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Abstract of Thesis

Community-Directed Spatial Analysis of Siberian Wildfires

Increasing numbers and intensity of wildfires are a major threat to remote
Siberian communities in forest taiga particularly in light of climate change and industrial
expansion of informal road networks. Informal roads are undocumented and not
maintained by local or regional governments, and include industrial access roads, seismic
line clearings as well as trails and paths. This research investigates interactions between
wildfires, informal road networks, and other natural factors as observed by Siberian
residents and Indigenous Evenki peoples from the Tokma and Vershina Khandy
communities in Irkutsk Oblast in southeastern Siberia - an area of intensive hydrocarbon
and timber extraction activities. Villagers associate spiritual and economic significance
with the taiga undergoing rapid deforestation due to (1) industrial expansion of informal
roads and (2) extensive wildfires. Using a combination of interview data, remote sensing,
and spatial statistics, this study examines the wildfires that occurred in 2016-2017 around
the two villages. It specifically investigates five causes of wildfire ignitions identified
through semi-structured interviews: lightning strikes, logging operations, oil and gas
activities, zombie fires, and the role of 'outsiders.” Based on these variables, a local
indicator of spatial association, the Bivariate Local Moran's I, was used to analyze spatial
relationships between wildfire ignitions and their distances to each of the five variables.
A positive spatial autocorrelation (p < 0.05) between ignitions and their distances to the
variable of oil and gas operations was interpreted from a Moran’s I values of 0.48

surrounding Tokma and 0.85 surrounding Vershina Khandy. The other four variables did

Vi



not display significant spatial relationship with fire ignitions. This can be explained by
the naturally random occurrences of lightning strikes and purposefully dispersed patterns
of land use, such as logging, and tourism locations surrounding the two villages. The
results of this research can enhance our understanding of the factors influencing changing
taiga forest fire patterns and provide new insights into the socio-ecological dynamics

affecting Indigenous communities in this region.
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Chapter 1: Introduction

Circumpolar taiga forests, also known as boreal forests, constitute the world's
largest terrestrial biome. Taiga is found in the subarctic region between 50° and 65° N,
large expanses of which are often undisturbed wilderness due to low human population
density and the few settlements primarily inhabited by Indigenous people (Johnson &
Miyanishi, 2012). However, over the last several decades taiga forests are under
increasing development by extractive industries, namely hydrocarbons and timber
(Pattison et al., 2016; Bilichenko et al., 2021). In tandem with industrial development,
changing Siberian taiga wildfire patterns have also been documented (Kharuk et al.,
2021).

Wildfires are a common natural disturbance in taiga forests and play an important
role in the structure, composition, and function of the ecosystem. However, scientists
have noted an increase in frequency, severity, and extent of fires throughout the region
(Ponomarev et al., 2016; Masrur et al., 2018; Walker et al., 2020; Sirina, 2021). For
example, studies have shown that the total number of wildfires and burned areas in
Siberia has increased by about six to eight times from 1996 to 2015 (Dvornikov et al.,
2022). Predictive climate models suggest hotter and drier summers in Siberia, which will
likely facilitate the continued increase in wildfire frequency and severity trends over the
following decades (Kirdyanov et al., 2020; Walker et al., 2020; Scholten et al., 2021,
Burrell et al., 2022). Wildfires release substantial amounts of greenhouse gases into the
atmosphere, and the taiga serves as a significant carbon sink, storing one-third of all

terrestrial carbon in peatlands and permafrost soils (de Groot et al., 2013; Veraverbeke et



al., 2021; Xu et al., 2022). Therefore, concerning climate change, the increasing trend in
Siberian taiga wildfires has global implications.

Siberian wildfire activity is influenced by factors such as land use, topography,
fire weather, and ignition sources that can be from both natural and human causes. For
instance, lightning strikes are natural causes accounting for most large wildfire ignitions
(Veraverbeke et al., 2017; Kharuk et al., 2021; Hessilt et al., 2022). Meanwhile,
mismanaged campfires, unextinguished cigarettes, and intentional acts of arson are
examples of anthropogenic causes of wildfires. Although human activity is considered a
minor cause in taiga wildfire ignitions, it becomes more significant as human presence
expands into taiga regions (Kuklina et al., 2022; Kharuk et al., 2021; Campos-Ruiz et al.,
2018). Regardless of their origin, wildfires can spread rapidly, leaving long-lasting
effects on the landscape and wildlife that remote communities rely on for subsistence-
based livelihoods.

It is widely recognized that periodic fires are necessary for the function of
circumpolar taiga forests (de Groot et al., 2013; Walker et al., 2020). This is why current
wildfire management practices in taiga center on the use of intervention measures only
when fires threaten large settlements and critical infrastructure (Chapin et al., 2006; de
Groot et al., 2013; Sirina, 2021). Meanwhile, areas left to burn are often Indigenous lands
where people continue traditional hunting and gathering practices (Sirina, 2021, p. 3).

A growing body of research demonstrates the connection between anthropogenic
wildfire ignitions and transportation networks (Narayanaraj & Wimberly, 2012; Kuklina
et al., 2022). Specifically, in Siberia, informal road networks have been associated with

wildfire ignitions (Kharuk et al., 2021; Kuklina et al., 2022). Informal road networks are



built and maintained by private extractive companies or local communities rather than
government entities (Kuklina et al., 2020). Common examples of informal roads range in
size from narrow trails and paths primarily used by locals and Indigenous peoples, to
wide, industrial-grade access roads and seismic line clearings, such as those constructed
and utilized by oil and gas operations, or logging roads built by lumber companies.
Siberia's informal road network development is mainly driven by extractive industries
moving northward into sparsely populated or Indigenous areas (Krasnoshtanova, 2021).
A prime example of extractive infrastructure expansion is the 4,857 km Eastern Siberia-
Pacific Ocean (ESPO) oil pipeline constructed to cross southeast Siberia from 2006 to
2012 by the private Russian oil company, Transeft (\VVatansever, 2017). This pipeline
connects a number of preexisting and newly constructed oilfields that necessitate
accompanying roads for serving and extraction operations between those locations and
along the interconnecting lengths of the pipeline (Vatansever, 2017). Moreover,
international investors from China and Japan are also drawn to the region for its abundant
hydrocarbon reserves and valuable timber adding to these informal road network
development (Vatansever, 2017; Kanat et al., 2022; Morozova et al., 2023).

In Siberia, the causes, patterns, and processes of wildfires are unclear due to a
lack of documentation and difficulties obtaining any existing records (de Groot et al.,
2013; Talucci et al., 2022). Moreover, research on taiga ecosystems has been dominated
by non-Indigenous researchers focused primarily on biophysical aspects of fire,
neglecting Indigenous observations (Christianson et al., 2022). While little is known
about Indigenous fire management practices in North American taiga forests

(Christianson et al., 2022), even less is known about such practices in Siberia



(Burnasheva, 2022). The absence of information on Siberian wildfire patterns highlights
the importance of involving local Indigenous communities with in-depth knowledge of
wildfire patterns and processes (Burnasheva, 2022).

The relationship between road networks and fire ignition locations is complex,
highlighting the need to address the research gap exploring the broader implications of
roads on wildfire management (Narayanaraj & Wimberly, 2012; Kuklina et al., 2022).
While road networks provide improved connectivity for remote communities and
facilitate fire suppression efforts, they also increase the area subject to anthropogenic
activity and therefore increase the risk of human-caused fire ignitions (Campos-Ruiz et
al., 2018; Narayanaraj & Wimberly, 2012). Additionally, linear features like roads can
impact fire ignition patterns by altering the distribution of fine fuels, particularly grasses,
which are more flammable during dry and hot months (Van Wagner, 1983, as cited in
Avrienti et al., 2009).

This study seeks to quantitatively evaluate spatial autocorrelation of wildfire
ignition sites and the natural and anthropogenic threats observed by locals and Evenki in
remote communities of Tokma and Vershina Khandy in Irkutsk Oblast, a Russian
administrative unit in southeastern Siberia. In the past three decades, informal road
networks in Irkutsk Oblast have significantly expanded in regions traditionally inhabited
by Indigenous Evenki communities (Kuklina et al., 2021). At the same time, the region
has experienced a significant increase in wildfire frequency, as noted by both Kuklina et
al. (2022) and Morozova et al. (2023). We apply a mixed-methods approach, combining
remote sensing and spatial statistics and the perspectives of those who have long lived

with these fires. This holistic approach proves advantages in studying taiga wildfire



patterns in remote regions with limited data availability, enabling a comprehensive

understanding of the factors contributing to wildfire ignitions.



Chapter 2: Research Questions and Objectives

This research is centered on the following related research questions:

e What are the perceptions of residents in Tokma and Vershina Khandy regarding
the causes and impacts of the increasing wildfires surrounding their villages?

e What is the extent of the informal road networks surrounding the two villages,
and how are these related to wildfire ignitions?

e Are there any significant correlations between the ignition sites and the
distribution of fire hazards identified by the residents of Tokma and Vershina

Khandy?

These research questions are addressed through the following interrelated objectives:

e Summarize major themes from interviews with locals and Indigenous Evenki
from Tokma and Vershina Khandy on observed wildfire ignition risks and fire-
related impacts on their communities.

e Map the extent of the informal road networks surrounding the two villages.

e Perform a spatial statistical correlation analysis on wildfire ignition sites and

variables related to fire risks identified from interviews.



Chapter 3: Literature Review

This chapter draws on five primary bodies of literature. The first pertains to taiga
wildfire regimes, while the second deals with Indigenous taiga land uses, including
traditional uses of fire. The third focuses on industrial development and road network
expansion in Siberia, followed by literature on the effects of climate change on taiga
forests. Finally, this chapter concludes by exploring the use of spatial autocorrelation to

analyze spatial patterns of wildfire ignitions.

3.1. Taiga Wildfire Regimes

Each fire has its own spatiotemporal characteristics which makes fire activity a
complex natural phenomenon (Kirillina et al., 2020). To obtain a thorough understanding
of this complexity, ecologists formulated the term, ‘fire regime’ (Krebs et al., 2010). The
term “fire regime’ was first coined by scientists in the late 20th century and it is a
multifaceted concept which has undergone evolution and refinement by researchers over
time (Krebs et al., 2010, p. 53). Analyzing fire regimes in their entirety implies that
factors such as fire frequency, size, seasonality, intensity, and type have been taken into
consideration (Johnson et al., 2001; Conedera et al., 2009; Kirillina et al., 2020).

In Siberia, fire patterns are influenced by a variety of factors such as topography,
fire weather, fuel availability, and ignition sources (Ponomarev et al., 2021; Rogers et al.,
2020). For instance, the cause of a fire depends on its ignition source, which can be either
anthropogenic or natural, such as a lightning strike during a dry rainless thunderstorm

(Kharuk et al., 2021). However, there is a considerable knowledge gap on the causes of



ignitions, which may be due to insufficient documentation or challenges in accessing any
existing records (Talucci et al., 2022; Sirina, 2021).

The fire season generally aligns with summer in taiga. However, in recent years,
lengthening taiga fire seasons (earlier springtime fires and fires later in autumn) have
been observed (McCarty et al., 2021). The type of taiga fires, including ground, surface,
or crown fires, is dependent on the fuel type (de Groot et al., 2013). The type and
arrangement of fuels can vary across spatiotemporal scales as a result of environmental
factors and land-use practices. Forest fuels are often layered (Labenski et al., 2022).
These layers include ground fuels like litter, lichen, moss, or peat; surface fuels such as
grasses, shrubs, and larger pieces of woody debris; as well as canopy fuels, which are
combustible materials found within the tree canopies (Rivera et al., 2012; Ponomarev et
al., 2016; Labenski et al., 2022). The rate at which a fire spreads depends heavily on the
availability of fuel and its condition (Veraverbeke et al., 2017). Surface fuels like grasses
and brush, generally present along most informal roads (Arienti et al., 2009), can spread
fire rapidly across at ground level. Vertically, canopy and ground fuels serve as a ladder
allowing fires to spread upward or downwards and then laterally, particularly within peat
accumulations at depth given their rich carbon-stores and plentiful air pockets (Scholten
etal., 2021; McCarty et al., 2020).

Despite having many species and other features e.g., peat accumulations,
permafrost, etc., in common, North American, and Eurasian taiga fire regimes differ due
to distinct forest compositions (de Groot et al., 2013). For example, of the documented

wildfires in Siberia, most were surface fires commonly found in larch dominated (Larix



sibirica, L. gmelinii) forests, whereas in North American taiga most fires have been high-
intensity crown fires (Chapin et al., 2006; de Groot et al., 2013; Ponomarev et al., 2016).
Intensity of a burn is determined by fire size and severity accounting for the
extent of vegetation and soil damage (Krebs et al., 2010). The size of Siberian wildfires
can be determined using remotely sensed satellite data, as demonstrated by various
studies that mapped both coarse and fine scale wildfires (Talucci et al., 2022; Delcourt et
al., 2021; Moskovchenko et al., 2020; Kuklina et al., 2022b). Fire severity can also be
mapped to some extent through indices such as the difference Normalized Burn Ratio
applied to remotely sensed data (Allen & Sorbel, 2008; Delcourt et al., 2021). However,
despite the dedicated efforts, there remains a noteworthy lack of understanding regarding
the spatial and temporal dynamics of fire size and frequency across Siberia (Talucci et al.,
2022). Additionally, moderate to coarse resolution satellite data often underestimate
burned areas and fail to capture smoldering fires (Shvidenko et al., 2011; Holsinger et al.,
2022; Scholten et al., 2021). Furthermore, taiga fire intensity, dependent on fuel
moisture, fuel content, the terrain, and weather conditions, resulting in some areas
remaining unburnt while others experience severe burns (Chapin et al., 2006; Allen &
Sorbel, 2008). This patchy behavior in wildfires is referred to as a burn mosaic (Figure 1)
(Ryan, 2002). The patchwork of unburned, partially burned, or severely burned areas can
have a significant impact on the flora and fauna of the ecosystem, as well as on the
process of secondary succession (Chapin et al., 2006). As a result, quantifying actual
effects of wildfires on the land is difficult and requires extensive ground evaluation

(Allen & Sorbel, 2008; Holsinger et al., 2022; Delcourt et al., 2021).



Figure 1
Burn Mosaic from a Taiga Forest Wildfire

Note. This image depicts a burn mosaic from the 2022 Dalton Highway complex fire, near the
Arctic Circle, Alaska. Source: Author, 2022

3.1.1. Ignition Sources

The following section provides detailed information on the various types of
natural and anthropogenic sources of wildfire ignitions in taiga landscapes and their

relationships to informal road networks and local communities.

3.1.1.1 Lighting Ignitions

Lightning has been the primary driver of taiga wildfires (de Groot et al., 2013;
Johnson et al., 2001). Lightning-caused fires are dependent on cloud-to-ground lightning
strikes of sufficient voltage and duration to ignite a fire (Narayanaraj & Wimberly 2012;
Hessilt et al., 2022; Jiménez-Ruano et al., 2022). While we know little about which forest
fuels are susceptible to lightning, organic soil layers surrounding tree trunks are

commonly reported ignition locations (Moris et al., 2022). Moreover, the probability of

10



lightning strikes increases with elevation and is more prevalent in dense forests in remote
areas (Arienti, 2009; Veraverbeke et al., 2017; Moris et al., 2022). Kharuk et al. (2021)
noted that in taiga landscapes, twice as many fires are ignited by lightning in permafrost
zones because of the sharp change in the dielectric constant within the permafrost system
confining energy from the strike to the active layer, or summer-time surficial thawed
ground (Kharuk et al., 2021, p. 1957). Once ignited, lightning-caused fires undergo an
initial smoldering phase that can go undetected for hours to weeks before open flames are

detected (Hessilt et al., 2022; Xu et al., 2022; Moris et al., 2022).

3.1.1.2. Anthropogenic Fires

Anthropogenically ignited fires occur due to negligently discarded cigarettes,
sparks released from automobile exhaust pipes, burning of debris, campfires left
unattended, and intentional acts of arson (Camp & Krawchuk, 2017; Jiménez-Ruano et
al., 2022; Narayanaraj & Wimberly, 2012). Anthropogenic wildfires, which often start
near human infrastructure such as settlements and roads, tend to have shorter durations
than naturally ignited fires, possibly due to human intervention and firefighting efforts,
compared to naturally ignited fires (Kasischke & Turetsky, 2006; Calef et al., 2017;
Kharuk et al., 2021). In Siberia, there is evidence supporting inquiries into anthropogenic
ignitions of wildfires. For instance, logging companies have been leaving highly
flammable waste in their operational zones, contributing to wildfires and sparking
protests among remote taiga communities, as documented by the International Work

Group for Indigenous Affairs (Siberian, 2019).
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3.1.1.3. Zombie Fires

The relatively under-studied phenomenon of ‘zombie’ or ‘overwintering’ fires has
recently gained attention as researchers have reported an increase in their occurrence
throughout the circumpolar taiga (e.g., Scholten et al., 2020; McCarty et al., 2020; Xu et
al., 2022). Zombie fires smolder underground within the thick carbon-rich taiga soils
when the weather is not suitable for flames to spread (Xu et al., 2022). However, these
fires can reappear on the surface days or months after ignition when weather conditions
become favorable (Scholten et al., 2021).

These fires can be particularly challenging to control and extinguish because they
can burn deep below the surface, making it difficult for firefighters to detect, locate, and
fully extinguish (McCarty et al., 2021). By combining fire records and geospatial data,
Scholten et al. (2021) and Xu et al. (2022) quantified the proportion of zombie fires and
their burned areas in Alaskan, Canadian, and Siberian taiga. Scholten et al. (2021) found
that zombie fires were responsible for more than 5% of total area burned in large fires in
Alaska and Canada from 2002 to 2018 (Scholten et al., 2021, p. 401). Meanwhile, Xu et
al., (2022) estimate that zombie fires contributed to 3.2% of the total burned area during
2012-2020 in the Republic of Sakha (Yakutia) in Eastern Siberia (Xu et al., 2022). Each
research work also noted a pattern amongst zombie fires after observing satellite images
from two consecutive years, they found that these fires reemerge at the edges of fire scars
from the year before (Scholten et al., 2021; Xu et al., 2022). In summary, zombie fires are
understudied smoldering fires that can reappear without needing a new ignition within the

proximity of a previous year’s burn scar if conditions are right (McCarty et al., 2020).
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3.2. Indigenous Land Uses & Fire

Taiga landscapes are painted as untouched wilderness in contemporary fire
research (Christianson et al., 2022), however, many of these are fire-dependent
ecosystems influenced by anthropogenically ignited fires (Nikolakis & Roberts, 2020). It
is important to note that Indigenous people who have lived in taiga forests for thousands
of years have played a significant role in shaping the fire-dependent taiga forests of the
circumpolar north (Berkes & Davidson-Hunt, 2006; Christianson et al., 2022; Sirina,
2021). There is evidence that Indigenous people have practiced fire management in the
taiga for thousands of years (Burnasheva, 2022; Solovyeva, 2020; Christianson et al.,
2022). For instance, Canadian first nations and Native Alaskans have set fires in the taiga
to promote the growth and productivity of Indigenous cultural keystone species such as
moose, bison, and numerous berry-producing shrubs, including wild huckleberry and a
variety of blueberry species that are important as both food and medicinal plants
(Christianson et al., 2022). Fire has also been used by these Indigenous peoples to fell
trees, manage pests, improve forage for prey species, agricultural clearing, maintaining
travel corridors, and to create fuel breaks (areas devoid of flammable materials that serve
to slow or stop fire spread) around camps and villages (Miller et al., 2010).
Unfortunately, many of these practices faded with European colonization, Indigenous
population collapse, and subsequent imposition of state-mandated fire management
regimes (Miller et al., 2010; Christianson et al., 2022; Burnasheva, 2022). Knowledge
gaps still surround Indigenous fire management practices in the circumpolar taiga forests,
but fire managers are beginning to recognize the need for their integration into

contemporary fire management (Miller et al., 2010; Christianson et al., 2022).
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Incorporating Indigenous knowledge into modern fire management practices not only
enhances our understanding of the ecosystem's distribution, composition, health, and
behaviors, but also taps into invaluable long-term observations and historical insights of

fire behavior (Nikolakis & Roberts, 2020; Miller et al., 2010).

3.3. Siberian Industrial Development & Informal Road Networks

Siberia is rich in natural resources, including oil, gas, and timber, all of which are
significant contributors to the Russian economy, and the demand for which, particularly
from Japan and China, is only expected to grow (Klimina et al., 2022; Morozova et al.,
2023). For instance, 73% of Russian oil and 93% of gas production come from the
Siberian and Arctic landscapes (Kryukov & Tokarev, 2022). However, limited
transportation accessibility remains the primary obstacle for natural resource
development across Siberia, and as a result, the road networks here are expected to grow
(Kuklina et al., 2021, 2022a). Although industrial access routes and seismic line clearings
contribute to the connectivity of pre-existing tracks and trails between Indigenous and
old-settler communities in remote regions (Morozova et al., 2023), they also have
negative consequences such as deforestation (Figure 2), habitat fragmentation, and the
spread of invasive species (Coffin et al., 2021). Furthermore, the Siberian taiga grows on
permafrost, and research has shown that construction of, and activities on these roads
cause permafrost to thaw, resulting in lasting landscape degradation and overall

permafrost loss (Bilichenko et al., 2021).
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Figure 2
Timber Along an Informal Road

Note. Photo of timber stacked next to a logging road in the province of Irkutsk Oblast in Eastern
Siberia. Source: Stanislav Podusenko, 2021

3.4. Climate Change

Climate change is contributing to increased wildfire activity in taiga forests
(Boulanger et al., 2014; Walker et al, 2020; Gluckler et al., 2021; Overland & Wang
2021). Siberian fires in 2019 and 2020 burned ~4.7 million ha accounting for 44% of the
total burned area in the Siberian Arctic during the 19822020 period (Descals et al.,
2022; Overland & Wang, 2021). These events were particularly serious due to prolonged
droughts and heatwaves (Kharuk et al., 2021; Sirina, 2021; Overland & Wang, 2021).
Conditions that led to these severe fire seasons are projected to become more frequent
(Phillips et al., 2022; Boulanger et al., 2014). This is partly due to temperatures in the
taiga biome which are increasing at almost double the rate of the global average —a
phenomenon associated with Arctic amplification (Rogers et al., 2020; Phillips et al.,
2022). Increased frequency and density of lightning strikes are also expected with climate
change in these forests (Hessilt et al., 2022; Moris et al., 2022). Moreover, there are also

threats exacerbated by climate change, such as insect infestations (Volney & Fleming,
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2000; Knyazeva et al., 2019; Foster et al., 2022; Debkov et al., 2019) which can

contribute to fuel accumulation associated with increased fire risk (Kharuk et al., 2021, p.
1954). As a result of the compounding effects of climate change and development on the
taiga, the total burned area is projected to increase over the next several decades (Kharuk

etal., 2021; Phillips et al., 2022).

3.5. Spatial Autocorrelation for Wildfire Studies

Wildfires are not random events, but their locations and frequency are strongly
influenced by top-down variables such as weather and climate, which can cause lightning
strikes, as well as local-scale variables like the type of fuel available for the fire and how
close it is to sources of human ignition (e.g., Bar Massada et al., 2013). Fires are often
clustered, for example, spatial clustering has been found in both lightning-caused fires
and human-caused fires (Gralewicz et al., 2012; Bar Massada et al., 2013; Chas-Amil et
al., 2015).

One way to quantify the degree of spatial clustering of a phenomena is through
spatial autocorrelation analyses, which examine the relationship between the value of a
variable at one location in space and the value of those nearby (Griffith, 2005). One of
the indices developed to quantify the occurrence of clustering, random, and scattered
spatial patterns is the Moran’s I (Moran, 1950; Tsui & Brimicombe, 1997; Qi & Wu,
1996; Chou, 2010). To investigate if the distribution of wildfire occurrence is spatially
clustered, studies have used spatial autocorrelation measures such as the Global and
Local Moran's | (Ckou, 1990; Chas-Amil et al., 2015; Xiong et al., 2019).

It is important to consider the external factor of ‘scale’ in spatial autocorrelation

measures which is independent from the distribution and attributes of the data (Chou,
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2010; Qi & Wu, 1996). Results of a spatial autocorrelation measures can change
depending on scale as coefficients systematically respond to changes in spatial resolution
(Chou, 2010). Although research into the effects of scale and variance is limited (Qi &
Wau, 1996), some impacts of scale on spatial autocorrelation analysis can be accounted
for by using multiple quadrat sizes, a common spatial sampling design for detecting point
patterns over space (Wong & Lee, 2005). A quadrat is a simple geometric shape, usually
a square, hexagon, or a triangle that is used to divide a study region into a series of non-
overlapping subregions of equal size (Wong & Lee, 2005). In quadrat analysis the study
area is overlaid with a regular tessellation of quadrats where data are summarized for data
points falling within each quadrat. Quadrat size dictates spatial resolution and therefore
the scale at which spatial autocorrelation between variables is tested (Qi & Wu, 1996;
Wong & Lee, 2005). The size, orientation, and variability of the quadrats play a crucial
role in influencing the obtained results (Wong & Lee, 2005). When integrating point data,
such as ignition sites, in spatial analysis, the Modifiable Areal Unit Problem (M.A.U.P.)
becomes relevant (Wong, 2004). In this context, the spatial autocorrelation measure's
outcomes can be influenced by the size and distribution of the quadrats (Wong, 2009). To
mitigate these effects, employing quadrats of different sizes can be advantageous. This
approach allows for the exploration of spatial patterns at various scales of analysis,
encompassing both fine-scale patterns within individual quadrats and broader-scale

patterns across multiple quadrats (Wong & Lee, 2005).
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Chapter 4: Study Areas

Irkutsk Oblast is a province spanning approximately 774,000 km?. It is situated
between the Central Siberian Plateau in the northeast, with Lake Baikal forming its
natural southeastern border, and the Eastern Sayan Mountains serving as its southwestern
border. The climate in this region is classified as a harsh continental climate. In January,
the average temperature drops to around -20 °C, while in July, it rises to approximately
+16°C. The annual precipitation ranges from 360 to 440 mm throughout the year.
(Bilichenko et al., 2021). Discontinuous permafrost can be found throughout this area
(Streletskiy et al., 2019). Furthermore, within Irkutsk Oblast, one can find intact forest
landscapes—extensive expanses of natural forest areas. These intact forest landscapes
hold immense conservation value, contributing to the stabilization of terrestrial carbon
storage, preservation of biodiversity, and regulation of hydrological regimes at both local
and global scales (Potapov et al., 2017).

Northern Irkutsk has been home to Evenki for multiple centuries (Sirina, 2002),
practicing reindeer husbandry, hunting, fishing, and gathering here (Figure 3) (Ragulina,
2009). Many Evenki communities have undergone significant cultural changes that have
distanced many from their traditional nomadic reindeer herding lifestyles in the early
1900s when the Soviet state introduced collectivized farming, or the kolkhoz system. As
part of collectivization, native populations were organized first into Simple Production
Unions or guilds, and then into collective farms for national economic purposes (Fondahl,
2018). Fondahl (2018) describes how these native and other populations, particularly
nomadic peoples, were settled into permanent villages, and state education was made

compulsory for children.
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Industrial development in this area was initiated by the construction of the
Baikal-Amur Mainline Railroad (1975-1986) built for industrial extraction under the
Soviet industrial program of ‘mastering the north’, which became a region-forming
enterprise in this area (Kuklina et al., 2018). The construction of the railroad was not
oriented as much towards serving passengers or connecting communities, but mostly to
transport natural resources such as coal, gas, oil, wood, and ore mineral resources from
Siberia into Asian markets (Kuklina et al., 2018). The construction of the railway in this
area brought many migrants from the western part of the country who were initially
seeking employment opportunities associated with the railway construction (Kuklina et
al., 2019). This influx of migrants eventually led to the development of new permanent
communities and settlements (Kuklina et al., 2019). Currently, the active economic
development in this area, driven by the extraction of hydrocarbons and forest resources,
is contributing to the expanding informal road network (Kryukov & Tokarev, 2022;
Morozova et al., 2023). At this time, more than a dozen natural oil and gas fields exist in
the area and the construction of the Power of Siberia pipeline implies further
development (Kuklina et al., 2018).

The rights of Indigenous peoples in the Russian Federation transformed after the
collapse of the Soviet Union, with a 2001 presidential mandate calling for the formation
of Indigenous non-governmental enterprises known as obshchinas (Fondahl et al., 2021).
Obshchinas then received allocations of land for the administration and pursuit of
traditional activities and to utilize these lands for economic purposes including
commercial hunting (Fondah, 2018; Kuklina et al., 2020b). Although protections from

industrial intrusion into obshchinas were more promising on paper, Russian Indigenous
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leaders find this to be the most important initiative for protecting traditional livelihoods
(Fondahl et al., 2021).

Figure 3
Herder with Reindeer

Note. Photo of an Evenki reindeer herder in typical old-growth taiga in Irkutsk Oblast. Source:
Landerer, 2009

Today, Evenki villages include Vershina Khandy and Tokma, areas affiliated
with obschinas (Figure 4), and the focus of this thesis. Vershina Khandy and Tokma both
have majority aging populations of Evenki and ‘old settlers,” or Russians of European
ancestry. Commercial hunting remains the primary source of cash income for many in

both the villages since the dissolution of the Soviet Union (Kuklina et al., 2020).
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Figure 4
Study Area Overview Map
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Note. Tokma and Vershina Khandy Study Areas within Irkutsk Oblast. Sources: DIVA GIS and
OpenStreetMap Contributors, 2020

4.1. Tokma

The village of Tokma consists of 54 Evenki and Russian settler residents
(Population census, 2013). The Tokma study area includes the village and surrounding
lands covering approximately 21,000 km? (Kuklina et al.,2022). Within this study area is
a land of ~1,115,000 ha dedicated to the obshchina of approximately 20 Evenki villagers

for traditional land uses around the Nepa River. Directly south of Tokma is the city of
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Ust-Kut, founded in 1631 on the Lena River by migrants from European Russia (Kuklina
et al., 2020). The city’s population has remained relatively stable since the 1990s at
approximately 40,000 residents (Population census, 2013). The construction of the
Eastern Siberia - Pacific Ocean oil pipeline in 2006 connected the area with major Asian
markets promoting oil and gas extraction and exploration in the region (Morozova et al.,

2023).

4.2. Vershina Khandy

Vershina Khandy is the historical Evenki Indigenous village of approximately 48
residents (Population census, 2013). This study area is approximately 7,000 km? named
for and centered on Vershina Khandy. The closest urban settlement to Vershina Khandy
is Magistral’nyy established during the construction of the Baikal Amur Railway
(Kuklina et al., 2018). This brought many outsiders from other parts of Russia into the
region which led to the establishment of settlements such as Magistral’nyy with a
population of roughly 6,000 residents (Magistralninskoe Municipality, 2022). Located
directly south of Vershina Khandy is the ~299,100-ha of land allotted to the obshchina of
71 Evenki from Vershina Khandy that utilize this land for subsistence, economic, and
cultural purposes (Kuklina et al., 2022). The Khanda River runs through this portion of
the land which is used for fishing and transportation by the villagers. Running parallel to
the Khanda river is the Power of Siberia gas pipeline that has been constructed in the past
few years. The village has no official road connection, however, surrounding Vershina
Khandy is an extensive informal road network which has increased over the years
(Kuklina et al., 2022). The informal roads have been widely used by the logging industry,

oil, and gas companies for geological exploration, and also by the local communities for
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hunting and fishing (Bilichenko et al., 2021). The only formal road network that exists in
this region is a highway running parallel to the Baikal Amur Railway called route M53 or

‘Avtodoroga Magistralnyy — Ust-Kut.’
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Chapter 5: Methods

This study uses a transdisciplinary participatory approach that combines social
research methods with remotely sensed wildfire data and spatial statistics to contextualize
the factors that are driving wildfire ignitions in taiga forests surrounding Tokma and
Vershina Khandy. Figure 5 illustrates the methodological framework employed in this
study. As shown in the figure, data obtained from semi-structured interviews is used to
identify the various actors that residents of Tokma and Verhsina Khandy hold responsible
for wildfire ignitions surrounding the villages. These include both natural and
anthropogenic sources affiliated with lightning strikes, oil and gas operations, zombie
fires, logging operations, and outsiders. These variables were then tested for their
proximity to the wildfire ignition sites to test for spatial autocorrelation between the two

as highlighted in Figure 5.

24



Figure 5

Workflow Diagram for Spatial Autocorrelation of Ignition Sites to Ignition Sources
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Note: Workflow diagram demonstrating the use of semi-structured interviews to test for a spatial
autocorrelation between wildfire ignition sites and their proximity to the five independent
variables identified responsible for ignitions according to the residents of both villages.
ArcGISPro and a python script were used for data processing and spatial analysis. GeoDa
software was used to determine spatial relationships between the dependent and independent

variables.

5.1. Qualitative Methods

Field research was conducted in 2019 and 2021 by V. Kuklina, lead investigator

for the US National Science Foundation project titled, ‘Informal Roads: The Impact of

Unofficial Transportation Routes on Remote Arctic Communities’, and local and regional

project partners. Kuklina, born and raised in Irkutsk Oblast, used personal connections to

identify interviewees using the ‘snowball technique,” a sampling method in which each

interviewee suggests the name of at least one more potential interviewee (Kirchherr &

Charles, 2018).
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5.1.1. Semi-Structured Interviews

A semi-structured interview format was followed which allowed Kuklina to ask
open-ended questions and explore topics based on a participant's responses (Mcintosh &
Morse, 2015). Ten interviews with ID numbers and basic demographic data that
contained information on wildfires in the area were used for the analysis. Out of the ten
interviews, six were with Evenki hunters or obshchina leaders, and the remaining four
were with local hunters. The villages of Tokma and Vershina Khandy are predominantly
inhabited by older individuals, and the participants interviewed in this study reflect the
demographic composition of these communities. Out of the ten interviewees, seven were
aged 55 years or older. These individuals have long been engaged in hunting activities
within the surrounding taiga, utilizing it for both subsistence purposes and generating
cash income.

Select portions of the interviews that discussed fires around the villages were
extracted and analyzed for recurring themes using NVivo (QSR International), a
qualitative data analysis software (Jackson & Bazeley, 2019). Based on the patterns
obtained from textual analysis, five codes (Appendix A) on causes of wildfires ignitions
were formulated. The five codes identified causes of wildfires as lightning strikes,
logging operations, oil and gas operations, zombie fires, and ‘outsiders’ treated in

subsequent spatial autocorrelation analyses as independent variables.

5.1.2. Mobile Ethnographies

Mobile ethnography is a qualitative method that involves participant observations,
'go-along' interviews, and mapping sessions to gather real-time data about the lived

experiences and perspectives of participants (Sheller & Urry, 2006). As part of this
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research methodology, the lead investigator drove around with residents of Tokma and
Vershina Khandy to identify informal roads, their users, and the purpose of their use.
Photos and notes gathered during these go-along sessions contextualized the semi-

structured interviews and subsequent quantitative spatial analyses.

5.2. Spatial Autocorrelations with Ignitions

A spatial autocorrelation analysis can help identify whether there is a significant
correlation between wildfire ignition sites and the five variables identified responsible for
ignitions in the interviews by the residents. Guided by interview themes, wildfire
ignitions from the particularly severe 2016 and 2017 fire seasons were mapped, and
spatial autocorrelation analyses were performed to compare distributions with each of the

perceived ignition risks.

5.2.1. Data Acquisition & Generation

Existing data products were leveraged for lightning strike locations, fire extents,
and settlement locations. Any data preprocessing before autocorrelation analyses and
other data generated to represent variables including the informal road network

associated with industrial activities are described in the following sections.

5.2.1.1. Remote Sensing Wildfire Ignitions & Burns

Wildfire extent and frequency within the two study areas were evaluated based on
the burned area product by Talucci et al. (2022) who mapped wildfires larger than > 200
ha using 1 km wildfire data from Moderate Resolution Imaging Spectroradiometer

(MODIS) in conjunction with 30 m Landsat imagery in Eastern Siberia over the last two
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decades. An accuracy assessment was performed on this product to assess its
applicability within the two study areas for the fire seasons of interest. This was done for
both the year 2016 and 2017, where the 2016 summer fire season was the primary focus
of this study, while the data from 2017 was used to identify the presence of zombie fires.
The assessment utilized wildfire data at a spatial resolution of 375 m derived from The
Visible Infrared Imaging Radiometer Suite (VIIRS) for the respective years of 2016 and
2017 (Near Real-Time VIIRS). The VIIRS data was overlaid on the wildfire polygons
and then evaluated using a stratified random sampling method (Congalton, 2001), where
400 points were generated for Tokma and 300 points for Vershina Khandy. The burned
area product was evaluated using overall accuracy, and a Kappa statistic which measures
the agreement between predicted and observed classifications beyond what would be
expected by chance (Skidmore, 2002).

Ignition locations were also obtained from VIIRS data. Archived data detecting
thermal anomalies recorded by the satellite instrument were downloaded from NASA’s
Fire Information for Resource Management System (FIRMS) database (NRT VIIRS).
These thermal anomalies were documented in a point-based vector format (i.e.,
shapefile), with information on fire occurrence (date/time), fire location, and numerous
other attributes recorded in the attribute table of the point data. These points were then
overlaid onto the polygons representing wildfire perimeters obtained from Talucci et al.
(2022) to ensure that point data was representative of the underlying wildfire perimeter.

To identify unique wildfire events, the point data was formed into clusters based
on a five-kilometer search radius and a code was written in Python script (see Appendix

B) to sort clusters by cluster ID and then by acquisition date. The acquired thermal point
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in a cluster was interpreted as the likely ignition point for that fire. These ignition points
and their associated attributes were extracted and saved to a new shapefile that provided a

final count of ignitions for wildfires during the 2016 and 2017 fire seasons.

5.2.1.2. Lightning Strikes
Archived lightning strike data from Vaisala's GLD360 network was acquired for

this research. The GLD360 is a ground-based lightning detection network that identifies
strikes across the globe at a positional accuracy of 1 km? (Global Lightning Detection
Network, n.d). These data were first filtered by location where strikes that occurred
within a 1 km? radius of the ignition sites were selected. To account for holdover time
common to lightning-ignited wildfires (Moris et al.,2022), strikes were then filtered by

date selecting strikes that occurred less than a month prior to the wildfire ignition.

5.2.1.3. Digitization of Informal Road Networks
The rapid development of logging roads and oil and gas exploration surveys

(seismic lines), easements, maintenance access, and trails and paths used by local
residents were mapped from cloud-free DigitalGlobe imagery (10 m spatial resolution)
covering both study areas in 2015. Creating a map of the road network from the year
before the first of the two sequential fire seasons of interest ensured that these roads were
present during the 2016 wildfires. Informal roads associated with logging and oil and gas
operations were digitized using four visual elements of interpretation (tone, texture,
pattern, and context) (Haralick, 1973) as well as on descriptions of roads from participant
interviews and mobile ethnographies. Interviews and participatory mapping with
residents identified the various types of informal roads present surrounding the villages

which informed the digitization and classification process of the informal road network.
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Access roads (Figure 17) were generally greater than 6 m. Seismic clearings were
between 4-6 m. Logging roads (Figure 17) were between 6-20 m, and subsistence roads
were less than 6 m in width (Figure 17).

Much of the road network in 2015 was digitized and validated using
crowdsourcing. Regional project partners assisted in developing a classification key for
informal roads (Bilichenko et al., 2021), which subsequently served as training material
for a 'mapathon'—a coordinated digitizing event. The mapathon, aimed at digitizing
informal roads in Tokma and Vershina Khandy, was a collaborative effort between The
George Washington University's (GW) Humanitarian Mapping Society and the Cold
Regions Research Lab. The mapathon was attended by approximately 30 GW

undergraduate and graduate students.

5.2.1.4. Zombie Fires
Zombie fires need no ignition but can reappear in close proximity to a previous

year’s burn scar if conditions are right (Scholten et al., 2021; Xu et al., 2022). To assess
spatial autocorrelation between wildfire ignitions and zombie fires, distances were
measured from the 2017 ignition site to the boundary shared by the 2016 and 2017

wildfires.

5.2.1.5. ‘Outsiders’
Examining the statistical correlation between wildfire ignitions and 'outsiders'

presented a particular challenge. Interviews suggested that ‘outsiders’ might encompass
extractive industry shift workers and domestic as well as international tourists.
Unfortunately, tracking information was unavailable for popular tourist routes or other

non-residents in either study area. Consequently, the most practical approach to
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evaluating correlations between ignitions and ‘outsiders' involved examining the distances
between ignition points and the nearest settlements, using populated places as a proxy for
human activity. In the Tokma study area, this analysis included Ust-Kut, Kazarki, Yantal,
Kaymonovo, and two shift worker camp locations. Meanwhile, within the Vershina

Khandy study area, it encompassed Magistral’nyy, Nebel, and Ukunayskiy.

5.2.2. Global Bivariate Moran’s 1

Spatial autocorrelation analysis is a method used to determine if things that are in
close proximity to each other are more alike than those that are far apart. One way to
quantify this relationship is through the use of a Moran's | (Equation 1), a statistical
measure of spatial autocorrelation (Moran, 1950). This measure assesses the connection
between two variables across a set of spatial units by determining whether spatial units
with similar values for one variable also tend to have similar values for the other, while
also examining whether the relationship between the two variables varies across different
parts of the study area (Anselin et al., 2006). There are both local and global versions of a
Moran’s | statistic (Anselin et al., 2006). A global version of Moran's | measures the
degree of spatial autocorrelation across the entire study area (Qi & Wu, 1996). The
Global Moran’s | can be computed as:

_ ZiXiWy/So

(Equation 1) I 5122/

Where wij are the elements of the spatial weights matrix, So= i Y. j W;; as the sum of

all the weights, and n is the number of observations (Anselin, 1996).
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5.2.3. Bivariate Local Moran’s 1

The local version of the Moran's 1, on the other hand, measures the degree of
spatial autocorrelation for specific locations or clusters within the study area (Anselin et
al., 2006). It helps to identify areas of high or low clustering and to understand the spatial
patterns of the variable of interest. In the local version, a Moran's | is calculated for each
spatial unit in the dataset providing a local Moran scatterplot that visualizes the
relationship between each unit and its neighbors (Anselin, 2019). A Bivariate Local
Moran’s I (Equation 2) allows us to compare two variables as it captures the relationship
between the value of one variable (xi) at a specific location i, and the average of the
neighboring values for another variable (yi) with respect to distance or spatial lag
(Anselin, 2019). The resultant Moran’s I coefficient is the product of xi with the spatial
lag of yi with the variable expressed in deviations from its mean. This can be expressed
as:

(Equation 2) IP = cx; ¥ jwijy;
Where wij are elements of the spatial weight’s matrix (Anselin, 2019).

In this study, A Bivariate Local Moran's | (Anselin, 2019) was is to investigate
the spatial autocorrelation between wildfire ignitions and the five factors - lightning
strikes, oil and gas operations, zombie fires, logging operations, and ‘outsiders’ - that
residents of Tokma and Vershina Khandy identified as the primary causes of wildfire
ignitions. A Bivariate Local Moran’s I is an appropriate choice for analyzing spatial
autocorrelation between ignitions and the five variables as it determines whether there is

a relationship between the locations of wildfire ignitions and the five identified factors,
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and whether these relationships vary across different parts of the study area by
identifying specific locations or clusters (Anselin et al., 2006).

The values for a Moran’s | coefficient generally range from -1 and 1 (Moran,
1950; Qi & Wu, 1996). A Moran’s I value less than zero indicates negative spatial
autocorrelation, suggesting a dispersed pattern where nearby features exhibit dissimilar
values (Moran, 1950). Alternatively, a positive Moran’s I signifies a positive spatial
autocorrelation, or a clustered pattern where closer features exhibit increasingly similar
values. Lastly, a Moran’s I value approaching zero indicates randomness, or a typical null
hypothesis where no spatial autocorrelation is present between dependent and
independent variables (Anselin, 2019).

To account for scalar effects (as described in the literature review on spatial
autocorrelation), this study employed hexagonal quadrants at both large and small scales.
A hexagon shape was selected for the quadrats as it is compact compared to a square and
covers the entire region without overlapping polygons (Qi & Wu 1996; Chou, 2010).
Wong & Lee (2015) suggest that the optimal quadrat size can be calculated using the
Greig-Smith formula (Equation 3):

(Equation 03) Optimal Quadrat Size = 24/r

Where A is the area of the study area, and r is the number of points in the
distribution. The Greig-Smith formula was modified (Equation 4) to obtain an additional
finer-scale quadrat size for comparison and evaluation of scalar effects:

(Equation 04) Fine-Scale Quadrat Size = A/2r

The Greig Smith formula and its modified version yielded an optimal hexagonal

quadrat cell size of 1400 km? and a fine-scale quadrat cell size of 350 km? for Tokma.
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The quadrat size formula applied to the Vershina Khandy study area provided an optimal

quadrat cell size of 518 km? and a fine-scale quadrat cell size of 130 km? (Table 1).

Table 1
Optimal and Fine Scale Quadrat Sizes
Study Area Number of Area km? Quadrat
Ignitions (r) Size km?
Tokma (optimal- 30 21000 1400
scale)
Tokma (fine-scale) 30 21000 350
Vershina Khandy 27 7000 518
(optimal-scale)
Vershina Khandy 27 7000 130
(fine-scale)

Note. Inputs for generating the optimal and fine scale quadrats using the Greig-Smith and
modified Greg-Smith formula.

To test for spatial autocorrelation using Bivariate Local Moran's I, Euclidean
distances were calculated between each of the five independent variables (lightning
strikes, oil and gas roads, zombie fires, logging roads, and settlements) and the dependent
variable (fire ignition sites). The values of these distance measures were then extracted to
wildfire ignition points, resulting in five point-based shapefiles of wildfire ignitions'
average distances to each of the five independent variables. These values were
subsequently aggregated within the optimal- and fine-scale quadrats of the two study
areas to obtain the number of ignitions and corresponding average distances to each
independent variable. The resultant quadrats contained ignition counts and their average
distance to the independent variable.

Lastly, the Bivariate Local Moran’s I was calculated in GeoDA for all quadrats

with ignition counts greater than zero and equal to zero using a Queen’s Case 1st order
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spatial relationship (Anselin et al., 2006). The Queen’s Case was chosen because it
provides a standard weights scheme for neighbors considering all surrounding areas as
neighbors if their borders connect (Getis & Aldstadt, 2004). All permutations were set to

9999 and the significance filter which is the p-value was set between 0.05 and 0.001.
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Chapter 6: Results

6.1. Interview Content Analysis Outcomes

Interviews were analyzed based on recurring themes about events that contributed
to wildfires and their effects on the communities. The interviews identified that wildfires
during the 2016 fire season were particularly harsh surrounding both villages, resulting in
the destruction of several of their hunting huts. Participants also reported adverse health
effects due to wildfire smoke inhalation and raised concerns about the burned landscapes
crucial to the flora and fauna residents find valuable for subsistence (Figure 6).

Figure 6
Effects of Wildfires on Residents
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Note: Histogram showing the number of times a topic (x-axis) was mentioned over the course of
10 interviews with locals from within the study areas conducted by project personnel. Text
analysis conducted in NVivo v.12.

Residents shared that wildfires have caused damage to the landscapes surrounding
their respective villages. In particular, Siberian pine trees and berry bushes have been

affected, reducing the availability of subsistence resources such as berries, nuts, and

36



mushrooms. Several individuals have observed a decrease in the mammal population they
usually hunt. A participant shared that they have found animals falling into holes created
by smoldering fires in peat. Residents also noted that the number of birds and mammals
in affected areas has decreased and expressed their frustration with the increase of
predators, such as brown bears, in the area.

One of the most significant impacts of wildfires on the hunting practices of the
locals was the burning of their hunting huts, which they use when going into the taiga to
hunt. Three interviewees from Tokma and two from Vershina Khandy mentioned losing
hunting huts. An Evenki hunter from Vershina Khandy (Male, 30 Vershina Khandy,
August 2019) shared, “I had five or six winter huts, and three of them burned down, one
of them was burned by a fisherman and the other two burned down in a row due to the
geologists.”

The overall health of the taiga was a significant concern to most of the
interviewees. The aftermath of wildfires was commonly described as the ‘darkness’ of
the taiga, with the landscape now appearing black and desolate. With one Evenki elder
(Female, 60, Tokma, August 2020) stating, “Oh how scary when everything burned
down! Everything is black! the whole forest, scary to look at!” Specifically, in Tokma,
six out of the seven interviewees mentioned that the color of the forests had changed over
time, indicating that the landscape has been severely impacted by wildfires.

Recurring themes from the interviews also helped identify the causes of ignitions
(Figure 7). Textual analysis of the interviews revealed that 'outsiders' were the primary
concern regarding ignition risks, with a total of 24 mentions. Of particular concern were

the careless behaviors of outsiders while using informal roads during the fire-prone
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summer months. The classification of who was considered an outsider was somewhat
ambiguous, as the term was sometimes used to refer to tourists and at other times to
'strangers," and it is unclear if these terms were used interchangeably.

Figure 7
Factors Influencing Wildfire Ignitions Surrounding the Villages

Causes of Wildfire Ignitions
Identified by Local Residents

20 25 30

o
vl
[EnN
o
[EnN
51

Outsiders

|
Logging Operations NG
Vehicles I
Oil and Gas Operations G
O

Thunderstorms

Note: Histogram showing the number of times a topic (x-axis) was mentioned over the course of
10 interviews with locals from within the study areas conducted by project personnel. Text
analysis conducted in NVivo v.12.

Logging operations were perceived to be the second largest contributor to wildfire
ignitions by number of mentions (16 times) in six out of ten interviews in fire-relevant
components of interviews. Several interview participants referred to forest companies as
likely sources of ignitions due to poor forestry practices. They reported logging sites left
with large amounts of woody debris (Figure 8) often piled to be burned during the
summer, when taiga is most fire prone. Locals stated that they had engaged with the
loggers to ask why they didn't burn these piles in winter, but the response was that it was

challenging to burn in wet and snowy conditions. These practices, according to locals,



have significantly contributed to wildfire ignitions and essentially spread given that large
amounts of woody debris get left behind from timber harvesting.

Figure 8
Logging Debris

Note: a) Logging debris next to a logging road in Vershina Khandy. Photos by V. Kuklina, 2019;
b) Waste left from logging operations piled into a heap near Tokma. Source: V. Kuklina, 2021

Zombie fires were coded 12 times in translated interview texts pertaining to fires.
Participants described a persistent smoldering fire (Figure 9) that continues even after the
fire season ends and snow arrives, unlike typical fires that extinguish in unfavorable
weather conditions. They explained how smoldering can occur underground through the

winter and reignite on the surface the following summer.
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Figure 9
Smoldering Fire

5

Note: Smoldering fire idnified y projt Ieaddurig field work in Tokma in 021. Source: V.
Kuklina, 2021.

Oil and gas operations surrounding the villages in the past few years were also
considered to be a contributor to wildfire ignitions, which was mentioned 10 times in the
interviews. Increased anthropogenic activity and the construction of pipelines and drill
pads concerned the villagers. Participants specifically referred to the use of heavy
machinery for clearing forests and constructing seismic lines to search for natural oil and
gas reserves. Interviewees from both Tokma and Vershina Khandy even mentioned the
use of an ‘MTLB’ vehicle (Figure 10), a repurposed military tracked vehicle. They noted
that sparks from these machines during hot and dry summer months could easily ignite a
fire along the edges of the roads. This was considered a significant risk given the

presence of fine fuels near the roadways.
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Figure 10
Examples of MTLB vehicles

Note: @) An MTLB vehicle on the road near Vershina Khandy. Source: V. Kuklina, 2019; b) An
MTLB vehicle being driven on the taiga surrounding Tokma. Source: V. Kuklina, 2021.

The coded text revealed that naturally occurring wildfires resulting from lightning
strikes were perceived to be the least contributing factor to recent ignitions being
mentioned less than 5 times. Only two interviews mentioned lightning strikes as a cause.
Although wildfires are natural phenomena commonly found in taiga landscapes, the

locals believed that human activities were more closely associated with recent ignitions.

6.2. Wildfire Mapping
The purpose of the accuracy assessment was to evaluate how reliable the wildfire

data are for this particular region and determine if the product was appropriate for
evaluating localized wildfire extents and frequency over the past two decades. Tables 2
and 3 represent confusion matrices that summarize the results of the

accuracy assessments performed on the wildfire data obtained from Taluchi et al.

(2022) for the two study areas.
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Table 2

Results of Accuracy Assessment of Wildfire Perimeters Surrounding Tokma

Tokma Verification Data

Classification | Unburned | Burned Total User Accuracy
Data

Unburned 158 0 158 1

Burned 33 209 242 0.863636

Total 191 209 400 0

Total 0.827225 |1 0 0.9175

Producer’s

Accuracy

Overall Accuracy 91.75 Kappa Statistics 0.833426

Note. Accuracy assessment results showing an overall accuracy and Kappa coefficient.

Table 3

Results of Accuracy Assessment of Wildfire Perimeters Surrounding Vershina Khandy

Vershina
Khandy

Verification Data

Classification | Unburned | Burned Total User Accuracy
Data
Unburned 199 0.99497
Burned 26 101 0.74257
Total 224 76 0
Total 0.88393 | 0.98684
Producer’s
Accuracy

Overall Accuracy 91.00

Kappa Statistics 0.78542

Note. Accuracy assessment results showing an overall accuracy and Kappa coefficient.
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The burned area product was evaluated using overall accuracy, and a Kappa
statistic. A Kappa coefficients measure the agreement between two sets of classifications,
and a value closer to 1 indicates that the classification is significantly better than random
(Stehman, 1996). Despite the wildfire product slightly overestimating fires, the product's
overall accuracy of 91% for both Tokma and Vershina Khandy, with kappa coefficients
of 0.785 and 0.833 respectively, is acceptable for analyzing fire trends within the two
study areas.

When examining the areas burned in Tokma (Figure 11), the frequency of small
fires (< 1000 ha) and medium-sized fires (1000 to 10,000 ha) increased in the past two
decades. The greatest total area burned was confirmed to have occurred during the 2016
fire season.

Figure 11
Wildfires Surrounding Tokma

Tokma Area Burned and Number of Fires by Year
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Note: Figure shows the number of small (<1000 ha), medium (1000 < 10 000 ha), and large fires
(10 000 < 50 000 ha) in Tokma between 2001 and 2020. Source: Taluchi et al., 2022
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In Vershina Khandy, there were several years with no fires (Figure 12). From
2013 to 2018, there were fires each year, including several small and medium-sized fires
and a few large fires. The greatest total area burned in Vershina Khandy was also during
the 2016 fire season.

Figure 12
Wildfires Surrounding Vershina Khandy

Vershina Khandy Area Burned and Number of Fires by Year
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Note: Figure shows the number of small (<1000 ha), medium (1000 < 10 000 ha), and large fires
(10 000 < 50 000 ha) in Vershina Khandy between 2001 and 2020. Source: Taluchi et al., 2022

The map in Figure 13 shows the extent of the damage incurred from the wildfires
in 2016. Approximately 583,570 ha total area burned in the Tokma study area and 85,124
ha burned in areas surrounding Vershina Khandy. Among the areas burned were
significant parts of the obschinas’ lands in both study areas. Fires this year also burned an
oil/gas extraction pad southwest of Tokma close to both the Nepa and Khanda rivers

which may have served as natural fuel breaks limiting spread.
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Figure 13
Wildfires surrounding Tokma and Vershina Khandy

Note: Wildfires during the year 2016 in Tokma and Vershina Khandy. Sources: Talucci et al.
2022, NRT VIIRS, and OpenStreetMap Contributors, 2020. Cartography by author.
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6.2.1. Ignitions

The ignitions identified in the Tokma study area (Figure 14) occurred from May
2" to September 9. Whereas, in Vershina Khandy, ignitions began on June 2" and
lasted until September 21%. After evaluating the potential for lightning-induced fires, it
was discovered that 2 out of the 8 fires in Vershina Khandy could have been ignited by
lightning. In Tokma, on the other hand, it was determined that 5 out of the 10 fires could
have been caused by lightning, based on the occurrence of lightning strikes on the day of

ignition or within the previous two weeks.
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Figure 14
2016 Wildfire Ignitions and Lightning Strikes surrounding Tokma and Vershina Khandy
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Note: Lightning strikes and ignitions identified for the year 2016 in Tokma and Vershina
Khandy. Sources: NRT VIIRS 2016, Global Lightning Detection Network 2016, and
OpenStreetMap Contributors, 2020. Cartography by author.
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6.2.2. Zombie fires

Several 2017 wildfire burn scars were found to overlap (Figure 15) or occur in
close proximity to 2016 scars interpreted as likely zombie fires. A zombie identified
ignition west of Tokma was registered to have ignited during the last week of May,
whereas fires identified as zombies south of Tokma were ignited between June 21 and
July 26. In Vershina Khandy, zombie ignited fires were recorded in late June. In Tokma,
potential zombie fires accounted for approximately 45384 ha of area burned. Whereas, in
Vershina Khandy, potential zombie fires accounted for approximately 3488 ha of area

burned.
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Figure 15
Zombie Fires Identified in the Study Areas
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Note: Wildfires during the year 2016 and 2017 in and potential zombie fires identified in Tokma
and Vershina Khandy. Sources: Talucci et al. 2022, NRT VIIRS 2016, and OpenStreetMap
Contributors, 2020. Cartography by author.
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6.3. Informal Road Mapping

The digitized mapping of the informal road network (Figure 16) revealed
significant findings. In 2015, the Tokma area featured an extensive network of informal
roads (Figure 17) totaling 8,693 km, consisting of 3,927 km of logging roads and 4,766
km of oil/gas roads. Whereas the area surrounding Vershina Khandy had approximately
1,534 km of informal roads, including 460 km of logging roads and 1,074 km of oil

roads.
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Figure 16
The 2015 Informal Road Network Surrounding Tokma and Vershina Khandy
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Note: Informal road network surrounding the two villages. Sources: OpenStreetMap
Contributors, 2020.Cartography by author.
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When examining satellite imagery, it was evident that oil and gas roads often lead
to drill sites or oil pads. Oil and gas roads also exhibited a linear grid-like pattern,
particularly noticeable when encountering seismic clearings. In contrast, logging roads
usually ran parallel to each other, creating a ‘fishbone’ pattern. At the end of these
“fishbone’ patterned roads, empty patches of logged forests were often observed. This
pattern has also been observed in other regions where deforestation is common, such as
the Amazon (Arima et al., 2015). In terms of tone, oil and gas roads appeared brighter
and had smoother textures, while logging roads were duller and had rougher textures.
There were instances where it was challenging to differentiate between roads that were
intended for oil and gas use and those that were designed for forestry and logging
purposes.

Figure 17
Informal Roads of Tokma

EECTE

Note: Images depicting informal roads in the study area: (a) aerial view of informal roads, (b)
oil/gas access road, (c) local subsistence trail, (d) forestry road. Photos were taken by Dr. Vera
Kuklina during field work in 2019 and 2021.
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6.3. Bivariate Local Moran’s I

Spatial autocorrelation was evaluated using the Bivariate Local Moran's | based
on the distances from ignition sites (dependent variable) to each of the five independent
variables (lightning strikes, oil and gas roads, zombie fires, logging roads, and outsiders).
The results provided both a Global Moran’s I coefficient and a Local Moran’s I based
cluster map. Table 4 summarizes the Moran’s I coefficients for the various independent
and dependent variable for both study areas using the optimized- and fine-scale

tessellations.
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Table 4

Results of the Bivariate Local Moran’s I Between Wildfire Ignition Sites and Potential Drivers Identified from the Interviews

Variable Moran’s I Value Moran’s I Value  Moran’s I Value for Moran’s I Value p-values
for Tokma (large  for Tokma (small Vershina Khandy for Vershina
scale 1400 km?) scale 350 km?) (large scale Khandy(small
518 km?) scale 130 km?)
Lightning Strikes 0.036 0.041 0 0 0.001***
(strike locations)
Oil and Gas (ol 0.060 0.480 0.229 0.852 0.05*
and gas roads)
Zombie Fires -0.169 -0.0130 0 0 0.001***
(overlap analysis)
Logging (forestry 0.321 -0.211 0 0 0.001***
roads)
Outsiders 0 0 0 0 0.001***
(settlement
proximity)

Note. Statistical significance is indicated by * (p < 0.05), ** (p < 0.01), *** (p <.001)



The spatial autocorrelation analysis of lightning strikes and wildfire ignitions in
Tokma and Vershina Khandy indicates a random spatial pattern between the two
variables. Specifically, the optimal-scale tessellation yielded a 0.036 (p < 0.001) Moran’s
I coefficient for Tokma, and 0 (p < 0.001) for Vershina Khandy. This spatial randomness
was consistent with the results on a finer scale, where a Moran’s I coefficient of 0.041 (p
< 0.001) was obtained for Tokma, and 0 (p < 0.001) for Vershina Khandy.

The analysis of wildfire ignition sites and their proximity to oil and gas roads
revealed an overall positive spatial autocorrelation. In the Tokma area, the optimal-scale
analysis showed a Moran's | value of 0.060 (p < 0.05), indicating a spatial pattern closer
to randomness. However, at a finer scale, a positive spatial autocorrelation emerged with
a Moran's | value of 0.480 (p < 0.05). In Vershina Khandy, the optimal-scale analysis
displayed a Moran's | coefficient of 0.229 (p < 0.05), signifying a positive spatial
autocorrelation. On a finer scale, this positive autocorrelation was even stronger, with a
Moran's | value of 0.852 (p < 0.05).

In addition to the Moran's | coefficient, the Bivariate Local Moran's | test also
generated a cluster map, illustrating the clustering of ignition sites based on their count
within each quadrat and their average distances to the oil and gas roads. The cluster map
at the optimal scale (Figure 18) revealed two clusters categorized as 'low-high," two
clusters as 'high-low," and one cluster as 'high-high." Conversely, the cluster map at the
fine scale (Figure 19) displayed two 'low-high' clusters, one 'high-high' cluster, and five

‘high-low' clusters.
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Figure 18
Bivariate Local Moran’s I Optimal Scale Cluster Map For Ignitions and their Distances

to the Oil/Gas Road Network
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Note: The figure displays a cluster map from the Bivariate Local Moran's | test. Blue quadrats
indicate high ignition counts near the oil and gas road network, while pink quadrats represent
fewer ignitions further from the network. Red quadrats show high ignition counts that are also
distant from the road network.
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Figure 19
Bivariate Local Moran’s I Fine Scale Cluster Map For Ignitions and their Distances to

the Oil/Gas Road Network
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Note: The figure displays a cluster map from the Bivariate Local Moran's | test. Blue quadrats
indicate high ignition counts near the oil and gas road network, while pink quadrats represent
fewer ignitions further from the network. Red quadrats show high ignition counts that are also

distant from the road network.
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The ‘low-high’ clusters correspond to areas where the number of ignitions is high,
and they are located in close proximity to the oil and gas road network. In contrast, the
‘high-low’ clusters represent areas where the distance from the oil and gas road network
is substantial, and the number of fire ignitions is relatively low. Lastly, the ‘high-high’
clusters depict areas where both the distance from the oil and gas road network and the
number of ignitions is high.

In Tokma, both optimized- and fine-scale analyses revealed a small negative
autocorrelation between wildfire ignitions and distance to zombie fire ignitions. The fine-
scale analysis yielded a Moran's | coefficient of -0.169 (p < 0.001), while the optimized
analysis yielded a coefficient of -0.0130 (p < 0.001). However, for Vershina Khandy, a
random spatial pattern was indicated by coefficients for both optimized and fine scale
tessellations.

In Tokma, a fine-scale analysis showed a positive autocorrelation between
wildfire ignition sites and distances to logging roads, with a Moran’s I coefficient of
0.321 (p < 0.001). However, the optimized resolution resulted in a negative
autocorrelation with a Moran’s I coefficient of -0.211 (p < 0.001). In contrast, random
patterns were detected within the Vershina Khandy study area at both analytical scales.

Lastly, no significant patterns were detected between ignition sites and distances

to nearest settlements in either study area, at either scale.
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Chapter 7: Discussion

In the past three decades, the area surrounding the villages of Tokma and
Vershina Khandy has undergone significant land cover changes, resulting from both
naturally and anthropogenically ignited wildfires (Bilichenko et al., 2021; Morozova et
al., 2023). Although wildfires are a natural occurrence in this landscape, residents of both
villages reported a recent increase in their frequency and severity, coinciding with the rise
in extractive industries and anthropogenic activities facilitated by the informal road
network. The combination of such events has affected their traditional lifestyles centered
around hunting and gathering in the taiga. The locals' growing concern about the severity
of wildfires in the area indicates a noticeable shift in wildfire patterns. Particularly
noteworthy is the anomalous and severe fire season of 2016 which emerged as a point of
discussion during the interviews. Existing research (Talucchi et al., 2022) provides
support for these local observations, indicating a shift in wildfire patterns surrounding the
villages over the past 20 years. Specifically, the research highlights an increase in the
frequency of fires in the latter half of the decade after the year 2010 (Talucchi et al.,
2022).

Interview data provided valuable insights into potential contributing factors to
wildfire ignitions, however, a comprehensive on-site investigation is necessary to
pinpoint the exact cause of ignition. This study employed the Bivariate Local Moran's | to
gain a deeper understanding of the spatial patterns of ignitions. The analysis aimed to
assess Whether there was spatial dependence or clustering within ignitions and their
respective distances to the independent variables of lightning strikes, oil and gas

operations, zombie fires, logging operations, and ‘outsiders,” as identified responsible
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sources of wildfire ignitions by the residents. The results revealed a positive spatial
autocorrelation between wildfire ignitions and oil and gas operations by a measure of
their distances to oil and gas roads. However, no significant correlation was found
between ignitions and their distances to lightning strikes, logging roads, zombie fires, and
settlements.

The positive spatial association found between ignition sites and their distances to
oil and gas roads in both Tokma and Vershina Khandy supports the concerns that
residents had regarding oil and gas operations. The spatial autocorrelation analysis
yielded results at both the global and local levels. The global measure was inferred from a
positive Moran's | coefficient, indicating a clustering of ignitions based on their
proximity to the oil and gas road network. On the other hand, the local measure was
obtained from the cluster map generated by the spatial autocorrelation test. This
identified regions where anthropogenic activities may have the greatest influence on
ignitions, as measured by the proximity of ignitions to the oil and gas road network,
identified as the ‘low-high’ quadrats in the results section.

Although lightning strikes are recognized as the primary driver of Siberian
wildfires (e.g., Kharuk et al., 2021), the interviewees placed more importance on other
causes. Lightning strikes are known for their spatially random occurrences that can occur
across a variety of landscapes (Wotton & Martell, 2005). Factors such as topography,
land cover, and weather conditions can influence where lightning strikes (Arienti, 2009;
Veraverbeke et al., 2017). The results showed that in both study areas, several wildfire
ignitions occurred either on the same day or a few days after a nearby lightning strike.

Considering the expected increase in lightning-ignited wildfires in the circumpolar taiga
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as indicated by several studies (Veraverbeke et al., 2017; Moris et al., 2022; Hessilt et al.,
2022), there is a need for a more comprehensive assessment on the current and future role
of lightning-ignited wildfires in this region.

Zombie fires also exhibited a similar pattern of spatial randomness, as little to no
correlation was found between their occurrences and ignition sites in this study. Zombie
fires are a recently discovered and understudied phenomenon, and research on their
spatial patterns is limited (Scholten et al., 2021). Given that zombie fires have different
spatiotemporal characteristics than lightning or anthropogenically ignited wildfires,
research suggests that zombie fires need to be incorporated into fire models as a separate
ignition category when modeling future taiga wildfire regimes (Xu et al., 2022). This
makes knowledge co-production with local and Indigenous communities especially
urgent, as they are the first to witness zombie fires and can contribute valuable insights
into their suppression strategies, as well as their spatial and temporal distributions
(Scholten et al., 2021).

While some limited positive spatial autocorrelation was observed between
logging roads and ignitions at an optimal scale in the Tokma region, the majority of the
results showed either negative or no spatial autocorrelation. The absence of correlation
between logging roads and ignitions can be attributed to the practice of clear-cut lumber
harvesting, where patches of forests are intentionally cleared along the roadside. This
clearing process leads to a reduced presence of fuel along the roadways, making it less
likely for fires to start and spread along these roads. As a result, for a fire to propagate
along the road, it would require a significant amount of fuel, which may not be available

due to roadside forest clearings.
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Lastly, the lack of correlation between wildfire ignitions and their proximity to
the nearest settlement can be explained by the active suppression of wildfires surrounding
cities and other large settlements (Sirina 2021; Kuklina et al. 2022). For example, if an
‘outsider’ ignited a fire in the taiga near a major settlement, the fire would be actively
suppressed as it can pose a threat to the respective settlement.

The wildfires of 2016 left a lasting impact on the residents, as evident from their
recollections. This research further corroborates their experiences, revealing that the 2016
fire season witnessed the largest extent of area burned in the past two decades. The
severity of the wildfire season can largely be attributed to the heat wave that swept across
Siberia during that year (Seo et al., 2020; Overland, 2021). Unfortunately, such events in
Siberia are expected to become more frequent as the climate changes (Soja et al., 2007,
Chapin et al., 2008; Ponomarev et al., 2016; Kharuk et al., 2021). Future projections
indicate that rising temperatures, drier conditions, increased efficiency of lightning
strikes, and changes in vegetation patterns will create more favorable conditions for taiga
wildfires in the coming decades (Overland & Wang, 2021; Scholten et al., 2021; Burrell
et al., 2022; Hessilt et al., 2022; Moris et al., 2022).

As natural conditions in eastern Siberia become more favorable for wildfires, the
region is witnessing a concurrent rise in human activities, driven by the ongoing
development of its hydrocarbon reserves. The natural resource industries play a crucial
role in driving Russia's economic growth, and infrastructural projects like the Power of
Siberia pipeline serve as the economic foundation for the development of the Far East
(\VVatansever, 2017). This project is set to strengthen commercial partnerships with Asia,

creating promising opportunities for generating high economic revenue (Vatansever,
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2017). Consequently, this growth trajectory will inevitably lead to further development
and an upsurge in anthropogenic activities surrounding the villages of Tokma and
Vershina Khandy. Furthermore, In Tokma, the Irkutsk Oil Company plans to continue
development with foreign investment projects that focus on oil and gas development and
extraction in the area (Kuklina et al., 2020). Similarly, in Vershina Khandy, the
construction and operation of the Power of Siberia pipeline will result in the expansion of
informal road networks and other infrastructure in surrounding the village (Bilichenko et
al., 2021). In the region as a whole, to connect the area to international markets there are
plans to expand infrastructure along the BAM railway which also includes the
construction of a new highway (Morozova et al., 2023).

It is worth highlighting that the state holds significant control over oil and gas
transportation routes and export outlets in the country (Vatansever, 2017; Kanat et al.,
2022). This control allows the government to ensure that its interests and priorities are
taken into consideration when making decisions about the construction of new pipelines
(\Vatansever, 2017). Such control serves as a strategic tool for maintaining the state's
influence and economic power within the oil and gas sectors. Consequently, any policy
changes aimed at reducing the risk of ignitions from oil and gas operations would
necessitate the involvement and approval of the state.

While climate change possesses a threat to all humanity, Indigenous people are
the most vulnerable (Solovyeva et al., 2020). The Indigenous people of Siberia lack
sufficient resources to address wildfires, as federal funds allocated to Indigenous
communities prioritize infrastructure rebuilding for regional capacity enhancement rather

than environmental protection and restoration (Morozova, 2023). As a result of severe
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wildfire events, some Indigenous communities in the Canadian and Siberian taiga have
faced outmigration and detachment from their ancestral lands (Dodd et al., 2018).
However, others have chosen to stay and employ protective measures such as digging
trenches for fuel breaks and conducting early spring fuel treatments, even at the risk of
their lives during extreme fire events (Burnasheva, 2022). Although it remains uncertain
whether Tokma and Vershina Khandy will continue to face wildfire events similar to
those in 2016, it is important to note that they have a predominantly older population,
which places them in a vulnerable category during wildfires.

Given the anticipated natural changes and ongoing development in this region, it
is important to comprehend and quantify the risks and impacts associated with wildfires,
especially as the likelihood of both natural and human-caused ignitions continues to rise.
Therefore, collaboration with the numerous Indigenous communities who are at the
forefront of Siberian wildfires is necessary for untangling the rising complexities

surrounding taiga wildfire regimes.
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Chapter 8: Conclusions, Limitations, & Future Research Directions

The objective of this study was to understand the causes and frequencies of
wildfires surrounding the villages of Tokma and Vershina Khandy in eastern Siberia.
Residents of the villages identified an increase in industrial activities, particularly oil and
gas extraction and logging, in the past few years. These activities are predominantly
driven by Russian oil companies and international investors from China and Japan
interested in the region’s abundant natural resources (Krasnoshtanova, 2021; Morozova,
2023). Consequently, this has led to the expansion of the informal road network which
now serves as a route for tourists, industry workers, and local residents alike. Remote
sensing of wildfires in conjunction with interview data from local residents of the villages
confirmed that wildfire activity and severity have increased in the past decade with 2016
being the harshest year to date. A Bivariate Local Moran’s I was employed in this
research to test for spatial autocorrelation between wildfire ignitions and the variables of
lightning strikes, oil and gas operations, zombie fires, logging operations, and ‘outsiders.’
The results identified a positive spatial association between wildfire ignitions and their
distances to the oil and gas road network surrounding the villages. The remaining
variables showed no significant result.

There are several limitations to this study. The first limitation of the analysis lies
within the spatial resolution of the wildfire ignition data obtained from the VIIRS sensor
which has a spatial resolution of 375 m (NRT VIIRS). When the sensor is recording a
thermal anomaly from space, it is registering a fire that can be anywhere within an area of
140,625 m?, which is a good estimate, but it does not provide the exact location of where

the fire started.
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Another limitation lies in the road network used within the analysis which was
mapped using imagery from the year 2015 which presents a challenge in determining
which roads were actively being used in 2016. Additionally, during the classification of
the mapped roads as explained in the road digitization section, it was sometimes difficult
to distinguish between roads used for logging operations and those used by oil and gas
companies. Therefore, these classification errors may have contributed to misinformation
within the results.

Lastly, while this research provides insight into the possible natural and
anthropogenic sources of wildfire ignitions surrounding Tokma and Vershina Khandy, it
does not account for these how fires spread. In this study, unique fire events were
identified based on a specific radius and date recorded. However, the study did not
consider the influence of factors such as wind speed, wind direction, and drought
conditions on fire behavior. For example, in cases where a fire originated from a
lightning strike or a human-caused ignition, embers from that fire could be carried several
kilometers by the wind, potentially igniting new fires in other areas which was not
considered when identifying unique wildfire ignitions for this study.

There is ample room for expanding the methodology employed in this research to
yield more comprehensive findings in future investigations. Subsequent iterations of this
study will incorporate data on fuel availability and fire weather to enhance the
determination of unique ignition events. Additionally, a comprehensive dataset will be
utilized for spatial autocorrelation analyses, encompassing multiple years of ignition,
lightning strikes, and road network data. This will provide insights into long-term trends

and variations in fire ignition patterns. Moreover, to ensure accuracy in road
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classification, thorough ground validation efforts will be undertaken to verify that the
mapped roads accurately reflect their functional use on the ground. Lastly, recognizing
the influence of scale on the analytical outcomes of spatial statistics, future research will
utilize quadrats of varying sizes until statistically significant spatial results are obtained
(Qi & Wu, 1996).

As it currently stands, this study effectively addressed the research questions it
posed. It mapped the extent of informal roads, identified the various natural and
anthropogenic sources of ignitions, and quantified the number and size of fires over the
years. By combining qualitative interview data with remote sensing and spatial statistics,
this study employed a mixed-methodological approach, well-suited for understanding
complex social-ecological problems (Chapin et al., 2008). This thesis offers valuable
contributions to the understanding of Siberian taiga wildfires. It sheds light on the natural
causes of these fires, their impact on Indigenous communities, and explores the role that
informal road networks can play in initiating taiga wildfires. The thesis also responds to
the need for further studies examining the influence of informal road networks on
wildfire ignitions (Gralewicz et al., 2012; Narayanaraj & Wimberly, 2012; Bar Massada
etal., 2013).

Integration of Indigenous and local knowledge in this study offered insight from
long-term residents of taiga landscapes that have witnessed both natural and
anthropogenic changes experienced by the lands over the years. Collaborating with local
and Indigenous taiga communities can provide valuable insights into the natural and
human factors that contribute to remote wildfires in the taiga which are happening with

increasing frequency and severity (Overland & Wang, 2021). This collaboration not only
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helps identify the drivers behind these fires but also assists fire managers in
implementing effective suppression strategies such as early detection of fires,
identification of smoldering fires, and fuel assessment (Nikolakis et al., 2022;
Christianson et al., 2022). By fostering collaborative efforts, the capacity to effectively
manage taiga wildfires can be enhanced, particularly in the face of evolving

environmental conditions and heightened anthropogenic activity.
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Appendix A

the Taiga

burned taiga, dead forests, and loss of
biodiversity.

Name Description Reference
S
Outsiders References to strangers as ignitors of 24
wildfires
Logging Operations Text coded on the use of logging trucks 16
and heavy machinery, burning of
logging waste, and dead stand left
behind from logging.
Lightning strikes References to wildfire ignitions during 2
thunderstorms.
Zombie Fires References to the presence of zombie 12
fires, where fires do not extinguish after
the fire season is over but continue to
burn through the winter under the snow.
Oil and Gas Operations Text coded on oil and gas operations 10
such as building seismic line clearings,
use of heavy machinery, and ignitions
by affiliated workers.
Inhalation of Wildfire Text coded on references to wildfire 2
Smoke smoke around the villages
Subsistence-based flora A collection of nodes on burning of the 5
impacted various berry bushes, Siberian pine
trees, and other flora.
Subsistence-based fauna A collection of nodes on burning of 9
impacted hunting grounds, loss in animals such
as reindeer, grouse, and sable and
increase in predators such as bears.
Burning of Hunting Huts | Text coded on mentions of hunting huts 13
burned as a result of wildfires
Concern for the Health of Text coded containing references to a 19

Appendix A. Code book for coding interviews in NVivo (version 12) software
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Appendix B

Python Code Used to Obtain Wildfire Ignition Information

#%%

import arcpy

arcpy.env.overwriteOutput =True
arcpy.env.workspace = r'./Wildfirelgnitions.gdb’
#%%

arcpy.ListFeatureClasses()

# %%

# get data sorted by cluster 1D, year and time to organize
arcpy.management.Sort(in_dataset="viirs_2016_point_clusters',
out_dataset = 'sorted 2016’
sort_field = [[[CLUSTER_ID'ASCENDING'],
[[ACQ_DATE''ASCENDING,
[ACQ_TIME'ASCENDING'])
# %% add a field to hold "first ignition™ flag
arcpy.management.AddField(in_table='sorted_2016',
field_name ='FLAG',
field_type = 'SHORT")

# %% get list of all unique cluster ids for this shapefile (so we can loop through
them)
unique_ids =[]
with arcpy.da.SearchCursor(in_table='sorted 2016",
field_names ='CLUSTER_ID',
sgl_clause= ('DISTINCT CLUSTER_ID',None)) as rows:

for row in rows:
unique_ids.append(row[0])
unique_ids = sorted(unique_ids)

# %% iterate through cluster ids, make feature layer for selction, select cluster i,
# update flag for first row, then break out of cursor and move to next cluster

for id in unique_ids:
arcpy.management.MakeFeatureLayer('sorted_2016','sorted_FL")
arcpy.SelectLayerByAttribute_management(in_layer_or_view='sorted_FL',

82



selection_type="NEW_SELECTION',
where_clause=f'CLUSTER_ID = {id})

with arcpy.da.UpdateCursor(in_table = 'sorted_FL"',
field_names=['FLAG']) as rows:

for row in rows:

row[0] =1
rows.updateRow(row)
break

# %% make new selection of all FLAG = 1 and copy rows to new file
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Appendix C

Optimal and Fine Scale Cluster Maps Obtained from the Bivariate Local Moran’s I Test

\:’ Not Significant
[ High-Low
- Undefined
- Neighbourless
Figure C1. Optimal scale cluster maps obtained from the Bivariate Local Moran’s I
calculated between lightning strikes and wildfire ignitions for the year 2016.
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Figure C2. Fine scale cluster maps obtained from the Bivariate Local Moran’s I
calculated between lightning strikes and wildfire ignitions for the year 2016.
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Figure C3. Optimal scale cluster maps obtained from the Bivariate Local Moran’s I
calculated between zombie fires and wildfire ignitions for the year 2017.
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Figure C4. Fine scale cluster maps obtained from the Bivariate Local Moran’s I
calculated between zombie fires and wildfire ignitions for the year 2017.

Figure C5. Optimal scale cluster maps obtained from the Bivariate Local Moran’s |
calculated between logging roads and wildfire ignitions for the year 2016.
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Figure C6. Fine scale cluster maps obtained from the Bivariate Local Moran’s I
calculated between logging roads and wildfire ignitions for the year 2016.
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Figure C7. Optimal scale cluster maps obtained from the Bivariate Local Moran’s I
calculated between settlements and wildfire ignitions for the year 2016.
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Figure C8. Fine scale cluster maps obtained from the Bivariate Local Moran’s I
calculated between settlements and wildfire ignitions for the year 2016.

88



