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Abstract

Protective forests are an effective Forest-based Solution (FbS) for Ecosystem-based
Disaster Risk Reduction (Eco-DRR) and are part of an integrated risk management
(IRM) of natural hazards. However, their utilization requires addressing conflicting
interests as well as considering relevant spatial and temporal scales. Decision support
systems (DSS) can improve the quality of such complex decision-making processes
regarding the most suitable and accepted combinations of risk mitigation measures.
We introduce four easy-to-apply DSS to foster an ecosystem-based and integrated
management of natural hazard risks as well as to increase the acceptance of protective
forests as FbS for Eco-DRR: (1) the Flow-Py simulation tool for gravitational mass
flows that can be used to model forests with protective functions and to estimate their
potential for reducing natural hazards’ energy, (2) an exposure assessment model
chain for quantifying forests’ relevance for reducing natural hazard risks, (3) the
Rapid Risk management Appraisal (RRA), a participatory method aiming to identify
IRM strengths and points for improvement, and (4) the Protective Forest Assessment
Tool (FAT), an online DSS for comparing different mitigation measures. These are
only a few examples covering various aims and spatial and temporal scales. Science
and practice need to collaborate to provide applied DSS for an IRM of natural hazards.

Keywords: natural hazard risk, decision support tools and systems, protective forest,
integrated risk management, exposure assessment

1. Introduction

The variety of available natural hazard risk mitigation measures, such as land
use planning, technical measures, biological measures, and organizational directives
[1], necessitates decision-making in integrated risk management (IRM) processes to
recognize and incorporate social, economic, and ecological sustainability criteria as
well as conflicting interests and constraints (see chapter [2] of this book). Protective
forests as an effective Forest-based Solution (FbS) for Disaster Risk Reduction
(DRR) must have a key role within the portfolio of IRM measures (see chapter [3] of
this book). However, managing protective forests and natural hazard risks requires
including different spatial and temporal dimensions such as slope and regional scales
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as well as short- and long-term changes in land use in the decision-making process to
implement the most suitable combinations of risk mitigation measures.

Decision support tools and systems (DSS) are computer-based tools and/or tech-
niques and methods that were developed to improve the quality of decision-making
on complex issues. DSS are often applied in participatory processes by integrating
decision-makers own insights with the information processing capabilities of com-
puters [4]; however, they do not automate decisions by simply finding optimal solu-
tions. The final decision is still left to the decision-maker [5]. For a DSS to be effective,
it must present aspects of a complex system as well as the effects of changing the
system in a user-friendly interface. Examples of well-established DSS are simulation
models, expert opinions, and decision flowcharts. DSS are therefore also one of the
most common ways to transfer knowledge from science into practice as a vehicle for
communication, training, and experimentation [6]. They are often integrated within
web platforms or GIS (geographic information systems), facilitating a dialogue and
the exchange of information, and thus providing insights to decision-makers, which
can support them in exploring, for example, potential outcomes of different policy
options. Numerous DSS have been developed for forest management over the past
40 years [7, 8]. More recently, DSS have also been introduced in natural hazard risk
management with the goal to communicate hazard and risk modeling results to the
public, supported by improved visuals and graphical user interfaces (GUI) [6]. For
example, Xu et al. [9] developed a geospatial web platform that considers combined
risks of multiple water-related hazards using serious gaming techniques to involve a
variety of decision-makers and to foster a holistic and collaborative planning process.
Like natural hazard models (see chapter [10] of this book), the features and charac-
teristics of risk models vary widely. For example, operating at different scales requires
to adopt different approaches for data collection and model complexity as well as
influences the representation and precision of the results, which determines the
applicability and effectiveness of a tool itself. Based on a literature review, Newman
etal. [6] proposed a classification for natural hazard risk reduction DSS based on
their components and characteristics such as scoping, problem formulation, analysis
framework, user engagement, and evaluation (Figure1).

The application of risk-based approaches that are not only hazard-focused in
decision-making processes regarding Ecosystem-based Disaster Risk Reduction
(Eco-DRR) is increasing [11]. Risk-based approaches have been developed to
estimate the economic value of mountain forests’ protective functions and effects by
reducing the risk from natural hazards that endanger people and assets, consider-
ing all three risk components, hazard, exposure, and vulnerability (see chapter [3]
of this book). These studies were conducted at different spatial scales from local
[12-15] to regional [16, 17] as well as national evaluations ([18]; see also chapters
[19-21] of this book). Other studies integrated Eco-DRR in hazard and risk models
into more complex online DSS, for example, Grandjean et al. [22] created a multi-
risk tool for identifying management strategies to reduce potential impacts of global
change by considering short- and long-term changes in land use, climate change
scenarios, and alternative socio-economic development pathways. Bebi et al. [21]
highlight how scenario-specific avalanche protective forest maps can be developed
by collaborating with avalanche modelers and practitioners, and implemented into
an interactive, web-based DSS providing combined information about natural haz-
ards and effective avalanche protective forests. However, for ecosystem-based and
integrated natural hazard risk management, few economic evaluation methods and/
or DSS are currently available in practice to compare the effectiveness and/or cost-
efficiency of protective forests with technical measures. One reason could be that
the remaining considerable uncertainties in assessing the protective effects of forests
against natural hazards are affecting the confidence in FbS in contrast to technical
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Figure 1.

Classification system for reviewing natural hazavd visk-reduction decision support tools and systems (DSS)
proposed by and adapted from Newman et al. [6]. The listed examples are not exhaustive; for the complete list
see [6].

measures (e.g., [23]; see also chapters [3, 20, 24] of this book.). These uncertainties
could be addressed, for example, with Bayesian probability theory and Bayesian
Networks [25]. However, there is a lack of openly available and easy-to-use tools to
apply Bayesian Networks as a DSS for an IRM in practice, which also includes the
essential spatial and temporal dimensions to implement the most suitable combina-
tions of risk mitigation measures [26].

In this and two other chapters of this book [10, 27], we introduce four easy-to-
apply DSS that were developed in the frame of the Interreg Alpine Space project
GreenRisk4ALPs [28] to support and foster ecosystem-based and integrated
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Figure 2.

Overview of the different components and analysis conducted in the GreenRisk4 ALPs project for developing
decision support tools and systems (DSS) for an integrated risk management (IRM) of natural hazards in the
Alpine Space. Green rectangles = DSS, orange rectangles = model chains, yellow rectangles = generated input
data. PAR = GreenRisk4ALPs Pilot Action Region [29]. FAT = Protective Forest Assessment Tool; RRA = Rapid
Risk management Appraisal (see chapter [27] of this book); TEGRAV = TEchnical—GReen—AVoidance (see
subsection 2.3).

management of natural hazard risks as well as to increase the acceptance of FbS for
Eco-DRR (Figure 2):

1.the Flow-Py simulation tool for gravitational mass flows (GMF; [30, 31]) can
be used to model forests with a direct object protective function and to esti-
mate their potential for reducing natural hazards’ energy (see also chapter [10]
of this book),

2.an exposure assessment model chain to quantify potential forest relevance for
reducing natural hazard risk to people and assets,

3.the Rapid Risk management Appraisal (RRA), a participatory tool aiming to
identify strengths and points for improvement of IRM, supporting munici-
palities to increase their resilience to natural disasters (see chapter [27] of this
book), and

4.the Protective Forest Assessment Tool (FAT), an open-access online DSS for
profile-based comparisons of different mitigation measures to support local
risk management strategies.

Considering the differences in DSS for natural hazard risk management
(see Figure 1), these tools were developed following a complementary
approach that allows for robust and comprehensive risk analysis at different
scales. They are still addressing rather an expert audience than non-experts
or the general public; however, an extended group of stakeholders and policy
makers was involved in their development, evaluation, and testing within the
GreenRisk4ALPs project.
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2. GreenRisk4ALPs’ risk-based decision support tools and systems (DSS)
2.1 Flow-Py: regional mapping and modeling of protective forests

Flow-Py is a simulation tool to model runout and intensity of gravitational mass
flows (GMFs) based on a runout angle model (also referred to as travel or a-angle
[32]) at regional scales [30, 31]. The required input data are a digital elevation
model (DEM) and a release raster containing one or several starting cells. Together
with two developed custom extensions, post-processing routines, and recommen-
dations for the visualization of simulation results (see chapter [10] of this book),
Flow-Py can be used as DSS to support protective forest and risk management-
related decisions. To develop an easy-to-apply procedure we asked: Where does the
presence of forest reduce the impact of GMFs on elements potentially at risks such
as exposed buildings, transport, or recreational infrastructure?

The objectives to answer this question are:

1.to map the forest areas that may reduce the natural hazard risk for people
and assets,

2.to model potential GMF runout and intensity reductions due to the presence of
forest and to quantify forest effects in reducing risk by assessing the reduced
impact each GMF has on different types of assets, and

3.to identify and visualize areas where the risk-reducing effect of forests is great-
est within a region.

To test the DSS, five types of protective forest-related map products were
developed for the three GMFs snow avalanches, rockfall, and shallow landslides,
and applied in five of the six GreenRisk4ALPs Pilot Action Regions (PARs; [29]).
The freely available and open-source Flow-Py code allows users to customize GMF
simulations by adjusting the parameterization or developing extensions to adapt
calculations, input data, and model outputs as well as to apply their own post-
processing routines and visualizations based on their specific questions and prob-
lems. Figures 3-7 show example maps of the PAR “Wipptal South” in South Tyrol,
Northern Italy, and the snow avalanche hazard that were created from Flow-Py
simulation results, providing relevant information to support decision-making in
protective forest and natural hazard management.

The map shown in Figure 3 was created based on Flow-Py simulations with the
“back-tracking” custom extension. This extension changes Flow-Py from a pure
runout model to one that can identify terrain associated with endangering assets by
storing the path that a GMF traveled to reach an infrastructure in computer memory
(see also [33]). To apply the back-tracking extension an input raster including the
location of infrastructure in the modeling domain is therefore required. The simula-
tion output is a spatially explicit subset of the GMF release areas, transit, and runout
zones that were modeled to endanger infrastructure, which can be united with
the spatial distribution of forested areas (for details see chapter [10] of this book).
The resulting map highlights the location of forests with a direct object protective
function (for definitions see chapter [3] of this book). In other words, it shows those
forested areas located between physical assets and a hazard’s release area. The map
provides information at a regional scale about the approximate geographic extent of
protective forests and how they are distributed in the landscape. Similar maps have
been produced in Switzerland [34, 35] and Austria [36, 37]; however, such protective
forest maps are not available for all Alpine Space countries.
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Example for a direct object protective forest map based on Flow-Py simulations. Purple shaded aveas were modeled
as forests with a direct object protective function, which can protect people and assets from large and very large

dry snow slab avalanches. Green shaded ave forested areas that ave not considered protective forests against snow
avalanches.
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Figure 4.

Example for a map quantifying the magnitude of snow avalanches’ kinetic energy potentially veduced by forest
based on Flow-Py simulations. Yellow to red colovs show the difference in the kinetic energy from simulations
with and without the effect of the forest. The Impact Reduction Index (IRI) is only shown for areas where
elements are potentially at risk.
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Exgample for a map delineating locations of potentially highly effective protective forests against snow
avalanches based on Flow-Py simulations. Dark blue ave forested locations that were identified as highly
effective for reducing the kinetic energy by fovests of large and very lavge dry snow slab avalanches. Light blue
are non-forested locations that were identified as highly effective for reducing snow avalanche’s kinetic energy
by forest; it was not considered whether it is possible to grow forests at these locations in terms of, eg., land use,
soil, or climatic conditions (except altitude and slope).

The Impact Reduction Index (IRI) shown in Figure 4 quantifies the magnitude
of the potential hazard’s energy reduction by forests, which depends on forest
structure and tree species composition by comparing the difference in kinetic
energy in simulations with and without forest effects. The IRI was calculated
based on Flow-Py simulations with the “forest” custom extension and a developed
post-processing workflow (see chapter [10] of this book for details). That is, this
map shows which areas are benefiting most from the surrounding protective
forests in terms of reduced GMFs kinetic energy. To account for the increase in
energy dissipation (or friction) in the parts of a GMF path that are located in a
forest, the forest extension adjusts the runout angle to a steeper angle dependent
on the length of the forested slope, the forest structure and the kinetic energy of
the GMF. For this, an additional Forest Structure Index (FSI) input raster rang-
ing between 0 and 1, which summarizes how developed a forest is regarding its
optimal protective effect is needed. For example, the optimal protective forest for
snow avalanches is an evergreen conifer forest with a high stem density and dense
canopy cover (FSI = 1), which can hinder avalanche formation and significantly
reduce runout lengths of small-to-medium avalanches ([38]; see chapter [24]
of this book). A broad-leaved forest has a reduced effect (FSI = 0.8) aswell asa
forest with lower stem densities and less dense canopy cover, which needs to be
reflected in the choice of the FSI values. However, the parameterizations of forest-
GMF interactions to model the forest’s potential to reduce the kinetic energy of
natural hazards with Flow-Py and the forest extension as well as FSI-values were
developed and estimated based on a literature review but can and should be
further refined with observations.
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Figure 6.

Forest relevance in reducing the impact of snow avalanches is classified into three levels in the far novth of the
GreenRisk4ALPs Pilot Action Region (PAR) Wipptal South (IT), and forest velevance levels are combined
with the building and infrastructure priority classes. The bar chart indicates for the entire PAR the square
meters of assets for which the forest has relevance in veducing the potential visk from snow avalanches. Building
and transport infrastructure footprints are shown with black outlines.

Figure 5 shows areas where forests are assumed to be highly effective in reduc-
ing GMF runout and intensity based on maximum thresholds in the kinetic energy
of a GMF calculated with the Flow-Py simulation tool. To be considered as highly
effective (or having the potential to be), the location must lie between a release area
of a GMF and elements potentially at risk. The maximum kinetic energy threshold,
which indicates where forests can reduce GMF runout and intensity considerably, is
dependent on the GMF type and dictated by the different forest-GMF interactions.
For example, a threshold of ~105 m in kinetic energy (velocity of ~30 ms™') was
applied for snow avalanches above which a forest is no longer capable of reducing
the avalanches’ energy considerably since trees can be easily uprooted [39, 40]. In
contrast, a threshold of ~75 m in kinetic energy was assumed for rockfall, which
also translates to a velocity of ~30 m s”!, above which forest is considered to have no
energy dissipating effect on a falling block [41]. Other criteria used to identify such
locations are the same for all GMF types since they characterize the forest growing
conditions by simple terrain characteristics. For example, we assumed that an effec-
tive protective forest cannot grow above 2000 m in elevation and on slopes steeper
than 45°. However, these criteria and thresholds can be adjusted easily and added to
dependent on specific questions and/or, for example, land use, growing region, soil,
and climatic conditions.
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Figure7.

Hotspots where protective forests ave particularly relevant for reducing risk for the GreenRisk4ALPs Pilot
Action Region (PAR) Wipptal South (IT). Building hotspots are shown for three levels of forest relevance to
reduce the visk of snow avalanches.

2.2 Exposure assessment: relevance of forests in reducing natural hazard risk

Exposure is, together with hazard and vulnerability, one of the three components
determining the risk (see chapter [2] of this book). As defined by the Intergovernmental
Panel for Climate Change (IPCC), exposure refers to “the presence of people; liveli-
hoods; environmental services and resources; infrastructure; or economic, social, or
cultural assets in places and settings that could be adversely affected” [42].

The aim of the exposure assessment was to spatially identify those forest areas
that have significant relevance in reducing the impact of GMFs on assets. We
considered buildings, transport, and recreational infrastructure as exposed assets
and classified each asset type into high and low priority (provided the required
input data was available) following the recommendations of Perzl et al. [43] to
acknowledge the commonly existing public interests in the protection of assets
that are used frequently [44]. Perzl et al. [43] thoroughly discuss the challenge of a
common classification scheme based on existing laws and regulations and applied a
much more detailed classification of assets potentially at risk to model forests with
a direct object protective function in Austria. However, the simplified scheme fits
our purpose and goal to produce an overview of assets potentially at risk enabling
to compare model outcomes of different PARs and countries that can be followed
by a more detailed risk assessment. Accordingly, buildings used for residential,
commercial, and industrial purposes were categorized as high priority and all
other buildings (e.g., garages, stables, derelict buildings) were classified as a lower
priority. Regarding transport infrastructure, highways, and primary and second-
ary roads were assigned a high priority whereas tertiary roads, for example, roads
within settlements were categorized as a lower priority; forest roads were excluded
from the analysis. Recreational infrastructure, such as cable cars, campgrounds, ski
runs, golf courses, and sports grounds were considered assets of lower priority.

The spatial data needed for the exposure assessment were available in different
formats representing different levels of detail (thematic and spatial) for five PARs
of the GreenRisk4ALPs project. In the first step, the required features, buildings,
transport, and recreational infrastructure, were extracted from the original data
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sets. In a second step, the assets were attributed categories of importance as defined
and according to their priority, that is, high priority = 2 and low priority = 1. All
asset information was subsequently converted into 10-m resolution gridded data
sets. To spatially identify those areas where the forest has significant relevance

in reducing the impact of GMFs, the IRI data sets that were computed based on
Flow-Py simulation results (for method and result description see subsection 2.1
and chapter [10] of this book) were translated into forest relevance levels and
intersected with the classified asset information. Building and infrastructure classes
combined with forest relevance levels were visualized on maps. This spatial overlay
allowed to quantify for the entire study area the square meters of each combination
of forest relevance and asset priority level (Figure 6).

The forest relevance maps were used to identify hotspots where protective
forests are particularly relevant for reducing risk (Figure 7). To define these
hotspots of forest relevance, we considered those building types and infrastructure
of a higher priority and combined them with the high level of forest relevance.
Aggregating those features to larger pixel sizes allows to increase their visibility in
a map showing a region at a scale of approximately 1:135,000 and for a qualitative
consultation and discussion with local stakeholders.

2.3 The Protective Forest Assessment Tool (FAT')

The Protective Forest Assessment Tool (FAT) is a DSS in form of an interactive
web platform, which consists of a model chain provided with a dedicated and eas-
ily accessible web interface. It serves for assessing the protective effect of a forest
along a natural hazard process path/profile by comparing it to alternative mitigation
measures to determine the best risk reduction measures in terms of cost-benefit ratio
[45]. The FAT model chain consists of a GMF model that is connected to the risk
assessment and economic model TEGRAV (TEchnical — GReen — AVoidance; [46];
Figure 8). FAT is targeted at different stakeholder groups, for example, local/regional
decision-makers, forest managers, safety and infrastructure managers, planning
officers, and local/regional public authorities. The aim of the tool is to present an
assessment of the effectiveness of protective forest and ecosystem-based risk manage-
ment compared to other solutions such as technical measures or avoidance strategies.

The Protective Forest Assessment Tool is freely available through a web interface
[45], which enables users to perform an ad hoc risk analysis by uploading and enter-
ing input data, running the model chain, and viewing the results in a user-friendly
way. Most of the user’s inputs are predefined via dropdown menus, and graphi-
cal results are apparent and intuitive (Figures 9 and 10). Furthermore, detailed
instructions guide the user through the modeling process as needed via the info
buttons on each page.

To maximize its applicability, FAT’s GMF model is based on a simple empirical
relationship, which requires minimal input data and parameterization. Three GMFs,
snow avalanches, rockfall, and shallow landslides, are parameterized with a runout
angle model [32], which calculates the runout and intensity of the natural hazard
process. The GMF model considers two types of effects that forest exhibit: (1) the
forest effect in the release area, and (2) the forest effect in the process path of the
natural hazard by increasing the runout angle dependent on forest type (broad-
leaved or coniferous forest) and forest structure. The forest effect in the process
path applies to snow avalanches and rockfall, while forest effects in release areas are
considered for snow avalanches and shallow landslides. The forest effect is param-
eterized with the FSI (see subsection 2.1), which is a relative measure characterizing
the current structure of the forest in relation to the most robust and dense forest
possible for the respective forest type and selected natural hazard (see Figure 10,

10
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TEGRAV (TEchnical — GReen — AVoidance) visk assessment and economic model workflow: modeling steps
in blue, model outputs in green, external inputs in yellow. GMF = gravitational mass flow, FAT = Protective
Forest Assessment Tool. Adapted from [47].

and chapter [10] of this book for details). Forest type and FSI as well as the forest’s
location along the process profile need to be defined by the FAT user. Based on this
information, the runout angle associated with the chosen natural hazard is adjusted
to a steeper angle, which can immediately stop or shorten the simulated runout. To
quantify the forest’s protective effect as the resulting difference in kinetic energy
and thus simulated runout, the GMF model runs two times: 1) accounting for forest
effects along the GMF profile, and 2) without considering forest.

Using the simulation results of the GMF model, the risk assessment and eco-
nomic model TEGRAV performs a cost-benefit analysis of FbS (green measures),
technical measures (grey measures), and land use avoidance (avoidance measures),
allowing for their comparison [47, 48]. Risk assessment and cost-benefit analysis
are carried out by integrating costs and effects of mitigation measures and damage
potentials (i.e., the estimated values of assets that are potentially at risk; Figure 8).
The TEGRAV model assesses the costs and benefits of each mitigation measure
selected by the FAT user among an extensive list of possible solutions, which was
established with the goal to cover the most frequent solutions currently used in the
Alpine Space (Figure 11). Standard economic values were assigned to each technical
and avoidance measure as well as to average afforestation costs based on the country
or region in which they are implemented to obtain results in line with the geo-
graphic location of the natural hazard process path defined in FAT (see Figure 9).
Costs for protective forest maintenance and rehabilitation need to be defined by
the user based on their experience. These standard or regional values are then

11



Protective Forests as Ecosystem-based Solution for Disaster Risk Reduction (Eco-DRR)

interreg ©

Select Process Alpine Space
o - ﬂu-mnlllnn

Instructions: Please select natural hazard you want to model

AVALANCHE ROCKFALL SHALLOW LANDSLIDE

Avalanche
Large and very large snow slab avalanches with a return period of 100 years or greater are modelled.

Upload siope fe

[ Kranjska_G.. rofile.txt x

Counry Mean hazard path wigth [m]

Siovenia v @ 200 @ Slope loaded from file

Mean hazard path width (from 256 area (o runoul zone) —
o CLEAR
)

Figure 9.

Prgtective Forest Assessment Tool (FAT) web interface. Upper panel: selection of the natural hazard process to
be modeled. Additional information about the type and characteristics of each process is provided by moving
the cursor to the respective process. Lower panel: the hazard process profile can be uploaded from a .txt file or
drawn on a map. Info buttons guide the user through each step.

combined with the input data provided by the FAT user such as asset location and
type, path width, maximum snow depth, or which assets should be protected to
provide path-specific economic estimates (see Figures 9 and 10). For example, the
costs for steel snow bridges depend on the maximum depth of the snowpack that
they should stabilize. The sizes of rockfall nets and retention dams are estimated
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Figure 10.

Protective Fovest Assessment Tool (FAT) web interface. Upper panel: information about the existing forest,
buildings, and roads to be protected need to be entered by the FAT usev. Lower panel: green, technical, and
avoidance mitigation measuves can be selected via dropdown menus. Info buttons guide the user through each step.

based on the kinetic energy simulated with the GMF model at their chosen location,
that is, nets and dams will be higher and more costly in the middle of the transit
zone in contrast to lower and less expensive measures located in the runout zone.
The cross-slope width of steel snow bridges, rockfall nets, and retention dams,
which is also considered in cost calculations, are equal to the path width defined

by the FAT user. The path-specific costs for afforestation and forest rehabilita-

tion depend on its location in terms of elevation, length along the profile, and the
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Figure 11.

Mitigation measuves that are included in the TEGRAV (TEchnical — GReen — AVoidance) risk assessment and
economic model and considered in the Protective Fovest Assessment Tool (FAT), distinguished by hazgard, area
of implementation, and type. Adapted from [48].

defined path width. Since forest growth takes a considerable amount of time and
dictates the development of protective effects, afforestation and forest rehabilita-
tion measures are assessed at four (0, 25, 50, and 100 years) and three (0, 10, and
20 years) time steps, respectively. Therefore, a simplified forest growth model
(based on [49]), which accounts for forest type and elevation is running in the
background, estimating the forest’s stage of development after a certain time, which
affects the GMF runout. The costs for planting and/or maintenance are added up
over time while the benefits as avoided damages will increase with the development
of the forest.

Each mitigation measure included in FAT is assigned to one or more natural
hazards in relation to its effectiveness. That is, in potential snow avalanche release
areas, two types of measures are considered exclusively: technical release control
such as snow nets or steel snow bridges and artificial release systems. For rockfall,
only rockfall nets are considered in transit and runout zones. However, most
measures can be applied for all natural hazards (multi-risk approach): retention
dam for transit and runout zones; afforestation and protective forest rehabilitation
for release, transit and runout zones; road closure, building relocation, building
evacuation, and early warning system for transit and runout zones.

Based on the user’s selection of mitigation measures, the model chain then
calculates the remaining risk. That is, the GMF model performs simulations in the
background with and without forest, adjusting the runout angle according to the
protective forest type, FSI, and location along the process profile. TEGRAV then
uses the simulation results to determine the damages that could be avoided thanks
to the selected mitigation measures (benefits), that is, if a building or road is still
reached by the simulated GMF and calculates the costs for the path-specific FbS,
technical and avoidance measures.

The main output of FAT is an overview of economic metrics for each selected
mitigation measure as well as for combinations of green and technical measures:

* Direct costs: originating from construction and/or implementation costs +
maintenance costs + dismantling cost for the mitigation measure,
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* Indirect costs: originating from constructing and/or implementing the mitiga-
tion measure, which presumably modifies an existing situation,

* Avoided damages: all damages to assets that could have happened without the
mitigation measure, and

* Benefits: the sum saved or earned due to the construction and/or implementa-
tion of the mitigation measure.

The novelty of this DSS is the possibility to identify potential benefits of
protective forest as a mitigation measure for natural hazard risk that can be imple-
mented instead of or in combination with technical and avoidance measures. However,
FAT’s objective is neither to design real-life mitigation measures for exposed assets nor
to achieve a quick, ready-to-use cost-benefit analysis for projected technical measures.
The aim of FAT is to be used as DSS by displaying the potential of alternative solutions
to the current practices. Forest-based Solutions and other Eco-DRR measures are often
proved to be more efficient than grey measures, with little or no drawbacks from their
implementation and they are, therefore, also an example of solutions that have a posi-
tive impact on livelihoods and ecosystems (see also chapter [3] of this book).

3. Conclusion

The tools and methods to support decisions in IRM of natural hazards consider-
ing protective forests that we presented in this chapter are only a few examples of
different types of DSS that can cover various aims, and spatial and temporal scales,
and address different user groups with specific questions and problems (see Figure
1). While the development of hazard and risk models has increased in number
and improved in precision and effectiveness in the last years, additional effort to
channel these DSS and their results into real-life risk management is still needed
[50]. Indeed, several authors draw attention to the various lacks in bringing model
results from science to policy and practice [51, 52], demanding the need for stronger
stakeholder engagement and larger efforts to minimize uncertainties and to develop
relevant indicators ([53-55]; see also chapter [56] of this book).

The next chapter of this book [27], therefore, focuses on the integration
of stakeholders and decision-makers in an IRM of natural hazards. Following
examples of communicating modeling results in the field of natural hazard risk
management with a particular focus on mountain areas ([57, 58]; see also chapters
[21, 59] of this book), the project GreenRisk4ALPs aimed to deliver openly available
and easy-to-use DSS to practitioners and policy makers.

Acknowledgements

This work was conducted in the context of the GreenRisk4ALPs project
(ASP635), which has been financed by the Interreg Alpine Space programme, one
of the 15 transnational cooperation programs covering the whole of the European
Union (EU) in the framework of the European Regional policy.

Conflict of interest

The authors declare no conflict of interest.

15



Protective Forests as Ecosystem-based Solution for Disaster Risk Reduction (Eco-DRR)

Author details

Cristian Accastello™?, Francesca Poratelli, Kathrin Renner’, Silvia Cocuccioni’,

Christopher J. L. D’Amboise* and Michaela Teich**

1 Department of Agriculture, Forest and Food Sciences (DISAFA), University of
Turin, Grugliasco, TO, Italy

2 Consorzio Forestale Alta Valle Susa (CFAVS), Oulx, TO, Italy
3 Eurac Research, Institute for Earth Observation, Bolzano, BZ, Italy

4 Department of Natural Hazards, Austrian Research Centre for Forests (BFW),
Innsbruck, Austria

*Address all correspondence to: michaela.teich@bfw.gv.at

IntechOpen

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium,

provided the original work is properly cited.

16



Risk-Based Decision Support for Protective Forest and Natural Hazard Management

DOI: http://dx.doi.ovg/10.5772/intechopen.99512

References

[1] Federal Office for Civil Protection
(FOCP). Integrated Risk Management.
Its importance in protecting people and
their livelihoods. Bern, Switzerland:
FOCP; 2014. p. 20

[2] Accastello C, Cocuccioni S, Teich M.
The concept of risk and natural hazards.
In: Teich M, Accastello C, Perzl F,
Kleemayr K, editors. Protective Forests
as Ecosystem-based Solution for
Disaster Risk Reduction (Eco-DRR).
London: IntechOpen; 2021.

DOI: 10.5772/intechopen.99503

[3] Teich M, Accastello C, Perzl F,
Berger F. Protective forests for
Ecosystem-based Disaster Risk
Reduction (Eco-DRR) in the Alpine
Space. In: Teich M, Accastello C, Perzl F,
Kleemayr K, editors. Protective Forests
as Ecosystem-based Solution for
Disaster Risk Reduction (Eco-DRR).
London: IntechOpen; 2022.

DOI: 10.5772/intechopen.99505

[4] Keen P, Scott-Morton M. Decision
Support Systems: An Organizational

Perspective. Reading, MA: Addison-

Wesley Publishing; 1978

[5] Cooney TM. Software: Decision
support systems. Journal of Forestry.
1986;84(1):13-14. DOI: 10.1093/jof/84.1.13

[6] Newman JP, Maier HR, Riddell GA,
Zecchin AC, Daniell JE, Schaefer AM,
et al. Review of literature on decision
support systems for natural hazard risk
reduction: Current status and future
research directions. Environmental
Modelling & Software. 2017;96:378-
409. DOI: 10.1093/jof/84.1.13

[7] Kaspar ], Bettinger P, Vacik H,
Marusak R, Garcia-Gonzalo J. Forests
Special Issue “Decision Support
Approaches in Adaptive Forest
Management—Selected Papers from the
IUFRO 125th Anniversary Congress”. In:
MDPI. 2017. Available from: https://

17

www.mdpi.com/journal/forests/
special_issues/ITUFRO_2017_decision_
manage#info

[8] Reynolds KM, Twery M, Lexer MJ,
Vacik H, Ray D, Shao G, et al. Decision
support systems in forest management.
In: Handbook on Decision Support
Systems 2. Berlin, Heidelberg: Springer
Berlin Heidelberg; 2008. pp. 499-533

[9] Xu H, Windsor M, Muste M, Demir I.
A web-based decision support system
for collaborative mitigation of multiple
water-related hazards using serious
gaming. Journal of Environmental
Management. 2020;255:109887.

DOI: 10.1016/jjenvman.2019.109887

[10] D’Amboise CJL, Teich M,

Hormes A, Steger S, Berger F. Modeling
protective forests for gravitational
natural hazards and how it relates to
risk-based decision support tools. In:
Teich M, Accastello C, Perzl F,
Kleemayr K, editors. Protective Forests
as Ecosystem-based Solution for
Disaster Risk Reduction (Eco-DRR).
London: IntechOpen; 2021.

DOI: 10.5772/intechopen.99510

[11] Sudmeier-Rieux K, Arce-Mojica T,
Boehmer HJ, Doswald N, Emerton L,
Friess DA, et al. Scientific evidence for
ecosystem-based disaster risk reduction.
Nature Sustainability. 2021;4(9):803-
810. DOI: 10.1038/s41893-021-00732-4

[12] Moos C, Thomas M, Pauli B,
Bergkamp G, Stoffel M, Dorren L.
Economic valuation of ecosystem-based
rockfall risk reduction considering
disturbances and comparison to
structural measures. Science of The
Total Environment. 2019;697:134077.
DOI: 10.1016/j.scitotenv.2019.134077

[13] Moos C, Fehlmann M,
Trappmann D, Stoffel M, Dorren L.
Integrating the mitigating effect of
forests into quantitative rockfall risk


https://www.mdpi.com/journal/forests/special_issues/IUFRO_2017_decision_manage#info
https://www.mdpi.com/journal/forests/special_issues/IUFRO_2017_decision_manage#info
https://www.mdpi.com/journal/forests/special_issues/IUFRO_2017_decision_manage#info
https://www.mdpi.com/journal/forests/special_issues/IUFRO_2017_decision_manage#info

Protective Forests as Ecosystem-based Solution for Disaster Risk Reduction (Eco-DRR)

analysis—Two case studies in
Switzerland. International Journal of
Disaster Risk Reduction. 2018;32:55-74.
DOI: 10.1016/j.ijdrr.2017.09.036

[14] Teich M, Bebi P. Evaluating the
benefit of avalanche protection forest
with GIS-based risk analyses—A case
study in Switzerland. For Ecol. Manage.
2009;257(9):1910-1919. DOI: 10.1016/j.
foreco.2009.01.046

[15] Accastello C, Bianchi E, Blanc S,
Brun F. ASFORESEE: A harmonized
model for economic evaluation of forest

protection against rockfall. Forests.
2019;10(7):578. DOI: 10.3390/£10070578

[16] Stritih A, Bebi P, Grét-Regamey A.
Quantifying uncertainties in earth
observation-based ecosystem service
assessments. Environmental Modelling
& Software. 2019;111:300-310.

DOI: 10.1016/j.envsoft.2018.09.005

[17] Grét-Regamey A, Bebi P, Bishop ID,
Schmid WA. Linking GIS-based models
to value ecosystem services in an alpine
region. Journal of Environmental
Management. 2008;89(3):197-208.
DOI: 10.1016/jjenvman.2007.05.019

(18] Getzner M, Gutheil-Knopp-
Kirchwald G, Kreimer E, Kirchmeir H,
Huber M. Gravitational natural hazards:
Valuing the protective function of
Alpine forests. Forest Policy and
Economics. 2017;80:150-159.

DOI: 10.1016/j.forpol.2017.03.015

[19] Moos C, Dorren L. Cost-benefit
analysis as a basis for risk-based rockfall
protection forest management. In:
Teich M, Accastello C, Perzl F,
Kleemayr K, editors. Protective Forests
as Ecosystem-based Solution for
Disaster Risk Reduction (Eco-DRR).
London: IntechOpen; 2021.

DOI: 10.5772/intechopen.99513

[20] Stritih A. Dealing with uncertainties
in the assessment of the avalanche

protective effects of forests. In: Teich M,

18

Accastello C, Perzl F, Kleemayr K,
editors. Protective Forests as Ecosystem-
based Solution for Disaster Risk
Reduction (Eco-DRR). London:
IntechOpen; 2021. DOI: 10.5772/
intechopen.99515

[21] Bebi P, Bast A, Helzel K,

Schmucki G, Brozova N, Biithler Y.
Avalanche protection forest: From
process knowledge to interactive maps.
In: Teich M, Accastello C, Perzl F,
Kleemayr K, editors. Protective Forests
as Ecosystem-based Solution for
Disaster Risk Reduction (Eco-DRR).
London: IntechOpen; 2021.

DOI: 10.5772/intechopen.99514

[22] Grandjean G, Thomas L,

Bernardie S, The SAMCO Team. A novel
multi-risk assessment web-tool for
evaluating future impacts of global
change in mountainous areas. Climate.
2018;6(4):92. DOI: 10.3390/cli6040092

[23] Stritih A. Risk-based assessments of
ecosystem services: Addressing
uncertainty in mountain forest
management. Zurich: ETH Zurich;
2021. p. 157. DOI: 10.3929/
ethz-b-000493088

[24] Perzl F, Bono A, Garbarino M,
Motta R. Protective effects of forests
against gravitational natural hazards. In:
Teich M, Accastello C, Perzl F,
Kleemayr K, editors. Protective Forests
as Ecosystem-based Solution for
Disaster Risk Reduction (Eco-DRR).
London: IntechOpen; 2021.

DOI: 10.5772/intechopen.99506

[25] Grét-Regamey A, Straub D. Spatially
explicit avalanche risk assessment
linking Bayesian networks to a GIS.
Natural Hazards and Earth System
Sciences. 2006;6(6):911-926.

DOI: 10.5194/nhess-6-911-2006

[26] Stritih A, Rabe SE, Robaina O,
Grét-Regamey A, Celio E. An online
platform for spatial and iterative
modelling with Bayesian networks.



Risk-Based Decision Support for Protective Forest and Natural Hazard Management

DOI: http://dx.doi.ovg/10.5772/intechopen.99512

Environmental Modelling and Software.
2020;127:104658. DOI: 10.1016/j.
envsoft.2020.104658

[27] Cocuccioni S, Plorer M, Kirchner M.
Stakeholder integration and participatory
processes as part of an ecosystem-based
and integrated natural hazard risk
management. In: Teich M, Accastello C,
Perzl F, Kleemayr K, editors. Protective
Forests as Ecosystem-based Solution for
Disaster Risk Reduction (Eco-DRR).
London: IntechOpen; 2022.

DOI: 10.5772/intechopen.99516

[28] Interreg Alpine Space project
GreenRisk4ALPs (ASP635) [Internet].
2022. Available from: https://www.
alpine-space.org/project/greenrisk4alps/

[29] Begus ], Kleemayr K, Berger F,
editors. Best Practice Examples of
Implementing Ecosystem-Based Natural
Hazard Risk Management in the
GreenRisk4ALPs Pilot Action Regions.
London: IntechOpen; 2021. p. 150.

DOI: 10.5772/intechopen.95015

[30] Neuhauser M, D’ Amboise CJL,
Teich M, Kofler A, Huber A, Fromm R,
et al. Flow-Py: Routing and stopping of
gravitational mass flows (version 1.0).
Zenodo. 2021. DOI: 10.5281/
zenodo.5027275

[31] D’Amboise CJL, Neuhauser M,
Teich M, Huber A, Kofler A, Perzl F,

et al. Flow-Py v1.0: A customizable,
open-source simulation tool to estimate
runout and intensity of gravitational
mass flows. Geoscientific Model
Development. 2022;15(6):2423-2439.
DOI: 10.5194/gmd-15-2423-2022

[32] Heim A. Bergsturz und
Menschenleben. Zurich: Fretz &
Wasmuth; 1932. p. 218

[33] Klebinder K, Fromm R, Perzl F.
Ausweisung von Lawinenschutzwald
mittels GIS und einfachen
Modellrechnungen. In: Strobl ],
Blaschke T, Griesebner G, editors.

19

Angewandte Geoinformatik 2009
Beitrage zum 21 AGIT-Symposium
Salzburg. Heidelberg: Wichmann; 2009.
pp- 94-103

[34] Losey S, Wehrli A. Schutzwald in der
Schweiz. Vom Projekt SilvaProtect-CH
zum harmonisierten Schutzwald. Bern:
Bundesamt fiir Umwelt; 2013. p. 29

[35] Giamboni M, Wehrli A. Improving
the Management of Protection Forests
in Switzerland. The project
SilvaProtect-CH. In: INTERPRAEVENT
2008 — Conference Proceedings. Vol. 2.
2008. pp. 469-480

[36] Perzl F, Rossel M, Kleemayr K.
PROFUNmap — Verbesserung der
Darstellung der Osterreichischen
Wilder mit Objektschutzfunktion.
Integration von Geodaten mit Aussagen
iber die Schutzfunktion des Waldes. In:
Projektbericht V3 2019 im Auftrag des
BMLRT. Innsbruck: BEW; 2019

[37] BML. Protective forest cover in
Austria [Internet]. 2022. Available from:
https://www.protective-forest.at/maps/
protectiveforestcoverinaustria.html

[38] Teich M, Bartelt P, Grét-Regamey A,
Bebi P. Snow avalanches in forested
terrain: Influence of forest parameters,
topography, and avalanche
characteristics on runout distance.
Arctic, Antarctic, and Alpine Research.
2012;44(4):509-519. DOI: 10.1657/
1938-4246-44.4.509

[39] Takeuchi Y, Nishimura K, Patra A.
Observations and numerical simulations
of the braking effect of forests on
large-scale avalanches. Annals of
Glaciology. 2018;59(77):50-58.

DOI: 10.1017/a0g.2018.22

[40] Feistl T, Bebi P, Christen M,
Margreth S, Diefenbach L, Bartelt P.
Forest damage and snow avalanche flow
regime. Natural Hazards and Earth
System Sciences. 2015;15(6):1275-1288.
DOI: 10.5194/nhess-15-1275-2015


https://www.alpine-space.eu/project/greenrisk4alps/
https://www.alpine-space.eu/project/greenrisk4alps/
https://www.protective-forest.at/maps/protectiveforestcoverinaustria.html
https://www.protective-forest.at/maps/protectiveforestcoverinaustria.html

Protective Forests as Ecosystem-based Solution for Disaster Risk Reduction (Eco-DRR)

[41] Lateltin O, Beer C, Raetzo H,

Caron C. Landslides in flysch terranes of
Switzerland: Causal factors and climate
change. Eclogae Geologicae Helvetiae.
1997;90(3):401-406

[42] IPCC. Climate Change 2014:
Synthesis Report. In: Team CW,
Pachauri RK, Meyer LA, editors.
Contribution of Working Groups I, II
and III to the Fifth Assessment Report
of the Intergovernmental Panel on
Climate Change. IPCC: Geneva,
Switzerland; 2014. p. 151

[43] Perzl F, Den Outer J, Rossler M.
GRAVIPROFOR - Schutzwaldkulisse in
der forstlichen Raumplanung. In:
Methodik — Datengrundlagen fiir die
Modellierung von Waldfldchen mit
Lawinen- und Steinschlag-
Objektschutzfunktion. Projektsbericht
im Auftrag des Bundesministeriums fiir
Land- und Forstwirtschaft, Umwelt und
Wasserwirtschaft im Rahmen der
Technischen Hilfe des 6sterreichischen
Programms LE 07-13 mit Unterstiitzung
von Bund, Liandern und der
Européischen Union. Teilbericht. V2.
Zahl: BMLFUW-LE.1.3-7/0020-11/5/2012.
Innsbruck, Austria: BFW; 2014, 2014

[44] Teich M, Accastello C, Poratelli F,
Cocuccioni S, Renner K, Rabanser M,
et al. DT2.4.2 Identification of
potentially endangered assets and
functional assessment of protection
measures in the PARs. Innsbruck,
Austria: Interreg Alpine Space project
GreenRisk4ALPs (ASP635); 2020.
Available from: https://www.alpine-
space.org/projects/greenrisk4alps/
deliverables/a.t2-actina/d.t2.4.2.pdf
[Accessed: September 16, 2022]

[45] Protective Forest Assessment Tool
(FAT) [Internet]. 2022 Available from:
https://gr4a.geocodis.com/

[46] D’ Amboise CJL, Zabota B,
Poratelli F, Pecan P, Plorer M,
Accastello C, et al. AT1.6 Construction
of the innovative and new protective

20

forest assessment tool (FAT). Innsbruck,
Austria: Interreg Alpine Space project
GreenRisk4ALPs (ASP635); 2021.
Available from: https://www.alpine-
space.org/projects/greenrisk4alps/
deliverables/a.tl_prona/atl.6fat_
deliverable.pdf [Accessed: September
16, 2022]

[47] Poratelli F, Accastello C, Brun F,
Bruzzese S, Blanc S. D.T3.3.1 Report
‘TEGRAV analysis: an integrated model
to compare risk management strategies’.
Torino, Italy: Interreg Alpine Space
project GreenRisk4ALPs (ASP635);
2020. Available from: https://www.
alpine-space.org/projects/
greenrisk4alps/deliverables/a.t3_dora/
dt-3.3.1_tegrav_integratedmodel.pdf
[Accessed: September 16, 2022]

[48] Poratelli F, Accastello C, Brun F,
Bruzzese S, Blanc S. D.T3.3.2 Report on
‘TEGRAV tool’ Torino, Italy: Interreg
Alpine Space project GreenRisk4ALPs
(ASP635); 2020. Available from: https://
www.alpine-space.org/projects/
greenrisk4alps/deliverables/a.t3_dora/
dt-3.3.2_tegravtool.pdf [Accessed:
September 16, 2022]

[49] Kindermann G, Hasenauer H.
Reassessing site index functions for tree
species in Austria. Austrian Journal of
Forest Sciences. 2005;122(4):163-184

[50] Kirchner M, Krott M. Integrating
forest science into natural hazard
management praxis: An international
case study based on the innovative RIU
approach. International Forestry
Review. 2020;22(4):449-463.

DOI: 10.1505/146554820831255524

[51] Whelchel AW, Reguero BG, van
Wesenbeeck B, Renaud FG. Advancing
disaster risk reduction through the
integration of science, design, and
policy into eco-engineering and several
global resource management processes.
International Journal of Disaster Risk
Reduction. 2018;32:29-41. DOI: 10.1016/
j-ijdrr.2018.02.030


https://www.alpine-space.org/projects/greenrisk4alps/deliverables/a.t2-actina/d.t2.4.2.pdf
https://www.alpine-space.org/projects/greenrisk4alps/deliverables/a.t2-actina/d.t2.4.2.pdf
https://www.alpine-space.org/projects/greenrisk4alps/deliverables/a.t2-actina/d.t2.4.2.pdf
https://gr4a.geocodis.com/
https://www.alpine-space.org/projects/greenrisk4alps/deliverables/a.t1_prona/at1.6fat_deliverable.pdf
https://www.alpine-space.org/projects/greenrisk4alps/deliverables/a.t1_prona/at1.6fat_deliverable.pdf
https://www.alpine-space.org/projects/greenrisk4alps/deliverables/a.t1_prona/at1.6fat_deliverable.pdf
https://www.alpine-space.org/projects/greenrisk4alps/deliverables/a.t1_prona/at1.6fat_deliverable.pdf
https://www.alpine-space.org/projects/greenrisk4alps/deliverables/a.t3_dora/dt-3.3.1_tegrav_integratedmodel.pdf
https://www.alpine-space.org/projects/greenrisk4alps/deliverables/a.t3_dora/dt-3.3.1_tegrav_integratedmodel.pdf
https://www.alpine-space.org/projects/greenrisk4alps/deliverables/a.t3_dora/dt-3.3.1_tegrav_integratedmodel.pdf
https://www.alpine-space.org/projects/greenrisk4alps/deliverables/a.t3_dora/dt-3.3.1_tegrav_integratedmodel.pdf
https://www.alpine-space.org/projects/greenrisk4alps/deliverables/a.t3_dora/dt-3.3.2_tegravtool.pdf
https://www.alpine-space.org/projects/greenrisk4alps/deliverables/a.t3_dora/dt-3.3.2_tegravtool.pdf
https://www.alpine-space.org/projects/greenrisk4alps/deliverables/a.t3_dora/dt-3.3.2_tegravtool.pdf
https://www.alpine-space.org/projects/greenrisk4alps/deliverables/a.t3_dora/dt-3.3.2_tegravtool.pdf

Risk-Based Decision Support for Protective Forest and Natural Hazard Management

DOI: http://dx.doi.ovg/10.5772/intechopen.99512

[52] White GF, Kates RW, Burton I.
Knowing better and losing even more:
The use of knowledge in hazards
management. Environmental Hazards.
2001;3(3):81-92. DOI: 10.3763/
€haz.2001.0308

[53] Edjossan-Sossou AM, Galvez D,
Deck O, Al Heib M, Verdel T, Dupont L,
et al. Sustainable risk management
strategy selection using a fuzzy multi-
criteria decision approach. International
Journal of Disaster Risk Reduction.
2020;45:101474. DOI: 10.1016/j.
ijdrr.2020.101474

[54] Ivéevié¢ A, Mazurek H, Siame L, Ben
Moussa A, Bellier O. Indicators in risk
management: Are they a user-friendly
interface between natural hazards and
societal responses? Challenges and
opportunities after UN Sendai
conference in 2015. International
Journal of Disaster Risk Reduction.
2019;41:101301. DOI: 10.1016/j.
ijdrr.2019.101301

[55] Jacobs S, Dendoncker N, Martin-
Lépez B, Barton DN, Gomez-
Baggethun E, Boeraeve F, et al. A new
valuation school: Integrating diverse
values of nature in resource and land
use decisions. Ecosystem Services.
2016;22:213-220. DOI: 10.1016/j.
ecoser.2016.11.007

[56] Kirchner M, Stevanov M, Krott M.
How to use scientific information: Road
map for tailoring your own natural
hazard risk management solution. In:
Teich M, Accastello C, Perzl F,
Kleemayr K, editors. Protective Forests
as Ecosystem-based Solution for
Disaster Risk Reduction (Eco-DRR).
London: IntechOpen; 2021.

DOI: 10.5772/intechopen.99518

[57] Klein JA, Tucker CM, Steger CE,
Nolin A, Reid R, Hopping KA, et al. An
integrated community and ecosystem-
based approach to disaster risk
reduction in mountain systems.
Environmental Science & Policy.

21

2019;94:143-152. DOI: 10.1016/j.
envsci.2018.12.034

[58] Terzi S, Torresan S, Schneiderbauer S,
Critto A, Zebisch M, Marcomini A.
Multi-risk assessment in mountain
regions: A review of modelling
approaches for climate change
adaptation. Journal of Environmental
Management. 2019;232:759-771.

DOI: 10.1016/jjenvman.2018.11.100

[59] Pedoth L, Carnelli F, Koboltschnig G,
Krenn P, Rudloff A, Gallmetzer W, et al.
Improving risk communication strategies
through public awareness and
engagement: Insights from South Tyrol
and Carinthia. In: Teich M, Accastello C,
Perzl F, Kleemayr K, editors. Protective
Forests as Ecosystem-based Solution for
Disaster Risk Reduction (Eco-DRR).
London, UK: IntechOpen; 2021.

DOI: 10.5772/intechopen.99517



