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Picophytoplankton (Pico) comprises cyanobacte�
ria and eukaryotic algae with cell size below 2 μm [1]
or below 3 μm, according to more recent publications
[2, 3]. These minute photoautotrophs may contribute
a major part of the total biomass and production of
phytoplankton, especially in oligotrophic environ�
ments or in mesotrophic waters during the periods of
low abundance of microphytoplankton. The calcu�
lated contribution of Pico in the total phytoplankton
biomass and primary production in the World Ocean is
8 and 39%, respectively [4]. Abundance of Pico in the
White Sea has been assayed only in the Chupa inlet of
the Kandalaksha Bay in June–early July [5] and in
April [6]. No information on Pico abundance is avail�
able for other parts of the sea and other periods of the
vegetation season.

The present work provides the data on abundance
and biomass of picophytoplankton, as well as on the
species composition, abundance, and biomass of
nano� and microphytoplankton in the Velikaya Salma
strait of the Kandalaksha Bay in April and in July–
August.

MATERIALS AND METHODS

The investigation was carried out in 2009–2010 in
the Velikaya Salma strait of the Kandalaksha Bay,
White Sea, using the White Sea Biological Station,
Moscow State University, as a base (66°43′ N,
33°08′ E). For assessment of the temporal dynamics of
the phytoplankton, water samples were collected from
July 26 to August 16, 2009 with a 5�L bathometer from

the depth of 2.5 m at station 2, located in the middle of
the strait opposite of the biological station (figure). For
assessment of the spatial variability of the phytoplank�
ton, samples from 2.5�m depth were collected at four
stations during the same period (figure). For assess�
ment of the vertical distribution of the phytoplankton,
samples from the depths of 0, 2.5, 5, 10, 15, 25, and
50 m were collected at station 3 on August 8, 2009 and
August 19, 2009.

For assessment of the composition and abundance
of the early spring phytoplankton, samples from the
surface layer and 1 m depth were collected from April 14
to April 20, 2010 from the pier of the biological station.
The Velikaya Salma strait was free of ice, with only an
edge of fast shore ice not exceeding 5 m. The ice cover
was disrupted by a deep storm two weeks before the
sampling period, and the ice was removed from the
strait by tidal currents. Only one core of fast ice was
therefore collected at the point 500 m to the west from
the pier of the biological station with 0.5�m depth. The
core was collected using a titanium 15�cm corer. It was
divided into three parts: the upper (0–26 cm), consist�
ing of turbid, matt ice of snow origin; the medium
(26–34 cm), consisting of gray semitransparent ice
with embedded particles of bottom sediments, Fucus,
and filamentous algae; and the lower one (34–52 cm),
formed by crystalline ice of water origin with embed�
ded particles of bottom sediments and plant debris.
The core fragments were melted in the laboratory for
12 h at room temperature.

For quantitative interpretation of the samples, the
linear sizes of the algae belonging to picophytoplank�
ton, nanophytoplankton, and microphytoplankton
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were accepted as 0.2–3, 3–20, and 20–200 μm,
respectively, according to [1–3].

The numbers of picophytoplankton were assessed
using the previously described method [5]. The water
sample (10 mL) was placed into a filtration funnel,
supplemented with the saturated solution of primulin,
incubated for 5–7 min, and fixed with 2% glutaralde�
hyde. Nuclear filters (0.12 μm pore diameter)
prestained with Sudan black were used for filtration.
The cells were counted under a LeicaDM2500 epiflu�
orescence microscope at ×100 × 10 × 1.3 magnifica�
tion. Depending on the concentration of the cells, 30
to 50 microscope fields were examined. In the course
of cell counts, the “type” of fluorescence (orange for
cyanobacteria and red for eukaryotic algae) and the
cell size were determined. Cell volumes were calcu�
lated as volumes of the relevant geometrical bodies [7].
Carbon content of the cells was determined from cell
volumes using the relevant allometric relations [8].
Apart from picoplankton, the cells 3–8μm in size, i.e.,
belonging to nanophytoplankton, were enumerated.

For assessment of abundance of microphytoplank�
ton and nanophytoplankton with the cells over 8 μm,
water samples (0.7–3.2 L) were concentrated by
reverse filtration (2 μm pore diameter) and fixed with
Lugol’s solution. The concentrated samples were
examined in a 0.05 mL chamber under a Mikromed 3
microscope with × 40 ×10 × 0.65 magnification. The
linear size of the cells was determined with an ocular
micrometer. Cell volumes were calculated as volumes

of the relevant geometrical bodies [7]. Carbon content
of the cells was determined from cell volumes using the
relevant allometric relations and considering the taxo�
nomic position of the algae [9]. The higher taxonomic
ranks of eukaryotes are presented in accordance with
the taxonomic system given in [10].

RESULTS

Temporal dynamics of the phytoplankton. Picophy�
toplankton abundance at station 2 in July–August
2009 varied from 4.8 × 106–13.3 × 106cells/L, with
the average value of 9.1 ± 3.1 × 106 cells/L. Picophy�
toplankton contained mostly cyanobacteria. The
number of eukaryotic algae was, on average, one order
of magnitude lower than the number of prokaryotes.
The average Pico biomass was 1.6 ± 0.63 mg C/m3.
Pico contributed 2 to 13% to the overall biomass of
phytoplankton (Table 1). The Pico contribution was
highest in late June, at the lowest abundance of micro�
and nanophytoplankton. During three weeks of obser�
vation, the Pico biomass varied within the same range
(CV = 34%) as the biomass of micro� and nanophy�
toplankton (CV = 35%). Within the micro� and nano�
phytoplanktonic community, both the biomass and
the structure of the phytoplankton varied, so that the
dominant and abundant (contributing over 10% to the
total biomass) algal species differed (Table 1). Since
late July, the biomass of the diatom Skeletonema cos�
tatum increased, while the abundance of mixotrophic
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dinoflagellates Ceratium fusus and Scrippsiella tro�
choidea increased in the second decade of August. A
total of 92 algal species was found among the micro�
and nanophytoplankton. Bacillariophyta (64 species)
and Dinozoa (22 species) were the most diverse taxa.
Members of Chrysophyceae, Dictyochophyceae, and
Cyanobacteria, were also found, as well as unidentified
small flagellates and coccoid algae, cysts of dinoflagel�
lates and Chrysophyceae, and diatom spores.

Spatial distribution of phytoplankton. Along the
Velikaya Salma strait (stations 1 and 3–5), the number
and biomass of Pico varied within the range
observed at station 2 during three weeks of observa�
tion. At station 4, however, Pico abundance was higher
(17 × 106 cells/L and 2.8 mg C/m3). Cyanobacteria
predominated within the picophytoplankton. The
numbers of eukaryotic Pico were on average two orders
of magnitude lower than prokaryotic abundance. Pico
contributed to not more than 7% of the total phytoplank�
ton biomass. The biomass and the dominant species of
micro� and nanophytoplankton at stations 3–5 were
similar to those observed at station 2 at the relevant
time. The dominant micro� and nanophytoplankton
species at station 1 differed from those at station 2, and
their biomass was higher. In general, the spatio�tem�

poral variability (for all stations throughout the obser�
vation period) for the Pico (CV = 33%) and micro�
and nanophytoplankton biomass (CV = 35%) corre�
lated with the temporal variability at station 2.

Vertical distribution of phytoplankton. In 2009, the
water temperature decreased from 20.6оС in the sur�
face layer to 18.1оС at 15 m and then remained con�
stant to 50�m depth. The Pico abundance varied from
3.4 × 106 cells/L (5 m) to 19.4 × 106 cells/L (50 m). The
highest Pico biomass was observed at the depths of
2.5 and 50 m, while the lowest one occurred at 5 m
(Table 2). The biomass of micro� and nanophy�
toplankton was almost uniformly distributed within
the upper 5�m layer and was somewhat lower within
the 10–15�m layer. Its variation with depth was less
pronounced (CV = 28%) than that of picophytoplank�
ton (CV = 49%). Unidentified small flagellates and
coccoid algae contributed most significantly to the
total biomass of phytoplankton throughout the water
column.

In 2010, the water temperature almost did not
change with depth (12.6°С in the surface layer and
12.3°С at the depth of 50 m). While the temperature
was lower than in 2009 and no stratification was
observed, the Pico numbers were higher by an order

Table 1. Biomass (mg C/m3) of picophytoplankton (Pico) and micro� and nanophytoplankton (MNP), the total phy�
toplankton biomass (Bc), contribution of picophytoplankton to the total phytoplankton biomass (Pico, %), the domi�
nant and abundant species of nano� and microphytoplankton, and their contribution (in parentheses) to the total phy�
toplankton biomass in 2009

Station 
no. Date Pico MNP Bc Pico, % Dominant and abundant species 

of nano� and microphytoplankton

2

26.07 1.8 16.2 18.0 10.1 su (40), Heterocapsa rotundata (21)

29.07 1.8 11.7 13.5 13.1 su (31), Heterocapsa rotundata (15)

01.08 1.9 26.4 28.4 6.8 su (31), Skeletonema costatum (17)

04.08 2.1 28.8 30.9 6.9
Skeletonema costatum (15),  
Chaetoceros sp. 1 (13), 
Heterocapsa rotundata (13), su (10)

07.08 2.4 40.2 42.6 5.7
su (24), Skeletonema costatum (10),  
Melosira nummuloides (10)

10.08 1.5 26.2 27.6 5.3 su (15), Skeletonema costatum (11)

13.08 0.9 26.6 27.4 3.1 Ceratium fusus (16)

16.08 0.8 36.5 37.3 2.3 Ceratium fusus (11), Scrippsiella trochoidea (11)

3 02.08 1.2 26.0 27.2 4.4
Heterocapsa rotundata (19), 
Skeletonema costatum (12)

4 02.08 2.8 40.9 43.7 6.5 su (29), Heterocapsa rotundata (13)

5 08.08 1.9 32.9 34.8 5.4
su (32), Heterocapsa rotundata (14), 
Ceratium fusus (14)

1 15.08 2.0 48.0 50.0 4.1
su (19), Alexandrium minutum (11), 
Ceratoneis closterium (10)

Note: “su” stands for small unidentified flagellates and coccoid algae.
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of magnitude: from 94 × 106 cells/L (5 m) to 216 ×
106 cells/L (0 m). Similar to 2009, cyanobacteria pre�
dominated among the Pico throughout the water col�
umn. Although the biomass of micro� and nanophy�
toplankton was higher than in 2009, the contribution
of Pico was more significant. The highest contribution
of Pico was observed in the surface layer, while the
lowest was found at the 5�m depth, similar to 2009.
This was the depth where the highest biomass of
micro� and nanophytoplankton was observed. Among
the micro� and nanophytoplankton, 80 algal species
were identified. Diatoms (46 species) and dinoflagel�
lates (24 species) were the major groups, while mem�
bers of Chrysophyceae, Dictyochophyceae, Cyanobac�
teria, and Euglenozoa were also found, as well as small
unidentified flagellates and coccoid algae, Chryso�
phyceae cysts, and diatom spores. The biomass of
micro� and nanophytoplankton varied with depth to a
lesser degree (CV = 17%) than the Pico biomass
(CV = 29%) and peaked at 25 m. At all depths, the dia�
toms Ditylum brightwellii and Chaetoceros affinis were
the major components of the total biomass.

Early spring phytoplankton. Abundance of Pico
varied from 0.1 × 106 to 0.22 × 106 cells/L. The num�
bers of picoeukaryotes, the predominant group, varied
from 0.05 × 106 to 0.20 × 106 cells/L. The highest val�
ues of Pico numbers and biomass were found in the
ice�free water area during the low tide (Table 3). The
average biomass of Pico was 0.13 ± 0.10 mg C/m3. The
picoeukaryote biomass varied from 0.03 to o.28 mg
C/m3, i.e., it constituted 77–99% of the Pico biomass.
Its contribution to the total biomass of phytoplankton
did not exceed 2.7%. The micro� and nanophy�
toplankton were represented by 70 algal species. The
diatoms (57 species) exhibited the highest diversity.
Members of the Dinozoa, Chlorophyta, Cyanobacteria,
and Euglenozoa were also present, as well as small uni�
dentified flagellates and coccoid algae and dinoflagel�
late cysts. The highest abundance of micro� and nano�
phytoplankton was found in the thin layer of under�ice
water. The algae with ice as the preferred habitat pre�
vailed among the micro� and nanophytoplankton. Its
biomass was more variable (CV = 128%) than the Pico
biomass (CV = 82%).

The highest numbers and biomass of picophy�
toplankton were observed in the lower part of the ice
core (Table 4). Eukaryotes predominated among Pico
in both numbers and biomass. Their share in all the ice
layers was almost constant, about 80% of the total Pico
biomass.

DISCUSSION

Picophytoplankton of the Velikaya Salma strait
consisted of cyanobacteria and eukaryotic algae. Since
species identification of the picoplankton forms
requires molecular genetic approaches, species diver�
sity of the Pico in this environment will not be dis�

cussed in the present work. According to the literature
data, picocyanobacteria of the polar waters belong
almost exclusively to the genus Synechococcus [11].
The species diversity of picoeukaryotes is much higher
and includes tens of species of various divisions of
algae [3]. Prasinophyta of the genera Micromonas,
Bathycoccus, and Ostreococcus are the most abundant
ones in the polar and temperate waters [12, 13]. These
algae are probably present among the eukaryotic pico�
plankton of the White Sea.

Among the picophytoplankton of the strait, cyano�
bacteria predominated in summer, while picoeukary�
otes, in early spring. Ice also contained a higher rela�
tive abundance of picoeukaryotes. Water temperature
is considered among the major factors responsible for
the relative abundance of cyanobacteria and pico�
eukaryotes [13, 14]. Cyanobacteria were not retrieved
from the water of the Arctic Ocean [12, 15], while
picoeukaryotes were numerous in this region.

Abundance of the picophytoplankton in the
Velikaya Salma strait in July–August 2009 varied
within the same range as observed in various Arctic
areas [2, 12, 13, 15–17], while the Pico number in
August 2010 was significantly higher, corresponding to
the values reported for subpolar sites [18]. The biomass
of micro� and nanophytoplankton was also above the
characteristic values for the Kandalaksha Bay in late
summer [19]. According to the literature data, Syn�
echococcus abundance depends on availability of inor�
ganic nutrients and is higher in mesotrophic waters
[20]. During the late summer stratification in the
White Sea, the phytoplankton is limited by nitrogen
deficiency and its biomass, developing mainly due to
regenerated nitrogen, is not high [19]. Such local
hydrophysical phenomena (in space and time) as
strong, wind�induced mixing disrupting the ther�
mocline or intense tidal mixing may, however, result in
the penetration of inorganic nutrients into the upper
water layers [21]. Unusually high abundance of pico�,
micro�, and nanophytoplankton in August 2010 prob�
ably resulted from such local enrichment of the upper
photic layer due to the storms of the second decade of
August. The absence of stratification in the water col�
umn and lower water temperature in August 2010 sup�
port the suggestion that deep mixing enriched the
upper layers with inorganic nutrients. Moreover, the
possible effect of the weather anomalies of the summer
2010 on development of phytoplankton should not be
ruled out [22]. In other subpolar regions, year�to�year
variability in Pico abundance was also revealed [18].

The range of picophytoplankton abundance in the
Velikaya Salma strait in April was two orders of magni�
tude lower than the value of the under�ice picophy�
toplankton measured in April in the Chupa inlet of the
Kandalaksha Bay [6]. The total phytoplankton abun�
dance in the Chupa inlet was also significantly higher
(690 mg C/m3). During our observations, both the
Pico and micro� and nanophytoplankton had proba�
bly not reached the peak of spring bloom.
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Pico contributed 1.4–28.2% and 0.1–2.7% to the
phytoplankton biomass in summer and spring, respec�
tively, which is within the range reported for other
polar regions [2, 15]. In April, the average contribu�
tion of picophytoplankton to the total biomass of phy�
toplankton in the Velikaya Salma strait was 0.9 ± 1.2%,
which is less than the Pico contribution in the Chupa
inlet in a similar period (6%) [6].

During the three weeks of summer observations,
the temporal variation in abundance of picophy�
toplankton was the same as that for micro� and nano�

phytoplankton. While cyanobacteria always predomi�
nated in the picophytoplankton, the succession of the
dominant and abundant algal species occurred in the
micro� and nanophytoplankton, which generally
coincided with the phytoplankton dynamics of the
Kandalaksha Bay [19].

In summer, the highest biomass of picophy�
toplankton was observed at the depths of 2.5 and 50 m
in 2009 and in the surface layer in 2010. In 2010, the
biomass of picophytoplankton varied with depth to a
lesser degree than in 2009. The highest Pico abun�

Table 2. Biomass (mg C/m3) of picophytoplankton (Pico) and micro� and nanophytoplankton (MNP), the total phy�
toplankton biomass (Bc), contribution of picophytoplankton to the total phytoplankton biomass (Pico, %), the dominant
and abundant species of nano� and microphytoplankton, and their contribution (in parentheses) to the total phytoplankton
biomass at different depths at station 3 in 2009 and 2010

Depth,  m Pico MNP Bc Pico, % Dominant and abundant species 
of nano� and microphytoplankton

08.08.2009

0 1.3 41.0 42.3 3.1 su (16), Heterocapsa rotundata (16), 
Chaetoceros radicans (13)

2.5 3.0 40.4 43.4 6.8 su (29), Chaetoceros radicans (13), 
Heterocapsa rotundata (11)

5 0.6 43.4 44.1 1.4
su (15), Chaetoceros radicans (12), 
Heterocapsa rotundata (10), 
Chaetoceros sp. (10)

10 1.5 24.6 26.1 5.7 su (16), Heterocapsa rotundata (14)

15 1.6 20.4 21.9 7.2 su (17), Chaetoceros radicans (12)

25 2.2 34.0 36.2 6.0 su (26), Heterocapsa rotundata (11), 
Skeletonema costatum (10)

50 3.3 47.7 51.0 6.4 su (32), Heterocapsa rotundata (11)

19.08.2010

0 36.8 93.6 130.4 28.2 Ditylum brightwellii (30), 
 Chaetoceros affinis (19)

2.5 29.6 100.4 130.0 22.7 Ditylum brightwellii (45),  
Chaetoceros affinis (19)

5 16.3 120.5 136.8 11.9
Ditylum brightwellii (47), 
Chaetoceros affinis (14), 
Coscinodiscus concinnus (10)

10 23.4 121.2 144.6 16.2 Ditylum brightwellii (46), 
Chaetoceros affinis (26)

15 20.6 134.8 155.5 13.3
Ditylum brightwellii (39), 
Chaetoceros affinis (20), 
Coscinodiscus concinnus (11)

25 19.9 136.4 156.3 12.7 Ditylum brightwellii (52),  
Chaetoceros affinis (18)

50 22.4 90.7 113.1 19.8 Ditylum brightwellii (46), 
Chaetoceros affinis (22)

Note: “su” stands for small unidentified flagellates and coccoid algae.
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dance in both the surface layers and the layers below
the thermocline has been reported for other Arctic
regions [15].

In the fast ice of the Velikaya Salma strait, the highest
Pico abundance was found in the lower ice layers.
Eukaryotes predominated among the picophytoplank�
ton in both numbers and biomass. The highest abun�
dance of eukaryotic picoalgae in the lower part of the ice
was also observed at one of the coastal station of the
Chupa inlet, while in other stations, the middle part of
the ice core contained the most picoeukaryotes [23].

In conclusion, we want to stress the following. The
relative contribution of picophytoplankton to the total
phytoplankton biomass of the White Sea in spring and
summer does not exceed 28.2%. However, according
to some authors [24], the modern climatic trends in
the Arctic with increasing water temperature result in
increasing abundance of picophytoplankton and
decreasing abundance of nanophytoplankton. If this
tendency holds for the White Sea, the role of picophy�
toplankton in the White Sea ecosystem will increase,
requiring further investigation of the smallest photo�
autotrophs.
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