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PRESENTATION OUTLINE

• Case study (canal network of the Po River lowland)

• Main hypothesis: the presence of aquatic vegetation may 
substantially buffer N pollution and eutrophication by removing N 
excess via denitrification

• Aim 1: Investigate biotic and abiotic drivers regulating 
denitrification

• Aim 2: Quantify the potential capacity of the canal network to 
reduce N loads by combining experimental data and GIS-based 
upscale models

• Experimental approaches (micro-scale macro-scale)

• Conservative management of aquatic vegetation as a nature-based 
solution: some perspectives for application
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Predicted climatic anomalies 
for the period 2041–2070

Sutton et al., 2011, ENA

Viaroli et al., 2018 – Sci Tot Env
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Po River Basin
652 km 

74,000 km2

Agricultural land 45% 
(maize, wheat, fodder crops)
Human population 17 milions
Cattle 3 milions, pigs 7 milions
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NO3
- pollution in surface waters:
Are we making progress?

Po River at the basin 

closing section

Soana et al., 2023 – Sci Tot Env
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Nitrogen retention in slightly 
and highly channelized sub-

catchments (Ebro River, Spain) 

Relation between attenuation 
of nitrogen load and 

recirculation ratio 

(Amu Darya River, Central Asia)
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Agricultural watersheds (although very 
simplified landscapes) may maintain a 
buffer capacity against NO3

- pollution
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Percentage of irrigated land versus N retention 
to account for the effect of the channels in Mediterranean 

catchments (Iberian Peninsula)
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Natural hydrographic network

Artificial hydrographic network

Po River basin
Rivers and streams ~ 4,500 km

Main canals > 50,000 km
Ditches > 100,000 km



The Po di Volano: an artificial irrigated watershed

Area: 2,600 km2

Canal network: >8,000 km
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InflowCastaldelli et al., 2013 – Env Man

Soana et al., 2022 – Ecosystems
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Multiple features of agricultural canals may support a high 
mitigation potential towards NO3

- :

i) tight terrestrial-aquatic coupling (extensive and capillary distribution across the landscape)→ first
point of contact for diffuse and point N loads entering the hydrological network

ii) occurrence of the three primary controls directly influencing the magnitude of denitrification
(anoxic environment, availability of NO3

- and organic carbon)

iii) high opportunity for N microbial processing (long
hydraulic residence time and large ratio between
biological active surfaces and water volumes carrying
nutrient excess)

iv) frequent recirculation of water through the landscape
may maximize the interaction between bioreactive
surfaces and water volume, especially during spring and
summer when higher water temperatures (up to >25 °C)
stimulate microbial processes
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Quantify the watershed-scale 
potential capacity of the canal 

network to reduce N loads

Identify what drivers 
maximize N removal

Canal and ditches are “linear wetlands”

Canals remain largely understudied compared to other 
aquatic ecosystems and scarcely included in restoration 

programs.

Open questions concern how management practices of 
the drainage networks may affect their N removal 

capacity and how this may, in turn, affect broader-scale 
N dynamics in agricultural catchments.



from m to km

from mm to cm

thousands of km

MESOCOSM
Laboratory incubations 

CANAL
In-Out nutrient budget

Open-channel denitrification

WATERSHED
Upscale models 

N budget in agricultural land

Velocity (cm s
-1
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Sediment core/mesocosm scale

Reach-scale

from m to km

from mm to cm

N load
IN

Reach-scale 
N2 flux

N load
OUT

N storage in 
vegetation

Whole-system 
approaches  integrate 
N processes occurring 
in different 
compartments (i.e., 
sediment, biofilms, 
and water column)



Phragmites australis
Typha latifolia

Po River

Adriatic 

Sea

Po Delta

C

PS: point source pollution
NPS: non-point source pollution

length 400-500 m, average width 3 m, 
no lateral water inlets or outlets, 

no connections with the surface aquifer, 
homogeneous vegetation cover (if present)

Pierobon et al., 2013 – CLEAN

>20 reaches (Po di Volano basin)
>50 sampling events along the irrigation period 
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Pierobon et al., 2013 – CLEAN

NPS: non-point source pollution
PS: point source pollution



✓ Lagrangian sampling

✓ N2:Ar analyses by Membrane Inlet Mass Spectrometry (MIMS)

✓ A model-based approach is used to solve for denitrification rate
based on changes in N2 concentration during riverine transport and
channel morphology (width and depth) affecting air-water gas
exchanges
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BIOFILM

RHIZOSPHERE

Multiple interfaces:
hotspots of microbial activity 

responsible for N removal

Rooted macrophytes promote a number of “hidden processes”, in the rhizosphere as well 
as in the periphytic layer which covers stems and leaves.

Some of the main mechanisms through which macrophytes stimulate denitrification:

- Submersed tissues provide attachment surfaces for biofilms (consortia of bacteria 
and microalgae)

- Oxygen injection into the rhizosphere creates a mosaic of oxic and anoxic niches, 
where coupled nitrification-denitrification can occur

- Accumulation of organic matter (e.g. root exudate release, decaying plant litter) 
provides to the benthic compartment both labile organic carbon and anoxic niches



Seasonal evolution of a 
“vegetated” canal in 
the Po River lowland

Beginning of the irrigation period

Mid-summer

Non-irrigation period
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vegetation maintenance
5%, 25%, 50%, 90% 

of the canal network surface

vegetation management
- Current (mowing in the middle of the summer)

- Conservative (mowing postponed by the end of the growing season)
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UPSCALE MODEL
predict NO3

− removal capacity

Canal networks as denitrification hotspots:
TO MOW OR NOT TO MOW?

Canal network 
>13,000 km

Nitrate

scenarios of vegetated canals implemented in the 
area irrigated by the River Po water



CURRENT SCENARIO

Vegetation is maintained only in rare, isolated stretches of the canal 
network; bank mowing is performed during summer

PAST SCENARIO
 

Before the introduction of 
mechanical mowing (‘90s)
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NO3
-

N2

NO3
-

N2

<< denitrification
>> export

>> denitrification
<< export

Current management

Conservative management

Soana et al., 2023 – Sci Tot Env

Maintaining aquatic vegetation in 25% of  the canal network length 
would enable meeting the load reduction target required to achieve 
the good ecological status under the WFD in waters draining into the 

Adriatic Sea during the spring-summer months



In which 
sections of the 
canal network 
should aquatic 
vegetation be 
maintained or 

restored?

SOME 
SELECTION 
CRITERIA

Presence of biofilm

Water velocity

Plant type

NO3
-

Drivers of denitrification
Parameterisation 

of N removal capacity 
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1) NO3
- concentration

Soana et al. 2020 – J Env Qual
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2) Water velocity

Castaldelli et al. 2018 – J Env Man
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1 m2 of canal area with dense stands of emergent macrophytes 
(Phragmites australis or Typha latifolia) can provide an additional 

surface area of 3–10 m2 to host bacterial consortia, resulting in 
denitrification rates up to an order of magnitude higher than those in 

unvegetated sediments

Soana et al. 2018 – Ecos Eng

3) Presence of 
biofilm
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4) Plant type
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TAKE-HOME MESSAGES

✓ Canal network: an artificial feature of agriculturally exploited areas, but also a 
metabolic regulator

✓ “Macrophyte landscape” modulates ecosystem‐level N removal through the tightly 
coupled plant‐microbe interactions (ecosystem engineers)

✓ Agricultural landscapes can be viewed as a mixture of N sources and sinks whose 
management may deeply affect the water quality at the watershed level and in the 
coastal zones → restoration and conservative management of aquatic vegetation 
may be an effective tool to mitigate the widespread NO3

- contamination 

✓ Vegetated canals: the “new” wetlands in agricultural watersheds
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… towards a multi-purpose management of the canal network 
aimed at guaranteeing hydraulic efficiency and safety while 

maximizing the provision of ecosystem services …

Looking back to move forward:
restoring aquatic vegetation might be the way to meet missing WFD goals

▪ Presence of submerged surfaces for biofilm
▪ Water velocity 3-6 cm/s
▪ Dissolved inorganic nitrogen 1-5 mg N l-1

▪ Availability of labile organic matter

Canal restoration criteria to 
maximise N removal performance

- Identify canal reaches where sections may 
be widened accordingly to the increase in 
hydraulic impedance due to the presence 
of in-stream vegetation

- Identify canal reaches with the following 
features:



FUTURE DIRECTION

Optimize nature-based solution design for 
improving water treatment performance

- increase the complexity of upscale 
models 

- translate into monetary terms
- measure GHG emissions

Comparative assessment of ecosystem services (water depuration) and disservices (GHG 
emissions) in agricultural landscapes remains an open question



Conservative management of aquatic vegetation as a nature-based 
solution to mitigate N pollution in lowland basins



Ferrara Land Reclamation Consortium (2020-ongoing)
Collaboration aimed at defining management strategies to control
eutrophication in the Po Delta

Po River basin District Authority (2020-2023)
Origin and dynamics of the nutrient loadings delivered by the Po River and
other basins flowing into the Adriatic Sea

University of Ferrara (2019-2024)
University Fund for Scientific Research - FAR call

Emilia-Romagna Region (2014–2020)
Rural Development Programme. Ferrara Nitrates - Agricultural techniques to
prevent nitrates pollution and for the organic matter conservation
Emilia-Romagna Region (2022-2023)
Post LIFE AGREE - Monitoring of the Valle di Gorino (Sacca di Goro) for the
definition of a management plan in line with the Water Framework Directive

NO3 EXCESS
Nitrogen Origin, EXport and Cycling 
in coastal irrigatEd SettingS

2022 Programme for Research Projects of National Interest 



Thank you for 
the attention!

elisa.soana@unife.it
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