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Abstract: This study investigates the long-term trends (1992–2022) of nitrogen and phosphorus
loadings exported by the River Po to the Adriatic Sea, to better analyse how changes in hydrology
are affecting the timing and magnitude of river nutrient loads. We used 30 years of monitoring
data in order to (a) identify the main temporal patterns and their interactions at a decadal, annual
and seasonal scale, (b) estimate precipitation effects on load formation and evaluate whether and
to which extent the hydrological regime affects nutrient export across the years and (c) analyse the
nutrient export regime at a monthly scale and the main transport dynamic of N and P chemical
species (hydrological vs. biogeochemical control). The long-term analysis shows a general decrease of
both P and N loadings, but the trends are different between the elements and their chemical species,
as well as undergoing different seasonal variations. We found a statistically significant relationships
between precipitation and loads, which demonstrates that precipitation patterns drive the exported
load at the intra- and interannual time scales considered in this study. Precipitation-induced load
trends trigger seasonal changes in nutrient deliveries to the sea, peaking in spring and autumn.
The nitrogen decrease is mainly concentrated in the summer dry period, while total phosphorus
diminishes mainly in spring and autumn. This mismatch of N and P results in variable molar N:P
ratios within the year. The effects of extreme drought and flood events, along with the progressive
decrease in the snowmelt contribution to water fluxes, are expected to exacerbate the variability in
the N and P loadings, which in turn is expected to perturbate the biodiversity, food webs and trophic
state of the Northern Adriatic Sea.

Keywords: nitrogen; phosphorus; loading; long-term trends; seasonality; precipitation; discharge

1. Introduction

Widespread alterations in nutrient cycling are occurring in river basins at a global
level due to the increased intensity of land use, i.e., agriculture, livestock and urbanisation,
as well as hydro-morphological modifications and climate change [1–4]. These pressures
result in excessive nitrogen (N) and phosphorus (P) delivery to both inland and marine
coastal waters, which triggers degenerative eutrophication processes and unprecedented
nitrate pollution, especially in lentic aquatic ecosystems [5–8]. The detrimental impact
of nitrogen and phosphorus pollution has led to significant efforts to regulate nutrient
loading, but the outcomes of these efforts have been contrasting, due to the complex and
often cumulative nature of the factors involved [7].
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The relationships between anthropogenic N/P loadings and eutrophication processes
are commonly assessed, assuming the inter-dependence between both elements in running
waters and their anthropic input derived from climate and hydrological patterns [5,7,9–12].
However, the environmental pathways and fate of N and P are not simply dependent on
their sources, as they are also affected by several other factors, including the chemical
speciation of N (e.g., the ammonium (N-NH4

+) to nitrate (N-NO3
−) ratio), the biological

availability of P compounds, the river metabolism and the interactions between the river
and its floodplain, including the interchange with lateral wetlands [13–17].

Besides anthropogenic sources, N or P availability and their chemical speciation are
often regulated by so-called “flood pulses” [18]. Many rivers and streams are impacted
by an altered flow and water temperature, especially in the temperate regions, where the
frequency of flood events and prolonged drought periods is dramatically increasing due to
climate change [19–22]. The resulting alternation of such different conditions can deeply
modify the mobility and availability of N and P forms, which depend on, e.g., oxygen
availability, sedimentary microbial metabolism, sediment sorption properties and redox-
sensitive metals, as well as the precipitation effect on soil erosion [23–27]. The fluctuation
in water level induces the alternation of dry phases, causing the exposure to air of soils and
riverbeds (the oxic-oxidative phase), followed by flooding (the anoxic–reducing phase),
which support nitrification and denitrification processes, respectively [28,29]. Concurrently,
inorganic P forms are adsorbed and retained by soil particles in the dry phase, whilst they
are released/desorbed and transported by the surface runoff in the wet phase [27,30,31]. In
the river basins of temperate zones, these processes are expected to undergo nearly regular
seasonal patterns depending on a series of factors: precipitation, heat budget/temperature,
evapotranspiration, water abstraction for irrigation and river metabolism. Collectively,
these components affect the long-term trends of nutrient loadings [12,32,33]. Over the last
decades, climate changes have deeply modified the seasonality of both the river discharge
and nutrient loadings, due to the occurrence of severe and prolonged droughts, followed by
heavy short-term rainfalls or exceptional snowmelt and flash floods [34–36]. Under these
conditions, river runoff is expected to deliver high amounts of soluble N-NO3

−, along with
particulate P [37–39]. The chemical speciation of N, namely the N-NH4

+ to N-NO3
− ratio,

influences N reactivity and bioavailability, and the inherent risk of the N-NO3
− pollution of

both surface water lenses and groundwater. Therefore, N and P may differentially impact
downstream ecosystems: N-NO3

− is usually promptly reactive [40,41], whereas soluble
reactive phosphorus (SRP) is closely associated with soil/sediment particles, which are
usually much less reactive and bioavailable than N-NO3

− [31].
As a result, land use and morphological modifications, along with precipitation and

global warming, may modify not only the annual nutrient loading delivery to coastal zones,
but also its stoichiometry and timing/seasonality [42–44]. Variations in the precipitation
regime, coupled with a higher frequency of extreme drought and rainfall/storm events,
along with snowfall and snowmelt dynamics, may further coincide to modify nutrient
transport and its fate in the catchment [45–47]. Importantly, the onset of hydrological inter-
mittence is challenging our capacity to discriminate which factors, and at which temporal
scale, have the potential to influence the eutrophication of the receiving waterbodies [24,48].
Additionally, much of the research focuses on the fate of N species compared to P species.
Importantly, N and P may respond differently to climate change, resulting in variations
in N:P ratios with different effects on the quality of downstream ecosystems [49,50]. Un-
derstanding the role of climate patterns and human activity in driving nutrient loads is
therefore pivotal for distinguishing the temporal trajectories of the various nutrient regimes
and their drivers [7]. In this context, long-term monitoring plays a critical role in verifying
the effect of multiple factors and their interaction on a seasonal level. Long-term analyses
allow for the inclusion of extreme periods or events that are rare by definition, despite their
frequency being one of the main controlling factors of nutrient export [51].

This study aims to analyse decadal, annual and seasonal trends of N and P loads to
better elucidate how changes in hydrology affect the timing and magnitude of riverine
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nutrient loads. We focused our analysis on the River Po basin in Northern Italy, which is
facing an increasing impact of severe drought events [36,52], as well as the progressive
volume loss of alpine glaciers due to climate change [34,53]. Here, rivers and streams
are currently undergoing hydrological intermittence due not only to global changes, but
also to increasing local anthropogenic pressures on aquatic ecosystems [51,54]. Nutrient
loadings delivered to the Adriatic Sea have been studied since the late 1960s [55]. Detailed
studies were performed in the early 2000s, aiming at relating anthropogenic sources and
hydrological variability to riverine loadings [12,56,57] and studying natural processes of N
removal [58]. However, while most studies investigated nutrient interannual variations,
they did not focus on the influence of hydrology on seasonal changes and how this can
contribute to long-term trends. To cover this gap in research, in this study we aim to (i)
identify the main temporal patterns at a decadal, annual and seasonal scale to unveil the
interplay between these different time intervals, (ii) assess precipitation effects on load
formation and evaluate whether changes in the hydrological regime are affecting the export
of nutrients across the years and (iii) analyse the nutrient export patterns at a monthly
scale, with a specific focus on the main transport dynamic of N and P chemical species
(hydrological vs. biogeochemical control).

Our overarching hypothesis is that changes in hydrological characteristics can influ-
ence decadal changes in nutrient export by affecting the intra-annual load distribution, but
the effect depends on nutrient-specific transport pathways. To test this hypothesis, we anal-
ysed N and P loads and their ecological stoichiometry over three decades (1992–2022). We
also analysed interannual changes in precipitation and water discharge and their relation-
ships with nutrient concentrations and loadings. This approach (i.e., c-Q metrics) is applied
to capture the integrative influence of climate and hydrology on nutrient transport, and it
has already provided crucial information on the processes controlling the mobilisation and
delivery of chemical elements into streams (i.e., export regimes), as well as biogeochemical
transformations in river networks [50,59–61].

2. Materials and Methods
2.1. Study Area

The River Po is 652 km long and is the second largest river in the Mediterranean
Sea in terms of water discharge (Q) after the Rhône, while is the first considering total
phosphorus and nitrogen exported loads [56,62]. The River Po basin is 74,000 km2, of which
71,000 km2 (~46,000 km2 as lowland) is in Italy (Figure 1); its geographical area covers
almost one-fourth the total land surface of Italy, and ~40% of the Italian GDP is generated
in the Po region [63]. The basin is largely anthropised, with 49% of the area covered by
arable land (42%) and artificial surfaces (7%), whereas the remaining is composed of forest
and seminatural areas (49%) (Figure S1) (CLC 2018, https://doi.org/10.2909/71c95a07-e2
96-44fc-b22b-415f42acfdf0, accessed on 28 August 2024).

The River Po basin is characterised by a heterogeneous orography, with an altitude
varying from 0 to 4792 m a.s.l (mean = 498 m a.s.l) (Figure S2) (https://ec.europa.eu/
eurostat/web/gisco, accessed on 28 August 2024). The Alps (from the west to the north
side) and Apennines (south side) encircle the Po plain, strongly affecting the climate. The
mean air temperature ranges from 5 ◦C in the alpine zone, to 10 ◦C in the Prealpine and
Apennine areas, reaching 15 ◦C in the Po plain. Minimum values occur in January and
maximum in July. The yearly mean precipitation is 1080 mm; however, it is heterogeneously
distributed. The Central Alps and Apennines show highest precipitation values (>1200
mm), while in some areas of the Po plain precipitation is below 700 mm [64].

Overall, the southern side of the basin is affected by water scarcity, and streams and
rivers have extremely variable flow regimes. Contrarily, the northern side of the basin
has a great number of reservoirs and high-altitude small lakes, as well as four large deep
subalpine lakes fed by alpine glaciers (Maggiore, Como, Iseo, Garda). These four lakes
account for ~70% of the water volume of surface freshwater in Italy and feed the main
tributaries of the River Po, which make up about 50% of its total water discharge [64,65].

https://doi.org/10.2909/71c95a07-e296-44fc-b22b-415f42acfdf0
https://doi.org/10.2909/71c95a07-e296-44fc-b22b-415f42acfdf0
https://ec.europa.eu/eurostat/web/gisco
https://ec.europa.eu/eurostat/web/gisco
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Finally, agriculture interferes heavily with the hydrological cycle, with ~22 km3 y−1 of
water being used for irrigation. Remarkably, this volume represents approximately 50% of
the average annual discharge of the River Po and is almost equivalent to the summer water
flux in the basin [66].
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Figure 1. The main map (A) shows the River Po basin with the River Po, its main tributaries and the
subalpine lakes. The red solid line delimits the River Po basin, while the shaded region specifically
identifies the part of the basin covered by the Pontelagosuro (PLS, N 44◦53′17′′–E 11◦36′29′′) and
Ficarolo (FCR, N 44◦56′42′′–E 11◦25′31′′) closing stations; the small map (B) places the River Po basin
within the Mediterranean area.

2.2. Datasets and Temporal Resolution

The closing station of the River Po basin is historically positioned at Pontelagoscuro vil-
lage (PLS) (Figure 1). The monitoring of water quality and quantity are routinely conducted
by the Emilia-Romagna Regional Agency for Environmental Protection (ARPAE).

Nutrient concentration data from 1992 to 2009 were directly provided by ARPAE, whereas
data from 2010 to 2022 are freely available for download from their website (https://dati.arpae.
it/dataset?q=rete-regionale-per-la-qualita&sort=score+desc,+metadata_modified+desc) and
were accessed on 2 October 2023. The dataset for this study includes fortnightly samplings
from 1992 to 2000, and monthly samplings from 2001 to 2022. Phosphorus (TP, SRP) and
inorganic nitrogen (N-NH4

+, N-NO3
−) data were available for the entire 30-year period,

1992–2022. The sample collection and analytical determinations were performed according to
the standard methods and analytical protocols indicated by IRSA-CNR [67].

Daily water discharge data are also freely available from the ARPAE online repository,
DEXT3R (https://simc.arpae.it/dext3r/, accessed on 2 October 2023), and were down-
loaded for the period 1992–2022. Missing data for time intervals shorter than a few days
were replaced by linear interpolation, whereas missing data from 25 July 2018 to 28 October
2018 (96 days) were estimated from discharge data of the Ficarolo station (FCR), which is
positioned ~20 km upstream from Pontelagoscuro (Figure 1) and shows highly comparable
discharge Q values (slope = 0.98, R2 = 0.99, Figure S3).

Precipitation (PPT) data were extrapolated from E-OBS data files from the Copernicus
Climate Change Service (https://surfobs.climate.copernicus.eu/, accessed on 2 October
2023) [68]. An E-OBS data file is composed of daily raster files, including the modelised
European precipitation at a 0.1◦ regular grid resolution. The precipitation data represent
the sum of the amount of rain, snow and hail measured as the height of the equivalent

https://dati.arpae.it/dataset?q=rete-regionale-per-la-qualita&sort=score+desc,+metadata_modified+desc
https://dati.arpae.it/dataset?q=rete-regionale-per-la-qualita&sort=score+desc,+metadata_modified+desc
https://simc.arpae.it/dext3r/
https://surfobs.climate.copernicus.eu/
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liquid water in a square meter. The daily average precipitation was calculated at the basin
scale and then summed to obtain the monthly and annual mean precipitation.

2.3. Calculation of Exported Loads and Export Metrics

Nutrient loads were calculated on a monthly and annual basis as the product of
the discharge-weighted mean concentration and the mean discharge of the period [69],
as follows:

L =
∑n

i=1 ci × Qi

∑n
i=1 Qi

× Q × k (1)

where

L = period loading (kg time−1);
ci = concentration on dayi (g m−3);
Qi = mean daily discharge on dayi (m3 s−1);
Q = mean period discharge (m3 s−1);
k = temporal factor to calculate period L.

We assessed the nutrient export scheme for each month, applying concentration–
discharge metrics [61,70] across years according to the following power law relation-
ship [71]:

c = aQb (2)

ln(c) = ln(a) + b ln(Q) (3)

where ln(a) is the intercept and b the slope of the ln(c) − ln(Q) regression.
The slope of the ln(c) − ln(Q) relationship describes the export pattern: a positive

slope (b > 0) indicates an enrichment pattern, while a negative slope (b < 0) means a
dilution pattern. When the ln(c)−ln(Q) relationship presents a not significant slope (b ≈ 0),
Thompson [70] proposed to associate the ratio between c and the Q coefficient of variation
(CV), as a measure of the relative variability between c and Q irrespective of the correlation:

CVc

CVQ
=

Q

c

σc

σQ
(4)

According to previous published works, we distinguished chemostatic behaviour (low
ratio, CVC/CVQ < 0.5) from chemodynamic behaviour (high ratio, CVC/CVQ > 0.5), which
is considered as an index of high solute reactivity or threshold-driven transport [33,61].

Precipitation, runoff and the exported loads during summer months were also ex-
plored through a comparison between dry and wet years. First of all, the PPT-Q relationship
was analysed with a quartile analysis, which allowed a partitioning of the dataset in dry,
wet and normal years. The first quartiles of both PPT and Q were assumed to be the upper
thresholds of dry years, the 3rd quartiles were the lower thresholds of wet years, and
the 25th–75th interquartile comprised the normal years. Then we grouped the months
according to Montanari [51] in order to represent periods of the year that are characterised
by the critical patterns of both hydrological and biogeochemical processes.

2.4. Statistical Analyses

All the statistical analyses were performed using R software [72]. To test the signifi-
cance of monthly variability for PPT, Q and nutrient concentrations, we applied a one-way
ANOVA through the lm function under the R Programming Language [72]. Differences
between months were estimated with the summary function, verifying the contrast against
January values. To ensure the model assumptions were met and due to the skewness of
the distribution of residuals, data were log- or square root-transformed on the basis of the
graphical evaluation of QQplots.

The PPT and Q relationship and the concentration and Q relationship were anal-
ysed at the annual level and for each month with a linear regression model of log-log-
transformed data.
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To assess long-term patterns and the periodicity within the year of nutrient loads, we
applied a Generalised Additive Mixed Model (GAMM) with the R package mgcv [73]. To verify
the significance of monthly trends, months were treated as a factor, and then we tested the
general model with an annual common smoother, plus monthly level smoothers with a
different wiggliness, as follows:

yi ∼ month + s(year) + s(year, by = month) + εi (5)

A reduction in collinearity between the reference smoother and monthly trends was
achieved by specifying the marginal TPRS basis as described by Pedersen [74]. In order to
ensure that model assumptions were met and due to the skewness of the distribution of
residuals, data were log- or square root-transformed on the basis of the graphical evaluation
of QQplot, while to resolve the temporal autocorrelation we used the corARMA function
within the mgcv R package [73]. Finally, the autoregressive order (p) varied from 1 to 10,
and we then selected the model with a lower AIC (Akaike Information Criterion) [75]. As
a spline function, we adopted the cubic regression (bs = “cr”). The accepted model was
finally calculated using the Restricted Maximum Likelihood (REML) [75].

3. Results
3.1. Temporal Variability of Precipitation, Hydrology and Nutrient Concentration

Over the last three decades (1992–2022), the total annual precipitation (PPT) in the
River Po basin ranged from 673 (2022) to 1286 (2014) mm, with the median = 1029 mm and
mean = 918 ± 169 mm (Figure 2A). Concurrently, at the closing section of the River Po basin
(Pontelagoscuro), the mean annual discharge (Q) varied from 550 (2022) to 2282 m3 s−1

(2014), with the median = 1443 m3 s−1 and mean = 1450 ± 409 m3 s−1 for the whole period
(Figure 2A). Both PPT and Q underwent a significant intra-annual variability (ANOVA,
p < 0.001), which can be synthesised by two-phase seasonal patterns (Figure 2B). The
higher PPT periods occurred from April to June, and from August to November, when
they attained significant peaks, i.e., 90 ± 40 mm in May and 118 ± 77 mm in November. By
contrast, the lowest values were detected in February (49 ± 35 mm) and July (61 ± 23 mm).
Similarly, Q attained two significant peaks (t-test, p < 0.001) in May (1985 ± 1190 m3 s−1)
and November (2204 ± 1735 m3 s−1). Significantly lower values (t-test, p < 0.01) were
detected in July and August (850 ± 405 m3 s−1), while the Q was relatively constant from
January to April (1381 ± 684 m3 s−1) (Figure 2B).

Based on the combination of quartile analysis outcomes of both PPT and Q, six very
dry years were identified from 2000 onwards. Moreover, five of the six wettest years fell in
the same period, evidencing a huge amplification of hydrological variability (Figure 2A).
Table 1 shows the comparison of river discharge rates under the extreme conditions of the
wettest (2014) and driest (2022) years and with the mean values of the whole period from
1992–2022.

Table 1. Main water fluxes (km3 yr−1) from 1992 to 2022 in the River Po basin. The mean and the
extreme conditions of flood (2014) and drought (2022) are considered. PPT: total annual precipitation;
Q: annual river discharge measured at Pontelagoscuro (river basin closure).

Years PPT (km3 yr−1) Q (km3 yr−1)

Wettest (2014) 93.6 72.0

Mean (1992–2022) 68.0 45.7

Driest (2022) 51.0 17.3
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Figure 2. (A) Relationships between the annual cumulated precipitation (PPT) and the mean annual
water discharge (Q) in the River Po basin. Dashed lines represent the first and third quartiles of
both PPT and Q. Red dots represent dry years, while green dots represent wet years. (B) Boxplot
of monthly cumulated PPT (grey) and monthly mean Q (blue); whiskers represent 5th and 95th
percentiles, boxes the 25th and 75th percentiles, horizontal lines the 50th percentile. (C) Slope ± st.
error of ln(Q) − ln(PPT) regression, with Q = mean monthly water discharge and PPT monthly
cumulated precipitation; black dots represent significant slopes (p < 0.05). Expanded plots of monthly
relationships are available in Figure S4 and statistics in Table S1.

Moreover, Q was significantly correlated to PPT, with r = 0.85 and p < 0.0001. The PPT
and Q relationships analysed for each month indicate a significant slope for all months
except for August. The slope peaked in June–July (b = 0.73–0.77) and was lower during the
rest of the year (b = 0.25–0.47) (Figures 2C and S4, Table S1).

At the basin scale, in both wet and dry years, approximately 50% of PPT is recorded
between May and October, with minimum values in summer (Table S2). The ratios between
the quantities of water falling to the ground during wet and dry years (WET/DRY) in
the different periods considered are relatively low and constant (1.2–1.5). The river flow
presents a similar trend to that of precipitation, but with a significantly higher WET/DRY
ratio (2.3–2.9) (Table S2).

The concentrations of the main N and P compounds undergo a wide variability with a
clear seasonality, especially for nitrate (N-NO3

−) and SRP (Figure 3). On average, N-NO3
−

concentrations decrease from January (~3 mg N L−1) to July (~1.3 mg N L−1), and grow in
the second part of the year. Moreover, N-NO3

− accounts for 93–98% of dissolved inorganic
nitrogen (DIN = N-NO3

− + N-NH4
+), while the contribution of ammonium (N-NH4

+) is
almost negligible for most of the year. Unlike SRP, TP attains very high concentrations in
May and from October to December (95th percentile > 0.3 mg P L−1) mainly due to flood
events, while monthly medians vary between 0.13 and 0.16 mg P L−1. The molar DIN:SRP
ratio is usually very high, evidencing a shortage of SRP vs. DIN.
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−), ammonium (N-NH4

+),
soluble reactive phosphorus (SRP), total phosphorus (TP), and DIN: SRP molar ratio between 1992
and 2022. Whiskers represent 5th and 95th percentiles, boxes the 25th and 75th percentiles, horizontal
lines the 50th percentile.

3.2. Temporal Variability of Nutrient Loadings

Nutrient loadings exported from the River Po to the Northern Adriatic Sea undergo
clear temporal patterns, both within the same year and over three decades, from 1992 till
2022 (Figure 4).

The DIN loading variations over the year conform to those of N-NO3
−, which attain

significantly lower values from June to September (p < 0.001). The N-NH4
+ loadings are

almost negligible over the year (from March to November) and they account for up to 10%
of the DIN only during flood events. The TP loading usually attains two peaks in May
(p < 0.01) and November (p < 0.01), while it is persistently low at low Q rates. Finally, SRP
exhibited an intermediate behaviour between N-NO3

− and TP, with lower loadings in July
and August (p < 0.001) and higher loads in November (p < 0.05) and April (p = 0.05). The
DIN:SRP molar ratio shows a two-phase trend, with low values in June (p < 0.001) and
September–October (p < 0.001).

Over the long-term period, from 1992 to date, N-NO3
− and SRP are more conservative

(CV = 0.65) than TP (CV = 1.6), while N-NH4
+ has an intermediate behaviour (CV = 1.0).

The annual reference–smooth term decreases progressively and is statistically significant
for N-NO3

− (p < 0.01), N-NH4
+ (p < 0.001) and TP (p < 0.01), while SRP changes are not

statistically significant (Figure 4). Moreover, the observed patterns suggest the nitrate
decline started in the 1990s. The DIN:SRP molar ratio is also undergoing a significant
decrease, especially in the last decade.

Single monthly smooths vary by nutrient and in some cases also by month. The period
from November to May and September show the same decreasing trend for N-NO3

−. The
June to July period and October present a significantly different trend (pJun-Aug = 0.001,
pOct < 0.05) than the general smooth: June and October are characterised by a greater
decrease in the first decade and then became stable in the last two decades, while August
generally shows no temporal trend. Our findings show that the period with the minimum
N-NO3

− load, usually occurring in summer, varies in intensity and temporal extension.
The decreasing phase is progressively anticipated (from Jun–Jul to May–Jun); then the
minimum (which is reached in July rather than in August) becomes more pronounced.
Finally, the return to the standard autumnal load is delayed from September–October to
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October–November. Therefore, the seasonal curve corresponding to summer becomes
flatter and larger than in the 1990s.

Water 2024, 16, x FOR PEER REVIEW 9 of 22 
 

 

 

Figure 4. Temporal trends of N-NO3−, N-NH4+, SRP, TP and DIN:SRP molar ratio. Left panel: Mod-

elled monthly trends in 1992 and in 2022. Right panel: Long-term trend for each month. Coloured 

lines follow trends that are different from the reference patterns. Linewidth indicates the statistical 

significance value: thin lines are not significant, wide lines are significant at p < 0.05. Nutrient loads 

are showed on a ln scale. Please note differences in y scales between graphs. 

Over the long-term period, from 1992 to date, N-NO3− and SRP are more conservative 

(CV = 0.65) than TP (CV = 1.6), while N-NH4+ has an intermediate behaviour (CV = 1.0). 

The annual reference–smooth term decreases progressively and is statistically significant 

for N-NO3− (p < 0.01), N-NH4+ (p < 0.001) and TP (p < 0.01), while SRP changes are not 

statistically significant (Figure 4). Moreover, the observed patterns suggest the nitrate de-

cline started in the 1990s. The DIN:SRP molar ratio is also undergoing a significant de-

crease, especially in the last decade. 

Figure 4. Temporal trends of N-NO3
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Modelled monthly trends in 1992 and in 2022. Right panel: Long-term trend for each month.
Coloured lines follow trends that are different from the reference patterns. Linewidth indicates
the statistical significance value: thin lines are not significant, wide lines are significant at p < 0.05.
Nutrient loads are showed on a ln scale. Please note differences in y scales between graphs.

For N-NH4
+, only December and July present a significantly different smooth (p < 0.05)

from the general one, with a higher decreasing rate for December in the first decade and a
stabilisation of the load in July. Log transformation evidenced that the larger N-NH4

+ loss
is concentrated during the coldest period (Oct–Mar).

Similarly, TP presents no different smooths among months, while log transformation
also indicates that the larger losses occur during wetter months (May, Oct–Dec). On the
contrary SRP shows a pattern similar to N-NO3

−, but less significant. The decreasing
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load of June (p = 0.01) confirms the minimum anticipation, while the weaker (p = 0.06)
significance of the October rate may suggest an autumnal shift, as for N-NO3

−.
Finally, the significance of the molar DIN:SRP ratio is strongly dependent on the trend

of the last decade, confirming the steady decrease in N-NO3
− against the more fluctuating

trend of SRP. Coherently with the results of N-NO3
− and SRP, the DIN:SRP also diverges

from the reference trend in June (p < 0.05), with a higher decrease rate.

3.3. Loading Responses to Precipitation

Load–precipitation relationships calculated on annual data are reported in Table 2 and
Figure S5.

The general slope is highly significant for all nutrients, except for the DIN:SRP molar
ratio. The monthly relationships between load and precipitation show a similar behaviour
for N-NO3

−, SRP and TP, with decreasing slopes from summer to autumn and lower or
non-significant values from winter to early spring (Figures 5 and S6 and Table S3). Despite
TP and SRP being similar, the values of the TP slope are less variable between months,
indicating a more stable response to rainfall. For N-NH4

+, the slope is non-significant for
8 out of 12 months, except for the wettest months (May, and September to November). The
slope of the DIN:SRP molar ratio is non-significant for most of the year, except in July
and November.
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Figure 5. Left panel: Slope ± st. error of the ln(L)-ln(PPT) relationship between precipitation versus
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can be found in Figure S6 and statistics in Table S3). Right panel: Export regime scheme as described
by Musolff [61]. The slope ± st. error of the ln(c)-ln(Q) relationship is reported on the y axis; the
CVC/CVQ ratio is reported on the x-axis. Dot size represents the significance of the ln(c)-ln(Q) slope. A
negative slope (b < 0) indicates a dilution pattern, while a positive slope (b > 0) indicates a mobilisation
regime. When b ≈ 0, the solid grey line (x = 0.5) indicates the theoretical boundary that differentiates
chemostatic from chemodynamic behaviour. Expanded plots of monthly relationships can be found
in Figure S8 and statistics in Table S4.

In dry years from May to October, the N-NO3
− load, which represents nearly 95–98%

of the reactive N, is 31% of the annual total and does not exceed 15% from June to September
(Figure 6 and Table S2). A similar trend also occurs in wet years, but with a WET/DRY
ratio between 2.5 and 4.0 in June–August. SRP and TP (Figure 6 and Table S2) present
trends similar to those of N-NO3

−.

Table 2. Relationship between nutrient load (L) and precipitation (PPT) at the yearly scale (plots can
be found in Figures S5 and S6) and between nutrient concentration (c) and water discharge (Q) at
the monthly scale (plots can be found in Figures S7 and S8). Significance is shown with asterisks
(p < 0.05 *, p < 0.01 **, p < 0.001 ***).

Relationships Parameter Slope St. Error R2

ln(L) − ln(PPT)
annual data

N-NO3
− 1.20 *** 0.24 0.47

N-NH4
+ 1.73 *** 0.48 0.31

SRP 0.93 *** 0.20 0.42
TP 2.02 *** 0.35 0.53

ln(c) − ln(Q)
monthly data

N-NO3
− 0.18 *** 0.03 0.06

N-NH4
+ 0.15 * 0.08 0.01

SRP 0.08 * 0.04 0.01
TP 0.29 ** 0.04 0.13
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3.4. Concentration–Water Discharge Metrics

The concentration–discharge (c-Q) relationships calculated with the whole dataset are
reported in Table 2 and Figure S7. The general slope is significant for all nutrients, with the
following pattern: TP > N-NO3

− > N-NH4
+ > SRP ≈ DIN: SRP. The c-Q relationship was
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also tested for each nutrient by month (Figures 5 and S8 and Table S4), to assess whether
the relationship is constant throughout the year or if it is season-dependent.

The TP monthly slope (b) is overall positive throughout the year, although it is statisti-
cally significant only in May and from September to November, indicating the dominance
of the mobilisation regime. By contrast, the N-NO3

− slope is not statistically significant
during winter and spring, while from June to August it is characterised by a mobilisation
pattern (b > 0), and during October and November it follows a dilution behaviour (b < 0).
The concentration of N-NH4

+ and SRP appears to be largely independent of water dis-
charge, except in May, September and October, when a mobilisation pattern of ammonium
occurs, with a significant dilution pattern for SRP in colder months (November, January
and February). As a clear consequence, the DIN:SRP molar ratio appears to be largely inde-
pendent from Q. The only exception is during the colder months (January and February),
where the slope becomes statistically significant (pJan = 0.01, pFeb = 0.001) and varies from
0.16 in December to 0.32 in February. This trend is mostly driven by the dilution pattern
of SRP, because the N-NO3

− concentration does not change with the discharge during
these months.

The CVC/CVQ ratio pinpoints three main groups at the interannual scale: (i) nearly
chemostatic behaviour (CVC/CVQ < 0.5) for N-NO3

− (0.48), (ii) chemodynamic behaviour
(CVC/CVQ > 0.5) for SRP (0.59) and TP (0.9), and (iii) highly chemodynamic behaviour
(CVC/CVQ > 1) for N-NH4

+ (1.45). N-NH4
+ and TP also present, respectively, highly

chemodynamic and a chemodynamic behaviour at monthly scale. SRP shows general
chemodynamic behaviour except in September and October, which are characterised by
chemostatic behaviour. Finally, for N-NO3

− we observed chemostatic behaviour except in
July and August.

4. Discussion

In this work, we analyse changes in the N and P loadings exported by the River Po
to the Northern Adriatic Sea over short-term (months and seasons) and long-term (three
decades from 1992 till 2022) temporal scales. The main goal is to elucidate the effects of
precipitation on the concentration and loadings of N-NO3

−, N-NH4
+, SRP and TP. We

also evaluate the basin export regime in order to infer the major drivers that control the
loads, i.e., hydrological, geochemical and biogeochemical patterns. These are understudied
but important issues in inland waters to support effective basin management and the
protection of downstream water bodies, as they can provide new insights into the capacity
of basins to retain and export nutrient loads under heavy exploitation along with climate
and hydrology changes.

4.1. Decreasing Load Trends Are Driven by Changes in Hydrology and Seasonality

The long-term analysis shows a general decreasing trend in nutrient loads, which is
higher for N-NH4

+ than for N-NO3
− and TP, while reactive phosphorus shows no clear

decrease over the last 30 years. This is not unexpected, as other studies have already described
such a decrease in nutrient loads in the Po basin and in other basins [12,56,58,76,77].

In the River Po basin, since the 1970s, nutrient loadings have been managed primarily
through environmental policies aiming to implement urban wastewater processing and
the removal of polyphosphates from detergents. These policies have been successful,
especially for the reversal of the reactive P-loading trend in the 1980s, but they were less
effective in the reduction of N and TP loads [12], similarly to the Elbe, Danube and Rhone
rivers [54,76,77]. Since nitrogen loadings are generated by diffuse agricultural sources
and by atmospheric deposition, they are in fact much less affected by policies and the
management of wastewaters [12]. At the same time, TP loads are sustained by particulate
P export driven by land erosion and the delayed release of P accumulated in agricultural
soils [78]. Our analysis evidences that the long-term trend is clearly affected by seasonal
events, and the decrease rate differs between months. The N-NO3

− load decrease is mainly
concentrated in the summer dry period due to a steeper minimum in July, along with an
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amplification from 3 up to 5 months of the summer dry period duration. The persistence of
dry conditions (June to October) largely contributes to the annual load reduction. The TP
decrease, despite similar summer minima, also depends on the reduction of the spring and
autumn flooding phases. The N-NH4

+ trend is also unequally distributed among months
with a larger decrease in winter, but it is less impacting as it contributes less than 5% of
the DIN loading. Therefore, over the last 30 years, the nutrient loads originating from
diffuse sources in farmland are likely to be mainly controlled by seasonal variations in PPT,
hydrology and biogeochemical processes in the river and its catchment [9]. As such, the
understanding and management of the nutrient loadings delivered to the Adriatic Sea by
the River Po is challenged by the huge variability in river discharge in the last two decades,
which is due to changes in precipitation patterns and direct water use.

The mean water fluxes estimated for the 1992–2022 period (Table 1) are close to those
estimated by Montanari [66] for 1960–1990. In fact, we found PPT = 68 km3 yr−1 and
Q = 45.7 km3 yr−1 (this study) vs. PPT = 78 km3 yr−1 and Q = 47 km3 yr−1 [66]. However,
in the latter period, the flux ranges are extremely variable, oscillating from a maximum in
2014 (72.0 km3 yr−1) to a nearly four-fold lower dramatic minimum in 2022 (17.3 km3 yr−1).
The very low Q flux in 2022 is equivalent to the total flux quota for agriculture in normal
years [66], which highlights a critical water shortage. The River Po basin is characterised
by a biphasic precipitation pattern, which corresponds to a biphasic water discharge, as
described by Montanari [66]. At a multi-year scale, significant relationships emerge between
precipitation and flow, which vary by year and season, with the form of precipitation being
responsible for this relationship. For instance, from winter to early spring, snowfall and
snowmelt contribute to accumulating solid water, thus controlling the high spring discharge.
In fact, precipitation is stored as snow on the Alps during the winter season, and then it is
released from spring to early summer, contributing to the Po flood during this period [79].
On the contrary, the discharge response to precipitation is immediate in the case of rainfall
and can reach peaks during summer storms. In this season, discharge rates are low and the
runoff can undergo sudden variations induced by short-term intense rainfalls, indicating
that PPT has greater effects on the Q itself than in the other months. Furthermore, high
fluxes can be also sustained by the lower water demand for irrigation which follows rain
events. The annual decline in the River Po discharge in summer is more accentuated than
the declining rate of the annual precipitation regime (Table 1). This means that in dry years,
the water deficit is caused not only by the decrease in precipitation but also by other factors,
such as the increase in evaporation and evapotranspiration, which in turn are enhanced by
the increasing irrigation withdrawals [51].

Modifications in the hydrological regime are associated with changes in nutrient
loads, particularly during the summer months when reductions in runoff enhance the
load reductions. Under drought conditions, the loadings exported to the Adriatic Sea
(i.e., DIN = 38,690 t N yr−1, SRP = 1690 t P yr−1, TP = 2721 t P yr−1) are far below the
values in the pristine river [12]. In June–August, with low to absent precipitation, we found
a marked decrease in the N-NO3

− and TP loads, which, in dry years, are four times lower
than in wet years. Such decreases can be due to both lower land to water connectivity and to
the higher river metabolism, which tends to increase under dry and warm conditions when
land inputs are minimal and fluxes are lower (see below). Therefore, nutrient loadings are
very low in summer, when physical conditions (solar radiation, temperature) are optimal for
marine primary production. This asynchrony between chemical and physical factors might
generate a sort of biogeochemical mismatch between nutrient availability and primary
production, playing a key role in determining the evolution of the biodiversity, productivity,
food webs and trophic state of the Northern Adriatic Sea, which seemed to undergo
oligotrophication during the harsh and long drought in the 2003–2007 period [80–83]. On
the other side, a few years later (2010 till 2015) a very variable and wet phase occurred [84].
In the very wet 2014, the loadings exported by River Po (i.e., DIN = 145,849 t N yr−1,
SRP = 3899 t P yr−1, TP = 15,721 t P yr−1) were similar to those detected from the mid-
1970s to the 1980s, when the Northern Adriatic coast was impacted by unprecedented
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eutrophication [12]. This pattern brings up new questions on the legacy of nutrients,
regarding, for instance, the sudden release of N and P stored in agricultural soils and in
surface sediments in the past decades [15].

4.2. Hydrology Controls Load Export

The analysis of the relationships between precipitation and loads demonstrates that
the precipitation pattern drives the exported load at seasonal time scales, with different
behaviour for the diverse chemical forms of N and P. The different precipitation effects
on the exported load can be explained by seasonal changes in hydrological connectivity
and the relationship between concentration and discharge and whether the load is driven
only by discharge (e.g., a dilution pattern) or also by concentration increases (e.g., the
effect of erosion, soil weathering and leaching). Solutes from deep bedrock usually follow
a dilution behaviour, whilst solutes with a surface genesis (e.g., litter and upper soil
layers) follow enrichment patterns [50]. Chemostatic behaviour has been attributed to the
homogenous and uniform distribution of elements in the catchment, meaning that changes
in hydrological connectivity and the flow path do not affect solute concentrations, as the
load is dependent on the increase in the discharge.

In the River Po, from June to August, rainfall from summer storms increases the
nitrate and phosphorus loads, but the underlying mechanisms are likely to be different.
Nitrates undergo a clear mobilisation behaviour, while SRP and TP concentrations do
not show a clear relationship with discharge, but a high chemodynamic pattern, along
with N-NH4

+. Positive relationships between concentration and discharge have been
attributed to the reconnection of surface or subsurface catchment components where a given
element is more abundant, and/or to enhanced erosion during high flows for suspended
sediment and the associated pollutants [85,86]. In summer, hydrological disconnection
favours the accumulation and retention of N-NO3

− in the soil or in the riverbeds [11,87].
Summer storms might cause intense rainfall, leading to runoff that suddenly reconnects the
hydrological network, thus mobilising and exporting the accumulated N-NO3

−, especially
in heavily exploited farmlands [88–90].

The lack of an enrichment pattern for the other nutrients suggests that hydrological
reconnection and solute mobilisation are not the most relevant mechanisms during summer.
When the ln(c)-ln(Q) slope is not significant, the variability in concentration against dis-
charge (CVC/CVQ) indicates a degree of nutrient transformation along the continuum [50].
During summer, SRP and N-NH4

+ show strong chemodynamic behaviour, which may
depend on biological control processes [61]. A low flow and high light availability support
the stream metabolism and phytoplankton growth, which removes reactive P and N-NH4

+

from the water column, decreasing their concentrations [91,92]. The high variability in con-
centration is expected to mask the mobilisation effect of SRP in summer, which, similarly to
N-NO3

−, seems to be more easily exported during floods [93,94]. The assimilation of SRP
could also favour an increase in TP during low flow conditions, thus weakening the strong
hydrological dynamics of TP dependant on the erosion of particulate P, as TP concentrations
typically show a positive relationship with discharge [27,60]. Nitrate may also be under
biological control, as confirmed by its weak chemodynamic behaviour combined with
low concentrations during low flow [60]. In summer, a lower water velocity and higher
temperature could promote not only denitrification [58] but also consumption by primary
producers, similar to what has been described for the Elbe basin [95].

During autumn and in May, which are the wettest periods of the year, both TP and
N-NH4

+ show an enrichment pattern that enhances the role of precipitation in the export
rate, in contrast to the other months. While for TP this aspect is quite predictable due to
the erosion effect of rainfall on the P particulate form (particularly in heavily impacted
basins [27,96,97]), this pattern is less predictable for N-NH4

+. However, this appears to be
consistent with Tesi [98], who found that in the River Po ammonia was positively correlated
with suspended sediment (which increases during high flow events). The authors also
suggest N-NH4

+ concentrations to be driven by either microbial activity (ammonification–
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nitrification) or ionic exchange, the rates of which are proportional to suspended sediment
concentrations. Finally, the observed chemodynamic behaviour associated with positive
slopes in autumn and May is likely linked to a threshold-driven transport-dependant
pattern. The activation of differently distributed sources can be related to the geological
spatial heterogeneity for TP, but opens further issues for N-NH4

+ [61], such as the role
of combined sewer overflows. Combined sewer systems represent the most common
form of sewage collection in urban areas [99]. In these systems, sanitary waters are the
primary source of sewage discharge during dry conditions. However, during periods of
heavy precipitation, the conveyance capacity of the sewer network or the treatment plant
processing capacity may be exceeded, resulting in the discharge of partially treated and/or
raw sewage into surface waters due to sewer overflow [99].

The opposite behaviour of N-NO3
− and SRP in winter, also confirmed by the DIN:SRP

ratio, remains partly unexplained. The SRP dilution pattern with increasing flow rate
predominates in winter and is consistent with the dilution of point sources [100,101].
On the contrary, the N-NO3

− chemostatic behaviour observed from November to April
indicates a large nitrate legacy store, typical of heavily exploited basins and suggesting
the absence of spatial differences in soil water and groundwater concentrations [102,103].
The absence of a correlation between the N-NO3

− concentration and discharge has been
attributed to a spatial separation between the discharge-generating zones and solute source
areas [103,104]. This dynamic can be explained by the distribution of the most abundant
precipitation patterns and the differential human pressures along the River Po basin, with
the former generally positioned in the natural mountain sector of the catchment and the
latter found in the anthropised urban areas and cropland [12,66].

These results demonstrate that a substantial amount of information regarding the
factors that regulate the formation of nutrient loads can be obtained by examining the
relationships between concentration and discharge. Nevertheless, the comprehension of
river basin hydro-biogeochemical dynamics and the relative significance of meteorological,
biological and geological processes is complex due to the fact that these processes occur
at different temporal scales [60,61,90]. In this work, we used concentration data collected
at sampling frequencies ranging from fortnightly to monthly. This discrete sampling
frequency enabled us to gain insights into how precipitation patterns differently influence
the interannual and seasonal dynamics of N and P loads. However, this sampling frequency
is not sufficient to capture short-term, event-scale dynamics, which limited our ability
to disentangle the relative importance of specific processes or identify control points of
nutrient transport at the fine scale. Future studies integrating different sampling frequencies
would help to identify the different drivers that regulate N and P load formation across
different temporal scales and determine their relative importance.

5. Synthesis and Perspectives

In the River Po basin, precipitation patterns can explain the changes observed in the
nutrient loads exported to the Northern Adriatic Sea at both an annual and seasonal scale.
However, the effect of this tendency varies by month and nutrient form due to the different
relations between precipitation and discharge and different seasonal concentration regimes.

The relationship between PPT and Q pinpointed six very dry and five very wet
years in the last two decades, with an increased frequency of opposite extremes of water
discharge and nutrient loadings. Given the predictions of the progressive tropicalisation
of the Mediterranean climate, one can envisage a scenario with less snowfall and snow
accumulation, with a consistent decrease in the snowmelt that is currently regulating
the river discharge in late spring and early summer [34,36,66]. Furthermore, the water
discharge will be more dependent on rainfall—especially short-term heavy rainfall—thus
exacerbating the extreme Q rates.

The wide oscillation between dry and wet extremes is expected to cause strong pertur-
bations that hamper the adaptive capacity of riverine and marine [82] species. In dry years,
nitrate and soluble reactive phosphorus attain very low loadings in summer, when the
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physical conditions of coastal and marine waters are optimal for primary production [83].
The drought phase is thus expected to trigger a sort of mismatch between nutrient availabil-
ity and marine primary productivity, with cascade effects in marine food webs. In contrast,
the maximum loads estimated in very wet years could again stimulate eutrophication. The
agricultural sector is known to directly increase nutrient loads with fertilisers and manure
application, also depending on irrigation techniques and water availability [105–107]. Our
results suggest that the interaction between the hydrological variability induced by climate
change and direct anthropic water consumption can influence the interannual variation
in N and P loads. This is a critical point that refers to the N and P legacy and its delayed
release to aquatic environments.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/w16182628/s1; Figure S1: Land use distribution in the study area (Corine
Land Cover (2018)); Figure S2: Altitude distribution (m a.s.l) in the study area; Figure S3: Relationship
between water discharges (m3 s−1) measured at Ficarolo station versus Pontelagoscuro station, with
data from 1992 to 2022; Figure S4: Log-log relationship between water discharge versus precipitation.
Coloured line represents a significant relationship (p < 0.05); Figure S5: Log-log relationship between
nutrient loads versus precipitation with annual data. Figure S6: Log-log relationship between loads
versus precipitation. Coloured line represents significant relationship (p < 0.05); Figure S7: log-log
relationship between concentration versus water discharge with whole dataset; Figure S8: log-log
relationship between concentration versus water discharge. Coloured line represents a significant
relationship (p < 0.05); Table S1: Log-log relationship between water discharge versus precipitation.
p-values refer to slope; Table S2: Log-log relationship between loads versus precipitation. p-values
refer to slope; Table S3: Log-log relationship between concentration versus water discharge. p-values
refer to slope. Table S4: Log-log relationship between concentration versus water discharge. p-values
refer to slope.
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