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ABSTRACT

Background. Barriers are the landscape features that firefighters leverage to stop wildfire spread.
In the United States, decision-makers discuss barrier availability in a framework called the
Wildland Fire Decision Support System (WFDSS). Aims. This study analyzes WFDSS text from
6630 large wildfires and examines the barriers identified. Methods. A large language model was
trained and validated, then used to detect 13 different barriers. Burn scar and fuel treatment
barriers were compared with their availability near each fire. Key results. Decision-makers
recognize barriers on most wildfires (75%) and explicitly state when they are not present. Roads
(42% of incidents), burn scars (26%) and natural fuel variability (25%) are the most common barriers.
There is a strong relationship between the amount of burned area and the probability that it is
identified as a barrier. The relationship between fuel treatment barriers and their availability is
weak, but fuel treatments are recognized as barriers at lower landscape thresholds than burn scars.
Conclusions. Prior wildfire yields more opportunities for stopping fire spread than fuel treatments.
However, a smaller area must be treated than burned naturally before fire managers consider it a
barrier. Implications. This study helps direct policy towards expanding useful barriers.

Keywords:
treatment, organizational learning, prescribed fire, United States, wildfire.
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Introduction

Fire response in the United States is becoming increasingly complex. Recent fuel accu-
mulation (Hagmann et al. 2021) and increasingly extreme climatic conditions
(Abatzoglou et al. 2019; Parks and Abatzoglou 2020; Higuera and Abatzoglou 2021)
are yielding more extreme fire behavior, while the expansion of communities into
naturally flammable landscapes (Radeloff et al. 2018) places more values in harm’s
way. However, even as wildfire is becoming more destructive to communities (Higuera
et al. 2023), there is a growing understanding of the natural role of fire as a shaper of
terrestrial life (Pausas and Keeley 2009), and the ecological consequences of fire sup-
pression in systems that depend on it (Steel et al. 2015; Cochrane and Bowman 2021;
Hagmann et al. 2021). As the fire environment becomes more complex, identifying and
creating barriers that enable fires to burn while preventing them from reaching human
values has become crucial for de-escalating risk. Thus, much analysis of wildfires in the
US is focused on predicting whether a fire in the hinterland is likely to reach front
country values (Noonan-Wright and Seielstad 2021) and whether the presence or absence
of barriers might slow a fire’s progression or provide firefighters a chance to stop it.

In the United States, the calculus of risk assessment during wildfires, including barrier
availability, is documented in a system called the Wildland Fire Decision Support System
(WFDSS) (Noonan-Wright et al. 2011). The WFDSS is a compilation of geospatial data,
fire behavior modeling and writing prompts that are designed to facilitate systematic
decision making on wildfires. The WFDSS is mandated by federal policy and has been in
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use since 2011 (Noonan-Wright et al. 2011). Formal WFDSS
decisions are required when incidents escape initial attack,
include resource benefit objectives, or require escalation to
higher levels of authority (Noonan-Wright et al. 2011).
The WFDSS prompts decision-makers to rationalize many
facets of the fire situation and response, including the pres-
ence or absence of barriers available to impede fire spread.
Fire managers sometimes identify previous wildfires, pre-
scribed fires and mechanical fuel treatments as barriers.
These barriers are currently of major interest to American
policy-makers who have invested billions of dollars in fuel
treatments to reduce wildfire risk (US Forest Service 2022;
US Department of Interior 2024). There is a growing body of
research indicating that treatments can curb fire spread
(Finney 2001; Finney et al. 2007), moderate fire behavior
and favorably alter subsequent fire effects (Prichard and
Kennedy 2014; Kalies and Yocom Kent 2016; Jones et al.
2025). There are also anecdotal instances where fuel treat-
ments improved firefighter safety and strategic opportunities
on individual wildfires (Moghaddas and Craggs 2007; Greiner
et al. 2025), but these ideas lack systematic evidence (Kalies
and Yocom Kent 2016). Given the odds of a treatment in the
US ever encountering a wildfire in its lifespan is low (<7% in
one study; Barnett et al. 2016), treatment effectiveness
research is, by necessity, largely limited to simulation model-
ing (Seto et al. 2022; Ott et al. 2023) on the rare units that
encounter wildfire (McKinney et al. 2022). Little is known
about the utility of fuel treatments as barriers relative to
other, naturally available barriers such as burn scars.
Although fuel treatment ‘usefulness’ is a multifaceted
question, this study seeks to address one aspect by evaluating
the rate at which fire managers identify fuel treatments as
barriers to fire spread relative to other landscape barriers.
We utilized the OpenAl model ‘gpt-4’ via an application
programming interface (API) in RStudio to evaluate the
barriers discussed by decision-makers on wildfires. First,
we quantify the rate at which 13 different barriers are dis-
cussed, ranging from natural features such as rivers and burn
scars to managed landscape modifications such as prescribed
fire. Next, we validate model outputs against the interpreta-
tion of experienced firefighters. Last, we evaluate the rate at
which fuel treatments and burn scars are discussed relative
to their landscape prevalence on federal lands. This analysis
is limited to federal lands because consistent fuel treatment
documentation is available on federal lands, whereas data
availability is mixed elsewhere. Burn scars are also included
in the spatial analysis because they are naturally available,
modify and reduce fuels similarly to prescribed fire treat-
ments, and are common features on the landscape. Thus,
they provide a natural quasi-control group for evaluating
fuel treatments as barriers relative to landscape prevalence.
The objectives of our work are:

1. To apply a large language model (LLM) to identify the
barriers to fire spread recognized by fire managers in the

text of all formal decisions documented in the WFDSS
from 2011 to 2023, and to validate model outputs against
human interpretation.

2. To quantify, compare and map the rate of occurrence of
13 different barriers discussed in the formal decisions of
wildfires.

3. To assess the prevalence of burn scars and fuel treatments
that are of utility in managing an incident relative to
their actual presence on the landscape.

This work is novel in its use of an LLM to synthesize aspects
of fire decision-making previously hidden in unwieldy text
databases, and because it considers a census of complex
American fires, thus enabling systematic analysis of factors
affecting decision-making. It includes 24,254 unique entries
from 6630 incidents, ranging from a few sentences to pages of
text per entry. Because of the sheer amount of text stored,
past studies analyzing the contents of the WFDSS have been
limited to samples manageable for human readers (Noonan-
Wright and Seielstad 2024) or the most coarse, non-narrative
information available for each fire (Noonan-Wright and
Seielstad 2021). Although text mining techniques for parsing
large datasets have long existed (Rajman and Besancon
1998), they historically have relied on case-matching specific
phrases and are poor at evaluating language in context.
However, within the last 2 years, commercially available
large language models such as the ChatGPT series have
offered more flexible tools better suited for linguistic nuance.
These models are ‘statistical correlation machines’ (Zhou
et al. 2024), in which probabilistic best answers are selected
relative to a neural network defining relationships between
words. The underlying neural networks are trained on huge
sets of text gleaned from the internet. However, because the
training set is nebulous and likely biased, models are prone to
the generation of incorrect information that sounds plausible
(Huang et al. 2025). Thus, there are profound limitations to
these models in fields that require human judgement
(Azamfirei et al. 2023), and their ethical use with respect
to their limitations must be seriously considered (Zhou et al.
2024). However, when given constrained problems and
supervised by human researchers, LLMs have solved difficult
problems in chemistry and biomedicine (Kim et al. 2021;
Rives et al. 2021; Luo et al. 2022; Boiko et al. 2023). This
study seeks to apply a similar LLM to a problem in fire
science.

Methods

Notes on terminology, editorialization of WFDSS
entries and data availability

Fire is a natural and morally neutral landscape process, and
the phrase ‘burn scar’ can have negative connotation
because it implies fire history is a wound on the landscape.
Although ‘burned areas’ is also commonly used, this paper
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continues to use the phrase ‘burn scar’ to describe areas
recently touched by fire because it is the vocabulary our
study subjects generally use when writing in the WFDSS.

This study also uses ‘fire managers’ interchangeably with
‘authors’ to describe the writers of the WFDSS entries we
study. Decisions on large wildfires are shared amongst
many, ranging from professional firefighters to administra-
tors of land management agencies. ‘Fire manager’ is not
anyone’s job title on an incident, but we use it to describe
the conglomerate of people responsible for the choices docu-
mented in the WFDSS.

The full WFDSS text is not yet publicly available owing to
the sensitive nature of emergency response decision-making,
although the federal agencies responsible for the WFDSS
intend to provide a reporting interface in the future. In the
meantime, data on barriers aggregated to dispatch zones are
shared in Supplementary File S1 and multiple excerpts of
text from the WFDSS are also shared in this paper. Fires are
identified by geographic region and year of ignition. All
mentions of a fire’s name or identifying geographic informa-
tion have been removed. These edits are denoted in square
brackets. We corrected spelling and replaced acronyms with
their long form but otherwise show the unedited writings of
WEFDSS authors.

Text cleaning

The WFDSS is organized into several sections, each designed
to facilitate structured decision-making in a particular facet
of emergency response. This study utilized the Relative Risk
Assessment (RRA) and Organizational Assessment (OA) por-
tions of the WFDSS. These portions are designed to help fire
managers define incident risk and evaluate the resources
needed.

The RRA and OA each have three sections with three
subsections (Table 1). In these frameworks, decision-makers
assign an ordinal level of complexity (high, medium, or low)

Table 1.

to each subsection and write text explaining their decision for
each category. Fire managers are explicitly prompted to
discuss barriers in the ‘Barriers to fire spread’ subsection of
the RRA (Table 1), but barriers often inform other sections as
well, so all text from the RRA and OA was included in
analysis.

The WFDSS is updated as fire conditions change, and the
OA and RRA can be updated independently of each other.
Thus, most long-duration wildfires have multiple WFDSS
entries. Text is often duplicative, where writers copy and
paste from section to section, or as they update the WFDSS.
The R packages quanteda (Benoit et al. 2018) and stringr
(Wickham 2023) were used to aggregate the OA and RRA,
then identify the unique text for each fire each day. Entries
with no text on a given day were not considered. Ultimately, a
set of 24,254 entries from 6630 unique fires were considered.

Typical WFDSS entries, once cleaned of duplicative text
and aggregated into a single paragraph look like the exam-
ples below.

Fire being monitored by [lookout]. No additional staffing
needed. Fire located within and adjacent to recent large
stand-replacing fire scars. Natural barriers including rock
& fire scars. Energy Release Component = 90%, 1000-h
fuels < 15%. Interior wilderness. Infrastructure not threa-
tened. Smoke may impact river corridor, commercial river
users. Lookout monitoring fire behavior. Additional
resources unnecessary. Recent fire has significantly
reduced the risk of crown fire & rapid rate of spread.

— 2013, Great Basin Region

This fire is well within Forest Service boundary. The
objectives are straightforward. External influences are
the highest concern of this category due to the potential
visibility of this fire, with potential impacts to recreation.
This high elevation fire is in spruce and fir with rocks

Structure of the Relative Risk Assessment (RRA) and Organizational Assessment (OA) frameworks. The RRA informs the OA.

Relative Risk Assessment

Organizational Assessment

Sections Subsections Sections Subsections
Values Natural, cultural resources and (From relative risk Values
infrastructure assessment)
Proximity and threat of fire to values Hazards
Social/economic concerns Probability
Hazards Fire behavior Implementation difficulty Incident strategy
Fuel condition Potential fire duration
Potential fire growth Functional concerns
Probability Barriers to fire spread Socio-political concerns External influences

Time of season

Season severity

Objective concerns

Ownership concerns
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above the fire. The fire has received precipitation lately
and is exhibiting minimal fire behavior in the way of
smoldering. With the rock slab above, potential fire growth
is minimal. This fire started on the 9th of October. Since
ignition, the fire area has received precipitation. With the
scree slopes/timberline above the fire, movement is
expected to be minimal. This has been a long mostly dry
fire season and it’s possible this precipitation has not
affected the fire area as much as we think... We have
made the decision to not engage firefighters in the area
due to the unpredictable weather of the season, remote-
ness, lack of available resources, and low values at risk.

— 2016, Rocky Mountain Region

Modeling

The commercially available OpenAl model ‘gpt-4’ (OpenAl
et al. 2023) was used for text mining. It was accessed via
RStudio from an API. The code used to access the model and
prompt the return of barriers from text is available in
Supplementary File S2.

Model development differed from traditional machine
learning because the model structure was not directly
manipulated by researchers. Rather, a set of written prompts
were manually adjusted in a systematic, iterative process.
A training set of 20 WFDSS entries were used for model
development. The training set was relatively small com-
pared with traditional machine learning methods because
there are no quantitative performance metrics to evaluate if
the model is correctly identifying barriers from text. So a
human developer had to read each entry against the model
outputs and attempt to identify language in the instructions
that was yielding incorrect or nonsensical results. To aid this
process, the model was initially asked to provide results in a
text string. For example, it would return ‘rocks, scree slopes
and timberline’ when asked about the barriers discussed for
the 2016 Rocky Mountain Region fire in the above excerpt.
Then, the human developer cross-referenced the output text
string with the input text to identify the specific phrases in
context that the model was identifying as barriers. For
example, early iterations erroneously returned ‘firefighters’
and ‘helicopters’ as barriers to fire spread. The instructions
were tweaked to specify that barriers are ‘physical landscape
features’ (Supplementary File S2). Additionally, the instruc-
tions were modified to explicitly state that barriers must stop
fire spread and not make it worse. This was included to
provide clarity to both the model and human validators,
and to avoid false positive barrier identification in cases
where logging slash or incomplete fuel treatments were wor-
sening fire behavior. Last, the instructions specified that con-
ditional barriers still count as barriers to reduce ambiguity for
both human and machine interpretation. For example, if a fire
manager writes ‘roads currently limiting fire spread but will
likely fail if long-range spotting increases’, roads are still

considered a barrier. The full set of instructions provided to
the model and human validators is shared in Supplementary
File S2.

When the model was consistently producing correct
results (defined as consistent with the human developer’s
interpretation of the barriers in the entry), a categorical
system was introduced. This was created so model outputs
would be quantifiable and comparable across time and geog-
raphy. The model was provided with 13 categories and asked
to denote a binary presence or absence for each category for
each WFDSS entry.

These categories were chosen to encompass the common
barriers referenced in the WFDSS. The model, and later
human validators, could choose multiple barriers from the
first 10 rows (Table 2) if multiple barriers were referenced
in text. When selecting no barriers, vague barriers, or none
mentioned, only one option was allowed. The model was
then tested for reproducibility of results. A single paragraph
was provided to the model 20 times to evaluate if it would
provide the same categorical outcomes for each iteration,
which it did successfully.

Validation

A total of 260 WFDSS entries were selected randomly for
validation. Each entry in the validation set was read by two
experienced current or former wildland firefighters from
a pool of 12 individuals. Readers were primarily United
States federal and Montana state fire resources personnel.
Qualifications included Incident Commanders (Type 5 to
Type 3), smokejumpers, rappelers, a helicopter pilot, and
various members of Complex Incident Management Teams
with positions in operations and planning. Human readers
were given the same set of instructions provided to the LLM
(Table 2, Supplementary File S2) and asked to denote the
presence or absence of each of the 13 categorical barriers in
each entry. Simple agreement and Cohen’s kappa (McHugh
2012) were calculated between the two human readers and
the model on a category-by-category basis for each of the 13
barriers. Model error was defined as cases where the two
humans chose one binary outcome, and the model chose the
other. Human error was defined as cases where one human
and the model agreed on barrier presence or absence, and the
other human reader chose the other outcome.

Rate calculation and aggregation to Geographic
Area Coordination Centers (GACCs) and dispatch
zones

After validation, the model predicted the presence or
absence of the 13 barriers on all entries in the WFDSS
(N = 24,254). Then, results were aggregated to each fire.
Barriers were considered present if they appeared in any
WFDSS entry belonging to a particular fire. First, the rate at
which each barrier was discussed in the WFDSS was calculated
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Table 2. The 13 categories and descriptive text provided to the
large language model.

Barrier name Descriptive text provided to large language

model and human validators

Burn scars Fire in years prior, burn scars

Mechanical treatment Fuel treatment or fuel mitigation
Prescribed fire Prescribed fire

Commercial timber Timber sales, logging, clearcutting

Fireline Fireline, hand line, dozer line, constructed line
features

Roads Roads and trails

Rivers Rivers and riparian areas

Natural features Natural features such as rock outcroppings and

scree fields

Sparse fuel Non-receptive fuels, high elevation fuels, sparse
fuels

Agriculture Agriculture

No barriers No barriers, few barriers, or inadequate barriers

Vague barriers Vague barriers, statements such as natural and

man-made barriers without further specification

None mentioned Barriers are not mentioned in text

for each Geographic Area Coordination Center (GACC) in the
nation, then each dispatch zone in the nation. The US has 10
GACCs, which serve both as geographic delineations and as
interagency governance systems for fire intelligence and
resource allocation. Dispatch zones, nested within GACCs,
function similarly on a smaller scale. Although typically inter-
agency, some dispatch zones correspond to a single land-
owner, such as a national park. Firefighting resources within
a dispatch zone train together, follow shared procedures, and
often respond jointly to incidents.

GACCs and dispatch zones were chosen as the primary
unit of analysis because they are the operational units that
wildfire management is organized around in the United
States. GACCs have been studied previously in regard to
patterns in the WFDSS (Noonan-Wright and Seielstad 2022,
2024), and this study builds on that work. Simple jurisdic-
tional boundaries are too reductive for evaluating large wild-
fires that often cross administrative boundaries, and GACCs
and dispatch zones are generally interagency. Dispatch zones
are also small enough to have variability in ecosystems and
fuel types between them, while still being administrative
boundaries in a study focused on operational fire.

Relative use of burn scars and fuel treatments on
federal land

The second part of this study focuses on the discussion of
burn scars and fuel treatments as barriers relative to their
landscape availability. The latter analysis is constrained to

federal lands owing to the mixed documentation of fuel
treatments completed by other jurisdictions. Prescribed
fire and mechanical treatment were aggregated into a single
category ‘fuel treatment’ for this portion of analysis because
they often co-occurred on the same sites.

Burn scar locations were determined using the Monitoring
Trends in Burn Severity (MTBS) dataset (Eidenshink et al
2007), which includes incidents dating back to 1985. Only
wildfires were included in the analysis. Fuel treatment loca-
tions were determined with the Interagency Fuel Treatment
Decision Support System (IFTDSS) (US Department of the
Interior and US Department of Agriculture 2024). It docu-
ments fuel treatments of all prescriptions dating back to the
early 1900s, though the vast majority were completed post-
1999. The IFTDSS was filtered to only include completed fuel
treatments and to exclude wildland fire use as a treatment.
Units that do not specify a prescription (e.g. prescribed fire,
pile burning) were also removed.

WEFDSS incidents were filtered to exclude fires with no
federal land or cooperators. Concentric rings of buffers (1, 5,
10, 20 and 50 km) were created around each incident's
ignition point, then spatially intersected with MTBS fire
perimeters and IFTDSS fuel treatments that occurred before
the incident. This spatial intersection yields, for each inci-
dent: (1) the proportion of area burned around the incident
at the time of the incident, evaluated as 1, 5, 10, 20, and
50 km neighborhoods; (2) the proportion of area treated
around each incident at the time of incident within the same
neighborhoods. Then, a binomial model was used to evalu-
ate: (1) the probability of a burn scar identified by a
decision-maker as a function of the proportion of surround-
ing area burned; and (2) the probability of a fuel treatment
identified by a decision-maker as a function of the propor-
tion of the surrounding area treated, for each of the five
neighborhoods around each incident.

Results

Validation

Human readers and the model reached consensus on an inter-
pretation of the text in 84.6% of cases. Overall human-model
agreement was slightly better than human-human agreement
(Cohen’s kappa of 0.78 versus 0.64), though both were sub-
stantial or better across 22 of 30 categories and fair or less in
three categories (Table 3). Human readers and the model
were both more prone to errors of commission than omission
(Table 3). Both consistently identified agriculture, burn scars,
natural barriers, rivers, none present and none mentioned
(kappa = 0.62-0.88). Humans achieved fair to no agreement
in only three categories: fireline, mechanical treatment and
vague. Human-model agreement was lowest for roads
(kappa = 0.57). Few mechanical treatments appeared in the
validation set (N = 10) and human-human agreement was
inconsistent for these observations (kappa = 0.16).
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Table 4. The proportion of incidents in each GACC that identifies each barrier. Green corresponds to the 90th percentile identification rate, and red corresponds to the tenth
percentile.

Linear features Natural landscape variability Human landscape modification No barriers
Geographic area N Fireline  Rivers Roads Burn Natural  Sparse fuel  Agriculture = Mechanical Prescribed fire  Timber Vague None None
scars treatment mentioned  present
Overall 6630 0.15 0.16 0.42 0.26 0.25 0.10 0.02 0.02 0.09 0.04 0.13 0.12 0.21
Alaska 565 0.07 0.52 0.21 0.28 0.10 0.08 0.01 0.00 0.02 0.01 0.10 0.09 0.29
Eastern 109 0.23 0.28 0.44 0.10 0.10 0.03 0.01 0.04 0.05 0.04 0.15 0.23 0.17
Great Basin 1096 0.10 0 0.34 0.27 0.31 0.17 0.04 0.01 0.09 0.02 0.14 0.13 0.18
Northern California 334 0.27 0.22 0.53 0.29 0.24 0.08 0.01 0.01 0.08 0.04 0.13 0.15 0.17
Northern Rockies 1043 0.12 on 0.31 0.34 0.25 0.08 0.01 0.01 0.06 0.06 0.10 0.13 0.22
Northwest 1020 0.17 0.16 0.47 0.18 0.25 0.08 0.05 0.01 0.10 0.06 0.12 0.12 0.25
Rocky Mountain 649 0.14 on 0.43 0.16 0.31 0.14 0.03 0.02 0.10 0.04 0.18 0.08 0.25
Southern 369 0.31 0.14 0.56 0.14 0.14 0.04 0.01 0.09 0 0.04 0.18 0.10 0.22
Southern California 423 0.22 0.18 0.43 0.34 0.32 0.08 0.00 0.01 0.06 0.00 0.10 0.15 0.19
Southwest 1022 0.15 0.10 0.55 0.32 0.24 0.09 0.01 0.06 0.13 0.04 0.14 0.09 0.16
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Most Common Barrier Overall

Il Burn scar

[ Natural

[ ] Sparse fuel

I Rivers

[ Fireline

[ ] Roads

Il None

["1 None mentioned

[ ]vague

Il Timber harvest
Mechanical
treatment

[ Prescribed fire

] Agriculture

BRIN <1

Fig. 1.

The most common barrier identified in each dispatch zone (top);, and the most common barrier

constructed through human landscape modification (bottom).

of biomass removal (56,631 units) and broadcast burning
(53,753 units). Additionally, 30,032 individual burn scars
were identified with a mean size of 2856 ha.

Of the 6630 fires in the census, 203 touched no federal
lands and had no federal cooperators, and were removed
from subsequent analysis, leaving 6427 fires. Mechanical
treatments and prescribed fire often co-occurred on the
landscape and were consolidated into a single category
‘fuel treatment’ for subsequent analysis. Under this frame-
work, 556 (8.7%) incidents identified fuel treatment barri-
ers and 1696 (26.4%) identified burn scar barriers.

Burn scars are generally available on the landscape of
WEFDSS incidents, particularly in the western United States
(Fig. 2). Of the 6427 fires all or partially on federal land, 6355
(98.9%) had a burn scar within 50 km and 5166 (80.4%) had
a burn scar within 10 km. Fuel treatments were less available
on the landscapes of active incidents. A total of 308 federal
incidents (4.9%) had one present within 50 km and 43 (0.67%)
had one present within 10 km. Burn scars are recognized by
decision-makers in most parts of the United States except for
the Great Plains and Southeast (Supplementary File S1). The
discussion of fuel treatments in the WFDSS is rarer and less

clustered than the discussion of burn scars, though it is more
prevalent along the Mogollon Rim region of Arizona and
New Mexico, the Lake Tahoe area of California/Nevada,
western Colorado, north Idaho and through the Cascades
(Supplementary File S1).

At landscape scale, clusters of incidents that identify burn
scars and fuel treatments as barriers occur where they are
locally abundant (Fig. 2). On the scale of individual incidents,
the amount of burn scar or fuel treatment available is also a
control on the probability of a barrier being identified in the
WEFDSS. Fig. 3 shows the binomial probability of a fuel treat-
ment or burn scar identified as a barrier in the WFDSS, based
on the proportion of the surrounding landscape affected by
treatment or fire. There is a strong positive relationship
(P < 0.0001) between the proportion of land burned in a
prior wildfire and the likelihood that fire managers will refer-
ence a burn scar as a barrier in the WFDSS at all neighborhood
sizes. When half of the landscape surrounding an incident has
burned previously, the probability of a burn scar being identi-
fied as a barrier exceeds 50% (Fig. 3).

Although there is also a positive relationship between
landscape treatment and the probability of a fire manager
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Fig. 2.

Incidents that identify burn scar barriers, fuel treatment barriers, both, or neither, relative to the landscape distribution of burn

scars (gray) and fuel treatments (green) for three example landscapes. Landscape (a) depicts the Bitterroot Valley and Salmon Challis
National Forest, Landscape (b) is North Central California and Southern Oregon, and Landscape (c) is a portion of the Mogollon Rim

Region of Arizona and New Mexico.

discussing a treatment, it is weaker and associated with
greater error. However, the landscape thresholds at which
fire managers begin discussing fuel treatments are much
lower than burn scars. When 1% of a 5 km neighborhood is
treated, approximately 25% of incidents recognize fuel treat-
ment barriers. More than 20% of the same neighborhood
must be burned for a quarter of incidents to have a burn
scar identified as a barrier. Finally, fire managers sometimes
identify fuel treatments that are not present in IFTDSS (~9%
of incidents; Table 5), highlighting limitations of the federal
reporting system. The same does not hold true for burn scars,
which are almost universally identifiable on the landscapes of
incidents where burn scars are identified as barriers.

Discussion

The WFDSS documents the thoughts, plans and perceptions
of the people responsible for large wildfire response. It is not
possible to tease out the relative contribution of the opinions

and attitudes of individual authors in the writings of the
WFDSS, but we assume that fire managers are more likely to
identify barriers that they are personally familiar with, such
as fuel treatments they had a hand in planning. Additionally,
the WFDSS is a planning framework. It is unknown which
barriers manifested into fire suppression strategies, which
were utilized and failed, and which were never pursued.
Despite these limitations, the WFDSS is a powerful source of
information as a comprehensive archive of every major fire in
the United States over the past 13 years in the words of the
decision-makers. It shows that barriers, especially burn scars,
roads and natural fuels variability, are in the forefront of
decision-makers’ minds. Although the full WFDSS text is not
currently publicly available, this study provides the most
information that has ever been aggregated or published and
is a step towards more transparency in decision-making.
This study utilized a commercially available LLM to parse
and classify the WFDSS, which enabled the evaluation of
22 times more fires than previous studies (Noonan-Wright
and Seielstad 2022). From the standpoint of high-quality
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ranging from 1 to 50 km around each fire, were considered. Different domain lengths reflect varying landscape availability of fuel
treatments. For example, no fire had more than 0.02% of the surrounding landscape treated within a 50 km buffer (purple ribbon, left

panel).

Table 5.

The number of WFDSS incidents with a fuel treatment identifiable on the landscape within 1-50 km search radii.

Search radius

1 km 5 km 10 km 20 km 50 km
Fuel treatment not identifiable Fuel treatment not identified in WFDSS 5867 5854 5834 5776 5593
on the landscape Fuel treatment identified in WFDSS 556 553 548 539 524
Fuel treatment identifiable on Fuel treatment not identified In WFDSS 2 15 35 93 276
the landscape Fuel treatment identified in WFDSS 0 3 8 17 32

interpretation of text, we found that a current commercially
available LLM performed well when given a constrained
problem that could be validated quantitatively. A census
analysis would not have been possible without the use of
an LLM in this study. However, the ‘gpt-4’ model is a black
box in the sense that it was unknown what bodies of text
were used to train it, the underlying model structure, or
what biases it almost certainly holds (Zhou et al. 2024). This
lack of transparency limits reproducibility both for our own
modeling team and for external scientific scrutiny. Although
reproducibility is a limitation of our approach, a few steps
were taken to mitigate the black box issues inherent in

commercially available LLMs. First, the model was con-
strained to 13 categorical options to limit task ambiguity
for the model and complexity of interpretation for the
researchers. The model was also tested for reproducibility
to ensure it produced the same result when provided with
the same body of text multiple times, which it did. The biases
of the model do not appear greater than those innate in
human interpretation (Table 3), and human readers would
be the alternative available method if this study were to be
conducted without the use of artificial intelligence.
Disagreement was low between human readers (8.52%
of cases during validation) but indicates the complexity in
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interpreting domain-specific text even when read by
experts. Additionally, hundreds of individual authors con-
tributed to the WFDSS entries analyzed, and their ability to
effectively communicate in writing varied akin to any other
profession. Ultimately, the LLM performed similarly or
slightly better than experienced firefighters on a subset of
260 incidents that were validated manually by human read-
ers. The larger disagreements between interpretations were
affected by small samples. For example, mechanical treat-
ments were rare in the validation set (n = 10), reflecting the
reality that treatments occur on a small fraction of the
landscape in the US. Thus, results pertaining to fuel treat-
ments should be interpreted cautiously. Although the use
cases of mechanical fuel treatments in the WFDSS appear
ambiguous in both human and model interpretation, we
expect better agreement with larger sample sizes.

There are also practical and ethical considerations
regarding using LLMs for science. The exact training sets
behind commercial LLMs are propriety and unavailable to
end-users. Over the course of this research, concerns regarding
the treatment of intellectual property by the creators of ‘gpt-4’
were raised publicly (Claburn 2024). Additionally, LLMs hold
the biases of their training text (Huang et al. 2025), and when
trained on content scraped from the internet, encompass the
biases that people hold and express online. Throughout this
study, we strove to utilize the LLM as a methodological tool
within the confines of the scientific method. Model outputs
were formally validated against human interpretation and
evaluated relative to empirical patterns in burn scar and fuel
treatment locations. From an ethical standpoint, we also
endorse the development of an open-source LLM specific to
scientific research, with transparent, indexable training sets,
the plasticity to fine-tune for specific applications and intro-
duce fire-specific training corpora, and the ability to see and
publish details of the underlying neural network. We also
caution against the use of these models for original text gener-
ation or as a substitute for human judgement, echoing con-
cerns that have already been raised extensively in the scientific
community (Azamfirei et al. 2023; Zhou et al. 2024).

Barriers on the landscape

Most incidents in the WFDSS have barriers on their land-
scapes that are expected to slow fire spread. Incidents lack-
ing barriers occur everywhere but more often in grasslands
(Fig. 1), perhaps because previous wildfires and fuels treat-
ments are less persistent in this vegetation type. Although
roads, burn scars and natural fuel variability were the most
identified barriers across the landscape, regional variability
was present, (Table 4), and the most interesting patterns
emerged where local dispatch centers deviated from regional
and national trends, encapsulating highly local variability in
fire culture and the barriers available. For example, on one
Florida fire, managers describe a series of levees as barriers
to fire spread. In rangelands across the western United

States, managers were sensitive to livestock locations and
occasionally noted where grazing reduced fuel loads.

Burn scars as barriers

The concept of selectively allowing wildfires to burn to
reduce the risk of larger, more destructive fires is loosely
embedded in fire policy (Stephens and Ruth 2005; Russell
et al. 2024), but this is difficult to implement in practice in
part because of risk perception (Noonan-Wright and
Seielstad 2024). This study’s findings strongly support the
idea that previous wildfires are among the most operation-
ally useful landscape features for future fire suppression
efforts, likely owing to their size, recency and ubiquity.

Burn scars were common on the landscapes of active inci-
dents. An extensive body of work has found that fire is
generally self-limiting in forested systems because it reduces
the fuel available for future wildfires (Teske et al. 2012; Héon
et al. 2014; Parks et al. 2014). Although the effect is depen-
dent on weather conditions and time between fires (Collins
et al. 2009; Parks et al. 2015), it is apparently strong enough
for fire managers to discuss burn scars as barriers on more
than a quarter of fires. For example, on a 2021 Eastern Area
fire, managers write:

The community of [community] is at lower risk due to
the large wildfires that have occurred in the past
15 years. Those large burn areas serve as large fuel breaks
between the fire and [community].

Managers also notice the absence of burn scars on land-
scapes where they are usually part of the fire suppression
toolkit. For example, on a 2022 Alaksa fire, managers write:

This part of the [zone] is not as dry in the deeper duff
layers and has not experienced significant fire growth on
any fires. Fire behavior has been moderate due to the mix
hardwood component and the relatively moist duff layer.
Early in the Alaska fire season. River to the east histori-
cally has been a reliable natural barrier. Lack of signifi-
cant fire history in the planning area will allow for
[the wildfire] to burn without fire scars to slow
growth.

The likelihood that a burn scar is discussed as a barrier
depends on the amount of burned landscape available (Fig. 3).
When burn scars are available on the landscape, fire managers
are highly likely to recognize them as potential barriers. The
portions of the country that do not seem to leverage burn
scars as barriers despite robust recent fire histories are con-
centrated in the Great Plains, eastern United States and less
forested regions of the West. The eastern US perhaps repre-
sents more populated areas less tolerant of indirect fire sup-
pression strategies. In less-forested parts of the West and Great
Plains, burn scars may be less strategically useful because the
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fuel reduction effect of fire is less persistent in shrub and
grassland than in forests due to differing relative productivity
and subsequent fuel availability for future fires (Pausas and
Ribeiro 2013).

Fuel treatments as barriers

Fuel treatments were relatively rare on the landscapes of
WEDSS fires. Our findings indicate that large wildfires are
unlikely to occur near a fuel treatment, and prior work
indicates that less than 7% of fuel treatments ever encounter
wildfire in their useful lifespan (Barnett et al. 2016). This
lack of intersection, whether viewed as fire reaching fuel
treatments or fuel treatments encountering fire, has a com-
plicated implication for fire management. More treatments
such as are currently being delivered by the Bipartisan
Infrastruture Law (US Department of Agriculture 2023; US
Department of Interior 2023) are likely to make a difference,
but this difference is expected to be small relative to burn scars
and natural fuels variability given the disparity in area treated
relative to land area impacted by natural processes and varia-
bility. Despite their rarity, fire managers begin discussing fuel
treatments as barriers when relatively low proportions of the
landscape are impacted compared to burn scars. When 1% of a
5 km neighborhood around an incident is treated, 25% of
incidents mention a fuel treatment. In contrast, over 20% of
the same area must be burned for 25% of incidents to discuss a
burn scar as a barrier. There is a growing body of empirical
(McKinney et al. 2022) and simulated (Ott et al. 2023) evi-
dence that fuel treatments moderate fire behavior in some
cases outside the bounds of the treated areas, and perhaps
fire managers are leveraging the perceived outsized impacts
of treatments on their surrounding landscape. Additionally,
there is an element of randomness to burn scar locations,
while significant thought usually goes into optimizing fuel
treatment placement. Size (Seto et al. 2022), prescription
(Schwilk et al. 2009) and age (Vaillant et al. 2015) each impact
the effectiveness of a treatment. Quantifying the characteristics
of the fuel treatments discussed in the WFDSS more precisely
would be a worthy follow-up to this study.

Mechanical treatments rearrange the flammable material
on a site, but do not always change the net energy available for
combustion, and treated sites often have greater surface fuel
loads than untreated counterparts (Stephens et al. 2009;
Vaillant et al. 2015). During model development, we noticed
several cases where fire managers in the WFDSS appear to
discuss situations where fuel treatments worsened fire behavior.
For example, on a 2014 Rocky Mountain Region fire, managers
write:

Recent fuels reduction thinning completed during
2012-2014 have left several pockets of untreated slash
on the ground; fire appears to have moved into these
areas with extreme fire behavior including significant
convection column with associated spotting.

Similarly, on a 2015 Northern Rockies fire, managers
note:

There are some fuel breaks around the fire location con-
sisting of old cutting units; if the slash was treated, these
will likely be barriers to fire spread... The lowlands of the
forest has been in Stage 2 restrictions for approximately a
month, the highlands have been in and are now in Stage 1
restrictions due to fire potential. There are some barriers
around the fire area consisting of roads and some cutting
units. The cutting units will only be an effective barrier if
the fuels have been treated post-harvest; if not, these
areas will be highly receptive for fire spread.

The LLM was manipulated to exclude references to fuel
treatments that did not serve as barriers, so the number of
cases where ongoing forest management exacerbated fire
behavior is unknown. However, an important management
implication of this work is that fuel treatments are not
categorically helpful at moderating fire behavior, particu-
larly while they are under construction.

Fuel treatments not identifiable in the IFTDSS

Many of the incidents that discuss fuel treatments in the
WEFDSS do not have one readily identifiable nearby in the
federal IFTDSS database. This introduces a degree of error
into the binomial models in Fig. 3 by underestimating the
proportion of landscape treated around some incidents. The
same does not hold true for burn scars, which were almost
universally identifiable on the landscape when fire managers
discussed them.

There are several reasons for the observed discrepancy
between the writings of WFDSS authors and what is docu-
mented in IFTDSS. Fire managers often reference a fuel
treatment that has been constructed to meet incident objec-
tives in the course of a long-duration fire. These treatments
were completed during active emergency management and
do not undergo formal planning. For example, on a 2019
Pacific Northwest fire, managers discuss a treatment com-
pleted on a nearby fire 2 years prior.

The point of origin has the [two prior wildfires] fire scars
on the south, west, (uphill), and east sides of the fire
perimeter. While there is still approximately 6 weeks of
fire season left, multiple wetting rain events and cooler
temperatures have lessened the likelihood of experiencing
large fire growth days in the remainder of fire season. An
extensive fuel break was also created along the east side
of the 13 Rd. during the 2017 [prior wildfire].

Fire managers also discuss treatments on private land,
which are not documented in federal IFTDSS datasets but
are still advantageous for interjurisdictional fire. For example,
managers on a 2019 Northern Rockies fire write:
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Rough terrain, and heavy juniper. The private lands adja-
cent to the fire have been mechanically treated extending
containment strategies.

The present study also only considered completed treat-
ments. There were multiple instances in the WFDSS of fire
managers appearing to harness preparatory work done on
planned units or units in progress. For example, managers
on a 2023 Great Basin fire wrote:

Terrain and fuels are varied. Multiple fire return intervals
have been missed; the immediate fire area lacks fire
history. Current fire behavior is creeping through heavy
dead and down fuels. Current live fuel moistures will
limit fire spread; however this could change with a
week to two weeks of drying... The fire is located
within a planned fuel reduction/habitat restoration
project area. Environmental analysis and planning has
been completed along with preparation for firing activity.

Similarly, on a 2014 Southwest fire, managers write:

Barriers have been created in preparation for the pre-
scribed fire planned for this fall.

Lastly, there were several instances in the WFDSS where
fire managers cited specific, named treatments that could
not be corroborated by either name or location in the
IFTDSS, indicating potential documentation holes in the
federal system.

Conclusion

This study leveraged a large language model to analyze
13 years of wildfire decision-making records from the
WEFDSS, providing unprecedented insight into how fire
managers perceive and utilize landscape features as barriers
to fire spread. Although commercially available large
language models are black boxes that pose challenges to
reproducibility, we found the gpt-4 model to be useful when
given a constrained problem and validated against human
interpretation. There are limitations innate to narrative
text, but this approach represents a method for systemati-
cally extracting meaningful information from a very large,
unorganized body of text.

Fire managers recognize barriers on most wildfires (75%)
and identify explicitly when they do not exist. Roads, burn
scars and naturally sparse fuel were the most common barriers
discussed in the WFDSS. The presence of burn scars on the
landscape is strongly correlated with their identification as a
suppression tool, supporting the idea that natural wildfire
yields highly effective footholds for stopping subsequent
fires. In contrast, fuel treatments were rarely encountered
by large wildfires, but when present, they were often

recognized as strategic barriers even when they covered
only a small portion of the landscape. This suggests that fuel
treatments may exert outsized influence in decision-making.
Our findings also highlight key management challenges. Some
fuel treatments were reported as exacerbating fire behavior
owing to untreated slash or other fuel characteristics, reinforc-
ing the importance of prescription, design and implementa-
tion. Additionally, non-federal fuel treatments and treatments
built over the course of active incidents appear to be impor-
tant to fire managers, highlighting the need for better national
tracking of fuel treatments. Ultimately, this study provides a
retrospective look at fuel treatment use that can complement
the empirical and modeled body of work evaluating treatment
effectiveness. Improving understanding of how fire managers
perceive and deploy barriers may allow better alignment of
policy and practice to optimize landscape opportunities to
stop fire spread and moderate the changing risk environment.

Supplementary material

Supplementary material is available online.
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