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Abstract

Spatial distribution and seasonal variability of surfactant activity (SA) of seawater
were studied in the Northern Adriatic Sea and compared to the temperature and salinity
patterns in the two year period from February 1998 to January 2000, based on monthly
surveys. Surface active substances were determined with alternating current voltammetry
(in-phase mode) using o-nitrophenol as an electrochemical probe. A general characteristic
of the SA seasonal variability for the Northern Adriatic is the sinusoidal change of SA
within the period of one year; similar behaviour was observed for the seasonal variations of
temperature. Maximum SA values appeared during the summer period while minimum SA
values were measured in winter, during the period of well-mixed water layers and lower
phytoplankton production. In May and October, the highest SA values were obtained in the
upper seawater layer, which was ascribed to the influence of high inflow of nutrient rich Po
River freshwater. Riverine inputs indirectly favour autochthonous production processes,
which result in increased concentration of organic matter, particularly surface active

substances.
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1. Introduction

Organic matter (OM) in the sea is a very complex mixture of substances with different
physico-chemical properties. It originates from different sources, mainly from in-situ
production (Lee and Wakeham, 1988) and to a lesser extent from the atmosphere and the
land (Meyers-Schulte and Hedges, 1986). A large fraction of OM has surface active
properties (Hunter and Liss, 1982). These surface active substances make up a very
reactive part of the organic matter in the sea. According to their surface active properties
such substances accumulate at marine interfaces (seawater-air, -living and nonliving
particles and —sediment), influencing mass and energy transfer between the thus modified
interfaces. Adsorbed films at the air-sea interface may influence air-sea exchanges
considerably (Frew et al., 1990, Frew, 1997), which is particularly important in the
problem of global warming. Owing to their different functional groups, surface active
organic substances participate in different types of interactions, both in the water column
and on the phase boundaries. The variability and reactivity of surface active substances
(SAS) render their characterization important for understanding the main processes which
controll the carbon cycling in the Northern Adriatic. Some information can be gained by
examining the annual SAS cycle.

The Northern Adriatic Sea, biologically the most productive part of the Adriatic, is a
shallow basin. It is characterised by limited circulation of sea water mass and is strongly
influenced by the Po River discharge, which markedly increases its biological productivity
over the oligotrophic features of the Mediterranean Sea and of most of the Adriatic sea
(Harding et al., 1999). The major sources of nutrients in this region are the Po River
discharge which accounts for about 50 % of the total nutrient load transported into the

Northern Adriatic (Degobbis and Gilmartin, 1990), and winter overturn of regenerated



nutrients from the bottom layer (Degobbis, 1990). The Po River mean concentrations of
dissolved nutrients are 147 uM N, 4.6 uM P and 120 uM Si, respectively (Justi¢ et al.,
1995). Concentrations of nutrients in the Northern Adriatic ranged from values under
detection limits to 78 uM TIN, 1.1 uM TP and 59 uM SiOs in the period from 1966 to
1981 as reported by Gilmartin et al. (1990). It is also reported that nutrient concentrations
in the period 1988-1990 remained approximately at the same level as those in the seventies
(Degobbis, 1995). The loads of total organic carbon and nitrogen transported by the Po
River were estimated to be 25.5 x 10* and 15.5 x 10* tons per year (Pettine et al., 1998).
Long-term investigations (1989-1993) of DOC values in the Northern Adriatic Sea
(Vojvodi¢ and Cosovié, 1996) showed that DOC concentrations are in the range of 1.13 to
3.06 mg C dm™. Dissolved organic carbon in the western part of the Northern Adriatic in
1995 showed no evident distribution trend in the water column (Giani et al., 1999).
Concentrations of POC in this basin ranged from ca 75 to 1701 pg dm™ in the summer
season. Surface concentrations of POC were two to three times those observed in the
bottom layer (Gilmartin and Revelante, 1991), and two to five times higher in coastal
stations near the Po River delta than in offshore stations (0.1-0.18 mg dm™) (Giani et al.,
1999). The Po River mean concentrations of DOC and POC are 2.1 and 2.4 mg C dm>,
respectively (Pettine et al., 1998). Surface active substances (SAS), which are part of the
organic carbon, cover a wide range of values from 0.015 to 0.475 mg dm™ expressed as
equiv. Triton-X-100. SAS are found prevalently in the dissolved form (Vojvodi¢ and
Cosovié, 1996).

Evaluation of the concentration and characteristics of the SAS in marine samples is
very conveniently performed using electrochemical methods. These methods provide
information on all coexisting adsorbable substances that are involved in the adsorption on

the surfaces in a competitive manner (Cosovié, 1990). There are several electrochemical



techniques which are used for the determination of SAS in marine samples, such as phase
sensitive alternating current voltammetry (Cosovi¢ and Vojvodi¢, 1982; 1998), the method
of the polarographic maximum (Zuti¢ et al., 1981), the Kalousek commutator technique
(Kozarac et al., 1976), and the use of the electrochemical probe (Kozarac et al., 1986;
Gagparovi¢ and Cosovié, 1994). All these methods differ in the type of electrical
excitation, measured response, time-scale and surface electrode charge. These facts result
in their different specific sensitivity to various classes of surface-active molecules
(Cosovié, 1985). Alternating current voltammetry has been shown to be a very convenient
method for the characterization of organic substances, from hydrophilic polysaccharides
and conditionally hydrophobic humic substances, to very hydrophobic fatty acids
(Gagparovié¢ and Cosovi¢, 1994; Vojvodi¢ et al., 1994). In this work organic matter has
been characterized using o-nitrophenol as an electrochemical probe. This method is based
on the fact that surface active organic matter, when adsorbed on the mercury electrode,
influences the oxido-reduction processes of o-nitrophenol. This influence is indicated by
different shifts in the peak potential, and by changes in the peak height and shape in the
different layers. The shift of the o-nitrophenol peak potential in the presence of increasing
concentrations of surface active substances is well correlated with the decrease of the
capacity of the electric double layer during the adsorption of organic matter onto the
electrode surface. The latter effects are at the basis of the SAS measurements in the phase
sensitive alternating current voltammetry.

In this work we attempted to assess the seasonal variability of SAS and to elucidate the
factors which influence the distribution of SAS in the Northern Adriatic Sea, and with
special emphasis, the influence of Po River freshwater inputs. This paper describes the
results of monthly monitoring of SAS along the transect from the Croatian coast to the Po

River delta over a of two year period. The appearance of gelatinous macroaggregates,



which occurred in this region with a higher frequency in the last decade than in the past

(Degobbis et al., 1995), was not observed during this two year of investigation.

2. Experimental

2.1 Study area and sampling

Seasonal and spatial distributions of SAS were determined over a two-year cycle in the
Northern Adriatic Sea, on the transect from the Po River mouth to Rovinj (Fig. 1). The
stations along this transect were considered as representative for the Northern Adriatic
(Gilmartin et al. 1990) and their basic hydrographic properties, nutrients and
phytoplankton dynamics have been regularly surveyed since 1976 at intervals from
monthly to seasonal.

In this study monthly sampling was performed during the period from February 1998
to January 2000. Samples were collected from the research vessel “Vila Velebita” at the 6
stations shown in Fig. 1 with 5-liter Niskin bottles. Samples were stored in dark glass
bottles at 4 °C and measured, at room temperature, directly within 24 h. Surface samples
(0.5 m) were collected from all the stations while at station 101, under the direct influence
of the Po River discharge, and station 107, which is rarely influenced by Po River waters,

samples were taken at 5-6 different depths.

2.2 Methods and materials

Surface active substances were determined by phase-sensitive alternating current
(a.c.) voltammetry by in-phase measurements using o-nitrophenol (ONP) as an

electrochemical probe, as described in previous papers (Gasparovi¢ and Cosovié¢ 1994,



1995). All the measurements were performed using the EDT-ECP-100 Modular Research
Polarograph, connected to the ECP-110 unit (EDT) and to a Hewlett-Packard 7045 A
recorder. The frequency of a.c. voltage was 170 Hz, and the p-p amplitude was 10 mV.
Scan rate was 20 mV s All the experiments were performed using a three-electrode
system with a hanging mercury drop electrode (Metrohm, Switzerland). An Ag/AgCl/3 M
KCI electrode was used as the reference electrode and a platinum wire as the auxiliary
electrode. ONP (10* M) was added to the model solution or marine samples immediately
before the voltammetric measurement. Seawater samples were measured without any
previous treatment, except addition of ONP. Model solutions were 0.55 M NaCl and 2x107
M NaHCOs, at pH 8.4, simulating seawater conditions. Organic matter was accumulated
on the mercury electrode by stirring the solution at the potential of -0.35 V for 3 min,
before the potential scanning.

All the voltammetric measurements of ONP included one scan from the accumulation
potential (-0.35 V) up to -0.89 V, which represents the main ONP peak. The
reproducibility of electrochemical measurements was 8-10 %. All chemicals used were of
reagent grade.

ONP has a voltammetric reduction peak at —0.555 V under the pH conditions of
seawater. In the presence of organic matter adsorbed onto the mercury electrode, the ONP
peak potential is shifted toward more negative potentials, depending on the concentration
and the hydrophobicity of adsorbed organic substances. Typical ac voltammograms of
ONP obtained with different accumulation times for the Northern Adriatic seawater sample
from the station 101 taken in August 1999 from 0.5 m depth, are presented in Fig. 2.

When using the ONP electrochemical probe, the SAS concentration (surfactant
activity) of natural seawater samples is expressed as the equivalent concentration of the

nonionic detergent Triton-X-100 (T-X-100), which gives the same ONP peak potential



shift (AE) as the natural organic substances in the sample. The calibration curve for the
dependence of ONP peak potential shift on T-X-100 concentration is presented in Fig. 3.
All the results of peak potential shift for seawater samples and model solutions of T-X-100
were normalised to 0 min accumulation time and possible differences due to different pH
were avoided.

Temperature was measured with a reversing thermometer and salinity with a Beckman

RS 7C high precision bench salinometer.

3. Results

Oceanographic properties of the Northern Adriatic Sea exhibited high vertical and
horizontal gradients, created primarily by the freshwater discharge of the Po River and the
meteorological conditions.

The distributions of temperature and salinity over the study period are given for station
101 and station 107 in Fig 4.a and 4.b.

Temperature distribution shows a regular sinusoidal annual cycle. The temperature
maximum shifted and decreased from August to October, depending on the water depth.
This shift reflects a necessary time-lag due to surface-bottom heat transfer. A temperature
minimum was observed in February.

The distribution of salinity exhibited strong seasonal fluctuations during the two year
study, characterized by two large inputs of the Po River freshwater which occurred in May
and in October (a less pronounced one). This was especially pronounced for the 0.5 m and
5 m depths and for station 101. The water column was generally well-mixed from

November through February.



Seasonal variations of the surfactant activity of OM for the station 101, which is under
a direct influence of the Po River discharge are presented in Fig. 5. The results are given
for surface waters (0.5 m), 5 m, 10 m, and 20 m depths, and for bottom waters (30 m).

Surfactant activity in the bottom layer ranged from 0.04 to 0.11 mg/dm™ equiv. T-X-
100. The maximum was obtained in August while the minimum was observed in the winter
period, December to February.

Surfactant activity of the surface layer varied from 0.04 to 0.16 mg/dm™ equiv. T-X-
100. The lower values in the above range were observed in the winter period. The highest
SA values were recorded in May and in October, for both years. The SA maximum shifted
and decreased from May to August with increasing depth.

The seasonal variations of SA at the different depths of the station 107 are presented in
Fig. 6. This station is only weakly influenced by the Po River waters, as shown by salinity
values (Fig 4.b).

Surfactant activity in bottom waters (30m and 20 m) had approximately similar values,
between 0.032 and 0.11 mg/dm™ equiv. T-X-100, during the two years of investigations.
Upper water layers (10 m, 5 m and 0.5 m depths) had higher SA values compared to
bottom waters. The SA values varied in the range from 0.035 to 0.126, and from 0.035 to
0.133 mg/dm™ equiv. T-X-100 at 10 and 5 m depths, respectively. The surface water layer
had SA values in the range from 0.048 to 0.144 mg/dm™ equiv. T-X-100.

Fig. 7 shows the changes in the surfactant activity measured in surface seawater
samples (0.5 m), at different distances. Results are given for a few representative months in
1998 and 1999: December and February for winter, July and August for summer and April
and May for the spring period which is characteruzed by high freshwater input. The results
are also related to the temperature and salinity variations obtained in 1998 (Fig. 8) and

1999 (Fig. 9).



In the winter period SA values were relatively uniformly distributed along the transect
River Po-Rovinj. The same was the case with the temperature. Also, the salinity was high
(37.7-38.2 %o), and uniformly distributed. The evaluated concentrations of SAS for this
period ranged from 0.04 to 0.064 mg/dm™ equiv. T-X-100.

Generally, SA for the spring period varies in the range from 0.045 to 0.17 mg/dm™
equiv. T-X-100. A marked decrease of SA values was observed from the stations close to
the Po River discharge to those close to the Croatian coast, especially in 1999. An opposite
pattern was obtained for salinity, with low values recorded at the stations close to the Po
River delta. Temperature values showed a similar, although less pronounced, trend as the
SA values, with high values detected at low salinity.

The summer period, with high temperature and low freshwater inflow, was
characterised by SA values lower than those in spring for the stations close to the Po River
discharge. As a whole, SA values varied in the summer in a much narrower range (from
0.092 to 0.136 mg/dm™ equiv. T-X-100) than in spring, and SDA values were on average

2.9 times higher than in the winter period.

4. Discussion

The SA distribution in the Northern Adriatic shows a sinusoidal pattern within a period
of one year. A similar behaviour was observed for the seasonal variations of the
temperature. The sinusoidal SAS and temperature variations are characterized by an
amplitude that decreases with depth. The minimum SA value is recorded in winter, when
the water column is completely mixed. SAS concentration start to increase in March, in
coincidence with the spring bloom of diatoms, which usually occurs in the North Adriatic

after snow melting (Revelante and Gilmartin, 1976b). The maximum SA is obtained in the



summer period for the upper layers and shifts to a later period of the year for the deeper
water layers.

Surface layers (0-10 m) differ from the deeper layers by pronounced jumps of SA in
May and October, which paralleled decreasing peaks in salinity caused by high Po River
freshwater inputs (Boicuort et al., 1999). These SA jumps are superimposed on the main
sinusoidal change of SA during the year.

Since the data for temperature and surfactant activity, measured during the two year
study period, exhibit apparent seasonal variations we have assumed a sinusoidal time-

dependence of the form:

y=yo + A sin 2nx/® + J) (1)

where yo represents the average value of surfactant activity or temperature, A is the
amplitude of variations, o is the frequency (12 months), x is the month of the year and 0 is
the phase shift.

The measured data were statisticaly analysed to infer correlation between relevant
parameters (T, S) and SAS.

This statistical analysis showed that the correlation coefficient for the SAS —
temperature relationship decreases continuously and slowly from high values at the surface
(R = 0,85), corresponding to a very significant t-test value at 99% confidence level, to
about R ~ 0.5 for bottom layers.

The influence of the Po River discharge on the concentration of SAS is followed
through the decrease in salinity, and statisticaly analysed. The correlation coefficient for
the SAS - salinity relationship is high and negative (R > -0.75) for surface waters and
rapidly drops with depth reaching a nearly constant value of R = -0.2 for depth > 10 m. The
statistical t-test of the correlation hypothesis for the SAS - salinity dependence gave a very

high significance value (confidence level 99%) for surface waters, while for depths > 10 m
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it gave a non significant value even at the 95% confidence level. Hence, we conclude that
the variations of SAS in surface water are correlated with fresh water inputs, as indicated
by the observed coincidence of SAS peaks and salinity minimum values (compare Figs. 4
with Figs. 5 and 6, May and October)

The similar sinusoidal changes of the temperature and SA during the year indicate a
strong connection of the SA distribution in the Northern Adriatic with the temperature, i.e.
with seasonal variations of biological activity. Namely, a significant part of surfactant
activity in the seawater column is found to be due to phytoplankton production ( Zutié et
al., 1981). High jumps of SA values at station 101 coinciding with the period of low
salinity (compare Fig. 4a and Fig. 5) point to the important influence of nutrient rich Po
River freshwater inputs. The increased concentration of surface-active organic substances
can be directly related to riverine discharges of organic matter and/or indirectly produced
by autochtonous processes driven by the fertilizing effect of discharged nutrients. Since
nutrients tend to remain in the less dense surface waters (Gilmartin et al., 1972) this effect
is especially pronounced for surface waters.

It is important to notice that the SA maximum always occurs earlier in the year than
the temperature maximum. For both stations, on average, the difference is from one to two
months, and also increases with depth. Comparing the two stations it can be seen that this
difference is a little bit more pronounced in the station 107.

Annual cycles and interannual variability of phytoplankton biomass and primary
productivity in the Northern Adriatic are strongly driven by the Po River fresh water
inflow and nutrient loading from river water discharge. There is a strong west to east
gradient of chlorophyll-a in surface waters, with the highest concentrations occurring

toward the Italian coast (Revelante and Gilmartin, 1976a; Ahel and Terzi¢, 1998).
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Nanoplankton usually dominate the phytoplankton community in the Northern
Adriatic. The blooms result from the increase in the microplankton component.
Dinoflagellates dominate during the summer, while the rest of the year is dominated by
diatoms (Revelante and Gilmartin, 1976a and b). Mozeti¢ et al. (1998) found that small-
sized cells (microflagellates, coccolithophores) dominate during periods of low
chlorophyll-a concentrations in the northernmost part of the Adriatic Sea. Seasonal and
spatial patterns of chlorophyll-a distribution show low concentrations during the summer
period and enhanced concentrations in spring and autumn. The surface layer is the most
variable part with respect to phytoplankton dynamics.

Changes in the surfactant activity of surface waters (0.5 m) along the transect from the
Po River mouth to the Croatian coast showed a marked influence of Po River freshwater.
While salinity was increasing from the Po River mouth to the Croatian coast, SA was
decreasing. These changes were less pronounced for the represented months in the 1998 in
comparison to 1999. Apart from the increased phytoplankton production stimulated by
freshwater inputs of nutrients, another reason for the increased SAS concentrations in the
Po River delta region might also be the direct discharge of biorefractory compounds
(Pettine et al., 1999). Pettine et. al. (1998) found that DOC values in the Po River waters
were generally slightly higher than those in coastal waters, except in June. They explained
their findings by the high productivity that characterizes this coastal zone in the summer
period. As low temperature and limited light intensity limit phytoplankton production
during the winter, this was also reflected in a low surfactant activity in that period of the
year. Generally, in the winter season surfactant activity was several times lower than in the

summer period.
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5. Conclusions

The general characteristic of the SA distribution for the Northern Adriatic is a
sinusoidal change of SA within the period of one year. The highest SA values, obtained in
the surface layer, coincide with the spring and autumn pulses of nutrient enriched Po River
freshwaters. The strongest impact of the Po River discharge on SA was observed for the
station(s) which was(were) under its direct influence, as reflected in a significant decrease
of salinity. This influence was decreasing in the direction of the eastern part of the
Northern Adriatic.

The statistical analysis of experimental data confirms the hypothesis that the SAS
quantity and its seasonal variations are related to the sine-like cycle of temperature and
salinity variations. The correlation with salinity is more pronounced in the surface layer
while temperature correlation is preserved (although decreasing with depth) through the
whole column.

Our results suggest that the SA values in the Northern Adriatic are highly dependent
on the phytoplankton community production, which in turn depends on temperature,
sunlight irradiation and nutrients. Pronounced peaks of SA which are coincident with Po
river inputs are superimposed on the basic sinusoidal variations of SA. These inputs are
pointed out by significant drops in salinity. High inputs of nutrients by the Po River
stimulate phytoplankton production, which is in turn reflected in the increased SAS
concentration, particularly in the surface layer. In the winter, which is a period of low
primary production due to low temperature and limited sunlight irradiation, the SA values
were the lowest.

As the minimum and maximum values of DOC in the Northern Adriatic vary in a

narrow range (Vojvodi¢ and Cosovi¢, 1996) within a factor of two while SA variations
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vary within a factor of 15 one can conclude that the latter parameter is much more sensitive
to changes in environmental conditions, such as changes in chemical and physical
parameters and resulting biological responses.

The surface layer was the most variable part of the investigated region with respect to
the SAS dynamics, which is clearly related to the temperature and freshwater pulses of the

Po River as the dominant source of nutrients in the area (Degobbis, 1990).
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Figure captions:

Fig. 1. Map of sampling stations in the North Adriatic Sea.
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Fig. 2. A.c. voltammograms of ONP probe for the seawater sample from the station 101,
0.5 m depth, taken in August 1999. Accumulation times: 0, 1, 3 and 10 min for the curves

1, 2, 3 and 4, respectively.

Fig. 3. Calibration curve for the nonionic detergent Triton-X-100: dependence of the ONP

peak potential shift on the increasing concentration of T-X-100. Accumulation time 3 min.
Fig. 4. Salinity and temperature variations for the station 101 (Fig. 4a) and the station 107
(Fig. 4b), for the period from February 1998 to January 2000. Depths-Station 101: surface

water (H), Sm (V), 10 m ('¥), 20 m (O) and bottom water (®). Depths-Station 107: surface

water ([]), Sm (m), 10 m (V), 20 m ('¥), 30 m (O) and bottom water (®).

Fig. 5. Surfactant activity variations for the station 101. The symbols denote measurement

points, connected with lines (dotted lines) and fitted with sine function (full lines).

Fig. 6. Surfactant activity variations for the Station 107. Symbols denote measurement

points, connected with lines (dotted lines) and fitted with sine function (solid lines).

Fig. 7. Surfactant activity of the surface layer (0.5 m) along the transect from the Po River
mouth to Rovinj for the year 1998: May (curve 1), July (curve 2) and December (curve 3);
and for the year 1999: February (curve 1), April (curve 2), May (curve 3) and August

(curve 4).

Fig. 8. Distribution of salinity and temperature values for the surface layer (0.5 m) for all

stations, for May (curve 1), July (curve 2) and December 1998 (curve 3).

Fig. 9. Distribution of salinity and temperature values for the surface layer (0.5 m) for the
stations along the transect River Po—Rovinj, for February (curve 1), April (curve 2), May

(curve 3) and August 1999 (curve 4).
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Fig. 1. Map of sampling stations in the North Adriatie Sea.
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Fig. 2. A voltammograms of ONP probe for the seawater
sample from station 101, 0.5 m depth, taken in Auvgust 1999,
Accumulation times: O, 1, 3 and 10 min for the curves 1, 2, 3 and
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Fig. 3. Calibeation curve for the nondonic detergent Triton-3-100:

dependence of the ONP peak potential shift on the increasing
concentration of T-X-10d. Accumulation time 3 min.
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