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1 Introduction

The main aim of PHUSICOS is to assess with a multi-disciplinary comprehensive approach the
effectiveness of nature-based or nature-inspired solutions (NBS) in reducing the risk posed by
natural hazards induced by extreme weather events in mountainous and rural areas.

In the frame of PHUSICOS project, NBS efficacy in reducing the risk associated with different natural
hazards is assessed in different countries, at varying geological, morphological, and hydrological
settings and under distinct climate scenarios.

In Task 4.1 of the project, a comprehensive framework for NBS assessment was developed to
support governance in the decision-making processes (Autuori et al., 2019; Caroppi et al., 2023).
Some key indicators included in the assessment framework tool are linked to the effectiveness of
NBS in hazard and risk reduction, in terms of both reduction of areas affected by a natural
phenomenon and reduction of its intensity in the examined area.

During Task 4.4 (Modelling changing pattern of hazard and risk and identifying the return period of
the extreme events that the NBS could safely withstand) the effectiveness of NBS in reducing risks
was assessed at the three Demonstrator cases (DCs) of the project, namely the Serchio River Basin,
the Gudbransdalen Valley and the Pyrenees sites. This was done by implementing numerical
modelling and analyses to generate the hazard maps for threats of interest, with and without NBS
implementation, and for different climatic scenarios (Pignalosa, Gerundo, et al., 2022).

The assessment of the effectiveness of mitigation measures against natural hazards was pursued
through the modelling of hazard scenarios before and after NBS’ implementation. The comparison
of modelling results for different scenarios allowed evaluating the change in hazard patterns as a
result of the implementation of mitigation measures, providing further relevant inputs for
stakeholders involved in the decision-making processes.

When the natural phenomena generating hazard were strongly linked to weather events, as in
Serchio River DC, the comparison of results from hazard modelling developed for different climatic
scenarios ensured the evaluation of NBS’s effectiveness also against the impacts of climate change.

Modelling activities in Task 4.4 only took into account hazardous phenomena occurring at the DCs,
since it is outside the scope of PHUSICOS to predict the changes in the elements at risk and exposed
infrastructure at the case study sites. Actually, NBS implemented at PHUSICOS DCs are mainly
focused on reducing the intensity of natural phenomena or their frequency of occurrence, without
intervening on exposed assets and their resilience. Therefore, the modelling carried out in D4.4 was
oriented to hazard assessment, which represents the main risk component affected by NBS
interventions.

In any event, to assess the effectiveness NBS, it is essential to evaluate the intensity and the spatial
distribution of risk at both baseline (without NBS) and NBS scenarios, compare them and identify
5
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possible complementary risk reduction or risk-transfer measures for dealing with the residual risk
posed by extreme events with higher intensity than that the NBS could safely withstand.

One of the preliminary steps of residual risk assessment is to define a general methodological
framework for the evaluation of risk itself. The main challenge lies in finding a method able to assess
the risk components (hazard, exposure, vulnerability) and their evolution after the implementation
of NBS measures and, at the same time, to catch the multiple benefits NBS are able to provide
beyond the mere technical issues (e.g. positive impacts on biodiversity, economy, society, quality of
life, etc.).

Starting from a general methodological framework, the next step concerns the definition of risk
components evaluation approaches for each DC, according to the implemented NBS, and choosing
the most appropriate scale of the analysis which best fits the effects of the adopted measure.

Risk assessment was thus carried out to generate, for each demonstrator case, hazard, exposure,
and vulnerability maps and, through their proper correlation, risk maps, at both the ante-operam
baseline scenario (SO) and the post-operam one (S1). The aim was to assess the intensity and the
spatial configuration of residual risk to eventually identify complimentary risk reduction measure
for dealing with the impacts of heavy events with intensity higher than the considered thresholds.
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2 General Methodological Framework
2.1 Introduction to residual risk concept

According to the terminology of United Nations Office for Disaster Risk Reduction (UNDRR, formerly
UNISDR), disaster risk is defined as “the potential loss of life, injury, or destroyed or damaged assets
which could occur to a system, society or a community in a specific period of time, determined
probabilistically as a function of hazard, exposure, vulnerability and capacity” (UNISDR, 2015b).

In other words, disaster risk could be expressed as the likelihood of loss of life, injury or destruction
and damage from a disaster in a given period of time and it is widely recognized as the consequence
of the interaction between a hazard and the features that make exposed people and places
vulnerable (UNISDR, 2015a). Technically speaking, disaster risk, hereinafter just referred to as risk,
is defined through the combination of its three components, thoroughly explained below, according
to UNISDR definition:

R=HXEXYV Eq. 1

where:

- Hazard (H) is defined as “a process, phenomenon or human activity that may cause loss of life,

injury or other health impacts, property damage, social and economic disruption or
environmental degradation”. Hazards may be single, sequential or combined in their origin and
effects. Each hazard is characterized by its "location, intensity or magnitude, frequency, and
probability". Hazards related to hydro-meteorological events are significantly amplified in
mountainous areas, since the rate of warming tends to grow with elevation, and this amplifies
changes in mountain ecosystems and their hydrological regimes (Pepin et al., 2015;
Schneiderbauer et al., 2021). Mountain regions are more likely to experience multi-hazard
conditions than non-mountain regions (Zimmermann & Keiler, 2015).
The assessment of the effectiveness of mitigation measures against natural hazards, from a
technical perspective, is often pursued through the proper modelling of the hazard scenarios
before and after the measure’s implementation. When the natural phenomena posing the risk
are strongly linked to weather events (e.g. rainfalls, snowfalls, temperature), the comparison of
results from the hazard modelling developed for different climatic scenarios represents an
effective approach to assess the effectiveness of mitigation interventions also against the
impacts of climate change.

- Exposure (E) is defined as “the situation of people, infrastructure, housing, production
capacities and other tangible human assets located in hazard-prone areas”. As stated in the
UNISDR glossary, “measures of exposure can include the number of people or types of assets
in an area. These can be combined with the specific vulnerability and capacity of the exposed
elements to any particular hazard to estimate the quantitative risks associated with that hazard
in the area of interest”.
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Population growth, migration, urbanization and economic development may lead people and
economic assets (buildings, infrastructures, enterprises, etc.) to become concentrated in areas
exposed to hazards. Consequently, exposure is a dynamic component since it can change over
time and from place to place. Many hazard-prone areas, such as coastlines and flood plains,
attract economic and urban development and, therefore, more people and assets, producing a
higher concentration of risk in these areas. Over the last decades, we have observed a shift of
a traditionally agricultural society to a post-modern service-based one. This has led to increased
usage of rural and mountain areas for human settlement, industry and recreation, and,
consequently, a traceable increase in people at risk and assets exposed (Fuchs et al., 2013).

- Vulnerability (V) is defined by UNISDR as “the conditions determined by physical, social,
economic and environmental factors or processes which increase the susceptibility of an
individual, a community, assets or systems to the impacts of hazards”. In other words,
vulnerability to environmental hazards means the potential for loss and, since losses vary
geographically, over time, and among different social groups, it also varies over time and space
(Cutter et al., 2003). Vulnerability is multi-dimensional, concerning also the wider
environmental and social conditions that limit people and communities to cope with the impact
of hazards. In addition to physical, social, economic and environmental dimensions, some
researchers also include cultural and institutional factors as components of vulnerability. For
instance, a higher vulnerability could be due to poor design and construction of buildings,
inadequate protection of assets, lack of public information and awareness, high levels of
poverty and illiteracy, limited official recognition of risks and preparedness measures, weak
institutions and governance. Several studies over the past 30 years have highlighted how worst
damages and losses from disasters are suffered by the poor (Wisner et al., 2004). As regards
rural and mountainous areas, they are especially vulnerable to several hazards due to their
social and economic composition (Cutter et al., 2003a). Rural and mountainous regions have a
larger area but much less people when compared to cities and urban regions. Communities in
rural and mountain areas have to manage disaster risk emergencies with limited human,
material and financial resources (Shi et al., 2013, 2016). Given their reliance on agriculture and
natural resource extraction and exploitation, rural and mountainous communities’ vulnerability
to certain types of natural hazards, such as drought, wildfires, rockfall, avalanches and floods,
is even more intense if compared to urban population (Johnson, 2006; Mileti, 1999; Prelog &
Miller, 2013). Moreover, rural and mountainous communities are made uniquely vulnerable by
the lack of adequate resources to prepare for and respond to disasters (Cannon 1990; Cross
2001; Weisner et al. 2004). In summary, rural places and mountainous communities are distant
from centres of power and are home to indigenous people with characteristics that increase
vulnerability to impacts of disaster, such as lower incomes, lower levels of education, and
livelihoods that depend on resource-based occupations (Klein et al., 2019; Prelog & Miller,
2013).

Another important sub-term in disaster risk theoretical framework is the acceptable or tolerable

risk, which is the level of potential losses that a society or community considers acceptable given
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existing social, economic, political, cultural, technical and environmental conditions. In engineering
terms, acceptable risk is also used to assess and define the structural and non-structural measures
that are needed to reduce possible harm to people, property, services and systems to a chosen
tolerated level, according to codes or “accepted practice” which are based on known probabilities
of hazards and other factors.

The other side of the coin is the residual risk that can be defined as the disaster risk that remains
even when effective measures for risk mitigation are implemented, and for which emergency
response and recovery capacities must be maintained (UNISDR, 2022). The residual risk covers the
accepted risk, the unknown risk and the risk due to false judgement or inadequate countermeasures
and decisions (Plate, 2002). The presence of residual risk implies a continuing need to develop and
support effective capacities for emergency services, preparedness, response, and recovery, along
with socioeconomic policies such as safety nets and risk transfer mechanisms, as part of a holistic
approach.

Technically speaking, the residual risk Rr that remains after management and control actions have
been taken to deal with the inherent risk can be expressed as follows:

Rr=R — AR Eq. 2
where:

e Risthe inherent risk calculated in the baseline scenario as a product of Hazard H, Vulnerability
V and Exposure E;
e AR is the change in risk produced after risk reduction measures are put in place.

If we refer to PHUSICOS case, i.e. the implementation of NBS to reduce hazard due to
hydrometeorological events, the expression of residual risk remaining after the NBS implementation
can be evaluated as follows:

Rr = Rgs — Ryps Eq. 3
which can be made explicit as follows:
Rr = (Hps X Vgs X Eps) — (Hyps X Vyps X Engs) Eqg. 4
In summary, to calculate the risk that remains after NBS implementation, it is essential to:

1) simulate the Baseline scenario (BS) by modelling and/or evaluating the single risk components,
namely Hazard (Has), Vulnerability (Vas), and Exposure (Egs), and combine them to achieve the
baseline inherent risk (Ras);

2) simulate the NBS scenario by modelling and/or evaluating changes in risk components achieved
due to NBS implementation (Hss, Vss, Ess), and combine them to achieve the related inherent
risk (Rngs);

3) compare the two above-mentioned risk scenarios to assess the intensity and location of the risk
remaining after NBS implementation.

H2020 Project PHUSICOS
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The most challenging part of this procedure is to adopt a method able to catch not only the ability
of a NBS in reducing the hazard but also to minimize the exposure and to provide multiple co-
benefits that make a site less vulnerable to the hydrometeorological phenomena affecting it.

As a part of the common activities carried out together with the OPERANDUM project, a HydroMet
sister project of PHUSICOS (https://www.operandum-project.eu/), the residual risk calculation was

performed by adopting the conceptual framework for vulnerability and risk assessment of socio-
ecological system in the contexts of NBS (VR-NBS framework), developed by OPERANDUM,
integrated with the indicators selected in PHUSICOS assessment framework tool, as described in
depth in the following section.

2.2 The VR-NBS framework

Many frameworks for grey/green/hybrid infrastructure effectiveness assessment have been
developed and tested in recent years. Many of them are indicator-based approaches and aim to
characterise and quantify risks to natural hazards (Anderson et al., 2021; Hagenlocher et al., 2019).
In many recently-developed frameworks, despite having integrated social-ecological systems (SES)
as the adopted unit of analysis, most of the indicators used to quantify risks only belong to social
ambit (Hagenlocher et al., 2019; Peng et al., 2023; Sebesvari et al., 2016; Shah et al., 2020). This
makes it difficult to properly characterise vulnerability and exposure and to account for multiple
benefits NBS are able to provide when they are implemented for risk reduction. It has been shown
that NBS can contribute to reducing risks on all its dimensions, since they not only act on hazard
drivers (e.g. by increasing infiltration and, therefore, helping to weaken floods and droughts
intensity), but can also diminish vulnerability (e.g. by enhancing livelihoods through the provision of
ecosystem services) and the exposure (e.g. by keeping hazard location far from
settlements/infrastructure, working as a buffer zone) (Shah et al., 2020).

To properly catch the role ecosystem-based approaches can play in reducing risks, new frameworks
(Caroppi et al., 2023; Peng et al., 2023; Pugliese et al., 2022; Sebesvari et al., 2016; Shah et al., 2020)
and indicator libraries (European Commission, 2021; Hagenlocher et al., 2019; Peng et al., 2023;
Shah et al.,, 2020) have been developed in the last few years. Recently, some scholars, in the
framework of OPERANDUM activities, have proposed a conceptual framework for vulnerability and
risk assessment of socio-ecological systems in the contexts of NBS (VR-NBS framework) (Shah et al.,
2020).

In this framework the inherent disaster risk is computed as the product of Hazard, Vulnerability and
Exposure (IPCC, 2012; Moos et al., 2018). NBS projects are usually designed to reduce risks by acting
on its components: modifying hazard features, reducing exposure of socio-ecological systems to
hazards, and reducing their vulnerability (Figure 1). The VR-NBS framework proposes specific
indicators for hazards, exposure and vulnerability in a flexible indicator library (Shah et al., 2020).

10
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Most of the indicators composing that library belong to PHUSICOS assessment framework tool, as
well (Autuori et al., 2019). In this deliverable, the VR-NBS framework was used as a basis to quantify
risk for both baseline and NBS scenarios, using an index-based approach for the three PHUSICOS
DCs. The selected indicators and data collection methods for each DC are described in the related
paragraphs.

The VR-NBS framework considers the geographical boundary of NBS project, and the components
of the social system (including all social, economic, governance/institutional aspects) and ecosystem
features (including all environmental/ecological components) within that area as the basic space for
risk assessment. Some social and ecological elements, such as policies and climatic/hydrological
characteristics are also considered in the risk assessment by selecting specific indicators, despite
these being linked to larger spatial scales. Indicators related to hazard features (e.g. magnitude,
duration, extent and probability of occurrence) are used for calculating the hazard index. Exposure
is mainly evaluated through indicators characterizing social and ecological elements exposed to
hazards in the study area. Vulnerability is assessed by analysing four domains: social susceptibility,
ecosystem susceptibility, ecosystem robustness, and coping and adaptation capacities of the social
system (Sebesvari et al., 2016). Separate indicators for each vulnerability domain are first selected
and then aggregated to assess the overall vulnerability of the study area.

Although the framework can be used to compute risk at different time intervals of an NBS project,
to assess residual risk, it was only applied to baseline SO and NBS scenario S1. The latter was
simulated considering the implemented NBS at its maximum risk reduction capacities.

The detailed VR-NBS framework risk calculation process is described below.

After the selection of indicators, they were calculated adopting a spatially explicit approach. The
spatial unit for indicator calculation was set as the area covered by distinct land use. In other words,
indicators were calculated at each parcel characterized by a given land use class (e.g. forest,
grassland, water body, building, road, etc.).

After indicators calculation, some post-processing steps were performed, such as treating outliers
and multicollinearity. The potential outliers in the data were examined using both box plots, based
on the interquartile range - IQR (i.e., data outside 1.5 x IQR), skewness and kurtosis of the data (i.e.,
skewness greater than 1 or smaller than -1, and kurtosis greater than 3.5). Outliers were treated
adopting a winsorisation! approach, i.e., by an iterative replacement of the highest/lowest with the
second-highest/lowest indicator scores.

Correlation matrices (Kendall's Tau) and variance inflation factor (VIF) were used to assess
multicollinearities within each of the four vulnerability domains. Statistical significance was tested

! Winsorisation is the transformation of statistics by limiting extreme values in the statistical data to reduce the effect
of possibly spurious outliers. It is named after the engineer-turned-biostatistician Charles P. Winsor (1895-1951).
11
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using a two-tailed approach: one or more indicators were excluded if there were correlations of r >
0.90 (p < 0.05).

Given skewed distributions and varying ranges of many indicators, as well as the difficulties
associated with defining standardisation thresholds, indicators were rescaled to a range between 0
and 1 using the min-max standardisation method (Nardo et al., 2008). Indicators with high scores
contributing to reduced vulnerability and risk were inverted during the normalisation process so
that all higher values equated to higher vulnerability.

The equally weighted (w; = 1) standardised indicators (x;) were combined into the four
vulnerability domains (VD), namely ecosystem susceptibility, social susceptibility, lack of ecosystem
robustness, and lack of coping/adaptive capacities, using the following Eq. 4 (Hagenlocher et al.,
2018).

VD = Yi_;(w; X x;) Eq. 4

The ecosystem susceptibility and social susceptibility were aggregated into a metric representing
socio-ecological system (SES) susceptibility, while the lack of ecosystem robustness and lack of
coping/adaptive capacities were combined into a metric representing the lack of
capacities/robustness of the SES to calculate vulnerability domains of the SES (VD) ( Eq. 5)
(Hagenlocher et al., 2018). Equal weights are applied in all cases:

VDggs = Z?:l(wi X VD]) Eq. 5

Finally, the vulnerability of the SES (Vses) was calculated as the average of the susceptibility of the
SES (VDgys) and lack of capacities and robustness of the SES (VD;cr) ( Eq. 6) (Hagenlocher et al.,
2018).

_ VDsys+VDicr
VUSES = 5 Eq. 6

Exposure of the SES to the hazard threatening each DC was assessed by calculating the average
percentage of both ecological and social components in hazard-prone areas using gridded data and
a spatially explicit approach in GIS environment. Hazard scores refer to hazardous phenomena
magnitude within the DCs units based on the modelling results from PHUSICOS Task 4.4 (Pignalosa,
Gerundo, et al., 2022). Hazard scores were standardized using min-max method. It is worth noticing
that to render the datasets comparable, the lowest min or highest max values under different
scenarios (e.g., with/without NBS implementation) were used in the normalisation process for
exposure scores (Esgs) and hazard scores (Hggs) and then yielded the final risk-comparable scores

(Rsgs) ( Eq. 7):

Rsgs = Hsps X Egps X Vsgs Eq. 7

12
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All vulnerability, exposure and risk outputs are mapped based on a quantile classification following
previous SES risk assessment studies (Anderson et al., 2021; Hagenlocher et al., 2018). The relative
scores were classified as Low, Medium Low, Medium, Medium High, and High vulnerabilities or risks.

Risk of Socio-ecological System

(Rses)
Hydro- Exposure of Vulnerability of
meteorological Socio-ecological Socio-ecological System
System (Vees)
hazard SES:
e (Ees)
- e, | e——— .
® Ecosystem ® { Ecosystem : : Ecosystem :
(factors: exposure i susceptibility i robustness
magnitude, I VDgys + VD cr
duration, extent, ) Social i ! Copingand
probability of Social system oclal i adaptive
occurrence) eéxposure ; susceptibility ; capacity

. *
..................................................

Figure 1. VR-NBS framework adopted for the assessment of risk of SES at PHUSICOS DCs.
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3 Residual risk assessment in Gudbrandsdalen Valley, Norway
3.1 Case study

Gudbrandsdalen Valley is one of the most populated rural areas in Norway, extending for roughly
140 km from the town of Lillehammer, on the south side, to the village of Dombas, in the north. The
wide floodplains extending along the river host farmlands dotted with many scattered residential
settlements. These assets are exposed to a range of hydro-meteorological hazards, flooding by the
main river and by the tributary rivers, debris flows and debris slides, rockfall and snow avalanches.
One of the case studies of this DC is in Trodalen, a small residential area (approximately 50
inhabitants) belonging to the Municipality of @yer in Innlandet County (Figure 2a). The study area is
located nearby Ramfjord forest and in between the river Sgre Brynsaa and the creek Todalsbekken
(Figure 2b). Former use of the area was gravel outtake and is partly occupied by an abandoned
gravel pit that the municipality plans to develop into a new housing area (200 new residential units
with an expected population of 500) (Figure 2c). Further development of the area has been put on
hold due to lack of flood protection.

lc)

Land use class

m River
Agricultural area
Built-up area

W Forest

== Gravel pit
Grassland

= Buildings

= Road

6800250
6800250

6800000
£800000

6799750
6799750

6799500
99500

Study area €5: WGS84 [ UTM-33N 5

River Sgre Brynsda 0 100 200 Meters
=

s Creek Todalsbekken =4 0. 100 200 Meters

Culvert L Yot ! Vo 255000 255250 255500 255750

Figure 2. (a) Localization of the Municipality of @yer in Norway. (b) Satellite image of the study area and
identification of the hydrographic network (c) Land use classification of the study area.

3.1.1 NBS design

The core of the NBS design project is the design and implementation of a creek bed instead of a 600
mm diameters underground culvert to increase its conveyance capacity during a flood situation. The
culvert is 120 m long, crossing under a road, and has its outlet in the Sgre Brynsaa river. The creek
bed creation is going to be coupled with a buffer zone in the lower part of the housing development
and will have a double aim: serving as a retention measure during floods and as a blue-green nature
park for inhabitants for the rest of the time (Figure 3).

Being more robust and, thus, prone to deal with floods, the open watercourse is expected to ensure
the safety enhancements for residents and users of the area, including children, and to provide
14
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multiple benefits, such as money saving in the event of floods, as it is more costly to repair than to
prevent damages, and a positive impact on the biodiversity in the area due to the creation of new
habitat for species associated with water. Additional details of the NBS design are included in the
D2.4.

Overview Benches and playgrounds will be

e AR W T - . 7| included as part of the tender
description, but the details will be
decided with input from the residents
| next year
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environment.
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Figure 3: Top view and example profile of the planned NBS (source: Hydraulic design of the NBS for Trodalen
case study developed by Norconsult).

3.2 Flood hazard simulation

Flood hazard was quantified as the maximum flood depth expected at each cell of the study area

grid (2 m x 2 m), for both the baseline and NBS scenario configurations (i.e., without and with NBS)
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in case of occurrence of a 200-year flood event along the river Sgre Brynsaa and the Todalsbekken
creek. As explained above, the NBS consists of creating an open watercourse instead of a 600 mm
diameter underground pipeline in order to enhance its capacity during floods. Therefore, the two
adopted river configurations are:

a) Baseline scenario (without NBS) SO, representing the current situation, where the two major
roads and the area in between are expected to be inundated and the surrounding dwellings
threatened when the culvert is obstructed or at full capacity;

b) NBS scenario S1, i.e., the culvert is replaced with an open watercourse, where the inundation
should be prevented by keeping the water inside the open creek bed.

Hydraulic simulations were carried out using the methodological framework adopted in previous
PHUSICOS Task 4.4 (Gerundo et al., 2022; Pignalosa, Gerundo, et al., 2022). Since the hydraulic
model chosen to simulate flooding, namely FLO-2D, is a volume conservation flood routing model,
its main uncertainties are linked to volume conservation, i.e., the difference between the total
inflow volume and the outflow volume plus the storage and losses, which is an indication of
numerical stability and accuracy. Moreover, the model could suffer from some uncertainties related
to how detailed hydrologic, topographical and land use input data are. With regard to @yer case
study, the model input data, i.e. the soil curve number and the hydrographs, were developed using
high resolution data achieved by Norwegian Mapping Authority (Norwegian Mapping Authority,
2021), and Intensity-Duration-Frequency (IDF) curves, respectively, estimated by processing, IDF
values provided by the Norwegian Centre for Climate Services (NCCS) for Lillehammer station,
located 15 km far from @yer, considering 23 seasons, from 1969 to 1991, with reference to a 200-
year return period. During hydraulic simulations an acceptable level of error in the volume
conservation, within 0.001%, was achieved (O’Brien & Garcia, 2021).

The outputs simulation at SO shows how, if the culvert is obstructed, during a 200-year flooding
event both the Sgre Brynsaa and the Todalsbekken overflow and threaten the main roads and the
areas surrounding the creek beds (maximum flood depth up to 1.5 m and hazard score = 0.5 in the
floodplain). In the NBS scenario, maximum flood depths are expected to be significantly reduced,
especially along the Todalsbekken creek, while an enhancement of maximum flood depth values
was observed in the S@re Brynsaa river course. NBS project implementation could potentially reduce
the total flooded area by 34% (from 6.2 ha to 4.1 ha) (Figure 4, Figure 5).
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Figure 4. Max flood depth for a 200-year event, in case of culvert obstruction (baseline scenario; left panels)
and open watercourse (NBS scenario, right panels) configurations.
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Figure 5. Hazard scores for a 200-year event, in case of culvert obstruction (baseline scenario; left panels) and
open watercourse (NBS scenario, right panels) configurations.

3.3 Socio-ecological system exposure to flooding

Exposures of the social and ecological elements are assessed considering the intersection between
the flood hazard affected area and the land use classes within the study area. Ecosystem exposure
was assessed based on one indicator — proportion of grassland/pasture/forest/water bodies in
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flooding hazard-prone area (EE4), while social exposure was evaluated based on two indicators —
proportion of buildings/properties and proportion of roads (Table 1). Proportion of population
exposed in hazard-prone areas was not considered since no residential buildings are exposed to
flood hazard in either scenario. As the NBS implementation is expected to reduce extent and
maximum flow depth, it will also reduce social and ecological exposure in the flood affected areas.
Exposure score maps for both ecosystems and social systems show that ecological and social
exposures under both scenarios (with and without NBS) are heterogeneous all over the study area.
In SO, a higher ecosystem exposure was detected in the grasslands and forest areas closer to the
culvert, while social system exposure was evaluated higher for the main road running close to the
dwellings and some little buildings located in between that road and the highway. In the NBS
scenario, both ecosystem and social exposure are effectively decreased, specifically in the most
threatened area between the two main roads. Similar results are found with the combined score
for SES exposure (Figure 6). This is due to the adoption of the same spatially explicit approach in GIS
environment for the calculation of the indicators used to assess both ecosystem and social
exposure.

Table 1. Socio-ecological system exposure indicators selected for @yer case study.

Exposure domain Indicator Name Data sources

Rate of grassland/ pasture/ forest/
Ecosystem Exposure EE4 water bodies in flooding hazard- Land use map from DC
prone area (%)
Rate of properties/ buildings in
hazard-prone area (%)
Rate of length of road and rail
exposed in hazard-prone area (%)

SSE2 Properties and buildings maps from DC
Social System Exposure

SSE3 Road and rail maps from DC

3.4 Socio-ecological system vulnerability to flooding

Since NBS project implementation will not produce relevant land use modifications, it is expected to not
significantly affect SES vulnerability to flooding. Therefore, SES vulnerability domains and SES overall
vulnerability to flooding were estimated for baseline scenario and considered identical for NBS scenario.
Ecosystem susceptibility was assessed based on three indicators, whereas social susceptibility was
evaluated based on four indicators. Lack of ecosystem robustness was characterized using three
indicators and only one indicator was considered to evaluate the lack of coping and adaptive capacity
indicator (see Table 2).
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Figure 6. Ecosystem exposures, social exposures, and the SES exposures (from top to bottom), under baseline
and NBS scenario (left and right panels, respectively) for @yer case study.
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Table 2. Socio-ecological system vulnerability indicators selected for @yer case study.

Vulnerability .
. Indicator Name Data sources
domain
Es1 Normalized Difference Vegetation Cloud free images from Landsat 8 (Roy et
Index al., 2014) in summer 2018
L Global Biodiversity Intactness Index
Ecosystem ES2 Species richness
. (Newbold et al., 2016)
Susceptibility .
Global Baseline water stress
ES3 Freshwater scarcity https://www.wri.org/applications/aqueduct

/water-risk-atlas/
Dependency ratio (%) includes

SOS1 . The latest available census for DC
population aged <15 yrs and >65 yrs)

Income level (Average taxable .
. o S0S2 . The latest available census for DC
Social Susceptibility income/person)

Rate of house ownership (% of .
S0S3 The latest available census for DC
households)

S0s4 Employment rate (%) The latest available census for DC
. Global patterns in mean species abundance
ER2 Mean Species Abundance .
(MSA) values (Schipper et al., 2020)
Calculated combing Fragstats software
Lack of Ecosystem , (McGarigal & Marks, 1995) and Corine Land
ER3 Landscape fragmentation .
Robustness Cover 2018 dataset (European Environment

Agency, 2018)

Lack of Policies for forest / grassland . .
ER5 . Policy review for DC
conservation (yes/no)

Lack of coping and Existence of adaptation . .
. . CAC3 . . Policy review for DC
adaptive capacity policies/strategies (yes/no)

Three indicators (i.e., NDVI, Species Richness and Mean Species Abundance) were treated using
winsorization. Moreover, multicollinearity was detected for all social susceptibility indicators, so they
were all excluded except for dependency ratio. According to selected and processed indicators applied
for assessing the vulnerability, overall score for SES vulnerability to flooding in @yer case study shows
that the most vulnerable areas are those in between the two main roads and in the upper part of the
study area (Figure 7). This is mainly due to higher SES susceptibility scores, linked to land covered with
poor vegetation (ES1), and to higher SES lack of ecosystem robustness and capacity because of low mean
species abundance (ER2) and relevant landscape fragmentation (ER3).

20
H2020 Project PHUSICOS
Grant Agreement No. 776681


https://www.wri.org/applications/aqueduct/water-risk-atlas/
https://www.wri.org/applications/aqueduct/water-risk-atlas/

A

A Deliverable No.: 4.6
Date: 22/04/2023

PHUSICOS

SES susceptibility to flood
0-0,32
0,32-0,46

0,46 -0,58

. 0,58-0,7

- 07-1

SES lack of ecosystem
robustness and capacity
0-0,452

0,452 - 0,684
N 0,684 - 0,728
s 0,728-0,835

SES flood Vulnerability
0,079 - 0,447
0,447 - 0,55

W 0,55- 0,64

B 0,54-0,716

N 0,716 -1

Figure 7. Social-ecological System (SES) susceptibility (top), lack of ecosystem robustness and capacity (central
panel) and final SES vulnerability (bottom) with respect to floods for @yer case study.
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3.5 Inherent and residual flooding risk assessment

SES risk scores for @yer case study at the baseline scenario SO shows that, apart from the Sgre
Brynsaa and Gudbrandsdalslagen riverbed, the areas where flood risk is higher (risk score - Medium
Low to Medium, 0.002 - 0.24) are placed where the two main roads are flooded and in between
them (Figure 8). This is mainly due to high SES exposure and vulnerability scores for these areas.
NBS implementation will potentially achieve an overall risk reduction of 35.7%. This reduction rises
up to 60% if we do not take into account water bodies land use class that, actually, is not part of the
floodplain. In summary, NBS implementation lowers medium, medium low and low risk areas by
92%, 29% and 45%, respectively. Moreover, when the NBS is implemented, the road exposed area
and the forest and rural exposed areas are reduced by 99% and 39%, respectively (Table 3). As
regards flood residual risk, it amounts to 64% of baseline risk, heterogeneously distributed in the
study area. Apart from Sgre Brynsda and Gudbrandsdalslagen riverbed, where the flood risk in the
NBS scenario is even higher if compared to the baseline one due to higher max flood depth values,
the relatively low residual risk is mainly located where the two main roads and the forest area
between them are inundated and close to the area where the creek Todalsbekken crosses the road
(values ranging from 0% to 20%). Higher residual risk values are mainly located along the river Sgre
Brynsaa and the creek Todalsbekken (Figure 9). If water bodies land use class was excluded from
the overall residual risk assessment, it would be reduced by up to 40% of baseline risk.

Baseline scenario NBS scenario

N N
A Risk score
No risk

Low (0 - 0,002)

Medium Low (0,002 - 0,01)

Medium (0,01 - 0,24)
B Medium High (0,24 - 0,331)
B High (0,331 - 0,39)

Risk score
No risk
Low (0 - 0,002)
Medium Low (0,002 - 0,01)
Medium (0,01 - 0,24)
B Medium High (0,24 - 0,331)
B High (0,331 - 0,39)
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e ==

0 100 200 Meters
e

Figure 8. SES inherent risk scores for a 200-year flood event at baseline (left) and NBS (right) scenarios.
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Table 3. Flood risk areas in baseline and NBS scenarios, percentage difference and residual risk for each risk
class for @yer case study.

Scenario
Risk class Baseline SO NBS S1 oR R
[%] [%]
[m?] [m?]
Null 348610.0 377140.0 - .
Low 33961.8 18534.8 -45,42% 54,58%
Medium Low 40661.6 28580.8 -29,71% 70,29%
Medium 5199.5 388.2 -92,53% 7,47%
Medium High 0 6.8 - -
High 0 3782.4 - .
TOTAL 79822.9 51293.0 -35,74% 64,26%

Resjdual risk
< 20%
30% - 40%
40% - 60%
*60% - 80%
i 80% - 100%
>100% |

100 200 Meters

Figure 9. Residual flooding risk for @yer case study.
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4 Residual risk assessment in the Pyrenees
4.1 Case study

The case study in the Pyrenees DC chosen for residual risk assessment is located in Artouste, within
the Municipality of Laruns, in the Atlantic Pyrenees department, along a primary regional road (RD-
934 — A-136) connecting several small towns located along the Spain-France borders. RD-934 is a
road travelled especially by tourists. During summer and winter weekends, an average daily traffic
intensity ranging between 1500 — 2500 vehicles/day moves with a peak of more than 3000
vehicles/day. The case study is a forested slope located approximately at the progressive 46 + 800
km of the RD-934, in the foothill area of the mount Pic Lavigne (2018 m a.s.l.) (Figure 10). This area
is exposed to the risk of rockfalls due to the presence of a steep rocky slope, with a slope angle
greater than 40°, covered by a forest, where many rocky scarps and isolated blocks can trigger
rockfall events with variable intensity, ranging from small blocks to boulders greater than 1 m3.
Specifically, a rocky front, about 200 m from the road, is significantly susceptible to collapse. The
current forest cover is characterized by medium-low tree density and the average tree diameter is
rather small (values ranging from 10 to 120 cm), thus not being able to provide enough protection
against large rockfalls. The road segment exposed to the impact of collapsed boulders is about 700
m long and is only partially protected by pre-existing and under-construction defence structure
(rockfall tunnel and rockfall fences, respectively), along the main rockfall corridors (Figure 11).

(a) (c)

Land use class
1 Water body
= Forest
Grassland
Lakeshore
= Dam
B Buildings
 Road

6204500
'

6204000 6204250
6204000 6204250 422000
h ' '

6203750

CS: RGF93 / Lambert-93
0 100 200 Meters
=

6203750
'

421250 471500 421750 422000

Figure 10. (a) Localization of the Municipality of Laruns in France. (b) Satellite image of the study area (c) Land
use classification of the study area.
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%3

Figure 11. left) study area;, center) rockfall relase area; right) existing rockfall defences (rockfall tunnel).

4.1.1 NBS design

The NBS designed and currently under implementation in the frame of PHUSICOS project consist of
wooden tripods (fixing individual boulders) and wooden meshes (fixing grouped boulders and
fractured rock masses) made of larch trunks (15 cm diameter), fixed to the ground or anchored in
the bedrock at different depths. These interventions are designed to fix and stabilize rock boulders
with masses larger than 1500 kg. Along with these structures, masonry walls were designed to
locally support some overhanging portions of rock faces. They are completed with 2.25 m tall and
3-5 m long wooden barriers, made of larch trunks (25 cm diameters), placed near the main release
areas to stop boulders as soon as they collapse (Figure 12). These interventions will be coupled with
forest maintenance and improvement ones, in order to increase the forest protection function. No
details are provided for future forest density and composition. Therefore, for the sake of
conservatism, the current forest structure was considered in the modelling. In the PHUSICOS
deliverables D2.2 and D2.4, additional technical and operational details concerning NBS design are
provided.
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Figure 12: Examples of designed NBS consisting of in (top) rock fixing structures and (bottom) passive rockfall
barriers. a) wooden tripods fixing individual boulders; b) wooden meshes fixing grouped boulders; c) rockfall
wooden barriers with a horizontal pattern; d) rockfall wooden barriers with a vertical pattern.

4.2 Rockfall hazard simulation

Rockfall hazard is quantified as the product of standardized rockfall maximum kinetic energy and
reach probability, expected at each cell of the study area grid (0.50 m x 0.50 m), for both the baseline
and NBS scenario configurations (i.e., without and with NBS). The rockfall event chosen for hazard
assessment was the most severe one simulated in Task 4.4 (Pignalosa, Gerundo, et al., 2022), namely
the occurrence of a rockfall from the rocky slope of blocks with 1 m3 volume, representative for an
event with return period of 100 years.

The NBS implemented on the rocky slope above the road in the frame of PHUSICOS project (i.e.,
wooden tripods, meshes and barriers) is expected to fix and stabilize rock boulders with masses
larger than 1500 kg and to stop them as soon as they collapse. Therefore, the two adopted
configurations for rockfall hazard simulation are:

a) Baseline scenario SO (without NBS), representing the current situation, which is expected to
experience high kinetic energies along the slope, and large number of blocks deposited along
the slope and, to a lesser extent, on the road;
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b)  NBS scenario S1, i.e. wooden tripods, meshes and barriers in place, which should ensure an
overall reduction of both the maximum kinetic energy and the reach probability over the
whole area.

Rockfall simulations carried out at Artouste (Pignalosa, Gerundo, et al., 2022) for a 100-year return
period event in current conditions revealed that the highest rockfall intensities occur in a few small
areas, scattered along the slope, and at the base of the south-eastern slope area, although far from
the road. A smaller intensity is recorded in the northern part on slopes to the foothill of the highest
rocky walls and it locally affects the road close to the main road bend. When the NBS is
implemented, despite the overall hazard-prone area only slightly decreases, the high intensity areas
are expected to be less prevalent than those of baseline scenario. Medium intensity values are
recorded in a few areas with a moderately large extension, in the middle of the slope to the foothill
of the tallest rock faces (Figure 13). A distinction between NBS effectiveness on the north side
(where many detachment zones are detected with very high energies) and the south side (where
there are few detachment zones with much lower energies) should be made:

- in the north side, it is pretty evident how the forest is not a sufficient solution to significantly
reduce the risk of rockfalls, but it might be considered as an additional measure for dampening
the rockfall intensity, limiting the sizing and, thus, the economic and environmental impacts of
grey interventions, such as steel rockfall barriers.

- inthe south side, it’s proven that the designed NBS allows a shift of the highest values of kinetic
energy and rebound height. Anyway, further modelling is required to confirm and eventually
strengthen these outcomes since the major effect of NBS, i.e., to stabilize some detachment
zones, was not taken into account. Actually, only about 50 detachment zones were stabilized
out of about a hundred in this slope. Therefore, if all the slope was stabilized with the designed
NBS, the effective decrease of reach probability would have been more significant.

As regards the hazard scores, while in the baseline scenario the road and all the forest slope above
it are classified as high hazard, after NBS implementation the hazard value of these two land uses
decreases, and the forest achieves a reduction of the hazard score (Figure 14).

Regardless the hazard simulation outcomes, it is worth noting that the rockfall hazard evaluation
performed in Task 4.4 was a first step to assess where and if NBS such as wood barriers, meshes and
tripods could be implemented.
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Figure 13. Extent and intensity of rockfall hazard for a 100-year event in the French DC in current conditions
(without NBS, left panels) and with wooden tripods, meshes and barriers in place (with NBS, right panels)
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Figure 14. Hazard scores for a 200-year event, in case of culvert obstruction (baseline scenario; left panels)
and open watercourse (NBS scenario, right panels) configurations.
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4.3 Socio-ecological system exposure to rockfall

Exposure of the social and ecological components results from the intersection between the rockfall
hazard affected area and the land use classes in Artouste case study. It is worth noting that, since
there are almost no variations in the overall hazard-prone areas extension between baseline and
NBS scenario, both ecological and social exposures gave the same values, except for the social
exposure of some small buildings in the northern side of the study area. Therefore, social-ecological
system exposure score maps for baseline and NBS scenarios are identical. Ecosystem exposure was
assessed based on one indicator — proportion of grassland/pasture/forest/water bodies in rockfall
hazard-prone area (EE5) and social exposure based on two indicators — proportion of
buildings/properties and proportion of roads (Table 4). As occurred in @yer case study, proportion
of population exposed in hazard-prone areas was not considered since the few buildings in the study
area are uninhabited. RD-934 regional road, the dam and the few rural buildings along the roads
proved to be the most vulnerable land use classes, due to a relevant social exposure value, while
the forest covering the rocky slope shows a medium high exposure value given by a high ecosystem
exposure (Figure 15).

Table 4. Socio-ecological system exposure indicators selected for Artouste case study.

Exposure domain Indicator Name Data sources

Rate of grassland/ pasture/ forest/ water
Ecosystem Exposure EE5 . Land use map from DC
bodies in rockfall hazard-prone area (%)

SSE2 Rate of properties/ buildings in hazard- Properties and buildings maps
. prone area (%) from DC
Social System Exposure . .
Rate of length of road and rail exposed in .
SSE3 Road and rail maps from DC
hazard-prone area (%)
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Figure 15. Ecosystem exposures, social exposures, and the SES exposures (from top to bottom), under baseline
and NBS scenario (left and right panels, respectively) for Artouste case study.
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4.4 Socio-ecological system vulnerability to rockfall

As in the @yer case study, SES vulnerability to rockfall for Artouste was calculated just for the current
baseline scenario, since NBS implementation is expected to not significantly affect it. Both
ecosystem susceptibility and social susceptibility were assessed based on three indicators. Lack of
ecosystem robustness was characterized using three indicators and only one indicator was considered
to evaluate the lack of coping and adaptive capacity indicator (Table 5). Two indicators (i.e., Mean
Species Abundance and Landscape Fragmentation) were treated using winsorization. Moreover,
multicollinearity was detected for all the social susceptibility indicators, so they were all excluded except
for dependency ratio. The assessment of SES vulnerability to rockfall revealed that the most
vulnerable areas are the RD-934 regional road, the dam on the lake below the road itself and few
rural buildings placed along the road (Figure 16). This is mainly due to the high SES lack of ecosystem
robustness and capacity due to low mean species abundance (ER2) and considerable landscape
fragmentation (ER3).

Table 5. Socio-ecological system vulnerability indicators selected for Artouste case study.

Vulnerability .
. Indicator Name Data sources
domain
Es1 Normalized Difference Vegetation Cloud free images from Landsat 8 (Roy et
Index al., 2014) in summer 2018
L Global Biodiversity Intactness Index
Ecosystem ES2 Species richness
- (Newbold et al., 2016)
Susceptibility .
Global Baseline water stress
ES3 Freshwater scarcity https://www.wri.org/applications/aqueduct

/water-risk-atlas/

Dependency ratio (%) includes .
SOSs1 . The latest available census for DC
population aged <15 yrs and >65 yrs)

i ibili Income level (Average taxable
Social Susceptibility S0S2 . ( & The latest available census for DC
income/person)
Rate of house ownership .
SOS3 The latest available census for DC
(% of households)
. Global patterns in mean species abundance
ER2 Mean Species Abundance .
(MSA) values (Schipper et al., 2020)
Calculated combing Fragstats software
Lack of Ecosystem . (McGarigal & Marks, 1995) and Corine Land
ER3 Landscape fragmentation .
Robustness Cover 2018 dataset (European Environment

Agency, 2018)

Lack of Policies for forest / grassland . .
ER5 . Policy review for DC
conservation (yes/no)

Lack of coping and Existence of adaptation . .
. . CAC3 . . Policy review for DC
adaptive capacity policies/strategies (yes/no)
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Figure 16. Social-ecological System (SES) susceptibility (top), lack of ecosystem robustness and capacity
(central panel) and final SES vulnerability (bottom) with respect to rockfall for Artouste case study.
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4.5 Inherent and residual rockfall risk assessment

For Artouste case study, SES Risk assessment revealed how risk scores, for both SO and S1, are
significantly affected by hazard scores values. This is due to the almost null variability in SES
exposure values among the two scenarios. Actually, in SO, the riskiest land use classes are the road
and the buildings along it, followed by the forest slope above the road itself. NBS implementation
could potentially achieve an overall lowering of risk scores and, in detail, a reduction of High-risk
areas of 97%. Moreover, when the NBS is implemented, the road and the forest above it pass from
High and Medium-High risk classes to Medium-High and Medium risk classes, respectively (Figure
17). This is basically due to the lowering in hazard scores in the southern part of the study area given
by NBS implementation effect.

As regards residual risk, differently from @yer case study, the inherent risk in NBS scenario has the
same spatial extent showed in the baseline one, regardless risk scores. It means that the residual
risk in the study area is still 100% of the inherent risk. However, a strong reduction of High-risk
scores, especially in the southern part of the study area where NBS were implemented, produces
an intense decrease of High and Medium High classes. For these two risk classes the residual risk
resulted to be 5.2% and 3.1% of inherent risk, respectively (Table 6). As far as residual risk spatial
distribution is concerned, apart from the northern part of the study area, where the rockfall risk in
the NBS scenario is approximately the same as the one in the baseline scenario, a slightly low
residual risk is mainly located in the lower part of rockfall trajectories (values ranging from 0% to
20%). Higher residual risk values are mainly located close to the detachment areas (values ranging
from 40% to 80%) and in the northern part of the road where the residual risk is approximately the
same of the inherent one (Figure 18).

Baseline scenario NBS scenario

A Risk score
No risk
Low (0 - 0,022)
Medium Low (0,022 - 0,099)
Medium (0,099 - 0,194)
B Medium High
(0,194 - 0,349)
B High (0,349 - 0,562)

Risk score
No risk
Low (0 - 0,022)
Medium Low (0,022 - 0,099)
Medium {0,099 - 0,194)
B Medium High
(0,194 - 0,349)
I High (0,349 - 0,562)

0 100 200 Meters 0 100 200 Meters
e = I

Figure 17. SES inherent risk scores for a 200-year flood event at baseline (left) and NBS (right) scenarios.
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Table 6. Rockfall risk areas in baseline and NBS scenarios, percentage difference and residual risk for each risk
class for @yer case study.

Scenario

Risk class Baseline SO NBS S1 oR R
[%] [%]
[m?] [m?]
Null 23696.1 23696.1 - -
Low 16367.3 16367.3 0.00% 100.00%
Medium Low 12476.4 40258.9 222.68% 322.68%
Medium 33645.5 220947.0 556.69% 656.69%
Medium High 215297.0 11259.3 94.77% 5.23%
High 11403.0 356.5 -96.87% 3.13%
TOTAL 289189.2 289189.1 0.00% 100.00%

Residual risk
< 20%
BN 20% - 40%

Il 40% - 60%

Il 60% - 80%

I 80% - 100%
= 100%

Figure 18. Residual rockfall risk for Artouste case studly.
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5 Residual risk assessment at Serchio River Basin, Italy
5.1 Case study

The demonstrator case study site of the Serchio River Basin is located in the westernmost part of
the river catchment, few kilometres to the north of the river outlet and to the south of the
Massaciuccoli Lake. In the 1920s, the site was turned from a marshy area to a flat agricultural plain
by draining it mechanically by a network of artificial channels. Drainage is today guaranteed by a
series of pumping stations, which in turn pump water toward either the lake or the agricultural plain,
depending on the irrigation needs and rainfall regimes, in order to keep the water table depth
suitable for cultivation. The growing industrial agricultural activities in the area, starting from 1970s
with the increasing use of fertilizers and pesticides, caused an exponential increase of nutrient
content in the lake, which suffered eutrophication, essentially due to nitrogen and phosphorus
compounds losses (Brunelli & Cannicci, 1942; Cenni, 1997; Pistocchi et al., 2012; Silvestri et al.,
2017).

The reclamation activity in the area also resulted in the depression of the water table over the whole
agricultural plain, which induced hazard for salinization and contamination due to lake embankment
seepage (Pistocchi et al., 2012; Rossetto et al., 2010). The depression of water table in turn resulted
in the soil compaction and, consequently, in the enhanced subsidence of the entire agricultural area.
The crop lands elevation is also below the height of the main drainage channels resulting in a locally
inverted topography (Figure 19).

The combined impacts of water table depression, land subsidence and conventional industrial
agriculture resulted in various hazardous phenomena, ranging from ground and surficial water
pollution to soil erosion and flooding, which are threatening the area with its resources and
inhabitants, resulting in a complex ad extended risk-exposed area.

5.1.1 NBS Design

Local authorities led by Autorita di Bacino del Serchio (ADBS) were engaged in addressing all these
risks through the implementation of NBS measures throughout the whole basin. In the study area
NBS implemented in the frame of PHUSICOS project are mainly aimed at reducing nutrient losses
through reduction of sediment transport and runoff.

NBS were implemented in two study areas, namely the Studiati area to the north and the Gioia area
to the south, in the Massaciuccoli reclamation area. They mainly consist of vegetated buffer strips
(VBS), that is in band of grassing with perennial species along the edges of some cultivated fields
and the adoption of techniques of conservative agriculture (CA), by implementing winter cover
crops and gentle tillage (Silvestri et al., 2017) (Annex 1, Annex 2).
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Figure 19. Digital terrain models with a cell size = 1 m? representing elevation with false colour ramp: a)
enlarged view to the whole reclamation area; b) zoom at field scale pointing out the depression of the
agricultural land with respect to the main draining channel (“Canale Barra”)

VBS and CA were implemented at plot scale on the Studiati and Gioia areas, which respectively
measure 19.9 ha and 36.7 ha and include 33 and 39 different plots ranging from ~5000 m? to ~11000
m?2.

In the Studiati area, both VBS and CA were implemented on 14 plots, with 3 of them intersected by
combining both measures (Figure 20a, Annex 2). CA and VBS implemented correspond to the 38.7%
and the 30.1% of the whole area, respectively.

In the Gioia area. VBS and CA were implemented on 14 plots with 2 plots intersected by the
combination of both measures (Figure 20b, Annex 2). CAs and VBSs implemented correspond to the
35.4% and 31.6% of the whole area, respectively.

An additional measure was the creation of a sediment retention basin. Additional details of the NBS
design are included in the D2.4.
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Figure 20: Land use map reporting the layout of the NBS designed for the a) “Studiati” and b) “Gioia” study
areas.

It is worth pointing out that the two study areas represent only a minor portion of the relative sub-
catchment and, consequently, the NBS designed in the frame of the PHUSICOS project act on a very
small portion of the cultivated area (<7% for the CA and <6% for the VBS). For these reasons, the
NBS are expected to exert their action only at local scale, i.e. scale of the single plot to scale of
individual study areas. Therefore, many indicators used to evaluate exposure and vulnerability at
the two other PHUSICOS DCs, were not suitable for describing these risk components, as explained
in detail in the following paragraphs.

5.1.2 Climatic approach

The type of climatic events considered (seasonal trends) and the characteristics of NBS implemented
allow for neither the definition of a critical event to be used in the modelling nor the estimation of
a critical return period. Therefore, the concept of probability is not applicable, and the assessment
was oriented essentially to the definition of susceptibility before the NBS implementation (baseline
scenario SO) and of residual susceptibility after the implementation of NBS (scenario S1) in the
following climatic conditions:

a) current climate;

b) climate change scenarios with mild climatic variations (RCP 4.5);

c) inclimate change scenarios with significant climatic variations (RCP 8.5).

Furthermore, to consider long-term climatic variations, the simulations considered the furthest
period available with GCM and climatic scenarios (up to year 2100).
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5.2 Hazard simulation

Hazard was quantified as the sediment yield expected at each cell of the study area grid (1 m x 1
m), for both SO and S1 configurations (e.g., without and with NBS) in the three above-mentioned
climatic conditions.

Simulations were carried out by adopting data and methods used previously in PHUSICOS Task 4.4
(Pignalosa, Gerundo, et al., 2022; Pignalosa, Silvestri, et al., 2022).

The approach used in modelling sediment yield was at very local scale based on high resolution
DTM, soil, land use and management data. It provided detailed estimates of agricultural practices
and NBS performances regarding site runoff and soil erosion dynamics (Lasanta et al., 2000; Probst
etal., 2005; Williams, 2015) with resolution of few square metres. Spatial units used in the modelling
were the uniform hydrological response units (HRU), which are characterized by same soil, plant
and hydrological conditions and processes (Arnold et al., 2012; Bieger et al., 2017; Dile et al., 2021).
Their extension ranges from <1 m? to 1500 m?, thus representing a partition of both landcover and
soil units with water flows converging to individual channel intersections.

Among the possible outputs of the software used for modelling activities?, we considered sediment
yield leaving the area caused by water erosion. Variables were referred to HRU. When considering
sediment yields at HRUs, the areal annual average weight was considered, along with the total
amount produced at each study area.

5.2.1 Current climatic scenario

For current climatic conditions sediment yield susceptibility maps are provided in Annex 3 (SO) and
Annex 4 (S1) and Hazard score maps in Annex 9 (S0) Annex 10 (S1).

In the Studiati area, the sediment yield was assessed to be quite low with an average of 0.10 t/ha
per year with highest values (6.7 t/ha) recorded along the slopes of the main embankments. In
general, the lowest values (0-0.2 t/ha) were recorded along the innermost parts of the plots whereas
they both increased along the channels and close to the plot’s borders. The average annual
sediment weight yielded at the Studiati area was 2.7 t/y. Here hazard scores resulted to be relatively
low in the whole area (0.25).

Similarly, in the Gioia area, the innermost parts of the plots exhibited low values of sediment yield
ranging between 0-0.2 t/ha. The areas of high sediment production along plot borders were more
widespread with values exceeding 32 t/ha per year. They were located along the plot borders in the
eastern part of the area, where clay and silty clay soils are located. In the remaining part, although

2 The simulations for Serchio DC were carried out using SWAT+ (Bieger et al., 2017; Dile et al., 2021; Gassman et al.,
2014) is a fully revised version of SWAT (Arnold et al.,, 2012; Gassman et al., 2014; Tan et al., 2020), that adopts a
comprehensive modelling approach. Further details about SWAT+, its working mechanism, input data required, and
tools used for modelling can be found in PHUSICOS deliverable D4.4.
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the sediment yield still showed high values at the plot border, it never exceeded 8 t/ha. The average
annual sediment weight yielded at the Gioia area was quite high, exceeding 126 t/y. That is evident
even in the hazard score map where medium (up to 0.50) and medium high (up to 0.75) values are
mainly detected in the western part of the area. The highest scores (up to 1) correspond to little
uncultivated grassed areas at both the northern and the southern borders of the Gioia area.

The NBS implementation (VBS and CA) produces a drastic reduction of sediment yield, especially
along the zones of channelized flows along the channels and the plots’ borders. The total annual
sediment loss decreases to 1.6 t/y in the Studiati area and to 15.7 t/y in the Gioia (an order of
magnitude reduction). More specifically, where CA or VBS were implemented, areas characterized
by peak of sediment yield disappeared and highest values never exceeded 4 t/ha.

As a consequence, hazard scores decrease in both areas. In detail, coupling CA and VBS leads to a
zeroing of hazard score, while the implementation of one of the two NBS ensures the improvement
of one hazard score class at least.

5.2.2 RCP 4.5 Future climatic scenario

The effects of mild climate change were estimated comparing the SO and S1 in long future climate
(2095-2100) accounting for climate changes outlined by the RCP 4.5, modelled using the GCM5
(MIROC) (Watanabe et al., 2010). Possible future scenario characterized by mild climate change,
resulted in reduction of average annual precipitation from 1178 to 898 mm/y. For these changed
climatic conditions sediment yield susceptibility maps are provided in Annex 5 (SO) and Annex 6 (S1)
and Hazard score maps in Annex 11 (SO) Annex 12 (S1).

In SO, the sediment yield simulation at the Studiati area exhibits very low mean annual values over
the entire area (0-0.2 t/ha). The total sediment loss for the entire area was =0.3 t/y. At the Gioia
area, low sediment yield values were recorded in the innermost areas of the plots whereas highest
values were recorded at plot borders. The total sediment loss modelled in the area was 64 t/y.

Considering the implementation of NBS in the Studiati area, no significant variation in sediment
yield values was detected. In the Gioia area, there was a general decrease in sediment yield, both
over the entire area and along the perimeter of the plots where it was limited to 8 t/ha. Sediment
loss reduction was significant for both VBSs and CAs.

The rainfall reduction in the mild climate change scenarios and the consequent decrease of
sediment yield values produce an overall diminishing of hazard scores in the two areas. Low hazard
scores (up to 0.25) are detected in almost all plots except for some in the central part of Gioia area
(0.5-0.75). NBS implementations contributes anyway to reduction of hazard score in all the plots
where they are supposed to be implemented.
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5.2.3 RCP 8.5 Future climatic scenario

The effects of significant climate change were estimated comparing the SO and S1 scenarios in long
future climate (2095-2100) accounting for climate changes outlined by the RCP 8.5, modelled using
the GCMS5 (MIROC). Possible future scenario characterized by severe climate change, resulted in a
further decrease of average annual precipitation (738 mm/y). For these changed climatic conditions,
sediment yield susceptibility maps are provided in Annex 7 (S0) and Annex 8 (S1) and Hazard score
maps in Annex 13 (SO) Annex 14 (S1).

Given the rainfall reduction, the average sediment yield decreases accordingly. For SO in the Studiati
area, no significant variations were detected against the simulation in the mild climate change
conditions, since the modelled total sediment production was always equal to 0.3 t/y. In the Gioia
area, sediment yield was generally low in the central part of each plot, disregarding differences in
crop rotations and soil types. Conversely, along the plot borders it ranged in the interval 2-32 t/ha.
Consequently, in the whole area, the total sediment loss was equal to 107 t/y.

When considering S1, the two areas behaved differently. Indeed, while in the Studiati area no
significant improvements were predicted, as documented by the scarce total sediment loss
decreased (from 0.3 to 0.26 t/y), in the Gioia area a general reduction of sediment yield was
observed: in central areas of plots, it reduced to <0.01 t/ha, whereas along borders it ranged in the
interval 0.2-4 t/ha. The reduction was uniform in areas of CA implementation. However, in the
parcels 4 and 5, it remained higher (0.8 — 4 t/ha) than in parcel 6 (0 — 0.8 t/ha). In all plots that were
intersected by VBSs, sediment yield reduced to values close to those recorded in the central parts,
ranging in the interval 0-0.2 t/ha. In terms of total losses, a reduction of 82% was predicted for the
NBS scenario with values dropping to 19 t/y for the entire Gioia area.

Hazard scores in the Studiati area were the same as mild climate change simulation, for both SO and
S1. Slightly more severe baseline hazard scores were observed in the central-southern part of the
Gioia area which were more effectively mitigated by the implemented NBS than as occurred in the
mild climate change simulation. Where they were combined, CA and VBS led to a zeroing of hazard
score.

5.3 Socio-ecological system exposure to sediment yield

Exposures of the social and ecological elements were assessed considering the intersection between
the hazard-affected areas and the land use classes within the two study areas. Given the small scale
of assessment, the almost null existence of anthropic elements (i.e., absence of population), and
the double role, both ecological and economic, played by agricultural fields in the DC, exposure was
assessed based on only one indicator, namely the proportion of each land use parcel affected by
hazard prone areas. As the NBS implementation is expected to reduce extent of sediment yield, it
will eventually reduce SES exposure in the flood-affected areas.
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5.3.1 Current climatic scenario

For current climatic conditions SES exposure maps are provided in Annex 15 (SO) and Annex 16 (S1).
For the baseline scenario SO, all over Studiati and Gioia area the exposure exhibits maximum values,
since almost all the plots are affected by hazard. In the NBS scenario, both in Studiati and Gioia
areas, we found a higher exposure (up to 1) in the plots where no NBS were implemented and a
lower one in the plots were VBS and CA were in place, except for the north-eastern plots of Gioia,
where in some plots a high exposure could still be observed after NBS implementation. Where CA
and VBS were combined, greater exposure reduction was observed.

5.3.2 RCP 4.5 Future climatic scenario

For mild climate change conditions, SES exposure maps are provided in Annex 17 (S0) and Annex 18
(S1). As in current weather conditions, exposure under both scenarios (with and without NBS)
proved to be heterogeneous all over the two study areas. For SO, in Studiati area exposure values
resulted to be higher than in current climate conditions (up to 0.89), while in Gioia area lower and
more spatially heterogeneous values were detected. In the NBS scenario, VBS and CA achieved a
higher exposure reduction in Studiati, where exposure was null in the plots where they are supposed
to be implemented. In Gioia area, the best performance in exposure reduction was achieved by CA
in the north-eastern part of the area, while no significant exposure reduction was observed
elsewhere.

5.3.3 RCP 8.5 Future climatic scenario

For significant climate change conditions, SES exposure maps are provided in Annex 19 (SO) and
Annex 20 (S1). They show that exposure under both scenarios (with and without NBS) is
heterogeneous all over the two study areas. For SO, in Gioia area higher exposure value were
detected than in Studiati area. In detail, in Studiati the highest exposure values (0.12 to 0.75) were
found in the central and western plots, while only the north-eastern part of Gioia exhibited values
less than 0.42. In S1, similar results to the mild climate conditions simulations were achieved. CA
and VBS led to a relative decrease in exposure values in the plots where they are supposed to be
implemented, both in Studiati and in Gioia areas. Where CA and VBS are coupled, exposure became
null.

5.4 Socio-ecological system vulnerability to flooding

The SES vulnerability for Serchio DC was estimated for both SO and NBS S1. Because of the very
limited scale of assessment, and the consequent null spatial variability of the indicators adopted for
vulnerability assessment in the two other DCs, vulnerability to sediment transport was evaluated
based on a single indicator representing how vulnerable to sediment loss each land use class is,
according to literature (Akay et al., 2008; Dunn et al., 2022; Dunne, 1979; Gomez et al., 2009; Lépez-

Vicente et al., 2020; Schlesinger et al., 2000; Sheridan et al., 1999; Vennix & Northcott, 2004) (Table
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7). Based on the literature review and on the authors’ evaluation, to make the datasets comparable,
the lowest min or highest max values under the two different scenarios (SO, S1) were used in the
normalisation process for vulnerability scores.

Table 7. SES vulnerability values for each land use class.

Land use class Value
unpaved rural roads 0.60
paved roads/areas 0.35
water bodies n/a
uncultivated bushy areas 0.65
uncultivated grassed areas 0.70

conventional agriculture

0.55
4 different cultivations: corn, sunflower, durum wheat, winter wheat

conservative agriculture

2 different cultivations: Italian (annual) ryegrass; oats e field peas combination 0.50

vegetated buffer strips
mix of Festuca arundinacea (40%), Lolium perennis (50%), Trifolium repens (5%), 0.45
Trifolium subterraneum (5%)

SES vulnerability maps are provided in Annex 21 (S0) and Annex 22 (S1). These maps show how NBS
implementation ensures an overall vulnerability reduction. The highest vulnerability values
correspond to the small uncultivated bushy and grassed strips along the drainage network.

5.5 Inherent and residual risk assessment

5.5.1 Current climatic scenario

Under current weather conditions, SES risk assessment at SO shows that the Studiati area exhibits
average low risk values (risk score - Medium Low to Medium, 0.001 - 0.0332), except for
uncultivated bushy and grassed strips along the drainage network where the risk is higher. In the
Gioia area, risk values range from 0.004 (Medium risk) to 0.79 (High risk). The riskiest areas are
concentrated in the central southern and eastern plots of Gioia (Annex 23). NBS produces a
noticeable risk reduction in the Studiati area, where risk results to be null in all the plots where CA
and VBS were supposed to be implemented. This is mainly due to a high reduction of exposure and
vulnerability. Significant decrease of risk was observed in the whole Gioia area, as well (Annex 24).
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NBS implementation will potentially achieve an overall risk reduction of about 31%. In detail, NBS
implementation lowers medium low, medium high- and high-risk areas by 55%, 59% and 95%,
respectively. As regards residual risk, it amounts to 69% of the baseline risk (scenario SO), mainly
concentrated in the western and eastern plots of Studiati area and in few plots in the northern
portion of Gioia area (Table 8). Specifically, a relatively low residual risk was detected in almost all
the plots of Gioia area (values ranging from 0% to 20%), while in the plots where CA and VBS were
supposed to be combined and in the central plots of Studiati, where CA would be adopted, the
residual risk resulted to be null (Annex 29).

Table 8. Risk areas in baseline and NBS scenarios, percentage difference and residual risk for each risk class
for the two study sites in the Massaciuccoli reclamation area — Current weather.

Scenario
Risk class Baseline SO NBS S1 AR Rr
[%] [%]
[m?] [m?]
Null 12962.7 185722.2 - -
Low 10.9 115235.0 1059727.3% 1059827.3%
Medium Low 67342.8 30413.7 -54.8% 45.2%
Medium 156940.3 167807.0 6.9% 106.9%
Medium High 137637.7 57042.2 -58.6% 41.4%
High 191201.5 9874.1 -94.8% 5.2%
TOTAL 553133.2 380372.1 -31.2% 68.8%

5.5.2 RCP 4.5 Future climatic scenario

Under mild climate change conditions, SES risk assessment resulted to be significant only for Gioia
area since in Studiati risk was evaluated as null in all the plots for both SO and S1 scenarios, and the
only areas at risk are the uncultivated bushy and grasslands areas and the unpaved roads along the
channels. Plots in Gioia area show lower risk values when compared to the current weather
conditions, especially in the western portion of the area where the average risk is medium high
(values ranging from 0.0332 to 0.1302). High risk values are detected in the central norther and
southern plots (Annex 25). In the NBS scenario S1, the risk reduction in Gioia area is relevant in all
the plots where NBS are implemented. Furthermore, risk became null where VBS and CA are
supposed to be combined and in the plots belonging to the eastern part of the area where VBS
would be adopted (Annex 26).

Under mild climate change conditions, the potential risk reduction due to NBS implementation is
less significant (~23%) when compared to current weather conditions (~31%). Specifically, NBS
implementation lowers medium low, medium, medium-high, and high-risk areas by 61%, 4%, 65%
and 83%, respectively. As regards residual risk, it amounts to 77% of the SO risk, mainly concentrated
in the western plots of Gioia area, where NBS is not supposed to be implemented (Table 9, Annex
30).
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Table 9. Risk areas in baseline and NBS scenarios, percentage difference and residual risk for each risk class
for the two study sites in the Massaciuccoli reclamation area — Future climate (RCP 4.5).

Scenario
Risk class Baseline SO NBS S1 [A%R] [I;]
[m?] [m?]
Null 201428.4 286807.4 - -
Low 2074.1 109184.7 5164.3% 5264.3%
Medium Low 25956.5 10188.8 -60.8% 39.3%
Medium 89650.1 85704.9 -4.4% 95.6%
Medium High 173061.5 61438.7 -64.5% 35.5%
High 73923.7 12769.8 -82.7% 17.3%
TOTAL 364665.9 279286.9 -23.4% 76.6%

5.5.3 RCP 8.5 Future climatic scenario

Under significant climate change conditions, almost identical results were achieved for Studiati area
where risk was null in all the plots for both SO and S1 scenarios, and the only areas at risk are the
uncultivated bushy and grasslands areas and the unpaved roads along the channels. Plots in Gioia
area are characterized by medium-high (values ranging from 0.0332 to 0.1302) and high-risk (values
ranging from 0.1302 to 0.79) scores, specifically the ones belonging to the central portion, due to
higher hazard and exposure scores (Annex 27). Like the mild climate change conditions, in the NBS
scenario S1, significant risk reduction is achieved in Gioia area where NBS are implemented. Null
risk was detected where VBS and CA are supposed to be combined and in the plots belonging to the
eastern part of the area where VBS would be adopted (Annex 28).

The potential risk reduction due to NBS implementation is approximately equal to the one under
mild climate change conditions (24.5%). In detail, NBS implementation would ensure a great
reduction of medium-high (72%), and high-risk areas (84%). As regards the residual risk, it amounts
to 76% of baseline risk, and it is still mainly concentrated in the western plots of Gioia area, where
no NBS would be implemented (Table 9, Annex 31).

Table 10. Risk areas in baseline and NBS scenarios, percentage difference and residual risk for each risk class
for the two study sites in the Massaciuccoli reclamation area — Future climate (RCP 8.5).

Scenario
Risk class Baseline SO NBS S1 [A%R] [Z]
[m?] [m?]
Null 201283.8 289402.0 - -
Low 1929.7 14297.7 640.9% 740.9%
Medium Low 517.2 92698.2 17821.9% 17921.9%
Medium 9599.1 87152.6 807.9% 907.9%
Medium High 222835.0 61787.8 -72.3% 27.7%
High 129929.4 20756.1 -84.0% 15.0%
TOTAL 364810.5 276692.3 -24.2% 75.9%
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Annex 1. Land use classification at the two study sites in the Massaciuccoli reclamation area - BASELINE SCENARIO (S0)
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Annex 2. Land use classification at the two study sites in the Massaciuccoli reclamation area - NBS SCENARIO (51)
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Annex 3. Susceptibility maps for sediment yield at the two study sites in the Massaciuccoli reclamation area - BASELINE SCENARIO (S0) — CURRENT WEATHER
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Annex 4. Susceptibility maps for sediment yield at the two study sites in the Massaciuccoli reclamation area - NBS SCENARIO (5S1) — CURRENT WEATHER
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Annex 5. Susceptibility maps for sediment yield at the two study sites in the Massaciuccoli reclamation area - BASELINE SCENARIO (S0) — FUTURE CLIMATE (RCP 4.5)
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Annex 7. Susceptibility maps for sediment yield at the two study sites in the Massaciuccoli reclamation area - BASELINE SCENARIO (S0) — FUTURE CLIMATE (RCP 8.5)
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Annex 8. Susceptibility maps for sediment yield at the two study sites in the Massaciuccoli reclamation area - NBS SCENARIO (51) — FUTURE CLIMATE (RCP 8.5)
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Annex 9. Hazard score maps at the two study sites in the Massaciuccoli reclamation area - BASELINE SCENARIO (S0) — CURRENT WEATHER
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Annex 10. Hazard score maps at the two study sites in the Massaciuccoli reclamation area - NBS SCENARIO (S1) — CURRENT WEATHER
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Annex 11. Hazard score maps at the two study sites in the Massaciuccoli reclamation area - BASELINE SCENARIO (SO) — FUTURE CLIMATE (RCP 4.5)
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Annex 12. Hazard score maps at the two study sites in the Massaciuccoli reclamation area - NBS SCENARIO (S1) — FUTURE CLIMATE (RCP 4.5)
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Annex 13. Hazard score maps at the two study sites in the Massaciuccoli reclamation area - BASELINE SCENARIO (SO) — FUTURE CLIMATE (RCP 8.5)
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Annex 14. Hazard score maps at the two study sites in the Massaciuccoli reclamation area - NBS SCENARIO (S1) — FUTURE CLIMATE (RCP 8.5)
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Annex 15. SES exposure maps at the two study sites in the Massaciuccoli reclamation area - BASELINE SCENARIO (S0) — CURRENT WEATHER
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Annex 16. SES exposure maps at the two study sites in the Massaciuccoli reclamation area - NBS SCENARIO (S1) — CURRENT WEATHER
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Annex 17. SES exposure maps at the two study sites in the Massaciuccoli reclamation area - BASELINE SCENARIO (S0) — FUTURE CLIMATE (RCP 4.5)
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Annex 18. SES exposure maps at the two study sites in the Massaciuccoli reclamation area - NBS SCENARIO (51) — FUTURE CLIMATE (RCP 4.5)
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Annex 19. SES exposure maps at the two study sites in the Massaciuccoli reclamation area - BASELINE SCENARIO (S0) — FUTURE CLIMATE (RCP 8.5)
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Annex 20. SES exposure maps at the two study sites in the Massaciuccoli reclamation area - NBS SCENARIO (S1) — FUTURE CLIMATE (RCP 8.5)
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Annex 21. SES vulnerability maps at the two study sites in the Massaciuccoli reclamation area - BASELINE SCENARIO (50)
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Annex 22. SES vulnerability maps at the two study sites in the Massaciuccoli reclamation area - NBS SCENARIO (S1)
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Annex 23. Risk score maps at the two study sites in the Massaciuccoli reclamation area - BASELINE SCENARIO (S0) — CURRENT WEATHER
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Annex 24. Risk score maps at the two study sites in the Massaciuccoli reclamation area - NBS SCENARIO (51) — CURRENT WEATHER
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Annex 25. Risk score maps at the two study sites in the Massaciuccoli reclamation area - BASELINE SCENARIO (S0) — FUTURE CLIMATE (RCP 4.5)
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Annex 26. Risk score maps at the two study sites in the Massaciuccoli reclamation area - NBS SCENARIO (51) — FUTURE CLIMATE (RCP 4.5)
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Annex 27. Risk score maps at the two study sites in the Massaciuccoli reclamation area - BASELINE SCENARIO (S0) — FUTURE CLIMATE (RCP 8.5)
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Annex 28. Risk score maps at the two study sites in the Massaciuccoli reclamation area - NBS SCENARIO (51) — FUTURE CLIMATE (RCP 8.5)
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Annex 29. Residual risk maps at the two study sites in the Massaciuccoli reclamation area - CURRENT WEATHER
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Annex 30. Residual risk maps at the two study sites in the Massaciuccoli reclamation area - FUTURE CLIMATE (RCP 4.5)
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Annex 31. Residual risk maps at the two study sites in the Massaciuccoli reclamation area - FUTURE CLIMATE (RCP 8.5)
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6 Concluding remarks

The main aim of the activities carried out in Task 4.6, described in the present deliverable, was the
assessment of NBS effectiveness, through the comparison of the intensity and the spatial
distribution of risk at baseline SO and NBS S1 scenarios, aimed at identifying and estimating the
residual risk and eventually defining complementary risk reduction or risk-transfer measures for
reducing it further.

To achieve this goal, the definition of a general methodological framework for risk assessment has
proven to be a key step. Since NBS are able to provide multiple benefits far beyond the hazard
reduction, the method to be adopted should be able to evaluate the effects of NBS implementation
on the environmental, social and economic domains of the risk components. Moreover, the method
should be suitable for risk and residual risk assessment according to the scale of analysis and data
availability at each case study site.

Among the several ecosystem-based assessment frameworks recently developed, we chose and
tested the conceptual framework for vulnerability and risk assessment of socio-ecological systems
in the contexts of NBS (VR-NBS framework) (Shah et al., 2020), proposed by OPERANDUM, one of
PHUSICOS HydroMet sister projects. VR-NBS framework was adopted since it computes the inherent
risk as the product of its components, Hazard, Vulnerability and Exposure, and proposes specific
indicators for their calculation, in a flexible indicator library that was substantially commensurate to
the PHUSICOS framework assessment tool developed in Task 4.1 and included in PHUSICOS
deliverable D4.1 (Autuori et al., 2019). The VR-NBS framework was applied to quantify risk at both
SO and S1, using an index-based approach for the three PHUSICOS DCs.

Some interesting results have been achieved from VR-NBS framework applications to the PHUSICOS
DCs. First, it is worth noticing how most of the results are consistent with outputs, evaluations and
remarks made in D4.4. The Norwegian DC was probably the case study where VR-NBS framework
application worked as its best, due to the not-negligible presence of anthropic elements that makes
relevant the contribution of social domain to exposure and vulnerability scores. The high spatial
resolution outputs maps allowed to identify the land use parcels where flood risk is higher, i.e., the
two main roads and the areas in between them. Moreover, the risk and residual risk assessment
highlighted how the designed NBS ensures a potential risk reduction of up to 60% in the floodplain.
In addition, in the NBS scenario, the road exposed-area and the forest and rural exposed-areas are
reduced by 99% and 39%, respectively. Finally, the residual risk map unmistakably pointed out
where residual risk is located, i.e., at the two main roads, the forest area in between, and close to
the area where the creek Todalsbekken crosses the road. It clearly suggests that any further risk
adaptation measure should be implemented in these areas (e.g. early warning system for population
or road closures in case of extreme rainfall events).

In Artouste case study, the variability of risk between baseline SO and NBS S1 scenarios is mainly
driven by hazard component, and, despite NBS implementation producing an overall reduction of
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medium high (-95%) and high (-97%) rockfall risk class, it is worth remarking to make a distinction
between NBS effectiveness on the north side (where many detachment zones are detected with
very high energies) and the south side (where there are few detachment zones and energies are
much lower).

In the south side, the designed NBS ensured a shift of the highest values of kinetic energy and
rebound height. It should be emphasised that the major effect of NBS, i.e. to stabilizing the
detachment zones, was only partially taken into account in the analyses (50 detachment zones
stabilized out of 100 in the zone). Therefore, the effect of the designed NBS on reach probability
reduction is expected to be much more significant. In this regard, further modelling is required to
confirm this conclusion.

Conversely, the forest in the north side proved to be not a sufficient solution to significantly reduce
the risk of rockfalls, and the residual risk in the road below the slope turned out to be still very high.
In this area, the NBS might be considered as an additional measure for dampening the rockfall
intensity, limiting the sizing and, thus, the economic and environmental impacts of other grey
interventions, such as steel rockfall barriers.

To better assess the rockfall hazard model reliability and eventually calibrate it, rockfall monitoring
is essential, especially in the most vulnerable part of the study area, namely the road and the forest.

In the Serchio DC, risk and residual risk assessment was performed under different climatic
conditions, according to the outputs of simulations carried out in PHUSICOS deliverable D4.4. It
helped to stress how soil textures and organic content play an essential role in soil behaviour when
lower but more concentrated rainfall occur (as forecasted in the future climatic scenarios), since
highest values are achieved with low organic content and fine-grained soils. In such climatic
conditions, the NBS performance in soil erosion hazard mitigation is enhanced also when lower but
more intense rainfalls occur. Conversely, when soils are characterized by high organic content and
coarser textures, the mitigating effects of the designed NBS on sediment loss are strongly reduced
in presence of extreme climatic changes (future low rainfalls), and their effects become negligible.
Given the greater extension of Gioia area, this also affects the NBS effectiveness in risk reduction:
the climatic condition where the designed NBS can better mitigate the sediment loss risk is the
current climate, where the residual risk amounts to 68% of baseline risk. The risk assessment
confirmed the noticeable effect of CA and VBS in locally reducing the risk in the plots where they
were supposed to be adopted. In addition, their effect is even more relevant when CA and VB are
coupled together in a plot. This is confirmed by the residual risk assessment: the higher values of
residual risk were always exhibited by the plots where no NBS were implemented.

Even if VR-NBS framework applications to PHUSICOS DCs allowed to thoroughly estimate the
intensity and the spatial configuration of residual risk and, therefore, to identify where
complimentary risk reduction measure should be implemented for dealing with the impacts of

heavy events with intensity higher than the considered thresholds, some limitations should be
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highlighted concerning risk calculation at DCs’ scale of assessment. The first limitation was related
to data availability. Given the difficulty in getting primary data, even due to restrictions during the
COVID-19 pandemic, we had to select indicators that could have been calculated using secondary
data (population census and other national and global statistics) and remote sensing-based data,
drawn from different sources and referred to different years. It implies that, in some cases, the
indicators might not able to properly depict the current situation. Moreover, for some indicators,
global databases (e.g., Global Biodiversity Index GBI) were used to represent the situation at the
local level. Regional data, such as population density and employment rate, had to be used to assess
the indicators describing social exposure and social vulnerability. Therefore, a proper representation
of exposure and vulnerability at the local level was attainable to be achieved. Clearly, a better
description of some exposure and vulnerability domains might have been obtained by using site-
specific local data, collected, for instance, via survey campaigns, although it would have been a time-
consuming operation.

Another limitation is due to the impossibility to project the vulnerability of SES for the same time
frame as the impact modelling was done, except for Serchio DC where the vulnerability assessment
was simplified due to several reasons. In other words, we were not able to demonstrate the effects
of the NBS on reducing vulnerability, even though the framework allowed capturing this dimension.
In some cases, the effects of an NBS beyond the hazard component might be difficult to quantify,
especially when the NBS seizes a relatively small portion of a larger landscape. A well-known
problem of NBS evaluation framework is the creation of projected scenarios of socio-economic and
ecological conditions due to data unavailability, time and resources constraints, and methodological
limitations.

A further limitation is related to the small spatial scale of the DCs, since, as discussed above, the use
of the framework, to be effective, requires getting data at a very local scale. The use of regional or
municipal data makes it more difficult to create vulnerability and risk maps that show remarkable
spatial variation. Actually, census-based data for socio-economic indicators have only one value for
each municipality or census block which gives a single value for the entire DC. This makes some
indicators not useful to describe vulnerability variation within the study area. Furthermore, to
visualize the differences in vulnerability and risk within the three DCs, we have used land use
boundaries. This allowed us to assign values for SES vulnerability and exposure indicators to specific
land use categories. However, it should be noticed that there might be very local variation within
the land use boundaries. For example, within the areas in Artouste or Ramfjord forests, land use
may have differences in land slope and soil characteristics that may influence vulnerability of SES to
potential rockfall or flooding hazard, respectively. A suitable alternative to better capture local
variation is to use moderate spatial resolution raster data (e.g., 30 m — 100 m pixel size), which can
show variations within the same land use areas, as we made for the calculation of some ecological
indicators, such as the Normalized Difference Vegetation Index NDVI (30 m resolution) and the
Global Biodiversity Intactness Index (1 km resolution), which enabled capturing spatial variation of

ecological vulnerability.
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It is also worth noting that in the risk assessment process, we considered only maximum potential
flood, rockfall and sediment loss reduction scenarios with implementation of NBS at full scale. In
practical condition, NBS will only reach the maximum risk reduction capacities they are designed for
months or years after their implementation (Han & Kuhlicke, 2021; Shah et al., 2020), as the NBS
will mature over time and provide gradual hazard reduction functions. In this case, in order to
capture the NBS maturity time lag, time series of indicators should have been used. Clearly, it was
not feasible within the time frame of the PHUSICOS project. This type of scenario analysis showed
the potential application of the risk assessment approach for monitoring the performance of NBS
for risk reduction over time. Indeed, within the VR-NBS framework application, we selected socio-
economic and ecological indicators which change over time and can affect vulnerability, exposure
and risk. For instance, NDVI, used to assess ecosystem susceptibility, is directly linked to the plant-
based NBS (e.g., plantation for reducing rockfall in Artouste). The maturation of NBS could be
monitored over the years as the plants grow and the reduction of risk could be assessed periodically
by using the VR-NBS framework. Regular monitoring of the indicators and assessment of
vulnerability and risk of SES could better inform the decision-makers on the NBS effectiveness, so
as to upscale it or, in case of negative impacts, to adopt corrective measures.

Furthermore, since some of the designed NBS at PHUSICOS DCs rely on the growth of organic
elements (e.g., trees and plants), which are also influenced by seasonal climatic variability,
indicators that can account for the effect of seasonality should also be considered. To better
understand the NBS effectiveness, risk and residual risk analyses should be performed multiple
times during different seasons throughout the NBS project maturation stages. It is also essential to
develop a continuous monitoring plan to ensure that the risk reduction benefits of the designed NBS
are delivered in the long term or to highlight possible loss of effectiveness due to ageing of NBS.

On this matter, the next PHUSICOS deliverable D4.7 is actually developed with the aim of providing
a consistent starting point for the development of the monitoring plan at each case study, based on
both the expertise gained in the PHUSICOS activities and the acquired information on the features
and the availability of measurement instruments declared by the site owners and the facilitators.
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