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a b s t r a c t 

Rivers worldwide are under stress from eutrophication and nitrate pollution, but the eco- 

logical consequences overlap with climate change, and the resulting interactions may be 

unexpected and still unexplored. The Po River basin (northern Italy) is one of the most agri- 

culturally productive and densely populated areas in Europe. It remains unclear whether 

the climate change impacts on the thermal and hydrological regimes are already affecting 

nutrient dynamics and transport to coastal areas. The present work addresses the long-term 

trends (1992–2020) of nitrogen and phosphorus export by investigating both the annual mag- 

nitude and the seasonal patterns and their relationship with water temperature and dis- 

charge trajectories. Despite the constant diffuse and point sources in the basin, a marked 

decrease (-20%) in nitrogen export, mostly as nitrate, was recorded in the last decade com- 

pared to the 1990s, while no significant downward trend was observed for phosphorus. The 

water temperature of the Po River has warmed, with the most pronounced signals in sum- 

mer ( + 0.13 °C/year) and autumn ( + 0.16 °C/year), together with the strongest increase in the 

number of warm days ( + 70%–80%). An extended seasonal window of warm temperatures 

and the persistence of low flow periods are likely to create favorable conditions for perma- 

nent nitrate removal via denitrification, resulting in a lower delivery of reactive nitrogen to 

the sea. The present results show that climate change-driven warming may enhance ni- 

trogen processing by increasing respiratory river metabolism, thereby reducing export from 

spring to early autumn, when the risk of eutrophication in coastal zones is higher. 
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Introduction 

Over the last century, nitrogen (N) and phosphorus (P) inputs
have increased dramatically in human-impacted watersheds
with a cascade of multiple negative impacts on aquatic envi-
ronments in terms of water pollution, eutrophication, green-
house gas emissions, ecosystem functioning, and biodiver-
sity loss ( Battye et al., 2017 ; Glibert, 2017 ; Yuan et al., 2018 ).
Watershed nutrient budgets provide insight into the relative
importance of anthropogenic sources, i.e., the main determi-
nants of riverine loads ( Romero et al., 2021 ), but the amounts
of nutrients processed or transported downstream and ul-
timately exported are closely linked to hydrological dynam-
ics and internal biogeochemical cycling. Several temperature-
dependent (e.g., organic matter mineralisation and biogeo-
chemical N pathways in soils and waters) or precipitation-
dependent (e.g., runoff and erosion processes) processes occur
across landscapes and shape the timing and the magnitude of
nutrient mobilisation ( Baron et al., 2013 ; Wagena et al., 2018 ;
Goyette et al., 2019 ). Many rivers around the world are under
stress due to eutrophication and nitrate (NO3 

−) pollution, but
their ecological consequences overlap with the effects of cli-
mate change and the resulting interactions may be complex,
unexpected not yet fully understood ( Rozemeijer et al., 2021 ;
Meerhoff et al., 2022 ; Costa et al., 2022 ). Climate change may
affect the biogeochemical dynamics and the ecological func-
tioning of rivers by influencing the amount and the timing
of nutrient delivery from terrestrial ecosystems, and by alter-
ing the dilution capacity and the extent of internal dissipation
and recycling processes ( Goyette et al., 2019 ; Abily et al., 2021 ;
Zheng et al., 2023 ). 

River networks are disproportionately important relative
to their surface areas for processing anthropogenic N inputs.
On a global scale, more than 75% of the N load generated in
the catchments and transferred to rivers is removed along the
terrestrial-freshwater-marine continuum ( Seitzinger et al.,
2006 ; Howarth et al, 2012 ). In these systems, microbial den-
itrification is considered the main mechanism responsible
for permanent N removal through the reduction of nitrate
(NO3 

−) to nitrogen gas (N2 ) under hypoxic-anoxic conditions
( Birgand et al., 2007 ; Reisinger et al., 2016 ; Hill, 2023 ). Warm-
ing can affect denitrification both as a direct effect of en-
zyme activity and as an indirect effect of temperature upon
redox conditions. Higher water temperature decreases oxygen
solubility and enhances sediment oxygen respiration, limit-
ing oxygen penetration depth and resulting in a synergis-
tic effect that stimulates denitrification ( de Klein et al., 2017 ;
Velthuis and Veraart, 2022 ). In cases where denitrification is
strongly dependent on NO3 

− supply from nitrifying bacteria,
decreased oxygen at higher water temperatures may result in
reduced nitrification, and consequently lower denitrification
( Pina-Ochoa and Álvarez-Cobelas, 2006 ; Birgand et al., 2007 ). 

Simultaneously, a wide range of abiotic and biotic pro-
cesses (e.g., sorption, particulate sedimentation, periphyton,
and phytoplankton uptake) are responsible for P retention in
river sediments and account for the temporary storage of this
element ( Yuan et al., 2018 ; Goyette et al., 2019 ). Overall, rivers
actively transform, temporarily store, and permanently re-
move nutrients in a highly dynamic environment largely con-
trolled by microbial activity, which is temperature-dependent
and thus sensitive to global warming ( Salmon-Monviola et al.,
2013 ; Velthuis and Veraart, 2022 ; Hill, 2023 ). 

Nutrient transport and transformation are expected to
change in response to changes in the seasonality of pre-
cipitation patterns and snow accumulation, intensified cli-
matic variability, and increased frequency and severity of ex-
treme thermal and hydrological (floods and droughts) events
( Howarth et al, 2012 ; Baron et al., 2013 ; IPCC, 2021 ). A better
understanding of the combined and simultaneous effects of
hydrological variability and temperature warming on current
and future nutrient export from watersheds is essential for
defining and implementing policies to effectively tackle eu-
trophication in an era of climate change. 

Nitrogen pollution is a priority challenge in the Po River
basin (northern Italy), one of the most agriculturally exploited
and densely populated areas in Europe, and eutrophication is
a major concern, especially in the receiving coastal lagoons
and the Adriatic Sea. Between the 1960s and the 1990s, the
temporal trajectory of the input-output N and P budgets in
the Po River watershed was deeply affected by changes in
land use, agricultural and livestock practices, and wastewa-
ter treatment efficiency (e.g., de Wit and Bendoricchio, 2001 ;
Artioli et al., 2008 ). In recent decades, the excess agricul-
tural nutrients have remained stable ( Viaroli et al., 2018 ;
Gervasio et al., 2022a ). Therefore, the basin can be considered
as a case study to investigate the response of removal and
recycling processes and downstream nutrient delivery to re-
cent climatic anomalies. The effects of climate change in the
Po River basin are already evident, as shown by alterations
in precipitation intensity and patterns, temperature warm-
ing, increased evaporation, and frequency of droughts and wa-
ter stress periods ( Appiotti et al., 2014 ; Coppola et al., 2014 ;
Formetta et al., 2022 ; Tarolli et al., 2023 ). Anyway, it is currently
unclear whether climate change impacts on the hydrological
cycle and temperature of the Po River are already affecting the
river functioning in terms of nutrient removal, recycling, and
delivery to the coastal zones and the Adriatic Sea. To fill this
research gap, the present work addresses the long-term trends
(1992–2020) of N and P export from the Po River basin by inves-
tigating both the annual magnitude and the seasonal patterns
and their relationship with the trajectories of water tempera-
ture and discharge. The main hypothesis is that warming and
an increase in the duration of low flow periods may enhance
the rates of microbial processes and sustain more favorable
conditions for denitrification and NO3 

− removal, resulting in
a net decrease in N delivery to the Adriatic Sea. On the other
hand, the increase in rainfall intensity and frequency may re-
sult in enhanced erosion processes and sediment yields, and
downstream P delivery may eventually be favored over N. 

1. Materials and methods 

1.1. Study area 

The Po River, with a length of 652 km from the Alps to the
Adriatic Sea, is the longest river in Italy ( Fig. 1 ) and the largest
one with an average annual discharge of ∼1,500 m3 /sec mea-
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Fig. 1 – Map of the Po River basin (red line), its natural hydrological network (blue lines), and the administrative boundaries 
of the Northern Italy Regions (grey lines). The two monitoring stations (Piacenza and Pontelagoscuro) are indicated as black 

stars. 
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ured at the Pontelagoscuro gauging station, right upstream 

f the deltaic system ( Zanchettin et al., 2008 ). The Po River 
asin extends over an area of ∼75,000 km2 , from the head- 
aters on the northern slope of Monviso (3,841 m asl, Cot- 

ian Alps) to the delta, which projects into the northern Adri- 
tic Sea. The river is fed from both the Alps and the Apen- 
ines by a network of more than 140 tributaries with a to- 

al length of over 6,700 km and a secondary network of ar- 
ificial irrigation and drainage canals that is almost ten times 
arger ( Soana et al., 2019 ). The hydrological regime is charac- 
erized by two periods of low flow (winter and summer) and 

wo flood periods (spring and late autumn) associated with 

nowmelt and precipitation that feed the tributaries descend- 
ng from the valleys of the Alps and the Apennines, respec- 
ively ( Montanari, 2012 ; Coppola et al., 2014 ; Ravazzani et al.,
015 ). The basin crosses the transition zone between the sub- 
ontinental climate of Central Europe and the Mediterranean 

limate (warm-temperate climate). The average annual pre- 
ipitation is 1,200 mm, varying from a maximum of 2,000 mm 

n the Alpine sector to less than 700 mm in the deltaic re- 
ion ( Vezzoli et al., 2015 ; Beck et al., 2018 ). Water resources 
n the basin are intensively exploited, particularly for irriga- 
ion, hydropower generation, domestic, and industrial pur- 
oses ( Montanari et al., 2012 ). 

The basin includes the area with the highest economic in- 
ome in Italy, where approximately 40% of the gross domes- 
t
ic product is produced. Cropland accounts for more than half 
f the land use in the basin, which encompasses a large part 
f the Padano–Veneta plain, the widest and most fertile allu- 
ial lowland in Italy ( ∼47,000 km2 ). The Po River lowland is 
he largest cultivated area in Italy and accounts for more than 

ne-third of the national agricultural and livestock produc- 
ion. The Padano–Veneta plain is the most densely urbanized,
ndustrialized, and agriculturally exploited area in Italy, result- 
ng in one of the European regions with the highest N and P in-
uts to cropland and nutrient losses to surface and groundwa- 
er ( Viaroli et al., 2018 ; Romero et al., 2021 ; Batool et al., 2022 ).
he Po River accounts for approximately two-thirds of the to- 

al freshwater discharge and nutrient inputs to the northern 

driatic Sea, making it a well-known eutrophication hotspot 
 Ludwig et al., 2009 ; Blaas and Kroeze, 2016 ; Malone and New-
on, 2020 ). 

.2. Calculation of nutrient loads exported from the Po 
iver basin 

onthly, seasonal, and annual N and P loads exported to 
he Adriatic Sea were calculated using discharge and nu- 
rient concentration datasets collected for the period 1992–
020 at the Pontelagoscuro gauging station (44 °53’19.34”N,
1 °36’29.60”E; Ferrara, river kilometer 586), which is conven- 
ionally considered the basin closing section ( Fig. 1 ). Daily dis- 
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charge data were obtained from the Hydrological Annals pub-
lished by the Environmental Protection Agency of the Emilia-
Romagna Region (ARPAE), whose electronic versions are avail-
able on the ARPAE Open Data Portal (Dexter Portal, https://
simc.arpae.it/dext3r/ ). Observed discharge data were derived
from rating curves which convert river water levels, mea-
sured every 15 min at the gauged cross section of interest,
into flow rates (rating curve uncertainty < 10% of discharge
value; Domeneghetti et al., 2012 ). Concentrations of total ni-
trogen (TN), total phosphorus (TP), NO3 

−, ammonium (NH4 
+ ),

and PO4 
3− (reactive phosphorus) were obtained from monthly,

and in some cases, fortnightly, samples taken by ARPAE as
part of the official surface water monitoring programme (Re-
gional Open Data Portal, https://dati.arpae.it/group/acqua ).
Dissolved inorganic nutrients were determined on filtered wa-
ter samples (Whatman GF/F filters) by standard colorimetric
methods based on the azo dye reaction for NO3 

− (detection
limit > 0.2 mg N/L), the indophenol reaction for NH4 

+ detec-
tion limit > 0.02 mg N/L), and the molybdate reaction for PO4 

3−

(detection limit > 0.01 mg N/L). Precision ranged between ±3%
and ±5% for the three nutrient analyses. Total nitrogen and
total phosphorus were determined on unfiltered samples by
the persulphate oxidation method followed by the colorimet-
ric determinations of NO3 

− and PO4 
3−. Sample collection and

analytical determinations were performed according to stan-
dard methods and analytical protocols outlined by national
environmental regulations and adopted by the Regional Envi-
ronmental Agencies in Italy ( APAT—IRSA/CNR, 2003 ). The an-
alytical methods were comparable to those applied in a wide
range of environmental studies (e.g., APHA, 2005 ). When TN
concentrations were not available, TN values were calculated
from DIN (NO3 

− + NH4 
+ ) concentrations using the equation

TN = 0.93 � DIN + 0.75 ( r2 = 0.54; p < 0.001), previously obtained
by plotting time series with simultaneous measurements of
TN and DIN ( Gervasio et al., 2022a ). 

The method used to calculate loads was based on linear in-
terpolation of daily nutrient concentrations between two con-
secutive sampling events. Previous applications have shown
that this method is accurate for large rivers with recurrent
seasonal variations of nutrient concentrations ( Moatar et al.,
2005 ; Nava et al., 2019 ). Daily loads were calculated as the
product of the measured daily discharge and nutrient con-
centration (measured or interpolated) and then aggregated
monthly according to the following equation: 

L = k ·
n ∑ 

j 

Ci · Qi (1)

where L (tons/month) is the monthly load, Ci (mg/m3 ) is the
daily concentration on day i measured or linearly interpolated
between two consecutive measurements to represent unsam-
pled days, Qi (m

3 /sec) is the average daily discharge on day i,
n is the number of days in each month, and k (86.4x10−6 , from
mg/sec to tons/day) is the unit conversion factor. 

Annual loads (tons N/year or tons P/year) were calculated
by summing the monthly contributions. Trends in seasonal
loads (tons N/season or tons P/season) were evaluated accord-
ing to the following seasonal breakdowns: winter (January–
March), spring (April–June), summer (July–September), and au-
tumn (October–December). 
The annual loads calculated by the interpolation concen-
tration method were compared for consistency with those
calculated by the flow-adjusted concentration method, pre-
viously used to estimate the long-term trajectories of the
reactive nutrient loads exported from the Po River basin
( Cozzi et al., 2018 ; Viaroli et al., 2018 ). The flow-adjusted con-
centration method is commonly adopted to assess annual
loads as recommended by international conventions (e.g.,
OSPAR-Convention for the Protection of the Marine Environ-
ment of the North-East Atlantic; Lenhart et al., 2010 ) and re-
gional guidelines for the implementation of River Basin Man-
agement Plans, as required by EU Directive 2000/60/EC (e.g.,
Po River District Authority, 2021 ). In fact, the method allows
for the best weighting of the data when the chemical and flow
data series have different temporal resolutions. However, this
approach is not suitable for the calculation of monthly and
seasonal loads because the Regional Environmental Agencies
generally conduct only one sampling per month. A very good
correlation was found between the annual values calculated
using the two methods ( r2 = 0.99; p < 0.001), with an average
discrepancy of less than 5% (Appendix A Fig. S1). 

To remove the effect of varying inter-annual hydrological
conditions in the trend assessment of annual and seasonal
nutrient export, monthly flow-normalized loads ( L n) were cal-
culated as follows ( Sileika et al., 2006 ): 

L n = L · Kh (2)

where Kh is the hydrological coefficient. The hydrological
coefficient was obtained as the ratio of the long-term (pe-
riod 1992–2020) average outflow for a given month to the
monthly outflow for a given year. The annual normalized
loads were calculated by summing up the monthly flow-
normalized loads. 

1.3. Datasets of Po River water temperature and air 
temperature 

Water temperature time series representative of the middle-
lower reach of the Po River were collected at two monitoring
stations located at the cooling water intakes of two ther-
moelectric power plants near the city of Piacenza (Emilia-
Romagna Region, river kilometer 330) ( Fig. 1 ). Daily average
water temperature data were recorded at La Casella Power
Station operated by the ENEL group ( https://www.enel.com/it/
media/esplora/ricerca- foto/photo/2020/03/italia- centrale- la- 
casella ) and at Piacenza Power Station operated by the A2A
Life Company Group ( https://www.a2a.eu/en/group ), and
integrated to cover the period 1992–2020. Water temperature
measurements were carried out using RTD probes with
platinum Pt100 resistance thermometers with a nominal
resistance of 100 � at 0 °C, defined according to IEC 751 (EN
60751). Other sensor features: measuring range 0–40 °C, ac-
curacy ±0.1 °C at 0 °C, 4-wire connection, signal conversion
electronics with 4-20 mA output in the range 0–40 °C. 

A validation procedure was applied to reconstruct a con-
tinuous three-decade time series from the daily water tem-
perature values recorded at the two sites. The water temper-
ature of the Po River was retrieved from the ARPAE database
( https://dati.arpae.it/group/acqua ) for the two stations in the

https://simc.arpae.it/dext3r/
https://dati.arpae.it/group/acqua
https://www.enel.com/it/media/esplora/ricerca-foto/photo/2020/03/italia-centrale-la-casella
https://www.a2a.eu/en/group
https://dati.arpae.it/group/acqua
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fficial monitoring network. The ARPAE Castel San Giovanni 
tation (45 °05’30.0”N, 9 °26’44.2”E) is located close to the La 
asella Power Station ( < 2 km), whereas the ARPAE Piacenza 
tatio’ (45”03′ 37.9’N, 9”42′ 19.9"E) is located close to the A2A 

iacenza Power Station ( < 1.5 km). Water temperatures were 
btained from monthly sampling campaigns conducted on 

he same day (within < 2 hr) for the two stations as part of 
he ARPAE environmental monitoring program. The observa- 
ions made on the same day at the two ARPAE stations were 
onsistent. Because of the very good correlation (Appendix A 

ig. S2) and a discrepancy of less than 0.3 °C, on average, be- 
ween the observations, the merging of the two datasets was 
onsidered appropriate. Occasional missing data points (up to 
ve consecutive days) owing to temporary maintenance oper- 
tions of the thermoelectric power plants were linearly inter- 
olated between two subsequent sampling events. From the 
aily temperature data, annual and seasonal trends in the av- 
rage, minimum, and maximum values were analysed accord- 
ng to the monthly clustering previously described for nutri- 
nt loads. The occurrence of warm days (i.e., the number of 
ays with water temperatures above the long-term average) 
as assessed on an annual and seasonal scales. 

Nutrient loads transported seasonally and annually at the 
asin closing section (i.e., Pontelagoscuro) were related to 
he water temperature data recorded at the Piacenza section.

ater temperature data that were both sufficiently detailed 

daily) and recorded over the entire 1992–2020-time interval 
ere not available for the Pontelagoscuro section. Although 

n the river reach between Piacenza and Pontelagoscuro the 
nflow of tributaries and groundwater does not substantially 

odify the thermal regime (data not shown), it should be 
oted that Pontelagoscuro is the most suitable section for cal- 
ulating loads, as it is at the end of the basin before the delta,
nd Piacenza is the most suitable section for measuring tem- 
erature, as it is in the middle of the river, thus providing aver- 
ge values of all the hydrological situations that contribute to 
he overall nutrient metabolism and denitrification capacity 
xpressed by the river . 

Continuous air temperature measurements were obtained 

rom a monitoring station located close to the course of the 
o River, near the city of Piacenza (45”02′ 15.0’N, 9”42′ 03.5"E).
ime series were retrieved from the ARPAE climate database 
 Antolini et al., 2016 ; https://dati.arpae.it/dataset/erg5- 
raclito ) and analysed as previously described for the water 
emperature datasets. 

.4. Calculation of nutrient loads from diffuse and point 
ources in the basin 

hanges in anthropogenic pressures in the Po River basin and 

n nutrient loads from diffuse (agriculture) and point sources 
urban areas) were assessed by collecting census data at 10- 
ears intervals over the last three decades. N and P loads from 

iffuse sources were quantified by calculating the soil budget 
SB), i.e., accounting for the difference between inputs (live- 
tock manure, synthetic fertilizers, atmospheric deposition,
nd biological fixation in the case of N) and outputs via crop 

arvest ( Romero et al., 2021 ). Point sources (PS) N and P loads
ere quantified using resident population data and the per 

apita nutrient production coefficients corrected for the per- 
entage of sewerage systems connected to wastewater treat- 
ent plants and the depuration efficiency. The details of the 

alculation methods, sources of the census data and coeffi- 
ients are presented in Appendix A Tables S1, S2 and S3). 

.5. Statistical analyses 

arametric (linear regression) and non-parametric (Mann- 
endall, Sens’s slope and Pettitt’s test) tests were applied to 

he annual and seasonal historical data of temperature, river- 
ne nutrient loads, and discharge ( Helsel et al., 2020 ). The 

ann–Kendall test was used to verify the presence of a sig- 
ificant monotonic trend in the time series, whereas Sen’s 

est quantified the magnitude of this change by calculating 
he slope of the linear interpolation model. The relationship 

etween the water temperature and nutrient loads of the Po 
iver (monthly values) was tested using Pearson’s correlation 

nalysis. Statistical analyses were performed using the XL- 
TAT ( Addinsoft, 2022 ). In all cases, the trends and factors 
ested were considered to be statistically significant at p < 

.05. 

. Results and discussion 

.1. Trajectories of annual and seasonal nutrient export 
rom the Po River basin 

ver the last three decades, the annual TN load exported by 
he Po River to the Adriatic Sea showed high inter-annual vari- 
bility, ranging from ∼68,000 tons N/year (2017) to ∼238,000 
ons N/year (1996), while a significant negative trend was ob- 
erved ( Fig. 2 a, Appendix A Table S4), with an average de-
rease of 20% in the last decade compared to the ‘90s. Ni- 
rate was the most abundant form of N, accounting for 62%–
6% of the annual TN load ( Fig. 2 a), a common feature of
griculture-dominated watersheds ( Pina-Ochoa and Álvarez- 
obelas, 2006 ; Hill, 2023 ; Li et al., 2023 ). During the period 1992–
020, a significant load reduction was also observed for NO3 

−

23%), although the export varied greatly among years accord- 
ng to hydrological conditions, with the highest values occur- 
ing in 1996 and 2014 ( + 40%−54% of the long-term average an-
ual discharge) and the lowest in 2007 and 2017 (−45% of the 

ong-term average annual discharge). The annual NH4 
+ load 

as quantitatively much less relevant (1%−5% of TN load),
ut, similar to NO3 

−, reached a minimum in 2017 and a max- 
mum in 1996. During the study period, annual NH4 

+ export 
ecreased by more than 50%, from ∼5,600 tons N/year in the 
arly 1990s to less than 2,700 tons N/year in the last decade 
 Fig. 2 a, Appendix A Table S4). The annual loads of TP and
O4 

3−, accounting for on average of 40%, were characterized by 
 high inter-annual variability, mainly due to the highly vari- 
ble hydrological conditions; however, in contrast to the loads 
f TN and its dissolved inorganic forms, without a significant 
ecreasing trend in recent years ( Table 1 , Fig. 3 a). 

The decrease in nitrogen export to the Adriatic Sea was not 
elated to changes in anthropogenic pressures in the catch- 

ent area or nutrient loads from diffuse (agriculture) and 

oint sources (sewage). The soil N budget in agricultural land 

howed a steady constant excess in the last three decades 

https://dati.arpae.it/dataset/erg5-eraclito
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Fig. 2 – Trajectories of annual and seasonal N loads (TN, NO3 
−, and NH4 

+ ) and average discharge measured at the Po River 
closing section. 

Table 1 – Decadal changes (1990–2020) of the soil N budget (SB-N) and the N load from point sources (PS-N) in the Po River 
basin. All budget terms are expressed as ktons N/year. 

Year NMan NFert NFix NDep NHarv SB-N PS-N 

1990 214.1 ±30.6 231.0 ±3.2 194.3 ±33.3 31.9 ±4.7 336.8 ±22.3 334.5 ±94.1 40.3 ±1.8 
2000 221.6 ±31.8 217.8 ±3.0 174.4 ±28.0 31.9 ±4.8 372.6 ±24.6 273.1 ±92.2 22.1 ±2.2 
2010 221.9 ±29.4 170.9 ±2.3 149.7 ±25.5 24.3 ±3.7 290.8 ±22.3 276.0 ±83.2 22.9 ±2.4 
2020 222.2 ±31.0 195.4 ±2.7 126.5 ±21.2 24.5 ±3.7 270.1 ±18.8 298.4 ±77.4 23.4 ±2.5 

NMan = N in livestock manure; NFert = synthetic N fertilizers; NFix = biological fixation; NDep = atmospheric N deposition; NHarv = N export with 
crop harvest 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

( Table 1 ). Total N inputs showed a slight decrease in 2010 com-
pared to the previous two decades, but this was also asso-
ciated with a decrease in crop N harvest, resulting in a net
surplus that was not significantly different between the two
periods, taking into account the uncertainty associated with
the budget terms. In contrast to N, there was a marked de-
crease in the soil P budget between 1990 and 2000, mainly
due to the reduction in the use of synthetic fertilisers, which
together with livestock manure are the main inputs to agri-
cultural land ( Table 1 ). While the resident population of the
Po River basin has remained almost stable over the last three
decades ( ∼17 million), nutrient loads from point sources de-
creased by about 45% between 1990 and 2000, and then re-
mained almost constant until today. The reduction in nutri-
ent loads from urban areas occurred exclusively in the first
decade of the study period and followed a significant abate-
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Fig. 3 – Trajectories of annual and seasonal P loads (TP and PO4 
3−) and average discharge measured at the Po River closing 

section. 
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Table 2 – Decadal changes (1990–2020) of the soil P bud- 
get (SB-P) and the P load from point sources (PS-P) in the 
Po River basin. All budget terms are expressed as ktons 
P/year. 

Year PMan PFert PDep PHarv SB-P PS-P 

1990 62.8 ±4.2 55.38 ±0.7 0.67 ±0.1 53.1 ±3.1 65.8 ±8.1 6.5 ±0.3 
2000 57.4 ±3.2 37.95 ±0.5 0.67 ±0.1 63.36 ±4.0 32.7 ±7.8 3.5 ±0.6 
2010 57.71 ±3.1 27.92 ±0.4 0.61 ±0.1 50.72 ±4.0 35.5 ±7.5 3.6 ±0.6 
2020 49.9 ±2.7 27.1 ±0.4 0.50 ±0.1 51.70 ±4.0 25.8 ±7.1 3.7 ±0.6 

PMan = P in livestock manure; PFert = synthetic P fertilizers; PDep = at- 
mospheric P deposition; PHarv = P export with crop harvest 

b
a
v
b

ent in direct discharges of untreated or poorly treated do- 
estic wastewater into surface waters. Indeed, the enforce- 
ent of environmental policies and legislative acts aimed at 

ontrolling nutrient emissions from point sources, such as the 
onstruction of wastewater treatment plants, the introduc- 
ion of nitrification/denitrification processes, and the ban on 

olyphosphates in detergents in the early ‘90s, led to a marked 

eduction in N and P loads from domestic sources ( de Wit and 

endoricchio, 2001 ; Palmeri et al., 2005 ). Nitrogen load decline 
rom urban areas may have been partly responsible for the de- 
rease of riverine NH4 

+ loads, but it was not in the order of 
agnitude to explain the decrease recorded for the riverine 

N loads. Overall, nutrient loads from point sources have ac- 
ounted for 3%–6% of the total nutrient inputs from diffuse 
gricultural sources over the last three decades ( Tables 1 and 

 ). 
Previous experimental and modelling studies have quanti- 

ed the historical trajectories of annual nutrient export from 

he Po River basin (e.g., Cozzi et al., 2018 ; Viaroli et al., 2018 ),
ut none of them have isolated the seasonal contributions and 

nalysed their temporal evolution, although a preliminary in- 
estigation of N export during the spring-summer months has 
een reported by Gervasio and co-authors (2022a) . The present 
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results clearly show that considering the overall decline in
annual N loads may mask significant differences in the load
trends at the seasonal scale. In the Po River, the main contri-
butions to the annual TN loads were autumn (34% on aver-
age, range 17%–56%) and winter (29% on average, range 14%–
42%), while spring and summer loads represented 15%–41%
(23% on average) and 8%–21% (14% on average), of the corre-
sponding annual values, respectively ( Fig. 2 ). The analysis of
the seasonal trends showed a significant decline in summer
and autumn for TN loads ( Fig. 2 d, e, Appendix A Table S4), de-
creasing on average by 26% and 32%, respectively, in the last
decade compared to the ‘90s, while this tendency was not de-
tected in winter and spring when the temporal variation was
more erratic ( Fig. 2 b, c, Appendix A Table S4). The seasonal
distribution of NO3 

− and NH4 
+ overlapped with that of TN,

with an average of two-thirds of the annual loads transported
during the autumn-winter months. This is a common find-
ing in watersheds with Mediterranean or temperate climates
where most of the riverine N export occurs during the wet sea-
son, when hydrological processes overwhelm the in-stream
N metabolism ( McCrackin et al., 2014 ; Compton et al., 2020 ).
The time series of NO3 

− loads exhibited a downward trend
in summer and autumn ( Fig. 2 d, e, Appendix A Table S4), de-
creasing by 32%, whereas no significant decline was observed
in spring and winter, although the annual NO3 

− loads were
reduced by 12%–22% in the last five years compared to the
previous decades. No tendency towards reduced export was
observed for P forms, except in summer ( Fig. 3 d, Appendix A
Table S4). 

Over the last three decades, the hydrological conditions of
the Po River have been characterized by large inter-annual os-
cillations, but without any significant downward or upward
trend. On a seasonal scale, only summer discharge showed
a highly significant decrease with a breakpoint in the time
series observed in 2002, the same year when the decline in
summer TN and NO3 

− loads started (Appendix A Table S4,
Table 3 ). In fact, the Po River experienced temporary phases of
low regime during 2003–2007 and 2015–2017 ( Zanchettin et al.,
2008 ; Montanari et al., 2012 ; Marchina et al., 2019 ), the peri-
ods most affected by prolonged droughts with a consequent
strong reduction in nutrient loads transported to the coastal
zones. 

After the flow normalisation procedure, highly significant
downward trends were detected for loads of TN and the two
dissolved inorganic species, NO3 

− and NH4 
+ , at both annual

and seasonal scales, with the sole exception of summer (Ap-
pendix A Table S4, Fig. 3 ), highlighting that a considerable con-
tribution to the variability in summer nutrient transport was
undoubtedly due to variations in water flow. The most marked
decline of TN and NO3 

− loads occurred in spring (15%–19%)
and autumn (18%–21%), whereas for NH4 

+ the decrease was
generalized and always > 30% in the last decade compared
to the ‘90s ( Fig. 4 ). In contrast to N, no significant downward
trends were detected for the flow-normalized P loads ( Fig. 5 ). 

Assessing the intra-annual dynamics of nutrient loads is
crucial for identifying those periods when the risk of eutroph-
ication is particularly high. Phytoplankton growth and coastal
biogeochemical dynamics are constrained by environmental
factors that follow seasonal cycles ( Glibert, 2017 ; Cozzi et al.,
2018 ; Ricci et al., 2022 ), but seasonal patterns of nutrient loads
are rarely analysed ( Gervasio et al., 2022a ), and there is a lack
of systematic research predicting the effects of climate change
on river nutrient cycling alongside the expected intra-annual
export variations. This study provides the first evidence of
long-term changes in N export from the Po River, demonstrat-
ing a generalized decline over the years but with different ex-
tent at the seasonal scale: lower N loads are transported to the
Adriatic Sea throughout the spring-summer-early autumn pe-
riod, when the risk of eutrophication in the coastal lagoons
is higher. Summer N loads declined owing to a reduction
in water flow, while downward trends in the other seasons
are likely to be related to other drivers that require further
investigation. 

2.2. Water temperature trends 

Since 1992, the annual average water temperature of the Po
River has increased by almost 3.5 °C, corresponding to an
overall rate of 0.12 °C/year and the warming accelerated in
2004, when a breakpoint in the time series was detected
( Table 3 ). The analysis of the daily river temperatures showed
the existence of two phases: a condition of relative stability
characterized the first decade of the series with an average
value of 13.91 ±0.24 °C and low inter-annual variability, then a
marked increase occurred, and the temperature varied widely
among the years with a mean value of 15.95 ±0.97 °C ( Fig. 6 a).
Highly significant upward trends were identified in all sea-
sons, with the most pronounced warming signals in sum-
mer (0.13 °C/year) and autumn (0.16 °C/year) starting in 2002
and 2006, respectively ( Table 3 ), while the spring and winter
increases averaged at 0.10 °C/year ( Fig. 6 a). The present out-
comes were consistent with the analysis of the air temper-
ature trends, which showed a significant warming in annual
and seasonal values, with the highest slope in summer and
the early 2000s as change point years in the time series (Ap-
pendix A, Fig. S3, Table S5). This is in agreement with previ-
ous long-term climate studies and model-based climate pro-
jections demonstrating that warming has occurred through-
out the Po River basin since the ‘80s, with more pronounced
changes in summer followed by spring and elevated tempera-
tures maintained until the mid-autumn ( Appiotti et al., 2014 ;
Fioravanti et al., 2016 ; Vezzoli et al., 2015 ). 

The temperature increase measured for the Po River
was found to be almost an order of magnitude (or at
the very least two times) faster than the increases ob-
served in other large temperate European rivers over simi-
lar time periods ( Hannah and Garner, 2015 ; Arora et al., 2016 ;
Hardenbicker et al., 2017 ; Ptak et al., 2022 ), suggesting that
Mediterranean watercourses may be among the most vulner-
able worldwide to the impacts of climate change and require
more research attention. 

Similar to the trends observed for mean temperature,
the minimum and maximum water temperature time se-
ries showed marked warming since the 2000s and an in-
creased inter-annual variability for both annual and the sea-
sonal values ( Fig. 6 b, c, Table 3 ). The highest annual temper-
ature values (up to 29–31 °C) were recorded in 2003–2007 and
2015–2017, two periods characterized by both climatic anoma-
lies (reduced precipitation, high air temperature in summer)
and hydrological extremes (phases of low flow regime in
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Table 3 – Summary of statistical results from the trend analysis performed on water temperature and discharge datasets. 
Values in bold are statistically significant at p = 0.05. Arrows indicate significant increasing or decreasing trends. 

Variable Period Linear 
regression 

Mann-Kendall Pettitt test 

p -value Kendall’s 
tau 

p -value Sen’s slope Trend K p -value Change 
point year 

Average 
water 
temperature 

Annual < 0.0001 0.695 < 0.0001 0.124 ↑ 200 < 0.0001 2004 
Winter < 0.0001 0.488 0.0002 0.103 ↑ 182 < 0.0001 2006 
Spring 0.0019 0.453 0.0006 0.093 ↑ 152 0.004 2002 
Summer < 0.0001 0.567 < 0.0001 0.134 ↑ 198 < 0.0001 2002 
Autumn < 0.0001 0.700 < 0.0001 0.160 ↑ 206 < 0.0001 2005 

Minimum 

water 
temperature 

Annual 0.0001 0.545 < 0.0001 0.120 ↑ 188 < 0.0001 2005 
Winter 0.0001 0.441 0.0008 0.101 ↑ 170 0.0004 2006 
Spring 0.0025 0.385 0.0036 0.094 ↑ 122 0.052 2003 
Summer < 0.0001 0.647 < 0.0001 0.157 ↑ 196 < 0.0001 2002 
Autumn 0.0003 0.451 0.0006 0.120 ↑ 146 0.0062 2005 

Maximum 

water 
temperature 

Annual < 0.0001 0.527 < 0.0001 0.162 ↑ 204 < 0.0001 2004 
Winter < 0.0001 0.438 0.0009 0.147 ↑ 154 0.0024 2010 
Spring 0.0007 0.481 0.0003 0.160 ↑ 182 < 0.0001 2001 
Summer < 0.0001 0.527 < 0.0001 0.162 ↑ 204 < 0.0001 2004 
Autumn < 0.0001 0.621 < 0.0001 0.224 ↑ 210 < 0.0001 2005 

Frequency of 
occurrence 

Annual < 0.0001 0.672 < 0.0001 0.005 ↑ 195 < 0.0001 2005 
Winter 0.0005 0.388 0.0034 0.013 ↑ 154 0.002 2006 
Spring 0.0068 0.410 0.0021 0.009 ↑ 143 0.0086 2002 
Summer < 0.0001 0.535 < 0.0001 0.018 ↑ 181 < 0.0001 2002 
Autumn < 0.0001 0.644 < 0.0001 0.014 ↑ 208 < 0.0001 2004 

Average 
discharge 

Annual 0.2225 -0.172 0.196 -11.591 102 0.193 2002 
Winter 0.8338 0.020 0.8955 2.161 56 0.6352 2008 
Spring 0.9554 -0.074 0.5865 -4.158 64 0.9118 2002 
Summer 0.0025 -0.379 0.0041 -17.511 ↓ 172 < 0.0001 2002 
Autumn 0.1210 -0.158 0.2373 -23.647 82 0.5262 2000 

Fig. 4 – Trajectories of flow-normalized seasonal TN (panel a), NO3 
− (panel b), and NH4 

+ loads (panel c) measured at the Po 

River closing section. 
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he Po River) ( Zanchettin et al., 2008 ; Appiotti et al., 2014 ; 
archina et al., 2019 ). The highest warming rates for the 

o River water were observed for maximum temperatures in 

pring, summer (0.16 °C/year) and autumn (0.22 °C/year) ( Fig. 6 ),
ogether with the highest increase in the frequency of oc- 
urrence, i.e. the number of days in each season with wa- 
er temperature above the long-term average, that passed 

rom ∼30% in the ‘90s to ∼80% and ∼70% in summer and 

utumn nowadays, respectively ( Fig. 7 ). Summer and au- 
umn were also characterised by the most pronounced in- 
rease in air temperature and frequency of occurrence of 
arm days (Appendix A, Fig. S3, Fig. S4, Table S5). In paral- 
el with the positive trends in water temperature, the occur- 
ence of warm days showed a noticeable increase at both the 
nnual and the seasonal scales (Fig. 7; Table 3 ), suggesting 
n extension of the vegetative season length, as previously 
hown for the entire Mediterranean region ( Efthymiadis et al.,
011 ) and other large European rivers ( Hardenbicker et al.,
017 ). Water temperature trends were generally superimposed 

n air temperature trends, which is the main forcing fac- 
or explaining long-term river temperature trajectories and 

nter-annual variability. The coupled effect of air tempera- 
ure warming, and reduced flow may explain why water tem- 
erature increased faster than air temperature, as found for 



journal of environmental sciences 143 (2024) 148–163 157 

Fig. 5 – Trajectories of flow-normalized seasonal TP (panel a), and PO4 
3− loads (panel b) measured at the Po River closing 

section. 

Fig. 6 – Temporal trends of average (panel a), minimum (panel b), and maximum (panel c) temperature of the Po River water. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

other large European rivers ( Seyedhashemi et al., 2022 ). This
effect is likely to be exacerbated in the future, as the Po
River is expected to experience lower flows and more severe
summer droughts because of reduced rainfall ( Vezzoli et al.,
2015 ). 

2.3. Impact of water temperature warming on in-stream 

nutrient cycling 

The link between climate change and eutrophication is con-
troversial and currently under discussion. Several previous
studies have reported an increased risk of eutrophication
due to warming in lentic water bodies ( Jenny et al., 2016 ;
Woolway et al., 2022 ). Although the scientific community
has made remarkable progress in addressing the impacts
of climate change in lakes and coastal zones ( Glibert, 2017 ;
Meerhoff et al., 2022 ), the potential feedbacks between cli-
matic anomalies, river functioning, and water quality are still
understudied and far from being evidenced and proven. Nev-
ertheless, their understanding is crucial for the definition and
implementation of effective watershed management strate-
gies to counteract eutrophication in heavily exploited areas,
such as the Po basin. The intensification of extreme climatic
events causes sharp fluctuations in hydrological conditions,
with marked alternation between flash floods and periods
of minimum flow, thereby affecting the rates of nutrient ex-
port from agricultural soils to aquatic ecosystems, the wa-
ter residence time and, consequently, the rates of perma-
nent removal or temporary sequestration ( Baron et al., 2013 ;
Goyette et al., 2019 ; Costa et al., 2022 ). Climate change is gen-
erally expected to further delay European water quality goals
by altering both the amount and timing of nutrient delivery
from terrestrial ecosystems through changes in the magni-
tude and seasonal patterns of precipitation ( Abily et al., 2021 ;
Rozemeijer et al., 2021 ). Catchment-scale modelling studies
developed for northern Europe have predicted boosted and ac-
celerated annual riverine nutrient export in response to pro-
jected increase in precipitation and rising leaching effects of
increased water flows, and further enhanced by temperature-
induced nutrient mineralisation in soils ( Øygarden et al., 2014 ;
Plunge et al., 2022 ). In contrast, for the Mediterranean region,
the climate models predicted a shift in the seasonal pattern
of precipitation rather than a change in the total amount of
precipitation, with more severe droughts in the summer and
flash floods in the other seasons ( Sperna Weiland et al., 2021 ).
The alternation between large floods and droughts is likely
to disrupt biogeochemical dynamics in rivers, resulting in re-
duced dilution effect during low flow periods and the rapid
downstream delivery of large quantities of nutrients, particu-
larly in particulate form, owing to the erosive power of intense
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Fig. 7 – Frequency of occurrence of days with Po River water temperature above the long-term average (1992–2020). 
Long-term average values calculated from daily measurements were 15.2 °C, 8.4 °C, 17.8 °C, 22.9 °C, and 11.8 °C for the annual, 
winter, spring, summer, autumn periods, respectively. 

r
A

m
h
d
t
w
t
t
d
g

m
l
t  

i
f
t
n
k
t
l
t
i

ainfall events ( Withers and Jarvie, 2008 ; Goyette et al., 2019 ; 
bily et al., 2021 ). 

Contrary to previous studies in northern European catch- 
ents, a generalized negative trend in annual N loads was 

ighlighted for the Po River, associated with a discharge re- 
uction only for the summer season. No significant varia- 
ions in annual P export were observed and this, together 
ith the hydrological evidence, i.e., no significant long-term 

rend detected for the annual discharge, strongly supports 
he hypothesis that the riverine N load decline was not 
ue to variations in load generation and transport but trig- 
ered by temperature-dependent effects increasing the river 
etabolic capacity. Highly significant negative seasonal corre- 
ations were found between monthly average water tempera- 
ure and TN loads and of its main dissolved inorganic species,
.e., NO3 

− and NH4 
+ ( Fig. 8 ). No significant relationship was 

ound between water temperature and P export, highlighting 
hat the main mechanisms responsible for P processing are 
ot as strictly temperature dependent as N, which relies on 

ey microbial processes such as nitrification and denitrifica- 
ion. In large turbid rivers, such as the Po, P cycling is likely 
ess sensitive to temperature warming and the negative rela- 
ionship found between water temperature and P loads only 
n summer ( Fig. 9 ) likely reflects increased PO4 

3− uptake by 
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Fig. 8 – Correlations between monthly average water 
temperature and N loads measured at the Po River closing 
section. 

 

 

 

 

 

 

 

 

 

Fig. 9 – Correlations between monthly average water 
temperature and P loads measured at the Po River closing 
section. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

phytoplankton ( Withers and Jarvie, 2008 ). Differently to P, a
1 °C increase in water temperature resulted in a 7% decrease
of monthly TN and NO3 

− export in summer, almost 4% in
spring and autumn, and about 2% in winter. Underlying bio-
geochemical processes support the observed inverse relation-
ship between water temperature and N loads ( Fig. 8 ). Water
temperature warming is likely to stimulate heterotrophic ac-
tivity, including denitrification, and create more favourable
conditions for permanent NO3 

− removal ( de Klein et al., 2017 ;
Velthuis and Veraart, 2022 ), resulting in lower N delivery to the
coastal zones. 

The Po River basin is a global hotspot for NO3 
− pol-

lution and eutrophication, and in recent years, denitrifica-
tion rates have been widely measured in aquatic ecosystems
within the basin (e.g., drainage canals, riverine wetlands, pit
lakes and lagoons), as recently reviewed by Gervasio and co-
authors (2022b) . On the contrary, denitrification has been lit-
tle documented in the riverbed sediments of the main chan-
nel. Evidence of riverine denitrification has been observed
through the isotopic signature of river water collected from
deltaic branches in summer ( Marchina et al., 2016 ). Some pre-
liminary measurements of denitrification were performed re-
cently in the lowland reach in mid-summer by incubation of
intact sediment cores. The good agreement between NO3 

−

consumption and N2 production proved that denitrification
is the dominant mechanism driving NO3 

− removal from the
water column, with rates among the highest found in fresh-
water and brackish environments ( Pina-Ochoa and Álvarez-
Cobelas, 2006 ; Reisinger et al., 2016 ; Gervasio et al., 2022b ). 

Data on dissolved organic carbon in the lowland reach of
the Po River are scarce ( Pettine et al., 1998 ) and its routine mea-
surement has only recently been included in the institutional
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onitoring programs. Concentrations average at 2.6 mg/L 
ithout any clear seasonal behavior, indicating that organic 

arbon is in equilibrium with NO3 
− availability (2.1 mg N/L,

verage value for the period 2018-2020). In fact, denitrifica- 
ion is an anaerobic respiration requiring organic carbon and 

O3 
− in an approximate 1:1 ratio ( Taylor and Townsend, 2010 ).

hen process substrates (i.e., NO3 
− and labile organic carbon) 

re not limiting, denitrification has a strong positive temper- 
ture dependence and is therefore sensitive to warming, as 
re all biogeochemical reactions controlled by microbial ac- 
ivities ( de Klein et al., 2017 ; Velthuis and Veraart, 2022 ). This
s consistent with the NO3 

− load time-series, which showed 

he most pronounced decline in summer and autumn, cor- 
esponding to the most marked increase in water tempera- 
ure ( ∼3.5 °C and ∼4 °C in summer and autumn, respectively).
redicting the effects of climate change on denitrification in 

quatic ecosystems is challenging because of the intertwined 

iogeochemical dynamics involved. Furthermore, experimen- 
al evidence on the temperature dependence of denitrifica- 
ion is sparse and highly variable between systems. However,
 comprehensive synthesis of empirical and modeling results 
btained in freshwater sediments has suggested that, in the 
ange 15–25 °C, denitrification rates may double upon a three- 
egree temperature rise ( Veraart et al., 2011 ). 

Nitrogen fate in rivers is not only affected by rising temper- 
ture, but other hydrological features depending on climate 
hange, are also likely to impact the proximal drivers control- 
ing N processing. Water warming leads to significantly greater 
 removal efficiency during summer low flow conditions,
hen denitrification and biological uptake effectively control 
 loads and prevent delivery to downstream waters due to 

onger water residence time and higher ratio of bioactive sur- 
ace area to water volume ( Birgand et al., 2007 ; Reisinger et al.,
016 ). For the Po River, a significant increase in water temper- 
ture in all seasons, together with an extension of the veg- 
tative season length (i.e., an extended seasonal window of 
arm water temperatures) and prolonged durations of low 

ow periods, likely resulted in a longer residence time for 
O3 

− and more opportunities for its removal in the river sed- 
ments along the lowland reaches. This evidence is supported 

y the inverse relationship between the number of warm days 
i.e., days with water temperature above the long-term av- 
rage) and the export of dissolved inorganic N forms in the 
pring-summer period (Appendix A, Fig. S5). It cannot be ex- 
luded that exceptional conditions of water scarcity and pro- 
onged drought may partially disconnect rivers from flood- 
lains, wetlands, and riparian ecosystems, reducing the ex- 
ent of flooded areas and thus the possibility of reactive N re- 

oval and the denitrification capacity of the whole river sys- 
em ( Bernal et al., 2013 ; Cerco and Tian, 2021 ). 

The negative relationship between water temperature 
nd NH4 

+ loads in all seasons, except summer, suggests 
hat warming may also have stimulated nitrification ( Pina- 
choa and Álvarez-Cobelas, 2006 ; Birgand et al., 2007 ). In the 
o River, the water column is indeed generally well mixed,
nd the dissolved oxygen concentration is generally at or near 
00% saturation, making the oxygen status of the surface sed- 
ment suitable to support coupled nitrification-denitrification 

 Gervasio et al., 2022a ). This condition differs from that of 
ther Mediterranean rivers which are experiencing declining 
xygen levels correlated to upward trends of water tempera- 
ures ( Diamantini et al., 2018 ). On the other hand, prolonged 

ummer low flow conditions may promote the establishment 
f thermal and/or saline gradients and lead to partial or com- 
lete stratification, preventing the complete mixing of the wa- 
er column and the NH4 

+ oxidation in the benthic compart- 
ent due to limited oxygen availability at the sediment-water 

nterface ( Gervasio et al., 2022b ; Tarolli et al., 2023 ). 
Despite the importance of bacterial denitrification in reg- 

lating N fluxes along the terrestrial-freshwater-marine con- 
inuum, the effect of ongoing hydrological variations and wa- 
er temperature shifts on this process remains understud- 
ed. As data on the response of denitrification to tempera- 
ure are usually obtained from microcosm experiments, it 
s challenging to forecast larger scale effects. Inferring how 

icrobial communities will respond to gradual temperature 
ncreases, such as those occurring in aquatic ecosystems,
s not entirely possible from short-term laboratory studies 
 Veraart et al., 2011 ; de Klein et al., 2017 ), making the outcome
f global environmental change on N removal efficiency diffi- 
ult to predict, despite the need to optimize future N budgets 
nd management strategies. Watershed-scale studies have 
emonstrated a negative relationship between air tempera- 
ure and N export to coastal zones ( Schaefer and Alber, 2007 ;
almon-Monviola et al., 2013 ; Wagena et al., 2018 ), suggest- 

ng that warming may lead to significantly higher denitrifi- 
ation efficiency across the landscape. Similarly, the results 
f the present work suggest that increased riverine denitri- 
cation associated with rising water temperatures may con- 
ribute to mitigate the N loads exported from Mediterranean 

atchments, with relevant implications to partially prevent 
oastal eutrophication. 

. Conclusions 

he present study showed that for the Po River, downward 

rends in N export over the last three decades were corre- 
ated with upward trends in water temperature and an in- 
reasing number of warm days. The reduction of N loads can 

e seen as an unexpected consequence of climate change, en- 
ancing rates of microbial denitrification in river sediments,
ith potential negative feedback on coastal eutrophication.

n human-impacted watersheds, the study of the generation,
ransport, and transformation of nutrient loads is a key issue 
or the implementation of environmental policies to control 
utrophication and protect coastal zones. Future scenarios of 
utrient export from catchments must consider the simul- 
aneous effects of hydrological changes and temperature in- 
reases that are already co-occurring. There is still a lack of 
cientific understanding of the net effects of climatic and hy- 
rological extremes (e.g., dry summers or springs with unusu- 
lly high temperatures) on the biogeochemistry of both fresh- 
ater and coastal ecosystems. It is crucial to investigate the 

ombined effects of multiple stressors such as temperature,
utrient pulses following flood events, saline intrusion, on the 
elf-depuration capacity and the balance between N removal 
nd recycling processes in lowland stretches and deltas in or- 
er to predict how climate change will alter N fate in rivers.
urthermore, to fully understand how climate change will af- 
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fect eutrophication, it is necessary to incorporate the results of
experimental studies on the intrinsic temperature response of
key nutrient cycling processes into catchment-scale models. 
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