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ABSTRACT

Forest fires are a significant natural surface disturbance to permafrost landscapes. However,
post-fire permafrost literature is mainly derived from research in the western North American boreal
forest. This thesis research, conducted in collaboration with a multi-disciplinary, multi-institutional
team of researchers, is the first investigation of post-fire frozen ground conditions in the coastal
boreal forests of the eastern Canadian subarctic, where precipitation amounts are greater and fire
intervals are much longer than in the West.

Ground thermal conditions and related environmental variables were evaluated from summer
and winter measurements at three historic forest fire sites in Nunatsiavut, coastal Labrador.
Electrical resistivity tomography was used to assess the presence and distribution of frozen ground.
Abiotic and biotic variables, thought to be associated with post-fire permafrost persistence, were
subject to a series of exploratory data analyses, including a Principal Components Analysis (PCA).
Based on the literature, it was hypothesized that ground temperatures would be lower in the
undisturbed, closed-canopy forest than in the adjacent burned areas, due to greater interception of
snow, a thick and undisturbed organic mat, and greater shading of the ground. Burned areas were
expected to have lesser organic mat thicknesses and greater shrub cover. It was expected that
permafrost, if present, would be located beneath forest cover, while degrading in the burned areas.
Numerical modelling was also performed for two of the sites to investigate future change in post-
fire ground thermal conditions as the climate warms.

Frozen ground conditions varied at the three sites. Near Nain, some patches of perennially
frozen ground were identified in the undisturbed sections along the transects, with their presence
and persistence relating to the intact canopy cover and the fine-grained sediments. Thermal
modelling simulations to the end of this century demonstrated the resilience of this thin permafrost

to at least 2060, even when subjected to fire disturbance and continued climate warming. No
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permafrost was identified along the transects at the southernmost site near Postville, reflecting the
warmer climate at this site. Post-fire vegetation cover at all three sites was dominated by shrubs, but
their snow-trapping effect, which is commonly observed in tundra environments, was limited by the
deep (>1.3 m) snow cover throughout the sites and the presence of other erect vegetation, including
regenerating trees or standing dead. The PCA did not reveal consistent associations between any of
the biotic or abiotic variables, reflecting the complexity of the post-fire ecosystem. However, the
PCA did show that burned sections differ in terms of canopy cover and snow depth, underlining the
critical role of an intact forest canopy in the ecological protection of sensitive, discontinuous
permafrost. Despite the absence of clear links between the variables, this research provides
important first insights into fire-associated ecosystem change and its impact on permafrost in eastern

Canada.
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H) Principal Components 1 and 3, and (C-F-I) Principal Components 2 and 3 at the TB, WB, and BR sites.
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CHAPTER 1 : INTRODUCTION
1.1 Introduction

Permafrost, or perennially frozen ground, is a geological and climatological phenomenon
that refers to ground or earth materials that remain at or below 0°C for at least two consecutive years.
Permafrost can be classified by its thickness and extent into zones of continuous, extensive
discontinuous, sporadic discontinuous, and isolated patches of permafrost (Heginbottom et al.,
1995). However, its extent and thickness, and therefore its distribution and stability, are intricately
linked with past and present conditions in the physical landscape, climate, and vegetation of the
surrounding environment.

Permafrost distribution, particularly in the northern hemisphere, relies on a combination of
regional relief, aspect, ground material properties, vegetation, snow cover, and hydrology (French,
2017). This thesis concerns the presence and post-disturbance response of frozen ground in forested
lowland locations in coastal Labrador, Canada. The distribution and persistence of permafrost in
coastal Labrador, to a southern limit of 51.4°N (Heginbottom et al., 1995), is primarily linked to the
climatic influence of the cold Labrador Current, which carries Arctic waters down the eastern coast
of mainland Canada (Foster 1983; Banfield and Jacobs, 1998; Roberts et al., 2006). In Labrador,
permafrost is primarily found in tundra and unvegetated areas with relatively thin snow cover (Way
and Lewkowicz, 2018). However, permafrost has also been detected under forest cover in northern
and central coastal Labrador (Way et al., in preparation), and under thick layers of organic material
in southern Labrador (Way and Lewkowicz, 2018; Way et al., 2018).

Other than coastal Labrador, the Kamchatka Peninsula and the Bristol Bay region of
southwestern Alaska are some of the only other coastal regions in the northern hemisphere where
permafrost exists south of 60°N (Figure 1-1). Understanding the drivers of permafrost distribution

in these comparable regions helps to contextualize the permafrost in coastal Labrador (Table 1-1).
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Figure 1-1. Distribution of Permafrost Zones in the Northern Hemisphere (Brown et al., 2002).
Comparable low latitude (south of 60°N) coastal permafrost regions to Labrador are labelled and

identified. Parallel at 60°N is identified by a grey line.



Table 1-1. Comparison of Low Latitude (south of 60°N) Coastal Permafrost Regions in the Northern
Hemisphere.

Temperature = frost P frost
of Adjacent ermairos ermairos L
Reqion Ocean Presence in Presence in Permafrost Distribution Selected Relevant
9 Lowland Elevated Patterns References
Masses and - .
Locations Regions
Currents
Permafrost is primarily
found in tundra and
unyegetated sites with Bell et al., 2011:
Coastal little snow cover. Wav & Lewkowicz
Labrador COLD YES YES Permafrost can also be y - ’
. 2016; Way &
(Canada) found in some forested Lewkowicz. 2018
locations, and in locations ’
with thick organic mats in
southern Labrador.
Sone et al., 2006;
Abramov et al.,
Kamchatka Permafrost is found in 2008; Bakalin &
Peninsula COLD NO YES elevated regions with little Vetrova, 2008;
(Russia) SNOW COVer. Fukui et al., 2008;
Jones & Solomina,
2015
Permafrost is found in
Bristol Bay eIIevated regions. In
Region on owland regions, -
Alaska WARM and YES YES permafrost is found in Muller, 1955;
. COLD areas with favourable Pastick et al., 2015
Peninsula sediments, little snow
(USA) ’

cover, and thick organic
mats.

The Kamchatka Peninsula in Russia is the most comparable region to Labrador in terms of
latitude. It is a mountainous region, bordered to the east by the Bering Sea and the Pacific Ocean
and to the west by the Sea of Okhotsk (Jones and Solomina, 2015). As with Labrador, its climate is
linked to the influence of cold ocean currents, but despite this, little permafrost is reported south of
57°N (Fukui et al., 2008; Jones and Solomina, 2015). North of 57°N, discontinuous permafrost is
present at elevations above several hundred m a.s.l. in the mountainous central and northern parts
of the peninsula (Sone et al., 2006; Abramov et al., 2008; Bakalin and Vetrova, 2008; Jones and

Solomina, 2015). The lack of permafrost below this latitudinal and altitudinal boundary is attributed



to mild winters and deep snow cover (Jones and Solomina, 2015). In coastal Labrador, permafrost
persists at both lower latitudes and elevations (Bell et al., 2011; Way and Lewkowicz, 2016; Way
and Lewkowicz, 2018; Way et al., 2018).

Coastal Alaska, on the western edge of the North American continent, also exhibits
permafrost at latitudes south of 60°N. Permafrost distribution in Alaska is generally controlled by a
combination of low mean annual air temperatures and little winter and annual precipitation (Pastick
et al., 2015). In the Bristol Bay region, at the northern neck of the Alaska Peninsula, discontinuous
permafrost is mainly present in lowland areas with relatively shallow snow cover, favourable ground
materials like silt and fine sand, and a thick organic mat (Muller, 1955). In winter, many lowland
sections in this region of coastal Alaska are blown free of snow, permitting permafrost persistence
at latitudes south of 60°N (Muller, 1955). Further south along the Alaska Peninsula, the influence
of the warm Alaska Current causes higher mean annual air temperatures and greater annual
precipitation, which are not favourable for permafrost formation or persistence (Muller, 1955).

The consideration of permafrost distribution in eastern Russia and southwestern Alaska,
(Table 1-1), helps place that of coastal Labrador in a geographic context (Figure 1-1). Permafrost in
these coastal, low latitude regions is particularly susceptible to climate warming. Rapid changes to
permafrost environments have been observed and predicted throughout the North, through warming
of ground temperatures and degradation and loss of frozen ground in both discontinuous and
continuous permafrost zones (Anisimov and Nelson, 1997).

The response of permafrost to current climate warming trends can be complicated by surface
disturbance, such as forest fire. Forest fires, which are the most widespread natural surface
disturbance to discontinuous permafrost, destroy vegetation and organic matter, which are important
natural buffers to the ground (Barrett et al., 2010). Fire is a common and natural element of the
boreal forest ecosystem, but recent climatic warming, associated with prolonged droughts and more
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severe thunderstorm activity (Nash and Johnson, 1996), has resulted in changed fire regimes
(Flannigan et al., 2005). The number of fires and the corresponding area burned in the Canadian
boreal forest has increased and is projected to continue to grow through the rest of this century
(Flannigan et al., 2005; Balshi et al., 2009; Wotton et al., 2010). This trend is especially apparent in
the continental boreal forests of western Canada and Alaska (Holloway et al., 2020), where the fire
interval is reported to be as short as 50 to 150 years (Coops et al., 2018). In contrast, there have been
no previous investigations of frozen ground conditions following fire in the northeastern Canadian
boreal forest. The main objective of this dissertation is to address the current gap in post-fire
permafrost literature for the eastern Canadian subarctic. This information will improve our

understanding of how frozen ground responds to forest fires in coastal Labrador.

1.2 Research Goals and Objectives

The goal of this thesis is to examine post-fire ground thermal conditions at three recent forest
fire sites in Nunatsiavut, in coastal Labrador. This was achieved through three main research
objectives:

1) To describe frozen ground conditions at each site. Subsurface conditions are portrayed
along burned to unburned transects using geophysical surveys, validated by other
permafrost field techniques (Chapter 4).

2) To investigate the major factors influencing ground thermal properties. Statistical
analyses are used to examine relationships between ground conditions and other site
characteristics, including snow depth, organic layer thickness, soil temperature and
moisture, canopy cover, and shrub height and density, in both burned and unburned

sections of the study sites (Chapter 4).



3) To model the long-term post-fire response of frozen ground at two of the sites under a
warming climate. One-dimensional thermal modelling, based on field data, is used to
hindcast changes in frozen ground conditions since the forest fire events and forecast
future changes to 2100 under moderate and aggressive climate warming scenarios
(Chapter 5). Modelling is not undertaken for the southernmost site (Beaver River) where
permafrost does not appear to be extant.

This research enhances our understanding of the effects of forest fire disturbance on ground

thermal conditions in the boreal forests of coastal Labrador. It was conducted in collaboration with
a multi-disciplinary group of researchers from Memorial University, Université de Montréal, and

Queen’s University.

1.3 Background

1.3.1 Permafrost and the Ground Thermal Regime

Permafrost is defined as ground or earth materials that remain at or below a temperature of
0°C for at least two consecutive years. Permafrost is found in high latitude and/or high elevation
regions (Heginbottom et al., 1995; Figure 1-1), where low air temperatures and other associated
climatic variables favour its formation and persistence.

At all scales, the surface energy balance controls ground temperatures and the ground
thermal regime. At a regional scale, the distribution of permafrost is closely related to the mean
annual air temperature (MAAT) isotherms. For example, the southern boundary of the continuous
permafrost zone generally corresponds to the -8°C isotherm (Heginbottom et al., 1995). At a local
scale, however, the relationship between mean annual air temperature and the ground thermal regime
is complicated by other environmental and ecosystem-related variables, including snow cover,
vegetation cover, organic layer thickness, and soil thermal conductivity (Williams and Smith, 1989;
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French, 2017). At a given site, the structure and state of permafrost can be conceptualized as being
linked to surface and thermal offsets, based on relationships between the MAAT, the mean annual
ground surface temperature (MAGST), and the temperature at the top of the permafrost (TTOP)

(Smith and Riseborough, 2002; Figure 1-2).

Mean Annual Temperature Profile
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Snowcover/Vegetation
0 | MAGST ~ ~——————————
= |
§ | Active Layer
< |
% -1 |
T i — TTOP
= Thermal :
T, Offset |
e |
| Permafrost
Geothermal I
-3 7 Gradient :
|
|
|
_4 T T T . TTTTTTTTTTT

9 8 7 & 5 -4
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Figure 1-2. Idealized Schematic of Mean Annual Air, Ground Surface, and Ground Temperatures
(from Smith and Riseborough, 2002).

The surface offset is defined as:

surface of fset (°C) = MAGST (°C) — MAAT (°C) (1-1)
It is a combination of the vegetation offset, based on the cooling effects of vegetation shading during
summer, and the nival offset, representing the insulating effects of snow cover during winter (Smith
and Riseborough, 2002). During summer, vegetation decreases ground surface temperatures
through interception of incoming solar radiation and evapotranspiration processes (Williams and
Smith, 1989; Smith and Riseborough, 2002). During winter, vegetation also indirectly influences

ground surface temperatures by either intercepting falling snow, resulting in thinner snow cover and



lower ground temperatures, or by trapping of blowing snow, resulting in thicker snow cover and
higher ground temperatures (Sturm et al., 2005; Lawrence and Swenson, 2011). At most sites, the
surface offset is dominated by this nival offset, so the MAGST tends to be greater than the MAAT
(Smith and Riseborough, 2002). The nival offset is responsible for patterns of permafrost
distribution at the boundary between the continuous and discontinuous permafrost zones (Smith and
Riseborough, 2002).

Further south, in regions with less favourable climate conditions, permafrost is primarily
restricted to peatland locations (Zoltai, 1972; Payette et al., 2004). Permafrost occurrence in these
regions is largely attributed to the thermal offset (Smith and Riseborough, 2002; Shur and Jorgenson,

2007), which is defined as:

thermal of fset (°C) = TTOP (°C) — MAGST (°C) (1-2)

The thermal offset is controlled by the difference in soil thermal conductivity when frozen and
unfrozen (Williams and Smith, 1989), due to the higher thermal conductivity of ice (2.230 W/m/K)
compared to that of water (0.605 W/m/K; Johnston, 1981). At low moisture contents, frozen and
unfrozen thermal conductivities do not differ significantly (Burn and Smith, 1988), so little or no
thermal offset is expected (e.g., in massive bedrock). In contrast, the variation in moisture contents
and thermal conductivities of organic materials is much greater, resulting in a large thermal offset.
A thick organic mat discourages heat penetration in summer and promotes heat loss in winter,
ultimately favouring lower mean annual ground temperatures (Williams and Smith, 1989).

The ground thermal regime at a given site can be visualized from trumpet curves, composed
of annual minimum and maximum temperatures that converge at the depth of zero annual amplitude
(Figure 1-3). The depths of the base of the active layer, the top of the permafrost, and the base of

the permafrost can also be identified from such trumpet curves (Figure 1-4).
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The depth of zero annual amplitude is the depth at which the range between the maximum
and minimum temperatures converges to less than 0.1 K. This represents the shallowest depth at
which seasonal variation in the air temperature no longer influences ground temperature. The
temperature at the depth of zero annual amplitude is conventionally referred to as the mean annual
ground temperature (MAGT).

The top of the permafrost is defined as the depth at which the maximum temperature curve
crosses 0°C. At most sites, the top of permafrost coincides with the base of the active layer (Figure
1-4-A), which is defined as the layer of ground that undergoes annual thawing and freezing. In the
absence of a talik, which is a body of perennially unfrozen ground, the base of the active layer
represents the depth to which seasonal thawing occurs. However following surface disturbance
and/or climate warming, a supra-permafrost talik may develop. When a talik is present, the base of
the active layer is defined as the depth at which the minimum temperature curve exceeds 0°C, i.e.,
the depth to which seasonal freezing occurs (Figure 1-4-B).

The base of the permafrost is defined as the depth at which the maximum temperature curve

crosses 0°C. Below the base of permafrost, the ground is unfrozen, due to the geothermal heat flux.

1.3.2 Permafrost Classification

Shur and Jorgenson (2007) summarized the effects of climate warming and ecosystem
disturbance and succession on perennially frozen ground by defining five main classes of
permafrost: 1) climate-driven permafrost; 2) climate-driven, ecosystem-modified permafrost; 3)
climate-driven, ecosystem-protected permafrost; 4) ecosystem-driven permafrost; and 5)
ecosystem-protected permafrost (Figure 1-5). Classes 1 through 3 typically describe permafrost that
formed under previous colder climate conditions. In certain cases, such as in deltas and other areas

of new sedimentation, climate-driven permafrost aggradation can still occur under current climate
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conditions. Climate-driven, ecosystem-modified permafrost is affected by ecological succession,

resulting in change to the permafrost thickness and temperature, such as by thickening of the organic

layer. Climate-driven, ecosystem-protected permafrost is presently buffered by ecological

succession, despite warmer climate conditions that are unfavourable for permafrost formation and

persistence. Ecosystem-driven permafrost is formed as a direct result of ecological succession.

Ecosystem-protected permafrost is similar to climate-driven, ecosystem-protected permafrost, in

that it formed under colder climate conditions, but its persistence is directly attributed to the later

stages of ecological succession. Ecosystem-protected permafrost is the most sensitive of the five

classes, as it cannot be re-established following disturbance, such as forest fire.
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Figure 1-5. Classification of Permafrost According to Climate, Disturbance, and Ecological
Succession Conditions (from Shur and Jorgenson, 2007).
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1.3.3 Post-Fire Permafrost Response

Forest fires are widespread surface disturbances that can have both short- and long-term
impacts on the ground thermal regime. Immediately following fire, increased heat penetration occurs
during summer, while heat loss from the ground is reduced during winter (Gibson et al., 2018).
These effects are attributed to post-fire loss of shade and snow-intercepting canopy, removal of
insulating organic material, and lowering of site albedo due to darkening of the ground surface
(Dyrness et al., 1986; Gibson et al., 2018). Post-fire increases in ground temperatures have been
reported in permafrost regions throughout the North American boreal forest, particularly in Alaska
and the Northwest Territories (Jafarov et al., 2013; Nossov et al., 2013; Fisher et al., 2016; Gibson
et al., 2018; Holloway et al., 2020). This increase in ground temperatures causes thickening of the
active layer (Holloway et al., 2020). In the western North American boreal forest, active layer
thicknesses increase by approximately 60% within the first decade following fire, but they are
reported to stabilize and return to pre-fire conditions within the next decade (Smith et al., 2015;
Gibson et al., 2018; Holloway et al., 2020). In some cases, the net increase of heat flow into the
ground also facilitates the development of supra-permafrost taliks that persist for several decades
and that do not begin to recover until active layer thicknesses have returned to pre-fire conditions
(Gibson et al., 2018). Some models also show enhanced post-fire permafrost thaw occurring from
the base of permafrost (Zhang et al. 2015).

The impacts of fire disturbance on the ground thermal regime can last for decades (Holloway
et al., 2020). Post-fire vegetation recovery has been modelled to occur along a two-segment linear
pattern in which the forest canopy recovers to 66% of the pre-fire conditions over 25 years and
achieves full recovery to pre-fire conditions during a second 25-year period (Zhang et al., 2015).
This estimate accords with a remote sensing-based study that found that forests in central Labrador

reached a standard 80% reforestation threshold after an average of 44 years following fire
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disturbance (Miranda et al., 2016). Following fire, ice-poor permafrost is subject to three potential
trajectories (Figure 1-6), based on a combination of conditions during the pre-fire period, the fire
disturbance itself, and the post-fire period (Holloway et al., 2020). In trajectory A, the active layer
experiences temporary thickening. Active layer thicknesses may return to pre-fire conditions within
the first decade following fire (Holloway et al., 2020). In trajectories B and C, the development of
a supra-permafrost talik is initiated. This talik could recover, as outlined in trajectory B, or it could

continue to deepen, potentially resulting in the total loss of permafrost, as outlined in trajectory C.
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Figure 1-6. Schematic of Possible Post-Fire Trajectories of Ice-Poor Permafrost (adapted from
Holloway et al., 2020). Trajectory A describes temporary thickening and deepening of the active
layer. Trajectory B describes the development of a talik, followed by permafrost recovery.
Trajectory C describes the development of a talik, followed by long-term permafrost degradation
and possible loss of permafrost.

Permafrost modelling is a useful approach for providing insight into the response of frozen

ground to various disturbances, over a variety of time scales. One-dimensional thermal modelling

of the post-fire permafrost response has been applied in many studies within the North American
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boreal forest. The most frequently used models are NEST (Zhang et al., 2003) and GIPL (Marchenko
et al., 2008). The NEST model has been applied to examine spatial and temporal effects of fire in
forested and tundra regions in the Northwest Territories (Zhang et al., 2015), while GIPL has been
used to investigate the effects of climate warming and fire disturbance on frozen ground in forested
regions in Alaska (Jorgenson et al., 2010; Jafarov et al., 2013; Treat et al., 2013; Brown et al., 2015).
TONE, developed by Goodrich (1978), is also commonly used in permafrost modelling applications,
but it has never been used for post-fire simulations. Like post-fire permafrost field studies, modelling
of post-fire ground conditions in the North American boreal forest are concentrated in the West,
particularly in Alaska and the Northwest Territories (Holloway et al., 2020). No previous
investigations of the long-term impacts of fire disturbance on ground thermal conditions have been

conducted in the boreal forests of coastal Labrador.

1.4 Thesis Structure

This thesis consists of six chapters. This first chapter outlines the context and thesis
objectives. Chapter 2 describes the climate, physical landscape, and vegetation of the coastal
Labrador region and the study sites. The third chapter contains detailed descriptions and
justifications for the methodology used. Chapters 4 and 5 constitute the results and correspond to
two manuscripts that will be submitted to a peer-reviewed journal or conference proceedings
publication volume. Chapter 4 is an exploratory analysis of ground, vegetation, and snow conditions
at three recent forest fire sites in Nunatsiavut. Using a combination of field investigations, standard
to permafrost science, ecology, and snow science, it provides a qualitative interpretation of inter-
site differences and intra-site conditions, based on observations collected during both summer and
winter. Forest canopy is identified as being critical to ground thermal conditions at the study sites,

while the deep snowpack limits the impact of shrubs on the ground thermal regime. Chapter 4 was
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generated with guidance from co-authors Dr. Antoni Lewkowicz, Dr. Luise Hermanutz, and Dr.
Robert Way. Chapter 5 contains a thermal modelling analysis of frozen ground conditions at two
forest fire sites near Nain, Nunatsiavut. Numerical modelling using TEMP/W was applied to
estimate the sensitivity and response of permafrost to fire disturbance under both moderate and
aggressive climate warming scenarios. This contribution demonstrates that frozen ground in lowland
forested regions in central coastal Nunatsiavut are resilient to fire disturbance, and, despite post-fire
talik development, permafrost typically manages to recover from the degradational impacts of fire
disturbance. The results from this analysis agree with similar post-fire permafrost modelling studies
that demonstrate that fire accelerates the loss of permafrost, but that permafrost loss is ultimately
attributed to an increase in air and ground temperatures. Chapter 5 was generated with guidance
from co-authors Dr. Antoni Lewkowicz, Jean Holloway, and Dr. Robert Way. Finally, Chapter 6

contains concluding statements and a discussion of the limitations of this research.
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CHAPTER 2 : STUDY AREA AND SITE SELECTION

Labrador, located in northeastern Canada, is the continental portion of the Canadian province
of Newfoundland and Labrador. Field investigations and modelling efforts for this project are
concentrated at three sites within Nunatsiavut, an Inuit land claim zone covering approximately
15,800 km? of land in northern coastal Labrador (Roberts et al., 2006). The following sections
comprise an overview of the climate, glacial history, permafrost distribution, and forest composition

of Nunatsiavut and the greater coastal Labrador region.

2.1 Climate

Labrador’s climate is strongly influenced by the Labrador Current that carries cold Arctic
waters down the Atlantic coast of Canada (Foster 1983; Banfield and Jacobs, 1998; Roberts et al.,
2006). Throughout Nunatsiavut and much of Labrador, winters tend to be long and cold, and
summers tend to be short and cool (Hare, 1950; Banfield and Jacobs, 1998). The proximity of the
region to the Atlantic Ocean makes the air temperatures particularly sensitive and responsive to
changes in ocean surface temperatures and climatic oscillations, such as the Arctic Oscillation, the
Atlantic Multidecadal Oscillation, and the El Nifio Southern Oscillation (Way and Viau, 2015).
Since the end of the 19" century, the Labrador region has experienced an overall increase in air
temperature of approximately 1.5°C (Way and Viau, 2015). However, this warming trend has not
been evenly distributed among the four major seasons, nor has it been linear through time. From
1880 to 2010, the greatest warming trend (+2.03°C) was during the winter, and the smallest warming
trend was during the spring (+0.96°C) (Way and Viau, 2015). The prominent winter warming signal
has been linked to changes in snow depth, snow distribution, and sea ice formation and break-up
(Way and Viau, 2015). Warming in Labrador was gradual from the 1880s to the 1960s, but cooling

then took place through to the mid-1990s. A notable increase in air temperature from the mid-1990s
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to present is attributed to a combination of both natural and anthropogenic influences (Way and
Viau, 2015).

Labrador is characterized by some of the highest precipitation levels in the North American
boreal zone (Hare, 1950; Banfield and Jacobs, 1998). The largest snowfalls in northeastern Canada
are in Nunatsiavut, due to the high moisture availability and relief of the region and the high
frequency of winter storm systems passing directly through the area (Brown and Lemay, 2012).
Much of the current knowledge on precipitation trends for the Labrador and northern Quebec region
is informed by a combination of traditional knowledge, remote sensing, and spatial modelling
(Brown and Lemay, 2012). Precipitation in Nunatsiavut increased by approximately 13% from 1950
to 2001 (Brown and Lemay, 2012). In contrast, satellite imagery shows that the annual snow cover
duration of approximately 200 days has decreased by up to 1 month over the last half-century
(Brown and Lemay, 2012). These changes suggest that rainfall is being favoured over snowfall,
which has implications for local travel, access to traditional foods and fuelwood, and local

ecosystem and vegetation dynamics.

2.2 Physical Landscape

Labrador is composed of segments of the Grenville, Makkovic, Nain, Churchill, and
Superior structural provinces of the Canadian Shield (Roberts et al., 2006). The landscape is largely
characterized by igneous and metamorphic bedrock terrain (Figure 2-1), covered by a thin layer of

soil that originates from the last glaciation (Roberts et al., 2006; Bell et al., 2011).
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Figure 2-1. Distribution of Bedrock Types Across Labrador (Gowan et al., 2018). Nunatsiavut
communities are identified and labelled.

During the last glacial maximum, much of Labrador and its surrounding regions were
covered by the Laurentide Ice Sheet (LIS) (Dyke, 2004; Bell et al., 2011). The LIS, after reaching
its maximum extent and thickness during the Late Wisconsinan, experienced sequential westward
retreat across Labrador, from approximately 12 to 6 k years BP (Figure 2-2), with the locations of
the coastal communities of Nunatsiavut undergoing deglaciation approximately 9 to 8 k years BP
(Foster, 1983; Bell et al., 2011). During and following the retreat of the LIS, layers of frost-
susceptible, fine-grained sediments were deposited throughout the valley bottoms and lowlands of
coastal Labrador, located between steep bedrock ridges that were shaped by the flow of the LIS
(Bell et al., 2011). Some Nunatsiavut communities are now constructed on these glaciofluvial and
glaciomarine sediments (Bell et al., 2011). From south to north along the coast of Labrador, the

marine limit decreases in elevation (Fulton, 1989). Near Nain, the marine limit is approximately 40
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m a.s.l. (Johnson, 1969), but marine deposits were only found in the first 10 or 20 m a.s.l. during a
local landscape hazard assessment (Bell et al., 2011). The salinity of these sediments is unknown
but is probably low, due to the low salinity of the adjacent Labrador Sea and high amounts of

precipitation that would have leached out salts after emergence.
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Figure 2-2. Approximate Extent of Laurentide Ice Sheet (LIS) During Retreat Across Labrador

from 12 to 6 k years BP (Natural Resources Canada, 2016). Nunatsiavut communities are
identified and labelled.
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2.3 Permafrost Distribution

The presence of permafrost throughout coastal Labrador is associated with the unique
climate of the region, which is greatly influenced by the cold Labrador current. The coastal Labrador
region is also characterized by an extremely low geothermal heat flux, which facilitates the

development and persistence of warm and thick bodies of permafrost (Mareschal et al., 2010).
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According to the Permafrost Map of Canada (Heginbottom et al., 1995), permafrost
distribution within Nunatsiavut ranges from zones of continuous permafrost in the Torngat
Mountains National Park to isolated patches of permafrost, within which the community of Rigolet
is located (Figure 2-3-A). The other four Nunatsiavut communities are located in the sporadic
discontinuous permafrost zone (Heginbottom et al., 1995).

However, the distribution of permafrost in the Labrador region can be complicated by
variations in physiography, topography, and vegetation. Way and Lewkowicz (2016) address these
local complexities by incorporating snow depths in relation to land cover in their recent modelling
efforts (Figure 2-3-B). Their results indicate less continuous permafrost compared to previous
classifications (e.g., Heginbottom et al., 1995). Nain and Hopedale remain classified within the
sporadic discontinuous permafrost zone, while Makkovik and Postville are re-classified within the

isolated patches zone.
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Figure 2-3. (A) Permafrost Distribution in Labrador According the 1995 Permafrost Map of
Canada (Heginbottom et al., 1995; Brown et al., 2002). (B) Permafrost Distribution in Labrador
According to Way and Lewkowicz (2016) (from Way and Lewkowicz, 2018).

23



2.4 Vegetation and Forest Fire

Vegetation establishment in Nunatsiavut and coastal Labrador occurred following the retreat
of the LIS (Lamb, 1980; Payette, 2007; Lévesque et al., 2012). Ten ecoregions are present (Figure
2-4), ranging from alpine and high subarctic tundra in the north, through coastal barrens and mid-

subarctic forest, to low subarctic forest and high boreal forest in the south (Roberts et al., 2006).
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The boreal forests of Labrador are primarily composed of black spruce (Picea mariana [Mill.]
B.S.P.), but white spruce (Picea glauca [Moench] Voss), balsam fir (4bies balsamea [L.] Mill.), and
eastern larch (Larix laricina [Du Roi] K. Koch) are also common. For example, white spruce has
recently expanded northwards into suitable and otherwise unoccupied sites in southern coastal
Nunatsiavut (Payette, 2007; Lévesque et al., 2012), and it is predicted that continued climate
warming will result in forests and latitudinal treelines throughout Labrador being dominated by
eastern larch (Trant and Hermanutz, 2014). However, tree establishment is complicated by the steep
and irregular topography of coastal Labrador, which may serve as a physical barrier (Payette, 2007).
Despite this, recent afforestation has been observed in and around the northernmost community of
Nain (Lémus-Lauzon et al., 2018) and is attributed to a combination of climate warming and land
use activities, including tree harvesting (Lémus-Lauzon et al., 2012).

Eastern boreal stands have longer fire intervals than western boreal stands in North America,
so they are typically older and more structurally complex, with dynamic canopy dominance and
trees of varying ages (Foster, 1983; Kneeshaw and Gauthier, 2003). While the majority of Canadian
boreal forest fires are ignited through lightning activity (Nash and Johnson, 1996), eastern Canada
is characterized by a wetter climate, with fewer and less intense lightning storms than in the western
and central North American boreal forest (Coops et al., 2018). This results in estimated fire intervals
of 500 to 5000 years in Labrador’s boreal forest, which are much longer than the 50 to 200 years

reported for the West (Foster, 1983; Coops et al., 2018).

2.5 Study Sites
This thesis investigates frozen ground conditions at three forest fire sites in Nunatsiavut.
These sites were selected based on their proximity to and accessibility by boat in the summer and

by snowmobile in the winter from communities within Nunatsiavut. This narrowed the list of
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possible forest fire sites to four: the Tikkoatokak Bay (TB) burn of 2001 near Nain, the Webb Bay
(WB) burn of 2004 near Nain, the Beaver River (BR) burn of 1996 near Postville, and the Guloo
Point Burn of 1967 near Postville.

The Guloo Point Burn of 1967 was omitted from this study for two reasons. First, the fire
was considered to have occurred too long ago to fit within the scope of this study. Fire-disturbed
forests in southern Labrador typically require an average of 44 years to reach their recovery
threshold, corresponding to 80% of the pre-fire conditions (Miranda et al. 2016). Based on these
findings, the vegetation at the Guloo Point Burn could have reached its recovery threshold
approximately a decade before the current study began. Second, this thesis is part of a larger multi-
disciplinary, multi-institutional project, led by Dr. Carissa Brown (Memorial University). The final
selection of the study sites was performed in consultation with other project members. A component
of the project, led by Frédéric Dwyer-Samuel (Université de Montréal), investigates the practice of
“wooding”, in which residents harvest wood from surrounding forests for fuel. Burned forests are
preferred because the wood has already been dried and cured by the fire (Lémus-Lauzon et al., 2012;
Oberndorfer, 2020). In Postville, the wood at the Guloo Point Burn is generally considered to be too
old to be used as good fuel wood, and residents prefer to go wooding in the more recent BR location.

For these reasons, the Guloo Point Burn was not examined.
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Figure 2-5. (A) Location of Study Sites in Relation to Nearby Communities in Nunatsiavut (Crown-
Indigenous Relations and Northern Affairs Canada, 2007). (B) Tikkoatokak Bay (TB) and Webb Bay
(WB) fire sites near Nain; (C) Beaver River (BR) fire site near Postville.

The TB burn, commonly referred to by Nain residents as “the burnt woods”, is located

approximately 30 km northwest of the community (Figure 2-5-B). It occurred in summer 2001 on a
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south-facing slope and covered approximately 3 km?. The site is composed of a series of raised

beaches, and exposed bedrock is observed in adjacent areas (Figure 2-6).

# . 7 e
s L

F iure 2-6. otographs of the TB Site. The burn occurred in 2001. The vegetation cover in the
burned area is shrub-dominated.

The WB burn, commonly called the “sandy point burn” by the residents of Nain, is located
approximately 25 km north of the community (Figure 2-5-B). It occurred in summer 2004 on a
north-facing slope and has an area of only 1 km?. The site is located on a series of raised beaches,

but erratics are also present (Figure 2-7).

i

Figure 2-7. Photographs of the WB Site. The burn occurred in 2004. The vege
burned area is shrub-dominated.

tation cover in the
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The BR burn, referred to by Postville residents as “the burn up the bay”, is located 15-20 km
southwest of the community, on the southern shore of the innermost segment of Kaipokok Bay
(Figure 2-5-C). The fire occurred in summer 1996 and was much larger than the two near Nain,
stretching across approximately 150 km? of black spruce-dominated forest (Figure 2-8). The BR fire
is located near the mapped boundary between the sporadic discontinuous permafrost zone and the
zone of isolated patches of permafrost (Heginbottom et al., 1995). The site is underlain by a

combination of alluvial material and wave-washed till and has numerous large erratics.

e e i ey N A 3 F W wl A LA e
Figure 2-8. Photographs of the BR Site. The burn occurred in 1996. The vegetation cover of the
burned area is dominated by shrubs.

Key characteristics of the three study sites (Figure 2-5) are summarized in Table 2-1.

29



Table 2-1. Summary of Key Characteristics for the Tikkoatokak Bay (TB), Webb Bay (WB), and
Beaver River (BR) Study Sites.

Variable Tikkoatokak Bay (TB) Webb Bay (WB) Beaver River (BR)
Year of Burn 2001 2004 1996
Approximate Size of
Burn (km2) 3 1 150
Nearest Community Nain Nain Postville
Latitude (°N) 56.755 56.706 54.781
Longitude (°W) 61.869 62.209 59.808
Elevation 18 16 11
(ma.s.l)
Aspect South-facing North-facing North-facing
Slope (°) 7 6 1 (Mostly Flat)
Mean Annual Air ) anb 1 0b ) 2 ob
Temperature (°C) 2.4 3.0 1.9 2.52 3.2
Thawing Degree Days 12212 11320 1429p 11662 1083P
Freezing Degree Days 21122 2214b 2131P 2083a 2265P
Snow-on-Ground 2272 213p 219p 2398 2360

Season Length (days)

Forest Species
Composition

Ecoregion®
Ecozoned

Fire Regime Zone¢

Estimated Fire Return
Interval (years)?

Permafrost Zone®

Permafrost Zonef

Mixed black spruce,
white spruce, tamarack,
balsam fir

Coastal Barrens
Boreal Shield East
Eastern Subarctic Zone
1,501-5,000
Sporadic Discontinuous

Sporadic Discontinuous

Mixed black spruce,
white spruce, tamarack,
balsam fir

Coastal Barrens
Boreal Shield East
Eastern Subarctic Zone
1,501-5,000
Sporadic Discontinuous

Sporadic Discontinuous

Primarily black spruce,
some balsam fir

Mid-Subarctic Forest
Boreal Shield East
North Atlantic Zone

501-1,500
Sporadic Discontinuous

Isolated Patches

@ measured over one full calendar year from 2017 to 2018.
® measured over one full calendar year from 2018 to 2019.
¢ from Roberts et al. (2006).

4 from Coops et al. (2018).

¢ from Heginbottom et al. (1995).
ffrom Way and Lewkowicz (2016).
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CHAPTER 3 : METHODOLOGY
3.1 Field Investigations

Field observations were made in the summers of 2017, 2018, and 2019 and in winters 2018
and 2019 (Table 3-1). Permafrost-related fieldwork is typically performed in late-summer to prevent
misinterpretation of seasonally frozen ground as perennially frozen ground. Due to logistic and
operational challenges, including equipment availability, conflicting researcher schedules, and boat-
based site access, summer field observations for this study are collected from mid-July to mid-
August. Winter field observations were made at the sites near Nain in March 2018, and at the site
near Postville in February 2019.

Two 80 m-long transects were established at each of the TB and WB sites, and two 40 m-
long transects and one 50 m-long transect were established at the BR site. The timing of field
measurement collection along each of these transects is summarized in Table 3-1.

Table 3-1. Timing of Field Data Collection (YY-MM-DD) Along Transects at TB, WB, and BR
Sites.

Measurement TB1 TB2 WB1 WB2 BR1 BR2 BR3
Transect Length (m) 80 80 80 80 40 40 50
Snow Depth 18-03-23 18-03-23 18-03-24 18-03-24 19-02-18 19-02-18 19-02-19

Electrical Resistivity
Tomography
Frost Probing and
Instantaneous 19-08-15 19-07-28 19-07-27 19-07-26 19-07-19 19-07-19 19-07-20
Temperature
Organic Layer
Thickness

18-07-23 18-07-27 17-07-19 18-07-25 18-07-18 18-07-18 N/A

18-07-23 18-07-27 18-07-31 18-07-25 18-07-18 18-07-18 19-07-20

Soil Temperature

. 18-07-23 18-08-16 18-07-22 18-07-25 18-07-18 18-07-20 N/A
and Moisture

Canopy Cover Image
Collection

Shrub Height and
Density

19-08-15 19-08-15 19-07-26 19-07-26 19-07-19 19-07-19 19-07-20

18-08-03 18-08-03 18-07-22 18-07-28 18-08-18 18-07-20 19-07-20
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3.1.1 Climate

Weather stations were established in the unburned forest at each of the sites (Figure 3-1-A).
The stations were equipped with Hobo Pro v2 Temperature/Relative Humidity U23-001 Data
Loggers (Onset), positioned within a solar radiation shield, recording air temperature (£0.21°C
accuracy) and relative humidity (¥2.5% accuracy) every 2 hours. The stations were also equipped
with snow stakes, comprised of a series of vertically arranged Thermochron DS1921G-F5 iButtons
(Maxim) for determining snow accumulation and melt patterns during the winter season. Snow
stakes were also placed in the burned region at each site (Figure 3-1-B), to permit intra-site
comparisons of snow dynamics. The iButtons were placed at heights of 0 cm, 10 cm, 20 cm, 30 cm,
40 cm, 50 cm, 60 cm, 80 cm, 100 cm, 120 cm, 140 cm, and 160 cm above the ground surface and
recorded temperature at 4-hour intervals with a resolution of 0.5°C and an accuracy of £1°C (see
Lewkowicz, 2008). Patterns of snow accumulation in the autumn and early winter were manually
identified by differences in the amplitude of daily temperature cycles at each measurement level.
This interpretation of the vertically arranged data is dependent on the smaller diurnal temperature
range that is expected for sensors located beneath the snow compared to those still exposed above

the snow surface (Isaksen et al., 2002; Danby and Hik, 2007; Lewkowicz, 2008).
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Figure 3-1. (A) Weather Station Located in Unburned Forest at the BR Site. (B) Snow Stake
Located in Burned Region at the BR Site.

3.1.2 Geophysical Surveys and their Validation

The presence or absence of frozen ground at the study sites was assessed using electrical
resistivity tomography (ERT). Direct current ERT is a geophysical technique that can be used to
delimit frozen and unfrozen ground based on electrical contrasts between the two states (Fortier et
al., 2008; Kneisel et al., 2008). Cryotic earth materials usually have higher resistivities than non-
cryotic earth materials, due to their lower unfrozen moisture contents.

ERT has been applied throughout the Canadian Arctic and subarctic to investigate the
presence and thickness of bodies of frozen ground. In western Canada, ERT has been used
throughout the Yukon (Lewkowicz et al., 2011) and the Northwest Territories (McClymont et al.,

2013). In eastern Canada, ERT has been successfully applied in Nunavik (Fortier et al., 2008) and
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in both southern (Way et al., 2018) and northern coastal Labrador (Lewkowicz and Way, 2014; Way
and Lewkowicz, 2015).

One-dimensional ERT requires a minimum of four electrodes, where an electrical current is
run through one pair of electrodes, and the potential difference is measured across the other pair. A
two-dimensional profile of ground resistivity can be generated by repeating this process through
different sets of electrodes set out in a multi-electrode array (Hilbich et al., 2008). The Wenner
electrode configuration was used in the current study, due to its stability in heterogeneous regions
and its ability to delineate horizontal structures, such as the top and the base of permafrost (Hauck
etal., 2004; Fortier et al., 2008). The electrodes were connected by jumper cables to take-outs, which
were connected to an ABEM Terrameter LS profiling system.

In this study, ERT lines, measuring 40 or 80 m in length, were centred along and positioned
perpendicular to fire breaks. The electrodes for the 80 m-long surveys at the TB and WB sites were
initially placed at 2 m intervals from 0 m to 20 m and 60 m to 80 m and at 1 m intervals from 20 to
60 m. Infilling of the outer sections was performed to a resolution of 1 m, whenever logistically
possible. The 80 m-long surveys permitted a depth of investigation of approximately 12 m. For the
40 m-long surveys at the BR site, a total of 41 electrodes were placed at 1 m intervals, permitting a
depth of investigation of approximately 6 m.

In the field, the profiling system records apparent resistivities, which are indirect
measurements of the subsurface distribution of ground resistivity. These were processed and
converted to best-estimate values using RES2DINV inversion software (Loke et al., 2003), which
applies a Gauss-Newton algorithm to fit an appropriate subsurface model to the observations
(Kneisel et al., 2008; Hilbich et al., 2009). The robust inversion scheme was selected in RES2DINV
to minimize smoothing of contrasts in resistivity measurements, especially along the boundaries of

bodies of frozen ground (Hilbich et al., 2008). Inversion iterations were permitted until convergence
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had occurred, marked by a change in the root mean square error between consecutive iterations of
less than 5%, or until the fifth iteration, whichever came first. Topography and breaks in slope along
the ERT lines were recorded with a clinometer, and topographic corrections were applied to all ERT
profiles during the inversion process.

Electrical resistivity can be influenced by various properties, such as particle size, moisture
content, pore water salinity, and temperature. The boundary value between frozen and unfrozen
material can therefore vary between sites and regions (Fortier et al., 2008), and interpretation of the
tomograms often requires additional validation. Our ERT survey results were validated with frost
table depths and instantaneous temperature measurements.

The frost table depth was measured at 1 m intervals along the ERT transects by inserting a
120 cm-long probe into the ground to the depth of refusal or to the end of the probe. Interpretation
of the nature of the refusal, as due to frozen ground or clasts, was recorded. Select points of refusal,
typically those interpreted as possible frozen ground, were verified by instantaneous temperature
measurements (adapted from Way and Lewkowicz, 2015). Temperatures were recorded with
thermistors that were attached to a long dowel and inserted to the depth of refusal or to the full
probe-depth of 120 cm. The temperatures were read-out by a Hobo 4-Channel UX120-006M Analog
Data Logger (Onset) for a continuous period of at least 15 minutes to allow equilibration with the

ground temperatures. These temperatures (+0.15°C accuracy) were used to confirm if the depth of

refusal corresponded to a frost table, at which a temperature of <0°C would be obtained.

3.1.3 Vegetation Canopy Cover, Shrub Height, and Shrub Density

Forest canopies protect permafrost, as they provide shade, promote evapotranspiration, and
intercept and reduce ground surface snow cover (Shur and Jorgenson, 2007; Chasmer et al., 2011).
Up to 60% of seasonal snowfall can be intercepted by forest canopy, and up to 80% of this
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intercepted snow is returned to the atmosphere through sublimation (Pomeroy et al., 1998; Varhola
etal., 2010). However, interception of seasonal snowfall varies with site conditions, including forest
structure and composition (Revuelto et al., 2015).

Hemispherical photographs are widely used to describe and assess canopy structure in forest
science (Frazer et al., 1997). In this study, two images were collected at each sampling location
along the established vegetation transects. A levelled Samsung Galaxy A5 smartphone with an
attachable fisheye lens (Lifetrons Travel Lens Set) was mounted on a selfie stick to ensure that the
camera operator was not captured in the image. One image was collected at the ground surface to
evaluate the total canopy cover. The second image was collected at shoulder height (1.3 m above
the ground surface), with all images taken by the same camera operator. Overstory measurements
from the shoulder height images were subtracted from the total canopy cover measurements from
the ground level images at the same location to obtain the coverage provided by the understory,
which primarily corresponded to shrubs (Figure 3-2). Deciduous shrubs that undergo a notable
seasonal increase in biomass, such as dwarf birch (Betula glandulosa Mich.), tea-leaf willow (Salix
planifolia Pursh), gray-leaf willow (Salix glauca L.), and green alder (A/nus viridis subsp. crispa
[Aiton] Turr.), are expected to have greater ground-shading abilities than evergreen shrubs, such as
Labrador tea (Rhododendron groenlandicum [Oeder] Kron and Judd). Computerized image analysis
of the canopy structure was performed by batch processing in the open-source image processing
program, ImageJ (Rasband, 2014). Due to issues of subjectivity and irreproducibility common to
manual thresholding (Jarcuska, 2008), the hemispherical photographs were processed with an
automatic threshold and binary conversion in ImageJ, with black representing vegetation and white
representing sky (Nobis and Hunziker, 2005; Beckshéfer, 2015). Total gaps in the canopy were
estimated using pixel counts, based on the total gap calculation in Bianchi et al. (2017) and adapted

from Stewart et al. (2007) and Beckschéfer (2015). Images were not projected onto a hemisphere,
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as in the traditional canopy openness calculation (Bianchi et al., 2017), so pixels were not weighted
according to their position on the hemisphere. This methodology consistently underestimates canopy
closure and overestimates canopy openness (Bianchi et al., 2017) but is appropriate for this study,

which focuses on relative differences in canopy cover along transects.

upper canopy cover

JaA0d Adoued |10}

shoulder height
(1.3 m)

lower canopy cover

ground surface
—

total canopy cover = lower canopy cover + upper canopy cover

Figure 3-2. Schematic of Breakdown of Total Canopy Coverage.

The role and impact of shrubs on the ground thermal regime was also examined. Shrubs, like
trees, may promote the persistence of permafrost through ground shading (Blok et al. 2010),
particularly because they tend to have a higher leaf area index than the surrounding coniferous forest.
However, unlike trees, shrubs are not especially adept at intercepting snowfall. Instead, trapping of
wind-distributed snow can occur around shrubs, ultimately increasing snow depths and warming the
ground in winter (Sturm et al., 2001). Where shrubs are tall and protrude above the snowpack, snow
melt occurs earlier and the active layer thaws deeper, compared to areas with a later snow-free date

(Wilcox et al., 2019) (Figure 3-3).
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Figure 3-3. Model of Short-Term Physical Influences of Shrubs on Frost Table Depths, from
Wilcox et al. (2019). Black arrows represent positive relationships. Red arrows represent negative
relationships.

The canopy architecture of the shrub cover was investigated by manually measuring the
number of shrub branches and the height of the tallest shrubs of each species within 0.25 m? plots,
at 1 m intervals along vegetation transects established 1 m downslope of the ERT lines. Maximum
heights of each shrub species within the sampling plots were recorded by measuring the vertical
height from the ground surface to the tallest part of the shrub (adapted from Bean et al., 2003). Shrub
densities were calculated by counting the number of stems and primary branches for each shrub
species within each sampling plot (adapted from Caratti, 2006). Shrubs measuring less than 25 cm
in height were omitted, as they were expected to have limited snow-trapping and ground-shading
impacts.
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3.1.4 Snow Depth and Density

Snow is a critical factor in permafrost distribution in discontinuous permafrost zones
(Williams and Smith, 1989). The distribution, depth, and density of snow at a given site are
influenced by the nature and structure of the vegetation at the site. Snow characteristics have been
recently identified as an understudied element in the post-fire permafrost system (Holloway et al.,
2020).

Snow depths were measured along the ERT transects using a standard 230 cm-long
avalanche probe. At TB and WB, snow depth measurements were made in late-March 2018 (Table
3-1). This was approximately 60% of the way through the snow-on-ground season, representing 85
to 100% of that season’s maximum snow depth at these sites. At the BR site, snow depths were
measured on February 18, 2019 (Table 3-1), just past the halfway point of the 214 day-long snow-
on-ground season, which lasted from October 23, 2018 to May 25, 2019 (Figure 3-4). At the time
of measurement at BR, snow depths had reached 87 and 94% of the maximum depths recorded in

the burned and unburned regions, respectively (Figure 3-4).
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Figure 3-4. Timing of Snow Depth Measurements (shown in red) Relative to Duration of 2018-
2019 Snow-On-Ground Season at the BR Site.

3.1.5 Ground Surface and Soil Properties

Near the southern limit of Canadian permafrost, perennially frozen ground is typically
restricted to peatlands, or sites with thick organic mats (Zoltai, 1972; Payette et al., 2004). The
presence of an organic layer can be crucial for the persistence of permafrost, particularly under
unfavourable climate conditions (Shur and Jorgenson, 2007). The cooling effect of organic material
is attributed to its large seasonal range in moisture contents and thermal conductivities, resulting in

large thermal offsets.
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Organic layer thickness was measured at 1 m intervals along the ERT lines by inserting a 50
cm-long aluminum rod to the depth where the mineral soil resisted penetration. Small pits were dug
to the top of the mineral soil in several locations at each site to verify the organic layer thickness
estimates.

Soil moisture and temperature are important variables that may relate to organic layer
thicknesses in black spruce stands (Kasischke and Johnstone, 2005; Barrett et al., 2010). Following
fire, soil temperatures and moisture are expected to increase due to loss of vegetation and reduced
evapotranspiration (Holloway et al., 2020).

Soil temperature (+1.5°C accuracy) and volumetric moisture content (+0.03 cm’/cm?
accuracy) were recorded with a WET Sensor and HH2 Moisture Meter Version 2.3 (Delta-T). Three
measurements of volumetric soil moisture and soil temperature were taken and averaged for each
sampling location at 1 m intervals along the 40 m-long ERT lines and at 2 m intervals along the 80
m-long ERT lines. While these measurements are instantaneous and do not represent mean annual

values, they are useful for evaluating relative differences in intra-site soil temperature and moisture.

3.2 Laboratory Analyses

Soil properties, including gravimetric moisture content (GMC), organic matter content,
carbonate content, particle size distribution, and dry bulk density, were derived from organo-mineral
soil samples that were collected at each study site. Organic material samples were also collected at
the sites, from which dry bulk densities were measured. These parameters were incorporated into

calculations of material properties in the thermal modelling process, described in Chapter 5.

43



3.2.1 Organo-Mineral Sample Collection and Analysis

Eight organo-mineral soil samples were collected at each site, at depths of approximately 40
cm. Samples were limited to this depth by permitting regulations associated with the research
project. Samples were collected with a small trowel, stored in Ziploc bags, and shipped to the
University of Ottawa for laboratory analysis.

GMC was calculated with the following equation (van Everdingen, 2005), where WW is the
wet weight in grams and DW is the dry weight in grams:

WW (g) — DW (g)
DW (g)

GMC (g/9) = (3-1)

The organic matter of the sediment samples were quantified by the loss-on-ignition (LOI)
method (Heiri et al., 2001). Subsamples of approximately 3 to 4 g were placed in crucibles and
loaded into the Leco Corporation TGA701 Thermogravimetric Analyzer for quantification of the
organic matter by mass loss with sequential heating. The samples were first heated to 105°C to
ensure complete sample dryness, followed by heating to 550°C for loss of organic matter. The
content of organic matter in the samples were calculated with the following equation (Heiri et al.,
2001), where DW represents dry weight in grams:

DW. — DWW,
organic matter content (%) = LOIls50(%) = 105 () 550 (9) x100% (3-2)

DWios (9)

All samples were analyzed in reference to a calcium oxalate (C2H2CaOs) standard, with a mean

organic matter content of 31.35%. Based on this calcium oxalate standard, the analytical accuracy
is defined as £0.01% or £0.0001 g.

Sediment sample particle size was determined with laser particle analysis. Sediment samples
were treated with hydrogen peroxide (H20:) to remove organic matter and to avoid misinterpretation
of mineral particle size. The treated mineral samples were suspended in sodium hexametaphosphate
(Na(PO3)s), and loaded into the Microtrac S3500 for particle size and soil texture analysis. The
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percent composition of sand (<2000 um and >62.5 pm), silt (<62.5 pum and >3.5 pm), and clay (<3.5
pum and >0. 02 um) were averaged from duplicates taken for each sample. Sediment textures ranged
from silty-sand at TB and WB to sandy-silt at BR. At TB, surficial materials consisted of a silty-
sand, with an average composition of 65% sand, 34% silt, and 1% clay (3% standard deviation).
Surficial materials at WB were primarily sand, with an average composition of 86% sand and 14%
silt (£2% standard deviation). At BR, surficial materials were more fine-grained than at the two
northern sites, and sediments were composed of a mixture of 31% sand, 58% silt, and 11% clay
(2% standard deviation).

The dry bulk density (dBD) of the organo-mineral samples were calculated using the

following equation (Hossain et al. 2015), using LOI-derived organic matter content estimates:

dBDorg—min (g/cm3) = 0.075 + 1_301—0.06 X organic matter content (%) (3_3)

3.2.2 Organic Material Sample Collection and Analysis

At least four organic layer samples of approximately 10 X 10 X 8 cm were collected at each
study site to determine dry bulk density of the organic layer. In this study, the samples were collected
at the ends of each of the ERT transects. The samples were carefully cut to the base of the organic
material and collected with a small saw and trowel. The sampling depth varied at each location, due
to local differences in organic material thickness. Samples were stored in Ziploc bags and shipped
to the University of Ottawa for laboratory analysis.

The dBD of the organic layer was determined according to the following equation from Heng
(2008), where DWW is the weight in grams, and V is the volume of the initial sample in mL:

DW(g)

V (em?) (-4

dBDorg (g/cm3) =
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Calculated and estimated dBD values were found to be consistent with those in the literature (e.g.,

Boelter, 1968; Pollard and French, 1980).

3.2.3 Application of Laboratory-Based Sediment Properties to Modelling Process
Laboratory-based parameters were used to estimate the volumetric fractions of each of the
constituents in the material layers used in the thermal models. The material layers were assumed to
be saturated, as in McClymont et al. (2013) and Instanes (2016), so air was absent from all material
layers.
The volumetric fraction of moisture or the volumetric moisture content (VMC), as water
(fractionyaer) or ice (fractionic.), was calculated by multiplying the GMC, measured from collected

field samples, by the dBD, as described in Heng (2008):
VMC (cm3/cm3®) = GMC (g/g) x dBD (g/cm?) (3-5)

Using the principles from Heng (2008) for the VMC, the volumetric fraction of the organic material
was also calculated by multiplying the LOI-derived gravimetric organic matter content by its dBD,
as follows:

volumetric organic content (cm3/cm?)
= gravimetric organic content (g/g) X dBD (g/cm3)

(3-6)
The volumetric fraction of the mineral material was calculated by subtracting the water or ice
fraction and the organic material fraction from a total 100%.

volumetric mineral content (cm3/cm?)

= 1 — (volumetric organic content (cm3/cm3) (3-7)
+ VMC (cm3/cm?))
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3.3 Modelling Parameters and Process

Modelling was carried out using TEMP/W (Geoslope), a finite element, geothermal
modelling software. TEMP/W has been widely used in infrastructure-related studies for permafrost
areas, including modelling of ground temperature change in roads (Darrow, 2011; Batenipour et al.,
2013), around pipelines (Smith and Riseborough, 2010), and under buildings (Instanes, 2016;
Perreault and Shur, 2016). The simulations in this thesis are one-dimensional, although the software
does permit two-dimensional analyses.

The following section contains a description of the thermal modelling methodology used in
Chapter 5. Site-specific details of the modelling process are included in this section for justification

purposes.

3.3.1 Thermal Modelling Inputs

A one-dimensional idealised material profile was developed for each study site, comprising
an upper organic layer, a layer of organo-mineral material, and a silty-sand layer over bedrock. The
material stratigraphy and boundaries were estimated from field measurements of organic layer
thickness, interpretations of sub-surface geophysical investigations, and our understanding of the
physical landscape of the region (Bell et al., 2011). The base of the model was set at 100 m, which
is at the high end of previous studies (Table 3-2), but it ensures that long-term heat flows into the

permafrost are properly represented in the model.
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3.3.1.1 Material and Mesh Properties

The TEMP/W thermal modelling program requires user-defined material property inputs of
volumetric moisture content, frozen and unfrozen material thermal conductivity, and frozen and
unfrozen material specific heat capacity. The thermal conductivities and specific heat capacities
require estimates of the volumetric fractions of each of the material’s constituents (i.e., organic
material, mineral material, and water or ice; Table 3-3). For modelling purposes, the upper organic
stratigraphic layer was assumed to contain no mineral material, and the sand and bedrock
stratigraphic layers at depth were assumed to contain no organic material. Materials were assumed
to be saturated.

Table 3-3. Material Layers and their Constituents.

Material Layer Constituents

Organic Layer Organic Material + Water/Ice
Organo-Mineral Layer Organic Material + Mineral Material + Water/Ice

Mineral Layer Mineral Material + Water/Ice

Bedrock Layer Mineral Material + Water/Ice

Model mesh elements increased in thickness with depth. Beneath the organic layer and
within the mineral and bedrock layers, elements measured 0.05 m thick to a depth of 3 m, 0.1 m
thick from 3 m to 30 m, 0.5 m thick from 30 m to 50 m, 1 m thick from 50 m to 70 m, and 1.5 m
thick from 70 m to 100 m. Elements were only 0.01 m thick within the organic layer to facilitate
reduction of the organic material thickness due to the burn and accumulation of the organic material
over time.

The frozen and unfrozen thermal conductivities of each material layer were calculated using
a geometric mean, as in Johansen (1975) and Farouki (1981), based on the volumetric fractions and
thermal conductivities of the material’s constituents (Table 3-4).

Frozen thermal conductivity (k7) was calculated according to the following equation:
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ke(W/m/K) = fraction,., o™/™" x fractiony, mn™/m/"O s
om.. Kice(W/m/K) (3-8)
X fraction;c,
Unfrozen thermal conductivity (k) was calculated according to the following equation:

ku(W/m/K) = fractionorgkorg(w/m/K) X f_r.actionminkmin (W/m/K)

(3-9)
X fTaCtionwater Kwater(W/m/K)

Table 3-4. Standard Thermal Conductivities of Various Materials. (Source: Williams and Smith,
1989, Table 4.1).

Material Thermal Conductivity (W/m/K) Abbreviation
Organic Material 0.250 Korg
Mineral Material 2.920 Kmin

Water 0.560 Kwater
Ice 2.230 Kice

The frozen and unfrozen heat capacities of each material layer were calculated using a
weighted average, as in Johnston (1981), based on the volumetric fractions and heat capacities of
the material’s constituents (Table 3-5).

Frozen heat capacity (cy) was calculated according to the following equation:

¢ (M]/m?/K) = (fraction,,y X corg (M]/m3/K))
+ (fraCtionmin X Cmin (M]/m3/K)) (3']0)
+ (fraCtionice X Cice (M]/m3/K))

Unfrozen heat capacity (c.) was calculated according to the following equation:

cu(M]/m*/K) = (fraCtionorg X Corg (M]/m3/K))
+ (fTaCtionmin X Cmin (M]/m3/K)) (3_]])
+ (fractionyaier X Cwater (MJ/m*/K))

Table 3-5. Standard Volumetric Heat Capacities of Various Materials (Source: Johnston, 1981,
Table 3.9).

Material Heat Capacity (MJ/m?¥K) Abbreviation
Organic Material 2.520 Corg
Mineral Material 1.875 Cmin

Water 4.187 Cwater
Ice 1.880 Cice
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3.3.1.2 Boundary Conditions
The TEMP/W thermal modelling program requires user-defined boundaries of a ground

surface boundary at the top of the profile and a geothermal heat flux at the base of the profile.

3.3.1.2.1 Ground Surface Boundary

The ground surface boundary is applied to the top of the organic material layer. Different
ground surface boundaries, defined by freezing and thawing n-factors (nr and n¢), and a daily
temperature record, were applied during the spin-up and transient phases of the model. N-factors are
ratios of the air temperature to the ground surface temperature at a given site, and they can be used
to characterize the effects of seasonal factors such as snow depth, snow density, canopy cover, and
overall radiation balance (Karunaratne and Burn, 2004; McClymont et al., 2013). The n-factors were
calculated according to the following equations from Karunaratne and Burn (2004), where FDD is
freezing degree-days and TDD is thawing degree-days:

FDDgyound surface (degree days)
FDD,;, (degree days)

ny = (3-12)

TDDground surface (degree days)
TDD,;, (degree days)

ne = (3-13)

The historical daily air temperature record that was incorporated into the ground surface
boundary was derived and adjusted from the gridded Berkeley Earth Surface Temperature (BEST)
analysis product, available through the KNMI Climate Explorer Database. As in Way and Viau
(2015), BEST was selected for use because it is homogenized across an extensive meteorological
data network, and it has a long record, extending back to 1880 (Rohde et al., 2013). Site-specific
historical daily air temperature records were generated for WB and TB using linear regression

models (Table 3-6) based on air temperatures measured at the two sites (see Section 3.1.1) during
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the overlap period of July or August 2017 to May 31, 2018. The equations predict site-specific air
temperatures for the two sites as a function of BEST air temperatures.

Table 3-6. Summary of Linear Regression Models to Predict Daily Air Temperatures at WB and TB
Sites from the Berkeley Earth Surface Temperature (BEST) Time Series.

Site Overlap Period Number of Linear Regression  Adjusted Residual Standard
(mm-dd-yyyy) Observations Model R2 Error
1.83
WB  07-19-2017 to 05-31-2018 315 y = 1.052x — 0.146 0.97 (313 df)
1.89
TB  08-11-2017 to 05-31-2018 294 y = 1.091x + 0.039 0.97 (292 df)

Both linear regression models produce normally distributed residuals (Figure 3-5-ABii). The plots
of residuals and scale-location as a function of fitted values are both scattered with no distinct
pattern, and the line of lowest fit of the residuals versus fitted values plots are very close to 0 (Figure
3-5-ABi/iii). The Cook’s distance residuals versus leverage plot shows all residuals being below 1
(Figure 3-5-ABiv). Finally, the p-value of 2.2x107'® for both sites indicates that these models are
both statistically significant, and the models were deemed appropriate for predicting site-specific air

temperatures based on the BEST time series.
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Figure 3-5. Summary of Residuals of Linear Regression Models (i) residuals versus fitted; ii)
normal Q-Q; iii) scale-location, iv) residuals versus leverage) for Measured Air Temperatures
at A) WB and B) TB Sites as a Function of Berkeley Earth Surface Temperature (BEST) Time
Series.
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Future air temperature projections were derived from a suite of four statistically downscaled
climate scenarios (CanESM2, CESM1-CAMS, HadGEM2-ES, and MIROC-ESM) previously used
in a study of national wildfire activity through the 21 century (Hope et al., 2016). All four models
were considered under representative concentration pathways (RCP) 4.5 and 8.5, which correspond
respectively to scenarios of radiative forcing stabilization shortly after 2100, and of high and
continuously increasing greenhouse gas concentration levels (van Vuuren et al., 2011). The lowest
pathway, RCP2.6, was not considered, as it now represents an unrealistic reduction in greenhouse
gas emissions over time (van Vuuren et al., 2011). A mean projection of the four global circulation
models was calculated for both the RCP4.5 and RCP8.5 scenarios. The concept of model democracy
was applied to the composite projection, in which equal weight was given to each of the four models.

The projected composite daily temperature record was assembled and adjusted using an
overlap period of 7 years between the suite of projected models and the adjusted site-specific BEST
historical temperature record. Daily anomalies were generated by comparing an averaged year of
data, across 2010 to 2017, from the historical and projected datasets. Daily anomalies were applied
to each day of the mean future daily temperature records, from January 1, 2018 to December 31,
2099, to generate a site-specific estimate of future daily air temperatures to the end of this century
(Figure 3-6). This step preserved the continuity of the air temperature record, through the shift from

the BEST dataset to the composite projected model.
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Figure 3-6. Site-Specific Long-Term Mean Annual Air Temperature Record for WB under RCP4.5.
The air temperature record combines site-specific historical and projected air temperatures. Daily
historical air temperatures (1965-2017) were assembled from a regional Berkeley Earth Surface
Temperature record. Daily projected air temperatures (2018-2100) were averaged from statistically
downscaled climate scenarios CanESM?2, CESM1-CAMS, HadGEM?2-ES, and MIROC-ESM.

3.3.1.2.2 Geothermal Heat Flux

The coastal Labrador region is characterized by a low geothermal heat flux (Mareschal et
al., 2000; Majorowicz and Minea, 2012), which facilitates the development and persistence of thick,
yet warm permafrost. Mareschal et al. (2000) report an extremely low heat flow estimate of 22
mW/m? near the Voisey’s Bay nickel mine, located approximately 30 km south-west of the
community of Nain. This value is consistent with estimates made by Majorowicz and Minea (2015),
based on previous work performed by Blackwell and Richards (2004) and Majorowicz and Minea
(2012). The marginality of the heat flow is likely attributable to a low concentration of radioelements
in the surrounding region’s crust (Mareschal et al., 2000).

Initial model calibration attempts using a geothermal heat flux of 22 mW/m? and a ground
surface temperature boundary obtained with a mean annual air temperature of -3.2°C resulted in an

estimate of more than 50 m of permafrost, which is not thought to be representative of regional
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permafrost conditions. For modelling purposes, therefore, the geothermal heat flux value was
increased to 220 mW/m?, which is justified by considering the potential warming impacts of
surrounding unfrozen ground on frozen ground within a discontinuous permafrost region (Buteau et
al., 2004). A flux of 220 mW/m? is still considerably lower than the 340 mW/m? used by Buteau et
al. (2004) and 540 mW/m? and 1020 mW/m? used by Way et al. (2018) for modelling of permafrost

mounds in northern Quebec and southern Labrador, respectively.

3.3.2 Thermal Modelling Process

The thermal modelling process comprised an initial spin-up period, followed by a transient
model until the time of the fire disturbance, through to 2099 (Figure 3-7). Within the spin-up stage,
the model was run over 100-year periods. The first transient stage, from 1965 to the time of the fire
disturbance, was run all at once. From the time of the fire disturbance to the end of the century, the
model was run on five-year intervals to permit gradual alterations to the organic layer thickness and
the freezing and thawing n-factors. Shorter intervals were used within the five years before and after
2018, to account for a shift in the air temperature record input, from the historical record, running
from January 1, 1965 to December 31, 2017, to the modelled future record, running from January
1, 2018 to December 31, 2099. In each case, the last ground temperature profile output from the

previous model was input as the initial ground temperature profile for the next model.

55



« Loss of organic layer . « Regrowth of organic layer

« Loss of forest canopy - Regeneration of forest
+ Decrease in dlbedo canopy and understory
« Change in snow . « Increase in albedo
.M“;* L“.m 4@‘ q’ﬂ Ah{‘b
Pre-Fire Transient Model Post-Fire Transient Model
1965 » 2100
1950 1979

Spin-Up Period

Figure 3-7. Schematic of Modelling Process and Post-Fire Recovery Process.

TEMP/W was run with half-hour time steps and daily air temperature inputs. For each time
step, the model was permitted to iterate its solution up to 900 times until convergence within £0.005
K was achieved.

A total of four basic simulations were run for each site: 1) no disturbance under a moderate
emissions scenario (RCP4.5); 2) fire disturbance under a moderate emissions scenario (RCP4.5); 3)
no disturbance under an aggressive emissions scenario (RCP8.5), and; 4) fire disturbance under an

aggressive emissions scenario (RCP8.5).

3.3.2.1 Spin-Up Period

The thermal model was first initialized with a spin-up period, in which ground conditions
were run to equilibrium with air temperatures from the 1950-1979 climate normal. A synthetic year
of air temperatures, averaged across the 1950-1979 climate normal, was generated and repeatedly
applied to the ground surface boundary until equilibrium was achieved. Ground conditions were
considered to be in equilibrium with the applied boundary once the temperature at each node varied

by less than 0.01 K over a period of 100 years.
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Following spin-up, the initial ground thermal conditions were considered to be in
equilibrium with 1965, which marks the middle of the 1950-1979 climate normal period. The model
was run forward with the site-specific BEST historical air temperature record from 1965 to the time

of the fire disturbance.

3.3.2.2 Fire Disturbance and Post-Fire Recovery Process

The fire disturbance was represented in the model by decreasing the organic layer thickness,
decreasing ny, and increasing n;. These adjustments were applied on August 1 of the year of the fire
disturbance for each site. This date was chosen because it represents the middle of the Labrador fire
season, which, for recent years like 2018 and 2019, lasted from May 15 to September 30
(Government of Newfoundland and Labrador, 2019), and because the exact date of the fire
disturbances is not known.

The adjustments to the organic layer thickness and n-factors following fire were chosen
based on the field data collected from the burned and unburned regions of each of the study sites.

The reduction in organic layer thickness at the time of the fire is linked to burn severity, with
a higher burn severity corresponding to a greater decrease. In order to determine the required
reduction in organic layer thickness at the time of the fire event, the rate of accumulation of the
organic layer was first calculated for each site by comparing the measured organic layer thicknesses
in the burned versus unburned regions of the study sites in summer 2018. This calculation requires
two assumptions. First, the organic layers in the burned and unburned regions are assumed to be, on
average, the same thickness, prior to the fire disturbance. The second assumption is that organic
material continues to accumulate at equal linear rates in both the burned and unburned regions.
Therefore, the difference between the organic layer thickness in the burned region relative to the

unburned region divided by the number of years since the fire disturbance is understood to represent
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the rate of accumulation of organic material at the site. This resulted in a rate of accumulation of
approximately 3 mm/year for both sites. These values are slightly higher than the linear regeneration
rate of approximately 2 mm/year calculated from a study of post-fire soil conditions in interior
Alaska (Yi et al., 2010). The higher rates reflect the wetter climate of the coastal Labrador region,
which promotes the productivity and growth of mosses that make up the upper portion of the organic
layer (Williams and Flanagan, 1998). By applying the calculated accumulation rate to the measured
organic layer thicknesses, it was possible to estimate the organic layer thicknesses in the unburned
and burned regions at the time of the fire disturbance.

N incorporates the influence of several variables, including soil moisture and vegetation
cover (Klene et al., 2001; Karunaratne and Burn, 2004). N; tends to remain relatively stable from
one year to the next, while nf, which is primarily influenced by variations in snow cover, density,
and distribution, exhibits greater inter-annual variability (Karunaratne and Burn, 2003; Karunaratne
and Burn, 2004). However, for modelling purposes, air temperatures varied on an inter-annual basis,
but nr and n; were kept constant except following fire.

Adjustments to nr and n; following fire were applied using a two-segment linear pattern (see
Zhang et al., 2015). Full recovery of vegetation to pre-fire conditions took place over 50 years, with
66.6% of the recovery in the first 25 years and 33.3% in the second 25-year period (Zhang et al.,
2015). This pattern is consistent with a remote sensing-based study of fire-disturbed forests in
southern Labrador, in which an average of 44 years was required to reach a recovery threshold,
corresponding to 80% of the pre-fire conditions (Miranda et al., 2016). Recovery for forest fire sites
in Nunatsiavut is expected to take longer than in southern Labrador, due to the cooler climate and
less suitable conditions for tree establishment.

Following fire, a minimum threshold of 0.05 was applied to nf, representing a ratio of air

FDD to ground surface FDD of 20. This minimum threshold value is the average of nr values
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measured by Way and Lewkowicz (2016) at 16 sites located in temperate or subpolar needleleaf
forests, subpolar taiga needleleaf forests, and mixed forests in Labrador. In western North America,
very few permafrost-related studies have reported nr values as low as or lower than 0.1 (e.g., Taylor,
1995; Jorgenson et al., 2010; Cable et al., 2016). It is unlikely that nr would fall below the minimum

applied threshold of 0.05, even during the immediate post-fire period.

3.3.3 Model Output Validation

The model was validated using comparisons with measured ground surface temperatures
during 2017-2018. Validation of ground temperatures at greater depths could not be performed, as
boreholes were not established at the study sites due to permitting regulations associated with the
overall research project.

The model was verified at this stage by identifying the depth of the base of permafrost, the
depth of zero annual amplitude, the temperature of at the depth of zero annual amplitude, and the
active layer thickness from 2017 to 2018. We expected to generate a body of warm permafrost at
the WB site of a reasonable thickness, not exceeding 20 m in depth. The active layer was expected
to range between 60 cm and 1 m, based on the climatic conditions at the site, and the depth of zero
annual amplitude was expected to range between 6 m and 22 m (Lévesque et al., 1990 in Allard et
al., 2012).

The thermal offset of -1.0°C that was produced under equilibrium conditions for 1965 was
also used to verify the model. The thermal offset refers to the temperature difference between the
temperature at the top of permafrost and the mean annual ground surface temperature. Locations
with permafrost in Canada with a mean annual air temperature of around -3°C may be expected to
have a corresponding thermal offset of around -2°C (Smith and Riseborough, 2002). However, the

thermal offset at a given location is greatly influenced by the thermal conductivity of the ground
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materials, which are based on moisture content, sediment grain size and density, and mineral
composition (Williams and Smith, 1989). Thermal offsets ranging between -1°C and -2°C have been
measured at north-facing forested sites in mountain permafrost environments in British Columbia

(Hasler et al., 2015).

3.3.4 Processing of Model Outputs

The TEMP/W program produced individual CSV files for each model interval of daily
temperatures (columns) over the entire period of study for every node (rows) within the model
domain of 100 m. This massive data output was processed in R to produce annual trumpet curves
for the beginning of the period of study (1965), selected years preceding the fire disturbance, the
year preceding the fire disturbance (2000 for TB and 2003 for WB), and every year following the
fire disturbance until 2099. The depth of zero annual amplitude, the temperature of the permafrost,
the base of the active layer, the top of the permafrost, and the base of the permafrost could be
extracted for each year from the maximum, minimum, and mean curves of each trumpet curve, using
specified temperature thresholds applied while moving up and/or down the profile.

The depth of zero annual amplitude is defined as the first depth, moving from the surface to
the base of the profile, at which the range between the maximum and minimum temperatures is less
than 0.1 K. The temperature of the permafrost is the temperature at the depth of zero annual
amplitude.

The base of the permafrost is defined as the next depth following the last depth at which the
maximum temperature, moving from the base to the surface of the profile, is warmer than the

specified threshold.
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The top of the permafrost is defined as the first depth at which the maximum temperature,
going from the surface to the base of the profile, is cooler than the specified threshold. If no talik
has formed, the top of the permafrost is at the same depth as the base of the active layer.

The base of the active layer is defined in two ways, based on the presence or absence of a
talik. In the absence of a talik, the active layer is defined by the depth to which seasonal thawing
occurs, whereas if a talik is present, the active layer is defined by the depth of seasonal freezing.
When a talik is absent, the base of the active layer is the first depth at which the maximum
temperature, moving from the surface to the base of the profile, is cooler than the threshold. When
a talik is present, the base of the active layer is the first depth at which the minimum temperature,
moving from the surface to the base of the profile, is warmer than the threshold.

Based on standard definitions (van Everdingen, 2005), 0°C should normally be used as the
threshold temperature for the top and base of permafrost and the boundaries of any taliks present,
whereas strictly speaking, the base of the active layer should relate to the temperature at which
freezing commences. However, when temperature gradients are very gentle, the boundary between
ground temperatures <0°C and >0°C can shift rapidly because no latent heat is released in the model
at exactly 0°C. For this reason, a range of temperature thresholds was used, representing different
unfrozen moisture content values (Table 3-7). As soils are subjected to falling temperatures, some
of the water changes to ice at an activation temperature just below 0°C, while the remainder is
present in liquid form as films around individual particles (Spaans and Baker, 1996). This unfrozen
moisture clings to particles through a combination of capillarity, adsorption, and the presence of
dissolved salts, which can depress the freezing point of the body of soil (Spaans and Baker, 1996;
French, 2017). The unfrozen moisture content at a given temperature can be defined by an unfrozen
moisture content curve, which is also referred to as the soil freezing characteristic curve (Spaans

and Baker, 1996). Unfrozen moisture content curves vary by soil type, with coarser soils, like sands,
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having less unfrozen moisture content than finer soils, like clays, at the same sub-zero temperature
(Williams and Smith, 1989; French, 2017). In TEMP/W, a default unfrozen moisture content curve
for sand was applied to all material layers. Selected temperature thresholds and their corresponding
fractional unfrozen moisture contents are presented in Figure 3-8. Applying a range of temperatures
and unfrozen moisture contents improves interpretations of regions of frozen ground (<11.39%
unfrozen moisture content, <-0.025°C), unfrozen ground (100% unfrozen moisture content, >0°C),

and partially frozen ground (11.40-99.99% unfrozen moisture content, 0°C to -0.025°C).
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Figure 3-8. Default Unfrozen Moisture Content Curve for Sand in Temp/W. Thresholds for

interpretations of unfrozen ground (red) and frozen ground (blue) are shown as dotted lines.
Based on these parameters, the thickness of the active layer, the thickness of the permafrost,

and the thickness of a talik, if present, were determined for each year within the period of study.
The R code used to process and visualize the raw TEMP/W output is included in Appendix

B. The rowMaxs and rowMins functions from the matrixStats package (Bengtsson et al., 2019) were
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used to extract the maximum and minimum values across the rows corresponding to a given year.

These values were assembled to generate the maximum and minimum curves for each trumpet curve.

3.4 Statistical Analyses

The statistical analyses performed in this thesis were limited to those of an exploratory nature
The exploratory data analysis (EDA) involved inter-site comparisons of snow depth, near-surface
resistivity, organic layer thickness, average instantaneous soil temperature, average instantaneous
soil moisture, total canopy cover, understory canopy cover, maximum shrub height, and shrub
density using boxplots. Normality was visually assessed with Q-Q probability plots during the
exploratory process. Intra-site relationships between the ecological variables were examined
through Principal Components Analysis (PCA). PCA was applied to reduce the dimensionality of
these numerical variables in each site. Only complete observations were incorporated into the PCA,
resulting in 76 observations for BR, 69 observations for TB, and 78 observations for WB. A
correlation matrix was applied to the PCA, and components were retained if eigenvalues were
greater than 1 (Kaiser Rule).

More traditional analyses, especially parametric ones, could not be performed, due to the
spatially dependent nature of the data (Legendre, 1993; Bataineh et al., 2006a). Some researchers,
like Bataineh et al. (2006b), have successfully applied traditional statistical analyses in fire ecology
studies. However, their sample size was sufficiently large to produce non-compromised results. The
logistical and operational constraints placed on our field investigations and the linear nature of the
ERT surveys made it difficult to increase the number of observations across a given site. Techniques
to identify and eliminate spatial autocorrelation within these datasets, like Moran’s I, were
considered. However, these techniques would have significantly reduced the effective sample size

of observations that would have been useful and appropriate for analysis (Bataineh et al., 2006a).
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Some researchers have developed other corrections to permit the continued use of spatially
dependent data in statistical analyses. Dale and Fortin (2002) suggest subsampling, adjusting the
Type I error rate, partitioning out or factoring in spatial structure, and applying randomization
methods to datasets containing spatially dependent observations. In the context of this research,
however, subsampling was deemed to be inappropriate considering our relatively small number of
complete observations (n<80) per site, and adjustment to the Type I error rate was not adopted

because it has been criticized for being too conservative (Dale and Fortin, 2002).
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4.1 Abstract

The impacts of fire on permafrost are poorly known for forests in coastal Labrador, which
are characterized by some of the longest fire intervals and wettest climates of the North American
boreal region. We present summer and winter field observations of frozen ground, vegetation, and
snow conditions approximately two decades after fire at three sites in the sporadic discontinuous
permafrost zone. Burned and unburned sections of our sites differ in terms of snow depth, near-
surface electrical resistivity, soil moisture, total canopy cover, and shrub density, but differences are
not consistent at all three sites. Permafrost appears to have persisted beneath the unburned forest at
two sites located at 56.7°N near Nain, due to ecological protection offered by the intact forest
canopy. No near-surface frozen ground was detected in the fire-affected portions of these sites. The
third site, located at 54.8°N near Postville, exhibits only seasonally frozen ground. Post-fire shrub
establishment at all three sites is promoted by an increase in soil temperature and a lack of competing
vegetation. However, the impact of these shrubs on frozen ground conditions is limited because
seasonal snowpacks are much deeper and longer lasting in both burned and unburned areas at our

sites than in the boreal forests of western North America.

Key Words: Forest Fire, Boreal, Permafrost, Shrub Regeneration, Snow Accumulation, Forest

Canopy, Nunatsiavut, Labrador, Canada.
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4.2 Introduction

Fires are the largest natural surface disturbance to the North American boreal forest (Hanes
et al., 2018). Fire is a natural phenomenon that leads to renewal and regeneration of the forest, but
recent climatic warming has caused an increase in its frequency and intensity across northern
landscapes (Flannigan et al., 2005; Balshi et al., 2009; Wotton et al., 2010). Following fire, forests
undergo succession, with progressive stages of vegetation establishment and abundance that drive
the response of the thermal regime of underlying frozen ground (Shur and Jorgenson, 2007,
Jorgenson et al., 2010). Post-fire increases in soil temperature, soil moisture (Fisher et al., 2016),
and snow depth (Burles and Boon, 2011; Gleason et al., 2013) have been linked to active layer
thickening and permafrost thaw (Burn, 1998; Smith et al., 2015; Holloway et al., 2020). These
observations are geographically concentrated in the western North American boreal forest
(Holloway et al., 2020), and comparable studies have not yet been undertaken in the coastal forests
of the eastern Canadian subarctic where the climate and other conditions are substantially different.

This study examines post-fire forest and frozen ground conditions at three burned sites in
Nunatsiavut, two near the community of Nain and the third near Postville (Figure 4-1). Based on
studies conducted in western North America (e.g., Burn, 1998; Nossov et al., 2013; Smith et al.,
2015; Brown et al., 2016), we hypothesized that ground temperatures would be lower in undisturbed
forest than in adjacent burned areas, due to greater interception of snow, a thick undisturbed organic
mat, and greater ground shading. Burned areas were expected to have thinner organic mats due to
combustion, and higher ground temperatures were expected to promote shrub growth, leading to
snow-trapping and overall greater snow depths in winter. Permafrost, if present, was expected to be
located beneath the unburned forest and absent or degrading in burned areas. Our research provides
a description of both summer and winter post-fire site conditions and permits inter- and intra-site

comparisons for the three forest fire sites.
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Figure 4-1. Location of Study Sztes near Nam and Postville, Nunatsiavut (Crown-Indigenous
Relations and Northern Affairs Canada, 2007). (A) Nunatsiavut communities and permafrost
zones (Brown et al., 2002), inset shows the location of main map in relation to the Canadian
boreal forest (Brandt, 2009), (B) Tikkoatokak Bay (TB) and Webb Bay (WB) fire sites near Nain;
(C) Beaver River (BR) fire site near Postville.
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4.3 Study Region and Sites

The regional climate of coastal Labrador is strongly influenced by its proximity to the cold
Labrador Current, which runs southwards along the Atlantic coast (Banfield and Jacobs, 1998;
Roberts et al., 2006). Winters are long and cold, and summers are short and cool throughout the
region (Hare, 1950; Banfield and Jacobs, 1998). The mean annual air temperature at Nain (56.5°N;
Figure 4-1-A) is -2.5°C (1981-2010), while mean annual precipitation is 925.5 mm, divided into
450.2 mm of rain and 475.3 cm of snow (Environment Canada, 2020). Mean annual air temperature
rises southwards to -1.3°C (1981-2010) at Makkovik (55°N; Figure 4-1-A), with similar amounts of
precipitation (978.5 mm; Environment Canada, 2020).

The region is part of the Canadian Shield, and the terrain is characterized by thin layers of
frost-susceptible surficial deposits over bedrock (Bell et al., 2011). According to the Permafrost Map
of Canada (Heginbottom et al., 1995; Figure 4-1-A), Nain and Postville are both located within the
sporadic discontinuous permafrost zone, so 10 to 50% of the area around these communities is
expected to be underlain by permafrost. A recent regional analysis using the Temperature at the Top
of Permafrost model over 10 km grid cells showed the Postville area to be located in the isolated
patches zone (Way and Lewkowicz, 2016), implying that less permafrost is expected there than
around Nain.

Labrador’s forests are comprised of black spruce (Picea mariana [Mill.] B.S.P.), white
spruce (Picea glauca [Moench] Voss), balsam fir (4bies balsamea [L.] Mill.), and eastern larch
(Larix laricina [Du Roi] K. Koch) (Roberts et al., 2006). Near Postville, the forest is dominated by
black spruce with some balsam fir, while all four major coniferous species are present near Nain.
The regional fire interval is much longer than elsewhere in the North American boreal forest due to
the cool and wet climate (Foster, 1983; Coops et al., 2018, Hanes et al., 2018). Adaptations,

including semi-serotinous cones, allow for rapid post-fire seed release by some coniferous species
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(e.g., black spruce), but the long-term accumulation of organic matter associated with the low fire
frequency means that a favourable seed bed may not be present (Foster, 1983; Elson et al., 2007).
Low post-fire tree regeneration rates have been reported in northern Québec (Sirois and Payette,
1991; Payette et al., 2001) where shrub development is favoured over tree establishment (Lévesque
et al.,, 2012). Slow reforestation provides an extended opportunity for understory development
(Foster, 1985; Brehaut and Brown, 2020), so that densities of some ericaceous species rapidly
approach, or even exceed, those measured prior to fire (Foster, 1985).

Two sites are located about 25 km from Nain, along the northern edge of Tikkoatokak Bay
(TB; 56° 42.275’ N, 62° 12.555” W) and the southern edge of Webb Bay (WB; 56° 45.379° N, 61°
52.178 W). These two fires covered areas of 3 km? and 1 km? in the summers of 2001 and 2004,
respectively. At TB and WB, the surficial materials mainly consist of sand, with slightly more silt
at TB. Erratics are evident at both TB and WB, and bedrock outcrops are also present in places at
TB.

The Beaver River site (BR; 54° 46.828° N, 59° 48.489° W) is located about 15 km southwest
of Postville, along the southern shore of the innermost segment of Kaipokok Bay. The BR fire
occurred in summer 1996, when it burned approximately 150 km? of black spruce-dominated forest.

Surficial materials consist of a mixture of silt and fine sand, with some clay and scattered erratics.

4.4 Methods

4.4.1 Site Set-Up and Climate

Field investigations were conducted in 2017, 2018, and 2019. Two primary parallel transects
spaced 60 to 100 m apart, each measuring 80 m at the TB and WB sites (Figure 4-2-A) and 40 m at
the BR site, were established perpendicularly to the unburned forest edge. Vegetation data was
collected along parallel, untrampled secondary transects, offset 1 m downslope from each primary
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transect. At the BR site, additional field measurements and observations were made along a
supplementary 50 m-long transect.

Air temperature (+0.21°C accuracy) was measured at 2-hour intervals for two years from
August 2017 to August 2019 at TB, two years from July 2017 to July 2019 at WB, and one year
from July 2018 to July 2019 at BR (Table 4-1). Hobo Pro v2 Temperature/Relative Humidity U23-
001 Data Loggers (Onset) were installed in radiation shields within unburned forest stands at each
of the sites (Figure 4-2-B).

Table 4-1. Summary of Mean Annual Air Temperature, Mean January and July Air Temperatures,

and Thawing and Freezing Indices for the Study Sites (2017-2019) and the Nain A Environment
Canada Climate Station (2017-2019 and 1981-2010 normal).

1981-2010 2017-2018 2018-2019
Site NainA  NainA:  TBb WB®  NainA®  TBY WBe BR'
Mean Annual Air
Temperature -2.5 - -24 -2.5 - -3.0 -3.1 -1.9
(°C)
Mean January
Temperature 17.6 174 184 7.7 188  -19.7 -20.1 18.8
(°C)
Mean July
Temperature 10.1 - 11.3 111 7.9 9.5 - -
(°C)s
Thawing Index 1188 ] 1221 1166 ] 1132 1111 1429
(degree days)
Freezing Index 2072 ] 2112 2083 ] 2214 2246 2131

(degree days)

@ due to missing station data for Nain A, certain values could not be calculated.

® for full calendar year from August 11, 2017 to August 10, 2018.

¢ for full calendar year from July 20, 2017 to July 19, 2018.

d for full calendar year from August 11, 2018 to August 10, 2019.

¢ for full calendar year from July 20, 2018 to July 19, 2019.

ffor full calendar year from July 21, 2018 to July 20, 2019.

9 due to the timing of the site visits, the mean July temperature for 2019 could not be calculated
for the WB or BR sites.
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Seasonal snow accumulation and melt dynamics were derived from a series of vertically
arranged Thermochron iButtons (Maxim), installed on stakes that were placed in both the burned
and unburned regions (Figure 4-2-BC). The iButtons were placed at 10 cm intervals from the ground
surface to 60 cm and at 20 cm intervals from 60 cm to a maximum height of 140 cm at TB and WB
and 160 cm at BR. Snow accumulation and melt patterns were interpreted by examining
temperatures recorded at a resolution of 0.5°C and an accuracy of +1°C every 4 hours by each sensor
(Isaksen et al., 2002; Danby and Hik, 2007; Lewkowicz, 2008). Maximum seasonal snow depth and
the duration of the snow-on-ground seasons were calculated.

The spatial variation in snow depths was examined during winter site visits on March 23-24,
2018 (TB and WB) and February 18-19, 2019 (BR). Snow depths were measured at 1 m intervals
along the primary transects with a 230 cm-long avalanche probe. These snow depths can be used for
intra-site comparisons between burned and unburned sections. Inter-site comparisons can also be
made for the TB and WB sites since measurements were taken only a few days apart. In relation to
the seasonal snow dynamics, these snow depths were measured on dates from 55% (BR) to 60%
(TB and WB) of the way through the snow-on-ground season and at 80 to 100% of the maximum

seasonal snow depths.
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Figure 4-2. (4) Position of Transects and Instrumentation on a UAV image of WB. Transects are
perpendicular to the edge of the unburned forest. Primary transects, for ground and snow
conditions, are shown in orange. Secondary transects, for vegetation conditions, are located 1 m
downslope of the primary transects; (B) An air temperature logger is positioned in the unburned
forest; (B-C) Snow stakes, equipped with arrays of iButton temperature loggers for inferring snow
depths and dynamics, are positioned in both the burned and unburned areas of the site.

4.4.2 Frozen Ground and Soil Properties

Frozen ground conditions were assessed along the primary transects using electrical
resistivity tomography (ERT), supported by frost probing and instantaneous temperature monitoring
(Way and Lewkowicz, 2015). Direct current ERT is a geophysical technique that can be used to
delimit frozen and unfrozen ground based on electrical contrasts between the solid and liquid states

of water (Fortier et al., 2008; Kneisel et al., 2008; Lewkowicz et al., 2011). The Wenner electrode

configuration was applied, due to its stability in heterogeneous regions and its ability to delineate
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horizontal structures, such as the top and base of permafrost (Hauck et al., 2004; Fortier et al., 2008).
Aluminum electrodes (50 cm long and 1 cm in diameter) were inserted into the ground at minimum
intervals of 1 m. The electrodes were connected by jumper cables to take-outs, which were
connected to an ABEM Terrameter LS profiling system. Apparent resistivities were processed and
converted to best-estimate values using the robust inversion method in the two-dimensional
RES2DINYV inversion software (Loke et al., 2003), which applies a Gauss-Newton algorithm to fit
an appropriate subsurface model to the observations (Kneisel et al., 2008; Hilbich et al., 2009).
Inversion iterations were permitted until convergence had occurred, marked by a change in the root
mean square error between consecutive iterations of less than 5%, or until the fifth iteration,
whichever came first. Topography and breaks in slope along the ERT lines were recorded with a
clinometer, and topographic corrections were applied during the inversion process. Depths of
investigation of approximately 12 and 6 m were obtained with the 80 and 40 m surveys, respectively.
Near-surface resistivity values, corresponding to the average resistivity over a depth of 0.5 to 1.05
m below the ground surface, were extracted from the processed inversions and assigned to the
nearest metre along the profile. The marine limit near Nain is 44 m a.s.l. (Johnson, 1969), so the
upper sediment layers at the study sites have likely been marine-affected. No information is available
on porewater salinities, but these are expected to be low due to the low salinity of the adjacent
Labrador Sea and the high regional precipitation rates that would have permitted leaching of salts
whenever permafrost was absent during the Holocene.

Organic layer thicknesses were measured at 1 m intervals along the ERT lines by inserting
a 50 cm-long aluminum rod to the depth where the mineral soil resisted penetration. Small pits were
dug to the top of the mineral soil in several locations at each site to verify the organic layer thickness

estimates.
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Soil temperature (+1.5°C accuracy) and volumetric moisture content (+0.03 cm’/cm?
accuracy) were recorded with a WET Sensor and HH2 Moisture Meter Version 2.3 (Delta-T) at I m
intervals at the BR site and at 2 m intervals at the TB and WB sites between the ERT lines and the
parallel vegetation transects. The soil temperature and moisture values were each calculated as the
average of three measurements. These data are useful for evaluating spatial variations in intra-site

soil temperature and moisture at the time of measurement.

4.4.3 Vegetation Characteristics

Total canopy cover, understory canopy cover, and shrub height and density were measured
along the secondary transects.

Hemispherical images were obtained at 1 m intervals from the ground surface to evaluate
total canopy cover. Additional hemispherical images were obtained at a shoulder height of 1.3 m.
The canopy coverage from each image collected at shoulder height was subtracted from the total
canopy coverage at the same location to determine the understory coverage, which was primarily
attributed to shrubs. Some calculations of understory canopy coverage produced negative values,
reflecting the complexity of the layered and branched nature of shrubs and trees. This occurred at
locations where coverage by vegetation immediately above the lens was exaggerated in the
hemispherical images. These values were not excluded from the exploratory data analysis. Images
were collected with a levelled Samsung Galaxy A5 smartphone with an attachable fisheye lens
(Lifetrons Travel Lens Set), mounted on a selfie stick to ensure that the camera operator was not
captured in the image. Canopy openness and gap light transmission were estimated by automatic
thresholding and binary conversion, followed by pixel counts in the ImageJ software (Rasband,

2014).
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The number of shrub stems and the height of the tallest shrubs of each species were measured
within a 0.25 m? plot at 1 m intervals along the secondary transects. Common shrub species included
Labrador tea (Rhododendron groenlandicum [Oeder] Kron and Judd), dwarf birch (Betula
glandulosa Mich.), tea-leaf willow (Salix planifolia Pursh), gray-leaf willow (Salix glauca L.), and
green alder (A/nus viridis subsp. crispa [Aiton] Turr.). Shrubs under 25 cm were omitted, including
shorter or prostrate species like crowberry (Empetrum nigrum L.) or blueberry (Vaccinium spp.), as

they were expected to have limited snow-trapping and ground-shading abilities.

4.4.4 Exploratory Data and Statistical Analyses

Principal component analysis (PCA) was performed to reduce the dimensionality of eight
numerical variables collected along the transects: snow depth, near-surface resistivity, organic layer
thickness, soil temperature (average of three samples), soil moisture (average of three samples), total
canopy cover, maximum shrub height, and shrub density. Through PCA, it was possible to identify
intra-site associations between these variables. Of a total of 458 observations, only complete
observations, in which data for all eight variables were present, were incorporated into the PCA.
This resulted in a total of 223 observations, with 69, 78, and 76 observations for the TB, WB, and
BR sites, respectively. A correlation matrix was applied to the PCA to account for the range of scales
used for variable measurements. Principal components (PC) were retained according to the Kaiser
Rule, requiring eigenvalues above 1. Variables whose loadings exceeded 0.4 were retained for
interpretation. Exploratory data and statistical analyses were performed in R, and figures were
generated using the ggplot2 (Wickham, 2016), ggbiplot (Vu, 2011), and cowplot (Wilke, 2019)

packages.
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4.5 Results

4.5.1 Climate

For 2017-2018, the TB and WB sites experienced mean annual air temperatures of -2.4°C
and -2.5°C, respectively. These values are similar to the mean annual air temperature of -2.5°C for

Nain (1981-2010; Table 4-1). The following year was slightly cooler, with mean annual air
temperatures of -3.0°C at TB and -3.1°C at WB and lower mean January temperatures of -19.7°C
and -20.1°C, respectively. Due to missing station data from Nain, direct comparisons can only be
made for January 2018 and 2019, which were up to 1.3°C warmer at Nain than at the TB and WB
sites, and July 2019, which was more than 1°C cooler at Nain than at TB. Based on the site records,
the TB and WB sites experience similar air temperatures, which are slightly more continental (colder
in winter and warmer in summer) than at Nain (Figure 4-1-B). Temperatures during the study years
were not abnormal relative to the long-term means. The BR site exhibited the largest thawing index
and the smallest freezing index, resulting in a mean annual air temperature of -1.9°C for 2018-2019
and the highest January 2019 temperature of the three sites. At the time of field investigations, there
were no nearby government-established stations available for comparison.

Snow cover persisted at the study sites from October to May, and sometimes into June, for
at least 200 days of each year (Figure 4-3). At TB and WB, much of the development of the 2017-
2018 seasonal snowpack was attributed to major snowfall in mid-December 2017. In 2018-2019,
the snowpack began to develop at these two sites two weeks earlier than in the previous year, but
major snowfall did not occur until early February. During both winters of study, the snowpack was
deeper at WB than at TB. At BR, the 2018-2019 seasonal snowpack accumulated more gradually
throughout the season, when compared with the more northern sites. At all sites, snowpack ablation

in spring took two to four weeks.
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Figure 4-3. Mean Daily Air Temperatures (gray) and Snow Depths in Burned (orange) and
Unburned (green) Areas at the TB, WB, and BR Sites for 2017-2019. The date corresponding to
transect-based snow depth measurements at each of the sites is identified by a red line. The
maximum detection limit of 140 cm at TB and WB and 160 cm at BR is identified by a blue dotted
line.
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The seasonal snow accumulation and melt patterns showed greater maximum snow depths
at our snow stakes in the unburned forest, relative to the burned areas. The duration of the snow-on-
ground season was, on average, two weeks longer in the undisturbed forest than in the burned region,
due to greater snow depths and later and slower melt. Consequently, snow depth days, which
incorporate both the depth and duration of the snowpack, were greater in the unburned forest than
the burned region by at least 11% at TB, 3% at WB, and 21% at BR for the 2018-2019 season (Table
4-2). Frequent fluctuations in depth occurred in both burned and unburned snowpacks throughout
the season, suggesting minor melt and possible snow redistribution events.

Table 4-2. Summary of Seasonal Snowpack Characteristics Inferred from iButton Stakes at the Study

Sites from 2017-2019.
Maximum Snow Depth Snow Depth Days Snow-on-Ground
Year Site (cm) (metre days) Duration (days)
UNBURNED BURNED UNBURNED BURNED UNBURNED BURNED
B 130 90 186.5 124.8 227 208
2017-2018

WB >140 130 >177.0 176.4 239 225
B >140 130 >160.9 143.6 213 197
2018-2019 WB >140 >140 >157.7 >153.1 236 222
BR >160 150 >252.9 200.0 219 210

The late-winter snow surveys carried out at the study sites provide additional information on
spatial differences between the burned areas and the undisturbed forest. As at the snow stakes, mean
and median snow depths were greater in the unburned region than the burned region at WB (143 cm
versus 110 cm) (Figure 4-4-A; Appendix A). In contrast, the pattern at the snow stakes was not
maintained along the transects at the other two sites, so that burned and unburned average snow
depths were similar at TB (114 cm versus 120 cm), and lower average snow depths were observed
in the unburned portions than in the burned parts at BR (155 cm versus 173 cm). Variability at all

sites was high, with ranges that exceeded 100 cm in almost all cases (Appendix A).
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Figure 4-4. Boxplots of measurements in burned (orange) and unburned (green) portions of
transects at the Tikkoatokak Bay (TB), Webb Bay (WB), and Beaver River (BR) sites: (A) snow
depth (cm); (B) near-surface resistivity (Qm, logarithmically-transformed); (C) organic layer
thickness (cm); (D) average soil temperature (°C); (E) average volumetric soil moisture
(cm?/cm?); (F) total canopy cover; (G) understory canopy cover; (H) maximum shrub height
(cm); and (I) shrub density (stems/m?). Boxplots represent the median (black line) and the upper
and lower quartiles (box boundaries). Whiskers represent the minimum and maximum values.
Outliers are identified as points. The number of observations (n) for each boxplot are included
in brackets.
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4.5.2 Ground Conditions

Two ERT surveys were completed across burned to unburned transitions at each site. Frost
probing and instantaneous temperature measurements, where possible, confirmed instances of
frozen ground in the unburned forest, typically at depths of 40 to 50 cm. Frozen ground was not
detected in any of the fire-disturbed portions of the profiles.

Most of the TB1 tomogram exhibits modelled resistivities below 1600 Qm. Values in the
burned portion of the profile are generally lower than those in the forested section at the same depth,
and there are three high resistivity anomalies. The two in the upper 2 m in the burned area between
15 m and 22 m and in the unburned forest between 53 m and 59 m are interpreted as dry soil and
shallow rock, respectively. The third anomaly in the middle of the profile at depths of at least 6 m
could be bedrock or possibly degrading permafrost. No instances of frozen ground were detected by
frost probing in late-July 2019 (Figure 4-5-A). Resistivities along TB2 (Figure 4-5-B) were
generally higher than those at TB1, especially beneath the unburned forest. Resistivities decreased
with depth in the burned area from 3200 to 6400 Qm in the upper 4 m to 1000 to 2000 QQm at greater
depths. The former likely reflects dry, well-drained conditions near the start of the transect. In the
unburned forest, resistivity patterns were complex, but almost all values exceeded 6400 Qm, with
the deepest layers exceeding 20000 Qm. Modelled blocks with values below 6400 QOm between 63
and 80 m in the near-surface corresponded to the location of two small streams that ran perpendicular
to the profile. The correlation of the defined frost table and the pattern of resistivities, supplemented
by field observations of fine-grained, frost-susceptible sediments, strongly suggests the presence of
permafrost beneath the forest at TB2 and its absence beneath the burned area. High resistivities

exceeding 10000 Q at depths of at least 7 m may be frozen ground or bedrock (frozen or unfrozen).
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Figure 4-5. Modelled Resistivities of ERT Profiles (A) TB1 and (B) TB2. Confirmed frost tables
within the upper 120 cm of the ground surface are identified by blue arrows, and tomograms are
faded in areas where sensitivity values are less than 0.1, as in Way et al. (2018). Interpretations of
frozen ground and other notable ground properties are identified.

The tomograms for WB1 and WB2 show three- or four-layered systems, which broadly
alternate from lower to higher values from the surface to the depth of investigation (Figure 4-6).
Lateral variation occurs within the layers, resulting in positive anomalies within both the burned and
unburned portions of the profiles. Modelled resistivities range from minima of 800 Qm, usually
within the upper 2 m of the profile, to maxima of 16000 to 25600 Qm in high resistivity zones in
the burned portions of the transect. Probing and other site observations showed that these high

resistivity zones, centred between 0 and 15 m along WB1 and 15 and 32 m along WB2, corresponded

to areas with dry sand and not to frozen ground. Frost probing and temperature measurements within
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the forest at WB1, however, confirmed the presence of frozen ground, particularly beneath dense
tree stands located in the forest from 51 to 52 m and 69 to 72 m, and this was associated with
modelled resistivities exceeding 3200 Qm. Based on the tomogram, these bodies of frozen ground
extended to maximum depths of 5 m. At WB2, frozen ground was detected by probing in late-July
2019 in the unburned forest, between 61 and 62 m and 71 and 75 m. These areas of the tomogram
show values exceeding 3200 Qm as at WB1, but these extend only to depths of about 4 m. The
layered patterns in the forest at both WB1 and WB2, therefore, are interpreted as the active layer

overlying thin permafrost, which in turn overlies unfrozen sediments and bedrock that extend across

the base of the profile.
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Figure 4-6. Modelled Resistivities of ERT Profiles (A) WB1 and (B) WB2. Confirmed frost tables
within the upper 120 cm of the ground surface are identified by blue arrows, and tomograms are
faded in areas where sensitivity values are less than 0.1, as in Way et al. (2018). Interpretations of
frozen ground and other notable ground properties are identified.
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The two tomograms at BR show a two-layered system, with a slightly higher near-surface

resistivity layer of typically 200 to 600 QOm overlying a low resistivity layer below 100 Qm that

extends to the base of the profile (Figure 4-7). Higher resistivity anomalies are present at the end of

BR1 and the start and end of BR2. No frozen ground was detected along BR1, and only one location

at the end of BR2 gave an indication of frozen materials. The very low values comprising most of

the profiles indicate saturated, unfrozen soils. The near-surface layer is drier, which results in

slightly higher resistivities. An undulating bedrock surface likely results in the higher resistivity

anomalies, with the one at the end of BR2 being due to seasonally frozen ground. Permafrost is

therefore absent beneath both the forest and the burned areas.
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frozen ground and other notable ground properties are outlined and identified. Note the much lower
resistivity scale used compared to Figures 4-5 and 4-6.

The overlap between resistivities in the six tomograms that are inferred to represent (i) dry,
unfrozen coarse-grained sediments, (i1) frozen soils of varying grain-sizes with low ice contents, and
(i11) bedrock, results in no clear pattern in the summary of near-surface (0.5 to 1.05 m depth)
resistivities in burned and unburned areas (Figure 4-4-B). The median value is higher beneath the
forest than in the burned area at TB, but the reverse is true at WB. The most obvious difference is
between the higher median values at the two sites near Nain and the lower ones at BR, and this is
due to wetter conditions and finer-grained soils at the latter.

Organic layer thicknesses in the burned regions at all three sites were less than in the
undisturbed forest due to loss by combustion. Average values, 14 to 22 years after the fires took
place, differed by 7 cm at TB, 6 cm at WB, and 10 cm at BR, while maximum values differed by 11
to 12 cm (Appendix A). Substantial overlaps in the distributions (Figure 4-4-C) reflect the low
intensity nature of the initial fire disturbances, with combustion causing relatively little loss of
organic material (Brehaut and Brown, 2020). In the burned area, the thickest organic mat was
observed at BR, the oldest fire site, while the thinnest was observed at WB, the youngest fire site.

Average soil temperatures measured along the transects at all three sites were 0.3 to 2.6°C
higher in the fire-affected area than in the unburned forest (Figure 4-4-D). Differences were larger
at TB and WB, where near-surface frozen ground was present in the forest, and minimal at BR,
where frozen ground was almost entirely absent. However, the high standard deviations (Appendix
A), relative to the magnitude of the intra-site differences, suggest that differences in instantaneous
soil surface temperatures between burned and unburned regions may not be significant.

Average soil moistures measured at the three sites were higher in the fire-affected area than
in the unburned forest (Figure 4-4-E), possibly reflecting lower rates of evapotranspiration following

fire (Holloway et al., 2020). Due to the high standard deviations in soil moisture values, the minor
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burned versus unburned differences of 0.02 and 0.04 cm?®/cm® at TB and WB, respectively, were
likely negligible (Appendix A). At BR, average volumetric soil moisture differed by 0.11 cm?/cm?

between the burned and unburned areas, but standard deviations remained high.

4.5.3 Vegetation Conditions

Average canopy cover in the unburned areas at the three sites varied from 60 to 68% (Figure
4-4-F). The value was lowest at WB, indicating that the forest was most open at this site. Burned
regions exhibited lower average total coverage, ranging from 44 to 57%, and higher variance
(Appendix A). The understory canopy coverage, provided by vegetation measuring less than 1.3 m
in height, was higher in the burned region than the unburned region at all sites (Figure 4-4-G). This
difference was most pronounced at the TB and WB sites, where the average understory canopy
coverage in the burned regions of 21 to 22% was approximately double the average coverage of 10
to 11% in the unburned regions. At BR, the average understory canopy coverage in the burned area
was 13 %, while the coverage in the unburned forest was 10%. Unburned regions exhibited lower
variance in understory canopy coverage than burned regions (Appendix A).

At TB, maximum shrub heights of 215 cm were documented in both burned and unburned
areas, with similar mean maximum shrub heights of just under 1 m. WB had the shortest shrubs of
the three sites, with maximum heights of 147 cm in the unburned forest and only 110 cm in the
burned area (Appendix A). Few willows and alders were observed at WB, especially in the burned
area, and shrub cover along the transects were dominated by Labrador tea, which typically grow to
a maximum height of 1.5 m. Shrubs were tallest at BR and exceeded 4 m in both burned and
unburned areas, due to tall patches of willows and alders. However, high standard deviations show
that the burned versus unburned differences in maximum shrub height were not significant,

especially at TB and WB (Appendix A).
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Intra-site differences in shrub densities were more pronounced than those for maximum
shrub heights. Shrub densities were consistently higher in the burned areas (Figure 4-4-1), but they
still ranged from 0 stems/m? to over 300 stems/m? at the TB and BR sites, where layering of willow
and alder branches was observed. At TB, shrub densities were two to three times greater in the
burned region, when compared with the unburned forest. At WB, average shrub densities were 50%
higher in the burned region than in the unburned forest, but WB had fewer shrubs than the TB and
BR sites, particularly in the burned area (Appendix A). At BR, shrub stems were measured to be at
least twice as dense in the burned area, relative to the unburned forest. High shrub density
measurements in the burned regions at all three sites are consistent with patterns of greater

understory coverage in the fire-affected area, compared to the undisturbed forest (Figure 4-4-G).

4.5.5 Intra-Site Variable Interactions

The PCA provides an overview of relationships among the field variables at the three sites.
The first three PCs accounted for very similar percentages of the total variance at each site: 64.0%
at TB, 66.9% at WB, and 62.3% at BR. The highest variance accounted for by the first PC was
31.6% at TB, and the lowest was 27.4% at BR. No consistent relationships or associations between
the variables were identified through the various biplot combinations (Figure 4-8). Overall similar
loadings, and relatively few loadings greater than 0.4 or less than -0.4, demonstrate that all variables

are similarly loaded on the various PCs (Table 4-3).
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Table 4-3. Summary of Loadings, Accounted Variance, and the Eigenvalue of Retained Principal
Components for the BR, TB, and WB Sites. The number of observations (n) for each site are

identified in brackets. Loadings >0.4 or <-0.4 are shown in green or red, respectively.
TB (n=69) WB (n=78) BR (n=76)

PC1 PC2 PC3 PC1 PC2 PC3 PC1 PC2 PC3
Eigenvalue 2.5 1.6 1.0 2.3 1.7 1.3 2.2 1.7 1.1
Variance (%) 31.6 19.5 12.9 28.9 21.5 16.5 274 21.0 13.9
Snow Depth 0.20 0.48 0.27 0.10 0.41 0.50 0.41 0.07 0.32
Organic Layer Thickness 0.22 -0.30 0.67 0.46 0.16 -0.01 -0.22 0.00 0.81
Near-Surface Resistivity -0.53 0.08 -0.01 -040 -032 -0.18 -047 -0.28 -0.19
Soil Temperature 0.30 0.46 0.19 0.32 -0.24  -0.56 0.02 -0.60 0.26
Soil Moisture 0.30 -0.32 -0.55 -0.54 0.03 0.28 0.45 0.14 0.11
Total Canopy Cover -0.11 -0.52 0.37 0.18 0.53 -0.16  -043 -0.18 0.19
Maximum Shrub Height 0.41 -0.30  -0.03 0.35 -0.34 0.39 0.23 -0.54  -0.29
Shrub Density 0.53 0.07 -0.09 0.27 -0.50 0.38 0.35 -0.47 0.12
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Figure 4-8. Biplots of Burned and Unburned Observations on (A-D-G) Principal Components 1 and
2, (B-E-H) Principal Components 1 and 3, and (C-F-1) Principal Components 2 and 3 at the TB,
WB, and BR sites. Observations collected in the burned and unburned regions and their normal data
ellipses (68% confidence intervals) are shown in orange and green, respectively.
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At TB, observations in the unburned forest vary more than those collected in the burned
area, and considerable overlap of burned and unburned scores occurs in all biplot combinations
(Figure 4-8-ABC). The overlap of disturbed and undisturbed scores suggests that the change from
burned to unburned conditions at TB is gradational and less distinct than that of the two other sites,
despite the recency of the TB fire, especially relative to BR. Organic layer thickness and soil
moisture demonstrate similar loadings on the first two PCs, but they have strongly opposing loadings
on PC3 (Table 4-6). At TB, soil temperature is most strongly loaded on PC2 (Table 4-6), and it
remains well-associated with snow depth in all biplot combinations (Figure 4-8-ABC), suggesting
that locations with greater snow depths tend to have higher soil temperatures. While these
temperature measurements are instantaneous and do not represent mean seasonal or annual values,
this relationship between snow depth and soil temperature agrees with post-fire increases in soil
temperature and active layer thaw depths reported in the western boreal forest (Bonnaventure and
Lamoureux, 2013; Smith et al., 2015).

At WB, the observations collected in the burned section demonstrate greater variance when
compared to those from the unburned region (Figure 4-8-DEF), suggesting greater homogeneity in
the forest. The biplot of PC 3 versus PC 1 shows the greatest overlap in the distribution of burned
versus unburned scores (Figure 4-8-F). Therefore, PC2, which is positively correlated with snow
depth and total canopy cover and negatively correlated with shrub density (Table 4-6), is responsible
for distinct differences between the burned and unburned areas of the WB site (Figure 4-8-DF). This
supports intra-site observations of greater snow depth and greater canopy coverage in the unburned
forest at WB, and thicker and taller shrubs in the burned area (Figure 4-4).

The BR site demonstrates greater variance amongst the observations collected in the
unburned region, particularly along PC2 (Figure 4-8-GI), which is inversely related to soil

temperature, maximum shrub height, and shrub density (Table 4-6). Plotting of PCs 2 and 3 shows
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almost complete overlap in the scores for burned and unburned areas (Figure 4-8-I), demonstrating
that PC1 is responsible for distinct differences between the disturbed and undisturbed regions at this
site (Figure 4-8-GH). This supports intra-site observations of greater canopy coverage in the
unburned forest at BR, and greater snow depths and wetter soil conditions in the burned area (Figure

4-4).

4.6 Discussion

4.6.1 Post-Fire Vegetation Conditions

Post-fire vegetation regeneration in Labrador is dominated by ericaceous shrubs, including
Labrador tea and various blueberry species (Foster, 1985; Elson et al., 2007; Oberndorfer, 2020),
and deciduous shrubs, like willows and alders (Foster, 1983). The high variability in total canopy
coverage in the burned areas reflects the patchy nature of shrub growth and distribution. Overall
shrub densities were greater in the fire-affected areas where vegetation growth was facilitated by
warmer soil temperatures and a lack of competing vegetation (Foster, 1985; Brehaut and Brown,
2020). Ground temperatures tend to be higher on south-facing slopes due to enhanced insolation
(French, 2017), and this is reflected in inter-site differences in shrub height and abundance. The
south-facing TB and BR sites had patches of willows and alders exceeding 2 m and 4 m in height,
respectively. In contrast, shrubs at the north-facing WB site did not exceed 1.5 m in height and were
mostly Labrador tea. WB also exhibited the smallest thawing index and the largest freezing index,
resulting in the lowest mean annual air temperature of the three sites, the longest snow-on-ground
season, and the shortest growing season. These differences are associated with its north-facing
aspect and proximity to the open ocean, compared to TB, and its higher latitude, compared to BR.
Conversely, the enhanced vegetation cover at BR relates to its warmer mean annual air temperature,

shorter snow-on-ground period, and longer growing season.
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Shrubs play a complex role in the post-fire environment. At our sites, it is unclear whether
shrubs have facilitated tree seedling establishment and development through nursing and protection
from environmental harshness and seed predation (Cranston, 2009), or whether they have competed
with seedlings for space and resources (Brehaut and Brown, 2020). It is suggested that current shrub
dominance may correspond to an early successional response, and that a slow increase in black
spruce establishment could occur at our sites in the coming decades (Brehaut and Brown, 2020).
The rapid post-fire shrub establishment and slow post-fire tree establishment processes that are
believed to be occurring could exacerbate the thaw of any underlying permafrost which is also being

affected by unfavourable post-fire climatic conditions (Chapter 5).

4.6.2 Snow Distribution and Vegetation Dynamics

As we hypothesized, average snow depths along the survey lines were higher in the burned
region than the unburned region at the TB and BR sites, even though the iButton stakes indicated
the opposite at the time of the winter site visits. At WB, the iButton stakes showed virtually the same
snow depths in the burned and unburned areas at the time of the winter site visits, while the snow
survey indicated a thicker snowpack in the forest. Greater snow in burned regions is consistent with
investigations of post-fire snow dynamics in both Alberta (Burles and Boon 2011) and Oregon
(Gleason et al. 2013). The deeper average snowpack in the unburned forest at the time of
measurement at WB is attributed to its low tree density (0.86 stems/m?; Brehaut and Brown, 2020)
resulting in an open canopy that offers less protection against wind redistribution events (Revuelto
et al., 2015). Both TB and BR had noticeably higher tree densities (2.38 and 2.48 stems/m?,
respectively; Brehaut and Brown, 2020), and their canopies were more closed, aiding interception.
Tree density may also be related to forest age (Bingham and Sawyer Jr., 1991); in a sample of 5 to

12 trees at each site, WB had the oldest trees (100 to 286 years old), trees at BR were slightly
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younger (117 to 266 years), and TB trees were the youngest (51 to 142 years; Brehaut and Brown,
2020).

Shrubs in burned areas were expected to impact frozen ground through the ground warming
effect of snow-trapping (Sturm et al., 2000; Liston et al., 2002; Myers-Smith and Hik, 2013; Busseau
et al.,, 2017). However, clear relationships between snow depth and maximum shrub height or
density were not evident at our sites, even though they were close to open water in summer or ice
cover in winter (TB and WB) or in a relatively flat area (BR), where wind-driven redistribution of
snow could be expected. Instead, snow depths may have been more affected by topography
(Pomeroy et al., 2006), regardless of shrub presence or absence (Wilcox et al. 2019). The limited
impact of shrubs on snow distribution may also be attributed to the complexity of the post-fire
landscape. Previous studies of snow-shrub interactions have been primarily conducted in tundra
environments where topography and shrubs were the only drivers of snow distribution (e.g., Sturm
et al., 2000; Liston et al., 2002; Myers-Smith and Hik, 2013; Wilcox et al., 2019). However, in a
post-fire environment, the presence of other erect vegetation, including standing dead and
regenerating trees, may intercept and reduce the snow-trapping abilities of shrubs. Overall, at our
sites, it appears that snow distribution is primarily influenced by local topography and tree canopy
closure, as described above.

Shrubs can also influence snow dynamics by advancing snowmelt, especially where they
protrude through the snowpack (Wilcox et al., 2019), as tall willows and alders do at TB and BR.
Snowmelt is enhanced by canopy loss, resulting in lower snow interception, higher incoming solar
radiation, lower overall land surface roughness, and greater wind activity and turbulent heat transfers
(Burles and Boon, 2011), as well as the emission of longwave radiation from shrubs (Wilcox et al.,
2019) and standing dead (Pomeroy et al., 2009; Burles and Boon, 2011). Snow always ablated earlier

at the burned parts of our sites, allowing the ground to start thawing earlier in the spring. We contend
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that the deep snowpacks at our sites in both burned and unburned areas limit the differential winter
impact of shrubs on the ground thermal regime, but shrub cover may affect it in the early part of the

spring and summer due to earlier ground thaw.

4.6.3 Frozen Ground Conditions

Interpretation of modelled resistivities in the tomograms is challenging as there is no
universal threshold to differentiate between frozen and unfrozen materials. Values used in Canada
range from 300 to 400 Qm (Lewkowicz et al., 2011) to 800 to 1000 Qm (McClymont et al., 2013;
Way and Lewkowicz 2015). Validation of the tomograms at our sites was done using frost probing
and instantaneous temperature measurements, but ambiguity remains for several reasons. First,
clasts were present at many spots so that refusal of the probe had to be interpreted by the operator
as due to frost or a stone. Second, probing was primarily carried out in late-July, which means that
an encountered frost table could be a remnant of seasonal frost. Third, the unknown stratigraphy at
depth and the potential for overlap in resistivities between dry, unfrozen coarse soils and frozen fine-
grained soils, as well as bedrock, made interpretation difficult.

Despite these challenges, the low resistivity values at BR clearly indicate that there is no
permafrost along the transects at this southern site. The modelled resistivities likely reflect the higher
proportion of clay in the sediments at BR, resulting in higher porosities and cation exchange
capacities (Sharma, 1997), compared to the sandier substrates found at the TB and WB sites. In
contrast, thin permafrost is interpreted to be present in the undisturbed forest at both sites near Nain.
A conservative threshold of 3200 Qm to represent frozen beach deposits leads to patches of frozen
ground on profiles WB1 and WB2 beneath dense groupings of trees that provide shade in the
summer and intercept falling snow in the winter. At TB, bodies of frozen ground with modelled

resistivities exceeding 6400 QQm are present on profile TB2 beneath the forest. Given that the fires
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took place 14 to 22 years before the ERT surveys and that the climate has warmed in the meantime,
a loss of permafrost due to increasing ground temperatures in the burned areas at TB and WB is
conceivable (e.g., Burn, 1998; Nossov et al., 2013; Smith et al., 2015; Holloway et al., 2020).
However, it is also possible that higher resistivities at depth beneath parts of the burned areas could
be degrading permafrost and not bedrock, especially as modelling suggests that permafrost may be
able to persist for decades, even in sites where ground temperatures are close to 0°C (Chapter 5). If
permafrost has degraded as we infer, this is due to a combination of a thinner organic mat, an earlier
snowmelt, and loss of shading, but not apparently because of shrubs causing a deeper snowpack as
suggested in western Canada (Sturm et al., 2000; Liston et al., 2002; Myers-Smith and Hik, 2013).
Despite the ambiguity of ground thermal conditions at depth, these observations of perennially
frozen ground at TB and WB constitute some of the first present-day findings of permafrost in
forested lowland locations in coastal Labrador, where permafrost was previously believed to be

absent due to thick snow cover (Way and Lewkowicz, 2018).

4.7 Conclusions

The post-fire response recorded at our study sites broadly agrees with previous studies
performed in the western North American boreal forest. Thin permafrost, less than 5 m in thickness,
was interpreted as present in the unburned forest at our two sites near Nain, and its persistence was
attributed to the cooling effects of the undisturbed forest canopy and to a notable proportion of fine-
grained materials at TB (Chapter 5). Slow post-fire tree regeneration, a thin post-fire organic mat,
and short snow-on-ground seasons in the burned areas were deemed to be responsible for the lack
of frozen ground in fire-affected areas. We contend that snow accumulation is primarily driven by
the presence or absence of an intact forest canopy, and that the deep snowpack and the presence of

other erect vegetation limit the thermal role of shrubs in overall post-fire snow and ground dynamics.
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Burned and unburned regions differ primarily in terms of snow depth, near-surface
resistivity, soil moisture, total canopy cover, and shrub density, particularly at the WB and BR sites.
Inter-site differences, including sediment material properties, site aspect, and climate, and
conditions of the disturbance itself, including age, size, and severity, complicate our understanding
of large-scale differences between our study sites. Despite these limitations, this study is a step
forward in our understanding of both summer and winter post-fire environmental response in the

coastal boreal forests of the eastern Canadian subarctic.
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5.1 Abstract

Forest fires have lasting thermal impacts on the underlying frozen ground in permafrost
environments. These impacts are expected to continue to grow as the frequency and intensity of fire
disturbance increases with climate change. This study implemented transient one-dimensional
thermal modelling using the TEMP/W program to examine changes in the ground thermal regime
at two coastal forest fire sites, located in the sporadic discontinuous permafrost zone near Nain
(56.5°N) in Nunatsiavut, northern Labrador, Canada. To our knowledge, no previous studies of post-
fire permafrost response and resilience have been conducted in the region. Simulations were
undertaken for unburned forest and adjacent fire-disturbed sites, which were modelled to have
permafrost thicknesses of 15.6-17.5 m in 1965. The simulations incorporated projected climate
change modelled under Representative Concentration Pathways (RCPs) 4.5 and 8.5, as well as
variation in the regeneration of the surface organic mat. In most scenarios, particularly those with
post-fire organic mat regeneration, a supra-permafrost talik developed immediately following
disturbance, but frozen ground re-aggraded after several decades before subsequently thinning.
Results varied from permafrost thinning by 50% but persisting to 2099 at unburned sites under
RCP4.5, to thawing entirely by 2060 when subjected to RCP8.5 and a high severity burn with no
post-fire organic mat regeneration. Our findings are broadly consistent with those from climatically
dissimilar sites in the western North American boreal forest and demonstrate that fire accelerates
permafrost thaw due to climate warming. The results also confirm the importance of considering

organic material accumulation in long-term modelling of permafrost change.

Key Words: Permafrost Degradation, Forest Fire, Talik, Organic Material Accumulation
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5.2 Introduction

Forest fires are a widespread natural disturbance in many permafrost regions (Holloway et
al., 2020). The loss of organic layer and canopy cover and the related changes in snow distribution
and accumulation following fire have prolonged effects on the underlying frozen ground (Jorgenson
etal., 2010). Long-term responses following fire are further complicated in the context of a changing
climate (e.g., Zhang et al., 2015), especially given the amplified warming that is occurring in and
projected for high latitude regions (Serreze and Barry, 2011; Meredith et al., 2019). The post-fire
response of frozen ground is linked to changes in local hydrology and biogeochemistry, including
the potential release of stored carbon from thawing soils (O’Donnell et al., 2011; Holloway et al.,
2020). Organic material regeneration and permafrost re-aggradation following fire can minimize
long-term post-fire carbon release (O’Donnell et al., 2011), but these processes are less likely to
occur under a warming climate.

Thermal modelling is a well-established approach for predicting short- and long-term
responses of frozen ground to surface disturbance. One-dimensional thermal modelling has been
used in a number of studies of post-fire permafrost response within the North American boreal
forest, but almost exclusively for subarctic sites in Alaska and the Northwest Territories (e.g.,
Jafarov et al., 2013; Nossov et al., 2013; Treat et al., 2013; Brown et al., 2015; Zhang et al., 2015).
Here we employ thermal modelling to examine the impacts of forest fire on frozen ground at two
sites near Nain, Nunatsiavut, in northern coastal Labrador (Figure 5-1). Field observations of climate
and current frozen ground conditions at the sites (Chapter 4) are used to calibrate a model that
explores frozen ground trajectories in a region with a wetter climate compared to northwest North
America, resulting in longer forest fire intervals (Foster, 1983; Coops et al., 2018), a faster growth
of a surface organic layer (Williams and Flanagan, 1998), and greater snow accumulation (Mudryk

et al., 2015). The modelling also allows the sites to be classified according to Shur and Jorgenson’s
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(2007) conceptual classification of climate-ecosystem-permafrost interactions. We infer that the
permafrost in the boreal forests of coastal Labrador was climate-driven when it formed, aided by the
influence of the cold Labrador Current. Today, permafrost in most lowland locations of Nunatsiavut
is thought to be ecosystem-protected, with persistence relating to the ecological protection offered
by the current boreal forest cover. Classification of the frozen ground at our sites improves our
understanding of the stability and resilience of permafrost in lowland forested locations in coastal

Labrador.

5.3 Study Area and Sites

Labrador comprises the easternmost part of the Canadian Shield. The regional landscape is
largely characterized by igneous and metamorphic bedrock, covered by a thin layer of frost-
susceptible, fine-grained materials that were deposited during the retreat of the Laurentide Ice Sheet,
from 12 to 6 k years BP (Dyke, 2004; Roberts et al., 2006; Bell et al., 2011).

The regional climate is strongly influenced by the Labrador Current that carries cold arctic
waters southward along the Atlantic coast of Canada (Foster 1983; Banfield and Jacobs, 1998;
Roberts et al., 2006). The resultant subarctic climate is characterized by long, cold winters and short,
cool summers (Hare, 1950; Banfield and Jacobs, 1998). The mean annual air temperature (MAAT)
at Nain is -2.5°C, mean annual total rainfall is 450 mm, and mean annual total snowfall is 475 cm
(1981-2010 climate normal; Environment Canada, 2020). The community is located within the
sporadic discontinuous permafrost zone according to the Permafrost Map of Canada (Heginbottom
et al., 1995), a classification that is supported by more recent spatial modelling (Way and
Lewkowicz, 2016).

In the central part of Nunatsiavut, the forest is composed of a mix of black spruce (Picea

mariana [Mill.] B.S.P.), white spruce (Picea glauca [Moench] Voss), balsam fir (4bies balsamea [L.]
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Mill.), and eastern larch (Larix laricina [Du Roi] K. Koch) (Roberts et al., 2006). The estimated fire
interval of 1501 to 5000 years for this region (Coops et al., 2018) is much longer than the fire
intervals of 75 to 200 years that are estimated for the western North American boreal forest (Foster,
1983). The greater fire rotation in this region permits the development of older, more structurally
complex stands (Coops et al., 2018).

Our simulations investigate ground conditions at two sites near Nain, on a north-facing slope
on the edge of Webb Bay (WB) and on a south-facing slope on the edge of Tikkoatokak Bay (TB)

(Figure 5-1; Table 5-1).
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Figure 5-1. Location of Study Sites near Nain, Nunatsiavut (Crown-Indigenous Relations and
Northern Affairs Canada, 2007). (4) Nunatsiavut communities and permafrost zones (Brown et al.,
2002) (B) Coastal Labrador location in relation to the Canadian boreal forest (Brandt, 2009); (C)

Webb Bay (WB) and Tikkoatokak Bay (TB) fire sites near Nain.
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Table 5-1. Key Characteristics of the Study Sites. Climate variables are averaged for 2017-2019.

Variable Webb Bay (WB) Tikkoatokak Bay (TB)
Year of Burn 2004 2001
Approximate Size of Burn (km?) 1 3
Latitude (°N) 56.706 56.755
Longitude (°W) 62.209 61.869
Elevation (m a.s.l.) 16 18
Aspect North-facing South-facing
Slope (°) 6 7
Forest Species Composition Mixed black spruce, white spruce, tamarack, balsam fir
Average Age of Forest (years)? 227 112
Mean Annual Air Temperature (°C) -2.8 -2.7
Mean January Air Temperature (°C) -19.9 -18.1
Mean July Air Temperature (°C) 9.5 11.2
Thawing Index (degree days) 1125 1177
Freezing Index (degree days) 2174 2163
Average Snow Depth Days (metre days) 166 154
Average Snow-on-Ground Season (days) 231 212

a as of 2018, from Brehaut and Brown (2020).

5.4 Modelling Parameters

Thermal modelling was undertaken with the TEMP/W (Geoslope) finite element,
geothermal modelling software. TEMP/W has been applied in various infrastructure-related studies,
including modelling of thermal change in roads (Darrow, 2011; Batenipour et al., 2013), around
pipelines (Smith and Riseborough, 2010), and under buildings (Instanes, 2016; Perreault and Shur,

2016). This study is the first to use TEMP/W to investigate the effects of fire disturbance on frozen

ground.
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5.4.1. Profile and Material Properties

Site-specific one-dimensional idealised material profiles were developed, comprised of an
upper organic layer, a layer of organo-mineral material, and a silty-sand layer over bedrock. The
material stratigraphy and boundaries were estimated from field measurements of organic layer
thickness, samples of near-surface soils, interpretations of sub-surface geophysical investigations
(Chapter 4), and our understanding of the physical landscape of the region (Bell et al., 2011; Natural
Resources Canada, 1957). Variability in the surficial materials and the stratigraphy at the sites was
neglected to permit comparisons between other characteristics of the two sites and to obtain a general
understanding of the impacts of climate warming, fire, and organic matter accumulation on the state
of permafrost in the region.

The base of the model was set at a depth of 100 m, consistent with the model domain base
used in other post-fire permafrost modelling simulations (Treat et al., 2013; Brown et al., 2015).
Model mesh elements increased from 0.01 m in thickness in the organic layer to 1.5 m in the bedrock
layer.

Materials were assumed to be saturated, as in McClymont et al. (2013) and Instanes (2016).
The frozen and unfrozen thermal conductivities of each layer (Tables 5-2 and 5-3) were calculated
using a geometric mean, based on the volumetric fractions and thermal conductivities of the
material’s constituents (Williams and Smith, 1989). Frozen and unfrozen heat capacities (Tables 5-
2 and 5-3) were calculated using a weighted average, based on the volumetric fractions and heat

capacities of the material’s constituents (Johnston, 1981).
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5.4.2 Boundary Conditions

Air temperature inputs were compiled from site-adjusted historical and projected daily air
temperatures. The historical product was derived from the gridded Berkeley Earth Surface
Temperature (BEST) analysis product, available through the KNMI Climate Explorer Database
(climexp.knmi.nl/). The BEST record was selected because it is homogenized across an extensive
meteorological data network, and it has a long record, extending back to 1880 (Rohde et al., 2013;
Way and Viau, 2015). The site-specific historical record was developed using a linear model based
on the temporal overlap between mean daily air temperatures from the BEST product and mean
daily air temperatures at the sites, from summer 2017 to May 31, 2018. Mean daily air temperatures
at WB and TB were calculated from measurements at two-hour intervals in the unburned forest by
shielded Hobo Pro v2 Temperature/Relative Humidity U23-001 Data Loggers (Onset). There was
a strong relationship between the BEST product and measured temperatures at the sites (WB:
residual standard error=1.828 on 313 degrees of freedom, adjusted R?=0.97, n=315; TB: residual
standard error=1.889 on 292 degrees of freedom, adjusted R>=0.97, n=294).

The projected daily air temperature estimates were averaged from a suite of four statistically
downscaled climate scenarios (CanESM2, CESM1-CAMS, HadGEM2-ES, and MIROC-ESM)
previously used in a study of Canadian wildfire activity throughout the 21 century (Hope et al.,
2016). Model projections were compiled for a moderate representative concentration pathway
(RCP4.5) and a more aggressive representative concentration pathway (RCP8.5; Moss et al., 2010).
The composite projected daily temperature records under RCP4.5 and RCP8.5 were adjusted to the
sites by applying daily anomalies to each day of the mean future daily air temperature record, from
January 1, 2018 to December 31, 2099. Anomalies were applied based on an overlap period of 7

years between the climate scenarios and the site-specific BEST historical temperature record. These
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steps were performed to preserve the continuity of the air temperature record throughout the study
period.

The ground-surface boundary temperatures in the model were generated by applying
freezing (nf) and thawing (n¢) n-factors to the air temperature record. N-factors are transfer functions
that incorporate the effects of seasonal factors such as snow depth, snow density, and shading into
air-ground temperature relations (Karunaratne and Burn, 2004; McClymont et al., 2013). An average
of the n-factors measured at WB from 2017-2019 (Table 5-4) were used for 2018 in the modelling
process at both sites. Measured n-factors for TB could not be averaged for 2017-2019 due to failure
of ground surface temperature loggers in both burned and unburned locations for 2018-2019.
Furthermore, the 2017-2018 ground surface temperature logger in the burned area was located 300
m away from the edge of the unburned forest and the other site observations (Chapter 4), so the
resulting n-factors for the burned region for 2017-2018 did not correspond to the same location as
the other site observations.

Table 5-4. N-Factors for the Burned and Unburned Sections of WB for 2017-2019. Model input n-
factors for 2018 were averaged from measured n-factors for 2017-2018 and 2018-2019.

Freezing n-Factor (n) Thawing n-Factor (nt)
Region Measured Measured Model Input Measured Measured Model Input
2017-2018 2018-2019 2017-2018 2018-2019
Burned 0.12 missing? 0.12 0.84 missing? 0.84
Unburned 0.36 0.36 0.36 0.69 0.76 0.73

@ freezing and thawing n-factors could not be calculated due to failure of ground surface
temperature loggers during 2018-2019 season.

An extremely low geothermal heat flux (22 mW/m?) was measured at the Voisey’s Bay
nickel mine about 50 km south of the study sites (Mareschal et al., 2000; Majorowicz and Minea,
2012). Such a low flux results in a correspondingly low geothermal gradient of about 1°C/80 m.
This geothermal gradient could facilitate the development of thick permafrost, even if ground
temperatures at the depth of zero annual amplitude are only just below 0°C. In the model, the

geothermal heat flux value was increased to 220 mW/m? to avoid developing potentially
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unrealistically thick and cold permafrost. This value is still well below those employed in previous
models of permafrost mounds in northern Québec (Buteau et al., 2004) and southern Labrador (Way

etal., 2018).

5.4.3 Thermal Modelling Process

The TEMP/W model was run on half-hour time steps to reflect the diurnal nature of the daily
air temperature data and to allow proper convergence at each step (GEO-SLOPE, 2004). During
each of the 48 daily steps, the model was permitted to iterate up to 900 times, until convergence was
achieved within 0.005 K. Some convergence issues arose at certain nodes, producing rapid changes
in the position of the top of permafrost. The simulations in question were repeated several times,
and the same spikes developed, suggesting that the instabilities are associated with the model
solution itself. Convergence issues are quite common in permafrost modelling, but the overall
resilient nature of frozen ground typically minimizes the effects of these instabilities in the final
model output (Bao et al., 2016).

The thermal model was initialized with a spin-up period, in which ground conditions attained
equilibrium with air temperatures from the 1950-1979 climate normal. A synthetic year of air
temperatures, averaged across the 1950-1979 climate normal, was generated and repeatedly applied
until equilibrium was achieved, defined as ground temperatures at every node varying by less than
0.01 K over 100 years. The model was then run forward in time using the site-specific BEST
historical air temperature record, starting in 1965, marking the middle of the 1950-1979 climate
normal period, through to the year of the fire and to the end of 2017. From 2018 onwards, site-
specific air temperature projections under RCP4.5 or RCP8.5 were applied through to the end of

2099 (Figure 5-2).
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Figure 5-2. Mean Annual Values of Air Temperature Inputs for WB. Daily historical air
temperatures (1965-2017) were assembled from a regional Berkeley Earth Surface Temperature
record. Daily projected air temperatures (2018-2100) were averaged from statistically downscaled
climate scenarios CanESM2, CESM1-CAMS5, HadGEM2-ES, and MIROC-ESM under RCP4.5 and
RCPS8.5. The TB air temperature record is very similar and was assembled using the same method
and temperature records.

Fire disturbance was represented in the model by an increase in n; and a decrease in both n¢
and organic layer thickness. These adjustments were applied as of August 1 in the year in which fire
developed at each site because this is mid-way through the typical fire season in Labrador and the
exact disturbance dates are not known. In 2001, the Labrador fire season lasted from May 18 to
October 7, with the TB fire being just one of 23 reported fires in Labrador that year (Government of
Newfoundland and Labrador, 2001a; Government of Newfoundland and Labrador, 2001b).

The reduction in organic layer thickness at the time of fire was 5 cm, corresponding to the
low burn severity of the 2001 and 2004 events (Brehaut and Brown, 2020). Organic material was
assumed to accumulate equally and linearly in both the burned and unburned parts of the sites. An

organic material accumulation rate of 3.6 mm/year and 2.9 mm/year was applied to the WB and TB

sites, respectively, based on estimations from current thicknesses measured in the field. These values
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are higher than the linear regeneration rate of approximately 2 mm/year calculated from a study of
post-fire soil conditions in interior Alaska (Yi et al., 2010). The higher rates reflect the wetter climate
of the coastal Labrador region, which promotes the productivity and growth of mosses that make up
the upper portion of the organic layer (Williams and Flanagan, 1998).

Post-fire adjustments to nr and n¢ were applied with a two-segment linear model (Zhang et
al., 2015). Vegetation regeneration to two-thirds of the pre-fire condition was assumed to take place
in the first 25 years, followed by a second 25-year-period that ended at 100% of the pre-fire
condition. Pre-fire nr and n; values of 0.36 and 0.73, respectively, were determined based on the
measured values in the unburned region at the WB site over the 2017-2019 season (Table 5-4). These
were applied to unburned scenarios for the entire modelling period. The n-factor values used through
time for burned scenarios at WB are shown in Figure 5-3. The same pattern in post-fire n-factor
change was applied to the TB site, except that the date of the fire was shifted to 2001, which
permitted inter-site comparisons of the impacts of differences in climate, material properties, and
stratigraphy. In order to achieve the measured nr and n¢ values in 2018 (Table 5-4) which represented
partial recovery, the values immediately post-fire had to be set to the more extreme values shown in

Figure 5-3.
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Figure 5-3. N-Factor Inputs for Burned Scenarios at the WB Site. Post-fire n-factor change was
assumed to occur along a two-segment linear model (Zhang et al., 2015), from 2004 to 2054. N-
factor inputs were applied in five-year model increments, except for the four-year run from 2014 to
2018 and the one-year run from 2018 to 2019, due to a shift from historical to projected air
temperature inputs. The minimum freezing n-factor was set to 0.035.
5.4.4 Modelling Simulations

Four basic simulations were run for each site: 1) no disturbance under RCP4.5; 2) fire
disturbance under RCP4.5; 3) no disturbance under RCP8.5; and 4) fire disturbance under RCPS.5.

Eight additional simulations were produced for the WB site, in which sensitivity to the burn severity

and the growth of the organic layer were evaluated (Table 5-5).
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Table 5-5. Organic Layer Sensitivity Analyses.

Climate Burned/Unburned Organic Layer Thickness (cm)

Scenario Scenario

Scenario Name

1965-2004 2004 2004-2099
WB_4.5 UNBURN_A RCP4.5 UNBURNED 15 15 15
WB 4.5 BURN_A RCP4.5 BURNED 15 10 10
WB_4.5 BURN_B RCP4.5 BURNED 15 0 0
accumulation
WB 4.5 BURN_C RCP4.5 BURNED 15 0 of 3.6
mm/year
WB_8.5 UNBURN_A RCP8.5 UNBURNED 15 15 15
WB_8.5 BURN_A RCP8.5 BURNED 15 10 10
WB_8.5 BURN_B RCP8.5 BURNED 15 0 0
accumulation
WB_8.5 BURN_C RCP8.5 BURNED 15 0 of 3.6

mm/year

5.4.5 Processing of Model Outputs

The TEMP/W modelling outputs were processed in R (Appendix B). The annual depth of
zero annual amplitude, base of the active layer, top of the permafrost, and base of the permafrost
were extracted from annual minimum, maximum, and mean temperature curves. From these
parameters, it was possible to calculate the thickness of the active layer, the thickness of the
permafrost, and the thickness of a talik, if present, for each year within the modelling period.
However, the pattern of these values through time showed significant discontinuities in some model
runs when a temperature of 0°C was used as a threshold because temperature gradients were very
small. Consequently, results are presented using a temperature scale focussed on the temperatures

around 0°C and linked to the unfrozen moisture content defined within the model. The ground is
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portrayed as frozen (dark blue; <-0.005°C: <32% unfrozen moisture content), partially frozen (light
blue; between -0.005°C and 0°C: 32.01-99.99% unfrozen moisture content), or unfrozen (light and

dark red; >0°C: 100% unfrozen moisture content).

5.5 Results
5.5.1 Model Output Validation

Validation of the model was undertaken using surface temperatures, as boreholes were not
established at the study sites. The modelled annual average surface temperature was 0.41°C higher
in the unburned region (root mean square error of 2.53°C) and 0.13°C higher in the burned region
(root mean square error of 2.20°C) when compared to field measurements from July 2017 to 2018
(Figure 5-4). The greatest difference between modelled and measured ground surface temperatures
was in late-winter and spring, when field values are affected by the thick snowpack that dampens
diurnal variations and creates a long period at 0°C during snowmelt, which is not reproduced in the
model. The difference between modelled and measured results in spring 2018 may also relate to the
shift from historical to projected air temperature inputs on January 1, 2018. The projected air
temperature record is presented under a moderate warming scenario, RCP4.5, and may produce

slightly warmer ground surface temperatures during this period.
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Figure 5-4. Comparison of Modelled (red) and Measured (blue) Ground Surface Temperatures
in the A) Unburned Region and B) Burned Region at the WB Site from July 20, 2017 to July 19,
2018.

5.5.2 Pre-Fire Permafrost Conditions

All the models ran with the same boundary conditions from 1965 to the time of fire (if
applicable) or the start of the applied climate warming scenario (2018). The models predict a 15.6
m-thick body of permafrost at the WB site in 1965 and a 17.5 m-thick body of permafrost at the TB
site for the same year. Over the next 35 to 40 years, permafrost temperatures at both sites remain

warm, with average values at the depth of zero annual amplitude of -0.50°C (WB) and -0.62°C (TB)
and standard deviations for the entire period of approximately 0.10°C. A local maximum in

permafrost thickness and a corresponding local minimum in the temperature of permafrost occurs
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in 1995 (Figure 5-5), corresponding to the end of a period of regional climatic cooling (Way and

Viau, 2015; Figure 5-2).

5.5.3 Impact of Climate Warming

Under RCP4.5, frozen ground persists to the end of this century in the unburned regions of
both sites. In 2099, the thickness of the permafrost at the WB site is predicted to be 8.2 m, or 52%
of its thickness in 1965 (Figures 5-5 and 5-7; Table 5-6), while at the TB site, it is 8.8 m, or 50% of
its initial thickness. No taliks are initiated, and the active layer does not notably change in thickness
as organic mat accumulation offsets the impact of the warming climate. From the start of the RCP4.5
scenario in 2018 to the end of the study period, the temperature of permafrost increases linearly at
rates of approximately 0.004°C per year and 0.003°C per year at WB and TB, respectively. Under
RCPS8.5, however, a climate-initiated talik develops in the 2060s at WB (Figures 5-6 and 5-7) and
in the 2070s at TB. This is also reflected in the temperature at the depth of zero annual amplitude,
which rapidly approaches and eventually exceeds 0°C in the latter half of the century. The active
layer, now defined by the depth of seasonal freezing, becomes thinner through time. The talik
deepens through the remainder of the century, but a thin layer of permafrost persists beyond 2100

in the unburned regions of both sites (Table 5-6).
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Figure 5-5. Modelled Ground Temperatures (1965-2099) at the Unburned WB Site Under
RCPA4.5. Organic material accumulated at 3.6 mm/year from 2004 to 2099. The base of the active

layer, approximated by a temperature threshold of -0.025°C or an unfrozen moisture content of
0.11, is shown as a white line.
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Figure 5-6. Modelled Ground Temperatures (1965-2099) at the Unburned WB Site Under
RCP8.5. Organic material accumulated at 3.6 mm/year from 2004 to 2099. The base of the active

layer, approximated by a temperature threshold of -0.025°C or an unfrozen moisture content of
0.11, is shown as a white line.
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Figure 5-7. Summary of Results of Selected Modelling Simulations in TEMP/W. Simulations with
organic material accumulation at WB are presented to facilitate comparisons between simulations.
5.5.4 Impact of Fire

Fire disturbance triggers talik development in all burned scenarios (Figures 5-7, 5-8, 5-9,
and 5-10). The base of the perennially unfrozen ground advances rapidly into the underlying
permafrost at first, but gradually slows until the talik reaches a maximum thickness of 5 to 6 m. The
active layer thickness, defined by the depth of seasonal freezing, initially thins, but this trend
subsequently reverses once the talik refreezes. After several decades, the permafrost aggrades,
causing the talik to close and the temperature at the depth of zero annual amplitude to decrease.
During this re-aggradation process, particularly for the TB site, the ground temperatures approach
or reach similar values to those measured during the pre-fire period. Under RCP4.5, as of the mid-
2090s, the temperature at the depth of zero annual amplitude is the same for both burned and
unburned scenarios. By the end of the century, under RCP4.5 and with low burn severity, a 4 to 5
m-thick layer of permafrost is predicted to remain under the burned regions at both sites (Table 5-

6).
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Figure 5-8. Modelled Ground Temperatures (1965-2099) Following Low Burn Severity Fire in
2004 at the WB Site Under RCP4.5. Organic material accumulated at 3.6 mm/year from 2004
to 2099. The base of the active layer, approximated by a temperature threshold of -0.025°C or
an unfrozen moisture content of 0.11, is shown as a white line.
5.5.5 Combined Impact of Fire and Climate Warming
The combined impacts of fire disturbance and aggressive climate warming result in the
development of two taliks and the complete loss of frozen ground at both sites by the mid-2080s.
The first talik is initiated immediately following fire, and the thaw front continues to advance at its
base for approximately two decades, after which there is a 20-year period of stability until refreezing

begins from the active layer downwards (Figures 5-7 and 5-9). The soil between the active layer and

the permafrost beneath the talik partially refreezes but subsequently thaws completely.
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Figure 5-9. Modelled Ground Temperatures (1965-2099) Following Low Burn Severity Fire in

2004 at the WB Site Under RCP8.5. Organic material accumulated at 3.6 mm/year from 2004

to 2099. The base of the active layer, approximated by a temperature threshold of -0.025°C or

an unfrozen moisture content of 0.11, is shown as a white line.
5.5.6 Impact of Burn Severity

High burn severity simulations were run for WB to evaluate responses in locations where

the entire organic mat was burned, but subsequently redeveloped, under both moderate and
aggressive warming scenarios. The fire-initiated talik that forms under RCP4.5 takes a full decade
longer to recover than the talik formed in the low burn severity simulation. However, permafrost is
still present at the end of the century (Table 5-6). Under RCP8.5, permafrost does not re-aggrade at

all following a high burn severity fire, and all frozen ground is lost by 2069 (Figures 5-7 and 5-10).

This occurs 11 years sooner than in the low burn severity simulation under RCP8.5.
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Figure 5-10. Modelled Ground Temperatures (1965-2099) Following High Burn Severity Fire
in 2004 at the WB Site Under RCP8.5. Organic material accumulated at 3.6 mm/year from 2004
to 2099. The base of the active layer, approximated by a temperature threshold of -0.025°C or
an unfrozen moisture content of 0.11, is shown as a white line.

5.5.7 Impact of Surface Organic Matter Accumulation

Six simulations in which organic matter does not accumulate were produced for WB. They
result in thaw from the surface downwards in unburned scenarios under both RCP4.5 and RCP8.5.
Under RCP4.5, a climate-initiated talik forms in 2082, which deepens linearly so that only 4.9 m of
permafrost remains in 2099 (Table 5-6). Under RCP8.5, a climate-initiated talik begins to form in
2059, 4 years before the talik in the simulation with organic layer accumulation, and there is
complete loss of permafrost by 2095 (Table 5-6).

Omitting surface organic matter accumulation results in the total loss of permafrost by the
end of the century under both moderate and aggressive climate warming and low and high burn
severity simulations. Under RCP4.5, the low burn severity simulation, in which the organic layer
decreases by 5 cm, shows loss of all frozen ground by 2082 (Table 5-6). The high burn severity

simulation, with no organic material following fire, results in loss of frozen ground by 2066 (Table
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5-6). Under RCP8.5, the fire-initiated talik does not refreeze, and all permafrost thaws by 2069 and

2060, under low and high burn severity scenarios, respectively (Table 5-6).

5.6 Discussion

Permafrost vulnerability in black spruce stands in the western North American boreal forest
has been described as a combination of (1) permafrost resilience, which relates to the initial
development of the permafrost, and (2) permafrost exposure, which can be influenced by climate
change and fire disturbance (Jafarov et al., 2013). Here we assess the vulnerability of the permafrost
in our boreal forest sites near Nain.

The resilience of the permafrost near Nain relates to its categorization within the climate-
ecosystem-permafrost scheme defined by Shur and Jorgenson (2007). Prior to fire disturbance, the
permafrost at these sites is interpreted as being climate-driven, ecosystem-protected, reflecting the
initial climate-driven formation process, aided by the influence of the cold Labrador Sea current,
and the canopy protection offered by the surrounding undisturbed boreal ecosystem (Figure 5-10).
This classification is validated by refreezing of the fire-initiated taliks at the two sites in all scenarios
in which organic material accumulates. However, the permafrost aggradation process that occurs
following talik recovery is no longer climate-driven. Instead, this process is ecosystem-driven by
the post-fire accumulation of organic material and the gradual regeneration of the surrounding
canopy cover (Figure 5-10). Ecosystem-driven permafrost can become ecosystem-protected as post-
fire ecosystem succession progresses, particularly under a continually warming climate (Shur and
Jorgenson, 2007; Figure 5-10). Under RCPS.5, climate warming overcomes the ability of the
ecological components of the ecosystem to protect the permafrost, resulting in the development of

a second, climate-initiated talik that leads to complete loss of perennially frozen ground.
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Figure 5-11. Schematic Showing Changes to Permafrost Classification (defined by Shur and
Jorgenson, 2007) Following Fire and Under A Warming Climate. The two arrows show the times
when the two disturbances are sufficient to thaw the upper layers of permafrost. The schematic is
based on the post-fire trajectory of permafrost, modelled under an aggressive climate warming
scenario (RCPS8.5) with post-fire organic material accumulation. Note that depth is not to scale.
Permafrost exposure is linked to both fire disturbance and climate warming (Jafarov et al.,
2013). Our modelling results agree with previous studies that have demonstrated that fire acts to
accelerate the ultimate and inevitable loss of permafrost (e.g., Zhang et al., 2015; Gibson et al., 2018;
Holloway et al., 2020). Under the same climate scenario, the burned simulations result in thinner
and warmer permafrost that thaws out more quickly than the perennially frozen ground in unburned
simulations. Under RCP4.5, by 2100, low and high severity fire disturbances at WB result in
respective permafrost thicknesses that are 56% and 73% thinner than the 8.1 m of permafrost
remaining in the undisturbed simulation. In the Northwest Territories, forest fires are estimated to

accelerate the loss of permafrost by an average of 8 years (Zhang et al., 2015). Loss of permafrost

following fire disturbance at our sites in coastal Labrador is modelled to occur three to four times
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faster than in the Northwest Territories, but this is likely due to the higher temperatures and lower
ground ice contents (i.e., lower latent heat) of the permafrost at our sites compared to those in the
central Northwest Territories (Smith et al., 2015).

Our results demonstrate that climate warming can influence both permafrost resiliency and
exposure, as defined by Jafarov et al. (2013). The classification of permafrost conditions at an
individual site evolves as the climate warms (Shur and Jorgenson, 2007). As the climate becomes
unfavourable for further aggradation, climate-driven, ecosystem-protected permafrost may become
ecosystem-protected. This change has implications for the post-disturbance resiliency of the
permafrost, as post-fire aggradation and recovery occurred more rapidly following fires that burned
in the 20™ Century under cooler climate conditions (Zhang et al., 2015). Following fire, climate-
driven, ecosystem-protected permafrost can re-aggrade, while ecosystem-protected permafrost is
expected to thaw out. The WB and TB fires occurred within three years of one another, so the
difference in fire dates should not have had a notable impact on the thermal response of the ground,
especially since the mean annual air temperatures were quite similar, at -1.5°C in 2001 and -1.7°C
in 2004. However, if a fire were to occur later in this century at the same sites, it is unlikely that the
fire-initiated taliks in the ecosystem-protected permafrost would recover. The development of
climate-initiated taliks in the latter half of this century under RCP8.5 reflects the sensitivity of the
permafrost at the sites to the cumulative impacts of climate warming. The constant, gradual warming
that 1s applied to the simulations results in the initiation of taliks that deepen more linearly than those
initiated by fire disturbance. Fire-initiated taliks develop in the immediate post-fire period due to
the sudden and cumulative effects of increased heat penetration in summer and decreased heat loss
in winter (Gibson et al., 2018). However, post-fire talik development eventually slows as the
ecosystem recovers from the disturbance (Yoshikawa et al., 2003; Gibson et al., 2018). In contrast,

permafrost degradation due to climate warming occurs much more steadily and gradually.
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5.6.1 General Post-Fire Permafrost Response

Our simulations present thinning of the active layer following fire, despite reports of post-
fire active layer thickening in other forested sites throughout the Arctic (Jafarov et al., 2013; Zhang
et al., 2015; Fisher et al., 2016; Gibson et al., 2018). With the post-fire development of a talik, the
definition of the active layer changes from the layer of seasonally thawed ground over permafrost
(i.e., the maximum depth of summer thaw), to the layer of seasonally frozen ground over a talik (i.e.,
the maximum depth of winter freezing). It can be very difficult to differentiate between an active
layer and a talik through field-based methods, which may explain why active layer thickening is
often reported in post-fire field investigations.

The patterns of permafrost thaw at our sites agree with those of a previous study in the
Northwest Territories that concluded that fire disturbance can trigger thawing of permafrost from
the base, particularly in forested regions (Zhang et al., 2015). Despite the relatively high geothermal
heat flux that was applied to the base of our model domain, the post-fire persistence of permafrost
at the WB and TB sites speaks to the resiliency of frozen ground in the region at present.

Simulations in which surface organic material accumulation was omitted caused permafrost
to degrade much more rapidly, since the constant organic layer failed to offset the impacts of the
increasing air temperatures over time. The organic layer is largely responsible for the thermal offset,
which is especially crucial for permafrost persistence under unfavourable climate conditions, such
as those represented by RCP4.5 and RCP8.5, and following surface disturbance (e.g., forest fire;
Shur and Jorgenson, 2007). Our results support previous findings of the importance of accounting

for organic material accumulation in post-fire permafrost modelling studies (Zhang et al., 2015).

133



5.6.2 Impact of Simplified Model Inputs

The modelling results for TB do not fully reflect site conditions since, as mentioned above,
n¢ and nr were those measured at WB. Climatic differences between the sites were addressed by site-
specific air temperature records, but applying the same n-factors and their changes through time
implies the same snow and shading characteristics, which is incorrect (Chapter 4). However, by
using the same n-factors, the sensitivity of the model to differences in soil moisture and sediment
composition (more silt and less sand at TB; Tables 5-2 and 5-3) emerge. Even though the climate is
slightly warmer at TB, its material properties resulted in thicker and colder permafrost and more
rapid talik recovery than at WB (Table 5-6). Thermal property differences between the sites included
higher latent heats, due to greater volumetric moisture contents, and greater ratios of frozen to
thawed thermal conductivities in the top 10 m of the profile at TB, corresponding to surficial
deposits. Higher latent heats help to limit talik development and promote permafrost recovery
following fire, providing thaw settlement does not cause ponding (Jorgenson et al., 2010).

Other modelling simplifications included prescribed n-factors. N-factors can vary over short
time periods and distances (Karunaratne and Burn, 2003; Karunaratne and Burn, 2004), and nr is
especially dynamic due to its sensitivity to inter-annual differences in snow cover, distribution, and
density (Karunaratne and Burn, 2003; Karunaratne and Burn, 2004). Nt can also be impacted by the
presence or absence of permafrost, due to the release of latent heat during the freezing of the active
layer in the fall (Riseborough and Smith, 1998; Karunaratne and Burn, 2004). Reducing nr in years
in which a talik was present could have delayed the recovery of the talik and further accelerated the
loss of permafrost, but this was not done because an appropriate adjustment is not known. A lack of
reliable snow accumulation models for the coastal Labrador region prevented the incorporation of
dynamic nr values into the simulations, but future simulations would likely be improved by such an

addition.
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Post-fire variations in soil moisture, which typically relate to the thickness of remaining
organic material (Kasischke and Johnstone, 2005), were also not considered. In many cases,
especially in lowland sites, post-fire soil moisture is expected to increase, due to thickening of the
active layer, poor drainage, and reduced evapotranspiration (Nossov et al., 2013). However, as the
site recovers from the fire disturbance, soil moisture is eventually expected to return to or approach
pre-fire conditions. With only instantaneous field-based soil moisture measurements and little
reliable validation, we chose not to incorporate dynamic post-fire soil moisture in our modelling
process. Future simulations, coupling TEMP/W with SEEP/W, to model the lateral and/or vertical
flow of water, could provide further insight into how post-fire soil moisture changes might influence

soil freezing properties and characteristics.

5.7 Conclusions

The current and historical climate of our field sites near Nain differ from locations in western
North America where most of the existing research on forest fires and permafrost has been carried
out. The sites are wetter, accumulate a deeper winter snowpack, and long-term air temperature trends
began to increase later than in the West. Despite these differences, our one-dimensional thermal
modelling supports the general understanding that fire disturbance, and its associated reduction in
organic material thickness and canopy cover, is responsible for accelerating the inevitable loss of
permafrost due to climate warming. In the context of the climate-ecosystem-permafrost classes
defined by Shur and Jorgenson (2007), the classification of the permafrost at our sites in coastal
Labrador changes from climate-driven, ecosystem-modified permafrost prior to fire, to ecosystem-
driven permafrost following fire, to ecosystem-protected permafrost prior to complete loss of

permafrost due to climate warming. Despite the degradational effects of climate warming and fire
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disturbance, permafrost persists to at least 2060 and, in many cases, through to the end of this

century.
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CHAPTER 6 : CONCLUSIONS
6.1 Summary of Findings

This dissertation incorporates a combination of field investigations and modelling efforts to
improve our understanding of the post-fire response of the coastal boreal forests of the eastern
Canadian subarctic. The project addresses the complex post-fire interactions between snow,
vegetation, and frozen ground in the coastal Labrador region, within the context of a warming
climate. Field methods were drawn from various disciplines, including ecology, permafrost science,
and snow science, and observations were collected during both summer and winter to achieve a
comprehensive overview of post-fire ground and surface conditions at three sites in Nunatsiavut.

Permafrost was inferred to be present in the undisturbed forests of the two sites near Nain,
owing to the fine-grained, frost-susceptible substrate and the ecosystem protection offered by the
forest canopy of the surrounding boreal environment. The presence of permafrost in forested
lowland locations throughout Labrador is thought to be limited, so these patches of frozen ground
represent some of the first contemporary observations of permafrost in these kinds of environments.
The post-fire trajectory of this frozen ground was examined using one-dimensional thermal
modelling in TEMP/W. The simulations, extending to 2100, demonstrate the resiliency of the
climate-driven, ecosystem-protected permafrost that was found beneath the coastal boreal forests
near Nain. Fire disturbance triggers the development of a supra-permafrost talik, which has lasting
impacts on the ground thermal regime and accelerates the inevitable loss of frozen ground to the
increasing air and ground temperatures that are associated with a warming climate. However, the
low severity of these fire disturbances, coupled with post-fire ecological succession, permits
ecosystem-driven permafrost to form and to eventually mature into ecosystem-protected permafrost.
This ecosystem-protected permafrost is much more sensitive to change and is not likely to recover

following further disturbance, such as additional forest fires or the cumulative effects of climate
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warming. At the southern site near Postville, no permafrost was detected, reflecting the warmer
climate and the sparse distribution of permafrost in this area.

Post-fire vegetation was dominated by shrubs, but their thermal impact was limited by the
deep snow cover that accumulates in both burned and unburned regions of our sites and by the
presence of other erect vegetation, including standing dead and regenerating trees. The impacts of
shrubs in snow-trapping and advancing snowmelt on the tundra are diminished in this post-fire
boreal environment. While snow depths were indeed higher in the burned areas as expected, this is
likely not due to snow-trapping around shrubs. Instead, differences in snow distribution are believed
to be associated with the interception of falling snow by forest canopy, resulting in shallower snow
cover in the unburned forest and deeper snow cover in the burned area.

The results from coastal Labrador broadly agree with those reported for the western North
American boreal forest, but the wetter climate, longer fire intervals, and deeper snowpacks are
associated with an accelerated loss of frozen ground following fire. Fire is modelled to accelerate
the loss of permafrost in coastal Labrador by approximately three times the rate reported for the
Northwest Territories (Zhang et al., 2015). This may be partly due to the more sensitive initial
ground temperatures and lower ground ice contents at the study sites, but poor post-tfire ecological
protection may also play a role. The long fire intervals for the coastal Labrador region result in slow,
continuous recruitment of trees over many decades (Brehaut and Brown, 2020), unlike the pulse
recruitment that occurs within the first decade following fire in the western North American boreal
forest (Johnstone et al., 2004). The slow regeneration extends the period when the canopy does not
intercept snow in winter or provide shade in summer. With a warming climate, permafrost is
especially vulnerable in this post-disturbance stage, particularly if the ecological protection that is
typically offered by a regenerating forest canopy is delayed. The multi-decadal post-fire forest

regeneration process that is associated with the longer fire intervals of the coastal Labrador region
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therefore accelerates the post-fire loss of frozen ground in the region beyond the rates reported in

the West.

6.2 Research Limitations and Future Research Directions

The high costs and logistical obstacles associated with fieldwork in remote regions of coastal
Labrador raised challenges in terms of equipment availability and representational sampling. Our
small sampling scheme, running along two or three parallel transects per site, does not necessarily
address the variability that might exist across the forest fire extents. For example, the BR fire
disturbed an area of approximately 150 km?, so it is impossible to claim that our results can be
extended across this entire region. Our sampling locations were positioned relatively close to shore,
near our boat-access point, so our results do not represent conditions at higher elevations within the
burned regions. Furthermore, our transects were established to facilitate geophysical investigations
using ERT. However, the linear nature of the ERT method raised issues of spatial dependency in
associated variables, like shrub height or density and snow depth. Operational and logistical
constraints complicated the ERT investigations, and only two surveys could be performed per site.
Additional surveys, covering deeper areas in the respective burned and unburned regions, would
greatly improve our spatial understanding of post-fire site conditions.

The thermal model was validated against ground surface temperature data at one site,
measured over only one year. While the modelled ground surface temperatures agreed with the
measured values, the modelling would have been greatly improved by temperature validations at
depth in a borehole. However, this was not possible, due to the coarse surficial materials and
permitting restrictions for the overall research project. Two-dimensional modelling, incorporating
lateral heat and water flow across the transect, would also greatly improve our understanding of

local permafrost degradation across burned to unburned transition zones. The computational burden
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of the TEMP/W program complicated the thermal modelling process, and additional sensitivity
analyses for other inputs, including the n-factors, were not performed for the purposes of this
dissertation. These sensitivity analyses should be a focus of future studies, to investigate the range
of n-factors and associated conditions, like snow depth, that might continue to permit permafrost
persistence and re-aggradation following fire.

Despite these limitations, this research represents a significant first step towards
understanding the conditions and response of frozen ground following forest fire disturbance in the

coastal boreal forests of the eastern Canadian subarctic.
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CHAPTER 7 : APPENDICES

Appendix A: Supplemental Tables for Chapter 4.

Table 7-1. Summary Statistics for Environmental Variables Measured Along Burned and Unburned
Portions of Two 80 m-long Transects at TB.

Burned Variable Mean standard o imum  Minimum  Count (n)
Unburned Deviation
Snow Depth 120 20 198 93 82
(cm)
Near-Surface
Resistivity (Qm) 2183 1279 5796 519 70
Organic Layer
Thickness (cm) 16 9 38 5 81
Soil Te(rPCp)erature 14.7 2.57 20.0 10.2 42
BURNED Soil Moisture 0.24 0.11 0.55 0.05 42
(vol cm3/cm3)
Total Canopy Cover 50 21 82 12 82
(%)
Understory Canopy -
Cover (%) 21 18 65 23 %2
Maximum Shrub
Height (cm) 90 49 215 25 75
Shrub Denglty 136 94 328 0 82
(stems/m?)
Snow Depth (cm) 114 25 189 60 80
Near-Surface
Resistivity (Qm) 2758 1837 8809 767 76
Organic Layer
Thickness (cm) 23 10 50 2 80
Soil Teronperature 12 1 33 17.8 6.1 38
(°C)
UNBURNED Soil Moisture 0.22 0.18 0.79 0.07 38
(vol cm3/cm3)
Total Canopy Cover 68 14 82 18 80
(%)
Understory Canopy -
Cover (%) B 12 o0 B %
Maximum Shrub
Height (cm) 95 56 215 25 58
Shrub Density 52 50 216 0 78
(stems/m?)
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Table 7-2. Summary Statistics for Environmental Variables Measured Along Burned and Unburned
Portions of Two 80 m-long Transects at WB.

Burned

Standard

Unburned Variable Mean Deviation Maximum  Minimum  Count (n)
Snow Depth 110 26 190 40 82
(cm)
Near-Surface
Resistivity (Qm) 3349 1892 11547 1473 80
Organic Layer
Thickness (cm) 12 6 38 2 82
Soil Temperature 8.4 2.0 10.8 5.1 42
(°C)
BURNED Soil Moisture 0.23 0.09 0.41 0.10 42
(vol cm3/cm3)
Total Carlopy Cover 44 16 81 15 82
(%)
Understory Canopy
Cover (%) 22 16 65 -5 82
Maximum Shrub
Height (cm) 56 17 110 25 69
Shrub Density 61 45 216 0 82
(stems/m?)
Snow Depth (cm) 143 32 210 61 80
Near-Surface
Resistivity (Qm) 1613 556 2871 705 76
Organic Layer
Thickness (cm) 18 9 50 0 80
Soil Temperature 7.6 0.9 10.4 5.3 38
(°C)
UNBURNED Soil Moisture 0.19 0.06 0.37 0.09 38
(vol cm3/cm?3)
Total Carlopy Cover 60 15 80 18 80
(%)
Understory Canopy
Cover (%) 10 14 58 -13 80
Maximum Shrub
Height (cm) 54 27 146 25 63
Shrub Density 43 36 140 0 78
(stems/m?)
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Table 7-3. Summary Statistics for Environmental Variables Measured Along Burned and Unburned
Portions of Three Transects (40 m, 40 m, and 50 m-long) at BR.

Burned Variable Mean Star)dgrd Maximum  Minimum  Count (n)
Unburned Deviation
Snow Depth 173 23 224 122 65
(cm)
Near-Surface
Resistivity (Qm) 385 898 5278 65 36
Organic Layer
Thickness (cm) 7 8 39 8 65
Soi Te(TCp)erat“re 16.4 15 20.4 14.1 38
BURNED Soil Moisture 0.30 0.12 0.72 0.12 38
(vol cm3/cm3)
Total Canopy Cover 57 20 83 21 65
(%)
Understory Canopy )
Cover (%) 13 14 56 28 65
Maximum Shrub 107 94 450 42 62
Height (cm)
Shrub Density 88 76 400 0 63
(stems/m2)
Snow Depth (cm) 155 17 201 110 68
Near-Surface
Resistivity (Qm) 412 70 3218 60 40
Organic Layer
Thickness (cm) 27 10 50 0 68
Soil Temperature 16.1 16 19.6 12.1 42
(°C)
UNBURNED Soil Moisture 0.19 0.10 0.50 0.07 42
(vol cm3/cm3)
Total Canopy Cover 68 12 87 31 68
(%)
Understory Canopy )
Cover (%) 10 10 47 16 68
Maximum Shrub
Height (cm) 77 23 400 26 57
Shrub Density 41 45 1592 0 68
(stems/m?2)
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Appendix B: Example of R Code for Calculating Annual Maximum, Minimum, and Mean Ground
Temperatures from TEMP/W Outputs.

#install.packages("matrixStats")
Tibrary(matrixStats)

#set working drive in folder
setwd("C:\\Users\\yifen\\Desktop\\WB_CSV")
#getwd O

#dirQ

BURN4.5_1965<-read.csv("WB_BURN_4.5_1965_2004.csv", skip=1)
#dim(BURN4.5_1965)

#str(BURN4.5_1965)
BURN4.5_1965_matrix<-data.matrix(BURN4.5_1965)

YEAR<-1965

#WEBB BAY

start_year<-
c(1965,2009,2014,2018,2019,2024,2029,2034,2039,1965,2049,2054,2059,2064,2069,2074,2079,2084,2089, 2
094,2099)

#TIKKOATOKAK BAY

#start_year<-
c(1965,2006,2011,2016,2018,2021,2026,2031,2036,2041,2046,2051,2056,2061,2066,2071,2076,2081,2086,2
091,2096)

if (YEAR %in% start_year){
start<-3

} else {
start<-(end+1)

if((YEAR %% 4) == 0) {
if((YEAR %% 100) == 0) {
if((YEAR %% 400) == 0) {
ndays<-365
} else {
ndays<-364

} else {
ndays<-365

} else {
ndays<-364

start

ndays
end<-(start+ndays)
end

for (umc_temp in c(-0.001, -0.002, -0.003, -0.004, -0.005, -0.006, -0.007, -0.008, -0.009, -
0.01)){

#create depth column

depth=BURN4.5_1965[,1]

#create mean column, computing mean of every depth

means=rowMeans (BURN4.5_1965[,start:end])

#create max column, computing max of every depth, requires matrixStats package, data must be
stored in matrix

maxs=rowMaxs (BURN4.5_1965_matrix[,start:end])

#create min column, computing min of every depth, requires matrixStats package, data must be
stored in matrix

mins=rowMins (BURN4.5_1965_matrix[,start:end])

#create range column, computing difference between maximum and minimum values at every depth

DIFF=maxs-mins

#create new dataframe with max, min, mean, and range values at every depth
trumpet4.5_1965<-data. frame(DEPTH=depth, MAX=maxs, MEAN=means, MIN=mins, RANGE=DIFF)
#check dataframe contents

#head(trumpet4.5_1965)

#tail(trumpet4.5_1965)
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#create zero annual amplitude column, TRUE = below dzaa, FALSE = above dzaa

DZAA<-ifelse(trumpet4.5_1965$RANGE<0.1, "TRUE", "FALSE")

#create base of permafrost column, TRUE = below base of permafrost, FALSE = above base of
permafrost

PMF_BASE<-1ifelse(trumpet4.5_1965$MAX>(umc_temp), "TRUE", "FALSE")

#create top of permafrost column, TRUE = below top of permafrost, FALSE = above top of
permafrost

PMF_TOP<-1ifelse(trumpet4.5_1965$MAX<(umc_temp), "TRUE", "FALSE")

#create active layer column, TRUE = within AL, FALSE = beneath AL

ALmin<-ifelse(trumpet4.5_1965$MIN<(umc_temp), "TRUE", "FALSE")

#create new dataframe with max, min, mean, range, dzaa, base_pmf, top, and base_al values at
every depth

trumpet4.5_1965<-data.frame(DEPTH=depth, MAX=maxs, MEAN=means, MIN=mins, RANGE=DIFF, DZAA=DZAA,
BASE_PMF=PMF_BASE, TOP_PMF=PMF_TOP, BASE_AL=ALmin)

#check dataframe contents

#head(trumpet4.5_1965)

#tail(trumpet4.5_1965)

#DEPTH AND TEMPERATURE OF ZERO ANNUAL AMPLITUDE

#determine row position of DzAA
(which.min(trumpet4.5_1965%$DZAA)) -1

#return row of DzAA

trumpet4.5_1965[ ((which.min(trumpet4.5_1965$DzAA))-1),]
#return temperature at depth of zero annual amplitude
TZAA<-trumpet4.5_1965[ ((which.min(trumpet4.5_1965$DzAA))-1),3]
TZAA

#return DZAA

D_ZAA<-trumpet4.5_1965[ ((which.min(trumpet4.5_1965%$DzAA))-1),1]
D_ZAA

#DEPTH OF BASE OF PERMAFROST

#determine row position of base of permafrost
which.min(trumpet4.5_1965$BASE_PMF)-1

#return row of base of permafrost

trumpet4.5_1965[ ((which.min(trumpet4.5_1965$BASE_PMF))-1),]
#return temperature of base of permafrost

trumpet4.5_1965[ ((which.min(trumpet4.5_1965$BASE_PMF))-1),3]
#return depth of base of permafrost

PMF_B<-trumpet4.5_1965[ (which.min(trumpet4.5_1965$BASE_PMF)),1]
PMF_B

#invert the rows of the trumpet curve data frame
trumpet4.5_1965_invert<-trumpet4.5_1965[order(nrow(trumpet4.5_1965):1),]
#print(trumpet4.5_1965_invert)

#DEPTH AND TEMPERATURE OF TOP OF PERMAFROST

#determine row position of top of permafrost
which.max(trumpet4.5_1965_invert$TOP_PMF)

#return row of top of permafrost
trumpet4.5_1965_invert[((which.max(trumpet4.5_1965_invert$TOP_PMF))),]
#return maximum temperature at top of permafrost
trumpet4.5_1965_invert[((which.max(trumpet4.5_1965_invert$TOP_PMF))),4]
#return depth of top of permafrost
PMF_T<-trumpet4.5_1965_invert[((which.max(trumpet4.5_1965_invert$TOP_PMF))),1]
PMF_T

TTOP<-trumpet4.5_1965_invert[ ((which.max(trumpet4.5_1965_invert$TOP_PMF))),3]
TTOP

#DEPTH OF BASE OF ACTIVE LAYER (WHEN TALIK IS PRESENT)

#determine row position of base of active layer
which.min(trumpet4.5_1965_invert$BASE_AL)-1

#return row of base of active layer

trumpet4.5_1965_invert[ ((which.min(trumpet4.5_1965_invert$BASE_AL)-1)),]

#return temperature of base of active layer

trumpet4.5_1965_invert[ ((which.min(trumpet4.5_1965_invert$BASE_AL)-1)),4]

#return depth of base of active layer
AL_B_TALIK<-trumpet4.5_1965_invert[((which.min(trumpet4.5_1965_invert$BASE_AL)-1)),1]
AL_B_TALIK

#DEPTH OF BASE OF ACTIVE LAYER (WHEN TALIK IS ABSENT)

#determine row position of base of active layer
which.min(trumpet4.5_1965_invert$BASE_PMF)

#return row of base of active layer
trumpet4.5_1965_invert[((which.min(trumpet4.5_1965_invert$BASE_PMF))),]
#return temperature of base of active layer
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trumpet4.5_1965_invert[((which.min(trumpet4.5_1965_invert$BASE_PMF))),4]
#return depth of base of active layer
AL_B<-trumpet4.5_1965_invert[((which.min(trumpet4.5_1965_invert$BASE_PMF))),1]
AL_B

#DEPTH AND TEMPERATURE OF GROUND SURFACE
Y<-trumpet4.5_1965[ (nrow(trumpet4.5_1965)),1]
Y

TGS<-trumpet4.5_1965[ (nrow(trumpet4.5_1965)),3]
TGS

#TALIK PRESENCE OR ABSENCE

#determine presence or absence of suprapermafrost talik
talik<-ifelse(abs(max(AL_B_TALIK,AL_B)-PMF_T)==0, "ABSENT", "PRESENT")
talik

#return talik thickness
talik_thickness<-abs(PMF_T-max(AL_B,AL_B_TALIK))

talik_thickness

#plot trumpet curve

xrange<-c(-12,22)

yrange<-c(-20,1)

png(filename = "trumpet4.5_1965.png", units = "px")

plot(xlim=xrange, ylim=yrange, trumpet4.5_1965$DEPTH~trumpet4.5_1965%MAX, type="1", col="red",

ylab="Depth (m)", xTab="Temperature (C)", main="1965")
points(trumpet4.5_1965$DEPTH~trumpet4.5_1965$MIN, type="1",col="blue")
points(trumpet4.5_1965$DEPTH~trumpet4.5_1965$MEAN, type="1")
abTline(a=NULL,b=NULL,h=NULL,v=0,col="BLACK")
dev.off(Q)

#create new data frame

summary_4.5_1965<-data.frame(YEAR=YEAR, SURFACE=Y, TGS=TGS, BASE_AL=max(AL_B_TALIK,AL_B),
AL_THICKNESS=abs (max (AL_B_TALIK,AL_B)-Y), BASE_PMF=PMF_B, TOP_PMF=PMF_T, TTOP=TTOP,
PMF_THICKNESS=abs (PMF_B-PMF_T), TALIK=talik, TALIK_THICKNESS=talik_thickness, DzZAA=D_zAA,
TZAA=TZAA, THERM_OFF=abs(TTOP-TGS), UMC=umc_temp)

summary_4.5_1965

#write.csv(summary_4.5_1965,"summary_4.5_BURN.csv')

write.table(summary_4.5_1965, file = "summary_4.5_BURN.csv", sep = ",", append=TRUE,
quote=FALSE, col.names=FALSE)

}

#append columns to csv file
#write.csv((cbind(trumpet4.5_1965$DEPTH, trumpet4.5_1965$MAX)), "trumpet_MAX_4.5_BURN.csv'")
#write.csv((cbind(trumpet4.5_1965$DEPTH, trumpet4.5_1965$MIN)), "trumpet_MIN_4.5_BURN.csv'")
#write.csv((cbind(trumpet4.5_1965$DEPTH, trumpet4.5_1965$MEAN)), "trumpet_MEAN_4.5_BURN.csv'")

#write.csv((cbind(trumpet4.5_1965$DEPTH, trumpet4.5_1965$RANGE)), "trumpet_RANGE_4.5_BURN.csv'")

trumpet_max<-read.csv("trumpet_MAX_4.5_BURN.csv")
trumpet_min<-read.csv("trumpet_MIN_4.5_BURN.csv")
trumpet_mean<-read.csv("trumpet_MEAN_4.5_BURN.csv'")
trumpet_range<-read.csv("trumpet_RANGE_4.5_BURN.csv")
vector_max_1965<-trumpet4.5_1965$MAX
Tength(vector_max_1965)<-456
col_MAX<-cbind(trumpet_max,vector_max_1965)
vector_min_1965<-trumpet4.5_1965$MIN
Tength(vector_min_1965)<-456
col_MIN<-cbind(trumpet_min,vector_min_1965)
vector_mean_1965<-trumpet4.5_1965$MEAN
length(vector_mean_1965)<-456
col_MEAN<-cbind(trumpet_mean,vector_mean_1965)
vector_range_1965<-trumpet4.5_1965$RANGE
length(vector_range_1965)<-456
CO1_RANGE<-cbind(trumpet_range,vector_range_1965)
write.csv(col_MAX,"trumpet_MAX_4.5_BURN.csv')
write.csv(col_MIN,"trumpet_MIN_4.5_BURN.csv')
write.csv(col_MEAN, "trumpet_MEAN_4.5_BURN.csv'")
write.csv(col_RANGE, "trumpet_RANGE_4.5_BURN.csv'")
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Appendix C: Supplemental Modelling Simulation Results for Chapter 5.
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Figure 7-1. Modelled Ground Temperatures (1965-2099) Following Low Burn Severity Fire in
2001 at the TB Site Under RCP4.5. Organic material accumulated at 2.9 mm/year from 2001 to
2099. The base of the active layer, approximated by a temperature threshold of -0.025°C or an
unfrozen moisture content of 0.11, is shown as a white line.
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Figure 7-2. Modelled Ground Temperatures (1965-2099) at Unburned TB Site Under RCP4.5.
Organic material accumulated at 2.9 mm/year from 2001 to 2099. The base of the active layer,
approximated by a temperature threshold of -0.025°C or an unfrozen moisture content of 0.11,
is shown as a white line.
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Figure 7-3. Modelled Ground Temperatures (1965-2099) Following Low Burn Severity Fire in
2001 at the TB Site Under RCP8.5. Organic material accumulated at 2.9 mm/year from 2001 to
2099. The base of the active layer, approximated by a temperature threshold of -0.025°C or an
unfrozen moisture content of 0.11, is shown as a white line.
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Figure 7-4. Modelled Ground Temperatures (1965-2099) at Unburned TB Site Under RCPS.5.
Organic material accumulated at 2.9 mm/year from 2001 to 2099. The base of the active layer,

approximated by a temperature threshold of -0.025°C or an unfrozen moisture content of 0.11,
is shown as a white line.
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Figure 7-5. Modelled Ground Temperatures (1965-2099) at Unburned WB Site Under RCP4.5.
Organic mat accumulation did not occur. The base of the active layer, approximated by a

temperature threshold of -0.025°C or an unfrozen moisture content of 0.11, is shown as a white
line.
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Figure 7-6. Modelled Ground Temperatures (1965-2099) at Unburned WB Site Under RCPS.5.
Organic mat accumulation did not occur. The base of the active layer, approximated by a

temperature threshold of -0.025°C or an unfrozen moisture content of 0.11, is shown as a white
line.
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Figure 7-7. Modelled Ground Temperatures (1965-2099) Following Low Burn Severity Fire in
2004 at the WB Site Under RCP4.5. Organic mat accumulation did not occur. The base of the
active layer, approximated by a temperature threshold of -0.025°C or an unfrozen moisture
content of 0.11, is shown as a white line.
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Figure 7-8. Modelled Ground Temperatures (1965-2099) Following High Burn Severity Fire in
2004 at the WB Site Under RCP4.5. Organic mat accumulation did not occur. The base of the

active layer, approximated by a temperature threshold of -0.025°C or an unfrozen moisture
content of 0.11, is shown as a white line.
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Figure 7-9. Modelled Ground Temperatures (1965-2099) Following High Burn Severity Fire in
2004 at the WB Site Under RCP4.5. Organic material accumulated at 3.6 mm/year from 2004 to
2099. The base of the active layer, approximated by a temperature threshold of -0.025°C or an
unfrozen moisture content of 0.11, is shown as a white line.
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Figure 7-10. Modelled Ground Temperatures (1965-2099) Following Low Burn Severity Fire in
2004 at the WB Site Under RCPS.5. Organic mat accumulation did not occur. The base of the

active layer, approximated by a temperature threshold of -0.025°C or an unfrozen moisture
content of 0.11, is shown as a white line.
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Figure 7-11. Modelled Ground Temperatures (1965-2099) Following High Burn Severity Fire
in 2004 at the WB Site Under RCP8.5. Organic mat accumulation did not occur. The base of the
active layer, approximated by a temperature threshold of -0.025°C or an unfrozen moisture
content of 0.11, is shown as a white line.
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