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A B S T R A C T   

Portugal has been affected by wildland fires that destroy thousands of hectares of forest, causing damage to the 
environment and to the exposed populations. This study aims to assess the influence of wildland fire emissions on 
air quality, its effect on population health and the related costs, between 2015 and 2018 in Portugal. 

The cause-specific mortality due to PM2.5 was calculated considering the exposure for five endpoints in adults, 
twelve age groups for adults and considering children under five years old. The contribution of wildfire emissions 
to PM2.5 concentrations in Portugal was assessed through EMEP-MSC/W model. 

Results showed that the average annual fire emissions of PM2.5, CO, CH4, CO2 and NO2 a significant and 
continuous increase was observed during the first three years (2015, 2016 and 2017) for all pollutants, followed 
by a decrease in 2018, with values lower than those observed in 2015. 

Regarding the long-term exposure to PM2.5 emitted by fires a total of 32, 93, 189 and 31 deaths, corresponding 
to a cost of 59, 174, 360 and 60 million EUR in 2015, 2016, 2017 and 2018, respectively, were estimated. 

On the other hand, in the first three years an increase in years of life lost (YLL) values of 496, 1608 and 3092 
was observed, corresponding to a cost of 16, 54 and 105 million EUR, respectively, followed by a decrease in 
2018 with a YLL of 480, corresponding to a cost of 17 M€.   

1. Introduction 

In recent years, the number of wildland fires has dramatically 
intensified across the world, affecting biodiversity, livelihoods, air 
quality, and public health, causing damage to the environment, animal 
life and, in some cases, human life. The occurrence of wildland fires has 
been largely attributed to climate changes, human negligence, gaps in 
the management and planning of fires and extreme weather phenomena. 
Specifically, deliberate human ignitions, including cleaning or land 
management, fuel characteristics, weather conditions (involving the 
combination of very high temperatures or heat waves), low relative 
humidity, strong winds, prolonged dry period and lack of soil moisture 
are the main risk factors assigned to these catastrophes (Castagna et al., 
2021; Majdi et al., 2018; Marques et al., 2011). These are increasingly 
frequent and transversal to different regions of the globe, such as the 
USA, Australia, Amazon (Brazil) and Mediterranean Europe (southern 
France, Greece, Italy, Portugal and Spain) (Bowman et al., 2019; 

Castagna et al., 2021). 
In Mediterranean Europe, in the last decade, about 2,800,286 ha 

burned, being approximately 42% related to the burned area in Portugal 
(San-Miguel-Ayanz and Et, 2021). Between 2015 and 2018, more than 
819,500 ha were consumed in Portugal (Pordata, 2022), where in 2016, 
2017 and 2018 were the years with the largest burned area in the 
Mediterranean Europe (San-Miguel-Ayanz and Et, 2021). The year of 
2017, with severe fires in June and October, was the most devastating, 
either in burned area, 539.921 ha (the largest burned area since 1980, 
year from which there are records), and in number of fatalities (112) 
with no record of such a high number among the civilian population 
(Pordata, 2022; Viegas et al., 2019). 

Wildland fires emit significant amounts of pollutants, including 
carbon monoxide (CO), nitrogen dioxide (NO2), particulate matter (PM), 
formaldehyde and benzene, that increase air pollution and consequently 
contribute to the deterioration of health (Domitrovich et al., 2017; Ravi 
et al., 2019). The scientific community grew interest on this issue given 
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the known impacts of air pollution on health, affecting vulnerable 
populations such as children, pregnant women and elderly, and has been 
associated to all-cause, cardiovascular and respiratory mortality (Chen 
and Hoek, 2020; Hvidtfeldt et al., 2019). 

Several studies have reported the impact of short-term exposure to 
PM2.5 emitted by fires on health, namely mortality, cardiorespiratory 
effects and hospital admissions (Arriagada et al., 2020; Haikerwal et al., 
2015; Henn et al., 2019; Huang et al., 2019; Jones et al., 2020; Ravi 
et al., 2019; Shi et al., 2019; Stowell et al., 2019; Wettstein et al., 2018). 
Wettstein et al. (2018) described an association between emergency 
room (ER) visits due to cardiovascular, cerebrovascular, and respiratory 
diseases and wildfire smoke density in California, while Arriagada et al. 
(2020) estimated the number of hospitalisations related to cardiovas
cular and respiratory diseases, deaths and asthma-related ER visits, 
related to short-term exposure to PM2.5 due to wildland fire smoke in 
Australia. Jones et al. (2020) analysed the association between exposure 
to PM due to wildland fires and out-of-hospital cardiac arrest in Cali
fornia (USA). Stowell et al. (2019) estimated the link among PM2.5 
short-term exposure and cardiorespiratory acute events in Colorado, 
using an exposure model that relates emergency department visits and 
hospitalizations for acute cardiorespiratory outcome. Ravi et al. (2019) 
used BenMAP to calculate the additional all-cause mortality caused by 
exposure to PM2.5 from prescribed fires in the Pacific Northwest region 
of the United States, estimating that only prescribed fires caused 280 to 
700 additional deaths. Huang et al. (2019) quantified the impact of 
prescribed fires on human health, in Georgia (USA) during the fire 
seasons of 2015–2018, through the asthma-related ER visits, estimating 
an increase in the number of ER for asthma due to fire impacts. Shi et al. 
(2019) evaluated the impact on air quality of wildfires that occurred in 
December 2017 in Southern California, using the Weather Research and 
Forecasting model with Chemistry, combined with satellite and surface 
observations. The results showed that PM2.5 concentrations increased 
significantly, exceeding the U.S. air quality limits, indicating that this 
fire contributed to the acute and cumulative exposure of PM2.5 in this 
region, which can cause premature death and cardiovascular effects in 
the exposed population (Shi et al., 2019). Zhang et al. (2023) also 
evaluated the effect of wildland fire-related PM2.5 exposure, but in 
pregnant women, indicating an increase in the number of preterm birth 
or low birth weight. 

Specifically in Portugal, few studies evaluated the impact of wildland 
fire smoke on air quality either considering prescribed fires (Miranda 
et al., 2010) or real episodes (Martins et al., 2012; Monteiro et al., 2013; 
Slezakova et al., 2013; Vicente et al., 2011). Moreover, as far as known, 
only three of these studies evaluated their impact on health (Esteves 
et al., 2021; Miranda et al., 2012; Oliveira et al., 2016, 2020). Oliveira 
et al. (2020) estimated the impact of PM10 short-term exposure on 
asthmatic symptoms in asthmatic children, and to PM2.5 on the number 
of hospital admissions due to cardiovascular diseases, as well as mor
tality in adults (all natural causes), showing an increase during these 
episodes. Augusto et al. (2020) evaluated the long-range transport of 
PM10 and its association to the mortality of the exposed population, only 
due to the October 2017 wildland fires, suggesting that PM10 concen
trations had a significant effect on the number of natural deaths and 
cardiorespiratory mortalities. Finally, a previous study performed by 
Barbosa et al. (2022), evaluated long-term exposure of 2017 wildland 
fires on asthmatic children, through the effect of long-term exposure to 
PM10 and NO2 concentrations on postneonatal mortality, bronchitis 
symptoms and their prevalence and associated costs. The results ob
tained showed that the wildfires smoke considerably impacted lung 
function of children, both on morbidity and mortality (Barbosa et al., 
2022). 

On the other hand, studies combining health impact and their asso
ciated costs are even scarcer. Johnston et al. (2020) compared the 
wildland fire smoke related health costs in Australia during 20 fire 
seasons (2000–2020), while Fann et al. (2018) calculated the economic 
cost of wildland fire PM2.5 impacts associated to premature deaths and 

to respiratory hospital admissions in US over 5 years (2008–2012). Matz 
et al. (2020) estimated the health impacts and the associated costs 
attributable to wildland fires-PM2.5 in Canada, during 2013–2015 and 
2017–2018. Recently, (Wu et al., 2023) quantified the costs of prema
ture deaths due to PM2.5 associated to wildland fires in Brazil between 
2000 and 2016. 

While the majority of the aforementioned studies described the 
health effects of short-term exposure to smoke from wildland fires, as far 
as known only one study has evaluated these long-term effects in 
Portugal (Barbosa et al., 2022). Nevertheless, this study was only per
formed for one year, and the health outcomes considered were only for 
children. Moreover, only this study performed their valuation. To 
overcome this gap, the present study aims to evaluate the effect of 
emissions from wildfires on air quality, its effect on population health 
and their related costs, between 2015 and 2018 in Portugal. 

2. Methods 

2.1. Study area 

Portugal is placed in the extreme southwest of continental Europe, by 
the Atlantic Ocean on the north, west, and southwest (MNE, 2023). It is 
organised into 18 Districts that represent a total area of around 90,000 
km2. 

In Portugal the fire season usually occurs between June and October, 
a period when high temperatures and low relative humidity are usually 
recorded. Usually, the most affected regions are those located inland, 
which typically reach very high temperatures at this time of the year. 

Environmental conditions oscillate significantly from north to south 
of the country, and according to the season. The maximum average 
annual temperatures and the total annual precipitation recorded were 
21.5 ◦C and 599.6 mm (2015), 21.3 ◦C and 991.6 mm (2016), 22.5 ◦C 
and 541.3 mm (2017) and 20.9 ◦C and 939.9 mm (2018) (Pordata, 2020, 
2021). The year of 2017 was recorded as the warmest and driest in most 
regions between 2015 and 2018 (Pordata, 2021). 

2.2. PM2.5 fire-related concentrations 

The influence of fire emissions in the concentrations of PM2.5 in 
Portugal in 2015, 2016, 2017, and 2018 was performed using EMEP/ 
MSC-W, the open-source chemistry transport model (version rv4.17). 
This model was already used successfully to estimate the health and 
economic costs of fire emissions in Portugal and was validated in a 
previous study by Barbosa et al. (2022). Additionally, information about 
EMEP/MSC-W can be found in Simpson et al. (2012). The potential 
impact of wildfire emissions was evaluated for each year, and the model 
was run for the two scenarios considered by Barbosa et al. (2022), i.e., 
one scenario including wildfire emissions, anthropogenic emissions, and 
other natural emissions (F–SCN) and a reference scenario, excluding 
wildfire emissions (B–SCN). The fire emissions for the different years 
were obtained from the Fire INventory from NCAR (FINN) (Wiedinmyer 
et al., 2010). EMEP’s emissions database, WebDab, was used to obtain 
data on emissions from industry, road traffic, public power, and other 
sectors, for the same years as the fire emission inventories (EMEP/CEIP, 
2018). For the simulations for the year 2018, the emissions of other 
sources from the year 2017 were used, as the emissions for this year 
were not available. Sahara dust emissions and NOx from lightning were 
also considered (Simpson et al., 2012). The meteorological data for each 
year was generated with the Weather Research & Forecast (WRF) at
mospheric model. 

2.3. Health impact evaluation 

The health impacts of wildland fires were calculated based on the 
two scenarios mentioned above. Detailed information on the two sce
narios can be found in Barbosa et al. (2022). The increased number of 
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deaths associated with long-term exposure to PM2.5 emitted by wildfires, 
was evaluated using the integrated exposure–response functions (IERs) 
designed by Burnett et al. (2014) based on Arden et al. (2011, 2009). 
This methodology was chosen because to date, the IERs are the approach 
that provides most guarantees considering the epidemiological findings 
regarding the effects of PM2.5 on mortality (Nunes et al., 2021). Thus, 
the mortality associated with specific causes, attributed to PM2.5, was 
calculated using the following approach: i) assessing exposure for five 
health endpoints in adults (stroke, ischemic heart disease (IHD), chronic 
obstructive pulmonary disease (COPD), and lung cancer (LC)); ii) 
considering 12 age groups (specifically for IHD and stroke); and iii) 
considering children under 5 years old (acute respiratory lung infection 
(ALRI)). The methodology employed to determine the relative risks for 
IERs, which were used to estimate cause-specific mortality due to PM2.5, 
as well as the excess mortality measured by the increase in the number of 
deaths and years of life lost (YLLs), can be found in Nunes et al. (2021). 
Population data for Portugal, categorized by year of age and local 
administrative units (LAU2) level (civil parish), was obtained from the 
Eurostat 2011 Census database hub (European Statistical System Census 
Hub, 2011 Census Database, 2018). 

2.4. Evaluation of external socio-economic costs 

The health burdens were evaluated by multiplying the IERs (Incre
mental Exposure Risks) with the respective unit health costs (cost per 
death or YLL). The costs associated with exposure-related deaths and 
YLLs were calculated for 2015, 2016, 2017, and 2018 using the meth
odology described by Barbosa et al. (2022). Similar to the Barbosa et al. 
(2022) study, mortality was assessed using the value of statistical life 
(VSL), while the value of a life year (VOLY) was used to assess the YLL. 
The Portuguese VSL value for 2015 was obtained from health economic 
assessment tools and updated for 2016, 2017, and 2018. The unit values 
employed are summarized in Table 1. 

For the economic assessment of mortality due to air pollution in 
Europe the VOLY was used according to the study described by Desai
gues et al. (2011) and updated to 2015, 2016, 2017 and 2018 using the 
same methodology used by Barbosa et al. (2022). 

3. Results 

3.1. Contribution of wildland fire emissions to PM2.5 concentrations 

Table 2 shows the annual mean emissions of PM2.5, CO, CH4, CO2 and 
NO2 from wildland fires obtained in Portugal between 2015 and 2018. 
Comparing the first three years, a significant and continuous increase 
(approximately double from year to year) was observed until 2017 for 
all pollutants, followed by an accentuated decrease in 2018, with values 
lower than those observed in 2015. 

The annual mean emissions were in line with the burned area in 
Portugal (Fig. S1 Supplementary Material), which also maintained the 
same increase profile. 

Fig. 1 shows the spatial distribution of total annual fire emissions for 
Portugal in 2015, 2016, 2017 and 2018. As can be seen through the 
spatial distribution, the total fire emissions increased from year to year, 
except during 2018, which decreased significantly. 

In general, the geographic areas with the highest emission of 

pollutants corresponded to the locations where wildland fires occurred 
in higher number (largest burned area). 

Although more significant in 2016, the spatial distribution of fire 
emissions in 2015 and 2016 were almost focused in the North region. On 
the other hand, in 2017 it was clearly verified, that the emission of 
pollutants was almost exclusively on the Centre region, near the area 
where the two major wildland fires occurred (on June and October). 
Generally, the regions most devastated by wildland fires in the years 
analysed were the North and Centre regions. 

The spatial distribution of the cause-specific mortality (five health- 
endpoints) and the contribution of wildland fire emissions to the 
annual mean concentrations of PM2.5 for the four years is shown in 
Fig. 2. 

In 2015, the increase in PM2.5 concentrations ranged between 0.0 
and 0.4 μg m− 3, between 0.0 and 0.70 μg m− 3 in 2016, between 0.0 and 
1.4 μg m− 3 in 2017 and between 0.0 and 0.5 μg m− 3 in 2018, following 
the trend observed for the emissions. 

Fig. 2 also shows the cause-specific mortality spatial distribution 
(five health-endpoints) due to PM2.5 wildland fire for 2015, 2016, 2017 
and 2018 in Portugal at parish level. Once again, as can be seen by the 
spatial distribution, the regions most affected by wildland fires were the 
North and Centre regions, being the health impact due to fire-related 
PM2.5 worse for more severe fires. 

The estimated years of life lost (YLL) and associated costs related to 
wildland fires that occurred during 2015, 2016, 2017 and 2018 are 
shown in Table 3. The results were also estimated based on the above- 
referred five health end-points (IHD, stroke, COPD, LC and ALRI). 

Comparing with the previous results, and as expected, the estimated 
values showed that YLL increased during the first three years 496, 1608 
and 3092, corresponding to a cost of 16, 54 and 105 M€, respectively, 
followed by a decrease in 2018 with a YLL of 480, corresponding to a 
cost of 17 M€. 

4. Discussion 

This longitudinal study (between 2015 and 2018) estimated the 
impacts of Portuguese wildland fires on human health and their asso
ciated costs. The results showed that the average annual emissions of 
PM2.5, CO, CH4, CO2 and NO2, increased significantly and continuously 
during the first three years (2015–2017) for all pollutants, followed by a 
decrease in 2018, with values lower than those observed in 2015. The 
same trend was observed for PM2.5 concentrations. In 2018, the number 
of wildland fires vs burned area was considerably lower, since, after the 
tragic year of 2017, there was a greater consciousness and imple
mentation of preventive measures imposed by the government, such as 
the obligation to clean land and charges for non-compliant landowners. 
It is important to mention that in 2018 the annual mean maximum 
temperatures were slightly lower and the average relative humidity 
during the fire season were higher (ranging between 60 and 75%) than 
in the other years, which probably also contributed to the lower number 
of wildland fires and consequently, lower burned area (IPMA, 2018; 
Pordata, 2021). 

On the other hand, the results confirmed that fires tend to occur in 
inland areas of Portugal, which, unlike coastal areas that are more 
populated, are usually rural areas, with lower population density 

Table 1 
Unit cost values for value of statistical life (VSL) and value of a life year (VOLY).  

Parameter Value of Statistical Life (VSL) Value of Life Year (VOLY) 

Unit value for 2015 1.83 32,611 
Unit value for 2016 1.87 33,280 
Unit value for 2017 1.90 33,946 
Unit value for 2018 1.94 34,609 
Units Million €/death €/life lost year  

Table 2 
Annual mean emissions of PM2.5, CO, CH4, CO2 and NO2 from Portuguese 
wildland fires between 2015 and 2018.   

PM2.5 

(ton/ 
year) 

CO (ton/ 
year) 

CH4 

(ton/ 
year) 

CO2 (ton/ 
year) 

NO2 

(ton/ 
year) 

Total (ton/ 
year) 

2015 10,841 86,371 3,521 1,732,821 2,188 1,835,742 
2016 22,750 179,101 7,196 3,667,549 4,594 3,881,191 
2017 40,011 305,191 12,041 6,514,194 7,883 6,879,320 
2018 6,558 54,367 2,205 1,141,159 1,445 1,205,733  
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(Fig. S2), Fig. S1, but with a greater extension of forest and wood. 
Sometimes, some air pollution events can occur (such as natural 

phenomena as wildfires or Sahara Desert), characterized by high levels 
of pollutants, with variable duration, which often exceed the daily limit 
concentrations and can affect human health. Several studies indicated 
that PM2.5, PM10 and CO concentrations increased substantially during 
fire episodes, most often exceeding the legislated levels (Haikerwal 
et al., 2015; Henn et al., 2019; Larsen et al., 2018). Also, Oliveira et al. 
(2020) and Augusto et al. (2020) reported that PM10 and PM2.5 con
centrations increased enormously during the 2017 major fires in 
Portugal, thus putting the health of the exposed population at increased 
risk. It is well known that exposure to PM2.5 has an adverse effect on 
health and depending on its toxicology can have different consequences, 
and in the worst case scenario can cause death (Augusto et al., 2020; 
Stowell et al., 2019). According to Stowell et al. (2019), smoke from fires 
produces higher amounts of PM2.5 than urban environments (without 
contribution from fires). On the other hand, the presence of methanol 
and formaldehyde has been detected in smoke from fires, in higher 
amounts than in particles from urban environments (Liu et al., 2017). In 

the present study, the increase in the annual mean concentrations of 
PM2.5 was assigned to the evolution and to the severity of wildland fires 
(Pordata, 2022). The increase in the severity of wildland fires observed 
in recent years is not exclusive to Portugal, but a global issue, often 
associated with climate change and extreme weather phenomena 
(Aguilera et al., 2021; Asbi et al., 2020; Castagna et al., 2021; EEA, 
2021). Climate change models predict that the effect of climate change 
will bring forward the start of the fire season and that it will end later, 
leading to a significant increase in the number of days with meteoro
logical conditions favourable to the occurrence of high-intensity wild
land fires (Aparício et al., 2022). In addition, and depending on the 
global warming scenario (1.5, 2 or 3 ◦C), Costa et al. (2020) estimated an 
increase in the number of days with high to extreme fire danger from 
around 10 to more than 40 days per year for Portugal and Spain. 
Moreover, one of the most used measure to manage the extent of the 
wildfire is the use of prescribed fire, and its feasibility, according to 
Davim et al. (2022), is being affected by climate change which elevates 
the apparent need to scale-up fuel management efforts. 

Regarding the results obtained for the YLL and related costs due to 

Fig. 1. Spatial distribution of total annual fire emissions in the study domain for 2015, 2016, 2017 and 2018 in Portugal. Total fire emissions are in ton. The burnt 
area is represented in grey. 
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wildland fires an increase during the first three years, followed by a 
decrease in 2018 were also observed. Similar results were achieved by 
Matz et al. (2020) who evaluated the costs associated with health im
pacts, both acute and chronic, due to wildfire-PM2.5 smoke exposure in 
Canada during 2013–2015 and 2017–2018, estimating values of 
€388M-€1.7B and €4.1B-$18B per year, respectively, during the study 
period. The estimates made for the five years showed that the greatest 
health impacts were also estimated for 2017 (Matz et al., 2020). The 
same trend was found by Johnston et al. (2020), who compared the 
wildland fire smoke related health costs in Australia during 20 fire 

seasons (2000–2020), concluding that the health costs were highest 
(€1.19 billion) in 2019–2020 season when the concentrations of PM2.5 
were also higher. On the other hand, Fann et al. (2018) calculated the 
economic costs of wildland fire PM2.5 associated to premature deaths 
and respiratory hospital admissions in US over 5 years (2008–2012), 
estimating a long-term exposure value between €70 and €119 billion per 
year. 

In the present study, the health costs related to premature deaths 
from wildland fire smoke exposure represented approximately 0.35%, 
0.99%, 1.97% and 0.31% of Portugal’s GDP (allocated to health 

Fig. 2. Spatial distribution of the cause-specific mortality (five health-endpoints) and of the contribution of wildland fire emissions to annual mean concentrations of 
PM2.5 for 2015, 2016, 2017 and 2018 in Portugal (Δ = S–SCN – B–SCN). Concentrations were calculated in μg m− 3. 

Table 3 
Years of life lost (YLL) and related costs due to wildland fires for Portugal in 2015, 2016, 2017 and 2018.   

Health Endpoint YLL 

2015 2016 2017 2018 

(95% CI) Costs (M€a) (95% CI) Costs (M€a) (95% CI) Costs (M€a) (95% CI) Costs (M€a) 

PM2.5 Cause-specific Totalb 496 16 1608 54 3092 105 480 17  

a M€ - Million. 
b Cause-specific total calculated based on IHD, Stroke, COPD, LC and ALRI. 
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expenditure) in 2015, 2016, 2017 and 2018, respectively, evidencing a 
huge increase in 2017, when compared to the other years. These results 
are in accordance with those mentioned above, as all showed that the 
health economic burden related to wildland fire smoke costs are greatest 
in the most severe wildfire seasons, as happened in Portugal in 2017. On 
the other hand, compared to the results reported by Wu et al. (2023), 
who calculated the costs related to premature deaths due to PM2.5 
exposure from wildland fires in Brazil between 2000 and 2016, esti
mating a total of €75.11 billion in economic losses (€4.70 billion per 
year), representing 0.68% of economic losses which is equivalent to 
approximately 0.14% of Brazil’s GDP, the values were considerably 
higher for the 4 years. 

In Portugal, after the catastrophic fires of 2017, the government, 
public and private entities, and the general population became more 
aware of the issues related to the wildland fires. In the following years, 
awareness-raising actions were carried out and prevention and mitiga
tion measures were implemented, such as the obligation to clean forests 
and private land (subject to fines in case of non-compliance), and more 
recently, operational teams were reinforced during fire seasons. 

5. Limitations 

There are limitations and uncertainties inherent to methodology 
followed that should be discussed (WHO Regional Office for Europe, 
2016; World Health Organization, 2014).The EMEP-MSC/W model was 
already used successfully to estimate the health and economic impact of 
wildland fire emissions in Portugal, providing a good spatial correlation 
for PM2.5 concentration due to wildfires in Portugal (Barbosa et al., 
2022). However, using multiple factors to calculate emissions, such as 
active fires, burned area, biomass loading and emission factors to 
calculate daily open burn emissions with a spatial resolution of 1 km 
(Wiedinmyer et al., 2010), increases uncertainties. Thorough informa
tion can be found in Barbosa et al. (2022). 

Another limitation pertains to the distribution of the population 
being studied at the parish level and the availability of baseline in
cidences, which were only accessible at the country level. However, to 
reduce uncertainty regarding concentrations at parish level, an 
assumption was made to evenly distribute the population among the 
parishes. Regarding population data, the latest data available refer to 
2021 (censuses 2021), however, it was decided to perform the analysis 
based on the 2011 censuses, as it was assumed that for the period studied 
(2015–2018) the population was better represented by the 2011 cen
suses. Additionally, residential mobility was not considered, which may 
increase the inaccuracies. 

The methodology used in health impact assessment has limitations 
and uncertainties that should be discussed (WHO Regional Office for 
Europe, 2016; World Health Organization, 2014). Concerning the choice 
of pollutants, PM2.5 was evaluated in the present study, since due to its 
small size and composition (determinants in its toxicity), it was identi
fied as the best individual indicator of the health risks due to smoke from 
biomass combustion sources. There are some evidence that the emission 
of particulate matter existing in smoke from vegetative biomass is 
essentially composed by smaller particles (aerodynamic diameter of 
0.1–2 μm), which easily penetrate deeper into the lungs (Domitrovich 
et al., 2017). PM is one of the most used and accepted indicators by the 
scientific community, however it is difficult to understand which of its 
components (sulfate, nitrate, black carbon, metals and organic compo
nents) is more toxic, and which has a greater impact on health. Anyway, 
using them as a group rather than individually, may provide more 
consistent results (Chen et al., 2022). 

The associations between PM2.5 exposure and mortality from IHD, 
stroke, lung cancer, COPD and ALRI were estimated using the IERs 
developed by Burnett et al. (2014). Those were developed by the GBD 
(Global Burden of Disease) initiative and pool evidence from different 
studies of long-term exposure to PM2.5 (including exposure to outdoor 
air pollution, to passive and active smoking and to household air 

pollution), to estimate the risk of environmental air pollution (Burnett 
et al., 2014; World Health Organization, 2014). As far as known, IERs 
represents the best available method to estimate PM2.5 mortality im
pacts, however, cause-specific IERs may not be suitable for PM2.5 
emitted by wildland fires. Moreover, PM2.5 annual average concentra
tion may not adequately represent the regions exposed to wildland fires 
during fire season, inducing residual confounding (Roberts and Wooster, 
2021). Finally, although the toxicity of PM2.5 may vary according to the 
different sources of combustion (leading to different compositions), in 
this approach this was not considered to assess the toxicity, only the 
magnitude of exposure was considered. 

Undoubtedly, there were inherent uncertainties associated with the 
assumptions made regarding the costs associated with health impacts. 
The estimation of VOLY and VSL values relied on the Willingness to Pay 
(WTP) technique. However, it is important to note that the effectiveness 
of this technique relies on the sensitivity of each individual, as it in
volves conducting personal interviews to gauge the amount that in
dividuals are willing to pay to mitigate the risk of premature death. This 
factor introduces an element of increased uncertainty. To mitigate this 
uncertainty, the values were adjusted using the benefit transfer 
approach, which, among others, adjusts the values based on income 
differences between countries, inflation and income growth over time, 
considering the differences for each year (WHO, 2017). The VSL default 
values were calculated based on the OECD report (OECD, 2012), inter
nationally recognized as offering the most evidence, and was adapted 
based on agreed values for Portugal. 

6. Conclusions 

This study is the first attempt to perform a longitudinal study 
(2015–2018) estimating the impacts of Portuguese wildland fires on 
human health and their economic burden. Regarding the annual mean 
fire emissions of PM2.5, CO, CH4, CO2 and NO2 a significant and 
continuous increase during the three first years (2015, 2016 and 2017) 
was observed for all pollutants, followed by a decrease in 2018, with 
values lower than those observed in 2015. In 2018, the burned area was 
considerably lower, the lowest of the 4 years studied, probably due to 
the annual average maximum temperatures that were slightly lower, but 
also because after the tragic year of 2017, there was a greater awareness 
and implementation of preventive measures imposed by the 
government. 

The long-term exposure to PM2.5 from wildfires impacted human 
health, and estimated to have caused a total of 31–189 deaths, corre
sponding to a cost of 59–360 million €, in the studied years, considering 
the five health end-points (IHD, stroke, COPD, LC and ALRI). In future 
studies it would be interesting to include other health end-points asso
ciated with morbidity and mortality due to exposure to smoke from 
wildland fires, as for example heart failure which is growing and is 
costly. 

Scientific knowledge about wildland fires along with climate change 
suggests that wildland fires may occur with greater frequency and 
severity. Thus, developing strategies that promote fire prevention, the 
awareness and action of the local population and land owners and other 
stakeholders are of huge importance, in order to implement sustainable 
management measures that allow, among others, a reduction in the in
tensity of fires, and their health consequences. 
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2022. Unravelling the effect of climate change on fire danger and fire behaviour in 
the Transboundary Biosphere Reserve of Meseta Ibérica (Portugal-Spain). Clim. 
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