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ABSTRACT: Phytoplankton, particle and hydrographical data from 2 consecutive springs (1985, 1986)
collected from many areas of the Baltic Sea show that during the vernal light-limited phase most
abundant spring bloom species can be divided into 3 successive groups, which grow rapidly under
different environmental conditions: {1) monocellular autotrophic nanoflagellates; (2) small-cell centric
diatoms; (3} other diatoms and dinoflagellates. Due to large-scale differences in the structure of the
upper water column, the spring bloom temporal species succession may be converted to a basin-wide
spatial distribution of subsequent phases, from the less stratified central part of the Baltic Sea to the
stratified nearshore regions, the latter always being in a comparatively advanced stage. Special
attention should be paid to the growth phase of small autotrophic flagellates, which may fill an
important ecological ‘niche’ by affecting the total amount of inorganic nutrients incorporated into

organic matter during the vernal bloom.

INTRODUCTION

The vernal phytoplankton of the Baltic Sea has
been studied since the beginning of this century {e.g.
Valikangas 1926, Berzins 1932, Purasjoki 1947, Edler
1979b). The most thorough observations of the sea-
sonal phytoplankton cycle have been made in coastal
areas, especially near field stations like Tvarminne in
Finland and Asko¢ in Sweden (e.g. Hobro 1979, Niemi
1982). In the open parts of the Baltic Sea, investiga-
tions of the vernal bloom phenomenon as a whole
have begun quite recently (Kaiser & Schulz 1978,
Bodungen et al. 1981, Leppédnen 1988, Passow 1989,
Kahru & Némmann 1990). The seasonal phytoplank-
ton succession in the Baltic Sea is typically treated in
2 ways. Usually, the annual cycle has been par-
titioned into 6 or 7 periods or seasonal aspects
(e.g. Hobro 1979, Piirsoo & Porgasaar 1985); the other
approach has been to divide the phytoplankton
species into groups according to their coexistence
(e.g. Edler 1979b).

The vernal aspect has been considered as the
gradual development of a marine cold-water diatom
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assemblage (Chaetoceros wighamii, C. holsaticus,
Achnanthes taeniata, Skeletonema costatum, Thalas-
siosira baltica and T. levanderi) together with a
dinoflagellate (Gonyaulax catenata), after the onset
of the seasonal thermocline (e.g. Nikolaev 1953,
1957, Niemi 1973). Usually these dominants are
accompanied by some Arctic diatoms (such as
Melosira arctica, Nitschia frigida, and Navicula
vanhoeffeni). As shown by Alasaarela (1979), Kell
(1981), Niemi (1982) and others, this euryhaline
assemblage tolerates salinities down to between 2
and 3 %o and usually occurs in a temperature range
of 0 to 8°C.

Recent works by Niemi & Astrém (1987) in a
coastal area and by Kahru & Némmann (1990) in the
open Baltic proper offer reasons to reconsider the
above scenario. In addition to Arctic diatoms and
dinoflagellates, the vernal phytoplankton community
contains several nanoflagellate groups (size <15 pm)
and also picoplankton (<4 pm). A marked dominance
of micro- and nanoplankton is observed in the
coastal area already under the ice and during the
turbulent stage of the bloom (Niemi & Astrém 1987)
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as well as in the central Baltic shortly before the out-
break of massive diatom ‘flowering’ (Kahru & Noém-
mann 1990). Contrary to the previous understanding,
the wvertical stability needed to trigger the com-
mencement of the bloom is provided in the open
Baltic proper by salinity- rather than temperature-
related density stratification (Kahru & Noéommann
1990, Kahru et al. 1990). The development of the
bloom is strongly influenced by inertial and sub-
inertial hydrodynamical processes governed by
meteorological conditions.

Results of the international patchiness experiment
PEX '86 conducted under the auspices of ICES (1989)
provide evidence that in the central Baltic, adjacent
mesoscale water masses underwent individual pat-
terns of spring bloom evolution which significantly
differed from the mean over the PEX area as a whole
(Kahru et al. 1990). The typical spring diatoms showed
markedly different spatial patterns, and spatial vari-
ability of species distributions during the peak bloom
phase was accentuated on the synoptic scale (Kononen
et al. in press). The results indicate that hydrodynamic
processes also determined the patch formations on the
species level, and the bloom followed, in different
synoptic-scale hydrodynamic formations, its specific
life-history courses with particular phytoplankton
assemblages.

The purpose of this study is to examine the trends
in vernal phytoplankton succession in the open Baltic,
in relation to the environmental background, before
depletion of the nutrient resources in the upper mixed
layer.

OBSERVATIONS AND METHODS

Most of the phytoplankton material was collected in
April-May 1985 and 1986 from RV 'Arnold Veimer’
while the ship was moving along a straight course at a
constant speed. The transects, with additional discrete
sampling spots, are shown in Fig. 1. Phytoplankton
samples were ‘picked’ from flowing water (pumped
from 5 m depth) in order to interpret the results of
ongoing shipboard measurements of particle size-
structure and concentration, as well as in vivo chloro-
phyll fluorescence, in terms of phytoplankton assem-
blages with different hydrographical backgrounds.
Particle number and size distribution were determined
using an on-line particle size analyzer, HIAC-ROYCO
PC-320 (see Pugh 1978), which counted particles from
1 to 1000 um (equivalent spherical diameter) in 12 size
classes. In vivo fluorescence of chlorophyll pigments
was measured from the same water with a TD 10-005
flow-through fluorometer. The operational details of
the flow-through measurement system, as well as
calibration procedures for the extracted chlorophyll a
and microscopically identified phytoplankton, are
thoroughly described in Kahru et al. (1989) and Kahru
& Némmann (1990). A comparison of particle concen-
trations with phytoplankton total number determined
from the same water is given in Fig. 2, showing that
most of the particles in the size range 2 to 105 um are
phytoplankton during the peak bloom phase in the
open Baltic proper.

Simultaneously with the flow-through measure-
ments, water temperature and conductivity at 5 m
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Fig. 1. Baltic Sea, showing transects (A: 27
Apr 1985; B: 4-5 May 1985; C: 7-8 May
1985; D: 19-20 Apr 1986) of large-scale
areal surveys, with additional discrete
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sampling locations (o) and the PEX ‘86
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Fig. 2. Phytoplankton total number (counted as colonies,

chains or solitary cells depending on species} versus total

amount of particles in size range 2 to 105 um (no. ml™') deter-
mined from the same water

depth, as well as wind data, were recorded by the
ship's automatic weather station. Calibrations of
salinity were made with an Autosal salinometer and in
the majority of cases the calculated salinities were
reliably used as absolute values.

Several stations ca 30 nautical miles (nmi) apart
were sampled by on-line measurement over a large-
scale section from the Gulf of Finland to the central
Baltic; information on the vertical structure of the
water column was obtained with a combination of a
Neil Brown Mark lII CTD, a submersible EOS fluoro-
meter and a rosette sampler. Some of the measure-
ments were conducted together with synchronous
undulating CTD soundings (described in ICES 1989),
which gave valuable high-resolution (ca 0.5 nmi)
information about the water column structure in the
upper 80 m layer.

In addition, some inorganic nutrients (NO;, PO,)
were occasionally analyzed from flow-through water
according to real-time particle distribution profiles on
a PC computer screen, to assess the spring bloom stage
in different open sea areas.

Samples for phytoplankton counts were preserved
with Lugol's solution with acetic acid and analyzed
using an inverted light microscope (Olympus Model
IMT) according to Edler (1979a). Whenever possible, at
least 100 chains or colonies of a particular dominant
species were counted. Determination and counting of
picoplanktonic organisms <4 um size were unreliable
under 400 X magnification; also, most of the larger
nanoflagellates were grouped as Pyramimonas spp. or
Cryptomonas spp. within different size ranges. To
avoid possible errors due to identification difficulties,
combined cell numbers of Chaetoceros wighamii and
C. holsaticus are presented as Chaetoceros spp.

In addition to the investigations made onboard RV
'‘Arnold Veimer’, the phytoplankton and CTD data set
collected during PEX '86 and distributed by ICES to all

the participants was used to study the mechanisms
controlling spring bloom species dynamics in different
synoptic and smaller scale hydrodynamic formations
(see study area in Fig. 1). The phytoplankton data
collection during PEX '86 and methods applied in cell
countings are described by Kononen et al. (in press).
Mean salinity and temperature of the upper mixed
layer (UML) were calculated from CTD vertical pro-
files with a 1 m depth resolution. The upper mixed
layer depth (UMLD} was defined as the shallowest
depth where a 0.02 ¢, difference from the value at 5 m
depth occurred, and also where the temperature
difference from the value at 5 m depth exceeded
0.1 °C. The term 'mixed’ implies homogeneity in the
basic properties (T and S) of the water regardless of the
density profile, so at a station the MLD would be the
depth at which either dT or dS first exceeds the
selected limit of observational accuracy, indicating
thereby the actual range of recent vertical excursions
of phytoplankton due to short-term physical forcings
(wave-mixing, thermal convection, etc.). Another defi-
nition for MLD would be the layer over which o, varies
less than the selected accuracy, i.e. the layer which can
potentially be stirred with a minimum addition of en-
ergy. The latter definition has commonly been used for
studies of phytoplankton which is physically confined
to the surface layer by the underlying pycnocline.

An estimate of water column stability was made on
the basis of seawater densities derived from CTD data
by calculating the Vaisdla frequency (N) according to
the formula

N = [(g/p X d()'l/dz) X 1073]0.5

where g = acceleration due to gravity; p = water
density; and z = depth. For this study, Vaisala fre-
quencies were calculated over the 2 m depth interval
immediately beneath the UML.

Daily totals of solar irradiance (I,) as well as irradi-
ances in the water column [/(z)] recorded onboard the
RV 'Oceania’ (Poland) (data by Dera and Sagan in
ICES 1990) at the permanent anchor station during
PEX '86 were used to follow the effects of light avail-
ability to phytoplankton cells in the UML. Vertical
attenuation coefficients (k) were calculated applying
Lambert Beer's Law to pairs of PAR (photosyntheti-
cally active radiation) values at 1 m intervals over the
upper 15 m layer (approximate depth of euphotic
zone, determined optically), which thereafter were
averaged. Since Il(z) measurements were not avail-
able for most of the PEX '86 stations, values for
k were approximated from Secchi depths (Zseccn)
using k = Zseen 27 (Tilzer 1988) instead of the gener-
ally accepted linear relationship k = A/Zs...,, with
A varying between 1.4 and 2.0 (e.g. Pole & Atkins
1929, Holmes 1970). The non-linear relationship used
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was derived from an analysis of 4 yr of data from
Lake Constance, Germany, which took into account
the fact that Secchi depth is to a great extent a func-
tion of the beam attenuation of light, which differs
from vertical light attenuation due to high sensitivity
to scattering caused by phytoplankton particles
(Tilzer 1988).

RESULTS

Large-scale distributions of phytoplankton species,
particle size groups and water properties

Altogether 4 long transects along the axis of the
Baltic Sea and from different basins (nearshore areas)
towards the central Baltic are considered (see Fig. 1).
Distributions of some particle size groups as well as the
temperature and salinity at 5 m depth at these sections
are presented in Kahru & Némmann (1990) with the
main emphasis on detailed description of the initiation
of the vernal bloom in different regions of the Baltic
Sea. Here we discuss the same transects from another
point of view, emphasizing spatio-temporal aspects of
the phytoplankton succession.

The first transect included the upper-layer phyto-
plankton and temperature salinity distributions from
the Gdansk Bay northward to the southern Gotland
Basin on 27 April 1985. Continuous measurements
of salinity, temperature, chlorophyll and particles
(Fig. 3A, B) show that the phytoplankton spring bloom
was in a more advanced stage in the less saline (more
stratified) and warmer Bay of Gdansk. The northern
end of the section in the southern Gotland Basin could
be considered as being still in the pre-bloom condition.
The 3 typical phytoplankton spring bloom species, and
different particle size groups, revealed different distri-
bution patterns. While particles of 2 to 4 um size
(unidentified} were almost linearly related to upper-
layer salinity, the relationship of particles 28 to 42 um
with salinity was quite complicated, whereas for par-
ticles from 42 to 73 um and 73 to 105 um a salinity
value of 7.4 %, marked a definite boundary for high
particle concentrations (Fig 3C to F). Comparing par-
ticle data with phytoplankton counts during the spring
bloom, particles from 42 to 73 um and 73 to 105 pm
included mainly Achnanthes taeniata chains of differ-
ent lengths (see also Kahru et al. 1986), whereas
smaller particle groups (e.g. 10 to 42 um) represented a
mixture of other abundant diatoms like Chaetoceros
spp. and Skeletonema costatum. Thus, 3 successive
stages in this transect could be observed: the winter
water; 'patches’ of rapidly growing species in areas
with a relative salinity deficiency, in this case Chaeto-
ceros spp.; and the bloom ‘peak’ stage, with high abun-
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Fig. 3. Section of measurements from the Gdansk Bay north-
ward to the southern Gotland Basin on 27 April 1985 (Fig. 1,
Transect A). All parameters measured or collected simultane-
ously at 5 m depth. (A) Distribution of salinity (—), tempera-
ture (°C, - - - -) and chlorophyll a (——). (B) Distribution
of particles (no. ml™') 28 to 42 pm (—) and 42 to 73 um {(—-).
(C to F) Particles vs salinity, for particles of 2 to 4 um (C), 28 to
42 um (D), 42 to 73 um (E) and 73 to 105 um (F). (G} Distribu-
tion of 3 dominating phytoplankton species (Skeletonema
costatum, Chaetoceros spp., Achnanthes taeniata; no. chains
ml~!) along the same section. nmi: nautical miles (starting at
the southernmost point of the transect)

dances of A. taeniata and S. costatum chains inside the
Gdansk Bay, bounded by the salinity front (Fig. 3G).
The second transect (Fig. 4}, from the Arkona Basin to
the eastern Gotland Basin (central Baltic), sampled on
4-5 May 1985, covered the entire phytoplankton suc-
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Fig. 4. Section of measurements from the Arkona Basin to the
central Baltic on 4-5 May 1985 (Fig. 1, Transect B). All
parameters measured or collected simultaneously at 5 m
depth. (A) Distribution of temperature (—) and chlorophyll a
(—), reflecting consecutive bloom phases in nearshore-
offshore direction. (B) Distribution of particles (no. ml™!) 10 to
20 pm (—) and 42 to 73 um {—). (C) Distribution of particles
28 to 42 pm. (D) Distribution of 3 dominating phytoplankton
species (Skeletonema costatum, Chaetoceros spp., Achnan-
thes taeniata; no. chains ml™!) along the same section. nmi:
nautical miles (starting at the westernmost point of the
transect)

cession: from the bloom initiation, with highly 'patchy’
distributions of smaller diatoms {Chaetoceros spp.) in
the southern Gotland Basin, until the already decaying
phase of the bloom in the Arkona Basin. Unfortunately,
we obtained only 1 phytoplankton sample representing
the area with the heaviest bloom. However, distribu-
tions of species in the onshore-offshore direction were
similar to these in the previous transect.

The same distributions and relationships as in the
first transect, but from the Gulf of Finland to the central
Baltic on 7-8 May 1985 and 19-20 April 1986, are
shown in Figs. 5 & 6 respectively. The overall features
of these sections were the same as in the transect from
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Fig. 5. Section of measurements from the Gulf of Finland to
the Central Baltic on 7-8 May 1985 (Fig. 1, Transect C). All
parameters measured or collected simultaneously at 5 m
depth. (A) Distribution of salinity (—) and temperature (—).
(B) Distribution of particles 28 to 42 um (——) and 42 to 73 um
(—). (C to F) Particles vs salinity, for particles of 2 to 4 um (C},
28 to 42 um (D), 42 to 73 um (E) and 73 to 105 pm (F).
(G) Distribution of 3 dominating phytoplankton species
(Skeletonema costatum, Chaetoceros spp., Achnanthes taeni-
ata; no. chains ml!) along the same section. nmi: nautical
miles (ending at the easternmost point in the Gulf of Finland)

the Gdansk Bay to the central Baltic. The bloom was in
a comparatively advanced stage towards the stratified
waters of the Gulf of Finland and had just begun, in the
form of filaments, in the open northern Baltic proper.
The areas between the initial patches were still in pre-
bloom conditions. Comparing Figs. 3B and 5B, both for
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Fig. 6. Section of measurements from the Gulf of Finland
to the central Baltic on 19-20 April 1986 (Fig. 1, Transect D).
All parameters mcasured or collected simultaneously at 5 m
depth. (A} Distribution of salinity ( ) and temperature {—).
(B) Distribution of particles (no. ml™'y 28 to 42 ym () and
42 to 73 um (- - -), and chlorophyll a (-——). (C to E)
Phytoplankton distribution: (C) Achnanthes taeniata chains,
(D) Thalassiosira levanderi cells, (E) nanoflagellates Crypto-
monas spp. nmi: nautical miles (ending at the easternmost
point in the Gulf of Finland)

the waters of the Gulf of Finland and the Gdansk Bay,
the absolute numbers of particles from 42 to 73 um
dominate over those in the next smaller size class (28 to
42 um). This may indicate an absolute predominance
of the Achnanthes taeniata chains. A striking feature is
the bimodal relationship of salinity and particles 73 to
105 pum in size (Fig. 5F), consisting almost entirely of
longer A. taeniata chains. As reported earlier (Kahru
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et al. 1986), the salinity front at the entrance to the Gulf
of Finland marked a boundary between the phyto-
plankton communities in different developmental
stages, which were characterized, for instance, by
various lengths of the dominating A. taeniata chains.

As seen in Figs. 5 & 6, all the boundaries where the
major changes in the dominance structure of phyto-
plankton communities occurred are related to quasi-
stationary salinity fronts, which eventually divide the
open sea into large-scale sub-basins (see Elken et al.
1987, Pavelson 1988). Hydrographic data, nutrient
concentrations and the phytoplankton abundances
representative of both sides of the salinity front (in
Fig. 6A at ca 100 nmi) and of diatom filaments at 2
locations with relative salinity deficiency in the open
northern Baltic proper in April 1986 are given in
Table 1. It becomes evident that, although nowhere on
that section were the nutrients limiting, the bloom on
the northern side of the front was in a more advanced
stage (compare nutrient concentrations in Table 1).
CTD soundings taken ca 30 nmi apart, starting from
the Gulf of Finland, revealed that almost everywhere
in the open northern Baltic proper (north of the front)
the thickness of the UML was restricted to ca 20 to
30 m due to strong salinity stratification. South of the
front the mixed layer occasionally reached down to the
main halocline. On a very broad scale, from the Gulf
of Finland to the central Baltic, upper-layer salinity
apparently provided a simple predictor for UML thick-
ness (Fig. 7C). Fig. 7D to F shows how the 3 most com-
mon species were related to UML depth in this section.
While Cryptomonas spp. occurred in higher abun-
dances in deeply mixed ‘winter' water, high numbers
of Achnanthes taeniata cells occurred only in regions
with a rather shallow UML, whereas increasing num-
bers of Thalassiosira levanderi cells could be observed
in upper layers mixed down to 40-50 m. For com-
parison with the other transects, the relationship of par-
ticles 42 to 73 um in size with upper-layer salinity and
the number of A. taeniata chains is shown in Fig. 7A, B.

Phytoplankton succession in mesoscale water masses

Kononen et al. (in press) have found that ditfferent
successional stages of the phytoplankton community
can occur simultaneously in adjacent synoptic-scale
water masses. Here, further findings on the back-
ground conditions necessary for the development of
these different stages are presented and the possible
triggering mechanisms discussed.

An example of the phytoplankton species distribu-
tion in the PEX area in relation to the upper-water-
column density structure and the concentration of
nitrogenous nutrients (NO;+NO,) is presented in
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Table 1. Large-scale spatial distribution of hydrographic data, inorganic nutrients and phytoplankton cell numbers to the north
and south of the salinity front at 100 nautical miles in Fig. 6 and in diatom filaments at 2 locations in the central Baltic, 19-20 April
1986. nmi: nautical miles; UMLD: upper mixed layer depth

Variable North
(Mean = SD9)
Temperature (°C) 1.19 + 0.12
Salinity (ppt) 7.35x0.04
UMLD (m) 20-30
NO; (umol 1 1) 3.36 = 0.96
PO, (umol 17" 0.35 = 0.09
Phytoplankton (10° cells 171)
Cryptomonas spp. (5-7 um) 53
Cryptomonas spp. (12-15 um) 44
cf. Eutreptia spp. (25 pm) 3.5
Thalassiosira levanderi 167
Chaetoceros spp. 525
Pyramimonas spp. 215
Achnanthes taeniata 476
Skeletonema costatum 8.5
Thalassiosira baltica 1.0
Gonyaulax catenata 2.2
Gymnodinium sp. (30 um) 93
“Standard deviation is shown where n> 20

South Filaments at:
(Mean = SD) 16 nmi 47 nmi
141 +0.04 1.5 1.6
7.55 +0.03 7.54 7.52

30->60

4.53 + 0.31 3.36 4.53
0.50 = 0.08 0.42 0.35

59 57 90

55 57 59

4.1 9 8

20 584 431

29 763 135

41 30 210

1.3 21 6
0.08 7 0.6
0.07 0.8 0.2
0 0.5 0.4

3.2 7 3

Fig. 8. Because of a 12 h lag between the discrete
samplings from stations (phytoplankton, nutrients)
and the on-line CTD measurements with the undulat-
ing probe along the same track, the distributions of 2
size groups of particles measured synchronously with
the towed CTD probe are also presented, allowing a
better combination of the information from both the
biological and physical studies. Dense patches of Tha-
lassiosira levanderi and Chaetoceros spp. correspond
well to a pair of mesoscale anticyclonic and cyclonic
eddies (seen in the density profile in Fig. 8E). The most
remarkable feature in this section is the presence of
small particle (4 to 6 pm) peaks, precisely in the region
where the isopycnals are virtually vertical, nutrient
concentrations are close to winter levels and the
diatom size fraction (28 to 42 pum) is at a minimum
(arrows in Fig. 8D). The low-resolution sampling of
phytoplankton does not resolve these fine-scale pro-
cesses except in the continuous particle countings.
However, the sample from 12 nmi appeared to be rep-
resentative of the patch in the narrow deep mixing
zone between eddies, displaying high numbers of the
nanoflagellate Pyramimonas spp. (cf. virginica). To the
east of the cyclonic eddy in the strongest frontal area,
such a Pyramimonas patch is missing. The explanation
for this could be that here the water from much deeper
layers (below 50 m) is more intensively transported
along the isopycnals to the surface (Fig. 8E).
Numerous studies carried out in marine environ-
ments have shown a close relationship between the

occurrence of diatom blooms and the establishment of
density stratification in the water column (e.g. Pingree
et al. 1976, Sambrotto et al. 1986). A close correlation
between the rate of phytoplankton population increase
and the reciprocal of UML depth was reported long
ago (Riley 1942). Therefore, to evaluate the importance
of upper-water-column properties for growth of the
dominant diatoms (nanoflagellates were only sporadi-
cally counted during PEX) in the central Baltic, the log-
transformed abundances of 4 species (Chaetoceros
spp.. Thalassiosira levanderi, Achnanthes taeniata,
Skeletonema costatum), UML thickness, mean temper-
ature and salinity as well as stability (Vaisédla fre-
quency), calculated on the basis of CTD profiles, were
subjected to linear correlation analysis (Table 2). To
avoid the biasing effects of the bloom transition from
light-limited to nutrient-limited conditions, only the
phytoplankton data from 5 m depth (representative of
the UML) and CTD profiles from the same station grids
on 4 consecutive days during the April study period
(1.e. before development of the seasonal thermocline)
were used for the analysis. Nutrients were excluded
from the analysis, since they were abundant through-
out the April investigation period (Kahru et al. 1990).

Most of the statistically significant correlation coeffi-
cients were relatively low (Table 2), indicating the com-
plexity of links in the pelagic ecosystem. It appears that
the causal relationship between phytoplankton stock
size and water column structure is not always obvious.
In the Baltic, it is not likely that a close relationship
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Fig. 7. Relationships between different variables measured on
the transect from the Gulf of Finland to the central Baltic on
19-20 April 1986. (A) Particles 42 to 73 um (no. ml~!) vs salin-
ity. (B) Particles 42 to 73 um (no. ml~') vs Achnanthes taeniata
chains (no. ml!). (C) Upper-layer salinity vs upper mixed
layer depth. (D to F) Abundance of diatoms vs upper mixed
layer depth: (D] A. taeniata, (E) Cryptomonas spp.,
(F) Thalassiosira levanderi

exists between phytoplankton growth and mixing depth
within small areas of the sea surface. Vertical upward
and downward flows may occur over a distance along
the isopycnal surfaces from depths, unpredictable by
means of single vertical CTD profiles (e.g. see Fig. 8E).

For a better understanding of the system's function-
ing, we followed the 4 phytoplankton species’ growth
in distinct water masses separately (Figs. 9 & 10). One
should be aware of diffusive and advective effects,
which can greatly complicate studies of phytoplankton
community development. Fortunately, the long-term
mean currents over the shallow western slope of the
Gotland Deep were negligible, and the evolution of the
overall hydrographical pattern relative to the sampling
frequency was slow (ICES 1989). Time series of the 4
phytoplankton species’ abundances and different
environmental factors in 2 selected water masses - the
shallow {mean depth ca 20 m) and less saline (< 7.5 %)
water mass on the western slope of the Gotland Deep
and the water mass inside the anticyclonic eddy (ICES
1989) - included 2 of the most critical parameters for
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Fig. 8. Distributions of different phytoplankton species
[(A) Achnanthes taeniata, Skeletonema costatum; (B) Pyra-
mimonas spp., Cryptomonas spp-; (C) Thalassiosira levanderi,
Chaetoceros spp.| and nitrogenous nutrients [(F}; NO,+NO;,
uM 177 in the PEX '86 polygon (see Fig. 1) on 25 April 1986,
compared with particle profiles measured synchronously at
5 m depth, 12 h after the phytoplankton measurements
[(D); 28 to 42 ym (——), 4 to 6 um (—)], and vertical density
profile (E). The density profile was kindly provided by
M. Pajuste, and the nutrient profile by T. Péder
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Table 2. Correlation matrix between phytoplankton (log-transformed) and physical variables (performed for the PEX '86 data
set from 25 to 28 April 1986; n = 246

(1) (2) (3) (4) (5} (6) (7) (8) (9)
(1) Achnanthes taeniata 1.00
(2) Chaetoceros spp. 0.63" 1.00
(3) Skeletonema costatum 0.62° 0.46° 1.00
(4) Thalassiosira levanderi 0.72° 0.59° 0.48"° 1.00
(5) MLD1¢ -0.18" -0.27° -0.10 0.02 1.00
(6) MLD2" -0.29* -0.32" -0.21° -0.27" 0.51° 1.00
(7) Temperature 0.42° 0.32° 0.28* 0.40° -0.24" -0.59" 1.00
(8) Sahmty -0.07 -0.14 -0.05 0.22° 0.56" 0.22* -0.09 1.00
(9) N 0.12 0.16 0.03 0.20° 0.40" 0.21° 0.14 -0.04 1.00
2Upper mixed layer depth according to do, >0.02 units m~!
bUpper mixed layer depth according to dT>0.1°C m~!
“Vaisalad frequency immediately beneath the upper mixed layer
‘p<0.01

phytoplankton growth: daily totals of solar irradiation
and an assessment of the depth of the phytoplankton
vertical excursions due to wind mixing.

The depth of wind-induced wave mixing (H,) in the
UML was calculated according to the empirical equa-
tion (Fennel et al. 1986)

= Cx V"

where C = 1.3 s (s/m)"? and V = velocity of the local
wind.

Because of a gap in the phytoplankton data set from
29 April until 3 May, a chlorophyll time-series redrawn
from Kahru et al. (1990) is given (Fig. 9F) to provide a
realistic perspective of the bloom dynamics in the
shallow western water mass. The time-series in the
second water body covers only the first half of the PEX
study period, because the anticyclonic eddy disinte-
grated around 1 May.

A closer comparison of time-series results for the 2
adjacent water bodies reveals that on average, UML
thickness in the shallow western area was ca 10 m less
than in the anticyclonic eddy during the entire period.
Both water masses reached the temperature of maxi-
mum water density (about 2.35°C at a salinity of
7.5 %0) on 29 April, after which the formation of the
seasonal thermocline could be observed. Higher in-
coming solar radiation values at the beginning of May
led to a rapid increase in the upper-layer temperature
and a remarkable shoaling of the UML after 2 May.

At the beginning of the observation period the
abundances of Chaetoceros spp. and Thalassiosira
levanderi in the anticyclonic eddy were almost 1 order
of magnitude higher than in the shallow western area.
Neighboring localities shared essentially the same
weather and solar radiation at the sea surface but

differed in their topography. Stronger wind events on
24-25 April, as well as earlier ones {not shown), caused
wave-induced mixing down to the bottom (Fig. 9E)
in the shallow western area, most probably leading
to resuspension of sediments (reduced Secchi depths
relative to those in deeper pre-bloom waters) and
therefore affecting light penetration into the water
column there. Thus the onset of the bloom in this area
seems to have been impeded.

Beginning with calm weather and low wave mixing on
26-27 April, the abundance of all 4 diatom species indi-
cated growth in the shallow western area. In the anti-
cyclonic eddy low incoming radiation on 25 to 27 April
resulted in a decrease in abundances of Thalassiosira
levanderi and Chaetoceros spp. due to sedimentation
(see Passow 1989), whereas abundances of Achnanthes
taeniata stayed at the same low level. The main discrep-
ancy in temporal patterns among the 4 selected diatoms
lay in the conditions when peak abundance was at-
tained. Chaetoceros spp. and T. levanderi reached very
high cell numbers already before the development of a
seasonal thermocline in the UML, ca 30 to 40 m thick.
Blooming of A. taeniata and Skeletonema costatum
could be observed only after general shoaling of the
UML due to the onset of a thermocline. Thus, the same
succession as found spatially in the onshore-offshore
direction on a larger scale occurred over time in the
central Baltic in mesoscale water masses during the
light-limited phase of the bloom.

Finally, an attempt was made to represent the empir-
ically determined critical light regime in the UML for
the 4 selected diatoms (Fig. 11). Mean light intensity in
the mixed layer of a given well-defined water mass was
estimated using the following equation (Riley 1957):

I = L(1-e*%/kz,
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where I, = daily total of solar irradiation, k = coefficient
of extinction and z = depth of the upper mixed layer. On
the basis of phytoplankton abundance on consecutive
days, relative growth rates in the same water mass were
calculated according to the formula (Knoechel & Kalff
1978)

k = In(N; /No) /¢,

where N, and N are phytoplankton cell numbers in
the UML at Day ¢t and Day 0. Gains and losses due to
advection within a certain water mass cancelled out,
since the calculation of relative growth rate was based
on phytoplankton abundance averaged horizontally
and vertically over the whole UML of the water mass.
As the abundance of main mesozooplankton grazers
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Fig. 11. Relative growth rate (k) versus mean light intensity in

the mixed layer (I, J cm ? d7') determined empirically for the

4 typical spring bloom diatoms in the PEX '86 study area:

Achnanthes taeniata, Chaetoceros spp., Skeletonema costa-
tum, Thalassiosira levanderi

during the PEX period was relatively low {ICES 1989)
and intensive sedimentation of these phytoplankton
species was not observed before the end of April
(Passow 1989), one can assume that for the first days
of the investigation, sinking and grazing losses for any
particular species were negligible. In Fig. 11, there
are too few data points to recommend a statistical
approach, but the distribution of points seems to indi-
cate a coupling between the actual light regime and
the growth rates: for growth of A. taeniata, higher
light intensities are needed than for Chaetoceros spp.
and T. levanderl.

DISCUSSION

The term ‘succession’ implies some directional, non-
random sequence of phytoplankton species alternation
in time (Margalef 1958, 1967). Generally, species suc-
cession occurs when physiological adaptation is no
longer sufficient to provide a competitive advantage
for a given species (Falkowski 1984). Autecological
studies have provided insight into the ability of a given
species to adapt to various regimes, but such informa-
tion is of limited value in predicting species succession
unless the environmental conditions experienced by
the organism in natural systems are also known (e.qg.
Ganf & Oliver 1982).

Most marine biologists concerned with the dynamics
of phytoplankton communities have traditionally fo-
cussed on seasonal aspects of the structure of phyto-
plankton assemblages (e.g. Smayda 1980). As stressed
by Marrase et al. (1989), a distinction should be made
between seasonal and bloom patterns of phyto-
plankton succession. During blooms, phytoplankton
communities are subjected to growth sequences on
temporal scales of days to weeks.

The result of the present study revealed a non-
random occurrence of 3 successive groups during the
spring bloom light-limited phase in the Baltic Sea.
First, autotrophic nanoflagellates (Cryptomonas spp.,
Pyramimonas spp.) which are abundant in pre-bloom
water prevailed, since stabilization of the upper layer
is not a definite precondition for their growth. On the
contrary, they seem to be favored by turbulent condi-
tions in the thick UML. The second group can be con-
sidered as introductory for the spring bloom species
(Chaetoceros holsaticus, C. wighamii, Thalassiosira
levanderi), whose growth requires a weak or develop-
ing stability provided by hydrodynamic mechanisms
(e.g. advection of lower-salinity water). The third
group consists of species requiring better light condi-
tions (e.g. Achnanthes taeniata). Their rapid growth is
triggered by the shoaling of the UML to at least 20 to
30 m (depending on actual incoming irradiation).
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Because of the large-scale differences in the Baltic
Sea upper-water-column structure (e.g. Alenius &
Leppédranta 1982} and the discontinuous distribution of
different water properties due to quasi-stationary
fronts, related to the general circulation patterns (e.q.
Elken et al. 1987, Pavelson 1988), the phytoplankton
species growth sequences during the vernal bloom
may also be reflected in the large-scale spatial pattern
of the phytoplankton communities. Although not
exactly the same locations were covered in the 2 con-
secutive years (see Fig. 1) and considerable differences
in the evolution of the spring bloom in 1985 and 1986
were found (Kahru & Némmann 1990), the spatial
distribution of phytoplankton assemblages was almost
the same for all sections. Thus, the spatio-temporal
distribution of consecutive phases from the less strati-
fied central parts towards the strongly stratified
nearshore regions, split up by quasi-stationary fronts,
is a common phenomenon for the entire Baltic during
the vernal bloom period.

Of special interest is the occurrence of high numbers
of photosynthetic nanoflagellates in the upper deeply
mixed layer before the outbreak of diatoms. As ob-
served by Niemi & Astrém (1987), nanoflagellates may
be very abundant during the peaks after the break-up
of the ice (e.g. Pyramimonas spp., 7 X 10° cells I"! in the
Gulf of Finland in early May). Pronounced dominance
of smaller chlorophyll-containing particles shortly be-
fore the onset of the diatom bloom has also been ob-
served in the open Baltic proper (Kahru & Némmann
1990). It appears that, unlike diatoms, nanoflagellates
are capable of maintaining themselves in the photic
zone even under well-mixed conditions, which is con-
sistent with earlier observations in other marine areas
(Malone & Chervin 1979, Levasseur et al. 1984), or that
they have a lower compensation irradiance (Takahashi
et al. 1978). However, one should be careful not to
interpret this result as implying complete indepen-
dence of nanoflagellates from stratification conditions.

Spatially averaged dynamics of different particle
size groups during the vernal bloom in the central
Baltic revealed a rapid disappearance of higher con-
centrations of smaller particles (2 to 4 um) after their
peak shortly before the outbreak of the massive diatom
bloom (Fig. 7C in Kahru & Noémmann 1990, p. 343).
Coincidence of the spring protozooplankton maximum
with that of vernal phytoplankton has been reported
from coastal areas (Smetacek 1981) as well as from the
open northern Baltic proper (Leppénen & Bruun 1986).
The likeliest food items of ciliates have been found to
be nanoflagellates (Smetacek et al. 1980, Leppénen &
Bruun 1986). Johannes (1965) has shown that proto-
zoan feeding increased remineralization rates in cul-
tures, and Sieburth et al. (1978) have pointed out a
difference in the ecological impact of protozoo-

plankton vs metazooplankton grazing. As argued by
Smetacek et al. (1980), feeding on nanoflagellates by
protozooplankton leads to a short-term disruption of
the food web structure, and essential elements tied up
in ciliate biomass are rapidly returned to the system.
Leppéanen & Bruun (1986) estimated that ca 25 % of the
particulate primary production during the spring
bloom was cycled through heterotrophic ciliates in the
open northern Baltic proper.

[t appears that in the pelagic food web the nano-
planktonic (microbial?) loops begin considerably ear-
lier than does the diatom vernal bloom itself. Recent in-
vestigations by Kahru & Némmann (1990) have shown
that salinity stratification plays a major role in trigger-
ing the spring bloom. But, in the upper layers, the same
salinity stratification which provides the necessary
stability for phytoplankton growth can be expected to
prevent thermal deep convection (typical of lakes),
previously considered as the main mechanism for up-
ward transport of nutrients from below the euphotic
zone (e.g. Sjoberg & Wilmot 1977, Stigebrandt & Wulff
1987). Thus no consumption of the large nutrient
reserves above the main halocline in the intermediate
layers will take place. However, inertial and subiner-
tial oscillations generating inhomogeneities in the ver-
tical structure of the water column may also lead to the
opening of the pycnocline on the surface (frontal up-
wellings, eddy peripheries, etc.; see Fig. 8). Besides,
stronger wind events may result in intensive vertical
wave mixing and entrainment, leading eventually to
well-mixed water bodies down to the perennial halo-
cline. In both cases nutrients will be transported to the
euphotic zone, but in these local regimes the diatom
bloom is impeded by the intensive vertical mixing.
Following this line of argumentation, there are strong
reasons to believe that small autotrophic flagellates,
with their rapid growth rate and relative independence
from water-column stability, fill an important eco-
logical ‘niche’, providing an additional path for the
incorporation of nutrients into organic matter and sub-
sequent recycling via the flagellate-ciliate food web.
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