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• Nitrogen removal potential of vegetated 
canals was assessed in an irrigated 
basin. 

• Postponing vegetation mowing contrib
utes to lower NO3

− export in spring and 
summer. 

• Vegetated canals help meet NO3
− reduc

tion targets in agricultural basins. 
• Restoration of in-stream vegetation is an 

effective strategy to improve water 
quality.  
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A B S T R A C T   

Nitrate pollution and eutrophication remain pressing issues in Europe regarding the quality of aquatic ecosys
tems and the safety of drinking water. Achieving water quality goals under the Water Framework Directive 
(WFD) has proven to be particularly challenging in agricultural catchments, where high nitrate concentrations 
are the main reason for the failure of many water bodies to meet a good ecological status. Canals and ditches are 
common man-made features of irrigated and drained landscapes and, when vegetated, have recently been 
identified as denitrification hotspots. 

By combining experimental data and GIS-based upscaling estimation, the potential capacity of the canal 
network to reduce nitrate loads was quantified in several scenarios differing in the level of nitrate pollution and 
in the extent of the canal network length where conservative management practices are implemented. The 
analysis was carried out in the irrigated lowlands of the Po River basin, which is the largest hydrographic system 
in Italy and a global hotspot for nitrogen inputs and eutrophication. 

Scenario simulations showed that maintaining aquatic vegetation in at least 25 % of the canal network length, 
selecting sites with high nitrate availability (>2.4 mg N L− 1), would promote a greater potential for permanent N 
removal. The increased denitrification capacity would meet the load reduction target required to achieve a WFD 
good ecological status in waters draining into the Adriatic Sea during the spring-summer months, when the 
eutrophication risk is higher. Promoting denitrification in the canal network by postponing the mowing of in- 
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stream vegetation to the end of the growing season could be an effective mitigation strategy to improve water 
quality in agricultural basins and contribute to achieving the WFD goals.   

1. Introduction 

Over the last century, agriculture has profoundly altered the nutrient 
balance of cropland and is now globally recognized as a major source of 
diffuse pollution, especially nitrogen (N), in waters (Battye et al., 2017; 
Galloway et al., 2021). Excess nitrate (NO3

− ) from agriculture contrib
utes to the deterioration of surface and groundwater quality and has 
been identified as a serious threat to human health by contaminating 
drinking water and to aquatic ecosystems through eutrophication (Le 
Moal et al., 2019; Nieder and Benbi, 2022). Agricultural activities and 
food production will likely continue to follow the intensification para
digm to meet the increasing population by the middle of the 21st cen
tury, with negative ecological impacts in terms of water pollution, 
greenhouse gas emissions, ecosystem functioning, and biodiversity loss 
(Stoate et al., 2009; Leip et al., 2015; Beltran-Peña et al., 2020). In recent 
decades, a number of environmental policies, such as the Nitrates 
Directive (91/676/EEC) and the Water Framework Directive (WFD, 
2000/60/EC), have been adopted in Europe to promote good agricul
tural practices aimed at controlling NO3

− losses from agriculture to water 
bodies, i.e., optimising the use and application of fertilizer to better 
match crop needs, introducing cover crops and treating animal waste 
(Velthof et al., 2014; Garnier et al., 2016; Malagó et al., 2019). Since the 
1990s, NO3

− concentrations in many European rivers have steadily 
decreased because of reduced fertilizer inputs (Vigiak et al., 2023). 
However, the apparent stabilisation in recent years calls for further 
measures to be taken as concentrations still do not meet the environ
mental targets needed to ensure water quality and the functioning of 
aquatic ecosystems (Bouraoui and Grizzetti, 2011; Vigiak et al., 2021). 
High NO3

− concentrations remain a pressing issue in Europe and are in 
many cases the main reason for the failure of surface waters to achieve a 
good ecological status according to the WFD. According to the most 
recent estimate, more than half of the European rivers still deviated from 
a good ecological status (EEA, 2018; Poikane et al., 2019), and there are 
concerns that the new deadline of 2027 will be missed again (Vigiak 
et al., 2021). Nitrogen legacy, i.e., storage in groundwater as NO3

− and in 
soils as organic N, may make it impossible to achieve good water quality 
goals in the short to medium term (Basu et al., 2022) and may become 
increasingly difficult also in the context of climate change (Glibert, 
2020; Costa et al., 2022). 

In recent decades, agricultural, industrial, and urban development, 
together with hydro-morphological modifications, have contributed to 
the landscape simplification in human-impacted basins, which have lost 
the aquatic ecosystems acting as natural nutrient filters (Beaulieu et al., 
2015; Frascaroli et al., 2021; Cuenca-Cambronero et al., 2023). Simul
taneously, agricultural catchments have progressively lost a key 
component of their buffer capacity against NO3

− pollution, namely the 
aquatic vegetation. Eutrophication has caused the decline or dieback of 
submerged macrophytes in several freshwater ecosystems worldwide, 
owing to a combination of increased turbidity in the water column and 
chemical conditions in the interstitial water that have become hostile to 
roots (McGlathery et al., 2007; Ribaudo et al., 2023). 

The sustainable intensification of agriculture and a 50 % reduction in 
nutrient losses have been recently introduced as targets by the European 
Green Deal in the Farm to Fork Strategy and in the Biodiversity Strategy 
2030 (European Commission, 2020, 2021). Mitigating NO3

− pollution 
and controlling eutrophication will require both strengthening existing 
good agricultural practices and water policies (Grizzetti et al., 2021), 
and testing and implementing new remediation measures, such as the 
restoration of biogeochemical processes and functions in aquatic eco
systems. Nevertheless, this approach is generally economically unsus
tainable, time consuming and ineffective for streams and rivers due to 

the size of such water bodies (Petersen et al., 2021; Zhou et al., 2023) 
and needs to target the most metabolically reactive zones along the land- 
sea continuum that are capillary distributed across the landscapes. 

Eutrophication is a relevant and long-standing water quality problem 
in the Po River Basin (Italy), one of the most agriculturally productive 
areas in Europe, generating approximately 40 % of Italy’s Gross Do
mestic Product (Viaroli et al., 2018; Po River District Authority, 2021). 
The implementation of environmental policies and legislation aimed at 
controlling nutrient emissions from point sources (e.g., the construction 
of wastewater treatment plants, and bans on polyphosphates in de
tergents) has led to significant reductions in nutrient loads from urban 
areas (de Wit and Bendoricchio, 2001; Palmeri et al., 2005). However, 
over the last three decades, the preventive and remedial measures 
introduced by the European Directives to control widespread agricul
tural and livestock sources have been largely ineffective and NO3

−

pollution has become a major concern for water quality (Viaroli et al., 
2018; Musacchio et al., 2020). 

In agricultural landscapes, such as the Po Plain, agricultural canals 
and ditches are ubiquitous man-made linear elements that comprise 
most of the hydrographic networks and, as ecotones, play a crucial role 
in intercepting N leaching from agricultural land (Goeller et al., 2020; 
Moore and Locke, 2020; Rizzo et al., 2023). Canals and ditches have 
traditionally been designed, constructed, and managed for their surface 
drainage and irrigation water transfer functions (Dollinger et al., 2015; 
Rudi et al., 2020). Recently, complementary functions of nutrient buffer 
zones have been identified, making canal networks the quantitatively 
most important metabolic reactors in agricultural landscapes (Lassaletta 
et al., 2012; Romero et al., 2016; Soana et al., 2019; Hill, 2023). 
Research over the last decade has shown that canals are more than 
simple conduits for water transfer, but act as natural wetlands, providing 
key biogeochemical services, such as N removal through denitrification, 
i.e., microbial anaerobic respiration of NO3

− (Castaldelli et al., 2015; 
Kumwimba et al., 2023; Shen et al., 2021). 

The presence and abundance of aquatic macrophytes are considered 
key factors in determining the water depuration potential and, in 
particular, the removal of excess NO3

− , through a complex synergistic 
action with bacterial communities (Veraart et al., 2017; Soana et al., 
2020; Taylor et al., 2020). However, the hydraulic efficiency of irriga
tion and drainage has been enabled by the straightening of canal net
works and, in most cases, this has corresponded to the quantitative 
removal of aquatic vegetation (Errico et al., 2019; Kalinowska et al., 
2023). 

Although canals and ditches have received increasing attention as 
biogeochemical hotspots in recent years, the full impact of these artifi
cial ecosystems on watershed N dynamics is not yet fully understood, 
nor is their effectiveness as a management option to reduce N excess in 
agricultural watersheds and to meet nutrient reduction targets. There is 
a need to assess whether conservative vegetation-preserving manage
ment practices can help achieve surface water quality targets by 
exploiting the natural depuration capacity of vegetated canals, which 
can be considered as nature-based solutions (Mancuso et al., 2021; 
Ferreira et al., 2023). To support and guide their implementation on a 
wider scale, a better understanding of how these edge-of-field tools can 
improve inland and coastal water quality is needed. 

The aim of the present study was to compare the treatment perfor
mance of the canal network in the Po River lowland with the reduction 
target required to achieve a good ecological status for NO3

− , as defined 
by the WFD, in the drainage waters delivered to the Adriatic Sea. 
Through a combination of experimental data and GIS-based upscaling 
estimation, the potential capacity of the canal network to reduce NO3

−

loads was quantified in several scenarios that differed in the level of NO3
−
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pollution and in the percentage of the canal network length where 
conservative management practices are implemented. 

2. Material and methods 

2.1. Study area 

The study area covers the Po Plain that surrounds the river for the 
last 250 km of its course, from the city of Cremona to the Delta in the 
Adriatic Sea, within the administrative boundaries of three Italian Re
gions (Lombardy, Emilia-Romagna, and Veneto) (Fig. 1A, B). The ter
ritory (~6300 km2) includes the last part of the largest Italian alluvial 
plain, at an altitude of <50 m above sea level, and where crops are 
almost exclusively irrigated with water withdrawn from the Po River. 
The study area was delimited using information on the location of water 
diversion points and drainage facilities and the boundaries of the 

irrigation districts provided by the Land Reclamation Authorities man
agement plans. 

The climate is warm temperate (Type Cfa, Köppen–Geiger classifi
cation; Beck et al., 2018) with an average annual precipitation of 
700–800 mm and peaks in spring and autumn (Vezzoli et al., 2015). 
Land use is predominantly agricultural (>85 % of the total surface, 
Fig. 1), dominated by wheat, fodder (silage maize, alfalfa, and tempo
rary grassland), industrial and horticultural crops, fertilized with both 
synthetic compounds and livestock manure (National Institute of Sta
tistics, 2022a). Following the adoption of the European Directives (91/ 
676/EEC and 2000/60/EC), >50 % of the study area has been declared 
as nitrate vulnerable zone from agricultural sources (European Com
mission, 2022), mainly covering the deltaic sub-basin of the Burana–Po 
di Volano–Navigabile (BVN, 41 % of the total study area) and the ter
ritory on the left bank of the Po River. <3 % of the study area was 
classified as forest and semi-natural surfaces, whereas artificial surfaces 

Fig. 1. Study area: a) Po River basin; b) location of the study area (red) within the Po River basin (orange); c) land use (Corine Land Cover inventory 2018); d) 
hydrological network (Bing Aerial Maps Baselayer for QGIS, Microsoft, USA). 
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covered approximately 6 % of the study area (Fig. 1C). The urban 
pattern is dispersed, with the population concentrated in a few medium- 
sized cities (Reggio nell’Emilia, Modena, and Ferrara) and many small 
towns (National Institute of Statistics, 2022b). 

The Po River lowland is crossed by a capillary network of artificial 
canals and ditches built over the centuries to distribute water for irri
gation, to buffer fluctuations in the river’s flow and to minimize the 
hydraulic risk to several towns and villages along the main river course. 
The hydrological structure of the canal network is the result of a long 
reclamation process that began with the ancient Etruscans and 
continued until the 1960s (Marchetti, 2002; Frascaroli et al., 2021). The 
drainage system, which is managed by six Land Reclamation Authorities 
(Consorzi di Bonifica in Italian), consists of a network of approximately 
13,000 km of canals (average density of ~2.5 km per km2 of agricultural 
land, Fig. 1D), hundreds of pumping stations and thousands of hydraulic 
adjustment structures that are in constant operation to ensure hydraulic 
safety conditions for the entire territory and water supply for agriculture 
from May to September. The water requirements of the crops during the 
spring and summer months are met by irrigation water supplied almost 
exclusively by the Po River (>90 % of the total volume, Ferrara Plain 
Reclamation Consortium, personal communication), which enters the 
irrigated area through lift systems and mechanically controlled water 
diversion points on both the right and left banks (Fig. 1D), and are then 
distributed over the farmland thanks to a large number of hydraulic 
works scattered throughout the area. Several drainage systems pump the 
excess water back into the Po River, or into the end sections of two 
tributaries to the Po River (Oglio River and Secchia River), or directly 
into the final receptor (the Adriatic Sea) through several collectors 
draining the BVN basin. From the end of September, large parts of the 
canal network are left dry until the next irrigation season and are used 
for flood control in the event of heavy rainfall. 

2.2. Vegetation management in the canal network 

The Land Reclamation Authorities routinely perform maintenance 
operations on the canal network (e.g., vegetation cutting, dredging, 
section reshaping, and bank reinforcing) to optimise water conveyance 
capacity. In the 1970s and 1980s, when severe eutrophication phe
nomena occurred (Palmeri et al., 2005; Viaroli et al., 2018), the over
growth of aquatic vegetation caused hydraulic problems in the canal 
network of the Po River lowland, thus the local water authorities initi
ated extensive efforts to mechanically remove it. Since the late 1980s, 
with the introduction of mower arms and mowing buckets, aquatic 
vegetation has been much more efficiently controlled and, in some 
cases, completely removed from the bottom and the banks of the canals. 
Mowing is carried out two or three times a year, the first generally June 
(Fig. 2), in some cases repeated at the end of July, and in all the canals in 
October, before the heavy rains and the increase in hydraulic risk. As a 
result, the canal network of the Po River lowland is currently almost 
completely unvegetated, except for isolated stands of Phragmites australis 
(Cav.) Trin. Ex Steud. And Typha latifolia L., which are maintained in <5 
% of the network, in sections that are difficult to reach with hydraulic 
excavators and are not crucial for hydraulic functions (Pierobon et al., 
2013; Soana et al., 2019; Tamburini et al., 2020). 

2.3. Riverine loads exported from the Po River basin: baseline vs good 
ecological status for NO3

−

Nitrate loads exported to the Adriatic Sea were calculated using 
databases of flows and NO3

− concentrations collected over the last two 
decades (period 2000–2021) by the Environmental Protection Agency of 
the Emilia-Romagna Region (ARPAE) and the Ferrara Plain Reclamation 
Consortium, the local authority managing the drainage system of the 
BVN sub-basin. The total NO3

− transport to the sea was obtained by 
summing up the load conveyed at the main outfall, the course of the Po 
River just before the beginning of the Po Delta (Serravalle station, 

44◦58′43.6″ N, 11◦59′51.9″ E), and at four minor outfalls draining the 
BVN sub-basin (Fig. 1D). 

Measured daily flow at Serravalle gauge station were retrieved from 
the Hydrological Annals published by ARPAE-SIMC (Regional Hydro- 
Meteo-Climatological Service of the Emilia-Romagna Region) in the 
Open Data Portal (ARPAE-SIMC, 2021). The river water level was 
measured at a resolution of 15 min and then converted into flows using a 
rating curve specific for the cross section of interest (Domeneghetti 
et al., 2012). Daily flows for minor outfalls draining the BVN sub-basin 
were calculated from raw data (i.e., pumping station operating time and 
hydraulic characteristics of the pumps) collected by the Ferrara Plain 
Reclamation Consortium through a continuous and real-time data 
acquisition system. 

Datasets of NO3
− concentrations were collected monthly (or 

bimonthly in a few cases), for five stations, one on the Po River (Ser
ravalle) and four located on the main artificial canals draining the BVN 
basin (Fig. 1D). The stations belong to the ARPA network of sampling 
sites for monitoring the ecological status of the surface water bodies in 
the framework of the WFD implementation (Emilia-Romagna Region, 
2021a). Sample collection and analytical determinations were per
formed according to standard methods and analytical protocols outlined 
by national environmental regulations and adopted by the Regional 

Fig. 2. Typical seasonal evolution of a canal in the Po River lowland (Brusabò 
Basso canal, Gradizza, Ferrara; photo by Anna Gavioli). Beginning of the irri
gation period (A), mid-summer (C), non-irrigation period (C). 
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Environmental Agencies in Italy (APAT-IRSA/CNR, 2003). Nitrate was 
measured on filtered water samples (Whatman GF/F filters) using a 
standard colorimetric method based on the azo dye reaction (detection 
limit >0.2 mgN L− 1, precision ±3 %). 

Nitrate load is the product of flow and NO3
− concentration integrated 

over time. For the study system, flow was measured continuously with 
daily resolution, while concentration data were collected at monthly (for 
the Po River) or bimonthly (in some canals of the BVN basin) frequency. 
The NO3

− concentration of non-sampled days was established by linear 
interpolation between sampled concentrations (Moatar and Meybeck, 
2005; Nava et al., 2019). The interpolation procedure assumes that the 
concentration values obtained from instantaneous samples (i.e., NO3

−

concentrations measured once or twice a month) are representative of a 
much longer period. Previous studies have demonstrated that this 
method is accurate and precise for assessing large rivers with recurring 
seasonal variations in NO3

− concentrations (Moatar and Meybeck, 2005; 
Viaroli et al., 2018). The procedure was validated for the Po River by 
Gervasio et al. (2022) and Soana et al. (2023). Daily loads were calcu
lated as the product of the measured daily flow and NO3

− concentration 
(measured or interpolated), and then aggregated to a monthly scale (t N 
month− 1) using the following equation: 

NO−
3 load = k •

∑n

j=1
Ci • QI (1)  

where: 
Ci is the daily NO3

− concentration (mg N m− 3) on day i, measured or 
linearly interpolated between two consecutive sampling events to 
represent unsampled days; Qi is the average daily flow (m3 s− 1) on day i; 
n is the number of days in a month, and k is the unit conversion factor 
(mg s− 1 to t d− 1, 86.4 × 10− 6). The annual NO3

− load was calculated by 
summing all monthly loads within each year and separating the 
contribution of the irrigation period (from May to September) and the 
non-irrigation period (from October to April). 

The target NO3
− loads exported by the Po River basin were calculated 

using time series of daily flows and concentrations capped at a threshold 
of 1.2 mg N L− 1. This concentration is the upper limit of the “good 
ecological status” according to the LIMeco index (Macro-descriptors 
Pollution Level for the Ecological Status) (Erba et al., 2022), developed 
for the classification of the trophic status of Italian watercourses ac
cording to the WFD (Table S1 and Table S2, Supplementary Material 1). 
In practice, a fixed value of 1.2 mg N L− 1 was set when the measured 
NO3

− concentrations exceeded the upper limit of the “good” class. This 
concentration approximates the threshold (~1 mg N L− 1) proposed to 
prevent the risk of eutrophication in freshwaters and to protect sensitive 
freshwater species from nitrate toxicity (Camargo and Alonso, 2006; 
Grizzetti et al., 2011). 

2.4. GIS-based upscaling estimation of NO3
− removal capacity: from field 

measurements to the canal network scale 

The denitrification model was based on large datasets of in situ 
measurements collected in several vegetated canals and ditches of the Po 
River lowland during the irrigation season (from May to September). 
The canal network in the study area is almost completely unvegetated 
due to current management, so the experimental measurements were 
taken on pilot sites that were kept temporarily vegetated as part of 
research projects. The following empirical relationship was developed: 

Dv =
82 •

[
NO−

3

]

25 +
[
NO−

3

] (2)  

where: 
DV = daily rates of denitrification (i.e., NO3

− removal) in vegetated 
sediments (kg N km− 1 d− 1). 

[NO3
− ] = water NO3

− availability (mgN L− 1). 

The regression equation predicting NO3
− removal rates in vegetated 

sediments as a function of water NO3
− concentration was obtained 

(Fig. 3A; R adj 
2 = 0.85; p < 0.001) by pooling field measurements (n =

48) from previous experimental campaigns using a reach-scale in-out 
NO3

− balance approach (Pierobon et al., 2013; Castaldelli et al., 2015; 
Castaldelli et al., 2018; Soana et al., 2020). The investigated canals were 
representative of the dominant agricultural waterways of the Po River 
lowlands (e.g., hydraulic regime, maintenance operations, bottom 
sediment features, and vegetation density), thus the extensive datasets 
of denitrification rates were reasonably robust for use in the upscale 
model extended to the entire canal network. Denitrification rates were 
estimated using whole-system methods that integrate N processes 
occurring in different compartments (i.e., sediment, biofilms, and water 
column) and under natural conditions. This overcomes the limitations 
associated with the upscaling of results from laboratory experiments 
(Castaldelli et al., 2015; Soana et al., 2019). 

When water temperature is >20 ◦C, the presence of emergent 
vegetation and water NO3

− availability have been shown to be the most 
important factors affecting denitrification rates during the growing 
season (Soana et al., 2019). The obtained regression Eq. (2) was used to 
predict the NO3

− removal in vegetated canal sediments as a function of 
water NO3

− availability, covering the common concentration range 
found in drainage waters affected by diffuse pollution in the Po River 
lowlands (0.5–11.5 mg N L− 1) (Pierobon et al., 2013; Soana et al., 2019). 
Previous studies have provided independent evidence to support the 
hypothesis that denitrification alone accounts for the main share of the 
total N removal in vegetated canal sediments, firstly the 1:1 ratio be
tween NO3

− consumption and N2 production rates (Fig. 3B). Further
more, Pierobon et al. (2013) showed that plant N uptake and 
sequestration in biomass represent only a small fraction of total NO3

−

consumption (<5 %), confirming that emergent macrophytes play a 
crucial indirect role in quantitatively supporting relevant bacterial 
dissipation processes. 

The capacity of the canal network to remove NO3
− by denitrification 

was estimated under two conditions that differed in the overall extent of 
the network where in-stream vegetation was maintained throughout the 
growing season. It was assumed that vegetation cutting would be post
poned from the current mid-summer to the end of the growing season (i. 
e., the end of September), in 25 % (~3250 km) and 50 % (~6500 km) of 
the network length. This would make it possible to take advantage of the 
effect of in-stream vegetation in reducing NO3

− loads during the spring- 
summer months (150 days). To maximise the drainage capacity of the 
network, it was assumed that vegetation mowing would occur before the 
autumn period of heavy rainfall, as per current practice (Soana et al., 
2019; Tamburini et al., 2020; Soana et al., 2021). 

In order to extrapolate NO3
− removal measurements to the entire 

study area, a detailed map of the canal network (Fig. 1D) was created in 
a GIS environment (QGIS Development Team, 2023) by merging vector 
data downloaded from the geoportals of the local water authority (Po 
River District Authority, 2023) and the Italian Regions included in the 
study area (Emilia-Romagna Region, 2021b; Veneto Region, 2022; 
Lombardy Region, 2023). Water quality datasets (period 2000–2021, 
monthly or bimonthly surveys; Fig. S1, Fig. S2, Supplementary Material 
2) were provided by the Environmental Protection Agencies of the 
Emilia-Romagna and Lombardy Regions for 50 sites belonging to the 
institutional monitoring network and located on the main canals col
lecting drainage water from agricultural land (Emilia-Romagna Region, 
2021; Lombardy Region, 2021). The predictive Eq. (2) was applied to all 
official monitoring surveys conducted from May to September for which 
measurements of water NO3

− concentrations were available and it 
resulted in explaining the 85 % of variance (Fig. 3A). A dataset of daily 
denitrification rates, expressed per unit of canal length (kg N km− 1 

day− 1), was estimated for each month during the irrigation period 
(Fig. S3, Supplementary Material 2), according to the concentration 
NO3

− ranges found in drainage waters. Nitrate concentrations and 
denitrification rates were spatially analysed in the canal network using 
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the Kriging interpolation method with a spherical semivariogram model 
(Papritz and Stein, 1999). 

Six scenarios of in-stream vegetation maintenance were simulated, 
differing for 1) the percentage of canal network length (25 % and 50 %) 
where vegetation mowing is postponed to the end of the growing season, 
2) the interventions located in canal reaches with variable water NO3

−

availability (1.2–2.4 mg N L− 1, 2.4–4.8 mg N L− 1, >4.8 mg N L− 1). The 
adopted ranges of NO3

− concentrations correspond to the threshold 
values of the classes “moderate”, “poor” and “bad” according to the 
LIMeco index. 

The following equation was used to estimate the monthly NO3
−

removal capacity of the canal network (t N month− 1): 

R =
V% • L • DV • n

1000
(3)  

where: 
V% = scenario of vegetation maintenance (25 % and 50 % of canal 

network length). 
L = total canal network length (km). 
DV = daily rates of denitrification in vegetated sediments calculated 

as a function of water NO3
− availability (kg N km− 1 d− 1). 

n = number of days of each month of the irrigation period (i.e., from 
May to September). 

For each month from May to September, the predicted N removal 
capacity in the canal network under the different scenarios was 
compared to the “distance to target”, i.e., the difference between the 
current NO3

− load (baseline) and the target NO3
− load that needs to be 

achieved in order to have concentrations constantly lower than 1.2 mg 
N L− 1 in the draining waters conveyed to the sea. 

3. Results 

3.1. Nitrate loads exported from the Po River basin: baseline vs good 
ecological status 

During the period 2000–2021, NO3
− concentrations in the Po River 

water, upstream and downstream of the irrigated zone, displayed a clear 
seasonal pattern, with lower values recorded in summer and higher ones 
in winter (Fig. 4). In all months, the river water was enriched with NO3

−

as it flowed through the irrigated zone for the last 250 km of its course. 
Nitrate concentrations in water exported from the basin showed a 
marked monthly variation (Fig. 4B), with the minimum and maximum 
values measured in July (1.1 mg N L− 1) and January (3.0 mg N L− 1), 
respectively. During the irrigation months, from 50 % (in July) to 100 % 
(in September) of the NO3

− data exceeded the threshold of 1.2 mg N L− 1, 
that is, the upper limit of the good status according to the LIMeco index. 

Otherwise, NO3
− concentrations were systematically above the threshold 

value in all the other months (from October to April). 
In the last two decades, the annual NO3

− load exported from the Po 
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Fig. 3. A) NO3
− removal rates as a function of water NO3

− concentration measured in vegetated canals of the Po River lowlands during the irrigation period; B) log-log 
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− removal and N2 production rates. Raw data were extracted from Pierobon et al. (2013), Castaldelli et al. (2015), Castaldelli et al. (2018) 
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Fig. 4. Pattern of monthly NO3
− concentrations in the waters of the Po River 
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River basin to the Adriatic Sea showed a high inter-annual variability, 
ranging from ~53,000 t N yr− 1 (in 2007 and 2017) to ~150,000 t N yr− 1 

(in 2009 and 2014), depending on the hydrological conditions (Fig. 5). 
In contrast, NO3

− concentrations did not change significantly over the 
same period (p > 0.05; Fig. S4 and Fig. S5, Supplementary Material 2). 
According to previous studies (Viaroli et al., 2018; Gervasio et al., 
2022), NO3

− is the dominant form of N in the waters of the Po River at the 
basin closing section, accounting on average for >75 % of the total N 
load, which is a common feature of agricultural watersheds (Pina-Ochoa 
and Álvarez-Cobelas, 2006; Hill, 2023). Nitrate export during the irri
gation period, which averaged 28 % (range 12 %–38 %) of the corre
sponding annual value, displayed no significant trend over the last two 
decades when tested by linear regression, but varied greatly from year to 
year (p > 0.05; Fig. 5). Indeed, the period 2000–2021 includes years 
with rather extreme hydrological conditions in the late spring/summer 
months, e.g., 2002 and 2014 were very wet, while the years from 2003 
to 2007 were characterized by frequent and persistent summer droughts 
(Fig. 5). Similar to the NO3

− concentrations, the monthly NO3
− loads 

exported from the Po River basin followed a seasonal pattern (Fig. 6), 
with late autumn/early winter peaks (up to 12,600 t N month− 1 in 
November and December) and a mid-summer minimum (3000 t N 
month− 1 in July). The monthly target NO3

− loads ranged from 2400 to 
6800 t N month− 1, with the higher values calculated for spring and 
autumn, because of greater precipitation and runoff. The distance to 
target, that is, the amount of NO3

− load required to meet the target 
threshold varied over one order of magnitude, ranging from ~630 t N 
month− 1 in mid-summer to ~6900 t N month− 1 in mid-winter (Fig. 6). 
The current NO3

− load reaching the coastal zone systematically exceeded 
the target NO3

− load in all months, ranging from +26 % (July) to +148 % 
(February), with an overall average of +45 % during the irrigation 
period (Fig. 6). 

3.2. Denitrification potential of the canal network and good ecological 
status for NO3

−

The denitrification rates predicted if the canals were kept vegetated 
were found to be spatially heterogeneous (Fig. 7), depending on NO3

−

availability in water over the irrigation period (Fig. S2, Supplementary 
Material 2). Postponing the cutting of in-stream vegetation to the end of 
the growing season in 25 % and 50 % of the canal network length, 
respectively, would guarantee a denitrification capacity of 2500–8000 t 
N yr− 1 and 5000–17,600 t N yr− 1 throughout the irrigation period 
(Fig. 8). Variable denitrification performance can be obtained by 
maintaining vegetation in stretches with different water NO3

−

availability, with the highest mitigation potential achieved by post
poning vegetation mowing in canals where NO3

− exceeds 4.8 mg N L− 1. 
The predicted denitrification capacity would match the NO3

− load 
reduction target required to achieve good ecological status as defined by 
the WFD, if mowing was postponed to the end of September in 25 % or 
50 % of the canal network length, with NO3

− > 4.8 mg N L− 1 and in the 
range 2.4–4.8 mg N L− 1, respectively. Looking at the mid-summer 
months (July and August), when the risk of eutrophication in coastal 
zones is the highest, the reduction target can be achieved with even less 
restrictive criteria, i.e., by maintaining vegetation in a quarter of the 
network length by selecting canals and ditches with a wider range of 
NO3

− concentrations (>2.4 mg N L− 1). 

4. Discussion 

4.1. Vegetated canals as a nature-based solution to boost the 
denitrification capacity of agricultural landscapes 

A major challenge for landscape managers, landowners, and local 
stakeholders is the mitigation of excess reactive N in agricultural wa
tercourses. Runoff and leaching of excess N can be directly prevented by 
targeting the source of the pollution, either by reducing the need for 
fertilizer or by improving its application and uptake in soils (Grizzetti 
et al., 2021; Vigiak et al., 2023). Although this is the preferred solution, 
effective strategies to meet basin water quality goals would require the 
use of multiple and combined N-attenuation tools located at the aquatic 
interfaces (Goeller et al., 2020; Ferreira et al., 2023). Edge-of-field 
mitigation tools in irrigated catchments should seek to intercept the 
hydraulic pathways of NO3

− delivery and create conditions that enhance 
its attenuation along the landscape-river-sea continuum. 

Irrigated and artificially drained agricultural catchments are rele
vant sources of diffuse N contributing to coastal eutrophication, but at 
the same time also sites where N removal processes, especially denitri
fication, occur and can potentially be enhanced by acting on the man
agement of certain landscape features. A growing number of studies 
have demonstrated that Mediterranean basins subjected to intense 
pressure from agriculture and livestock farming exhibit lower N export 
to coastal areas when intensified irrigated agriculture is dominant 
(Lassaletta et al., 2012; Romero et al., 2016; Soana et al., 2021). The 
high density of irrigation channels and reservoirs leads to high N 
retention in catchments and hinders N transfer. Nitrogen dynamics are 
closely linked to water management practices, particularly irrigation 
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practices (Serra et al., 2023), which can create favourable conditions for 
N processing, i.e., by increasing the retention time of water volumes 
withdrawn from major water bodies and distributed to agricultural land 
through capillary networks of canals and ditches during periods when 
water temperatures are more favourable for microbially-mediated N 
dissipation (Törnqvist et al., 2015; Barakat et al., 2016). Similar to 
wetlands, canals and ditches are denitrification hotspots because of the 
intensive exchange of labile organic matter and nutrients from the sur
rounding cropland, anoxic or hypoxic conditions in sediments, long 
water residence time, and high ratio of bioreactive surface area to water 
volume (e.g., Castaldelli et al., 2015; Veraart et al., 2017; Taylor et al., 
2020). 

Canal networks can boost denitrification in irrigated basins and 
prevent water quality degradation in receiving terminal water bodies if 
conservative aquatic vegetation management practices are implemented 
on a large scale. Several ecological practices fulfilling the nature-based 
solution criteria to address nutrient pollution control are based on the 

principles of phytodepuration (e.g., constructed wetlands, buffer strips, 
stormwater biofiltration systems) (Goeller et al., 2020; Kumwimba et al., 
2023; Rizzo et al., 2023). The shallow water depth of the canals supports 
the role of aquatic vegetation as an “ecosystem engineer” in regulating 
biogeochemical reactions and affecting denitrification in several ways, 
both directly and indirectly. Macrophytes directly extend bioactive 
surfaces by providing physical attachment areas for attached biofilms, 
which have been identified as biogeochemical hotspots and represent 
the core system that maintains the depuration capacity of canal net
works affected by diffuse sources of NO3

− pollution (Soana et al., 2018; 
Mu et al., 2020). Indeed, 1 m2 of canal area with dense stands of 
emergent macrophytes (Phragmites australis or Typha latifolia) can pro
vide an additional surface area of 3–8 m2 to host bacterial consortia, 
resulting in denitrification rates up to an order of magnitude higher than 
those in unvegetated sediments (Pierobon et al., 2013). Indirectly, 
aquatic vegetation affects denitrification rates by altering solute con
centrations through uptake and release during growth and senescence, i. 

Fig. 7. Spatial distribution of denitrification rates predicted if the canals were kept vegetated (Kriging interpolation method). Average values over the irrigation 
period are reported. 
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e., by increasing the availability of labile organic compounds, substrates 
for heterotrophic denitrifying bacteria (root exudates, decaying plant 
litter, and suspended particles trapped as a consequence of low hydro
dynamism among the vegetation stands), and by releasing oxygen from 
roots, which promotes the development of oxic/anoxic niches where 
coupled redox reactions (i.e. nitrification and denitrification) can occur 
(Alldred and Baines, 2016; Srivastava et al., 2017). 

A side effect of NO3
− removal via denitrification is the production of 

nitrous oxide (N2O), which has a high global warming potential, 
approximately 300 times that of carbon dioxide (Burgin et al., 2013; 
Webb et al., 2021). Nitrous oxide analyses were not performed exten
sively for all the monitored times and sediments whose denitrification 
rates were used in the upscale model, but only just in a few selected 
samplings to assess the relevance of N2O with respect to N2 emission. 
Both at the reach-scale and in laboratory mesocosms, rates of N2O 
production resulted negligible, being on average < 10 ‰ of the corre
sponding N2 production (Castaldelli et al., 2015; Castaldelli et al., 2018; 
Soana et al., 2018), demonstrating that complete denitrification was the 
main process responsible for NO3

− removal (Fig. 3B). Although studies 
focusing on biogeochemical N dynamics in agricultural canals have 
increased in the last years (e.g., Castaldelli et al., 2015; Veraart et al., 
2017; Soana et al., 2020; Taylor et al., 2020), there is still a lack of 
quantitative understanding of the environmental drivers that favour 
N2O emissions at the expense of NO3

− conversion to N2. The comparative 
assessment of ecosystem services (i.e., water depuration) and disservices 
(i.e., greenhouse gas emissions) in agricultural landscapes remains an 
open question that needs be explored in the future. 

4.2. Conservative management of aquatic vegetation as a WFD 
implementation measure in the Po River lowlands 

The simulated scenarios presented in this study demonstrated that 
the maintenance of vegetation in the canal network could be an effective 
strategy for reducing NO3

− loads in irrigated watersheds, contributing to 
a partial mitigation of N export during the most sensitive period for 
eutrophication (Romero et al., 2013; Ricci et al., 2022), with positive 
effects on water quality in the terminal water bodies, such the coastal 
lagoons of the Po Delta and the northern Adriatic Sea. This system is one 
of the most important chlorophyll hotspots in the Mediterranean area 
and has been recognized as dependent on freshwater and nutrient inputs 
from the Po River (Cozzi and Giani, 2011; Viaroli et al., 2018). As in 
other watersheds affected by human activity, intensive agricultural 
practices and urbanization have greatly simplified the Po River land
scape, by eliminating natural buffers (e.g., riparian vegetated zones, 
wetlands and riverine lakes, and temporary ponds), accelerating the 
nutrient transport from the arable lands to the main water bodies and 
exacerbating eutrophication and NO3

− pollution of inland waters (Rac
chetti et al., 2011; Frascaroli et al., 2021). Opportunities for restoring 
the biogeochemical functionality of lost natural river environments can 
be found in the secondary hydrographic networks of irrigation and 
drainage canals and ditches that already exist in agricultural landscapes. 
By their very nature, canals are positioned to interact with large volumes 
of water moving from agricultural land to terminal water bodies, and the 
adoption of conservative practices of in-stream vegetation would enable 
them to operate as free water surface wetlands with linear development 
(Kumwimba et al., 2023; Wu et al., 2023), offering the potential to 
improve water quality while maintaining water transport capacity 
(Errico et al., 2019; Kalinowska et al., 2023). This could assist and 
complement other measures, such as the design and creation of con
structed wetlands (Kumwimba et al., 2023; Rizzo et al., 2023), which is 
frequently unfeasible because of space limitations and budget con
straints for environmental programs (Shortle et al., 2012). Vegetated 
canals provide the same removal conditions as constructed wetlands, 
but their capital cost is lower because these systems can develop 
naturally. 

Conservative management of aquatic vegetation in canal networks 

can be seen as an opportunity to help solve, albeit partially, the persis
tent NO3

− pollution problem in the Po River basin, bacause current 
policies and management options have failed to control excess N emis
sions from diffuse sources (Palmeri et al., 2005; Viaroli et al., 2018). 
Recent assessments indicate a 60–80 % probability of failing to achieve a 
WFD good ecological status in the waterbodies of the Po Plain (Vigiak 
et al., 2021). Persistently high N loads in the decades following N fer
tilizer reduction (Gervasio et al., 2022) are due to hydrologic legacy, i.e., 
NO3

− storage in groundwater and unsaturated zone followed by its 
release to surficial waters (Racchetti et al., 2019; Musacchio et al., 
2020). Water used for irrigation in the study area, withdrawn from the 
Po River, conveys a NO3

− load, partially a result of a long-term 
contamination, which vegetated canals may contribute to buffering. 

To promote effective strategies to mitigate N excess and to address 
sustainable agricultural practices, research efforts should identify both 
the pathways of N load generation in the watersheds and the buffering 
mechanisms along the land-sea continuum. This issue is challenging in a 
time of climate change, which is predicted to modify the timing and 
magnitude of nutrient export, due to extreme rainfall events or pro
longed drought, thereby affecting water management and irrigation 
practices (Costa et al., 2022; Gervasio et al., 2022; Soana et al., 2023). At 
the same time, the extreme hydrological conditions associated with 
climate change may hinder the large-scale implementation of vegetation 
conservation measures. In this scenario, the hydrological aspects are 
given priority in the management of canal networks, with all in
terventions being finalised to reduce friction and optimise water transfer 
capacity. In fact, the resistance to flow is increased by the presence of 
extensive stands of macrophytes, which slows runoff and raises the 
water level. To prevent this, local Land Reclamation Authorities conduct 
routine mowing operations to control vegetation growth and maximise 
conveyance (Errico et al., 2019; Kalinowska et al., 2023). Therefore, the 
conservation management option presented here needs to be necessarily 
accompanied by a site-specific hydraulic risk assessment and should be 
prioritised for canals where sections can be widened in order to 
accommodate the increased hydraulic impedance due to the presence of 
in-stream vegetation throughout the irrigation season. The widening of 
canal sections can be combined with dredging operations, which are 
generally carried out by the consortia to remove the deposited sediments 
every 5 to 10 years, depending on the pedoclimatic context (Dollinger 
et al., 2015; Rudi et al., 2020). 

In order to maintain the conveyance efficiency, canal sections must 
be widened and redesigned– which cannot be carried out on the entire 
network for economic reasons. Therefore, it is necessary to study the 
boundary parameters that have the greatest influence on treatment ef
ficiency to draw a list of criteria for selecting the most suitable sections 
for the restoration of vegetation. It is important to prioritize areas for 
vegetated canal implementation by considering the spatial distribution 
of criteria that maximise depuration efficiency (e.g., hydraulic risk 
water retention time, and chemical-physical features). The results of the 
present study showed that delaying aquatic vegetation mowing in a 
quarter of the canal network length of the Po River irrigated zone would 
provide the denitrification capacity to meet the NO3

− load reduction 
target required to achieve a WFD good ecological status in waters 
draining into the Adriatic Sea from May to September. This could be met 
by selecting canal stretches with high NO3

− availability (i.e., >2.4 mg N 
L− 1), such as those located in the zone of the right bank of the Po River 
(Fig. 7; Fig. S2, Supplementary Material 2), where the N surplus in the 
cropland reached the highest values for the entire basin (Viaroli et al., 
2018; Racchetti et al., 2019; Soana et al., 2019). The selection of canals 
must be made by the local Land Reclamation Authorities in the first 
instance, as this is primarily dictated by hydraulic safety. However, 
work such as this can guide the choice of priority areas by suggesting 
that interventions should be targeted where NO3

− availability, and 
therefore denitrification potential, is highest (Fig. 7). 

Recent research and a number of demonstration activities carried out 
in Italy have shown that in many cases it is possible to achieve a steady 
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lowering of water levels and a consequent reduction in the risk of 
flooding without completely cutting the vegetation in the watercourse 
and along the banks, but by limiting the cutting to a more or less wide 
area, depending on the hydraulic and environmental conditions (Errico 
et al., 2019; Veneto Agricoltura, 2020). These experiences have paved 
the way for the experimentation of the so-called “gentle maintenance” 
methods of aquatic vegetation, which now need to be adapted to the 
different types of canals and different situations and implemented on a 
wider scale, finding the right balance between the objectives of hy
draulic safety and those of ecosystem functioning. Ultimately, the gen
eral perspective is the definition of a new role for the local Land 
Reclamation Authorities as providers of multiple environmental benefits 
to the society. 

5. Conclusion 

The present results highlight that promoting denitrification in the 
canal networks of irrigated watersheds by implementing vegetation- 
preserving management practices may be an effective tool to attenuate 
the N loads exported to the coastal zones during the period that is most 
prone to eutrophication. This study provides essential information for 
landscape managers and policy makers across Europe who develop and 
implement effective measures to reduce nutrient flows through river 
systems to achieve the WFD water quality goals, which were set two 
decades ago and are still not being met. The postponement of vegetation 
mowing could be promoted as a nature-based solution for inclusion in 
restoration strategies to achieve NO3

− reduction targets in agricultural 
catchments. 

Despite recent advances in the quantification of denitrification in 
lowland canals, the variables that explain the process need to be 
investigated at spatial and temporal resolution, and particularly at 
landscape scale, to better capture the variability in rates and denitrifi
cation efficiency, including the occurrence of hot spots and hot moments 
in the context of climate change. Understanding the complex biogeo
chemical N dynamics in irrigated catchments and the links between the 
drivers regulating N removal (e.g., plant species, hydrology, organic 
carbon availability, and nutrient pulses) is essential to optimise nature- 
based solution design for improved water treatment performance. 
Detailed investigations of canal N metabolism, and in particular the 
parameterisation of their ability to remove excess nutrients, need to be 
integrated into large-scale studies (e.g., priority management areas with 
elevated N surplus) in order to inform effective remediation measures. 
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2018. Present and future Köppen-Geiger climate classification maps at 1-km 
resolution. Scientific data 5 (1), 1–12. https://doi.org/10.1038/sdata.2018.214. 

Beltran-Peña, A., Rosa, L., D’Odorico, P., 2020. Global food self-sufficiency in the 21st 

century under sustainable intensification of agriculture. Environ. Res. Lett. 15 (9), 
095004 https://doi.org/10.1088/1748-9326/ab9388. 

Bouraoui, F., Grizzetti, B., 2011. Long term change of nutrient concentrations of rivers 
discharging in European seas. Sci. Total Environ. 409 (23), 4899–4916. https://doi. 
org/10.1016/j.scitotenv.2011.08.015. 

Burgin, A.J., Lazar, J.G., Groffman, P.M., Gold, A.J., Kellogg, D.Q., 2013. Balancing 
nitrogen retention ecosystem services and greenhouse gas disservices at the 
landscape scale. Ecol. Eng. 56, 26–35. https://doi.org/10.1016/j. 
ecoleng.2012.05.003. 
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Spatialized N budgets in a large agricultural Mediterranean watershed: high loading 
and low transfer. Biogeosciences 9 (1), 57–70. https://doi.org/10.5194/bg-9-57- 
2012. 

Le Moal, M., Gascuel-Odoux, C., Ménesguen, A., Souchon, Y., Étrillard, C., Levain, A., 
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