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Abstract  10 

In the Mediterranean area, wind-driven wildfires with crown fires are rising, causing an increment in atmospheric pollutant 

emissions. Quantifying gas emissions in these wildfires requires a better understanding of the components that contribute to 

the total emission estimate. Here, we aimed to analyze the differences in pre-fire available biomass distribution among layers 

of fuel types in Pinus halepensis and Quercus suber (hereafter, pine and oak) forests burned in one of the largest wildfires 

(“La Jonquera”, 10,264 ha) of the past decades. This was done in order to try to unravel the differences in fire severity linked 15 

to the percentage of available biomass consumed in each layer and pollutant emissions (CO2, CO, CH4, PM2.5). We used field 

data (>100 post-fire plots) in which measures from crown, shrub and litter layers, fire severity and consumption assessments 

were combined with data from National Forest Inventories to quantify final atmospheric pollutant emissions.   

Total pre-fire available biomass among pine and oak forests showed different vertical distribution. Pine forests had a higher 

percentage of crown fine and shrub biomass for all fuel types while oak had more litter biomass. The fuel types with large 20 

trees and low tree density, together with fuel types with has lower tree density and vertical continuity had the highest non-

charred fire severity in pine and oak. The presence of Erica arborea caused higher fire severity in oak stands. Fuel types of 

pine were more resistant to the effects of surface fires because they had taller trees than oak. Percent biomass consumption 

was higher in pine and oak stands in low fire severities because the taller trees could withstand surface fire at high intensities 

without increasing fire severity. The wildfire analyzed was a large fire with massive crown and high-intensity surface fires, 25 

but only a small amount of the finest crown biomass and coarse surface fuels were consumed. Fire severity was the main factor 

determining different amount of emissions without significant influence of fuel types, and only emissions of CO2 and CH4 

were higher in pine than in oak in low fire severities. Although remote sensing technologies are extremely useful for biomass 

and wildfire severity assessments, field data is essential to quantify biomass consumption, atmospheric pollutant emissions 

from different fuel types and fuel layers. 30 
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1 Introduction  

Biomass burning by wildfires is a global phenomenon emitting significant quantities of pollutants such as atmospheric gases, 35 

aerosols and particulates into the atmosphere with an important 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 C yr−1 in the period 1997–

2016 (van der Werf et al., 2017). At the same time, climate change affects wildfires, directly by increasing drought conditions 

that affect fire ignition, propagation, frequency and distribution of extreme wildfire events with high-intensity, and indirectly 

through its effects on vegetation and fuels (Ruffault et al., 2018; Fernandes et al., 2022; San-Miguel-Ayanz et al., 2018). 40 

Wildfire events release carbon mainly in the form of carbon dioxide (C02) which together with carbon monoxide (CO), and 

methane (CH4), constitute nearly 95% of wildfire carbon emissions. From these, mostly CO2 and CH4 have the greatest 

greenhouse influence, while CO is an active trace gas contributing to the secondary formation of ozone (O3) (Pallozzi et al., 

2018). Wildfires also release particulate matter, which can cause health issues with different toxicity levels depending on the 

location, particle size and composition (Naeher et al., 2007; Kocbach Bølling et al., 2009). 45 

 

In recent years, large wildfires have repeatedly affected Europe, particularly in southern Mediterranean countries, which had 

the majority of the annual burned area from 1980 to 2017 (de Rigo et al., 2017; San-Miguel-Ayanz et al., 2018; Fernandes et 

al., 2022) with extreme years like 2022 in Portugal, France and Spain (Rodrigues et al., 2023). At the country level, wildfire 

emissions were only assessed in Portugal (Rosa et al., 2011; Carvalho et al., 2007; Miranda et al., 2009; Fernandes et al., 50 

2022), Italy (Bacciu et al., 2015) and Greece (Lazaridis et al., 2008), usually analyzing specific periods and adapting the Seiler 

and Crutzen (1980) method. Moreover, previous studies are usually restricted to prescribed fires that do not experience the 

range of severities of an extreme wildfire (Fernandes et al., 2022; Balde et al., 2023). Consequently, uncertainties associated 

with the variables used can influence the amount of material emitted by fires, which may be especially important in 

heterogeneous Mediterranean forests with different forest structures. The lack of data from wildfires forces the use of general 55 

assumptions without contrasted real data that can cause huge inaccuracies (Balde et al., 2023; Fernandes et al., 2022). For 

instance, emission factors used in these estimates may not be accurate at species level or for individual components 

(needles/leaves, branches, shrubs, litter) (Poupkou et al., 2014; Pallozzi et al., 2018; Larkin et al., 2014). In the Mediterranean 

area, where wind-driven wildfires with crown fires are common (Lahaye et al., 2018; Duane and Brotons, 2018), available 

biomass or available fuel (defined as the combustible material that will be consumed in a wildfire under specific weather 60 

conditions (EPA, 1996) consumed is not correctly estimated, because higher wind speed is associated with lower crown tree 

consumption but to a complete consumption of shrubs and litter biomass (Jiménez et al., 2013a; Stocks, 1987; Surawski et al., 

2016). These sources of uncertainty can be minimized by using field data from wildfires. However, data on fire occurrences 

and forest stand characteristics are still scarce in southern Europe, and are essential to understand the impact of different forest 

structures and forest types on fire emissions estimates, especially under different burning conditions (Campbell et al., 2007; 65 

French et al., 2011; Kasischke and Hoy, 2012; Nunes et al., 2019; Balde et al., 2023). 

Fire severity is an important determinant of changes between pre-fire and postfire conditions, and is usually defined as 

aboveground and belowground consumption of organic matter (Garcia-Llamas et al., 2019; Balde et al., 2023). A wildfire can 

produce different levels of damage depending on the layers burnt and their flammability (Xanthopoulos et al., 2012; Chiriacó 

et al., 2013). Field data is thus key to quantify combustion factors for different pools, burn severities and forest species and 70 

structures. Forest structures are usually grouped in fuel types, defined as identifiable associations of fuel elements with 

distinctive species, form, size arrangement, and continuity that exhibit characteristic fire behavior under defined burning 

conditions (Alvarez et al., 2012a; García-Cimarras et al., 2021; Abdollahi and Yebra, 2023). While most studies recognize the 

need to know the combustion factors according to fire severity, field data to parameterize these functions is lacking (Balde et 

al., 2023; Jiménez et al., 2013b). Understanding how fire severity is related to fuel consumption among different fuel layers is 75 
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needed to improve fire emission estimates to quantify the effect of heterogeneous landscapes on wildfire emissions (Campbell 

et al., 2007; De Santis et al., 2010; Kasischke et al., 2005; Surawski et al., 2016). Using an unprecedented combination of field 

data and forest inventory data from a large wildfire in a Mediterranean area, the main objective of this study is to analyze the 

distribution of the available biomass to burn, fire severity and fuel consumption, to ultimately quantify the impact of different 

forest structures (i.e., fuel types) and forest types on total pollutant emissions. The specific objectives of the study are: 1) To 80 

analyze the distribution of available biomass before the fire for the different fuel types and forest types; 2) To unravel the 

differences in fire severity among fuel types and forest types, and their consequences on the percentage of biomass consumed 

in each layer; and 3) To analyze pollutant emissions (CO2, CO, CH4 and PM2.5) across fire severities and fuel types.  

 

2 Materials and methods 85 

2.1 Study area and pre-fire vegetation 

The study area corresponds to the wildfire that occurred in the Jonquera (North east Spain, Girona province, 42º24’59” N - 

2º52’29” E) in summer 2012, which burned 10,264 ha. The climate of the region is mainly humid sub-Mediterranean, with an 

accumulated annual rainfall between 650 mm in the lower altitudes and 1000 mm at higher altitudes, and its lowest 

precipitation in July. Mean annual temperature oscillates around 15-16ºC, with July being the warmest month (mean 90 

temperatures in July: 23-24 ºC) and January the coldest (8-9 ºC). The study area was located at 35-780 m a.s.l, with slopes 

between 0-72%. Through the 20th century, the area was one of the most important regions of the cork (Quercus suber) industry. 

Nowadays, this activity is less common, resulting in an increase in forests and artificial surfaces, and a reduction in shrublands 

(Salis et al., 2019; Badia et al., 2019). Consequently, fuel load and continuity increased, particularly in areas where population 

density has decreased.  95 

Sixty per cent of the area burned in 2012 also burned in a previous large wildfire in 1986 (15,000 ha) and a smaller area burned 

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) (hereafter, pine and oak plots). Oak forests were located in the northern part of the wildfire 

area (Fig. 1), on acid soils with forest structures determined by time since the last fire (27 years or more) with high vertical 

continuity and horizontal continuity depending on the structure (Schaffhauser et al., 2011). The understory of oak forests was 100 

dominated by two groups of species: i) high density of Erica arborea; and ii) other dominant species such as Cistus 

monspeliensis, Cistus salvifolius, Ulex parviflorus, Genista Scorpius, Quercus ilex or Arbutus unedo. Pine forests were located 

in the southern part of the burned area (Fig. 1), on sedimentary rocks with diverse forest structures from medium (1,300-3,000 

trees/ha) to low density (<1300 trees/ha). The understory of pine forests was dominated by Quercus coccifera, Pistacea 

lentiscus and Rosmarinus officinalis, with lower proportion of Phyllirea latifolia, Quercus ilex, Rhamnus alaternus and 105 

Viburnum tinus. The main herbaceous species in the two forest types was Brachypodiun retusum. 

 

2.2 Fire description and weather conditions during the fire 

The Jonquera wildfire started at 12.54 pm on 22 July of 2012 and it was controlled at 7.48 am on 27 July. The wildfire started 

as a wind-driven wildfire characterized by continuous high strong north-west oriented winds (called ‘‘tramuntana’’). Wind 110 

speeds were between 10-50 km/h and maximum wind gust was 70 km/h. Fire behavior was extreme with massive crown fires, 

and a high distance of spots (200-400 m) with a maximum of 1km and high fire spread rates (1.8 km/h). From the morning of 

the second day until the fire was controlled, the wildfire burnt as a topographic wildfire, burning a lower area without extreme 

fire behavior. When the fire started, the temperature was 24 ºC (el Pertús) and relative humidity was 24% as a consequence of 
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the drier winds from the north (DARP, 2012). Moisture content was from 19% to 36% during the spread main period and it 115 

was not recovered until the afternoon of the second day (>60%) (data from the meteorological stations of Espolla and Cabanes, 

at 13 and 20 km from the start of the fire). There was a moderate short-term drought according to the Standardized 

Precipitation-Evapotranspiration Index -SPEI- (Vicente-Serrano et al., 2010), but there was only a slight medium- and long-

term drought. Values of moisture content of shrubs fuel were normal for the station with values for Rosmarinus officinalis of 

69% and for Cistus Monspeliensis of 66%. Regarding P. halepensis, the moisture content was 105%, 2% lower than the average 120 

value for the same period (station of Port de la Selva, located at 30 km from the burned area for the 18th July 2012; Gabriel et 

al., 2021).  

 

2.3 Field plot data and fire severity estimation 

One and a half months after the wildfire, we took videos and photographs from two helicopter flights to capture a complete 125 

distribution of fire severity. Using that information, we carried out a first assessment of the area burnt in each forest type using 

the Land Cover Map of Catalonia 2009 (CREAF, 2009). Field sampling started two months after the wildfire. We obtained 

data from 111 circular plots of 20 m of diameter, 61 oak plots and 50 pine plots. Following Alvarez et al. (2013) we 

differentiated three types of fire severity plots (understood as the immediate effect of fire from biotic components of the forest) 

according to the percentage of trees with different severity: green plots, which had at least 50% green trees, scorch plots, which 130 

had at least 50% scorch trees and not more than 25% green trees, and charred plots which had about 100% charred trees. The 

number of plots was proportional to each forest type and fire severity in the study area. In each of the two main forest types, 

we established at least ten plots per fire severity category (Fig. 1).  
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Figure 1. Field plots distributed in the fire area (black perimeter). The triangles are the Quercus suber plots, the circles are the 

Pinus halepensis plots. The inner dot colors indicate 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 firefighters corps. 140 

 

At the plot level, we measured slope, aspect, elevation and the homogeneity of the forest structure. Following Alvarez et al. 

(2012a) we considered all trees higher than 3 m independently of species. We classified them in three classes according to 

their height: small (3–5 m), medium-sized (5–8 m), and large (8 m or taller) to determine forest structure based on their vertical 

and horizontal continuity. We classified each plot into one of the 20 forest structures in Alvarez et al. (2012a), based on the 145 
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number of layers, % of the different types of trees (small, medium, large) and tree density. Subsequently, we grouped these 

forest structures into 4 fuel types according to their common forest structure characteristics and potential fire type (i.e., active, 

passive or surface fire) (Table S1 in the Supplement). Fuel type 1 (FT1) was characterized by open forest structures with 

variable proportions of large trees and very low tree density (<500 trees ha-1), which means very low tree horizontal continuity. 

Fuel type 2 (FT2), characterized by large trees and low tree density, was a rare fuel type in oak plots, but it was common in 150 

pine plots. Fuel type 3 (FT3) had a similar forest structure than FT2 but with higher tree density and a lower percentage of 

large trees with a second tree layer. Finally, fuel type 4 (FT4) corresponded to forest structures with a lower than 60% 

proportion of large trees, high vertical continuity and high tree density (> 1300 trees ha-1) with high horizontal continuity (Fig. 

2). This classification of forest structures and fuel types has been successfully applied in several studies related to potential 

fire behavior of forest structures (Alvarez et al., 2012a), comparing evolution of the risk of fire type using inventories and to 155 

assess the risk of losing ecosystem services (Alvarez et al., 2012b; Lecina-Diaz et al., 2021).  

 

 

 

Figure 2. Schematic view of the four fuel types (FT1 to FT4) used in this study (based on Figure 2 of Alvarez et al. 160 

(2012b)).    

 

For each tree, fire severity was assessed using the proportion of residual crown left alive as an indicator of tree fire severity. 

Thus, we categorized the tree into three types; firstly, green trees, which could be partially scorch but had at least 20% green 

crown; secondly scorch trees, which were mostly affected by radiant and convective heat and had less than 20% green crown, 165 

although normally they were fully scorch with abundant fine fuels (needles and small branches with <6 mm) on the tree or on 

the ground but not consumed; and thirdly charred trees, which were skeletons mainly consumed without fine materials on the 

tree or on the ground (Alvarez et al., 2013). For each tree we also measured species, diameter at breast height (DBH), total 

height and crown base height (measured at the lowest part of the crown with vertical continuity of branches and higher and 

lower char height measured on tree stem). Moreover, we assessed the percentage of fine fuel consumed of leaves and branches 170 

(lower than 0.6 cm) per tree. Regarding shrubs, at the plot level, we identified all shrub species visually and, for each shrub 

species, we estimated its fraction cover. We also measured visually the percentage of each shrub species consumed, 

differentiating between particle size classes (i.e., 1-, 10-, 100-, 1000-h time-lag). 

 

2.4 Computation of pyrogenic emissions  175 

To assess pyrogenic emissions, we applied the Seiler and Crutzen (1980) method (see a detailed description in Sect. S1) 

following Eq. (1): 

EM = A x B x C x D,            (1) 

where EM are the total emissions (Mg/ha), A is the area burned (ha), B is the available biomass before the fire (Mg/ha), C is 

the combustion factor (%) and D is the emission factor (g/kg).  180 
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2.4.1 Area burned and pre-fire available biomass 

The area burned was obtained from the fire perimeter measured by the firefighter corps in the field immediately after the 

wildfire with GPS. At the plot level there were different plot areas depending on the heterogeneity of the area, ranging from 

316 to 716 m2. To obtain the fine biomass before the fire we distinguished three components: trees, shrubs and litter. 

• For trees, to calculate the available fine biomass before the fire of each tree (leaves and fine branches lower than 0.6 185 

cm) we used the allometric equations considering DBH and height as independent variables to assess biomass 

(Cáceres et al., 2015) given in the ‘medfate’ R package, which used those calibrated with data from the Ecological 

Forestry Inventory of Catalunya (IEFC) (Gracia, 2001).  

• For shrublands, we estimated its biomass from field data. First, we chose the closest NFI3 plot to each of our field 

plots, in which 70% of the dominant area was either Q. suber or P. halepensis with the same shrub dominant species 190 

found in the field. 83 NFI3 oak plots and 51 pine plots were located within the fire perimeter and county region (Alt 

Empordà). Then, in these NFI3 plots we calculated the total and fine shrub biomass using the ‘medfate’ R package 

(De Càceres et al., 2019). Afterwards, we made a multiple linear regression model (MLR) to obtain allometric 

equations between total shrub biomass assessed with ‘medfate’ and shrub cover and dominant shrub species (variables 

obtained from NFI3) for oak and pine forests separately (Table S2). From this total shrub biomass, we computed fine 195 

shrub biomass with simple linear regression models in each forest type (Table S3).  Finally, we applied these 

allometric equations to the field plots using the shrub cover and dominant species obtained directly in the field to 

compute total and fine shrub biomass for each field plot.  

• To assess the fuel load of litter in each plot, we made allometric equations using previous data from the Ecological 

Forestry Inventory of Catalunya (IEFC) (Gracia, 2001). This inventory measured litter biomass, which was not 200 

available in NFI3 data (Vayreda et al., 2016). Firstly, we selected the closest IEFC plots to the wildfire with the same 

dominant tree forest and shrub species found in the field. In this case, we used 91 oak plots and 190 pine plots, located 

either within the fire perimeter or near it (in the same province, or in close-by provinces for pine data). Afterwards, 

we applied a stepwise backward method to obtain the best MLR model to assess litter fuel load in the IEFC plots. For 

the oak forests, we obtained an MLR in which slope, tree density, shrub cover and time from the last wildfire were 205 

the variables explaining litter biomass, while in pine forests the percentage of dominant tree species, total basal area, 

shrub cover and time from the last fire were the variables that explained litter biomass (Table S4). Finally, we applied 

those equations to our field data and obtained litter biomass in our field plots. 

 

2.4.2 Combustion and emission factors 210 

We considered CO2 and CH4 (two gases that influence the greenhouse effect), CO (an active trace gas that contributes to the 

secondary formation of ozone O3), and PM2.5 (which has been described as an indicator of the hazards to health). The 

combustion factors (i.e., the proportion of available biomass combusted; Wiedinmyer et al., 2006) for each forest structure and 

fire severity were obtained from field work. For trees, we made visual estimates in the field on the proportion of leaves and 

fine branches (less than 6 mm) remaining on each tree after the fire, then we obtained the % consumed in each tree. We 215 

calculated the combustion factor at the plot level for leaves and branches averaging the values of all trees in the plot. For 

shrubs, we estimated two consumption categories at plot level corresponding to the percentages of fine fuel consumed (i.e., 

leaves and fine branches <0.6 cm) and the percentage of branches (i.e., > 0.6 cm) consumed. Finally, we also visually assessed 

the % of litter consumption in the entire plot.  
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The emission factors, which provide the mass of a compound emitted per mass of dry fuel consumed (Urbanski, 2014), were 220 

taken from a combination of emission factors available in the literature for each layer at crown, shrub and ground level. For 

trees, we used the emissions factors recently applied by Fernandes et al. (2022) from Miranda (2004, 2005), differentiating 

between pines (other resinous) and oaks. For the shrub layer, in the two forest types we used the same emission factor from 

Miranda (2005). For litter, we used the values from Pallozzi et al. (2018) available for P. halepensis, and we used the Quercus 

pubescens values for Q. suber (Table S5). We applied Eq. 1 to obtain the total emissions of CO2, CO, CH4 and PM2.5 per plot. 225 

 

2.5 Statistical analysis 

To determine the differences in available fine biomass among fuel types of oak and pine before the fire, we carried out two 

analyses. First, we analyzed available biomass between species and fuel types with a two-factor ANOVA with fuel type and 

species as factors. Then, to study the vertical distribution of biomass, we computed the percentage of available biomass per 230 

layer (i.e., crown, shrub, litter) in each fuel type and species. With these values, we carried out a three-factor ANOVA to 

analyze the differences in available biomass among layers and fuel types for each species. We applied a log transformation to 

available biomass to reach normality. After that, we determined the percentage of plots with different fire severity for each 

fuel type and forest type. Regarding combustion factors, we used field work data and computed two percentages of 

consumption for crown trees (leaves and fine branches), two for shrubs (fine fuel and coarse fuel) and one more for litter for 235 

each fuel type, fire severity and species. To analyze the differences in emissions of the different compounds (CO2, CO, CH4 

and PM2.5) between forest types across fire severities and fuel types, not all possible combinations of these factors were found 

in our study area. Therefore, we first analyzed the emissions in green, scorch and charred plots of the two forest types with 

two-way ANOVAs independently of the fuel types. Then, we analyzed, for each forest type separately, the effect of fire severity 

(green, scorch and charred) and fuel type (FT2 and FT3 for pines, and FT3 and FT4 for oaks) on atmospheric pollutant 240 

emissions. When the ANOVAs had significant differences, we used the Tukey test to see the levels that were different. 

 

3 Results 

3.1 Differences in pre-fire available biomass  

We found significant differences in available fine biomass available to burn before the fire among fuel types (ANOVA test, 245 

F= 8.6 p<0.001) and species (F=10.3, p=0.002). The interaction of fuel type and species was also significant (F=3.8, p=0.012). 

Total fine biomass was higher in oaks than in pines in FT1, with the lowest tree density, and, to a lesser extent FT4, with high 

vertical and horizontal tree continuity. Biomass was higher in pine than in oak plots in FT2, with dominance of large trees and 

low density while it was similar among species in FT3 with large trees but a second and higher density than FT2 (Fig. 3). 

 250 
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Figure 3. Mean (± standard deviation) values of available biomass to burn (Mg/ha) for the different fuel types (FT) for the 

pine and oak plots. Descriptions of the four fuel types are given in the Methods section. 

Available biomass was differently distributed in the different layers in oak and pine plots (Fig. 4). The percentage of the 255 

available biomass in the crown was higher in pine than in oak plots (Fig. 4). In oak plots, there was more biomass in the litter 

than in the shrub layer while in the case of pine plots the distribution was the opposite (more biomass in the shrub layer). 

Moreover, pine plots had a higher percentage of available biomass in the crown than oak plots. Finally, in pine plots we found 

differences between the FT1 with the lowest tree density and the other fuel types, which had a higher percentage of shrub 

biomass and much less in the crowns in the former than in the other three (Fig. 4).  260 
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Figure 4. Distribution of available biomass (Mg/ha) before the fire in the crown, shrub and litter layers and the four fuel 

types for A) oak plots; B) pine plots. Numbers in the bars indicate the percentages of available biomass in each layer for 

each fuel type. 265 
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We analyzed the distribution of available biomass among fuel types considering the 3 different layers (crown, shrub and litter) 

in the two species. The interaction of the three factors was not significant (three-way ANOVA, F=1.4 p=0.18). We found 

significant differences of available biomass between species (F=4.5 p=0.03), among layers (F=87.2 p<0.001) and among fuel 

types (F=45.2 p<0.001). The paired interactions between factors were also significant (ANOVA test, p<0.001 in the three 270 

cases; see Fig. S1 in the Supplement). Concerning the interaction between species and layer, litter biomass was higher in oak 

plots, whereas pine plots had more crown available biomass and, to a lesser extent, shrub biomass. The interaction of species 

and fuel type showed that they had similar available biomass and only pines had a slightly lower biomass in FT1 than in the 

other three fuel types. Finally, the significant interaction of fuel type and layers indicated that FT2 and FT4 had the highest 

values of crown biomass and FT1 had the lowest, while shrub biomass was similar in all fuel types. 275 

 

3.2 Fire severity and combustion factors 

The percentage of plots of green, scorch and charred severities varied among fuel types and species. Charred severity was 

predominant in oak forests (50-89%, Fig. 5a). In oak plots, FT3, with large trees but a second stratum and higher density than 

FT2, had the highest number of green plots (26 %), while FT1, with the lowest tree density, and FT4, with higher vertical and 280 

horizontal continuity and lower large trees, had the highest percentage of charred plots (89% and 72%, respectively, Fig. 5a). 

In pine forests, FT2, with 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 number of charred plots (80 and 

85%, respectively, Fig. 5b). 

 285 
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Figure 5. Percentage of plots with different fire severities (i.e., green, scorch, charred) and different fuel types (FT1 to FT4) 

of A) oaks, B) pines.  

Combustion factors from the field were different among species and fuel types depending on fire severity (Table 1). In green 290 

plots, FT2 and FT3 of pines had the highest values of consumption of the litter and shrub layers and also, but to a lesser extent, 

of the crown fuels. FT3 and FT4 of oaks (the only available in the field) had lower consumption factors than their corresponding 

fuel types of pines (Table 1). In scorch plots, the two species had similar percentages of litter consumption, with higher values 

in FT1 and FT2. In the shrub layer, fine and coarse fuel consumption was higher in pine than in oak plots. Oak FT3 and FT4 

had higher consumption factors, while they were similar in pine plots.  Crown consumption factors were higher in FT1 than 295 

in the other fuel types for both species. In charred plots, litter and fine shrub available biomass were completely consumed and 

coarse shrub biomass was consumed from 90 to 98% in the different species and fuel types (Table 1). The coarse shrub fuels 

were consumed from 84 to 98% in the different fuel types and species. The percentage of crown leaves consumed in charred 

plots was near 100% in all cases, while a lower proportion of fine branches was consumed (67-82% in pines and 67-90% in 

oaks).  300 

 

Table 1. Combustion factors (% of available biomass combusted) for the different layers (crown leaves, crown fine 

branches, fine shrub fuel, coarse shrub fuel and litter), species (pines and oaks), fuel type (FT1 to FT4) and severity class 

(green, scorch and charred).  

Forest Fuel 

type 

Severity Crown 

leaves 

Crown 

fine 

branches 

Fine 

shrub 

fuel  

Coarse 

shrub fuel 

Litter 

Oak FT1 
Scorch 57 21 70 33 90 

Charred 99 76 99 94 100 
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FT2 
Scorch 30 8 68 30 95 

Charred 99 22 100 90 100 

FT3 

Green 6 2 42 19 46 

Scorch 38 22 97 82 85 

Charred 100 82 100 95 100 

FT4 

Green 7 2 42 20 38 

Scorch 15 4 82 67 93 

Charred 100 90 100 84 99 

Pine 

FT1 
Scorch 68 24 100 95 98 

Charred 99 69 100 96 100 

FT2 

Green 7 3 89 77 77 

Scorch 20 11 100 95 99 

Charred 96 67 100 98 100 

FT3 

Green 15 6 69 48 62 

Scorch 38 22 97 82 85 

Charred 97 75 100 91 98 

FT4 

Green 23 10 35 10 57 

Scorch 25 13 95 70 90 

Charred 98 82 99 90 99 

 305 

3.3 Atmospheric pollutant emissions 

We found that total emissions of all pollutants varied with fire severity, and CO2 and CH4 emissions varied with species (Table 

2). In particular, CO2, CO, CH4 and PM2.5 emissions were the highest in charred plots, followed by scorch plots and green 

plots, while CO2 and CH4 emissions were higher in pine than in oak plots (Fig. 6).  

 310 

Table 2. Two-way ANOVA values of the effects of fire severity, species and their interaction on the emissions of CO2, CO, 

CH4, PM2.5. 

Variable Fire severity Species Fire severity*Species 

CO2 F=42.6, p<0.001 F=6.8, p=0.01 F= 1.4, p=0.24 

CO F=21.6, p<0.001 F=3.4, p=0.07 F= 2.4, p=0.09 

 CH4 F=89.8, p<0.001 F=13.5, p<0.001 F= 0.7, p=0.49 

PM2.5 F=31.5, p<0.001 F=2.9, p=0.09 F=2.8, p=0.07 
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 315 

Figure 6.  Mean (±standard deviation) values of A) CO2, B) CO, C) CH4, and D) PM2.5 emissions (Mg/ha) in green, scorch 

and charred plots of pines (light green) and oaks (green).  

Fire severity showed significant differences for all pollutants 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 CH4 for 

Quercus plots. 320 

 

Table 3. Two-way ANOVA values of the effects of severity (green, scorch, charred), fuel type (FT2 and FT3 for pines, and 

FT 3 and FT4 for oaks) and their interaction on the emissions of CO2, CO, CH4, PM2.5 of the two forest types considered 

separately. Significant differences among fire severities for each pollutant and species according to the Tukey post hoc test 

are indicated with different letters. 325 

CO2 emissions (Mg/ha) 

Forest  Fuel Type Severity Fuel type 

* Severity 

Green 

(mean±SD) 

Scorch 

(mean±SD) 

Charred 

(mean±SD) 

Pine F=0.6  

p=0.46 

F= 10.2 

p<0.001 

F=0.0 

p=0.99 
18.9±4.8B 25.1±7.9B 38.6±6A 

Oak F=0.1  

p=0.88 

F= 43.0 

p<0.001 

F=2.1 

p=0.13 
11.7±6.7C 25.7±3.7B 34.3±4.3A 

CO emissions (Mg/ha) 
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Forest  Fuel Type Severity Fuel type 

* Severity 

Green 

(mean±SD) 

Scorch 

(mean±SD) 

Charred 

(mean±SD) 

Pine F=0.2 

p=0.64 

F=7.5 

p=0.003  

F= 0.1 

p=0.90 
1.66±0.45B 2.07±0.66B 3.09±0.58A 

Oak F=0.2 

p=0.64 

F=27.2 

p<0.001 

F=2.2 

p=0.11 
1.18±0.72C 2.40±0.21B 3.07±0.44A 

CH4 emissions (Mg/ha) 

Forest  Fuel Type Severity Fuel type 

* Severity 

Green 

(mean±SD) 

Scorch 

(mean±SD) 

Charred 

(mean±SD) 

Pine F=1.1 

p=0.3 

F=21.5 

p<0.001 

F= 0.1 

p=0.90 
0.033±0.008 C 

0.049±0.014

B 
0.087±0.01A 

Oak F=0.3 

P=0.6 

F=67.7 

p<0.001 

F=4.4 

p=0.02 
0.012±0.007 C 

0.034±0.012

B 
0.060±0.008A 

PM2.5 emissions (Mg/ha) 

Forest  Fuel Type Severity Fuel type 

* Severity 

Green 

(mean±SD) 

Scorch 

(mean±SD) 

Charred 

(mean±SD) 

Pine F=0.4 

p=0.5 

F=9.0 

p<0.001  

F=0.0 

p=0.98 
0.13±0.03 B 0.17±0.05 B 0.26±0.04A 

Oak F=0.1 

p=0.7 

F=35.4 

p<0.001 

F=2.2 

p=0.12 
0.09±0.06C 0.2±0.02B 0.26±0.03A 

 330 

4. Discussion 

4.1 Pre-fire available biomass  

Total pre-fire available biomass is a key element to accurately estimating wildfire emissions. Although its estimation has 

improved with remote sensing methods, it has been based on crown biomass, often omitting considerable emissions from litter, 

shrubs and young trees (Darío et al., 2018). We found small differences in available biomass (in crown, shrub and litter fuel 335 

layers) among oak and pine fuel types. The FT1 of pine stands, with higher open areas and low tree density, showed the lowest 

available biomass, while FT4, with higher vertical and horizontal continuity and lower large trees, reached the highest value 

in oak stands. In the absence of fire, available biomass was similar among fuel types and species, since vegetation grows until 

reaching its maximum potential disregarding differences among forest types. Our results are in line with previous analysis 

showing similar amounts of available biomass (i.e.,10 to 30 Mg/ha for Q. suber and conifer forests) and distribution among 340 

layers, with a slightly higher percentage of litter in oaks but higher values of shrub and crown biomass in pines (Rosa et al., 

2011). Litter represents the highest percentage of available biomass in oak stands, which agrees with the Ecological Forest 

Inventory of Catalonia data (average litter of 14.3 Mg/ha in Q. suber forests (Gracia, 2001)). In pine stands, the shrub layer 

contained the highest percentage of available biomass, followed by litter and crown (Fig. 4). Although our shrub biomass 

estimates were below values found in other studies (i.e., 25-53 Mg/ha for pure maquis shrublands in Greece; Dimitrakopoulos, 345 

2002), they are within the range of the understory in P. halepensis forests (Dimitrakopoulos et al., 2007). In this study, fine 

available crown biomass in pine stands was highly variable, from very low values in FT1 stands to the highest value of 9 

Mg/ha in FT4 stands, this being below previously found values (Mitsopoulos and Dimitrakopoulos, 2007). Moreover, it is 
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common to include leaves and branches up to 0.6 cm when assessing crown biomass (Jiménez et al., 2013b), but we only 

found branches below 0.6 cm consumed. For this reason, the percentage of biomass of the crown layer was lower than in other 350 

works (Jiménez et al., 2013b; Balde et al., 2023). 

 

4.2 Fire severity and combustion factors  

In the Jonquera wildfire, we have found small differences in fire severity between oak and pine stands, with a dominance of 

charred plots (66%) and a small presence of scorch and green severities (17 % of each) in the two species. However, fire 355 

severity varied among fuel types. FT2, characterized by large trees and low tree density, was a rare fuel type in oak plots, but 

it was common in pine plots and had the highest percentage of green plots (30%) (Fig. 5). Lower fire severity (in this case in 

the two species) was found in FT3, a fuel type with similar forest structure to FT2 but with higher tree density and lower 

percentage of large trees with a second tree layer. In pine plots, FT2 and FT3 showed lower fire severity than the other two, 

with 50% of cases without charred plots (Fig. 5). These results are in line with those given by Alvarez et al. (2012a) in another 360 

wind-driven wildfire from the same region. FT4 with higher densities and vertical continuity also had very high percentages 

of charred plots in the two species. Oak forests burned by high-intensity fires is a phenomenon widely described in areas of 

southern France near and north-eastern Catalonia (Schaffhauser et al., 2011; Sánchez-Pinillos et al., 2021). Finally, FT1 had 

similar highest fire severity in stands of the two species, because it usually had the lowest tree density with open forest 

structures, leading to higher wind speed and sometimes higher understory density, and all these characteristics increase the 365 

availability of surface fuels to burn with higher intensity (Alvarez et al., 2012a; Sánchez-Pinillos et al., 2021).  

In this study, combustion factors of the three layers (canopy, shrub and litter) (Table 1) were associated with a wind-driven 

fire with high intensity surface fires and massive crown fires. Different researchers have related combustion factors to fire 

behavior (surface or crown fire) (Molina et al., 2019), fire phase (smoldering or flaming), different biomes (van Leeuwen et 

al., 2014) or other factors such as direction of forward spread of the fire (Surawski et al., 2016), wind speed or month of 370 

occurrence (Fernandes et al., 2022). However, there is no data of the different combustion factors according to fire type 

(topographic, convective or wind-driven fires). In la Jonquera fire, we found that litter, fine and coarse shrub biomass were 

completely consumed (Table 1), and the consumption percentages followed the well-known relationship of higher fuel 

consumption with higher fire severity (Molina et al., 2019; Price et al., 2022). Pinus halepensis and Q. suber forests have 

highly flammable understory species such as Rosmarinus officinalis, Quercus coccifera, Ulex parviflorus or Cistus spp. 375 

(Dehane et al., 2017; Sánchez-Pinillos et al., 2021; Pausas et al., 2012). Although crown leaves were completely consumed in 

charred plots, something common in crown fires with high intensity (Mitsopoulos and Dimitrakopoulos, 2014), from 10 to 33 

% of crown fine branches remained unconsumed. Wind-driven fires can spread with higher speed than convective or 

topographic fires, resulting in partial branch combustion even when fire reaches the forest canopy (Jiménez et al., 2013b). 

Interestingly, consumption was higher in pine than in oak plots in scorch and green severities. The low tree density but high 380 

shrub fuel load in FT1 caused the highest fire severity and consumption in green and scorch plots. In pine plots, FT2 had the 

highest proportion (>85%) of high trees (>8m) and lowest tree density (<1300 trees/ha), resulting in high litter and shrub 

consumption but the lowest crown damage (Table 1). In this study this fuel type is the most fire-resistant, because it produced 

high-intensity surface fires but low severity because of the presence of tall trees.  Similarly, Busby et al. (2023) also found that 

overstory canopy height was the only influential forest structure variable in reducing fire severity under periods of high winds.  385 

 

4.3 Atmospheric pollutant emissions 
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Quantifying and comparing wildfire emissions is challenging because their amount and chemical composition vary greatly 

among fires (Sommers et al., 2014). In our study, fire severity was the main factor that determined emissions for all pollutants. 

It is well known that fire severity determines burning efficiency and the level of emissions (Balde et al., 2023; De Santis et al., 390 

2010). Emissions of CO2 were slightly higher in pine than in oak forests. The Jonquera fire emitted 34 to 39 Mg/ha of CO2 in 

charred plots and 12 to 19 Mg/ha in green plots of oak and pine, respectively (Table 3). These values are far lower than the 

CO2 emissions of a 100,000 ha fire in Australia (Surawski et al., 2016), but are in line with studies in the same region (Marino 

et al., 2017; Chaves Naharro, 2015; Valero et al., 2007) and climate (Bacciu et al., 2009), with some variations depending on 

the forest type and severity. However, these studies did not consider litter and included crown branches higher than 0.6 cm 395 

(which we did not find consumed). Although the methodology to estimate crown biomass consumption is continuously 

improving, wildfire consumption remains underestimated because litter and shrub fuel layers are often not included (Domingo 

et al., 2017).  

Epidemiological literature has focused on the impact of concentrations of PM2.5 on human health but estimating CO emissions 

is gaining importance because CO increases during fires also adversely affect the life of all breathing creatures until one month 400 

after the fire (Griffin et al., 2023; Yilmaz et al., 2023). Here, we only assessed immediate CO and PM2.5 emissions, with lower 

values of CO (5.3 Mg/ha) and PM2.5 (0.5 Mg/ha) than in the Andilla fire but similar to the maquia forest fire of Cortes de 

Pallás (Chaves Naharro, 2015). In contrast, Bacciu et al. (2009) gave values from 0.3 to 7 of CO and from 0.04 to 0.08 of 

PM2.5 in a Mediterranean maquis fire. For CH4 emissions, there is little information in Mediterranean wildfires due to the lack 

of data on emission factors compared to other countries such as the USA (Urbanski et al., 2022; Prichard et al., 2020). We 405 

found higher CH4 emissions in pines than in oaks (Table 2 and 3). Moreover, in pines we observed higher differences in 

emissions of CH4 among fire severities than for the other gases. Pines have greater amount of resin than oaks, and this 

compound is rich in carbon and could favor the emission of CH4. The CH4 values of this study were higher than emissions in 

Andilla and Cortes del Pallás (0.037 and 0.022 Mg/ha) and also much higher than those of Bacciu et al. (2009), which were 

0.019-0.036 Mg/ha. Moreover, the higher consumption rates in pines than in oaks at low fire severity could compensate for 410 

the higher litter biomass found in oak forests. On the other hand, shrubs associated with oak forests have greater water retention 

capacity and greater resistance to fire than those of pine stands, which could imply less combustion and less CH4 emissions. 

 

5. Conclusions 

Unprecedented wildfires are affecting all ecosystems around the globe and are raising the emissions of gases (Shakoor et al., 415 

2023). Remote sensing tools are important to estimate emissions in wildfires, but field data is needed to improve and validate 

pre-fire available biomass and consumption factors in different fire types (Jiménez et al., 2013b; Ottmar, 2014; Domingo et 

al., 2017). We found that pre-fire available biomass was distributed differently in Q. suber and P. halepensis stands, with a 

higher percentage of litter than shrub biomass in the former and more crown biomass in the latter. Future studies should 

complement crown fuel measures with estimates of the litter and shrub layers, because these surface and ground fuels are the 420 

most strongly consumed in a wildfire. The effect of fire severity on the different fuel types was also different between species. 

In pine stands, FT2, with large trees and low tree density, was the fuel type with the highest proportion of green severity (Fig. 

5), but it was very rare in oak forests. In oaks stands, FT3, with lower tree density and vertical continuity than FT4, had more 

cases with no charred severity. Pine stands have more available biomass in the shrub layer than oak, and they also have taller 

trees that can better withstand surface fires. This could explain the differences in CO2 and CH4 emissions and the greater 425 

resistance of pines to low fire severities. As wildfires continue to increase, estimating pollutant emissions from shrub and litter 
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would definitely improve the overall accuracy of wildfire emissions to better support forest policy and management in 

effectively addressing the increase of pollutant emissions to the atmosphere. 

 

Data availability. Data will be made available on request. 430 

 

Author contribution. Albert Alvarez: Conceptualization, Data curation, Formal analysis, Investigation, Methodology, Project 

administration, Software, Supervision, Visualization, Writing - original draft, Writing - review & editing Judit Lecina-Diaz: 

Conceptualization, Data curation, Investigation, Software, Writing - review & editing Miquel De Cáceres Data curation, 

Software, Writing - review & editing Jordi Vayreda Conceptualization, Data curation, Investigation, Methodology, Software, 435 

Writing - review & editing Javier Retana: Conceptualization, Formal analysis, Methodology, Project administration, 

Supervision, Visualization , Writing - original draft ,Writing - review & editing. 

 

Competing interests. The authors declare that they have no known competing financial interests or personal relationships that 

could have appeared to influence the work reported in this paper.  440 

Acknowledgements. This work has been funded by the project GREEN-RISK “Evaluation of past changes in ecosystem 

services and biodiversity in forests and restoration priorities under global change impacts” (PID2020-119933RB-

C21/AEI/10.13039/501100011033), funded by the Spanish Ministry of Science and Innovation. We thank The Generalitat de 

Catalunya fire-fighters corps for providing the helicopter flights as well as the use of the Llançà fire station during field work 

and the GRAF unit for some reports and information gathered from visits to the fire. Thanks to Paul Abbott for English 445 

language consultation. 

 

References 

Abdollahi, A. and Yebra, M.: Forest fuel type classification: Review of remote sensing techniques, constraints and future 

trends, J. Environ. Manage., 342, 118315, https://doi.org/10.1016/j.jenvman.2023.118315, 2023. 450 

Alvarez, A., Gracia, M., and Retana, J.: Fuel types and crown fire potential in Pinus halepensis forests, Eur. J. For. Res., 131, 

463–474, https://doi.org/10.1007/s10342-011-0520-6, 2012a. 

Alvarez, A., Gracia, M., Vayreda, J., and Retana, J.: Patterns of fuel types and crown fire potential in Pinus halepensis 

forests in the Western Mediterranean Basin, For. Ecol. Manage., 270, 282–290, 

https://doi.org/10.1016/j.foreco.2011.01.039, 2012b. 455 

Alvarez, A., Gracia, M., Castellnou, M., and Retana, J.: Variables That Influence Changes in Fire Severity and Their 

Relationship with Changes Between Surface and Crown Fires in a Wind-Driven Wildfire, For. Sci., 59, 139–150, 

https://doi.org/10.5849/forsci.10-140, 2013. 

Bacciu, V., Salis, M., Spano, D., Arca, B., Pellizaro, G., and Duce, P.: Assessment of Smoke Emission and Carbon Estimates 

from Mediterranean Maquis Fire Events, in: Eighth Symposium on Fire and Forest Meteorology, Kalispell, USA, 13 460 

October 2009, https://ams.confex.com/ams/8Fire/techprogram/paper_156372.htm. (last access: 23 April 2024), 2009. 

Bacciu, V., Spano, D., and Salis, M.: Emissions from Forest Fires: Methods of Estimation and National Results, in: The 

Greenhouse Gas Balance of Italy: An Insight on Managed and Natural Terrestrial Ecosystems, edited by: Valentini, R. 

and Miglietta, F., Springer, Berlin, Heidelberg, 87–102, Germany, https://doi.org/10.1007/978-3-642-32424-6_6, 

2015. 465 

Badia, A., Pallares-Barbera, M., Valldeperas, N., and Gisbert, M.: Wildfires in the wildland-urban interface in Catalonia: 

https://doi.org/10.5194/egusphere-2024-1355
Preprint. Discussion started: 17 May 2024
c© Author(s) 2024. CC BY 4.0 License.



19 
 
 

Vulnerability analysis based on land use and land cover change, Sci. Total Environ., 673, 184-196, 

https://doi.org/10.1016/j.scitotenv.2019.04.012, 2019. 

Balde, B., Vega-Garcia, C., Gelabert, P. J., Ameztegui, A., and Rodrigues, M.: The relationship between fire severity and 

burning efficiency for estimating wildfire emissions in Mediterranean forests, J. For. Res., 34, 1195–1206, 470 

https://doi.org/10.1007/s11676-023-01599-1, 2023. 

Bowman, D. M. J. S., Balch, J. K., Artaxo, P., Bond, W. J., Carlson, J. M., Cochrane, M. A., D’Antonio, C. M., DeFries, R. 

S., Doyle, J. C., Harrison, S. P., Johnston, F. H., Keeley, J. E., Krawchuk, M. A., Kull, C. A., Marston, J. B., Moritz, 

M. A., Prentice, I. C., Roos, C. I., Scott, A. C., Swetnam, T. W., Werf, G. R., and Pyne, S. J.: Fire in the Earth system, 

Sci., 324, 481–484, https://doi.org/10.1126/science.1163886, 2009. 475 

Busby, S. U., Klock, A. M., and Fried, J. S.: Inventory analysis of fire effects wrought by wind-driven megafires in relation 

to weather and pre-fire forest structure in the western Cascades, Fire Ecol., 19, 58, https://doi.org/10.1186/s42408-023-

00219-x, 2023. 

Cáceres, M. d., Martínez-Vilalta, J., Coll, L., Llorens, P., Casals, P., Poyatos, R., Pausas, J. G., and Brotons, L.: Coupling a 

water balance model with forest inventory data to predict drought stress: the role of forest structural changes vs. 480 

climate changes, Agric. For. Meteorol., 213, 77–90, https://doi.org/10.1016/j.agrformet.2015.06.012, 2015. 

Campbell, J., Donato, D., Azuma, D., and Law, B.: Pyrogenic carbon emission from a large wildfire in Oregon, United 

States, J. Geophys. Res. Biogeosciences, 112, https://doi.org/10.1029/2007JG000451, 2007. 

Carvalho, A., Monteiro, A., Flannigan, M., Solman, S., Miranda, A., and Borrego, C.: Forest fire emissions under climate 

change: impacts on air quality, in: Seventh Symposium on Fire and Forest Meteorology, The Turrets, USA, 23 October 485 

2007, https://ams.confex.com/ams/7firenortheast/techprogram/paper_126854.htm (last access:  23 April 2024), 2007. 

Chaves Naharro, J.: Incendios forestales y cambio climático. Estimación de emisiones en los incendios de Andilla y Cortes 

de Pallás, Master’s Thesis, Universitat Politècnica de València, València, Spain, 

https://riunet.upv.es/handle/10251/51839 (last access: 23 April 2024), 2015. 

Chiriacó, M. V, Perugini, L., Cimini, D., D’Amato, E., Valentini, R., Bovio, G., Corona, P., and Barbati, A.: Comparison of 490 

approaches for reporting forest fire-related biomass loss and greenhouse gas emissions in southern Europe, Int. J. 

Wildl. Fire, 22, 730–738, https://doi.org/10.1071/WF12011, 2013. 

CREAF: Centre de Recerca Ecològica i Aplicacions Forestals. Mapa de Cobertes del Sòl de Catalunya (MCSC), 

http://www.creaf.uab.es/mcsc/descriptiu.htm, (last access: 23 April 2024), 2009. 

Darío, D., Lamelas, M. T., Montealegre, A. L., García Martin, A., and J, D. la R.: Estimation of Total Biomass in Aleppo 495 

Pine Forest Stands Applying Parametric and Nonparametric Methods to Low-Density Airborne Laser Scanning Data, 

Forests, 9, 158, https://doi.org/10.3390/f9040158, 2018. 

DARP: Report on the forest fire of July 22, 2012 in La Jonquera (Alt Empordà), Generalitat de Catalunya, Departament 

d'Agricultura, Ramaderia,Pesca, Alimentació i Medi Natural, Girona, Spain, 

https://agricultura.gencat.cat/web/.content/06-medi-natural/boscos/gestio-forestal/obres/restauracio-500 

forestal/restauracio-hidrologica/fitxers-binaris/jonquera_informe_incendi.pdf (last access: 23 April 2024), 2012. 

De Càceres, M., Casals, P., Gabriel, E., and Castro, X.: Scaling-up individual-level allometric equations to predict stand-

level fuel loading in Mediterranean shrublands, Ann. For. Sci., 76, 87, https://doi.org/10.1007/s13595-019-0873-4, 

2019. 

de Rigo, D., Libertà, G., Houston Durrant, T., Artés Vivancos, T., and San-Miguel-Ayanz, J.: Forest fire danger extremes in 505 

Europe under climate change: variability and uncertainty, Publ. Off. Eur. Union, JRC108974, 

https://doi.org/10.2760/13180, 2017. 

De Santis, A., Asner, G. P., Vaughan, P. J., and Knapp, D. E.: Mapping burn severity and burning efficiency in California 

https://doi.org/10.5194/egusphere-2024-1355
Preprint. Discussion started: 17 May 2024
c© Author(s) 2024. CC BY 4.0 License.



20 
 
 

using simulation models and Landsat imagery, Remote Sens. Environ., 114, 1535–1545, 

https://doi.org/10.1016/j.rse.2010.02.008, 2010. 510 

Dehane, B., Hernando, C., Guijarro, M., and Madrigal, J.: Flammability of some companion species in cork oak (Quercus 

suber L.) forests, Ann. For. Sci., 74, 60, https://doi.org/10.1007/s13595-017-0659-5, 2017. 

Dimitrakopoulos, A. P.: Mediterranean fuel models and potential fire behaviour in Greece, Int. J. Wildl. Fire, 11, 127–130, 

https://doi.org/10.1071/WF02018, 2002. 

Dimitrakopoulos, A. P., Mitsopoulos, I. D., and Raptis, D. I.: Nomographs for predicting crown fire initiation in Aleppo pine 515 

(Pinus halepensis Mill.) forests, Eur. J. For. Res., 126, 555–561, https://doi.org/10.1007/s10342-007-0176-4, 2007. 

Domingo, D., Lamelas-Gracia, M. T., Montealegre-Gracia, A. L., and de la Riva-Fern ndez, J.: Comparison of regression 

models to estimate biomass losses and CO2 emissions using low-density airborne laser scanning data in a burnt Aleppo 

pine forest, Eur. J. Remote Sens., 50, 384–396, https://doi.org/10.1080/22797254.2017.1336067, 2017. 

Duane, A. and Brotons, L.: Synoptic weather conditions and changing fire regimes in a Mediterranean environment, Agric. 520 

For. Meteorol., 253–254, 190–202, https://doi.org/10.1016/j.agrformet.2018.02.014, 2018. 

EPA: Wildfires and Prescribed Burning. Chapter 13.1, in: AP-42: Compilation of Air Emissions Factors from Stationary 

Sources, United States Environmental Protection Agency, USA, https://www.epa.gov/sites/default/files/2020-

10/documents/13.1_wildfires_and_prescribed_burning.pdf (last access: 23 April 2024), 1996. 

Fernandes, A. P., Lopes, D., Sorte, S., Monteiro, A., Gama, C., Reis, J., Menezes, I., Osswald, T., Borrego, C., Almeida, M., 525 

Ribeiro, L. M., Viegas, D. X., and Miranda, A. I.: Smoke emissions from the extreme wildfire events in central 

Portugal in October 2017, Int. J. Wildl. Fire, 31,  989-1001, https://doi.org/10.1071/WF21097, 2022. 

French, N. H. F., de Groot, W. J., Jenkins, L. K., Rogers, B. M., Alvarado, E., Amiro, B., de Jong, B., Goetz, S., Hoy, E., 

Hyer, E., Keane, R., Law, B. E., McKenzie, D., McNulty, S. G., Ottmar, R., Perez-Salicrup, D. R., Randerson, J., 

Robertson, K. M., and Turetsky, M.: Model comparisons for estimating carbon emissions from North American 530 

wildland fire, J. Geophys. Res., 116, https://doi.org/10.1029/2010JG001469, 2011. 

Gabriel, E., Delgado-Dávila, R., De Cáceres, M., Casals, P., Tudela, A., and Castro, X.: Live fuel moisture content time 

series in Catalonia since 1998, Ann. For. Sci., 78, 44, https://doi.org/10.1007/s13595-021-01057-0, 2021. 

García-Cimarras, A., Manzanera, J. A., and Valbuena, R.: Analysis of mediterranean vegetation fuel type changes using 

multitemporal lidar, Forests, 12, 335, https://doi.org/10.3390/f12030335, 2021. 535 

Garcia-Llamas, P., Suárez-Seoane, S., Taboada, A., Fernández-García, V., Fernández-Guisuraga, J. M., Fernández-Manso, 

A., Quintano, C., Marcos, E., and Calvo, L.: Assessment of the influence of biophysical properties related to fuel 

conditions on fire severity using remote sensing techniques: A case study on a large fire in NW Spain, Int. J. Wildl. 

Fire, 28, 512-520, https://doi.org/10.1071/WF18156, 2019. 

Gracia, C. (Ed.): Inventari Ecològic i Forestal de Catalunya, Regio forestal III,  CREAF, Bellaterra, Spain, 84-931323-8-1, 540 

2001. 

Griffin, D., Chen, J., Anderson, K., Makar, P., McLinden, C. A., Dammers, E., and Fogal, A.: Towards an improved 

understanding of wildfire CO emissions: a satellite remote-sensing perspective, EGUsphere, [preprint], 

https://doi.org/10.5194/egusphere-2023-649, 10 May 2023. 

Jiménez, E., Vega, J. A., Fernández-Alonso, J. M., Vega-Nieva, D., Álvarez-González, J. G., and Ruiz-González, A. D.: 545 

Allometric equations for estimating canopy fuel load and distribution of pole-size maritime pine trees in five Iberian 

provenances, Can. J. For. Res., 43, 149–158, https://doi.org/10.1139/cjfr-2012-0374, 2013a. 

Jiménez, E., Vega, J. A., Ruiz-González, A. D., Guijarro, M., Varez-González, J. G., Madrigal, J., Cuiñas, P., Hernando, C., 

and Fernández-Alonso, J. M.: Carbon emissions and vertical pattern of canopy fuel consumption in three Pinus 

pinaster Ait. active crown fires in Galicia (NW Spain), Ecol. Eng., 54, 202–209, 550 

https://doi.org/10.5194/egusphere-2024-1355
Preprint. Discussion started: 17 May 2024
c© Author(s) 2024. CC BY 4.0 License.



21 
 
 

https://doi.org/10.1016/j.ecoleng.2013.01.039, 2013b. 

Kasischke, E. S. and Hoy, E. E.: Controls on carbon consumption during Alaskan wildland fires, Glob. Chang. Biol., 18, 

685–699, https://doi.org/10.1111/j.1365-2486.2011.02573.x, 2012. 

Kasischke, E. S., Hyer, E. J., Novelli, P. C., Bruhwiler, L. P., French, N. H. F., Sukhinin, A. I., Hewson, J. H., and Stocks, B. 

J.: Influences of boreal fire emissions on Northern Hemisphere atmospheric carbon and carbon monoxide, Global 555 

Biogeochem. Cycles, 19, https://doi.org/10.1029/2004GB002300, 2005. 

Keywood, M., Kanakidou, M., Stohl, A., Dentener, F., Grassi, G., Meyer, C. P., Torseth, K., Edwards, D., Thompson, A. M., 

Lohmann, U., and Burrows, J.: Fire in the Air: Biomass Burning Impacts in a Changing Climate, Crit. Rev. Environ. 

Sci. Technol., 43, 40–83, https://doi.org/10.1080/10643389.2011.604248, 2013. 

Knorr, W., Jiang, L., and Arneth, A.: Climate, CO2 and human population impacts on global wildfire emissions, 560 

Biogeosciences, 13, 267–282, https://doi.org/10.5194/bg-13-267-2016, 2016. 

Kocbach Bølling, A., Pagels, J., Yttri, K. E., Barregard, L., Sallsten, G., Schwarze, P. E., and Boman, C.: Health effects of 

residential wood smoke particles: the importance of combustion conditions and physicochemical particle properties, 

Part. Fibre Toxicol., 6, 29, https://doi.org/10.1186/1743-8977-6-29, 2009. 

Lahaye, S., Curt, T., Fréjaville, T., Sharples, J., Paradis, L., and Hély, C.: What are the drivers of dangerous fires in 565 

Mediterranean France?, Int. J. Wildl. Fire, 27, 155-163, https://doi.org/10.1071/WF17087, 2018. 

Larkin, N. K., Raffuse, S. M., and Strand, T. M.: Wildland fire emissions, carbon, and climate: U.S. emissions inventories, 

For. Ecol. Manage., 317, 61–69, https://doi.org/10.1016/j.foreco.2013.09.012, 2014. 

Lazaridis, M., Latos, M., Aleksandropoulou, V., Hov, O., Papayannis, A., and Tørseth, K.: Contribution of forest fire 

emissions to atmospheric pollution in Greece, Air Qual. Atmos. Heal., 1, 143–158, https://doi.org/10.1007/s11869-570 

008-0020-0, 2008. 

Lecina-Diaz, J., Martínez-Vilalta, J., Alvarez, A., Vayreda, J., and Retana, J.: Assessing the Risk of Losing Forest 

Ecosystem Services Due to Wildfires, Ecosystems, 24, 1687–170, https://doi.org/10.1007/s10021-021-00611-1, 2021. 

Marino, E., Cantón, J., and Molina Terrén, D.: Estimación de las emisiones de CO2 en masas sometidas a tratamientos de 

mejora mediante la simulación de incendios forestales a partir de datos LiDAR, in: Proceeding of the VII Spanish 575 

Forestry Congress, Plasencia, Spain, 26-30 July 2017, https://7cfe.congresoforestal.es/content/estimacion-de-las-

emisiones-de-co2-en-masas-sometidas-tratamientos-de-mejora-mediante-la-0 (last access: 23 April 2024), 2017. 

Miranda, A. I.: An integrated numerical system to estimate air quality effects of forest fires, Int. J. Wildl. Fire, 13, 217-226, 

https://doi.org/10.1071/WF02047, 2004. 

Miranda, A. I., Ferreira, J., Valente, J., Santos, P., Amorim, J. H., and Borrego, C.: Smoke measurements during Gestosa-580 

2002 experimental field fires, Int. J. Wildl. Fire., 14, 107–116, https://doi.org/doi.org/10.1071/WF04069, 2005. 

Miranda, A. I., Borrego, C., Martins, H., Martins, V., Amorim, J. H., Valente, J., and Carvalho, A.: Forest Fire Emissions 

and Air Pollution in Southern Europe, in: Earth Observation of Wildland Fires in Mediterranean Ecosystems, edited 

by: Chuvieco, E., Springer, Berlin, Heidelberg, Germany, 171–187, https://doi.org/10.1007/978-3-642-01754-4_12 

(last access: April 2024), 2009. 585 

Mitsopoulos, I. D. and Dimitrakopoulos, A. P.: Canopy fuel characteristics and potential crown fire behavior in Aleppo pine 

(Pinus halepensis Mill.) forests, Ann. For. Sci., 64, 287–299, https://doi.org/10.1051/forest:2007006, 2007. 

Mitsopoulos, I. D. and Dimitrakopoulos, A. P.: Estimation of canopy fuel characteristics of Aleppo pine (Pinus halepensis 

Mill.) forests in Greece based on common stand parameters, Eur. J. For. Res., 133, 73–79, 

https://doi.org/10.1007/s10342-013-0740-z, 2014. 590 

Molina, J. R., Herrera, M. A., and Silva, F.: Wildfire-induced reduction in the carbon storage of Mediterranean ecosystems: 

An application to brush and forest fires impacts assessment, Environ. Impact Assess. Rev., 76, 88–97, 

https://doi.org/10.5194/egusphere-2024-1355
Preprint. Discussion started: 17 May 2024
c© Author(s) 2024. CC BY 4.0 License.



22 
 
 

https://doi.org/10.1016/j.eiar.2019.02.008, 2019. 

Naeher, L. P., Brauer, M., Lipsett, M., Zelikoff, J. T., Simpson, C. D., Koenig, J. Q., and Smith, K. R.: Woodsmoke health 

effects: A review, Inhal. Toxicol., 19,  67–106, https://doi.org/10.1080/08958370600985875, 2007. 595 

Nunes, L., Álvarez-González, J., Alberdi, I., Silva, V., Rocha, M., and Rego, F. C.: Analysis of the occurrence of wildfires in 

the Iberian Peninsula based on harmonised data from national forest inventories, Ann. For. Sci., 76, 27, 

https://doi.org/10.1007/s13595-019-0811-5, 2019. 

Ottmar, R. D.: Wildland fire emissions, carbon, and climate: Modeling fuel consumption, For. Ecol. Manage., 317, 41–50, 

https://doi.org/10.1016/j.foreco.2013.06.010, 2014. 600 

Pallozzi, E., Lusini, I., Cherubini, L., Hajiaghayeva, R. A., Ciccioli, P., and Calfapietra, C.: Differences between a deciduous 

and a conifer tree species in gaseous and particulate emissions from biomass burning, Environ. Pollut., 234, 457–467, 

https://doi.org/10.1016/j.envpol.2017.11.080, 2018. 

Pausas, J. G., Alessio, G. A., Moreira, B., and Corcobado, G.: Fires enhance flammability in Ulex parviflorus, New Phytol., 

193, 18-23,  https://doi.org/10.1111/j.1469-8137.2011.03945.x, 2012. 605 

Poupkou, A., Markakis, K., Liora, N., Giannaros, T. M., Zanis, P., Im, U., Daskalakis, N., Myriokefalitakis, S., Kaiser, J. W., 

Melas, D., Kanakidou, M., Karacostas, T., and Zerefos, C.: A modeling study of the impact of the 2007 Greek forest 

fires on the gaseous pollutant levels in the Eastern Mediterranean, Atmos. Res., 149, 1–17, 

https://doi.org/10.1016/j.atmosres.2014.05.015, 2014. 

Price, O. H., Nolan, R. H., and Samson, S. A.: Fuel consumption rates in resprouting eucalypt forest during hazard reduction 610 

burns, cultural burns and wildfires, For. Ecol. Manage., 505, 119894, https://doi.org/10.1016/j.foreco.2021.119894, 

2022. 

Prichard, S. J., O’Neill, S. M., Eagle, P., Andreu, A. G., Drye, B., Dubowy, J., Urbanski, S., and Strand, T. M.: Wildland fire 

emission factors in North America: Synthesis of existing data, measurement needs and management applications, Int. 

J. Wildl. Fire, 29, 132-147, https://doi.org/10.1071/WF19066, 2020. 615 

Rodrigues, M., Cunill Camprubí, À., Balaguer-Romano, R., Coco Megía, C. J., Castañares, F., Ruffault, J., Fernandes, P. M., 

and Resco de Dios, V.: Drivers and implications of the extreme 2022 wildfire season in Southwest Europe, Sci. Total 

Environ., 859, 160320, https://doi.org/10.1016/j.scitotenv.2022.160320, 2023. 

Rosa, I. M. D., Pereira, J. M. C., and Tarantola, S.: Atmospheric emissions from vegetation fires in Portugal (1990-2008): 

estimates, uncertainty analysis, and sensitivity analysis, Atmos.Chem.Phys., 11, 2625–2640, 620 

https://doi.org/10.5194/acp-11-2625-2011, 2011. 

Ruffault, J., Curt, T., Martin-StPaul, N. K., Moron, V., and Trigo, R. M.: Extreme wildfire events are linked to global-

change-type droughts in the northern Mediterranean, Nat.Hazards Earth Syst.Sci., 18, 847–856, 

https://doi.org/10.5194/nhess-18-847-2018, 2018. 

Salis, M., Arca, B., casena-Urdiroz, F., Massaiu, A., Bacciu, V., Bosseur, F., Caramelle, P., Dettori, S., Fernandes de 625 

Oliveira, A. S., Molina-Terren, D., Pellizzaro, G., Santoni, P. A., Spano, D., Vega-Garcia, C., and Duce, P.: Analyzing 

the recent dynamics of wildland fires in Quercus suber L. woodlands in Sardinia (Italy), Corsica (France) and 

Catalonia (Spain), Eur. J. For. Res., 138, 415–431, https://doi.org/10.1007/s10342-019-01179-1, 2019. 

San-Miguel-Ayanz, J., Durrant, T., Boca, R., Liberta’, G., Branco, A., De Rigo, D., Ferrari, D., Maianti, P., Artes-Vivancos, 

T., Costa, H., Lana, F., Loffler, P., Nuijten, D., Christofer, A., and Leray, T.: Forest Fires in Europe, Middle East and 630 

North Africa 2017, EUR 29318 EN, https://doi.org/10.2760/27815, 2018. 

Sánchez-Pinillos, M., De Cáceres, M., Casals, P., Alvarez, A., Beltrán, M., Pausas, J. G., Vayreda, J., and Coll, L.: Spatial 

and temporal variations of overstory and understory fuels in Mediterranean landscapes, For. Ecol. Manage., 490, 

119094, https://doi.org/10.1016/j.foreco.2021.119094, 2021. 

https://doi.org/10.5194/egusphere-2024-1355
Preprint. Discussion started: 17 May 2024
c© Author(s) 2024. CC BY 4.0 License.



23 
 
 

Schaffhauser, A., Curt, T., and Tatoni, T.: Fire-vegetation interplay in a mosaic structure of Quercus suber woodlands and 635 

Mediterranean maquis under recurrent fires, For. Ecol. Manage., 262, 730–738, 

https://doi.org/10.1016/j.foreco.2011.05.003, 2011. 

Seiler, W. and Crutzen, P. J.: Estimates of gross and net fluxes of carbon between the biosphere and the atmosphere from 

biomass burning, Clim. Change, 2, 207–247, https://doi.org/doi:10.1007/BF00137988, 1980. 

Shakoor, A., Farooq, T. H., Arif, M. S., and Shahzad, S. M.: Unprecedented wildfires in Canada and transboundary effects 640 

of carbon monoxide pollution, Nat. Hazards, 118, 2711–2713, https://doi.org/10.1007/s11069-023-06117-4, 2023. 

Sommers, W. T., Loehman, R. A., and Hardy, C. C.: Wildland fire emissions, carbon, and climate: Science overview and 

knowledge needs, For. Ecol. Manage., 317, 1–8, https://doi.org/10.1016/j.foreco.2013.12.014, 2014. 

Stocks, B. J.: Fire Potential in the Spruce Budworm-damaged Forests of Ontario, For. Chron., 63, 

https://doi.org/10.5558/tfc63008-1, 1987. 645 

Surawski, N. C., Sullivan, A. L., Roxburgh, S. H., and Polglase, P. J.: Estimates of greenhouse gas and black carbon 

emissions from a major Australian wildfire with high spatiotemporal resolution, J. Geophys. Res. Atmos., 121, 9892–

9907, https://doi.org/10.1002/2016JD025087, 2016. 

Urbanski, S.: Wildland fire emissions, carbon, and climate: Emission factors, For. Ecol. Manage., 317, 51–60, 

https://doi.org/10.1016/j.foreco.2013.05.045, 2014. 650 

Urbanski, S. P., Long, R. W., Halliday, H., Lincoln, E. N., Habel, A., and Landis, M. S.: Fuel layer specific pollutant 

emission factors for fire prone forest ecosystems of the western U.S. and Canada, Atmos. Environ. X, 16, 100188, 

https://doi.org/10.1016/j.aeaoa.2022.100188, 2022. 

Valero, E., Picos, J., and Herrera, M.: Cálculo de las emisiones de CO2 por los incendios de 2006 en la provincia de 

Pontevedra (Galicia), Wildfire 2007 – 4ª Conferencia Internacional sobre Incendios Forestales, Sevilla, Spain, 13-17 655 

May 2007, 

https://www.gfmc.online/sevilla2007/contributions/doc/cd/sesiones_tematicas/st1/Valero_et_al_SPAIN_Upont.pdf 

(last access: 23 April 2024), 2007. 

van der Werf, G. R., Randerson, J. T., Giglio, L., van Leeuwen, T. T., Chen, Y., Rogers, B. M., Mu, M., van Marle, M. J. E., 

Morton, D. C., Collatz, G. J., Yokelson, R. J., and Kasibhatla, P. S.: Global fire emissions estimates during 1997-2016, 660 

Earth Syst.Sci.Data, 9, 697–720, https://doi.org/10.5194/essd-9-697-2017, 2017. 

van Leeuwen, T. T., van der Werf, G. R., Hoffmann, A. A., Detmers, R. G., Rücker, G., French, N. H. F., Archibald, S., 

Carvalho, J., Cook, G. D., de Groot, W. J., Hély, C., Kasischke, E. S., Kloster, S., McCarty, J. L., Pettinari, M. L., 

Savadogo, P., Alvarado, E. C., Boschetti, L., Manuri, S., Meyer, C. P., Siegert, F., Trollope, L. A., and Trollope, W. S. 

W.: Biomass burning fuel consumption rates: a field measurement database, Biogeosciences, 11, 7305–7329, 665 

https://doi.org/10.5194/bg-11-7305-2014, 2014. 

Vayreda, J., Martínez-Vilalta, J., and Vilà-Cabrera, A.: The Ecological Forest Inventory of Catalonia: a tool for functional 

ecology, Ecosistemas, 25, https://doi.org/10.7818/ecos.2016.25-3.08, 2016. 

Vicente-Serrano, S. M., Beguerí­a, S., and López-Moreno, J. I.: A multiscalar drought index sensitive to global warming: the 

standardized precipitation evapotranspiration index, J. Clim., 23, 1696–1718, https://doi.org/10.1175/2009JCLI2909.1, 670 

2010. 

Wiedinmyer, C., Quayle, B., Geron, C., Belote, A., McKenzie, D., Zhang, X., O’Neill, S., and Wynne, K. K.: Estimating 

emissions from fires in North America for air quality modeling, Atmos. Environ., 40, 3419-3432, 

https://doi.org/10.1016/j.atmosenv.2006.02.010, 2006. 

Xanthopoulos, G., Calfapietra, C., and Fernandes, P.: Fire Hazard and Flammability of European Forest Types, in: Post-Fire 675 

Management and Restoration of Southern European Forests, edited by: Moreira, F., Arianoutsou, M., Corona, P., and 

https://doi.org/10.5194/egusphere-2024-1355
Preprint. Discussion started: 17 May 2024
c© Author(s) 2024. CC BY 4.0 License.



24 
 
 

de las Heras, J., Springer, Dordrecht, Netherlands, 79–92,  https://doi.org/10.1007/978-94-007-2208-8_4, 2012. 

Yilmaz, O., Acar, U., Balik Sanli, F., Gülgen, F., and Ates, A.: Mapping burn severity and monitoring CO content in 

Türkiye’s 2021 Wildfires, using Sentinel-2 and Sentinel-5P satellite data on the GEE platform, Earth Sci. Informatics, 

16, 1–20, https://doi.org/10.1007/s12145-023-00933-9, 2023. 680 

 

https://doi.org/10.5194/egusphere-2024-1355
Preprint. Discussion started: 17 May 2024
c© Author(s) 2024. CC BY 4.0 License.


