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ABSTRACT: The abundance and relative importance of picoalgae (autotrophic picoplankton, APP)
were surveyed in Danish marine waters during summer stratification to test the hypothesis of high APP
importance under oligotrophy. A picoalgal community dominated by Synechococcus was found at 28 of
29 stations visited. Abundance in the mixed surface layers ranged from 6 x 10° cells 1! in the eutrophic
German Bight to 4.5 x 10% cells 17! in the Baltic. Differences in cell sizes among different areas were
also found. Total APP biovolumes and <2 pum fractionated chlorophyll concentrations showed no
relationship; consequently the APP biomass as indicated by chlorophyll was calculated from the bio-
volume estimates. High relative APP importance was negatively related to total chlorophyll. A power
function with an exponent close to -1 showed the best model of the relative importance. However, an
analysis of the APP chlorophyll values in the mixed surface waters showed a constant biomass of 0.5 to
0.6 pug chl 17!, although with a trend for higher values in the Baltic and lower values in the German
Bight. Thus, picoalgal biomass could be considered constant over the entire range of total chlorophyll,

and increases in total autotrophic biomass were mainly due to increases in the nanoplankton.

INTRODUCTION

The importance of autotrophic picoplankton (APP) to
phytoplankton biomass in marine and freshwater eco-
systems has been extensively documented in recent
years (Fogg 1986, Stockner & Antia 1986, Sendergaard
1991). In offshore oceanic areas usually 50 to 90 % of
the chlorophyll is found in particles < 2.0 um (Stockner
1988), whereas a lower contribution, but often higher
cell numbers, are observed in more eutrophic coastal
areas (Takahashi et al. 1985, Jochem 1988, Olson et al.
1990). The abundance of picoalgal cells is most often
between 10° 17" in the most oligotrophic oceans to
summer peaks of 10% 1! in more productive areas
(El Hag & Fogg 1986, Joint 1986, Olson et al. 1990).

The high relative importance of APP in areas with
low nutrient input and during prolonged stratification
periods with dominance of regenerated production
(E1 Hag & Fogg 1986, Joint 1986, Cushing 1989) is in
accordance with the hypothesis of enhancement of the
microbial loop under such conditions (Azam et al.
1983). A similar negative relationship between impor-
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tance of APP and primary productivity has been
demonstrated in temperate lakes (Sendergaard 1991).
The dominance of picoalgae under oligotrophic condi-
tions could relate to the ability of small cells to compete
successfully at very low nufrient concentrations (Raven
1986). Furthermore, in a survey of the size distribution
of chlorophyll in oceanic areas and the Mediterranean
Sea, Raimbault et al. (1988) found the picoalgal
fraction (< 3 pm) never to exceed 1.3 ug chl 1" and to
be constant over a wide range of total chlorophyll con-
centrations. Consequently it can be hypothesized that
picoalgal biomass is not regulated by nutrients, a con-
clusion also reached by Kuosa (1991) from a study in
the northern Baltic Sea. Transient inputs of nutrients
mainly creates responses in new production by the
larger algal size classes (Cushing 1989, Kierboe &
Nielsen 1990).

Although many different taxonomic groups have
members within the commonly accepted APP size
(< 2.0 pm in longest dimension; Sieburth et al. 1978,
Stockner & Antia 1986) the cyanobacterium Synecho-
coccus is the most important genus and the dominant
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APP in oceanic waters, Eukaryotes and prochloro-
phytes have been recorded (Joint 1986, Chisholm et al.
1988, Wood & Sendergaard unpubl.), however the only
published record of eukaryote APP dominance in the
marine environment is by Hall & Vincent (1990) in the
Tasman Sea. Eukaryotes are most often outnumbered
by the cyanobacteria by an order of magnitude in
oceanic situations, but their contribution seems higher
and more variable in coastal waters (Glover et al. 1988)
and lakes (Sendergaard 1991).

In the present investigation we examined, within a
short period, picoalgal abundance in most Danish
coastal areas:; the Kattegat, Skagerrak, North Sea in-
cluding German Bight, Belt Sea and Baltic proper
(Arkona Sea) (Fig. 1). Previous investigations of pico-
algae within this area and the Baltic proper have been
rather few and restricted with respect to spatial cover-
age. In the Baltic proper and Kiel Bight summer peaks
of cyanobacterial picoalgae were about 2 X 108 17! in
surface waters (Jochem 1988, Kuosa 1988) with
occasional brief subsurface peaks of 1.6 x 109 1!
(Kuosa 1990, 1991). In July 1989 surface samples from
the western Baltic, the Belt Sea and the Kattegat had
Synechococcus abundances from 2.9 to 5.1 % 107 1!
(Buck et al. unpubl.) representing between 2 and 14 %
of the total autotrophic biomass.
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Fig. 1. Danish coastal areas with sampling stations. K = Katte-
gat, S = Skagerrak, N = North Sea, G = German Bight, Be =
Belt Sea, B = Baltic proper (Arkona Sea and @resund)

The coastal waters around Denmark have complex
hydrodynamics with respect to salinity, mixing depth,
nutrient loading and frontal systems (Svansson 1984,
Kierboe et al. 1990). Thus, during a summer situation

with potentially high APP numbers it should be
possible to investigate the hypothesis that the relative
dominance of picoalgae is related to low nutrient input
and low algal biomass (Takahashi et al. 1985, Olson et
al. 1990) and that a constant picoalgal biomass prevails
over a wide range of algal biomass (Raimbault et al.
1988).

MATERIAL AND METHODS

Study sites. Sampling was conducted from 12 to 23
August 1990 during a cruise covering all Danish
coastal areas, Sites with station numbers are shown in
Fig. 1. The exact positions are available on request. In
the present context 5 main areas are recognized:

(1) Kattegat, Stns 921, 922, 925, 427, 409 and 1001;

(2) Skagerrak, Stns 1006, 1135, 1133, 1131, 1130 and

1019;
(3) North Sea, Stns 1073, 1035, 1034, 1055-1052 and
the German Bight transect 1084-1081;

(4) Belt Sea, Stns 939, 450, 952, 954;

(5) Baltic Sea, Stns 449, 444 and 431 (431 is cate-

gorized here due to low salinity).

The water masses were characterized by salinity,
inorganic nitrogen, inorganic phosphorous, total
chlorophyll and mixing depth (Table 1).

Water samples were taken with a rosette sampler (51
Niskin bottles) with continuous CTD monitoring. We
used a sampling strategy with depth-integrated
samples of equal volume from the mixed layer (4
depths in the Skagerrak and the North Sea and 5
depths at all other stations), some selected samples
from the pycno- or thermocline, and in a few cases
samples from greater depths.

Nuirients and total chlorophyll were measured im-
mediately aboard ship. The nutrients were measured
on autoanalyzer according to the guidelines of Grass-
hoff et al. (1983). The detection limits of ammonia,
nitrite, nitrate and reactive phosphate were 0.06, 0.03,
0.06 and 0.09 umol 17*, respectively. Total chlorophyll
was measured according to Helsinki Commission
(1988) guidelines. The distribution of chlorophyll among
micro-, nano- and picoplankton fractions (Sieburth et
al. 1978) was determined by serial filtration through
20 ym pore size nylon net and 2.0 and 0.2 pm Nucle-
pore filters. After extraction of the nets and filters in
96 % ethanol (Jespersen & Christoffersen 1987) the
concentration of chlorophyll was measured by fluoro-
metry.

Autotrophic picoplankton. Samples for microscopic
examination of APP were prepared immediately by
pre-screening through a 20 pm pore size net to remove
large particles and then harvesting all particles from
20 ml on black-stained 0.2 pm Nuclepore filters, The
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Table 1. Hydrographic and nutrient data from August 1990, Cruise 94. Mixing depth is based on density differences. IN:
inorganic nitrogen (NO; + NO, + NH,) in mixed layer; IP: soluble reactive phosphorus in mixed layer

Station Temp. S Mixing Nitricline IN P Chl
(°C) (%o) depth depth (umol 171) (umol 17 ug 1
(m) (m)
Kattegat
921 18.8 15.0 10 12 <0.03 0.20 1.50
922 19.0 18.4 12 18 < 0.03 0.05 0.91
925 17.8 18.6 10 12 0.3 0.31 1.21
427 17.2 17.7 12 35 <0.03 0.23 4.29
409 18.3 20.5 8 - 1.0 0.07 1.65
1001 19.3 24.4 12 40 < 0.03 0.35 1.31
Skagerrak
1006 18.2 28.3 8 35 <0.03 < 0.05 6.99
1135 18.5 27.7 8 40 <0.03 < 0.05 0.52
1133 17.6 317 23 35 <0.03 <0.05 0.24
1131 16.8 323 ™ - <0.03 < 0.05 0.20
1130 16.8 319 ™ - < 0.03 < 0.05 0.22
1019 17.1 32.0 ™ - <0.03 < 0.05 0.83
North Sea
1073 17.2 31.9 17 - < 0.03 < 0.05 0.59
1035 17.4 32.8 ™ - <0.03 < 0.05 1.86
1034 18.1 33.3 ™ - < 0.03 0.07 5.98
1055 16.7 338 ™ - 0.35 0.05 3.30
1054 17.0 33.6 ™ - < 0.03 <0.05 5.61
1053 1%:3 333 ™ - < 0.03 0.16 10.11
1052 17.9 32.5 ™ - 0.25 0.49 7.61
1084 17.1 33.8 ™ - < 0.03 0.15 1.87
1082 17.5 32.5 ™ - < 0.03 0.05 9.52
1081 18.0 31.6 ™ - 0.48 0.20 18.16
Belt Sea, Baltic
939 17.0 15.5 8 12 0.05 0.42 4.87
450 16.5 153 16 18 0.35 0.46 3.42
952 17.0 13.3 16 20 <0.03 0.27 4.74
954 17.3 10.2 15 20 0.03 0.17 6.72
449 14.7 8.8 16 18 0.06 0.43 2.67
444 15.6 8.0 8 15 0.04 0.33 1.91
431 17.8 10.2 12 12 0.21 0.42 3.66
TM: total mixing

filters were mounted in low fluorescent immersion oil
and kept frozen until microscopic examination within a
month. A pre-filtration through 2.0 pm filters was
avoided due to generally low particle densities and low
masking probability, and to eliminate the risk of APP
retainment on filters. Glutaraldehyde-fixed samples
(0.5 % v/v) were taken in parallel and kept for later
examination of heterotrophic bacteria and APP. The
procedure with unfixed samples and frozen slide
preparations proved satisfactory compared with the
fixed samples. The literature concerning fixatives and
sample storage is somewhat conflicting. Loss of chloro-
phyll a fluorescence and serious underestimation
of eukaryotic APP abundance using glutaraldehyde
fixation was found by Hall (1991), while others have
identified this fixative to be appropriate (Booth 1987,
Kuuppo-Leinikki & Kuosa 1989). In a previous com-
parison of APP cell counts from lakes and the Medi-

terranean Sea the procedure used in this investigation
did not show significantly less cells than a procedure
where samples were prepared and counted imme-
diately. However, in light of the findings by Hall
(1991), an underestimation of eukaryote APP cells
cannot be ruled out,

Phototrophic organisms were visualized by their
characteristic autofluorescence at blue and green
excitation with an epifluorescent microscope (Water-
bury et al. 1979, Caron 1983). The Olympus HB2
(tubus factor 1.25) was equipped with standard blue
and green filter combinations (Sendergaard 1991), 10 X
calibrated ocular and a 100X plan apochromate
objective (NA = 1.40) giving a final magnification
of 1250 X. Although green excitation provides the best
emission picture of cyanobacteria, blue is better suited
for distinguishing between cyanobacteria and eukary-
otes. The presence of a chloroplast and red emission is
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used as the eukaryote criterium in this study as op-
posed to the bright (or sometimes pale) yellow/orange
emission by cyanobacteria (Caron et al. 1985).

When possible a total of 300 to 400 cyanobacterial
cells were counted. Due to low abundance only 30 to
100 eukaryote cells could be counted in most cases.
The sizes of the picoalgae were estimated to the
nearest 0.1 um with a New Porton grid (May 1965)
built into a 10X ocular. The sizes were later con-
firmed from enlarged micrographs. Biovolumes were
calculated as spheres or rods. Because an evaluation
of the importance of the picoalgae is normally based
on their contribution to autotrophic biomass, the esfi-
mations of size and biovolume are essential due to
problems with size-fractionated chlorophyll measure-
ments (Craig 1986, Sendergaard 1991, this study).

Picoalgal biomass. APP biovolumes were converted
to chlorophyll using 220 and 250 fg cell C um™ for
eukaryotes and cyanobacteria, respectively (Kana &
Glibert 1987, Booth 1988), and a carbon:chlorophyll
ratio of 22.5 (Takahashi et al. 1985, Geider 1987, Ray et
al. 1989). It should be emphasized that these factors
are not constants and that different conversion factors
have been used by other authors (e.g. Kuosa 1988).
However, the chlorophyll estimates obtained using the
above factors did not change significantly when apply-
ing factors used by Waterbury et al. (1986). The
successfull comparison of APP biovolume with meas-
ured chlorophyll by Li & Wood (1988) suggested that
the factors chosen here should provide reasonably
reliable resulis.

In a recent study of freshwater picoalgae it was
suggested that a major disagreement between meas-
ured and calculated APP chlorophyll was due to an
overestimation of the chlorophyll concentrations in the
< 2.0 um size fraction (Sendergaard 1991). The proce-
dure in this study provided an opportunity to compare
the 2 approaches: directly measured chlorophyll from
size fractionated samples versus calculated values. The
pooled data from all samples showed the measured
APP chlorophyll to average 50 % of total chlorophyll
(summation of fractionated samples), while the calcu-
lated APP chlorophyll averaged only 12 % of the total.
Thus, the measured APP chlorophyll values were
about 3.5 times the calculated values. As a correlation
between measured APP chlorophyll and biovolume
proved insignificant (r=0.14), the APP chlorophyll
concentrations based on serial filtration are concluded
to be erroneous. Accordingly, calculated picoalgal
chlorophyll concentrations are used in this presenta-
tion. The reliability of the chosen conversion factors is
further supported by the fact that the chlorophyll:vo-
lume ratio used of about 11 is in accordance with the
ratio of about 10 that can be calculated from the data
presented by Hall & Vincent (1990,

RESULTS

Picoalgal abundance in the mixed layer ranged from
6 % 10°to 4.5 x 10? cells 1"! with highest values in the
Baltic and lowest in the German Bight (Table 2),

Table 2. Distribution, abundance and biovolume of prokaryote (P) and eukaryote (E) picoalgae in depth-integrated surface

samples (Int) and at given depths (m) in Danish coastal waters. Absence of E in any given sample means that eukaryotes were

not found. Percentage of prokaryotes to total picoalgal biovolume and relative picoalgal contribution to total chlorophyll (CHL,)
are also included

Station, depth, Abundance Biovolume Total biovolume P:E+P APP
cell type (10° cells 1Y) (um? cell 1) (105 um? 1°1) (%) (% of CHL,)
Kattegat
921 Int P 88 0.45 39.6 93 22
E 3.8 0.80 3.0 - -
18 P 4 0.36 1.4 78 -
E 0.5 0.80 0.4 - -
922 Int P 102 0.52 53.0 100 60
23 P 16 0.70 11.2 97 -
E 0.4 0.80 0.3 - -
925Int P 93 0.38 35.3 86 30
E 0.4 1.15 0.5 - -
18 P 7 0.80 5.6 100 -
427 Int P 107 0.45 48.2 100 12
18 P 44 0.90 39.6 99 -
E 0.2 2.10 0.4 -
409 Int P 101 0.38 38.4 97 25
ot 1.6 0.70 1.1 - -
1001 Int P 55 0.52 28.6 100 22
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Table 2 (continued)
Station, depth, Abundance Biovolume Total biovolume P.E+P APP
cell type (105 cells 1Y) (um® cell 171 (10° um* 171 (%) (% of CHL,)
Skagerrak
1006 Int P 110 0.38 41.8 99 7
E 0.65 0.52 0.3 - -
5P 115 0.27 31.1 100 -
25 P 13 0.70 9.1 88 -
E 0.85 1.44 1.2 B -
50 P 2 2.0 4.0 100 -
1135Int P 83 0.27 224 97 46
E 0.6 1.15 0.7 - -
25 P 77 0.27 20.8 82 ~
E 3.9 1.15 4.5 - -
1133 Int P 80 0.27 21.6 100 96
30 P 21 0.27 5.6 100 -
1131 Int P 60 0.27 21.6 100 85
25 P 11 0.27 3.0 97 -
E 0.2 0.52 0.1 - -
1130 Int P 56 0.29 16.2 98 77
E 0.2 0.52 0.1 ~ -
1019 Int P 56 0.29 16.2 99 20
E 04 0.52 0.2 - -
North Sea
1073 Int P 71.6 0.52 37.2 99 66
E 0.4 0.52 0.2 - -
1035 Int P 86 0.76 65.4 100 36
1034 Int P 112 0.78 87.4 100 15
1055 Int P 66 0.66 43.6 99 14
E 0.2 1.3 0.3 - -
1054 Int P 184 0.52 95.7 100 18
1053 Int P 52 0.66 34.3 100
1052 Int P 14 0.52 7.3 89
E 0.4 2.14 0.9 - -
1084 Int P 6 0.80 4.8 23 12
E 2.0 8.2 16.4 ~ =
1082 Int P 35 0.70 24.4 98 3
E 0.2 21 0.4 - -
1081 Int P 2.3 0.70 1.6 15 1
E 4.2 21 9.0 - -
Belt Sea, Baltic
939 Int P 85 0.52 44.2 96 10
E 0.8 2 1.7 - -
10 P 76 0.52 39.5 99 -~
E 0.2 2.1 0.4 - -
450 Int P 62 0.32 19.8 85 7
E 4.8 0.70 3.4 B -
20 P 50 0.38 19.1 100 -
952Int P 118 0.38 45.0 100 10
954 Int P 138 0.31 42.8 90 7
E 5.9 0.84 4.9 - -
15 P 125 0.31 38.8 98 -
E 1 0.84 0.8 - -
449 Int P 256 0.66 169.0 95 71
E 9.1 1.0 9.1 - -
444 Int P 446 0.35 156.1 100 85
15 P 177 0.45 79.7 100 -
431 Int P 301 0.38 114.4 100 32
20 P 12.6 0.46 5.8 100 -
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Cyanobacteria of the Synechococcus type dominated
the APP populations with respect to both abundance
and biovolume (Table 2). Eukaryotes were found at 19
of the 29 stations and dominated at only 2 stations in
the German Bight (Stns 1084 & 1081). Even here the
abundance and biovolume of the eukaryotic picoalgae
were low (Table 2).

The eukaryotes were generally larger than the
cyanobacteria (Table 2). The size of the cyanobacteria
varied not only with depth, but also among the differ-
ent areas. The smallest cells (0.3 um®) in the Skagerrak
differed significantly (p < 0.05, t-test) from the largest
(0.66 um?) in the North Sea (Table 3). The mean cell
size in the Kattegat, the Baltic and the Belt Sea were
between the 2 extremes, but did not differ significantly
(Table 3).

Table 3. Biovolume of cyanobacterial picoalgae from the
mixed surface layer in Danish coastal waters. Means + SD,
n = number of samples

Area Biovolume Range n
(um?® cell ™)

Baltic and Belt Sea  0.42 + 0.13 0.32-0.66 7

Kattegat 0.44 = 0.07 0.38-0.52 6

Skagerrak 0.30 £ 0.04 0.27-0.38 6

North Sea 0.66 £ 0.11 0.52-0.80 10

The calculated APP biomass expressed as chloro-
phyll varied between 0.18 and 1.8 ug 17! in the mixed
surface layer, which amounted to from 1 % to a maxi-
mum of 96 % of the total chlorophyll. The distribution
of picoalgal biomass with respect to area and pro-
ductivity (total chlorophyll), and the relative APP con-
tribution to total chlorophyll are summarized in Fig. 2
and Table 2, respectively.

In the Kattegat and Skagerrak the concentrations of
APP chlorophyll only varied by a factor of 2, from 0.3 to
0.5 and from 0.2 to 0.4 pug 17!, respectively. However,
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Fig. 2. Calculated picoalgal chlorophyll concentrations versus
average total chlorophyll in the mixed surface layers of
Danish coastal waters. Abbreviations as in Fig. 1

the relative importance of picoalgae varied from 12 %
at Stn 427 in the Kattegat to 96 % at Stn 1133 in the
Skagerrak. In the Kattegat the picoalgae accounted for
about 20 to 30 % of the autotrophic biomass at most
stations, but increased to 60 % at Stn 922, which had
the lowest concentration of total chlorophyll. Very high
relative values above 50 % and up to 96 % were found
at the low chlorophyll stations in the Skagerrak. At the
coastal end of the Skagerrak transect (Stn 1019) and in
the Baltic current in the Skagerrak (Stn 1006) total
chlorophyll was high and the contribution of APP was
low.

In the Belt Sea the concentrations of picoalgae were
similar to those in the Kattegat with chlorophyll values
about 0.5 ug 17! (Fig. 2). However, due to much higher
total chlorophyll the APP contributed only about 10 %.
Compared with all other stations the absolute values of
APP biomass and abundance reached a maximum in
the Baltic proper (Arkona Sea) with values above 1 ug
chl 17! and a relative contribution from 32 to 85 %.

In the North Sea 2 different areas could be recog-
nized. At the northern and open water stations, the
picoalgal biomass was from 0.5 to 1 ug chl 1! and
about 5 to 10 times higher than that close to the coast
and in the German Bight (Fig. 2). Total chlorophyll also
showed high variability (0.6 to 18 pg 1°!) in the North
Sea. Accordingly, the relative contribution of APP
varied from above 60 % at the most northern and
seaward stations to about 1 % at the most eutrophic
station in the German Bight.

A negative relationship between relative picoalgal
importance and total algal biomass in the mixed sur-
face layer was best described by a power function
(Fig. 3; r*=0.79). The exponent found close to -1,
means that the concentration of APP chlorophyll was
relatively constant over the range of total chlorophyll.
However, the inherent autocorrelation of this rela-
tionship and the variability of total and APP chloro-
phyll indicate that a least squares linear regression

y=307%"0" ]

Picoalgal chlorophyll (% of total)

L R ——
10 15 20
Tofal chlorophyll (ug/l )

Fig. 3. Relative contribution of calculated picoalgal chloro-
phyll versus total chlorophyll in the mixed surface layer.
B = stations in Baltic Sea. Fitted power function is shown



Sendergaard et al.: Picoalgae in Danish waters 145

0.8
06

0.4t

APP chlorophyll {ug/l)

0.2+

Fig. 4. Linear regression of calculated picoalgal 0.4

chlorophyll versus total chlorophyll. Regression: 01
logy =-0.435 + 0.223 log x, including all data except
Stn 1081 (18.2 pg chl1™)

analysis (Model II) of log-transformed absolute values
(Sokal & Rohlf 1981) should be applied. The inclusion
of all data in the regression revealed a slope (0.138 +
0.194) not significantly different from zero (p > 0.1) as
did all other regressions excluding the low APP values
from the Skagerrak and the German Bight and the
high values from the Baltic (Fig. 4). The analysis thus
showed the picoalgal biomass to be constant at about
0.5 to 0.6 pg chl 17", It is, however, also apparent that
the Skagerrak stations with lowest total chlorophyll
concentrations had the lowest APP biomass and that
the 3 low-salinity Baltic stations deviated from the rest
by their high APP biomass (Fig. 3).

The constant picoalgal biomass in the mixed surface
layer over a wide range of total chlorophyll concentra-
tions (0.2 to 18 pg 17') underlines 2 main features.
(1) The dominance of picoalgae was confined to situa-
tions with low concentrations of chlorophyll (<1 to
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Fig. 5. Concentration of chlorophyll in particles < 2 um (e) and
< 20 pm (o) versus total chlorophyll in Danish coastal waters.
The line y = x is shown
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2 ug 1. (2) Algal response to higher nutrient input
was only seen as increased biomass of the larger
species. Thus, data on size-fractionated biomass
showed most of the chlorophyll variation to be ex-
plained by variation of nanoplankton (Fig. 5). Domin-
ance of netplankton was only found at the innermost
German Bight station, at Stn 427 in the Kattegat and at
Sin 939 in the Belt Sea (Fig. 5).

DISCUSSION
Picoalgal abundance and biomass

The abundance of autotrophic picoplankton (APP)
in the mixed surface layer of Danish coastal waters
(6 x 10° to 4.5 x 10% cells 17!) is within the range
normally found during summer in coastal temperate
areas (El Hag & Fogg 1986) and similar to reported cell
densities in Kiel Bight (Jochem 1988) and the Baltic
Sea (Kuosa 1988). Coccoid and rod-shaped cyano-
bacteria of the Synechococcus type with phycoerythrin
(yellow-orange emission at blue excitation) totally
dominated the picoalgal populations. The only 2 ex-
ceptions were in the German Bight, where eukaryotes
dominated, although at very low cell densities. Eu-
karyotic picoalgae were found at low densities at most
stations, as previously recorded for coastal areas
(Glover et al. 1988, Kuosa 1991). Dominance of
eukaryotic picoalgae in the marine environment has
been reported only from coastal waters of the Tasman
Sea (Hall & Vincent 1990).

The relative importance of picoalgae is often eval-
uated from the size distribution of chlorophyll (Herb-
land & Lebouteiller 1981, Li & Wood 1988, Raimbault et
al. 1988, Hall & Vincent 1990) or from total phyto-
plankton biovolumes (Jochem 1988, Kuosa 1988). Size
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fractionation of chlorophyll in the present and some
previous studies (Craig 1986, Kennaway & Edwards
1989, Riemann et al. 1990, Sendergaard 1991) showed,
however, high and probably unrealistic APP chloro-
phyll concentrations compared with calculated chloro-
phyll values. Furthermore, there was no relationship
between measured APP chlorophyll concentrations
and biovolumes, a rather common but often unnoticed
feature in the literature. Thus, a comparison of pico-
algae and total phytoplankton biomass had to rely on
measurements of cell abundance and volume and
calculations from cell volume to carbon and chloro-
phyll. The sensitivity of this approach to counting pro-
cedures, linear cell dimensions and the conversion
factors used warrants further discussion.

The procedure employed could have resulted in too
low cell abundance; in particular, loss of chlorophyll a
fluorescence by eukaryotes cannot be ruled out (Hall
1991). However, the somewhat conflicting results in
the literature concerning fixatives and storage proto-
cols (Bloem et al. 1986, Booth 1987, Kuuppo-Leinikki &
Kuosa 1989, Hall 1991) cannot be used as a guide to
evaluate the size of error, if any. Previous tests with
lake water samples and cyanobacteria and prochloro-
phytes from Mediterranean samples (Sendergaard
1991, Wood & Sendergaard unpubl.) have proved the
present protocol satisfactory within a range of + 10 %
compared with immediate counting of unpreserved
samples,

The sensitivity of biovolume to linear dimensions
makes the use of a constant cell size uncertain. The
dependence of cell size on depth (Table 2), location
(Table 3) and cell type diversity (Kuosa 1988) can make
this approach erroneous. The biovolume of cyano-
bacteria ranged from between 0.27 and 0.8 um? cell™!
in the mixed surface layer to a maximum of 2 um?®
cell’" at 50 m depth and high nitrate concentrations in
the Skagerrak. The cyanobacterial cell sizes were
positively related to total chlorophyll, which is an
indicator of nutrient load. The eukaryotes were gener-
ally larger than the cyanobacteria, an observation also
made by Kuosa (1988, 1991) and Hall & Vincent (1990).

The choice of conversion factors from biovolume to
chlorophyll is critical, as none of the factors are
constant in time and space. From cultures of Synecho-
coccus it is known that growth conditions influence
cellular carbon and chlorophyll content (Waterbury et
al. 1986), but the variability under natural conditions is
largely unknown. Most published conversion factors
are measurements from cell cultures (Takahashi et al.
1985, Waterbury et al. 1986) or were estimated from
empirical equations extrapolated to picoalgal volumes,
e.g. the formula of Strathmann (1967). For the cyano-
bacteria we have used C:vol. and C:chl. factors of
250 fg C um™ and 22.5 ugC pg chl™!, respectively

(Takahashi et al. 1985, Geider 1987, Ray et al. 1989 ).
Although in sifu estimates can easily be biased by
detrital carbon, Takahashi et al. (1985) and Ray et al.
(1989) found mean C:chl values for cyanobacteria of
32 and 20, respectively. One further argument for the
chosen factors is that they give a chl.:vol. ratio of 11 fg
chl pm~? which is in close agreement with the em-
pirical factor of about 10 that can be calculated from
the data of Hall & Vincent (1990).

If we combine the potential errors from counting
statistics (+ 10 %), biovolume estimations (5 to 10 %
CV on each slide preparation) and take the range of
conversion factors between 7 to 11 on a chl:vol. basis,
the calculated APP chlorophyll would range within a
factor of + 1.6. The values of APP chlorophyll pres-
ented in this study are probably at the upper range due
to the use of a high concentration of chlorophyll.

Picoalgal importance and food web structure

The biological structure in oligotrophic oceanic
waters and in stratified nutrient-depleted areas is
characterized by the dominance of small organisms,
collectively known as the microbial loop (Azam et al.
1983, Cushing 1989, Kierboe et al. 1990). Under these
conditions production is regulated by the quasi steady
state internal regeneration of nutrients. Picoalgae and
small autotrophic flagellates with high growth rates
and low biomasses are the main primary producers
(Laws et al. 1984, Kuosa 1988, Cushing 1989). Accord-
ingly, the relative importance of picoalgae should be
an indicator of nitrate loading either by horizontal or
upward transport. However, in regions with vertical
upwelling this is not necessarily the case, as found by
Hall & Vincent (1990).

Turbulent hydrodynamics such as total mixing,
frontal systems and storm events give rise to new pro-
duction based on nitrate input to the euphotic zone,
Development and dominance of larger algae is a
characteristic feature of new production, which creates
the direct link to secondary production in the classical
grazer food chain (Cushing 1989, Kierboe & Nielsen
1990). There seems to be a continuum between the 2
extremes. In the oligotrophic oceans and especially in
tropical and subtropical regions the microbial loop
dominates, while seasonal and temporal changes in
the dominance of small and large algae depending on
stratification and mixing events can be expected in
temperate and coastal environments (Kierboe et al.
1990). The influence of nutrient discharge from land
must also be considered.

A continuum with respect to relative picoalgal
importance was observed in the present study (Fig. 3).
If dominance by the microbial loop is defined as more
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than 50 % of the total chlorophyll in the picoplankton
size fraction, 7 of 29 stations can be included in such a
category; 3 in the dome area in the Skagerrak, 1 in the
North Sea, 1 in the Kattegat and 2 in the Baltic proper.
Stn 431 is in hydrographic terms placed in the Belt Sea
of Denmark, however the salinity and high picoalgae
abundance clearly disclosed the Baltic origin of the
mixed surface water (Table 1).

Over a total chlorophyll concentration range of
almost 2 orders of magnitude (Table 1) the concentra-
tion of picoplankton chlorophyll only varied 1 order of
magnitude and statistically could be considered con-
stant within a range of 0.5 to 0.6 pug chl 1! (Figs. 4 & 5).
At total chlorophyll values above 1 pg 17}, the nano-
plankton (2 to 20 pm) and occasionally microplankton
(> 20 pm) made up an increasing fraction of the total
(Fig. 5). A similar pattern was compiled for oceanic
data by Raimbault et al. (1988). They found absolute
maximal chlorophyll concentrations for the size
fractions <1 and <3 pum to be 0.5 and 1.3 ug =3
respectively. The conclusion must be that picoalgae do
not accumulate large biomass in surface waters and
generally only dominate primary production in nutri-
ent depleted waters, although exceptions may be
found (Hall & Vincent 1990).

In lakes, high peak values of 3 to 5 ug 1! of picoalgal
chlorophyll have been reported (Sendergaard 1991,
Weisse & Schweizer 1991); however, average summer
values were at or below 1 ug 17! (Stockner 1988) and
independent of lake trophic status (Sendergaard
1991). Thus, 'the remarkable constancy of numbers of
planktonic bacteria’ (Wright 1988) is repeated by the
picoalgae, where the number and biomass seem
remarkably constant on a global scale.

A constant or almost constant abundance and bio-
mass during the growing season can only be explained
if growth and loss rates are equal on a short-term scale,
i.e. that a steady-state like situation is prevailing. Al-
though substrate limitation of picoalgal growth rates
cannot be excluded in the most nutrient-depleted
areas, theoretical considerations based on surface/
volume ratios and diffusion rates (Raven 1986) make
substrate limitation unlikely. Empirical evidence of
almost optimal growth rates of 1 to 2 In units d™! (Laws
et al. 1984, Kudoh et al. 1990), even at very low light
availability (Fogg 1986, Kuosa 1988), points to the loss
processes as the controlling agent. Sedimentation of
picoalgae can be considered zero (Fogg 1986), so
maintenance respiration, grazing and cell lysis must
balance growth. Our knowledge concerning respira-
tion and cell lysis is meager, so grazing by nanoflagel-
lates, ciliates, and perhaps other organisms (Kuosa
1988, Weisse 1988, Kudoh et al. 1990), which are
known to control planktonic bacteria (Wright 1988),
must at present be considered the most prominent pro-

cess controlling picoalgal abundance. In oceanic
surface waters off Japan, Kudoh et al. (1990) showed
Synechococcus growth rates and their grazing mortal-
ity by ciliates and colourless flagellates to balance.
Similar results were obtained by Weisse (1988) in Lake
Constance (Germany) and were also suggested for
picoalgal control in the northern Baltic Sea, although
flagellate grazing rates during summer were lower
than cyanobacterial growth rates (Kuosa 1991).

Mathematical models have been used to describe
steady-state situations for phytoplankton growth
(Thingstad & Sakshaug 1990) and planktonic microbial
food webs (Wright 1988). The data on picoalgae from
the present investigation and from others (Raimbault
el al. 1988) actually fit a 2-layered ecosystem model
based on Lotka-Volterra equations, where small algae
dominate at very low inorganic nutrient availability
(Thingstad & Sakshaug 1990). Inorganic nutrients limit
biomass at extremely low concentrations, but grazing
is the controlling agent at increasing nutrient enrich-
ment, where nutrients no longer limit growth rates and
are accumulating in the solution. The grazer control
of picoalgae by protozoans at this stage — or other
density-dependent control mechanisms — now permits
other and eventually larger algae to explore the
surplus of inorganic nutrients. The steady-state model
is of course a simplification of nature, as also stated by
Thingstad & Sakshaug (1990). However, it offers a
conceptual frame to explain why and how picoalgae
dominate the phytoplankton during low mixing and
low nutrient input, and why larger algae, not grazed to
any great extent by nanoflagellates and ciliates,
become dominating during periods of increased nutri-
ent input.

The above general and theoretical explanation
leaves the question open as to why picoalgal biomass
was about 3 times higher in the Baltic than in the other
areas. With respect to salinity the Baltic is brackish and
transient between freshwater and the marine environ-
ment. Recently, Kuosa (1990, 1991) observed in the
Baltic a short-duration Synechococcus peak of 1.6 X
10 cells 17!, Grazer control in brackish environments,
as opposed to oceanic areas, might operate on a
different time scale and perhaps with a lower affinity
constant for prey. The same might apply to freshwater,
where very large but short duration peaks of picoalgae
can also occur (Weisse 1988, Stockner & Shortreed
1989, Sendergaard 1991).
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