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Eesti maastikutulekahjude riskianallits
Abstrakt

Tulekahjuriskide kaardistamiseks on maailma eri piirkondades labi viidud ulatuslikke uuringuid,
eriti metsade osas. Siiski on vaid vahesel méaral uuritud tulekahjuriskide ulatust teistel maastikel.
Kéesoleva uurimistdd eesmargiks oli analutsida tulekahjude esinemist erinevatel maastikel ning
tuvastada seonduvad tulekahjude puhkemise riskifaktorid vastavatel maastikel Eestis.
Riskifaktoreid sisaldavaid andmeid on anallusitud seonduvalt ajalooliste tulekahjudega.
Metodoloogiliselt on rakendatud geoinformaatika (GIS) tehnikaid ning kohandatult lineaarset
regressiooni, et selgitada valja riskifaktorite mgju tulekahjusindmustele.

Uuringu tulemused osutavad sellele, et tulekahjude esinemisele avaldavad olulist mdju
inimtekkelised pdhjused. Maakate — turbarabad ja sisemaised mérgalad — ei oma
tulekahjustindmuste sagedusele mingisugust méju. Veelgi enam: vaadeldud ajaperioodi toimunud
tulekahjude kdige olulisema parameetri identifitseerimiseks kumulatiivse aastakeskmise alusel
hinnatud erinevad ilmastikunditajad osutasid sellele, et ei tulekahjude tekkele ega levikule polnud
thelgi ilmastikulisel muutujal olulist mdju. Siiski on turvasmuld tulekahjudele véga vastuvotlik
ning kujutab endast thtlasi kdige olulisemat liksikut tulekahjude esinemise riskifaktorit Eestis.

Votmesdnad: tulekahjurisk, ruumiline jaotus, maakate, turvasmuld, regressioon
CERCS-i kood: T181 kaugseire

Risk Assessment of Landscape Fires in Estonia
Abstract

Extensive studies have been done in fire risk mapping from different regions across the globe,
specifically in forests. However, little investigation has been undertaken in terms of the degree of
fire risk in other landscapes. The study sought to analyze fire incidence in different landscapes and
identify associated risk factors for fire occurrence in these landscapes in Estonia. Data involving
risk factors were analyzed in relation to historical fires. Methodology involved the use of GIS
techniques and adoption of linear regression to find the impact of risk factors on fire events.

The outcome of research indicates that anthropogenic causes have a significant impact on fire
occurrence. Spatial coverage of landscapes — peat bogs and inland marshes — does not have any
effect on the rate of fire events. Furthermore, diverse weather parameters based on cumulative
annual mean assessed to identify the most significant parameter on fire happenings over a period
indicates that no weather variable has a significant impact on fire ignition and spread. Nevertheless,
peat soil is highly susceptible to fires and also the single most significant risk factor on fire
incidence in Estonia.

Keywords: Fire Risk, Spatial Distribution, Land Cover, Peat Soil, Regression
CERCS Code: T181 Remote Sensing
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Introduction

Fires have been very important in the survival of mankind since the stone-age and still continues
to provide help to humans in their evolution. Fires are also the most important and recurrent
enemies of forests and other landscapes besides diseases and insects, overgrazing, unlawful change
of use, and logging (Tampakis et al., 2010).

Fires in general cause devastating havoc to ecosystems, human health by way of inhalation of
smoke and in worse cases loss of lives, and economies of nations dependent on natural resources
from forests and other landscapes. However, the release of seeds for certain tree species, control
of disease and insects, and exposure of mineral soils which support regeneration of the trees are
some benefits that fires bring in diverse landscapes (Akther & Hassan, 2011). The incidence of

fires in different landscapes generally have more negative consequences than positive impact.

The ignition of fires in forests and other landscapes and the frequency of fires occurring in these
areas are reasons for degradation of forests/landscapes in Estonia and worldwide. Globally, there
has been an alarming pace of destruction of forests and other landscapes by fire. As a result of
global climate change and the impact of human activity, the landscape/forest area reduces rapidly,
while fires lead to most of the reduction (Gai et al., 2011). In the year 2017, landscape fires
destruction was 51 percent higher than the preceding year with a loss of 73.4 million acres (29.7
million hectares) in specifically forests, and this could partially be attributed to climate change that
has increased the risks and intensity of fires by triggering temperature rise and drought in some
places (France-Presse, 2017).

Comparatively, in 2017, Estonia recorded about 13 percent increase in landscape fire events
compared to the previous year even though overall fire events reduced
(Estonian Rescue Board, 2018). This shows the severity of yearly landscape fire risk on a global
scale and also in the local context of Estonia.

Undoubtedly, there must be the presence of certain conditions in order to ignite and propel fires in
the first place. Adinugroho et al., 2005 (as cited in Amalina et al., 2016) posited that the
combustion process depends on the presence of heat source (fire) as an igniter, available fuel, and
oxygen in a simultaneous manner which they termed as “the fire triangle”. These factors stimulate
fires and as such landscape fires are actually triggered by anthropogenic and natural factors. The

anthropogenic factors are human-related activities and idiosyncrasies such as smoking, hiking and
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camping, burning of bushes, etc. There is a high tendency of landscape fire frequency where these
human activities mostly occur. The human aspect as a major cause of landscape fires can either be

intentional (arson) or accidental.

Alternatively, lightning is commonly the natural factor which is the ignition source of many
landscape fires besides anthropogenic causes. Nonetheless, information on lightning
characteristics and impact points is missing or controversial, due to the difficulty of lightning
stroke localization and the relation to single fire events (Miller & Vacik, 2017).
According to Gai et al. (2011), natural factors like lightning cause landscape fires when population
density of a region is low and when the population density is high, human activity becomes the
dominant causative factor of landscape fires. The assessment of landscape fire risk especially is

therefore linked to comprehension and analysis of these ignition sources.

It becomes highly prudent to investigate landscape fires in order to develop the best methods and
technologies in assessment of susceptibility of diverse landscapes to fires that are useful for
monitoring fire events in risk prone areas in Estonia. This ensures the improvement in fire and
landscape management by way of understanding fire behaviour and detecting early warning
systems. However, there are limited studies in fire risk mapping in varied Estonian landscapes. It
is as a consequence of this, that the research seeks to concentrate on fire events in different
landscapes in order to fill this gap and contribute to research knowledge in the scope of fire risk

assessment in Estonia.

Therefore, the general focus of this research is to assess some risk factors relating to landscape
fires in Estonia. The aim of the thesis is to analyze fire incidence in different landscapes and
identify associated risk factors for fire occurrence in these landscapes in Estonia. The outcome of
research will provide a basis for understanding the dynamics of fire events in several landscapes
in Estonia while improving general knowledge in fire risk mapping. The purpose is to introduce

some novelty so the following research questions have been developed,;

1. What is the relationship between population, accessibility and the incidence of landscape
fires?

2. To what extent does the spatial distribution of peatlands and reed beds contribute to
frequency of fires?

3. What is the degree of vulnerability of fire in areas with peat soil?



4. What is the most significant climatic parameter on fire occurrence?

5. What is the most influential factor on fire occurrence?

The thesis is structured into four chapters. The first chapter introduces the topic and theoretical
overview. Data and methodology is then explained in the second chapter. Third chapter consists
of analysis and results derived from analysis and the last chapter entails discussions and

conclusions of the research.



1. Theoretical Overview
1.1 Definition of Terms and Types of Landscape Fires

Landscape is defined as an area that is based on the perception of people, having a character as a
result of the action and interaction of natural and/or human factors (Council of Europe, 2000).
However, there are many meanings of landscape depending on the origin, objectives, cultural
perspective and can be said to be common to anyone who has some kind of interaction with the
environment (Antrop, 2015). Thus, landscape is any scenery of natural phenomenon as can also
be altered by human design.

On the other hand, forest is land spanning more than 0.5 hectares with trees higher than 5 meters
and a canopy cover of more than 10 percent, or trees able to reach these thresholds in situ. It does

not include land that is predominantly under agricultural or urban land use (FAO, 2012).

Forests and other landscapes are typically threatened by wildfires. Hence, wildfire is any
unexpected and unmanageable fire in vegetation, which may require a swift suppression response
irrespective of the ignition source (Lampin-Maillet, et al., 2010). Fire is the result of a chemical
reaction of combustion where the presence of fuel, oxygen and heat is required in the right
proportions to facilitate combustion (Stacey & Gibson, 2012). Fires, as a more general terminology
is adopted for use in this study since the behaviour of historical fire data used is unknown to the

researcher.

Furthermore, fire risk means the likelihood of the event occurring; fire hazard refers to the potential
for loss in case of a fire event; and vulnerability is the potential effect of a threat and considers
capacity of the affected entity to adapt over time (Miller & Ager, 2013). The forecast of fire risks
in many landscapes can be achieved with the use of fire risk zone maps. Fire risk zones are
locations where a fire is likely to start, and from where it can easily spread to other areas
(Jaiswal et al., 2002).

There are two types of landscape fires: (i) surface fires, which spread with a flaming front and burn
senescent leaves, twigs, dry grass, leaf litter, fallen branches and other fuels located at ground level
and (ii) crown fires, in which burning occurs in the top layer of tree foliage and shrubs, often
sustained by a surface fire. The latter is the most intense type of fire, often the most difficult to



contain, needing strong winds, steep slopes and a heavy fuel load to continue burning
(Herrera, 2016).

1.2 Factors Responsible for Landscape Fires

There are several factors that contribute to the susceptibility of landscapes to fires. A region can
be predisposed to fires based on the existing conditions in that region. These conditions can be
categorized into human-induced factors and natural factors. Some of the factors are but not limited
to: climate, vegetation type, topography, distance from roads and proximity to settlement. These
factors can be termed as either vulnerability factors that ignite fire or propagation factors that cause

the intensity and spread of fires in several landscapes.
1.2.1 Anthropogenic Factors

The two main sources of ignition are human and natural considered in fire risk mapping
(Chuvieco, et al., 2010). The human related causes are undoubtedly the most significant worldwide
(FAO, 2007). The source of ignition related to humans are mainly categorized into intentional and
unintentional factors. The intentional causes in Europe especially in Mediterranean areas are
mainly arson (Ganteaume, et al., 2012); and backed by criminal intent of people. Humans have a
broad influence on fires through intentional or accidental ignitions, exclusion (e.g., suppression
and fuel alteration from grazing), and indirectly through climate change (Marlon, et al., 2012). The
involvement of humans as the catalyst in landscape fires globally cannot be overemphasized. As a
general rule, humans are responsible for 96% of global fires be it consciously or negligence
(Hirschberger, 2016).

Also, activities due to movement of people and vehicles on roads serve as catalyst for landscape
fires which are usually unintentional. For example, the occurrence of a motor accident on a road
could transmit fire to a nearby landscape depending on the nature of the accident and conditions
of the nearby landscape. Fires are preferentially ignited because of proximity to roads in all
landscapes and the impact is much stronger in places where availability of human-induced ignition

is dependent on accessibility networks (Ricotta et al., 2018).

Thus, the closer people are to particular landscapes, the more likely these areas are prone to fires
as a result of their routine activities. According to Suryabhagavan et al. (2016), landscapes closer

to settlements are more prone to fires because the habitation/cultural practices of the residents can



lead to accidental fires. There are countless ways by which people as a result of their proximity
from settlement can result in landscape fires like fireworks, discarded cigarette, someone lighting

matches playfully, campfires, etc.
1.2.2 Natural Factors

Lightning strikes are also an important factor to consider in fire risk estimation as they tend to burn
larger areas than human-caused fires, because they occur in more isolated and steeper areas and
frequently have various simultaneous ignited spots, and therefore are more difficult to control
(Wotton & Martell, 2005). Lightning fires are frequent in temperate zones with large forested areas
and also those that occur at night can result in large burned area because the timing restricts
firefighting (Muller & Vacik, 2017). Hall & Brown (2006) cited three factors of lightning strikes
that influence the probability of wildfire ignition: i) polarity of the stroke; ii) multiplicity of the
lightning; iii) the existence of along continuing current (LCC). Lightning as the natural source of
ignition in forest and other landscape fires are spontaneous and nothing can be done to prevent
them from striking when the weather conditions demand it. However, the same cannot be said for
the human factors because of the fallible nature of people, their living conditions and environment
where they live. Thus, human factors can be altered to diminish the risk of landscape fires but

lightning strikes are uncontrollable.

Climatic conditions of a region determines the vegetation in that region and hence, plays a
dominant role in creating fire prone areas. The drier the climate is in a particular region, the more
fire prone the site will be and vice versa (Jaiswal et al., 2002). A number of climate researchers
have been interested in investigating not just the impact of climate change on the occurrence of
fires in many landscapes but also the effect of these fires on the climate
(Konca-Kedzierska & Pianko-Kluczynska, 2018). Climate is made up of weather variables that
influence the spatio-temporal risk of landscape fires. Some of these dynamic weather variables
are: wind force, temperature, relative humidity, etc. The potential changes in fire danger conditions
associated to climate warming may be easily estimated using these meteorological danger indices,

based on the different climate scenarios currently available (Gillett et al., 2004).

This is an indication that weather or meteorological conditions are fundamental risk factors in
determining the ignition and spread propensity of fires. According to Konca-Kedzierska & Pianko-

Kluczynska (2018), relative air humidity is one possible factor on fires and ultimately, the
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occurrence and spread of landscape fires is greatly impacted by this meteorological factor. Wind,
based on its speed and direction determines the intensity and spread of fires which makes it a major
factor on fire behaviour in diverse landscapes (Hamadeh et al., 2017). Bedia et al. (2018) found
out that there is a positive relationship between increased fire danger conditions and temperature.
There is a strong correlation in areas with low precipitation regimes and high frequency of
landscape fires. Therefore, drought is a major influence on risk of occurrence of landscape fires
since drought can dry up and reduce moisture content in fuel in a given landscape making it more

susceptible and thereby increasing the risk of fuel ignition (Chen, et al., 2014).

All these are natural factors influencing the fire risk in many landscapes. Many empirical studies
have developed models based on meteorological parameters like wind speed, relative humidity,
atmospheric pressure, precipitation, etc. to determine and predict the risk of fires occurring in a
particular area beforehand (Giuseppe et al. 2016; Hamadeh et al. 2017; Bedia et al., 2018).

Furthermore, the type of vegetation in an area defines fire risk since the vulnerability to fires differ
across various vegetation in a particular region. Therefore, landscape fire risk is greatly influenced
by fuel type. The presence of fuel (i.e., vegetation composition) and its status are important in
describing fire danger conditions (Mallinis et al., 2008).

One important variable that influences fire in terms of vegetation characteristics is the fuel
moisture content. According to the National Oceanic and Atmospheric Administration
(NOAA, 2019), “fuel moisture is a measure of the amount of water in a fuel (vegetation) available
to a fire, and is expressed as a percent of the dry weight of that specific fuel”. Fuel moisture
content (FMC) is an important fuel property for assessing wildfire hazard, since it influences fuel
flammability and fire behavior. The relationship between FMC and fire activity differs among land

covers and seems to be a property of each ecosystem (Argafiaraz et al., 2018).

FMC is categorized into dead and live components and contributes to landscape fires differently.
Fuel moisture content, be it live or dead is influenced by the phenological phase in the life cycle
of plants, the seasonal variations in weather conditions (rainfall, humidity, solar radiation) by way
of environmental conditions, and the diurnal fluctuations of air temperature and air relative
humidity (AUTH, 2007). This determines the flammability or combustion characteristics of a

given land cover or landscape.
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Fuel is said to be totally dry when the fuel moisture content is zero percent and when it is less
than 30 percent then the fuel is deemed as being dead. The higher the fuel moisture content, the
lower the risk of ignition because heat energy needs to evaporate the moisture in the fuel before
it can burn and the lower the fuel moisture content, the higher the risk of fire starting and
spreading quickly as heat energy goes directly into the burning flame (NOAA, 2019).

The moisture values of dead fuels is usually properly estimated by taking cognizance of changes
in atmospheric conditions since they form an underlining factor in accurate estimation.
Alternatively, live fuels depend on their own physiology, their own water regulation mechanism
as well as their resistance to summer drought. Consistent atmospheric conditions may lead to a
wide variety of moisture values depending on the vegetation species under consideration
(Aguado et al., 2003). Classically, the assessment of FMC has included approaches such as field
sampling, mathematical models, calculation of meteorological indices and application of remote
sensing techniques (NOAA, 2019).

The topography of a region affects its susceptibility to fire which is also another risk factor in
landscape fires assessment. Some topographic variables that are known to influence severity of
fires are: slope, aspect and elevation; and fires travel faster and are more severe in steeper slopes
than downslopes (Lecina-Diaz et al., 2014). The terrain makes slope a significant contributor in
the spread of landscape fires because wind velocity propels fires upslope of a terrain and reduces
flow enhancement downslope (Eftekharian, et al., 2019). Morandini et al. (2018) investigated to
have a better understanding of why wildfires spread upslope and attributed reasons to major change

in fluid dynamics surrounding the flame.
1.3 Estimating the Amount of Fuel (Fuel load)

Fuel load is a significant component in assessing risk of fires in many landscapes. Fuel is defined
as any material that is likely to provide support to combustion within a wildfire environment and
usually estimated in tonnes per hectare (Stacey & Gibson, 2012). Some aspects of fuel that are
considered in fire risk analysis include loading (weight per unit area), size (particle diameter), and
bulk density which is weight per unit volume (Arroyo et al., 2008). The type and condition of
vegetation determine fuel load which directly impacts on the spread and intensity of fires
especially when the vegetation in a specific landscape is predominantly made up of fine fuels like

grasses and bushes (Franke, et al., 2018).
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Traditionally, fuel mapping has been done by way of field work, use of aerial photography and
ecological modelling. However, these approaches are limited because they are time-consuming
and expensive. Contemporary methods applied involve remote sensing whereby depending on the
purpose of the study, a wide variety of systems based on new improved sensors such as LIDAR,
radar, hyperspectral, etc. and also new techniques of handling heterogeneous data. Remote sensing
techniques are more accurate, cost-effective and provide a wider spatial and temporal coverage but
are limited in observation of horizontal fuel distribution (Arroyo et al., 2008). Therefore, it is
appropriate to combine both traditional and contemporary methodologies in mapping landscape

fuels in order to arrive at a more accurate result for all fuel types.

Notwithstanding the aforementioned, the type of fire to be anticipated depend distinctively on the
vertical distribution of the fuel load (Fernandes, 2009). Landscape fuel like forest fuel load
estimation relies on some forest canopy characteristics such as bulk density, canopy height, canopy
fuel weight, and canopy base height to accurately and efficiently assess the quantity and
distribution of canopy biomass and fuels. This is done based on reliable airborne LiDAR data for
efficient estimation of canopy fuel characteristics over extensive areas of forests and other
landscapes (Andersen et al., 2005).

The estimation of fuel load when mapping fires has been done in different regions using different
approaches. A more generic approach involves using vegetation indices by way of classification
whereby a “stratify and assign” technique is employed to categorize vegetation into classes and
assign fire risk values to each category in order to determine fuel type and consequently the load
(Maselli et al., 2000; Van Wagtendonk & Root, 2003; Arroyo et al., 2006). The “classify and
assign” approach was criticized as not being reliable in fuel load mapping since it does not resolve
spatio-temporal dynamics of fuel loads within different vegetation classes which is a vital factor
in fire incidence and propagation (Franke, et al., 2018); since fuel condition and loads do not solely
rely of vegetation types/classes (Keane, 2013).

Correspondingly, the spatial distribution is taken into consideration as a component of fuel
assessment. Information on surface fuel spatial distribution is one of the necessary prerequisites in
modelling fire behaviour (Majlingova et al., 2018). The quantity of live and dead fuel per unit area
is the main factor determining fuel load and has been estimated from satellite data using a partial

unmixing method for the Brazilian open savannah ecosystem which is the most species-rich
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savannah region in the world (Franke, et al., 2018). Spatial distribution, combustibility, horizontal
or vertical continuity, etc. are some multiple vegetation characteristics that influence the fire spread
(Vallejo-Villalta et al., 2019)

Andersen et al. (2005) used LiDAR data in assessing canopy fuel parameters in coniferous forests
in Washington State, USA by calculating field-based canopy values from sample data whereby
trees included had diameter at breast height above 14.5 cm and also, canopy fuel characteristics
were estimated with LIDAR point cloud metrics using regression modelling. Price & Gordon
(2016) analyzed the prospects of LIDAR technology to map forest fire fuel hazard in Australia.
The LiDAR point cloud density was about 1 point per m? which is comparable to the measurements
made by the Estonian Land Board. Price & Gordon (2016) differentiated three tree strata by height
(0.5-4 m, 4-15 m, > 15 m) and 20 by 20 m horizontal spatial resolution giving a precise
quantification of fuel load in vegetation strata which is significant for crown fire propagation. They
discovered that the accuracy of LIiDAR based estimates were higher than the exclusively time

based models since the last fire.

In comparison with Estonia, many studies have sought to determine the fuel load and their
contribution to fires. In Aegviidu and Laeva test sites, there has been the assessment of forest stand
inventory variables using airborne LIiDAR metrics (Lang et al., 2012, Lang et al., 2014). Moreover,
airborne LIiDAR data was analyzed and presented a simple model to evaluate canopy base height
of forests (Arumée & Lang, 2013). LiDAR based canopy fuel models have a comparatively higher
accuracy with aerial photography but it is rarely available and mode of collection is expensive
(Filippelli et al., 2019). Lang et al. (2018) used random forest machine learning technigque to
develop a variety of tree species map for the whole of Estonia from Landsat-8 OLI and Sentinel-2

MSI multispectral satellite images.

Furthermore, the proper management of fuels would ultimately reduce the risk of fires in
landscapes. Many empirical studies on fuel management have suggested reducing the amount of
fuel load per unit area which has proven to be an effective mode to decrease fire risk by up to 50%
especially in urban boundaries (Stephens & Moghaddas, 2005; Schmidt et al., 2008; Safford et al.,
2009). According to Franke et al. (2018), decisions on the management of fuel load in landscapes
can be aided to be more effective and reliable by consistent creation of fuel load maps at

appropriate temporal scales.
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1.4 Remote Sensing in Fire Risk Mapping

Satellite imaging is a technology growing steadily in its application for mapping forests/landscape
fires and associated risks. It provides a high-resolution and consistent information that covers a
wide area irrespective of the remoteness of location and also shows vegetation characteristics as
integrated response to different factors influencing its status as a fuel for burning
(Abbot et al., 2007). Satellite data with higher resolution and accuracy can be relied upon by forest
and landscape managers to reduce the risk of tragic fires in forests and other landscapes
(Filippelli et al., 2019).

Moreover, it is theoretically feasible to surmount the problem associated with interpolation
techniques which use data at a source to generalize in order to obtain a spatial coverage over an
entire area by using remote sensing data when generating wildfire hazard maps
(Chowdhury & Hassan, 2015). Spatial interpolation of danger indices is not the most appropriate
technique in comparison with satellite images, since satellite images cover a much wider territory
(Aguado et al., 2003).

Land cover, land surface temperature, Normalized Difference Vegetation Index (NDVI), and
Normalized Difference Moisture Index (NDMI) are some remote sensing derived variables that
influence prompting of forest and other landscape fires which provide a substantial basis for
determining the level of fire vulnerability in several regions (Amalina et al., 2016). The assessment

of these variables, coupled with analysis of human activity factors provide the basis for fire risk
mapping.
1.5 Fire Occurrences in Different Landscapes

Fires interact in a complicated manner with land-use and land-cover (LULC) change and impacts
widely in various ways on different landscapes. The effect of fires on vegetation is primarily
controlled by land use and timing associated with evolution of land-cover. There is a significant
link between the rate of fires and type of ecosystem but it cannot be concluded that fires always
cause LULC changes (Eva & Lambin, 2000). Additionally, fire exhibits various levels of
selectivity towards different land cover types. Small fires have a tendency to be selective through
either avoidance or preference towards a specific land cover whereas large fires continue to burn

regardless of land cover type (Barros & Pereira, 2014).

15



Spatial distribution of land cover depending on the type and density of vegetation present can
increase the risk of fires. Thus, the wider the spatial context of a landscape, the more likelihood of
fire occurrence. Alternatively, fires greatly impact on landscapes by causing a more heterogeneous
landscapes and allows for more insight into finding connection between fire severity and landscape

composition and structure (Hayes & Robeson, 2009).

According to Suryatmojo et al. (2019), peat is a type of soil formed from half-decaying plant
remains; containing high acidic content as well as organic matter but low in nutrient, usually brown
or blackish in colour and the texture is unstructured and clay dust in nature. It is referred to by
names like mire, bogs, moor, etc. depending on the region but most commonly known as peat. Fire
occurrence in peat is associated with many problems ranging from environmental, economic,

health and mortality (Suryatmojo et al., 2019).

Furthermore, wetland ecosystems like peat bogs and inland marshes undergo restructuring due to
the incidence of fires in these areas. There are effects of fire on peat bogs and their vegetation
through microclimatic patterns, peat stratigraphy and changes in vegetation. It can be concluded
that historical fires have significance for maintaining diversity in some deteriorating plant species
in peat bogs (Norton & De Lange, 2003).

A significant proportion of the world’s carbon emission are from peatlands which consist of layers
of organic materials (Razali et al., 2010). Peatlands are sensitive ecosystems that are susceptible
to local and regional climatic fluctuations, human activities and disruptive fire events leading to
release of carbon emissions into the atmosphere while causing environmental degradation
(Razali et al., 2010).

Many peat fires occur as a result of deliberate clearing of land for agriculture necessitated by
mainly drought consequently leading to deteriorating effect on air quality and has now become a
global crisis (Laurance & Laurance, 2015; Wijedasa et al., 2015). Peatlands suffer extreme

damages as a result of fires and land processing for mainly agricultural purposes.

It is therefore imperative to study fires in peat and other landscapes due to its negative effect on
the local as well as global society in order to highlight the problem in Estonia for land management
experts to provide solutions to curb this menace. Conservation and protection of peatlands and
other landscapes against fires from further degradation is necessary to mitigate climate change
(FAO, 2012).
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2. Data and Methods
2.1 Dataset

The data for the research is varied from different reliable sources. The data includes fire events,
population, road network, land cover, soil and meteorological data for the whole of Estonia. A
description of data, source as well as format is summarized in Table 1 below and further details

provided subsequently.

Table 1: Data Information Summary

Data Description Source Format
Fire Events Estonian Rescue Board Vector/Point
Population Statistics Estonia Vector/Polygon
Land Cover Copernicus Raster/Remote Sensing
Soil Estonia Land Board Vector/Polygon
Estonia Contour Estonian Land Board Vector/Polygon
Estonia Topographic Data Estonia Land Board Vector/Line
(Road Network)
Meteorological Parameters Estonian Weather Service Figures

Data related to actual fires in Estonia is obtained from Estonian Rescue Board and has a temporal
range covering a five-year period from the year 2014 to 2018. The data consists of fire events with
attributes such as date and time, ignition location (X and Y coordinates), level of severity, type of
fire event, total area burnt, and reason that resulted in the fire. The data provides details of exactly
7588 fire events over the five-year period for the entire Estonia. The Figure 1 below depicts the
annual distribution of fires. It portrays that fires have a fluctuating pattern rather than a consistent
upsurge or decline pattern over the years.
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Figure 1: Fire Data in Estonia

Data relating to population is derived from Statistics Estonia in a form of shapefile covering all
Estonia for 2018. The population data is in local government (administrative) unit and includes
data on total population figures. The population is provided for both gender and covers a five-year
age groups total. Some population attributes include local government unit name, code, and total
population for each local government unit, etc. Additionally, population figures based on county

level in 2017 are used for further statistical analysis.

The CORINE land cover (CLC) 2018 as derived from Copernicus is used in this study. The
CORINE land cover deals with satellite imagery of high spatial resolution (100-meter) captured
by Sentinel-2 under the Copernicus programme. The data consists of pixel count of each land cover
classification, diverse land cover classifications such as forests, natural grasslands, pastures, peat
bogs, water bodies, etc. and other attributes.

Soil data is retrieved from the Estonian Land Board for the purpose of this study. The soil data
entails varied soil types like humus, silt, clay, peat, gravels, etc. The type of soil of interest in the

study is peat soil.

The contour map of Estonia is used in this study. This is in a form of a shapefile obtained from the

Estonia Land Board consisting of all 15 counties that are analyzed in relation to fires.
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Road network data is acquired from the Estonia Land Board and covers the whole of Estonia. The
road data has different classes of roads that are taken into consideration. All roads, regardless of

class are used for the analysis for a better overview.

Meteorological data is obtained from the Estonian Weather Service. It includes details of climatic
variables such as temperature, relative humidity, wind speed and precipitation. The data provided
is based on monthly distribution and spans a five-year period from 2014 to 2018. It has information
on location of weather stations for all counties in Estonia. The weather data is given based on
spatial distribution recordings from these weather stations.

2.2 Methods

The methodology applied in this study takes into consideration natural and human factors affecting
landscape fire risk. The occurrence of fire is analyzed based on historical data of fire incidence in
Estonia. Primarily, the relationship between fire events and human related factors like population
and road network etc. as well as other factors. Population is based on census figures of people
living within an administrative area and road network analysis is based on the creation of 500-
metre buffer as walkability indicator on either side of road network. The walkability range of a
given environment can objectively be analyzed using road network buffer
(Luijkx & Helbich, 2019). A calculation of area of road network buffer per county is used as an
indicator of road network for the empirical study. Based on the research questions, different

methods are applied and each method is subsequently elaborated.

In order to get a general overview, better visualization and understanding of the spatial variability
of fire incidents, a point density method is applied. A point density method generally defines the
number of cases within a unit area of each location covering an area of interest (Carlos et al., 2010).
Several density methods have been applied in many landscape fire risk mapping studies
(Amatulli et al., 2006; Caceres, 2011; Oliveira et al., 2012). The resultant value of fire density is
important to comprehend the intensity of fires within a specific area. A point density map is created

for the whole of Estonia based on historical fire data before going further to research questions.

A further analysis is done to ascertain the fire variability in each county based on historical data to
understand the dynamics of fire in different counties. A visual representation of bar graph is
displayed to determine the quantity of fires that occurred in each county in Estonia in relation to

the data available — road network buffer, peat bogs, inland marshes and areas with peat soil — to
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have an insight into the dynamics of fire events and consequently the risk levels for each county
based on the distribution. Overall share of fire events by counties is compared with normalized
quantity of fires per county to get a better relationship between them. The frequency of the number
of fires per square kilometer is also represented with a graph.

Furthermore, a logarithmic transformation in statistical analysis is applied on the fire dataset as a
dependent variable in order not to violate the assumptions of inferential statistics and improve the

interpretation of patterns in the dataset respectively.
2.2.1 Human-Related Factors on Fire Events

The point density analysis is then compared with population map of Estonia. This gives an
additional overview of the relationship between fire occurrence and population as to be seen in the
results. Moreover, in order to determine the relationship between population and the frequency of
fires, a statistical measure of Pearson’s correlation analysis is used. Correlation is interpreted by
‘r’ values depicted as -1< r <1. The resultant values of correlation is explained in three ways. So,
the closer the value is to 1, then there a positive relationship, if it is negative 1, then there is a
negative relationship and if it is O then there is no relationship (Mukaka, 2012). This is a used
statistical measure to gain some basic understanding of the relationship between two variables, in

this case, fire incidents and population as well as road buffers and fire incidents within road buffers.

However, a higher correlation of variables does not guarantee that one factor causes the other, thus
correlation analysis imply association but not causation (Akoglu, 2018). Accordingly, a regression
analysis is applied to determine the causal relationship between fires and population. Furthermore,
road network is also added to the regression model to get a more reliable results as to human related

factors in fire occurrence.

log (Yfire) =Po + .BIXpopulation +€ (D
log (Yfire) = Bo + B1Xroad network + € (2)

where;

Yrire Means the fire incidents (total quantity of fires — equation 1; fire events within road buffer —
equation 2), B, means constant, X,opuiation 1S the number of population in an area, X,,qq network

is the total area of road network buffers in a region and € is error.
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After regression analysis, whether or not a factor has statistical significance is checked based on
P-value. If P-value of explanatory variable is less than 5 percent, then it has a statistically

significant effect on response variable, in this case being the incidents of fire.
2.2.2 Spatial Distribution of Peat Bogs/Inland Marshes and Frequency of Fires

In order to be more specific, there is the need to find out how many of these fires occurred, based
on the historical data in different land cover types — in peatlands and reed beds. Peatlands is same
as peat bogs as in the CLC data and reed beds is also synonymous to inland marshes since it is a
subclass as can be derived from the CLC data nomenclature. To this end, these terms are used

interchangeably to mean the same thing and should be duly noted.

A comprehension of the amount of fires that have occurred in these land covers can lead to a
conclusion of the risk assessment level of fires in different areas. It is recognized that fire behaves
differently depending on unit area of coverage and fuel type in a particular land cover and its
devastating impact is also different. Based on the CLC and fire data, spatial analysis is used to
determine the quantity of landscape fires in these land cover classes for better understanding of

fire behaviour.

The area of peatlands and reed beds per county is deduced from land cover classification to
determine the extent to which spatial distribution of these landscapes affect fire occurrence. A
collect events method is applied to visualize the quantity of fires in these land cover classes.
Furthermore, a correlation analysis is used to discover the relationship between different types of
land cover (i.e., peat bogs and inland marshes) and fire in these areas. Also, regression analysis is
done to check the causal relationship between variables; peat bogs and fire as well as inland

marshes and fires that fall within these areas. The formula below is applied;
log(yfire) =pBo + ﬁlXpeat bogs T € (3)
log (Yfire) = Bo + B1Xreed beds + € (4)

Where Y;;,.. explains the fire frequency in the area whereas X,.q¢ 045 indicates the area of

peatland and X,...4 peqs Means area of reed beds in land cover.
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2.2.3 Susceptibility of Fires in Areas with Peat Soil

In determining the vulnerability of peat soil to fires, spatial analysis is done using the soil data.
The application of different geographic information systems (GIS) techniques are applied to
extract only areas with peat soil class from the entire soil data. The peat soil class is then compared
with fire incidents to determine the frequency of fires in areas with peat soil, by inference raised
bogs to ascertain their level of risk. This is also done using further techniques. Some spatial
analysis applied include selection by attributes, location, and selections within certain spatial

settings.

Also, a correlation analysis is done to determine the link between areas with peat soil and fires in
these areas. A regression analysis is further executed to determine true relationship between areas
with peat soil class (raised bogs) and fire incidents and explore the impact of different data sources
in understanding fire mapping. This is denoted by the formula below;

log(yfire) = Bo + ﬁlXpeat soit T€ (5)

Where Yz, represents the number of fires in the area whereas X,,.q. 501, indicates the areas with

peat soil and by inference raised bogs.
2.2.4 Determining the Most Influential Meteorological Parameter

Based on the temporal range of the meteorological data, mean cumulative values for climatic
factors covering the period of the data are deduced for analysis. The outcome of each
meteorological parameter — temperature, relative humidity, wind speed and precipitation — is used
to discover the level of relationship with fire occurrences within counties using a correlation
analysis. The seasonality of fires is also assessed since these climatic variables tend to fluctuate

over seasons and can have a consequent impact on fire occurrences.

Additionally, a multiple linear regression is devised to ensure a better comprehension of the true
impact of each of those climatic variables on the incidence of fires. Hence, the most significant
factor that influences the ignition and behaviour of fire events is established. Statistical regression
and different correlation analyses can be used to identify most important weather factors on the
ignition of fires and also as a basis for developing a fire danger index (Hamadeh et al., 2017). In

order to find out the most influential weather parameter, it is denoted by the formula below;
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log(Ysire) = Bo + B1Xtemp + B2Xru + BsXws + BaXr + € (6)
Where;
Yrire = the number of fires in each county
Xtemp = temperature
Xgry = relative humidity
Xws = wind speed
Xy = precipitation

The significance level adopted as a basis for identifying the most influential weather variable on

fire events is 5 percent.
2.2.5 Most Influential Factor on Fire Occurrence

A regression analysis as a statistical method of analyzing data enables the identification and
representation of connection among multiple factors and often illustrates a relationship between
two variables or among many variables. These are often single or multiple evaluation based on the
variables involved. Many times, a multivariable or multiple linear regression is necessary to know
the impact of multiple variables on a dependent variable since the application of only a single
independent variable does not always provide enough evidence to understand the purpose of a
study (Schneider et al, 2010).

Therefore, in order to figure out the most influential factor on landscape fires, a multiple regression
model is constructed,

log(yfire) = BO + ﬁlXpopulation + ﬁZXroad network t

,BSXpeatbogs + .B4Xreed beds + .BSXsoil +€ (7)

where;

Yrire = the total number of fires

Xpopulation = POpUlation figures
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Xroad network = road network buffer area
Xpeat bogs = area of peat bogs

Xreed peds = area of reed beds

X,oi = area of peat soil class

Also, a 5 percent significance level is used to determine the impact of each factor on the occurrence
of fires. The results provide the most influential factor and have a clear comprehension of the
general impact of all these factors on fire occurrences.
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3. Results
3.1 The nexus between human-related factors and fire incidence

The study results show the connection between anthropogenic factors — population and
accessibility — on the rate of fires. It can be derived from Table 2 that, there is a positive relationship

between population and fire events.

Table 2: Correlation between fire events and different variables

Factor Correlation Co-efficient
Population 0.891
Road accessibility (buffer zone) 0.421
Peat soil 0.671
Peat bogs 0.531
Inland marshes (reed beds) 0.325

The Figure 2 is derived on the basis of spatial analysis. This is indicative of a map that combines
population data and fire events data. The used method is point density of fires per square kilometre.
It is vividly displayed on the map based on fire density that, fires occur more frequently in regions
that are highly populated. Thus, population relates to the rate of fire incidents in a certain

administrative unit or county.
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Figure 2: Population (2018) and fire density map (2014-2018)
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Figure 3: Correlation between population and total fires

The Figure 3 above is explanatory of the positive correlation between population and fire events
because it provides a visual representation. It can be observed that there are some outliers due to

the wide disparity in population figures based on counties in Estonia.
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Figure 4: Comparison of absolute and normalized fires per county
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Figure 4 shows a comparison of fire in terms of absolute figures and normalized fire events per
county which highlights the significance of fire prone areas in Estonia by county. The normalized
fires are estimated by using absolute fires in each county divided by the unit area of that county
and results range between 0 and 1. It can be seen that normalized fires have a much higher
frequency than absolute fires except in Parnu County, due to it being the biggest county by area.

Due to the similarities in distribution, absolute figures were subsequently used for the analysis.

Additionally, the Figure 5 below is indicative of the number of fires per square kilometer. The x-
axis shows the number of fires per square kilometer and the y-axis represents the frequency of fire

events in different square kilometer range across Estonia.
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Figure 5: Number of fires per square kilometer

Since the result of regression analysis shows p-values lower than 0.05, it can be deduced that there
is a causal relationship between population and fire (Table 3). One unit increase of population has

a significantly positive effect on the number of fire occurrences.

27



Table 3: Fire and population linear regression

Dependent variable: log_total fire
Model Co-efficient
Constant 0.000*
(0.189)
Population 0.000*
(0.000)

* indicates 5 percent significance level and standard error inside the parenthesis

The Figure 6 below is a map of the all roads in Estonia with one kilometer buffer zone. The
researcher deems this to be the most suitable accessibility range for people within the territory and

indicates the risk of fire occurring within this buffer zone due to continuous human activity.
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Figure 6: Road network and buffer zone

Results from analysis of accessibility as human-related factor show that about 80% of all fire

events occur within a buffer zone of one kilometer along road network as depicted in Figure 7.
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Figure 7: Total fires vis-a-vis fires in road buffer

The correlation analysis shows there is a moderate positive relationship between road network
buffer zone and fire incidence within this scope. It is depicted by a correlation co-efficient of 0.421

as in Table 2 and same is seen from Figure 8 whereby the positive relationship is visually
represented.
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Figure 8: Correlation between road network buffer and fires within buffer
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Figure 9: Number of fires in road network buffer per county

Figure 9 depicts a graphical representation of the number of fires that occurred within one
kilometer buffer zone based on the historical fire data. Harju County, followed by Ida-Viru County
have the highest fire rates within the road network buffer whereas the other counties have a
comparatively close number of fires with Hiiu County having the least. This can be linked to the
area of the road network buffer zone, thus the higher the area, the more the fire frequency

(see Appendix).

The impact of road network accessibility is seen in the linear regression analysis. Table 4
establishes the true relationship between accessibility and fire because significance value of 0.021

is given and this means road network buffer area significantly impacts on the incidence of fire.

Table 4: Fire and road network buffer linear regression

Dependent Variable: log_fire_road
Model Co-efficient
0.006*
Constant (0.917)
: 2 0.021*
Road buffer (area in km?) (0.001)

* indicates 5 percent significance level and standard error inside the parenthesis
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3.2 Impact of peatland and reed beds fuel on rate of fires

The Figure 10 is a representation of LULC map showing the quantity of fires that occurred in the
two specific land cover classes — peat bogs and inland marshes. The number of fires are depicted
as collected events. There are overlapping fire points and not all of them can be seen from the map

because more fires occurred in a specific area and this nevertheless, map is easy to interpret and

comprehend.
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Figure 10: CORINE LULC map indicating fires in peat bogs and inland marshes
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Further analysis is executed based on the unit area of coverage of each land cover, which is peat
bogs and inland per county (see Appendix). In reference to Table 2, the results show that there is
a moderate positive correlation between fire incidents and coverage of peat bogs as reflected in the
correlation value of 0.531 and also there is a weak positive connection between the incidence of

fires in reed beds and coverage area of reed beds with correlation value of 0.325.
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Figure 11: Correlation between fires and peat bogs

Log (Fire in Reed Beds)

o
wn

0.0 oo @ @ [} @oe L]

Reed Beds (area in km2)

Figure 12: Correlation between fires and reed beds
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Figure 11 is representative of the strength of relationship between fire events and coverage area of
peat bogs being moderately positive whereas the relationship between fire incidents and coverage
area of reed beds is visually presented from the scatterplot as having a weak positive connection
(Figure 12).
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Figure 13: Number of fires in peat bogs per county

The spatial distribution of fire occurrences in land cover classes — peat bogs and reed beds — is
graphically represented on the basis of counties. There are comparatively less fires occurring in
peat bogs over the years. Specifically, majority of fires in peat bogs happened in Ida — Viru County
and Parnu County respectively but no fires were recorded in peat bogs when it comes to counties

like Valga, Voru, Jogeva, Pdlva and Hiiu (Figure 13).
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Figure 14: Number of fires in reed beds per county

Alternatively, it can be observed from Figure 14 that relatively more fire incidents occurred in reed
beds. Harju County, followed by Tartu County had the highest number of fires taking place in reed
beds but no fires happened in Rapla County, Jarva County, Laane-Viru County, and lda-Viru

County.
Table 5: Fire and peat bogs linear regression
Dependent Variable: log_fire peat _bogs
Model Co-efficient

Constant 0.649

(0.317)

Peat bogs (area in km?) 0.185

(0.002)

* indicates 5 percent significance level and standard error inside the parenthesis

The result from the linear regression analysis indicates that the causal relationship between spatial
extent of peat bogs (unit area in a county) and rate of fires in this spatial context is statistically not
significant (Table 5). Thus, spatial distribution of peat bogs have no significant effect on the

incidence of fires in this landscape.
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Table 6: Fire and reed beds linear regression

Dependent Variable: log_fire reed beds
Model Co-efficient
0.715
Constant (0.475)
. 5 0.161
Reed beds (area in km?) (0.006)

* indicates 5 percent significance level and standard error inside the parenthesis

Table 6 depicts the result from linear regression analysis which indicates that the causal
relationship between the spatial coverage area of reed beds (unit area per county) and the incidence
of fires in this landscape is not statistically significant. A unit change of reed beds area does not
result in the change of the occurrence of fire events at 5 percent significance level.

3.3 Vulnerability of fire in areas with peat soil (raised bogs)

The Figure 15 below is a representation of areas with peat soil in comparison with the number of
fire events that occurred in these raised bogs. The spatial density of fire points is indicative of areas
in Estonia that have fires happening predominantly. Counties such as Harju, Ida-Viru and Tartu
have a high density of fire events relative to other areas and a distinctive spatial distribution of

fires in peat soil is observed.
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Figure 15: A map showing peat soil areas and quantity of fire events
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The relationship between areas with peat soil (raised bogs) and fire incidents in raised bogs is
moderate since correlation co-efficient is 0.671 (Table 2) and same can be interpreted from

observation of scatterplot in Figure 16.
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Figure 16: Correlation plot between peat soil areas and fires
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Figure 17: Number of fires in peat soil areas per county

The graphical representation of results in Figure 17 indicates the predominance of fires that

happened in times past in every county and it is deduced that Harju County, Ida-Viru County and
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Tartu County experienced most fires respectively in peat soil areas. Hiiu County had the least

amount of fires occurring in raised bogs over the years.

Table 7: Fire and peat soil linear regression

Dependent Variable: log_fire peat_soil
Model Co-efficient
Constant 0.152
(0.477)
Peat soil (area in km?) 0.000*
(0.001)

* indicates 5 percent significance level and standard error inside the parenthesis

An analysis based on linear regression to ascertain the true relationship between peat soil areas
and fires resulted in a statistically significant output. Hence, there is a positively significant effect

of the area of peat soil on the number of fire occurrences in raised bogs (Table 7).

3.4 Most Influential Meteorological Parameter on Fire Events

This involves the analysis of different climatic variables using linear regression and correlation
purported to find out the most significant climate factor on fire. The seasonality of fire was
assessed based on the fire data and the results proved that fires mostly occur during spring (March
— May) and summer (June — August), with autumn (September — November) and winter (December

—February) indicating the lowest respectively as illustrated in  Figure 18.

6000
5000
4000
3000
2000
1000

Frequency of Fires

0
Winter Spring Summer Autumn

Seasons
Figure 18: Seasonality of Fire in Estonia (2014 — 2018)

On the basis of availability and spatial distribution of meteorological data, an analysis was made

in comparison with fire data. The Table 8 indicates that there is a weak positive relationship
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between fire incidence and relative humidity, wind speed as well as an inverse weak relationship
with temperature and precipitation. The outcome of linear regression indicates that none of the
climatic variables resulted in a statistically significant outcome since obtained P-values are higher
than the chosen significance level of 5 percent (Table 8). This means that none of these
meteorological indicators on average has any significant impact on the ignition and/or propagation
of landscape fires.

Table 8: Linear Regression & Pearson correlation coefficients between fire occurrence and climate

variables
Variables Correlation Co-efficient P-value
Temperature (°C) -0.18 0.095
Relative Humidity (%) 0.1 0.49
Wind Speed (m/s) 0.22 0.116
Precipitation(mm) -0.08 0.875

3.5 Most Significant Factor on Fire Occurrence

The outcome of the multiple regression analysis indicates that, of all the independent variable
factors, only peat soil has a statistically significant impact on fire events as a dependent variable
at 5 percent significance level (Table 9). Thus, peat soil or areas with raised bogs have the most
significance when it comes to fire susceptibility. However, all the other variables have no

significance as far as fire incidence is concerned at the chosen significant level.

38



Table 9: Multiple regression analysis involving all appropriate data

Dependent Variable: log_total fire

Model Co-efficient

Constant 0.000*
(0.712)
Population 0.054
(0.000)
Reed beds 0.647
(0.003)
Peat soil 0.03*
(0.001)
Road buffer 0.903
(0.001)

Peat bogs 0.3
(0.003)

* indicates 5 percent significance level and standard error inside the parenthesis

39



4. Discussion
4.1 Anthropogenic Causes of Fire

One of the areas of interest of this thesis was to discover anthropogenic causes of fires and their
extent of relationship as a fire causative factor(s). There can be a myriad of anthropogenic fire
causes as revealed from literature of fire risk mapping and highlighted in previous chapters. The
focus of the thesis was therefore limited to only two aspects of human induced causes of fires

which are population and accessibility based on the context of the research.

The research achieved the aim of using population data to determine its impact on fire occurrences
by using density of fire and statistical analysis. It came out that high density of fires correspond to
areas of high population figures and low density fire matches administrative regions with low
population. A correlation and causal relationship between population and fire incidence became
evident from the research to buttress the high degree of human impact as ignition source of fire.
Similar outcome has been obtained by many researchers in their work (Guyette et al. 2002, Mercer
& Prestemon, 2005, Bistinas et al. 2013) that basically discovered population as a human related
function of fire ignition depending on the area of study. In general, fires occur more frequently in
counties and cities like Harju (Tallinn), Ida-Viru (Narva, Johvi, Kohtla-Jarve), and Tartu

respectively.

Physical mobility of people within an appreciable walking distance alongside roads contribute to
the risk of fire happenings. It was revealed that majority of fires, approximately 80% occur within
1km of a buffer of road networks. Similarly, Catry et al. (2009) in their study assessing the spatial
distribution of fires, showed that 98% of ignitions occurred within a distance of 2km from the
nearest road with 85% within a range of 500m. It is also noteworthy that the outcome of this
research revealed a positive correlation of fires and the road network buffers. Furthermore, a level
of significance was achieved to ascertain the true impact of human accessibility via road network
buffer on fire events, thus human interaction through constant mobility close to roads has an impact
on the risk of fire occurring. This is consistent with (Jaiswal et al. 2002, Amalina et al. 2016,
Eugenio et al. 2016), whereby the accessibility factor was duly considered and weighted as a
human disturbance variable towards developing fire hazard maps in different areas. Most of the
fire events that occurred alongside road network were actually in counties with relatively large

cities like Harju, 1da-Viru and Tartu in that order.
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4.2 Fire Events in Varied Landscapes

The research sought to determine the level of fire risk occurring in different landscapes. This was
achieved by adopting a unit coverage area of specific wetlands — inland marshes and peat bogs —
using land cover classification data. The spatial coverage of these land cover classes was estimated
for each county and then comparison made with fire events based on each county. Similarly,
Arroyo et al. (2008) indicated that having knowledge of the spatial distribution of fuel types is an
important step towards developing fire management systems.

The spatial coverage is consistent with the quantity of fires as shown from the study. This is shown
as the area of coverage of inland marshes and peat bogs is positively correlated with fires in this
zone. This demonstrates the connection between fuel types in these landscapes and their
vulnerability to fires. However, it was proven that the spatial distribution of these land cover
classes has no statistical significance on the incidence of fires since regression analysis results
indicated as such. The fire risk is higher in reed beds than in peat bogs due to the quantity of fire
events that happened in the former than latter land cover over the years. This finding shows fire
regimes are greatly dependent on the land cover/land use type and fire activity is also influenced
by natural conditions like the morphology of landscapes (Pereira et al., 2014).

Additionally, fires in other landscape was determined based on soil data. Peat soil was extracted
to represent a wider scope that usually accommodate varied types of wetlands, raised bogs
inclusive. It was realized that there is a positive relationship between peat soil and fire events.
Thus, characteristics of vegetation in areas with peat soil actually pose a higher danger to fire
occurring. This is in line with the regression analysis which gave a statistically significant outcome
as regards the true relationship between peat soil areas and fire incidence. According to
Firmansyah & Mokhtar, 2012 (as cited in Suryatmojo et al., 2019) in their research found that peat
soil is a soil that is susceptible to fire especially during the dry season.

4.3 Natural Causes of Fire Events

The variability of fire regimes across different seasons is often determined as foundation to
understand the influence of weather variables on the ignition and propagation of fires in many
locations. This period was defined by Chen et al., (2014) as the fire season whereby their research
discovered that majority of fires largely occur in the spring season. Similarly, the seasonality of

fires also from this study showed that the fire regime is predominantly in spring.
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It is factual that weather variables influence the seasonality in many regions. The seasons come
along with varied levels of weather parameters which in turn have an impact on the incidence of
fires in different landscapes. The risk associated with fires and their management requires an
accurate knowledge of the probable repercussions of climate variables on fire risk
(Bedia et al., 2018). The availability of meteorological data in the right format therefore becomes
crucial in assessing the risk of fire based on such data. The researcher used four key climate
variables - temperature, relative humidity, wind speed and precipitation — to determine their level
of influence on landscape fires in Estonia. These meteorological indicators facilitate the
development of fire danger, usually calculated as numerical indices and most fire management

systems are developed based on these indices (Hamadeh et al., 2017).

Although there was expectation of at least one of the variables having an impact on fire incidence,
the result indicated that none of the parameters observed had any impact on fire events. Therefore,
it can be said that other factors other than weather influence fire ignition and propagation. The
reason for this could be attributed to the spatial and temporal distribution limitation of the
meteorological data retrieved for the study since Chen et al. (2014) succinctly stated that in order
to understand the impact of weather variables on fire regimes, the frequency, distribution and
duration should be considered but not only the total amount of weather variables over a period.
Moreover, in line with this finding, Hamadeh et al. (2017) by using statistical regression methods
identified relative humidity, wind speed and precipitation as having a weak relationship with fire
occurrence which means these weather variables have no real impact on the quantity of fire

incidences.

4.4 Most Significant Factor on Fire Ignition and/or Propagation

The combination of diverse factors like anthropogenic, natural and other biophysical factors as
concerned with finding their relationship on fires was very crucial in this study. Each of these
factors had some degree of impact on fire occurrences. It became prudent to determine which of
them has a more significant impact on fires ignition and propagation through the adoption of a
multivariable regression analysis. It can be observed that meteorological parameters were not
included in finding the most significant factor on fires because earlier outcome from analysis of

specific weather variables had no impact on fire occurrences and it would have been imprudent
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for the researcher to include same since they had no impact on fire ignition and propagation as

seen from Table 8.

The degree of impact of all the factors was obtained and the outcome showed that peat soil
significantly relates to fire activity. It was also found in a related research that peat soil, like most
natural fuels are extremely susceptible to fires and logically, it is more likely to support smoldering
fires but can also propel flaming fires (Lin et al., 2019). This therefore suggests and can be inferred
that characteristics of different types of wetlands or overlying vegetation found in these areas with
peat soil as well as peat soil properties have the most significant impact on fire behaviour in
Estonia. Thus, susceptibility of fires is highest in these areas with peat soil and landscape

management experts should consider focusing on these landscapes since peat soil is prone to fires.
4.5 Limitations of the Study

The use of meteorological indicators towards understanding its relationship with fire incidence
causation and developing weather based models for fire prediction is very crucial in fire risk
mapping. However, the format of weather variables received and the application of it can have an
effect on fire or not as seen in this study. The methodology applied, which is adopting annual mean
cumulative values averaged over the temporal range of the data may have resulted in the no
significance output of weather on fire events but it cannot be conclusive. This is because the daily
weather variables could not be obtained and compared with fire occurrences to determine whether
or not they have any impact on fires so this should be pursued in further research. The daily
recordings of weather indicators could be more reliable as a basis for determining the frequency

and duration of observed data than using annual mean values.

The methodology used as far as statistical analysis is concerned limits validity of linear regression
analysis since sample size derived for analysis is small as it was done based on counties due to the
type of data retrieved. The validity could be improved by widening sample size in future research
but the outcome of this study cannot be discounted or disregarded since the researcher found ways

to capture all information in the study depending on data acquired.
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Conclusion

In fire risk hazard mapping, a lot more focus has been on forests and devising a system to highlight
fire risk zones putting into consideration different data sources (Jaiswal et al. 2002, Gai et al. 2011,
Amalina et al. 2016). Spatial extent of landscape together with vegetation indices have been used
for fuel load mapping in many regions using diverse methodological approaches
(Franke, et al. 2018, Majlingova et al., 2018, Vallejo-Villalta et al., 2019). Many fire prediction
models have been developed and are constantly being reviewed in many regions mostly based on
meteorological indicators to report imminent fire danger in real time to ensure an early warning
for the protection of lives and properties (Giuseppe et al. 2016, Hamadeh et al. 2017, Bedia et al.
2018). All these encapsulate the diversity of contribution towards fire risk modelling over the years

from many geographical locations.

This study sought to make a contribution to this field by focusing on fire risk in diverse landscapes
other than just forests where comparatively less research has been done. The aim was therefore to
understand the variability of historical fires in nexus to some thematic areas: anthropogenic factors,
land cover and peat soil areas susceptibility, meteorological impact as well as finding most
influential factor on the ignition and spread of fires.

The researcher used population, land cover, peat soil, topographic (roads), and meteorological data
for comparison with historical fires to determine risk levels in landscapes. Several analytical
methods were employed including GIS techniques and statistical analysis. In terms of the GIS
analysis, techniques like clipping, extract by mask, extract values to points, selection by attributes
and location, buffer analysis and point density analysis were applied. Correlation and linear
regression analysis were adopted for the statistical analysis. These techniques were adopted
pursuant to finding solutions to research questions but the specific technique employed was due to
the data format which helped towards achieving the aims of the study.

It can be concluded that anthropogenic factors are a major causative factor of landscape fires. Thus,
population has a significant impact on fire events as realized from this study. One other human
related factor which is accessibility proved to have significant relationship with fire incidence.
Human mobility in terms of nearness to road networks is a high risk factor in fire occurrences.
Fires are more frequent in counties and cities in Estonia with high population figures and high

spatial coverage of road network buffers.

44



The identification and characterization of two land cover classes — peat bogs and inland marshes
— in relation to the rate of fires proved that peat bogs are less prone to fires than inland marshes
based on the historical fires. The spatial extent of these land cover classes per county has no
significant impact on fire frequency in Estonian counties. In other landscape where there is
presence of peat soil, it can be concluded that fire risk is significant in counties with high coverage

of areas with peat soil. Thus, peat soil is deemed to be prone to fires.

Annual cumulative mean values of meteorological parameters like temperature, relative humidity,
wind speed and precipitation averaged over the years from counties can conclusively be said to
have no significant impact on the number of fires. The ignition and spread across counties are

therefore not affected by weather conditions in Estonia.

Finally, many factors play a role in one way or the other towards ignition and propagation of
landscape fires but a conclusion can be drawn from this study that, peat soil is the single most
significant factor that influences fire occurrences in Estonia. The reason for this can be attributed
to the properties of peat soil itself as well as characteristics, type of vegetation in areas with peat

soil as these provide a highly flammable source by making them susceptible to fires.
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Kokkuvdte

Eesti maastikutulekahjude riskianalliis

Tulekahjud on kiviajast alates olnud inimkonna ellujadmise seisukohast véga tdhtsad ning need on
inimestele nende evolutsioonis jitkuvalt abiks. Uhtlasi on tulekahjud haiguste ja putukate,
ulekarjatamise, ebaseadusliku kasutusala muutmise ja raie korval metsadele ja teistele maastikele

kdige olulisemad ja korduvad vaenlased (Tampakis et al., 2010).

Uldiselt pohjustavad tulekahjud laastavat kahju ja kaost okosiisteemidele ja inimeste tervisele
suitsu sissehingamise ja halvimal juhul surmajuhtumite n&ol ning riikide majandustele, mis
sOltuvad metsades ja teistel maastikel leiduvatest loodusvaradest. Siiski on erinevatel maastikel
aset leidvatest tulekahjudest ka kasu, nditeks seemnete vabanemise néol teatud puuliikidest,
haiguste ja putukate ohjamisel ning mineraalmuldade paljastumisel, mis soodustab puude
uuenemist (Akther & Hassan, 2011).

Suttimise kaheks peamiseks pdhjuseks on tulekahjuriskide kaardistamisel peetud inim- ja
looduslikke allikaid (Chuvieco, et al., 2010). Lisaks pdhjustavad maastikutulekahjusid looduslikud
tegurid nagu piksel66gid, kui piirkonna rahvastikutinedus on hdre, ning kui rahvastikutihedus on
kdrge, muutub peamiseks maastikutulekahjusid pdhjustavaks teguriks inimtegevus (Gai et al.,
2011).

SeetGttu on tulekahjuriski hindamine eriliselt seotud nimetatud siiiteallikate mdistmise ja nende
analliisimisega. Maastikutulekahjude uurimine muutub Glimalt kasulikuks, kuna erinevate Eesti
maastike tulekahjuriskide kaardistamise vallas on uuringuid 1&bi viidud vaid piiratud koguses.
Uurimistdo eesmargiks oli analiiisida tulekahjude esinemist erinevatel maastikel ning tuvastada

seonduvad tulekahjude ilmnemise riskifaktorid nendel maastikel Eestis.

Uurimistods kasutatud andmeteks on muuhulgas: ajaloolised tulekahjusiindmused (2014-2018),
rahvastikuandmed (2017-2018), teedevork (2018), maakate (2018), pinnase- ja meteoroloogilised
andmed (2014-2018) kogu Eesti 16ikes. Analudtiliste meetoditena olid muuhulgas kasutusel GIS
tehnikad ja statistiline analliis. GIS analliisi raames rakendati tehnikaid nagu valjaldikamine
(clipping), kihtidena ekstraheerimine (extract by mask), punktivaartustena ekstraheerimine
(extract values to points), valik omaduste ja asukoha jérgi, puhveranaluls ja punktitiheduse
analliis. Statistilises anallilisis kasutati korrelatsiooni ja lineaarset regressiooni, et tuvastada

riskifaktorite m6ju tulekahjude esinemisele.
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Tulemus tbestas, et maastikutulekahjude Uheks peamiseks pohjuslikuks faktoriks on
inimtekkelised tegurid. Elanikkonnal on tulekahjusiindmustele oluline mdju. Tulekahjude
esinemisel on korgeks riskifaktoriks inimeste liikuvus lédheduse mdistes teedevdrkudele.
Tulekahjud on sagedasemad sellistes Eesti valdades ja linnades, kus elanikkond on tihe ning

teevorkude puhvrite (road network buffers, RNB) ruumiline kattuvus kdrge (1 km kasutatud).

Ajaloolistele andmete tuginedes saab jareldada, et turbarabad on tulekahjudele vahem aldid kui
sisemaised maérgalad. Nende maakatte klasside ruumiline ulatuvus valla kohta tulekahjude
sagedusele olulist mgju ei avalda. Samuti jéareldati, et turvasmullaga aladel on tulekahjude

esinemise risk oluline.

Valja arvutati meteoroloogiliste parameetrite nagu temperatuuri, suhtelise Ghuniiskuse, tuulte
kiiruse ja sademete aastased kumulatiivsed keskmised, mille tulemusena vdib 6elda, et nende mdoju

tulekahjustindmuste arvule ei ole oluline.

Uldkokkuvottes voib jareldada, et selles uurimistoos analiiiisitud arvukate faktorite hulgas on

turvasmuld olulisimaks eraldiseisvaks tulekahjude esinemist mdjutavaks faktoriks Eestis.
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Appendix

Spatial Attributes of Various Data Used for Analysis

Peat Reed Peat Road

Po_pula Total Bogs Fire in Beds Fire in Soil Fire in Buffer Firein
County tion Co_unty (area in Peat (area Reed (area Peqt (area Road
(2017) Fires km?) Bogs in km?) Beds in km?) Soil in km?) Buffer
Harju 582556 | 2760 96.45 1 69.74 22 1290 99 1417 2188
Hiiu 9335 60 6.33 0 24.29 2 110 1 387 50
Ida-Viru | 143880 | 2039 148.5 7 45.57 0 1275 78 827 1591
Jogeva 30840 188 69.2 0 16.94 1 849 14 937 159
Jérva 30378 132 75.5 2 16.55 0 933 20 793 107
Laéane 24301 162 106.67 1 134.63 1 568 3 679 129
Ladne-Viru | 58856 352 46.69 2 12.3 0 829 33 1093 269
Polva 27963 178 20.66 0 34.45 1 553 18 984 144
Péarnu 82535 348 375.51 3 70.8 4 1335 17 1281 260
Rapla 34085 202 131.59 1 42.84 0 970 19 893 139
Saare 33307 127 21.27 1 112.65 3 290 8 955 91
Tartu 145550 461 66.99 1 139.95 7 940 59 1100 360
Valga 30084 170 14.26 0 8.03 1 448 9 917 134
Viljandi 47288 186 133.59 2 42.13 1 928 11 1081 138
Voru 33505 205 13.46 0 5.34 1 515 11 1053 164
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