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Abstract

Ecosystem services (ESs) are increasingly being considered in decision-making with respect to
mitigating future climate impacts. To capture complex variation in spatial and temporal
dynamics, ecosystem models require spatially explicit data that are often difficult to obtain for
model development and validation. Citizen science allows for the participation of trained citizen
volunteers in research or regulatory activities, resulting in increased data collection and
increased participation of the general public in resource management. Despite the increasing
experience in citizen science, these approaches have seldom been used in the modelling of
provisioning ecosystem services.

The development of new approaches for the analysis of long-term changes in riverine carbon,
hydrological and nutrient cycles is important to identify potential alteration on the
biogeochemical cycles and potential impacts on the ecosystem services provided to the local
population. The Basin scale approach is useful to evaluate the pressures on river ecosystems
that may be distant from the receiving watercourse, including the effects of soil or water
management activities that propagate or amplify downstream. However, the lack of process-
based and basin-scale models for carbon transport has limited effective basin management of
organic carbon fluxes from soils, through river networks and to receiving marine waters.

In the present study, were examined the temporal and spatial drivers in macronutrient (nitrogen
and phosphorus) and sediment delivery, carbon storage and sequestration and water yield in a
major Italian river catchment and under different NBS scenarios. Information on climate, land
use, soil and river conditions, as well as future climate scenarios, were used to explore future
(2050) benefits of NBS on local and basin scales, followed the national and European directives
related to water quality (Directive 2000/60/EC) and habitat (Directive 92/43/EEC).

It was developed and validate a spatially semi-distributed mass balance modelling approach to
estimate organic carbon delivery at a sub-basin scale and which allows exploration of
alternative river basin management scenarios and their impact on DOC and POC dynamics. The
model is built as an open-source plugin for QGIS and can be easily integrated with other basin
scale decision support models on nutrient and sediment export.

Furthermore, was performed an estimation of the benefits of individual and combined NBS
approaches related to river restoration and catchment reforestation.

To complete the ESs overall evaluation and prioritization was developed a new method in order
to attributing a weight to the best NBS scenarios based on the natural stoichiometric ratio

between the elements carbon, silicon, nitrogen, phosphorus (C:Si:N:P).
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Structure of the thesis

The research described in this thesis was focused on the modelling and analysis of
macronutrients (nitrogen and phosphorus) and organic carbon dynamics related to the Piave
Basin and the lower basin, in relation to different land use scenarios and considering possible
impacts compared to the climate change projected by the IPCC for 2050.

The collection of information and preliminary data was necessary for the identification of
information sources and any missing data, in order to proceed with the most suitable models
for the evaluation of biogeochemical dynamics and ecosystem services. Data local, regional
and national sources was integrated and used in the models developed and analyses performed.
Among these, citizen participation in co-design and data collection provided important
information for model development and validation. This project on the lower Piave basin is the
first in which citizen science activities were integrated with other data sources for this objective,

and within the modelling of ecosystem services.

The research described in this thesis can be summarised in 4 main tasks:

1) The development of climate change and variation land use scenarios (chapter 2). These latter
included scenarios where Nature-Based Solutions were applied, starting from the 2018
conditions. Each scenario was developed based on consultations with local and regional
stakeholders. Temporal trends were explored using photometric and satellite-based images.

2) The development of a macronutrients dynamics analysis approach integrating citizen science
monitoring activities (chapter 3).

3) The development of the river basin organic carbon dynamics model. This was divided in 2
sub-chapters, with Chapter 4.1 focused on the analysis of the carbon stock including DOC from
CDOM and riparian vegetation monitoring by local population. The second part (Chapter 4.2)
on the development of an open-source basin scale model to identify organic carbon (DOC and
POC) dynamics across temporal and spatial scales.

4) The Conclusion section, where these models were integrated into the determination of
ecosystem services of the river basin, to determine both the best scenario and the best
combination of two scenarios. These were prioritised based on the environmental goals of
stakeholders in the Piave basin (chapter 6).

Additional ecosystem services models, necessary for the overall determination of best scenarios,
including those related to water availability and sediment export and retention, were included

in Chapter 5.
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1. GENERAL INTRODUCTION

1.1. Biogeochemical dynamics

Carbon (C), nitrogen (N), phosphorus (P) are essential elements for life and ecosystems
processes (Sterner and Elser, 2017). Knowledge of these element cycles is essential for
understanding the ecosystem biogeochemistry. Before reaching the ocean, sediment, organic
carbon and nutrients from land transit through the continuum formed by soils, groundwater,
riparian zones, floodplains, rivers, lakes, estuaries and coastal marine areas. These systems act
as successive filters in which the hydrology, ecology and biogeochemical processing are
strongly coupled and together act to retain a significant fraction of the nutrients transported
(Turner et al., 2003). Retention in the aquatic continuum not only affects the absolute amount
of nutrients reaching the ocean, but also modifies the ratio in which C, N and P are transferred,
and the chemical form of each of these elements (Bouwman et al., 2013; Ensign and Doyle,

2000).

The quality of surface waters is highly influenced by external perturbations, mostly
anthropic, whether they are of a physical nature, such as dams, weirs or sediment or chemical
regulation systems, such as agricultural activities or industrial and domestic discharges (X. Li
et al., 2017; Liu and Han, 2020). The chemical component of a water course is the result of
natural actions such as rock erosion, glacier melting and seasonal meteorological events. Since
the last century surface waters have been more significantly affected by human activities, such
as soil, agriculture, animal husbandry, industrial waste or the management of the catchment
area itself (Ciobotaru, 2015). Anthropic activities can modify the chemical state of the
watercourse, bringing an excess of organic matter and/or nutrients or introducing toxic
substances or variations in temperature or pH. These changes can exceed the ecosystem
resilience and load capacity, compromising its balance and preventing its recovery through self-

purification (ISPRA, 2013).

Climate change represents a threat to the balance of the river ecosystem, not only by
through extreme events (floods and low flows) but also by increasing its temperature and
acidifying its waters (Scanes et al., 2020). The rivers alkalinity, represented by bicarbonate
(HCO3) and carbonate (CO37) ions, is in fact compromised by global warming and other
anthropic actions, such as intensive agriculture and land use, as higher concentrations of CO>
and the relative increase in acidity, increase the rate of carbonate dissolution (Drake et al., 2018;

Raymond et al., 2018).



Accurate, high spatial and temporal resolution water quality monitoring in inland waters is
fundamental for better understanding the biogeochemical dynamics. Recent advances in remote
sensing, big data, cloud computing, and machine learning have promoted remote sensing of
water environment (Chen et al., 2022). Although some water environment characteristics
(optically active parameters) have been widely studied through remote sensing estimation and
numerical simulations in the past decades, more features (non-optically active parameters)
remain under-explored or even missing (Sagan et al., 2020). Therefore, integrating research
considering the key factors of water colour, water quality, and water volume is urgently needed
to promote the transformation ability of science research into actionable responses for economic

activities and climate change.

1.2. Macronutrients dynamics

Phosphorus and nitrogen are essential elements for life, despite their excess, due to the
leaching of fertilizers used in agriculture, zootechnical activities, purification plants and
industrial waste. The macronutrients N and P concentration, their molecular form, and
stoichiometry at a given location and time are factors that control the productivity of aquatic
ecosystems (Stutter et al., 2018). The structure of the riverine ecosystem and the biodiversity
present may be strongly influenced by the impact that nutrient loads have on primary production
(Balvanera et al., 2006; Bouwman et al., 2013). The dynamic structures of aquatic ecosystems
are also influenced by many factors such as temperature, precipitation or geographical location
which in turn influence nutrients, physical forces or the organisms themselves (Porter et al.,
2012; Straile et al., 2003).

In deep and slow-flowing rivers and floodplain channels, nutrient uptake by macrophytes

and emergent plants plays a major role in nutrient cycling.
Nitrogen cycle

The nitrogen (N) cycle is fundamental to the Earth biogeochemistry, with large natural
flows of N from the atmosphere into terrestrial and marine ecosystems. N is a very important
element for living beings and can be found in the biosphere in various forms, organic and
inorganic. All processes involving nitrogen are usually represented through the nitrogen cycle
which relates the biosphere to the atmosphere. The largely un-reactive molecular nitrogen (N>)
represents about 78% of the gases present in the atmosphere, through the biological nitrogen
fixation is reduced to ammonium compounds (Smith and Smith, 2014). The forms of nitrogen
present in the biosphere are obtained through the demolition of some complex organic

substances present in the soil by some fungi and bacteria, in this way formed ammonia (NH3)
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and ammonium ion (NHJ). This is not the only way in which bioavailable substances containing
nitrogen are formed, in fact, through a biological fixation reaction, atmospheric nitrogen is
transformed into ammonia thanks to the intervention of some nitrogen-fixing bacteria. At this
point other bacteria come into play and transform the newly formed ammonia into nitrite (NO;").
After the oxidation of ammonia to nitrite, other bacteria transform the nitrites into nitrates
(NO3") which are easier for plants to assimilate. In fact, nitrates are used by plants for the
synthesis of complex substances such as proteins and nucleic acids. In addition to this type of
fixation (organic) there is another type (inorganic) which occurs due to atmospheric events such
as lightning and cosmic radiation which, starting from atmospheric nitrogen and oxygen or
hydrogen, give rise to ammonium oxides or hydroxides (Bazilevskaya et al., 2000; Hill et al.,
1980).

Based on different reactions, various binary compounds are formed with oxygen, called
NOx (NO and NOy), which are harmful to humans and the environment as they are the
protagonists of the photochemical smog. Having reached the final phase of the cycle, other
bacteria, for example the Pseudomonas, transform the ammonia back into N> through a
denitrification reaction (Jin et al., 2015).

Atmospheric nitrogen is also fixed unintentionally through human activities, especially
during the combustion of fossil fuels by internal combustion engines, and industrial activity,
including electricity production (Houlton et al., 2013). The overall magnitude of anthropogenic
relative to natural sources of fixed nitrogen (210 Tg N year ! anthropogenic and 203 Tg N year”
!'natural) is so large it has doubled the global cycling of nitrogen over the last century (Erisman
et al., 2013; Fowler et al., 2013; Smil, 2004).

In freshwater and marine systems, biotic transformations include the autotrophic and
heterotrophic uptake of nutrients from the water, their assimilation into biomass, and their
release by excretion and microbial decomposition (Bernot and Dodds, 2005; Birgand et al.,
2007).

The nitrogen cycle just described represents in a very general way how the various forms
of nitrogen are distributed between the biosphere and the atmosphere, but the same processes
also occur between the atmosphere and the aquatic environment included in the biosphere.
Nitrogen in the form of nitrate or ammonia is fundamental in agriculture for plant grow. This
nitrogen can stem from different sources, as mineral fertilizer, manure, organic matter, or
bacteria. Animals and humans need proteins, of which nitrogen is a key component. On the
other hand, nitrogen emissions can be harmful for humans and for biodiversity and have

negative effects on many natural resources.



Nitrogen emissions to the aquatic systems occur from agricultural sources (mainly diffuse
sources) and from sewerage systems (mainly point sources). Agriculture is the dominant source
of emissions in Europe for each of nitrates to ground and surface waters, as well of emissions
of ammonia and nitrous oxide to the air (Sutton et al., 2011). Emission and consequent
deposition of ammonia leads to loss of terrestrial biodiversity, while nitrous oxide is a powerful
greenhouse gas.

While agriculture is the main source of nitrogen emissions in Europe, it has also been
shown that livestock production is the key driver of total nitrogen losses (Sutton et al., 2011).
Livestock manure is also a major source of nitrate leaching, for example due to wrong timing
of manure application, or due to over-application of manure (Steinfeld and Wassenaar, 2007).

The riparian forest provides protection against erosion, retention of pollutants, excessive
nutrients runoff and water temperature (Gumiero and Boz, 2017; Loiselle et al., 2016; Sabater
etal., 2003), with benefits for the quality of human life and biodiversity (Ou et al., 2016; Tanaka
et al., 2016). In this context, is fundamental the importance of improving our understanding of

the benefits of riparian zone restoration (W. Yang et al., 2016; Zhang et al., 2010).
Phosphorus cycle

The global phosphorus cycle is the only major biogeochemical cycle that does not have a
significant component in the atmosphere. This is because phosphorus and its derivatives are not
gaseous under normal conditions of temperature and pressure. The phosphorus cycle only
partially follows the water cycle. During transport from the land to the sea, part of the
phosphorus is subtracted from the biogeochemical cycle. For this reason, the global availability
of phosphorus is limited. The natural scarcity of phosphorus in aquatic ecosystems is evidenced
by the exponential growth of algae in water bodies especially where there are phosphorus
discharges.

In terrestrial ecosystems, most phosphorus comes from the leaching of calcium phosphate
minerals. Phosphorus enters the biosphere from the soil by uptake by plant roots; weathering
of rocks containing phosphorus minerals, primarily apatite Cas(PO4)3:X where X is F, OH or Cl
yields relatively little phosphorus. The bioavailability of phosphorus for plants comes from the
decomposition of organic molecules, many of which derive from the dissolution of phosphate
by microorganisms (fungi and bacteria) (Timofeeva et al., 2022).

In aquatic ecosystems, both marine and terrestrial, phosphorus is present in three different
chemical forms: particulate organic phosphorus (POP), dissolved organic phosphates (DOP)
and inorganic phosphates. The main form of uptake is orthophosphate (PO3~) (Koistinen et al.,

2020). In fact, the form of PO3~ and HPO%™ an essential nutrient for plants and animals.
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Phosphorus is part of DNA and RNA, molecules that provide energy such as ATP, in the form
of phospholipids in the cell membrane (Butusov and Jernel6v, 2013).

The main P sources are identified in the civil and industrial sectors. In the agricultural sector,
when the phosphorus contained in fertilizers exceeds the amount assimilated by plants, it can
leach from agricultural land and reach watercourses (Smith and Smith, 2014).

Knowing the nature and magnitude of P flow in various systems at different geographical
scales is crucial for a sustainable management of P for both global food security and

conservation of aquatic ecosystems (Biswas Chowdhury and Zhang, 2021; Scholz et al., 2014).



Eutrophication

The excess of nutrients (nitrogen and phosphorus) in surface waters causes eutrophication,
which leads to biodiversity loss, algae blooms and fish kills (Fig. 1) (Dodds et al., 2009). The
eutrophication process can be determined by natural changes in the environment but, more
frequently, it is accelerated by pollutants (detergents, fertilizers, etc.). Phosphorus is a key factor
for the development of eutrophic conditions, especially for plant biomass (macro and micro).
Furthermore, the main control factors for algal growth are the river flow rate and light limitation
(Mainstone and Parr, 2002). At low nutrient concentrations, macrophytes prevail and develop
as a function of water flow, the amount of available nutrients, light and other factors. As
nutrients and/or available light increase, it is possible for other plants to develop such as
Cladophora, epiphytes and finally benthic algae, with the latter only developing at very high
nutrient concentrations. High concentrations of nitrates accumulate in groundwater causing
human health problems and loss of biodiversity (Ahada and Suthar, 2018). In aquatic
ecosystems, P is usually less efficiently removed than N (Hejzlar et al., 2009; Passy et al., 2016)

Nutrient eutrophication negatively affects services provided by river ecosystems. In recent
decades in Europe, and following improvements in nutrient management and regulation, there
has been a significant reduction in total phosphorus and total nitrogen emissions in freshwater
ecosystems. Due to policy interventions, economic circumstances, and technological
improvements nitrogen emissions from agriculture in Europe have decreased since their peak
in around 1985. However, many water bodies still require improvements to bring them in good

condition, as required by the Water Framework Directive 2000/60/EC (EU, 2000).

+ Livestock and
"% | Human Health

Figure.l Nutrient dynamics on ecosystem services



1.3. Carbon dynamics

One of the steps towards the mitigation of global climate change, universally accepted by
the scientific community, consists in improving the monitoring and management of the
biogeochemical cycle of carbon.

There are three main reservoirs of C: atmospheric, terrestrial, and oceanic (M. Li et al.,
2017; Prentice et al., 2001). Each of these reservoirs can be described the amount of C contained
(stock) and its flow (flux), interpreted as the rate of exchange between environmental
compartments. As regards the second parameter, they can be classified as assets or liabilities
based on the turnover interval which can be short, with rapid passages of the element from one
chemical form to another, or long. The biochemically active compartments for C are the
terrestrial and oceanic ones (Cole et al., 2007), where the greatest flux values are recorded in
vegetation, soil and seas, in contrast to the slow transformation rate typical of C preserved in
fossil form, such as coal or oil, and in carbonate rocks (Brown et al., 2013).

Organic carbon (OC) is commonly divided in two forms: Particulate Organic Carbon
(POC) and Dissolved Organic Carbon (DOC) (M. Li et al., 2017; Ouyang, 2003). The inclusion
in one category rather than the other takes place by convection depending on the dimension of
the subject considered. In the case of DOC, the diameter must be less than or equal to 0.45um,
while if it is exceeded, it falls back to POC (Smith and Smith, 2014).

The relationship between DOC and POC varies in relation to the production processes
(allochthonous or autochthonous origin), transformation and degradation (Holland et al., 2020).
A study conducted on twelve tributaries of the Arctic Ocean highlighted the ratio of 8:1 between
the concentration of DOC and POC (Lobbes et al., 2000), as it finds support in the literature
(Tranvik et al., 2009) where inputs into freshwater ecosystems of dissolved matter are reported
as significantly exceeding particulate matter.

A wide range of organic compounds of different origins contribute to forming the classes
of DOC and POC in rivers (Currie et al., 2002) and their composition is an essential factor in
determining the chemical-physical properties of dissolved carbon. In depth knowledge the OC
characteristics is fundamental since it influences numerous ecological functions of
watercourses. OC is strictly related with the bioavailability of heavy metals, the control of the
environmental pH, the absorption of incident light, with effects on the quality and intensity of
solar radiation as well as on the thermal regime, and, connected to this phenomenon, the control
of ecosystem metabolism (Battin et al., 2008; Stanley et al., 2012).

Prairie (2011) puts particular emphasis on DOC defining it as a "great modulator". In lake

environments it constitutes the majority fraction of all available OC and is also the only one
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directly assimilable through the cell membrane and usable for respiration by the microbial
community (Battin et al., 2008). In this way DOC represents a factor of alteration of the energy
balance of freshwater ecosystems.

In the general context of the carbon cycle, inland waters including lake basins, river
systems and wetlands play an important role. Many greenhouse gases are produced and
consumed by microorganisms that transform organic matter (OM) in aquatic ecosystems and
these processes influence its atmospheric concentration with consequences on the climate

(Tranvik et al., 2009).
1.3.1. Carbon cycles in natural lotic systems

One of the major difficulties encountered by various authors in dealing with the C cycle in
lotic systems consists in analysing separately the processes that act on OC and the drivers that
determine them, in fact in real situations they intertwine and condition each other. Three main
pathways have been recognized in river systems which can be summarized as follows:
production, transport, and sedimentation (Tranvik et al., 2009) (Fig. 2). The first is to be
understood as the production of OC from inorganic C (CO2, CH4) within the river itself and, as
such, autochthonous (arrow 6), or vice versa a process external to the freshwater system and
therefore allochthonous (arrow 1). In the twelve Russian rivers sampled by Lobbes et al. (2000),
the major contribution to fluvial OM comes from soils and vegetation of the hydrographic basin
while only a small part originates in situ from autotrophic organisms.

To the production pathways of OC must be added the release of C by the stocks stored in
the soil and in the benthos, arrows 5 and 9 respectively, and the contribution through biomass
throughfall and leaching (arrow 2). The origin and size of Particulate OM (POM) modify the
DOC formation rate: if initially it is mainly attributable to the leaching of the more soluble
component of Coarse POM, subsequently when microbial degradation becomes the dominant
process, the contribution of Fine POM grows to have a weight comparable to the fraction with

the largest particle size (Yoshimura et al., 2010).



1. Allochthonous production 6. Autochthonous production
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4, Photo-bleaching and photo-oxidation 9, Benthic storage and release

5. Soil storage and release

/
<< > W
2 " - .:“-
¢ "///t
¢
¥ \" :

Il. Transfer

1. Terrestrial I, Aquatic @
accumulation processing

Figure.2 Carbon cycle (Stanley et al., 2012).

The accumulation in the soil and the sedimentation in the riverbeds and in the alluvial
plains significantly affect the fluxes and the concentration of OM in aquatic environments.
Currie et al. (2002) recognize the highly dynamic nature of the phenomena involving C,
observing how, for example, the possibility for DOC to enrich the C reservoir in the soil depends
simultaneously on many factors including its production and leaching, the refractoriness to
mineralization and the ability of mineral horizons to hold it.

Transport, both within and towards water bodies, is generally mediated by water, however,
differences can be noted depending on the diameter of the particles. In fact, dissolved OC, as
the name suggests, moves together with the river current towards the mouth. On the contrary,
POC undergoes the combined effect of gravitational and hydrodynamic forces, therefore it tends
to move with "small discrete movements", it settles more easily and once deposited in the
riverbed it can remain there for long periods until a peak in the flow does not puts it back into
suspension (Battin et al., 2008).

Upward arrows (3, 4, 7 and 8) indicate respiration and photo-oxidation by which OM is
removed from soil and river compartments to be released into the atmosphere in the form of
greenhouse gases.

According to Miller and Moran (1997) bacterial metabolism, photodegradation and
photosynthesis would control the quantity and speed with which OC is incorporated into the
food web and, therefore, would constitute other important factors for the description of the C
cycle in lotic systems. How these processes influence each other is still under discussion,
whether or not photodegradation has a positive effect on the bioavailability of C for the
biological community (Hansen et al., 2016; Stanley et al., 2012).

From several studies has emerged that rivers and streams are highly dynamic systems as
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well as active reservoirs that host the processes in which OM is involved during its transport
from sources to mouths (Casas-Ruiz et al., 2017; Cole et al., 2007; Soares et al., 2019) rather
than passive channels of matter and energy.

The efficiency in retaining and oxidizing OC depends on the development of the microbial
physiological activity in relation to the geochemical factors that determine the increase of the
water residence time (Battin et al., 2008). This statement emphasizes the drivers controlling the
processes that make up the C cycle. The most recurring ones are listed below.

Among the key factors are those that describe the hydrographic basin starting from its
geomorphology, hydrology, and geographical position, also considering the possibility of
establishing synergistic or, on the contrary, antagonistic effects between one and the other. The
extension, the slope, the branching degree of the waterways with the territory (M. Li et al.,
2017; Stanley et al., 2012) generally contribute positively to the increase of the OC loads in the
riverbed.

The geology of the basin can directly influence the composition of DOM so that, in rivers
draining chalky and permeable soils, it contains a lower volume of aromatic C and has a lower
molecular weight than that recorded for streams that develop on organic soils such as peat bogs
(Yates et al., 2016). The geological characteristics also have indirect consequences on the
hydrology of the basin, being able to increase or decrease the connection of the main channel
with the aquifer. The lowering of the groundwater level caused, for example, by rising
temperatures could induce a greater release of DOC since the soil layer with favourable
conditions to its oxidation would extend to greater depths (Worrall et al., 2004). Links between
groundwater and drainage networks have proven equally important, as Shang et al. (2018). In
fact, the researchers found a positive correlation between the DOC concentration and the
proxies used to evaluate soil moisture and the hydrological conditions prior to sampling.

The greater the connectivity at the river-soil interface and the more abundant the
precipitation, the greater the flow (M. Li et al., 2017) and therefore the quantity of biodegraded
organic compounds in the riverbed. Furthermore, the results demonstrated that these drivers
influence DOM even after the passage of the flood peak.

There is a second aspect to which geomorphology and hydrology contribute synergistically.
Water Residence Time (WRT) which, by lengthening the retention times of OM, optimizes all
the physical and biochemical processes of alteration (Catalan et al., 2016; Maavara et al., 2017).
Soares et al. (2019) analysing DOM in the lower reaches of fifteen Swedish rivers concluded
that the bioreactivity of dissolved C shows a positive correlation with WRT, in conjunction with

other factors including land use. That this increased possibility of participating in chemical
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processes then translates into an increase of DOC in solution or, vice versa, into a loss in the
atmospheric compartment, according to Casas-Ruiz et al. (2017) depends on the properties of
DOM and on the availability of nitrates which, by promoting photosynthesis, promote the
autochthonous production of OM.

Land cover affects the quantity and quality of DOC inputs from watercourses and has
therefore been frequently researched. A central node is constituted by agriculture since the type
of plantations and their extension with respect to the total landscape can modify both the content
and the lability of dissolved OC (Stanley et al., 2012).

Equally important is the forest cover that influences the chemical composition of POC and
DOC (Lobbes et al., 2000). Furthermore, the crowns of the trees and the root systems, by
protecting the soil from erosion, reduce the contribution of C particulate into the riverbed and,
consequently, the concentration of DOC which derives from the latter.

In particular, the riparian strips play a key role. The impacts of their alteration could turn
out to be disproportionate compared to the amplitude because they are involved in every aspect
of the river DOC processes (Stanley et al., 2012). Just think of how photodegradation is
encouraged or, conversely, hindered by the absence or presence of dense vegetation.

As can be understood, geographical position is also a fundamental driver on which climate
change strongly affects. Taken individually, rainfall affects the hydrology of watercourses by
inducing positive daily, monthly, and annual changes in the total OC load in the riverbed
(Ouyang, 2003). However, as Ouyang's work highlights, rainfall is not sufficient to account for
the OC oscillation which can be better explained by also considering temperature and its effects
on biological activity (Shang et al., 2018; Worrall et al., 2004) and C mineralization.

Irradiance, understood as the flow of energy that reaches a unit of surface area in each time
interval (W/m?), affects the aquatic DOC directly and indirectly through numerous mechanisms
(Stanley et al., 2012). Various metabolic processes depend on it (Battin et al., 2008), one above
all photosynthesis and others including photodegradation, and the thermal regime of the river
ecosystem. Some data to support the fact that the geography of a catchment area can affect the
dynamics of OC were produced by Li et al. (2017) in a study on the spatial patterns of global
river C fluxes. The researchers successfully demonstrated how the individual contribution of
each of the three components examined, namely POC, DIC and DOC, varies significantly in
relation to the latitude of the river considered, as well as other parameters.

The organic fraction is the majority for watercourses with very high annual flows such as
the Amazon River, the Congo or the Yangtze while the inorganic C prevails in rivers that carry

a smaller quantity of water. This observation is matched by the DOC flux per continent, which
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is minimum in Europe and Oceania, respectively 19.72Tg C/y and 5.67Tg C/y, and maximum
in Asia and South America, 87.13Tg C/year and 58.73Tg C/year. Focusing the attention on the
latitude at which the mouth of the main rivers is located, it can be noted that between 30°N and
60°N the export of POC and DIC reaches its peak while that of DOC is second only to the range
between Equator and 30°S.

For central-southern Europe, the Po Valley region crossed by the river Po is of particular
interest since it represents the only one with a DOC yield higher than 3 ton/(km?*year) and
overlooks the Adriatic Sea, a narrow and shallow (Ciglenecki et al., 2020) in which dilution is

less effective.
1.3.2. Drivers of carbon cycle alteration

The high complexity of OC dynamics in lotic systems is further increased when
considering human impact. In the last period, anthropogenic alterations to global fluvial C
fluxes are receiving increasing attention from the international scientific community (M. Li et
al., 2017). The TRIPLEX-HYDRA model, simulating the export of fluvial DOC by the major
rivers of the planet for the last 50 years, has highlighted a negative trend which is particularly
evident in the basins located between 30 and 90°N (Li et al., 2019). While the data collected in
almost 200 British sites for a period of time up to 1961 would suggest a positive correlation
between the frequency of serious drought events and the concentration of DOC in the riverbed
(Worrall et al., 2004), the effects of climate wetting on the arid regions of Scandinavia would
indicate that a 10% increase in the average annual rainfall would produce a 30% increase in the
mobilization of OC making browning phenomena more frequent in freshwater (De Wit et al.,
2016). Catalan et al. (2016) estimated that, in a future scenario where temperatures are 2°C
higher than current and where organic matter inputs are constant, changes in surface runoff
would induce a 10% acceleration of the decay rate of OC in boreal and tundra biomes. Under
the same conditions, however, a slowdown of 13% would be observed in regions with a
Mediterranean climate.

Land use change affects natural freshwater ecosystems, nevertheless the extent of the
effects on the environment depends on the time scale considered and on the specific
characteristics of the basin (Shang et al., 2018). The intensity of anthropic alteration shows a
positive correlation with the export of DOC of ancient origin: stored in the organic matter of
the soil, in the aquifers or in the form of coal or oil, for a sample of 135 basins obtained from a
worldwide database (Butman et al., 2014). The transformation from natural environments to
agricultural or urban lands would induce a growth between 3.2-8.9% of the contribution of

ancient DOC in the lotic systems of the planet. Outputs higher than expected were recorded in
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basins characterized by high population density and highly drained organic soils, vice versa the
presence of riparian forests led to lower export values. Restricting the focus to the composition
only, in the sites where the human footprint was accentuated, reduction in molecular weight,
increase in redox potential and decrease in the degree of aromaticity were observed: in general,
an increase in DOC lability (Stanley et al., 2012).

At global scale, dams represent a net removal route for fluvial OC, since for the period
1970-2050 the sedimentation and mineralization of native and non-native organic matter will
exceed the internal production of the basin (Maavara et al., 2017).

A further driver to be taken into consideration when analysing the land cover is the riparian
vegetation. It is foreseeable that the modification and/or removal of this landscape class will
have broad repercussions on the structure of the lotic habitat and, specifically, on the
composition, quality, and temporal intervals of the DOC inputs (Stanley et al., 2012). Among
the most widespread alterations is the presence on the riparian zones by invasive allochthonous
species, such as Robinia pseudoacacia L. and Ailanthus altissima (Mill.) Swingle, which can
induce changes in ecosystem processes and soil properties (Medina-Villar et al., 2015). In the
specific case investigated by Medina-Villar et al. (2015), the presence of these two species
recorded twice the concentration of nitrogen (N) in the litter compared to natural poplar groves
(Populus alba L.).

The dissolved fraction of OC plays an important role in the biogeochemical cycle of carbon,
and therefore in climate change, but this is not the only reason why it is the subject of an
increasing number of studies. Since the early 2000s DOC removal had been identified as one
of the major costs in wastewater treatment and as a potential threat to human health if present
in drinking water (Worrall et al., 2004). Furthermore, high concentrations of fluvial OC are
responsible for the browning that affects various water bodies in Europe (De Wit et al., 2016)
and which translates not only into a poor aesthetic value of the basin in question but also into

risks for the river ecosystem.
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1.4. Water quality legislation

The European Directive on water quality, the Water Framework Directive 2000/60/EC
(WFD), has the purpose of preventing further deterioration of aquatic and terrestrial ecosystems
and wetlands, protecting, and improving their status. The WFD require the commitment of
Member States to facilitate sustainable water use, protecting water resources with a long-term
plan aimed at gradually reducing discharges and polluting emissions. Regarding surface waters,
monitoring programs are required to obtain a coherent, global, and always updated view. Its
implementation has led to rapid and positive results on the decline in fertilizer use in the first
10 years, with a reduction of up to 70% in the European monitored sites (EEA, 2019).

The directive introduces the concept of "surface water status" as the combination of the
physicochemical, hydro-morphological, and ecological qualities of a water body. The
"ecological status" is defined as a function of the quality and structure of the functioning of
aquatic ecosystems. A general definition is first given for all surface waters, indicating 5
ecological states: high, good, moderate, poor, and bad.

The Legislative Decree which is still referred to in Italy is Legislative Decree no. 152 of 3
April 2006 (IR, 2006), and all the updates that followed, also called the "Testo Unico
Ambientale", the third part of which concerns the "Rules on soil protection and the fight against
desertification, protection of water from pollution and management of water resources". This
Legislative Decree transposes the WFD 2000/60/EC and takes up the definition of the
ecological status of a water body (with the related 5 classes) and introduces the principle of
sustainable development.

Legislative Decree 152/06 has the following purposes:

* Prevent and reduce pollution and remediate polluted water bodies.

* To achieve the improvement of the water status.

* Pursue sustainable and long-lasting uses of water resources.

* Maintain the self-purification capacity of water bodies.

* Mitigate the effects of floods and droughts.

* Maintain the “Good” status of surface water bodies.

» Have all surface water bodies achieve a “Sufficient” rating by 31 December 2008,

thus achieving a “Good” status by 22 December 2015.

The water bodies management is provided by the basin authorities that drafting plans and
programs, while the Higher Institute for Environmental Protection and Research (ISPRA)
merges and processes the data collected by the Regional Agencies for Environmental Protection
(ARPA).
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In Italy, only 43% of rivers reach the “good” quality objective for their ecological status;
on the other hand, 75% of rivers have a good chemical status thanks to the pandemic stop (SNPA
data, 2020). It is evident that there is still a lot of work to be done in order to comply with the
provisions of the WFD which aimed to achieve good ecological and chemical status of all water
bodies in Europe by 2015 now replace to 2030.

The United Nations (UN) Agenda 2030 for Sustainable Development is an action
programme to achieve a better and more sustainable future for the environment and humanity.
Signed on 25 September 2015 by the governments of the 193 Member Countries of the United
Nations, and approved by the UN General Assembly (UN, 2015), the Agenda sets out 17
Sustainable Development Goals (SDGs), which are part of a broader programme of action
consisting of 169 associated targets to be achieved in the environmental, economic, social and
institutional domains by 2030. The UN indicated how the importance of good water quality is
reflected in various SDGs, as they involve and concern biodiversity, human health, food

availability and energy availability (Fig. 3).
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Figure.3 Link between water quality and the SDGs (UN, 2017).
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Indicators, LIM and LIMeco

In Italy, firstly the Legislative Decree 152/99 established that a series of chemical-physical
parameters should be evaluated to establish the quality of freshwater bodies.

Legislative Decree 152/06 in 2010 continued to make use of the Macro Descriptor
Pollution Level index (LIM) that Legislative Decree 152/99 had introduced, classifying the

waters based on specific macro-descriptors (Table 1).

Table 1 Macro descriptor parameters and pollution levels.

Parameter Level 1 Level 2 Level 3 Level 4 Level 5
100-0OD (% sat.) (*) <10 (#) <20 <30 <50 > 50
BODs (02 mg/L) <25 <4 <8 <15 >15
COD (02 mg/L) <5 <10 <15 <25 >25
NH} (N mg/L) <0.03 <0.10 <0.50 <1.50 >1.50
NO3 (N mg/L) <0.3 <15 <5.0 <10.0 >10.0
T-P (P mg/L) <0.07 <0.15 <0.30 <0.60 > 0.60
E. coli (UFC/100 mL) <100 < 1,000 <5,000 <20,000 > 20,000
Score to attribute on

each parameter ana- 80 40 20 10 5

lysed (75° percentile)

Macro-descriptor pol-

. 480 — 560 240 — 475 120 -235 60 — 115 <60
lution Level

With the Decree n. 260 of 8 November 2010, attachment 1 of Legislative Decree 152/06 is
amended: the LIM index of Legislative Decree 152/99 is replaced by the index for the Pollution
Level expressed by the Macro-descriptors for the ecological state (LIMeco), which is always a
pollution index of the macro-descriptors, which however focuses on dissolved oxygen and
nutrients (nitrates and phosphates), i.e. on the trophic state and no longer on microbiological
pollution (Table 2).

The LIMeco index of a water body is obtained from the average score of each individual

parameter.
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Table 2 Pollution levels of river water expressed by Macro-descriptors Pollution Level for the

Ecological status (LIMeco).

LIMeco
Parameter Level 1 Level 2 Level 3 Level 4 Level 5
DO% <[10] < 20| < 40| <180| > 80|
NH}-N [mg/L] <0.03 <0.06 <0.12 <0.24 >0.24
NO3-N [mg/L] <0.6 <12 <2.4 <438 >4.8
T-P [ug/L] <50 <100 <200 <400 > 400
Score for single parame- 1 0.5 0.25 0.125 0
ter
Total score >0.66 >0.50 >0.33 >0.17 <0.17
Score interpretation Excellent Good Sufficient Scarce Bad

In water for drinking use are monitored additional substances and compounds such as
antimony and nitrites (Annex 2 of Ministerial Decree 260/10). Other reference standards for
the assessment of water resources are Legislative Decree 49/2010, which aims to reduce the
destructive effects of floods through the assessment and management of the risks associated
with these events, and Directive 91/676/EEC (Nitrates Directive) which aims to protect waters
from pollution produced by nitrates of agricultural origin. In 2015, the last inland water
monitoring cycle was completed, which follows the six-year timescales of the river basin

district management plans, as defined by Legislative Decree 152/06 and related technical

standards.
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1.5. Ecosystem services

The most accepted definition of ecosystem services (ESs) was first officially proposed in
the Millennium Ecosystem Assessment (2005) (MEA) and reads “Ecosystem services are the
benefits people obtain from ecosystems. These include provisioning services (food, water,
timber, and fibre), regulating services (climate, floods, disease, wastes, and water quality),
cultural services (recreational, aesthetic, and spiritual benefits), and supporting services (soil
formation, photosynthesis, and nutrient cycling)” (Fig. 4). ESs definition comes thanks the
publications of Daily (1997) and Costanza et al. (1997), who were able to give voice to an idea

that various authors had already tried to expose without however receiving real consensus.

Figure.4 Range of ecosystem services provided by nature to humans. Source: WWF, 2016 (adapted from

Millennium Ecosystem Assessment, 2005)

The ecosystem approach aims to provide a holistic and transparent tool with which
decision-makers, that is the figures responsible for the management of natural capital whether
they are government bodies, NGOs or private individuals, can take the best way to the
sustainable development. Interdisciplinarity is therefore an intrinsic feature of this approach
which requires overcoming the traditional sectorial nature of science, drawing exponents of
each discipline around a single table (Anzaldua et al., 2018). Transparency consists in the need
to identify all stakeholders, to give them equal opportunities to express themselves and
encourage constructive dialogue based on the scientific knowledge produced by research. To
facilitate this process, which is far from simple, some methods of evaluating ecosystem services
were developed that summarize their value in comparable units.

There are several reasons that make the ecosystem approach extremely promising, although
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with limitations. A non-negligible part of the academic community is skeptical of the idea that
ESSs can be the solution to the many environmental and social problems that afflict humanity.
One of the most uncomfortable issues concerns the ethics of the concept (Jax et al., 2013;
Schréter et al., 2014). In fact, the very definition of ecosystem services implies an
anthropocentric vision of nature which becomes a tool through which man can obtain his own
well-being. Many authors, including Vira and Adams (2009), say they are concerned that the
unreasoned application of a concept of this type in national and international policies could
legitimize the commodification of ecosystems or their destruction if their value is considered
inferior to more “traditional” development projects. Certainly, the risk exists but, in favor of the
ecosystem approach, it should be remembered that the category of cultural services allows the
intrinsic value of a species or habitat to be considered. Furthermore, it could be argued that
there are currently countless situations in which decisions relating to small and large
development plans were taken without considering the possibility of protecting natural
ecosystems at all. The introduction of studies on SSE allows to turn the spotlight on the
environmental component, favoring the transparency of the objectives of the parties involved
(Jax et al., 2013; Vira and Adams, 2009). Other criticisms concern the monetization of
ecosystem services. Since this approach is proposed as a pragmatic tool to facilitate the approval
of the most sustainable projects, the evaluation phase cannot be avoided. Nevertheless, based
on the experience gained in more than twenty initiatives of The Natural Capital Project,
Ruckelshaus et al. (2015) state that stakeholders often do not care about the dollar value of
services. In some of these works, it was the stakeholders who asked for the ESs to be expressed
in biophysical and not market units. It follows that economic evaluation can be used and
certainly has some advantages, including the possibility of comparing extremely heterogeneous
services with a shared unit of measurement.

Conservation biologists caution against assuming that actions to increase the quality or flux
of ESs result in an improvement in the state of biodiversity. In this regard, Cardinale et al.
(2012) reviewed the available literature for the last twenty years, taking into consideration about
1700 scientific articles from which it emerged that "there is sufficient evidence that biodiversity
influences or is strongly correlated with some regulatory and commodity production services”.
In summary, therefore, the ecosystem approach has very valid advantages in practice that make
it one of the best logical procedures, even if not perfect, available to the scientific community
to give prominence to the environment in the decision-making phase. Historically, four main
categories have been identified (MEA, 2005) to which seventeen specific services can be

attributed (Costanza et al., 1997): supporting, provisioning, regulating and cultural (Fig. 4).
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Depending on the authors and as the research progresses, the categories are updated by
changing the number and type of services within them, aggregating some or separating others,
or simply changing their denomination. In this thesis work I will refer to the classification used
by the InVEST (Sharp et al., 2018). Support services are the essential prerequisite for all the
others to exist nutrient cycling, primary production, and soil formation. The supply of goods
instead consists in the production of matter and energy through ecosystems. Sometimes they
also include genetic material intended as a resource that can generate biodiversity, while on
other occasions it is included in the supporting category. ESs provisioning was among the first
to be evaluated because, having reference markets, they could be expressed with relative ease
in economic terms (Costanza et al., 1997). The group of cultural services ranges from
recreational to spiritual and religious ones, from education to the sense of belonging of a
community or an individual to a particular place.

Nutrients and carbon dynamics are among the regulatory services which allow the
regulation of climate, water, pollination, extreme events, erosion, etc. One example among
others is represented by storage and sequestration, understood as the variation of the C content
over time (Sharp et al., 2018), i.e. the process by which ecosystems remove carbon dioxide
from the environment by storing it in their own organic tissues. Given the evidence of ongoing
climate change, the cause of which is mainly recognized in the excess of greenhouse gases in
the atmosphere (Friedlingstein et al., 2020), the mitigation of CO> concentration by vegetation
plays a decisive role (Gaglio et al., 2019). The availability of water resources is a problem felt
in various parts of the world, including the North-East of Italy (Fabbri et al., 2016). One of the
critical aspects concerns the quantity of this primary good but another no less important is its
quality. In the UK the DOC concentration constitutes a of the largest expenditure items for
water purification and its excess can cause damage to human health as well as the well-known
browning phenomenon in Scandinavian countries (Skerlep et al., 2020; Worrall et al., 2004).
The dark waters of the rivers, too rich in organic matter (OM), pour their content into the coastal
strips laying the foundations for eutrophication problems, productivity imbalances (Cozzi et al.,
2012) as well as damage to the tourism sector. The riparian strips contribute to limiting this
chain of events by retaining part of the OM produced and diluting its release (Deforet et al.,
2008), thus suggesting a positive trend both as regards the carbon storage service and water
purification. Riverside forests, especially in the alluvial plain, are generally small environments
and heavily altered by human action but at the same time they are home to fundamental

processes that determine the supply of ESs.
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1.6. Citizen science

In the last decade, the number and impact of Citizen Science (CS) projects indicates an
increasing role of this approach in scientific research, providing a breeding ground for sharing
data at local and global scales, and for policy and management (Geoghegan, H., Dyke, A.,
Pateman, R., West, S. & Everett, 2016). Citizen science provides an opportunity to gather
information in large quantity and over large geographical areas that would be otherwise
impossible to collect by professional scientists due to limitations on time and resources
(Loiselle et al., 2017).

The term citizen science was coined by social scientist Alan Irwin (1995) to describe
‘expertise that exists among those who are traditionally seen as ignorant lay people’. Scientists
have since re-defined it as a research technique that enlists the help of members of the public
to gather scientific data or simply as the involvement of volunteers in science (Bonney et al.,
2009). Dickinson et al. (2012) use the term citizen science to refer to non-professional scientists
that engage in research. In addition, there is increasing recognition that citizen science can and
should involve the public in the development and design of projects addressing real-world
problems (Wiggins and Crowston, 2011).

Citizen science connects people with the natural environment and issues surrounding its
management. Involving non-experts in scientific research helps professional scientists in
monitoring, collecting data and interpreting natural and human systems (Crain et al., 2014).
Buytaert et al. (2014) argue that water science suffers from a lack of spatial and temporal data,
despite its critical societal relevance and the complexity of its governance. Buytaert et al. (2014)
call for reflection on the role that citizen science can play in generating new knowledge about
the water cycle and ecosystem services, particularly in the decision-making process.

Volunteer involvement in scientific research is not new: before careers in scientific fields
became widespread, numerous volunteers and amateurs conducted scientific research in across
a wide range of disciplines (Haklay, 2013; McKinley et al., 2017), such as astronomy (Raddick
et al., 2008), environmental monitoring (Pocock et al., 2017), natural history (Bonney et al.,
2009; Miller-Rushing et al., 2012), archaeology (Smith, 2014) and more recently also in life
sciences (Den Broeder et al., 2018). The most well-known and one of the first CS projects is
the Christmas Bird Count, which started in 1900 as a volunteer-based inventory of winter bird
populations (Link et al., 2006). In contrast, the renewed attention for CS in the past 20 years is
fuelled by the knowledge-driven society (Lidskog, 2008) and by changing scientific grant
regulations (Silvertown, 2009). Most of CS projects were born for local needs and practical

issues (Dickinson et al., 2012). Common project topics incorporating CS are climate change,

21



invasive species, conservation biology, ecological restoration, water quality monitoring,
population ecology (Silvertown, 2009).

The significant development of the internet and Geographic Information Systems (GIS) are
playing a fundamental part to citizen science diffusion (Haklay, 2013). The existence of easily
available low-cost information and communication tools create new possibilities for collecting
large volumes of data, exchange, and analysis to other fields of environmental science
(Thornhill et al., 2016). In recent years, the ubiquity of smartphones and other devices has
resulted in their increasing use to record observations and send them to a central project
database. Applications on smartphones that utilises camera and Global Positioning Systems
(GPS) allow citizen scientists to send pictures and other data tagged with geospatial information.
However, most of these projects use smartphones as record keeping or communication devices
while only few CS projects turn smartphones into an actual measurement device (Newman et
al., 2012). When such user-generated content has a geographic dimension, it is now commonly
referred to as Volunteered Geographic Information (VGI), which has a great potential to engage
citizens and to be a significant, timely, and cost-effective source for geographers’ understanding
of the earth (Goodchild, 2007).

However, CS has limitations. From the data-quality point of view (Cohn, 2008; Kremen et
al., 2011), sampling bias and analytical challenges have been noted (Bird et al., 2014; Dickinson
etal., 2012). In addition, the use of volunteer labour for the advancement of individual scientific
gain has been questioned (Lehr and Fowler, 2006), as has the overreliance on CS observational
and monitoring data in ecological settings (Kelling et al., 2009; Shirk et al., 2012). However,
the contribution of CS data to scientific articles in peer-reviewed journals has increased
substantially, indicating that citizen scientists are being recognised for and contributing to
research (Catlin-Groves, 2012; Miller-Rushing et al., 2012).

To address the challenges facing CS and to maximise its potential a global network of
coordinating organisations has been founded including: the American Citizen Science
Association (CSA), European Citizen Science Association (ECSA) and Australian Citizen
Science Association (ACSA), who seek to advance citizen science through the sharing of
knowledge, collaboration, capacity building and support. Through a global database (e.g.,
SciStarter) they help bring together the millions of citizen scientist projects around the world
and to sharing the resources, products, and services that enable citizens to pursue and enjoy
these activities. The projects are offered by researchers, organizations, and companies (ECSA,
2022).

Citizen science projects may also be considered according to the number of participants
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and public learning processes. Roy (2012) described citizen science environmental projects into
four categories according to their degree of mass participation (local or mass) and thoroughness
(a measure of investment of time and resources). Bonney (2009) considered project approach
in terms of whether projects were led by experts and participants are only data collector
(contributory), designed by scientists, but participants are involved in more than one stage of
the scientific process (community-led), or designed collaboratively, where scientists and
participants or communities work together in partnership (co-created). FWW has a
collaborative approach, they provide platform, but user specifies parameters, protocol,
sampling regime.

Wiggins and Crownston (2011) classify projects into five categories. In action projects,
citizens collaborate with scientists to address local issues and concerns. Conservation projects
focus on protecting and managing natural resources. Investigation projects focus on answering
scientific questions. In virtual projects, activities are carried out remotely. Education projects
aim at improving citizens’ knowledge.

Haklay’s (2013) scheme classifies citizen science projects based on the depth of their
engagement with volunteers, within a four-level framework of participation. The least
participatory projects are termed crowdsourcing and use volunteers simply to collect data from
distributed sensors, or to provide computing power. Level 2 distributed intelligence are projects
which may provide participants with some basic skills before asking them to collect and
potentially interpret data. At Level 3 participatory science, participants are more involved in
steering the direction of the research. The most participatory are referred to as extreme citizen
science, where citizens are involved at all stages in the development of the project and work to
achieve their own goals. This classification scheme is not intended to encourage judgments
about how good specific projects are, based on their level of engagement, but Haklay (2013)
suggests that participants will benefit most from projects that operate at the highest levels of
engagement as appropriate to their aims.

In summary, Citizen Science has the potential to be a valid and robust approach that can
improve conservation outcomes by building scientific knowledge informing policy formulation,

and inspiring public action (McKinley et al., 2017).

1.6.1. FreshWater Watch

The CS project “FreshWater Watch” (FWW) started in 2012 under the direction of the
Earthwatch Europe foundation and currently has more than eighty active groups all over the

world, although it is most successful in Europe (Earthwatch Europe, 2021a).
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The reasons that led to the birth of FWW revolve around the issues of scarcity and pollution
of water resources, problems to which the European continent is no stranger (Anzaldua et al.,
2018). Only 40% of European water basins are classified in "good ecological status" despite
the importance of fresh water for drinking, domestic, irrigation, industrial use, energy
production, etc., as well as representing a fundamental ecosystem for the maintenance of
biological diversity (EEA, 2021).

The main objectives of FWW consist in: 1) increasing the sense of connection between
citizens and the aquatic environment as well as awareness of the critical issues that characterize
it; i1) provide volunteers with skills and means to monitor water quality iii) thus develop a
prevention tool that can inform the authorities on situations of greatest risk and iv) improve data
collection by local communities by facilitating the drafting of reports related to the Sustainable
Development Goals (SDGs) (Earthwatch Europe, 2021b). On this front Bishop et al. (2020)
have highlighted the potential of CS, specifically the FWW project, which has proved to be a
reliable tool for the development of necessary for the description of SDG 6.3.2, "monitors the
proportion of bodies of water with good ambient water quality”. The advantages have been
registered both in countries with not particularly advanced monitoring programs such as Kenya,
and where the control bodies have a large and efficient action such as in the United Kingdom.

The possibility of using FWW in such an ambitious way certainly depends on the amount
of data collected according to a standardized methodology.

Parameters such as nitrate (NO3-N) and phosphate (PO3;™-P) concentrations, turbidity, and
qualitative characteristics such as land use, presence/absence of animal and plant species, etc.
were recorded in over 31,000 samplings carried out on more than 2,000 water bodies in about
twenty countries (Earthwatch Europe, 2021b). The elaboration made it possible to find 30% of
basins with pollution from nitrates and a further 25% from phosphates. In Italy, more than 10%
of the monitored environments have high concentrations of NO3-N, a percentage which rises

to almost 20% if PO3~-P are considered (Fig. 5).
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Figure.5 N and P pollution in water bodies monitored by FWW methodology. Red arrow highlight Italy
position (Earthwatch Europe, 2021b).

1.6.2. Riparian Vegetation

The riparian buffer strips constitute “the interface between the aquatic and terrestrial
environments” (Richardson et al., 2007), the transitional ecotone between the river and the
surrounding landscape. This location makes them particularly sensitive to fluvial dynamics,
changes in hydrological regimes, altitudinal variations from source to mouth, as well as
terrestrial inputs (Naiman and Décamps, 2003). This strip of territory is usually characterized
by unique biological communities and specific physicochemical processes and, although
capable of producing important ecosystem services, they are strongly threatened by human
interventions, especially in the alluvial plains where agriculture and urbanization create the
greatest impacts. In these systems, flood events alternating with more or less lasting periods of
drought, erosion and sedimentation phenomena, mechanical abrasion, etc. they reappear with
generally annual but variable frequency according to the climatic region (Naiman and Décamps,
2003). Therefore, the vegetation that develops in these conditions is mainly composed of
specialized taxa, resistant to sudden changes and long periods of soil saturation, also thanks to
ad hoc physiological adaptations (Naiman and Décamps, 2003; Richardson et al., 2007).

At temperate latitudes, the most common genera in hygrophilous woods include Salix,
Populus, Alnus which follow more mesophiles varieties including Fraxinus, Acer, Ulmus,
Quercus and Carpinus (NNB, 2021). To these are added other allochthonous and often invasive
species whose settlement is facilitated by the high level of disturbance to which the riparian
strips are subject. The phenomenon, constantly increasing, is documented all over the planet.

Colonization by alien taxa is particularly problematic in this type of environment since, based
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on the ecological characteristics of the alien species, there can be profound alterations in the
functions of the peri-fluvial ecosystem (Medina-Villar et al., 2015; Richardson et al., 2007).
The riparian wood formations represent an important ecological corridor as well as being
themselves a peculiar habitat for ecotonal populations; from a physical point of view, their
structure retains sediment and woody material reducing the erosion of the channel up to thirty
times, at the same time they dissipate the kinetic energy of the current, slowing down its flow
and increasing the Water Residence Time (Dosskey et al., 2010; Tabacchi et al., 2000).
Therefore, the riparian vegetation contributes to determining the morphology of the river,
increasing its heterogeneity, and opening ecological niches necessary for the maintenance of
biodiversity. Some relevant biochemical processes also occur in this environment including
denitrification, complex phosphorus cycles and DOM production (Naiman and Décamps, 2003).
A study conducted by Deforet et al. (2008) demonstrated, for example, the positive correlation
between the retention of DOC in the riverbed and the presence of vegetation in the river bars,
also underlining the seasonal nature of the phenomenon which is more pronounced in autumn

than in summer.
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1.7. Research objectives

Sustainable river management should consider potential impacts on ecosystem services in
decision-making with respect to mitigating future climate impacts.

The overall objective of the thesis is the development of new approaches for the analysis
of long-term changes in riverine carbon, hydrological and nutrient cycles important to identify
potential alteration on the biogeochemical cycles and potential impacts on the ecosystem
services provided to the local population. To achieve the main objective will be explored a series
of scenario of climate and river basin management on the spatial variations of carbon storage
and sequestration, macronutrients (N & P) and sediment delivery and water yield combining
citizen science and modelling to support decision making for one of Italy’s most important
rivers. Furthermore, a comparation between different NBS will be performed in relation to their
ESs costs and benefits related to nutrient retention under a future climate change scenario
(2050). The participation of the local population as citizen scientists, coordinated by experts
and using standardised methods will be allowed for both increased engagement with the project
as well as a new and fundamental data gathering for the ecosystem service models.

Dissolved organic carbon (DOC) and particulate organic carbon (POC) dynamics play a
fundamental role in biogeochemical cycles of freshwater ecosystems. However, the lack of
process-based and basin-scale models for carbon transport has limited effective basin
management of organic carbon fluxes from soils, through river networks and to receiving
marine waters. The development of a new mass balance spatially distributed modelling
approach that can estimate organic carbon delivery at basin and sub-basin scales in order to
understand and correctly reproduces spatial and temporal changes in DOC and POC fluxes in
relation to changes in precipitation, basin morphology and land use, as well as soil carbon
content across different sub-basins.

To complete the overall models evaluation and prioritization will be developed a new
method to attributing a weight to the best NBS scenarios based on the natural stoichiometric

ratio between the elements carbon, silicon, nitrogen, phosphorus (C:Si:N:P).
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2. STUDY AREA AND DEVELOPMENT OF SCENARIO ANALYSIS

The development of modelling and analysis tools for the biogeochemical dynamics was
focused on the Piave River, and in particular to lower basin, in relation to different land use
scenarios and considering possible impacts respect to the climate change predicted by the IPCC
for 2050.

The biogeochemical based instruments were developed to allow for a more integrated
determination of the river status and its variation over time and space. | explored key catchment
biogeochemical dynamics, nutrient loads, and carbon cycles, taking into consideration the
related EU directives related to water quality and ecosystem services (WFD 2000/60/EC).

Some of the data was obtained through local, regional, and national sources. Data was
obtained through collaborations with ARPAV, UNIPD, Consorzio BIM, Consorzio di Bonifica
Veneto Orientale, Autorita di Bacino Distrettuale delle Alpi Orientali and VERITAS spa.
Important information has also been obtained from international sources including ESDAC,
ESA, NASA, NOAA and the USGS. These data relate to the hydrological variations of the
basin and water supply, climatic variations, the ecological and chemical state of the river, the
cover and use of the land, riparian vegetation and spatial dynamics of the last 20 years.

My first objective was to determinate the current state of the river, the transformation and
storage of nutrients (nitrogen and phosphorus), transformation and storage of carbon, transfor-

mation and storage of sediments and annual water availability.

2.1.Study area

The Piave river, located in the north-east of Italy, flows for 220 km into the Adriatic Sea
with a drainage basin of 4,500 km?2. Approximately 300,000 people live within the basin
boundaries that falls across multiple regions (Veneto, Friuli-Venezia Giulia and Trentino-Alto
Adige). The climate is temperate-humid with an average annual precipitation of ~1300 mm but
with significant spatial variations from the alpine to valley sub-basins. Land use (Fig. 6) has a
clear elevation-based pattern with the upper basin (from 500 to 1800 m a.s.l.) characterised by
evergreen and deciduous forests (mainly conifers and broad-leaved trees), with alpine
pasture/prairies and rock emergence present at higher elevations (above 1800 m a.s.l.).
Agriculture dominates the lower part of the basin (below 500 m a.s.l.), with increased
impervious surface cover. Like most alpine rivers in Italy (Surian et al., 2009), the Piave River
has been heavy impacted, with modified river channel dynamics and a rapid land use change in
the 20" century (Botter et al., 2010). Traditional agricultural activities on mountain slopes are

increasingly being abandoned largely because of the development of industry and tourism,
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resulting in natural reforestation in the upper parts of the basin (Del Favero and Lasen, 1993),
while wine production and agriculture have expanded at lower elevations. Weirs, dams and in-

channel gravel mining have contributed to reduced sediment fluxes (Comiti et al., 2011).
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Figure 6 The Piave river basin land use map 2018.

2.2. Development of Nature-Based Solutions scenarios

Different Nature-Based Solutions (NBS) scenarios were tested starting from the 2018
conditions. The baseline scenario (2018) was identified using Corine Land Cover - CLC -
(ISPRA, 2018) data and classification, with a spatial resolution of 100 m (Fig. 6). Land use/land
cover change (LULC) has a significant impact on the supply and value of multiple ecosystem
services, especially climate regulating services, due to the fundamental changes that occur over
time in structure and function of forests, agriculture, and other uses (Fu et al., 2017).

The development of future NBS scenarios was based on consultations with local
stakeholders. Temporal trends were explored using photometric and satellite-based images.
This analysis showed a consistent and continuous increase in riparian vegetation within the

Piave river corridor (Picco et al., 2017) over the last five decades and a more recent trend of
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agricultural abandonment in the upper basin. This rural exodus, which began after the Second
World War, triggered the natural regrowth process of vegetation (Rocchini et al., 2006).

All scenarios were developed as land use modifications following simultaneously the
trends of the last decades and the results of recent studies, using QGIS software version 3.18
and update version 3.22 (QGIS Development Team, 2022). The changes are located both in the
Basso Piave basin (A1, A2), and in the Upper and Middle Piave basin (B1, C1), and compared
with the current conditions (A0, B0, C0). Twenty-four combinations of land use scenarios were

explored for each model, 12 scenarios for 2018 and 12 for 2050.

LA A The first scenario "A1" (Fig. 7)
was based on two simultaneous changes

in the Lower Piave basin between Ponte

Renaturalization (AL) di Piave and its mouth, the
[ 331 - Erodible area

[ 511 - River f . £

I 2116 - Hygrophilous woods transtormation ot:

[ Piave basin PTA

- 645 ha in hygrophilous wood
(class 3116) and

- 415 ha in erodible strip (class 331)
along the river corridor of the
lower basin.

The erodible areas were identified

thanks to the study conducted in 2018

Figure 7 River restoration scenario (A2) in the Lower by the University of Padua coordinated
Piave basin by Professor Nicola Surian on behalf of
ARPAV!. Some of these erodible areas close to the riverbanks, for this reason a 20-metre buffer
of riparian forest was explored, locates on the edge of the external banks, along the entire length
of the lower reaches of the Piave river, to protect the banks themselves.

Al represents a river restoration scenario to restore the hydro-geomorphological processes
which support the entire biological component. This scenario was developed also considering
the new Common Agricultural Policy (CAP) 2023-2027 (European Commission, 2022) which
provides for funding for the establishment of ecological corridors and the active management
of green infrastructures (hedges, buffer strips, groves) whose phytoremediation function of

nutrients, pesticides, suspended solids is particularly important. These interventions would

Project: “Application of the MQI (Morphological Quality Index) to selected streams of the Veneto Region, iden-
tified as possible highly modified water bodies” — funded by the Regional Environmental Agency (ARPAV),
2017-2018.
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improve the chemical and ecological status of water resources as well as an improvement in the
quality and ecological connectivity in agriculture and forestry, the protection of biodiversity,

the preservation of habitats and landscapes.

The second scenario "A2"
(Fig. 8) was focused on a river
restoration approach of the river

embankment, by replacing the

Scenario A2

I 112 Aree urbane
[ 511 Fiume

I 3116 Bosco igrofilo
[] Bacino Piave PTA

current allochthonous and often
invasive corps and forest vegetation /
with 1,060 ha of hygrophilous forest
(class 3116) along the entire river
corridor of the lower basin, from
Ponte di Piave to the river mouth. A

The benefits expected from this

scenario are linked to the increase in

nutrient  buffer functions and Figure 8 Reforestation scenario (A1) in the Lower Piave

sediment removal by the riparian basin.

vegetation as well an improvement of habitat quality. I also considered the objectives and
functions of the new CAP 2023-2027 on the establishment of ecological corridors and green
infrastructures and of the sustainable development Agenda 2030. Furthermore, European
directives such as the water framework directive (2000/60/EC) and the habitat directive
(92/43/EEC), require for Member States to improve the quality of their natural habitats and to

build a greater connection between natural areas.

The third scenario "B1" (Fig. 9) was based on the reforestation of agricultural areas with

large natural spaces (class 243) of the upper basin in:
- 11,549 ha of mixed woodland (class 313) and
3,025 ha of hygrophilous woods (class 3116).

Reforestation has multiple benefits, promoting biodiversity (Wade et al., 2006), reducing
surface water runoff and soil erosion (Tasser et al., 2003), controlling sediment loss, and
improving soil properties (Seeber and Seeber, 2005). Forests constitute the most important
carbon pool within terrestrial ecosystems, playing a substantial role in the process of mitigating
climate change. They also must adapt to these changes to be able to provide efficient ecosystem
services for human well-being. Afforestation and reforestation are potentially impactful

mitigation strategies, as wood production and carbon (C) storage can be combined. Attention
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to forests and the biological diversity associated with these ecosystems has risen on the agenda
of European policy makers who have adopted the European Green Deal (European
Commission, 2020a), the plan on climate targets for 2030, the EU biodiversity strategy for 2030
(European Commission, 2021) and the objectives of carbon neutrality by 2050. The new CAP
2023-2027 provides for the financing of interventions for afforestation of agricultural and non-
agricultural land, improving rural landscapes and the forest-wood supply chain, favouring the
diversification of farm income. Both permanent and temporary afforestation (short and
medium-long cycle) are also favoured with the objectives of improving ecological connectivity
in agriculture and forestry and mitigating climate change by subtracting greenhouse gases from

the atmosphere, as well as for development of sustainable energy.

Reforestation (B1)
[ 313 - Mixed forest

I 3116 - Hygrophilous woods
[ piave basin PTA

Figure 9 Reforestation scenario (Bl) in the upper basin

The fourth scenario '""C1" was created to consider the possible impacts of a structure to
defend against the flood risk. A flood retention area was selected, based on preliminary
information presented in the Environmental Pre-Feasibility Report dated March 2017 by the
Veneto Region for the hydraulic safety of the middle and lower basin of the Piave river. The
replacement of the land use classes after the acquisition of the flood retention area was
envisaged by the project and corresponding at 6 km? approximately (Fig. 10). It was possible
to convert all the land use contained within the flood retention area into the dominant land use

in the baseline scenario (2018), that is meadows and natural pastures (class 321) figure 7a and
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7b.

The downscaling of the river was performed to better highlight the areas that most

contribute to the export of nitrogen, phosphorus, sediment, and water availability near the river.

Figure 10 Flood retention basin scenario (C1) map

The biogeochemical models and analysis approaches were used to test the impacts of all
twenty-four scenario combinations and compared with the current conditions (A0, B0, CO0)

determined for the year 2018 (Table 3). The models and the results obtained from the scenarios

are discussed individually in the next chapters.

Table 3 Scheme of all scenarios and possible combinations

Lower Piave section
Year Flood Re.tentzon Reforestation
Basin A0 Al A2
C0 (no) C0, A0, BO|CO0, A1, BO|CO0, A2, BO
2018 B0 (no)
(CLC & CI (yes) C1,A0,B0|C1,A1,B0|C0,A2, BO
Climatic C0 (no) C0, A0, B1 | C0, Al, B1 | C0, A2, Bl
variation) BI (yes)
CI (ves) Cl1,A0,B1|Cl1,Al,B1|C0,A2, Bl
C0 (no) C0,A0,B0|C0,A1,B0|C0,A2, BO
2050 B0 (no)
(CLC & Cl (yes) C1,A0,B0|C1,A1,B0|C0,A2, BO
Climatic
variation) C0 (no) C0,A0, B1|CO0,Al1,B1|C0,A2, Bl 81 (res)
CI (yes) Cl1,A0,B1|Cl1,Al,B1|C0,A2, Bl
COMBINATION =24

33




2.3.Climate change scenario

2.3.1. Introduction

Climate scenarios are representations of future climate that has been constructed for
explicit use in investigating the potential impacts of anthropogenic climate change.

The latest special report of the Intergovernmental Panel on Climate Change (IPCC) on
climate change and soil underlines that the increase in the global average surface temperature,
compared to pre-industrial levels, can substantially influence the processes involved in
desertification (water scarcity), land degradation (soil erosion, vegetation loss, forest fires,
permafrost thaw) and food security (crop yield and food supply instability) (IPCC, 2019a).

Climate change will have important consequences for ecosystems and humans (Creutzburg
etal., 2016; Dai et al., 2016). The Atmosphere-Ocean General Circulation Models (AOGCMs)
of the Intergovernmental Panel on Climate Change in the fifth report (IPCC ARY) (Flato et al.,
2013) estimate the potential climate changes during the 21% century under different scenarios
of greenhouse gas radiative forcing, called representative concentration paths - RCP (Fig. 11)
(Moss et al., 2008). Thus, the emission scenarios are plausible representations of the future

development of greenhouse gas and aerosol concentrations.
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Figure 11 Representative concentration paths (RCPs) and their predictive effects.

The RCP2.6 emission scenario assumes that the international community agrees on the
drastic reduction of greenhouse gases. This scenario assumes an additional radiative forcing of
2.6 W/m? by the end of the 21% century. The RCP8.5 scenario assumes that humanity continues
as before by emitting more and more greenhouse gases. This corresponds to a radiative forcing
of 8.5 W/m? at the end of the century.

The intermediate scenario RCP4.5 assumes that the emission of greenhouse gases is
contained, even if their concentrations in the atmosphere increase further in the next 50 years,

the target of +2°C will not be achieved. Compared to 1850, in 2100 the radiative forcing will
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amount to 4.5 W/m? (about 650 ppm CO»-equivalent) (Thomson et al., 2011).

Some studies have shown the first adaptations related to increased growth rates of
temperate forest in response to climate change to respond to changes in CO», temperature and
rainfall starting from the mid-20™ century (Bascietto et al., 2011; Sass-Klaassen et al., 2016).
Conversely, other reports point to varying trends during different periods or overall declines in
forest productivity, mainly related to water stress and increases in insects, diseases, and forest
fires due to rising temperatures (Creutzburg et al., 2016).

Climate change is predicted to increase rainfall intensity (Kunkel et al., 2013), and result
in increased surface water runoff that will cause reduced infiltration into agricultural land
(Basche and DeLonge, 2017). with even greater soil losses than in the early 21 century
(Borrelli et al., 2017).

In the biogeochemical models, I have used the median climate scenario RCP4.5 which
globally predicts +1.4°C (£0.5) by 2050, to assess the impacts of climate change on carbon
stocks, nitrogen and phosphorus dynamics, soil loss and future water availability.

The climate scenario is applied to ecosystem services models (Fig. 12) in combination with
the different land use scenarios to illustrate the influence of policy decisions on the future of

climate and land.

Scenario 2050: RCP — Representative Concentration Pathway 4.5
(IPCC Report 5, 2013) — Dezsi et al. 2018
+1.4°C (£0.5) by 2050 (538 ppm CO2 by 2100)

Annual Precipitation
A Evapotranspiration
NDR Annual Precipitation

Scenario 2050: RCP 4.5 Panagos et al. 2017 (ESDAC)

SDR Rainfall Erosivity (R)

Figure 12 Climate scenario applied to ecosystem services models

2.3.2. Material and methods

The potential influence of climate change on nitrogen, phosphorus and carbon dynamics
was explored using data from historical time series and global climate models. The climatic

components most directly impacting ecosystem services related to the water, carbon, nitrogen
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and phosphorus loads, retention and export are the average monthly precipitation, the number
of days with precipitation, average monthly temperature and average monthly maximum tem-
perature.

The climate of the study area has a temperate humid regime with months of maximum
precipitation in autumn and late spring (May), with minimum precipitation generally recorded
in February and July. The average annual rainfall is highly variable. An analysis of local trends
in precipitation and temperature was performed using:

- ARPAYV data of Ponte di Piave station (1995-2018) and Valdobbiadene (2010, 2020)
stations lower basin; Feltre and Belluno stations (2010, 2020) middle basin; Longarone,
Cortina d’Ampezzo (2010, 2020) and Santo Stefano di Cadore stations (1998-2018)
upper basin (ARPAV, 2021a);

- NOAA data (National Oceanographic and Atmospheric Centre, Silver Spring, Maryland,
USA) from NCEP reanalysis (1948-2018) (NOAA, 2018);

- Global climate projections (2041-2070) (Dezsi et al., 2018).

The climatic components most directly impacting water, carbon and nutrient cycles are the
average monthly precipitation, the number of days with precipitation, average monthly temper-
ature, and average monthly maximum temperature. The data were subjected to decomposition
methods to explore seasonal, inter-annual trends and teleconnections with global climate indi-
ces. The North Atlantic Oscillation (NAO) is an important teleconnection scheme influencing
European climates. It is based on a dipolar model of mean sea level pressure over the North
Atlantic extending from subtropical to sub-arctic latitudes. It is associated with variations in
westerly winds relative to Western Europe, an important factor for winter weather in Europe
(Daly et al., 2008; Hurrell et al., 2003).

Further a multiple regression analysis is typically undertaken to identify the independent
variables that explain if the chemical parameters (ARPAV, 2021b) are influenced by tempera-
ture and precipitation or both.

Future projections were developed with the delta method based on multi-model CMIP5
projections for the 2011-2040 and 2041-2070 periods (referred to as the 2020s and 2050s). The
baseline reference data for monthly precipitation were constructed with parameter regression
of independent slopes model (PRISM) by Daly et al. (2008). | selected a median emission sce-
nario, represented by (RCP) 4.5 that globally predicts a +1.4°C (£0.5) by 2050.
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2.3.3. Results and Discussions
2.3.3.1. Climate change

In 2018, the highest annual precipitation (mm) occurred in the upper catchment with a
mean of 1,599 mm/year, while the precipitation mean in the lower catchment was 1,070
mm/year. The wettest month was October (396 mm), the month with the least rain was

December (10 mm) (Fig. 13).

A
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Figure. 13 The distribution of precipitation in the Piave River catchment in 2018.

Teleconnections with major climate indices indicated potential links of the catchment
climate to conditions in the rest of Europe. The NAO index shows an increased variability since
1950 (Fig. 14), associated with the changes in circulation due to differences in pressure at sea
level. There were several long periods in which the anomalous circulation of the NAO persisted,
particularly from the 1940s to the 1970s, with a downward trend and lower than normal winter
temperatures. After a period of relatively negative NAO values, the last 7 years (2012-2018)
have seen a significant increase, associated with warmer-than-usual winter temperatures and

changes in the precipitation regimes in much of Europe.
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Figure. 14 Variability of the NAO indices from 1950 to 2018.

The monthly dynamics of precipitation showed a much lower seasonality with respect to
temperature, with the former showing a strong autocorrelation from 1995 to 2018 (Fig. 15 and

Fig. 16).

a) Correlogram average b) Correlogram temperature max
temperature Ponte di Piave Ponte di Piave .
[ ac
15 e ac 15
......... lower ceeeeeeee lOwer
1 ......... upper 1 """"" upper
0.5 ) PSSR ... 05— ...
0 TTT Y|Y U U TIY TTTTTT Y|Y T T|Y TTTT T|Y T|Y U L O .El T| T TI T| T TI T| T T| Y| T T| T| T
-0 5 ..................... I -0.5 ......................
-1 -1
0 2 4 6 81012141618202224262830 0 2 46 81012141618202224262830

Figure. 15 Temperature correlograms (a), (b) showing an elevated seasonal component, indicating the

regularity of the monthly average temperature and maximum monthly temperature.
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Figure. 16 Precipitation correlograms (a), (b) showing a high autocorrelation and more complex

dynamics.

There were no significant interannual trends (o = 0.01) identified in the seasonal
decomposition for temperature and precipitation. However, there was an increase in the
irregular component for temperature (p < 0.001), indicating a potential increase of more than
1.5°C by 2050. The increase in the monthly maximum is also significant (p < 0.001),
characterized by an increase (1.2°C by 2050). The irregular component of precipitation (mm
and days for months) did not show a clear trend. A clear negative relationship between the
monthly NAO indices and precipitation (monthly and precipitation days) was identified.
However, the links between the NAO regimes and the hydroclimate are widely regarded as not
being constant over time (Bladé et al., 2011). The output of climate models (Baruffi et al., 2012;
Meehl et al., 2007) suggests a moderate reduction in expected rainfall in the coming decades.
The same models estimate an increase in the temperature of the study area, which implies
greater evaporation and a greater hydrological deficit. Current and future trends and variability
will have clear impacts on ecosystem services related to nutrient flow within the catchment.

Future projections represent an ensemble average of 15 Atmosphere—Ocean General
Circulation Models of the CMIP5 multi-model data set, corresponding to the [IPCC Assessment
Report 5 (Stocker et al., 2013). I selected the median emission scenario RCP 4.5 that globally
predicts a +1.4°C (£0.5) by 2050 (Dezsi et al., 2018). This scenario confirmed a decrease in
precipitation in 2050, with an estimated minimum of 758 mm/year and a maximum of 1,968

mm/year (Fig.17).
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Figure. 17 Estimates of yearly annual precipitation in 2050 following IPCC emission scenario RCP
4.5.

The modelled higher temperatures and more intense precipitation cause greater soil
washout and increase the transport of sediments with consequences in the organic carbon and

phosphate contained in the soil matrix (Orem et al., 2014).

The effect of climate change on the evapotranspiration and water availability of Europe has
been carried out for medium-term (2050s) projections. The water availability is dependent on
changes in evapotranspiration and in the projected precipitation regime. Water availability is
expected to be reduced in the Piave river basin and throughout most of Europe. These values
imply important changes that may affect runoff and groundwater recharge. The analysis for the

Piave River basin generally conforms to previous European studies (Dezsi et al., 2018).
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2.3.3.2.  Regression analysis

The multiple regression analysis made it possible to understand which of the parameters
considered are influenced by temperature and/or precipitation (1 = significant model, 0 = no
significant model in table 4). The analysis was conducted in each of the 7 sampling stations for
each single parameter considered. For nitrite (NO3 -N) the model is significant only in 2 stations,
for pH the model is never significant (Table 4). For ammonia (NH} -N), E. coli and total
phosphorus (T-P) there is a prevalence of stations for which the model is not significant. For
suspended solids (TSS), the stations indicating a significant model are slightly higher, but in
general this parameter was considered not influenced by temperature and precipitation because
the p-values are just < 0.05. Finally, for nitrates (NO3-N), phosphates (PO3~-P), total nitrogen

(T-N), BODs and dissolved oxygen the model is significant in almost all stations.

Table 4 Summary table of the forcing climatic factors models for the water quality of the Piave river

(1 = significant model, 0 = no significant model, P = precipitation, T = temperature).

NH{-N NO;-N NO;-N T-N  BODs Ecoli PO3-P T-P DO TSS

Site (mgLY  (mgLYH (mgL?Y) (mgL?) (mgO,L") (MPN/100mL) (mgL™) (mgL?%) (mgL?) pH (mg L)
Cortina
d’Am- 0 1 1 1 0 0 1 1 1 0 1
pezzo
S. Stefano
di Cadore 0 1 0 0 0 0 1 0 1 0 1
Longa- 0 1 0 1 1 1 1 1 1 0 1
rone
Belluno 0 1 0 1 1 1 1 0 1 0 1
Feltre 1 1 0 1 1 1 0 0 1 0 1
Valdob- 1 1 0 1 1 0 1 1 1 0 1
biadene
g?“te di 1 1 1 1 1 0 1 0 1 0 0
jave
T- T-
TOT 0 0 T- 0 1 0 T- 0 P+
P+ P+

The Ponte di Piave station clearly showed a significant model for most of the chemical
parameters (Table 5). Understanding the fate and transport of nutrients in watersheds requires
knowing the nutrients export and factors that control nutrients mobility through the hydrologic
pathway. The regression analysis showed a significant model between NO3-N, PO;™-P and
precipitation. These results indicates that elevated levels of nutrients (nitrate and phosphate)

was significantly associated with precipitation events and less with temperature increase.
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Table 5 Analysis of forcing climatic factors for water quality at Ponte di Piave.

NHf-N NO3;-N NO;-N T-N BODs E.coi  PO3-P T-P DO pH TSS
(mgL") (mgL") (mgL") (mgL?) (mgO,L') (MPN/100mL) (mgL*) (mgL?) (mgL™) (mg L)
gquare 0.14334 0.1442 0.1696 0.1369 0.1423 0.010997 0.1415 0.012 0.193 0.101 0.003
p-value 0.04194 0.0411 0.02215 0.0489 0.0429 0.797166 0.0438 0.785 0.013 0.112 0.939
Signif. yes yes yes yes yes no yes no yes no no
PreciD. 00008 -00006 -2x10%  -5x10%  -00003  -1.926413 9x10% 5x10% T -4x10* 0,002
coeff. 0.006
Temp. -04 -
-0.0034 -0.011 -0.0006 -0.016 -0.0346 -32.63696 0.0006 -3x10 0.006 0.048
coeff. 0.040
p-value
Precip 0.09656 0.0509 0.95644 0.7017 0.9111 0.860313 0.0181 0.558 0.109 0.386 0.949
p-value
Temp 0.21632 0.0384 0.01045 0.0321 0.0212 0.588154 0.1205 0.579 0.064 0.038 0.764

Alvarez-Cabria et al. (2016) determined that the concentration of nitrates in some rivers of
northern Spain is directly proportional to precipitation while phosphates are not affected by
temperature and precipitation. Zhang et al. (2017) determined that the concentration of
suspended solids in rivers is directly proportional to precipitation. Cox and Whitehead (2009)
determined that the dissolved oxygen concentration in the Thames River is inversely
proportional to temperature. These studies confirm the results obtained from the regression

analysis.

2.3.4. Conclusions

The results should have practical relevance for planning of water use for the near- and
medium-term future. There is a clear increase in temperature and a reduction in precipitation
on the future climate projections to 2050. Uncertainties will remain inherent in predicting future
climate change, even though some uncertainties are likely to be narrowed with time.

The regression analysis was fundamental to determine if the climatic conditions
(temperature and precipitation) have an influence on the other parameters and what kind of

influence is observed.
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3. MACRONUTRIENTS POLLUTION DYNAMICS

3.1. Background

The change in land use, and in particular the conversion to agricultural land, strongly
impacts the water quality in the river basins (Bu et al., 2014). Fertilizers used in agriculture
have far-reaching environmental consequences by changing the natural cycle of nutrients (Xu
et al., 2022). Other anthropogenic nutrient sources include point sources, like industrial effluent
discharges or water treatment plants. When it rains or snows, water flows over the landscape
carrying pollutants from these surfaces to streams, rivers, lakes, and seas. Such processes can
affect aquatic ecosystems which have a limited capacity to adapt to these nutrient loads
(nitrogen and phosphorus) (Pereda et al., 2021).

CS allows for the participation of trained citizen volunteers in research or regulatory
activities, often resulting in an increased data collection on spatial and temporal scales
(McKinley et al., 2017). CS also facilitates increased participation of the general public in
resource management (Pandeya et al., 2021). Despite the diffuse experience in ecological and
environmental projects (Miller-Rushing et al., 2012), CS approaches have seldom been used in
ESs studies focused on provisioning services (Schroter et al., 2017), compared to regulating
and cultural services (Kabisch et al., 2015; Raudsepp-Hearne et al., 2010). Likewise, data from
CS have the potential to support reporting SDGs indicators (Bishop et al., 2020; Fraisl et al.,
2020), those related to SDG 6, clean water, and sanitation.

Ecosystem Services delivered by freshwater ecosystems are strongly influenced by the
interaction of land management, catchment hydrology and climate conditions. How this
interaction plays out over the complex geological, hydrological, and socio-economic conditions
of a basin has direct consequences on ESs related to water quantity and quality (Keeler et al.,
2012; Pereda et al., 2021). Nutrient retention is a key ES, which was modelled using a range of
approaches (Vigerstol and Aukema, 2011) that balance the complexity of model accuracy,
feasibility, computational cost and applicability. Models that are based on well-tested, relatively
simple algorithms using readily available data are more easily understood and adopted by
stakeholders (Sharp et al,, 2018) to develop more integrated catchment management,
fundamental for both river functioning as well as that of its receiving waters.

Coastal zones receiving river inputs are experiencing major eutrophication with related
environmental and economic damage (Josette Garnier et al., 2021). Extreme eutrophication in
Europe (Lancelot et al., 2011; McCrackin et al., 2018), North America (Foster et al., 2003;
Turner and Rabalais, 1994) and China (Cui et al., 2018; Liu et al., 2018) have had major
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consequences on local populations and economies. This is particularly important in Europe,
where Member States have invested significantly to achieve good ecological status in water
bodies, required by the Water Framework Directive (EU, 2000) and the Common Agricultural
Policy (CAP) (European Commission, 2022).

The success of these policies, particularly in Europe (Grizzetti et al., 2012; Romero et al.,
2013), the United States (Rabalais et al., 2002; Turner et al., 2007) and China (Ma et al., 2020;
Wang et al., 2006), led to a significant reduction in P load in many rivers and marine waters
(Minaudo et al., 2015; Torrecilla et al., 2005). Because N loading, largely associated with
diffuse agricultural sources, was not simultaneously reduced, a significant excess of N over P
in river loading became the rule, and eutrophication problems persisted in coastal zones.
Measures taken to reduce N losses from agriculture were less effective than those devoted to
urban wastewater treatment, both due to the difficulties in tackling diffuse versus point sources
of pollution as well as due to agricultural intensification in some areas (J. Garnier et al., 2021).
However, recent studies integrating agricultural activities for the quantification of diffuse
nutrient loading (N especially, and P) and nutrient delivery to the marine coastal zone showed
success (Garnier et al., 2019; Passy et al., 2016).

This led regional and national decision-makers to explore effective and verifiable measures
to reduce nutrient loading through NBS. These efforts are most often focused on improved land
use, with particular attention to the riparian interface between terrestrial and aquatic ecosystems,
which plays an important role in nutrients and sediments dynamics (Gumiero et al., 2011;
Gumiero and Boz, 2017; Mello et al., 2017). The riparian forest provides protection against
erosion, retention of pollutants, excessive nutrients runoff and water temperature (Loiselle et
al., 2016; Sabater et al., 2003), with benefits for the quality of human life and biodiversity
(Saalfeld et al., 2012; Tanaka et al., 2016; H. Yang et al., 2016). In this context, Zhang et al.
(2010) and Yang et al. (2016) emphasized the importance of improving our understanding of
the benefits of NBS focused on riparian zone restoration.

Besides agricultural intensification, climate change can also enhance eutrophication and its
effects on the aquatic environment. Changes in precipitation will modify nutrient delivery
through changing surface and river water flows (Glibert et al., 2014a; Wahlstrém et al., 2020).
These effects are sensitive to precipitation intensity as well as aggregate precipitation as reduced
river water flow increases residence time and decreases nutrient dilution (Raimonet et al., 2018;
Whitehead et al., 2009). Ecosystems’ responses to both climate change and eutrophication may
be hard to unravel and thus difficult to predict, but current knowledge suggests that climate

change will worsen the present situation (Duan et al., 2014).
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The present study utilizes multiple data sources and CS to explore the link between NBS
and ESs related to nutrient retention. I compared different riparian zone NBS in relation to their
ES costs and benefits related to nutrient retention under a future climate change scenario (2050)

in one of Italy’s most important rivers.

3.2. Materials and Methods
3.2.1. Nutrient Model

Model development and validation were performed using information from different
regional, national, and global datasets and through in situ monitoring, both from the regional
environmental agency (ARPAV) and citizen scientists. Geographic and temporal dynamics of
the nutrient export and retention in the Piave River catchment were modelled following the
mass balance approach of the IN'VEST nutrient delivery ratio model (version 3.9) (Sharp et al.,
2018).

The model is based on mapping nutrient sources and their potential for transport to the river
to identify the spatial variation in nutrient retention across the watershed with respect to
different land use/land cover conditions (LULC, e.g., vegetative areas) and catchment
morphology.

Basin nutrients dynamics were based on nutrient loads across the landscape and the nutrient
retention capacity of the landscape. Nutrients loads per LULC were identified from data
acquired in collaboration with the regional environmental agency river consortiums and
available empirical data. Nutrient flows were divided into sediment-bound (transported via
surface flow) or dissolved (and transported via subsurface flow).

The nutrient delivery ratio index (NDR) was simulated for each pixel (20 m resolution) of
the catchment, based on the nutrient loads, LULC, and a digital elevation model. At the
watershed outlet, the P and N export to the river was calculated based on the weighted
aggregation of pixel-level contributions: site-specific information related to the maximum
retention efficiency, a runoff proxy (i.e., annual precipitation) representing the spatial variability
in runoff potential, and an estimate of the proportion of nutrients delivered via subsurface and
surface flows (Fig. 18). The subsurface flow was considered for nitrogen only and was

estimated from nitrate concentrations in the ground and surface waters.
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Figure 18 Conceptual representation of nitrogen and phosphorus input models. Each pixel i is
characterized by its nutrient load and export (nutrient delivery ratio, NDR), a function of the
upslope area and the downslope outflow path (and the retention efficiency of the types of LULC

on flow paths). Pixel-level export is calculated on these two factors.
3.2.1.1.  Nutrient load

The loadings are the nutrient sources associated with each pixel of the landscape, and the
loading of each pixel is modified to account for the local runoff potential. This runoff potential
is utilized through a raster of mean annual rainfall, or from the “quickflow” output raster of the
Seasonal Water Yield model, i.e., the amount of rain that flows off the earth's surface rapidly
(producing a rapid flow) relative to the infiltration into the soil (producing local recharge),
determined by the properties of the soil and the type of cover.

For a pixel i:

loadgy,r; = (1 — proportion_subsurface;) - modified.load,, (1)

If no information is available on the proportion of nutrients transported through subsurface
flow (proportion_subsurface), the most appropriate value for a conservative and initial estimate
of nutrient transport is a proportion_subsurface equal to 0, which means that all nutrients are

reaching the flow through the surface flow. In the equation, modified.load,; denotes the

nutrient load adjusted for the potential runoff to the land.
3.2.1.2.  Nutrient surface export

The nutrient delivery (NDR) is the product of an export factor, which represents the ability
of downstream pixels to transport nutrients without retention, and a topographic index, which

represents location on the landscape. For a pixel i:
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NDR; = NDRq,; (1 + exp (%) )_1 @)

where /Cy and k are calibration parameters, /C; is a topographic index and NDRy,; is the
proportion of nutrients that are not retained by downstream pixels (regardless of the pixel's
position on the landscape). NDRy,; is based on the maximum retention efficiency of the ground
between a pixel and the stream:

NDRy; =1 —eff/ (3)

Moving along a flow path, the additional retention provided by each pixel is calculated,
considering the total distance travelled through each type of LULC. Each additional pixel of
the same LULC type will contribute less to the total retention, until the maximum retention
efficiency for the given LULC is reached. Total retention is limited by the maximum retention
value that LULC types along the path can provide, ef fiy.c;-

IC, the connectivity index, represents hydrological connectivity, i.e., the probability that

the nutrient on a pixel reaches the flow. In this model, the IC is a function of topography only:

— (Pup
IC = (an) (4)
with
Dyp = VA )
and
d;
an = le_l (6)

where D,,;, = S is the average slope gradient of the upstream contributing area (m/m), A is the

upstream contributing area (m?); d; is the path length of the flow along the i-th cell in the

direction of the steepest slope (m), and S; is the slope gradient of the i-th cell, respectively.
The export of nutrients from each pixel i is calculated as the product of the load and the

NDR:
Xexp; = loadsurf,i ’ NDRsurf,i + loadsubs,i ’ NDRsubs,i (7)

The total nutrients at the outlet of each defined watershed are the sum of the contributions

of all pixels within that watershed:
Xexpor = i Xexp; (8)
3.2.1.3.  Nutrient subsoil export
Subsoil nutrient input is limited to nitrogen (nitrate) flux in relation to soil nitrate retention

efficiency and distance from the flow. It stabilizes at the value corresponding to the maximum

47



nutrient retention of the identified subsoil:

—5-f
NDRsubs,i =1 — effgyps (1 — € fsubs> 9)

Where effsuss 1s the maximum nutrient retention efficiency that can be achieved through
groundwater flow (i.e., retention due to biochemical degradation in soils), £suss 1S the retention
length of the subsurface flow, i.e., the distance after which it can be assumed that the soil

retains the nutrient at its maximum capacity, ¢; is the distance from the pixel to the stream.

3.2.2. Data Sources for Model Development and Validation

Data required to develop and validate the nutrient N and P models were obtained from
multiple sources and include:

A digital elevation model (DEM), of 20 m resolution, obtained from the national research
authority - ISPRA (Istituto Superiore per la Protezione e la Ricerca Ambientale) (ISPRA, 2020),
was corrected to fill hydrological sinks and checked with the digital watercourse network to
ensure routing along the specific watercourse, using QGIS 3.18 (https://www.qgis.org).

LULC raster data (2018) were obtained from Corine Land Use Land Cover IV Level for
Italy (ISPRA, 2018), at a 100 m resolution; Current scenario considered CLC 2018 raster

modified according to the baseline scenario (Al, A2, B1, C1). Future scenarios (2050) raster
were based on the developed land use variation scenarios (A0, A1, A2, BO, B1, C0, C1).

Nutrient runoff proxies were based on raster precipitation data from 2018 (ARPAYV, 2021a)
at 20 m resolution. These raster data were interpolated using an inverse distance weighting of
information from 72 stations. Future Nutrient runoff proxies were based on precipitation
estimates for 2050 by Deszi et al. (2018) with high-resolution gridded surfaces at 1 km cell size
developed in an Albers Equal Area Conic projection for Europe.

Vector delineation of the watershed and water elements was obtained from the geoportal of
ARPAY, relative to the Water Protection Plan 2015 (Piano di Tutela delle Acque) (ARPAV,
2018a, 2018b).

The threshold value for flow accumulation, the number of upriver cells that flow into a cell
before it is considered part of a river, was set to 1000, after several tests to compare the river
layer output of the model to the measured river network data (ARPAYV, 2018a).

Borselli’s k for the connection of the surrounding land to the river with respect to the ratio
of nutrients reaching the river was set to 2 (Borselli et al., 2008).

The nutrient (N and P) sources associated with each LULC class (kg ha™! year!) were based
on 2001 data from ARPAV for Corine LULC classes 111-243 (artificial surfaces and

agricultural areas) for each municipality and scaled for relative population changes in 2020. For
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Corine LULC classes 3112523 (forest and semi-natural areas and water bodies), nutrient load
data were obtained from the ARPAV relative to 2018 (ARPAV, 2018c). The proportion of
subsurface N, a floating-point between 0 and 1, was obtained by intersecting a Corine LULC
2018 vector layer with a groundwater infiltration potential layer (ARPAV, 2018d). In order to
obtain the proportion of subsurface N, the groundwater N infiltration risk potential was
compared to the protective soil capacity layer (Giandon P., 2016) (Table 6). For each LULC,
the final subsurface N value is weighted for the % of Corine LULC polygons per risk class and
calculated as the median of all level 1 Corine LULC classes (i.e., all urban classes, all

agricultural classes, all forest classes, etc.) (Table 6).

Table 6 The proportion of subsurface N weighted for the % of Corine LULC per risk class.

Proportion of

Assigned Risk Subsurface N to Sur-

Soil Protective Capacity Table

Potential face N per Risk Class

. . Reference Values (to

ngr)?(;[ilt()yn tlig];: Igﬁx L:]SS_O f Risk Be Weighted per °/c() of

3 LULC Polygons)

High <12% <5% Very low 0.05
Medium high 12-28% 5-10% Low 0.075
Medium low 29-40% 11-20% Medium 0.155
Low >40% >20% High 0.2

The proportion of subsurface N value was estimated using groundwater nitrate data from
ARPAYV for 2018 (ARPAYV, 2018e), which has a lower temporal resolution (30%) with respect
to surface NO3.

Retention efficiency for N and P, as the maximum nutrient retention expected from each
LULC type, were calculated following Parn et al. (2012), Mayer et al. (2007) and Zhang et al.
(2010);

Retention lengths for N and P for each LULC class, as the typical distance necessary to
reach the maximum retention efficiency, were based on previous studies of riparian buffers
(Mayer et al., 2007; Zhang et al., 2010) and ranged from 10 to 300 m. In the absence of data,
the retention length was set to the pixel size.

Subsurface critical length, the distance after which the soil retains N at its maximum ca-
pacity, was set to 200 m following Mayer et al. (2007). Maximum retention of N reached
through subsurface flow was set to 0.8.

Nitrate and phosphate concentrations were obtained through regulatory (ARPAV) and CS

measurements. Quarterly ARPAV monitoring of total nitrogen and total phosphorus in four
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stations in the upper catchment and four sites in the lower catchment were used for model de-

velopment. Data are available online at www.arpa.veneto.it/dati-ambientali/open-

data/idrosfera/corsi-dacqua (accessed on 3 August 2021).

Trained citizen scientists used the FreshWater Watch method (https://freshwater-

watch.thewaterhub.org/content/freshwater-watch-how-quide, accessed on 3 August 2021) to

determine nitrate and phosphate in 12 sites in the lower catchment for model validation. Online
and video training followed the standard training program of this global citizen science project
[88]. Thirty-five participants in the lower catchment of Piave from Ponte di Piave to the sea
collected both observation data (colour, presence of algae, etc.) and semi-quantitative measure-
ments of water quality (nitrate, phosphate, nephelometric turbidity) (Scott and Frost, 2017;
Thornhill et al., 2018) from 2019 to 2021. Nitrate (NO3-N) and phosphate (PO3~-P) were meas-
ured in closed plastic tubes, which are designed to mix a fixed volume of water with reagents
to produce increasing colour values (peak absorption at 540 nm) with increasing concentration.
PO3~-P concentrations were estimated colourimetrically using inosine enzymatic reactions in
seven specific ranges from 0.02mg L *to 1.0 mg L™* PO3~-P (<0.02, 0.02-0.05, 0.05-0.1, 0.1
0.2,0.2-0.5, 0.5-1.0, <1.0 mg L) (Strickland and Parsons, 1972). Nitrate—nitrogen concentra-
tions were estimated colourimetrically using N-(1-napthyl)-ethylenediamine (Law Al and
Adeloju, 2013), in seven specific ranges from 0.2 mg L™ to 10 mg L ! NO3-N (<0.2, 0.2-0.5,
0.5-1.0, 1.0-2.0, 2.0-5.0, 5-10, >10 mg L%). The median values for each classification were
used to allow for quantitative analysis. During the measurements, geo-location and time were
recorded automatically using the FreshWater Watch app and transferred to the online database

after validation (https://freshwaterwatch.thewaterhub.org/, accessed on 3 august 2021). Once

entered, all data underwent quality control by project leaders and citizen scientists.

3.2.3. Cost Analysis of N and P

In order to compare the costs and benefits of different NBS scenarios, an estimate of the
economic value associated with phosphorus and nitrogen retention service of the Piave
catchment was determined using the reported costs of recent NBS projects focused on nutrient
reduction. The projects considered were performed in the same region by the Drainage
Authority ‘Consorzio di Bonifica Acque Risorgive’, from 2003 to 2020 (CBAR, 2021). These
projects were financed by the Decree of the Ministries of the Environment and of Labour to
reduce the nutrient loads to the Venice Lagoon. I conducted a multiple linear regression after
adjusting for inflation to estimate the typical costs of N and P removal. These were compared

to recent studies on the costs for nitrate and phosphate removal by improvements to wastewater
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treatment (Jiang et al., 2004; Strokal et al., 2016). In general, cost estimation of nutrient
reduction is based on the analysis and estimation of different components such as energy
consumption, chemicals’ consumption, personnel salaries, maintenance expenses, construction
materials and their quantities, mechanical equipment and land cost (Bashar et al., 2018;
Gratziou et al., 2013). As NBS actions include costs that are not directly related to individual

components, using an empirical aggregated approach was deemed more appropriate.

3.3.Results

The changes in nutrient retention-related ESs in the Piave catchment showed the relative
impact of different NBS scenarios and the impact of climate change, in particular precipitation

and a table for calculating the estimate of:
3.3.1. Results — Nitrogen Model

The results of the model for the nitrogen inputs include a series of output layers — raster —
with the same resolution as the digital model of the input terrain, which for the Piave basin is
20 m, and a table of the estimate of:

- Surf load : total annual loads in the catchment area of N (kg/year), i.e. the sum of the
nutrient contribution from the entire LULC surface without filtering by land cover
classes and landscape type.

- Exp_tot : the total export (kg/year) of N to the river, considering the LULC land cover.

- Sub load : Total annual loads in the subsoil of N (kg/year).

3.3.1.1. Comparison of 2018 scenarios

The reforestation scenario COAOB1 (B1) represented the best scenario for the nitrogen
dynamics, with a reduction in both loads (surface and groundwater) and in the nitrogen export.
The surface load in scenario B1 decrease by 1.50% (4.45x10° kg/year), while the underground
load decrease by 0.37% (2.22x10* kg/year). In the scenario B1 nitrogen exports decrease by
5.67% (2.46x10° kg/year) compared to the values obtained in the current scenario (2018) (Table
7 and Fig. 19). The reduction foreseen in these scenarios is mainly linked to the conversion of
agricultural areas into forest cover, this allows a greater absorption of nitrogen by plants.

The increase in surface area in the riparian forest along the river allows it to perform the
function of a buffer strip, protecting against widespread contamination, acting as a filter capable
of retaining excess nutrients which, in the absence of vegetation, can easily reach the river. In
the Lower Piave both the COA1BO0 (A1) and the COA2B0 (A2) scenarios showed effects on the

reduction of nitrogen compared to the current situation.
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River restoration scenario Al (Fig. 20) between the two scenarios envisaged inside the
embankments showed overall the best conditions for the reduction of surface (0.06% = 1.92
x10* kg/year), subsurface (0.09% = 5.22x10° kg/year) and of exports to the river (0.17% =
7.42x10° kg/year) (Table 7).

The flood retention basin scenario (C1) showed a decrease in nitrogen in all its
compartments but does not bring a further improvement compared to the base scenarios without
intervention for hydraulic safety (Table 7). The combinations of scenario C1 with the other
scenarios (A1, A2, B1) showed a reduction in loads and nitrogen retention compared to the base

scenarios without a box (Table 7).
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Table 7 Variation in nitrogen inputs based on 12 management scenarios of the Piave river basin under

current climatic conditions (2018).

2018 NDR Basin NDR Basin %
Scenario surf load N sub load N exp tot N surf load N sub load N exp tot N
(kg/year) (kg/year) (kg/year) (kg/year) % (kg/year) % (kg/year) %
C0,A0,B0  2.99x107 596 x10° 4.47 x10° 2.99x107 5.96x10°  4.47 x10°
C0,A1,B0 2.99x10” 595x10° 4.46x10° -0.06 -0.09 -0.17
C0,A2,B0 299x107 596x10° 4.46x10° -0.05 -0.01 -0.13
C0,A0,B1  294x10" 594x10° 4.22x10° -1.50 -0.37 -5.67
C0,A1,Bl  294x107 593x10° 4.22x10° -1.57 -0.46 -5.84
C0,A2, Bl  294x10" 593x10° 4.22x10° -1.56 -0.38 -5.80
C1,A0,B0 2.99x10” 596x10° 4.47x10° -0.04 -0.03 -0.08
C1,A1,B0 299x107 595x10° 4.46x10° -0.11 -0.12 -0.25
C1,A2,B0 299x107 596x10° 4.46 x10° -0.10 -0.04 -0.21
C1,A0,B1  294x107 593x10° 4.22x10° -1.54 -0.39 -5.72
Cl1,Al1,Bl  294x107 593x10° 4.21x10° -1.60 -0.48 -5.89
C1,A2,Bl  294x107 593x10° 4.22x10° -1.59 -0.40 -5.85
a b
A A
N export 2018 AOBOCO (Kg/anno) N export 2018 A0B1CO (Kg/anno)
0 10
121 B 1.21
. 2.42 B 242
N 3.63 W 363
N 4.84 B 4.84
fiume Piave fiume Piave

Figure 19 Maps of the spatial distribution of nitrogen exports for 2018. (a) baseline scenario (b) BI best

scenario which envisages reforestation in the upstream basin.

53



Figure 20 Detail of N exports in the Lower Piave section in 2018. (a) baseline scenario (b) scenario

Al

3.3.1.2.  Comparison of 2050 scenarios

The scenarios developed for 2050 showed a significant reduction in the load (surface and
underground) and in the export of nitrogen compared to the 2018 scenarios. These results are
linked both to the increase in the wooded area and to the variation in the nutrient runoff proxy,
1.e. the precipitation according to the selected RCP 4.5 model show a reduction of rainfall and
rainy days in the basin area (Dezsi et al., 2018).

The dynamics of nitrogen in the Piave basin forecast for 2050 showed B1 as the best
scenario (Table 8 and Fig. 21a) with a reduction of 3.33% (9.80x10° kg/year) of surface N loads
of 1.68% (9.94x10* kg/year) of subsoil loads and of 6.95% (3x10°> kg/year) of N export
compared to current conditions (COAOBO 2018 in Table 7).

Scenario Al (Fig. 21b), between the two scenarios envisaged inside the embankments,
overall presents the best conditions for the reduction of surface nitrogen loads (1.81%),
subsurface nitrogen (1.37%) and export to the river (1.13%). Also in this case, the increase in
the riparian vegetation belt in the floodplain of the lower Piave leads to nitrogen reduction
effects compared to the baseline situation (2018).

The single scenario that envisages the work for hydraulic safety (C1) showed a less effects
in reducing nitrogen compared to B1 and A1 scenarios. While a combination of these scenarios
brings a benefit in the reduction of loads and in nitrogen retention (Table 8) compared to the
conditions of 2018 (Fig. 22). For example, scenario B1 (6.95%) combined with scenario C1
reduced the N exports of 7.01% (3.03x10° kg) less per year, which translates into a reduction
difference of 2.31x10° kg/year of nitrogen.
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Table 8 Variation in nitrogen inputs based on 12 management scenarios of the Piave river basin under

future climatic conditions (2050).

2050 NDR Basin NDR Basin %
Scenario surf load N sub load N exp tot N surf load N sub load N exp tot N
(kg/year) (kg/year) (kg/year) (kg/year) % (kg/year) % (kg/year) %
C0,A0,BO0  2.94 x10’ 5.88 x10° 4.43 x10° -1.74 -1.28 -0.96
C0,Al1,B0 2.93 x10’ 5.88 x10° 4.42 x10° -1.81 -1.37 -1.13
C0,A2,B0 2.94x10’ 5.88 x10° 4.42 x10° -1.80 -1.30 -1.09
C0,A0, Bl  2.89x10’ 5.86x 0° 4.17 x10° -3.33 -1.68 -6.95
C0,A1,Bl1  2.89x10’ 5.85x10° 4.16 x10° -3.40 -1.77 -7.14
C0,A2, Bl  2.89x10’ 5.86 x10° 4.16 x10° -3.39 -1.69 -7.10
C1,A0,B0 2.94x10’ 5.88 x10° 4.42 x10° -1.79 -1.32 -1.05
Cl1,A1,B0 293x107 5.87x10°  4.41x10° -1.86 -1.41 -1.22
C1,A2,B0 2.93 x10’ 5.88 x10° 4.42 x10° -1.85 -1.33 -1.18
Cl1,A0,B1 2.89x107 5.86x10° 4.17x10° -3.37 -1.70 -7.01
Cl1,Al,Bl  2.89x10’ 5.85 x10° 4.16 x10° -3.44 -1.79 -7.20
Cl1,A2,B1 2.89x107 5.86x10° 4.16x10° -3.43 -1.71 -7.15
a b
A A

N ex[;))ort 2050 AOB1CO (Kg/anno) N exgort 2050 A1BOCD (Kg/anno)

= 20o —Hr

Il 3.58 N 3.58

N 5.07 -5.07 e

Figure 21 Comparison of maps of spatial distribution of N exports between (a) scenario Bl where the

reduction of N exports is more evident compared to scenario Al (b).
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Figure 22 Difference map of N export distributions between the AIBI1C0 2050 scenario and the 2018
baseline scenario (A0BOCO0).

3.3.1.3. Validation

To validate the model on the N load exported to the river, the ARPAV data of 2018 were
used, the data collected by the citizen scientists active in the project in 2020, considering the
average monthly concentrations of N and the river flows for 2018. the average monthly flow
rate at Ponte di Piave (116 m¥/s) was used, which does not differ significantly from the
measurements made at Nervesa della Battaglia (130 m?/s).

The ARPAV samples for station 65 of Fossalta di Piave (Table 9) show high concentrations
of total nitrogen (TN) in winter of 2.17 mg L™ and lower concentrations in summer and autumn
of 1.32 mg L!. Taking these values as a reference, the total load exported to the river was

estimated (Table 9).

Table 9 Validation of model data with ARPAV data, estimated loads referring to 2018.

ARPAV _ Export ARPAV
2018 Min Max Mean SD (kg/year)
T-N (mg L) 1.19 235 1.62 0.43 5.75 x10°

For nitrogen, ARPAV (2018) estimated that the total loads (kg/year) in Veneto were around
137,227,512 kg/year, coming from breeding (36.6%) and from fertilizers (63.4%), for a load
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unitary average (kg/Ha) of 171.4 kg, and falls under the high load class of fertilizer.

Further validation was done with citizen science (CS) data. Trained citizen scientists
collected more than 100 samples along the lower reaches of the Piave River, from Ponte di
Piave to its mouth, where the number of environmental agency monitoring stations is limited
to one station. Nitrate (NO3-N) concentrations are high in autumn (1.63 mg L) and low in
summer (0.90 mg L). Taking these values as a reference, the total load exported to the river

was estimated (Table 10).

Table 10 Validation of model data with data from citizen scientists, estimated loads referred to 2020.

CS Export CS

Mi M M D
2020 " - e > (kg/year)
NO3-N (mgL") 0. 7.5 1.37 0.61 4.48 x10°

From the values obtained with the ARPAV data and from those obtained with citizens' data,
it can be deduced that, although the model provides a good approximation of the nitrogen
exports of the Piave. It is noted that the model used contains some parameters for which the
output values generally show a high sensitivity to the input data. The input data for the N loads
on the Piave basin used in the model are given for land use classes a) urban 2)
agricultural/zootechnical 3) industrial. For land use classes not included in these categories
(wooded areas, pastures and prairies, rocky areas) present in the Piave river basin, the data
relating to N were obtained from ARPAV using a layer on the loads of N in Veneto. This
indicates that in the absence of specific data relating to the real loads of N on the basin, and
relating to a specific year, the results of the model can deviate starting from the concentrations
of the ARPAV samplings during 2018. Despite this, the nitrogen model proves valid in
estimating the total load of N that can reach the river throughout the catchment area, and it is
important to monitor N sources, collect emissions data and monitor any changes that occur in
land use, to refine the model to obtain forecasts useful for the management of the river habitat

and the services it provides.
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3.3.2. Results — Phosphorus Model

The results of the NDR model for the phosphorus inputs include a series of output layers
(raster) with the same resolution as the digital model of the input terrain, which for the Piave
basin is 20 m, and a calculation table of the estimate of:

- Surf load : Total annual loads in the catchment area of P (kg/year), i.e. the sum of
the nutrient contribution from all LULC surface area without filtering by land cover
classes and landscape type.

- Exp_tot : the total export (kg/year) of P to the river, considering the LULC land

cover.

3.3.2.1. Comparison of 2018 scenarios

The B1 scenario showed the best dynamics in reducing P load and retention compared to
the other 2018 scenarios (Figure 23). The annual P load decrease by 5% (5.55x10° kg/year),
while the total P export decrease by 28.71% (1.50x10° kg/year) (Table 11). The greater presence
of forest vegetation brings a benefit for the roots that retain the soil and consequently the
phosphorus. Furthermore, phosphorus is one of the essential nutrients for plant growth, as well
as being retained by the roots it is also absorbed by them.

The scenario A2 (Fig. 23b), reforestation in the banks of the lower Piave, showed the best
effects in reducing the P load (0.18% = 2.06x10* kg/year) and retention (0.56% = 3.33x10°
kg/year). This P reduction is linked to the greater presence of riparian vegetation inside the
banks foreseen for the scenario.

The scenario that envisages the intervention for hydraulic defence (C1), showed a reduction
in P load and export, but not significatively compared to the other base scenarios. Instead, the
combination of the hydraulic defence scenario (C1) and the other baseline scenarios showed a
better reduction in phosphorus exports (Table 11). For example, the C1 scenario combined with
the B1 showed a decrease of 28.91% (1.51x10° kg/year), with a difference of 1.07x10° kg/year

less than the scenario B1 alone.
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Table 11 Variation in phosphorus inputs based on 12 management scenarios of the Piave river basin

under current climatic conditions (2018).

2018 NDR Basin NDR Basin %
Scenario surf load P exp_tot P surf load P exp_tot P
(kg/year) (kg/year) (kg/year) % (kg/year) %
C0, A0, BO 1.14 x10’ 5.97 x10° 1.14 x10’ 5.97 x10°
C0, Al, BO 1.14 x107 5.94 x10° -0.20 -0.51
C0, A2, BO 1.14 x10’ 5.94 x10° -0.18 -0.56
C0, A0, B1 1.08 x10’ 4.47 x10° -5.00 -28.71
C0, Al, B1 1.08 x10’ 4.44 x10° -5.21 -29.38
C0, A2, Bl 1.08 x10’ 4.44 x10° -5.19 -29.44
Cl1, A0, BO 1.14 x10’ 5.95 x10° -0.07 -0.30
Cl, Al, BO 1.14 x10’ 5.92 x10° -0.27 -0.81
Cl, A2, BO 1.14 x10’ 5.92 x10° -0.25 -0.86
Cl1, A0, B1 1.08 x107 4.46 x10° -5.06 -28.91
Cl,Al, Bl 1.08 x107 4.43 x10° -5.27 -29.58
Cl1,A2, Bl 1.08 x107 4.43 x10° -5.25 -29.64
a b
A A
P export 2018 AOB1CO (Kg/anno) ,, if Pl P export 2018 A2B0CO (Kg/anno)
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Figure 23 Maps of the spatial distribution of nitrogen exports for 2018. (a) BI best scenario which
envisages reforestation in the upstream basin (b) A2 best scenario inside the banks of the

Lower Piave.
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3.3.2.2.  Comparison of 2050 scenarios

The B1 scenario (Fig. 24a) showed greater reduction of P load (5.67% = 6.26x10° kg/year)
and exports (27.58% = 1.45x10° kg/year) compared to the others climate change scenarios to
2050, considering the RCP 4.5 model of rainfall reduction.

Furthermore, the other base scenarios showed an increase in exports of phosphorus: the
base scenario (A0) by 2.07% (Fig. 24b), the A1 scenarios by 1.53%, the A2 by 1.49% and Cl1
by 1.74%, indicating a lower P retention in the middle and lower basins (Table 12). This
dynamic, in the long term, leads to an impoverishment of the soils of this nutrient. These factors
can be explained by the reduction in rainfall which is witnessed in the climate change scenarios
and the reduced size of the area inside the banks of the lower Piave, while the increase in the
wooded surface of 14,000 ha upstream allows the reduction of export of P.

The combination of the B1 and A2 scenarios (Fig. 25a, b), both with reforested areas, lead
to a reduction in phosphorus exports of 28.34% (Table 12) due to the sum of the positive effects
linked to reforestation upstream and within the banks of the lower Piave showed 1.48x10° kg
of P less per year.

The scenario C1 which consider the flood retention basin showed an increase in P exports
of 1.74% (Table 12). The export of P showed an increase, although to a lesser extent, from the
combination of scenario C1 with scenarios A1 and A2. The combination of scenarios C1 and
B1 showed a further reduction in both the load (5.74%) and exports (27.81%) of phosphorus
(Table 12).

Table 12 Variation in phosphorus inputs based on 12 management scenarios of the Piave river basin in

future climatic conditions (2050).

2050 NDR Basin NDR Basin %
Scenario surf load P exp_tot P surf load P exp_tot P
(kg/year) (kg/year) (kg/year) % (kg/year) %
C0, A0, BO 1.13 x107 6.09 x10° -0.44 2.07
C0, A1, BO 1.13 x107 6.06 x10° -0.65 1.53
C0, A2, BO 1.13 x107 6.06 x10° -0.63 1.49
Co0, A0, B1 1.08 x107 4.52 x10° -5.67 -27.58
C0, A1, B1 1.07 x107 4.49 x10° -5.90 -28.29
C0,A2, Bl 1.07 x107 4.49 x10° -5.87 -28.34
C1, A0, BO 1.13 x107 6.07 x10° -0.51 1.74
Cl1, A1, BO 1.13 x107 6.04 x10° -0.72 1.20
Cl1,A2, B0 1.13 x107 6.04 x10° -0.70 1.16
Cl1, A0, Bl 1.07 x107 4.51x10° -5.74 -27.81
Cl1, Al, Bl 1.07 x107 448 x10° -5.96 -28.52
Cl1,A2, Bl 1.07 x107 4.48 x10° -5.94 -28.57
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Figure 24 Maps of the spatial distribution of phosphorus exports for 2050. (a) Bl best scenario where
the export of P decreases (b) scenario AOBOCO where the export of P increases.
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Figure 25(a) Map of the spatial distribution of P exports for the best combination of A2B1 scenarios.
(b) Difference map between the 2018 baseline scenario and the 2050 A2B1 scenario.
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3.3.2.3. Validation

To validate the model on the P load exported to the river, the ARPAV data of 2018 were
used, the 2020 data collected by the citizen scientists active in the project, considering the
average monthly concentrations of P and the river flows for 2018. the average monthly flow
rate at Ponte di Piave (116 m?®/s) was used, which does not differ significantly from the
measurements made at Nervesa della Battaglia (130 m?/s).

The ARPAV samples for station 65 of Fossalta di Piave show high concentrations of total
phosphorus (TP) in autumn (0.037 mg L) and low in winter (0.021 mg L). Taking these

values as a reference, the total load exported to the river was estimated (Table 13).

Table 13 Validation of model data with ARPAV data, estimated loads referring to 2018.

ARPAV Export ARPAV
Mi M M D
2018 in ax ean S (kg/year)
T-P (mg L‘l) 0.016 0.059 0.029 0.01 1.04 x10°

Further validation was done with citizen science (CS) data. Trained citizen scientists
collected more than 100 samples along the lower reaches of the Piave River, from Ponte di
Piave to its mouth, where the number of environmental agency monitoring stations is limited
to one station. Phosphate concentrations (PO3-P) are low in winter (0.11 mg L!) and high in
summer (0.52 mg L). Taking these values as a reference, the total load exported to the river

was estimated (Table 14).

Table 14 Validation of model data with data from citizen scientists, estimated loads referred to 2020.

CS Export CS
Mi M M D
2020 m ax can S (kg/year)
POI-P(mgL') 0.0l 15 0.032 0.022 8.04 x10°*

The values obtained with ARPAV data and those obtained with citizens' data are very
similar and demonstrate that the model provides a good approximation. It should be
remembered that the input data for the P loads on the Piave basin used in the model are given
for the land use classes a) urban 2) agricultural/zootechnical 3) industrial. For land use classes
not included in these categories (wooded areas, pastures and prairies, rocky areas) present in
the Piave river basin, the data relating to P were estimated from a layer on N loads in Veneto
considering a ratio of N:P equal to 3.67 (derived from the N:P ratio for the municipalities of the
Piave basin as the sum of the contributions from urban, agricultural and industrial areas, both
for N and for P). In the absence of specific real data on P loads in the basin, the results of the

model can deviate from the results obtained from those obtained with ARPAV data. Despite
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this, the phosphorus model proves to be valid in estimating the total load of P that can reach the

river throughout the basin area.
3.4. Discussions

3.4.1. Nutrient Dynamics and Distribution

There is growing awareness that NBS can help to reduce climate change-related impacts
as well as providing ecosystem services (Redhead et al., 2018; Seddon et al., 2020). The results
of the simulated nutrient conditions in four different NBS scenarios for 2050 suggest that the
nutrient load and export in the Piave river catchment is sensitive to climate change and to an
increase in wooded areas, particularly in agricultural areas where there is a trend in agricultural
land abandonment (Lasanta et al., 2017; Malavasi et al., 2018). This rural exodus, which began
after World War 11, triggered the process of natural vegetation regrowth that continues into the
present (Rocchini et al., 2006). Reforestation presents multiple benefits, promoting biodiversity
(Wade et al., 2006) as well as reducing surface water runoff and soil erosion (Tasser et al.,
2003), control sediment loss and improve soil properties (Seeber and Seeber, 2005).

The overall impact of each NBS scenario is clear in the reduced export of both phosphorus
and nitrogen, with the largest reduction for a single scenario occurring for B1, the reforested
area of the upper catchment (export reduction for N of 328 tonnes/year, export reduction for P
of 144 tonnes/year). The values confirm support studies that show increased forest cover and
decreased agricultural areas decrease sediment, nitrogen and phosphorus exports (Mello et al.,
2017).

The reductions associated with the scenario of Al in the lower section are less evident but
still represent a significant reduction in nutrient export. The lower catchment is heavily im-
pacted by intensive agriculture both inside and outside the riverbanks, leaving very little area
for hygrophilous riparian vegetation, with that remaining colonized often by invasive species.
NBS actions focused on river renaturalization, and restoration were shown to provide multiple
benefits on nutrient mitigation as well as other ESs. The erodible bank expansion in the Al
scenario is also intended to restore river dynamics but, as a consequence, will increase P export
(Fox et al., 2016).

While the overall reductions in nutrient export provide a tool for understanding the benefits
of NBS related reforestation and restoration activities, key information can be gained from ex-
ploring the spatial distribution of ecosystem services based on different scenarios. By using
spatially explicit models, it was possible to identify the locations within the catchment with the

greatest sensitivity to climate change and NBS actions, in this case with respect to nutrient loads
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and nutrient export. As expected, the areas closest to the river network have the highest nutrient
export in relation to their retention capacity of the vegetation downslope, substrate, and drain-
age.

The difference between current and 2050 A1B1 scenarios shows that areas closest to the
river have the largest potential for a reduction in P export (Fig. 26). Changes in N export (Fig.

27) were less spatially distinct as nitrate is more mobile (Redhead et al., 2018).
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Figure 26 Spatial distribution in the change (reduction) in phosphorus (P) export between 2018 AOBO
and 2050 for scenarios AOBO (a) and A1B1 (b).
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Figure.27 Spatial distribution in the change (reduction) in nitrogen (N) export between 2018 AOBO
and 2050 for scenarios AOBO (a) and A1B1 (b).
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3.4.2. ESs Evaluation of NBS

The selection of the best single or combined NBS depends on the relative value associated
with each ecosystem service and the increase or decrease in that service provider. By consider-
ing only nutrient reduction, it is possible to compare the impact of each scenario and consider-
ing overall changes in main drivers related to climate and land use. The results based on the
simulated nutrient load and delivery under four different NBS scenarios, AOBO, A1B0, AOB1
and A1B1, show significant differences. There is a clear potential for a reduction in nitrogen
export in 2050 for all scenarios. This was associated with reduced expected precipitation of
1363 mm/year compared to 1653 mm/year in 2018, particularly in the elevated alpine parts of
the catchment. In fact, the largest reduction in nitrogen export was achieved by reforestation of
the upper catchment (B1). This NBS alone provides a potential reduction of 328 tonnes/year.
The costs of natural reforestation are limited, and the benefits to lower catchment and receiving
waters (Adriatic Sea) could be translated to support for farmers to manage these lands as pro-
ductive forests. It is expected that the new European agricultural policy will incentivize this
transformation of land use. On the other hand, N and P loads from urban wastewater represent
a significant source (Cozzi et al., 2018). Recent studies on lowland rivers that have created
riparian buffer strips have shown an elevated efficiency to remove nitrate (Gumiero and Boz,
2017).

The overall best scenario is the combination of NBS approaches in both the lower and
upper parts of the river. Under the A1B1 scenario, nitrogen export was reduced by 340
tonnes/year in 2050.

Efforts to reduce phosphorus export are complicated by an expected increase in rainfall
intensity in 2050 in relation to the soil characteristics of the Piave river catchment. This in-
creased export is partially mitigated by the A1 and completely reversed in the B1 scenarios.
The best scenario is the A1B1 scenario which showed a 148 ton/year reduction in phosphorus
export.

To properly estimate the benefits of the proposed NBS, the impacts on other ecosystem
services should be considered. Several of these (flood risk reduction, carbon storage and water
yield) may be highly significant. However, to explore only those associated with nutrient re-
duction, | used costs associated with similar NBS projects focused on nutrient reduction to the
Venice Lagoon (CBAR, 2021). These projects (Table 15) had a range of secondary benefits
that were not evaluated in the present analysis. The estimated costs for the associated reduction
for nitrogen and for phosphorus were calculated using a multiple linear regression analysis (R?
=0.79, p < 0.001).
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Table 15 The cost of individual NBS projects and the associated annual reduction in N and P in the

Veneto region.

Euro N Tot Ton/Year P Tot Ton/Year
7,230,000 € 449 3.2
4,130,000 € 27.4 1.47
6,600,000 € 43.49 1.4
3,160,000 € 4.9 0.5

825,000 € 1.066 0.45
1,560,000 € 2.14 0.50
2,450,000 € 5.8 0.66
1,650,000 € 4.31 0.66
1,440,000 € 2.56 0.22
1,000,000 € 1.08 0.28
2,066,000 € 18 0.81
1,033,000 € 13.94 1.56
3,430,000 € 5.02 1.08

With an expected intervention cost of EUR 1,128,836 (y-intercept), the cost per ton of N
removed by NBS amount was 10.88 EUR/kgN per year. The estimated cost for P was approx-
imately double or 23.83 EUR/kgP per year. These compare well to estimated costs from
wastewater treatment upgrades reported by Gratziou and Chrisochoidou (Gratziou et al., 2013),
who estimated that for nitrogen removal, the cost of a project varies from 4613 EUR/m3 to 488
EUR/m3, with total annual operation cost ranges from 204 EUR/m3 to 17 EUR/m3. The unit
cost for P removal in different treatment alternatives ranges from 80 EUR/kgP to 120 EUR/kgP
(Bashar et al., 2018). Jabtonska et al. (2020) estimated the costs of a hypothetical establishment
of wetland buffer zones to reduce the non-point source of N and P to be EUR 9 £ 107 M to
remove 11%-82% N and 14%-87% P load from the catchment. This translates into a cost that
is saved due to the lack of eutrophication and the problems associated with it (Spillman et al.,
2007).

Considering the annual reduction in nitrogen and phosphorus exports achieved using NBS
(Aland B1), compared to scenarios with no NBS (A0, B0), the value of these interventions per
year is equal to EUR 2,244,677 for A1 and EUR 2,610,888 for B1, using 2018 values. Given
the long-term benefits and multiple risks of climate change, as well as the important secondary

benefits, the NBS solutions are well justified.
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3.5.Conclusions

There is growing awareness that NBS can mitigate climate change impacts while securing
ESs. The results from the present study, estimating nutrient load and delivery under four differ-
ent NBS scenarios, suggest that the nutrient load and delivery in the Piave river catchment
would benefit from NBS actions, one of which is already underway through rural abandonment.
Upper catchment reforestation has increased wooded areas in agricultural lands that are no
longer used by local farmers. Reduced water runoff and sediment loss have had and will con-
tinue to have positive impacts on sediment, nitrogen and phosphorus loads to the river.

The proposed NBS for the lower catchment (32 km) riverine corridor, based on increased
riparian vegetation and erodible areas (A1), will have a more complex activation due to the
intense agricultural and urban use that characterizes this part of the catchment. An increase in
vegetated areas in the riparian area will reduce the transport of phosphorus-loaded particulates
from agricultural soils as a result of erosion. While Al has a smaller effect on overall nutrient
export with respect to B1, this NBS is likely to have more impacts on other major ecosystem
services related to biodiversity and recreational value due to the more elevated population den-
sity. Decreasing trends in P export by rivers in Europe have mainly resulted from environmental
and agricultural policies leading to reduced nutrient inputs to river catchments. On the other
hand, nitrate remains a major challenge in many catchments and already compromised receiv-
ing waters, such as the Adriatic Sea. The IPCC Climate Change and Land Report (2019b) em-
phasizes the need to explore the mitigation potential of restoration actions and the improved
management of forests.

It is clear that increased participation in the management and monitoring of our river envi-
ronments is necessary to improve their status further. Citizen science represented an additional
tool to complete the information and for model validation in this study and others. Involving
citizen participants directly in monitoring activities can generate a powerful tool to complete
the lack of information and improves communities’ influence on management policy in their
territory. Understanding the direct and indirect influence of human activities is the first step to
evaluate the economic value of nutrients removal. Our estimated cost reflects the gains from
investing in NBS and shows how the evaluation of ecosystem services can provide a complete
evaluation of where and how watersheds can implement these approaches.

This study resulted in the manuscript entitle “Ecosystem Services Evaluation of Nature-
Based Solutions with the Help of Citizen Scientists” (Di Grazia et al., 2021) published in Sep-
tember 2021 in the journal Sustainability (IF 2020 of 3.25).
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4, CARBON MODELS AND DYNAMICS

4.1. CARBON (STORAGE AND SEQUESTRATION)
4.1.1. Background

Knowing the carbon dynamics is fundamental for developing an accurate model able to
predict the possible impacts caused by climate change (Reichstein et al., 2013). C is also crucial
in biogeochemical processes and ecosystem for the numerous functions it covers like energy
source for trophic chains, regulator of the depth to which solar radiation can penetrate aquatic
environments, control factor for the bioavailability of toxic compounds, etc. (Archer, 2010).

Vegetation and forest soils constitute an important terrestrial carbon pool with the potential
to absorb and store carbon dioxide (COy) from the atmosphere. Since a large fraction of organic
carbon (OC) is stored in terrestrial ecosystems, their sustainable management cannot ignore the
identification of the areas that contribute most to its storage (Guo et al., 2020).

Evidence of climate change linked to human-induced increases in greenhouse gas (GHG)
concentrations is well documented by the IPCC (2019a). The recognized importance of forests
in climate change mitigation has led countries to study their forest carbon budgets and to start
an assessment to improve and maintain the carbon sequestration of their forest resources (Lal,
2005).

The storage and release capacity of carbon in the Piave basin is an important ecosystem
service and, at the same time, sensitive to the land use policies applied in the territory. I
developed and validated a model for georeferencing the C stocks currently stored in the territory

and the C stocks that will be sequestered over time (Carbon Storage and Sequestration).
4.1.2. Material and Methods
4.1.2.1. Carbon storage and sequestration model

In terrestrial ecosystems C is distributed in four main compartments: aboveground
biomass, belowground biomass, soil and dead organic matter. Each may vary with a particular
land use or cover and therefore be significantly affected by the effect of land management
policies.

Within each land use class, the C density value expressed in Mg/ha of the various
compartments was established, based on local data for the Lower Piave basin. The total C
density by type of land use is made up of the individual compartment’s aggregation, with the
georeferencing in raster format of the C density in Mg/pixel currently stored in the study area.

The previous procedure was applied to alternative land use scenarios in which the
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geographical distribution or the extension of the land use areas changes. After that the difference
between the C stocks of the future and the base scenarios can be determined. Positive values
indicate an increase in the C stored in the landscape and therefore its sequestration by the
ecosystem, instead negative values show a loss with reduction of the C stock corresponding to

a given pixel, therefore a loss towards the atmosphere.
4.1.2.2. Input data for the Piave river basin

To develop the Carbon Storage and Sequestration model, data from numerous sources was
collected to produce the necessary spatial information. The land use raster map at 20m
resolution) represents the baseline (2018) of the model and can be modified depending on the
NBS scenarios (A0, Al, A2, B0, B1, C0O, C1). The future land use map represents the
combination of the developed land use variation scenarios (A0, A1, A2, B0, B1, CO, C1). The
future scenarios (2050), including climate change according to the RCP 4.5 model of the IPCC
report ARS (2014), is located in the study area between the banks of the Lower Piave and in the
upper basin (A0, Al, A2, B0, B1, CO, C1).

The biophysical table contains a “lucode” identification number for each land use class
which must match in the land use raster and with the respective density value (Mg/ha) for each
Carbon pool (aboveground biomass, belowground biomass, soil and dead organic matter).

C _above - The density of C above ground (CA, Mg/ha) for non-forest and cultivated woody
biomass land use classes is based on studies and estimated values published in Eggleston et al.
(2006), while for types of land use characterized by forest woody biomass the values reported
in Nonini and Fiala (2021) were used, except for class 3116 “Hygrophilous woods”. For it, in
fact, it was possible to make a specific estimate (Eq. 10) thanks to the surveys carried out by
the TESAF of the University of Padua (unpublished data):

CA=p-V'F (10)

where p (ton/m?) is the basic density of poplar wood in plantation (Federici et al., 2008);
V is the volume of biomass per unit area (m>/ha) estimated by TESAF and F is the dry
biomass to dC conversion factor (IPCC, 2006).

C_below - For land use classes with non-woody biomass the difference between OC Tot
and C _above was calculated while for land use with cultivated woody biomass the data are
based on studies and values estimated by Eggleston et al. (2006). I assigned the values reported
in Nonini and Fiala (2021) to the types of land use with woody biomass.

C soil - For the lower Piave area: "Soil Organic C layer in the first 30 cm of depth"
surveyed between the years 1994 and 2006 on a non-continuous basis by ARPAV (2022a). With
the tools available on the QGIS v.3.22 software, the C value of the individual polygons
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classified according to land use was extracted. From these, the total area-weighted C-content
average of each land use class was calculated. For the remaining part of the basin, as databases
of equally high quality are not available, the average density for each class was extrapolated
from the OC stocks in the soil made available by the Veneto Region (2007).

C_dead - The density of C in the woody forest land use classes is given by the sum of the

dead mass and litter density values (Nonini and Fiala, 2021) (Eq. 11):

_ TCSp-(14.36+7.27)
Cp= 100 (11)

Calculation of Cp (Mg/ha) in the dead organic matter compartment, where TCSF is the
density of total C and 14.36 and 7.27 respectively the percentages of necromass and litter with
respect to the total. Following the estimates reported by IPCC (2006) and by Nonini and Fiala
(2021), I used 0 Mg/ha for non-forested land use classes, and literature values for land use

classes with woody biomass.

4.1.2.3. Characterizations of the chromophoric dissolved organic matter
(CDOM)

A field sampling campaign was carried out focused on the carbon element (Fig. 28) present
in the river. The study is aimed at identifying possible seasonal variations of CDOM, the
chromophoric fraction of DOM (Dissolved Organic Matter) in the aquatic compartment, and
therefore represents both a validation of the model and ARPAV data and a further development
of ecosystem services models. For each station, measurements were carried out during three

campaigns: July, September, and November, useful for describing the temporal variability.
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Figure 28 The equipment used during the field sampling.

The objective of the sampling is the description of the CDOM, in the lower course of the
Piave river through its absorbance characteristics. In fact, these parameters can be used as
indicators of the concentration of organic matter dissolved in the riverbed and of its degree of
degradation. Together with the CDOM measurements, a procedure will be set up to estimate
the dissolved component of organic carbon (DOC) in the lower course of the Piave river. This
will allow comparison with measurements of the same parameter carried out in 2018 by ARPAYV,
thus providing additional information regarding aquatic C to outline the most precise picture
possible.

The sampling sites selection (Fig. 29) considered the sites previously selected in the citizen
science activity in order to have accessibility to a larger number of stations and a more
comprehensive set of data: CDOM, nitrates, phosphates, specific conductivity, temperature,
turbidity. The section of the Piave river considered in this data collection campaign goes from
Ponte di Piave to the mouth and includes the Piave Vecchia, the period instead intends to cover

at least one phase of low water and one of ordinary flood.

72



Figure 29 CDOM sampling sites in the lower Piave (green line) indicated with a red diamond. Sites

5.3.1, 5.4, 5.6.1 are located along the Piave Vecchia.

4.1.2.3.1. Field sampling activities
The methodology applied includes:

. Rinse the sampling device three times with the water from the site sample.

. When sampling, make sure that the device is fully submerged to collect only surface
water without moving the bottom sediment.

Carrying out the turbidity test (NTU) using the Secchi tube.

. Rinse three times the syringe (capacity 24 mL).

. Taking the sample with the syringe to which a filter is subsequently applied (PES 0.20-
0.22um; brand MilliporeExpress, model Millex-GP).

. Filling of a numbered test tube (15mL capacity; brand SIGMA-ALDRICH, model
STALO0719) with at least 14mL of filtered sample.

Conservation of the sample in a refrigerated environment (in a thermal container with
ice cubes or, when possible, in the refrigerator).

Steps 3-6 were repeated for a total of three samples at each site.

. Filling the field form with the information necessary to identify the site, operator, date

and time, specific conductance (pus/cm@25°C) and temperature (°C).
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4.1.2.3.2. Spectroscopy laboratory activities

The setup of the experimental phases was conducted in the spectrophotometry laboratory
on 22 July, 16 September and 11 November 2020 making sure that no more than 48 hours
elapsed between taking the samples and observing the DOM.

A preliminary phase consists in setting the spectrophotometer (PerkinElmer Precisely,
model Lambda 25 UV/VIS Spectrometer): 1) bring to temperature the radiation source lamps,
1) set the number of samples based on the specific collection campaign (UV-WinLab
software); ii1) make the "baseline" with an empty chamber to eliminate any background noise
from the measurements.

At this point, a reference sample containing distilled water (MilliQy) is analysed, which
is then repeated also at the end of the process (MilliQws) to ensure constant operation of the
spectrophotometer, with a carefully cleaned 10mm thick quartz cuvette. The operation is done
manually with the use of distilled water and absorbent paper, while the removal of the cellulose
fibres from the cuvette is made easy by a flow of gaseous nitrogen. When the result is not
satisfactory residues and streaks are eliminated with a 0.2% nitric acid (HNO3) solution.

Once the instrumentation was ready, the steps listed were followed:

1. Fill the cuvette with a fluid gesture to avoid the formation of gas bubbles.

2. Insert the cuvette into the spectrophotometer taking care to always turn it to the same
side.

3. At the end of each measurement check that no condensation has formed on the cuvette,
especially if the samples are stored at a temperature lower than room temperature.

4. Between the analysis of a sample and the next, rinse the cuvette with distilled water and
clean it thoroughly.

5. Begin and end measurements with analysis of distilled water samples, MilliQ« and
MilliQes.

6. Store samples in a refrigerated environment.

The spectrophotometer irradiates the filtered samples with radiation, whose wavelength
(M) 1s located between 200-750 nm and records the absorption by the particles in the aqueous
solution.

The data analysis focused on two parameters that describe CDOM, absorbance (4) and slope
(S), through which it is possible to respectively evaluate the concentration and conditions of
degradation of the organic matter (Loiselle et al., 2009b). To determinate S at each wavelength,
a nonlinear regression fitting method was used on the open-source software package, Scilab

6.1.0 (ESI Group, 2020). Each run provides estimates of spectral slope and correlation
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coefficient (R?) for all wavelengths between 200 and 700 nm, according to the interval size
chosen, with a 1-nm step. The minimization of the least squares between residuals and the
experimental data was based on the Levenberg—Marquardt algorithm, which is particularly well

suited for nonlinear functions.

The corrected spectral absorbance, 4°° (m™), was calculated as the mean of the
measurements of the samples collected, in triplicate, for each of the eight sites of the study area,

corrected by subtracting the baseline and distilled water (Eq. 12).

A = A — Amgi — A700 (12)
Where A4°°1 is the i-th absorbance corrected for the absorbance of distilled water and g
scattering effect (700 nm in the July and September campaigns; 650 nm in the November
campaign), Ai is the average absorbance of the samples of a site during a campaign for the i-th
wavelength, Amqi is the absorbance of the distilled water for the i-th wavelength. The spectral
slope (S, nm™) describes the rate of decrease in absorbance as wavelength increases,

approximating it to an exponential curve (Massicotte et al., 2017). Its value is calculated with

Eq. 13 (Loiselle et al., 2009b):

a(l) = a% . S0 (13)

where a° (m™!) is the absorption coefficient at wavelength A (nm).

4.1.2.3.3. DOC estimation methods from CDOM

In aquatic systems the relationship between the concentration, hereinafter indicated in
square brackets [ ], of DOC and the optical absorbance properties of Chromophoric DOM
(CDOM) is strong. However, it has been observed on a global scale that its solidity varies
according to the ecosystems studied, progressively decreasing from wetlands (R?>= 0.94) to
oceans (R?= 0.44) as visible in Figure 30 (Massicotte et al., 2017).

Several researchers in the last decade have dealt with how to estimate [DOC] from CDOM
is due to the ease and low cost with which spectroscopic analysis can be performed as an
alternative to the traditional procedure for the quantification of DOC (Spencer et al., 2012). The
calculation of C flows towards coastal waters could take advantage of a simplified methodology
and, with a higher amount of field data, the estimate of the values would be closer to reality,

promoting the study of the drivers that condition the spatial and temporal C dynamics.
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Figure 30 The graph shows the robustness (R?) of the relationship between the DOC concentration and
the absorption coefficient at different wavelengths. The colours highlight three distinct groups

of samples belonging to as many ecosystems (Massicotte et al., 2017).

Previous studies interested in ecosystems with characteristics comparable to the Lower
Piave are reported in chronological order and briefly described below. For the purposes of this
thesis, it is necessary that the estimation method is applied to an environment as similar as
possible to that of study, so that the number of potential variables is reduced, and that it is based
on a relationship between the absorbance (4, m™) of CDOM and [DOC].

Fichot and Benner (2011) developed a model for coastal environments in the northern Gulf
of Mexico region in which some samples collected in freshwater conditions were also
considered, although a correlation analysis between [DOC] and salinity shows an R? weak,

equal to 0.18, when the latter drops below 20 psu. The relationship is expressed by Eq. 14:
In[DOC] = a + B In[A4,(275)] + ¥ In[A,(295)] (14)

where a, B, y are regression coefficients available in the literature; A, (m) the absorption
coefficient at the wavelength of 275 and 295 nm respectively and [DOC] the concentration of
DOC expressed in uM/L.

Spencer et al. (2012) assembles a dataset comprising 30 US rivers crossing terrains with
different lithology and characterized by variable climates and degrees of anthropization.

Analysed optical properties, including A2s4, A3so, Aa40, were used to describe dissolved OC
concluding that absorbance has a strong positive correlation with [DOC] for almost all studied
rivers, except for some rivers whose DOM comes from autochthonous, anthropic or

allochthonous but clearly photodegraded origin.

At the same time another study was carried out on the Willow Slough River (CA, USA)

whose basin is mainly agriculture, with typical Mediterranean climate (Hernes et al., 2013).
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The measurements carried out on its waters showed a positive linear correlation (R*>= 0.95;

p<0.0001) between [DOC] and A3so regardless of the current hydrological regime.

The need to synthesize the CDOM and [DOC] data collected up to then in very different
ecosystems motivated the work of Massicotte et al. (2017) whose database summarizes another

65 for a total of over 12,800 measurements and elaborate the Eq. 15:
log Acpom (350) = —15.09 + 9.31 - log[DOC] (15)
where Acpowm is the absorption coefficient (m™) at 350 nm and [DOC] is expressed in uM L'

In contrast to the study conducted by Hernes et al. (2013) where the area of interest showed
several points in common with the Lower Piave, both in terms of land use and environmental
conditions, the one conducted by de Matos Valerio et al. (2018) on the final stretch of the
Amazon River showed a lower degree of similarity. However, the researchers divided the
analysed samples into two groups based on the different turbidity, distinguishing the main
channel with a high load of suspended particles from the tributaries with clearer waters (CW,
clearwater). In this publication, the analysis are presented separately before integrating the data
into a single model, therefore it is possible to consider only the parameters elaborated for the
tributaries closest to the characteristics of the Piave. The correlation between the concentration
of dissolved C in low turbidity water bodies and the absorbance at 412 nm (R*= 0.57; p<0.05)
is described by the following equation (Eq. 16):

[DOC] =a- A412+b (16)
where [DOC] is measured in pM/L; a and b are the coefficients for CW.

Although the results reported by a good number of authors recognizing the absorbance of
CDOM as a valid indicator of the fluvial DOC concentration, other scientists suggest caution
in using this proxy, especially if the stream is subjected to strong anthropogenic pressures (Yates

etal., 2016).

In the Lower Piave scenario it was considered that the most suitable procedure was the one

proposed by Hernes et al. (2013).

First, the 4°°3s50 (m™!) was converted into an absorption coefficient azso (m™) with Eq. 17
where L (m) is the length of the cuvette:
Azso - 2.303
A350 = 350# (17)
From the data of Hernes et al. (2013), the linear correlation between [DOC] and azgy was

calculated obtaining Eq. 18:
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[DOC] = 0.3527 - asso + 1.0664 (18)

The flow calculation (F, Tg year™), the mass of C exported from the Piave to the Adriatic
coast, consists of the product of the flow rate (Q, m?¥/s), whose annual value is strongly
correlated to F (M. Li et al., 2017), [DOC] and the number of days (¢) of the period considered
(monthly or yearly) (Eq. 19). The flow rate and concentration parameters are assumed to be
constant within the time interval ¢.

F=0Q-[DoC]-¢ (19)

Estimation of the flow rate for the study area was made using the measurements of the
complete historical series in the Ponte di Piave station. for the years 2004, 2008, 2012, 2015-
2017 (ARPAY, 2018f).

4.1.2.4. Riparian vegetation monitoring

In view of the importance of riparian vegetation on the carbon cycle in river waters,
essential information relating to its characteristics were collected from citizens using a specially
developed method. The reference procedure of the RiVE methodology is currently being tested
and was developed in collaboration with ISPRA (Prof. Gumiero B., personal communication).

Trained citizen scientists collect the observations on the Survey123 for ArcGIS application
(ESRI, 2021) or, alternatively, on data sheet paper forms which are subsequently uploaded
manually into the ISPRA IT platform (NNB, 2021). The training activities is mandatory and
necessary to be able to learn the sampling procedure. The datasheet information consists of:

* Date and sampling location.

* Overall vegetation structure.

* Percentage coverage of the reference botanical species in three different layers (0-1m; 1-
3m; >3m).

*  Maximum height (m) of the vegetation.

» Size of the transept, homogeneous in structure and composition, perpendicular to the river
(length x width, m x m).

*  Number of trees fallen or dead.

» Degree of artificiality and banks erosion.

» 2 photographic data: 1 photograph of the entire site, 1 photograph of the site where the

river is also visible.
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4.1.3. Results
4.1.3.1. Carbon storage model
41.3.1.1. Comparison of 2018 scenarios

The comparison between the different base scenarios developed for the 2018 showed the
highest C stocks for scenarios that increase the wooded area in the basin (e.g., A2 and B1). The
best scenario for carbon sequestration was represented by Bl (reforestation scenario) with an
increase of C stored by 1.8% (Table 16). This can be explained based on the definition of the
aboveground biomass and dead organic matter compartments: in both it is assumed that the
contribution of non-woody biomass is so small that it can be neglected. It follows that the
categories of land use characterized by woody biomass record C density values much higher
than the others. Since these categories are mainly forest types common to higher altitudes but
extremely rare in the agricultural landscape of the hills and plains, the output of the model is
justified.

The mountain areas characterized by forest cover are those that most contribute to
providing the carbon storage ecosystem service (Fig. 31). The river restoration scenario (Al)
inside the Lower Piave banks showed minus impact on the sequestration linked to the small
size of the area compared to the basin scale and to the presence of the erodible strip which
improves the hydro-geomorphological functions of the river but has no effects on the
sequestration of carbon. The conversion of the entire area inside the banks of the lower Piave
into riparian forest (A2) showed a greater impact than in scenario Al in carbon storage. The
size of the wooded area inside the banks is small compared to the wooded areas upstream, but
the C storage effects produced inside the banks are nonetheless significant for climate change
mitigation policies.

The best combination of scenarios, reforestation upstream (B1) and the conversion of
hygrophilous forest inside the banks of the lower Piave (A2) (Fig. 32), showed the carbon
storage effects of the two scenarios add up, reaching the percentage of 1.90% (Table 16) or
7.78x10° tonnes of C stored.
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Table 16 Variation in carbon storage based on 8 management scenarios of the Piave river basin under

current climatic conditions (2018).

2018 C Basin C Basin % C Basin A
) Tot C base Tot C future AC % AC
Scenario (tonnes) (tonnes) ° (tonnes)

C0,A0,B0  4.10 x107 - - -

CO,A1,BO  4.10x107  4.10x107 0.02 9.82 x103
C0,A2,B0  4.10x107  4.10x107 0.10 4.11 x10*
C0,A0,B1  4.10x107  4.17 x107 1.80 7.37 x10°
CO,Al,Bl  4.10x107  4.17x10 1.82 7.47 x10°
C0,A2,B1  4.10x107  4.18x107 1.90 7.78 x10°
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Figure 31 Spatial distribution maps of carbon storage for 2018 referring to the base scenario (a) and

scenario Bl of upstream reforestation (b).
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Figure 32 Spatial distribution map of carbon storage for the combination A2B1, reforestation upstream

(B1) and inside the banks of the lower Piave (A2) with detail of storage in the lower Piave.

4.1.3.1.2. Comparison of 2050 scenarios

Recent study projections were used to compare 2050 model estimation of SOC,
aboveground mass and dead organic matter. The projections of SOC in Italy in the context of
climate change (Caddeo et al., 2019) estimated a moderate loss of C. The MIROC5-RCP4.5
model for forest areas showed an increase in aboveground mass and dead organic matter in
2050 (Valipour et al., 2021). The 2050 scenarios showed an increasing trend in carbon storage
compared to the 2018 scenarios (Figures 33 and 34). The conversion of agricultural areas into
forested areas promote an increase in the stock of C stored and therefore its net sequestration.
The sector that undergoes the most significant change is the aboveground biomass which, in
the transition from mainly herbaceous to woody vegetation, showed an increase in the density
of C per hectare.

Carbon stored by European forests is currently increasing thanks to changes in forest
management, as scenario B1 well represented (Table 17). In the lower Piave, scenario A2
showed the best conditions for further storing the 3.45% carbon (Table 17). About half of the

carbon is stored in forest soil. However, when forest are damaged or cut, the carbon is released
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back into the atmosphere. Furthermore, ploughing agricultural land accelerates the
decomposition and mineralization of organic matter. To keep carbon and nutrients in the soil,
cultivation should follow the principle of crop rotation using so-called "break crops" and
leaving crop residues on the soil surface.

The best combination also in this case is given by the combination of the Bl and A2
scenarios, an increase in wooded area upstream and downstream, that showed a high percentage

of carbon stored in the basin equal to 2.28x10° tonnes of C.

Table 17 Change in carbon storage based on 12 management scenarios of the Piave river basin under

future climate conditions (2050).

2050 C Basin C Basin % C Basin A

Scenario Tot Cbase  Tot C future AC % AC (tonnes)
(tonnes) (tonnes)

C0, A0, BO 4.10 x107 4.23 x107 3.30 1.35 x108
C0, A1, B0 4.10 x107 4.23 x107 3.35 1.37 x10°
C0,A2, B0 4.10 x107 4.24 x107 3.45 1.41 x10°
C0, A0, B1 4.10 x107 4.32 x107 5.43 2.22 x10°
CO0,Al,Bl  4.10x10’ 432 x107 5.48 2.24 x106
C0,A2, Bl 4.10 x107 4.33 x107 5.57 2.28 x10°
C1,A0, B0 4.10 x107 4.23 x107 3.26 1.33 x10°
Cl1,Al1, B0 4.10 x107 4.23 x107 3.31 1.36 x10°
Cl,A2,B0 4.10 x107 4.24 x107 3.40 1.39 x10°
Cl1, A0, BI 4.10 x107 4.32 x107 5.38 2.21 x10°
Cl,Al, Bl 4.10 x107 4.32 x107 543 2.23 x10°
Cl1,A2, Bl 4.10 x107 4.32 x107 5.53 2.27 x10°
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Figure 33 C storage spatial distribution maps base scenario (a) and scenario Bl (b) for 2050.
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Figure 34 C storage difference map between the 2018 baseline scenario and the best combination of two

A2B1 scenarios in 2050.
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413.13. Model validation with CDOM

The validation of the C density data for each of the four C pools was performed thanks to
the collaboration with TESAF, the citizen scientists monitoring activities and with
measurements performed in the field. The collaboration with the Prof. Emanuele Lingua and
his research group of the University of Padua has provided information on the riparian
vegetation biomass of the lower Piave River.

The wooded biomass and necromass data were used to validate the OC stored in the above
ground biomass and dead organic matter. For the root biomass of the riparian forest formations
was performed a conservative estimation; in fact, this environment is subject to anthropic and
natural coppice, caused by floods, which leads to an alteration of the relationship between the
surface mass of the tree and the buried mass (Dr. Niccolo Marchi, TESAF, personal
communication).

When the data collection campaign does not cover the area of interest, the validation of the
model took place with the comparison of published studies available in the literature e.g.,
Nonini and Fiala (2021) study area showed geographical and climatic characteristics similar to
the lower Piave river.

To validate the carbon storage and sequestration model I also used the spectroscopy
analysis result conducted in the Environmental Spectroscopy laboratory at UNISI, on the water
samples collected in the July, September and November 2020 campaigns.

The absorbance spectra of CDOM showed a decreasing trend that approximates an
exponential curve in the interval between 200 and 250 nm ()) after which they tend to 0.00m™.
Some of the spatial differences’ observable within the same collection campaign concern the
width of the peak which in the main channel of the Piave reaches a maximum of 2.29 m™!, thus

always placing itself below the Piave Vecchia except for July (Fig. 35).
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Figure 35 Spectrum of A°° (200-350 nm) average per site observed in the Lower Piave on 20 July 2020.

These anomalous values exactly correspond to the two specific conductance maxima,
respectively 30300 ps/cm in section 3.2 and 40300 ps/cm in section 3.4. The sites upstream of
Romanziol (site 1.4) were characterized by a strong homogeneity within each data collection
period and by lower absorbance measurements than the other samples.

As regards the shape of the spectrum, it is particular the oscillation detected at the lower
end of the wavelengths investigated (200-210 nm) at the Piave Vecchia sites in November. On
the field, a recent cut of the herbaceous vegetation was observed both on the bank and below
the water level. In the literature, a conventional value of A to refer to has not been established,
therefore each researcher uses the most appropriate for his study, some of the most frequently
occurring ones are in the range 254-350 nm (Eckard et al., 2020; Spencer et al., 2012). I selected
A°°270, A°°280 and A°°350 as benchmarks as they better capture the longitudinal variability of
CDOM in the Lower Piave.

Through Pearson's correlation analysis the relationship between A°°; and specific
conductance was investigated, however a positive linear relationship was found only in July at

280 nm (R%= 0.84; p<0.05) (Fig. 36).
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Figure 36 Positive linear correlation between A°°»s9 and specific conductance (on a logarithmic scale)

in the sampling of 20 July 2020.

A further interesting results that emerged in the study area was the positive correlation
established in July (R?= 0.79; p<0.05) and November (R?= 0.74; p<0.05) between A°°»79 and
the distance (m) of each site from the one most upstream (Fig. 37). This relationship was
maintained in the autumn for all wavelengths considered. Furthermore, the seasonal trend was
evident, also visible in the absorbance spectra, according to which A°°»79 in November was

higher than in July which in turn exceeds that of September (p<0.05).
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Figure 37 Positive linear correlation between A°°:79 and distance from upstream (site 1.1) in the three

monitoring campaigns.

The slope (S, nm™") was the second parameter used to describe the CDOM, in particular the
state of degradation. The S value in the various stations of the Lower Piave ranges between 0.01

nm”! and 0.021 nm, in line with the results of Hernes et al. (2008) and allows to clearly
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recognize the main river (PN) from the old riverbed (PV), with a statistically significant
difference (t-test, p<0.05) between the sites along the PN (Fig. 38) and those on the PV (Fig.
39) respected in almost all cases. While in the Piave Vecchia the seasonal variation was
minimal, in the PN it was marked, being characterized by higher values in summer than in
autumn. Then, during the first two months observed, there was a similarity of S highlighted by

the almost overlapping standard error bars and statistically supported (p>0.05).
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Figure 38 Seasonal and longitudinal trend of S270 along the main branch of the Piave.

Spatio-temporal trend S,;, (PV)

s 0.02 1 | —e—Jul Sept Nov |
S
£
20.015 -
(/3\‘ ¥
0-01 T T T T T 1
0 2000 4000 6000 8000 10000 12000

Distance from upstream to the main Piave river confluence (m)

Figure 39 Seasonal and longitudinal trend of S»70 along the Piave Vecchia.

The DOC estimate showed that the concentrations, whose values were comparable with
those measured in the Po delta (Pettine et al., 1998), were higher in autumn (1.66-2.17 mg L)
and lower during the summer (1.24-1.66 mg L) with samples that tend to be more diluted in
September than in July (Fig. 40). This seasonal trend differs from that of the largest Italian river

where on average DOC does not show significant variations (Pettine et al., 1998).
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Figure 40 Estimation with the Hernes et al. (2013) method of the DOC average concentration (mg L)

in the Lower Piave.

The flow in the summer months also appeared similar with values of the same magnitude.
Differently in November it was much more consistent reaching the maximum of 4.6x10° Mg of
DOClyear. Overall, assuming the DOC average during an entire year as constant, the
contribution of dissolved organic C to coastal waters was 1.6x10° Mg/year. This is a
conservative value compared to what is reported for the Po Valley in other publications (M. Li

et al., 2017; Pettine et al., 1998) (Fig. 41).

Average DOC flow in the lower Piave
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Figure 41 Estimated DOC flow (Mg/year) from the Lower Piave towards the Adriatic Sea in the year
2020.
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4.1.3.1.4. Riparian vegetation results

The riparian vegetation sampling activities was carried out by 10 trained citizen scientists
in 17 campaigns, from mid-July to early November 2020, along 113 stations located above all

upstream of San Dona di Piave and on the Piave Vecchia (Fig. 42).
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Figure 42 Map of the surveys carried out by citizen scientists during the monitoring of the riparian

vegetation in the Lower Piave

The percentage abundance of species in the Lower Piave changed significantly in the cover
levels considered. In the tree layer Populus alba L., Populus nigra L. and Salix alba L.
contribute in similar proportions to almost 50% of the total cover, nevertheless, in the lower
layers their presence decreased to less than 3%. The invasive species Rubus fruticosus L. and
Amorpha fruticosa L. showed an abundance of 22.87% and 19.77%, respectively. The species
identified by the CSs in this generic “Other” group, approximately 30% were allochthonous
and more than half of them were invasive.

The necromass data was also interesting: in 57% of the transects no dead trees were
observed, neither standing nor fallen, in 24% a number between two and five. The reports for
which more than five dead plants are reported come from the municipality of Salgareda (TV)
south of Ponte di Piave and on the hydrographic left. Regarding bank erosion, the monitoring
carried out by the volunteers outlines a substantially homogeneous trend in which 31% of the

stations showed strong erosion, slight 30% and none 39%.
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4.1.4. Discussions

The ecosystem service evaluation (ES) of C storage in terrestrial ecosystems in the Piave
basin, highlighted a very clear difference between the mountain and hill area and that of the
plain. The territories bordering the final stretch of the river contribute to a limited extent to the
overall C stock, which is promoted above all by the presence of forest formations, substantial
on the hills but scarce downstream. The monitoring carried out by citizen scientists (CSs) along
the last 40 km of the watercourse, from Ponte di P. to the sea, confirmed the substantial
prevalence of agricultural land (57.3%) and the absence of woods.

In the analysis of the ESs it is necessary to make some clarifications on the quality of the
input data concerning the densities of C for each environmental compartment and type of land
use, since any inaccuracies in subsequent processing could depend on it. For the study region,
no local information on C reservoirs is available, except for Soil Organic Carbon (SOC), and
this particularly limits the description of belowground and dead C pools. Both reach C densities
of less than 17 Mg/ha in all land use classes, vice versa aboveground and SOC pools reach up
to 3 and 5 times more respectively in some land uses. As regards the root biomass of the wooded
riparian formations, a conservative estimate was made, in fact this environment is subject to
anthropic and natural coppice, caused by floods, which involves an alteration of the ratio
between the surface mass of the tree and the buried mass (Dr. Niccolo Marchi (TESAF),
personal communication). This indicates that apparently young plants may have a much more
extensive root system than visible in the field. The necromass data are even less complete for
the area of interest, but the low values that were assigned reflect the observations of the CSs on
the riparian zone. Considering the number of dead trees or fallen, as a proxy for the intensity of
management of the river environment by the local authorities, it can be stated that the
watercourse in this stretch of plain is subject to intense maintenance. Large dead vegetation, cut
or blown down by floods, is almost completely removed in 72% of the monitored sites and in

doing so does not contribute to the dead C pool.

An innovative aspect was the integration of the results of the DOC analyses into the Carbon
Storage and Sequestration models. In fact, although river environments are configured as
reactors in which organic matter fluxes are higher than terrestrial patches (Cole et al., 2007),
carbon storage and sequestration models of river basins do not typically consider carbon sources
in water. This is the reason why the Lower Piave section appears as the land use class with the
lowest C density in the whole lowland basin.

The first estimates of DOC concentration, carried out through the absorbance

characteristics of CDOM, return data with the same order of magnitude as those reported both
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in the studies by Spencer et al. (2012) and Hernes et al. (2013) for rivers, as well as those known
for surface waters of the northern Adriatic (1.3-1.5 mg L) (Ciglenecki et al., 2020). The DOC
flux towards the coast was quantified as 1.6 x10° Mg/year. Considering that the forests of the
basin extend overall for 203,64 1ha and that the Italian forests in the period 1986-2006 stored
an average of 7.94 Mg of CO,/ (ha year™) (Federici et al., 2008), the tons of carbon dioxide
sequestered in one year by the forest ecosystems of the basin. The value obtained was converted
into tons of elemental 12C, being able to conclude that every year the Piave introduces 0.4% of
the C sequestered from the woods of the region in the same period in the form of DOC into the
Adriatic Sea. This result describes a conservative estimate that considers only the dissolved
component of organic carbon while it has been demonstrated that in other rivers of the Po
Valley, such as the Po, and unlike the characteristics of the main temperate rivers, the particulate
fraction has higher concentrations than in DOC (Pettine et al., 2001). To this we must add that
the stretch of sea into which the Piave discharges is characterized by shallow waters with limited
circulation of currents and has been subject in the past to various eutrophic crises (Ciglenecki
et al., 2020; Cozzi et al., 2012) therefore the contribution of 1600 tons of DOC per year from
the river further promote the microbial activity and the worsening of the conditions of the
Adriatic.

Based on the available data, it is not possible to establish whether the flow rate, which has
also been identified in the literature as the driver causing the increase in DOC concentrations
as one moves away from the mountain (Ejarque et al., 2017), in the Basso Piave can explain
the correlation. Q values are available for only one ARPAV station in the study area (Ponte di

Piave station) so it is not possible to verify directly whether it is higher or lower downstream.

The results obtained for the study area under different NBS scenarios confirm the greatest
benefit in terms of C sequestration in the next 30 years will come from reforestation of
approximately 14.500 ha according to the provisions of scenario B1 with an increase of the

5.43% (2.22x10°tons of C).
4.1.5. Conclusions

The main contribution to climate change mitigation comes from the mountain basin, not
only as it constitutes 87% of the entire surface, but also due to the much more widespread
presence of forests.

They represent the classes of land use in which the density of C reaches the highest values
and the analysis conducted on the Lower Piave highlighted their almost total absence in the

study area.
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The variation of the floodplain strips to hygrophilous woods, according to the provisions
of scenario A, would lead to an improvement in the sequestration ES of approximately 3.40%
by 2050, constituting the most advantageous management choice, also compared to scenario C.
In the first growth stages of the riparian forests, it is possible that there is an increase of the
organic matter exported to the river, a positive trend which will progressively decrease when
the forest will become mature. For this reason, the water quality monitoring by citizen scientists
will be very important, as they will help to quickly recognize the conditions that can cause the
eutrophication of coastal environments.

The DOC dynamics in the lower Piave river are complex and, at least in part, caused by
the human impact that has altered its geomorphology, hydrological regime, and land use in the
basin. The DOC concentration increases from upstream to downstream in autumn due to the
contribution of the fresh allochthonous organic matter coming from the territories drained by
the Piave, to which is added the OM transported by the Sile River to the Piave Vecchia (old
riverbed). In July the intrusion of sea water rich in very degraded autochthonous DOC which
supports the theory of A°°»70 with the increasing distance from Ponte di Piave.

The importance of the average DOC flow, estimated through the values of A°°3s50, has been
conservatively quantified as 1600 tons per year. This shows how important it is to deepen the
understanding of the drivers that regulate the passage of organic carbon from one stock to
another through the river in order to predict the possible impacts of changes in land management
on freshwater and coastal ecosystems.

Finally, the Citizen Science initiatives in the Lower Piave basin will be extremely useful,
not only for the prevention of eutrophic crises with the water quality monitoring, but also for
the collection of environmental parameters, such as temperature and specific conductance, and
ecological parameters such as the abundance of species vegetation and height of the tree layer

from which it will be possible to make estimates of the above ground C pool.
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4.2. MODELLING DISSOLVED AND PARTICULATE ORGANIC CAR-
BON DYNAMICS

4.2.1. Background

Freshwater ecosystems play an important role in regulating climate change, through their
capacity to act as carbon sinks, transporter and producers (Ciais et al., 2013). Organic carbon,
in both dissolved and particulate form, is a major component of the global carbon cycle and
plays a fundamental role in the biogeochemical cycles of all aquatic ecosystems (Gommet et
al., 2022). Both particulate (POC) and dissolved (DOC) organic carbon enter freshwater
ecosystems from terrestrial ecosystems but are also produced in situ from the fixation of
inorganic matter by phytoplankton and aquatic macrophytes. The dominance of either terrestrial
or internal organic carbon sources can vary depending on local conditions (Strohmeier et al.,
2013). Overall, terrestrial DOC and POC loads to river networks depend both on the availability
and mobility of soil organic carbon, as well as the hydrological links between land and river
networks (Nakhavali et al., 2021). The concentrations of POC and DOC influence the chemical
and biological dynamics of freshwater environments (Perdue et al., 1980; Roulet and Moore,
2006); as an energy source for aquatic organisms (Thurman, 1985), as an attenuator of available
solar radiation (visible to UV) (Galgani et al., 2011), as well as a means of transport of macro
and micronutrients and pollutants (e.g., toxic heavy metals) (Steinberg, 2003).

Biogeochemical models that consider changing hydrological conditions can provide new
insights into the influence of environmental change on aquatic carbon dynamics (Aufdenkampe
et al., 2011). However, few studies have used process-based models to examine the influence
of land use and climate scenarios on carbon fluxes (Camino-Serrano et al., 2018). Models used
to predict DOC export can range from simple regressions to complex process simulations
(Futter et al., 2007; Tian et al., 2015; Wu et al., 2014). These models differ in the definitions of
the soil carbon pools, the level of detail in the process formulation (e.g., simple first-order
kinetics or nonlinear relationships), and the spatial and temporal resolution. The CENTURY
modelling framework (Parton et al., 1993) was one of the first models to simulate carbon
sequestration services under different land-use change models. Chen et al. (2017) simulated
changes in carbon sequestration under land use change using the Dynamics of Land System
(DLS) model. However, these studies did not address the links between terrestrial and instream
carbon processes (Xu et al., 2019). Neff and Asner (2001) developed a DOC synthesis model,
based on CENTURY, which explore DOC flux variations across a wide range of soil conditions.
The sensitivity of DOC flux simulations was tested, comparing high versus low rates of DOC
bioavailability and extent of DOC absorption. The Terrestrial Ecosystem Model was another
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process-based biogeochemical model that couples carbon, nitrogen, water, and heat processes
in terrestrial ecosystems to simulate carbon and nitrogen dynamics (Melillo et al., 1993). The
DocMod approach (Currie and Aber, 1997) determined DOC production in relation to forest
litter decomposition, using inter-connected carbon-litter pools and related carbon
transformations, with DOC production in terrestrial environment being an end-point of the
overall C turn-over processes along with CO». Jutras et al. (2011) developed a 3-parameter
DOC-3 model to extend from soil to instream DOC concentrations at a daily basin scale.
Michalzik and colleagues’ (2003) DyDOC model explored inter-connectedness of C pools and
related DOC transformation, with a clear focus on the forest soils. Their model driving factors
were precipitation, litter production, and air or soil temperatures at hourly and daily time steps
(Froberg et al., 2007). The Acrotelm and Catotelm DOC production model considers DOC
production and storage processes in peatland soil in relation to soil temperature and water-table
fluctuations in the context of climate change (Worrall and Burt, 2005). The INCA-C model
(Futter et al., 2007; Futter and de Wit, 2008) and the Estimating Carbon in Organic Soils
Sequestration and Emissions model (Smith et al., 2010) provided estimates of instream DOC
concentrations as well as production, transfer, and mineralization estimates. This model works
in forested and mixed land-use basins using daily time series of soil and atmospheric conditions
that can be highly variable and difficult to determinate at large basin scales. The ORCHIDEE-
SOM model, within the ORCHIDEE land surface model (Krinner et al., 2005), reproduces SOC
stock and DOC concentration dynamics by simulating vertical C cycling as well as lateral
exports to the river network. It provides a useful tool to explore DOC dynamics, including
turnover and decomposition to CO2, when the required data are available. The Canadian Land
Surface Scheme Including Biogeochemical Cycles CLASSIC (Melton et al., 2020). CLASSIC
has been used to compare the simulated mean seasonal cycle of gross primary productivity to
FLUXNET observations at biome scale (Melton et al., 2020). The SWAT-C model simulates C
cycle processes in terrestrial environments (Yang and Zhang, 2016; Zhang et al., 2013), and
DOC cycling in river networks (Du et al., 2019), building on the approach developed previously
in CENTURY. It has been used across basins of different scales and land uses (Qi et al., 2020)
and most recently to model DOC dynamics at high resolution in a large and complex Canadian
basin (Du et al., 2023). The SWAT model represents a major breakthrough for riverine DOC
modelling, when appropriate information on soil properties (C production and mineralization),
channel conditions (e.g., Manning’s N) and local meteorology and hydrology are available.
Statistical modelling approaches (Agren et al., 2010; Boyer et al., 1996; Samson et al., 2016)

have also shown good results in predicting DOC production with respect to basin conditions.
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Lessels et al. (2015) added a DOC model to the Hydrologiska Byrans Vattenbalansavdelning
(HBV) hydrological model (Lindstrom et al., 1997) and a DOC production module based on
the static soil organic carbon (SOC) pool. A GIS based modelling framework was developed in
the Regional Hydro-Ecological Simulation System (RHESSys) to simulate carbon, water, and
nutrient fluxes at the watershed scale (Tague and Band, 2004), while the model by Lessels et
al., (2015) also explored DOC dynamics on a basin scale. These models provide important
insights to DOC fluxes, but do not address in-stream DOC processes. Moreover, their data
requirements often make them less appropriate for large river basins.

In basins where data and regulatory monitoring are limited, or where stakeholders need to
explore the impacts of alternative land use scenarios, the Integrated Valuation of Ecosystem
Services and Trade-offs (InVEST) modelling suite (Sharp et al., 2018) has been used to estimate
of carbon storage and sequestration at basin scale of major C pools (aboveground biomass,
belowground biomass, soil, and dead organic matter) in relation to the spatial distribution of
land use and catchment conditions. However, these models do not consider links between the
terrestrial and aquatic environments and do not address instream dynamics.

There is a clear need for process-based basin-scale models of DOC and POC dynamics that
consider the link between terrestrial-aquatic ecosystems as well as the instream transformations.
However, for such models to be used for scenario analysis and decision support, or for basin
scale analysis in regions which have limited data, a new approach is needed. This approach
should be based on data that are both easily available and basin-wide, and should be
complementary to other models focused on nutrient and sediment dynamics. Such a model
would need to simulate fluxes considering biogeochemical transformation processes and
hydrological conditions that can vary at the sub-basin scale and that would also be sensitive to
climate change.

In this chapter, I developed and validated an organic carbon flux model to explore the
implications of river basin management at sub-basin scale on DOC and POC dynamics, using
the Piave River basin (Italy) as a test case. The model was built to be applied as an open-source
plugin for QGIS and can be used in basins with limited local data, taking advantage of
international datasets and commonly available national data, for example land use and land

cover, precipitation, hydrological soil properties, and topography (DEM).
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4.2.2. Materials and Methods
4.2.2.1. Carbon flux model

Dissolved and particulate carbon fluxes within a basin depend on the movement and trans-
formation of organic carbon within individual sub-basins and within the main river. We used a
mass balance approach within a spatially semi-distributed model to estimate DOC (and POC)
fluxes from the terrestrial to river environment, considering hydrological, land-use, and precip-
itation characteristics of individual sub-basins. More specifically, carbon flow was estimated
based on DOC and POC loads of individual land uses, their transport to the river, as well as
transformation processes that occur within the tributaries and the main river (per km).

Soil carbon export from each land unit (pixel) to the river were estimated based on its land
use / land cover (LULC) and the distance and transport pathways to the river, based on a 20m
resolution DEM. The estimates of DOC and POC potential export for each class of LULC were
obtained from concentrations reported in available scientific literature (Table 18). Where sev-
eral values for a single LULC class were found, the mean value was used. Within the distributed
model, these values were combined with a monthly water runoff proxy value to estimate the

mass of DOC and POC reaching the tributary or river from each land use (Fig. 43).

Table 18. Available studies providing information on DOC and POC concentrations in relation to different land

use classes.

LU DOC (mg L) Data source POC (mg L) Data source
(Borken et al., 2011);
broadleaved 17.72 (Camino-Serrano et al.,
forests 7.7 2016); (Camino-Serrano et
al., 2018). (Dawson et
Forest 205 (Borken et al., 2011); 0.58 al., 2004)
coniferous 2755 (Camino-Serrano et al.,
forests : 2016); (Camino-Serrano et
al., 2018).
(van den Berg et al., 2012);
grassland  9.17 (Camino-Serrano et al., (Kim et al.,
Agricultural 10.18 2018, 1.58 2013)
gricultura . (Camino-Serrano et al., . (Cai et al.
Cropland 4.2 2018). 2015)
Vineyard 19.2 (Cattani et al., 2006).
(Maniquiz et al., 2010);
Urban 24.1 (Ortiz-Hernandez et al., 0.56 gKale;ggg
2016). oor, )
Bare rocks 0 0
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Precipitation

Iy

-

W water runoff proxy
-

Tributary red_n = (DOCmass / Wn * ((100 - (tributary length_n * Fd1)) / 100) (1)

River red_n = (((tributary red_n * Wn) + (River red_p * XWp)) /XW)) *
* (100 - (River length_n * Fd2)) / 100) @

" Tributary sub-basin outlet [DOC] = Riverred_n / XW (3)
/" Sub-basin boundary
Stream network B Tributary red = DOC and POC mass that reach the river (mg/month)
Stream-flow direction River red = DOC and POC mass that reach each basin closure point (mg/month
f DOC (POC) mass q\3 DOC mass = DOC mass exported by the sub-basin (mg/month)
'f W = total water runoff proxy (m3/month)

Tributary length and river length (km2)
%, Fd1 =tributary reduction factor (Km-1)
“Fd2 = river reduction factor (Km-1)
‘Whn = sub-basin flow rate (m3/month)
Wp = total flow rate from the preceding river section (m3/month)

Figure 43. DOC concentrations in the river in each sub-basin were based on the carbon transport to
the river and transformation processes within the tributaries of each sub-basin (Trib reda:, Trib
redn2) as well as those transformation processes present within the main river (DOC Rvn1, DOC
Rvn2).

The model simulates the movement of organic carbon (DOC, POC) within each tributary
of the sub-basin and into the main river (equation 20). Within each tributary and the main river,
DOC and POC loss (retention and transformation) in the sub-basin tributaries and within the
main river is calculated (equation 21). The degree of carbon reduction is also a function of the
overall length of the tributaries and the main river. The governing equations are:

Tributaryred,, = (DOCmass /Wn * ((100 — (tributary length, * Fp1)) /10 (20)

River red, = (((tributaryred, * W,) + (River red, x sz))/z w))

* ((100 — (River length,, * Fp;)) / 100) (21)

[DOClor(POC) = Riverred, /YW (22)

where the reduction factor (Fpiand Foz, Km™) for DOC, or (Fp1 and Fez, km™) for POC,
considers the reduction of organic matter in the smaller order streams and main river respec-
tively, based on each kilometer of stream length. Tributary red and River red are the DOC and

POC mass flow rates at each tributary and basin closure point (tonnes/month), river length and

97



tributary length (km) were available from the Basin Authority. DOCmass (or POCmass) is the
load (tonnes month* m?) from each sub-basin based on land use, monthly precipitation, and
soil properties. W is the water runoff proxy (m*/month). Wp is the total flow rate from the
preceding river section (m® month™), Wn is the total flow rate of the sub-basin section (m?
month™®).

The first sub-basin receives water from its tributaries only, without flow from any preced-
ing river section (Wp = 0). Therefore, river DOC (or POC) is directly determined by the con-
tribution of the tributaries present in the sub-basin and assumes no contribution from emerging

groundwater (equation 23).

River red,, = tributaryred, * (100 — (River length,, * Fp;)) /100 (23)

The reduction factor for DOC and POC in the tributaries in each sub-basin (Fp1 or Fp1) is
assumed to be constant across the sub-basin and approximates the transformation and loss of
organic matter for each km of stream length (tributary lengthn). This reduction is applied to the
transportable DOCmass (0r POCnmass) and normalised by a runoff proxy (W) for each pixel. The
result is the estimate of DOC or POC load (mg/year) transported within the sub-basin to the
main river (Tributary red,), occurring at the point of closure of each sub-basin. The concentra-
tion of DOC (River red,) and total flow rate (Wy) from the preceding river section, is summed
with the DOC load of the sub-basin (Tributary red, = W,) to become the influx of DOC into the
next sub-basin of the main river. The DOC concentration is then reduced by a riverine reduction
coefficient (Fp2), considering the river length within this sub-basin, generating a DOC concen-
tration at its closure (River redn). The same approach is used for POC, where the POC river
factor (Fp2) is more related to a physical retention of the POC along the river.

Longitudinal changes in DOC (or POC) concentration in the river result from LULC related
sources (DOCmass) of each sub-basin, spatial differences in precipitation, the transport and re-

tention within sub-basin tributaries and the overall reduction within the main river section
4.2.2.2.  Organic carbon reduction factors

The composition and concentration of organic matter can be modified by photo-oxidation,
microbial respiration, leaching, flocculation, sorption, and settling (Einarsdottir et al., 2017;
Galy et al., 2011; Loiselle et al., 2009a; Spencer et al., 2010; Von Wachenfeldt and Tranvik,
2008). Changes in longitudinal DOC and POC concentrations are determined by several factors
(e.g., hydrological events, basin slope, soil C), which can have considerable spatial and seasonal
variation within a basin (M. Li et al., 2017), with higher values in wetlands and around rainfall

events (Harrison et al., 2005; Tian et al., 2015). Different models address these changes through
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different approaches. For example, the SWAT-C model simulated DOC and POC movement
and transport through: DOC percolation coefficients, the liquid-solid partition coefficient, and
POC process coefficients (Du et al., 2019; Qi et al., 2020). Camino-Serrano et al. (2018)
considered that free DOC can be adsorbed to soil minerals or remain in solution based on an
equilibrium distribution coefficient linked to soil properties(Nodvin et al., 1986). Gommet et al.
(2022) consider differences in decomposition rates between labile and refractory DOC pools,
which were geographically variable, but within the same order of magnitude. While Berggren
and Al-Kharusi (2020) reported a median decomposition half-life of across multiple river
sampling locations across Europe.

The initial reduction factors used in the present model were based on these past studies and
then tuned by interpolation using DOC and POC measurements made in the Piave river by
regional agencies in 2018, 2019 and 2020 (ARPAYV, 2021b). It should be noted that there were
a limited number of river sections (sub-basins) where DOC was monitored, therefore estimated
reduction factors for DOC and POC loss were used to initialise the model, with final values for
tributary streams, Fp; and Fp; (0.45 and 0.07 10 km™"), and for the main river sections, Fpz and
Fp2 (0.9 and 0.01 102 km™) following published values. These interpolated values support
earlier studies that show that deeper rivers have higher transformation and storage rates of
organic matter compared to shallower and faster moving streams (Kalbitz et al., 2003).
Similarly, Bouchez et al. (2014) showed that longitudinal reductions in POC due to weathering

and oxidation are more limited that those related to DOC.
4.2.2.3.  Water runoff proxy

As a detailed hydrological model for the whole basin was not available, a mass balance-based
approach was used to estimate the monthly surface runoff: the amount of water running off each
pixel towards the river and its tributaries. It is based the Curve Number approach within the
seasonal water yield model of the InVEST package (Sharp et al., 2018). The Curve Number
method developed by Natural Resources Conservation Service (NRCS) of the United States
Department of Agriculture (USDA) (NRCS-USDA, 2007) is widely used for predicting direct
surface runoff volume for a given rainfall event and estimating the volumes and peak rates of
surface runoff at basin scale (da Silva Cruz et al., 2022). A higher CN value suggests a higher
runoff potential, whereas a lower CN value signifies low runoff. This approach was chosen due
to its utility to explore future scenarios of land use and climate change (da Silva Cruz et al.,
2022).

The model combines a digital elevation model (DEM) and commonly acquired climate and soil

information from regional and international sources (Nistor et al., 2018; NRCS-USDA, 2007).
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It uses the basic principles of water partitioning (precipitation becoming runoff or
evapotranspiration) and routing (upgradient water becoming available to downgradient parcels).
These simplified routing processes allow for a large degree of uncertainty and should be
interpreted as proxy of runoff rather than predictions of absolute values. The model calculates
the monthly water runoff proxy of each pixel based on a modification to the NRCS curve
number (NRCS-USDA, 2007), which estimates monthly direct runoff (Guswa et al., 2017;
Hamel et al., 2020).

4.2.2.4.  Model input data for the Piave river catchment

The Carbon model DOC and POC loads (mg L) for each of five LULC classes together with
the water runoff proxy (mm) and vectors files containing the tributaries and river networks (km).
Five simplified classes (artificial, agricultural, forests, bare rocks, and water bodies) were used.
We identified 19 sub-basins using GRASS watershed function on QGIS v.3.22 (2022) while the
river networks were obtained from the stream raster generated from the water runoff proxy
model.
Monitored DOC concentrations were obtained from the regional environmental agency ARPAV
(Agenzia Regionale per la Protezione Ambientale - Veneto) (2021b). These were very limited
as DOC monitoring was initiated in 2018 and was not performed in 2021. Seasonal data from
2018 were used for model calibration. Data from 2019, from 5 stations, and from 2020 (two
stations) were used for validation.
ARPAYV does not monitor POC concentrations, therefore, POC was estimated by using total
suspended solids (TSS) concentrations following Nemery et al. (2013), eq. 24. In alpine rivers,
both particulate organic carbon (POC) and particulate inorganic carbon (PIC) are closely linked
to the TSS transport dynamics (Wheatcroft et al., 2010).

POC% = 28.82 = TSS™07499 + (0.89 (24)

with some adjustment
POC = POC% / 100 * TSSavg (25)

The water runoff proxy model used a 20 m DEM available from the national research authority
ISPRA (2020), which was corrected to fill hydrological sinks and checked with the digital
watercourse network to ensure routing along the specific tributaries using QGIS v.3.22 (2022).
Basin area was obtained from the regional geoportal and based on the Water Protection Plan
2015 (ARPAYV, 2018b). Monthly average precipitation raster files at 20 m resolution were
interpolated using an inverse distance weighting (IDW) of information from 72 stations for

2018, 2019 and 2020 (ARPAYV, 2021a). A rain events table containing the number of rain events
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for each month was also used. Monthly average evapotranspiration for each pixel was
extrapolated from the Reference Evapotranspiration Global Reference Evapotranspiration
(Global-ET0) Version 2 dataset (Trabucco and Zomer, 2018). Land Use (LU) raster data,
referred to the year 2018, was obtained from Corine Land Use Land Cover Level IV data at a
100 m resolution (ISPRA, 2018). Soil and plant evapotranspiration coefficients (Kc) were
estimated for broad land use classes suggested by Allen et al. (1998). Parameters related to flow
recharge and accumulation (o, B, y) used default values (o= 1/12, =1,y = 1) based on similar
rivers. The flow accumulation threshold is the number of upstream pixels that flow into a pixel

before arriving to the tributary.

4.2.2.5 Root Mean Square Error

The comparison of estimated to measured concentrations of DOC (and POC) used the

percentage root mean square error (RMSE):

N (r _ 232
RMSE% = jz“l(x‘ %) /%,

N

Where x; is the estimated values, X; is the observations, X, is the average of the observed values

and N the number of observations.

4.2.3. Results
4.2.3.1.  Water runoff proxy

Estimated surface runoff was compared with the available data from four calibrated gauge
stations from 2015 to 2020 (ARPAYV, 2022b). The average discharge from the lowest sub-basin
for the simulated year, 2018, was 125 m?%/s. The four stations were limited to the main Piave
river and most did not have a full set of monthly data, especially following the flood event of
October 2018 which compromised the measurements from several stations (EFAS, 2018). The
surface runoff proxy provided a similar longitudinal trend in flow rate, increasing at lower
basins. Considering these five years of data, the overall accuracy was low (RMSE = 81%),

underestimating river discharge.
4.2.3.2. DOC flux

The modelled annual average DOC concentrations at 18 sub-basins closure points shows a
general increase from the upper to lower basin (Table 19, Fig. 46a). It should be noted that the
DOC estimates for the first sub-basin have an intrinsic uncertainty related to the lack of

information on source water discharges. As the model is based on precipitation, the first sub-
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basin receives low DOC load from source waters, dominated by snow and groundwater.

Table 19. Average annual DOC concentration and mass in each sub-basin calculated by the model

following the DOC equations for the year 2018.

. Estimated DOC mass
Sub-basin  pOC (mgL') (tonnes/year)

1 0.67 3.79 x 10
2 0.36 4.08 x 10
3 1.29 1.92 x 10?
4 0.69 1.65 x 10?
5 1.37 3.48 x 10?
6 1.66 5.13 x 10?
7 1.87 5.90 x 10?
8 1.35 5.29 x 10?
9 1.19 5.68 x 102
10 0.81 5.50 x 10?
11 0.82 6.10 x 102
12 1.03 8.29 x 10?
13 1.15 9.49 x 10?
14 1.40 1.19x 10°
15 1.39 1.24 x 10°
16 1.49 1.37x 10°
17 1.60 1.55x 10°
18 1.13 1.13x 10°
19 0.86 8.56 x 102

The reduction factors (Fpi, Fp2) were refined using available DOC data (ARPAV) for 2018
from 5 stations with complete measurements. The resulting DOC estimates captured the over
longitudinal trend (RMSE = 83%, Fig. 44a).

The model, using the same reduction factors (Fpi = 0.45, Fp2 = 0.9) was validated for 2019
and 2020 (RMSE = 59%) and showed a similar trend (Fig. 44b and 44c). It should be noted that
the contributions from two sub-basins to the DOC load of the main river were estimated to be
negative (sub-basins 4 and 10), and therefore set to zero, indicating that the LULC and
hydrology of these basins allowed for a net zero contribution to the DOC in the main river.
These sub-basins have hydrological and land use characteristics that create conditions of limited
DOC production with respect to the reduction factors for tributaries present, resulting in the

equivalent of net zero DOC export.
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Figure.44. Longitudinal distribution (logarithmic scale) of DOC concentration and comparison

with the observed ARPAV values for the years 2018 (a), 2019 (b) and 2020 (c).

The model was run at the monthly frequency to explore seasonal changes in DOC
concentrations, along the longitudinal DOC gradient, under present land LULC and
meteorological conditions of 2018 (Fig. 45), 2019 and 2020. DOC concentrations were
generally higher in June (Fig. 45) with an average value of 1.19 mg L' (RMSE = 119%),
followed by February (1.27 mg L', RMSE = 83%) and December (0.86 mg L™}, RMSE = 57%)

(Fig. 45). This seasonal change was most evident in the sub-basins in the middle of the basin.
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Figure.45. Seasonal variation and distribution across the sub-basin in February, June and December

2018.

4.2.3.3. POC flux

POC flux and POC concentrations showed a general increase along the longitudinal gradient,

to the highest concentration at the Piave basin closure point (Table 20).

Table 20. POC concentration and mass in each sub-basin calculated by the model following the POC
equations for the year 2018.

. Estimated POC mass
Sub-basin  pOC (mg L!) (tonnes/year)

1 0.37 2.10x 10
2 0.33 3.75x 10
3 0.33 496 x 10
4 0.32 7.61x10
5 0.33 838x 10
6 0.34 1.04 x 10?
7 0.34 1.07 x 10?
8 0.40 1.57 x 10?
9 0.46 2.21 x 10?
10 0.40 2.47 x 10
11 0.42 3.14 x 107
12 0.44 3.58 x 107
13 0.45 3.70 x 107
14 0.45 3.83x 107
15 0.47 4.15 x 10?
16 0.48 4.46 x 107
17 0.50 4.86 x 107
18 0.51 5.07 x 107
19 0.51 5.07 x 10?

To interpolate the reduction factors (Fp; = 0.07 and Fp2 = 0.01) and validate the model, I
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used POC estimates (equation 24) from five sites for the years 2018 and 2019, considering the
organic fraction to dominate the overall mass of TSS, based on observations for similar rivers
in subalpine regions (Némery et al., 2013). The results showed that the simulated POC for the
year 2018 (RMSE = 24%) was underestimated in the two sites located in the upper basins and
overestimated in the sites 11 and 14 (Fig. 46a). Particulate load in the upper basin is expected
to have a higher percentage of inorganic particulates, related to snow and glacier melt and
groundwater sources, typical of alpine streams (Chanudet and Filella, 2008). The underestimate
in the lower river sub-basin is related to the fact that the model does not determine
allochthonous production of organic particulates from primary production. The validation of
the model using POC values for 2019 (Fig. 46b) and 2020 (Fig. 46¢c) showed a reasonable
accuracy (RMSE = 41%) with annual POC dynamics similar to 2018 (Fig. 46a). While overall
longitudinal and seasonal dynamics follow expected trends, it should be noted that the direct
measurement of POC, at regular intervals and for multiple years would improve both the model

training as well as validation.
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Figure.46. Longitudinal distribution of POC concentration and comparison with the observed ARPAV
values for the years 2018 (a), 2019 (b) and 2020 (c).

The model was run at the monthly frequency to compare seasonal changes in POC
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concentrations for present day LULC and meteorological conditions. POC concentrations were
generally higher in June (Fig. 47) with an average value 0of 0.43 mg L' (RMSE= 51%), followed
by February (0.33 mg L', RMSE= 23%) and December (0.31 mg L', RMSE= 35%) (Fig. 47).

This was most evident in the sub-basins in the middle of the basin.
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Figure.47 Seasonal variation and distribution of POC across the sub-basin in February, June and

December 2018.
4.2.3.4. DOC & POC model Plugin

The DOC & POC model plugin (Fig. 48) was developed for open-source QGIS to allow
for the analysis how modifications in land management and climate could be used to explore
changes in DOC and POC export at basin and sub-basin scale. The code was written in Python
using the associated QGIS Plugin Builder. QGIS is an open-source software for geographic
information system (GIS) that is supported by a large community of users and developers. The
DOC & POC model plugin code is downloadable from the GitHub repository
(https://github.com/dgfrancesco/DOC-POC-model-Di-Grazia-et-al.-). The model plugin can be

accessed from the QGIS graphical user interface by opening the Python Console and selecting
‘open existing script’. The plugin is intended to be used with other GIS based scenario
development tools (e.g., IN'VEST) that allow stakeholders to explore changes in nutrient and

sediment river exports.
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(2 DOC & POC Model (Di Grazia Et Al) X

Parameters Log

LULC layer with "OC" field with DOC or POC loads (mg/I)

Subbasins with field "DN" (1,2,3,n)

Main channel

Tributaries

Water runoff proxy (mm) (e.g. quick flow or water yield)

Water runoff proxy pixel size (m)

0.000000 s
Tributaries OC reduction factor

0.500000 v
Main channel OC reduction factor

0.500000 v

0%

Run as Batch Process... Run Close

Figure.48 DOC plugin page.
4.2.4. Discussions
4.2.4.1. Estimated dynamics of Organic Carbon export

The organic carbon (DOC and POC) dynamics across the Piave River basin showed
longitudinal variations that reflected sub-basin differences in LULC, stream length, instream
reduction, and surface runoff hydrology, and seasonal variations in precipitation. Seasonality in
DOC and POC fluxes represents one of the major uncertainties in modelling riverine organic
matter dynamics (Gommet et al., 2022; Tian et al., 2015). In the coupled hydrology—
biogeochemistry DOC model developed by Lessels et al. (2015), in-stream DOC concentrations
typically followed streamflow patterns, increasing in the spring from precipitation induced
DOC transport from the soil. Our model shows higher DOC concentration in the Piave river in
June linked to rainfall events (108 mm) and lower in January and December (77 and 12 mm).
It should be noted that flood events are the responsible of for a large part of POC and DOC
transport (Bastias et al., 2020; Raymond et al., 2016).

Differences in sub-basin DOC and POC estimated exports show spatial variations in
precipitation, basin morphology and land use, as well as soil carbon content across different
alpine, subalpine and valley sub-basins. These spatial differences in expected soil erosion and
mobilization of dissolved and particulate matter are supported by past studies showing the
impact of these factors on river organic matter exports (M. Li et al., 2017; Zhang et al., 2022).

The highest DOC mass concentrations were related to sub-basins dominated by urban and forest
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land use. The geographical distribution of DOC sources (Fig. 49a) showed the highest density
in the upper and middle basin with peaks corresponding to the urban area in the middle sub-
basins (sub-basins 5 — 12). Urban DOC export depends on multiple sources; wastewater
treatment systems, road runoff, biomass burning aerosols, coal combustion, industrial activities,

tc., (Aitkenhead-Peterson et al., 2009; Siudek et al., 2015). The highest POC mass
concentrations were related to sub-basins dominated by agricultural land use (sub-basins 8 —
17) (Fig. 49b), similar to past studies showing high POC loads in agricultural areas (Luo et al.,
2022).

Final DOC export to the Adriatic Sea (Sub-basin 18) showed values consistent to those
measured by the regional agency, with DOC and POC exporting 856 tons/year and 506
tons/year. Changes in OC export have implications on the productivity of the Adriatic Sea,
which is a narrow and shallow area of the Mediterranean Sea, where dilution is limited
(Ciglenecki et al., 2020). In relation to the Po River, these fluxes are approximately 1% of the
total DOC and POC emitted (Pettine et al., 1998).
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Figure.49 a, b. Spatial distribution of DOC (a) and POC (b) across the 19 sub-basins.

4.2.4.2. Future scenarios

The model was used to explore different scenarios of land use and climate for the Piave river
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basin, looking towards 2050. Based on consultations with local stakeholders and a study of 50-
year trends, a reforestation scenario was evaluated as the most feasible.

Looking first at projected changes in climate and based on the emission scenario RCP 4.5, a
decrease in annual precipitation for the Piave Basin is expected to occur by 2050 (Dezsi et al.,
2018). This will lead to a reduction in the water runoff proxy throughout the basin, due to greater
evaporation and an increased hydrological deficit. This 2050 climate scenario showed a
decrease in DOC export by 25% (214 tons/year) and in POC export by 26% (127 tons/year)
with respect to 2018 export. Given an increase in the temperature and reduced runoff, it is likely
that soil conditions, as well as river and tributary reduction factors will also change (increased
reduction). Qu et al. (2010) using the Global NEWS models estimated that, that in 2050,
riverine DOC export will exceed POC in total C export. In particular, POC is expected to
decrease by 15-25% as a consequence of human perturbation, land use change and dam
construction.

This reduced carbon export, in combination to the expected decrease in both phosphorus and
nitrogen exports for the same climate and land use scenario (Di Grazia et al., 2021). suggest a
reduced eutrophication threat for the Adriatic Sea in 2050. The area of the Mediterranean Sea
has a long history of eutrophication related impacts on biodiversity and ecosystem services. The
expected trend in eutrophication is supported by recent studies (Ciglenecki et al., 2020) showing

similar reductions in carbon and nutrient concentrations.

4.25. Conclusions

The spatially distributed carbon flux model developed in the present study is intended to support
decision making by basin scale and sub-basin scale stakeholders, in particular with respect to
scenarios of land use and climate. The model can be used, together with other scenario tools to
prioritise policy and management options to reduce impacts on receiving waters and improve
ecosystem services. The model was applied to a single river basin but is flexible enough basins
in different climate and hydrological conditions, given the availability of information on LULC,

climate, hydrology, and related indices.

Data requirements for the model are relatively limited. Most of these data can be retrieved from
international and national geographic databases, making this approach available for exploring
DOC and POC export in data-scarce basins. The model is refined using local data, in particular
monthly or seasonal concentrations of DOC and POC at the sub-basin level. The greater number

of sub-basins monitored, the more robust will be the reduction factor interpolation.
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Further developments of the in-stream OC dynamics should address the different loss
dynamics of labile DOC and refractory DOC fractions, as their relative decay rates are
significantly different (Du et al., 2020). For example, the turnover time of labile soil OC is
typically 1 to 5 years, while the turnover time of refractory fractions could reach 200-1500 years
(Iravani et al., 2019). Estimates of relative percentages of labile and refractory OC, related to
different LULC classes could be used to improve the model as well as include new information

on estimates of CO; evasion from the river.

The DOC and POC model was designed as a QGIS plugin for basin scale studies. The
model output can be used to evaluate carbon export based on varying land use and climate

scenarios, providing an additional tool to support basin management.

This study resulted in the manuscript entitle “Modelling dissolved and particulate organic car-
bon at basin and sub-basin scales” (Di Grazia et al., 2023) published online in May 2023 in the
journal Science of the Total Environment (IF 2022 of 10.75).

110



S. ADDITIONAL PARAMETER MODELS

5.1. ANNUAL WATER YIELD (WATER AVAILABILITY)

5.1.1. Background

The supply of fresh water is an ecosystem service that contributes to the well-being of
society, ensuring the development of agriculture, industry, the improvement of living standards
and tourist activities (Cudennec et al., 2009). Land use change is primarily an anthropogenic
disturbance of soil that alters surface runoff, affects hydrological processes and water
consumption at the catchment level. According to the IPCC Fifth Assessment Report (IPCC,
2014), the climate has warmed over the past half-century in almost all regions of the world
(Zhang et al., 2016). Climate change has an impact on rainfall and temperature patterns and
consequently affects evapotranspiration and water supply (Wei et al., 2021). The calculation
and mapping of the spatio-temporal variations of the water yield are of great importance for the
planning and management of water resources. The water yield model is therefore a large-scale
spatio-temporal model based on water balance principles.

Compared to other hydrological models, the water yield model has mapping and spatial
analysis functions that provide an effective approach for water yield estimation at high spatial
resolution and at different scales (Yin et al., 2020). The model considers the annual variability
in water volume given likely levels for a given catchment area, but they are vulnerable to
variations caused by land use and land cover changes (LULC). LULC changes can alter
hydrological cycles, affecting the rate of evapotranspiration, infiltration, and water retention,
and modifying the timing and volume of water available in the land (Ennaanay, 2006; WCD,
2000). The maps of the areas where water yields are produced can help avoid unintended
impacts on the amount of water entering the river or aid in land use management decisions,
balancing uses such as conservation or agriculture.

The analysis focused on estimating the relative contributions of water in different parts of
the Piave basin, offering insights into how land use and climate change scenarios influence
annual water yield. The components of the water yield model were used to obtain an estimate

of the total water availability of the Piave basin and in detail of the lower Piave river.
5.1.2. Materials and Methods
5.1.2.1. Water yield model

The approach is based on determining the amount of water flowing from each pixel as

precipitation minus the fraction of water that undergoes evapotranspiration (Fig. 50). The model
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does not distinguish between surface, subsurface and base flow, but assumes that all water yield
from a pixel reaches the point of interest via one of these paths. Pixel-scale calculations allow
us to represent the heterogeneity of key factors in water yield such as soil type, rainfall,
vegetation type, etc. Second, in addition to the average annual flow, the model calculates the

proportion of available surface water by subtracting the surface water that is consumed for other

uses.
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Figure 50 Concept diagram of the simplified water balance method used in the annual water yield

model. Aspects of water balance that are in colour are included in the model, those that are in

grey are not (InVEST).

The water yield model is based on the Budyko curve and average annual rainfall. The

annual water yield Y(x) for each pixel on landscape x is determined:

Y(x) = (1 — Aizg)) - P(x) (26)

where AET(x) is the effective annual evapotranspiration for pixel x and P(x) is the annual
precipitation for pixel x.

For vegetated land use/land cover (LULC) types, the evapotranspiration portion of the
water balance, AET(x)/P(x), is based on an expression of the Budyko curve proposed by Fu
(1981) and Zhang et al. (2004):

1/w

AET(x) PET(x) PET(x)\%
P(x) 1+ P(x) [1 + ( P(x) ) ] (27)

PET (x) is the potential evapotranspiration and @ (x) is a non-physical parameter
characterizing the natural climatic properties of the soil, both described below.

Potential evapotranspiration PET (x) is defined as:
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PET(x)=Kc(ty) - ETo(x) (28)
ETy(x) 1s the reference evapotranspiration from pixel x and K¢(€x) is the plant (vegetation)
evapotranspiration coefficient associated with the LULC £x on pixel x. ETo(x) reflects local
climatic conditions, based on the evapotranspiration of a reference vegetation such as grass or
alfalfa grown at that location. K¢({x) is largely determined by the vegetative land use/land cover
characteristics found on that pixel (Allen et al., 2006). K. fits the ET¢ values to the type of crop

or vegetation in each pixel of the land use / land cover map.

AWC*N

w(x) is an empirical parameter that can be expressed as a linear function of , where

N is the number of rainfall events per year, and AWC is the volumetric water content of the soil
available for the plant. While further research is underway to determine the function that best
describes the global data, we use the expression proposed by Donohue et al. (2012) in the
InVEST model:

w(x) = Z%‘;()") +1.25 (29)

Where AWC (x) is the volume of water contained in the soil available to the plant (mm).
Soil texture and effective rooting depth define the AW C(x), which dictates how much water can
be held and released into the soil for a plant to use. It is estimated as the product of the plant's
available water capacity (PAWC) and the minimum of the depth of the root-limiting layer and
the rooting depth of the vegetation:

AWC(x)=Min (Rest.layer.depth, root.depth) - PAWC (30)

The depth of the root-restricting layer is the depth of the soil at which root penetration is
inhibited due to physical or chemical characteristics. Vegetation rooting depth is often referred
to as the depth at which 95% of the root biomass of a vegetation type is found. PAWC is the

plant's available water capacity, i.e., the difference between field capacity and wilting point.

Z is an empirical constant, sometimes referred to as "seasonality factor", that captures the
local precipitation pattern and additional hydrogeological characteristics. It is positively
correlated with N, the number of rainfall events per year. The value 1.25 is the minimum value
of w(x), which can be seen as a value for bare soil (when the root depth is 0) (Donohue et al.,

2012; Yang et al., 2008), with the values of w(x) limited to a value of 5.

For other types of LULC (open water, urban, wetlands), the actual evapotranspiration is
directly calculated from the reference evapotranspiration £E7y(x) and has an upper limit defined

by precipitation:
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AET(x)=Min(K.(ty) - ETo(x), P(x)) (31)

ETy(x) is the reference evapotranspiration and K.(¢,) is the evaporation factor for each
LULC.

The model assumes that all water available for evapotranspiration comes from within the
watershed (as rain). This assumption is true in cases where agriculture is rain-fed, or the source
of the irrigation water is within the study catchment (not from transfer between catchments or

from a deeper aquifer).

5.1.2.2. Input data for the Piave river basin

The water yield model requires some biophysical parameters as basic data, including
LULC, reference evapotranspiration, annual precipitation, plant available water content
(PAWC), root restricting layer depth, biophysical table, seasonality factor (Zhang parameter),
and watersheds. All the data were resampled at a spatial resolution of 20 m.

Current LULC was provided by Corine Land Cover year 2018 (ISPRA, 2018) at a 100 m
resolution and modified according to the developed land use change scenario (A0, Al, A2, BO,
B1, CO, C1). Future (2050) base and land use change scenarios developed (A0, A1, A2, BO, B1,
CO0, C1). These LULC codes should match the lucode values in the Biophysics table.

The Precipitation raster was the annual average rainfall 2018 (District Authority of the
Eastern Alps, 20 m avg raster from 12 monthly rasters) in the Piave basin (mm). Raster data
interpolated using the IDW (Weighted Inverse Distance) interpolation method from information
from 72 ARPAV (2021a) monitoring stations in the Piave basin. The future raster of average
annual precipitation (2050) was based on the 2050 precipitation estimates by Dezsi et al. (2018)
with high resolution gridded surfaces with 1 km cell size developed in an Albers Equal Area
Conic projection for Europe. RCP 4.5.

Evapotranspiration raster file with annual average evapotranspiration value for each pixel
is the potential soil water loss by both soil evaporation and transpiration by healthy alfalfa (or
grass) if sufficient water is available (units: mm). Current Average Annual Reference
Evapotranspiration was provided by Global Reference Evapotranspiration (Global-ETy)
Version 2 dataset provides high-resolution (30 arc-seconds) global raster climate data for the
1970-2000 period (Trabucco and Zomer, 2018). Future evapotranspiration raster was based on
ETy evapotranspiration estimated for 2050 by Dezsi et al. (2018) with high resolution gridded
surfaces with 1 km cell size developed in an Albers Equal Area Conic projection for Europe.
RCP4.5.

The Root Restricting Layer Depth was a raster file with average value of the root bounding

layer depth for each pixel and was provided by ESDAC at 1Km of resolution (Hiederer, 2013).
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The depth of the root-restricting layer is the depth of the soil at which root penetration is
strongly inhibited due to physical or chemical characteristics (unit: mm).

The Plant Available Water Content (PAWC) raster file represents the fraction of water that
can be stored in the soil profile that is available for plant use (0 to 1 fraction). The data was
provided by ESDAC, at initial resolution of 500 m, Available Water Capacity (AWC) for the
topsoil fine earth fraction (from LUCAS 2009) (Ballabio et al., 2016).

The vector delimitation of the watershed was obtained from the ARPAV geoportal (ARPAYV,
2018b), relating to the 2015 Water Protection Plan (PTA).

The Biophysical Table is a csv file containing the model information corresponding to each
of the land use classes in the LULC (2018) raster and variation scenarios. Each row is a land
use/land cover class, and the columns should be named and defined as follows:

- lucode: unique integer for each LULC class (e.g., 1 urban, 2 agricultural, 3 forest, etc.)

- LULC desc: Descriptive name of the land use / land cover class

- LULC veg: specifies which AET equation to use (Eq. 26 or 30). Values should be 1 for
vegetated land use except wetlands and O for all other land uses including wetlands,
urban, water bodies, etc.

- root_depth: the maximum root depth for vegetated land use classes (in mm). This is
often given as the depth at which 95% of the root biomass of a vegetation type is found.
For land uses where the generic Budyko curve is not used (where evapotranspiration is
calculated from Eq. 30), rooting depth is not needed. In these cases, the root depth field
is ignored and can be set to a value such as -1 to indicate that the field is not used.

- Kc: plant evapotranspiration coefficient for each LULC class (Chapter 6, FAO)(Allen et
al., 1998), used to calculate potential evapotranspiration using plant physiological
characteristics to modify the reference evapotranspiration, which is based on alfalfa.
The evapotranspiration coefficient is to a decimal between 0 and 1.5 (some crops
evapotraspirate more than alfalfa in some very humid tropical regions and where water
is always available).

The Z parameter is the floating-point value in the order of 1 to 30 corresponding to the seasonal
distribution of precipitation (Eq. 28) and calculated based on the Piave-IWMI rain events table,

N*0.2, where N=number of rain events per year.
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5.1.3. Results and Discussions

The results include a series of output layers — raster — with the same resolution as the input
land use, which for the Piave basin is 20 m, and a table for calculating the estimate of:
- precip_mn (mm): average precipitation per pixel in the basin.
- PET_mn (mm): Average potential evapotranspiration per pixel in the basin.
- AET mn (mm): Average effective evapotranspiration per pixel in the basin.
- wyield mn (mm): average water yield per pixel in the catchment area.

- wyield_vol (m?): Volume of water yield in the catchment area.

5.1.3.1. Comparison of 2018 scenarios

The analysis and comparison of the different scenarios showed a general reduction in the
available water volumes. The scenario COA1BO0 (A1) (both alone and in combination with C1,
Figures 51a and 51b) represented an exception with an increase in water volumes percentage.
Other exception was the scenario that envisages the work for the hydraulic safety of the lower
course of the river Piave C1AOBO (C1), where there was no variation in water volumes (Table
21). The evapotranspiration values (PET and AET) increased in the reforestation scenarios (B1,
A2) and by the combination of these (A2B1C0/C1), excepted for the current evapotranspiration
in scenario A1 which suffered a reduction of the effective evapotranspiration of 0.02% (Table
21). Vegetation promotes evapotranspiration, increasing in intensity in wet soils compared to
dry ones and in wooded areas. The highest values of evapotranspiration are represented in
mountain forests and along the riparian vegetation strips. The scenarios with the presence of
the hydraulic defence work (C1) and the combinations with the other scenarios showed the
same dynamics for evapotranspiration and the same volumes of water obtained for the scenarios

without intervention for hydraulic defence of the lower course of the Piave (Table 21).
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Table 21 Variation in annual water yield based on 12 management scenarios of the Piave river basin
under current climatic conditions (2018).

2018

Scenario precip PET AET wyield wyield precip PET AET wyield wyield
mm mm  mm mm vol m? mm% mm% mm% mm% vol m®%
C0,A0,B0 1592.74 754.77 35136 123729 4.97x10° 159274 75477 35136 1237.29 4.97x10°
C0,A1,B0 1592.74 754.76 35129 1237.36 4.97 x10° 0.00 0.00 -0.02 0.01 0.01
C0,A2,B0 1592.74 755.64 351.65 1237.00 4.96 x10° 0.00 0.11 0.08 -0.02 -0.02
C0,A0,B1 1592.74 758.19 35230 1236.35 4.96 x10° 0.00 0.45 0.27 -0.08 -0.08
C0,Al,Bl 1592.74 758.18 35223 1236.42 4.96 x10° 0.00 0.45 0.25 -0.07 -0.07
C0,A2,Bl 1592.74 759.05 352.59 1236.06 4.96 x10° 0.00 0.57 0.35 -0.10 -0.10
C1,A0,B0 1592.74 754.80 351.37 1237.28 4.97 x10° 0.00 0.00 0.00 0.00 0.00
C1,Al,B0 1592.74 754.79 351.29 1237.36 4.97x10° 0.00 0.00 -0.02 0.01 0.01
C1,A2,B0 1592.74 755.66 351.65 1237.00 4.96 x10° 0.00 0.12 0.08 -0.02 -0.02
C1,A0,B1 1592.74 75822 35231 1236.34 4.96 x10° 0.00 0.46 0.27 -0.08 -0.08
C1,Al,Bl 1592.74 75821 35223 1236.42 4.96 x10° 0.00 0.46 0.25 -0.07 -0.07
C1,A2,Bl 1592.74 759.08 352.59 1236.06 4.96 x10° 0.00 0.57 0.35 -0.10 -0.10
a

A

WY mm 2018 base

A

WY mm 2018 A1BOC1
(=)
[ 512.6
B 10252
B 1537.8
I 2050.4
fiume piave

Figure 51 Spatial distribution maps for water yield in the Piave basin. (a) 2018 baseline scenario

(b) best combination of Al and CI scenarios.
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5.1.3.2.  Comparison of 2050 scenarios

The available water quantity in the Piave basin will be reduced in the future due to climate
change as foreseen in the RCP4.5 climate change scenario (2050). Several studies have assessed
the response of water yield to climate change showing a higher sensitivity to precipitation
comparing to temperature (Pessacg et al., 2015; Yin et al., 2020).

The model showed reduction in precipitation from 1,592 mm in 2018 to 1,242 mm in 2050
(Table 22), which precipitation will be less frequent but more intense and concentrated in the
short term, causing inconvenience linked to the effects of extreme climatic events (Iannuccilli
et al., 2021). According to various climatic models, in southern Europe, during the hot season
there will be an increase in the summer temperature which will cause a lowering of the relative
humidity and an increase in the level of condensation, which will tend to hinder the number of
rainy days (Drobinski et al., 2016; lannuccilli et al., 2021; Panthou et al., 2014).

The analysis and comparison of the different scenarios to 2050 showed an overall loss of
water volumes in each scenario (Table 22). Two scenarios estimated a lower leakage by 19.85%,
compared to the 2018 conditions (fig. 52a) were the scenario C1A0BO (C1, fig.52b) and the
scenario COA1B0 (A1) (volume reduction of 9.86 x10% m?). The land use changes modelled in
these scenarios showed a reduction in forest cover and an increase of pastures and grasslands

(C1) and erodible belt (A1) made up of sand and gravel.

Table 22 Variation in annual water yield based on 12 management scenarios of the Piave river basin

under future climatic conditions (2050).

2050 ————————

Scenario precip PET AET wyield wyield precip PET AET wyield wyield
mm mm mm mm vol_m?3 mm % mm% mm% mm% vol m*%
C0,A0,B0 1,242.77 479.55 247.44 991.64 3.98 x10° -21.97 -36.46 -29.58 -19.85 -19.85
C0,A1,B0 1,242.77 479.55 247.38 991.71 3.98 x10° -21.97 -36.46 -29.59 -19.85 -19.85
C0,A2,B0 1,242.77 480.16 247.69 991.40  3.98 x10° -21.97 -36.38 -29.51 -19.87 -19.87
C0,A0,B1 1,242.77 482.01 24822 990.87 3.98 x10° -21.97 -36.14 -29.36 -19.92 -19.92
C0,A1,B1 1,242.77 482.01 248.15 990.93 3.98 x10° -21.97 -36.14 -29.37 -19.91 -19.91
C0,A2,B1 1,242.77 482.62 248.46 990.62 3.98 x10° -21.97 -36.06 -29.29 -19.94 -19.94
C1,A0,B0 1,242.77 479.57 247.45 991.64 3.98 x10° -21.97 -36.46 -29.57 -19.85 -19.85
Cl,Al,B0 1,242.77 479.57 247.39 991.70 3.98 x10° -21.97 -36.46 -29.59 -19.85 -19.85
C1,A2,B0 1,242.77 480.19 247.70 991.39  3.98 x10° -21.97 -36.38 -29.50 -19.87 -19.87
C1,A0,B1 1,242.77 482.03 248.22 990.86 3.98 x10° -21.97 -36.14 -29.35 -19.92 -19.92
Cl,Al,B1 1,242.77 482.03 248.16 990.93 3.98 x10° -21.97 -36.14 -29.37 -19.91 -19.91
C1,A2,Bl 1,242.77 482.64 248.47 990.62  3.98 x10° -21.97 -36.05 -29.28 -19.94 -19.94
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These LU changes which partly explains the reduction in both potential and current, which
however remains more linked to a reduction in rainfall and the consequent water absorption

capacity in the soil and by the roots of plants.

WY mm 2018 A0BOCI
o

WY mm AOBOCL 2050
o
a5
0 8%0.2
I 13352
I 17803
fiume Piave

[ 5126

I 1025.2

N 1537.8

I 2050.4
fiume Piave

Figure 52 Comparison of water yield C1 scenarios (a) 2018 (b) 2050.

5.1.3.3. Validation

A long-term average flow was used to validate the model. Since the flow data is given in
units of flow (m?/s) and the model calculates the volume of water, the observed flow data is in
units of m*/year. The Piave Basin average flow rate was 195 m?/s. Considering that the average
discharge of the Piave river at Nervesa della Battaglia is 130 m%/s (ARPAV, 2018g), a value
obtained from hydrometric levels and based on years of observations, the model estimation,
despite the limitations, was close to the official flow rate of the river.

Climate data (total precipitation and potential evapotranspiration) must match the date of
the land use map. Having used the CLC 2018, the precipitation and evapotranspiration values
refer to the same year. The other inputs, the depth of the root-limiting layer and the available
water content of the plant are less susceptible to temporal variability, so any available data can
be used for these parameters.

The ETo evapotranspiration data published by ARPAV (2018f) for the year 2018 stand at
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values between 600 and 700 mm in the spring/summer 2018 semester. In the mountains and in
the foothills, lower values have been estimated between 400 and 600mm. The ETy values for
the March-August 2018 semester were almost everywhere close to or above the average in
almost the entire regional territory and in the eastern part. The values we obtained from the
model are in line with the official ARPAV data.

Forecasts of climate change to 2050 (Dezsi et al., 2018) for evapotranspiration, measured
as potential (ETo) and actual (AETo) evapotranspiration, predict substantial changes for ETo
and AETo, with the result that all Europe, except for the northern regions, will experience water
deficits, with a pronounced decrease in southern Europe. In particular, the monthly values of
ETo will decrease in the summer months compared to the winter months in response to climate
change. AET), projections estimate values above 500 mm of AET( mainly in southern Europe,
particularly in the Adriatic Sea and in the west of the Italian peninsula, in the north of the Iberian
Peninsula and in the south of France. The European regions with low AET) are also Sicily, the
Alpine chain, and the south of mainland Greece.

Irrigated agriculture constitutes the main sector for water consumption in the
Mediterranean countries. Being able to retain as much water as possible in the area so that it

can be used in drought periods represents the challenge of the future.

Model results are not intended to elaborate detailed water plans, but rather to evaluate how
and where changes in a watershed can affect water yield. It is based on annual averages, which
ignore the extremes and do not consider the temporal dimensions of the supply.

I do not consider the spatial distribution of land use / land cover. The empirical model used
for water balance (based on Budyko's theory) was tested on scales larger than the pixel
dimensions used (Hamel and Guswa, 2015). Complex land use patterns or underlying geology,
which can induce complex water balances, may not be well expressed in the model.

I do not consider sub-annual models of water runoff times. Water yield is a supply function.
Changes in land use scenarios are likely to affect runoff time as much as annual water yields
and are of particular concern when drivers such as climate change are considered. The
elaboration of temporal models of outflow requires detailed hydrological data not considered
in this approach. However, this model provides a useful initial assessment of how landscape
scenarios can affect annual water yields.

The approach used simplifies the demand for water, distributing it over the landscape. For
each LULC, a single variable (yd) is used to represent multiple aspects of water resource
allocation, which can misrepresent the complex distribution of water across uses and over time.

Water demand can differ significantly between plots of the same LULC class. Much of the
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water demand can also come from large point source intakes, which are not represented by a

LULC class at all.
5.1.4. Conclusions

The water quantity influences biogeochemical cycles and both, its estimation and mapping,
are of great importance to water resource planning and management. The availability of water
resources is a limiting factor for economic development in many water-stressed countries. The
Mediterranean region is one of the most water scarce regions globally, particularly in Southern
and Eastern countries (Tarr et al., 2014).

The annual water yield model was used to compare different NBS scenarios at spatial and
temporal scales for the Piave river basin. Results for 2018 showed that the river restoration
scenario inside the riverbanks (A1) increase the water content compared to the other NBS
scenarios in the Piave basin. Future projections (2050) showed a general decrease of the water
availability (-19%) related to the reduction in precipitation (-22%) with peaks corresponding to
the reforested land use scenarios (A2, B1).

The A1 scenario alone or in combination with Clscenario (flood retention basin) represents
the best NBS scenarios for the water availability in the basin both in current and future climatic
projections, with an estimated reduction of 9.86 x10® m* from 2018 to 2050.

The water Yield model well captures the Piave basin variability across different NBS and
climate scenarios. Despite some limitations the model demonstrates its applicability and

efficacy for as sustainable water management.
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5.2.SOIL LOSS AND SEDIMENT TRANSPORT

5.2.1. Background

Erosion and retention of terrestrial sediments are natural processes that regulate the
concentration of sediments in watercourses (Stallard, 1998). Sediment dynamics in a catchment
are mainly determined by climate (particularly precipitation intensity), soil properties,
topography and vegetation, and anthropogenic factors such as agricultural activities or the
construction and operation of dams (Ferreira and Panagopoulos, 2014; Sanchez-Canales et al.,
2015). Major sources of sediments include land erosion (soil particles loosened and carried
away by rain and land flow), gullies (channels that concentrate flow), bank erosion, and
landslides (Matomela et al., 2022). End receptors include deposits on slopes, floodplains or
inundations, and reservoir retention. Land use conversion and changes in land management
practices can change the amount of sediment flowing out of a catchment (Zhou et al., 2019).

The extent of this effect is mainly governed by major sources of sediments (land use change
will have less effect in basins where sediments do not come primarily from land flow); the
spatial distribution of sediment sources and end receptors (e.g., land use change will have less
effect if sediment sources are buffered by vegetation).

Soil erosion threatens the sustainability of agricultural productivity and ecosystems.
Optimization and management of forest landscape patterns will become increasingly important
for soil conservation with the implementation of several afforestation/reforestation projects
(Gong et al., 2021).

Changes in sediment load can impact downstream irrigation, water treatment, recreation,
and reservoir performance, which can result in reduced soil fertility and reduced water and
nutrient holding capacity, with impact on farmers (Dile et al., 2016). It also leads to increased
treatment costs for the drinking water supply caused by reduced stream clarity which decreases
the value for recreational activities (Butler et al., 2021; Price and Heberling, 2018). Increasing
total suspended solids also causes an impact on the health and distribution of aquatic
populations, increases tank sedimentation, decreases tank performance, or increases sediment
control costs (Lee et al., 2022).

The results of the sediment model include both the sediment load entering the stream on
an annual scale, and the amount of sediment eroded into the basin and retained by vegetation

and topographic features.
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5.2.2. Materials and methods
5.2.2.1.  Soil loss and sediment transport model

There are two main aspects to calculating sediment load: 1) quantifying the amount of
erosion produced by different points in the landscape and 2) quantifying the amount of that
erosion ending up in waterways. The model also estimates the amount of sediment deposited
on the landscape along the way. All calculations are performed for each pixel within the
catchment area of interest. The amount of erosion produced by each pixel is calculated using
the Universal Soil Loss Equation (usle) (Borselli et al., 2008), which is the most widely used
method for estimating erosion production in a landscape, based on geomorphology, climate and
vegetation type. The amount of annual soil loss on pixel 7, usle; in tons ha'year™), is given by:

usle; =R; - K; " LS; - C; - P; (32)
where

R; = rainfall erosivity (M] - mm(ha - hr)™1)

K; = soil erodibility (tons - ha - hr(MJ] - ha - mm)~1)

LS; = slope length — gradient factor

C; = crop management factor

P; = support practice factor (Renard et al.,1997).
(cf.also in (Bhattarai and Dutta,2006)

; Rainfall erosivity
Slope (LS) & é-;\%\ Erosivity (R) )
P / : e \\ (R) is a measure of how
Tas Conservation . .
Factor (P) hard rain falls and hits
the ground - heavier
rain is more likely to
cause erosion than light
rain. Soil erodibility (K)
is a soil property that
A USLE = indicates the ease with
RxKxLSxCxP . .
Crop factor (C) which a particular type
Figure 53 Universal Soil Loss Equation (Borselli et al., 2008). of soil detaches and

becomes eroded. Slope
(LS) is, in general, areas with a steeper slope are more likely to be subject to erosion than flat
ones. The Crop Factor (C): A relative measure of how vegetation type affects erosion: Dense
vegetation with increased land cover is less likely to produce erosion than sparse vegetation.

The conservation practice factor (support practice P): a relative measure of whether
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management practices are conducted with the aim of reducing erosion, such as contour farming.

The model (Fig. 53) works on the spatial resolution of the digital elevation model (DEM)
input raster. For each pixel, the model first calculates the amount of annual soil loss from that
pixel, then calculates the Sediment Export Factor (SDR), i.e. the portion of eroded soil that
actually reaches the hydrological flow. Once the sediment reaches the stream, it is assumed that

it ends up at the outlet of the catchment area. No in-stream processes are modelled.
5.2.2.2.  Sediment export: Sediment Delivery Ratio

The sediment export from a given pixel i Ei (unit: tons - ha 'year!), is the amount of

sediment eroded from that pixel that reaches the flow. Sediment export is given by
E; = usle; - SDR; (33)
The total export of sediments in basin E (units: tons - ha 'year!) is given by
E= XE (34)

To determine the total export of sediments, we proceed in two steps:

1) a calculation of the connectivity index (/C) for each pixel. The connectivity index
describes the hydrological link between sediment sources (from the landscape) and end
receptors (such as streams). Higher IC values indicate that sediment erosion from the source is
more likely to reach an end receptor, which occurs in the case of sparse vegetation or steeper
slopes. Lower /C values are associated with more vegetated areas and lower slopes.

IC is a function of both the upslope (upstream) area of each pixel (D) and the flow path
between the pixel and the closest flow (Dd,). If the slope area is large, has a shallow slope and
good vegetation cover (hence a low USLE C factor), D,, will be low, indicating less potential
for sediment to reach the stream. Similarly, if the descent path between the pixel and the stream
is long, with a lower slope and good vegetation cover, D4, will be low. IC is calculated as

follows:

IC = (22) (35)

Dan
Dyp =CS VA is the upslope component. Where C 1s the average C factor (crop
management factor, coverage management factor by type of crop) of the upslope area, S is the
average slope of the upslope area (m/m) and 4 is the upslope area (m2).

The downslope component Dy, is given by

Dagn = Zi

d;
s, (36)

where d; is the path length of the flow along the i-th cell in the direction of the steepest
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slope (m), C; and S; are the factor C and the slope gradient of the i-th cell, respectively.

Downslope path

(retention): Dy,
Total export =
z usle; x SDR;
pixel I

Figure 54 Conceptual approach of the sediment delivery ratio and the connectivity index. The sediment

Upslope area
(transport): Dy,

Pixel of
interest:
usle; x SDR;

export rate (SDR) for each pixel is a function of the upslope area and the downslope flow path
(Natural Capital Project).

2) The SDR factor (Fig. 54) for a pixel i is derived from the connectivity index /C according

to the following relationship (Vigiak et al., 2012)

SDRyax
ICo—-1C;
=)

SDR; = 37)

1+exp(

where SDRax 1s the maximum theoretical SDR, which we set to an average value of 0.8 as
a function of soil texture, and /Cy and k are calibration parameters that determine the shape of
the relationship between hydrological connectivity (the degree of connection between plots of
land and flow) and the sediment export ratio (percentage of soil loss that reaches the flow). The

default values are k=2 and /¢)=0.5.
5.2.2.3. Input data for the Piave river basin

There are many input data used for sediment load determination. For the Piave river basin,
data from numerous sources have been assembled to produce the necessary spatial information
and include:

Vector delineation of the watershed and water elements was obtained from the geoportal of
ARPAY, relative to the Water Protection Plan 2015 (Piano di Tutela delle Acque) (ARPAV,
2018a, 2018b).

DEM raster at 20m resolution obtained from the from the national research authority -
ISPRA (Istituto Superiore per la Protezione e la Ricerca Ambientale) (ISPRA, 2020), was
corrected to fill hydrological sinks and checked with the digital watercourse network to ensure
routing along the specific watercourse, using QGIS 3.18 (https://www.qgis.org).

LULC raster were obtained from Corine Land Use Land Cover IV Level for Italy (ISPRA,
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2018) for current condition (2018) according to the developed land use change scenario (Al,
A2, B1, C1). Future LUCL maps (2050) considering the combination of all the land use
scenarios developed (A0, Al, A2, BO, B1, C0, C1), as descript in the sub-chapter 2.2.

Soil erodibility, Kj, is a measure of the potential for soil particles to detach and be
transported by rainfall and surface runoff (units: tons-ha-h- (ha-MJ-mm) ). Soil Erodibility was
extrapolated from Soil Erodibility in Europe High Resolution dataset provided by ESDAC
(500m) (Panagos et al., 2014, 2012).

Rainfall erosivity index (R;) raster dataset, with an erosivity index value for each cell. This
variable depends on the intensity and duration of the rains in the basin area. For calculation, R
equals the annual average of EI values, where E is the kinetic energy of rainfall (in MJ ha™)
and I3 is the maximum intensity of rain in 30 minutes (in mm.hr'") (InVEST 2018). The greater
intensity and duration of the rainfall events generally increase the erosion potential (units:
MJ-mm- (ha-hr-year)!). Current: 500m res. Rainfall erosivity in Europe ESDAC (Bezak et al.,
2022; Panagos et al., 2022, 2017). Future: 500m res. (MJ mm ha™! hr'! year!) Future rainfall
erosivity ESDAC (projections 2050 based on climate change).

Ci Factor is the crop management factor or land cover management factor C and accounts
the crop type for the USLE soil loss equation with a range value between 0 and 1. The C values
for the Piave river basin were obtained based on the study by Panagos et al. (2015a), European
Soil data Centre (Table 23).

P; factor for USLE is a value between 0 and 1 that considers the effects of ploughing,
cutting, or terracing compared to straight row farming up and down the slope. P values for the
Piave river basin were obtained based on the study by Panagos et al. (2015b), European Soil
data Centre. For the area of interest, P=0.97513.

Drainage lines layer is a raster with values equal to 0 and 1, where 1 correspond to pixels
artificially connected to the flow (from roads, rain pipes, etc.) and O is assigned to all other
pixels. The flow path will stop at these "artificially connected" pixels, before reaching the flow
network, and the corresponding exported sediment is assumed to reach the outlet of the basin.
In some situations, the connectivity index defined by the topography does not represent the
actual flow paths, which may instead be affected by artificial connectivity. For example,
sediment in urban areas or near roadways is likely to be carried away to the stream with little
retention. The drainage lines raster identifies pixels that are artificially connected to the flow,
regardless of their geographic location (for example, their distance from the flow network).
From the DEM model corrected with the routedem model (InVEST), the

“flow_direction_Piave” raster.
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Table 23 Crop Management Factors — Land cover management factors C; by crop type used in the
model for the Piave Basin, by Panagos et al. (2015a).

Land use type CLC18 class C Factor

. . . ) 111,112,121, 122, 131,
Urban, industrial, mining, roads, railways 132, 142 0.078
Arable land and predominantly agricultural areas 211,212,243 124.65
Rice fields 213 0.15
Vineyards 221 0.3454
Orchards 222 0.2188
Surfa?ces with herbaceous cover not under 11 0.0988
rotation system
Complex cultivation patterns 242 0.1478

3112, 3113, 3114, 3115,
Natural and forest areas 3116, 3117, 3122, 3123, 0.0013
3124, 3131, 3132

Pastures, grasslands, mixed vegetation 321, 3211, 3212 62.4548
Heaths and bushes 322 0.042
Transitional woodland-shrub 324 0.0242
Beaches, dunes, sands 331 0.078
Sparsely vegetated areas 333 0.2509
Bare rocks, streams and other water bodies 332,335,511, 512, 523 0

5.2.3. Results and Discussions

The model results include the following parameters:

- Sediment export (unit: tons/catchment per year): total amount of sediment exported in
the stream by catchment area.

- Total USLE (unit: tons/watershed per year): Total amount of potential soil loss in each
watershed calculated from the Universal Soil Loss Equation (USLE).

- Sediment retention (unit: tons/catchment per year): Difference in the amount of
sediment exported to the river in the catchment in question and a hypothetical catchment
where all land use types have been converted to bare land.

- Sediment deposition (unit: tons/catchment per year): total amount of sediment deposited

on the landscape in the reference catchment area, which does not reach the watercourse.
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5.2.3.1. Comparison of 2018 scenarios

The scenario B1 (COAOBI, Figure 55) showed the best effect in reducing soil loss
compared to the 2018 base scenarios with a percentage of 7.20% (1.67x10° tons) of soil
preserved in the basin (Table 24). The combination of the scenario B1 and scenario A2 increased
the soil retention in the basin to 1.68x10° tonnes (Figure 56a). The scenario with the hydraulic
safety work (C1A0BO) showed an increase in the soil loss in the basin of 4.60x10° tons, it is
probably linked to the land use change in pastures and prairies by removing the actual
vegetation. Even if the combination of scenario C1, with scenario B1, showed an increase in
the reduction of soil loss, this remained below the reduction effect obtained from scenario B1
alone.

The B1 scenario was also the best for the sediment export (5.95%) with a reduction of 1.89
x10° tons of sediment exported in the basin. This reflects the retention of nutrients which
increased in scenario B1 by 0.07% and decreased the sediment deposition by 7.40% (Table 24).
In this case the combination of scenario B1 and A2 further reduced the export of sediments
(Figure 56b).

Table 24 Variation in soil loss and sediment transport based on 12 management scenarios of the Piave

river basin under current climatic conditions (2018).

2018 SDR Piave Basin SDR Piave Basin %
Scenario usle tot sed_exp sed_ret sed_dep usle tot sed exp sed ret sed dep
(ton/basin) (ton/basin) (ton/basin) (ton/basin) % % % %
C0,A0, B0 2.41x107 3.27x10° 2.54x10% 2.08 x107  2.41 x107 3.27 x10% 2.54 x10® 2.08 x10’
C0,A1,B0 2.41x107 3.27x10° 2.54x10% 2.08 x10’ -0.01 0.00 0 -0.01
C0,A2,B0 2.41x107 3.27x10° 2.54x10% 2.08 x10’ -0.01 0.00 0 -0.01
C0,A0,B1 2.24x107 3.08x10° 2.54x10% 1.93 x10’ -7.20 -5.95 0.07 -7.40
C0,Al1,B1 2.24x107 3.08x10° 2.54x10% 1.93 x10’ -7.21 -5.95 0.07 -7.41
C0,A2,B1 2.24x107 3.08x10° 2.54x10% 1.93 x10’ -7.22 -5.95 0.07 -7.41
C1,A0,B0 2.41x107 3.27x10° 2.54x10% 2.08 x10’ 0.02 0.01 0.00 0.02
Cl,Al1,B0 2.41x107 3.27x10° 2.54x10% 2.08 x10’ 0.01 0.00 0.00 0.01
Cl,A2,B0 2.41x107 3.27x10° 2.54x10% 2.08 x10’ 0.01 0.00 0.00 0.01
Cl,A0,B1 2.24x107 3.08x10° 2.54x10% 1.93 x10’ -7.19 -5.94 0.07 -7.39
Cl1,Al1,Bl1 2.24x107 3.08x10° 2.54x10% 1.93 x10’ -7.21 -5.95 0.07 -7.40
Cl,A2,B1 224x107 3.08x10° 2.54x10® 1.93x10’ -7.21 -5.95 0.07 -7.41
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Figure 56 Maps (a) USLE soil loss and (b) sediment export for the best combination of A2B1 scenarios.
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5.2.3.2.  Comparison of 2050 scenarios

The scenario B1 showed the best effects in reduction of soil loss (USLE) compared to the
others 2050 climate change scenarios (RCP 4.5) (Fig. 57a, b). The soil loss amounted to 0.29%
(6.99x10* tons) unlike the base scenario (A0) which showed an increase of 5.39% (1.33x10°
tons) of soil lost in the basin area (Table 25). The greater presence of forest vegetation that
replaced agricultural areas with large natural spaces in the upper basin translates into a greater
presence of roots that better hold the soil and counteract possible increases in erosion due
primarily to the erosion of rain (R factor).

Sediment dynamics showed an increase in export and retention in all scenarios and
combinations of scenarios developed for 2050 (Table 25). Instead, the sediments’ deposition
showed an increase in the base scenario A0 and in the scenarios Al and A2 of 4.99% and a
reduction of 0.86% in B1 scenario (Table 25), also linked in this case to the greater coverage in
wooded areas in the Piave mountain basin.

The loss of soil showed in the combination of scenario B1 with both scenario Al and
scenario A2 a further percentage improvement in the reduction of soil loss of 0.30%
corresponding to 7.16x10* tons/basin for scenario Al and 7.21x10% tons/basin for scenario A2
(Table 25).

With regards to the deposition of sediments, a reduction is evident in scenario B1 and in its
combinations with A1 and A2, with and without work for hydraulic safety, the reduction

percentage remained almost unchanged (Table 25).

Table 25 Variation in soil loss and sediment transport based on 12 management scenarios of the Piave

river basin under future climatic conditions (2050).

2050 SDR Piave Basin SDR Piave Basin %
Scenario usle_tot sed_exp sed_ret sed_dep usle_tot sed_exp sed ret sed_dep
(ton/basin)  (ton/basin)  (ton/basin) (ton/basin) % % % %

C0,A0,B0 2.54x10" 3.53x10° 2.69x10®8  2.19 x10’ 5.39 7.83 5.85 4.99
C0,Al,B0 2.54x107 353 x10° 2.69x10®  2.19 x107 5.39 7.83 5.85 4.99
C0,A2,B0 2.54x10" 3.53x10° 2.69x10®8  2.19 x10’ 5.38 7.83 5.85 4.99

C0,A0,B1 2.40x107 3.37x10° 2.70x10®  2.06 x107 -0.29 3.18 591 -0.86
C0,A1,B1 2.40x107 3.37x10° 2.70x10®  2.06 x107 -0.30 3.18 591 -0.87
C0,A2,B1 2.40x107 3.37x10° 2.70x10®  2.06 x107 -0.30 3.18 5.91 -0.87

C1,A0,B0 2.54x10" 353 x10° 2.69x10®  2.19 x107 5.41 7.84 5.85 5.01
C1,A1,B0 2.54x107 3.53x10° 2.69x10®  2.19 x107 5.40 7.84 5.85 5.00
C1,A2,B0 2.54x10" 3.53x10° 2.69x10®8  2.19 x107 5.40 7.84 5.85 5.00

C1,A0,B1 240x10" 3.37x10° 2.70 x10®8  2.06 x107 -0.28 3.19 5.91 -0.85
C1,A1,B1 240x10" 3.37x10%° 270 x10®8  2.06 x107 -0.29 3.19 5.91 -0.86
Cl,A2,B1 2.40x107 3.37x10° 2.70x10®  2.06 x107 -0.29 3.19 5.91 -0.86
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Figure 57 Comparison of land loss USLE maps for 2050 scenarios (a) base (A0BOCO0) and (b) best

scenario B1.
5.2.3.3. Validation

To validate the model on the total sediment load exported to the river, the total suspended

solids (TSS, mg L'') ARPAV sampling data relating to the year 2018 were considered.

Table 26 Validation of model data with ARPAV data, TSS estimate referring to 2018.

ARPAV Export ARPAV
Mi M M SD
2018 mn x can (tons/year)
TSS mg L™ 3 136 27.3 38 7.17 x10%

The average value of total suspended solids in the Piave for the year 2018 was 27.3 mg L~
! (Table 26), with rather high values (> 100 mg/L TSS) in the late autumn and winter months.
This data was reported on an annual basis using the average flow rate of 116 m*/s of the Fossalta
di Piave station. The value obtained with by ARPAV data (Table 26) and compared with the
total sediment export data (3.27x10°tons) of the model (Table 24) it can be seen that, although
the model provides a good approximation, it nevertheless has a limited number of parameters
for which the output values generally show a high sensitivity to the input data.

The USLE model have limitations related to the low number of parameters. As in all geo-

spatial models, the outputs are very sensitive to input parameters and errors in the empirical
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parameters of the USLE equations. Among the main limitations of the model is its dependence
on the USLE. This equation is widely used but only represents overland (rill/inter-rill) erosion
processes. Other sources of sediment include gully erosion, streambank erosion, and mass
erosion. Mass erosion (landslide) can be a significant source in some areas or certain land use
changes, such as road construction.

Erosion is a major cause of soil degradation with consequences for land and aquatic
resources. Recent studies using models based on a high spatial resolution universal soil loss
equation (RUSLE) revisited semi-empirical modelling approach (GloSEM) can predict the
future rate of erosion by modelling the change in the erosion potential of precipitation (factor
R) using alternative scenarios of the Shared Socioeconomic Pathway and Representative
Concentration Pathway (SSP-RCP) (Borrelli et al., 2020). Climate projections for all global
dynamic’s scenarios indicate a trend towards a more vigorous hydrological cycle that could
increase global water erosion (+30 to +66%). In EU agricultural land, the mean change in

rainfall erosivity 2010-2050 varies by +23.9% in RCP4.5.

In the Mediterranean basin (Italy, Spain,

i 3 e Portugal, and southern France) where erosional
) events in late spring and early autumn are the
dominant ones, there is a relatively modest
increase in erosivity (7% — 12%). In 2050, the
average soil losses in Europe under the RCP2.6

and RCP4.5 scenarios are projected to be 3.47 and

3.46 t ha' year!, respectively. In the RCP4.5
scenario, soil loss by water erosion is estimated to

increase by 76% in agricultural land and decrease

for the remainder (Fig. 58) (Panagos et al., 2021).
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Figure 58 Map of soil erosion estimate in important for making decisions for local, regional

Europe for climate scenario RCP4.5

and national strategies for soil conservation.
(from Panagos et al., 2021). &

Predicting future rates of erosion provide a useful
knowledge base to support decision-makers in considering the development of more resilient
agricultural systems, such as forestry agriculture, regenerative agriculture or other emerging
techniques that can go beyond current conservation agriculture strategies. These must consider

that we may face major climate change now and in the coming decades.
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5.2.4. Conclusions

Sediment export and retention are important ecosystem processes causing soil erosion and
sediment loading in waterways consequently affecting the health of aquatic habitats
downstream. The Comparison between the 2018 NBS scenarios showed a -7% of soil losses in
the Piave basin. Most sediment export and retention occurred from forest or vegetated land use
land cover types. The model validation confirms that the outputs obtained are consistent with
the ARPAV official data, demonstrating that the SDR model is an appropriate tool for estimating
soil-loss potential by water at regional/national levels.

In addition, both sediment concentration and export, can influence the water turbidity
which represents an important determinant of water quality with consequent effects to the
aquatic lives. Therefore, the temporal distribution of rainfall and corresponding sediment export
becomes important, since these two factors determine the sediment concentration as well as
turbidity in the waterbody. Future projections of 2050 clearly showed that reforestation can
reduce soil loss and preserve soil functions (e.g., carbon sink).

The study revealed the potential of SDR model to quantify the sediment export and
retention in the Piave River basin and it would help the policy makers in making informed

decisions for planning sustainable conservation and strategies for soil and water.
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6. ECOSYSTEM SERVICES EVALUATION AND PRIORITIZATION

6.1.Background

In this last phase of the research was reached the ESs quantification and their relationship
with the environmental management priorities of the Piave basin, with particular focus at the
lower Piave basin. The integration of the concept of ecosystem functions and services in
territorial management and planning is essential for the local decision making. The local
authorities can control the pressures that threaten the ecosystem and their functionality,
"building" a governance model based on tools such as payments for ecosystem services.

After a careful analysis of all the single NBS scenarios produced by the development of
the ecosystem services models, the attention was focused on the scenarios for the year 2050.
The 2050 scenarios include climate change according to the RCP 4.5 model of the IPCC report
AR5 (2014), an intermediate scenario which assumes a radiative forcing at 2100 of 4.5 W/m?2.

Twelve future scenarios were developed for each model. Starting from these scenarios, it
was possible to compare each NBS scenario and each combination of scenarios to evaluate
which showed the best positive effect for ecosystem services, so that for each scenario it was
possible to evaluate which ones would bring the optimal results for the Piave. The best
individual baseline scenarios and the best combination of two scenarios (e.g., A1B1) were

identified for each ecosystem service (Figure 59-63).
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6.2.Ecosystem services assessment — Selection of the best scenarios

The B1 scenario was the best scenario for the service related to the soil loss reduction in
the Piave basin projected for 2050, with a reduction of the soil loss of 0.29% compared to
current conditions (Fig. 59). The greater presence of forest vegetation in the agricultural areas
with large natural spaces in the upper basin translates into a greater presence of roots systems
which means that they hold the soil better, reducing the hydrogeological risk. In the Lower
Piave, scenario A2 presents the best conditions for reducing soil loss, since the belt of
hygrophilous forest along the rivers reduces bank erosion. The combination of the scenarios Bl
and A2 increased another percentage point in the reduction of soil loss which results in a total

of 7.21x10* tonnes of soil not lost in the basin.

Soil loss %

5.39
4
% 2
0
2

AO Al A2 Bl C1 A2B1
base river river reforestation flood best
restoration 1 restoration 2 retention combination
basin
Scenario

Figure 59 Percentage loss of soil for the baseline scenarios and the best combination of scenarios.

For the service relating to phosphorus exports in the basin for 2050, the best scenario is
represented by Bl with a reduction of phosphorus load of 27.58% compared to current
conditions (Fig. 60). Phosphorus is closely linked to the sediment and in some of its forms it is
adsorbed by soil particles (Regelink et al., 2015). In this case the greater presence of forest
vegetation brings a benefit because it allows the roots to retain the soil and consequently the
phosphorus. Furthermore, phosphorus is one of the essential nutrients for plant growth, as well
as being retained by the roots it is also absorbed by them. In the Lower Piave, scenario A2
presents the best conditions for reducing the phosphorus load, again linked to the greater
presence of riparian vegetation inside the banks. The combination of the two scenarios B1 and
A2 leads to a reduction in phosphorus exports of 28.34% for the sum of the positive effects

linked to reforestation upstream and in the floodplain of the lower course of the Piave.
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Figure 60 Percentage export of phosphorus for the baseline scenarios and the best combination of

scenarios.

The service linked to the nitrogen export in the Piave basin for the 2050 showed B1 as the
best scenario with a reduction of the nitrogen load of 6.95% compared to current conditions
(Fig. 61). By increasing the forest cover, nitrogen, which is also an essential nutrient for plants,
is absorbed by plants. Furthermore, the increase in riparian vegetation increases its buffer
function against diffuse pollution, retaining the excess of nutrients which, in the absence of
vegetation, can easily reach the river. In the Lower Piave, scenario Al presents the best

conditions for reducing the nitrogen load that reaches the river.
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Figure 61 Export percentage of nitrogen for the basic scenarios and the best combination of scenarios.

Scenario B1 represents the best scenario for the carbon storage and sequestration

ecosystem service contributing 5.43% (Fig. 62) more than the other baseline scenarios. Carbon
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stored by European forests is currently increasing due to changes in forest management
(CORDIS, 2016), as scenario B1 well represents. In the lower Piave, scenario A2 presents the
best conditions for further carbon storage. About half of the carbon is stored in the soil of

forests, so when forests are damaged or cut, the carbon is released back into the atmosphere.
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Figure 62 Percentage carbon storage for baseline scenarios and best combination of scenarios.

The water availability model predicts a loss of water volumes in all scenarios (Fig. 63).
Scenario C1 represents the scenario with the least loss of water volumes (19.85%) with a
reduction of 9.86x10% m®. The second-best scenario is represented by Al, followed by the
combination of the two scenarios (C1A1). According to IPCC models, the amount of water
available in the Piave basin will decrease in the future due to climate change. Precipitation will
be less frequent but more intense and concentrated in the short term, causing inconvenience
related to the effects of extreme climatic events (Iannuccilli et al., 2021). Being able to retain
as much water as possible in the area so that it can be used in periods of drought represents the

challenge of the future.
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Figure 63 Percentage water availability for the baseline scenarios and the best combination of

scenarios.
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6.3.Method of prioritization

Several environmental objectives were identified related to the management of the river
and the ecosystem services provided. Ecosystem services were associated with each
environmental objective based on the relationship between the service provided and the
objective itself, to identify the best scenarios with respect to each objective. The individual
objectives have been determined based on the most recent legislation and the priorities of the
Veneto Region (PAC), of the Eastern Alps Basin District Authority (Water Protection Plan), of
the European directives (Water Framework Directive 2000/60/EC, Habitats Directive
92/43/EEC) and IPCC reports. The environmental goals considered in the analysis are:

» Control and reduction of the Piave River eutrophication
» Control and reduction of the Adriatic Sea eutrophication
» Protection and conservation of the soil

» Improving responses to climate change (COP27)

For each goal, the Drivers, Pressures, and Impacts (DPSIR model) were identified in
relation to the Piave river as envisaged in the Water Management Plan produced by the Eastern
Alps Basin District Authority in compliance with the Water Framework Directive (WFD
2000/60/CE).

For each goal, ecosystem services were selected that have both a direct and indirect impact.
The relative weight assigned to each ecosystem service linked to the specific objective was
evaluated considering the relationship between the current state, the determined impacts, and
the variations on the relative pressures of each service at present (base scenario year 2018, as
per the previous reports of the project) and future (year 2050).

For each goal and its ecosystem services were evaluated all single and combined scenarios.
For each ecosystem services were identified the single scenario that produced the best positive
effects to meet this objective. Furthermore, all possible combinations of scenarios were also
evaluated with the same method.

The weight attributed to the best scenario were based on the natural stoichiometric ratio
between the elements carbon, silicon, nitrogen, phosphorus (C:Si:N:P). These weights were
related according with the control and reduction of the eutrophication of the Piave river, the
Adriatic Sea and for the protection and management of agricultural resources. The ideal soil
water content was also used for agriculture. For the goal of improving the basin's responses to
climate change was considered the relationship between carbon dioxide (COz) and nitrogen

oxide (N20) and their global warming potential.
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6.3.1. Control and reduction of the Piave River eutrophication

The eutrophication of the river is linked to an excess of nutrients, substances essential for
plant growth, among which a decisive role is played by the bioavailable forms of nitrogen and
phosphorus. Studying the distribution of nutrients is very important for assessing the risk of
eutrophication in water bodies. The supply of nutrients is a natural process that allows aquatic
plants to carry out their biological cycle; however, when the nutrients intake exceed, there is an
exponential growth of phytoplankton, in particular of the more opportunistic species, also
causing a strong change in the composition of the phytoplankton community. The consequences
are linked: the excessive development prevents sunlight from penetrating into the water,
inhibiting the photosynthesis of the vegetation located deeper; the increase in organic mass
promotes the process of bacterial decomposition, an aerobic process which leads to a reduction
of the oxygen available for other microorganisms (phytoplankton) and for the fish causing their
death.

To give weight to the models I chose to follow the Redfield—Brzezinski ratio where the
Si:N:P ratio 1s 15:16:1 (Brzezinski, 1985). The N:P ratio (Redfield-Brzezinski ratio) is an
important indicator that serves to specify which nutrient limits eutrophication. If the N:P ratio
> 16, phosphorus (P) is the limiting factor for algae growth. If N:P is between 14 and 16, both
N and P are limiting factors (Mills et al., 2008) and if the ratio is N:P < 14, it indicates that
nitrogen (N) is the limiting factor for the growth of algae (Hodgkiss and Lu, 2004; Redfield et
al., 1963). Turner et al. (2003) estimated the ratio 16:1 DIN:DIP for phytoplankton and 1:1
DSi:DIN for diatoms (DIN = dissolved inorganic nitrogen, DIP = dissolved inorganic
phosphorus or orthophosphate).

Applying this Si:N:P ratio 15:16:1 and considering the ratio of nitrogen to phosphorus of
the river during the study period, together with the contribution of silicon, nitrogen and
phosphorus from sediment loss to the river, it was identified a ratio between phosphorus,
nitrogen and sediment exports of 1.6:1:0.5 (Fig. 64, “Relative weight” column), where an
increase in P export will be more impactful than an increase in N or Si. proportion reducing P
brings greater benefits than reducing N.

In addition, as a support to the priority analysis, the scenario A1 was identified as the best
to the habitat quality, and from some relevant information of the citizen scientists where the
participants were underlined the aesthetic, historical and recreational values of the Piave river

(cultural ecosystem service).
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» Control and reduction of the Piave River eutrophication

Ecosystem Relative
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Figure 64 Summary scheme of the components (DPSIR), weights and scenarios considered for control

and reduction of eutrophication in the Piave river.

6.3.2. Control and reduction of the Adriatic Sea eutrophication

The amount of nutrients (N, P, Si) transported to the coastal zone by large river systems, as
well as the balance between these elements, are the main factors determining the problems of
coastal marine eutrophication (Josette Garnier et al., 2021). Many of these problems are the
consequence of the new production of non-siliceous algae, supported by nitrogen and
phosphorus supplied by rivers in excess of the dissolved silica component (Royer, 2020).

The European Environment Agency (EEA) published the Report "Nutrient enrichment and
eutrophication in Europe's seas" which analyzes whether and how Europe has been able to
reverse the eutrophication trends in its regional seas (EEA, 2019). The assessment is based on
available monitoring data, mainly collected in the context of the Water Framework Directive,
the Marine Strategy Framework Directive and the Regional Maritime Conventions. According
to the EEA assessment, following the mapping for eutrophication assessment of 2,400,000 km?
of European seas, approximately 563,000 km? (23%) of these areas are eutrophically challenged.

In the case of the Adriatic Sea, the anthropogenic contribution of nutrients from rivers such
as the Po and the Piave, associated with agriculture and the urban contribution of large coastal
cities, has determined a strong impact on the quality of sea water, determining conditions of
eutrophication (Giani et al., 2012). The waters of the Adriatic in summer are stratified, and this
limits the mixing of the water column, leading to a high eutrophication and frequency of

hypoxic events (lack of oxygen dissolved in the water). Historical data from 1972 to 2010
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indicate a trend of reversal of the phenomenon starting from the 2000s, thanks to lower
concentrations of chlorophyll, decrease in river nitrogen loads (except for the Po river from
which the load has increased), phosphorus and silica, with a related decrease in hypoxic events
since the late 1980s and 1990s. The change in the ratio of dissolved mineral components is due
to the reduction of phosphate concentrations thanks to the new regulations on polyphosphates
in detergents and the lower nutrient influx from the Po River between 2000 and 2008, following
a dry climatic period with reduced precipitation. The 2003-2007 drought resulted in a marked
decrease in the net primary production of phytoplankton and chlorophyll. Nutrient and
chlorophyll concentrations remained low after the return of higher river flows in 2008-2016,
possibly due to better control of nutrient loads by watersheds (Totti et al., 2019).

The main limiting factors for phytoplankton growth are light, temperature and nutrients.
Nutrients, mainly PO3~, are limiting only in case of prolonged dry periods. Nitrogen
concentrations have a strong influence on the marine ecosystem, altering the phytoplankton
community and controlling the total biomass, also affecting the biomass of commercial fish
stocks. The relationship between nitrogen loading and fish stocks is complex and also depends
on local hydrographic conditions (the presence of deep hypoxic zones) and pressure from
fishing activities (de Mutsert et al., 2016). A comparison of 30 coastal ecosystems shows that
when the spatial extent of bottom hypoxia is < 20% of the ecosystem surface, the fish stock per
unit load N (kg wet weight per kg N) varies between 0.1 and 2.1, but when the spatial extent
was > 20%, the stocks per load N are consistently < 0.5.

Comparison of N:P ratios from 2011 to 2012 in the Bay of Durres (South Adriatic) (Gjyli
et al.,, 2016), indicated an alternation of limitation for N and co-limitation of N and P.
Comparing the ratio N: P in the Bay of Durres with the southern Adriatic Sea for both 2011 and
2012, N was found to be limiting for the bay while in open waters N and P are co-limiting of
primary production. This study showed that there is a strong positive relationship between
primary production (total chlorophyll a, Chl a) and nitrogen in coastal waters and a moderate
positive relationship between primary production and N:P ratio in coastal waters.

In the Northern Adriatic, the formation and deposition of macroaggregates (mucilage) of
bacterial-rich organic matter also fuels a high biological demand for oxygen, anoxia, and mass
mortality in the May-September period (Ciglenecki et al., 2020; Degobbis, 1989). Mucilage
episodes are unique for the North Adriatic both in terms of size, reaching up to 3 m in diameter,
and in their abundance and spatial coverage, occupying hundreds of km? both in coastal waters
and in the open sea. Sporadic occurrence of mucilage episodes increased in frequency from

1980 to 2004 (Danovaro et al., 2009). Major episodes (2-6 weeks in duration) occurred every
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year during 1988-1991, 1996-1998 and 2000-2004. After a sustained episode from December
2006 to April 2007, relatively short-lived episodes were recorded in 2014 (August) and 2018
(July-August) (Malone and Newton, 2020).

The relative inputs of N and P can influence potentially toxic phytoplankton abundance
and mycotoxins production (Glibert et al., 2014b; Glibert and Burford, 2017). Many toxic
marine dinoflagellate species are more abundant when N is in a stoichiometric excess over P
(N:P > 16), as is the case in the Upper Adriatic where N:P ratios increased from an average of
64 during the 1960s to >100 in the most recent years (Malone and Newton, 2020).

In addition to eutrophication, the ecosystem of the Adriatic Sea is subject to further
pressures due to climate change: sea level rise, salinity increase, precipitation decrease, water
temperature increase, with consequent water acidification and increase the number of
thermophilic non-native species.

The most recent data on the ratio between N:P in the Adriatic Sea are 22:1 (DIN:TP 11:0.5),
as reported in the environmental data report by ISPRA (2019). Applying this ratio and
considering the nitrogen to phosphorus ratio of the river during the study period, a nitrogen to
phosphorus export ratio of 1.4:1 was identified (Fig. 65). Also in this case, proportionally, there
is a greater benefit by reducing P with respect to N, but N must in any case be monitored for
the effects it produces in promoting the flowering of toxic algal species.

In addition, to support the priority analysis, the scenario A1 was identified as the best to
the habitat quality, as a support ecosystem service, must be taken into consideration in the
indications on the management choices of the lower Piave area.

» Control and reduction of the Adriatic Sea eutrophication

Land use  Increase of Ecosystem Relative
Drivers change  Urban areas Agriculture Indicators services It Scenarios Ecosystem service
models
Wastewater Urban .
Pressures  Agriculture Withdrawals Treatment Traffic P concentration P export 5.8 Bl, Al . .
Jants runoff Nutrient retention
p (Self-purification)
N concentration N export 42 BI, A2
Tmpacts Water Diffuse  Point sources
pa quality pollution pollution Land use
Precipitation
Additional ESs  Habitat + Al Scenarios

B1 — Reforestation upper basin (14,574ha)
Al —River restoration inside the lower basin
riverbanks

(riparian forest 645ha + erodible belt 415ha)

Figure 65 Summary scheme of the components (DPSIR), weights and scenarios considered for control

and reduction eutrophication in the Adriatic Sea.

142



6.3.3. Protection and conservation of the soil

Soil is a limited and non-renewable resource of fundamental environmental and socio-
economic importance. Each soil has its own chemical-physical characteristics and a specific
endowment of mineral elements and organic matter which determine the granulometric
composition and structure, like the partition between soil, air, and water (Costantini and Dazzi,
2013). The optimal water content of a well-structured soil depends on the rainfall regime and
for the purposes of agricultural production it has optimal values when it has values equal to
25% (Gardner et al., 2000). Macroporosity is normally occupied by air while micropores are
occupied by water. The soil is the site of biogeochemical processes mediated by
microorganisms which determine the degradation of fresh organic matter, rich in carbon, and
its transformation into mature organic matter characterized by a lower C/N ratio (Huang et al.,
2005; Madsen, 2011).

The Community Agricultural Policy and in particular the "farm to fork" strategy (European
Commission, 2020b), promotes forms of agricultural production with lower inputs and greater
environmental sustainability also with the aim of reducing climate-altering emissions which are
30% of agro-zootechnical origin. Although there is not yet a directive on soil conservation, the
importance of this resource and the role it could play in terms of carbon stocks are being warned
by many.

Agriculture is therefore one of the productive activities most exposed to the effects of
climate change, it can be counted among the causes of climate change and at the same time it
can play a very important role in the decarbonization process.

Water is the most important resource involved in the photosynthetic process, an essential
resource to express the yield potential of the soil and to allow varieties of plants and animals to
benefit from other factors that increase their agricultural production yield (Waraich et al., 2011).

In the Italian agricultural context, climate change deriving from the increase in temperature
and therefore of evapotranspiration, from the increase in the frequency of extreme phenomena
and from a different precipitation distribution, more abundant in the autumn-winter period and
less in the spring-summer period , according to the most accredited forecasting models, could
negatively influence the productivity of crops and in particular the spring-summer crops which
will have to make greater use of irrigation (Bozzola et al., 2018).

Among the measures to mitigate the effects of climate change are early sowing to prevent
critical phases of crops, such as flowering, from taking place in conditions of particular thermal
and water stress. In addition, the cultivation of early varieties with shorter cycles and the

selection of genetic material more tolerant to water stress or more capable of extracting water
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from the soil. In all cases, in the absence of natural rainfall, the use of irrigation is a necessity
to ensure the production of fruit and vegetables and summer cereals.

The correct regulation of excess water to recharge the aquifers and an optimal management
of the water resource, as well as the protection of the quality of surface and groundwater
freshwater represents a strategic priority in the context of a climate change process such as the
one described by the reports of the IPCC (2019a).

The causes of the contraction of the water resource, in which agriculture plays a key role
as a large user, are attributable to losses in the irrigation water distribution network, growing
pollution of water bodies (sediments, dissolved salts, heavy metals, agro-pharmaceuticals and
pathogens) (Ceccon et al., 2017).

The Water Framework Directive (2000/60/EC) requires Member States to facilitate
sustainable water use based on the long-term protection of available water resources, ensuring
that all needs are met to an acceptable level, including that of maintaining flow rates and water
levels compatible with the health of ecosystems and with the quality of natural environments.
Following the reduction in precipitation and the consequent decrease in water availability,
critical situations have arisen for the water supply in numerous territorial contexts.

A healthy soil, in addition to the availability of water, is largely composed of the mineral
component, consisting of the presence of fundamental chemical elements necessary for the
development of vegetable biomass and for the functionality of ecosystems.

The already known C:N:P ratios for planktonic biomass and their importance in
understanding biological processes and nutrient cycling in aquatic ecosystems have prompted
ecologists to look for similar patterns in terrestrial ecosystems. Several studies indicate the
existence of ratios similar to the Redfield ratio in plants, and such data can provide insight into
the nature of nutrient limitation in terrestrial ecosystems (Bai et al., 2020; Fazhu et al., 2015;
Li et al., 2012). Although the soil is characterized by high biological diversity, structural
complexity and spatial heterogeneity, the concentrations of the elements of the individual
phylogenetic groups within the soil microbial community can vary, but on average the atomic
ratios C:N:P both in soil (186:13:1) and soil microbial biomass (60:7:1) are well constrained on
a global scale (Cleveland and Liptzin, 2007). Elemental stoichiometry with direct evidence of
microbial nutrient limitation suggests that measuring the proportions of C, N, and P in microbial
biomass may represent another useful tool for assessing nutrient limitation of ecosystem
processes in terrestrial ecosystems.

Considering the C:N:P ratio of the soil and that 25% water (W) is contained in the soil, we
weighed the elements in order to obtain the optimal ratio of W:C:P:N at 4:1:1: 0.5 (Fig. 66).
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The loss of arable soil is the most influential factor for agriculture, followed by the availability
of water and the availability of nutrients which increases its productivity as a result of soil
fertilization.

In addition, to support the priority analysis, the scenario A1 was identified as the best to
the habitat quality, as a support ecosystem service, must be taken into consideration in the

indications on the management choices of the lower Piave area.
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Figure 66 Summary scheme of the components (DPSIR), weights and scenarios considered for the

protection and conservation of agricultural resources.

6.3.4. Improving responses to climate change (COP27)

Climate change and environmental degradation are a significant threat to Europe and the
world. The Intergovernmental Panel on Climate Change (IPCC, 2021) has described the
profound, irreversible and devastating effects associated with the climate crisis, emphasizing
that only further drastic reductions in greenhouse gas emissions can limit global warming to
1.5°C and avoid the most serious consequences of anthropogenic climate change. Although the
EU (2020a) and many other parties of the Paris Agreement have set more ambitious goals for
COP27, according to the latest UNFCCC (2022) synthesis report, the world community is still
far from being on track to contain global warming within 2°C and remain within the limit of
1.5°C. Despite this, the EU is leading the green transition and showing the way for the
implementation of the Paris Agreement by having an ambitious and binding legislative
framework that regulates all sectors of the economy to comply with the agreements. Between

1990 and 2020, total EU greenhouse gas emissions decreased by 31%, while the economy grew
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by more than 60%. Climate action is the EU's top priority, and the European Green Deal (2020a)
aims to make Europe the first climate-neutral continent by 2050.

Currently, the World Meteorological Organization (WMO, 2022) has calculated that the
concentration of carbon dioxide (CO.) in the atmosphere is 40% higher than the level recorded
at the beginning of the industrial era (400 ppm) and that COx is responsible for 63% of global
warming global warming caused by man while methane (CH4) is responsible for 19% of global
warming of anthropic origin (concentration of 1870 ppb), nitrous oxide (N20) of 6%
(concentration of 330 ppb). The Global Warming Potential (GWP or Global Warming Potential)
(IPCC, 20006) expresses the contribution to the greenhouse effect of each climate-changing gas
in relation to the effect of CO,, whose reference potential is equal to 1. The GWP is therefore
the measure of how much a molecule of a certain greenhouse gas (CO», CH4, N>O, HFC, etc.)
contributes to the greenhouse effect. Each GWP value is calculated for a specific time interval
(typically 20, 100 or 500 years).

The increasing use of nitrogenous fertilizers for agricultural food crops is increasing
atmospheric concentrations of N>O. Three quarters of N>O emissions are due to agricultural
activities. Nitrous oxide remains in the atmosphere for an average of 114 years: it is estimated
that for the same mass its contribution to the greenhouse effect is 300 times greater than that of
carbon dioxide. According to an estimate published in 2020 in the journal Nature (Tian et al.,
2020), nitrous oxide emissions have increased by 30% over the past forty years compared to
pre-industrial levels.

Considering both the concentration of CO2 and N>O (400 ppm and 330 ppb) and their
relative GWP (1:300), we applied a ratio between the two greenhouse gases of 4.2:1 (Fig. 67).

Programs to reduce the impact of agricultural N>O emissions are focused on better
management of the use of nitrogenous fertilizers (sustainable agriculture) and a reforestation
policy. A greater forest cover allows a greater sequestration of CO and a better control of the
flows of nitrate and other sub-compounds of fertilizers. Even if some of the effects of climate
change are already irreversible, the agreements reached at COP27 should aim at mitigating

these impacts through more incisive global and local policies.

In addition, to support the priority analysis, the scenario A1 was identified as the best to
the habitat quality, as a support ecosystem service, must be taken into consideration in the

indications on the management choices of the lower Piave area.
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» Improving response to climate change (COP27)
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Figure 67 Summary scheme of the components (DPSIR), weights and scenarios considered to improve

responses to climate change.
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7. CONCLUSIONS

Traditional approaches to water resource management are aimed to optimize the provision
of reliable water supplies, energy, and flood protection, while seeking to maintain a static
condition. However, this limited focus on direct provisional services has significantly altered
the functioning of freshwater ecosystems, resulting in the decline of biodiversity on a global
scale and the loss of ecosystem services for local and regional populations. At the same time,
climate change has direct and indirect impacts on basic hydrological and chemical functions of
terrestrial and freshwater environments, further exacerbating the stress on river ecosystems.

Climate change presents new challenges to maintaining freshwater environments by
presenting new and uncertain hydro-climatic conditions, increasing the probability of climate-
infrastructure misalignments with respect to historical climate variations. For this reason, global
policies are aimed at encouraging new approaches in climate change mitigation and adaptation,
increasing the ecological resilience in the design and management of freshwater environments.
Improving the resilience of freshwater systems management requires a better consideration of
ecosystem functions, services and needs. Integrating an improved understanding of nutrient and
carbon dynamics into catchment management and policy making can deliver broad benefits to
both people and the environment. It is therefore necessary to combine novel modelling
approaches and the development of alternative scenarios that potentially more compatible with
the needs of river ecosystems and its basin. Approaches that aim at greater adaptability of
ecosystems and include the precautionary principle by avoiding negative side effects on
ecosystem services are a fundamental requirement for sustainable development (Hallegatte,
2009). This new approach foresees an emerging water management paradigm that integrates
the functioning of natural ecosystems and aims to simultaneously enhance the ecological and
engineering resilience of water management systems.

For the Piave basin, a general objective should be to promote the integration of ecological
resilience principles into basin planning and design, not only to enhance natural capital, but also
to help sustain critical services for populations. and improve the overall resilience of the river
basin for the future.

The results of the present study indicate that the most suitable and effective land use change
scenario for the purpose of conserving and increasing the ecosystem services would be to favour
reforestation of predominantly low production agricultural areas located in the upper basin
(scenario BI1). This scenario presents numerous benefits, compared to the status quo, and
compared to the other scenarios considered, in particular: 1) the reduction of the macro-nutrient

flows to the Piave river, ii) the reduction of the eutrophication of the Adriatic Sea, iii) the
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improvement of the responses to the change climate change (COP27), and iv) the conservation
of the soil and biodiversity. Increasing natural areas and reforestation meets the objectives of
the European Green Deal and coincides with the interventions envisaged in the new CAP 2023-
2027.

The scenarios proposed in the Lower Piave (A1, A2) present numerous benefits for an
improvement in river environment and services provided. By transforming the use of the land,
inside the banks, from agricultural to natural, there would follow the partial redevelopment of
the dynamics of the river by restoring erodible areas and in the remaining areas the evolution
of the hygrophilous forest. While scenario A2 only foresees the hygrophilous forest without
additional changes except for a control of the expansion of invasive species. Both actions would
have positive impacts on nutrient flows to and within the river, as well as indirect impacts on
carbon flow.

Scenario C1, based on a possible flood retention basin against the hydraulic risk, also
presents benefits, especially on the availability of water and a reduction in phosphorus exports.

The present project also demonstrated that it is possible to increase participation in the
management and monitoring of our river environment. Citizen science was found to be a useful
approach to fill information gaps for model validation. Involving citizen participants directly in
monitoring activities also improves communities’ influence on management policy in their
territory.

Organic carbon dynamics in the lower Piave river are complex and, at least in part, caused
by the human impact that has altered its geomorphology, hydrological regime and land use in
the basin. The modelled DOC concentrations increase from upstream to downstream in autumn
due to the contribution of the fresh allochthonous organic substance coming from the territories
drained by the Piave, to which is added that transported by the Sile River and introduced from
the Piave Vecchia. In July the intrusion of sea water rich in degraded autochthonous DOC also

influenced overall carbon concentrations and export.

The carbon delivery model, developed for the Piave River, was designed to be used in
future river studies. It has been integrated with basin scale tools utilising the QGIS platform. It
allows the development of and comparison of alterative scenarios to optimise ecosystem
services. Data requirements for the model were easily retrievable from international and
national databases, making it appropriate for modelling DOC and POC in data-scarce basins.
The model is refined using local data, in particular monthly or seasonal concentrations of DOC
and POC at the sub-basin level. The great number of sub-basins monitored, the more robust the

reduction factor interpolation will be and therefore, more accurate the model outputs. The
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model output can be used to evaluate carbon export based on varying land use and climate
scenarios, providing an additional tool to support land use options that reduce carbon loss to

receiving waterbodies, either marine or lake.

The suite of models developed was aimed to support the development of policies and tools
that integrate social, economic, and ecological perspectives in the management of the Piave
basin. The study benefited from the great availability of local and regional authorities and the
citizens of the Lower Piave, to develop integrated models and analyses that made it possible to
explore in detail the biochemical conditions of the territory, in particular the activities of Citizen
Science. The study introduced several innovative aspects, from the methodological point of
view of ecosystem services assessments. These innovations have been published in

international scientific journals.
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