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Abstract: Wildland firefighting is physically and mentally demanding. The aerobic capacity of fire-

fighters is important due to the demands of the activity and the associated occupational risks. The 

main objectives of this study were to identify and characterise the physically demanding tasks un-

dertaken by volunteer firefighters during wildland fires (real work conditions). A total of 125 fire-

fighters replied to a survey about sociodemographic, biometric data, and work fitness assessment. 

A group of 23 was evaluated in a physical stress test using a VO2peak protocol to determine maximum 

oxygen consumption and ventilatory thresholds. The physical demands and physiological re-

sponses were collected during the operations at the firefront (n = 21). The results revealed that 

wildland firefighting entails physical demands that exceed established reference values, with max-

imum oxygen uptake exceeding 40%. The cardiovascular strain is particularly notable in tasks per-

formed near the firefront, reflecting fatigue. The physical and cardiac demands associated with for-

est fire fighting have been demonstrated to contribute to occupational illnesses with prolonged ex-

posure. This study underscores the imperative for interventions to enhance the identification and 

real-time monitoring of physiological parameters to enhance firefighters' overall health and well-

being. 
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1. Introduction 

Wildland firefighting is distinguished by its high physical and mental demands. The 

context of a forest fire imposes significant demands on those working in its vicinity. Like 

other work environments, firefighters are exposed to safety and health risks that could 

lead to death, accidents, or severe illness, so assessing and analysing occupational expo-

sure is fundamental [1–3]. The European Union reached the highest number of profes-

sional firefighters in 2022, with approximately 360,000 [4]. Portugal is one of the few coun-

tries where volunteer firefighters are observed, representing about 94% of the total fire-

fighter population in 2019 [4]. However, these individuals may be more susceptible to 

inherent risks as they engage in other occupational activities outside their volunteer ser-

vice [5]. The management of wildland fires has presented the highest incidence of fatal 

accidents among firefighters, with a recorded 170 firefighter fatalities occurring between 

2007 and 2016 [6–10]. In September 2023, a total of 59 firefighter deaths were reported in 

the United States, with volunteer firefighters accounting for 42% of these fatalities [11]. 
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Approximately 45% of deaths among firefighters in the performance of their duties are 

caused by cardiovascular diseases, which may be related to exposure to smoke, extreme 

thermal environments, and physically demanding activity [12]. The data provided by the 

Center for Disease Control and Prevention (CDC) between 1994 and 2023 show a total of 

499 deaths of firefighters in wildfires [13]. 

Physical fitness is essential for physical adaptation to work, as it reduces the risk of 

exposure through the physiological adaptation of the individual in response to intense 

exercise. Good physical fitness has already been evidenced to help prevent occupational 

diseases [14–17]. The physical demands of the job and the health-related limits for per-

forming professional tasks are evaluated using heart rate (HR) and VO2peak [18]. Heart rate 

variability (HRV) reflects the activity of the autonomic nervous system, which regulates 

involuntary body functions, including stress response and recovery. High HRV often sig-

nifies a robust autonomic nervous system in good health, reflecting a commendable ability 

to adapt to stressors. Variations in HRV levels may serve as a valuable indicator of esca-

lating fatigue levels within an individual. Monitoring changes in HRV can offer insights 

into the physiological response to stressors and provide important information regarding 

overall well-being and adaptive capacity. Therefore, monitoring HRV can give early signs 

of cardiac issues, allowing for preventive interventions [19–21]. In the context of firefight-

ers, real-time workload analysis has not traditionally incorporated VO2 as a parameter. 

Firefighting exposes firefighters to various risks, including asphyxiating chemical agents. 

This exposure and inadequate personal protective equipment (PPE) make absorbing oxy-

gen for muscle energy production difficult. The combination of these factors, such as ex-

posure to high temperatures and strenuous physical activity, can induce fatigue. The fa-

tigue resulting from these stress factors, among other impacts on biological systems, leads 

to increased blood acidosis due to a high concentration of lactate, a factor known to con-

tribute to cardiovascular diseases. 

Consequently, using VO2 can help identify fatigue states during firefighting opera-

tions. Maximum oxygen consumption (VO2peak) is usually associated with prolonged aer-

obic activities such as running, cycling, and swimming, which require continuous oxygen 

supply to maintain aerobic energy production. On the other hand, strength exercises, such 

as lifting weights, involve short, intense efforts that mainly utilise anaerobic pathways for 

energy production, making VO2peak less relevant as a performance indicator for these ac-

tivities. Specific physiological adaptations can occur when performing strength exercises 

in hot environments, including greater sweat production and a greater thermoregulatory 

capacity to deal with heat stress. It is important to note that these adaptations are distinct 

from changes in VO2peak, predominantly concerning aerobic capacity, and are less influ-

enced by anaerobic or thermoregulatory adaptations [22–24]. 

Several studies have applied different protocols to estimate the aerobic capacity of 

individuals [25–28]. Evaluating VO2peak values within occupational groups has proven to 

be a crucial factor in enhancing professional performance. Furthermore, it can be sug-

gested that individuals with lower VO2peak values are more likely to develop chronic ill-

nesses, particularly heart disease [29]. These assessments should be carefully monitored 

using validated protocols, as recommended by Brian Sharkey (2012) [30]. 

Stress is an influencing factor in the cardiorespiratory capacity of individuals. Some 

authors consider physical activity necessary for improving stress levels and cardiorespir-

atory response, enhancing aerobic capacity [31,32]. Activities of higher intensities increase 

steady-state oxygen consumption, which can account for the entire energy cost of the ex-

ercise. Above this intensity, there will be a sustained contribution from glycolysis, leading 

to the formation and accumulation of lactate in the blood, which indicates fatigue. The 

impacts of lactate concentration directly affect various systems of the human body, as seen 

in the cardiovascular system [33].  

Nevertheless, it is crucial to manage muscular effort in these extreme environments 

by regulating physical and physiological parameters to ensure that individuals do not get 

into situations critical to their safety and health. In these environments, the demand for 
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oxygen consumption is higher, leading individuals to enter anaerobic work quickly, as is 

the case in wildfires, which have a maximum or near-maximum demand [34]. The health 

consequences most directly linked to emissions from wildland fires include increased 

mortality and morbidity from cardiorespiratory causes. It is essential to highlight that the 

released emissions significantly contribute to developing conditions such as asthma and 

chronic obstructive pulmonary disease (COPD) [35]. This article investigates exposure 

risks within the work environment, where these risks impact the physical strain of the 

firefighters in wildfires and their cardiorespiratory response. This study aims to evaluate 

the physically demanding firefighting tasks performed by volunteer firefighters during 

wildland fires, considering their laboratory-estimated aerobic capacity. 

2. Materials and Methods 

2.1. Study Design and Participants 

This study was divided into two phases. In the first phase of the study, a sociodem-

ographic questionnaire was applied to characterise a sample of volunteer firefighters and 

to survey the risk perception of this sample concerning the different tasks of firefighters. 

Responses to the sociodemographic questionnaire were collected using the Survey-

Monkey platform. In addition, volunteer firefighters were recruited to monitor biometric 

data using a bioimpedance scale (INBody 270, Los Angeles, CA, USA). The study’s first 

phase consisted of a laboratory data trial to assess Portuguese volunteer firefighters’ aer-

obic capacity during an incremental exercise test. The data collection campaign for aerobic 

capacity took place from 22 May 22 to 31 July 2022. Laboratory assessments were con-

ducted at the Laboratory for Occupational and Environmental Risk Prevention (PROA) in 

the Faculty of Engineering of the University of Porto, Portugal. The space’s average tem-

perature and humidity conditions were maintained, considering weather conditions 

through natural and controlled ventilation, in a climate chamber (FITOCLIMA 25000 

EC20; Aralab, Rio de Mouro, Portugal), with a temperature of 24 ± 0.2°C and a relative 

humidity of 50 ± 5%. Medical appointments were conducted in person at PROA and at the 

facilities of the fire departments that agreed to perform the tests. There were no age or 

gender restrictions for the exercise tests. The clinical history and state of health were col-

lected with the support of a licensed physician, who determined exclusivity criteria and 

whether the volunteer met the safety criteria for performing physical exertion tests in safe 

conditions, which included the absence of cardiorespiratory diseases, metabolic disease, 

or other diseases considered limiting for the performance of the maximum exertion test. 

Blood pressure and heart rate were measured after a 5-minute rest while seated using a 

digital sphygmomanometer (Omron, Model M10-IT, Kyoto, Japan). For safety reasons, a 

physician has supervised all the tests with the medical equipment necessary to carry out 

the tests in safe conditions. 

The second phase involved monitoring the population’s response to real-life working 

conditions. The campaign to collect occupational exposure data before the fire occurred 

from 15 May to 30 October 2023. Record sheets and completion instructions were provided 

to the volunteers monitored at the firefront. Monitoring was planned according to the ser-

vice schedules offered by the fire stations. All equipment was provided to participants at 

the beginning of each shift and collected at the end. In this phase of the study, no gender 

or age restrictions were applied to selecting participants; all required was that the partic-

ipants had been working in forest fire fighting for at least a year. 

The protocol was submitted and approved by the ethics committee of the University 

of Porto (CEUP), with reference number 106/CEUP/2021. The protocol to be applied and 

the data collection procedure were explained verbally and in writing to the volunteers 

who provided written consent to participate in the study. Figure 1 shows the study design 

in schematic form. 
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Figure 1. Study Design. 

2.2. First Phase: Aerobic Capacity 

The incremental physical stress test was performed using a VO2peak protocol on a Gen-

eral Electric treadmill (T2100 treadmill; GE, Boston, MA, U.S.A.). An incremental protocol 

consisting of seven running phases was implemented, beginning with a light walk tailored 

to each participant’s fitness level by a team of fitness instructors, followed by a progressive 

increase of 1 km.h-1 at each subsequent stage. Each stage lasted 4 minutes, interspersed 

with a 30-second break to measure capillary lactate levels [36–38]. For the capillary blood 

collection, the middle finger of each participant’s left hand was disinfected with cotton 

and alcohol, followed by drying with cotton. The first drop of blood was cleaned to pre-

vent contamination, and only the second puncture was used. The same puncture site was 

utilised for blood sampling in all collection phases. The collected capillary blood was an-

alysed using Lactate Pro 2 test strips, which require only 0.3 µL of blood. The capillary 

lactate concentration was then determined with the portable analyser (Lactate Pro 2, 

Arkray Factory, Shiga, Japan). The lactate concentration values were determined at rest, 

during the 30-second break between stages of the test, and at the end of the test. 

Participants could finish the test at any point by requesting to stop or activating the 

treadmill’s emergency button. After completing the test, participants remained at rest un-

til fully recovered, during which their respiratory rate was continuously monitored. Met-

abolic variables were recorded using a portable telemetric gas analyser (Cosmed K5; Cos-

med, Rome, Italy), which transmitted real-time data to a computer via a Bluetooth mod-

ule. These metabolic variables were monitored across three phases: rest, during exercise, 

and recovery. The criteria for stopping the stress test were maximum HR, internal temper-

ature data (not to exceed 38.5°C), and respiratory exchange rate (RER) data reaching 1.2 as a 

secondary endpoint [39]. To ensure accurate measurements, the portable telemetric gas ana-

lyser was calibrated one hour before the tests using a gas cylinder with a specified gas mixture 

(O2 16%, CO2 5%, N2 Balance), following the manufacturer’s recommendations. 

2.3. Second Phase: Occupational Exposure in Firefront 

Teams of wildland firefighting were monitored, consisting of five members: a driver 

(responsible for transportation and supply), a team leader or Operations Commander 

(COS) (responsible for leading firefighting operations), two nozzles (responsible for fire-

fighting attack), and one rope (responsible for supporting the attack). 

All participants were instructed to fill out a log sheet with information about tasks 

performed, start and end times, and a brief description of activities during incidents. This 

information helped identify tasks performed and corresponding periods, facilitating 

alignment with physiological data. 
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All participants were observed for periods ranging from 12 to 24 hours, taking into 

account the work shifts they were assigned. All 24-hour work shifts were included, with 

monitoring during daytime and nighttime shifts. Equipment was distributed to partici-

pants at the beginning of each shift and collected at the end. Participants were instructed 

to remove the equipment only during personal hygiene situations and rest hours. 

2.3.1. Energy Expenditure and Metabolic Rate 

The unique model recommended by Swartz et al. (2000) [40] was applied for moni-

toring activity cycles through accelerometry and monitoring motion data at the waist and 

wrist. These data enable the calculation of the metabolic rates and energy expenditure 

through actigraphy (ActiGraph, model GT3XPB, Pensacola, U.S.A.), placed at the waist 

and on the dominant side of the individual’s wrist since this side is typically more in-

volved during heavy tasks. The sensors were placed in strategic locations of the body 

based on the task's characteristics and the firefighters' personal protective equipment 

(PPE). The wrist and hip detect different types of movement. The wrist sensor is more 

sensitive to upper-body movements and finer motor activities, while the hip sensor cap-

tures lower-body and whole-body movements more effectively. Combining data from 

both can give a more comprehensive picture of overall activity levels. Considering the 

placement of the sensors, the validated equation applied and suggested by Swartz [40] for 

the combination of wrist and hip has an error variation of 2.6%. The error variation of the 

metabolic rate is less than 5% at the wrist and 31.7% at the hip [40,41]. 

2.3.2. Heart Rate Variability 

Additionally, each participant used a heart rate monitor (Polar, Models: H9 and H10, 

Kempele, Finland) positioned externally near the xiphoid process. All equipment was pro-

grammed and synchronised to ensure continuous monitoring during work shifts using 

ActiLife software version V6.13.4. 

2.4. Data Processing 

Aerobic capacity was assessed using descriptive statistics (mean ± standard devia-

tion) to analyse the VO2peak values obtained during the final stage of the stress test [39]. 

These values were then compared against the reference standards established by the 

American Heart Association (AHA) [42]. HRV was analysed based on the anticipated 

changes according to occupational stress [43]. All HRV results were treated with descrip-

tive statistics and differential analyses to compare results for a 0.05 significance level using 

the Spearman correlation test. The Kruskal–Wallis test was applied for a significance level 

of 0.05 to analyse differences between the results obtained during monitoring at rest and 

monitoring during wildland firefighting. The correlation coefficient was interpreted ac-

cording to Blair et al. (2008) [44]. According to the authors, values between 0 and 0.25 

indicate a “very weak” correlation, while values between 0.25 and 0.40 suggest a “weak” 

correlation. A “moderate” correlation is observed between 0.40 and 0.60, and values be-

tween 0.60 and 0.75 indicate a “moderate to strong” relationship. Correlations between 

0.75 and 0.90 are considered “strong”, whereas values between 0.90 and 1 represent a 

“very strong” correlation. The coefficient varies between 1 and −1, indicating positive or 

negative relationships between the variables. 

The collected capillary lactate data were used to identify the aerobic threshold, which 

is marked as the transition point from aerobic to anaerobic phases (LTP1) and ventilatory 

threshold (LTP2). LTP1 was determined to be the initial elevation in capillary lactate con-

centration before its subsequent decline and stabilisation, while LTP2 corresponded to the 

second sharp increase in capillary lactate concentration [45,46]. 

Metabolic rates were calculated using the equations proposed by Swartz et al. (2000) 

[40]. The validation of task times and the identification of moderate to vigorous physical 
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activity were determined by the equation proposed by Freedson et al. (1998) [47]. The 

energy expenditure data were converted into VO2peak using the AHA guidelines [42] and 

considering the equation proposed by Jetté et al. [48]. 

The raw data obtained from metabolic consumption and HR monitoring underwent 

processing using a Python programming script, specifically version 3.11.3. The metabolic 

consumption variables considered were energy expenditure and metabolic rates to evalu-

ate the physical demands of the tasks on a minute-by-minute basis using accelerometry 

data [49,50]. All monitoring sessions shorter than 30 min or unrelated to direct firefighting 

tasks were excluded as non-representative. HRV analysis was based on the existing liter-

ature and processed using Python code for numerical analysis, matrix calculations, signal 

processing, and graphical visualisation [51–53]. This allowed for precise, minute-by-mi-

nute individual and collective data analysis based on daily records. Cardiovascular work-

load data were processed with Python HR and HRV analysis tools in time and frequency 

domains. The algorithm processed data from accelerometers, heart rate monitors, and in-

dividual records, generating a .xlsx file with the results. Time and frequency analysis, 

based on R-R intervals, were performed using the pyHRV toolbox (version 0.3, Plux, Lis-

bon, Portugal). Stage 1 involved removing outliers (R-R intervals below 300 ms or above 

2000 ms) and ectopic heartbeats using the Malik method [20]. Missing heart rate values 

were interpolated. In Stage 2, time and frequency domain variables were calculated. 

3. Results 

3.1. Aerobic Capacity 

In the first phase of this study, 220 firefighters responded to a survey to collect soci-

odemographics, and 125 participants collected biometric and work fitness data. This ques-

tionnaire revealed that the sample had an average age of 35 ± 11 years, 35% represented 

the female sample, and wildfires were identified as the most exposure-intensive activity. 

The biometric assessments resulted in a total sample of 125 participants with an average 

age of 36 ± 11 years, of which 103 were men, and 22 were women. 

A sample of men (n = 23) was considered for the incremental stress test, with average 

ages of 32 ± 10 years and a body mass index of 25 ± 4 kg.m−2, considered a representative 

sample based on the sociodemographic and biometric data collected. Concerning the 

stress test values of the 23 participants, it was concluded that they had high VO2peak values 

according to reference values. These values indicate a commendable respiratory capacity 

relative to exercise intensity. Nevertheless, an examination of the HR results suggests that 

when participants engage in prolonged and vigorous exercise, they might experience ox-

ygen debt and increased physiological strain, as shown in Table 1. 

Table 1. Aerobic capacity according to the sex (n = 23). 

Variable  Result 

VO2peak 56 ± 16 mL·kg−1·min−1  

HRmax 180 ± 25 bpm  

LT1 3 ± 1 mmol·L−1  

LT2 6 ± 3 mmol·L−1  

Considering the average age of participants, i.e., 32 ± 10 years, the AHA reference 

value of oxygen consumption is 42 ± 7 mL·kg−1·min−1. This information allows us to indi-

cate that men have values above the reference values, demonstrating evidence of higher 

aerobic capacity. However, it is important to consider that the population of Portuguese 

volunteer firefighters can vary between 18 and 45 years and with individuals potentially 

older still regarded as fit for duty, even as their aerobic capacity decreases significantly; 

therefore, with increasing age, firefighters experience a decline in their operational per-

formance. Given the limited sample size, which does not permit robust comparisons 
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across different age groups, we analysed reference values for aerobic capacity. Figure 2 

shows the variation in VO2peak by age group. 

 

Figure 2. Average values of VO2peak correspond to the last stage of the incremental tests (n = 23). 

The concentrations of LTP1 and LTP2 correspond to approximately 40% of VO2peak 

for LTP1 and around 60% of VO2peak for LTP2. This suggests that at about 60% of VO2peak, 

capillary lactate values begin to indicate the transition to the anaerobic phase of exercise. 

The anaerobic phase involves the production of muscular energy without sufficient oxy-

gen, leading to increased lactic acid production and muscular fatigue. This transition is 

evident in the results, where the ventilatory threshold point reaches around 40% of 

VO2peak, as depicted in Figure 3. 

 

Figure 3. Variation in physiological data during the stress test (ntotal = 23). 

None of the variables exhibit a normal distribution. Upon analysing the correlations 

among the variables, it was observed that HR and oxygen consumption were the only 

variables that showed a correlation (ρ = 0.42; p-value = 0.05). Table 2 shows the p-values 

from the correlation between the studied variables. 

Table 2. Correlation matrix in variables to VO2peak incremental test (n = 23). 

  Correlation Matrix 

 Mean ± SD Age HR LTP1 LTP2 VO2peak 

  p-Value|ρ p-Value|ρ p-Value|ρ p-Value|ρ p-Value|ρ 

Age (years) 32 ± 10 -----     

HR (bpm) 182 ± 24 0.25|−0.25 -----    

LTP1 (mmol·L−1) 3 ± 1 0.93|0.02 0.19|0.28 -----   

LTP2 (mmol·L−1) 6 ± 3 0.50|−0.14 0.24|0.26 0.14|0.32 -----  

VO2peak (mL·kg−1·min−1) 55 ± 16 0.60|−0.12 0.05|0.42 * 0.24|0.25 0.94|0.02 ----- 

* p-value statistically significant at a confidence level of 0.05. 
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3.2. Occupational Exposure in Firefront 

3.2.1. Energy Expenditure and Metabolic Rate 

Only 21 agreed to undergo real-time monitoring in wildland firefighting, of which 8 

were women and 13 were men, with average ages of 34 ± 10 years. A total of 9842 minutes 

were monitored, with only 5871 minutes used for the present analysis since the remaining 

minutes represented other activities unrelated to fighting wildfires. In the case of wild-

fires, it was observed that men were close to the value recommended by the National In-

stitute for Occupational Safety and Health (NIOSH) for energy expenditure during a 

working day in safe conditions [54], namely 5.2 kcalmin-1 for men, while the recom-

mended value is 3.6 kcal.min-1 for women. The collected data show that women (n = 8) 

exceeded the recommended reference values, and men (n = 13) had average values close 

to the recommended values, as seen in Table 3. 

Table 3. Average Expended Energy (n = 21). 

 Task Task Time (minutes) 
Energy Expenditure 

(kcal·min−1) 

Total  

Nozzle  535.00 ± 893.00 4.78 ± 0.56 

Nozzle-Rope  283.00 ± 244.05 4.03 ± 0.69 

COS  205.00 4.92 ± 0.58 

Rope  141.33 ± 52.32 4.28 ± 0.63 

Women   

Nozzle 213.00 4.40 * 

Nozzle/rope  184.29 ± 95.60 3.97 ± 0.79 * 

Rope  141.33 ± 52.32 4.28± 0.63 * 

Men 

Nozzle  581.00 ± 945.75 4.91 ± 0.64 

Nozzle/rope  513.33 ± 318.47 4.12 ± 0.46 

COS  205.00 4.74 ± 0.57 

* Values above reference values. 

A statistically significant relationship was confirmed between the equivalent of 

VO2peak and energy expenditure (p-value = 0.03 for a significance level of 0.05). This rela-

tionship was not evident in the energy expenditure results (4 ± 0.81 kcal·min−1). However, 

it can be observed in the estimated VO2peak (31 ± 6%), as shown in Table 4. 

Table 4. Kruskal–Wallis test for the relationship between the tasks, energy expenditure, and respec-

tive VO2peak equivalent (n = 21). 

 Energy Expenditure  VO2peak Equivalent to Energy Expenditure 

Kruskal–

Wallis test 
p-value kcal·min −1 

Kruskal–

Wallis test 
p-value 

VO2peak equivalent to 

energy expenditure (%) 

3.997 0.136 4 ± 0.81 7.036 0.030 * 31 ± 6 

* Significance level of 0.05. 

When analysing the data based on tasks, it became clear that tasks performed closer 

to the firefront, such as those involving the nozzle and rope positions, tend to exhibit 

higher energy consumption. This is likely due to exposure to high temperatures, which 

require increased metabolic expenditure. Women show higher energy expenditure values 

than men in the nozzle/rope positions, reaching maximum values of 5 kcal·min-1. 

Furthermore, it was confirmed that the COS task performed exclusively by men in 

this sample shows values close to the reference value of 5.2 kcal·min-1. This task involves 

overseeing the entire ground for the team’s public safety management and all firefighting 

operations. 

The collected data indicate that the nozzle/rope task is the one that spends the most 

time in moderate to very vigorous activity. These data, once again, align with the results 



Fire 2024, 7, 439 9 of 18 
 

 

obtained earlier, where it was observed that the activity in wildland fires is physically 

demanding, especially in tasks involving direct attack on the firefront and hose handling 

(hose pulling), demonstrating that 32% of the task time is spent in moderate activity. How-

ever, the data may be biased due to the unknown task switch times, which complicates 

the analysis on an individual task basis. 

It is worth noting that the COS task, despite not being directly associated with prac-

tical firefighting work, involves significant movement of the individual across the terrain 

for effective team and firefighting operations management, demonstrating a moderate ac-

tivity level for 36% of the task time. 

Thus, when evaluating the demands of fighting forest fires through the conducted 

monitoring and comparing it with the average VO2peak value established by reference val-

ues recommended by the AHA, it was reaffirmed that fighting wildfires requires a meta-

bolic consumption equivalent to an oxygen volume close to 40%. Once again, it is evident 

that the nozzle/rope task and the COS are particularly demanding, as seen in Figure 4. 

 

Figure 4. Energy expenditure equivalent to %VO2peak during forest-fire fighting (n = 21). 

The reference value indicated by the AHA presents higher values, suggesting that the 

sample used for defining reference values is more significant, considering age groups and 

gender. These reference values make the data more realistic to the aerobic capacity of the 

individuals evaluated. According to these data, and considering that the nozzle/rope task 

proves to be the most concerning, it is possible to indicate that these individuals' capacity 

aerobic maximum (CAM) varies between 23% and 31% of their VO2peak. These data suggest 

that the two main tasks involving work closer to the firefront are the most demanding regard-

ing respiratory effort. The nozzle/rope task lasts the longest, ranging from 39 to 527 min. 

3.2.2. Heart Rate Variability Analysis 

When evaluating HRV during wildland firefighting, an increase in low frequency 

(LF) compared to high frequency (HF) was observed, especially in nozzle/rope tasks. 

These data affirm the dominance of sympathetic activity and imply that these tasks in-

volve low to moderate-intensity activity. Although the HF values were inconsistent and 

varied, situations with higher HF values confirmed the prevalence of the parasympathetic 

system, indicating intense physical activity. Indeed, these higher HF values may be asso-

ciated with more challenging and prolonged firefighting situations. After applying the 

non-parametric Kruskal–Wallis test for the distribution of results in the frequency and 

time domains concerning the assessed tasks, it was possible to verify statistically signifi-

cant differences between rest and tasks in wildland firefighting, except for the LF/HF ratio 

and SDNN, as confirmed in Figure 5. 
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Figure 5. HRV in the frequency domain: (a) low frequency (LF); (b) high frequency (HF); (c) ratio 

LF/HF. 

An examination of HRV in the time domain revealed a consistent linear decrease in 

the variables of the standard deviation of N-N intervals (SDNN), root mean square of suc-

cessive R-R interval differences (RMSSD), and percentage of consecutive R-R intervals that 

differ by more than 50 ms (pNN50), indicating the performance of vigorous physical ac-

tivities. Notably, the decrease in RMSSD values occurred within the HR range of 120 to 

140 bpm, corresponding to 50–60% of VO2peak consumption. The data presented in Table 5 

clearly show that the nozzle/rope and COS tasks exhibit a linear decrease in time domain 

variables, with the highest HR values. Nozzle/rope and COS tasks demand the highest 

VO2peak consumption. The functions considered to be closer to the front line of the fire were 

the ones that showed more statistically significant changes in the Kruskal–Wallis test. 
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Table 5. HRV in the time domain (M—mean; SD—standard deviation). 

 SDNN (ms) RMSSD (ms)  pNN 50 (%)  H.R. (bpm)  

Task M ± SD 

p-value = 

0.17 

M ± SD 

p-value = 

0.004 

M ± SD 

p-value  

< 0.001 

M ± SD 

p-value 

<0.001 

Rest 108 ± 51 38 ± 24 15 ± 13 89 ± 31 

Nozzle 87 ± 36 26 ± 11 6.7 ± 5.5 104 ± 12 

Nozzle/rope 83 ± 18 20 ± 12 3.6 ± 3.5 107 ± 13.06 

Rope 102 ± 28 26 ± 9.2 4.1 ± 2.5 100 ± 7.2 

COS 77 ± 3.9 19 ± 4.1 3.5 ± 1.6 108 ± 13.8 

Despite the average values not exceeding 120 bpm, the maximum value observed 

during work was 148 bpm, associated with a nozzle task executed by a 20-year-old male, 

representing approximately 78% of its theoretical maximum HR. These data represent a 

VO2peak equivalent of roughly 53%. These data were collected during a prolonged fire-

fighting incident, with 24-hour combat, reinforcing the strain experienced during ex-

tended firefighting periods. However, it is essential to note that peaks and stops during 

firefighting were not observed, and these data are assumed to be integrated into the task-

calculated values. 

Nevertheless, as mentioned earlier, considering that extreme environments impose 

greater demands on firefighters to maintain thermoregulatory balance, indicating a fa-

tigued state between 120 and 140 bpm and representing 50–60% of VO2peak, this may not 

correspond to the actual work reality. Given that a possible fatigue state was considered 

at 40% of VO2peak consumed during firefighting, heart rate values above 140 bpm may in-

dicate the firefighter’s fatigue state. 

The presented results confirmed that older individuals with several years of experi-

ence typically hold higher-ranking positions among volunteer firefighters. However, it is 

essential to note that the population is ageing, with an increasing prevalence of cardiovas-

cular diseases such as hypertension. These combined factors can limit the physiological 

response of firefighters during firefighting not only due to early entry into a state of ex-

haustion but also in terms of recovery difficulties and an increased likelihood of death 

from cardiovascular causes. Given the high demands of wildland firefighting, firefighters’ 

physical fitness is crucial, reflecting their ability to utilise muscle fibres for exercise execu-

tion and their aerobic capacity (CAM). However, it is known that exposure to various 

contaminants present in the fire environment can influence an individual’s response to 

the situation and contribute to the incidence of cardiovascular and respiratory diseases. 

4. Discussion 

Physical demand involves the effort exerted by the musculoskeletal system to execute 

a specific task. In contrast, cardiovascular demand concerns the energy the cardiovascular 

system requires to supply oxygen and nutrients during that task. Evaluating both physical 

and cardiovascular demands is essential to understanding the physiological impacts of 

occupational tasks, especially in high-stress environments, to prevent work-related dis-

eases and fatigue [43,51,55–59]. 

Given the mean age of male participants (32 ± 10 years), the AHA reference value for 

VO2peak is 42 ± 7 mL·kg⁻1·min⁻1. The data indicate that male participants exhibited VO2 val-

ues exceeding these reference levels, suggesting a higher-than-average aerobic capacity. 

This finding supports the classification of the study population as relatively young, which 

aligns with the elevated VO2peak values observed. These results imply that the assessed 

volunteer firefighters possess aerobic capacities above typical expectations, reflecting a 

robust level of physical fitness [60]. Advancing age is associated with a natural decline in 

aerobic capacity, directly impacting operational performance. Thus, the effects of age-re-

lated physiological decline must be considered, as it influences firefighters’ functional 

readiness and endurance during physically demanding tasks [61]. 
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However, 150 min of moderate or 75 min of vigorous activity is recommended [62]. 

The results indicate prolonged firefighting activities frequently surpass the recommended 

150 min of moderate to vigorous exertion, especially for tasks near the firefront. High-

intensity activities elevate steady-state oxygen consumption, covering the full energy de-

mand [33]. 

The physiological response of individuals to physically demanding tasks is influ-

enced by their muscular capacity to utilise oxygen and convert it into muscular energy, 

thereby delaying the onset of early fatigue, as demonstrated in previous laboratory stud-

ies [63,64]. However, effective management of muscular effort is crucial in extreme envi-

ronments, where oxygen consumption demands are significantly higher, leading individ-

uals to transition to anaerobic metabolism quickly. This is particularly evident in scenarios 

such as wildfires, which impose maximum or near-maximum physiological demands [34]. 

The tasks involving wildfire fighting can range from values of 17 mL·kg−1·min−1 (or 

2.5 kcal·min-1) for light tasks to >30 mL·kg−1·min−1 (or >10 kcal·min-1), depending on the 

type of terrain in which the firefighting is carried out and the duration of the task, consid-

ering that wild firefighting can be of long duration [65]. The primary metabolic rate is 

observed in sloping terrains that may require the firefighter to consume more oxygen than 

their capacity [66]. The values reached by Portuguese firefighters are close, representing a 

cumbersome physical activity that may have severe consequences for the firefighter’s 

health, as it influences the homeostatic balance of different biological systems [67,68]. This 

study found a strong relationship between the tasks performed at the firefront and the 

equivalent of %VO2peak, with a p-value of 0.030. Despite finding that the anaerobic phase 

of exercise occurs at approximately 60% of VO2peak, it is necessary to consider that fire-

fighters need to undergo a process of thermoregulatory adaptation in wildland fire-

fighting. The execution of intense physical work in hot environments can affect oxygen 

consumption due to the need for the body to undergo a cooling process through an in-

creased sweating rate [69–72]. Thus, it is considered that in wildfire combat environments, 

the equivalent VO2 value may be lower, indicating that at 40% of VO2peak, firefighters may 

already be in overload [46,48,49]. 

The study of heart rate variability allows for predicting mortality from cardiovascular 

disease in apparently healthy populations [21,73,74]. Monitoring cardiovascular parame-

ters during the work period has proven to be a fundamental methodology for determining 

maximum work intensities safely by avoiding excessive accumulated physical fatigue and 

work-related heart disease [75,76]. 

Exposure to physical and mental stress, such as the environment of wildfire fighting, 

is reflected in cardiac adaptations associated with vagal flow [77]. The oscillations in the 

LF band (p-value = 0.002) indicate slow respiratory cycles, meaning that the influences of 

the environment on respiratory cycles may explain these alterations [78]. The nozzle/rope 

tasks present more fluctuating values, and there may be a direct relationship with greater 

exposure to fire smoke. On the other hand, it is necessary to consider that the cardiac re-

sponse in extreme environments is also influenced, as evidenced by the significant in-

crease in heart rate [19,51,79]. According to Panumasvivat et al. (2023) [80], firefighters 

assigned to wildfire-fighting teams had a higher cardiovascular risk than the general pop-

ulation. However, it is necessary to mention that human variability and individual sus-

ceptibility are influencing factors in cardiovascular response, knowing that personal fac-

tors such as gender, physical fitness, and age are variables influencing autonomous heart 

control [58]. The cardiac events and their relationship to firefighting can be seen as a com-

bination of vulnerability and cardiovascular overload associated with the task [81]. 

5. Recommendations 

This section proposes a Health and Safety Surveillance Program for Firefighters 

(HSSPF) based on the results. The primary objective of this program is to develop a foun-

dation for Occupational Health and Safety Services to evaluate the health status of pro-

spective and active firefighters, whether in volunteer or professional roles. The program 
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does not aim to justify the elimination of candidates or firefighters from their roles; in-

stead, it serves as a strategy for identifying the most suitable tasks for each individual, 

assigning them to tasks according to their health status. However, individuals who do not 

meet legal requirements or have debilitating conditions are excluded from this allocation 

process, representing the exceptions for elimination within the program. Therefore, the 

different tasks of firefighters should be objectively evaluated through the collection of 

physiological data, analysing the fatigue induced by these tasks and each candidate’s or 

firefighter’s capacity to respond to them. Recognising the existence of seasonal or infre-

quent tasks, the program allows for the allocation of firefighters to multiple tasks as long 

as their health status permits. 

The proposed program introduces an innovative framework divided into several 

stages, including a communication platform; a firefighter candidate selection process; a 

health monitoring process for firefighters; a communication, analysis, and evaluation pro-

cedure for work-related accidents; and the establishment of a set of physiological criteria 

for the selection and monitoring of firefighters, as can be seen in Figure 6. 

 

Figure 6. Steps in the HSSPF. 

Below is a description of each stage defined for this program proposal: 

1. Communication Platform: Effective communication between different entities and 

individuals involved in the program is essential for its success. Therefore, this pro-

gram proposes the development of a platform accessible to all involved entities, con-

taining information about candidates and all active firefighters, where all safety and 

health-related information should be shared. This platform does not necessarily need 

to be developed from scratch, considering the associated costs, and it is suggested 

that it be integrated into existing platforms; 

2. Firefighter Candidate Selection Procedure: This procedure outlines the main steps 

for selecting and monitoring the health status of firefighters. Criteria related to phys-

ical condition and medical standards have been established to ensure the firefighter’s 

safety in performing various tasks. These criteria should be adjusted according to the 

needs of Occupational Health and Safety Services. The selection process proposed by 

the HSSPF is based on analysing candidates’ applications and fulfilling pre-existing 

requirements and criteria defined for each task. The proposed HSSPF selection pro-

cess is divided into four phases: the application phase, the health assessment phase 

based on established criteria, the response capacity evaluation phase based on phys-

iological parameters for each task, and the results communication phase; 

3. Health Monitoring Procedure for Firefighters: The monitoring process aims to assess 

the health status of firefighters to ensure their fitness to perform tasks. The occupa-

tional physician should prescribe appropriate medical examinations according to the 

tasks performed by the individual and evaluate the emergence of any symptoms or 
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diseases. If the firefighter is deemed healthy, they are considered fit to continue their 

duties. If symptoms or diseases are present, their incapacity, either total or partial, 

should be assessed, evaluating their fitness to continue the current task or another 

suitable task based on the program’s criteria. The occupational physician must com-

municate the results to Occupational Health and Safety Services, which should mon-

itor the process and implement improvement strategies where possible. Based on the 

health assessment results, Occupational Health and Safety Services are responsible 

for communicating with the relevant authorities and supporting the firefighter’s 

needs during their duties; 

4. Procedure for Communication, Analysis, and Evaluation of Work-related Accidents: 

Communicating work-related accidents and studying their severity is crucial for mit-

igating risks and reducing their frequency. Given the unpredictable nature of fire-

fighting scenarios, risk elimination is challenging. Therefore, this program aims to 

implement accident reporting via firefighters or their direct supervisors through an 

internal platform. A coding system should be adopted for quick, efficient accident 

and injury reporting to facilitate accessible communication for reporting an accident. 

This program suggests using the Registration, Investigation, and Analysis of Work 

Accidents (RIAAT) method, which already uses European coding for work-related 

accidents [82], making accident reporting by fire brigade commanders, firefighters, or 

other personnel easier, faster, and more efficient; 

5. Physiological Criteria for the Selection and Monitoring of Firefighters: These criteria 

outline the ideal profile for firefighters to prevent disease development and ensure 

individual health safety. Considering the physical demands of firefighting, the pro-

gram recommends comprehensive blood counts, bone marrow tests, blood coagula-

tion tests, lipoprotein panels, blood enzyme tests, and basic metabolic panels. This 

battery of tests provides the physician with information on the firefighter’s or candi-

date’s current health status, particularly regarding blood pressure, glucose levels, 

blood clotting capacity, heart disease, and kidney function [83]. These evaluation pa-

rameters help prevent risk situations such as haemorrhages, early kidney disease 

caused by heat exposure and dehydration, and cardiovascular diseases developed 

due to task demands. Important physiological parameters to be evaluated during the 

individual’s fitness examination include sociodemographic characteristics, maxi-

mum work capacity and operational fitness, physical fitness, and psychosocial char-

acteristics. For sociodemographic characteristics, an acceptable range for performing 

tasks safely should be adopted based on task demands and the individual’s sex. 

6. Regarding maximum work capacity and operational fitness, it is recommended to 

establish medical limiting parameters for task execution to aid in selecting and mon-

itoring firefighters’ health, preventing the worsening or onset of diseases. For physi-

cal fitness, it is suggested that the firefighter’s profile follows the World Health Or-

ganization’s guidelines on biometric data. Lastly, psychosocial characteristics con-

sider the psychological impacts of firefighting. Therefore, this program does not rec-

ommend selecting individuals with psychiatric disorders or those susceptible to de-

veloping such conditions. 

6. Conclusions 

The firefront presents a significant concern for firefighters’ well-being due to high 

levels of exposure and the difficulties in monitoring and mitigating occupational risks. 

Our study successfully met its objectives, demonstrating that fighting forest fires, partic-

ularly tasks performed near the firefront, greatly impacts firefighters’ health. 

This research introduces a novel approach to understanding the occupational health 

challenges firefighters face during forest fire fighting. It confirms that prolonged fire-

fighting places a substantial physical and cardiovascular burden on firefighters, contrib-

uting to potential mortality alongside other occupational hazards. HRV (heart rate 
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variability) analysis validated physiological stress indicators, though further research is 

needed to understand the multifaceted workload firefighters experience fully. 

These findings highlight the urgent need for interventions to improve firefighters’ 

health and safety, particularly through enhanced training and physiological preparedness 

for the demanding conditions of forest fire fighting. The authors advocate for developing 

innovative methodologies to assess health risks specific to wildland firefighting, intending 

to correlate exposure risks to incidents of sudden mortality observed during duty. 

Strategic initiatives can be developed by adopting new methodologies and promot-

ing innovation in occupational health and safety practices to improve firefighters’ work-

ing conditions. We recommend implementing methods that enable a more comprehensive 

analysis of firefighters’ occupational exposure, particularly through the combined assess-

ment of environmental hazards and firefighters’ physiological responses. Existing studies 

indicate that the work environment directly influences firefighters’ physiological capacity. 

Considering the confirmed demands of forest fire fighting, it is advised to adopt measures 

such as implementing occupational health programs to improve working conditions and 

mitigate the impacts of prolonged exposure. 
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