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Summary
As wildfire risks have elevated due to climate change, the health risks that toxicants from fire smoke pose to wildland
firefighters have been exacerbated. Recently, the International Agency for Research on Cancer (IARC) has reclassified
wildland firefighters’ occupational exposure as carcinogenic to humans (Group 1). Wildfire smoke contributes to an
increased risk of cancer and cardiovascular disease, yet wildland firefighters have inadequate respiratory protection.
The economic cost of wildland fires has risen concurrently, as illustrated by the appropriation of $45 billion for
wildfire management over FYs 2011–2020 by the U.S. Congress. Occupational epidemiological studies of wildland
firefighters are crucial for minimizing health risks; however, they must account for the mixture of exposures in
wildfire smoke. This review focuses on four aspects of wildland firefighters’ health risks at the wildland-urban
interface: 1) economic costs and health impact, 2) respiratory protection, 3) multipollutant mixtures, and 4) proac-
tive management of wildfires.
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Introduction
In June of 2022, the International Agency for Research on
Cancer (IARC) reclassified the occupational exposure of
structural and wildland firefighters as carcinogenic to
humans (Group 1), the highest hazard category.1 Previ-
ously, the occupational exposure of firefighters was clas-
sified as possibly carcinogenic to humans (Group 2B).
However, the toxicity of the working environment of
firefighters, in particular, the wildland and the wildland-
urban interface (WUI), has been exacerbated over the
past 15 years by the escalating climate crisis. In 2015, the
Paris Agreement was established to limit global warming
and climate change, following which the United Nations
and researchers around the world collaborated on an
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annual report, the Lancet Countdown. The 6th report, the
most current, described the emerging health profile of the
changing climate as code red because 72% of countries
have experienced an increase in human exposure to
wildfires.2 It has become more common for news media
around the world to report on wildland fires because of
climate change. Strikingly, the fires are often described as
record-breaking, whether in terms of size of the burn, level
of emissions, or even number of fatalities per year.
Climate change alterations in wind patterns, temperatures,
and levels of moisture around the globe affect the likeli-
hood and magnitude of wildfires. Changes in the climate
or weather patterns, including drought, are increasing the
risk of wildland fires and the risk of co-morbidity from
poor air quality (Fig. 1). Thus, for a considerable number
of media around the world, the fight against wildland fires,
including the devastating Brazilian wildfire of 2020, in
which 77 million acres were burnt, has become daily
news.3
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Fig. 1: The impact of climate change on wildfire behavior and human health. <Image from Esposito, C. Wildfires, shut-downs, and behavior
change: 2020 has been a big year for air quality and health. Colorado Health Institute, accessed Nov. 2022, https://www.coloradohealthinstitute.
org>
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Furthermore, WUI fires have increased exposure to
hazardous fire emissions from the combustion of man-
made materials. The WUI is a hybrid of structural and
wildland fire zones, or “the area where structures and
other human developments meet or intermingle with
undeveloped wildland fuels”.4 Thus, in the WUI, a fire
burns homes and structures as well as the wildland,
thereby consuming man-made materials in addition to
natural fuels. From 2000 to 2016, the WUI in the U.S.
increased rapidly, exhibiting 62% growth from 30.8 to 50
million houses, or roughly 350,000 new houses per year.5

Also during the same period, 15% of the WUI fires
occurred in the Western U.S.6 In the top 10 wildfire-prone
states, all located in the Western U.S., an estimated 4.5
million properties are at a high to extreme wildfire risk.7

Our understanding of exposure to contaminants from
these fuels at wildfires is extensive. Yet, evidence-based
studies have been inconclusive so far regarding adverse
health effects because they do not use control populations
or study long-term effects. An exposure assessment is the
foremost step that should be taken. Most previous studies
of health effects used questionnaires, secondary databases
from fixed and temporary ground monitors, mathematical
models, or satellite-based remote (Fig. 2) sensors to
investigate exposure-response estimates. While moni-
toring data from remote sensing is available for long time
periods in large areas on a global scale,8 the resulting
exposure profiles lack accuracy and detail, leading to
exposure misclassifications. Thus, a comprehensive
health-relevant exposure assessment in the field is neces-
sary for direct measurement and monitoring. From this
perspective, we discuss the costs of fighting wildfires and
the health impacts of exposure to wildfire smoke, the
respiratory protection used by wildland firefighters, the
effects of exposure to multi-pollutant mixtures on fire-
fighters’ health, and the proactive management of wild-
fires by prescribed fires.
Costs of fighting wildfires in the U.S.
The overall federal budget set by the U.S. Congress
contains an annual appropriation for the management
of wildland fires. Congress funds all wildland fire-
related activities on lands administered by the Depart-
ment of the Interior and managed by the Office of
Wildland Fire. Four bureaus are involved in managing
wildland fires—the Bureau of Indian Affairs, the Bureau
of Land Management, the National Park Service, and the
U.S. Fish and Wildlife Service—as well as the U.S.
Forest Service, a federal agency under the Department
of Agriculture. For fiscal years 2011–2020, Congress
appropriated a total of $45 billion for wildfire manage-
ment.9 The FY2020 appropriation was over $6 billion,
the highest appropriation to date. In addition, in
www.thelancet.com Vol 21 May, 2023
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Fig. 2: Fire incidence map of the Americas. Each red dot indicates a spot where one of National Aeronautics and Space Administration (NASA)’s
satellites detected a fire between August 2022 and November 2022. <Image from Visible Infrared Imaging Radiometer Suite (VIIRS) Active Fires
Global Forest Watch Open Data Portal, accessed Nov. 2022, https://www.globalforestwatch.org>
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the FY2023 appropriation specified $3 billion in ad-
justments for wildfire suppression.10 These recent ac-
tions imply that the federal government recognizes the
significant impact of wildfires and thereby highlights
the broad scope of research needed to address the
unique challenges of wildfire-related activities,
including the health of wildland firefighters.

Health impacts of exposure to wildfire smoke
among U.S. firefighters
Over 82 million Americans have experienced poor air
quality at the moderate level (PM2.5 15–35 μg/m3). Of
those people, 10 million have experienced unhealthy air
quality (PM2.5 > 35 μg/m3), which is defined as more
than 10 days of exposure to wildfire smoke.11 Conse-
quently, the mortality burden attributable to PM2.5 from
chronic wildland fire smoke is ∼216,000 deaths annu-
ally.12 Navarro and colleagues13 have estimated that over
a 25-year period, a firefighter working long seasons has
an additional risk of 43% for lung cancer and 30% for
cardiovascular disease. These findings are consistent
with an earlier self-report subclinical study that showed
significant links between more experienced wildland
firefighters and a higher risk of hypertension and heart
arrhythmias.14 Acute wildfire-smoke related PM2.5 in-
creases all-cause mortality by 0.26% per year.8 More
specifically, the exposure–response relationship has
indicated that the 3-day moving average of wildfire
smoke-related PM2.5 was significantly associated with
mortality. The relative risks initially increase with
respect to PM2.5 concentration for all-cause and cardio-
vascular mortality, levelling out at around 20 μg/m3.8

This relationship is more significant for respiratory
mortality, as a marked increase in risk is observed at
concentrations greater than 30 μg/m3.8 To the best of
our knowledge, wildland firefighters have been under-
represented in occupational epidemiological studies, as
the cohorts tend to consist of structure (mainly career)
firefighters in metropolitan areas. Overall, U.S. fire-
fighters have increased incidence and mortality risks
associated with cancer and non-malignant respiratory
diseases. For example, NIOSH-funded studies have re-
ported excess cancer incidence (SMR = 1.09, 95% CI
1.06–1.12) and mortality rates (SMR = 1.14, 95% CI
1.10–1.18) for firefighters.15,16 The recently updated
NIOSH mortality study confirms that firefighters are at
an increased risk for all types of cancer (SMR = 1.12;
95% CI 1.08–1.16) compared with the general
population.17

Respiratory protection for wildland firefighters
Most exposure-associated health research focuses on
structural firefighters, particularly in live fire training,
while wildland firefighters are less likely to be specif-
ically addressed. Thus, their exposure profile is less well
understood. Direct evaluations of the functional
performance of respirators for wildland firefighters are
disjointed because wildland firefighters do not use res-
piratory protection such as a self-contained breathing
apparatus (SCBA) for several reasons. First, wildland
firefighters spend extended periods of time at prescribed
burns and incident wildfires, averaging from 8 to 13 h.
Yet a SCBA cylinder only lasts 30–60 min, and carrying
extra cylinders that weigh 30 lbs is impractical. Second,
carrying a SCBA would drain the energy of a wildland
firefighter due to its weight, limit the carrying capacity
for other tools and supplies, increase the risk of falling
on uneven terrain because of potential body unbalance,18

and cause heat stress under environmental thermal
conditions.19 Third, wildland firefighters cover extensive
areas, often requiring them to be mobile instead of
staying in one spot. Thus, the weight and mobility of
respirators are significant factors affecting the perfor-
mance of wildland firefighters. Instead, wildland fire-
fighters sometimes wear NIOSH-approved N95 filtering
facepiece respirators (assigned protection factor
[APF] = 10) and/or cotton bandanas (i.e., Nomex®
shrouds/balaclavas) or often, nothing. These practices
are insufficient for avoiding inhalation exposure
because none of these options supply fresh air and/or
oxygen and hence provide little protection against the
gas phase of smoke contaminants. The N95 respirator
has been suggested to be the only one that can provide
protection against particulate-phase contaminants.20

Of the respiratory protection equipment used by
firefighters, the SCBA has the highest APF (=10,000).
An APF of 10,000 indicates that the concentration of
contaminants in the outside air is expected to be
reduced at least 10,000 times inside the SCBA. Various
studies have characterised the effectiveness of SCBAs by
fire stage (i.e., knockdown vs. overhaul). Using both
spirometry and serum pneumoproteins, one study
concluded that the overhaul process could potentially
decrease lung function in the absence of an SCBA or air-
purifying respirator.21 More recent studies have cam-
paigned for firefighters to wear SCBAs during overhauls
because they tend to take them off as soon as knock-
down is completed.22 The National Fire Protection As-
sociation (NFPA) 1852: Standard on Selection, Care, and
Maintenance of Open-Circuit Self-Contained Breathing
Apparatus addresses practices for SCBA protective
equipment; however, only interior structural firefighters
are subject to this standard. The only standard that ad-
dresses respirators for wildland firefighters is NFPA
1984: Standard on Respirators for Wildland Firefighting
Operations. However, it focusses more on safety speci-
fications (i.e., labelling, design, and performance of
respirators) for manufacturers than for firefighters. The
most recent edition (2022) has been updated to recom-
mend that respiratory protection equipment be consid-
ered “when a large number of WUI firefighters are
exposed to a variety of respiratory hazards and when
medical and health concerns increase for firefighters
www.thelancet.com Vol 21 May, 2023
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exposed to products of combustion in WUI firefighting
conditions”. Yet, the standard is still vague. Thus,
although research does show that wildland firefighters
are exposed to hazards from smoke, there is no
approved respiratory protection for wildland firefighting
and no commercially available respirators that meet the
immediate need to protect them from both airborne
exposures and heat stress. The U.S. Department of
Homeland Security has developed a prototype scarf-type
respiratory protection system that integrates filter car-
tridges, a powered air purifying respirator (PAPR), and
charcoal sorbent for wildland firefighters. However,
universal acceptance of the new system by wildland
firefighters will take time.
Multi-pollutant mixture exposures from smoke
at wildfires
Studies over the past 30 years have focussed on exposure
quantification and potential health effects. In 1992, the
Harrison group in CA conducted the first study to
quantify exposure to wildland fire smoke,23 measuring
health-relevant occupational exposure levels to smoke
during fire suppression. Since then, it has been well-
documented that wildfire smoke is comprised of many
individual pollutants, including polycyclic aromatic hy-
drocarbons (PAHs), volatile organic compounds (VOCs,
i.e., acrolein, benzene, formaldehyde), carbon monoxide,
nitrogen dioxide, PM2.5, and more. To the best of our
knowledge, most earlier studies assessed one pollutant at
a time, yet wildland firefighters are exposed to a combi-
nation of pollutants. Assessing multi-pollutant mixture
exposure from wildland fire smoke, including overall
effect estimation of the mixture, toxic agent identification
associated with the health outcome, and the association
between outcome and a priori-defined group, is a rela-
tively new area of research.24 As fires in a WUI zone mix
smoke from both structural (i.e., synthetic products) and
wildland (i.e., pure biomass) fuel materials, the di-
mensions of the exposure matrix are complex. Of the
various methods for assessing multi-pollutant mixture
exposure, Bayesian approaches including Bayesian
Kernel Machine Regression (BKMR), Bayesian Multiple
Index Model (BMIM), and Bayesian Variable Selection
Model (BVSM) have been widely studied and applied, as
prior information on exposure effects can be incorpo-
rated into the models.25 In addition to Bayesian ap-
proaches, quantile regression and penalised regression
approaches are also available for mixture exposures
analysis.25 For field assessments, the task performed,
type of structural fire in WUI, type of vegetation, size of
burned areas, and duration of fire suppression can be
recorded. Also, the toxic equivalency factor,26 the lung/air
and blood/air and partition coefficients for estimating
inhalation exposure risks,27 and the IARC classification
of toxicants can be included to assess the overall effect of
multi-pollutant mixture exposure on firefighters’ health.
www.thelancet.com Vol 21 May, 2023
Proactive role of prescribed burns
Wildland firefighters are responsible for the fire man-
agement of natural fuels.20 U.S. fire departments
responded to 1.4 million fires in 2020, which corre-
sponds to one fire response every 23 s.28 Of these fires,
277,000 (20% of total fires) occurred in wildlands,
including brush, grass, and forest fires, while 490,000
(35% of total fires) occurred in structures. Although the
frequency of fire incidents in wildlands is lower than
that in structures, a natural ecosystem takes longer to
recover post-fire, and the total loss is relatively higher in
a wildland fire. In 2019–2020, 5800 homes were
destroyed, and 97,000 buildings were threatened by
only four major wildfires on the West Coast. Over the
last decade, 2011–2021, more than 82 million acres
were burned and destroyed by the 660,000 wildfires
that occurred. In 2021 alone, ∼59,000 wildfires across
the nation consumed 7.1 million acres,29 with an esti-
mated insured loss of at least $45 billion from the top
ten costliest wildland fires.7 Thus, training to fight
wildfires safely and proactively in a controlled opera-
tional fire environment, such as a prescribed burn, is
critical for wildland firefighters. Prescribed burns are
intentionally set for the purpose of reducing wildfire
risks by burning accumulated combustible natural
fuels during favorable meteoric conditions, thereby
controlling wildfire hazards and the availability of
parched vegetation within designated boundaries. Pre-
scribed burns are used extensively throughout the U.S.
as part of a comprehensive fire management strategy.
Over the past two decades (1998–2018), the number of
prescribed burns has grown from 4277 to 450,335,
approximately a 100-fold increase.29 The number of
acres subject to prescribed burns has also increased
over the same period by a factor of 7, from 0.9 to 6.4
million. During this period, a total of 57 million acres
have been burned by prescribed burns, an acreage
equivalent in size to the state of Minnesota. The latest
survey conducted by state forestry agencies reported
that 2019 was the first year in which the number of
prescribed burns totalled over 10 million acres.30

Increasing the number of prescribed fires to manage
wildland fires rather than suppressing them aggres-
sively can promote adaptive resilience as the climate
continues to warm. Specifically, prescribed fires,
ignited under cooler and moister conditions than
typical wildfires, can reduce natural fuels and minimize
the risk of uncontrolled forest wildfires near commu-
nities.6 In contrast to wildfires, the risks of prescribed
fires are relatively low because the latter are success-
fully contained within planned perimeters and often
produce fewer toxins with lesser exposure given that
most of the fuels are natural—forest, grass, or brush,
etc. Promoting more prescribed fires near the WUI
with residential communities is an important step to-
ward addressing the ongoing crisis of increasing
wildfires.
5
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Conclusions
We anticipate that health risks to firefighters from wildfire
smoke will continue rising based on the ongoing climate
change and the increased acreage of WUI. While wildfire
is unavoidable, we can reduce the extent of toxicant ex-
posures by conducting more prescribed burns, which help
minimize the frequency and risk of uncontrolled emer-
gency wildfires. We can also reduce the extent of exposure
by designing more effective respiratory protection for
wildland firefighters. Wildland firefighters are exposed to
hazards from fire smoke, and our understanding of
exposure to individual contaminants at wildfires is exten-
sive. Yet, fire smoke is complex, often consisting of mixed
smoke toxicants, and the WUI is a more complicated
environment than that of either structural or wildland
fires. Multi-pollutant mixture exposure assessment is one
of the most important steps that must be taken, as statis-
tical tools are readily available.
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