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HIGHLIGHTS

o A multidisciplinary wildfire risk assessment enhances standard approaches.

o Fire hazard simulation and ecosystem services participatory mapping are combined.

e Accounting for cultural ecosystem services refines wildfire mitigation strategies.
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The impact of natural disturbances such as wildfires on ecosystem services and local communities is significant.
Conventional assessments of wildfire risks often overlook the potential loss of ecosystem services, particularly
cultural ones (CES). This study presents a methodology for integrating CES into wildfire risk assessment,
combining expert CES participatory mapping with standard procedures based on fire hazard and vulnerability
modelling. We tested the methodology in a European Alpine landscape of 143 km2 involving 8 municipalities

and 30 local stakeholders. Integrating CES hotspots changed the risk classification by at least two classes for 52 of
the 358 valley subwatersheds and made the distribution of high and very high-risk areas more scattered. This
study demonstrates that including CES in wildfire risk assessment and prevention schemes through a partici-
patory process can encourage stakeholder engagement and provide additional information on the indirect
benefits of the ecosystem. We conclude that the application of this methodology to other contexts would strongly
benefit local wildfire risk management plans.

1. Introduction

Land use and climate changes are globally affecting natural distur-
bance regimes, such as wildfires in terrestrial ecosystems (Bowman
etal., 2009). Longer fire seasons due to modified climate circulation, the
increased flammability at the landscape scale, and the expansion of the
wildland-urban interface make the risk of impactful wildfire events
more probable (Moreira et al., 2020). Wildfire risk assessment is a
fundamental tool for limiting wildfire impacts and informing decision-
makers of landscape planning. Quantifying risk and mapping its
spatial distribution enables the evaluation of possible prevention and
mitigation strategies, providing decision-makers with a framework of
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cost-effectiveness (Alcasena et al., 2021; Scott, Thompson & Calkin,
2013).

A review of the existing literature on wildfire risk assessment reveals
a wide variety of approaches, such as multicriteria decision analysis
(Nuthammachot & Stratoulias, 2021), fire modelling systems (Alcasena
et al., 2021), contingent valuation (Molina, Moreno, Castillo, & Rodri-
guez y Silva, 2018), expert analysis (Alcasena, Salis, Ager, Castell, &
Vega-Garcia, 2017), social network analysis (Ager, Kline, & Fischer,
2015) and social media data analysis (Yue, Dong, Zhao, & Ye, 2021).
However, risk mitigation strategies are mostly focused on protecting
human lives and securing infrastructure at the wildland-urban interface
(El Ezz, Boucher, Cotton-Gagnon & Godbout, 2022; Nunes, Figueiredo,
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Pinto & Lourenco, 2023), thus neglecting the importance of ecosystem
services to the population’s well-being. Although quantifying the risk of
losing ecosystem services is critical in guiding effective management
and policy interventions, it is still challenging (Lecina-Diaz, Martinez-
Vilalta, Alvarez, Vayreda, & Retana, 2021).

The possible loss of provision of Cultural Ecosystem Services (CES), i.
e. the “non-material benefits people obtain from ecosystems through
spiritual enrichment, cognitive development, reflection, recreation and
aesthetic experience” (McMichael et al., 2005), because of a wildfire
event, could have a strong impact on the life of the local community and
beyond (Vukomanovic & Steelman, 2019). Wildfires, for example, can
negatively affect cultural sites (Palaiologou, Kalabokidis, Day, & Kop-
sachilis, 2020) and reduce recreational and tourism potential by
changing the landscape for decades (Pereira, Bogunovic, Zhao, & Bar-
celo, 2021; Silvestro et al., 2021). Additionally, CES could indicate areas
with higher anthropogenic pressure due to the presence of cultural
factors, which is particularly important in emergencies or disasters.
Nevertheless, as far as we know, their inclusion in wildfire risk man-
agement remains unstudied.

Since the launching of the EU initiative on Mapping and Assessment
of Ecosystems and their Services (MAES) in 2013, several studies have
focused on developing frameworks and indicators for mapping
ecosystem services (Burkhard & Maes, 2017). Due to the dependence of
CES from the contingent point of view of the benefiting community,
participatory approaches have been proposed, such as participatory
mapping (Battisti, Corsini, Gusmerotti, & Larcher, 2019; Plieninger,
Dijks, Oteros-Rozas, & Bieling, 2013; Ridding et al., 2018). Various
examples of expert elicitation through participatory GIS activities
demonstrated the utility of involving local experts in analysing and
mapping ecosystem services (Brown & Fagerholm, 2015; Palomo,
Martin-Lopez, Zorrilla-Miras, Garcia Del Amo, & Montes, 2014; Ruiz-
Frau, Edwards-Jones, & Kaiser, 2011). Several projects involving pub-
lic participation through participatory mapping with different
geographical scales - from nationwide surveys to single buildings - and
topics - from green areas to transport services - have been reported in the
literature (Kahila-Tani, Kytta & Geertman, 2019). This approach allows
the public or specific stakeholders to be involved in the analysis and to
integrate the people’s perception in regional and local planning (Dos-
sche, Primi, & Valle, 2022; Kantola, Fagerholm & Nikula, 2023).

In this study, we propose an innovative methodology for integrating
CES evaluation in wildfire risk assessment plans at the landscape scale.
We intend to bridge the gap between the literature on wildfire risk
assessment and the literature on CES mapping, within the debate on fire-
resilient landscape management and planning (Ascoli et al., 2023). The
approach presented is based on the involvement of local stakeholders in
a participatory mapping activity of CES and on the integration of the
results into standard wildfire risk assessment procedures, with the aim of
evaluating the difference between the resulting risk cartographic output
and traditional fire risk maps.

The consultation of local actors and experts is crucial since it pro-
vides spatially explicit knowledge of ecosystems based on their experi-
ence and understanding of local dynamics (Gret-Regamey, Brunner,
Altwegg, Christen, & Bebi, 2013). Understanding stakeholder’s per-
ceptions is also a key step for assuring local collaboration (Stouten-
borough & Vedlitz, 2014), anticipating barriers to risk prevention
activities (Dessai & Sims, 2010), and promoting effective solutions based
on a shared definition of the problem (De Stefano, Hernandez-Mora,
Iglesias, & Sanchez, 2017).

Four kinds of CES were the object of the analysis: recreational ser-
vice, aesthetic value, common sense of place, and personal sense of
place. The selection of categories is based on the classification adopted
by (Garcia-Diez et al., 2020), by further dividing the “sense of place”
category into a “common” and “personal” one. Recreational service and
aesthetic value were selected because of their relevance to the wellbeing
of the inhabitants and the attraction of visitors. The common and per-
sonal sense of place categories were chosen to bring out the relationship
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between the inhabitants and the ecosystem in the analysis. This is a
crucial topic in an area that has been subject to a major phenomenon of
depopulation and rural abandonment for decades. Diverse theories,
concepts and empirical approaches exist regarding the sense of place so
that it is often omitted in ecosystem services assessments (Wartmann &
Purves, 2018). In this work, the sense of pace is intended as “the expe-
riential and expressive ways places are known, imagined, yearned for,
held, remembered, voiced, lived, contested and struggled over” (Feld &
Basso, 1996). However, in line with the distinction proposed by (Knez
and Eliasson, 2017) between collective and personal place identity, we
further distinguish a common and a personal sense of place. The
“common sense of place” refers here to the ability of places to represent
the historical, cultural, social or naturalistic identity of a community; the
“personal sense of place” refers to the personal ties between the
respondent and places, often linked to personal preferences, experiences
and memories.

The four categories were mapped separately to facilitate the under-
standing of the questions by people unfamiliar with the concept of
ecosystem services. They were then merged into a general CES category
as a synthetic cartographic output was judged more suitable to give
operational indications in the framework of territorial management for
risk prevention.

We tested the methodology in an inner valley of the Southern Eu-
ropean Alps, which is prone to wildfires and a hotspot of cultural ser-
vices, including a wide range of recreational activities and heritage
values. Wildfire activity and severity in the European Alps will likely
increase in the future due to climate change, making the evaluation of
wildfire risk increasingly crucial for the local communities (Miiller et al.,
2020). Moreover, the long history of anthropogenic influence on the
forest ecosystem makes the changes in the disturbance regimes partic-
ularly evident in the region (Bebi et al., 2017), setting an interesting
context for the evaluation of innovative risk analysis techniques.

The study area investigated and the methodology followed are
described in detail in the following section. The third section illustrates
the main results of the analysis, while the fourth discusses the outcomes
implications and transferability of the methodology to different con-
texts. Finally, the Conclusion section summarises the main strengths and
limitations of the work, along with insights for future research.

2. Materials and methods
2.1. Study area

The study case comprises an area of about 143 km? in the south-
western European Alps (Fig. 1a), in the northern Italian region of Pie-
monte (Fig. 1b). The perimeter corresponds to the administrative
boundaries of the eight municipalities in the Valchiusella valley
(Fig. 1c). The altitude ranges between approximately 400 m for the
lower valley villages and 2800 m for the highest peaks.

The total population on 1 January 2020 was 5237 inhabitants (data
available at https://dati.istat.it). However, as in most European alpine
valleys, rural depopulation has characterised Valchiusella since the end
of the XIX century, resulting in the abandonment of traditional farming
activities (MacDonald et al., 2000). This has caused the expansion of tall
grasses, shrubs and trees on the abandoned pastures, creating extensive
areas covered by unmanaged pioneering vegetation, which increases fire
hazard (Ascoli, Moris, Marchetti, & Sallustio, 2021; Ascoli et al., 2020).
According to the regional data on past wildfires (data available at
https://www.geoportale.piemonte.it/geocatalogorp), the distribution
of fire events across the year is characterised by a predominance of fires
during winter, during which the vegetation is fully cured, rainfall is
lowest and the frequency of strong, warm and dry foehn winds increases
(Valese, Conedera, Held, & Ascoli, 2014).
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Fig. 1. Map of the study area, showing the extent of forest and pioneering shrubland cover according to the regional forest map (last update in 2016, https://www.
geoportale.piemonte.it). The subwatershed used for the risk analysis are also highlighted. The displayed alpine area corresponds to the perimeter of the Alpine
Convention (https://www.alpconv.org).Fig. 2 Flow-diagram of the five-step methodology adopted. For step 4, the green elements refer to the risk computation
scenario which excludes CES from the analysis and the blue ones refer to the scenario including them.

2.2. Standard risk assessment procedure

The methodology relies on the operational definition of wildfire risk
adopted by fire management plans. Specifically, we aligned to the risk
mapping standards used in the main wildfire risk assessment document
available for the case study area, that is the regional fire management
plan of Piemonte region for the period 2021-2025 (henceforth referred
to as the “regional FM plan”) (Regione Piemonte, 2021).

In line with the IPCC guidelines for the Sixth Assessment Report
(Reisinger et al., 2020), the regional FM plan adopts the generally
applied definition of natural risk as the result of three different factors:
hazard, exposure, and vulnerability. The regional FM plan of Piemonte
adapts this framework to the specific case of vegetation fires. The hazard
is then intended as the potential occurrence of wildfires of a given in-
tensity. The vulnerability is the resistance and resilience of the
ecosystem to fire occurrence (referred to as ecological vulnerability).
The exposure is the level of conflict between the function of the natural
resource and the fire occurrence (referred to as functional vulnerability).
Ecological and functional vulnerability are then condensed into a gen-
eral vulnerability factor. This approach can be summarized as:

Risk = hazard x vulnerability
Where:
Vulnerability = ecological vulnerability x functional vulnerability

More specifically, regional FM plan vulnerability takes into consid-
eration various aspects mainly related to the ecological sphere: vegeta-
tion species’ resistance and resilience to fire, landscape degradation and
soil erosion, and function-fire conflict based on the main functions
assigned to forests from a management point of view (e.g. protective
from rock falls, biodiversity conservation, or productive). The method-
ology proposed here aims at expanding the vulnerability interpretation
of this framework by including the cultural value of natural resources,
represented by CES.

2.3. Research design

Subwatersheds with an average surface of around 40 ha (from 1.5 to
141 ha) were used as territorial units both for analysis and communi-
cation purposes. The surface of the valley was divided into 358 sub-
watersheds corresponding to a 5-order hydrological network, applying
the functions of the hydrology toolset of ArcMap software to the DTM
(data freely available at https://www.geoportale.piemonte.it) (see
Fig. 1). This choice is in line with the concept of containment polygons
for fire management used by (Gamboa et al., 2023), whose boundaries
are defined following ridges or valley bottoms. Subwatersheds in the
Alps play an important role both in the development of a fire and in
active firefighting activity (Valese et al., 2014). Fire naturally moves
uphill because of the closeness of the flames to the fuel in this direction
and because of the updraft convection that heats the vegetation above
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the fire (Finney, McAllister, Grumstrup, & Forthofer, 2021). This makes
the ridge lines a potential point of slowing fire and a preferred location
for active firefighting. Because of their relatively small dimension,
moreover, subwatersheds can effectively be considered homogeneous
from an exposure perspective. They represent a buffer zone around the
locations providing CES in which the passage of fire would result in the
loss of the service. Finally, adopting a meaningful spatial unit helps to
communicate effectively the results of the analysis to the local stake-
holders and to transform the information into operational data.

The methodology adopted consists of five phases (Fig. 2). Those are
described in detail in the following sub-sections.

2.3.1. CES assessment

We involved 30 local stakeholders (10 females and 20 males), chosen
as experts in forest and land management, through one-on-one in-
terviews. They belonged to the following categories: i) Mayors or
municipal administrators in charge of land management tasks (11 par-
ticipants); ii) forest firefighters volounteers (5); iii) forest workers (3);
iv) forest technicians (3); v) members of local environmental associa-
tions (4); vi) farmers (4).

The interviews were carried out in July 2022. The respondents were
given a hardcopy map of the valley in a large size (1:15000 scale), with
Google Satellite base map and important features highlighted, such as
rivers, main roads and toponyms (data freely available at https://www.
geoportale.piemonte.it). We chose to use a paper map instead of a digital
medium to make respondents unfamiliar with technological devices as
autonomous as possible in answering, thus limiting the influence of the
interviewer’s intervention on the results. The respondents were asked to
place as many coloured paper disks as they wanted on the map to mark
the places that provide the specified CES category (recreational service,
aesthetic value, common sense of place and personal sense of place)
according to their knowledge. See Appendix A for a description of the
four categories considering two popular ecosystem services classifica-
tions in the literature, i.e. the Millenium Ecosystem Assessment (MEA)
(McMichael et al., 2005) and version 5.1 of the Common International
Classification of Ecosystem Services (CICES) (Haines-Young & Potschin,
2018).

A maximum number of 15 disks for each CES category was allowed
for each respondent, to avoid overrepresentation of someone over
others, while allowing some variability in the responses. The disks had a
500 m diameter at the scale of the map, in line with choices about the
spatial representation of ecosystem services’ location in other PGIS
studies (Battisti et al., 2019; Ridding et al., 2018). The 500 m diameter
allows for variation in the precision with which respondents place their
markers (Ridding et al., 2018). Moreover, it was found to be a conve-
nient dimension in relation to the scale of the map presented to the
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assessment

CES
integration

layer

Regional
vulnerability
layer

Hazard
assessment
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respondents from a practical point of view, that is for facilitating them
placing the disks on the map.

For each place identified, the respondent was asked to assign a value
of importance from 1 (slightly important) to 5 (very important), to
provide a toponym, and to describe the choice. For additional details on
the structure of the interviews, see the interview canvas in Appendix B.
The position of the disks was photographed and then plotted in a GIS
environment with the help of the toponyms associated. The value of
importance, the toponym and the other details were associated with
each place through an attribute table.

For each subwatershed, the 1-5 values of the disks whose centroids
were inside the subwatershed were added together, regardless of the
category. The points that were on peaks or ridge lines were counted for
all adjacent subwatersheds. The resulting subwatershed values were
classified into 5 classes according to natural breaks (Slocum, McMaster,
Kessler, & Howard, 2022) (Appendix C). The information was then
transformed into a raster with a 10 m resolution to match the resolution
of the hazard outputs (see section 2.3.3).

2.3.2. CES integration in the vulnerability information

The CES information at the subwatershed level was then integrated
into the vulnerability information of the regional FM plan, which was
previously downscaled from 25 m to 10 m resolution with QGis “align
raster” function. The regional vulnerability is provided in five classes
(very low, low, medium, high and very high vulnerability) and the value
“null” is associated with non-vegetation pixels. The integration of the
cultural value was carried out at the pixel level, using the combination
rule in Appendix D. The combination table is symmetric since we
decided to give the same weight to the regional FM vulnerability and to
the cultural value of ecosystems. This decision is in line with the general
approach adopted in the regional FM plan, where the vulnerability layer
is itself the result of merging an ecological vulnerability layer and a
functional vulnerability layer through a symmetric table.

2.3.3. Hazard assessment

The smaller scale of analysis of this work compared to the regional
FM plan suggested the need to perform a local scale hazard assessment,
instead of simply adopting the regional one. A simulation procedure was
applied, based on the quantitative spatial estimate of fire probability and
fireline intensity metrics (Parisien, Dawe, Miller, Stockdale, & Armitage,
2019) by using FlamMap (Finney, 2006), a commonly used model for
fire hazard analysis (e.g. Jahdi et al., 2016; Salis et al., 2023). It was
chosen for this analysis because of its reliability and simpler approach,
which provides it with low uncertainty susceptibility and computational
intensity (Parisien et al., 2019).

A set of spatial layers was used as input data, describing the

Integrated
in the vulnerability
vulnerability layer

Risk output

without CES

-

Comparison
analysis

Risk
computation

Risk output

with CES

Fig. 2. Flow-diagram of the five-step methodology adopted. The green elements refer to the risk computation scenario which excludes CES from the analysis and the

blue ones refer to the scenario including them.
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elevation, aspect, slope, surface fuel models, canopy cover, crown
height, crown base height and crown bulk density of the area (see Ap-
pendix E for details). Since almost all historical fires in the area are
linked to human-related causes, as in the rest of Europe (de Rigo, Lib-
erta, Houston Durrant, Artés Vivancos, & San-Miguel-Ayanz, 2017), the
ignition points of simulated fires were positioned in the proximity of
human assets, using roads as a proxy of human activity presence. We
used the data from the regional cartographic base BDTRE (https://www.
geoportale.piemonte.it) and the data about suburban and tractor-trail
roads furnished by the local forestry consortium, Consorzio Forestale
del Canavese (CFC). Three levels of buffer (50 m, 100 m, 200 m) were
created around the geometries and 600 ignition points were randomly
created in the buffer areas, 200 for each buffer level.

The number of ignition points was chosen through an expert evalu-
ation based on the surface of the study area. It corresponds to around 4,1
points per km? This allows for a significantly finer analysis than the
approximately 0,6 points per km? used by the regional FM plan, in line
with the higher scale of analysis of this work. Since in mountain regions
fire behaviour is mostly driven by topography, initiating 4 wildfires
from the same spatial unit of 1 km? allows to cover most of the potential
upslope trajectories of a fire front. Increasing the number of ignitions
would generate wildfires following the same trajectory, i.e. increasing
computational cost without adding new information.

As regards meteorological conditions, we used a scenario of full
alignment between wind and slope (wind intensity of 10 km/h) and the
standard fuel moisture scenarios D2L1 (low moisture content for dead
fuel, very low moisture content for live fuel) developed by (Scott and
Burgan, 2005). This scenario corresponds to the typical moisture con-
ditions of the vegetation in winter, when the majority of the burnt area
occurs in the Alpine region (Valese et al., 2014). Because of the low
temperatures, dead fuels remain within the D2 scenario ranges despite
the prolonged dry period. Since the surface vegetation in winter is fully
cured, the L1 scenario applies. 80 % of tree crown foliar moisture con-
tent was selected for conifer trees because of the low physiological ac-
tivity in winter.

The simulation was carried out with 800 min of Maximum Simula-
tion Time, 30 m of Resolution of calculation,500 m of Interval for
Minimum Travel Paths and 10 m of output resolution.

The values of the Burn Probability output were then classified into 5
progressive classes (Appendix F). The values of the Fireline Intensity
were classified into seven classes according to the potential effects of fire
(Appendix G). The classes of Burn Probability and Fireline Intensity
were then combined according to an adaptation of the table provided by
(Regione Piemonte, 2021) (Appendix H).

2.3.4. Risk computation

The fourth step consisted of the computation of the fire risk by
combining the hazard information with the vulnerability information,
for two scenarios: excluding the CES from the analysis and including
them. To make the results comparable, we used the combination rules
adopted by the regional FM plan (Regione Piemonte, 2021, page 106)
for both scenarios and we applied them at the pixel level (Appendix I).

For both scenarios, the resulting values of risk for each pixel of the
map were then averaged at the subwatershed level and the resulting risk
values were in turn classified into 5 risk classes (very low, low, medium,
high, very high) according to quantiles intervals.

2.3.5. Comparison of the two-scenario risk results

Finally, a comparative analysis of the two resulting wildfire risk
maps (standard vs. CES integrated risk assessment) was performed to
evaluate the impact of including the CES in the procedure, by means of
both a qualitative and a quantitative assessment. This last was carried
out by calculating the distance in terms of the number of classes among
the two scenarios for each subwatershed.

Landscape and Urban Planning 243 (2024) 104977

3. Results

The total number of points identified by the participants for each CES
category was 179 for the recreational service, 159 for the aesthetic
value, 105 for the common sense of place, and 92 for the personal sense
of place. 86 points (27, 39, 4 and 16 respectively) were on peaks or ridge
lines and so were counted for all adjacent subwatersheds. Most of the
points corresponded to places that were indicated by more than one
respondent. Fig. 3 shows the distribution of those places for each CES
category in relation to the number of participants indicating them and to
the mean 1-5 value accorded.

The recreational service is more represented in the lower altitude
areas in the south of the valley. These areas are characterised by a well-
developed network of hiking, biking and horseback riding trails. Their
stronger accessibility, which was specifically taken into consideration by
some respondents in the 1-5 valuation, makes them more frequently
visited.

The aesthetic value category has many points on the peaks of the
valley, which are highly rated because of their beautiful view. On the
other hand, the points of the common sense of place category are more
distributed in the valley bottom, where human activities (pastoralism,
mining and stream-related manufactures) have been historically more
developed. Other places classified in this category are areas with unique
natural characteristics, traditional hamlets and accessible touristic
areas, which are representative of the valley’s image to visitors.

The respondents often identified the spots of the personal sense of
place category based on positive personal experiences, which were
frequently related to childhood memories. Sometimes they refer to the
personal relationship between the respondent and the territory, but
more often they also involve the relationship between the respondent
and other people, such as family members or friends. For some, they are
related to memories of social gatherings, such as traditional open-air
festivals.

The hazard map, the regional FM plan vulnerability map, the CES
weighted density map, and the output of the integration of the latter two
are shown in Fig. 4.

Concerning the CES density, many places are recurrent in the an-
swers of the different respondents and in relation to more than one CES
category, so that a few subwatersheds have a strongly higher value of
weighted density than the others.

The results of the fire behaviour simulation show no high and very
high hazard areas. Medium and medium/high hazard zones are scat-
tered in the valley, such as in the eastern area close to Brosso, along the
Chiusella stream close to Traversella and Rueglio, and in some second-
ary valleys in the northern part.

Concerning the regional FM plan vulnerability, most of the valley
area is classified as low or very low vulnerability. Higher vulnerability
areas are in the northern part of the valley on the left orographic slope,
in correspondence with some artificial coniferous plants around the
municipalities of Valchiusa and Brosso, and near a Chiusella tributary on
the southwestern border.

Due to the concentration of CES hotspots in a few subwatersheds, the
integration of CES decreased the vulnerability class for most of the
valley surface. Indeed, the areas where CES hotspots are located have
been affected by the opposite phenomenon.

Fig. 5 shows the two final outputs of the risk assessment at the
subwatershed level. A map showing the difference between the two
scenarios in terms of the number of risk classes of positive or negative
variation is also presented.

The comparison of the two fire risk classifications shows that the
inclusion of CES changed the risk classification by at least two classes
(positive or negative change) for 52 of the 358 subwatersheds. Risk
reduction mainly concerned a group of subwatersheds in the north,
while the subwatersheds with an increased risk are more scattered in the
whole valley area, in line with the scattered distribution of CES hotspots.

Both risk maps are characterized by a prevalence of very low and
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Fig. 3. Maps of the distribution of the CES in the valley according to the stakeholders interviewed. The maps highlight the number of respondents who indicated each

place and the mean of the 1-5 value assigned to each place.

low-risk basins at the highest altitude, where the vegetation is sparse.
However, while groups of high and very high subwatersheds can be
distinguished in the classification excluding CES, those are more scat-
tered in the second one.

4. Discussion
This work proposed an innovative method for including CES in

wildfire risk assessment procedures. We tested it in an inner alpine
valley of the European Alps prone to fire disturbance by comparing the

analysis results with the standard approach currently used by regional
FM plans in the Italian Alps. Based on the results, we argue that
considering CES in fire risk assessment causes significant revision and
improvement of the information produced. The qualitative analysis of
the spatial distribution of higher-risk areas revealed a consistent shift
from a more clustered one to a more scattered one. This is due to the
peculiar, scattered distribution of CES hotspots, which depends on the
perception of nature rather than on nature itself (Bing, Qiu, Huang,
Chen, Zhong & Jiang, 2021; Buchel et Frantzseskaki, 2015).

These results must be considered in combination with evidence from
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Fig. 4. Maps of the fire hazard analysis result, the vulnerability as assessed by the regional FM plan, the output of the CES distribution assessment and the result of
the integration of the CES distribution into the vulnerability information. The percentage of surface covered by each class is reported in brackets in the legends. The
“null” value corresponds to the areas where the absence of vegetation prevented the author of the regional FM plan from assigning a vulnerability value.

the literature about the potentially high negative impact of fires on CES
provision (e.g. Pereira et al., 2021) and demonstrate the relevance of
taking into consideration the cultural value of ecosystems in the anal-
ysis. Some previous works focused on the negative effect of wildfire
events on the sense of place perception (Kooistra, Hall, Paveglio &

Pickering, 2018). (Knez, Butler, Sang, Angman, Sarlov-Herlin, & Aker-
skog, 2018) have explored how the sudden changes in the landscape can
cause loss of place attachment and emotional bond in the people living
in or regularly visiting the area in proximity of the event, weakening the
level of wellbeing provided by frequenting the site. Developing fire
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Fig. 5. Map of Valchiusella subwatersheds classified according to the two methodologies of fire risk assessment, the standard one excluding CES from the analysis

and the one considering CES.

prevention strategies targeted at preserving CES hotspot sites, therefore,
would significantly contribute to the wellbeing of the local community.

The change in the distribution pattern with the integration of CES is
made particularly evident by the procedural decision to give the same
weight to the regional vulnerability layer and the CES distribution layer
in the calculation of the integrated vulnerability, for the sake of homo-
geneity with the regional assessment procedure. This decision allowed
us to appreciate the effect of integrating CES information on the map

output. The high weight given to CESs reflects also the fact that areas
with a higher CES value are also crucial from a civil protection
perspective since the presence of CES indicates a higher possible pres-
ence of people, e.g. for recreational activities. However, a criticism to
this approach is that such a strong emphasis on human values could
undermine the consideration of the physical-ecological drivers of fires.
This could lead to the allocation of few resources for fire prevention
activities in areas considered not crucial from a purely anthropocentric
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point of view, but where the ecological effects of fires could be disas-
trous. To address this drawback, an additive method for integrating the
CES density and the general vulnerability layers was also explored, as
reported in Appendix L and M. This method relies on class combination
rules that only allow for an increase in the vulnerability class of a pixel
when CES density is integrated. The fire risk map produced shows a
distribution of high and very-high-risk watersheds which is closer to that
of the risk map without the addition of the CESs, while maintaining a
more scattered pattern. Nevertheless, the additive combination rules
used in this case are the results of merely arbitrary choices. How to
carefully weigh the different factors contributing to fire risk remains an
important question for future research.

A critical advantage of the multidisciplinary approach presented is
the possibility to combine very different sources of information, with the
support of spatial analysis and the adoption of subwatershed territorial
units. Subwatersheds are considered here both as homogenous and
operational units, which make the results communicable to the stake-
holders and effectively usable for defining planning strategies. The
cartographic results clearly show the areas with higher fire risk and,
therefore, the subwatersheds where prevention actions need to be
implemented with priority.

The involvement of local stakeholders allowed for a novel insight
into the relationship between the local community and its landscape. It
was also fundamental for building consensus on the outputs and raising
awareness about its potential application in local planning strategies.
According to Steelman and McCaffrey’s (2013) analysis of the existing
literature on fire risk communication, a preference for interactive pro-
cesses and consideration of the local context are key factors for better
understanding and support of wildfire prevention interventions. Since
limiting the involvement of local stakeholders to the CES assessment
phase could have limited their general understanding and recognition of
the whole risk assessment process, a broad overview of the methodology
was presented during the participatory mapping activity. A public pre-
sentation of the process and results was also held at the conclusion of the
analysis.

During the participatory mapping activity, many places received
high scores in more than one CES category, sometimes in all four. Some
relatively recent studies have referred to this phenomenon of recurrence
with the term “ecosystem service bundle” (Spake et al., 2017; Turner,
Odgaard, Bgcher, Dalgaard, & Svenning, 2014). According to the defi-
nition by (Raudsepp-Hearne, Peterson and Bennett, 2010), ecosystem
service bundles are “sets of ecosystem services that repeatedly appear
together across space or time”. Clearly, we here refer to a specific group
of ES, so the occurrence of interactions among different services is more
often linked to synergies than trade-offs. Both ecological and social
processes contribute to shaping these interactions. For example, the
unique natural characteristics of an area can contribute to its attrac-
tiveness for recreational activities, its aesthetic value and its represen-
tativeness of the valley’s naturalistic identity at the same time.

The personal sense of place category needs special consideration.
The answers for this category are more linked to the participants’ per-
sonal experience than to some knowledge derived from their role. Some
places, which are generally highly scored also in the other CES cate-
gories, are recurrent in the answers. However, most of the places are
linked to very personal experiences and so are identified only by one or a
maximum of a few respondents. The output of the mapping activity for
this category, therefore, is hardly generalisable and extremely depen-
dent on the selection of the single participant, whose expertise as a local
stakeholder of land management is almost irrelevant. This leads us to
question whether the assessment procedure adopted is well suited for
this specific CES category. Two considerations can be made for future
research: the need for a larger sample of interviewees and the oppor-
tunity for a different assessment approach. On the one hand, a larger
sample of participants would make the results statistically more repre-
sentative of the whole local community’s perception. On the other hand,
an approach aimed at going beyond the mere arithmetic sum of personal
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values might be more appropriate to adequately portray the perception
of a community of individuals. This proposal is consistent with the ob-
servations of Raymond and colleagues (2014), who described the
contrast between instrumental assessments (focused on rating and
ranking contextual values, by arithmetically aggregating individual
values) and deliberative assessments (focused on communication,
participation, social learning and negotiation) of cultural ecosystem
services, and suggested a combination of them. However, further work is
needed to explore how a deliberative assessment approach could be
coupled with the need of fire risk mapping for spatially explicit quan-
titative information.

These considerations are also in line with the suggestion expressed
by some respondents to extend the CES assessment phases to other
participants and to transform the participatory mapping exercise into a
tool for enhancing public discussion. This would allow for a dialogue
among inhabitants about the role of the ecosystem and the priorities of
planning strategies, as well as some knowledge exchange about the
territory. According to the interviewees, it would increase residents’
awareness of the services that the ecosystem provides and of the
importance of land management. This suggestion highlights the ability
of this approach to promote a positive process of awareness raising and
stimulate the stakeholders’ willingness to explore the issues further. This
added value of the proposed methodology is consistent with the benefits
described in the broad literature on participatory processes for envi-
ronmental risk management, such as the strengthening of local capacity
and the engagement of local actors in imagining possible solutions (De
Stefano et al., 2017; Bustillos Ardaya, Evers & Ribbe, 2019).

A final consideration from this case study concerns the applicability
of the procedure to other contexts and the recommendation to update
local fire risk management plans accordingly. Wildfire risk assessment is
a crucial step for identifying priority areas for risk prevention strategies
and providing decision-makers with operational information (Scott
et al., 2013; Thompson & Calkin, 2011). This work demonstrated the
impact of taking into account CES on the results and thus its relevance in
guiding resource allocation. However, the proposed methodology re-
quires a local-scale application, since it requires an in-depth knowledge
of the territory by the participants, and a considerable amount of time
and resources, as most participatory methods. This might conflict with
the capabilities of local administrations, especially in disadvantaged
contexts. A challenge for the next steps of the research is the further
elaboration of a less resource-intensive procedure without losing the
benefits of directly involving local stakeholders in the process, e.g. based
on online tools.

5. Conclusion

In this work, we proposed an innovative procedure for including CES
distribution in wildfire risk mapping, bridging the gap between the
literature on wildfire risk assessment and the literature on CES assess-
ment. We described its application in an inner valley of southwestern
European Alps, and we compared the results with the output of the
assessment procedure currently in use at the regional level, demon-
strating the relevance of CES inclusion. The main strength of this
methodology relies on its ability to couple fire hazard simulation results,
ecological vulnerability data and participatory mapping outputs. The
method also allows the local stakeholders to be directly involved in the
mapping procedure. The consideration for the local community
knowledge and point of view makes the results relevant for the specific
socio-ecological system analysed and meaningful for the local stake-
holders, who would then use them for the elaboration of fire prevention
strategies at the landscape level. A recommendation for the application
of the procedure concerns the need to make local stakeholders aware of
the entire process beyond the mapping activity, to assure their trust in
the process and the final results.

Finally, the application of this procedure to other contexts would
strongly benefit local wildfire risk management plans. However further
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elaborations are needed to make it less resource-intensive while
ensuring the direct and indirect positive outcomes of a participatory
approach.
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Categories of CESs used for the participatory mapping activity in relation to the Millenium Ecosystem Assessment and the CICES classifications.

Ecosystem Services’ classifications
Participatory mapping Millennium Ecosystem Assessment

CES categories

CICES

1. Recreational service

in a particular area.

Recreation and ecotourism. People often choose where to spend their leisure
time based in part on the characteristics of the natural or cultivated landscapes

3.1.1.1. Characteristics of living systems that enable activities
promoting health, recuperation or enjoyment through active or
immersive interactions.

3.1.1.2. Characteristics of living systems that enable activities
promoting health, recuperation or enjoyment through passive or
observational interactions.

2. Aesthetic value

3. Common sense of
place

4. Personal sense of
place

Aesthetic values. Many people find beauty or aesthetic value in various aspects
of ecosystems, as reflected in the support for parks, “scenic drives,” and the
selection of housing locations.

Cultural heritage values. Many societies place a high value on the maintenance
of either historically important landscapes (“cultural landscapes™) or culturally
significant species.

Sense of place. Many people value the “sense of place” that is associated with
recognized features of their environment, including aspects of the ecosystem
Sense of place. Many people value the “sense of place” that is associated with
recognized features of their environment, including aspects of the ecosystem

3.1.2.4. Characteristics of living systems that enable aesthetic
experiences.

3.1.2.3 Characteristics of living systems that are resonant in terms of
culture or heritage.
3.2.1.1. Elements of living systems that have symbolic meaning

Appendix B

Interview canvas used for the participatory mapping activity.

CES categories

Questions

Recreational service

1. Indicate the places that are potentially most enjoyable by residents and tourists for outdoor recreational activities.

Score their attractive potential from 1 to 5.

What their attractive potential consists of? For which activities are they suitable?

Aesthetic value

Common sense of
place

Personal sense of
place

3.

4.

. Indicate the places that, in your opinion, are more beautiful from a merely aesthetic point of view.

Score their aesthetic value from 1 to 5.Which characteristics make them beautiful? Which aspects is their aesthetic value based on (biodiversity,

ecological value, landscape, view...)
?

Indicate the places that most represent the identity of Valchiusella.
Score their importance from 1 to 5.

What does their representativity consists of? Do they have historical/cultural/environmental... value?

Indicate the places to which you feel personally attached.
Score their importance for you from 1 to 5.

Are these places linked to your personal experience? Do they have sentimental value for you?

10
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Classification of the subwatershed values derived from the participatory mapping of CES into weighted density classes.

Appendix D

CES weighted density class

Subwatershed values

Very low
Low
Medium
High
Very high

0-10
11-32
33-52
53 -117
118 - 196

Rule table for the combination of the CES weighted density classes and regional vulnerability classes in integrated vulnerability classes at the pixel

level.

CES weighted density classes

Very high High Medium Low Very low
Regional vulnerability classes Very high Very high Very high High High Medium
High Very high High High Medium Medium
Medium High High Medium Medium Low
Low High Medium Medium Low Low
Very low Medium Medium Low Low Very low
Appendix E
Spatial layers characterising the landscape used as input for FlamMap simulations.
Layer Source Descriptions Resolution
Fuel models map Elaboration of the regional fuel model map and of CFC’s The regional fuel model map, personally furnished by the authors of the regional 5m
forestry cover data. FM plan (Regione Piemonte, 2021) as a polygon shape file, derives from the
regional forestry map. It is the result of the translation of forestry cover classes into
fuel models. We applied the same translation rules to the polygon data about
forestry cover furnished by the CFC for its areas of competence, which are more
detailed than the regional ones. The final fuel models map was created by merging
this result with the regional fuel data for the area not covered by CFC’s data. The
polygon layer was then rasterized with a resolution of 5 m.
Altitude, Processing of the regional Digital Terrain Model (DTM) The DTM data derives from the aerial shooting ICE 2009-2011. It was processed  5m
exposition and available at the regional geoportal (https://www.geopo with QGIS software.
slope rtale.piemonte.it).
Canopy cover Copernicus Land Monitoring Service (https://land.coperni ~ The canopy cover was derived by the Tree Cover Density layer, which shows the 20 m
cus.eu/pan-european/high-resolution-layers/forests/tree level of tree cover density in a range from 0 to 100 %. The data for the reference
-cover-density). year 2018 was used.
Canopy height Processing of the regional DTM and regional Digital The CHM was created by subtraction of the DTM from the DSM. The latter wasnot 5 m
model (CHM) Surface Model (DSM). officially validated at the time of the analysis, so it was not freely available through
the regional geoportal. It was furnished by the regional cartographic service with
the recommendation to specify this limit.
Canopy base Elaboration of the canopy high model The CBH concerns canopy fires. This kind of fire occurs when the flames jump from  5m
height (CBH) the terrain surface to the crowns and are extremely dangerous. They usually occur
in forests with highly flammable foliage, such as coniferous forests in the northern
hemisphere (Thomas, McAlpine, Hirsch, & Hobson, 2010). Therefore, the data
used for the simulations are limited to coniferous areas, while it is equal to O for the
rest of the valley. It was created using the following rules:
Where the CHM is minor than or equal to 5 m (shrub-bearing plants):
CBH = CHMWhere the CHM is major than 5 m, a correction factor was applied
(arboreal bearing plants):CBH = CHM*0.6
Crown bulk Elaboration of the regional forestry map and of the CFC’s  As for the fuel model map, the CFC forestry cover data was merged with the 5m

density (CBD)

forestry cover data.

regional one, choosing the more detailed data available for each area. The forest
classes of the result were translated into CBD on a tabular basis, adapting the data
furnished by Brown (1978) to the local species as follows:

0.400754 kg/m3 for Larix decidua (equated to Larix occidentalis)

0.96181 kg/m3 for Picea abies (equated to Picea englemannii)

0.769448 Kg/m3 for Abies Alba (equated to Abies grandis)

0.96181 kg/m3 for Pinus strobus and Pinus pinaster (equated to Pinus albicaulis)
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Appendix F

Classification of the Burn Probability values.

Appendix G
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Class Burn Probability Values
Very low 0-0.005

Low 0.005 - 0.010

Medium 0.010 - 0.015

High 0.015 - 0.02

Very high > 0.02

Classification of the Fireline Intensity values. The seven classes are an adaptation of the classification described by the regional FM plan (Regione
Piemonte, 2021). Two of the five original classes have been split up to be more representative of the variability of the Fireline Intensity values for the
area, most of which falls in the lower classes.

Class Fireline Intensity value Description
Very low < 200 kw/m Surface fire with negligible effects
Low 200 - 600 kw/m Intense surface fire, increase in crown scorch and tree mortality rates
Low/Medium 600 - 1000 kw/m Very intense surface fire and high mortality rates of most tree species
Medium 1000 - 1500 kw/m The probability of crown fire initiation in conifers increases and most of the crowns are scorched
Medium/High 1500 - 3000 kw/m Transition from dependent to independent crown fire and complete crown mortality
High 3000 - 8000 kw/m Independent crown fire and high severity fire effects
Very high > 8000 kw/m Extreme crown fire and stand replacing fire effects
Appendix H

Rules used for the combination of Fireline Intensity classes and Burn Probability classes into hazard classes.

Fireline Intensity

Very high High High/ Medium Low/ Low Very low
Medium Medium
Burn Probability Very high Very high Very high High High High/ Medium Low/
Medium Medium
High Very high High High High/ Medium Low/ Low
Medium Medium
Medium High High High/ High/ Medium Low/ Low
Medium Medium Medium
Low High High/ High/ Medium Low/ Low Very low
Medium Medium Medium
Very low High/ High/ Medium Low/ Low/ Low Very low
Medium Medium Medium Medium

Appendix I

Rule table for the combination of the vulnerability classes and the hazard classes in fire risk classes at the pixel level. The vulnerability classes refer
here both to the regional vulnerability classes and to the CES integrated vulnerability classes.

Vulnerability classes

Very high High Medium Low Very low
Hazard classes Very high Very high Very high High Medium Low
High Very high High High Medium Low
Medium High High Medium Low Low

Low High Medium Low Low Very low

Very low Medium Medium Low Very low Very low

12
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Appendix L

Rule table for the combination of the CES weighted density classes and regional vulnerability classes in integrated vulnerability classes at the pixel
level, according to the additive method.

CES weighted density classes

Very high High Medium Low Very low
Regional vulnerability classes Very high Very high Very high Very high Very high Very high
High Very high High High High High
Medium High High Medium Medium Medium
Low High Medium Medium Low Low
Very low Medium Medium Low Low Very low

Appendix M

Comparison of the integrated vulnerability and risk maps obtained with the non-additive method and those obtained with the additive method.

13
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NON-ADDITIVE METHOD
CES integrated
vulnerability classes:

[ ] Very low (34%)
[ Low (36%)
I Medium (13%)
I High (2%)

Bl Very high (<1%)
[ ] Null (15%)
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ADDITIVE METHOD
CES integrated
vulnerability classes:

[ ] Very low (34%)
[ Low (19%)
[ Medium (24%)
I High (8%)
Bl Very high (1%)
[ ] Null (15%)

NON-ADDITIVE METHOD
Watershed risk classes
(CES included):

Very low

Low
[ Medium
[ High
I Very high
I Nl
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