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Abstract: Long-term data series (1971–2015) of physical and biogeochemical parameters were
analyzed in order to assess trends and variability of oceanographic conditions in the northern Adriatic
Sea (NAS), a mid-latitude shallow continental shelf strongly impacted by river discharges, human
activities and climate changes. Interpolation maps and statistical models were applied to investigate
seasonal and spatial variability, as well as decadal trends of temperature, salinity, chlorophyll-a and
nutrients. This analysis shows that sea surface temperature increased by +0.36% year−1 over four
decades. Annual mean flow of the Po River markedly changed due to the occurrence of periods of
persistent drought, whereas the frequency of flow rates higher than 3000 m3 s−1 decreased between
2006 and 2015. Moreover, we observed a long-term decrease in surface phosphate concentrations in
Po River water (−1.34% year−1) and in seawater (in summer −2.56% year−1) coupled, however, to a
significant increase in nitrate concentration in seawater (+3.80% year−1) in almost all seasons. These
changes indicate that the nutrient concentrations in the NAS have been largely modulated, in the
last forty years, by the evolution of environmental management practices and of the runoff. This
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implies that further alteration of the marine environment must be expected as a consequence of the
climate changes.

Keywords: EMODnet Chemistry data portal; long-term series; temperature; salinity; nutrients;
chlorophyll-a; northern Adriatic Sea; Po River; loads

1. Introduction

Continental shelf areas are strongly threatened by climate change and by their interaction with a large
variety of disturbances of anthropogenic origin. Changes in river discharge, modifications of oceanographic
characteristics and of circulation patterns, sea level rise and coastal erosion interact with anthropogenic
discharges of the nutrients and of organic matter, often leading to eutrophication problems and to changes
in the structure of marine ecosystems, including the spreading of alien species [1–5]. This issue is critical
considering that an important portion of the human population (625 million year 2000; global population
of 6.1 billion) lives in coastal zones and use their ecosystem services [6].

The northern Adriatic Sea (NAS), which constitutes the northernmost continental shelf of
the Mediterranean Sea, is an important example of a marine system dynamically influenced by
anthropogenic pressures. They originate mainly by the presence of the rivers, among which the
Po River contributes to about 50% of the external nutrient inputs [7–11]. The large variety of
human activities (i.e., maritime traffic, fisheries, mariculture, offshore gas extraction, tourism) and the
presence of vulnerable benthic habitats, poses serious risks to the delicate ecological equilibria of NAS
ecosystem [12]. Significant changes in plankton community composition, macrobenthos distribution,
spreading of non-indigenous species, total biomass of target demersal fishes and small pelagic fish
catches have been reported here by different authors [10,13–15].

The modifications induced by human activities are, to some extent, also interacting with climate changes,
primarily the warming of shelf waters [16–19], the changes in the frequency of extreme events [20–22] and
of precipitation patterns [23–25]. Therefore, a prerequisite for a correct assessment of their effects is the
acquisition of long-term data series useful for analyzing environmental trends and shifts from seasonal
to multidecadal scales. Large climatic patterns and local meteorological conditions interact in the NAS,
modifying the structure of the water column and modulating the inputs and utilization of the nutrients
in the marine environment [26,27]. The plankton responses to these changes seem to depend by the
combination of the trophic state of the ecosystems and of the strength of local disturbance [28].

Within this context, the maintenance of long-term research and monitoring of the oceanographic
properties of the NAS waters has become a major task for the coastal management and spatial planning
in the Mediterranean Sea. Climatological values, variability ranges and the detection of trends are
the main factors for the evaluation and quantification of climate change and other ecological, and
anthropogenic effects [29–33].

The aim of the present study is to assess the variability at seasonal and interannual scales of the main
oceanographic parameters in the NAS, highlighting trends and oscillations that have occurred in the last
four decades. The spatial variability of biogeochemical conditions is also assessed, in particular along the
coasts of this basin. These changes in the marine waters of NAS are compared to the dynamics of the Po
River, which can be considered a proxy of the overall runoff on in this continental shelf area [34].

The dataset analyzed in the present study was collected from EMODnet Chemistry data portal, a
European Network aimed at the reorganization and reutilization of marine data. It covers a larger
region and a longer period than the ones analyzed in previous studies in the NAS [10,35–37]. The
analysis of this dataset also targets to assess the relationships between the runoff and the characteristics
of the NAS that might be induced by future climate changes.
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2. Materials and Methods

2.1. Study Site

The NAS, defined as the area delimited by the 100 m isobaths (Figure 1), is a shallow and semi
enclosed continental shelf, characterized by a high freshwater input and by a prevalent cyclonic
circulation of the water masses [38]. The hydrodynamic behavior of the NAS is rather complex and a
number of important physical and biogeochemical processes occur there. River discharges, in particular
by the Po River (mean daily flow rate of 1500 m3 s−1; [34,39]), drive the stratification of the water
column and the thermohaline circulation at basin scale. They cause the outflowing of fresher waters
along the western coast and a return flow of salty waters along the eastern coastline, which brings the
modified Levantine Intermediate Water (MLIW; temperature 13.7–14.3 ◦C and salinity 38.60–38.90)
on the shelf of the NAS mainly between spring and autumn [38,40,41]. The shelf is also an area of
formation and sinking of the densest Mediterranean water mass (North Adriatic Deep Water; NAdDW;
temperature 9.8–11.4 ◦C and salinity 38.02–38.58), which is favoured by a complete mixing of the water
column and by the cooling effect of the winds during winter [38]. Wind regime exerts an important
effect in all the seasons, with a prevalence of strong dry northeasterly wind in winter, called Bora [42],
and moderate southeasterly winds in spring and autumn. A variable and complex circulation in the
NAS is also affected by the Adriatic-Ionian Bimodal Oscillating System, BiOS [43,44], which acts as a
link between the Ionian circulation and the shelf region [11,27,45–47].

Figure 1. Geographical distribution of sampling stations and number of stations per year (inset)
collected from 1971 to 2015.
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2.2. Data Inventory and Processing

The NAS is one of the 25 research parent sites belonging to the Italian Long Term Ecological Research
Network (LTER-Italy; URL: https://deims.org/92fd6fad-99cd-4972-93bd-c491f0be1301), which is a
formal member of the International and European LTER networks. Long-term series of oceanographic
observations provides here unique and precious tools for depicting reliable patterns of average annual
cycles and for detecting significant changes and trends in response to global or local pressures and
impacts [48–50].

The dataset produced through the activity of LTER-Italy was extracted from the Ocean Browser
EMODnet (European Marine Observation and Data Network, URL: https://www.emodnet-chemistry.
eu/; accessed in June 2018) Chemistry data portal. This portal gives free and open access to observations
of several chemical variables. The network of data centers engaged in EMODnet Chemistry gathers
marine chemistry data sets, both from marine environmental monitoring and scientific research. The
data collection is done in direct communication with data originators to ensure the best sets of data
and related metadata, and to prevent duplicates. Data originators are responsible for the first quality
control of data and flagging with quality information. As a further step, a Quality Control (QC) loop is
implemented to harmonize, standardize and validate data and metadata on European and regional
scales [51]. Data are extracted from the network of data centers into global data collections.

The production of true data requires that all partners adopt good field and laboratory procedures
in order to assure Quality Assurance/Quality Control (QA/QC) of the input data EMODnet Chemical
portal according to the International standard ISO/IEC 17025:2005. The usage license is defined by
data originators at dataset level and is affected by the sensitivity of measurements: metadata are freely
accessible on CDI (Common Data Index) data portal (http://seadatanet.maris2.nl/v_cdi_v3/search.asp),
while data are downloadable according to the originator data policy [52].

The marine data used in this study (station no. about 4158) refer to seawater temperature (T; ◦C),
salinity (S), chlorophyll-a (Chl-a; µg L−1) and nutrient concentration (nitrate, NO3

−1; phosphate,
PO4

3−1; silicate, SiO2; µM) collected in 1971–2015. These parameters were acquired by CTD
(Conductivity-Temperature-Depth) probes, bottle sampling and autonomous monitoring systems, in
oceanographic cruises and in fixed-point monitoring stations (see [53] for details). We considered only
the near-surface water layer (0 to 3 m of depth), for which the data are most abundant and better
spatially distributed.

The homogeneity and the temporal coverage of each parameter available in EMODnet Chemistry
data portal were analyzed and discussed together with the results. The data relevant to the transitional
waters (i.e., deltas, coastal lagoons) were excluded from the analysis, as they are mainly affected by
local conditions that are beyond the aim of this study. In the dataset, we used data 1 nautical mile from
the coast. The distribution of the sampling stations provides an optimal coverage of the Italian waters
of the NAS (Figure 1).

Daily mean flow rates (m3 s−1), phosphate and nitrate concentrations measured at the closure of
the drainage basin of the Po River (Pontelagoscuro station; 44.88◦ N, 11.60◦ E; 8 m a.s.l.) were provided
by Agenzia Regionale per la Protezione dell’Ambiente of the Emilia Romagna Region (ARPAE-ER).

We analyzed the whole dataset on the seasonal scale, with the following month clustering:
January–March (winter), April–June (spring), July–September (summer) and October–December
(autumn). In order to assess the average seasonal patterns, we obtained distribution maps by the
spatial interpolation of data subdivided on the seasonal basis. Data were averaged on a grid of 2
km × 2 km, regardless of the year, and subsequently interpolated using the Kriging method (Surfer
11.6 Package; Golden Software, Golden, CO, United States). The statistical analyses were carried out
using R [54]; ver. 3.6.2 for Windows, Vienna, Austria). The overall temporal trends were assessed by
Generalized Linear Model (GLM) regression, using Gamma as a statistical distribution and setting “log”
as a link function [55], allowing us to properly weigh outliers. Besides, to better assess the influence
of the runoff on the coastal waters, we considered a coastal belt up to 4.5 miles offshore. These data
were divided in two sub periods (1971–2005 and 2006–2015) according to Totti et al. [56], which used a

https://deims.org/92fd6fad-99cd-4972-93bd-c491f0be1301
https://www.emodnet-chemistry.eu/
https://www.emodnet-chemistry.eu/
http://seadatanet.maris2.nl/v_cdi_v3/search.asp
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similar distinction to evaluate the variations on a decadal scale of the physico-chemical properties of
the seawater and of phytoplankton biomass. The comparison between these two periods was carried
out by a classical t-test analysis, with a statistical significance of p value = 0.05.

3. Results and Discussion

Oceanographic properties (T and S), Chl-a and nutrient concentrations were analyzed on both
spatial and temporal scales (interannual variability and seasonal cycles), in order to assess the seasonal
variability of spatial patterns, as well as the long-term trends in the NAS.

3.1. Seasonal Characteristics of Basin Scale Patterns

Seasonal distribution maps (Figure 2) show, first of all, that the Po River influence extends
south-westward, in particular during autumn, as clearly shown by low salinity values and by high
values of nutrient concentrations and Chl-a. This condition makes this sub region of NAS highly
productive and potentially exposed to eutrophic and distrophic phenomena [7,26,57–59].

In detail, the spatial distribution of the surface T (Figure 2a) shows a marked seasonal signal,
with an excursion between summer and winter temperatures as large as 20 ◦C in the western region.
During winter, when the mean T in the NAS is 10.50 ± 0.12 ◦C (Table 1), a pronounced gradient along
the longitudinal axis and one, less pronounced, along the latitudinal axis are well recognizable, with
lower values (T < 8 ◦C) in the region of NAS close to the north-western Italian coast. Warmer waters
(T > 13 ◦C) occupy mainly the south-eastern part of the NAS. This pattern is consistent to the cyclonic
circulation affecting the whole Adriatic Sea, which advects warmer waters from the southern sub-basin.
The northernmost waters are instead subjected to a large heat loss due to north-easterly cold winds
and transported south-eastwards along the western coast [42]. In spring, temperature pattern is more
characterized by a mesoscale variability and by weaker gradients, with temperatures comprised in
the range 10–28 ◦C (mean value: 18.80 ± 0.13 ◦C). The warmer waters (T > 21 ◦C) are located mainly
along the eastern coast, while relative cold surface waters occupy the rest of the basin. During summer,
the thermal variability is slightly higher than in the previous season (19–29 ◦C), with a mean value of
24.24 ± 0.05 ◦C and the waters with T > 25 ◦C located along the western coast south of the Po River.
These values indicate that the NAS can be affected by instable meteorological conditions also in the
warmest period of the year. Autumn is characterized by cooling over the whole basin (mean value:
13.67 ± 0.13 ◦C) and by a clear signal of the cold southwards-flowing Western Adriatic Current (WAC;
T < 12 ◦C) confined along the western coast. Globally, the emerging picture confirms the seasonal
patterns of seawater temperature identified in previous studies [10,36], although it provides a more
detailed description at the mesoscale and a larger spatial coverage over the whole NAS.

The surface maps of S (Figure 2b) show that, in winter and autumn, the largest part of the Po
plume flows southward, while, in spring and summer, a significant amount of freshwater reaches the
center of the basin. This could be associated with the generation of small-scale features, described in
the literature as NAS autumn gyre [38,60–63]. During winter, the mean S is 36.05 ± 0.11 and most of
the northern area between the Po River delta and Istria peninsula has a rather high salinity. During
spring, the mean S values decreases to 34.47 ± 0.11, with minima below 31 in the Po delta region
(Table 1). A significant offshore propagation of fresher waters is evident in this season, because of the
high discharge of the Po River and of the seasonal onset of the thermal stratification. During summer, a
further slight decrease in the surface S values is observed, together with a further offshore propagation
of the coastal fronts. This is easily due to the maximum stratification and to a weak circulation typical
of this season, which confine the relatively low amount of freshwater in a thin and extended upper
layer. In autumn, the S distribution is similar to winter, with lower S waters (S < 32) confined in a
narrow strip along the Italian coast. The inflow of the eastern current, carrying the saline Levantine
waters, is traced by a spatial distribution of very-high-salinity waters, more clearly recognizable in
winter [60].
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Figure 2. Surface seasonal patterns of (a) seawater temperature (◦C), (b) salinity, (c) chlorophyll-a (µg
L−1), (d) nitrate (µM), (e) phosphate (µM) and (f) silicate concentrations (µM).
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Chl-a concentration (Figure 2c) shows the highest values in front of the Po delta in all seasons and
particularly in spring, reaching 14 µg L−1. In autumn (mean value: 1.91 ± 0.11 µg L−1), the area with
high values is wider than during the other seasons and extends both eastwards and southwards of
the Po delta. This pattern indicates an almost constant accumulation of phytoplankton biomass on a
sub-regional scale supported by the discharge of river nutrients [64,65].

The spatial distribution of NO3
−1 concentration (Figure 2d) shows a marked spatial gradient from

the Po delta north-eastwards mainly in winter and spring, while, in autumn, the gradient is in the
south-eastward direction, in correspondence with the highest values (NO3

−1
≈ 9–10 µM). The season

with lowest NO3
−1 concentration is summer (mean value 1.55 ± 0.12 µM), which is also the season

with the lowest river discharge.
The concentration of PO4

3−1 at the surface is typically very low everywhere, with an average
basin value around 0.10 ± 0.01 µM in all the seasons (Figure 2e). PO4

3−1 reaches the highest levels in
autumn, when they attained 1 µM in front of the Po delta. The lowest concentrations are observed in
summer, when the whole NAS shows values lower than 0.1 µM, except for the coastal area north of the
Po delta (0.4 µM).

The concentration of SiO2 (Figure 2f) are far larger than those of other nutrients, attaining the
highest values at the surface in the western area of the NAS, most affected by river discharges. SiO2

concentrations are correlated to low salinity values, particularly in autumn along the western coast,
where the values are higher (10 µM). The higher mean SiO2 concentration is (7.71 µM) recorded in
autumn and the lowest (2.6 µM) in summer. These findings well correlate with the Po River plume
pattern that, in autumn, is closer to the Italian coasts and stretches southward alongshore [66].

Table 1. Statistics of the seasonal dataset in seawater of temperature (◦C), salinity, chlorophyll-a (µg
L−1), nitrate (µM), phosphate (µM) and silicate (µM).

Seasons Winter Spring Summer Autumn

Temperature (◦C)

No. data 615 789 1183 907
Mean 10.5 18.8 24.24 13.67

Standard Error 0.12 0.13 0.05 0.13
Minimum 4.38 10 19.77 5.15
Maximum 23 28.08 29.03 27.7

Salinity

No. data 602 705 1131 844
Mean 36.05 34.47 34.51 35.73

Standard Error 0.11 0.11 0.08 0.11
Minimum 24.07 24.23 24.1 18.58
Maximum 38.68 38.8 38.6 38.66

Chlorophyll-a (µg L−1)

No. data 173 309 479 460
Mean 1.84 2.39 1.78 1.91

Standard Error 0.16 0.15 0.11 0.11
Minimum 0.1 0.05 0.05 0.05
Maximum 13.33 17.69 14.39 19.79

Nitrate (µM)

No. data 364 490 987 584
Mean 5.83 4.89 1.55 6.44

Standard Error 0.66 0.5 0.12 0.64
Minimum 0.02 0.02 0.02 0.02
Maximum 132.5 142.3 45.4 181.25
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Table 1. Cont.

Seasons Winter Spring Summer Autumn

Phosphate (µM)

No. data 428 608 969 674
Mean 0.09 0.12 0.09 0.16

Standard Error 0.01 0.01 0.01 0.01
Minimum 0.03 0.03 0.03 0.03
Maximum 2.16 1.45 1.36 1.6

Silicate (µM)

No. data 424 586 1044 668
Mean 4.86 5.84 2.63 7.71

Standard Error 0.35 0.37 0.18 0.39
Minimum 0.02 0.02 0.02 0.02
Maximum 73.77 67.3 59.5 85.81

3.2. Annual and Seasonal Trends of Oceanographic Properties

The analysis of temporal trends shows a significant increase in the surface T at the basin level
(+0.36% year−1; Table 2), both in aggregated data (Figure 3a) and at seasonal level (Figure 4a),
particularly during winter and autumn. These trends agree with previous changes detected in areas
of NAS [10,37,56], in the Gulf of Trieste [50,67] and from satellite-based data analysis [68]. However,
they confirm that seawater warming is a process significant on the basin scale, which shows the
consequences in the marine environment of the increases in air temperature and annual heat fluxes
documented in the same region [69,70].

Figure 3. Trends of the aggregated data of (a) temperature (◦C), (b) salinity, (c) chlorophyll-a (µg L−1),
(d) nitrate (µM), (e) phosphate (µM) and (f) silicate (µM) at the surface, in 1971–2015. The blue line
represents the long-term trend with the 95% confidence limits (gray range). When the slope was not
significant (p-value > 0.05), the long-trend regression was not reported.
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Table 2. Variation (% year−1) of temperature (◦C), salinity, chlorophyll-a (µg L−1), nitrate (µM),
phosphate (µM) and silicate (µM) as estimated by Generalized Linear Model (GLM) regression. ns:
variation not significant.

Parameter
Variation (% Year−1)

Aggregated Data Winter Spring Summer Autumn

Temperature (◦C) +0.36 +2.98 +0.27 +0.14 +0.57
Salinity +0.086 ns +0.24 +0.39 −0.26

Chlorophyll-a (µg L−1) ns ns +2.41 ns −1.34
Nitrate (µM) +3.80 +0.011 +2.71 ns +5.91

Phosphate (µM) ns ns ns −2.56 ns
Silicate (µM) ns ns ns −2.25 +1.26

Figure 4. Seasonal surface trends of (a) temperature (◦C), (b) salinity, (c) chlorophyll-a (µg L−1),
(d) nitrate (µM), (e) phosphate (µM) and (f) silicate (µM) from 1971 to 2015. The blue line represents
the long-term trend with the 95% confidence limits (gray range). When the slope was not significant
(p-value > 0.05), the long-trend line was not reported.
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The trend of S is positive for the aggregated data (+0.086% year−1; Table 2; Figure 3b) and in
spring (+0.24% year−1) and summer (+0.39% year−1), while it is negative during autumn (−0.26%
year−1) and absent in winter (Figure 4b). The overall increase in S is consistent with the decrease in the
Po River discharge (see Section 3.3), which has been linked to a decline in the annual precipitation
over Italy by 5% per century in the entire period 1865–2003 [70,71]. By contrast, the negative S trend
observed in autumn seems to be related to a larger spreading offshore of the Po River plume observed
in this season in the most recent period [37]. In winter, the trend of S at basin scale is not related to the
Po River discharges, most likely due to the confinement of fresher waters in a narrow belt along the
Italian coast.

In our analysis, Chl-a concentration does not show an overall trend on aggregated data in
1978–2015. (Figure 3c). At a seasonal scale, Chl-a concentration shows a significant decrease in autumn
(−1.34% year−1) and an increase in spring (+2.41% year−1), mostly due to the data collected in the most
recent years (Figure 4c).

The reduction in Chl-a concentration in aggregated data until 2008 agrees with Giani et al. [10],
which observed a significant decrease in the Chl-a concentration offshore the Po River until 2010.
A negative Chl-a trend was also detected in the NAS using satellite data, in the period 1998–2009,
likely due to a decrease in the Po River flow since 2003 [72]. An annual cycle of Chl-a with a reduced
amplitude in 2004 and a shift toward lower Chl-a values in 2003–2008 was reported by Mélin et
al [73]. In the western coastal zone of NAS, a reduction in the trophic level occurred in concomitance
to the decreases in ammonium, P and Chl-a concentrations [74]. A decreasing trend of Chl-a was
also observed by analyzing pluridecadal series in the Gulf of Trieste [50]. However, the most recent
increase in Chl-a observed since the 2010s in this dataset (Figure 3c), as well as the distinct trends found
in some seasonal scales (spring and autumn, Figure 4c), suggest that this well-known tendency of
oligotrophication of the NAS should be reconsidered on the basis of the most recent oceanographic data.

A significant positive trend is observed in NO3
−1 concentrations both in aggregated data (+3.80%

year−1 Table 2; Figure 3d) and during all the seasons (Figure 4d) except for summer, when the Po River
is minimum [65]. A similar result, referred to DIN, was observed by Totti et al. [56]. The positive
trend for NO3

−1 is likely due to a combination of several factors. From a trophic point of view, the
marine system of the NAS may be limited by PO4

3−1, thus determining a surplus of NO3
−1 in seawater

that is not used for phytoplankton growth [10]. Moreover, it could be also due to increasing inputs
of anthropogenic nitrogen in the drainage basin of the Po River, which cause high nitrogen loads
during the years of high river waters discharge [64,65]. Finally, a larger nitrogen deposition from the
atmosphere to the sea, which led to a detectable increase in the nitrate concentration of the upper
seawater, was observed worldwide [75].

The trend of PO4
3−1 is not significant over the investigated time period for the aggregated data,

but it shows the occurrence of temporary low levels of concentration during the 2000s and a recovery
of higher values since 2010 (Figure 3e). This result is consistent with previous analysis of Giani et
al. [10] for the period 1971–2010, which terminated with a prolonged period of low discharge from
the rivers, as well as with the recovery of phosphorus availability since 2007 reported by Totti et
al. [56] in the coastal station of Senigallia transect. An overall negative trend of PO4

3−1 concentration
(−2.56% year−1) is observed only in summer (Figure 4e), suggesting a more pronounced depletion of
this nutrient by phytoplankton in the condition of low runoff and the pronounced stratification of the
water column [76]. The general reduction in PO4

3−1 inputs, linked to the removal of polyphosphates
in detergents by legislative acts during second half 1980s [77] and the lower use of phosphate-based
fertilizers in agriculture [64,78], seems to have had consequences in the marine system of the NAS
until the 2000s, but not in the last decade. However, it should be also noticed that the NAS is an almost
permanent P-deficient status, where the availability of PO4

3− in the waters not directly affected by the
runoff depends mainly on the remineralization of organic phosphorus. During autumn and winter
seasons, under cold Bora wind events causing the complete vertical mixing in the stratified water
column and the resuspension of bottom sediments, the concentration of inorganic dissolved nutrients
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in the bottom water increased consistently with the release of nutrients from the sediments to upper
layer with the mineralization processes [42].

The temporal trend of SiO2 is not significant in the aggregated data (Figure 3f), but it shows
positive values in autumn (+1.26% year−1) and negative ones in summer (−2.25% year−1; Figure 4f).
The increasing trend in autumn seems to be linked to the higher river inputs, while the decreasing
trend in summer is likely due to lower river inputs and to uptake by phytoplankton dominated by
diatoms [7,79].

Cozzi and Giani [34] highlighted that the annual loads of N and P in the NAS are primarily
depending by the quantity of river water discharged in this marine region. However, the increase in
NO3

−1 concentration in the last decade might also be due to an increase in their atmospheric deposition,
particularly during heavy rainfall events [20]. It was shown that the contribution of extreme rainfall
events in NE Italy increased in 1920−1998, notwithstanding a negative trend in the number of wet days.
Raymond et al. [80] characterized Mediterranean spatio-temporal rainfall patterns over the period
1950−2013. The authors found a strong decrease in the number of rainy days all over Italy, with an
increase in intense precipitation events. This is also a common result for many areas of the world, such
as South America [81], the United States [82,83] and Europe [84], and it represents one of the expected
consequence of global warming [85].

The change in precipitation regime has consequences on surface runoff, river flows and nutrient
loadings into the sea. The extreme flood events from the Po River, caused by particularly heavy rainfall,
lead to a higher concentration of major nutrients and of organic matter [22]. The increase in NO3

−1

concentration (Figure 3d) is therefore not unexpected, since alternating floods and drought strongly
affect the pathways and fate of N and P and their ratio [86,87], with drought inducing a time-lag
between the delivery of the nutrients from catchments and their accumulation [64]. Mozetič et al. [88]
and Giani et al. [10] analyzed a long data series offshore the Po River, showing how, after peaking
in the mid-1980s, eutrophication has apparently started a decreasing trend since 2000, when PO4

3−1

concentrations decreased, along with low Chl-a concentrations and phytoplankton biomass, reaching
very low values in the driest years in 2003–2007. Afterwards, in very wet years (e.g., 2008–2010 and
2014), riverine discharge and loadings increased again [89].

3.3. Freshwater and Nutrient Discharges by the Po River

The Po River discharge has a high seasonal and interannual variability with peaks in May, mainly
due to snow melting, and in October-November, because of high precipitations [1,58,79]. In 1993–2015,
mean seasonal flows oscillated from 1126 ± 12 m3 s−1 in summer to 1850 ± 24 m3 s−1 in winter
(Table A1). Long-term trends of flows showed overall decreases in winter (−0.25%) spring (−0.70%)
and summer (−0.89%) and the absence of significant trends in autumn (Figure 5). However, long-term
series of the flow further indicated that the Po River has been subjected to a temporary phase of low
regime in 2003–2007 followed by a phase of high and variable regime in 2010–2015.
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Figure 5. Seasonal trends of the daily Po River discharge (m3 s−1). The blue line represents the log-term
regression. When the slope was not significant (p-value > 0.05), the long-trend line was not reported.
Data from the Pontelagoscuro station provided by the Servizio Idro-Meteo-Clima of Agenzia Regionale
per la Protezione dell’Ambiente of the Emilia Romagna Region (ARPAE-ER).

The evolution of droughts and freshest of the Po River can be better highlighted calculating
the frequency of “extremely” high (i.e., days with values higher than 90th percentile) and low (i.e.,
days with values lower than 10th percentile) flows in each season (Figure 6). Spring and autumn are
seasons characterized by frequent high flows, contrary to summer that is the driest seasons. Over the
considered time span, extreme flows also confirmed an important interannual variability: the period
most affected by extreme droughts was 2003–2007, due to a complete collapse of spring peaks of river
discharge and the occurrence of winter and autumn flows similar to summer discharges, in 2005.
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Figure 6. Number of days per season (days season−1) with extremely low (<10th percentile) and high
(>90th percentile) flow of the Po River in 1971–2015.

This multiscale variability of river water loads interacts with the oceanographic conditions in
the NAS. Generally, a temporal succession of two different hydrodynamic patterns is recognized on a
seasonal base in this continental shelf. From November to March, the westernmost waters are strongly
diluted by the Po River outflow, but they remain separated from the highly saline offshore waters.
Therefore, a small plume is confined in the coastal areas, typically due to the effects of low discharges
and/or E-NE wind events [66]. Nutrients, dissolved organic matter and particulate matter, coming
from the land, remain more or less confined near the coast [79]. Instead, from April to October, warmer
seawaters are diluted by the freshwater, generating in the upper layer a plume that covers a large
portion of the NAS [90], depending on river discharges and on wind intensity [66].

The concentrations of inorganic nutrients in the Po River waters are characterized by a large excess
of nitrogen compared to phosphorus, as well as by a large preponderance of NO3

− in the dissolved
inorganic nitrogen pool [64,65]. In the period of interest, NO3

− concentration varied from 114 ± 4 µM
to 209 ± 4 µM, whereas PO4

3− concentration varied from 1.76 ± 0.09 µM to 2.47 ± 0.09 µM (Table A1).
During the driest years, considering the scarce contribution of the freshets to the total annual water
load, the annual nitrogen load was low (72,000–156,000 t N year−1) and more dependent on the annual
integrated water volume discharged by the Po River, with a contribution of the freshets to the annual
nitrogen load between 11 and 27% [86]. In the most recent years, high flows were more frequent with,
however, the occurrence of dry summers in 2012 and 2015. This high variability of the runoff has
certainly increased the variability of nutrient discharges in the NAS.

Seasonal changes in land use and long-term improvements of environmental management
practices have modulated nutrient availability and ratio in the drainage basin of the Po River. Viaroli
et al. [64] thoroughly analyzed the relationships among human activities, anthropogenic pressures and
nutrients loading in this river basin, highlighting how the timing and intensity of phosphorus (P) and
dissolved inorganic nitrogen (DIN) loads from the Po River were strongly affected by the metabolic
changes, which occurred within the whole hydrographic system. Nutrient transport by the Po River is
due to rain-driven diffuse sources (20% for total nitrogen; TN, 20% for total phosphorus; TP), point
sources (40% for TN, 80% for TP) and groundwater, springs and tributaries (40% for TN) [64,65,91].
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The loadings of DIN and P exported by Po and smaller rivers that contribute to the overall flow, have
impacted the NAS, triggering eutrophication processes whose extent depends also on circulation
structure, as well as on short-term climatic fluctuations [7,10,26,41,76,92,93].

In 1993–2015, the trends of NO3
− concentration in the Po River waters were negative in winter

(−0.81% year−1), spring (−1.40% year−1) and autumn (−1.58% year−1), whereas those of PO4
3−1

concentration were negative in summer (−2.02% year−1) and autumn (−1.65% year−1) (Figure 7,
Table 3). The concentration measured in the 2010s were often lower than those measured in the
2000s, which was a particularly dry period, indicating that nutrient levels in the river environment
can increase in conditions of low regime. The negative trend of NO3

−1 concentration in the Po River
waters is not in disagreement with its increase in the surface coastal waters (Figure 4d), as the total
river transport of NO3

− increases more than PO4
3− transport in the periods of high runoff, causing

overloads of nitrogen that are not utilized by marine phytoplankton. This feature is shown by the
increase in NO3

−1/PO4
3−1 ratio in freshwater (14%; t-test p value = 0.048) compared to the previous

period, a trend that is similar to that observed at sea.

Figure 7. Seasonal surface trends of nitrate and phosphate concentrations in the Po River from 1993 to
2015. The blue line represents the long-term trend with the 95% confidence limits (gray range). When
the slope was not significant (p-value > 0.05), the long-trend line was not reported. Data from the
Pontelagoscuro station provided by the ARPAE-ER.

Table 3. Variation (% year−1) of nitrate (µM) and phosphate (µM) in Po River flow as estimated by
GLM regression. ns: variation not significant.

Parameter
Variation (% Year−1)

Aggregated Data Winter Spring Summer Autumn

Nitrate (µM) −1.02 −0.81 −1.40 ns −1.58
Phosphate (µM) −1.34 ns ns −2.02 −1.65

3.4. Comparison of River and Coastal Data in 1971–2005 and 2006–2015

The daily flow of the Po River showed a decreasing trend in 1971–2005 and a recovery in 2006–2015
but, overall, the mean flow was 12% lower in the last period compared to the early period. This feature
indicated that the events of high discharge observed in particular during autumn in the 1970s and in
the 1990s were less frequent in the last decade (Figure 5). In more detail, the frequency of the days
with extremely high or low flow rates showed significant differences at a seasonal scale, in these two
periods (Table A2). In 1971–2005, high flows were more frequent in winter, late summer and autumn
(1.3–10.5 days year−1), whereas they were more frequent from April to July (2.6–12.4 days year−1)
in 2006–2015. Extremely low flows were more frequent in the early period than in the most recent
one, with the exceptions of February, April, November and December. Kharin and Zwiers et al. [94]
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showed that increases in heavy short-time precipitations and the persistence of dry periods are basic
features of the climate changes. In the drainage basin of the Po River, it was confirmed in the last
decade that the decline in the frequency of large freshets in all the seasons except spring with, however,
a lower occurrence of extreme droughts for most of the year. These seasonal changes of the runoff

are combined to the interannual variability of river water discharge and they can have important
consequence on the biogeochemical conditions and on the productivity of the NAS [65,95].

The analysis of marine data in the coastal waters (up to 4.5 miles) was also performed in these two
periods, in order to better characterize the current availability of the nutrients in the areas most impacted
by the runoff. The concentrations of NO3

−1 and SiO2 showed significant differences, contrary to PO4
3−1

that showed similar levels. In particular, increases in NO3
−1 (70%) and SiO2 (26%) concentration were

observed in the second period. This result confirms, on a large spatial scale, the analysis performed at
the Senigallia transect (NAS) by Totti et al. [56]. As a result of these changes, the NO3

−1/PO4
3−1 ratio in

the surface waters in the coastal sites of NW Adriatic Sea increased by ≈ 81% with respect to the early
period (Figure 8), indicating that N/P imbalance is a characteristics of the coastal marine environment
of NAS that persists also in the phases of high river water discharge.

Figure 8. Distribution of nitrate/phosphate ratio within 4.5 miles for the period 1971–2005 (left) and
2006–2015 (right).

4. Conclusions

Current climate change has increased the scientific interest in long-term data analyses and their
importance is nowadays widely recognized on a political level. The spatial and temporal cover of the
oceanographic data presented in this study clearly show how much they are critical for the analysis
of trends in marine systems. From this point of view, EMODnet Chemistry data portal has been a
relevant data source. However, this study also shows that EMODnet Chemistry datasets should be
better integrated with corresponding physical parameters, in order to obtain a more comprehensive
environmental information, as their upload in this database is not mandatory.

Based on a long-term data series (1971–2015), which covers a wider region of NAS compared to
previous analyses, this study has outlined:

• A positive trend of seawater temperature both in aggregated and seasonal data, which indicates A
significant basin-scale warming of sea surface in this region;

• The decline in annual water discharge of the Po River in 1971–2005 and its recovery in 2006–2015,
a trend that had important effects on the current biogeochemical conditions in the NAS on a
basin scale.
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• A significant positive trend of the salinity in aggregated data until 2007, with increases in spring
and summer and a decrease in autumn, which agrees to the phase of low annual water discharges
observed in 2003–2007 and to the seasonal changes of the frequency of the extreme high flows of
the Po River in the same period;

• An increase in the frequency of extremely high Po River discharges in spring and early summer
during the last decade, which could change the annual availability of nutrients in the NAS;

• Low and constant PO4
3−1 concentration in seawater in the aggregated data and a further

reduction in summer, which indicates a persistent PO4
3−1 deficiency in the NAS consequent to

the improvement of the environmental management practices in river drainage basins;
• A significant positive trend of NO3

−1 concentrations in seawater in almost all seasons during the
last decade, notwithstanding a decreasing trend of its concentration in the Po river water, which
can be explained by the rise of NO3

−/PO4
3− ratio in river water and by an excess of NO3

− in the
marine environment that cannot be used by phytoplankton due to PO4

3− limitation;
• A phase of instable environmental conditions in 2008–2015, characterized by highly variable river

water discharges, high Chl-a, NO3
− and SiO2 concentrations and high NO3

−1/PO4
3−1 ratios in

surface waters, which suggests that the effects of the most recent climate changes should be better
analyzed in this marine region;

• The changes in nutrients dynamics, which indicates that the productivity of the NAS has been
largely modulated in the last 40 years by the combination of river water discharges and human
activities and that further changes have to be expected in the future, particularly in the case of a
further reduction in anthropogenic phosphorus loads.
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Appendix A

Table A1. Statistics of seasonal values of flow rate (m3 s−1) and nitrate and phosphate concentrations
(µM) in the Po River, in 1993–2015.

Seasons Winter Spring Summer Autumn

Discharge (m3 s−1)

No. data 2075 2093 2116 2116
Mean 1420 1835 1126 1850

Standard Error 13 18 12 24
Minimum 542 216 168 561
Maximum 5540 7120 7457 9517
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Table A1. Cont.

Seasons Winter Spring Summer Autumn

Nitrate (µM)

No. data 84 87 90 88
Mean 209 140 114 188

Standard Error 4.2 4.4 4.3 4.9
Minimum 121 43 8 92
Maximum 323 273 202 332

Phosphate (µM)

No. data 81 81 75 87
Mean 2.35 1.89 1.76 2.47

Standard Error 0.07 0.06 0.09 0.09
Minimum 1.29 0.64 0.32 0.97
Maximum 4.84 3.87 5.81 5.48

Table A2. Number of days with extremely low (<10th percentile; 669 m3 s−1) and high (>90th percentile;
2830 m3 s−1) flows of the Po River in each month, in 1971–2005 and 2006–2015. The data are normalized
for the length of the two periods.

Month Period High
Day Year−1

Low
Day Year−1 Period High

Day Year−1
Low

Day Year−1

January 1971–2005 2.8 1.9 2006–2015 1.2 1.3
February 1971–2005 1.6 1.0 2006–2015 0.0 3.0

March 1971–2005 1.5 3.3 2006–2015 0.4 2.4
April 1971–2005 1.2 1.9 2006–2015 3.6 2.8
May 1971–2005 1.4 8.2 2006–2015 2.6 8.0
June 1971–2005 2.6 4.4 2006–2015 3.8 3.2
July 1971–2005 7.3 0.6 2006–2015 12.4 0.0

August 1971–2005 10.5 0.5 2006–2015 9.6 0.4
September 1971–2005 2.4 1.8 2006–2015 0.7 0.5

October 1971–2005 1.3 6.8 2006–2015 0.0 0.0
November 1971–2005 1.2 4.7 2006–2015 1.2 6.8
December 1971–2005 2.7 2.3 2006–2015 0.4 4.9
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