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Abstract. Amodelling framework to spatially score the impacts fromwildland fire effects on specific resources and assets
was developed for and applied to the province of Ontario, Canada. This impact model represents the potential ‘loss’, which

can be used in the different decision-making methods common in fire response operations (e.g. risk assessment, decision
analysis and expertise-based). Resources and assets considered include point features such as buildings, linear features such
as transmission lines, and areal features such as forest management areas. Three categories of fire impacts were included:

social, economic and emergency response. Category-specific scores were determined through expert elicitation and then
adjusted to account for fire intensity. Expert elicitationwas shown to compare favourablywith othermethods in terms of the
complexity, time, set-up cost and operational use. When compared with historical fire data from Ontario, it was found that

impact model scores were associated with the objective to suppress or monitor fires. The model framework provides a
consistent pre-fire impact assessment to support individual fire responsedecisions.The impact assessment canalso represent
the total impact for areas of Ontario that do not have prescriptive response in a formal fire response plan.

Additional keywords: decision-making, Delphi technique, forest fire, RamPART, risk, values, wildfire.

Received 15 February 2018, accepted 2 July 2019, published online 19 September 2019

Introduction

Consideration of the effects of fire and the resulting impacts is
central to response decision-making for wildland fires (Calkin
et al. 2011; Scott et al. 2013). Wildland fire management

agencies are tasked with preventing injury and loss of life, and
mitigating social and economic impacts from such fires. When
the capacity to respond to all fires that require suppression is

exceeded due to high demand, prioritising suppression requires
consideration of the potential impacts of each fire.

Not all wildland fires are suppressed, and some fire manage-

ment agencies have complex landscapes and policies where
fire response can range from allowing fire to burn naturally
to aggressive exclusion of fire by suppression. For example,
the Ontario Ministry of Natural Resources and Forestry’s

(OMNRF)Wildland FireManagement Strategy for the province
of Ontario, Canada, dictates the use of ‘appropriate response’
(OMNRF 2014). An appropriate response is to take actions over

the life of a fire that are intended to produce the best outcome

given the objectives of realising the benefits of fire, averting the
detrimental impacts of fire and managing the response costs
(Boychuk and McFayden 2017). In principle, an appropriate

response will minimise the expected total cost plus net loss,
accounting for constraints such as public and firefighter safety,
and many other factors (e.g. Simard 1976).

Our study focuses on Ontario, Canada, where the OMNRF
manages wildland fire on 107 million ha (an area larger than
France). Approximately 20million ha of this land is distributed in

smaller parcels where there are fire management plans (e.g.
OMNRF 2009) that have specific objectives to be achieved
through fire response or prescribed burning. In the remaining
,87million ha, there is a need todetermine impacts to support the

range of operational decisionsmade before and once a fire occurs.
There is a timeframewhen these decisions need to bemade before
a fire becomes too active or large to contain (Parks 1964).
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In Ontario, there is a need to provide a quick, coarse-scale
impact quantification to support appropriate response decision-
making in the areas that do not have fire management plans.

Assessmentof impactprovidesessential information for decision-
making within fire operations, whether for risk management
applications (OMNRF, unpubl. data; Saskatchewan Wildfire

Management Branch (SWMB), pers. comm.) or when applying
techniques in operational research (e.g. Minas et al. 2012) and
decision analysis (Winston 2003; Kahneman and Klein 2009;

Clemen and Reilly 2013;Martell 2015; Xi et al. 2019). Quantify-
ing the diverse possible impacts objectively and consistently is
necessary but difficult to do (Finney 2005), and more research is
needed (Fairbrother and Turnley 2005; Finney 2005; Calkin et al.

2011; Hyde et al. 2013). To address these needs, we developed an
impact model that can be applied anywhere on the landscape,
calculated ahead of time, and used for specific fire events to

support operational fire response decisions.
We recognise that quantifying impact is only one element of

wildland fire decision-making and often impact is presented

alongside risk (Finney 2005; Scott 2006; Scott et al. 2013;
Xi et al. 2019). However, we note that the purpose of the present
study is not to address all the components of risk. Instead, our

objective is to develop and apply a methodology for a practical
assessment of the potential impact that will help inform decision-
makers, who will ultimately consider the many other influencing
factors in their determination of actual response to a fire.

Our model uses expert elicitation for identifying resources
and assets, quantifying the potential fire impacts resulting from
the effects of fire in Ontario, weighting different impact catego-

ries, and adjusting the impacts to account for fire intensity. The
model can calculate impacts for a range of situations from
individual fires to grid cells or to larger partitions of the

province. This model, RamPART (Resources and Assets
iMPAct Relative Total), quantifies impacts in a systematic
and consistent fashion to support fire response decision-making.

Terminology

Hardy (2005) proposed that the language we use to characterise
fire management has become less concise over time and there-

fore has less meaning.We see this with the existence of a variety
of definitions for fire risk but also with other fire management
terms being used inconsistently, such as ‘values’, ‘fire effects’
and ‘fire impacts’. The term ‘value’ is problematic because the

word functions both as a verb and as a noun with two different
meanings, as in the phrase ‘we value values because they have
value’. We sometimes use ‘values-at-risk’, but ‘risk’ adds to the

confusion because it is variously used to mean likelihood,
occurrence or expected loss (among others; Miller and Ager
2013). ‘Value’ sometimes refers specifically to property and

infrastructure (e.g. ‘value protection’ sprinkler kits are used
mostly on structures). Similarly, ‘effects’ and ‘impacts’ are
problematic because they are used somewhat synonymously,

though with different connotations. To clarify our meaning, we
explicitly define the terms used, and avoid using the term
‘value’, employing the following terminology herein:

� Fire risk is the product of the impact of fire and the likelihood
of the event occurring (Finney 2005). The risk framework
used in insurance (Crichton 1999) is illustrated as a triangle

with the three sides being hazard, vulnerability and exposure.
This triangle has also been applied to wildland fire (Scott
2006) as fire probability, fire behaviour and fire effects. A

more comprehensive approach to risk in wildland fire man-
agement was outlined by Xi et al. (2019), where they added
elements of severity, exposure, value and vulnerability to the

classic triangle. For consistency with such work, we view risk
as the product of likelihood and impact: risk is the expected
loss (or net loss). We recognise that it is possible for a fire to

have positive impacts (and therefore positive risk). However,
in first-order impacts, the negative impacts almost always
exceed the benefits a fire response setting.

� Resources and assets (RAs) are tangible, physical things

present in the landscape, such as property, infrastructure
and natural resources. They can, in principle, be represented
by geospatial data. Resources include biological and other

natural elements, such as timber, wildlife habitat, air and
watersheds. Assets include objects built by people, such as
transmission lines, railways and buildings. RAs can have

functions (e.g. roadways provide travel, campsites provide
recreation, trees provide habitat, and more).

� Fire effects are physical, biological and ecological changes to

RAs and their functioning caused by fire. For example, forest
floor litter is consumed, a building is destroyed, particulate
matter in the air is increased, roads are no longer usable,
power is interrupted, trees are killed. In fire ecology, fire

effects are often considered on two temporal scales: first-
order effects, which occur during and immediately after a fire,
and second-order effects, which occur after some time

(Reinhardt et al. 2001; Ryan and Elliot 2005). For the
purposes of the present study, we consider only first-order
effects.

� Fire impacts are the changes in worth, as judged by people,
that are caused by fire effects. Impacts can be negative,
neutral or positive depending on whether the changes
decrease, have no effect on or improve the worth. Impact is

also dependent on the stakeholder and different groups may
view the impacts differently. Being a change in worth of some
kind or another, ‘impact’ specifically refers to the loss or

benefit that would occur if the RA is or were to be affected by
fire. For the purposes of this study, we consider only first-
order negative impacts (loss).

With the above terminology, we can rewrite the phrase ‘we
value values because they have value’ as ‘we care about the

fire effects on resources and assets because of the negative and
positive impacts’.

The direct effects and impacts of a fire can cascade into

indirect impacts and effects. For example, a fire can burn
electrical poles, disrupting electricity transmission to users
who are far from the fire; these effects may result in a variety
of indirect impacts.

Regarding the scale of time and space for both effects and

impacts, clear start and end points need to be established for

assessments (Hardy 2005). This is particularly important given

impacts may entirely change when a different scale is consid-

ered. For example, a burned building has immediate negative

economic impacts (loss of the worth of the original home to the

owner), but its reconstruction has positive economic impacts
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(e.g. the hiring of construction crews, andmore). The effects and
impacts during the time that fires are actively spreading tend to
be the focus of fire management agencies because that is when

most firefighting decisions take place.
To elaborate on these definitions, consider a fire killing a

stand of mature, healthy trees. One effect is death of the trees, a

resource. An impact of that effect is negative if the trees were
scheduled for harvesting and there is a loss of monetary worth
to the timber company, but positive for the land manager if the

land management objective was to incorporate the role of fire
in the ecological functioning of the forest. The fire effect is not
framed as being negative, neutral or positive; it is simply an
objective description of the physical, biological, ecological or

functional changes. In this context, a forested area is not
considered to have an intrinsic worth. Rather, the area is
considered to have a worth as a product of human perception

and judgement (Bingham et al. 1995).

Overview of previous impact modelling studies

Impacts can be assessed in various ways, each with differing

degrees of complexity, timeliness and cost. Methods range
from making a quick visual aerial survey performed by an
expert when a fire is reported to determine the initial response

to a fire (Thomas and McAlpine 2010), to creating a fire
management plan for an area, to performing a quantitative
economic analysis (e.g. Kent et al. 2003; OMNRF 2009)

(Table 1). We focus on previous work that uses methods to
quantify loss and those with similar approaches to our model:
subjective quantitative impact assessments by experts.

Positive and negative impacts have been described in terms

of net value change (NVC) (Food and Agriculture Organisation
of theUnitedNations 1986), which is the sumof the fire impacts
accounting for the relative losses and benefits (Finney 2005).

When the costs of suppressing a fire are added, the sum is cost
plus net value change (C þ NVC), which is the theoretical
foundation for wildland fire economics (e.g. Baumgartner and

Simard 1982; Donovan and Rideout 2003) and equivalent
in appropriate response (Boychuk and McFayden 2017). How-
ever, quantifying the market and non-market values for a
C þ NVC calculation is difficult (Finney 2005; Hyde et al.

2013) and judgment of experts has been used in wildland fire
context (Scott et al. 2013).

One way to evaluate non-market value involves determin-

ing what people are willing to pay for that good or service
(Vaux et al. 1984). We have found limited exploration of
willingness to pay on a per RA basis or for fire response

planning, with most studies focusing on policy and prescribed
fire (Fried et al. 1999; Kaval et al. 2007). Inherently, willing-
ness to pay is a subjective assessment to quantify the emotional

response about non-market values in wildland fire risk assess-
ment (Kaval et al. 2007).

Use of ‘response functions’ that quantify fire effects on
specific RAs is another method to determine impacts through

subjective expert input. This method was presented in a com-
prehensive framework for fire risk assessment (Scott et al. 2013)
and applied in many studies (e.g. Thompson et al. 2013). Land

managers identified the most highly valued resources and assets
to be considered for analysis across categories such as

investments, wildland–urban interface, critical habitat and tim-
ber. Scott et al.’s (2013) term, ‘highly valued resources and
assets’ (HVRAs), approximately corresponds with our term,

RAs. Their term ‘fire effects’ generally corresponds with our
term fire impacts and represents NVC. They used expert
judgment to evaluate and score the impact on HVRAs. Experts

developed response functions for the effects of fires of different
intensity levels on HVRAs with scoring to represent negative
and beneficial effects (from�100 toþ100). Fire likelihood and

intensity were derived from simulation modelling, and the
combination equated fire risk.

There are also subjective assessments of impacts by experts
performed in a Canadian operational context. A model was

developed to determine the cumulative risk of fire and nega-
tive impacts in one area of the Canadian province of Alberta
(B. A. Blackwell, B. Baines, pers. comm.). The model asked

experts to evaluate and score negative impacts (from 0 to 10)
in several categories. Risk was evaluated by combining this
impact assessment with a fire likelihood assessment, which

was produced by a fire ignition and growth simulation model.
In another study, the SWMB (SWMB, pers. comm.) devel-
oped a model that defined the expert-judged impact as the

product of scores for degree, extent and duration of impact.
This was done separately for each potential health, economic
and social consequence. The degree, extent and duration
scores are based on whether a consequence was negligible,

low, moderate or high, with corresponding scores of 0 to 3, 0
representing no impact.

Compared with these modelling approaches, expertise-based

decision-making is distinct in handling impacts. It is used in
situations that have an adequate degree of regularity of system
behaviour where decision-makers employ recognition-primed

decision-making, which is when a person assess the situation in
a holistic manner and often does not complete explicit compari-
son of alternatives (Kahneman and Klein 2009). Additional
information about impacts can be used to improve the expert

decision-makers’ situational awareness, thus assisting them in
their decision-making processes. This support is particularly
important in a complex, uncertain and variable system such as

fire management (Sherry et al. 2019).

Methods

Our methodology for RamPART quantifies impacts in a sys-

tematic and consistent fashion to support fire response decision-
making. Our method was adapted from several sources (Foley
and Johnson 1988; Morton et al. 2003; San-Miguel-Ayanz et al.

2003; Black and Opperman 2005; Hardy 2005; Mercer and
Prestemon 2005; Hyde et al. 2013; Scott et al. 2013; Taber et al.
2013; Thompson et al. 2013; B. A. Blackwell, B. Baines, pers.

comm.; SWMB, pers. comm.). RamPART consists of the fol-
lowing five components (also see Fig. 1):

(1) Selecting the RAs to assess
(2) Categorising impacts with high-level aggregation
(3) Scoring the potential impacts numerically and on a com-

mon scale
(4) Weighting the impact categories
(5) Calculating, classifying and mapping the category impacts

and full impacts.

Expert elicitation for fire impacts quantification Int. J. Wildland Fire 887
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Part 1. Selecting the RAs to assess

RamPART uses spatial data about RAs that can be affected by
fire resulting in negative impacts. Although this may appear to
be straightforward conceptually, selecting the RAs calls for

expert judgement (e.g. Calkin et al. 2010; Scott et al. 2013;
Thompson et al. 2013). RAs are necessarily limited to thosewith
available data in the provincial data warehouse (OMNRF 2019)

and to data layers assembled and maintained internally by fire
program staff for use in fire management work. It is not feasible
or desirable to include all available digital geospatial data. There
are hundreds of fields in the provincial data warehouse that

would become a burden to elicit impact scores for, and in some
cases the RA would be redundant. To ensure the RAs selected
are appropriate to the task, like Scott et al. (2013), OMNRF staff

with expertise in fire response, geographic information systems
(GIS), software development, fire science and analytics identi-
fied the RAs for inclusion in the model.

Part 2. Categorising impacts with high-level aggregation

The effects of fire and the resulting impacts vary greatly in

number and magnitude from fire to fire. For example, if a large
stand of trees burns, the harvest plan must be revised, and
wildlife habitat will change over time, causing different benefits
or harms to different wildlife species. If a fire interrupts elec-

tricity transmission, it disrupts individual and group activities to
differing degrees for varying durations. The total impact can be
thought of as the degree of impact (e.g. severity of the impact per

person per day) multiplied by the extent of the impact (e.g.
number of people) multiplied by the duration of impact (e.g.
number of days) (as in SWMB, pers. comm.).

Assembling information at such a high level of detail would,
however, be difficult from a data collection and modelling
perspective. Processing and comprehending such finely divided
information to support decision-making would also be difficult.

During real-time fire response decision-making (e.g. to prior-
itise multiple fires for initial attack), little time is available, and
even a moderate amount of detail becomes impractical to

consider. Furthermore, there is usually high uncertainty in fire
behaviour and suppression outcomes and therefore effects and
impacts. In the pre-fire expert elicitation process, more time is

available, but the problems of comprehension and uncertainty
remain. To make the problem tractable, we used a highly
aggregated representation of impacts at a low level of detail.

Categorising impacts in this way has two benefits. First,

expert elicitation is easier because the experts can reduce
complexity by separately considering subsets of the many
effects and corresponding impacts. Second, impacts can be

assessed separately for each category of impact or in aggregate
when using the results. Note that fires that affect RAs can have
impacts in more than one category. For example, a fire that

affects an airport can have social impacts (disruption of travel
for pleasure) and economic impacts (disruption of travel for
work and transportation of cargo).

In the literature, categoriesof impacts vary in termsofnumbers

of categories, types and levels of detail, for example, social,

economic, ecological, ecosystem, geosystem, fire management,

society (Morton et al. 2003; Hardy 2005; Mercer and Prestemon

2005). Several Canadian fire management agencies were can-

vassed (British Columbia, Alberta, Saskatchewan and Ontario)

for operationalprocesses used for impact and riskassessment.The

level of detail and number of types of impacts that were assessed

varied across agencies, with the types of impacts varying from

specific human life to broader social, economic and ecological

impacts. Some operational processes combined effects with

impacts (e.g. private property, species at risk, water quality,

habitat and infrastructure). The design and selection of categories

in both literature and fire management agencies are typically

based on priorities, preference and practicality.

Selecting resources
and assets (RAs)

Categorising impacts with
high-level aggregation

Scoring the potential impacts
numerically and on a common scale

Weighting impact
categories

Calculating, classifying
and mapping

Delphi expert
engagement

Analytical
hierarchy process

surveys

Identification of
existing data used
for fire response

situational
awareness

Literature and
jurisdictional

review

Expert staff
classification for

mapping

Case studies to
compare potential
full impacts and

provide context to
the results for

specific areas and
for a 1-ha cell

Workshop to
identify missing

data or data
attributes

Selecting impact
categories

Specify RA units

Lands
Inventory
Ontario

database

RA amounts
in grid cells
(e.g. 1 ha)

0–6 Impact
classifications

per cell

Weighting for
-social

-economic
-emergency

response

Percentage of
potential impact

realised, by
intensity class

0–10 Potential
impact score per

RA unit and
impact type

Custom
database

Point data = count
Linear data = 1 km
Area data = 100 ha

Positive
impacts

Negative
impacts

Not addressed

Social Economic Emergency
response

Survey 1

Survey 2

Survey 3

All staff

Senior staff

Senior expert staff

Pairwise
comparisons,

weighted sum by
consistency score

Process and calculate
impacts for RAs

-social
-economic

-emergency response
- full

Feedback

Feedback

Fig. 1. Illustration of the major steps in the RamPART impacts assessment process.
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Part 3. Scoring the potential impacts numerically and on a
common scale

Within each impact category, the relative magnitude of the
impacts must be represented on a common fixed numerical

scale. Using an ordinal range is common, although the scalemay
differ between applications (e.g. Foley and Johnson 1988;
Calkin et al. 2010; Chuvieco et al. 2010; Scott et al. 2013;

Thompson et al. 2013; B. A. Blackwell, B. Baines, pers. comm.;
SWMB, pers. comm.).

Expert judgment is used to quantify the impacts on each RA

on this scale. The Delphi technique is a widely accepted way to
gather data from domain experts to elicit their judgements and
reach a consensus (Hasson et al. 2000; Hsu and Sandford 2007).
This approach uses a set of procedures to elicit and refine the

opinions from a group of people when there are insufficient data
available to reach a more objective assessment (de las Heras
et al. 2007) and has been used in areas of wildland fire research

such as fire prevention (de las Heras et al. 2007). The Delphi
technique has three main features: (1) anonymous question-
naires are used to gather opinions; (2) participants iterate

between answering questionnaires and receiving feedback;
and (3) the exercise terminates when predetermined criteria
are met, e.g. three rounds (Cantrill et al. 1996).

Ideally, the Delphi technique is performed by people with
experience with the relevant range of knowledge for the situa-
tion or question at hand. Assessing the impacts from wildland
fires requires a very diverse range of experience and no one

individual has all the relevant experience, but ideally the group
of experts should.

Part 4. Weighting the impact categories

Within each impact category, scoring is relative on a fixed
numerical scale. The score for each impact category is then
individually assigned a weight representing the relative impor-
tance of that category compared with the other categories. This

weighting is essential when impacts across multiple categories
of RAs are combined to calculate the full impacts across the area
of interest; this enables impacts to be conceptualised and map-

ped as a simple integrated measure (as in Scott et al. 2013). To
determine the weights, we used the analytic hierarchy process
(AHP) (Saaty 1980), which rates the relative magnitudes of

impacts through a series of pairwise comparisons.
There are instances where a respondent can produce incon-

sistent rankings in an AHP because judgement is not always

consistent. For example, an expert assesses that the economic
impact is more important than social impact, and social impact
is more important than emergency response impact. Inconsis-
tency arises if the expert considers the emergency response

impact as more important than economic impact (see Saaty and
Vargas 2012).

In addition to the pairwise weights, AHP also can facilitate

aggregation from individual respondents into an overall weight-
ing scheme (e.g. Forman and Peniwati 1998). In practise,
weighting impacts across multiple people is difficult, but rather

than discard any inconsistent responses, we incorporate the
inconsistency score to weight the individual responses. The
more consistent a respondent was, the more influence their
choices will have on the overall weighting.

Part 5. Calculating, classifying and mapping the category
impacts and full impacts

The impact model has three basic assumptions:

(1) Linearity of impacts in the affected RAs: the impact from
fire on anRA is linearly proportional to the amount of theRA
affected. For example, the economic impact of a fire of a

given intensity that burns 6 ha of commercial timber is three
times the impact of a fire that burns 2 ha of the same forest.

(2) Linear additivity of the impacts to RAs within impact

categories: the impact from a fire that affects multiple
RAs equals the sum of the impacts from the effects on each
individual RA. For example, the total economic impact of a

fire that burns both 6 ha of commercial timber and a
structure is calculated as the economic impact of burning
6 ha of commercial timber plus the economic impact of

burning a structure.
(3) Weighted additivity of the impacts between impact catego-

ries: the full impact of a fire equals the sum of the social,
economic and emergency response impacts, each multi-

plied by a corresponding weight.

As the impacts are assumed to be linear for the affected RAs
and because the impact scores are expressed relative to each
other on a common scale, the physical units of the RAs must be
specified to calculate impact scores.

� Count of RAs represented as point data (e.g. 1 building,
1 airport)

� 1 km of RAs represented as linear data (e.g. 1 km of railway,
1 km of transmission line)

� 100 ha of RAs represented as areal data (e.g. 100 ha of

provincial park, 100 ha of commercial timber).

An area must be defined to calculate impact within it, for

example a grid cell of some dimension or other polygon that is
suited to the purpose.

Categorising numerical models for interpretation is com-

mon. For example, the indices of the Canadian Fire Weather
Index (FWI) System (Van Wagner 1987) are often categorised
into levels from low to extreme for providing public fire

information and for internal fire management operational uses
(Stocks 1971). These are mapped daily for briefings and
preparedness planning. Mapping impact requires a similar
categorisation for a consistent province-wide classification

system that covers the wide range of impact magnitudes.
The number of classes depends on the level of detail needed

and how much a person can interpret given the time needed to

make a decision. For example, a continuous gradient will show a
lot of nuanced detail; however, four to six categories are typical
in fire management spatial products for rapid assessment of

‘low–extreme’ (Stocks 1971; Alexander 1982; Forestry Canada
Fire Danger Group 1992).

There are two technical issues to note where adjustment may

need to be made:

(1) Fractional cells whose area differs from other cells (e.g. at a

jurisdictional boundary). The total impact per cell needs to
be divided by the cell area in these cases.

(2) A portion of a cell has no resources accounted for (such as a

cell consisting of 75% water with the RAs concentrated in
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the remaining 25% of land). In this case, impact density on
the land is not represented, as themodel does not resolve the
spatial distribution of RAs within cells.

Results

The outcomes of the application of the RamPART model in
Ontario, using all five model components (Fig. 1), are outlined

in this section.

Part 1. Selecting the resources and assets to assess

Ameeting ofOMNRF specialists with expertise in fire response,

GIS, software development, wildland fire science and analytics
was held to select RAs. RAs include those currently used in
OMNRF situational awareness maps and operational effect and

impact assessment processes. Data were derived from existing
information (OMNRF 2019) except for three fields that were
created to improve our representation of factors that are
important for fire response, namely rail and road evacuation

routes and single-path transmission lines. Ultimately, 42 RAs
were selected for inclusion in the model (Table 2).

Part 2. Facilitating elicitation by using high-level aggregation
and impact categories

Three categories of impact were selected by the authors: social,
economic and emergency response impacts. Impact categories
and definitions were adapted for RamPART from several

sources (e.g. Morton et al. 2003; San-Miguel-Ayanz et al. 2003;
Black and Opperman 2005; Hardy 2005; Mercer and Prestemon
2005; Hyde et al. 2013; Scott et al. 2013; Thompson et al. 2013;

SWMB, pers. comm.).

� Social impacts generally refer to non-market changes, such as

in a community’s social fabric and the wellbeing of indivi-
duals and families. Examples include the consequences from
losses of aesthetic and scenic beauty, recreation access and

cultural uses.
� Economic impacts generally refer to changes of the commer-

cial worth of property and resources, of economic activity, of

employment and of income. Examples include the cost of
private property loss, infrastructure loss and business activity
interruption.

� Emergency response impacts refer to disruption of the ability

to respond to wildland fires or other incidents (e.g. health
emergencies) and related activities such as evacuations.
Examples include the negative consequences resulting from

a restriction or blockage of single-path evacuation routes for
remote populations, damage to or disruption of Ontario’s
Aviation Forest Fire and Emergency Services response infra-

structure, loss of fire response fuel caches, and disruption of
aircraft use. These could be viewed as social and economic
impacts. However, we decided to create this category to be

able to identify and better represent impacts to the normal
functioning and efficiency of the fire management agency.

In this model, ecological impact is considered through the
lens of its economic and social impacts. For example, from the
perspective that our society cares about the state of the environ-
ment in terms of its functioning, its resemblance to its historic

state, and its existence, people judge environmental state to have
worth, so a change in its state caused by fire can readily be
categorised as a social impact.

Part 3. Scoring the potential impacts numerically and on a
common scale

The Delphi technique was employed and it consisted of three
rounds of anonymous surveys plus feedback and discussion to
reach a consensus on the impact scores. In each round, the

respondents scored the potential social, economic and emer-
gency response impacts for each RA from the perspective of the
protection and stewardship roles required by the government.
The first survey was open to OMNRF response staff at and

above the rank FireManagement Technician andwas completed
by 47 respondents. We adopted a range of 0 (negligible) to 10
(greatest impact).

Next, we held a workshop with a 16-member subset of
OMNRF staff from the initial group, all of whom were experts
in wildland fire response decision-making or policy. Workshop

participants received two forms of feedback to encourage
reassessment of their judgements, working towards a consensus.
One was the frequency distribution of scores from the previous

survey results. The other was a series of real-world impact
assessment scenarios to foster thinking about personal experi-
ences with how wildland fire responses are prioritised, particu-
larly with respect to the various RAs. After receiving this

feedback, workshop participants completed the survey a second
time. After completion, we showed participants the responses
from the first two surveys and together discussed the differences

between them. Finally, we administered the survey to all 16
participants for a third time. All surveys were completed
anonymously. We used the median scores from the third survey

to calculate the potential impacts per unit. Summaries of the
median potential impact scores for each RA are given in Table 2.

We also asked respondents in the first survey to consider how
different fire intensities affected RAs and the resulting impacts.

We specified three fire intensity classes: low (,500 kW m�1),
medium (500 to 2000 kW m�1) and high (.2000 kW m�1).
Respondents scored each RA as the percentage of the potential

impact realised at each fire intensity. The median percentages
from the 47 respondents are also given in Table 2.

Part 4. Weighting the impact categories

To determine the impact category weights using AHP, we held a
workshop with seven senior staff comprising Response Man-

agement, Regional Duty Officers and Incident Commanders,
whoworked independently to rate the impact categories through
pairwise comparisons. In making the comparisons, each par-
ticipant judged the relative importance of each impact category.

The AHP results showed that economic impacts were least
important for all but one respondent (Table 3). The final cate-
gory weights for social, economic and emergency response

impacts were 0.33, 0.25 and 0.42 respectively.

Part 5. Calculating, classifying, and mapping impacts

We calculated impacts within cells of a 1-ha grid; this grid
dimension was selected to correspond with an OMNRF cellular
fire growth model. The following equations were used to cal-
culate fire impacts in each cell.
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Potential impact: the potential impact in a cell for each
impact category is calculated from the number of units of each
RA in the cell and the potential impact per unit:

Potential Social Impact Per Cell ¼
X

RA

Amount Per CellRA

�Potential Social Impact Per UnitRA

Potential Economic Impact Per Cell ¼
X

RA

Amount Per CellRA

�Potential Economic Impact Per UnitRA

Potential Emergency Impact Per Cell ¼
X

RA

Amount Per CellRA

�Potential Emergency Impact Per UnitRA

Realised impact: the realised impact in a cell for each impact
category is calculated from the amount of each RA in the cell,
the potential impact per unit, and the fraction of the potential

impact realised by a fire of a given intensity:

Realised Social Impact Per CellFireIntensity ¼
X

RA

Amount Per CellRA

� Potential Social Impact Per UnitRA

� Fraction of Potential Impact RealisedFireIntensity;RA

Realised Economic Impact Per CellFireIntensity

¼
X

RA

Amount Per CellRA � Potential Economic Impact Per UnitRA

� Fraction of Potential Impact RealisedFireIntensity;RA

Realised Emergency Impact Per CellFireIntensity

¼
X

RA

Amount Per CellRA � Potential Emergency Impact Per UnitRA

� Fraction of Potential Impact RealisedFireIntensity;RA

The impact category weights are the average of the impact

category weights across all respondents, weighted by the con-
sistency of each respondent:

Impact CategoryWeightCategory

¼

P
RespondentImpact CategoryWeightCategory;Respondent

�ð1� InconsistencyRespondentÞP
Category

P
RespondentImpact CategoryWeightCategory;Respondent

�ð1� InconsistencyRespondentÞ

The realised full impact (for a given fire, cell, or unit of RA)
is calculated using the above impact category weights:

Realised Full ImpactFireIntensity ¼ Realised Social ImpactFireIntensity

� Impact CategoryWeightSocial

þ Realised Economic ImpactFireIntensity

� Impact CategoryWeightEconomic

þ Realised Emergency ImpactFireIntensity

� Impact CategoryWeightEmergency

The calculated impact for cells, fires and areas are arbitrary,
unitless numbers. To facilitate interpretation of the impacts, the
results are mapped, with the impact magnitudes grouped into

six colour-coded classes: 0 to 1,.1 to 2.5,.2.5 to 5,.5 to 10,
.10 to 40 and .40. The number and breakpoints of impact
classification were designed with help from OMNRF fire

management experts having been shown seven case studies
of RamPART applied in Ontario and considering both the
impact scores per unit for individual RAs and the total impact

score potential in a 1-ha cell (an example of the 1-ha impact
score grid is shown in Fig. 2).

Validation

We investigated RamPART performance two ways: (1) com-

parison between the ranking of fire priorities using RamPART
with a previous, independent prioritisation training exercise
completed by the OMNRF; and (2) a retrospective analysis

between RamPART impact levels and historical response
decisions to either suppress or monitor fires.

Validation 1: comparing the suppression priority rank of
fires from RamPART with an OMNRF prioritisation training
exercise

A previous OMNRF prioritisation training exercise
involved simulating a situation where fire suppression capac-

ity was insufficient for the current fire workload. In that
exercise, OMNRF staff ranked the priority of three simulated
fires (Table 4). Staff considered information such as the

predicted fire behaviour, the probability of fire spread beyond
current simulated perimeters, the RAs present, the effect of
fire, and the resulting impacts. This emulated the kind of work

that OMNRF staff routinely do during actual fire response
operations.

Those same three locations were then processed with

RamPART. The present work could not explicitly consider

Table 3. Impact category weights and inconsistency scores of seven senior fire management experts from a workshop, and the resulting impact

category weights based on the (1 – inconsistency) scores using the analytic hierarchy process (AHP)

Respondent Impact category weights

1 2 3 4 5 6 7

Social 0.59 0.36 0.33 0.32 0.28 0.17 0.14 0.33

Economic 0.16 0.32 0.33 0.17 0.12 0.63 0.09 0.25

Emergency response 0.24 0.31 0.33 0.50 0.58 0.18 0.76 0.42

Inconsistency score 0.15 0.88 0.00 0.24 0.01 0.33 0.49
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probabilities of further spread or fire intensities, so we used the

potential rather than the realised impacts. We processed the
simulated fire perimeters that were used in the exercises plus an
additional 16-km buffer (adapted from the community protec-

tion area buffers used operationally by Ontario; OMNRF 2004)
reflecting the potential for fire spread. For each fire, we calculate
RamPART’s potential social, economic, emergency response

and full potential impacts within that area. The fires were then
ranked based on the potential full impact within the area (i.e.
summing all 1-ha cells) (Table 4). Rankings produced from both
approaches were in agreement, which supports model validity.

Validation 2: spatial correspondence between RamPART
impact levels and historical responses

Presumably, potential impacts of a fire would have driven

(at least in part contributed to) the historical decisions on

whether to suppress or monitor a fire; therefore, in this valida-

tion, we performed a retrospective logistic regression analysis

where the response variable was whether a fire received full

suppression (1) or not (0), and the predictor variable was the

RamPART potential full impact within the area of the fire. This

validation was performed in the area of Quetico Provincial Park,

RamPART Evaluation
1-ha Full Impacts

Legend

Impact value
Lakes

0–1.0

1.0–2.5

2.5–5.0

5.0–10.0

10.0–40.0

>40

N

E

S

0 0.25 0.5 1 1.5

km

W

Fig. 2. Illustration of the impact classification scheme selected by experts for 1-ha cells.

Table 4. Three hypothetical fires for which two methods were used to produce a fire suppression priority ranking

The first method was a manual ranking performed in a traditional decision-making context to prioritise fire suppression, and the second method was a

quantitative approach using theRamPARTmodel to quantify social, economic and emergency response impacts to obtain full impacts for each fire and produce

a prioritisation ranking

Case study name Manual priority ranking RamPART priority ranking

Priority rationale Expert

ranking

Potential impacts Model

rankingSocial Economic Emergency

response

Full

Alpha Intermediate priority owing to its proximity to mine and highway; full

suppression of this fire is still recommended

2 14 836 63 402 Nil 62 239 2

Bravo Highest priority because of the location and potential impacts on the

community, rural homes and cottages; full suppression

1 26 714 58 814 Nil 70 594 1

Charlie Lowest priority; however, owing to proximity of multiple assets in the

area, full suppression is still recommended

3 4379 4262 Nil 7532 3

894 Int. J. Wildland Fire C. B. McFayden et al.



a 4760-km2 wilderness park in north-western Ontario, Canada.

The fire management plan of the park allows fires to be
monitored rather than suppressed under specific burning condi-
tions and fire behaviour and when there is a lack of threat to
nearby RAs (OMNRF 2009).

Data for historic suppressed fires (Fig. 3) and monitored
fires (Fig. 4) were obtained from the OMNRF fire archive for
2004 to 2017. For comparison, Fig. 3 and Fig. 4 also show the

fire densities for the entire fire administrative unit that contains
the park. Within the park, many fires were either monitored
(80 fires) or suppressed (73 fires), whereas fires outside the

park were primarily suppressed. RamPART impact levels were
calculated using the potential full impact, instead of the
realised impact owing to the lack of fire intensity data. To

enable spatial analysis, hexagonal polygons were used for data
aggregation (16 627 ha; 16 km wide, reflecting the same scale
of community protection areas as in the first validation).
Hexagons are used in Ontario’s Landscape Tool (Elkie et al.

2013) for visualising spatial information at a variety of scales.
In each hexagon, historic fires were aggregated as density of
fire ignitions, and the impact scores on the 1-ha grid were

aggregated as a sum (Fig. 5).
The fitted logistic regression model was statistically signifi-

cant and indicates a positive relationship (intercept �0.67945,

s.e. 0.30106, P value 0.0240; regression coefficient for the total
impact score 0.00096, s.e. 0.00042, P value 0.0227), with the
probability of full suppression increasing with the impact score
(Fig. 6).

To visually assess the goodness of fit of the logistic regres-

sion model, we partitioned the impact level into 10 ordinal
categories, with bins determined by deciles (i.e. anything
below the 10th percentile of the impact level variable was
category 1, anything between the 10th and 20th percentile was

category 2, etc.). Within each of these categories, we calcu-
lated the empirical proportion of fires that received full
suppression. These points were then plotted with the fitted

logistic regressionmodel. The fittedmodel and those empirical
proportions both followed a similar trend: the probability of
full suppression increases as a function of RamPART potential

full impact.
This analysis demonstrates a statistically significant associa-

tion between historical response decisions to suppress v. monitor

fires and our RamPART potential full impact and this provides
additional quantitative support for the validity of the RamPART
model.

Discussion

Comparison with other impact assessment approaches

The methods from Scott et al. (2013) are advantageous in that

they effectively handle positive and negative impacts, whereas
the RamPART model used here only considers negative
impacts. Further, Scott et al. (2013) go beyond impacts and

present a complete framework for the quantitative characteri-
sation of wildfire risk including likelihood, fire intensity,
exposure and vulnerability.
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Fig. 3. Map of historical full-response fire density for the W01 fire response sector in north-western Ontario, Canada, including the area of

Quetico Provincial Park, 2004–17.
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We note that our method and the method of Scott et al.
(2013) both produce total impact and impact per unit
(terminology differs). However, there are significant differ-

ences between these two approaches. In the approach of
Scott et al., for each category of RAs, they explicitly elicit
the total impact for the entire analysis area. That total impact is
then, by elicitation, apportioned to subcategories. Their algo-

rithm then calculates impact per acre by dividing by the
number of acres of each subcategory in the analysis area. In
contrast, in our approach, we elicit impact per physical unit of

each RA (count, 1 km or 100 ha). Our algorithm calculates total
impact by multiplying by the amount (number or size) of
entities in each cell in the province. That is, Scott et al. use

a top–down approach, and RamPART uses a bottom–up
approach.

Although the end results of the two approaches are equiva-
lent arithmetically, they differ in terms of what can reasonably

and reliably be elicited from experts for a large jurisdiction
such as Ontario. Consider eliciting the full impact of the loss
of all of RAs such as the tens of thousands of kilometres of

electricity transmission lines and the hundreds of thousands
of structures in an area larger than France. These large-scale
losses are beyond the local scale impact that an individual can

be expected to evaluate, and doing so is unnecessary in any case
because they are well outside the range of what can happen.

For a large jurisdiction such as Ontario, the benefits of
RamPART’s bottom–up approach are:

(1) Impacts are imagined on a small, physical scale for indi-
vidual RAs, which is within the scope of experience of fire
managers

(2) Adding RAs or additional impact categories can be handled
by additional elicitations for these, without needing to redo
the existing elicitations

(3) Elicitation is not location-specific, so it can be easily

extended to other areas of interest by integrating the
appropriate spatial datasets.

Furthermore, though both approaches used elicitation meth-
ods to determine impacts, we employed a Delphi technique in
the RamPART model, thus imparting the benefit of response

anonymity. Anonymity is beneficial in that it mitigates the bias
introduced in group settings, such as the bandwagon effect, or
deference to the opinion of a person with authority or to ‘the

loudest person in the room’. Another benefit is that the respon-
dents do not need to be physically brought together, thus
lowering costs and increasing participation from a broader

group of experts.
In fire management, a variety of methods of assessing

impacts do exist, including helicopter flyovers, GIS maps and
remote imagery, fire management plans, and economic
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Fig. 4. Map of historical monitored fire density for the W01 fire response sector in north-western Ontario, Canada, including the area of Quetico

Provincial Park, 2004–17.
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valuation. In certain applications, RamPART can be more
suitable for use than these traditional methods of assessing
impacts (Table 1). Compared with the other methods, expert

elicitation is highlighted here as a fairly easy, simple and low-
cost method of supporting a variety of fire management
decisions.

Future work and limitations

We plan to use RamPART in Ontario as part of a real-time risk-
assessment system, Fire Growth Under Uncertainty for

Appropriate Response (FireGUARD), that will combine
RamPART’s impact maps with a burn probability map (e.g.
Finney et al. 2011), thereby yielding a risk indicator (where

risk ¼ impact � likelihood).
In its current form, RamPART has limitations. First, the

model depends on the availability of digital geospatial data on
RAs, which is not as complete and current as desired for Ontario.

Data acquisition, maintenance and enhancement are ongoing
processes, yet decisions must be made now, and they are made
based on the available data. In this study, we excluded some

datasets from our analysis. We did this (1) to make the evalua-
tions feasible for the experts who participated in our study, and
(2) to focus on the key point, linear and areal features as listed in

Table 2. We note that some other datasets could be useful for
meeting different needs (e.g. wildlife conservation based on
species-range data), and that our elicitation approach can easily
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Fig. 5. Map of RamPART impact levels (aggregated into hexagons from 1-ha raster cells for better visibility) for Quetico Provincial Park, Ontario,

Canada.
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Fig. 6. Results of logistic regression modelling whether a fire received the

response of full suppression v. the RamPART impact level in the hexagon

(16 628 ha) containing the fire. The solid line represents the estimated

probability a fire will receive full suppression as a function of the impact

level; dotted lines are approximate pointwise 95% lower and upper confi-

dence intervals; points are the proportion of fires that received full suppres-

sion in decile partitions of the impact level.
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be adapted to determine impact scores for such data to meet
those needs. We are exploring the use of additional information
sources such as those described by Johnston and Flannigan

(2018) and the use of automated image processing.
A second limitation of the current version of RamPART

arises from how impacts are currently represented. For example,

transmission lines are scored based on the impact per unit length,
but real-world impacts could be much higher because of
downstream impacts on settlements. Future refinements of the

representation of such offsite impacts are planned. Representa-
tion of smoke impacts is another important offsite impact that is
not currently addressed. We plan to enhance fire growth model-
ling in FireGUARD by modelling smoke dispersal, after which

it will be possible to introduce representation of offsite smoke
impacts. Related to these offsite impacts are nearby impacts. For
example, a fire coming near (but not directly damaging) homes

can still result in effects when residents are evacuated. Risk in
FireGUARD is calculated using just the direct impacts, with risk
as the likelihood multiplied by impact, so in the example, the

risk is zero (because there was no direct effect). We will
therefore extend RamPART to elicit these kinds of proximate
impacts and apply them to areas near fires.

Finally, wildland fire plays an important role in the natural
functioning of wildlands (Moritz et al. 2014; Smith et al. 2016).
This role can be considered a positive impact. RamPART
currently represents only negative impacts; work is actively

under way to extend the model and assessment process
to account for the beneficial impacts of fire. This will require
us to adapt the impact categories (e.g. ecological), expand

the range of expertise used in the assessments, and perform
additional modelling to reconcile conflicting preferences for
locations where there are both negative and positive impacts.

Conclusions

Our objectives were to develop a process for eliciting impact
scores and a model for summarising these scores across cate-

gories that can assist and inform operational fire management
staff in their decision-making. Impact assessment requires the
expertise of fire management staff, inclusion of local knowledge

and the interests of stakeholders. However, we have produced a
comprehensive model and process that provides practical sup-
port for fire response decision-making in real time. Our inno-

vative approach can be easily implemented, used operationally
and kept up to date at modest cost.
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