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Metrics and Considerations for Evaluating How Forest
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Abstract

The influence of forest treatments on wildfire effects is challenging to interpret. This is, in part, because the impact forest treatments have on
wildfire can be slight and variable across many factors. Effectiveness of a treatment also depends on the metric considered. We present and
define human-fire interaction, fire behavior, and ecological metrics of forest treatment effects on wildfire and discuss important considerations
and recommendations for evaluating treatments. We demonstrate these concepts using a case study from the Cameron Peak Fire in Colorado,
USA. Pre-fire forest treatments generally, but not always, experienced reduced burn severity, particularly when surface fuels were reduced.
Treatments in the Cameron Peak Fire have also been documented as increasing tree survivorship, aiding suppression efforts, promoting fire-
fighter safety, and influencing fire spread. However, the impacts of pre-fire management on primary landscape-scale objectives, like watershed
protection, are unknown. Discussions about the influence of pre-fire treatments on fire effects must define the indicator(s) being assessed,
as the same treatment may be considered successful under one measure but not others. Thus, it is critical to bring a common language and
understanding to conversations about treatment effects and advance efforts to evaluate the range of treatment effects, thus supporting treat-
ment planning.

Study Implications: Forest management is critical for striving to modify large, high-severity wildfires to benefit fire suppression activities,
community safety, and healthy, functioning ecosystems. Interpretation of treatment effects on wildfire and what is deemed effective requires
consideration of many factors such as site and treatment characteristics, burn conditions, spatiotemporal scale, and community and manage-
ment values. Assessments of treatment effects on wildfire should consider multiple metrics to identify how management is affecting a range of
resources and to identify management trade-offs. Explicit identification of these metrics can improve communications and community engage-
ment by aligning manager intentions, treatment implementation, and public expectations.

Keywords: fire management, prescribed fire, treatment effectiveness, remote sensing, wildfire

As wildfires in many forested ecosystems have increased in ~ agement treatments and revealing the effects of fuel-reduction

extent, severity, and frequency in the past several decades  treatments on wildfire impacts in the Western United States.
(Abatzoglou and Williams 2016; Higuera et al. 2021; Stephens Many studies are predicting extreme wildfire conditions will
et al. 2014), they are interacting with a variety of forest man- continue to increase in the coming decades (Coop et al. 2022;
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Riley and Loehman 2016). Given this situation, managers,
researchers, community members, and policy makers grap-
ple with where, when, and under what conditions treatments
moderate wildfire behavior and ameliorate outcomes and
how to improve pre-fire management actions going forward.
However, there is little consistency in how forest treatments
are evaluated for their effects on wildfire, both within fire-af-
fected communities and across fire research and management
communities (McKinney et al. 2022). This is especially pro-
nounced in the face of recent large wildfires burning under ex-
treme fire weather conditions and their interaction with often
much smaller treatments.

Forest treatments are developed to accomplish a wide vari-
ety of goals, and many are not specifically intended to affect
wildfire behavior. Fuel treatments, which represent a subset
of forest treatments, encompass mechanical, manual, and pre-
scribed or managed fire methods intended to reduce the total
quantity or alter the vertical and horizontal arrangement of
flammable vegetation (Hoffman et al. 2020; Jain et al. 2012;
Reinhardt et al. 2008; Stephens et al. 2021). Fuel treatments
vary greatly in their goals and objectives. For example, many
of the smallest treatments are intended to provide “defensible
space” with the goal of providing firefighters opportunities to
protect homes and structures in the event of a wildfire, espe-
cially within the Wildland Urban Interface (WUI; Syphard
et al. 2014). Fuel treatments are commonly, but not always,
a component of ecological restoration projects that aim to
reverse forest changes associated with historical land use and
fire exclusion. Mastication treatments aim to alter fire behav-
ior by rearranging rather than removing fuels (Battaglia et al.
2010; Jainetal.2012; Jain et al. 2018). Many forest treatments
may not have explicit goals of affecting how a wildfire inter-
acts with a landscape (e.g., regeneration or salvage cut), yet
the impacts on fuels are considered (Collins et al. 2012), and
these treatments may be evaluated post hoc against various
fire metrics, such as rate of spread and severity. Additionally,
even when objectives are explicit regarding fire behavior, treat-
ment intensity is often designed to affect fire behavior under
certain fire weather conditions (e.g., 95% fire weather), which
may or may not be the burning conditions when a wildfire
interacts with a treatment. Prescribed fires and management
of natural fires as a treatment often have the explicit goals of
moderating future fire behavior and restoring historical forest
structure and composition through surface and lower-strata
fuel consumption along with low-to-moderate tree mortality
(North et al. 2021). Finally, a combination of these treatments
may be done in a single area, resulting in a wildfire interact-
ing with multiple treatments. The goals and conditions for
which treatments are implemented and the resulting influence
on wildfires varies greatly. Fuel reduction goals sometimes
drive treatment design and are secondary considerations in
other scenarios. Treatments also often have tradeoffs, such
as balancing fuel reduction benefits with ecological outcomes
and habitat conservation. Regardless of why a treatment is
initially implemented, whether it be to moderate fire behavior,
restore historical ecological attributes, facilitate fire manage-
ment during incidents, improve wildlife habitat, regenerate a
forest, or some other purpose, all treatments have the poten-
tial to burn, and thus we consider all forest treatments that
remove or modify fuels in this article.

Interpretations of forest treatment effects in moderating
fire impacts, and whether treatments are deemed effective,
can vary widely depending on the audience. Treatment effects
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are objective measures of the influence on wildfire parame-
ters, whereas effectiveness connotes a human judgment of
this effect relative to a value-based goal. News media and
the public often ascribe a treatment’s effectiveness to a few
metrics: did treatments reduce the number of homes or high-
value assets lost? Did treatments contain a fire? In contrast,
firefighters may be focused on effectiveness through the lens
of their ability to defend structures more efficiently or engage
in suppression activities that otherwise would not have
occurred (Jain et al. 2021). Meanwhile, land managers might
be focused on soil impacts and associated short term water-
shed risks (i.e., debris flows, flooding, sedimentation, threats
to drinking water supplies), as well as longer term ecosystem
responses to wildfires, such as forest recovery. Interpretations
of effectiveness may also change over time, as different out-
comes become more or less important to the management
goals of a given group.

Treatments can affect wildfires in a number of ways, includ-
ing changing fire behavior and intensity, fire size, or footprint,
altering impacts to ecological processes, facilitating incident
operations, reducing suppression costs, and affecting the
number of homes and structures lost (Agee and Skinner 20035;
Kalies and Kent 2016; Thompson et al. 2013; Weatherspoon
and Skinner 1996). However, quantifying the effect of treat-
ments is complicated by the potentially minor influence rel-
ative to numerous other factors driving fire behavior, such
as vegetation type, fuel arrangement and load, fire weather,
topography, time of day of burning, and fire suppression
efforts. In studies that look at these factors combined, the
dominant influences on fire severity are often temperature,
wind, and vegetation cover type (Birch et al. 2015; Evers et
al. 2022; Martinson and Omi 2013; Prichard et al. 2020).
Another challenge of quantifying the effect of treatments is
the integration of data and processes operating at multiple
spatial and temporal scales. Further, the scale of intended
treatment effects varies widely. For example, some treatments
are designed for local effects (e.g., defensible space around a
home) whereas others may be designed for landscape effects
(e.g., watershed protection). Fire behavior, typically mea-
sured as fire intensity, is commonly reduced following pre-
scribed fire and in areas with previous fuels treatments or
basal area reductions (Cansler et al. 2022; Kalies and Kent
2016; Prichard et al. 2020; Ritchie et al. 2007; Symons et al.
2008). Given these interacting factors, treatment effects are
hard to quantify yet critical to understand as we are faced
with growing costs and losses from wildfires (Bayham et al.
2022; Peterson et al. 2021; Steel et al. 2022; Wang et al. 2021)
with increasing size and severity of these fires (Abatzoglou
and Williams 2016; Stephens et al. 2014).

Evaluating treatment performance relative to stated or
implicit objectives and how landscapes should be managed
are topics of active research and discussion (Hessburg et al.
2021; Hood et al. 2022; McKinney et al. 2022; Sanchez et
al. 2019). We add to these conversations by identifying a
range of metrics to measure treatment effects on wildfire
outcomes and considerations, challenges, and recommenda-
tions when evaluating and communicating about treatment
effects. Here, we (1) present a framework to define metrics
of treatment effects on wildfires that can be used to eval-
uate effectiveness of forest treatments for mitigating wild-
fire behavior and socioeconomic and ecological outcomes
and (2) discuss important considerations and recommen-
dations for evaluating these effects of treatments on fires.
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We draw on experience and literature primarily from the
western United States and use the 2020 Cameron Peak Fire
in Colorado, USA, as a case study to illustrate these consid-
erations and evaluate the multiple modalities of treatment
effects. Quantifying wildfire outcomes in treated areas pro-
vides better data-driven rationale for assessing effectiveness,
which can aid in setting realistic expectations for how treat-
ments will fare when confronted by extreme fire behavior
and thus inform treatment prioritization and justify costs.
This framework and these considerations can guide evalu-
ations of treatment effects and assist managers, research-
ers, policy makers, and the general public in developing
a common language for communicating about treatment
effectiveness.

Cameron Peak Fire Case Study Methods

The Cameron Peak Fire burned 84,544 ha (208,913 ac) in
2020 and became the largest wildfire in Colorado’s recorded
history. This fire burned from August 2020 to January 2021
with vast human impacts, including the loss of 469 struc-
tures, loss of life in postfire flooding, multiple water resources
compromised, and other damage to infrastructure that is cur-
rently estimated at more than $100 million in total costs, not
including the $133 million in suppression costs (National
Interagency Coordination Center 2021). The Cameron Peak
Fire provides many examples of where wildfires interacted

with a variety of forest treatment types (figures 1 and 2).
Given the costly economic and ecological impacts of this fire,
it provides an excellent case study to describe the complex-
ity of wildfire-treatment interactions and to compare a range
of treatment types. Here, we use treatment databases, field
data, remote sensing, and other reports to evaluate multiple
metrics of treatment effects on the Cameron Peak Fire and
highlight challenges associated with evaluating treatment
effectiveness.

Treatment information and previous wildfire footprints
within the Cameron Peak Fire were aggregated from multi-
ple agency treatment databases. These included geographic
information system (GIS) data from the 2017 Colorado
Forest Restoration Institute (CFRI) Fuels Treatment Library
(Mueller and Caggiano 2022), Forest Activity Tracking System
(FACTS; US Forest Service 2018), the 2017 Fire History
Perimeters (National Wildfire Coordinating Group 2017), the
Stewardship Mapping and Reporting Tool (SMART; USDA
Forest Service 2020), and the 2016 LANDFIRE Remap
Public Events Geodatabase (LANDFIRE 2016). We retained
stand-level treatments from SMART but removed manage-
ment plan-level treatments that are often mapped to the
entire property boundary rather than the management foot-
print itself. There were twenty-six unique treatment types
(although some are very similar in practice) in the combined
database. We reclassified the treatment types into eight cate-
gories to simplify the database and to identify overlapping or
repeat treatments more efficiently: (1) prescribed (Rx) fire, (2)
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Figure 1 The 2020 Cameron Peak Fire and locations of past forest management and wildfire. A total of 6.8% of the Cameron Peak Fire footprint was
recorded in the treatment database as having been managed prior to the fire. The Treated, Non-Rx Fire treatment category encompasses all treatments
that were not prescribed fire for ease of visualization with figure 2 showing more detailed treatment classifications.
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Figure 2 Area of largest treatment types (including previous wildfire) and the number of individual treatments/previous wildfires within the Cameron
Peak Fire. The treated or burned area totaled about 11,000 ha (13%) of the 84,000 ha wildfire. Treatment types are only shown here that account for

more than 1% of the treated area.

thinning, (3) surface fuels treatment (e.g., yarding, piling, or
rearranging of fuels), (4) pile burning, (5) clearcut, (6) chip-
ping, (7) previous wildfire, and (8) unknown (Table S1). In
ArcGIS Pro v2.6.4, the intersection geoprocessing tool was
used to create unique treatment polygons for spatially over-
lapping treatments, including repeated treatment types (Esri
Inc. 2021). Overlapping treatments were joined to form treat-
ment areas with treatment classifications that reflected the
combination of treatments that occurred in those areas (e.g.,
Rx fire + thinning, thinning + surface fuels treatment + pile
burning). Where the same treatment type was repeated
in the same area, it was defined by the repeated treatment
type’s name preceded by “Multiple” (e.g., Multiple Surface
fuel treatments). Treatments recorded in the database span
from 1994 to 2020; however, fewer than ten treatments were
recorded in 11 of the 13 years from 1994 to 2006, suggesting
an incomplete treatment record before 2007 (Figure S1). The
incomplete record before 2007 explains the seemingly illog-
ical occurrence of some treatment types documented alone,
such as pile burning (figure 3), that should only occur in this
region following previous forest management. There were
also very few treatments recorded in 2019 and 2020, likely
because they have yet to be recorded in treatment databases.
Year of treatment was missing for 19.8% of treatments, so
we were unable to determine the order of implementation for
overlapping treatments. The multiple types of treatments, but
not the order, are retained in areas of overlapping treatment.
In the Cameron Peak Fire, 6.8% of the area (5,758 ha) was
documented in the treatment database as having been treated
before the Cameron Peak Fire and 6.0% (5,033 ha) burned in

previous wildfires from the last roughly four decades (figures
1 and 2). Prescribed fire was the most expansive pre-fire treat-
ment (3,741 ha; figure 2).

This case study draws on field data and remotely sensed
burn severity indices. We collected thirty composite burn
index (CBIL; Key and Benson 2006) measurements in 10 m
radius plots in May and June 2021 in three focal treated and
untreated paired sites to evaluate treatment effects on the
Cameron Peak Fire (figure 3). Polygons were delineated in
adjacent treated and untreated ponderosa pine (Pinus ponder-
osa) dominated forests with a minor component of Douglas-fir
(Pseudotsuga menziesii), Rocky Mountain juniper (Juniperus
scopulorum), and quaking aspen (Populus tremuloides). The
treated and untreated polygons were created in pairs in the
field, with each pair being directly adjacent to each other and
having comparable slope and aspect. Locations for ten CBI
plots per focal treatment (five treated and five untreated) were
then randomly generated within these polygons. Treatments I
and II (figure 3) were treated in 2011 as shelterwood prepara-
tory cuts with the material yarded to the landing using a feller
buncher. Treatment I has records of piles being burned in 2007,
indicating that previous thinning may have also occurred on
this site. Treatment III (figure 3) was thinned and slash was
piled in 2009. These piles were burned in 2011.

We evaluated treatment effects on burn severity for the
variety of treatments found across the Cameron Peak Fire
using remote sensing. We produced maps of burn severity
from a pair of sensors (Landsat 8 and Sentinel-2), testing how
image dates and burn severity indices affected the agreement
of these maps to the aforementioned 30 CBI plots and an
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Figure 3 Past forest treatment interactions within the 2020 Cameron Peak Fire burn area. The CBI field sampling locations across focal treated (roman
numerals) and untreated burned areas, which were used to assess burn severity, are also shown. A: combinations of treatments larger than 140 m?2.
Each treatment type within these combinations represents either a single treatment, or repeated treatments (the same treatment occurring multiple
times over the same area). B: the number of overlapping treatments, with darker areas showing the highest amount of treatment overlaps.

additional 139 CBI burn severity field plots. These additional
139 plots also had a 10 m radius and also were established
during May and June 2021, but rather than being designed
to compare treated and untreated areas, they were used to
characterize burn severity across six focal watersheds and
represent a variety of vegetation types, burn severities, and
elevations (figure 1). The burn severity map with the great-
est correlation to field observations, relativized burn ratio
(RBR; Parks et al. 2015) generated from September 14,2018
and September 18,2021 Sentinel-2 MultiSpectral Instrument
images, was used for analyses in this case study. The RBR and
field-measured burn severity have an R? of 0.74.

Using R Statistical Software v4.2.1, adjacent comparable
untreated areas were generated for each treated area by cre-
ating a buffer zone from 40-340 m around each treatment
(R Core Team 2020; Pebesma 2018; Hijmans 2022) for com-
paring treated and untreated RBR values. These untreated
comparison areas were generated for all treatment types that
accounted for 1% or more of the Cameron Peak Fire treated
area. Untreated areas were constrained to the range of existing
slope and eastness and northness conditions of the correspond-
ing treated area, with other treatments that fell in the buffer

being excluded. Topographic data was derived from the Shuttle
Radar Topography Mission (SRTM; NASA Jet Propulsion
Laboratory 2014). Only pixels with 10% or more pre-fire
canopy cover in treated and untreated areas were retained for
analysis (LANDFIRE 2022). We compared RBR in treated
and untreated areas with two box plots: (1) all treated and
untreated pixels aggregated by treatment type and (2) the dif-
ferenced mean RBR of each treatment polygon and the mean
RBR of its untreated buffer, also presented by treatment type.

Interpretations of Effectiveness

Here we summarize sixteen metrics of treatment effects
on wildfire that have been used in the literature or may
be important during a wildfire incident itself. We have
categorized the metrics into three groups: (1) human-fire
interactions (Table 1), (2) fire behavior (Table 2), and (3)
ecological impacts (Table 3). Tables 1-3 provide definitions,
data sources, and measurements for monitoring treatment
effects and example references of that metric. We selected
empirical studies of treatment effects when possible rather
than modeled studies.
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Table 1. Human-fire interaction metrics of treatment effects on wildfire, their definition, and common measures used to evaluate the impact of
treatment, and citations that use these metrics in empirical studies.

Metric

Definition

Data sources

Evaluation measurements

Citations

Human-fire interactions

Fire suppression
activities

Fire suppression costs/
incident expenditures

Structure, infrastruc-
ture, and natural and
cultural value damage

Ingress and egress
routes

Treatments altered firefight-
ing actions or decisions
during the wildfire event

Treatments changed the total
cost of fire fighting activities

Treatments influenced
damage to structure and in-
frastructure and natural and
cultural values

Treatments impacted human
movement during wildfire
event

National Incident Fea-
ture Service (NIFS)
1CS-209s

Fire progression maps
Surveys and interviews
WEDSS

Suppression costs

Incident command
reports

Insurance assessments
Community members

Surveys and interviews

Use of treatments as a control
or anchor point, initial attack,
structure protection opportu-
nity, or a burn out operation
Incident effectiveness and
safety

Incident strategy development
and decision making

Dollars per unit area
Total costs

Number of structures lost
Infrastructure damage
Changes to viewsheds
Recreation and cultural access
closures

Adequate evacuation, emer-
gency services, and firefighter
access

Kolden and Henson
(2019)

Bayham et al. (2020)
Moghaddas and Craggs
(2007)

Rapp et al. (2020)
Noble and Paveglio
(2020)

Noonan-Wright and Seiel-
stad (2021)

Greiner et al. (2022)

Belval et al. (2019)
Sanchez et al. (2019)

Sanchez et al. (2019)

Schmidt et al. (2008)
Calkin et al. (2014)

Table 2. Fire behavior metrics of treatment effects on wildfire, their definition, and common measures used to evaluate the impact of treatment, and
citations that use these metrics in empirical studies.

Metric

Definition

Data sources

Evaluation measurements

Citations

Fire behavior

Barriers,
skips, and
fire lines

Rate of

Treatment influenced extent and/
or spatial pattern of fire

Treatment resulted in a localized

Firefighter observations
Remotely or aerially detected fire

extent and severity

spread

Flame
length

Fire type

change in fire rate of spread

Treatment resulted in a localized

reduction in flame length

Treatment resulted in a change

in dominant spread pattern (e.g.,

Firefighter observations
Remotely or aerially detected fire
progression

Firefighter observations
Postfire tree charring

Firefighter observations
Postfire fuel consumption and

Qualitative reports

Fire perimeters

Remotely sensed burn severity
Rate of spread

Qualitative reports
Ember production

Flame height
Char height

Observed crown or surface fire
Char height

Parks et al. (2015)
Keeley et al. (2009)
Prichard et al. (2020)

Johnson and Kennedy
(2019)

Prichard et al. (2020)
Kreye et al. (2014)

Jahdi et al. (2022)
Ager et al. (2020)

Safford et al. (2009)
Martinson et al. (2003)

active crown fire, passive crown
fire, torching, surface fire)

charring

Kennedy and Johnson
(2014)
Symons et al. (2008)

Canopy scorch
Needle and branch consumption
Surface fuel consumption

Human-fire interactions are the metrics commonly iden-
tified by news media and the public in conversations of for-
est treatment effects on wildfire. During and immediately
postfire, the focus is often on effectiveness metrics related
to lives, homes, and infrastructure lost (Table 1) with an
initial focus on elements that may determine continued
livelihood and resilience. Others may be primarily con-
cerned with visual changes to the landscape and to impacts
on natural and cultural values. Further, national and state
policymakers query the costs of fire suppression activity,
with many identifying not only the cost of suppression but
the combined cost of suppression and prefire and postfire
treatments and recovery efforts as being the ultimate cost
(Bayham et al. 2022).

These human-fire interactions are both quantifiable values
and perceptions. For example, a community may feel that
a treatment improved the outcomes and protected homes,
especially those on the perimeter of the fire near the final
fire boundary, as was seen on the northeast corner of the
Cameron Peak Fire (figure 3). Alternately, residents within
the fire interior may feel like no action would have changed
the outcome given the fire conditions when the fire interacted
with their property. The lack of knowledge about treatments,
especially on public lands, may also contribute to perceptions
of a lack of forest management and thus a lack of pre-fire
effort to mitigate potential community impacts. Similarly, the
perceptions of high fire suppression costs, with many homes
still being lost, and thus higher total costs, may correspond to
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Table 3. Ecological metrics of treatment effects on wildfire, their definition, and common measures used to evaluate the impact of treatment, and
citations that use these metrics in empirical studies.

Metric

Definition

Data sources

Evaluation measurements

Citations

Ecological indicators

Soils con-
ditions and
processes

Watershed
and water
impacts

Tree sur-
vival

Vegetation
consump-
tion and
response

Forest
response

Wildlife
habitat

Spatial
patterns
and het-
erogeneity

Carbon

storage

Treatment
reduced soil burn
severity and relat-
ed impacts to soil
function (e.g.,
water infiltration,
nutrient reten-
tion, etc.)

Treatments
altered impacts to
water resources

Treatment
increased tree
survival

Treatment
impacted the
amount of veg-
etation material
consumed and its
response

Treatments
altered forest
response or
resilience

Treatment
influenced how
wildfire changes

wildlife habitat

Treatments
increase post-fire
heterogeneity or
result in land-
scape ecology
conditions that
increase resilience

Treatments
impacted wildfire
emissions and
carbon storage
following wildfire

Remote sensing and
field observations of soil
burn severity
Biogeochemical prop-
erties

Erosion

Soil function
Microbiome impacts

Impacts on water
quality, erosion events,
hydrology, debris flows,
and disruption to water
supply

Hillslope, stream
channel, and floodplain
geomorphology
Riparian and wetland
habitat condition

Forest inventory
Remote sensing

Remote sensing
Field observations

Proximity to viable seed
Regeneration surveys

Wildlife census
Habitat survey

Remote sensing
Field observations

Carbon stock inventory
and allocation into each
pool

Postfire growth rates
Soil carbon loss from
organic matter con-
sumption or post-fire
erosion

Remotely sensed burn severity

Organic matter and surface fuel consumption
Soil structure

Soil nitrogen and carbon concentration
Runoff chemistry

Microbial biomass and composition
Infiltration

Evidence of rilling

Headcutting

Mass of soil eroded and accumulated

Stream channel change

Streamflow amount, timing, and fluctuation
Water chemistry (N, P, and metals)

Sediment transport

Vegetation recovery

Remotely sensed burn severity of watersheds
Evidence of rilling

Headcutting

Live trees/area

Forest demographics

Remotely sensed burn severity and live tree
canopy

Remotely sensed burn severity and vegeta-
tion recovery

Vegetation consumption and recovery
Charring

Cone consumption

Scorching

Vegetation cover, richness, and composition

Distance to nearest seed source

Fire severity patch metrics (size, density,
shape, core)

Cone consumption

Seedling, sapling and sprout stems/area
Cones/tree

Refugia

Habitat suitability: food, shelter, water, space
Survivorship and population connectivity

Patch metrics of fire severity, forest, openings,
etc. (size, density, shape, core)

Forest demographics

Remotely sensed burn severity and vegetation
recovery/structure

Canopy cover and openness

Snow accumulation patterns

Spatial heterogeneity/homogeneity

Biomass consumption

Soil carbon

Carbon stocks and their allocation into live
and dead and above and belowground pools

Choromanska and DeLuca
(2001)

Homann et al. (2011)
Fultz et al. (2016)

Jones et al. (2017)
Salis et al. (2019)

Shive et al. (2013)

Agee and Skinner (2005)
Stephens et al. (2012)
Waltz et al. (2014)
Prichard et al. (2010)
Ritchie et al. (2007)
Weatherspoon and Skinner
(1995)

Prichard and Kennedy
(2014)

Springer et al. (2018)
Stevens-Rumann et al. (2016)

Tubbesing et al. (2019)
Roccaforte et al. (2018)
Waltz et al. (2014)

Stevens-Rumann et al. (2013)

Shive et al. (2013)
Waltz et al. (2014)

Finkral and Evans (2008)
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a community’s sense of poor outcomes postfire (Kooistra and
McCaffrey 2022).

Forest treatments can affect wildfires by facilitating inci-
dent response tactics and decision making during a fire. For
instance, interviews with fire and fuel personnel revealed
that existing treatments are generally used during incidents
for fire assessment, staging, burnout operations, access and
anchor points, and contingency plans (Greiner et al. 2022).
During the Cameron Peak Fire, fuel treatments provided inci-
dent management teams greater tactical options that allowed
for some improved responder safety, additional containment
opportunities, and some time-saving efficiency for fire crews
(Greiner et al. 2022). How treatments are incorporated into
strategic and tactical decisions during fires is not well cap-
tured in databases designed to document the performance of
burned treatments, such as the Fuel Treatment Effectiveness
Monitoring application.

Second, treatments may affect fire behavior by altering
rate of spread, increasing or decreasing flame length, and
creating fire barriers or fire lines (Table 2). Influencing fire
behavior is the mechanism for many of the human-fire inter-
actions and ecological impacts. Efforts to stop, slow, and
influence wildfires are often concentrated in human-inhab-
ited areas. These treatment effects are often witnessed by
firefighters, incident command teams, or may be measured
postfire. For example, firefighters may observe a decrease
in flame lengths or a transition from a crown fire to a sur-
face fire as the active fire interacts with a treatment, but
these could also be observed by quantifying crown scorch
or bole char height once the fire is extinguished (Kennedy
and Johnson 2014; Martinson and Omi 2013). Assessments
of changes in fire behavior are often made using metrics of
burn severity or postfire field assessments of burning con-
ditions, as intensity during a wildfire is difficult to assess
systematically in multiple locations.

Finally, we can assess treatment impacts on a number of
postfire ecological metrics (Table 3). There are many time
steps postfire where ecological effects can be observed and
studied depending on the indicator (see Scale section). Some
ecological metrics are commonly considered when evaluating
treatment effects (i.e., tree survival, vegetation consumption
and response), whereas others are rarely quantified empiri-
cally (soils conditions and processes, wildlife, watershed and
water impacts; Kalies and Kent 2016). The tools needed to
monitor certain ecological effects, such as changes to ecosys-
tem carbon and the soil microbiome, are a challenge for cur-
rent science. Further research in these fields is critical to fully
understand ecological implications of treatments.

Considerations When Evaluating Treatment
Effects

The current discussions and research about treatment effec-
tiveness underscore that measuring, interpreting, and commu-
nicating treatment effects on goals and wildfire outcomes is
challenging due to the many nuanced contextual factors at
play during a wildfire (Hood et al., 2022; Jain et al. 2021;
Kalies and Kent 2016; McKinney et al. 2022; Sanchez et
al. 2019). The effect of treatment is difficult to disentangle
from the many other factors influencing fire behavior (e.g.,
Prichard et al. 2020). Further, the challenges of evaluat-
ing treatment effects propagate into additional challenges
communicating within and between groups such as forest
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managers, the general public, researchers, and policymakers.
Below, we summarize considerations when evaluating treat-
ment effectiveness and demonstrate these with Cameron Peak
Fire examples to improve applied research and communica-
tions. Acknowledging and addressing these considerations
can improve the design and implementation of forest treat-
ments, advance forest science, inform forest policy, and pro-
mote public understanding and support.

There are limitations regarding how and under what con-
ditions a treatment can modify fire behavior, especially in the
most extreme fire weather conditions. For example, treat-
ments designed to reduce crown fire under 95% percentile fire
weather conditions may not be deemed a failure for carrying
crown fire during 99" percentile conditions. These conditions
can change from day to day and hour to hour, and thus vary
even within a single fire footprint. Several studies have found
treatments to be the most effective in moderating fire behav-
ior on the flanks of a fire or during days of less fire spread and
mild to moderate fire weather (Davim et al. 2021; Prichard
et al. 2020). Rain and snow during the Cameron Peak Fire
enhanced the mitigation effects of a previous wildfire (the
2012 High Park Fire), which moderated fire behavior and
allowed for more effective suppression efforts (Caggiano et al.
2021). On the other hand, mechanical treatments that burned
under extreme weather conditions and that were oriented
parallel to the direction of fire spread were unable to contain
the fire (Caggiano et al. 2021). As burning conditions become
more extreme under an increasingly favorable climate for fire
(Coop et al. 2022; Taylor et al. 2022), more treatments may
experience fire weather conditions beyond the thresholds for
which they were designed, in turn leading to reduced effec-
tiveness or perceptions thereof.

Site and Treatment Characteristics

The metrics of treatment effects on wildfire (Tables 1-3)
can be applied across diverse contexts, but the determina-
tion of what is and is not considered effective requires an
understanding of site-specific criteria, such as forest type and
treatment type. Forest type and the associated disturbance
and utilization regimes inform treatment need and design
and influences interpretations of treatment effectiveness. For
example, many treatments in the western United States have
focused on frequent fire forests with fire resistant traits, such
as the ponderosa pine forests at the lower elevations of the
Cameron Peak Fire (Kalies and Kent 2016). Thus, the goal
in these forests is often persistence of forest cover resulting
in treatments aimed to promote tree survivorship and spa-
tial heterogeneity by reducing fuel loads and ladder fuels
and retaining the most fire-resistant individuals in patches
of varying sizes. Alternatively, complete overstory mortality
may be acceptable in some forest types even within treat-
ments. This was the case in the Cameron Peak Fire with
resprouting species like quaking aspen or semi-serotinous
species like lodgepole pine (Pinus contorta) as long as viable
root or seed source remains to regenerate the site. Further,
treatment type (i.e., thinning, mastication, prescribed fire)
and surface fuel loading or management method (i.e., lop
and scatter, whole tree harvest, fall or spring burns) and their
interaction with forest types can alter effectiveness. Finally,
the treatment objectives need to be considered when evalu-
ating the effectiveness of a treatment. Although most forest
treatments modify fuels, not all these treatments have fuel
reduction as an objective.
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There is considerable heterogeneity in stand structure and
fuel loading across treatments, within treatment types, and
with various times since treatment. Johnson and Kennedy
(2019) demonstrated this with findings showing substantial
variability in stand structures, and thus fire interactions,
between the same broad treatment type, in this case “thin-
ning” (figure 4). Treatment type and implementation interact
with site factors to influence the timeframe that treatments
can be expected to mitigate fire effects (Skinner 2003;
Stephens et al. 2012; Tinkham et al. 2016). Treatments dif-
fer in terms of their size, intensity, location on the landscape
relative to topographic features and other treatments, and
degree of fuel removal (i.e., mastication and chipping gen-
erally redistribute fuel, whereas whole tree logging and pre-
scribed fire both remove and redistribute fuels). Prescribed
fire is another treatment that results in a wide range of fuel
and structure conditions within a single treatment type.
Hunter and Robles (2020) provide a recent review on pre-
scribed fire effectiveness and variability. Even treatments
with specific goals of mitigating fire behavior may have addi-
tional goals, such as improving wildlife habitat, resulting in
retention of some understory and ladder fuels (Knapp et al.
2009). Further, all treatments are constrained by pretreat-
ment forest structure, thus dictating the range of posttreat-
ment conditions that can be created. For example, whereas
a thinning treatment in primary forests has the luxury of
retaining large fire-resistant trees, a thinning in secondary
forests may not have this option and thus may only retain
smaller trees more sensitive to fire (Symons et al. 2008).
These site and treatment characteristics influence treatment
effects on wildfire and interpretations of what is considered
effective, yet information about these details is difficult to
locate and often absent from treatment databases (more
on this in the Attribution of Treatment Effect and Data
Complexity section). Previous wildfire can moderate fire
behavior, as exemplified by the 2012 High Park Fire during
the Cameron Peak Fire (Caggiano et al. 2021). However, in
other contexts, previous wildfires can readily reburn, with
severity patterns echoing previous burn severities and vary-
ing by vegetation type and time since fire (Taylor et al. 2021;
Taylor et al. 2022).

Scale

Scale is central to evaluations of treatment effects on wild-
fire. Metrics are assessed at different spatial and temporal
scales, and many metrics can be assessed at multiple scales.

For example, analyses of soil conditions and processes may be
necessary immediately postfire as managers grapple with the
need to conduct hillslope stabilization efforts; however, under-
standing long-term sediment loads and impacts of biogeo-
chemical processes and the microbiome may be necessary at
the decadal scale. Similarly, numerous studies across the west-
ern United States demonstrate that treatments that include
fire as a component, either previous wildfires, prescribed fire,
or thinning and burning, are effective at decreasing remotely
sensed burn severity, and these data are available in the
months following a wildfire (Hessburg et al. 2015; Kalies and
Kent 2016; Martinson and Omi 2013; Prichard et al. 2010;
Prichard et al. 2020; Stephens et al. 2012). Although some
metrics of vegetation community response may be evident in
the years immediately following fire (e.g., tree survival), vege-
tation response in some contexts may only be available on the
order of decades or centuries postfire, depending on the life
history traits of the species making up a forest, and may vary
from initial measures of severity depending on fire adaptation
traits. Attributing vegetation community response to pre-fire
treatments is further complicated by the influence of postfire
management, climate, and subsequent disturbances. Human-
fire and ecological metrics of effectiveness continue to change
years after a fire (Roccaforte et al. 2018).

The success of a treatment is also dependent on spatial
scale. The scale of treatment impact should be reported rel-
ative to the broader landscape or burned area. Some groups,
such as homeowners whose houses were spared by the fire,
may consider localized treatment impacts effective. Others
may define success as having desirable impacts on a landscape
scale. Certain metrics are naturally assessed at broader scales,
like an entire fire (e.g., suppression costs), or smaller scales
(e.g., flame length). Further, treatment effects can be evaluated
within (e.g., increasing tree survival within the treatment) or
beyond the boundary of an actual treatment (e.g., protecting
structures adjacent to treatments). Evaluating these treatment
effects at landscape scales becomes increasingly difficult and
often requires simulation models (Hood et al. 2022; Jain et
al. 2021).

Watershed and water impact metrics illustrate challenges
associated with scale and evaluation of landscape-scale
treatment effects. As is commonly the case in the western
United States, watershed and water supply protection were
a motivation for many treatments in the Cameron Peak
Fire. Monitoring and research are underway to understand
impacts of the fire on watersheds and water quality and
quantity. But teasing out the role of pre-fire treatments in

Figure 4 Three thinning treatments resulting in a variety of forest structures, but that all receive the same classification in most treatment databases.

Photos taken by Mike Battaglia.
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the postfire water response is another challenge altogether.
Treatment effects are commonly measured on the treated
hillslopes, whereas watershed impacts are often measured
in streams draining much larger areas that may only have
a fraction of the watershed treated. The effectiveness of a
treatment for mitigating fire effects on water also depends
on other postfire processes operating at different spatial
and temporal scales like vegetation recovery and weather.
Although treatments may be deemed effective at mitigating
postfire watershed impacts after moderate intensity rainfall,
these same treatments may not protect water values under a
more severe rainfall event.

Considering Multiple Metrics

Assessing multiple modalities of treatment effects is com-
plicated because the metrics are often assessed at different
spatial and temporal scales and require different expertise
and study designs. Considering multiple treatment effects
that are related is more common than studies that cross-
cut human-fire interactions, fire behavior, and ecological
metrics. Furthermore, treatment effects are heterogeneous
between and within treatments, making it challenging to
label treatments simply as effective or ineffective for a given
metric. Rather, the range of treatment outcomes must be
characterized and associated with other driving factors (e.g.,
weather, topography, proximity to natural fuel breaks) to
identify under which conditions treatments were effective.
The influence of treatment may be obvious in some locations
and for some metrics of effectiveness, nonexistent in oth-
ers, and more nuanced in other cases. For example, several
thinning and pile burn treatments on the northeast edge of
the Cameron Peak Fire coincided with the perimeter of the
fire (figure 3; immediately northeast of 40°44' N, 105°32'
W). These treatments were implemented with the objectives
of creating a shaded fuel break to provide opportunity for
firefighters to engage a fire and to reduce the movement
of fire through the canopy. The weather conditions were
less extreme and the treatment accomplished its objective
of allowing firefighters to establish fire lines in these treat-
ments. This combination of conditions resulted in the treat-
ments being effective under the lens of multiple metrics:
serving as a location for suppression activities and as a bar-
rier. Another thinning treatment (figure 3; focal treatment
III) lies just west of the fire perimeter where the fire burned
through these treatments. They did not serve as a barrier
but may have contributed to the fire behavior conditions
that allowed construction of a fire line nearby and, based on
field measurements, these treatments did reduce tree mor-
tality and burn severity (figure 5) compared with adjacent
untreated areas. This example illustrates the importance of
interactions with suppression activities, weather context,
and potential treatment effects in aggregate.

Attribution of Treatment Effect and Data Complexity

Attributing the role of treatments on wildfire behavior and
effects requires diverse data sources, and the needed infor-
mation is often incomplete or unavailable. This challenge
is demonstrated by questions regarding the extent to which
pre-fire treatments helped contain the Cameron Peak Fire.
Although only 3% of the Cameron Peak Fire area received
treatments other than prescribed fire, 8% of the fire perime-
ter overlapped with these treatments (Table 4). This suggests
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that these treatments may have been effective as fire barriers.
However, as is commonly the case, these treatments tend to
fall along roads, which makes it challenging to determine post
hoc the relative importance of treatment, road, fire suppres-
sion, or other factors in containing the fire without eyewitness
accounts.

Attribution of treatment effect is typically addressed for
fire behavior and ecological metrics of effectiveness by pair-
ing nearby treated and untreated sites that ideally only differ
in their treatment history. This approach has the advantage of
being able to directly compare many metrics of effectiveness
but often uses time-intensive field measurements. Locating
neighboring suitable comparisons of treated and untreated
forest can be prone to bias and difficult, as treatment bound-
aries often coincide with changes in topography, forest struc-
ture, or land ownership. Similarly, treated versus nontreated
areas may experience the wildfire at different times and thus
different burning conditions.

Another approach to evaluating treatment effectiveness is
by examining effects across many treatments and including
other influential variables. This is typically done with GIS and
geospatial analyses (Prichard and Kennedy 2014; Stevens-
Rumann et al. 2016), which allow efficient analyses across
large areas and a range of treatment, forest, and fire condi-
tions. In the Cameron Peak Fire, comparing remotely sensed
burn severities (RBR) across treatment types shows treat-
ments that included fire (prescribed fire or pile burning) or
surface fuels management tended to have greater reductions
in burn severity than comparable untreated areas (figure 6).
Although thinning alone sometimes had higher burn sever-
ity and sometimes had lower burn severity than untreated
areas, the median response was slightly reduced burn sever-
ity. Previously burned areas had the lowest burn severity and
showed the greatest reduction in burn severity when com-
pared with nearby untreated areas (figure 6).

However, the remotely sensed burn severity images central
to these analyses introduce uncertainties of their own. In one
case on a different wildfire, we observed treatment differ-
ences in burn severity that were exaggerated by remote sens-
ing, likely because the pre-fire spectral values differ between
treated and untreated areas and because of differences in the
timing of data collection between remotely sensed and field
measured burn severity (Vorster et al., unpublished data). In
the Cameron Peak Fire, the thinned plots we sampled burned
at lower severity than neighboring untreated sites according
to both field and remote sensing data (figure 5; Table S4).
Fach treatment analyzed individually also shows a signifi-
cant reduction in CBI severity relative to the untreated plots
(Table S4). The magnitude of treatment effect and severity of
treated sites does, however, differ depending on whether field
or remotely sensed data are used. For example, within treated
plots, field-based burn severity measures showed higher sever-
ity and were much more variable compared with the same
plots measured via remote sensing.

Evaluations of treatment effects are sensitive to analytical
approach and the measurement used. For example, conclu-
sions about the effect of the treatment classes “thinning”
and “multiple surface fuel treatments” on burn severity dif-
fer depending on whether treated and untreated areas are
aggregated and then compared (treated areas tending to have
higher RBR; figure 6A) or whether treatments are compared
directly to their untreated analog (treated areas tending to
have lower RBR; figure 6B). The example above of the three
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Figure 5 Field measured burn severity as measured by (A) the CBI and (B) remotely sensed burn severity as measured by the RBR. Values are shown
for the thirty field plot locations across three focal treated and untreated pairings of the Cameron Peak Fire.

Table 4. The area and perimeter overlap between previous wildfire,
prescribed (Rx) fire, and treatments other than prescribed fire with the
Cameron Peak Fire.

Area Percent Perimeter Percent of
(ha) of Area  length (km) perimeter
Cameron Peak 84,482 100 524 100
Fire
Previous wildfire 5,033 6 47 9
Rx fire 3,741 4 19
All treatments 2,287 3 44

other than Rx fire

focal treatments shows how using different measurements
(RBR and CBI) did not change the overall conclusion about
treatments reducing burn severity but changed the magnitude
of that difference and the burn severity distributions. These
are just two examples of many methodological decisions that
influence findings about fuel treatment effects.

Both the RBR analysis across the Cameron Peak Fire and
the field plot and RBR analysis of three focal treatments show
that treated areas generally had reduced burn severity rela-
tive to comparable untreated sites. This case study demon-
strates some important considerations about treatment effect
and effectiveness. The overall treatment effect on RBR was
consistent, with all treatment types having a median effect of
reduced burn severity. This effect was also variable. Individual
treatments of each treatment type could be found that had
higher burn severity than untreated comparisons (figure 6).

This serves as a cautionary reminder to evaluate as many
treatments as possible to capture the range of fire effects. The
magnitude of treatment effect should be reported when pos-
sible (Tables S2-S4) because ultimately it is this magnitude
placed in the context of human values and costs or risks asso-
ciated with treatment that determines effectiveness.
Evaluating treatment effectiveness is further complicated by
the complexity in the data used. Treatment databases provide
valuable documentation of treatment location, implementa-
tion year, the general prescription, and equipment used. These
databases are intended for activity reporting, not research,
and thus often lack the detail needed for rigorous evalua-
tions of treatment effects. Treatments recorded in treatment
databases can lack spatial fidelity of treatment locations and
treatment information, treatments of different types and ages
often overlap in space, and different databases exist across
agencies and vary in their reporting detail, terminology, and
years (see USDA Forest Service Activity Tracking System
2018 for an example of complexity). Critical details, such as
year of treatment, treatment type, forest structure, amount
of material removed, equipment used, and residue manage-
ment are important variables for evaluating effectiveness
but may not be included in databases. As an example, nearly
20% of treatments in the Cameron Peak Fire did not have a
year documented. Even the perimeter of treatments shown in
these databases may not meet research-level needs as some
treatments are assigned to property boundaries rather than
the specific location of management activities. Furthermore,
treatment databases give a partial historical record because
tracking treatment activities in GIS has only become com-
monplace in the last few decades. Remote sensing of forest
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treatments offers opportunity for supplementing information
in treatment databases and thus supporting evaluations of
treatment effect by providing improved information on treat-
ment year, extent, and the resulting forest structure (Coops
et al. 2022; Keay et al. 2022; Woodward et al. 2017). The
utility of remote sensing for treatment tracking is greatest
for high-intensity treatments and data-rich areas that have
recent or repeat high-resolution imagery or airborne lidar
collections.

Another missing component to many of these databases
is what the original goals and objectives were for the treat-
ment. As discussed above, these are important details both
when monitoring effects and determining effectiveness. And
although many of these databases were not set up with
the intention of being used to evaluate treatment effects
post-wildfire, they commonly are the only information post
hoc. When combining treatment databases from multiple
sources and agencies for the Cameron Peak Fire, we encoun-
tered myriad treatment types (Table S1). Treatment type
descriptions ranged from sufficient (e.g., “precommercial
thin,” “clearcut”) to ambiguous (e.g., “Broadcast Burning -
Covers a majority of the unit,” “silviculture”). Furthermore,
treatment polygons overlap, forming a complex management
history on the landscape, making it difficult to ascertain
which management actions and which combinations were
effective (figure 3).

Evaluating treatment effects requires integration of data
from many sources with a range of resolution and accuracy.
Remote sensing offers critical data for assessing treatment
effects but often has varying spatial and temporal resolutions.
For example, 30 m resolution is common for remote sens-
ing burn severity when using Landsat-derived data, whereas
during an incident, daily fire progression maps often have
coarser resolution and field measurements may be at a much
finer scale. Similarly, weather data is derived at different
scales and often interpolated from sparsely located weather
stations and are often difficult to match with progression
maps of variable time windows. Further, repeated measures
study designs that allow focused understanding of both treat-
ment and wildfire impacts provide the most robust field-based
understanding; however, these data are rarely available, as we
cannot predict the location of future wildfires and field-based
monitoring of treatments is variable across agencies, property
owners, and implementers.

Interaction with Wildfire Planning and Response

Tables 1 and 2 highlight the importance of firefighter obser-
vations for evaluating treatment effects. However, collating
information from firefighter observations can be difficult
because these resources often disperse after the fire. Managers
and researchers could benefit from knowing what happened
during a fire, as these observations are easy to conceptual-
ize but are the most difficult to acquire (Moriarty et al.
2019). Incident response data are challenging to acquire and
apply, which severely limits our ability to understand how
and whether forest treatments benefitted response efforts in
any measurable way outside of anecdote and recollection
(Gannon et al. 2020; Plucinski 2019; Simpson et al. 2021;
Thompson et al. 2018).

There is an advantage to using landscape strategies in fire
management, such as those developed in the 1990s to early
2000s like the Fireshed Assessment (Bahro et al. 2007), or
more recently, Potential Operational Delineations (PODs;
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Thompson et al. 2016). Prior to the Cameron Peak Fire, treat-
ments were integrated into strategic pre-fire planning through
the PODs process initiated by the Arapaho and Roosevelt
National Forests and Pawnee National Grasslands (Caggiano
et al. 2021). The boundaries identified for potential engage-
ment during a wildfire are often aligned with key topographic
features, roads, previous wildfire perimeters, and forest treat-
ments. Some treatments that aligned with PODs boundaries
influenced suppression tactics and were reinforced during
the fire. Local managers and incident management members
credit the PODs strategic planning and forest management
completed before and during the fire with improving the out-
comes of the Cameron Peak Fire (Caggiano et al. 2021).

Similarly, firefighters would benefit from improved pre-
fire treatment documentation (Greiner et al. 2022). Incident
management teams and firefighters may make firefighting
decisions because of forest conditions at a certain site with-
out the knowledge of previous treatment. These decisions
and changes in suppression activities are often made with-
out treatment boundary or type of treatment details (Kolden
and Henson 2019). Even with treatment databases to refer-
ence, critical treatment details that influence firefighter deci-
sion-making may be missing from treatment databases, such
as the treatment of thinning residues. Furthermore, treatment
effects important to firefighting decisions can be inversely
related. The reduced surface fuel loads in thinned areas may
lower flame length or fireline intensity but can also increase
rate of spread due to a potential increase in fine fuels and
higher windspeeds due to reduced canopy cover. Incident
command team culture and experience level in the local fuel
type can also influence how treatments are utilized during a
fire (Greiner et al. 2022). Thus, interpretations of treatment
effectiveness may vary with the particular incident command
strategic priorities and firefighter backgrounds.

Conclusion

We describe a range of metrics of forest treatment effects on
wildfire and highlight key considerations and challenges for
evaluating wildfire treatment effects. Our aims are to advise
careful consideration when evaluating treatment effectiveness
and to inform ongoing research and critical discussions on the
topic. The treatment effects on wildfire metrics (Tables 1-3)
fit into frameworks for characterizing cross-scale cumulative
forest treatment impacts, such as the fuel management regime
presented by Hood et al. (2022). Conversations about treat-
ment effectiveness are prone to oversimplification and bias
by highlighting certain cases to demonstrate a point while
ignoring counterfactual evidence. A risk of having so many
metrics of effects (Tables 1-3) is that every treatment can be
deemed effective or ineffective post hoc by some metric rather
than matching postfire metrics with pre-fire intentions for
that treatment. We provide the following recommendations
for advancing evaluations of treatment effects on wildfire:

e Consider multiple treatment effects metrics and consider
local context to give a more holistic view of treatment
interactions with wildfire and to account for regional dif-
ferences such as vegetation types, fire regimes, and man-
agement practices. Although it is important to align these
metrics with the treatment objectives, additional metrics
may reveal unintended consequences of treatments and
can be just as valuable to adapting treatment methods.
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e Explore and communicate the range of treatment effect e Improve treatment databases by providing more de-
outcomes across burn conditions, treatment character- tails and complete attribution of treatment prescrip-
istics, spatial and temporal scales, and treatment effects tions, adding historical treatments, providing regular
metrics. updates, and working towards standardization across

e Improve documentation of suppression activities and agencies so that data can be more readily used during
firefighter observations, as they are critical for assessing wildfires by incident management teams and firefight-
many of the metrics and for attributing the effect of treat- ers and so effects can be more accurately and efficiently

ment or other drivers of fire behavior. measured.
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e Advance capabilities to evaluate treatment effects by
improving methods for evaluating landscape-scale treat-
ment effects, integrating diverse data streams, and tar-
geting effects that have been difficult to quantify (e.g.,
watershed impacts, wildlife impacts, fire suppression and
postfire recovery costs).

These recommendations can help to better characterize
and communicate treatment effects on wildfire, but deter-
mining what is effective incorporates additional consid-
erations, such as value systems, management goals, and
treatment costs.

We share examples of treatments in the Cameron Peak Fire
that both successfully and unsuccessfully mitigated human-
fire interaction, fire behavior, and ecological metrics of treat-
ment effects. We show areas treated with a variety of methods
generally had reduced remotely sensed burn severity, reflect-
ing less-severe wildfire impacts to soils and vegetation relative
to untreated sites (figure 6). Previous wildfire and treat-
ments that addressed surface fuel by burning or other meth-
ods tended to have the greatest reductions in burn severity.
Thinning without pile or prescribed burning or surface fuel
treatment experienced a wide range of outcomes, sometimes
reducing and sometimes increasing burn severity relative to
comparable untreated areas (figure 6). Using remotely sensed
burn severity allowed for comparisons across different burn
conditions and treatment types. Lessons about other metrics
that rely on more intensive data collection (e.g., plot data) or
opportunistic observations (e.g., firefighter observations) were
more limited. Treatments were documented in these ways to
increase tree survivorship, aid suppression efforts, reduce
burn severity, promote firefighter safety, protect structures,
and control fire spread. However, treatments were ineffective
under severe weather conditions by other metrics, like con-
taining the fire (Caggiano et al. 2021). Other metrics remain
difficult to quantify and require further research. The impli-
cations of pre-fire management on postfire critical watershed
and ecosystem responses and on suppression efforts and costs
remain unknown. Because these are often primary objectives
for forest management in these and many areas, more work
is needed to gauge how management affects a broader set of
resources.

Emphasis on increasing the scale of forest management to
mitigate the potential for large, high-severity wildfires that
affect human communities is growing. Understanding how
wildfires interact with treatments and how various treat-
ments affect wildfire outcomes is key to improving landscape
management (Jain et al. 2021). Communication is also crit-
ical; providing context for what a treatment is designed to
do and the limits of its potential effectiveness for moderat-
ing wildfire behavior and mitigating undesirable outcomes
is important for both manager and community support.
Wildfires will continue to shape our forests and landscapes
in the years to come but continuing to strive for modification
of large, high-severity events is important for future fire sup-
pression actions, community safety, and healthy, functioning
ecosystems.
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Supplementary data are available at Journal of Forestry on-
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