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Hypoxia events frequently occurred in the bottom layer of the northern Adriatic Sea (NAd) frommid-summer to
mid-autumn, when the water column is highly stratified, with highly variable spatial extent and duration. To
determine the mechanisms of changes in hypoxia frequency and their relation to environmental conditions,
40 yr-long time series of dissolved oxygen and of parameters that describe freshwater influence, stratification
processes, and circulation patterns were analysed. It was shown that seasonal hypoxic events in the open
water areas coincidedwith the formation of cyclonic or anticyclonic circulation cells,whose stabilitywas estimat-
ed by the appearance of the Istrian Coastal Counter Current (ICCC). The oxygenation of bottomwaters during the
period August–November of the last two decades has increased,whereas a decreasing trendwas observed in sur-
facewaters. The frequency of hypoxic events at a larger scale in the NAd decreased since 1992, concurrently with
reduced ICCC occurrences. However, the frequency of events in the western area, which is under a direct influ-
ence of Po River discharges, did not change significantly, although their intensity recentlywere lower than during
the 1970s and 1980s.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Numerous coastal areas and estuaries over the world ocean are vul-
nerable to eutrophication. The consequences of this process, in the first
place hypoxia or anoxia, can differ greatly among systems with similar
external nutrient loads, being less severe in those with shorter flushing
times and/or lower stability of the water column. Oxygen concentra-
tions on continental margins are declining in many regions due to an-
thropogenic nutrient inputs (e.g. Diaz and Rosenberg, 2008; Rabalais
et al., 2002). Increases in duration, intensity, and spatial extent of coastal
hypoxia over the past several decades were attributed to growing ur-
banisation, land run-off of excess nutrients from fertilisers and atmo-
spheric nitrogen depositions from fossil-fuel combustion. Moreover,
warming is causing deoxygenation both in the world ocean (Keeling
et al., 2010) and in the continental margin areas (Falkowski et al.,
2011). Hypoxia in some coastal regionsmay bemainly related to climat-
ic variations or trends (Doney, 2013).

The anthropogenic impact in the northern Adriatic (NAd) dates back
to the Roman Empire (Lotze et al., 2006). However, the impact linked to
increased nutrient load became more intense between the end of the
XIX century and the beginning of the XX century (Barmawidjaja et al.,
1995; Sangiorgi and Donders, 2004, and references therein). Hypoxic
events in the NAd bottom waters were documented since the 1960s
(Barmawidjaja et al., 1995; Degobbis et al., 2000; Justić et al., 1987;
Rabalais et al., 2010 and references therein). Recently, this region was
classified as a zone at medium to high risk of intermittent hypoxia and
anoxia (UNEP, 2012), which leads to degradation of the benthic com-
munities over large areas (Crema et al., 1991; Ott, 1992; Zuschin and
Stachowitsch, 2009). TheNAdhas often been taken as a case study relat-
ed to natural and anthropogenic hypoxia (Diaz, 2001; Gray et al., 2002;
Rabalais et al., 2010; Steckbauer et al., 2011). Unfortunately, most of the
available data were collected in limited areas of the NAd (western
coastal belt: Rinaldi et al., 1992; Trieste gulf: Faganeli et al., 1985;
Stachowitsch, 1984, 1991; Kollmann and Stachowitsch, 2001) which
cannot be considered as representative of the entire NAd basin.

In this paper, an attempt was made to explain the mechanisms of
observed changes in the frequency of hypoxia events in the NAd open
waters based on oxygen data series collected in the period 1972–
2012. To achieve this aim, temporal fluctuations of environmental con-
ditions that were assumed to be the most relevant in the NAd were
studied and compared with oxygen changes and trends. These condi-
tions are: eutrophication pressure, due to freshwater nutrient dis-
charges, traced by Po River flow rate values, changes in the circulation
regime evaluated from geostrophic calculations, and stratification pro-
cesses, described from vertical density differences in the water column.
A hypothesis that global warming might also have influenced the oxy-
genation of the water column was also investigated.
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2. Relevant characteristic of the study area

The study area (Fig. 1) is located in the northernmost shallow part of
the Adriatic Sea (NAd), north to the Rimini-Pula section (depth b 50m),
which receives nutrient-rich freshwater from the Po River, one of the
largest in the Mediterranean, and from several other smaller rivers
and streams (Cozzi and Giani, 2011). The Po flow rate amounts to
around 45 km3 yr−1 (70% of the total freshwater discharge in the
region), with spring and autumn freshets up to 10,000 m3 s−1 (Cozzi
and Giani, 2011). However, interannual variability in the seasonal
cycle of Po flow rate is very high and can be characterised by absence
of freshets in spring or, alternatively, in autumn or even during the en-
tire year.

The stratification degree of the water column depends significantly
on freshwater discharge in addition to surface fluxes (heat and water)
across the air–sea interface. The sea gains heat from March to August
(Supić and Orlić, 1999) and in that period stratification progressively
increases. The circulation in the northern Adriatic is cyclonic, with the
Eastern Adriatic Current (EAC) flowing along the eastern coast during
the cold part of the year, whereas during the stratification period the
geostrophic field is characterised by the formation of cyclonic and anti-
cyclonic gyres (Krajcar, 2003), which can persist for severalmonths (e.g.
Orlić et al., 2013). Geostrophic currents seem to represent a realistic
approximation of residual current fields in the NAd, where density
differences in horizontal planes are very marked (e.g. Supić et al.,
2012). As shown by previous studies, the geostrophic circulation can
play an important role in the occurrence of hypoxic events during the
Fig. 1. The northern Adriatic Sea with sampling s
stratification period (e.g. Supić et al., 2000). Gyres can advect freshened,
nutrient-rich, waters, formed in the area off the Po River delta, over
large parts of theNAd and even up to the opposite, eastern coast (Istrian
peninsula; e.g. Degobbis et al., 2000). A significant fraction of the newly
produced organic matter in these waters can settle over these areas,
increasing the oxygen demand in the bottom layers, below the
pycnocline. Typically, an anticyclonic gyre can form in the eastern part
of the NAd by the end of winter and gradually intensify during spring
and summer (Krajcar, 2003; Supić et al., 2000, 2003).

3. Materials and methods

3.1. Sampling and measurements

Water samples were collected using 5 L Niskin bottles at 0, 5, 10, 20,
30 m, and 2 m above the bottom with an approximately monthly
frequency at the stations of profile Rovinj–Po River delta (Fig. 1).
Temperature was measured with protected reversing thermometers
(Richter and Wiese, precision ±0.01 °C and digital thermometers SIS
RTM 4002, precision ±0.003 °C) assembled to the Niskin bottles. Salin-
ity sampleswere analysed at the inland laboratory by high-precision sa-
linometers (Beckman RS-7C and Yeo-Kal 601; precision of ±0.01),
using algorithms recommended by UNESCO (1983). The dissolved oxy-
gen (DO) was determined onboard by the Winkler method (Strickland
and Parsons, 1972).

Furthermore, additional DO concentrations, temperature and salini-
ty (used for the geostrophic current calculations) for the NAd areal
tations on the profile Rovinj–Po River delta.



Table 1
Means, ranges, standard deviations (SD), coefficients of correlation (r) and probabilities
(p) for differences between surface and bottom density (Δσt/kg m−3) at 5 stations of
the profile Rovinj–Po River delta from August to November in the periods 1972–1988,
1988–2012 and 1972–2012. The correlation was considered significant when p b 0.05.

Stations

SJ108 SJ101 SJ103 SJ105 SJ107

1972–1988 Mean 5.8 4.6 4.5 4.1 3.7
Range 12.1 11.5 16.8 8.3 5.7
SD 2.8 2.5 1.9 1.8 1.9
r 0.231 0.169 0.107 0.193 0.292
p 0.129 0.185 0.286 0.162 0.066

1988–2012 Mean 5.9 4.5 3.7 3.4 3.3
Range 22.3 14.4 7.5 7.8 7.5
SD 3.8 2.5 1.9 1.8 1.9
r 0.087 0.138 0.033 0.017 −0.049
p 0.206 0.104 0.374 0.437 0.317

1972–2012 Mean 5.8 4.5 3.9 3.4 3.4
Range 22.3 14.6 16.8 8.4 7.5
SD 3.6 2.5 2.3 1.9 1.9
r 0.077 0.141 0.08 0.009 −0.021
p 0.204 0.067 0.187 0.459 0.408
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extension (N15 stations) in years 1972, 1977, 1983 and 1989 were pro-
vided by the CMR Rovinj database, the OGS National Oceanographic
Data Center (http://nodc.ogs.trieste.it/) and the Adriatic BioChemical
Dataset (ABCD), version 4 (Zavatarelli et al., 1998).

The data for dissolved oxygen and dynamic heights in November
2003 and November 2006 were partly obtained from CTD measure-
ments (Idronaut Ocean Seven 316 multiprobe) and also from water
sampling at different depths (0, 1, 5, 15 m, and near-bottom layer).

3.2. Data elaboration and statistical analyses

Temperature and salinity data collected at stations with depths of
30 m or more were used to compute dynamic depths of the 30 dbar
surface by means of a standard dynamic method (Supić et al., 2000).
Distribution of dynamic depths, compared with bottom oxygen con-
tents, for selected situations in the northern Adriatic was plotted only
when data were collected quasi synoptically (3–4 days) or in a few
cases within two weeks. Based on dynamic depths of the 30 dbar sur-
face, the geostrophic currents relative to 30 m depth were computed
between each couple of neighbouring stations at the profile Rovinj
delta Po (i.e., at SJ108/SJ101, SJ101/SJ103, SJ103/SJ105, SJ105/SJ107
and SJ107/RV001, Fig. 1; e.g. Supić et al., 2000). The currents are positive
when they mark an inflow in the northern Adriatic and the ICCC is the
current at SJ107/RV001 of negative sign.

As an index of stratification the difference between the density in
bottom and surface layers was considered.

Descriptive statistical models were constructed for average seasonal
and long-term cycles of temperature, density and dissolved oxygen
(data from 1972 to 2002). The mean seasonal variation was obtained
by a least squares regression of the data to a sinusoid with a period of
one year. Since the time intervals betweenmeasurements are irregular,
and typically consist of one to two month gaps, the harmonic analysis
was restricted by including only the annual, semi-annual, and quarterly
harmonics (e.g. Djakovac et al., 2012). The temporal trends were calcu-
lated both for the whole study period (1972–2012) and for two shorter
intervals: 1972–1988 and 1988–2012. These periodswere selected con-
sidering that a cluster of events of exceptionally pronounced hypoxia in
the late 1980s constituted a breakpoint in the time-series.

Graphical analyses were performed using Golden Software Grapher
9. Areal distribution of oxygen saturation percentage in the bottom
layer and dynamic heights of the 30-dbar surface were calculated by
Ocean Data View (ODV) software and Data-Interpolating Variational
Analysis (DIVA), advanced gridding software built-in.

A parametric method based on sequential t-test analysis of regime
shifts (Rodionov, 2004) was used to identify regime shifts for the Po
River discharge and for the hypoxic events.

The non-parametric Mann–Kendall test was used to detect mono-
tonic trends of number of hypoxic events observed along the profile
Rovinj–Po River delta.

In the present work we define hypoxia as the condition when the
dissolved oxygen is equal or lower than 2 mL O2 L−1, according to
Diaz and Rosenberg (2008), corresponding to 34–39% of saturation for
the range of temperature in the period August–November (12–19 °C).

4. Results and discussion

4.1. Seasonal variations of dissolved oxygen (DO) and stratification

In winter the NAd waters are well oxygenated throughout the
water column (Fig. 1A-a, Appendix). The bottom layer becomes under-
saturated with the onset of stratification in March on the western
(more eutrophic) and in April on the eastern (oligotrophic) side of the
profile Rovinj–Po River (Fig. 1). During spring and summer the oxygen
content decreases progressively near the bottomduring remineralisation
of sedimenting organic matter, transported by riverine waters and
produced by phytoplankton blooms in the surface layers (indicated by
oxygen supersaturation). Bottom oxygen minima usually occur in
September in the western and in October in the eastern areas.
Afterwards, convective mixing of the water column progressively
increases values reaching approximately the saturation during late
November–December.

In the western waters (Fig. 1A–b, Appendix), which are under a
more direct influence of freshwater discharges, the stratification is
stronger and more variable than in the eastern waters (Table 1). In the
eastern area the stratification is more related to the seasonal cycle of
temperature and to the variability in the eastward advection of fresh-
ened waters that is frequent during late spring and summer (e.g.
Degobbis et al., 2000; Mauri and Poulain, 2001). During the autumn
these waters remain confined within frontal zones along the western
coast.

Hypoxia can only occur in layers below the pycnocline that prevent
oxygen diffusion from surface to lower layer (Rabalais et al., 2010). In
the NAd, due to the strong seasonal stratification, small variations in
the pycnocline strength would not significantly influence the oxygen
content of the bottom waters. Moreover, in deeper layers, and particu-
larly near the bottom, oxygen consumption during remineralisation
processes prevails over photosynthetic production, limited by reduced
sunlight penetration. The seasonal temperature cycle determines varia-
tions in the solubility of oxygen that are larger in the NAd surface
(1972–2012, trange = 5.5–31.1 °C) than in bottom waters (1972–2012,
trange = 6.7–22.1 °C). The maxima in dissolved oxygen content are
reached in the colder winter months along the western coastal waters,
as also shown in the spatial climatological maps (Russo et al., 2012).

4.2. Interannual variations in the oxygenation of bottom waters

A cluster of hypoxic events (including a 1989 anoxia) was observed
in the bottom layers along the profile Rovinj–Po River delta between the
late 1980s and early 1990s (Fig. 2). This cluster of events involved both
western and eastern areas of the NAd, as also shown by negative anom-
alies of oxygen volume ratios from the statistical model (Fig. 3). Other
severe hypoxic events (DO b 1 mL L−1), with a variable spatial extent,
were observed in 1972, 1977 and 2004. In contrast, after 1992 DO con-
centrations lower than 1 mL L−1 were observed only exceptionally,
whereas hypoxic conditions were mostly limited to the western part
of the investigated area, although somewhat less severe than during
the 1970s and 1980s (Fig. 2). Values about 2 mL L−1 were measured
in the central area only during some years. Seasonal hypoxic or anoxic
events are more recurrent and last for longer periods in the western
coastal areas than in offshore waters, particularly south of the Po Delta
(Rinaldi et al., 1992). This area is considered eutrophic or hypertrophic,

http://nodc.ogs.trieste.it/


Fig. 2. Dissolved oxygen volume ratios (DO/mL L−1) lower than 2 mL L−1, measured in bottom waters at all the stations of the profile Rovinj–Po River delta from August to November
during the period 1972–2012. No data were available in years not indicated on the x-axis.
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whereas in the rest of the NAd oligo- to mesotrophic conditions are
dominant (Druon et al., 2004).

A significant positive trend for the oxygen volume ratio in the
bottom layer was obtained for the period 1988–2012, although not for
the entire 1972–2012 interval (Fig. 3), probably because of a lack of
data for November, including those for the 1977 anoxia (Degobbis
et al., 1979). A tendency to decrease both oxygen volume ratio and sat-
uration percentage was detectable in the bottom layer (p b 0.05) of the
central-eastern waters during the period 1972–1988.

Significant increasing trends were detected over the period
1988–2012 both for DO volume ratios and percentage saturation
(Fig. 3 and Fig. 3A, Appendix). Recent studies evidenced significant
decreases of both chlorophyll a concentration in surface open waters
(by 0.11 μg L−1; Mozetič et al., 2009) and of phytoplankton abundance
(of about three fold in the eastern area; Marić et al., 2012) during the
period 1988–2007. This was the most probable reason for the ob-
served increasing trend, because of reduced oxygen consumption
in remineralisation processes. Decreasing trends of surface chlorophyll
a in NAd were also recently observed by analysing Med Regional
SeaWiFS RAN—My Ocean satellite data for the period 1998–2009
(Coppini et al., 2013).

Analysing the time series of the total number of hypoxic events
(DO≤ 2 mL L−1) observed at all the stations from August to November
of the period 1988–2012, a significant decreasing trend was evidenced
by the Mann–Kendall test, at a significance level α = 0.05.

The density difference between bottom and surface waters (a
measure of stratification degree) varied markedly along the profile
Rovinj–Po delta (Table 1). The median value and the variability were
much larger in the area under the more direct influence of freshwater
discharge, compared with the rest of the profile, although an eastward
decreasing gradient was well evident. No significant trends were
obtained for the entire studied period nor for the periods before and
after 1988. However, in the more recent period (1988–2012) stratifica-
tion was less developed, due to reduction of freshwater discharge
(Fig. 2A, Appendix).

4.3. The role of geostrophic circulation in the hypoxic events

Based on available data, six cases of bottom oxygen saturation distri-
butions in the NAd were compared to geostrophic current fields during
an initial (August) and a final phase (November) of hypoxia develop-
ment. These exampleswere plotted by decreasing extents of the hypox-
ia events. The data used were collected in the open waters, more than
10–12 nautical miles off the coast.
During 1977, in conditions of extremely low barometric pressure
and increased rainfall, the Po River flow rate was exceptionally high
until November (Fig. 2A, Appendix), with freshets in May, September
and October, ranging from 7000 to 8000 m3 s−1 (Degobbis et al.,
2000). Freshwater “flooded” the entire area markedly increasing the
water column stratification (Degobbis et al., 1979). In these conditions
the organic matter load produced and decomposed was much higher
than usual, particularly in the eastern part of theNAd. As a consequence,
bottom hypoxia (DO saturation b30%) occurred in August over a major
part of the basin (Fig. 4a). Twohypoxic zones coincidedwith anticyclon-
ic circulation cells that were also described by Rachev et al. (2006). Re-
markably, the lowest valueswere registered far from the PoDelta, in the
deeper part of the investigated area (40m). Other studies indicated that
prolonged anoxia occurred in a large area until November, causing a
mass mortality of benthic organisms (Stefanon and Boldrin, 1980) and
afterwards, in December, the oxygen was redistributed throughout
the water column by convective mixing (Degobbis et al., 1979).

In August 1983 extremely low oxygen saturation ratios (b15%)were
measured within a cyclonic gyre, located southeast of the Po Delta
(Fig. 4a). This hypoxic event was probably a relatively short episode,
as in October, along the profile Rovinj–Po River delta, the bottom values
(40–90%) were near the long-term averages (CMR data base). More-
over, while a flow rate peak of the Po River (up to 5000 m3 s−1) oc-
curred in spring, during the rest of this year the values were around
the long-term averages or evenmarkedly lower in autumn. Concurrent-
ly, during the late summer of 1983 mortalities of benthic organisms
were observed in some coastal areas of the NAd as in the Gulf of Trieste
(Faganeli et al., 1985; Stachowitsch, 1984).

In August 1972 the bottom DO saturation ratios were about 60% in
the area of an anticyclonic gyre extending from the Po Delta again to-
wards the southeast (Fig. 4a). In the rest of the region the values were
higher than the average. In this year the Po River flow rate wasmarked-
ly increased in February and March, when the general cyclonic circula-
tion prevailed, exporting southward a major part of the freshened
water. This prevented a significant impact of riverine nutrients on the
ecosystem and ultimately on the summer bottom oxygen budget. How-
ever, hypoxia (DO saturation ratio b20%) occurred in November, al-
though in a relatively localised western area (stations SJ101 and SJ103).

In November 1989, anoxia developed over about 1000 km2 in a large
area off the Istrian coast, with mass mortality of benthic organisms, but
severe mortality occurred also in the rest of the area (Degobbis et al.,
1993). Anoxia or near-anoxic conditions occurred within both the
eastern cyclonic and the western anticyclonic gyres (Fig. 4b). In August
of this year a near-hypoxic area (30–40%) of a similar spatial extent and

image of Fig.�2


Fig. 3. Differences of dissolved oxygen volume ratios from the average statistical model
(DO anomaly/mL L−1) in bottom waters at 5 stations of the profile Rovinj–Po River
delta from August to November during the period 1972–2012. Trends were calculated
for the periods 1972–1988 (solid line), 1988–2012 (dotted line) and 1972–2012 (dashed
line). The correlation was considered significant when p b 0.05.
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location (SE off the Po Delta) as in August 1983 was detected. The Po
flow rate was relatively high only in April (up to 5000m3 s−1), whereas
in the other months the values were lower than the annual long-term
average (1496 m3 s−1; Cozzi and Giani, 2011). This strongly indicated
that in 1989 the circulation played a relatively major role with respect
to the eutrophication pressure which had a more relevant impact
during the 1977 anoxia event.

In November 2006 a large anticyclonic gyre in open NAd waters
coincided with a central hypoxic area (b20%; Fig. 4b). During this year
the Po flow rate was also extremely low (Fig. 2A, Appendix), and a
very persistent cyclonic gyre might be the principal cause of the
observed hypoxia.

Autumn 2003 is an example of a year when hypoxic event did not
develop at the basin scale. In November 2003, well oxygenated bottom
waters occupied the entire investigated area (Fig. 4b). Most of the area
was characterised by a cyclonic circulation, drawing waters from the
central Adriatic. Even within the anticyclonic gyre that developed off
the Po Delta the bottom oxygen content was near saturation, similar
to the preceding months. In that year vertical mixing and the reactiva-
tion of the “winter” cyclonic circulation probably started already at the
beginning of this month, as deduced from SeaWiFS chlorophyll a
maps (http://gos.ifa.rm.cnr.it/adricosm/). These processes were also
favoured byminimal presences of freshenedwater, due to the extreme-
ly low Po River flow rate over the year (Fig. 2A, Appendix).

An anticyclonic gyre frequently appearswith the eastern branch that
extended up to the Istrian coast, named the Istrian Coastal Countercur-
rent (ICCC; corresponding to “negative” values in Fig. 5), flowing
southwards and contrasting the northward Eastern Adriatic Current
(EAC) that carries waters from the central Adriatic (Supić et al., 2000).
An intensification of the ICCCmay indicate amore developed anticyclonic
gyre, implying also a more stable gyre system. In fact, in August, DO
b2 mL L−1 coupled with higher ICCC velocity was measured not only in
the years presented above, but also in several other cases (Fig. 5) as
from 1988 to 1993 when the ICCC was especially intense. In contrast,
hypoxic events in 2007 did not correspond to a well-developed ICCC
when the Po flow rates were extremely low (Fig. 2A, Appendix) and in
2009, when a maximum flow rate occurred in spring earlier than usual.
In some cases of slower ICCC, hypoxia can also develop, like in the periods
2000–2002 and 2010–2012. However, in these cases the events were re-
stricted to the western area, off the Po Delta, when the eutrophication
pressure was more pronounced.

The gyres cause advection of riverine waters (enriched in nutrients)
eastwards, up to the Istrian coast. The persistence of the gyres through
several months in the stratification period seems to be an essential fac-
tor which increases the residence time of the bottomwaters within the
NAd. These gyres favour accumulation and settling of organic matter
produced in surface waters, with consequent progressive oxygen
consumption in bottom layers even in the eastern part. Moreover the
persistence of these gyres could enhance the entrapping and the aggre-
gation of colloids and particles leading to the formation of mucilaginous
aggregateswhich occurred in the summer of 1988, 1989, 1990 and 1991
(Precali et al., 2005), 1997 (Cozzi et al., 2004), 2000, 2002 (Precali et al.,
2005), 2004 (Faganeli et al., 2009; ICRAM, 2004; Riccardi et al., 2010)
and in the autumn of 2006 (Regione Emilia Romagna, 2009).

The duration of the hypoxic/anoxic events in early autumn also
depends on blowing frequency of north-easterly winds (“Bora”; e.g.
Cushman-Roisin et al., 2001) that enhance surface cooling and convec-
tive mixing in the water column, with a consequent reoxygenation of
bottom waters (Boldrin et al., 2009).

http://gos.ifa.rm.cnr.it/adricosm/
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Fig. 4. a. Oxygen saturation percentage (O2 sat./%) in the bottom layer and dynamic heights of the 30-dbar surface (m2 s−2) in the northern Adriatic during August of 1972, 1977 and 1983.
b. Oxygen saturation percentage (O2 sat./%) in the bottom layer and dynamic heights of the 30-dbar surface (m2 s−2) in the northern Adriatic during November of 1989, 2003 and 2006.
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Fig. 4 (continued).
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Fig. 5.N–S component of geostrophic current velocities (v/cm s−1) relative to 30m depth between the adjacent stations SJ107 and RV001 (of the profile Rovinj–Po River delta) for August
(square), September (triangle), October (asterisk) and November (circle) during the period 1972–2012. Positive values indicate northward current (Eastern Adriatic Current, EAC);
negative values indicate southward current (Istrian Coastal Counter Current, ICCC). Trends were calculated for the periods 1972–1988 (solid line), 1988–2012 (dotted line) and 1972–2012
(dashed line). The correlation was considered significant when p b 0.05. Numbers of dissolved oxygen volume ratios in ranges from 2 to 3 mL L−1 (grey) and b2 mL L−1 (black) are
reported in horizontal rows.
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4.4. Temperature effect on oxygenation

Significant linear inverse correlations (p b 0.05) between differences
from the mean statistical models of oxygen volume ratio and tempera-
ture differences were found for almost all the stations at the surface
(Fig. 6). In bottom waters there was no correlation in the western wa-
ters, whereas in the central and eastern areas the correlations were
significant, although positive.
Fig. 6. Relationships (linear regression) between differences from the average statistical model
in surface waters at 5 stations of the profile Rovinj–Po River delta from August to November d
The time series showed a significant (p b 0.05) decreasing trend of
surface oxygen in eastern waters during the period 1988–2012, com-
binedwith a significant increasing temperature trend (Fig. 7). However,
this trend was not evident in the previous period (1972–1988). Simul-
taneously, a significant decreasing trend in oxygen saturation anomaly
is also observed (Fig. 3A, Appendix). This general reduction of oxygen
content of the surface layer in the period 1988–2012 could be explained
by a reduction of phytoplankton blooms, which indeed was observed
of dissolved oxygen volume ratios (DO anomaly/mL L−1) and temperature (t anomaly/°C)
uring the period 1972–2012.

image of Fig.�5
image of Fig.�6


Fig. 7. Differences of dissolved oxygen volume ratios (left) and temperature (right) from the average statistical model (DO anomaly/mL L−1 and t anomaly/°C) in surface waters at 5 sta-
tions of the profile Rovinj–Po River delta from August to November during the period 1972–2012. Trends were calculated for the periods 1972–1988 (solid line), 1988–2012 (dotted line)
and 1972–2012 (dashed line). The correlation was considered significant when p b 0.05.
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both as chlorophyll a by Mozetič et al. (2009) and as cell numbers
(Marić et al., 2012).

Beside the oligotrophication, these inverse relationships at the sur-
face could be due to temperature effect on oxygen solubility, whereas
the positive correlations in near-bottom waters could be related to the
advection of warmer southernwaters, richer in oxygen. This hypothesis
was supported by a significant (p b 0.002) relationship between bottom
salinity and oxygen difference from the statistical model (CMR, unpub.
data), as well as from frequency increases of EAC intrusions in the
study area.
Nevertheless, it should be noted that the significant warming trend
of surface waters at all the stations (p b 0.001; Fig. 7) supports similar
finding in various areas of the NAd (Giani et al., 2012; Russo et al.,
2002; Tedesco et al., 2007). Moreover, surface warming in the western
and eastern Mediterranean Sea has been well evidenced by trends of
SST obtained analysing AVHRR-derived maps over 1985–2008 (Skliris
et al., 2011), with much higher warming rates during spring and sum-
mer than in autumn and winter.

In the shallow western coastal areas south of the Po River delta, the
warming could have a higher impact than in offshore waters, due both

image of Fig.�7
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to a decreased solubility effect and to an enhancement of benthic
and sub-pycnocline respiration rates, as also suggested by Malej and
Malačič (1995).

4.5. The role of circulation and temperature trends in occurrence of hypoxia
at basin scale

The analysis of the available data series pointed out that the frequency
of hypoxia events in the NAd during the studied period (1972–2012)
correspondedmainly to changes in the circulation patterns, characterised
by the concurrent formation of cyclonic and anticyclonic gyres. An anticy-
clonic gyre, which develops in the eastern part of the investigated area,
seems to be one of the most critical factors favouring bottom hypoxic/
anoxic events at the basin scale. This gyre generates a southward current,
the Istrian Coastal Countercurrent (ICCC) that is opposite to the
northward Eastern Adriatic Current (EAC), reducing significantly the
water exchange between the northern and central Adriatic (Supić et al.,
2000). The presence of this anticyclonic gyre, aswell as the ICCC is evident
in the satellite chlorophyll maps (http://gos.ifa.rm.cnr.it/adricosm/).
When the ICCC was particularly intense, very marked hypoxia or even
anoxia occurred over large areas of the central and eastern NAd, causing
benthic mass mortality, like, for example, in November 1989 (Degobbis
et al., 1993). In years when the ICCC was weak or absent, hypoxic events
did not occur or were confined to the western area.

The mechanism by which hypoxia or anoxia events extend to large
areas of the NAd basin is very probably related to an entrapping of
freshened waters, formed in the area off the Po River delta, and thus
rich in nutrients and organic matter within the gyres. The persistence
of these gyres is high (up to several months; e.g. Orlić et al., 2013)
leading to a gradual sedimentation of particulate organic matter with
a consequent oxygen consumption in the bottom layer during the strat-
ification period (spring–mid autumn). In this layer the production by
photosynthesis is not sufficient to replace the oxygen used during
remineralisation of settling particulate organic matter, due to light
limitation (CMR data base). Thus, oxygen depletion is more marked
within the central area of these gyres, where the water dynamics is at
a minimum.

A decreasing trend of freshwater discharges since the 1980s
(Cozzi and Giani, 2011) and the halving of the Po River phosphorus
load, after the ban of phosphates based detergents during late 1980s
(Degobbis et al., 2000 and references therein), were probably the prin-
cipal causes of oligotrophication (Djakovac et al., 2012; Giani et al.,
2012; Solidoro et al., 2009). The diminishing phytoplankton abun-
dances (Marić et al., 2012) and biomass (Mozetič et al., 2009), combined
with the reduction of gyre formation observed in the present work,
caused a decrease of the hypoxia frequency.

The warming trend might have enhanced deoxygenation of upper
layers, whereas this was not yet observed in bottomwaters. Our results
did not evidence a significant increase of water column stratification,
due to surface warming during summer and autumn. However, climate
changes could affect the seasonal circulation, enhancing the stability of
the gyres and increasing the residence time of the bottom waters. This
would be critical for the development of hypoxia events.

The NAd is one of the few cases of coastal areas which experienced a
marked reduction of eutrophication pressure with concurrent benefits
for the bottom oxygen budget. Similar changes have occurred in
Mersey estuary (Jones, 2006), Delaware Bay (Sharp, 2010) and the
Inner Stockholm Archipelago (Karlsson et al., 2010; Steckbauer et al.,
2011), where a decrease of nutrient discharges proved to be beneficial
in increasing bottom water oxygenation. In other areas around the
world signs of reversal of eutrophication processes have been observed
(e.g. Danish coastal areas and Black Sea; Steckbauer et al., 2011;
McQuatter-Gollop et al., 2009), although oxygen recovery was not
observed or documented.

Further long-term investigations are needed to verify if the observed
oxygenation trends will continue, according to changes of nutrient
anthropogenic inputs and circulation patterns to forecast the response
of the plankton and benthic communities. Understanding of climatic
fluctuations, influencing the circulation regime in the northern Adriatic,
is also an important task, leading to explain and possibly forecast hyp-
oxia events. To fulfil these aims an observing system in open waters is
essential, combining research cruises, networking of oceanographic
buoys (with near bottom sensors) and satellite data.
5. Conclusions

Statistical analyses of the available data showed that in the NAd the
oxygen content of the bottom layer increased since the early 1990s up
to 2012 with respect to the 1970s and 1980s. Severe hypoxic events,
observed during the late 1980s and early 1990s, were extended up to
the eastern, more oligotrophic area. In contrast, after 1992 large scale
hypoxia occurred only rarelly (e.g. in 2004), while in thewestern eutro-
phic area hypoxic conditions remained quite frequent, although with
reduced intensity.

A warming trend might have enhanced deoxygenation of upper
layers, whereas this was not observed in bottom waters. Moreover,
the obtained results did not reveal a significant increase in stratification
of the water column. Thus, it was concluded that themarked frequency
reduction of large scale hypoxia events observed since 1990s in theNAd
was mainly due to changes in circulation patterns, in addition, to a re-
duction of phytoplankton abundance as a consequence of decreased
freshwater discharge.

It was assumed that an anticyclonic gyre, developed in the eastern
part of the investigated area,might play an important role in the hypox-
ic/anoxic events at large scales. The stability of this gyre appeared to be
reduced since the 1990s, as indicated by decreasing velocities of the
Istrian Coastal Countercurrent (ICCC). This southward current is gener-
ated by the anticyclonic gyre under conditions of reduced water ex-
change between the northern and the central Adriatic.
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