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Preface

“A protection [or protective] forest is a forest that has as its primary function the protec-
tion of people or assets against the impacts of natural hazards or adverse climate” [1].

This definition of protective forests sounds straightforward. However, their management 
for Ecosystem-based Disaster Risk Reduction (Eco-DRR) and utilization as an efficient 
mitigation measure within an integrated risk management process, requires a multitude 
of conflicting interests as well as social, economic, and ecological sustainability criteria 
to be integrated, taking different spatial and temporal scales into account [2].

Protective forests can reduce risks by preventing natural hazards or decreasing their 
frequency, magnitude and/or intensity. The two leading questions for risk-based and 
sustainable protective forest management are, “Where and what does a forest protect?” 
and “How well does a forest protect?” These questions translate into the terms protective 
function (where and what) and protective effect (how well) [3]. Research on the 
protective effects of forests has been ongoing since the 1950s. However, it is only where 
scientific knowledge is combined with practical experience and integrated into policy-
making processes that opportunities for its actual utilization and implementation can 
be effective [4]. Moreover, changes in land use, expanding settlements, infrastructure 
and Alpine tourism, climate change-driven shifts in tree species composition and 
forest structure as well as in frequencies and magnitudes of natural hazard events and 
natural forest disturbances, cumulatively affect natural hazard risks [5]. Therefore, risk 
management decisions are complex, and the associated uncertainties are high, often 
preventing the full inclusion of protective forests as an effective and cost-efficient risk 
mitigation measure [6].

To facilitate risk-based protective forest management as part of an integrated manage-
ment of natural hazard risks, twelve institutions1 from five Alpine Space countries col-
laborated for three and a half years on the Interreg Alpine Space project GreenRisk4ALPs 
(ASP 635) [7], while also engaging in continuous dialog with practitioners and policy 
makers. This book summarizes the information that was collected and reviewed during 
the project; it also introduces the methods and decision support tools that were devel-
oped. Together with contributions highlighting current research achievements from 
other scientists outside of the GreenRisk4ALPs project, this book provides a condensed 
but comprehensive overview for practitioners, policy makers, scientists, and the public 
of state-of-the-art knowledge on the key role protective forests play for Eco-DRR.

This book is divided into three sections, each containing chapters addressing different 
topics. The chapters in the first section, “Natural Hazard Risks and Eco-DRR in the 
Alpine Space”, guide the reader through the maze of existing definitions and concepts, 
and provide the basis for a common language regarding protective forests as Eco-DRR. 

1 Austrian Research Centre for Forests (BFW), Austrian Service for Torrent and Avalanche Control 
(WLV), Bavarian State Institute of Forestry (LWF), EURAC Research, Forestry Company Franz-Mayr-
Melnhof-Saurau, Georg-August-Universität Göttingen, National Research Institute for Agriculture, 
Food and Environment (INRAE), Safe Mountain Foundation (FMS), Slovenia Forest Service (ZGS), 
Swiss Federal Institute for Forest, Snow and Landscape Research (WSL), University of Ljubljana (UL), 
University of Turin (UniTo).
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Also summarized in this section is the current knowledge about protective effects against 
gravitational and torrential natural hazards, emphasizing research gaps and the need for 
harmonized data collection protocols.

The chapters in the second section, “Supporting Integrated Natural Hazard Risk 
Management by Eco-DRR”, introduce scientific knowledge, and the methods and 
practical tools that have been developed to support decisions in protective forest and 
risk management. They highlight opportunities for further improvement, which may 
include providing geodata of the required quality, spatial and temporal resolution,  
or explicitly considering the uncertainties in decision-making processes innate to 
inherently variable and complex systems.

Participation, communication, and integration are the topics of the last section, “From 
Risk Communication to Science-Based Political Action to Facilitate Eco-DRR”, which 
underlines that the utilization of scientific knowledge in practice is not a one-way 
street but an active and iterative exchange that requires inter- and transdisciplinary 
collaboration. Moreover, the unique topographic, geomorphologic, and climatic 
diversity of mountain areas requires policies whose implementation acknowledges 
regional and local differences. Only then can local decision makers and practitioners 
manage their protective forests sustainably for Eco-DRR under changing climate and 
socio-economic conditions.

The work in this book took a tremendous amount of effort and time, involving a 
variety of partners and researchers – without their contributions, this project would 
not have been possible. We thank all contributors to the GreenRisk4ALPs project: 
Marc Adams, Jean-Baptiste Barre, Jurij Beguš, Fred Berger, Alessia Bono, Filippo Brun, 
Silvia Cocuccioni, Alice Crespi, Christopher D‘Amboise, Willibald Ehrenhöfer, Helena 
Eiselse, Jan-Thomas Fischer, Jean Pierre Fosson, Matteo Garbarino, Christian Ginzler, 
Ameni Hasnaoui, Anne Hormes, Robert Jandl, Georg Kindermann, Michael Kirchner, 
Milan Kobal, Max Krott, Veronika Lechner, Renzo Motta, Michael Neuhauser, Domen 
Oven, Petra Pečan, Paolo Perret, Matthias Plörer, Francesca Poratelli, Monika Rabanser, 
Kathrin Renner, Stefan Schneiderbauer, Roland Schreiber, Samo Škrjanec, Stefan Steger, 
Anne Stöger, Barbara Žabota, and Mirjana Zavodja…

…as well as all the scientists, practitioners, and policy makers, who were not directly 
assigned to the GreenRisk4ALPs working group, but dedicated their time and expertise 
to share their knowledge at excursions, meetings and in fruitful discussion, or wrote 
and/or reviewed chapters for this book.

Michaela Teich, Frank Perzl and Karl Kleemayr
Department of Natural Hazards,

Austrian Research Centre for Forests (BFW),
Innsbruck, Austria

Cristian Accastello
Consorzio Forestale Alta Valle Susa (CFAVS),

Oulx, TO, Italy
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Section 1

Natural Hazard Risks and 
Eco-DRR in the Alpine Space
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Chapter 1

The Concept of Risk and Natural 
Hazards
Cristian Accastello, Silvia Cocuccioni and Michaela Teich

Abstract

Risks have always shaped the way society has grown and evolved. Consequently, 
the risk concept has been studied and applied by different disciplines such as 
natural sciences as well as by economic, engineering, health, and insurance sectors. 
However, its definition and application are heterogenous and often vary among 
research communities. This chapter introduces the concept of risk and provides an 
overview of definitions and interpretations by key policy actors, including associated 
terms such as hazard, exposure, and vulnerability. Its use and the general importance 
of “risk” in the Alpine Space are emphasized, especially in the light of the increasing 
impacts of socioeconomic, environmental, and climatic changes on natural hazard 
risk by discussing resulting consequences and challenges. Furthermore, we provide 
an overview of the main policy actors, organizations and networks that address 
integrated natural hazard risk management in the Alpine Space.

Keywords: risk concept, hazard, exposure, vulnerability, disaster risk reduction, 
climate change adaptation, mountain areas

1. Introduction

Since the beginning of time, social developments were driven by the need to 
respond and adapt to different challenges such as natural hazards and the resulting 
risks [1, 2]. Only recognizing, accepting, and dealing with risks and their conse-
quences has allowed us to grow and evolve to the society we know today by passing 
through an endless process of trials and errors. Therefore, every achievement or 
modification of the surrounding environment can be evaluated from a risk perspec-
tive [2]. Being part of the past and current developments of our society, the generic 
concepts of risk, risk assessment and risk management are well established in many 
disciplines, from technical applications (e.g., in industrial plants and airports), to 
project management, the finance sector or civil protection [3, 4]. However, their 
considerations and definitions are not as coherent as one might think [5]. Risk 
and its associated concepts have been defined heterogeneously, in relation to their 
specific application in a certain field [2].

The broadest definition of risk is given by the International Organization for 
Standardization ISO Norm 31000 on risk management, mainly addressing organi-
zations and enterprises. ISO defines risk as the “effect of uncertainty on objectives” 
[6]. This ISO Norm further specifies that “Risk is usually expressed in terms of risk 
sources [element which alone or in combination has the potential to give rise to 
risk], potential events [occurrence or change of a particular set of circumstances], 
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their consequences [outcome of an event affecting objectives] and their likelihood 
[chance of something happening]” [5, 6].

In the context of natural hazards, the climate change adaptation (CCA) and the 
disaster risk reduction (DRR) communities have a common objective: addressing 
the prevention and reduction of risks related to extreme weather- and climate-
related events [7], and disasters, which are defined as “Severe alterations in the 
normal functioning of a community or a society due to hazardous physical events 
[…]” [8]. However, in the past the two research communities have evolved autono-
mously, adopting complementary approaches [9, 10]. In general, DRR has a longer 
history and has mainly focused on the present, addressing existing risks. On the 
other hand, CCA focusses mainly on the future, addressing uncertainty and new 
risks, also related to slow changes [10]. Consequently, the two research communi-
ties have developed different definitions of the risk concept.

In the context of DRR, the definition of risk is primarily based on the Sendai 
Framework for Disaster Risk Reduction (2015–2030) [11]. The United Nations 
Office for Disaster Risk Reduction (UNDRR, formerly known as UNISDR) defines 
disaster risk 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” [12]. Until 2018, the CCA community has instead mainly focused 
on the concept of vulnerability; however, efforts have been made recently to 
coordinate and integrate a common concept understanding among both research 
communities [13].

The Intergovernmental Panel for Climate Change (IPCC) has been key in 
proposing solutions for common definitions [10]. In its Fifth Assessment Report, 
the IPCC has introduced the risk concept with the aim to identify and evaluate 
the risk of impacts from climate change, which is in line with the DRR practice of 
understanding and addressing natural hazards (e.g., earthquakes, floods or land-
slides) [4]: risk is “The potential for consequences where something of value is at 
stake and where the outcome is uncertain, […, and] results from the interaction of 
vulnerability, exposure, and hazard” [8] (Figure 1; see Table 1 for IPCC definitions 
of vulnerability, exposure, and hazard).

This 2014 IPCC definition of risk introduces a new approach and terminology 
[5], which is based on the UNDRR and ISO Norm 31000 definitions, allowing for 

Figure 1. 
Conceptual framework of the climatic, ecological, economic, and social impacts on climate-related and natural 
hazard risks resulting from the interaction of the three (natural) hazard components (frequency: number of 
times a natural hazard event occurs within a specified time interval, magnitude: energy released by a natural 
hazard event, and intensity: effects of a natural hazard event at a specific location or area [14]) with exposure 
and vulnerability of human and natural systems. Adapted from [8].
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an integration of climate risks into already existing risk management strategies and 
policies. Some of the terms used in this concept are newly introduced to the CCA 
community; others are now defined differently [4]. For example, the DRR com-
munity interprets vulnerability as the societal, physical, and natural factors which 
contribute to disaster risk [5], while the CCA community’s vulnerability definition 
focuses on “the degree to which a system is susceptible to, and unable to cope with, 
adverse effects of climate change […]” [15].

Since the late 1990s, the concept of risk has been successfully applied in the 
field of natural hazard management to evaluate protection measures [16–18]. In 
this context, risk results from the combination of natural hazards, exposure, and 
vulnerability (Figure 1) [19], similar to the approaches and practices of the DRR 
community and to the IPCC risk concept [8]. That is, a hazard alone does not 
constitute a risk, if occurring in an area with no consequences for humans, and 
not all elements at risk are necessarily impacted given their exposure and vulner-
ability [8, 20]. Therefore, risk assessment does not only consider the hazard but 
also the presence and vulnerability of potentially exposed elements (i.e., assets or 
people). This includes their physical attributes (i.e., building material of houses), 
their social, economic, and cultural characteristics (i.e., demographics) and their 
capacity to cope and adapt [4].

2. Coexisting with risk: the example of mountain areas

Understanding natural hazard processes and their potentially harmful con-
sequences constitutes an essential prerequisite for developing and implementing 
efficient risk management strategies [21], including practices, plans and actions for 
reducing the natural hazard risk in an area by acting on one or more of the three 
risk components [22]. Disasters related to natural hazards such as floods, droughts, 
heat waves, cyclones, volcanic eruptions, earthquakes, rockfall, landslides and/or 
snow avalanches can vary widely in frequency, magnitude and intensity, mainly 
due to the environment they originate from [23]. The most severe disasters directly 
affect local, regional and national socioeconomic developments and livelihood 
improvements [10]. Their occurrence often reveals how differently vulnerable 
communities can be, since they are mitigated or amplified by a complex system of 
interacting factors such as the settlement in exposed areas, poor risk governance, 
environmental degradation, inadequate risk communication, or a lack of prepared-
ness by public authorities [2, 24]. The trend in increasing numbers of occurring 
disasters is also linked to the increased exposure of populations, which is caused 
by socioeconomic factors such as population growth, rapid urbanization and the 
concentration of populations and economic assets in regions that are regularly 
affected by hazardous events [25].

Hazard “The potential occurrence of a natural or human-induced physical event that may cause 
loss of life, injury, or [...] damage and loss to property, infrastructure, livelihoods, service 
provision and environmental resources.”

Exposure The presence of people; livelihoods; environmental services and resources; 
infrastructure; or […] assets in places and settings that could be adversely affected.”

Vulnerability “The propensity or predisposition to be adversely affected.”

Risk The potential for consequences where something of value is at stake and where the 
outcome is uncertain, […].”

Table 1. 
Defining risk resulting from the interaction of hazard, exposure, and vulnerability [8].
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One of these vulnerable regions are mountain areas, which occupy 22% of 
the Earth’s surface [26]. Mountain areas vary largely in shape, altitude, vegeta-
tion, and climate across the globe [27, 28]. Despite these differences, mountain 
areas are globally renowned for the biodiversity they host and the ecosystem 
services they provide, including the provision of freshwater to about half of 
the world’s population [28]. In addition to their acknowledged natural func-
tions, mountain areas are home to more than 915 million people, representing 
13 percent of the global population [29]. The inhabitants of mountain areas 
are particularly exposed and vulnerable to natural hazards as well as climate 
change [5].

Consistent with the global context, the European Alps (Figure 2) have been 
identified as one of the continent’s most vulnerable areas to climate-related 
hazards [5]. Due to their high population density, the European Alps have 
always been affected by multiple natural hazard risks since time immemorial. 
Consequently, the mitigation of natural hazards (i.e., interventions aimed at 
reducing risks) has always been a major task in the Alpine Region [1, 31, 32]. 
Following the development of the risk concept and its integration into several 
international agreements, approaches for DRR in mountain areas have been pro-
gressively adopted, i.e., methodologies for identifying and planning mitigation 
and adaptation measures to reduce risk by reducing vulnerability or, eventually, 
exposure [33, 34].

However, significant changes in the Alpine landscapes over the last century 
caused by fast and profound socioeconomic developments, force mountain com-
munities to continue facing new and complex challenges:

• Population expansion has led to high-density settlements located in areas that 
were previously considered to be unsafe [1, 31];

Figure 2. 
Extents of the Interreg Alpine Space, the EUSALP Alpine Region and the European Alps (Alpine Convention). 
Adapted from [30].
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• Transportation infrastructure crossing the Alps have significantly increased, 
making this region one of the main thoroughfares in Europe [35]; and

• Alpine tourism has gained popularity, so that many remote mountain  
areas that were previously avoided are now expected to be permanently 
accessible [36, 37].

This increase in assets and people driven by urbanization and socioeconomic 
processes has led to an increase in the number of potentially exposed elements. The 
resulting damages to assets and infrastructures and losses to the residential, com-
mercial, industrial, agricultural and public sectors are worth billions of Euros [36]. 
For example, at least 4,750 casualties were caused by snow avalanches alone in the 
Alps from 1970 to 2015, of which approximately 670 occurred in controlled terrain 
(settlements and transportation corridors) [38], and 1,370 people were killed by 
landslides and rockfall in Europe between 1995 and 2014 [39].

Recent disasters caused by floods, storms, avalanches, and other natural hazards 
have resulted in a shift towards an aware coexistence with such hazards and in a 
growing need for greater investments in protection measures [40, 41]. Limited 
space for settlement expansion, changes to frequencies and magnitudes of natural 
hazard events and natural forest disturbances as well as changes in traditional land 

Figure 3. 
The integrated risk management cycle. Forests are integrated as biological prevention measures. Adapted 
from [45].
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use practices and land cover, including mountain forests, cumulatively affect natural 
hazard risks [42]. Thus, the safety of mountain populations needs to be ensured, in 
accordance with the preservation of precious mountain environments, a fundamen-
tal precondition for the sustainable development of the Alpine Space (i.e., the coop-
eration area of the Alpine Space programme covering the Alps and their surrounding 
lowlands [43]; Figure 2). Such challenges require risk governance concepts, includ-
ing adaptive and integrated natural hazard risk management [1, 34, 40].

The concept of integrated risk management (IRM) refers to an overall risk 
management process in conjunction with the ISO Norm 31000 [6], including risk 
assessment (risk identification, analysis and evaluation), as well as risk treatment 
(preparedness, response and recovery) [44]. IRM is a systematic approach to cope 
with all societal-relevant hazards and related risks in an area by considering sophis-
ticated damage indicators as well as ecological, economic and social sustainability 
criteria, the full spectrum of available measures, and all relevant decision-makers, 
experts, and those who are affected in a structured way (Figure 3).

3. Climate change risk in mountain areas

In the last decades, anthropogenic climate change has become the biggest threat 
to our society, and especially for the inhabitants of mountain areas [34]. Indeed, it 
was climate change’s recognition and the assessment of its devastating effects which 
encouraged the latest international advancements in disaster risk management 
concepts and collaborations among scientists, practitioners, and policy makers. The 
increasing impacts and awareness of climate change were the motivation for the 
development of the IPCC’s “risk of climate-related impacts” concept [8]. It is widely 
recognized how the adverse impacts of climate change on humans and nature are lim-
iting the possibility to achieve global conservation and development objectives such 
as the Aichi Biodiversity Targets and the Sustainable Development Goals [46]. The 
diverse impacts of climate change, in terms of both subtle trends and abrupt events, 
are unprecedented over decades to millennia: the increased concentrations of green-
house gases have led to higher air temperatures, the atmosphere and oceans have 
warmed, the amounts of snow and ice have diminished, and sea level has risen [8].

The reason for its big influence on developing risk-based evaluation and man-
agement approaches is climate change’s peculiar nature of influencing all three 
components of the risk concept. That is, climate-related hazards such as extreme 
weather events are impacting our communities more frequently and with greater 
intensity, and changes in the climatic system can exacerbate disaster risk [19], a trend 
that is projected to continue with global warming [7, 47]. In addition, the currently 
unsustainable exploitation of ecosystems increases the vulnerability of humans and 
nature to natural hazards, provoking environmental (degradation, conversion, and 
other ecological changes), social (loss of adaptive capacities, knowledge, and institu-
tions; loss of livelihood options and resilience), and economic (globalization, trade, 
markets) impacts [2, 48]. Furthermore, climate change is also driving socioeconomic 
processes by forcing people to migrate, weakening the economic basis of their liveli-
hood, and/or threatening public health, and therefore enhancing their exposure [5].

The recent achievement by the IPCC of addressing climate change impacts 
in the framework of the risk concept is the direct outcome of decades of efforts 
from several research communities and policy makers. While the DRR community 
focuses on sudden hazardous events of a certain magnitude with immediate and 
severe consequences, climate change risks also include trends that evolve over long 
time periods. The adverse consequences of these trends are rather manifested in 
slowly increasing pressure on the environment and people’s livelihoods than in 
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immediate impacts [2]. Therefore, the IPCC framework is particularly suitable for a 
global perspective on risk, which is needed to manage systemic climate change risk 
and its cascading effects [41, 49]. In parallel, several global agreements were signed 
to translate the IPCC findings into political action, such as the ‘Sendai Framework 
for Disaster Risk Reduction 2015–2030’ [11], the ‘Paris Agreement’ [50], the ‘Addis 
Ababa Action Agenda’ [51], the ‘New Urban Agenda’ [52], and ultimately the so far 
17 Sustainable Development Goals (SDGs) [53].

Today, scientists agree that anthropogenic climate change is altering natural 
hazard patterns in mountain areas [23, 25, 33]. For example, melting of glaciers 
and permafrost due to rising air temperatures and changes to mountain hydrology 
amplify the release of rocks and debris, destabilizing slopes and leading to further 
erosion, resulting in increasing rockfall and landslide activities [54]. In recent years, 
several global policy initiatives agreed on the risk paradigm and helped mountain 
communities to face climate change impacts on their livelihoods by adopting risk 
mitigation strategies and more resilient lifestyles [41, 55]. An overview of the key 
scientific networks and policy actors involved in natural hazard risk management in 
the Alpine Space is given in Table 2.

Name Acronym Scope URL

International 
Commission for the 
Protection of the Alps

CIPRA Non-governmental and non-profit umbrella 
organization which promotes the protection 
and sustainable development of the Alps at the 
international level. One of its initiatives was the 
establishment of the Alpine Convention.

[56]

Disaster Risk 
Management Knowledge 
Centre of the European 
Commission

DRMKC Instrument to support the knowledge transfer 
from science into EU policies and to provide 
informed and evidence-based advice for disaster 
risk management

[57]

European Strategy for 
the Alpine Region

EUSALP Alpine macro-regional strategy to improve the 
cooperation in the Alpine Region by identifying 
common goals and implementing them through 
transnational collaborations

[58]

Global Mountain 
Safeguard Research

GLOMOS Collaborative program and scientific alliance 
between the UN University’s Institute for 
Environment and Human Security (UNU-EHS) 
and Eurac Research for developing resilient 
mountain communities

[59]

Interreg Alpine Space 
programme

— EU-funded transnational program to facilitate 
the cooperation between economic, social, and 
environmental key actors as well as between 
academia, administration, business and 
innovation sectors, and policy making

[60]

Mountain Partnership — Food and Agriculture Organization (FAO) 
supported UN voluntary alliance to improve 
lives and livelihoods of mountain people and to 
protect mountain environments

[61]

Mountain Research 
Initiative

MRI Swiss-based international network for research 
in mountain environments conducted across 
borders and disciplines

[62]

Platform on Natural 
Hazards of the Alpine 
Convention

PLANALP Alpine Convention platform to develop common 
strategies designed to prevent natural hazards in 
the Alps and to exchange on adaptation strategies

[63]

Table 2. 
Key networks and organizations addressing natural hazard risk management in the Alps, the Alpine Space, 
and the Alpine Region (Figure 2).
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All these initiatives are contributing to transform mountain areas into living 
laboratories of risk mitigation and management. However, the unique topographic, 
geomorphologic, and climatic diversity of the European Alps necessitates that 
policies are implemented by acknowledging regional and local differences [33, 34]. 
Only then climate-proof and efficient risk management strategies can be provided 
to local decision makers and practitioners to foster tangible improvements in the 
safety and livability of the Alpine Space [20, 54].

4. Conclusions

In the light of fast and profound socioeconomic, environmental, and climatic 
changes, the Interreg Alpine Space project GreenRisk4ALPs (GR4A; [64]) aimed at 
supporting natural hazard risk governance by developing decision support tools for 
practitioners and policy makers to include Ecosystem-based solutions for Disaster 
Risk Reduction (Eco-DRR) into affordable and long term-oriented integrated risk 
management. Moreover, GR4A supported overcoming conflicts and resistances by 
addressing all relevant actors involved in natural hazard risk management, provid-
ing science-based communication support, and developing harmonized transalpine 
recommendations – for municipalities as well as governance institutions. To estab-
lish efficient and proactive risk reduction measures, it is key to consider potential 
implications of current and future developments that determine the natural hazard 
risk [1, 23, 65]. Besides changes associated with elements potentially at risk, an 
improved understanding of past, current and future climatic trends is vital to 
achieve an efficient risk reduction, also due to 1) the known influence of climatic 
and meteorological dynamics on the occurrence of natural hazards, 2) the depen-
dency of mountain ecosystems on climatic conditions, and 3) their interactions 
with (gravitational) natural hazards [54], such as landslides [66, 67], rockfall  
[68, 69], and snow avalanches [70, 71].

Supporting an ecosystem-based integrated risk management and the acknowledg-
ment of the key role forests have for risk reduction in mountain areas, the findings of 
GR4A help identifying mitigation strategies and subsequently efficient risk reduction 
measures through an improved and participative risk governance system. How forests 
can act as a solution for Eco-DRR is the subject of the following three chapters of this 
book [72–74]. Moreover, the methodologies and decision support tools related to the 
risk concept that were developed and applied within GR4A are presented in [75, 76], 
the book chapters [77–79], and are explained in detail in the GR4A project reports 
[20, 65, 80, 81].
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Abstract

Mountain forests are an efficient Forest-based Solution (FbS) for Ecosystem-based 
Disaster Risk Reduction (Eco-DRR) by lowering the frequency, magnitude, and/or 
intensity of natural hazards. Technical protection measures are often poor solutions 
as stand-alone measures to reduce disaster risk limited by material wear and fatigue 
or financial resources and aesthetical values. Protective forests should therefore be 
considered as key elements in integrated risk management strategies. However, the 
definition of protective forests and the understanding and assessment of their protec-
tive functions and effects differ greatly among Alpine Space countries. In this chapter, 
we present a short introduction to the concept of Eco-DRR and companion terms and 
propose a definition of FbS as a specific case of Nature-based Solutions for an ecosys-
tem-based and integrated risk management of natural hazards. That is, we guide the 
reader through the maze of existing definitions and concepts and try to disentangle 
their meanings. Furthermore, we present an introduction to forest regulations in the 
Alpine Space and European protective forest management guidelines. Our consider-
ations and recommendations can help strengthen the role of protective forests as FbS 
in Eco-DRR and the acknowledgment of the key protective function they have and 
the crucial protective effects they provide in mountain areas.

Keywords: Ecosystem-based Disaster Risk Reduction, Nature-based Solutions,  
Forest-based Solutions, protective forests, protection forests, forest management 
guidelines

1. Introduction

The adverse impacts of climate change on societal and environmental systems 
are serious threats to the habitability and development of mountain areas worldwide 
by impacting the three components of the risk concept: hazard, vulnerability, 
and exposure [1]. The negative correlation between climate change impacts and 
ecosystems’ health and vitality is becoming increasingly evident. Many studies and 
first-hand accounts have shown that overexploited and/or degraded ecosystems are 
less resistant to external stressors, leading to disasters caused by more frequent and 
intense natural hazards of greater magnitude [2, 3]. Given the strong link between 
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climate change adaptation and disaster risk reduction—actions aimed at reducing 
hazard, vulnerability, and/or exposure—a preventive and integrated risk manage-
ment (IRM) is essential [4, 5] (see also chapter [6] of this book).

In the era of overpopulated risk-prone areas and settlement expansion into 
previously uninhabited regions [7, 8], implementing more and bigger technical 
measures (also called “gray infrastructure”) for protection against natural hazards 
cannot be the sole answer to the rising disaster risk. Engineers such as Alexandre 
Surell (1813–1887) and Prosper Demontzey (1831–1898) came to this conclusion as 
early as the nineteenth century. They used grassing and afforestation of deforested 
slopes in the Alps to supplement structural measures, protecting against soil ero-
sion, torrential floods, and snow avalanches. Limited by hazard resistance, material 
wear and fatigue, available space, financial resources, and aesthetical values, gray 
infrastructure as a stand-alone protection measure is an inadequate solution for risk 
reduction, especially in rural and nonurban areas [9, 10]. In contrast, Nature-based 
Solutions (NbS) take advantage of ecosystems and the services they provide to 
address societal challenges such as climate change, food security, or natural disas-
ters (see Figure 1) [11–14].

Nature-based Solutions are an umbrella term that appeared in the 2000s to 
overarch all “actions to protect, sustainably manage, and restore natural and 
modified ecosystems that address societal challenges effectively and adaptively, 
simultaneously providing human well-being and biodiversity benefits,” as defined 
by the International Union for Conservation of Nature (IUCN; [15]). NbS therefore 
encompass various established climate change adaptation and disaster risk reduc-
tion approaches [13], such as:

Figure 1. 
The concept of Nature-based Solutions (NbS) as defined by the International Union for Conservation of 
Nature (IUCN). NbS are accompanied by benefits from healthy ecosystems, targeting societal challenges such 
as climate change, disaster risk reduction, food and water security as well as health and are critical to economic 
development. Adapted from [15].
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• Ecosystem-based Adaptation (EbA) measures, which use biodiversity and 
ecosystem services as part of an overall strategy to help communities adapt 
to climate change impacts by, for example, reducing carbon emissions from 
ecosystem degradation and enhancing carbon sequestration. EbA recognizes 
the importance of equity and gender and the role of local and traditional 
knowledge as well as species diversity and the provision of other co-benefits 
that are crucial for livelihoods and human well-being [16, 17];

• Green infrastructure (GI), a strategically planned network of natural and 
seminatural areas with environmental features designed and managed to 
deliver a wide range of ecosystem services, including green spaces and other 
physical features in terrestrial, coastal, and marine areas [11, 18]; and

• Ecosystem-based Disaster Risk Reduction (Eco-DRR), which is the “sustain-
able management, conservation and restoration of ecosystems to reduce 
disaster risk, with the aim to achieve sustainable and resilient development” 
[4]. Well-managed ecosystems can therefore act as Eco-DRR measures by 
influencing one or more of the three (natural) hazard components (Figure 2) 
and by providing additional ecosystem services, which are essential to increase 
the socio-economic resilience and sustain the livelihoods of people and com-
munities [21, 22]. Therefore, this concept, which first appeared in 2009 and 
was defined in 2013 [22], fits the objectives and principles of managing forest 
ecosystems in mountain areas for protecting people and assets against natural 
hazards, similar to the long-existing concept of multifunctional mountain 
forest management (e.g., [23]).

Mountain areas and their inhabitants are particularly vulnerable to climate 
change while also being exposed to several natural hazards. This requires enhancing 
mountain communities’ ability to manage the involved risks while being conscious 
of the tremendous natural capital mountain landscapes provide.

Figure 2. 
Conceptual framework of the climatic, ecological, economic, and social conditions that influence the risk of 
gravitational natural hazards in mountain areas resulting from the interaction of a hazard (hazard potential) 
with exposure and vulnerability (damage potential) of human and natural systems. The effects of forest on the 
three hazard components frequency (i.e., onset probability), magnitude (i.e., propagation probability), and 
intensity are highlighted in green. Adapted from [1, 6, 19, 20].
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Mountain forests can prevent natural hazards or lower their frequency, mag-
nitude, and/or intensity by reducing onset (release) and/or propagation (runout) 
probabilities [19, 24–26]. Making the Alpine Region inhabitable, these so-called 
protective forests (or protection forests [27]) therefore represent an effective solu-
tion for Eco-DRR and should have a key role within the portfolio of IRM measures.

However, actions related to NbS are often not compatible with managing protec-
tive forests for the sustainable provision of their protective effects. NbS are applied 
at landscape scales aiming at simultaneously providing human well-being and 
biodiversity benefits. In contrast, protective forests as “Forest-based Solutions” (FbS) 
are a specific case of NbS, which is dedicated to preventing and mitigating natural 
hazard risks. They are mainly implemented at the slope scale together with spatial 
planning (hazard zoning) and technical measures as part of an IRM.

Nevertheless, a sustainable management of protective forests to improve their 
resilience and protective effects generates important co-benefits, such as carbon 
sequestration and aesthetical values, and supports local communities’ livelihoods 
[21, 28]. Given the similarities between Eco-DRR and EbA measures, protective 
forests are an excellent example for no-regret actions, i.e., solutions “that will always 
have a positive impact on livelihoods and ecosystems regardless of how the climate 
changes” [29]. Furthermore, a sustainable and risk-based management of protec-
tive forests can achieve both disaster risk reduction and climate change adaptation 
[30, 31]. Nonetheless, the recognition of these forest stands as effective and cost-
efficient Eco-DRR measure is still in need of improvement [4]. Despite acknowledg-
ing the important functions mountain forests have for the protection against natural 
hazards since at least the eighteenth century [8], only 60 out of 10,357 peer-reviewed 
scientific publications published between 1980 and 2019 that address risk manage-
ment of gravitational natural hazards (snow avalanches, rockfall, shallow landslides, 
and debris flows) also include “ecosystem-based solutions” (including search terms 
such as Nature-based Solutions, Eco-DRR, green infrastructure, and protective for-
est) [32]. However, additional documents were published, for example, by interna-
tional organizations such as the IUCN, the Food and Agriculture Organization of 
the United Nations (FAO), and the Partnership for Environment and Disaster Risk 
Reduction (PEDRR) [4, 22, 29, 33], endorsing the protective function of mountain 
forests and their inclusion into current natural hazard risk management strategies 
toward an ecosystem-based and integrated risk management.

The application of IRM in mountain areas makes it possible to incorporate FbS 
as Eco-DRR measures including protective forests to prevent or mitigate natural 
hazards, which allows creating resilient landscapes as the overarching goal [4]. Of 
course, also FbS have limitations, which are still inhibiting their application on large 
spatial scales. Green infrastructure needs enough space and favorable ecologic con-
ditions to thrive and will degrade, if not properly managed, which leads to a decline 
in their performances [10, 17]. From a decision-maker perspective, few economic 
evaluation methods are currently available to compare the cost-effectiveness of 
green and gray infrastructures [29, 34–36] (see also chapters [37–40] of this book). 
The available methods often lack in accurate performance assessment, long-term 
effectiveness monitoring, and a definition of environmental, economic, and/or soci-
etal impact evaluation indicators [14]. For these and other reasons, implementing 
a mix of gray and green infrastructures is often the best solution, benefiting from 
the advantages of both measures to enhance the sustainability and resilience of risk 
management strategies [11, 22].

To include protective forests in IRM strategies throughout the Alpine Space, 
science, practice, and policy need to address the above-mentioned deficits and 
knowledge gaps. However, the foundation for a clear communication among 
scientists, practitioners, policy makers, and with the public as well as a common 
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understanding of existing protective forest management guidelines need to be 
established first.

2. Defining protective forests as Eco-DRR measure

“A protection [or protective] forest is a forest that has as its primary function the pro-
tection of people or assets against the impacts of natural hazards or adverse climate” [24].

That is, in the context of natural hazard risk, 1) a hazard that may cause dam-
age, 2) people or assets that may be damaged, and 3) a forest that has the potential 
to prevent or mitigate this damage must be present, so that this forest can have a 
protective function [41]. In addition to the general need for the protection of people 
and assets by forest, the protective function is also associated with the protective 
potential of a location (either currently covered by forest vegetation or not), which 
is the “protective effect that a forest is likely to have if properly managed” [27]. That 
is, the “protective effect” refers to the degree of hazard mitigation by forest, which 
depends on the current canopy cover and stand structure (see also chapter [42] of 
this book).

However, the terms “protective function” and “protective effect” are often 
used inconsistently, synonymously, and sometimes misleadingly throughout the 
Alpine Space, which originates from country-specific forest legislations [43–45]. To 
support a common understanding, Kleemayr et al. proposed a consistent protective 
forest definition matrix (originally “Protection forest definition matrix”; [46]) 
with the aim to disentangle and illustrate the similarities and differences between 
existing terms (Figure 3) [47].

Figure 3. 
Adapted reprint of the main figure from the “Protection forest definition matrix” [46]—An illustration of 
similarities and differences between sometimes contrarily defined and used terms regarding protective forests 
in the Alpine Space. Column 1: orange = soil protective forest (F1 = protective function, E1 = protective effect); 
column 2: red = protective forest growing in natural hazard starting, transit and runout zones; column 3: dark 
red = direct object protective forest; column 4: blue = indirect object protective forest; green = current forest or 
potential forest (land) use area; E1–E4 show forest areas that have a protective effect (tree elements) and forest 
gaps without a protective effect (full color). For details, see [46, 47].
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The term protective function is mainly applied in land use and strategic 
forest management planning, such as the forest development plan in Austria 
(“Waldentwicklungsplan” WEP; [48]) or the forest function maps in Germany 
(“Waldfunktionskarten” based on § 1 and 12 BWaldG [49]). That is, to control land 
use development, plan silvicultural interventions and regulate harvesting, desired 
forest functions such as protection, recreation, timber production, or climate 
and water regulation (i.e., forest ecosystem services) are spatially defined and 
mapped. The concept of forest functions therefore translates social and economic 
interests into land use regulations and forest management practices and is com-
monly applied, for example, in Italy where “Forests having the function of direct 
protection of inhabitants, of strategic assets and infrastructures, identified and 
recognized by Regions and Autonomous Provinces, cannot be transformed and the 
land use cannot be changed […]” (Legislative Decree 34/2018 “Consolidated Law 
on forests and forestry chains,” Article 8, Subparagraph 7; [43]). This understand-
ing of the protective function is, for example, translated into the definition by the 
Konferenz der Kantonsoberförster (KOK 2007; conference of the Swiss cantonal 
head foresters): a protective forest is a forest that can protect an acknowledged 
 damage potential against a recognized natural hazard or reduce the associated 
risks [50, 51]. This definition is one of the most particular ones of de facto legality 
specifically including the terms natural hazard and risks. In contrast, in French or 
Slovenian forest legislations, protective forests can also be “[…] forests located on 
the periphery of large urban areas” (French Forest Code, Code forestier; [43]), or 
“Forests in adverse ecological conditions which protect themselves, their land and 
lower-lying land […].” (Slovenian Forest Act; ZG, Article 43 [52]), or have addi-
tional tasks such as to protect the soil from degradation and erosion, and to ensure 
forest growth capacity as stated in the Austrian Forest Act (ForstG [53]).

The protective forest definition matrix by Kleemayr et al. [46] combines elements 
from existing national legislations; however, it does not include all environmental 
conditions and criteria that define protective forests in national forest laws of the 
Alpine Space. The matrix defines “A forest with a protective function designation 
[as] a forest or potential forest area intended to protect against soil degradation and/
or natural hazards” and uses the term “protective effect” in the context of disaster 
risk reduction. That is, “the protective effect describes the actual protective capac-
ity of a forest against natural hazards and/or soil degradation” in dependence of 
its structure, which is a regulating ecosystem service according to the Millennium 
Ecosystem Assessment framework [54]. Applying the term protective effect there-
fore implies an evaluation of the forest structure, which allows one to assess the 
actual degree of provided protection against natural hazards. For example, a high 
protective effect against rockfall is only possible, if a forest has a certain number of 
stems, basal area, stem diameter distribution, or tree species composition in rock-
fall transit and/or deposit zones to stop falling rocks (see chapter [42] of this book); 
however, even if the protective effect of a forest stand is low or the vegetation cover 
is temporarily absent, it could still have an important protective function due to its 
uphill location above assets.

The national definitions that are combined in the protective forest definition 
matrix imply that not only a hazard (potential), but also a natural hazard risk, i.e., 
a damage potential (the assets to be protected by forest and their entities, which 
are called “objects” in the context of protective function mapping; see chapter [55] 
of this book), must be present when declaring a forest area as an object protective 
forest. Object protective forests are forests, which are located in process areas of 
natural hazards that endanger objects below and can have 1) a direct protective 
function and, if applicable, protective effect against gravitational natural hazards 
such as rockfall, shallow landslides, or snow avalanches, allowing to directly link the 



25

Protective Forests for Ecosystem-based Disaster Risk Reduction (Eco-DRR) in the Alpine Space
DOI: http://dx.doi.org/10.5772/intechopen.99505

precise locations of the hazard and the endangered objects; or 2) an indirect object 
protective function (and effect) for floods and other water-related natural hazards 
[51]. The latter relationship is defined as indirect since an entire forested catchment 
can contribute to flood protection (see chapter [56] of this book), and it is not 
straightforward to establish a direct connection between a precisely located forest 
area and a flooding scenario, especially when applying protective forest models (see 
chapter [57] of this book).

The matrix of definitions and classifications proposed by Kleemayr et al. [46] can 
support incorporating protective forests as Eco-DRR solution into IRM concepts, 
distinguishing direct and indirect object and site protective forests for prioritizing 
management activities that maintain and/or enhance their protective effects—actions 
that would promote the recognition of these forests as Eco-DRR measure and facili-
tate their utilization in IRM strategies. Nonetheless, the shift toward an IRM that 
includes FbS into the portfolio of available measures is still incomplete, also due to 
difficulties in translating research results into policy and further into useful and 
harmonized information for practitioners (see also chapter [58] of this book).

3.  Regulations and guidelines for managing protective forests  
in the Alpine Space

3.1 Forest policy needs to utilize Forest-based Solutions for Eco-DRR

The mid-nineteenth century marked an important turning point for raising 
concerns about large-scale deforestation impacts on soil erosion and flood events in 
several Alpine countries. The following debate began, for example, in France and 
Austria, realizing that it was necessary to reestablish the protective functions and 
effects of mountain forests that have been impaired by centuries of overgrazing  
and overexploitation [59, 60]. France introduced the first nation-wide legal regula-
tion on protective forests in 1803, which was perpetuated in 1827 with the Code 
forestier; however, the regulations were not comprehensive and were limited to a 
ban on deforestation of mountain slopes. The absence of specific legislations for 
mountain areas was strongly felt by politicians and forest managers as, for example, 
proven by the declaration of Ludovic Beaussire, special editor and contributor to 
the first volume of the Annales forestières (Forest Annals) of 1842: “The consider-
ations, which make the reforestation of the mountains a necessity, impose on the 
government, as one of its most pressing and sacred duties, the obligation to provide 
for it [61].” In Austria, it was catastrophic flood events (e.g., 1847 in Salzburg) 
that increased the awareness for the need of a sufficient forest cover to mitigate 
the devastating effects of natural hazards. This led to the implementation of the 
first Austrian Forest Act in 1852 (“Reichsforstgesetz”), which was replaced in 1975 
[53], ensuring the conservation of forests and their soils to best provide the forest 
effects, namely timber production; protection against natural hazards and other 
damaging environmental impacts including soil erosion; regulation of climate, 
water, and air; and recreation (ForstG 1975 idF 2002, § 1 (2), § 6 (2) [53]). Few 
years after the implementation of Forest Acts with special regulations on protective 
forests in Austria and Bavaria in 1852, the French government of the Second Empire 
implemented a definition of forests to be protected from deforestation because of 
their protective effect in 1859 in the Code forestier and established the first law 
mandating Alpine reforestation in 1860. However, this law was negatively perceived 
by mountain peasants since it threatened their pasturing, a necessity for their liveli-
hood [62]. This law has therefore been modified in 1882 to the law on restoration 
and conservation of Alpine lands and the word reforestation was omitted from the 
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title, shifting the focus of forest management activities from extending forest areas 
to “restore mountain land by correcting torrents, regulating pastures and planting 
eroded watersheds” [63]. This law is the basis of French legislation dedicated to 
the sustainable management of the ecosystem service “protection against natural 
hazards” and was the model for legislations of many Alpine Space countries such 
as the Austrian Act of 1884 on torrent control, laying the foundation of Alpine 
land restoration. However, it was the 1922 Chauveau law that established the legal 
status of “protective forestry,” acknowledging the major role of forests in natural 
hazard prevention and risk mitigation for lowland areas, which were becoming 
more and heavily industrialized [59]. The acknowledgment of the protective effects 
of forests is one factor, but its implementation in forest management practices is 
often impeded by the lack of a comprehensive mapping of forests with a protective 
function (see also chapter [55] of this book). Eventually, any legislation can be 
improved, considering the increase in knowledge and changes in the paradigms of 
the implementation of measures.

One objective of the Interreg Alpine Space project GreenRisk4ALPs [64] was 
to propose ways to improve current forestry policies in the Alpine Space. Hence, a 
SWOT (Strengths, Weaknesses, Opportunities, Threats) analysis was conducted by 
experts for (protective) forest legislations in Austria, France, Bavaria (Germany), 
Italy, and Slovenia [65]. A summary, based on this SWOT analysis, of the general 
existence of regulations, tools, and standardized methods to support the manage-
ment of protective forests as an FbS for Eco-DRR is given in Table 1.

Based on this SWOT:

• Clearly defining protective forests and their functions in forest legislations,

• Specifying methods, data, and tools to be applied for protective forest 
mapping,

• Defining and legitimizing operational protection targets and priorities for 
assets related to risk,

• Increasing the quality of geodata necessary to assess protective functions 
effectively,

• Spatially covering all relevant hazard and damage potentials in hazard and 
risk zoning,

• Implementing common standards to assess protective effects and the stability 
of protective forests,

• Collecting high-quality data on past natural hazard events and pre-
event forest condition in a harmonized way to improve protective effect 
assessments,

• Developing and implementing an efficient participatory approach for land use 
and forest planning,

• Bundling competences in hazard and forest ecosystem services’ assessments to 
improve their results and acceptance,

• Connecting key stakeholders in the field of natural hazard risk management 
and, whereby, harmonizing their interests with societal demands,
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• Addressing the current lack of adapted financial funds and of clear rules to 
allocate these funds dedicated to protective forest managements,

• Legally combining hunting and forestry regulations,

• Increasing public awareness for protective forests and their key function, and

• Developing clear communication and dissemination strategies about the 
efficiency and limits of FbS,

are only a few recommendations to enhance current (protective) forest policies 
and legislations to support improving the relevance of FbS in IRM (for further 
information and details see [65]).

3.2 Risk in current European protective forest management guidelines

It was early recognized by those responsible for natural hazard and forest 
management in the Alpine Space that reducing the risk from natural hazards 
endangering people and damaging assets requires the expansion of forest areas 
[66], especially at high altitudes and in torrent catchments [67], as well as spe-
cial silvicultural treatments of forests with a protective function. However, first 
regional regulations and measures were limited to restrict or ban deforestation, 
grazing by farm animals, and timber removal in forests on steep mountain slopes. 
These regulations were formulated in the medieval concept of protected forests 
(so-called Bannwälder), which are still a legal category of direct object protective 
forests in Austria and Bavaria. Deforestation and forest thinning, which increased 
with population growth, required actions to protect against natural hazards but 
also to secure local timber supply in a phase of increasing economical protection-
ism. Following devastating flood disasters and increasing demand for timber in 
the nineteenth century, national forest laws with special regulations for protective 
forests and torrent control were introduced and extensive reforestation programs 
were launched (see Section 3.1).

Even if regulations and silvicultural measures in the nineteenth and early 
twentieth century focused on (protective) forest conservation, reforestation, 
and afforestation, it was known that the protective effects of forests depend on 
their structure and thus on their management. However, despite emphasizing the 
importance of protective forest management in the literature, clear concepts for 
determining the object protective functions and protective effects based on site-
specific hazard susceptibilities, damage potentials, and forest conditions were still 
missing until the end of the twentieth century.

After the Second World War and until the end of the 1980s, structural river 
regulation, and technical torrent and avalanche control boomed in the European 
Alps. These measures were further developed and implemented at great expense. 
Meanwhile, hardly any approaches were developed to quantify the protective effects 
of forests against gravitational natural hazards. In this period, only a few studies 
mainly from Japan (e.g., [68, 69]) and Switzerland (e.g., [70, 71]) addressed the 
influence of forest structure on snowpack stabilization based on systematic obser-
vations or snow mechanical considerations. However, the results of these early and 
valuable studies are difficult to integrate into avalanche risk analysis since they lack 
important factors as well as the large variation in forest conditions influencing the 
protective effects. In addition, they did not offer methods for calculating the impact 
of forest on onset and propagation probabilities that are required to determine the 
risk (see section 1).
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The first experimental study on the influence of forest on the runout of rockfall 
did not appear until 1988 [72]. While studies on the protective effects of forests 
against landslides were carried out early in Japan (e.g., [73]) and in North America 
(e.g., [74–76]), this topic was reduced to bioengineering measures and taken up 
rather late in Europe. Moreover, studies about landslide-forest interactions mainly 
focused on the differences between forest and other land cover types and the effects 
of clear cutting, that is, the presence or absence of forest cover was treated as a 
general parameter. Although approaches to predict slope stability considering the 
canopy coverage of woody vegetation appeared in the 1970s (see [77]), the influ-
ence of its structural characteristics on the probability of landslide occurrence has 
been rarely investigated.

Mountain forest research in Europe mainly addressed silvicultural topics such as 
forest type identification, natural regeneration, reforestation, high-altitude affor-
estation, and stand tending for stability. The first comprehensive books published 
by Mayer (1976) in Austria [78] and Bischoff (1984) in Switzerland [79] giving 
practical advice for the management of Alpine mountain forests provided some 
checklists for assessing the protective functions and effects of forests but were still 
little oriented toward natural hazard risk assessment [80]. Perhaps the economic 
and technical possibilities for implementing gray infrastructures and their great 
success have contributed to the fact that forest research was limited to silvicultural 
questions and that hardly any research funding has been made available to study 
the protective effects of forest. However, by the end of the 1970s, the limited effects 
and capacities for disaster risk reduction by gray infrastructures only were increas-
ingly recognized, especially in flood and torrent control, which can be observed in 
many regions worldwide and is called the paradigm shift in flood risk management 
(see also chapter [56] of this book). Disaster prevention and mitigation strategies 
were supplemented through spatial planning (hazard zoning), which indirectly 
led to an increasing need to assess the protective functions and effects of forest. 
Furthermore, the consequences of forest dieback in Europe caused by air pollution 
in the 1980s and the adverse impacts of climate change became increasingly appar-
ent in mountain areas in the 1990s. Considerable forest damages by storm and bark 
beetle outbreaks in the 2000s as well as questions of funding policies in hazard 
mitigation and forestry pushed new studies about protective effects of forests (e.g., 
[81, 82]), protective forest management planning, and a second generation of 
silvicultural guidelines including procedures for hazard-related forest assessment 
and management [80].

In the frame of the Interreg Alpine Space project GreenRisk4ALPs [64], Perzl 
and Kleemayr [80] analyzed the general concepts of five of these current European 
protective forest management guidelines—the Swiss guideline NaiS [83], the Italian 
SFP [84], the French GSM-N [85] and GSM-S [86], and the Austrian guideline 
ISDW [87]—in terms of applicability for hazard risk management. Furthermore, 
they evaluated the hazard-related criteria and thresholds proposed by the guide-
lines, which are protective effect-related indicators for hazard risk assessment and 
targets for forest management (see chapter [42] of this book).

All these guidelines follow the structure and the criteria of the Swiss guide-
line NaiS but differ in many crucial details considerably. According to Perzl and 
Kleemayr [80], they incorporated new scientific knowledge and structured the 
support of planning and decisions into 1) the assessment of the natural hazard risk 
(as hazard and damage potentials in terms of basic hazard susceptibilities or protec-
tive functions of forest, and in terms of forest conditions, which provide protective 
effects), 2) the assessment of stand stability and regeneration, and 3) general 
recommendations on silvicultural treatments. This concept of first classifying the 
protective functions of forests based on indicators for the hazard potential and  
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the exposure and vulnerability of assets (damage potential) and then classifying the 
protective effects based on silvicultural targets is a simplified risk-based approach 
suitable for protective forest management.

However, this concept is implemented to varying degrees of completeness in the 
guidelines. Some of these guidelines do not fully support forest function mapping 
and, therefore, risk evaluation since they do not consider the damage potential. 
All guidelines provide little support for delineating spatial evaluation units, which 
remains an unsolved issue of spatial scales and fragmentation of management units 
situated between traditional forest stand mapping and appropriately resolved units 
for protective effect and hazard analyses. Furthermore, the results of the proposed 
methods for assessing the protective functions and effects of forests are still of 
limited value for risk analyses, as they only refer to hazard initiation, partly based 
on fuzzy indicators of hazard susceptibility, or, if considering hazard propagation 
as in the case of rockfall, they mainly neglect the cumulative effects of terrain and 
forest on the slope scale. Some of the guidelines even do not provide clear instruc-
tions for how to combine the proposed indicators and thresholds (targets) to 
quantify cumulative protective effects. Although they specify single objectives for 
forest conditions to be reached with silvicultural measures and indicators of how to 
monitor their success, which are the main aims of the guidelines, they are thereby 
ambiguous about the protective effect in terms of hazard probability and magni-
tude and thus about the natural hazard risk.

The validation of the protective effect-related forest characteristics proposed by 
the guidelines based on observed natural hazard events in forests shows the main 
limitation for their application in natural hazard risk management: the procedures, 
indicators, and thresholds to assess the protective effects of forest against gravita-
tional natural hazards lead to either a considerable or an extremely low misclas-
sification rate, the latter resulting primarily from high forest density targets (for 
further details, see chapter [42] of this book). This may result in over- or underesti-
mating the protective effects of forests and thus in incorrect assessments of the risk 
from natural hazards endangering people and damaging assets.

Although research on protective effects of forests has increased since the late 
1980s (e.g., [19, 88, 89]), but especially on rockfall-forest interaction in Switzerland 
and France [90], the current European protective forest management guidelines 
are still based on few data-driven studies without international survey and quality 
standards [80]. Therefore, they are difficult to interpret and to implement into 
risk-based protective forest management approaches. Moreover, uncertainties in 
assessing protective effects of forest are still considerable (e.g., [91]; see also chapter 
[40] of this book.), which could be the main reason affecting confidence in FbS in 
contrast to gray infrastructure.

4. Conclusions

Impacts of climate change on societal and environmental systems are seri-
ous threats to the development of mountain areas worldwide. Mountain forests 
can protect people and assets against natural hazards making the Alpine Region 
inhabitable. Protective forests are Forest-based Solutions (FbS) as a specific case of 
Nature-based Solutions (NbS) and are often implemented as Ecosystem-based 
Disaster Risk Reduction (Eco-DRR) measure together with spatial planning activi-
ties and gray infrastructure within an integrated risk management (IRM). However, 
few economic evaluation methods are currently available to compare the cost-
effectiveness of protective forests and technical measures, despite implementing a 
mix of gray and green infrastructures is often the best solution, benefiting from the 
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advantages of both to enhance the sustainability and resilience of risk management 
strategies.

To facilitate the utilization of protective forests in IRM strategies throughout 
the Alpine Space, science, practice, and policy need to address the deficits and 
knowledge gaps that we identified in this chapter. They include 1) a common 
understanding and definition of protective forests, 2) existing national barriers for 
implementing Eco-DRR in the Alpine Space, and 3) the applicability of protective 
forest management guidelines in risk-based forest management approaches for 
prioritizing management activities that maintain and/or enhance the protective 
effects. Despite the societal demand for valuing FbS, the ecosystem service “protec-
tion against natural hazards” provided by mountain forests is currently often not 
considered in local, regional, national, and/or European policies and regulations.

Improving current (protective) forest legislations by financing and consider-
ing practice projects and research addressing protective functions and effects of 
mountain forests and changes in the paradigms of the implementation of protection 
measures can enhance the relevance of FbS in IRM. Moreover, although research 
on protective effects of forests has increased in recent decades, current European 
protective forest management guidelines are still based on few studies and are 
difficult to implement into risk-based protective forest management approaches. 
Establishing international survey and quality standards for assessing protective 
effects and, therefore, reducing the associated uncertainties could also significantly 
increase the trust in FbS compared with gray infrastructure.

Ultimately, the shift toward an IRM that includes FbS into the portfolio of avail-
able risk mitigation measures requires translating research results into useful and 
harmonized information for practitioners (see also chapter [58] of this book).
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Protective Effects of Forests 
against Gravitational Natural 
Hazards
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Abstract

In this chapter, we give a short overview of the protective effects of forests 
against snow avalanches, landslides and rockfall hazards in mountain areas. The 
overview is based on the protective mechanisms provided by forest and con-
nects them to the effect-related indicators of forest structure from literature and 
European protective forest management guidelines. The thresholds of the effect-
related indicators are hazard-related silvicultural targets for forest management and 
critical values for hazard risk assessment. The assessment of the protective effects 
of forests is a central part of natural hazard risk analysis and requires information 
on different spatial levels from single tree to slope-scale attributes. Forests are 
efficient in preventing snow avalanche and landslide initiation; however, they are 
usually unable to stop large masses of snow, soil and rock in motion. Therefore, 
guidelines on silvicultural targets and practices must focus on the mitigation of 
hazard onset probabilities at the stand-scale; however, existing guidelines under- or 
overestimate the protective effects of forests. Effects of forests on hazard propaga-
tion are difficult to implement in forest and risk management practice. Hence, 
the European protective forest management guidelines do not contain any or only 
general specifications that simplify the determining factors and their relationships.

Keywords: protective forest, natural hazards, snow avalanche, rockfall, landslide, 
nature-based solutions

1. Introduction

The protection of settlements and infrastructures by so called protective  
forests (protection forests) against gravitational and hydrological natural hazards 
is of particular relevance in the mountain areas of Europe, as they are densely 
populated and used intensively by the population of other regions for recreation 
[1]. Therefore, special legal regulations and public funds have been introduced to 
maintain and improve the protective effects of forests in many European countries 
[2, 3]. The protective effects of forests are also addressed in literature by the terms 
protective function and protective role which are often used synonymously. Brang 
et al. [4] clearly differentiated the meanings of the terms protective function, 
potential, and effect of forest (see also chapter [5] of this book).
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The term “protective function” refers to the task of forests to protect something 
of value like people, settlements or infrastructures from the impacts and damage by 
adverse climate or natural hazards [4, 6]. This task is assigned to forests or to other 
land use appropriate for afforestation by society, if there is a damage potential to 
people or assets, and the forest is or will be located on sites where a forest can give 
rise to mitigation of hazards and climate impacts. The allocation of protective func-
tions to existing or future forests does not consider the present forest conditions and 
effectiveness in protection but refers to the societal demand for protection by forest 
due to environmental conditions and public interest as well as to a protective poten-
tial on this location. The “protective potential” of a forest is “a protective effect 
that a forest is likely to have if properly managed” [4]. This capability of forests to 
prevent or mitigate natural hazards depends on the (prospective) hazard type and 
intensity, on the location in the process area and the natural growth capacity of the 
site to produce protective forest structures.

The term “protective effect” refers to the degree of mitigation of hazards by 
forest [4] which ranges from no or low reduction of hazard frequencies and/or 
intensities to total hazard prevention. The term is also used to designate the protec-
tive mechanisms which generate the hazard mitigation by interaction of woody 
vegetation and abiotic components which control environmental processes [6]. 
The protective effects result from the current forest conditions and in the long-
term from the stability of the forest [4]. The term may also imply the reduction of 
the damage risk to people and assets by forest. However, hazard and damage risk 
analysis are approaches beyond the determination of the protective effect of the  
forest including further steps of analysis.

In this context, this chapter will give a short overview of the protective effects 
of forests against gravitational natural hazards in mountain areas. The overview 
is based on the presentation of the protective mechanisms provided by woody 
vegetation and connects them to the effect-related indicators of forest composition 
and density. Protective effect-related indicators and thresholds have been issued by 
several European guidelines for protective forest management [7]. The thresholds 
of the protective effect-related indicators are hazard-related silvicultural targets 
for forest management on stand-scale and critical values required for hazard risk 
assessment at stand- and slope-scale. Therefore, we relate knowledge from the 
literature and hazard observations to these common concepts on protective forests. 
We limit the presentation to the protective effects of forest against snow avalanches, 
landslides and rockfall which may be mitigated by forest effectively on slope-scale, 
whereas the effectiveness of forest in mitigating hydrogeomorphic hazards like 
(torrential debris) floods is more dependent on the temporal and spatial scale of 
view as well as on the total share of forest use at the watershed-scale (see chapter [8] 
of this book).

2. Protective effects of forests and related forest conditions

Forests prevent and mitigate gravitational natural hazards by two mechanisms: 
1) they prevent hazard initiation or reduce mass displacements in potential starting 
zones by the retainment of solid materials on site, and 2) they break down, narrow 
laterally and eventually limit the propagation of the mass movement [9–11]. The 
prevention or limitation of hazard initiations is clearly the most efficient and there-
fore important protective effect of forest to be considered by forest management. 
Forests are usually unable to stop large masses of snow, soil, and rock [9]. However, 
the importance of release prevention in potential starting zones in relation to mass 
deceleration in possible transit zones by forest is strictly related to the hazard type. 
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Furthermore, the magnitude of the mass movement, the conditions of materials in 
motion, the distance, and the terrain relief from the starting zone to assets at risk as 
well as the proportion of the runout zone covered by high and dense enough forest 
impact hazard propagation.

2.1 Protective effects of forests against snow avalanches

Avalanches may be classified into canyon avalanches (nowadays, they are called 
channelized avalanches) and slope avalanches, according to their physiogeographic 
situation and spatial relation to forest, with many intermediate forms [12]. A 
canyon avalanche originates on the head of a canyon above the current timberline 
or in areas of open forests and follows the gorge. Because of the frequent occurrence 
and damaging effects, the upper flow path is usually free of taller woody vegetation, 
or only overgrown by bushes, but, dependent on the frequency and intensity of 
the mass movement and the terrain, the hazard zone may also be stocked by high 
timber. In case of infrequent high snow accumulation, these situations are difficult 
in risk management, as the hazard and damage potentials are not obvious due to 
the condition of the woody vegetation. Slope avalanches occur outside of canyons 
on steep mountain slopes. As they are mainly covered by high and dense forests, 
damage to infrastructure by naturally triggered slope avalanches is less frequent in 
the Alps even in snow rich winters. Snow avalanches which originate in forests are 
called forest avalanches (Figure 1) [13, 14].

Most avalanches that are perceived in Alpine settlement areas as coming from 
forested terrain originate from slopes or canyon heads above the current timberline 
or from currently open areas [15]. Nevertheless, forests on steep mountain slopes 
should never be considered as areas not prone to avalanche formation [16]. The 
basic avalanche release susceptibility of forested slopes in the Alps is not evident in 
hazard and damage statistics, as it is masked by the protective effect of the mainly 
dense woody vegetation and by artificial snow supporting structures which already 
have been established at the beginning of the 20th century in forests with high 
protective functions and low protective effects [7].

Figure 1. 
Muddy snow avalanches from forest triggered in March 1988 by rain after 38 cm snowfall within 3 days. Photo: 
K. Perzl, 1988.
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2.1.1 Prevention and reduction of snow avalanche release by forest

A forest cover prevents snow avalanche initiation by stabilizing the snowpack on 
the ground as a result of these mechanisms: A) reduction of the formation of firm 
bed surfaces and weak snow layers (crusts, faceted snow, depth and surface hoar) 
by balancing the radiation and temperature budget of the snowpack, B) distur-
bance of the stratification of the snowpack and C) reduction of the snow depth by 
canopy interception of snow precipitation, D) reduction of the accumulation of 
wind-driven snow by deceleration of wind speed, E) reduction of the formation of 
basal gliding (ice and wet snow) planes due to the usually high infiltration capacity 
and roughness of the forest floor, and F) support of the snowpack by stems, snags, 
stumps, logs and low woody vegetation [13, 15, 17–22].

The mechanisms A to D are forest canopy effects, and therefore the foliar cover 
of the forest in winter regulates the snowpack stabilization. However, leafless twigs, 
branches and stems contribute to the modification of the radiation and temperature 
regimes of the snowpack as well as to the interception of snowfall. The density and 
spatial distribution of stems and coarse woody debris, which are the main control-
lers of the mechanism F, also reduce the formation of weak layers. In addition to 
soil properties, coarse woody debris, and the understory, all of them influenced 
by forest composition and density, and finally by forest management, control the 
mechanism E.

Because of the complex interaction of these mechanisms with snow and terrain 
characteristics, it is difficult to differ main and minor protective mechanisms and 
controllers of the protective effect of forests against avalanche release. A forest is 
largely able to prevent new and old snow avalanche releases except for small loose 
snow avalanches by the mechanisms A to C. The preconditions for this are a rather 
dry and cohesive snowpack as well as a sufficient forest canopy cover. A foliated 
canopy cover by evergreen conifers is most effective but may be substituted by the 
surface area of branches and stems of deciduous trees and snags. The woody area 
of the canopy, especially the branchwood surface area, plays an important role in 
the modification of radiative, thermal, and hydrologic conditions [23]. The similar 
protective canopy cover observed in both evergreen and deciduous coniferous 
stands [14] and the little influence of the leaf area on the spatial variability in snow 
stratigraphy [24] may be an effect of the woody area of the canopy. However, ava-
lanche initiations are observed more frequent in deciduous forests than in evergreen 
forests and occur under closed deciduous canopies [13, 14, 19], which indicates a 
limited protective effect of trees without leaves in case of heavy and stormy snow-
fall or other than cold-dry conditions.

Tree canopies prevent avalanche release when they overtop the snowpack. 
On steep slopes prone to avalanche formation, young trees and bushes are bent 
down by the snow load and the pressure of the snowpack. As a result, they can 
be uprooted, broken and overlaid by weak snow layers and cohesive snow slabs. 
However, it is not clear and easy to determine how large and tall trees or bushes 
must be to have a protective effect. This depends on numerous factors such as slope 
inclination, surface roughness, tree species composition and stand structure, and 
ultimately also on the risk-analytical assessment basis of possible (design) snow 
depths. In addition, the protective height and/or diameter of trees likely depends on 
the density of the woody vegetation. Observations indicate that trees overtop the 
snow cover when the tree height exceeds the maximum snow height by one to two 
times [25–27]. These relationships lead to quite different protective tree heights up 
to over 5 m, depending on the design snow depths used in risk analysis, as well as to 
questions on the method and accuracy of stand height and snow depth assessments. 
These relationships do not directly refer to the avalanche activity. Observations of 
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snow avalanche activity caused by logging indicate a protective height of the woody 
vegetation of about 2 m [28]. This may be an effect of the increased surface rough-
ness at loggings. The snowpack support by stumps, logs and other terrain roughness 
features may considerably mask the protective height and density of young growth.

Usually, a canopy cover of upright-growing woody plants with an average height 
of about 5 m may overtop and shade the snowpack. Hence, they provide the protec-
tive effects A to C and F. The recommendations of the European guidelines for 
protective forest management for the protective stand height and canopy cover dif-
fer considerably [7]. These expert-based guidelines from four European countries 
suggest a range of canopy cover targets from 30 to 70% for a high level of protection 
which is not defined clearly but may refer to a low release probability (Table 1). 
Furthermore, the guidelines refer either to the total (TCCP) or to the wintergreen 
canopy cover percentage (WCCP). Guidelines, which refer to the WCCP, use the 
total stem density for inferring the protective effect in case of forests with low 
proportions of evergreen canopies.

A validation of these targets based on a sample of observed snow avalanche 
initiations in Alpine forests (total sample size 295) shows a low misclassification of 
all approaches in terms of false negative rates [7]. The false negative rate (FNR) is 
the proportion of observed hazard releases that would not have been classified as 
critical situations based on the forest and site condition according to the criteria of 
a guideline. The FNRs in the range of 22 to 30% of the approaches using a critical 
TCCP of 50% are considerably higher than those of the guidelines using the WCCP 
(0 to 2%) (Table 1). This indicates an overestimation and limited protective effect 
of leafless canopies, whereas the high targets in terms of the WCCP, ranging from 
30 to 70%, clearly underestimate effects of the foliar cover and of the woody area in 
deciduous stands. 75% of all snow avalanches in the sample initiated on sites with 
a WCCP smaller than 16%, and initiations under evergreen canopy cover of more 
than 40 to 60% were rare outliers. Therefore, even a small proportion of evergreen 
trees can significantly reduce the likelihood of avalanche formation and deciduous 
trees also provide a reduction of the release width (RRW) in relation to low canopy 
covers (Table 1).

The comparatively high miss rates (FNR) of assessments based on the total canopy 
cover are an effect of the presence of deciduous forests in the sample, especially of the 
high broadleaved forests with small surface roughness [7]. In broadleaved deciduous 
stands, with a low proportion of evergreen trees and low total stem density, avalanches 
may initiate even when the canopy is fully closed [13, 14, 34]. This is a result of several 
limitations of the protective effect of (deciduous) canopies. In some special condi-
tions, the ability of forest to prevent avalanche formation by the mechanisms A to 
C is reduced. Such conditions are heavy and enduring snowfall at low temperatures 
without intermittent radiation, (heavy) snowfall followed by rain-on-snow (Figure 1) 
or strong sudden air temperature rise (Figure 2) [13, 15, 35].

A cohesionless snow layer or snowpack of fluffy or wet snow outer performs the 
mechanisms A and B. The mechanics C to D, especially the snow depth reduction 
by interception effects, become more important. However, snow depth reduction is 
limited in deciduous forests. In addition, snowpack support by stems (mechanism F)  
is reduced for both cohesionless and cohesive but heavy and moist snowpack. 
Supporting the snowpack by upright stems requires contact with the snowpack [19]. 
Thus, paradoxically, this mechanism is more effective for large snow depths than for 
small ones [36]. However, in all situations with low effectiveness of the mechanisms 
A to C, and especially in deciduous forests, the anchoring and therefore an adequate 
stem density is important to stabilize the snowpack. The protective effect of decidu-
ous forests is more dependent on stem density and surface roughness than clearly 
connected to the canopy cover [16, 34, 37, 38].
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The literature on protective stem densities is based on different analytical 
approaches and they vary considerably. They refer to different caliper thresholds and 
mean diameters of the stems at breast height (DBH). Thresholds of protective stem 
densities are usually related to slope inclination. Approaches based on mechanical 
calculations show stem densities needed to stabilize the snowpack, for example with 
an average DBH of 5 cm, from about 2,000 on gentle slopes to more than 10,000 stems 
per hectare on steep slopes [34, 36]. These calculations are very sensitive to slope, 
DBH and snow conditions. Observations and statistical approaches [14, 16, 26] usually 
do not confirm them. Figure 3 shows stem densities recommended by the European 
guidelines to stabilize snowpack versus a sample of 142 observed snow avalanche 
initiations in forests mainly provided by a Swiss database [14]. Based on this sample, 
the miss rates (FNR) of the guidelines are low, not exceeding 15%. However, most of 
the guidelines tend to propose quite higher stem densities than observed and under-
estimate the effects of the trees [7]. Snow avalanche initiations in forests with stem 
densities of more than 900 per hectares (DBH >6 cm) seem to be statistical outliers 
allocated to deciduous broadleaved and mixed forests on very steep slopes [7].

Figure 2. 
Release of a snow avalanche in a spruce forest triggered by air temperature rise from −12 to 6°C within few 
hours. The 208 m long avalanche with a vertical drop of 147 m buried a local road. Photo: F. Perzl, 2021.

Figure 3. 
Targets of critical stem densities for snow avalanche initiation in relation to observed stem densities dependent 
on slope [7]. Acronyms in the legend refer to the national European guidelines NaiS [29], SFP [30], GSM-N 
[31], GSM-S [32] and ISDW [33]. NaiS and SFP propose fixed values without considering the natural 
reduction of stem densities with increasing mean tree diameters. However, in NaiS, the stem density is 
mentioned but not part of the assessment criteria.
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Stem density observations in avalanche initiation sites are rare and difficult to 
compare, as they refer to different measurement methods. Additionally, the effects 
of trees depend on their spatial distribution. Most avalanches in high forests initiate 
in canopy openings. The term “gap” is usually used for small openings, but the term 
may also refer to all openings ranging from the size of a tree crown to large clear-cut 
areas. The size of canopy openings is an important issue for the management of 
forests with an object-protective function. Forest regeneration may be suppressed 
by too small canopy openings because of light deficiency, but inappropriately large 
openings carry the risk of avalanche formation.

One approach to assess critical canopy openings followed by some European 
guidelines assumes that limiting the length of cuts in the flow direction will reduce 
the probability of avalanche release as well as the avalanche propagation. This 
assumption and the recommended critical gap (opening) lengths in the range of 25 
to 60 m depending on slope are based on physical calculations [39–41]. The valida-
tion of the implementations in the European guidelines delivered FNRs in the range 
of 36 to 49% [7]. These results show low influence of the proposed critical gap 
lengths on the probability of avalanche release but a reduction of runout lengths by 
50 m on average which is statistically not significant. The reduction of the release 
probability in cuts as well as avalanche propagation is not primarily a question of 
the gap length in the release zone, but also dependent on the gap width, the surface 
roughness in the opening and the density of woody vegetation at the lower edge of 
the opening [13, 14, 42]. The terrain and forest conditions along the total flow path 
are crucial for the runout length.

2.1.2 Reduction of snow avalanche propagation by forest

The European guidelines for protective forest management do not consider the 
avalanche braking effect of the forest in the transit zone as normally slab avalanches 
with critical fracture size will flow through forests or destroy them until they run 
out on slopes of low inclination or the energy is dissipated by the fall over steep 
cliffs [12, 17, 40, 41, 43]. Trees are unfavorable resistance elements against ava-
lanches due to their small obstacle width, shape and material properties. Depending 
on the elasticity of the species and the diameter of the plants, powder cloud 
avalanches with a pressure of about 3–5 kN/m2 and higher, and flow avalanches 
of about 10–50 kN/m2, which are possible even with small snow masses, break or 
uproot the trees [39, 41] as soon as the trees lose the flexibility of the juvenile stage 
(Figure 4).

Forests can stop or significantly slow down small-to-medium avalanches starting 
within dense forests, in small gaps of dense forests or next to the upper timberline 
by snow detrainment [40, 44, 45]. The breakage, uprooting and overturning of 
trees as well as the entrainment of coarse woody debris and snow deposition behind 
trees (Figure 5) may cause a loss of energy and reduce runout lengths of medium to 
large avalanches originating from sites above the timberline or from large clear-cuts 
[46–48]. Indications on the distance from the release area (in forest cover openings 
or above the timberline) to forest cover penetration and on the release size which 
ensure braking effects of the forest cover vary from 30 to 200 m and from <5,000 to 
30,000 m3 [21, 22, 40, 44, 46, 49].

The allocation of (potential) hazard zones to avalanches that may or may not 
be slowed down by the forest, is difficult and not only an issue of the release size. 
It must be remembered that stopping an avalanche within the forest may not be an 
effect of the forest, but a consequence of snow and terrain conditions in the transit 
zone as well as the elevation of the starting zone. The reduction of damages by 
silvicultural interventions in the transit zones is limited to the enhancement of the 
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surface roughness on short-slopes and to promoting stand stability by species selec-
tion, formation of resistant individuals and acceptance of shrub-dominated growth.

2.2 Protective effects of forests against (shallow-seated) landslides

2.2.1 Prevention and reduction of landslide initiation by forest

Effects of forests on deep-seated landslides are a debated issue, while it is widely 
accepted that forests can prevent the development of shallow-seated landslides. 
This topic is further complicated by the fact that there is no uniform definition of 
deep-seated landslides, and that the distinction from shallow to deep is transitional. 
Part of this problem are numerous different landslide classifications with fuzziness 
of process descriptions as well as different transcriptions of landslide type defini-
tions from one language to another.

We refer to mainly deep-seated permanent landslides and mainly shallow-seated 
spontaneous regolith (debris) slides according to the Swiss approach of hazard 
risk assessment [50]. Permanent landslides are masses that have already been 
displaced and are therefore in motion with phases of activity or inactivity. The term 

Figure 5. 
Detrainment of avalanche snow by trees. Photo: F. Perzl, 2008.

Figure 4. 
Destruction of a young deciduous forest by an avalanche. Photo: K. Suntinger, 2009.



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

50

spontaneous landslide refers to first-time failures with no further movement of the 
deposits except secondary erosion.

Spontaneous debris slides may be classified for practical purposes into 1) slides 
and slumps without flow-like mass movements, 2) spoon, shell or wedge-shaped 
slides followed by material flows 2.1) without (debris avalanches) or 2.2) with linear 
erosion (debris flows) of the transit zone (Figure 6).

Spontaneous landslides of the flow type (2) are most common on steep moun-
tain slopes and in mountain forests, because of the excessive release and runoff of 
subsurface and surface water from the scars of the initial slope failure. A further 
classification of landslides important for forest management is to distinguish 
hillside and channel bank failures. Slope stabilization effects of forest are limited at 
river embankments, as storm flows undercut root systems.

Many forest practices boards (e.g., [29, 51]) allocate limited effects of forests on 
deep-seated landslides or associate the effects to the water recharge and toe areas, 
which are prone to shallow landslide initiation. There are no studies that inves-
tigate or clearly show a cause-and-effect relationship between forest conditions 
and the reactivation of deep-seated landslides except one study [52] that showed 
that an increased velocity after clear-cut harvest was not correlated to change in 
precipitation [53]. Most authors (e.g., [10, 54, 55]) agree and silvicultural guide-
lines (e.g., [29, 31]) stating that a protective effect of forests is given especially in 
shallow-seated zones of potential depletion, as the roots do not stabilize soil layers 
deeper than 2 m. Although landslide inventories are biased by the forest cover, this 
is substantiated by studies on effects of forest practices and landslide inventories 
(e.g., [56]), which usually show a lower density of shallow-seated landslides on 
forested (forest cover) areas than on non-forested areas. However, there is no 
evidence that a high protective potential of forests is limited to depths smaller than 
about 2 m [7, 53]. Woody vegetation influence water budgets [53] and especially the 
moisture of soils rich in clay or silt, which are susceptible to slope failures, down 
to a depth of about 3 to 10 meters (e.g., [57–59]). On the other hand, shallow soils 
on steep slopes with a dense forest cover fail, if the bedrock below is impervious or 
pipeflow is blocked, and the pressure of the subsurface flow leads to an explosive 
collapse of the soil [60, 61]. Therefore, the protective effect of the forest cover is 
also limited in case of shallow soils.

Forests enhance slope stability by A) dewatering due to evapotranspiration, 
B) internal redistribution of water due to the hydraulic lift (maintenance of 

Figure 6. 
Left – soil clod grown by trees moving downslope on a permanent landslide, center – debris avalanche,  
right – debris flow in forest. Photos: F. Perzl.
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conductivity), C) prevention of dry cracks in soils by shadowing, D) reduction of 
near-surface downflow and distribution of the soil water by impacting the infil-
tration capacity of the soil, and E) mechanical reinforcement of slopes through 
roots [57, 62–64].

The impact of evapotranspiration on soil saturation (A) and soil water distribu-
tion (B) is secondary for preventing (shallow-seated) landslides in humid-temper-
ate and boreal mountain-ecosystems with limited depths of nearly saturated soils, 
as intense rainfall and snowmelt are the key-drivers of landslide occurrence, which 
saturate the soils rapidly without time for dewatering [57, 65].

Dry cracking is not evident to drive landslides in Alpine conditions and is limited 
to soils rich in clay or silt. But effects (B, C) reducing contraction-induced soil 
openings and swelling pressure [66] may be important for deep-seated regolith 
under temporarily dry conditions.

The protective potential of the mitigation of near-surface downflow by forest 
(D) may be secondary in relation to (E) for short slopes and shallow soils. However, 
the mitigation of flow from upslope contributing areas is not negligible for land-
slides of the flow type (2), depending on the characteristic of contributing areas 
and issues of hydrological connectivity [67].

The anchoring to bedrock, and the additional soil strength or cohesion provided 
by roots (E) are the most significant contributions of woody vegetation to slope 
stability [54, 65]. Deciduous broadleaved species generally show higher root resis-
tance than conifers [68], and their tensile strength is influenced by root water status 
[69]. The influence of the tree load is rather small in relation to root reinforcement 
[70], whereas the transmission of wind loads by trees to soil may negatively affect 
slope stability. The weight of trees, combined with root decay and an imbalance of 
above- and below-ground biomass, may increase erosion by uprooting especially in 
abandoned coppice stands [71].

All protective effects (A-E) are dependent on the ground coverage by healthy 
woody vegetation. Additionally, the root reinforcement of soils (E) and seasonal 
dewatering by evapotranspiration (A, B) depend on the stage of development and 
the forest’s species composition. It is frequently observed that clear-cutting or 
forest-dieback promote slope instability, although the effects of the remaining roots 
can stabilize the slope for several (3 to 15) years until root decay [57, 72].

Although the influence of forest management on landslide occurrence is 
addressed frequently in literature, only few authors provide information about the 
critical canopy cover and size of canopy openings like clear-cuts. The information 
useful for practice is limited to the recommendations in the European guidelines 
(Table 2); numerous erosion control guidelines avoid quantitative statements.

There are many references addressing the mitigation of landslide occurrence by 
a site-appropriate tree species composition. Although plausible, we could not find 
clear and direct evidence of a relationship between the proportions of tree species, 
their spatial distribution and landslide activity in the literature. That is, even if the 
root systems of broadleaved hardwoods seem to provide better soil reinforcement 
than conifers, statistical analysis do not show this clearly. Amishev et al. [73] propose 
small clear-cuts of maximum 1 ha to maintain the protective effect of forests. This is 
a much larger critical area than recommended by the European guidelines (Table 2). 
Moos [74] identified the canopy cover, the length of canopy openings (“gaps”) and 
the distance to the next tree as the forest characteristics that influence landslide 
susceptibility; the area of openings was not included in the analyses. Her results 
indicate that a canopy cover (height >3 m) lower than 60% and a gap length longer 
than 20 m are critical especially on steep slopes. However, an influence of the gap 
length could only be ascertained in one of two study areas. Table 2 shows canopy 
opening and canopy cover targets recommended by the European guidelines to avoid 
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landslide initiation in forests and validation results based on a sample of 555 shallow 
landslides [7]. The guidelines assume that regeneration contributes to slope stabiliza-
tion. Therefore, openings with secured regeneration that are twice the area of critical 
openings without regeneration are not considered as critical. The validation of the 
canopy opening targets showed significantly higher FNR even if the length of the gap 
was additionally restricted. A canopy cover of tall trees of only 40% yielded similar 
FNR to a canopy cover of 70% with young growth and shrubs considered. Very high 
miss rates (≥66%) arise from the target of low occurrence of large-sized timber to 
reduce tree load of slopes and landslide-induced log jams in rivers. However, similar 
to the case of snow avalanches, the overall result of the assessment of the protective 
effect against landslides is highly dependent on the combination of indicators. The 
FNR of the guidelines are higher than in case of snow avalanche. In line with litera-
ture, these results indicate a protective potential of closed (natural) mature and old-
growth forests without disturbances but limited protective effects of young growth.

2.2.2 Reduction of debris flow runout by forest

Trees and coarse woody debris can retain mobilized sediments and therefore 
reduce hillslope and torrential debris flows [75–79]. Large-scale datasets indicate 
lower frequencies [80] and runout lengths [81] of debris flows and debris ava-
lanches in mature forests in relation to other land uses or clear-cuts and young for-
est. However, the reduction of runout lengths may be an effect of smaller landslide 
densities and erosion volumes in mature forests rather than a barrier effect [76]. 
Results of [78] indicate a higher potential of trees and logs to retain debris at low-
order section of rivers than on alluvial fans. Detrainment of debris on alluvial fans 
by forest depends on sediment concentration and tree density [82]. Trees increase 
the flow resistance and favor the deposition of materials due to detrainment of 
(coarse) debris, but the protective effect is difficult to assess (Figure 7).

2.3 Protective effects of forests against rockfall

The main function and effect of forests in rockfall protection is to stop or to 
mitigate rockfall propagation in the transit or deposition zone. Effects of forests in 
rockfall starting zones are ambiguous [83, 84], and presence of forest may increase 
the onset probability of rockfall by chemical rock weathering through root exu-
dates, root pressure and transmission of loads. The mitigation of rockfall initiation 

Figure 7. 
Detrainment of coarse debris from a debris flow by forest at the alluvial fan. Photo: F. Perzl, 2012.
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on steep and rocky release areas by silvicultural measures is limited to the removal 
of unstable trees to avoid block mobilization.

Forests reduce the propagation probability and the intensity of rockfall as 
impacts on trees and logs along the track dissipate kinetic energy as well as that 
rocks get caught by the stems [85]. Forests do not resist large rock masses in motion. 
Statements on single block volumes that might be stopped or slowed down by forest 
vary from about 1 m3 to a maximum of 20 m3 [86, 87]. However, the protective 
potential of forests in rockfall mitigation depends on the local situation and cannot 
be based on block volume alone. The protective effect is an issue at the stand-scale 
and especially at the slope-scale but influenced by single tree characteristics.

Trees absorb most of the impact energy of rocks by the root soil system followed 
by bending of stems and penetration into the wooden body [88]. The anchorage to 
soil correlates positively to stem and tree biomass [88]. Consequently, trees large in 
diameter and with long canopies are appropriate for energy dissipation. However, 
small trees are also able to stop larger rocks dependent on the hazard, terrain, and 
forest conditions, especially if the energy has already been dissipated along the 
trajectory by enough impacts on large trees (Figure 8) [85]. The protective effect 
of smaller trees depends on their spatial arrangement into interceptive collectives 
like coppice crops [89] and is adequate for smaller boulders (<0.5 m3) [90]. The 
stem density targets in the European guidelines reflect the discussions on protec-
tive diameters which vary from a minimum DBH of 12 to 34 cm (Table 3) but 
may also be influenced by measurement conventions. Broadleaved hardwoods can 
absorb more energy than conifers and broadleaved softwoods [86]. Additionally, 
the capacity of broadleaved species to recover from rockfall damage due to wound 
healing and sprouting is higher than of conifers [91]. In high mountain areas, where 
growth capacities of angiosperms are limited, Larix decidua Mill. is an option to 
improve rockfall protection by tree selection, since European larch shows consider-
able resistance and damage recovery (Figure 8) [91, 92].

At the slope-scale, the protective effect of forest depends on the rock size, shape 
and energy, the terrain morphology and surface conditions like roughness and the 
damping potential of the soil, and the length of the forested slope as well as the density 
of the forest cover. The protective density of the forest is indicated by the (average) 
stem density or basal area (Table 3). Both approaches require the definition of the 
protective stem diameter. The usability of both approaches for risk assessments is 
limited by two facts: 1) forest density may vary considerably on a small spatial scale 
and stem distributions may change from random to clumped and 2) the length of the 
forested slope influences the protective density. Furthermore, concepts which are 
based on block diameters neglect that the block diameters of mobilizable rocks are 

Figure 8. 
Left – small beech and sycamore trees stopped a boulder of about 1.5 to 2 m3 (Photo: F. Perzl), right – a wedge-
shaped boulder caught by a larch and a spruce tree (Photo: K. Suntinger).
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difficult to predict, and that rockfall source areas usually deliver rocks of different 
sizes. Therefore, it is difficult to define applicable recommendations on silvicultural 
targets or critical values. A critical (average) forest density on the stand-scale does 
not indicate a low protection by forest inevitably as small-scale topographic features, 
stumps, logs or other stands may substitute the barrier effects or not. The gap concept 
implements the spatial variety in forest density but is affected by the same limitations. 
Kalberer [93] for example found a high rockfall risk reduction by forest in a study area, 
although the forest did not fulfill the requirements according to NaiS (Table 3). This 
was an effect of the length of the slope covered by forest and of cumulative effects of 
the woody vegetation [93]. Therefore, the recommendations in NaiS [29] have been 
replaced by an online tool, which implements the length of the forested slope, but 
refers to the average stem density or basal area on the slope-level [87].

The European guidelines consider the basal area (or stem density), some also a 
minimum length of the forested slope and the gap length, but they do not refer to 
effects of cumulative gap lengths and basal areas as proposed by [93, 94]. Some of 
the guidelines do not clearly disclose the relation of the targets to the considered 
spatial level [7]. However, a protective function (and effect) should not be allocated 

Guideline NaiS & SFP 
“minimum”

GSM-N GSM-S ISDW

Spatial level plot (stand) site* (stand)

Starting zone — gap length
≤20 m

— same values as in 
the transit zone

Transit zone stem density stem density stem density & 
basal area

stem density & 
young growth

Block diameter
<40 cm

≥400/ha
DBH >12 cm

— — —

Block diameter
40–60 cm

≥300/ha
DBH >24 cm

— — —

Block diameter
60–180 cm

≥150/ha
DBH >34 cm

— — —

— ≥796/ha
DBH >20 cm
(>25 m2/ha)

>350/ha DBH 
>17.5 cm

and
>25 m2/ha

>400/ha DBH 
>20 cm

and
CCPY ≥15%

gap length gap length gap length gap length

<20 m if coppice
<20 m

if high forest
<40 m

— ≤20 m

Deposition zone stem density all criteria all criteria all criteria

— ≥400/ha
DBH >12 cm

same as in the 
transit zone

same as in the 
transit zone

same as in the 
transit zone

— gap length — — gap length

— <20 m — — ≤20 m

Length of the 
forested slope

— >200 m >200 m —

DBH, diameter of stems at breast height [cm]; CCPY, canopy cover of “young” trees DBH <20 cm.
*Sites along the rockfall slope defined by different slope gradients.

Table 3. 
Protective effect-related targets of the forest structure against rockfall propagation according to the European 
guidelines NaiS [29], SFP [30], GSM-N [31], GSM-S [32] and ISDW [33].
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to a minimum slope length covered by forest as the protective potential also depends 
on the terrain morphology. It is not possible to define a forested slope length that 
has no relevant protective effect and thus no protective function [94].

3. Conclusions

Forests can prevent the formation of snow avalanches. They may also reduce the 
likelihood of shallow-seated slope failures and mitigate smaller rockfall. But they are 
unable to stop large masses of snow, soil and rock in motion. Therefore, natural hazard 
risk and forest management focus on the mitigation of onset probabilities at the stand-
scale. The state of knowledge on protective effects of forests has been condensed into 
expert-based guidelines with quantitative forestry objectives. Forest effects on hazard 
propagation are difficult to implement in forest and risk management via guidelines, 
as local conditions vary considerably. The existing assessment procedures consider the 
protective mechanisms and their controlling conditions to varying degrees, depend-
ing on the state of knowledge and the complexity of data collection and process 
assessment that can be applied. Even in terms of hazard initiation, the guidelines 
propose quite different silvicultural targets which may result in under- or overestima-
tions of protective effects. Recommendations on critical canopy covers, stem densities 
and sizes of openings should be treated with caution, even though they are frequently 
quoted and applied in a multitude of scientific and practical studies. The assessment 
of the protective effects of forest is still associated with uncertainty which also arise 
from the considered risk acceptance level, spatial scale and data issues.
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Flood Protection by Forests in 
Alpine Watersheds: Lessons 
Learned from Austrian Case 
Studies
Gerhard Markart, Michaela Teich, Christian Scheidl  
and Bernhard Kohl

Abstract

This chapter highlights the influence of mountain forests on runoff patterns 
in Alpine catchments. We discuss the forest impact at different spatial scales and 
bridge to the requirements for an integrated natural hazard risk management, 
which considers forest as an efficient protection measure against floods and other 
water-related natural hazards. We present results from a wide range of research 
studies from Austria, which all reveal the runoff-reducing effect of forest vegeta-
tion in small and medium-size catchments (< 100 km2). Forests also contribute to 
runoff reduction in heavy rainfall events in macro-scale catchments (> 100 km2), 
e.g., by reducing surface runoff and delaying interflow, but above all by stabilising 
slopes and therefore reducing bedload transport during major runoff events. To 
avoid that forests become a hazard due to enhanced driftwood release, managing 
of steep riparian slopes for a permanent forest cover (“Dauerbestockung”) is a 
basic prerequisite. Often protective effects of forests are impaired by man-made 
impacts like dense forest road networks, insensitive use (e.g., false design of skid 
roads, compacting machinery, forest operations during adverse weather on wet and 
saturated soils), and delayed or omitted reforestation and regeneration. Flood risk 
management in mountain regions should include Ecosystem-based Disaster Risk 
Reduction (Eco-DRR) measures, with particular emphasis on sustainable and cli-
mate change-adapted management of protective forests. This will require integrated 
and catchment-based approaches such as comprehensive management concepts 
coordinated with spatial planning, and verifiable, practicable and correspondingly 
adapted legal guidelines as well as appropriate funding of protective forest research 
to close the existing knowledge gaps.

Keywords: mountain hydrology, floods, landslides, protective forest,  
risk management, runoff

1. Introduction

Mountain forests and their soils serve an important role in preventive flood 
protection by ensuring that rainwater is retained over large areas during potential 
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runoff formation, which has been demonstrated for medium-sized flood events 
in numerous studies (e.g., [1–5]). In contrast to grasslands, forest vegetation can 
reduce average catchment discharge by higher rainfall interception, evapotranspira-
tion, free soil pore volume and soil hydraulic conductivity, which also influence 
near-surface and subsurface runoff (e.g., [6, 7]; for definitions see Table 1).

These mitigating effects are however limited by either the intensity of a precipi-
tation event or by the soil water storage (SWS) capacity of the forested catchment 
(Figure 1; for definition see Table 1). If SWS capacity is high, surface runoff from 
forested sites remains significantly below the surface runoff from comparable sites 
without forest vegetation. In case of precipitation intensities typical for triggering 
flood events, forest’s interception capacities are reached rapidly, and evapotrans-
piration for such short duration and high intensity events can be neglected, so that 
especially subsurface runoff from forest areas may approach amounts from unfor-
ested sites – with a corresponding time delay. In addition, extensive deforestation 

Figure 1. 
Impact of forest on runoff formation compared to open areas depending on precipitation supply (amount and 
duration of event = system stress or load). Reaction = surface and subsurface runoff, which sometimes also 
results in (shallow) loose sediment landslides. Overload situations, which trigger flood events, occur when the 
capacity limits of interception and available SWS are exceeded – With high shares of subsurface stormflow, 
return flow and saturation overland flow (from: [8], modified).

Terms and symbols Definition

Antecedent soil moisture content 
(ASMC) [Vol%]

Degree of prefilling, i.e., water content of the soil before a 
precipitation event (determines the free available storage volume)

Soil hydraulic conductivity [m s−1] Ratio between the velocity vs. a hydraulic gradient in porous media 
(e.g., soils) indicating the permeability of the medium

Surface runoff coefficient SRC [−] Ratio of surface runoff vs. precipitation

Runoff coefficient at discharge 
constancy RCconst [−]

Runoff coefficient when the discharge from a given area stops 
increasing, which is derived from rain simulation experiments

Soil pore volume [Vol%] Empty pore space in the soil, that is filled with air and/or water

Soil water storage (SWS) capacity 
[Vol%]

Total amount of water that can be stored in the soil

Specific discharge [m3 s−1 km−2] Discharge per unit area of a watershed

Table 1. 
Definitions and symbols of used technical terms.
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can lead, especially on Leptosols, to a solum that is losing organic matter due to 
enhanced decomposition, which eventually results in less water absorption capacity. 
Thus, at sites where SWS capacity is naturally (e.g., shallow soils) or anthropogeni-
cally reduced, effects of forests on surface runoff formation are limited and an 
“overload situation” (i.e., a flood event) can occur much earlier, especially if soils 
are already saturated.

Besides the positive effects of forests on surface runoff, also near-surface and 
subsurface runoff are influenced by forest vegetation by allowing quick water flow 
along roots, and through channels formed by decayed roots. Concentrated subsur-
face flow is found in forest especially in soils with limited permeability or damming 
layers, i.e., when soil layers with ample porosity overlie hardpans or solid rock. For 
example, subsurface flow velocities of 5 to 35 m d−1 were measured in spruce- and 
beech-dominated forest stands on moderately inclined pseudogley soils [9], and 
intermediate flow velocities of 500 m d−1 are likely in forest soils with near-surface 
macro-pores induced by roots, fissures, or shrinkage cracks [10, 11]. That is, due to 
the macro-porous structure and propagation pressure of inclined forest soils, full 
saturation is hardly possible since rainwater infiltrating on the upper slope can force 
stored water out of the lower slope and into the watercourse. Under the same soil 
conditions, surface runoff and subsurface flow in unforested open land is generally 
higher caused by a lower proportion of rapidly permeable pores, soil compaction 
or dense root systems e.g., from Nardus stricta or some Festuca species, which have a 
hydrophobic effect (“Strohdach-Effekt”) [12].

Forest and land use management can influence the timing and volume of water 
delivered to stream channels via various discharge routes such as surface runoff, but 
also the flow paths themselves [13]. Clear cuttings, for example, lead to increased 
runoff, especially in Alpine catchments that are highly sensitive to precipitation 
change [14, 15]. The Austrian Service for Torrent and Avalanche Control (WLV) 
and the Provincial Forest Services have therefore started programs to improve 
protective forests, and to initiate and maintain high-altitude afforestation after the 
Second World War. These measures were also implemented to reduce the high costs 
for new technical protection structures and to enhance the limited effects of exist-
ing “grey” (e.g., concrete) infrastructures downstream [16]. However, browsing 
of ungulate game species and grazing livestock often counteract forest’s protective 
functions and effects in many Alpine countries [17].

2. Forest’s protective effects from slope to catchment scales

2.1 Slope scale

On steep side slopes of torrents, protective effects of forests are key for soil 
conservation since significantly higher surface runoff and erosion can be expected 
on bare ground and in scarcely vegetated areas during heavy rainfall events. Targeted 
afforestation can greatly improve the hydrological response of such sites [18, 19]. For 
example, rainfall simulation experiments (where water is constantly applied over a 
certain area and time) on clear cuttings yielded surface runoff coefficients (RCconst; 
for definition see Table 1) up to 0.8, in contrast to RCconst of up to 0.5 in young spruce 
stands [20]. Moreover, findings from the ITAT4041 project BLÖSSEN [7] show that 
even in catchments with a low proportion of forested area, forest vegetation reduces 
runoff clearly on slope and sub-catchment scales (Figure 2). Results from other 
studies indicate that secondary forests (i.e., forests, which develop through natural 
succession after disturbance of primaeval forests) have lower SRCs and lower surface 
runoff velocities than single-species plantation forests or grassland (e.g., [23]).
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Additional mechanical loads, e.g., from heavy and long-term grazing, can 
significantly worsen the surface runoff behaviour (amount and timing) in for-
ested sites leading to similar surface runoff patterns as in grazed grasslands [12]. 
Comparisons of rainfall simulation data collected in twelve catchments in Austria 
with different types of land use and cover, including ski runs, showed that (forest) 
soils are strongly affected by compaction and/or grazing [24]. Levelled medium to 
fine textured forest soils are most affected when they are tilled during wet weather 
conditions and immediately as well as continuously compacted by vehicles or graz-
ing. Consequently, they have very high runoff coefficients. However, forest road 
cuts in general largely disturb slope-scale surface runoff and cause erosion [25, 26] 
(Figure 3). In addition, high proportions of the uphill slope’s surface and subsurface 
flows as well as the runoff from the road enter the receiving watercourse much faster 
than from undisturbed slopes [28].

Figure 2. 
Modeled specific discharge with ZEMOKOST [21] for a forest clearing with scarse ground vegetation cover and 
after reforestation of this site at Istalanzbach catchment in Tyrol, Austria, during a torrential rainfall event 
(58,3 mm precipitation in 60 min) yielded low surface runoff from reforested areas (orange) and high runoff 
peaks on forest clearing (blue) with poor ground cover (from [22]). Results were validated with data from rain 
simulation experiments.

Figure 3. 
Typical distribution of runoff coefficients at constant discharge for a slope segment with a forest road cut, 
representing results from rainfall simulation experiments. On average, RCconst between 0.8 and 0.9 can be 
expected for the entire width (red dotted line) and 1.0 for the road over a width of at least 5 m (from [27]).
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Unfortunately, anthropogenic changes repeatedly outweigh the positive effects 
of measures to improve the hydrological function of protective forests. To partially 
compensate for 1 ha of disturbed and levelled forest soil, a minimum area of 5 ha of 
downslope forest must be optimised e.g., from RCconst = 0.2 to RCconst = 0.1. In fact, 
compensation is much more difficult and costlier, because runoff from roads and 
road outlets is concentrated in concave depth contour lines down slope and flow 
distances of hundreds of meters downhill are necessary to entrain such concen-
trated surface runoff at least partially [27].

2.2 Micro-catchment scale (< 10 km2)

Peak flows in forested catchments (< 10 km2) occur with a significant delay and 
are generally lower compared to unforested areas [22, 29]. This was also proven in 
a modeling experiment on the hydrological impact of land management changes 
implemented by the WLV between 1953 and 2003 in the Finsing Valley in Tyrol, 
Austria [3]. The largely forested control catchment of the Hundsbach (0.9 km2) 
experienced little changes over the studied period. In the Taleggbach catchment 
(1.7 km2), the area of alpine pastures was reduced by 75% after 1953 by afforesta-
tion measures, and conditions of forests were improved, e.g., by abandonment of 
forest pasture or closing of gaps by afforestation. Simulations of precipitation and 
runoff relationships (P/R) with the P/R model ZEMOKOST [21] showed no change 
in the discharge for the Hundsbach between 1953 and 2003 (Figure 4). In contrast, 
a significant reduction of the peak discharge by more than 50% was modeled for 
the Taleggbach catchment after the hydrological optimization measures became 
effective, i.e., the increased surface roughness (c) in the improved protective forest 
significantly reduced surface runoff velocity. Simulation results were validated by 
field data collected in 2007. In small mountain catchments, afforestation and forest 
structure improvements can considerably reduce surface runoff as also shown for 
other mountain areas, e.g., in Serbia [29].

Figure 4. 
Peak discharge modeled with ZEMOKOST [21] for torrential rainfall events of different duration from the 
Hundsbach and Taleggbach (Finsing Valley, Tyrol, Austria) before (1953) and after hydrological optimization 
measures were effective (2003) in the Taleggbach catchment, where critical event rainfalls lead to the highest 
peak discharge after 30 min in 1953 compared to 50 min in 2003 with a 50% discharge reduction (from [3], 
modified).
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2.3 Meso-catchment scale (10-100 km2)

We also assessed the hydrological impact of land management improvements 
(improvement of forest structure, extensive afforestation at high altitudes, reduc-
tion of pasture areas, etc.) and local deterioration with ZEMOKOST [21] for the 
entire Finsing valley (46.6 km2) [30]. For the land use and management status of 
2007 the critical design event rainfall (84 mm) lasted 64 min with a peak discharge 
of 122 m3 s−1. In 1953, the critical rainfall duration was 71 min with a peak discharge 
of 113 m3 s−1 (Figure 5). Given this small difference in runoff behaviour, one could 
assume that the elaborate and costly measures did not have an adequate runoff 
reducing effect. However, land use and management additionally changed since 
1953 due to deteriorating measures over large areas by converting meadows to pas-
tures, constructing ski slopes, and sealing soils for touristic infrastructure. Without 
the improving land management measures by the WLV, peak discharge would have 
been about 160 m3 s−1 in 2007 (see Figure 5). Therefore, forest vegetation controls 
runoff volume and timing also in mesoscale catchments.

Specifically, on the meso-catchment scale, sealing or grading and compaction of 
forest soils have devastating impacts on runoff and flood formation, which can only 
be compensated to a limited extent by improving protective forests located below 
or onsite [30]. In France, for example, deforestation in the headwaters of mountain 
rivers was blamed for extensive flooding in the valley floors in the late 18th century. 
The argument of increased runoff caused by deforestation was soon generalised 
and applied to the whole Alpine region. The so-called “Deforestation paradigm” 
[31], was born particularly due to the massive lobbying by forest associations. In 
Switzerland and other regions of the Alps, flood protection principles developed in 
the 19th century remained unchanged until the second half of the 20th century [32]. 
This was only changed by the emerging environmental debate and the occurrence 
of new severe flood events, despite massive defence and afforestation measures in 
the catchment areas [33].

Figure 5. 
Computed effects of land use and management on peak discharge in the Finsing Valley, Tyrol, Austria (from 
[31], modified).
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2.4 Macro-catchment scale (> 100 km2)

The retentive and runoff-reducing effect of forest vegetation during persistent and 
heavy rainfall events over large areas appears to be small, according to various studies 
(e.g., [8, 34, 35]); Forests have, however, an area-wide retentive effect on runoff 
formation, not only because of rainfall interception, but also because forest soils 
generally show better infiltration characteristics [36]. According to Wahren et al. [37] 
“the effectiveness of land-use changes in flood protection is limited but the biggest 
potential of decentral flood retention lies in the sum of effects (infiltration, pre-event 
soil moisture, soil storage, surface roughness, reduced erosion risk etc.)”, however, “…
the exact role of land use change in modifying river floods is still elusive…” [38].

During the devastating flood event of 22–23 August 2005 in Western Austria, up 
to 214 mm precipitation was measured in 24 h at Au in Vorarlberg. Almost area-
wide indications for intensive surface runoff such as turned-over grass and traces 
of transported fine sediment were found on alpine pastures in the event analysis. 
Many shallow landslides indicated additional intensive subsurface flow above less 
permeable soil layer in the pastures. Surveys in the surrounding forest areas did 
not show any evidence of increased surface runoff, besides some temporary flow 
in small channels and runoff reactions from karst systems. The number of shallow 
landslides in forest covered areas was very low [39].

Ultimately, we repeatedly forget the multifunctionality of protective forests in 
technical discussions about forest’s impact on runoff and, therefore, upon flood 
events in macro-scale catchments. Even during continuous or longer heavy rainfall 
events, adequately managed protective forests provide a stabilising effect on slopes 
and reduce the transport of solid material by lateral mass movements and thus the 
potential for mud- and debris flows.

3. Reducing mass movements vs. enhancing driftwood release

In addition to surface runoff reduction, forests can also influence erosion, 
transport, and deposition of coarse sediment and therefore fluvial bedload along 
streams as well as mud- and debris flows. In many cases, spreading of root systems 
contributes significantly to the stabilisation of slopes, preventing shallow landslides 
[39–41], and potentially reducing material supply for bedload transport. This effect 
may gradually decrease after the loss of forest cover and delayed reforestation, 
which can lead to a dramatic increase in subsurface flow up to 400% within the first 
four years and a loss of the soil-stabilising effects of the root system within 15 to 
20 years after forest cover loss [39] (for details see chapter [42] of this book).

Especially in steep Alpine catchments, lateral erosion processes are related to mass 
movements such as landslides or avalanches, which can entrain and transport coarse 
and fine sediments and downed trees into streams [43, 44]. Through the release 
of driftwood (already lying large woody debris or debris downed during the flood 
event) and in-channel wood (transported during previous flood events), protective 
forests can also enhance danger for outburst flooding by clogging grey infrastructure, 
increasing damage from mud- and debris flows and causing dam breaks [43].

Several approaches to assess the potential damage driftwood can cause have been 
recently developed and applied in protective forest management (e.g., [43, 45, 46]). 
For example, the danger of potential driftwood release was explicitly included when 
modeling fluviatile hazard processes to identify forest areas in Switzerland that 
protect an acknowledged damage potential within the project SilvaProtect-CH [47]. 
GIS-based approaches to assess driftwood potential were developed for Bavaria, 
Germany [46], and Tyrol, Austria [48].



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

72

To reduce the potential of driftwood release from old and mature forest stands 
along torrents, a more frequent harvest interval should be considered. During a 
disastrous precipitation event in the 4 km2 Seigesbach catchment area in Tyrol, 
Austria, on 7–8 June 2015 approximately 200,000 m3 of solids were discharged, but 
almost no driftwood was entrained in the channel. An analysis of the event showed 
that large areas of the catchment were unforested caused by previous windthrow 
and salvage-logging [49], and that regeneration was largely absent due to high pres-
sure from ungulate browsing. However, the loss of the forest cover and the absence 
of a viable regeneration led to higher incidences and greater extents of landslides 
compared to the catchment area with undisturbed forest (Figure 6). Therefore, 
slopes with high driftwood potential should be managed for a permanent forest 
cover (“Dauerbestockung”) and larger trees should be removed at shorter intervals. 
This approach still contradicts the current management practice, where clearings 
are recommended at distances of 1–1.5 tree lengths from the stream channel [50].

4. Integrated risk management and climate change

An analysis of almost 11,000 catchments in the Eastern Alps has shown that an 
increase in forest cover by 25% reduces the probability of torrent-related natural 
hazards by 8.7% ± 1.2% [5]. Thus, measures to maintain, improve and restore the 
hydrological buffering effect of forests are important for reducing natural hazard 
risks and for climate change adaptation. The problem, however, is to quantify 
the effectiveness of specific measures in the socio-ecological context [51]. “Risk 
management, communication and planning of forest ecosystem services are com-
plicated by uncertainty, insufficient information or information of poor quality, 
limited cognitive capacity and time, along with value conflicts and ethical consid-
erations” [52]. Thus Calder et al. [53] proposed an improved approach to river basin 
and flood management, combining land use management in watersheds with land 
use planning, technical measures, flood prevention and emergency management 
in the affected floodplains, which corresponds to the goals of Ecosystem-based 
Disaster Risk Reduction (Eco-DRR) [54] (for further information on Eco-DRR see 
chapter [55] of this book).

Figure 6. 
Seigesbach catchment in Tyrol, Austria, after the heavy rainfall event from 7 to 8 June 2015, which released 
approx. 200,000 m2 of solid material. Previous driftwood management adjacent to the torrent and large 
area salvage-logging following windthrow resulted in less driftwood, but more landslides were released from 
these areas.
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Traditional approaches of flood risk management must be adapted to changing 
conditions due to population growth linked to high area consumption and increased 
soil sealing, large-scale changes in land use and climate change. On sites not affected 
by drought, or extreme temperatures and/or substrates, targeted protective forest 
management should aim to achieve increased resistance and resilience of the forest 
vegetation against natural disturbances (e.g., windthrow, bark beetle outbreak) 
and climate change without reducing the protective effects against natural hazards 
[44, 56, 57]. Therefore, future flood risk management and disaster risk reduction 
requires more integrated, site adapted and catchment-based approaches [58], i.e., 
a better-balanced mixture of technical and ecosystem-based protection measures 
[59]. Near-natural flood protection measures such as small-scale forest manage-
ment, timely reforestation, afforestation, avoidance of mechanical stresses to forest 
soils and the sustainable management of non-forested sites can significantly reduce 
volume, timing, and velocity of rapid runoff and shallow landslide disposition in 
small Alpine catchments [12, 27, 39, 60]. Such measures, therefore, can mitigate the 
potential impact of flood events and extend the time for disaster preparedness.

Climate change and associated increases of natural disturbances such as 
windthrow and insect infestations will alter the effectiveness of protective forests 
in preventing shallow landslides [61] (see also chapter [62] of this book). Landslide 
risk will increase and, thus, optimising forest management regarding climate 
change and natural hazards, including hydrological and geomorphological hazards, 
is a necessity [63]. Current protective forest management practices mainly view 
ecological conditions and site units as static but adapting to climate change requires 
a more dynamic approach [64].

The following steps are essential to ensure that findings from scientific research 
will be applied in catchment area management and to improve public acceptance of 
forest as an effective and cost-efficient protection measure against natural  
hazards [65]:

• Development of practical guidelines with generally understandable 
vocabulary,

• Adapted legislation and by-laws at national and local levels to apply and imple-
ment guidelines consistently and comprehensibly,

• Increased financial support for more applied research on forests and water as 
the basis for practical guidelines [53].

Based on results from the ITAT4041 project BLÖSSEN on “Effects of delayed 
reforestation on natural hazards”, a stakeholder workshop, extensive field investiga-
tions, experiences of foresters in the test areas and results from other field surveys 
in 40 catchment areas as well as an extensive literature review, a first “Guideline 
to optimise the hydrological effect of protective forests” for mountain areas in the 
Eastern Alps was developed [27]. This guideline is an essential basis for future 
protective forest management and implementation of technical measures, e.g., by 
the Tyrolean Forest Service.

Integrated risk management should ensure the highest possible long-term 
protection from natural hazards [66]. Consequently, the instruments for spatial 
planning should be implemented in such a way that construction of new grey infra-
structure does not adversely affect natural hazards and vice versa. This can only be 
achieved through efficient coordination and communication between all involved 
entities such as public authorities, forest services, and landowners during the 
planning phase. Such a participative process guarantees the acceptance of optimal 
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Chapter 5

Geodata Requirements for 
Mapping Protective Functions 
and Effects of Forests
Frank Perzl and Michaela Teich

Abstract

Mapping of protective functions and effects of forests is subject to geodata 
on 1) natural hazard susceptibilities (hazard potential), 2) assets to be protected 
(damage potential), and 3) forest conditions, that is, forest use (legal extent) and 
cover (structure). Objectives in terms of legal definitions of assets and levels of 
risk acceptance (protection targets) as well as on the necessary and guaranteed 
reliability of the map products determine the mapping scale and the requirements 
for the methods and input data to be used. However, applied definitions of protec-
tion targets are often missing in the legislative bases and mapping approaches must 
rather be adapted to the existing geodata, their conceptual data model and quality, 
than simply using existing methods. Agreeing on the assets to be protected and 
the quality of their digital representation in terms of spatial resolution, positional 
accuracy, currentness, topological consistency, and entities is crucial for mapping 
object protective forests. The reliability of assessing protective effects of forests for 
large areas based on information acquired with remote sensing techniques depends 
on the temporal match, spatial and spectral resolutions, and limitations in repre-
senting current forest conditions by spectral and elevation data.

Keywords: protective (protection) forest, protection targets, protective function, 
protective effect, natural hazard risk, spatial modeling, mapping, geodata

1. Introduction

The protective function of forests defines their role in natural hazard risk 
mitigation that is required by society. To spatially determine the protective function 
of forests dependent on a hazard potential and a damage potential is the first level 
of risk analyses considering the protective capabilities of current or future forests. 
On this first level, delineating object protective forests (or object protection forests; 
see chapter [1] of this book) and areas to be potentially afforested, the effect of the 
current forest is not considered. The term “hazard potential” refers to the onset and 
propagation probabilities (frequency and magnitude) of natural hazards as well as 
to their intensity without considering the effects of the current forest cover (and 
other mitigation measures) on the hazard component of risk. The “damage poten-
tial” describes the probability and the relevance of damages to assets like infrastruc-
tures due to their exposure and vulnerability — the other two components of risk 
(see chapter [2] of this book). However, approaches of forest function mapping 
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(e.g., [3–8] and see also book chapters [9–11]) often simplify the hazard intensity as 
well as the damage potential since they are difficult to assess reliably on a regional 
scale [5].

The protective effects of forests are their capacity to reduce natural hazard’s 
frequency, magnitude, and/or intensity (see chapters [1, 12] of this book). The 
next crucial step of an ecosystem-based natural hazard risk management by forest 
is, therefore, to consider the effects of the existing woody vegetation on hazard 
frequency, magnitude, and intensity. However, the assessment of the protective 
effects may be limited to forests with an object protective function to focus on areas 
at risk, that is, areas with a damage potential.

Modeling and mapping protective functions and effects of forests require 
geodata on 1) the hazard potential, 2) the assets to be protected, and 3) forest 
locations and conditions as well as on forest growth capacities. The importance of 
appropriate geodata for mapping protective functions and the effects of forests are 
often obscured by presenting concepts, methods, and outputs of spatial hazard 
modeling and affected areas; however, without high-quality digital geodata (e.g., 
on the infrastructures to be protected, their type of use and vulnerability), protec-
tive functions and effects of forests and subsequently the natural hazard risk and 
its mitigation by forest cannot be determined efficiently. We introduce the main 
categories of thematic geodata required for protective function and effect mapping 
of forests and highlight specific issues linked to the use of geodata based on concep-
tual considerations and our experiences.

2. Spatial scale and the topographic baseline information

Although hazard and risk assessments can be carried out at all geographical 
scales depending on the intended use of the analyses [13], the mapping of protec-
tive functions and the effects of forests is mainly an issue of the spatial resolution 
and accuracy of the available topographical basis, especially of the digital terrain 
model (DTM), because of topographic characteristics such as elevation and slope 
control hazard susceptibility. The DTM is the key dataset for hazard assessments 
dictating all further steps of data acquisition and data processing, including the 
compilation of geodata on assets in raster and vector formats. In the case of a coarse 
resolution of the DTM, consideration should be given to whether it makes sense to 
include assets with very small footprints such as electricity pylons. They must be 
represented in the same resolution as the DTM in raster modeling. The coarser the 
resolution of the DTM, the less accurate is the hazard modeling and subsequently, 
the potential assets at risk are subject to larger uncertainty. Even at global levels, 
forest function mapping at (DTM) resolutions greater than approximately 30 m is 
not appropriate and limited to key infrastructure (e.g., in Europe [14]) since this 
is about the maximum width of main traffic infrastructures, the average width 
of residential units (with ancillary areas), for example, [15], and of gravitational 
hazards of significant magnitude. However, very high-resolution input data do not 
improve mapping results necessarily as shown for landslide susceptibility mapping, 
for example, by [16]. Very high resolutions may also be inappropriate for visualiza-
tion of the results as they overstrain human capabilities of information perception 
and pretend that the results are highly reliable. Regardless of hazard type-specific 
requirements, a DTM resolution of 10 m, for example, derived from LiDAR returns 
based on a sample size of at least 0.2 ground classified points/m2, is appropriate for 
modeling hazard and damage potentials to assess protective functions of forests on 
a regional scale. Furthermore, a 10-m resolution is suitable for the small-scale and 
heterogeneous land use in the Alpine Region as well as limits computation time.
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3. Spatial data on hazard potential

To identify forests with protective functions, hazard potential indication maps 
for all types of natural hazards that may occur in an area, and which are clearly 
influenced by forest if managed properly, are required. Hazard potential indica-
tion maps are hazard maps that indicate areas, which may be affected by hazards 
without considering the potential protective effects of current forests or other 
protection measures such as technical defense structures [5]. Already including the 
effects of these protective green and gray infrastructures in the hazard assessment 
would exclude areas with protective forests or areas that are secured by technical 
measures, although a hazard susceptibility exists and despite potential and sudden 
changes of the forest conditions, for example, through windthrow.

There are five main requirements on hazard indication maps to be applied for 
the assessment of forests’ protective functions, which are as follows:

1. they exclude all risk mitigation measures and their effects,

2. they are not limited to the observed hazard occurrence but also show the total 
basic hazard susceptibility due to climate, topography, and/or geology,

3. they do not only show the onset susceptibility but also the propagation  
probability of hazards,

4. they distinguish zones of onset (starting zone) and propagation probability 
(transit and runout zones) to consider different requirements on protective 
forest conditions in each zone dependent on the hazard type, and

5. they are based on the same (“global”) scale of hazard probability.

In addition, appropriate hazard indication maps should provide at least a 
qualitative or preliminary zoning (ranking) of the damage potential, which is also 
a question of the elements at risk. The available hazard (indication) maps may 
not satisfy these criteria. For example, in contrast to snow avalanche and rockfall 
hazard maps, landslide hazard indication maps often only show onset susceptibili-
ties (biased by data collection and forest effects [17]) based on local or regional 
probability scales, which are not comparable [8]. In addition, maps of permanent 
(deep-seated) landslides are usually difficult to interpret in terms of activity, 
reactivation, and zones susceptible to the influence of forest.

The methods and data requirements for producing hazard maps are described 
extensively in the literature, for example, in [18] for landslides and in [19] for 
qualitative rockfall assessments, but even the simplest approaches are data inten-
sive. Therefore, we recommend to always critically question whether an approach 
is suitable for protective function mapping and if the costs for data collection are in 
relation to its benefits. In practice, time constraints and the availability of data and 
financial resources are the major decisive factors.

4. Spatial data on damage potential (assets to be protected)

The assets to be protected from impacts of natural hazards (hereafter referred 
to as “assets”) are also referred to as “elements-at-risk” in disaster risk reduction 
(DRR) literature, which is not appropriate in any case. The latter term refers 
to “population, properties, economic activities, including public services, or 
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any other defined values exposed to hazards in a given area” [20]. According to 
this definition, the “elements-at-risk” is a subset of assets already including the 
spatial intersection with the hazard potential. Therefore, the term should not 
be used for the selection of “goods” to be protected because of a legal or another 
social convention and is no longer mentioned, for example, in [21]. In the context 
of forest function planning, a terminology different from the DRR community is 
used (see also book chapters [1, 12]); that is, the assets to be protected by forest 
and their entities are called “objects.” A simple intersection of hazard maps and 
assets is sufficient to identify endangered objects (the damage potential) and for 
risk assessment but not for delineating forests with protective functions. That is, 
all relevant hazard runout, transit, and starting zones uphill of the potentially 
endangered assets must be identified and separated from those that do not 
endanger assets [3, 5].

Any form of risk analysis requires to preselect the assets (objects) to be pro-
tected and included, which are types of land use or planned land use (interest in 
future land use) and, in the case of assessing forests’ object protective functions, 
located outside of forests. The preselection of objects may be supported by consid-
ering the susceptibility of assets to damage and the consequences of potential loss 
due to the probability of the presence of people, the economic and cultural value, 
the physical fragility, interruptions of access, or other criteria of vulnerability such 
as the possibility to evacuate. Note that vulnerability is a very complex risk-related 
characteristic of assets including physical, social, economic, and environmental 
properties [13, 22, 23] (see also chapter [2] of this book). Vulnerability summarizes 
“the conditions determined by physical, social, economic and environmental fac-
tors or processes which increase the susceptibility of an individual, a community, 
assets or systems to the impacts of hazards” [21]. Physical vulnerability, that is, the 
fragility of physical assets, is hazard-specific and often evaluated in the exposure 
assessment of the risk analysis. For example, different construction types have 
different physical attributes (e.g., building material of houses), but their quantita-
tive consideration depends on the hazard type. The physical vulnerability may be 
the most important criteria for preselecting assets. Direct costs of damages (build-
ings and infrastructure) are easier to estimate and give rise to indirect costs [24]. 
However, selecting assets as the first step to define the protection targets for map-
ping protective functions of forests is ultimately and always politically driven and 
influenced by cultural and ideological value attitudes linked to questions of justice 
and regional development [5, 25].

The specification of assets may be based on legal bases that governmental hazard 
risk and forest management agencies must comply with. However, legal specifica-
tions do not ensure expedient registrations of assets and risks. For example, accord-
ing to the Austrian Forest Act of 1975 amended in 2002 [26], people and all their 
infrastructures as well as cultivated land are assets to be protected by forest. The law 
does not contain any clauses, rules, and administrative authorizations to exclude 
infrastructures or land use that are of low importance, where importance translates 
the public interest in the preservation and use of an object for society. Therefore, 
the lists of assets in the administrative directive for mapping protective functions 
of forests included infrastructures such as forest roads and “frequently used” hiking 
trails, and even land uses with low vulnerability such as meadows and pastures. 
A debate about the asset component of risk was started when spatially modeling 
hazard and damage potentials to support the Austrian-wide mapping of object pro-
tective functions of forests, which resulted in the new “Hinweiskarte Schutzwald 
in Österreich” (indication map of protective forests in Austria, [7]). The geodata 
collection [27] revealed the limited applicability, risk orientation, and data recon-
ciliation of existing geodata as well as the high-editing efforts that were required 
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to complete, correct, and convert the available data into spatial information useful 
for this spatial modeling and to distinguish the protection targets according to the 
administrative guidelines for protective function mapping. Analyses of the Swiss 
[25] and Austrian [28, 29] natural hazard risk regulations also show a low coher-
ence of the legal definitions of protection targets since there is no consensus on “the 
values at which a damage should be considered as a damage” in a risk context [25]. 
Discussions on assets and their vulnerability are often characterized by adminis-
trative traditions, anecdotic perceptions of hazards’ consequences, and personal 
affinities, rather than by analysis of hazard inventories. Moreover, we experienced 
that geodata providers are often not aware of the key role their data have in natural 
hazard risk analyses.

The geodata and their entities about assets needed for mapping object protec-
tive functions of forests depend on the protection targets, the requirements on 
potential damage quantification and accuracy, and the data models. The informa-
tion provided by available datasets may be incomplete or aggregated, but this can 
be bypassed by defining levels of spatial aggregation and comprehensiveness [27]. 
Furthermore, object protective function mapping may be a chance to coordinate 
data needs and concepts with geodata service providers as well as to complete 
geodata about infrastructures. Many different types of assets exist, which must be 
collected from numerous sources and can be classified and prioritized in various 
ways [13, 25]. Most of the spatial digital asset data are available in vector format 
since this format preserves the shape of infrastructures like buildings and road 
networks and meets the requirements of different administrative organizations. 
However, it is always recommended to consider the limitations of land use repre-
sentation by different vector models and, in particular, of vector-to-raster and vice 
versa conversions in relation to requirements on the spatial resolution of the model-
ing. Most methods of risk assessment and visualization involve converting geodata 
from one format to another. For example, a polyline dataset of a road network 
can reflect the area and width of small roads at raster cell resolutions smaller than 
10 m without any special adaptions, but polygon features may be necessary for the 
widths of highways and building footprints. Surprisingly and although GPS car 
navigation started by the end of the 1990s, the official (rural) road network topolo-
gies in Switzerland and Austria were proven to be incomplete and not sufficient for 
mapping object protective functions of forests [4, 5]. In Austria, for example, it was 
not systematically possible to derive the importance of the connectivity function 
of roads simply from the data attributes and to differentiate forest roads from local 
(public) access roads to inhabited settlements.

A frequently used method for determining the requirements on asset geodata 
appropriate for forest function mapping is to establish classes that translate the 
public interest in the preservation and use of an object for society. Such classes 
are called object classes and are often based on matrices of protection targets as, 
for example, proposed by BUWAL [30]. The object classes provide qualitatively 
determined priorities for protecting assets and subsequently prioritize the protec-
tive functions of forests. However, such lists often differ considerably. They incom-
pletely cover the multitude of existing assets and the variety of their characteristics 
in terms of vulnerability as well as the information provided by the geodata.

In Table 1, we compare the rankings of objects (object classes) according to the 
Swiss BUWAL (now Federal Office for the Environment — FOEN) matrix [30], the 
French protective forest management guideline GSM-S [31], and the new Austrian 
concept for forest function mapping (WEP) based on [27]. All classification 
systems use a four-level ordinal scale of the need for protection from “high” (3) to 
“very low” (0). Although this is not clearly regulated by law, in Austria, forests with 
an object protective function are only allocated for object classes 3 and 2. However, 
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Asset types and entity codes of the Austrian A, French F, and 
Swiss S object classification system

Object class (priority)

Settlement (residential and commercial) areas, buildings BUWAL GSM-S WEP

S321 Settlement area; the area/number of buildings 
is not defined

3 — 3

F11 Settlement area, dense, more than 10 
residential units

— 3 3

F12 Settlement area, scattered, 2–10 residential 
units

— 2 3

A01, S231, F13 Building suitable for residence (or multi-
functional use)

2 1 3

S322, F51 Industrial area; the area/number of buildings is 
not defined

3 3 3

F52 Commercial area; the area/number of buildings 
is not defined

— 2 3

F53 Craft business area; the area/number of 
buildings is not defined

— 1 3

A02 Building for public service, commerce, factory, 
supply disposal

3 3–1 3

A03, S232, F63 Agricultural building (in A: except hayracks) 2 1 3

A04, S324, F41 Building for sports (recreation), cultural, 
religious use

3 3 3

F82 Historical building ? 2 3

A05, S325 Valley station of a cable car (lift) connected to 
public traffic

3 ? 3

A06 Facility area of A01–A05, building direct 
adjacent to A01–A05 or a facility area of 

A01–A05

3 — 3

A27, S221 Other buildings than A01–A06 1 — 1

A07, S323 Land designated for housing (A01–A05) or 
special use

3 0 3

Special infrastructure

A08 Facility – supply-disposal and communication 
except lines and pipes

3? — 3

A09 Land designated for facilities (A08) 0 0 3

A10, S234, 
S223, S213, F32, 
F33

Above ground supply and disposal pipe 2–1 2–1 3

S234 Overhead utility line network of national 
importance

2 2 0

S223 Overhead utility line network of regional 
importance

1 2 0

S213 Overhead utility line network of local 
importance

1 1 0

A24 Utility pole of the high-voltage overhead line 
network

— — 2

A29 Utility pole of other overhead line networks 
than A24

— — 1
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Asset types and entity codes of the Austrian A, French F, and 
Swiss S object classification system

Object class (priority)

Settlement (residential and commercial) areas, buildings BUWAL GSM-S WEP

Traffic infrastructure

A11, A13, S311, 
F21

Road or railroad (of national importance) 3 3 3

S233, A13, F22 Road or railroad (of regional importance) 2 2 3

A18, S222, F23 Road of local importance 1 1 2

A13, S222, F23 Railroad of local importance 1 1 3

A25 Material railway and its facility area ? ? 2

A32 Forest road or road for farming (connecting to 
alpine pasture)

? ? 1

F24 Forest road 0 0 1

S211, S212, S12, 
S13, F44

Field path, hiking trail, climbing route 1–0 0 0

A12 Parking lots ? ? 3

A14 Cable car (tram) line and its facility area 2? ? 3

A28 Material ropeway and its facility area ? ? 1

A15 Airfield 3–2? ? 3

A16 Land designated for air traffic (A15) 0 0 3

Sports, culture, and recreation

A19 Cemetery, park ? ? 2

A20, S324, F41 Outdoor sports facility (except the housings) 3 3 2

A21, S324, F41 Campground 3 3 2

A22, S236, C14, 
F43

Ski run, cross-country ski trail, or sled run 2–1 2 2

A23, S312, 
S235, F43

Line of aerial cable car or surface lift (ski lift) 3–2 2 2

A26 Land designated for parks or outdoor sports 
facilities (A19–A23)

0 0 2

Mining, disposal, cropland, pasture, forest

A30, A31 Above ground mining area, open disposal/
waste processing

? ? 1

A33, S224, F63 Nursery, horticulture (except gardening houses 
→ A03)

1 1 1

A34 Land designated for nursery or horticulture 
(A33)

0 0 1

A17, S224 Cropland 1 0 3**, 0

S225 Forest with protective function 1 0 0

A35, S214, F64 Agricultural land use other than A17, A33 1 0 1

S15, S16, F74 Natural environment 0 0 0

**If the soil is susceptible to wind erosion.
? the allocation to an entity or priority is not clear.

Table 1. 
Categories and rankings of assets according to the Swiss BUWAL matrix [30], the French protective forest 
management guideline GSM-S [31], and the new Austrian concept for forest function mapping (WEP) [27].
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rankings of assets raise questions about legality and equality, and may not be in line 
with the views of property users and owners as shown by Hess [25].

Since the BUWAL rankings also include hazard (frequency and intensity) sce-
narios, we refer to the 30-year recurrence probability. Italic numbers refer to entities 
included in other categories of the respective system.

Table 1 shows considerable differences between the national systems in the 
categorization (degree of aggregation) and ranking of objects. For example, in 
contrast to the Austrian system only referring to their local or higher relevance, 
the Swiss and French concepts distinguish infrastructures of national, regional, or 
local importance. In addition, the Austrian system does not differ priorities due to 
the number of residential units but allocates a high priority also to single residential 
and agricultural buildings, since this would otherwise be counterproductive to rural 
development objectives.

Aspects that are hardly considered when selecting and mapping assets are how 
to deal with future land use and limitations of geodata topicality. Protection against 
natural hazards (by forest) and risk assessments (but not hazard zoning) are mostly 
related to the currently existing assets. However, zones of land use (development) 
plans express interests in future land use and may also show the current use for 
housing more accurately than the polygons of real property cadastres [27]. That is, 
geodata on legal designations of building land are often also necessary to identify 
its current use from property data [32]. Furthermore, it is advantageous to show 
that future housing on building land may be tied to the protective effect of forests, 
which, therefore, must be maintained as a prevention measure. Therefore, forest 
function mapping should consider specific entity types from land use planning 
[27], and meaningful mapping of the object protective functions of forests may 
distinguish between current and planned assets.

Adapting geodata on assets to the needs of forest function mapping and risk 
assessment in terms of information on the vulnerability, currentness, positional 
accuracy, and interoperability as well as the integration of local community 
knowledge is still in an initial stage. Studies recommend crowdsourced spatial 
data complementing governmental data to improve data availability and to include 
local knowledge [13, 33]. However, our experiences are ambiguous in terms of data 
models, quality, and consistency.

5. Spatial data on forest conditions

The term “forest” may refer to a forest cover-based or a forest use-based forest 
definition. The forest cover is land currently covered by trees depending on tree 
height and crown cover thresholds, whereas forest use refers to all land areas that are 
allocated to forestry to produce forest products and benefits, and not only to areas 
with a current tree cover or to currently managed woody vegetation. This includes 
clear-cut areas without a tree cover and may include shrubland or agroforestry land, 
depending on the (national) forest definition. In the countries of the European Alpine 
Space, the forest is legally defined in different ways as an area with current forest use.

Note that there is a different meaning of the wordings “object protective function of 
forest,” since this may also refer to other current land use than forest, and “forest with 
an object protective function.” To identify areas with an object protective function of 
forest hazard starting, transit and runout zones (hazard potential) that are associated 
with endangering assets (damage potential) are overlayed with the current forest use 
as well as with the areas suitable for future forest use (growth) (see also chapter [9] 
of this book). Current forest use land with an object protective and/or a site (soil) 
protective function (see also chapters [1, 12] of this book) is legally classified as 
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protective forest and protected from deforestation in the Alpine Space if the additional 
legal requirements dependent on national law are met (see [34]). It should be noted, 
however, that forests classified as protective forests may also have insufficient cur-
rent protective effects. A map of the other land use than current forests appropriate 
for forest growth with an (object) protective function of forest indicates areas whose 
afforestation will contribute to the protection against natural hazards in the future as a 
nature-based solution (e.g., due to high altitude afforestation [35]).

Three basic requirements for spatial geodata sets on forest conditions can be 
derived from the above concept; that is, geodata need to provide information on 
the a) current forest use, b) capacities for forest growth also outside of the current 
forest use, and c) they need to be consistent with other land use information in 
terms of topology and interoperability. The available geodata on forest conditions 
often do not meet these criteria, because, for example, forest areas are mapped 
independently from other land use categories by different organizations, which can 
result in indistinct land use assignments. Furthermore, available forest layers may be 
based on different forest criteria, which do not always correspond to the legal forest 
definitions. Usually, the ability of remote sensing techniques to retrieve forest areas 
in line with legal definitions is limited. The often ambiguous forest criteria anchored 
in national forest acts hinder their full application. Therefore, we highly recommend 
checking the specifications of the available forest maps and the definitions that they 
are based on before selecting a specific map product in coordination with clients.

In contrast to forest function mapping, the protective effect of the woody veg-
etation, whose quantification is often the next step in natural hazard risk analyses, 
is not subject to forest use but an issue of the forest cover. Therefore, risk analyses 
that include the protective effect of forests or other woody land require information 
on forest cover characteristics based on appropriate spatial units (Table 2).  

Characteristics of the 
forest (tree) cover

Influenced hazard types Applicability of methods

Avalanche Rockfall Landslide VIO PIA IEM ACS ACE

Mean height + +/- ? L M M L H

Mean diameter ? + + L L L L L

Canopy cover + + ? M M M M H

Live canopy cover + + + M M L H L

Canopy depth +/- +/- ? L L L L L

Stem density + + ? L L L L M

Species composition + + + M M L M L

Area of opening ? +/- + M M M L H

Width of opening + + +/- M M M L H

Length of opening + + + M M M L H

Woody debris under 
canopy

+ + ? L L L L L

Woody debris + + ? M M M L H

Notes: Influence of forest characteristic on hazard types: + decisive, +/- secondary, ? not clear.
Methods: VIO = visual interpretation of orthoimages, PIA = photogrammetric interpretation of aerial images, 
IEM = interpretation of elevation (canopy height) models, ACS = automated classification of spectral data, 
ACE = automated classification of elevation models.
Direct applicability: H = high, M = medium/limited, L = low/rather unsuitable.

Table 2. 
Forest cover characteristics required to assess protective effects against gravitational natural hazards and direct 
applicability of methods to obtain reliable and objective information.
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Little has been published on the resolution of forest geodata, that is, the mini-
mum/maximum size of forest patches that are required to quantify the structural 
parameters influencing forest’s protective effects, even though the strengths of 
key controlling factors such as the canopy cover depend on it. Note, that a “forest 
patch” (or evaluation unit) useful in hazard assessment does not refer to a “forest 
stand,” which is a unit of forest management plans and may not be appropriate for 
that purpose [36], but to a “spatial analytical window.” One concept for quantifying 
patch sizes is to consider the distribution of starting zone area sizes of observed 
hazard releases, for example, to define the minimum mapping unit of forest 
cover openings. However, required forest patch sizes for hazard assessments vary 
depending on the type of hazard.

For larger areas, information on forest cover characteristics can only be obtained 
by remote sensing such as visually to full-automatically deriving forest structure 
parameters from spectral or elevation earth observation (EO) data acquired with 
unmanned (UAV) or manned aircraft- or satellite-borne sensors (e.g., [37]; see also 
chapter [38] of this book).

A common method of EO-data collection on local to regional scales is the visual 
interpretation of aerial images, which is increasingly combined with vegetation or 
canopy height models (e.g., [39]) obtained from high-resolution digital elevation 
(surface) models retrieved from Structure from Motion SfM/IM photogrammetry 
or LiDAR. As manual measurements and polygon mapping are time consuming, 
subjective, and susceptible to topology errors, automated procedures using machine 
learning techniques are increasingly available, which show promising results (e.g., 
[40]). However, synoptic assessments of forest conditions in relation to their cur-
rent or future protective effects require data from different sensors (e.g., [41]; see 
also chapters [42, 43] of this book), and often additional information from visual 
interpretations and terrestrial mappings (expert knowledge). The reliability of 
assessing (object) protective effects of forests based on EO data depends on their 
temporal match with the current state of the forest cover and between point/return 
densities of different sensors, their spatial and spectral resolution, and quality as 
well as limitations in representing forest characteristics by such data. Therefore, 
procedures to assess the protective effects of forests against natural hazards should 
be adapted a priori to the capabilities of EO data.

6. Conclusions

Usually, national geodata infrastructures are not organized, updated, and 
supervised centrally, resulting in inhomogeneous data availability, data models, and 
qualities, which are not yet optimized in terms of interoperability and for mapping 
protective functions and effects of forests. Therefore, providing adequate geodata 
for risk assessments by different sources and data providers is a multidisciplinary 
challenge and may be associated with high editing efforts [13]. However, the poten-
tial of basic and thematic geodata to be applied in various analyses is increasing at 
a considerable rate, for example, the focus of geodata infrastructure strategies of 
public administrations in many European countries is shifting from large quantity 
to a higher quality [44].

Ultimately, the applicability and/or acquisition of hazard, asset, or forest geo-
data and needed editing and modeling efforts depend strongly on the purpose and 
spatial scale of mapping protective functions and effects of the forest. For example, 
if the goal is to map the ecosystem service “protection of people and assets against 
natural hazards” on an Alpine (cross-national) scale, less accurate and detailed 
spatial information may be required and geodata from global and open-source 
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mapping services such as OpenStreetMap can be applied, for example, in [14]. The 
same is true for defining protection targets and object classes acknowledging exist-
ing public interests in protecting different asset types. For example, in the Interreg 
Alpine Space project GreenRisk4ALPs (ASP 635) [45], we applied whenever 
possible (provided the input data were available) a simplified classification scheme 
that fits our goal of comparing modeling outcomes between Alpine Space countries 
and to get a first overview of potentially endangered objects in a region that can be 
followed by a more detailed risk assessment [11] (see also chapter [10] of this book). 
However, such global data and simplifications may not be appropriate for producing 
legally binding national maps or maps that must reflect a country’s forest law or be 
useable for prioritization of measures and subsidies such as the maps of forests with 
a protective function in Switzerland [4] and Austria [7].
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Abstract

Protection forests can be severely affected by natural disturbances, whose  
consequences could greatly alter the fundamental ecosystem services they are 
providing. Assessing and monitoring the status of the protective effects, particularly 
within disturbed stands, is therefore of vital importance, with timing being a critical 
issue. Remote sensing technologies (e.g., satellite imagery, LiDAR, UAV) are widely 
available nowadays and can be effectively applied to quantify and monitor the 
protective effects of Alpine forests. This is especially important after abrupt changes 
in forest cover and structure following the occurrence of a disturbance event. In this 
contribution, we present a brief introduction on remote sensing technologies and 
their potential contribution to protection forest management, followed by two case 
studies. In particular, we focus on research areas within protection forests against 
rockfall affected by windthrow (i.e., the 2018 storm Vaia in the Eastern Italian Alps, 
where LiDAR and UAV data were used), and forest fires (i.e., the 2017 fall fires in the 
Western Italian Alps, involving Sentinel-2 image analyses).

Keywords: protection forests, remote sensing, natural disturbances, rockfall,  
forest fires

1. Introduction

In mountain areas, forests that directly protect human assets (i.e., houses, 
roads, touristic and sport facilities, etc.) against rockfall cover an area of more than 
20,000 km2 (www.alpine-space.eu/project/rockthealps/). These stands are defined 
as direct object protection forests (see chapter [1] of this book) and are providing 
a valuable ecosystem service to the Alpine communities. To perform an effective 
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protection, protection forests should have specific characteristics. These include 
stand density and average tree size, which could be effective against different natural 
hazards [2], particularly gravity-driven ones (see chapter [3] of this book). Indeed, 
forests can provide both an active protection, avoiding the occurrence of natural 
hazards (e.g., impeding avalanche release), and a passive one, mitigating their 
impacts (i.e., in the case of rockfall), depending on their position along the slope [4].

The ability to offer a protective effect is not a permanent characteristic of a 
stand. Throughout their development, forests can be subject to a variety of per-
turbations, potentially resulting in modifications of their structural attributes 
that could change their protective effect. Natural disturbances, i.e., discrete events 
in time that disrupt ecosystem, community, or population structure and change 
resources, substrate availability, or the physical environment [5], can severely 
impact protection forests. Avalanches, forest fires, windstorms and landslides are 
some of the most common disturbances in mountain forests in the Alps, whose 
effects can profoundly influence stand dynamics.

Natural disturbances are globally expected to increase in frequency, severity, 
and extent due to both climate change and land use change [6, 7]. These possible 
alterations in disturbance regimes could result in massive modifications of the 
structure and composition of protection forests, with potential negative implica-
tions on the ecosystem services they are currently providing [8, 9].

Adopting appropriate forest management allows maintaining the ideal protec-
tion profile of forest stands and sustaining their protective effect [10]. Silvicultural 
management can also contribute to mitigating the impact of some types of dis-
turbances, particularly those that have a lower intensity. To guide forest manage-
ment in this framework, it is necessary to identify protection forests, assess their 
protective effect and promptly detect any alteration in its efficacy. Available field 
data are generally not sufficient to properly evaluate the protective effect of forests 
over large areas, and the costs of specific surveys are usually not sustainable [11]. 
Furthermore, following the occurrence of a disturbance, an early assessment of the 
status of protection forests and their residual protective role is fundamental.

Remote sensing tools can provide sound solutions for detecting both abrupt and 
gradual changes in forest stands. These tools are a valid and well-established source 
of data for evaluating earth surface characteristics. Active sensors (e.g., laser scan-
ner, radar) can provide useful 3D information on forest structures and are able to 
extract tree size and spatial arrangement [12], while passive sensors can be used to 
infer vegetation status and forest cover [13]. For example, active Synthetic Aperture 
Radar (SAR) sensors emit a polarized signal at wavelengths in the microwave range 
of the electromagnetic spectrum and record the backscattered intensity at differ-
ent polarizations. Depending on the emitted wavelength, the local incidence angle 
and other factors, the backscatter behaves differently according to land-cover type, 
texture and even vegetation biomass. This allows detecting specific types of land-
cover and changes that occur over time. The advantage of active technologies is that 
they are largely independent from lighting and atmospheric conditions.

In contrast, passive sensors collect light from the sun that is reflected from the 
Earth surface. Spectral signatures from surface objects are created by sampling 
reflected light at sensor-specific wavelengths. These spectral signatures can be ana-
lyzed through transforming the spectral components (e.g., vegetation indices) and 
via classification and regression methods, also using modern artificial intelligence 
approaches (e.g., neural networks, random forest).

Integrating data from active and passive sensors can provide complementary 
information related to forest attributes, ranging from biomass [14] to structural 
parameters and canopy characteristics [15]. The European Copernicus programme 
manages Sentinel 1 and Sentinel 2 missions that respectively provide active and 
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passive remote sensing data at up to 10 m resolution. They were launched in 2014 
and 2015, respectively, and have a revisit time of a few days. The Copernicus 
services offer unprecedented temporal and spatial coverage over forest stands, 
allowing an accurate assessment of the effects of disturbances and their impacts on 
forest ecosystem services.

At the forest stand scale, it is now possible to apply new technologies for fast 
data acquisition. Portable or handheld LiDAR is an innovative solution that can 
prove very effective since it allows to acquire data (i.e., point clouds) by simply 
walking in the forest (Figure 1). The sensor can be installed onto a hand-held 
system or can be carried in a backpack. This system works by emitting a laser beam, 
collecting the distance between the sensor and object, as well as beam angles and 
thus generating a point cloud. By coupling a digital camera, the point cloud genera-
tion can be enhanced since the color information helps the point matching. The reg-
istration of the point clouds is usually made adopting the Simultaneous Localization 
and Mapping (SLAM) approach, using several computer vision algorithms [16, 17].

Unmanned Aerial Vehicles (UAV) [18–20], both multirotor and fixed wings, can 
be employed to collect data, using different types of sensors. Nowadays, it is pos-
sible to install daylight, near infrared, multi/hyper-spectral, and thermal cameras, 
as well as a laser scanner on a drone. These autonomously flying systems allow col-
lecting data very rapidly and with a very high spatial resolution. Photogrammetric 
processing of the UAV imagery allows generating orthophotos with different 
radiometric information and point clouds for digital surface and elevation models.

In the following, we describe two case studies where active sensors at the stand 
scale and remote sensing products from passive sensors were applied to assess the 
status of protection forests following high-severity forest disturbances.

2.  Assessing the protective effects of forests after high-severity 
disturbances

The most frequent abiotic disturbances within European forests are windthrow 
and forest fires. In recent years unprecedented events affected mountain stands, 
posing serious threats to their ability to provide fundamental ecosystem services 
(e.g., protection against natural hazards) and creating a series of issues to be solved 

Figure 1. 
Point cloud generated by a mobile mapping platform for rapid mobile scanning (Kaarta stencil 2) in the 
Mompantero site (Susa Valley, Piemonte, Italy) after the 2017 Susa fire.
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by their post-disturbance management. Remote sensing applications were tested to 
assist in the different phases of emergency management.

2.1  The 2018 windthrow events in the Dolomites due to the the storm Vaia 
(Eastern Italian Alps)

At the end of October 2018, the storm Vaia affected the Central and Eastern 
Italian Alps, damaging more than 42,000 ha of forests with different levels of 
severity [21]. The windthrown forests were mostly located in steep terrain or in 
the valley bottom, where the wind was funneled. The majority of the stands on the 
slopes were protection forests. Salvage logging operations started right after the 
event and are still ongoing. However, in those areas where the potential for new 
avalanche releases in the absence of the forest cover was detected, it was decided 
to leave all the windthrown material on the ground until permanent or temporary 
technical protection structures are built. Research conducted in Switzerland after 
the storm Vivian in 1990 demonstrated that the presence of deadwood could have 
a positive effect in dissipating the energy of falling blocks [22, 23], by increasing 
the terrain roughness. However, an exhaustive quantification of this effect and its 
duration in relation to wood decay dynamics is still missing [24, 25]. Furthermore, 
leaving deadwood on-site can maintain a higher level of biodiversity [26] and 
enhance regeneration establishment. To incorporate the friction value provided by 
windthrown material into natural hazard simulation models, roughness estimation 
should be performed right after the events to assess the post-disturbance condi-
tions. The spatialization of roughness data assessed through field surveys is quite 
complex. The spatial arrangement of deadwood elements on the ground affects 
rockfall in different ways: a continuous layer can for instance maximize rock energy 
dissipation, while tall clumps can result in a highly effective barrier for larger 
blocks. In the past this issue was solved by assigning the same value measured on 
a point location in the field to a homogeneous polygon (e.g., forest management 
unit, forest cover category). Recent remote sensing techniques allow performing a 
refined spatialization by providing spatially continuous data. Roughness informa-
tion, relating to both standing and lying deadwood, can be obtained through LiDAR 
data. This approach has only recently been applied but has already proven to be 
effective in providing useful insights into the heterogeneity of the spatial arrange-
ment of elements [27]. The availability of more spatially refined data on this feature 
improves simulation accuracy.

In the municipality of Colle S. Lucia (BL, Italy), in the framework of the 
RockTheAlps project (ASP462), the efficiency of a rockfall protection forest has 
been assessed in 2018, before the storm occurred. This was achieved by adopting a 
combined remote sensing and field data collection methodology (Figure 2). LiDAR 
data acquired in 2015 combined with a UAV data acquisition in July 2018 were used 
to extract single tree positions on the slopes.

The protective effect has been assessed using Rockyfor3D (v 5.2; [28]), run-
ning 1,000 simulations with a rock size corresponding to the 95th percentile of 
the rock deposits observed in the field (1.5 x 1.0 x 0.8 m, corresponding to 1.2 m3). 
Stand data were validated within field plots where other parameters needed for the 
rockfall simulations were also recorded. Based on the software outputs, the Overall 
Rockfall Protection Index (ORPI; [29]) was computed for three different positions 
on the slope: the state road at the bottom, the municipality road to the Colcuc vil-
lage in the middle, and a severely affected section (checkpoints 1, 2, and 3, respec-
tively, in Figure 3). This index describes and quantifies the protective effect against 
rockfall by integrating the proportion of stopped rocks (frequency) and the total 
rock energy reduction due to forest cover (intensity) [29].
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Later that year, the storm Vaia hit the site, leaving a large amount of timber 
on the ground. In July 2019, new LiDAR data and aerial imagery were acquired, 
providing up-to-date information on the forest status after the event. A new set of 
simulations was then performed using the forest cover values resulting from the 
windthrow and new roughness values for the windthrown area, to take into account 
the obstacles provided by logs and uprooted stumps. This information has been 
directly extracted from the LiDAR scans adopting an approach that makes use of 
quantiles of point distribution on a height-normalized point cloud filtered for the 
first returns [30].

All the other input parameters have been maintained (i.e., rock characteristics, 
number of simulations, etc.) to consider the same rockfall scenario and compare 
results before and after the disturbance. Post-disturbance simulations highlighted 
a peculiar situation since the protective effect, at least in the short term, was even 
improved along the slope after Vaia. In each analyzed checkpoint, the ORPI value 
actually increased (Figure 4), in most cases leading to a promotion to the upper 
class of protective effect (e.g., from low to medium or medium to high; for details 
on class thresholds see [29]), meaning that the presence of lying deadwood exerted 
a positive effect in increasing the protection against rockfall. The protective effect 
should however be assessed through time, monitoring the decay dynamics, the 
reduction in height above ground of downed logs, and the displacement of logs due 

Figure 2. 
Canopy height models (CHMs) derived from LiDAR data before (left; 2015) and after (right; 2019) the storm 
Vaia in the Colcuc case study (Colle S. Lucia, BL, Italy).

Figure 3. 
Rockfall simulation with Rockyfor3D in two scenarios: before (left; 2018) and after (right; 2019) the storm 
Vaia in the Colcuc case study (Colle S. Lucia, BL, Italy). Maps show the cumulative number of rock passages 
meaning the number of rocks going through a cell based on 1,000 simulations (i.e., number of rocks released per 
source cells). Checkpoints are specific locations on the ground (the state road at the bottom, the municipality 
road to the Colcuc village in the middle, and a severely affected section: checkpoints 1, 2, and 3, respectively), 
where the ORPI [29] was calculated.
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to downslope movements [31] and snow pressure. Remote sensing techniques such 
as LiDAR or UAV will continue to provide useful quantitative information about 
these dynamics.

2.2 The 2017 large forest fires in the Piedmont region (Western Italian Alps)

The severe and prolonged summer drought, which occurred in South-Central 
Europe in 2017 [32] was a major predisposing factor for the simultaneous ignition 
and spread of several forest fires in the Piedmont Region of Italy during the second 
half of October. These fires affected nearly 10,000 ha, including more than 7,200 ha 
of forest stands. Given the importance of fire severity in determining post-fire 
recovery dynamics, its assessment was considered a key issue to guide post-
disturbance management and particularly to identify priority areas where to first 
intervene. The extensive areas affected by the fires made the application of remote 
sensing techniques highly useful and different severity indices, commonly applied 
in other regions of the world, were tested at these sites.

Fire severity maps were produced for the 10 largest forest fires (extent > 50 ha) 
by adopting the approach formerly developed within the Fire Effects Monitoring 
and Inventory System [33], which is aimed at integrating optical satellite data and 
field data (Figure 5). A multitemporal analysis based on multispectral imagery 
acquired by Sentinel-2 was employed to map spectral changes induced by fire in the 
near infrared and the shortwave infrared wavelengths using indices that compare 
pre- and post-fire conditions based on the Normalized Burn Ratio (NBR): the 
differenced NBR [33], the Relative difference NBR [34], and the Relativized Burn 
Ratio [35]. Field data collected using the Composite Burn Index protocol (Figure 6) 
were employed to obtain independent severity ratings, to be used to calibrate and 
validate remote sensing results, relating detected radiometric change to actual fire 
effects on the ground (Figure 7) [33]. The Composite Burn Index is obtained within 
plots (in our case 20 m circular plots) by ocularly evaluating the degree of change 
induced by fire in five vegetative strata, from the substrates to the dominant trees. 
Different attributes per stratum are rated on a burn severity scale, ranging from 
0.0 (no burn effect) to 3.0 (highest burn effect). Stratum, understory, overstory, 
and overall composite ratings are then obtained by adding up scores within each 
hierarchical level and dividing by the number of rated factors. The overall index 
represents the magnitude of fire effects combined across all strata. In particular, the 
relationship between the overall Composite Burn Index score assessed in 251 plots 

Figure 4. 
The overall protection (expressed by ORPI) against rockfall provided by the forest in the Colcuc case study 
(Colle S. Lucia, BL, Italy) above the three checkpoints before and right after the storm Vaia (see Figure 2 for 
checkpoint locations).
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and each bi-temporal index was evaluated through nonlinear regression models, 
which subsequently provided a threshold for classifying bi-temporal indices into 
burn severity categories.

The adopted methodology provided satisfying overall classification accuracies 
of severity maps, ranging from 77.7% to 79.3% depending on the bi-temporal index. 
Stands dominated by conifers, i.e., Scots pine (Pinus sylvestris L.) and European 
larch (Larix decidua Mill.), were burned by stand replacing crown fires, killing both 
the canopy trees and the understory (i.e. regeneration, shrubs), deeply affecting 
the soil organic layers and potentially compromising the protective effect for a long 
period of time. In contrast, broadleaf-dominated stands (e.g., European chestnut 
[Castanea sativa Mill.] and European beech [Fagus sylvatica L.]) were mainly burned 
by low and moderate severity fires [36], that affected only the understory layers, 
without major changes in the potential protective effect of the forest.

Overlapping the severity maps with the layers of protection forests against rock-
fall and the historical avalanche sites, priority areas were identified and mapped. 
Those stands characterized by high fire severity (namely those experiencing stand 
replacing crown fires) and a relevant protective function, whose protective effect 

Figure 5. 
Developed workflow to retrieve burn severity maps from remote sensing data based on remote sensing indices 
(Normalized Burn Ratio, NBR; differenced Normalized Burn Ratio, dNBR; Relative difference Normalized 
Burn Ratio, RdNBR; Relativized Burn Ratio, RBR) and field data (Composite Burn Index, CBI).

Figure 6. 
Patches burned at different severity in protection forest stands dominated by Scots pine (Pinus sylvestris 
L.) and European larch (Larix decidua Mill.), and corresponding Composite Burn Index (CBI) values. 
CBI quantifies the degree of change induced by fire thorough ocular evaluation of different attributes in five 
vegetative strata within field plots, along a burn severity scale, ranging from 0.0 (no burn effect) to 3.0 (highest 
burn effect). The overall CBI value for a plot is obtained by averaging attribute scores for all strata and used 
to describe fire severity. This index can then be related to the Normalized Burn Ratio (NBR) index (and other 
bi-temporal indices based on the NBR index), obtained through remote sensing data.
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had thus potentially been highly compromised, were selected to perform interven-
tions devoted to the rapid recovery of the protective effect, adopting ecoengineer-
ing techniques (building wooden structures with burned logs) and afforestation.

3. Conclusions

The availability to collect timely information on the status of protection forests 
is of fundamental importance for their management, particularly in the aftermath 
of high-severity disturbances, both in the response and recovery phases. Currently 
several freely available data sources are accessible to forest and land managers, as 
well as new tools and software (Table 1), to increase the amount of and improve 
information required to support a sustainable forest management in the framework 
of global change challenges. Rapid mapping through remote sensing technologies 
operating over large areas allows monitoring and updating on-demand knowledge 
about the protective effect of a stand, providing key data to guide the decision-
making process. Characterizing disturbance severity and relating its short- and 
long-term effects to the stand residual protective effect can have a direct applicabil-
ity in forest management to spatially define intervention necessities and priorities.

The described methodologies and related technologies are currently operational and 
require medium level skills in using GIS and remote sensing tools. Concerning LiDAR, 
some pre-processed data (e.g., canopy height models) are more and more available for 
end-users, but directly managing the point clouds still remains a task restricted to more 
skilled experts. Given the rapid progress in the development of new remote sensing 
technologies and tools for describing, measuring and monitoring forest stands, the 
forest sector as a whole should invest in training and continuing education in this field 
to keep its members updated to be competitive in rapidly evolving scenarios.

Figure 7. 
Burn severity maps derived from the Relative difference Normalized Burn Ratio (RdNBR) index for (a) the 
Susa fire and (b) the Cumiana fire (Piemonte, Italy).

Category Details Website

Multispectral 
satellite data at 
medium spatial 
resolution

Landsat missions 
(Landsat 4–5 TM; 
Landsat 7 ETM+; 
Landsat 8 OLI/
TIRS)

https://earthexplorer.usgs.gov/

Sentinel-2 mission 
(Sentinel-2A 
and 2B)

https://scihub.copernicus.eu/
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Category Details Website

Open-source 
software for 
remote sensing 
data analysis

FORCE: 
Framework for 
Operational 
Radiometric 
Correction for 
Environmental 
monitoring

https://github.com/davidfrantz/force

R “raster” package https://cran.r-project.org/web/packages/raster/index.html

R “terra” package https://github.com/rspatial/terra

R “RStoolbox” 
package

http://bleutner.github.io/RStoolbox/

Orfeo Toolbox https://www.orfeo-toolbox.org/

SAGA GIS http://www.saga-gis.org/

FUSION/LDV http://forsys.cfr.washington.edu/fusion/fusionlatest.html

R “Forest Tools” 
package

https://github.com/andrew-plowright/ForestTools

Free-of-charge 
cloud-
computing 
platforms for 
remote sensing 
data analysis

Google Earth 
Engine

https://earthengine.google.com/

Copernicus 
Research and User 
Support

https://rus-copernicus.eu/portal/the-rus-service/

Table 1. 
Examples of freely available data, open-source software, and free-of-charge cloud-computing platforms for 
remote sensing data analysis (the list in the table is non-exhaustive).
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Abstract

Simulation tools and their integrated models are widely used to estimate 
potential starting, transit and runout zones of gravitational natural hazards such 
as rockfall, snow avalanches and landslides (i.e., gravitational mass flows [GMFs]). 
Forests growing in areas susceptible to GMFs can influence their release and propa-
gation probabilities (i.e., frequency and magnitude of an event) as well as their 
intensity. If and how well depends on the GMF type, the topography of the terrain 
and the forest’s structure. In this chapter, we introduce basic concepts of computer 
models and state-of-the-art methods for modeling forest interactions with rockfall, 
snow avalanches and landslides. Furthermore, an example of a protective forest 
routine embedded in the runout angle-based GMF simulation tool Flow-Py will 
be presented together with its parameterization for forest-GMF interactions. We 
applied Flow-Py and two custom extensions to model where forests protect people 
and assets against GMFs (the protective function) and how forests reduce their 
frequency, magnitude and/or intensity (the protective effect). The goal of this 
chapter is to describe protective forest models, so that practitioners and deci-
sion makers can better utilize them and their results as decision support tools for 
risk-based protective forest and ecosystem-based integrated risk management of 
natural hazards.

Keywords: simulation tools, statistical and physical models, protective forest, 
rockfall, snow avalanches, landslides

1. Introduction

Simulation tools and their integrated models are widely used by the scientific 
community and practitioners for their predicting power, which is where science 
and practice overlap. One major advantage of simulation tools is their potential to 
highlight what is known about a system and where knowledge gaps exist. Every 
model is a simplification of reality and practitioners can use the output of models 
as a decision support tool (see chapter [1] of this book). By simplifying a natu-
ral system, it is necessary to make assumptions, which goes hand in hand with 
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reducing complexity and loss of detail. To best benefit from using simulation tools, 
practitioners should therefore be familiar with the basics of the underlying models 
to understand their limitations.

In this chapter, we discuss how to incorporate forests into gravitational mass 
flow (GMF; [2]) models to gain an understanding of where forests protect people 
and assets (their protective function) and to estimate how forests reduce the 
frequency, magnitude and intensity of gravitational natural hazard (their protec-
tive effect; see chapters [3, 4] for definitions and details on forest-GMF interac-
tions). We first introduce basic concepts of computer models regarding protective 
forests and then summarize some of the state-of-the-art methods used for modeling 
forest interactions with rockfall, snow avalanches and landslides in their starting 
zone as well as transit and runout zones. Lastly, an example of a protective forest 
routine embedded into Flow-Py, a GMF simulation tool based on a runout angle 
(also referred to as the travel or α-angle) model [2, 5], is presented together with the 
justifications for the parameterization and implementation. This example highlights 
the development process of simulation tools and allows the user a deeper look into 
the assumptions that are necessary for modeling protective forests.

The model development process can be thought of as a 4-part cycle as shown 
in Figure 1. The cycle starts with obtaining a greater process understanding via 
laboratory experiments, field measurements, remote sensing data acquisition or 
existing observations. The next step of the cycle is to incorporate that new knowl-
edge into an existing model or newly developed model. The third step is a model 
validation where the model results are compared to observations. The last step is a 
model evaluation where the validation results are used to highlight improvements 
that have been made during the cycle and, more importantly, to reveal remaining 
knowledge gaps. These knowledge gaps are opportunities for new research to obtain 
a deeper process understanding and the cycle repeats.

In general, models can be grouped in several categories. For simplicity, we group 
GMF models by two main characteristics:

1. with regards to the size of the modeling domain which is linked to a model’s 
(spatial) resolution, and

2. the general methods and techniques that were used to develop a model.

The domain sizes and model types that will be discussed are the regional (10s 
to 100s of km2) and the hill slope or path scale (less than 10 km2), and data-driven 

Figure 1. 
The model development cycle.
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statistical models (hereafter referred to as statistical models, e.g., the α-β model [6], 
Flow-R [7], or the topographic approach of [8]) and process-based physical models 
(hereafter referred to as physical models, e.g., RAMMS [9] or Rockyfor3D [10]).

We use the expression “statistical model” to summarize data-driven, data-based 
and machine learning approaches whose quantitative outcome originates directly 
from empirical data without needing a deeper understanding of the underlying 
processes. The equation that results is based on statistics and the parameters have 
no physical meaning but are inferred from real-world observations. The major 
strengths of statistical models are the simplistic parameterization and their flex-
ibility in terms of input data requirements compared to physical models. However, 
statistical models can only answer questions they were designed for, which strongly 
depends on the input data used to develop and calibrate them. The major challenge 
for developing a reliable statistical model is, therefore, the collection of data on 
which to base the statistical relationships and parameterizations on.

In contrast, physical models break the main modeling question into the govern-
ing processes or smaller sub-processes that are expressed in equations. By compiling 
the sub-processes, information of the system is gained, and the modeling question 
can be addressed. Physical models usually involve more calculations and require 
larger computational resources than statistical models. However, the major advan-
tage of physical models is that the variables, parameters, and some intermediate 
calculations (usually) have physical meanings providing additional information, 
e.g., the energy of the GMF or the depth of the flow. This strength of physical 
models is also one of their major drawbacks, because they require very accurate 
input data and parameterization. That is, physical models can have large parameter 
sets, whose values can be difficult to measure and are often impractical to obtain 
for many modeling efforts. Moreover, although physical models split the main 
modeling question into sub-processes, significant feedback between processes still 
exists and cannot be ignored, i.e., the results of one sub-process are fed into another 
process. In practice, the calibration of physical models is often based on empirical 
parameter adjustments that gives these models a statistical character. In the end, a 
model can only be as “good” as the data that is used for its development, which is 
true for any (statistical or physical) model development.

GMF and protective forest models have often elements of both statistical and 
physical models (e.g. [11, 12]). The sub-processes that are lacking a strong under-
standing or that demand an excessive amount of data, such as forest interactions 
with a GMF, are frequently represented with statistical models. GMF runout models 
identify the spatial extent or how far a hazard reaches down slope. To account for 
the vegetation effect in such a model, it requires the adjustment to the mechanisms 
for modeling the two main effects on gravitational natural hazards (see chapter [4] 
of this book):

1. the starting zone identification (release susceptibility or probability) in 
 forested areas, and

2. the runout model (the movement of the GMF) in forested locations.

The mechanisms to adapt a GMF model to a protective forest model are different 
depending on the type of model (statistical or physical), the size of the modeling 
domain and the research question being investigated. In statistical models, the 
mechanisms to account for interactions between a GMF and forest have to be rooted 
in empirical data, while these mechanisms must adjust the equations of physical 
models. However, the size of the modeling domain often determines the type of 
model that is applied. For large areas or regional scale modeling, statistical models 
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are regularly used due to the lack of existing and detailed input data. On single 
paths or the hill slope scale precise input data and parameterizations can often be 
collected more easily. Compared to regional-scale studies, investigations at the hill 
slope scale provide finer details relevant to individual properties in terms of the 
resolution and accuracy of simulated outputs (see chapter [13] of this book). In 
contrast, detailed information is often less useful for studies at the regional scale, 
and input data and simulation results are often simplified and presented as summa-
ries of higher resolution data (e.g., average values, standard deviations or trends). 
As a practitioner it is important to choose the appropriate model depending on the 
question at hand.

2. Protective forest models

Protective forest models can be applied to model (1) forests’ protective func-
tions, and/or (2) forests’ protective effects. That is, they can be used to identify 
locations of forests with an (object) protective function (see chapter [3] of this 
book for definitions), and/or to quantify the degree to which these forests protect a 
location.

Protective forest models are used by different user groups to support decision 
making. For example, the road administration could use a protective forest model to 
investigate the degree of protection a forest provides in a single avalanche starting 
zone or avalanche flow path that endangers a section of a road. Or a local or state 
government could use protective forest models to investigate the extent of protec-
tive forest located in a region (e.g., municipality, state, or province) to determine a 
budget for managing these forests. These examples require very different amounts 
of information and different mechanisms that must be implemented into the GMF 
model, so that it can be applied as a protective forest model. In this subsection the 
main mechanisms currently used to include protective forest into different types of 
GMF models are introduced.

2.1 Identification of protective forests’ function

To address the question where object protective forest is located, a union 
between the spatial distribution of the forest and the spatial distribution of the 
GMF areas (consisting of starting, transit and runout zones) that endanger assets 
must be established. Therefore, the applied GMF runout model must be able to 
discriminate between parts of the GMF that endanger infrastructure and parts 
that do not, because not all parts of the transit zone and/or runout zone will neces-
sarily reach infrastructure for a given starting zone. This adaption to GMF runout 
models is relatively straight forward. The union between the spatial distribution 
of forest and the sub-set of GMF areas that endanger infrastructure is done in a 
post-processing step. The resulting maps highlight forests that have a direct object 
protective function, which has been mapped, for example, in Switzerland (project: 
SilvaProtect-CH [14, 15]) and in Austria (projects: PROFUNmap for data integra-
tion [16]; GRAVIMOD II for shallow-seated landslides [17, 18]; DAKUMO for snow 
avalanches [19]; GRAVIMOD I for rockfall and snow avalanches [20, 21]).

2.2 Quantification of protective forests’ effect

Two interactions between forests and GMFs must be considered to answer how 
much a forest reduces the frequency, magnitude and/or intensity of a GMF (see 
 section 1). That is, the initial release of mass can be influenced by forest and the 
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forest can also interact with the movement in the GMF’s transit and runout zones 
dissipating energy by mass reduction or increasing friction, which differs depend-
ing on the GMF type.

The process for releasing a GMF is highly dependent on the material type and 
composition. Therefore, each GMF type requires different models for identifying its 
starting zones and/or quantifying associated release and propagation probabilities. 
Deeper process understanding of how the forest interacts with the movement and 
release mechanics is available for some types of GMFs, while for others the process 
understanding is weak (see chapter [4] of this book). A lack of process understand-
ing will result in less precise model parameterizations for identifying starting zones 
and simulating forest-GMF interactions. Therefore, hazard-specific parameteriza-
tions and mechanisms are needed for the different GMF types such as rockfall, 
snow avalanches or landslides.

3. State-of-the-art forest-GMF interaction modeling approaches

3.1 Rockfall

Two main categories of rockfall models exist: 1) models that identify and 
characterize the potential starting (i.e., release or disposition) zones of boulders, 
and 2) models that simulate rockfall trajectories. That is, the effects of forest must 
be considered separately for the starting zone, and transit and runout zones, since 
forest might even increase rockfall activity in release areas due to wedge effects 
of the roots, and snow or wind effects on stem movements [22]. In the transit and 
runout zones, forest can shorten the runout lengths of boulders if the forest on the 
slope has a minimum length and no large gaps. For example, a minimum forested 
slope length of 250 m with openings below 40 m in length is one target [23] to 
potentially provide protection against rockfall. Currently, no rockfall model exists 
that combines disposition and trajectory modeling [24].

3.1.1 Rockfall release models

The impacts of trees in starting zones are mainly destabilizing due to the blast-
ing and leverage effects of root systems and/or windthrow, which have not been 
considered in release models. The choice of modeling technique to identify rockfall 
starting zones depends on data availability and the desired resolution of the output. 
Physical rockfall release models consider the internal friction of bedrock, bedrock 
types, slope inclination, foliation and fractures [25]. The input data requirements to 
physically model the rockfall release mechanisms limit the application of this type 
of models to one or few starting zones on a hill slope scale. In contrast, statistical 
rockfall starting zone models have been developed using digital elevation models 
(DEMs), which are often the only reliable data source for regional-scale modeling. 
This type of models applies a threshold based on the slope calculated from a DEM 
and may consider some local geology [26]. The slope threshold can be applied to 
DEMs of different resolution by adjusting it accordingly [27].

3.1.2 Statistical rockfall propagation models

Released blocks move mainly by sliding, rolling, jumping or bouncing 
downslope; however, knowing the exact type of movement is not necessary for 
statistical rockfall models, which use a runout-angle approach to predict rockfall 
runout lengths [28]. Two angles are used for rockfall modeling: first, the classical 
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runout angle (also travel or α-angle), which is the angle from the top of the starting 
zone to the furthest runout of a block. This runout angle assumes that the starting 
zone (release or source area) is known. The second angle is the shadow angle, which 
is the angle of the line that is drawn from the bottom of a cliff face (or the lowest 
possible point of a rockfall release) to the furthest reach of the block runout [22]. 
The shadow angle describes the maximum travel distance of blocks by intersecting 
the topography with an energy line starting at the base of the rock face. Empirical 
studies on α-angles of rockfall trajectories where boulders can still bounce, roll 
or slide suggest a range between 51.2° and 28.5° [29–31]. A regression approach 
was used to specify α-angles for rockfall modeling by means of observed α-angles 
with an optimal solution of 32.9° [29], indicating that values between 30° and 35° 
provide useful α-angles to model large rockfall distances.

Individual trees can dissipate the energy of a falling rock by the impact of the 
boulder, deformation of the stem, rotation or translation of the root, or rebound 
of the boulder [32, 33]. Therefore, in addition to the length of the forested slope, 
the protective effect of a forest stand depends strongly on its structural properties, 
mainly average stem diameter, stem density and/or basal area (see chapter [4] of 
this book), and has been incorporated into both statistical and physical rockfall 
trajectory models. That is, forests with a high basal area and high stem density have 
been identified as a particularly effective measure against rockfall by reducing 
the kinetic energy and velocity of falling and bouncing blocks in the transit zone 
[34], which translates to an average increase of the runout angle by 6° [35, 36]. For 
coherent modeling results, calibrating statistical rockfall models with observations 
of past events is key; however, physical rockfall models that account for the energy 
dissipating effect of forests are also being used when such data is not available.

3.1.3 Rockfall trajectory models at the slope scale and integration of forest effects

Physical rockfall trajectory models calculate the runout length and trajectories 
of blocks and may consider the block’s shape and type of movement as well as its 
interactions with different underlying surfaces (depending on roughness and soil 
cover) and the vegetation. Many physical rockfall models provide statistical distri-
butions of the block jump height, velocity and kinetic energy at each point along 
a slope; however, only few also distinguish the block movement types. Current 
research is dedicated to also integrating block fragmentation during the fall process, 
which has not yet been implemented in rockfall models [37, 38].

Physical rockfall trajectory models have initially been developed in a two-
dimensional framework. Similar to statistical models, forest-block interactions are 
implemented by a kinetic energy dissipation of a block in forested terrain, which 
is here translated by an equivalent friction coefficient [39]. Two-dimensional 
physical rockfall trajectory models are often employed in simulation experiments 
for parameterizing statistical rockfall models to quantify the effects a forest has on 
the dispersion of possible block trajectories. However, these models are not able to 
represent the variability in the spatial distribution of trees, tree species and stem 
diameters, and how they affect rockfall trajectories.

Spatially explicit simulations of forest effects on rockfall require three-
dimensional models that account for the effects of individual trees on kinetic 
energy dissipation, lateral rebound and impact [40]. Therefore, three-dimensional 
trajectory models have been developed to simulate block dispersion depending on 
the topography of the terrain rather than just on a set of several two-dimensional 
trajectories [25, 41–43]; however, only few consider the protective effect of forest, 
e.g., Rockyfor3D by a reduction in kinetic energy dependent on stem diameter 
and the percentage of coniferous trees [44]. In RAMMS::ROCKFALL, non-smooth 
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mechanics are coupled with hard contact laws in the framework of a discrete ele-
ment model; the plugin to simulate the effect of forest on rockfall trajectories will 
be released in fall of 2021 [45].

3.2 Snow avalanches

The primary effect of forest on slab avalanche is to reduce the probability of 
release by stabilizing the snowpack on the ground [46] (see also chapter [4] of this 
book). A secondary effect of forest is its capability to stop or significantly decelerate 
small-to-medium avalanches starting within forests or close to the upper timberline 
[47]. However, breakage, uprooting and overturning of trees also reduce runout 
lengths of medium-to-large avalanches starting above the timberline [48–51]. 
Both protective effects are influenced by forest structure in terms of canopy 
cover, stem density, species composition and size and distribution of forest gaps 
[52, 53]. To model these two effects usually requires different approaches and even 
 different models.

The models used to identify an avalanche starting zone or to quantify the prob-
ability of an avalanche release in forests are primarily statistically based and can 
be applied to regional or hill slope scales [54, 55]. Models that quantify the forest 
effect on avalanche dynamics are mainly physical models for regional or hill slope 
scales [56]; however, the processes that describe forest-avalanche interactions can 
be expressed physically or statistically depending on the resolution of the avalanche 
dynamics model. Simpler statistical models are used more often on regional scales 
[57], while physical models are often limited by the required detail of the input data 
and are more applicable on the hill slope scale [58].

3.2.1 Snow avalanche starting zone and release models

The most basic release area models locate potential avalanche starting zones with 
statistical relations to terrain features [59–61]. In these models, forest is often over-
simplified with no consideration of its type or structure. More sophisticated models, 
which usually require additional information on the snow climate, terrain roughness 
and/or vegetation type, can also quantify the avalanche release probability [62, 63]. 
The integration of forest in these models is necessary to quantify the forest effect in 
dependence on its structure, so that it can be integrated into risk assessments [64].

3.2.2 Statistical snow avalanche-forest interaction models

Statistical avalanche models are widely used to predict maximum runout lengths 
of extreme avalanches. These models are developed from topographic parameters 
of paths and observed runout lengths of representative avalanche events. The two 
mainly applied statistical models are the α–β model [6], and the runout ratio model 
[65], which uses a runout ratio or density probability function to fit a distribution 
to observed runouts. However, modeling forest-avalanche interactions with statisti-
cal models is challenging since (1) the existing approaches are designed to predict 
extreme avalanches where forest has a very limited effect on runout [47], and (2) 
reliable avalanche observations in forested terrain, which are needed for model 
parameterization and calibration, are rare (see also chapter [66] of this book). For 
example a terrain and runout ratio analyses for 45 forest-penetrating avalanches, 
which showed that all but one avalanches stopped up-slope of or at the β-point (the 
point at which the slope first becomes 10°) [49]. A plot of runout ratio probabilities 
was derived that can be used in the field to determine the likelihood of an avalanche 
travelling through forest to a given point on a slope.
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In section 4, we present another example of a protective forest routine that was 
embedded in the GMF simulation tool Flow-Py [5], but is also applied in the online 
“Protective Forest Assessment Tool – FAT” [67, 68] – a risk-based decision support 
tool to estimate the value forest has for protecting buildings and infrastructure 
against GMFs and to compare it to technical and avoidance measures (see also 
chapter [1] of this book).

3.2.3 Physical snow avalanche dynamics-forest interaction models

Early approaches to model forest-avalanche interactions apply an increase in 
friction in forested areas to a Voellmy-type relation accounting for the decelerating 
effect of forest on the avalanche flow and thus a reduction in runout length [69–71]. 
Voellmy-type models split the total friction into a velocity-independent Coulomb 
friction term and a velocity-dependent “viscous” or “turbulent” friction [72]. The 
Coulomb friction is thought to summarize snow properties, whereas the velocity-
dependent turbulent friction term expresses the topography and roughness of an 
avalanche flow path [73, 74]. To model the braking effect of forests on avalanches 
the turbulent drag of the basal friction is increased in forested areas compared to 
open unforested terrain [50, 55]. This increase in friction is supposedly caused by a 
combination of different forest-avalanche interactions such as breaking, overturn-
ing, uprooting or entrainment, which are thought to act mostly on the velocity-
dependent turbulent friction [48]. However, this interpretation of the Voellmy 
friction terms is not ideal because it is based on expert judgment rather than on 
measurements [12]. Recently, a small-scale experiments of granular flows travel-
ing through regularly spaced ‘trees’ was used to show that the overall deceleration 
rate can be predicted by applying a stem density-dependent effective basal friction 
coefficient [75]. The friction approach has been tested for large-scale fast-moving 
avalanches where the braking effects are small and occur over longer runout lengths 
[51, 76]; however, this method may not be valid for small-to-medium avalanches 
[77]. That is, snow detrainment which is the main process of forest-avalanche 
interactions in small-to-medium avalanches is not well represented with a frictional 
relationship and the local braking effect of forests on avalanche flow is difficult to 
model at the grid scale [56].

Based on field observations, Feistl et al. [56] developed an additional one-
parameter function (detrainment function) to include forest-avalanche interactions 
in physical avalanche dynamics models. This function accounts for the snow that 
is deposited behind trees, groups of trees or remnant stumps by a combination 
of impact, rubbing dissipation, deflection, cohesion and jamming. The stopped 
mass is extracted from the avalanche volume and the corresponding momentum is 
removed from the total momentum of the moving snow leading to a reduction in 
runout length. The braking effect of forests on avalanche flow and, therefore, the 
mass to be removed from the avalanche volume is summarized in one parameter 
(the forest detrainment coefficient K) representing different forest structures [77].

3.3 Landslides

A multitude of possibilities exist to build spatial models for landslides, which 
are considered crucial for implementing efficient risk reduction strategies and for 
managing landslide risk [78–80]. Spatial landslide models are regularly applied 
to provide estimates on landslide-prone terrain, slope (in)stability or landslide 
hazard and are employed at different scales to obtain insights into the predisposing, 
preparatory or triggering factors of slope instability [81–83].
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Spatial landslide models are generally based on qualitative (expert judgment/
heuristic) or quantitative (statistically or physically based) approaches [78, 84]. The 
results of heuristic procedures can be considered subjective as they are primarily 
based on expert-driven weighting schemes. Instead, statistical and physical models 
provide numerical outputs and are extensively applied within current scientific 
studies. The wealth of currently available landslide modeling tools has certainly 
facilitated the spatial analysis of landslide processes (e.g., [7, 85–89]). However, 
despite the recent technical advancements, the explanatory power and applicability 
of a quantitative spatial landslide model still relies on a non-trivial balance between 
the quality of the available input data, the model complexity and the envisaged 
spatial coverage [78, 90, 91]. The following two subsections focus particularly on 
quantitative spatial landslide models for starting zones of shallow slope (in)stabili-
ties and the implementation of forest’s protective effects.

3.3.1 Statistical models for landslide release: regional scale

Statistical landslide models are usually based on a classification algorithm or are 
regression-based models that link landslide inventory data (e.g., landslide presence/
absence information, counts on landslides) to a variety of environmental variables 
that are supposed to represent the static or dynamic causes of slope instability. 
The resulting relationships can then be transferred to each spatial unit of a study 
site (e.g., raster cell or catchment) to derive a static landslide susceptibility map or 
spatio-temporal landslide predictions [92, 93]. Statistical models are mainly applied 
for larger areas, as they are not reliant on a specific set of subsurface parameters 
that are hard to measure (e.g., soil properties), and because their predictive power 
increases with the number of observations [94, 95]. Several studies have shown 
that statistical models can provide insights into the contribution of different 
forest types, land cover changes and timber harvesting on landslide occurrence 
[81, 96, 97]; however, recent research conducted within the framework of the 
project GreenRisk4ALPs [98] also highlighted that an interpretation of statistical 
models must be done with great care [92], since widespread errors in the underlying 
input data may lead to distortions in the modeling results and a wrong inference on 
the causes of slope stability. For instance, a model based on land cover variables and 
landslide data that is incomplete in forested terrain is likely to underestimate the 
true stabilizing effect of the forest cover [99].

3.3.2 Physical models for landslide release: catchment scale

Spatial physical slope stability models are based on physical laws and formally 
allow to analyze causes and effects. Such models are frequently entitled the most 
advanced approaches to spatially assess slope instability [90]. Physical slope 
stability models calculate the ratio between stabilizing and destabilizing forces (i.e., 
factor of safety or probability of failure) for a planar sliding plane [100, 101] or 
non-planar shear surface [89], while the integration of dynamic components (e.g. 
hydrological modules) allows to trace the stability state over time. In theory, the 
(de)stabilizing effects of trees and/or forest cover on slope stability can be consid-
ered within such physical models by accounting for hydrological processes (e.g., 
evapotranspiration, canopy interception) and mechanical forces (e.g., cohesion, 
surcharge) [82, 102–105].

The high potential of physical models to elaborate causes of slope instability 
is seldomly questioned while recent technical advancements even allow to run 
these models efficiently for larger study areas [85]. In practice and especially when 
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evaluating the effects of vegetation on slope stability, the actual explanatory power 
of such analyses is restricted by a limited availability of geotechnical data and an 
appropriate spatio-temporal description of surface and subsurface biomass-related 
parameters (e.g., root system description, surcharge, evaporation) [82, 95, 106]. 
For instance, a detailed elaboration of the mechanical effects of roots (i.e., root 
reinforcement) requires additional area-wide information on potential slip surface 
depths, because anchoring becomes particularly relevant as soon as the roots 
penetrate the sliding plane. At the same time, sliding surfaces might not be equally 
distributed in space and be co-determined by prevalent soil depths and topography 
(e.g., slope angles). Further spatial information on species distribution, tree age and 
soil properties might be necessary to approximate root distribution (penetration 
depth) while geotechnical soil parameters are also known to influence the cohesion 
forces of a plant. Ultimately, this example also highlights that sophisticated physi-
cal models are a simplification of reality and challenging to parameterize, even for 
smaller and data-rich study sites [78, 84].

4. Protective forest modeling with the Flow-Py simulation tool

The Flow-Py simulation tool contains a GMF runout model for regional scales 
that allows users to customize GMF simulations by adjusting the parameterization 
or developing extensions to adapt the calculations, input data and outputs of the 
model [2, 5]. Flow-Py integrates a statistical model where the runout is solved by 
splitting the modeling question into two sub-questions, which are addressed in the 
two modeling routines:

1. The stopping routine: is a stopping criterion met?

2. The routing routine: if not, to where does the flux of the GMF (a portion of the 
mass flow) gets distributed?

The solver operates on a DEM by calculating the flux from one raster cell to 
the next until a stopping criterion is met. The cell-by-cell calculation results in the 
runout (magnitude) and intensity of the GMF without the need to predefine a 
flow path.

GMFs can flow very differently depending on the material of the mass [107]. 
Flow-Py overcomes this challenge by adapting the parameterization to fit the 
type of GMF being modeled using only four parameters: (1) runout angle, (2) 
divergence exponent, (3) flux cutoff, and (4) maximum kinetic energy height. 
The runout angel needs to be derived from observations and describes the average 
reach of the GMF measured from the top of the starting zone to the end of the 
furthest runout (Figure 2). The divergence exponent adjusts the concentration 
and spreading of flux across the terrain. The flux cutoff is a limit to describe 
the amount of flux needed to further propagate the GMF. Lastly, the maximum 
kinetic energy height limits the kinetic energy of the GMF, which is essentially 
a limit of the maximum velocity. Two criteria stop the flux, if (1) the simulated 
GMF runout reaches further than the predefined runout angle, and/or (2) the 
amount of mass, which is spreading across a slope, reaches a critical value that is 
required for further propagation. The routing routine calculates to which cell(s) 
the flux is distributed and uses the DEM to favor directions with steeper down-
ward slopes, as well as persistence, which is similar to momentum but derived by 
statistical means and does not consider the GMF’s mass (for further information 
and details see [2]).
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To address specific questions regarding protective forest, we developed two 
custom extensions for Flow-Py to:

1. Identify locations of forests with an object protective function (back-tracking 
extension), and

2. Quantify their protective effect (forest extension).

From a modeling perspective these are two very different questions that gener-
ally require specific and significant adaptations of GMF runout models.

4.1 Identifying the location of forests with a protective function

The custom extension called “back-tracking” extension was implemented to 
adapt Flow-Py from a pure runout model to one that highlights the terrain associated 
with endangering infrastructures. Therefore, an additional input raster with the spa-
tial distribution of infrastructure in the modeling domain is needed. Furthermore, 
minor changes must be implemented in the Flow-Py computer code, such that the 
path that the GMF traveled to reach the infrastructure is stored in computer memory.

4.2 Quantifying the protective effects of forests

To model the interactions between the movement of a GMF and forest, a custom 
“forest” extension was implemented in Flow-Py. The forest extension accounts for 
the increase in energy dissipation (or friction) in the parts of the GMF path that 
are located in forest by adjusting the runout angle to a steeper angle (Figure 2). The 
amount of change in the runout angle is dependent on the forested slope’s length, 
the forest’s structure and the kinetic energy height (relatable to velocity) of the 
GMF. That is, the forest extension adapts Flow-Py’s runout-angle stopping criterion 
to account for the forest’s ability to dissipate energy from GMFs.

Figure 2. 
The concept behind the forest extension. The solid brown lines indicate the runout length with α being the 
runout angle for a specific GMF. The dashed lines show the runout length with the forest being considered and 
αforest, the runout angle in forested areas. Artwork: Karl Kleemayr.
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To characterize the effect of different forest structures on the GMF movement, 
the forest extension uses the so-called forest structure index (FSI), which sum-
marizes how developed a forest is with regards to its optimal protective effect and 
ranges between 0 (no protection) and 1 (optimal protection). The FSI needs to be 
provided as input for the Flow-Py simulation in form of a FSI forest raster. Because 
Flow-Py uses a statistical model, the parameterizations of forest-GMF interaction 
should ideally be based on observations quantifying the forest’s protective effect. In 
absence of data on how forests interact with different GMFs, the parametrization 
was developed in this first model development cycle based on a literature review 
and can be further refined with future observations.

We developed and applied Flow-Py in the Interreg Alpine Space project 
GreenRisk4ALPs [98] to model forest’s protective functions and effects on different 
GMFs. In the next subsections, the parameterizations established to model forest 
effects on rockfall, snow avalanches and shallow landslides using 10-m resolution 
raster (DEM and forest raster) will be presented. Since Flow-Py requires an already 
prepared starting zone raster as input, forest effects on avalanche and rockfall 
release were not explicitly considered. In terms of rockfall, we assumed that forest 
in the starting zone does not affect rockfall release. A method to quantify the rel-
evance of the potential forest effect on the release of landslides has been developed 
as a pre-processing routine, which is an adaption to the input data showing the areas 
that are associated with potential landslide starting zones.

4.2.1 Modeling forest effects on rockfall propagation with Flow-Py

The recommended slope angle of ≥ 45° was used to identify rockfall release 
zones [108, 109]. The Flow-Py parameterization used to describe large single block 
rockfall can be found in Table 1.

The average energy loss along a rockfall trajectory can be modeled by friction 
parameters and is linear along a slope due to bouncing, rolling and sliding of falling 
rocks [111]. This linear relationship and normally distributed block stopping points 
along sections of the curve are displayed in Figure 3. The maximum increase to the 
runout angle due to forest is 13° (when FSI = 1 and kinetic energy height ~ 0), which 
leads to a maximum runout angle of 45° (mean runout angle of 32° + 13°). However, 
if the forest structure is not optimal the increase to runout angle is scaled to the 
FSI value (13° × FSI). That is, as the kinetic energy height increases, the less the 
protective effect of the forest. To incorporate this into the model the runout angle is 
reduced linearly by the kinetic energy height until the rock has a velocity of 30  
m s−1, which is well above 20 m s−1 that have been found for forest to have an influ-
ence on rockfall propagation [112]. The optimal protective forest for rockfall is a 
mixed or broad-leaved forest (FSI = 1) with a high stem density while dense ever-
green forest has a slightly reduced effect (FSI = 0.8). We assume that at a rockfall 

Parameter Value

runout angle 32°

divergence exponent 75

flux cutoff 0.03% of the initial flux (0.0003 m)

velocity limit 50 m s−1 (maximum kinetic energy height ~ 130 m)

Table 1. 
Flow-Py parameterization used to model large single block rockfall. The resulting behavior of the simulation 
is a single flow in steeper terrain and minimal spreading when the terrain flattens. The velocity limit keeps the 
speed of the rockfall in a range that has been observed in nature [32, 110].
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velocity ≥ 30 m s−1 forest has no energy dissipating effect on a falling block (see 
Figure 3 for justification).

4.2.2 Modeling forest effects on snow avalanches with Flow-Py

Avalanche starting zones were delineated based on a slope inclination rang-
ing between 28° and 55°, which is most often applied to identify slab avalanche 
starting zones [20]. The parameterization used to describe large dry-snow slab 
avalanches with Flow-Py is given in Table 2. We applied a mean runout angle of 
25°, which was determined from measurements of 89 documented large avalanche 
events in Austria [19]. The maximum kinetic energy height limit imposed keeps 
the speed of the avalanche in a range that has been observed in nature [118], 
and which can be thought of as describing the turbulent friction of the ava-
lanche debris.

Similar to rockfall, we could not find publications addressing the relationship 
between avalanche kinetic energy height (or velocity) and the increase to the 
runout angle (energy dissipation) in forested terrain and, therefore, assumed a 
linear relationship (see Figure 4 for justifications). The kinetic energy height 

Figure 3. 
Relationship between rockfall velocity (lower x-axis, red line) and the amount of forest-rock interaction, which 
is expressed in an increase to the runout angle (left y-axis). The upper x-axis (blue line) shows the relationship 
between kinetic energy height and the amount of forest-rock interaction. The green and orange bars are velocity 
ranges where forest has been found to affect rockfall propagation (green [112]) or rockfall velocities measured 
in forests (orange, *[39, 108, 113–116]). The red dashed lines show measured rockfall velocities outside of 
forest [110, 117]. The blue dashed line shows that at 20 m kinetic energy height a forest can have a significant 
influence on the runout of a rockfall [112].

Parameter Value

runout angle 25°

divergence exponent 8

flux cutoff 0.03% of the initial flux (0.0003 m)

velocity limit 70 m s−1 (maximum kinetic energy height ~ 250 m)

Table 2. 
Flow-Py parameterization used to model large dry-snow slab avalanches. The resulting behavior of the 
simulation is a moderate spreading in steeper terrain and a more divergent flow in flat terrain.
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is related to the square of the velocity which results in the relationship between 
the runout angle and velocity shown in red in Figure 4. The maximum increase 
to the runout angle in forest is 10° (when FSI = 1 and kinetic energy height ~ 0), 
which leads to a maximum runout angle of 35° (mean runout angle of 25° + 10°). 
However, if the forest structure is not optimal regarding avalanche protection 
the increase to the runout angle is scaled with the respective FSI value (10° × 
FSI). Furthermore, as the kinetic energy height increases the forest has less of a 
protective effect and, therefore, the runout angle is reduced linearly by the kinetic 
energy height until the avalanche has a velocity of 30 m s−1 (kinetic energy height 
~ 105 m). This threshold is reasonable when compared to the Swiss classification 
according to avalanche impact pressures and potential damages [121], i.e., at 30 m 
s−1 an avalanche with a snow density of 200 kg m−3 would have an impact pressure 
of 170 kPa, which is a higher impact pressure than is needed to destroy large forest 
areas and uproot evergreen conifer trees. At a kinetic energy height of ~ 105 m 
(or velocity of 30 m s−1) the forest is no longer capable of reducing the avalanches 
energy [51, 122].

An evergreen conifer forest with a high stem density and dense canopy cover 
(FSI = 1) can significantly reduce runout lengths of small-to-medium avalanches 
[47], where broad-leaved forest (FSI = 0.8) has a reduced effect as well as a 
forest with lower stem densities and less dense canopy cover, which needs to be 
reflected in the choice of FSI-values. The applied method of adjusting the runout 
angle not only accounts for increasing the energy dissipation in avalanche transit 
zones but also somewhat for forest effects in starting zones since the maximum 
runout angle increase in well-developed evergreen conifer forest is set to 10°, 
which leads to an effective runout angle of 35°. That is, applying an increase 
to the runout angle dependent on the FSI adjusts the starting zones in forests 
since an avalanche might not be released on forested slopes up to 35°, which is a 
conservative estimate for regional modeling and based on the assumption that 
small forest openings might still be present in forests growing in steep avalanche 
terrain [46, 52].

Figure 4. 
Relationship between avalanche velocity (lower x-axis, red line), and the amount of forest-avalanche 
interaction, which is expressed in an increase to the runout angle (left y-axis). The upper x-axis (blue line) 
shows the relationship between kinetic energy height and the amount of forest-avalanche interaction. The 
dashed red lines show values of documented avalanche velocities [118–120]. Colored points are calculated 
velocities (and kinetic energy heights) based on the Swiss classification according to impact pressures and 
related damages [121].
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4.2.3  Modeling the relevance of potential forest effects on shallow landslides 
with Flow-Py

There are major differences between the protective forest model used for shallow 
landslides, and the one used for rockfall and snow avalanches. This is due to the lack 
of data and process understanding on how forest interacts with landslides (i.e., open 
hillslope debris flows) in the transit zone at the resolution and/or detail required for 
regional modeling (see chapter [3] of this book). We therefore assumed no forest 
effect in the transit and runout zones of landslides, but forest in the starting zones 
reduced the likelihood (probability) of landslide release. Flow-Py was then used to 
highlight locations on a slope and in the valley bottom that are being protected by 
reducing the landslide’s release probability (the applied Flow-Py parameterization 
can be found in Table 3).

Landslide starting zone modeling was performed by building upon the principle 
‘the past is the key to the future’. A binary supervised classification algorithm was 
used to link past landslide locations and landslide-absence locations (topographically 
corrected random sample; > 50 m from past landslides) with a variety of topographi-
cal and thematic features (e.g., slope angle, topographic wetness index, relative 
topographic position, aspect, landform variables, and geology). The result is a raster 
that highlights potential landslide starting zones and breaks the areas down into 
likelihood categories based on how similar the areas are to past landslide release areas 
in the study region. This was done by a Generalized Additive Model that accounts for 
the previously observed non-linear relationships among landslide occurrence and the 
explanatory variables [81, 123]. The derived statistical model was applied to spatially 
predict the likelihood of class-membership of each raster cell that contains informa-
tion on the environmental explanatory variables. This method of starting zone mod-
eling is more sophisticated than that used for rockfall or snow avalanches; however, 
the applicability of this type of models is limited to the region of the input data and 
therefore is not a general model and not easily transferable to other locations.

The potential forest effect was considered at the level of the classified landslide 
release susceptibility (likelihood). Areas identified as favorable for landslide 
release (different classes) were grouped into forested terrain and non-forested 
terrain using a matrix-based approach. Areas susceptible to landsliding due to their 
topography and geology were considered more stable (without assigning a specific 
degree of stabilization) in case they were covered by forest compared to their non-
forested counterparts. This builds upon the literature-supported assumption that 
stabilizing effects of trees usually outweigh destabilizing effects for shallow-seated 
landslide processes (e.g., [82, 96, 104, 124, 125]). Furthermore, we assumed that a 
forest located on a landslide-prone slope is more “relevant” compared to a forest on 
unsusceptible terrain (e.g., flat terrain or too steep terrain). For more details on how 
the forest effect on shallow landslide release was considered can be found in the 
GreenRisk4ALPs project report [126].

Parameter Value

runout angle 22° [17]

divergence exponent 75 [18]

flux cutoff 0.03% of the initial flux (0.0003 m) [7]

maximum kinetic energy height ~ 12 m [7]

Table 3. 
Flow-Py parameterization used to model large shallow-seated landslides. The resulting behavior is low 
spreading in steeper terrain and a more divergent flow when the terrain flattens.
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4.3  Post-processing of Flow-Py simulation results for risk-based decision 
support

To locate protective forests or quantify their protective effects by reducing 
impacts of gravitational natural hazards on people and assets several post-process-
ing steps of the Flow-Py simulation results are needed.

4.3.1 Forests with an object protective function

The workflow to identify forests with an object protective function is shown 
in Figure 5 (see also subsection 4.1). The output of Flow-Py simulations with the 
back-tracking extension are spatially explicit subsets of the GMF starting, transit 
and runout zones that are associated with endangering infrastructure. A union 
between the back-tracking results and the spatial distribution of forested areas 
is then performed in a GIS resulting in a gridded dataset of forests with an object 
protective function, i.e., “Direct Object Protective Forest” for each hazard type. 
In chapter [1] of this book, we further explain these maps and discuss their use 
as decision support tool in risk-based protective forest and ecosystem-based risk 
management of natural hazards.

4.3.2  Forests’ protective effects and regional impacts on gravitational natural 
hazards

The term protective effect describes the forest-GMF interaction, which we 
model with Flow-Py and its forest extension by increasing the runout angle in 
forested terrain. In contrast, we introduce the term forest impact(s) to describe how 
forest affects the spatial distribution or intensity of GMFs on a regional scale and 
their impacts on, e.g., infrastructure.

There are many types of forest impacts such as reductions in runout length, 
energy or mass of the GMF, or of its release probability, which can be quanti-
fied with different methods (see chapters [66, 127, 128] of this book). Within the 
GreenRisk4ALPs project, we developed the Impact Reduction Index (IRI), which 
shows the difference in average kinetic energy height between Flow-Py simulations 
with (employing the forest extension) and without forest effects. The post-process-
ing workflow to calculate the IRI is outlined in Figure 6, and further examples and 
explanations of how the IRI can be applied for supporting decisions in protective 
forest and natural hazard risk management are provided in chapter [1] of this book.

Figure 5. 
Post-processing workflow to identify forests with an object protective function producing “Direct Object 
Protective Forest” maps.
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It is important to note that several starting zones may route flux through the same 
forest area and, since the forest effect depends on the kinetic energy height (GMF 
velocity), the same forest area can have a high protective effect associated with one of 
these GMF starting zones but provide almost no protection for the others. To reflect 
this in the IRI, we normalized the difference in average kinetic energy height between 
Flow-Py simulations with and without forest effects with the maximum value of 
kinetic energy height of “no-forest” Flow-Py simulation results at a given location.

5. Conclusions

Models and simulation tools for gravitational natural hazards combine different 
bits of process understanding in a way that is useful for scientists and practitio-
ners. The predictive power of protective forest models results from combining the 
state-of-the-art process understanding of GMFs with the state-of-the-art process 
understanding of forest-GMF interactions in one modeling approach. Knowledge 
about GMF processes and their interactions with forest can be derived by physical or 
statistical means; however, it is often a combination of both that is included in one 
model (e.g. [129]). By combining these model types scientist can quantify how well 
the current process understanding describes reality and practitioners can use GMF 
and protective forest models and their results as decision support tools. Examples of 
the results of modeling forests’ protective functions and effects with Flow-Py that 
we described in this chapter, and which were obtained within the GreenRisk4ALPs 
project for rockfall, snow avalanches and landslides, as well as their application for 
decision support in natural hazard risk management are summarized in chapter [1] 
of this book. However, many of the presented parameterizations that were estab-
lished in this first round of the model development cycle would benefit from further 
empirical parameter studies. The general lack of model parameterizations describing 
forest-GMF interactions is a major knowledge gap and should be addressed in future 
studies with the goal of obtaining a deeper process understanding that can be trans-
lated into enhanced parameterizations of, e.g., the four parameters that describe 
GMFs’ behavior as well as the forest structure index (FSI) applied in Flow-Py.

Figure 6. 
Post-processing workflow to calculate the Impact Reduction Index (IRI). Adapted from [126].
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Abstract

As protective forests have a major control function on runoff and erosion, they
directly affect the risk from hydrogeomorphic processes such as sediment transport
processes or debris flows. In this context, future scenarios of climate-related canopy
disturbances and their influence on the protective effect remain, however, an
unsolved problem. With the individual-based forest landscape and disturbance
model iLand, an ensemble of forest landscape simulations was carried out and the
effects of future changes in natural disturbance regimes were evaluated. To
determine peak runoff, hydrological simulations have been conducted, using the
conceptual hydrological model ZEMOKOST as well as the deterministic model
GEOtop. Effects of forest disturbances on hillslope stability were investigated,
based on a modified Coulomb landslide model. Our results suggest no influence of
the disturbance regime on the runoff. The climate-related increase in the frequency
of disturbances is not reflected in increased runoff during the period under consid-
eration. Contrary, slope stability analyses indicate that the availability of shallow
landslides in steep forested torrent catchments might be decreased by the occur-
rence of disturbances – especially for a warm and dry climate projection. Canopy
disturbances seem to accelerate the adaptation of tree species to future climate
conditions, which is likely to be accompanied by a change in root systems away
from flat roots that currently predominate in torrential catchments. In terms of
managing the protective effect of forests against shallow landslides, such natural
disturbances can thus be considered as positive interventions in the existing forest
ecosystem by promoting natural succession.

Keywords: canopy disturbance, runoff, hillslope stability, torrential catchment,
protective forest
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1. Introduction

Quantitative risk assessment of natural hazards serves nowadays as the basis for
a targeted risk management, respectively allows a risk-based classification and
communication of the considered hazardous event in society [1, 2] (see also chapter
[3] of this book). One of the most important and pervasive problems in this context
concerns the investigation of time-scale properties and complex relationships
between process activity, social development (exposure, protection measures, land
use, etc.) and climate change. The correct understanding of the correlation struc-
tures governing observational time series might provide useful information on the
dynamical features of natural hazard processes and on the dynamical mechanisms
involved [4].

Steep headwater catchments typically provide the setting for such natural haz-
ardous events because they are, besides being a drainage area for precipitation (see
chapter [5] of this book), also sediment source zones of river systems, delivering
significant volumes of sediment to the valley floor in highly dissected and coupled
landscapes. As stated by Gomi and Sidle [6], headwater catchments differ from
down-stream reaches by their close coupling to hillslope processes, more temporal
and spatial variation, and their need for different means of protection from land
use. Especially processes, which are capable to relocate a considerable quantity of
sediments, like bedload transport processes, debris floods or debris flows, often
have tragic consequences on human settlements and infrastructures. Thus, for such
hydrogeomorphic hazards the probability of occurrence and magnitude is beside
the occurrence of critical rainfall events essentially a function of runoff and erosion
which is, however, directly coupled to the protective effects of forested landscapes.
In connection with frequently occurring natural hazard processes, protective for-
ests, even if they currently only fulfill indirect protective effects, represent an
essential factor in the risk reduction of natural hazard processes over long periods of
time – on large potential natural hazard disposition areas. Today, about 30% of the
forest area in Austria is assigned a protective function to avoid serious natural
hazards, and according to the interim evaluation of the Austrian Forest Inventory,
this share is increasing [7]. However, the same inventory data show that only half of
such classified protective forests have a stable structure. The reasons for this are a
significant aging of the Austrian protective forest stands due to a lack of natural
regeneration and a lack of resistance to natural disturbances. This concerns climate-
related forest disturbances such as forest fires, wind, and insect outbreaks, which
will likely increase in the coming decades. Here, climate change can alter the
frequency, intensity, duration and timing of such natural disturbances [8, 9]. Based
on data of more than 10,000 torrent catchment areas in Austria [10], showed that
natural disturbances increased the probability of torrential events in the last
32 years. With the expected increase of the global average surface temperature of
3–5°C by 2100, compared to the first decade of the 20th century, the spatial and
temporal impact of climate change on forests represents an additional threat to the
desired protective forest structures and thus to natural hazard management.

The aim of this research was to investigate the effects of climate-induced natural
disturbance regimes (bark beetle or storm damage) on hydrogeological processes in
forested alpine torrent catchments. Combining methods from forestry, hydrology
and geotechnical engineering, an integral approach was chosen to analyze possible
effects of natural disturbances on hydrogeomorphic hazards in the perspective of
future protective forest developments. This work was carried out in the course of
the project “PROTECTED” funded by the Austrian Climate Research Program. The
chapter presents hydrological findings as well as a brief summary of geotechnical
findings as described in [11].
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2. Runoff and landslide simulations in forested headwater catchments
affected by canopy disturbances

To analyze the impact of future change, an ensemble of forest landscape simu-
lations has been conducted in two steep headwater catchments located in the Stubai
valley, Tyrol, Austria. With the “Innerer Lehnertalbach” (IL) and the “Äußere
Lehnertalbach” (AL) two typical torrential catchments with high relief energy
(Melton ratio for IL = 1.3; Melton ratio for AL = 1.2, cf. [12]) have been chosen. Both
catchments are situated in ecoregion 1.2 (Subkontinentale Innenalpen-West),
dominated by metamorphic lithologies (mainly Gneiss). They are a typical example
of mountain forest ecosystems of the central Alps, dominated by Norway spruce
(Picea abies (L.) Karst.), European larch (Larix decidua L.) and Swiss stone pine
(Pinus cembra L.). An overview of the catchment area characteristics is shown in
Table 1.

2.1 Climate and precipitation scenarios

In order to cover the widest possible range of future climate scenarios, four
different climate forecasts have been selected, based on three global models from
the Irish Center for High-End Computing (ichec), the Pierre Simon Laplace Insti-
tute (ipsl) and the MetOffice Hadley Center (mohc). All three global models (ichec,
ipsl, mohc) have been operated with the RCP 8.5 scenario – assuming a very high
gain of energy (8.5 W/m2) caused by future climate change. The global model ichec,
however, was additionally operated with a moderate, RCP 4.5, climate perspective
(4.5 W/m2). The temperature and precipitation differences of the Eur-11 dataset for
the period 2071–2100 compared to 1981–2010 are shown in Figure 1. All mean air
temperatures increase in comparison to 1981–2010. Of the climate predictions used,
only mohc8.5 shows negative precipitation trends. In addition to the climate fore-
cast scenarios, forest landscape simulations are further driven by assuming no
climate change and a future climate development aligned with historic climate data.
This climate scenario is denoted as historic and results for the period from 1961 to
2015 from combined 1x1 km INCA and SPARTACUS, grid data of the Central
Institute for Meteorology and Geodynamics (ZAMG) and observation series of
ZAMG weather stations, as well as locally installed monitoring stations.

For each of the climate forecast scenarios, forest landscape development was
simulated for 200 years with the individual-based forest landscape and disturbance
model (iLand) [13]. Disturbance events have been stochastically considered based
on 20 replicates, while we considered the non-disturbance landscape to be based on
one replicate. Further, all iLand simulations were additionally conducted with and
without considering forest management activities. Thus, in total 210 landscape
simulations have been performed.

Parameters “Innerer Lehnertalbach” “Äußerer Lehnertalbach”

Area [km2] 4.8 1.3

Min. elevation [m a.s.l] 1,043 1,037

Max. elevation [m a.s.l] 2,094 2,480

Mean slope gradient [°] 34 36

Forest cover [%] 83 36

Table 1.
Catchment area characteristics of the “Innere-” and “Äußere Lehnertalbach”.
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Three precipitation events of varying duration (60 min, 240 min and 720 min)
with a recurrence interval of 100 years have been defined, covering a wide range of
information about the hydrological response of disturbances in forests. The design
precipitation events result from the area-averaged, maximized precipitation
(MaxModN, eHYD) of grid points close to the selected torrential catchments.
Design precipitation probabilities of MaxMod are based on a simulation model
calibrated with measured data and accounting for the topography. MaxModN gives
precipitation values that are usually higher than those observed (Table 2).

2.2 Runoff simulations

The runoff simulations in the study area were performed with two, conceptually
different, hydrological modeling approaches.

For the selected torrential catchments, like for nearly 96% of all torrential
catchments in Austria, no information about past rainfall-runoff events exists. This
is mainly because of the lack of continuous discharge measurements devices (water
gauges). For this reason, runoff simulations have been performed with the precip-
itation/runoff (P/R) model ZEMOKOST [14] – an easy to apply event-based
concept-model, specially developed for the application in small to medium-sized
(< 100 km2) ungauged torrential catchments. The semi distributed model is based

Figure 1.
Used climate forecasts based on the EUR-11 dataset as average temperature and precipitation difference of the
period 2071–2100 compared to 1981–2010 (summer).

Duration [min] Precipitation intensities [mm/h]

“Innerer Lehnertalbach” “Äußerer Lehnertalbach”

60 88.85 94.65

240 130.10 138.39

720 178.56 180.26

Table 2.
eHYD design precipitation values based on a 100-year recurrence interval for the selected catchments.
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on a two-layer concept with a surface and a subsurface runoff module. ZEMOKOST
needs the portions of surface runoff classes (RCconst) and surface roughness (c)
classes for each sub-catchment (see chapter [5] of this book). The main parameters,
runoff coefficient (RCconst) and surface roughness (c), have been investigated,
following the code of practice developed by [15]. Actual site characteristics (vege-
tation, soil) were mapped in the field to ensure realistic assessment of runoff
characteristics. In this context, vegetation in ZEMOKOST is primarily considered
on the basis of its hydrologic vegetation characteristics, i.e., forest vegetation and
dwarf shrub cover versus woody free vegetation. ZEMOKOST was then calibrated
and checked for plausibility for the test-catchments using the existing precipitation
and discharge time series and data from historic events.

Runoff simulations have additionally been carried out with the physically based,
grid-distributed hydrological program GEOtop 2.1. Such models account beside
surface flow also for subsurface (or inter) flow and groundwater related effects,
important phenomena when simulating soil erosion activity. In GEOtop, land use is
made up of vegetation classes consisting of a non-arable and differently forested
groups. The individual groups do not represent any particular tree species, but
result from units of similar vegetation height, leaf area, canopy coverage and root
depth, directly determined by iLand simulations. Surface runoff in the channel and
along the hillslopes are determined by Manning’s empirical hydraulic approach.
Since the runoff regime in forests is determined primarily by forest soil conditions,
the interaction with the lithosphere is of high importance, described by soil physical
parameters. In addition to the topographical data, pedological data add differences
in depth, so-called horizons. Each type of soil consists of different soil horizons.
Each soil horizon is characterized by its physical properties (soil texture data). The
storage and conductivity of the individual horizons is given by the water content at
wilting point, field capacity and saturation, as well as the conductivity at saturation
and determined by means of pedotransfer functions proposed by [16] on their sand
and clay content. The conductivity in the unsaturated soil matrix is calculated by
van Genuchten values (α, n). Those values can be determined according to [17] by
classifying the soil texture according to United States Department of Agriculture
(USDA).

Finally, GEOtop runoff results have been validated with the runoff results
proposed by ZEMOKOST, where it has been found that the drainage roughness has
a significant impact. Figure 2 shows a calibration example of the “Äußere
Lehnertalbach” for GEOtop simulations based on a sensitivity analyses of varying
hydraulic roughness parameters (40 simulations), compared to ZEMOKOST
simulations for a 100-year precipitation event of the duration levels 60, 240 and
720 min. The solid line corresponds to the calibrated GEOtop simulation.

Figure 2.
Validation of GEOtop based on ZEMOKOST simulations for a 100-year precipitation event of the duration
levels 60, 240 and 720 min at the “Äußere Lehnertalbach”. While the shaded area contains all simulated
hydrographs, the solid line represents the hydrograph of the calibrated model.
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For future runoff predictions of peak discharges, simulated with both hydrolog-
ical models, varying land use conditions were provided by the pre-conducted num-
ber of iLand simulations of the selected catchments – resulting in multiple runoff
simulation scenarios.

For future ZEMOKOST simulations the parameters RCconst and c are calculated
from iLand outputs. In order to derive RCconst, pedohydrological reaction units
were mapped in the field. Six different units have been characterized. Considering
the iLand outputs canopy cover, ground cover and soil water content, RCconst is
given as an output for the different reaction units. Each c value is assigned a range of
iLand output values per parameter on basis of [15]. For an iLand output parameter
set the best fit c value is selected.

GEOtop simulations have been based on the biosphere mapped via land use
parameters. The land use is formed by vegetation classes, consisting of non-
vegetated and differently forested groups. The individual groups do not represent a
specific tree species, but result from units of similar vegetation height, soil rough-
ness, leaf area, canopy cover and root depth, which were determined via iLand.

2.3 Slope stability simulations

Simulations of the effect of forest disturbances on hillslope erosion processes are
based on the results from the distributed runoff simulations of GEOtop in combi-
nation with an extended version of the Mohr-Coulomb soil stability model. The
stability of each soil column – 1 m in depth with an area of 100 m2 – i.e. each cell in
the study area, was subsequently estimated for each layer l for simulation i at time t
according to Eq. (1).

FSi l, tð Þ ¼
Bþ A�Pl

k¼1h kð Þ ∗mi k, tð Þ
� �

∗ tan ϕ lð Þð Þ
tan βð Þ

A
(1)

where FSi l, tð Þ is the factor of safety for a specific soil column in the study area
under simulation i for its layer l, with values below 1 indicating that the soil column
is instable at the depth of layer l and time t. ℎ(k) is the depth of layer k, mi k, tð Þ the
saturation of layer k at time t, as given by Eq. (3), ϕ(l) is the internal angle of
friction of layer l in rad and β is the slope angle of the soil column in rad. In Eq. (1),
A equals to the normal stress resulting from the soil and plant weight reduced by the
pore water pressure and was derived by means of Eq. (2).

A ¼ γ�1
w ∗ qi þ

Xl

k¼1

h kð Þ ∗ mi k, tð Þ ∗ γsat kð Þ � γ kð Þð Þ þ γ kð Þ½ �
 !

(2)

where γw is the specific weight of water in kNm�3, qi is the additional pressure
due to the weight of the vegetation in Pa, h kð Þ is the depth of layer k in m,mi k, tð Þ is
the saturation of layer k for simulation i given by Eq. (3):

mi k, tð Þ ¼ θi k, tð Þ
θsat kð Þ (3)

where θi k, tð Þ is the soil water content of layer k at the time t for simulation i and
θ kð Þ is the saturated water content of layer k, γsat kð Þ is the specific weight of the
saturated soil of layer k in kNm�3, γ kð Þ and is the specific weight of the dry soil of
layer k in kNm�3.
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The cohesion component of the resisting forces was estimated according to
Eq. (4).

B ¼ 2 ∗ Cs lð Þ þ Cr,i lð Þð Þ
γw sin 2βð Þ (4)

where Cs lð Þ is the soil cohesion of layer l in Pa, Cr,i lð Þ is the root cohesion of layer
l for simulation i in Pa, γw is the specific weight of water in kNm�3 and β is the slope
angle of the soil column in rad.

A detailed description of the geotechnical parameterization as well as the
parametrization of root cohesion and vegetation weight can be found in [11].

3. Future possible tendencies of canopy disturbances show no
significant influence on runoff after heavy rainfall events

The variability of the peak discharge, resulting from the presence of natural
disturbances within the forested area, is given by the relative peak discharge change
ΔQ j t, dð Þ for each climate scenario j, with specific precipitation duration d and time
frame t. Accounting for disturbance effects per applied climate scenario, ΔQ j,i t, dð Þ
is estimated based on the ratio between the peak discharge of the i-th replicant of
the climate change scenario j considering disturbance effects Q1

j,i t, dð Þ, with the

Figure 3.
In each figure, the upper panel shows the change in peak discharge relative to the peak discharge without
disturbances stratified by management and no management for 50, 100, 150 and 200 years after simulation
begin. All discharge values are based on the pooled model results (ZEMOKOST and GEOtop). The symbol is
located at the median, while the lower and upper end of the bar represent the 25th and 75th percentile
estimated from 20 repetitions. The lower panel shows the disturbed area relative to the total area occupied by
forest for each year.
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peak discharge of the climate change scenario j without considering disturbance
effects Q0

j t, dð Þ, for each precipitation duration and time slice.

ΔQ j,i t, dð Þ ¼ Q1
j,i t, dð Þ

Q0
j t, dð Þ (5)

From the 20 relative peak discharge change observations per climate scenarios,
precipitation duration and time slices, the median Δ ~Q j t, dð Þ is derived, and the 95%
confidence interval is estimated based on 2,500 bootstrap samples. To account for
epistemic uncertainty, ΔQ j,i t, dð Þ values are based on the pooled model results
(ZEMOKOST and GEOtop).

Figure 3 shows the relative peak discharge change for 50, 100, 150 and
200 years after simulation begin – stratified by the selected torrential catchments,
historical based –, wettest (ipsl85) –, and driest (mohc85) climate scenarios as well
as management and no management.

The results (Figure 3) do not permit any significant influence of natural distur-
bances on the runoff behavior in torrent catchment areas. Neither could a signifi-
cant change in soil water content be observed for any of the future climate scenarios
and disturbance induced simulated landscapes (c.f. Figure 4). However, positive
trends describing an increase in runoff due to an increase in the disturbed forest
area cannot be completely ruled out visually, i.e.: times with a high number of
disturbances (supposing a critical size of disturbed area) apparently also cause an
increase in runoff behavior during heavy precipitation events.

Figure 4.
The influence on climate change scenarios on modeled slope stability criteria and the corresponding mobilized
volume. Canopy disturbances influence the development of tree species and thus the existing apparent cohesion
through the root system.
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4. Climate change and climate-driven development of canopy
disturbances are directly related to the disposition of landslides

The results given refer to the mobilized volume, which is calculated for each cell
and all climate scenarios individually as the cell-area times the unstable soil depth.
The latter is defined as the height from the surface, of the considered cell, to the
first soil layer whose factor of safety (FSi, eq:1) is simulated below one. A detailed
presentation and discussion of all results can be found in [11]. However, this
chapter provides a brief summary of the main findings that summarize the influ-
ence of natural disturbances on slope stability criteria (amount of mobilized vol-
ume) by i) the influence of soil water content, ii) the influence of root cohesion, iii)
the influence of rooting depth, and iv) the change in tree species (Figure 4). While
under historical conditions the mobilized volume is constant over time, the mobi-
lized volume increases for the moderate (ihec4.5) and warm (ihec8.5) to the warm
and wet (ispl8.5) climate scenarios (Figure 4). A considerable decrease of the
mobilized volume was, however, found for the warm and dry climate scenario
(mohc8.5). Beside these trends the mobilized volume is for all climate scenarios and
time periods constantly less for forest stands influenced by canopy disturbances.
These conclusions are also preserved if the duration is changed from 240 minutes to
60 or 720 minutes, with the only difference that for the 60-minute scenario less
volume and for the 720-minute scenario more volume is mobilized compared to the
240-minute scenario.

The lower landslide disposition for the warm and dry climate scenario
(mohc8.5) may initially be contra-intuitive but can be explained by a closer look at
the structural change of the forest stands. Regardless of the climate scenario or the
time period, the share of heart and taproot systems is higher for forest stands with
natural disturbances. While for the climate scenarios ihec4.5, ihec8.5 and ispl8.5 the
share of trees with sinker root system increases over time, the share of trees with
sinker root system decreases in the mohc8.5 scenario. This leads to an increase in
slope stability due to a higher rooting depth and increased root cohesion. The results
suggest that on steep slopes, stability due to disturbances can occur through a more
rapid change in natural succession – especially when a change in climate leads to a
change in tree species with a higher root cohesion capacity.

5. Conclusion

Forest disturbances which have a possible influence on natural hazard processes
are understood to refer primarily to large-scale disturbances, i.e. disturbances which
cause large-scale deforestation. After such large-scale disturbances, technical pro-
tection structures are very often installed as immediate measures to compensate for
the loss of forest’s protective effects. Frequently recurring disturbances are often
much smaller in relation to “catastrophic” large-scale disturbances and thus less in
the awareness of natural hazard experts, but very much in the attention of forest
experts. The canopy disturbance intensities modeled in this study affected less than
20% of the forested area of the considered catchments – somehow a critical size of
disturbances regarding change in runoff regimes [18–20]. Although the runoff
simulations do not permit clear quantifiable statements, it must be noted that such
critical size of the natural disturbance is more likely to be reached in steep and small
torrent basins especially in causing a change in runoff behavior. However, future
research questions will most certainly address quantifying the size of a critical
disturbance area, i.e., determining the area above which a significant impact on the
hydrologic regime in steep torrent catchments would be evident. The influence of
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critical disturbances on slope stability showed, in a first moment, contra intuitive
results, especially for the smallest and most densely forested investigation area.
Here we have noticed an increase in slope stability with an increase in the disturbed
area, significantly for the climate scenario with high temperatures in combination
with lower precipitation (mohc 8.5). As trees exert a kind of cohesion on the soil
layer due to their roots, the formation of the root system plays an important role
regarding slope stability. However, the shape of the root system depends mainly on
the tree species and the age. Both are subject to significant changes due to the
influence of climate and the occurrence of natural disturbances and thus influence
stability on steep forested slopes. In the Alpine Region, the treatment of protective
forests faces more than ever the challenges of sustainable and proactive manage-
ment. While it is still too early to define general management strategies to maintain
or improve the protective effect of forests in relation to runoff formation in the
context of disturbances, it can be stated that scenarios of future climate projections
suggest the targeted promotion of tree species with deep-root or heart-root systems
as necessary, especially on landslide-prone sites.
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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 
et al. [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 (Figure 1).

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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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 

Figure 1. 
Classification system for reviewing natural hazard risk-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].
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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.

Figure 2. 
Overview of the different components and analysis conducted in the GreenRisk4ALPs 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).
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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 α-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 
 greatest 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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Figure 4. 
Example for a map quantifying the magnitude of snow avalanches’ kinetic energy potentially reduced by forest 
based on Flow-Py simulations. Yellow to red colors 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.

Figure 3. 
Example for a direct object protective forest map based on Flow-Py simulations. Purple shaded areas 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 are forested areas that are not considered protective forests against snow 
avalanches.
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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 GMF’s 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) as well as a 
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.

Figure 5. 
Example for a map delineating locations of potentially highly effective protective forests against snow 
avalanches based on Flow-Py simulations. Dark blue are forested locations that were identified as highly 
effective for reducing the kinetic energy by forests of large and very large 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, e.g., land use, 
soil, or climatic conditions (except altitude and slope).
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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 m s−1) 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−1, 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.

Figure 6. 
Forest relevance in reducing the impact of snow avalanches is classified into three levels in the far north of the 
GreenRisk4ALPs Pilot Action Region (PAR) Wipptal South (IT), and forest relevance 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 reducing the potential risk from snow avalanches. Building 
and transport infrastructure footprints are shown with black outlines.
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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 

Figure 7. 
Hotspots where protective forests are 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 risk of snow avalanches.
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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, 
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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 

Figure 8. 
TEGRAV (TEchnical – GReen – AVoidance) risk 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].
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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 

Figure 9. 
Protective 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.
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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 

Figure 10. 
Protective Forest 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 user. Lower panel: green, technical, and 
avoidance mitigation measures can be selected via dropdown menus. Info buttons guide the user through each step.



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

168

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,

Figure 11. 
Mitigation measures that are included in the TEGRAV (TEchnical – GReen – AVoidance) risk assessment and 
economic model and considered in the Protective Forest Assessment Tool (FAT), distinguished by hazard, area 
of implementation, and type. Adapted from [48].
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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 considering 
protective forests that we presented in this chapter are only a few examples of differ-
ent 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.
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Chapter 10

Cost-Benefit Analysis as a Basis 
for Risk-Based Rockfall Protection 
Forest Management
Christine Moos and Luuk Dorren

Abstract

Mountain forests fulfill an important protective effect being the reduction 
of risk due to natural hazards. Knowing the value of this service is required to 
efficiently allocate financial resources in protection forest and risk management. 
In this chapter, we evaluate the protective effect of forests against rockfall at local 
and regional scale using a risk-based approach. We present a method to quantify 
rockfall risk under current forest conditions for a case study region along the 
Gotthard highway (Switzerland). Rockfall runout zones and relative frequencies 
were determined based on the energy line principle and occurrence frequencies 
were estimated based on inventory data. We quantified the protective effect of the 
current forest using a statistical approach and calculated the potential risk without 
forest. The risk reduction provided by the forest varies between 23 and 60% or 400 
and 4500 CHF/(year.ha−1). In a second step, we evaluated a single protection forest 
complex calculating its Net Present Value (NPV) for a time frame of 100 years 
based on the risk reduction and compared it to technical protection measures. The 
NPV of the current forest is positive, whereas protection measure variants includ-
ing rockfall nets have a highly negative NPV. The results evidence the efficient risk 
reduction of rockfall protection forests. The presented methods allow for a differen-
tiated procedure for protection forest planning at local and regional scale. A simple 
risk approach requiring a manageable data set enables practitioners to prioritize for-
est management. A more detailed economic analysis of protection forest efficiency 
finally facilitates the planning of protection forest measures at local scale.

Keywords: protection forest, rockfall, risk analysis, net present value, nature-based 
solution

1. Introduction

Forests provide important protection against rockfall in steep mountain terrain 
[1]. Thanks to this so-called Nature-based Solution, maintenance and installation 
costs of technical protection measures, such as dams or nets, are financially bear-
able or can even be avoided at many places due to the reduction of rockfall rebound 
heights and impact energies by previous impacts on trees [2]. Furthermore, protec-
tion forests fulfill additional functions in terms of wood production, biodiversity or 
water filtration [3]. Knowing the value of the protection service of mountain forests 
is key to efficiently allocate financial resources in forest and natural hazard manage-
ment. A realistic valuation of the protective function of forests, however, can only 
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be guaranteed if long-term costs and benefits are considered [4]. Often, the value of 
the protective function of forests is only qualitatively assessed or estimated based on 
general costs of replacing [5]. However, such approaches, only indirectly quantify 
the effect of forests on natural hazards and do not account for the potential dam-
age prevented by the forest. A risk-based approach, on the other hand, allows for a 
translation of the physical effect of trees on the natural hazard process into monetary 
terms and thus a direct quantification of the avoided costs [6]. The latter are defined 
as the difference in risk with and without the protective effect of the forest [7]. To 
support decisions on risk prevention measures, including protection forest manage-
ment or combinations of different types of measures, a cost–benefit analysis (CBA) is 
a method that provides standardized and quantified information on the efficacy and 
efficiency of the analyzed measures [8]. For a realistic long-term economic assess-
ment of risk reduction measures, all costs and benefits must be adjusted to a common 
point of time, which can be done by calculating the Net Present Value (NPV), being 
the sum of all future expected benefits and costs discounted to today [9].

Valuing the protection service of the forest can facilitate the prioritization of 
protection forest management at local, regional and national scale. At local (e.g. 
slope) scale, a detailed quantification of the protective effect of a protection forest 
complex (i.e. one or multiple forest stands that protect against a natural hazard 
process) is required i) for the planning and comparison of risk prevention measures 
and ii) as basis for an efficient forest management. A valuation of the forest’s pro-
tective effect at regional (e.g., valley) scale is important for the large-scale planning 
and prioritization of forest management measures.

In this chapter, we quantify the protective effect of forests against rockfall at local 
and regional scale using a risk-based approach. We present a simple method to estimate 
risk and the risk reduction provided by forest at regional scale and then do a profound 
economic valuation of a single protection forest complex based on a cost–benefit analy-
sis and compare it to technical protection measures. The methodological approaches 
are presented based on a case study region along the Gotthard highway in Switzerland, 
where rockfall events frequently end up on the mountain side driving lanes.

2. Risk-based regional protection forest planning

As a basis for prioritization of regional protection forest planning, we deter-
mined rockfall risk under the current forest conditions for a case study region along 
the Gotthard highway based on a simple risk approach. We subsequently used a 
statistical model to determine the risk reduction potential of the forest in monetary 
terms (Figure 1). The study region comprises a section of the Gotthard highway A2 
in Switzerland between Gurtnellen and Wassen with a length of ~5.5 km (Canton 
Uri; Figure 2). This highway section is continuously endangered by rockfall from 
cliff faces that stretch stepwise from approx. 750 to 2000 m a.s.l. There are several 
sections (in total ~2.2 km) that are protected by galleries from rockfall and other 
natural hazard processes.

2.1 Methodology

Rockfall release areas were determined using a slope threshold angle of 50°. We 
estimated rockfall runout zones based on the energy line principle, using the ELine tool 
[10], which calculates potential runout cones for each rockfall start cell. In case of multi-
ple start cells, overlaying runout cones allow for a quantification of the reach probability 
of blocks in a specific cell. Based on these modeled reach probabilities, we calculated a 
relative reach probability along the highway by defining three probability classes (“low”, 
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“medium”, “high”). We assumed an energy line angle of 30° for the total study area and 
additionally calculated runout zones with an angle of 35°, which did not result in chang-
ing reach probability classes. The runout zones were determined for a block volume of 
2 m3, which regularly reaches the highway. The occurrence frequency of blocks >= 2 m3 
on the highway was determined based on inventory data from the national road office 
[11]. The catalog contained 31 events of one or several blocks that reached the highway 
or stopped in nets just above in 30 years. We therefore assumed in this study an occur-
rence frequency of 1 rockfall event (>= 2 m3) per year reaching the highway (galleries 
excluded). This frequency was then weighted for different highway sectors according to 
the calculated reach probability classes. We then calculated the yearly rockfall risk (CHF.
yr.−1) for each section based on [11] and accounted for the damage types “direct impact” 
(only for regular fluid traffic conditions), “collision” (with rock deposits on the road or 
other vehicles), “infrastructure damage” and “road closure after a hazard event” (see 
also [12] for a detailed description of risk calculation). The variable values used for the 
risk calculation are presented in Table 1. Sectors with galleries were not considered in 
the risk analysis. We used vulnerability values for objects and persons for the intensity 
classes according to [11]. The monetary value of the element at risk was calculated as the 
sum of the standardized object value [11] and the monetized value of persons (given as 
6,600,000 CHF person−1 in Switzerland; [14]).

Figure 1. 
Flow chart of the methodology for the risk-based evaluation of the protective effect of forests at regional scale.
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In order to estimate the risk for the unforested slope, we determined the risk 
reduction potential of the current forest based on a statistical approach proposed 
by [13]. The model calculates the relative reduction (in percent) of the rockfall 
frequency and intensity depending on the basal area of the forest, the forested slope 
length, the block volume and the horizontal forest structure (e.g., gaps, clustered, 
…). We applied it to homogenous forest areas determined based on the forested 
slope length. Since no regional data on forest structure (e.g. cantonal forest inven-
tory) was available, we assumed a basal area of 15 (“bad forest condition”) and 30 

Figure 2. 
Study region along the A2 Gotthard highway with protection forest complexes and release area and the local 
case study site in Meitschlingen.
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(“good forest condition”) m2.ha−1, respectively, covering a realistic range deter-
mined based on the forest data available from the local case study (see section 3). 
We only calculated frequency reduction, since we used intensity classes in the risk 
analysis and a direct translation of the forest effect is not applicable. Based on the 
derived risk without forest, we were able to assess the risk reduction provided by 
the forest per road section in monetary terms (CHF.yr.−1).

2.2 Results

The risk on the total section for the current situation with forest amounts to 
~330,000 CHF.yr.−1 (Table 2). More than two thirds stem from direct impacts and 
25% from road closure after hazard events. In other words, one fatality due to direct 
impacts is expected every 30 years on average. The risk reduction provided by the 
forest varies between 15 and 55% under good forest conditions and 0 and 30% under 
relatively bad forest conditions (i.e., regarding rockfall protection), respectively 
(Table 2). This results in a yearly risk reduction between 800 and 2,500 CHF and 0 
and 1,000 CHF, respectively, per ha protection forest (Figure 3). Based on the calcu-
lated risk reduction, the total risk would increase to ~470,000 CHF.yr.−1 without forest.

Variable Value Unit Source

Mean daily traffic (MDT) 22,500 vehicles.day−1 www.astra.admin.ch

Indicated maximum speed on the 
highway section

100 km.h−1 Field observation

Forest intervention costs 
(harvesting + preparation, road 
maintenance)

110 CHF.m−3 [13]

Revenue from wood sales 75 CHF.m−3 idem.

Net installation costs (200 kJ) 1,200 CHF.m−1 [4]

Net installation costs (500 kJ) 1,500 CHF.m−1 idem.

Net installation costs (5000 kJ) 4,500 CHF.m−1 idem.

Discount rate (mean value last 
30 years in CH)

2 % idem.

Road closure costs 87,000 CHF.day−1 [11]

Costs of human life 6,6 Mio CHF [14]

Table 1. 
Values and their sources of variables used for the calculation of risks and the NPV.

Section Total risk with forest 
[CHF.yr.−1]

Risk reduction forest 
(range) [%]

Total risk without forest (range) 
[CHF.yr.−1]

1 13,800 0 13,800

3 19,000 0–15 19,000–22,300

5 52,200 0–16 52,200–62,400

7 113,700 30–55 157,000–208,700

9 90,300 0–21 90,300–114,600

10 40,800 0–15 40,800–48,100

Table 2. 
Calculated total risk with and without forest for the road sections (see Figure 3; without galleries) and risk 
reduction provided by the forest (reported as range for a forest with a basal area of 15 or 30 m2.ha−1).



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

182

3. Risk-based protection forest assessment at local scale

As a basis for comprehensive forest management at local scale, we economically 
assessed the performance of a particular protection forest complex in the study 
region and compared it to structural protective measures and a combined approach 

Figure 3. 
Total risk with the current forest along the considered highway section, and risk reduction provided by the 
protection forest complexes.
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(Figure 4). The chosen site is the Gotthard highway section between Meitschligen 
and Stotzigwald (Figure 2).

3.1 Methodology

We determined the net present value (NPV) of the current forest with a man-
agement scenario of gap cuttings that aims at promoting regeneration (variant 1) 
and compared it to i) a combination of variant 1 and the currently installed flex-
ible nets (variant 2), and ii) only currently installed flexible nets, without trees 
( variant 3). To determine the benefit (i.e., risk reduction), we compared the risk 
with a given protection measure variant with the situation without protective 
measures (no trees and no nets). This is the “baseline” variant.

To calculate the risk for a given protection measure, we modeled the propagation 
of single rectangular blocks with a maximum volume of 1, 2 and 15 m3 with the 
three-dimensional rockfall trajectory software Rockyfor3D [15]. The topography 
was defined by a digital elevation model (DEM) with a resolution of 2 x 2 m and 
soil types and roughness were mapped in the field. Forest stands were delineated 
with orthophotos and field inventory plots. For each stand, we measured trees 
with a stem diameter at breast height (DBH) larger than 8 cm in randomly sampled 
plots of 20 by 20 meters. All trees were recorded. Subsequently, the mean DBH, the 
standard deviation of the DBH, the number of stems per hectare and the propor-
tion of coniferous trees were calculated for each stand. Rockyfor3D uses this data to 
create a forest model consisting of individual trees with their position and DBH. We 
assumed that every 20 years, 25% of the total standing volume would be removed 

Figure 4. 
Flow chart of the methodology for the economic evaluation of a protection forest at local scale based on the 
calculation of the net present value (NPV).
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by using cable crane lines and lateral regeneration gap cuttings of 20 by 30 m. We 
removed the trees in the intervention gaps from the generated forest model and 
simulated rockfall trajectories and calculated the change in risk reduction after a 
forest intervention. The current mean standing volume per ha is 575 m3 (i.e., almost 
6000 m3 on 10.4 ha). The net costs of a single forest intervention add up to 165,808 
CHF (intervention costs) – 113,098 CHF (revenue of wood sales) = 57,710 CHF.

The rock type is gneiss and we defined its density as 2700 kg.m−3. The used block 
volumes were defined by a geological engineering consulting firm commissioned by 
the Swiss Federal Roads Office FEDRO for a hazard analysis in 2010. The attributed 
onset probabilities (detachment probability at the rockfall cliffs) were 0.067 (10-
year recurrence interval – 1 m3), 0.023 (30-year recurrence interval – 2 m3), 0.007 
(100-year recurrence interval – 15 m3) and 0.003 (300-year recurrence interval 
– 15 m3). The difference between the 100- and 300-year recurrence interval was 
determined by the number of individual blocks that descend the slope, which was 
randomly set to 2 to 5 blocks for the 100- and 4 to 8 blocks for the 300-year recur-
rence interval. The 10-year recurrence interval was a fixed single block scenario, 
while the 30-year recurrence interval was a randomized 1 to 3 block(s) scenario.

Upslope along the highway we placed a virtual control screen allowing for 
recording all relevant data for the risk calculation (number of passed rocks, energy 
distribution, passing height distribution). For each defined block volume and vari-
ant, we simulated 1000 trajectories per release cell.

As for the large-scale study, our risk calculation was based on [10] and 
accounted for the same damage types. We then calculated the NPV, based on the 
defined recurrence intervals, following:

 
( ) ( ) ( ) ( ) ( )
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Where I(w) = revenue from wood sales (CHF); I(rr) = risk reduction (CHF); 
O(n): costs for installing flexible nets (CHF); O(m) = operation and maintenance 
costs for the flexible nets (CHF); O(f) = costs for forest interventions (CHF); i = 
discount rate; t = year.

Values for the variables we used for the calculation of risks and the NPV, 
are presented in Table 1. We here focused on the risk calculation on the 
 highway only.

Variant Total risk 
[CHF.yr.−1]

Difference with 
baseline variant  

[CHF.yr.−1]

NPV 
[1000 
CHF]

Benefit–
cost ratio 

[−]

“Baseline” (no trees, no 
nets)

30,647 — — —

1 (current forest/no nets) 25,493 5,154 110 1.79

2 (variant 1 + current nets) 23,464 7,182 -1,314 0.24

3 (variant 1 + maximum 
nets)

19,743 10,904 −10,814 0.05

4 (current nets, no trees) 29,690 956 −1,469 0.04

Table 3. 
Total risk per year, risk reduction (difference to baseline variant), NPV and benefit–cost ratio per protection 
measure variant for the case study site in Meitschligen.
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3.2 Results

The total risk per year (sum of the risk for the four defined rockfall recurrence 
intervals) for both the baseline and protection forest variant is given in Table 3. The 
current forest (without nets) provides a risk reduction of 5,154 CHF.yr.−1. In com-
bination with nets, the risk reduction is increased up to 10,900 CHF.yr.−1. However, 
only the NPV of variant 1 (current forest without nets) is positive. All variants with 
nets have a distinctly negative NPV due to the high investment and maintenance 
costs of the rockfall nets.

4. Discussion and conclusions

The here presented large-scale risk assessment evinced a substantial risk reduc-
tion between 500 and 5000 CHF.(ha.yr)−1 of the current protection forest along 
the Gotthard highway. Without the forest, risk would increase up to 150%. When 
additionally considering the reduction of rockfall intensity (and not only rockfall 
frequency), risk could even increase more. The proposed methodology allows for 
a simple estimation of risk and the protective effect of the forest and thus serves as 
an ideal basis for a rough prioritization of protection forest management at regional 
scale. Assuming that silvicultural interventions in a protection forest complex are 
required approximately once per 20 to 30 years and that they cost 12,500 CHF per 
hectare and intervention (maximum federal contribution to protection forest inter-
vention in Switzerland; [16]), protection forest management is with yearly costs of 
~500 CHF highly efficient. For this, however, a basal area of minimum 30 m2.ha−1 is 
required. How much a forest reduces risk depends strongly on its structure and state. 
A low tree density and a short forested slope length can critically reduce the protec-
tive capacity [13, 17]. Thus, spatial data on forest structure are required to satisfac-
torily predict the risk reduction of the forest. In this study, such data was partially 
missing why we calculated risk reduction for a range of the basal area. Furthermore, 
the block volume strongly influences the protective effect of forests. This effect was 
greatly simplified by considering rockfall risk generalized for block volumes >= 2 m3.

For a risk-based planning of protection forest management at local scale, a more 
detailed approach is necessary. The calculation of the NPV of a protection forest 
complex based on its risk reduction allowed for a long-term economic valuation 
of the protection service and a comparison to technical measures and combined 
approaches. Although the variant forest + nets provides the highest risk reduction, 
its NPV is highly negative (−1 million CHF over a period of 100 years) and its 
benefit–cost ratio is 0.05. Variant 1 (forest with management and no nets) is the 
only one with a positive NPV. This variant is also the only one with a benefit–cost 
ratio larger than 1. Comparing variant 1 to variant 4 (nets without forest) shows a 
substantial increase of the efficacy of the forest-nets combination with an increased 
risk reduction of more than 400%. Hence, combining forests and nets can signifi-
cantly increase the risk mitigation capacity of nets.

Finally, the results from the regional study are in good agreement with the 
detailed analysis on local scale (i.e., the Gotthard highway section between 
Meitschligen and Stotzigwald used for the local scale study corresponds to 
60% of the highway section nr. 10 in the regional study). On regional scale, we 
calculated a risk of 40,800 CHF.yr.−1 and a risk reduction of the forest of 7,200 
CHF.yr.−1 for a forest with a basal area of 30 m2.ha−1 in the respective section. 
In the local study, we revealed a risk of 25,400 CHF.yr.−1 and a risk reduction of 
5,200 CHF.yr.−1. This indicates that the on large scale estimated risk reduction of 
the forest covers a realistic range.
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The presented methods allow for a differentiated procedure for protection forest 
planning at different scales. At regional scale, the combination of a simple risk 
approach and a statistical model enables practitioners to determine the risk reduc-
ing effect of the forest as basis for prioritization of forest management measures. 
Currently, prioritization is mainly done on the basis of Eisenhower’s Urgency/
Importance principle, where urgency is determined by the state of the protection 
forest and importance on the provided protection. The latter however, is based 
on a rapid qualitative expert appraisal, which can be more objective based on the 
method proposed in this chapter. The method requires mainly i) elevation and land 
cover data for a rough estimation of rockfall runout and intensities; ii) basic data 
on the damage potential; and iii) spatial data on forest cover (i.e. basal area and 
forested slope length). At local scale, more detailed data on rockfall frequency and 
runout as well as on forest structure and the costs and benefits of protection forest 
interventions are necessary to conduct a detailed economic evaluation of the pro-
tection forest service. Such an evaluation allows practitioners for planning efficient 
(both economically reasonable and sufficiently effective) protective measure vari-
ants that take protection forests, including the required silvicultural interventions, 
into account. For additional risk-based evaluation approaches of forests’ protective 
effects against gravitational natural hazards see chapters [18–20] of this book.
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Chapter 11

Avalanche Protection Forest: From 
Process Knowledge to Interactive 
Maps
Peter Bebi, Alexander Bast, Kevin Helzel, Gregor Schmucki, 
Natalie Brozova and Yves Bühler

Abstract

In order to prioritize protection forest management, it is essential to know where 
forests have an effect on avalanches and which criteria the forests have to meet to 
avoid avalanche releases and reduce avalanche runout distances. This contribution 
outlines how the current assessment of effective protection forest can be improved 
by combining process knowledge on forest-avalanche interactions with newly 
available remote sensing data, large-scale numerical modeling and cartographic 
visualization techniques. Within the scope of a practical application in the Canton 
of Grisons (Central Swiss Alps), we showcase how scenario-specific avalanche 
protection forest maps have been developed and implemented into natural hazard 
indication maps in collaboration with avalanche modelers and practitioners. We 
outline further developments of such combined information towards interactive, 
web-based decision support tools based on resulting maps of effective avalanche 
protection forests.

Keywords: hazard indication maps, snow avalanches, interactive maps, 
remote sensing, protection forest

1. Introduction

Large scale hazard indication maps of avalanche protection provide an overview 
of areas potentially endangered by snow avalanches [1]. Such hazard maps serve in 
Switzerland also as a basis to define the extent of avalanche protection forests [2]. 
The first available hazard indication maps of avalanche protection at the beginning 
of the 21st century [2, 3] were based on a relatively coarse 25-m digital elevation 
model and simple forest vs. non-forest scenarios. In the meantime, we have increas-
ingly advanced remote sensing data such as airborne LiDAR data and, in particular, 
highly resolved digital elevation models [4, 5], and additional and refined knowl-
edge on avalanche-forest interactions [6, 7]. In this contribution we outline how we 
can take advantage of newly available process knowledge, refined spatial data and 
numerical modeling to improve avalanche protection forest maps, related applica-
tions and visualizations.
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2. Process knowledge: avalanche protective effects of forest

The main effects of avalanche protection forests are that avalanches do generally 
not release in sufficiently dense forest and that smaller avalanches can be slowed 
down or stopped by forest [6–8]. These effects are not only influenced by the forest 
structure but also by topographical factors and the properties and thickness of 
the snow cover. Critical thresholds for the spontaneous release of avalanches can 
be different inside the forest compared to the open field. For example, avalanches 
in forests mainly occur on slopes with an inclination of at least 35° [9], whereas in 
open areas, they may also occur in less steep terrain below 30° [10]. The surface 
roughness of the terrain is a crucial factor, at least as long as the snow cover thick-
ness in the forest does not exceed the effective height of the dominant objects such 
as trees, root plates, logs or deposited rocks [11].

There are essentially four physical processes that contribute to the stabilization 
of the snow cover in forests: (1) Interception of falling snow: snow is partly inter-
cepted on branches and sublimated back into the atmosphere [12]. Intercepted 
snow, which is not sublimated, enters the snowpack in the form of snow lumps or 
meltwater [13]. (2) More balanced radiation regime: the duration of solar radia-
tion and the long-wave radiation during the night are reduced in forests compared 
to open field [14, 15]. (3) Reduced wind speeds: within the forest, near-surface 
wind speeds are lower than in the open [16]. (4) Direct mechanical support: 
standing trees, but also lying dead wood, stumps, and root plates help to stabilize 
the snow cover with their reinforcing effect and increase the roughness of the 
terrain [6, 17].

As a result of these four processes, crown coverage, gap sizes and slope angle 
are considered the most essential characteristics for avalanche prevention in forests 
(see also chapter [18] of this book). Critical thresholds can be estimated from the 
retro analysis of events in relation to the topographical factors and snow proper-
ties [19, 20]. Based on such studies, critical lengths of forest gaps in the fall line are 
usually given in the range between 25 and 60 m, depending on slope inclination 
[18, 21]. Some authors also propose to use the height of the trees for defining the 
length and width of these gaps [22]. The size of gaps is also decisive in determin-
ing whether a small-medium scale avalanche (< 10′000 m3) that starts in the 
forest can potentially develop into a large avalanche (≥10′000 m3). The minimum 
gap width required to form avalanches is generally smaller in deciduous forests 
(approx. 5–10 m) than in evergreen forests (approx. 15–20 m), with considerable 
variation depending on steepness, terrain roughness and snow conditions. Smaller 
avalanches, which start in the forest or 100–200 m above the forest line, can come 
to a stop depending on the forest structure, topography and snow characteristics in 
the forest. The braking effect of the forest is a consequence of various interactions 
between avalanches and trees [6, 7] but is for large-scale hazard mapping usually 
simplified and modeled with a friction approach [8].

3. From process knowledge to maps

In order to create large-scale and applicable maps of forests with a protective 
effect and/or protective function (protection forest maps), it is necessary to deduce 
criteria from existing process knowledge and combine them with appropriate 
remote sensing and other available GIS-Data. For a hazard indication mapping 
project in the Canton of Grisons (Eastern Switzerland) we consequently aimed at 
the following criteria for the delineation of avalanche protection forest (Figure 1 
and Table 1):
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1. Based on existing data: We used data on 150 avalanches released in forested 
terrain of the Swiss Alps and deduced a logistic regression model to quantify 
the effect of topographical and forest structural variables ([19, 20], Table 1).

2. Comprehensive and automatized: We aimed for a completely automatized 
and comprehensible delineation of the protection forest for the whole area of 
the Canton Grisons. Thus, it is necessary that all variables and criteria used to 
delineate the forest with an avalanche protective function and effect could be 
spatially deduced from newly available remote sensing data and/or additional 
GIS data, which are available for the whole Canton of Grisons and can poten-
tially be repeated later with updated forest data.

3. Verified and optimized: The delineation of the avalanche protection forest had 
to be verified and further adapted by knowledge from scientists and local natu-
ral hazard and forest experts. In order to verify the effect of the forest structure 
on avalanche runout, an additional optimization loop had to be conducted after 
the simulation with the avalanche simulation software RAMMS [8, 23].

A central component within this framework is the logistic regression model cal-
culated with the most important variables “slope inclination”, “percentage of crown 
cover” and “gap width”, adapted from [20]. Those variables were implemented within 
a GIS approach. The algorithm is described in detail in Table 1. Based on spatial input 
data sets (e.g., vegetation height model [VHM] and digital terrain model [DTM]) 
[24] and various GIS operations, we calculated an “avalanche disposition” between 
0 (no disposition) and 100% (very high avalanche release probability). To minimize 
the calculation time, a forest mask was used to delimit the calculation domain of 
the model. This forest mask consists of a combination of forest areas defined by the 
Federal Office of Topography (Swisstopo) and the Swiss National Forest Inventory, 
NFI [4, 25]. We defined different threshold values for tree heights to assign forest 
gaps (“Gap-threshold”) and forest cover (“Forest cover-threshold”) for different 
avalanche scenarios (frequent scenario vs. extreme scenario according for regionally 
expected snow-heights snow heights according to [28]). Additionally, we accounted 
for two factors which could not be quantitatively deduced from the original logistic 

Figure 1. 
Schematic structure of the model for calculating the spatial extend of avalanche protection forest. The core of 
the disposition model is a logistic model based on avalanche releases in forested terrain [23]. A vegetation height 
model (VHM) [3], a digital terrain model (DTM) [24], a forest mask [3, 25], a shrub layer [26] and a surface 
roughness layer according to [27] were used as input GIS-data.
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model, but which turned out to be of additional relevance and for which spatial data 
were available for the whole canton: (1) a scrub forest area layer [26] helped to assign 
an adequately higher avalanche disposition to areas covered by shrubs. (2) We delin-
eated areas with a high surface roughness from a high resolution DTM, and which 

Considered 
variables and 
threshold

Definition

Crown cover The higher the crown cover, the lower the likelihood of an avalanche release. The crown 
cover is calculated based on a percentual proportion of pixels with a higher VHM 
value than the crown cover threshold. This procedure is done within a 5 m and 25 m 
environment, and the arithmetical mean is calculated.

Gap width Pixels that have a lower VHM value than the Gap-threshold (see definition below) are 
considered as a gap. If multiple gap pixels are adjacent to each other, a polygon is drawn, 
which represents the gap. The gap polygon is intersected with the contour lines to 
extract gap width. The length of the contour line represents the width of the gap. Gaps 
smaller than 500 m2 were neglected after verification of avalanche runout with RAMMS 
simulations. To get homogeneous results, the mean over a 10 m environment is calculated.

Slope angle The angle of the slope was calculated based on a 10-m DTM. Values lower than 28° and 
higher 48° are considered as constant. In the range within 28 and 48° an increase of 
inclination is expected to lead to a higher potential for an avalanche release.

Forest cover-
threshold

In order to take into account the coverage at different spatial scales and to optimize the 
detection of trees, especially in a critical range between 3 and 5 m, the following VHM 
limits have been set:

• Frequent event: 4 m for 5 × 5 m and 3 m for 25 × 25 m environment

• Rare event: 5 m for 5 × 5 m and 4 m for 25 × 25 m environment

Gap-threshold The local snow depth for a 100-years event was calculated according to [28] and corrected 
by a factor of 0.85 for frequent and 1.14 for rare events. The calculated snow heights 
multiplied by the factor 1.5 according to Protect-Bio [29] results in the respective tree 
height limit. To compensate for underestimations of tree heights within the VHM, a 
constant height was subtracted from the VHM raster value.

Surface 
roughness

The surface roughness influences the likelihood of an avalanche release, especially 
when the snow height is low. The roughness was calculated with the “Vector Ruggedness 
Measure” (VRM) according to [27] based on a 2-m DTM (SwissAlti3D) and a moving 
window of 5 × 5 m. Based on empirical comparisons, areas with a value > 0.02 are 
considered as rough. For rough areas that do not show lateral convex curvature an increase 
of 10% of the avalanche disposition is accounted for.

Shrub forest Shrub forests tend to protect less against an avalanche release. Trees such as green alder 
Alnus viridis (Chaix.) DC. or the shrub form of mountain pine Pinus mugo have more 
flexible stems than upright trees of the same size. Thus, they are pressed down by snow. We 
address the limited protection capability of shrub forests by assigning a decrease of 10% of 
the avalanche disposition for all areas classified as shrub forests according to [26].

Avalanche 
disposition

Statistically deduced disposition of each pixel to be part of an avalanche release area, given 
as a value from 0 to 1 according to a logistic model with following formula: Logit(release 1/0) = 
−6.17 + 0.18 * slope angle [°] – 0.03 * crown cover [%] – 0.05 * gap width [m].

Protection 
forest index

Index calculated from avalanche disposition and additional parameters (roughness, shrub 
forest) (may have values from −10 to 110)

Protection 
forest-
threshold

The threshold for the protection forest index, based on validation in well-documented 
areas. Threshold values for fulfilled protective effect were:

• Frequent scenario: forest with a protection forest index < 65

• Extreme scenario: forest with protection forest index < 85

Table 1. 
Variables, threshold values and definitions for delineating avalanche protection forest for a frequent  
(ca. 10–30 years event) and extreme (ca. 100–300 years event) scenario.
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do not show lateral convex curvature. With this combined requirement, we could 
exclude vertical gullies with high terrain roughness, as they are known for frequent 
avalanche release. Based on (1) and (2), we assigned higher values to the protection 
forest index for areas with considerable terrain roughness and lower values for areas 
that are covered by shrub forests (Figure 1). The resulting “protection forest index” 
builds the basis for the protection forest maps. The exact threshold values defining a 
sufficient protection forest index for frequent (ca. 10–30 years return period), and 
extreme (ca. 100–300 years return period) scenarios could then be defined in an 
iterative process after validating avalanche simulations with former avalanche events 
and after discussing different scenarios (with and without forests) together with the 
responsible regional natural hazard experts [23].

The avalanche protection forest map for the Canton of Grisons (Figure 2) is 
thus the result of an iterative process starting with an empirical statistical model 
of avalanche releases in forested terrain and was subsequently improved in several 
working and validation loops. The iterative process allowed us, for example, to bet-
ter account for the stopping behavior of small and very small avalanches in forested 
terrain and how these processes are simulated with the avalanche dynamics software 
RAMMS [8]. In the applied model, the turbulent friction ξ (Xi) is set to a very high 
value, simulating the braking effect of the forest. Other adaptations introduced after 
validation loops included a stronger representation of surface roughness, leading to 
an increase in the protection forest index of forests with high surface roughness and 
may shift the categorization for some forests with a relatively open forest structure 
but a high surface roughness. Additionally, we considered differences between actual 
tree heights and how these tree heights were assessed with the available vegetation 
height models [3, 30]. Besides validating the forest cover map after the simulation 
of avalanches and besides the feedback of regional experts, it was also essential 
to validate the delineation of the avalanche protection forest maps specifically in 
well-investigated areas with known tree heights and avalanche history.

While all these validation procedures improved the quality and applicability of 
our map, more progress is possible during the following years by applying the map 
in practice and by introducing additional spatial data sets on forest characteristics. 
Therefore, the map will be updated once (i) reliable tree species maps are available 

Figure 2. 
Protection forest map for the Canton Grisons for a frequent avalanche scenario (corresponding to avalanche 
events with a 10–30-year return period, displayed in blue and red combined) and for an extreme snow cover 
scenario (corresponding to a ca. 100–300-year avalanche event, displayed in red).
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in order for better consideration of the protective capacity of different forest 
types (e.g., forests dominated by evergreen coniferous trees, deciduous conifers or 
broadleaved trees) or (ii) after an improved understanding of the effect and the 
assessment of different surface roughness categories.

4. From static to interactive mapping

Two-dimensional protection forest, hazard indication or risk maps are still the 
standard application in the administration and consulting offices. Nevertheless, 
modern cartographic visualization strategies go far beyond showing a static portray 
of reality at a given point in time. Especially new advances in web technologies and 
multimedia integration, known as “web mapping”, make it possible to create easily 
shareable, user-friendly and robust web applications via different (mobile) devices 
such as smartphones, tablets or personal computers.

As forests undergo permanent and often abrupt changes in time, protection 
forest maps should be updated when more data or better process knowledge is avail-
able and after relevant changes in the forest structure. Map updates are particularly 
important with expected changes due to climate change and important legacies of 
past land use and expected increases in the frequency and severity of natural dis-
turbances [30]. The development from static, two-dimensional maps to dynamic, 
interactive maps in a 3-D environment with possibilities to regularly update the 
visualization of protective effects in response to different forest scenarios would not 
only be a logical response to the increasing availability of spatial data, cartographic 
capabilities and computing capacity, but also a response to increasing practical 
needs. Compared to existing maps, dynamic maps enable to track effects of changes 
to the forest cover due to natural disturbances and different management scenarios 
on the protective capacity and other forest functions.

Based on the avalanche protection forest layer presented in this contribution, the 
avalanche hazard indication map for the Canton of Grisons [31] was compiled and 
mapped for the first time with an interactive visualization platform (maps.wsl.ch), 
which is currently being developed at the WSL Institute for Snow and Avalanche 
Research SLF in Davos, Switzerland. In a first step, the latest findings on protection 
forests, RAMMS simulations of various avalanche scenarios and topographical and 
asset data such as buildings or roads were combined into an interactive user experience.

For the implementation, basic criteria were defined for the cartographic 
representation and the functional scopes of the interactive maps. In addition to 
a traditional two-dimensional map view, the user is offered a three-dimensional, 
spatial form of representation. Within this 3-D representation, all functions of “tra-
ditional” web mapping and other functions beyond are available. This means that 
the map reacts directly to the user, attributes and geometric data are linked, and 
interactive legends and diagrams are available. This encompasses the well-known 
functions of zooming, panning, perspective, 3-D navigation and flights through 
digital elevation models and three-dimensional objects like buildings or snow 
avalanche release areas, selection, print or an extended search function. The latest 
functions include the individual selection of layers, the retrieval of information via 
pop-ups, the creation of own bookmarks for quick navigation, the measurement 
of distances and areas in three-dimensional space as well as the personal editing of 
certain layers and the integration of shapefiles. The integration of shapefiles allows 
the user to upload recorded field data, for instance, and thus to overlay this data 
with the map content for visual analysis or prints. The functionality and design of 
the application will be improved in the future depending on the needs of the users 
and the progress in avalanche modeling.
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The development of interactive web maps can broadly be categorized into 
three parts: 1) data preparation and visualization, 2) user interface design, and 
3) application development. Hence, the map itself is only one element in a more 
prominent programmatically framework of digital cartography. For the detailed 
analysis and necessary transformations of the geospatial data that will be part of the 
application (step 1), conventional GIS software is used. Most of the layers are also 
being visualized at this stage. In order to keep the application lightweight in storage, 
all map data is being uploaded to a cloud or, respectively, a hosting data server. The 
user interface design is carried out with HTML and CSS (step 2), while for most of 
the application development, including all the functional parts, the programming 
language JavaScript is the main component. Finally, the application has to be run 
through a web server (maps.wsl.ch) responsible for distributing all necessary files to 
the client’s web browser (step 3).

In addition to the existing range of functions, the interactive maps are made to 
be increasingly dynamic. This is an updating of the map contents, which the user 
can also do. For example, a forester may digitize, edit and upload areas where forest 
disturbances such as windthrow, insect outbreaks or forest fires occurred or where 
a forest intervention is planned or implemented. However, providing modeling 
software as RAMMS via web service is neither possible nor planned so far.

Drone images or other collected data such as forest inventory data or climate 
data can provide additional information on selected sites (hotspots). Such dynamic, 
interactive maps will not only allow a user-friendly way to represent different forest 
scenarios or changes in forests, natural hazards or resulting risk but can also be used 
as a tool for (forest) planning or for consulting issues as well as for teaching and 
research (Figure 3).

Figure 3. 
Insight into the interactive map platform, which is currently being developed at WSL (maps.wsl.ch). Shown is 
a map section of the Bergün region, Canton Grisons, Switzerland. The example shows how remote sensing data 
and avalanche models are used to identify hotspots and prioritize forest management in avalanche protection 
forests. In the top-left and top-right corners of the web application different user interface components can 
be found such as functional widgets, navigational tools and elements allowing for map customization. All 
forest classifications have been derived from an overlay analysis between the current avalanche protection 
forest layer of the canton and RAMMS simulations with and without forest for a frequent scenario (approx. 
10–30 year avalanche event). Forests colored in green/blue have an effect on avalanches, which do not endanger 
buildings. Forests colored in light orange (slope < 35°) and red (≥35° steepness) have a (building) protective 
function and a protective effect against snow avalanches. The threshold of 35° inclination highlights potential 
avalanche release areas in disturbed sites (with high surface roughness) or in forests where forest structure is 
not appropriate. In the area of Bergün severe storms destroyed parts of the forest in 2018 (windthrow areas 
highlighted with pink outline and white mesh).
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5. Conclusions

Automatically produced protection forest maps (showing protective effects and 
functions of forests) based on a sound scientific framework and reliable spatial data 
are an important basis for prioritizing management interventions and for deducing 
hazard indication maps or even legally binding hazard maps. In view of further 
optimizing such maps and their application in different regions, it is important to 
carefully validate the mapping procedure after the simulation of avalanches with 
regional experts. Furthermore, as the technology to assess spatial data, and the 
forest cover and its ability to reduce avalanche risks are changing with time, it is 
necessary to regularly update such maps and calculate them for different scenarios. 
Thus, we propose and currently develop web-based interactive maps as a new plan-
ning and visualization tool.
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Chapter 12

Dealing with Uncertainties in 
the Assessment of the Avalanche 
Protective Effects of Forests
Ana Stritih

Abstract

Through the development of remote sensing and process-based models of natural 
hazards, an increasing amount of information on the protective effect of forests is 
becoming available. Such information can be used to map protection forests, which 
is an important tool for risk management. However, it is important to be aware of the 
uncertainty in such assessments. We used Bayesian Networks (BNs; using the software 
Netica) to combine remote sensing, process-based models (RAMMS), and expert 
knowledge to model forests’ protective effect against avalanches, while taking into 
account the uncertainties in each model component. Using the online platform gBay, 
we mapped the protective effect of forests in the Dischma valley in Davos, Switzerland, 
as well as the associated uncertainty. In most areas with a high protective effect, the 
overall level of uncertainty is also high. To evaluate the importance of different sources 
of uncertainty, we performed a stepwise sensitivity analysis and visualized how 
information is transferred through the model. Most uncertainties are related to the 
inherent variability of snow avalanche processes and uncertainty in process modeling. 
Nevertheless, combining different remote sensing products can help to gain a more 
detailed picture of the forest structure and thus improve the mapping of avalanche 
protection. This type of analyses can help address uncertainties and risks in a spatially 
explicit way and to identify knowledge gaps that are priorities for future research.

Keywords: avalanche protection, uncertainty, mapping, remote sensing, Bayesian 
Networks

1. Introduction

Mapping and modeling the protective function and effects of forests can provide 
important information for natural hazard and forest management (see chapters [1, 2] of 
this book). However, the interactions of mountain forests with natural hazards are com-
plex and associated with a high level of uncertainty (see chapter [3] of this book). Part 
of this uncertainty is related to the natural variability and complexity of the system, 
such as variability in snow conditions that affect avalanche formation, or heterogeneity 
in forest structure. This type of uncertainty cannot be reduced but should be taken into 
account in risk management, where one needs to consider not only the most likely out-
come, but also less likely events that may have a large impact (such as extreme events). 
On the other hand, assessments of ecosystem functions also involve uncertainties that 
can potentially be reduced, such as measurement errors, model parameter uncertain-
ties, and subjective judgment [4]. To realistically evaluate the level of confidence in such 
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assessments, all these types of uncertainty should be integrated and finally also com-
municated to users. Understanding how the different sources of uncertainty affect the 
overall assessment of forest functions can help identify knowledge gaps and contribute 
to more robust decision-making in natural hazard risk management.

To map the protective effects of forests, we need to integrate spatially explicit data 
on forest structure with information on natural hazards, such as avalanche release areas 
and runouts under different scenarios. With the increasing availability of remote sens-
ing technology such as LiDAR, forest structure can be mapped with increasing accuracy 
[5]. At the same time, process-based models of natural hazards are also being further 
developed. However, even remote sensing data still contain some errors and inaccura-
cies, and process-based models are sensitive to parameters that can take on a range of 
different values (e.g., release height or snow density in avalanche simulations). For 
specific effects of forests on natural hazards, such as their braking effect on avalanches, 
there is little empirical data, so models have to rely on expert judgment.

Bayesian Networks are a modeling approach that allows integrating different 
types of information and explicitly including uncertainty. Based on a study of 
uncertainties in the context of avalanche protection [6], we show how Bayesian 
Networks can be used to quantify uncertainty in the assessment of the protective 
effect of forests and to disentangle different sources of uncertainty.

2. Mapping avalanche protection and uncertainties

2.1 Bayesian Networks

Bayesian Networks (BNs) are probabilistic graphical models that consist of 
nodes (variables) and links between the nodes [7]. The links in the network are 
directed from “parent” to “child” nodes, representing causal relationships. The 
nodes have a set of states, which can be qualitative (e.g., forest type) or quantitative 
(e.g., canopy cover). The connections between nodes are quantified in conditional 
probability tables, where a probability distribution of a child node is defined for 
each combination of parent nodes (see example in Figure 1).

Figure 1. 
Example of a Bayesian Network for potential braking effect of the forest during avalanches (detrainment 
of snow), which is a child node of the parent nodes crown cover, land cover, and terrain roughness, with 
the corresponding conditional probability table, which contains the probability distribution of potential 
detrainment for each combination of its parent nodes. In this example, the states of the nodes “crown cover” 
and “roughness” are known with 100% certainty, while “land cover” is known with some uncertainty, and this 
information propagates to the other nodes in the network.
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Each conditional probability table in the network can be defined independently, 
which makes BNs a flexible tool for integrating different types of quantitative or qualita-
tive information. The tables can be defined by “learning” from empirical data or exist-
ing simulations, calculated from existing models or filled based on expert knowledge.

Once the network is compiled, we can run it on spatial data by specifying the 
state of the input nodes for each pixel in a raster of the study area. The information 
is propagated through the network in a process called inference, resulting in an 
updated probability distribution of all nodes. We used the software Netica [8] to 
develop the network, and the online platform gBay [9] to run it with spatial data.

2.2 Avalanche protection model

We model two main forest effects that contribute to avalanche protection: release 
prevention and detrainment, the braking effect that affects the runout of small to 
medium avalanches. The probability of an avalanche release depends on topography 
(slope, curvature, terrain roughness) [10] but is lower in forested areas [11]. In addi-
tion, when an avalanche flows through a forest, some of the snow is stopped behind 
trees (detrainment), which reduces the mass and velocity of the avalanche [12].

To characterize the avalanche process in the study area, we used a probability 
distribution of maximum new snow heights based on long term observations in the 
region [13], and simulated avalanche velocities under different scenarios using the 
mass movement simulation tool RAMMS::Avalanche [14]. To estimate the uncer-
tainty in the simulations, we ran the simulations with varying input parameters 
(including snow height, temperature, and coherence).

The capacity of a forest to provide avalanche protection depends on its structure 
and species composition [11], which can be assessed using remote sensing. We used 
high-resolution LiDAR to quantify the forest structure and terrain roughness and 
combined it with Sentinel-2 images to classify evergreen (spruce-dominated) and 
deciduous (larch-dominated) forests. Ground-truth data was collected at 110 plots 
in the Dischma valley to train the classification and to estimate the measurement 
and classification uncertainties in the remote sensing data.

Figure 2. 
Bayesian Network developed to model the avalanche protective effect of forests. The nodes are grouped and 
colored based on the types of variables they represent. Spatial inputs (shown with a thick outline) are linked to 
variables describing ecosystem structure, avalanche hazard processes, and ecosystem effects. Arrows represent 
causalities, not the flow of information, and are therefore oriented from ecosystem structure variables to the 
corresponding remote sensing inputs (the observations from remote sensing are caused by the actual state in the 
field, not vice-versa). Adapted from [6].
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The links between forest structure and effects were defined on the basis of 
an existing empirical model of avalanche releases in forest areas [11] for release 
prevention, expert knowledge on potential detrainment (the ability of the forest to 
act as a brake on avalanches), and simulations of actual detrainment under differ-
ent scenarios (with different release heights corresponding to 30- and 300-year 
scenarios for the region, and varying snow conditions). To capture the uncertainty 
about potential detrainment, experts were asked to estimate not only the expected 
value of potential detrainment, but also the lowest and highest possible value and 
their level of confidence. The final output of the model is a combination of release 
prevention and detrainment, expressed in the total height of snow stopped (see 
complete network in Figure 2).

2.3 Case study

We ran the avalanche protection BN in the lower Dischma valley, Davos, 
in the eastern part of the Swiss Alps (Figure 3). While the town of Davos 
(1560 m a.s.l.) is a well-developed urban and touristic center, its side valleys 
remain relatively rural, with a few scattered settlements and a landscape still 
strongly dominated by mountain agriculture. Snow avalanches are the most 
common natural hazard in the area, and mountain forests play a key role in 
reducing the risk for settlements below.

2.4 Mapping uncertainty

The output of the BN contains not only the most likely predicted value, but 
also a whole probability distribution for each pixel, which allows us to quantify 
the uncertainty of the output. As a measure of uncertainty, we use the Evenness 
index [15], where a value of 0 indicates complete certainty about the state of the 
output and 1 corresponds to a uniform distribution between all possible states 
(maximum uncertainty). In this way, both the predicted value and the uncer-
tainty can be mapped (see Figure 4).

Figure 3. 
Map showing the location of the study area on the DTM hillshade of Davos, Switzerland, with an orthophoto 
of the Dischma valley (swisstopo).
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The spatially explicit modeled avalanche protection, i.e., the protective effect of 
forest that was quantified as the total height of snow stopped in each raster pixel, is 
spatially heterogeneous, and shows an overall high level of uncertainty (Figure 4). 
Areas with a high level of avalanche protection are the steeper, densely forested 
areas, particularly at high elevations where larger avalanche releases are more likely. 
Although remote sensing inputs (particularly the land cover classification) are 
more uncertain in heterogeneous forests near the upper tree line, this pattern is not 
reflected in the spatial distribution of uncertainty about avalanche protection. Most 
areas with a high level of avalanche protection also have a high level of uncertainty. 
In addition, there are many areas with a low predicted value of avalanche protec-
tion, but a high uncertainty, indicating that these forests may provide no or only 
limited avalanche protection under specific conditions, such as at times of very high 
avalanche risk, when avalanche releases can occur in less likely areas. Higher levels 
of certainty are achieved only in areas with a very low or zero level of protection 
provided by the forest.

2.5 Flow of information and sources of uncertainty

To visualize the flow of information and sources of uncertainty in the network, 
we use a stepwise sensitivity analysis. For each node in the BN, we calculate how 
much its uncertainty can be reduced by new information about the state of other 

Figure 4. 
Modeled avalanche protective effect in the Dischma valley (5 m resolution). Most areas with a high value 
also have a high uncertainty (dark red), as do some forested areas with a predicted low protective effect value 
(dark blue). Only areas with a zero or very low (light blue) value of the protective effect show a high certainty. 
Reprinted from [6].
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nodes in the network. These relative mutual information (MI) values are used to 
weigh the links between nodes in a Sankey diagram of the network (Figure 5). The 
width of the connections in the diagram shows how much uncertainty about a node 
on the right can be reduced by information about the node on the left.

Mutual information is not additive, i.e., if both parent nodes can reduce the 
uncertainty of a child by 50%, this does not mean that findings on both parents will 
result in complete certainty on the child node. Nonetheless, plotting the MI gives 
an indication of the main sources of uncertainty in the model. When the value of 
MI for all the parents of a node is rather low (i.e., the connections on the left of a 
node are narrow), this means that the node will have a high uncertainty even if the 
states of its parents are known. If such a node has a large influence on the outcome 
of the network, this indicates a major source of uncertainty in the model. For 
example, the node “Release” (describing whether a pixel is in a potential avalanche 
release area) has an important influence on subsequent nodes in the network but it 
has a high uncertainty – even if its parents (“Slope”, “Roughness (measured)” and 
“Curvature”) are known, it is uncertain whether an avalanche release will occur.

Some remote sensing inputs have a strong influence on the knowledge about 
ecosystem structure (“Gap width” and “Crown cover”), while others have higher 
uncertainty (e.g., “Roughness”). There is some uncertainty in the land cover classifica-
tion due to the chance of misclassifying vegetation types based on satellite images. 
More certainty about actual forest types can be gained by combining the satellite-based 
classification with crown cover data from LiDAR, which reduces the uncertainty about 
ecosystem structure. However, the information about forest types has a small influence 
on the overall assessment of the protective effect, partly because of the uncertainty 
about the detrainment capacity of different forest types (i.e., the link between forest 

Figure 5. 
Stepwise sensitivity analysis of the BN, where the width of a link between two nodes corresponds to the 
relative mutual information (MI %), i.e., how much of the uncertainty of a node on the right than be 
reduced by information about the node on the left. When the connections on the left side of a node are 
narrow, this indicates a high uncertainty. The nodes are labeled and colored by the type of variable 
represented (see Figure 2), while the link colors represent the types of uncertainty taken into account while 
quantifying the link in the BN. Adapted from [6].
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type and potential detrainment). Furthermore, even if the detrainment capacity is 
known, the actual level of detrainment depends largely on the avalanche flow, as 
detrainment is important mainly for small and medium-sized avalanches and is there-
fore affected by the natural variability of the release conditions (i.e., release height).

This analysis shows that the overall uncertainty about avalanche protection is 
mostly affected by the uncertainties regarding avalanche processes, particularly 
the variability of snow heights, the probability of avalanche releases, and avalanche 
velocities and detrainment in forests. These uncertainties can be explained by the 
high natural variability of avalanche hazards, related to complex terrain and tem-
poral variability in snow and weather conditions. In addition, currently available 
avalanche models and expert knowledge are based on limited observational data, 
which contributes to high model uncertainty.

3. Outlook

Using a Bayesian Network, we were able to analyze the information flow and 
quantify uncertainties related to data, models, and expert knowledge that we chose 
to map the protective effects of forests against avalanches. The most important 
sources of uncertainty are related to the avalanche process itself, both in nodes that 
were quantified through expert knowledge, and those based on models. Identifying 
such knowledge gaps could help to define research priorities. For example, 
improved identification of potential avalanche release areas under varying snow 
conditions [10, 16] would reduce the overall uncertainties about avalanche protec-
tion, while more sophisticated methods of classifying forest types would have a 
smaller impact on the model output.

An additional type of uncertainty that was not explicitly addressed is structural 
uncertainty, which relates which variables are included in the model and the links 
between them. Structural uncertainty is difficult to quantify, particularly when 
validation data is lacking, and is often not addressed. BNs can facilitate discus-
sions about model structure with experts by visualizing the relationships between 
variables in the network [17] and identifying nodes with large uncertainties, which 
may indicate that important variables are missing from the model.

Besides modeling the protective effect of forests, this modeling approach 
can also be used to assess the avalanche risk to people and infrastructure, i.e., 
the demand for avalanche protection [6]. Because of the transparent graphical 
structure of BNs and their capacity to integrate both quantitative and qualitative 
data, they are particularly useful for participatory modeling with experts and 
stakeholders [18]. Even when data is lacking, a BN model can be developed based 
on practitioners’ knowledge and used to discuss and improve the understanding of 
the system. While this chapter focuses on how a probabilistic model can be used to 
analyze the uncertainties about the current state of the system, it can also be used to 
address risks and uncertainties related to future scenarios, such as changes in forest 
structure due to climate change [19] or a changing disturbance regime. Such models 
can help identify strategies to not only maximize forests’ protective effect in the 
present, but also ensure a stable protection under a range of possible outcomes [20]. 
However, Bayesian Network models are less well suited to model long-term dynam-
ics since feedbacks cannot be directly included in the directed network structure. 
To model changes over time, each time step must be represented with a copy of the 
network, using the outputs of one time step as inputs to the next time step [9].

Understanding uncertainty is important for users of risk assessment tools 
who face trade-offs between model accuracy and time or data requirements 
[21]. Mapping uncertainties can improve model understanding, increase the 
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credibility of the modeling results and inform the decision-making process [22]. 
However, interpreting such maps is not straightforward. In the example shown 
here (Figure 4), we used darker colors to draw attention to areas of higher 
uncertainty. In other applications, different users may have different preferences 
for visualizing uncertainty [23], so it may be useful to include this type of infor-
mation in interactive maps (see chapter [1] of this book).

4. Conclusions

Our findings show that avalanche protection provided by forests is associated 
with a high degree of uncertainty, largely due to the inherent variability of the ava-
lanche process and uncertainty in current avalanche models. Although the structure 
of forests can be precisely mapped using remote sensing, this cannot improve the 
accuracy of avalanche protection maps without an improved understanding of the 
hazard process. However, even if more data become available for model calibration 
and validation, the inherent variability and complexity of the system remains, and 
the resulting uncertainty should be considered in decision-making.

We demonstrate that Bayesian Networks can be a useful tool to integrate dif-
ferent types of information, including data, models, and expert knowledge, while 
taking uncertainty into account. Using such tools to map risks, identify knowledge 
gaps, and understand the inherent uncertainties in the system can help support 
more robust decisions about risk.
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Chapter 13

Stakeholder Integration  
and Participatory Processes as 
Part of an Ecosystem-Based  
and Integrated Natural Hazard 
Risk Management
Silvia Cocuccioni, Matthias Plörer and Michael Kirchner

Abstract

Participatory processes have been receiving growing attention in recent decades, 
especially in the environmental field. There is no unique way for designing and 
managing a participatory process: different types of integrating stakeholders and 
communities have been applied, encompassing different scopes. Participatory 
processes become necessary when addressing complex environmental challenges, 
which require flexible and transparent approaches embracing diverse knowledge 
and values. Integrated risk management, including Ecosystem-based Disaster Risk 
Reduction (Eco-DRR) measures, is one example of such a challenge, being a joint 
responsibility of public institutions at different levels of public management and of 
the private sector. The project GreenRisk4ALPs is an example of how including local 
experts can be translated into practice. A stakeholder network analysis was carried 
out, which provided the basis to select the stakeholders involved in the subsequent 
participatory processes and to identify conflicts and interests related to Eco-DRR. 
Building upon this analysis, Rapid Risk management Appraisal workshops were 
carried out in different study areas to jointly analyze the strengths and weaknesses 
related to current risk management practices. Overall, the involvement of stake-
holders from the beginning allowed to respond to their needs contributing to the 
improvement of risk management strategies in the Alpine Region.

Keywords: participatory processes, stakeholder integration, stakeholder network 
analysis, integrated risk management, Eco-DRR

1. Introduction

Participation can be described as a process by which communities work together 
towards change [1]. More specifically, participation can be seen as the “process where 
public or stakeholder individuals, groups, and/or organizations are involved in making 
decisions that affect them, whether passively via consultation or actively via two-way 
engagement” [2].

In recent decades, there has been growing attention to community and stake-
holder participation touching a wide range of applications such as watershed, 



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

214

ecosystem or forest management, agricultural development, environmental 
governance, and land use planning [3], and for assessing community and environ-
mental needs, especially in the context of development projects [1, 4]. This grow-
ing interest in participatory processes is also reflected in a range of international 
agreements. Already in 1992, more than 150 states agreed at the Rio Conference 
on Environment and Development (UNCED) that environmental issues are best 
handled with the participation of all concerned citizens [5]. Other agreements 
calling for public participation include, for example, the Earth Summit, the 
European Landscape Convention, the Aarhus Convention, and the European 
Water Framework Directive [3].

Participatory approaches’ purposes can vary, ranging from providing informa-
tion and collecting inputs from stakeholders to negotiation and solving a problem or 
strengthening local capacity. Although participatory approaches did not originate 
as a method for research, they can also be used to produce detailed narratives of a 
certain topic in an interactive and collaborative manner, promoting learning and 
generating research data through a process of “guided discovery” [6]. Due to its 
application in diverse contexts for several decades, participation has acquired an 
ideological, social, political and methodological meaning, giving rise to a wide 
range of interpretations [4].

In this context, this chapter first provides an overview about the different types 
of participation, including their advantages and limitations (section 2). Section 3 
goes more into detail about the participatory processes related to natural hazard risk 
management, while section 4 provides examples of participatory approaches adopted 
specifically within the Interreg Alpine Space project GreenRisk4ALPs [7]. Finally, 
some recommendations are given (section 5).

2. Types of participatory approaches, advantages and limitations

Participatory mechanisms vary greatly in form and aims, ranging from 
traditional (e.g., public meetings) to more innovative approaches (e.g., consensus 
conferences) and from instruments that collect responses of participants operat-
ing alone (e.g., surveys) to those involving participants interacting in groups 
(e.g., focus groups) [8]. The degree of participation can also vary, spanning from 
participants as passive recipients of information to engaging them in decision-
making processes [9]. Moreover, also the people invited to participate vary: 
participatory approaches can be generally divided into methods with stakeholder 
involvement and methods with the involvement of the general public [10]. The 
distinction between public participation and stakeholder engagement is reflected 
in academic literature where stakeholders and citizens or the general public repre-
sent clearly differentiated entities [11, 12]. Stakeholders often represent sectorial 
or focused interests and shared preferences on a specific issue, while the general 
public generally represents the public good [12].

A necessary early step to be able to describe but also implement participatory 
methods is the definition and identification of stakeholders to involve [13, 14]. To 
achieve fair and socially representative processes, criteria have been developed. 
In the environmental field for instance, these criteria include classifications such 
as in individuals, groups and organizations who are affected by or can affect an 
environmental management issue and who may be interested in or impacted by 
it [11, 12, 15]. The practitioner is therefore required to investigate all the complex 
societal structures to determine who achieves the “stakeholder status” for the 
specific issue to be addressed within the engagement process [12].
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Typologies have also been developed to classify the variety of existing partici-
patory approaches. They can be based on different criteria: for instance, they can 
classify the different degrees of participation [16], the objectives for which partici-
pation is used or the direction of the communication flow [17]. These classifications 
can be used post-hoc as an evaluation tool to distinguish and categorize the form 
of participation that has occurred; on the other hand, they can be used a priori 
to design participatory methods on the basis of requirements set by the context 
and purpose of the work [18], by the available resources (e.g., time) and by the 
preference and expertise of those facilitating the process [9]. A good overview and 
classification for the field of land use management is provided in Reed et al. [2].

Among these typologies, one often-cited classification for assessing community 
participation that has been used for over 50 years, is Arnstein’s ladder [16]. The 
ladder mainly refers to citizens as the main actors to engage, but it can be adapted 
for other contexts. It consists of eight rungs representing a continuum of increasing 
stakeholder involvement ranging from “Non-participation” and passive dissemina-
tion of information (“Tokenism”) to active engagement (“Citizen Power”).

The ladder has been used in practice and academia and was adapted or integrated 
throughout the years. For example, the pyramid adapted from Arnstein shown in 
Figure 1 clarifies the increase in participation rights with each rung, but also shows 
that the obligation to assume responsibility for those increasingly involved at the 
same time [19]. Participatory processes are therefore more than pure communication 
processes; they are based on a mutual working relationship - the initiator or sponsor 
of the process is dependent on those involved and vice versa [19].

Within participatory approaches we can distinguish between two different 
phases. One is the participation of stakeholders within a research process, which 
aims towards solving practical problems by scientific methods and standards [20]. 
This participation phase, developing concrete solutions and measures for problem 
solving, must be planned before formulation and implementation of a specific 
policy output is approached. It is intended to ensure that state-of-the-art knowledge 
and innovative science-based information should be sufficiently included into 
the measures and solutions. The second phase is the participation of stakehold-
ers within the formulation and implementation of a specific policy output. Here, 
participation should lead to decisions regarding the selection of concrete measures 
and solutions within a political program. Of course, both phases might be linked to 
each other or not.

Figure 1. 
Adapted “ladder of participation” [16]: levels of participation from the perspective of the process organizer and 
involved participants (source: [19]).
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Participation within the research process builds on the co-production models for 
scientific knowledge transfer. Here, researchers, experts, non-academic stakeholders 
and policy makers interact and influence the production and use of scientific knowl-
edge [21]. The co-production models accept the fundamental differences between 
practice and science. Whereas science relies on the scientific truth and logic based 
on empirical evidence, political actors follow the principles of political rationality, 
which is based on interests, power and political ideologies [20]. Due to this different 
logic, doing research based on a participatory approach and in transdisciplinary 
teams is often recognized as a time and labor intensive process for all participants 
[22]. Additionally, the lack of training (for working in such team structures), the 
length of the participation in the research process and even competing disciplin-
ary working cultures are further challenges [23–25]. In research projects, in which 
resources are very limited [26], neither transdisciplinary concepts of “mode 3 knowl-
edge production” [27] nor concepts of “collaboratively framing the problem” [23] are 
easily able to bridge the world of science and the world of practice. Similarly, actors 
from practice may not be expected to be able to work while adhering to scientific 
methods and standards [28].

Another common criticism to participatory approaches is that participation 
of divergent stakeholder groups in knowledge transfer leads often to discourses 
dominated by the most powerful one [29], and that, therefore, those stakeholders 
suppress minority interests systematically [30]. Different authors [31–33] argue 
that participation has to be understood as an arena of negotiation of interests due 
to unbalanced power relations of stakeholders by means of strategic rationality. It 
needs to be noted that in complex and coupled human-natural systems, like sus-
tainability, practical problems cannot be easily solved by involving non-academic 
stakeholders into the research process [33–35]. However, involving stakeholders into 
the research might be of high relevance for defining practical problems and related 
research topics or for data collection.

Participation of stakeholders within the formulation and implementation of a 
specific policy output is traditionally connected to trying to implement measures 
and solutions for practical problems within the particular political programs, by 
using a mixture of regulative, financial and informational instruments [35]. This 
might be based on the state-of-the-art scientific knowledge (also with participa-
tion of non-academic stakeholders) or not. Undoubtedly, participation of different 
stakeholder groups ensures more legitimation for decisions and measures [23]. This 
may be secured by the exchange of information, expressing opinions or articulating 
interests and has the potential to influence the outcome [36]. This potential influ-
ence depends on the degree of co-determination of stakeholders, ranging from pure 
information provision to participation in decision-making processes [37].

Depending on the degree of co-determination of involved stakeholders and on the 
complexity of mutual conflicts, it is still a challenge for any layperson participating in 
the process to have a realistic opportunity of finding a sufficient solution for its own 
problem and conflict. Indeed, participatory approaches are based on the principle of 
collaboration between conflicting parties, but this does not mean that those parties will 
abandon their objectives. At this point, a good reason for shifting one’s own interests 
towards a compromise is needed. Therefore, neither sophisticated (communication, 
mediation or moderation) techniques of experts nor the experience in the group build-
ing processes (by round tables) are enough for solving the current conflicts easily [38].

To conclude, there is no unique best way for designing and managing a partici-
patory process: the chosen approach must reflect the specifics of the given situation 
and the needs of the parties involved. Moreover, several approaches can also be used 
simultaneously [3, 39].
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3. Participation in ecosystem-based natural hazard risk management

Mountain areas face multiple challenges connected to the coexistence of 
natural hazards and the high presence of settlements in limited available space 
(i.e., valley bottoms). Natural hazards can affect society in various ways, impact-
ing different stakeholders at different levels by directly damaging infrastructure 
or causing fatalities or indirectly by causing economic losses. Especially in the 
European Alps, the number of potentially exposed people is increasing, and the 
characteristics of natural hazards are changing due to climate change, modify-
ing the different components of risk and posing increasing challenges to Alpine 
societies (see chapter [40] of this book).

Decision-making addressing complex and dynamic environmental challenges 
such as natural hazard risk management (NHRM) therefore requires flexible and 
transparent approaches embracing a diversity of knowledge and values. Rapidly 
changing risks are not manageable by one public institution alone or by a single 
discipline. The risk influencing factors are so vast and inter-dependent that 
many disciplines and institutions are required to deal with natural hazard and 
risk management. Therefore, integrated risk management is a joint responsibility 
of public institutions at different levels (e.g., national, regional and local) and 
of the private sector. Without combining participatory approaches in NHRM 
with strong financial, informational and regulative instruments, the success in 
reaching risk reduction targets will be limited, especially in protective forest 
management [41].

The importance of participatory approaches in the planning phase of  
(protective) forest management activities to achieve a sustainable use of this 
resource has been acknowledged by several authors and institutions such as the 
UN and the EU [42–44]. Integrating various stakeholders allows for the increase 
of public acceptance of policy decisions and to build an inclusive platform for 
constructive discussion. These aspects are even more important when dealing 
with forests and their management due to the multitude of conflicting interests 
and demands that are related to them [45, 46].

In addition to strong or weaker country specific regulative instruments 
affecting natural hazard management, for example, forest, flood protection or 
civil protection acts, many authorities increasingly prefer financial and infor-
mational instruments for solving practical issues. This is because regulative 
instruments and their rigorous implementation encounter resistance by recipi-
ents, especially in protective forest management [37, 47, 48]. However, even 
the usage of financial and informational instruments does not always lead to 
sufficient solutions to solving issues related to protective forests (e.g., sufficient 
regeneration, adequate forest maintenance or restoration). This deficiency can 
be overcome by newer participatory approaches that include all relevant stake-
holders such as mountain farmers, outdoor recreationists or hunters, who have 
considerable influence on helping to reach the targets of protective forest policies 
[37, 47, 48]. Therefore, participatory approaches should be understood as an 
additional political instrument for involving important stakeholder groups into 
the policy making process.

4. Participatory approaches and scientific method in GreenRisk4ALPs

This section provides an overview on the participatory approaches and the 
scientific methods that were developed and applied within the GreenRisk4ALPs 
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project, spanning from expert consultation and developing new science-based 
knowledge to stakeholder integration and the transfer of knowledge into practice.

4.1 Stakeholder network analysis and application in Austria

Within the framework of GreenRisk4ALPs, stakeholder network analyses were 
carried out in six Pilot Action Regions (PARs) as a first step to identify the relevant 
stakeholders to be included in the following activities. This section presents the 
outcomes for the Austrian PAR (municipalities of Vals and Gries am Brenner, 
Tyrol). The analysis consisted in the identification of the different administra-
tive levels (local, regional, national) responsible for ecosystem-based NHRM and 
related topics.

Although the Austrian PAR covers an area of only 105 km2 (which is approxi-
mately the size of one third of Munich), a total of 36 stakeholder groups dealing 
with NHRM was identified. Of these, 30% are located at the federal level (Austria), 
25% at the federal state level (Tyrol), 10% in the political district (Innsbruck Land), 
and another 30% at the municipal level. Three points were taken particularly into 
account in the initial identification of these stakeholder groups, which were also 
relevant in the following activities (e.g., round tables, surveys, interviews or expert 
workshops):

• Some institutions have a hierarchical departmental structure (superior 
and subordinate departments) within their organization. For instance, the 
Landesforstdirektion Tirol (Tyrolean Forest Service) is subdivided into 
several departments and groups as well as in the Bezirksforstinspektionen 
(forestry offices at district level). When identifying relevant stakeholders, 
the umbrella organization (Landesforstdirektion), a subordinate department 
(Bezirksforstinspektion) or all experts of the respective institution that are 
somehow connected to the topic can be considered, depending on the question.

• Some stakeholders are organized at the federal level, but are fragmented into 
regional bodies, where they are also partly incorporated into regional institu-
tions. For example, the Federal Agency for Water Management is an organi-
zational unit within the Ministry of Agriculture, Forestry, Regions and Water 
Management (BML), which is located in Vienna. The operational offices, 
however, are at the Hydrographic Service of the Austrian provinces (federal 
states) or in the administrative building of the districts.

• In terms of stakeholder groups, a distinction must be made between govern-
ment institutions, non-governmental organizations, companies, associations, 
voluntary aid organizations, landowners and pure user groups (e.g., tourists). 
Of course, the power positions as well as decision-making and influence 
potentials of the different groups vary considerably.

It is therefore obvious that the understanding of administrative and official 
structures has the highest priority, as (not only) in Austria the distribution of 
responsibilities and competences is not always clear, which can lead to difficulties in 
fully identifying the relevant stakeholders.

After the most important stakeholders related to the project-relevant topics 
had been identified and listed, a network of their representatives was established 
(see Figure 2). This network helped to understand which stakeholders are in direct 
contact with other stakeholders, which stakeholders are possibly in a competi-
tive relationship, or which had to be introduced among each other. This graphical 
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representation of the stakeholders’ network helped to decide which stakeholders 
ultimately needed to be brought together to participate in the project. Here, the 
analysis unit is the relationship between two entities and not the entity itself, 
considering that the networks consist of connections measured through commu-
nications or exchanges among actors [49, 50]. Analyzing the stakeholder network 
allowed us to highlight strengths and weaknesses of social structures, providing 
relevant information to improve the governance processes. These results are useful 
whenever institutional stakeholders are involved in a participatory process aiming 
at a consensual agreement and to overcome possible conflicts of interests.

Figure 2. 
Network of actors involved in (ecosystem-based) natural hazard risk management: exchange of information, 
influences and financial streams exemplified by the Austrian GreenRisk4ALPs Pilot Action Region.
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More details about the stakeholder analyses conducted in the other PARs can be 
found in the GreenRisk4ALPs project report ‘Actors and networks for ecosystem-
based risk management for the Alpine Space’ [50].

4.2 Steps of participatory processes and stakeholder integration activities

The following is a (chronologically sorted) summary of the events, site inspec-
tions, meetings, etc. that were held to achieve the best possible integration and 
participation of the relevant stakeholders in terms of the project objectives.

4.2.1 First round tables and questionnaire (January 2019)

As a kick-off for the stakeholder involvement process in the project, the mayors 
of the two municipalities that constitute the Austrian PAR were interviewed. A 
detailed questionnaire was answered by these political decision-makers and evalu-
ated [50]. The questionnaires primarily served to summarize past natural hazard 
events and to identify expected future challenges in natural hazard and protective 
forest management.

4.2.2 Second round table (March 2019)

Based on the identification of stakeholders carried out in the network analysis, 
the project was presented to a wider audience, which was introduced to its objec-
tives. Important issues (e.g., where the overpopulation of game is severely damag-
ing protective forests locally) were addressed. During a lively discussion on the 
current status and the urgent challenges in the region, several topics were defined 
for further investigation within the framework of GreenRisk4ALPs, one of which 
was addressed by Plörer and Stöhr [51]. During this discussion, representatives of 
the stakeholder groups also recommended to include additional relevant actors. 
These stakeholders had already been identified in the stakeholder network analysis 
and therefore only needed to be contacted.

4.2.3 Site inspection (October 2019)

The site inspection resulted from the lively discussion at the second round table. 
The focus was on the massive impairment of specific protective forests caused 
by the high population of game and a prominent rock face from which boulders 
regularly endanger infrastructure. The present stakeholders showed great interest 
and the need to communicate the most pressing challenges of the community.

4.2.4 Interview at the Tyrolean Hunters’ Association (October 2019)

After controversial discussions about the general conflict between forest and 
game management, contact was made with the Tyrolean Hunters’ Association. An 
interesting exchange on highly relevant topics (e.g., ungulate browsing) took place. 
It was highlighted that the interests of various stakeholders naturally differ and that 
this can also influence the setting of objectives and goals of a project.

4.2.5 Expert round table (September 2020)

The expert round table had the aim to discuss and critically examine vari-
ous modeling results generated within the framework of GreenRisk4ALPs with 
experts from various disciplines. Representatives from forest and natural hazard 
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management were invited; most of them were already familiar with the project 
or had previously worked together. For various reasons, three stakeholders (more 
than half) canceled the meeting at short notice. This experience highlights the 
challenges underlying participatory approaches. Nevertheless, the discussion was 
very lively and the questions and technical input from the experts showed that the 
constant involvement of stakeholders is highly relevant for adaptations in every step 
of a project.

4.2.6 GreenRisk4ALPs Mountain Forest Conference (June 2021)

Stakeholders from all relevant areas were invited to a hybrid event (both online 
and on-site) at the end of the project [52]. The decision support tools developed in 
the project - which were based on stakeholder inputs, among others - were pre-
sented to practitioners, policy makers, scientists and to the general public. Finally, 
the extent to which stakeholders and practitioners can practically use new findings 
and tools from science was discussed. The indispensable feedback from practitio-
ners and the realization by scientists that there is still a long way to go to understand 
the gaps that exist in practice were important discussion points during this final 
GreenRisk4ALPs event.

To summarize, a lively participation was quickly achieved at the beginning 
of the project. Helpful follow-up events involving additional stakeholders and 
the definition and concretization of local objectives in the context of the project 
GreenRisk4ALPs could be generated.

4.3 Stakeholder interests, ecosystem services and stakeholder roles

Within the GreenRisk4ALPs project, further analyses regarding stakeholders 
were conducted to better plan the participatory processes and to pinpoint potential 
actors’ interests and possible conflicts between them. In this context, conflicts were 
defined as a result of different interests in ecosystem services (ES), which cannot be 
fulfilled simultaneously [20].

Ecosystem services are “the benefits people obtain from ecosystems” [53]. In 
regard to NHRM in the Alpine Space we used an ES classification with four classes 
[53]: (i) regulating services such as green prevention measures entailing the mainte-
nance, afforestation or reforestation of protective forests; (ii) provisioning services 
such as wood or game provision; (iii) supporting services such as biodiversity or 
habitats; and (iv) cultural services such as outdoor recreation, esthetics of cultural 
landscapes or tourism.

Out of these four classes we selected 12 ES relevant for NHRM in the Alpine 
Space [54]. They provided a first link to individual or collective actors that might be 
affected by the ES provision. This ES perspective builds up necessarily on actors who 
have a stake in the issue of NHRM. This NHRM issue is linked to the achievement 
of their goals, objectives or conditions to which specific ES can contribute [55]. In 
this context, actors can be divided in two groups: users and regulators. Users can be 
defined as the actors who benefit from ES and, for instance, include protective forest 
owners, hunters, environmental actors and citizens. Regulators on the other hand 
include different levels of the administrative system and subordinate agencies (e.g., 
federal state agencies for agriculture or forestry). Both, users and regulators can 
benefit or influence ES in different ways: (i) by direct use, primarily by harvesting, 
consuming and even producing services [56] or (ii) by indirect influence exerted 
through the decision-making system (for instance by elections) [57]. Governmental 
actors themselves are responsible (by their mandate) for the public task of manag-
ing, maintaining, restoring or distributing ES related to natural hazards risks. These 
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tasks become constitutive for the social role of regulators and link them to various 
collective actors, whose specific goals, objectives or conditions result in a variety 
of ES-related interests. Regulator’s influence is visible directly in the ecosystems 
and their services or indirectly as a consequence of changing the behavior of users 
(which is more frequent), that is, by providing subsidies for forest management or 
enforcing regulations on hazard zone plans. Normally, regulators receive their man-
date as a result of formal institutional settings [58]. The social role which an actor 
has influences the formation of its interests and limits the available sources and/or 
political instruments to enforce the own interests in decision-making processes.

Figure 3 shows the area affected by three natural hazards, snow avalanches, 
rockfall and shallow landslides, and reflects the ES approach adapted for the 
GreenRisk4ALPs project. It reveals the two different social roles of actors – user 
(red) and regulator (blue) - and possible ways of actors’ influence on NHRM. The 
role of science is not visualized but it includes the provision of innovative NHRM 
strategies to regulators and/or users. They can accept (or reject) the scientific 
information and, after merging it with their existing knowledge and experiences, 
new knowledge emerges [59], which is used to enforce their own interests.

4.4 Rapid Risk management Appraisal

Building up on the information gained from the stakeholder analysis, 
roundtables with local experts were organized in the framework of the project. 
Among the different roundtables, a series of workshops was organized, apply-
ing a specific method developed within the project, the Rapid Risk management 
Appraisal (RRA).

The RRA is a participatory tool which aims to identify the strengths and 
the points for improvement in the field of NHRM in the different PARs for the 
implementation of future risk reduction measures. Consequently, this tool aims at 
supporting municipalities to increase their resilience to natural disasters.

The RRA uses local knowledge through the involvement of local experts in 
a short (few hours to half-day), collaborative workshop. This way, qualitative 

Figure 3. 
Stakeholder (actor) roles in natural hazard risk management.
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information as well as detailed knowledge on local particularities can be collected 
in a short time frame within a group setting. The personal information exchange 
which takes place through such a participatory approach also fosters mutual learn-
ing and information exchange among experts with a diverse technical background. 
The results gained from this participatory exercise can serve as a starting point for 
a more in-depth analysis, providing also a more specific direction in which to focus 
the detailed spatially explicit risk assessment and scientific research in general.

The selection of participants to the RRA workshop aimed to provide both techni-
cal and applied expertise within the field of risk management (e.g., geology depart-
ment, torrent and avalanche control experts, but also foresters, civil protection 
engineers, land use planners and municipality technicians). Moreover, the technical 
expertise covered a range of gravitational natural hazards addressed by the project.

The RRA approach follows a series of steps, adapted from the ISO standard 
31,000 for risk management [60]. The standard focuses on providing guidelines for 
the management of risks. Although it mainly addresses organizations and indus-
tries, it can be customized and applied to different activities, including decision-
making at all levels. ISO31000 is here applied as a general framework to guide the 
collection of information and the discussion during the workshop. The three steps 
are the following: risk identification (1), risk analysis (2), and risk evaluation (3).

4.4.1 Step 1: risk identification

This step aims at identifying the two natural hazards which are the most relevant 
from a risk perspective for each PAR. Thus, the focus of this step is discussing about 
damages and losses that the different hazards have caused in the past and which 
are likely to damages cause in the future. The indirect consequences caused by such 
events (i.e., impact on reputation, interruption of activities) are also addressed. 
Consequently, this step provides information about the general sensitivity to 
natural hazards starting from the lessons we can learn from the past and moving on 
to potential and future risks. Maps are also used to visualize the areas mentioned by 
the different experts. If available, maps can include past natural hazard events or 
hazard zone plans.

4.4.2 Step 2: risk management analysis

The risk management analysis step builds on the previous discussion and repre-
sents the core of the RRA. The aim of this step is therefore to analyze risk manage-
ment practices in place in the PAR, related to the two previously selected natural 
hazards. In order to cover all risk management activities, questions are structured 
following the integrated risk management cycle steps [61]. The adopted measures 
should therefore cover the preparedness, the response and the recovery phases [62].

The selected questions, which constitute this step of the RRA are divided in eight 
categories and are listed in the GreenRisk4ALPs project report “Preparation for risk 
analysis and strategy workshops” [63]. Each of the questions is presented together 
with three possible answers which correspond to different scenarios of expert 
satisfaction. The first scenario describes the case in which the participants perceive 
the specific risk management practice as a best practice or if they are highly satisfied 
with its quality or implementation. On the contrary, the third scenario, foresees 
a low expert satisfaction and ample room for improvement. The second scenario 
provides the intermediate or average case, where experts see space for desirable 
improvements. Along with the three scenarios, discussion points such as concrete 
best practice examples from the European Alps are listed to provide examples or 
comparisons to which experts could refer to during the discussion. The different 
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experts are asked to answer and discuss each question in detail, explaining how each 
risk management-related practice functions in their PAR, considering the differ-
ences and similarities for the selected natural hazards. Finally, experts are asked to 
come to an agreement and to select one of the three proposed scenarios.

Furthermore, different scores are attributed to the three scenarios. The maxi-
mum number of points is assigned to the best practice scenario (scenario one); on 
the contrary, the least is given in case some points are missing and an improvement 
is considered as necessary (scenario three). The full answer, the selected scenarios 
and the respective points are all recorded and used in the risk management evalua-
tion step. An example of a question, the scenarios and respective discussion points 
are provided below (Figure 4).

4.4.3 Step 3: risk management evaluation

The points assigned in the previous steps are used to generate a spider chart. For 
this scope, the assigned points are inserted in an Excel Sheet and the average for 
each category is then calculated.

The spider chart, called here Risk Management Profile, allows one to easily 
compare different natural hazards and various study areas (see Figure 5). The larger 
the area of the polygon (different color lines for each hazard), the more the activities 
in the field of risk management are considered as best practices by the participants.

The spider chart is presented and discussed with the participants as a final step of 
the workshop. By presenting the Risk Management Profile, the participants receive 
an immediate picture which summarizes the risk management practices addressed 
during the half-day RRA workshop. This way, the strengths in risk management can 
be underlined and entrance points for improvement can be summarized.

Finally, after the execution of the RRA workshops in the different study areas, 
the results from different PARs are compared, considering not only the profile but 
also the fully recorded answers. Best practices or strengths which arise from the 
analysis of the results of one PAR could be transferred or proposed to PARs present-
ing specific weaknesses. This way, one PAR can learn from the risk management of 

Figure 4. 
An example of a question of the RRA, including scenarios on which the experts should agree on, and possible 
discussion points attributed to each scenario. On the left, also the points assigned to each scenario are reported.
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the others and a more successful ecosystem-based strategy can be proposed. The 
final results of the RRA activity are presented in the respective project report [64].

4.5 Levels of participation achieved

The involvement of local actors in participatory processes can be placed on differ-
ent rungs or steps of the “ladder or pyramid of participation” (section 2, Figure 1);  
therefore, different levels of participation were achieved throughout the project 
GreenRisk4ALPs.

Since the project focused primarily on the modeling of natural hazards and on 
the respective risk identification, many activities described in the previous sections 
belong to the consultation level of participation. Participants were asked to bring 
in questions and comments to provide a solid basis and knowledge for the develop-
ment of decision support tools (see also chapters [65, 66] of this book).

On the other hand, participatory processes such as the Rapid Risk management 
Appraisal belong to the “Participation” rung of the pyramid or ladder. Participants 
were indeed asked to actively support the process, contributing their own ideas and 
perceptions on current risk management practices and on potential ways for future 
improvements.

A higher level of participation (e.g., Empowerment) could be achieved beyond 
the project if the involved local experts use the RRA or other project outputs to 
improve the risk managament in practice.

5. Conclusions and recommendations

As highlighted in the introduction, environmental issues are best addressed by 
involving affected citizens and stakeholders [5]. Regarding the stakeholder analysis 
and involvement in the project GreenRisk4ALPs, not all citizens or the general 

Figure 5. 
Example of a Risk Management Profile: a spider chart that allows to compare the risk management capacities 
in place related to different natural hazards.



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

226

public could be involved [10], but - as described in section 3 - all relevant public 
institutions and private stakeholders were considered. The example of the Austrian 
Pilot Action Region was used to show what a stakeholder network analysis in this 
region might look like and which specific characteristics may have to be considered.

For a stakeholder network analysis, it is important to become familiar with the 
administrative and political structures in the region of interest. This is particularly 
challenging in a country such as Austria, where the division of administration and 
legislation often differs between the provinces.

When involving stakeholders (e.g., through roundtables or interviews), it is 
essential that they are not given the impression of being pitted against each other. 
Such situations were also relevant during the GreenRisk4ALPs project. Even if all 
possible stakeholders should not be brought together at the same table from the 
beginning, it is important that all stakeholders who are identified as relevant are 
involved during a project. In this context, clear, unambiguous and comprehensive 
communication is essential. This is how results can be successfully achieved in 
projects with the need for stakeholder involvement. It should be considered that 
transparent and integrative participatory processes are the central prerequisite for 
integrating research results in practice, for any necessary political solution strategy, 
and for the implementation of transnational management programs [19].

If new methods are developed during a project, they can ideally be applied and 
tested during stakeholder involvement activities. One example is the Rapid Risk 
management Appraisal, which can contribute to the potential generation of risk 
management plans in the context of specially tailored workshops. The Protective 
Forest Assessment Tool (FAT) is another GreenRisk4ALPs decision support tool 
[67, 68], which can offer stakeholders support for decision-making in NHRM. 
The development of FAT was guided by feedback from the involved stakeholders 
throughout the project, which highlights that the involvement of stakeholders from 
the beginning allows to respond and to tailor the outputs to their needs.
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Abstract

This chapter presents experiences and results from the INTERREG Italy-Austria 
Project RiKoST-Risk communication strategies. The project is a collaboration 
between partners from research and public authorities and aims at improving 
target-group-oriented risk communication in South Tyrol (Italy) and Carinthia 
(Austria). Risk communication plays an essential role for risk governance and may 
address different aspects and fulfill various purposes, from informing about natural 
hazards, generating acceptance and awareness for structural and non-structural 
measures, to triggering participation, increasing resilience, and supporting the 
development of a risk-competent society. To be effective, risk communication 
needs, firstly, to acknowledge the needs of different target groups and, secondly, to 
develop approaches, tools and contents that are most suitable to reach and involve 
them. This chapter describes the results from different activities carried out in the 
project: a population survey to better understand people’s risk perception and their 
knowledge about natural hazards, the information channels they use and trust; 
awareness raising activities in different municipalities; interactive lessons and a 
workshop in schools; stakeholder workshops. Our results show that that existing 
non-structural protection and prevention measures, especially Hazard Zone Plans, 
are little known among the population, that trust in the responsible authorities is 
high and that there is a need for a risk dialog through different risk communication 
activities at different stages to provide targeted information on how individual 
citizens can contribute to risk management. The chapter concludes on how the 
presented results can be used by public authorities and policy makers to innovate 
risk communication strategies and to initiate a risk dialog with the overall aim to 
improve risk governance at local level.

Keywords: risk communication, risk perception, natural hazards, risk governance, 
public awareness
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1. Introduction

Ecosystem-based approaches to Disaster Risk Reduction (Eco-DRR) have 
multiple social, economic, and environmental benefits and their implementation 
needs “an inclusive, “all-of-government” and “whole-of-society” approach” [1] to 
ensure its legitimacy. Eco-DRR entails combining natural resources management 
approaches, or the sustainable management of ecosystems, with Disaster Risk 
Reduction (DRR) methods, such as early warning systems and emergency plan-
ning, to have more effective disaster prevention, reduce the impact of disasters on 
people and communities, and support disaster recovery [2]. This chapter presents 
experiences, results, and good practices from the INTERREG Italy-Austria project 

Figure 1. 
The RiKoST pilot municipalities in South Tyrol (above) and Carinthia (below).
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RiKoST (Risk communication strategies) that aims at improving risk communica-
tion strategies for an inclusive risk governance. Indeed, risk communication should 
not be solely intended as a separate phase of risk management but something 
necessary throughout the whole risk cycle (see chapter [3] of this book) to make 
risk governance inclusive and effective [4]. Communication can be conceived as 
“meaningful interactions in which knowledge, experiences, interpretations, con-
cerns, and perspectives are exchanged” [4] in every phase of the risk cycle, depend-
ing on different levels of complexity, ambiguity, and uncertainty. It is not only an 
external tool to inform or gather people, rather it is the core of risk governance, 
based on social learning among decision makers, stakeholders, and the public. 
Namely, risk communication can be structured into four components: the source 
of communication, the content, the communication channel, and the target group 
[5]. Furthermore, there is no universal strategy for risk communication, but it 
must be adapted to the specific context and target group. Many authors [6–8] agree 
that the use of maps can significantly contribute to the success of risk communica-
tion. In [6] authors even argue that maps are a fundamental tool for informing the 
population and justify this with the possibility of raising risk awareness, promote 
personal responsibility and communicate residual risks. In general, one of the 
prerequisites for successful dialog-based risk communication is that both the public 
and decision-makers are actively engaged in a social learning process [9]. Thus, 
to improve risk communication and foster a risk dialog, an understanding of risk 
perceptions among the public and of patterns of risk communication among risk 
governance agencies is necessary [10]. These assumptions were the premises for the 
RiKoST project. The project is a collaboration between partners from research and 
public authorities and aims at improving target-group-oriented risk communication 
in South Tyrol (Italy) and Carinthia (Austria) and to develop innovative measures 
and tools to disseminate technical content in a clear way, to raise awareness and to 
establish a process of dialog between institutions and population.

Within the scope of the project, 13 pilot municipalities in South Tyrol and 
Carinthia have been selected where different activities have been implemented. The 
selection includes both urban and rural municipalities, municipalities that have 
recently experienced a natural hazard event and municipalities that did not, and 
municipalities that have an approved hazard zone plan (HZP) and others without. 
In South Tyrol HZPs are a recently introduced legal binding planning instrument 
developed at municipality level, in collaboration with professionals and depart-
ments of the provincial administration. In 2018, when selecting the pilot municipal-
ities for the project about half of the municipalities had an approved hazard map. 
Figure 1 shows the pilot municipalities, in the following subsections the activities 
that have been implemented in these municipalities are described in more detail.

2.  Questionnaires to better understand peoples’ knowledge and risk 
perception linked to natural hazards

To improve risk communication strategies or to develop new ones, it is important 
to better understand the population’s knowledge about natural hazards, how they 
perceive risks from natural hazards, but also which communication channels they 
use and how they think risk management can be improved. The topics of knowledge, 
risk perception, and action are closely linked and important issues to be considered 
in the context of risk communication. For this reason, the project has developed a 
questionnaire on these described topics (Figure 2). The questionnaire consisted of 
42 questions of different types (closed questions, multiple choice questions, open 
questions) and was divided into the following 4 topics: 1) knowledge about natural 



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

236

hazards and existing protective measures (protective structures, emergency and 
hazard zone planning), 2) risk perception (feeling of safety, perceived probability 
of being affected, responsibilities), 3) used and preferred communication channels, 
and 4) suggestions for improvement measures in the field of risk management. To 
answer the questionnaire, a representative sample of the population in the pilot 
municipalities in South Tyrol was contacted by telephone. In Carinthia, the ques-
tionnaire was sent by post to the inhabitants of the pilot municipalities. A total of 
2282 questionnaires were answered (1410 in South Tyrol and 872 in Carinthia).

Results show that in both regions existing protection and prevention measures, 
especially HZPs, are little known among the population and many citizens would 
like to be better informed about them. Regarding the role of citizens and institutions, 
the results showed that citizens clearly think that the responsibility for risk preven-
tion and recovery lies with the public authorities and that they generally have great 
trust in the institutions. In Carinthia, the most important actor is considered to be 
the municipality, while in South Tyrol it is the Province. In South Tyrol, 38.1% of 
respondents think they have basic self-rescue knowledge and 44% of respondents 
think they are not prepared in case of an event but can rely on institutions. In terms of 
engagement in risk prevention measures, in South Tyrol on average one third of the 
interviewed citizens think that they should have a more active role in risk prevention, 
while in Carinthia even half of the respondents’ state this. As far as risk communica-
tion is concerned, the importance of mass media (TV, newspapers, radio but also the 
websites of municipalities and the Province) as reliable sources to receive information 
about natural hazards and risk has been recorded in both regions; the request to use 
e-mail, SMS and social media (but also brochures/flyers) to get such information has 
also emerged, always followed by television as the preferred means of communica-
tion. It should be noted that in those municipalities where before RiKoST other proj-
ects and initiatives have already been implemented with the participation of citizens, 
such as public hearings, information events or lessons with natural hazard experts in 
schools, it was found that citizens are better informed, more sensitized to these topics 
and do prefer a more active role by the citizenship. When we look at the responses of 
citizens on what measures they think could improve natural hazards management, we 
see that in South Tyrol as well as in Carinthia, the most frequently mentioned mea-
sures come from the field of information and education followed by the suggestion 
to promote ecosystem-based solutions such as protective forests. Figure 3 shows in 
detail the results of the South Tyrolean survey.

Finally, the results showed that in municipalities that have recently experienced 
an event, there is a greater sense of insecurity and local population more often 
feel that existing measures and policies are not adequate to protect them from the 
impacts of natural hazards.

Figure 2. 
Framework of the questionnaire.
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3. Actions in the communities

In the pilot municipalities in South Tyrol within the framework of RiKoST, 
different awareness-raising activities have been undertaken: an information day 
and school actions, both including virtual reality (VR) activities, and an evening 
information event for citizens in each pilot municipality. In the pilot communities 
in Carinthia, stakeholder workshops with citizen representatives, local experts, 
relief units and representatives from local administrations were held to develop local 
operational plans in a participatory process. Different sources of communication, 
communication channels, contents, and target groups were thus used in the different 
actions: brochures, VR glasses with 3D videos about local natural hazards and hazard 
events, informal talks, maps, classes with historical local pictures and theoretical 
contents, online meetings and discussions, a game-based workshop, and stakeholder 
workshops. Different target groups were involved: mayors, citizen, local experts, 
members from relief units (fire brigade, police, emergency medical service), 
stakeholders from the tourism sector, middle and high school students. The aim of 
the different kind of actions was twofold: to raise risk awareness and to explore new 
ways for generating a collective change in understanding and tackling risk [11].

3.1 On the move in the streets and squares

Like the project slogan “If you know the risk, you know what to do!” well 
highlights, at the heart of the project lies the assumption that a kind of communica-
tion that directly reaches citizens, can raise risk awareness, and initiate a process 
of knowledge exchange on natural hazards and their management. What we called 
the “Scouts on the Road” campaign was an information day in the pilot municipali-
ties, where two previously trained students, acted as “scouts”, together with one or 
two representatives of the project, were out and about in the streets and squares. 
There they were talking to people, informing them about the project and the topic 
of dealing with natural hazards, answering questions, and giving them the oppor-
tunity to try out the VR glasses on which both HZPs and natural hazard events were 
simulated thanks to virtual reality. This made it possible to realistically visualize 
the potential impact of natural hazard events on buildings and cities in South 
Tyrol (Figure 4). In virtual reality, the intensity and probable location of hazard-
ous events can become tangible to explore over time and space both prevention 

Figure 3. 
Results from the population survey in 8 municipalities in South Tyrol.
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measures and possible impacts. During this campaign, we observed how VR glasses 
were highly appreciated among the 219 people we met; what was unfortunately not 
well known were HZPs, while the knowledge of local natural hazards was higher in 
smaller municipalities than in bigger ones, excluding tourists, who resulted in hav-
ing a very low risk awareness. Our experiences during the actions and our discus-
sions with the participants have shown that the issue of risk communication is not 
a particular concern. In comparison, the interest and openness of the participants 
was greater in small communities than in large ones.

3.2 Activities in primary and middle schools

In the context of the growing attention on risk communication, the role of 
children and young people have been strongly emphasized by social scientists in 
recent years. Young people are not only often regarded as considerably vulner-
able to disasters [12, 13] but it is also demanded to support their empowerment as 
active agents in prevention, response, and recovery [13, 14]. Students have also the 
potential to transmit knowledges to their peers and families, thus working as ampli-
fier in terms of awareness raising and peer education. Furthermore, environmental 
education has been recently introduced in Italian schools as compulsory class to 
raise awareness on issues, which can have a link to natural hazards and related risk, 
especially in terms of climate change adaptation. For these reasons, two different 
kinds of activities were undertaken in schools: a) classes designed within RiKoST 
about natural hazards and possible prevention measures (such as the local hazard 
zone plans) and implemented in 8 schools, and b) a pilot simulation game with 33 
high school students from one school of Vipiteno (one of the pilot municipalities of 
the project) (Figure 5).

The main activities took place between September 2019 and February 2020 
and were carried out by two scouts and one or two representatives of the project 
partners. The schools were chosen in the 8 pilot municipalities involved, including 
middle and high schools and both Italian and German schools. In total, 291 students 
were involved in the activities. After a short introduction to the project, the classes 
included essentially three main components: a frontal class, the use of VR glasses, 
and a practical and interactive explanation of HZPs. At the end of the lesson, the 
students also received cardboard glasses with a QR code that allow them to watch 
the 3D videos on their mobile phones.

In terms of impact on the students, results from a short survey answered by 
the students showed that the classes were clearly understandable and gave a good 
overview of natural hazards. The VR glasses were much appreciated because they 
have been considered as useful to better understand maps and because they provide 

Figure 4. 
Pictures from awareness raising activities with the help of VR glasses.
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a more realistic representation of potential local impacts of some natural hazards. 
Furthermore, they resulted to be a good tool to raise awareness in a more interac-
tive way, and to address the link between risk perception, personal emotions, and 
believes. Finally, the use of local anecdotes, images and impacts of local events 
appeared to leverage senses of belonging and local knowledges.

Complementary to the described lessons, a simulation game was developed to 
explore if this type of action can contribute to risk communication towards young 
people, also in the broader context of the nexus between natural hazard risk man-
agement and sustainable development. Simulation games are recognized as favor-
able method in disaster and sustainability education (e.g., see [15, 16]). At the core 
of the simulation game was a scenario in which students took over different roles 
of a fictitious community (e.g., farmers, hotel owners, students) and discussed 
their local HZP and practical consequences based on predefined conflicting needs 
and aspirations and with a limited budget. The simulation game-based teaching 
module was tested in a pilot workshop in Bolzano with 33 students between 15 and 
16 years old. It consisted of an introductory briefing phase, a simulation phase, and 
a debriefing phase for reflection.

The qualitative analysis of the method confirms that the developed simulation 
game contains different characteristics of transformative pedagogic practice1. 
It allows to experience natural hazard risks in an interdisciplinary manner as an 
example for complex and contested human-environment relations in mountain 
regions. Further, it encourages young participants to get involved with individual 
knowledge, experiences, and ideas. Finally, critical consciousness can be supported 
by experiencing and reflecting upon the role of power structures in decision-
making processes on human-environment relations. Regarding objectives of risk 
communication, young people participating in the simulation game may increase 
their risk awareness through controversial discussions on natural hazard risks 
as a locally relevant societal challenge. Further, a comprehensive understanding 
of hazard risks and related challenges can be a prerequisite for making informed 
decisions. Although the study indicated that the developed simulation game holds 
potential to contribute to transformative natural hazard risk education, it also 
depends on the performance of the facilitator and the integration of the module in 
the local educational system and running teaching practice. For South Tyrol it has 

1 Transformative pedagogic practice is approached by the three indicators weak framing (i.e., strong 
student orientation), weak classification (i.e., weak disciplinary boundaries), and a learning environ-
ment that encourages critical consciousness [17, 18].

Figure 5. 
Pictures from school activities in South Tyrol.
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been concluded that the module could be integrated best in geography education or 
as an extracurricular workshop.

3.3 Evening information events for citizens

As a further action, the project organized evening information events, in coop-
eration with the mayor, councilors and/or technicians of the municipality to better 
fit the event to local needs. As an introduction, a representative of the Agency for 
Civil Protection presented the natural hazard situation in the respective community 
and recalled past events with the help of historical photos. In some municipali-
ties, ongoing or planned projects for the construction of protective measures were 
also presented. The results of the survey for the respective municipality were then 
presented to the citizens. Afterwards, a joint discussion was promoted between 
experts, project representatives and citizens to identify possible improvements in 
risk communication. The discussions were sometimes hindered by the online mode 
of the meeting, which resulted in being the first of this kind among some munici-
palities and which was forced by the Covid-19 pandemic. In general, participation 
was higher in smaller municipalities, maybe due to a better engagement of citizens 
via direct information sources. During the informative evenings, some proposals 
were suggested and discussed to improve the involvement and role of citizens in 
risk prevention, especially in terms of non-structural measures. The positive role 
of institutions and the need to work more on what citizens “can really do” were 
stressed: improving knowledge of the local area and promoting actions in schools 
were brought up as topics to be fostered and further developed. In this regard, the 
role of historical memory and concrete actions to transmit the local history  
of the territory into the present were also brought to attention. During these events, 
the importance of easily accessible information, regular information events, and 
broader training and education in schools were highlighted as measures for the 
future to increase knowledge and awareness about natural hazards.

3.4 Involving stakeholders in flood risk management workshops

In case of flooding, operation checklists aim to support local authorities and relief 
units [19]. In contrast to common emergency plans, these checklists contain specific 
information and guidelines for authorities and relief units for disaster mitigation 
[20]. Flooding “hotspots” are identified based on hazard maps and potential dam-
ages can be minimized with prepared mitigation strategies. Especially in municipali-
ties where structural measures cannot be realized soon due to financial bottlenecks, 
operation checklists are a valuable addition to concentrate available resources in time 
as well as to identify critical/vulnerable places, and to minimize potential disaster 
caused damages [19, 21]. Operation checklists are based upon 2D-hydraulic model 
results of critical flood levels and intensities (scenarios) where a significant increase 
of damage potential can be observed. In the pilot municipalities in Carinthia the 
modeled results were discussed with local stakeholders (e.g. citizen representatives, 
local experts), authorities, relief units (fire brigade, police, emergency medi-
cal service), and administrations (flood protection, road maintenance, railway, 
electricity, and water supplier) in a first (physical or virtual) workshop that aimed 
at reducing the number of relevant scenarios and considering potential counter 
measures based on their experiences and knowhow. A second stakeholder workshop 
aimed at designing detailed counter measures for each defined scenario. According 
to the stakeholder definition given in Ref. [22], the following actors should be part 
of the process: people who are a) legally involved in case of flooding and/or b) will 
practically use the checklist in the event of flooding (primarily district authority, 
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mayor, operation controllers, relief units) and/or c) provide an essential technical 
input and/or d) are responsible for linking disaster control on regional and national 
levels and/or e) can support or block the initiative and/or f) are a representative of 
vulnerable groups (e.g. children, people in need of care).

The outcome of the workshops is a checklist divided into a textual part (descrip-
tions) and maps. The relevant flood plains including prevalent water depths are 
mapped for each specific scenario. Additionally, these maps contain marks and 
labels about critical and sensitive infrastructure such as hospitals, nursing homes, 
schools, relief units, gas stations, etc. (Figure 6).

The specific markers represent local measures that are described in the textual 
part of the operation checklist. Moreover, the textual part of the operation checklist 
includes a) definitions of assumed scenarios, b) descriptions of effects and risks 
and c) lists and descriptions of necessary counter measures (“who does what, 
where, and when”).

Over the past years, local stakeholders have been actively involved in the devel-
opment of flood operation checklists. Local relief units, authorities and people 
who have witnessed major flood events added valuable information and insights 
in terms of their experiences, historic photographs, and personal and institu-
tional event documentations. Having those local stakeholders involved, however, 
might be tricky at times since more careful handling than with experts is needed. 
Personal experiences have shown that organizers need to create an atmosphere 
where stakeholders are actively involved and can express themselves without being 
overstrained by too specific or technical information [23]. Hence, it is necessary to 
motivate and push stakeholders to actively participate in the workshops by making 
them aware of their personal advantage of reducing risk and potential damages 
caused by flooding. Past projects and results from RiKoST, however, have shown 
that with their knowledge these stakeholders provide an essential input during the 
workshops, especially when they are also actively involved in the actual disaster 
mitigation process.

4. Implications of results in practice and for policy making

The results of the surveys showed that especially the measures to train schools, 
families, and technicians are seen as the most important ones. As a result, contact 
has been established with the South Tyrolean school authorities and a training 

Figure 6. 
Example of a map as part of an operation checklist (source: [19]).
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course on natural hazards and risk prevention having teachers as target will be 
organized in the coming months. In addition, a 2-day training workshop for natural 
hazard practitioners will be held soon in South Tyrol, with a specific focus on risk 
communication.

Furthermore, our survey results have also shown that many people have an 
insurance for natural hazards without being aware of what is really covered by 
their policies. This aspect is now explicitly addressed in communication activi-
ties about natural hazards to make people aware that insurances are not enough, 
and additional mitigation measures are needed. For the stakeholder workshops in 
Carinthia, the findings of the opinion survey have already been integrated. But also, 
within the daily practice, when employees of the Carinthian administration dealing 
with natural hazards prevention are asked about protection measures by affected 
parties, these findings are integrated. It does not mean a huge change of administra-
tive processes, but it mainly means to take use of a different wording. In detail, it is 
about to communicate:

• the specific problem of the potential natural hazard (detailed description of 
process and possible damages and losses),

• the probability based on documented events (even if it is only a historic news-
paper article or an old picture) or on scientifically based calculations,

• that there is a problem without inciting fears (making aware but not urging),

• that the problem could affect vulnerable people (raising emotions),

• that building in endangered zones is strictly not recommended,

• self-responsibility by making people aware and support them, that even they 
and their contribution are part of a solution and

• residual risk by making aware, that mitigation measures are limited and bigger 
events with a lower probability can occur.

The process of a new risk communication has already started in Carinthia by 
teaching employees of the governmental administration in a first step and then to 
teach employees of municipalities (spatial planning and building authorities).

In both regions, our results clearly show that people do trust public agencies 
to apply proper methods to mitigate damages from natural hazards. This can 
reduce risk perception and have a negative impact on citizens’ self-responsibility. 
For this reason, it is particularly important in risk communication to address and 
inform about what measures individual citizens can take and how they can better 
prepare and protect themselves. Indeed, in terms of risk prevention the results of 
the surveys and the activities carried out in South Tyrol have been supporting the 
development and design of a new web platform for knowledge exchange in the field 
of natural hazards that will be accessible also for the public and contain this type of 
information. This natural hazard platform will be available from October 2021.

In terms of innovative tools, the use of VR glasses resulted in being a good 
tool to raise awareness and to address the link between risk perception, emo-
tions, and knowledge in a more interactive way. Simulation game approaches not 
only hold much potential to raise awareness for disaster risk but also empower 
underrepresented population groups, such as young people, for participation 
processes in natural hazard risk management. Eventually, this may be a keystone 
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for resilience-building. Nevertheless, the study on the transformative potential of 
simulation games in South Tyrol illuminated that the introduction of innovative 
approaches often faces numerous structural barriers, such as the educational system 
and culturally embedded pedagogic practice.

The project RiKoST gave the chance to develop and apply new methods, to 
evaluate them, to improve them and to give recommendations on how with to 
improve targeted risk communication strategies. The project related activities 
and experiences should not remain within the frame of a project, but as shown, 
they are triggering some potentially long-term risk communication activities and 
they should be taken up by practitioners and policy makers also in future and be 
integrated in institutional policies and initiatives. This is also the reason why it is 
so important in this type of project as RiKoST, that academic partners and partners 
from practice work together from the beginning, in the development and in the 
implementation, to enable sustainable changes.

5. Conclusions

Although the responsibility and availability of hazard maps is different in 
South Tyrol and Carinthia, the value of information concerning natural hazards 
risk is the same and both regions use hazard maps as a tool for risk communica-
tion. In Carinthia, flood operation checklists can be considered a refinement of 
hazard maps. They show hotspots of flood scenarios and spots where intervention 
measures can be most effectively applied. Effective operation checklists, however, 
do not only depend on the quality of maps, but they also strongly depend on 
stakeholders’ engagement: if they have been properly involved into the elaboration 
process and they can acknowledge their own contribution in the final product. 
Our results from both regions show that it is important to use local anecdotes, local 
events, and local knowledge and to improve the understanding of maps.

Many of our results and experiences can also be transferred to other aspects 
of risk management, such as the role of protective forest or Eco-DRR (see chapter 
[24] of this book). One of our findings is that schools are an important actor for 
risk education. The topic of natural hazard and risk should become part of the 
school curricula and the education process and should also include topics such as 
Eco-DRR. The experiences and recommendations of the RIKoST project can also be 
applied to this field, namely, to undertake excursions in local contexts, for example 
by organizing an excursion with students to protective forest in the area. We real-
ized that VR reality is a good tool to raise awareness and to start a discussion with 
students or citizens. A 3D video could for example visualize the role of protective 
forest by showing natural hazard scenarios with and without protective forest.

Just like the issue of natural hazards in general, Eco-DRR is not part of the 
everyday life of most citizens. Even though they might know the topic and consider 
it as relevant (see also results from Figure 3), they often do not have a concrete 
understanding of it or cannot imagine concrete measures that fall within its scope, 
cannot make a concrete connection to their immediate environment. Therefore, 
to raise awareness it is important to develop target specific messages and tools and 
to think about how they could be implemented and linked to other topics such as 
increase of life quality, landscape protection or sustainable development.

The main value of RiKoST was to set initiatives and to get into a risk dialog using 
different communication channels and contents for different targets, working with 
stakeholders and the public at a local “municipal” level. If stakeholders and the 
public are properly included in the process of risk communication, they will raise 
their awareness and increase the knowledge about their own responsibility and how 
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to respond to natural hazards. Improving risk communication and awareness is not 
the beginning of a process of reducing state responsibility but a process to build 
up effective local capacities to foster a social learning process, to promote a risk 
competent society which can rely on national and regional/provincial institutional 
support. Considering the aim of this volume the challenge for the future should 
be to include Eco-DRR measures, such as protective forests, into targeted risk 
 communication actions.
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Chapter 15

How to Use Scientific Information:
Road Map for Tailoring Your Own
Natural Hazard Risk Management
Solution
Michael Kirchner, Mirjana Stevanov and Max Krott

Abstract

In this chapter, we explain how scientific information can effectively be used in
the daily work of practitioners. We lead through the process of tailoring research
results and scientific information to support an integrated and ecosystem-based
natural hazard risk management in the form of a Road Map. This Road Map is based
on the RIU (Research Integration Utilization) model for knowledge transfer and
backed-up with our long-standing research experience. To illustrate the Road Map,
which can be applied to any case of transferring scientific knowledge into practice,
we summarize the main results of the GreenRisk4ALPs research project, and pro-
pose three steps for integrating them into applied projects or other activities: (1)
“Diagnosis” - estimating the relevance of scientific information for applied risk or
forest management, (2) “Consultation” - estimating the soundness of the scientific
information through consultations with researchers, and (3) “Implementation” –
checking the legal framework and the economic resources for the preferred solu-
tion. Furthermore, we provide a checklist for stakeholders for tailoring science-
based solutions to their practical use, which contributes to facilitating the imple-
mentation of research results and can guide policy and practice. Finally, the
theoretical and methodological background of the Road Map are presented and
discussed.

Keywords: knowledge transfer, RIU model, integrated risk management, checklist
for stakeholders, Ecosystem Services-oriented forest use

1. Introduction

Managing natural hazard risks is highly relevant to everyone visiting or living in
the Alpine Region (see chapter [1] of this book). Professional risk management is a
tool that has been keeping people in the Alpine Region safe for more than 100 years
where forests play a key role as risk prevention measure (see chapters [2, 3] of this
book). However, natural hazards such as rockfall, landslides and snow avalanches
are still causing severe damages every year [1]. Hence, there is an urgent need to
continuously improve Alpine risk management strategies to ensure people’s safety
in the future [4].
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This chapter informs stakeholders how to utilize scientific information from the
Interreg Alpine Space project GreenRisk4ALPs (ASP635) [5], and how to form
innovative alliances with researchers, which support the selection of science- and
ecosystem-based risk mitigation measures. The main stakeholder groups are (i)
public agencies involved in risk management, which often have to choose between
green, technical and/or avoidance measures such as the reduction of land use in
high risk areas; (ii) political actors like mayors, local parliaments or city councils
and village boards, which are strongly involved in risk-related issues, and (iii)
service providers, service users and citizens of the Alpine Region, for whom natural
hazard risk management is highly relevant for their safety. For all these stake-
holders it is usually a challenging task to be aware of the most current scientific
studies or receive their results, to select the best-fitting ones and to integrate them
into science-based solutions that will work in practice. Therefore, in this subsection
we demonstrate how to deal with scientific results and engage scientists after
receiving first information about a research project that addresses questions which
are important for your own work.

The first contact with a research project may be in any phase of the research
process, e.g., in the initial phase, when a research project is being designed and
formulated. Or in the end, when project results are finalized, and stakeholders are
able to judge their relevance while selecting scientific information that is useful to
their interest-oriented action and that can help to improve their own risk manage-
ment solutions. This Road Map subsection exemplifies the optimal use of scientific
information produced during the GreenRisk4ALPs (GR4A) project. Yet, the way of
“making sense of science” is applicable to all other project phases or other scientific
projects aiming to facilitate the implementation of scientific information into practice.

1.1 Key results from the GreenRisk4ALPs project

The GR4A project aimed to provide scientific information supporting an
ecosystem-based integrated risk management of natural hazards in the Alpine Space,
and the acknowledgment of the key role forests have as an Ecosystem-based solution
for Disaster Risk Reduction (Eco-DRR) in mountain areas (for risk and other defini-
tions see chapters [1, 2] of this book). Within the project, an international collabora-
tion of researchers and practitioners from 12 institutions developed various products
for decision support (e.g., see chapters [6–8] of this book) by applying scientific
principles, methods and standards. Many of the scientifically sound GR4A results are
listed in the “Catalogue of selected GreenRisk4ALPs research products” (Table 1),
consisting of a main product (a set of expected and aimed scientific information of a
research project) and a by-product (scientific information which supported the
development of the main product, but was not the aim of the project or necessarily
mentioned in the documented research). The listed products were developed
between 2018 and 2021, when researchers were identifying forests with protective
functions and quantifying their protective effects against landslides, rockfall and
snow avalanches in the six GR4A Pilot Action Regions (PARs): Val Ferret, (Italy),
Kranjska Gora (Slovenia), Oberammergau (Germany), Baronnies Provençales
Regional Nature Park (France), Wipptal South (Italy), and Gries am Brenner and
Vals (Austria) (see [9] for descriptions). These analyses and model developments
were combined with investigating risk management measures that are currently
being applied in the six PARs, as a starting point for considering improvements of
existing or introduction of alternative risk management solutions. If you are already
active or want to become active in ecosystem-based risk management of natural
hazards in the Alpine Region, then the GR4A research products may support your
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Research products Main
product

By-
product

Ref.

Forest protective function modeling with Flow-Py:
open-source regional-scale gravitational natural hazard
runout and intensity simulation tool

✓ [6, 10, 11]

Protective forest definition matrix: consistent definitions
of protective forests to achieve the objectives of
GreenRisk4ALPs

✓ [12, 13]

“The forest extension”* for Flow-Py: estimates the
(protective) effect a forest has on the hazard process
(energy reduction = reduction of velocity and runout
length), dependent on the “actual” forest structure

✓ [6]

“The back-tracking extension”* for Flow-Py: identifies
the hazard process paths (starting, transit and runout
zones) associated with endangering infrastructure

✓ [6, 11]

Maps of “Direct Object Protective Forest”: forests that
are located between natural hazard starting zones and
endangered infrastructure

✓ [7]

Maps of “Efficient Green Mitigation Areas”: mapping of
areas that are highly effective for hazard energy reduction
by suggesting: (i) potential areas for afforestation for direct
object protective forest, (ii) existing direct object protective
forest that is highly effective

✓ [7]

Maps of “Impact Reduction Index”: show differences in
the process intensity from Flow-Py simulations with and
without considering the protective effect of direct object
protective forest

✓ [7]

GIS-based spatial modeling (spatially explicit
assessments): identifying areas where the forest plays a key
role in protecting infrastructure from natural hazards;
provides regional-scale maps

✓ [7, 14, 15]

Exposure assessment: (i) identifies those areas where
hazard exposure is reduced due to the presence of forest,
(ii) ranks the forest effect by assessing the impact of each
hazard type on different types of assets with and without
forest effect

✓ [7, 14, 15]

Spatial analysis to identify hotspot areas: produces
annotated hotspot maps, datasets, a process description,
and documentation of results

✓ [7, 14, 15]

Protective Forest Assessment Tool (FAT): online
decision support tool to estimate the value forest has for
protecting buildings and infrastructure against gravitational
natural hazards

✓ [7, 16, 17]

Economic model TEGRAV (Technical - GReen –

AVoidance): cost–benefit analysis of ecosystem-based,
land use avoidance and technical protection measures (and
their combination); TEGRAV is linked to the hazard model
in FAT

✓ [18–20]

Direct costs: originate from construction/implementation
of a protection measure + maintenance + dismantling

✓ [18–20]

Indirect costs: originate from the construction/
implementation of a measure, which presumably modifies
an existing situation

✓ [18–20]
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daily or strategic activities. You can use the “Catalogue of selected research products”
(Table 1) to select and include one or more (or parts of them) into your specific
science- and ecosystem-based risk management practice.

Before proceeding to the three steps needed for tailoring your own practice
solution on research results (subsection 1.2), you must think about your willingness
and ability to act realistically:

Willingness is linked to the tasks you are conducting and the interests you have.
Both are individual and may differ from actor to actor. Yet, if interests and tasks are
related to Ecosystem Services (ES; Figure 1), then the GR4A research products may
attract your attention. Green prevention measures, as a regulating ES entail the
maintenance, afforestation or reforestation of protective forests while technical
prevention measures can be established in ecosystems to prevent or mitigate natural

Research products Main
product

By-
product

Ref.

Avoided damages: all detriments to infrastructures,
people and assets that could occur without protection
measures

✓ [18–20]

Benefits: the sum saved or earned due to the construction/
implementation of the measure

✓ [18–20]

Rapid Risk management Appraisal (RRA): participatory
approach for (i) pinpointing the most relevant natural
hazards in terms of risk in a region, (ii) identifying
strengths and entry points of risk management for
implementing future risk reduction measures

✓ [8, 14, 15]

Risk identification: identifying those natural hazards which
are considered the most relevant from a risk perspective

✓ [8, 14, 15]

Risk analysis: analyzing the existing risk management
practices related to the previously selected natural hazards

✓ [8, 14, 15]

Risk evaluation: generating and discussing the risk
management profile on a spider diagram, which provides a
comprehensive picture of risk management practices, and
comparing risk management profiles for various study areas

✓ [8, 14, 15]

*Enables users to adapt the model (here the Flow-Py simulation tool) to address a specific question.

Table 1.
Catalogue of selected GreenRisk4ALPs research products for risk-based decision support in protective forest and
natural hazard management.

Figure 1.
Ecosystem Services (ES) important in the context of ecosystem-based natural hazard risk management. Adapted
from [21].
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hazards whereas land use reduction in high-risk areas is an avoidance measure that
changes the previous land use to reduce natural hazard risk (see GR4A project
report [21]). Both technical and avoidance risk management strategies strongly
influence ecosystems, affecting simultaneously also human well-being [22]. To
visualize different tasks and interests of actors in risk management we summarized
technical and avoidance strategies together with green prevention measures as
regulating ES that influence natural hazard risk (Figure 1). Regulating ES are linked
to the other ES categories: provisioning, supporting and cultural ES (Figure 1).
Even if your work is focused on natural hazard and protective forest management,
you are encouraged to think in terms of ES and try to identify those ES that are
related to your area of interest and professional duty.

Ability is related to your realistic judgment of the resources at your disposal to
engage in a particular activity. The most important resources and constraints (e.g.,
legal and economic ones) will be addressed here briefly, but no guide or Road Map
can capture all the particularities of a single case. Therefore, the steps listed below
are one way to realistically evaluate the implementation of scientific information
and research results into your own applied project and its chances for success.

1.2 Three steps to integrate the GreenRisk4ALPs research products
into your applied project or practice-related activity

For becoming part of an applied project or activity, scientific information
selected from the “Catalogue of selected GreenRisk4ALPs research products”
(Table 1) has to be integrated into the existing knowledge and experience of a
particular actor [23]. Based on this new knowledge, practitioners can tailor their
own projects or science-based activities in three basic steps. That is, you are
encouraged to carefully consider each step and proceed to the next step if you
answer most questions with a YES.

1.2.1 Step 1: diagnosis

Estimate the relevance of the GR4A research products for your risk management
practice OR your ES-oriented forest use.

You or your activities are part of the Alpine Region. You may be involved in
forest management, civil protection, natural hazard risk management, live in a
house or own a hotel protected by forests, operate or use highway or train infra-
structure passing through endangered areas protected by forests. This direct object
protective effect, which forest has to ensure for your safety or which is related to
your occupation, is an example for the relevance and the key to answering whether
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GR4A research products related with direct object protective forests are relevant for
you. Also consider all three alternatives: (1) Green prevention measures, (2) Tech-
nical prevention measures, and (3) Land use reduction in high-risk areas (Figure 1).
In addition, consider how risk prevention against natural hazards fits into your
actual economic and political agenda. It may also be the case that the specific newly
designed and scientifically based prevention strategy opposes your specific interest
in using a forest. In this case you are free to dismiss scientific solution(s) fully or
parts of the solution(s) that you do not accept. Not all scientific solutions are
appropriate for all users.

You may find it useful to think about networks of actors connected to the ES of
your interest and then consider for whom your risk management or forest use might
be particularly relevant. If you identify a potential ally, then the start of an alliance
could improve the chances for success of your planned action. Yet, this potential
ally (or allies) has to be interested also and open for the research product you are
relying on. If you want to dismiss the scientific solution(s), then partnering with
allies would mean that you can hinder the solution(s) and protect yourself from its
potentially negative consequences.

Public goals are the backbone for national-to-global policies and basically gov-
erns us all. Linking (one or more) currently relevant public goals with your risk
management or forest use may provide the highly required legitimacy for your
applied project or action based on a GR4A research product. Therefore, it is advised
to avoid legitimization by goals that are too unspecific such as the goal of sustain-
able forestry, because of their limited political reach. Instead, think widely! As a
basis for your ideas, but more importantly also as a reference, you should consider
goals introduced by national ministry programs or national strategies, well-
acknowledged norms of a civil society or current and actual goals of international
strategies. For example, the new EU Strategy on Adaptation to Climate Change [24]
is calling for rolling out physical solutions for more green spaces (p.12) and to do it
in a cost-effective way (p.11). Protective forests are green spaces and solutions that
are having certain cost–benefit advantages compared to other hazard mitigation
measures [22, 25]. While including protective forests into risk management
strategies, either to stabilize the soil or to reduce impacts of natural hazards, the
GR4A research products may not only have the potential to contribute to increasing
people’s safety but may also have a broader application as a climate change mitiga-
tion measure. In contrast to immediately effective technical measures such as rock-
fall nets, Eco-DRR solutions have the potential to adjust to the challenges driven by
global environmental change [26]. You must invest time and be creative to find out
which strong public goals will serve your specific project and/or activity.

1.2.2 Step 2: consultation

Estimate the soundness of the scientific information provided by the GR4A
research product that is relevant for you. Undertake this step only if most of your
answers in the previous Step 1 were YES ☑.
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First of all, check the ways your organization uses scientific information in daily
practice. Are there specific open doors to science like working groups, scientifically
knowledgeable collaborators or other persons experienced with science that work
for your institution? Or, if you are a single person, think about how you are using
scientific information in your daily life. Have you obtained science-based education
or do you trust that your information about scientific results reflects the current
state of knowledge? In any of these cases you should consider your existing links to
scientific information. In general, such links are provided by the experts within
your organization. These “integration forums” (for types see subsection 2.2) may be
either small or big, but they are essential to open the door to science [27].

The first task is to get into direct contact with the scientific organization(s) and
its researchers who are offering a research product relevant for your risk manage-
ment or ES-oriented forest use. Only through this direct consultation you will be in
the position to get precise information that can help you to consider options for
using this research product in a particular case. For example, if your tasks and
interests are concerning the direct object protection provided by a particular forest,
then you may want to check availability of maps of “Direct Object Protective
Forest” for your region, or maps of “Efficient Green Mitigation Areas” (Table 1).
All mentioned research products are based on scientific procedures and theoretical
or data-based models, which are established within the scientific community, but
they all have specific limitations. For example, models are limited in terms of
included variables, available input data and uncertainties in their results (see chap-
ters [3, 6, 28] of this book). However, the direct contact between you (or your
integration forum) and the researchers will provide information into the underlying
assumptions and limitations of the specific model. Based on this information, you
can make a first evaluation about the suitability of its application to your needs and
area of your interest.

If you gained sufficient background information about the procedures that the
research product is relying on and its limitations and you still consider including
scientific information into your applied project or practice-related action, then you
have to undertake the next step: to judge the scientific credibility of the research
results. To do so, you can first consult organizations’ websites while looking for
indicators about the researchers who are offering the research product. Examples
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for such indicators are research results that have passed the peer-review process of
established scientific journals or the existence of networks with other researchers
and institutions, especially with those you already know or have collaborated with
[29]. As you may not always be in the position to judge the scientific quality of the
research, you can ask another research institution for an independent evaluation.
This is not only limited to the information from the websites but applicable for all
sources, including various media channels (e.g., LinkedIn, Facebook or Twitter).
These social media channels increasingly provide links to innovative research and
results, yet their scientific basis must be checked before you can be certain about
proceeding to the project implementation (Step 3). Checking means, for example,
to be certain that the research results are state-of-the-art and evaluated by the
scientific community through peer review. Diverse media channels communicate
(scientific) information eye-catching and condensed, which is their basic mission,
but they need to be cross-checked, at least with the original source and/or scientific
publication.

The first three sub steps (finding open doors to science, checking product
limitations and scientific credibility) will often not be sufficient to decide whether
the particular research product fully fits your needs. Science can neither answer
every specific question from practice nor provide comprehensive best-solutions.
Therefore, you must identify the specific contribution of a research result to your
interests or solution (e.g., calculating the likelihood of a natural hazard to reach a
hotel or the costs for avoiding damages). Rarely, but it can happen that the scientific
information fully supports your planned activity (no additional information is
needed and no additional aspects must be covered). Then select it and use it as an
argument for your planned activity or incorporate it into your own project. Typi-
cally, some additional scientific information will be needed, which might require
time and resources to collect. If you have resources, then contact the researchers
and ask to fine-tune the procedure, so that scientific accuracy remains intact.
Sometimes, deficits of scientific information will appear too big. In that case, you
may think to either initiate an additional research project or don’t pursue your
GR4A-based solution.

1.2.3 Step 3: implementation

Estimate chances for implementing your GR4A-based solution. Undertake this
Step 3 only if most of your answers in the previous Step 2 were YES ☑.
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Laws influence humans through enabling or restricting their actions. Therefore,
check the legal basis for implementing your GR4A-based solution. If your ES-
oriented forest use would, for example, increase costs for the protection measures
for a municipality, then you might already look for financial instruments that
particular policies might be offering and check if municipalities are eligible to apply.
In addition, researching legal limitations is advised, because overcoming them later
might be a long-term political process which can increase the timeline for
implementing your solution.

Risk management is costly, and cost-efficient solutions will save resources and
open a broader room of action. Whatever your case might be, the issue of sufficient
economic resources must be considered wisely, either while counting on private
funding or having checked public funding sources (regional, national, interna-
tional). In addition, public-private partnerships may be a funding option. Be realis-
tic about the economic constraints for your project or your ES-oriented forest use.
Project activities typically consume more resources than estimated. Thus, consider
sources that may be available immediately or in the short term but look also for
options in the longer term by clearly avoiding wishful thinking.

Your GR4A-based risk management activity or ES-oriented forest use may be
controlled by the law and/or available economic resources but paying attention to
different strategies of good governance and democracy may enlarge your opportu-
nities for actions. Involving multiple actors (as one of good governance principles)
may, for example, raise the awareness about your problem or enhance the accep-
tance of your ES-oriented forest use. Participation of multiple actors may also
increase political or economic support for your GR4A-based solution (see also
chapter [8] of this book).

However, all participation processes related to risk governance are highly sus-
ceptible for conflicts, for example, driven by questions to what extent the costs that
are covered by many will benefit only some. Past examples show that participation
processes may result in shifts toward certain interests or cause a “crisis in
governmentality” instead of governance. This may endanger the democratic legiti-
macy of your activity. Therefore, it is advised to first assess potential conflicts that
your GR4A-based solution may mitigate, increase or additionally trigger.
Depending on your assessment you might still find it worth to proceed. Then,
finding professional support for handling multi-actor participation in risk-related
issues may be advisable. Not only that these issues are prone to conflicts but the line
between your goals (e.g., fostering participation for rising attention and transpar-
ency) and counterproductive effects of the participation process (e.g., triggering
fear by the community members) is very thin and often better perceived and
handled by a professional with experience in conflict management.

In addition, be aware that you are part of the democratic environment, which
means that you must be transparent about your activities. Depending on your issue
and your target groups you may use multiple channels for distributing information. If
your aim is for a broader outreach, you may want to use digital and print media
reaching a wider population. Or you may collaborate with the local media for very
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locally specific issues. Tailored campaigns or public debates may also be a channel for
spreading information. It is, for example, known from recent research that appropri-
ate risk communication can trigger adaptive behavior (see chapter [30] of this book).
Yet, for triggering such effects, you have to bear in mind that the inputs and research
products used for risk communication need to be carefully considered. In this con-
text, the modeling results from the GR4A project might be useful, for example, when
trying to raise the awareness of laypersons about wider benefits of protective forests
such as their benefits for mitigating climate change. Or to highlight the impacts that
adaptations of protective forest management practices will have on biodiversity (e.g.,
selection of tree species and dead wood management). Otherwise, laypersons can
hardly imagine the impact and importance of protective forests and their functions
and effects on the life and livelihood in the Alpine Region.

1.3 Checklist for the successful implementation of tailored, applied risk
management projects

For your final evaluation for using research product(s) offered by the GR4A
project (Table 1), go through Step 1 to Step 3 again. They are summarized in form
of a checklist below (Figure 2). Let these steps and their associated questions guide
you, so that you arrive at a realistic estimation of your chances to solve a particular
risk management problem or to realize your ES-oriented forest use in practice. The
more positive answers you give, the better the chances are for the successful imple-
mentation of your tailored, applied risk management project or practice-related
action. Good luck!

This Checklist is intended to be used by stakeholders in practice. For the oppo-
site case that scientists want to use a guide for fostering the support of practice for
their research, please look into our “Road Map for decision targeted communication
of green risk management” [31].

Figure 2.
Checklist for the successful implementation of tailored, applied risk management projects.
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2. Theoretical and methodological background of the Road Map

2.1 The RIU (Research Integration Utilization) model

The RIU model is a theoretical model of knowledge transfer created in 2016 [29].
Stevanov and Krott [23] provide an explanation and anchor the model within the
three phases of knowledge transfer: the most recent overview from [32] discrimi-
nates between (i) linear models (in the 1960s) where knowledge was expected to be
implemented linearly by politicians and bureaucrats; (ii) co-production and other
models (in the 1970s–1990s) where attention was drawn to the active part that
politicians and bureaucrats can play while interacting with scientists and bringing
their political judgements to the knowledge transfer; and (iii) embedded models
(after 2000), where an even more active part of practice is offered and, in addition
to the input of politicians and bureaucrats, explicit formats for societal input are
provided. The RIU model belongs to the third group of embedded models, which
try to enrich solutions and include public interests and values, while simultaneously
keeping scientific knowledge as the basis. The RIU model accordingly acknowledges
two distinct elements – Research (R) and Utilization (U), each following its own,
different rationale. That is, research follows the formal, public rationale, and scien-
tific information is generated to describe and explain real world phenomena. Utili-
zation, on the other hand, does not rely on the rational (deliberative) discourse, but
rests upon the power to induce change in practice, which serves the interest(s) of
the dominant actors. Within the processes of transferring scientific information
from the Research into forestry practice (Utilization), the scientific rationale as well
as interests and power of actors from practice remain separate (Figure 3). Yet, the
bridge between them is established through Integration (Figure 3) and its integra-
tion forums respectively [27].

2.2 Methodological background

The Road Map is a result of a theory-based analysis that was empirically proven
by the GR4A project. Empirical evidence was collected by the means of observa-
tions, document analyses and expert interviews [33]. This evidence was crosscut
(triangulated) for reliability purposes [33]. The theoretical basis of the Road Map
builds on the key criteria of knowledge transfer summarized by the checklist of
Böcher and Krott [29]. These key criteria of knowledge transfer were tested
between 2016 and 2018 within the ALTERFOR project and its ten case study areas
[34]. Results led to the further development of the theoretical basis and further
adjustment of the key criteria (see [23]). Based on that, the PARs of the GR4A

Figure 3.
The RIU model: transfer of scientific information from research into utilization by practice via integration.
Adapted from [23]; for “Integration forums” see [27].
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project [9] served to deepen the analysis and to look into the processes driving the
selection of scientific information and the modes of exchange with the actors from
practice. These different modes of information exchange, called integration forums
[27], were investigated in all PARs. The three types of integration forums – existing,
hybrid and new forums - were determined (Table 2) while using the following
characteristics [27]: (i) if the forum has been identified as an already existing one
(yes +, no -); (ii) if the forum has an existing link to science (yes +, no -), and (iii) if
the forum is known by the research project (yes +, no -). Examples for each type of
integration forums are given in Table 2, and details can be found in GR4A project
reports [35, 36]. This knowledge on different types of integration forums is useful
for Step 2 of the checklist where the scientific fit of research products is checked
(see subsections 1.2 and 1.3).

3. Discussion and concluding remarks

The RIU model represents a comprehensive knowledge transfer approach [29].
Each of its three elements - Research, Integration and Utilization - is related to
specified tasks of knowledge transfer and backed up by empirical evidence. Empir-
ical evidence from the GR4A project [35–37] as well as several other cases [38]
shows that the transfer of scientific information from science into practice works
best when both scientists and practitioners keep their specific, independent roles
but strongly engage into the mutual communication.

In this mutual communication, scientists and practitioners come together to
exchange information within particular integration forums [27]. For transferring
scientific information into practice, workshops have been often recommended and
applied within research projects [39–43]; however, workshops have been proven to
be rather ineffective [44, 45]. This is because a workshop does not attract powerful
actors and as such does not represent a place where relevant decisions are (or could
be) made.

Most knowledge transfer models suggest continuous improvement of commu-
nication processes between researchers and actors from practice, aiming at a general
consent [46, 47], that is, practitioners should be fully integrated into the research
process. Such co-production approaches are often found in EU project calls, i.e., for
multi-actor projects [48]. Based on the RIU model, however, we did not find
empirical evidence showing that full integration of practitioners into the research

Integration forum

Type Defining elements Examples

Forum is identified
as already existing

Forum has existing
links to science
(gradual)

Forum is known
by the project

Existing + + + • Advisory boards
• Jurisprudence

Hybrid + + - • Bilateral discussion
• Expert rounds
• Ad-hoc task forces

New - + + • Workshops
• Round tables

Table 2.
Defining elements for each type of an integration forum (yes +, no -): existing, hybrid, new forums. From [27].
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will lead automatically to more successful knowledge transfer (Utilization), which
has also been confirmed by other authors (e.g. [49, 50]). According to the RIU
model, integration forums are not all-inclusive but selective with respect to relevant
actors [27]. If integration aims for the general consent between science and practice
regarding the content of the science-based solution, then it can be expected that the
communication process will typically “hurt” both the scientists as well as the rele-
vance of the solution for practice. Furthermore, we did not find empirical evidence
showing that mutual learning can help scientists by switching into the role of
practitioners and vice versa, as it is proposed by most knowledge transfer models up
to now.

To summarize, growing knowledge transfer efforts are positive developments.
We offer a Road Map that was developed within the GR4A project for integrating
research products into the risk management solutions of practice (see subsection
1.2). We found that the project duration of three years resulted in innovative
research products but has been proven to be too short for establishing the process of
integrating these results into practical solutions effectively. In contrast to the
expectations of many scientists and research funding programs the process of
knowledge transfer is a long and bumpy road and needs considerable time and
resources, which should be addressed more comprehensively in the future.
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