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Abstract—Abundance and seasonal trophodynamics (specific growth rate, daily production, and grazing
mortality) of the major picophytoplankton components, Syrechococcus cyanobacteria (Syn) and picoeukary-
otes (Pico-E), were studied at three stations in Sevastopol Bay and adjacent coastal waters (the Black Sea) in
2014 by flow cytometry and the dilution method. Pico-E abundance was shown to increase along the nutrient
and pollution gradient from the coastal waters outside the bay (annual average of 7.3 + 5.4 x 103 cells mL~")
to the eastern corner of the bay (28.7 £ 11.4 x 103 cells mL~'), while no relation was found between the water
pollution status and Syn abundance (9.9 % 8.7 x 10° cells mL~!; at all the stations, n = 27). Matter flows
through the communities (daily production for Syn and Pico-E 0—16.6 and 0—19.3 ug C L~! day~!, respec-
tively; grazing mortality for Syn and PicoE 0—3.6 and 0—21.2 ug C L~! day~!, respectively) were comparable
to or even exceeded their biomass stocks (<0.05—6.8 and 0.9—26.5 ug C L~! for Syn and PicoE, respectively),
indicating high biomass turnover rates. The highest flow-to-stock ratio (up to 6 for Syn) and a significant
imbalance between daily production (P) and grazing mortality (G) were observed in the most polluted and
eutrophic waters of the bay in spring (Pico-E: P/G < 1) and late summer (Syn: P/G > 1). Black River inflow
to the bay was hypothesized to be among the mechanisms maintaining this pronounced and long-term imbal-
ance in the open system without any negative consequences for the picophytoplankton assemblages.
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Understanding of the global role of the smallest
photoautotrophs, picophytoplankton (0.2—2.0 um),
in the functioning and structural organization of the
pelagic oceanic trophic network (Iturriaga and Mitch-
ell, 1986) and the contribution of this microbial group
to the total biomass of the oceanic plankton and to
chlorophyll content in oligotrophic waters (Platt et al.,
1983; Iturriaga and Mitchell, 1986; Booth, 1988) was
achieved relatively recently. These microorganisms
were found to possess high specific growth rates
(Douglas, 1984). Contribution of Synechococcus cya-
nobacteria to the total photosynthetic carbon fixation
in oligotrophic ocean waters may be as high as 25%
(Waterbury et al., 1986), while their share in the over-
all photosynthesis in some areas of the World Ocean
may reach 64% (Iturriaga and Mitchell, 1986). In spite
of the evident predominance of this group in the open
ocean, evidence keeps emerging that picophytoplank-
ton, primarily Synechococcus, may be involved in phy-
toplanktonic blooms in tropical and subtropical
coastal ecosystems and (under certain conditions) in
moderate latitudes. Outbreaks of small phytoplankton
were observed in Florida Bay (Phlips et al., 1999), San
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Francisco Bay (Ning et al., 2000), the Mediterranean
(Agawin et al. 1998; Bec et al., 2005), and the Baltic
Sea (Kuosa, 1991).

In spite of the unique hydrological and hydro-
chemical conditions of the Black Sea and the interest
that the ecology of the local microflora produces,
picophytoplankton of this basin has been scarcely
studied. The data on abundance and spatial distribu-
tion of these microorganisms in Black Sea waters, and
on their community structure and functional charac-
teristics, are either few and fragmentary (Zaika et al.,
1989, 1991; Shalapenok and Shalapenok, 1997; Uysal,
2000, 2001; Feyzioglu et al., 2004; Turkoglu, 2005) or
completely lacking, such as the data on production
and trophic dynamics. In any case, they are certainly
insufficient for the understanding of the role of pico-
phytoplankton in the sea ecosystem.

The goals of the present work were (1) to assess
abundance of the two major components of Black Sea
picobacterioplankton, Synechococcus cyanobacteria
and eukaryotic picoalgae, by flow cytometry; (2) to
determine their in situ specific production and mor-
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Fig. 1. Sampling stations in the Sevastopol Bay and adjacent waters.

tality associated with trophic processes; and (3) to
analyze the seasonal dynamics of these parameters.

MATERIALS AND METHODS

Sampling sites and methods. Picoplankton abun-
dance, biomass, production parameters, and elimina-
tion rates were studied in 2014. The samples were col-
lected one to two times a month at three stations in the
Sevastopol Bay and in the open sea outside it (Fig. 1).
This area is characterized by pronounced gradients of
water salinity (increasing) and of water contamination
and trophicity (decreasing) from the mouth of the
Black River in the apex of the bay (st. 3) to the bay
mouth (st. 2) and to the open sea outside the bay (st.
1). The concentration of biogenic elements in the river
outflow is 2 to 10 times higher than in the bay
(Ovsyanyi et al., 2007), resulting in formation of stable
concentration gradients of nitrite nitrogen (from
0.9 ug L~'atst. 1to 2.3 ug L~" at st. 3), nitrate nitrogen
(3.2 and 13.3 ug L', respectively), ammonium nitro-
gen (17.4—23.1 ug L"), phosphate phosphorus (7.9—
88 ug LY, and silicon (57-81 ug LY
(Gubanov, unpublished data). The average estimates
of the E-TRIX eutrophication index, which is a func-
tion of concentrations of oxygen, biogenic elements,
and photosynthetic pigments (Vollenveider, 1998), are
4.7 (st. 1), 5.1 (st. 2), and 5.5 (st. 3) (Gubanov et al.,
2015). Biogenic material arriving with the river flow
affect the biological productivity of the water. Accord-
ing to modern radiocarbon assessment of primary pro-
duction (over 100 mg C m—3 day!), the waters of the
bay may be assigned to the hypertrophic type (Egorov
et al., 2016). The degree of chronic contamination
with petroleum products and heavy metals increases
from the open sea outside the bay to the bay center.
Thus, the content of oil hydrocarbons in the bottom
sediments of st. 1 was ~30 mg 100 g~!, increasing to

80 mg 100 g~! at st. 2 and to 180 mg 100 g~' at st. 3
(Osadchaya et al., 2004). The gradient of the integral
index of contaminating/anthropogenic load (Pollu-
tion Load Index) is even more pronounced: 8 (st. 1),
2 (st. 2), and 0.08 (st. 3) (Osadchaya et al., 2004).

The samples were collected from the surface water
layer using a Niskin bathometer and transferred to the
laboratory for analysis. Aliquots were fixed with form-
aldehyde filtered through <0.2-um membranes (final
concentration 2%) immediately after sampling, dis-
pensed into 5-mL test tubes, frozen at —80°C, and
stored on board the ship in dry ice prior to transfer to
the laboratory.

Dilution method. Dilution method in its standard
version (Landry and Hassett, 1982) was used for
experimental assessment of specific rates of growth
and picoplankton grazing by consumers. The concept
of the method is based on the following assumptions:
(1) the grazing press decreases proportionally to the
sample dilution (due to decreased probability of pred-
ator and prey meeting) and (2) the absence of negative
effects of sample dilution on the rate of microbial
growth.

Immediately after delivery of native water samples
to the laboratory, they were diluted (100, 75, 50, and
20%) with the filtrate (<0.2 um) of the same sample
and dispensed into sterile transparent polycarbonate
0.5-L vials. Aliquots (5 mL) from each vial were fixed
and used within a day for quantitative assessment by
flow cytometry (see below). The vials with dilutions
were incubated for 15—24 h submerged in the sea (at
the mouth of the Sevastopol Bay) under conditions of
ambient illumination and temperature. Microbial
concentrations in the vials were then determined and
instantaneous specific growth rate (u) and specific
grazing rate (g) were calculated (i) based on the expo-
nential growth model assuming (ii) that in every dilu-
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Fig. 2. Identification of the clusters of Synechococcus (Syn) and eukaryotic picophytoplankton (Pico-E) in the space of cytometric
variables: forward light scattering (FS, cell size) and fluorescence in the red (FL4, Chl) and orange (FL2, PE) spectral regions.

tion apparent specific growth (or extinction) rate r =
u — g, and (3) the u value is constant for all dilutions,
while g depends on dilution degree.

Flow cytometry. The samples collected at sea and
during the experiment were analyzed in a stationary
laboratory on a Cytomics™ FC 500 flow cytometer
(Beckman Coulter, United States) equipped with a
488-nm argon laser, using the CXP software package.

Total abundance of picophytoplankton was deter-
mined in unstained samples by gating the cell popula-
tion on 2-parameter cytograms of direct light scatter-
ing (FS channel) and autofluorescence in the red
(FL4, 675 nm) and orange (FL2, 575 nm) spectral
regions on dimensionless logarithmic scales. Cell size
(FS) and orange fluorescence of phycoerythrin (FL2)
were used for identification of the clusters of Syn-
echococcus picocyanobacteria (Syn) and eukaryotic
picoalgae (Pico-E) in the space of cytometric variables
as was described previously (Marie et al., 2005). These
groups form characteristic clusters on the cytograms,
which are characterized by high content of phyco-
erythrin (Syn) and its absence (Pico-E) (Fig. 2).

The concentration of picophytoplankton cells was
calculated from the flow rate (60 uL min~'), counting
time (480 s), and the number of cells registered during
this time interval (at least 3000). The quality of mea-
surements was controlled using the Flow-Check™
calibration fluorospheres (Beckman Coulter, United
States) at a known concentration in the sample.
Microbial biomass in carbon units was calculated
using coefficients: 0.20 pg C cell™! for Synechococcus
(Heldal et al., 2003) and 0.53 pg C cell™! for picoeu-
karyotes (Worden et al., 2004).
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Cytometric data were processed using the Flowing
Software v. 2.5.0 package (Perttu Terho, Turku Centre
for Biotechnology, University of Turku, Finland,
www.flowingsoftware.com).

Statistical analysis. Statistical treatment of the data
was carried out using a STATISTICA (data analysis
software system), v. 10 software package (StatSoft,
www.statsoft.com).

RESULTS AND DISCUSSION

The average numbers of Synechococcus (SN) and
picoeukaryotes (PN) for the whole area were 9.9 + 8.7
(£SD) and 16.3 + 12.4 x 103 cells mL~!, respectively
(Table 1). Thus, the average contribution of Synechoc-
occus to the total abundance of picophytoplankton in
the surface layer did not exceed 38%, and its share of
the biomass was still lower (19%). While the average
specific production of Synechococcus (0.70 =+
0.46 day~!) was reliably higher than that of picoeu-
karyotes (0.20 + 0.20 day~"), no reliable difference was
found in the values of daily production (2.30 =+
3.68and 2.71 = 4.22 ug C L' day~!, respectively)
according to the pairwise #-test, p > 0.05. On the con-
trary, no reliable difference was found between spe-
cific grazing rates (Sg, Pg) for two groups (0.43 *
0.34 and 0.34 + 0.30 day!, respectively), while daily
grazing of picoeukaryotes (PG =4.01 = 5.84 ug C L~!
day~!) was much higher than that of Synechococcus
(SG = 1.05 = 1.07 ug C L' day™!). As food objects,
picoeukaryotes were probably preferable to picocya-
nobacteria. Shift of the balance in trophic processes to
grazing (negative balance) observed in picoeukary-
otes, with the average Pu/Pg ratio being less than one
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Table 1. Designations, measuring units, and statistics for the studied variables

Variable Min Max m = SD
T Temperature, °C 7.3 28.0 157+ 6.8
SN Synechococcus abundance, 10° cells mL~! 0.1 34.1 9.9 +8.7
SB Synechococcus biomass, ug C L~ <0.05 6.8 20+ 1.7
Sg Grazing rate for Synechococcus, day™! 0.00 1.52 0.43+0.34
SG Daily grazing for Synechococcus, ug C L~! day™! 0.00 3.61 1.05 + 1.07
Su Specific production for Synechococcus, day™! 0.00 1.66 0.70 £0.46
SP Daily production for Synechococcus, ug C L= day~! 0.00 16.60 2.30 + 3.68
PN Picoeukaryote abundance, 10° cells mL~! 1.7 49.9 16.3+12.4
PB Picoeukaryote biomass, pug C L~! 0.9 26.5 8.6+ 6.6
Pg Grazing rate for picoeukaryotes, day~! 0.00 0.94 0.34 £ 0.30
PG Daily grazing for picoeukaryotes, ug C L~! day~! 0.00 21.19 4.01 £5.84
Pu Specific production for picoeukaryotes, day~! 0.00 0.62 0.20 +£0.20
pP Daily production for picoeukaryotes, ug C L~! day™! 0.00 19.28 2.71+4.22

Table 2. Pairwise correlation coefficients between the studied variables™

a SN SB Sg SG Su
T 1 0.03 | 0.03 |—0.22 |—0.02 | 0.53
SN 1 1 —0.17 | 045 |-0.16
SB 1 —0.17 0.45 |-0.16
Sg 1 0.6 0.28
SG 1 0.14
Su 1
SP
PN
PB
Pg
PG
Pu
PP

sP | PN | PB Pg | PG | Pu PP
0.52 [—0.21 [—0.21 | 0.34 [—0.02 | 0.18 | 0.09
044 | 0.09 | 0.09 |—0.14 |—0.11 | 0.29 | 0.14
044 | 0.09 | 0.09 |—-0.14 |—0.11 | 0.29 | 0.14
0.05 | 039 | 039 | 047 | 075 | 0.07 | 0.21
036 | 039 | 039 | 033 ] 05 | 03 | 032
0.63 |—0.06 |—0.06 | 022 | 025 | 017 | 0.1
1 014 | 014 | 0 011 | 024 | 0.17
1 1 0 056 | 037 | 077
1 0 0.56 | 037 | 077
1 0.64 | 032 | 011
1 0.31 | 043

1 0.6

1

* Statistically significant parameters (p < 0.05) are underlined.

and negative difference existing between daily produc-
tion and daily grazing in most cases, is an indirect con-
firmation of this suggestion. In the case of Synechococ-
cus, the balance was positive, probably due to both
higher production potential and lower suitability of
this microorganisms as a food object (Johnson et al.,
1982).

According to the results of pairwise correlation
analysis (Table 2), temperature had no effect on abun-
dance and grazing rates of both groups of picophyto-
plankton. This could be an indication of weakly pro-
nounced seasonality of these parameters or of consid-
erable differences in their seasonal dynamics at
different stations. The latter suggestion was confirmed

by detailed analysis of the seasonal dynamics of pico-
phytoplankton structure and functions (see below).
The absence of relation between abundance of picocy-
anobacteria and the temperature regime of the water
was reported previously (Worden et al., 2004).

Production parameters of picoeukaryotes were also
temperature-independent,  while  Syrnechococcus
exhibited statistically significant correlation between
the growth parameters and temperature (0.53 and
0.52 for specific and daily production, Table 2). The
absence of significant correlation between production
parameters of Synechococcus and picoeukaryotes indi-
cated the different mechanisms controlling their
growth. On the other hand, reliable positive correla-
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Fig. 3. Seasonal variations of abundance (SN, PN), specific production (Su, Pu), and grazing rate (Sg, Pg) for Synechococcus
picocyanobacteria (left graphs) and eukaryotic picoalgae (right graphs) at three stations in the Sevastopol Bay and adjacent waters
in 2014. Specific grazing rates are shown as negative values. Designations are as in Table 1.

tion between these groups in grazing efficiency by
phagotrophs (0.47 for Sg and Pg; 0.53 for SG and PG,
Table 2) indicated that both could act as food objects
for the same consumer. Finally, correlation analysis
revealed that high consumption rates for both pico-
phytoplankton components (SG and PG) were associ-
ated with high abundance (PN) and biomass (PB) of
picoeukaryotes (see the relevant statistically signifi-
cant correlations in Table 2). Thus, high numbers and
biomass of picoeukaryotes (we assume, the preferred
food object) provided for high rates of grazing of both
microbial groups.

Analysis of the seasonal dynamics of abundance
and rates of the trophic processes in the community
revealed pronounced trends (Fig. 3). Abundance of
Synechococcus at st. 1 outside the bay (up to 3 X
10* cell mL~") and at st. 2 in the mouth of the Sevasto-
pol Bay (up to 2.5 x 10* cells mL~!) was highest in
winter and autumn, while at st. 3 in the apex of the bay
it peaked in summer, at the temperature maximum (up
to 2.5 x 10* cells mL~!), which may explain a signifi-
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cant correlation between abundance of these microor-
ganisms and temperature. Picoeukaryotes were
numerous in February—March (up to 3.5 X 10* cells
mL~!) and in September—October, the period of
the absolute maximum in their abundance (up to 5.0 X
10% cells mL~1).

At all stations the highest specific production of
Synechococcus (up to 1.7 day~! at st. 3) was observed
during the warm months at the temperature peak,
while picoeukaryotes exhibited different dynamics at
different stations (Fig. 3): at stations 1 and 2 high val-
ues were recorded in winter and autumn, while the
absolute maximum in open waters occurred in autumn
(0.62 day™").

The seasonal variation in specific rates of grazing
were similar for both microbial groups (Sg and Pg on
Fig. 3), indicating the action of the same grazing press
against both groups. This parameter increased in cold
months at st. 1 and 2 and in spring and early summer
at st. 3 (up to 1.52 and 0.62 day~' for Synechococcus
and picoeukaryotes, respectively).
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Fig. 5. Seasonal dynamics of the balance of trophic processes (daily production minus daily grazing) for Synechococcus picocya-
nobacteria (left graphs) and eukaryotic picoalgae (right graphs) at three stations in the Sevastopol Bay and adjacent waters. Des-

ignations as in Table 1.

The seasonal variations in daily production (SP,
NP) and elimination by grazing (SG, PG) were more
pronounced and differed considerably at different sta-
tions (Fig. 4). A gradual shift of the peaks of picophy-
toplankton daily production and elimination by graz-
ing from autumn—winter to spring—summer occurred
in the trophicity gradient from open waters to the bay
apex. At st. 3 in the bay apex, a pronounced shift in the
balance of trophic processes (calculated as the differ-
ence between daily production and grazing) to positive
values, i.e., to biomass accumulation, occurred in
summer for Synechococcus and in autumn for picoeu-
karyotes (Fig. 5). Shifting of the balance to negative

values, i.e., to biomass consumption due to grazing,
was observed for picoeukaryotes in spring.

The distribution of abundance and biomass of Syn-
echococcus and picoeukaryotes from relatively clean
open waters (st. 1) to the most contaminated and
desalinated waters in the bay apex (st. 3) was different
(Fig. 6). While no statistically significant difference
was found in Synechococcus abundances between the
stations, the biomass stocks of picoeukaryotes
increased significantly along the pollution and water
eutrophication gradient from 3.9 £ 2.9 (st. 1) to 15.2 =
6.0 ug C L~! (st. 2). While the first two stations exhib-
ited no significant differences in any Synechococcus-
related parameter, considerably higher productive and
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trophic parameters were observed in picocyanobacte-
ria of the bay apex (st. 3) (p < 0.05), and the range of
their variation was considerably broader. This area was
also characterized by significantly higher values of
daily production (PP, up to 5.8 ug C L=!) and elimina-
tion (PG, 8.8 ug C L") of picoeukaryotes (Fig. 6).

Although the ranges of variation of the quantitative
parameters of picophytoplankton obtained in the
present work for the Black Sea coastal waters are gen-
erally in agreement with the previously published data
on various areas of the World Ocean, including the
Black Sea (Uysal, 2000, 2001; Feyzioglu et al., 2004;
Turkoglu, 2005), the ratio of abundance of Synechoc-
occus and picoeukaryotes was considerably lower than
the one reported by other authors (e.g., Zaika et al.,
1989). Moreover, the previously reported reliable cor-
relation between abundance of Syrnechococcus and
picoeukaryotes in oceanic waters (Worden et al.,
2004) was not observed, probably indicating a more
pronounced ecological isolation of these groups in
Black Sea coastal waters.

Picocyanobacteria Prochlorococcus, the most
abundant and important component of picophyto-
plankton in oligotrophic oceanic waters (Biller et al.,
2015), do not occur in the Black Sea. Nevertheless, the
contribution of Synechococcus to the overall picophy-
toplankton abundance proved to be low (<40%). On
the contrary, total abundance of eukaryotic picoalgae
and their share in the Black Sea picophytoplankton
community were high beyond expectation: the pio-
neering works of Zaika et al. (1989) gave the maximal
assessment of picoalgal abundance and biomass in the
Black Sea (open areas) not exceeding 0.7 X 103 cells
mL~!and 0.78 ug dry wt L™, respectively.
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According to our observations, in the coastal and
open Black Sea waters (Mukhanov et al., unpublished
data) Synechococcus and picoeukaryotes occupy dif-
ferent ecological niches: the former prefer deep layers
(40—50 m, below the thermocline during the stratifi-
cation period) with low levels of temperature and illu-
mination, while the latter inhabit the upper layer
(above the thermocline during the stratification
period). This spatial isolation is in agreement with the
previously reported evidence of cyanobacterial max-
ima developing in the layers with low (<18°C) tem-
perature (Worden et al., 2004), increased picoalgal
abundance in upwelling zones (Shalapyonok et al.,
2001) and their decreased abundance in the stratified
waters with low content of biogenic elements (Camp-
bell et al. 1997). Quantitative predominance of
eukaryotes in the picophytoplankton of the Sevastopol
Bay was probably due to sampling in picocyanobacte-
ria-impoverished biotope.

The values of the rates of productive and trophic
processes in the Black Sea picophytoplankton com-
munity were within the range of variation for these
parameters in other areas of the World Ocean (Worden
et al., 2004; Tsai et al., 2012, etc.). Comparability
of the values of daily production (up to 19 ug C L™!
day~") and grazing of microorganisms by consumers
(up to 21 ug C L~! day!) with their biomass (up to
27 ug C L7Y) indicated high rates of biomass turnover
in the community. High variability and occasional
imbalance of the productive and trophic parameters at
different time scales is among the possible conse-
quences of this situation (Worden and Binder, 2003).
At st. 3 in the apex of the bay, which is subject to the
highest anthropogenic load and desalination by the
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Black River water, imbalance in productive and tro-
phic processes was maintained for long periods, which
was difficult to explain by short-term fluctuations of
the production/mortality ratio. Importantly, the bio-
geocenosis of this area is an ecotone at the border of
the freshwater and marine biomes. This is an open
flow system, somewhat resembling a chemostat, with
high renewal rates of its components (microbial con-
tent in the water column, suspended and dissolved
organic matter, biogenic elements, etc.) provided by
the river flow-off. The pronounced positive balance,
with production significantly exceeding mortality and
which was observed in summer in Synechococcus pop-
ulation at st. 3 (Fig. 5), probably resulted from dilution
of the microorganisms by river flow with low content
of cyanobacteria and by their transfer to the mouth of
the bay and outside it. Thus, mechanical transfer of
excessive Synechococcus biomass could create the
favorable conditions for growth of the population and
simultaneously prevent excessive biomass accumula-
tion. The pronounced negative balance, with mortal-
ity significantly exceeding production, which was
observed in autumn for picoeukaryotes at st. 3 (Fig. 5),
could be maintained for a long time only under condi-
tion of biomass inflow with river water. Verification of
this hypothesis required further research on quantita-
tive assessment of picophytoplankton in the river
flow-off.
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