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Abstract

In recent years, fire services in Mediterranean Europe have been overwhelmed by extreme wildfire behavior. As a
consequence, fire management has moved to defensive strategies with a focus only on the known risks (the fear
trap). In this region, wildfires can change rapidly, increasing the uncertainty and causing complex operational
scenarios that impact society right from the initial hours. To address this challenge, proactive approaches are an
alternative to defensive and reactive strategies.
We propose a methodology that integrates the uncertainty of decisions and the cost of each opportunity into the
strategic decision-making process. The methodology takes into account values such as fire-fighting safety,
organizational resilience, landscape resilience, and social values.
Details of the methods and principles used to develop and implement a creative decision-making process that
empower the fireline are provided. A tool that segregates the landscape into polygons of fire potential and defines
the connectivity between those polygons is used. Two examples of operational implementation of this
methodology are presented (2014 Tivissa Fire and 2015 Odena Fire).
These methods facilitate the analysis of possible scenarios of resolution and the costs of the opportunities that help
build resilient emergency response systems and prevent their collapse. Moreover, they help explain the risk to
society and involve citizens in the decision-making process. These methods are based on the experience and
lessons learned by European incident commanders, managers, and researchers collected during the last decade.
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Resumen

En los últimos años, el comportamiento extremo de los incendios forestales en la Europa Mediterránea ha excedido
la capacidad de extinción de los servicios de emergencias. En consecuencia, los servicios de emergencias han
adoptado estrategias defensivas y han centrado su respuesta en los riesgos conocidos, lo que se conoce como
trampa del miedo. En esta región europea, los incendios pueden cambiar rápidamente e impactar desde su inicio
en la sociedad, aumentando así la incertidumbre y provocando escenarios operativos complejos.
(Continued on next page)
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Para hacer frente a las estrategias reactivas predominantes y a sus retos, es necesario tomar iniciativas proactivas.
Proponemos en el presente artículo una metodología que integra la incertidumbre de las decisiones y el coste de
cada oportunidad en el proceso de toma de decisión. La metodología tiene en cuenta valores como la seguridad
de los operativos, la resiliencia de la organización, la resiliencia del paisaje y los valores de la sociedad. Los métodos
descritos pretenden trasladar parte de la toma de decisiones a la línea de fuego, dotándola de poder. Presentamos
también una herramienta que divide el territorio en polígonos de fuego potencial y define la conectividad entre
dichos polígonos a través de dos ejemplos: el incendio de Tivissa, 2014 e incendio de Odena, 2015.
Los métodos presentados ayudan a conseguir sistemas de emergencia más resilientes y a evitar su colapso a través
del análisis de posibles escenarios de resolución y la valoración del coste de las oportunidades. Además, ayudan a
los ciudadanos a percibir mejor el riesgo y a involucrarse en el proceso de toma de decisiones. Estos métodos
recogen las experiencias y lecciones aprendidas de gestores de emergencias e investigadores europeos en la última
década.
Definitions
Fire generations: A categorization of wildfires by character-
istics with regard to their social and environmental context,
behavior, firefighting capacities, and impacts. This denomin-
ation is used to explain and understand wildfire activity and
compare the impact of different types of fires and historical
fighting approaches. Six fire generations are defined to explain
the evolution of wildfires since the industrialization period.
Firefighting trap: Increasing efforts of firefighting to
suppress all fires contribute to create more homogeneous
and dense fuel loads. The firefighting trap (or fear trap) is
the negative stress that this situation inflicts upon agen-
cies in charge of responding to them, as they keep build-
ing resources and technologies trying to maintain
efficiency and provide safety against increasingly fast, in-
tense, and overwhelming wildfires.
Fire service culture: The set of values and priorities that
define the way an organization responds to solve prob-
lems. Often this problem-solving is based on fundamen-
tal values and experience.
Maneuver: Used in the article to describe an operation
or a set of fire management or suppression operations
that happen during a fire event.
Opportunity cost: The benefit that is given up, when
choosing one alternative over another.
Polygons of fire potential: A proposed methodology
developed in this article based on fire behavior experi-
ence and pragmatic knowledge that help decision-
makers to apply fire service culture, identifying the best
opportunities to meet the strategic objectives. These
methods are currently being applied both in fire sup-
pression and fire prevention and preparation.
Strategy: The chosen final scenario in which firefighters
intend to solve the emergency, using the fire service cul-
ture. Strategy reduces uncertainty and provides credibil-
ity to tactical and operational decisions.
Tactical: Distribution of efforts in time and space during
a wildfire event that helps to achieve the objectives and
priorities defined by strategy.
Uncertainty (in fire management decision making): situ-
ation in which wildfire knowledge is too limited or un-
focused to make good decisions for efficient and safe
operations.

Introduction
Mediterranean Europe context
Over thousands of years, the landscapes of Mediterra-
nean Europe were shaped by traditional land manage-
ment practices, such as grazing, using forests as a
source of many different types of resources, and con-
tributing to the management of a scattered mosaic of
agricultural lands (Chergui et al. 2018). However, in
relatively recent years, rural abandonment and depopu-
lation during the industrialization period led to a de-
crease in these landscape management practices, with
consequent reforestation, fuel loading, and increase in
fire intensity (Vega-Garcia and Chuvieco 2006; Pausas
and Fernández-Muñoz 2011). All together, this has cre-
ated more complex scenarios for fire management
(Miralles et al. 2010; Lahaye et al. 2018). Until 20 years
ago, thanks to the professionalization of fire services,
the operational capacity to fight and control wildfires
was successful in suppressing most wildfire emergen-
cies. Only a few extreme fires escaped, leading to the
fire suppression paradox, also known as the firefighting
trap (Silva et al. 2010; Collins et al. 2013). As fuel accu-
mulated on the landscape, fires that overwhelmed the
extinction capacity got larger, faster, hotter, and spread
closer to wildland–urban interfaces (WUI; Costa et al.
2011; Cardil and Molina 2015; Diakakis et al. 2016;
Modugno et al. 2016).
Currently, Mediterranean Europe is highly populated

with 200 million people living in France, Greece, Italy,
Portugal, and Spain, and with peak densities of 750 000 in-
habitants km−2 during summer (San-Miguel-Ayanz et al.
2013). There are two main challenges that Europe is pre-
paring to address in the next years. First, the risk of more
devastating WUI fires, following those in Portugal in 2017
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and Greece in 2018. Second, wildfires in the Atlantic, cen-
tral, and northern European regions with unprecedented
fire behaviors (San-Miguel-Ayanz et al. 2018).
The fear of not being able to control devastating fires

is increasing among fire services. Over time, the oper-
ational capacity of fire services has been overwhelmed
by extreme fire behaviors in repeated events (Molina-
Terrén et al. 2019). The response has always been an in-
crease in efforts, causing stress and reactive approaches
to the situation (CTI 2017, 2018; Palaiologou et al.
2018). Increasingly, emergency management based on
large amounts of resources has been the expensive an-
swer under the firefighting trap.

Reactive strategies
The decision-making process in Mediterranean Europe,
as in other parts of the world, has evolved according to
the knowledge and means available to respond to wild-
fire events, moving into defensive strategies (Nasiatka
2003; 2009 Victorian Bushfires Royal Commission 2010).
Fire services have focused on defending against predict-
able, measurable, and known risks (Desmond 2011).
Thus, risk management that leads decision-making fo-
cuses on protecting lives, property, and human values,
following these four assumptions: (1) that safety proce-
dures are defined based on predictable risks; (2) that
focus on suppressing flames is based on estimated fire
potentials to minimize the known risks (i.e., higher value
and higher probability); (3) that information manage-
ment focuses on increasing the information of known
risks in an intelligence cell, gathering real-time informa-
tion and anticipating fire behavior to maintain the initia-
tive over the fire; and (4) that command structures focus
on a tight control of large quantities of resources, priori-
tizing the gathering of information to make decisions.
This approach has been successful to suppress wild-

fires and protect citizens and firefighters in those scenar-
ios that are certain and predictable. If the fire intensity
is within the capacity of control of emergency services
and the weather forecast does not show any uncertain-
ties, the main challenges for the firefighters will be to
control the perimeter of the fire (in wildfires of the first
generation) or the speed of the fire head (in wildfires of
the second generation). Under those circumstances, risks
arise from known and routine factors—emergencies can
get complex, yet they are certain and known. Risk be-
comes predictable, and procedures and operational tech-
niques work. This approach has also consistently failed
when facing uncertain and dynamic scenarios. If all
efforts focus on the known risks instead of what is
increasingly uncertain, more resources are needed to
face new emerging risks. Then information is scarce,
resources do not have time to efficiently respond where
they are needed, and fire services collapse. Under a
scenario in which uncertainty is increasing, fire services
can no longer protect lives and properties.
Examples of such collapses can be found everywhere

around the world. One example is the large wildfires af-
fecting WUIs (Butler 1974; Caballero et al. 2007; BRP
2008; Calkin et al. 2014). Due to values at immediate
risk (i.e., lives, properties, environment), most decisions
focus on defending particular lives and assets that are at
risk at that particular moment.

� Resources are allocated to face fire behaviors that
overwhelm their capacity. These resources often
don’t have any relevant impact on the development
of the emergency.

� Resources protecting assets that are at risk during
the emergency are not stopping wildfire spread. The
consequences of subsequent fire spread are more
uncertain; as fire grows freely, it involves more and
more assets requiring protection, endangering more
and more assets.

� While the fire grows (e.g., in dimension, intensity,
potential), the number of values at immediate risk
increases faster than the capacity of gathering
centralized information and responding to the fire:
the information is always late.

� Tactics become reactive and defensive, with focus
on responding to the most urgent risks. But these
tactics do not increase the capacity of solving the
emergency. Consequently, the number of threatened
assets increases with time.

� The emergency absorbs a high number of resources,
leaving emergency services without capacity to
respond to any other emergency.

Another example is large wildfires that are highly
dynamic, involving cold fronts passing through, with
turbulent winds interacting with the orography and
creating large convective plumes, pirocumulus, etc.
(Putnam 1995; Nasiatka 2003; CTI 2017, 2018).
Repeatedly, safety procedures and operations fail to
respond to those unpredictable situations. Uncertain
risks emerge, threatening lives and properties, and fire
services lose the initiative over the emergency and
become reactive.
There has been a visible shift of the fire service cul-

ture, moving from a proactive attack (initial mission and
vision) to a more defensive approach based on assets at
risk that need protection. This shift has been driven by
an increase of uncertain situations caused by natural
hazards, together with some social factors such as the
changes in the relationship between the urban society
and the wildlands.
Uncertainty arises as fire suppression focuses only

on the known and measurable risks. The known risk
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is only one small part of the uncertainty that emerges
in complex and dynamic scenarios (Fig. 1). If uncer-
tainty is ignored in these scenarios, then unexpected
risks emerge. Fire services then lose the initiative over
the resolution of the emergency due to failures of the
safety procedures and methodologies and the collapse
of the fire suppression agencies. The results are un-
safe situations for firefighters and citizens. This ap-
proach, built under pressure and fear, persists today,
aggravated by climate change impacts on an increas-
ingly urbanized society. Nevertheless, there is momen-
tum to dedicate collective efforts to develop a creative
decision-making process that considers social and nat-
ural values for current and future societies and
landscapes.

Objectives
Traditionally, the culture of priorities for wildfire emer-
gency management has been based on civil protection
values at-risk: people, property, and environment. This is
driving most of the emergency management systems
today, but is increasing the firefighting trap that moves
emergency management into a defensive-only approach.
Emergency management systems based on defensive

strategies struggle with rapid changes, dynamic scenar-
ios, and simultaneous emergencies generated by extreme
wildfire behaviors (e.g., Chile in 2017, California in 2017
and 2018, and Portugal in 2017). Collaborative science is
fundamental to facing those challenges; however, while
Fig. 1 Relationship between uncertainty and risk. Uncertainty
encompasses risk, but is much larger. Since risk is known and
quantifiable (e.g., probability, impacts), it is easy to focus only on the
measurable portion of uncertainty. The more detailed information is
available about the known risk, the more decisions focus on it
science is progressing to provide clear solutions, fire-
fighters continue to respond to those wildfires year after
year. To avoid collapse in the capacity to resolve emer-
gencies, there is the need to develop a decision-making
process that creates certainty and safety. Identifying de-
cision traps and creative ways to prevent these traps will
ensure safer working environments for firefighters dur-
ing dynamic and complex situations.
In this context, detecting sources of uncertainty in fire

management scenarios should unquestionably be part of
the decision-making process, but bringing values such as
future landscape and resilience into the decision-making
equation is equally important. The objective of this
paper is to describe the design and development of an
experience-based methodological approach that is
already operational in Mediterranean Europe. This
methodology helps fire services to manage uncertainty
during wildfire suppression, while creating certainty and
safety, and moving away from the firefighting trap. The
methods proposed do not require computational times
that exceed the time available to make decisions during
an emergency. They also help to maximize the positive
impact of fire management for today’s society and future
generations. The methods are demonstrated in two real
study cases with different levels of complexity.
The approach used is proven to be a useful support

tool, first, for the implementation of an integrated fire
management approach (Castellnou et al. 2010), and sec-
ond, to enable local communities to be part of the solu-
tion by being realistic about expectations of emergency
management.

Challenges in the Information Age
In response to decision-making challenges, fire
services in the Mediterranean region have invested in
increasing knowledge of wildfires (Costa et al. 2011;
San-Miguel-Ayanz et al. 2013), focusing on integrating
different values at-risk in decision-making, imple-
menting safer procedures, and incorporating different
technical solutions to address known risks (Tedim
et al. 2015; Wei et al. 2018). These measures work
for complicated but predictable situations, while more
complex but dynamic and uncertain situations remain
a challenge (Putman 1995; Nasiatka 2003; 2009
Victorian Bushfires Royal Commission 2010). For
instance, fire analysis has contributed greatly to
improve the firefighting system by increasing the
planning capacity (Castellnou et al. 2009; Castellnou
et al. 2010; Costa et al. 2011). Thus, ideally, fire
analysis helps define potential at-risk values more pre-
cisely, and decisions are made with a forecast of what
is going to happen next and how the decisions can
affect the fire’s evolution. For example, in the 2012
La Jonquera Fire, a total of 13 000 ha were burned,
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and the infrastructures of three rural communities
were destroyed. This was the result, in part, of the deci-
sions made to control the fire, guarantee the suppression
capacity, and safely protect a larger area of 40 000 ha. Ex-
ercising an option to reduce the 13 000 ha to 5 000 ha
would have led to uncertain and unsafe scenarios, putting
more lives and assets at risk (Catalan Fire and Rescue Ser-
vice 2013a).
In the Information Age, there is a tendency to collect

large datasets (e.g., big data) to support decision-making
(San-Miguel-Ayanz et al. 2018). But then the decision
focuses on what is known rather than on what is un-
known. Consequently, adding more precise information
about risks does not necessarily contribute to solving the
problem, but rather to adding more complexity (Weir
et al. 2017). Shannon (1948) stated that, “information is
the resolution of uncertainty.” Information can be seen
as a raster: the finer the scale, the larger the number of
cells and the higher the noise. Thus, the more data and
detail, the more complex are the scenarios, increasing
uncertainty in decisions made (Table 1). In complex
wildfire events, scenarios are highly dynamic, meaning
that the amount of uncertainty can vary with time.
Distinguishing valuable information from noise is some-

times difficult (infotoxicity) and takes time, so decisions
have time-lags from reality (decision-lag). In dynamic envi-
ronments, reality is changing at the same time as informa-
tion is being gathered from which to make a decision.
Thus, the information uptake focuses on what we know
best and underestimates the unknown risks and uncertain-
ties. Infotoxicity and decision-lag contribute to making fire
services more vulnerable to extreme impacts of rare and
unpredictable outlier events (also known as black swans;
Taleb 2007) that can cause the collapse of emergency
Table 1 Summary table of the objectives of a decision-making proc
most relevant objectives are listed according to the suggested prior
services. The 2012 La Jonquera Fire is one example of info-
toxicity. Fires in the area are often driven by strong north-
ern winds. While analyzing fire scenarios based on
northerly wind conditions was not useful for making safe
and certain decisions, focusing on the new scenario after
the expected wind shift at 0300 h (e.g., analysis of the mag-
nitude and impact of the wind shift) was much more in-
formative for decision-making (Catalan Fire and Rescue
Service 2013a).
In this information era, the concept of uncertainty has

arisen in many fields, and the type of analyses that are use-
ful have been studied (Table 1). For instance, risk analysis
is useful to address low uncertainty, such as when control-
ling small fires or in known wildfire flanks, or even in
some parts of complex wildfires that are certain. In that
case, fire operations are decided by estimating the poten-
tial of every part of the fire (a proxy of impact), and the
window of opportunity for a particular operation until the
next expected change of behavior (a proxy for probability
of success) (Castellnou et al. 2010). As uncertainty in-
creases, the methodological approximation should be dif-
ferent (Table 1; Courtney et al. 2000). In order to improve
decision-making in these scenarios, simplified alternative
scenarios should be identified, understanding the triggers
and sources of uncertainty.

Basis for an operational methodology
Instead of adopting defensive and reactive strategies,
the focus of emergency management should be on
making proactive and strategic decisions (e.g., Incident
Command System developed for United States,
Canada, or Australia). This allows fire services to de-
ploy safe and efficient operations during the whole
emergency, thus developing organizational resilience.
ess that takes into account uncertainty management. The three
ity order
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Instead of accumulating information about particular
measurable risks, part of the uncertainty should be
kept in black boxes (Table 1), and focus should be on
identifying sources of uncertainty and triggers of
emergency management collapse.
It must be accepted that proactive strategies bring

resolution at a cost. In the 2012 La Jonquera Fire, the
cost for protecting 40 000 ha was to let the fire burn 13
000 ha and destroy the structures of three rural commu-
nities (Catalan Fire and Rescue Service 2013a). Thus, to
minimize uncertainty and the risk of collapse, losses
from known risks (opportunity costs) take place and
must be accepted. In this context, the opportunity cost
means to give up the most valuable choice in order to
select an alternative option that preserves other essential
values and ensure that resources are used efficiently
(Bishop 2004). The opportunity cost is a way of being
pragmatic and responsible, and of accepting that capaci-
ties to address an uncertain situation are limited. The
opportunity cost would not make sense if fire services
were never overwhelmed by a fire (i.e., always have
enough resources available at all places, enough capacity
to face all types of fire behaviors, enough information at
the right pace and moment to make decisions). How-
ever, accepting uncertainty means accepting that fire-
fighting capacities are limited and that every opportunity
comes at a cost of having some loses.
A solution to the current firefighting (or fear) trap

should consider structuring the culture of priorities into
three different levels, starting from the fine-scale deci-
sions up to the big picture of the incident:

At maneuver level
Set of operations deployed
These must be safe, attainable, and prioritized depending
on the values at risk, following the order: people, proper-
ties, and environment. For instance, in the 2013 Vallirana
Fire, instead of controlling the right flank of the wildfire, a
decision was made to allocate almost 90% of the resources
to protect nine houses in the area where the forest fire im-
pacted the WUI. Later, the uncontrolled right flank af-
fected 64 other properties (Catalan Fire and Rescue
Service 2013b). If lives are not under threat, the priority at
maneuver level should be to deploy those operations that
impact the greater good. In the 2013 Vallirana Fire, this
meant attacking the right flank of the fire in order to pro-
tect 64 properties, instead of fighting for the nine proper-
ties that were already being affected by the flames.

At tactical level
The tactical level decides the allocation of efforts
(maneuvers) in time and space
Efforts should be allocated where there are opportunities
to succeed with operations. At this level, the opportunities
of successfully protecting values at risk and limiting the
spread of the wildfire before it puts more values at risk are
limited in time and space. Using one group of resources in
one opportunity at one time implies not taking another
action at another place. For instance, in the 2013 Vallirana
Fire, all resources were allocated to defend nine houses at
immediate risk, instead of distributing the resources to dif-
ferent sectors of the fire so that the next 64 potentially af-
fected houses could be protected. Tactical decisions
cannot be made only to protect values at risk at a certain
time, but to use opportunities that help avoiding mid- and
long-term risks. Thus, the order of execution of opportun-
ities does not necessarily match the order of priorities of
values at risk at a particular moment, but rather depends
on the window of opportunity of each, and the potential
mid-term gains and losses derived.
The culture of priorities at a tactical level should expli-

citly change, from defending the values at risk at a par-
ticular moment, to fostering resilience of the response
system. Maintaining the initiative over the emergency is
key to protecting all values.

At a strategic level
This level chooses the final result of a fire event,
encapsulating uncertainty by fixing gains and losses for
each opportunity and creating a scenario of resolution
where tactics and operations can succeed
It must be accepted that uncertain environments give lim-
ited opportunities, and it’s the strategy level that should
provide the maximum certainty and credibility possible to
the tactical and operational decision-makers. For instance,
the opportunity cost of a situation by which a WUI is
defended, such as in the 2013 Vallirana Fire, requires
accepting uncertain damages in the WUI in order to focus
on protecting other values during the total time of the
emergency. In this case, this means letting the fire enter the
WUI to make sure the right flank can be under control,
and will not cause major damages later on. The goal of the
fire service is not only to try to protect values with a
known, demonstrable, and measurable risk, but also to
focus on maximizing the benefits of the whole scenario. So,
the culture of priorities at a strategic level is based on the
common good, understood as maximizing the benefit for
society as a whole, rather than only for some individuals.

Proposal for improving decision-making
The proposed methodology for the integration of the op-
portunity cost and scenarios of resolution at tactical and
strategic decision-making levels has been developed based
on European Mediterranean wildfires. These are fires that
burn rapidly through the landscape, and most of the
propagation happens within the first 12 to 24 hours, in-
volving populations at risk from the first hour. Decisions
have to be made under a very high level of uncertainty,
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with known values at immediate risk, and a more uncer-
tain range of possible outcomes in the longer term.
In this Mediterranean context, the decision manage-

ment framework has allowed long term strategical and
tactical decisions to be carried out by responders in the
first two hours of the fire. The successful implementa-
tion of the methodology proposed requires integrating
principles related to firefighter safety, organizational re-
silience, the common good of the largest part of the
population, and responsibility-sharing with society. It re-
quires a change in the decision-making culture of the
fire services, from a process based on fire suppression
objectives, to a process focused on the final results based
on a culture of priorities built at maneuver, tactical, and
strategic levels. The process proposed contributes to dif-
ferentiate between the desired objectives—what we want
to protect—from the more robust, feasible results: what
we can protect and the price paid (eliminating sources
of uncertainty for safe, efficient tactics and operations,
and accepting the price to be paid for such certainty).
The role of the strategic level is to map a range of pos-

sible future outcomes and roughly estimate uncertainty
triggers and, if possible, likelihoods (Table 1). In order
to build these scenarios, particular attention should be
paid to identify situations for which safety protocols may
not work, scenarios for which fire services may not be
resilient, or situations for which individual risks are pro-
tected instead of the common good. The strategic level
should aim to provide resolution when safety, resiliency,
and common good are possible with the available infor-
mation. This level should also provide guidance to make
tactical decisions when uncertainty arises. Finally, the
maneuver level provides credibility and leadership.
The decision-making method could, theoretically, be

implemented under any organizational framework (e.g.,
Australasian Inter-service Incident Management System,
American Incident Command System), although it has
to be adapted to the different pace of decision-making
and long-term uncertain scenarios. Some interesting ex-
plorations in a similar direction have been done that
focus on better understanding the long-term values to
be preserved, the quantification of uncertainty, and the
development of risk assessments tools (Thompson et al.
2016; O’Connor et al. 2017; Riley and Thompson 2017).
To apply this framework, the structure of decision-

making should change from a detailed command and con-
trol structure that provides speed to operations, to a mis-
sion command structure (Department of Army 2003), that
provides tactical flexibility in pursuing strategical objec-
tives. To achieve it, tactical decisions should be made at
the fire line. The tools, means, and knowledge to create
certainty at different levels (i.e., maneuvers, tactics, and
strategy) need to be systematized in order to empower the
decision-making capacity at the fire line.
Strategic objectives and principles
The current firefighting trap and defensive strategies
could be averted by empowering firefighters to adopt
creative decision-making models that provide certainty,
safety, and operational indicators. This requires reshap-
ing the basic principles—firefighter safety, leadership,
and resilience—and adapting them to take into account
the actual global-change context of dynamic and com-
plex environments.
Empowered strategic decision-making for wildfire manage-

ment means that the information collected for making a deci-
sion must be structured according to a culture of priorities.
To protect values at risk, uncertainty needs to be considered
at the strategic level. This would allow the effective applica-
tion of known procedures at tactical and maneuver levels. De-
fining strategic objectives based on universal organizational
values can be of help in identifying the scenario of resolution
(Table 2). In this approach, scenario choice helps organiza-
tions to clearly identify their responsibility.
The creative decision-making method proposed is

based on four principles that help choose the resolution
of a wildfire emergency. The four principles help to de-
sign a more creative decision-making process that em-
powers the fire line (Fig. 2). If scenarios are more
certain, safety protocols and predictability have a higher
probability of being successful tools:

� Principle 1) Decision-making vision: a predictable
situation is a safe situation. Safety protocols and
personal protective equipment are the main tools for
safety in emergency management (Putnam 1995).
When risks are predictable, the emergency system is
robust, given that the teams follow the rules,
routines, and procedures. However, when risks are
not predictable and the scenario is uncertain, the
teams cannot simply adapt to complex and rare
situations by following procedures based on known
errors and lessons learned. Common sense is also an
ability required to avoid unnecessary and
unmanageable risks that will only conclude in
wasting resources while trying to succeed in
impossible operations, endangering the crews,
population, and future response capacity.

� Principle 2) Decision-making culture during the re-
sponse phase: credibility to build trust and resiliency.
Reducing uncertainty from a scenario and, as a
consequence, increasing safety for firefighters and
society requires being realistic in what can be
achieved. Thus, decisions should be based in the
certainty of gain and loss. The final result is
somewhat known when the scenario is defined, and
therefore the losses are expected. Communication
with policy makers and society should be fluent,
clear, and realistic about expectations in order to



Table 2 Proposed uncertainty matrix. This tool helps identify different response options according to the analysis of uncertainty

Objective
Method used to achieve
objective Weakness Ways to build strength

Maintain safety Safety procedures Unpredictable changes of fire behavior when
safety that is based on standard operating
procedures fail.

Identify known sources of unpredictable
situations when safety can be compromised
(e.g., possible plume collapse, downbursts).
Must assume the cost of choosing a
predictable scenario of resolution for
maneuver level over a scenario that reduces
known risks.

Maintain capacity
to respond
(organizational
resilience)

Tight control of a large
number of resources

Defense of all values at risk leads to no capacity
to respond to new threats.

Identify when it is acceptable that the
opportunity cost of defending a value may
lead to losing the capacity to respond (e.g.,
protecting one house and letting the fire
burn more wildland until it threatens five
more houses).
To maintain organizational resilience, the
strategic level should focus on opportunities
for the whole scenario, not only for the
maneuver level. The cost of both, what is
done and what cannot be done, must be
considered.
The tactical level then focuses on maximizing
organization resilience, allowing the
maneuver level to focus on protecting values
at risk.

Maintain initiative
and build trust
(leadership)

Prioritize according to known
risk and defend values with
higher probabilities of
damage

The decisions made by the firefighting services
impact the evolution of the scenario and lead to
new mid- and long-term threats and uncertain-
ties. While defending lives and assets under a
known, certain risk, firefighting services lose other
values from uncertain threats.

Analyze and act to reduce possible final
damages. The strategic level maps future
landscapes by prioritizing the identification of
triggers of uncertainty that can cause more
damage.
The strategic decisions frame the decision-
making of the tactical level.
Agreement with society on values that will
survive, based on common good, and on
tomorrow’s landscape.
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build credibility (Weir et al. 2017). For this reason,
some messages should be avoided (e.g., “we are
doing our best to protect the community”). Instead,
using messages that are accurate and genuine will
enhance credibility on the decisions made by the
emergency responders (e.g., “that will happen, and
what we can do is avoid this and this from
happening.”).

� Principle 3) Values considered in the decision-making
process: lead the “common good.” Landscape values
are diverse. These include ecological, social,
economic, and safety values, among others.
Common good is choosing a certain combinations
of those values that have clear benefit for all of the
population. Assuming that losses are unavoidable in
any fire emergency, responders should select a final
result, and use their resources strategically to
minimize the loss of landscape and societal values.
For instance, choosing to lose one building in a fire,
if that allows protecting two. By taking into account
common good, emergency responders generate
certainty and credibility.

� Principle 4) Responsible decision-making: lead for to-
morrow’s landscapes. Decisions made during
emergencies shape future landscapes and, therefore,
future wildfire risks. Decision makers today are
responsible for future systemic resilience and
common good, which will affect future generations.
It is necessary to include the future into the
decision-making process.

An uncertainty matrix (Fig. 3) based in game theory
gives different response options to the scenario and the
events happening. The matrix has two main compo-
nents, (1) what is known and unknown from the emer-
gency response system perspective, and (2) what is
known and unknown from the scenario. The matrix
helps in addressing uncertainty in the strategy and tac-
tics of a decision-making process that, in the meantime,
can help to build resilience and credibility.
The matrix (Fig. 4) can be used to constantly assess

any potential change during emergency to know in any
moment the internal situation (where we are, what we
are doing, and what is happening) and the external situ-
ation (what is happening and how it is changing). Fire-
fighters should aim to always work and make decisions
in known and predictable situations (Known Known). A
Known Known situation is when decision makers are



Fig. 2 Degrees of uncertainty and types of analysis. Rows 2 to 4 indicate what can be understood, identified, and foreseen. Row 5 indicates the
type of analysis identified to be effective for each degree of uncertainty. Adapted from Courtney et al. (2000)

Castellnou et al. Fire Ecology           (2019) 15:31 Page 9 of 17
aware of the performance and availability of their teams
and the logistics problems are under control. Also, the
weather forecast is robust and fire is not extreme and
behaves according to fuel models. Thus, there is no un-
certainty in the wildfire. A Known Unknown situation is
when decision makers are aware of the performance and
Fig. 3 Principles and guidelines that should be taken into account when c
creative decision-making
availability of their teams and the logistics problems are
under control. However the forecast (i.e., weather, fire
behavior) is uncertain. For example, when a wind shift is
forecasted at a predicted time, the conditions and impact
of this wind shift on fire behavior are uncertain. Fire ser-
vices follow the models, and it is certain that it will
hoosing the resolution scenario based on the proposed



Fig. 4 Polygons of fire potentials of the 2014 Tivissa Fire, Spain. Left: final fire perimeter in black. Polygons of fire potential are labeled (A, B, C, D) and
represented in different colors. Right top: location of fire perimeter in the western Mediterranean area (source: Google Earth, https://www.google.com/
earth/). Right center: polygon area and arrows represent main connections between polygons. Inside each polygon, fire is expected to burn following
a similar fire behavior. Once fire gets inside one polygon, it can be assumed that all of that polygon will burn. By using the right strategy, fire can be
contained inside each polygon. This scheme portrays the fire analysis, forecast, and simulation of a decision-making visual tool

Castellnou et al. Fire Ecology           (2019) 15:31 Page 10 of 17
happen, but the conditions and the impact of the wind
shift on the fire are yet uncertain. By integrating scien-
tific knowledge into the decision-making process, un-
known and unpredictable scenarios can be managed.
Decision makers should aim to control those factors to
transform the situation into a Known Known. An Un-
known Known situation is when the performance of the
teams and their capacities are uncertain. In this situation,
the fire scenario and the weather is known, so decisions
rely on experience. When expert knowledge is integrated,
actions are based on experience but without scientific
backup. Finally, an Unknown Unknown situation is when
the performance of the teams, the scenario, the weather,
and the fire behavior forecast are all uncertain. For in-
stance, scenarios of extreme fire behavior for which noth-
ing is certain, and unexpected situations can happen at
any moment.

Polygons of fire potential
An innovative and already operational tool that helps
identifying and managing uncertainty in Mediterranean
Europe is the identification of polygons of fire potential.
The wildfire should be divided into polygons of fire po-
tential that incorporate uncertainty to help define the
scenario of resolution (final result). The polygons help
provide an overview of the fire (to experts and non-
experts) of what can burn, what can be decided, and
what will be saved and lost with every decision. The
polygons eliminate uncertainty and provide a clear and
certain picture. With this tool, decision makers are no
longer doing “what we can,” but “what we decided based
on value and operational capacities.”
A polygon of fire potential identifies spatial units

for which fire behavior (i.e., high, medium, low) is ex-
pected to be homogeneous. Each polygon is charac-
terized for a set of certain values (Fig. 4). Inside the
polygon there are limited opportunities to deploy
operational response constrained by a range of limita-
tions (e.g., unstoppable expected fire behavior, limited
road access, limited resources, unavailability of infor-
mation for the right actor, place and time). Thus, the
main operational opportunities are between polygons.
The connectivity between polygons is then the win-
dow of opportunity to stop the wildfire and decide

https://www.google.com/earth/
https://www.google.com/earth/
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the final result. But, this connectivity is often dynamic
and varies according to changes in fire scenarios (e.g.,
environmental conditions, success of the maneuvers
and tactics).
Then, the classic formula of lives, properties, environ-

ment includes the no-collapse value, which implies select-
ing the final strategic outcome using a common good
approach and including ecology and future landscape re-
silience in decision making. This strategic decision fixes
the tactical decision and priority maneuvers to be made.
Credibility is built between fire service and stakeholders.
To demonstrate the implementation of the proposed
methods, two examples of real wildfires for which creative
decision making was applied are presented.
Simple practical example: 2014 Tivissa Fire, 832 ha
A lightning fire was detected on 14 June 2014 at 17:35 h in
Tivissa, Tarragona, Spain. The fire was remote, in the mid-
dle of a young stand of Pinus halepensis Mill. regeneration
after another fire in 1967. The forest was dense, 3000 to
8000 pines ha−1 between 4 and 7 m tall. The ecosystem
was homogeneous and continuous for almost 12 000 ha,
identified as a problem for biodiversity and wildfire risk.
Table 3 Summary of the decision-making analysis on a simple, prac
assessment (A), and two different fire suppression strategies conside
(B), and the creative decision-making strategy that was finally applie

(A) Situation assessment (B) Defensive strategy (atta

Values at risk
(1) Tourist WUI area on the coast, young
continuous forest pine (closed stand), water
catchment area.

Emergency management
(2) Cannot attack polygon A directly (Fig. 4). Fire
must be contained inside A. If fire gets into
polygon B, then there is a big problem as B is a
remote area. On the other side, D is the last
polygon before the WUI area on the coast.
Defending the WUI during the night would
require all the resources and would potentially
be unsuccessful and allow fire into B and C
(having a large fire involving all areas and
values, with risk of collapse).

Fire ecology management
(3) The ecosystem burning would regenerate
very well (serotinous cones) and flanks probably
would underburn a lot of stands, creating a
better forest structure. A value to take into
account is the possibility of creating a mosaic of
open land with new regenerates on it. It would
increase biodiversity of vegetation and fauna,
and increase the resilience of future landscape.
In fact, it would reduce the risk of fires on the
12 000 ha region by half. Since the area is
habitat for eagle (Aquila fasciata Vieillot, 1822),
an endangered species, opening the habitat
and allowing a hunting ground for the eagle is
a need to be considered.

(1) Focus on traditional at-
lives, property and environ

(2) Stop the head fire and
remaining fire. If polygon
directly, the initial attack fa
ciding where resources sh
There is no strategic plan,
just operations to chase th
assets at risk.

(3) Since values at risk are
focus is on polygons A to
succeed or fail depending
spread (Known Unknown;
increases and does not all
connection from A to B an
those polygons means tha
a much larger emergency
maintained and the alread
complete the maneuvers
conditions.

(4) The only values that ca
the ones considered by th
risk approach.

(5) Easy collapse of the sys
At the start of the fire event, the methodology pre-
sented here was used. Four polygons were identified
representing the fire potential according to type of fire
behavior based on terrain and fuel types (Fig. 4). Histor-
ical fires in the area, from years 1989 and 1967 (3285 ha
and 11 598 ha, respectively), were also used as references
to define the polygons. The 2014 Tivissa Fire was sup-
pressed within the first polygon (Fig. 4A). The fire be-
havior was analyzed considering the fluctuation of
environmental conditions between night, with strong
and dry northwest winds, and day, with moderate and
more humid sea breeze (Table 3; Figs. 5, 6). The fire
started in the afternoon, spreading out of control, and
the fire behavior was already overwhelming the initial at-
tack deployed by helitransported handcrews. In the
evening, only 26% of the fire perimeter was contained.
With the wind shift at midnight, the rate of spread was
over 2 km h−1 and flames were between 5 and 10 m.
The infotoxicity during the initial hours (e.g., fire behav-
ior, resources, wind conditions) overwhelmed decision-
makers and did not allow for focus on analysis of after-
noon conditions after the wind shift. The initial attack
was suspended and all crews were sent back into safe
zones. A new strategy was needed.
tical example: the 2014 Tivissa Fire, Spain. Real situation
red by the incident managers of the fire: the defensive strategy
d (C)

ck with uncertainty) (C) Creative strategy applied (certain scenario)

risk-values approach:
ment.

later deal with the
A cannot be attacked
ils. The fire is then de-
ould go to work.
no tactical approach,
e flames threatening

in polygon D, the
D. The operation can
on the speed of fire
Fig. 3). Uncertainty
ow focus on the
d A to C. Losing
t fire would generate
. However, tactics are
y allocated resources
in unknown

n be defended are
e traditional values-at-

tem.

(1) Strategy: Contain fire inside polygons A and D.

(2) The first night, there are no feasible
opportunities to break the connection between A
and D without losing resources. The fire service
would deal with it the next day with the wind shift.

(3) The connection between A and B is set as the
main priority from the start of the fire. It is a good
window of opportunity; however, the window
ends at sunrise when fire behavior is expected to
get worse and become uncertain. This is a Known
Known situation that would evolve to Known
Unknown and would require a tactic change if the
connection from A to B cannot be broken before
morning.

(4) The fire spreading from A to C is expected to
have the same behavior as from A to B. It will be a
flank fire day and night. It is a Known Known but
requires resources all day. Tactically, fire services
should keep working to avoid an impact of fire on
resources. If, instead, the fire is left unattended, then
it could spread from C to B, which would be much
wider and more resource demanding. Thus, it is
important to control the fire to avoid collapse of
resources in case the fire grows.

(5) Must accept the risk of losing A and D. It’s a
Known Unknown situation at night, but if the fire
does not get to D, it can then be controlled next
morning.



Fig. 5 Simulation of the fire spread for northwest winds expected during atmospheric subsidence conditions at night for the 2014 Tivissa Fire,
Spain. Simulations predicted fire spreading from polygon A to polygons D and C (Fig. 4). Simulation done with Wildfire Analyst software
(Technosylva, Bellevue, Washington, USA) using adjustments of 1989 and 1967 fires that burned under similar environmental conditions
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The opportunities and risks for operational deployment
were analyzed using the uncertainty matrix (Fig. 3) and the
analysis of polygon connectivity (Fig. 6). The result was
that the fire service successfully managed to contain fire in-
side polygon A (Fig. 4). The 832 ha patch created a mosaic
that was protecting 11 000 ha of forest in two pieces. It in-
creased the habitat of the eagle and created grassland with
Fig. 6 Example of the graphic application of the creative decision-making
indicate main values at risk within each area. Arrow direction indicates fire
indicates extreme fire behavior, yellow indicates intense fire behavior, and
tool for discussing tactical and strategic decisions with different actors
a good forest regeneration. The WUI is now protected
from natural lightning fires that happen every year in those
mountains. Almost 230 ha of the 832 ha were underburned
and created a new habitat of open stand savanna ecosys-
tem. Thus, three types of habitat were created by the fire.
In addition, although 832 ha burned, a larger area of 4500
ha and the adjacent WUI were protected.
method for night (left) and day (right) scenarios. Polygon colors
spread direction and color of the arrow indicates fire behavior: red
green indicates low fire behavior. This simplified scheme is a useful
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In conclusion, the 2014 Tivissa Fire example shows
how creative decision-making helps build a strategy
based on reinforcing the value of lives, property, and en-
vironment at the strategic, tactical, and maneuver levels.
To build trust within agencies and between agencies and
citizens, it is necessary to have clear and transparent
communication. This is achieved by sharing and en-
gaging all actors in the creative decision-making process
proposed in this article. The outcome is a strategy
shared with the citizens to build landscape resilience and
preparation for future events.

Complex practical example: 2015 Odena Fire, 1214 ha
The 2015 Odena Fire was a wind-driven fire starting in a
forest area (Pinus halepensis) regenerated after the 1986
fires. WUI and RUI (rural urban interface with farms)
Table 4 Summary of the decision-making analysis on a complex, pr
assessment (A), and two different fire suppression strategies conside
(B), and the creative decision-making strategy that was finally implem

(A) Situation assessment (B) Defensive strategy
(attack with uncertainty)

Values at risk
(1) Complex scenario with pressure to avoid fire
burning the WUIs and to avoid flames reaching
the national park (Fig. 8).

(2) While wind is blowing, this type of wind-
driven fire is really difficult to stop at its head.
Windows of opportunity need to be assessed in
order to get certainty to manage the wind
scenario. The fire was divided into two situations:
(2a) west winds would push a fast and intense fire
toward the WUI area around Montserrat National
Park. (2b) late afternoon, the fire would shift
following the north-northwest wind, it will drive
away from the WUI and National Park, leaving a
new and much wider fire head running into the
RUIs and the more sensitive forest ecosystem that
could change to shrubland once burned.

Emergency management
(3) Scenario 1: protect WUI and National Park
but risking RUI and a fragile ecosystem (left flank
polygons, Fig. 8).

(4) Scenario 2: protect RUI and fragile ecosystem
and minimize the damage in WUI (protection
and prevention measures applied before). The
national park would burn: the area has a resilient
ecosystem that would easily recover;
nevertheless, it would create a visual impact
jeopardizing tourism.

Fire ecology management
(5) The area affected by 1986 fires is a young
pine forest (Pinus halepensis). Before, part of this
land was covered by Pinus nigra Arnold and
Quercus faginea Lam., but after those fires, more
xerotinic species dominated the landscape.

(6) Considering resilience in this fragile
ecosystem, compared to the coastal ecosytem
(more resilient), is a priority.

(1) If efforts are concentra
national park and the WU
both as a head fire, and c
WUI, RUI, and national par
too many values at risk to
easily grow. Realistically, th
connections between pol
cannot be stopped once
the wind shift (red conne
Focusing on them (Known
working on uncertain reso
scenarios than would likel

(2) Initially, resources will b
the WUI at polygons 4.1an
stopping the fire, then WU
The protection of the nati
required if fire hits polygo

(3) While protecting the W
park, the fire will shift nor
bringing RUI and sensitive
equation.

(4) The defensive approac
based on traditional value
would then drive the fire
Once there, basic values o
would not be defended a

(5) Under this scenario, th
dent that would only be s
improvement, after losing
ares. It’s a classic situation
for firefighters and distrus
tion of the country.
were scattered in the area (Table 4; Fig. 7). This area is
on the edge of the continental-Mediterranean semi-
humid climate, and ecosystems are adapted to the dry
conditions. The fire caused stress as Montserrat National
Park was within the area of interest. The Park includes a
high density of tourists and the whole area is near the
metropolitan area of Barcelona (Fig. 7, polygon 13). The
weather forecast indicated that western winds would
dominate in the afternoon, and then south-southeast
winds would prevail. The latter is a more calm and
humid wind that improved weather conditions. Thus,
there were two scenarios in a complex terrain sur-
rounded by very sensitive values at risk (Fig. 8).
In the end, 1214 ha burned, considerably less than the

6000 ha that could have burned (Fig. 8). Four farms and
one WUI area were affected. However, nine WUI areas
actical example: the 2015 Odena Fire, Spain. Real situation
red by the incident managers of the fire: the defensive strategy
ented (C)

(C) Creative strategy applied
(certain scenario)

ted on protecting the
I, then fire would hit
hances of losing the
k are high. There are
defend, and fire can
ere are two main
ygons where the fire
it gets there before
ctions, Fig. 8a)
Unknown) means
urcedemanding
y cause collapse.

e allocated to protect
d 5.2 but without
I at 7, 8, 9 and 18.
onal park would be
ns 7 and 8 (Fig. 8).

UIs and the national
th and northwest,
ecosystems into the

h of chasing flames
-at-risk approach
service to collapse.
f life and property
t all, anywhere.

e fire is a major inci-
olved due to weather
thousands of hect-
that causes frustration
t among the popula-

(1) Look for the safe and certain scenario using
the uncertainty matrix (Fig. 3). For instance, the
fire service knows that it can succeed in
breaking connectivity between 1 and 3.1 and 6
(north flank) at the beginning. If the fire is not
controlled then, it will unlikely be stopped after
the wind shift. The fire service also knows that
they can successfully protect the WUI and the
east side of the national park once the wind
shifts. Those are the certain tactics.

(2) The creative tactics proposed are to use
windows of opportunity and accept the cost of
them.

(3) Breaking the connection between polygon 1
and 3.1 (Fig. 8a) leads to major spread of head
fire going to 4. Flank connectivity to 5.2 can also
be broken. This will leave a narrow and slower
wind-driven fire.

(4) Focus on the left flank before the wind shift,
as a way to avoid the possible head fire to poly-
gon 6.1 and 6.2.

(5) If the fire is kept narrow, it will spread with
much less energy and can develop less convec-
tion. Power of fire (Rothermel 1991) stays lower
until the wind shift, and allows the fire service
to be ready to stop the connection from 4s to
8s, national park and WUI.

(6) Once the wind shifts, connections to poly-
gon 6 will be active (Fig. 8b). The narrower, the
better. What happened is that, the connections
to polygon 6 were only two narrow strips under
control before connection to 6 was established.



Fig. 7 Segmentation of the area of interest of the 2015 Odena Fire, Spain, into polygons of fire potential, as part of the creative decision-making process.
Numbers indicate polygon labeling. Fire started at polygon 1. Some polygons have been split into smaller sections to identify tactical objectives (i.e., 4, 5,
6, 7, and 8). Left: location of fire perimeter in the western Mediterranean area. Source: Google Earth (https://www.google.com/earth/)
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did not burn. These southern-wind-driven fires, such as
the 2015 Odena Fire, have devastated this Catalan area
several times in recent years (e.g., 1994, 1998, 2003,
2005; Brotons et al. 2013). But now a long fire scar
works as a fuel break against wildfires driven by south-
ern winds, protecting against megafires that could affect
the area under the current climate change scenario
(Alcasena et al. 2019). Megafires are relatively new in
Mediterranean Europe, but their occurrence is increas-
ing with climate change (Cardil et al. 2015; Duane and
Brotons 2018). Besides reducing risk, the fire scar breaks
the monospecific landscape continuity and creates habi-
tat. The biodiversity of the region has improved, includ-
ing an increase of the number of big mammals. The
fragile, semi-humid ecosystem remained unburned, and
the littoral forest that burned is quickly recovering. Most
of the RUI was protected and the economy of the area is
currently growing.
The methods presented in this case study were used to

discuss the emergency management strategy deployed
within the local communities, as well as the positive and
negative impacts of the fire. The polygons of fire potential
tool was very helpful: first, in helping to understand how
uncertainty is managed; second, in identifying the limita-
tions of the fire suppression system; third, in raising risk
awareness among residents; and fourth, in encouraging citi-
zens to manage their own risk and prepare for future fires.

Conclusions
Uncertainty in emergency management is forcing defen-
sive actions against known risks. Focusing on traditional
values at risk has two main consequences in Mediterra-
nean Europe: firstly, the collapse of fire services, and sec-
ondly, the loss of landscape and values that could, in
fact, be saved. Following a creative methodology to define
the resolution of a wildfire event, instead of focusing on
protecting values at risk, allows for a systematic way to
manage uncertainty through decision-making. Of course,
lives and property must be protected, but the focus should
not only be on them. Avoiding collapse of fire services is
necessary to ensure life and property protection and to en-
sure that decisions made will maximize the common
good. Improving resilience of fragile ecosystems and bio-
diversity should be included in the values to be considered
during emergency management. Using the creative
decision-making approach proposed, fire services can
avoid collapse and include fire ecology as a value to create
resilient landscapes of the future. As seen in the examples
provided, common good allows including fire ecology
values as strategic decision-making values and, most im-
portant, allows using emergency management to create
future landscape mosaics and protect rural economy.
By adopting this approach, fire emergencies will turn a

rather negative feeling of losing the past and ruining the
future to a positive one of helping to build landscape
and societal resilience for future wildfires.
Fighting against extreme wildfires means addressing

a socio-ecological hazard with mid- and long-term
impacts. A lesson learned is that using this method-
ology requires the involvement of people, from fire-
fighters to communities. Often, citizens are informed
but not involved, and this creates information noise.

https://www.google.com/earth/


Fig. 8 Main connections between polygons defined in Fig. 7 under two wind conditions expected on the 2015 Odena Fire, Spain. (a) given west
wind conditions at the start of the fire. (b) given wind shift to south-southeast conditions. Complexity of operational opportunities decreases with
color (red, yellow, green). This schematic helps to keep focus on the information needed to make decisions by reducing noise from maps
and simulations
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In a time when information is readily available to
everyone, it is a good option to involve society in the
emergency decisions that are currently being made by
a closed team that is responding to the emergency.
The proposed methods can have profound implica-
tions to manage uncertainty in the information era.
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