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Abstract: Large-scale wildfires have become more frequent in Greece and coupled with the country’s
limited economic resources, investments in both pre-fire planning and post-fire rehabilitation for
most affected areas are not feasible. From the perspective of forest and fire management agencies,
the severity and importance of fire effects are evaluated based only on total area burned, while from a
societal standpoint, by the number of fatalities and destroyed houses. A holistic approach to rank
wildfires with an inclusive assessment of all their effects is missing. We developed a new evaluation
and ranking index based on expert judgment, the study of 50 large-scale fire events in Greece and a
detailed review of the literature, to develop a set of categories and criteria to assess ecological and
socioeconomic effects of wildfires. The Fire Inventory and Ranking of Effects (FIRE) Index provides
a comprehensive and easy-to-use semi-numeric framework that combines scores from seven fire
effects categories and 56 criteria through a user-friendly web-platform. The seven categories include
fire effects on landscape and vegetation, general environmental impacts, regeneration potential and
vegetation recovery, casualties and fatalities, destruction and damages to infrastructure, economic
losses, and firefighting and wildfire suppression. Each of the 56 criteria within these categories
describes a different anticipated fire effect. The magnitude of each fire effect criterion is estimated by
predefined ranked choices by one or more persons/assessors in a multi-level evaluation procedure.
We apply the FIRE Index assessment to a significant 5900-ha wildfire that occurred in 2011 in northern
Greece, including a sensitivity analysis of how different category weights impact the final index
score. More diverse metrics to assess wildfire effects will help address the complex social and
biophysical dimensions of the wildfire governance challenge and help guide pre- and post-fire
management actions.

Keywords: analytical hierarchical process; FIRE IndeX; fire effects; post-fire conditions; community
learning; fire management decision support; landscape rehabilitation

1. Introduction

As wildfires become more frequent and larger, and burn at higher intensities, their effects on
natural and human systems have also amplified [1,2]. Across Europe and elsewhere, the most common
way to assess wildfire severity is by estimating the final burned area, but this information alone tells
us little about suppression costs, economic losses, ecosystem dis-services and the loss of landscape
aesthetics. Given the growing wildfire problem, re-examining how we assess wildfire effects is needed.
Measures of wildfire policy success must be expanded in most cases, from targets emphasizing only
reductions in area burned to metrics more closely related to reducing negative fire impacts including
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the use of multi-dimensional and socioecological components, to provide a more diverse and useful
assessment of fire impacts than a single and limiting statistic such as burned area [3].

In Greece, government agencies in charge of post-fire rehabilitation seem to have difficulty
incorporating diverging information on area burned and the consequences of fire location and severity,
such that a low consequence event with a high burned area is given equal consideration in post-fire
governance as a smaller fire with high levels of impact. If land management agencies could reliably
assess what really happened during fire propagation, and predict short-term post-fire conditions,
they could rank and prioritize post-wildfire mitigation investments. This is especially important
in places such as Greece and elsewhere, where post-fire rehabilitation funding is limited due to
economic constraints. However, we lack an accepted methodology on how to evaluate and prioritize
post-wildfire investments based on the importance of fire effects, whether they are detrimental or
beneficial. In addition, knowing where to expect a wildfire, especially those that will cause the greatest
impact, or have the most complex firefighting or suppression histories, can help public agencies to
prioritize preemptive actions to mitigate the effects from a potential event and provide much needed
decision support.

In general, the effects of a hazardous event span both environmental and socioeconomic
conditions [4] including property damage, lost value of disrupted activities, emergency response
expenses, cost of recovery, morbidity and mortality, environmental effects, and cultural and historical
effects. Wildfire effects apply to all these groups, producing large costs from firefighting and prevention
efforts, post-fire landscape rehabilitation, repairs of affected houses and infrastructure, and economic
compensation that burden the national budgets of all fire affected countries [5,6]. Wildfires also
accelerate phenomena such as erosion, desertification, land use changes, species extinction, degradation
of the natural environment and air quality [7-9], which require mitigation investments to moderate
their negative impacts.

Developing assessment methodologies that can include this wide diversity of effects, which vary
both spatially and temporally, is critical to informing a robust fire and forest management decision
support system aligned with ecological and socioeconomic realities. For example, McFayden et al. [10]
developed a modelling framework for Canada to spatially score the impacts from wildland fire
effects on specific resources and assets using social, economic, and emergency response fire impact
categories. Previous research efforts from Scott et al. [11] created a spatial framework for fire effects
analysis that captures both fire-related benefits and losses quantified in terms of value change.
Kaloudis et al. [12] created a composite index to assess fire destruction danger by considering the
probability of fire incidence, fire severity, fire severity levels, values threatened and the fire sensitivity
of values, using hierarchically structured rules.

There are several approaches to estimate the magnitude of individual fire effects, each with specific
challenges, shortcomings, temporal and spatial scales, time, and financial requirements. For example,
burn severity is a time- and cost-efficient method to estimate or predict some of the first-order fire effects
on ecosystem properties and services. Recently (ca. 2005), the Monitoring Trends in Burn Severity
(MTBS) program started to consistently map burn severity and perimeters of large fires across the
United States, using satellite images to produce a map with four burn severity classes [13]. Currently,
there is not yet an official European or Greek public program to consistently map burn severity with
fine spatial resolution.

First-order fire effects, which concern the direct or immediate consequences of the combustion
process, such as biomass consumption, crown scorch, bole damage, and smoke production, form an
important basis for predicting secondary effects [14,15]. There is extensive literature on how these
first-order fire effects can be estimated, including their impacts on animals, vegetation and soils [16-19],
and specialized software can spatially estimate these effects with a minimum set of inputs [14,20].
Secondary fire effects include tree regeneration, plant succession and changes in site productivity,
but require accurate estimation of first-order fire effects and involve interactions with many other
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non-fire variables, such as weather or human interference in the affected area, and may take place a
few hours to many decades after a fire [15].

Despite all this progress in the assessment of first-order effects, the application of these methods
to each fire requires an investment in personnel (training and time) and data (preparation of inputs),
which seems unlikely to occur in the short term in Greece. In addition, it is unclear how second-order
effects can be accurately estimated or predicted in a timely process (six months to two years after the
fire), and thus requires inference from past fire occurrence and expert knowledge on the affected area.

We developed a Fire Inventory and Ranking of Effects (FIRE) Index to provide a comprehensive
and easy-to-use semi-numeric framework for fire effects-based decision support that can be used to
achieve three goals: (1) prioritize post-fire mitigation actions and investments, (2) provide a systematic
assessment of past large-scale fire event resource and mobilization needs to improve fire management
decision support for future fire events, and to help guide investments in fire prevention for the most
problematic areas, and (3) promote community learning by objectively informing the public and
policymakers about the socioeconomic impacts of each fire to prevent misinformation, and guide fire
adaptation actions to enhance community resilience.

The FIRE Index allows the classification of each wildfire event based on evaluations of a suite
of fire effects criteria, grouped into ecological and socioeconomic fire effects categories, combined
in a single score that can easily inform and educate the public on whether a hazard has become a
disaster by causing large-scale consequences, regardless of wildfire size. In addition to the overall
FIRE Index score, individual category scores can guide specific pre-fire planning and post-fire policies.
A more systematic and diverse assessment of large fire events can better reflect the complex social and
biophysical dimensions of wildfire effects and help improve pre- and post-fire management.

2. The FIRE Index

The FIRE Index was designed to assess environmental and socioeconomic fire effects including
firefighting and suppression resources. The index is country specific, designed exclusively for the
assessment of fire effects in Greece and only for large-scale wildfires (>100 ha; on average 20 incidents
per year). It was designed as an easy-to-use semi-numeric framework. The index includes two broad
groups of effects: environmental fire effects (Figure 1) and socioeconomic fire effects (Figure 2).
Within these two broad groupings, effects are grouped into seven categories: (1) landscape and
vegetation, (2) general environmental impacts, (3) regeneration potential and vegetation recovery,
(4) firefighting and wildfire suppression, (5) causalities and fatalities, (6) destruction and damages to
infrastructure and (7) economic losses.

The groups contain a total of 56 criteria developed based on a rigorous review of 50 wildfires in
Greece (1974-2019), and a detailed review of the relevant Greek and international literature (>150
published studies; as well as from expert knowledge. Each criterion has its own set of choices, defining
the magnitude of fire effects for a given wildfire event on a scale of 0 (no effect) to 100 (high effect). A web
application was built to automate the calculation process of the final FIRE Index score, as well as to report
the values of each fire effect category, and can be accessed at http://meteo.aegean.gr/fireindex/index.aspx
(see also the available web user manual for additional details on how to complete the assessment).

2.1. Fire Effects Categories and Criteria

2.1.1. Effects on Landscape and Vegetation

Wildfire effects within the landscape and vegetation category were assessed based on five criteria
(Table 1; Appendix A Table Al), describing the impact a fire can have on how societies perceive and
interact with the landscape, vegetation and natural environment, covering issues such as aesthetics,
smoke impacts and air quality and land degradation. Wildfire smoke inhalation is known to cause
and exacerbate a wide range of human health problems, including asthma, emphysema, and heart
disease [21].
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Post-fire recreation and aesthetic losses include recreational activity decline, degradation of
scenic values, compromised hunting, fishing, hiking, camping, and wildlife viewing experiences,
recreation-related structural repair or rehabilitation, and reduced business income, jobs, and tax
revenues [21]. Since human responses to the environment are shaped partially by aesthetic experiences,
the appearance of ecological phenomena may influence people’s opinions and attitudes and translate
into decisions and actions [22]. Under the theory of people—place relationships, which examines the
interaction of physical attributes, conceptions, and activities [23], people understand the aesthetics of
mountainous ecosystems and wildland-urban interface areas as a sign of good ecological management.
The wildland—urban interface is of the highest importance from a societal standpoint and its expansion
in forested lands, with a parallel increase in wildfire size and number, has made homeowners savvy
observers of landscape conditions, which act as “feedbacks” that enhance homeowners’ concerns about
wildfire hazards and motivate them to take mitigative action [24].
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Figure 1. Flowchart of how the 24 criteria attributed to the evaluation of environmental fire effects
group were assigned to the three fire effects categories. Numbers denote the weight of each criterion and
category, as derived by the expert evaluation of relative criterion importance analysis with the analytical
hierarchical process (see Sections 2.3 and 2.4). General multipliers are described in Section 2.2.3.
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Figure 2. Flowchart of how the 32 criteria attributed to the evaluation of socioeconomic fire effects
group were assigned to the three fire effect categories. Numbers denote the weight of each criterion and
category, as derived by the expert evaluation of relative criterion importance analysis with the analytical
hierarchical process (see Sections 2.3 and 2.4). General multipliers are described in Section 2.2.3.

Other criteria describe the vegetation types that were affected and are assessed based on dominant
vegetation types or landscape categories or the proportion of the landscape in dominant types. When the
dominant land use or land cover type is forest, it is considered of higher importance especially when
the forest is comprised of rare conifer or broadleaf species that require decades to regenerate and
re-establish in the affected area. If the affected area is under legal protection status it can further indicate
the importance of fire effects. Examination of historical fires in Greece showed increased firefighting
resources when old growth forests or national parks were threatened. For example, the lake or seashore
forests that are part of the NATURA 2000 network of protected areas, while covering a relatively small
area, provide important ecosystem services such as flood protection, water purification, recreation
and soil stabilization, and provide habitats for numerous flora and fauna species. Old-growth forests,
such as the Frakto Virgin forest in northern Greece, protect a unique assemblage of mixed deciduous
and coniferous montane species including some of the southernmost autochthonous populations of
spruce (Picea abies) in Europe. Important ecosystem services are provided by the 19 Greek recreational
forests, while the 25 National Parks and Forests cover approximately 1.5 million ha, each with unique
ecological value with millions of visitors each year. Aside from protected forested types, the literature
clearly identifies the importance of the criteria included in this category (Table 1).
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Table 1. Relative importance, assessment scale and relevant literature for each criterion for the effects on landscape and vegetation fire effects category.

Criterion

Contribution to the

FIRE Index Score (%) Relative Importance Assessment Scale References

Ecosystem location/type

Mountainous and wildland .
7.34 urban interface ranked highest Dominant type of the affected landscape [22,24-30]

Dominant land use/land cover type

Higher elevation conifer and
1.88 cold climate broadleaf forests Portion of landscape relative to dominant species type [31-40]
ranked highest

Protected forested area type

Old-growth and national parks
weighted highest, with
recreational areas also
considered

1.15 Landscape-level ratio of protected to non-protected [41-46]

Air quality and smoke impacts

Smoke impacts or visibility
reduction in proximity to
0.46 populated large areas weighted Broad landscape categories [47-54]
higher than lower or no impacts
on population

Probability of land degradation,

erosion, and soil loss

The higher the proportion of
any of these categories,
3.17 especially associated with high Proportion of landscape relative to burned area [55-64]
burned area proportion, the
higher the weight
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2.1.2. General Environmental Impacts

Wildfire effects on fauna and flora, environmental quality and biodiversity are assessed based
on eight criteria (Table 2; Appendix A Table A2). In addition to the landscape aesthetic changes
or the burning of the dominant vegetation types, wildfires affect the general environment where
animal and plant species develop, survive, compete, and cooperate. Plant and animal responses can
be classified based on the strategies they use to respond to fire, which include resistance, refugia,
avoidance, dormancy, recolonization, crypsis and intolerance [65]. The effects of fire on their habitats
and populations vary across species based on the success of their fire response strategies.

The relative importance of all criteria was weighted based on broad loss categories, while the
assessment scale was based on broad landscape categories. The losses (if any) of important fauna
habitats for five criteria (insects and invertebrates, small mammals/reptiles, fish, birds, and large-size
mammals) are included. The habitats of many of these species will be affected, during and after the fire,
and negative (or positive) impacts can occur on species populations. In Greece, there are numerous
endemic flora species (16% of all known species), while 473 species are vulnerable to extinction [39,66].
Regarding alien plant species, some increase fire activity such as Eucalyptus spp., while Opuntia spp.,
Centaurea maculosa and Acacia saligna reduce fire spread rate and intensity [67].

Table 2. Relative importance, assessment scale and relevant literature for each criterion for the general
environmental impacts fire effects category.

Contribution to

Criterion the FIRE Index Inl:e:)ar:la‘:ce Assessment Scale References
Score (%) P
Insect and invertebrate Weighted based on Broad landscape
. 2.13 broad loss . [68-74]
habitat losses . categories
categories
Small sized Weighted based on Broad landscape
mammal/reptile 1.56 broad loss categories P [70,75-83]
habitat losses categories &
Weighted based on
Fish habitat losses 0.37 broad loss Broz;ltéalgiicsape [84-93]
categories &
Weighted based on Broad land
Bird habitat losses 3.06 broad loss O:a teaorise’;ape [70,94-100]
categories &
. Weighted based on
Large 51.zed mammal 0.66 broad loss Broad 1an@scape [70,76,101-104]
habitat losses . categories
categories
Weighted based on
Losses of ImpOIjtant/Rare 429 broad loss Broad land'scape [66,105-107]
Flora Habitats . categories
categories
Threat from Alien Weighted based on Broad landscape
Species/Changes in Species 1.07 broad change categories P [67,104,108-113]
Composition (Flora) categories 8
Threat from Alien Weighted based on C]zzgajri?f:f;?je
Species/Changes in Species 0.86 broad change & . [114-118]
P & p & to the proportion of
Composition (Fauna) categories

reserve area

2.1.3. Regeneration Potential and Vegetation Recovery

Wildfire effects on regeneration potential and vegetation recovery include fire history, pre-fire
landscape and vegetation conditions, soil type and human pressures on the affected area, with 11 criteria
(Table 3; Appendix A Table A3). This category incorporates both positive and negative effects of
wildfire. For example, fires in predominantly older fire-adapted conifer stands receive a very low
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value, as older cone bearing trees will survive fire directly or via refugia and provide the opportunity
for regeneration and improvement of overall forest health [119-121]. The age of conifer species that
existed in the area prior to the fire (if present) is included, as well as the age of broadleaf/evergreen
shrublands. Regeneration within younger conifer forests is more difficult as reproductive maturity is
not reached until five years of age for low-elevation conifer species and 15 years for cold-tolerant conifer
species [120-123], as well as older (or very young) broadleaf forest/evergreen shrublands [124,125].
For these two criteria, it is important to consider the average age of the dominant vegetation types
across the whole burned area.

The topography of the area in terms of slope also impacts the magnitude of fire effects [126,127],
and thus information about the portions of the landscape that have a certain slope are considered
in the index. It is assumed that the more rugged the landscape and the higher the slope, the lower
the likelihood of successful regeneration. Additionally, grazing limits the conditions for potential
successful vegetation regeneration [128,129].

Recent fire activity is an important parameter that has a substantial effect on regeneration. Research
has shown the probability of successful regeneration increases for longer fire return intervals [130].
Frequently, post-fire vegetation recovery is dependent on unburned forest patches and individual
trees, providing a seed bank to colonize and repopulate the burned area. More dispersed and
abundant unburned patches lead to more successful regeneration [131,132]. Illegal activities that may
cause land use changes or modify formerly vegetated areas can have a substantial negative effect,
(e.g., illegal logging, construction of buildings, roads and houses, conversion of forests into agricultural
lands, etc.) [133]. Human influence can also impact fire effects through urban or tourism pressures,
such as frequent tourism trips into burned forests and recreational activities [134], usually into the
wildland—urban interface [135].

Fire smoldering can cause serious implications for vegetation recovery, mainly by modifying
significant soil properties that prevent seeds from germinating or resprouting [136]. Disease outbreaks or
the expansion of harmful insect populations can have negative impacts on surviving vegetation [137,138].
Often, seeds and genetic material are transferred to nearby burned areas, colonizing the landscape and
reestablishing vegetation. If surviving areas or individual large trees are negatively affected by fire,
then forest regeneration processes can be halted or lead to changes in vegetation type [139].

Finally, soil type plays an important role in resprouting and seed germination capacity. Deep soils
with small amounts of rocks are preferable for regeneration compared to shallow skeletal soils (steep
slopes or exposed parent material) [140-142]. This category also includes a metric similar to the
Composite Burn Index from Key and Benson [143], which assessed the percentage of burned, scorched
and unburned vegetation (black, brown and green) of the overstory vegetation, used as a general
multiplier in the category (see Section 2.2.3).

Table 3. Relative importance, assessment scale and relevant literature for each criterion for the
regeneration potential and vegetation recovery fire effects category.

Contribution to
Criterion the FIRE Index Relative Importance Assessment Scale References
Score (%)

Regeneration more [119-121,123,

Conifer forest age 1.41 difficult in younger forests Age at stand level 144-146]
Broadleaf/evergreen Regeneration more
shrubland forest 1.09 difficult in older or very Age at stand level [147-152]
age young forests
Lower likelihood of Portion of
o successful regeneration in . [59,126,127,
Slope (°) 2.25 landscape in slope
more rugged (steep) 153-155]
category

landscapes
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Table 3. Cont.
Contribution to
Criterion the FIRE Index Relative Importance Assessment Scale References
Score (%)
. Higher regeneration
Recep t fire 1.77 success with longer fire Broad land.scape [156-160]
activity . categories
return intervals
Higher regeneration
Unburned forest success in more dispersed Broad landscape
patches and 0.33 and abundant unburned scap [131,161-165]
AT . . categories
individual trees patches (fire refugia), thus
the lower the weight
The higher the grazing
Grazing/browsing frequency or rate, the . Amoun't O,f [128,152,166,
3.63 . livestock within or
threat lower the regeneration 167]
near burned area
success
The higher the level,
Hlegal estimated from pre-fire Broad landscape
activities/land 1.51 o P Seap [133,168-170]
conditions, the greater the categories
use changes .
weight
The higher the level,
Urban/tourism 0.66 estlm.ated from pre-fire Broad land.scape [64,134,135,171]
pressure conditions, the greater the categories
weight
Negative effects on soil
Smoldering 037 properties deFrease seed Broad landscape [136,172-174]
germination and categories
resprouting
Threat from Negative effect on Broad landscape [138,139,175-
insects and 0.16 2. . .
disease surviving vegetation categories 179]
Proportion of
Deeper soils more landscape in broad
. correlated with successful categories relative [141,142,180,
Soil type 0.81 . . .
regeneration of vegetation to proportion of 181]

than skeletal soils

burned, scorched
or unburned area

2.1.4. Firefighting and Wildfire Suppression

The evaluation of firefighting activities and the implemented wildfire suppression strategy to

infer operational costs (i.e., equipment and machinery wear, fuel, and logistics) includes eight criteria
(Table 4; Appendix A Table A4). These criteria aid in evaluating the extent and complexity of
firefighting. The fire behavior type, both duration and area affected, can be derived from observations,
remote sensing products or from the firefighting personnel. Higher intensity fires with crown fire
activity are considered the most difficult to suppress, while surface fires are usually those with the
highest early response and suppression effectiveness [182]. The extent of spotting or fire reignition,
i.e.,, when a flaming fire rekindles through the smoldering-to-flaming transition of an undetected
smoldering fire or glowing embers [183], reflects the difficulty of successfully containing the fire [184].

Counts of the number of people, vehicles and aircraft that participated during firefighting
operations all indicate suppression difficulty and complexity. The available choices were derived from
Greek Fire Service historical data and records for the period 2000-2019 [185] and are in proportion to
fire severity and suppression costs, i.e., the higher their number, the higher the costs and fire severity
(see Supplementary Table S1).
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International aid and reinforcements of personnel, vehicles, and aircraft, as well as the declaration
of the affected area as in a state of emergency, or the need to evacuate communities are other important
indicators of wildfire suppression difficulty, as well as associated costs [186]. The European Union
through the rescEU Civil Protection Mechanism has the objective of enhancing both the protection
of citizens from disasters and the management of emerging risks, supporting member states by
co-financing the development of rescEU capacities, including their rental, leasing or acquisition of
firefighting means. Fire duration can also amplify suppression resource expenditures as indicated
from historical Greek Fire Service records.

Table 4. Relative importance, assessment scale and relevant literature for each criterion for the
firefighting and wildfire suppression fire effects category.

Contribution to

Criterion the FIRE Index Relative Assessment References
o Importance Scale
Score (%)
Active crown fire
Fire behavior type 419 weighted higher  Broad landscape 3¢ 165 137 18]
than passive or categories
surface
The higher the
Fire re1gr}1t1on— 281 spott.lr}g and Broad land.scape [189,190]
spotting reignition the categories
higher the weight
Number of people The higher the ..
participating in fire 191 number the higher Broad 1nc1.der1t Table S1; [36,191]
. . categories
suppression the weight
The higher the ..
. 'Nur.nber Of. 1.22 number the higher Broad 1nc1.der1t Table S1; [36,191]
firefighting vehicles . categories
the weight
The higher the ..
. Number .Of 1.80 number the higher Broad 1nc1.der1t Table S1; [36,191]
firefighting aircraft . categories
the weight
Aircraft weighted
International aid and higher than Broad incident
. 0.34 . . [186]
reinforcements vehicles or categories
personnel
Declaration of the Binary with ves
area in a state of 1.01 ary vy Yes/No [192]
weighted higher
emergency
Communit The higher the Broa:i milident
oty 0.73 number the higher caregories [36,191]
evacuation . relative to fire
the weight .
duration

2.1.5. Casualties and Fatalities

The main operational priority for most firefighting agencies across the world is focused on the
protection of civilian and personnel lives, followed by the protection of firefighting infrastructure,
private and public property, and the natural environment. The relative importance of all criteria was
weighted based on raw values (e.g., the higher the number of firefighter vehicle losses, the higher the
weight), while the assessment scale was based on broad incident categories.

Societies often evaluate the importance of a wildfire from the number of fatalities it has caused
and the total burned area [193]. Thus, a category with criteria able to estimate what has happened
in terms of casualties is extremely important. This category determines the human death toll caused
by the fire, along with the number of injured individuals and the number of destroyed firefighting
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vehicles and aircraft. It is composed of five criteria—three of them describe fire effects on human lives,
and two on firefighting vehicle and aircraft losses [194] (Table 5; Appendix A Table A5). In addition,
the destruction of firefighting aircraft decreases the future operational capabilities of the Greek Fire
Service, and thus lowers the probability of successful containment of current and future fires.

Table 5. Relative importance, assessment scale and relevant literature for each criterion for the casualties
and fatalities fire effects category.

Contribution to

Criterion the FIRE Index Relative Importance Assessment Scale References
Score (%)
o .. The higher the number Broad incident Table S2;
Civilian fatalities 642 the higher the weight categories [195-197]
Firefighting 486 The higher the number Broad incident Table S2;
personnel fatalities ’ the higher the weight categories [194,198]
. The higher the number Broad incident
Injured 1.67 the higher the weight categories [196,199]
Firefighting 071 The higher the number Broad incident n/a
vehicle losses ’ the higher the weight categories
Firefighting The higher the number Broad incident
aircraft losses 235 the higher the weight categories Table 53

The choices for each criterion were derived from historical fire records (see Supplementary Material,
Tables S2 and S3). Historical data indicate that from a single fire event, firefighting personnel losses
reached a maximum of four fatalities in 1998 in Karea in the Attica fire, while the highest number of
civilian fatalities occurred in 2018 in Mati, also in the Attica fire, with 102 deceased and 31 injured. It is
more common to have destroyed firefighting vehicles compared to aircraft (maximum two aircraft in a
single year—ca. 2000), but the impact of a lost aircraft on suppression capabilities is greater.

2.1.6. Destruction and Damages to Infrastructure

This category is composed of 11 criteria and estimates the magnitude of destruction and
damages caused by a fire event on property, public infrastructure, monuments, and capital (Table 6;
Appendix A Table A6). Peri-urban communities in fire-prone regions around the world are at
increasing risk from unplanned fires (wildfires) because of population growth and climate change [200].
The potential consequences of these factors were illustrated by major wildfires in southern Greece
in 2007, with 847 houses completely destroyed and 672 damaged, 41 public buildings completely
destroyed and 817 destroyed household stables, warehouses, or auxiliary buildings [201]. Close to the
Greek capital Athens, from a single event (i.e., Mati fire) in 2018, 835 houses and more than 250 vehicles
were destroyed or damaged with a cost exceeding EUR 1.5 million [202].

Post-fire monument and cultural heritage losses include heritage site rehabilitation and repair
costs, devaluation of cultural and spiritual assets, the loss of traditional uses and heritage, lost research
opportunities to gather limited and fragile information, and heritage-related business, job, and tax
revenue declines [21,203]. Recent examples of World Heritage monuments affected by wildfires in
Greece include the archaeological sites of Olympia and Mycenae during the 2007 and 2020 fire seasons,
respectively. The cost of damages to the electricity grid can result from transmission line shutdowns and
resultant loss of metered power sales, destruction and damage to energy production and transmission
systems, and loss of biomass energy supplies [21,204].

In Greece, it is common for greenhouses and agricultural installations to be damaged or destroyed
due to their location in the rural interface, even from smaller scale and lower intensity fire events.
During the prefecture of Ilia fire in 1998, 85 livestock buildings were destroyed. The large dispersal
of military equipment, facilities and weapons across the Greek landscape increase the accident risk,
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and although all necessary fire protection measures are applied, it is expected that in the case of an
accident the cost will be very high. Damage to the telecommunication grid is rare due to frequent
fuel management around installations and the wireless nature of the grid; however, it has been an
important fire effect globally. Wildfire related damages to factories, renewable energy sources and
industrial warehouses are also rare, but would be highly costly if they occur. Finally, damage to water
supply networks have been documented for the majority of fire events since the network is extensive
and the water transfer tubes are made of plastic, with networks extending to remote areas and in
contact with vegetation.

Table 6. Relative importance, assessment scale and relevant literature for each criterion for the

destruction and damages to infrastructure fire effects category.

Contribution to

Relative

Assessment

Criterion the FIRE Index References
o Importance Scale
Score (%)
The higher the number  Broad incident
Destroyed houses 417 the higher the weight categories [36,191]
Destroyed household The higher the number  Broad incident
stables, warehouses, or 0.58 . . . [36,191]
g o the higher the weight categories
auxiliary buildings
World Heritage Sites
Damage to monuments weighted higher than Broad
5 . . 1.86 ghted g landscape [203,205]
or cultural heritage sites historic or recent ;
categories
monuments
Cost of damages to 0.24 The higher the cost the =~ Broad incident 36,191]
vehicles and machinery ’ higher the weight categories !
Cost of damages to The higher the cost the =~ Broad incident
electricity grid 155 higher the weight categories [204,206,207]
Cost of damages to 0.83 The higher the cost the  Broad incident n/a
telecommunications ’ higher the weight categories
Cost of damages to 542 The higher the cost the = Broad incident [208,209]
water supply network ’ higher the weight categories !
Cost of damages to . -
public transportation 0.45 The .hlgher the CQSt the ~ Broad 1nc1.dent [52,199,210,211]
network higher the weight categories
Cost of .dfamages to The higher the cost the =~ Broad incident
military 0-24 higher the weight categories n/a
facilities/equipment & & &
Cost of damages to
factories, renewable The higher the cost the =~ Broad incident
0.33 . . . n/a
energy sources and higher the weight categories
industrial warehouses
Cost of damages to . o
. . The higher the cost the =~ Broad incident
agricultural/livestock 1.33 higher the weight categories [212]

installations

2.1.7. Economic Losses

Wildfire effects on economic losses account for changes that are expected to occur to local or
regional economies, emphasizing the market price drop of some valued items/products, the inability to
produce or collect them and the amount of money that will be spent to restore or compensate for lost
productivity [213,214]. Estimates of the relative cost of post-fire landscape treatment investments that
will be applied to the affected area, and the cost of anticipated rehabilitation investments and future
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economic losses are important wildfire effects and can vary substantially across events. This category
is composed of eight criteria (Table 7; Appendix A Table A7).

Timber production and wood harvesting practices in the affected area, and whether the area
was under management status with frequent or scheduled timber harvests, are indicators of probable
economic losses. Several industries as well as private individuals utilize non-timber forest products,
such as game, honey production, resin extraction, pharmaceutical products, wild food, etc., developing
small scale local or regional economies around these activities. In Greece, it is very common for a
wildfire to cause negative impacts to agricultural and livestock production [9,168], usually through
losses directly from fire (animal deaths, burning of crops or orchards, destruction of infrastructure
such as greenhouses, etc.).

The FIRE Index also considers the cost of possible compensation and future revenue losses due
to destruction of resources (e.g., in case of destroyed orchards). To restore industrial and electricity
production, or to repair infrastructure and public property, compensation or funding must be paid
from state or insurance companies, otherwise negative effects balloon across communities. The same
principle also applies for houses and buildings. To evaluate fire effects on tourism and recreation,
aesthetic resources, and tourism infrastructure potential and the kind of recreational activities that
take place in the broader affected landscape are critical elements to consider [134]. A link must also be
established between the real estate value of the burned area and its importance for tourism purposes,
along with the predicted revenue losses. Finally, the cost of landscape rehabilitation investments that
are expected to be applied to the affected area are included in the index. Usually, their type and extent
depend on resources the state is willing to allocate [215].

Table 7. Relative importance, assessment scale and relevant literature for each criterion for the economic
losses fire effects category.

Contribution to

Criterion the FIRE Index Relative Assessment References
o Importance Scale
Score (%)
Timber and wood The higher the losses Broad landscape
products lost revenue 0-26 the higher the weight categories [5,207,216,217]
Non-wood forest 0.55 The higher the losses ~ Broad landscape [218,219]
products lost revenue ’ the higher the weight categories !
Agricultural .
production lost 1.85 The hlgher the 10§ses Broad land.scape [212]
the higher the weight categories
revenue
Livestock production 0.92 The higher the losses ~ Broad landscape [212]
lost revenue ’ the higher the weight categories
Cost to restore .
industrial and 0.92 The hlgher the 10§ses Broad land.scape [204,220]
. . the higher the weight categories
electricity production
Compensation and .
funding for house and 4.18 The hlgher the 10§ses Broad land.scap ¢ [207,221-224]
s . the higher the weight categories
building restoration
Forested area use
Effect on tou'rlsm and 1.85 weighted higher than Broad 1andscape [31,225,226]
recreation scenery, ocean tourism categories
and non-tourist areas
Broad landscape
Landscape The higher the scale of categories
mndseap 3.47 loss the higher the relative to the [63,227]
rehabilitation cost .
weight area of the

landscape burned
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2.2. FIRE Index Design

The conceptual design and implementation of the FIRE Index was inspired by three distinct
ranking approaches: (1) a methodology used to estimate and assess burn severity and first-order
fire effects in the field (Composite Burn Index, CBI) from Key and Benson [143]; (2) the ranking of
academic institutions across the globe (The World University Rankings from Thomson Reuters) [228];
and (3) the Global Competitiveness Index (GCl—version 4.0) [229,230]. These three examples of
indexing and ranking are applications of general methodological innovations that were incorporated
into the FIRE Index methodology, namely the evaluation of preselected choices from CBI, and the
varying weighting of different categories and indicators to describe their contribution to the final index
score from The World University Rankings and GCL

The CBI attempts to assess how ecologically significant the consequences of a given fire are, or
how much fire has altered the biophysical conditions of a site, by providing a numeric scale for gauging
such changes. CBI uses field observations to capture the magnitude of fire effects combined across all
vegetation strata per sample area, by evaluating independently each stratum by several criteria and
giving a rating falling between zero and three on a set of preselected choices positioned on that scale,
spanning the possible range of fire severity between unburned and highest burn effects. All vegetation
strata have equal contribution to the final CBI score. However, given the CBI approach equally ranks
all criteria, we adapted the academic ranking methodology to vary the contribution that each fire
effects criterion has on the final FIRE Index score.

The academic ranking method weights five categories, ie., teaching (the learning
environment—30% of final score), research (volume, income and reputation—30% of final score),
citations (research influence—30% of final score), international outlook (staff, students, research—7.5%
of final score) and industry income (knowledge transfer—2.5% of final score), allowing each category a
different contribution to the final score [231].

The GClis a weighted index composed of 98 indicators grouped in 12 categories of competitiveness
expressed on a 0 to 100 scale, each category reflecting one aspect of the complex reality of the national
production potential [230]. The overall GCI score is the simple average of the 12 pillars, so each pillar’s
implicit weight is 8.3% (1/12), while the normalization of all 98 individual indicators is based on a
min-max approach [230].

The FIRE Index is composed of criteria grouped into fire effect categories (as described in
Section 2.1). The backbone of the ranking method among the different criteria that comprise each fire
effects category is the analytical hierarchical process (See Section 2.3) [232]. An expert evaluation of
relative criterion importance was conducted using social survey tools and their responses were the
inputs of Analytic Hierarchy Process (AHP, see Section 2.4). Criteria weights were adjusted by additive
terms, criterion descriptors and general multipliers (see example in Table 8; and described below)
during the assessment process to account for the complexity of several criteria (see Sections 2.2.1-2.2.3).
The majority of criteria and multipliers can be evaluated by simply selecting one from the available
choices or providing a user defined value, some have a particular logic behind the available choices
that is noted in their description in Section 2.1.

Table 8. Example evaluation for the effects on landscape and vegetation fire effects category. The scale
of criteria values ranges from 0 (no effect) to 100 (high effect), while for the general multiplier value
from 0 (no effect) to 3 (high effect). Light gray: Choices with no effect; Dark gray: N/a, denotes
a non-applicable or not available selection; Green: Choices with low effect; Yellow: Choices with
moderate effect; Red: Choices with high effect.

No
Effect

Criterion Value 0 10 20 40 60 80 100
General Multiplier Value 0 0.5 1 15 2 2.5 3

Low Moderate High
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Table 8. Cont.

No q
High
Effect Low Moderate ig
Criterion Protected forested Lakeor  [CRRREHERRIN National Old-growth
(A3.): area type None seashore forests parks forest
e forests
Ratio of protected
Additive forested area vs.
non-protected area <10% 11-20% 21-30% 31-40% 41-50% >50%
Term ..
inside the burned
perimeter
Criterion Probability of land
degradation, erosion, =~ None Low Moderate High
(A5) :
and soil loss
Criterion Cover (0-100%)- o o N N
Descriptor  Sum must be = 100% 0-100% 0-100% 0-100% 0-100%
General Burned area (ha) <10  10-100 >100-500  >500-2000 >2000-7000 7000
Multiplier

2.2.1. Additive Terms

Additive terms (AT) were used to adjust weights for two criteria to aid in a more detailed
description of the dominant land use/land cover types by specifying the vegetation species affected by
the fire and to what extent, and define the type of protected forested area and its percentage inside the
affected area. The criterion value is modified by the additive term value, but eventually the final value
will fall in the range of 0 to 100, due to an average estimation of the two values.

2.2.2. Criterion Descriptors

Similar to additive terms, given the FIRE Index is conducted at the scale of a large fire event,
the use of a criterion descriptor allows the attribution of a percentage value for a given criterion choice,
to more accurately assess the effects across the entire landscape. For example, to account for steep
slopes, one single value for the slope could not describe an entire large fire event; therefore, the discrete
descriptor classes allow assessment based on the percentage of the landscape in slope categories.

2.2.3. General Multipliers

When variation occurs in the size or duration of fire events, some of the categories required an
adjustment of the score to account for this variation. This adjustment was implemented with a general
multiplier (GM) value based on a scale of 0.5 to 3, with a 0.5 interval. GM adjustments provide the
ability to decrease (by selecting a value from 0.5 to 0.9), keep the same (values equal to one) or increase
(values greater than one) the overall category’s score to account for the different scales of the fire
effects. For example, the final category’s score cannot be the same if for two different fire events all
criteria receive the highest scores, but area burned in the first fire is 100 ha and in the second 7000 ha.
Additive terms were also assigned to two general multipliers and their value is defined by the average
of all responses.

2.3. Prioritization of Criteria Using the Analytical Hierarchical Process

For each criterion, weights were derived to prioritize effects based on their relative importance
in the category and final index levels using the AHP method developed by Saaty [232] and applied
in a variety of scientific disciplines and case studies [233-236]. AHP is a structured technique for
organizing and analyzing complex decisions where each respondent must compare the relative
importance between two items with a specially designed questionnaire, usually on a five-point Likert
scale. In Appendix B, we provide the context and results of the AHP application for each fire effects
category, with criteria ranking derived from the social survey (see Section 2.4). For the final FIRE
Index score estimation, the calculation of all criteria and multiplier values was required. Each criterion
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was weighted and then summed with the others from the same category using the fundamental
multi-criteria analysis—Equation (1) [237] (Appendix C).

S =

n
wjsij = W15i1 + WaSip +...... -+ WySin 1)

j=1

where §; is the score of each category, and W; is the weight of criterion S;;. If a general multiplier
existed, it was applied on the weighted sum (S;).

Then, a normalization of the outcome was performed on a scale of 0 to 100 by using the highest
and lowest value that each category can achieve with Equation (2):

X = (Ki = Ryin) +SR o)
(Rmax - Rmin)

where, K; is the outcome weighted value of category i, R;;;;;, and Ry are the lowest and highest values,
respectively, the category can achieve, and SR is the standardized range (i.e., 100). Finally, the value
from each of the seven categories was also weighted and then summed with the others to derive the
final FIRE Index score on a scale of 1-100.

2.4. Expert Evaluation of Relative Criterion Importance

We conducted a web-based survey of professionals in wildfire management, research,
and academia, as well as other engaged stakeholders interested in wildfire management
(local government officials, non-governmental organizations, community members etc.) [238].
The survey was conducted during the winter of 2017-2018 (December through February), after we
selected the criteria and formed the fire effects categories based on a literature review and analysis
of 50 large-scale historical fire events. All respondents were anonymous, but we estimated that
approximately 200 survey recipients were working in central government, the Fire Service, Forest Service
and research organizations and received the questionnaire by e-mail (personal communication),
while another 100 individuals (non-governmental organizations, community members and civil
protection volunteers) were contacted through social networks. Respondents could choose to see the
questions in either Greek or English.

We received 106 properly completed responses, representing a 33% response rate. We asked the
participants to rate which factors they believed influenced how burned areas regenerate, which post-fire
environmental issues they considered the most important, which factors reduce the aesthetic quality
and attractiveness of the affected lands, how much they would be personally impacted by fatalities and
firefighting casualties, and under which conditions wildfire suppression is considered difficult and
complex. In addition, we asked for their views on which types of economic losses and infrastructure
damage (or destruction) could impact the lives of people living in their community.

The questionnaire was constructed with Qualtrics (Qualtrics, Provo, UT, USA) using matrix type
questions measured on a five-point Likert-scale in which subjects were asked to express their views
with statements that ranged from no effect (assigning the value of zero) to very high effect (value of
four). Experts were those respondents that experienced at least three fire incidents during their lives
(either witnessed them or through their professional career), and had good or excellent working
experience on at least two of the following fire related activities: suppression, fuel management,
research and academia, post-fire rehabilitation, and effects of wildfires.

To derive the importance of each criterion, we summed the percentages of high and very high
responses and we ranked the criteria from the highest to the lowest value. Then, we created a matrix
where we estimated the percentage difference of each criterion in relation to each other. For example,
in the regeneration potential and vegetation recovery category, 65% of all respondents rated post-fire
grazing threat as the most important, followed by steep slopes with 58%, and thus their difference was
7% (three points—see Table 9).
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Table 9. Conversion of the average percent difference in the number of respondents rating each criterion
as high and very high between two criteria, to the 1-9 scale using the analytical hierarchical process to
construct the pair-wise comparison reciprocal matrix.

<1% -> 1 point <5% -> 2 points >5-10% -> 3 points
>10-15% -> 4 points >15-20% -> 5 points >20-30% -> 6 points
>30-40% -> 7 points >40-50% -> 8 points >50% -> 9 points

The importance of grazing compared to the threat from insects and disease (10% of all respondents
responded high and very high, respectively) had a difference of 55% (nine points). These differences
were converted to the 1-9 scale used in AHP (Table 9) to construct the pair-wise comparison reciprocal
matrix (Appendix B).

2.5. Fire Effects Assessment

The FIRE Index assessor should be a designated person or group of experts, preferably employees
from the Greek Forest Service or the General Secretariat for Civil Protection or any government research
institution that specializes in wildfires and forest management, with adequate knowledge of what has
happened during and after the fire event, as well as of the landscape and vegetation conditions prior
to the fire, such as fauna and flora composition, soil properties, fire history and regimes. Since the
FIRE index is meant to encapsulate socioeconomic effects, we strongly encourage the assessment team
to consult or include members from local organizations that have a better understanding of the current
socioeconomic issues that may be exacerbated by a fire. The FIRE Index was designed so that only one
assessor or assessment group should evaluate a wildfire event, but in case of multiple evaluations,
we advise averaging the scores into a single FIRE Index score. To successfully complete an assessment,
a choice must be made for all 56 criteria.

Ideally, two evaluations during two different time periods should be conducted, with the initial
assessment taking place one week to one month following the incident, and the second assessment one
year after the fire. The initial assessment is adequate to guide where post-fire investment should be
directed and will serve as a quick guide to rank the event compared to the other events during the
same fire season. The second assessment could correct potential errors or lack of information during
the initial assessment, account for delayed mortality, and might better address long-term ecological
consequences such as impacts to sensitive communities or species, or risk factors such as erosion and
future fire potential [143].

Between the two assessments, spatial data, such as burn severity, soil erodibility, or post-fire
vegetation recovery through satellite image processing, can be collected and used to correct errors.
We also suggest that at least one visit to the affected area from the assessor or the assessment group
takes place, and if possible an inventory of the affected area with 5-10 plots using the Composite Burn
Index to estimate some of the first-order fire effects [143]. We estimated that for a large-scale fire such
as the 2011 Evros fire in Greece (see Section 2.7), a full working week is required to complete the initial
assessment, and another week for the second assessment, including the time required for field work.

2.6. Sensitivity Analysis

A sensitivity analysis was conducted by using four alternative weight assignment scenarios on the
seven fire effect categories to test how they affect the final FIRE Index score (Table 10): (1) equal weights,
(2) author weights, (3) emphasis on environmental weights, and (4) emphasis on socioeconomic
weights. Criteria weights were not changed. We tested the influence of the four scenario weights on
the evaluation of the Evros fire by keeping all category scores the same as evaluated in Appendix C
and changing only the category weights (overall score).



Fire 2020, 3, 63 18 of 53

Table 10. The four alternative weight assignment scenarios tested during sensitivity analysis for the
seven fire effects categories.

Fire Effects Catego Groupin Equal Author  Environmental Socioeconomic
gory ping Weights Weights Weights Weights
Landscape and Vegetation 0.14 0.21 0.25 0.06
Environmental Impacts Environmental 0.14 0.11 0.25 0.07
Regeneration Potential 0.14 0.10 0.25 0.07
Firefighting & Suppression 0.14 0.05 0.06 0.20
Casualties & Fatalities 0.16 0.31 0.07 0.20
Destruction & Damages to  ggcioeconomic 0.14 013 0.06 0.20
Infrastructure

Economic Losses 0.14 0.09 0.06 0.20

For example, the firefighting and wildfire suppression category was evaluated with a value of 72
out of 100. To derive the final FIRE Index score this value was held constant. For the equal weight
scenario, it was multiplied by 0.14, for the author weight scenario by 0.05, for the environmental weight
scenario by 0.06, and for the socioeconomic weight scenario by 0.20, as they appear in Table 10.

Then, after maximizing the value of each fire effects category one at a time and keeping all other
fire effects category scores the same, we tested the effect on the FIRE Index score for each of these four
weighting scenarios. We chose to use the maximum value to correct for that fact that not all fire effect
categories had a high value to allow us to test its influence. For example, there were no casualties or
fatalities during the Evros fire, and this category had a zero value.

The equal weight scenario is the one that is used in the final version of the FIRE index, including
its web version, with all categories having equal weights except for the casualties and fatalities with
a slightly higher weight, but note the expert survey was used to derive criteria weights. The author
weights scenario was developed by the authors setting large differences among category weights
based on their working experience of what is considered important based on Greek societal norms.
The environmental and socioeconomic scenarios place more importance on these groupings, with equal
weights on the categories of these groups. Again, for all four scenarios, criteria weights were unchanged
as derived from the expert evaluation of relative criterion importance analysis with the AHP process
(Figures 1 and 2).

2.7. Example Application of the FIRE Index

The Evros fire started on the afternoon of 24 August 2011, and under the influence of strong
northeastern winds quickly expanded towards the southwest (Figure 3). The vegetation consisted
mainly of Pinus brutia stands with an understory composed of shrubs and broadleaf trees (Phillyrea media,
Quercus coccifera, Laurus nobilis, Acer spp., Juniperus oxycedrus, Erica malipuliflora, Arbutus andrachne).
The active fire period lasted for four days, resulting in burned conifer forests, oak stands, shrublands,
grasslands and agricultural areas, in low elevation lands with gentle slopes (between 120 m and 385 m
and 5° to 25°). The Evros fire was the 36th largest wildfire in Greece (5900 ha) for the period 1974-2019
(Tables S4 and S5).

A large part of the burned area was covered by reforested conifer areas conducted 50 years ago by
the local Forest Service. At that time, the area was dominated by shrubs and oaks, which were removed
by mechanical means and replaced by conifer species planted in manmade terraces. The existence
of fuel breaks and vegetation free zones helped fire containment efforts, which in turn enabled the
survival of forested enclaves, creating a mosaic of burned and unburned patches. We visited the
affected area twice after the event (2011 for the initial assessment and 2012 for the extended assessment)
to sample and inventory the most prominent and noticeable fire effects, including first-order fire effects
and insect response to fires [239,240]. Suppression activities were at the highest level of personnel and
firefighting deployment, including considerable international aid. In addition, its proximity to the
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Dadia-Lefkimi-Soufli Forest National Park raised important ecological concerns on potential effects on
fauna and flora, while the potential lost revenue from timber sources was the main concern of local
communities and timber mills.

[1 Fire perimeter = 69 km / 5,900 ha
=)

Consumed = 3,500 ha
=

| -
= ) Partially burned = 1,850 ha

—)
Unburned = 700 ha
=
Agricultural land = 280 ha

-
Seurces: Esni. USGS. NOAA

Figure 3. The August 2011 Evros fire in northern Greece, with the different burn effects on
vegetation highlighted with different colors. Black: consumed; orange: scorched or partially burned;
green: unburned.

3. Results

3.1. Sensitivity Analysis

From the evaluation described in detail in Appendix C, the overall FIRE Index score for the Evros
fire was 28.3/100 (Figure 4—equal weights line on first column). Criteria weights were unaltered
among the four weighting scenarios (Figures 1 and 2). The top five criteria influencing the FIRE
Index score were ecosystem location/type (7.3% of the total FIRE index score), civilian fatalities (6.4%)
and personnel casualties (4.9%), loss of important or rare flora habitats (4.3%), and fire behavior type
(4.2%), all accounting for 27% of the total FIRE Index score (Appendix A Tables A1-A7). The next
three most important criteria were the cost of compensation for house and building restoration (4.2%),
the number of destroyed houses (4.2%), and grazing threat to regeneration (3.6%). In total, these eight
criteria accounted for approximately 40% of the total FIRE Index score and were those that also
contributed the most to each individual category score.

The author weight scenario (red line) had the lowest FIRE Index score for the Evros fire evaluation,
approximately 25% lower than the other three weighting scenarios that all had similar values (Figure 4).
Opverall, the author weighting scenario had the lowest scores compared to the other three scenarios even
when the different category scores were maximized, with the exception of the casualties and fatalities
category, which received the highest score compared to the other three scenarios. The average difference
in the author weights scenario score from the highest score of each Max column (i.e., overall score and
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the seven maximum values of categories) was 30%, similar to its average difference from the equal
weighting scenario scores, which was 28% (compared at each Max column scale).

——Equal Weights  -=-Author Weights Environmental Weights Sociceconomic Weights

55

52.85

50

45

41.05

F
o

37.07

w
i

32.63

FIRE INDEX SCORE

30

28.3 & 2853

25

21.49
OVERALL MAX LV MAX EI MAX RP MAX FS MAX CF MAX DDI MAX EL
SCORE

20

FIRE EFFECTS CATEGORY

Figure 4. Fire Inventory and Ranking of Effects (FIRE) Index scores as derived from sensitivity analysis
on the four alternative weight assignment scenarios on the Evros fire. In the overall score column,
we used the values of each fire effects category as derived from the evaluation of the Evros fire in
Appendix C. The four lines show the FIRE Index score after changing category weights based on the four
scenarios. The Max columns show the final FIRE Index score after maximizing one at a time, and the
value of each fire effects category while keeping all other category scores constant. LV: landscape and
vegetation; EI: environmental impacts; RP: regeneration potential; FS: firefighting and suppression;
CF: casualties and fatalities; DDI: destruction and damages of infrastructure; EL: economic losses.

As expected, the environmental weights scenario had higher index scores when the environmental
group categories were maximized, and much lower scores for the four socioeconomic group categories.
Its average difference from the equal weighting scenario scores was 15%. The socioeconomic weighting
scenario had an average difference from the equal weighting scenario of 10%, with higher scores for
the socioeconomic group categories except for casualties and fatalities. Overall, the equal weights
scenario was the most balanced, falling between the environmental and socioeconomic weight scenarios.
The author weight scenario was mismatched with the other three scenarios, producing large differences

in the final FIRE Index score.

3.2. Connecting Governance Actions and Post-Fire Mitigation Measures with Fire Effects Category Scores

Different combinations of high values of the two fire effect categories can suggest the application
of different governance actions and post-fire mitigation measures (Table 11). By selecting certain
choices for the different criteria of each category (see Appendix D) derived from the assessment of
the 50 historical large-scale wildfire events, we were able to derive high category score thresholds.
When more than two categories are combined, a combination of measures and actions might be needed.
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Table 11. Potential governance actions and post-fire mitigation measures that can be applied after each fire, based on which fire effect categories scored high values

(highlighted with green color).

Potential Governance Actions and Post-Fire Mitigation Measures

Large-Scale Landscape Protection of Ecological Financial Aid to

High Fire Effect Rehabilitation; . Disaster Relief in Enhance Sup'pre.ssm.n Values-at-Risk and Stablhz.e Local
PROMOTE Vegetation . and Increase Firefighting . Economies and
Category Scores Communities . Restoration of Ecosystem .
Recovery and Capacity . Investments to Rebuild
. Services
Regeneration Infrastructure

LV values (>40)

EI values (>40)

RP values (>40)
FS values (>45)
CF values (>50)
DDI values (>40)
EL values (>30)

LV: landscape and vegetation; EI: environmental impacts; RP: regeneration potential; FS: firefighting and suppression; CF: casualties and fatalities; DDI: destruction and damages of
infrastructure; EL: economic losses.
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The proposed measures and actions include large-scale landscape rehabilitation and promoting
vegetation recovery and regeneration, disaster relief in communities, enhanced suppression and
increased firefighting capacity, protection of ecological values-at-risk and restoration of ecosystem
services, and financial aid to stabilize local economies and investment to rebuild infrastructure. The list
of measures and actions can be translated into more site-specific actions from government and local
agencies that meet the needs of the affected area.

4. Discussion

The FIRE Index is the first fire effects evaluation index developed and applied in Greece, and to the
best of our knowledge, elsewhere, establishing an evaluation process using a categorical hierarchy with
criteria, choices and rules that determine the combination of evaluation scores. The index incorporates
a synthesis of the peer-reviewed literature concerning fire effects (see Tables 1-7) and analysis of
historical fire events in Greece. Since a systematic assessment of each large-scale event is missing,
the knowledge acquired after each event by state agencies is lost or forgotten after a few years since
the only officially documented information that is publicly available concerns suppression resources
for each event and the total area burned.

Given its limitations and assumptions, the FIRE Index attempts to better evaluate post-fire
conditions and prioritize rehabilitation actions and investments in the affected area, relative to
other wildfire events in each fire season. In addition, the index can be used to mitigate the
effects from a potential future fire event. If state agencies can access a database of past fires with
information on locations of accelerated desertification or where suppression activities were complex
and required mobilization of large forces, they can be better prepared to reduce negative fire impacts
and improve response.

The FIRE Index can systematically quantify and record what has happened for a large number
of fire effects, while for some others, it can estimate what is projected to occur. Among the multiple
fire events that occur each year in Greece, and the limited amount of money to fund rehabilitation
projects, a more inclusive evaluation of each fire’s effects could help the central government prioritize
investments to wildfires that have the greatest socioecological impacts. It is worth noting the extensive
effort taken to assess the impact of the 50 historical fires used in developing the FIRE Index criteria,
with most fires limited to a few available fire effects metrics. It is not possible to reconstruct a wide
suite of fire effects information from past events, necessitating a more comprehensive approach to
better inform pre- and post-fire governance.

Two fires can hypothetically achieve the same FIRE Index score from the combination of high
values of different categories, e.g., the first from higher values on regeneration potential and suppression
activities and the second from economic losses, but wildfire events can be contrasted based on individual
category scores. We suggest that results should be interpreted at both scales, first by comparing the
final FIRE Index score among fires to gain an overall understanding of the collective effect of all fire
effects categories, but also to report and understand which categories most influence the final value and
compare fires based on one fire effects category score at a time. We also suggest potential governance
actions and post-fire mitigation measures that could be taken when two categories with high scores for
a single fire are combined. The systematic use of the FIRE Index could support a database of scores that
can be used to fine-tune what values are considered high for each category and for the overall FIRE
Index score, and will enable a better linkage with mitigation actions and measures. Potentially, a greater
sample can enable these measures to be geographically specific, reflecting the post-fire conditions and
needs of different Greek regions and ecosystems.

Despite the large number of criteria assessed with the FIRE Index, many can be evaluated using
readily available spatial data, thus simplifying the evaluation process and increasing assessment
accuracy. For example, the size and perimeter of burned areas are usually available shortly after
a wildfire event by the European Forest Fire Information System (EFFIS) [241]. As we did for the
evaluation of the Evros fire, several spatial datasets can be utilized inside geographic information
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systems (GIS) to accurately generate the necessary inputs for the FIRE Index including the Coordination
of Information on the Environment (CORINE) land cover data [242], Landsat satellite images to estimate
burn severity, World View-2 satellite images to estimate post-fire vegetation conditions, soil maps and
erosion assessments, fire behavior modelling simulation software, and soil burn effects. In addition
to spatial data, visiting the affected area immediately after the fire can provide useful information to
complete the FIRE Index evaluation, similar to operations of Burned Area Emergency Response (BAER)
teams in the US [243]. Personal communication with local Fire Service and Forest Service personnel
can also provide invaluable information and knowledge on not only what happened during the event,
but also how the conditions were before the fire and what they anticipate or expect, based on personal
experience, for the future.

Wildfires can cause a number of positive effects, including soil heating and cracking of seed coats
that trigger germination, the triggering of woody seed pods held in the canopy to open and release
seed onto fresh and fertile ash beds, clearing thick understory and in turn, reducing competition for
seedlings, encouraging new vegetation growth and pollination [239], which provides food for many
animals, and creation of hollows in logs and trees that can be used by animals for nesting and shelter.
The design of the FIRE Index does not directly allow for positive fire effects; however, attributing
very low scores to a category nullifies its influence on the final FIRE Index score. For example, for the
prevention of future devastating fires, the value for the criterion ‘recent fire activity for a fire occurring
after 100 years’ is zero, and no additional value is added to the final FIRE Index score. The same
applies for the criterion conifer forest age, where older conifer forests receive a very low value since
they usually are no limited by regeneration potential. An expected pulse in insect and invertebrate
population growth can be reflected by selecting “None” for the criterion insect and invertebrate habitat
losses. The positive effects on regeneration potential or on the environment are reflected if the assessor
makes choices with lower or zero values.

As noted, while the FIRE Index is a comprehensive fire effects index, there are assumptions and
limitations inherent to its evaluation context. The main assumption is that each fire effect can be
evaluated by a single criterion that has predefined choices on a scale from 0 to 100; therefore, providing
a numerical value for its significance. This is less problematic for criteria with straightforward value
assignments, such as burned area, but applying a value on fatalities may seem arbitrary and could
be a source of disagreement. However, choices were derived from detailed studies on the effects of
50 historical fire events [36,191] (fire names can be found in the Supplementary Material Tables S4-56,
in bold), and the placement on the 0-100 scale is more a descriptive/qualitative approach rather than a
numerical one. The current approach scales the choices from lowest to highest impact, and thus they
are rated within this context. The resulting numerical values were used primarily for the calculations,
but their contribution to the FIRE Index is defined by the choice on the predefined scale (lowest to
highest effect).

One potential limitation of the FIRE Index is about fire effects that are more subjective in nature,
such as aesthetic quality. We believe we have minimized this by using more objective parameters such
as real estate value, presence of rare vegetation, proximity to tourism and recreation sites, and legal
protection status (for example, see Section 2.1.1) to reduce variation among assessors. Likewise,
for more objective metrics, there are limitations in the use of the FIRE Index; for example, with the
application of market values (see Section 2.1.6 on destruction and damage to infrastructure). The main
shortcoming of this approach is that damage costs can greatly exceed the predefined choices and there
is no option to apply extra costs.

During the sensitivity analysis, the authors compared the equal category weights used in the FIRE
Index with three other weighting scenarios (authors decisions, environmental focus, socioeconomic
focus). We found that the equal weights scenario is the most balanced in terms of fire effect category
scores compared to the other three scenarios that were more extreme or biased towards specific
categories. Finally, the AHP method used to derive criteria weights requires user inputs to set a
hierarchy among the criteria, and thus it is vulnerable to subjective judgment. Different people can rank
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criteria differently and this will lead to variation in weights for a single wildfire event. Our approach
of using expert knowledge and judgement from a large number of survey participants minimizes
the uncertainty regarding which criteria are the most important, but if the FIRE Index were applied
in a different country, a wide synthesis of recommendations by the country’s fire experts would be
necessary to rank the importance of different criteria, and results are expected to be different from ours.

Finally, the evaluation of the Evros fire revealed that three fire effect categories achieved high scores,
i.e., landscape and vegetation with 45/100, firefighting and suppression with 72/100 and economic losses
with 37/100. The local Forest Service agency during the first two years following the fire implemented
large-scale landscape rehabilitation measures, including salvage logging, opening of roads and soil
stabilization within the affected area. As estimated from the low score for the regeneration potential
category (19/100), natural regeneration was achieved without requiring human interference. The high
score of the firefighting and suppression category is indicative of how difficult fires can be in the future
in this region, suggesting the enhancement of pre-suppression infrastructure and facilities such as fuel
breaks, opening and cleaning of roads and increased water availability. Finally, economic losses were
mitigated by government support of the local timber mills, enabling regional logging associations to
immediately perform salvage logging and sell the retrieved timber to nearby mills.

5. Conclusions

Assessing the environmental and socioeconomic effects of wildfire events is critical in informing
a robust fire and forest management decision support system. We developed the FIRE Index as
an easy-to-use semi-numeric framework to classify wildfire events based on evaluations of a suite
of fire effects criteria, grouped into ecological and socioeconomic fire effects categories, combined
in a single score that can easily inform and educate the public on whether a hazard has become
a disaster by causing large-scale consequences, beyond a simple estimate of the burned area itself.
A wide and official use of the FIRE Index by state agencies could aid in the transparent documentation
and assessment of each large-scale fire event, creating a fire effects history database that will enable
researchers and policy makers in the future to understand what happened during a specific fire event
to better inform future wildfire governance.

Supplementary Materials: The following are available online at http://www.mdpi.com/2571-6255/3/4/63/s1,
Table S1: Number of firefighting personnel, vehicles and aircraft that participated in historical fire events
(2011-2019), Table S2: Number of civilian and firefighter personnel fatalities during historical wildfire events,
Table S3: Number of aircraft casualties and personnel fatalities during historical wildfire events, Table S4: Wildfire
events with a total burned area greater than 7000 hectares. In bold are the fires that were examined to derive the
FIRE Index criteria and choices, Table S5: Wildfire events with a total burned area between 2000 and 7000 hectares.
In bold are the fires that were examined to derive the FIRE Index criteria and choices, Table S6: Wildfire events
with a total burned area between 500 and 2000 hectares. In bold are the fires that were examined to derive the
FIRE Index criteria and choices.
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Appendix A

Table A1l. Criteria, choices, and weights for the effects on landscape and vegetation fire effects category. CR: criterion; CRD: criterion descriptor; AT: additive term;
GM: general multiplier. Light gray: Choices with no effect; Dark gray: N/a, denotes a non-applicable or not available selection; Green: Choices with low effect;

Yellow: Choices with moderate effect; Red: Choices with high effect.

Total
Weight Weight ID Type Name/Details No Effect Low Moderate High
(%)
General Multiplier Value 0 0.5 1 15 2 2.5 3
Criterion Value (0-100) 0 10 20 40 60 80 100
Ecosystem Flat Wildland-urban
0.524 7.34 Al CR >y terrain/Agricultural Highlands . Mountainous
location/type land interface
Dominant land Grass or short Agricultural Mixed or
0.134 1.88 A2 CR Bare soil Shrubland & broadleaf Conifer forest
use/land cover type shrub land or orchard forest
CRD Cover (0-100%)- 0-100% 0-100% 0-100% 0-100% 0-100% 0-100%
Sum must be = 100%
Fagus spp. or Mixed
AT Broadleaf/evergr'een Quercus spp. or Juglans regia or cold climate conifer/broadleaf
shrubland species Olea sylvestris Castanea spp. broadleaf forest
evergreens
Abies spp. or
. . . Juniperus spp. . . mixed Fir/Pine
Conifer forest Pinus brutia or Pinus nigra or .
AT - . . . or Cupressus . . forest or Pinus
dominant species Pinus halepensis Pinus pinea .
spp. sylvestris or
Pinus heldreichii
Lake or ]
0.082 1.15 A3 CR Protected forested None seashore D National parks Qs o
area type p forests forest
orests
Ratio of protected
forested area vs.
AT non-protected area <10% 11-20% 21-30% 31-40% 41-50% >50%
inside the burned
perimeter
Srr}a.ll-.s.cale VISIbﬂ.l ty VISIbll.l ty Severe smoke  Severe smoke
visibility reduction reduction . o . .
Air quality and Away from reduction and inside medium inside large impacts inside  impacts inside
0.033 0.46 A4 CR qua . . . medium sized large sized
smoke impacts settlements ~ smoke impacts sized sized
populated populated
near small populated populated
. areas areas
villages areas areas




Fire 2020, 3, 63
Table A1. Cont.
Total
Weight Weight ID Type Name/Details No Effect Low Moderate High
(%)
Probabilities of land
0.226 3.17 A5 CR degradation, erosion, None Low Moderate High
and soil loss

Cover (0-100%)- o o o o
CRD Sum must be = 100% 0-100% 0-100% 0-100% 0-100%

GM Burned area (ha) || A <10 10-100 >100-500 >500-2000 >2000-7000 >7000

26 of 53

Table A2. Criteria, choices, and weights for the general environmental impacts fire effects category. CR: criterion; AT: additive term; GM: general multiplier. Light gray:

Choices with no effect; Dark gray: N/a, denotes a non-applicable or not available selection; Green: Choices with low effect; Yellow: Choices with moderate effect;
Red: Choices with high effect.

Total
Weight Weight ID Type Name/Details No Effect Low Moderate High
(%)
General Multiplier Value 0.5 1 15 2 2.5 3
Criterion Value (0-100) 10 20 40 60 80 100
Insect and
0.152 2.13 B.1 CR invertebrate habitat None Few Several Extended
losses
Small sized
0.111 1.56 B.2 CR mammal/reptile None Few Several Extended
habitat losses
0.026 0.37 B.3 CR Fish habitat losses None Few Several Extended
0.219 3.06 B.4 CR Bird habitat losses None Few Several Extended
0.047 0.66 B.5 CR Large s1.zed mammal None Few Several Extended
habitat losses
Extended with
Zero due to alteration on Intense, with
. Losses of the lack of Few w1t}1 habltat posm‘ble species
0.306 4.29 B.6 CR important/rare flora important/rare regeneration conditions and extinction or
habitats z ecies potential strong disappearance from
P population the area

stresses
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Table A2. Cont.
Total
Weight Weight ID Type Name/Details No Effect Low Moderate High
(%)
Threat from alien
0.076 1.07 B.7 CR spec.les/ Change.s.m None Local Extended Intense
species composition
(Flora)
Threat from alien
0.062 0.86 B.8 CR speges/Change.s.m None Local Extended Intense
species composition
(Fauna)
s Areas of
Affected area under Wildlife Protected complete and Biogenetic/biosphere
GM . None habitats/NATUR pe 8 P
protection status natural areas strict reserves
2000 areas .
protection
AT Cover (0-100%) <10% 11-20% 21-30% 31-40% 41-50% >50%

Table A3. Criteria, choices, and weights for the regeneration potential and vegetation recovery fire effects category. CR: criterion; CRD: criterion descriptor; GM: general
multiplier. Light gray: Choices with no effect; Dark gray: N/a, denotes a non-applicable or not available selection; Green: Choices with low effect; Yellow: Choices

with moderate effect; Red: Choices with high effect.

Total
Weight Weight ID Type Name/Details No Effect Low Moderate High
(%)
General Multiplier Value 0 0.5 1 15 2 2.5 3
Criterion Value (0-100) 0 10 20 40 60 80 100
0.101 1.41 C1 CR Conifer forest age Not applicable 60-100 20-60 >100 15-20 <15
Broadleaf/evergreen . .
0.078 1.09 C2 CR shrubland forest age Not applicable 20-60 15-20 10-15 60-80 >80 177 < 10
0.161 2.25 C3 CR Slope (°) 0-5 5-10 10-15 15-20 20-30 3045 >45
| 00 -
CRD Cover (0-100%) 0-100% 0-100% 0-100% 0-100% 0-100% 0-100% 0-100%
Sum must be = 100%
0.127 1.77 C4 CR Recent fire activity >100 years >50 years >30 years >20 years <10 years
Unburned forest
Many Many Few Few
0.023 0.33 C5 CR patches and . . None
individual trees (dispersed) (Clustered) (dispersed) (Clustered)
0.259 3.63 C.6 CR Grazing/browsing None Partial Extended Intense

threat
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Total
Weight Weight ID Type Name/Details No Effect Low Moderate High
(%)
0108 151 c7  cr Megalactivities/land None Partial Extended Intense
use changes
0.047 0.66 C8 CR Urbanytourism None Partial Extended Intense
pressure
0.026 0.37 C.9 CR Smoldering None Partial Extended Intense
0012 016 Ci0 R ThreatfromInsects None Partial Extended Intense
and Disease
Deep soils Moderate Moderate Shallow soils Shallow
Deep soils with with nlfo derate depth soils depth soils with moderate exposed soils
0.058 0.81 C.11 CR Soil type small amount amount of with small with moderate amount of with large
of rocks r(())cks ° amount of amount of rc())cks © amount of

rocks rocks rocks

CRD Cover (0-100%)- 0-100% 0-100% 0-100% 0-100% 0-100% 0-100% 0-100%
Sum must be = 100%
GM Define the percentage of burned, scorched and unburned vegetation (black, brown and green); average value of the three responses below

100% with
Burned (Black) None 5-20% 60% >85% consumed
branches
Scorched (Brown) None 5-20% 40-80% <40 17 >80% NER R
torching
Unburned (Green) | 100% 80% 40% <10% None

Table A4. Criteria, choices, and weights for the firefighting and wildfire suppression fire effects category. CR: criterion; GM: general multiplier. Light gray:

Choices with no effect; Dark gray: N/a, denotes a non-applicable or not available selection; Green: Choices with low effect; Yellow: Choices with moderate effect;

Red: Choices with high effect.

Total
Weight Weight ID Type
(%)

Name/Details No Effect Low Moderate High

General Multiplier Value

0 0.5 1 1.5 2 2.5 8

Criterion Value (0-100)

10 20 40 60 80 100

0
0.299 4.19 D1 CR Fire behavior type Surface fire Torchlng/9a551ve ACtIV? crown
crown fire fire
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Table A4. Cont.
Total
Weight Weight ID Type Name/Details No Effect Low Moderate High
(%)
0201 281 D2 CR Fire reignition - None Few Constant
spotting
Number of people
0.136 191 D.3 CR participating in fire <10 1024 25-39 40-54 55-69 >70
suppression
0087 122 D4 CR _ Number of 1-4 5-9 10-14 15-19 20-24 >25
firefighting vehicles
Number of
0.128 1.80 D5 CR . . 0 <= 3-5 6-10 >10
firefighting aircraft
0.024 0.34 D.6 CR Interr.latlonal aid None Personnel Vehicles Aircraft
and reinforcements
Declaration of the
0.072 1.01 D.7 CR area in a state of No Yes
emergency
0052 073 D8 CR Community No <2 communities 2tos >
evacuation communities communities
GM Fire duraton || 0-3h >3-15h >15-24h >24-48 h >4872h > 72h

Table A5. Criteria, choices, and weights for the casualties and fatalities fire effects category. CR: criterion. Light gray: Choices with no effect; Dark gray: N/a, denotes a
non-applicable or not available selection; Green: Choices with low effect; Yellow: Choices with moderate effect; Red: Choices with high effect.

. Total . .
Weight Weight (%) ID Type Name/Details No Effect Low Moderate High

Criterion Value (0-100) 10 20 40 60 80 100
0.401 6.28 E.1 CR Civilian fatalities 1 2-5 6-10 >10
0.303 476 E2 CR Firefighting 0 1 2-3 45 >5

personnel fatalities
0.104 2.12 E.3 CR Injured 0 1 2-5 6-10 11-20 21-30 >30
0.044 0.71 E4 cr  Firefighting vehicle 0 1 2 3 45 >5
losses

0.147 2.12 ES5 cr  Firefighting aircraft 0 1 2 >2

losses




Fire 2020, 3, 63 30 of 53

Table A6. Criteria, choices, and weights for the destruction and damages on infrastructure fire effects category. CR: criterion. Light gray: Choices with no effect;
Dark gray: N/a, denotes a non-applicable or not available selection; Green: Choices with low effect; Yellow: Choices with moderate effect; Red: Choices with high effect.

Total
Weight Weight ID Type Name/Details No Effect Low Moderate High
(%)
Criterion Value (0-100) 0 10 20 40 60 80 100
0.298 417 F1 CR Destroyed houses 0 1 3 5 6-10 >10
Destroyed household
0.041 0.58 F2 CR stables, warehouses, or 0 1 3 5 6-10 11-20 >20
auxiliary buildings
D ! " moliec;r;; - Historic t World heritage
0133 18  F3 CR amage to MOnuments ot \jone u onuments sites and
cultural heritage sites aged <200 aged >200
monuments
years years
. . Important high
Cost of damages to Minor Small Medium
0.017 0.24 F4 CR R . None cost damages
vehicles and machinery (<15,000 €) (<30,000 €) (<100,000 €) (>200,000 €)
. . Important high
Cost of damages to Minor Small Medium
0.111 1.55 E5 CR .. . None cost damages
electricity grid (<15,000 €) (<30,000 €) (<100,000 €) (>200,000 €)
. . Important high
Cost of damages to Minor Small Medium
0.059 0.83 F.6 CR Lo None cost damages
telecommunications (<15,000 €) (<30,000 €) (<100,000 €) (>200,000 €)
. . Important high
Cost of damages to water Minor Small Medium
0.173 242 E7 CR None cost damages
supply network (<15,000 €) (<30,000 €) (<100,000 €) (>200,000 €)
. . . Important high
Cost of damages to public Minor Small Medium
0.032 0.45 E8 CR . None cost damages
transportation network (<15,000 €) (<30,000 €) (<100,000 €) (>200,000 €)
0017 024  F9 CR e ?iﬁi:;;ges © None Minor Small Medium hc?;?g;l::a?egsh
facilities/equipment (<50,000€) (L0 (<AL (>300,000 €)
Cost of damages to .
0.024 033 F10 CR factories, renewable None Minor Small Medium Izr;i?g:z;hlegsh
’ ’ ' energy sources and (<50,000 €) (<100,000 €) (<200,000€) 8
. ) (>300,000 €)
industrial warehouses
Cost of damages to . . Important high
. . Minor Small Medium
0.095 1.33 E11 CR agricultural/livestock None (<50,000 €) (<100,000 €) (<200,000 €) cost damages

installations (>300,000 €)
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Table A7. Criteria, choices, and weights for the economic losses, compensation, and revenue losses fire effects category. CR: criterion; GM: general multiplier.

Light gray: Choices with no effect; Dark gray: N/a, denotes a non-applicable or not available selection; Green: Choices with low effect; Yellow: Choices with moderate
effect; Red: Choices with high effect.

Total
Weight Weight ID Type Name/Details No Effect Low Moderate High
(%)
General Multiplier Value 0.5 1 15 2 2.5 3
Criterion Value (0-100) 10 20 40 60 80 100
Timber and wood Complete
0.019 0.26 G1 CR products lost None Minor Small Moderate High pie
revenue destruction
Non-wood forest Complete
0.039 0.55 G2 CR products lost None Minor Small Moderate High L
revenue destruction
Agricultural Complete
0.132 1.85 G3 CR production lost None Minor Small Moderate High pe
revente destruction
Livestock Complete
0.066 0.92 G4 CR production lost None Minor Small Moderate High pe
revenue destruction
Cost to restore
0066 092 G5 CR m‘:l‘;ittrrliacli t";“d No cost Minor Small Moderate High Very high
production
Compensation and
0.298 4.18 G.6 CR fur;ig\}g)i?lrd}ilr(l)guse No cost Minor Small Moderate High
restoration
Scenery Forested area
. . landscape close used for
0.132 1.85 G7 CR Effect on tou.rlsm Non tourism Seavrelated to intensely recreational or
and recreation area tourism area .
developed tourism
tourism areas purposes
Small scale Moderate scale Large scale
Landscape No reforestation and reforestation and reforestation and
0.248 3.47 G.8 CR rehabilitatiolrgl cost Investments flood or erosion flood or erosion flood or erosion
prevention prevention prevention
measures measures measures
GM Burned area (ha) _ <10 10-100 100-500 500-2000 2000-7000 >7000
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Appendix B

Initially, a pair-wise comparison reciprocal matrix was designed (Equation (Al)), where the
relative importance between two criteria is measured according to a numerical scale from one to nine,
where one denotes equal importance and nine denotes that the first is absolutely more important than
the second criterion (Tables A8-A14).

1 al2 --- aln
a2l 1 a2n
A=| . . . (A1)
anl an2 --- 1

where, Qjk = 1/akj andkj=1,...,n.

Once the reciprocal matrix was built, we derived a normalized pair-wise comparison matrix
(i.e., Anorm) where the sum of the entries on each column was equal to 1 [244]. Each entry aj was
computed by Equation (A2):

Ak
J
a]-k =

_ A2
S (A2)

where m is the evaluation criteria and each entry aj; represents the importance of jth criterion with
respect to kth criterion. Then, the criteria weight vector w (that is an m-dimensional column vector)
was built by averaging the entries on each row of the A, matrix. Results were checked to ensure
that they were consistent, with Equation (A3):

_ XLy

=== (A3)

The final stage was to calculate a consistency ratio (CR) [232] to measure how consistent the
judgments have been relative to large samples of purely random judgments, and if the CR was >0.1 the
judgments were considered untrustworthy as they were too close to random. The consistency ratio was
calculated by dividing the consistency index (Equation (A4)) for the set of judgments by the random
consistency index (RCI—see Saaty [232] for the table of values) for the corresponding random matrix.

Amax =1
Cl=—— A4
— (A4)
where A4y is the principal eigenvalue (i.e., sum of the consistency eigenvectors) and 7 is the number
of criteria. CR was calculated with Equation (A5):

CI

(A5)
Table A8. Pair-wise comparison reciprocal matrix for the effects on landscape and vegetation

fire effects category. RCI: random consistency index; CI: consistency index; CR: consistency ratio;
Amax: principal eigenvalue.

Rank Criteria Weight
R1 Ecosystem location/type 0.524
R2 Probability of land degradation, erosion, and soil loss 0.226
R3 Dominant land use/land cover type 0.135
R4 Protected forested area type 0.082

R5 Air quality and smoke impacts 0.033
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R1 R2 R3 R4 R5
R1 1.00 4.00 6.00 7.00 8.00
R2 0.25 1.00 3.00 4.00 7.00
R3 0.17 0.33 1.00 3.00 6.00
R4 0.14 0.25 0.33 1.00 5.00
R5 0.13 0.14 0.17 0.20 1.00
SUM 1.7 5.7 10.5 15.2 27.0
N=5 RCI =1.12; CI = 0.126; CR = 0.112; Ayyqx = 5.50
Table A9. Pair-wise comparison reciprocal matrix for the general environmental impacts fire

effects category. RCI: random consistency index; CI: consistency index; CR: consistency ratio;

Amax: principal eigenvalue.

Rank Criteria Weight
R1 Losses of important/rare flora habitats 0.306
R2 Bird habitat losses 0.219
R3 Insect and invertebrate habitat losses 0.152
R4 Small sized mammal/reptile habitat losses 0.112
R5 Threat from alien species/Changes in species composition (Flora) 0.076
R6 Threat from alien species/Changes in species composition (Fauna) 0.062
R7 Large sized mammal habitat losses 0.047
R8 Fish habitat losses 0.026

R1 R2 R3 R4 R5 R6 R7 R8
R1 1.00 2.00 3.00 4.00 4.00 5.00 5.00 6.00
R2 0.50 1.00 2.00 3.00 4.00 4.00 4.00 6.00
R3 0.33 0.50 1.00 2.00 3.00 3.00 4.00 5.00
R4 0.25 0.33 0.50 1.00 2.00 3.00 3.00 5.00
R5 0.25 0.25 0.33 0.50 1.00 2.00 2.00 4.00
R6 0.20 0.25 0.33 0.33 0.50 1.00 2.00 4.00
R7 0.20 0.25 0.25 0.33 0.50 0.50 1.00 3.00
R8 0.17 0.17 0.20 0.20 0.25 0.25 0.33 1.00
SUM 2.9 4.8 7.6 11.4 15.3 18.8 21.3 34.0
N=38 RCI =1.41; CI = 0.063; CR = 0.044; A;qx = 8.43

Table A10. Pair-wise comparison reciprocal matrix for the regeneration potential and vegetation

recovery fire effects category. RCI: random consistency index; CI: consistency index; CR: consistency

ratio; Ayuqy: principal eigenvalue.

Rank Criteria Weight
R1 Grazing/browsing threat 0.259
R2 Slope (°) 0.161
R3 Recent fire activity 0.127
R4 Illegal activities/land use changes 0.108
R5 Conifer forest age 0.101
R6 Broadleaf/evergreen shrubland forest age 0.078
R7 Soil type 0.058
RS Urban/tourism pressure 0.047
R9 Smoldering 0.026

R10 Unburned forest patches and individual trees 0.023
R11 Threat from insects and disease 0.012
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R1 R2 R3 R4 R5 R6 R7 R8 R9 R10 R11

R1 1.00 3.00 3.00 4.00 4.00 4.00 5.00 5.00 7.00 7.00 9.00
R2 0.33 1.00 2.00 2.00 3.00 3.00 4.00 4.00 6.00 6.00 8.00
R3 0.33 0.50 1.00 2.00 2.00 2.00 3.00 4.00 6.00 6.00 8.00
R4 0.25 0.50 0.50 1.00 2.00 2.00 3.00 3.00 6.00 6.00 8.00
R5 0.25 0.33 0.50 0.50 1.00 2.00 3.00 5.00 6.00 6.00 8.00
R6 0.25 0.33 0.50 0.50 0.33 1.00 2.00 3.00 5.00 6.00 8.00
R7 0.20 0.25 0.33 0.33 0.50 0.50 1.00 2.00 4.00 5.00 7.00
R8 0.20 0.25 0.25 0.33 0.20 0.33 0.50 1.00 4.00 4.00 7.00
R9 0.14 0.17 0.17 0.17 0.17 0.20 0.25 0.25 1.00 2.00 6.00
R10 0.14 0.17 0.17 0.17 0.17 0.17 0.20 0.25 0.50 1.00 6.00
R11 0.11 0.13 0.13 0.13 0.13 0.13 0.14 0.14 0.17 0.17 1.00
SUM 3.21 6.63 8.54 11.13 13.49 15.33 22.09 27.64 45.67 49.17 76.00

N=11 RCI=1.51;CI=0.127; CR = 0.084; Amax = 12.26

Table A1l. Pair-wise comparison reciprocal matrix for the firefighting and wildfire suppression

fire effects category. RCI: random consistency index; CI: consistency index; CR: consistency ratio;

Amax: principal eigenvalue.

Rank Criteria Weight
R1 Fire behavior type 0.299
R2 Fire reignition—spotting 0.201
R3 Number of people participating in firefighting 0.136
R4 Number of firefighting aircraft 0.129
R5 Number of ground vehicles 0.087
R6 Declaration of the area in a state of emergency 0.072
R7 Community evacuation 0.052
R8 International aid and reinforcements 0.024

R1 R2 R3 R4 R5 R6 R7 R8
R1 1.00 2.00 3.00 3.00 4.00 4.00 5.00 6.00
R2 0.50 1.00 2.00 2.00 3.00 3.00 4.00 6.00
R3 0.33 0.50 1.00 1.00 2.00 3.00 3.00 6.00
R4 0.33 0.50 1.00 1.00 2.00 2.00 3.00 6.00
R5 0.25 0.33 0.50 0.50 1.00 2.00 2.00 5.00
R6 0.25 0.33 0.33 0.50 0.50 1.00 2.00 5.00
R7 0.20 0.25 0.33 0.33 0.50 0.50 1.00 4.00
R8 0.17 0.17 0.17 0.17 0.20 0.20 0.25 1.00
SUM 3.0 5.1 8.3 8.5 13.2 15.7 20.3 39.0
N=8 RCI =1.41; CI = 0.051; CR = 0.036; A;yax = 8.35

Table A12. Pair-wise comparison reciprocal matrix for the casualties and fatalities fire effects category.

RCI: random consistency index; CI: consistency index; CR: consistency ratio; Ay principal eigenvalue.

Rank Criteria Weight
R1 Civilian fatalities 0.401
R2 Firefighting personnel fatalities 0.304
R3 Firefighting aircraft losses 0.147
R4 Injured 0.104
R5 Firefighting vehicle losses 0.044
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Table A12. Cont.

R1 R2 R3 R4 R5
R1 1.00 2.00 3.00 4.00 6.00
R2 0.5 1.00 3.00 4.00 6.00
R3 0.3 0.3 1.00 2.00 4.00
R4 0.3 0.3 0.5 1.00 4.00
R5 0.2 0.2 0.3 0.3 1.00
SUM 2.3 3.8 7.8 11.3 21.0
N=5 RCI=1,12; CI = 0.053; CR = 0.047; Ay = 5.21

35 0f 53

Table A13. Pair-wise comparison reciprocal matrix for the destruction and damages to infrastructure

fire effects category. RCI: random consistency index; CI: consistency index; CR: consistency ratio;

Amax: principal eigenvalue.

Rank Criteria Weight
R1 Destroyed houses 0.298
R2 Cost of damages to water supply network 0.173
R3 Damages to monuments cultural heritage sites 0.133
R4 Cost of damages to electricity grid 0.111
R5 Cost of damages to agricultural/livestock installations 0.095
R6 Cost of damages to telecommunications 0.059
R7 Cost of damages to factories, renewable energy sources installations and industrial 0.041

warehouses ’
R8 Cost of damages to public transportation network 0.032
R9 Cost of damages to factories, renewable energy sources and industrial warehouses 0.024
R10 Cost of damages to military facilities/equipment 0.017
R11 Destroyed household stables, warehouses, or auxiliary buildings 0.017
R1 R2 R3 R4 R5 R6 R7 R8 R9 R10 R11
R1 1.00  4.00 4.00 5.00 5.00 6.00 7.00 7.00 7.00  8.00 8.00
R2 025  1.00 2.00 3.00 3.00 5.00 6.00 6.00 6.00  7.00 7.00
R3 025  0.50 1.00 2.00 2.00 4.00 5.00 6.00 6.00  6.00 6.00
R4 020 0.33 0.50 1.00 2.00 4.00 4.00 5.00 6.00  6.00 6.00
R5 020 0.33 0.50 0.50 1.00 3.00 4.00 5.00 500  6.00 6.00
R6 017 0.20 0.25 0.25 0.33 1.00 2.00 3.00 400  5.00 5.00
R7 014 0.17 0.20 0.25 0.25 0.50 0.20 2.00 3.00 4.00 4.00
R8 014 017 0.17 0.20 0.20 0.33 0.50 1.00 2.00  3.00 3.00
R9 014 017 0.17 0.17 0.20 0.25 0.33 0.50 1.00  2.00 2.00
R10 0.13 0.14 0.17 0.17 0.17 0.20 0.25 0.33 0.50 1.00 1.00
R11 013 0.14 0.17 0.17 0.17 0.20 0.25 0.33 050  1.00 1.00
SUM 2.7 7.2 9.1 12.7 14.3 24.5 29.5 36.2 41.0 49.0 49.0
N=11 RCI = 1.51; CI = 0.096; CR = 0.064; Ay = 11.96

Table A14. Pair-wise comparison reciprocal matrix for economic losses, compensation, and revenue

losses fire effects category. RCI: random consistency index; CI: consistency index; CR: consistency ratio;

Amay: principal eigenvalue.

Rank Criteria Weight
R1 Compensation and funding for house and building restoration 0.298
R2 Landscape rehabilitation measures cost 0.248
R3 Agricultural production lost revenue 0.132
R4 Effect on tourism and recreation 0.132
R5 Cost to restore industrial and electricity production 0.066
R6 Livestock production lost revenue 0.066
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Table A14. Cont.

Rank Criteria Weight
R7 Non-wood forest products lost revenue 0.039
R8 Timber and wood products lost revenue 0.019

R1 R2 R3 R4 R5 R6 R7 R8
R1 1.00 2.00 3.00 3.00 5.00 5.00 6.00 8.00
R2 0.50 1.00 3.00 3.00 5.00 5.00 6.00 8.00
R3 0.33 0.33 1.00 1.00 3.00 3.00 5.00 7.00
R4 0.33 0.33 1.00 1.00 3.00 3.00 5.00 7.00
R5 0.20 0.20 0.33 0.33 1.00 1.00 3.00 6.00
R6 0.20 0.20 0.33 0.33 1.00 1.00 3.00 6.00
R7 0.17 0.17 0.20 0.20 0.33 0.33 1.00 5.00
R8 0.13 0.13 0.14 0.14 0.17 0.17 0.20 1.00
SUM 29 44 9.0 9.0 18.5 18.5 29.2 48.0
N=8 RCI =1.41; CI = 0.088; CR = 0.062; Ay = 8.61

Appendix C. Evaluation of the FIRE Index for the 2011 Evros Fire

Appendix C.1. Landscape and Vegetation Fire Effects Category

The Evros fire burned mostly on highlands (>70%), with smaller parts in flat terrain and agricultural
lands (almost 30%) (Criterion A.1). Burned area was comprised of 14% of agricultural lands, 12% of
shrubland, 1% of bare soil, 23% of mixed or broadleaf forests and the remaining 50% was covered
with conifers. The criterion A.2 received the following values and summed scores (SC), weighted
by their cover 0.14 x 60 + 0.12 x 40 + 0.01 x 10 = 13.3 (SCO0), and 0.23 x 80 = 18.4 and 0.5 x 100 = 50
(SC1 and SC4; Table A15). Since the broadleaf forests were comprised of Quercus spp., to estimate
the first additive term (SC2), we multiplied its cover with the choice value (40) and averaged the
sum of SC1 and SC2. Similarly, we estimated the second additive term (SC5) for the cover of Pinus
brutia conifer forest (choice value: 40) and averaged the sum of SC4 and SC5. The final value of A.2
is the sum of the two additive terms and SC0. Approximately 50% of the affected area is a national
park (Criterion A.3), and small-scale visibility reduction and smoke impacts were recorded near small
villages (Criterion A.4). Erosion risk was mapped using methods described in Fox, Berolo, Carrega
and Darboux [59] and we estimated 7% of the affected area had erosion risk less than low, 37% less
than moderate, 33% moderate to high and 23% high. As a result, the criterion A.5 value is 0.07 x 10 +
0.37 x 40 + 0.33 x 70 + 0.23 x 100 = 61.6. Finally, the total burned area is 5900 ha receiving a 2.5 value
as the general multiplier. The sum of all weighted values of these five criteria was 55.40 (138.5 after the
general multiplier was applied) (Table A15), transformed to 45.08 out of 100 after normalization with
Equation (2).

Table A15. Evaluation table of fire effects on landscape and vegetation after the Evros fire. CR: criterion;
CRD: criterion descriptor; AT: additive term; SC: Summed score. Original matching table: Al. Gray
color: denotes a non-applicable or not available selection.

Weight ID Type Evaluation 1st Value 2nd Value 3rd Value Value W‘e/l f]ﬂt:d
0524 Al CR 70% Highlands/30% flat 50 26.20

terrain/agricultural land

14% Agricultural land,
12% Shrubland, 1% Bare
0.134 A2 CR soil, 23% Mixed or 62.1 8.35
broadleaf forest, 50%
Conifer forest
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Table A15. Cont.

Weight ID Type Evaluation 1st Value 2nd Value 3rd Value Value W‘e/l f]ﬂt:d
14% Agricultural land,
CRD 12% Shrubland, 1% Bare 0.14 x 60; 0.12 x 40; 0.01 x 10 13.3 (SC0)
soil
23% Quercus spp. or 0.23 x 80 = 0.23 x40 = SC1+SC2 = _
AT Olea sylvestris 184(SCl)  92(5C2)  276(sC3) <2 =138
50% Pinus brutia or 0.5x 100 = 0.5x40= SC1+SC2 =
AT Pinus halepensis 50 (S5C4) 20 (SC5) 70 (SC6) 5C6/2 =35
0.082 A3 CR National park 80 (SC7) (SC7+ SC8)/2 = 80 80 6.58
AT 41-50% 80 (5C8)
Small-scale visibility
0.033 A4 cr  reductionandsmoke 10 033
impacts near small
villages
0.226 A5 CR 61.6 13.94
7% less than low; 37%
CRD less than moderate; 33% 7 10,037 x 40;0.33 x 70; 0.23 x 100
more than moderate;
23% high
Sum (A.1-A.5) 55.40
. 2.5%x55.40 =
General Multiplier 5900 ha 25 1385
Higher Value 300 Lower Value 5.91

Final Category Score = 45.08/100

Appendix C.2. General Environmental Impacts Fire Effects Category

After visiting the affected area, we noticed that although the remnants of burned insects and
invertebrates could be found in low or moderate burn severity areas (Criterion B.1), the response of
bees, sawflies, and wasps was unimodal, whereas flies and beetles showed a negative response to burn
severity in terms of abundance, diversity and species richness [239], and no endangered or rare species
have been recorded or are expected to be further threatened by the Evros fire. More than 40 different
species of reptiles and amphibians reside in the area (Criterion B.2), and they are very important as
they constitute the basic food source for birds of prey, storks and herons, and 53 small-sized mammals,
including 24 bat species. Only a small number of carcasses were found during our inventories and
samplings and the local Forest Service branch (personal communication) has not noticed long-term
changes in species richness or habitat losses. In the affected area, 10 fish species have been identified
(Criterion B.3), with one endemic, with their habitats being in streams and creeks that are extended
and cross the burned area from north to south. Close to those aquatic habitats, we recorded low burn
severity, and we expect few losses. The broader area is one of the most prominent bird habitats in
Greece with a total of 202 bird species of various families (Criterion B.4). Furthermore, 36 out of the
38 European diurnal birds of prey species reside in Evros [245], with the coexistence of three out of
the four species of European vultures [246]. We estimated some species of birds were impacted and
experienced habitat loss during the first few post-fire years, while other opportunistic species thrived.
These effects were moderated by the presence of unburned forested patches. Larger sized mammals,
in particular wolves (Canis lupus) and wildcats (Felis silvestris), were noticed in unburned areas north
of the affected areas, and thus the fire effects on their population are limited (Criterion B.5). Two floral
species of the broader area are endemic to Greece (Minuartia greuteriana and Onosma kittanae), and three
are rare (Cephalanthera epipactoides, Salix xanthicolakai, Zygophyllum album), while 29 are under protection
(Criterion B.6). Their populations were partly affected by the Evros fire since they had widespread
habitat, and their regeneration potential was not substantially affected. Salvage logging was extended
and changed the vegetation composition of the area for a short-term, from conifer dominated lands to
dense shrublands (Criterion B.7). Finally, we estimated the risk of fauna species composition changes
or alien fauna species invasion as low (Criterion B.8). The affected area was 50% of the NATURA
2000 network (SC1 and SC2; Table A16). The sum of all weighted values of all eight criteria was
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36.60 (73.21 after the general multiplier was applied) (Table A16), transformed to 24.40 out of 100 after
normalization with Equation (2).

Table A16. Evaluation table of general environmental impacts after the Evros fire. CR: criterion; AT:
additive term; SC: Summed score. Original matching table: A2. Gray color: denotes a non-applicable
or not available selection.

Weight ID Type Evaluation 1st Value Value Weighted Value
0.152 B.1 CR More than few 30 4.57
0.111 B.2 CR Few 20 2.22
0.026 B.3 CR Few 20 0.53
0.219 B.4 CR Several to extended 80 17.49
0.047 B.5 CR Few to none 10 0.47
0.306 B6 CR  ewwithregeneration 20 6.13

potential

0.076 B.7 CR Extended 60 4.58
0.062 B.8 CR Local 10 0.62
Sum (B.1-B.8) 36.60

General Multiplier NATURA 2000 1.5(5C1) SC1+5C22=2 2x36.60=7321

AT 41-50% 2.5 (SC2)
Higher Value 300 Lower Value 0

Final Category Score = 24.40/100

Appendix C.3. Regeneration Potential and Vegetation Recovery Fire Effects Category

The average age range of the conifers was between 45-65 years old, since most were planted as
the result of a vast reforestation effort that started 60 years ago by the local Forest Service (Criterion
C.1). The broadleaf and evergreen shrubland forest age was between 40-60 years old (Criterion C.2).
Using GIS analysis, we found the percentage of each slope class, with 25% being steeper than 15 degrees
(Criterion C.3). The values were estimated using the criterion descriptor for the cover of each class
(see Table A17). The most recent fire within the affected area occurred 50 years ago, burning a smaller
portion of the 2011 affected area (Criterion C.4). Many unburned or partially burned forested patches,
mostly clustered (Criterion C.5), formed a mosaic of burn severity (Figure 3). The grazing or animal
browsing threat to regeneration success was limited since it is applied mostly by cattle and inside
broadleaf forests or shrublands (Criterion C.6). The broader area has a strict protection status since it is
both a national park and a NATURA 2000 area, and despite it not being illegal, the extended salvage
logging caused important land use changes since new extended roads were opened to retrieve the
timber and the entire landscape was heavily affected (Criterion C.7). The affected area experienced no
urban or tourism pressure, especially in terms of influence in regeneration and vegetation recovery
(Criterion C.8). Smoldering and severe surface and ground burning was extended (Criterion C.9),
while the threat from insects and disease was partially non-existent due to the widespread salvage
logging (Criterion C.10). Finally, using GIS on soil maps of the area, we found the percentages of the
different soil types, and using the criterion description for C.11, we estimated its value (see Table A17).
Using a WorldView satellite image (Figure 3), we estimated the percentage of the landscape that
was burned (black—58%), scorched (brown—20%) and partially burned or unburned (green—22%).
These values were used to estimate the value of the general multiplier, which is the average of SC1,
SC2 and SC3 (Table A17). The sum of all weighted values of the 11 criteria was 31.99 (55.98 after the
general multiplier was applied) (Table A17), transformed to 18.66 out of 100 after normalization with
Equation (2).
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Table A17. Evaluation table of regeneration potential and vegetation recovery after the Evros fire.
CR: criterion; CRD: criterion descriptor; SC: Summed score. Original matching table: A3. Gray color:
denotes a non-applicable or not available selection.

. . Weighted
Weight ID Type Evaluation 1st value Value Value
0.101 C1 CR. 45-65 years 40 4.04
0.078 C2 CR. 40-60 years 20 1.56
0.161 C3 CR. 20 3.22
19.5% (0-5°); 29% (5-10°); 26%
CRD (10-15); 17% (15-20°); 8.5% 0.195X0 + 0.290X01§)5;-<6062_6 ;(020 +0.17X40 +
(20-30°) ' B
0.127 C4 CR. 50 years 20 2.53
0.023 C5 CR. Many (Clustered) 20 0.46
0.259 C.6 CR. Partial 20 5.19
0.108 Cc7 CR. Intense 100 10.76
0.047 C8 CR. None 0 0.00
0.026 C9 CR. Extended 60 1.59
0.012 C.10 CR. Partial to None 10 0.12
0.058 C.11 CR. 43.4 2.52

36% Deep soils with small
amount of rocks; 38% Moderate
CRD depth soils with small amount 0.36 x 10 + 0.38 x 50 + 0.26 x 80 = 43.4
of rocks; 26% Shallow soils
with moderate amount of rocks

Sum (C.1-C.11) 31.99
. o SC1 + SC2+
General Multiplier Burned 58% 2 (SC1) SC3/3 = 1.75 55.98
Scorched 20% 1(5C2)
o 2.25
Unburned 22% (SC3)
Higher Value 300 Lower Value 0

Final Category Score = 18.66/100

Appendix C.4. Firefighting and Wildfire Suppression Activities Fire Effects Category

The Evros fire type was a combination of passive crown fire (i.e., torching) with active crown burns
and smaller parts with only surface spread (Criterion D.1). Regarding new ignitions from spotting
activity and fire reignition, they were evident and multiple due to intense wind gusts (Criterion
D.2). During the suppression activities, 14 teams with 288 firefighters (Criterion D.3) and more than
25 vehicles (Criterion D.4) operated with the aid of more than 10 aircraft (Criterion D.5), including
four Canadair CL-415 from France and Spain (Criterion D.6). The area was declared to be in a state of
emergency (Criterion D.7), and the senior residents of two communities were moved to a safe location,
although the Evros fire eventually did not affect these communities (Criterion D.8). The active fire
spread lasted for approximately 72 h. The sum of all weighted values of the eight criteria was 89.95
(217.19 after the general multiplier was applied), transformed to 72.01 out of 100 after normalization
with Equation (2) (Table A18).
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Table A18. Evaluation table of firefighting and wildfire suppression activities for the Evros fire. CR:
criterion. Original matching Table A4.

. . Weighted
Weight ID Type Evaluation Value Value
0.299 D.1 CR Torching/passive crown 80 23.95
fire with active crown fire
0.201 D.2 CR Few 80 16.07
0.136 D.3 CR More than 70 people 100 13.63
0.087 D4 CR More than 25 vehicles 100 8.71
0.128 D.5 CR More than 10 aircraft 100 12.83
0.024 D.6 CR Aircraft 100 242
0.072 D.7 CR Yes 100 7.19
0.052 D8 CR 2 communities—partial 40 2.08
evacuation
Sum (D.1-D.8) 89.95
General Multiplier 72h 25 217.19
. Lower
Higher Value 300 Value 411

Final Category Score = 72.01/100

Appendix C.5. Fatalities and Casualties Fire Effects Category

The number of fatalities from the Evros fire was zero, and no casualties on ground or aerial
firefighting means occurred. As a result, this category has a score of 0 out of 100.

Appendix C.6. Destruction and Damages to Infrastructure Fire Effects Category

No house losses were recorded after the Evros fire (Criterion F.1), with only one destroyed
auxiliary building—a warehouse/barn used for cattle (Criterion E2). The area was mostly forested with
no important monuments or cultural heritage sites within the burned perimeter (Criterion E.3).
Minor damages were recorded on vehicles and other machinery used during fire suppression
(Criterion F.4). Small damages also occurred to the electricity grid, mostly around roads on the grid
poles and some burned cables (Criterion E.5). No damages were recorded to the telecommunication
network (Criterion F.6), and minor damages were reported to the water supply network, mostly on
plastic tubes used to transfer water across the landscape (Criterion F.7). Small fractions and damages
occurred on the road network, mostly due to the use of heavy machinery, but additional roads were
opened to aid the suppression efforts (Criterion F.8). We recorded no important damages to military
facilities or equipment (Criterion E.9), factories, renewable energy sources and industrial warehouses
(F.10), and agricultural or livestock installations (Criterion F.11). The sum of all weighted values of
the 11 criteria was 4.62 out of 100 and no normalization was required since we did not use a general
multiplier (Table A19).

Table A19. Evaluation table of destruction and damages to infrastructure from the Evros fire.
CR: criterion. Original matching Table A6.

. . Weighted
Weight ID Type Evaluation Value Value
0.298 F1 CR None 0 0.00
0.041 F2 CR 1 10 0.41
0.133 E3 CR None 0 0.00
0.017 F4 CR Minor (<15,000 €) 10 0.17
0111 E5 CR Minor (<15,000 €) to Small 15 1.67

(<30,000 €)
0.059 F6 CR None 0 0.00
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Table A19. Cont.

. . Weighted
Weight ID Type Evaluation Value Value
0.173 E7 CR Minor (<15,000 €) 10 1.73
Minor (<15,000 €) to Small

0.032 F.8 CR (<30,000 €) 20 0.64
0.017 F9 CR None 0 0.00
0.024 F.10 CR None 0 0.00
0.095 F11 CR None 0 0.00

Sum (E.1-F.11) 4.62

. Lower
Higher Value 100 Value 0

Final Category Score = 4.62/100

Appendix C.7. Economic Losses, Compensation, and Revenue Losses Fire Effects Category

The Evros fire burned in an area with commercial conifer timber plantations and the lost revenue
for the local timber company, the Forest Service and the logging associations was considered as high
(Criterion G.1). Due to extended salvage logging, with oak timber being sold mostly as firewood and
conifer timber to sawmills to produce particle boards, some of these economic losses were mitigated.
We estimated high revenue losses from non-timber products (Criterion G.2), especially from game
and foraging (e.g., mushrooms). Small revenue losses were estimated in agricultural production since
there were burned agricultural lands, mostly wheat cultivations (Criterion G.3). Regarding livestock
production revenue loss (Criterion G.4), they were estimated as moderate to small since the cattle
raisers will have restricted access inside the burned lands for at least a decade, which will reduce
grazing and increase the feeding costs. It was estimated that the costs for restoring industrial and
electricity production will be small (Criterion G.5). No compensation for repair costs will be required
for housing restoration (Criterion G.6). Since the area experiences a seasonal tourism influx for bird
watching, if the bird populations decline this will probably have an impact on tourism and recreation
revenue, but the lack of large tourism infrastructure and the kind of tourism suggests that the losses
will be moderate (Criterion G.7). Finally, large scale reforestation and flood prevention investments
were applied immediately after the Evros fire by the local Forest Service (Criterion G.8). Due to the size
of the burned area (5900 ha), the general multiplier received a value of 2.5. The sum of all weighted
values of the eight criteria was 44.89 (112.23 after the general multiplier was applied), transformed to
37.41 out of 100 after normalization with Equation (2) (Table A20).

Table A20. Evaluation table of economic losses, compensation, and revenue losses from the Evros fire.
CR: criterion. Original matching Table A7.

Weight ID Type Evaluation Value Weighted Value
0.019 G.1 CR Moderate losses 60 1.12
0.039 G2 CR High losses 80 3.15
0.132 G.3 CR Small losses 20 2.64
0.066 G4 CR Moderate losses 40 2.63
0.066 G.5 CR Small cost 20 1.31
0.298 G.6 CR No cost 0 0.00
0132 G7 CR Scenery landsc'ape and Fprested area 70 994

used for recreational/tourism purposes
0.248 GS CR Large sce}le reforesta.tlon and flood or 100 2479
erosion prevention measures
Sum (G.1-G.8) 44.89
General Multiplier 5900 ha 2.5 112.23
Higher Value 300 Lower Value 0

Final Category Score = 37.41/100
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Appendix D.

High landscape and vegetation fire effects category score: mountainous landscape where conifer
forests cover >80% of the area with Pinus nigra or Pinus pinea, with a national park/forest >30%
inside the burned perimeter, visibility reduction inside large sized populated areas and moderate
probabilities of land degradation, erosion, and soil losses, from a fire that burned >100 ha.

High environmental impacts fire effects category score: habitat losses of insects and
invertebrates—several;, small sized mammals/reptiles—few; fish—several; birds—several;
large sized mammals—few. Extended losses of important/rare flora habitats, threat from alien
species/changes in species composition for flora extended and for fauna local, with burned
perimeter of >50% wildlife habitat or NATURA 2000 area.

High regeneration potential fire effects category score: conifer forest age is 15-20 years,
broadleaf/evergreen shrubland forest age is 15-20 years, slope is 15-20 degrees, the recent
fire activity was >20 years but <30 years, with few clustered patches of unburned vegetation,
with extended grazing pressure, and a history of illegal activities in the area, few tourism or urban
pressures, extended smoldering, a small threat from insects and disease and shallow soils with
moderate amount of rocks, and >85% burned vegetation.

High firefighting and suppression fire effects category score: torching/passive crown fire,
limited fire reignition—spotting, >55 people participated in fire suppression with more than
20 firefighting vehicles and three aircraft, with international aid in aircraft and declaration of the
area to be in a state of emergency, >2 evacuated communities and a fire duration of at least 48 h.
High casualties and fatalities fire effects category score: more than five fatalities, including at
least one fatality from the firefighting personnel, more than 10 injured and at least one destroyed
firefighting vehicle.

High destruction and damages of infrastructure fire effects category score: >10 houses,
10 household stables, warehouses, or auxiliary buildings, high cost damages on vehicles and
machinery, minor cost to electricity grid, small cost to water supply network, minor damages on
public transportation network, moderate damages on agricultural/livestock installations.

High economic losses fire effects category score: high losses of timber and wood products,
high losses of non-wood forest products and high lost revenue from agricultural production,
moderate losses of livestock production, moderate cost of compensations and funding for house
and building restoration, where the fire burned close to a scenery landscape close to intensely
developed tourism areas and with moderate scale reforestation and flood or erosion prevention
measures, from a fire that burned >100 ha.
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