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a b s t r a c t

Izmit Bay is the northeast extent of the Sea of Marmara, consisting of two different water bodies.
Vertical mixing primarily occurs during winter and thermal stratification takes place in summer.
The bay is generally exposed to considerable anthropogenic inputs and industrial discharges. The
picophytoplankton (P-Phyto) communities in Izmit Bay and their correlations with physicochemical
parameters were studied monthly at mid-section stations and seasonally at coastal stations in 2012
within the context of the present study. During these studies, P-Phyto abundances were relatively low
during the winter and the spring. At the same time, they were significantly high in the summer and
the autumn. The significant statistical relationships between water temperature and cell abundance
showed the discriminative impact of the temperature on population dynamics. Generally, the dominant
group of P-Phyto was Picocyanobacteria (P-Cyan), especially in the warm periods.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

Picophytoplankton (P-Phyto) communities (≤2 µm) consist of
utotrophic (eukaryotic; P-Euk and prokaryotic; P-Cyan) small-
ized phytoplankter cells. Prochlorococcus (Pro) and Synechococcus
Syn) are the two main components of P-Cyan. P-Phyto contribute
t least 10% to total global aquatic net primary productivity
Raven, 1984). They dominate primary production (≥50% of to-
al biomass) in oligotrophic open ocean waters (Agawin et al.,
000). Numerous studies show the importance of P-Phyto com-
unities in marine environments (Agusti et al., 2019; Calvo-Diaz
t al., 2008; Schloss et al., 2008; Wilmotte et al., 2002). Recent
tudies underline the importance of P-Phyto dynamics in estu-
ries, bays, and eutrophic coastal areas as well (Veldhius et al.,
005; Caroppo et al., 2006; Gaulke et al., 2010; Mukhanov et al.,
016; Pulina et al., 2017; Brewin et al., 2019). The quantity and
he quality of the studies have been rising as flow cytometry
nd molecular techniques are integrated (Moran et al., 2010;
uitenhuis et al., 2012; Pan et al., 2013; Brewin et al., 2019;
ei et al., 2019). It is also essential to understand small-sized
hytoplankton successions since recent studies show that they
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can affect bacteria, microalgae, and fish larvae negatively via their
allelopathic activities (Sliwinska-Wilczewska et al., 2018).

The Sea of Marmara is located in the north-western part of
Turkey, between the Black Sea and the Aegean Sea. Our study
area, Izmit Bay, is respected as the north-eastern extent of the
Sea of Marmara. The bay is situated right in the center of the
metropolitan region, widely known as an industrial area in
Turkey. That means the bay’s ecosystem is generally exposed
to considerable anthropogenic inputs and industrial discharges
(Okay et al., 1998; Yasar et al., 2001; Pekey et al., 2004; Ediger
et al., 2012; Tolun et al., 2012; Tan and Aslan, 2020). Coastal
areas are dynamic regions where the water circulation patterns
may vary considerably. Terrestrial inputs (rivers, anthropogenic
inputs) can instantly affect the water quality and affect planktonic
populations. Blooms (particularly dinoflagellates and diatoms)
are common phenomena in Izmit Bay (Tufekci et al., 2010).
Their biological impacts associated with eutrophication in bays
generally cause widespread concern (Li et al., 2019). For instance,
estuaries and bays support abundant biodiversity via providing
nursery grounds for organisms, such as valuable fish species.
However, compared with the large size phytoplankton, no studies
focused on P-Phyto distribution patterns in Izmit Bay. Under-
standing these patterns is also essential for a healthy food web
and sustainable fishery in this region.

Prior studies on P-Phyto dynamics in Turkey were mainly
focused in the Mediterranean (Polat, 2006; Uysal, 2006; Uysal and
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oksalan, 2006; Polat and Uysal, 2009; Uysal and Koksalan, 2010)
nd in the Black Sea (Uysal, 2000, 2001, 2006; Feyzioglu et al.,
004; Kopuz et al., 2012; Feyzioglu et al., 2015; Aytan et al., 2018).
ome studies revealed picoplankton in the Sea of Marmara (Uysal,
006; Toklu-Alcili et al., 2020; Kocum, 2020), but little is known
bout the dynamics of P-Phyto. Moreover, there is no other study
n P-Phyto distribution in Izmit Bay. However, it is known that
oastal ecosystems are probably more sensitive to anthropogenic
hanges, activities, and population density (Pachauri and Meyer,
014).
The present study provides the first comprehensive data on

he seasonal distribution of P-Phyto communities in Izmit Bay.
e aimed here (1) to assess abundances of two major compo-
ents (P-Euk and P-Cyan) and suggest their annual succession
apacities; (2) to analyze their pigment compositions; (3) to
etermine their correlations with the environmental parameters.

. Materials and methods

.1. Sampling area

Izmit Bay is the northeast extent of the Sea of Marmara (Fig. 1).
ts shoreline length is 48 km, and its surface area is 18.300 km2.
he total water volume is 308 km3. It is formed by three basins:
1) a relatively shallow eastern basin (max. depth ∼30 m); (2) a
iddle basin (max. depth 160–200 m); (3) a western basin which
onnects the bay to the Sea of Marmara (max. depth: 150–300 m)
Algan et al., 1999). The hydrographic features of the bay follow
n expected pattern by sharing similar characteristics with the
ea of Marmara. There are two different types of water bodies in
zmit Bay. The upper water mass originated from the Black Sea,
hile the deeper layer mass is derived from the Mediterranean
ea. Therefore, the bay shares the distinctive halocline (at 20–
5 m) with the Sea of Marmara (Unluata et al., 1990; Besiktepe
t al., 1994). Upper layer salinity is generally 22–24 psu, while
he denser deeper layer salinity is about 38.5–39 psu (Unluata
t al., 1990). A permanent halocline occurs between these layers
nd the thickness of water masses differs depending on seasonal
nd meteorological conditions. In winter, decreasing temperature
surface water cooling) and increasing effect of the wind cause
ertical mixing, which leads to an increase in surface salinity and
he upper layer gets thinner in this period. This means that no
onstant stratification depth exists in Izmit Bay, while there is
ne (25 m) in the Sea of Marmara (Oguz and Sur, 1986). For
xample, the upper layer thickness is 9 m in spring and 18 m
n autumn in Izmit Bay (Algan et al., 1999; Oguz and Sur, 1986).
 e

2

The typical density differentiations also cause a two-layer flow
system. The stratification becomes more significant in summer
when the Black Sea originated lower saline waters enter the Sea
of Marmara. The north-eastern and southwestern winds cause
short-term rapid flows in upper and deeper layers to increase
the exchange of water masses (KMM, Tubitak-MRC, 2013). The
surface salinity is generally lower between spring and summer
in agreement with seasonal stream discharges.

2.2. Sampling survey and laboratory analyses

Water samples were collected to analyze the nutrients, P-
Phyto, chl-a and accessory pigment compositions. Sampling was
performed monthly from January to December 2012 at three mid-
section stations (eastern basin, EB; middle basin, MB; and western
basin, WB) and seasonally (February, April, July November) at five
coastal stations (C1, C2, C3, C4, C5) where some main streams
meet the bay (Fig. 1). EB was the shallowest mid-section station
(max depth: 25 m), while MB was the deepest (max depth: 80 m)
and the maximum depth of WB was 50 m. Sampling depths for
mid-section stations were as follows: EB–0.5 m, 10 m, 15 m, 20
m; MB and WB–0.5 m, 10 m, 20 m, 30 m. Coastal sampling was
erformed only at the surface: C1, C2, C3, C4, C5–0,5 m.
Water transparency was measured with a Secchi disk and

emperature and conductivity were measured with a CTD on
he cruise (Electrometric method, S.M. 2510 and 2520B/2005).
ater samples were collected using Niskin bottles. The samples

or nutrient analysis were put into pre-cleaned (with 10% HCl)
ottles and stored at 4 ◦C until the analysis, usually within 24 h.
utrient concentrations (NO3+NO2–N, o–PO4–P) were analyzed
n a Skalar autoanalyzer by the colorimetric method as described
n specific guidelines (APHA, 1989; ASTM, 1990).

The P-Phyto samples (50 ml water) were collected in dark-
olored bottles fixed with 1.25 ml–25% glutaraldehyde (final con-
entration 0.625%) and kept at 4 ◦C until the analysis, usually
ithin 48 h. They were shaken and homogenized before counting.
0 ml of water was filtered through 0.2 µm pore-sized dark
olycarbonate nuclepore membrane filters under pressure <5 atm
or each (Li and Wood, 1988). 200 µl acridine orange solution was
dded when 5 ml of water remains to dye the DNA and RNA con-
ent (Hobbie et al., 1977). We classified picoeukaryotic and pico-
rokaryotic cells as groups by the following technique. Immersion
il was put on filters to prepare the preparats. P-Phyto cells were
ounted with Nikon TE 2000 + Super High-Pressure Mercury
amp Power Supply according to the cell counting method, which

nables many very small (0.2 -1 µm) faintly fluorescing cells can
Fig. 1. Sampling stations in the Izmit Bay.
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e seen (Jones, 1974; Stockner and Antia, 1986; Callieri et al.,
996; Callieri, 2008). 100X fluorescence objective, blue and green
ilter blocks were used (B–2 A blue excition — DM 505, EX 450–
90, BA 520) ve G–1 A (green excition — DM 575, EX 546/10,
A 580). Blue excition block exposed the cells with red autoflu-
rescence because of chl-a (and its derivates) excition. The ones

with phycoerythrin contents appeared yellow and the ones which
contain phycocyanin were seen faded red (Callieri, 2008). Green
excition block exposed prokaryotes. The phycoerythrin-rich ones
were seen with orange autofluorescence, while the phycocyanin-
rich ones were red (Callieri, 2008). However, the sizes and the
colors of the cells were not noted. Cell numbers of each field
for both filters were written as a total of seen cells. At least
30 microscopic fields were chosen randomly for each filter and
counted to estimate the abundance (Utermohl, 1958).

Chl-a was measured by using high performance liquid chro-
matographic method. Pigment analyses were carried out with
HPLC (Agilent 1200 Series). Samples (0.3–1 L) were filtered
through GF/F filters (25 mm; 0.7 µm pore size) and the filters
ere stored in liquid nitrogen until the analysis, usually within
week. Pigment extraction was carried out in 5 ml of 90%

cetone for 1 min in a sonicator at 60 Hz. The extracts were
ept at +4 ◦C overnight. The samples were centrifuged at 3500

rpm for 10 mins. 500 µl extract was filtered through 0.2 µm
ore-sized Millipore filters for each. Finally, 500 µl ammonium
cetate was added to each sample and analyzed by HPLC (Barlow
t al., 1993). The system was calibrated with selected pigment
tandards every time it was open. Pigment concentrations were
alculated according to the standard external equation (Jeffrey
t al., 1997). Pigment classification was made as followed: Fucox-
nthin, 19’hexanol fucoxanthin, and chl-b (FUC+19HEX+CHL.b)
epresented P-Euk (Wright and Jeffrey, 1987; Bjornland and Liaen,
989; Barlow et al., 1993; Not et al., 2005). Zeaxanthin and
ivinyl chl-a (ZEA+DIV.a) represented P-Cyan (Bjornland and
iaen, 1989; Jeffrey et al., 1997).
The correlation between P-Phyto (P-Cyan and P-Euk) abun-

ance and environmental parameters (temperature, salinity, Sec-
hi disk depth, NO3-NO2-N, o-PO4-P, chl-a, FUC+19HEX+CHL.b,
EA+DIV.a) were considered according to the null hypothesis. A
anonical correlation was used to evaluate multiple correlations
etween P-Phyto abundances and environmental parameters. All
ariables were log-transformed before analyses since none of
hem were usually distributed. All analyses were performed using
AS software (ver. 9.4, SAS Institute, Cary, NC, USA). Furthermore,
redundancy analyses (RDA) was applied to data in order to
isualize and summarize linear relationships between P-Phyto (P-
yan and P-Euk) abundance and environmental parameters. RDA
nalyses were performed using R (R Core Team, 2021).

. Results

.1. Physico-chemical parameters

The whole variation range of water temperature was between
to 26 ◦C. The lowest values were observed in February and the
ighest ones in July and August (Fig. 2). Besides, it was a constant
alue (14–17 ◦C) under 40 m at MB and WB. The top of the
hermocline differed from 10 to 15 m at these stations. Salinity
aried from 17 to 42 psu at all stations. EB was the shallowest
mong the mid-section stations. Thus, no remarkable halocline
as observed due to mixing at EB. The top of the halocline was

ocated between 10 and 30 m at MB and WB. It was also recorded
hat salinity occasionally decreased in the rainy season at coastal
tations especially at C2 (16.6 psu — in April) (Fig. 3).
The Secchi disk depths varied between 1–10 m all across the

ay and it was also observed that the values were low in the
3

Fig. 2. Seasonal variation in average values of surface temperature and salinity
in the middle section. Error bars are standard deviation with positive values
(n = 14).

winter and the spring, whereas they showed an increasing trend
in the summer and the autumn. EB, C1, C2, and C3 had the lowest
values during the year.

NO3+NO2–N values varied between 0.17–9.39 µM (max: WB
- 50 m - June) at mid-section stations. The highest value of
the upper layer (6.05 µM) was recorded in February at EB. The
values were higher in the deeper layer than the halocline and
the upper layers. Surface concentrations showed a decreasing
trend from the eastern basin to the western. At the coastal sta-
tions, NO3+NO2-N values were measured between 0.17–58.0 µM.
The highest values were observed in February, while the lowest
ones (C1, C4) were in the spring and the autumn (Fig. 5). Sur-
face o-PO4-P concentrations showed similar trends with nitrogen
compounds, but their amounts were relatively lower at the mid-
section stations (Fig. 4). Maximum o–PO4–P was detected in
December at EB at the bottom (20 m). The values varied from
0.1 to 6.29 µM at coastal stations (max: C3–Feb; C2–Oct/min: C1
and C4–July) (Fig. 5).

3.2. Picophytoplankton abundance

At EB, P-Phyto abundances were high in upper layers during
the winter and the spring, whereas the cells preferred deeper
layers as the summer began (Fig. 4). High densities of cells were
generally observed at the surface in the autumn. However, there
was an exception in October at 20 m (7.2 × 108 cells/L). P-Euk
dominated the surface in the winter and the spring. On the other
hand, P-Cyan dominated the communities with the beginning
of the summer (Fig. 7). P-Phyto dynamics at MB reflected a
similar trend with the ones at EB (Fig. 6). However, a significant
increase in the cell abundance was recorded in May at the surface
(4.5 × 107 cells/L). Cell numbers increased almost three times
with the beginning of June at MB (min: July — 30 m–2.41 × 106

cells/L; max: Aug — 20 m–13.3 × 107 cells/L). The distributions
of cell abundance indicated similar characteristics at all mid-
section stations (Fig. 6). Most picophytoplankter cells preferred
to be at the surface along with the winter and the summer at
WB (Fig. 6). Then they began to increase in deeper layers starting
from June (min: July — 30 m–2.1 × 106 cells/L; max: Aug —
10 m–7.4 × 106 cells/L). P-Phyto communities of all mid-section
stations (especially the surface and the upper layer communities)
were highly dominated by P-Euk for the entire winter and spring.

Then they replaced with P-Cyan as the summer began (Fig. 7). Cell
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Fig. 3. Seasonal variation in temperature and salinity values at the coastal stations.
1
t
t

Fig. 4. Monthly variation in average values of surface NO3+NO2–N and o–PO4–
in the middle section. Error bars are standard deviation with positive values

n = 7).

bundances varied between 3 × 106 and 16.2 × 107 cells/L at the
oastal stations and showed an increasing trend in the summer
nd the autumn (Fig. 8). P-Euk was the dominant group at all
oastal stations throughout the winter and the spring; then, P-
yan dominated the community for the rest of the year (Fig. 8).
t was also noted that no cell smaller than 0.5 µm was identified
ith the microscopy at the coastal stations.

.3. Pigment analyses

According to chl-a results at mid-section stations (0.01–8.9
g/L), relatively high values were observed in the winter and
he spring (Fig. 9). Chl-a maximum observed in upper layers
long the first half of the year and then descended to the in-
ermediate and bottom layer in the second half of 2012. The
alues showed a decreasing trend from the eastern basin to the
estern basin and the lowest ones in the entire water column
ere observed in October at EB (Fig. 9). At coastal stations, surface
hl-a values varied between 0.74 and 9.2 µg/L (Fig. 8) and the
igh concentrations were recorded in the summer. It was also
een that there were dramatic decreases in chl-a values in the
intertime. The ZEA+DIV.a, which represented P-Cyan in the
ater column, was high in the middle and the bottom layers

rom the beginning of the spring (max: 0.66 µg/L, Oct — 20
) at EB (Fig. 9). The FUC+19HEX+CHL.b, which represented P-
uk were measured high in the autumn and the winter in the
pper layers. Low concentrations were detected in the summer

eriod, especially at the surface and along the water column.

4

Fig. 5. Seasonal variation in NO3+NO2–N and o–PO4–P values at the coastal
stations.

The significant increase of P-Cyan (July — 15 m and Oct — 20
m) at EB was also confirmed by the pigment results. At MB,
ZEA+DIV.a concentrations were high in the winter at the surface
and at 10 m. It was also observed that the values were relatively
high in the whole water column from the beginning of April
(Fig. 9). FUC+19HEX+CHL.b concentrations were also high at the
beginning of the spring, the autumn, and the winter (max:4.76
µg/L, May — surface). At WB, ZEA+DIV.a concentrations (0.01–
0.38 µg/L) were measured relatively high in upper layers in
he winter and the spring (Fig. 9). High values descended to
he bottom layers along with the summer. FUC+19HEX+CHL.b
concentrations in the winter and the spring were almost two
times more than those measured in the summer and the autumn
(Fig. 9). The growth of P-Cyan during the summer was also
correlated with some pigment concentrations at WB. According to
the pigment results, no DIV.a was detected at the coastal stations.
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Fig. 6. Seasonal variation in P-Phyto abundances in the middle section.

n other words, measured ZEA+DIV.a concentrations as pigment
arkers of P-Cyan consisted of only ZEA at C1, C2, C3, C4, and
5. Concentrations indicated different trends among the coastal
tations (Fig. 10). On the other hand, FUC+19HEX+CHL.b concen-
rations were relatively high in the summer and occasionally in
he autumn at all coastal stations where the sampling was only
erformed at the surface.

.4. Statistical analyses

According to the statistical analyses, the first and second
anonical correlations were significant (p-value < 0.0001). Mul-
ivariate statistics (Wilks’ Lambda, the Hotelling–Lawley Trace,
nd Roy’s greatest root) with p-values (<0.0001) suggested re-
ecting the null hypothesis that all canonical correlations were
ero in the population, confirming the results of the preceding
ikelihood ratio test. Correlations between the cell abundance and
he canonical variables of the environmental parameters showed
hat P-Cyan and P-Euk were correlated with the environmental
roups. RDA analyses showed that P-Euk was positively linked
ith spring and winter seasons both at coastal and mid-section
tations, whereas, P-Cyan was positively linked with summer
nd autumn seasons both at coastal and mid-section stations.
-Euk showed strong negative correlation with depth and salin-
ty, however, P-Cyan showed very little correlation with those
ariables. P-Cyan had a strong positive correlation with Secchi
epth and temperature, and a negative correlation with Chl-a
nd FUC+19HEX +CHL.b, O-PO4-P whereas P-Euk had a negative
orrelation with temperature and Secchi depth (see Fig. 11).

. Discussion

Water temperature, nutrient concentrations, seasonal strati-
ication, and microzooplankton pressure are significant factors
 (

5

affecting phytoplankton dynamics in marine systems (Mousseau
et al., 1996; Veldhius et al., 2005; Mackey et al., 2009). The
relationship between these parameters and cell abundances also
presents the effects of climate change on planktonic communi-
ties (Behrenfeld et al., 2006). Climate change might affect their
seasonal successions via the extended summer and stratifica-
tion periods (Marcos and Tsimplis, 2008; Tsimplis et al., 2008).
It also has been shown that P-Phyto has a considerable value
as being a part of planktonic communities both in oligotrophic
seas and nutrient-rich areas (Agawin et al., 2000). According to
the results of some studies performed in Pensacola, Florida, in
Virginia Bays, and Western Mediterranean (Murell and Lores,
2004; Gaulke et al., 2010; Mercado et al., 2021), it has been
observed that P-Phyto communities are critical components of
total phytoplankton which have to be considered as contributors
to eutrophication.

The present study focused on the three mid-section stations
(EB, MB, WB) and five coastal stations (C1, C2, C3, C4, C5 —
where some main streams meet the bay) in Izmit Bay, the Sea
of Marmara. The results generate the very first knowledge on P-
Phyto ecology in the bay. Also, this study can be considered as an
essential contributor to the P-Phyto data, which remains rare in
offshore and coastal waters of the Sea of Marmara. Unfortunately,
a significant amount of data on large size phytoplankton was
lacking, and we could not compare our picophytoplankton data
within the context of large size phytoplankton. Hence we were
not able to make the quantitative and statistical analyses with the
existing phytoplankton data. Generally, P-Phyto distribution at
all stations was comparable with several other studies (Li, 1998;
Mihalatou and Moustaka-Gouni, 2002; Uysal and Koksalan, 2006;
Polat and Uysal, 2009). The densities were relatively low in the
winter and the spring, and were high in the summer, especially
towards the end of the summer. The effect of the temperature
was statistically supported and this was following some other
research (Hall and Vincent, 1994; Not et al., 2005; Kahyalar, 2007;
Yucel, 2013; Pulina et al., 2017).

A conclusive correlation between the abundances of phyto-
plankton and picophytoplankton could not be reached because
of the insufficient data. Nevertheless, according to the existing
phytoplankton data (KMM, Tubitak-MRC, 2013) it was seen that
the first phytoplankton bloom of 2012 occurred at the surface at
EB in March. It was also recorded that P-Phyto formed a bloom.
Both phenomena overlapped with the highest chl-a concentration
among the mid-section stations throughout the study. Because
of the significant relationship between P-Phyto abundance and
chl-a concentrations, we can generally say that P-Phyto could
maintain the same ‘‘bloomer’’ strategy with higher abundance
during large size phytoplankton blooms as Mackey et al. (2009)
suggested before. Besides, the highest P-Phyto as well as the
highest P-Cyan abundance (EB - 20 m — 7.2 × 108 cell/L — Oct)
coincided with one of the highest transparency values throughout
the warm period. The statistical analysis already underlined the
effect of light on the cell density during the extended summer.
The cell abundance increased as long as the transparency in-
creased. Increasing temperature and light in the summer period
create favorable conditions for P-Cyan as they contain zeaxanthin
hich is a photoprotective pigment. It leads them to be more
esistant to stronger light conditions (Yucel et al., 2017).

Some studies suggested that temperature is an essential key
actor for P-Phyto growth (Jiang et al., 2017; Mitbavkar and
nil, 2018). We also found significant positive correlations be-
ween cell abundance and temperature. Nevertheless, some oth-
rs (Worden et al., 2004; Mukhanov et al., 2016) have not found
ny correlation between cell abundances and temperature, in-
luding the one which was performed in the Sea of Marmara

Toklu-Alcili et al., 2020). The present study showed that the
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Fig. 7. Annual succession of P-Cyan/P-Euk in the middle section.
Fig. 8. Seasonal variation in P-Phyto abundances and annual succession of P-Cyan /P-Euk at the coastal stations.
ominant group of the warm periods was P-Cyan both at mid-
ection and at coastal stations as the RDA analysis also supported.
his result has already been very well documented in the litera-
ure, where the temperature is indicated as a key factor control-
ing for P-Cyan growth (Ning et al., 2000; Bec et al., 2005; Collos
t al., 2009; Pulina et al., 2017). Besides, P-Euk was abundant
uring cold periods both at mid-section and at coastal stations
6

as RDA analysis also suggested. This case was in accordance with
the results of a study from Alboran Sea (Amorim et al., 2016).
A previous study implied that picoeukaryotic cells are ubiqui-
tous in the marine environment, with the population maximum
frequently occurring in low irradiance but high nutrient environ-
ments (Zhang et al., 2013). In particular, P-Euk can tolerate lower

temperatures (Wei et al., 2019). Mukhanov et al. (2016) suggested
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Fig. 9. Seasonal variation in pigment values in the middle section.
Fig. 10. Seasonal variation in pigment values at the coastal stations.
w
m
s
0
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that P-Euk density was high in February and March, although
there were not any reported statistical correlations between cell
abundances and temperature. Our statistical analyses indicated
that P-Cyan is more sensitive to temperature. In other words, P-
Euk might become dominant while P-Cyan cells were reducing
with the decreasing temperature. Relatively high P-Phyto (also
P-Cyan) abundances at C1, C2, and C3 corresponded to the study
by Amorim et al. (2016), which showed that P-Cyan were more
abundant in coastal areas in summer and also corresponded with
the one suggested that growth of P-Cyan was induced by high
temperature (Salhi et al., 2018).

RDA analysis clearly indicated the negative correlation be-
tween P-Euk and salinity as also suggested by some other studies
(Paerl et al., 2020; Liu et al., 2021). Because the salinity increased
with the depth in the bay we can underline that P-Euk dominated
upper layers at mid-section stations.
7

Significant positive correlations were observed between the
pigments and the P-Phyto groups that they represented. More-
over, DIV.a, which is the most important pigment for Prochloro-
phytes (Pro), was absent at coastal stations. Therefore, its absence
as interpreted that there was not any Pro cell in P-Cyan com-
unity in the coastal area during this study. This case was also
upported by microscopic identification as no cell smaller than
.5 µm was able to be seen while counting. In other words,
rokaryotic coastal community might be consisting only of Syn

cells in the bay and similar findings were reported before (Parten-
sky et al., 1999b,a; Qiu et al., 2010; Liu et al., 2015; Li et al.,
2019). Pro was not observed in a recent study in the Black Sea
(Mukhanov et al., 2016) as well. In addition, Bemal and Anil
(2019) suggested that Syn was 1–10 times more than Pro in
Arabian Sea coastal waters. It was also indicated in a study
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Fig. 11. RDA plot of P-Phyto (P-Cyan and P-Euk) abundance and environmental parameters. Interaction of stations (coastal (C) and mid-section (O)) and seasons
(winter-W, spring-SP, summer-S, autumn-A) were grouped together and centroids of these groups marked as black. Abundance data marked as red, environmental
variables marked as green.
performed in the southeastern Black Sea (Feyzioglu et al., 2004)
that the abundance of Syn varied among the stations, but they
were present in the photic zone at all stations. Besides, it is
known that Syn can be subdivided into the open ocean and coastal
phylogenetic clusters, which have no salinity requirements for
growth (Dufresne et al., 2008; Sohm et al., 2015), and a study
performed in the eastern Indian Ocean showed the presence of
Syn cells like these (Wei et al., 2019). This present study suggests
that the coastal Syn populations might be of them, but further
analyses are certainly needed for conclusive proof. Although some
flagellates may contain zeaxanthin, it is a distinguishing indica-
tor for cyanobacteria. According to the results of simultaneously
performed research (KMM, Tubitak-MRC, 2013), it was seen that
no large size cyanobacterial cell was found in the middle section,
and this supported the case that detected zeaxanthin might rep-
resent the picocyanobacterial community. Moreover, in a recent
study, the zeaxanthin concentration peak coincided with the Syn
peak (Mishra et al., 2020). Relatively high cell abundances during
summer might be correlated with the presence of zeaxanthin, as
suggested by Yucel before (2013).

Li (1998) has shown that nutrient concentrations are also
important for P-Phyto dynamics. Some studies indicated that
P-Cyan abundance (Syn) was high in coastal and nutrient-rich
areas (Partensky et al., 1999b,a; Salhi et al., 2018). As mentioned
before, we assume that the coastal P-Cyan community of Izmit
Bay consisted of Syn regarding the pigment and counting data of
the coastal stations. According to our statistical analysis, coastal
community of this present study showed that it was dominated
by P-Cyan in the summer and autumn. Polat and Uysal (2009)
remarked that Syn cells were very abundant in the nutrient-rich
part of the north-eastern Mediterranean Sea, highly affected by
terrestrial inputs. Our statistical analysis also showed that the
8

most significant correlation between nutrient (o-PO4-P) and P-
Phyto group (P-Cyan) was negative and this showed that o-PO4-P
might be consumed by P-Cyan.

5. Conclusion

A picophytoplankter cell is one of the most important model
organisms which provides data to understand marine microbial
processes and biological systems (Coleman and Chisholm, 2007).
With the present study, the first findings on P-Phyto commu-
nity of Izmit Bay have been discussed. P-Phyto abundances and
the following environmental variables were significantly related:
The key factor was change in temperature on the succession of
small-sized phytoplankton in the middle section and the coastal
part. P-Cyan was broadly the dominant group in warm periods
whereas P-Euk dominated the winter and spring. It was statis-
tically shown that salinity affected P-Euk cell growth negatively.
Thus they preferred the less saline upper layer. Eventually, further
and periodic research are needed, which should include biomass
calculations, size fractioned pigment analyses, flow cytometric
counting methods, and grazing and zooplankton pressure esti-
mate to clarify the behaviors of picophytoplankton communities
in Izmit Bay.
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