Distribution of marine lipid classes in salty Rogoznica Lake (Croatia)
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ABSTRACT

Lipid classes in a small, eutrophicated salty lake (Rogoznica Lake, middle Adriatic), which is often subject to appeareance of anoxic conditions, were analyzed at the end of winter (March) and in summer (July) 2008. The results are supported with DOC, POC, phytoplankton, temperature, salinity and oxygen data. During both March and July massive diatom blooms were recorded with maximum values at 5 m depth. Total lipids were found at high concentrations that were similar for the samplings in two months. Total particulate lipids dominated the pool, and showed large variations from 46.37-369.88 (g/l, with the highest concentration observed in the bottom anoxic layer in March. The variations for dissolved lipids were smaller and ranged from 44.82 to 124.35 (g/l. Opposite to lipids, DOC values increased 1.5 times between the two samplings, from the value of average 0.95 mg C/l in March to the average value of 1.44 mg/l in July. Conformingly with diatom blooms, POC was found in July at high concentrations (0.28-1.50 mg C/l), contributing to total organic carbon up to 46%. The distribution of organic carbon and lipids showed the tendency of accumulation toward deeper layers. The characterization of individual lipid classes revealed the dominance of phospholipids, indicating that the lipids in the lake mainly originated from the photosynthetically active phytoplankton community, which is sustained by high production of oxygen (oxygen saturation up to 200%). Low contribution of neutral lipids in the particulate fraction points to high availability of nutrients for present phytoplankton community. Lipid breakdown indices were found at significantly higher concentrations in March compared to July. Sea surface microlayer, the hydrophobic boundary, appeared to be generally lipid depleted in comparison to the subsurface water. Qualitative analysis of sulfolipids revealed the potential of the lake for the occurrence of chemical interaction of sulfur with present organic matter.
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1. Introduction

Marine organic matter (OM) represents one of the largest active pools of organic carbon in the global carbon cycle (Hedges, 1992). Data on the concentrations and distribution of biochemicals in the oceans are fundamental for understanding the biogeochemical cycling of bioreactive elements. Three major classes of biochemical in seawater are carbohydrates, proteins and lipids. Much more research was done for the amino acids and carbohydrates than for lipids (Benner, 2002). Lipids are an important component of the productivity of coastal areas. They are carbon rich, with very high energetic value, thus representing important metabolic fuels. Lipids differ to a substantial degree in their chemical structure and functional groups; their common characteristic is solubility in organic solvents. Different molecular structures of lipids influence their reactivity. However, molecular structure is not the only factor relevant for OM reactivity, the fate of OM depends as well on environmental conditions (Wakeham and Canuel, 2006). Characterization of marine lipids on a molecular level enables their use as good geochemical markers for the identification of different sources and processes of organic matter in the sea (Parrish, 1988; Gérin and Goutx, 1994; Parrish et al., 2005; Christodoulou et al., 2009). The main sources of lipids in waters are auto- and heterotrophic organisms inhabiting the aquatic environment. A certain portion of lipids reaches aquatic environment with allochtonous OM. Lipids in seas are distributed between the dissolved and the particulate fractions. Much research has been done for the particulate lipids while the concentrations of dissolved lipid classes in the marine environment are rather poorly documented (Goutx al., 2009). The contribution of dissolved lipids to DOC in different seas amounts to 4-30.5% (Romankevich, 1984), while the reported values for the nearby northern Adriatic are 0.5-11.9 % (Derieux et al., 1998). The particulate lipids contribute to POC in the range of about 7-39 % in the northern Adriatic Sea samples (Derieux et al., 1998). Particulate lipid fraction is composed of the lipids from the living OM and the lipids that make part of organic detritus. The content of lipids in phytoplankton is in the range of less than 1 % up to 46 % (Romankevich, 1984). 
Lakes are interesting as natural laboratories in which biogeochemical processes can be effectively studied. They are much quicker to respond to environmental pressures than oceans, and, owing to their smaller size, the biogeochemical signals of perturbations are amplified. Some authors compare them to chemostats (Hamner and Hamner, 1989). The development of anoxia in bottom waters of small lakes, like Lake Ciso, northeast Spain or Lake Cadagno (Switzerland), is common and therefore lakes are mainly investigated for sulfur bio-geo-chemistry and microbiology. Rogoznica Lake is a small eutrophicated karstic saline lake that is characterized by occasional formation of bottom anoxic layer (Ciglenečki et al., 1998; Ćosović et al., 2000; Burić et al., 2009), the conditions of which strongly influence biogeochemical processes taking place there. The lake has been characterized mainly for inorganic components (Ciglenečki et al., 1998; Žic and Branch, 2006), phytoplankton and zooplankton assemblages (Burić et al., 2009), and bacterial activity (Šestanović et al., 2005), whereas so far nothing has been done on major biochemicals.

Using Iatroscan thin layer chromatography our goal was to characterize the production and distribution of main lipid classes associated with rich phytoplankton population during two different seasons (late winter and summer) in the small salty Rogoznica Lake. We aimed to evaluate seasonal and spatial variations in the composition and vertical distribution of lipids as well as the relationship between these parameters and biological and physical environments. The questions we addressed included: How lipids production and composition relate to phytoplankton production? What would be the differences for the lipid classes in two different and contrasting seasons? How oxic/anoxic conditions in the lake influence lipids distribution? Is there selective lipid accumulation in the anaerobic bottom? To address these questions we determined 14 lipid classes in the particulate and dissolved fractions, measured DOC and POC content, analyzed phytoplankton speciation along with environmental parameters including oxygen, temperature and salinity.

2. Materials and methods
2.1. Study area, sampling and sample treatment
Samplings were performed in Rogoznica Lake, middle Adriatic Sea (Fig. 1), on March 13 and July 15, 2008. During both samplings the weather was sunny with atmospheric temperature of 14 and 24 (C in March and July, respectively. The lake is situated in the close proximity of Rogoznica, a tourist resort on the middle Adriatic coast. This eutrophicated karstic saline lake has an area of approximately 5300 m2 and a maximum depth of 15 m (Mihelčić et al., 1996; Ćosović et al., 2000). The lake is surrounded with sheer cliffs (4 to 24 m high) and protected from the influence of wind. Through underwater channels, 2 to 8 meters below the surface, the lake is connected with the Adriatic Sea. Stratification has been detected in the lake, with seasonal variations of anoxic conditions in the bottom layers which have been investigated since 1994 (Ciglenečki et al., 1998; Kršinić et al., 2000). In the upper, oxic layer, primary production processes take place, while the lower, anoxic layer is rich with nutrients, sulfur compounds, and organic matter (Ciglenečki et al., 1998). Regarding oxygenation the lake may be completely oxic, partially oxic or completely anoxic, the situation in 1997 (Ciglenečki et al., 2005). The position of the oxic/anoxic interface is seasonally changing and depends on temperature, rainfall, salinity and concentration of dissolved oxygen. During the winter, the mixing of entire water column causes a thermohaline stratification breakup, so that colder surface water sinks to deeper layers carrying great amounts of dissolved oxygen and, consequently, nutrient rich bottom water ascends to the upper layers, stimulating phytoplankton development and oxygen production. Natural eutrophication of the lake is strongly influenced by nutrient recycling under anaerobic conditions (Ciglenečki et al., 2005). Investigations of phytoplankton in Rogoznica Lake during the last three decades, showed low species diversity with high abundance (> 106 cells/l) (Viličić et al., 1997; Bura-Nakić et al., 2007; Burić et al., 2009). Higher microphytoplankton abundances (> 106 cells/l) were generally detected in summer months in the upper layer above 9 m depth. The microphytoplankton population is dominated by diatoms, with alternation of the taxa such as Chaetoceros curvisetus, Pseudo-nitzschia spp., Thalassionema nitzschioides, Eunotia sp. dinoflagelates Prorocentrum arcuatum and Ceratium furca and Ebriales Hermesinum adriaticum (Viličić et al., 1997, Burić et al., 2009). 

Samples were collected with 5 l Niskin bottles along the vertical profile of the lake at 0, 2, 5, 7, 8, 9, 10, 11, 12 m depths and 1 m above the bottom (13 m depth). Sea surface microlayer (SSM) samples were taken at calm sea with a Garrett-type screen made of stainless steel, dimensions 56 x 72 cm, 16'' Mesh. The thickness of the sampled microlayer was approximately 260 ( 40 (m.

For lipid analyses seawater samples (3 l) were pre-screened through a 200 (m stainless screen to remove zooplankton and higher particles and stored afterwards in dark glass containers previously washed with chromic-sulfuric acid, and rinsed with Milli-Q water and pre-screened seawater. Immediately after sampling pre-screened seawater was filtered. Filtration was performed on fiber glass filters (GF/F 0.7 (m Whatman) precombusted for 4h at 450 oC, in all-glass filter holders (Millipore). For dissolved lipids analyses filtered samples were stored in the dark at +4oC while for the particulate lipids filters were stored in liquid nitrogen until lipids extraction and analysis. In the laboratory, five to ten (g of n-hexadecanone was added as internal standard to each sample before extraction. This standard was extracted with the sample lipids, and the amount measured in the final concentrate provided an estimate of lipid recovery (Parrish, 1987). The dissolved fraction was extracted, immediately upon return to laboratory within 20 hours after sampling, by liquid-liquid extraction with dichloromethane, 5:1 volume ratio of sample and dichloromethane (two times at pH 8 and two times at pH 2 for the extraction of less hydrophobic material). The particulate fraction was extracted according to Bligh and Dyer (1959).

Seawater temperature was measured immediately after the sampling with a mercury-in-glass hand thermometer having the scale graduated by one degree. Therefore the overall accuracy is ( 0.5 °C. The salinity was measured with an Atago S-10 (Japan) hand refractometer with an accuracy of 1 salinity unit. 

2.2. Lipid analyses

The lipid classes analysis was performed using thin-layer chromatography. Lipid classes were separated on Chromarods SIII and quantified using a thin-layer chromatograph-flame ionisation detector (TLC-FID) Iatroscan MK-VI (Iatron, Japan), with a hydrogen flow of 160 ml/min and air flow of 2000 ml/min. The separation scheme involved five elution steps in the developing solvent systems of increasing polarity as described by Striby et al. (1999). The list of lipid classes that may be resolved by using this technique is given in Table 1. The table also contains abbreviations, used standards and producers. Hydrocarbons, wax esters and steryl esters, fatty acid methyl esters and ketone were separated for 28 min with hexane:diethyl ether:formic acid (97:3:0.6, v:v:v). Triacylglycerols and free fatty acids were separated for 30 min with hexane:diethyl ether:formic acid (70:30:0.6, v:v:v). Alcohols, 1,3-diacylglycerols, sterols and 1,2-diacylglycerols were separated for 20 min with hexane:diethyl ether:formic acid (70:30:0.6, v:v:v). Aceton mobile polar lipids, pigments, monoacylglycerols, and glycolipides, mono- and di-galactosyl diglycerides, were separated for 32 min with chlorophorm:acetone:formic acid (99:5:0.6). Finally, the last developing system, chloroform: methanol:ammonium (50:50:5, v:v:v), permitted after 40 min separation of mono- and di-phosphatidylglycerols, phosphatidylethanolamines, and phosphatidylcholine from the non-lipid material which remained at the origin. In coastal Canadian waters the wax ester–stearyl ester TLC band contains no more than 8 % stearyl esters (Hudson et al., 2001) therefore this band was discussed as measure for the wax esters. Lipid classes were quantified with an external calibration using a mixture of standard lipids. 

All samples were scanned also with the flame photometric detector for sulfur detection under the following operating conditions: hydrogen flow of 160 cm3/min, air flow of 500 cm3/min and a scanning speed of 30 s/scan, in order to detect sulfur in lipids.

Each seawater extract was analyzed two to six times: for the analysis 2 (l aliquots of 20-100 (l of the solution in dichloromethane were spotted by semiautomatic sample spotter. The remaining lipid extract was spotted for analysis of the compounds present in too low or too high concentrations after the first analysis. The average difference between the duplicates, as per cent of the mean, was 15 %.
2.3. Organic carbon analyses

For the DOC and POC determination, seawater samples were taken directly from the Niskin samplers in dark 1.3 l bottles previously washed with chromic-sulfuric acid and rinsed with organic free water (Milli-Q water) and seawater. The filtration was performed immediately after sampling in the same manner as described for lipids. Filtered samples for DOC analysis were collected in duplicates in 22 ml glass vials washed with chromic-sulfuric acid and rinsed with Mill-Q water and combusted for 4 h at 450 (C. The samples were preserved with mercury chloride (final concentration 10 mg l-1) and stored at + 4 oC in the dark until analysis. After collection of DOC subsamples, GF/F filters were rinsed with a few ml of Milli-Q water to remove salts from the filter, and samples were stored in liquid nitrogen and than at –80 oC in the laboratory until POC analysis. The DOC analyses were performed in duplicates using the sensitive high-temperature catalytic oxidation technique. A Model TOC-VCPH analyzer (Shimadzu) with platinum silica catalyst and nondispersive infrared (NDIR) detector for CO2 measurements was used. Samples acidified with hydrochloric acid (pH ( 2) were purged with organic-free air for 10 min prior to analysis, in order to remove inorganic carbonate fraction. DOC concentrations were calculated by subtracting the instrument and the Milli-Q water blanks. Potassium hydrogen phthalate was used as a standard. The concentration was calculated as an average of three to five replicates. The average instrument and Milli-Q water blanks correspond to 0.025 mg C/l (n=14) and the obtained reproducibility was high (1.3 %). 

POC was analyzed with a solid sample module SSM-5000A associated with a Shimadzu TOC-VCPH carbon analyzer calibrated with glucose. After acidification with hydrochloric acid (2 M) to remove inorganic carbonate fraction, the filters were folded in alumina ceramic sample boat and dried at 50 oC for 12 h. The prepared samples were burned in a flow of oxygen at 900 oC. The NDIR detector detected the CO2 produced. POC concentrations were corrected based on the blank filter measurements. Blank filters were precombusted filters without filtered seawater passed through. The average filter blank, including instrument blank, corresponds to 0.005 mg C/l. The reproducibility obtained for the glucose standard was high (3 %). 

2.4. Data analyses

Data were statistically analyzed using computer software Origin 7 (Origin Lab.). Linear fit and one-way ANOVA were used to analyze similarity between the data.
The contribution of the dissolved lipids to DOC and that of particulate lipids to POC were evaluated upon estimation of organic carbon content in lipids. The content of 69 % carbon in lipids was evaluated from the standards of three most abundant lipids in this work.
2.5. Phytoplankton assemblage
Phytoplankton was sampled using 5 l Niskin bottles. Samples were preserved with 2% (final concentration) disodium tetraborate (borax) buffered formaldehyde. Cells counts were obtained with Zeiss Axiowert 200 microscope by Utermöhl method (1958). Samples collected below 12 m depth had too many particles to be analyzed, those particles probably originated from the resuspension of sediments. Cells longer than 20 μm were designated microphytoplankton and those 2-20 μm long as nanoplankton. Cells were counted at a magnification of 400 x (1 transect) and at 200 x magnification (transects along the rest of the counting chamber base plate). The error of the counting method is ( 10 % (Lund et al., 1958).

3. Results 
3.1. Environmental parameters 

An increase in temperature was detected in the period between March and July, with the average temperature of 13.0 (C in March, and 23.5 (C in July. Temperature stratification which began in March resulted in the formation of a thermocline at 7-11 m depth in July (Fig. 2a). Salinity was lower at the surface for both samplings, being 34.5 in March and 34.0 in July (Fig. 2b). Bottom salinity was 38.0. Halocline was formed at 9 m depth at both months and at depths between 3 and 7 m in July. 

Distribution of oxygen saturation is presented in Fig. 2c. Maximum oxygen saturation in March of 138 % was detected at 7 m depth, while in July a maximum of 190 % was detected at a depth of 2 m. A pronounced decrease in oxygen saturation was detected below 10 m depth, with 0 % and 34 % oxygen saturation detected at a depth of 13 m in March and July, respectively. 

3.2. Phytoplankton distribution

List of dominant phytoplankton taxa and maximum cell abundanceare given in the Table 2. Phytoplankton assemblages were composed of 12 dominant taxa (Table 2), mostly diatoms, such as Chaetoceros curvisetus (5.8 x 105 cells/l, 97% of all taxa) in March and Thalassionema nitzschioides (1.6 x 105 cells/l, 96% of all taxa) in July (Fig. 3). Nanophytoplankton was composed of dinoflagelates, coccolitophorids and chlorophyceae, with the abundance below 104 cells/l.  In both months abundances of microphytoplankton and nanophytoplankton alternated through the water column. Microphytoplankton had maximum abundances in 5 m layer.
3.3. DOC and POC

The distribution of DOC (Fig. 4) for the March samples was relatively uniform, with an average value of 0.95 mg C/l. The concentration of DOC was much higher in July and ranged from 1.00-1.86 mg C/l. DOC vertical distribution in July had increased values going from the surface layer down to bottom. POC was measured only for July (Fig. 4). It appeared that POC was present at very high concentrations from 0.28-1.50 mg C/l, contributing in average 31 % to the total organic carbon. The July vertical distribution of POC was close to the DOC distribution.

3.4. Lipid classes


The data on Rogoznica Lake lipid classes concentrations measured in March and July are given in Table 3. Total dissolved lipids were found at similar concentrations for both samplings (Fig. 5). The same was found for the total particulate lipids. The total dissolved lipids were found at the concentrations of 46.76-124.35 (g/l and 44.82-84.39 (g/l in March and July, respectively. The total particulate lipids were at the concentrations of 46.37-368.88 (g/l and 47.80-171.53 (g/l in March and July, respectively. Particulate lipids have higher concentrations than the dissolved lipids at the depth of 5 m and deeper down for both months. The highest values were measured in the bottom anoxic layer in March and at 11 m depth in July. 

Sea surface microlayer lipids were slightly enriched in the dissolved fraction in March, and had about the same concentration in the particulate fraction of microlayer compared to the underlying water particulate fraction. In July lipids were depleted in the microlayer for both fractions.

The investigation of individual lipid classes may provide further insight into the investigated system. Examination of the relative contributions between neutral (without HC) and polar lipids, including acetone mobile polar lipids, in the particulate fraction gives an access into the dominance of metabolic energy reserves (neutrals) or structural components of biomembranes (polar lipids) (Parrish, 1988). Fig. 6 shows the distribution of neutral (WE, ME, TG, FFA, ALC, ST), Aceton Mobile Polar Lipids (PIG, MGDG) and polar (PG, PE, PC) lipids. Polar lipids were dominant for both samplings and for the depths at which phytoplankton was found, contributing to total 52-70 % and 59-88 % in March and July, respectively. 

March was generally characterized by glycolipids, hydrocarbons and free fatty acids as the major dissolved lipid classes, while the major particulate lipids were glycolipids, phosphatidylglycerides and free fatty acids (Table 3). July was characterized by the dominance of hydrocarbons, glycolipids, and triglycerides in the dissolved fraction and the dominance of phosphatidylglycerides, phosphatidylethanolamine and glycolipids in the particulate fraction (Table 3). 

The concentrations of wax/steryl esters and triglycerides (energy reserves lipids) in the particulate fraction of both March and July samples ranged from 0.91-9.96 (g/l for wax/steryl esters and from 0.72-14.96 (g/l for triglycerides. Particulate energy reserve lipids were found at higher concentrations in March than in July. They dominated over the dissolved ones in March while the opposite was for the case in July. Their distribution in the dissolved fraction shows a slight trend of accumulation with the depth. 

Polar lipids, including phospholipids (PG, PE, PC) and glycolipids, together with sterols, are structural components of membranes (Parrish, 1988) and as such reveal the amount of organic matter associated with living organisms (Derieux et al., 1998). Apart from glycolipids, which are found as the most abundant lipid class in the dissolved fraction, all other membrane lipids dominated in the particulate fraction. Particulate membrane lipids were found accumulated mainly at 5 m depth in March, whereas continuous increase in concentrations with depth was found in July, with maximum at the depths of 9 and 11 m. Water column distribution of membrane lipids in the dissolved fraction was more uniform.

Phosphatidyl-ethanolamines (PE) are ones of the major phospholipids in bacterial membranes (Rütters et al., 2002) and they may be used as indicators of bacterial presence. As such they may help toward understanding lipid biodegradation processes of the investigated system. PE increased from March to July, in average 3.7 times in the particulate and the dissolved fractions, except in the microlayer and the bottom, where PE depletion by 0.8 times was detected. 
Intensive biodegradation of lipids results in the accumulation of free fatty acids, monoglycerides, diglycerides and alcohols. The ratio of the sum of the metabolites resulting from acyl-lipid degradation to the sum of the acyl-lipids present in the medium is defined as lipolysis index and it serves to judge upon the biodegradation level of biogenic organic matter (Goutx et al., 2003). All these lipids were found at lower concentrations in July when compared to March. Consequently, the values of lipolysis index (Fig. 7) were higher for March than for July samples, both in the dissolved and particulate fraction. The highest values were evaluated in the dissolved fractions of the bottom layer for the both samplings. Oppositely, the highest values for the particulate fraction were found in the upper water column.

Hydrocarbons (HC) were detected in higher concentration in July than in March, and especially in the dissolved fraction. Their contribution in March was mainly lower than 10 %. High contribution of HC in July in the dissolved fraction ranged from 11-48 %. In July the contribution of HC in the particulate fraction was high (up to 33 %) at the first 5 m depth, while in deeper water HC contributed much less, 2 - 9 %.

The sulpholipids were found for the both samplings in pigments and in hydrocarbons. Sulpho-hydrocarbons were found in the both fractions at the bottom layer. Sulfur bounded to pigments was found mainly in the dissolved fraction at the depths of 0 - 7 m.

4. Discussion

The lake experienced significant water column temperature increase from average 12.3 ºC recorded in March to the July values of even 28 ºC in the upper water column and 19 ºC in the lower water column (Fig. 2). Between the two samplings, salinity decreased in the surface layers, forming halocline at about 7 m depth. Warmer and less saline waters in July favoured the development of richer phytoplankton community when compared to March. Decrease in salinity, which is an indication of new nutrient input, was the consequence exclusively of rainfall since Rogoznica Lake is not connected with any other freshwater discharge. Development of intensive diatom blooms with two orders of magnitude lower contribution of nanophytoplankton (Fig. 3) in both months was followed by oxygen saturation up to even 200 %. The maximum abundances of phytoplankton in 5 m layer and deeper seem to be common situation for the freshwater and salty lakes and reservoirs where development of deep metalimnetic and sub-metalimnetic photosynthetic communities is observed (i.e. Knapp et al., 2003). These oxygen values relate to the photosynthetically active phytoplankton community. The intensive microphytoplankton, instead of nanophytoplankton, blooming is more common in increasingly eutrophicated waters. Anoxic conditions in the lake bottom detected in March are the consequence of weak connection of the lake with the sea, decreased wind influence as well as the degradation of organic matter, which causes oxygen depletion. The absence of anoxia in July at the bottom is explained by regular late spring and summer oxygen production by phytoplankton that advects downward and cause shifting of the chemocline toward bottom (Ciglenečki et al., 2005).

Although richer phytoplankton community was found in July, the concentrations of total dissolved lipids were comparable for the two samplings, ranging from 44.82-124.35 (g/l.  The same was found for the total particulate lipids which were found in the range of 46.37-368.88 (g/l. The values of total dissolved and particulate lipids are higher than those reported for the nearby Adriatic Sea (Deriux et al., 1998). High lipids originate from abundant phytoplankton population in the lake. The observed dominance of particulate over the dissolved lipids is expected for the system with high productivity (Parrish, 1988). The particulate lipids of the living OM may contribute even up to 79 % to the total particulate lipids in the productive surface water layer (Romankevich, 1984). The distribution of particulate lipids in the lake appears to be phytoplankton related. The taxonomic composition of phytoplankton in the lake indicates that the primary source of lipids were diatoms, which were the major phytoplankton species developed, contributing to the community 92-100 % and 96-99 % in March and in July, respectively. Phytoplankton membrane lipids (pigments, sterols, glycolipids, phosphatidylglycerides and phosphatidylcholine) in the particulate fraction exhibited vertical concentration variations similar to the concentration variations of total particulate lipids. The relationship between all membrane lipids and total particulate lipids for the depths at which phytoplankton was found showed statistically significant correlation (R=0.77-0.99; p=0.00015-0.0464), suggesting that the majority of particulate lipids originated from phytoplankton cells. 
As distinct from lipids, the values of DOC in July (1.00-1.86 mg C/l) were in average 1.5 times higher than those found in March (0.91-1.00 mg C/l). The March DOC values of 0.95 mg C/l in average seem to be slightly lower than those usually found in the lake (Ćosović et al., 2000). Low March DOC values in combination with high phytoplankton biomass might be an indication of the bloom beginning. The increase in DOC concentrations from March to July might be ascribed to the organic matter accumulation in the period from spring to summer (e.g. Gašparović et al., 2005; Bourguet et al., 2009). POC was measured only for July samples. The detected concentrations of POC, 0.81 mg C/l in average, are high and make representative of diatom bloom in the lake. For comparison, the published POC values for the northern Adriatic are much lower for the offshore waters than those in the Rogoznica Lake. They are also lower, although to a lesser extent, for the coastal stations that are under the direct influence of riverine outflows (Giani et al., 2003). Moreover, the contribution of POC to total organic carbon (TOC) was extremely high, contributing to TOC 21 - 46 %. Indeed, high contribution of POC to organic carbon is detected during diatom blooms (Malej et al., 2003).

The distribution of the dissolved lipids was more uniform when compared to the particulate lipids which exhibit the trend of increase in concentrations toward the bottom. The distributtion pattern did not follow thermo- or picnocline formation. The lipid classes in the dissolved fraction were dominated by glycolipids, which suggests that phytodetritus was a source for detected lipids (Goutx 2009). Extremely high particulate lipid concentration, 370 µg/l, was found at the bottom in March during anoxic conditions. Lower particulate lipid concentration 103 µg/l, was found in July at the bottom. However, just above the bottom, at 11 m depth, the highest value of lipids of 172 (g/l was detected in July. The increase in POC and DOC with increasing depth was also observed in July. The observed increase in OM with the depth is an obvious characteristic of the lake. This distribution is inverse when compared to the distributions of OM in the adjacent Adriatic Sea or other seas where the concentration of organic matter usually decreases with the depth, e.g. in North Adriatic, (Derieux et al., 1998; Giani et al., 2005; Gašparović and Ćosović, 2001). Also, DOC distribution in many freshwater lakes of different trophic types showed higher DOC values above thermocline (Sugiyama et al., 2004). These findings led to the conclusion that anoxic/suboxic conditions at the bottom are the main controller of OM distribution in Rogoznica Lake. The increase of sugar contents with depth in the water column of freshwater lake Ayad, during stratification when an anoxic hypolimnion develops, was observed by Ogier et al. (2001). The inverse distribution of OM in the lake is connected with the migration of phytoplankton to deeper layers that are rich in nutrients. In the bottom anoxic layer high concentrations of nutrients are detected even up to ammonia values of 150 (M, phosphate values about 22 (M and silicate values of 400 (M (Ciglenečki et al., 2005). Furthermore, the lake is shallow, so the necessary sinking-time of organic matter should be short, indicating that relatively smaller proportion of OM is decomposed in the water column but rather takes place in the bottom layer. Indeed, an increase in the concentration of organic matter in the anoxic layer suggests intensive sinking of OM to the bottom, where it accumulates and degrades. The intensive settling mechanism of the organic matter in the lakes might be enhanced by adsorption on mineral particles (Dunalska et al., 2004) and diatom frustules (Poister et al., 2003). Moreover, accumulation of lipids in the bottom anoxic layer may be connected to the slower degradation of lipids under anoxic than in oxic conditions (Muri and Wakeham, 2006). 
Exploring possible selective enrichment of individual lipids in March bottom anoxic layer, it was found that almost all lipid classes were enriched in the particulate fraction implying fast sedimentation rate of organic particles. The dissolved fraction in the anoxic layer was enriched in lipids that are indication on their biodegradation and energy reserve lipids, implying intensive biodegradation of lipids. The observed OM distribution in the lake may result in significant sequestration of freshly fixed carbon in such an environment. The proportion of freshly fixed carbon in the downward flux of the Lake Kinneret (Israel), which also regularly experiences anoxic conditions, is in average 22% of the primary productivity in the lake (Yacobi and Ostrovsky, 2008).
Figs. 5c and 5d show the distribution of lipid contribution to the organic carbon along the vertical profile for March and July, respectively. Average lipid content in DOC was estimated to be 5.0 and 3.6 % for March and July samples, respectively. The particulate lipid fraction was more rich in lipids when compared to the dissolved fraction, contributing to POC 10 %. Although lipids, POC and DOC were increasing with the depth, the increasing depletion of lipid contribution to OC with depth was evaluated in July. This would imply an increased contribution of other biochemicals to organic carbon pool as selective lipid consumption was less probable for July, according to the obtained results on low contribution of lipid degradation indices.

Mono-, di-glicerides, free fatty acids and alcohols are the indices of the state of lipid biodegradation in the system under observation since they are issued from the breakdown of glycerides and wax esters. However, fatty alcohols have also been identified in some algal species (Volkman et al., 1998). Free fatty acids in the dissolved fraction are considered as breakdown indices but in the particulate fraction free fatty acids are normal constituents of the tissue lipid pool (Chapman, 1969) and might be found in considerable amounts in some diatom species, although large amounts of FFA are more commonly associated with lipid breakdown in stressed or dying cells (Volkman et al., 1989). Lipid breakdown indices were found at substantially higher concentrations in March in comparison to the July values. Moreover, breakdown indices contributed more to total lipids in March than they did in July. Consequently, higher values of lipolysis index (LI) were evaluated for March (Fig. 7). High concentrations of breakdown indices in March could be explained by their accumulation during particular time period since turnover times of marine phytoplankton lipids under oxic conditions were found to be relatively long, 44 days, and are yet much longer under anoxic conditions (Harvey et al., 1995). Bacterial phospholipids, PE, were found at higher concentrations in July compared to March (Table 3). Lower concentrations of breakdown indices and more abundant bacterial biomass, as revealed from PE, point to the fact that bacterial community was less active in lipid consumption in summer. Namely, although bacterial activity is usually higher during summer (e.g. Paoli et al., 2006), in highly eutrophicated lakes lipids are less important than other biochemicals for the metabolism of aquatic bacterial communities (Chrost and Gajewski, 1995). The highest LI values were obtained for the dissolved fractions in the bottom layer, which is in agreement with the fact that high concentration of bacterial biomass is usually found in that layer (Šestanović et al., 2005), indicating strong OM remineralization processes taking place there. 

In the presence of dense diatom population the dominance of polar over the neutral lipids in the particulate fraction in March and July samples (Fig. 6) was established. The dominance of polar lipids, along with high oxygen supersaturation in the lake, indicates actively dividing phytoplankton cells (Zhukova, 2004). The small contribution of nonpolar lipids to the lipids pool, and especially TG, average contributions of which in March and July were 6.8 and 3.2 %, respectively, indicate richness in nutrients for the detected huge phytoplankton pool present in the investigation period. Namely, phytoplankton would preferentially synthesize TG as energy reserve lipids (Parrish, 1988) during nutrient limiting conditions (Volkman et al., 1989). Under the conditions of rich diatom biomass, i.e. in good feeding conditions for the zooplankton, high concentrations of wax esters, WE, were found, 0.48-9.96 (g/l (Tables 3 and 4). Wax esters are the major neutral lipids in some zooplankton species (Kattner, 1989) and in zooplankton detritus and fecal pellets (Wakeham et al., 1984). The detected WE originate from the fecal pellets or decaying zooplankton cells since zooplankton itself was not sampled. 
Hydrocarbons in seawater are the result of either in situ production and/or external input. Goutx (1987) assumed that biogenic hydrocarbons represent less than 10 % of the organic material that can be extracted from particulate matter, meaning that the content of HC larger than 10 % indicates anthropogenic activity. Since the lake is in close proximity of a very popular tourist resort Rogoznica, it is possible to assume that the high content of HC in July in the upper water column is in fact the consequence of anthropogenic petroleum contamination during the summer period, originating from non-point diffusive sources such as atmospheric deposition of exhaust gases from cars and yachts. Possible contamination with HC during experimental procedure should be as well accounted. Also, as some alkenes are derived from diatoms (Volkman et all., 1994) the contribution of HC from abundant diatom population, reaching maximum value of even 1.1 x 106 cells/l, in July should not to be neglected. Parrish et al. (1992) found a large contribution of the total aliphatic hydrocarbon to total extractable lipids in lake samples, accounting for more than 15%, and even up to 65%. They assumed that algae were a possible source for those unsaturated hydrocarbons that were present at relatively elevated levels in settling particles. The presence of fatty acid methyl esters (ME) enrichment is related to high HC concentrations found there. Namely, ME might be the result of the action of yeasts on marine hydrocarbons (Parrish, 1988). ME were mainly found in March during the period of increased concentrations of lipid biodegradation indices.
In this work the presence of sulfur was detected in pigments, PIG, and in pigment degradation products over 10 m depth. Since phytoplankton pigments do not contain sulfur, it was assumed that the interactions of PIG with sulfur are the consequence of biogeochemical processes of degradation and transformation of organic matter in this lake which is rich with the reduced sulfur compounds (Ciglenečki et al., 2005). In oxic and suboxic areas, nucleophil groups of organic matter are capable to break up S8 molecules and produce polysulfide cross-linked oligo-polymers (Amrani and Aizenshtat, 2004). Moreover, incorporation of free sulfide into lipid structures, a reaction of inorganic sulfur species with double bonds of lipids, may influence slower degradation of lipids in sulfidic and anoxic environments (Kohnen et al., 1990). As sulfur in hydrocarbons was found exclusively at the bottom layer it is assumed that HC interact with the extremely high concentrations of inorganic sulfur usually found there (Ciglenečki et al., 1998). Traces of sulfur detected in HC and PIG can also be explained by solubilization processes. 

The sea surface microlayer (SSM) is a unique environment. Due to the enrichment of chemicals and biota within the sea surface microlayer, there is a widespread presumption that the surface microlayer could act as a highly efficient and selective microreactor, effectively concentrating and transforming the materials brought to the interface from the atmosphere and oceans by physical processes. The lipids form a much more condensed layer at the interface in comparison to the more hydrophilic OM, such as carbohydrates and proteins, influencing as such more efficiently gas exchange across a modified phase boundary (Gladyshev, 2002). Therefore, investigation about OM content and speciation should be important for the predictive quantifying the important gas transfer velocity (Upstill-Goddard, 2006). The chemical composition of the SSM is dependent on the chemical fractionation of organic matter at the air/sea boundary. It was expected that hydrophobic substances, such as lipids, would be enriched in the SSM due to its hydrophobic nature. Although it has already been found that hydrophobic substances were negligible fractionated in the microlayer, and even depletion of fatty acids was found in some SSM samples (Gašparović et al., 2007). The characteristics of the investigated microlayers were compared to those of the underlying water in order to estimate the enrichment of organic substances between bulk water and the top microlayer of the seawater. Our results showed that total particulate lipids were not enriched at all in the ML, while dissolved lipids were found to be slightly enriched only in March. As regards individual lipid classes, there was no obvious enrichment of either neutral or polar lipids. The detected lipid depletion from this phase boundary could be the consequence of the fact that SSM is a critical environment for the living population due to the intensive solar radiation and photodegradation processes, so that the escape of phytoplankton, as a main lipid source, could be expected. 

5. Conclusion

The lipids in the salty Rogoznica Lake were rich in concentration, up to 369.88 (g/l, both in March and July as a consequence of rich diatom community blooming that made more abundant lipids in the particulate than in the dissolved fraction. During such conditions polar lipids of phytoplankton origin dominated the lipid pool. Energy reserves, TG, contributed low to total lipids indicating richness in nutrients for huge phytoplankton population. High proportion of wax esters originating from zooplankton is consequence of good feeding on phytoplankton. The shallowness of the lake enable fast sinking of particulate organic matter accumulating lipids at the bottom which degrade slower than other biochemicals. The lake distribution of OM (lipids, DOC, and POC), which shows higher concentrations toward bottom, is driven by the suboxic/anoxic bottom conditions as a consequence of OM remineralization processes taking place there that produce nutrients. March appeared to be the period of accumulation of lipid biodegradation indices.
Depletion of hydrophobic lipids in the microlayer suggests that intensive photodegradation and/or sinking to the bottom takes place rather than their accumulation from the sub-surface water. The presence of sulfur in pigments indicates high potential of the lake to chemically change present OM. 

Physico-chemical and biological processes in the Rogoznica Lake are strongly connected and amplified due to the isolation of the lake and strong nutrient remineralization in the bottom layer. 
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Figure captions

Fig. 1. Rogoznica Lake study location in the middle Adriatic Sea.

Fig. 2. Vertical distribution of temperature (a), salinity (b) and oxygen saturation (c) in Rogoznica Lake; data for March (curve 1) and July (curve 2) in Rogoznica Lake.
Fig.3. Vertical distribution of microplankton (curve 1), nanoplankton (curve 2) and diatoms (curve 3) in Rogoznica Lake in March (a) and July (b).
Fig.4. Vertical distribution of organic carbon (OC) in dissolved (DOC) (curve 1) and in particulate (POC) (curve 2) organic carbon fractions in March (a) and July (b) in Rogoznica Lake. POC was not measured for March samples.
Fig. 5. Vertical distribution of total dissolved (curve 1) and particulate (curve 2) lipids in March (a) and July (b) and vertical distribution of contribution of lipids to organic carbon in % for dissolved (curve 1) and particulate (curve 2) fractions in March (c) and July (d) in Rogoznica Lake.
Fig. 6. Relative contributions in particulate lipid fraction (%) of neutral lipids without hydrocarbons, NL (black), acetone mobile polar lipids, AMPL (white) and polar lipids, PL (grey) in March (a) and July (b) in Rogoznica Lake. 

Fig. 7. Vertical distribution of Lipolysis Index in the dissolved (curve 1) and particulate (curve 2) fraction in March (a) and July (b) in Rogoznica Lake.
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