02-Si 1969 

1970 
P04-P: inorg. N 1969 

1970 

microbial activity, and P04-P, NOJ-N 
and Si02-Si reach their maximum levels 
in late winter before the ice breaks up. 
The level of the essential nutrients in 
late winter 1969 and 1970 is given in 
Table 4. 

The nutrient level is notably higher 
in 1970, probably owing to the frequent 
upwelling of nutrient-rich Baltic deep 
water in autumn 1969 (cf. p. 13). The 
ratio of phosphate phosphorus to in
organic nitrogen is also remarkably high, 
being higher in the sea zone than in the 
archipelago, which is influenced by 
fresh water from the land. This excess of 
phosphorus over nitrogen is a typical 
feature of the Baltic Sea (cf. ICES/ 
SCOR 1974:15), being pronounced in 
the Baltic deep water (e.g. NEHRTNG et 
al. 1969:32, VoiPIO 1973). Upwelling in 
the sea zone in autumn and subsequent 
mixing with the surface water explain 
the high ratio of inorganic phosphorus 
to nitrogen in winter. 

The transparency of the undisturbed 
Baltic surface waters is good in winter; 
Secchi disc readings even exceeding 10 
m were recorded at Ajax. 

In the archipelago, the Baltic surface 
water is covered by a layer of lower 

Sklido 

14-16 
16--18 
21-24 
24-27 
40-50 

100-110 
7 
9 

10-20 
800-900 
900-1000 

1:5 
1:7 

Storfjarden 

14-15 
17-18 
18-21 
23-24 
32-39 
60-79 
2-4 
1-3 
7-8 

760-800 
850-890 

1:3 
1:4.5 

Ajax 

16--18 
18-20 
21-24 
24-27 
20-25 
50-60 

2-3 
3-4 
5-10 

700-750 
800-850 

1:2 
1:3 

salinity, high turbidity and high humus 
content. At Skaldo this layer is probably 
local and occasional, and caused by 
fresh water flowing out from the nearby 
land (cf. Fig. 5). At Storfjarden this 2-
3-m-thick, oligohaline layer is formed 
by water flowing seaward from Pojo
viken and remains throughout the period 
of the ice-cover, appearing in late au
tumn, and ending in early or mid May, 
with the termination of the outflow of 
melt water. This layer is characterized 
by a lower pH (< 7.8), high concentra
tions of nitrate nitrogen and silicate 
(Figs. 10 and 13, see also NIEMT 1973a, 
Table 4) and decomposing organic ma
terial, indicated by the higher concent
rations of NH4-N and N02-N (Figs. 
11-12). Almost no phytoplankton pri
mary production occurs in this oligo
haline surface layer. 

The fertilizing influence of Pojoviken 
and the Ekenas area may extend sea
ward with the surface current to the 
outer archipelago, as has also been noted 
in bacteriological investigations in the 
area (V.AATANEN 1975). This surface 
current was not observed at Maskskar, 
in the archipelago east of Storfjarden 
(Fig. 25). 
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Spring 

Great biological and chemical changes 
occur in the mixed layer in late April or 
early May, after the break-up of the ice. 
The vigorously increasing phytoplank
ton assimilation raises the pH to values 
as high as 8.8 in the euphotic layer (Fig. 
7), and the nutrient concentrations de
crease in the mixed layer down to c. 40 
m. After the development of a thermo
cline at a depth of 8-10 m, NOJ-N 
and P04-P become almost completely 
used up, nitrate first and orthophosphate 
somewhat later (p. 63). However, am
monia nitrogen is apparently always 
present in low concentrations in the eu
photic layer after the depletion of nitra
te. No N02-N was found during this 
vernal bloom. The silicate level decreas
es to 1/3- 1/4 of the winter maximum 
(minimum values c. 200-250 !J.g Si02-
Si/l). Transparency is lowered by the 
great population densities of the phyto
plankton (Secchi disc readings 1.5-2.5 
m). 

At Storfjarden, the outflow of nut
rient-rich melt water in early May pro
longs the vernal bloom, causing two bio
mass peaks (Figs. 19-20). In 1970 rainy 
weather was responsible for a peak in 
early June at Skaldo, as well. At Ajax, 
the lack of NOJ-N was marked during 
the peak of the bloom. The second peak 
in early June (caused chiefly by Goniau
lax catenata; p . 50) may be attributable 
to melt water flowing westward from 
the headward parts of the Gulf of Fin
land (cf. also LASSIG & NIEMI 1973, 
1975a). 

Early summer 

During the summer minimum stage of 
the phytoplankton, the surface layer 
(generally coinciding with the euphotic 
layer) is separated from the Baltic win
ter water with somewhat higher nutrient 
concentrations by a well-defined ther-

mocline at a depth of c. 10 m. The ortho
phosphate and nitrate nitrogen concent
rations are near zero and the silicate 
concentration is still at its annual mini
mum (c. 200-250 !J.g/1); no nitrite 
nitrogen is found and the ammonia 
nitrogen concentration is low(< 5 !J.g/1) 
but probably enough for low phyto
plankton production. After a decrease in 
the density of the phytoplankton popu
lation caused by sedimentation and graz
ing (the zooplankton develops vigor
ously after the vernal phytoplankton 
bloom, e.g. HALME 1944:111, VILJAMAA 
1972:49), the pH falls to about 8.2. The 
sinking of organic matter impoverishes 
the euphotic layer and total phosphorus 
reaches its annual minimum (Ajax 8-
12 flg/1, Storfjarden 9-12 !J.g/1, Skaldo 
12-16 !J.g/1). 

The phytoplankton primary product
ion is regulated by the mobilization of 
nutrients, which is now probably rapid, 
the turnover rate rising with the tempe
r2ture. The summer minimum stage is 
characterized by good transparency 
(Secchi disc readings 7-9 m in the sea 
zone and somewhat less in the archipel
ago, Fig. 17). 

In the archipelago, occasional out
flows of oligohaline surface water con~ 
tribute nutrients favouring biological 
production. The small depth and near
ness of the bottom at Skaldo may also 
increase production and lower trans
parency, owing to vigorous recycling of 
nutrients at the sediment-water inter
face. 

The summer minimum stage is usually 
most pronounced in late June in the 
archipelago, but does not become evi
dent until July in the sea zone, since a 
coastal current from the east prolongs 
the vernal bloom. The P04-P and NOJ-N 
levels usually remain low throughout 
the later part of the summer, but silicate 
gradually increases after the vernal 
bloom in early June, owing to the 
amounts dissolved from diatom frustules 
and the minor importance of silicate-
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consuming diatoms in summer and au
tumn (Fig. 13). 

Upwelling of saline deep water rich 
in nutrients, particularly phosphorus, 
occasionally increases the nutrient level 
in summer. Such upwelling (e.g. in July 
1969) is accompanied by a decrease in 
temperature, pH and the density of the 
phytoplankton populations, but the 
phytoplankton subsequently increases, 
so that the nutrients are soon consumed, 
and the pH rises in the euphotic layer. 

Late summer 

Blooms of blue-green algae occur in 
late summer and autumn after periods 
of calm weather, great quantities of 
algae rising to the surface water from 
deeper layers. It is uncertain whether 
the ascending blue-green algae bring up 
phosphorus to the euphotic layer. The 
pH rises to above 8.6. No nitrate nitro
gen and only low concentrations of am-

mania nitrogen are found then in the 
euphotic layer. The nitrogen needed 
seems to be obtained from nitrogen-fix
ation by the blue-green algae. The bloom 
does not affect the silicate level. 

Autumn 

Blue-green algal production may still 
occur in October (as in 1969 when 
cryptomonads were also abundant), but 
after this the phytoplankton biomass 
declines. In the archipelago and sea zone 
the nutrient level has already begun to 
rise in the surface layer in late October. 

The increase of inorganic phosphorus 
and nitrogen in the surface layer also 
depends on the time of the commence
ment of the autumnal turnover. After 
that period the nutrients increase in late 
autumn and winter, reaching their maxi
mum concentrations before the break-up 
of the ice. 

TABLE 5. Data on phytoplankton during different successional stages in undisturbed waters of the in-
ner and outer archipelago and the sea zone in the Tviirrninne area. P/B = ratio of mg C(ass.)fm3day 
to phytoplankton biomass mg/m3 (in the layer of maximum production); P/Chl = ratio of mg Ccass.) 
/m3day to chlorophyll a mg!m3. 

primary biomass chlor. a assimilation 
stage of mg/1 coefficient type of 
production production mean 0---10 flg/1, mean 

P/Chl phytoplankton mg C/m!day 0---10 m P/B m 

winter 0 <0.10 <1 arctic, marine cold-
minimum water species and Coni-

vernal aulax catenata 

maximum 700---1000 2-5 10---30 0.03-0.10 10---30 _,._ 

summer small monads of 

minimum 100---300 0.05--0.20 05-2.0 0.1-0.3 20--45 different 
taxonomic groups 

late su=er blue-green algae 
blue-green 300-500 0.30-{).80 3-7 0.05-0.5 10--40 typical of the 
algal max. open Baltic Sea 

late autumn diatoms, especially 

decline <lOO <0.10 <1.5 arctic cold-water 
species 

-
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B. Seasonal variation of phytoplankton properties 

The phytoplankton shows a characte
ristic seasonal succession and the pro
duction has marked seasonal maxima 
and minima. The climatic conditions 
seem to regulate the cyclic succession of 
phytoplankton pulses, but this general 
pattern may be altered by the prevailing 
weather conditions (cf. McCoMBIE 1953: 
254). As is seen in Fig. 29, five different 
stages of phytoplankton production can 
be distinguished (cf. also BAGGE & NIEMI 
1971 :36): a winter minimum, vernal 
maximum, summer minimum, late sum
mer maximum of blue-green algae, and 
late autumn decline. These stages could 
be recognized during the study years 
1968- 1970 at all the three sampling 
stations. The blue-green algal bloom was 
not clearly observed in 1969, but it is 
possible that brief blooms of blue-green 
algae occurred between the sampling 
dates. There was no marked difference 
between the sampling stations in the in
ner and outer archipelago and the sea 
zone. The primary production and 
biomass values corresponded satisfacto
rily in spring in al.l the study years, and 
during the late summer blue-green algal 
blooms in 1968, but not during the sum
mer minimum stage, the lack of agree
ment being especially evident at Stor
fjarden (in both 1968 and 1969) and at 
Skaldo (in 1969). AcKEFoRs & LrNDAHL 
(1975:11) found very little correlation 
between the phytoplankton biomass and 
the primary production in the Baltic 
Sea. Data on the phytoplankton in the 
Tvarminne area during different success
ional stages are presented in Table 5. 

The northern location of the Gulf of 
Finland (lat. 60°N) causes greatly re
duced light conditions in winter, parti
cularly when the water is covered by 
ice and snow (Table 1). The phyto
plankton is at a dormant stage, and 
practically no production occurs during 
the winter minimum (except on some 
occasions just below the bare ice, cf. p. 

39, and HALLFORS & NIEMI 1974). The 
biomass is small. The phytoplankton 
consists of arctic marine cold-water dia
toms and/or the dinoflagellate Goni
aulax catenata (young stages without 
thecae) and naked cold-water dinofla
gellates. 

The vernal phytoplankton bloom 
reached a peak in late April or early 
May (not pronounced at Skaldo in 
1968). Although the ice broke up in 
March in 1968, the peak of the bloom 
was not reached until late April, when 
stable thermal stratification had deve
loped, which is decisive for the develop
ment of the peak of the bloom (p. 62). 
The peak of the primary production 
coincided with the biomass peak. The 
phytoplankton community of arctic 
marine diatoms and Goniaulax (LEE
GAARD 1920, VXLIKANGAS 1926, HALME 
& MoLDER 1958, NrEMI 1971a, 1973a) 
showed general similarity at all three 
stations in all the study years. This cold
water community occurs in waters with 
a temperature of about 0-5°C. In the 
late stage of the vernal bloom, the fresh
water diatom Diatoma elongatum be
came the dominant species, while the 
arctic species (e.g. Nitzschia frigida Gru
now, Navicula vanhoffenii Gran, Melo
sira arctica, etc.) became scarce. Dia
toma elongatum is typical of coastal 
areas and estuaries (cf. M oLDER 1962 :8). 
The bloom vanished when the nutrients 
in the euphotic layer were exhausted 
and the temperature rose above c. 10°C, 
which usually happened in late May. 

At Ajax, the vernal bloom was pro
longed into early June (by Goniaulax 
catenata; clearly seen in 1969 and 1970; 
Figs. 19-20, 29) . As has been mention
ed earlier, this is probably due to melt 
water flowing westward through the 
Gulf of Finland in June, which can be 
distinguished by its lower salinity values 
outside the Hango peninsula, as pointed 
OUt by SEGERSTRALE (1951:19). High 
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FIG. 29. The seasonal fluctuations of phytoplankton primary production, mg Cim2 X day (dashed line) 
and biomass, g/m2 (in the 0-10-m layer, at Skaldo 0-7-m layer) (solid line) at SHldo, Storfjiirden and 
Ajax. 

chlorophyll a concentrations and high 
primary production ability in late May 
and early June in the open waters of the 
Gulf of Finland (LASSIG & NIEMI 1973, 
1975a) are probably also attributable 

to this current. The vernal bloom usually 
ceases earlier in the archipelago than in 
the sea zone, but it was delayed until 
June in 1970, owing to stormy weather, 
which broke down the recently develop-
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ed thermocline in late May. The larger 
amounts of nutrients, phosphorus and 
nitrogen, present in the sea water late in 
winter 1969-1970 (p. 55) may also 
have contributed to higher production 
that spring. 

The development of strong thermal 
stratification in late May or June marks 
the commencement of the summer mini
mum stage of the phytoplankton. The 
sedimenting plankton gradually im
poverishes the thermally isolated eu
photic layer, whose lower limit more 
or less coincides with the thermocline 
lying at a depth of c. 10 m. The phyto
plankton of the summer minimum stage 
is characterized by relatively small 
amounts of eurythermal diatoms and 
large amounts of monads and coccoid 
forms belonging to various taxonomical 
groups, Pyramimonas spp. (Prasinophy
ceae), Cryptomonas spp. (Cryptophy
ceae), Eutreptia spp. (Euglenophyceae), 
Uroglenopsis americana (Calk.) Lemm., 
Dinobryon petiolatum Willen and D. 
balticum (Chrysophyceae), Oocystis spp. 
(Chlorophyceae) and several large dine
flagellates (e.g. Peridinium brevipes, 
Dinophysis acuminata) (cf. NIEMI & 
HALLFORS 1973, NIEMI 1973a). 

The assimilation coefficient (e.g. Frn
DENEGG 1965a, TALLING 1969) expressing 
the relation between primary production 
and phytoplankton biomass is high dur
ing this phytoplankton stage. This is 
evident in Fig. 29, where the primary 
production values are high in relation to 
the biomasses. BAGGE & NrEMI (1971) 
found the same tendency in the Lovisa 
archipelago. 

The summer minimum stage may con
tinue throughout the summer, unless up
welling of nutrient-rich deep water takes 
place, or storms break down the strati
fication, thus supplying nutrients to the 
euphotic layer. This was the case in 
early August 1969. The phytoplankton 
composition changes somewhat during 
the summer. The monads remain im
portant, but the large dinoflagellates 

(e.g. Dinophysis acuminata, D. norve
gica, Protoceratium reticulatum, Peri
dinium spp.) become more dominant 
(e.g. NIEMI & RAY 1975). In the lower 
part of the euphotic layer, the dine
flagellate Exuviaella cf. baltica often 
forms great biomasses and is responsible 
for a secondary vertical assimilation 
maximum (p. 42, cf. also NIEMI et al. 
1970:26). Some large centric diatoms 
(Coscinodiscus granii, Actinocyclus 
ehrenbergii) became common towards 
late summer. They belong to the lower 
part of the euphotic layer. 

The late summer maximum caused by 
the blue-green algae Aphanizomenon 
flos-aquae, Nodularia spumigena and 
Anabaena flos-aquae f. lemmermannii 
(cf. PURASJOKI 1947, BucH 1948, NrEMI 
1972a, 1973a, NrEMI & lliLLFORS 1974) 
occasionally develops during the period 
July-October. None of the samplings 
presented here took place during a really 
intensive blue-green algal bloom. Such 
mass occurrences are familiar pheno
mena in the northern Baltic proper and 
the Gulf of Finland (e.g. HAYREN 1921, 
1940, PURASJOKI 1947, BucH 1948, 1954, 
NIKoLAEv 1953a, 1957, HALME & MoL
DER 1958, Nrnu 1971a, 1972a, HoRsT
MANN 1975). The actual cause of the 
bloom of blue-green algae is not clear. 
When the algae rise to the surface, con
siderable amounts of organic material 
are transported upwards from deeper 
layers. The blooms may be composed 
of all the three above-mentioned species, 
but they are also often caused by Apha
nizomenon or N odularia alone. They 
usually develop when phosphate and nit
rate is lacking in the euphotic layer 
(BucH 1948). Owing to the scattered 
spatial distribution of the bloom in the 
open see (my own observations from 
R/V Aranda), occasional observations 
from a sampling station probably do not 
give a reliable picture of the annual 
blue-green algal dynamics. 

Too few observations have been made 
on the in sit1t development of the blue-



Ake Niemi: Ecology of phytoplankton in the Tviirminne area. II. 61 

green algal bloom in Finnish coastal 
waters, of the rise of the algae toward 
the surface, and of their growth and 
assimilation intensity during their ascent 
and when they have gathered in the 
surface water. Information is lacking on 
the amounts of phosphorus and nitrogen 
rising from deeper water layers with the 
blue-green algae, and the real import
ance of the nitrogen-fixing activity of 
these heterocystous species for the total 
pelagic primary production level in the 
open waters of the Baltic. Nitrogen
fixation and, of course, denitrification 
are activities which complicate the 
understanding of the role of nitrogen in 
the primary production of the Baltic 
Sea (cf. LuND 1970:341). The biomass 
values given in Figs. 20 and 29 for the 
late summer are probably too low be
cause the blue-green algae preserved in 
formalin did not sediment well when 
counted by the Utermohl technique. 

Reports of blue-green algal blooms 
date back as far as the end of last cen
tury (cf. PoucHET & DE GuERNE 1885, 
Vii.LIKANGAS 1926:7, HoRSTMANN 1975), 
and these blooms must be considered a 
natural phenomenon in the Baltic Sea 
ecosystem. The occurrence of a vigorous 
vernal maximum and late summer 
blooms of blue-green algae have been 
reported from undisturbed archipelago 
waters by many Finnish authors (Hii.Y
REN 1921, 1940, HALME 1944, HALME 
& MowER 1958, MELvAsALo 1971, NrE
Mr 1971a, 1972a, 1973a). However, some 
researchers (HORSTMANN 1975) have 
drawn attention to the possibility that 
the recent frequency of the blue-green 
algal blooms may indicate eutro
phication of the Baltic Sea. 

In late autumn, usually in late Oc-

tober, the phytoplankton primary pro
duction decreases and the concentrations 
of orthophosphate and nitrate nitrogen 
in the euphotic layer increase corre
spondingly. The phytoplankton biomass 
diminishes and the composition gradual
ly changes to that of a typical cold
water phytoplankton community: arctic 
marine diatoms and dinoflagellates, 
partly the same species that cause the 
subsequent vernal bloom. In the un
disturbed waters of the archipelago and 
sea zone, in the western parts of the 
Gulf of Finland, a marked late autumn 
diatom maximum does not usually occur. 
This will be discussed later (p. 64). The 
seasonal phytoplankton succession de
scribed above is characteristic of un
disturbed archipelago and sea areas in 
the southern coastal waters of Finland. 

Nearer the head of the Gulf of Fin
land the phytoplankton succession seems 
to have a more estuarine character. For 
instance, at Orrengrund (SE of the town 
of Lovisa), where the influence of fresh 
water, especially the discharge of the 
Kymi is apparent (lower surface salinity, 
more freshwater species in the phyto
plankton), marked production of dia
toms has been observed in autumn, in 
addition to that of blue-green algae 
(NIEMI & RAY 1975). The conditions in 
the Bothnian Sea seem to be rather simi
lar to those in the western part of the 
Gulf of Finland (NrEMI & RAY 1975). 
In the Bothnian Bay, however, the phy
toplankton succession shows a shift of 
the vernal maximum towards the middle 
of the summer. At those latitudes, ten
dencies similar to those in Arctic areas 
can be distinguished (cf. LASSIG & NrEMI 
1973, 1975a, b). 

C. Factors influencing phytoplankton production 

The supply of phosphorus and nitro
gen in the euphotic layer is considered 

to be the main factor determining the 
magnitude of annual primary produc-
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cion in most sea areas. Carbon dioxide 
is always present in sea water in ade
quate amounts to permit photosynthesis 
(ICES/SCOR 1974:14). In arctic and 
antarctic waters, nutrients seldom be
come limiting for phytoplankton pro
duction in summer, because the light is 
insufficient (STEEMANN NIELSEN 1974: 
362). In high latitudes, no production of 
phytoplankton occurs during the dark 
season, but production may occur in 
spring when the ice is devoid of a snow 
cover or covered with melt water (AN
DERSON & BANSE 1963:12). In the brack
ish water of Riigen, HtiBEL (1968:623) 
recorded considerable primary produc
tion below the ice. In the Tvarminne 
area, production below the ice was 
noted only in the sea zone where the ice 
was free from snow in places and no 
oligohaline surface layer occurred be
low it. 

In the southern coastal waters of Fin
land, the start of the vernal bloom is 
determined by the duration of the ice
cover and the hydrographic conditions 
succeeding the break-up of the ice. In 
1968, the ice broke up in March, but 
the peak of the vernal phytoplankton 
bloom did not occur till late April, i.e. 
4- 5 weeks later. In 1969 and 1970, the 
peak of the vernal production was 
reached c. 1 1/2 or 2 weeks after the ice 
broke up in late April. 

The delay of the vernal bloom in 1968 
can be attributed to the hydrographic 
conditions, particularly the late deve
lopment of thermal stratification. After 
the ice has broken up in spring in a part
icular area, nutrients are abundant 
and light penetrates into the water. The 
compensation depth for algal assimila
tion occurs at c. 8- 10 m. Some time 
elapses in early spring before the water 
temperature begins to rise, particularly 
if unsettled weather makes the sea 
rough. The water may continue to mix 
down to the bottom for several weeks, 
as was the case in 1968 at Storfjarden 
(depth 35 m). In the circulating water 

column, the plankters are fairly evenly 
distributed between the surface and the 
bottom. The respiration of the phyto
plankton population takes place 
throughout the water column, whereas 
photosynthesis occurs only above the 
1-0/o-light depth, in the relatively shal
low euphotic layer. Thus, especially if 
insolation is weak, the loss of organic 
matter by respiration may exceed pro
duction, and the total phytoplankton 
population cannot increase, or, if the net 
production is only slightly in excess of 
the total respiration, the increase of 
phytoplankton is small and the vernal 
bloom develops slowly. 

The name "critical depth" has been 
given to the lower limit of a theoretical 
mixed layer of such a thickness that the 
respiration and photosynthesis of the 
phytoplankton community will balance 
each other (cf. SvERDRUP 1953, STEE
MANN NIELSEN 1958:147, ANDERSON & 
BANSE 1963:2; see also Fig. 30). A con
dition of the start of a vernal bloom 
is that the mixed layer is definitely 
shallower than the critical depth. At 
Storfjarden in 1968 the water column 
mixed completely until mid April and 
the beginning of the vernal bloom was 
thus delayed. The peak of the vernal 
bloom took place in late April, some 
days after a weak thermocline had de
veloped at a depth of 6-8 m. 

Thus when the ice disappears early, 
the meteorological conditions and the 
development of thermal stratification 
control the beginning of the vernal 
bloom (e.g. YENTSCH 1963:164, SAK.s
HAUG 1972:31, KAISER & SCHULZ 1973b: 
29). When the ice breaks up in late 
April or early May, the insolation is 
usually strong and thermal stratification 
soon develops, so that the bloom reaches 
its peak within a week or 10 days. 

In archipelagic waters the vernal pro
duction of the littoral benthic commu
nities (periphyton included) is consider
able, but shows great year-to-year varia
tion. Observations made in the Tvar-
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minne archipelago in the period 1968-
197 4 indicate that in the years when the 
ice goes early and the vernal phyto
plankton bloom is markedly delayed, 
the littoral benthos grows vigorously 
and produces a large standing crop. In 
spring 1968, the hydrolittoral belt of 
filamentous algae at Ostra Kvarnskars
grundet, c. 0.9 km south-southeast of st. 
XII in Storfjarden, was much more 
abundant than in 1969 and 1970. It 
was mainly composed of Pilayella litto
ralis and large quantities of epiphytic 
diatoms (data in HXLLFORS et al. 1975). 
When the ice disappears later (late April 
or early May), there is usually a vigor
ous phytoplankton bloom, but the litto
ral production is relatively small. When 
the ice breaks up early, the shallow 
littoral receives sufficient light for con
siderable production even during cloudy 
days in March, but the total mixing of 
the water column prevents the initiation 
of the vernal phytoplankton bloom. The 
littoral primary production thus has 
time to increase before the phytoplank
ton bloom exhausts all the nitrates and 
phosphates in the circulating layer. 
When the break-up of me ice is delayed, 
and light does not penetrate to the litto
ral before late in April, the littoral ben
thos has little time to develop before the 
phytoplankton has completely depleted 
the surface water of nutrients. Thus the 
times of the break-up of the ice and the 
vernal phytoplankton bloom are of deci
sive importance for the vernal primary 
production of the littoral benthos. The 
influence of the 2-3-m-thick oligo
haline surface layer below the ice on the 
vernal development of the littoral pri
mary production in the Tvarminne area 
has not yet been clarified. 

In the Tvarminne area PO<~-P and 
N03-N reached maximum concentrat
ions in the surface waters in late winter 
before the ice broke up, and became de
pleted during the vernal bloom. When 
the production peak had passed in early 
or mid May at Ajax, there was no N03-

N left in the euphotic layer, but small 
amounts of NH<~-N (5-10 11g/l), and 
PO<~-P remained (4-6 f.lg/1 on 1970-05-
14, c. 2 f.lg/1 on 1970-05-25, 0 11g/l 
on 1970-06-06; N03-N already exhaust
ed in euphotic layer on 1970-05-14). 
This suggests that the lack of N03-N 
limited the duration of the diatom 
bloom in this area (see also HoBRO et al. 
1975, CoNOVER 1975). N02-N was very 
scarce or absent in the surface waters 
during the bloom. The low concentrat
ions of NH<~-N (some 11g/l) occurring 
after the vernal bloom are probably 
enough for production of the phyto
plankton assemblage succeeding the 
vernal diatom-Goniaulax bloom (cf. also 
TARKIAINEN et al. 197 4 ). 

Even the lowest silicate-silicon con
centrations observed in the study area 
(200-250 f.lg/1) are probably sufficient 
for the diatom production. JbRGENSEN 
(1953) found in Danish lakes and in cul
ture experiments that silicate was assi
milated at concentrations as low as 30 
-40 f.lg/1. 

In late June no P04-P or N03-N 
was left in the euphotic layer. The 
phytoplankton biomass was low at that 
time at Storfjarden and Ajax, but some
what higher at Skaldo (Fig. 20). During 
the summer minimum stage of phyto
plankton the primary production seems 
to be regulated by several factors: re
plenishment of nutrients, light, grazing 
etc. They generally operate simultane
ously and are thus difficult to study 
separately (STEEMANN NIELSEN 1960: 
354). However, in shallow waters in 
summer a clear correlation seems to 
exist between the primary production 
and temperature (STEEMANN NIELSEN). 

TARKIAINEN et al. (1974) found that 
both nitrogen (as N03-N or NH<~-N) 
and phosphorus must be added to sum
mer samples of Baltic surface water in 
order to obtain noticeable increase in the 
growth of Chlorella sp. (isolated from 
the brackish Laajalahti/Bredviken at 
Helsinki). This suggests that there is a 
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shortage of both nitrogen and phospho
rus in Baltic surface water in summer. 
MELIN & LINDAHL (1973) reported that 
the addition of phosphate or chelated 
trace elements, or a combination of theSie, 
apparently increased the growth of 
Aphanizomenon flos-aquae but that 
growth was not improved by the addi
tion of nitrate nitrogen. MALEWICZ 
(1975 :69) found that trace elements re
gulated the phytoplankton production 
in early June and early September in 
the coastal waters of the southern Baltic. 
FONSELIUS (1972 :30) is of the opinion 
that phosphorus is the factor regulating 
primary production in the Baltic Sea, 
whereas SEN GuPTA (1972) claims that 
nitrate nitrogen is the limiting factor. 
As is generally known (e.g. MENZEL & 
RYTHER 1964, FERGusoN Woon 1965: 
115), phosphorus is rapidly recycled and 
nitrogen occurs in several different com
pounds, including urea (Dr. Folke Koro
leff, personal comm.), whose importance 
for primary production in the Baltic is 
still unknown. Blue-green algae can 
store considerable amounts of phospho
rus in their cells (cf. GERLOFF & SKOOG 
1954, STEWART & ALEXANDER 1971, 
WHITTON 1973 :358). At the time when 
the blue-green algal blooms develop, 
phosphate is usually lacking in the eu
photic layer (BucH 1948). However, 
Aphanizomenon flos-aquae is markedly 
stimulated by the addition of P04-P 
(MELIN & LINDAHL 1973), and it has 
been shown that strains of this species 
can fix molecular nitrogen (STEw ART 
1973 ). Other heterocystous blue-green 
algae inhabiting the Baltic may also be 
assumed to fix molecular nitrogen, and 
this ability is shared by strains of Calo
thrix scopulorum, which is very abun
dant on littoral rocks in the archipelago, 
fixation apparently being optimal at a 
salinity of c. 5 %o (]oNES & STEWART 
1969). These facts indicate that the 
system regulating primary production in 
the waters of the Baltic proper and the 
Gulf of Finland in summer is very corn-

plicated. The nitrogen cycle of the Baltic 
Sea must be elucidated before the factors 
regulating the primary production can 
be identified with any certainty (cf. 
ICES/SCOR 1974:16). 

In the Tvarminne area, blue-green 
algae cause one or several maxima be
tween July and October. A marked 
autumnal diatom or dinoflagellate maxi
mum has not been observed in the outer 
archipelago and sea zone. In October 
the turnover increases the nutrient supp
ly in the euphotic layer and there is still 
sufficient light for phytoplankton pro
duction, as is indicated by the phyto
plankton peaks in estuarine areas, such 
as the headward part of Pojoviken. 
However, in the outer archipelago and 
the open waters of the Gulf of Fin~a~d, 
the autumnal turnover causes m1xmg 
of the water to a greater depth (at Ajax 
down to the permanent halocline at c. 
55 m). Thus, at a time when the critical 
depth for phytoplankton production 
seems to be c. 10-20 m, the phyto
plankton population circulates from the 
surface down to c. 50 m (Fig. 30). The 
respiration of the population of this 
column is thus much greater than the 
assimilation and there is no plankton net 
production. The light factor and the 
stability of stratification thus jointly 
determine the occurrence of a late 
autumnal bloom. 

As is seen in Figs. 21-22, the pro
duction in autumn at SHldo was some
what higher than at the outer stations. 
This is due to the shallowness of the 
area, which prevents circulation of the 
phytoplankton below the critical depth 
(cf. STEEMANN NIELSEN 1974:381). In 
Pojoviken (NIEMI 1973a, Fig. 1, st. V) 
an autumnal diatom maximum typically 
occurs in September-November (HAL
ME & MoLDER 1958, NIEMI 1975). This 
is made possible by the occurrence of 
vertical stratification even in autumn; a 
halocline at a depth of 6-8 m prevents 
mixing below the euphotic layer and the 
critical depth (Fig.30). Unlike the posi-
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FIG. 30. Schematic representation of the relation between the depth of the mixed layer, the euphotic 
layer and the critical depth in late October-Novem her in the sea zone and in an estuarine area = 
Pojoviken. In the sea zone the autumnal turnover causes mixing down to the permanent halocline. In 
Pojoviken the surface halocline prevents mixing be low the critical depth. 

tion in the outer area, phytoplankton 
production can continue in autumn, even 
during cloudy days. An autumnal phy
toplankton maximum also seems to occur 
in the headward part of the Gulf of 
Finland (NIEMI & RAY 1975), probably 
owing to the estuarine character of the 
area, with density stratification prevent
ing mixing below the critical depth. The 
autumnal production of phytoplankton 
is probably very closely dependent on 

the occurrence of a period of calm and 
stable weather (cf. also STEELE 1958). 

In the southwestern Baltic, autumnal 
diatom and dinophycean maxima occur 
(e.g. BAND EL 1940). In that area the 
halocline is located closer to the surface 
than in the northern part of the Baltic 
proper, and of course the amount of 
light increases southwards during the 
dark season. 

D. The level of annual primary production in Tvarminne and some other Baltic areas 

Calculations of the annual primary 
production in different sea areas are 
needed for estimating the levels of pri-

mary production in, for example, differ
ent parts of the oceans (STEEMANN NIEL
SEN 1955). They are also urgently requir-
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TABLE 6. Annual primary production (in situ) in undisturbed areas of the Gulf of Finland. The values 
from Helsinki are the means of several stations in the outer archipelago (according to PESONEN 1974: 
5, see also LEHMUSLUOTO & PESONEN 1973:205). Hastholmsfjiirden, Lovisa, is a large water area in the 
inner archipelago; Hudofjarden lies in the outer archipelago (values according to BAGGE & NrEMl 1971, 
and unpubl. results of Erkki Ilus, Institute of Marine Research, Helsinki). According to Mr. Erkki 
Ilus (now Institute of Radiation Protection, Helsinki ), the Lovisa values must be considered somewhat 
uncertain owing to difficulties in intercalibration of the 14C solutions. 

study area 

Tvarminne 
- SHldo 
- Storfjarden 
- Ajax 

Helsinki outer archipelago 

Lovisa 
- Hastholmsfjiirden 
- Hudofjarden 

1967 

66 

30 
33 

ed for assessments of the trophic status 
of the Baltic Sea (e.g. FoNSELIUS 1972), 
and are necessary as basic data in models 
of the energy flow through the Baltic 
ecosystem, such as those presented by 
B.-O. ]ANSSON (1972) and A.-M. ]ANS

SON (197 4 ). Knowledge of the level of 
the annual primary production in un
disturbed coastal waters is also essential 
for monitoring the Baltic (LuTHER 1972, 
LuTHER et al. 1975). 

The annual primary production is 
calculated by integrating the values 
throughout the growing season. As 
pointed out by e.g. TARKIAINEN et al. 
(1974) and NIEMI & PESONEN (1974a, 
b), the variations in the daily primary 
production may be inexplicably great. 
Thus the values of the annual primary 
production must be considered rough 
estimates. 

The annual primary production at 
Tvarminne is presented in Table 6. The 
value for Storfjarden in 1967 is obtained 
from only a small number of measure
ments. Values from the archipelagos out
side Helsinki and Lovisa are also in
cluded. 

The primary production does not 
seem to differ greatly between the inner 
and outer archipelago zones and the sea 
zone at Tvarminne. If the water at the 

1968 

63 
61 
52 

23 

30 
34 

1969 1970 1971 

49 
51 48 65 
60 

30 36 36 

33 30 42 
41 38 44 

Skaldo station were as deep as the theo
retical euphotic layer, the annual 
primary production values would be 
somewhat higher, but hardly more than 
c. 10 °/o. The annual variation is con
siderable. It is interesting to note that in 
"the upwelling year" 1969 (cf. FRANCKE 
& NEHRING 1973, fONSELIUS 1975) pro
duction was somewhat higher in the sea 
zone than in the archipelago. The annual 
variation in primary production must 
depend on the combined influence of 
variations in the amount of light, nut
rient level, stratification of the water 
column and upwelling, and these in their 
turn depend on the meteorological con
ditions. At the present phase of the in
vestigation, it is impossible to evaluate 
the relative importance of the individual 
factors. 

The primary production was evident
ly higher in Tvarminne than off Helsin
ki and Lovisa. The following reasons 
may be adduced. 

The growing season is somewhat long
er in the western part of the Gulf of 
Finland owing to the shorter duration 
of the ice (cf. PALosuo 1966). The archi
pelago and sea area southeast of the 
Hango peninsula is a typical area of 
upwelling. In the coastal areas southeast 
of points of land extending into the Gulf 
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of Finland, particularly the poin ts of 
Porkala and Hango, deep, nutrient-rich 
water rises to the surface under suitable 
meteorological conditions (NW-NE 
winds) (cf. H ELA 1946, 1962, SJOBL0:\1 
1967, VoiPio 1968), causing increased 
phytoplankton production. 

The entrance to the Gul.f of Finland 
is an area where marked upwelling 
occurs in autumn, as in October 1969. 
Studies made with R/V Aranda in the 
Gul.f of Finland in November 1974 have 
shown that vigorous upwelling occurs 
between the Hango peninsula and the 
Esthonian coast (Prof. Erkki Palosuo, 
personal comm.). Ajax is cut off from 
the deep basin of the central Baltic 
proper by a sill (p. S ), and in th is area 
the deep water is pushed towards the 
surface as it approaches the land. Mea
surements of chlorophyll a and primary 
production ability (LAssrG & NIEMI 
1973, 197Sa) indicate a high level of 
production at the entrance to the Gulf 
of Finland (see also KAISER & ScHULZ 
1973a, b, R ENK 1973b, ScHULz & KAISER 
1974), and local upwelling in the outer 
archipelago at Storfjarden is a familiar 
phenomenon (NIEMI 1973a:47). 

In addition, it may be mentioned that 
the waters in the Lovisa archipelago are 
less transparent: the Secchi disc readings 
are c. SO Ofo of those in Tvarminne (Erk
ki Ilus, personal comm.). The euphoric 
layer is thus much shallower during the 
period of thermal stratification in sum
mer, which will obviously reduce the 
primary production. 

Annual primary production values 
have not yet been publ ished from the 
eastern part of the Bothn ian Sea. FoN
SELIUS (1971, 1972) estimated the annual 
primary production at Finngrundet 
(1961-1968) in the southwest of the 
Bothnian Sea at S6.6 g C/m2• AcK.EFORS 
& LrNDAHL (197S) and AcKEFORS et al. 
(197S) obtained 71 and 70 g C/m2 in 
1973 and 1974, respectively, at Norr
byskar in K varken, in the northern part 
of the Bothnian Sea. Compared with 

those from the Gulf of Finland, these 
are relatively high annual values. 

In the Bothian Bay, the annual pri
mary production level in undisturbed 
ateas seems to be considerably lower 
than in the Gulf of Finland and the 
Bothnian Sea (see BAGGE & LEHMUS
LUOTO 1971 ). On the basis of unpublish
ed daily primary production data given 
by Anneli Rantakokko and Eero Meskus 
(University of Oulu), I have est imated 
the annual primary production level at 
Krunnit (NE part of the Bothnian Bay) 
in 1968-1971 at between 10 and 20 g 
C/m2 (LASSIG & NIEMI 1972b, NIEMI 
1973b). 

In the northwestern Balt ic proper, the 
annual level in the Landsort area in 
1970-1971 has been estimated at > 
100 g C/m2 by HoBRO & NYQVIST 
(1972), and the level at the lightship 
Havringe (1964-1967) has been esti
mated at 78 g C/m2 by FONSELIUS (1971, 
1972). AcKEFORS & LINDAHL (197S) and 
AcKEFORS et al. (197S) estimated pro
duction at 94 g C/m2 in the southern 
Aland Sea in 1973, at 91 g and 116 g 
C/m2 in the sea area east of Got!and in 
1973 and 197 4, respectively, and at 1 OS 
and 121 g C/m2 in the H ano Bight in 
the southern Baltic in 1973 and 1974. 
In the southern Baltic, R ENK (1973a, b, 
1974) and RENK et al. (197S) estimated 
the mean annual primary production at 
82 g and 89 g C/m2 in the Gdansk Bay, 
but found considerable variation be
tween different years. 

The annual production values obtain
ed by KAISER & ScHULZ (1973a, b, 197S) 
for the period 1969-1972 varied wide
ly : Arkona Sea 94-46.S, Bornholm 
Sea 138-31 and the east Got!and Sea 
69.4-3S g C/m2• However, these esti
mates are based upon only a few measu
rements per year. The mean annual 
values for the bights in the southern 
Baltic were markedly higher than the 
corresponding values for the Arkona, 
Bornholm and Gotland Seas. 

Using incubator measurements for 
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different parts of the Baltic proper and 
the Gulf of Finland, SEN GuPTA (1972) 
estimated the annual primary produc
tion in those areas at 35-40 g C/m2

, 

but he pointed out that the production 
level was higher in the Gulf of Finland. 
However, AcKEFORS & LrNDAHL (1975: 
11) suggest that the values given by SEN 
GuPTA are too low, one of the reasons 
being that he used HgCh to arrest 
photosynthesis, which is disastrous for 
certain phytoplankton cells (according 
to Lars Edler in AcKEFORS & LINDAHL 
1975) and gives too low primary pro
duction results. 

The estimates of the level of the an
nual primary production in different 
parts of the Baltic are geographically 
scattered and too scanty to permit de
finite conclusions about the throphic 
status or possible increases in the pro
ductivity of the Baltic Sea, especially its 
open parts (cf. DYBERN 1971 :67, ICES/ 
SCOR 1974:27, VoiPio 1974). On the 
other hand, several scientists are of the 
opinion that eutrophication is evident in 
the coastal waters (e.g. B.-O. }ANSSON 
1971 :87). However, with an annual 
primary production level of c. 30-100 
g C/m2, the Baltic Sea can hardly be 
regarded as i highly productive area. 

At present, primary production stud
ies are hampered by the fact that the 
values available cannot be directly com
pared, owing to differences in the 
methods of 14C incubation employed in 
the countries around the Baltic Sea (cf. 
GARGAS 1975). However, the standard
ization work done by the Baltic Marine 
Biologists' Working Group 4 will make 

it possible to obtain comparable esti
mates in the future. 
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Errata for part I (NIEMI 1973a) 

Fig. 4. The numbers 80 and 90 should be 
moved down one step on the vertical axis. 

Fig. 17. The scales for 3500 A and 7500 A 
should be exchanged. 
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