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• PAHs in PM2.5 were measured in 
portable BC monitors in firefighters.

• Torchers were exposed to highest PAH 
concentrations in task groups.

• Estimated excess lifetime cancer risk 
exceeded safety thresholds in torchers.
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A B S T R A C T

Prescribed burns are valuable tools for landscape management, which reduce wildfire risk in fire-prone eco
systems. However, they generate smoke emissions containing hazardous pollutants such as polycyclic aromatic 
hydrocarbons (PAHs) and black carbon (BC). Here, PAHs were analyzed in atmospheric particulate matter 
(PM2.5) filters in firefighter’s personal real-time BC monitors during prescribed burns and wildfires between 2022 
and 2024 in Catalonia (NE Spain). The innovative analytical method using gas-chromatography coupled to Q- 
exactive Orbitrap mass spectrometry (GC-Orbitrap-MS) allows the determination of personal exposure levels of 
toxic particle-phase PAHs in firefighters across a broad concentration range, and reveals task-specific exposure 
levels and profiles, with torchers, who ignite the prescribed burns, facing the highest concentrations (mean BC: 
69 μg/m3, mean sum of PAHs: 394 ng/m3, mean benzo[a]pyrene (BaP): 56 ng/m3) during shifts, followed by 
liners, who manage the fire lines, and truck drivers exhibited the lowest exposure concentrations due to their 
roles being farther from the hotspot (mean BC < 4 μg/m3). A strong correlation between BC and individual PAHs 
highlights BC’s potential as a proxy for PAH exposure. Although exposure times to elevated smoke particles were 
normally under 4 h during a shift, risk assessment estimations show that torchers’ excess lifetime cancer risk 
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(ELCR) safety thresholds. Findings emphasize the need for improved respiratory protection, task-specific safety 
protocols, and safer ignition methods to reduce health risks. This study highlights potential risks associated with 
prescribed burns and wildfires, providing critical data to inform firefighter safety in wildfire-prone regions.

1. Introduction

As a result of incomplete combustion processes, the smoke emissions 
from wildland fires consist of a complex mixture of vapours and aerosols 
containing hazardous pollutants such as aldehydes, carbon monoxide, 
metals, and polycyclic aromatic hydrocarbons (PAHs) (Naeher et al., 
2007; Adetona et al., 2011; Adetona et al., 2013; Navarro et al., 2017). 
While exposure to woodsmoke typically occurs during wildfires, it may 
also be prevalent during prescribed burns (Navarro et al., 2017; Gili 
et al., 2025), which are keyforest management strategies to reduce fuel 
loads and mitigate the risk of high-intensity wildfires, especially in 
fire-prone ecosystems such as Mediterranean regions (Fernandes, 2013; 
Duane et al., 2019; Morgan et al., 2020).

PAHs, emitted during incomplete combustion of organic material, 
are of particular concern due to their toxic, mutagenic, and carcinogenic 
properties (Howsam and Jones, 1998). The International Agency for 
Research on Cancer (IARC) classifies occupational exposure as a fire
fighter, including exposure during firefighting activities, as carcinogenic 
to humans (Group 1) (Demers et al., 2022; IARC, 2023) and lists benzo 
[a]pyrene (BaP) as a human carcinogen, benz[a]anthracene and dibenz 
[a,h]anthracene as probable human carcinogens and benzo[b]fluo
ranthene, benzo[j]fluoranthene, benzo[k]fluoranthene, chrysene, and 
naphthalene as possible human carcinogens (IARC, 2002, 2010; 2012). 
The health risks of PAHs are largely due to their metabolic activation in 
the human body, where they can form DNA-reactive intermediates 
which contribute to mutagenesis and carcinogenesis (Kim et al., 2013). 
In the atmosphere, these compounds partition between vapor and par
ticle phases and are closely associated with black carbon (BC) particles 
formed during incomplete combustion (Gustafsson et al., 2001; Loh
mann and Lammel, 2004; Shrestha et al., 2010; Bond et al., 2013; 
Navarro et al., 2017). Importantly, most carcinogenic PAHs are 
particle-phase compounds (Lohmann and Lammel, 2004) which high
lights the need for their accurate determination in atmospheric partic
ulate matter for proper health and environmental risk-assessment.

Generally, inhalation is the major exposure pathway for these air 
pollutants to humans, with deposition in the lungs influenced by particle 
size, respiration rate, and pollutant properties (Jansen et al., 2005; 
Adetona et al., 2016; Hwang et al., 2021; Teixeira et al., 2024). The 
deposition efficiency in the deepest parts of the lung is highest for par
ticle around 0.02 and 2 μm diameters (Varghese and Gangamma, 2006). 
The lung deposition of these small particles is therefore of concern for 
human exposure to PAHs, since the aforementioned toxic particle-phase 
PAHs are almost exclusively in the particle size fraction smaller than 2.5 
μm (Zhang et al., 2020). Even at low ambient air concentrations, PAHs 
pose significant health risks based on epidemiological studies (Jansen 
et al., 2005; Adetona et al., 2016; Demers et al., 2022).

While BC can be monitored in near-real time using portable optical 
devices such as the Aethalometer (Gili et al., 2025), PAH quantification 
traditionally requires longer sampling and off-line laboratory analysis, 
making the determination of ambient air exposure concentration chal
lenging, especially in a fast changing and dynamic settings during 
wildland fire control. Nevertheless, accurate quantification of PAH 
exposure during firefighting activities is essential for developing pro
tective measures and decision support systems for firefighters.

The present study introduces a novel integrated approach by utiliz
ing the PM2.5 filter strip of the portable Aethalometer (AE51; AethLabs, 
San Francisco, USA) not only for real-time BC monitoring, but also for 
the retrospective quantification of individual PAHs (van Drooge et al., 
2023). For BC monitoring, the AE51 determines the attenuation of the 
source light as the accumulated BC increases the optical density of the 

filter spot. In this study, the filter spot is removed after sampling and 
used for PAH analysis. Compared to previous methods involving sepa
rate personal sampling devices and solvent extraction (Navarro et al., 
2017; Cherry et al., 2020), the current method achieves a lower limit of 
quantification (LOQ), allowing detection of particle-phase PAHs across a 
wider concentration range, including at low ambient concentrations 
(<0.5 ng/m3), which was not well resolved in those former studies. 
However, it should be noted that this approach is limited to 
particle-bound PAHs and does not account for PAHs in the gas phase.

The present study aims to assess firefighter exposure to particle- 
phase PAHs and BC during wildfires and prescribed burns, with a 
focus on the relationship between both pollutants and associated health 
risks. This dual-use approach allows a comprehensive, task-specific 
exposure monitoring in fire-prone Mediterranean ecosystems where 
prescribed burns are frequently applied. The results provide actionable 
insights to inform improved protective strategies and policies for fire
fighters exposed to smoke.

2. Methodology

2.1. Study locations and subject recruitment

Exposure monitoring to BC and PAHs was conducted between 2022 
and 2024 across 9 prescribed burns in Catalonia (NE Spain) at 6 different 
locations (Fig. S1 and Table S1 in Supplementary Material). Burn sur
faces ranged from 0.5 to 6 ha. At each site, personal exposure of 4–8 
firefighters was monitored per burn, totaling N = 32. These locations 
represented a variety of Mediterranean type ecosystems, with a mix of 
vegetation covers, including shrub, bushes, young trees, and grass 
(GeoVeg, 2024). In most of the sites, pine forest is the dominant vege
tation type, such as in Puig-reig, Can Feliu, Gandesa, where the land
scape is characterized by mixed pine forests of Aleppo pine (Pinus 
halepensis) and black pine (Pinus nigra subsp. salzmannii) as the primary 
habitat, with additional Kermes oak (Quercus coccifera) shrublands. In 
Salàs, Scots pine (Pinus sylvestris) forests are also present. In contrast, 
pine trees are absent in Torroella de Montgrí and Banyuls, where the 
vegetation is dominated by Kermes oak (Quercus coccifera) shrublands in 
dry, often rocky lowlands or submontane areas, with thermophilic 
plants dominated by Erica scoparia. This environmental diversity made 
the dataset representative of Mediterranean ecosystems and burn 
scenarios.

All prescribed burns were conducted in winter under anticyclonic 
weather conditions, with temperatures <15 ◦C, relative humidity <30 
%, and winds <5 km/h (Bombers, 2019). These standardized meteoro
logical conditions ensured consistency across sites and are typical of 
operational prescribed burns in the region.

Firefighters were equipped with portable AE51 Aethalometers at the 
start of each shift. The monitors were carried in pockets with the sam
pling inlet positioned as close to the breathing zone, without interfering 
with task performance. After the shift, a post-shift questionnaire was 
administered to the participating firefighters to collect data on burn 
characteristics and personal tasks. These tasks included lighting, holding 
(also referred to as fire perimeter controlling) and truck driving. Light
ing involved the fire ignition process with a dripping torch fueled by a 
mix of gasoline and diesel (referred to as “torchers”). Holding involved 
the management of fire within perimeter line and use of manual tools to 
prevent fire spread (referred to in this study as “liners”). And truck 
driving involved operating firefighting vehicles, transporting equip
ment, and personnel through fire-prone areas (referred to in this study as 
“truckers”).
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Additionally, exposure monitoring was carried out during wildfires 
in the region in 2022 and 2023. Due to the unpredictability of fire
fighting operations during wildfires, however, only three personal 
exposure samples (N = 3) were obtained, and no self-reporting of tasks 
were conducted. As a result, information on the specific tasks performed 
by firefighters during wildfires was unavailable. Only the general loca
tion and the fact that the firefighter was equipped with a sensor were 
recorded, resulting in higher uncertainty for interpretation.

Exposure times varied depending on fire conditions and the work 
shift of the firefighter, ranging from 2 to 18 h, with a mean exposure 
time of approximately 4 h during prescribed burns. This average was 
used in the study to represent typical duration of active firefighting tasks 
for risk assessment purposes.

2.2. BC data acquisition and PAH analysis

The objective at each site was to assess personal exposure concen
trations of firefighters to BC and PAHs. Real-time BC concentrations 
were monitored using portable pocket-sized Aethalometers AE51 
(AethLabs, San Francisco, USA), which collect PM2.5 that is deposited on 
a T60 Teflon-coated borosilicate fiber filter strip at 100 mL/min and 
quantify BC by measuring the rate of change in absorption of transmitted 
light (880 nm). These filter samples were used for PAHs analysis 
following the methodology described in detail in van Drooge et al. 
(2023). Briefly, the PM2.5 filter sample spot (Ø = 3 mm) was removed 
from the AE51 filter strip by means of a 3.4 mm diameter punch. Punch 
samples were placed in muffled high recovery 1.5 mL conic glass vials 
(Agilent, Santa Clara, USA) and 25 μL of cyclohexane was added con
taining 16 deuterated PAH standards at 50 pg/μL (Mix-9; Dr. Ehren
storfer). After 15 min of extraction in an ultrasonic bath at room 
temperature, the filter was removed and 1 μL of the extract was inject 
into the GC-Orbitrap-MS (Thermo Scientific, Waltham, USA) that was 
equipped with a chromatographic column (HP5 MS; 30 m, 0.25 mm 
internal diameter and 0.25 μm film thickness; Agilent, Santa Clara, 
USA). PAHs were analyzed in full-scan mode and electron ionization 
(70eV). Quantification was done with exact ions of naphthalene, ace
naphthene, acenaphthylene, fluorene, phenanthrene, 1-methyl-phenan
threnes, anthracene, fluoranthene, pyrene, retene, benz[a]anthracene, 
chrysene, benzo[b + j + k]fluoranthene, benzo[e]pyrene, benzo[a] 
pyrene, indeno[1,2,3-c,d]pyrene, benzo[g,h,i]perylene, dibenz[a,h] 
anthracene, and retene at the peak retention times in the chromato
grams with a LOQ of 0.5 pg/μL.

Five AE51 portable units were used in total. Prior to each sampling 
campaign, the AE51 units were tested for performance consistency and 
calibrated at the EU-reference air quality monitoring station in Palau 
Reial (Barcelona, Spain). Calibration procedures followed those outlined 
in Gili et al. (2025), where data from the AE51 monitors were corrected 
using the Aethalometer MA200 (AethLabs, San Francisco, USA), as an 
internal standard to ensure comparability across the BC datasets. 
Correction factors derived from these comparisons were applied to 
address the variations (<5 %) among the AE51 instruments (Gili et al., 
2025).

2.3. Statistical analysis and data treatment

Subsequently to calibration, the BC datasets were post-processed 
with the Optimized Noise-reduction Averaging (ONA) algorithm to 
reduce instrumental noise (Hagler et al., 2011) and the averages of each 
individual record were calculated to allow comparison with corre
sponding PAH concentrations derived from the PM2.5 filter.

All datasets were then assessed for normality using the Shapiro-Wilk 
test. Based on these results, non-parametric statistical tests (Mann- 
Whitney U) were selected for group comparisons, considering a p-value 
<0.01 indicative of statistically significant differences.

The data analysis and plots were performed using Python 3 statistical 
software and the Seaborn/Matplotlib libraries for visualization. In 

addition, due to the nature of the data, boxplots with extended whiskers 
(0–100 percentile) were used to cover the entire range of data.

2.4. Evaluation of daily dose and excess lifetime cancer risk received by 
firefighters

BaP is a well-known human carcinogen. In the present study, it was 
selected as a representative PAH based on its recognized role as a key 
indicator compound in human health and risk assessment. BaP is widely 
used in the literature due to its high carcinogenic potential (Reizer et al., 
2022), and its use as a reliable marker for overall PAH exposure and 
health risk is well supported (Reizer et al., 2022; Teixeira et al., 2024). 
To conduct a risk assessment for lung cancer due to exposure to BaP for 
firefighters, the inhaled BaP dose (δBaP, mg/day) was calculated based 
on mean exposure concentration during specific tasks (active work, 
CBaP− task) and background exposure concentration (resting state, 
CBaP− background), as shown in the following equations (1) and (2)
(Buonanno et al., 2011, 2012b; Pacitto et al., 2018): 

δBaP− task =CBaP− task⋅IR⋅Ttask (1) 

δBaP− background =CBaP− background⋅IR⋅Tbackground (2) 

where IR (m3/h) is the inhalation rate which reflects the volume of air 
inhaled. In this study, an IR of 3.9 m3/h for active work during specific 
tasks, and 0.6 m3/h for resting state exposure was considered. These 
values represent the average human inhalation rates for heavy and light 
activities, respectively, according to the U.S. Environmental Protection 
Agency’s (USEPA) Exposure Factors Handbook, 2011. Ttask is the time 
spent performing specific tasks (in hours, set at 4 h/day in this study), 
based on the mean duration of firefighting activities with elevated 
smoke particles during prescribed burns as reported in Table 1. Tbackground 

is the time spent in background exposure (in hours, set at 20 h/day), 
calculated as the remainder of a 24-h day spent in non-active firefighting 
tasks. A background concentration of 0.1 ng/m3 was used, based on 
values reported by Jaén et al. (2021). The total daily BaP dose (δBaP− total, 
mg/day) is calculated as the sum of both contributions: 

δBaP− total = δBaP− task + δBaP− background (3) 

To evaluate firefighters’ excess lifetime cancer risk (ELCR) for a 30- 
year career and assuming 250 workdays/year, the following equation 
(4) was used (Buonanno et al., 2015; Pacitto et al., 2018): 

ELCR30 years =
∑30

y=1
δBaP− total⋅

SFBaP

BW
⋅R (4) 

where: 

- ELCR is the estimated increased probability of an individual devel
oping cancer over a lifetime as a result of exposure to a carcinogenic 
contaminant (dimensionless).

- SFBaP (kg d mg− 1) is the inhalation cancer slope factor used to 
describe the cancer potency of BaP and obtained from the Office of 
Environmental Health Hazard Assessment (2009) (3.9 kg d mg− 1).

- BW is the average body weight of firefighters. The average assumed 
body weight for firefighters was 70 kg (mean within a range of 
60–80 kg).

- R refers to the ratio of worked days per year, used in this study as the 
firefighting-time, calculated as 70/365 in accordance with Decree 
October 2021 of 16 February, which regulates the working hours of 
the fire brigade of the Government of Catalonia.

It must be pointed out that ELCR represents the additional or extra 
risk of developing cancer due to exposure to a toxic substance of an 
individual, and it is expressed as the increased probability of cancer 
occurrence. Therefore, in order to gain a more accurate estimate, it is 
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necessary to consider the variability of exposure regarding different 
variables such as an individual’s weight, inhalation rate, career dura
tion, and the number of workdays per year by performing a sensitive 
analysis. This allows exploration of the impact of variations in key pa
rameters on the ELCR results.

3. Results and discussion

3.1. BC and PAH exposure concentrations during wildfires and prescribed 
burns

Over a 3-year study period, 32 individual AE51 Aethalometer PM2.5 
filter samples from firefighters were collected, covering prescribed 
burns during January, February and March, as well as three wildfires. 

The dataset was organized according to tasks performed during pre
scribed burns (e.g., torcher, liner, truck driver) and wildfires. Each role 
was sampled N times across different individuals (N torchers = 19; N 
liners = 10; N truckers = 3), providing group-level replication. Summary 
statistics (max, mean, median, standard deviation (SD)) for each group 
are presented in Table 1. Non-normal distributions were confirmed by 
the Shapiro-Wilk test (p < 0.05). Due to this, both median and mean 
with SD were included in Table 1. While medians provide a robust 
measure of central tendency, means and SDs were emphasized in 
reporting to better represent typical exposure concentrations relevant to 
occupational health assessments.

For further analysis, PAHs with four or more aromatic rings (fluo
ranthene to benzo[ghi]perylene, as well as retene) were selected, since 
these less volatile PAHs were consistently detected above the LOQ in all 

Table 1 
Summary statistics (max, median, mean, SD) in prescribed burns and wildfires by tasks. N: Number of datasets collected. SD: Standard Deviation.

Prescribed burns Wildfires

Torcher (N = 19) Liner (N = 10) Truck driver (N = 3) (N = 3)

Max Median Mean SD Max Median Mean SD Max Median Mean SD Max Median Mean SD

Exposure time (h)
8 4 4 2 5 4 4 1 7 5 4 2 19 9 11 6

Fluoranthene
121.6 2.5 10.1 27.3 13.0 1.3 3.8 4.5 0.7 0.3 0.4 0.3 6.4 0.7 2.6 3.3

Pyrene
215.0 6.1 23.0 48.8 31.3 4.3 10.3 11.0 1.4 0.6 0.7 0.6 22.7 3.8 9.1 11.8

Retene
86.1 7.2 20.2 27.1 125.2 5.5 22.5 39.3 3.4 1.2 1.6 1.6 98.7 8.0 35.9 54.6

Benz[a]anthracene
119.2 21.2 32.8 32.4 19.9 4.8 8.0 6.9 1.3 0.6 0.8 0.4 25.7 0.7 9.0 14.5

Chrysene + Triphenylene
161.7 28.8 43.9 42.6 33.0 7.1 13.1 12.1 2.1 0.7 1.1 0.8 33.5 1.5 12.0 18.6

Benzo[b + j + k] 
fluoranthene 234.1 72.6 92.2 68.8 37.6 19.1 19.9 10.7 5.4 1.8 3.0 2.1 68.3 13.7 28.7 34.6

Benzo[e]pyrene
91.2 32.7 37.9 26.7 18.2 10.3 10.3 5.5 4.6 1.1 2.2 2.1 29.2 6.4 12.8 14.3

Benzo[a]pyrene
146.5 43.3 56.4 44.3 22.2 12.0 11.8 6.6 3.7 1.1 1.8 1.7 42.4 11.3 18.6 21.1

Indeno[123-cd]pyrene
91.6 32.4 37.4 27.0 13.8 8.0 7.1 4.4 1.9 1.3 1.1 0.9 22.6 2.3 8.9 11.9

Dibenzo[ah]anthracene
8.1 2.8 3.3 2.7 1.5 0.3 0.5 0.5 2.5 0.1 0.9 1.4 5.1 2.1 2.5 2.4

Benzo[ghi]perylene
93.8 33.3 36.6 27.6 13.9 8.6 7.7 4.7 2.4 1.3 1.3 1.1 43.1 3.8 16.2 23.3

∑
PAH

1290 264 394 327 304 97 115 84 26 11 15 10 398 51 156 209
BC (μg/m3)

136 70 69 34 44 24 24 12 4 3 3 1 19 10 10 12

Fig. 1. Boxplots of the sum of PAHs and mean black carbon exposure concentrations during prescribed burns for different tasks and wildfires (WF). Boxplots show 
the interquartile range, with the line indicating the median and the cross ( × ) indicating the mean. Whiskers extend to the minimum and maximum values. Exposure 
time (h), dataset sizes (N), median and mean values are available in Table 1.
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samples, unlike the more volatile PAHs with two or three aromatic rings. 
The selected PAHs include all carcinogenic PAHs listed by IARC, except 
naphthalene. Concentrations of individual PAHs were highly correlated 
(0.82 < r2 < 1.00), except for fluoranthene and pyrene, which showed 
weaker correlations (0.26 < r2 < 0.60) probably due to gas-to particle- 
phase partitioning. Retene concentrations where not correlated with the 
other PAHs, consistent with its origin as a thermal alteration product of 
resin compounds in pine tree material (Ramdahl, 1983), whereas the 
other PAHs derive from general combustion products.

Results revealed substantial variability in exposure concentrations 
depending on the task performed. Torchers, tasked with fire ignition, 
exhibited the highest exposures due to their proximity to dense smoke 
during the initial combustion stage, where incomplete combustion of 
fossil fuel and biomass leads to higher emissions. Specifically, torchers 
recorded a mean sum of PAH (

∑
PAH) concentration of 394 ng/m3 

(maximum: 1290 ng/m3, SD: 327 ng/m3), BaP concentrations averaged 
56 ng/m3 (maximum: 146 ng/m3, SD: 44 ng/m3) and BC exposure 
averaged 69 μg/m3 (maximum: 136 μg/m3, SD: 34 μg/m3) (Fig. 1). 
These high concentrations indicate that torchers are at the highest risk of 
inhaling harmful particulate matter and related substances.

In comparison, liners—responsible for maintaining fire lines and 
working simultaneously with torchers— experienced elevated but lower 
PAH exposures. Their mean 

∑
PAH concentration was 114 ng/m3 

(maximum: 303 ng/m3, SD: 83 ng/m3), BaP averaged 12 ng/m3 

(maximum: 22 ng/m3, SD: 7 ng/m3) and BC concentrations were 
notably lower, with a mean value of 24 μg/m3 (maximum: 44 μg/m3, SD: 
12 μg/m3).

Truck drivers exhibited the lowest exposure reflecting their greater 
distance from active fire. Their mean 

∑
PAH concentration was 19 ng/ 

m3 (maximum: 26 ng/m3), BaP averaged 2 ng/m3 and BC concentrations 
were below 4 μg/m3. These findings underscore the task-specific nature 
of exposure risks during prescribed burns. Torchers, being in close 
proximity to the ignition site and smoke sources, face significantly 
higher exposure to harmful substances, emphasizing the importance of 
adequate respiratory protection. In contrast, roles performed at a dis
tance from the active fire, such as truck drivers, experience markedly 
lower exposure levels, highlighting the importance for tailored protec
tive strategies.

During wildfires, exposure to BC and PAHs (Fig. 1) was lower than 
that observed for torchers in prescribed burns, though higher than 
concentrations recorded for roles such as truckers. Specifically, BC 
concentrations during wildfires demonstrated variability but remained 
within a similar range to those seen for line operators in prescribed 
burns, suggesting comparable exposures under certain conditions. 
However, the limited number of wildfire samples (N = 3) and their lack 
of information about tasks underscore the need for caution in inter
preting these results and emphasize the challenges in collecting 
consistent data under uncontrolled wildfire conditions.

Former exposure assessments studies reported higher firefighter ex
posures to PAH, CO and PM2.5 during wildfires compared to prescribed 
burns (Reinhardt and Ottmar, 2000; Reinhardt et al., 2000; Booze et al., 
2004; Navarro et al., 2017). In the present study, prescribed burns often 
place firefighters closer to smoldering fires, increasing exposure to more 
smoke despite the lower intensity of these controlled burns. In contrast, 
wildfires typically involve larger areas and emit higher amounts of 
PAHs. Additionally, in these previous studies, the low concentrations of 
toxic particle-phase PAHs were particularly challenging for detection 
due to high LOQs and their overall lower concentrations compared to 
gas-phase PAHs (Navarro et al., 2017). Nevertheless, even within those 
limitations, torchers and liners in wildfire settings showed higher ex
posures than those performing other tasks, such as mopping-up, aligning 
with the BC concentrations observed in Gili et al. (2025). The elevated 
PAH concentrations observed among torchers in the present study 
further reinforce these findings.

PAH and BC concentrations were positively correlated across sam
ples. For instance, the log-log linear regression between BaP (ng/m3) 

and BC (μg/m3) concentrations was expressed as ln(BaP) = 1.14 × ln 
(BC) - 1.07 (r2 = 0.86); Fig. 2) over a wide concentration range, covering 
three orders of magnitude for both BC (from ~1 to ~100 μg/m3) and 
BaP (from ~1 to ~100 ng/m3). This wide range highlights the robust
ness of BC as a potential proxy for estimating particle-phase PAH 
exposure across diverse scenarios, with a low root mean square error 
(RMSE = 0.52 μg/m3). While Navarro et al. (2017) suggest the possi
bility of estimating atmospheric gas-phase PAH exposure from CO 
monitoring data, the present study introduces an alternative approach to 
direct PAH measurements. This approach holds potential for simplifying 
exposure assessments in occupational and environmental settings where 
direct PAH measurements may be logistically challenging or 
resource-intensive.

As a role of thumb, the proportion of PAHs to BC in the case of 
wildland fires is 10 ng of 

∑
PAHs (or 1 ng/m3 BaP) for 1 μg/m3 BC. 

However, variability in this ratio suggests BaP-to-BC ratios could be 
influenced by the emission source type or combustion conditions. Fig. 2
(and Supplementary Fig. S2 and S3) shows that liners displayed a 
consistent PAH-BC relationship across all samples, whereas torchers 
showed greater variability that may be attributed to varied exposure 
mixture of combustion sources. Gili et al. (2025) estimated that 77 % of 
BC exposure among torchers originated from the incomplete combustion 
of fossil fuel used in ignition torches.

3.2. Relative composition of PAHs

While torchers were exposed to a higher absolute concentration of 
PAHs, the relative composition of PAHs, calculated as the ratio of each 
PAH to the total 

∑
PAHs, showed similar patterns between torchers and 

liners (Fig. 3), indicating that both groups were exposed to emissions 
from comparable combustion sources, despite differences in overall 
exposure concentrations. This was also supported by strong correlations 
between individual PAH concentrations. One outstanding compound 
was retene. Liners showed higher retene concentrations, suggesting they 
were exposed to higher levels of biomass burning sources involving pine 
material in zones where the fire had spread and was still burning. In 
contrast, torchers operated closer to the ignition source, which may 
involve different vegetation types and fossil fuel combustion products, 
resulting in a lower relative contribution of retene in their exposure 

Fig. 2. Correlation between BaP and BC concentrations for different tasks.
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Fig. 3. Boxplots of mean relative composition of PAHs during prescribed burns for liners and torchers, calculated as the ratio of each PAH to the total sum of PAHs; 
values are dimensionless. Boxplots show the interquartile range, with the line indicating the median and the cross ( × ) indicating the mean. Whiskers extend to the 
minimum and maximum values.

Fig. 4. Mean relative composition of PAHs for liners and torchers across different sites of prescribed burns, calculated as the ratio of each PAH to the total sum of 
PAHs; values are dimensionless.
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profiles.
In addition, geographic differences in fuel types also influenced PAH 

composition (GeoVeg, 2024; USEPA, 2020). Prescribed burns conducted 
in areas without pine vegetation (Banyuls and Montgrí) showed the 
lowest retene contributions in both liners and torchers, compared to 
areas dominated by pine trees (Fig. 4).

Diagnostic PAH ratios have traditionally been used for source indi
cation based on differences in isomers composition, such as those from 
biomass or fossil fuel combustion. However, there is a considerable 
intra-source variation in emissions, and the ratios may change also after 
emission to the atmosphere due to photochemical reactions (Galarneau, 
2008). Therefore, they cannot be used as stand-alone source appor
tionment tools, but may offer insights on the exposure differences be
tween the operational tasks. Table S2 shows three diagnostic ratios for 
particle-bound PAHs, i.e. benz[a]anthracene vs. chrysene + tripheny
lene (BaA/(BaA + Chry + Triph)), benzo[a]pyrene vs. benzo[e]pyrene 
(BaP/(BaP + BeP)), and indeno[1,2,3-c,d]pyrene vs. benzo[g,h,i]per
ylene (IP/(IP + BgP)), compared to values reported in former studies. 
BaA/(BaA + Chry + Triph) ratios in the present study were within the 
range of wood and fossil fuel combustion, and no significant differences 
were observed among the firefighters with different tasks (p > 0.01). 
IP/(IP + BgP) showed more evidence that biomass burning is the major 
source contributor for PAHs, with typical ratios >0.4, consistent with 
wood burning emission studies or outdoor ambient air in Mediterranean 
areas dominated by biomass burning emissions from wildfires or do
mestic heating (Vicente et al., 2012; van Drooge and Grimalt, 2015). In 
contrast, ratios with fossil fuel combustion from emission studies and 
those conducted in traffic-dominated outdoor environments are typi
cally <0.4 (Galarneau, 2008; van Drooge and Grimalt, 2015), although 
wider ranges are also reported (0.31–0.73; Oliveira et al., 2011). This 
suggests that a change in potential source emissions do not necessarily 
result in different ratios. In fact, in the present study, no significant 
differences were observed in the IP/(IP + BgP) ratios among the 
different occupational tasks, such as torchers, who were predominantly 
exposed to BC from fossil fuel combustion (77 % compared to 39 % in 
liners (Gili et al., 2025)). The BaP/(BaP + BeP) ratios were >0.5, indi
cating exposure to fresh combustion particles, due to the higher levels of 
photo-chemically unstable benzo[a]pyrene compared to more stable 
benzo[e]pyrene (Galarneau, 2008; Oliveira et al., 2011). Moreover, 
higher exposure concentrations resulted in higher BaP/(BaP + BeP) 
ratios, as can be seen in linear regression curve (r2 = 0.65; p < 0.01) 
between this ratio and log-transformed benzo[a]pyrene concentrations 
(Fig. S4). In this sense, torchers, who were exposed to overall higher 
PAH concentrations, showed significantly higher BaP/(BaP + BeP) ra
tios compared to liners (p < 0.01). The ratios (and PAH exposure) were 
also higher in torchers compared to truckers and wildfire smoke, but this 
difference was not statistically significant due to the limited number of 
samples in these latter task groups. This relationship between concen
tration and ratio was observed in both liners and torchers, so based on 
the particle-phase PAH composition of the samples no clear distinction 
can be made to an enhanced PAH exposure due to fossil fuel combustion 
and biomass burning, other than higher abundance of retene from the 
combustion pine wood material in the case of liners, and an overall 
higher exposure to fresh smoke particles in the case of torchers.

3.3. Daily dose and ELCR for firefighters exposed to PAHs in wildland 
fires

Based on the measured BaP concentrations in this study and a hy
pothetically task shift exposure duration of 4 h and 20 h’ exposure time 
to background concentrations on a daily base, the total dose for torchers 
of 8.9 × 10− 4 mg/day was about 5 times higher than for liners (Table 2). 
This difference reflects the elevated exposure associated with fire igni
tion tasks in prescribed burns. The resulting ELCR for liners was 6.1 ×
10− 5, corresponding to an individual risk of approximately 1 in 16500. 
The cancer risk to BaP exposure for torchers was higher than for liners, Ta
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with an ELCR value of 2.8 × 10− 4. This exceeds the upper limit of the 
cancer risk range (10− 6 to 10− 4) recommended by the U.S. Environ
mental Protection Agency (USEPA, 1990), corresponding to an indi
vidual cancer risk of approximately 1 in 3500 (Table 2). This finding is 
consistent with broader evidence on PAH-related health risks. BaP, 
classified as a Group 1 carcinogen by IARC, has been associated with 
elevated cancer risks in firefighters (Demers et al., 2022). The results 
support this classification and underscore the heightened risk faced by 
those performing ignition-related tasks. The ELCR for liners falls near 
the middle of the risk range, exceeding the low-risk threshold. Notably, 
the ELCR for torchers is nearly 3 times higher than the recommended 
upper limit. These findings underscore the need for targeted mitigation 
strategies, particularly for ignition tasks, including personal protective 
equipment, substitution of less hazardous materials, and task rotation.

Since parameters such as body weight and inhalation rate can vary 
widely among individuals, leading to differences in risk, a sensitive 
analysis was conducted to identify which factors have the greatest in
fluence on ELCR and where interventions may be most effective (Fig. 5). 
By quantifying the range of risks, sensitive analysis provides critical 
insights for developing targeted health policies to protect vulnerable 
groups, such as those in high-exposure roles.

The analysis examined how ELCR varies with body weight, inhala
tion rate, career duration, and firefighting days per year. For each 
parameter assessed, the remaining variables were held constant at the 
following values: body weight = 70 kg, inhalation rate = 3.9 m3/h 
(active); 0.6 m3/h (at rest), career years = 30 years, and firefighting days 
per year = 70/365. As shown in Fig. 5a, ELCR decreases with increasing 
body weight. However, torchers consistently exhibit ELCR values 
exceeding 1 cancer case per 10000 individuals across the entire weight 
range analyzed (50–90 kg), while liners remained below the threshold.

In Fig. 5b, as the inhalation rates increase, torchers consistently 
surpass the ELCR upper limit threshold in all inhalation rates analyzed 
(0.5–5.0 m3/h), indicating an elevated risk for individuals. Liners 
remained below the threshold but showed increasing ELCR with higher 
breathing rates, suggesting that elevated physical effort may pose added 

risk even in lower-exposure roles.
Fig. 5c shows that ELCR rises with longer career durations. Torch

ering for even a decade results in ELCR values surpassing the threshold, 
and risk increases markedly with each additional year of exposure. 
Liners showed a slower ELCR increase and remained under the threshold 
even after 40 years.

Fig. 5d, showed that ELCR raised with the number of workdays per 
year. Torchers exceeded the threshold even at lower annual work du
rations (e.g., 60 days/year), and risk increases substantially with more 
frequent work. Liners again stayed below the threshold but trend toward 
higher risk as exposure frequency increases.

Overall, the results reveal that torchers faced elevated cancer risks 
under all parameter combinations studies. In contrast, liners consis
tently remain below the ELCR value corresponding to 1 cancer case per 
10000 individuals, although they exceed the lower limit threshold.

The risk assessment in the present study is based on BaP concen
trations, and merely serves as a first and simple approach to assess risks. 
However, it is well known that the chemical composition of fire smoke 
includes many other toxic compounds, such as dioxins, furans, volatile 
organic compounds (VOCs) like benzene and formaldehyde, and PAH 
derivatives, each with their own harmful effects on human health and 
the environment. Including these substances would likely result in a 
higher estimated exposure risk.

In order to protect the firefighters to excessive fire smoke exposure, 
protective masks, such as N95 masks, should be used during tasks with 
elevated risk to direct and prolonged smoke exposure, such as in the case 
of torchers or liners. Evidence shows that masks effectively reduce 
exposure to airborne contaminants, as they serve both as personal pro
tective equipment and as an engineering control against harmful parti
cles, such as those found in smoke or pathogens like SARS-CoV-2 (Le 
et al., 2024; Mullins-Jaime et al., 2024). Studies involving Aircraft 
Rescue and Firefighting (ARFF) personnel, who often work in high-risk 
environments, have shown that the use of masks is an effective safety 
behavior, scoring an average compliance rate of 4.20 out of 5 on a safety 
scale (Le et al., 2024). Moreover, leadership and perceived risks play a 

Fig. 5. Sensitivity analysis of ELCR versus weight (a), inhalation rate (b) and career years (c) and worked days/year (d). Shading indicates the hazard ELCR values 
exceeding the upper limit threshold (>10− 4). For each variable, the others are fixed at: body weight = 70 kg, inhalation rate = 3.9 m3/h (active); 0.6 m3/h (at rest), 
career years = 30 years, worked days per year = 70/365.
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critical role in promoting compliance with safety measures. For 
instance, higher perceived severity of hazards has been shown to reduce 
the likelihood of adverse outcomes significantly. Additionally, safety 
leadership has a direct and positive influence on safety compliance be
haviors, ensuring the consistent use of personal protective equipment 
like masks during tasks with high exposure to airborne hazards. These 
findings highlight the importance of combining protective measures 
with task management strategies to safeguard firefighters’ health (e.g., 
provide first responders with accurate information, emotional support, 
and resources to shape risk perceptions and encourage the adoption of 
prevention behaviors). These tasks could be paired with lower-exposure 
activities during a shift to minimize the daily dose of contaminants.

3.4. Limitations of the study

While the present study provides valuable insights into firefighter 
exposure to BC and PAHs under real-world burn conditions, some lim
itations must be acknowledged. First, the sample size limits the statis
tical power of some analyses, although it supports the identification of 
descriptive statistics and exposure patterns. Second, the study focused 
exclusively on inhalation exposure, whereas dermal absorption may also 
contribute significantly to overall exposure and should be considered in 
future studies. Third, the analytical method targets only particle-phase 
PAHs collected on the AE51 filter spot and does not account for gas- 
phase PAHs, which may also represent a relevant exposure pathway. 
Finally, the risk assessment presented here is based solely on BaP con
centrations and should be viewed as a preliminary estimation.

4. Conclusions

The study provides insights into black carbon and PAH exposure 
concentrations during wildfires and prescribed burns, with a focus on 
task-specific risks. The results highlight substantial variability in expo
sure based on tasks. Torchers experienced the highest exposure con
centrations due to close proximity to smoke during initial combustion 
stages, with mean BC concentrations of 69 μg/m3, mean PAH concen
trations of 391 ng/m3, and BaP concentrations of 56 ng/m3. Liners faced 
lower exposure concentrations than torchers but still elevated relative to 
more distant roles.

In prescribed burns, despite controlled conditions, there can be high 
exposure risks for specific tasks, particularly for torchers, due to closer 
and prolonged proximity to the fire. Wildfire exposure levels, while 
more variable, can reach comparable levels to those in prescribed burns 
for certain tasks, such as those performed by line operators, thereby 
reinforcing the representativeness of prescribed burns for exposure 
studies.

Health risk assessments revealed that torchers have ELCR values 
exceeding safe thresholds by 1–4 times. Liners fell below hazardous 
thresholds, although still within the overall risk range. These findings 
underscore the need for task-specific mitigation measures, such as 
improved respiratory protection, substitution of less hazardous ignition 
materials, and task rotation to reduce exposure.

Furthermore, a strong correlation between BC and PAHs concen
trations suggests that BC could serve as a practical proxy for estimating 
PAH exposure in occupational settings, simplifying monitoring and 
enabling quicker assessments of exposure risks. Nevertheless, variability 
in BaP-to-BC ratios highlights the need for ongoing research into smoke 
composition and associated health risks to better characterize and 
address occupational hazards in wildland fire scenarios, as well as those 
for the general population living in areas exposed to smoke-filled 
atmospheres.
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