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ABSTRACT: The spatio-temporal variability of the phytoplankton spring bloom in the open Baltic Sea
during an international joint study (PEX'86) is described in relation to the physical and chemical
environment. Simultaneous participation of 14 research vessels enabled highly synoptic sampling of the
study area of 20 x 40 n mile. Onset of the bloom was controlled by mesoscale hydrodynamic features — a
pair of cyclonic and anticyclonic eddies; water masses with different salinities. The eddies supported an
exceptionally high amount of chlorophyll (> 700 mg m~? in the cyclonic eddy). The temporal develop-
ment of the bloom was different in each of the mesoscale features. Chlorophyll levels in the eddies
started to decrease due to sedimentation before formation of the thermocline and the depletion of
Inorganic nutrients. Variability of the chlorophyll distribution was highest just before the peak in the

spatially averaged concentration was attained.

INTRODUCTION

Satellite images of the sea-surface temperature and
pigment distributions (Horstmann 1983, Horstmann et
al. 1986) suggest that the Baltic Sea consists of a mosaic
of tightly packed eddy-like features. They have also
given new support to the widespread notion held by
biological oceanographers of patchy distribution of
plankton and other organisms. The patchy, or in statis-
tical terms ‘overdispersed’ distribution patterns of
plankton organisms are believed to have a great impact
on trophic relationships and competition in plankton
communities (Steele 1978). Due to the complexity of
and the close coupling between many environmental
and biological processes, the implications of such
patchy distributions are still little understood.

In a study of chlorophyll patchiness in the open Baltic
Sea, Kahru et al. (1982) showed that the highest varia-
bility in phytoplankton biomass occurs during the
spring bloom period. To explain this drastic variability,
they conjectured that at least part of the mesoscale
spatial variability was caused by differences in the time
when the bloom commenced. Observations by
Bodungen et al. (1981) and Kahru & Némmann (1990)
have shown that, contrary to the common understand-
ing (e.g. Kaiser & Schulz 1978, Hallfors & Niemi 1981),
the phytoplankton spring bloom in the Baltic Sea may
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start before thermocline formation. As outlined by
Kahru & Némmann (1990), the vertical stability neces-
sary for the onset of the spring bloom can be provided
by the slight vertical stratification of salinity which
reduces the mixed layer depth. Thus stability in the
open sea could be generated locally by synoptic-scale
eddies and filaments.

The Patchiness Experiment (PEX'86), an interna-
tional joint study, was aimed at investigating patchi-
ness on spatial scales of 2 to 40 n mile, and on temporal
scales varying from days to a few weeks during the
spring bloom in the central Baltic Sea (Dybern & Han-
sen 1989). Simultaneous participation of 14 research
vessels adjoining most of the countries around the
Baltic Sea permitted highly synoptic sampling of the
study area. This paper describes the spatio-temporal
variability of the phytoplankton spring bloom in terms
of chlorophyll concentration in relation to the hydro-
graphic structures in the open Baltic Sea during April
and May 1986.

MATERIAL AND METHODS
The sampling period extended from 25 April to 7
May 1986. The sampling area was situated in the

Eastern Gotland basin of the Baltic Proper (Fig. 1). The
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Fig. 1. The Central Baltic Proper showing the study area. The
large box of 20 X 40 n mile represents the Eddy grid area and
the smaller one of 10 x 20 n mile is the Slope grid area

ships sampled synchronously at stations along 6 paral-
lel lines on 2 grids of stations (Fig. 1) moving from west
to east. In the larger 'Eddy grid' (20 X 40 n mile) the
distance between stations was 4 n mile, whereas in the
smaller ‘Slope grid’ (10 x 20 n mile) stations were 2 n
mile apart. The time interval between consecutive sta-
tions was 1.5 h in both cases. Chlorophyll a was sam-
pled at every station, and primary production at every
second station. Sampling depths for primary produc-
tion were 1, 5, 10, and 20 m; for chlorophyll a addition-
ally 30 m.

The methods described by Helcom (1983) were used
in sampling and analyses. Intercalibration of the
chlorophyll @ and primary production measurements
indicated that there were statistically significant differ-
ences between the results from the individual ships
(Leppanen et al. unpubl.). However, the natural varia-
tion encountered during the field experiment was
clearly higher. The 95% confidence limits for the
means of all ships were ca = 0.5mg m™> for
chlorophyll a. The corresponding value for primary
production capacity was = 3mg C m~> h™! when the
production level was high in the beginning of the study
period, and later on + 0.5 mg C m~> h™!. The bias due
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Fig. 2. Schematic representation of the different water masses
in the study area (redrawn from the scheme by J. Elken in
Dybern & Hansen 1989)

to the diurnal rhythm in the primary production capac-
ity may have an effect on the spatial patterns.

Continuous measurements of chlorophyll a fluores-
cence made by one ship on horizontal tracks along Line
C (Turner Designs flow-through fluorometer) were
used to check the spatial aliasing problem. Sampling
depth on the tracks was 5 m and spatial resolution 200
to 300 m. Vertical profiles of chlorophyll in situ
fluorescence were measured by submersible fluorome-
ter (Electro-Optik Suarez) to estimate in detail the
water column chlorophyll down to a depth of 60 to
70 m.

Horizontal patchiness was described by selecting the
layer of 0 to 10m to represent the euphotic layer.
Vertical variation in chlorophyll a concentrations was
small in this layer, and the mean values therefore give
the same pattern as using single depth values. Vertical
averaging, however, increases the reliability of the
contour maps by reducing the effect of methodological
noise.

METEOROLOGICAL AND HYDROGRAPHICAL
BACKGROUND

The daily totals of solar radiation (12 000 to 20000 kJ
m~?) were above the long-term average in the open
Baltic for the last third of April and first third of May
(Dybern & Hansen 1989). Owing to the relatively calm
weather during the whole PEX'86 period, wind-
induced mixing in the surface layers was probably
below the long-term average.

The 4 hydrographical Eddy grid surveys showed the
existence of a relatively persistent pattern of separate
water masses and mesoscale features: low-salinity
(<< 7.5 %) water on the shallow western bank, a high-
salinity (> 7.64 %0) tongue in the southeastern comer,
and a pair of synoptic scale eddies in the intermediate-
salinity water in the middle (Fig.2}. The relative per-
sistence of these synoptic scale features was also sup-
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ported by the current measurements (Dybern & Hansen
1989). The low-salinity water was bounded on the east
by a quasi-stationary front described by Elken et al.
(1987), and was characterized by very low current
speeds (Dybern & Hansen 1989). The 2 eddies were
separated by a southward directed jet-like current, and
seemed to form a vortex pair consisting of a cyclonic
and an anticyclonic eddy (Fig.2). The high-salinity
water tongue seemed to protrude and broaden slowly
northward, part of it being separated during the last
surveys. The cyclonic eddy was persistent throughout
the whole study period, moving slowly southwards. In
contrast, the anticyclonic eddy disintegrated before the
formation of the thermocline.

RESULTS

The investigation period covered the end of the
increasing phase, the peak, and the declining phase of
the phytoplankton spring bloom, as shown by observa-
tions before and after the main PEX period (Kahru &
Némmann 1990). Daily sedimentation rates of the
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dominant phytoplankton species were very high du-
ring the declining phase of the bloom (Passow 1990)
whereas zooplankton biomass was low throughout the
investigation period (Dybern & Hansen 1989), indicat-
ing negligible grazing pressure. While the median
chlorophyll concentration over the PEX area increased
until 27 April, and then subsequently decreased, the
spatial variance showed a general decline from very
high variability on 25 to 26 April towards the end of the
bloom (Fig. 3).

Due to the inherent plankton variability on scales
below the 4-mile and 2-mile resolution of the Eddy and
Slope grids, respectively, the distribution patterns
given by these surveys may be significantly biased
(Fig. 4). The biasing effect was strongest for the period
after 1 May, when together with the formation of the
seasonal thermocline the smaller-scale variability com-
ponent increased considerably. However, the surveys
on the grids identified the main structures.

The synoptic scale hydrography patterns show a
clear correspondence with the distribution and
development patterns of the chlorophyll and primary
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Fig. 4. Horizontal transect of chlorophyll a (mg m™~3) as calculated from fluorescence along Line C of the Eddy grid on 3 May 1986
with a full resolution of about 250 m, and the patterns resulting from picking the values corresponding to the 2 mile step of the
Slope grid and the 4 mile step of the Eddy grid from the same series
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Fig. 5. Contour maps of the horizontal chlorophyll a distribu-
tion {(mg m™?) in the 0 to 10 m water layer in the Eddy grids

production in the upper layer (Figs. 5 to 7). Coupling
between the hydrographic distributions and the plank-
ton distributions was especially close during the
increasing and peak phases of the bloom, and
decreased later due to sedimentation of phytoplankton

Fig. 6. Contour maps of the horizontal chlorophyll a distribu-
tion (mg m~7) in the 0 to 10 m water layer in the Slope grids
1to4

and increased smaller-scale variability. The primary
production capacity values revealed patterns similar to
the chlorophyll distributions, and were even more pro-
nounced. Due to the lower spatial resolution these
maps are not shown.
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Fig. 7 Contour maps of the horizontal chlorophyll a distribu-
tion (mg m™2) in the 0 to 10 m water layer in the Slope grids
5to 8

Since the development of the overall hydrographical
pattern relative to the sampling frequency was slow,
the time curves of different parameters can be followed
separately in the synoptic-scale formations. The tem-
poral development of the bloom followed an individual

pattern in each formation, and none of the individual
time-curves resembled the mean time-curve for the
whole PEX area (Figs. 4 and 8). While sea-surface
temperature showed an almost monotonous increase in
all areas, smaller-scale spatial variability increased
dramatically after the formation of the thermocline
around 1 May, when the water temperature exceeded
the temperature of maximum density (ca 2.4°C). The
relatively constant salinity values in each subarea con-
firm that the measurements in the individual structures
are representative of the same water mass.

The first Eddy grid survey made on 25 April showed
that the phytoplankton bloom in the adjacent meso-
scale formations was in different developmental stages.
While the bloom had reached its very high peak values
in both eddies, the bloom in both lower- and higher-
salinity areas was still in the increasing phase with
most of the chlorophyll and nutrient values already
different from winter conditions. The vertical structure
of the chlorophyll a concentration across both eddies is
shown in Fig.9. The water inside the cyclonic eddy
core was homogeneous both horizontally and vertically
(down to ca 40 m). In the anticyclonic eddy, in compari-
son, the salinity stratification started at shallower depth
(20 to 30 m), and the high chlorophyll values were
confined to a shallower surface layer. While both of the
eddies supported very high chlorophyll levels near the
surface, the total amount of chlorophyll a in the water
column was considerably higher in the cyclonic eddy
(> 700 mg m~?) due to the different vertical distribu-
tion.

In the upper layer of the both eddies the chlorophyll
concentration started to decrease due to sedimentation
before the formation of the seasonal thermocline and
the depletion of inorganic nutrients (Fig. 8A). Inorganic
nitrogen became rapidly depleted over the whole study
area after the formation of the thermocline. In both the
higher-salinity tongue and the lower-salinity western
area, the bloom started to decline after the depletion of
nutrients (Fig. 8B, C). The main difference was that the
bloom in the shallow area reached the peak before the
development of the thermocline, while the chlorophyll
maximum in the higher-salinity tongue was attained
after the thermocline was formed. The effects of
smaller-scale phenomena (jet-currents, frontal upwel-
lings etc.), visible on satellite images, on the develop-
ment of the spring bloom were not resolved by the
surveys on the Slope and Eddy grids.

DISCUSSION

The high-pressure area that dominated the weather
system over the Baltic Sea during April-May 1986 was
instrumental in creating low-wind conditions and only
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Fig. 8. Variability of temperature (°C), salinity (%o), nitrate +
nitrite (mM), phosphate (mM), chlorophyll a concentrations
(mg m~?%) and assimilation number (chl a/prim. prod. capacity)
in the 0 to 10 m layer in (A) the cyclonic eddy, (B) the low
salinity western area, and (C) the high salinity area. For a
description of the graphical representation, see Fig.3

brief moderate-wind events. This was probably the
cause of the early bloom in 1986 compared to previous
observations in the Gotland basin (Schulz 1985). The
large-scale distribution of water masses in the area, e.g.
the low-salinity water on the western shallow bank
separated by a quasi-permanent front, is typical of the
area (Elken et al. 1987).

The inherent salinity stratification of the Baltic Sea,
which is due to its estuarine origin, plays a decisive role
in the onset of the spring bloom. Apart from the main
halocline, the vertical salinity profile usually contains
less pronounced structures that are sufficient to restrict
vertical mixing {(Kahru & Nommann 1990). Such salin-
ity stratification above the main halocline may be
formed locally due to synoptic scale eddies, filaments
etc., causing lateral advection and interleaving of
water masses. This ‘secondary’ salinity stratification
can be sufficient to suppress local vertical mixing (e.g.
by thermal convection} when the water is still below
the temperature of maximum density.

The seasonal thermocline in the Baltic Sea is estab-
lished when the surface water temperature exceeds the
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Fig. 9. Vertical distributions of (A) chlorophyll a (mg m™3) and

(B) salinity (%o) along Line C across the anticyclonic eddy (0 to

8 n mile} and cyclonic eddy (14 to 24 n mile) on 25 April.

Salinity section, obtained with a towed vertically undulating

probe, does not extend to the western shallow end of Line C.
Salinity figure provided by M. Pajuste

maximum density temperature (ca 2.4°C for the
salinities in the Gotland basin). The formation of the
thermocline may support an additional increase in the
chlorophyll standing crop (e.g. the high-salinity ton-
gue), or cause termination of the bloom by restricting
the upward transport of nutrients (Bodungen et al.
1981, Lahdes & Leppanen 1988, Kahru & Ndémmann
1990). Positive correlation between water temperature
and chlorophyll concentration, frequently observed
during the increasing phase of the spring bloom (e.g.
Fig.10), does not imply a causal relationship be-
tween temperature (or thermocline formation) and
chlorophyll. Both the increase in temperature and that
in chlorophyll concentration can be the result of locally
restricted vertical mixing due to the salinity stratifica-
tion. If the formation of thermal stability initiated the
bloom development by limiting thermal convection, the
relationship should clearly change shape at the max-
imum density temperature (2.4 °C). This, however, was
not observed (Fig. 10).

Increased spatial chlorophyll variability during the
spring bloom can be expected since the bloom marks a
transition between different states of the pelagic
ecosystem. The variability is more accentuated on the
synoptic space scale because conditions for the com-
mencement of the bloom are created locally by synop-
tic scale formations. The life histories of the bloom in
each formation follow their own specific courses with
their own particular plankton species assemblages and
succession patterns. This was verified by the phyto-
plankton species data collected during PEX'86 (Kono-
nen et al. unpubl.). Contrary to the luxurious uptake
conception (Eppley 1981), the bloom started to decline

Distance, nmi

in the eddies before the exhaustion of inorganic nitro-
gen, most probably due to the self-shading effect.

It is widely accepted (e.g. Kaiser & Schulz 1978) that
the phytoplankton spring bloom starts earlier in shal-
low areas. However, the maximum chlorophyll concen-
tration in the shallow western area was attained later
than that in the eddies in the deeper central part. The
chlorophyll concentration in the shallow western area
never reached the maxima of the other areas, indicat-
ing different bloom dynamics.
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Fig. 10. Plot of chlorophyll a concentrations (mg m~3) as
calculated from fluorescence versus temperature (°C) at 5m
depth along Line C on 29 April
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Sedimentation explained the rapid decrease in phy-
toplankton concentrations in the eddies, with the
sedimentation rate being species specific (Passow
1990). Mass sedimentation of the spring bloom is a
well-known process in the Baltic Sea (e.g. Smetacek et
al. 1984, Larsson et al. 1986, Leppanen 1988), but no
conclusions can be drawn at this stage about the extent
to which the sedimentation was triggered by external
(such as nutrient or light limitation) or internal factors.
Low assimilation numbers indicated deterioration in
the physiological condition of the phytoplankton du-
ring peak values in the eddies. To evaluate the differ-
ence in the peak chlorophyll a concentrations in rela-
tion to the nutrient reserves between the various areas,
a rough calculation for the phytoplankton nutrient
demand was made using a molar carbon to nitrogen
ratio of 6.5 and a carbon to chlorophyll a ratio of 40. The
uptake of 3 mM nitrogen in the shallow area during 25
to 30 April should produce ca 6 mg m™ chlorophyll a.
The increase of chlorophyll a in the water column at
that time amounted to ca 5mg m™>. To produce the
peak chlorophyll a value of 14 mg m™ found in the
both eddies, ca 7 mM nitrogen would be needed. Since
the initial reserves were clearly smaller (4 to 5 mM), it
seems probable that the extra nutrients were pumped
into the euphotic zone by the eddies. The mechanisms
for the introduction of nutrients into the upper layer
and for maintaining such high levels of chlorophyll in
the whole water column (> 700 mg m™?) are not clear.
According to theoretical estimates (Lorenzen 1972}, the
maximum amount of chlorophyll a that can be sus-
tained in a water column is 333 mg m ™2 As the values
in the cyclonic eddy were more than double this limit,
mechanisms not yet fully understood must have been
involved.

Very high chlorophyll values such as those in the
water column in the 2 eddies have not been previously
reported in the Central Baltic Sea (cf. Schulz 1985).
However, this does not mean that the bloom was
exceptional because monthly measurements with a
very coarse set of stations are not likely to reveal
phenomena having temporal scales of a few weeks and
spatial scales of around 20 to 30 km. Chlorophyll con-
centrations > 20 mg m > have, however, been reported
in the open Northern Baltic Proper during a frequently
sampled spring bloom period (Leppéanen & Kononen
1988). High-resolution measurements made during the
1985 and 1986 spring bloom periods (Kahru & Nom-
mann 1990) confirmed that the overall peak values
were very similar in both years.

The vernal growth period holds a key position in
determining the response of the Baltic Sea ecosystem
to the observed increase in winter nutrient levels (Jans-
son et al. 1984). The structure and functioning of the
pelagic food web during that phase determine how

much nutrient from the initial reserves is transported
out of the pelagic system by sedimentation, and how
much is retained for recycling in the upper water layer.
The spring bloom period should therefore receive more
attention when evaluating trends in the trophic state of
the sea. Due to the pronounced patchiness during this
period, a high-resolution sampling strategy, different
from conventional monitoring programmes (e.g. Hel-
com 1988), needs to be used.
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