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Abstract 

 

Winter phytoplankton communities in the shallow alkaline pans of Hungary are frequently 

dominated by picoeukaryotes, sometimes in particularly high abundance. In winter 2012 the 

ice-covered alkaline Zab-szék pan was found to be extraordinarily rich in picoeukaryotic 

green algae (42–82 × 10
6
 cells ml

-1
) despite the simultaneous presence of multiple stressors 

(low temperature and light intensity with high pH and salinity). The maximum photosynthetic 

rate of the picoeukaryote community was 1.4 µg C µg chlorophyll a
-1

 h
-1

 at 125 µmol m
-2

 s
-1

. 

The assimilation rates compared with the available light intensity measured on the field show 

that the community was considerably light-limited. Estimated areal primary production was 
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180 mg C m
-2

 d
-1

. On the basis of the 18S rRNA gene analysis (cloning and DGGE), the 

community was phylogenetically heterogeneous with several previously undescribed 

chlorophyte lineages, which indicates the ability of picoeukaryotic communities to maintain 

high genetic diversity under extreme conditions. 

 

Keywords: picoeukaryotes, alkaline pan, winter algal bloom, ice cover, primary production, 

genetic diversity 

 

Introduction 

 

Algae and cyanobacteria of the pico (<2 µm) size range, commonly referred to as 

photoautotrophic picoplankton (PPP), are frequently occurring members of the phytoplankton 

(Callieri and Stockner 2002), and are often major contributors to primary production in 

marine and freshwater environments (Stockner and Antia, 1986; Gaulke et al. 2010). Their 

discovery was closely related to the spreading application of epifluorescence microscopy and 

since that time our knowledge on these organisms has been steadily expanding. While in situ 

measurements and focused experimental efforts have provided a substantial amount of 

information on their ecology, their phylogenetic identification requires the use of molecular 

biological methods, since their small size mostly hinders microscopic identification on lower 

taxonomic levels (Callieri 2008). In several cases, the major picoplanktonic groups, 

picocyanobacteria and picoeukaryotes have been found to show characteristic temporal 

dynamics with their relative abundance highly depending on various physicochemical factors, 

such as light intensity, nutrient availability (Bec et al. 2011, Winder 2009) or temperature 

(Mózes et al. 2006). 

There is an increasing amount of information on the ecology and phylogenetic 

community composition of autotrophic picoplankton found in the shallow lakes of Hungary 

(Vörös et al. 1991; Felföldi et al. 2009). Shallow alkaline pans in the central part of Hungary 

are particularly rich in PPP communities (Vörös et al. 2005). These turbid, hyposaline ponds 

with a pH of 9–10 and Na
+
 and HCO3

–
 as dominant ions are extreme habitats for algae, in 

terms of light conditions in particular, because the high amount of suspended solids and 

humic substances characteristic for these waters always result in very low Secchi-disk 

transparency (1-2 cm) (Vörös et al. 2006; Felföldi et al. 2009). The various groups of 

autotrophic picoplankton show characteristic seasonal dynamics in these lakes: while 
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picocyanobacteria dominate in summer, winter communities exclusively consist of 

picoeukaryotes (Somogyi et al. 2009). 

Weather conditions in winter 2012 allowed for the build-up of a 6-25 cm thick ice cover 

on these pans. In spite of the multiple environmental stress of constantly low temperature, low 

underwater light intensity and moderately high salinity and pH, the water of Zab-szék pan was 

bright green as a result of a highly abundant PPP community thriving under the ice. Since the 

occurrence of such phenomena is rarely documented in the temperate zone, the aim of the 

present study was to determine the abundance of this photoautotrophic picoplankton 

community, to explore its phylogenetic diversity, and to assess their efficiency as primary 

producers through measuring their photosynthesis along a light intensity gradient at ambient 

temperature. 

 

Materials and methods 

 

Site description, sampling and in situ measurements 

 

Zab-szék is a shallow (5–40 cm deep), turbid alkaline pan with a surface area of 100 ha 

situated in the Kiskunság region in the central part of Hungary (geographical map is presented 

in Felföldi et al. 2009). In February 2012 the pan was completely covered with 6-25 cm thick 

ice. On 15 February water samples were taken at seven stations through holes cut in the ice 

(Fig. 1) with the simultaneous measurement of physical and chemical variables including 

temperature, pH, conductivity and dissolved oxygen (DO) concentration, all of which were 

determined with a WTW MultiLine portable field meter (P 8211). Light attenuation of the ice 

cover was measured with a LI-COR quantum sensor (2π). 

 

Laboratory measurements 

 

Freshly collected samples were immediately transported into laboratory for additional 

measurements. Total suspended solids (TSS) content was determined gravimetrically after 

sample filtration on 0.4 µm pore size cellulose acetate filters. The concentration of 

chromophoric dissolved organic matter (CDOM) was determined as Pt colour. Briefly, water 

samples were filtered through GF-5 glass fibre filters, buffered with borate buffer, and 

subsequently absorption was measured against a blank at 440 and 750 nm (Kirk 1996) using a 
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Shimadzu UV 160A spectrophotometer. After correcting sample absorbance at 440 with that 

of the blank at 440 nm and the sample at 750 nm, Pt unit was calculated with the formula of 

Cuthbert and del Giorgio (1992). Chlorophyll a concentration was determined 

spectrophotometrically after hot methanol extraction using the absorption coefficients 

determined by Wellburn (1994). 

The concentration of different nitrogen and phosphorus forms were also determined as 

follows. Ammonium (NH4
+
) concentration was measured with the indophenol-blue method 

(Mackereth et al. 1989), nitrate  (NO3
-
) analysis was performed with the Cd-reduction method 

(Elliott and Porter 1971), while the amount of urea was determined as described by Newell et 

al. (1967). The amount of total phosphorus (TP) was measured according to Gales et al. 

(1966); briefly, all the phosphorus forms were transformed into PO4
3-

 by dissolving the 

samples in K2S2O8 for one hour at 121°C. After adding 5.4% ascorbic acid and a reagent 

solution (14% H2SO4, 3% (NH4)2MoO4 and 0.34% C4H4KO7Sb) the absorbance of the 

mixture was measured at 890 nm using a SHIMADZU UV-VIS spectrophotometer. Soluble 

reactive phosphorus (SRP) was determined according to the method of Murphy and Riley 

(1962). 

 

Microscopic analysis 

 

Photoautotrophic picoplankton was examined from freshly collected samples immediately 

after transport to laboratory. 0.5–1 ml subsamples were filtered onto 0.4 µm pore sized black 

polycarbonate filters, which were subsequently embedded into 50% glycerol on a microscopy 

slide. The slides were examined with a Nikon Optiphot 2 epifluorescence microscope at 

1,000x magnification using blue–violet (BV-2A) and green (G-2A) excitation light. 20 fields 

(~400 cells) were photographed with a Spot RT colour camera and PPP was counted on the 

images to avoid fluorescence fading. Picoeukaryotes fluoresce vivid red under blue–violet 

excitation and show no or only weak fluorescence when excited with green light. 

Picocyanobacteria can be distinguished from eukaryotes owing to the presence of 

phycobiliproteins, which exhibit greatly enhanced red fluorescence when using the green 

wave band. Phycoerythrin-rich picocyanobacteria fluoresce bright yellow, while 

phycocyanin-rich picocyanobacteria show weak red autofluorescence in blue–violet excitation 

light (MacIsaac and Stockner 1993). Photoautotrophic picoplankton abundance was converted 
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to biomass by measuring the dimensions of 200 cells with dia-illumination, calculating their 

biovolume and considering an average density of 1 g cm
-3

. 

 

Photosynthesis measurement 

 

Photosynthesis of the photoautotrophic picoplankton community was measured using the 
14

C–

technique (Steemann Nielsen 1952). The sample collected at station 4 was diluted to 20 µg l
-1

 

chlorophyll a with filtered water from the pan to reduce self-shading. 20 ml subsamples of the 

diluted sample were put into glass vials, preincubated for 1 hour, and after adding NaH
14

CO3 

(0.084 MBq) incubated for 3 hours in triplicates in a water bath (1°C) under cool white 

fluorescent illumination of 6, 10, 26, 66, 222, 390, 706 and 1363 µmol m
-2

 s
-1

. For dark 

carbon uptake three vials were incubated in darkness. Samples were subsequently filtered 

through 0.45 µm pore size cellulose-acetate membrane filters and put into HCl vapour to 

remove remaining inorganic 
14

C. Next the filters were dissolved in 10 ml Bray scintillation 

mixture, after which radioactivity was measured with an LKB 1211-RACKBETA liquid 

scintillation counter. Photosynthesis-irradiance (P–I) curves were fitted using the model of 

Eilers and Peeters (1988) with the data analysis software OriginPro 7.5. Daily areal primary 

production was estimated using the P–I curves and the light intensity profile of the water 

column. Average ambient light intensity for each hour was calculated from the hourly sums of 

global radiation for the day of sampling provided by the Hungarian Meteorological Service, 

assuming that 1 W m
-2

 = 4.6 µmol m
-2

 s
-1

 (Wetzel and Likens 2000). Photosynthetically active 

radiation (PAR, 400-700 nm) was considered to be 47% of global radiation (Wetzel and 

Likens 2000). Underwater light intensity was calculated for each mm of the water column 

using the vertical light attenuation coefficient determined by the empirical formula of V.-

Balogh et al. (2009) on the basis of the chlorophyll a concentration, total suspended solids and 

Pt colour. Light attenuation of the ice cover was also taken into account. Areal primary 

production can thus be estimated for each hour, assuming that (1) photoautotrophic 

picoplankton is able to yield net photosynthesis at light intensities as low as 2 µmol m
-2

 s
-1

, 

and (2) the P-I curve is constant throughout the day. 
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DNA-based identification of phytoplankton community members 

 

Extraction of total plankton genomic DNA was performed from a concentrated water sample 

collected at station 4 (centrifugation at 3000 g, 10 min) with the UltraClean™ Soil DNA 

Isolation Kit (MoBio Laboratories, Carlsbad, CA, USA) with slight modifications on the 

instructions given by the manufacturer as described in Borsodi et al. (2013). An 

approximately 1000 nt length fragment of the 18S rRNA gene was amplified by PCR using 

primers Euk328F and Chlo02R as described in Somogyi et al. (2013, accepted). Amplicons 

were examined by electrophoresis in 1% (w/v) agarose gel stained with GR Safe DNA Stain 

(Innovita, Gaithersburg, MD, USA). Prior to cloning and sequence analysis, PCR products 

were purified with the EZ-10 Spin Column PCR Product Purification Kit (Bio Basic, 

Markham, Canada). Clone library construction was performed with the pGEM-T Easy Vector 

System (Promega, Madison, WI, USA) according the instructions given by the manufacturer. 

Sequence analysis was performed with clones having different restriction pattern generated 

with the endonucleases Csp6I and Hin6I (Fermentas, Vilnius, Lithuania). A Chlorophyta-

specific denaturant gradient gel electrophoresis analysis (DGGE) with a gradient of 

denaturants from 40 to 70% was also carried out using a shorter fragment (approximately 400 

nt length) amplified with primers Euk528F and Chlo02R as described by Keresztes et al. 

(2012). Sequencing reaction and capillary electrophoresis were performed by Biomi Ltd. 

(Gödöllő, Hungary). Trebouxiophycean clones were sequenced from both directions using 

primers M13F and M13R, while sequencing the DNA excised from dominant DGGE bands 

were performed with primer Chlo02R. Chromatograms were analyzed as described in Felföldi 

et al. (2009). Chimeric sequences were removed using mothur (Schloss et al. 2009). Sequence 

alignment of clones and sequences obtained from GenBank was performed with SINA 

(Pruesse et al. 2012), and phylogenetic analysis including the search for the best-fit model 

was conducted with the MEGA 5 software (Tamura et al. 2011). Chlorophyte clone sequences 

obtained in this study were submitted to GenBank under the accession numbers KC879102-

KC879111. 

  

Results and discussion 

 

Physical and chemical characteristics 
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Basic physical and chemical data of the stations measured on the day of the sampling are 

presented in Tables 1 and 2. Average water depth of the pan was 29 cm, while ice cover 

thickness varied between 6 and 25 cm among the sampling stations (Table 1). Little variation 

was observed in pH with an average of 9.63, conductivity varied between a minimum of 8260 

and a maximum of 9450 µS cm
-1

, which is basically similar to the values measured during 

former studies on the lakes of this area (Felföldi et al. 2009; Somogyi et al. 2009). This high 

ion concentration indicated by the conductivity values allowed for water temperatures mostly 

below 0°C. DO concentration showed supersaturation (129–157 %), suggesting net 

phytoplankton photosynthesis under the ice cover. 

 TSS generally exceeded 100 mg l
-1

, except at stations 2 and 5 with 56 and 94.5 mg l
-1

, 

respectively (Table 2). CDOM concentration, expressed as Pt units, showed little variation 

with an average of 240 mg l
-1

. Urea–N was the dominant N form, and SRP constituted a large 

part of the TP pool varying between 2234 and 3176 µg l
-1

. The amount of biologically 

available P was one order of magnitude higher than that of the sum of the N forms, however, 

both N and P concentrations show that phytoplankton is not limited by nutrients, mainly due 

to the substantial external loads from aquatic birds (Boros et al. 2008). 

 

Picoeukaryote abundance and primary production 

 

Chlorophyll a concentration reached exceedingly high levels of 743–1039 µg l
-1

 (Table 

3), which, together with the TP concentration, implies strongly hypertrophic conditions. The 

phytoplankton was exclusively composed of photoautotrophic picoplankton (nano- and 

microplankton were not found). Chlorophyll a content varied between 0.7 and 1.0% of total 

biomass. In other shallow lakes of the region average relative chlorophyll a content of the 

phytoplankton varied between 0.25 and 0.78 % (Vörös and Padisák 1991). Since chlorophyll 

a content per unit biomass is inversely related to cell volume, we may assume that the higher 

values found in Zab-szék pan  may be associated with the smaller average cell size in the 

community. On the other hand, extremely low light intensity can also cause increased cellular 

chlorophyll a content regardless of cell size. High chlorophyll contents per biovolume were 

also found in the deep hypolimnion of a high mountain lake during the winter cover period 

associated with small cells (Felip and Catalan 2000). The abundance of PPP in Zab-szék pan 

showed high values ranging from 42 to 82 × 10
6
 cells ml

-1
 and consisted of single-celled 
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picoeukaryotes. Similar values were found in winter 2006-2007  (Somogyi et al. 2009), which 

implies that this winter picoeukaryote bloom is a regularly occurring phenomenon in this pan. 

Just as in the present study, winter photoautotrophic picoplankton assemblages have 

generally been found to be eukaryotic in other lakes, such as in the case of the large, shallow 

Lake Balaton. However, the maximum abundance of that PPP community was two orders of 

magnitude smaller than the values presented here (Vörös et al. 2009). Other saline lakes at 

various locations around the globe can similarly be favourable habitats for photoautotrophic 

picoplankton blooms (Fanjing et al. 2009;  Wu et al. 2009; Krienitz et al. 2012), although 

some lakes have been found to be dominated also by other taxa above the pico size range 

(García et al. 1997; Harper et al. 2003; Schagerl and Oduor 2008). In several East African 

soda lakes picoeukaryote abundances can exceed 3 million cells ml
-1

 (Krienitz et al. 2012), 

while Fanjing et al. (2009) found a pico-sized green alga (Picocystis sp.) in a Mongolian soda 

lake in high abundance throughout the year, even under the ice, which interestingly resembles 

the situation presented here.  

As seen on the photosynthesis–irradiance (P–I) curve in Fig. 2, the maximum 

photosynthetic rate of the picoeukaryote community was moderately low, reaching 1.4 µg C 

µg chlorophyll a
-1

 h
-1

 at 125 µmol m
-2

 s
-1

. The day of the sampling was overcast, which 

caused low light intensity values with a daily maximum of ~400 µmol m
-2

 s
-1

. The ice cover 

dramatically reduced ambient PAR by 96% on average, which meant a maximum light 

intensity of 18.2 µmol m
-2

 s
-1

 under the ice (Fig. 3), rapidly decreasing with depth. These light 

intensity values clearly show that the community was extremely light-limited.  Winter 

primary production in this alkaline pan is primarily dependent on the amount of light rather 

than on nutrient availability, the same way as it was found in an ice-covered humic, boreal 

lake (Tulonen et al. 1994). On the basis of the P–I curve (Fig. 2) and assuming that the 

picoeukaryotes can potentially utilize PAR intensity as low as 2 µmol m
-2

 s
-1

, estimated areal 

primary production shows a maximum of 30 mg C m
-2

 h
-1

 and a daily sum of 180 mg C m
-2

 d
-

1
 in Zab-szék pan, although this value can vary considerably as a function of ambient light intensity 

and also due to temporal changes in the P-I relationship. Similar winter values of 100–140 mg C 

m
-2

 d
-1

 were found in the mesotrophic eastern basin of Lake Balaton (Herodek and Tamás 

1976; Herodek et al. 1982), in spite of a much smaller phytoplankton biomass, since lower 

light attenuation resulted in higher assimilation rates (1–4 µg C µg chl a
-1

 h
-1

) along a 

substantially deeper water column of 3.5 m. Even higher winter assimilation rates can be 

found in marine photoautotrophic picoplankton, such as those reported by Han and Furuya 
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(2000), however, both temperature and light attenuation were more moderate and favourable 

for photosynthesis. In comparison, the particularly low light conditions and temperature under 

the ice cover of the Zab-szék pan potentiated approximately 0.5 µg C µg chl a
-1

 h
-1

 at most for 

the picoeukaryotic community, which decreased to a negligible amount within the upper 10 

cm. The ability of these picoeukaryotes to yield net primary production and reach such a high 

abundance under these extreme conditions within a few centimetres of water column makes 

this community particularly unique. 

 

Community composition 

 

In total, 85 clones were analyzed, which formed 37 clone groups based on their different 

restriction pattern. After removing putative chimeric sequences (6.3% of total number of 

clones), 23.8% of clones were affiliated with green algae. Most chlorophyte sequences 

(94.6%) were related to Trebouxiophycean isolates and formed three groups on the 

phylogenetic tree (Fig. 4). The main clone group (containing 42.1% of green algal clones, 

represented by clones AV-5, AV-12, AV-23 and AV-36) formed a cluster distant from all 

known strains, and showed the highest pairwise similarity values, 96.7-98.0%, to 

Micractinium pusillum SAG 48.93 or ‘Nannochloris’ sp. AS 2-10. Within this cluster 

similarity ranged from 97.1 to 99.2%. Although there is no general pairwise similarity value 

of 18S rRNA gene that defines Trebouxiophycean genera, similarity values around 97-98% 

were accepted as genus level divergence among isolates in taxonomic revisions or recent 

species descriptions (Henley et al. 2004, Krienitz et al. 2004, Somogyi et al. 2011, 2013). 

Therefore this cluster may represent one or two previously unidentified genera. 

Another group, represented with clones AV-17 and AV-60 showed 98.1-98.7% 

nucleotide similarity values with Marvania species. The third group of Zab-szék clones, was 

affiliated with the recently described Chloroparva and the revised Pseudochloris genera 

(Somogyi et al. 2011, 2013) with relatively low pairwise similarity values, 97.3-97.9%, and 

therefore represented additional potential new species or genera. Type strain of Chloroparva 

pannonica was isolated from a soda pan in the same region close to Zab-szék (Somogyi et al. 

2011), an additional isolate from this genus was retrieved from Zab-szék itself (ACT 0602) 

and Pseudochloris isolates also originated from saline (marine) habitats (Henley et al. 2004; 

Somogyi et al. 2013). 
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The sequence of clone AV-16 showed 97.6% pairwise nucleotide sequence similarity to 

the small green flagellate, Marsupiomonas pelliculata PCC 441 (Pedinophyceae). Cells of this 

species are slightly larger than the picoplankton size, and have an approximate length of 3.0 

µm, width of 2.3 µm and maximum thickness of 1.8 µm with a single 8-10 µm long flagellum 

(Jones et al. 1994). Members of this genus are inhabitants of marine and brackish 

environments, and are able to grow up to 3.8% salinity (Jones et al. 1994, Vaulot et al. 2008). 

All other clones were distantly related to protists or invertebrates, most of these clones 

shared typical pairwise similarity values of 90-93% with cercozoan sequences (data not 

shown). Since there are known potential biases associated with the cloning of DNA fragments 

having different length (i.e. due to introns may present in the 18S rRNA gene of green algae; 

Palatinszky et al. 2011, Somogyi et al. 2011), and additionally the relatively low number of 

phytoplankton clones did not allow proper quantitative comparison of phototrophic taxa 

present in the sample, a DGGE analysis was also carried out. There were two major bands 

observable in the gel (data not shown). The shorter sequences from the excised bands 

(approximately 350 nt compared to the approximate 950 nt length of clone sequences) 

provided limited phylogenetic information compared to the sequence analysis of clones, but 

on the other hand, revealed the two major green algal genotype of the sample. One of these 

two dominant DGGE bands was identical with the sequence of clone AV-16, while the other 

major band was identical with clone AV-5 (data not shown). 

The detected various chlorophyte genotypes indicated a genetically heterogenous 

community of phototrophic picoeukaryotes in Zab-szék pan. Our previous study focusing on 

picocyanobacteria in the soda pans of the same region also found relatively diverse 

communities (Felföldi et al. 2009). Similarly to our results, potentially new chlorophyte taxa 

were also described by Luo et al. (2013) in an African soda lake (Lake Nakuru), which 

suggests that the biodiversity of these unique water bodies is still unrevealed.  

 

Conclusions 

 

Our results on the picoeukaryote community in the alkaline pan Zab-szék in winter 2012 

have shown that these organisms have the potential to actively photosynthesize and reach 

extraordinarily high abundance under multiple environmental stress conditions. Instead of the 

well-known picoeukaryote inhabitants of saline lakes and ponds, such as the members of the 

genera Picochlorum and Picocystis (Lewin et al. 2000; Henley et al. 2004; Fanjing et al. 
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2009;  Wu et al. 2009; Krienitz et al. 2012), Chloroparva pannonica has been found to be the 

only characteristic species of these alkaline pans until now. On the other hand, the present 

study has found a genetically diverse community with a relatively high number of previously 

unidentified green algal taxa. 

The formation of such a winter community may be caused by the combination of various 

factors, e.g. high inorganic nutrient content (Boros et al. 2008) and the putative lack of 

efficient grazers at low temperature (simultaneous absence of bottom-up and top-down 

control). One could also raise the question: What enables these picoeukaryotes to gain 

absolute dominance in these hypertrophic water bodies? This may be the outcome of 

adaptation to this peculiar environment, however, this assumption cannot be confirmed on the 

basis of a single sampling and without more sophisticated laboratory experiments. Testing this 

hypothesis would require a comprehensive ecophysiological study on the isolated strains 

representing the community, with a focus on the effect of light, temperature and salinity on 

the enzyme content and/or activity of the cells. A comparison with phylogenetically related 

taxa from other habitats would also be desirable. 
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Table 1 Depth, ice cover, pH, conductivity and dissolved oxygen concentration and saturation 

measured at the sampling stations in the alkaline Zab-szék pan in winter 2012 

Station Coordinates Water 

depth 

(cm) 

Ice 

thickness 

(cm) 

Temperature 

(°C) 

pH Conductivity 

(µS cm
-1

) 

O2 

(mg l
-1

) 

O2 % 

1 N46° 49.59’ 

E19° 10.30’ 
n.a.

 
11 +1.0 9.73 8260 20.2 145 

2 N46° 49.61’ 

E19° 10.29’ 
n.a. 15 -1.0 9.64 8810 20.0 135 

3 N46° 49.64’ 

E19° 10.25’ 
26 12 -0.3 9.58 8800 21.0 145 

4 N46° 49.66’ 

E19° 10.23’ 
30 6 -0.5 9.58 8900 19.1 129 

5 N46° 49.70’ 

E19° 10.16’ 
24 12 -0.6 9.61 8780 n.a. n.a. 

6 N46° 49.72’ 

E19° 10.15’ 
30 25 -1.1 9.57 9450 23.1 157 

7 N46° 49.73’ 

E19° 10.15’ 
37 14 -1.4 9.73 n.a. n.a. n.a. 

n.a. – not analyzed 

 

Table 2 Concentration of total suspended solids (TSS), Pt colour and different nitrogen and 

phosphorus forms in the alkaline Zab-szék pan in winter 2012 

Station TSS 

(mg l
-1

) 

Pt colour 

(mg l
-1

) 

NH4
+
–N 

(µg l
-1

) 

NO3
–
–N 

(µg l
-1

) 

Urea–N 

(µg l
-1

) 

SRP 

(µg l
-1

) 

TP 

(µg l
-1

) 

1 150.8 242.3 34.5 175.8 192.4 3176 3250 

2 56.0 240.6 16.9 36.7 175.9 2443 2815 

3 107.0 244.8 20.3 33.6 139.9 2436 3147 

4 131.0 245.6 23.2 21.8 219.2 2368 3276 

5 94.5 244.8 35.0 110.9 179.8 2233 3084 

6 103.5 255.7 20.0 95.2 163.9 2431 3309 

7 110.5 n.a. 13.4 63.3 314.8 n.a. n.a. 

n.a. – not analyzed 
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Table 3 Chlorophyll a concentration, photoautotrophic picoplankton (PPP) abundance, 

biomass and chlorophyll a content in the alkaline Zab-szék pan in winter 2012 

Station 
Chlorophyll a 

(µg l
-1

)
 

PPP abundance 

(10
6
 cell ml

-1
) 

PPP biomass 

(mg l
-1

) 

µg chlorophyll a 

mg
-1

 PPP biomass 

1 992 82.37 145 6.84 

2 743 42.26 74 9.98 

3 977 58.68 103 9.46 

4 1039 62.66 110 9.42 

5 777 47.36 83 9.32 

6 821 54.07 95 8.63 

7 979 56.93 100 9.77 
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Fig. 1 Green-coloured water of the ice-covered alkaline Zab-szék pan as a sign of 

phytoplankton bloom in winter 2012 

 

 

Fig. 2 Chlorophyll a specific photosynthesis-irradiance curve of the picoeukaryotic 

community sampled from Zab-szék pan in winter 2012 
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Fig. 3 Daily variation in the intensity of photosynthetically active radiation on the surface and 

directly below the ice cover and the estimated areal primary production of photoautotrophic 

picoplankton in the alkaline Zab-szék pan in winter 2012 

 

 

Fig. 4 Maximum likelihood phylogenetic tree of Trebouxiophycean clones retrieved from 

Zab-szék sample and related strains. Analysis was based on 932 nucleotide positions with the 

Tamura-Nei substitution model (gamma distributed rates among sites). Bootstrap values lower 

than 70% are not shown. Sequences determined in this study appear in bold letters 


