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Abstract 

Wildfire management can benefit from knowledge of past wildfire response to changing 

environmental conditions. We extracted a high-resolution macrocharcoal record from a small deep lake 

with a relatively small watershed in northeastern Ontario to examine evidence of fire activity in the area 

over the last 6,300 cal yBP. Peak analysis of the macrocharcoal sequence showed a relatively stable 

average fire return interval (FRI) of 155-183 years from the Holocene Thermal Maximum (HTM) till 

present. Although the FRI remained relatively stable, charcoal accumulation rates, background charcoal 

levels, and peak magnitude varied between periods of substantial change in vegetation delineated by 

pollen analysis including a period of maximum warmth from c. 6,300 to 3,600 years before present when 

pollen-inferred temperatures were ~2ºC warmer than present. Overall high charcoal levels coupled with 

high variability occurred during this warm and humid HTM Period while charcoal levels were 

consistently low during the cool and dry Post-HTM Period (3,600 – 1,600 cal yBP). Charcoal levels 

increased and became variable again during the cool and wet Modern Period (1,600 cal yBP – present) 

but did not reach the high concentrations observed in the HTM. The variation of charcoal levels within 

pollen-inferred climate zones showed that wildfire activity on the regional-to-local scale (such as fire 

size) changed in response to climate and vegetation despite relatively stable FRIs. In addition, charcoal 

morphology was quantified and compared to the climate zones and showed distinct trends in relative 

abundances of morphological particles in the different climate periods.  

 

Keywords: charcoal, macrocharcoal, paleofire, Holocene, boreal forest, Holocene Thermal Maximum, 

charcoal morphology 
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Chapter 1 

Introduction and Literature Review 

Forest fires have become increasingly devastating to communities and property in recent 

decades, and research suggests that climate change is largely responsible for these trends 

(Flannigan et al., 2001; Flannigan and Van Wagner, 1990). Although research has shown a link 

between climate and fire (Carcaillet et al., 2001a; Marlon et al., 2013), the link is not always 

evident and is often overridden by vegetation and local factors (Ali et al., 2009a; Pyne, 2017). 

Although global trends show an overall decrease in fire activity over the last few hundred years, 

spatial variability is high with some areas experiencing decreases in fire activity while others 

experience large increases (Marlon et al., 2013). Local changes in fire activity are causing loss of 

life and cost billions of dollars in fire suppression, evacuations, and other economic losses 

(Fischer et al., 2016; Melvin et al., 2017).  

 In order to protect communities, preserve valuable ecosystems, and mitigate financial 

losses, evidence-based management strategies must anticipate coming changes in fire systems at 

the local to regional scale. To effectively project how fires will respond to our unique changing 

environments we must first understand how the fire system has responded to past changes in 

climate. Over the last few thousand years various regions have undergone unique environmental 

changes in response to global climate forcing and local fire patterns have often changed as a 

result (Carcaillet et al., 2001a; Moos and Cumming, 2012; Marlon et al., 2013). By examining the 

changes in climate, vegetation, and fire activity of the past, we can better understand the 

dynamics which govern the fire system. These well-informed insights can then be applied to 

anticipate future changes in our environment and implement strategies to minimize losses due to 

forest fires (Bergeron et al., 2004a). 
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 This chapter is a summary of the current literature related to forest fire dynamics. The 

literature review is separated into three parts: I) describes our current knowledge of forest fire 

dynamics, II) a detailed review of current paleofire (pre-historic fire) research, and III) our 

current knowledge of the understudied region of northeastern Ontario, the focus of my research 

on the boreal forest. In Part I (Forest Fire Dynamics), I begin by defining terms and discussing 

basic fire dynamics over time with a focus on the three primary factors which interact to create 

the fire system: fire, climate (and weather), and vegetation (fuel). In Part II (Paleofire Research), I 

describe typical paleofire research methods used to assess past forest fire activity with a focus on 

charcoal records. In Part III (The Boreal Region of northeastern Ontario), I discuss what is 

currently known of the paleorecord of central North America over the last few millennia, with a 

focus on the current knowledge gap in northeastern Ontario. I then complete the literature review 

by posing two research questions which will address the current gap in knowledge of past fire 

regimes in northeastern Ontario and support recently developed methodologies to further increase 

our knowledge of charcoal-based paleofire interpretations.  

 

PART I: Forest Fire Dynamics 

 Although climate plays an important role in forest fire behaviour, it is only a part of a 

complex system which includes many factors and many positive and negative feedbacks (Pyne, 

2017; Sommers et al., 2011; Whitlock et al., 2010). The core of this complex system consists of 

climate (weather, including ignition), fuel (vegetation)1, and fire, all of which can be examined on 

various temporal and spatial scales (Fig. 1.1; Whitlock et al., 2010). In addition to these core 

aspects, some local secondary factors can also impact fire, such as topography or surficial 

deposits (Harden et al., 2001; Cyr et al., 2007). To simplify the system for discussion, I will 

discuss each of these constituents individually in terms of their impact on the other factors, at 

 

1 For the purposes of this paper the terms fuel and vegetation are used interchangeably 
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various spatial and temporal scales. I will then explore the system as a whole, with emphasis on 

the factor of interest: fire. However, before discussing the complex system, I will define the 

characteristics and terminology used in discussing fire.  

 

1.1.1 Terms and Definitions 

Fire. General term which refers to the thermal decomposition (combustion) of materials, 

releasing heat, smoke, and gases and producing a flame in the presence of oxygen. Wildfire 

specifically refers to an uncontrolled fire and fire event refers to a coherent unit of fire, often with 

a single source of ignition. However, two or more fire events may spread and merge to become a 

single fire event. Forest fire refers to fire which consumes a forested region and fire suppression 

refers to any human efforts aimed at suppressing fire activity such as (but not limited to) creating 

fire barriers (empty space to prevent fire spread), water or foam dousing (via sprinkler system or 

water bombers), or prescribed burning (deliberate forest burning under controlled conditions to 

reduce available fuel on the land). In this thesis, the terms forest fire, wildfire, and fire are used 

interchangeably. 

Fire Regime. Refers to the pattern of fire behaviour in a region over a period of time 

(decadal to millennial scales) (Fig 1.1). Various metrics are used to quantify fire behaviour, 

including frequency, size, type, and severity (Whitlock et al., 2010) (see below). Fire regime may 

refer to one or several metrics. 

 Frequency. Refers to how often fires occur in a region during a given time period. Fire 

frequency is typically expressed as a Fire Return Interval (FRI; the amount of time between fires 

in a pre-defined area) (Clark, 1990; Higuera et al., 2009) also known as Fire Free Interval (FFI) 

(Payette et al., 1989; Ali et al., 2009a). Fire frequency can also be expressed as Fire Cycle (or 

Fire Rotation Interval; the amount of time required to burn the entirety of a pre-defined area, this 

may require several fires over time) (Sommers et al., 2011). Periodicity refers to the regularity of 
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FRIs. Frequency can also be expressed as number of fires per unit of time, such as how many 

fires typically occur in a pre-defined area per year, century, or millennium (Payette et al., 1989). 

When the number of fires in a region over time increases, the FRI decreases. 

 Size. Fire size refers to the area burned by fire and is typically expressed in hectares or 

km2. 

 Type. Refers to the type of fire and how it burned. Fire types include ground fires 

(mostly smoldering combustion which burns surface organic material and may kill roots due to 

prolonged high temperatures), surface fires (the burning of low vegetation layers such as grasses, 

herbs, mosses, small shrubs, or lichens and typically does not cause mortality in crowns or forest 

overstory), understory fires (the burning of small trees or large shrubs just below the canopy), and 

crown fires (the burning of the upper tree canopy, may also burn the subcanopy and varies in 

severity but typically results in lower stems and roots being undisturbed) (Pyne, 2017; Sommers 

et al., 2011). Fire type can also refer to the overall damage caused by the fire (see Severity 

below), such as stand-replacement fires which refer to fires that are so devastating to the above 

ground vegetation that the community composition changes or mixed-severity fires that vary 

spatially and temporally in their lethality to vegetation leaving a patchy scarred legacy on the 

landscape (Brown and Smith, 2000; Sommers et al., 2011). 

 Intensity. Authors across various fields have used the term ‘fire intensity’ to refer to a 

wide range of fire metrics and characteristics. The true definition of fire intensity refers to the 

energy released by combustion which can be expressed in several ways (Keely, 2009). For the 

purposes of this paper, I use the term ‘fire-line intensity’ to refer to the average energy released 

by surface area over time (expressed as W m-2 s-1) of an advancing fire front and ‘fire intensity’ to 

refer to the overall energy release of a fire event (also expressed as W m-2 s-1) (Keeley, 2009; 

Pyne, 2017). Where the literature is unclear, I use the term ‘general intensity’.  
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 Severity. Many authors have used personal interpretations of the term severity to refer to 

various ecological impacts of fire (fire severity, burn severity, ecological impacts) which has 

resulted in the widespread ambiguity of this term. The true definition of fire severity is the degree 

to which fire has consumed above- and below-ground organic matter (Keeley, 2009). 

Quantification metrics of fire severity include mortality (total or above ground), tree crown 

canopy scorch, crown volume kill, bole height (base of trunk to height of first living crown 

branch) scorch, skeleton twig diameter, ash deposition, surface organic matter, below ground 

matter contributing to soil structure, hydrophobicity, and heat-induced oxidation of minerals. For 

the purposes of this paper I will use a generalized class system consisting of unburned, scorched, 

light, moderate or severe surface burn, and deep burn or crown fire (Ryan and Noste, 1985; 

Turner et al., 1994; Ryan, 2002; Keeley, 2009). Burn severity is often used interchangeably with 

fire severity, and sometimes used to refer only to the impacts of fire on soil (Keeley, 2009); as 

such this term will not be used in this paper. Ecological impact refers to the wide range of 

systems altered by fire and is quantified by their responses: vegetative cover, seedling 

recruitment, community composition, species diversity, vegetation and animal recolonization, 

hydrological processes, erosion, dry ravel, and debris flows (Keeley, 2009). In this paper, 

ecological impacts will remain distinct from fire severity and will be discussed individually, on 

case by case basis, as opposed to being generally categorized. This is because ecosystem response 

to fire is not directly correlated to fire severity (or intensity) and are equally (if not more) 

influenced by several non-fire factors such as topography (Moody and Martin, 2001), soil type, 

original and neighbouring species composition (Burns and Honkala, 1990a, 1990b), successional 

dynamics (Finér et al., 1997), and weather (Cannon et al., 2001;.Nearing et al. 2005) 

 Seasonality. Refers to the primary season of burn (e.g., early summer fires, fall fires) 

(Frost, 1998; Carcaillet and Richard, 2000). Although a fire season (months when fires are 
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possible) may be long, fires may favour certain periods based on seasonal conditions, resulting in 

seasonality of fire events. 

 

1.1.2 The Role of Climate 

 Climate Impacts Fire. While weather refers to the specific conditions (for the purposes 

of this paper, primarily precipitation and temperature) of an area during a single point in time, 

climate is defined as the pattern of weather over a prolonged period of time (e.g. 30-year climate 

normals) of a region. Although weather is the factor directly impacting fire, the sum of general 

weather patterns of a region over time (climate) is commonly used to examine how fire behaviour 

changes over time (Whitlock et al., 2010). Climate patterns are driven by many factors including 

oceanic currents and conditions, such as Sea Surface Temperature or Sea Surface Pressure 

(Girardin et al., 2004a; 2004b), and variations in insolation related to planetary physics. As such 

climate patterns are often cyclical with varying temporal scales. This includes periodic 

phenomena such as the Atlantic Monthly Oscillation (AMO) with a monthly cycle, the El Niño 

Southern Oscillation (ENSO) and Pacific Decadal Oscillation (PDO) with decadal cycles, or the 

Milankovitch and sub-Milankovitch Cycles that have millennial periodicities (Hagelberg et al., 

1994). To better understand the effect of climate on fire regimes, we must first understand the 

effect of weather on fire events (Fig. 1.1). 

 Weather impacts fire directly through ignition and spread. Generally, fires occur when an 

area remains under a high pressure system (50 kPa) and receives ≤ 1.5 mm of total precipitation 

during 3 or more consecutive days (Nash and Johnson, 1996). Length of dry periods (≤ 1.5 mm of 

precipitation) and low relative humidity (˂60%) are positively correlated to fire size (area burned) 

(Flannigan and Harrington, 1988). Storm conditions with a high number of lightning strikes 

increases the possibility (and therefore number) of fires created (Peterson et al., 2010). This can 

also contribute to large fires as multiple small fires can merge into larger fires covering several 
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hectares and burning for extended periods of time. High wind speeds in unstable air pockets 

contribute to fire spread and intensity by spreading fires quickly over large areas, as well as 

providing gas exchange (removing carbon dioxide and introducing more oxygen) in order to 

maintain and increase fuel consumption (Bessie and Johnson, 1995). Weather is a dominant 

factor influencing fire type with positive correlation between wind speed and number of crown 

fires in subalpine conifer dominated forests (Bessie and Johnson, 1995). Conversely, high 

amounts and extended periods of precipitation can decrease fire activity and spread by directly 

extinguishing flames (Peterson et al., 2010).  

 On the moderate temporal scale, when weather patterns are considered on an annual 

scale, seasonality may drive fire behaviour. Increased annual precipitation may occur 

predominantly in the winter months leaving springs wet and summers dry resulting in counter-

intuitive increases in fire frequency despite the increase in precipitation (Carcaillet and Richard, 

2000; Carcaillet et al., 2001a).  

 When viewed from the broader lens of climate, fire activity is evaluated over a longer 

temporal scale (Fig. 1.1). Although two regions may have the same momentary weather, they will 

burn differently if the past climate in one region was dry, while the other was wet. General 

climate trends are often governed by general patterns of weather/climate oscillation (such as 

AMO, PDO, ENSO) and act on fires by sustaining conditions which are favourable (or 

unfavourable) for fire (Carcaillet et al., 2001a; Ali et al., 2009a). In North America, severe 

summer droughts (based on Canadian Drought Code) are encouraged by 500 hPa geospatial 

anomalies originating over Baffin Bay and the Gulf of Alaska (PDO; Girardin et al., 2004b). 

Canadian Drought Code indices are positively correlated with number of fires and fire size (area 

burned) across the Boreal corridor during summer drought (Girardin et al., 2004b; Le Goff et al., 

2007). Alternatively, warming of Pacific Coastal Sea Surface Temperatures can produce a 

negative PDO which displaces the polar jet stream northward and allows moist air to travel 
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through the cross continental Boreal corridor resulting in decreases in fire frequency and size 

(Mantua et al., 1997; Ali et al., 2009a) 

 

 Climate Impacts Vegetation. Climate impacts three primary aspects of vegetation 

(fuel): condition (moisture content of vegetation), abundance (volume of biomass on the land), 

and type (community composition). On the shortest scale, climate (weather) impacts the condition 

of the fuel by drying or soaking the vegetation. In times of drought, with little precipitation and 

warm temperatures, fuel becomes dry and flammability increases. However, in times of high 

precipitation, with few droughts, the moisture content of the fuel increases which results in lower 

flammability (discussed below) and therefore a lower fire frequency (Bergeron and Archambault, 

1993).  

 Over a longer temporal scale, climate impacts the abundance of fuel by favouring rapid 

growth, or by diminishing growth and inducing die-offs. Climate creates ecozones of vegetation 

communities in which only species that can tolerate local conditions can survive and thrive 

(Schultze, 2005). When climate changes, ecozone boundaries shift as local conditions change 

(Gottfried et al., 2012; Savage and Vellend, 2015). As local conditions change, the vegetation of a 

region will shift as new species are able to tolerate the new conditions and colonize the area, 

while other species are unable to adapt to the new conditions and die off (Burns and Honkala, 

1990a, 1990b).  

 

1.1.3 The Role of Vegetation (Fuel) 

 Vegetation Impacts Fire. Vegetation (fuel) impacts fire directly by providing material to 

burn. Four main aspects of fuel are important for fire: condition, abundance, type (all described 

above) and fuel connectivity. 
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In order to combust, the condition of the fuel must first be generally dehydrated (see 

1.2.2.1 Charcoal production) (Vaughan and Nichols, 1995; Pyne 2017). Wet fuel takes longer to 

burn and burns ‘cooler’ as heat energy released by combustion is used to dehydrate more fuel 

(evaporate H2O present) rather than create more heat to sustain or perpetuate fire (the breakdown 

of more molecules) (Vaughan and Nichols, 1995; Pyne, 2017). Dead and dry vegetation burns 

easily and quickly relative to live counterparts as little heat energy is wasted on the drying phase 

of combustion (aside from evaporation of the H2O produced by the combustion process; see 

1.2.2.1 Charcoal production).  

The abundance of fuel available for burning can also impact fire. In general, areas with 

sparse vegetation have less fire activity (Payette et al., 1989), while areas (or periods) with an 

abundance of vegetation (fuel) can have more frequent fires (Clark et al., 2002; Brown et al., 

2005; Grimm et al., 2011). Simply put, if there is nothing to burn, there will be no fire. There are 

exceptions to this generality; other factors may dominate fire behavior (such as fuel condition) 

and result in counter-intuitive fire regimes for areas (or periods) with sparse or plentiful fuel 

(Grimm et al., 2011).  

 The type of fuel available for burning impacts fire. In general, fuel type refers to 

vegetation type but can also refer to plant tissue type (organs such as leaf or needles, 

inflorescences or cones, twigs, roots, or stem tissue) (White and Zipperer, 2010; Keane, 2015). 

Both the physical and chemical aspects of vegetation (species or tissues) play key roles in 

burning. Some species contain organic compounds that are flammable while others contain 

compounds that are flame retardant (Burns and Honkala, 1990a, 1990b; Frelich and Lorimer, 

1991; Carcaillet and Richard, 2000). The flammability of a species can be further broken down 

into four components: ignitability (time until ignition when exposed to flame or heat source), 

combustibility (how rapidly or intensely a fuel is consumed), consumability (quantity of fuel 

consumed), and sustainability (how well a fuel can self-sustain consumption) (Behm et al., 2004; 
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White and Zipperer, 2010). The characterization of these components is useful in fields such as 

urban planning to suppress fire in urban areas but becomes tedious for the purposes of this paper 

and therefore, going forward, all four components will be referred to generally as flammability. 

The differing flammabilities of various species is determined by the chemical constituents of the 

species’ cells and tissues which include: minerals, lignins, volatiles (such as terpenes), and 

moisture. Perhaps the most common examples of flammable plant compounds are terpenes which 

are widely found in conifer species and present to a lesser extent in some hardwoods and 

herbaceous plants. Terpenes themselves vary in flammability, with sesquiterpenes such as α-

humulene, β-caryophyllene, and caryophyllene oxide being more flammable than monoterpenes 

such as α-pinene and β-pinene (Owens et al., 1998; Ormeño et al., 2009). As such, species 

favouring sesquiterpenes such as Aleppo pine (Pinus halepensis) and rock rose (Cistus albidus) 

are more flammable than species favouring monoterpenes such as gum rose (Cistus landanifer), 

but both types of species are more flammable than species with relatively low amounts of these 

compounds (Owens et al., 1998; Ormeño et al., 2009). 

 Some species retain sesquiterpenes in leaf litter while others do not (Ormeño et al., 

2009). Species such as the maritime pine (Pinus pinaster) and Aleppo pine (Pinus halepensis) 

retain relatively large amounts of sesquiterpenes in their needle litter (Ormeño et al., 2009). This 

results in quicker and more complete combustion of Pinus pinaster and Pinus halepensis needle 

litter compared to stone pine (Pinus pinea) needle litter which does not retain sesquiterpenes in 

shed needles (Ormeño et al., 2009). As such Pinus pinea needle litter self-extinguishes after a 

depth of ~10cm while Pinus pinaster and Pinus halepensis burn completely (Ormeño et al., 

2009). Terpene content is significantly correlated with combustion time of leaf litter (p < 0.01; 

Ormeño et al., 2009).  

 In addition to the chemical characteristics of vegetation, physical characteristics also play 

an important role in species flammability, particularly the leaf and needle litter. The leaf shape 
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(curling or straight), thickness (density), perimeter, surface area, and volume of leaves all 

contribute to species flammability (Varner et al., 2015). These physical properties (in addition to 

the chemical properties) combine to create the fuelbed properties of depth, bulk density, loading 

(accumulation), and decomposition. Individual factors may dominate flammability or factors may 

work in conjunction to explain variably in flammability (Ormeño et al., 2009). For example, 

conifer needles are straight, thick, and have a small surface area to volume ratio. In addition, the 

chemical constituents of needles provide resistance to decay and once desiccated are resistant to 

rehydration. Combined, these physical and chemical characteristics create a well aerated, high-

loading fuelbed with high flammability (Williamson and Black, 1981; Varner et al., 2015). In 

contrast, deciduous tree leaves are often straight, thin, and have a high surface area to volume 

ratio which results in easy wind dispersal (and therefore low loading). Deciduous leaf litter 

(especially non-curling varieties) form thin dense mats and can become waterlogged as they 

decompose. As a result, the fuelbed created by conifer needle litter is much more flammable than 

the fuelbed created by hardwood leaf litter (Williamson and Black, 1981).  

 Fuel type also impacts fire intensity. Some species such as pines (Pinus sp.) produce litter 

which burns hotter than others such as oak (Quercus sp.) (Williamson and Black, 1981), and 

therefore contribute to fires of higher intensity. Increase in burn temperature increases as depth of 

bedload increase (Ormeño et al., 2009), indicating that in nature, species which quickly produce 

high depths of leaf litter (not to be confused with density of leaf litter) will produce more intense 

fires. 

 Stand composition impacts fire through the species present in a stand. Monocultural 

stands of species with high flammability and sustainability can encourage large and intense fires 

(Hély et al., 2003), while mixed stands of high (conifer) and low (deciduous) flammability 

species can slow fire spread and encourage self-extinction (Burns and Honkala, 1990a, 1990b; 

Bergeron et al., 2004b). Stands with species such as maples (Acer spp.), yellow birch (Betula 
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alleghaniensis), hickory (Carya spp.), American beech (Fagus grandifolia), oak (Quercus spp.), 

and eastern hemlock (Tsuga canadensis) are considered relatively non-flammable (Carcaillet and 

Richard, 2000; Frelich and Lorimer, 1991; Burns and Honkala, 1990b) compared to stands 

dominated by coniferous species such as pines (Pinus) and spruce (Picea) (Burns and Honkala, 

1990a; Hély et al., 2003). Stand composition can also impact fire through interception storage of 

precipitation. During the summer, coniferous forests have the capacity to store 1.0-2.1 mm of 

precipitation before moisture reaches the forest floor, whereas deciduous forests store and 

average of only 1.0 mm (Rutter, 1975; Gash, 1979; Flannigan and Harrington, 1988). The ability 

to withhold more precipitation from reaching the forest floor allows for a drier bedload and 

contributes to flammability, which may play a role in favouring ground fires. 

 The connectivity of fuel (forest stands) can impact fire behaviour. Fragmented landscapes 

with a mosaic of different forest stands and lakes disconnects various fuels and can act as a 

barrier to fire spread and therefore fire size (Bergeron et al., 2004b). Forest stand barriers may 

persist on the landscape as a legacy of successional dynamics. Species first established during the 

initial colonization following the collapse of the Laurentide Ice Sheet (LIS) have left persistent 

fragments of species composition which may today be reinforced by fire regimes (Bergeron et al., 

2004b; Ali et al., 2008). 

 

 Vegetation impacts Climate. Fuel impacts climate through carbon cycling and the 

global carbon budget (Kasischke and Stocks, 2012). Vegetation acts as a carbon sink by utilizing 

carbon in living and growing tissues, then upon death and eventual burial a fraction of the carbon 

which was stored in the tissues becomes locked in the forest floor (Bradshaw and Warkentin, 

2015). The reduction of atmospheric carbon leads to a decrease in greenhouse gases which trap 

heat and reflect it back to the planet’s surface. Conversely, the widespread consumption of carbon 

sinks, either by onset of rapid decomposition (such as in permafrost thaws) or combustion 
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(wildfires or anthropogenic land clearing) releases the locked carbon back into the atmosphere 

where it contributes to climate change (French et al., 2000; Bradshaw and Warkentin, 2015). 

Conversely, in northern regions, when snow is present, forested areas have low albedo compared 

to open areas such as grasslands or anthropogenically cleared areas and therefore absorb more 

solar radiation which contributes to climate warming (Betts, 2000). 

 

1.1.4 The Role of Fire 

 Fire Impacts Vegetation. Clearly, fire impacts vegetation directly through consumption 

of tissues, but fire also impacts vegetation communities directly through successional dynamics. 

Primary succession refers to the initial colonization of freshly exposed land (such as newly 

created volcanic islands or lands recently exposed by ice sheet retreat), while secondary 

succession refers to the successional pattern of regrowth that occurs on disturbed land (such as 

the recolonization of lands cleared for agriculture, or lands cleared by fires). Some species are 

better adapted to fire disturbance; for example, some conifer species such as jack pine (Pinus 

banksiana) have evolved over time with forest fire regimes and require the heat of a fire (>50°C) 

to break down (melt) the resinous bonding materials of seed-bearing cones (Burns and Honkala, 

1990a). Jack pine thrives in monocultural even-aged stands, brought about by fire and successful 

fire adaptation strategies (such as resinous cones and even-aged growth conditions). Jack pine 

cannot effectively create subsequent generations without fire cycles which are in sync with the 

life cycle of jack pine and may therefore be eliminated from the forest community if there are 

changes to the fire regime (more specifically, increases or decreases in FRI).  

 Another example of a fire adapted species is the trembling aspen (Populus tremuloides). 

The trembling aspen can reproduce vegetatively through suckering (new shoots grow quickly 

from intact root systems) when the main tree has been severely damaged or killed (Burns and 

Honkala, 1990b). Crown fires which clear the overstory but leave the soil subsurface (and 
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therefore the root system) unscathed allows new shoots to emerge and grow quickly in the newly 

opened space. The trembling aspen is well adapted to quickly recurring fires and maintains stand 

dominance in FRIs as short as 3 years (Burns and Honkala, 1990b). However, without recurring 

fire to clear the overstory, the trembling aspen loses the competitive advantage over other species 

growing in mixed-age and mixed-species forest stands. Therefore, if FRIs increase to exceed the 

trembling aspen life cycle, less fire resistant but more shade tolerant conifer species can 

outcompete and dominate the forest stand. In this way, fire acts as a control on successional 

dynamics and vegetation patterns of a region, encouraging (or discouraging) species and growth 

patterns (Kushla and Ripple, 1998). 

 Many species are fire adapted in some way, being either highly fire resistant (thriving in 

low FRIs) such as jack pine and trembling aspen, or being less fire resistant (thriving in high 

FRIs) such as slow growing, shade tolerant balsam firs (Abies balsamea) (Burns and Honkala, 

1990a; Ali et al., 2008). The dynamics of species-fire interactions, when viewed on broad spatial 

scales, can result in isolated patches of species out of sync with the changing climate and 

transition zones, and some counter-intuitive species may persist on the landscape due to fire 

cycles (FRIs) (Clark and Royall, 1996; Ali et al., 2008).  

 

 Fire Impacts Climate. Fire impacts climate through the release of carbon during burning 

of fuel. Fires release the carbon stored in vegetation which increases atmospheric CO2 and 

contributes to climate change (discussed above in Vegetation Impacts Climate). Fire can also 

impact local weather by altering vegetation patterns which can in turn impact ground level wind 

patterns as well as available moisture (also discussed above in Vegetation Impacts Climate). 

Aside from the release of carbon and fine particulates into the atmosphere, most of fire’s impact 

on climate is indirect through alteration of vegetation. 
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1.1.5 Other Factors 

 Surficial deposits. Surficial deposits can impact fire, however this may simply be an 

indirect impact as soil humidity is a product of both climate (weather) and vegetation type 

(Mansuy et al., 2010). Areas with poorly drained soils can burn more frequently though this may 

be related to the fuel type which preferentially grows on wet soils (Harden et al., 2001).  

 

 Topography. Topography can also influence fire regime. Slope (similar to wind) can 

concentrate heat and flammable gases released by fire and therefore encourage (or disperse) fire 

activity (Pyne, 2017). Increased slope can result in a 2 to 6 times increase in fire frequency as 

well as increase fire severity (as measured by tree mortality) (Cyr et al., 2007). Fires on north 

facing high-altitude slopes may burn more severely than counterparts, but this may be a result of 

altitude and slope acting on vegetation and air moisture conditions (Broncano and Retana, 2004).  

 

 Anthropogenic activity. Human activities also impact fire however this is considered a 

relatively new development and negligible when considering fire regimes at millennial scales 

(Marlon et al., 2013). Humans impact modern fire dynamics either directly through fire ignition 

(campfires, land clearance burns, or arson) and suppression (control of wildfires or creation of 

fire barriers) (DeWilde and Chapin, 2006; Pyne, 2017), or indirectly through modification of 

factors impacting fire, most commonly climate and fuel. Resource development in North America 

impacts forest stand composition (Clark and Royall, 1996; Johnston and Elliot, 1996) which, as 

previously discussed impacts the fire system. Anthropogenic climate change can favour outbreaks 

of wood insects such as the Mountain pine beetle (Dendroctonus ponderosae) which can kill 

large areas of forest and help drive fire activity (Lynch et al., 2006; Bourbonnais et al., 2014). 

Alternatively, fire suppression efforts in the form of water dousing or fire breaks can diminish fire 
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size of a fire event (DeWilde and Chapin, 2006) but increase the fuel load on the landscape which 

may lead to larger future fires. 

  

1.1.6 The Fire System 

 Forest fire dynamics are complex due to the various factors interacting with the fire 

system. Although three main factors interact to create the fire system (fire-climate-fuel), local 

factors such as surficial deposits or topography can further complicate the system. In some 

regions, wet climates may cause an increase in fire due to an increase of fuel as vegetation 

quickly grows while in other regions, wet climates may cause a decrease in fire due to 

excessively moist conditions which hinder self-sustaining burns. Some climate combinations may 

favour the growth of high quality fuels that burn quickly such as conifers containing terpenes and 

flammable bedloads, while similar climate conditions in a different area may see a maintenance 

of lower quality fuels established during primary colonization of the land and maintained through 

fire cycles, where a delicate balance of fire-vegetation interactions maintain each other despite 

changing climate conditions. In regions with similar climate and vegetation, local topography 

may exert a stronger role than climate or vegetation as the driving force behind fire cycles by 

providing physical barriers to fire.  

 Despite the wide range of variables involved in fire dynamics, as well as the variable 

nature of fire (intensity, severity, type, size), researchers have attempted to create generally 

accepted categories to classify long term fire trends (fire regimes). Proposed classification 

systems have been based on fire frequency (FRIs), intensity, severity, type, seasonality, 

periodicity, area burned, impacts on vegetation and soil or some combination of these factors 

(Heinselman, 1981; Kilgore, 1981; Morgan et al., 1994; Hardy et al., 1998; Frost 1998; Brown 

and Smith, 2000; Table 1). Fire regime classifications are problematic as such systems seek to 

make simple generalizations about a highly complex system with a wide range of variables. As 
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such, classification systems are seldom used in primary literature and research but on occasion 

have been useful in forest management strategies by identifying areas ideal for prescribed burning 

(Hardy et al., 1998). 

 As the Earth’s climate changes, ecosystems change including disturbances such wildfires. 

Understanding how fires interact with both changing climate conditions and vegetation helps us 

better understand the fire system which in turn helps create more robust models for fire 

projections at the local and regional scales. Such enhanced projections at the local scale are ideal 

to inform evidence-based policies and plans for managing our valuable ecosystems, as well as the 

communities. But to understand the complex fire system, we must observe it not only at the 

spatial scale to account for local factors, but at the temporal scale to understand long term 

changes over time.  

 

PART II: Understanding Past Fire Regimes 

 As previously defined, fire regimes are fire patterns over time. Although fire has many 

characteristics such as severity, intensity, type, size, and frequency (described above), the easiest 

characteristic to quantitatively define is frequency, or FRIs (fire return intervals). FRIs vary based 

largely on interactions between climate, fire, and fuel and as these factors vary over time, FRIs 

are difficult to assess based solely on written historical data. For example, in the boreal forest of 

North America where written records rarely extend beyond the last hundred years, FRIs can range 

from 50 to 500 years (Carcaillet et al., 2001a; Moos and Cumming, 2012). As a result, FRIs, and 

therefore fire regimes, cannot be determined by written historical data alone and other methods 

must be used to quantify fire activity over several hundred to thousands of years into the past, 

long before the written records. 

 Both dendroecology (the study of tree rings) and paleolimnology (the study of ancient 

lakes based on lake sediments) are well established fields which provide reliable information on 
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environmental conditions extending beyond the written and oral records. Dendroecology is ideal 

for understanding changes over centuries in regions where tree ring data is available throughout 

the desired time frame (Hughes et al., 2010). For paleofire research, dendroecology can be 

problematic as severe fires often kill and completely consume vegetation, leaving little to no 

material for analysis. Similarly, in semi-arid grassland regions long-lived trees are rare leaving 

scarce materials to study (Hughes et al., 2010). Paleolimnology can offer a much longer record 

extending back centuries to millennia, and in some cases have yielded records several millions of 

years old (Kravchinksky et al., 2003). However, the record can only ever span, at most, back to 

the formation of the lake. In some regions such as southern Europe (Wagner et al., 2014), Africa 

(Lyons et al., 2015), or Russia (Kravchinsky et al., 2003) lake age (and therefore 

paleolimnological records) can date back for millions of years, but in other regions, such as in 

much of Canada, such records only date back thousands of years (7,000 to over ~12 000 years). 

Prior to this time the landscape was covered by a large ice sheet which overrode previous records 

(Dyke, 2004; Veillette et al., 2017). To quantify and assess past fire regimes over millennia, in 

general, paleolimnology is an appropriate method for most regions. 

 

1.2.1 Paleolimnology 

 Paleolimnological approaches can provide a reliable record of past terrestrial and aquatic 

environments based on proxy data in dated sediment cores. Both allochthonous materials 

(originating externally, from the lake’s surroundings) and autochthonous materials (originating 

internally, from within the lake) settle to the bottom of the lake and become sediment (Fig. 1.2; 

Wetzel, 2001). This includes organic and inorganic materials such as pollen, vegetation remains 

(needles, leaves, seeds, twigs, and the like), charcoal, fish/animal remains, algae, invertebrate 

remains, soils, and minerals, all of which may be proxies for various environmental conditions. 

Much of the organic portion of sediment will decompose, however some matter, such as pollen, 
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charcoal, and some algal and invertebrate remains are resistant to decomposition and are well 

preserved in the sediment (Moore et al., 1991; Smol et al., 2001). With the passing seasons and 

years continuing input creates new layers of sediment which accumulate above older layers. In 

this way, several meters (and in some cases 100s of meters) of sediment can accumulate on the 

lake bottom over time. This sediment record can then be carefully extracted, and proxies 

examined, layer by layer, to reconstruct the past regional environment surrounding and within the 

study lake (Wetzel, 2001). 

 The study of charcoal using paleolimnological techniques is a valuable proxy to examine 

past fire regimes because the sediment records retrieved can provide the century-to-millennial 

time scales needed to examine FRIs and other fire characteristics (Whitlock and Larsen, 2001; 

Whitlock et al., 2010). In addition to quantifying FRIs, millennial-scale records allow us to 

examine how FRIs and other components of the fire system (such as climate and vegetation) have 

changed and interacted over time. In typical scientific investigations, we seek to define how the 

dependent variable (in this case charcoal remains as a proxy of fire) responds to one or more 

independent variables (in this case climate and vegetation). However, as discussed above, fire not 

only responds to these factors but influences them as well, creating a co-varying situation which 

is difficult to definitively quantify and describe. As such, the more variables we can quantify and 

evaluate, the clearer our understanding of the fire system becomes. This includes not only 

examining and quantifying past fire behaviour and changes in climate and vegetation, but also 

secondary factors such as topography and surficial deposits of the region. Typically, the longer 

the record the more likely environmental changes will have occurred which we can examine. 

Examining local changes such as periods of prolonged droughts, gradual or abrupt changes in 

climate and vegetation, or changing seasonality therefore lead to a greater the understanding of 

how the fire system of the region has changed over time. However, to extend our understanding 
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of the fire system to a broader regional scale, studies must include multiple sites with replications 

of various conditions (factors). 

 The information obtained through paleolimnology is through proxies (something that can 

speak on the behalf of something else, e.g. charcoal as a proxy for fire) which is subject to 

interpretation. Therefore, the use of multiple proxies to help quantify and define environmental 

changes is valuable in increasing our confidence in our interpretations. Ideally, information from 

paleolimnological proxies should be supplemented with additional information, such as 

knowledge of climate-weather cycles (such as climate oscillations discussed above), landscape 

geologic history (such as underlying bedrock, glacial retreat, seismic activity, or isostatic 

rebound), planetary physics (insolation), knowledge of successional dynamics, and vegetal 

species life history, amongst other factors. 

 However, before discussing the specifics of proxies and variable quantification, we must 

first discuss the process of obtaining sediment samples to analyze. This process includes 

appropriate site selection, core retrieval, and core geochronology, all of which impact the quality 

and reliability of the information gained from proxies in sediment cores (Last and Smol, 2001). 

 

 Site Selection. The paleolimnological record found in lake sediments are most useful if a 

lake receives a continuous supply of sediment over time, and if the sediments remain relatively 

undisturbed through time. Several factors can disrupt the information being recorded in the lake 

sediments despite the layers remaining intact. Incongruities (gaps in the record) can occur if 

sediments stop accumulating for a period of time. This can occur for example, if water level drops 

significantly and the lake dries up. This can also occur if a significant change in hydrology 

washes away sediment that had previously accumulated in a lake or river basin. Alternatively, 

extra information that does not reflect current environmental conditions may be added to the 

record. An influx of ‘old proxies’ may enter the sediment record through erosion either within a 



 

21 

 

lake basin (such as sediment slumping or redistribution; discussed below) or within a lake’s 

watershed (terrestrial erosion) (Davies, 1961; Birks, 1970; Moore et al., 1991). Abnormally heavy 

rains can cause soils within a watershed to erode and cause an influx of old proxies, originally 

deposited decades, centuries or even millennia earlier which are then redeposited along side 

current materials. Many geomorphological processes can dislodge and introduce old proxies into 

a sediment record: stream undercutting, thaw slumping, sudden heavy precipitation which 

dislodges soil, flood events which saturate the soil and transport particles into the lake system, 

and channel incision through landscapes which formerly held lakes, to name a few (Trenhaile, 

2010). Water level changes can lead to further erosion and changes in sediment accumulation by 

moving the shoreline. Knowledge of the watershed and hydrologic histories of the area are 

important in minimizing the potential for record incongruities and introduction of old proxies. 

Additionally, incongruities and abrupt sedimentation rate changes which may indicate erosion 

and therefore introduction of old proxies can often be identified through careful dating of the lake 

sediment record as well as mineralogical analysis (Croudace and Rothwell, 2015). 

 Once an appropriate watershed and lake are selected, knowledge of the lake morphology 

and sediment dynamics are important in maximizing the odds of retrieving an intact and 

undisturbed sediment sequence. Both biotic and abiotic factors can damage the sequence by 

mixing or otherwise altering the stratigraphic sequence of lake sediments. Biotic factors include 

insect and animal activity as well as terrestrial and aquatic vegetal root growth, both of which are 

natural disturbances of the lakebed in the littoral zone (near shore) (Wetzel, 2001). A more recent 

biotic disturbance to lake sediments, in both pelagic (deep) and littoral regions, is anthropogenic 

activity. Recreational, subsistence, and economical use of lake systems may result in the 

disruption of recent sediment layers through the use of anchors, drag nets, logging (sunken logs 

and debris) (Boucher et al., 2009; Reynolds, 2020), or various sunken items (from large boats to 

bottles) (Coleman 2002; Constantineau, 2019). Abiotic factors that can disrupt sediment integrity 
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include nearshore wave activity, flow dynamics, hydrological changes resulting in large drops or 

rises in water level or flow, sediment redistribution (or focusing), and seismic activity. Nearshore 

wave activity and flow dynamics impact lake sediment through particle physics. Wave action and 

flow velocity creates turbulence which, when above a critical value, suspends (or resuspends) 

particles and caries them until the turbulence dissipates (the critical value lowers) and the 

particles redeposit (Wetzel, 2001; Trenhaile, 2010). Turbulence can redistribute particles via 

saltation (skipping on the lake bottom), suspension, or in some cases dissolution (typically in the 

case of molecular proxies) (Wetzel, 2001; Trenhaile, 2010). This redistribution of particles is 

termed sediment redistribution and although may be driven by various forcing factors (eg., wave 

action, fall or spring turn over, flow dynamics, seiche) typically occurs annually. Sediment 

focusing involves the redistribution of sediments from steep slopes to areas with a lower angle. 

Beyond a critical value (termed the angle of repose), particle cohesion is overcome by gravity, 

and sediments will slide or slump downwards to a lower state of energy potential (slumping) 

(Trenhaile, 2010).  

 As such, knowledge of lake morphometry will help by indicating the likeliness of 

sediment redistribution and slumping (Wetzel, 2001). Sediment redistribution can result in 

decreased sediment accumulation in shallow regions such as the littoral zone while sediment 

slumping is more likely when a basin is surrounded by steep slopes: sediment which accumulates 

on the slopes may regularly slump into the basin adding ‘old’ material atop recent sediment on 

the basin floor (Wetzel, 2001). Lake sediments from deep flat regions of a lake are therefore 

preferred in order to maximize sediment retrieved (longer core/record) and minimize likelihood 

of sediment mixing through slumping. A further advantage to deep-basin coring is the possibility 

of anoxic conditions. In the absence of oxygen, organic matter will decompose at a slower rate, 

leaving a more detailed record. In some cases, seasonal anoxic conditions may lead to the 

formation of annual laminations termed varves, which represent visible differences in alternating 



 

23 

 

layers and can serve as a dating mechanism (Wetzel, 2001; Lamoureux, 2001) (discussed below in 

the section on geochronology). 

 

Coring. Several coring devices and strategies exist to extract the stratigraphic sediment 

sequence of a lake while keeping the record intact with minimal disturbance from lake bottom to 

lake surface (termed core recovery). Coring devices commonly used for lake sediment recovery 

can be loosely grouped into 8 categories: open-barrel and gravity coring, freeze-sampling, rod-

driven piston coring, cable piston coring, chamber samplers, vibracorers, percussion or hammer 

corers, and pneumatic corers (Glew et al., 2002). Open-barrel and gravity coring as well as freeze 

sampling are typically used for recovering the delicate surface and subsurface sediments while 

the remaining categories seek to recover deeper sediments. For the purposes of this review, only 

the categories relevant to the proposed research will be discussed: open-barrel and gravity coring 

(for upper sediments, often referred to as short cores) and rod-driven piston coring (for deeper 

sediments, often referred to as long cores). 

Open-barrel and gravity coring use the weight of the coring device to push an open-ended 

tube through the sediment. The device is gently lowered through the water column by slowly 

releasing a rope (or wire) that fastens the device to the lake surface. Once the tube has entered the 

sediment (as indicated by length of rope released compared to known depth of water and presence 

of slack in the rope), the closing mechanism is triggered via a messenger to seal the top end of the 

tube (Glew, 1989). The tube, now filled with sediment, is then lifted to the surface by pulling up 

the rope. Although the bottom end of the tube remains open during retrieval the suction created 

by the closed and sealed upper end retains the sediment in place until the device reaches the water 

surface. Before the lower end of the tube breaks the air-water interface a bung (stopper plug) is 

manually inserted into the bottom of the tube to hold the sediment in place. Care must be taken to 

ensure an appropriate ratio of length to diameter for the tube; if the core diameter is too large 
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relative to the length (ratio of 6:1 or more), the force of suction will not be enough to retain the 

sediments in the tube during retrieval (sediment will escape through the open lower end despite a 

properly sealed upper end) (Glew et al., 2002). The core tube must be kept vertical at all times to 

ensure the layers remain undisturbed. The core is then sectioned in the field using an extruder. 

This method is relatively reliable under a wide range of conditions due to the compact nature of 

the equipment, however can be problematic if the sediments are dense (the tube cannot penetrate 

the sediments), the trigger mechanism does not engage (upper end remains open and sediments 

are not held within the tube during retrieval), or the waters are very deep (over 50 m) and the 

corer cannot remain stable when it reaches the sediment (uneven forces cause to tube to enter 

sediments diagonally, or not at all) (Glew, 1989; Glew et al., 2002).  

For recovery of sediment sequences longer than a meter, more complicated coring 

methods are required. Rod-driven piston coring can retrieve several meters of sediment in 1-meter 

(or longer) intervals. The meters are then reconciled in the lab according to the sampling strategy 

employed during coring (discussed below). To recover sediments, the rod-driven piston corer 

uses manual force to drive an open tube at the end of a drive rod through the sediment 

(Livingstone, 1955; Glew et al., 2002). The drive rod is then pulled up with the tube containing 

the sediment. In addition to the force of suction retaining the sediments in place (Livingstone, 

1955), sediments become thicker with depth and cohesive force is typically sufficient to keep the 

sediment in the tube despite the open lower end. The coring device consists of the core tube 

(which gathers sediment), the drive head and drive rod (which transfers manual force from the 

surface to core tube), and the piston and cable assembly (which controls sediment entry to the 

tube). Prior to core section retrieval, the cable and piston are placed through the core tube with 

the piston blocking the lower opening. The piston is attached to the drive head and rod, then the 

device is lowered to the bottom of the lake by attaching additional rod segments until the desired 

depth is reached. The piston located at the opening of the tube prevents entry to both water and 
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sediment. Once the top of the desired sampling depth is reached, the drive rod detaches from the 

piston and is retracted up the tube to lock into the drive head. Various device designs use different 

mechanisms to accomplish the retraction and lock into the drive head (Glew et al., 2002). The 

most commonly used mechanism is the square rod with pegs method (Wright, 1967). In addition 

to the locking mechanism, the piston remains stationary by way of the cable which is secured and 

remains stationary while the coring device and open tube are pushed through the sediments for 

approximately 1 m. The core tube should now be filled with 1 m of sediment, and the corer 

(including the sediment filled tube) is then pulled up to the surface by retracting the drive rods 

one by one (Livingstone, 1955; Glew et al., 2002). Once at the surface, the sediment can be 

extruded, or left in the tube for later extraction. If extruded, the sediment core length is measured, 

wrapped in plastic, described and labeled, then placed in a secure casing for transport to the lab. 

The core tube is then rinsed, the coring device is reset, and the next section retrieval can begin. 

Following this approach, we can retrieve several meters of sediment in ~1-meter sections. 

Two sediment core retrieval strategies are used when extracting a core with multiple 

sections. For low resolution studies (typically those which do not examine contiguous intervals) a 

single coring point is used, and the end of each section is assumed to be continuous with the 

beginning of the next section. Alternatively, for high resolution studies (typically where intervals 

will be analyzed contiguously) two parallel sampling points are used, side by side, and offset, 

with section start-end points from one record overlapping with the middle of the adjacent record 

section (Fig. 1.3). A composite record is then pieced together by combining parts of the two cores 

based on a visual inspection of similar features or the data obtained from the stratigraphic layers 

(ITRAX, or other proxies) (Pleskot et al., 2018). 

Cores recovered using open-barrel and gravity corers as well as rod-driven piston corers 

may exhibit ‘core shortening’, where the lower layers of sediment become thinned relative to 

upper layers. This potential loss of sediment can occur due to the lateral displacement of 
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sediments ahead of the core tube as friction within the tube creates a bulbous pressure wave ahead 

of the tube opening called the zone of thinning (Morton and White, 1997; Glew et al., 2002). 

Greater thinning can occur with increased depth, decreased sediment density, decreased speed of 

sediment penetration, and decreased tube diameter (Hongve and Erlandsen, 1979). When 

sediments experience thinning during recovery, the retrieved core will be shortened. To ensure 

sediment thinning did not occur during core recovery, the recovered cores can be measured in the 

field to ensure the amount of sediment retrieved is equal to the distance pushed. Using the 

composite core strategy (discussed above) may provide further assurance against core shortening 

as well as careful examination of the age-depth model (discussed below) where it would appear 

as a relatively abrupt change in sedimentation rate if the core is well dated. Typically, some core 

shortening is considered negligible in the context of multi-millenial scale analysis and 

interpretations. 

 

 Geochronology – Establishing a time-depth relationship in sediment cores. Once the 

cores are obtained a geochronology, or time-depth relationship, must be established for the length 

of the core/record in order to situate the core and its findings within the larger framework of 

available data (the scientific literature). One method of developing a core chronology is through 

counting varves (annual laminations) (Clark, 1988; Lamoureux, 2001). Varves are thin bands of 

contrasting colour representing the seasonal changes in sediment accumulation each year. A set of 

varves (one light coloured band and one dark coloured band) represent one calendar year of 

sediment accumulation (Clark 1988). Varve chronology should be independently verified by 

proxies indicating known temporally constrained historic events such as large weather events, 

flooding, logging activity, land use changes, or pollen seasonality (Anderson et al., 1993; Card, 

1997; Jacques et al. 2008). For example, a coarse pollen analysis could confirm the number of 

varves since the rise Ambrosia pollen that accompanied the colonial settlement of North America 
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(Anderson et al., 1993; Card, 1997). The conditions required for varve formation in lakes are 

relatively rare, so varve counting is only possible in a few core records. In addition, varves can 

contain incongruities and are therefore not infallible (Lamoureux, 2001). Alternatively, 

radioisotope dating techniques are a valuable method more commonly used to establish a time-

depth relationship in cores comprising of non-varved, or visibly homogenous sediments (also 

referred to as ‘massive’ sediments). The two most common radioisotopes used for dating 

sediments are 210Pb and 14C, which provide data for the development of sediment record 

chronologies over the last ~ 150 years and ~ 60,000 years, respectively. 

 Carbon isotope dating. 14C was the first radioisotopic dating method developed (Libby, 

1955) and now involves calculating the ratio of radioactive 14C to stable 13C and 12C present in a 

sample. All three isotopes of carbon occur naturally and can be found in the atmosphere with 

temporally varying ratios. Today, 12C, 13C, and 14C comprise of 98.89%, 1.11%, and 0.1 x 10-9% 

of total global atmospheric carbon, respectively. Radioactive 14C is created in the atmosphere 

when a stable 14N atom is converted to 14C by collision with a cosmic ray-driven neutron. Once 

created, 14C atoms bond with atmospheric O2 to become 14CO2 and mixes with the stable 

atmospheric 13CO2 and 12CO2 to then enter organisms through the food chain via photosynthesis 

or dissolution in water bodies. Through various pathways, 14C dissociates from the O2 and 

becomes incorporated into organic tissue. In general, the C found in a living organism (ongoing C 

uptake and processing) is considered to be in equilibrium with the atmospheric ratios of C 

isotopes. Some metabolic pathways favour certain C isotopes, termed isotope fractionation, and 

so there are known and quantified ‘offsets’ in C ratios for certain organism/tissue types (Park and 

Epstein, 1960). Once an organism dies and is no longer taking in C, the ratio of isotopes in the 

organism’s tissues remains fixed except for the decay of the radioactive 14C which slowly returns 

to 14N. 14C has a half life of 5730 ±40 years (Godwin, 1962) at which time half of the 14C found 

within the tissue will have returned to 14N. After 8-10 half-lives a radioisotope becomes scarce 
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and difficult to detect and so the upper age range for radiocarbon dating is approximately 40 000 

to 60 000 years which is appropriate for many paleolimnological studies.  

 Traditionally, 14C ages were obtained by gas proportional counting (Kromer and 

Münnich, 1992) or liquid scintillation; both methods were based on counting the beta particles 

emitted as 14C decayed into stable 14N. As such, these methods, often termed ‘conventional’ in the 

literature, required large amounts of pure carbon from the tissue/sample and were time 

consuming. The recent development of accelerator mass spectrometry (AMS) allows for the 

direct quantification of each C isotope present (14C, 13C, and 12C). As such, a much smaller 

quantity of pure carbon (and therefore sample) is required (0.5-1g of pure carbon for conventional 

dating versus 1-10mg for AMS). AMS is also much quicker than conventional dating, however 

the cost of equipment and maintenance are much higher and with smaller samples, the risk of 

contamination is greater.  

 The ability to date smaller quantities of pure carbon has allowed for the dating of organic 

sediment samples. Previously, relatively large macrofossils were needed to obtain dates, limiting 

the ability to date sediment cores. Now, carbon dates can be obtained by isolating small amounts 

of organic pollen from bulk sediment samples (Brown et al. 1992; Mensing and Southon, 1999).  

In addition to accounting for isotope fractionation in materials being Carbon dated, a 

calibration curve which accounts for varying levels of atmospheric 14N over time is applied to raw 

carbon dates to provide a date expressed as cal yBP (calibrated years before present); here 

“present”, or a cal yBP of 0, refers to the year 1950 (Reimer et al., 2013). The calibration curve is 

based on carbon dates obtained from tree rings with known ages and is reviewed periodically. 

The onset of industrialization in the late 1800s increased atmospheric values of 12C 

through the burning of fossil fuels (old carbon) which is depleted in 13C and contains no 14C, thus 

diluting atmospheric 14C. This dilution due to fossil fuel combustion is referred to as the ‘Seuss 

effect’ (Keeling, 1979). To further complicate C dating in the last couple centuries nuclear 
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weapon testing during the 20th century resulted in higher amounts of 14C being released into the 

atmosphere, commonly referred to as the ‘bomb effect’ (Rafter and Fergusson, 1957). 

Consequently, 14C dating during this time period has become problematic. For example, the 

standards used for 14C dating (Oxalic Acid I – 1955, Oxalic Acid II - 1977, and secondary 

standards) are considered synonymous with the C isotope ratios found in a piece of wood from 

1890. 14C dating therefore becomes unreliable for carbon samples within the last 200 years 

(Suess, 1955; Björck and Wohlfarth, 2001).  

Lead isotope dating. Establishing a core age-depth relationship relies on dating all 

sediments, and charcoal record studies in particular rely on recent sediments in order to establish 

baselines for comparison with known historical records which exist only in the last few hundred 

years. Fortunately, 210Pb, a non-organic radioisotope, is available for dating recent sediments. 

210Pb is part of the 238U decay series and has a half-life of 22.26 years (Appleby, 2001). 

238U is a naturally occurring radioactive isotope found in the Earth’s crust with a half-life of 4.5 

billion years (Appleby, 2001). As such, 238U levels, as well as 226Ra to which it eventually decays, 

are considered constant for the purposes of 210Pb dating. 226Ra resides in soils as a solid and 

decays to 222Rn, a gas with a 3.82-day half-life. As a gas, a fraction of 222Rn escapes to the 

atmosphere while the rest remains in soils. 222Rn decays into a series of short-lived solid-state 

isotopes lasting minutes to hours before becoming 210Pb. During the brief decay series to 210Pb (or 

as 210Pb) the fraction of gaseous 222Rn which escaped into the atmosphere returns to the Earth as 

dust (dry deposition) or in precipitation through nucleation (wet deposition). Because the levels of 

238U and therefore 226Ra are considered constant there is a constant supply of 222Rn over time in 

all soils and therefore lake sediments (through continual soil erosion and ground water 

infiltration) (Appleby, 2001). As such, the 210Pb found in lake sediments can be separated into 

supported (210Pb resulting from decay of in situ 222Rn) and unsupported (210Pb introduced into 

sediments from decay of atmospheric 222Rn redeposited through dry or wet deposition). 
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Supported 210Pb is also referred to as background 210Pb because it remains relatively constant over 

time throughout the core (provided sediment accumulation is constant and pulses of enriched 

sources are not released into the lake). Because supported 210Pb is produced in situ, the short-lived 

parent isotopes created by 222Rn decay (218Po, 214Pb, 214Bi, and 214Po) are also present in the 

sediment in amounts that are in equilibrium with both 222Rn and 210Pb which have not traveled to 

the atmosphere. The presence of these short-lived isotopes allows for quantification of the 

supported 210Pb which is then subtracted from the total 210Pb to reveal the quantity of unsupported 

(atmospheric) 210Pb which entered the lake (and therefore sediment) at a continual and constant 

rate each year. If sedimentation rates remain constant over time, unsupported 210Pb will decline at 

an exponential rate based on 210Pb’s 22.26-year half-life. If, however, some years received 

significantly more or less sediment, presence of unsupported 210Pb will decrease or increase, 

respectively.  

To confirm 210Pb dates and interpolations, 137Cs levels are also examined. 137Cs is an 

artificial radioactive isotope which was created and released into the atmosphere in large 

quantities during nuclear testing. Deposition of the isotope ceased with the 1963 ban on 

atmospheric nuclear testing and as such, a clear 137Cs peak in a sediment record suggests the 

sediments of that layer were deposited in the year 1963. Alternatively, a record of recent 

sediments with no clear peak may indicate sediment mixing or that 137Cs did not strongly bind to 

the sediment matrix and instead diffused (more common in organic sediments) (Appleby, 2001). 

Statistical Interpolation. In both 14C and 210Pb dating, it is not practical to date each 

consecutive layer and so a model must be used in order to interpolate the age of each layer based 

on the few layers which have been dated. Because sedimentation rates can vary over time, 

different statistical models and analysis strategies exist to interpolate consecutive dates based on 

the isotopic levels determined in 14C and 210Pb dating. Due to the nature and time frame of each 

dating method, different models are used. 
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210Pb dating and interpolation models are relatively simple and can often be verified by 

quantifying the 137Cs peak in sediments or other independent proxies representing known dated 

events (such as Ambrosia rise discussed above) (Binford et al., 1993). Many decay models exist 

to convert unsupported 210Pb activities into sediment chronologies (dates). Here, I discuss the two 

most commonly used models for creating an age-depth relationship of a sediment core from 

unsupported 210Pb activity. The models make different assumptions about the impacts of sediment 

flux on the accumulation of 210Pb. The most commonly used model is the Constant Rate of 

Supply model (CRS) which assumes that transport of unsupported 210Pb from the water column to 

the sediment remains constant over time so that increases or decreases in sediment accumulation 

will either dilute or concentrate (respectively) the unsupported 210Pb levels found in the sediment 

(Appleby and Oldfield, 1978; Binford, 1990). Alternatively, the Constant Initial Concentration 

model (CIC) assumes that increases or decreases in sediment accumulation rates are accompanied 

by proportional increases or decreases in unsupported 210Pb transported to sediments (Binford, 

1990). The assumptions of these two models can yield different core chronologies if sediment 

rates have changed over time. In reality, 210Pb accumulation in lake sediments represent a mix of 

both CRS and CIC model assumptions (Binford, 1990), however the CRS model is generally 

considered to be the more accurate model for most lakes while the CIC model is better suited for 

lakes which are suspected to have sediment slumping or otherwise non-monotonic sediment 

accumulation (Binford, 1990; Binford et al., 1993). Once the sediment ages of dated intervals 

have been determined, a number of interpolation methods have been used to estimate the dates of 

all intervals. Extrapolation of 210Pb sedimentation rates to deeper depths in the core is 

problematic, as the errors become large. Consequently, it is useful to include 14C dating of older 

sediment for more accurate and precise rates of sediment accumulation beyond the age of the last 

century.  
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Estimates of age based on 14C has involved many different statistical approaches. 

However recent advances in computational power now allows us to employ a Bayesian approach 

to develop chronological models. Bayesian statistics are ideal for long age-depth models due to 

the approach’s use of priors. Priors are beliefs about the data such as suspected sedimentation 

accumulation rates and monotonicity which includes a running memory of adjacent interval ages. 

By utilizing priors, unrealistic probabilities of an interpolated date can be eliminated, creating a 

more environmentally realistic age-depth model. The rBACON package (Blaauw and Christen, 

2011; 2013) in RStudio (Allaire, 2012) utilizes the Metropolis-Hastings Markov Chain Monte 

Carlo algorithms to calculate a high volume of complex probabilistic statistical calculations using 

the Bayesian approach. By employing the self-adjusting ‘t-walk’ algorithm, rBACON is 

accessible to non-statisticians and is a user-friendly way to model the underlying process of 

sediment accumulation to in turn provide a smooth, realistic age-depth model (Blaauw and 

Christen, 2011; 2013).  

 Once dates have been interpolated, they can be joined to proxy data to form a record 

through time. 210Pb and 14C dating models need not remain separate; adding a 14C date to a 210Pb 

dating model is highly recommended to avoid issues in error estimation during extrapolation. By 

including dates from both radioisotope dating techniques, short gravity cores can be joined to 

long piston cores to create a continuous record.  

 

1.2.2 Charcoal as a Proxy of Past Fires 

 Paleolimnological investigations of past fire activity is typically accomplished by 

quantifying charcoal present in the sediment record and relies heavily on interpretation. In 

general, charcoal investigations seek to determine FRIs based on peak analysis (discussed below). 

However, to effectively interpret charcoal as a proxy for past fire activity, a firm understanding of 

charcoal production, dispersion/transportation, and deposition to lake sediments is required. 
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 Charcoal Production. Charcoal is produced by the incomplete combustion of organic 

material. During complete combustion, heat breaks down organic matter into flammable gas 

which then produces a flame in the presence of oxygen. Most of the materials burned during fire 

completely combusts (decomposes) leaving only a residual of white ash. Charcoal is produced 

when combustion is incomplete or occurs without oxygen. Charcoal generally consists of Carbon 

(C) which did not combine with Oxygen (O2) to form a volatile (CO2). Simply and 

stoichiometrically, when heat in excess of 200°C (Vaughan and Nichols, 1995; or 400°C 

according to Mok et al., 1992) is applied to cellulose (C6H10O5) in the absence of O2, water (H2O) 

and pure carbon (C) are created (Mok et al., 1992). Heat energy is then used to evaporate the H2O 

then to breakdown more cellulose. In reality vegetation consists of many complex molecules 

which break down into flammable volatiles that escape to the atmosphere. In the presence of O2, 

C will also become a volatile (CO2) and dissipate. In the absence of O2, most of the chemical 

compounds (molecules burned) will have converted to gas and dissipated except for C, and 

because C makes up much of organic material when it is left behind it retains much of its original 

physical structure (eg., wood charcoal may contain intact cellular structure (Scott and Glasspool, 

2005), however be comprised almost completely of C). The relatively stable and inert nature of C 

allows for charcoal to resist decomposition and preserve well over time. For various reasons 

combustion during wildfire is rarely complete and charcoal is often created in varying amounts. 

The variable production of charcoal during a fire, in theory, will impact the charcoal available for 

transport and deposition into lake sediments. The various factors impacting the fire system also 

impact charcoal production. 

 Arguably the most important factor in charcoal production is vegetation (fuel) which 

provides the raw materials for charcoal. Fuel condition (moisture level), type (organ/tissue and 

species), and abundance can all impact the creation of charcoal. Although little research has 
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quantitatively explored the volume of charcoal produced from the burning of dead, desiccated 

vegetation compared to that produced from live vegetation, we could deduce that live vegetation 

may create more charcoal. This deduction is based on the process of thermal combustion where 

matter must first be desiccated prior to molecular decomposition (burning). As discussed above, 

if cells and tissues contain excessive moisture, energy released from burning of other tissues must 

first be used to evaporate and desiccate the new fuel before burning can continue. If all fuels are 

previously desiccated, then the energy may be released immediately as heat instead of being used 

in the production of water vapour (Nichols et al., 2000; Scott et al., 2000). This may result in 

greater charcoal production when live fuels are consumed compared to dead and desiccated fuels. 

 The type of tissue being consumed can impact charcoal formation. Sclerophyllous leaf 

tissue of various species requires higher temperatures and more time to become charcoal in 

comparison to woody stem, soft leaf, needle-leaf, and monocot tissues (Orvis et al., 2005). The 

amount of charcoal produced by various species and tissues may be a reflection of species 

specific tendencies towards moisture content, the ease with which certain cellular structures 

decompose into flammable gas (discussed above), or density of the wood which hinders air flow 

(presence of oxygen) during combustion (Vaughan and Nichols, 1995). Fuel type may also 

impact charcoal size: burning of dried Pinus sylvestris wood produces smaller charcoal fragments 

than dried cones which in turn produce smaller fragments than needles which remain relatively 

whole (Nichols et al., 2000). 

 In addition to fuel condition and type, abundance can also impact charcoal production. 

Fuel abundance may also be viewed in terms of area burned (fire size). In general, fires which 

burn large areas, and therefore more fuel, produce a large amount of charcoal (Higuera et al., 

2010b; Leys et al., 2015). However due a wide range of fire and weather conditions which act on 

fires, this may not always be true. 
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 Weather impacts charcoal production by governing gas exchange during a fire event. 

High turbulent winds may provide a steady flow of oxygen resulting in more complete 

combustion and leaving little charcoal, or conversely may push the hot flammable gases (and 

therefore fire) quickly through the forest resulting in only partial burns with an abundance of 

charcoal (Scott et al., 2000). Weather may also impact charcoal production through creation of 

humid conditions. In theory, the more energy a fire uses to dehydrate local atmospheric moisture, 

the less intense the fire will be (lower burn temperature), resulting in only partial combustion and 

potentially less charcoal production. Although temperature is an important factor in charcoal 

formation, local atmospheric temperatures during a fire are not likely to play a significant role in 

the formation of charcoal (as discussed below, temperatures relevant to charcoal formation are 

above 200°C, beyond the range of atmospheric temperatures). Both vegetation type (fuel) and 

weather/climate can influence charcoal production, however once charcoal is produced it must be 

transported to lake sediments before it can become integrated into the sediment record. 

 

 Charcoal Dispersal, Transportation, and Deposition (Taphonomy). For the purposes 

of this thesis, taphonomy refers to the processes acting upon charcoal from post-production to 

retrieval (such as in a sediment core) and includes dispersal, transportation (primary and 

secondary), and deposition (integration into the sediment record). Taphonomy creates the 

potential for sorting, separation, and breakdown of material, all of which impact the charcoal 

present in sediments and may therefore confound the interpretation of the charcoal record. Once 

created, charcoal is dispersed and transported locally and regionally via wind (aerially) or water 

(precipitation or fluvially). Charcoal fragments produced by fire events enter the sediment record 

of nearby lakes either as fallout from the fire event (primary deposition) or by redistribution of 

previously deposited charcoal (secondary deposition). Secondary deposition may occur within the 

lake basin (sediment redistribution), as in wash from terrestrial sources (delayed erosion from 
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soils within the watershed), or from surface flow (long distance fluvial transport of buoyant 

charcoal from distant fires).  

Primary Deposition: Transportation During a Fire Event. During a fire event charcoal 

can be transported and dispersed aerially (by wind) or fluvial (by water). In aerial transport, the 

release of heat and volatile gases creates a smoke plume which transports and disperses charcoal 

particles. The characteristics of the smoke plume are based on current local weather conditions 

and the energy released by combustion, both of which contain numerous variables. The wide 

range and high variability of these factors make accurate projections of fire or plume behaviour 

difficult to predict. Smoke plumes range from a few meters to 7 km in height and contain gases, 

white ash, charcoal of varying sizes, and other particulates or debris. Charcoal particles rise in the 

smoke plume due to thermal buoyancy and travel with convection currents and cross winds until 

wind and/or heat decrease beyond the critical values required to keep the charcoal particle aloft 

(Clark, 1988; Pisaric, 2002). The critical values required to keep a charcoal fragment aloft vary 

based on the size, morphology, and density of the charcoal particle. Due to the numerous 

variables involved, generalizations about charcoal transport are impractical. As such, there is little 

agreement in the literature on the limits to aerial dispersal of charcoal during a fire event. 

Regardless, authors have utilized various methods in attempts to quantify the aerial transport 

potential of various charcoal particles in order to better interpret sediment charcoal records. These 

methods include theoretical models (Patterson et al., 1987; Clark, 1988; Clark and Patterson, 

1997), direct observations from fires (Clark et al., 1998; Scott et al., 2000; Pisaric, 2002; Lynch et 

al., 2004), and comparison of lake sediment charcoal records to known historical or reconstructed 

dendrochronological records (Wein et al., 1987; Enache and Cumming, 2007). In addition, some 

studies combine several methods to assess method validity and accuracy (Clark, 1990; 

Millspaugh and Whitlock, 1995; Peters and Higuera, 2007; Higuera et al., 2010a).  
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Theoretical models are based on the particle physics of pollen, sand, and mineral grain 

dispersal to provide a general assertion that charcoal of small size (5-10 µm) is dispersed 

predominantly further away from the source than larger charcoal particles (≥100 µm) (Patterson 

et al., 1987). Mathematical modeling has suggested a skip distance for charcoal particles which 

decreases with particle size, starting with a skip distance of approximately 1km for particles 5-

10µm and gradually decreasing to 0 (no skip distance) for large particles (around 10 000 µm) 

(Clark, 1988). A convection column 10m high will transport and deposit approximately 90% of 

charcoal particles with a diameter of 200 µm (20 µm, 5 µm) between 40-55 m (50-105 m, 50-250 

m, respectively) from the fire event. Note that the range of deposition increases as charcoal 

diameter decreases. Similarly, convections columns of 100 m will deposit 90% of each size class, 

200 µm, 20 µm, and 5 µm, between 500-750 m, 65-1300 m, and 1800-3000 m, respectively while 

a column 1000 m high between 7-10 km, 8-17 km, and 11-30+ km, respectively (Clark, 1988). In 

general, theoretical models show a narrow band of deposition for large charcoal particles near the 

source (center of fire event, or burn edge) and a larger distant area of deposition for smaller 

charcoal particles (Patterson et al., 1987; Clark, 1988; Clark and Patterson, 1997). Fine charcoal 

(˂5 µm) is likely deposited globally (Zennaro et al., 2014). 

In contrast to the values projected by theoretical models, direct observations of fires have 

provided more practical insight into aerial transport distances. Direct observations of natural fire 

events suggest a much larger range for fallout of charcoal than theoretical models, though these 

don’t often appear in the literature. Charcoal up to 20 000 µm long can travel 20 km (or more) 

from a fire event with a large (>1 km) smoke plume when wind speeds reach up to 50 km hr-1 

(Pisaric, 2002). However, small, short-lived surface fires with no smoke plume may not aerially 

deposit any charcoal 25-75 m from the fire’s burn edge despite relatively high wind speeds (Scott 

et al., 2000). Research on experimental fires and prescribed burns have provided more 

conservative dispersal distances than observations of natural fires. Charcoal particles larger than 
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44 40 0µm2 can travel up to 400 m from the source in wind speeds of about 5km h-1 while the 

same size particles can travel up to 600 m in wind speeds of about 20 km h-1 (Wein et al., 1987). 

Natural fires, as opposed to experimental fires or prescribed burns, offer a better approximation of 

paleofires. Although natural fires today do suffer some anthropogenic interference (at the very 

least suppression efforts), they burn under much less controlled conditions than experimental 

burns which are executed under mild weather conditions in order to ensure the fire remains under 

control. Fires interpreted from the sediment record often pre-date large-scale human interference, 

particularly in the boreal forest of North America, and as such burned unencumbered by any 

human interference. 

Comparison of sediment charcoal records to historical and dendroecological fire data 

(fire scars) have yielded varying results. Some studies show a good relationship between charcoal 

present in sediments and nearby fire events as determined through fire scars (Clark, 1990). 

During fluvial transportation charcoal particles which land on the surface of the water do 

not immediately settle and make their way to the sediments. Factors such as source material, size, 

density, and temperature of formation impact charcoal buoyancy. Pre-charcoal density remains 

relatively constant at 0.5 g cm-3 until 200°C when it steadily declines due to water loss until 

reaching 0.3 g cm-3 at 300°C when charcoal begins to form (Vaughan and Nichols, 1995). At 

300°C density increases to about 0.4 g cm-3 due to shrinkage then at 350°C decreases 

progressively to an overall minimum of 0.2 g cm-3 due to loss of matter through volatilization at 

500°C (Vaughan and Nichols, 1995). From 550°C to 650°C density remains relatively constant at 

about 0.23 gm cm-3. Scanning Electron Microscope images showed a period of cell wall 

homogenization at temperatures of 300-400°C which match a spike in charcoal settling time at 

300°C (6900 minutes compared to a range of 1200-2500 minutes for all other temperatures). 

Vaughan and Nichols (1995) suggest the homogenization of cell walls at 300°C creates barriers 

to water penetration which results in a much longer settling time. As a result, charcoal formed at 
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this temperature may be transported further downstream through surface flow and settle in distant 

sediment records while being absent from the watershed in which it originated. This delayed 

deposition can create a false negative record of a fire event within the burned watershed and a 

false positive in the downstream watershed. Charcoal can also be blown to shore and originally 

deposit in the littoral zone. Then during spring mixing charcoal may be redistributed to the deeper 

areas (Bradbury, 1996; Whitlock and Millspaugh, 1996). This refocusing typically occurs within 

a decade of the fire event. 

Differences in charcoal settling (water logging) time also occur as a result of fuel type 

and condition prior to burning. Araucaria araucana charcoal settles quicker (less than one day) 

than Corylus avellane (approximately 7 days) while Pinus sylvestris and Quercus rober settle at 3 

and 2 days, respectively, indicating the lag in settling time is not due to differences between soft 

wood (conifers) and hard woods (Nichols et al., 2000). The charred needles of Pinus sylvestris 

settle quicker than its wood or cones (2 days, 5 days, and 10 days, respectively), suggesting that 

initial bulk density prior to burning is the largest factor driving settling time for charcoal (Nichols 

et al., 2000). Fresh and rotten material, once charred, exhibit similar settling times, however 

Pinus sylvestris and Auracaria araucana samples dried prior to burning had slightly longer 

settling times (difference of a day or so) (Nichols et al., 2000; Scott et al., 2000). Charcoal size 

also impacts settling time, with large particles taking longer to become waterlogged and sink than 

smaller particles (Nichols et al., 2000). 

Secondary Deposition: Transportation After a Fire Event. Charcoal which remained on 

land can travel to a waterbody after a fire has been extinguished. Transportation of charcoal over 

land can occur through wind-driven saltation (Clark, 1988), or through surface flow induced by 

precipitation (in-wash). This post-fire redistribution of charcoal is termed secondary deposition 

and although occurs mostly in the days or months immediately following a fire event, it may also 

occur several years post fire. Although some publications assert wind-driven secondary 
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deposition of terrestrial charcoal is negligible (Clark, 1988), others assert its importance (Scott et 

al., 2000). Some research has indicated that not only is wind-driven secondary transportation 

from charred terrestrial debris occurring but may be an important factor in charcoal sorting prior 

to sediment deposition (Scott et al., 2000). In-wash may also play a role in charcoal sorting pre-

deposition, with woody charcoal preferentially carried by terrestrial surface flow (Scott et al., 

2000). This may lead to over-representation of woody charcoal in the charcoal record. In general, 

charcoal is resistant to abrasion during transport. In particular, charcoal formed at lower 

temperatures is more resistant to abrasion, likely due to the increasing fractures which occur in 

charcoal fragments created at high temperatures (Nichols et al., 2000). 

 

 When all the factors are added together, we clearly see how complex charcoal record 

interpretations can be. There are ample opportunities for false negatives (fire episodes with no 

charcoal deposited in the sediment) or false positives (charcoal deposited in the sediment without 

a fire episode). For example, a low intensity fire which steadily consumes fuel with a constant 

oxygen supply burning dry materials (less energy loss in dehydration) in the presence of moderate 

wind conditions (low fire spread and less turbulent convection), may result in more complete 

combustion of materials leaving little charcoal for transportation and deposition (Whitlock and 

Larsen, 2001; Ward and Hardy, 1991). This may result in a fire event not reflected in the 

sediment record (false negative). Alternatively, a high intensity fire with high temperatures 

creating turbulent convection and creating pockets of depleted oxygen burning wet materials 

(more energy required to dehydrate) in the presence of high wind conditions (high fire spread) 

may result in large amounts of incompletely combusted materials. This large amount of 

incompletely combusted material created in turbulent conditions can provide an abundance of 

charcoal for transportation aerially and fluvially to be subsequently deposited to distant 

watersheds. Alternatively, this large amount of charcoal may remain on the landscape for several 
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years following the fire and continually feed charcoal to lake sediments within the burned 

watershed. These scenarios may result in a large charcoal peak in the sediment record of distant 

unburned watersheds or provide a charcoal peak in the burned watershed years after a fire event 

has occurred, respectively. Both examples of fire activity (and the wide range of possibilities in 

between) may have the same fire return interval over time and burn the same area (size) but 

would appear differently in the sediment record. 

 

Charcoal Retrieval. Earlier, I discussed general site selection criteria for retrieving well 

stratified and undisturbed sediment records. Generally, two site selection strategies exist: large 

high-order lakes with large watersheds and low elevation, or small first-order lakes with small 

watersheds (Lynch et al., 2004; Enache and Cumming, 2009; Ali et al., 2009a). The large lake 

and watershed sampling strategy seeks to maximize charcoal input in order to obtain a stronger 

signal (Whitlock and Larsen, 2001). As the source area, a large watershed may increase charcoal 

input through terrestrial transport. Additionally, the selection of higher-order lakes can further 

increase charcoal content through fluvial transport of charcoal originating from neighbouring 

watersheds (Whitlock and Millspaugh, 1996). This strategy also seeks lakes with low elevation to 

further encourage charcoal accumulation through post-fire terrestrial in-wash which can be 

greater with steep slopes (Millspaugh and Whitlock, 1995). Although influx of charcoal 

originating from neighbouring upstream watersheds will increase the charcoal in a selected lake 

and result in a peak (discussed below), the charcoal is not necessarily considered local and the 

peak may therefore be difficult to interpret. Alternatively, low-order lakes with small surface 

areas and minimal inlets and outlets can minimize such fluvial transport issues to provide a 

stronger local signal (Lynch et al., 2004; Ali et al., 2009a).  

 Charcoal Quantification. Charcoal is divided into two general categories: 

macrocharcoal and microcharcoal. There is no absolute distinction between the two classes, but 
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charcoal particles larger than 125-180 µm are commonly referred to as macrocharcoal while 

particles measuring between 60 µm and 125-180 µm are referred to as microcharcoal (Whitlock 

and Larsen, 2001; Brown and Power, 2013). Microcharcoal is counted on pollen slides and often 

expressed in terms of charcoal particles in relation to pollen or as total surface area (mm2) 

(Rhodes, 1998). Macrocharcoal can be recorded as point counts (number of individual pieces), 

surface area (mm2), or volume (mm3). Point counts simply count the number of individual 

charcoal particles present in a sample; equal weight is given to particles of varying sizes. Surface 

area was commonly counted as number of individual fragments per size class multiplied by the 

mean of the size class (Carcaillet et al., 2001b), however new software and imaging 

developments have allowed for the quantification of total surface area for each particle, reflecting 

more accurate representations of surface area values (Enache and Cumming, 2007). Charcoal 

volume is calculated using surface area (Weng, 2005), however is seldom used in the literature. 

All three methods provide comparable results (Ali et al., 2009b). The charcoal value, be it 

number, surface area, or volume, is then expressed as charcoal concentration by volume of 

sediment (pieces cm-3, mm2 cm-3; mm3 cm-3), or more commonly, converted to charcoal 

accumulation rates per year (CHAR) (pieces cm -2yr-1; mm2 cm-2yr-1; mm3 cm-2 yr-1) by 

integrating the core chronology (discussed below in analysis).  

In addition to quantification counts, macrocharcoal can be further categorized by 

morphology which can provide information on charcoal genesis (original material burned) 

(Umbanhowar and McGarth, 1998; Scott et al., 2000; Orvis et al., 2005; Jensen et al., 2007; 

Mustaphi and Pisaric, 2014) or provide information on charcoal taphonomy (Enache and 

Cumming, 2006). Both Enache and Cumming (2006) and Mustaphi and Pisaric (2014) have 

proposed morphology classification systems. The Mustaphi and Pisaric (2014) morphology 

classification system, hereafter referred to as ‘genesis morphology’, consists of an alpha-numeric 

system which first describes the perimeter (A- polygons, B- blocks, C- long complex, D- long 
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simple, E- spherical, F- bulky, or G- glassy) then the texture (1-7 varies by perimeter class). The 

Enache and Cumming (2006) system, hereafter referred to as ‘transport morphology’ categorizes 

charcoal based on structure and geometry (similar to perimeter and texture) through a 

dichotomous key. While transport morphology can provide help in identifying primary charcoal 

from secondary charcoal (Enache and Cumming, 2007), genesis morphology can provide insight 

into source fuel and potentially additional aspects of fire (Mustaphi and Pisaric, 2014). 

Reflectance can provide further insight into paleofires by indicating the temperatures at 

which charcoal was formed. In some cases, reflectance can be used to determine if a fire was of 

high intensity or low intensity and what fire type created the charcoal (Scott et al., 2000). The 

sample size required for reflectance analysis is relatively large (Scott and Glasspool, 2005), and 

as of yet no methodology exists for reflectance analysis on sedimentary macrocharcoal particles. 

 

 Charcoal Analysis. As discussed above, charcoal is typically quantified as either the 

total number of particles per sample or total surface area per sample (morphological analysis 

discussed below). In order to account for variability in sedimentation rates over the length of a 

record, total charcoal per interval is converted to charcoal accumulation per year (CHAR; 

expressed as either number of particles cm-2 yr-1 or mm2 cm-2yr-1) using the geochronology (age-

depth model) developed with the 14C and 210Pb dating techniques (Higuera et al., 2010a). 

Expressing charcoal as accumulation per year instead of accumulation per depth accounts for any 

changes in sediment accumulation rates over time which may alter analysis throughout the length 

of the record. CHAR calculations can be done manually or with the widely used program 

CHARanalysis (Higuera, 2009). Once CHAR has been calculated, the record can then be assessed 

for suitability of peak detection.  

 The peak detection method assumes that a charcoal record is composed of a low 

frequency background component (Cbackground), and a high frequency peak component (Cpeak) 
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(Clark and Royall, 1996; Long et al., 1998; Higuera et al., 2010a). Cbackground is believed to be a 

small and mostly constant influx of charcoal to lake sediments through taphonomic process (slope 

wash, subtle sediment mixing) (Long et al., 1998; Blarquez et al, 2010), extra-regional fires 

(Clark, 1990), or changes in forest composition over time. As such, variations in Cbackground are 

believed to represent changes charcoal production, secondary transportation, and sediment mixing 

(Higuera et al., 2009). Cpeak is believed to represent potential fire episodes (not to be confused 

with a fire event as a peak may represent several fires depending on the resolution/time span 

covered). Cbackground is typically determined using a locally weighted polynomial regression with a 

smoothing scatterplot. CHARanalysis allows for alternate statistical methods of Cbackground 

detection (moving mode, moving average, moving median, LOWESS, robust LOWESS), and a 

user defined temporal window for smoothing which defaults to 500 years (Long et al., 1998; 

Higuera, 2009) and should ideally be a minimum of 3 times the expected FRI (Blarquez et al., 

2010). Cpeak can then be quantified as a residual by subtracting Cbackground from total charcoal Ctotal 

(Cpeak = Ctotal – Cbackground) or as a ratio (Cpeak = Ctotal / Cbackground). The resulting Cpeak is then further 

subdivided into a signal component (S; sometimes referred to as Cfire) and a noise component (N; 

sometimes referred to as Cnoise), using a threshold value set as a percentile (typically ≥ 95th) of a 

Gaussian mixture model which assumes a large population of small values (background 

component) and a small population of large values (peak or fire component) (Higuera et al., 

2009). N is related to Cbackground and believed to be additional changes in charcoal accumulation 

which originate from variations in charcoal production and taphonomy (including subtle sediment 

mixing and redistribution). The Signal-to-Noise Index (SNI) is calculated as σS
2/( σS

2+ σN
2) where 

σS
2 is the variance in the S distribution and σN

2 is the variance in the N distribution (Higuera et al., 

2009). The SNI provides an additional confidence that an identified peak represents a local fire 

episode. An SNI smaller than 0.5 indicates poor separation between the peaks and the upper limit 

of the noise distribution and so records containing an SNI ≥ 0.5 is believed to be appropriate for 
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peak analysis (Higuera et al., 2009). Alternatively, SNI can be calculated using more complex 

methods including the Kolmogorov-Smirnov test to quantify the degree to which the two 

distributions are distinct from one another where an SNI ≥ 3 (roughly the equivalent of 0.5 in the 

Higuera et al. (2009) method) is considered sufficient for peak analysis (Kelly et al., 2011). Once 

peaks are identified and confirmed using either SNI method, the number of fire episodes may be 

converted FRIs by counting the average time elapsed between fire episode peaks. 

 Despite the use of robust statistical methods of charcoal analysis, the use of additional 

supporting proxies helps boost confidence in results. Additional proxies, however, are not always 

available and charcoal data must often stand alone. 

 

 Additional Paleofire Proxies. In addition to charcoal, for some watersheds with steep 

slopes and severe fires, magnetic susceptibility can be used in conjunction with charcoal to isolate 

fire events (Millspaugh and Whitlock, 1995). However, in areas where fires do not burn through 

to the mineral soil to modify magnetism or in watersheds without steep slopes to encourage soil 

erosion into the water basin, changes in organic-inorganic sedimentation and magnetic 

susceptibility do not occur in relation to fire and can therefore not aid in fire event identification 

(Carcaillet et al., 2006). In some rare cases, significant drops in pollen values may indicate large 

fire episodes which drastically decrease the local to sub-regional population of wind dispersed 

pollen producing vegetation (Moore et al., 1991). 

 

1.2.3 Regional vegetation, climate and other factors related to fire 

 

 Vegetation. We can reconstruct regional vegetation by identifying pollen in a sediment 

record (Moore et al., 1991; Bennett and Willis, 2001). Unlike charcoal, pollen does not require 

contiguous analysis due to the gradual nature of vegetation changes over time. To quantify pollen, 
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sediment samples are treated to remove most organic matter while leaving pollen grains intact. 

The remains are mounted on a slide with a known quantity of an exotic pollen marker which is 

counted along with sediment pollen to ensure a representative number of grains are counted 

(Moore et al., 1991). Pollen grains are identified using pollen keys and reference collections.  

 

 Climate. We can assess broad trends and changes in past climate by examining the 

vegetation as determined through pollen analysis (Bennett and Willis, 2001). Most species have 

well-defined preferential climate ranges and changes in ecosystem composition follow optimal 

climate conditions (Burns and Honkala, 1990a; 1990b; Schultz, 2005). The use of modern 

analogue techniques allows for the comparison of pollen communities reconstructed from 

sediment records with current (modern day) pollen communities. When a past and present 

community composition match, we consider the present-day community to be a modern analogue 

of the past community which likely shared similar climate and other environmental conditions.  

 Climate reconstructions can also be informed and supported by diatom analysis which 

can provide information on water levels, nutrient status, and more (Battarbee et al., 2001; Enache 

and Cumming, 2009). Similar to pollen, diatom identification begins with the treatment of 

sediment samples to remove organic matter leaving only the siliceous shells of diatoms. Then, 

based on species identification guides, diatoms are identified and counted, and community 

compositions are analyzed to provide insight into the conditions which would support the 

identified communities. 

 Additionally, weather patterns and climate cycles can be assessed for a particular study 

region. This method need not necessarily require sediment records. Hindcasting of climate 

oscillations may provide insight into past environmental conditions which may have impacted the 

fire system (Ali et al., 2009a). Some considerations in quantifying past secondary factors include 

seismic activity, glacial activity, and isostatic rebound (Slattery et al., 2007; Breckenridge, 2013).  
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PART III: Boreal Region of Northeast Ontario 

 The boreal forest of North America (hereafter referred to as the Boreal) is the largest 

intact forest on the planet, and forest fires are the primary disturbance. In the Boreal, fires serve to 

maintain pathogen and insect outbreak patterns, cycle nutrients (Bayley et al., 1992), and govern 

species distribution (Burns and Honkala, 1990a, 1990b; Fuller, 1997; Bergeron et al., 2004b; Ali 

et al., 2008). As such, a firm understanding of how forest fires interact with changing Boreal 

climate and vegetation is important in projecting future changes. Proper anticipation of 

impending long-term fire patterns (or fire regimes) is essential in creating effective evidence-

based policies and strategies for forest management, especially in the Boreal region where many 

communities depend on the forest for their home, subsistence, and economy. 

 The vast Boreal is not uniform but contains several regional and local differences in 

ecosystem composition (ESWG, 1996), differing micro, meso and macro climates (Greiser et al., 

2018), as well as varying topography and underlying geology (Fulton, 1995; Wheeler et al., 

1996). As such interactions between climate, fuel, and fires vary over time and space across the 

Boreal (Flannigan et al., 2005) and generalizations on fire behaviour become difficult to make. 

As we realize the importance of high-resolution data, applying near continental-scale results to 

unstudied local areas can be detrimental to policy making and forest management. 

 Northern Ontario, often referred to as the ‘heart of the Boreal’, is an understudied region 

(GPFD, 2020; Neotoma, 2020). To the west, in northwest Ontario where the conifer and peat 

forests of the Boreal transition to the prairie ecozone, research in the Experimental Lakes Area 

has provided knowledge on the unique Boreal region (Moos and Cumming, 2012). To the east, in 

northwest Québec where dense forests transition from the deciduous dominated Great Lakes 

forest ecosystem to the tundra ecosystem, research inspired by the development of the forestry 

industry has provided practical information to guide forest management (Bergeron et al., 1999; 

Carcaillet et al., 2001a; Ali et al., 2009a). Between these studied areas lies northeast Ontario, a 
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stretch of pure boreal forest area, unmitigated by transitions zones or influences from the Great 

Lakes; the fire system of this Boreal area remains unstudied. 

 To the east, in northwest Québec, research and data from several lakes have provided 

insight into the fire system interactions over the last few millennia. Over the last 7000 years, FRIs 

in the region have varied from less than 100 years to over 400 years (Carcaillet et al., 2001a). 

From 8000-5800 cal yBP, the average FRI for the region was approximately 230 years, from 

5800-2400 cal yBP the average FRI was 110 years, and between 1400 and 600 cal yBP FRI 

decreased to 90 years. Sporadic episodes of short FRIs occurred between 4200 and 800 cal yBP 

(Carcaillet et al., 2001a). In this region, the Pacific Decadal and the North Atlantic Oscillations 

strongly influence FRI and fire size (Girardin et al., 2004b; Le Goff et al., 2007; Ali et al., 

2009a). Dry conditions brought on by the 500 hPa geospatial anomaly (positive PDO) create 

severe summer drought conditions (as quantified by the Canadian Drought Index) which created 

large connected areas of dry fuel conditions ripe for ignition (Girardin et al., 2004b). However, 

from 4000 cal yBP onwards, some areas diverged from standard regional FRIs suggesting factors 

other than climate became dominant in governing fire behaviour (Ali et al., 2009a). 

 To the west, in northwest Ontario, fire activity increased during the Holocene Thermal 

Maximum (HTM) approximately 8600 to 4500 cal yBP (Moos and Cumming, 2012) In this 

region the climate became semi-arid (warm and dry) which resulted in low lake levels and 

allowed for the prairie ecozone to stretch further east. The change in vegetation composition as 

well as the favourable fire conditions led to high fire frequency (FRI of 107-119 years) (Moos 

and Cumming, 2012). From 4500 cal yBP to present day, fires in the area decreased to a FRI of 

approximately 128-136 years as climate cooled and precipitation increased resulting in the 

accumulation of water on the landscape and the boreal ecozone becoming dominant in the region 

once again (Moos and Cumming, 2012).  
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Latitudinally, northeast Ontario borders the humid Hudson’s Bay Lowlands to the north 

(Hély et al., 2010), and the temperate deciduous forests mitigated by the Great Lakes region to 

the south (Warner et al., 1984). The atmospheric corridor created between these two large 

waterbodies is inhabited by the PDO which impacts precipitation in the region (Girardin et al., 

2004b). 

 

1.3.1 Northeast Ontario 

 This region of the Boreal is situated on the Precambrian Shield and the landscape retains 

many marks of the geologically recent glacial retreat. Vegetation consists of black spruce (Picea 

mariana), white spruce (Picea glauca), balsam fir (Abies balsamea), jack pine (Pinus banksiana), 

trembling aspen (Populus tremuloides), and white birch (Betula papyrifera), with sporadic 

patches of cedar (Thuja occidentalis) in low lying areas and relatively abundant patches of white 

pine (Pinus strobus), red pine (Pinus resinosa), and yellow birch (Betula alleghaniensis). (KMB, 

2013). The current climate is classified as humid continental (Köppen-Geiger classification Dfb) 

(Beck et al., 2018). Annual average temperature in the area is 1.8°C, with a lowest monthly 

average of -16.8°C in January and a highest monthly average of 17.5°C in July, and average 

annual total precipitation of 834.6 mm, with 50% falling between June and October (inclusively) 

(Environment Canada, 2010). Although temperature remains relatively constant across this 

region, precipitation increases from west to east. 

 During the last several decades, weather in the region has accounted for only 33% of the 

variance in local fire patterns (specifically area burned) (Flannigan and Harrington, 1988), 

indicating that other factors play a larger role in fire activity in the area. Paleoecological data of 

this region shows an increase in temperature (indicating the HTM Period) around 6000-4000 cal 

yBP which allowed for the expansion of Thuja and Picea glauca into the region (Liu, 1990). This 

research into the climate of northeast Ontario indicates the occurrence of a different climate trend 
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than those present in northwest Ontario and northwest Québec, and as such, the study of fire-

climate-vegetation interactions will be of value in anticipating the future changes that will occur 

locally. As this area relies heavily on the Boreal for economic growth, subsistence, and 

recreation, a better understanding of fire disturbances is of high value. 

 

 

1.3.2 Research Questions 

 In summary, based on the above literature review and identified gaps in knowledge, I 

plan to address the following questions: 

1- How have fire regimes in northeast Ontario interacted with local climate and 

vegetation changes over the last 6,300 years? 

2- Do charcoal morphotypes vary non-randomly through time? If so, what further 

insights into past fire activity can be gleaned from observing charcoal genesis 

morphotypes? 
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Figure 1.1 

 

 

 

 

 

 

  

Figure 1.1. Visual representation of forest fire dynamics. Modified from Whitlock et al., 

2010. 
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Table 1.1 

 

Table 1.1. List of fire regime classification systems by various authors. Adapted from Brown and 

Smith, 2000. 

 

 
Heinselman, 

1981 

Kilgore, 

1981 

Morgan et 

al., 1994 

Hardy et al., 

1998 

Frost, 

1998 

Brown 

and Smith, 

2000 

Factors 

Considered 

Frequency*, 

severity, fire 
type 

Frequency*, 

intensity, fire 
type 

Fire type, fuel 

type 

FRI, severity, 

fire type, fuel 
type* 

Periodicity, 

seasonality, 
FRI, fire 

type, fuel 
type 

Fire type, 

fuel type* 

Complexity Low Low Low Moderate High Low 

Utility N/A N/A N/A N/A Forest 
management 

strategies 

N/A 

Categories Frequent, light 

surface fires  

Infrequent, light 

surface fires 

Infrequent, 

severe surface 

fires 

Short-return 

interval, crown 

fires 

Long-return 

interval, crown 

fires 

No natural fires 

Frequent, low-

intensity surface 

fires 

Infrequent, low-

intensity surface 

fires 

Infrequent, high-

intensity surface 

fires 

Short-return 

interval, stand-

replacement fires 

Very long-return 

interval, stand-

replacement fires 

Variable: 

Frequent, low-

intensity surface 

and long return-

interval stand-

replacement fires 

Nonlethal fires 

(forest) 

Non-lethal fires 

(grassland) 

Stand-

replacement fires 

(forest and 

shrublands) 

Mixed-severity 

fires (forest) 

Rarely burns 

Less than 35yr 

Low-severity 

fires (forest) 

Less than 35yr 

stand-

replacement fires 

(any vegetation 

type) 

35-100+ yr stand 

replacement fires 

(any vegetation 

type) 

200+ yr Stand 

replacement fires 

(forest) 

35-100+ mixed-

severity fires 

(forest) 

No burn 

Alphanumeric 

system based 

on: 

Periodicity 

Seasonality 

FRI class 

Ecological 

impacts based 

on fuel models 

Understory 

fires (forest) 

Stand-

replacement 

fires (any 

vegetation 

type) 

Mixed-

severity fires 

(forest) 

Non-fire 

regimes 
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Figure 1.2 

 

 

 

  

Figure 1.2. Graphic showing the basic sedimentation process and paleolimnological 

principles. 
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Figure 1.3 

 

 

 

  

A A B B 

Figure 1.3. Graphic illustrating two common core strategies for retrieving a sediment core 

with multiple sections using a piston corer. Strategy “A” retrieves a single core and assumes 

the end of section 1 is contiguous with the beginning of section 2. Strategy “B” includes a 

second core parallel to the first but with overlapping sections which are then combined to 

create a composite core. 
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Chapter 2 

Fire history of northeast Ontario during the Holocene as inferred by 

sedimentary charcoal 

2.1 Introduction 
 

Wildfire activity over the last few decades has driven large-scale ecosystem and 

community changes, as well as damaged infrastructure resulting in economic costs through fire 

suppression efforts, property damage, and loss of harvestable timber, amongst other resources 

(Fischer et al., 2016; Melvin et al., 2017). Research on fire dynamics has generally shown a link 

between a warming climate and increasing fire activity (Flannigan et al., 2005; Carcaillet et al., 

2001a); however, this link is not always clear and is at times contradictory (Ali et al., 2009a; 

Marlon et al., 2013). The conflicting research is in part due to the complexity of the fire system 

which is comprised of three main components: fire, climate (weather), and vegetation (fuel) 

which interact on various spatial and temporal scales, often creating feedback loops which 

complicate the relationships amongst these factors (Whitlock et al., 2010). In addition to these 

three main components, secondary factors such as characteristics of local topography and 

surficial deposits can complicate our understanding of wildfires (Harden et al., 2001; Broncano 

and Retana, 2004; Cyr et al., 2007; Mansuy et al., 2010). Effective evidence-based management 

strategies, aimed at mitigating losses due to wildfire, rely on defendable projections of changes in 

wildfire in response to future changes in vegetation and climate, both of which are inextricability 

linked. To better understand and project changes in wildfire, we must examine how the fire 

system has responded to changes in climate and vegetation in the past. Of particular interest is 

understanding wildfire behaviour when the Earth’s climate was warmer than today, and similar to 

changes in temperatures and precipitation that are projected to occur in the next century (Beck et 

al., 2018). One such period was the Holocene Thermal Maximum (HTM), a period approximately 
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8000 – 4000 cal yBP (years before 1950), when climate was generally warmer with regional 

differences in precipitation (Carcaillet et al., 2001a; Ali et al., 2009a; Moos and Cumming, 2012).  

 Several methods exist to explore past fire activity over millennia, the most common of 

which is paleoecological investigations that utilize the remains of micro and macro charcoal in 

lake sediment records. Charcoal enters a lake through aerial, terrestrial, or fluvial transport during 

or immediately following a fire event (primary deposition), or through sediment focusing and 

erosion of previously deposited charcoal decades to centuries after a fire event (secondary 

deposition). If undisturbed, charcoal and other organic as well as inorganic matter accumulate in 

the lake sediments in chronologically ordered layers, which can then be extracted and examined 

to reveal a record of past environmental conditions, including fire occurrence, in the region 

surrounding the lake.  

Charcoal is normally quantified in continuous sample intervals as number of pieces 

(Moos and Cumming, 2012), surface area (cm2) (Carcaillet et al., 2001b; Enache and Cumming, 

2007), or volume (cm3) (Weng, 2005) per interval. When combined with an age-depth model of 

sediment deposition, determined by 14C and 210Pb dating, a record of charcoal accumulation rates 

(CHAR) can be established. CHAR obtained from number of pieces, surface area, or volume, all 

provide comparable results (Carcaillet et al., 2001b; Ali et al., 2009b; Moos and Cumming, 

2012).  

 Statistical decomposition of CHAR in a sedimentary profile can be broken down into a 

low-frequency component (Cbackground), and a high-frequency peak component (Cpeak) determined 

as either a residual (Ctotal -Cbackground) or a ratio (Ctotal/Cbackground) (Long et al., 1998; Higuera et al., 

2010a). The low frequency component is thought to represent local long-term variations in 

charcoal production, transportation, and depositional processes (e.g. redistribution of secondary 

charcoal) and regional fires (beyond the lake’s watershed) (Whitlock and Millspaugh 1996; Long 

et al., 1998). The high-frequency component is believed to represent a combination of local fires 
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and noise. The noise component, N, represents non-fire related variations such as random 

variability and sediment mixing, while the signal component, S, represents local fire episodes 

(one or more fire events) (Higuera et al., 2010a) and is referred to as a peak. The time elapsed 

between peaks in a CHAR record represents the fire return interval (FRI). The Signal to Noise 

Index (SNI) is a measure of the signal strength (relative to the noise component) and provides an 

indication of confidence in the identification of a fire episode. An average SNI of 3 or higher 

throughout a charcoal record is considered sufficient for peak analysis (Kelly et al., 2011). 

Although these values are guidelines, they should be interpreted cautiously as lake environments 

are unique and the assumptions used in peak analysis may not always be appropriate (Hawthorne 

and Mitchell, 2016).  

Another valuable metric from peak analysis is peak magnitude (how large Cpeak is 

compared to Cbackground), expressed in pieces cm-2 yr-1 (Long et al., 1998; Higuera et al., 2010a), 

which may be an indicator of fire size (total area burned), proximity of the fire to the watershed in 

which the CHAR record was retrieved, or other fire characteristics (e.g. turbulent, self-

extinguishing) (Higuera et al., 2010b). 

 In addition to abundance values of charcoal, macro charcoal can be classified according 

to its morphology. Two morphological keys have thus far been developed, one based largely on 

charcoal production, or genesis, (Mustaphi and Pisaric, 2014) and the other on the potential for 

charcoal transportation and deposition (Enache and Cumming, 2007). Classification of charcoal 

morphology based on production focuses on providing insight into additional characteristics of 

fire (such as type of fuel consumed), while classification of morphology based on transportation 

attempts to distinguish primary charcoal from potentially secondary charcoal, in an attempt to 

enhance confidence in identifying local to regional fire episodes (Enache and Cumming, 2009; 

Moos and Cumming, 2012). Currently, macro charcoal records from lake sediments have been 

mainly used to calculate fire frequency (FRI) while the statistical analysis of background levels 
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and peak magnitude have been used to identify trends such as fire size (Higuera et al., 2010b). 

The examination of charcoal morphology based on charcoal production (what fuel was 

consumed) may provide further insight into characteristics of fire beyond FRI, such as fire type 

(ground fire, crown fire), or source material of the fire (e.g. birch fires which tend to be slow, 

versus conifer fires which tend to be more intense and larger). 

Although research in some regions has shown a connection between fire activity and 

climate (Flannigan and Wagner, 1991; Girardin et al., 2004), fire activity is spatially 

heterogenous with some regions experiencing large increases while other show a decrease (Ali et 

al., 2009a; Marlon et al., 2013). This is due to the complex nature of the fire system which 

includes interactions and feedback loops between fire, climate (weather), and vegetation (fuel). 

Over the last several decades research into both modern and past fires (paleofires) has provided 

insight into the fire system and detailed reconstructions of past fire regimes is now available for 

many regions. Such reconstructions allow forest managers to understand how the fire system has 

interacted with the environment in the past, and hence better understand how the fire system may 

change in the future. Evidence-based management strategies require a knowledge of fire history 

so that informed decisions to protect ecosystems, communities, and infrastructure can be 

undertaken.  

 Economic development of the boreal region (hereafter referred to as the Boreal) is 

particularly vulnerable to wildfire. Many regions of the Boreal are remote and the communities 

therein rely on the Boreal for their subsistence, economy, and recreation. The primary industry is 

resource extraction, of which the forestry industry is particularly vulnerable to damage and losses 

due to fire.  

 The vast Boreal region stretches across much of northern Canada and regional variations 

in climate and vegetation, as well as topography and surficial deposits, all interact with the fire 

system to create unique local environments. As such, generalizations on fire behaviour applied to 
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the whole of the Boreal is not appropriate due to the unique changing regional conditions. 

Different regions of the Boreal must be evaluated separately to properly understand past fire 

behavior, which can help assist in the development of defendable fire management plans for the 

present and future. 

Although many regions of the Boreal have been studied, northeast Ontario’s Boreal, a 

region heavily impacted by the forestry industry and that contains immense value both 

intrinsically and economically, remains unstudied in terms of fire history. Climate across northern 

Ontario varies both spatially and temporally. Today, although temperature remains relatively 

constant laterally with an annual average of ~1°C from 1981-2010 (Environment Canada, 2010), 

precipitation gradually increases from west to east with annual averages of 715 mm, 765 mm, 835 

mm, and 985 mm in Kenora, Geraldton, Timmins, and Mont Brun, respectively (from 1981-2010; 

Environment Canada, 2010). Climate in this region not only varies spatially, but also temporally. 

Climate was generally cool until the Holocene Thermal Maximum (HTM) where global 

temperatures increased to averages higher than are present today (Renssen et al., 2009). The 

timing of the HTM varies slightly throughout this region of the Boreal but is generally evident in 

proxy records from around 8000 to 4000 cal yBP (Liu, 1990; Elmslie et al., 2020; Gushulak et al., 

submitted).  

Beginning with northwestern Ontario (west of the region of interest), where the prairie 

ecozone transitions to the mixed boreal forest, the increasing temperatures of the HTM resulted in 

decreased effective moisture (i.e. lower lake levels) and an eastward expansion of the prairie 

region (Moos et al., 2005; Moos and Cumming, 2011). The FRI in this area, as estimated from 

sediment charcoal analysis, increased throughout the Holocene beginning with an FRI of 74 years 

in the Pre-HTM Period (9,800 – 8,600 cal yBP), increasing to 107 years during the HTM (8,600 – 

4,500 cal yBP) when the prairie region expanded, then reaching 128 years during the combined 

Post-HTM and Modern Periods (4,500 cal yBP – present) when the boreal ecozone returned 
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(Moos and Cumming, 2011; 2012). In addition to the increase in FRI during the warm and dry 

HTM Period of northwest Ontario, high background levels of charcoal as well as large 

differences in FRI intervals when examining single charcoal morphotypes (versus total charcoal) 

during this period suggested that analysis of total charcoal may be misleading, and that there were 

additional responses of fire to the warmer HTM (beyond simple FRI) (Moos and Cumming, 

2012). 

In contrast, proxy records from several sites in northwest Québec (east of the region of 

interest) showed the HTM Period (8000 – 5800 cal yBP) to be generally warm and wet with 

warm summers and cool winters (Kutzback et al., 1998; Carcaillet et al., 2001a). During the HTM 

Period in this region, the FRIs remained high at approximately 230 years. Fire frequency then 

increased to once every 110 years (a decrease in FRI) during the Post-HTM Period (5,800 – 2,400 

cal yBP) as climate became more conducive to fire ignition. Beyond 2,400 cal yBP, the various 

study site records began to diverge in FRIs, with no discernable trend (Carcaillet et al., 2001a; Ali 

et al., 2009a), suggesting that local factors such as topography or surficial deposits became 

dominant over climate as the driving force behind FRI variability (Ali et al., 2009a). In this 

region fire incidence is closely tied to the Pacific Decadal Oscillation (PDO) and the North 

Atlantic Oscillation (NAO) which are related to severe drought and enhanced fire ignition 

through lightning due to unstable air masses that favour decreased moisture (Girardin et al., 2004; 

Le Goff et al., 2007; Ali et al., 2009a).  

Between the two regions described above lies 2000 km of relatively unstudied Boreal 

within which resides the aforementioned region of interest: northeast Ontario. Previous research 

which focused on pollen analysis of the last 8,000 cal yBP in northeast Ontario has identified 

changes in vegetation (Liu, 1990; Elmslie et al., 2020) that are consistent with three distinct 

climate periods: the HTM, the Post-HTM and the Modern. These periods of vegetation and 

climate changes are similar to those in a newly developed pollen record from our study site, 
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Hogsback Lake (Gushulak et al, submitted). The earliest zone, Zone 1, occurred from 6,300 to 

3,600 cal yBP and was identified as the HTM Period due to the warm and wet climate inferred 

from vegetal communities dominated by Pinus banksiana/resinosa and a high abundance of 

Cupressaceae and Picea. Betula gradually increased throughout this time while Cupressaceae and 

Pinus strobus declined by the end of this zone. Also present on the landscape at this time were 

minute amounts of Alnus, Populus, and other deciduous trees, as well as Abies, Larix, and Tsuga. 

In Zone 2, from 3,600 and 1,600 cal yBP (termed the Post-HTM Period), the pollen assemblage 

suggests cooler and drier climate conditions than the HTM, based on Betula becoming the 

dominant taxon, while Pinus strobus, Pinus banksiana/resinosa declined in abundance and Picea 

and Abies increased. All other species remained relatively constant. The final zone, Zone 3, 

represents the Modern Period (1,600 cal yBP and extending to present day) where Pinus strobus 

continues to decrease while Abies and Picea increase, suggesting cool and wet conditions. Alnus 

and other deciduous trees increased slightly, as well as Larix and Tsuga. Betula decreased in 

abundance but remained more prominent than during the HTM. 

This study examines the macrocharcoal record of a sediment core extracted from 

Hogsback Lake in northeast Ontario to investigate ~6,300 years of local-to-regional fire 

behaviour in response to changing climate and fuel (vegetation) inferred from a pollen analysis 

examined from the same core (described above) (Gushulak et al., submitted). We also classified 

charcoal according to the morphotype guide developed by Mustaphi and Pisaric (2014) to seek 

further insight into the wildfire activity of this region and test the assumption that all charcoal 

equally represents fire episodes from sedimentary charcoal records. 
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2.2 Materials and methods 

2.2.1 Site description 

Hogsback Lake is located in northeast Ontario (48° 19’ 16’’ N, 82° 26’ 41’’ W) (Fig. 2.1) 

approximately 83 km from Timmins Ontario. At an elevation of 310 m asl, Hogsback Lake and 

its watershed rest on an esker (long and winding elevated ridge of gravel and sediment) left 

behind by the Laurentide Ice Sheet (LIS) approximately 8,000 years ago as the LIS retreated due 

to the warming climate (Allard et al., 2012; Margold et al., 2018). Hogsback Lake is a relatively 

deep headwater lake with a surface area of approximately 26.2 ha, a maximum depth of 38 m, and 

a relatively small watershed of approximately 964 ha (https://www.ontario.ca/page/watershed-

flow-assessment-tool).  

The watershed is situated 100 km south of the clay belt and rests on the Precambrian 

Shield. The Köppen-Geiger climate system classifies the area as Dfb due to the regions humid 

continental climate with warm summers Dfb (Beck et al., 2018). With the exception of a logging 

road which runs parallel to the east shore and forestry activity in the region, Hogsback Lake is 

relatively undisturbed from other anthropogenic activities. Over the last century, climate in this 

area shows a slight increase in average temperature, as well as a decrease in precipitation 

(Environment Canada, 2010). The region around Hogsback Lake is surrounded by mixed boreal 

forest consisting of black spruce (Picea mariana), white spruce (Picea glauca), balsam fir (Abies 

balsamea), jack pine (Pinus banksiana), trembling aspen (Populus tremuloides), and white birch 

(Betula papyrifera), with sporadic patches of cedar (Thuja occidentalis), and in low lying areas 

relatively abundant patches of white pine (Pinus strobus), red pine (Pinus resinosa), and yellow 

birch (Betula alleghaniensis) (KMB, 2013). Logging activities in the area have resulted in a 

forest-age imbalance with a dominance of 0-40 year-old trees despite the lack of documented fire 

disturbances in the immediate area (KMB, 2013; Ministry of Natural Resources (Ontario), 2019). 

Although no fires have been recorded in the Hogsback watershed over the last century, the burn 

https://www.ontario.ca/page/watershed-flow-assessment-tool
https://www.ontario.ca/page/watershed-flow-assessment-tool
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edge of three fires have reached within 6 km of Hogsback lake. A small fire in 2012 burned 1.2 

km north of the lake while a moderate fire reached 6.5-km to the west of Hogsback Lake in 1977, 

and a large fire in 1923 burned 4.4 km south of Hogsback lake (Ministry of Natural Resources 

(Ontario), 2019). 

 

2.2.2 Field sampling and sample preparation 

We retrieved two cores from the deepest point in Hogsback Lake on June 6th and 7th 2017 

(Fig. 2.1). The Glew gravity core measured 23.5 cm in length (7.6 cm internal diameter core tube) 

and was extruded in the field at 0.5-cm intervals. The gravity core had an intact water-sediment 

interface and therefore allowed for the collection of an intact section of the most recent 

sediments, a feature not possible with a Livingstone core. A Livingstone square-rod piston core 

was used to collect a core with a cumulative length of 231 cm (5.08 cm diameter) in three ~1.0 m 

sections. The piston core was transported to Queen’s University, Ontario, where we split and 

described each meter. One half of the core was immediately sectioned at 0.5 cm intervals, 

whereas the other half was stored for further analysis (ITRAX, E. Reinhardt, McMaster 

University) and later sectioned at 1 cm intervals. 

 To quantify charcoal, a 1 cm3 of homogenized subsample was submerged in a ~6% 

sodium hypochlorite (NaOCl) solution for a minimum of 48 hours, and then gently rinsed through 

a 125 µm sieve with deionized water. The material remaining on the sieve was backwashed into a 

petri dish, and all charcoal particles were quantified as number of pieces using a Leica MZ12.5 

dissecting scope at 25X magnification with graph paper underneath the petri dish. Individual 

charcoal pieces were classified based on the genesis morphology classification system outlined in 

Mustaphi and Pisaric (2014). Monochrome digital images of representative charcoal morphotypes 

were taken with a Qimaging Q1CAM with Northern Ellipse Software, as well as colour images 

with a Samsung Galaxy S6 cell phone. 
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2.2.3 Geochronology 

The geochronology of the piston core was based on nine radiocarbon dates obtained via 

accelerator mass spectrometry (AMS) at the Lawrence Livermore National Laboratory, 

California. Eight samples consisted of pollen extracted from sediment by the LacCore Facility at 

the University of Minnesota and a wood macrofossil cleaned with double-deionized water then 

oven dried overnight at 100°C at PEARL. Dates were converted to calibrated years before present 

(cal yBP) using IntCal13 (in RBacon; Blaauw and Christen, 2013; Reimer et al., 2013) and 

continual dates for each interval were interpolated from a Bayesian model in RBacon (Blaauw 

and Christen, 2011; 2013).  

The chronology of the Glew core sediments was based on measurements of 210Pb 

activities from 15 samples spaced along the length of the core at the gamma dating facility at 

PEARL. Dates were calculated using a Constant Rate of Supply (CRS) model (Binford, 1990) 

using the ScienTissime Program (M. Scheer, unpublished program). The activity of 210Pb of the 

top interval of the piston core was used to determine the amount of missing sediment in the piston 

core, by comparing the activity in this sample to the dated Glew gravity core to create a 

continuous record from the gravity and piston cores.  

 

2.2.4 Data and statistical analysis 

Charcoal was sampled from contiguous intervals of 0.5 cm and quantified using point counts 

which yields similar results to metrics calculated using surface area and volume (Carcaillet et al., 

2001b; Ali et al., 2009b; Moos and Cumming, 2012).To examine fire history, we analyzed counts 

according to the three pollen zones identified from the Hogsback Lake core (Gushulak et al., 

submitted) using the program CHARanalysis 1.1 (Higuera, 2009). Briefly, charcoal counts by 

depth were converted to charcoal accumulation rates (CHAR) over time to account for changes in 

sedimentation rates. For each unit of time CHAR (Ctotal) was separated into background 
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(Cbackground) and peak (Cpeak = Ctotal - Cbackground) components using a robust LOWESS smoother. 

Cpeak was then further divided into noise (Cnoise) and fire (Cfire) components and assessed for 

confidence of fire episode using a mixed Gaussian distribution model. Generally, Cbackground and 

Cnoise represent low-frequency variations in charcoal due to changes in charcoal production, 

transportation, and deposition, as well as sample analysis, while Cfire represents a fire episode 

(which may represent one or more fire events). Each fire episode is evaluated for confidence 

using the Signal-to-Noise index (SNI; Kelly et al., 2011) determined by a Gaussian distribution 

model (Higuera et al., 2010; Kelly et al., 2011). A record with an average SNI greater than 3 (or 

0.5 using the Higuera et al., (2010) SNI method) is considered sufficient for peak analysis (Kelly 

et al., 2011).  

The upper 30 cm of sediments were significantly less dense than the remainder of the core 

and provided a higher resolution which may have resulted in a bias during analysis. To account 

for the loose sediments, intervals in the upper 30 cm of the record were combined with adjacent 

intervals in groups of 2 or 3 to lower the resolution and ensure relatively uniform accumulation 

rate throughout the record (e.g. 0.0-1.5, 1.5-2.5, 30.5-31.0). 

Morphotypes classified according to the guide developed by Mustaphi and Pisaric (2014) 

were grouped into dominant (morphotypes which represented > 1.5% total relative abundance; > 

200 pieces within the complete record) and subdominant groups (morphotypes which represented 

≤ 1.5% total relative abundance; ≤ 200 pieces within the complete record) then sorted using 

weighted averaging by depth for visual representation (graphs). Relative abundances of dominant 

morphotypes were examined and compared among climate zones to explore possible trends in 

relation to climate and vegetation changes. 
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2.3 Results 

2.3.1 Core Alignment and Geochronology 

The top interval (0 cm) of the piston was matched to the 2 cm interval of the gravity core 

based on similar 210Pb activity. The two cores were combined to create a continuous record of 

233.5 cm (missing intervals in the piston core were filled using the gravity core counts; see 

supplementary data). Macrofossil and pollen dates obtained from the same interval showed 

similar ages (3920 ± 30 and 3905 ± 30 cal yBP, respectively) providing assurance that the pollen 

dates were reliable and not contaminated with old carbon (Table 1; Fig. 2.2). With the exception 

of the watery uppermost 30 cm of the cumulative core, the Bayesian dating model suggests that 

the sedimentation rate has been relatively consistent over the last 6,300 years (Fig. 2.2), with an 

average accumulation rate of ~0.03 cm yr-1 (range of 0.02-0.06 cm yr-1), each 0.5 cm interval 

representing approximately 9-22 years (mean ~16 years) of accumulation (Fig. 2.2). The upper 30 

cm of sediments represented the last ~400 years and had an average accumulation rate of 0.07 cm 

yr-1, with each 0.5-cm interval representing 4-8.5 years of accumulation. Sediment intervals in the 

upper 30 cm of the record where combined into groups of 2-3 adjacent intervals in an effort to 

maximize the uniformity of the sampling resolution throughout the core. 

 

2.3.2 Charcoal Sequence 

Twenty-four charcoal morphotypes from the Mustaphi and Pisaric (2014) guide plus two 

additional morphotypes were identified in the charcoal record from Hogsback Lake (Fig. 2.5). 

One of the additional morphotypes, classified as B7, consisted of a distinct blocky-mesh-

patterned quadrilateral likely from the fragments of charred needles (Fig. 2.5a). Although B7 is 

morphologically similar to B5 and B6, it (B7) is distinct due to its distinctive pattern and 

identification as conifer needle fragment, whereas the patterns of B5 and B6 can be variable and 

the source is unknown. B7 fragments often appeared as 2-dimensional sheets, sometimes thin and 
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partially charred, and other times was 3-dimensional but maintained the distinct pattern of a 

conifer needle (Fig. 2.5a). The second previously undescribed morphotype found in the Hogsback 

Lake macrocharcoal sequence was an elongated patterned cylinder, either foliated or meshed, and 

classified as D4 (Fig. 2.5b). D4 fragments were 3-dimensional in shape and either hollow or 

solid.  

A total of 13,731 individual macrocharcoal pieces were identified in the Hogsback Lake 

sediment record from 467 contiguous 0.5 cm intervals with an average of 29.1 pieces per sample 

(range of 0 – 398). The dominant morphotypes (defined being encountered at a relative 

abundance of > 1.5% or over 200 macrocharcoal fragments) were A2-5, B1-2, B4-5, D1-2, and 

E1-2. The subdominant morphotypes included: A1, A6, B3, B6, C1, C4-6, D3-4, G1, E3, and F 

(Fig. 2.6). Types C2, C3, and C7 were not found in the Hogsback Lake charcoal record.  

Charcoal accumulation rates (CHAR) ranged from 0.0 to 14.4 pieces cm-2 yr-1 with an 

average of 1.1 cm-2 yr-1 (Fig. 2.7). The global SNI ratio for all peaks averaged 3.9 (0.7 – 12.3) 

indicating the record was suitable for peak analysis. Peak analysis of CHAR identified 39 fire 

episodes over the past 6,300 cal yBP and FRIs were examined in relation to three a prior-defined 

climate zones inferred through pollen analysis (Fig. 2.8b). FRIs were normally distributed over 

each climate zone based on their fit to a Weibull distribution curve with a one-sample 

Kolmogorov-Smirnov goodness of fit test. 

 

2.3.3 Analysis of Charcoal in Pollen Assemblage Zones 

 Changes in charcoal were assessed with the pollen record from this lake which represents 

millennia-scale changes in vegetation and past climate conditions. Zones based on changes in the 

pollen assemblages include: Pollen Zone 1 (6,300 cal yBP to 3,600 cal yBP), a warm and wet 

period that has been termed the HTM, and was dominated by jack and red pines, cedar and some 

spruce; Pollen Zone 2 (3,600 cal yBP to 1,600 cal yBP), termed the Post-HTM, was cooler and 
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drier than the HTM based on dominance of birch and white pine and low amounts of cedar, and 

Pollen Zone 3 (1,600 cal yBP to today), termed Modern Period for its similarity to present day 

conditions, showed decline in white pine and an increase in fir and spruce up until the last 

hundred years, suggesting generally cool and humid conditions over this time period.  

 

 Zone 1 (HTM): 6,300 to 3,600 cal yBP. Sixty-five percent of the charcoal encountered 

in the core was found in Zone 1 (average of 48.6 pieces per interval) (Fig. 2.7). During this period 

CHAR averaged 1.7 cm-2 yr-1 (range of 0.1 – 14.4 cm-2 yr-1) and background levels of charcoal 

were highest (mean = 1.3 cm-2 yr-1; range 0.6 – 2.7 cm-2 yr-1) (Fig. 2.7). Peak analysis identified 

17 fire episodes in Zone 1, with varying SNI (0.7 to 7.1) (Fig 2.8a). The fire episode with the 

lowest SNI (the only episode with an SNI lower than 1) occurred at the bottom of the record. The 

average FRI during this period was 159 (range, 111-221) (Fig. 2.8b). This zone also contained the 

highest peak magnitude (peak to background levels) with an average peak magnitude of 49.5 cm-2 

peak-1 (rand of 1.5 – 421.8 cm-2 peak-1) (Fig. 2.8a). Charcoal morphotypes A3, D2, B2, and A4 

dominated the HTM with 21.9%, 17.8%, 17.6%, and 15.6% relative abundances, respectively 

(Fig. 2.9). D1 represented 4% while all other morphotypes consisted of less than 2.5% of the total 

charcoal in this zone. 

 

Zone 2 (Post HTM): 3,600 to 1,600 cal yBP. Zone 2 contained the lowest concentration 

of macrocharcoal over the 6,300 years of the Hogsback Lake charcoal record. Thirteen percent of 

the total charcoal found in the record was present in the Post-HTM period (average of 15.5 pieces 

per interval) and both CHAR and background levels decreased and remained low (Fig. 2.7). 

CHAR averaged 0.4 cm-2 yr-1 (range, 0.0 – 1.9 cm-2 yr-1) while the background averaged 0.4 cm-2 

yr-1 (range, 0.3 - 0.5 cm-2 yr-1). Peak analysis identified thirteen fire episodes in this zone (Fig. 

2.8a) with more consistent SNI ratios (average of 3.4, range of 2.3-4.3). The FRI in this zone 



 

84 

 

remained similar to Zone 1 (HTM) with an average return rate of 156 years (range, 110-212) (Fig. 

2.8b). Peak magnitude throughout this zone remained consistently low with an average of 8.8 cm-

2 peak-1 (0.3 – 31.2 cm-2 peak-1) (Fig. 2.8a). The Post-HTM period saw the abundances of 

charcoal morphotypes become more evenly distributed, however A4 and A3 maintained 

dominance with 17.7% and 17.4% relative abundances, respectively (Fig. 2.9). Relative 

abundance of B2 remained high at 11.4% while D1 increased to 9.8% and D2 decreased to 2.5% 

(Fig. 2.9). The B7 morphotype increased to 8.0% while all other morphotypes appeared in 

abundances of less than 5.5% (Fig. 2.9). We found no G1 charcoal in this zone, although it was 

present in zones 1 and 3. 

 

Zone 3 (Modern): 1,600 cal yBP – present. The remaining twenty-three percent of total 

charcoal was recovered in Zone 3 (average of 18.0 pieces per interval). Charcoal values increased 

slightly in the Modern Period with an average CHAR of 0.9 cm-2 yr-1 (range, 0.1 – 4.8 cm-2 yr-1) 

and a background level of 0.8 cm-2 yr-1 (range of 0.5 to 1.1 cm-2 yr-1) (Fig. 2.7). Peak analysis 

identified nine fire episodes during this period (Fig. 2.8a), and had the highest average SNI ratio 

(4.9, range of 2.7-12.32). The FRI in this zone increased slightly to 184 years (range, 112-255) 

from ~150 years in the two previous zones (Fig. 2.8b). During the Modern Period, the charcoal 

morphotype A4 remained dominant with an average relative abundance of 19.8%. Morphotype 

A3 continued to decrease form the Post-HTM period (12.7%), and morphotype D2 returned to 

being more relatively dominant (13.2%; Fig. 2.9). Morphotype B2 continued to decrease in this 

zone, but was relatively abundant (9.4%), while morphotype B7 continued to increase reaching a 

zonal average of 9.5%. Remaining charcoal appeared in quantities of 5.0% or less. 
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2.4 Discussion 

 Written historical records extending as far back as 1923 identified three fires within 6 km 

of Hogsback lake. A small fire burned 1.5-km north of Hogsback lake in 2012, a fire of moderate 

size burned 6 km to the west in 1977, and in 1923 a large fire burned 4.4-km south of Hogsback 

Lake. Despite general climate trends, any of the 3 fires may have produced a peak if the fire 

created a large enough smoke plume and was blown in the direction of Hogsback Lake (Pisaric, 

2002). Peak detection identified a single fire episode in the past century, occurring between 1.74 

and 3.62 cm and dated between 1983 and 1977. This peak may represent the 1977 fire and/or the 

2012 fire as the age-depth model is an approximate chronology. The charcoal concentrations and 

accumulations rates over the last 100 years, are small in comparison to the trends in charcoal over 

millennia (Fig. 2.7).  

  

2.4.1 Charcoal Analysis 

Total charcoal concentrations and accumulations varied by climate zones with 65% 

occurring during the HTM Period (average of 48.6 pieces per interval), 13% in the Post-HTM 

Period (15.5 pieces per interval) and 23% during the Modern Period (average of 18.0 pieces per 

interval), demonstrating an abnormally high influx of charcoal to the Hogsback watershed during 

the HTM Period. Although the FRIs remained similar between the HTM and Post-HTM periods, 

charcoal accumulation varied notably (Fig. 2.7) indicating a change in some aspect of wildfire 

activity. The average size of charcoal peaks decreased at the HTM to Post-HTM Period boundary, 

from an average of 49.5 to 8.8 pieces cm-2 (Fig. 2.7), and the zonal average of background 

charcoal decreased from 1.3 to 0.4 pieces cm-2 from the HTM to the Post-HTM. The decrease in 

CHAR coupled with a stable fire frequency (FRI) might be explained by variations in available 

fuel (quantity of vegetation available for burning) as well as the quality of fuel available. During 

the HTM Period the Hogsback lake area was dominated by Pinus banksiana/resinosa and Pinus 
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strobus. Cupressaceae, likely cedar (Liu, 1990; Emslie et al., 2019; Gushulak et al., submitted), 

slowly decreased during the HTM while Betula gradually increased suggesting a warm 

environment but with decreasing moisture. Deciduous trees such as Alnus (alder) and Populus 

(likely tremuloides, trembling aspen) were also present on the landscape, but in small amounts. 

Fires during HTM Period occurred every 159 years on average (range, 111-221). The prominent 

feature in this period is the high abundance of charcoal relative to the Post-HTM and Modern 

Periods. The warm and wet conditions of the HTM may have created favourable growing 

conditions which allowed for biomass to accumulate on the regional landscape. The dominance of 

conifer species such as Pinus could have contributed to large intense fires which created turbulent 

convection (Burns and Honkala, 1990a) and may have ejected and dispersed an abundance of 

charcoal. The high variance around the mean of both background charcoal (0.6 - 2.7 pieces cm-2) 

and large charcoal peaks (Cpeak) (1.5 - 421.8 pieces cm-2) may indicate fluctuating levels of 

biomass on the land. Such fluctuations suggest unstable climate conditions with cycles of rapid 

growth followed by periods with increased fire due to drought and ignition (Girardin et al., 2004; 

Grimm et al., 2011). During the HTM, the largest pollen contributor was Pinus 

banksiana/resinosa which typically thrives in well drained soils and tolerates a wide range of 

temperatures (P. banksiana more so than P. resinosa) (Burns and Honkala, 1990a). The tolerance 

of Pinus banksiana to varying temperature and precipitation regimes is evident in its sustained 

abundance in the Hogsback region throughout all three climate zones. The high charcoal 

accumulation and large peaks observed during the HTM Period suggests fires may have been 

larger yet variable during this period.  

As climate cooled and dried during the Post-HTM Period, Betula and Abies increased and 

Pinus strobus continued to decline along with Cupressaceae. Betula are successful colonizers on 

burned sites, however they require a nearby seed stock (Burns and Honkala, 1990b). The 

increased abundance of Betula coupled with the decrease in Pinus strobus may have resulted in a 



 

87 

 

fragmented landscape creating barriers to the once large fires of the HTM (Bergeron et al., 2004). 

Increasing stands of Betula may have acted as a barrier to high-intensity conifer crown-fires, that 

are typically turbulent and create as well as dispersing more charcoal. Intense crown-fires are 

typical in conifer-dominated forest stands, however as fire encounters stands of Betula slow 

burning ground fires occur and may even self-extinguish (Burns and Honkala, 1990b). Further 

supporting this line of reasoning, low levels of CHAR (0.4 pieces cm-2) suggest that fires during 

the Post-HTM Period did not burn intensely and that fires may have been small and spatially 

restricted. This would have allowed Betula to recolonize and maintain their abundance in 

monocultural stands. In addition, the average FRI during the Post-HTM Period remained 

relatively stable at 156 (range, 110-212). Although this range is slightly higher than Betula’s ideal 

FRI of 110 -130 (Foster and King, 1986; Burns and Honkala, 1990b), it is still within an 

acceptable range considering the typical life span of Betula is 140-200 years.  

Despite yielding the lowest CHAR of all three zones, the Post-HTM Period maintained 

high SNI indices with an average of 3.4. This means that although fires did not produce high 

charcoal yields, there is high confidence that fire did occur. The SNI of the fire episodes detected 

in the HTM Period varied between 0.7 and 7.1 while in the Post-HTM Period there was more 

consistency with a minimum of 2.3 and maximum of 4.3. Generally, an SNI > 3 is considered 

sufficient for fire episode detection (Kelly et al., 2011). The difference in SNI range between the 

two periods may be an indication of inconsistency in wildfire behaviour and charcoal deposition. 

The greater variance during the HTM Period may suggest a wider range of fire behaviour, from 

large turbulent fires which created a large influx of charcoal to the Hogsback watershed and 

resulting in high charcoal peaks, to smaller and less intense fires which inconsistently dispersed 

charcoal to the surrounding area. The stability of the SNI during the Post-HTM Period may be an 

indication that fire behaviour and dispersal processes became more consistent. 



 

88 

 

There is a possibility that some fire episodes were not recorded in the Hogsback Lake 

sediment sequence due to less turbulent fires occurring in Betula/deciduous stands. Intense and 

turbulent fire episodes during the HTM Period may have dispersed charcoal further than the less 

intense fires of the Post-HTM Period. Less intense fires in turn were likely less efficient at 

creating and dispersing charcoal to the Hogsback watershed. If so, it is possible that some fires 

were not recorded during the Post-HTM and the FRI may have decreased (more frequent fires) in 

comparison to the HTM Period. Simply, it is possible that fire frequency increased but some fire 

episodes were not recorded, giving the appearance that the FRI remained stable. Although 

possible this scenario of missed fire episodes during a single time span (Post-HTM Period) is 

unlikely based on the consistency of values across various metrics (consistently low levels of 

CHAR, low background concentrations, and smaller charcoal peaks during the Post-HTM). 

Confidence in the detection of fire events is strengthened by CHARanalysis’ use of a moving 

window to determine CHAR background levels and peak thresholds. Simply put, the statistical 

framework used in CHARanalysis to breakdown the charcoal sequence accounts for changes in 

charcoal input to ensure fire episodes are detected despite long-term fluctuations in charcoal 

influx to sediments. As such, the Hogsback Lake charcoal sequence shows that the FRI remained 

stable over time despite a decrease in overall fuel load and an increasingly fragmented fuel 

landscape which likely resulted in decreased fire size during the Post-HTM.  

The changes between the Post-HTM Period and the Modern Period are not as drastic as 

those between the HTM and the Post-HTM but are notable none-the-less. During the Modern 

Period, both Pinus strobus and Betula declined, while Abies, Picea, Larix, Alnus all increased 

indicating a cooler climate with increased moisture (Liu, 1990; Elmslie et al., 2020). Only 9 fire 

episodes were detected in the Modern Period (compared to 13 during the Post-HTM Period and 

17 during the HTM Period) which resulted in a higher zonal FRI of 184 years (range of 112-255) 

compared to 156 (110-212) and 159 (111-221) during the Post-HTM and HTM periods, 
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respectively. The relatively small decrease in fire frequency during the Modern Period is 

accompanied by a small increase in background charcoal and the size of charcoal peaks. 

Although average background charcoal increased to 0.8 pieces cm-2 in the Modern Period from 

0.4 pieces cm-2 in the Post-HTM Period, and the peak magnitude increased to 25.8 from 8.8 

pieces cm-2, the values in the Modern Period are still below those observed during the HTM 

Period (background of 1.3 pieces cm-2 and a peak magnitude of 49.5 pieces cm-2). This increase in 

values during the Modern Period may indicate a slow return to the climate conditions observed 

during the HTM while maintaining the new vegetation conditions present today. It is possible that 

CHAR, background charcoal, and charcoal peaks are driven by climate conditions (such as 

conditions favouring rapid vegetation growth followed by drought) while FRIs in the Hogsback 

area are driven primarily by vegetation changes (the type of vegetation present on the landscape). 

Some vegetation types vary in flammability and will self-extinguish (flame retardant) or maintain 

a burn (flammable) once ignited (Burns and Honkala, 1990a, 1990b; Carcaillet and Richard, 

2000; Hély et al., 2003; Ormeño et al., 2009; Varner et al., 2015). 

The relative consistency of FRIs at Hogsback Lake compared to neighbouring regions such as 

northwest Québec and northwest Ontario suggests that neither vegetation nor climate 

significantly impacted fire frequency in the Hogsback Lake region. In northwest Québec (the 

region closest to Hogsback Lake), the FRI, as examined in the charcoal records of 7 small study 

lakes (≤ 3.6 ha, ≥ 250 m asl) located at the boundary of the coniferous and mixed boreal forests, 

varied significantly between the HTM Period (observed at 8,000-5,800 cal yBP in the region) and 

Post-HTM Period (5,800 – 2,400 cal yBP), with an average FRI of 230 years and 110 years, 

respectively (Carcaillet et al., 2001a; Ali et al., 2009a). However, the FRI trends during the 

Modern Period, which averaged 90 years, did not show spatial synchronicity (varied significantly 

across study sites) indicating local secondary factors such as topography or surficial deposits may 

have been the driving factors for fire frequency (Carcaillet et al., 2001a; Ali et al., 2009a). The 
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Pacific Decadal and North Atlantic Oscillations (PDO and NAO, respectively) are believed to be 

a driving factor in FRI trends in the region by creating severe drought conditions which result in 

large connected areas of dry fuel as well as atmospheric instability with increased lightning 

occurrences which ignite the dried fuel (Girardin et al., 2004; Le Goff et al., 2007; Ali et al., 

2009a). Both the PDO and NAO also act on the Hogsback Lake area, however, the region seems 

less affected than northwest Québec based on previous research (Flannigan and Harrington, 1988) 

and the charcoal record examined in this study. 

In addition to the weaker influences of the PDO and NAO on northeast Ontario compared to 

northwest Québec, the consistency of FRI throughout the Holocene may simply be an indication 

that changes in climate and vegetation in the area may not have reached a tipping point to alter 

fire frequency. Much like the FRI variability across study sites in northwest Québec during the 

Modern Period, the consistency of FRI in our study area suggests that neither changing climate 

nor changing vegetation were sufficient to alter the region’s FRI. These findings are congruent 

with previous research: weather conditions in the Timmins area only accounts for 33% of the 

variance in local fire patterns (specifically area burned) in the last several decades (Flannigan and 

Harrington, 1988), leaving local secondary factors such as topography as the possibly dominant 

factor governing FRI in the Hogsback region. It is possible that the location of the Hogsback 

watershed, atop an esker, utilizes topography to diminish fire intensity in its immediate vicinity. 

Slopes and topography encourage concentration or dispersal of heat and flammable volatiles 

released by wildfire. The heat and flammable gasses migrate to low lying areas due to gas density 

which results in less intense fires upslope and more intense ones, downslope (Cyr et al., 2007; 

Pyne, 2017). This topographic ‘advantage’ of the Hogsback watershed may have resulted in a 

relatively stable FRI (by directly influencing fire activity) despite changes in climate and 

vegetation. In other words, a tipping point where the changes in climate and vegetation overtook 

the impact of topography had simply not yet been reached.  
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2.4.2 Dominant Charcoal Morphotypes 

 Thirteen dominant morphotypes (comprised > 1.5% of total charcoal) were identified in 

the Hogsback record (Fig. 2.6). Also of note is morphotype G1 which, although subdominant, 

appeared in both the HTM and Modern Periods but was absent from the Post-HTM Period. 

Morphotype A2 likely represents herbaceous materials (Walsh et al., 2010; Mustaphi and Pisaric, 

2014) while A4 and A5 represent deciduous trees (Jensen et al., 2007; Mustaphi and Pisaric, 

2014). A3 is solid and amorphous with no distinguishing features (Fig. 2.3). As such it served as 

a ‘catch-all’ for charcoal fragments and may represent a wide range of source materials (Enache 

and Cumming, 2006; Mustaphi and Pisaric, 2014).  

B1 morphotypes in the Hogsback Lake core could be clearly identified as wood due to 

the blocky and textured nature (Fig. 2.3; Mustaphi and Pisaric, 2014). In many B1 fragments 

distinguishing wood features, such as tracheid pits and the outline of rays, could be clearly 

identified (Fig. 2.3; Hoadley, 1990). Similarly, the B2 fragments identified represented almost 

exclusively woody tissue according to identifying features such as tracheids, bordered pits, 

crossfield pits, and various rays (uniseriate, multiseriate, fusiform). B4 charcoal fragments 

include many textures which represented different source materials. Many B4 fragments showed 

evidence of the woody-tissue structures mentioned above (Fig. 2.3), while others showed a clear 

monocot tissue habit with linear venation and random stomate placement. B4 morphotypes 

identified in the Hogsback Lake sequence likely represents a mix of both herbaceous and woody 

charcoal debris. B5 morphotypes are similar to B4 but thinner and more fragile. There are various 

distinct textures which fit within the B5 classification and source materials can range from 

herbaceous (Jensen et al., 2007) to conifer needles (Mustaphi and Pisaric, 2014). The B5 

morphotype patterns found in the Hogsback Lake record included herbaceous sources such as 

Carex (Jensen et al., 2007), wood (some ray structures evident), and possible conifer needles 

starting at a cumulative depth of 164.5 cm when a distinct texture of B5 morphotype began to 



 

92 

 

appear and quickly dominated the B5 morphotypes present. The distinct B5 charcoal morphotype 

was interpreted as partially charred conifer needles based on the observation of a few partially 

decomposed fragments resembling conifer needle husk/cuticle which housed the new distinct 

charred B5 morphotype structure. As such, the B5 morphotype may represent woody or 

herbaceous debris, as well as possible conifer needle fragments. In the Hogsback Lake record, B5 

morphotypes found deeper than 164.5 cm are interpreted as predominantly partially-charred 

conifer-needle fragments, but it is important to note that the nature/habit of the B5 conifer needle 

remains are distinct for those represented by the B7 morphotype which appears throughout the 

record. The B7 morphotype was clearly identified as conifer need fragments based on the 

fragmentation of intact C1 morphotypes found in the record which showed an identical compact 

reticulated structure (Fig. 2.3, 2.5).  

D1 fragments found in the Hogsback Lake record likely originated from the burning of 

woody tissues. Although previous literature suggested that D1 and D2 may originate from leaves, 

monocot or otherwise (Mustaphi and Pisaric, 2014), the D1 fragments found in the Hogsback lake 

record were identified as woody debris based on the fragmentation pattern of large intact pieces 

of B2 which were clearly identified as wood based on Hoadley (1990) (Fig. 2.4). The thin hair 

like fragments classified as D1 are likely small tracheids which represent late/summer wood. The 

D2 morphotype class likely represents both wood and monocot leaf charcoal debris, though in the 

case of Hogsback Lake, more the former than the later.  

E morphotypes are spherical and as of yet do not have a clear source material (Fig. 2.4). 

E1 fragments found in the Hogsback lake record consisted of relatively amorphous yet rounded 

three-dimensional charcoal, and as such, much like A3, was a ‘catch-all’ category. E2 fragments 

were distinct and patterned in various ways; some particles resembled delicate three-dimensional 

bubbles with high- or low- light reflectance, while others resembled an A4 fragment but rolled 
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into a sphere (Fig. 2.4). G1 charcoal fragments were of various shapes but were distinctive in 

their high glass-like reflectance and hardness. 

Charcoal morphotypes varied non-randomly throughout the core (Fig 2.9). During the 

HTM Period, morphotypes A3, D2, B2, and A4 dominated the charcoal assemblage forming 21.9, 

17.8, 17.6, and 15.6 %, respectively, of the total charcoal recovered within the zone. These 

morphotypes indicate a dominant presence of wood (B2, D2), monocot (D2), and deciduous leaf 

(A4) tissues being burned and deposited in the Hogsback Lake sediments. This loosely matches 

the pollen analysis from the same core which indicated the presence of both conifer and 

deciduous trees as well as herbaceous vegetation on the landscape. Near the HTM – Post-HTM 

boundary, D2 gradually decreases to reach a relative abundance of only 2.5 % during the Post-

HTM Period. Simultaneous, D1 increased abruptly, then reached a relative abundance of 9.8% 

throughout the Post-HTM Period. Relative abundances of charcoal morphotypes A3, B2, and A4 

fluctuated but remained dominant during the Post-HTM Period with 17.4, 11.4, and 17.7 %, 

respectively. The exchange of dominance from D2 to D1 at the transition to the Post-HTM Period 

may represent a change in wildfire activity, fuel being consumed, or dispersal/depositional 

processes related to the change in climate. In addition, B7 charcoal fragments which comprised 

only 1.9 % of the HTM charcoal abundance, increased to 8.0 % in the Post-HTM Period. The 

increase in relative abundance of B7 may represent the gradual increase in Picea or Abies on the 

landscape as a new source of fuel. Similarly, B7 may represent the burning of dead needle litter 

rather than live tissue as intense crown-fires from the HTM Period became smoldering ground 

fires in the Post-HTM Period, consuming forest floor litter which had accumulated on the 

landscape. Alternatively, the B7 fragments may indicate a change in charcoal dispersal and 

deposition rather than a change in source material 

As the charcoal record reaches the Modern Period, the D2 morphotype returns to 

dominance with 13.2% relative abundance while D1 decreases to low of 3.7%. Charcoal 
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morphotypes A3 and A4 maintain dominance with 12.7% and 19.8% relative abundances, 

respectively, while B2 decreases further and reaches 9.4%. B7 continues to increase and reaches a 

relative abundance of 9.5% indicating that the factors which contributed to the increase in the B7 

morphotype during the Post-HTM Period continued into the Modern Period.  

 The gradual decrease of B2 fragments over the course of the three climate zones of the 

Holocene coupled with the gradual increase of B1 abundance is interesting. B1 fragments are 

exclusively sourced from woody tissue suggesting that over the three climate zones, wood 

charcoal (or the processes leading to its preservation in the sediment) gradually increased over the 

Holocene, while B2 fragments may represent monocot tissues (rarely in the Hogsback record) or 

woody tissues (most common). The burning of woody tissue can produce both B1 and B2 

fragments. In most cases, B2 fragments found in Hogsback Lake sediments had clear evidence of 

rays and tracheid pitting, both common characteristics of conifers (Hoadley, 1990), while B1 

charcoal fragments from Hogsback lake were most often foliate but without clear evidence of 

rays (though some did show conifer features). These subtle changes may be an indication of the 

region’s gradual overall shift from predominantly conifer forests to mixed forest as described in 

the pollen data (Gushulak et al., submitted).  

The subtle change may also indicate that the fire events in the area may be preferentially 

burning certain fuel sources. The increase in relative abundance of A4 throughout the zones 

(15.6%, 17.7%, and 19.8% in the HTM, Post-HTM, and Modern Periods, respectively) suggests 

an increase in burning of deciduous leaf matter, while the aforementioned decrease in B2 

suggests an overall decrease in conifer wood over time. The increase in B7 overall may suggest 

the increased burning of Abies and/or Larix needles, or of forest floor needle litter throughout the 

Holocene. 
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Current methods of analysis are based on the assumption that background charcoal and 

the noise component of charcoal peaks represent low-frequency variations in charcoal due to 

changes in the processes of charcoal production, dispersion/deposition, and sample analysis. 

Quantifying charcoal morphology may provide further insight into which processes are impacting 

background charcoal and noise, and provide information on additional characteristics of past 

fires, beyond FRI, such as fire type (crown-fires versus ground-fires), fire size, and fire severity 

(ecological impact such as burning of live or dead tissues). The non-random variation of charcoal 

morphotypes over time challenges the current assumptions that all charcoal fragments are equally 

weighted when it comes to sedimentary charcoal analysis. 

Unfortunately, much of the analysis methods used and developed today are based on data 

obtained from controlled experimental or prescribed fires (Clark et al., 1998; Lynch et al., 2004), 

which do not accurately represent uncontrolled wildfires (Pisaric, 2002; Peters and Higuera, 

2007). In addition, fires today (and those which appear in sediment records being calibrated with 

historical data) are actively suppressed and likely do not reflect the conditions present in pre-

suppression times several millennia ago. We must therefore accept the limitations of charcoal 

dispersal models when interpreting wildfires which occurred centuries to millennia ago. Studying 

charcoal morphotypes provide additional insights into the nature of wildfires millennia ago. 

 

2.5 Conclusion 

We used a small deep lake with a relatively small watershed from northeast Ontario to 

track changes in local-to-regional fires by examining charcoal accumulation (CHAR) (Higuera, 

2009) and morphology (Mustaphi and Pisaric, 2014) over the last 6,300 years in a well-dated 

core. Changes in charcoal quantity and morphology were examined within the context of climate 

and vegetation changes, determined through pollen analysis in the same core (Gushulak et al., 

submitted), and general regional trends from northwest Ontario and northeast Québec. We 
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examined trends during the HTM Period, a period when climate was known to be 1-2 degrees 

warmer than present, the Post-HTM, and the Modern Period which represents modern conditions. 

Although FRIs remained relatively constant through-out the record, CHAR, background 

charcoal, and the size of charcoal peaks, as well as their ranges, varied according to the three 

climate zones (HTM, Post-HTM, and Modern) indicating that although fire frequency was not 

significantly altered by changes in climate or vegetation, other aspects of the sub-regional 

wildfire regime responded to these changes. Average SNI values also changed over the zones 

further suggesting some aspect of past wildfires changed in response to climate and vegetation 

shifts. The charcoal record maintained a global SNI average of 3.9 ensuring our confidence in 

peak detection and analysis. CHAR, background charcoal, and the size of charcoal peaks were 

highest during the HTM Period, with a wide range of variance suggesting this period had large 

intense fires, potentially related to unstable climatic conditions, resulting in periods of rapid 

growth followed by periods of drought and fire incidence. As climate stabilized during the Post-

HTM Period to cool and dry conditions, CHAR, background charcoal concentration, and the size 

of charcoal peaks were low with little variance, indicating smaller less intense fires. The onset of 

the Modern Period brought wetter climate and fire frequency decreased slightly (increase in FRI) 

while CHAR, background charcoal values, and charcoal peak size all increased once again. 

Although CHAR, background charcoal, and the magnitude of peak size all increased recently in 

the Modern Period, these value all remain of a smaller magnitude than conditions seen during the 

HTM Period.  

Charcoal morphotypes showed changes in their relative abundance over time in conjunction 

with the climate zones (Fig. 2.9). These findings are incompatible with current assumptions that 

all charcoal pieces are equally weighted in describing wildfire activity. The changes observed in 

morphotype abundance are supported by the results of the charcoal peak analysis, however 

further research is required to better understand the relationship between morphotypes and fire 
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behaviour as well as charcoal creation, dispersal, and deposition. Future research into 

morphotypes should include the development of a digital morphotype repository which integrates 

experimental laboratory burns, remnants of prescribed burns where fire metrics are known, and 

charcoal recovered from sediment cores from various regions, biomes, and time periods. 

Additionally future research should seek more sites within the currently understudied region of 

northern Ontario in order to explore the region trends of the area. 
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Table 2.1 

Table 2.1: Table of Carbon dates obtained from the Hogsback Lake piston core. 

 

Sample ID Type Sec. Depth 

(cm) 

Cum. Depth 

(cm) 

14C age ± 

180299 Pollen S1 30-30,5 30-30,5 340 30 

180300 Pollen S1 62-62,5 62-62,5 1135 30 

180321 Pollen S2 20-20,5 93-93,5 1925 30 

180301 Pollen S2 40-40,5 113-113,5 2460 30 

181258 Pollen S2 60,5-61 133,5-134 3150 25 

180323 Pollen S3 7,5-8 162,5-163 3905 30 

180618 Macro-wood S3 7-7,5 163-163,5 3920 30 

180302 Pollen S3 30-30,5 185,5-186 4330 30 

180303 Pollen S3 62-62,5 217,5-218 5240 35 
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Table 2.2 

Table 2.2: Table of 210Pb dates obtained from the Hogsback Lake gravity core using the CRS 

model. 

 

Sample ID Depth Calendar year (cal) yBP 

HbDgr0.0-0.5 0.0-0.5 2017.43 -67 

HbDgr0.5-1.0 0.5-1.0 2014.83 -65 

HbDgr1.0-1.5 1.0-1.5 2013.08 -63 

HbDgr2.0-2.5 2.0-2.5 2009.11 -59 

HbDgr3.0-3.5 3.0-3.5 2004.6 -55 

HbDgr4.0-4.5 4.0-4.5 1999.42 -49 

HbDgr5.0-5.5 5.0-5.5 1992.51 -43 

HbDgr6.0-6.5 6.0-6.5 1983.67 -34 

HbDgr7.0-7.5 7.0-7.5 1973.07 -23 

HbDgr8.0-8.5 8.0-8.5 1961.59 -12 

HbDgr9.0-9.5 9.0-9.5 1948.9 1 

HbDgr10.0-10.5 10.0-10.5 1936.01 14 

HbDgr12.0-12.5 12.0-12.5 1913.61 36 

HbDgr14.0-14.5 14.0-14.5 1893.19 57 

HbDgr16.0-16.5 16.0-16.5 1868.94 81 

HbDgr18.0-18.5 18.0-18.5 1776.98 173 
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Figure 2.1 

  

  
Figure 2.1: Location and bathymetry of Hogsback lake as well as gravity and piston 

coring locations (Created by Cale Gushulak, 2020). 
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Figure 2.2 

 

 

 

  

Figure 2.2: Geochronology of the Hogsback sediment record. The record is composed of nine 

radiocarbon dates and one 210Pb date all from the piston core and has been shifted by 2cm to 

account for the surface-sediment interface which was restored by matching to the gravity core. 

The 0cm mark was entered as the year of sediment core retrieval (2017). 
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Figure 2.3 

 

 

  

Figure 2.3: A and B group morphotypes found in Hogsback Lake based on the Mustaphi and 

Pisaric (2014) guide; new B7 morphotype included (see figure 2.5). 
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Figure 2.4 

 

  

Figure 2.4: C - G group morphotypes found in Hogsback Lake based on the Mustaphi and 

Pisaric (2014) guide; new D4 morphotype included (see figure 2.5). 
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Figure 2.5 

 

 

  

Figure 2.5: New morphotypes from the Hogsback Lake charcoal record, a) C1 a conifer 

needle believed to be the origin of B7, b-c) B7 morphotype fragments, and d) D4 cylindrical 

morphotypes, meshed and foliate. 
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Figure 2.6 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 2.6 : Bar graphs showing the concentrations of dominant (a) and subdominant 

(b) charcoal morphotypes according to depth in the record. Dominant morphotypes 

represent > 1.5% of the total assemblage (or > 200 pieces) and subdominant 

morphotypes represent ≤ 1.5% of the total assemblage (or ≤ 200 pieces). Dotted lines 

represent millennia as determined from the age-depth model. 

b) 

a)

)) 
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Figure 2.7 

 

 

 

 

 

 

 

  

Figure 2.7 : Bar graph showing charcoal accumulation rates (CHAR, pieces cm2 yr-1) 

over time. Crosses indicate 39 significant peaks (fire episodes). A priori-defined 

climate zones that were defined by pollen analysis, are also shown (Zone 1 HTM 

Period 6300 – 3500 cal yBP; Zone 2 Post-HTM Period 3500-1600 cal yBP; Zone 3 

Modern Period 1600 cal yBP – present). 
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Figure 2.8 

 

 

 

 

 

 

 

 

  

Figure 2.8: Graphic showing a) Cpeak magnitude of fire episodes (pieces cm-2 peak-1) over 

time, with the crosses indicating significant fire events (as per Fig. 2.7), b) Fire Return 

Intervals (FRI) over time, shaded area showed the 95% confidence interval and gray 

scares indicate a fire episode, upper values indicate the zonal average FRI with the range 

in parenthesis, and c) fire frequency expressed as number of fires per millennia. 

b) 

a) 

c) 
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Chapter 3 

Conclusions 

3.1 Summary of Research Objectives 

 The research objectives outlined and explored in this thesis set out to investigate fire 

behaviour in response to climate and vegetation changes in the understudied region of northeast 

Ontario over the last 6,300 years, as well as the utility of charcoal morphology in 

paleolimnological studies of fire history. These objectives were achieved by retrieving a sediment 

record from Hogsback Lake located in northeast Ontario and quantifying the macrocharcoal 

record contained therein. We examined the charcoal record within the context of three climate 

zones as identified by the pollen record extracted from the same core (Gushulak et al., submitted). 

The climate zones consisted of: the HTM Period which spanned from 6,300 cal yBP (years before 

present) to 3,600 cal yBP; the Post-HTM Period from 3,600 to 1,600 cal yBP; and the Modern 

Period from 1,600 cal yBP to present. 

We explored fire behaviour using the peak analysis method (Long et al., 1998; Higuera et 

al., 2010) with the CHARanalysis 1.1 program (Higuera, 2009). Peak analysis showed that while 

the average fire return interval (FRI) for each climate zone were relatively similar, other metrics 

of macrocharcoal indicative of fire, including charcoal accumulation rates (CHAR), background 

charcoal levels (Cbackground), and peak magnitude of fire events varied notably across the climate 

zones. The HTM Period supported an average FRI of 159 years (range of 111-221) which was 

maintained during the Post-HTM Period with an average FRI of 156 years (range of 110-212), 

then increased slightly to an FRI of 184 years (range of 112-255) in the Modern Period. The 

relative stability of the average FRI, as well as the ranges, suggest that the Hogsback area enjoyed 

a stable disturbance regime despite past millennial-scale changes in climate and vegetation. 

Although these results were unexpected considering the longer FRIs (~ 230 years) of the HTM 

Period in the neighbouring region of northwest Québec which decreased significantly (down to 
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110 years) during the Post-HTM Period (Carcaillet et al., 2001; Ali et al., 2009), they are not 

mutually exclusive findings. The Modern period in northwest Québec showed high spatial 

variability in FRI trends after approximately 4,000 to 2,400 cal yBP (depending on the study site) 

indicating that secondary local factors such as topography or surficial deposits became the 

dominant driving force of fire frequency (Ali et al., 2009). Similarly, Hogsback Lake’s placement 

atop an esker, may have allowed secondary local factors, in this case topography, to be the 

dominant factor driving fire frequency in the watershed (Cyr et al., 2007; Pyne, 2017).  

Despite the stability in fire frequency over time in the Hogsback watershed, a change in 

fire behaviour was evidenced by the changes in average values of CHAR, background charcoal, 

and peak magnitude as well as their ranges. During the HTM Period, high CHAR, background 

charcoal, and peak magnitude were all at their highest with wide ranges between minimum and 

maximum values. Such high values indicate that the HTM Period was characterized by large 

turbulent fires which were efficient in producing, dispersing, and depositing charcoal across the 

landscape. The wide range of values found in all three metrics indicates volatile conditions during 

the HTM Period, likely extended periods of growth and fuel accumulation on the land followed 

by sporadic droughts and unstable air masses which contributed to increased lighting strikes and 

large areas of dried connected fuels for burning. The consistently low values of CHAR, 

background charcoal, and peak magnitude found in the Post-HTM Period suggest that although 

the timing of fires (FRI) remained consistent during this time, the amount of charcoal produced, 

dispersed, and deposited decreased drastically from the HTM Period. This decrease may have 

been a result of an increasingly fragmented landscape due to consistently drier conditions which 

allowed for and incursion and peak of Betula (birch) on the landscape. Large turbulent conifer 

crown fires can become smaller smoldering ground fires and may self-extinguish when they reach 

birch stands (Burns and Honkala, 1990a, 1990b). The drier conditions may have also led to lower 

accumulation of fuel (vegetation biomass) on the landscape compared to the HTM and Modern 
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Periods. The narrow range of minimum and maximum values in all three metrics (CHAR, 

background charcoal, and peak magnitude) during the Post-HTM Period suggest more stable 

conditions across the landscape. Finally, during the Modern Period, all three metrics rose again, 

both in average values and ranges, indicating a gradual return to conditions similar to those found 

during the HTM Period. The slight increase in FRI during the Modern Period suggests that 

although conditions do resemble those found during the HTM Period, the watershed may be 

reaching a tipping point in which the dominance of secondary local factors are giving way to the 

influence of climate and vegetation.  

The charcoal morphology (Mustaphi and Pisaric, 2014) varied non-randomly across the 

three zones. The most notable changes were a reversal of dominance in charcoal morphotype D2 

to D1 during the Post-HTM Period, an overall decrease in the A3 morphotype from the HTM 

Period to the Modern Period, and an overall increase in charcoal morphotypes A4 and B7 (Fig. 

3.1). Also of note was the absence of any G1 fragments during the Post-HTM Period. Such 

changes may represent changes in fuel source (vegetation type) as the surrounding vegetation 

changed throughout the climate zones (Gushulak et al., submitted), fire type (ground fires, crown 

fires), charcoal production, dispersal, or depositional processes, or some other fire or charcoal 

process. The gradual increase of the charcoal morphotype A4 and decrease of A3 may represent 

the increased abundance of charred deciduous leaves as the conifer forest of the HTM Period 

transitioned to the mixed-wood forest of the Modern Period, while the increase in B7 may 

represent charred Abies needles as species abundance gradual rose in the area throughout the 

Holocene. Changes in charcoal morphotypes may also indicate changes in the types of material 

being burned. For example, the absence of G1 during the Post-HTM Period may represent a 

decrease in the burning of live conifer tissues which produce sap and resins. Changes in relative 

abundance of certain morphological classes of charcoal may also indicate a change in dispersal 

and deposition dynamics, such as in the case of D1 becoming more prominent than D2 during the 
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Post-HTM Period when fires may have been less turbulent and less capable of dispersing larger 

and heavier D2 charred woody fragments to the Hogsback watershed and favouring instead the 

transport of thinner and lighter hair-like D1 charred woody tissues. Changes in charcoal 

morphology through the climate zones likely represents changes in both production (source 

material burned) as well as dispersion and deposition.  

The change in the relative abundance of morphotypes challenges current assumptions in 

the paleofire field that all charcoal fragments equally represent fire activity. If all charcoal 

fragments are the same, there would be no variation trends throughout the charcoal record. 

Additionally, the observation that the morphology trends vary in relation to the climate zones 

further supports the concept that not all charcoal fragments represent the same aspects of fire 

activity. Further research is required to further investigate these trends and the utility of charcoal 

morphotypes in fire regime reconstructions. 

 

3.2 Future Directions 

 The research presented in this thesis explored changes in charcoal accumulation and 

morphology and inferred fire behaviour throughout the Holocene in the Hogsback Lake 

watershed. FRIs during the climate zones remained relatively constant despite the trends observed 

in neighbouring regions. Further research should explore other nearby watersheds both perched 

and embedded in the landscape as well as and lakes of different regions to determine the 

consistency of patterns that are attributable to local versus regional factors.  

 Additionally, the morphological trends over time observed in the Hogsback Lake 

macrocharcoal sequence supports a growing body of literature (Enache and Cumming, 2006, 

2007; Moos and Cumming, 2012) which challenges the general assumption in paleofire research 

that all charcoal fragments equally represent fire. This growing area of research would strongly 

benefit from an agreed upon classification system with an online global database of detailed 
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images to standardize morphological classifications. Additionally a couple more initiatives may 

benefit the paleofire research field in general: i) a strong mentorship program in which 

laboratories studying macrocharcoal maintain and pass on charcoal knowledge, techniques, and 

programs, and ii) up-to-date and easily accessible charcoal analysis programs (such as 

CHARanalysis (Higuera, 2009)) with current and clear manuals for use by all paleofire 

researchers.  

 A generally agreed upon morphology classification system would benefit the field of 

paleofire research by providing a common context from which multiple studies across various 

regions could compare results. Such comparisons would allow researchers to situate and interpret 

their data within the broader context of world-wide or regional paleofire research. In addition, the 

standardized morphology should be available via an easily accessible online database with an 

exhaustive source of colour images. As such, morphologies will be consistent across laboratories 

and researchers. Such a database should be maintained and updated regularly to reflect new 

findings, and specifically address various biomes, time frames, and regions. In addition to a 

regularly updated colour digital database, laboratories may consider creating charcoal reference 

collections, similar to the field of pollen research where pollen reference collections are 

maintained for comparisons. 

 Peak analysis of charcoal is a statistically complex method of analysis which can easily 

exclude researchers with average statistical knowledge or backgrounds. Clear and concise 

literature and manuals should be widely available for researchers who may not have access to the 

original program creator(s). If such programs are to become standard in the field of paleofire 

research, the program must be easily accessible, upwardly compatible or regularly maintained, 

and its use (and troubleshooting) must be transparent and straight forward.  

 Finally, laboratories conducting paleofire research would benefit from mentorship 

programs where experienced charcoal researchers can guide and assist incoming graduate 
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students and/or new charcoal researchers. As a field quickly growing in importance and 

complexity, charcoal research requires appropriate networking and infrastructure (via mentoring, 

software, and accessible literature) in order to expand. Future research must bear these challenges 

(and solutions) in mind as it spreads and consumes a larger portion of the scientific world. 
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Figure 3.1 
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Figure 3.1: Notable changes in morphotype relative abundances across pollen inferred 

climate zones, a) shows a temporary shift in dominance from D2 to D1 during the Post-

HTM, b) show subtle long term increase in A4 and B1 and decrease in B2, and c) shows 

a gradual rise in B7 over time. 
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