
1

SILVA FENNICA

Silva Fennica vol. 60 no. 3 article id 26006
Category: research article

https://doi.org/10.14214/sf.26006

http://www.silvafennica.fi
ISSN-L 0037-5330 | ISSN 2242-4075 (Online)

The Finnish Society of Forest Science

Aleksi Knaappila 1, Henrik Lindberg 2, Heidi Tanskanen 3 and Tuomas Aakala1

Ignition probability and fire size in Finnish boreal 
forests: a nationwide analysis of 10 years of rescue 
services data

Knaappila A., Lindberg H., Tanskanen H., Aakala T. (2026). Ignition probability and fire size 
in Finnish boreal forests: a nationwide analysis of 10 years of rescue services data. Silva Fennica 
vol. 60 no. 3 article id 26006. 24 p. https://doi.org/10.14214/sf.26006

Highlights
•	 Relative ignition probability was primarily associated with human population density, day 

of year, and canopy cover.
•	 Fire size was most strongly influenced by human population density, distance to nearest road, 

and ignition cause.
•	 Higher human population density increased relative ignition probability but decreased fire size.
•	 Relative ignition probability peaked mid-season, whereas fire size was greatest early in the 

season.

Abstract
Fires are major disturbances in boreal forests, and forest fire risk is projected to increase in Fin-
land. Despite this, comprehensive large-scale analyses evaluating multiple potential drivers of fire 
ignition and size remain scarce. The aim of this study was to assess how selected environmental 
and human-related factors influence the relative ignition probability and fire size in Finnish boreal 
forests. We utilized data on forest fire occurrence and size, the Finnish Forest Fire Index (FFI), 
and ignition cause, compiled by rescue authorities across mainland Finland during 2014–2023. 
We supplemented it with spatial data describing environmental factors (site trafficability, slope, 
canopy cover, and dominant tree species) and human-related factors (human population density 
and distance to nearest road). The dataset contained 10 284 forest fire observations and an equal 
number of pseudo-absence observations. We fitted one generalized additive model (GAM) each to 
explain relative ignition probability and fire size. The relative ignition probability model explained 
51.6% of the deviance and achieved a classification accuracy of 83.7%, while the fire size model 
explained 21.5% of the deviance. Human-related variables were among the most influential 
in both models, with human presence increasing relative ignition probability but reducing fire 
size. Seasonality and weather were also significant, suggesting a major influence of weather and 
vegetation dynamics on fuel moisture, whereas dominant tree species affected only fire size and 
slope only relative ignition probability. The contrasting effects of humans on forest fires suggest 
potential for reducing future fire risk through targeted fire management strategies.
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1	 Introduction

Fires represent the most significant natural disturbance in boreal forests, shaping composition, 
structure, and ecological function of forest stands (Zackrisson 1977; Potapov et al. 2008; Molinari 
et al. 2020). Fires are important for carbon and nutrient cycling (Kasischke et al. 1995; Al-Khayri 
et al. 2024), as well as biodiversity maintenance (Burton et al. 2008; Ylisirniö et al. 2012; Ram-
berg et al. 2023), yet they also have negative impacts on human societies, posing threats to safety, 
livelihoods, and property (Kala 2023) and contributing to degraded air quality (Gorchakov et al. 
2017). In addition, carbon emissions from forest fires accelerate climate change (Flannigan et al. 
2006; Zheng et al. 2023), which, in recursive manner, is projected to increase both fire occurrence 
and burnt area (Lehtonen et al. 2016; Venäläinen et al. 2020; Kinnunen et al. 2024).

The occurrence of forest fires (hereafter, fires) in Fennoscandia (i.e., Norway, Sweden, Fin-
land, and parts of northwestern Russia) has varied throughout the Holocene as a result of changing 
climate, vegetation and human influence (Lynch et al. 2004; Clear et al. 2014; Remy et al. 2023). 
At present, the vast majority of ignitions are related to human activity (Granström 1993; Larjavaara 
et al. 2005), with campfires, cigarettes, arsons, and sparks from forestry machinery being the most 
common causes within this category (Ketola 2018; Sjöström et al. 2019; Sjöström and Granström 
2023). Consequently, the number of fires tends to increase with both population density (Cueva et 
al. 2006; Pinto et al. 2020) and proximity to infrastructure, such as roads (Pew and Larsen 2001; 
Maingi and Henry 2007). Approximately 10% of the fires are lightning-ignited (Granström 1993; 
Larjavaara et al. 2005), although area burnt by such fires can occasionally be large (Kelly et al. 
2021; Lindberg et al. 2021; Sjöström and Granström 2023), as they also occur in remote and 
inaccessible rural areas (Ganteaume et al. 2013). Large human-caused fires tend to dominate in 
spring, between snowmelt and vegetation green-up (Tanskanen and Venäläinen 2008), whereas 
lightning-ignited fires peak later in the summer (Larjavaara et al. 2005; Venäläinen et al. 2016). 
These seasonal patterns vary along a latitudinal gradient and are driven by changes in weather, 
vegetation, and ignition sources (Granström 1993; Larjavaara et al. 2004; Tanskanen 2007).

Majority of fires ignite and spread within surface fuels (Shorohova et al. 2011) that con-
sist of mosses, lichens, herbs, shrubs and litter. Therefore, fire ignition and spread are largely 
determined by the moisture content of these surface fuels, which in turn is affected by stand 
characteristics (Tanskanen et al. 2006). Fennoscandian forests are dominated by Scots pine 
(Pinus sylvestris L.), Norway spruce (Picea abies (L.) H. Karst.), and birches (Betula spp. L.) 
(Lindbladh et al. 2014; Breidenbach et al. 2021; Korhonen et al. 2024). Xeric, pine-dominated 
sites are often characterized by open canopy and low surface fuel loads dominated by flammable 
mosses and lichens (Tanskanen et al. 2006; Lindberg et al. 2024). As a result, low intensity sur-
face fires are common on xeric sites (Päätalo 1998; Wallenius et al. 2002; McRae et al. 2006). 
In contrast, spruce-dominated stands with closed canopies on mesic sites are typically less flam-
mable (Tanskanen et al. 2006; Brown and Giesecke 2014). Due to higher fuel loads, fires in such 
forests may result in higher intensity and tree mortality (Wallenius 2002; Ananyev et al. 2022), 
especially under extreme drought conditions. The abundance of herbs and deciduous trees tends 
to reduce the flammability on the most fertile sites during the growing season. However, cured 
grass can dry rapidly, resulting in high flammability in the spring (Lindberg et al. 2011; Parisien 
et al. 2023).

Topography is a significant driver of fire occurrence, which is observed to be higher on 
sloping terrain than on flat ground (Engelmark 1987; Holsinger et al. 2016). Slope steepness and 
aspect influence fuel moisture, as they determine the amount of incoming solar radiation and 
redistribution of water (Fang et al. 2018). Moreover, slope has a particularly strong effect on fire 
spread, as heat is transferred efficiently upslope through radiation and convection (Agee 1993; 
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Selvaraj et al. 2024; Shan et al. 2024). Steep slopes can also facilitate the transition of surface 
fires into crown fires, increasing fire intensity and thus severity (Airey-Lauvaux et al. 2022). 
Topographic features, such as wet depressions, often act as firebreaks and may remain unburnt 
for centuries or even millennia (Hörnberg et al. 1995; Hellberg et al. 2004; Wallenius et al. 2005).

Previous studies have identified numerous factors affecting fire ignition and spread. Deter-
mining the relative importance of these factors is increasingly critical given the anticipated 
changes in future fire occurrence. However, comprehensive national-scale analyses evaluating 
multiple potential drivers simultaneously remain scarce (Pinto et al. 2020; Cimdins et al. 2022; 
Jones et al. 2025). Using spatially explicit data on ignitions and fire sizes compiled by rescue 
authorities, the aim of this study was to assess the influence of selected environmental and human-
related factors on fire ignition and size. Specifically, we evaluated how (1) soils and topography, 
(2) stand structure and composition, (3) season and weather, and (4) human-related factors influ-
ence relative ignition probability and fire size in boreal forests of Finland.

2	 Material and methods

2.1	 Study area

The study area covered Finland, excluding the Åland Islands, and is located approximately 
between the latitudes 60°N and 70°N. The topography of Finland is characterized by gentle 
elevational variations, with approximately 74% of the terrain lying below 200 meters above sea 
level (National Land Survey of Finland 2024a). Highest elevations are in the eastern and northern 
regions of the country.

The vast majority of Finland belongs to the boreal zone (Olson et al. 2001) and is character-
ized by a subarctic climate, with relatively cold and short summers (Peel et al. 2007). On average, 
February is the coldest month with a mean temperature of −8.5 °C, whereas the warmest is July 
with 16 ℃ (Finnish Meteorological Institute 2025). The annual precipitation is approximately 
600 mm, with the lowest value occurring in spring (ca. 100 mm) and the highest in summer 
(ca. 200 mm) (Irannezhad et al. 2014). The fire season starts typically in April and lasts until 
October (Tanskanen and Venäläinen 2008), varying across the country (Saari 1923; Kinnunen 
et al. 2024), with the majority of fires occurring between May and August. The beginning of the 
season is characterized by large human-related fires, whereas most lightning-ignited fires, as well 
as most cloud-to-ground lightning strikes, occur in July (Larjavaara et al. 2005; Mäkelä et al. 
2014; Lehtonen et al. 2016).

Approximately 86% of Finland’s land area is classified as forest, of which 64% grows 
on mineral soils and 35% on peatlands (Korhonen et al. 2024). The forests are almost entirely 
dominated by Scots pine (63%), Norway spruce (25%), and birches (9%). In coniferous stands, 
ground layer is composed mainly of quick-drying species, such as feather moss (Pleurozium 
schreberi (Willd. ex Brid.) Mitt.), stairstep moss (Hylocomium splendens (Hedw.) Schimp.), fork 
mosses (Dicranum spp. Hedw.) and reindeer lichens (Cladonia spp. P. Browne) (Schimmel and 
Granström 1997; Mäkipää et al. 2000; Lindberg et al. 2024). Lichens are generally common on 
xeric sites, and they are gradually displaced by mosses under more mesic conditions (Cajander 
1926; Lindberg et al. 2011). On the most fertile sites, herbs and deciduous trees are abundant.

Finland is the third most sparsely populated country in Europe, with an average of 18.4 
persons km−2 (Eurostat 2025), and an unevenly distributed population as the density is the highest 
in the southwestern parts of the country (Adamiak et al. 2017). The forests are largely under com-
mercial management, with only 6% remaining in a natural or near-natural state, the vast majority 
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of which are located in northern Finland (Korhonen et al. 2024). Consequently, the country has 
a relatively dense forest road network, which follows a similar regional distribution as managed 
forests (Uotila and Viitala 2000) and facilitates access to fire sites and effective fire suppression 
(Päätalo 1998).

In Finland, only a few hundred hectares of forest burn each year, with an average fire size 
of approximately 0.5 ha (Lindberg et al. 2021). Burnt area has been lower than in neighboring 
Sweden and Republic of Karelia, largely due to intensive forest management practices combined 
with extensive fire prevention and suppression efforts (Kosenius et al. 2014; Lindberg et al. 2021), 
although the underlying explanatory factors may be more nuanced in Sweden.

2.2	 Data preparation

2.2.1	Forest fire data

This study was based on wildfire data obtained from Finnish rescue services’ resource and accident 
statistics system, PRONTO (Emergency Services Academy Finland 2025), covering mainland 
Finland from 2014 to 2023. PRONTO contains information on incidents and the actions of rescue 
authorities at the scene (Emergency Services Academy Finland 2013). In this study, we used date, 
coordinates of the estimated ignition point, terrain type, Finnish Forest Fire Index (FFI), ignition 
cause, and fire size (Table 1). Spatial data from the statistics system were limited to point loca-
tions and did not include information on the shape or orientation of burnt areas. The advantages of 
PRONTO data included its broad geographical and temporal coverage, as well as the systematic 
approach of its collection.

Table 1. Summary of the variables.

Variable Description Type Source

Fire occurrence 
(response)

Division into observed forest fires and pseudo-absence 
observations (0 = pseudo-absence, 1 = fire occurrence)

binary PRONTO1

Fire size (response) Total burnt area in terrain types considered forest, with a 
logarithmic transformation (ha)

numerical PRONTO1

Coordinates Location of the ignition point numerical PRONTO1

Year Calendar year (2014–2023) numerical PRONTO1

Trafficability Bearing capacity of the terrain (1–6; 1 = the highest,  
6 = the lowest)

categorical Soil trafficability map, 
Finnish Forest Centre

Slope Terrain slope at the ignition point (°) numerical Elevation model 10 m, 
National Land Survey 
of Finland

Canopy cover Proportion of ground covered by the vertical projection 
of tree crowns (%)

numerical MS-NFI2

Dominant species Tree species, covering at least 50% of the total growing 
stock volume (Pine, Spruce, Deciduous, or Mixed)

categorical MS-NFI2

Day of year Sequential calendar day number within the year (0–366) numerical PRONTO1

Finnish Forest Fire 
Index (FFI)

Latest index value prior to fire in the municipality, to one 
decimal precision (1.0–6.0)

numerical PRONTO1

Ignition cause Reclassified ignition cause, based on fire authorities' 
assessment (Human, Lightning, or Unknown)

categorical PRONTO1

Population density Interpolated population density as of 31st December of 
the preceding year (persons km⁻2)

numerical Population grid data 
1 km × 1 km, Statistics 
Finland

Distance to nearest 
road

Euclidean distance between the ignition point and the 
nearest road, including classes road, roadway, track, 
pedestrian and bicycle route, and winter road (km)

numerical Topographic Database, 
National Land Survey 
of Finland

1 Finnish rescue services’ resource and accident statistics system, Emergency Services Academy Finland
2 Multi-Source National Forest Inventory, Natural Resources Institute Finland
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While the rescue authorities had recorded other data, the FFI value of the municipality had 
been obtained from the Finnish Meteorological Institute to the statistics system. The index esti-
mates the moisture content of the surface fuels and is calculated from meteorological observations, 
including temperature, precipitation, air humidity, wind speed, and solar radiation (Venäläinen 
and Heikinheimo 2003), ranging from 1.0 to 6.0. FFI was included in the analyses as it integrates 
weather conditions affecting fuel moisture and fire danger. To analyze fire seasonality, we used day 
of year. Numerous ignition causes were recorded in the statistics system but were here coarsely 
reclassified into three categories: human, lightning, and unknown (Supplementary file S1, available 
at https://doi.org/10.14214/sf.26006).

From the data, fires started as wildfires in terrain types classified as forest – either closed-
canopy forest, forest clearing, or peatland – were treated as forest fires and included in the analyses 
(Emergency Services Academy Finland 2013). When a fire had occurred in more than one terrain 
type, fire size was calculated by summing the burnt forest areas in the three forested terrain types. 
Fires with obvious recording errors, such as unrealistically large increases in fire sizes during sup-
pression operations, invalid FFI values, or duplicate coordinates, were excluded. For example, fires 
with one or more orders-of-magnitude increases in size between the arrival of the rescue authorities 
and the end of the incident were omitted, as we considered them unit conversion errors.

The fire data lacked detailed information on environmental conditions at the ignition sites. 
Therefore, we supplemented it with open spatial data that provided consistent, spatially explicit 
information on key factors influencing fire ignition and spread. These included variables associ-
ated with soils (trafficability), topography (slope), stand structure (canopy cover) and composi-
tion (dominant species), and human-related factors (population density, distance to nearest road) 
at the ignition point of each fire, enabling systematic analyses of their influence on fire ignition 
and spread (Table 1).

A total of 28 021 wildfires were recorded in PRONTO, including 13 001 forest fires, of which 
10 284 were retained for analyses after excluding observations with recording errors or missing 
values in any of the study variables. Most exclusions were due to missing values in supplementary 
data. Within the retained dataset, 65.4% of fires were human-caused, while lightning had ignited 
15.4% of them (Table 2). The median fire size was 0.008 ha, the mean size was 0.45 ha, and the 
average annual burnt forest area was 460 ha. Considering all forest fires recorded in PRONTO, fire 
density appeared to be highest in southern and southwestern Finland, with fires clustered around 
human settlements (Fig. 1).

Table 2. Summary statistics of the forest fires included in the analyses.

Year Number of 
fires

Ignition cause (%) Fire size (ha)
Human Lightning Unknown Median Mean Sum

2014 1320 54.5 29.5 16.1 0.020 0.55 721
2015 629 73.9 3.5 22.6 0.003 0.17 107
2016 772 80.8 3.1 16.1 0.005 0.31 238
2017 746 82.0 2.1 15.8 0.010 0.73 543
2018 1892 55.1 19.7 25.3 0.010 0.48 910
2019 1071 62.9 15.1 21.9 0.005 0.28 296
2020 1046 73.6 10.2 16.2 0.008 0.65 683
2021 1019 58.3 21.6 20.1 0.005 0.56 575
2022 845 72.9 13.4 13.7 0.002 0.24 199
2023 944 64.7 16.6 18.6 0.005 0.35 330

All 10 284 65.4 15.4 19.2 0.008 0.45 460

https://doi.org/10.14214/sf.26006


6

Silva Fennica vol. 60 no. 3 article id 26006 · Knaappila et al. · Ignition probability and fire size in Finnish boreal…

2.2.2	Soils and topography

To analyze the influence of soils, particularly the variation along the moisture gradient, we used 
soil trafficability data (Finnish Forest Centre 2025). The trafficability was based on a combina-
tion of topographic wetness index, elevation, soil type, growing stock volume and site drainage, 
reflecting the bearing capacity of the terrain (Kilpiäinen 2022). The data consisted of six catego-
ries, with class 1 indicating the highest capacity and class 6 the lowest. Classes 1–3 represented 
mineral soils, whereas classes 4–6 represented peatlands. As trafficability was a categorical vari-
able, the most frequently occurring value within a 25-meter buffer was extracted for each fire 
observation. The buffer size was chosen to represent the immediate surroundings of the ignition 
point and to provide a compromise between spatial precision and robustness. Similar fixed-radius 
buffers have also been applied in previous fire studies (Pinto et al. 2020). At the time of this 
study, the trafficability data were a relatively new product and therefore did not yet provide full 
coverage of Finland.

Terrain slope was included as a key topographic factor, as it influences ignition probability 
via fuel moisture and directly affects fire spread. Slope was calculated from the Elevation model 
10 m (National Land Survey of Finland 2024a) using the Slope tool in ArcGIS Pro (version 3.5.4, 
Esri 2026). Slope values were extracted directly from the raster cells in which the ignition points 
were located.

Fig. 1. Maps showing a) the location of the study area within the boreal region (University of Minnesota 2017; The 
World Bank 2025) and b) the spatial distribution of forest fires recorded in PRONTO, visualized as a kernel density 
heatmap.
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2.2.3	Stand structure and composition

Canopy cover and dominant tree species were included as stand characteristics influencing funda-
mental fuel properties (Table 1). They were derived from the Multi-Source National Forest Inventory 
(MS-NFI) data (Natural Resources Institute Finland 2024) which had a temporal resolution of two 
years. The values were obtained from the most recent data available prior to each fire. According to 
Mäkisara et al. (2022) the estimation RMSE errors are substantial at the scale of individual cells: for 
species-specific volumes ranging from 6 to 67 m3 ha–1 and canopy cover around 16%, depending 
on region and soil type. However, the errors diminish when the analyzed area contains multiple 
16 meter by 16 meter cells (Natural Resources Institute Finland 2023). Therefore, we calculated 
the values for the continuous numerical variables as mean values within a 25-meter radius.

The dominant species was derived from growing stock volumes of Scots pine, Norway 
spruce, birch, and other deciduous trees. The possible categories ​​were pine, spruce and deciduous, 
if the relative volume of such species exceeded 50%, and mixed in situations where the above 
condition was not met. The canopy cover was fixed to 0% if the main terrain type defined by the 
rescue authorities was a forest clearing. This was justified, as the most recent clear-cuts – which 
are prone to fire (Tanskanen et al. 2005; Lindenmayer et al. 2009; Chen et al. 2015) – were not 
captured in the MS-NFI data due to its temporal resolution.

2.2.4	Human-related factors

Human population density was included to represent human presence affecting both ignition 
probability and fire spread (Table 1). Population grid data 1 km × 1 km (Statistics Finland 2024) 
expressed the population density in persons km−2 and had a temporal resolution of one year. The 
data were interpolated to produce smooth raster surfaces, improving the representation of human 
influence at the ignition points compared to sharply contrasted population counts in discrete grid 
cells. The interpolation was performed using the inverse distance weighted (IDW) method in QGIS 
(version 4.0.0, QGIS Development Team 2026). In the interpolation process, we utilized both the 
populated and unpopulated centroids, set the distance coefficient to 1, and finally extracted the values 
directly from the cells ignition points located using the most recent data available prior to each fire.

Distance to nearest road was included as an indicator of accessibility, influencing both 
human-caused ignitions and access for fire suppression. It was calculated as Euclidean distance 
between the ignition point and the nearest road from the Topographic Database (National Land 
Survey of Finland 2024b). Classes road, roadway, track, pedestrian and bicycle route, and winter 
road from the most recent database were used in this study.

2.3	 Statistical analyses

We used generalized additive models (GAMs) as non-linear relationships between some vari-
ables were observed during exploratory analyses. Two models were fitted with the functions of 
the mgcv package (Wood 2011) in R (version 4.5.3, R Core Team 2026): one for relative ignition 
probability, and the other for fire size (Suppl. file S2). Spline functions were applied as smooth-
ers for the continuous variables. A double penalty approach (Marra and Wood 2011) was used for 
model selection, and the conventional significance level of α = 0.05 was applied in the analyses. 
Collinearity between variables was assessed using Pearson correlation coefficient, and one vari-
able from each pair with |r| > 0.25 was excluded from the GAM models. Concurvity among the 
smooth terms was evaluated (Wood 2011), and either term was excluded if the concurvity value 
exceeded 0.5 (Kovács 2024).
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To model relative ignition probability, we first fitted a GAM using a binary response variable 
indicating the presence or absence of a fire observation. Because the data contained only observed 
fires, we generated pseudo-absence data by randomly sampling points across mainland Finland 
from 2014 to 2023. These points represented non-fire observations, enabling the binary response 
variable to be coded as 1 for fires and 0 for pseudo-absences, with predictor variables obtained in 
the same manner as for the fire observations. Consequently, the estimated relative ignition prob-
ability refers to the probability of an observation being a fire rather than a pseudo-absence, not 
to the absolute probability of ignition. Similar approach based on pseudo-absence data has been 
applied in previous fire studies (Pinto et al. 2020).

We applied a binomial error distribution with logit link function and randomly limited the 
pseudo-absence dataset to match the number of observed fires (n = 10 284), under the assumption 
that the pseudo-absence observations represented the environmental background of the study 
area. The explanatory variables in the model included trafficability, slope, canopy cover, dominant 
species, day of year, population density, and distance to nearest road. We modelled slope using a 
low-complexity smooth term (k = 3) and distance to nearest road as a linear term, because more 
flexible smoothers produced unrealistically wavelike patterns. The classification accuracy of the 
binomial model was calculated to evaluate its ability to correctly distinguish observed fires from 
pseudo-absence observations, using a 50% probability threshold.

Subsequently, we fitted another GAM with fire size as the response variable, applying a 
logarithmic transformation because its distribution was heavily right-skewed. The explanatory 
variables included the same predictors as in the first model, with the addition of the FFI and igni-
tion cause. We modeled variables slope and distance to nearest road without a smoother, because 
more flexible smoothers produced unrealistically wavelike patterns. A Gaussian error distribution 
with an identity link function was applied.

Spatial autocorrelation of the model residuals was assessed using Moran’s I (Bivand and 
Wong 2018). We observed weak, but statistically significant autocorrelation, which rapidly declined 
with increasing distance. As a sensitivity analysis, additional models including a two-dimensional 
smooth of spatial coordinates, s(easting, northing), were fitted for both response variables. The 
spatial term reduced the magnitude of autocorrelation, but the distance-dependent pattern remained 
largely unchanged (Suppl. file S3). The coordinates were strongly associated with population den-
sity and distance to nearest road, and inclusion of the spatial term reduced the effect sizes of these 
human-related variables, suggesting potential spatial confounding between the terms. However, 
inclusion of the spatial term neither altered the main conclusions nor fully removed the residual 
spatial autocorrelation. We therefore report the non-spatial models as the primary models.

3	 Results

3.1	 Relative ignition probability model

Relative ignition probability was explained by population density, day of year, canopy cover, traf-
ficability, distance to nearest road and slope (in descending order of χ2-statistic; all with p < 0.001; 
Table 3). Dominant species was not statistically significant (p = 0.918). Overall, the model explained 
51.6% of the deviance and correctly predicted 83.7% of the observed response values using a 50% 
probability threshold.

On average, the ignition probability decreased with reduced trafficability (Fig. 2a). The most 
pronounced differences were observed between mineral and peat soil classes, with the highest 
probability on mineral soils and almost non-overlapping confidence intervals between the two soil 
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Table 3. Terms in the relative ignition probability model, 
listed in descending order of χ2-statistic. The s() denotes a 
spline function applied to the variable.

Term χ2-value p-value

s(population density) 1567.8 <0.001
s(day of year) 1565.6 <0.001
s(canopy cover) 679.3 <0.001
trafficability 317.9 <0.001
distance to nearest road 147.0 <0.001
s(slope) 126.3 <0.001
dominant species 0.5 0.918

Fig. 2. Response of relative ignition probability to a) trafficability, b) slope, c) canopy cover, d) dominant species, e) 
day of year, f) population density, and g) distance to nearest road. Lines represent the estimated effects and shaded areas 
95% confidence intervals. In panel e), the dashed smooth shows variation in the Finnish Forest Fire Index as a func-
tion of day of year based on the observed fires. For continuous variables, tick marks indicate observation density; for 
categorical variables, class frequencies are shown.
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types. The widest confidence intervals and fewest observations were associated with peat classes 4 
and 5, which represent intermediate to low bearing capacity on the six-class scale. The relationship 
between ignition probability and slope was positive and largely monotonic, while the confidence 
interval remained constant across the observed range of slope values (Fig. 2b).

The ignition probability was highest at 0% canopy cover and decreased sharply up to 
approximately 15% canopy cover (Fig. 2c). It then increased slightly and remained relatively 
stable between 20% and 70% canopy cover, after which it declined sharply again. We observed 
the lowest probabilities around 15% and above 80% canopy cover. The probability did not differ 
among the dominant species (Fig. 2d).

Among the terms in the model, the association between ignition probability and day of year 
was particularly strong, with probability varying substantially over the course of the year (Fig. 2e). 
Starting in early March, ignition probability increased rapidly until late May, with a gradual increase 
until peaking in July, followed by a sharp decline. By November, it had dropped near zero, where 
it remained throughout the winter months. The seasonal pattern of the FFI closely resembled that 
of ignition probability.

Population density was also an important predictor, as ignition probability increased markedly 
with increasing population density (Fig. 2f). The confidence interval widened considerably at higher 
population densities, where the number of observations declined sharply and became sparse along 
the gradient. We modelled distance to nearest road as a linear term; on the response scale, ignition 
probability decreased strongly and monotonically with increasing distance from roads (Fig. 2g).

3.2	 Fire size model

Predictors explaining fire size were population density, distance to nearest road, ignition cause, day 
of year, the Finnish Forest Fire Index (FFI), trafficability, canopy cover and dominant species (in 
descending order of F-statistic; all with p < 0.001; Table 4). Slope was not statistically significant 
(p = 0.309). Overall, the model explained 21.5% of the deviance.

In mineral soil classes, fire size decreased as trafficability declined, whereas peat soil classes 
did not follow this trend (Fig. 3a). On peatlands, fire size was considerably more variable, and their 
confidence intervals showed notable overlap. Fire size increased very slightly with slope, but the 
wide confidence interval and lack of statistical significance provided no support for a consistent 
relationship (Fig. 3b).

Table 4. Terms in the fire size model, listed in descending 
order of F-statistic. The s() denotes a spline function applied 
to the variable.

Term F-value p-value

s(population density) 121.7 <0.001
distance to nearest road 76.7 <0.001
ignition cause 76.0 <0.001
s(day of year) 48.2 <0.001
s(Finnish Forest Fire Index) 22.7 <0.001
trafficability 8.5 <0.001
s(canopy cover) 6.8 <0.001
dominant species 6.6 <0.001
slope 1.0 0.309
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As canopy cover increased, fire size decreased relatively steadily, although the spline indi-
cated slight nonlinearity in the relationship (Fig. 3c). Fires were largest in deciduous stands, fol-
lowed by pine-dominated stands, and smallest in spruce-dominated stands (Fig. 3d). In mixed stands, 
the fire size was intermediate between that of pine- and spruce-dominated stands. However, the 
confidence intervals overlapped, suggesting that differences among dominant species were minor.

The fire size indicated an overall decreasing trend as the year progressed, although we 
observed considerable variation at the beginning of the fire season (Fig. 3e). Fires were largest in 
spring, followed by a decline in size until leveling off during summer months. From September 
onwards, fire size remained consistently low. In addition to seasonal variation, the fire size increased 
steadily as the FFI rose, but this trend plateaued at index values above 4.0 (Fig. 3f).

The size of human-caused fires was remarkably smaller than that of fires ignited by lightning 
(Fig. 3g). The size of lightning-ignited fires was comparable to that of fires with an unknown cause. 

Fig. 3. Response of fire size to a) trafficability, b) slope, c) canopy cover, d) dominant species, e) day of year, f) the 
Finnish Forest Fire Index, g) ignition cause, h) population density, and i) distance to nearest road. Lines represent the 
estimated effects and shaded areas 95% confidence intervals. For continuous variables, tick marks indicate observation 
density; for categorical variables, class frequencies are shown.
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The confidence intervals for human- and lightning-ignited fires did not overlap at all, indicating 
a significant difference. Analogously, the fire size decreased rapidly with increasing population 
density (Fig. 3h). We modelled distance to nearest road as a linear term; on the response scale, 
a clear positive relationship was observed, although the confidence interval widened at greater 
distances, likely due to a lower number of observations (Fig. 3i).

4	 Discussion

4.1	 Drivers of relative ignition probability and fire size

In this study, we analyzed 10 284 forest fire observations from 2014 to 2023 using two GAMs to 
assess the influence of selected environmental and human-related factors on relative ignition prob-
ability and fire size in the boreal forests of Finland. Here, relative ignition probability refers to the 
probability of a fire observation relative to a pseudo-absence observation. The probability model 
performed well, explaining 51.6% of the deviance and demonstrating strong discriminative capacity 
between fire observations and control locations. The fire size model performed moderately, explain-
ing 21.5% of the deviance. Difference in model performance likely reflects the nature of underlying 
phenomena: an ignition occurs at a specific point, while fire spread is dependent on possibly hetero-
geneous conditions surrounding the ignition point. In addition, efficient fire detection and suppres-
sion substantially limits fire spread in Finland (Lindberg et al. 2021) and may therefore weaken the 
relationship between fire size and environmental variables. Consequently, the explanatory variables 
may have captured ignition conditions more effectively than those controlling fire spread.

Ignition probability was primarily associated with population density, day of year, and canopy 
cover, while dominant species had no effect on the probability. Canopy cover showed a nonlinear 
relationship, with highest probability at 0% cover and lowest around 15% and above 80%. As docu-
mented before in nearby Sweden (Sjöström and Granström 2023), fire size was strongly associated 
with human-related factors, including population density, distance to nearest road, and ignition 
cause, whereas slope showed no significant effect. Human-caused fires tended to be substantially 
smaller than fires ignited by lightning, consistent with previous studies (Sjöström and Granström 
2023). In both models, population density was among the strongest predictors, positively affecting 
the ignition probability and negatively the fire size. Seasonal variation was also evident, with the 
probability peaking in the middle of the fire season and fire size being largest at the beginning.

4.1.1	Soils and topography

The ignition probability decreased as trafficability declined. Since the trafficability is associated with 
soil moisture (calculated from topographic wetness index, soil type and site drainage; Kilpiäinen 
2022), the results are in line with previous studies showing that fire frequency decreases with 
increasing soil moisture (Saari 1923; Bartsch et al. 2009; Aakala et al. 2018; Jones et al. 2025) 
and higher fire occurrence of xeric sites compared to mesic sites (Päätalo 1998; Wallenius et al. 
2002, 2004). On mineral soils, fire size clearly decreased as the trafficability declined, but peatlands 
showed higher variation. The confidence intervals for fire size on peatlands were remarkably large, 
which may be result of the low number of observations on peatlands. This may also reflect the 
specific characteristics of peatland fires: due to high moisture, they normally burn poorly but under 
exceptionally dry conditions, fire spreads also into the peat layer (Ryan 2002). In such cases, fires 
can smolder over extensive areas due to continuous fuel availability and difficulties in detection 
and control (Lindberg et al. 2011; Scholten et al. 2021; Qin et al. 2025).
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Slope has been observed to be a significant determinant of fire ignition (Cimdins et al. 
2022), a finding supported by this study. This may be due to increased solar radiation reaching 
the forest floor and enhanced water runoff with increasing slope steepness, leading to lower soil 
moisture (Rollins et al. 2002; Fang et al. 2018; Guo et al. 2020). The effect of the slope was not as 
clearly visible in the model explaining the fire size; instead, the rapid fire spread caused by slope, 
as reported in previous experimental studies (Perry 1987; Agee 1993; Shan et al. 2024; Selvaraj 
et al. 2024) was not identified here. Most likely, the topography of Finland does not provide suf-
ficient variation in slope steepness (Tanskanen 2007; National Land Survey of Finland 2024a) to 
capture the phenomenon, indicating a smaller role of topographical variation in Finnish forests, 
compared to many other countries.

4.1.2	Stand structure and composition

Ignition probability decreased nonlinearly with increasing canopy cover. The probability was 
highest in clear-cut areas, likely driven by increased solar radiation and wind exposure reducing 
surface fuel moisture (Tanskanen et al. 2005; Lindenmayer et al. 2009; Chen et al. 2015), particu-
larly when post-harvest water table rise does not offset surface fuel drying (Korrensalo et al. 2026). 
The initially high ignition probability decreased steeply when canopy cover increased from 0 to 
15%. This decline may be explained by the rapid growth of herbs and deciduous trees, decomposi-
tion of postharvest fine fuels, as well as the absence of mosses, following harvest (Schimmel and 
Granström 1997; Pykälä 2004; Nesbit et al. 2023). After this, the displacement of low-flammability 
vegetation both naturally (Pykälä 2004) and as a result of forest management (Äijälä et al. 2019), 
may cause the later increase in ignition probability. In this process, fuels with low flammability 
are replaced by more flammable moss and lichen species and coniferous trees (Schimmel and 
Granström 1997; Lindberg et al. 2024). With higher canopy cover, the decrease in probability is 
likely due to microclimate becoming more humid and less windy (Tanskanen et al. 2005) as well 
as the reduced growth of understory (Jonsson Čabrajič et al. 2010). The somewhat linear decrease 
in fire size with increasing canopy cover is also likely a result of the same phenomenon. Given 
that Finnish forests are extensively managed (Korhonen et al. 2024) and that soil scarification on 
clear-cuts contributes to numerous ignitions and a substantial proportion of the burnt area (Sjöström 
et al. 2019), the high ignition probability and fire size observed in clear-cuts can be interpreted as 
an indirect human influence.

Fires were large in pine-dominated stands, likely due to pine dominating stands on permeable 
soils (Cajander 1926; Mäkitalo 2009), where large surface fires have historically been frequent 
(Saari 1923; Wallenius et al. 2002; McRae et al. 2006). In contrast, fire size was lower in spruce-
dominated stands, as spruce typically occurs on more mesic sites and creates less favorable micro-
climatic conditions for fire spread (Saari 1923; Wallenius et al. 2004; Ohlson et al. 2011; Brown 
and Giesecke 2014). In mixed stands, fire size fell between those observed in monospecific stands, 
as if representing an average (Plathner et al. 2022). However, this study showed no evidence for 
differences in ignition probability among the dominant tree species. This suggests that tree species 
composition may be more important for fire behavior than for the initial ignition.

Deciduous stands are typically less susceptible to fire, as litter from broadleaves are less 
flammable than needles (Blauw et al. 2017; Plathner et al. 2022; Nesbit et al. 2023; Jones et 
al. 2025), and the understory typically consists of low-flammability herbs, lacking mosses and 
lichens (Lindberg et al. 2011; Salemaa et al. 2023). Therefore, it was somewhat unexpected that 
fires tended to be largest in deciduous stands. This observation may result from the occurrence of 
larger fires in spring, prior to vegetation green-up (Tanskanen and Venäläinen 2008; Drobyshev 
et al. 2012; Donis et al. 2017), when the proportion of dead herbs is highest (Nesbit et al. 2023; 
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Parisien et al. 2023), and a leafless canopy allows cured grass to dry out rapidly (Hély et al. 2000). 
This interpretation was further supported by the earlier occurrence of fires in deciduous stands 
compared to pine- and spruce-dominated stands. However, the difference in fire size between the 
pine-dominated and deciduous stands was not statistically significant: in both stands the median 
fire size was 0.01 ha, while the mean sizes were 0.60 ha and 0.29 ha, respectively. Therefore, the 
observed pattern should be interpreted with caution.

4.1.3	Season and weather

Fire size decreased sharply at the beginning of growing season, likely due to influences related to 
weather and vegetation, integrated into the explanatory variable day of year. In the fire size model, 
the Finnish Forest Fire Index (FFI) was also included to represent meteorological conditions, such as 
temperature, precipitation, humidity, wind speed, and solar radiation (Venäläinen and Heikinheimo 
2003). Therefore, the decline in fire size from March to June suggests that seasonal vegetation 
dynamics, rather than weather, were the primary drivers. The decline coincides with the green-up, 
during which the proportion of living herbs – and consequently fuel moisture content – increases 
rapidly (Nesbit et al. 2023; Parisien et al. 2023). As the growing season progressed, fire size contin-
ued to decrease gradually, likely due to the ongoing accumulation of living fuel (Hély et al. 2000).

The ignition probability was highest from May to July, consistent with previous observations 
in Finland (Larjavaara et al. 2004; Tanskanen 2007; Tanskanen and Venäläinen 2008) as well as in 
neighboring Sweden and Latvia (Drobyshev et al. 2012; Donis et al. 2017). Since the day of year 
spline did not decrease during the green-up, and no weather observations were included in the 
model, the response is likely driven primarily by weather conditions (Venäläinen and Heikinheimo 
2003). This is supported by the similarity between the smooths of day of year explaining FFI and 
ignition probability, both of which show nearly identical seasonal trends (Fig. 2e). Hence, the sharp 
increase in the ignition probability during spring likely resulted from rising temperatures, snowmelt 
and low precipitation. Similarly, declining temperatures, increasing air humidity, and persistently 
high precipitation reduced the flammability from August onwards (Finnish Meteorological Institute 
2025). However, because the effects of weather and vegetation cannot be separated in the variable, 
the stabilization of ignition probability in June may be associated with the accumulation of live 
vegetation. In addition, human fire activity tends to peak simultaneously with high forest flam-
mability at the start of the fire season and during the summer vacation period, declining towards 
the end of summer (Tanskanen and Venäläinen 2008).

4.1.4	Human-related factors

Population density was among the most influential variables in both models: ignition probabil-
ity increased, and fire size decreased, with increasing population density. Previous studies have 
identified population density as a key factor influencing both the fire occurrence and size (Pinto et 
al. 2020; Cimdins et al. 2022), since majority of fires are human-caused (Larjavaara et al. 2005; 
Ketola 2018), and effective fire suppression plays a major role in controlling fire spread (Lindberg 
et al. 2021).

The effect of ignition cause on fire size further supported the strong role of human influence: 
fires caused by human tended to be considerably smaller than those ignited by lightning. This is 
most likely due to human presence near the ignition site, enabling faster and more effective fire 
detection and suppression. In contrast, lightning-ignited fires are more likely to go unnoticed during 
their initial stages, allowing the fire to spread over a larger area (Ganteaume et al. 2013). Fires 
with an unknown ignition source were almost as large as lightning-ignited fires, suggesting that 
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a substantial part of the unknown fires were, in fact, lightning-ignited. This is reasonable, as such 
fires also occur in remote areas (Ganteaume et al. 2013), making the ignition cause identification 
more challenging.

While ignition probability decreased with increasing distance from roads, fire size increased. 
This result is consistent with previous studies reporting a greater occurrence of fires near infra-
structure due to human-caused ignitions (Pew and Larsen 2001; Maingi and Henry 2007). Roads 
increase forest accessibility and the number of potential ignition locations (Lindenmayer et al. 
2009). In contrast, fire size correlated positively with the distance, as a denser forest road network 
facilitates fire suppression and creates firebreaks (Päätalo 1998; Lindberg et al. 2021).

4.2	 Limitations

Human influence on both relative ignition probability and fire size was evident. However, the 
effects of human-related factors were partly confounded by their strong association with geographic 
coordinates. Inclusion of a spatial term absorbed part of the variation attributed to population 
density and distance to nearest road, complicating the separation of their effects. Nevertheless, the 
observed relationships and overall conclusions remained unchanged. Because the spatial models 
did not fully remove the residual spatial autocorrelation, we reported the primary models without 
the spatial term.

The variables derived from the PRONTO data are considered reliable as they are based on 
automatically recorded information (time, FFI) and observations recorded on-site by the rescue 
authorities (coordinates, terrain type, ignition cause, fire size). Among these PRONTO variables 
utilized, the greatest uncertainty was associated with the estimation of fire size and ignition cause. 
In Sweden, the area estimations have been found to be unreliable, mostly overestimations, as the 
rescue authorities are not normally trained for this task, and the same issue also appears in Finland 
(Lindberg et al. 2021). Ignition causes were not based on official fire cause investigations (Emer-
gency Services Academy Finland 2013); however, the coarse reclassification of ignition causes 
mitigated this effect.

The positional accuracy of the PRONTO data was not further assessed. Such uncertainty 
may affect the extraction of spatial predictor variables, particularly for variables without a smooth 
spatial gradient, such as stand characteristics. Here, we reduced potential positional errors for 
selected predictors by applying buffers with a radius of 25 meters around ignition points.

The reliability of the variables derived from open spatial data varied considerably. The most 
reliable variables were likely slope, population density and distance to nearest road, as they rely 
on well-defined datasets. In contrast, the variables describing the stand characteristics and soil are 
largely based on remote sensing and model-based estimations (Mäkisara et al. 2022); in addition, 
information on trafficability has not been field-verified, which introduces uncertainty and potential 
errors (Finnish Forest Centre 2025). However, assuming that the estimates were unbiased, the result 
was increased noise, which was partly mitigated by the large size of the dataset and the coarse 
resolution of categorical variables (dominant species). For example, moderate errors in growing 
stock volume did not significantly affect the determination of the dominant species when using 
four classes and a 50% threshold.

Temporal mismatches between the fire observations and MS-NFI data may introduce some 
uncertainty, which is expected to be minor at the spatial scale of the analyses. The most probable 
source of error are human-caused forest structure changes, as timescale of natural dynamics is 
relatively longer. Nevertheless, MS-NFI data provided the best temporal consistency and the most 
comprehensive geographical coverage, although higher-resolution datasets, such as laser scan-
ning–based products, exist (Mäkisara et al. 2022).
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We derived variables representing stand characteristics within a 25-meter radius around the 
ignition point, corresponding to approximately 0.2 ha (smaller than the mean fire size of 0.45 ha). 
Consequently, stand characteristics at larger spatial scales remained unknown in this study, allowing 
for the possibility that ignition could have occurred, for example, on an upland patch surrounded 
by waterlogged soils where fire spread is limited. This suggests that the model explaining fire size 
likely omitted certain influencing factors. However, the use of a fixed radius represents a compro-
mise between spatial precision and robustness.

As fire observations were clustered near human settlements, randomly sampled pseudo-
absence data may have affected the estimated importance of human-related variables in the rela-
tive ignition probability model. Similar issues have been recognized in ecological research based 
on voluntary observations, often characterized by spatially uneven sampling effort (Dickinson et 
al. 2010). It is possible that small fires ignited in remote areas have gone unnoticed; however, as 
significant authoritative resources are dedicated to fire detection and suppression in Finland, we 
assumed that the PRONTO data provided broad coverage of fires and were not spatially biased. 
In addition, the large random sample provided a baseline representation of national conditions, 
allowing comparison with the presence data. Alternative sampling methods could still provide 
additional insights in future research.

Ultimately, PRONTO data are not originally intended for forest research purposes. A more 
detailed description of the data recording protocol would facilitate the use of the data in research. 
Given that most fires ignite and spread within surface fuels, the lack of extensive data describing 
these components under varying conditions also represents a significant limitation in fire research. 
Therefore, improving fire reporting by routinely documenting detailed information on topography, 
forest structure, and site conditions through inter-agency collaboration is recommended in order 
to provide more precise data for future research.

5	 Conclusions

In this study, we used modern and spatially explicit fire data – compiled by the rescue authorities and 
newly applied for this purpose – to evaluate how selected environmental and human-related factors 
are associated with relative ignition probability and fire size in Finnish boreal forests. Although 
nearly all variables studied were statistically significant, two groups of drivers were prominent: 
human-related factors and seasonality. The results provide a consistent picture of human influence 
on ignition and fire spread. Areas accessible to people tend to ignite more frequently, while human 
presence also enables early fire detection and suppression, limiting fire size. High ignition prob-
ability and large fires in clear-cut areas can similarly be considered an indirect human influence. 
In addition, we demonstrated substantial seasonal variation in fires, likely reflecting weather and 
vegetation dynamics determining fuel moisture development throughout the year. Together, these 
findings suggest considerable potential for developing fire management strategies that focus on 
preventing human-caused ignitions, maintaining effective fire suppression, and considering the 
effects of forest management on fuel flammability.
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