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Abstract In the Mediterranean region, wind-driven crown
fires are becoming more frequent, leading to increased
atmospheric pollutant emissions. This study explored how
the distribution of pre-fire fuels across the crown, shrub and
litter layers varies among different fuel types, and how these
variations were linked with fuel consumption and fire sever-
ity for each layer to quantify and compare atmospheric pol-
lutant emissions (CO,, CO, CH, and PM, s) in pine (Pinus
halepensis) and oak (Quercus suber) forests. Our analysis
was carried out in the Jonquera wildfire in Northeast Spain,
which burned 10,264 ha. Pre-fire fuel loading among fuel
types in pine and oak forests showed different vertical dis-
tributions despite, having similar fire-type patterns. Pine
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forests had a higher percentage of crown and shrub fuel
loading for all fuel. In contrast, oak forests had more litter
than pine forest. Fuel types characterized by large trees and
low densities had the lowest fire severity in both forest types.
Pine forests were more resistant to the effects of surface
fires than oak forests due to their taller trees, which allowed
them to withstand high-intensity surface fires with less tree
damage. However, these fires have resulted in higher sur-
face fuel consumption in pine forests. Fuel types with more
vertical and horizontal continuity experienced higher fire
severity and fuel consumption (72-85% of high severity).
Fire severity rather than species or fuel type was the primary
factor influencing pollutant emissions. Emissions of CO,
and CH, were higher in pine than in oak forests especially
at lower severities, while at intermediate and higher severity
oak forests emitted more CO and PM, 5. Although remote
sensing technologies are useful for fuel loading and wildfire
severity assessments, field data are essential for accurately
quantifying fuel consumption across fuel types and layers.

Keywords Fuel loading - Fuel consumption - Forest
structure - Pinus halepensis - Quercus suber - Pyrogenic
emissions

Introduction

Biomass burning by wildfires is a global phenomenon emit-
ting significant quantities of pollutants such as atmospheric
gases, aerosols and particulates into the atmosphere having
a serious impact on global warming and climate (Bowman
et al. 2009; Keywood et al. 2013; Knorr et al. 2016). Global
average fire emissions were estimated to be 2.2 Pg a~! in the
period 1997-2020 (van der Werf et al. 2017; van Bees et al.
2022). In addition, climate change directly affects wildfires
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by increasing drought conditions that affect fire ignition,
propagation, frequency and distribution of extremely high-
intensity wildfires, and indirectly through its effects on veg-
etation and fuels (Ruffault et al. 2018; San-Miguel-Ayanz
et al. 2022). Wildfire events release carbon mainly in the
form of carbon dioxide (CO,), carbon monoxide (CO) and
methane (CH,), constituting nearly 95% of wildfire carbon
emissions. CO, and CH, have the greatest greenhouse influ-
ence, while CO is an active trace gas contributing to the
secondary formation of ozone (O;) (Pallozzi et al. 2018;
Fortems-Cheiney et al. 2024). Wildfires also release par-
ticulate matter and gaseous phase pollutants with different
toxicity levels depending on the location, particle size and
composition, both of which can cause health issues (Naeher
et al. 2007; Kocbach Bglling et al. 2009; Salana et al. 2024).

In recent years, large wildfires have repeatedly affected
European countries, particularly the southern Mediterra-
nean, which accounted for the majority of the annual burned
area from 1980 to 2017 (de Rigo et al. 2017; San-Miguel-
Ayanz et al. 2022) in extreme years like 2022 in Portugal,
France and Spain (Rodrigues et al. 2023). At the country
level, wildfire emissions have only been assessed in Portu-
gal (Carvalho et al. 2007; Miranda et al. 2009; Rosa et al.
2011), Italy (Bacciu et al. 2015), Greece (Lazaridis et al.
2008) and Turkey (Cinar et al. 2024), usually analyzing spe-
cific fires or periods and adapting the model proposed by
Seiler and Crutzen (1980). Moreover, previous studies are
usually restricted to prescribed fires, which do not represent
the range of severity of extreme wildfires (Urbanski 2013;
Balde et al. 2023). In addition, uncertainties associated with
the variables used for the estimation procedures can influ-
ence the amount of pollutants emitted by fires, which may
be especially important in heterogeneous Mediterranean
forests with different forest structures. The lack of data on
fuel consumption and fire severity in different layers at the
local scale from wildfires forces the use of general assump-
tions that can cause inaccuracies (Fernandes et al. 2022;
Balde et al. 2023). For instance, the emission factors used
in these estimates may not be accurate at the species level or
for individual components (needles/leaves, branches, shrubs,
litter) (Larkin et al. 2014; Poupkou et al. 2014; Pallozzi et al.
2018). In the Mediterranean area, wind-driven wildfires are
common (i.e., those that follow the speed and direction of
strong winds, where changes in the landscape have little
influence on fire direction and behavior) (Costa et al. 2011;
Ruffault et al. 2017; Duane and Brotons 2018; Lahaye et al.
2018). However, little is known about how these wildfires
spread under extreme weather conditions, if fire behavior
is affected by changes in forest structure and composition,
and how this affects fuel consumption, fire severity and,
ultimately, pollutant emissions (Ferndndez-Garcia et al.
2022; Beltran-Marcos et al. 2024). Data on fire occurrences
and forest stand characteristics are still scarce in southern
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Europe and are essential for understanding the impact of
different fuel and cover types on fire emission estimates,
especially under different burning conditions (French et al.
2011; Nunes et al. 2019; Balde et al. 2023).

Fire severity can be defined as the degree of fire-induced
environmental changes in vegetation immediately after
a fire (Keeley 2009; Lecina-Diaz et al. 2014). A wildfire
can produce different levels of damage depending on the
burned layers and their flammability (Xanthopoulos et al.
2011; Chiriacé et al. 2013). Forest structures (i.e., defined
by the characteristics of the spatial distribution of biomass
in forested vegetation, both vertically and horizontally) (Fer-
nandes 2009; Kane et al. 2010; Hoff et al. 2019; Ritter et al.
2023) are usually grouped in fuel types, defined as “identifi-
able associations of fuel elements with distinctive species,
form, size arrangement and continuity that exhibit char-
acteristic fire behavior under defined burning conditions”
(Merrill and Alexander 1987; CIFFC 2023). Although most
studies recognize the importance of data on combustion fac-
tors (i.e., the proportions of fuel consumed for each severity
class, Wiedinmyer et al. (2006)), there is a lack of field data
for different forest and fuel types with different vertical and
horizontal distributions (Jiménez et al. 2013; Lydersen et al.
2014; Balde et al. 2023; Ritter et al. 2023). Understanding
how fuel consumption determines fire severity among differ-
ent fuel types is also required to improve fire emission esti-
mates (Campbell et al. 2007; De Santis et al. 2010; Surawski
et al. 2016; Price et al. 2022; Balde et al. 2023).

This study combines detailed post-fire field sampling and
national forest inventory data from an extreme wind-driven
wildfire in a Mediterranean area to analyze and estimate
atmospheric pollutant emissions in different fuel types and
forest types. To this end, the specific objectives are: (1) To
compare the distribution of fuel loading before the fire for
different fuel types in two forest types (pine- and oak-dom-
inated forests); (2) To evaluate the differences in the per-
centage of fuel consumption that determine fire severity in
these different fuel and forest types; and (3) To estimate the
amount of pollutant emissions (CO,, CO, CH, and PM, s)
across fire severities, fuel types and forest types.

Materials and methods
Study area and pre-fire vegetation

The study area was the Jonquera wildfire (Northeastern
Spain, Girona province, 42°24'59"N-2°52"29"E), which
occurred in the summer of 2012 and burned 10,264 ha. The
region’s climate is humid sub-Mediterranean, with annual
rainfall varying from 650 mm at lower altitudes to 1000 mm
at higher altitudes, with the lowest precipitation occurring
in July. The mean annual temperature is approximately
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15-16 °C, peaking in July (23-24 °C) and dropping to its low-
est values in January (8-9 °C). The study area ranges from
35 to 780 m a.s.l., with slopes between 0 and 72%. Histori-
cally important for cork production (Quercus suber) in the
twentieth century, the area now has fewer shrublands, more
forests and increased artificial surfaces due to the decline of
the cork industry and population density (Badia et al. 2019;
Salis et al. 2019), resulting in higher fuel load and greater
landscape continuity.

Sixty percent of the area burned in 2012 had previously
burned in a large wildfire in 1986 (15,000 ha), with a smaller
area burning again in 2006 (420 ha). The burned area in
2012 was characterized by continuous forests of cork oak
(Quercus suber) and Aleppo pine (Pinus halepensis) (here-
after, oak and pine forests/plots, respectively) (MCSC 2010).
Oak forests were located in the northern part of the wildfire
area (Fig. 1) on acidic soils with forest structures shaped
by over 26 years without fires, resulting in high vertical
and horizontal continuity (Schaffthauser et al. 2011). The
understory of oak forests was characterized in the field (see
“Field plot data” section) and included a high density of
Erica arborea in combination with other species such as
Cistus monspeliensis, Cistus salvifolius, Ulex parviflorus,
Genista scorpius, Quercus suber or Arbutus unedo. Pine
forests were located in the southern part of the burned area
(Fig. 1) on sedimentary rocks with diverse forest structures
ranging from medium (1300-3000 ind. ha™') to low density
(<1300 ind. ha™"). The pine forest understory was domi-
nated by Quercus coccifera, Pistacea lentiscus and Rosmari-
nus officinalis, with lower proportions of Phyllirea latifolia,
Quercus ilex, Rhamnus alaternus and Viburnum tinus. In
both forest types, the main herbaceous species was Brachy-
podiun retusum. First, we studied in each area the species
composition using plots from the National Forest Inventory
before the fire inside the perimeter of the fire. Afterwards,
during the field surveys, we could confirm data from those
plots inside the fire studying the remains in green and scorch
areas and learning to identify the species when they were
almost consumed, also considering if it could be visible like
resprouters, or not visible like seeders species.

Fire description and weather conditions during the fire

The Jonquera wildfire started at 12.54 pm on July 22
2012, and was controlled by 7.48 am on July 27. The wild-
fire started and burned mainly as a wind-driven wildfire
characterized by continuous, strong northwest- oriented
winds (known locally as “Tramuntana”), with speeds of
10-50 km h™! and gusts up to 70 km h™'. It was a large wild-
fire at the wildland urban interface (WUI), affecting thou-
sands of people and property. Fire behavior was extreme,
including crown fires and prolific spotting activity, with
intermediate distances of 200400 m and a maximum of

/

1 2km

Fig.1 Field plots distributed in the fire area (black perimeter).
The triangles represent Quercus suber plots, and the circles Pinus
halepensis plots. The inner dot colors indicate the fire severity: low
(green), moderate (yellow) and high (black). The base map was
sourced from © OpenStreetMap contributors 2024. Distributed under
the Open Data Commons Open Database License (ODbL) v1.0. The
fire perimeter was provided by The Generalitat de Catalunya firefight-
ers corps

1 km. The fire had high fire spread rates of 1.8 km h™' and
explosive runs reaching 7.7 km h™' (DARP 2012), making
it an extreme wildfire event (EWE) (Tedim et al. 2018). On
the second day, as the fire transitioned to a lower-intensity
topographic wildfire, its behavior moderated. When the fire
started, the temperature was 24 °C (“el Pertiis™) and relative
humidity was 24% due to the dry northern winds (DARP
2012). Relative humidity fluctuated between 19 and 36%
during the main spread period and only recovered in the
second afternoon (>60%) (data from the meteorological
stations of Espolla and Cabanes, at 13 and 20 km from the
fire’s origin). The Standardized Precipitation-Evapotranspi-
ration Index (SPEI) (Vicente-Serrano et al. 2010) indicated
a moderate short-term drought with only mild medium and
long-term drought. Fuel moisture was typical for the station
and area, with values of 69% for Rosmarinus officinalis and
66% for Cistus monspeliensis, while P. halepensis moisture
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content was 105%, slightly below the seasonal average (sta-
tion of Port de la Selva, located 30 km from the burned area
for the 18th July 2012) (Gabriel et al. 2021).

Field plot data, fire severity and fuel consumption

One and a half months after the fire, with the assistance
of two scheduled helicopter flights by the fire department,
we obtained videos and hundreds of photos that allowed us
to understand the fire’s overall spread and capture detailed
information on the fire severity distribution. Field sampling
began two months after the wildfire and lasted approxi-
mately six months. We selected plots that represented a
range of fire severities (understood as the immediate effect
of fire from the forest’s biotic components) (Keeley 2009)
for Pinus halepensis and Quercus suber forests. The number
of plots was proportional to each forest type and fire severity
within the study area, with a minimum of ten plots per fire
severity class and forest type. We obtained data from 109
circular plots, each 20 m in diameter, 59 oak forests and
50 pine forests (Fig. 1). At the tree level, fire severity was
measured using an adapted version of the Jain and Graham
(2007) method using the proportion of residual crown sever-
ity (green, scorched, charred) (Alvarez et al. 2013) (Appen-
dix A-fire severity description). For each tree, we also identi-
fied the species and measured the diameter at breast height
(DBH) and total height. At the plot level, following Alvarez
et al. (2013), we classified the plots into three fire sever-
ity classes based on the percentage of trees in each sever-
ity class: green plots (>50% green trees), scorched plots
(>50% scorched trees and <25% green trees), and charred
plots (~ 100% charred trees).

We determined the fire behavior and fuel consumption in
each plot. We first assessed the fire type (surface fire, passive
crown fire or active crown fire) in each plot (see Appendix
A, fire type descriptions). For trees, we visually estimated
the proportion of leaves and fine branches (< 6 mm) remain-
ing on each tree after the fire and obtained the percentage
consumed in each tree. We calculated the combustion factor
for leaves and branches at the plot level by averaging the
values for all trees in the plot. For shrubs, we estimated two
consumption categories at the plot level: the percentage of
fine fuel consumed (i.e., leaves and fine branches < 0.6 cm)
and the percentage of coarse fuel (>0.6 cm) consumed.

Fig. 2 Schematic view of the
four fuel types (FT1 to FT4)
used in this study (based on
Fig. 2 of Alvarez et al. 2012b)

@ Springer

Finally, we visually assessed the percentage of litter con-
sumed in the entire plot, minimizing inherent uncertainties
of the method with previous training (see Section “Uncer-
tainties and limitations in emission estimates”).

Fuel type classification

We classified each plot into one of the 20 forest structures
in Alvarez et al. (2012a), based on the number of layers, the
percentage of tree types (small, medium and large) and tree
density. Subsequently, we grouped these forest structures
into four fuel types according to their forest structure charac-
teristics and fire types (Table S1). Fuel type 1 (FT1) is char-
acterized by open forest structures with variable proportions
of large trees and very low tree density (<500 ind. ha™).
These forests have very low horizontal tree continuity, which
is associated with surface fires or passive crown fires. Fuel
type 2 (FT2), characterized by large trees and low tree den-
sity, can mainly spread surface fires because of its lack of
vertical continuity, but if the fire reaches the plot as a crown
fire, FT2 can also spread crown fires. Fuel type 3 (FT3) has
a forest structure similar to that of FT2 but with a higher tree
density, a lower percentage of large trees and a second tree
layer, which leads to a higher risk of crown fire compared to
FT?2. Finally, fuel type 4 (FT4) consists of forest structures
with less than 60% large trees, high vertical continuity and
high tree density (> 1300 ind. ha™!) with high horizontal
continuity. This fuel type is most likely to generate crown
fires (Fig. 2). This fuel type classification has been success-
fully applied in studies related to potential fire behavior
(Alvarez et al. 2012a), assessing changes in fire type risk
using inventory plots and ecosystem services loss (Alvarez
et al. 2012b; Lecina-Diaz et al. 2021). See Appendix B for
further details on this methodology.

Area burned and pre-fire fuel loading

The burned area was determined from the fire perimeter,
which was measured by firefighter crews in the field imme-
diately after the wildfire using GPS. During fieldwork,
we established plots of two sizes, ranging from 316 to
716 m2, depending on the heterogeneity of the area and
density. To estimate fine fuel loading before the fire in
these plots, we distinguished three components: trees,
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shrubs and litter (Fig. S2). For trees, we calculated the
fine fuel loading (leaves and fine branches < 0.6 cm) using
allometric equations provided in the “medfate” R package
(De Céceres et al. 2015), using data from the Ecological
Forestry Inventory of Catalunya (IEFC) (Gracia 2001).
For shrublands, we first selected the closest National For-
est Inventory (NFI3) plot for each field plot, ensuring
that 70% of the dominant areca was either Q. suber or P.
halepensis and that the same dominant shrub species found
in the field were present. A total of 83 NFI3 oak plots
and 51 pine plots were located within the fire perimeter
and county region (Alt Emporda). We applied the same
procedure to calculate the total and fine shrub fuel load-
ing. Afterwards, we developed a multiple linear regression
model (MLR) to create allometric equations linking the
total shrub fuel loading estimated with ‘medfate’ with the
shrub cover and dominant species, for oak and pine forests
separately (Table S2). Using simple linear regression mod-
els, we derived fine shrub fuel loading from the total fuel
loading for each forest type (Table S3). We applied these
allometric equations to our field plots, using shrub cover
and dominant species data obtained in the field to compute
the total and fine shrub fuel loading for each field plot.
To assess litter fuel loading, we created allometric equa-
tions using previous data from the IEFC (Gracia 2001),
as litter fuel loading was not available in the NFI3 data
(Vayreda et al. 2016). We selected the IEFC plots clos-
est to the wildfire with the same dominant tree and shrub
species found in the field. This included 91 oak and 190
pine plots located within or near the fire perimeter. We
then applied a stepwise backward method to obtain the
best MLR model to estimate litter fuel loading in the IEFC
plots (Table S4). Finally, we applied these equations to
our field data to obtain litter fuel loading in our field plots
(Fig. S2). The procedure followed in the multiple linear
regression (MLR) analyses to compute shrub and litter
fuel loading variables of the two species is described in
Appendix D of the Supplementary Material.

Emission factors

We considered CO, and CH, (two gases that contribute to
the greenhouse effect), CO (an active trace gas that aids
in the secondary formation of O3) and PM, 5 (which are
indicators of health hazards). The emission factors, which
represent the mass of a compound emitted per mass of
dry fuel consumed (Urbanski 2014), were taken from the
literature: Miranda (2004, 2005) for trees and shrub layers
and Pallozzi et al. (2018) for trees (Table S5). We applied
the formula to each plot to obtain the total emissions of
CO,, CO, CH, and PM, s.

Estimation of pyrogenic emissions

To assess pyrogenic emissions, we applied the Seiler and
Crutzen (1980) method (Appendix C) following Eq. 1:

EM=AXBxCxD (1)

where, EM is the total emissions (Mg ha™!), A is the burned
area (ha), B is the fuel loading before the fire (Mg ha™!), C
is the combustion factor (%) and D is the emission factor

(gke ™.
Statistical analysis

To determine the differences in fuel loading at the field plot
level among the fuel types for oak and pine before the fire,
we permorfed two analyses. First, we compared the fuel
loading between species and fuel types using a two-factor
ANOVA, with fuel type and species as factors. Then, to
study the vertical distribution of fuel loading, we calculated
the percentage of fuel loading per layer (i.e., crown, shrub
and litter) for each fuel type and species, and carried out
a three-factor ANOVA to analyze differences in fuel load-
ing among layers and fuel types for each species (log-trans-
forming fuel loading to achieve normality). Subsequently,
we determined the percentage of plots with different fire
severity classes for each fuel and forest type using field data.
To analyze differences in emissions of CO,, CO, CH, and
PM, 5 across forest types, fire severities and fuel types, we
first analyzed the emissions in green, scorched and charred
plots of the two forest types with two-way ANOVAs, inde-
pendent of the fuel types. We then assessed for each forest
type the effect of fire severity (green, scorched and charred)
and fuel type (FT2 and FT3 for pines, and FT3 and FT4 for
oaks) on atmospheric pollutant emissions. For all ANOVA
analyses, we represented the residuals of the models with the
predicted values, and examining the graphical representation
of the residuals against the expected values allowed us to
assess a series of assumptions made about the quality of the
model fit: normality, linearity and homoscedasticity. In all
cases, whenever ANOVA tests resulted in significant differ-
ences, we used a post-hoc Tukey test to identify the levels
that were different (P <0.05).

Results

Differences in pre-fire fuel loading among fuel types
in pines and oaks

We found significant differences in fuel loading before the
fire among fuel types (ANOVA test, F=11.94 P <0.001)
but not between species (F=3.14, P=0.08). The interac-
tion between the fuel type and species was also significant

@ Springer
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(F=4.28, P=0.007). The total fuel loading was higher
in oaks than in pines in FT1, with the lowest tree density.
Fuel loading was higher in pine than in oak plots in FT2,
whereas fuel loading was similar among species in FT3 and
FT4 (Fig. 3).

Fuel loading was distributed differently in different lay-
ers of the oak and pine plots (Fig. 4). The percentage of
fuel loading in the crown was higher in pine than in oak
plots (Fig. 4). In oak plots, there was more fuel loading in
the litter than in the shrub layer, whereas in pine plots, the
distribution was the opposite (with more fuel loading in the
shrub layer). Moreover, pine plots had a higher percentage
of fuel loading in the crown than oak plots. In pine plots

P. halepensis Q. suber
40
35
30

25 a

150 ¢

Fuel loading (Mg ha™')
3%
(=]
(on
[
(o
O
o
o
(o
er
O
(on

10

FT1 FT2 FT3 FT4
Fuel types

Fig. 3 Mean (+standard deviation) values of fuel loading (Mg ha™)
for different fuel types (FT) in the pine and oak plots. For the crown,
we only counted fine fuel loading (<6 mm). Descriptions of the four
fuel types are given in the Methods section. Different letters indicate
significant differences according to Tukey’s post hoc test

(A) Quercus suber

35
. 0,

o 25| mmy—
> 20 Layers
2 H Crown
'—g 15 Shrub
< Litter
= 10
=

S

0

FT1 FT2 FT3 FT4

Fuel types

we also found differences between FT1 (the fuel type with
the lowest tree density) and the other fuel types. FT1 had
a higher percentage of shrub fuel loading and much less
fuel in the crowns compared to the other fuel types (Fig. 4).
When analyzing fuel loading distribution among the 3 layers
(crown, shrub and litter) across fuel types and species, we
found that the interaction of all three factors was not signifi-
cant (three-way ANOVA, F=1.47 P=0.18). However, we
found significant differences in fuel loading between species
(F=8.53 P=0.004), layers (F=509.83 P <0.001) and fuel
types (F'=49.35 P <0.001). Paired interactions between the
factors were also significant (ANOVA test, P <0.001 for all
three cases; Fig. S3). Concerning the interaction between
species and layer, oak plots had higher litter fuel loading,
while pine plots had more crown fuel loading and, to a lesser
extent, shrub fuel loading. The interaction of species and
fuel type showed similar fuel loading, with pines having
slightly lower fuel loading in FT1 compared to the other
three fuel types. Finally, the significant interaction between
fuel type and layers indicated that FT2 and FT4 had the
highest crown fuel loading, FT1 had the lowest crown fuel
loading, while shrub fuel loading was similar across all fuel

types.

Fire severity and combustion factors

The percentage of plots with green, scorched and charred
severities varied across fuel types and species. Crown fires
were predominant in oak forests (50-89%, Fig. 5a). In oak
plots, FT3 (characterized by large trees with a second tree
layer and higher density than FT2) had the highest propor-
tion of green plots (26%). In contrast, FT1 (with the lowest
tree density) and FT4 (with higher vertical and horizontal
continuity but fewer large trees) had the highest percentage

(B) Pinus halepensis

35
= 30
2
g 50 Layers
= 9%, | H Crown
S 15 Shrub
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S 10
=
& B

0

FT1 FT2 FT3 FT4

Fuel types

Fig. 4 Distribution of fuel loading (Mg ha™") before the fire in the crown (only fine fuel loading <6 mm), shrub and litter layers and the four fuel
types for a oak plots and b pine plots. Numbers in the bars indicate the percentages of fuel loading in each layer for each fuel type
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(A) Quercus suber
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(B) Pinus halepensis
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Fig. 5 Percentage of plots with different fire severities (i.e., green, scorched, charred) and different fuel types (FT1 to FT4) in (A) oak (Quercus
suber) and (B) pine (Pinus halepensis) forests. See distribution of fire severity in Fig. 1

of charred plots (89% and 72%, respectively, Fig. 5a). In
pine forests, FT2 (characterized by large trees and low tree
density) had the highest proportion of green plots (30%,
Fig. 5b). FT2 and FT3 had the lowest percentage of charred
plots (50%), while FT1 and FT4 had the highest proportion
of charred plots (80% and 85%, respectively, Fig. 5b).

Table 1 Mean of combustion factors (% of fuel consumption) with
the coefficient of variation shown in parentheses, for the different lay-
ers (crown leaves, crown fine branches, fine shrub fuel, coarse shrub

Combustion factors from the field varied among species
and fuel types depending on fire severity (Table 1). In green
plots, FT2 and FT3 of pines had the highest consumption
values for litter and shrub layers and, to a lesser extent, for
crown fuels. In contrast, FT3 and FT4 of oaks (the only fuel
types available in the field) had lower consumption factors

fuel and litter), species (pines and oaks), fuel type (FT1 to FT4) and
severity classes (green, scorched and charred)

Forest Fuel type Severity n Crown leaves Crown fine branches Fine shrub fuel Coarse shrub fuel Litter
Oak FT1 Scorched 1 57 21 70 33 90
Charred 8 99 (1%) 76 (25%) 99 (1%) 94 (5%) 100 (0%)
FT2 Scorched 1 30 8 68 30 95
Charred 1 90 22 100 90 100
FT3 Green 6 6 (100%) 2 (150%) 42 (52%) 19 (89%) 46 (67%)
Scorched 3 29 (52%) 11 (64%) 93 (11%) 83 (29%) 94 (9%)
Charred 14 100 (1%) 82 (20%) 100 (1%) 95 (5%) 100 (0%)
FT4 Green 2 7(57%) 2 (50%) 42 (10%) 20 (65%) 38 (79%)
Scorched 5 15 (47%) 4 (50%) 82 (15%) 67 (45%) 93 (4%)
Charred 18 100 (0%) 90 (13%) 100 (0%) 84 (18%) 99 2%)
Pine FT1 Scorched 1 68 24 100 95 98
Charred 4 99 (2%) 69 (45%) 100 (1%) 96 (4%) 100 (0%)
FT2 Green 3 7 (86%) 3 (67%) 89 (17%) 77 (34%) 77 (13%)
Scorched 2 20 (15%) 11 (9%) 100 (0%) 95 (0%) 99 (1%)
Charred 5 96 (8%) 67 (25%) 100 (0%) 98 (0%) 100 (1%)
FT3 Green 6 15 (67%) 6 (67%) 69 (22%) 48 (23%) 62 (19%)
Scorched 5 38 (34%) 22 (50%) 97 (%) 82 (21%) 85 (22%)
Charred 11 97 (4%) 75 (19%) 100 (1%) 91 (5%) 98 (2%)
FT4 Green 1 23 10 35 10 57
Scorched 1 25 13 95 70 90
Charred 11 98 (6%) 82 (16%) 99 (1%) 90 (11%) 99 2%)
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than those of the corresponding pine fuel types (Table 1).
In scorched plots, the two species had similar percentages
of litter consumption, with higher values in FT1 and FT2
plots. However, in the shrub layer, fine and coarse fuel con-
sumption was higher in pine than in oak plots. Among oak
fuel types, FT3 and FT4 had higher consumption factors,
whereas they were similar in pine plots. Crown consump-
tion factors were highest in FT1 for both species. In charred
plots, litter and fine shrub fuels were completely consumed,
while coarse shrub fuel consumption ranged from 84 to 98%
across species and fuel types (Table 1). The percentage of
crown leaves consumed in charred plots was nearly 100%
in all cases, while a lower proportion of fine branches was
consumed.

Atmospheric pollutant emissions

The total emissions of all pollutants varied with fire severity,
and CO, and CH, emissions varied with species (Table 2). In
particular CO,, CO, CH, and PM, 5 emissions were the high-
est in charred plots, followed by scorched plots and green

plots, while CO, and CH, emissions were higher in pine than
in oak plots (Fig. 6).

Fire severity showed significant differences for all pol-
lutants in the two forest types (Table 3), while there was no
significant difference between fuel types, and the interaction
of the two factors was only marginally significant in the case
of CH, for oak plots.

Discussion

Pre-fire fuel loading across different forest and fuel
types

Total pre-fire fuel loading is a critical factor to accurately
estimating wildfire emissions, but comparisons are chal-
lenging due to differing criteria for measuring fuel loading
in crowns, shrubs and litter (Abdollahi and Yebra 2023).
The use of constant average fuel loading and consumption
values in areas with inherent variability, such as Mediter-
ranean forests, or the lack of fuel components such as litter,

Table 2 Two-way ANOVA
values of the effects of fire

Variable Fire severity

Species Fire severity*Species

severity, species and their co,
interaction on the emissions of

F=97.55, P<0.001

F=17.27,P=0.01 F=141,P=0.24

CO,, CO, CH, and PM, 5 CcO F=60.02, P<0.001 F=0.11, P=0.74 F=2.47, P=0.09
CH, F=158.03, P<0.001 F=60.29, P<0.001 F=0.72, P=0.49
PM, F=84.81, P<0.001 F=0.11, P=091 F=2.78, P=0.07
Fig. 6 Mean (+ standard devia- 45|  P.halepensis A P.halepensis B
tion) values of (A) CO,, (B) o Q.suber Q.suber
CO, (C) CH,, and (D) PM, < a5 3
emissions (Mg ha™) in green, fo 30 _‘g
scorched and charred plots of = 0 9
pines (light green) and oaks e =
o N
(green) S 15 o
o 1
0 0
Green Scorched Charred Green Scorched Charred
Fire severity Fire severity
P.halepensis P.halepensis
01004 o e C = o5l 1 Qisuber D
] < U
£ 0075 =
=3 Z 02
= 0.
E 0.050 é
© 0.025 a 0.1
0.000 0.0

Green Scorched Charred
Fire severity
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Table 3 Two-way ANOVA values of the effects of severity (green, scorched and charred), fuel type (FT2 and FT3 for pines, FT 3 and FT4 for
oaks) and their interaction on the emissions of CO,, CO, CH, and PM, 5 of the two forest types considered separately

Emissions  Forest  Fuel type Severity Fuel type * Severity = Green Scorched Charred
(Mg ha™) (mean + SD) (mean + SD) (mean + SD)
Co, Pine  F=190P=0.17 F=27.60P<0.001 F=0.01 P=099 18.9+4.88 25.1+£7.9% 38.6 6"
Oak F=0.01P=092 F=66.70P<0.001 F=2.15P=0.13 11.7+6.7¢ 25.7+3.78 34.3+4.3%
CcO Pine F=2.04P=0.16 F=1827P=0.001 F=0.15P=0.90 1.66+0.458 2.07+£0.66° 3.09+0.58*
Oak F=0.61 P=044 F=50.61 P<0.001 F=223P=0.11 1.18 +£0.72¢ 2.40+0.21® 3.07+£0.444
CH, Pine F=159P=021 F=60.78 P<0.001 F=0.10P=0.90 0.033+0.008°  0.049+0.014®  0.087+0.01*
Oak F=054P=046 F=9554P<0.001 F=4.40P=0.02 0.012+£0.007°  0.034+0.012  0.060+0.008*
PM, 5 Pine F=189P=0.17 F=24.09P<0.001 F=0.01P=0.98 0.13+0.038 0.17 +0.05® 0.26+0.04*
Oak F=021P=0.64 F=60.13P<0.001 F=221P=0.12 0.09+0.06° 0.2+0.02° 0.26+0.03*

Significant differences among fire severities for each pollutant and species according to the Tukey post hoc test are indicated with different letters

can lead to substantial over- or underestimation of wildfire
emissions (Fernandes and Loureiro 2013; Lydersen et al.
2014; Lasslop and Kloster 2015). For example, including
or excluding litter, variations in its definition, or differences
in collection methods can significantly alter total fuel load-
ing estimates (Ganteaume et al. 2014; Morgan Varner et al.
2015). Taking these facts into consideration, we found small
differences in total fuel loading, but consistent with previous
analysis showing similar values (i.e., 10-30 Mg ha™! for Q.
suber and conifer forests) and distribution among layers.
Our results are in line with other studies that found that oak
forests had more litter, while pine forests exhibited higher
shrub and crown fuel loading (Silva et al. 2006; Rosa et al.
2011). Fuel loading in oak stands varied with the time since
the last fire. In areas without fire for over 25 years, shrubs
were dominated by E. arborea or A. unedo, while areas with
frequent fires were dominated by Cistus or Genista species
(Curt et al. 2011; Schaffhauser et al. 2011, 2015). In the
Jonquera wildfire, 61% of plots were dominated by E. arbo-
rea or A. unedo with an average fuel loading of 12 Mg ha™!,
while there were only 8% of plots with Cistus/Genista with
lower fuel loading (8.3 Mg ha™!), similar to the 6.26 Mg ha™!
reported in southern Spain (Pasalodos-Tato et al. 2015). This
distinction has been noted by other authors (Casals et al.
2023) and explains differences in fire behavior, with surface
fires occurring in Cistus-dominated stands and crown fires in
Erica-dominated stands (Schaffhauser et al. 2011).

In pine stands, the shrub layer contained the highest per-
centage of fuel loading, followed by litter and crown (Fig. 4).
The FT1 of pine stands (characterized by higher open areas
and low tree density) showed the lowest total fuel loading
due to low litter accumulation, while the other fuel types had
similar total fuel loading (Fig. 4). The low values of FT1 can
be attributed to the open nature of these areas, and with char-
acteristics associated with low site quality (i.e., low values
of water availability and high percentage of stoniness, Alva-
rez et al. 2012b) that limit potential high tree densities. In

other Mediterranean regions, high total fuel loading has been
reported for pure maquis shrublands (i.e., 25-53 Mg ha™! in
Greece, Dimitrakopoulos 2002). In our study, shrubland fuel
loading ranged from 4 to 21 Mg ha™!, similar to the under-
story of other P. halepensis forests (Dimitrakopoulos et al.
2007). The dominant shrub species in pine plots were Q.
coccifera and P. lentiscus (58% of pine plots), corresponding
to formations with an average of 18 Mg ha™!, followed by
R. officinalis with 16 Mg ha™'. These results are in line with
previous research in southern Spain, which reported high
variability in shrub fuel loading, and even exceeded those
measured in Catalonia (Pasalodos-Tato et al. 2015; Casals
et al. 2023). Litter fuel loading in P. halepensis was also
consistent with other studies in Greece (Dimitrakopoulos
et al. 2007) and France (Ganteaume et al. 2009). Fine crown
fuel loading in pine stands was highly variable, and higher
values were previously found in Greece were associated with
forests with greater basal area, ranging from 33 to 69 m”> ha™
(Mitsopoulos and Dimitrakopoulos 2007). Moreover, crown
fuel loading assessments often include leaves and branches
up to 0.6 cm (Jiménez et al. 2013), whereas in our study only
branches below 0.6 cm were consumed. This methodological
difference likely explains why our crown fuel loading esti-
mates were lower than those from other studies that included
larger branch sizes (Jiménez et al. 2013; Balde et al. 2023).

Fire severity and combustion factors

In the Jonquera wildfire, fire severity was similar between
oak and pine stands, with a dominance of charred plots with
69% and 62% respectively and a small proportion of scorch
and green plots with 31% in oak and 38% in pine. Previous
studies found that wind speed affects fire behavior and fire
severity depending on the forest type. In broadleaf forests,
wind-driven fire behavior is shaped by litter type, thickness
and topography, while in coniferous forests, particularly pine
stands, wind plays a dominant role in driving surface fire
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spread and increasing the likelihood of crown fires (Aghajani
et al. 2014; Cruz et al. 2025). However, our results sug-
gest that while wind is a key factor in the two forest types,
its influence is more pronounced under extreme conditions,
overriding landscape or species-specific factors (Aghajani
et al. 2014; Keeley and Syphard 2019; Prichard et al. 2020b).
In contrast, fire severity varied among fuel types for both
species due to differences in stand structure, but in a lower
way than other past wind-driven wildfires in the same area,
most likely due to differences in fuel and meteorological
conditions. FT2, characterized by large trees and low tree
density often linked to surface fires, was rare in oak plots but
common in pine stands, where it had the highest percentage
of green plots (30%) (Fig. 5). This aligns with findings from
the Ventall6 wildfire (Alvarez et al. 2012a), where FT2 also
exhibited the lowest severity. However, in the Jonquera fire,
FT2 pine stands spread more crown fires, most likely due
to differences in fuel and meteorological conditions. Stands
with high basal area, larger tree size, and less variability
in tree diameter characteristics associated with FT2 have
been linked to higher post-fire survival and lower damage
in Northeastern Spain in models using forest inventories and
fire data (Gonzalez et al. 2007). Similar trends have been
observed between large trees with low densities and live
post-fire structures in Pinus nigra and Pinus pinaster forests
with recurrent low-severity fires in Spain (Fulé et al. 2008;
Viedma et al. 2020), in Portugal (Fernandes et al. 2015) or
in fire-tolerant trees in Oregon, USA (Hessburg et al. 2016).
FT3, with higher tree density than FT2 and a second tree
layer, showed variable severity. In oaks, FT3 burned with
the greatest range in severity linked to the highest shrub
and litter fuel loading variability. This fuel type also had
the highest proportion of green plots partly due to the lower
fuel loading without E. arborea and possibly past fuel man-
agement identified during the fieldwork. In contrast, FT4,
with higher vertical and horizontal continuity, had very high
percentages of charred plots caused by active crown fires in
both species as previously reported by other authors, who
modelled the effect of forest structure on the potential for
crown fires and large tree consumption (Ritter et al. 2023).
High intensity fires in forests with these characteristics is a
phenomenon widely described in pine forests, but also oak
forests in areas of southern France and north-eastern Catalo-
nia (Schaffhauser et al. 2011; Alvarez et al. 2012a; Sanchez-
Pinillos et al. 2021). This is in accordance with previous
research in which, independently of the species, relative
stand damage increases when there is a large variation in tree
size, lower basal area and mean diameter (Gonzalez et al.
2007; Jain and Graham 2007). Finally, FT1, with the low-
est tree density and open forest structures, had similar high
fire severity in both species. Its sparse canopy, combined
with higher understory density and increased wind expo-
sure, increased the availability of surface fuels and favored
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intense surface fires and passive crown fires (Alvarez et al.
2012a; Sanchez-Pinillos et al. 2021). This pattern of severe
fires in open, understory-dominated stands has been widely
documented in Mediterranean forests (Oliveras et al. 2009;
Viedma et al. 2020).

Combustion factors are influenced by variables such as
fuel moisture content, fire behavior, spread direction and fire
phase (Urbanski 2013; Surawski et al. 2016; Fernandes et al.
2022). In the Mediterranean area, there is limited data on
combustion factors across forest or fire types (topographic,
convective or wind-driven fires) (Costa et al. 2011). In
our study, combustion factors of all layers (Table 1) were
consistent with wind-driven fires (Costa et al. 2011), and
showed the expected correlation between higher fire sever-
ity and increased fuel consumption (Campbell et al. 2007;
Molina et al. 2019; Price et al. 2022). In charred plots,
litter and fine/coarse shrub fuels were nearly completely
consumed, aligning with experimental surface burnings in
Pinus pinaster in Portugal (59-100% for litter, 24-95% for
understory fuels; Fernandes and Loureiro 2013), but higher
than the 70% litter consumption observed in low-severity
fires in Oregon (Campbell et al. 2007). Direct comparisons,
however, are difficult due to differing fuel definitions and
data availability. Crown leaves were completely consumed
in charred plots, typical of high-intensity crown fires (Mit-
sopoulos and Dimitrakopoulos 2014), but 10-33% of fine
crown branches remained unconsumed. Wind-driven fires,
which spread faster than convective or topographic fires, can
result in partial branch combustion even when reaching the
canopy if there is an appropriate combination of windspeed
and fine fuel moisture content, as seen in the Sobradelo wild-
fire in Spain (Jiménez et al. 2013). In scorched plots but
especially in green plots (in this case only comparing FT3
and FT4, the only available for the two species), consump-
tion was generally higher in pine than oak stands. Green
plots showed sensitivity to the relationship between per-
centage of large trees, tree height and surface fire intensity.
Studies in California found higher burn efficiency in coni-
fers than in hardwood at higher severities (De Santis et al.
2010), while in Spain, oak species showed higher efficiency
at lower severities (Balde et al. 2023). However, some of
these studies did not differentiate biomass into fractions or
different components for burn efficiency calculations as we
tried to assess in the field work. Improved understanding
of species-specific and size-specific consumption patterns
across fire severities is essential to refine emission estimates
and reduce uncertainties (Balde et al. 2023). FT2 pine plots
were the most fire-resistant, retaining green trees despite
burning in high-intensity surface fires. This resistance was
attributed to their taller trees and lower tree density, which
allowed for higher surface fuel consumption without severe
crown damage. In FT3 and FT4 oak stands, lower litter con-
sumption in green plots reflected the inability to burn more
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surface fuel without transitioning to a higher severity class.
In contrast, pine plots consumed more surface fuels in green
severities without causing greater tree damage, as their taller
trees were less affected. Similarly, Busby et al. (2023) found
that overstory canopy height was the only influential factor
in reducing fire severity under strong winds.

Atmospheric pollutant emissions

Quantifying and comparing wildfire emissions is challeng-
ing due to substantial variation in both quantity and chemical
composition among fires (Sommers et al. 2014; Filonchyk
et al. 2025). In our study, fire severity was the main fac-
tor that determined emissions for all pollutants, consistent
with established relationships between fire severity, burning
efficiency and emission levels (De Santis et al. 2010; Balde
et al. 2023). CO, emissions were slightly higher in pine than
in oak forests, with the Jonquera fire with charred plots emit-
ting 34-39 Mg ha™! of CO, and 12-19 Mg ha™! in green
plots for both oak and pine (Table 3). While these values
are considerably lower than those reported from other large
fires in Australia (Surawski et al. 2016) or Canada (Filon-
chyk et al. 2025), they are in line with studies in similar
regions and climates (Bacciu et al. 2009), with some vari-
ations depending on the forest type and severity. However,
these studies did not account for litter or included crown
branches larger than 0.6 cm, which were not consumed in
our study. Despite advances in methods for estimating fuel
loading and crown fuel consumption (Ferndndez-Guisuraga
and Fernandes 2023; Labenski et al. 2023; Wiedinmyer et al.
2023; Conrad et al. 2024), wildfire consumption and emis-
sions in Mediterranean areas are often underestimated due
to the exclusion of litter and shrub layers (Domingo et al.
2017; Balde et al. 2023).

Epidemiological literature has focused on health effects
of PM, 5 concentrations (Chowdhury et al. 2024), but esti-
mating CO emissions is gaining importance because ele-
vated CO levels during and after wildfires pose risks to all
breathing organisms for up to a month post-fire (Griffin et al.
2023; Yilmaz et al. 2023). Here, we only assessed immediate
CO and PM, 5 emissions, which were lower (5.3 Mg ha™!
and 0.5 Mg ha™!, respectively) than those reported for the
Andilla fire but similar to emissions from the maquis for-
est fire in Cortes de Pallas (Chaves Naharro 2015). In con-
trast, Bacciu et al. (2009) documented CO emissions of
0.3-7 Mg ha™! and PM, 5 emissions of 0.04-0.08 Mg ha™!
in a Mediterranean maquis fire. CH, emissions, less studied
in Mediterranean wildfires due to limited emission factor
data compared to other countries such as the USA (Prichard
et al. 2020a; Urbanski et al. 2022), were higher in pines than
in oaks in our study (Tables 2 and 3). CH, emissions in pine
stands also exhibited greater variability across fire severi-
ties compared to other gases, likely due to the higher resin

content in pines, which is carbon-rich and conducive to CH,
production. The CH4 values observed here exceeded those
reported for the Andilla and Cortes de Pallas fires (0.037
and 0.022 Mg ha™!) and were markedly higher than the
0.019-0.036 Mg ha™! range reported by Bacciu et al. (2009).
Moreover, the higher consumption rates in pines at low fire
severities may offset the higher litter fuel loading observed
in oak forests. On the other hand, the shrub species typical of
oak forests have greater water retention capacity and greater
fire resistance than those in pine stands, likely resulting in
less combustion and lower CH, emissions.

Limitations and uncertainties

Important limitations need to be considered when interpret-
ing our findings. First, the differences in fuel distribution
observed between pine- and oak-dominated forests in this
study could have been better understood by considering
ecological factors such as litter chemistry, soil properties
and topography, all of which have been shown to influ-
ence fire behavior and fuel consumption (Alves et al. 2011,
Ma et al. 2022; Akin et al. 2023). Litter chemistry plays
a significant role, as forests with higher concentrations of
volatile compounds in their litter, such as pine forests with
their resin-rich needles, tend to exhibit higher fuel loads and
more intense fires compared to oak forests, where tannins
and lignin in the litter can dampen combustibility (Ficken
and Wright 2017; Liang et al. 2022). Additionally, soil prop-
erties, particularly water retention capacity, influence fuel
consumption rates, with soils that have high clay content
tending to retain moisture, reducing combustion efficiency,
whereas drier, sandy soils allow for greater fuel consump-
tion (Ma et al. 2022). Furthermore, topography, including
aspects like slope and elevation, affects fuel distribution by
concentrating fuel on steeper slopes and enhancing its sus-
ceptibility to ignition, as shown in previous studies (Lecina-
Diaz et al. 2014; Conedera et al. 2024). Taken together, litter
chemistry, soil properties and topography could provide a
deeper insight into the mechanisms behind fuel distribution
and combustion, which in turn could influence the emissions
of gases like CO,, CO, CH, and particulate matter.
Important sources of uncertainty also arise in emission
estimates. According to the Corinair90 inventory, the con-
tribution of forest fires to the total emissions is small, but
uncertainties are very large (San-Miguel-Ayanz and Stein-
brecher 2019). Emissions from wildfires require accurate
and complex estimations, often based on the Seiler and
Crutzen (1980) equation. The components of this equation
are derived in various ways, introducing significant uncer-
tainties at each component (Larkin et al. 2014; Lydersen
et al. 2014). Among these, pre-fire fuel loading is a primary
source of uncertainty, with variations in fuel characteris-
tics contributing up to 83% of the uncertainty in emission
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estimates (Ottmar et al. 2008; Fernandes et al. 2022). While
measuring fuel loading directly before a wildfire is ideal, it
is rarely feasible. To mitigate this uncertainty, we avoided
reliance on average fuel values that fail to capture the vari-
ability of wildland fuels (Kennedy et al. 2020). Instead, we
used species-specific allometric equations derived from
Spanish National Forest Inventory (NFI) data for canopies
and shrubs, supplemented by the Ecological Forestry Inven-
tory of Catalunya (IEFC) for litter assessment (Gracia 2001;
Vayreda et al. 2016). Although more precise shrubland equa-
tions exist in Spain, their application post-fire is challeng-
ing, as variables such as shrub height or diameter may no
longer be measurable (Pasalodos-Tato et al. 2015; Casals
et al. 2016, 2023). Litter is one of the most uncertain com-
ponents in wildfire emission calculations (Fernandes and
Loureiro 2013; Kennedy et al. 2020). If litter content is not
measured before the fire, underestimations of fuel loading
and emissions are inevitable, particularly in extreme wild-
fires. Litter consumption can range from near 0 to 100%,
making its inclusion crucial because only subsurface car-
bon, litter, duff and mineral soil carbon, account for 65%
of total fire-wide carbon emissions (Campbell et al. 2007;
Vilen and Fernandes 2011). Prioritizing litter measurements
is essential for reducing overall uncertainty, especially in the
Mediterranean region, where studies of litter fuel loading for
wildfire emissions are scarce (Fernandes and Loureiro 2013;
Garcia-Hurtado et al. 2013; Kennedy et al. 2020).
Combustion factors for each layer are another important
source of uncertainty in wildfire emissions, with over 30%
(Ottmar et al. 2008; Fernandes et al. 2022; Prichard et al.
2022) that could be higher depending on the position of the
fire (head, flank and back), fuel type, arrangement and fuel
moisture (Surawski et al. 2016). In the Mediterranean area,
there are limited field-based examples, and no standardized
methods are widely adopted for estimating fuel consump-
tion after a fire, particularly when applying the Seiler and
Crutzen (1980) method (De Santis et al. 2010; Jiménez et al.
2013; Balde et al. 2023). Few attempts have been made to
estimate fuel consumption in active crown fires (Stocks
1987b, 1989; Call and Albini 1997), and some used visual
assessment of consumption percentage, but knowing pre-fire
fuel loading (Stocks 1987a, b). Because of this, our results
should be interpreted cautiously as there is still a subjective
element despite efforts to minimize bias. To improve accu-
racy, we visited unburned areas within and bordering the
fire perimeter to identify potential fuels and species before
and during the fieldwork. During plot measurements, we
spent considerable time recording shrub diameters and fine
tree branches. All plots were measured by two people to
reduce observer bias, and each percentage estimate was aver-
aged between both to minimize perceptual errors. Addition-
ally, we took numerous photos from various angles at each
plot to document trees, shrubs and litter. Afterwards, we
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reviewed and adjusted the percentages to ensure consist-
ency across plots, aiming for a more balanced interpretation.
These efforts helped mitigate biases and allowed us to accu-
rately reflect the differences observed between plots. Our
results offer a logical and valuable contribution, particularly
in understanding the fraction of canopy consumed during
these fires. Grouping fuel consumption into four types based
on vertical and horizontal continuity, and comparing them
across species, aligns with recent studies on how tree conti-
nuity influences crown fire potential and fuel consumption
(Ritter et al. 2023).

Finally, emission factors are another significant source of
uncertainty in emission estimations, contributing to about
16% of the total error (Ottmar et al. 2008; Bacciu et al. 2015;
Fernandes et al. 2022). This uncertainty could be higher, as
emission factors are influenced by many factors including
fuel moisture, fire type, fuel type and combustion phase.
The latter can lead to substantially different emissions when
using average values, causing variations in pollutants that
are highly dependent on them (e.g. CO, CH, or PM) (Prich-
ard et al. 2020a). The main challenge is that most avail-
able data on emission factors is from USA forests (Urbanski
2013; Prichard et al. 2020a; Urbanski et al. 2022), which
may not be applicable to European wildfires due to differ-
ences in species composition and combustion characteris-
tics, such as the flaming and smoldering phases (Fernandes
et al. 2022). In our study, we did not differentiate between
flaming or smoldering combustion phases nor did we con-
sider fuel moisture, which could further affect the accuracy
of emission estimates. Efforts have been made in Europe
to refine emission factors for species like pine and oak, but
further research is needed, particularly for southern Euro-
pean conditions. In this study, we used litter emission factors
from another species of the genus, Q. pubescens (Pallozzi
et al. 2018) for Q. suber, as it was the only available data.
It is crucial to continue research and field measurements in
Mediterranean regions to improve emission factor accuracy
(Fernandes et al. 2022). Despite these limitations, this study
contributes valuable knowledge, especially in establishing
relationships between pre-fire fuel loading, fire severity, fuel
consumption and emissions in heterogeneous Mediterranean
forests.

Conclusion

With the growing risk of wildfires in Europe, especially in
Mediterranean ecosystems, the loss of forest ecosystem ser-
vices and increased pollutant emissions have become more
pronounced (Zheng et al. 2021; Shakoor et al. 2023; Lecina-
Diaz et al. 2024). While remote sensing tools are valuable
for estimating emission components (Labenski et al. 2023),
field data remains critical for validating and calibrating
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models, and for quantifying fuel consumption and emissions
across fuel types and layers (Jiménez et al. 2013). Our study
reveals that in Mediterranean pine and oak forests, fuel types
with greater vertical and horizontal continuity had higher
fire severity and fuel consumption. At high severities, oak
forests emitted more CO and PM, 5 while pine emitted more
CO, and CH,. While fire severity was the primary factor
influencing pollutant emissions, pine forests emitted higher
levels of pollutants than oak forests at lower severities, high-
lighting the importance of understanding pre-fire fuel distri-
bution for accurate emission quantification. Forest manage-
ment should aim to create structures with predominantly
taller trees, resembling the highly fire-resistant fuel types
(FT2 and FT3) in both pine and oak forests. Efforts should
also focus on reducing understory shrub density to reduce
surface fire intensity, thereby decreasing fire severity and
emissions, as demonstrated in our study. Special attention
should be given to oak forests with understories dominated
by Erica and pine stands with understories composed of
Pistacia lentiscus, Quercus coccifera or Rosmarinus offici-
nalis. By implementing targeted management strategies to
achieve these specific vegetation structures, we can signifi-
cantly reduce emissions and minimize the environmental
impact of wildfires in these ecosystems.
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