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Abstract: Due to climate effects and human influences, wildfire regimes in boreal forests are
changing, with noticeable ecological consequences shortening the fire return interval and increasing
forest tree mortality. However, our understanding of the spatio-temporal patterns of fire-induced
mortality in boreal forests remains limited, as research has predominantly focused on Mediterranean
and tropical forests. In this study, we used satellite observations to study the spatial and temporal
variability in burned area and forest mortality due to wildfires in North America (Alaska and
Canada) over an 18-year period (2003 to 2020). The study has shown average values of burned area
and forest mortality close to 8000 km?/yr and 40%, respectively. Burning and tree loss are mainly
concentrated between May and September with a corresponding temporal trend in the occurrence of
forest fires and high mortality. Large-scale forest fires were primarily concentrated in Central
Canada, which however did not show the highest forest mortality (in contrast, recorded in Northern
Canada). A correlation analysis based on general linear models showed that fire size and duration,
but not the burned area, had significant effects on post-fire forest mortality. Overall, the study shed
light on the most sensitive forest areas and time period to the detrimental effects of forest wildfire in
boreal forests of North America.

Keywords: forest fires; forest mortality; burned area; fire factors; boreal forests

1. Introduction

Forest ecosystems cover about 30% of the Earth’s land surface and store more than 80% of the
terrestrial carbon, contributing to the stabilisation of ecological processes on a global scale (Bonan,
2008; Friedlingstein et al., 2019; Xu et al., 2024). However, tree mortality and forest dieback have
increased over the last decades (Hansen et al., 2013; Berner et al., 2017). Forest wildfires are among
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the most important factors of these severe impacts (Hicke et al., 2015; Zhao et al., 2023; Webb et al.,
2024). As a result, wildfire events with high severity reshape the global distribution of forests and
alter the carbon stock dynamics on a global scale (Hicke et al., 2012; Hicke et al., 2013; Earles et al.,
2014).

Increased incidence of forest fires, especially when at extreme severity (Abatzoglou et al., 2019),
poses serious threats to the structure and functioning of forest ecosystems. This reduces forest
biodiversity and productivity as well as leads to large carbon emissions and severe hydrological
impacts in the burned forests (Phillips et al., 2022; Jones et al., 2024; Xu et al., 2024). Generally, the
time for forest recovery after a severe wildfire is long. As a consequence, their capacity to play the
common ecosystem functions (e.g., carbon storage) is lost for a long time (Yue et al, 2016;
Lindenmayer and Taylor, 2020). Moreover, extreme drought events driven by global change trends
trigger forest wildfires with high severity and impacts (Field et al., 2016; van Oldenborgh et al., 2021;
Jain et al., 2022; Zheng et al., 2023). Recurring and highly-impacting wildfires may be precursors to
changing fire conditions on a global scale (Li et al., 2023). Annually, the total burned area affected by
forest fires worldwide is approximately 67x10°ha (van Lierop et al., 2015). For example, in Australia
between 2019 and 2020, the area burned by fire was more than double compared to the historical
record since 1930. In this environment, carbon emissions due to fire were the highest since 2003
(Canadell et al., 2021; van der Velde et al., 2021). In South America, fire emissions increase about 1.5
to 2.8 times during seasons of severe drought compared to other years (Ye et al., 2022). Boreal forests
of North America, dominated by coniferous forests, are one of the most important Earth’s biomes,
accounting for about 30% of the total area of forests in the World. Therefore, this large extent of boreal
forests plays a significant role in regulating the global carbon cycle (Mack et al., 2021; Xi et al., 2024).
And in this environment of the Northern Hemisphere, wildfires have severely affected the structure
and functioning of forest ecosystems (Lenton et al., 2008; Tamarin-Brodsky et al., 2020; Zheng et al.,
2023). A recent study has shown that carbon emissions from boreal fires reached the highest value
since 2000, specifically due to the increasing occurrence and severity of wildfires. Forest fires in boreal
biomes release about 10 to 20 times more carbon per unit burned area compared to other forest
ecosystems (Zheng et al., 2023). However, the wildfire effects in boreal forests have attracted less
attention compared to tropical forests, and there is scarce research focusing on fire-related mortality
in boreal forests (Sanchez-Pinillos et al., 2022; Xi et al., 2024). Studies about the spatio-temporal
dynamics and occurrence of wildfires in boreal forests affected by wildfires are essential to
understanding forest dynamics and carbon-climate relationships. The latter gives forest managers
feedback for predicting ecosystem’s resilience to climate change and insights for developing more
effective management strategies. In other words, there is a need to identify, also by a low-resolution
study, which fire-affected areas are able to more rapidly recover after fire disturbance (Lindenmayer
and Taylor, 2020). This knowledge may also improve our ability to introduce fire-induced forest
mortality into process-based ecosystem models (Trumbore et al., 2015; Hood et al., 2018).

To fill this gap, this study assesses the spatio-temporal patterns of wildfire-induced mortality of
boreal forests together with its potential drivers in Canada and Alaska. The specific objectives of this
study are: (i) to evaluate the forest areas burned in the region over the period 2003-2020; (i7) to
quantify tree mortality in the same period and area; and (iif) to identify the potential factors
determining forest mortality among key wildfire attributes, including size, duration and burned area.

2. Materials and Methods
2.1. Data Collection

2.1.1. Burned Area and Fire Regime

Data about the extent of burned area between 2003 and 2020 were acquired from the Moderate
Resolution Imaging Spectroradiometer (MODIS) Aqua and Terra MCD64Al1 with 500-meter
resolution. This coarse resolution was deliberately chosen to avoid excessive computational effort for
this large-scale study.
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Individual fire events for the same period (2003 to 2020) were extracted from the Global Fire
Atlas (GFA) database. This database was built at a daily and 500-meter spatial resolution using
geographical data from MODIS Collection 6 MCD64A1 (Giglio et al., 2018; Abatzoglou et al., 2019).
The quality of information in this database regarding fire regime (size, duration, and spread rate) was
verified in previous studies (Abatzoglou et al., 2019).

2.1.2. Forest Mortality

Forest mortality at the annual scale (2003 to 2022) in the Global Forest Change (GFC) was
extracted from Landsat satellite data at 30-meter resolution (version 1.7) (Hansen et al., 2013). This
data was used to calculate the forest area in 2000 (Arearorest).

Due to the different resolution compared to data of burned area, the pixels at 30-meter resolution
annual were upscaled to a 500-meter sinusoidal grid. Finally, the data of forest mortality was
expressed as the percentage of area with forest loss at the largest resolution (ArearorestLoss).

2.1.3. Land Cover and Forest Types

Forest areas and types for each year were identified using the land cover map prepared by the
European Space Agency’s (ESA) (300-meter resolution, period 2002 to 2019) within the Climate
Change Initiative (CCI) (period 2002-2019). In more detail, all land cover types labeled as “tree cover”
were considered as forests. The forest types were classified as follows: evergreen coniferous forest
(ENF), deciduous coniferous forest (DNF), evergreen broadleaf forest (corrected to EBF for
discrimination with from ENF), deciduous broadleaf forest (DBF), and mixed forest (i.e., a mixture of
broadleaf and coniferous forest types). The forest type was identified from the map updated to the
year preceding the fire event (Table 1).

Table 1. Classification of the forest types analyzed in this study based on the land cover data from ESA-CCI

data.
ESA-CCI data This study
Code Description (IGBP classification)

50 Tree cover, broadleaved, evergreen, closed to open Evergreen broadleaf forest
60 Tree cover, broadleaved, deciduous, closed to open
61 Tree cover, broadleaved, deciduous, closed Deciduous broadleaf forest
62 Tree cover, broadleaved, deciduous, open
70 Tree cover, coniferous, evergreen, closed to open .

. Evergreen coniferous
71 Tree cover, coniferous, evergreen, closed forest
72 Tree cover, coniferous, evergreen, open
80 Tree cover, coniferous, deciduous, closed to open . .

. i Deciduous coniferous
81 Tree cover, coniferous, deciduous, closed

. ) forest
82 Tree cover, coniferous, deciduous, open
90 Tree cover, mixed leaf type Mixed forest

Note: ESA-CCI: European Space Agency - Climate Change Initiative.

2.2. Data analysis
2.2.1. Identification and Calculation of the Burned Area

The pixels related to burned area were matched to those related to fire over time if both of the
following two conditions occurred: i) the center of the forest area pixel was located inside the burned
area; and ii) the date of forest area was between the start and end dates of the fire.
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2.2.2. Calculation of Forest Mortality Due to Wildfire

In this study, according to (Zhao et al., 2023), “forest mortality” (M) in a given period is defined
as the ratio of the area of forest loss by the total area. The values of forest mortality (‘M) for a given
year ‘t’ were calculated for pairs of two consecutive years (i.e., ‘t’ to ‘t+2’) after the fire year (‘t’) (Liu
et al,, 2019).

t+0 t+1 t+2
— ALoss+ALoss +ALoss
M = Los 1)
A
Forest

where A2%%00., is the total area (in 2000) and A}, ALrl and AYYZ are the areas of forest loss at the

years ‘t’, ‘t+1” and “t+2".

2.2.3. Spatial-Temporal Patterns of Burned Area and Forest Mortality

The data of burned area forest mortality due to wildfire was compared in the temporal (annual
and monthly scales, between 2003 and 2020 and spatial (0.5°x 0.5° grid cell) domains to explore the
spatial and temporal patterns. The spatial domain was classified into the following regions of Alaska
and Canada: I) Alaska; IT) Northern Canada; IIT) Western Canada; IV) Central Canada; V) Ontario,
Canada; and VI) Eastern Canada (Figure 1).
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Figure 1. Classification of the territory of the study area (Alaska — Canada in regions) (I, Alaska; II, Northern
Canada; III, Western Canada; IV, Central Canada; V, Ontario, Canada; VI, Eastern Canada).

2.2.4. Statistical Processing

Pearson analysis was applied to identify correlations (expressed as correlation coefficient ‘r’)
between forest mortality, fire characteristics and burned area. The ‘1’ coefficients were calculated by
generalized linear models (GLM) using the “glm” function in the “stats” package of the R software.

3. Results
3.1. Spatio-Temporal Patterns of Burned Area

The average burned area of North American boreal forests was 19501 km?/yr (2003-2020). This
area always exceeded 8000 km?/yr, except in 2000 (1160 km?yr), with a peak of 37870 km?/yr in 2013
(Figure 2A). The evolutionary trend of the burned area over time shows a high seasonality, since the
highest extent (about 98% of the total burned area) is concentrated in summer and early autumn
(Figure 2B).
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Figure 2. Inter-annual (A, km2) and intra-annual (B, km2/yr) variations of burned forest area (2003 - 2020) in the
study area (Alaska - Canada).

The spatial distribution of forest fires in the region is uneven, mainly occurring in Central,
Northern, and Eastern Canada (regions II, III and 1IV), and Alaska, all being dominated by a forest
cover (Figure 3). Central Canada alone accounted for 39% of the burned area in the study area, while
Ontario showed the lowest percentage (4.5%) (Table 2).
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Figure 3. Spatial distribution of burned forest areas (2003 — 2020) in the study area (Alaska - Canada).
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Table 2. Burned forest area and mortality (annual average over the period 2003-2020) in the study area (Alaska

and Canada).

Regions Bl::;:}yi;ea Ratio OI(‘OZ;tal A Forest mortality (%)

Alaska 2765 14.2 55.7

Northern Canada 3911 20.1 62.1

Western Canada 2087 10.7 30.7

Central Canada 7583 38.9 54.4

Ontario (Canada) 871 4.46 51.1

Eastern Canada 2281 11.7 57.4

The analysis of the inter-annual variations of the burned area in the geographical regions shows
large forest fires in Central Canada every year during the study period. Peaks of this value are evident
also in Northern (5013 km? in 2013) and in Eastern Canada (3071 km? in 2014) (Figure 4A). The
seasonal trends of burned areas were largely similar in the study area since wildfires were

concentrated in June to September in all regions with the highest peak in July (Central Canada)
(Figure 4B).
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Figure 4. Inter-annual (A, km?) and intra-annual (B, km?/yr) variations of forest burned area in the period 2003-
2020.

3.2. Spatio-Temporal Patterns of Forest Mortality

Forest mortality due to wildfire in the study area was on average 53.1% (2003-2020). The highest
values were recorded in 2016 (64.9%), 2017 (62.1%) and 2019 (63.8%), all exceeding 40%, except in
2020 (28.2%) (Figure 5A). The intra-annual seasonal trend overlaps the trend of burned areas (higher

between June and September). The average mortality during this period was 50.7%, and lower than
13% in the other months with a minimum in January (3.5%) (Figure 5B).
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Figure 5. Inter-annual (A) and intra-annual (B) variations of forest mortality due to wildfire (2003-2020) in the
study area (Alaska - Canada).

Forest mortality in the study area exceeded 50% for most regions (Figure 6), except Western
Canada (30.7%) (Table 2). The average forest mortality in each region was above 51%, and the highest
peak was recorded in Northern Canada (91%, 2020). The annual and seasonal variations were not
noticeably different over the study area, and a relatively low inter-annual variability was recorded in
Western Canada (Figure 7A). Forest mortality was predominantly concentrated in the May to
September and exceeded 60% in all geographical regions. It is worth noting that, in some regions
(Western and Central Canada), forest mortality was noticeable also in some months (January to April)
(Figure 7B).
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Figure 6. Spatial distribution of the forest mortality due to wildfire (2003 — 2020) in the study area (Alaska —
Canada).

Figure 7. Inter-annual (A) and intra-annual (B) variations of forest mortality due to wildfire in the period 2003
2020.

3.3. Correlations Among Forest Mortality, Fire Characteristics and Burned Area

The generalized linear model revealed a significant (p < 0.001) influence of fire size and duration
as well as their interaction on forest mortality, while burned area played a minor role (p = 0.316) in
driving the latter variable (Table 3). There was a high and positive correlation between fire size and
duration (r = 0.81) as well as these characteristics and burned area (r > 0.49). The coefficients of
correlations between the fire characteristic on one side, and forest mortality on the other side was
much lower but significant (r > 0.18). No significant correlation (r = 0.07) was revealed between the
burned area and forest mortality (Figure 8).

Table 3. Parameters of the generalized linear model (GLM) setup to test the effects of fire characteristics and

burned area on forest mortality (period 2003 — 2020) in the study area (Alaska — Canada).

Factor Estimate Std. dev. t-value p-value

Fire size 15.302 1.175 13.025 <0.001***

Fire duration 0.491 0.123 3.993 <0.001%***
Burned area -0.055 0.055 -1.003 0.316

Fire size x duration -0.395 0.092 -4.314 <0.001***
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Fire size x burned area 0.012 0.017 0.735 0.462
Fire duration x burned area 0.002 0.001 1.398 0.162
Fire size x duration x burned area -0.001 <0.001 -1.198 0.231
Note: Significant effects (*** = p <0.001; ** = p <0.01; * = p <0. 05) are evidenced in bold.
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Figure 8. Pearson’s correlation coefficients among fire characteristics, burned area and forest mortality (period
2003 —2020) in the study area (Alaska — Canada).

4. Discussion

Previous studies have found that the factors triggering the occurrence of fires are different in
time and space, and must be ascribed to both natural and anthropogenic factors as well as to climate
variability (Aakala et al., 2018). This study has explored the spatio-temporal patterns of burned areas
and forest mortality due to a 18-year recurrence of forest wildfires in North America.

About the temporal variability of effects, this study has shown that, between 2003 and 2020, the
burned area and fire-driven forest mortality were both extremely high, over 8000 km?/yr and 40%,
respectively, with very few exceptions. Almost all forest wildfires (nearly 98%) occurred in the drier
season, leading to the highest tree mortality during this period. The lower occurrence of fire in the
cooler seasons may be explained by the increase of albedo (winter and spring), which leads to climate
cooling with a consequent fire occurrence (Randerson et al., 2006; Rogers et al., 2013). In contrast,
higher temperatures and drier air in summer noticeably increase the fire hazard, also enhanced by
the accumulation of dead fuel (de Groot et al., 2013) (Zhao et al., 2021). This makes forests more
vulnerable to high-intensity fires and results in higher forest mortality. The high forest mortality in
the monitoring period is due to the predominance of crown fires, typical of the environments in North
America (Stocks et al., 2004; de Groot et al., 2013). These high-intensity fires burn a fuel amount per
unit area that is several times larger than in the case of surface fires (Wooster and Zhang, 2004). It is
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well known that the accumulation of fuel loads tends to increase fire occurrence (Mutch, 1970), and,
as a consequence, trees are easily killed by these wildfires (Rogers et al., 2013; Rogers et al., 2015).
Therefore, the increases in temperature and dryness combined with high-intensity crown fires are
the main causes of tree mortality during the May to September.

The study has also shown that the severe forest fires in the study area are mainly concentrated
in Central Canada (approx. 40% of the total burned area), but the fire-driven forest mortality was
higher in other regions compared to the latter. However, the overall forest loss was high across all
regions, with the exception of Western Canada, where the impacts of fire — both burned area and
mortality — were the lowest. The generally high forest mortality may be related to the simpler forest
structural complexity compared to tropical rainforests, which could result in a higher probability of
fire occurrence (Heinselman, 1981). Compared with other biomes, boreal forests in North America
have lower species diversity (Rogers et al., 2015), and the forests are dominated by coniferous species
(Ribeiro-Kumara et al., 2020), including Picea mariana, Pinus banksiana, and Picea glauca (Rogers et al.,
2013; Zhao et al., 2021). Due to their lower water content, and higher thickness and flammability of
leaves, coniferous species are easier to burn than broad-leaved species (Kasischke et al., 2010). Thus,
coniferous forests are more likely to experience fires compared to mixed forests with a high
proportion of deciduous species (Cumming, 2001). For example, the probability of fire occurrence in
pure coniferous forests is about 24 times higher than in pure broad-leaved forests in the boreal
environment (Astrup et al., 2018). In Canada, pure coniferous stands account for over 60% of the total
forest area, and more than half of forest fires are dominated by high-intensity crown fires (Stocks et
al., 2004; de Groot et al., 2013), which usually lead to the rapid death of these conifer species.

Our findings indicate that, in North America, post-fire forest mortality is mainly influenced by
fire size and duration. Fire combustion unleashes a substantial amount of energy (Wooster and
Zhang, 2004; de Groot et al., 2013; Hantson et al., 2022), which consequently prolongs the fire
duration. This energy could also increase the probability of death of heat-damaged trees, and long-
term high temperatures could also kill trees directly (Zhang et al., 2017; Zhao et al., 2023).
Additionally, the increased frequency of long-term droughts has led to more frequent fires. Coupled
with heatwaves, they have increased the probability of fire occurrence across all forest biomes (Clarke
et al., 2020). Wildfires in forests with high intensity and severity may last for months (Cansler and
McKenzie, 2014; Laurent et al., 2019), leading to extremely high tree mortality. Under the current
climate change scenario, the rising frequency of heatwaves and extreme drought events is increasing
the likelihood of larger, longer-duration, and higher-intensity fires in the boreal forests of North
America, ultimately driving higher rates of forest mortality.

5. Conclusions

Using satellite-based data, the spatial and temporal patterns of burned area and fire-driven
forest mortality were explored in North America (Alaska and Canada) over a 18-year period. The
relationships between this mortality and fire regime factors and burned area were also analyzed.

Both the burned area and mortality was high, over 8000 km?/yr and 40%, respectively. Forest
fires mainly occurred in May to September and one region (Central Canada) accounted for 40% of
the burned area. The less affected region was Western Canada. The fire size and duration were the
main drivers of the high forest mortality.

Overall, the study indicates to forest managers and authorities which areas and time period are
the most sensitive to the detrimental effects of forest wildfire in boreal forests of North America.
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