Multivariate statistical analysis of the distribution patterns of carbohydrates and surface-active substances in the northern Adriatic 
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Abstract

Dissolved and particulate carbohydrates (DTCHO and PTCHO) and surface-active substances concentrations and relative acidities (SAST and Acr) were studied in the northern Adriatic Sea during the period between 1998 and 2005 with the aim to investigate their temporal and spatial dynamics in the basin and possible links with the mucilage events with help of comprehensive statistical data analysis. The investigated time period encompassed three years characterized by intensive appearance of mucilage aggregates (mucilage years) and three years without this phenomenon (non-mucilage years). In order to explore possible regularities in the distribution and covariation of investigated parameters, univariate and multivariate analyses of variance (MANOVA) were performed, considering effects of different parameters, including water column depth, geographic location, season, individual year, and mucilage appearance. The investigated organic matter parameters showed a significant complexity of their temporal (seasonal, interannual) and spatial (vertical and horizontal) distribution patterns. Although some characteristics of the distribution patterns, such as seasonality and differences between surface (0-5 m) and deeper layers, were already described in the literature, this work provides the first rigorous statistical analysis performed on a larger data set, allowing quantitative assessment of the observed differences. It was shown that mucilage years in the northern Adriatic were characterized by different patterns of the investigated four organic matter parameters, compared to those of the non-mucilage years. Moreover, it was shown that carbohydrates substantially contribute to the overall surfactant activity of the present organic matter, especially in the surface layer of the most productive western part of the basin, indicating new production, triggered by river-born nutrients, as the predominant source. To the best of our knowledge, this is the first evidence for a possible coupling between CHO and surfactant-activity in environmentally relevant conditions. 
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1. Introduction

Concentration, composition and reactivity of organic matter (OM) in the marine environment are strongly dependant on various physical, chemical and biological parameters and, consequently, can be regarded as a significant clue for a better understanding some important environmental processes. Carbohydrates (CHO) and surface active substances (SAS) are significant components of the pool of biologically-derived substances in the seawater column (Pakulski and Benner, 1994; Gašparović and Ćosović, 2001). Carbohydrates (CHO) represent the main source of energy for living cells but they also make an integral part of many cell structures. Moreover, it was shown that some phytoplankton organisms release CHO in the surrounding water, either during their life-time or after the cell death (Myklestad, 2000). In certain conditions, this can lead to a significant accumulation of carbohydrates in the water column and a massive formation of large organic aggregates. This phenomenon, frequently referred to as mucilage event, occurred several times during the last two decades in the northern Adriatic (Precali et al., 2005). Detailed chemical analyses of the northern Adriatic mucilage confirmed carbohydrates as major constituents (Gianni et al., 2005). The water-soluble fraction of macroaggregates is similar to ultrafiltered dissolved organic matter from the cultured diatom Cylindroteca fusiformis, which suggested possible importance of diatom carbohydrate-like exudates as macroaggregate precursors (Kovač et al., 2004). Furthermore, low (-glucosidase activity of the heterotrophic bacteria was indicated as an important factor creating conditions for the aggregation of accumulated polysaccharides (Zaccone et al., 2002) into the various forms of mucilage (Precali et al., 2005). The total carbohydrate concentrations in the northern Adriatic Sea vary in the range of 0.2-1.6 mg C/l. The average percentage of dissolved carbohydrates (DTCHO) in the total dissolved organic carbon (DOC) was similar to 20 %, with the maximum values during summer (Terzić et al., 1998).

Surface-active substances (SAS) constitute a part of OM, characterized by a specific molecular structure, which usually contains both hydrophobic and hydrophilic moiety. Surfactant activity of OM results from its amphipathic molecular structure with an important role of molecular size. The high molecular weight fraction of dissolved organic matter constitutes approximately 25-35 % of the total dissolved organic carbon in seawater (Aluwihare and Repeta, 1999; Repeta et al., 2002). The main sources of SAS in the oceans are marine organisms, which produce biogenic SAS during their life cycles. Heterodispersed SAS, mainly composed of proteinaceous material that are found at the beginning of phytoplankton blooms, are relatively rapidly removed from the water column in a period less than a month. Enhanced contribution of particulate SAS was observed during whole period of blooms. Particulate SAS were also recycled in a short time period. The half-life time of the freshly-formed surface-active organic matter was estimated to be less than few months (Gašparović and Ćosović, 2003). A significant extracellular secretion of surface-active organic matter was observed during nutrient-enriched phytoplankton culture growth with increased concentrations both of surface-active polysaccharides and proteins in the dissolved as well as in the particulate phases (Gasparović et al., 1998). Moreover, it was observed that at the end of phytoplankton bloom, induced by iron enrichment in mesoscale open sea experiment in the Southern Ocean, the SAS concentration increased four times (Croot et al., 2007). Increased SAS concentrations are usually found in the surface waters, such as the layers of higher phytoplankton activity in the Adriatic Sea (Gašparović and Ćosović, 2001), in Norwegian fjords (Gašparović et al., 2005), and in Arctic (Gašparović et al., 2007). It was shown that a significant percentage of surfactant activity might derive from carbohydrate-like materials. The surface-activity of polysaccharides depends on their structural characteristics and their molecular mass (Plavšić and Ćosović, 2000). Fractionation of model SAS on the XAD-8 resin according to hydrophobic/hydrophilic properties showed that surface active carbohydrates are distributed mainly in the hydrophilic fraction, having low acidity (Gašparović et al., 1997). Previous reports in the northern Adriatic indicated basic characteristics of seasonal and spatial variations of SAS (Gašparović et al., 2001; 2003), while in this work the covariation with carbohydrates and their possible contribution to overall surfactant activity were examined.
Most of the reports on carbohydrate and SAS distribution in the marine environment are based on short-term studies. There are only few exceptions comprising multiannual year studies (Borsheim et al., 1999; Myklestad and Borsheim, 2007). However, none of these studies applied a thorough statistical analysis to prove the significance of the observed distribution patterns of OM. The aim of this work was a detailed study of CHO and SAS distribution patterns in the northern Adriatic, based on a 6-year data set, using multivariate statistical analysis. 
2. Materials and methods

2.1. Study area and sampling

The investigated area (Fig. 1) is a shallow (average depth 35 m) neritic basin, characterized by a cyclonic circulation of water masses, very high input of freshwater discharges and strong eutrophic gradients (Degobbis et al., 2005). The basin is characterized by strong seasonal fluctuations of hydrographic properties, which are closely coupled with freshwater discharges by the Po River (average flow of 1510 m3/s) and, to a lesser extent, to the prevailing northern winds (Orlić et al., 1992). In addition to the regular climate-driven and seasonally dependant stratification, the water column is additionally stabilized by large inputs of freshwaters, often leading to a significant transversal advection of freshwaters towards the Istrian peninsula. As a consequence of the large amounts of riverborn nutrients (load of total nitrogen is 15.5(1010 g/yr (Pettine et al., 1998) the northern Adriatic is among the biologically most productive areas (120-260 g C/m2 year (Zoppini et al., 1995)) of the Mediterranean Sea. The phytoplankton community structure is dominated by diatoms, while dinoflagellates are abundant during June-July, the period of nutrients depletion (Aubry et al., 2004). Enhanced eutrophication is coupled with an intensive remineralization of newly produced OM in the basin. It was estimated that approximately 10-20 % and 27-50 % of the daily average primary production were mineralized in sediments in March and August, respectively, which indicated a tight benthic-pelagic coupling (Giordani et al., 2002).
Stations 101 and 107, investigated in this study (Fig. 1) are located on transect between the Po River mouth on the Italian cost and city of Rovinj on the Croatian coast. Stations 101 and 107 were selected as representatives of the eutrophic western and oligotrophic eastern parts of the northern Adriatic basin, respectively. Sampling was performed in approximately monthly intervals at the standard oceanographic depths (0.5 m, 5 m, 10 m, 20 m, 30 m and 35 m) in the period 1998-2005 (excluding years 2003 and 2004) from the research vessel “Vila Velebita”, using 5 l Niskin bottles. The investigation period included three years (1998, 1999 and 2005) without mucilage and three years (2000, 2001, 2002) characterized by mucilage formation.

2.2. Analytical methods

2.2.1. Determination of carbohydrates

Analytical procedure, applied for the determination of carbohydrates, included separate determination of the dissolved (DTCHO) and particulate (PTCHO) carbohydrate fractions. Briefly, seawater samples (150 ml) were filtered on board on precombusted (450 (C, 4.5 h) 47 mm GF/F filters (average pore-size 0.7 (m). The filtrate, containing DTCHO, was collected in precombusted glass tubes with teflon-lined screw caps. After the addition of HgCl2 (final concentration 20 mg/l), samples were stored in the dark at 4 (C until analysis. The filters, containing PTCHO, were folded into 2 ml-cryotubes, transported in liquid nitrogen and finally stored at -80 (C until analysis.

Both dissolved and particulate carbohydrates were determined spectrophotometrically using the MBTH method (Johnson and Sieburth, 1977) after an acidic hydrolysis. The original method was slightly modified by applying a stronger acid (0.7 M HCl) for hydrolysis as described earlier (Tepić et al., 2000). All concentrations are expressed in glucose carbon equivalents (μg C/l).
2.2.2. Surface-active substances

Total surface-active substances (SAST) were determined by non-destructive electrochemical phase-sensitive alternating current (a.c.) voltammetry by in-phase measurements using o-nitrophenol (ONP) as an electrochemical probe. When using the ONP electrochemical probe, the SAS concentration (surfactant-activity) in natural seawater samples is expressed as the equivalent concentration of the nonionic detergent Triton-X-100 (T-X-100). The relative acidity of SAS, which derives from the presence of carboxylic, phenolic and sulphate groups, was determined from the increase of the ONP pre-peak height (Gašparović and Ćosović, 2003). It is an arbitrary unit obtained after normalization of acidity to the surfactant activity (expressed as equiv. concentration of T-X-100). Detailed description may be found in (Gašparović and Ćosović, 2003).

2.2.3. Statistical analysis

In order to explore the significance of the observed spatial and temporal distribution patterns a number of statistical matched pairs experiments were performed, including comparison of the two representative stations (101 and 107), two contrasting water column layers (surface and near bottom), different seasons, individual years, as well as mucilage and non-mucilage years. The statistical analysis was performed using univariate and multivariate analysis of variance. One of the assumptions of the statistical analyses performed is the independence of the data and absence of covariance structure. Regarding the selected sampling stations this criterion seems to be well fulfilled since they are fairly distant from each other and the corresponding data can be considered virtually independent. Moreover, taking into account pronounced stability of the water column in the northern Adriatic, the same applies for the comparison of the surface and the bottom layers.

A multivariate statistical analysis requires a large number of data. Therefore, we have taken into consideration data collected over a period of six years. The data collected from 1998 to 2002 with a monthly sampling frequency represent a uninterrupted 5-year data series. Unfortunately, the analysis for years 2003 and 2004 could not have been performed since the data for SAS were missing. Instead, the year 2005 was included in order to have a more balanced dataset, i.e. three mucilage years and three years without the appearance of mucilage aggregates.

The data analysis in this paper was performed using SAS/STAT software, Version 9.1 of the SAS System for Windows. Data of three measured variables (DTCHO, PTCHO and SAST) deviate from the normal distribution, so logarithmic transformation (ln(x)) was used to achieve normality and variance homogeneity.

We have used AUTOREG procedure for testing and performing autocorrelation corrections for linear regression model. After carrying out the Durbin h-test for autocorrelation and test for heteroscedasticity (the portmanteau test statistics and the Engle Lagrange multiplier tests), we built autoregressive model of order 1 (AR1). Proportion of variance, which is accounted for by the regression model (regression R2) is smaller then proportion of variance, which is accounted for by the autoregressive model (total R2). Multivariate analysis of variance (GLM procedure with manova option) was performed for testing the differences between the means of subgroups of our data with 95 % confidence interval. Used tests (Hotelling-Lawley trace, Pillai's trace, Wilks' criterion, and Roy's maximum root criterion) are based on the approximations on the F distribution. We have also used PRINQUAL procedure to perform a nonmetric multidimensional preference (MDPREF) analysis (Carroll, 1972) for generating biplots (Gabriel, 1981).

3. Results and discussion
3. 1. Hydrographic situation during the investigated period
The study presented in this paper was conducted over a six-year period in the northern Adriatic Sea. General oceanographic properties (salinity and temperature) of the surface and bottom layers, covering a six-year period for the two investigated stations 101 and 107 are presented in Fig. 2. The temperature variability shows the expected seasonal patterns in both layers with expected higher fluctuations in the surface layer. The pronounced seasonal and spatial fluctuations of salinity represent an important feature of the northern Adriatic basin, which makes the basis for its well-defined eutrophic gradients. As indicated in the description of the investigated area, the western part of the basin is characterized by the significantly lower salinities in the surface layer as a consequence of significant input of freshwater from the Po River and other North Italian rivers. Recurring freshwater pulses during high river flows bring significant amounts of nutrients into the basin interior and cause significant eutrophication of the western part of the basin. As can be seen from the salinity pattern in Fig. 2b the impact of the Po River inputs is much weaker and warrants a predominantly oligotrophic character of the eastern part of the basin. It should be noted that in the bottom layer both temperature and salinity show a rather similar patterns for the western and eastern parts of the basin. 
3. 2. Distribution of carbohydrates and surface active substances

Seasonal variability of dissolved and particulate carbohydrates (DTCHO, PTCHO) (Fig. 3) as well of total surface active substances concentration and acidity (SAST, Acr) (Fig. 4) in the northern Adriatic are presented for the two characteristic stations along the eutrophic gradient from the Po River mouth to the Croatian coast and two characteristic layers (surface and bottom) of the water column. Table 1 briefly summarizes the results of the basic descriptive statistics for all of the measured parameters, taking into account the entire dataset.

Concentrations of PTCHO varied between 7 and 1024 (g C/l (Table 1, Figs. 2a and 2b). The lowest PTCHO concentrations were determined in winter (7-345 (g C/l) and in the bottom layer (7-94 (g C/l), while the highest values, reaching up to 1024 (g C/l were observed during spring. The distribution of PTCHO was rather asymmetrical, which can be assessed from the comparison of the median and arithmetic mean values given in Table 1. Despite some occasionally very high maxima, median of PTCHO is much lower than that of DTCHO, indicating that in most of the situations PTCHO represent only minor percentage of total carbohydrates. This confirmed earlier observations, which clearly revealed that carbohydrates in the northern Adriatic are mostly present in the dissolved form (Terzić et al., 1998; Ahel et al., 2005). 

The statistical distribution of DTCHO was also asymmetrical; however the concentration range (36-654 (g C/l) was not as broad as that for PTCHO (Table 1. 2c and 2d). The lowest DTCHO concentrations were observed in winter (56-351 (g C/l), while the annual maxima were regularly observed during summer (up to 654 (g C/l). In a typical situation DTCHO contributed more than 80-90 % to the total carbohydrates in the water column.
The observed concentration ranges and seasonal dynamics of DTCHO are in a good agreement with the reports by Italian authors (Pettine et al., 1999; 2001). However, it should be stressed that one of these reports (Pettine et al., 1999) showed that a significant percentage of carbohydrates, operationally defined as dissolved, may be in colloidal form and hypothesized their important role in the formation of mucilage. The seasonal changes of the DTCHO show a similarity with the temperature distribution pattern in the surface layer, suggesting a link with seasonal variations in biological activity.
The general characteristics of the distribution of the surface-active organic matter for the northern Adriatic is a rather regular seasonal fluctuation of SAST during the investigated period, with the lowest values obtained in winter and the highest values during summer (Figs. 3a and 3b). SAS concentrations in the bottom layer (0.04 to 0.123 mg/l equiv. T-X-100) were lower than those in the surface layer (0.044-0.16 mg/l equiv. T-X-100) (Table 1). The seasonal variability shows a great deal of similarity with the seasonal distribution of DTCHO and show an even greater degree of similary with annual temperature cycles.  Moreover, as indicated before, seasonal variations of SAS in the surface water are additionally impacted by nutient-rich freshwater inputs (salinity decrease) (Gašparović and Ćosović, 2001). As to the qualitative signatures of SAS, the surface layer is characterized with the prevailing contribution of phytoplankton-derived material during whole year to the overall surfactant activity, while humic and fulvic substances dominate the surfactant activity in the bottom layer (Gašparović and Ćosović, 2003). 

The relative acidity of SAS (Acr) ranged from 1.36 to 40.28 l/mg (Figs. 3c and 3d). Contrary to the distribution of other three parameters, the distribution of SAS relative acidity was symmetrical, while the seasonal regularity was not pronounced. Moreover, Acr values in the bottom layer (4.8-40.3 l/mg; mean 19.4 l/mg) appear to be consistently higher than those in the surface layer (1.3-38.6 l/mg; mean 14.1 l/mg).

One of the prime goals of this paper was to explore the relationships between CHO and SAS in the Northern Adriatic Sea. Carbohydrates have surface-active properties, which depend on their structural characteristics and molecular weight. It is found that polysaccharides are electrochemically detectable in quite different concentration ranges, starting from less than 0.1 mg/l up to few tens mg/l of specified polysaccharide (Plavšić and Ćosović, 2000). Moreover, our results from the northern Adriatic indicate that CHO can be electrochemically detected at environmentally relevant concentrations, while covariation of CHO and SAS seasonal distributions in the northen Adriatic Sea indicates possible coupling between these two parameters (Figs. 2 and 3). The covariation was found to be limited to DTCHO. The relationships between dissolved carbohydrates and SAS in the surface and bottom layers and for the two contrasting stations are presented in Fig. 5. It is visible that there was a clear coupling of DTCHO and SAS in the surface layer of both stations (ln(SAS)=–5.2561+0.5291*ln(DTCHO); R2=0.4396, p<0.0001, for station 101 and ln(SAS)=–5.0077+0.4835*ln(DTCHO)–0.26974*AR1; R2=0.3776, p<0.0001 for station 107). However, the coupling between the two parameters seems to be stronger for the more eutrophic station 101 (Fig. 5a; R101=0.6630; R107=0.6146). On the contrary, no relationship between DTCHO and SAS could be established for the bottom layer of both stations (p101= 0.1059, p107= 0.7797). The lack of association probably resulted from the fact that SAS in the bottom layer showed seasonal variations while DTCHO concentration was rather stable (see Fig. 3 and Fig. 4). 
It is very difficult to quantify to which degree carbohydrates contribute to overall surfactant activity for the complex mixture such as seawater. In the simulated phytoplankton bloom experiment with natural phytoplankton populations from the northern Adriatic Sea, carbohydrates were identified as the major surface-active material formed during the experiment (Gašparović et al., 1998; Fajon et al., 1999). Moreover, it was shown that model polysaccharide dextran T-500 was a good reference material to estimate the approximate concentration of CHO in seawater. The same approach applied for our dataset revealed that estimated concentrations of CHO from the measured surfactant activity in surface layer are very close to those measured directly by the MBTH method. On the other hand, converting determined surface DTCHO concentrations to possible surfactant activity, by using calibration curves from the electrochemical determination of dextran T-500 and T-X-100, we obtained values that match very well with the determined SAST values.  These results suggest that a predominant contribution to surfactant activity in the surface layer derives from carbohydrate-like materials. More generally, this suggests that, in the areas where new organic matter production dominates the organic matter pool, carbohydrates should be taken into account as major contributors to the overall surfactant-activity.
3. 3. Univariate statistical analyses

For a better understanding how environmental factors influence the investigated organic matter parameters, several hypotheses were tested using univariate statistical approach. The factors, assumed to have an impact on the observed distributions in the northern Adriatic Sea, which have been considered in the statistical analyses, included: (i) the impact of spatial factors (geographical location and depth), (ii) seasonal factors and interannual fluctuations and (iii) the possible impact of mucilage events. As a first step, the selected main effects as well as their interactions were tested for statistical significance. Those effects and their interactions, which proved statistically significant (Table 2), were used for further analysis to quantitatively estimate the statistically significant differences (Table 3). This enabled a reliable tool for identification of the most important factors involved in organic matter cycling in the northern Adriatic Sea. 

For PTCHO, all five selected factors (Table 2) were statistically significant, but only season-depth and station-depth interactions proved to be important. The estimated difference of logarithms between PTCHO concentrations at the stations 101 and 107 equals 0.5±0.09 (Table 3), indicating that the average concentration in the western part of the basin was 1.65 times higher than in the eastern part. If only PTCHO concentrations in the surface layer were considered, the difference between the two stations is even larger (lndiff 0.8±0.13), with 2.2 times higher levels in the western part. Furthermore, the statistical analysis revealed that the average PTCHO concentration was slightly higher in non-mucilage years (lndiff 0.2±0.09). The reason could be the fact that PTCHO associated with mucilage macroaggregates are not taken into account during regular sampling using Niskin bottles, and could represent a virtual loss of PTCHO from the water column. As can be seen from Fig. 2, the highest PTCHO concentrations for the entire basin were observed during spring. This situation is in accordance with some previous reports (Ahel et al., 2005) that indicated covariation of PTCHO and phytoplankton biomass, in particular diatoms. It is well known that the spring season in the northern Adriatic is characterized by the regular occurrence of intensive phytoplankton blooms in the surface layer, triggered by the massive pulses of freshwater from the Po River (Revelante and Gilmartin, 1976). In contrast, winter is characterized by low PTCHO values. These values are significantly lower from the values in other seasons. Consequently, the largest difference was obtained between winter and spring periods (lndiff 0.8±0.14), and the difference was especially pronounced in the surface layer (lndiff 1.3±0.20), i.e. the estimated mean of PTCHO for the spring period is 3.63 times higher than the mean for the winter period. The differences between summer and winter as well as autumn and winter were much lower (lndiff 0.5±0.13, 0.3±0.14) than the spring-winter difference.

The main factors that influenced the DTCHO distribution in the basin were season, depth and individual year (Table 2). The interactions season-depth and year-season were also statistically significant (Table 2). It is interesting to note that the difference between mucilage and non-mucilage years as well as between the western and eastern part of the basin were not proven significant. Some earlier studies indicated that maximal DTCHO accumulation may take place in the central part of the northern Adriatic basin (Ahel et al., 2005). On the contrary, the difference between the average DTCHO concentrations in the surface and bottom layers was rather large (concentration ratio was 1.84), indicating strong decoupling between the two compartments of the water column. It is apparent from the Fig. 3 that the DTCHO variability was much larger in the surface layer with a pronounced seasonal variability characterized by summer maxima. This suggests coupling with biological processes but the exact mechanisms are still not fully understood. In contrast to PTCHO, there is no coupling between the phytoplankton biomass dynamics and DTCHO (Ahel et al., 2005). In fact, the highest DTCHO concentrations were found during summer, the season characterized by low-nutrient availability accompanied by low phytoplankton biomass concentrations (Degobbis and Gilmartin, 1990). The possible explanation for the summer accumulation of carbon-rich organic matter is the enhanced phytoplankton primary production in nitrogen- and phosphorus-limited conditions and subsequent release of the produced material into surrounding water. This mechanism was revealed as likely in several microcosm model experiments with autochthonous phytoplankton population from the northern Adriatic (Malej et al., 2003). The autumn overturn and gradual destratification of the northern Adriatic system enhance the exchange of water with the middle Adriatic, which leads to an active export of DTCHO from the basin. Autumn DTCHO concentrations are 15 % lower than the spring values (lndiff -0.2±0.06). Seasonal and vertical patterns of DTCHO concentration in the northern Adriatic show great deal of similarity with the patterns observed in the Norwegian Sea (Myklestad and Børsheim, 2007; Børsheim et al., 1999).
The analysis of variance of SAST concentrations using univariate analysis revealed that effects of depth, season and geographical location were statistically significant (Table 2). However, the difference between individual years as well as between the mucilage and non-mucilage years with respect to SAST was not statistically significant. A small but statistically significant difference was obtained for the comparison of the western (station 101) and eastern (station 107) parts of the basin (Table 3). This difference is rather uniform throughout the entire water column (lndiff 0.08±0.023). A much larger difference was observed between the SAST concentrations in the surface and bottom layers (lndiff 0.42±0.022). 
As indicated above, SAST distribution is seasonally dependent and reflects biological activities in the basin, primarily phytoplankton activity (Gašparović and Ćosović, 2001). As expected, the average levels in winter are 33-45 % lower than other seasons (lndiff from -0.40±0.034 to -0.72±0.046). It is interesting to note that the spring SAST concentrations are 19 % lower (lndiff -0.21±0.031, p<0.0001) than those observed in summer and 9 % lower (lndiff -0.09±0.030; p=0.0037) than those found in fall, indicating an efficient accumulation of SAS during the stratification period.

Univariate statistical analysis of SAS relative acidity revealed significant effect of depth (p<0.0001), mucilage events (p=0.0007) and individual years (p=0.0019) (Table 2). Even some third order interactions are proven statistically significant (mucilage-station-depth, p=0.0065; year-season-depth, p=0.0007; year-station-depth, p=0.0006; Table 2). The arithmetic mean of Acr in mucilage years was 2.3±0.66 l/mg lower than the mean for the years without mucilage episodes (Table 3). The difference of Acr between mucilage and non-mucilage years was especially pronounced in the summer period (-2.9±1.22 l/mg, p=0.0178). Lower acidity for mucilage years can be explained by an enhanced contribution of phytoplankton-derived carbohydrate-like substances to the SAST pool. Indeed, carbohydrates are characterized by low Acr values (Gašparović and Ćosović, 2003), while in mucilage years the contribution of carbohydrates to the total DOC can be significantly enhanced (Ahel et al., 2005). 

The strongest factor influencing variability of Acr was water column depth. The difference between Acr values for the surface and bottom layers was relatively uniformly distributed throughout the basin and indicated significantly higher values in the bottom layer. This is in accordance with a higher relative contribution of polyelectrolyte humic-type substances in deeper layers as a consequence of lower production of new OM and/or enhanced transformation and remineralization processes (Tesi et al., 2007). Moreover, large amounts of terrestrial organic matter (25.5 x 104 tones year-1), mainly humic-like materials, characterized by high acidity (Thurman, 1985), enter the western part of the northern Adriatic (Pettine et al., 1998). Some differences in Acr between the seasons were also statistically proven, but only for the surface layer. The most pronounced differences were those between winter and summer (3.6±1.34 l/mg), and winter and spring is 3.5±1.4 l/mg, while the difference between winter and autumn was not statistically significant (p=0.966). As discussed above, the observed differences can be explained by the enhanced relative contribution of recalcitrant humic substances of terrestrial origin and a low input of freshly-formed autochthonous organic matter during the winter season. 

3.4. Multivariate approach

Multivariate displays (biplots) were constructed to elucidate the relationships between all four variables (PTCHO, DTCHO, SAST and Acr) and the investigated covariates (depth, geographical location of stations, seasons, individual years, appearance of mucilage) (Fig. 6). The presented displays show a clear separation between the data groups according to different effects. The symbols represent the observations from the multivariate model and include all four measured variables, presented in different modes to provide an easier insight in different relationships. The vectors represent measured variables and vector’s positions are determined by the high-value observations of individual variables. Multidimensional preference analysis reduces the dimensionality of a set of data, while trying to preserve their structure. The axes on biplots (Dimension 1 and Dimension 2) are the two new variables created as linear combination of the original variables. The original variable coefficients are determined iteratively.

PTCHO vector is well-separated from other vectors. Its position is determined by high PTCHO values in spring, indicating the importance of biological blooms on this parameter. In contrast, summer values determine the positions of DTCHO and SAST vectors, indicating summer as typical season for organic matter accumulation. The position of the vectors for DTCHO and SAST are very close indicating the common source of two organic matter parameters and significant contribution of carbohydrates to the SAS pool in the northern Adriatic Sea. It is interesting to note that the Acr vector has an opposite direction to other vectors. Acr is determined by the biogeochemical processes leading to the formation of acidic humic-type substances that dominate SAS pool during the winter period, while autochthonous OM production characterized by low acidity remains low. 
The strongest separation of the data groups was observed on the biplot, which shows the effect of the depth (Fig. 6a). Data for the surface layer are predominantly associated with CHO and SAST vectors, while those from the bottom layer are associated with relative acidity. At the same time, the bottom layer data make a more homogeneous group than the surface layer data, pointing on smaller concentration ranges there than in the surface layer. This separation suggests different processes prevailing in individual layers. Separation between the data groups, representing two contrasting stations, 101 and 107 (Fig. 6b), is less pronounced than the separation between different water column layers. Comparisons for different seasons are even more complicated (Fig. 6c). Seasonal sub-groupings are made on a calendar basis and not on the climatological one. For example, some winters during the last decade were extremely mild, giving rise to strong diatom blooms in February, leading to increased concentrations of CHO and SAS. The smallest dispersion was obtained within the winter group of data, and the observations are predominantly associated with the relative acidity vector. Comparison of datasets for the six individual years studied is also complex (Fig. 6d). Some data grouping is apparent for the years 1998 and 1999 but it is associated mostly to Acr and PTCHO vectors. The data for the year 2000 data are associated to Acr vector and the data for year 2001 are weakly associated to DTCHO and SAS vectors. Data for 2005, which was characterized by a very low accumulation of organic matter (Fig. 3), are mainly concentrated in the middle of biplot. As to the effect of mucilage events, the mucilage year data are more grouped, and situated mainly in the central part of the biplot compared to non-mucilage years (Fig. 6e), indicating significantly different organic matter composition for the two situations.

The indications obtained from the exploratory part of our statistical testing were further analyzed using multivariate analysis of variance. The significance of individual factors and their interactions, which proved to be significant in univariate analyses, were tested using multivariate model (Tables 4 and 5). In general, multivariate approach confirmed the main conclusions obtained on the basis of univariate approach, including significance of the described spatial and temporal distribution patterns. Due to the complexity of multivariate model, the estimations of differences between group means could not be performed. Also, the degree of freedom for the statistical model is limiting factor for a number of hypotheses. 
Univariate approach and biplot showed importance of the surface layer for the dynamics of the organic matter in the northern Adriatic, so multivariate analyses were focused on this layer. The results given in Table 5 highlight that the means of all data subgroups for stations 101 and 107 in the investigated period were significantly different. This reflects the impact of the Po River on the station 101, which is particularly expressed in the contribution of PTCHO and which dominates the model. Moreover, multivariate approach proved to be superior to univariate approach and was able to detect some additional fine differences seasonal distribution patterns of investigated organic matter parameters.
One of the main questions was whether or not there was a significant the difference between the investigated parameters when comparing mucilage and non-mucilage years. In fact, these differences were found smaller than expected and univariate approach failed to demonstrate their significance. In contrast, applying multivariate approach, all four tests showed that this difference was statistically significant (Table 5, p=0.0002). These data provide for the first time a statistically proven confirmation of the differences in organic matter distribution between the mucilage and non-mucilage years in the northern Adriatic years, but only for the surface layer. It remains for further analysis to explain whether this difference is caused by different processes or by different type of present organic matter. 

4. Conclusions

A complex univariate and multivariate statistical approach confirmed some of the earlier observations regarding temporal (seasonal, interannual) and spatial (vertical and horizontal) distribution patterns of organic matter parameters in the northern Adriatic. In addition, it allowed a quantitative assessment of the observed differences between the surface and bottom layers, eastern and western parts of the basin as well as between different seasons. This represents an important basis for the evaluation of various processes, which govern the phenomena associated with the organic matter cycle in the basin. It was demonstrated that mucilage events have a less dramatic effect on the composition and concentration of investigated organic matter parameters than intuitively expected, but also that some subtle effects could only be documented by applying multivariate approach. As to the relationship between SAS and carbohydrates, it was shown that carbohydrates can be regarded as major contributor to the overall surfactant activity in the surface layer, while their spatial and temporal distributions suggest a strong link to new phytoplankton production, which is fostered by intensive riverborn nutrients inputs in the western part of the northern Adriatic. To the best of our knowledge, this paper illustrates for the first time the coupling of CHO and surfactant-activity in environmentally relevant conditions. 
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Figure captions 

Fig. 1. Map of the the northern Adriatic Sea with indicated sampling stations 101 and 107.

Fig. 2. Variations of basic hydrographic parameters in the northern Adriatic sea for the period from 1998 to 2005 for the stations 101 (a) and 107 (b) (temperature:∆-surface and ▲-bottom layer) and salinity ( o-surface and (- bottom). 
Fig. 3. Distribution of particulate carbohydrates (PTCHO) at station 101 (a) and station 107 (b), and distribution of dissolved carbohydrates (DTCHO) at station 101 (c) and station 107 (d) in the period from 1998 to 2005. Surface layer-open triangles; bottom layer- closed circles.
Fig. 4. Distribution of total surface-active substances concentration (SAST) at station 101 (a) and station 107 (b); and distribution of SAS relative acidity (Acr) at station 101 (c) and station 107 (d) in the period from 1998 to 2005. Surface layer-open triangles; bottom layer- closed circles.

Fig. 5. Relationship between surface-active substances and dissolved carbohydrates: a) surface layer at the station 101; b) surface waters at the station 107; c) bottom layer at the station 101 and d) bottom layer at the station 107.

Fig. 6. Mulivariate analysis of CHO and SAS in the northern Adriatic Sea using biplots with coding for (a) depths, (b) stations, (c) seasons, (d) years and (e) mucilage phenomenon.
Fig. 1.
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