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Effective wildfire prevention and suppression demand spatially targeted fuel
management strategies, particularly in fire-prone regions. Despite advances
in fire modelling, limited attention has been given to participatory approaches
that integrate stakeholder knowledge into spatial prioritization frameworks. This
study addresses this gap by developing a spatial decision-support framework that
incorporates stakeholder preferences into wildfire prevention planning through a
participatory Multi-Criteria Decision Analysis (MCDA) approach. The methodology
was applied in Vale do Sousa, a high wildfire-risk region in northern Portugal,
where expert knowledge and stakeholder input were combined to prioritize fuel
treatment areas. The Ecosystem Management Decision Support (EMDS) system
was used to implement the decision model across 2,429 afforested management
units. Stakeholder performance in pairwise comparisons was evaluated using three
complementary measures: Consistency Ratio (CR), Spearman'’s rank correlation
coefficient (S), and Euclidean Distance (ED). The results of this performance analysis
were integrated into a composite weighting scheme to reflect both the coherence
and the level of agreement of individual judgments. These adjusted stakeholder
weights were then used to aggregate the AHP-derived criterion and sub-criterion
weights, ensuring a balanced representation of diverse perspectives in the final
prioritization. The results showed that 1.2% of the study area was classified as
‘very high' priority and an additional 7.9% as 'high’ priority, identifying locations
where management resources should be concentrated to maximize preventive
impact. This approach enhances the transparency, and scalability of participatory
planning and supports the spatial prioritization of areas where to allocate resources
to enhance wildfire suppression efforts at the landscape scale.

KEYWORDS

wildfire prevention, multi-criteria decision analysis, stakeholder involvement, spatial
prioritization, pairwise comparisons, decision support systems, participatory planning

1 Introduction

About two million wildfires are reported worldwide every year and, although most of them
are small in terms of burned area, there is a significant growth in the number of occurrences
of extreme wildfire events (EWE) (Tedim et al., 2018). In Portugal, the negative impact of such
EWESs on environmental, social and economic aspects has increased over time (Marques et al.,
2011). The country evinces the highest ignition ratio and burned area density among
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south-European regions (Fernandez-Guisuraga et al., 2023). Indeed,
Spain and Portugal account for 50% of all fires reported in Europe
(Kraus et al., 2022). This scenario calls for innovative approaches to
cope with wildfires that may take into account prevention, suppression
and restoration (McWethy et al., 2019).

Suppression is a critical component in addressing fire regimes, as
the speed and strength of the initial attack can determine whether a
wildfire becomes extreme (Kreider et al., 2024). The efficiency of
initial attacks depends on factors such as fire danger ratings, fuel
hazard, and forest type (Fernandes et al., 2016). However, there is a
growing recognition that focusing solely on fire suppression diverts
attention from preventive measures, potentially leading to
unsuccessful outcomes (Xanthopoulos et al., 2020). For example,
increasing fire-suppression resources does not significantly reduce the
area burned in large wildfires. Instead, prevention through fuel
management can lead to quicker containment and more effective
identification of containment opportunities (Fernandes et al., 20165
Reis, 2016). This highlights the need to prioritize criteria such as area
accessibility, availability of firefighting resources, and fuel conditions
when defining prevention strategies that may facilitate suppression
(Vigna et al., 2021).

In this context, both Gonzalez-Olabarria et al. (2019) and Krsnik
et al. (2024) presented similar spatial MCDA approaches for
prioritizing forest management zones to prevent large fires in
Catalonia, Spain. MCDA has often been used to support the
assessment of multiple objectives, and the diverse interests of different
actors (Marques et al., 2021). To gather the necessary information
from stakeholders for subsequent integration into the MCDA, various
participatory techniques can be utilized, including Focus Groups
(FG), workshops, in-depth interviews, the Delphi method,
questionnaires, surveys, key informants, and consensus matrices
(Borges et al., 2017; Campbell, 2002; Marques et al., 2021; Martins and
Borges, 2007; Nordstrom et al., 2010; Salter et al., 2010; de Sousa
Xavier et al,, 2015). The literature also reports the experience of using
questionnaires and surveys to conduct pairwise comparisons
(Thurstone, 1927) of criteria (Ananda and Herath, 2003; Kangas, 1994;
Schmoldt, 2001; Vaidya and Kumar, 2006) in the framework of the
application of the Analytic Hierarchy Process (AHP) method
(Saaty, 1980).

In Portugal, few studies have combined MCDA with participatory
processes in forest management, and even fewer in wildfire
management. Notable examples include de Sousa Xavier et al. (2015),
who conducted stakeholder consultations to define criteria weights for
mitigating fire risk in Algarve, Southern Portugal; Borges et al. (2017),
who used participatory workshops alongside MCDA for ecosystem
service provision planning; and Marques et al. (2021), who used
cognitive mapping, multi-criteria questionnaires, and the Delphi
survey for criteria identification and weighting. These studies
underscore the potential of combining MCDA with participatory
techniques to incorporate diverse stakeholder perspectives and
enhance the decision-making process. However, national and
municipal planning efforts—such as the wildfire risk map developed
by the Institute for the Conservation of Nature and Forests (ICNF)
and the Municipal Forest Fire Protection and Management Plans
(PMDECI)—often lack mechanisms to integrate local-scale
knowledge or preferences from diverse stakeholder groups.

Furthermore, the integration of MCDA into Geographical
Information Systems (GIS) improves decision-making structures by
leveraging spatial mapping, analysis, and visualization capabilities.
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This geographical functionality offers a significant advantage over
traditional MCDA methods (Malczewski et al., 2015; Uhde et al,,
2015). Previous research has demonstrated the effectiveness of
combining MCDA with GIS within the framework of forest planning
(Takam Tiamgne et al., 2022; Gigovi¢ et al., 2018; Abedi Gheshlaghi
etal, 2020). Despite these advancements, there is a notable absence of
studies that develop a participatory GIS-based MCDA process
specifically for designing spatial prevention strategies to facilitate
wildfire suppression efforts, with a detailed and structured
participative process.

The research conducted by Gonzalez-Olabarria et al. (2019) and
Krsnik et al. (2024) highlighted the use of spatial MCDA approaches
for prioritizing forest management zones, while Santana et al. (2022)
applied an AHP-GIS method for wildfire risk reduction based on
burning susceptibility modelling. However, these approaches largely
relied on expert input and did not develop a structured participatory
process integrating GIS-based MCDA for the joint design of a spatial
prevention strategy with explicit focus on wildfire suppression
perspectives. This gap indicates a need for methodologies that can
address the complexities and challenges associated with joint forest
management planning, which often involves negotiations among
multiple actors with diverse interests. This study seeks to design a
prevention strategy involving representatives of local forest owners,
firefighters, and other stakeholders to prioritize fuel management
areas based on stakeholder concerns and landscape needs. Specifically,
it integrates MCDA, GIS, participatory AHP, and the Ecosystem
Management Decision Support (EMDS) system (Reynolds and
Hessburg, 2014) to identify strategic priority areas within the
management units of the case study area (CSA). By prioritizing these
areas, forest management activities can enhance the effectiveness,
efficiency, and safety of firefighting operations, contributing to both
wildfire prevention and suppression. The EMDS functionalities,
namely the ones provided by the MCDA software Criterium Decision
Plus (CDP) from InfoHarvest (Seattle, WA, USA), may help address
inconsistency issues related to stakeholders’ preferences when building
a hierarchical decision tree model (e.g., Reynolds et al., 2009; Abelson
etal, 2021; Gonzalez-Olabarria et al., 2019). By integrating diverse
decision-support tools and stakeholder perspectives, this approach
strengthens strategic fuel management planning to support wildfire
prevention and suppression.

The integral methodology proposed in this study (Figure 1) is
expected to contribute to improving forest fire management and its
acceptance, as well as maximizing the utility of resources in areas
where they are limited. To this end, we consider it essential to enhance
the integration of the diverse perspectives of stakeholders, improve
decision-making processes in areas of joint management, and
ultimately reduce the occurrence and impact of extreme
wildfire events.

2 Materials and methods
2.1 Case study area

The CSA for this research is Vale do Sousa, located in northwestern
Portugal, approximately 50 km east of Porto. This region extends over
28,941 hectares and includes joint collaborative management areas
(ZIFs): Entre-Douro-e-Sousa (north of the Douro River) and Paiva
(south of the Douro River). The primary land use in Vale do Sousa is
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FIGURE 1
Flowchart describing the methodological steps of the study.

forestry ( ). The predominant species are eucalypt and
maritime pine (Eucalyptus globulus Labill and Pinus pinaster Ait)
while other species include pedunculate oak, chestnut and cork oak
(Quercus robur L, Castanea sativa Mill, and Quercus suber L). These
species, along with shrublands, cover an area of 20,318 hectares in
Vale do Sousa, which is the focus of this study.

Vale do Sousa has faced significant wildfire challenges. Notable
extreme wildfire events include those in 2016, which burned 2,923
hectares (10.1% of the total area), and in 2017, which burned 7,428
hectares (25.7% of the total area). These recurrent wildfires underscore
the critical need for effective forest management and wildfire risk
reduction strategies in the region.

The area is characterized by a fragmented forest ownership
structure, with predominantly small, privately-owned forest
holdings. Previous studies ( ; )
have highlighted a strong stakeholder interest in wildfire risk
reduction, making Vale do Sousa an ideal location for this research.
The local stakeholders include a diverse group of actors with varied
interests and goals, ranging from timber production to wildfire risk
reduction. This fragmented ownership and diversity of interests
complicates forest management and necessitates
collaborative approaches.

For this study, we focused on 2,429 afforested management units
(MUs) within a total of 3,205 units in the landscape. These MUs serve
as the spatial basis for decision-making, and they are designed based
on homogeneity of species, age, rotation, site index and topographic
conditions. These MUs represent distinct forested areas within the
CSA, allowing for the prioritization of fuel management efforts based
on multiple ecological and socio-economic criteria. The identification
and assessment of these units are fundamental to the MCDA approach

applied in this research.
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To address these challenges, the forest association ‘Associagao
Florestal do Vale do Sousa’ (AFVS) was established 29 years ago and
leads the development of forest management plans within a complex
decision-making context. This research took advantage of the
existence of a Community of Wildfire Innovation (CWI) that includes
a diverse group of stakeholders with representatives from the two
AFVS local firefighters’ brigades, eight municipalities, NGOs, forest
industry, government and non-governmental organizations (D9.4
Technical Periodic Report 1, FIRE-RES Project).

2.2 Participatory process

2.2.1 Definition of criteria and sub-criteria

A systematic approach was used to identify and engage a reliable
and heterogeneous group of key stakeholders in wildfire prevention,
suppression, and forest management from the Vale do Sousa
CWI. Firstly, a snowball sampling technique was employed. A
knowledgeable individual familiar with the CSA was asked to
recommend other potential participants who would be valuable
contributors to the study, leveraging their expertise and networks
( ).

Selected stakeholders were contacted via email, receiving a
detailed explanation of the study’s objectives and the importance of
their participation. The email outlined what would be required,
including participation in online surveys and in-person FG sessions,
along with the approximate dates and deadlines for these activities.
Clear communication ensured that participants were fully informed
and could commit to the study’s timeline and requirements.

Once the actors were identified, the first interaction took place
through an online survey sent as an attachment to the initial contact
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email. The survey was conducted using the free platform ‘Google
Forms’ (Supplementary material 2). In addition to its open-source
nature, it was chosen because of its ease of use with common
electronic devices (e.g., laptop, tablet, smartphone). As an innovative
feature, a video was included in the survey to support the
participation by the actors. The survey included four main
obligatory-response questions, each regarding agreement or
disagreement with four proposed criteria. Participants were only
required to respond with Yes’ or ‘No’ in this section. If the answer
was positive, the respondent was then directed at a sub-question
regarding the elicitation of further sub-criteria for that specific
criterion. In this question, the respondent was asked to mark the
sub-criteria they considered relevant, with an option to suggest new
ones, always making it clear that their use would depend on the
availability of spatial data and the consensual discussion of these
new proposals in the next phase of interaction. A final section
informed participants about the upcoming interactions, explaining
the FG, how they should prepare for it, and which topics it would
cover. The survey concluded with a query about their availability to
participate in the FG during a specified week and an acknowledgment
message. Participants had up to seven working days to reply to the
survey, which could be completed in a minimum of 15 min. To
ensure maximum participation, a reminder email was sent to
stakeholders who had not yet replied 3 days before the
survey deadline.

Frontiers in Forests and Global Change

2.2.2 Multi-criteria decision analysis
characterization

The definition of sub criteria parameters was built from a FG. By
parameters we mean the values for which the utility of a sub-criterion
takes maximum or minimum values. In this MCDA model, a higher
score corresponds to a higher priority for management. For example,
alower distance between a MU and the nearest road results in a higher
priority score, as areas closer to roads are more accessible for fuel
management or fire suppression activities.

The FG discussion took place over a period of 2 h in a meeting
room in Penafiel (Vale do Sousa). The lead researcher acted as
facilitator and was supported in this role by a local actor. Firstly, the
results of the online survey conducted a few weeks before were
presented. Secondly, the list of criteria and sub-criteria was discussed.
Afterwards, the sub-criteria were displayed to highlight a sample
range of existing values (Supplementary material 3). Each participant
then had the opportunity to share their opinions and professional
experiences, which were instrumental in assigning the parameters for
each sub-criterion.

The final step in the participatory process involved assigning
importance levels to each criterion and sub-criterion using the
AHP (Saaty, 1980). This was accomplished in the last stage of the
(FG) for two main reasons: to avoid burdening participants with
another online survey and to allow for immediate clarification of
any doubts about the pairwise comparison method by the
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facilitator. Participants used the pairwise comparison method
(Thurstone, 1927) to rank the importance of each criterion against
the others on a scale from one to nine, where one indicates equal
importance and nine indicates an absolute difference in priority
(Saaty, 1980) (Supplementary material 4). The same process was
applied to the sub-criteria within each criterion. This was
influential to develop the pairwise comparison matrix, normalize
the weights, and calculate the consistency ratio (CR) for
each participant.

2.3 Participants’ contribution analysis

As part of the quest to elaborate a consensual order of priorities,
in which the opinion of all participants is taken into account, but
seeking a group opinion, the preferences of each participant and their
performance in the pairwise comparison are analysed.

To assess the quality and alignment of participants’ inputs,
we used a combination of Euclidean distance (ED), Spearman rank
correlation (S), and CR, similarly to Srdevi¢ et al. (2008). Each
metric captures a different dimension: ED measures divergence
from the priorities of one individual to each of the others, S captures
ordinal agreement in priorities, and the CR evaluates the internal
coherence of judgments. This combined approach provides a more
nuanced evaluation than any single metric alone. Additionally,
we calculated the consensus convergence algorithm (Regan et al.,
2006) with  Python for the dataset
(Supplementary material 5), and the results closely matched those

implemented

obtained from our selected measures, supporting the robustness
and reliability of this approach.

2.3.1 Consistency ratios

Analysing participants’ performance when making the pairwise
comparisons is instrumental to ensuring the reliability and validity of
the participatory weighting process. CR values in an AHP model
express the overall consistency in a set of pairwise comparisons among
criteria (with respect to the model goal) or among sub-criteria with
respect to their respective criterion (Saaty, 1980). A CR value is
considered acceptable if it is <0.10, with values greater than 0.10
indicating progressively worse consistency in the set of comparisons.
High CR values in participants’ responses can arise for several reasons,
including misunderstanding of the pairwise comparison process.
However, given the participatory nature of this study and the relatively
small group of stakeholders to involve, a strict exclusion based on CR
thresholds was intentionally avoided. While high inconsistency can
introduce noise into the decision process, completely disregarding a
participant’s input risks undermining the consensus and stakeholder
agreement on the final priorities (Temesi, 2006; Nordstrom et al.,
20105 Kazibudzki, 2016). In inclusive decision-making contexts,
particularly those aimed at fostering shared ownership of the
outcomes, it is essential to preserve all contributions.

To address participant inconsistencies, we assigned weights to
participants based on the normalization of inverse values of their CR
scores (Equation 1) By doing so, participants with greater consistency
exert a stronger influence on the final aggregated results, while those
with higher inconsistencies are proportionally down weighted.
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1
CR,

o (1)

N
2icicr,

Where w,, is the weight assigned to participant n, CR,, is the
consistency ratio of participant n, N is the total number
of participants.

Weights for participants were calculated for the different pairwise
comparisons they made, both across criteria and within each group of
sub-criteria associated with each criterion. These different CRs were
then combined into a single ratio for each participant with an
arithmetic mean.

2.3.2 Spearman’s rank correlation

The second measure used to evaluate and assign weights to
participants is the S (Equation 2). This non-parametric measure
assesses the strength and direction of the monotonic relationship
between a participants individual assessment and the collective
groups opinion. In this study, each participant’s pairwise
comparisons resulted in a set of priority scores for each Management
Unit (MU) after running the model independently. However,
because S is based on ranked data rather than absolute values, these
priority scores were converted into ranks before computing
the correlation.

6Y.d?

Where p is Spearman’s rank correlation coefficient, d; is the
difference between the ranks of the i MU in the participant’s ranking
and the group ranking, # is the total number of MUs.

To establish a reference group opinion, the geometric mean of all
participants’ preferences was computed for each phase of the process
(criteria and sub-criteria comparisons), and the corresponding group
ranking of the MUs was determined. S was then calculated to quantify
the agreement between each participant’s ranking and the group
ranking. By incorporating this measure, we ensured that greater
weight was assigned to participants whose judgments were more
aligned with the broader stakeholder group, enhancing the robustness
and representativeness of the decision-making process.

2.3.3 Euclidean distances

The third measure used to evaluate and assign weights to
participants is the ED, which quantifies the degree of alignment
between an individual participant’s assessments and those of the other
participants (Equation 3). Unlike S, which is based on rankings, ED is
computed directly from the scores assigned by each participant to the
MUs. To assess agreement, the ED was calculated between each
participant’s scores and those of every other participant, individually.
This process was repeated for all participants and for each phase of the
analysis (criteria weighting and sub-criteria weighting within each
criterion). The final ED value assigned to each participant was the
average of all pairwise distances computed for them in a given phase.
A lower ED indicates that a participant’s evaluations were more closely
aligned with those of other participants, while a higher value suggests
greater deviation in judgment.
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ED; :\IZZ;(Si,k -Sik )2 (3)

Where S;  is the score given by participant i to management unit
k,S; k is the score given by participant j to the same management unit
k. m is the total number of management units.

To derive the final participant weights from ED and S, the inverse
of each ED and S value was computed and then normalized
(Equation 4) across all participants for each phase, ensuring that those
whose evaluations were more aligned with all the others had higher
assigned weights.

(4)

Where w; is the final weight assigned to participant i, X; is the ED
or S of participanti to all others.  is the total number of participants.

The final weights assigned to each participant were derived from
the average of the three measures: CR, ED, and S. These weights varied
across different phases of the evaluation; one set was assigned for the
criteria weighting phase, and separate sets were assigned for each
sub-criteria group. CR was computed only once per participant, as it
reflects the internal coherence of responses and, consequently, the
participant’s understanding of the pairwise comparison exercise. Since
the nature of the task remains the same across phases, a participant’s
level of understanding is assumed to be consistent throughout.
Conversely, ED and S were recalculated for each phase, as a
participants alignment with the group consensus may fluctuate
depending on the specific comparisons being made. This approach
ensures that a participant whose responses diverge from the group in
one phase (leading to a lower weight) can still receive a higher weight
in another phase if their judgments align more closely with the group’s
preferences in that context.

By incorporating this method, the MCDA model aimed to achieve
a balanced and representative aggregation of participant inputs,
reliability of the final

enhancing the robustness and

prioritization outcomes.

2.4 Hierarchical decision model and
priority maps

The spatial data processing work took advantage of Geographical
Information Systems (GIS), and Decision Support Systems (DSS)
functionalities. Data acquisition involved a forest field inventory and
publicly available spatial information for the Vale do Sousa
classification into MUs. Biometric variables were processed by DSS
growth and yield functionalities (e.g., Nunes et al., 2022). Additionally,
the ‘FlamMap’ software (Finney, 2006) was used to estimate two fire
behaviour variables using available biometric information,
predominant wind directions, and the Portuguese fuel model
(Fernandes et al., 2009). The decision support software CDP was used
to build a hierarchical model to characterize the problem and the
structure of its solution. The software facilitated the structuring of the

model by organizing its overall objective (or goal), criteria, and
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sub-criteria levels, the alternatives (the MUs), and participants’
performance weights. This approach ensured that each participant’s
preference was reflected in the MCDA model, rather than simply
averaging the group’s preferences. The EMDS system, integrated
within ArcGIS Pro (Reynolds et al., 2023), applied the MCDA model
developed in the CDP software to each afforested MU. This process
generated priority maps for each criterion, as well as a final composite
map that integrates all criteria.

The symbology chosen for these maps utilized five equal intervals,
spanning the minimum (‘Very low’) to maximum (‘Very high’)
priority values assigned to each MU. Each class represents a constant
data range, ensuring a straightforward and consistent interpretation
of priorities (Milic et al., 2019).

Moreover, representative maps were developed for each of the 17
sub-criteria included in the study. The symbology of these maps was
generated by using the Jenks Natural Breaks algorithm, which creates
class breaks that group similar values together while maximizing
differences between classes. This method enhances visualization by
avoiding unrealistic class distributions caused by extreme values in the
dataset (Chen et al., 2013).

2.5 Agreement and sensitivity analysis

To evaluate the reliability and robustness of the group-based
prioritization, two complementary analyses were conducted: a
consistency check comparing individual and group outputs, and a
sensitivity analysis exploring the impact of weight changes on the
prioritization results.

For the consistency analysis, the spatial priority maps generated
using the weight vectors provided by each of the eight individual
stakeholders were compared to the map obtained from the aggregated
group weights. Priority values were grouped into five equal-interval
classes, consistent with the visualization approach used in the results.
For each MU, the number of individual maps that assigned the same
class as the group scenario was recorded. The average number of
matches per MU across all participants was calculated to quantify the
overall level of agreement between individual and group prioritizations.

Sensitivity was assessed through a local perturbation approach in
which each weight was adjusted independently by a fixed percentage
(+10%), with the remaining weights proportionally rescaled to
preserve the overall structure. This approach aligns with the crossover
value suggested by Saaty (1994) to assess criticality, and applied in
similar studies (Marto et al., 2018; Abelson et al., 2021). For each
perturbed scenario, the Mean Absolute Deviation (MAD) of the
priority scores across all MUs, relative to the base (group) scenario,
was computed to provide a summary measure of average change per
unit. In addition, the number of classification changes per MU across
all scenarios was recorded.

3 Results
3.1 Definition of criteria and sub-criteria
A total of 22 people were contacted, with 19 ultimately

participating in the first stage of the study. The participants represented
a broad range of entities, including four town councils, the National
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Republican Guard, two public agencies responsible for environmental
protection, a company specializing in forest fire protection and rural
firefighting, two pulp and paper companies, an electric utility company
overseeing powerline management, two local forest associations, three
local firefighting organizations, and the National Authority for
Emergency and Civil Protection. The responses from the 19
participants were evaluated, and the final criteria and sub-criteria were
selected as outlined in the methodology.

The criteria are composed of four groups, originating from the
initially proposed ones, all of which were accepted by the respondents
in the first survey. A total of 17 measurable sub-criteria were selected
(see Supplementary material 1 for individual sub-criteria maps),
reduced from the 22 originally proposed. The five sub-criteria that
were not retained were excluded based on limited support from
stakeholders during the first survey. At the same time, other
sub-criteria were added based on their suggestions, such as the
wildfire resistance indicator and shrub biomass. These new sub-criteria
were analysed, discussed during the FG meeting, and included in the
study once it was determined that spatial data could be obtained to
characterize them.

The criterion ‘Fuels’ assesses the status of the vegetation in the area
by analysing the elected sub-criteria. Understanding the current
vegetation condition, specifically those variables that can be modified
by human actions (e.g., canopy cover, crown base height) allows for
effective management. To obtain the values for the five sub-criteria
selected, a set of previous studies, software and models were used
(Nunes et al., 2022; Faias et al., 2012; Gémez-Garcia et al., 2016;
Monkkonen et al., 2014).

The criterion ‘Potential for extreme fires’ incorporates maps from
the ICNF (ICNFE, n.d.-b): “Territories with potential for large fires’
(areas of more than 500 hectares that have not burned for more than
10 years in the ‘High’ or “Very High' danger classes) and the ‘Short-
term danger map of rural fires. It also includes two other sub-criteria:
a simulated spread rate map using FLAMMAP software (Finney,
2006) and a sub-criterion that addresses the resistance of the forest to
the fire when it occurs, that is Wildfire Resistance Indicator (Ferreira
etal., 2015).

‘Suppression drivers’ refers to characteristics of a MU that would
maximize the combination of accessibility, availability of suppression
infrastructures, optimal locations or adequate topographic conditions.
The sub-criterion accessibility from the forest road network (ICNF,
n.d.-a)., refers to the distance firefighters would need to cover on foot
to reach the area from their vehicles. The slope (Agéncia para a
Modernizacao Administrativa, n.d.), distance to water points (ICNE,
n.d.-a) and proximity to the designed firebreak network (ICNF, n.d.-a)
are also included, as they are considered to have an influence in the
effectiveness of suppression efforts.

The Vulnerability criterion attempts to identify areas that are
particularly threatened by fire and that hold significant cultural,
social, or environmental value. These are often referred to as ‘high
values at risk. Specifically, the sub-criteria include urbanized areas
(Direcao-Geral do Territorio, 2020), which focus on protecting
humans and their infrastructure. Another sub-criterion targets
conservation corridors (ICNFE, n.d.-c), which addresses key
environmental assets, and the aspect (Agéncia para a Modernizagao
Administrativa, n.d.), which represents specific in-risk locations based
on their orientation. The inclusion of aspect was controversial during
the participatory process, and its relevance was discussed during the
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FG. Nevertheless, other related studies have incorporated this type of
sub-criterion (Abedi Gheshlaghi et al., 2020; Arca et al., 2020; Gigovi¢
et al., 2018; Sivrikaya and Kiigiik, 2022; Van Hoang et al., 2020). The
fourth is a map with population density by municipality
(Eurostat, 2021).

3.2 Sub-criteria scale parameters

During the FG discussion, nine participants representing a range
of organizations and expertise—including ICNF-GEFR (forest and fire
policy), Navigator (industrial forest management), CIM Tamega e
Sousa & CM Penafiel (local wildfire prevention and land
management), AFEDV & AFVS (private forest owners and technical
assistance), BV Penafiel (wildfire suppression), AGIF (national fire
management strategy), and NPC-GNR Penafiel (law enforcement and
environmental monitoring)—came together to discuss the relevant
criteria and sub-criteria for the study. In our model, these sub-criteria
are also the attributes that read spatial and tabular data, and the
“parameters” we refer to are in fact the bounds used to define CDP
utility-function curves, which translate raw attribute values into a 0-1
priority score.

Although the online survey had engaged 19 participants, having
nine for the FG was considered appropriate, since every stakeholder
sector was present for this phase. The FG took place in a town within
the CSA. Most of the parameters for the sub-criteria were assigned
there, and the remaining ones were determined post-FG by consulting
local datasets (Table 1).

It is necessary to explain the definition of certain sub-criteria
parameters. For example, in the case of the ‘Aspect’ sub-criterion, the
parameters are expressed by classes based on slope orientation, with
Class one representing North, Class two representing South, Class
three representing West, and Class four representing East.
Additionally, some sub-criteria have parameters expressed as
percentages. For instance, ‘In touch with fire breaks’ refers to the
percentage of the area of a Management Unit that overlaps with
firebreaks. Similarly, for the ‘Resprouters’ sub-criterion, the parameter
represents the percentage by area of resprouting species relative to
seeders. This distinction is significant, as studies, including Botequim
etal. (2015), have demonstrated that biomass accumulation following
disturbance is slower in areas where the percentage of resprouting
species is higher compared to seeders.

3.3 Criteria and sub-criteria weighting

After the FG and the definition of utility function parameters for
the sub-criteria, the remaining step was to assign to each a weight to
each criterion and sub criterion (the relative importance of each to
setting the priority for management). That information was obtained
from a survey utilizing the AHP’s pairwise preference elicitation
approach (Supplementary material 4), collected during the last step
of the FG. The responses from eight out of the nine FG initial
participants were collected. First, the responses were used to calculate
each participant’s weight related to their performance and alignment
with the group as measured by their CR, ED and S (Section 3.4).
Then, the final weights were obtained for the overall group
(Tables 2, 3).
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TABLE 1 Elicited criteria and sub-criteria and their corresponding
parameters and units.

Criteria Sub-criteria Scale
parameters
(min—max)
Wildfire resistance 5-1 Class (1-5)
indicator
Potential for Rate of spread 2-6 m/min
extreme fires Hazard map 1-5 Classes (1-5)
Potential large fires map 20-90 % of MU
area
Canopy cover 20-60 %
Above ground biomass 5-300 tn/ha
Fuels Resprouters 90-10 %
Shrubs biomass 1-10 m’/ha
Crown base height 4-25 m
Accessibility for fire 100-80 m
trucks
Suppression Slope 40-5 %
drivers In touch with fire breaks 15-60 % of MU
area
Distance to water point 1,000-500 m
Distance to urbanized 300-50 m
areas
Aspect 1-4 Classes (1-4)
Vulnerability
Conservation corridors 20-60 % of MU
area
Population density 20-250 People/km?

‘min-max’ refers to the endings sides of the scale that contributes to the minimum and
maximum values to overall priorities.

TABLE 2 Final criteria weights.

Criteria weights (0-1)

Potential for Vulnerab.

extreme fires

Fuels Suppr.

drivers

‘ 0.398

‘ 0.344 ‘

0.077 ‘ 0.181 ‘

3.4 Participant’s contribution weights

The CR values for each participant were calculated to illustrate
their consistency in making pairwise comparisons (Figure 3).
Considering the findings of Saaty (1980), some participants exhibited
CR values slightly above the 0.1 CR threshold, highlighting potential
challenges in accurately comparing the criteria or sub-criteria.

To account for these inconsistencies, performance weights were
assigned to participants based on the normalized inverse values of
their CR scores (Equation 1). Participants with lower CR values,
(indicating higher consistency) had a greater influence on the final
prioritization. Conversely, participants with higher CR values were
appropriately down weighted to ensure the robustness of the
aggregated results (Table 4).

The S and ED measures highlighted the strong alignment of
participant one’s preferences with those of the others (Table 5).

Frontiers in Forests and Global Change

10.3389/ffgc.2025.1654107

TABLE 3 Final sub-criteria weights.

Criteria Sub-criteria Weights (0-1) per

criteria group

Wildfire resistance indicator 0.108
Potential for Rate of spread 0.398
extreme fires Hazard map 0.16
Potential large fires map 0.334
Canopy cover 0.126
Above ground biomass 0.317
Fuels Resprouters 0.106
Shrubs biomass 0.307
Crown base height 0.144
Accessibility for fire trucks 0.48
Suppression Slope 0.247
drivers In touch with fire breaks 0.156
Distance to water point 0.112
Distance to urbanized areas 0.254
Aspect 0.337
Vulnerability
Conservation corridors 0.188
Population density 0.221

Participants seven and eight also scored positively on these measures
at different stages of the exercise. Noteworthy are participants three,
four, five and six, whose S and ED scores highlight discrepancies in
opinion on the weights of importance with the rest of the group. This
means that the opinion of these participants, when combined with
their CR, is taken into account but has less relevance in the final
priority scores.

3.5 Hierarchical model

The hierarchical model (Figure 4), developed in the CDP software,
integrates participants’ preferences while adjusting for the CR, S and
ED of their assessments. No participant’s input is excluded, but their
individual CR and level of alignment with the group’s preferences
values are used to adjust the weight of their contributions. Therefore,
the weights for their participation (Table 5) are included in the CDP
model that contains the MCDA. Figure 5 illustrates a simplified
version of the model with the criteria and sub-criteria.

The model begins by incorporating each participant’s evaluation
of the relative importance of the main criteria groups. For example,
the weight of the criterion ‘Fuels’ is calculated as a weighted
summation of each participant’s preferences, adjusted by their
individual weights of performance.

The same approach applies to the sub-criteria. Participants’
evaluations of relative importance of the sub-criteria within each
criterion group are weighted based on their CR, S and ED weights,
reflecting the level titled “Participant performance for sub-criteria
weighting” The final weights for each sub-criterion are calculated by
aggregating the weighted inputs from all participants, ensuring that
both the criteria and sub-criteria reflect a balanced consensus, while
accounting for individual inconsistencies or large differences with the
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TABLE 4 Distribution of weights assigned to each participant’s
performance based on CRs.

pl p2 p3 p4 p5 p6 p7 P8
‘0.143 ‘ 0.158 ‘ 0.032 ‘ 0.081 ‘ 0.056 ‘ 0.096 ‘ 0317 ‘ 0.117 ‘

groups preferences. This phase-specific approach ensured that
different preferences in one phase did not disproportionately impact
their overall contribution to the prioritization process.

3.6 Maps of priorities

The final output of the MCDA process is a set of spatially explicit
priority maps, generated to aid decision-making in the CSA. These
maps were produced using ArcGIS Pro and the EMDS software,
applying the CDP model described in the previous section individually
to each MU. For each MU, its lowest criteria values are converted to
normalized priorities (scores) using AHP’s direct method based on
the scale parameters (Table 1).

Four maps for the criteria ‘Fuels, ‘Suppression drivers, ‘Potential
for extreme fires, and ‘Vulnerability’ (Figure 6), were obtained,
pointing out the five classes of priority for management based on each
sub-criteria defined in the hierarchical model. A final map of priorities
for management aligning with the objectives of this study is produced
from the weighted combination of the other four criteria maps
(Figure 7). From this map we can extract the following information
regarding the area distribution for each priority class (Table 6).

Using equal intervals to visualize the maps of priorities we see that
a smaller number of MUs fall in the higher classes regarding priority
for management. For a MU to score in the ‘Very High'’ class, it has to
have high priority scores across all four criteria groups, and it can
be observed how rarely that occurs (Table 6). It can be seen how most
of the areas with very high management priority are located in the
northwestern part of the CSA, creating a sort of priority band
stretching from the Douro River to the far north. This aligns with the
priority of three of the four priority maps by criteria, where we can see
that both ‘Fuels, ‘Suppression Drivers’ and ‘Potential for Extreme Fires’

Frontiers in Forests and Global Change

have the highest areas in those zones. In

Supplementary material 1, it is possible to see the 17 maps of each

priority

sub-criterion that characterize these four criteria maps and that
visually illustrate the basis of the result obtained.

While the resulting priority map identifies areas of strategic
interest for fuel management, it is important to note that this
framework is prescriptive rather than predictive. Its purpose is not to
forecast wildfire occurrence, but to support decision-making by
structuring and spatially representing stakeholder preferences, expert
knowledge, and contextual criteria. Therefore, traditional statistical
validation techniques such as ROC curves or Fl-scores are not
applicable. Instead, a practical form of validation was conducted
through visual inspection of high-priority areas using satellite imagery,
confirming consistency with expected criteria combinations (e.g., fuel
accumulation near populated zones and road networks). This
validation was documented in a video shared with stakeholders
for confirmation.

3.7 Agreement and sensitivity outcomes

The analysis of agreement between individual stakeholders and
group prioritization revealed an average match of 4.79 out of 8,
indicating that, for each MU, nearly 60% of the individual
classifications aligned with the group-based result.

To assess sensitivity, 42 weight perturbation scenarios were
tested: one £10% perturbation for each of the 17 sub-criteria and
4 main criteria. For each scenario, the MAD was computed across
all MU relative to the group scenario. The MAD values ranged
from near-zero up to a maximum of 0.00425, corresponding to less
than 0.5% of the full priority scale. The five scenarios that resulted
in the highest deviations corresponded to adjustments in the
following weights: Potential for Extreme Fires (+10%), Fuels
(—10%), Rate of Spread (+10%), and Above Ground Biomass
(+10%). The number of MUs that experienced a class change under
the most sensitive scenario was 78, representing 3.2% of the 2,429
MUs in the study, and highlighting the model’s general stability
under perturbation.
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TABLE 5 Participants weights based on the three measures averaged (Avg.); S, ED, and CR.
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Criterion Measure P1 P2 P3 P4 P5 P6 P7 P8
S 0.132 0.130 0.127 0.129 0.129 0.102 0.124 0.127
ED 0.148 0.131 0.142 0.110 0.078 0.119 0.138 0.133
General criteria
CR 0.143 0.158 0.032 0.081 0.056 0.096 0.317 0.117
Avg. 0.141 0.140 0.100 0.107 0.088 0.106 0.193 0.126
S 0.132 0.131 0.118 0.105 0.126 0.131 0.126 0.130
ED 0.148 0.091 0.151 0.117 0.132 0.094 0.128 0.139
Fuels
CR 0.143 0.158 0.032 0.081 0.056 0.096 0.317 0.117
Avg. 0.141 0.127 0.100 0.101 0.105 0.107 0.190 0.129
S 0.142 0.128 0.136 0.100 0.140 0.135 0.111 0.108
ED 0.153 0.132 0.112 0.117 0.128 0.108 0.119 0.131
Suppression drivers
CR 0.143 0.158 0.032 0.081 0.056 0.096 0.317 0.117
Avg. 0.146 0.139 0.093 0.099 0.108 0.113 0.182 0.119
S 0.129 0.131 0.098 0.129 0.132 0.130 0.124 0.127
ED 0.121 0.156 0.119 0.135 0.050 0.126 0.146 0.148
Vulnerability
CR 0.143 0.158 0.032 0.081 0.056 0.096 0.317 0.117
Avg. 0.131 0.148 0.083 0.115 0.079 0.117 0.196 0.131
S 0.127 0.095 0.136 0.136 0.125 0.111 0.134 0.137
Potential for ED 0.149 0.127 0.110 0.094 0.143 0.124 0.132 0.121
extreme fires CR 0.143 0.158 0.032 0.081 0.056 0.096 0.317 0.117
Avg. 0.140 0.127 0.093 0.104 0.108 0.110 0.194 0.125
[Goal - Man. Units with higher priority for manag | __ Participants Tor criteria weighting | Criteria Particip Tor sub-crit weighting | Sub. Y Alternatives ]
0.056 P1Fuels
0.011 P1Suppression
0.024 P1Vulnerab
10.048 P1Potential
(0.051 P2Fuels
[0181 Particip1 ¢ [0.011 P2Suppression
10.027 P2Vulnerab
0.044 P2Potential 0.050 Canopy_Cover
10.126 Above_Ground_Biom
[0.140 Particip2 0.040 P3Fuels 0.042 Resprouters
0.398 FUELS 0.007 P3Suppression 0.122 Shrubs_Biomass
0.015 P3Vuinerab 0.057 Crown_Base_Heig
[0.032 P3Potential
0.100 Particip3
0.037 Access_FRoad
(0.040 P4Fuels 0.019 Slope.
10.008 P4Suppression 0.009 Distance_WaterP
0.107 Particip4 0.077 SUPPR DRIVERS 0.021 P4Vulnerab 0.012 Touch_Fuel_Break
0.036 P4Potential
1.000 Priority areas for mar ment [1.000 Ma ment Unit
0.042 P5Fuels 10.046 Urbanised_Areas
[0.088 Particip5 K {0.008 P5Suppression 0.061 Aspect
0.014 P5Vuinerab 0.034 Conservation_Corr
(0.037 P5Potential 0.040 Population_Density
10.181 VULNERABILITY
10.043 P6Fuels
[0.106 Particip6 [0.009 P6Suppression 0.115 Lands_pot_Irg_fire
[0.021 P6Vulnerab [0.055 Hazard_map
0.038 P6Potential 0.137 Rate_of_Spread
0.037 WildfireResIND
0.344 POT EXTREME FIRES 0.076 P7Fuels
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0.067 P7Potential
10.051 P8Fuels
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FIGURE 4

Hierarchical prioritization model in CDP integrating the participants performance and their weights of importance.

4 Discussion

The research aimed at integrating a robust prioritization
framework for landscape and wildfire management in the Vale do
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Sousa region by integrating stakeholder input through a participatory

MCDA process. Using the AHP we evaluated criteria and sub-criteria

10

that influence wildfire risk and suppression strategies. A total of 19
participants contributed to an online survey, and a FG discussion with
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FIGURE 5
Structure of the MCDA model in the CDP software.

16_Rate of spread

nine participants refined the sub-criteria parameters and obtained the
corresponding weights. The FG size adhered to recommended
guidelines of six to 12 participants for effective discourse (Krueger and
Casey, 2015). While other wildfire prioritization studies do not detail
the rationale behind FG composition (Krsnik et al, 2024), this
research addresses representativeness by including stakeholders from
municipalities, firefighting units, public corporations, private
enterprises, and representatives of the forest owners It is acknowledge
that small group dynamics may introduce bias due to dominant voices
or pressure to conform. To mitigate these risks, the session followed a
structured format, with targeted prompts to quieter participants and
individual elicitation of preferences both for the criteria and
sub-criteria elicitation and for their respective weights. These
helped all
stakeholder perspectives.

measures ensure balanced input across

Representativeness was also considered during the participatory
process in which stakeholders were involved in up to three stages.
Moreover, the process ensured that no opinion was excluded from the
analysis while applying a range of techniques to synthesize diverse
individual opinions into a group opinion. CR, S and ED were
calculated for each participant to address the reliability of their
pairwise comparisons, and their alignment as a group, and their
performance was weighted accordingly, as per Srdevi¢ et al. (2008).
Many MCDA-based prioritization studies disregard the process of
weighting the participation of each stakeholder involved when
aggregating preferences (Gonzalez-Olabarria et al., 2019), potentially
reducing decision reliability when participants have varied preferences
and knowledge of the tools used. The two-step weighting adjustment
for different decision phases enhances robustness and addresses
flexibility across decision points, a methodological refinement rarely
employed in wildfire management research. This refinement mitigates
the risk of over-penalizing participants who may have shown lower

alignment with the group in one phase but aligned more in another,
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thus maintaining inclusivity while addressing methodological rigor.
One limitation of this study is the absence of sensitivity analysis across
different stakeholder groups. While a group consensus approach was
adopted, future research could explore variations by clustering
stakeholders with similar backgrounds to assess the impact of
divergent weightings on prioritization outcomes. Such analysis could
enhance the robustness and adaptability of the decision-
support process.

The FG discussion provided valuable qualitative insights into the
contextual relevance of selected sub-criteria, complementing the
quantitative AHP process. Assigning thresholds for parameters such
as population density based on local data ensured that prioritization
remained context-sensitive. This approach is consistent with regional
planning frameworks that advocate localized calibration of decision
criteria (Geneletti, 2013). The prioritization results reveal significant
variability in wildfire management needs across the study area. The
smaller proportion of the area (1.2%) represented by Class five (‘Very
High Priority’) indicates a concentration of extreme need for
management in localized zones. This distribution aligns with
expectations in landscapes in this area, where wildfire threat varies
markedly due to heterogeneity in fuel load and composition,
topography, and human factors (Moreira et al., 2011). The relatively
small area assigned to very high priority zones underscores the
importance of targeted interventions rather than widespread
management actions. The fact that the highest priority areas are
located in the northwestern part of the CSA is not the result of chance
since several factors are aligned in that area to drive the result
obtained. First, much of that mountain range had not burned in the
large fires of 2017, so the accumulation of fuels is greater than in other
areas. In addition, the orientation of the slopes is predominantly east
and west, which was chosen by stakeholders as more vulnerable
orientations for fire. Also, the road network is dense in the area, the
number of water points is extensive and the relative proximity to
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populations suggest a higher priority to carry out management actions
in the area. The resulting maps are intended to support strategic
decision-making by identifying priority areas for fuel management
interventions that align with stakeholder-defined knowledge. These
visual tools provide a spatially explicit overview of where management
actions can have the greatest impact. Decision-makers can use the
maps to allocate resources more efficiently, inform funding proposals,
and coordinate actions across agencies, ensuring interventions are
both locally relevant and aligned with regional fire management goals.

It is important to emphasize that the framework developed here
is prescriptive rather than predictive. MCDA-based prioritization does
not aim to to forecast the occurrence or spread of wildfires. Instead,
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the outputs represent negotiated priorities rather than probabilistic
events, and validity lies in transparency of the decision process,
inclusiveness of stakeholder perspectives, and the consistency with
which spatial outputs reflect the agreed criteria.

The consistency analysis indicates that the prioritization derived
from group weights is broadly representative of individual stakeholder
perspectives. The observed agreement suggests that the aggregation
process preserved key preferences while providing a coherent
collective outcome.

The sensitivity analysis further confirms the structural stability of
the model. Following the +10% perturbation approach described by
Marto et al. (2018), Abelson et al. (2021), and originally proposed in
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Final map of priorities combining the four criteria maps with the corresponding weights.

TABLE 6 Visualization of the area distribution per priority class.

Priority class Area (ha) Percentage
Very Low 3,636 17.9
Low 8748.1 43.1
Moderate 6074.6 29.9
High 1611.7 79
Very high 247.3 1.2

the AHP context by Saaty (1994), variations in both priority scores
and class assignments remained limited. This suggests that the
prioritization framework is not overly sensitive to moderate changes
in input weights and supports its application in participatory contexts
where some degree of variability in preferences is expected. The
limited number of management units showing frequent class changes
further underscores the model’s robustness for strategic decision-
making in wildfire management.

Compared to existing prioritization efforts in Portugal, which
typically rely on historical fire occurrence and static risk mapping
(such as ICNF’s national fire hazard maps or the PMDFCI plans at the
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municipal level) this participatory MCDA approach provides a more
flexible, spatially explicit, and stakeholder-informed framework.
While tools like the PMDEFCI emphasize fixed zoning criteria, the
method presented here enables local calibration of thresholds, the
integration of suppression concerns, and group-based weighting. This
complements spatial optimization efforts like those of Santana et al.
(2022) by embedding participatory legitimacy. Although some studies
in Portugal have integrated participatory MCDA for forest planning
(de Sousa Xavier et al., 2015; Borges et al., 2017; Marques et al., 2021)
they did not focus on wildfire prevention or suppression needs.

Similarly, Gonzalez-Olabarria et al. (2019) and Krsnik et al. (2024)
applied spatial MCDA to wildfire management in southern Europe,
identifying prioritization criteria groups, mainly described by fuel-
related variables (e.g., canopy cover, fuel load), proximity to vulnerable
assets (e.g., settlements, roads), and fire behaviour metrics (e.g., rate
of spread). These criteria closely align with those elicited in the present
study. However, unlike those studies, the present work integrates a
structured and inclusive participatory process explicitly tailored to
suppression requirements, ensuring that the final weighting of these
criteria reflects stakeholder perspectives across strategic and tactical
planning needs.
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This work provides a transferable framework for wildfire
management prioritization that can be replicated in other regions. The
integration of AHP-based participatory approaches with MCDA and
spatial decision-support tools like CDP and EMDS in ArcGIS Pro
establishes a clear methodological pathway adaptable to various
contexts. By incorporating stakeholder-driven weighting, the
approach enhances social acceptance and engagement, addressing the
growing need for participatory governance. This structure offers a
scalable model for future applications, allowing customization of
criteria to regional challenges while ensuring robust, transparent, and
inclusive decision-making processes in joint management areas.

5 Conclusion

This study presents a robust, participatory framework for wildfire
management prioritization in the Vale do Sousa region, addressing both
methodological rigor and practical applicability. The integration of
participant performance weighting, diverse stakeholder input, and locally
relevant data thresholds enhances decision-making accuracy. The priority
maps generated offer actionable insights for strategic management,
highlighting areas for focused intervention, and for reducing the risk and
severity of extreme wildfires. Future research should explore how
frequently these prioritization exercises should be revisited, since
landscape conditions, stakeholder preferences, and management
priorities evolve over time. Iterative updates, particularly after major
disturbance events such as large wildfires or significant land-use changes,
would ensure that the framework, and its output, remains relevant and
robust. Moreover, testing scalability to other regions could strengthen the
adaptability and long-term applicability of the approach.
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