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ABSTRACT

Dissolved organic carbon (DOC) is an essential component of the biogeochemical marine system, effecting bio-
logical and chemical reactions that take place in the sea. DOC represents a dynamic component of the global car-
bon cycle.

This paper reports 25 years of measurements of DOC content and distribution at seven stations along the transect
Po River delta - Rovinj in the northern Adriatic (NA). The results show strong temporal and spatial variability: (1)
The highest average DOC concentrations were observed in 1998 and 2002 (143 pmol/L and 137 pumol/L, respec-
tively); (2) The minimum average DOC was recorded in 2006 (88 pumol/L) and (3) The short-term DOC accumu-
lation (up to 203, average 102 umol/L) for the years 2009 to 2012, was observed during the summer and autumn
months followed by unusually low DOC concentrations during the winter and spring. The DOC results from the
more recent monitoring at the same stations indicate primarily oligotrophic characteristics of the NA seawater
(88 pmol/L).

The results of DOC variability and distribution in the NA appears to be strongly influenced by complex circulation
patterns. This paper provides a “link” between the lonian circulation and the NA ecosystem as a part of the recent-
ly identified Adriatic-lonian Bimodal Oscillating System (BiOS). A good agreement between the BiOS oscillation
and other variables related to the DOC concentration, like the NA A and B winter types, the Po River discharge,
salinity, chlorophyll a, occurrence of hypoxic-anoxic conditions, eutrophication and oligotrophication, suggests
that DOC might be a good tool and indicator of global change.
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1. Introduction

Primary photosynthetic production by phytoplankton in surface sea-
waters is the largest source of organic carbon in marine systems. Dis-
solved organic carbon (DOC) in the global seas is the Earth's largest
reservoir of organic matter (~640 Pg C), comparable to the amount of
carbon found in a pool of atmospheric CO. It is a significant component
of the biogeochemical marine system, now recognized as a possible ba-
rometer of the global change (Church et al., 2002; Ducklow, 2002). DOC
represents a dynamic component of the global carbon cycle modifying
many of the biological and chemical reactions that take place in the
sea. It provides nutritional and energy base for micro- and macro-organ-
isms. DOC has major impact on the speciation of many metals by com-
plexation and adsorption processes, and it serves as a precursor for
fossil fuels such as petroleum and oil shale.

Improvements in measurement precision, in particular the high-
temperature catalytic oxidation method (HTCO), enabled detection of
the fine temporal and spatial DOC concentration gradients and their
variability. This is important for better understanding of the role of
DOC in global changes in the oceans, marginal seas, and coastal areas
(Williams et al., 1993; Cauwet, 1994, 1999; Hansell and Carlson, 2001).

The northern Adriatic (NA) is a semi-closed shallow basin with open
and coastal waters characteristics, located north-east in the Mediterra-
nean. The mean depth is 33.5 m, total area 118,000 km?, and volume
of 635 m>. The NA is a dynamic system strongly influenced by anthropo-
genic pressure and climate changes, now confirmed to be present in the
Mediterranean areas (Schiano et al., 2005; Grbec et al., 2009; Giani et al.,
2012; Djakovac et al., 2015). Changes in riverine inputs, particularly the
Po River discharge with the mean flow rate of 1469 m® s~ (Cozzi and
Giani, 2011), advection of the central Adriatic water along the eastern
coast, a southerly flow in the coastal zone off Istria, the Istrian Coastal
Counter Current (ICCC; Supic et al., 2000), a variable and complex circu-
lation driven by the Adriatic-lonian Bimodal Oscillating System, BiOS
(Gacic et al., 2010, 2014), and intense air-sea interactions were sug-
gested to play a fundamental role in physical and biogeochemical pro-
cesses in the NA (Zavatarelli et al., 1998; Kraus and Supi¢, 2011;
Djakovac et al,, 2012, 2015; Kraus et al., 2016).

The NA is one of the most productive areas of the generally oligotro-
phic Mediterranean (Fonda Umani et al., 2005, 2007). The annual pri-
mary production rates in the NA show strong inter- and intra-annual
variability, from 55 to 414 g C m~2 yr~ !, measured at the Po delta
(Revelante and Gilmartin, 1983; Zoppini et al., 1995; Harding et al.,
1999; Sellner and Fonda-Umani, 1999; Fonda Umani et al.,, 2007). This
is often accompanied by the appearance of strong phytoplankton
blooms and formation of large gelatinous-mucous aggregates recorded
for the NA as far as year 1729 (Vollenweider and Rinaldi, 1995). More
recently, this blooming phenomenon occurred rather frequently
(1988, 1989, 1991, 1997, 2000-2004) (Ivesa et al., 2016), and was
often followed by an accumulation of organic matter primarily at the
stratification zones characterized by pycnocline (Ciglenecki et al.,
2000, 2003; Cosovit¢ and Vojvodi¢, 2000; Giani et al., 2005).

Significant changes in the NA physical and biological conditions for
the past 30 years were reported indicating a process of
oligotrophication during the last decade (Mozeti¢ et al., 2010;
Djakovac et al., 2012, 2015; Gasparovi¢, 2012; Giani et al., 2012;
Colella et al., 2016; Ivesa et al., 2016). These observations are consistent
with the results of the Intergovernmental Panel on Climate Change, IPCC
report (IPCC, 2013), showing that the climate in the Mediterranean re-
gion is changing. Significant changes in DOC have been recognized as a
possible indicator of long-term biogeochemical- and climate-induced
variabilities (Hansell and Carlson, 2015).

Rising atmospheric CO, levels and climate change associated with
concurrent shifts in temperature, circulation, stratification, nutrient
input, oxygen content and ocean acidification could have potentially
wide-ranging biological effects (Grbec et al., 2009 and references there-
in). Changes in temperature and pH could have synergistic negative

effects on species composition and growth, survival and development
(Noone et al., 2013). Both organisms and ecosystems are changing in re-
sponse to ocean warming, acidification, and de-oxygenation. That re-
flects on primary production, and further on organic matter content
and composition in the oceans, by changing the ratio between the
DOC fraction and the particulate organic carbon (POC) fraction
(Wakeham and Lee, 1993).

A comprehensive study of DOC in specific areas of the NA basin and
different periods has been conducted since 1989 (Vojvodi¢ and Cosovic,
1996; Pettine et al., 1999, 2001; Giani et al., 2005, 2012). While riverine/
estuarine environments were extensively studied with focus on investi-
gation of long-term organic matter (1997-2010) (Wu et al., 2015), sim-
ilar DOC data are scarce for the marine environment including the NA
(Pettine et al., 1999; Berto et al., 2010; Giani et al., 2005; De Vittor et
al,, 2008). Studies by Giani et al. (2005) and De Vittor et al. (2008, Gulf
of Trieste) are the only studies that describe long-term distribution of
DOC in the NA, but over a shorter time period. In the Mediterranean
Sea, one Dyfamed station in the Ligurian Sea has been studied 3-years
(Avril, 2002). Globally, a long-term investigation of organic carbon
was carried out at a single ALOHA station (Ducklow et al., 2009), thus
not providing information on its spatial pattern that was the aim of
this work.

This paper describes the results of 25-years (1989-2015) observa-
tions of temporal and spatial distribution of DOC at seven stations
along the transect Po River delta - Rovinj in the NA (Fig. 1). The paper
examines the complex spatial (horizontal and vertical), as well as tem-
poral (seasonal and annual) DOC distribution with several linear and
quadratic random coefficient models to confirm main trends. In a longi-
tudinal analysis, observations (statistical) are made at units, in this case,
station-specific sequences of time points, so units are occurring natural-
ly in clusters. The main idea is that observations within a cluster tend to
be more similar than observations in general. The observed DOC data
were primarily discussed in relation to the recently reported the NA
local hydrographic and water circulation conditions (Civitarese et al.,
2010; Gacic et al., 2010, 2014; Djakovac et al., 2012, 2015; Kraus and
Supic, 2011; Supic et al., 2012; Mihanovic et al., 2013, 2015; Janekovi¢
et al., 2014; Kraus et al., 2016).

2. Materials and methods
2.1. Sampling

Seawater samples were collected by Niskin samplers in dark 1.3 L
bottles. Filtration was performed on-board the cruise vessel mostly
within the 4 h after the sample collection. In-line filtration of the sam-
ples was performed on glass fibre GF/F filters (Whatman, pore size
0.7 um) in all-glass filter holders under the pressure <5 psi. Sub-sam-
ples of the filtrate were collected in 20 mL glass vials, preserved with
100 pL of mercury (II)-chloride solution (10 mg/L), closed with Teflon-
lined screw caps and stored in the dark until analysis.

Glassware used for the sampling and sample filtration were washed
with chromic-sulphuric acid and rinsed well with organic-free Milli-Q
water (Millipore) and seawater samples. Glass vials and Whatman GF/
F filters were combusted at 450 °C for 4 h.

Continuous monitoring of DOC in the NA started in 1989. Monitoring
frequencies and cruise plans varied from year to year (Table 1, Fig. 1):
during the first 6 years (1989, 1990, 1991, 1993, 1995, 1997) sampling
was done sporadically, mostly in summer (Period I); in year 1994 and
during the period 1998-2011 the samples were collected approximate-
ly once a month, and more frequently in months characterized with an
unusually high organic content and specific biological conditions (Peri-
od II). During the last three years (from the summer of 2012 until the
end of 2015) the monthly sampling regime was followed, but only at
3 stations (SJ107, SJ101 and SJ108) (Period III), Fig. 1.

Period of 15 years (1994; 1998-2011 - Period II) was chosen for de-
tailed statistical analysis. Seven stations placed on transect Po River
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Fig. 1. Sampling stations along the transect Po River delta - Rovinj: SJ108 (44°45'24"N, 12°45'0"E); SJ101 (44°59'53"N, 12°49'48"E); SJ103 (45°1’0"N, 12°59'35"E); SJ105 (45°19'59"N,
13°9'18"E); SJ107 (45°2'52"N, 13°19'0"E); Z1032 (45°4'6"N, 13°30'54"E) and RV001 (45°4'48"N, 13°36'36"E).

delta - Rovinj (SJ108, SJ101, SJ103, SJ105, SJ107, ZI032, RV0O01; Fig. 1),
each with five depths (0 m, 5 m, 10 m, 20 m, bottom), were sampled
for the examination of spatial patterns. The seasonal pattern was exam-
ined in accordance to the other NA studies (Giani et al., 2005; Tepic et
al., 2009; Gasparovi¢, 2012): spring = March, April and May; summer =
June, July and August; autumn = September, October and November;
winter = December, January and February.

2.2. Analytical methods

2.2.1. DOC determination

DOC concentrations were determined using the sensitive High-Tem-
perature Catalytic Oxidation (HTCO) method at 680 °C (Cauwet, 1994,
1999; Sharp et al., 1995; Dafner and Wangersky, 2002). Shimadzu car-
bon analysers, TOC 500 (years 1989-2000) and TOC-V¢py - 5000
(from year 2000) with Pt/Silica catalyst (from year 2007, Elemental mi-
croanalysis; before the high sensitivity Pt-Quartz wool catalyst,
Shimadzu) and Non-Dispersive Infrared (NDIR) detector for CO, were
used for DOC measurements. In both periods, TOC instrumentations
and measurements were checked by standard analytical procedures in-
cluding validation, international and inter-laboratory comparison and
inter-calibration, to ensure that DOC data for all 25 years presented
here are valid, reliable and comparable. A fraction of these data was
published before as a part of the MAT project (Giani et al., 2005).

Milli-Q water was used to assess the instrument blank and for the
preparation of calibration solutions. Values adjusted for the blank
were based on the 50 pL sample volume and had a significant precision
(1-2 pmol/L org C). Three to four data points were used for the calibra-
tion curve with potassium hydrogen phthalate in the concentration
range 0-5 mg/L. Samples were acidified to pH = 2 with 2 mmol/L HCl
and purged with pure air for 10 min prior to analysis in order to elimi-
nate the inorganic carbon. The concentration was calculated as an aver-
age (AVG) of three to five replicates with coefficient of variation <2%
and standard deviation <0.1. The AVG instrument blank and Milli-Q
blank corresponded to 2.5 pumol/L (n = 32); the reproducibility of mea-
surements were high (1.6%).

Temperature and salinity were determined by CTD probe (SBE 25
Sealogger CTD, Sea-Bird Electronics, Inc., Bellevue, Washington, USA)

and were provided for all analysed samples by the Center for Marine Re-
search, IRB, Rovinj, Croatia.

2.2.2. Statistical analysis

Data were analysed by SAS/STAT® 13.2 and SAS/QC® 13.2 software
(Version 9.4, SAS System for Windows., Copyright® 2002-2012 SAS In-
stitute Inc.). Boxplots were generated using PROC SHEWHART with
boxchart statement.

To investigate curve parameters for the DOC data along temporal
and spatial component, a random coefficient model was used (Littell
et al,, 1996) because of the relatively high intra-class correlation coeffi-
cient (ICC = 0.686) that indicates substantial inter-observer agreement
(Landis and Koch, 1977) and justifies the use of this particular model-
ling approach. The random coefficient model was utilized using the
PROC MIXED procedure with REML estimation method and unstruc-
tured covariance (option type = UN in random statement). With the
same procedure intra-class correlation coefficient is calculated to
show the fraction of the total variation of the data that is accounted
for by the between-group variation. All DOC data were logarithmic
transformed to achieve the assumption of normality. Additionally, con-
tinuous predictor variables were grand-mean centred (Enders and
Tofighi, 2007; Hofmann and Gavin, 1998) in order to ensure numerical
stability in estimating hierarchical linear models. All testing was per-
formed at the 0.05 level of significance.

3. Results
3.1. Descriptive statistics

The whole dataset (years 1989-2015) consists of 6539 DOC values,
while Period I subset, that was subjected to detailed statistical analysis,
incorporates 5608 DOC observations. The majority of DOC values are
quite low - the minimal (Q0) DOC value was 62 pumol/L (ZI032 bottom,
summer 2008) and 87 umol/L for the first quartile (Q1; the lowest 25%
of the data, Table S1, Supplemental material). Even the DOC data for
the third quartile (Q3; 75% of all data) were <125 umol/L. The higher
AVG values then medians (Q2; the lowest 50% of data), as well as
boxplots (Figs. 2 and 3), indicate positive asymmetry that is in
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0 concordance with the maximal (Q4) DOC values. The value for Q4
& XXX xR X ox % (596 umol/L, SJ103 5 m, summer 1998) is 9.5-times higher than for Q1
< (62 pmol/L) and 5.7-times higher than for Q2 (104 umol/L). The range
Sl u oo o xx for the highest 25% of the data (Q4-Q3) is 7.7-fold of the range for the
lowest 75% of the data (Q3-Q0). The highest 25% of the data (Q4-Q3)
g is the most variable part of the investigated DOC data.
N Holaa ol aNalolole Comparing descriptive statistics of the complete dataset with statis-
g tics by the transect (Fig. 2a and Table S1, Supplemental material) any re-
N = XX XK markable deviation from the previously described pattern is not
- recognized. All statistics, except for Q4 and Q3, are quite uniform with
é +++++++++++ the small reduction in DOC values from station SJ103 towards the east-

ern part of the basin (stations ZI032 and RV001) (Fig. 2a).

A little discrepancy was noticeable with respect to the vertical DOC
distribution. Highest DOC values were observed in the uppermost
10 m of the seawater with decreasing trend towards the sea bottom
(Fig. 2b). The first quartile, median and AVG DOC are somewhat higher
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® L for the upper water layers than for the water samples collected at other
QRN++++ +++++ + depths at each station (Table S1, Supplemental material). The Q2 at
~ 0.5m and 10 m is 119 pmol/L and 112 pmol/L, respectively. However,
Slytt+ ++ H >75% of the DOC values at 20 m or near the bottom are below these

values. Furthermore, 29% of the surface layer DOC data and 62% of the
§ + bottom layer DOC data were below 100 umol/L. Almost identical DOC
QI+ ++++++ ++++

values for the surface water layer were measured during the summer.

0 This period is characterized with the highest overall DOC values for
] T+ FA A+t the location. In contrast, winter was the season with the lowest DOC
3 N values. The percent of non-missing observations less than 100 pmol/L
Ql+++ ++++++++ (interval with the most frequent DOC values ) for winter is 65%, for sum-
- mer only 28%, and for the whole dataset is ~ 31%. Unlike the other quin-
§ 4 4 i 4 44 tiles (Q1, Q2, Q3), Q4 value for winter (334 pmol/L) was higher than that
for the spring (289 umol/L, Table S1, Supplemental material).
g + + Descriptive statistics and boxplots by stations, depths, seasons and
QN+ ++++++++

years (Figs. 2 and 3), indicate that the NA basin is quite dynamic.
Annual distribution of DOC alternated between two groupings: the
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Sampling frequencies of the northern Adriatic Sea water along the transect Po River delta-Rovinj for years 1989-2015 (o = Period [, sporadically; + = Period II, all stations and statistically analysed; x = Period II], Stations SJ107, SJ101 and SJ108; oo,

+++++++ first group, years 1998-2003, is characterized by the higher DOC values
- . (75% of all values are higher than 100 umol/L); the second group, years
§ T h 44 A4+ o4 1994 and 2004-2011, had lower values (~50% of all values were lower
than 100 pumol/L). The most illustrative years are 1999 and 2002 for
§ oas i N i P first group and 2006 and 2008 for the second group. The widest annual
- quartile ranges are between the third and the fourth quartile with the
£ + largest DOC values for years 1999 (265 pmol/L) and 1998 (438 umol/
= LA A e e e e e e L). The variability inside the particular year is rather specific. For exam-
N ple, the range (Min to Max) for the year 2009 is only 78 pumol/L or 6.5-
o 0o 9 times less than the range for the year 1998 (510 pmol/L). In addition,
° there are differences among the QO values for the particular years: the
= minimal QO, 87 pmol/L, in year 2000 is 40% higher than the maximal
~ Q0, 62 pmol/L, in year 2008. All these suggest a different behaviour of
§ DOC complete subgroups and not only of some isolated subgroup
- ©°eo° parts. Therefore, the need for further analysis was accordingly justified.
3 Distribution of DOC within the water column of all studied stations
2|1+ ++++++++  + along the transect for the three characteristic years (2002, 2006, 2009)
- are presented in Fig. S1 (Supplemental material). These years are by
% 600 o the statistics underlined as different: year 2002 with the high DOC of
significant variability within the water column and expressed water col-
§ umn stratification; year 2006 with the low DOC and low variability
- ° °© ° within the water column; and year 2009 with accumulation of DOC
= during the summer and autumn.
2 o (=} o ©
=g 3.2. Random coefficient models
|2 °
% Statistical models were used to investigate and confirm previously
g § observed main DOC trends during the Period II (years 1994 and 1998-
1" ° 2011) (Vojvodi¢ and Cosovi¢, 1996; Pettine et al., 1999; Giani et al.,
s o g & g 2005, 2012), as well as the DOC patterns from Section 3.1 above.
- R 23 5 _ 2 £ESE E Many standard statistical methods (e.g. analysis of variance (ANOVA)
2 l g E S 'E"ﬂ SEEz¥egz¢ and regression) have the key assumption of an observational indepen-
=) SES<=2EBLRr0zZA . . .
E3+ dence. As a result, these models are not suitable for longitudinal data
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referred to the web version of this article.)

analysis. However, the mixed model and its special case - the hierarchi-
cal linear model (or multilevel model) are built to allow within- and be-
tween-cluster variation, so these models are a natural choice for
investigation in longitudinal and spatial studies, as was done here.

In the random coefficient model, each station is represented with its
own trajectory. Often, each trajectory is almost identical to trajectories
of all other stations. Consequently, global trajectory, which includes all
stations, would represent well all trajectories for every individual sta-
tion (there is no statistically significant differences in intercepts and/
or slopes) and it could be concluded that the spatial component well de-
scribes data for all stations. However, it is possible for each station's tra-
jectory to have its own parameters, which are different (positive or
negative) from the global. In cases like this, it is justified to assume
the existence of some additional influence which is necessary to incor-
porate in the model in order to better describe the data.

Initially, the complete dataset was analysed to detect a possible ad-
ditional influence on horizontal spatial component (the transect Po

River delta - Rovinj, without the station SJ108) due to prior knowledge
(Vojvodi¢ and Cosovi¢, 1996; Pettine et al., 1999; Giani et al., 2005,
2012).DOC concentrations were modelled by the change of the distance
from the Po River mouth (Model I). Slopes of the curves for the each
sampling are generally negative (not shown here), indicating that the
DOC concentrations were decreasing from the western towards the
eastern part of the transect. All fit statistics, (—2 Res Log Likelihood,
Akaike's information criterion (AIC), corrected Akaike's information cri-
terion (AICC) and Bayesian information criterion (BIC) are in the range
from 32437 to 32450 depending on the statistics. In addition, the aggre-
gated findings of that model are shown in Table S2 (Supplemental ma-
terial). Evidently, there are numerous DOC samplings characterized
with aberrations from global parameters. Besides different aberration
frequencies by years, the intercept aberrations (n = 132) are more
common than the slope aberrations (n = 28), and the number of posi-
tive (n = 67) and negative (n = 65) intercept aberrations are almost
identical (n = 37), as well as the slope aberrations (n = 14 for both).
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The more frequent intercept aberrations indicate uniform changes in
DOC concentrations along the whole transect, while the slope aberra-
tions indicate changes in local, isolated part of the transect. Years char-
acterized with a lot of aberrations are the most interesting. More
detailed exploration of Table S2 (Supplemental material) confirmed
our expectations, the previous knowledge and the pattern noticed in
Fig. 3. The period from 1998 to 2002 (except year 2001) is characterized
by the majority of samplings with positive intercept aberrance (71-
100%, Table S2, Supplemental material) - meaning that the DOC values
along transect within individual sampling campaign were significantly
higher than the values from the global trajectory. In contrast, the period
from 2006 to 2008 is typified by the negative intercept aberrance for the
most of sampling campaigns (67-100%, Table S2, Supplemental materi-
al). The other years are representative examples of more complex be-
haviour in which alternate both negative and positive intercept
aberrances from the global trajectory. Slope aberrances are quite rare;
2006, 2009, 2010 and 2011 are years without any slope aberration.
The year with the maximal amount of slope aberrances (50%) is 2003.
The proportions for negative aberrances are 0% - 33% and up to 18%
for the positive aberrances (Table S2, Supplemental material). Our
model confirmed an overall DOC change and not increasing of the few
extreme DOC values.

To check for the consistency of the previously described pattern
within separated water layers, the five sub-models were used, one for
each water depth (Models II). Their fit statistics are in the range of
6485to 6933. Skimming of Table S3 (Supplemental material) substanti-
ates previously described findings (no significant positive intercepts for
the 2006-2008 period; no significant negative intercepts for 1999 and
2002), but a closer look revealed few differences. The individual sam-
pling intercepts from 1999 and from 2002 year are largely (73-100%)
significantly higher than the global one, without any exception with sig-
nificant, negative intercepts. Few negative intercepts in the surface layer
with predominant significant positive intercepts are characteristics of
1998, 2000 and 2001 year. Remaining years are marked with at least
25% of intercept aberrances and mixture of positive and negative inter-
cept aberrances. The 2002 year is the year with the lowest amount of
non-significant intercepts - even 20 m layer has only 18% while 10 m
and bottom layer have 0%.

Obviously, DOC distribution in separate water layers is rather com-
plex and under the influence of some additional parameters, so the
existing model was expanded to include seasonality (Models III). This
has resulted in a small, additional reduction of fit statistics (6476-
6880). Notwithstanding, yet there is a notable body of significant inter-
cept aberrations; from 5.8% to 6.7% for the negative intercept aberra-
tions within the individual depth model, and from 4.9% to 6.0% for the
positive. The negative slope aberrance proportions are about 10-times

lower (0.2%-0.8%) than for the intercept, and the positive slope aber-
rance occurred only for 20 m water layer.

Concurrently to spatial dependency models, after expansion of extra
sub-models by every category within the season (Models IV), better
models were developed, what is noticeable from the all fit statistics re-
duction to only 1345-2364. Although fit statistics reduction suggested
optimal model for the DOC data, the individual trajectories contradict
this. As in the previous models, significant intercept aberrations, either
positive or negative, are the most frequent (up to 2% at the bottom
water layer in summer). The minimal number of deviations are in the
0.5 m water layer during the autumn (1%). As opposed to intercept ab-
errations in the previous models, the slope aberrations are quite often;
only 3 models do not have any negative slope aberrations and all 3 are
from the spring. In case of positive slope aberrations, there are 10
models without any aberration at all, an increase compared to the
prior models.

The minimization of the all fit statistics by several times (from
roughly 32500 to only 1340) supports superiority of the final model
over the starting one, but the increasing of the aberration amount sug-
gested a need for additional options. After focusing on spatial depen-
dencies, supplementary approach for the identification of temporal
influenced was implemented. The order in the hierarchy was switched,
and the emphasis was on temporal component. Data within the individ-
ual water layer were modelled as the year days (continuous approach),
an alternative to the four seasons categorical approach. The station
SJ108 is included in this particular model but the easternmost stations
71032 and RVO0O01 are not. The linear models (Models V) were adequate
to describe the data from all water layers except the surface layer. The
often approach to repeated measures with random coefficient is based
on polynomial trend models as polynomial functions of time, what is
relevant for the DOC surface layer data in this case. Obviously, DOC var-
iation in the surface water column during the year is so pronounced that
the model with quadratic members better describes the data. The all fit
statistics are larger (5611-5619) than those of the models with the cat-
egorical seasonal approach (~1340), but the quantity of the data is 4-
times higher (822 versus ~200).

3.3. Comparison with recent years

In the last few years (2012-2015, Period III) of the DOC monitoring
the number of the sampling stations decreased. The DOC measurements
continued at 2 westernmost stations (SJ108, SJ101) that are under the
direct influence of the Po River, and 1 easternmost station (SJ107),
that is more influenced by the open waters with the higher salinities
(Djakovac et al., 2012). Period Il was not included in the detailed statis-
tical part of the study (done by random coefficient models), because of
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the different sampling regime, but it was used to show the most recent
trends in the NA system.

The average seasonal DOC in the surface water layer at all stations
along the studied transect, for the entire period of investigation 1989-
2015, is shown in the Graphical abstract. Standard deviations for the
seasonal values are given in Table S4 (Supplemental material).

The average surface DOC analysis shows that during the entire peri-
od of the investigation the NA was a highly dynamic system with pe-
riods of high and low DOC content that is consistent with the results
of the statistical analysis of a Period II. The highest AVG DOC was mea-
sured in the summer of 1990, followed by a period of significant DOC ac-
cumulation accompanied with the appearance of mucilaginous
aggregates (2000-2004). However, it is important to keep in mind dif-
ferent sampling regimes with significantly smaller number of data in
the period before 1993 (see Section 2.1 Sampling, Table 1). Minimum
AVG DOC was measured in 2006. A slight increasing trend is observed
from 2006 until 2011. Recent years (2012-2015) are characterized by
relatively low DOC content that are in line with the oligotrophic charac-
teristics of the NA water column (AVG DOC 88 umol/L) reported for the
earlier period (2000-2009, Mozetic et al., 2010; Djakovac et al., 2012;
Gasparovic, 2012; Catalano et al., 2014; Colella et al., 2016), and for
the more recent period up to year 2013 (Ivesa et al., 2016).

4. Discussion

The random coefficient models used in this study have confirmed
existence of the patterns obtained using simpler methods in the previ-
ous studies (Vojvodic¢ and Cosovi¢, 1996; Pettine et al., 1999; Giani et
al., 2005, 2012). Results of statistical analysis revealed a strong vertical
and horizontal spatial variability, as well as the seasonal and inter-annu-
al variability. The main patterns are: 1) Decrease in DOC with seawater
column depth; 2) Decrease in DOC from the western towards the east-
ern part of the basin; 3) Accumulation of DOC during the summer
followed by a gradual DOC depletion in winter; 4) Seasonal influence
appear to be the most prominent in the surface water; and 5) The strong
inter-annual variability is very prominent.

The seasonal signal is dominant in the uppermost seawater layer
and its pattern is under the influence of the quadratic member. In con-
trast, seasonality in the bottom seawater layer is accurately described
without a quadratic member. DOC values varied from year-to-year,
but the hypothetical regular annual cycle of DOC distribution could
have been investigated only by analysing a longer observational dataset.

The DOC seasonality here was defined as is usually for the Adriatic
(Vojvodi¢ and Cosovi¢, 1996; Giani et al., 2005; Tepi¢ et al., 2009;
Ciglenecki et al., 2015), considering that the seasons were similar for
the terestial ecosystems. Even though there is evidence that the seasons
in the sea could be as much as one month delayed with the respect to
the seasons on the land, the DOC seasonality defined that way
(Artegiani et al., 1997) did not show a different picture (data not
shown). That suggest that both seasonal definitions, at least in the
case of the DOC distribution in the NA, could be operative.

The results of this long-term study of DOC in the NA show strong
spatial, seasonal and inter-annual variability in DOC content during
the entire period of investigation. Alternating periods of relatively
high DOC concentrations (600 umol/L, average 121 umol/L for 1989-
1993 and 1998-2004) and relatively low DOC concentrations
(~200 umol/L, average 88 umol/L in 2006) with clearly visible decreas-
ing trends from 1990 to 2015 (Fig. 3, as well data in the Graphical ab-
stract and Table S1, Supplemental material) support the thesis of
oligotrophication in the NA already reported by other authors
(MozetiC et al., 2010; Djakovac et al., 2012, 2015; GaSparovic, 2012;
Catalano et al., 2014; Ivesa et al., 2016; Colella et al., 2016). Statistical
models have shown that changes in DOC concentrations in the NA sys-
tem are mostly season dependent, thus supporting previous observa-
tional and modelling results (Pettine et al., 2001; Polimene et al.,
2007; Giani et al., 2005, 2012 and references therein). The highest
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DOC content was recorded during the summer months followed by au-
tumn, spring and winter.

Alternating periods of high and low DOC content, especially during
the Period II (1994, 1998-2011) appear to be closely related to the
local Adriatic hydrographic conditions (Oddo and Guarnieri, 2011).
Changes in the Po River regime and the ICCC (Supic et al., 2000) includ-
ing a wide Adriatic water circulation driven by the recently discussed
BiOS (Gacic et al., 2010; Civitarese et al., 2010) are the main character-
istics of the NA hydrodynamics. The long-term variation in nutrients
(Djakovac et al., 2015), phytoplankton (Maric et al., 2012, 2013; Kraus
and Supic, 2011; Kraus et al., 2016), seasonal accumulation of organic
matter and occurrence of hypoxic events in the open NA water areas
(Djakovac et al., 2015) are shown to coincide with the formation of cy-
clonic or anti-cyclonic gyres, whose stability was estimated by the ap-
pearance of the ICCC (Djakovac et al., 2015).

However, averaging of data collected at stations that are under dif-
ferent environmental regimes e.g. within and out of different the NA
gyres, can lead to under/over estimation of important processes which
take place in the region. In addition, variability in the NA environment
is induced by the changes in the lonian Sea circulation (Civitarese et
al,, 2010; Batistic et al., 2014).

The interaction between the lonian Sea and the Adriatic Sea is inti-
mately linked by means of the BiOS mechanism that changes on a de-
cadal time scale the upper-layer circulation in the Ionian Sea, from
cyclonic to anti-cyclonic and vice versa (Gacic et al., 2010; Civitarese
et al., 2010). Anti-cyclonic circulation brings a low-salinity Modified At-
lantic Water (MAW) into the Adriatic, while the Levantine Intermediate
Water (LIW) is advected during the cyclonic circulation. The anti-cy-
clonic gyre was evident in year 1994 in the northern Ionian Sea (Gacic
etal, 2010). It started to weaken in year 1995, and in 1998 a fully devel-
oped cyclonic circulation was evident throughout the basin. At the same
time the salinity of the seawater overall increased in the Adriatic, in-
cluding the NA (Fig. 4a and c). According to data presented here, DOC
content in seawater appears to be closely related to the salinity, mainly
controlled by the Po River inflow and different types of waters advected
into the Adriatic. That pattern was dependent on the circulation regime
in the Ionian Sea controlled by the BiOS. As shown in Fig. 4b DOC
amounts are dependent on the salinity and the potential density trends
of the seawater layer (200-800 m) in the southern Adriatic (Fig. 4c), as
well the NA average bulk salinities (Fig. 4a). It appears that DOC values
were inversely proportional to the salinity. In general, when salinity was
increasing the DOC values were decreasing (Fig. 4, a-c) during the cy-
clonic BiOS circulation (years 1998-2006) that persisted until the year
2006. In addition, the concentration of phosphate and chlorophyll a
was lower in the period of higher seawater salinities recorded in years
2000-2009 (Djakovac et al., 2012; Giani et al., 2012). During the same
period the ICCC, shown to be correlated with the phytoplankton activity
(Kraus and Supi¢, 2011; Supi¢ et al,, 2012) and accumulation of the or-
ganic matter, was less frequent (Djakovac et al., 2012, 2015).

Higher water salinities in the NA in years 2000-2009, as stated by
Djakovac et al. (2012, 2015) were due to the strong reduction of the
Po River flow rate and different circulation regime with frequent inflow
of highly saline and oligotrophic water from the central Adriatic. The
change in circulation is evidenced by the lower frequency of the ICCC
with respect to the Eastern Adriatic Current (EAC) after the year 2000,
particularly in spring. Increase in EAC after the year 2000 appears to
be related to the cyclonic BiOS and LIW inflow into the Adriatic. More-
over, the analysis of the NA salinity trends over the last 30 years
shows an increase in the seawater salinity and a clear reduction in con-
centrations of phosphate and ammonia in the coastal and open water
areas (Solidoro et al., 2009; Djakovac et al., 2012). Years 2002 and
2006 belong to the same high salinity period 2000-2009, but are exam-
ples of two different patterns (underlined by statistics, Table S1 and S2,
Supplemental material) of seasonal salinity changes, as shown for the
station SJ105 in the middle of the studied transect, Fig. 4d. High varia-
tion of salinity within the seawater column enabled a stronger
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stratification that was followed by a significant accumulation of DOC in

year 2002. In contrast, the more uniform salinity within the water
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Fig. 4. (a) Relationship between the AVG bulk salinity of the northern Adriatic Sea water for winter months (black circles) and AVG bulk salinity for all 4 seasons (red circles) for the period
1994-2011, and the Po River load (green crosses, from Cozzi and Giani, 2011) for the period 1994-2009; (b) Relationship between the AVG bulk DOC concentrations in the NA seawater for
the winter months (black open squares) and for all 4 seasons (red squares), and the DOC data for the surface waters (red open squares) for the period 1994-2011; (c) AVG salinity,
potential density and geostrophic current in the southern Adriatic Sea (adopted from Gacic et al,, 2010); (d) Salinity in the water column at the station SJ105 in the northern Adriatic
Sea during the two years characterized by different BiOS circulation. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)
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column was measured at the same station in year 2006. Years 2002 and
2009 were underlined as years with the high flow rate peaks of the Po
River while year 2006 had extremely low flow rates (Djakovac et al.,
2012, 2015). The selected years also differ in the intensity of the ICCC
and its decreasing trend was noticed for the same period before
(Djakovac et al., 2015).

This long-term study of DOC in the NA also indicates changes in DOC
concentration during the winter season throughout the studied period
(data in the Graphical abstract and Fig. 4b). It is apparent that years
1998-2005 were characterized by the relatively high DOC content and
high variability through the water column. During these winters the
higher discharge rates of the Po River and the BiOS-driven cyclonic cir-
culation took effect that consequently resulted in the higher water salin-
ities. Several episodes of higher discharge of the Po River (Cozzi and
Giani, 2011) that decreased the salinity levels were also recorded (Fig.
4a). Winters after year 2006 had, in general, reduced discharge of the
Po River and the BiOS anti-cyclonic circulation that advected low saline
waters into the Adriatic. Seawater samples from these winters are char-
acterized by the relatively low DOC content and the lack of DOC accu-
mulation and variability through the water column.

DOC results for the period 1994-2006 (Fig. 4b) was well correlated
with the analysis of the meteorological conditions and the geostrophic
circulation for the preceding autumns, particularly B type winters re-
ported by Supic et al. (2012). Winter types A and B were identified on
the basis of the bottom density differences between the eastern and
the western part of the NA. During the winters type A (1993, 2001,
2004 and 2007) the seawater salinity was lower and the phytoplankton
production was higher than during the most frequent type B winters
(1987, 1990, 1991, 1994, 1999, 2000, 2003, 2005, 2006), indicating
that the impact of the Po River waters on the NA was more pronounced
during the type A winters. The abundance of the phytoplankton in the
type A winters was much higher than in the type B winters, especially
in the eastern part of the NA (Supit et al., 2012). However, in the type
B winters the Po River waters were reported to be retracted from the
NA, while the waters from the southern part of the Adriatic entered
the region (Supic et al,, 2012).

The long-term study of DOC presented here generally shows type B
winters to be characterized by the relatively higher DOC content as well
as evident DOC accumulation than the winters of type A (Fig. 4b), indi-
cating prevailing influence of the BiOS on the DOC distribution in the
NA. Thus, the presence of the specific A or B winter circulation patterns
seems to be closely related to the specific type of the Ionian circulation,
i.e., BiOS (Gacic et al., 2010) as already hypothesized by Supic et al.,
2012.

The winter DOC content in the NA was very low (76-78 umol/L) for
years 2006-2008 with only minor DOC accumulation. These DOC values
were even lower than the DOC concentration detected in winter 1994
which was the year with the lowest DOC measured ever in the NA
(data in the Graphical abstract and Fig. 4b) (Pettine et al., 2001, this
study). This could be the result of the changes that happened in the
NA ecosystem and were discussed before in this paper. These changes
(nutrient availability, low chlorophyll a, shift towards larger winter
bioproduction and smaller phytoplankton species) already discussed
as the consequence of different water circulations, directly reflect the
evidenced reduction in DOC in the NA. So far, a decreasing trend of
the freshwater discharge since the 1980s (Cozzi and Giani, 2011), and
the 50% reduction of the phosphorus load in the Po River (Degobbis et
al., 2000) were claimed as principal causes of oligotrophication in the
NA (Djakovac et al., 2012).

The advection of different water masses into the Adriatic is poten-
tially one of the main factors affecting the Adriatic ecosystem in general
(Civitarese et al., 2010; Vilibi¢ et al., 2012, 2013; Batistic et al., 2014).
Changes in phytoplankton communities, which are the first to react to
changes in the ecosystem, because of their short life cycle and their po-
sition in the food chain, could further influence microbial diversity and
activities, with direct influence on the DOC distribution and content
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(Wakeham and Lee, 1993). So far, phytoplankton abundance and sea-
sonality in the NA was directly related to the annual regime of the Po
River discharge (Vilicic et al., 2009; Kraus et al., 2016), while salinity
and persistence of different circulation cells (cyclonic and anti-cyclonic)
were reported to be the main factor driving the microbial activity in the
NA (Orli¢ et al,, 2013; Catalano et al., 2014, and references therein).

Time series in salinity changes, affected by the Po river inflow, the
NA circulation (Cozzi and Giani, 2011; Djakovac et al., 2012) and the
Adriatic wide-circulation regime controlled by the BiOS (Gacic et al.,
2010), indicate that these driving factors are synergistically reinforcing
each other. This is evident for the year 2006 (Fig. 4d) and later, when sa-
linity was higher due to both circulation regimes (Oddo and Guarnieri,
2011; Djakovac et al., 2015) and evaporation during the episode of the
NA dense water formation (Janekovic et al., 2014) that was followed
by very low DOC content and accumulation. In the nineties, the situation
was completely different, the salinity and DOC appear to be more under
the influence of the Po River discharge that brought the freshwater
enriched with nutrients (prior to the ban of phosphates-based deter-
gents) and considerable concentration of organic matter to the NA
(165-218 pmol/L, 1995-2007, Cozzi and Giani, 2011). However, due
to the pronounced seasonal component in the circulation regime
(both the local NA and the BiOS) and the Po River discharge rates, the
relative importance of these factors that direct impact on biomass and
DOC production, changes on monthly, seasonal and inter-annual scales
(Gacic et al., 2010, 2014).

Recently, the BiOS was identified as a dominant driver of the
Adriatic-wide decadal variability (Mihanovic et al., 2015). In support
to this hypothesis, our long-term data indicate that DOC in the NA is
predominantly under the influence of BiOS. It apparently changes cycli-
cally on timescales between 4 and 11 years (Gacic et al., 2014; Janekovic
etal., 2014; Mihanovic et al., 2015). The extreme and unexpected rever-
sals that were recorded lately are closely related to the formation of the
cold and denser Adriatic bottom waters in the NA (extremely dense in
years 2006 and 2012). Their formation was, so far, underestimated
and appears to be influenced by the ongoing climatic change
(Janekovic et al., 2014).

Climatic pressures in the Mediterranean, evident by the increase in
air (an increase in air temperature of 0.9 °C was detected in Europe
from 1901 to 2005, with a significant trend since 1980s, + 0.4 °C/de-
cade; Alcamo et al., 2007) and seawater temperatures (linear trend of
increasing surface temperature in 0-5 m depth layer in the seawater
lake, Rogoznica Lake in central Dalmatia (Croatia) by 1.7 °C/decade is
along the record of other studies in the Adriatic showing a similar
trend in the last 50-60 years; Ciglenecki et al., 2015 and references
therein), water column stratification (changes in density from 5.0-
5.5 kg m> for years 1972-1999 vs. 4.2-4.5 kg m~> for years 2000-
2009 in the NA; Djakovac et al., 2012), water circulation (a decrease in
thermohaline circulation in the central Adriatic Sea in years 1952-
2010; Vilibi¢ et al., 2013; changes in the BiOS regimes, Gacic et al.,
2010, 2014; Mihanovic et al.,, 2015), seawater acidification (0.05-0.14
pH units in the Western Mediterranean Sea; The MerMex Group et al.,
2011, and in the NA dense waters, 0.06 pH units from year 1983 to
2008; Luchetta et al., 2010), the NA dense water formation (extremely
dense in 2012, with 30, 6 kg/m>; Mihanovi¢ et al., 2013, Janekovi¢ et
al., 2014) are expected to highly influence biogeochemical processes
and marine ecosystem shifts (see http://www.beringclimate.noaa.
gov). Observed and expected changes appear to be visible through the
DOC variability.

5. Conclusions

The result of this long-term study (25 years, 1989-2015) is a quan-
titative estimate of the significant inter-annual variability of seawater
DOC content at the sampling stations along the transect Po River delta
- Rovinj in the NA (Fig. 1). Main findings are:
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1) The existence of the high spatial and temporal trends. In vertical,
DOC values decrease with the seawater depth. In horizontal, DOC
values decrease from the west of the basin to the east coast. A dom-
inant temporal variability is on the seasonal and inter-annual scales,
with DOC decreasing trend in all water layers and all seasons. The
seasonal cycle is the most prominent in the surface layer, with
DOC accumulation during the summer and DOC depletion during
the winter months. The spring and autumn are transitional periods.
Above the confirmation of these previously known patterns, the ev-
ident significant inter-annual variability, that periodically could turn
the oligotrophic system into eutrophic, emphasize the importance
for the continuous DOC monitoring in the future.
Several factors are affecting the DOC distribution in the NA. Domi-
nant are the hydrographic conditions and water circulation that
are under the strong impact of the already reported anthropogenic
and climatic variabilities. The variability of DOC seems to be influ-
enced by the local and global conditions that include variable fresh-
water discharge, mainly by the Po River, and changes in the
circulation patterns directed by the orography and sea-land interac-
tions as a part of the global change.

Variability of the seawater DOC content is strongly related to salinity

changes. The DOC results for the period 1994-2006 are well correlat-

ed with the analysis of the meteorological conditions and the geo-
strophic circulation, particularly for the type B winters (Supic et al.,

2012). These winters were characterized with the lower Po River im-

pact and the higher influence of the waters from the southern

Adriatic.

DOC variability in the NA is a good proxy for the BiOS. For the first

time, on the yearly basis, it is shown that DOC oscillations in the

NA seem to be strongly related to the large-scale variability in the

upper water layer circulation regimes of the Ionian Sea, driven by

the feedback mechanism, the BiOS. From the altimetric data, the oc-

currence of two anti-cyclonic phases (1987-1997 and 2006-2010)

and two cyclonic phases (1998-2005 and 2011-2012) was identi-

fied in the Ionian Sea (Gacic et al., 2014, Vilibi¢ personal communica-
tion) that coincide precisely with the DOC data presented in Fig. 4b
and Graphical abstract. From year 1991 to year 1998 the anti-cyclon-
ic BiOS, with a flow of the water carrying rich nutrients from the
western Mediterranean, was anomalously strong resulting in the
higher DOC values. In years that followed (1998-2006) the BiOS
was cyclonic bringing the seawater with lower concentrations of nu-
trients thus potentially reducing the DOC content. From 2006 to

2010/2011 the anti-cyclonic circulation again coincided with the in-

creased DOC values. Since year 2011, the cyclonic BiOS was not as

strong as in years 1998-2006, resulting in the neutral DOC trend

(data in the Graphical abstract). Preliminary statistical models have

shown significant difference in the DOC content in the years with

different regimes of the BiOS circulation and the Po River influence.

However, a further work is planned to generate a more detailed

association.

5) A good agreement was obtained with the results from other studies
that used different variables to monitor the environmental changes
that occurred as a consequence of the climatic forcing. Results from
this study indicate that DOC could be an invaluable tool serving as
a potential indicator of global climate change. This emphasizes fur-
ther the importance of the long-term monitoring as conducted in
this study.
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