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Abstract We present the characterisation and distribution of organic matter (OM) within the sea surface microlayer (SML) and underlying water (ULW) collected in October 2015 at nine stations in the Baltic Sea, Gulf of Gdansk, encompassing the Vistula River plume. Salinity of >7 throughout the transect indicated Vistula plume was possibly displaced westward by the preceding northerly and easterly winds between 5.7 and 10.7 ms-1 during the sampling campaign. Spectral analysis pointed to highest contribution of aromatic and high molecular weight molecules (lowest spectral slope (SR) ratios and highest absorption coefficient at 254 nm (aCDOM(254)) at the first two stations near the river mouth, demonstrating a very limited influence of the river plume. Concentrations of surface-active organic substances (SAS) ranged from 0.28 – 0.60 mg L−1 in eq. Triton-X-100 in SML, and from 0.22 – 0.47 mg L−1 in eq. Triton-X-100 in the ULW, while POC concentrations ranged from 0.27 – 0.84 mg L−1 in SML and from 0.20 – 0.37 mg L−1 in ULW. Enrichment of SAS and POC detected at highest wind speeds indicates rapid SML recovery by OM transported from the ULW. Low lipids to POC contribution, on average 5% and 7% in SML and ULW respectively, indicated eutrophic conditions. Statistically significant negative correlation between SR and the Lipid:PIG ratio in SML and ULW suggests the production of lower molecular weight OM by phytoplankton living under favourable environmental conditions. Accumulation of lipid reserves triacylglycerols (TG) in the SML indicates more stressful plankton growth conditions compared to ULW.
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1. Introduction

[bookmark: _Hlk100041330]The sea surface microlayer (SML) is an interface between the sea and the atmosphere that affects the processes of mass and energy exchange between the two compartments (Cunliffe et al., 2013; Wurl et al., 2017) and thus affects the global climate. It is defined as the uppermost layer of the sea, up to 1000 µm thick, whose physical and biogeochemical properties differ from those of the underlying water (Hunter, 1997; Zhang et al., 2003). It can be described as a hydrated, gelatinous film in which in-situ produced organic matter (OM) and microorganisms from the deeper layers accumulate along with atmospherically deposited material and pollutants (Gašparović et al, 1998; Wurl and Obbard, 2004; Wurl et al., 2017; Engel et al., 2017; Robinson et al., 2019; Penezić et al., 2021). The formation, thickness and distribution of SML is strongly influenced by meteorological conditions including wind speed (Falkowska, 1999; Liss and Duce, 1997; Stolle et al., 2020). However, it is known that SML recovers quickly after physical disruption (Dragićević and Pravdić, 1981; Williams, 1986), mainly through rising bubbles containing organic material adsorbed at the surface (Liss, 1975; Stefan and Szeri, 1999; Woolf, 2005; Wurl et al., 2011). Studies have shown that recovery of SML occurs in all the oceans at wind speeds above average oceanic conditions (Archer and Jacobson, 2005; Wurl et al., 2009; Sabbaghzadeh et al., 2017). Such self-sustainability even at higher sea states, caused by increased bubble fluxes acting as a continuous supply of surface-active material to the SML (Sabbaghzadeh et al., 2017), has strong implications for global air-sea CO2 exchange. Indeed, the presence of surfactants, which are ubiquitous in the oceans, significantly affects the transport rate of gas across the water surface (Frew et al., 1990; Ribas-Ribas et al., 2017; Wurl et al., 2011; Broecker et al., 1978; Tsai et al., 2003; Mustaffa et al., 2020). Recent studies are beginning to quantify the link between surface-active organic substances (SAS) concentration in SML and gas transfer velocity kw (Pereira et al, 2016; Rickard et al., 2020).
The marine OM originates mainly from phytoplankton activity, with additional contributions from terrestrial sources through riverine inputs (Gašparović et al., 2011). In coastal waters, especially those under the influence of rivers, increased biological activity leads to increased OM production, with about 70% of dissolved OM being of terrestrial origin (Coble, 2007). A significant portion of marine OM is presented by SAS, consisting of recalcitrant material, such as humic substances, or freshly produced biogenic material, namely carbohydrates, proteins, and lipids (Ćosović et al., 1985; Gašparović et al., 2011). Lipid content in phytoplankton ranges from ≤1 to 46% of dry weight (Romankevich, 1986). Phytoplankton exudates, through direct release or zooplankton grazing, metabolic processes, and cell lysis, are the main source of marine lipids, which vary in composition depending on the phytoplankton community and environmental conditions (Novak et al., 2019). 
[bookmark: _Hlk98141006][bookmark: _Hlk99989291][bookmark: _Hlk99989169]Lipids are important organic biomarkers used to determine OM sources due to their specific functions in different cell types are known (Parrish, 1988, Parrish et al., 2000). They are less susceptible to degradation than carbohydrates or proteins. Harvey et al. (1995) found that under oxic conditions carbohydrates are recycled within 15 days, proteins within 41 days, and lipids within 77 days. Saturated lipids have been shown to be highly resistant to degradation. Gašparović et al. (2016; 2018) found an increase in saturated lipids of up to 30-fold from the surface to abyssal depths (4800 m) of the North Atlantic, while at the same time particulate organic carbon decreased by 90%. Membrane lipids such as phospholipids and glycolipids, are indicators of living organisms, free fatty acids can indicate degradation processes, while the ratio between specific lipid classes can serve as an indicator of organisms' adaptation to changes in environmental conditions (Derieux et al., 1998; Gašparović et al., 2014; Goutx et al., 2003; Gerin and Goutx, 1994; Novak et al., 2019, Gašparović et al., 2016). Lipids are also an important factor in carbon sequestration in the ocean – their buoyancy contributes to their surface activity, facilitating both their accumulation at the sea surface and their adsorption to sinking particles, which transports them to deeper layers (Gašparović et al., 2016; Novak et al., 2019).Some organic molecules, especially fulvic and humic acids, can absorb light due to their optically active parts and are referred to as chromophoric dissolved organic matter (CDOM), a class of molecules additionally including fluorescent organic matter (FDOM), which can emit part of the absorbed light as fluorescence (Drozdowska et al., 2015; Marcinek et al., 2020). As an important optical constituent of seawater, CDOM adsorbs primarily in the ultraviolet to blue spectral region and can absorb up to 90% of solar radiation in the 400-500 nm spectral range in coastal waters, which can affect primary production (Arrigo and Brown, 1996; Belanger et al., 2008; Zhao et al., 2018). Optical characterization methods of OM provide a rapid and reliable way to detect and identify dissolved organic matter (DOM) and additionally give insight into DOM transformation processes (Drozdowska et al., 2017; Stedmon et al., 2003) such as DOM removal through photodegradation or microbial activities (Lei et al., 2020). This is particularly important for coastal areas with intense riverine inputs and high primary production, where optical characterization can help distinguish between DOM of marine and terrestrial origin (Coble, 1996; Drozdowska, 2007; Marcinek et al., 2020). Biotic and abiotic OM processing at the air – sea interface impacts the ocean carbon cycle (Johannessen et al., 2001) and lead to the formation of volatile organic compounds (VOC), which are potential precursors for secondary organic aerosols (SOA) that strongly influence cloud formation and contribute to Earth’s solar radiation balance (Mayer et al., 2020; Bruggemann et al., 2018). The mentioned processes, such as air – water gas exchange, carbon sequestration, VOC formation and others, are of global importance, and are all affected by OM distribution and processing, with different OM classes playing their own important roles in exchange of energy and matter between the sea and the atmosphere. Therefore, characterization of the marine OM, especially considering the air-sea interface, is essential to deepen our understanding of the feedbacks between these two largest environmental niches.
[bookmark: _Hlk100041707][bookmark: _Hlk100044500]In this study, we primarily focused on investigating the links between different organic matter classes within the SML and the underlying water (ULW) at 1 m depth, in the Gulf of Gdansk, a coastal area in the southern part of the Baltic Sea, influenced by the Vistula River. This study is an extension of the work of Drozdowska et al (2017), which compared the spectroscopic and fluorescence properties of SML and ULW samples during three different field campaigns (in April 2015, October 2015, and September 2016) collected at the same transect. During the October 2015 campaign, in addition to CDOM and FDOM analysis, additional characterization of OM in the SML and ULW was performed, namely SAS, particulate organic carbon (POC), and particulate lipids and their classes, with the aim of further exploring the specific links between different OM groups and properties, in addition to considering the influence of wind, an important driver of the physical and biogeochemical properties of SML. Thus, the objectives of this study were i) to investigate the properties and spatial distribution of different types of OM in the SML and ULW in a transect in the Gulf of Gdansk encompassing the Vistula River plume, ii) to identify sources of OM, iii) to identify processes responsible for the distribution of OM and to evaluate the influence of winds on the establishment of SML, and iv) to investigate the relationships between the OM optical properties and OM surface activity.

2. Materials and methods
2.1. Study area 

The study area included a transect in the southern Baltic Sea, more specifically in the Gulf of Gdansk, starting at the Vistula River mouth and extending about 47 km toward the open sea (Figure 1, Table S1). The brackish Baltic Sea is characterised by a high water residence time due to poor exchange with the North Sea through the Danish Straits (Szymczak-Żyła et al., 2019). This and its large catchment area make it vulnerable to eutrophication, anoxia, and the impacts of pollutants (Pȩdziński and Witak, 2019, Szymczak-Żyła et al., 2019). Between the early and late 20th century intensive inputs of nitrogen and phosphorus increased fourfold and eightfold, respectively (Glasby and Szefer, 1998; Larsson et al., 1985), promoting eutrophication, reducing water transparency, and causing a shift from macrophyte- to phytoplankton-dominated systems in some areas of the Baltic Sea (Andren, 1999). The Vistula River, the longest river in the Baltic Sea catchment, with a length of 1047 km and an average flow of 1080 m3s-1 (Buszewski et al., 2005), brings the largest amounts of total nitrogen and phosphorus (about 65 and 60%, respectively) (HELCOM, 2018) and, despite recent reductions in nutrient inputs (Pastuszak et al., 2012, HELCOM, 2018), contributes to eutrophication, especially in the Gulf of Gdansk area. The Gulf of Gdansk is a highly eutrophic area with large-scale growth of filamentous brown algae, extensive summer blooms of cyanobacteria, and high Chl a concentrations (Kruk-Dowgiallo, 1996; Mazur-Marzec et al., 2006). Due to the considerable input of terrestrial OM, which affects its optical and biological properties (Kowalczuk et al., 2006), the Gulf of Gdansk has also been recognized as a sink for particulate matter of both autochthonous and allochthonous origin (Drozdowska et al., 2002; Drozdowska and Fateyeva, 2013; Maksymowska et al., 2000; Piskozub et al., 1998). The dynamic conditions of this coastal area make it particularly interesting as a study site for the characterisation of different OM classes and their interactions.
2.1.1. Sampling and sample treatment

[bookmark: _Hlk100040661][bookmark: _Hlk100041597]Sampling was conducted at nine stations (Figure 1) between October 15th and 16th, 2015. The exact locations of the stations, indicted by W1 – W9, are given in Table S1. The ULW samples were collected from a depth of 1 m, using a 10 L Niskin water sampler, while the SML samples were collected using a 50 x 50 cm stainless steel Garret net, mesh size 18 (a wire thickness 0.36 mm and the mesh eye size 1 mm), which approximates the thickness of the collected SML to 500 µm. The SML sampling procedure is described in detail in Drozdowska et al. (2017) and in the Supplementary Information (Figure S1). Briefly, samples were collected from on board the R/V Oceania, by vertically immersing the screen and waiting for the microlayer to stabilize before carefully lifting the screen horizontally through the water surface at a speed of approximately 5 – 6 cm s-1. In windy conditions, it is necessary to hold the ship bow to wind, so that the screw - astern and about 1 m below the water surface - is idling, i.e. spinning slowly, but this does not disturb the stability of the surface water amidships. Exceptionally, during water sampling on this cruise, in high wind conditions, the ship was oriented with its head to the wind to minimize disturbance of the wind field and potential contamination from the ship, while samples were collected from the bow (Sabbaghzadeh et al., 2017; Salter et al., 2011). The shape of the hull of r/y Oceania, tapering downwards, allows the surface water to be reached by the Garret Screen from a distance of approximately 1 – 3 m from the ship's side, further minimizing potential contamination. The samples were poured into polyethylene bottles through a special slit in the screen frame. Aliquots of the collected samples were used for the determination of SAS, which were determined on board immediately after sampling and without filtration. Aliquots collected for absorbance and fluorescence measurements were placed unfiltered in dark containers and stored at 4 °C until measurement within 48 h of sampling. Aliquots for particulate lipid measurements were first filtered through a metal mesh with a pore size of 200 µm to avoid sampling organisms larger than phytoplankton and large organic particles. Samples were then filtered through glass fibre filters with a pore size of 0.7 µm (GF/F Whatman, Buckinghamshire, UK). The filters were then placed in cryotubes, frozen in liquid nitrogen and stored at -20 °C until analysis. Prior to use, the filters were pre-burned at 450 °C for 4 hours to remove possible organic contaminants. The same filter types and storage procedure were used to collect the POC samples. All glassware used for filtration was washed with chromicsulfuric acid and rinsed with ultrapure water (Merck Millipore, Burlington, Massachusetts, USA) to avoid organic contaminants. Salinity and sea surface temperature were measured during sampling at a depth of 0.6 – 0.9 m, using a CTD probe (SeaBird SBE 49, Bellevue, Washington, USA).

[image: D:\Baltik lap\Towards finishing\Baltik ms1.tif]
Figure 1. Sampling stations (W1 – W9) in the Gulf of Gdansk, the southern Baltic Sea. Map made with QGIS (QGIS Development Team 2018; http://qgis.osgeo.org, accessed on November 12th, 2021).

2.1.2. Statistical analysis

Pearson’s correlation coefficient matrix was used to test correlations between different parameters, while two-sample t-test was used to test for significant differences between datasets means. Statistical analysis was done in Origin 7 (Origin Lab, USA).

2.2. Organic matter analysis
2.2.1. Particulate organic carbon analysis

POC was determined using an SSM-5000A solid sample module, connected to a TOC-VCPH (Shimadzu, Japan) carbon analyser calibrated with glucose. Samples were acidified with 2 mol L-1 HCl, to remove the inorganic carbonate fraction, folded, and placed in alumina ceramic sample boats, followed by drying at 50 °C for 12 hours (Ryba and Burgess, 2002; Giani et al., 2005). The samples were then burned at 900 °C in a stream of oxygen. The produced CO2 is detected using a non-dispersive infrared (NDIR) detector. POC concentrations were corrected using measurements of blank filters, which were subjected to the same procedure as the samples. The value obtained by the average filter blank, which includes the instrument blank, is 5 µg C L-1  The calibration was made with glucose standards in the range between 0 and 200 µg organic carbon, giving the reproducibility of the method of 3% and a limit of detection of 7 µg C L-1. 

2.2.2. Chromophoric and fluorescent organic matter analysis
 
[bookmark: _Hlk100041785][bookmark: _Hlk100044546]The results of chromophoric and fluorescent analysis of organic matter have already been published in the study by Drozdowska et al. (2017), where more details on the analytical procedures can be found, but are also briefly presented here. Samples collected for CDOM and FDOM analysis were not filtered, to characterise the total OM and to maintain consistency with SAS determination, as it is assumed that filtration removes a significant amount of surfactants (Schneider-Zapp et al., 2013). In previous studies, we observed that the differences between filtered and non-filtered samples were in the short UV and far VIS ranges, but did not cause significant changes in the absorption indices, as these were based on the relative differences between the values of aCDOM (λ) determined between the two affected ranges (Drozdowska et al., 2017). Moreover, filtration affects the fluorescence spectral bands only for the protein-type T component, with the differences being the same for SML and ULW (Drozdowska et al., 2018, 2017). Being aware of the limitations of the methods used, we decided to conduct the measurements on the unfiltered samples but to keep the CDOM and FDOM nomenclature (Drozdowska and Józefowicz, 2015).  
[bookmark: _Hlk100040863][bookmark: _Hlk100040880]Absorbance measurements were carried using a Perkin Elmer Lambda 650 spectrophotometer (Perkin Elmer, Waltham, Massachusetts, USA). The uncertainty of the instrument for the absorbance signal is less than 0.001. For a 10 cm path length quartz cuvette, the systematic error of the measurement on the spectrophotometer is constant and is 0.023 cm-1. The recorded spectral range was between 240 and 700 nm using ultrapure water as the reference signal. The recorded absorbance A() spectra were processed to obtain CDOM absorption coefficients curves aCDOM(), m-1. Next, a non-linear least-squares fitting method was applied (Stedmon et al., 2000) to calculate the spectral slope coefficient (S) in two spectral ranges: 275– 295 and 350–400 nm, S275-295 and S350-400, respectively. The ratio of the two spectral slope coefficients, S275-295 and S350-400, is known as the slope ratio (SR) and serves as an indicator of the molecular weight and source of OM; higher molecular weight molecules, which are also more likely to be of allochthonous origin, have a low SR (Helms et al., 2008). The standard deviations (SD) of S275-295 and S350-400 did not exceed 2% of their values, while the maximum uncertainty of the measurement and SD of SR did not exceed 6% and 3%, respectively.
	Fluorescence excitation emission matrix (EEM) spectra were obtained using a Cary Eclipse scanning spectrofluorometer (Agilent Technologies, Santa Clara, California, USA), with samples measured in a 1 cm path length quartz cuvette. A series of emission scans (280–600 nm at 2 nm resolution) were measured over an excitation wavelength range between 250 and 500 nm in 10 nm increments. To standardize fluorescence intensity measurements to Raman units, RU (Murphy et al., 2010)., i.e., to ensure comparability of results, a scan of ultrapure water is performed on each measurement day. The EEM spectrum of the ultrapure water allows control of instrument parameters and to count the energy of the Raman scattering band between 375-425 nm, for the spectrum excited at 350 nm. The calculated value is used to correct the EEM spectra of the SML and ULW water samples.  

2.2.3. Lipid analysis

Lipid material collected on GF/F filters was extracted by using a modified procedure described by Bligh and Dyer (1959), with n-hexadecanone added as an external standard for calculating the sample recovery. The detailed procedure is explained in Gašparović et al. (2014, 2015, 2017) and is briefly presented here. Lipid extracts were evaporated to dryness under a stream of nitrogen and redissolved in 14 to 20 µL of dichloromethane. Aliquots of 2 uL of the redissolved sample were spotted onto silica-coated quartz thin-layer chromatography rods, where the samples were developed in a series of seven developing baths with a mixture of increasingly polar organic solvents. After development, lipids were analysed using a thin layer chromatography - flame ionization detector (TLC-FID) Iatroscan MK-VI (Iatron, Japan) at a hydrogen flow rate of 160 ml min-1 and an air flow rate of 2000 ml min-1, and quantified using external calibration with lipid class standards. Each sample was analysed between two and four times. Limits of detection (LODs) were determined as the analyte concentrations corresponding to a signal-to-noise (S/N) ratio of 3. The lipid classes analysed and their LODs are as follows: hydrocarbons (HC), LOD = 0.10 µg; triacylglycerols (TG), LOD = 0.20 µg, wax and steryl esters (WE), LOD = 0.10 µg; fatty acid methyl esters (ME), LOD = 0.22 µg; ketones (KET), LOD = 0.25 µg; free fatty acids (FFA), LOD = 0.15 µg; fatty alcohols (ALC), LOD = 0.20 µg; 1,3-diacylglycerols (1,3 DG), LOD = 0.33 µg; sterols (ST), LOD = 0.15 µg; 1,2-diacylglycerols (1,2 DG), LOD = 0.15 µg; pigments (PIG), LOD = 0.25 µg; monoacylglycerols (MG), LOD = 0.15 µg; monogalactosyldiacylglycerols (MGDG) LOD = 0.23 µg,  digalactosyldiacylglycerols (DGDG), LOD = 0.21 µg; sulfoquinovosyldiacylglycerols  (SQDG), LOD = 0.06 µg;  mono- and di-phosphatidylglycerols (PG), LOD = 0.27 µg, phosphatidylethanolamines (PE), LOD = 0.11 µg; and phosphatidylcholines (PC), LOD = 0.14 µg. The percent recoveries of the samples were calculated from the ratio of the recovered n-hexadecanone mass and the theoretical n-hexadecanone mass originally added to the sample. The recovery averaged 117 ± 16%. The final concentration of particulate lipid (C) was then calculated based on the mass of lipid (m) obtained with the calibration equations, the volume of the sampled seawater (Vsample), the percentage of the spotted sample (% spotted), and the lipid recovery (% recovery) using the following equation: 
                Eq. 1.

2.2.4. Surface-active substances analysis

Surface-active substances were determined electrochemically by alternating current (AC) voltammetry (Ćosović, 2005; Ćosović and Vojvodić, 1998) using a portable potentiostat (Palmsens, Houten, The Netherlands). The three-electrode system consisted of a hanging mercury drop working electrode, an Ag/AgCl (3M KCl) reference electrode, and a platinum wire counter electrode. Only the capacitive component of the current is measured by AC voltammetry and the concentration of SAS is estimated from calibration curves obtained with a nonionic surfactant Triton-X-100 (T-X-100), which serves as a good model compound (Frka et al., 2009). Calibration was performed in 0.5 M NaCl, and the determined LOD of the method was 0.07 mg L-1 eq. Triton X-100. The ionic strength of the samples was adjusted to 0.5 M by adding saturated NaCl before the measurements.

3. Results
3.1. Oceanographic parameters

[bookmark: _Hlk100039974][bookmark: _Hlk100040954]Data on sea surface temperature and salinity, along with wind speed are shown in Figure 2. The lowest temperatures, 12.1 and 12.5 ºC, were measured at stations W1 and W2, which are closest to the river mouth. Thereafter, a slight increase was observed, and the temperature remained between 13.2 and 13.4 ºC throughout the transect. Salinity was lowest near the river mouth at stations W1 and W2, at about 7.1, which is, however, higher than expected for the Vistula Estuary and indicates a strong mixing of the fresh and seawater (Drozdowska et al., 2017; Schiewer and Schernewski, 2002). This was to be expected as meteorological conditions in October 2015 just prior to the field campaign included a strong northerly wind blowing from the open Baltic Sea to the coast of Poland, which changed to predominantly easterly winds throughout the field campaign.  The presence of easterly/south-easterly winds and westerly surface currents (Figure S2) may have shifted the Vistula plume to the west of the studied transect. Therefore, the influence of the river is difficult to discern. Only the slightly lower salinity at stations near the river mouth, e.g., W1 and W2, indicates the influence of the Vistula plume. At the times of sampling, which was performed mainly in the afternoon hours (Table S1), wind speed varied between 5.7 m s-1 and 10.7 m s-1 with values mostly above 8.5 m s-1. The lowest wind speed was observed after a calm night between October 15th and 16th, which resulted in sample W5 being sampled during the calmest conditions of the field campaign (Figure 2).
[image: ]
Figure 2. Sea surface temperature (A) and salinity (B), along with average wind speed (C) recorded throughout the field campaign and the transect. 

3.2. Chromophore organic matter
	
Based on the UV/VIS spectra of SML and ULW samples, the absorption coefficients at 254 nm (aCDOM(254)) were determined (Figure 3), which are specific for aromatic molecules absorbing at this wavelength. The highest aCDOM(254) in SML was determined at station W1, followed by a significant decrease at W2, with the lowest aCDOM(254) determined at station W9, farthest from the Vistula River. A similar distribution was observed in the ULW, with the highest aCDOM(254) determined at W1, and a significant decrease at W2, which was in fact the lowest observed aCDOM(254) value in the ULW. The slope ratio (SR) in the SML ranged from 1.20 at station W1 to 1.36 at stations W3 and W4, while in ULW the lowest ratio was also observed at station W1 (1.17) and the highest at W8 (1.37). 
  
[image: ]
Figure 3. The CDOM absorption coefficient at 254 nm, aCDOM(254) (A) and spectral slope ratio (SR) (B) measured for the SML (circles) and the ULW (squares) of the samples from the transect.

Fluorescence intensities and contribution of each component to FDOM composition in the SML and ULW are shown in Figure 4. Fluorescence intensities of the major FDOM components: A, C, M and T, expressed in Raman units (R. U.), are used as proxies of the different FDOM types. Peak A is attributed to terrestrial UV humic like substances (ex./em. – excitation and emission – 250/437 nm); peak C represents terrestrial visible-humic like substances (ex./em. 310/429 nm); peak M characterizes marine humic like substances (ex./em. 300/387 nm) and peak T represents proteinaceous substances (ex./em. 270/349 nm) (Loiselle et al., 2009; Zhang et al., 2013a). The values of the (M+T):(A+C) ratios are given in Table S2. The ratios allow an assessment of the relative contribution of DOM recently produced in situ (M+T) to terrestrial humic substances (A+C), which are characterized by highly complex structures with high molecular weight (Parlanti et al., 2000). Values of the ratio (M+T):(A+C) >1 indicate the predominance of autochthonous DOM, while values of  <0.6 indicate allochthonous/anthropogenic DOM (Drozdowska et al., 2015). 
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Figure 4. Fluorescence intensities of main FDOM components (A and B) and percentage composition of UV humic-like substances (A), terrestrial visible humic-like substances (C), marine humic-like substances (M) and proteinaceous substances (T) (C and D) of the sea surface microlayer (SML) (A and C) and underlying water (ULW) (B and D) throughout the transect.

The levels of FDOM components were only slightly higher in the SML than in the ULW. The difference between the means in SML and ULW was not statistically significant according to the two-sample t-test.  The percent composition of FDOM components varied most within the first 15 km of the transect at stations W1 – W4, while in the reminder of the transect the contributions of each component remained fairly constant in both SML and ULW. The contribution of UV humic-like substances (A) averaged 40% in both SML and ULW. In the SML it ranged from 34% at W1 to 42% at W3 and in ULW from 39% at W3 to 42% at W1. Terrestrial visible humic-like substances (C) contributed an average of 24% in the SML and 23% in the ULW to FDOM composition and were highest at W1, near the river mouth, in both SML and ULW. They ranged from 21% at W3 to 30% at W1 in SML, and from 22% at W7 to 26% at W1 in ULW. Marine humic-like substances (M) contributed an average of 22% to the FDOM composition of SML and ULW, ranging from 21% at W9 to 26% at W1 in the SML, and from 21% at W1 to 23% at W2 in the ULW. The contribution of proteinaceous material (T) was distributed differently compared to other components. At station W1, their contribution was lowest in both SML and ULW, 10% and 11%, respectively, while the highest contribution was found at station W4, 18% and 17% in the SML and ULW, respectively.  The average contribution of proteinaceous material across the transect was 15% in both SML and ULW. 

3.3. Surface-active substances

Concentrations of SAS in the SML and ULW throughout the transect are shown in Figure 5A and listed in Table S2. Concentrations in the SML ranged from 0.28 ± 0.01 mg L-1 to 0.60 ± 0.00 mg L-1 in eq. T-X-100, with an average value of 0.39 ± 0.09 mg L-1 in eq. T-X-100, while in the ULW they ranged from 0.22 ± 0.02 mg L-1 to 0.47 ± 0.01 mg L-1 in eq. T-X-100, with an average value of 0.32 ± 0.07 mg L-1 in eq. T-X-100. The highest concentrations were determined at the river mouth, at station W1, and the lowest at station W6, in both the SML and ULW. A statistically significant positive correlation was found between the concentration of SAS in the SML and in the ULW (r = 0.937, p < 0.001). 
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Figure 5.  Distribution of surface-active organic substances (SAS) in the sea surface microlayer (SML) (circles) and underlying water (ULW) (squares) (A) and SAS enrichment factors (B) in the transect.

The enrichment factor (EF), defined as the ratio of SAS concentrations determined in the SML and ULW, showed that all SML samples were enriched in SAS (Figure 5B). Enrichment factors ranged from 1.0 to 1.4 (Table 2), with the lowest EF observed at station W4 and the highest at station W9, which is farthest from the river mouth (Figure 5B). 

3.4. Particulate organic carbon and particulate lipids 

The distribution of particulate organic carbon and particulate lipids in the SML and ULW and the corresponding EF are shown in Figure 6. The POC value determined at station W4 was extremely low (0.004 mg L-1), suggesting measurement error, and was therefore not considered in further analysis. Table 1 shows the concentrations of total particulate lipids and lipid classes determined in the SML and ULW. POC concentrations in the SML ranged from 0.27 mg L-1 to 0.84 mg L-1, with an average value of 0.51 ± 0.17 mg L-1, while they were significantly lower in the ULW (two-sample t-test, p = 0.001), with an average value of 0.27 ± 0.05 mg L-1 and ranging from 0.20 mg L-1 to 0.37 mg L-1. The lowest POC values in the SML were determined at stations W1 – W3, while the highest POC concentrations in the ULW were found at the same stations. POC was enriched in the SML at all stations (1.3-3.0) except station W2 (0.8), with an average enrichment factor of 1.9 ± 0.7 and an increasing trend from the river mouth toward the open sea. 
The average concentration of particulate lipids in the SML was 32.6 ± 3.3 µg L-1, ranging from 27.82 ± 1.58 µg L-1 to 37.30 ± 1.79 µg L-1. In the ULW, the average concentration was 26.2 ± 3.3 µg L-1, much lower than in the SML (two-sample t-test, p < 0.001), ranging from 21.50 ± 1.86 µg L-1 to 30.65 ± 1.94 µg L-1, with a slight increasing trend toward the open sea. Particulate lipids were enriched in all SML samples, on average 1.26 ± 0.21, with the lowest enrichment at station W9 (1.03) and the highest enrichment at station W1 (1.6) (Figure 6). The fraction of particulate lipid carbon in POC ranged from 2.8 to 9.0% (average 5.1%) in the SML and from 5.3 to 10.4% (average 6.9%) in ULW. With the exception of stations W1 and W2, which are closest to the river mouth, the contribution of lipids to POC was higher in the ULW than in the SML, with a statistically significant difference of means, when W1 and W2 are excluded from the analysis (two-sample t-test, p = 0.003) (Figure 6C). The contribution of lipids to POC in the ULW showed an increasing trend toward the open sea.
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Figure 6. The distribution of particulate organic carbon (POC) (A), particulate lipids (B) and the contribution of particulate lipid carbon to POC (C) in the sea surface microlayer (SML) (circles) and the underlying water (ULW) (squares), along with the enrichment factors (EF) of POC (D) and lipids (E) throughout the transect.

Lipid classes can be divided into three groups based on their functions. Membrane lipids include the phospholipids (PG, PE and PC) and ST, which are components of planktonic plasma membranes (Cantarero et al., 2020), and the glycolipids (GL): MGDG, DGDG, SQDG, and PIG, which are found in thylakoid membranes and are indicators of autotrophs (Guschina and Harwood, 2009).
Triacylglycerols, WE and ME indicate metabolic reserves of phytoplankton (Arts, 1999). Lipid classes including FFA, ALC, 1,2 DG, 1,3 DG, and MG indicate lipid degradation processes and are referred to as degradation indices (Goutx et al., 2003). The distribution and concentrations of the three groups of lipids are shown in Figure 7. Membrane lipids were the most abundant group, with an average concentration of 19.94 ± 2.28 µg L-1 in the SML, and 17.78 ± 2.44 µg L-1 in the ULW. Membrane lipids accounted for an average of 61 ± 6% of particulate lipids in SML and 68 ± 4% in ULW, and statistically significant positive correlations were found between the concentrations of PIG (r = 0.802, p = 0.009), DGDG (r = 0.677, p = 0.045), SQDG (r = 0.817, p = 0.007), and PE (r = 0.768, p = 0.015) in SML and ULW. The average concentration of degradation indices in the SML was 6.79 ± 1.25 µg L-1, while in the ULW it was 5.35 ± 0.96 µg L-1, with a statistically significant difference between the two means (two-sample t-test, p = 0.014). The degradation indices accounted for an average of 21 ± 3% and 20 ± 3% of particulate lipids in SML and ULW, respectively. Statistically significant correlations were found between the concentrations of ALC (r = 0.762, p = 0.017), 1,3 DG (r = 0.738, p = 0.023), 1,2 DG (r = 0.709, p = 0.032), MG (r = 0.952, p < 0.001) in the SML and ULW.
The lowest concentrations determined were those of reserve lipids, with an average value of 3.21 ± 1.44 µg L-1 in the SML and a slightly, but still significantly lower (two-sample t-test, p = 0.003) value of 1.48 ± 0.46 µg L-1 in the ULW. Reserve lipids accounted for 10 ± 4% and 6 ± 2% of the particulate lipids in the SML and ULW, respectively. A statistically significant correlation was found between the concentrations of TG (r = 0.754, p = 0.019) in SML and ULW.
Hydrocarbons are present in living organisms and account for approximately 1% of the lipid content of marine microorganisms (Sargent et al., 1976). The concentration of hydrocarbons in the particulate fraction ranged from 1.75 to 4.41 µg L-1 in the SML and from 1.20 to 1.98 µg L-1 in the ULW. 
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Table 1. Concentrations of particulate total lipids and lipid classes (± SD) in the sea surface microlayer (SML) and underlying (ULW) in the analyzed transect.
	SML (µg L-1)

	Station
	 
	 
	Membrane lipids
	Intracellular reserve lipids
	Degradation indices

	 
	Total
	HC
	ST
	PIG
	MGDG
	DGDG
	SQDG
	PG
	PE
	PC
	WE
	ME
	TG
	FFA
	ALC
	1,3 DG
	1,2DG
	MG

	W1
	37.30 ± 1.79
	4.07 ± 0.35
	1.75 ± 0.02
	0.73 ± 0.04
	1.14 ± 0.02
	1.20 ± 0.04
	4.50 ± 0.23
	5.09 ± 0.60
	3.76 ± 0.46
	0.83 ± 0.12
	2.13 ± 0.29
	0.29 ± 0.09
	3.16 ± 0.02
	5.76 ± 0.56
	0.59 ± 0.07
	0.91 ± 0.01
	1.38 ± 0.27
	0.02 ± 0.00

	W2
	35.80 ± 1.82
	2.85 ± 0.09
	1.63 ± 0.14
	0.73 ± 0.06
	3.89 ± 0.45
	1.26 ± 0.07
	5.12 ± 0.61
	4.05 ± 0.21
	2.62 ± 0.04
	0.81 ± 0.02
	1.25 ± 0.13
	0.12 ± 0.05
	3.39 ± 0.60
	5.82 ± 0.56
	0.51 ± 0.05
	0.45 ± 0.16
	1.29 ± 0.08
	0.02 ± 0.00

	W3
	28.16 ± 1.48
	1.87 ± 0.11
	1.35 ± 0.03
	0.78 ± 0.10
	2.81 ± 0.03
	1.61 ± 0.07
	2.41 ± 0.38
	5.36 ± 0.32
	2.07 ± 0.09
	0.67 ± 0.06
	0.59 ± 0.10
	0.23 ± 0.01
	3.15 ± 0.24
	3.58 ± 0.49
	0.58 ± 0.08
	0.53 ± 0.05
	0.53 ± 0.02
	0.05 ± 0.02

	W4
	27.82 ± 1.58
	1.75 ± 0.02
	1.17 ± 0.05
	1.29 ± 0.14
	1.67 ± 0.06
	1.79 ± 0.25
	3.63 ± 0.05
	5.35 ± 0.71
	2.04 ± 0.03
	0.79 ± 0.10
	0.54 ± 0.21
	0.19 ± 0.11
	1.12 ± 0.22
	4.69 ± 0.42
	0.95 ± 0.02
	0.38 ± 0.07
	0.44 ± 0.03
	0.03 ± 0.00

	W5
	30.65 ± 1.94
	4.41 ± 0.40
	1.15 ± 0.03
	0.70 ± 0.11
	1.83 ± 0.10
	1.94 ± 0.20
	5.70 ± 0.48
	4.69 ± 1.03
	2.36 ± 0.10
	0.85 ± 0.12
	0.60 ± 0.13
	0.07 ± 0.02
	0.83 ± 0.03
	3.79 ± 0.80
	0.81 ± 0.08
	0.43 ± 0.04
	0.50 ± 0.10
	0.01 ± 0.00

	W6
	33.04 ± 1.70
	2.45 ± 0.25
	1.13 ± 0.20
	0.79 ± 0.13
	6.20 ± 0.47
	1.56 ± 0.16
	5.06 ± 0.39
	5.03 ± 0.30
	1.86 ± 0.06
	0.73 ± 0.01
	1.19 ± 0.04
	0.05 ± 0.02
	1.67 ± 0.13
	3.38 ± 0.31
	0.62 ± 0.10
	0.59 ± 0.07
	0.73 ± 0.24
	0.01 ± 0.00

	W7
	34.99 ± 2.12
	2.21 ± 1.18
	1.29 ± 0.04
	1.08 ± 0.27
	6.23 ± 0.14
	1.95 ± 0.08
	5.88 ± 0.90
	4.19 ± 0.34
	2.28 ± 0.01
	0.75 ± 0.03
	0.78 ± 0.16
	0.26 ± 0.09
	1.18 ± 0.24
	4.83 ± 0.39
	0.96 ± 0.34
	0.44 ± 0.21
	0.67 ± 0.07
	0.01 ± 0.00

	W8
	34.20 ± 1.69
	2.22 ± 0.08
	1.25 ± 0.06
	1.08 ± 0.14
	4.13 ± 0.32
	1.69 ± 0.06
	5.78 ± 0.43
	5.29 ± 0.03
	1.90 ± 0.17
	0.96 ± 0.02
	0.77 ± 0.11
	0.19 ± 0.13
	1.10 ± 0.19
	5.73 ± 0.75
	0.98 ± 0.01
	0.42 ± 0.08
	0.68 ± 0.27
	0.01 ± 0.00

	W9
	31.44 ± 1.96
	2.16 ± 0.21
	1.35 ± 0.15
	0.92 ± 0.38
	3.42 ± 0.23
	1.80 ± 0.42
	5.37 ± 0.84
	3.85 ± 0.55
	0.95 ± 0.03
	0.61 ± 0.09
	0.79 ± 0.05
	0.36 ± 0.00
	2.86 ± 0.05
	5.24 ± 0.51
	0.61 ± 0.30
	0.44 ± 0.01
	0.69 ± 0.03
	<LOD

	ULW (µg L-1)

	Station
	 
	 
	Membrane lipids
	Intracellular reserve lipids
	Degradation indices

	 
	Total
	HC
	ST
	PIG
	MGDG
	DGDG
	SQDG
	PG
	PE
	PC
	WE
	ME
	TG
	FFA
	ALC
	1,3 DG
	1,2DG
	MG

	W1
	22.73 ± 1.42
	1.54 ± 0.05
	1.04 ± 0.06
	0.43 ± 0.22
	1.10 ± 0.02
	0.79 ± 0.21
	4.32 ± 0.01
	3.33 ± 0.26
	3.03 ± 0.07
	0.62 ± 0.01
	0.62 ± 0.06
	0.11 ± 0.05
	0.91 ± 0.04
	3.31 ± 0.61
	0.41 ± 0.00
	0.58 ± 0.06
	0.54 ± 0.28
	0.01 ± 0.00

	W2
	28.66 ± 1.61
	1.50 ± 0.09
	1.86 ± 0.11
	0.47 ± 0.02
	1.18 ± 0.21
	1.08 ± 0.14
	5.07 ± 0.04
	3.81 ± 0.29
	3.46 ± 0.48
	1.00 ± 0.14
	0.21 ± 0.01
	0.10 ± 0.03
	1.81 ± 0.50
	5.70 ± 0.36
	0.43 ± 0.08
	0.29 ± 0.01
	0.66 ± 0.07
	0.02 ± 0.00

	W3
	25.03 ± 1.58
	1.48 ± 0.05
	1.06 ± 0.18
	1.11 ± 0.01
	2.41 ± 0.24
	1.64 ± 0.13
	2.44 ± 0.55
	5.75 ± 0.42
	1.72 ± 0.22
	0.88 ± 0.03
	0.22 ± 0.01
	0.18 ± 0.10
	1.08 ± 0.19
	3.43 ± 0.01
	0.91 ± 0.28
	0.35 ± 0.05
	0.33 ± 0.03
	0.05 ± 0.01

	W4
	26.05 ± 1.20
	1.47 ± 0.15
	1.09 ± 0.06
	1.63 ± 0.23
	1.81 ± 0.08
	1.90 ± 0.07
	2.93 ± 0.03
	5.36 ± 0.04
	2.21 ± 0.15
	0.74 ± 0.04
	0.24 ± 0.02
	0.25 ± 0.00
	0.96 ± 0.23
	3.66 ± 0.24
	0.93 ± 0.07
	0.44 ± 0.01
	0.42 ± 0.01
	0.02 ± 0.00

	W5
	21.50 ± 1.86
	1.28 ± 0.37
	0.75 ± 0.19
	0.85 ± 0.20
	1.20 ± 0.14
	1.27 ± 0.10
	5.11 ± 0.50
	4.28 ± 0.70
	1.78 ± 0.09
	0.63 ± 0.08
	0.27 ± 0.09
	0.03 ± 0.04
	0.62 ± 0.06
	2.13 ± 0.59
	0.63 ± 0.09
	0.23 ± 0.09
	0.44 ± 0.13
	0.01 ± 0.00

	W6
	28.48 ± 2.72
	1.64 ± 0.45
	0.90 ± 0.15
	0.70 ± 0.22
	1.38 ± 0.43
	1.84 ± 0.09
	5.79 ± 1.39
	6.92 ± 3.05
	2.28 ± 0.40
	0.51 ± 0.02
	0.45 ± 0.23
	0.16 ± 0.09
	0.50 ± 0.08
	3.83 ± 0.13
	0.73 ± 0.24
	0.30 ± 0.18
	0.54 ± 0.24
	0.01 ± 0.00

	W7
	29.35 ± 2.24
	1.69 ± 0.53
	1.07 ± 0.15
	1.08 ± 0.21
	2.78 ± 0.18
	1.84 ± 0.07
	5.79 ± 0.44
	5.57 ± 0.39
	2.24 ± 1.05
	0.86 ± 0.12
	0.20 ± 0.15
	0.03 ± 0.05
	0.68 ± 0.22
	3.86 ± 1.07
	1.00 ± 0.21
	0.22 ± 0.12
	0.44 ± 0.05
	0.01 ± 0.00

	W8
	23.26 ± 1.36
	1.20 ± 0.04
	0.78 ± 0.11
	1.27 ± 0.46
	1.65 ± 0.10
	1.35 ± 0.05
	4.05 ± 0.21
	3.55 ± 0.03
	1.92 ± 0.14
	0.51 ± 0.02
	0.95 ± 0.11
	0.21 ± 0.03
	0.43 ± 0.02
	3.69 ± 0.42
	1.08 ± 0.07
	0.25 ± 0.02
	0.37 ± 0.04
	0.01 ± 0.00

	W9
	30.65 ± 2.71
	1.98 ± 0.02
	0.88 ± 0.06
	1.45 ± 0.04
	4.98 ± 1.20
	1.82 ± 0.35
	6.08 ± 0.71
	3.47 ± 0.40
	1.15 ± 0.16
	0.77 ± 0.17
	0.39 ± 0.20
	0.13 ± 0.10
	1.64 ± 1.24
	4.77 ± 2.18
	0.57 ± 0.25
	0.30 ± 0.06
	0.28 ± 0.18
	<LOD





The concentration of glycolipids (MGDS, SQDG and DGDG) increased toward the open sea, especially in the ULW. Oppositely, the concentration of PL in both SML and ULW decreased slightly with distance from the river mouth.
The enrichment in SML was observed for all lipid classes, with reserve lipids showing the highest enrichment, e.g., on average there was 2.9 times more WE in the SML than in the ULW.
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Figure 7. Distribution and concentrations of total membrane lipids (GL, PL, ST and PIG) (A), total reserve lipids (WE, ME and TG) (B) and total degradation indices (FFA, ALC, 1,2 DG, 1,3 DG, MG) (C) in SML (circles) and ULW (squares) throughout the transect.

[bookmark: _Hlk100060690]Environmental conditions such as nutrient availability, light conditions, and temperature affect the biochemistry of phytoplankton by potentially directing biosynthetic pathways toward the production of different biomolecules, i.e., protein synthesis is favoured under good, non-stressful growth conditions, while lipid synthesis is favoured under stressful conditions (Gerin and Goutx, 1994, Gašparović et al., 2014). The Lipid:Chl a ratio (Gerin and Goutx, 1994) is often used to evaluate the biosynthetic pathways of photosynthetic communities. Using particulate pigment (PIG) concentration data, which provide a rough estimate of autotrophic plankton biomass, we calculated the ratio of particulate lipids and PIG in the SML and ULW (Figure 8). The ratio showed a sharp decrease from stations W1-W2 near the river mouth to stations W3-W4, which are about 5-10 km from the river mouth, after which an increase was observed toward station W5. 

[image: ]

Figure 8. Lipid:PIG ratios of SML (circles) and ULW (squares) throughout the transect.

The statistically significant negative correlations observed between SR and the Lipid:PIG ratio in SML (r = - 0.718, p = 0.029) and ULW (r = - 0.795, p = 0.010) (Figure 9) point to a possible relationship between the environmental conditions of phytoplankton growth and the molecular weight of OM produced. 

 [image: ]
Figure 9. Correlation between the slope ratio (SR) and the Lipid:PIG ratio for sea surface microlayer (SML) (circles) and underlying water (ULW) (squares) throughout the transect.

The PE:PG ratios (indicating the predominant bacterial or phytoplankton biomass) (Table S2) ranged from 0.25 to 0.74 in the SML and from 0.33 to 0.91 in the ULW. The highest values were observed at stations W1 and W2 in both SML and ULW, followed by a significant decrease at stations W3 and W4. Wax esters, indicators of zooplankton, were enriched in the SML compared to the ULW (Table 2). The highest concentration of WE was measured in the SML at station W1, closest to the river mouth. 

4. Discussion

4.1. Estimation of river propagation to the Gulf of Gdansk

[bookmark: _Hlk100040070][bookmark: _Hlk100041833][bookmark: _Hlk100062907]In the absence of topographic boundaries, the Vistula Estuary connects freely to the adjacent coastal waters of the Gulf of Gdansk. The Vistula River plume usually has a horizontal extension of approximately 4 – 30 km from the river mouth with a thickness between 0.5 and 12 m (Cyberska and Krzymiński, 1988, Grelowski and Wojewodzki, 1996), supplying the Gulf of Gdansk with terrestrial organic matter. However, the strong northerly winds prior and the easterly winds during the field campaign (Figure S2) caused a strong mixing of the surface waters, probably pushing the Vistula plume westward out of its usual direction (Drozdowska et al., 2017) and increasing salinity to >7 throughout the studied transect. The influence of the river was therefore difficult to discern, and the slight increase in salinity and decrease in temperature from stations W1 and W2 toward the open sea indicated that it was mainly confined to the two stations near the river mouth. As shown by our previous study, which includes this (October 2015) and two other field campaigns (April 2015 and September 2016) along the same transect, the intense mixing of fresh and seawater had an impact on the distribution of OM, based on analysis of its optical properties (Drozdowska et al., 2017). During the April 2015 and September 2016 campaigns, calm, windless sea conditions prevailed, and most importantly, a salinity gradient allowed us to distinguish between coastal waters under the influences of the Vistula River (<7) and seawater (>7), which was not the case during the October 2015 campaign (the campaign analysed in this study). The most striking differences between April 2015, September 2016 and this campaign were observed for the stations closest to the river mouth. The absorption coefficients aCDOM(254) were higher in April 2015 and September 2016, than in campaign discussed here. The changes in SR values spanned a range three times larger in April 2015 and September 2016 (Figures 3A, 3B, S3 and S4) (Drozdowska et al., 2017). All FDOM components had significantly higher intensities in both SML and ULW in April 2015 and September 2016 compared to this campaign, especially at stations W1 and W2 (Figures 4 and S5), likely due to calmer weather conditions that allowed for greater influence of riverine material on the surface coastal waters. Fluorescence intensities obtained for this campaign in October 2015, were reasonably comparable to those observed in April 2015 and September 2016 only in waters with salinity >7, again indicating the very limited influence of the Vistula River and a strong seawater intrusion in October 2015. However, the contribution of the different FDOM components determined in April 2015 and September 2016 was not significantly different from those determined for this campaign, probably because most of the samples in April 2015 and September 2016 actually had salinity >7. 
[bookmark: _Hlk100044770]During the October 2015 campaign, significantly higher aCDOM(254) in the SML and ULW at station W1 compared to all other stations indicate the strongest presence of riverine chromophoric DOM closest to the river mouth, while lower values determined for the two layers at stations W2 - W9 indicate removal of CDOM, probably by photodegradation/transformation (Obernosterer et al., 2008), as well as dillution processes of riverine OM upon entering the Gulf (Pereira et al., 2016). Similar aCDOM(254) absorption coefficient values determined in SML and ULW (Figure 3A) confirmed a well-mixed upper water column, although no statistically significant correlation was found between SML and ULW values. 

4.2. Biogeochemistry of SML and ULW

In addition to the optical characterisation from the previous study (Drozdowska et al., 2017), the additional characterization of OM presented in this study helped reveal some biogeochemical processes within the Vistula plume.
The aCDOM(254), an indicator of the presence of aromatic molecules, showed no significant correlation with HC concentrations in SML and ULW, possibly due to the fact that this class of lipids was neither highly aromatic nor of anthropogenic origin, as these mainly have an aromatic structure (Patel et al., 2020). In addition, HC concentrations were below 10 µg L-1 in both SML and ULW, which is another indication that no significant source of hydrocarbon pollution was present. A slight decrease in aCDOM(254) values with increasing concentration of SAS observed in the SML, but not in the ULW (Figure S6), suggests that an increase in OM surface activity does not necessarily imply an increase in OM aromaticity, complementing the lack of correlation between aCDOM (254nm) and HC.

4.2.1. High wind does not prevent POC accumulation in the SML

Concentrations of POC in our study were comparable to those in other coastal areas (Gašparović et al., 2007, Stolle et al., 2010, Penezić et al., 2021), but higher than those observed in the Atlantic Ocean (Van Pinxteren et al., 2017). Despite high wind speeds, we observed POC enrichment at all stations except at W2, although no relationship with wind speed was observed. Similar results are obtained by Van Pinxteren et al. (2017), who sampled in both low (2 - 5) and high (>5 m s-1) wind conditions. In contrast, Obernosterer et al. (2008) showed a significant negative correlation between POC enrichment in the SML and wind blowing 6 h prior to sampling, where all recorded wind speeds were <3 m s-1. Stolle et al. (2010), on the other hand, observed the formation of a slick in the southern Baltic Sea at <2 ms-1 wind speed, which resulted in very high POC concentrations in the SML (≈ 9 mg L-1), leading to an enrichment factor of up to 26.8. 

4.2.2. The active role of surface-active substances for the (re)establishment of SML

[bookmark: _Hlk100040380]The determined concentrations of SAS in the SML and ULW were comparable to those reported by other authors using the same analytical method (calibration with Triton-X-100 as the model compound), for coastal areas, but also for the open sea (Table 2). The same was observed for the enrichment factors, despite different sampling techniques, different locations, whether conditions and different thickness of the sampled SML. Despite high wind speeds, SAS were enriched in the SML, although no statistically significant correlation was found between the two parameters. These enrichments confirm the rapid recovery of the SML by transport and accumulation of OM from the subsurface, as observed earlier (Dragićević and Pravdić, 1981; Liss, 1975; Wurl et al., 2009; Sabbaghzadeh et al., 2017). This is particularly evident in the case of SAS that have high affinity for the air/water interface. A high positive correlation was found between SAS concentrations in the SML and ULW, with a similar linear dependence (SASULW = 0.690 x SASSML + 0.052) as derived by Pereira et al. (2016) (SASULW = 0.766 x SASSML + 0.018). Our result supports the observation that ULW constantly replenishes SAS in the SML (Pereira et al., 2016, Cunliffe et al., 2013) and reinforces the discussion about the self-sustainability of the SML with respect to its surface activity, even in strong wind conditions. 

Table 2. Concentration ranges of surface-active organic substances (SAS) and enrichment factor (EF) ranges in sea surface microlayer (SML) and underlying water from 1 m depth (ULW) determined in this study, along with results from other similar studies.    
	Location (sampling method)
	SML thickness (μm)
	SAS (mg L-1 eq. T-X-100)
	EF
	Reference

	 
	 
	SML
	ULW
	 
	 

	Baltic Sea; Vistula plume (metal screen)
	~ 500
	0.28 – 0.60 
	0.22 – 0.47
	1.0 – 1.4
	This study

	Middle Adriatic; coastal  (metal screen)
	260 ± 40
	0.25 ± 0.06 – 0.79 ± 0.54
	0.06 ± 0.02 – 0.30 ± 0.13 
	1.4 – 5.1
	Frka et al., 2009

	W Atlantic; Mauritania (metal screen)
	465 ± 34
	0.22 ± 0.18
	0.16 ± 0.07
	1.5 ± 0.7
	Barthelmess et al., 2021

	North Sea (metal screen)
	65 – 80
	0.15 – 1.96
	0.09 – 1.70
	0.9 – 1.6
	Rickard et al., 2022

	North Sea (metal screen)
	65 – 80
	0.08 ± 0.01 - 0.38 ±0.04
	0.09±0.02 – 0.28±0.01
	0.75±0.17 – 1.90±0.71
	Pereira et al., 2016.

	Norwegian Sea; fjords (metal screen)
	100 - 150
	0.12 – 0.21
	0.07 – 0.14
	1.21 – 2.8
	Gašparović et al., 2007.

	Baltic Sea and North Sea (glass discs)
	60 – 100
	0.31 ± 0.03 – 0.60 ± 0.63 
	0.13 ± 0.03 – 0.49 ± 0.05
	0.9 ± 0.2 – 3.9 ± 3.3
	Ribas-Ribas et al., 2017

	North Sea; Jade bay (glass discs)
	~ 50 – 80
	0.05 – 0.81
	0.20 – 0.29
	0.6 – 1.0
	Rickard et al., 2019

	N Atlantic; N Pacific, nearshore (0-2 km) (glass plate)
	50 – 120
	0.11 – 4.99
	 
	0.5 – 5.9
	Wurl et al., 2011

	N Atlantic; N Pacific, offshore (2-20 km) (glass plate)
	50 – 120
	0.11 – 1.26
	 
	0.6 – 5.0
	Wurl et al., 2011

	E Pacific; Santa Barbara channel (glass plate)
	50 ± 10
	0.21 – 0.83
	0.11 – 0.637
	3.6 – 3.9
	Wurl et al., 2009

	Atlantic transect 2014 (metal screen)
	
	0.12 – 1.00
	0.10 – 0.36
	0.95 – 4.52
	Sabbaghzadeh et al., 2017

	Atlantic transect 2015 (metal screen)
	
	0.12 – 1.76
	0.08 – 0.91
	0.97 – 3.47
	Sabbaghzadeh et al., 2017




4.2.3. Lipids, biomarkers of the trophic conditions 

Determined concentrations of particulate lipids in ULW (21.5-30.6 µg L-1) and SML (27.8-37.3 µg L-1) are generally lower compared to other studies of mostly more oligotrophic areas (e.g., Penezić et al., 2010 (47.9 µg L-1 particulate lipids in SML and 46.4 µg L-1 in ULW); Triesch et al., 2021 (concentrations of particulate lipids: 36.4 - 93.5 µg L−1 in SML and 61.0 - 118.1 µg L−1 in ULW)). However, lipid enrichments were observed at all stations (Figure 6E). 
Significantly higher concentrations of total lipids, reserve lipids, and degradation indices in SML compared to ULW (Figures 6 and 7, Table 1) indicated a richer plankton community in the SML than in the ULW, although non-living OM may have contributed to both POC and lipid pools. This suggest SML as the layer of more favourable trophic conditions for plankton development.  The SML enrichment of reserve lipids (Figure 7B) suggests that the plankton in the SML grew under more stressful conditions compared to the ULW, because these lipids are known to accumulate in phytoplankton under adverse environmental conditions, whereas optimal phytoplankton growth usually results in lower lipid cell content (Bourguet et al., 2009; Novak et al., 2019; Sharma et al., 2012). In particular, conditions such as lack of nutrients, as well as an increase in temperature can influence lipid composition and production, which usually leads to an accumulation of lipids (Novak et al., 2018; Sharma et al., 2012). The observed increase in GL concentration with increasing distance from the river mouth, especially evident in the ULW, can be related to the expected decrease in nutrient concentration at greater distance from the Vistula Estuary (Pastuszak et al., 2012) and points to one of the adaptive mechanisms of phytoplankton to low nutrient conditions, namely intensified synthesis of phosphorus- and nitrogen-free molecules such are glycolipids MGDG, SQDG, and DGDG (Frka et al., 2011). On the other hand, the decreasing concentrations of PL with increasing distance from the river mouth indicate a lower availability of phosphorus, since the synthesis of phospholipids depends on P availability.
The trophic conditions of a system can also be indicated by the contribution of particulate lipids to POC, which can exceed 30% in oligotrophic conditions (Frka et al., 2011; Marić et al., 2013; Gašparović et al., 2014). The low contribution of lipids to POC found in this study (Figure 6c), as low as 2.8% and predominantly less than 10%, is more characteristic for eutrophic areas. The change in trophic conditions along the transect was observed by an increasing contribution of lipids in the POC with increasing distance from the river mouth observed in the ULW. There the contribution of lipid to POC was generally higher than in the SML, especially at stations W3 to W9. The lower contribution of lipids to POC observed in SML suggests that nutrients were more available to phytoplankton in the SML than in the ULW, except at stations close to the river mouth (W1 and W2). This is plausible considering that OM degradation and remineralization are faster in SML due to biotic (bacteria) (Tank et al., 2011, Zhang et al., 2013b) and especially abiotic (photooxidation and autoxidation by free radical-mediated oxidation (Rontani and Belt, 2020)) processes. Higher concentrations of lipid degradation indices in SML (Figure 7c) confirm higher OM degradation and remineralization in this layer, while the presence, but not enrichment, of bacterial biomarker PE in SML confirm the importance of the simultaneous effects of abiotic OM processing in the SML (Table 2). In addition, according to Reinthaler et al. (2008), bacterial growth in the SML is low and bacterioneuston only maintains its cellular mass, while Stolle et al. (2010) found that the productivity of the bacterioneuston is not, or only weakly, associated with the change in the amount of OM in SML.

4.2.4. OM origin 

Statistically significant correlations between the concentrations of lipids PIG, DGDG, SQDG, and PE suggests that the ULW was the origin of plankton lipids in the SML, rather than the presence of independent plankton populations in the two layers. The enrichment of membrane lipids (Figure 7A) confirms the enrichment of living plankton in the SML (Derieux et al., 1998).
While PE are the most abundant phospholipids in marine bacteria (Gerin and Goutx, 1993), PG are the major phospholipids in microalgae (Dembitsky and Rozentsvet, 1990; Harwood, 2006). The PE:PG ratio is thus used as an indicator of bacterial or phytoplankton biomass dominance; PE:PG ratios between 0 and 0.3 indicate phytoplankton dominance, and >0.3 bacterial dominance (Gerin and Goutx, 1994). The values of PE:PG ratio, which were mostly above 0.3 in the transect (Table S2), indicate a significant presence of bacteria in both layers (Table S2), while a statistically significant positive correlation between the concentrations of PE in the SML and ULW points to the interconnection of the two layers. The highest ratios observed for W1 and W2 in both SML and ULW indicate the highest bacterial biomass probably supported by riverine originated OM and nutrients. 
[bookmark: _Hlk100060754][bookmark: _Hlk100060995]The high PIG concentrations detected in both SML and ULW samples at 10 km from the river mouth (station W4, Table 2), indicate a rich phytoplankton biomass, most likely due to good growth conditions. The evaluated low Lipid:PIG ratios (Figure 8) suggest reduced lipid accumulation expected for plankton growth under optimal environmental conditions (e.g. Novak et al., 2019). An increase in the contribution of the “T” component in the fluorescence intensities at station W4 from an average of 14% to 18% (Figure 4C and D) in SML and from an average of 15% to 18% in ULW, indicate the presence of freshly produced proteinaceous material, further confirming significant plankton activity at W4. This observation was possible because the measurements were performed in unfiltered samples, which allowed detection of the freshly produced proteinaceous material that tends to form gel-like structures and would otherwise have been retained on the filter (Drozdowska et al., 2018). The highest values of the (M+T):(A+C) ratio (Table S2) observed at station W4 also indicate a slightly higher contribution of OM of marine origin at this station, compared to the other stations, likely due to the assumed increase in primary production. 
In addition to indicating the photochemically induced shift in molecular weight (Helms et al., 2008), SR can also be used as an indicator of phytoplankton biomass, leading to increase in autochthonous OM that contains a higher proportion of low molecular weight compounds (Santos-Echeandía et al., 2012; Zhang et al., 2013b). A significant increase in SR at stations W3 and W4 (Figure 3B) also suggests an increase in phytoplankton primary production. The statistically significant negative correlation between SR and the Lipid:PIG ratio (Figure 9) underlines that primary production was directed toward the production of lower molecular weight OM by phytoplankton growing under favourable environmental conditions.  
The lowest observed (M+T):(A+C) ratio that was determined at station W1 in the ULW provide a slight indication of higher contribution of terrestrial humic substances of high molecular weight. However, based on the (M+T):(A+C) ratios, which averaged 0.57 in the SML and 0.56 in the ULW, OM can only be classified as being of mixed marine and terrestrial/anthropogenic origin (Drozdowska et al., 2015, Osburn et al., 2014). Another indication of the dominance of higher molecular weight terrestrial OM at stations W1 and W2 was the lowest observed SR slope ratio determined for the ULW and SML. 
Wax esters, primarily reserve lipids of zooplankton with amphiphilic properties, may dominate the reserve lipid pool in freshwater zooplankton (Arts, 1999). The WE detected in our samples most likely originated from the microzooplankton, since the samples were prefiltered with a net with a pore size of 200 µm. The active movement of microzooplankton toward a richer food source in SML resulted in WE having one of the highest enrichments in the SML compared to all other lipid classes analysed.

5. Conclusions

Characterization of OM along the transect in the eutrophic coastal area of the Gulf of Gdansk, partially encompassing the Vistula River plume, provided insights into the biogeochemical processes affecting the OM distribution in the SML and ULW. 
The rapid establishment of SML in strong winds was confirmed by the enrichment of SAS and POC detected even at the highest wind speeds and throughout the transect, while the highly positive, statistically significant correlation between SAS concentrations in the SML and ULW indicate the rapid resupply of SAS in the SML from the ULW. 
Due to the wind blowing before and during the campaign, the small influence exerted by the Vistula River within the studied transect was limited to a few kilometres narrow area near the river mouth (stations W1 and somewhat W2), as shown mainly by the optical properties of OM. Station W1 was characterized by the highest values of the absorption coefficient at 254 nm in both SML and ULW, together with the lowest SR ratios observed at W1 and W2, indicating the highest contribution of aromatic and high molecular weight molecules as well as terrestrial visible humic-like substances, implied by the highest observed fluorescence intensities at W1 and W2. The highest concentrations of total particulate lipids in SML, especially groups comprising reserve lipids and degradation indices, were detected at W1 and W2, pointing to intense degradation processes in the surface  microlayer, which was further confirmed by the highest observed PE:PG ratios in the SML and ULW, as an indicator of high bacterial biomass. The enrichment of lipid degradation indices in the SML and the lack of the bacterial biomarker PE enrichment, suggest that OM was subjected to more abiotic (photooxidation and autoxidation) and/or biotic reworking/remineralization processes in the SML than in the ULW. The most intense biological activity was observed at W4, as indicated by the highest PIG concentrations and the lowest Lipid:PIG ratio in the SML and ULW. Analysis of the distribution of the Lipid:PIG ratio led to the observation of a statistically significant negative correlation between the SR and the Lipid:PIG ratio in both SML and ULW, linking the favourable environmental conditions for phytoplankton growth to the production of lower molecular weight OM.  
[bookmark: _Hlk99988211]The complexity of physical, chemical, and biochemical factors, including photochemistry, winds, biological productivity and activity, that determine OM distribution, makes it difficult to show a clear (de)coupling between SML and ULW. However, our observations with respect to specific classes and groups of OM suggest that the ULW is the major supplier of OM to the SML, leading to its enrichment by some OM classes. The similar distribution in SML and ULW and the lack of “enrichment” of optical indices point to similar type of material in both layers, which potentially lacks significant surface-activity. Thus, the coupling of SML and ULW is highly dependent on the specific properties of the analysed OM as well as external factors. The relationships and dependencies shown here represent a valuable step toward better understanding the biogeochemistry of surface coastal waters.
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Sea surface microlayer sampling procedure details

The first sampling method we adapted to collect the SML was a glass plate, GP. However, using GP has many limitations due to sea state and limited safety when using a small boat, and it is time- and work-consuming. Therefore, we switched to using metal Garret Screen (GS) which is widely used sampler in experiments on the seas and oceans to study the organic matter in SML (Figure S1). Keeping the precautions and mindfulness, SML sampling with GS works perfectly, it is efficient and safe. 
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Figure S1. Sampling the sea surface microlayer by Garret Screen from R/V Oceania

We always monitor the state of the sea surface and evaluate the possibility and sense of SML sampling by GS. We do not collect when the surface is too wavy.
We always collect the sea surface microlayer until the sea state is 4B (B = (v+10) / 6, where v is a wind speed in knots). Increasingly strong winds generate intense turbulent motions of the sea surface, which substantially damages the microlayer structure. However, the SML is reconstructed in milliseconds. Thus, when the appropriate circumstances for SML sampling appear, there is enough time and space to sample the sea surface by GS between successive wave peaks and fronts, so we continue the sampling of the SML. This is done even in sea state 5B.
We are very careful to touch the sea-surface by the GS as delicately as possible (we call it ‘kissing the sea’). We usually collect the SML from the bow part of a ship, about 10-15 m from the head/bow. However, depending on weather conditions (wind speed and direction, and positioning of the ship), sampling of the SML can be done at a more appropriate location on the ship’s deck to minimize the influence of vertical moves of the ship (to avoid sharp GS collisions with the water surface and jerks when lifting off the water surface). In addition, the sloping shape of the Oceania’s hull allows keeping the distance between the sampling point and the ship (at least 1 m) to minimize the influence of rolling and pitching movements caused by waves hitting the hull of the ship. 
During the cruise presented here, due to a combination of several factors - caused by dead waves and the changes in wind direction there were no typical waves for such a high sea state, although the wind speed would indicate a sea state of 5-6B.

Table S1. Sampling stations in the Gulf of Gdansk, the southern Baltic Sea with their corresponding distances from the Vistula River mouth. 
	Station
	Longitude E
	Latitude N
	Time of sampling
	Distance from
river mouth (km)

	15. 10.
	W1
	18.9587
	54.3751
	12:37:00
	2

	
	W2
	18.9667
	54.3986
	14:26:00
	4

	
	W3
	18.9848
	54.4199
	16:04:00
	6

	
	W4
	19.0233
	54.4489
	17:19:00
	11

	16.10.
	W5
	19.0534
	54.4802
	09:15:00
	15

	
	W6
	19.0795
	54.509
	10:50:00
	18

	
	W7
	19.1229
	54.5791
	12:07:00
	27

	
	W8
	19.1711
	54.6674
	13:37:00
	37

	
	W9
	19.2491
	54.7466
	15:08:00
	47



[image: D:\Baltik lap\Towards finishing\Oceanologia\Recenzija\Figure_S1.tif]
Figure S2. Wind distribution during the two days (October 15th – 16th) of the field campaign (A) along with surface current (B) and wind speed and direction (C) on October 15th at 12:00 UTC;  data provided by System SatBaltyk in October 2015 (www.satbaltyk.iopan.gda.pl).

Table S2. (M+T):(A+C) ratio and PE:PG ratio throughout the transect in SML and ULW.

	Station
	SAS (mg L-1 eq. T-X-100)
	(M+T):(A+C)
	PE:PG

	
	SML
	ULW
	SML
	ULW
	SML
	ULW

	W1
	0.60 ± 0.00
	0.47 ± 0.01
	0.55
	0.46
	0.74
	0.91

	W2
	0.35 ± 0.01
	0.29 ± 0.02
	0.59
	0.55
	0.65
	0.91

	W3
	0.40 ± 0.03
	0.31 ± 0.01
	0.50
	0.53
	0.39
	0.30

	W4
	0.29 ± 0.02
	0.28 ± 0.01
	0.71
	0.63
	0.38
	0.41

	W5
	0.42 ± 0.02
	0.35 ± 0.03
	0.56
	0.59
	0.50
	0.41

	W6
	0.28 ± 0.01
	0.22 ± 0.02
	0.52
	0.54
	0.37
	0.33

	W7
	0.43 ± 0.00
	0.37 ± 0.07
	0.63
	0.58
	0.54
	0.40

	W8
	0.37 ± 0.00
	0.33 ± 0.03
	0.51
	0.55
	0.36
	0.54

	W9
	0.40 ± 0.01
	0.29 ± 0.01
	0.53
	0.60
	0.25
	0.33




[image: Fig-S1b]

Figure S3. The CDOM absorption coefficient at 254 nm, aCDOM(254) - (A) April 2015 (IV’2015) and (B) (September 2016) IX’2016 in the SML (circles) and ULW (squares) (Drozdowska et al., 2017).



[image: Fig-S2b]

Figure S4. The spectral slope ratio, SR, of CDOM absorption coefficient curve, SR - (A) April 2015 (IV’2015) and (B) September 2016 (IX’2016) in the SML (circles) and ULW (squares) (Drozdowska et al., 2017).

[image: Fig-S3b]

Figure S5. Fluorescence intensities of main FDOM components (A, C, M and T) and their percentage composition:  in (A)-(D) April 2015 (IV’2015) and (E)-(H) September 2016 (IX’2016) (Drozdowska et al., 2017).


[image: ]
Figure S6. Correlation between SAS concentration and the absorption coefficient at 254 nm (aCDOM (254)) in the SML (red circles) and ULW (black squares).

image3.emf
01020304050

15.0

15.5

16.0

21.5

22.0

29.5

29

B

Distance from the river mouth [km]

a

CDOM

(254 nm) [m

-1

]

 SML  ULW

A

01020304050

1.15

1.20

1.25

1.30

1.35

1.40

Distance from the river mouth [km]

S

R


image4.emf
0 10 20 30 40 50

0.0

0.2

0.4

0.6

0.8

1.0

1.2

0 10 20 30 40 50

0.0

0.2

0.4

0.6

0.8

1.0

1.2

D C

B

ULW

SML

Flourescence intensity [R. U.]

 A   C   M   T

A

0 10 20 30 40 50

0

20

40

60

80

100

Contribution [%]

Distance from the river mouth [km]

   A    C   M   T 

0 10 20 30 40 50

0

20

40

60

80

100

Distance from the river mouth [km]


image5.emf
0 10 20 30 40 50

0.2

0.3

0.4

0.5

0.6

0.7

0 10 20 30 40 50

1.0

1.1

1.2

1.3

1.4

B

SAS (mg L

-1

 eq. T-X-100)

Distance from the river mouth [km]

 SML   ULW

A

EF

SAS

Distance from the river mouth [km]


image6.emf
0 10 20 30 40 50

0.5

1.0

1.5

2.0

2.5

3.0

0 10 20 30 40 50

0.5

1.0

1.5

2.0

2.5

3.0

0 10 20 30 40 50

0

2

4

6

8

10

12

20

25

30

35

40

0.0

0.2

0.4

0.6

0.8

E

D

C

B POC [mg L

-1

]

 SML       ULW

A

EF

POC

Distance from the river mouth [km]

EF

Lipid

Distance from the river mouth [km]

Lipid C in POC [%]

Distance from the river mouth [km]

Lipid [

m

g L

-1

] 


image7.emf
0 10 20 30 40 50

14

16

18

20

22

24

26

0 10 20 30 40 50

2

3

4

5

6

7

8

9

10

Membrane lipids [

m

g L

-1

]

Distance from the river mouth [km]

0 10 20 30 40 50

0

1

2

3

4

5

6

7

Reserve lipids [

m

g L

-1

]

Distance from the river mouth [km]

C B Degradation indices [

m

g L

-1

]

Distance from the river mouth [km]

 SML       ULW

A


image8.emf
0 10 20 30 40 50

10

20

30

40

50

60

70

Lipid : PIG

Distance from the river mouth [km]

 SML       ULW


image9.emf
10 20 30 40 50 60

1.15

1.20

1.25

1.30

1.35

1.40

r = -0.718

p = 0.029

SML    ULW

S

R

Lipid : PIG

r = -0.795

p = 0.010


image10.tiff




image11.tiff
Surface currents 15.10.2015. 12:00 UTC
(satBaltyk PM3D)

A Wind speed frequency distribution 15. - 16. 10. 2015 B
N

40 NNE
T~ Wind speed [m 5]
30 - -0 G
\ Bl s -0 i
] i
20 ‘oene HEM6-8 | G
A El4-e| B =2
104 MO —=
|| N
0-2f
0 s s
SN
RER RN
10 SRS - wa
jg?sv;
20
7
304 sw SE
40

" y \
Wind speed and DN N
15.10.2015. 12:00 UTC SRR

N

TS el v
e

-
B
~
pe
-
-+
pe
-





image12.png
acpou(254nm) [m]

40

35 |
30
25
20 -
18 1

16

| V2015 IX'2016 |

i — @ SML .
—m— ULW

0 10 20 30 40 50 600 10 20 30 40 50 60

Distance from the river mouth [km]

18

40
35
30

;25

20

16




image13.png
Slope ratio, S,

1.6

-_
S
)

—_
N
)

-_
o

V2015

IX2016 |

o

10 20

30 40 50 6

00 10 20 30 40

Distance from t

he river mouth [km]

50 60

1.6

1.4

1.2

1.0




image14.png
Contribution [%]

fluorescence intensity (R.U.)

A IV'2015 B E 1X'2016 F
5 5 5
SML ULW ,
4 1 -4 4 -
3 -3 3 1
2 ! -2 2 -
%\ " ,
1] BT om0 ¥ gl 5 |1 1]
0 T T T T T T T T T 0 0 T T T T T T T 0
0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50
C Gy A C oM T ULW D G SML ULW H
100 100 100
80 - B 80 - - 80
60 - B 60 - - 60
40 - - 40 - - 40
20 - - 20 - - 20
0 - SR L0

0 10 20 30 40 50 0 10 20 30 40 50

Distance from the river mouth [km]

0 10 20 30 40 50 0 10 20 30 40 50

Distance from the river mouth [km]

Fluorescence intensity [R.U.]

Contribution [%]




image15.emf
15.2 15.4 15.6 15.8 16.0

0.2

0.3

0.4

0.5

r = -0.055

p = 0.896

SAS [mg L

-1

 eq. T-X-100]

a

CDOM

(254 nm) [m

-1

]

r = -0.721

p = 0.043


image1.png
Baltic Sea

Depth (m)

0-10
10-25
25- 50
50 - 100
> 100





image2.emf
0 10 20 30 40 50

12.0

12.5

13.0

13.5

0 10 20 30 40 50

7.1

7.2

7.3

7.4

1216200004081216

6

8

10

12

14

C B T [°C]

Distance from the river mouth [km]

A Salinity

Distance from the river mouth [km]

October 16th

W3

W9

W8

W7

W6

W5

W4

October 15th

W2

wind speed [m s

-1

]

Time [h]

W1


