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Abstract

Background: Wildland fires are fundamentally landscape phenomena, making it imperative to evaluate wildland fire
strategic goals and fuel treatment effectiveness at large spatial and temporal scales. Outside of simulation models,
there is limited information on how stand-level fuel treatments collectively contribute to broader landscape-level fuel
management goals. Our objective here is to present a framework designed to measure fuel treatment effectiveness
from stands to landscapes to inform fuel treatment planning and improve ecological and social resilience to wildland
fire.

Results: Our framework introduces the concept of a fuel management regime, an iterative and cumulative evalua-
tion from the stand to the landscape of fire hazard, fuel treatments, and wildland fire behavior and effects. We argue
that the successfulness of fuel treatments within this regime must be evaluated based on pre-treatment fire hazard
and post-wildland fire fuel treatment outcomes over large spatial and temporal scales. Importantly, these outcomes
can be evaluated from the stand level to across a landscape through time, based on preidentified management
objectives that define condition-based criteria that account for social values and environmental and ecological indica-
tors used to determine the effectiveness of fuel treatments within a fuel management regime.

Conclusions: Evaluating the cumulative ability of fuel treatments to change landscape patterns of fire behavior and
effects is challenging. By quantifying fire hazard, followed by evaluating outcomes of wildfires on environmental and
ecological indicators and social values, it becomes possible to assess how individual fuel treatments placed within
the context of a fuel management regime are effective based on desired conditions that address management
objectives. This conceptual framework offers a much-needed middle-ground planning, monitoring, and reporting
approach between overly simplistic annual reporting summaries of the area treated, number of fires, and burned area
and detailed fire simulation modeling outcomes by putting individual treatments and fires in the context of current
and desired vegetative conditions and social values. Our fuel treatment effectiveness framework examines the state of
fuels through the lens of fire hazard and connects fuels to subsequent fire behavior and effects over time and space.
The framework provides a way to focus regional and national fuel management planning efforts toward creating fuel
management regimes that increase social and ecological resilience from wildfire.
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Resumen

Antecedentes: Los incendios son fundamentalmente fendmenos del paisaje, haciendo imperativo evaluar obje-
tivos estratégicos del fuego a escalas temporales y espaciales amplias. Por fuera de los modelos de simulacién, hay
una cantidad limitada de informacién sobre como los tratamientos de combustible a nivel de rodal contribuyen en
forma colectiva a objetivos de manejo mas amplios a nivel de paisaje. Nuestro objetivo aquf es presentar un marco de
trabajo disefiado para medir la efectividad de los tratamientos del combustible desde rodales a paisajes para informar
sobre la planificacion de estos tratamientos y mejorar la resiliencia ecoldgica y social de los incendios naturales.

Resultados: Nuestro marco de trabajo introduce el concepto de régimen de tratamiento de combustibles, una
evaluacion iterativa y acumulativa del peligro del fuego desde el rodal hasta el paisaje, tratamientos de combustible, y
comportamiento de fuegos naturales y sus efectos. Argumentamos que el éxito de los tratamientos del combustible
dentro de este régimen debe ser evaluado basandose en el peligro del fuego previo al tratamiento, y en los resultados
posteriores de esos tratamientos después de incendios naturales en escalas temporales y espaciales grandes. Es de
destacar, que estos resultados pueden ser evaluados desde el nivel de rodal hasta de paisaje a través del tiempo, basa-
dos en objetivos de manejo pre-identificados que definen criterios basados en condiciones que tienen en cuenta los
valores sociales e indicadores ambientales y ecolégicos, utilizados para determinar la efectividad del tratamiento de
los combustibles dentro de un régimen de manejo de los mismos.

Conclusiones: Evaluar la habilidad de acumulacién de los tratamientos de combustible para cambiar el comportam-
iento del fuego y sus efectos en los patrones del paisaje es desafiante. Cuantificando el peligro del fuego, sequido por
la evaluacién de los resultados de incendios sobre indicadores ambientales y ecoldgicos y valores sociales, es posible
determinar cémo los tratamientos individuales de los combustibles ubicados dentro del contexto de un régimen de
manejo de los mismos, son efectivos basados en condiciones deseadas que cumplan con los objetivos de manejo.
Este marco conceptual ofrece un abordaje de planificacion intermedia muy necesaria, de monitoreo y de infor-
macién, por sobre resimenes anuales simples del drea tratada, nimero de fuegos, y dreas quemadas y resultados de
detallados modelos de simulacion de fuego, colocando tratamientos individuales y fuegos naturales en el contexto
de condiciones deseadas de la vegetacion y de valores sociales. La efectividad del tratamiento de combustible de
nuestro marco de trabajo examina el estado de los combustibles a través de la lente del peligro del fuego y conecta
los combustibles con el subsecuente comportamiento del fuego y sus efectos a través del tiempo y del espacio. Este
marco de trabajo provee una forma de enfocar los esfuerzos hacia la creacion de regimenes de manejo de combusti-

ble que incrementen la resiliencia social y ecolégica del fuego.

Introduction

Wildland fires burn millions of hectares annually, with
both beneficial and detrimental ecological, economic,
and societal effects (Bowman et al. 2009). Although many
ecosystems in the United States (US) are ecologically
dependent on fire (Collins and Greenberg 2021), severe
and uncharacteristic wildfire seasons are lengthening
and increasing across much of the west (Jolly et al. 2015;
Stephens et al. 2014). The annual average area burned
by wildfire in the US in the past 10 years (2011-2020)
was over three million hectares, with annual suppres-
sion costs of $2.45 billion US (https://www.nifc.gov/fire-
information/statistics). While staggering, these direct
suppression costs account for a small fraction of total
short- and long-term wildfire costs (Barrett 2018). In the
last 15 years, over 89,000 structures in the US have been
lost in wildfires, with 62% of these losses occurring from
the recent large wildfire events in 2017, 2018, and 2020
(https://headwaterseconomics.org/natural-hazards/struc
tures-destroyed-by-wildfire). These effects do not include
the additional impacts of evacuations, smoke exposure,

and loss of human life, which are also increasing (Burke
et al. 2021), or post-wildfire mitigation and restoration
actions (Robichaud et al. 2009). Given climate change
forecasts, wildfire costs and detrimental effects are likely
to continue increasing without proactive fuel mitigation
over large spatial extents.

National and state agencies recognize the important
role of wildland fire in fire-adapted ecosystems and the
need for landscape-scale management, balanced with the
need to effectively manage wildland fires to ensure pub-
lic safety and to reduce unsustainable costs associated
with wildfire suppression (State of California 2021; Ste-
phens et al. 2016; USDOI and USDA 2014; USES 2012).
To meet these goals, treating hazardous fuels is a pri-
mary strategy used to modify fire behavior by changing
wildland fuel conditions through mechanical treatments
and prescribed fire (Agee et al. 2000; Agee and Skinner
2005). These treatments ultimately seek to create forest
and rangeland conditions that mitigate potential nega-
tive impacts from wildfire in support of land management
goals. Fuel treatments are implemented widely across the
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US on millions of hectares annually both directly through
mechanical treatment or prescribed fire or wildfires that
meet resource objectives (https://www.doi.gov/wildlandfi
re/fuels; https://www.forestsandrangelands.gov/). In 2022,
the USDA Forest Service, which stewards approximately
78,104,000 hectares of forests and rangelands, has a tar-
geted goal of treating hazardous fuels on 1.295 million
hectares, not including areas burned by wildfires man-
aged for resource benefit (https://tinyurl.com/yxp7vw5f).
Yet there is still a fire deficit, especially in forests, with
only about half the area of USDA Forest Service admin-
istered land treated annually with either fuel treatments
or resource objective wildfires than is needed to control
fuel accumulations (Vaillant and Reinhardt 2017). In con-
trast, many rangelands and grasslands have increased
fire frequency and severity due to invasive grass species,
where fuel treatments are used to reduce the area burned
through decreasing fire spread and allowing more effec-
tive fire suppression tactics (Shinneman et al. 2019).
Wildland fires are a landscape phenomenon, and this is
also the scale at which national strategic goals are evalu-
ated, making it imperative to better understand how
stand-level fuel treatments function within landscapes
to determine if fuel management programs are achieving
broad goals, such as increased ecological and social resil-
ience to wildfire and reduced suppression costs. While
numerous studies have shown fuel treatments are effec-
tive at the stand level in reducing fire intensity and sever-
ity (Fulé et al. 2012; Hunter and Robles 2020; Martinson
and Omi 2013), ecological and societal losses (Kalies and
Yocom Kent 2016), and suppression costs (Sanchez et al.
2019), few focus at a landscape scale except for model
simulation studies. In a report of landscape fuel treat-
ment effectiveness, Jain et al. (2021) compiled results from
empirical, modeling, and case studies. Of the approxi-
mately 2100 papers evaluated, McKinney et al. (2022)
found only 26 studies that used empirical data to examine
fuel treatment effectiveness at the landscape scale, Urza
et al. (in press) found 15 case study papers, and (Ott JE,
Kilkenny FFE, Jain TB: Fuel treatment effectiveness at the
landscape scale: A systematic review of simulation stud-
ies comparing treatment scenarios in North America, in
review) found 85 simulation model studies. An example
of a national effort to evaluate fuel treatment effectiveness
is the Fuel Treatment Effectiveness Monitoring applica-
tion (FTEM, https://tinyurl.com/3z6n4msv), which is a
multi-agency collaboration to spatially document wildfire
intersections with fuel treatments. FTEM allows users to
input additional information, such as if the treatment con-
tributed to suppression efforts or changed fire behavior.
While FTEM is a useful step towards understanding fuel
treatment effectiveness, the detailed monitoring infor-
mation is optional, and a large percentage of the listed
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wildfire-treatment intersections have little-to-no infor-
mation associated with them. Results are often impossi-
ble to summarize over large areas beyond simple metrics
such as “yes” or “no” the fire behavior changed because
of the treatment. These shortcomings highlight the need
for more research and dialog about how to best manage
wildlands over large scales to mitigate against detrimental
effects of uncharacteristic wildland fire and to determine
appropriate evaluation measures of landscape-level treat-
ment effectiveness.

Our goal here is to present a framework that provides
meaningful measures to evaluate fuel treatment effective-
ness from stands to landscapes to improve ecological and
social resilience to wildland fire. We use a coarse defini-
tion of landscape, thinking of it not as a fixed extent, but
as a large spatial mosaic of ecosystems and landforms
irrespective of ownership or other artificial boundaries
to reflect the behavior and effects of large fires that often
have human communities embedded in the matrix (Ager
et al. 2016; Hagmann et al. 2021). The appropriate area of
a landscape analysis is also dependent on the prevalent
fire size. For example, the scale of landscape-level evalu-
ation will likely be smaller in regions where most fires are
<15,000 hectares compared to areas where individual fires
routinely burn >40,000 hectares. Our framework provides
a more informative approach for determining multiple fuel
treatment outcomes over larger spatial and longer temporal
scales compared to current simple reporting statistics (e.g.,
https://www.nifc.gov/fire-information/statistics), but is less
complex and time intensive than fire simulation modeling
(Scott et al. 2013). Importantly, the framework puts stand-
level projects in a landscape context of current and desired
ecological conditions and social values.

Fuel treatments: a primer

Fuel treatments are designed to alter live and dead fuels
to moderate potential fire behavior and effects. Success-
ful fuel treatments are integrated with land management
objectives to increase ecological (e.g., wildlife habitat,
carbon storage, biodiversity) and social (e.g., providing
forest products and recreation opportunities) resilience
to wildland fire. Fuel treatment designs incorporate the
following tenets (Agee and Skinner 2005; North et al.
2012; Prichard et al. 2020; Stevens et al. 2016): (1) fire
behavior is dictated by an interaction of fuels, weather,
and topography, with fuels being the only manageable
component; (2) since wildfire is a landscape disturbance,
a multi-scale, all-jurisdictional approach is needed to
inform strategic placement of fuel treatments; (3) the
particular ecosystem, climate, ownership, and topo-
graphic diversity will dictate how much of a landscape
can be treated, but in general, the greater percentage of
a landscape that is treated, the more pronounced the
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effectiveness on fire behavior and related outcomes (Ager
et al. 2020; Ager et al. 2010).

Fuel treatment designs typically focus on two general
fire management objectives that relate to reducing hazard-
ous fuels—creating conditions that reduce resource dam-
age from wildfire (proactive) and that aid fire suppression
efforts such that the fire is easier to control (reactive) (Deal
2018; NWCG 2014) (Fig. 1). Fuel treatment prescriptions
are highly variable and dictated by the context of vegeta-
tion (e.g., composition and structure), topography, soils,
and spatial locations (e.g., land designation, proximity to
urban areas and infrastructure). In addition, knowledge of
historical fire regimes (i.e., the cumulative effects of mul-
tiple disturbances over space and time, described by dis-
tributions of fire frequency, patch size, and fire severity;
Turner 2010), fire ecology, and contemporary fire behavior
provide essential context to guide fuel treatment prescrip-
tions and other management objectives, including restora-
tion (Blankenship et al. 2021; Greenberg and Collins 2021).
However, contemporary climate, biological invasions, and
social constraints often drive decisions and fuel treat-
ment alternatives. In these situations, fuel treatments may
or may not overlap with ecological restoration goals that
focus on the recovery of degraded systems (Palmer et al.
2016; Stephens et al. 2020) (Fig. 1). For example, inten-
sive treatments designed to reduce ignition potential and
fire spread and to create favorable conditions for direct
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fire suppression tactics may be warranted in the wildland-
urban interface (WUI) zone regardless of forest type to
reduce risk to homes and make it safer to fight fire near
communities. Such treatments often require frequent, rou-
tine maintenance of fuels. Outside of the WUI within the
larger landscape, fuel treatment planning typically incor-
porates a broader range of objectives (e.g., ecological res-
toration, wildlife and plant species diversity, water quality,
recreation, forest products) that can constrain treatment
options (Ager et al. 2016; North et al. 2015). For example,
forests dependent on frequent, low-severity fire may justify
treating larger proportions of the landscape and require
frequent maintenance of fuels to restore and sustain open
forests that foster low-severity wildfire. In contrast, fuel
treatments in ecosystems with historical fire regimes of
infrequent, high-severity fires (e.g., high-elevation cold for-
ests) and mixed-severity fires (e.g., moist and mesic mixed-
conifer forests) may emphasize heterogenous mosaics of
species composition and forest structural stages that will
vary over time and space and require less frequent treat-
ment maintenance.

When planning fuel treatments, horizontal and ver-
tical fuel arrangement, fuel component, and fuel loads
are targeted to meet fuel treatment objectives for an
anticipated fire weather condition (Keane 2015). Typi-
cally, these treatments are designed to endure if a fire
were to occur during extreme fire weather and low fuel

Fuel

Treatments

e e SERARTS DGR SR
Fuel treatment, not restoration: Fuel break to
aid suppression and reduce fire spread

Both: thinning from below to reduce CBD
and increase CBH, followed by surface fire
to reduce activity fuels in forest with
frequent, low-severity fire regime

Restoration
Treatments

Restoration, not fuel treatment: surface fire to kill
small trees invading grassland and stimulate
grasses; no change in canopy fuels in forest with

frequent, low-severity fire regime

G ZES :
Both: slashing invaded trees to
restore sagebrush steppe; reduce
continuity of forest cover to aid
suppression in event of high-intensity
crown fire in a moderate frequency,

mixed-severity fire regime

Fig. 1 Fuel treatments and ecosystem restoration treatments can be independent of each other (left and right photo examples) or overlap (center
photos) based on management objectives, ecosystem, and fire regime. Fuel treatments primarily aim to reduce hazardous fuels, while the main
goal of restoration treatments is promoting the recovery of a degraded ecosystem. CBD-canopy bulk density, CBH-canopy base height
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moisture levels based on local climatology (Bradshaw
and McCormick 2000; Finney 2005). In dry forests, fuel
treatments commonly reduce surface fuels, increase
canopy base height, decrease canopy bulk density, and
retain/increase growth of large trees of fire-resistant
species (Agee and Skinner 2005).

Beyond stand-level attributes, the spatial and tempo-
ral configurations of fuel treatments at a landscape level
are an essential aspect of meeting fuel management
goals (Prichard et al. 2021; Stephens et al. 2010). Specific
principles of fuel treatment effectiveness at a landscape
level are still developing but considerations will inevita-
bly include concepts from landscape ecology. Primary
landscape fuel treatment principles include extent, spa-
tial arrangement, type, intensity, and timing of stand-
level fuel treatments (Finney 2005; Hessburg et al. 2005;
McKenzie et al. 2011; Ott JE, Kilkenny FF, Jain TB: Fuel
treatment effectiveness at the landscape scale: A system-
atic review of simulation studies comparing treatment
scenarios in North America, in review). Extent refers
to the proportion of a given landscape that has received
fuel treatments. The effectiveness of fuel treatments will
also depend on the spatial arrangement and position-
ing of fuel treatments on a particular landscape (Ager
et al. 2010). Additionally, the type (e.g., thinning, broad-
cast burning) and intensity (i.e., amount of live and
dead fuels removed) of fuel treatments, or more impor-
tantly, the resultant fuel structures following treatment,
will be important landscape parameters that influence
effectiveness (Finney 2003; Finney et al. 2005; Prichard
et al. 2021). Since fuel treatments vary in their timing of
implementation and fuels recover over time, the tempo-
ral application of fuel treatments across a landscape also
need to be considered (Prichard et al. 2017).
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Evaluating fuel treatment effectiveness
Determining fuel treatment effectiveness first requires
clearly defined, quantifiable management objectives and
associated short- and long-term desired conditions that
are applicable across spatial and temporal scales; how-
ever, the ambiguity around measuring fuel treatment
effectiveness creates confusion (Prichard et al. 2021).
For example, a fuel treatment could be considered effec-
tive if fewer ignitions occurred in an area, resource dam-
age was mitigated in the event of a fire, or it was easier
to suppress a wildfire. These three metrics of effective-
ness could all co-occur, but there could also be examples
where they may have opposing results. Fuel treatments
in forests with a historically frequent, low-severity fire
regime could mitigate the likelihood of a high-sever-
ity fire, while also making it easier to directly suppress
subsequent wildfires that may provide resource benefits,
forcing frequent maintenance treatments. We acknowl-
edge that this is a simplistic example, but it illustrates
the ever-present challenge of managing lands to improve
resilience over long time spans and the immediate pres-
sure to manage existing wildfires for current smoke and
other negative impacts to communities and resources
balanced with the need to allow wildfires for resource
benefit when feasible.

We suggest a method is needed to evaluate fuel treat-
ment effectiveness in the context of a fuel management
“regime” that is an iterative and cumulative process
composed of three, linked components: changing fuels,
changing fire behavior under specified weather and
topographic conditions, and changing fire effects within
larger landscapes over time (Fig. 2). Similar to a distur-
bance regime that describes the cumulative effects of
multiple disturbance events over space and time, a fuel

Change Fuels

Change Fire

Behavior

Fuels
Management
Regime

Change Fire Effects

(environmental &
social)

fire effects, whether at stand or landscape scales

Fig. 2 Fuel management regime triangle consists of changing fuels to achieve desired fire behavior that will result in desired ecological and social
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management regime describes the cumulative effects
of fuel treatments over space and time. The advantage
of the fuel management regime triangle is that it places
the emphasis on how to achieve desirable fire effects by
proactively changing fuels and subsequent fire behavior.
Land management agencies’ and organizations’ goals are
centered on creating resilient ecosystems that provide
multiple ecological benefits and social services (State
of California 2021; Stephens et al. 2016; Urgenson et al.
2017; USDOI and USDA 2014). Therefore, a fuel man-
agement regime that links fuels, fire behavior, and fire
effects explicitly should be more successful in attaining
goals than an approach that focuses primarily or solely
on reducing fire behavior. We think of this as an adaptive
feedback process, where fuel treatment prescriptions and
placement change over time and areas are prioritized for
social resource protection and ecological resource man-
agement (North et al. 2021).

We argue that the successfulness of a fuel manage-
ment regime must be evaluated in two ways: fire hazard
(defined in the section below) and actual wildfire out-
comes (Table 1). This approach is placed within defined
management objectives and desired conditions and will
help resolve confusion about how to evaluate fuel treat-
ments by separately quantifying hazard state attributes
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of vegetation and then quantifying fire effect outcomes
of actual fires. Importantly, these outcomes can be
evaluated at the scale of a stand or single fire or across
a landscape over time based on preidentified objectives
to determine the effectiveness of fuel treatments and fuel
management regimes. By separating the components of
a fuel treatment into how fuels, fire behavior, and fire
effects were individually altered relative to untreated
areas, it becomes easier to evaluate both how and to what
extent fuels across a landscape are changing due to treat-
ments, as well as resulting fire behavior and effects when
wildfires do occur. This ability is especially important
outside of modeling exercises and research, where treat-
ments are often only documented by the general activity
that occurred (e.g., thinning, burning) but do not report
vegetation and fuel characteristics (e.g., fuel loading, tree
density) (Vaillant and Reinhardt 2017).

Hazard state evaluations

Reducing fuels and altering fuel arrangement can mod-
erate fire hazard. Hazard is characterized by fuels that,
together with weather and topography, determine fire
behavior (Hardy 2005). Hazard describes the condition
of live and dead fuels from objective quantification, as
well as the subjective prediction of potential fire behavior

Table 1 Metrics to quantify realized (i.e., actual) and potential effectiveness of stand and landscape fuel treatments. Attributes of
interest are dictated by preidentified objectives, desired conditions, and landscape boundaries; not all attributes will be pertinent
for every evaluation. Hazard state attributes describe the fuel conditions based on actual vegetation and fuels and the subjective
prediction of potential fire behavior and effects (i.e, severity) based on the best-available modeled output. Realized fuel treatment
effectiveness is based on actual fire behavior and effect attributes and can be compared against no-treatment and alternative

treatment outcomes

Evaluation of hazard

Stand attributes

Landscape attributes

Hazard state

Surface fuel load

Canopy base height

Canopy bulk density
Fire-resistant trees and species

Data-derived, actual:

Fire return interval departure distribution
Structural stage/age class distribution
Fire regime condition class (% of classes)
Treatment extent (% treated)

Modeled output, potential:

Fire behavior fuel model
Potential flame length
Potential rate of spread

Potential flame length distribution
Potential fire type? distribution
Potential severity distribution

Potential fire type®
Potential severity

Evaluation of fuel treatment effectiveness

Environmental and ecological indicators Fire severity

Fire size

Strategic point protection ability
Fire progression/rate of spread

Social values

Stand attributes

Fire suppression opportunities
Suppression costs
Individual homes

Landscape attributes

Total area burned

Extent burned (%)
Characteristic fire severity (% of
trees killed)

Characteristic patch size (%)

Structures lost

Evacuations (# days and people)
Suppression costs

Smoke production

Smoke exposure

2 Surface, torching, crowning
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and effects based on the best-available modeled out-
put (Table 1). Numerous quantifiable stand-level attrib-
utes exist to characterize the fire hazard state (Table 1).
Managers can measure stand and fuel characteristics and
analysts can use these values in fire behavior and effects
models to calculate attributes of potential fire behavior
(e.g., potential flame length, rate of spread) and potential
fire effects (e.g., severity, exposure) for given weather sce-
narios (Ottmar et al. 2007; Scott et al. 2013).

Fire hazard affects how a fire may burn through an
area, but it does not address the likelihood of loss or ben-
efit from a fire—that is quantified by fire risk. Fire risk is
the expected net value change given the likelihood of a
fire at a given intensity and has three components: likeli-
hood of ignition or burn probability, expected fire inten-
sity, and fire effects based on the expected fire intensity
(Ager et al. 2019; Finney 2005; Scott et al. 2013; Thomp-
son and Calkin 2011). Fire hazard is therefore a compo-
nent of fire risk, as hazard is composed of fire intensity
and fire effects. This concept of risk draws on the actu-
arial definition and builds on the simpler definition
described by Hardy (2005) where risk is “the chance that
a fire might start, as affected by the nature and incidence
of causative agents” An area may have high fire hazard
but a very low probability of ignition, reducing the overall
fire risk. The likelihood of fire of a certain intensity dic-
tates an area’s exposure and susceptibility to fire effects.
Fire effects may be positive, negative, or neutral response
functions (sensu Scott et al. 2013), such that a fire of a
given intensity could have both desirable and undesir-
able outcomes. Our evaluations do not include the more
detailed analyses required to create risk assessments that
consider hazard attributes coupled with burn probabili-
ties and expected responses (Scott et al. 2013).

Fuel treatment effectiveness evaluations

Our evaluation of fuel treatment effectiveness is deter-
mined after a fire occurs based on observed fire behavior
and effects. Effectiveness again relates back to preiden-
tified objectives of the treatment—typically related to
desired fire effects that are a combination of environ-
mental and ecological outcomes and social values that
are identified in the planning process (Table 1). Extreme
weather or topography will greatly influence fire behavior
and effects; therefore, the effects of fuel treatments will
ideally be quantified relative to untreated areas (Prichard
et al. 2020; Safford et al. 2012). Environmental and eco-
logical attributes commonly include fire severity, often
quantified as the percentage of tree mortality from fire,
and fire size, or area burned. Remote sensing methods
allow estimates of changes in vegetation to classify sever-
ity for individual large fires (Eidenshink et al. 2007; Wim-
berly et al. 2009). Examples of social values of interest are
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the number of structures lost, suppression costs, evacua-
tions, or public health outcomes and loss of life.

Evaluations of effectiveness over space and time
Landscape is a loosely used term to describe the general
characteristics of a large areal extent. Population den-
sity, road density, forest cover, forest type, topographic
complexity, climate, and land ownership influence his-
torical and contemporary fire regimes and management
options (see Spies et al. 2018). For fire planning efforts,
several mapping alternatives exist to characterize fire and
resources over large areas (Evers et al. 2020; Scott et al.
2017; Thompson et al. 2020) that could be used as land-
scape boundaries. To assess trends in fire hazard and fuel
treatment effectiveness, we propose examining vegeta-
tion, environmental and ecological outcomes, and identi-
fied social values across large spatial and temporal scales
using boxplots (as visual and statistical aids (Fig. 3).
Landscape attribute values are estimated by either
weighting areas by vegetation types or creating separate
boxplots by vegetation type. The advantage of boxplots or
violin plots is that they can create a dashboard of indica-
tors that allow visualization of the underlying data distri-
bution of attributes of interest and naturally incorporate
the range of variation that will invariably exist within
diverse landscapes. For example, in frequent, low-sever-
ity fire regimes, patches of high severity are expected.
Boxplots put these high-severity patches in the context
of the desired range of variation and help to determine if
long-term trends are moving in the desired direction.
Our dashboards summarize individual stands within
the landscape of interest and provide several statistics,
including boxes of first and third quartiles, medians,
1.5 inter-quartile ranges (whiskers), and outliers. Using
readily available or attainable vegetation and modeled
fire behavior and effects output allows the creation of
boxplots for attributes that characterize the distribu-
tion of pre-fire hazard states. Using observed environ-
mental, ecological, and social indicator outcomes allows
the determination of fuel treatment effectiveness over
time and space. To change the landscape hazard state,
land management agencies and stakeholders can iden-
tify desired values for the median and upper and lower
bounds (green boxes and median lines in Fig. 3), allow-
ing measurable objectives within any one stand that is
also couched in the larger landscape context. Overall fuel
treatment effectiveness is evaluated over time as an itera-
tive process to determine how management is shifting the
distribution of stand attributes over time and the trajec-
tory toward identified goals. This method recognizes that
when managing complex landscapes for a broad range of
ecological and social objectives under changing climate,
a range of stand conditions on the landscape is typically
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desired and 100% effectiveness for all attributes and all
fires is an unrealistic goal. It also requires that users iden-
tify feasible desired conditions for vegetation and envi-
ronmental and ecological indicators, which include the
changing conditions under projected future climate by
depicting desired conditions over different timescales.
Importantly, through the process of identifying ranges for
desired conditions and comparing against the ranges of
current conditions, our method fosters communication
across resource disciplines and collaborative groups. This
approach enables adaptive management—if no change in
the distribution of landscape fuel treatment effectiveness
is observed over time, even as hazard state distribution
changes, then fuel treatment prescriptions can be refined
such that burned outcomes in treated areas are more
desirable over larger scales.

Hazard will change depending on the time since treat-
ment or the time since a previous disturbance (e.g.,
wildfire, insect outbreaks) and will vary from one stand
to the next and by vegetation type over the landscape.
Calculating fire hazard metrics within stands over large
spatial extents and routinely updating over time allows
the creation of landscape hazard states (Table 1; Fig. 3).
While stand and landscape attributes that define hazard

states are similar, landscape attributes allow an assess-
ment of cumulative impact at a scale appropriate to
those on which fires operate. Landscape attribute values
are estimated by weighting area by vegetation types, and
existing databases such as LANDFIRE can provide his-
torical fire return intervals and characteristic fire sever-
ity (Blankenship et al. 2021). Landscape assessments
provide a broader context of the relative influence of
one treatment prescription or placement relative to the
whole region.

By defining objectives across spatial scales, with tem-
poral boundaries, it becomes tenable to choose metrics
that allow the determination of fuel treatment effective-
ness. Time is an important component because of inher-
ent variability in annual weather and other disturbances.
While a single fuel treatment may fail to reduce fire
severity during one incident, it is essential to examine the
overall success rate of fuel treatments challenged by wild-
fire within and across years at the regional and national
levels to detect if treatments are having the desired
impact and in the context of extreme fire seasons where
there is widespread regional drought and high fire dan-
ger. Again, the importance of preidentified objectives is
essential to evaluate effects.
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Discussion

Despite the widespread consensus that fuel treatments
are effective at both reducing fire effects (Fulé et al
2012; Hunter and Robles 2020; Kalies and Yocom Kent
2016; Prichard et al. 2020; Safford et al. 2012; Stephens
et al. 2012) and assisting suppression efforts (Sdnchez
et al. 2019; Thompson et al. 2017; Thompson et al. 2013),
evaluating the cumulative impacts of these treatments to
change landscape patterns of fire behavior and effects is
challenging. Our proposed method of quantifying fire
hazard states, followed by evaluation of actual outcomes
of fires on environmental and ecological indicators and
social values, allows assessment of how individual fuel
treatments and fuel management regimes are effective
based on predetermined objectives. We envision that this
method can be used in conjunction with large-scale pre-
fire planning efforts that identify fire management areas
such as the Potential Wildfire Operational Delineations
(PODS) (Thompson et al. 2020; Thompson et al. 2022) or
FireSheds (Evers et al. 2020). Our dashboard indicators
could potentially also be used to summarize data within
the FTEM database.

We acknowledge our framework is focused on US eco-
systems and policies; however, this approach could be
evaluated outside of the US or compared to approaches
used in other countries. Thompson and Calkin (2011)
describe examples of risk assessment approaches from
several countries, and studies have identified the chal-
lenges of developing successful fire management pro-
grams over landscape scales in Europe (Fernandes et al.
2013; Moreira et al. 2020; Tedim et al. 2016) and Australia
(Burrows and McCaw 2013). Results indicate the need to
develop methods to improve reporting and evaluation of
fire management programs.

Our method is relatively simple to implement and
understand, but it does not explicitly account for land-
scape metrics such as connectivity and spatial place-
ment or disturbance processes such as contagion (each of
which needs synthesis and future incorporation). Instead,
it offers a much-needed communication bridge between
too simplistic reporting values such as area treated and
area burned that are disconnected from ecological or
social outcomes and more complex, time-intensive fire
simulation modeling. To determine the underlying causes
of detrimental or undesirable outcomes in treated vs.
untreated areas after fires, additional spatial state-and-
transition vegetation and fire modeling will be required.
These more detailed efforts can then be used to adapt
treatment prescriptions, amount of area treated, and
strategic placement of treatments to reduce landscape
hazard and risk in the future (Ager et al. 2010; Kennedy
et al. 2019; Koontz et al. 2020; Tubbesing et al. 2019). We
argue that our method offers a way to place individual
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treatments in the context of landscape fuel management
regimes that emphasize desired outcomes of fires. It pro-
vides easily assessable indicators of vegetation condi-
tions and fire outcomes over time to help evaluate fuel
treatments and management regimes. The landscape
dashboards can also foster conversations between stake-
holders and resource managers about tradeoffs and sce-
nario gaming of treatment methods, placement, and total
area treated.

Our method also does not incorporate uncertainty
around model predictions. This is a known deficiency
in fire behavior modeling and simulations due to the
inherent complexity of predicting outcomes of wildland
fires (Benali et al. 2017; Cai et al. 2019; Ciri et al. 2021;
Cruz and Alexander 2013; Thompson and Calkin 2011).
We attempt to circumvent potential unavoidable errors
introduced in modeling exercises by calling to evalu-
ate fuel treatment effectiveness using only actual wild-
fire outcomes and separating attributes of fire hazard
by data-derived, realized values versus modeled values
(Table 1, Fig. 3). Better accounting of uncertainty into fire
behavior and effects models is a needed and active area
of research to provide planners and managers with more
accurate assessments of potential wildland fire behavior
and effects.

We know enough to act now to implement large-scale
fuel treatments within fuel management regimes, while
continuing to adapt fuel management with changing
conditions and as new research becomes available (Hess-
burg et al. 2021). History has shown that removing fire
by attempting to suppress all fires is impossible. Further-
more, it also creates a “fire paradox” in which suppressing
the majority of fire causes increasingly detrimental out-
comes and the wildland fire problem becomes ever more
exacerbated by increasing fuel loads over time and shift-
ing fires to the highest burn potential days (Finney 2005;
Thompson et al. 2018). Failure to act will almost certainly
result in increasingly worse outcomes as climate change
causes extreme fire weather to be more common.

Strategically placed fuel treatments can also amplify
their impact on the landscape by allowing more
resource objective wildfires in the future (Huffman
et al. 2017; North et al. 2021; Thompson et al. 2018).
These fires are unplanned ignitions that are managed to
achieve resource benefits with minimal threat to infra-
structure and humans. Allowing more resource objec-
tive fires when beneficial outcomes are likely and pose
little safety concerns can further reduce landscape haz-
ard (North et al. 2012). The footprint of these fires can
regulate the size and severity of subsequent fires (Parks
et al. 2015; Parks et al. 2014) and meet ecological res-
toration-related objectives (Huffman et al. 2017). The
intensive planning required for fuel treatments limits



Hood et al. Fire Ecology (2022) 18:33

the feasibility of treating large areas of land annually,
making increased use of resource objective wildfires
all the more essential towards achieving resilient, fire-
adapted landscapes.

Conclusion

Not all fuel treatments will be effective, but our frame-
work and dashboard allow the outcomes of single fires
to be put in the context of landscape trends. We posit
that 100% effectiveness is an unreasonable expecta-
tion given that wildfire is inherently a dynamic pro-
cess heavily influenced by weather, climatic conditions,
and topography. Legal, administrative, and operational
designations dictate the total area that is treatable,
which may influence the feasibility of fuel treatments
to change landscape-level patterns of fire behavior
and severity (Ager et al. 2020; North et al. 2015; Prich-
ard et al. 2021). For example, places with vast wilder-
ness areas preclude most management options except
resource objective wildfires, while other places offer
more flexibility to implement a range of fuel treat-
ments. Our dashboard of boxplots that shows under-
lying data distributions of environmental and social
effects of fire can help put extreme fire events in per-
spective and provide a counterpoint to cherry picking
individual fire outcomes that fail to “see the landscapes
for the stands” We hope that our fuel treatment frame-
work to examine the state of fuels through the lens of
fire hazard and connecting fuels to subsequent fire
behavior and effects over time and space focuses the
picture of regional and national fuel management pro-
grams towards increasing social and ecological resil-
ience from wildfire.
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