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Abstract

Wildland firefighters play a critical role in protecting communities and natural resources,
yet comparatively little research has examined the occupational health risks associated
with repeated smoke exposure. This narrative review analyzed documented health effects,
contributing exposure determinants, and mitigation strategies across 38 studies meeting
pre-specified inclusion criteria. Included studies were predominantly quantitative field
investigations evaluating pulmonary, cardiovascular, metabolic, and chemical exposure
outcomes. Consistent findings documented decreased lung function, elevated oxidative
stress, increased carbon monoxide (CO) exposure, and cumulative cardiovascular risk.
Wildland firefighters were associated with polycyclic aromatic hydrocarbon (PAH) levels
2.2–26.7 times higher than controls. Prescribed burns produced CO concentrations 233%
higher than off-fire-line days. Cardiovascular disease accounts for approximately 45% of
annual line-of-duty fatalities among U.S. firefighters. Contributing factors included career
duration, fire type, and operational role. Altogether, these findings underscore the severe,
multi-system health risks faced by wildland firefighters and highlight a pressing need for
modern mitigation strategies and firefighter-specific protective technologies to safeguard
long-term health.

Keywords: wildland firefighters; woodsmoke exposure; combustion product exposure;
occupational health; cardiovascular disease; lung function; prescribed fires

1. Introduction
Wildfires, often referred to as forest or brush fires, are fires that primarily consume

natural fuels, such as trees, grass, and shrubs. They can be characterized as either wildfires
or prescribed fires. Wildfires are unplanned fires caused by natural or human causes.
Prescribed fires are pre-planned, intentional events used as a strategic tool to reduce
hazardous fuel loads [1]. Wildland firefighters are highly trained to manage both: they
execute the suppression of unplanned blazes and the precise implementation of controlled
burns to help prevent fuel accumulation and future wildfire occurrence.

Every year, wildfires affect millions of people worldwide and pose a serious threat
to their lives [2]. Most of the research on smoke exposure and mortality has historically
focused on urban structural firefighters rather than wildland firefighters [3]. This represents
a critical gap in occupational health research as urban structural firefighters are required to
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use respirators, and wildland firefighters routinely engage in fire suppression without res-
pirators or effective protective equipment [4]. These professionals operate in environments
where the smoke far exceeds the levels deemed hazardous to the general public [1,5]. Thus,
while wildland firefighters are highly trained and educated in fire suppression, they are not
provided with proper education, protective equipment, or suppression tactics regarding
smoke exposure mitigation [6].

These individuals serve a crucial role in the lives of millions and in the protection of
natural resources. In just 2024 and 2025, 5.1 and 8.9 million acres have been burned in the
United States, respectively [7]. Nearly every fire has had a wildland firefighter respond
to it, with estimates of 19,000 firefighters responding during the peak of fire season [3,8].
Wildland firefighting involves prolonged periods of strenuous physical exertion performed
under intense environmental conditions. This includes high ambient temperatures, steep
terrain, sleep deprivation, and extended shifts that frequently exceed 16 h [8,9]. During
active fire suppression, firefighters often perform repetitive high-intensity tasks such as
line construction, carrying heavy equipment, hiking across uneven terrain, and operating
chainsaws while simultaneously inhaling concentrated combustion products [9]. These
physical demands increase minute ventilation and cardiac output, thereby increasing
the volume of inhaled particulate matter, carbon monoxide, and other toxic combustion
byproducts to the pulmonary and cardiovascular systems [1,10]. Unlike structural fire-
fighters, wildland firefighters typically do not use self-contained breathing apparatuses
during operations because of equipment weight, heat burden, and the need for mobility in
remote environments.

Several literature reviews have examined the health effects of wildfire smoke expo-
sure among firefighters; however, these reviews have largely emphasized pulmonary and
respiratory outcomes [1,3,6,11]. These reviews have been pivotal in characterizing acute
and chronic declines in lung function, airway inflammation, and respiratory disease risk
associated with occupational smoke exposure [12,13]. A growing body of evidence in-
dicates that wildfire smoke exposure may also lead to various extra-pulmonary health
effects [14] that remain under-synthesized in the existing literature [6,11]. The present
review seeks to address this gap by integrating findings related to both pulmonary and
extra-pulmonary health effects of smoke exposure in wildland firefighters. This narra-
tive review, which employed a structured, reproducible search methodology to identify
and screen the available literature, aims to analyze the acute and chronic health effects of
smoke exposure in wildland firefighters across multiple health domains. By providing a
comprehensive assessment of occupational health risks, this review aims to inform future
research, surveillance efforts, and exposure mitigation strategies tailored specifically to
this population.

2. Materials and Methods
2.1. Study Selection Process

This study was conducted as a comprehensive narrative literature review utilizing a
structured, reproducible search strategy. Although a formal systematic review protocol
was not pre-registered, a structured search and screening process was utilized to guarantee
transparency and reproducibility in the identification and selection of studies. While the
ultimate synthesis is narrative and conceptual rather than statistical, the initial literature
identification and screening process was guided by PRISMA principles to minimize selec-
tion bias and ensure reproducibility. The OneSearch database through the University of
Nevada-Reno library and PubMed through the Texas Christian University library were
used to search for articles. The search terms “Wildland Firefighters” and “Smoke Exposure”
were primarily used along with “Health Effects” to further refine the search. After receiving
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initial results from these search terms, the search filter “Journal Article” was then applied
to narrow down the search along with a time period of 1975 to present. Additional studies
were found from Web of Science using the same search terms and filters. Figure 1 shows a
detailed overview of the study selection process.

 

Figure 1. Flow diagram of study selection. Records were identified through OneSearch (University of
Nevada-Reno Library), PubMed (Texas Christian University Library), and Web of Science using the
search terms ‘Wildland Firefighters,’ ‘Smoke Exposure,’ and ‘Health Effects’.

2.2. Inclusion and Exclusion Criteria

Following the initial screening process, full-text articles were evaluated according
to predefined inclusion and exclusion criteria. Eligible studies included field studies,
clinical studies, questionnaire-based investigations, and systematic reviews. as mandatory
requirements. Articles were required to focus exclusively on wildland firefighters and were
excluded if data from urban structural firefighters were incorporated. Included studies
were required to examine health outcomes associated with occupational smoke exposure
rather than other occupational hazards encountered during firefighter activities. Studies
reporting participant smoking histories were eligible; however, tobacco smoke exposure
could not represent the primary exposure of interest. International studies were considered
for inclusion to capture the breadth of available evidence, although preference was given to
studies conducted in the United States. This preference was applied during full text review
when international firefighting tactics or characterization differed significantly. Additional
inclusion criteria required studies to be published in English within the past 50 years.

2.3. Data Extraction and Synthesis Process

To guide the narrative review, the authors reviewed the full text of each study and
extracted the relevant findings into a structured data extraction template consistent with
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established review methodology [15]. Relevant findings extracted from each study were
selected to capture both exposure characteristics and health outcomes. Extracted exposure-
related findings included duration of fire assignments, cumulative time spent on the fire line,
career length, type of fire, operational role or task, use of personal protective equipment,
and measured or estimated smoke exposure levels. Other findings that were considered
in the studies analyzed included but are not limited to: biomarkers of polycyclic aromatic
hydrocarbons, blood pressure, oxidative status, levoglucosan (LG), and arterial stiffness.

Occupational exposure metrics included particulate matter concentrations, carbon
monoxide exposure, crystalline silica, and other combustion-related pollutants. To evaluate
the health impacts of smoke exposure, the search and screening criteria targeted both
primary respiratory parameters and systematic extra-pulmonary health outcomes. Broad
categories of interest included clinical measures of lung function, occupational airway
inflammation, cardiovascular strain, systemic immune responses, and cellular oxidative
stress markers.

Where available, information on study design, sample size, geographic location,
collection methods, and timing of measurements (e.g., pre–post exposure, cross-sectional,
or longitudinal assessments) was also recorded. These characteristics were utilized to
evaluate the methodological maturity and quality of the included literature, and to identify
systemic structural gaps and limitations across the broader research landscape.

The studies were also assessed for their quality and reliability. This was done through
a critical appraisal process that assessed (1) topic relevance, verifying that exposure metrics
and target cohorts directly reflected active wildland firefighting environments; (2) clear and
objective results, defined as quantifiable, reproducible outcome measures (e.g., standard-
ized metrics like FEV1/FVC, PM2.5, etc.); (3) internal validity, screening for discrepancies
(alignment between reported results and conclusions), measurement errors, or biological
implausibility; and (4) confounding variables, examining the extent to which investigators
accounted for controlled or uncontrolled variables in their final analysis (baseline health
status, personal smoking history, etc.) [15,16]. Studies were cross-examined by the authors,
and those demonstrating high quality and reliability were included.

3. Results
The 38 included studies were predominantly quantitative in design, encompassing co-

hort studies, field studies, and cross-sectional analyses. Twelve were observational studies
using quantitative, qualitative, or mixed methods approaches, and four used surveys to
assess self-reported health outcomes. All 38 studies evaluated occupational exposure (CO,
particulate matter, or smoke) and its associated health effects, and all identified negative
health consequences of smoke exposure. Included studies evaluated both acute exposure
outcomes (e.g., cross-shift physiologic and inflammatory changes) and chronic outcomes
associated with cumulative occupational exposure. Findings are organized below into
four thematic domains: (1) pulmonary and cardiovascular effects; (2) exposure determi-
nants; (3) chemical exposures; and (4) mitigation strategies. A summary of key findings
is presented in Table 1. A simplified thematic table cataloging the characteristics and
findings of all 38 studies examining smoke exposure and health outcomes among wildland
firefighters, organized by health outcome domain and publication year, can be found in
Table A1 (Appendix A).
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Table 1. Synthesizes the clinical health outcomes, metrics and biomarkers, exposure determinants,
and structural mitigation barriers identified across the 38 reviewed studies examining wildland
firefighter smoke exposure.

Category/Domain Specific Metrics & Biomarkers Core Findings & Key Takeaways

1. Pulmonary Effects

• FEV1, FVC, peak expiratory flow
• Impulse oscillometry
• Respirable levoglucosan (LG)

Dose–Response Decline: Seven studies
show profound lung function decreases
at the beginning of the fire season that
persist through the post-season period.
Declines correlate directly with the
number of hours worked in the
preceding week.
Airway Impact: Small airway
dysfunction occurs even when
short-term spirometry metrics appear
normal, pointing to sub-clinical
tissue stress.

2. Cardiovascular & Systemic
Effects

• Cardiorespiratory fitness
(VO2 max)

• Ankle-brachial index (ABI)
• Carboxyhemoglobin (COHb)

Chronic Pathology: Extended
firefighting experience correlates with
higher rates of heart arrhythmias,
hypertension, and reduced ABI
(indicating arterial damage).
Cardiovascular disease accounts for
approximately 45% of annual
line-of-duty fatalities across the broader
U.S. fire service.
Acute Hypoxemia: Elevated CO and
COHb cause severe tissue oxygenation
impairment. This combined with
operational physical exertion during
prescribed burns triggers acute
tachycardic and hypotensive
cardiovascular strain.

3. Metabolic & Chemical
Exposures

• Polycyclic Aromatic
Hydrocarbons (PAHs)

• Urinary mutagenicity
• Acrolein, benzene, formaldehyde

Toxicant Burden: Exposed wildland
firefighters demonstrate 2.2 to 26.7 times
higher PAH levels than control groups.
Acrolein, benzene, and formaldehyde
increased significantly during direct fire
suppression duties.
Metabolic Dysregulation: Inhaled
smoke components contribute directly to
systemic metabolic abnormalities,
including impaired lipid metabolism
and reduced insulin sensitivity.

4. Exposure Determinants
• Fire Type (Prescribed vs. Wildfire)
• Operational Tasks & Wind Position

Prescribed Burns: Yield higher
individual smoke and CO concentrations
(+233%) than active wildland fires.
Environmental vectors like wind
direction and time of day strongly
influence shifting CO exposure values.
Task Multipliers: Sawyers and
swampers face a ninefold (9×) higher
probability of exceeding short-term CO
safety thresholds. Holding and mop-up
roles face higher cumulative exposure
loads than isolated lighting tasks.
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Table 1. Cont.

Category/Domain Specific Metrics & Biomarkers Core Findings & Key Takeaways

5. Validated Monitoring
Biomarkers

• Exhaled breath CO tracking
• Urinary methoxyphenols
• 1-hydroxypyrene (1-HP)

Field Assessment: Subjective perceived
smoke exposure correlates reliably with
measured CO levels. End-of-shift breath
CO testing is fundamentally unreliable;
continuous temporal exposure patterns
must be tracked instead.
Surrogate Markers: Urinary
methoxyphenols correlate with raw
woodsmoke exposure, while urinary
1-HP functions as a marker for systemic
PAH absorption.

6. Mitigation Barriers &
Policy Gaps

• Occupational Exposure
Limits (OELs)

• Respiratory & Dermal Protection

The OEL Disconnect: Standard
industrial regulatory OELs are calibrated
around standard 8 h shifts, failing to
account for the 16-to-24 h shifts routinely
completed by wildland crews.
Equipment Limitations: Cloth
bandanas offer little protection, as their
fiber pore sizes are 500 to 2000 times
larger than fine smoke particulate matter.
Traditional industrial respirators
introduce cardiovascular heat burdens
and limit field vision.
Dermal Mitigation: Skin hygiene
protocols (showering, changing
contaminated clothes, and avoiding
stored dirty gear) yield definitive
reductions in systemic carcinogen levels.

3.1. Pulmonary, Metabolic and Cardiovascular Effects

Twenty studies examined the direct health effects of smoke exposure. Multiple studies
demonstrated that perceived smoke exposure correlated with measured CO exposure,
supporting its utility as a practical field indicator [17,18]. Temporal exposure patterns
appeared to provide a more informative assessment of occupational exposure than isolated
end-of-shift measurements [19]. Beyond pulmonary effects, smoke exposure has also been
associated with metabolic abnormalities, including impaired lipid metabolism and reduced
insulin sensitivity [20].

Evidence from cohort and cross-sectional studies suggests that cumulative occupa-
tional smoke exposure may increase the risk of cardiovascular disease, lung cancer, and
progressive cardiovascular dysfunction in wildland firefighters [3,21]. Greater firefighting
experience has been associated with poorer cardiovascular measures, including increased
risk of heart arrhythmia and hypertension [22].

An additional study found a significant association between years of firefighting,
lower VO2 max, and decline in cardiorespiratory fitness over a fire season; the same study
identified lower ankle-brachial index values, suggesting an effect of smoke exposure on
arterial health [23].

Consistent decrements in lung function were documented by seven studies using
spirometric measures such as FEV1, FVC, and peak expiratory flow, recorded before and
after exposure. Several of these highlighted an early and substantial decline in lung function
at the beginning of the fire season that persisted throughout active-duty periods and into
the post-season interval [24–26]. Respirable levoglucosan exposure was associated with

https://doi.org/10.3390/atmos17060601

https://doi.org/10.3390/atmos17060601


Atmosphere 2026, 17, 601 7 of 23

progressive reductions in pulmonary function [19]. A dose–response relationship was also
observed between hours worked in the preceding week and declines in FEV1 and FVC [27].
Progressive reductions in lung function across the fire season were further supported by
longitudinal findings, although no significant changes in DNA damage markers were
identified [28]. Interestingly, signs of small airway dysfunction have also been reported
even in the absence of significant short-term spirometric decline, suggesting the possibility
of subclinical respiratory effects among otherwise healthy firefighters. A seventh pilot
study, however, found effects on small airway function without significant changes in
short-term spirometry values among healthy young firefighters, though it was limited by a
small sample (n = 16 firefighters, 12 controls) [29].

These consistent reductions in lung function contribute to end-tissue ischemia and
sequential cardiovascular strain. Elevated exhaled CO and carboxyhemoglobin (COHb)
levels following smoke exposure suggest significant reductions in oxygen delivery at the
tissue level [24]. Another study described tachycardic and hypotensive cardiovascular
responses during prescribed burns, likely attributable to CO-mediated reductions in tissue
oxygen delivery combined with smoke inhalation and physical exertion [30]. With regard
to metabolic abnormalities, another study found that smoke exposure impaired lipid
metabolism and reduced insulin sensitivity [20].

Arterial stiffness emerged as an additional cardiovascular concern associated with
occupational smoke exposure. Research shows that wildfire smoke may promote oxida-
tive stress-mediated vascular dysfunction, potentially contributing to progressive arterial
stiffness in wildland firefighters [31]. Although one biomarker study did not demonstrate
significant overall increases in urinary oxidative markers, adjusted analyses revealed el-
evated 8-oxodG levels among firefighters compared with the general population, with
possible modification by age and cumulative career exposure [32]. These findings are
particularly concerning given that cardiovascular disease remains the leading cause of
line-of-duty death among U.S. firefighters, accounting for approximately 45% of annual
fatalities [33]. While this statistic is derived from the broader U.S. fire service that includes
municipal structural firefighters, its implications for wildland personnel warrant careful
translation. Wildland firefighters encounter similar operational hazards, including multi-
day deployments, prolonged aerobic exertion, and continuous exposure to biomass smoke
without respiratory protection, underscoring a critical, shared cardiovascular risk across
both sectors of the fire service. More recent analyses have further linked wildfire smoke
exposure with increased cardiovascular symptoms, emergency department visits, and
short-term mortality following major wildfire events, with cardiovascular deaths increasing
in proportion to burned acreage [10].

The potential mechanisms involved with cardiovascular strain were outlined in one
study [10]. In this review, three events were discussed that could initiate downstream
cardiovascular strain. These included (1) dysregulation of autonomic nervous system con-
trol on cardiovascular function, (2) spillover of signaling factors into the bloodstream that
originated from sites of irritation or injury in the respiratory system, and (3) translocation of
PM from smoke across respiratory epithelium and into the circulation, promoting oxidative
stress, lipid peroxidation and tissue damage [10].

Taken together, these studies establish a consistent correlation between occupational
smoke exposure and adverse cardiovascular, metabolic, and pulmonary outcomes. The
most consistent finding across studies was a decline in lung function, and the least con-
sistent was urinary oxidative markers. Most studies had small sample sizes due to the
challenges inherent in occupational field research in this setting. This constraint primarily
affects the interpretation of findings by limiting statistical power, increasing the possibil-
ity of not recording a real effect, and limiting the ability of the investigators to control
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key confounding variables. While smaller sample sizes are adequate for capturing acute
physiological shifts across a single work shift, they restrict the generalizability of chronic,
late-stage health outcome data.

Additionally, the degree to which the cited literature controlled key physiological
confounders was highly variable. Some lacked a control group or used the general popula-
tion, including smokers as comparators. Using the general public as a comparator could
falsely mask the health deficits in a healthy, fit population when compared to the less fit
general public. Allowing smokers to be used as controls introduces confounding vari-
ables due to the known toxicologic mechanisms inherent to cigarette smoke. Additionally,
exposure variability between firefighters, driven by the nature of the work, complicates
accurate measurement.

3.2. Exposure Dynamics: Field Determinants and Chemical Composition

Twelve studies investigated the relationship between fire type, activity type, exposure
duration, and health outcomes. A task-based analysis found that direct fire suppression
activities were associated with 56% higher CO concentrations and prescribed burns with a
233% increase in CO concentration compared to off-fire-line days [17]. Exposure intensity
was found to be higher during prescribed burns than during active wildland fires, with
environmental and operational variables such as wind conditions, job task, and time of day
further influencing CO exposure levels [34].

Operational role emerged as an important determinant of both physiologic response
and smoke exposure burden. Firefighters performing lighting operations demonstrated
the greatest systemic inflammatory responses, including elevations in serum amyloid
A, C-reactive protein, and interleukin-18 [35,36]. In contrast, the highest CO exposures
were observed among firefighters assigned to holding and mop-up activities, suggesting
that tasks associated with prolonged proximity to smoldering fuels may carry a greater
inhalational burden than active ignition [37]. This pattern was further supported by
longitudinal evidence demonstrating that prescribed burns generate greater cumulative
smoke exposure than wildland fires and that, within prescribed fire operations, holders
experience higher exposures than lighters [38].

Beyond operational role, smoke exposure appears to be influenced by a combination of
environmental and logistical factors. Job task, crew type, shift duration, and wind direction
relative to the firefighter were all identified as significant predictors of CO exposure,
although wind position did not appear to substantially influence respirable particulate or
silica exposure [39]. These findings highlight the complexity of characterizing occupational
smoke exposure in wildland firefighting environments and raise important questions
regarding the applicability of current occupational exposure limits (OELs), which were
developed for standard 8 h workdays despite wildland firefighters routinely working
shifts exceeding 16 h [39]. Potential mechanisms for recalibration could include updated
NIOSH recommended exposure limits (RELs), revision of OSHA permissible exposure
limits (PELs), incorporation of wildfire-specific occupational standards within policies
regarding fire management, and expanded monitoring programs for firefighters who are
routinely exposed to these toxic byproducts.

Task-related exposure differences were further substantiated by studies showing
that sawyer or swamper activities were associated with nearly a ninefold increase in the
probability of exceeding short-term CO thresholds [40]. Additional variables, including
humidity, wind orientation, crew type, and fuel type, also modified exposure levels [40].
Notably, fire size was not found to be a reliable predictor of individual exposure [24].

Beyond their influence on smoke exposure, prescribed burns appear to impose sub-
stantial physiologic stress on firefighters. Reported effects included persistent increases
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in urinary mutagenicity following work duties [41], elevations in body core tempera-
ture approaching the heatstroke threshold [9], and systemic inflammatory and immune
responses associated with acute diesel smoke exposure [35]. Together, these findings high-
light the multifactorial nature of occupational stressors encountered during prescribed
fire operations.

Several PAHs detected at elevated concentrations in wildland firefighters carry for-
mal carcinogenic designations that warrant explicit discussion. The U.S. EPA classifies
seven PAHs as Group B2 probable human carcinogens, defined as compounds with suf-
ficient animal carcinogenicity evidence: benzo[a]pyrene, benz[a]anthracene, chrysene,
benzo[b]fluoranthene, benzo[k]fluoranthene, dibenz[a,h]anthracene, and indeno[1,2,3-
cd]pyrene [42]. Wildfire smoke generated during biomass combustion is a recognized
source of these compounds [1,3,18]. The primary mechanism of carcinogenicity involves
metabolic bioactivation, whereby cytochrome P450 enzymes convert benzo[a]pyrene to its
reactive metabolite benzo[a]pyrene-7,8-diol-9,10-epoxide (BPDE), which forms covalent
DNA adducts at guanine residues, inducing point mutations in tumor suppressor genes in-
cluding TP53 [43]. This genotoxic pathway is directly reflected in the urinary mutagenicity
findings documented among wildland firefighters in this review, where elevated mutagenic
activity persisted after cessation of work duties, suggesting ongoing DNA-damaging expo-
sure beyond the active fire line [5]. The occupational relevance is further underscored by
the PAH biomarker data summarized herein: wildland firefighters demonstrated urinary
PAH metabolite levels 2.2 to 26.7 times higher than unexposed controls, with firefighters
exposed to wildfire or cigarette smoke showing 2.9 to 4.5 times the urinary PAH content
of unexposed nonsmoking firefighters [44,45]. These levels substantially exceed general
population reference values and, given the chronic and repeated nature of occupational
exposure across fire seasons, represent a plausible mechanism contributing to the increased
risk of lung cancer mortality identified in epidemiologic studies of this workforce [3]. Taken
together, the Group B2 carcinogen burden documented in wildland firefighters argues for
inclusion of PAH biomonitoring within occupational health surveillance frameworks for
this population [46].

Eight studies examined specific chemical exposures in wildland firefighters. Three stud-
ies assessed PAH exposure, all finding significantly elevated levels compared to con-
trols [44,45,47]. Across studies, PAH exposure was consistently elevated in firefighters com-
pared to control populations. One study found wildland firefighters had 2.2 to 26.7 times
higher PAH levels than control groups [44], while another found firefighters exposed to
wildfire or cigarette smoke had 2.9 to 4.5 times the urinary PAH content of unexposed
nonsmoking firefighters [45]. Additional evidence suggested that exposure PAHs and
naphthalene were found, which enhanced skin hygiene routines, including showering
and wearing clean clothing, reduced urinary concentrations of 1-hydroxypyrene (1-HP), a
PAH exposure biomarker indicative of urinary mutagenicity, suggesting a viable mitigation
approach [47].

Occupational role also appeared to substantially influence exposure burden. Two stud-
ies found that PAH exposure varied by job task, with firefighters performing both firing
and holding during the same shift exposed to higher levels than those performing a single
task [48,49]. Similarly, elevated urinary PAH metabolite concentrations were associated
with alterations in blood pressure and hematologic markers, suggesting that smoke ex-
posure may contribute to broader systemic effects beyond inhalational injury alone [46].
Investigators also explored biomarkers for exposure monitoring, with one study demon-
strating that urinary methoxyphenols correlated closely with measured smoke and carbon
monoxide exposure [50]. Thus, this supports their potential utility as biologic markers of
occupational smoke exposure [50].
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Exposure intensity also varied according to the level of suppression. Firefighters
conducting direct fire suppression had significantly higher exposures to toxic compounds
including acrolein, benzene, and formaldehyde compared to those in other roles [51].
A study measuring creatinine adjusted urinary LG across a three-day fire suppression
event found the largest pre-to-post-shift difference on day three, when firefighters were
predominantly performing mop-up activities [52]. Interestingly, a separate study measuring
aerosolized LG concentrations found higher levels during active fire line construction than
during mop-up [19]. The discrepancy between elevated urinary LG during mop-up in
one study and higher aerosolized LG during active suppression in another is unexplained
and warrants further investigation. A plausible explanation for this is due to the fact
that urine biomarker measurement lags behind aerosolized measurement and mop-up
activities occur after initial fire suppression. Another plausible mechanism is the inherent
limitation of urinary biomarkers which can be affected by things like hydration status and
timing of collection. Collectively, these findings underscore that while fire type and job
task are important predictors of exposure magnitude, more standardized and effective
measurement strategies are needed.

3.3. Mitigation Strategies

Several studies identified or evaluated strategies to reduce smoke exposure in wild-
land firefighters. Multiple articles noted that while firefighters commonly wear bandanas to
cover the nose and mouth, this practice provides little to no respiratory protection because
bandana pore sizes are approximately 500 to 2000 times larger than smoke particles [10,24].
Full-face respirators, while effective, are currently impractical in wildland firefighting due
to physical demands, heat burden, limited peripheral vision, and fogging [34]. Interest-
ingly, one study cautioned against air purifying respirators that reduce eye irritation, on the
grounds that eliminating irritant symptoms may prolong time spent in smoke exposure [34].
Consequently, firefighters rely heavily on personal perception to self-monitor smoke inten-
sity. While two studies found that subjective, perceived smoke exposure correlated with
measured CO exposure—supporting its utility as a basic field indicator [17,18], relying
solely on perception introduces severe risks given the lethality of CO and its characteristics
of being completely odorless and tasteless. To address this, implementation of wearable CO
monitoring devices was identified as a high priority need [34]. Finally, regarding biological
monitoring, one study concluded that end-of-shift exhaled CO breath monitoring was
not a reliable indicator of CO exposure and that temporal exposure patterns were a more
informative measure [53].

Dermatologic exposure, while less studied than respiratory exposure, was addressed
in one study that found enhanced skin hygiene, including frequent showering, wearing
clean clothing, and avoiding used firefighting gear, significantly reduced urinary 1-HP
levels [47]. Meaningful reductions in urinary 1-HP were also observed in firefighters
wearing protective face masks (either disposable N95 or half-piece respirators with P100
organic vapor cartridges) [47]. Though the authors acknowledged the impracticality of
current designs for wildland firefighting and called for development of a novel, purpose-
built respirator.

Finally, a previous study highlighted the need for routine cardiovascular evaluations
in wildland firefighters [10]. Annual physical fitness evaluations are currently required
for recertification; the authors of that study advocated for expanding this to include an-
nual cardiovascular health assessments to track firefighter health longitudinally, increase
available data on long-term effects, and inform preventative measures [10].
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4. Discussion
This narrative review demonstrates a consistent relationship between occupational

smoke exposure and adverse health outcomes in wildland firefighters. The included studies
identified negative health effects across multiple physiological dimensions, spanning pul-
monary function decline, cardiovascular disease risk, metabolic dysfunction, and chemical
toxicant exposure. Additionally, the breadth and consistency of these findings across varied
study designs and geographic settings strengthen the overall evidence base, even in the
context of the methodological heterogeneity described below.

The pattern of findings in this review aligns with, and largely mirrors, the more
established literature on structural firefighters. Research on urban firefighters has docu-
mented cardiovascular disease as a leading occupational hazard for decades, with well-
characterized exposure protocols and occupational health standards developed in re-
sponse [33]. Although structural firefighters have historically received greater attention
within occupational exposure research, the prolonged duration of smoke exposure, ex-
tended shifts, remote conditions, and limited use/availability of respiratory protective
equipment amongst wildland firefighters suggests that this population can experience
comparable or distinct occupational health risks. Thus, this warrants further investigation
in the future. The consistently elevated PAH biomarker levels [44,45,47], arterial stiffness
findings [31], and CO-related tissue oxygenation impairment [24] documented in this re-
view suggest that wildland firefighters may be accumulating chronic toxic burden at levels
not reflected in current surveillance or regulatory frameworks.

From a public health and policy standpoint, several findings carry immediate im-
plications. First, OELs currently applied to wildland firefighters were established for a
standard 8 h workday and are poorly suited to the physiologic and operational realities of
wildland firefighting [39]. Due to the physically demanding nature of wildland firefighting,
enhanced minute ventilation and cardiac output during exertion likely amplify inhalation
exposure compared to sedentary conditions [10]. Additionally, many OELs against which
measured exposures are compared were established for standard 8 h workdays, making
direct application to wildland firefighting, where shifts routinely exceed 16 h, problem-
atic [39]. Recalibration of OELs to reflect actual exposure conditions, in coordination with
agencies such as NIOSH and OSHA, is warranted. Second, the failure of commonly used
protective practices, particularly bandana use, to provide meaningful respiratory protection
represents an urgent educational gap [10,24]. Third, the identification of cardiovascular
disease as the leading cause of line-of-duty death among U.S. firefighters [33], accounting
for approximately 45% of annual fatalities, demands a more proactive and systematic
approach to cardiovascular health monitoring in this population. Current recertification
requirements mandate annual physical fitness evaluations [10]; however, fitness testing
alone does not capture the subclinical cardiovascular changes documented in this review,
including progressive arterial stiffness [31], declining ankle-brachial index values [23],
increased risk of arrhythmia and hypertension with greater career length [22], and CO-
mediated tissue oxygenation impairment [24]. These findings collectively suggest that
cumulative cardiovascular damage may accrue across fire seasons in ways that pass unde-
tected under existing surveillance protocols. A policy of mandatory annual cardiovascular
health assessments, incorporating measures such as blood pressure monitoring, electrocar-
diography, and arterial health screening, would enable longitudinal tracking of firefighter
cardiovascular status, facilitate early identification of at-risk individuals, and generate the
population-level data currently absent from the literature [10]. Given the well-characterized
link between career smoke exposure duration and cardiovascular dysfunction [3,21,33],
implementation of such a surveillance framework represents both a clinical imperative and
a workforce protection priority.
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Finally, the cumulative carcinogenic burden suggested by PAH biomarker data
across the included studies carries direct implications for long-term cancer risk moni-
toring in this population. Wildland firefighters demonstrated urinary PAH metabolite
levels 2.2 to 26.7 times higher than unexposed controls [44], with firefighters exposed to
wildfire or cigarette smoke showing 2.9 to 4.5 times the urinary PAH content of unex-
posed nonsmoking firefighters [45]. Several PAHs detected at these elevated concentra-
tions, including benzo[a]pyrene, benz[a]anthracene, chrysene, benzo[b]fluoranthene, and
benzo[k]fluoranthene, are classified by the U.S. EPA as Group B2 probable human car-
cinogens, defined as compounds with sufficient animal carcinogenicity evidence [42,43].
The primary mechanism of carcinogenicity involves metabolic bioactivation to reactive
intermediates that form covalent DNA adducts, inducing mutations in tumor suppressor
genes including TP53 [43]. This genotoxic mechanism is directly supported by the uri-
nary mutagenicity findings documented in this review, where elevated mutagenic activity
persisted in wildland firefighters after cessation of work duties, indicating ongoing DNA-
damaging exposure beyond the active fire line [5]. Epidemiologic data further corroborate
this risk, with cumulative occupational smoke exposure associated with increased lung
cancer mortality in this workforce [3]. Despite this, current occupational health surveil-
lance frameworks for wildland firefighters do not include systematic PAH biomonitoring.
Incorporation of periodic urinary PAH metabolite screening, alongside the cardiovascular
evaluations described above, would provide an evidence-based foundation for long-term
cancer surveillance in this occupationally exposed population [46].

4.1. Strengths and Limitations

This study had several limitations that are important to recognize. The heterogeneity
of study designs and outcome measures in this review limits direct comparability across
studies and prevented the use of a validated quantitative appraisal tool. Differences in
how smoke exposure was measured (self-reported, urinary biomarkers, personal monitors,
area monitors), the populations studied (varying career lengths, geographic regions, and
crew types), and the health outcomes assessed make synthesis challenging. There has been
comparatively little research conducted on wildland firefighting and smoke exposure so
finding articles that pertained to both were difficult, though this does seem to be improving.
Another limitation came from the fact that many studies were prospective field studies
and contained small sample sizes with no control. Additionally, this review employed a
narrative rather than a formal systematic methodology, which introduces the possibility
of selection bias in study synthesis and limits the reproducibility of findings compared
with a preregistered systematic review. To mitigate this risk, the authors implemented
a multi-step screening process that included a dual-screening approach during the title,
abstract and full-text review phases. During this step, potential studies were evaluated
independently, and discrepancies were resolved through an informal consensus between
authors. Although predefined search terms and explicit inclusion criteria were utilized to
improve consistency within study selection, relevant studies could still have been missed.

The principal strengths of this review include its multi-system scope and the cate-
gorization of diverse field data. By evaluating pulmonary, cardiovascular, and metabolic
health domains concurrently, this review provides a unified, holistic overview of systemic
occupational health risks. Additionally, the inclusion of prospective longitudinal designs
alongside a characterization of both chemical exposure dynamics and operational field
determinants ensures a synthesis of an understudied population and contributes to the
growing literature.
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4.2. Limitations of the Existing Literature

Conducting occupational research on wildland firefighters presents unique logistical
hurdles. The remote nature of the work, often far from hospitals and medical centers, com-
bined with irregular shifts, varying career spans, and inconsistent geographical locations
complicates the measurement of cumulative smoke exposure and have historically resulted
in limited sample sizes and a notable lack of long-term cohorts. Furthermore, the diversity
of tasks performed on the fire line introduces inconsistent exposure and monitoring metrics
across the existing literature. Despite these challenges, recent longitudinal studies have
become more robust, utilizing mobile monitoring and adaptive protocols to account for
these environmental and methodological complexities.

4.3. Practical Applications

This study shows a significant relationship between smoke exposure and negative
health effects. Wildland firefighters deserve targeted health education and the implemen-
tation of exposure reduction strategies that allow them to perform their duties effectively
while safeguarding their long-term respiratory health. It is recommended that firefighters
work shorter seasons if possible and implement mitigation strategies to decrease their
exposure, like rotating out with other crew members when performing tasks like lighting
and holding, alternating between down-wind and up-wind assignments, and prioritiz-
ing mechanical line construction when possible. Dermal exposure mitigation remains an
under-addressed route for reducing systemic exposure. Incorporating regular skin hygiene
protocols like mobile shower units, decontamination wipes, and mobile laundry facilities
for protective clothing are possible initial steps. Authority figures in wildland firefight-
ing should educate their crews about the effects of smoke exposure and are encouraged
to promote open dialog about ideas to reduce exposure. Annual cardiovascular health
evaluations are reasonable and important steps to track long term physiological change in
wildland firefighters and would provide an important preventative health measure for the
early detection and management of cardiovascular disease.

4.4. Future Research Directions

While these immediate, actionable interventions and health evaluations can mitigate
current risks, long-term exposure reduction strategies require addressing critical gaps in
the existing literature. Future research is critical to optimizing exposure reduction strate-
gies and protecting the long-term health of wildland firefighters. Future research should
prioritize longitudinal biomarker studies to track chronic health outcomes over extended
career spans. Additionally, the integration of validated wearable exposure sensors, such
as personal CO and particulate matter monitors in field research, will allow for more
precise, real-time exposure tracking during active duties. Finally, targeted respirator devel-
opment through respirator efficacy trials is needed to engineer novel respiratory protective
equipment capable of handling the extreme physical and thermal demands unique to
wildland firefighting. Expanding these research avenues will provide the empirical base-
line necessary to establish wildland-firefighting-specific OELs and implement targeted
health education.

5. Conclusions
This narrative review synthesized the health effects of occupational smoke exposure

in wildland firefighters across three primary domains: exposure determinants, chemical
exposures, and acute/chronic clinical outcomes. By uniquely bridging the gap between
specific field-level exposure determinants and physiological mechanisms, this review high-
lights how tactical operational environments directly influence systemic health risks. The
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gathered evidence demonstrates a consistent relationship between smoke inhalation and
elevated risks for cardiovascular disease, arterial stiffness, hypertension, heart arrhythmias,
and lung cancer. Mechanistically, these outcomes are supported by documented increases
in oxidative stress and urinary mutagenicity, alongside a well-characterized decline in
cross-shift lung function. To mitigate these occupational hazards, future efforts must prior-
itize the development and implementation of specialized protective technologies—such
as low-profile respirators and exposure detection devices engineered to assist rather than
impair firefighter tactics.

The findings of this review carry several evidence-based implications that extend
beyond the individual studies examined. First, the documented discrepancy between
standard industrial OELs and the extended shift durations, elevated ventilation rates, and
multi-day cumulative exposures characteristic of wildland firefighting supports urgent
revision of wildland-firefighter-specific exposure limits, developed in coordination with
NIOSH and OSHA and grounded in field-derived exposure data. Second, the consistent
association between career smoke exposure and progressive cardiovascular dysfunction,
combined with cardiovascular disease accounting for approximately 45% of line-of-duty
fatalities, supports mandatory annual cardiovascular health surveillance as a standard com-
ponent of firefighter recertification, expanding beyond the fitness testing currently required.
Third, the demonstrated inadequacy of existing respiratory protective equipment in wild-
land operational environments, including the failure of bandanas to filter fine particulate
matter and the impracticality of full-face respirators under field conditions, underscores
the need for accelerated development and field validation of purpose-built respiratory
protective equipment engineered specifically for the physiologic and tactical demands of
wildland firefighting. Fourth, the elevated PAH biomarker levels and persistent urinary
mutagenicity documented across multiple fire seasons establish a compelling rationale
for expansion of longitudinal biomarker cohort studies capable of characterizing chronic
exposure–disease relationships across firefighter careers. Taken together, these priorities
are not speculative; they are directly supported by the body of evidence synthesized in
this review and represent actionable targets for regulatory agencies, occupational health
practitioners, fire management authorities, and researchers committed to protecting the
long-term health of wildland firefighters.
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Abbreviations
The following abbreviations are used in this manuscript:

LG Levoglucosan
FVC Forced Vital Capacity
FEV1 Forced Expiratory Volume in 1 Second
CO Carbon Monoxide
COHb Carboxyhemoglobin
OELs Occupational Exposure Limits
PELs Permissible Exposure Limits
RELs Recommended Exposure Limits
PAHs Polycyclic Aromatic Hydrocarbons
1-HP 1-Hydroxypyrene
NIOSH National Institute for Occupational Safety and Health
OSHA Occupational Safety and Health Administration

Appendix A

Table A1. Characteristics and findings of 38 studies examining smoke exposure and health outcomes
among wildland firefighters, organized by health outcome domain and publication year.

Pulmonary/Respiratory

Author, Year Study Type Country or
Location

Population,
Sample Size

Exposure Metrics
Measured Key Findings

Rothman et al.,
1991 [27]

Prospective
cohort United States

Wildland
firefighters
(n = 52)

FEV1, FVC,
respiratory
symptoms

Documented small but
significant cross-seasonal
drops in lung function were
strongly predicted by total
hours of firefighting in the
preceding week

Jacquin et al.,
2011 [25]

Repeated-
measures France

Wildland
firefighters
(n = 108)

Spirometric
parameters, blood
oxygenation

Significant early reductions in
spirometric volume occurred
post-exposure and persisted
past the season. Rotating
firefighter positions on the fire
line reduced pulmonary
symptoms to near zero

Miranda et al.,
2012 [24]

Repeated-
measures Portugal

Wildland
firefighters
(n = 108)

Exhaled breath
indicators, CO,
NO2, Spirometry

Fire size did not dictate total
exposure. Traditional
bandanas offered minimal
respiratory protection. CO
exceeded safety standards;
firefighters experienced sharp
post-exposure decreases in
spirometric parameters

Gaughan et al.,
2014a [19] Cross-sectional United States

Wildland
firefighters
(n = 38)

Woodsmoke PM,
8-OHdG

Firefighters exposed to smoke
particulate demonstrated
significantly higher 8-OHdG
values, reflecting acute
oxidative DNA damage. PM
from woodsmoke appeared
more toxic than the
ambient air
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Table A1. Cont.

Pulmonary/Respiratory

Author, Year Study Type Country or
Location

Population,
Sample Size

Exposure Metrics
Measured Key Findings

Gaughan et al.,
2014b [31]

Observational
field United States

Wildland
firefighters
(n = 17)

Impactor PM
fractions,
levoglucosan, CO

Airborne particles spanned all
size fractions, but 2/3 of
levoglucosan was found
within the respirable range.
Swampers and sawyers
experienced higher CO than
line workers

Wu et al.,
2020a [26]

Prospective
cohort United States

Wildland
firefighters
(n = 12)

Exhaled breath
condensate, FEV1,
FVC

Measurable cross-seasonal
declines in lung function
observed, with largest drops
in FEV1 and FVC among
firefighters with high
cumulative fireline hours

Panumasvivat
et al., 2024 [28]

Prospective
cohort Thailand

Wildland
firefighters
(n = 54)

PM2.5, spirometry
FVC % predicted,
DNA damage

Significant declines in
pulmonary function were
tracked during high-pollution
wildfire seasons. No
significant immediate DNA
damage detected

Cardiovascular

Author, Year Study Type Country or
Location

Population,
Sample Size

Exposure Metrics
Measured Key Findings

Semmens et al.,
2016 [22]

Cross-sectional
survey United States

Wildland
firefighters
(n = 499)

Occupational
history survey,
cardiovascular health

High lifetime firefighting
experience (mean 17 years)
strongly correlated with poor
cardiovascular markers,
hypertension, and increased
risk of heart arrhythmias

Navarro et al.,
2019 [3]

Modeling
study United States Not applicable

Cumulative career
smoke exposure,
mortality data

Across all exposure scenarios,
calculated mortality risk for
lung cancer and CVD was
greater than 1, scaling with
career duration and longer
fire seasons

Coker et al.,
2019 [20]

Prospective
cohort United States

Wildland
firefighters
(n = 27)

Metabolic markers,
lipid profile,
insulin sensitivity

Smoke exposure correlates
with reduced insulin
sensitivity and increased
metabolic abnormalities.
Lipid metabolism significantly
impacted by smoke, diet,
sleep, and intense stress

Wu et al.,
2021b [38]

Repeated-
measures United States

Wildland
firefighters
(n = 38)

Hemodynamic
markers, heart rate,
SBP, CO

Prescribed burn days caused
sharp heart rate spikes and
next-morning drops in
systolic blood pressure,
magnified in those with
baseline hypertension

Zeigler et al.,
2022 [23] Cross-sectional United States

Wildland
firefighters
(n = 18)

Hazard pay hours,
VO2 max,
ankle-brachial index

Greater cumulative exposure
is significantly associated with
lower VO2 max and a drop in
ankle-brachial index,
indicating early
vascular degradation
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Table A1. Cont.

Carcinogenic/Genotoxic/Oxidative Stress

Author, Year Study Type Country or
Location

Population,
Sample Size

Exposure Metrics
Measured Key Findings

Adetona et al.,
2013 [32]

Repeated-
measures United States

Wildland
firefighters
(n = 19)

Urinary 8-OHdG,
malondialdehyde

No significant immediate
cross-shift changes were
observed for urinary 8-OHdG
or MDA. However, adjusted
baseline 8-OHdG was
significantly higher than
general population, scaling
with career length

Navarro et al.,
2017 [48]

Observational
field United States

Wildland
firefighters
(n = 25)

17 personal PAHs,
benzo[a]pyrene

Low-molecular-weight PAHs
were most prevalent.
Firefighters executing both
firing and holding on a single
shift experienced significantly
higher exposure than
single-task crews

Wu et al.,
2020b [41]

Prospective
field United States

Wildland
firefighters
(n = 19)

Urinary
mutagenicity,
8-isoprostane,
Ox-GS

Burn days induced a 1.16×
increase in urinary
mutagenicity and a 1.64×
increase in 8-isoprostane
post-shift. Holders
experienced greater overnight
shifts in mutagenicity
than lighters

Cherry et al.,
2021 [47]

Field
intervention United States

Wildland
firefighters
(n = 86)

Dermal PAH
wipes, urinary
1-HP, skin hygiene

Post-shift skin wipes showed
clear increases in naphthalene.
Implementing aggressive
post-shift skin hygiene
protocol accelerated the
reduction in urinary 1-HP by
the following morning

Navarro et al.,
2023 [52]

Observational
field United States

Wildland
firefighters
(n = 19)

BTEX,
formaldehyde,
acetaldehyde,
levoglucosan

GMs for BTEX peaked on Day
1 and were substantially
higher for the saw team.
Levoglucosan concentrations
consistently spiked post-shift,
peaking on Day 3

Barros et al.,
2024 [46] Cross-sectional Portugal

Wildland
firefighters
(n = 135)

Urinary OHPAH
metabolites, blood
pressure,
hemogram

Total urinary PAH metabolites
were 2 to 23 times higher than
those of the general public,
even outside active fire weeks.
Job roles and smoking
interacted to alter baseline
blood pressure and immune
counts

Paiva et al.,
2024 [45]

Observational
field Portugal

Wildland
firefighters
(n = 176)

Urinary OHPAH
biomarkers
(1OHNaph,
2OHFlu)

Biomarkers present in 90–98%
of samples. Firefighters
exposed to active fires had
2.9 to 4.5 times higher urinary
PAH concentrations than
non-exposed controls,
outstripping tobacco
smoking signature
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Table A1. Cont.

Carcinogenic/Genotoxic/Oxidative Stress

Author, Year Study Type Country or
Location

Population,
Sample Size

Exposure Metrics
Measured Key Findings

Teixeira et al.,
2024 [44] Case study Portugal

Wildland
firefighters
(n = 46)

Gaseous PAHs (18
compounds),
in vitro
cytotoxicity

Firefighters had PAH levels
2.2 to 26.7 times higher than
controls. Occupational limits
were not exceeded. Highest
exposures tracked with
extreme weather and fuel
load. Noted cytotoxicity in
bronchial lines

Exposure Characterization/Multi-Pollutant

Author, Year Study Type Country or
Location

Population,
Sample Size

Exposure Metrics
Measured Key Findings

Reinhardt et al.,
2004 [34]

Observational
field United States

Wildland
firefighters
(n = 500)

Gaseous
pollutants,
benzene, CO, PM

Exposures at prescribed burns
were higher than project fires,
which were higher than initial
attacks. Wind dynamics
altered column pull. Sawyers
and lighters carried the
highest benzene risk

Neitzel et al.,
2009 [50]

Observational
field United States

Wildland
firefighters
(n = 13)

Urinary
methoxyphenols,
CO, PM2.5,
levoglucosan

Urinary methoxyphenols
increased post-shift and were
strongly associated with
personal CO exposure,
making them excellent
woodsmoke biomarkers

Dunn et al.,
2009 [53]

Observational
field United States

Wildland
firefighters
(n = 19)

End-exhaled
breath CO, car-
boxyhemoglobin

Overall shift CO was low
(mean 1.9 ppm) with minimal
cross-shift COHb changes.
Concluded end-of-shift
exhaled breath is an
unreliable biological indicator
for low-to-moderate exposure
cohorts due to transient peaks

Adetona et al.,
2011 [18]

Observational
field United States

Wildland
firefighters
(n = 29)

Personal PM2.5,
personal CO

Average PM2.5 jumped from
16 µg/m3 on non-burn days
to 280 µg/m3 on prescribed
burn days, peaking above
2600 µg/m3. PM2.5 and CO
were strongly correlated

Dunn et al.,
2013 [37]

Observational
field United States

Wildland
firefighters
(n = 20)

Personal CO,
subjective
survey data

Mop-up tasks generated the
highest mean CO exposures
(2.6 ppm), whereas lighting
and burn-boss positions were
lowest. Total acreage burned
did not predict individual
exposure levels

Hejl et al.,
2013 [36]

Prospective
field United States

Wildland
firefighters
(n = 12)

Personal PM2.5,
CO, IL-8, CRP,
ICAM-1

Found systemic inflammatory
responses across shifts: IL-8
showed a significant
cross-shift rise (ratio 1.70).
PM2.5 loads were high (GM
~650 µg/m3). Lighters
experienced larger
inflammatory spikes
than holders
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Table A1. Cont.

Exposure Characterization/Multi-Pollutant

Author, Year Study Type Country or
Location

Population,
Sample Size

Exposure Metrics
Measured Key Findings

Adetona et al.,
2017 [35]

Repeated-
measures United States

Wildland
firefighters
(n = 12)

Serum Amyloid A,
CRP, wood
smoke particles

Lighters experienced the
highest acute exposures and
largest subsequent changes in
SAA and CRP. Woodsmoke
evoked acute systemic innate
inflammation and
immune responses

Henn et al.,
2019 [40]

Observational
field United States

Wildland
firefighters
(n = 585)

Carbon monoxide
(CO), shift tracking

Overall GM for CO was low
(2.4 ppm), but
sawyers/swampers had
9-fold higher odds of
exceeding short-term
thresholds. Task type, wind,
and fuel models strongly
predicted extreme
CO variations

Reinhardt et al.,
2019 [39]

Observational
field United States

Wildland
firefighters
(n was not
reported)

Crystalline silica,
smoke exposure
modeling

Built predictive models for
future data collection. Crew
type, wind position, fireline
percentage, and specific task
interactions emerged as
primary exposure determinants

Navarro et al.,
2021 [51]

Observational
field United States

Wildland
firefighters
(n = 81)

PM4, VOCs
(acrolein, benzene)

Direct suppression induced
the highest VOC exposure.
Pacific Northwest had the
highest PM4 exposure. Type 1
crews saw the highest overall
exposure burdens

Semmens et al.,
2021 [17]

Prospective
cohort United States

Wildland
firefighters
(n = 246)

Personal CO, shift
tasks, perceived
smoke scales

While shift GMs for CO were
low (~2.5 ppm), peak values
exceeded 500 ppm; 4.9%
exceeded 13 h OEL. Direct
suppression boosted CO by
56%. Perceived smoke
strongly predicted actual CO

Wu et al.,
2021a [30]

Prospective
cohort United States

Wildland
firefighters
(n = 35)

CO, PM2.5, trace
metals
(manganese)

8 h averages were below
occupational limits, but
28 firefighters exceeded
NIOSH short-term REL for
CO. Midwestern exposures
were 2–7× higher than
Western/Southeastern regions

Adetona et al.,
2022 [49]

Repeated-
measures United States

Wildland
firefighters
(n = 12)

Fine particle
composition,
pulmonary
ventilation

Demonstrated distinct
chemical diversity across
specific work roles. Proposed
using adjusted breathing
ventilation rates to calculate
the actual inhaled dose rather
than relying on raw
air concentrations

https://doi.org/10.3390/atmos17060601

https://doi.org/10.3390/atmos17060601


Atmosphere 2026, 17, 601 20 of 23

Table A1. Cont.

Exposure Characterization/Multi-Pollutant

Author, Year Study Type Country or
Location

Population,
Sample Size

Exposure Metrics
Measured Key Findings

Niyatiwatchanchai
et al., 2023 [29] Pilot study Thailand

Wildland
firefighters
(n = 16)

Small airway
dysfunction,
hsCRP, D-dimer

Exposed firefighters
experienced significant
impairment in small-airway
function during
high-pollution cycles
compared with controls,
whereas traditional
spirometry and blood
biomarkers showed no
immediate changes

Reviews

Author, Year Study Type Country or
Location

Population,
Sample Size

Exposure Metrics
Measured Key Findings

Hwang et al.,
2023 [21]

Systematic
review and
meta-analysis

Global Not applicable

Wildland–urban
interface
multipollutants,
urinary OHPAHs

Notes 43% increased lung
cancer risk and 30% increased
CVD risk. IARC reclassified
woodsmoke to Group 1.
Identifies data gaps regarding
synthetic materials burning at
the WUI interface

Tian et al.,
2024 [33]

Narrative
review Global Not applicable

PM10, CO,
cyanide, hydrogen
sulfide,
mouse models

Review states coronary artery
disease accounts for 45% of
line-of-duty deaths. PM10
raises heart rate; asphyxiants
provoke tissue hypoxia.
Mouse models demonstrate
severe lung/vein tissue
damage from PM2.5

Williams et al.,
2024 [10]

Narrative
review Global Not applicable

Ambient PM2.5,
heart rate
variability

Tracks a 27-fold increase in
population exposed to unsafe
wildfire PM2.5 over the last
decade. Repeated
high-intensity exposures
induce cumulative
microvascular and HRV drops
even when single responses
appear mild

García-Heras
et al., 2025 [9]

Narrative
review Global Not applicable

Physiological
strain, Cortisol,
PPE heat stress

Emergency alarms trigger
instant HR jumps. Heavy gear
loads compromise joints.
Short-term smoke cuts lung
function; long-term raises
cancer/CVD risks. PPE traps
severe metabolic heat

Note: Studies with dual relevance were placed in the domain most closely aligned with their primary out-
come. Abbreviations: 1-HP, 1-hydroxypyrene; 8-OHdG, 8-hydroxydeoxyguanosine; BTEX, benzene, toluene,
ethylbenzene, and xylene; CO, carbon monoxide; COHb, carboxyhemoglobin; CRP, C-reactive protein; CVD, car-
diovascular disease; D-dimer, fibrin degradation product; FEV1, forced expiratory volume in 1 s; FVC, forced vital
capacity; GM, geometric mean; HRV, heart rate variability; hsCRP, high-sensitivity C-reactive protein; ICAM-1,
intercellular adhesion molecule-1; IARC, International Agency for Research on Cancer; IL-8, interleukin-8; MDA,
malondialdehyde; NIOSH, National Institute for Occupational Safety and Health; NO2, nitrogen dioxide; OEL,
occupational exposure limit; OHPAH, hydroxylated polycyclic aromatic hydrocarbon metabolite; Ox-GS, oxidized
glutathione; PAH, polycyclic aromatic hydrocarbon; PM, particulate matter; PM2.5, particulate matter with aerody-
namic diameter 2.5 micrometers or less; PM4, particulate matter with aerodynamic diameter 4 micrometers or less;
PM10, particulate matter with aerodynamic diameter 10 micrometers or less; PPE, personal protective equipment;
REL, recommended exposure limit; SAA, serum amyloid A; SBP, systolic blood pressure; VOC, volatile organic
compound; WUI, wildland–urban interface.
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