
����������
�������

Citation: Gervasio, M.P.; Soana, E.;

Vincenzi, F.; Castaldelli, G. An

Underestimated Contribution of

Deltaic Denitrification in Reducing

Nitrate Export to the Coastal Zone

(Po River–Adriatic Sea, Northern

Italy). Water 2022, 14, 501. https://

doi.org/10.3390/w14030501

Academic Editor: Qian Sun

Received: 9 December 2021

Accepted: 3 February 2022

Published: 8 February 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

water

Article

An Underestimated Contribution of Deltaic Denitrification in
Reducing Nitrate Export to the Coastal Zone (Po River–Adriatic
Sea, Northern Italy)
Maria Pia Gervasio , Elisa Soana * , Fabio Vincenzi and Giuseppe Castaldelli

DiSAP—Department of Environmental and Prevention Sciences, University of Ferrara, Via L.Borsari 46,
44121 Ferrara, Italy; grvmrp@unife.it (M.P.G.); fabio.vincenzi@unife.it (F.V.); ctg@unife.it (G.C.)
* Correspondence: elisa.soana@unife.it

Abstract: In transitional environments, the role of sediments biogeochemistry and denitrification is
crucial for establishing their buffer potential against nitrate (NO3

−) pollution. The Po River (Northern
Italy) is a worldwide hotspot of eutrophication. However, benthic N dynamics and the relevance
of denitrification in its delta have not yet been described. The aim of the present study was to
quantify the contribution of denitrification in attenuating the NO3

− loading transported to the sea
during summer. Benthic fluxes of dissolved inorganic nitrogen (N) and denitrification rates were
measured in laboratory incubations of intact sediment cores collected, along a salinity gradient, at
three sections of the Po di Goro, the southernmost arm of the Po Delta. The correlation between
NO3

− consumption and N2 production rates demonstrated that denitrification was the main process
responsible for reactive N removal. Denitrification was stimulated by both NO3

− availability in the
Po River water and organic enrichment of sediment likely determined by salinity-induced flocculation
of particulate organic load, and inhibited by increasing salinity, along the river–sea gradient. Overall,
denitrification represented a sink of approximately 30% of the daily N loading transported in middle
summer, highlighting a previously underestimated role of the Po River Delta.

Keywords: denitrification; Po River; nitrate loading; eutrophication; river sediment

1. Introduction

Rivers draining agricultural and urban basins export high quantities of reactive ni-
trogen (N) causing eutrophication-related phenomena in the coastal zones. As the N
availability in receiving water bodies increases, excessive algal growth is stimulated and
the eventual organic matter results in bottom water anoxia and cascading effects such as
biodiversity loss, and alterations in food web structure and function [1,2]. At the same time,
riverine sediments are active sites for biogeochemical reactions, such as denitrification,
which acts as a natural buffer against nitrate (NO3

−) pollution [3,4]. Denitrification, the
stepwise reduction of NO3

− to nitrogen gas (N2) under anaerobic conditions, is widely
recognized as the dominant biogeochemical process responsible for permanent N removal
in rivers and transitional environments [5–7]. Anammox, the anaerobic oxidation of am-
monium, can also remove inorganic N by combining ammonium (NH4

+) with nitrite
(NO2

−) and releasing N2; however, its occurrence is generally irrelevant if compared to
denitrification in freshwater sediments [8,9].

Spatially distributed global models have demonstrated that denitrification occurring
in river networks may remove, on average, 20–50% of the total land-based N input, in-
dicating they are important filters for the N loadings transported toward the sea and
therefore play a considerable role in mitigating eutrophication effects [7,10]. Although the
denitrification capacity of the river networks has been recognized, most studies on the
regulation of denitrification have addressed headwater streams because of their intense
water–streambed interactions (i.e., a high ratio between bioreactive surfaces and water
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volumes), sustaining significant in-stream N retention [11,12]. The nitrate (NO3
−) supply

to the benthic compartment is mainly controlled by diffusion from the water column; thus,
N loss may decline with increasing channel size and depth because of less contact and
exchange, making the denitrification process progressively less effective [13]. However,
lowland rivers, deltas, and estuaries of agricultural basins in temperate zones may be ideal
sites for denitrification, showing the typical features of eutrophic environments, such as
elevated NO3

− concentrations in water, organic carbon availability, and favorable tem-
peratures during the spring–summer period [7,14,15]. Conversely, salinity increase along
the river–sea gradient has been demonstrated to inhibit the denitrification activity of the
sediments [16,17].

In eutrophic deltas, reduced flow and water mixing during the summer, concomitant
with the establishment of steep thermal and/or saline gradients, may lead to partial or
full stratification. Under these conditions, discriminating the source of NO3

− fueling
sedimentary denitrification, from the water column or nitrified at the water/sediment
interface, is crucial for understanding benthic N metabolism [10]. Moreover, hypoxic or
anoxic conditions may be established more frequently in stratified bottom waters, where
NH4

+ released from the sediments is not oxidized to NO3
− and may accumulate [18,19].

The Po River Basin (Northern Italy) is one of the most densely populated and agri-
culturally exploited areas in Europe and is a well-known hotspot of eutrophication and
NO3

− pollution. Although several studies have addressed the N cycle in a wide variety
of aquatic ecosystems in the basin, such as drainage canals, wetlands, lakes, and brackish
coastal lagoons (e.g., [20–23]), the fate of the Po River N loadings through the delta remains
unknown as they are measured at the closure of the basin, which is approximately 60 km
upstream from the delta and more than 90 km from the outlet into the Adriatic Sea. Deter-
mining the factors controlling denitrification in lowland rivers and deltas is a crucial step
in efforts to protect coastal zones from eutrophication caused by N excess. The quantitative
relevance of denitrification in attenuating in-stream N loading during the season most
sensitive to eutrophication has not been well established.

The aims of the present study were (i) to measure benthic denitrification in the Po
River branch, namely the Po di Goro, taken as a case study representative of the other
deltaic branches; (ii) to study the effect of water stratification along a 30 km salinity
gradient, from the full riverine reach to the mouth to the sea; and (iii) to assess the role of
denitrification in buffering N loadings to the Adriatic Sea in summer, the most sensitive
period for eutrophication.

2. Materials and Methods
2.1. Study Area

The study area was the southernmost arm of the Po River Delta, named Po di Goro
River, crossing northeast Italy for over 48 km, marking the borderline between the Emilia-
Romagna and Veneto regions (Figure 1) The average annual discharge of the Po di Goro
accounts for approximately 5% of the Po River discharge measured at Pontelagoscuro, more
than 90 km upstream of the main river mouth and conventionally considered the basin
closing section [24]. The Po di Goro River is partly connected to the Goro lagoon in its lower
reach till the mouth to the Adriatic Sea. The Sacca di Goro, a shallow coastal lagoon, has
suffered in the past from eutrophication, macroalgal blooms followed by summer anoxia,
dystrophic crises, and massive deaths of farmed mollusks [25]. Freshwater and saltwater
stratification and partial mixing are typical summer phenomena in the terminal Po di Goro
River [26]. In recent years, an increase in salt intrusion has been detected in the lower Po di
Goro River. For instance, the monitoring network of the Regional Environmental Protection
Agency of the Emilia-Romagna region (ARPAE) has evidenced in summer a mean saltwater
intrusion of approximately 13 km from the mouth to the sea.



Water 2022, 14, 501 3 of 17

Water 2021, 13, x FOR PEER REVIEW 3 of 18 
 

 

In the present study, intact sediment cores were sampled in middle summer (end of 

July 2021) at three sections of the Po di Goro River along a salinity gradient: Mesola (M, 

44°56’04.1” N and 12°15’03.9” E), Conca Gorino (G, 44°49’02.9” N and 12°21’11.3” E), and 

Lanterna Vecchia (LV, 44°47’59.0” N and 12°23’00.3” E), located 25, 5, and 1.5 km up-

stream, respectively, from the outlet into the Adriatic Sea (Figure 1; Table 1). The study 

area covered an overall surface of 7 km2, and the three stations showed different charac-

teristics. The M site was fully freshwater (340 μS cm−1), the water column was thoroughly 

mixed, and the NO3− concentration (~90 μM) showed summer values typical of the termi-

nal reach of the Po River [27]. At the bottom of G site, water was slightly saline, up to 11.2 

ppt, while complete water stratification occurred at LV. In fact, in LV surface water, salin-

ity was ~0.8 ppt and in depth ~18.1 ppt, due to salt intrusion from the Adriatic Sea. Nitrate 

availability decreased from ~60 μM to ~40 μM moving from G to LV (Table 1). During the 

sediment sampling campaign, profiles of physicochemical water variables (temperature, 

oxygen, electrical conductivity, and salinity) were monitored at different stations along 

the river course, demonstrating that freshwater conditions along the entire water depth 

extend from the M site to the location named Valle Dindona located approximately 5 km 

upstream from the G site. 

 

Figure 1. Study area. Location of the Po di Goro arm in Italy with the Po River Basin border reported 

in dark blue (map on the left). In the map on the right, the blue line represents the Po di Goro course 

and in light blue is indicated the Po River. Grey bubbles are the main study sites where sediment 

cores were sampled; while grey triangles indicate other monitoring stations along the Po di Goro 

(modified from basemap of ArcMap, ArcGIS 10.2.2., ESRI, Redlands, California). 

  

Figure 1. Study area. Location of the Po di Goro arm in Italy with the Po River Basin border reported
in dark blue (map on the left). In the map on the right, the blue line represents the Po di Goro course
and in light blue is indicated the Po River. Grey bubbles are the main study sites where sediment
cores were sampled; while grey triangles indicate other monitoring stations along the Po di Goro
(modified from basemap of ArcMap, ArcGIS 10.2.2., ESRI, Redlands, California).

In the present study, intact sediment cores were sampled in middle summer (end of
July 2021) at three sections of the Po di Goro River along a salinity gradient: Mesola (M,
44◦56′04.1′′ N and 12◦15′03.9” E), Conca Gorino (G, 44◦49′02.9′′ N and 12◦21′11.3′′ E), and
Lanterna Vecchia (LV, 44◦47′59.0′′ N and 12◦23′00.3′′ E), located 25, 5, and 1.5 km upstream,
respectively, from the outlet into the Adriatic Sea (Figure 1; Table 1). The study area covered
an overall surface of 7 km2, and the three stations showed different characteristics. The
M site was fully freshwater (340 µS cm−1), the water column was thoroughly mixed, and
the NO3

− concentration (~90 µM) showed summer values typical of the terminal reach
of the Po River [27]. At the bottom of G site, water was slightly saline, up to 11.2 ppt,
while complete water stratification occurred at LV. In fact, in LV surface water, salinity
was ~0.8 ppt and in depth ~18.1 ppt, due to salt intrusion from the Adriatic Sea. Nitrate
availability decreased from ~60 µM to ~40 µM moving from G to LV (Table 1). During the
sediment sampling campaign, profiles of physicochemical water variables (temperature,
oxygen, electrical conductivity, and salinity) were monitored at different stations along the
river course, demonstrating that freshwater conditions along the entire water depth extend
from the M site to the location named Valle Dindona located approximately 5 km upstream
from the G site.

Table 1. Features of the three sampling sites during the July campaign. Values of the bottom waters
are reported.

Site
Distance from the

Outlet (km) Salinity (ppt) NO3− (µM) NH4
+ (µM) Total N (µM)

Mesola (M) 25 0.2 90 3 115
Conca Gorino (G) 5 11.2 59 13 122

Lanterna Vecchia (LV) 1.5 18.1 44 5 113

2.2. Sediment and Water Sampling

Measurements of sedimentary features, sediment oxygen demand, inorganic N fluxes
(NO3

−, NH4
+, and N2), and denitrification rates at the three sampling sites were performed

in middle summer. Sampling and pre-incubation were performed according to standard-
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ized procedures [28]. The experimental design consisted of the collection of seven intact
sediment cores (plexiglass liners, internal diameter 4.5 cm, length 20 cm) at each site, of
which five replicates were used for dark flux and denitrification measurements, and two
replicates for sediment characterization. Only cores with visually undisturbed sediments
and clear overlying water were used for further treatment. The sediment level of the
collected intact cores was adjusted to approximately 9 cm on average, leaving an overlying
water column of approximately 8 cm. Water column parameters (temperature, oxygen
content, electrical conductivity, and salinity) were measured in situ with a multiparametric
probe (YSI Model 85—Handheld Dissolved Oxygen, Conductivity, Salinity and Tempera-
ture System, YSI, Incorporated, Yellow Springs, OH, USA). After collection, the sediment
cores were submerged in three different tanks with site water continuously aerated with
aquarium pumps, and they were transported to the laboratory within a few hours. At
each site, approximately 60 L of bottom water were collected using a Van Dorn bottle and
brought to the laboratory for core maintenance, pre-incubation, and incubation periods.

2.3. Measurement of Benthic Fluxes and Denitrification Rates

In the laboratory, the sediment cores were maintained with the top open and aerated
overnight in the dark. Each core was equipped with a Teflon-coated magnet, driven by
a central magnet rotating at 40 rpm, which was suspended a few centimeters above the
sediment surface to mix the water column while avoiding resuspension (Figure 2a,b). Water
was stirred throughout the whole pre-incubation and incubation periods. Intact sediment
cores were incubated in a batch mode according to standardized protocols developed
for the measurement of benthic fluxes of gases and nutrients [28,29]. Incubations were
performed in the laboratory at 25 ◦C, simulating the typical middle summer conditions
in the Po River Delta. Dark fluxes of dissolved O2 (SOD, sediment oxygen demand) and
dissolved inorganic N (N2, NO3

−, NO2
−, NH4

+) across the water–sediment interface were
quantified via start–end incubations lasting 2 h in order to maintain O2 concentration
within 20% of initial value [28]. Light penetration is generally very limited where the
turbidity is high, such as in the Po River Delta; thus, the benthic compartment is assumed
always to be in the dark. After overnight pre-incubation, five cores from each site were
incubated in the dark. The water inside each tank was replaced with fresh water from
each site in order to maintain near in situ dissolved nutrient concentrations. To initiate
incubation, the water level in the tanks was lowered a few centimeters below the top of
the cores and each liner was sealed with a rubber lid. Temperature and O2 concentrations
were measured with a multiparametric probe directly inside each core at the beginning
and end of the incubation period. Simultaneously, water samples were collected from each
core with a glass 60 mL syringe, filtered through Whatman GF/F glass fiber filters and
transferred to polyethylene vials to analyze dissolved inorganic N compounds. In addition,
samples for N2:Ar were collected, transferred into 12 mL glass-tight vials (Exetainer, Labco,
High Wycombe, UK) allowing abundant overflow, and preserved by adding 100 µL of
7 M ZnCl2 to stop microbial activity. After the first incubation, the water in the tanks was
replaced and the cores were submerged for approximately 1 h to stabilize. The isotope
pairing technique (IPT [28,30]) was applied to measure denitrification rates on the same
set of cores used for benthic flux determinations. At the beginning of the incubation, the
water level in the tank was lowered just below the top of the cores, and aliquots of a stock
solution of 15 mM 15NO3

− (Na15NO3, Sigma Aldrich) were added to the cores to obtain a
final labelled NO3

− enrichment of approximately 50%. The IPT incubation lasted 2 h from
when the cores were capped. The NO3

− concentrations were measured in each core before
and after the addition of 15NO3

− to calculate the 14N:15N ratio in the NO3
− pool. At the

end of the incubation period, the entire sediment column was mixed with the water column
to homogenize the dissolved N2 pools in the water column and porewater. An aliquot of
the slurry was transferred to a 12 mL Exetainer and fixed with 200 µL of 7 M ZnCl2.
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2.4. Analytical Methods, Calculation of Benthic Fluxes and Denitrification Rates

NO2
− and NH4

+ were analyzed via standard spectrophotometric methods using
a Jasco V-550 spectrophotometer. NO2

− was determined using sulfanilamide and N-(1-
naphtyl)-ethylenediamine (detection limit 0.1 µM [31]). NH4

+ was analyzed using salicylate
and hypochlorite in the presence of sodium nitroprusside (detection limit 0.5 µM [32]).
NO3

− was analyzed using Technicon AutoAnalyser II (detection limit 0.4 µM [33]).
The N2:Ar ratio (water samples from the incubation of benthic fluxes) and the abun-

dance of 29N2 and 30N2 (slurry samples from the IPT incubation) were analyzed via mem-
brane inlet mass spectrometry (MIMS) at the Laboratory of Aquatic Ecology, University of
Ferrara (Bay instrument, MD, USA [34]). For MIMS analyses, the samples, after equilibra-
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tion at 20 ◦C, were pumped through an under-vacuum gas-permeable silicone membrane.
The extracted gases passed through (i) a liquid nitrogen cryogenic trap to remove carbon
dioxide and water vapor, (ii) a copper reduction column controlled by a muffle furnace
operating at 600 ◦C to remove oxygen, and finally (iii) a second liquid nitrogen trap be-
fore ionization and detection by a PrismaPlus quadrupole mass spectrometer [35,36]. The
concentration of N2 was calculated from the measured N2:Ar ratio multiplied by the the-
oretical saturated Ar concentration at the sampling water temperature determined from
gas solubility tables [37]. Benthic N2 fluxes include coupled nitrification/denitrification
and anammox. However, several studies showed that contribution of anammox to N2
production in organic-rich freshwater ecosystems is generally negligible [3,38,39].

Dark fluxes were calculated from the rate of change in concentrations with time,
according to the following equation [29]:

Fx =
(C0 −Cf)·V

A·t

where Fx (µmol m−2 h−1) is the flux of a general compound, C0 and Cf (µM) are the
concentrations of the compound at the beginning and the end of incubation, respectively, V
(L) is the water volume of the core, A (m2) is the area of the sediment core, and t (h) is the
time of incubation. Negative values indicate fluxes from the water column to the sediment,
whereas positive values indicate fluxes from sediment to the water column.

Denitrification rates were calculated as described by [29]:

D15 = p29 + 2p30D14 = D15·
(

p29
2p30

)
where D15 is the denitrification rate of the added 15NO3

−, D14 is the total denitrification rate
of 14NO3

−, and p29 and p30 are the production rates of 29N2 and 30N2, respectively. The
denitrification of NO3

− diffusing to the anoxic sediment layer from the water column (Dw)
and the denitrification of NO3

− produced within the oxic sediment layer by nitrification
(Dn) were calculated according to [30]:

Dw =
14NO−3
15NO−3

·D15Dn = D14 −Dw

where 14NO3
− is the ambient nitrate and 15NO3

− is the labelled nitrate added to each core.

2.5. Sediment Characterization

The cores for sediment characterization (Figure 2c) were processed as follows. The
upper 0–1 cm section was sliced, and rapidly homogenized and sediment subsamples of
5 mL were used to determine the physical properties. Bulk density was determined as
the ratio of wet weight to volume. Porosity and water content (%) were determined from
weight loss of a known fresh sediment volume, after drying at 50 ◦C to constant weight for
72 h. Finally, the dried samples (approximately 0.5 g) were placed into a muffle furnace at
350 ◦C for 3 h to quantify the organic matter content (OM, %), based on the weight loss
by ignition.

2.6. Riverine N Loadings in the Po di Goro and Importance of NO3
− Removal via Denitrification

Daily total N loadings transported by the Po di Goro River to the Adriatic Sea in the
middle summer (July and August) months were calculated using official concentration
and discharge datasets collected for the period 2014–2019. Nitrogen species concentra-
tions were obtained by monthly sampling campaigns carried out at the Serravalle station
(44◦58′43.6′′ N and 11◦59′51.9′′ E) in the framework of the ARPAE environmental monitor-
ing program (https://dati.arpae.it/, accessed on 23 October 2021). The station is located
on the main course of the Po River just before the diversion of the Po di Goro branch.

https://dati.arpae.it/
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Sample collection and analysis were performed in accordance with standard methods and
analytical protocols [40]. The daily average discharges of the Po River (Pontelagoscuro
station, 44◦53′19.34′′ N and 11◦36′29.60′′ E) were acquired from the permanent records of
a gauge operated by ARPAE. Discharge datasets were retrieved from the “Hydrological
Annals—Second Part” published by ARPAE and available on the Regional Open Data
Portal (https://simc.arpae.it/dext3r/, accessed on 23 October 2021). The discharge of the
Po di Goro River was calculated as a function of the discharge measured at Pontelagoscuro
by employing a predictive experimental equation obtained from data reviewed by the Envi-
ronmental Agency of the Veneto Region (Supplementary Materials, Figure S1). Daily total
N loadings were calculated by multiplying monthly concentrations by average monthly
discharge and compared to the amount potentially removed by the entire sampled reach of
the Po di Goro River obtained by scaling up the experimentally measured denitrification
rates. The proportion of the N amount removed in the reach versus the total N loading
entering that reach was considered as the denitrification efficiency.

2.7. Statistical Analysis

Differences among the three sampling sites in inorganic N fluxes, denitrification rates
and SOD measured by core incubations were tested via one-way ANOVA and pairwise
multiple comparisons of means (post hoc test, Tukey’s test). Normality (Shapiro–Wilk
test) and homoscedasticity (Levene’s test) were examined, and all datasets fulfilled the
requirements for parametric tests. Statistical analysis was performed using SigmaPlot 11.0
(Systat Software, Inc., San Jose, CA, USA), and the overall significance level was set at p ≤
0.05.

3. Results and Discussion
3.1. Factors Controlling NO3

− Removal via Denitrification in the Po di Goro Sediments

Nitrate fluxes were always negative, indicating that consumption from the overlying
bottom water occurred in the sediments of the Po di Goro River owing to benthic processes
(Figure 3a). Nitrate removal rates differed among sampling sites (Table 1), with higher
values at M and G sites (on average −402 ± 169 and −397 ± 193 µmol N m−2 h−1,
respectively) than at LV site (−83 ± 41 µmol N m−2 h−1), reflecting a decrease in water
NO3

− availability along the river–sea gradient from the fully riverine reach (~90 µM)
to the outlet into the Adriatic Sea (~40 µM). Similarly, the N2 fluxes and Dtot and Dw
rates were significantly different among the three sampling sites (Figure 3a, Table 2). The
highest Dtot rates were measured at the M site and were almost equivalent to the rates
of N2 production and NO3

− consumption (422 ± 99 and −424 ± 103 µmol N m−2 h−1,
respectively), exceeding, by a factor of four on average, the rates measured at LV, the site
nearest to the sea. At LV, the lowest NO3

− availability in the water resulted in the lowest
rates of N2 production and Dtot measured for the Po di Goro sediments. The post hoc
Tukey’s test showed significant differences in N fluxes (NO3

− and N2) and denitrification
rates between M and LV and between G and LV sites, but not between M and G sites
(Table 2).

Nitrate fluxes measured in single cores sampled from the Po di Goro River ranged
between−640 µmol N m−2 h−1 and−48 µmol N m−2 h−1 and were highly correlated with
both Dw rates (p < 0.0001) and N2 effluxes (p < 0.0001) (Figure 3b,d; Table S2). The highest
consumption of NO3

− corresponded to the highest Dw rates and also to the maximum rates
of N2 production (Figure 3b,d). The generally good correlation between NO3

− demand
and N2 effluxes detected in all the sampled sites demonstrated that denitrification was
the main process responsible for reactive N removal and was quantitatively fueled by
water column NO3

−. Anammox cannot be excluded to occur and partially contribute to
N2 effluxes. However, studies measuring denitrification and anammox simultaneously in
eutrophic and organic-rich freshwater ecosystems demonstrated that the contribution of
anammox to the total N2 production was generally <10% [3,38,39], and summer appeared
to be a relatively unfavorable season for anammox bacterial growth [41].

https://simc.arpae.it/dext3r/
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Figure 3. Benthic dark fluxes of inorganic N measured at the three sampling sites. (a) Fluxes of NO3
−

and N2, and total denitrification (Dtot), (b) relation between fluxes of NO3
− and N2, (c) denitrification

rates split into denitrification of water column NO3
− (Dw, white bars) and denitrification coupled

to nitrification in the sediment (Dn, hatched bars), (d) relation between fluxes of NO3
− and Dw. In

panels (a,c), average values ± standard deviations are reported, while graphs of panels (b,d) include
single core measurements.
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Table 2. Results of the one-way ANOVA and Tukey’s test (p < 0.05). NS = not statistically significant).

Parameter p F Turkey’s Test

Dtot <0.001 15.45 M vs. LV
G vs. LV

Dw <0.01 8.65 M vs. LV
G vs. LV

NO3
− flux <0.01 7.37 M vs. LV

G vs. LV

N2 flux <0.01 7.88 M vs. LV
G vs. LV

NH4
+ flux NS 2.82 -

SOD NS 0.68 -

In the Po di Goro sediment, denitrification was stimulated when NO3
− availability in

the water was greater (M) and the sediment richer in OM (G), whereas it was inhibited at
the most saline site (LV). The highest rates measured at M and G reflected the occurrence of
the three primary controls directly influencing denitrification, that is, availability of NO3

−

and organic carbon and anoxic environment. Nitrate and organic carbon availability, acting
as terminal electron acceptor and electron supplier for denitrifying bacteria, respectively,
are generally considered as the most important drivers determining the magnitude of
denitrification [42]. The present outcomes were consistent with studies performed in a
vast array of aquatic ecosystems demonstrating that high concentrations of NO3

− and
interstitially dissolved organic carbon, as well as low oxygen levels, in the overlying water
enhance denitrification in summer [6,43]. Although NO3

− concentrations decreased from
M to G, the total denitrification rates were similar, likely resulting from a combination
of factors, that is, the stimulating effect of higher sediment OM occurring at G (Table 3)
together with the salinity-induced stratification. Low oxygen concentrations in the water
column stimulate denitrification by reducing the distance for NO3

− diffusion to encounter
anoxic conditions in the sediment. The higher availability of labile OM occurring at G was
likely a consequence of salinity-induced flocculation of the particulate organic load [44].
Sediment organic enrichment stimulates denitrification directly by providing an energy
source for heterotrophic denitrifying bacteria, as well as indirectly, by fueling respiration
that depletes dissolved oxygen in the benthic compartment [5,45]. A higher SOD value
(~3100 µmol O2 m−2 h−1) appeared at G, indicating muddy–sandy sediments rich in
OM (4.2%), while lower rates of oxygen consumption (~2700 µmol O2 m−2 h−1) were
measured in sediments with lower organic enrichments (Table 3; Figure 4a; Table S2). No
significant differences in SOD were observed among the sampling sites, but they overall
resulted in a higher range of rates reported in the literature for freshwater eutrophic
environments [21,46–48].

Table 3. Sediment characteristics at the three sampling sites of the Po di Goro River. Average values
± standard deviations are reported.

M G LV

Typology sandy muddy–sandy clay
Porosity 0.63 ± 0.08 0.64 ± 0.12 0.51 ± 0.04

Density (g/mL) 1.56 ± 0.17 1.14 ± 0.18 1.41 ± 0.32
OM (%) 2.00 ± 1.00 4.30 ± 0.40 1.80 ± 0.00
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Denitrification supported by water column NO3
− contributed mostly (70–100%) to

total rates, as widely reported in the literature when water NO3
− concentrations exceed

50−60 µM [10,21]. At all sites, sediments were simultaneously a net sink of water column
NO3

− but also a source of NH4
+. Ammonium fluxes were always positive, indicating a

production in the benthic compartment and a release to the overlying bottom water as a
consequence of OM mineralization (Figure 4b; Table S2). The generally good correlation
between NO3

− and N2 effluxes, and Dw rates (Figure 3) demonstrated that denitrification
was the main process responsible for NO3

− consumption. Dissimilatory nitrate reduction
to ammonium (DNRA) cannot be excluded as a process contributing partially to NH4

+

recycling from the sediment, especially in those sites with a higher ratio between sedimen-
tary organic carbon and water column NO3

−, such as G and LV. Previous studies have
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demonstrated that reducing (sulfidic) conditions, such as those established in OM-rich sites,
do favor DNRA over denitrification [48–50].

Denitrification coupled to nitrification was likely controlled by the limited oxygen
availability at the sediment–water interface, preventing NH4

+ oxidation, occurring as
a consequence of water stratification, a typical summer condition of lowland canalized
rivers and transitional environments [26,51,52]. At the G site, the bottom water was
the dominant source of nitrate, accounting for 100% of the total amount required for
denitrification. Here, the mineralization of the high OM content reduced the oxygen
availability into the sediments, creating the anoxic conditions that prevented coupled
nitrification–denitrification [48,53,54]. Conversely, coupled nitrification–denitrification was
the highest at M (~130 µmol N m−2 h−1, Figure 3c; Table S2), accounting for ~30% of
the total denitrification rate, reflecting the thorough mixing of the water column and the
oxygenation of the surface sediment. At the LV site, the denitrification rate was the lowest,
because of the concomitant low water NO3

− availability, increased salinity, and permanent
stratification resulting in anoxic conditions in the benthic compartment. Salinity has been
demonstrated to place physiological stress on bacterial communities, such as nitrifiers and
denitrifiers [18]. In the sediments of transitional environments, the depletion of electron
acceptors such as O2 and NO3

− generally leads to the dominance of sulphate reduction
as a decomposition pathway accounting for a large part of the organic matter oxidation.
Persistent anoxia is thus accompanied by a significant release of sulfide to the water
column, a condition inhibiting nitrification and denitrification [55]. Organic enrichment
and reducing conditions under persistent stratification may shift NO3

− reduction towards
more pronounced DNRA, with internal NO3

− recycling to NH4
+. Future research should

address the concomitant measurement of denitrification and DNRA in deltaic environments
to better understand the balance between N removal and N recycling processes.

3.2. Denitrification Rates in the Po di Goro: Comparison to the Literature and Relevance in
Attenuating the Riverine N Loadings in Summer

The denitrification rates measured in the Po di Goro sediments were in line with
those reported in the literature for estuarine and delta systems around the world with
water temperatures > 20 ◦C (Table 4). The observed high spatial variability is typical of
transitional zones where a multitude of factors are in a constant state of change, such as
NO3

− supply, rates of organic carbon sedimentation, and redox condition in the overlying
water and surface sediments. The rates measured in this study for the freshwater site (M)
were higher than the range of observations for nonsaline locations of other estuarine and
delta systems (Table 4). This discrepancy is most likely due to the presence of a mixed NO3

−

-rich water column which ensures a constant supply of NO3
− to the benthic bioreactive

surfaces where denitrification occurs. A combination of salinity-induced stratification and
NO3

− decrease plays a role in reducing the denitrification capacity along the river–sea
gradient, as previously observed for other transitional environments [14,56].

In a worldwide hotspot of eutrophication and NO3
− pollution, such as the Po River

Basin, denitrification has been widely measured in several aquatic ecosystem types (e.g.,
wetlands, canals, lagoons, lakes), and its controlling factors diffusively investigated, re-
sulting in the main process responsible for reactive N removal, especially in freshwater
environments [20–22]. A comprehensive summary of denitrification measurements per-
formed in the aquatic ecosystems of the Po River Basin during the summer period is
presented in Figure 5. Details of the sampling locations and the main sediment and water
features are reported in the Supplementary Material (Table S1). Summer denitrification
was quite different among aquatic ecosystem types, with measured rates spanning along
three orders of magnitude, i.e., from <2 to ~2000 µmol N m−2 h−1. On average, the highest
denitrification rates were found in aquatic environments tightly linked to the surrounding
agricultural landscapes (connected wetlands and rivers), resulting in an increased avail-
ability of NO3

− and labile organic carbon (Figure 5). The range of denitrification rates
measured in the Po di Goro sediments overlapped with estimates of denitrification in
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connected wetlands and rivers of the Po River Basin and was higher than those found
in isolated wetlands, lakes, and coastal lagoons. Generally, denitrification rates were
supported mainly by Dw in all aquatic ecosystems, with only the exception of lagoons,
where sediment oxidation mediated by bioturbation contributes to stimulating coupled
nitrification-denitrification [23].
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Figure 5. Boxplot on total denitrification rates measured during the period of highest temperature of
the year in different aquatic ecosystems of the Po River Basin (CW, connected wetlands; IW, isolated
wetlands; R, rivers; LK, lakes; LG, lagoons). The central horizontal line in the box is the median, the
top and bottom boxes are 25th and 75th percentiles, and the whiskers are 10th and 90th percentiles.
The employed datasets are reported in Table S1 (Supplementary Material).

Denitrification rates in the Po di Goro sediments can be addressed in a mass balance
context to assess the relevance of the process at the whole-reach scale. Daily TN load-
ings transported by the Po di Goro River to the Adriatic Sea in middle summer varied
between 1.6 and 4.8 t N day−1 according to different discharge values (13–35 m3 s−1)
and NO3

− was the dominant nitrogen form (on average 76–86% of TN). By extrapolating
the total denitrification rates measured by sediment core incubations, the whole Po di
Goro sampled reach (∼7 km2) was estimated to potentially dissipate by denitrification up
to 0.94 ± 0.23 t N day−1. Despite different drivers regulating denitrification at the three
sampling sites, the present outcomes demonstrated that, in middle summer conditions,
deltaic denitrification may remove a significant fraction, on average 28%, of the TN load
transported by the Po di Goro to the Adriatic Sea, highlighting a previously underestimated
role of the Po River terminal arms. Studies performed in several transitional environments
around the world have estimated highly variable denitrification efficiency, contributing to
removing from <10% to ∼50% of the annual N loading (e.g., [57–59]). However, the rate
at which this process occurs and how it affects the N supply to the coastal zones and the
availability for primary producers is particularly important to address during summer
periods when the eutrophication risk is higher. The present data suggest that the TN
loadings, which are usually derived from river gauging above the tidal limit, overestimate,
by nearly 30%, the real loadings reaching the Adriatic Sea in summer as they do not take
into account the deltaic denitrification capacity. Quantitative information on N cycling in
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deltaic sediments with high temporal and spatial resolution is needed to better understand
how N loading from watersheds may affect eutrophication phenomena in the coastal zones.

Table 4. Total denitrification rates measured via isotope pairing technique in selected transitional
environments (deltas and estuaries) around the world during the summer period. Main sediment
and water features are reported for comparison with the results of this study. Standard deviations
are reported.

Location T (◦C) Salinity (‰) NO3− (µM) SOD (µmol O2 m−2 h−1) Dtot (µmol N m−2 h−1) OM (%) References

The Colne
estuary

(UK)
25 - 141 - 353 ± 37 - [60]

Norsminde
Fjord—shallow

estuary
(Denmark)

23
0.1–19.4

<1 - 106 ± 1

-

[61]

23 2 153 ± 28
Neuse River

(North Carolina) 29

-

11 681 ± 88 8 [62]

29 17 256 ± 177 73
26 24 647 ± 411 143

-29 38 1187 ± 143 51
24.5 32 791 ± 136 19

Wax Lake Delta
(Louisiana) 30 0.1–0.4 58 1186 ± 143 41 ± 2 2 [15]

Barataria Bay
(Louisiana) 30 0.1–0.4 45 1527 ± 451 42 ± 10 2

Nueces River
(Texas) 30 0.29 67 736 ± 2 27 ± 6 - [63]

Corpus Christi
Bay

(Texas)
32.3 1.94 2 1077 ± 70 7 ± 1 -

Thames estuary–
Site 1 (UK) - 2–32 611 3113 ± 184 4826 ± 395 4 [56]

Site 2 - 2–32 * 2884 ± 538 146 ± 28 2
Site 3 - 2–32 * 5384 ± 186 140 ± 33 2
Site 4 - 2–32 * 5486 ± 504 175 ± 55 3
Site 5 - 2–32 * 4379 ± 914 462 ± 68 3
Site 6 - 2–32 * 3680 ± 413 103 ± 9 1

Wax Lake Delta
(Louisiana) 27.3 0.2 64 1833 397 5 [64]

19 0.2–0.4 98 1042 ± 0 115 ± 7 3 [14]
22.2 0.2–0.4 102 1953 ±130 87 ± 5 6
21.2 0.2–0.4 82 3646 ± 130 230 ± 10 22

Mildred Island
(Suisun Delta,

USA)
22.2 0.1 - 1160 ± 130 20 - [19]

Franks
(Suisun Delta,

USA)
22 0.1 - 1490 ± 55 48 ± 3 -

Big Break
(Suisun Delta,

USA)
21.5 0.1 - 1062 ± 32 21 ± 11 -

Sherman Island
(Suisun Delta,

USA)
21 0.2 - 947 ± 98 71 ± 12 -

Brown
(Suisun Bay,

USA)
21 0.4 - 1490 ± 250 53 ± 5 -

Po di Goro
(Mesola) 25 0.2 89 2731 ± 521 422 ± 99 2 This study

Po di Goro
(Conca Gorino) 25 11.2 61 3111 ± 815 305 ± 123 4.3

Po di Goro
(Lanterna
Vecchia)

25 18.1 71 2759 ± 234 105 ± 5 1.8

* Nitrate concentration decreased along the river–sea gradient.

4. Conclusions

Benthic denitrification in the Po delta sediments was a net sink of N, which accounted
for a significant reduction in TN loading to the coastal zone. These outcomes underscore the
role of the terminal branches of the Po River delta, previously underestimated, as a buffering
system as a whole, against summer N loadings and for the protection of coastal areas, right
when eutrophication risk is the highest. Sedimentary regeneration of NH4

+ was measured
at all stations and partially counterbalanced N losses via denitrification. This positive
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contribution to the generation of reactive N was unexpectedly high and requires further
investigation. Knowledge of spatial and temporal variability and the relative importance
of contrasting paths of the N cycle, such as denitrification and ammonia regeneration in
deltaic sediments, is a key point for the definition of effective interventions to mitigating
NO3

− pollution and coastal eutrophication.
These preliminary findings need to be progressed both at the microscale (e.g., assess-

ment of environmental drivers controlling benthic N dynamics) and at the whole-reach
scale. Moreover, investigating the effects of increasing water temperature and saline in-
trusion on denitrification as consequences of global warming is of great interest for future
studies on the buffering capacity against N loadings in deltaic ecosystems.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/w14030501/s1. Figure S1: Relation between the discharge (Q) of the Po River measured at
Pontelagoscuro station and the percentage transported by the Po di Goro branch. Table S1: Total
denitrification rates measured via isotope pairing technique in different aquatic ecosystems of the
Po River Basin during the period of highest temperature of the year (CW, connected wetlands; IW,
isolated wetlands; R, rivers; LK, lakes; LG, lagoons). Table S2: Summary of benthic fluxes and
denitrification rates measured in the Po di Goro.
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