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Abstract

Temporal variations in phytoplankton composition in the northeastern Sea of Marmara were investigated in conjunction with 
physico-chemical variables, from January 2004 to December 2007. The occurrence of potentially toxic species and a mucilage 
event was also evaluated during the study period. The confined upper layer of the Sea of Marmara is mesotrophic to eutrophic 
and is characterised by higher productivity compared to the neighbouring Black Sea and Aegean Sea. 132 taxa were identified in 
the micro-phytoplankton community, 11 of which are known to be potentially toxic. The most abundant species were the diatom 
Pseudo-nitzschia spp. and the dinoflagellate Prorocentrum micans. Potentially toxic species were more common at the coastal sta-
tions. The onset of a mucilage formation was observed in October 2007, and well-known mucilage producers such as Gonyaulax 
hyalina (reported as G. fragilis) and Thalassiosira gravida (reported as T. rotula) dominated the phytoplankton community during 
this event. A marked decrease in the number of species and the diversity index after June 2007, and the reported shifts in the zoo-
plankton community during the same period point to possible cascading effects in the pelagic ecosystem of the Sea of Marmara.

Keywords: Phytoplankton; harmful species; mucilage; biodiversity; Sea of Marmara.

Introduction

Phytoplankton plays an important role in the aquatic 
food chain and is an efficient and easily detectable indica-
tor of ecological change. The information obtained from 
phytoplankton communities is very useful for the assess-
ment of eutrophication levels and ecosystem changes due 
to several stressors (e.g. pollution, overfishing, climate 
change, invasive species) in aquatic systems, since they 
are very sensitive to changes in the ecosystem (Paerl et 
al., 2007). Under certain circumstances, some microalgae 
species can form high biomass and/or toxic cell prolifer-
ations, thereby causing harmful effects at various trophic 
levels of aquatic ecosystems (Kudela et al., 2015). The 
harmful effects of different types of phytoplankton tox-
ins on fish, invertebrates and humans as well as hypox-
ia caused by decomposing algal biomass are among the 
most significant problems associated with algal blooms 
(Anderson et al., 2012). An increase in the frequency and 
magnitude of algal blooms in parallel to ongoing climate 
change might enhance HAB related impacts on environ-
ment and public health (Hallegraeff, 2010).

The Sea of Marmara is a small, semi-enclosed ba-
sin (11,350 km2), connected to the Black Sea and the 
Aegean Sea through the Strait of Istanbul (Bosphorus) 

and Canakkale (Dardanelles). The Sea of Marmara has 
two distinctly different water masses; the upper layer (0-
25m) is brackish (~22 salinity) and originates from the 
Black Sea, while the lower saline (~38 salinity) layer 
originates from the Mediterranean Sea. These two dis-
tinctly different water masses are separeted by an inter-
face layer (Unluata et al., 1990; Besiktepe et al., 1994). 
The hydrography of the upper layer is strongly associated 
with the Black Sea inflow and significantly affects the 
chemistry of the basin (Polat & Tuğrul, 1995). In the up-
per euphotic zone, nutrient concentrations are relatively 
low with seasonal variations that reflect photosyntethic 
activity (Baştürk et al., 1990). Primary production is al-
ways higher in the less saline upper layer, while the lower 
layer waters are always rich in nutrients as a result of the 
limitation of the euphotic zone by the intermediate layer 
(Polat et al., 1998).

The first study on phytoplankton in the Sea of Mar-
mara (SoM) was carried out by Artüz (1974), and stud-
ies focusing on the distribution, taxonomy, morphology 
and ecology of phytoplankton in the SoM increased af-
ter 2000 (Uysal, 1996; Balkis, 2004; Balkis et al., 2004; 
Okus & Tas, 2007; Deniz & Tas, 2009; Tas et al., 2011; 
Balkis & Toklu-Alicli, 2014; Balkis & Tas, 2016; Balci 
& Balkis, 2017). 
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 A peculiar impact of some phytoplankton blooms that 
evolved under special environmental and trophic condi-
tions is secretion of a vast quantity of extracellular organ-
ic substances causing mucilage (Innamorati et al., 2001; 
Mecozzi et al., 2001). These extracellular organic sub-
stances can be produced by diatoms (Rinaldi et al., 1995), 
bacteria (Herndl et al., 1999; Azam & Long, 2001), and 
dinoflagellates (MacKenzie et al., 2002). In the autumn 
of 2007, a very dense mucilage event was recorded in 
the Sea of Marmara that caused significant economic and 
environmental impacts (Aktan et al., 2008; Tüfekci et al., 
2010; Balkis et al., 2011; Yilmaz, 2015). 

The main goals of this study are to investigate phyto-
plankton community composition associated with physi-
co-chemical factors over four years, and to evaluate the 
occurrence of potentially toxic species and the mucilage 
event recorded in the area.

Materials and Μethods

Sampling strategy and seawater analysis 

Water Sampling was carried out monthly at three sta-
tions (MY2, MKC, and MBC), and seasonally at two sta-
tions (M8, M23) in the northeastern SoM. The sampling 
stations were selected in view of monitoring the impact 
of urban discharges and the effect of inflowing Black Sea 
water on the SoM. The MY2, MKC, MBC and M8 sta-
tions are closeto the coast and have a maximum depth of 
80 m, while station M23 is located offshore, at a depth 
of1100 m (Fig. 1). The sampling program covers a period 
of four years (from January 2004 to December 2007). No 
sampling was performed in the study area in July 2007.

Water samples were collected using rosette operated 
5-L Niskin bottles at depths of 0.5, 5 and 10 m. Tem-
perature and salinity profiles were recorded by a Sea Bird 
Electronics 9/11 CTD system. Nutrient analyses (NO3+-
NO2, PO4 and SiO2) were performed on a Bran+Lueb-

be AA3 auto-analyzer according to standard methods 
(APHA, 1999). Chlorophyll a (Chl-a) analyses were car-
ried out according to the acetone extraction method (Par-
sons et al., 1984) and dissolved oxygen (DO) was mea-
sured according to the Winkler titration method (APHA, 
1999). All environmental data were averaged over the 
three depths sampled.

Phytoplankton analysis

In this study, only 20-200 µm (microplankton) phyto-
plankton cells were examined. For quantitative analysis 
of phytoplankton, the sea water samples obtained from 
0.5, 5 and 10 m were transferred to 1-L containers and 
then immediately fixed by the addition of a borax-buff-
ered formaldehyde solution (0.4 %). The samples were 
allowed to settle for a week in the laboratory and then 
the upper water in the containers was removed with a 55-
μm mesh mounted pipette (Sukhanova, 1978). After that, 
the sub-samples were stored in darkcoloured glass bot-
tles after the addition of 2 ml formaldehyde for longtime 
storage (Throndsen, 1978). Cell counts were performed 
using an Olympus CH-2 model light microscope com-
bined with a Sedgewick-Rafter counting cell (1mL). All 
phytoplankton abundance data were averaged over the 
three depths sampled.

For qualitative analysis of phytoplankton, a Nansen 
plankton net (0.57 m in diameter, 55 μm mesh size) was 
used. Net samples were collected by vertical tows, from 
15 m to the surface, performed at three stations (MKC, 
M8, and M23). Then they were transferred to PVC con-
tainers and preserved by the addition of borax-buffered 
formaldehyde to a final concentration of 4 %. Subse-
quently, the net samples were stored in a dark and cool 
room until microscope examination. Phytoplankton spe-
cies collected with net samples were identified under an 
Olympus CH-2 model light microscope. The light mi-
crography of some important species was taken using a 

Fig. 1: Study area and sampling stations.
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digital camera system (Leica DFC camera system).
Available resources were used for species identification 

(Cupp, 1943; Hendey, 1964; Drebes, 1974; Dodge, 1985; 
Delgado & Fortuna, 1991; Tomas, 1997). Potentially toxic 
and/or harmful microalgae were determined according to 
Hallegraeff (2002), Hallegraeff et al. (2003), Pompei et al. 
(2003), Lu & Hodgkiss (2004), Pistocchi et al. (2005), and 
Heil et al. (2005), and toxic species were checked through 
the IOC Taxonomic Reference List of Toxic Plankton Al-
gae (Moestrup et al., 2009). The AlgaeBase (https://www.
algaebase.org/) and WoRMs (World Register of Marine 
Species) database (http://www.marinespecies.org) were 
used for checking nomenclature and synonyms.

Data analysis

The relationships between environmental factors and 
phytoplankton abundance (N), number of species (S), 
Shannon diversity index (H’, bits) and Chl-awere ana-
lyzed by the Spearman rank correlation, following trans-

formation to natural logarithms using the SPSS program. 
A series of Principal Components Analyses (PCA) were 
used to explore the spatio-temporal variations in environ-
mental factors and phytoplankton community structure. 
The dimensionality in multivariate datasets was reduced 
and a series of factors (axes) were extracted. These factors 
were used to relate community structure to environmen-
tal variability. Prior to all PCAs, data were transformed to 
natural logarithms to reduce the heterogeneity in the data 
and to normalize distribution. 

Results

Physico-chemical variables

Temperature showed a clear seasonality, while salin-
ity displayed annual and spatial variations (Fig. 2). The 
lowest temperature (6.5oC) was recorded at station M8 in 
February 2004 and the highest (26.5oC) at station MBC 
in August 2006, and it was generally higher at MBC and 

Fig. 2: Temporal variations in the mean values of some environmental parameters during the study period.
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MKC.  There was a significant negative correlation be-
tween temperature and salinity/SiO2/DO (p<0.01, Table 
1). Salinity ranged from 20.4 (M8, August 2005) to 32.5 
(MKC, October 2006) and decreased in summer due to 
the reduction in wind-induced mixing and stronger ther-
mohaline stratification, while increases were observed in 
winter due to vertical mixing (Fig. 2). Maximum salinity 
(32.5) was due to a strong and long period of southerly 
winds. A negative correlation was observed between sa-
linity and temperature and PO4 (p<0.01) (Table 1).

Inorganic nutrient concentrations differed significant-
ly among sampling stations. Generally, nutrient concen-
trations were higher at near-shore stations. The highest 
values of NO3+NO2, PO4 and SiO2 were measured at 
stations MY2, MKC and MBC, respectively (Fig. 2). A 
weak negative correlation was found between PO4 and 
salinity (p<0.05) and a siginificant negative correlation 
between SiO2 and temperature (p<0.01) (Table 1). 

DO concentrations displayed a seasonal pattern and 
ranged between 5.3 mg L-1 (MKC, October 2006) and 
12.3 mg L-1 (M23, February 2006), and they were higher 
than 10 mg L-1 in late winter and spring. The lowest DO 
value (5.3 mg L-1) is due to increased vertical mixing of 
low-oxygenated lower layer water during a strong south-
erly gale. DO concentrations were relatively lower during 
the mucilage event at the end of 2007 than in previous 
years (Fig. 2). DO concentrations were negatively cor-
related with temperature (p<0.01), while positively cor-
related with NO3+NO2 and SiO2 (p<0.01, Table 1). 

Chl-a concentrations ranged between 0.35 (M23, 
August 2005) and 15.9 µg L-1 (MKC, June-2005) and 
increased generally in spring and early summer due to 
higher primary production. Chl-a values were correlated 
negatively with temperature (p<0.01) and positively with 
PO4 and DO (Table 1).

Phytoplankton composition 

A total of 132 phytoplankton taxa belonging to 6 taxo-
nomical classes were found during the study period; 95% 
of these consisted of two major groups, diatoms (62 taxa) 
and dinoflagellates (63 taxa). The other groups consist-
ed of silicoflagellates (3 taxa), euglenophytes (2 taxa), 
chrysophyte (one taxon) and chlorophyte (one taxon). 
The diatom Chaetoceros (19 taxa) and the dinoflagellates 
Protoperidinium (22 taxa) and Tripos (12 taxa) were the 
most abundant genera (Table 2). Light micrography for 
selected and important phytoplankton species are given 
in Figure 5.

The total number of taxa identified was 92 in 2004, 
104 in 2005, 103 in 2006 and 90 in 2007. The number 
of species (S) was the highest (40 taxa) at MBC in April 
2006, while it was the lowest (2 taxa) at MKC in Septem-
ber and at MBC in December 2007. In general, the num-
ber of species was higher in spring than in summer and 
decreased markedly after June 2007 (Fig. 2). The num-
ber of species was negatively correlated with tempera-
ture and positively correlated with DO concentrations 
(p<0.01) (Table 1). 

The Shannon diversity index (H’) ranged from 0.0 
to 3.39. The highest H’ was 3.39, 3.31, 3.21, 2.69 and 
2.63 at MY2, MKC, MBC, M23 and M8, respectively 
(Fig. 2). The annual average H’ increased from 1.88 to 
2.09 between 2004 and 2006; however, it decreased to 
1.92 in 2007. There was a significant negative correlation 
between temperature and H’ (p<0.01) and a significant 
positive correlation with DO concentration (p<0.01, Ta-
ble 1).

A seasonal variation in phytoplankton abundance (N) 
was clear during the study period and it was higher be-
tween February and May than in summer. The highest 

Table 1. Spearman rank correlation coefficients (rho) between environmental factors and phytoplankton data and chlorophyll a 
(chl-a) values. 

Parameters Temperature Salinity NO3+NO2 PO4 SiO2 DO

Temperature - -.545** - - -.423** -.603**

Salinity -.545** - - -.171* - -

NO3+NO2 - - - - .260** .241**

PO4 - -.171* - - .390** -

SiO2 -.423** - .260** .390** - .238**

DO -.603** - .241** - .238** -

Chl-a -.570** - - .194* - .451**

N-Dino - - - - - .298**

N-Dia -.317** - - .192* .255** .403**

N-Total -.414** - - - - .432**

S -.394** - - .215* - .448**

H’ -.331** - - - - .280**

DO: Dissolved oxygen; N: Abundance; S: Number of species; H’: Shannon diversity index. Statistically significant correlations are indicated by symbols: 
– not significant (p>0.05); *p<0.05; **p<0.01.
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Table 2. Species list of phytoplankton and their occurrence in the sampling stations during this study period. 

2004 2005 2006 2007

Taxa MY2 MKC MBC M8 M23 MY2 MKC MBC M8 M23 MY2 MKC MBC M8 M23 MY2 MKC MBC M8 M23

BACILLARIOPHYCEAE        

Actinoptychus sp.   +   +    

Asterionellopsis glacialis   + + +    

Bacteriastrum hyalinum   + +      

Cerataulina pelagica     + +    

Chaetoceros aequatorialis     + + + +  

Chaetoceros affinis   + + +   + + + + + + + + + + + + +

Chaetoceros brevis   + + + + + + + + + + + + + +

Chaetoceros compressus       +   + +

Chaetoceros constrictus   + + +   + + + + + +  

Chaetoceros costatus   +   + + +    

Chaetoceros curvisetus   + + +   + + + + + + +   + +

Chaetoceros danicus       + +  

Chaetoceros debilis   + + +   + +  

Chaetoceros decipiens + + + +   + + + + + + + +   + +

Chaetoceros diadema     +     + +

Chaetoceros didymus   + +     + +  

Chaetoceros holsaticus   + + +   + + + + + + + +

Chaetoceros laciniosus   + +   + + + +  

Chaetoceros lauderi   + +       +

Chaetoceros lorenzianus   + + +   + + + +   +

Chaetoceros teres   +   +   + + + +   +

Chaetoceros wighami   +   + + + + + +

Chaetoceros sp.   + + + + + + + + +   + + + + + + +

Coscinodiscus concinnus + + + + + + + + + + + + + + + +

Coscinodiscus radiatus + + + + + + + + + + + + + +   + +

Coscinodiscus sp.   + + + + + + +   + + + +   +

Cylindrotheca closterium + + + + + + + + + + + + + + + + +

Detonula confervacea   + + + + + + + + + + + + +

Ditylum brightwellii + + + + + + + + + + + + + + + + +

Guinardia delicatula     + + +  

Guinardia flaccida   + +   + + + + +   + +

Guinardia striata   +     +

Gyrosigma sp.     +   + + +  

Hemialus hauckii   +     +  

Hemiaulus membranaceus   +    

Leptocylindrus danicus   + + +   + + + + + + + +

Leptocylindrus minimus       +  

Melosira moniliformis       +  

Navicula sp. + + + + + + + +   + + + + + +

Neocalyptrella robusta     + +    

Nitzschia longissima + + + + + + + + + + + + + + + +

Pleurosigma normanii         +

Pleurosigma sp.   + + + + + +   + + +  

Continued
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2004 2005 2006 2007

Taxa MY2 MKC MBC M8 M23 MY2 MKC MBC M8 M23 MY2 MKC MBC M8 M23 MY2 MKC MBC M8 M23

Proboscia alata + + + + + + + + + + + + + + + + + + + +

Proboscia alata f. gracil-
lima   + + +   + + + + + + + +   + +

P.-nitzschia delicatissima 
group + + + + + + + + +   + + + + + + + +

P.-nitzschia seriata group + + + + + + + + + + + + + + + + + + + +

Pseudosolenia calcar-avis + + + + + + + + + + + + + + + + + + +

Rhizosolenia cf. castra-
canei       +  

Rhizosolenia hebetata + + + + + + + + + + + +   + + + +

Rhizosolenia setigera + + + + + + + + + + + + + + +   + + +

Rhizosolenia styliformis       +  

Skeletonema costatum + + + + + + + + + + + + + + +

Thalassionema frauenfeldii   + + + + + +  

Thalassionema nitzschio-
ides + + + + + + + + + +   + + + + + + + +

Thalassiosira anguste-li-
neata         + +

Thalassiosira decipiens + + + + + + + + + +   + + + + +

Thalassiosira eccentrica   + + + + + + + + + +  

Thalassiosira gravida + +     + + + + + +

Thalassiosira hyalina + +       + +

Thalassiosira minima       + + + + +

Thalassiosira nordenski-
oeldii     + + +    

Thalassiosira sp. + + + + + + + + + + + + + +

DINOPHYCEAE            

Archaeperidinium minutum     + + +    

Akashiwo sanguinea         +

Dinophysis acuminata     + +   + +   +

Dinophysis acuta + + + + + + + + + + + + + + + + + +

Dinophysis caudata   + + + + + + + + + + + + + + + + +

Dinophysis hastata       + + +   +

Dinophysis odiosa + + + + + + + + +   +

Dinophysis sacculus     +   + + + +

Diplopsalis lenticula   + + + + + + + + + + + + + + + + +

Gonyaulax hyalina       + + + + + + + +

Gonyaulax spinifera   +     + + + + + + +

Gonyaulax sp.   + + + + + + + + + + +

Gyrodinium spirale + + + + + + + + + + + + + + + + + + + +

Heterocapsa triquetra   + + + + + + + + + + + + + +

Kofoidinium velleloides     + + +   + + +   + +

Lingulodinium polyedra +   + + + + + + + + + +

Noctiluca scintillans   + + + + + + + + + + + + + + + + + +

Oxytoxum scolopax       + + +   + + +

Phalacroma oxytoxoides + + + + + + + + + + + + +  

Continued

Table 2 continued
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2004 2005 2006 2007

Taxa MY2 MKC MBC M8 M23 MY2 MKC MBC M8 M23 MY2 MKC MBC M8 M23 MY2 MKC MBC M8 M23

Phalacroma rotundatum + + + + + + + + + + + + + + + + + + +

Podolompas palmipes     + + +   + + +   +

Prorocentrum compressum + + + + + + + + + + + + + + + + + + +

Prorocentrum cordatum + + + + + + + + + + + + +   + + +

Prorocentrum micans + + + + + + + + + + + + + + + + + + + +

Prorocentrum scutellum + + + + + + + + + + + + + + + + + + + +

Prorocentrım triestinum + + + + + + +   +

Protoperidinium bipes   + + + + + + + + + + +

Protoperidinium brevipes   + + +   + +   + +

Protoperidinium brochii   + + +   + +   +

Protoperidinium claudicans + + + + + + + + + + + + + + + + + +

Protoperidinium cf. coni-
coides     + +   + +  

Protoperidinium conicum   + + + + + + + + + + + + + + + + + + +

Protoperidinium crassipes   +       + +

Protoperidinium depressum + + + + + + + + + + + + + + +   + + +

Protoperidinium divergens   + + + + + + + + + + + + + + + + + + +

Protoperidinium cf. exi-
guipes     + + +    

Protoperidinium grande   + + +   + +   + +   +

Protoperidinium leonis     + +    

Protoperidinium oblongum   +   +     + +

Protoperidinium cf. obtu-
sum       +  

Protoperidinium oceanicum     + + +    

Protoperidinium pallidum + + + + + + + + + + + + + + +   + + + +

Protoperidinium pelluci-
dum + + + + + + + + + + + + + +   + + +

Protoperidinium pentago-
num + + + +   + + + + + + +   +

Protoperidinium punctu-
latum     +    

Protoperidinium pyriforme   +   + + + +  

Protoperidinium steinii + + + +   + + + + + + + + + +

Protoperidinium sp. + + + + +   + + + + + + + + + + + + +

Pyrophacus horologium       + +   +

Scrippsiella acuminata + + + + + + + + + + + + + + + + +

Tripos cf. declinatus   + + +   +    

Tripos furca + + + + + + + + + + + + + + + + + + + +

Tripos fusus + + + + + + + + + + + + + + + + + + + +

Tripos gibberus   + + + + + +   +  

Tripos horridus + + + + + + + + + + + + + + + + + + + +

Tripos inflatus     +    

Tripos lineatus +   + + + + + +   + + +

Tripos macroceros     +   +

Tripos pentagonus     + +   +  

Tripos muelleri + + + + + + + + + + + + + + + + + + + +

Table 2 continued

Continued
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abundance was found at the coastal stations (MKC, MY2, 
M8). The highest mean cell density (686×103 cells L-1) was 
found at station M8 in February 2007 and the lowest (86 
cells L-1) was observed at MBC in August 2005 (Fig. 2). 
There was a significant negative correlation between N-to-
tal and temperature (p<0.01), and a significant positive 
correlation between N-total and DO (p<0.01, Table 1).

Diatom species were generally more abundant in win-
ter and early spring (January to April) and their highest 
cell density reached 1.133×103cells L-1 (685×103cells L-1, 
on average), dominated by Pseudo-nitzschia species, at 
station M8 in February 2007. The contribution of dia-

toms to N-total was more than the other groups between 
July 2005 and May 2007. The contribution of diatoms to 
N-total decreased between June and October 2007 (Fig. 
3). There was a significant negative correlation between 
diatom abundance (N-Dia) and temperature (p<0.01), a 
weak positive correlation with PO4 (p<0.05), and a sig-
nificant positive correlation with SiO2 and DO (p<0.01, 
Table 1). 

Dinoflagellate species were generally more abun-
dant between May and June and their relative contribu-
tion to N-total was higher at station MY2 (Fig. 3). The 
highest abundance for dinoflagellates was 181×103 cells 

2004 2005 2006 2007

Taxa MY2 MKC MBC M8 M23 MY2 MKC MBC M8 M23 MY2 MKC MBC M8 M23 MY2 MKC MBC M8 M23

Tripos muelleri f. massi-
liensis     +    

Tripos trichoceros + + + + + + + + + + + + + + + +

DICTYOCHOPHYCEAE          

Dictyocha fibula + + + + + + + + + + + + + +  

Dictyocha speculum + + + + + + + + + + + + + + + + + +

Octactis octonaria   + + + + + + + + +   + + + + +

CHRYSOPHYCEAE        

Dinobryon sp.       +  

EUGLENOPHYCEAE        

Euglena sp. + + + + + + + + + + + + +  

Eutreptiella sp. + + + + + + +   + + + + + +

CHLOROPHYCEAE        

Staurastrum sp. + + +      

Table 2 continued

Fig. 3: Relative contribution of taxonomic groups to total phytoplankton abundance at the montly-monitored stations during the 
study period.



676 Medit. Mar. Sci., 21/3 2020, 668-683

L-1 (124×103 cells L-1, on average) at station MY2, domi-
nated by Prorocentrum micans (171×103 cells L-1). A sig-
nificant positive correlation between dinoflagellate abun-
dance (N-dino) and DO (p<0.01, Table 1) was found. 

As regards the other phytoplankton groups, silicofla-
gellates and euglenophytes were more common in the 
study area and they were generally more abundant be-
tween January and August 2004. The cell abundance of 
silicoflagellate Dictyocha speculum reached 18×103 cells 
L-1 (15×103 cells L-1, in average) at MKC and eugleno-
phyte Eutreptiella sp. reached 873×103 cells L-1 (304×103 
cells L-1, in average) at MKC (Fig. 3).

Potentially toxic species 

A total of 11 potentially harmful microalgae species 
(9 dinoflagellates and 2 diatoms) were detected during 
the study period (Table 3). Potentially harmful species 
were more common and frequent at stations MKC and 
MBC, although their abundance reached a peak level at 
M8 in February 2007 (Fig. 4).

Pseudo-nitzschia diatoms had the highest cell den-
sity among the potentially toxic species, and were sep-
arated into two groups based on cell sizediameter: the 
Pseudo-nitzschia delicatissima group (<3 µm) and the 
Pseudo-nitzschia seriata group (>3 µm). Pseudo-nitzs-
chia species were frequently observed at MKC and MBC, 
particularly in late autumn and winter. The highest cell 
density of Pseudo-nitzschia delicatissima group reached 
1,128×103  (685×103 cells L-1, on average) at station M8, 
and 417×103  cells L-1 (322×103 cells L-1, on average) at 
MKC in February 2007, while for Pseudo-nitzschia seria-
ta group maximum cell density reached 112×103 cells L-1 
(55×103 cells L-1, on average) at MBC (Table 3, Fig. 5).

Some members of the genus Dinophysis are known to 
be potentially toxic, and their cell density was found to be 
very low during the study period. Dinophysis acuminata 
was only observed in net samples, while the cell density 
of other species such as D. acuta, D. caudata and D. sac-
culus was generally low (<103 cells L-1). The cell density 
of the other potentially toxic dinoflagellate Phalacroma 
rotundatum reached 13.5×103 cells L-1 at station MKC 
and was more common in the study area than the other 
species. Lingulodinium polyedra was one of the toxic di-
noflagellates observed occasionally in the study area and 
its maximum cell density was 11.5×103 cells L-1 at sta-
tion MKC. Protoceratium reticulatum was rarely found 
in the study area and it reached 2.5×103 cells L-1 at station 
MBC. Prorocentrum cordatum was another potentially 
toxic dinoflagellate species found in the study area and its 
maximum cell density reached 10×103 cells L-1 at station 
M8 (Table 3, Fig. 5). No toxic or harmful effects caused 
by these potentially toxic species on the ecosystem or hu-
mans was detected during the study period.

Mucilage event

A very dense mucilage formation was recorded in 
the Sea of Marmara in October 2007, characterized by 
thick-creamy surface accumulations and aggregations of 
various sizes dispersed throughout the upper layer. The 
mucilage event attracted public attention by almost dis-
continuing pelagic fisheries, and the unsightly appear-
ance of surface aggregations. Some significant changes 
occurred in phytoplankton during the mucilage event, in-
cluding a marked decrease in the number of species and 
the diversity index after June 2007. The most important 
change was observed in the species composition of the 

Table 3. Potentially toxic microalgae in the northeastern Sea of Marmara during the sampling period with their known harmful effects 
(see Moestrup et al., 2009), together the month and station at which they reached highest cell density (cells L-1). 

Species Known harmful 
effect  Month Station Cell density (×103)

Bacillariophyceae

P.-nitzschia delicatissma group ASP Feb. M8 1,128.0

P.-nitzschia pungens group ASP Aug. MBC 112.0

Dinophyceae

Dinophysis acuminata* DSP May - -

Dinophysis acuta DSP July MBC 0.5

Dinophysis caudata DSP Aug. MY2 1.0

Dinophysis sacculus DSP Jan. MKC 0.3

Gonyaulax spinifera Other toxins June MKC 0.5

Lingulodinium polyedra Other toxins May MKC 11.5

Phalacroma rotundatum DSP Aug. MKC 13.5

Prorocentrum cordatum Other toxins May M8 10.0

*Species observed in net samples only. ASP: Amnesic Shellfish Poisoning; DSP: Diarrethic Shellfish Poisoning.
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phytoplankton community. 
The dinoflagellate Gonyaulax hyalina (reported as G. 

fragilis) and the diatom Thalassiosira gravida (reported 
as T. rotula) (Fig. 5) were only found between September 
and December 2007, and they dominated the phytoplank-
ton community in the dense mucilaginous aggregations. 
The cell density of G. hyalina reached a maximum of 
49×103 cells L-1 (38.7×103 cells L-1, on average) and the 
cell density of T. gravida reached a maximum of 241×103 
cells L-1 (164×103 cells L-1, on average) at station MY2, 
in November 2007. 

Community structure

The PCA ordination reveals a different community 
structure in 2006, particularly significant along the first 
principal component (PC). As supported by increased di-
versity, species richness and abundance levels, more spe-
cies prevailed in the community (Fig. 5).  On the other 
hand, changes in overall phytoplankton community struc-
ture during the mucilage event observed in the autumn 
of 2007 were reflected in lower PC scores. However, a 
rapid decrease in the number of species and the Shannon 
diversity index, as seen in Figure 2, coincided with the 
beginning of the mucilage event. The PC1 of phytoplank-
ton data was correlated with temperature and the first PC 
of environmental PCA; however, statistically significant 
correlations with parameters other than temperature were 
due to auto-correlation of these parameters with tempera-
ture. The PCA of environmental parameters showed that 

the first PC evolved significantly along with temperature, 
while PC2 was associated with salinity and NO3+NO2 
(Fig. 6).

Discussion

The confined upper layer of the highly stratified Sea 
of Marmara is characterised by very high productivity 
compared to the neighbouring Black Sea and Aegean 
Sea, as confirmed by long term and high resolution (8-
days) comparisions of surface chylorophyll a in the se-
lected grids of each basin (Fig. 7). The statistically sig-
nificant corelation between in-situ and satellite-derived 
measurements (r²=0.70, p<0.001) proves the validity of 
this method in interbasin comparisions. A recent study 
demonstrated the driving force of the Strait of Istanbul’s 
jet flow to the Sea of Marmara. This jet flow supports 
primary production even during periods of low nutrient 
availiabity by triggering a strong upward motion that in-
jects nutrients from the nutrient-rich lower layer to the 
upper layer (Oguz, 2017). This system, together with 
wind-induced vertical mixing, nutrient regeneration and 
coastal inputs, supports the highly productive SoM eco-
system (Polat & Tuğrul, 1995; Polat et al., 1998). 

There is a reported tendency for the development of 
toxic species in case of altered phytoplankton biomass 
at global level due to eutrophication (Smith et al., 1999). 
The seasonality of potentially toxic species indicates in-
creases in spring rather than late autumn, when the peak 
in phytoplankton abundance is generally encountered. 

Fig. 4: Mean abundance of potentially toxic microalgae at the sampling stations during the study period.
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Fig. 5: Light micrography of selected and important phytoplankton species detected in the northeastern Sea of Marmara during 
the study period. 1-5: Diatoms; 6-34: Dinoflagellates; 35-37: Silicoflagellates. 1- Coscinodiscus radiatus, 2- Pseudosolenia cal-
car-avis, 3- Chaetoceros constrictus, 4- Pseudo-nitzschia sp., 5- Thalassiosira gravida, 6- Dinophysis acuminata, 7- D. acuta, 
8- D. caudata, 9- D. hastata, 10- Gonyaulax hyalina, 11- Gonyaulax spinifera, 12- Lingulodinium polyedra, 13- Noctiluca scin-
tillans, 14- Phalacroma rotundatum, 15- Prorocentrum cordatum, 16- P. micans, 17- P. scutellum, 18- Protoceratium reticulatum, 
19- Protoperidinium claudicans, 20- P. conicoides, 21- P. divergens, 22- P. cf. exiquipes, 23- P. grande, 24- P. leonis, 25- P. ob-
longum,  26- P. cf. obtusum, 27- P. pentagonum, 28- P. punctulatum, 29- P. steinii, 30- Scrippsiella acuminata, 31- Tripos furca, 
32- T. fusus, 33- T. horridum, 34- T. trichoceros, 34- T. muelleri, 35- Dictyocha fibula, 37- D. speculum, 38- Octactis octonaria. 
Scale bars: (4)= 5 µm; (1, 2, 15, 23, 32, 33, 34, 35)= 50 µm; (Others)= 10 µm.
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Fig. 6: Time series of principle component scores of phytoplankton and environmental data (A); PCA ordination of phytoplankton 
community structure with vectors and Spearman correlation coefficients of environmental variables (B). Numbers above symbols 
indicate month of sampling.

Fig. 7: Interbasin comparision of surface chlorophyll a (chl-a) concentrations. Satellite chl-a data was acquired using the GIOVAN-
NI platform of NASA and in-situ chl-a data for station K0 was obtained from Yilmaz (2015).
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The contribution of potentially toxic species to total 
phytoplankton abundance was higher at coastal stations 
(MKC, MBC, MY2), as a direct consequence of pollu-
tion caused by domestic and industrial discharges. Previ-
ous studies have reported various numbers of potentially 
harmful species, including toxic species from the SoM 
(Balkis, 2003; Aktan et al., 2005; Deniz & Tas, 2009). 

A total of 35 phytoplankton taxa, including poten-
tially harmful or toxic and bloom-forming species, have 
been enlisted in the Sea of Marmara (Tas et al., 2016). 
Among these, 3 eukaryotic forms were potentially tox-
ic. Harmful algal blooms (HABs) have usually been re-
ported from the coasts of the northeastern Sea of Mar-
mara and the Dardanelles. During the last decade, the 
diatom Pseudo-nitzschia calliantha, the dinoflagellates; 
Heterocapsa triquetra, Noctiluca scintillans, Prorocen-
trum micans, Prorocentrum cordatum and Scrippsiella 
acuminata (reported as Scrippsiella trochoidea) and the 
raphidophyte Heterosigma akashiwo have been reported 
as bloom-forming species (Turkoglu, 2008 and 2010; Tas 
et al., 2009; Tas & Okus, 2011; Tas, 2015; Tas & Yil-
maz, 2015; Dursun et al., 2016; Tas et al., 2016; Tas & 
Lundholm, 2017). In this study, we considered only the 
known potentially toxic species. Pseudo-nitzschia spp. 
only reached bloom level at station M8 in February 2007. 
The dinoflagellate Phalacroma rotundatum was found in 
relatively higher cell densities than other potentially toxic 
dinoflagellates, but did not reach bloom levels. 

Balkis et al. (2016) have documented 34 dinoflagel-
late cysts in the SoM, with high relative cell density of 
potentially toxic dinoflagellates (74%-92% of total cysts 
cm-3). The well-known long viability of cysts in sediment 
and their germination during favourable environmental 
conditions indicate that a higher number of potentially 
harmful phytoplankton species might develop into HABs 
in the SoM in case of changes in physical conditions that 
could alter the permanently stratified water column of the 
SoM. The current density gradients limit both settlement 
and germination of plankton cysts. 

The onset of an extensive mucilage formation was 
detected in October 2007 while the cell densities of G. 
hyalina (reported as G. fragilis) and Thalasiossira grav-
ida (reported as T. rotula) significantly increased in Sep-
tember-October 2007. A recent paper on the taxonomy 
of G. hyalina and G. fragilis reports these two species as 
one (Escalera et al., 2018). It is also repoted that Thalas-
siosira rotula is a heterotypic synonym of Thalassiosira 
gravida with morphological evidence (Sar et al., 2011). 

The mucilage formation has been linked to the ocur-
rence and dominance of well- recognized mucilage-pro-
ducing species and enhanced extracellular release of 
polysaccharides, while the suitability of environemntal 
conditions, including calm weather conditions and high 
variability in N:P ratios, were also discussed as important 
factors (Aktan et al., 2008; Tüfekci et al., 2010; Balkis 
et al., 2011). A zooplankton study covering the same pe-
riod and stations indicates an abrubt change in dominant 
cladoceran assemblages in summer due to the sudden oc-
currence and bloom of a predator hydromedusa, Liriope 
tetraphylla, causing a drastic decrease in zooplankton 

cell density potentially leading to cascading effects on 
phytoplankton (Yilmaz, 2015). The decrease in the num-
ber of species during the mucilage event shows the re-
sponse of the phytoplankton community to the changing 
environmental conditions in the study area. Studies from 
the Adriatic Sea and other regions show that diatom spe-
cies Skeletonema costatum and Cylindrotheca closterium 
(Urbani et al., 2005; Najdek et al., 2005), and the dino-
flagellate G. hyalina (reported as G. fragilis) (MacKenzie 
et al., 2002; Pompei et al., 2003; Pistocchi et al., 2005, 
Nikolaidis et al., 2008) were the main sources of muci-
lage. The recent studies carried out in the Sea of Marmara 
revealed that G. hyalina (reported as G. fragilis) played 
an important role during the mucilage event (Aktan et 
al., 2008; Tüfekci et al., 2010; Balkis et al., 2011). In 
Izmit Bay, located in the east of the SoM, mucilage pro-
ducers G. hyalina, S. costatum, and C. closterium were 
abundant and maximum cell density of G. fragilis was 
also observed in November 2007 (Tüfekci et al., 2010), 
as found in this study. In the meanwhile, C. closterium, 
Pseudo-nitzschia sp., S. costatum, Thalasiossira gravida 
(reported as T. rotula) and Gonyaulax hyalina (reported as 
G. fragilis) were dominant organisms around the Prince 
Islands (Istanbul), and mucilage formation was linked to 
high cell density of diatoms and their excretory activity 
(Balkis et al., 2011). However, our data do not show a 
significant increase in the cell density of S. costatum and 
Pseudo-nitzschia spp. prior to and during the mucilage 
formation. 

The highly stratified and eutrophic Sea of Marmara 
is Turkey’s second most important fishery ground after 
the Black Sea, and is a unique two layered system. As 
demonstrated during the mucilage formation, the eutro-
phic-mesotrophic upper layer is prone to anthropogenic/
natural disturbances. The potential risk of an increase 
in the number and magnitude of phytoplankton blooms 
might lead to a basin-wide collapse of the system through 
depletion of the already scarce lower layer dissolved ox-
ygen levels (e.g. Balkis, 2003). As an adaptation strategy 
to a changing climate, surface and lower layer domestic 
and industrial discharges should be biologically treated. 
The dredged material from polluted coastal areas should 
be carefully analyzed for cyst characterization and any 
disposal to deeper waters should be prohibited during 
high bloom periods (December-March) in order to limit 
the magnitude of blooms. Continuous monitoring of phy-
toplankton will be crucial for assessing the current sta-
tus and response of the Sea of Marmara, as well as early 
warning of probable HAB related public health issues.

Acknowledgements

Authors thank to Dr. Husne Altiok for CTD data, to 
Dr. Asli Aslan and Dr. Ahsen Yuksek for nutrient data, 
to Dr. Nuray Balkis for dissolved oxygen data.  Authors 
are indebted to the captain, scientists and technicians of 
R/V ARAR for their efforts in the water quality monitor-
ing program. This study was financed by the General Di-
rectorate of Istanbul Water and Sewerage Administration 



681Medit. Mar. Sci., 21/3, 2020, 668-683

(ISKI) and also supported by Scientific Research Projects 
Coordination Unit of Istanbul University (Project Num-
ber: BAP-3292).

References

Aktan, Y., Tüfekçi, V., Tüfekçi, H., Aykulu, G., 2005. Distri-
bution patterns, biomass estimates and diversity of phy-
toplankton in İzmit Bay (Turkey). Estuarine, Coastal and 
Shelf Science, 64, 372-384.

Aktan, Y., Dede, A., Ciftci, P.S., 2008. Mucilage event associat-
ed with diatom and dinoflagellates in Sea of Marmara, Tur-
key. p. 1-3. In: Harmful Algae News. The Intergovernmen-
tal Oceanographic Commission of UNESCO, No. 36, 20pp.

Anderson, D.M., Cembella, A.D., Hallegraeff, G.M., 2012. 
Progress in Understanding Harmful Algal Blooms, Para-
digm Shifts and New Technologies for Research, Monitor-
ing, and Management. Annual Review of Marine Science, 
4, 143-176.

Artüz, I., 1974, Biological information for sewage disposal in 
the Bosphorus. Hidrobiology Research Institute of Istanbul 
University, Istanbul,  Project report, 63 pp.

APHA (American Public Health Association), 1999. Stan-
dard Methods for the Examination of Water and Wastewa-
ter, 20th edition. APHA, Washington DC, 1325 pp.

Azam, F., Long, R.A., 2001. Sea snow microcosms. Nature, 
414, 495-498.

Balci, M., Balkis, M., 2017. Assessment of phytoplankton and 
environmental variables for water quality and trophic state 
classification in the Gemlik Gulf, Marmara Sea (Turkey). 
Marine Pollution Bulletin, 115, 172-189.

Balkis, N., 2003. Seasonal variations in the phytoplankton and 
nutrient dynamics in the neritic water of Büyükçekmece 
Bay, Sea of Marmara. Journal of Plankton Research, 25, 
703-717.

Balkis, N., 2004. List of phytoplankton of the Sea of Marmara. 
Journal of Black Sea/Mediterranean Environment, 10, 123-
141.

Balkis, N., Ergör, B., Giresunlu, M., 2004. Summer phyto-
plankton composition in the neritic waters of the Sea of 
Marmara. Pakistan Journal of Botany, 36, 115-126.

Balkis, N., Atabay, H., Türetgen, I., Albayrak, S., Balkis, H., 
et al. 2011. Role of single-celled organisms in mucilage 
formation on the shores of Büyükada Island the Marmara 
Sea). Journal of Marine Biological Association of the Uni-
ted Kingdom, 91, 771-781. 

Balkis, N., Toklu-Alicli, B., 2014. Changes in phytoplankton 
community structure in the Gulf of Bandırma, Marmara Sea 
in 2006-2008. Fresenius Environmental Bulletin, 12, 2976-
2983.

Balkis, N., Tas, S., 2016. Phytoplankton of the Sea of Marmara, 
A review. p. 326-343. In: The Sea of Marmara, Marine Bio-
diversity, Fisheries, Conservation and Governance. Özsoy 
E., Çağatay N., Balkis N., Balkis N., Öztürk B. (Eds). Turk-
ish Marine Research Foundation (TUDAV), Istanbul.

Balkis, N., Balci M., Giannokourou, A., Venetsanopoulou, A., 
Mudie, P., 2016. Dinoflagellate resting cysts in recent ma-
rine sediments from the Gulf of Gemlik (Marmara Sea, Tur-
key) and seasonal harmful algal blooms. Phycologia, 55, 

187-209.
Besiktepe, S.T., Sur, H.İ., Ozsoy, E., Latif, M.A., Oguz, T. et 

al., 1994. The circulation of hydrography of the Marmara 
Sea. Progress in Oceanography, 34, 285-334.

Baştürk, O., Tugrul, S., Yilmaz, A., Saydam, C., 1990. Health 
of the Turkish Straits, Chemical and Environmental Aspects 
of the Sea of Marmara. METU-Institute of Marine Scienc-
es, Technical Report, No.90/4, 69 pp. 

Cupp, E.E., 1943. Marine Plankton Diatoms of the West Coast 
of North America. University of California Press. Berkeley, 
California, 237 pp.

Delgado, M., Fortuna, J.M., 1991. Atlas de Fitoplancton del 
Mar Mediterraneo. Scientia Marina, 55, 1-133. 

Deniz, N., Tas, S., 2009. Seasonal variations in the phytoplank-
ton community in the north-eastern Sea of Marmara and a 
species list. Journal of Marine Biological Association of the 
United Kingdom, 89, 269-276.

Dodge, J.D., 1985. Atlas of Dinoflagellates. A Scanning Elec-
tron Microscope Survey. Botany Department, Royal Hollo-
way and Bedford Colleges, (University of London) Egham, 
Surrey. Farrand Press, London, 119 pp.

Drebes, G., 1974. Marines Phytoplankton, eine Auswahl der 
Helgolander Planktonalgen (Diatomeen, Peridineen). Ge-
org Thieme Verlag, Stuttgart, 180 pp. 

Dursun, F., Tas, S., Koray, T., 2016.  Spring bloom of the ra-
phidophycean Heterosigma akashiwo in the Golden Horn 
Estuary at the northeast of Sea of Marmara. Ege Journal of 
Fisheries and Aquatic Sciences, 33, 201-207.

Escalera, L., Italiano, A., Pistocchi, R., Montresor, M., Zin-
gone, A., 2018. Gonyaulax hyalina and Gonyaulax fragilis 
(Dinoflagellata), two names associated with ‘mare sporco’, 
indicate the same species, Phycologia, 57, 453-464.

Hallegraeff, G.M., 2002. Aquaculturists’ guide to harmful Aus-
tralian Microalgae, 2nd ed. Printed by the Print Centre, Ho-
bart, Tasmania, 135 pp.

Hallegraeff, G.M., Anderson, D.M., Cembella, A.D., 2003. Man-
ual on harmful marine microalgae. UNESCO, France, 793 pp.

Hallegraeff, G.M., 2010. Ocean climate change, phytoplankton 
community responses, and harmful algal blooms, a formida-
ble predictive challenge. Journal of Phycology, 46, 220-235.

Heil, C.A., Glibert, P.M., Fan, C., 2005. Prorocentrum mini-
mum (Pavillard) Schiller. A review of a harmful algal 
bloom species of growing worldwide importance. Harmful 
Algae, 4, 449-470. 

Hendey, N.I., 1964. An Introductory Account of the Smaller Al-
gae of British Coastal Water Part V: Bacillariophyceae (Di-
atoms). Her Majesty’s Stationery Office, London, 317 pp.

Herndl, G.J., Arrietta, M., Stoderegger, K., 1999. Interaction 
between specific hydrological and microbial activity lead-
ing to extensive mucilage formation in the Northern Adriat-
ic Sea. Annali Istituto Superiore, Sanita, 35, 405-409.

Innamorati, M., Nuccio, C., Massi, L., Mori, G., Melley, A., 
2001. Mucilages and climatic changes in the Tyrrhenian 
Sea. Aquatic Conservation, Marine and Freshwater Eco-
systems 11, 289-298.

Kudela, R.M., Berdalet, E., Bernard, S., Burford, M., Fernand, 
L. et al., 2015. Harmful Algal Blooms. A Scientific Summa-
ry for Policy Makers. IOC/UNESCO, IOC/INF-1320, 20pp.

Lu, S., Hodgkiss, I.J., 2004. Harmful algal bloom causative col-
lected from Hong Kong waters. Hydrobiologia, 512, 231–238. 



682 Medit. Mar. Sci., 21/3 2020, 668-683

MacKenzie, L., Sims, I., Beuzenberg, V., Gillespie, P., 2002. 
Mass accumulation of mucilage caused by dinoflagellate 
polysaccharide exudates in Tasman Bay, New Zealand. 
Harmful Algae, 1, 69-83.

Mecozzi, M., Acquistucci, R., Di Noto, V., Pietrantonio, E., 
Amirici, M. et al., 2001. Characterization of mucilage ag-
gregates in Adriatic and Tyrrhenian Sea, structure similari-
ties between mucilage samples and the insoluble fractions 
of marine humic substance. Chemosphere, 44, 709–720.

Moestrup, Ø., Akselmann, R., Fraga, S., Hoppenrath, M., Iwat-
aki, M. et al., 2009 onwards. IOC-UNESCO Taxonomic 
Reference List of Harmful Micro Algae. http//www.marine-
species.org/hab (Accessed 3 October 2020).

Najdek, M., Blažina, M., Djakovac, T., Kraus, R., 2005. The 
role of the diatom Cylindrotheca closterium in a mucilage 
event in the northern Adriatic Sea, coupling with high sa-
linity water intrusions. Journal of Plankton Research, 27, 
851-862.

Nikolaidis, G., Aligizaki, K., Koukaras, K., Moschandreou, 
K., 2008. Mucilage phenomena in the North Aegean Sea, 
Greece: another harmful effect of dinoflagellates? p. 219-
222. In: Proceedings of the 12th International Conference 
on Harmful Algae, Copenhagen, 4-8 September 2006. IS-
SHA, UNESCO, Copenhagen.

Oguz, T.,  2017. Impacts of a buoyant strait outflow on the 
plankton production characteristics of an adjacent se-
mi-enclosed basin, A case study of the Marmara Sea. Jour-
nal of Marine Systems, 173, 90-100.

Okus, E., Tas, S., 2007. Diatom increase in phytoplankton com-
munity observed in winter in the North-eastern Marmara 
Sea Beylikdüzü). Journal of Black Sea/Mediterranean En-
vironment, 13, 7-17.

Paerl, H.W., Valdes-Weaver, L.M., Joyner, A.R., Winkelmann, 
V., 2007. Phytoplankton indicators of ecological change in 
the eutrophying Pamlico Sound system, North Carolina. 
Ecological Applications, 17, 88-101.

Parsons, T.R., Maita, Y., Lalli, C.M., 1984. A manual of chemi-
cal and biological methods for seawater analysis. Pergam-
on Press, Oxford, 173 pp. 

Pistocchi, R., Cangini, M., Totti, C., Urbani, R., Guerrini, F. et 
al., 2005. Relevance of the dinoflagellate Gonyaulax fragi-
lis in mucilage formations of the Adriatic Sea. Science and 
Total Environment, 353, 307-316.

Polat, Ç.S., Tuğrul, S., 1995. Nutrient and organic carbon ex-
changes between the Black and Marmara Seas through the 
Bosphorus Strait. Continental Shelf Research, 15, 1115-
1132.

Polat, Ç.S., Tuğrul, S., Coban, Y., Basturk, O., Salihoglu, I., 
1998. Elemental composition of seston and nutrient dynam-
ics in the Sea of Marmara. Hydrobiologia, 363, 157-167.

Pompei, M., Mazziotti, C., Guerrini, F., Cangini, M., Pigozzi, 
S. et al., 2003. Correlation between the presence of Gon-
yaulax fragilis (Dinophyceae) and the mucilage phenom-
ena of the Emilia-Romagna coast (northern Adriatic Sea). 
Harmful Algae, 2, 301-316.

Rinaldi, A., Vollenweider, R.A., Montanari, G., Ferrari, C.R., 
Ghetti, A., 1995. Mucilages in Italian Seas, the Adriatic and 
Tyrrhenian Seas, 1988-1991. Science and Total Environ-
ment, 165, 165-183.

Sar, E.A., Sunesen, I., Lavigne, A.S., Lofeudo, S., 2011. Tha-

lassiosira rotula, a heterotypic synonym of Thalassiosira 
gravida: morphological evidence. Diatom Research 26, 
109-119.

Smith, V.H., Tilman, G.D., Nekola, J.C., 1999. Eutrophication, 
impacts of excess nutrient inputs on freshwater, marine, and 
terrestrial ecosystems. Environmental Pollution, 100, 179-
196. 

Sukhanova, I.N., 1978. Settling without the inverted micro-
scope. p. 97. In: Phytoplankton Manual. Sournia, A. (Ed). 
UNESCO, Paris.

Tas, S., Yilmaz, I.N., Okus, E., 2009. Phytoplankton as an inca-
tor of improving water quality in the Golden Horn Estuary. 
Estuaries and Coasts, 32, 1205-1224.

Tas, S., Okus, E., 2011. A review on the Bloom Dynamics of 
a Harmful Dinoflagellate Prorocentrum minimum in the 
Golden Horn Estuary. Turkish Journal of Fisheries and 
Aquatic Sciences, 11, 523-531.

Tas, S., Okus, E., Unlu, S., Altiok, H., 2011. A study on phy-
toplankton following ‘Volgoneft-248’ oil spill on the 
North-eastern coast of the Sea of Marmara. Journal of 
Marine Biological Association of the United Kingdom, 91, 
715-725.

Tas, S., 2015. A prolonged red tide of Heterocapsa triquetra 
(Ehrenberg) F. Stein (Dinophyceae) and phytoplankton 
succession in a eutrophic estuary (Turkey). Mediterranean 
Marine Science, 16 (3), 621-627.

Özsoy E., Çağatay N., Balkis N., Balkis N., Öztürk, B. (Eds). 
Turkish Marine Research Foundation (TUDAV), Istanbul.

Tas, S., Yilmaz, I.N., 2015. Potentially harmful microalgae and 
algal blooms in a eutrophic estuary in the Sea of Marmara 
(Turkey). Mediterranean Marine  Science,  16 (2), 432-443.

Tas, S., Ergul, H.A., Balkis, N., 2016. Harmful algal blooms 
(HABs) and mucilage formations in the Sea of Marmara. 
p.768-786. In: The Sea of Marmara, Marine Biodiversity, 
Fisheries, Conservation and Governance. 

Tas, S., Lundholm, N., 2017. Temporal and spatial variability 
of the potentially toxic Pseudo-nitzschia spp. in a eutrophic 
estuary (Sea of Marmara). Marine Biological Association 
of the United Kingdom. Journal of the Marine Biological 
Association of the United Kingdom, 97(7), 1483-1494.

Throndsen, J., 1978. Preservation and storage. p. 69-74. In: 
Phytoplankton manual. Sournia, A. (Ed). UNESCO, Paris.

Tomas, C.R.,  1997. Identifying marine phytoplankton. Aca-
demic Press, San Diego, 858 pp.

Tüfekci, V., Balkis, N., Polat Beken, Ç., Ediger, D., Mantikci, 
M., 2010. Phytoplankton composition and environmental 
conditions of a mucilage event in the Sea of Marmara. Turk-
ish Journal of Biology, 34, 199-210.

Turkoglu, M., 2008. Synchronous blooms of the coccolitho-
phore Emiliania huxleyi and three dinoflagellates in the 
Dardanelles (Turkish Straits System). Journal of Marine 
Biological Association of the United Kingdom, 88, 433-441.

Turkoglu, M., 2010. Winter bloom of coccolithophore Emilian-
ia huxleyi and environmental conditions in the Dardanelles. 
Hydrology Research, 41, 104-114.

Urbani, R., Magaletti, E., Sist, P., Cicero, A.M., 2005. Extracel-
lular carbohydrates released by the marine diatoms Cylin-
drotheca closterium, Thalassiosira pseudonana and Skele-
tonema costatum, Effect of P depletion and growth status. 
Science and Total Environment, 353, 300-306.



683Medit. Mar. Sci., 21/3, 2020, 668-683

Unluata, U., Oguz, T., Latif, M.A., Ozsoy, E., 1990. On the 
physical oceanography of the Turkish Straits. p. 25-60. In: 
The Physical Oceanography of Sea Straits. Pratt, L.J. (Ed.). 
Kluwer Academic Publishers, Netherland.

Uysal, Z., 1996. A net-plankton study in the Bosporus junction of 

the Sea of Marmara. Turkish Journal of Botany, 20, 321-327.
Yilmaz, I.N., 2015. Collapse of zooplankton stocks during 

Liriope tetraphylla (Hydromedusa) blooms and dense mu-
cilaginous aggregations in a thermohaline stratified basin. 
Marine Ecology, 36, 595-610.


