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Abstract: During the last century, human activities have exerted an increasing pressure on coastal
ecosystems, primarily inducing their eutrophication, with a more recent partial mitigation of this
phenomenon where improvements of environmental management practices were adopted. However,
a reanalysis of the pressures on coastal zones and surrounding drainage basins is needed because
of the alterations induced nowadays by the climate changes. A comparative analysis of long-term
oceanographic and environmental data series (1986–2018) was performed, in order to highlight the
effects of anthropogenic and climatic disturbances on the phytoplankton community in the Gulf of
Trieste (GoT). After the 1980s, the decline in phytoplankton abundance was matched to increasing
periods of low runoff, an overall deficit of the precipitation and to a decrease in phosphate availability
in the coastal waters (−0.003 µmol L−1 yr−1), even in the presence of large riverine inputs of nitrogen
and silicates. This trend of oligotrophication was reversed in the 2010s by the beginning of a new and
unexpected phase of climatic instability, which also caused changes of the composition and seasonal
cycle of the phytoplankton community. Beyond the management of nutrient loads, it was shown
that climatic drivers such as seawater warming, precipitation and wind regime affect both nutrient
balance and phytoplankton community in this coastal zone.

Keywords: phytoplankton abundance; chlorophyll a; nutrient biogeochemistry; runoff; precipitation;
coastal zones; climate changes; seasonal cycle; long-term trends

1. Introduction

Phytoplankters play an essential role in global cycles of the main biogenic elements, as they are
the most important primary producers in aquatic ecosystems. Their communities are in continual
adjustment responding to the disturbances induced in marine systems by anthropogenic activities
and climate changes [1–6]. Therefore, phytoplankton is recognized as an important indicator of
environmental changes, in particular in the coastal zones, where the interactions between atmospheric,
terrestrial and marine drivers are more dynamic [7–11]. However, the evolution of community
structures, of phenological characteristics and of the productivity remain often uncertain because
of the complex and unpredictable effects that environmental pressures can have in these marine
systems [12,13].
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In the last century, anthropogenic impact caused a growing eutrophication in coastal zones
worldwide, with a consequent exponential rise in hypoxia since the 1960s [2,14]. Eutrophication may
result from changes in the hydrological regimes, organic matter loadings and biological interactions,
but the most frequent cause is an excessive nutrient loading from the drainage basins. Consequently,
these marine ecosystems have been affected by the degradation of water quality, loss of habitats and
natural resources, noxious and harmful algal blooms and by the alteration of community structures,
with a frequent decrease in the secondary production and loss of benthic fauna [1,15]. In the developed
countries, the delicate equilibrium of coastal ecosystems is further threatened by the increase in the
number of point and diffuse sources of nutrients and organic matter along the coasts and in the
surrounding drainage basins [2,4].

In Europe, an improvement of environmental management practices has been realized in the more
recent decades, mitigating eutrophication problems in several watersheds [16,17] and marginal shelfs
such as the northern Adriatic [18,19]. However, the structure of these marine ecosystems has often
been definitively altered compared to their pre-eutrophic conditions. The largest fraction of nitrogen
and phosphorus inputs in these areas still has an anthropogenic origin, with an overload of nitrogen
mainly due to agriculture and atmospheric deposition and phosphorus mainly linked to urban and
industrial wastewater loads [16,17,19–21].

Nowadays, the European coastal zones are also impacted by the modifications of the regional
climatic conditions [7]. The increases in seawater temperature and the frequency of sea storms often
alter their hydrodynamics, with effects that are dependent on the seasonality [11,22–24]. Climatic
conditions can deeply change the freshwater balance in estuaries, coastal zones and continental shelves,
because of their direct effect on the runoff in the surrounding drainage basins [7,25]. In this context,
phytoplankton communities are important ecological indicators, as they respond to a variety of climatic
changes acting on temporal scales from weeks to decades [10,26].

The Gulf of Trieste (GoT) is a good example of a midlatitude shallow continental shelf subjected to a
complex interaction of environmental disturbances. It is affected by a pronounced climatic cycle and by
a large anthropogenic pressure [23,27–29], which has caused eutrophic and dystrophic phenomena and
ecosystem regime shifts [30,31]. Although these phenomena have been partially studied, the evolution
of the phytoplankton community and the changes of environmental disturbances have not been fully
analyzed on long-term scales, to date.

This study analyses the time series of phytoplankton data and of the most important environmental
parameters, over a 32-year period, in order to identify the role and succession of the main climatic
and anthropogenic drivers that could have substantially modulated the microalgae community in this
coastal zone. Long-term oscillations and trends of the phytoplankton community, runoff, climatic
conditions, nutrient loads and biogeochemical conditions in the GoT are analyzed in relation to the
information available in the scientific literature. This synthesis is of basic importance to allow a
long-term modeling of the primary productivity to identify the gaps of knowledge that still limit
the understanding of this changing marine ecosystem and to infer scenarios for similar coastal
zones worldwide.

2. Materials and Methods

2.1. Study Site

The GoT is a shallow (≤25 m of depth), semienclosed continental shelf area that extends for
20 × 25 km in its inner area (Figure 1). This coastal zone exhibits extremely variable oceanographic
properties and atmospheric conditions, as well as an anthropogenic pressure that originates from
several urban and industrial settlements along the coast, including the major cities of Trieste and Koper.
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in summer to a complete mixing in winter, but events of strong climatic circulation of shelf waters 
can rapidly change them in all the seasons [33].  

River discharge in the GoT collects the freshwater originated by the precipitation in a drainage 
basin of about 4250 km2 surrounding the gulf. The largest discharges are constituted by Isonzo and 
Timavo rivers (mean flows, respectively, of 82 and 27 m3 s−1, in 1998–2008). Along the southern 
Slovenian Coast, Rižana, Badaševica, Drnica and Dragonja rivers have smaller flows (0.25–4.0 m3 s−1) 
due to their smaller drainage basins [29]. Several submarine springs also contribute to the runoff in 
the gulf (mean flow 6 m3 s−1) draining a Karst area of about 750 km2 [34,35]. Another term of 
freshwater balance in the GoT is the direct precipitation at sea surface, although it was not 
constrained, to date.  

River discharges [29,36–38], sewage discharges [28,39–41], atmospheric deposition [27] and 
benthic fluxes [42,43] modulate the balances of the nutrients and organic matter in the GoT, having a 
great effect on plankton communities. In particular, the important effect on the productivity of this 
coastal system that derives from the nutrients discharged by the Isonzo River was shown [26,36–38]. 
During the last three decades, the GoT has been repetitively affected by hypoxia and anoxia events 
[31], as well as by dinoflagellate blooms, mucilage phenomenon and jellyfish proliferation [30]. 

 
Figure 1. Station C1, rivers (blue lines), main sites where coastal and submarine springs are located 
(red arrows) and points of discharge of the wastewaters (WWTP) operating during the period of 
interest in the Gulf of Trieste. Dashed red line indicates the limit of the considered Region of Interest. 

2.2. Coastal Water Monitoring 

Hydrological and biogeochemical properties of the water column at the station C1 (45°41.4′ 
Latitude N; 13°42.0′ Longitude E), which is part of the Long-term Ecosystem Research network 
(http://www.lteritalia.it/), were measured monthly in 1986–2018 by means of CTD casts (Beckman RS 
5-3; Ocean Seven models 401 and 316, Idronaut, Brugherio, Italy; 19plus SeaCAT Profiler, Sea-Bird, 
Bellevue, USA) and Niskin bottle sampling at four depths (0, 5, 10 and 15 m). 

Samples for the determination of the concentration (µmol L−1) of nutrients (nitrite, NO2−; nitrate, 
NO3−; ammonium, NH4+; phosphate, PO43−; silicate, Si(OH)4) were prefiltered with Whatman GF/F 
filters and stored at −20 °C. They were analyzed colorimetrically with an Alliance Integral Continuous 
Flow Analyzer from 1991 to 2001, a Bran+Luebbe Autoanalyzer 3 up to December 2013 and 

Figure 1. Station C1, rivers (blue lines), main sites where coastal and submarine springs are located
(red arrows) and points of discharge of the wastewaters (WWTP) operating during the period of interest
in the Gulf of Trieste. Dashed red line indicates the limit of the considered Region of Interest.

Atmospheric processes, discharges of continental waters and exchange of seawater at the western
open boundary cause large oscillations of the salinity (10–38.5) and temperature (4–29.2 ◦C) in the
coastal waters [32]. Water column conditions seasonally change from a persistent stratification in
summer to a complete mixing in winter, but events of strong climatic circulation of shelf waters can
rapidly change them in all the seasons [33].

River discharge in the GoT collects the freshwater originated by the precipitation in a drainage
basin of about 4250 km2 surrounding the gulf. The largest discharges are constituted by Isonzo and
Timavo rivers (mean flows, respectively, of 82 and 27 m3 s−1, in 1998–2008). Along the southern
Slovenian Coast, Rižana, Badaševica, Drnica and Dragonja rivers have smaller flows (0.25–4.0 m3 s−1)
due to their smaller drainage basins [29]. Several submarine springs also contribute to the runoff in the
gulf (mean flow 6 m3 s−1) draining a Karst area of about 750 km2 [34,35]. Another term of freshwater
balance in the GoT is the direct precipitation at sea surface, although it was not constrained, to date.

River discharges [29,36–38], sewage discharges [28,39–41], atmospheric deposition [27] and benthic
fluxes [42,43] modulate the balances of the nutrients and organic matter in the GoT, having a great effect
on plankton communities. In particular, the important effect on the productivity of this coastal system
that derives from the nutrients discharged by the Isonzo River was shown [26,36–38]. During the last
three decades, the GoT has been repetitively affected by hypoxia and anoxia events [31], as well as by
dinoflagellate blooms, mucilage phenomenon and jellyfish proliferation [30].

2.2. Coastal Water Monitoring

Hydrological and biogeochemical properties of the water column at the station C1 (45◦41.4′

Latitude N; 13◦42.0′ Longitude E), which is part of the Long-term Ecosystem Research network
(http://www.lteritalia.it/), were measured monthly in 1986–2018 by means of CTD casts (Beckman RS
5-3; Ocean Seven models 401 and 316, Idronaut, Brugherio, Italy; 19plus SeaCAT Profiler, Sea-Bird,
Bellevue, WA, USA) and Niskin bottle sampling at four depths (0, 5, 10 and 15 m).

http://www.lteritalia.it/
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Samples for the determination of the concentration (µmol L−1) of nutrients (nitrite, NO2
−; nitrate,

NO3
−; ammonium, NH4

+; phosphate, PO4
3−; silicate, Si(OH)4) were prefiltered with Whatman

GF/F filters and stored at −20 ◦C. They were analyzed colorimetrically with an Alliance Integral
Continuous Flow Analyzer from 1991 to 2001, a Bran+Luebbe Autoanalyzer 3 up to December 2013 and
afterwards with a QuAAtro autoanalyzer (Seal Analytical, Southampton, UK) [44]. The concentration
of dissolved inorganic nitrogen (DIN) was calculated as the sum of the concentrations of nitrite,
nitrate and ammonium. The detection limits for DIN, phosphates and silicates were 0.02, 0.01 and
0.01 µmol L−1, respectively.

Chlorophyll a was determined by the spectrophotometric and spectrofluorometric methods,
after filtration of seawater samples on Whatman GF/F filters and extraction from the particulate with
90% acetone [45]. Samples for the identification of phytoplankton and for the determination of their
abundances were fixed with neutralized formaldehyde (1.6% final concentration) [46]. Cells were
identified until to the specific diversity level, when it was possible, and counted according to Utermöhl
method [47]. Cell counts were performed using an inverted light microscope IX71 (Olympus, Hamburg,
Germany) and BMI3000B (Leica Microsystems, Wetzlar, Germany) equipped with phase contrast at
400X. A minimum of 200 cells were counted along one or two transects and, in addition, half of the
sedimentation chamber was examined at 200X in order to identify the sporadic species. Phytoplankton
specimens were identified to the lowest possible taxonomic level, and species names were checked
for validity against AlgaeBase—World-wide electronic publication, National University of Ireland,
Galway (URL: https://www.algaebase.org; accessed in September 2018).

The taxonomical structure of the community was reported as diatoms, dinoflagellates,
coccolithophores and phytoflagellates, which include cells smaller than 10 µm identified at the
class level belonging to chryso-, chloro- crypto-, dictyocho-, eugleno-, prasino-, prymnesiophytes and
incertae sedis [26].

2.3. Acquisition and Processing of Environmental Data

Depth-integrated values of hydrological and chemical parameters at the station C1 were calculated
applying the trapezoidal rule to the profiles obtained by experimental data. For all the parameters,
the levels of the significance (α) and the long-term trends in data series were assessed, respectively,
by the Mann–Kendall test (MK) and Sen’s slope estimate test (S), which are nonparametric tests suitable
to analyze trends in data series not affected by repetitive seasonal oscillations [48]. The strength
and direction of monotonic relationships among environmental and phytoplankton data series were
also analyzed by means of Spearman’s Rank-Order Correlation analysis, performed over the period
1986–2018, at the significance levels of 0.05 and 0.01 (Table A5).

Daily mean freshwater discharge (FW; m3 s−1) of the Isonzo River in 1986–2018 was provided by
the Environmental Agency of the Republic of Slovenia (ARSO; URL: https://www.arso.gov.si/; accessed
in November 2019) at Solkan Station (52 m.a.m.s.l., 45.974 latitude N 13.645 longitude E). The number
of days with extremely low (<10th percentile) and high (>90th percentile) river water flows were also
computed by daily flow series [49].

Monthly mean precipitation (Precipitation; mm month−1), wind speed (WS; m s−1) and wind
direction (u, eastward component; v, northward component; m s−1) in the GoT were obtained
by area-averaged estimates of MERRA v2 models (M2TMNXFL, M2TMNXSLV), provided by the
Giovanni online data system developed and maintained by the NASA GES DISC (URL: https:
//giovanni.gsfc.nasa.gov/giovanni/; accessed in November 2019). Multiannual periods of anomalous
dryness and wetness in the precipitation series were identified by the computation of the Standardized
Precipitation Index (SPI), calculated using a Gamma distribution on 12-month cumulative precipitation
(SPI12) [25]. SPI is a normalized index that expresses the precipitation as a standardized departure
from a probability distribution function, thus permitting the comparisons across space and time of dry
(SPI < 0) and wet (SPI > 0) periods.

https://www.algaebase.org
https://www.arso.gov.si/
https://giovanni.gsfc.nasa.gov/giovanni/
https://giovanni.gsfc.nasa.gov/giovanni/
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The concentration of the nutrients, total nitrogen (TN) and total phosphorus (TP) at the mouth of
the Isonzo River (Pieris Station; 2 m.a.m.s.l., 45.801 latitude N, 13.431 longitude E) were provided by
the Regional Environmental Protection Agency (ARPA-FVG) from 1998 to 2016. In order to make a
comparison, earlier data collected at the same site during a CNR monitoring program in 1976–1977
were also considered [50].

Mean concentration of N- and P-nutrients in rainwater were obtained from the inventory of
the scientific literature relevant to coastal sites in Northeastern Adriatic Sea (Appendix A; Table A2).
Mean concentrations of N- and P-nutrients at the outfalls of Wastewater treatment plants (WWTP)
were provided by the companies and institutions involved in their management (AcegasAps s.p.a,
Trieste, Italy; Komunala Koper s.r.l., Koper, Slovenia; Okolje Piran s.r.l., Piran, Slovenia; ARPA-FVG,
Palmanova, Italy; Table A3).

The annual integrated transport of nutrients, TN and TP (F; t yr−1), of the Isonzo River was
estimated using the equation based on discharge weighted means of daily transports:

F = [
∑

Ci × Qi/
∑

Qi] × Qy ×mA × 10−6 (1)

where Ci and Qi are nutrient concentration (mol m−3) and flow rate (m3 s−1) for each ith day of
sampling, QY is the annual water load (m3 yr−1) and mA is the atomic mass of the considered biogenic
element [51].

A time series of daily mean seawater temperature (TSW) in the subsurface layer (2 m in depth) in
the harbor of Trieste was also considered [52], in order to assess long-term seawater warming in the
period of interest.

Ancillary data and figures are shown in the Appendix A (Figures A1 and A2, Tables A1–A5).

3. Results

3.1. Long-Term Evolution of Phytoplankton Community

Phytoplankton abundance in the GoT showed significant changes during the last three decades
(Figure 2A). From 1987 to 1992, it was high (medians from 1.6 × 106 to 2.5 × 106 cells L−1) due to the
presence of large blooms prevalently in spring and eutrophic conditions in summer [53], which induced
repetitive anoxia (1987, 1989 and 1990) and hypoxia (1986, 1988 and 1991) events [30,31]. From 1993 to
2002, the abundance decreased, and afterwards, the occurrence of all microalgae groups remained
mostly low indicating the establishment of a posteutrophic phase, although hypoxia was still observed
in 1994, 1995 and 2001. In the period from 2003 to 2009, it reached the lowest values (down to
0.04 × 106 cells L−1), indicating the persistence of oligotrophic conditions. After 2010, the abundance
increased again to values almost comparable to those of the first period (0.9 × 106–1.6 × 106 cells L−1),
and it was characterized by the largest oscillations through the year, as shown by data distributions.
In this last phase, coastal hypoxia occurred again in 2015 and 2016 [31].

The comparison between abundance and integrated values of chlorophyll a at the station C1
further highlighted the long-term evolution of phytoplankton community in the GoT. The earliest
period, notwithstanding an incomplete cover of the data (Figure 2B), was clearly characterized by high
values of chlorophyll a concentration (medians from 0.64 to 1.88 µg L−1). In the posteutrophic period,
chlorophyll a strongly oscillated reaching particularly low values in 1996–1997 (0.37–0.51 µg L−1) and
high values in 1998 (1.19 µg L−1). In the oligotrophic period, chlorophyll a showed a further slight
decrease, with values mostly lower than 1.0 µg L−1. After 2010, it increased again, although without
reaching the levels of the first period. Chlorophyll a concentration was significantly correlated to
microalgae abundance (Table A5), but the oscillations were less pronounced in 1993–2018, suggesting
that the phytoplankton community was more affected by changes in its composition than in the biomass.
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Figure 2. Annual medians, quartiles and ranges of depth-integrated data of (A) phytoplankton
abundance (cells L−1) and (B) chlorophyll a concentration (µg L−1) at the station C1, in 1986–2018.
The largest events of hypoxia and anoxia observed in the Gulf of Trieste (GoT) are also shown.
Alternated white–gray areas indicate the major phases characterizing the evolution of phytoplankton
community: eutrophic (1986–1992), posteutrophic (1993–2002), oligotrophic (2003–2009) and unstable
(2010–2018) phase.

The annual cycle of phytoplankton abundance also showed distinct patterns in the four periods
previously mentioned (Figure 3A). The eutrophic phase was characterized by two main blooms
occurring in February–May and October–December, alternated with a period of lower abundances
in summer. This pattern was partially maintained during the posteutrophic phase, although the
peaks of abundance in March and October were not as high as those observed in the early period.
In the oligotrophic phase (2003–2009), only sporadic increases in phytoplankton abundance were
observed, and the typical late winter—early spring and autumn—blooms did not occur. After 2010,
the annual phytoplankton cycle changed again, and it became characterized by a very large bloom,
mostly occurring in May (up to 5.4 × 106 cells L−1), while the blooms almost disappeared in autumn.

The annual cycle of chlorophyll a (Figure 3B) showed frequent high concentrations in 1986–1992,
in particular in winter/spring and autumn, whereas this pattern was only partially maintained in
1993–2002. The oligotrophic period was characterized by sporadic peaks of chlorophyll a, whereas the
last period showed increases in its concentration particularly in late spring. However, the changes
between the last two periods were less marked for chlorophyll a concentration than for the total
cell abundance.

Phytoplankton functional groups showed pronounced changes of their relative abundance in
the community, which indicated a long-term evolution of its structure. Phytoflagellates and diatoms
showed complementary oscillations over the whole period (Figure 4A,B): phytoflagellates were the
most abundant group of the community in the early eutrophic phase and in the last instable phase,
often contributing more than 90% of the total abundance during the largest blooms. Diatoms were
the dominant class of total phytoplankton during most of the posteutrophic and oligotrophic phases,
notwithstanding the persistence of phytoflagellates in spring. Dinoflagellates were always rather
scarce, but they were sometimes present in the posteutrophic and oligotrophic phases, reaching
abundances up to 23% of the total in late spring and autumn (Figure 4C). Coccolithophores increased
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their abundance after the beginning of the oligotrophic phase from October to March (up to 76% of the
total abundance), whereas in the other periods they were scarcely present (Figure 4D).Water 2020, 12, x FOR PEER REVIEW 7 of 29 
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3.2. River Discharge and Precipitation in the GoT

In the GoT, freshwater inputs are mainly due to the rivers located along the coast (Figure 1).
Although the regimes of these rivers might partially differ on a local scale, it was already shown that
the Isonzo River can be considered as a proxy of the total river water discharge [29].

From 1986 to 2002, annual freshwater discharge of Isonzo River varied from 2.21 to 3.38 km3 yr−1.
In this period, no significant multiannual trends were observed, although the years 1989, 1999 and
2002 were rather dry (Figure 5A). In 2003–2007, Isonzo River flow remained very low and reached the
minimum of the time series in 2003 (1.63 km3 yr−1), similarly to all the other rivers in the northern
Adriatic basin [17,51]. After 2008, a period of high instability of river regime began, with an increase in
interannual oscillations from dry to wet years (2.23–5.02 km3 yr−1).

Extremely high flows were rare in 2003–2007 and frequent in 2008–2018, consistently with the
differences in the annual freshwater discharges (Figure 5B). However, the most important changes in
river regime were the frequency of extremely low flows, which progressively increased after 1992 up to
reach the maximum of 133 days yr−1 in 2003. This trend indicated that Isonzo River was characterized
in the posteutrophic and oligotrophic phases by persistent droughts alternated with infrequent peaks
of discharge.

The precipitation is the most important forcing factor that regulates the regime of Isonzo River,
through the contribution of snowmelt in spring and rainfall in spring and autumn [29]. The direct
rainfall on the sea surface is another term of freshwater and nutrient balances in the GoT that was not
constrained, to date. Monthly precipitation in the marine area of the GoT was significantly correlated
to monthly river water discharge (Table A5), and the oscillations of annual precipitation were in phase
with those of Isonzo River, with the lowest value in 2003 (698 mm yr−1), the highest value in 2014
(1382 mm yr−1) and the largest variability in 2010–2018 (Figure 5C). Considering a sea surface of
548 km2 for the GoT (Figure 1), it can be estimated that direct precipitation on the sea is not a negligible
term of freshwater balance, as it corresponds to a freshwater input of 15–28% of that of Isonzo River.

SPI12 varied from extremely dry (−2.5) to extremely wet (2.4) conditions in 2012 and 2014,
respectively (Figure 5D). The anomaly in the precipitation series was in phase with that of river flow
(Figure 5B). Negative anomalies were observed in 1988–1994 and in 1998–2008. Considering the whole
data series, the periods with a deficit of the precipitation had a duration from 1 to 28 months (mean of
9 ± 8 months). After 2009, a shift toward prevailing positive anomalies characterized the precipitation
in this region. SPI12 values calculated with this precipitation series are consistent with the climatology
of the northern Adriatic region, which indicated 12 events of extreme negative anomaly of precipitation
(SPI12 < −2) with a mean duration of 20–30 months, in 1901–1999 [25]. However, the decrease in SPI12
expected here in the 20th century (≈−0.01 units yr−1) was not confirmed by the data in 2010–2018,
which showed a shift of SPI12 toward positive values.

The annual cycles of river discharge also showed distinct characteristics in the four considered
periods (Figure A1A). In 1986–2002, relatively high river discharges were observed in April–June and
October–November, indicating the typical cycle of the runoff in mountainous drainage basins fed
by snowmelt and rainfall in spring and by rainfall in autumn [29]. This seasonal cycle of the runoff

became less pronounced and characterized by persistent low monthly flows in 2003–2007. In the
last period, it became highly variable during most of the year, with significant increases in February
(0.009 km3 month−1, α = 0.05) and March (0.008 km3 month−1, α = 0.05) and with frequent extreme
discharges in November and December. The annual cycle of the precipitation showed a pattern
similar to the river discharge, with particularly high values in autumn in 1993–2002 and 2008–2018
(Figure A1B, Table A5). Moreover, a significant increase in the precipitation was observed in February
(6.61 mm month−1, α = 0.05) after 2003. The linear relationships between precipitation and Isonzo
River flow were more significant in the wet seasons (i.e., spring, r2 = 0.61; autumn, r2 = 0.57) than in
the dry seasons (i.e., winter, r2 = 0.47; summer, r2 = 0.37).
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Figure 5. (A) Annual flow (km3 yr−1) of Isonzo River in 1986–2018. (B) Number of days with extremely
low (red; <10th percentile) and high (blue; >90th percentile) river flow. (C) Annual precipitation at
sea surface in the GoT (mm yr−1). (D) Standard Precipitation Index calculated over 12-month periods
(SPI12) by monthly precipitation data (−3 = extremely dry, 3 = extremely wet). Gray and white areas
indicate the major phases of phytoplankton dynamics shown in Section 3.1.

Phytoplankton (Figure 2) and runoff (Figure 5) series showed that the 2008 and 2009 were
characterized by a rather large annual freshwater discharge, like in the last instable phase, and by a
low phytoplankton abundance, like in the previous oligotrophic phase. This discrepancy might be
due to the timing of the peaks of the runoff that, in these years, occurred in late autumn and winter
(Figure A1A), when the inputs of freshwater and nutrients may not favor large phytoplankton blooms.

3.3. Nutrient Inputs in the GoT

Nutrient and organic matter concentrations in the waters at the mouth of the Isonzo River
significantly changed during the period of interest (Figure 6, Table A1). The comparison with earlier
data suggested the presence of a long-term increase in DIN since the end of the 1970s (≈56 to 88µmol L−1)
and a temporary high peak of values measured in 2002–2004. Data of TN were available only since



Water 2020, 12, 2652 10 of 27

2002, but they showed a trend similar to that of DIN, with a strong decrease in the most recent years
(162 to 95 µmol L−1; Figure 6A,C).
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Figure 6. Mean concentrations (µmol L−1) of dissolved inorganic nitrogen (A), phosphate (B), total
nitrogen (C) and total phosphorus (D) and ratios (mol/mol) of DIN/PO4

3− (E) and TN/TP (F) in Isonzo
River water (FW), in comparison to typical ranges of nutrient concentration in rainwater (R) and in the
wastewaters (W) discharged in the GoT (data are shown in the Tables A1–A3).

The behavior of phosphorus was opposite to that of nitrogen. The concentration of PO4
3− in

the beginning of the 2000s (0.2 µmol L−1) was lower than that measured in 1970s (0.3 µmol L−1) and,
afterwards, it increased again in the last decade (0.5 µmol L−1 in 2016; Figure 6B). A similar trend was
observed for TP (Figure 6D). Isonzo River waters were characterized by a constant excess of nitrogen
compared to phosphorus both in inorganic and total pools (Figure 6E,F), which reached the highest
imbalance in 2002–2004. During the most recent years, the relative increase in phosphorus concentration
partially mitigated N/P imbalance in river water until mean values of DIN/PO4

3− = 233 ± 76 and
TN/TP = 126 ± 51 were reached.

Data of silicate concentration were available only in 1976–1977 (Table A1). They suggest that
Si(OH)4 concentration is mostly lower than DIN concentration in river water (Si/DIN = 0.6–1.0), but it
is in strong excess compared to PO4

3− (Si/PO4
3− = 100–138).
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On the annual scale, TN transport by the Isonzo River was in the range of 1285–7063 t-N yr−1

and TP transport was 12–401 t-P yr−1, in 1996–2016 (Table 1). The transport of nitrogen was largely
constituted by inorganic forms, mainly NO3

−, whereas that of phosphorus was more balanced between
inorganic and organic pools. The transport of TN and DIN was rather well correlated to the quantity
of water discharged by the river. For phosphorus, only TP showed significant increases with the flow,
contrary to PO4

3− that had a discharge independent of the river regime (Figure A2).

Table 1. Estimates of freshwater loads (km3 yr−1) and TN and TP inputs in the GoT (t yr−1) due to
Isonzo River (1998–2016), precipitation, sewage discharges (WWTP) and benthic fluxes of regenerated
nitrogen and phosphorus from marine sediments to the water column.

Source Flow (km3 yr−1) TN (t-N yr−1) TP (t-P yr−1)

Isonzo River 1.63–5.02 1285–7063 12–401
Precipitation 0.38–0.76 626–1239 45–89

WWTP 0.13 1290–1470 270–306
Benthic fluxes - 2718◦ 186◦

◦ Dissolved inorganic nitrogen and phosphorus.

Nutrient concentrations in rainwater in coastal sites of the NE Adriatic Sea can be only roughly
estimated by the scientific literature (Table A2). After the 1970s, high mean concentrations of NO3

− and
NH4

+ were found in rainwater, whereas TN content ranged from 66 to 185 µmol L−1 during a survey
carried out in the GoT, in 1993 [27]. These values suggest that N-content in rainwater is similar to that
of the river waters, whereas the concentrations of TP and PO4

3− might be even higher in rainwater
than in river water (Figure 6). If mean concentrations of the nutrients in rainwater are applied to the
total rainfall over sea surface of the GoT (Figure 1), it can be estimated that the precipitation supplies a
non-negligible quantity of N and P in the GoT (Table 1).

In the GoT, several WWTP deliver urban and industrial wastewaters at the sea bottom, mainly
through underwater pipelines up to 11 km in length (Figure 1). Nutrient data indicate that TN and
DIN concentrations in the sewages are up to 10 times higher, and TP and PO4

3− up to 100 times higher
compared to those in the Isonzo River waters (Figure 6). This is because the rather high contents of
phosphorus, rainwater and sewage effluents have TN/TP and DIN/PO4

3− ratios lower than the river
waters, thus constituting preferential inputs of this element in the GoT (Figure 6). In the period of
interest, WWTP loads corresponded to about 490,000 Inhabitant Equivalent (IE), with an increase to
about 559,000 IE during summer in consequence of the greatest tourist influx, in particular along the
northern coast of the gulf (Table A3). Assuming a load of 12 g N d−1 and 2.5 g P d−1 per IE and a mean
reduction of 40% after sewage treatment [16], the input of TN in the GoT might be 1290–1470 t-N yr−1

and that of TP might be 270–306 t-P yr−1, with the highest loads typically reached in summer (Table 1).
In the GoT, benthic fluxes are another important component of nutrient balance in the water

column, in particular during summer, due to the large extension and shallowness of this continental shelf
(Table A4). Benthic fluxes depend on sediment characteristics, water temperature and seasonal changes
of oxygen levels [42]. The most important nutrients released in the water column from marine sediments
are NH4

+ (annual average of 0.8 ± 0.7 mmol N m−2 d−1) and Si(OH)4 (2.6 ± 2.3 mmol N m−2 d−1),
both in oxic and anoxic conditions. NO3

− flux is usually low, and it can be reversed toward the
sediments in anoxic conditions (0.17 ± 0.73 mmol N m−2 d−1). The release of PO4

3− is about one order
of magnitude lower than those of N-nutrients (0.03 ± 0.05 mmol P m−2 d−1) [54]. Applying these fluxes,
which refer to a site in the center of the GoT, to its total area, annual inputs of 2718 t N yr−1 and 186 t P
yr−1 would result for DIN and PO4

3−, respectively (Table 1).

3.4. Hydrological Conditions and Climatic Circulation

In 1986–2015, the temperature of subsurface seawater in the GoT varied from 4.0 to 29.5 ◦C
(Table 2), and it increased on an annual scale by 0.02 ◦C yr−1.
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Seawater warming occurred in almost all the months, but it was more pronounced in January,
July and December (0.04–0.05 ◦C yr−1). This rise in seawater temperature constituted the most recent
phase of a long-term warming observed in 1946–2015 (1.3 ± 0.5 ◦C per century), which has become
more pronounced since the early 1980s [52].

Wind regime strongly affects the stratification and the circulation of the waters in the coastal
zones [33,55]. In the four considered periods, monthly mean speed and direction of the winds
showed distinct seasonal characteristics in the GoT (Figure 7). In winter, the winds blowing from ENE
(i.e., corresponding to negative u and v components) were stronger in 1986–1992 and 2010–2018 (WS
up to 8.4 and 8.8 m s−1, respectively) than in 1993–2002 and 2003–2009 (WS up to 6.2 and 6.7 m s−1).
The winds blowing from SSE (i.e., corresponding to negative u and positive v components) were of
secondary importance in this season. Phytoplankton abundance was low in concomitance with the
strongest ENE and SSE winds (Table A5), which were frequent in January and March, respectively.
By contrast, the increase in the abundance was favored in the months with an inconstant wind direction
(i.e., u ≈ 0 and v ≈ 0).

Table 2. Range of variation of subsurface seawater temperature (TSW; ◦C) and trends of monthly
(annual) mean values at Trieste in 1986–2015. The significance of temperature trends (α) and their slope
(◦C yr−1) are calculated with MK and S tests, respectively.

Month TSW Range (◦C) Slope (◦C yr−1) α

January 6.1–12.3 0.05 0.05
Febreary 4.0–11.5 0.02 >0.10

March 6.3–13.9 0.01 >0.10
April 7.9–18.1 0.02 >0.10
May 10.8–25.4 0.02 >0.10
June 14.0–27.6 0.00 >0.10
July 18.1–29.5 0.04 0.01

August 18.8–28.3 0.00 >0.10
September 18.3–26.2 0.01 >0.10

October 13.9–22.5 0.00 >0.10
November 11.4–18.8 0.03 >0.10
December 7.2–16.0 0.04 0.10

Annual values 4.0–29.5 0.02 0.05

In spring, SSE winds were more persistent than ENE winds, but their intensity (up to 6.0 m s−1)
was lower compared to the winter. In the period 1986–2009, high phytoplankton abundances were
mostly coupled with winds blowing from E (u < 0, v ≈ 0) rather than blowing from S (u ≈ 0, v > 0).
In 2010–2018, high phytoplankton abundances were irrespective of the intensity and direction of the
wind, easily due to the highly variable environmental conditions observed in this phase. In summer,
the wind had the weakest intensity (WS less than 5.5 m s−1) and variable directions. In this season, wind
regime was scarcely related to phytoplankton abundance, which showed high values in concomitance
with both ENE and SSE directions. Autumn was again a season characterized by rather strong winds
(up to 7.1 m s−1). High phytoplankton abundances were not common in this season, but they were
usually not favored by the wind blowing from a persistent direction, in particular ENE.
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to eastward wind component (u; m s−1) and northward wind component (v; m s−1), in 1986–2018.
Red squares indicate the months with a higher phytoplankton abundance (Figure 3A). In the first plot,
cardinal points indicate that winds blowing from NE have u < 0 and v < 0, winds blowing from SE
have u < 0 and v > 0.

3.5. Nutrient Availability in the Coastal Waters

Long-term series of the concentrations of PO4
3−, DIN and Si(OH)4 at the station C1 indicated that

the availability of the major nutrients has changed in these coastal waters during recent decades. Median
concentration of PO4

3− showed a clear decrease over the whole period (slope = −0.003 µmol L−1 yr−1,
α= 0.001), with an almost complete disappearance of the peaks of concentration higher than 0.1µmol L−1

after 2004 (Figure 8A). The behavior of nitrogen was different: DIN concentration oscillated without
significant long-term trends, reaching particular high values during the years characterized by a high
annual runoff and rather low values during the driest period (Figure 8B). The concentration of Si(OH)4

showed less pronounced oscillations than DIN, although these nutrients were significantly correlated
(Table A5). Annual median values of Si(OH)4 concentration increased by 0.07 µmol L−1 yr−1 (α = 0.001),
after the early 1990s (Figure 8C).

These distinct trends of nutrient concentration caused marked shifts in the composition of the
nutrient pool. DIN/PO4

3− and Si/PO4
3− ratios calculated on an annual scale increased by 1.4 and

3.7 yr−1, whereas Si/DIN ratio increased by 0.04 yr−1 in 1992–2018 (Table 3). On monthly scales,
the highest increases in DIN/PO4

3− ratio were observed in late autumn and early winter (1.8–2.4 yr−1,
α = 0.01–0.10). The increase in Si/PO4

3− ratio was high and significant during all the months of the
year (2.9–4.9 yr−1, α = 0.001–0.05). The increase in Si(OH)4 with respect to DIN was less pronounced,
but still significant from April to December (0.02–0.10 yr−1, α = 0.001–0.10).
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Figure 8. Time series of depth-integrated concentrations (µmol L−1) of PO4
3− (A), DIN (B) and Si(OH)4

(C) at the station C1 (median, quartiles and range) in comparison to the largest hypoxia (H) and anoxia
(A) events recorded in the GoT. Gray and white areas indicate the major phases of phytoplankton
dynamics shown in the Section 3.1.

Table 3. Monthly (annual) trends (yr−1) of the ratios of depth-integrated nutrient concentrations
(µmol L−1) at the station C1 in 1992–2018, calculated with MK and S tests.

Month DIN/PO43− Si/PO43− Si/DIN

Slope (yr−1) α Slope (yr−1) α Slope (yr−1) α

January 2.1 0.05 3.4 0.001 0.01 >0.10
February 2.4 0.10 2.9 0.01 0.02 >0.10

March 2.4 >0.10 3.5 0.05 0.02 >0.10
April 0.7 >0.10 4.4 0.01 0.10 0.001
May 1.5 0.10 3.9 0.01 0.04 0.10
June 0.4 >0.10 4.9 0.001 0.10 0.001
July 1.3 0.10 4.3 0.05 0.11 0.05

August 1.7 0.10 3.8 0.01 0.09 0.05
September 0.2 >0.10 2.9 0.05 0.09 0.001

October 0.7 >0.10 3.3 0.05 0.06 0.05
November 1.8 0.01 4.0 0.001 0.05 0.01
December 2.1 0.01 3.3 0.001 0.02 0.05

Annual value 1.4 0.001 3.7 0.001 0.04 0.001

4. Discussion

The analysis of phytoplankton and biogeochemical data series performed in this study indicates
that environmental conditions in this coastal zone have significantly evolved in recent decades, because
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of the effects of climatic and anthropogenic disturbances. Moreover, it shows that the overall trend
of oligotrophication observed after the middle of the 1990s in the GoT [26,38] and in the Northern
Adriatic Sea [18,56] was interrupted in the last decade, with the beginning of a new phase of unstable
climatic conditions, whose possible effects should be better investigated here and in other similar
European coastal zones [7,17,22,25].

4.1. Freshwater Influence

Freshwater content in the GoT is primarily driven by the discharge of the continental waters
through the rivers and, to a minor extent, through the aquifers located along the coast [29,35].
The coupling between these freshwater discharges and the direct precipitation in the marine area of
the GoT indicates that the alterations of precipitation regime will be one of the most important natural
forcing factors regulating the future freshwater balance and phytoplankton community in this coastal
ecosystem (Table A5). From this point of view, updated projections of upcoming climate changes on
subregional scales should be performed to assess current freshwater balances in the Northern Adriatic
Sea [17].

For most of the earlier three phases considered in this study, river discharge was characterized by
an increasing persistency of periods of extreme low flow, until 2003, and by low annual integrated
freshwater discharges, in 2003–2007. These trends were also coupled with a prevalent anomalous
dryness in the precipitation series (Figure 5). This decrease in the runoff was matched to a decrease in
phytoplankton abundance and chlorophyll a concentration (Table A5), a shift from phytoflagellates to
small diatoms such as Chaetoceros, genus able to grow at low nutrient concentration [26], as well as
the disappearance of autumnal bloom. After 2003, an increase in coccolithophores was also observed
mainly from October to March when diatoms are usually missing. However, this prolonged trend of
oligotrophication, culminated with the dry phase of 2003–2007 [18,31] and confirmed by the projections
of precipitation [25] and hydrological data series [32,38], was reversed in the 2010s. In this last phase,
a highly variable annual river discharges and an increase in precipitation characterized freshwater
balance in the GoT. Regardless of the reasons of these changes, this climatic inversion had an effect on
the phytoplankton community, with a recovery of chlorophyll a concentration and of phytoflagellates
as the predominant phytoplankton group (Figures 2 and 4, Table A5).

The increase in freshwater discharges in the coastal zones causes a large instability of physical
conditions perceived by the phytoplankton community, which include changes in the stratification
of the water column, a reduced penetration of the sunlight, faster circulation of fresher water bodies
and changes of seawater temperature and of the availability of the resources. These abiotic forcing
factors cause the change of biotic conditions and of species–species interactions [6]. Despite the variety
of the characteristics of estuarine and coastal systems worldwide, the increase in the runoff often
favors the growth of phytoflagellates, contrary to the prevalence of diatoms in more stable estuarine
conditions [5,8,10]. This feature causes the phytoplankton community structure to be connected to the
precipitation regime in the drainage basin surrounding the coastal zones.

The seasonality of the runoff also changed during the last three decades (Figure A1). It showed a
prevalence of a bimodal cycle of river discharge and precipitation in 1986–2002 (spring and autumn
peaks) and in 2010–2018 (winter–spring and autumn peaks), contrary to a prevalent unimodal cycle
due to only precipitation in 2003–2008 (early autumn peak). In all the phases, the highest and
most variable freshwater discharges occurred during autumn. The classical blooming pattern of
phytoplankton, characterized by a spring maximum mainly supported by diatoms and an autumn
maximum mainly supported by phytoflagellates [26], was observed mostly in the earliest and last
phases. However, phytoflagellates remained the most abundant functional group during spring also
in 2003–2007 (Figure 4A), easily due to the availability of winter nutrients and to the persistence of a
moderate freshwater load in this period of the year during the driest phase.
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4.2. Climatic Effects

In the GoT, the warming of the upper seawater layer reached 1.3 ± 0.5 ◦C in 1946–2015 [52] and it
penetrated until a 20 m depth in the central part of the gulf, at least since the late 1980s [31]. In the
period of interest, seawater warming occurred in all the months, but it was particularly significant in
December–January (0.04–0.05 ◦C yr−1). Seawater warming and the consequent stratification of the
water column can have effects on the succession of phytoplankton species as important as nutrient
loadings, in particular in temperate coastal zones [3,11,26,55]. In the GoT, late autumn–winter peaks
of coccolithophores are favored by their quick response to a high nutrient availability, originated by
the mixing, in the presence of an early seasonal stratification [57]. The data presented in this study
suggest that the recent change of winter environmental conditions might have affected the growth of
this functional group.

Wind regime also showed seasonal and long-term differences in the GoT, with potential effects
on phytoplankton community (Figure 7). Strong winds in winter do not favor high phytoplankton
abundances (Table A5). The GoT is mainly characterized by a cyclonic circulation, generated by the
inflow of Adriatic waters at its southern part and by the outflow of gulf waters along the northern coast,
although an anticyclonic gyre can form in its inner area in particular in coincidence with high freshwater
discharges [33]. In winter, the cyclonic circulation is enhanced by strong ENE wind, which causes the
flushing of nutrient-rich river plumes outside the gulf, the cooling of the seawater and the mixing
of the water column [23]. These conditions do not favor the growth of phytoplankton biomass,
which usually starts at the end of winter, when the stratification of the water column is established
and when the light and temperature of seawater are more favorable [26,37]. Similarly, strong autumn
winds with a persistent direction, in particular ENE, induce the disruption of the pycnoclines and the
transition toward wintry conditions in the coastal marine environment, thus causing the decline in
phytoplankton abundance. This suggests that a future increase in the frequency of extreme winds in
winter and autumn might be a factor potentially limiting the productivity of the GoT [24], similarly
to that observed in other coastal zones [55]. By contrast, coastal upwelling induced by the wind can
favor phytoplankton growth in spring, as it permits the supply in the upper layer of the nutrients
regenerated in the deeper layer. This mechanism is particularly favored by the winds blowing from
E, which push seaward the surface gulf waters and cause the upwelling of the bottom waters along
the coast [33]. In summer, the weakness and the variable directions of the winds limit their effects on
phytoplankton growth, which depends mainly on the residence time of low-salinity nutrient-depleted
upper waters in the gulf and on the persistence of density gradients [37].

4.3. Effects of Natural and Anthropogenic Nutrient Inputs

Nutrient balance and ratios in the GoT are affected by a multiplicity of contributions that should
be regarded as a whole rather than as single processes. Among the several sources of the nutrients, only
the discharges of river waters [29,37,58] and their effects on the coastal marine environment [26,31,38]
have been constrained satisfactorily, to date.

The rivers in the GoT are still the main source of nitrogen and silicates, notwithstanding the
scarcity of the data for this nutrient in freshwater (Tables 1 and A1). The discharges of nitrogen and
silicates depend on the interannual oscillations of the runoff, differently from PO4

3−, a feature that
causes a temporary excess of these nutrients during the largest freshwater loads (Table A5). However,
the highest imbalances of TN/TP and DIN/PO4

3− ratios in river water occur during dry periods
(Figure 6), easily due to the alterations of nutrient cycling in the freshwater ecosystem in concomitance
with the lowest flows [17]. This finding indicates that, during the periods of low runoff, the shortage of
land-borne nutrients is coupled with an extreme imbalance of their composition, exerting a double
effect on the phytoplankton community. These conditions seem to have favored diatoms for most of
the year, restricting the favorable conditions for dinoflagellate and phytoflagellate blooms only to early
spring, when species to species interactions and algal succession can promote these phytoplankton
groups [6,26]. The growth of dinoflagellates, although never prevalent in the phytoplankton community,
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merits attention as this group includes harmful marine microalgae belonging to genera Alexandrium,
Dinophysis and Prorocentrum that might compromise the human consumption of the mussels grown
in aquafarms [26]. Their presence during the phase of oligotrophication of the GoT suggests that,
similarly to other coastal zones, unbalanced N/P ratios in the continental nutrient pool might promote
an increase in toxic algal blooms in this marine ecosystem [1]. Moreover, dinoflagellates are also
significantly correlated with TSW (Table A5) and, therefore, their growth could be further favored by
seawater warming.

Atmospheric inputs concur with nutrient cycling in Mediterranean-type coastal zones
worldwide [20]. In the northern Adriatic region, nutrient concentration in rainwater is increased by the
air pollution (Table A2), and heavy rainfall events can promote primary production, in particular in
nutrient depleted upper waters during summer [27]. Nutrient deposition in the pelagic compartment is
often combined with the mixing of the water column and the resuspension of the sediments during sea
storms, because of the shallowness of this coastal shelf [23]. Considering the increase in heavy rainfall
events observed in 2008–2018 (Figure 5), the importance of nutrient deposition in the GoT should be
higher in the current phase compared to the past dry phase. Therefore, although atmospheric inputs
are not the main driver of primary production in this coastal zone, their role should be better assessed,
in particular considering that they are a preferential source of phosphorus compared to nitrogen for
the phytoplankton community (Figure 6).

Sewage emissions are another important source of nutrients and organic matter, in particular
for phosphorus (Table 1). The gradual upgrade of WWTPs from secondary to tertiary treatments is
expected to reduce the weight of this component of nutrient balance with respect to the past, in the
GoT [28,39,58] and in the Northern Adriatic Sea [19,21,59], having a potential impact on phytoplankton
communities. Beyond the quantity of nutrients discharged, it should be also considered that the effects
of WWTP loads on phytoplankters depend on the spreading and upwelling of the sewages that, in turn,
are regulated by the circulation [28,39,40].

Nutrient exchange between sediments and the water column is another non-negligible term that
seasonally affects the nutrient balance in the GoT (Table 1). The long-term warming of the seawater in
the GoT (Table 2) is a climatic process that is expected to enhance nutrient regeneration in the bottom
waters, in particular during late autumn and winter and especially for nutrients such as NH4

+ and
Si(OH)4 that exhibit a temperature dependent rate of regeneration [54]. At the same time, the long-term
oxygenation of coastal waters could also have modified the current benthic fluxes of the nutrients
compared to the eutrophic phase [31]. A longer persistence of oxic conditions in the deeper layer,
compared to anoxic or reoxygenation events, favors the flux of NO3

− from the sediment toward the
water column with respect to the fluxes of NH4

+ and PO4
3−, potentially concurring with phosphorus

deficiency in the pelagic compartment [42].

4.4. Nutrient Availability in the Coastal Waters

Long-term changes of nutrient availability in the GoT are consistent with those observed in
the Northern Adriatic Sea, which showed the decrease in PO4

3− concentration and the increase in
DIN concentration in the offshore waters of the basin until the 2007 [18,21,56]. This trend was a
direct consequence of the decrease in the runoff that, in the Northern Adriatic, is mainly supported
by the rivers located along the western coast of the basin: Po, Adige and Brenta [51]. In the GoT,
the almost complete disappearance of PO4

3− concentration higher than 0.1 µmol L−1 after 2004, even
in the presence of temporary peaks of DIN and Si(OH)4 concentration in the fresher waters (Figure 8),
indicated the establishment of almost permanent P-deficiency in this coastal marine environment.
This condition seems to have continued also in 2010–2018, notwithstanding a partial recovery of total
phosphorus discharges by Isonzo River (Figure 7). Therefore, the growth of siliceous and nonsiliceous
phytoplankton species in this coastal system should be mainly regulated by the competition for
inorganic and organic phosphorus, rather than by the availability of silicates.
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It is known that phytoflagellates are favored by large inputs of the nutrients, due to their high
carrying capacity and their capacity to utilize organic nitrogen for growth [6,8]. These environmental
conditions have occurred in the GoT during the eutrophic phase, as demonstrated by the annual
transport of river nutrients (Figure A2) and by the high frequency of hypoxia and anoxia events [30,31].
The advantages of diatoms in the oligotrophic period might originate mainly by the prevalence
of weak water column stratifications and by the growth of small-sized species that have a great
affinity for low nutrient concentrations (Table A5). Therefore, the shift from a diatom-dominated to a
phytoflagellate-dominated period at the beginning of the 2010s should be analyzed mainly considering
the instability of the environmental conditions in this phase.

Another interesting feature of nutrient trends in the GoT is the long-term increase in Si(OH)4

concentration (Figure 8C), which is similar to that recently observed in the western coastal waters of
the Northern Adriatic Sea [56]. It is unlikely that substantial changes of the continental loads of this
nutrient might have occurred in the past, as their release in river drainage basins is mostly a natural
process caused by the weathering of rocks and sediment [17], and its supply by precipitation and
sewage discharge is small [27,39]. Even considering an increase in the dissolution of biogenic silicon
in the deeper water due to their warming, the absence of a clear decrease in Si(OH)4 concentration
during the phase dominated by diatoms indicates again that this nutrient is in excess compared to
phosphorus for the requirement of phytoplankton siliceous-species.

On a seasonal scale, late autumn and early winter have been the periods of the year most affected
by environmental changes during the last decade. The warming of the surface waters in this period of
the year (Table 2) suggested persistent mild meteorological conditions that, together with an increase in
the precipitation and runoff, can favor a moderate stratification of the water column. These hydrological
modifications were consistent with a larger availability of the nutrients and with the highest and most
significant increases in DIN/PO4

3− ratios (Table 3). In the Northern Adriatic Sea, coccolithophore
blooms occur mainly in winter, although they can also be detected in oligotrophic summer conditions
with distinct species [57]. The environmental changes observed in the GoT since the 2010s could
further favor winter blooming of this phytoplankton group in the future [6].

5. Conclusions

The analysis of multidecadal series of phytoplankton and environmental data and the available
scientific literature indicated that the GoT was affected by a succession of climatic and anthropogenic
disturbances, whose identification is of basic importance for the modeling of this marine ecosystem.
Climatic drivers are primarily affecting freshwater balance, seawater warming, circulation and extreme
events in the gulf, whereas the anthropogenic pressure regulates the evolution of nutrient contents
in river waters, rainfall and sewages. Moreover, the dependence of benthic nutrient fluxes on the
warming and oxygenation of gulf waters also causes this component of nutrient balance to be exposed
to changes induced by the climate.

The multiplicity of the sources of phosphorus in this area, contrary to a main riverine origin of
the nitrogen, indicates that the changes of atmospheric pollution and wastewater treatment practices
are rapidly altering the availability of this limiting nutrient, with substantial consequences on the
productivity in this coastal zone. Temporary changes of nutrient quantity and ratios, occurring during
dry periods, can affect the succession between phytoflagellates and diatoms and the timing of the
seasonal blooms.

Because of the evolution of climatic and anthropogenic disturbances, a progressive decline in
phytoplankton abundance was observed in the GoT in 1986–2002. This trend was concomitant of
persistent droughts, frequent deficits of the precipitation and a long-term decline in the availability of
phosphorus in the coastal waters. This oligotrophication culminated in a period of low annual runoff

in 2003–2008, which was combined with a scarce and unbalanced supply of land-borne nutrients.
Afterwards, a new phase of unstable climatic conditions was established in the 2010s, which was not
expected by past climatic and biogeochemical projections [7,25,38,51]. This new phase is partially
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similar to the eutrophic conditions observed in the 1986–2002 as it shows a recovery of cell abundance
and the dominance of phytoflagellates over diatoms, although it is still characterized by a lower
frequency of hypoxic events [31].

Taking into account the seasonal cycle of phytoplankters, two main processes were observed:
(i) the shift from a classical bimodal phytoplankton cycle with two main blooms in spring and autumn
to a prevalent unimodal cycle with a maximum in late spring, which is consistent with the changes of
the runoff and nutrient loadings, and (ii) the effects on the phytoplankton community’s composition of
current environmental changes, in particular in late autumn and early winter.

Overall, this study shows the importance of the changes of environmental conditions in shaping
the long-term alternation among phytoplankton groups in this coastal zone, but more detailed
investigations should be carried out, in order to assess the impacts of both natural and anthropogenic
factors at an ecophysiology level.
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Table A1. Mean concentration of the nutrients (µmol L−1) and molar nutrient ratios at the mouth of the Isonzo River (Pieris Stations) shown in Figure 6.

Year NO3− µmol L−1 NO2− µmol L−1 NH4
+ µmol L−1 DIN µmol L−1 PO43− µmol L−1 Si(OH)4 µmol L−1 TN µmol L−1 TP µmol L−1 DIN/PO4

3−

mol/mol
TN/TP

mol/mol

1976 57.58 0.35 1.09 59.01 0.36 36.20 - - 217 -
1977 52.38 0.23 1.36 53.97 0.29 40.51 - - 243 -
1998 73.34 0.65 4.57 78.57 - - - - - -
1999 69.07 0.41 20.23 89.71 - - - - - -
2000 83.36 0.46 4.90 88.72 - - - - - -
2001 81.98 0.46 1.11 85.65 0.16 - - 0.34 983 -
2002 143.62 0.32 1.62 146.86 0.29 - 161.80 0.40 744 404
2003 178.78 0.39 2.08 182.44 0.18 - 214.36 0.25 1394 861
2004 115.48 0.29 3.21 120.05 0.29 - 131.90 0.39 620 340
2005 95.13 0.35 1.88 96.23 0.41 - 121.37 0.70 330 173
2006 73.42 0.41 1.39 76.68 0.30 - - 0.39 354 -
2007 93.64 0.24 2.86 96.74 0.31 - 127.35 0.42 345 274
2008 79.60 0.38 2.86 82.84 0.45 - 104.95 0.54 214 240
2009 81.39 0.30 3.03 84.72 0.32 - 98.28 0.31 334 272
2010 71.27 0.25 3.69 75.21 0.26 - 82.96 0.81 353 202
2011 54.44 0.22 1.78 52.33 0.31 - 87.46 0.61 180 168
2012 71.19 0.24 2.24 77.84 0.44 - 82.61 0.70 182 131
2013 78.83 0.25 1.85 80.76 0.46 - 94.60 1.74 176 65
2014 53.63 0.28 1.94 55.67 0.24 - 91.03 1.69 326 62
2016 90.91 1.09 2.83 94.82 0.53 - 92.81 0.75 180 130
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Table A2. Mean and range of the values of nutrient concentration (µmol L−1) in the rainwater in coastal sites of the Northeastern Adriatic Sea. Notice that most of the
estimates of DIN do not include NO2

−.

Site, Station Years TN µmol L−1 TP µmol L−1 NO3− µmol L−1 NH4
+ µmol L−1 DIN µmol L−1 PO43− µmol L−1 Si(OH)4 µmol L−1 Reference

Gulf of Trieste 1978–1979 41.7 - 21.0 20.4 41.6 * 0.7 - [60]
Rijeka, St. 1 1984–1991 - - 38.0 - - - - [61]

Kvarner Bay, St. 2 1988–1991 - - 38.0 - - - - [61]
Lovran, St. 3 1988–1991 - - 41.0 - - - - [61]

Kvarner Bay, St. 4 1988–1991 - - 34.0 - - - - [61]
Gulf of Trieste 1993 117 (66–185) 3.8 (1.7–5.7) 49.9 (11–77) 23.3 (4.5–36) 73.2 (16–113) 3.0 (0.9–4.8) 3.0 (1.1–6.0) [27]
Padez Basin, 2006–2007 - - 42.8 28.6 71.4 - - [62]

Kvarner Bay, St. 4 1996–2005 - - 23.7 46.5 70.2 - - [63]
Pula, St. 18 1981–2006 - - 92.1 62.1 154.2 - - [64]
Pazin, St. 15 1981–2006 - - 37.8 29.3 67.1 - - [64]

Zavizan, St. 31 1981–2006 - - 31.4 31.4 62.8 - - [64]
Rijeka 2001–2010 - - 37.1 29.3 66.4 - - [65]

Komiza 2001–2010 - - 30.0 18.6 48.5 - - [65]
Rijeka, St.1 1990–1991 - - 49.0 79.0 128.0 - - [66]
Rijeka, St.2 1990–1991 - - 77.0 151.0 228.0 - - [66]

* Included NO2
− (0.2 µmol L−1 N).

Table A3. Collecting system capacity (IE: Inhabitant Equivalent) of the WWTPs in the GoT shown in Figure 1. Mean and range of the values of the concentrations
(µmol L−1) of nitrogen and phosphorus at their outflows measured in periods included from 1996 to 2018.

WWTP IE Flow m3 s−1 TN µmol L−1 DIN µmol L−1 TP µmol L−1 PO43− µmol L−1 TN/TP mol/mol DIN/PO43− mol/mol

1 Piran 33,000 0.08 678 (260–1960) - 80 (16–219) - 8.5 -
2 Koper + Izola 84,500 0.17 339 (228–1128) 148 (71–668) 43 (6–99) - 7.8 -
3 Trieste (Zaule) 67,000 0.27 - - - - - -

4 Trieste (Servola) 220,000 1.39 1299 (571–2284) 828 (471–1024) 52 (26–184) 36 (17–52) 25 23
5 Trieste (Barcola) 7500 0.09 - - - - - -

6 Sistiana 3500 0.01 - - - - - -
7 Duino 750 0.001 - - - - - -

8 Staranzano +
Monfalcone 62,500 0.2 659 (71–1356) 553 (75–1195) 46 (1–143) - 14 -

9 Grado 11,000–80,000 * 0.18 1112 (271-3034) 947 (166-2898) 44 (1–151) - 25 -

TOTAL 489,750–558,750 * 4.01 - - - - - -

* Seasonal changes due to summer tourist influx.
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Table A4. Mean benthic fluxes (mmol m−2 d−1) of regenerated nutrients from marine sediments to the water column in oxic and anoxic conditions in the GoT.

Area Years NH4
+ mmol N m−2 d−1 NO3− mmol N m−2 d−1 PO43− mmol P m−2 d−1 Si(OH)4 mmol Si m−2 d−1 Reference

Central GoT 1995–1996 0.8 ± 07 + 0.17 ± 0.73 + 0.03 ± 0.05 + 2.6 ± 2.3 + [54]
Central GoT 1996 0.94 ◦ (0.73 *) −0.08 ◦ 0.03◦ (0.07 *) - [42]

Southern GoT 1996 - −0.14 ◦ - - [42]
Southern GoT Mar. 1996 0.28 ◦ (1.14 *) - 0.01 ◦ (0.06 *) - [67]
Southern GoT Sep. 1996 0.52 ◦ (2.28 *) - 0.01 ◦ (0.06 *) - [67]

+ Annual mean, ◦ oxic conditions, * anoxic conditions.
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Table A5. Spearman’s Rank-Order Correlation analysis of monthly series of phytoplankton and environmental parameters in the GoT, in 1986–2018. Blue coefficients
indicate a significance level α < 0.05, red coefficient indicate a significance level α < 0.01.

Parameter Isonzo Flow Precipitation Wind Velocity TSW
Total

Abundance Chlorophyll a Phyto-
Flagellates Diatoms Dino-

Flagellates
Cocco-

Lithophores DIN PO43− Si(OH)4

Isonzo flow
(km3 month−1) 1.000 0.655 0.306 −0.107 0.112 0.166 0.156 −0.013 0.086 0.203 0.376 0.001 0.213

Precipitation
(mm month−1) 0.655 1.000 0.222 0.179 −0.046 0.066 0.001 −0.056 0.082 0.145 0.214 0.054 0.184

Wind velocity
(m s−1) 0.306 0.222 1.000 −0.521 −0.192 −0.021 −0.176 −0.150 −0.300 0.135 0.270 0.063 0.160

TSW
(C) −0.107 0.179 −0.521 1.000 −0.023 −0.063 0.025 0.040 0.287 0.015 −0.265 −0.009 −0.052

Total abundance
(cell L−1) 0.112 −0.046 −0.192 −0.023 1.000 0.377 0.868 0.552 0.490 −0.007 −0.142 −0.139 −0.145

Chlorophyll a
(µg L−1) 0.166 0.066 −0.021 −0.063 0.377 1.000 0.250 0.339 0.226 0.093 0.053 −0.034 0.028

Phytoflagellates
(cell L−1) 0.156 −0.001 −0.176 0.025 0.868 0.250 1.000 0.185 0.474 0.013 −0.075 −0.110 0.075

Diatoms
(cell L−1) −0.013 −0.056 −0.150 0.040 0.552 0.339 0.185 1.000 0.312 −0.009 −0.230 −0.124 −0.375

Dinoflagellates
(cell L−1) 0.086 0.082 −0.300 0.287 0.490 0.226 0.474 0.312 1.000 0.193 −0.145 −0.097 −0.043

Coccolithophores
(cell L−1) 0.203 0.145 0.135 0.015 −0.007 0.093 0.013 −0.009 0.193 1.000 0.066 −0.111 0.276

DIN
(µmol L−1) 0.376 0.214 0.270 −0.265 −0.142 0.053 −0.075 −0.230 −0.145 0.066 1.000 0.328 0.516

PO4
3−

(µmol L−1)
0.001 0.054 0.063 −0.009 −0.139 −0.034 −0.110 −0.124 −0.097 −0.111 0.328 1.000 0.132

Si(OH)4
(µmol L−1) 0.213 0.184 0.160 −0.052 −0.145 0.028 0.075 −0.375 −0.043 0.276 0.516 0.132 1.000
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30. Turk, V.; Mozetič, P.; Malej, A. Overview of eutrophication-related events and other irregular episodes in
Slovenian sea (gulf of Trieste, Adriatic Sea). Ann. Ser. Hits. Nat. 2007, 17, 11–23.
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