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Abstract 

Multiple vegetation and forest fire history records were established by analyzing 

Holocene-aged lake sediment stratigraphies collected across a vegetation and elevation 

gradient in southeast British Columbia, Canada. The stratigraphies were dated using 

radiometric techniques, 
210

Pb and 
14

C dating, and tephrochronology and were examined 

to understand the spatial controls of forest fires and how those controls varied in 

importance throughout the Holocene in response to orbital geometry variations, climatic 

change, forest composition changes, and fuel abundance within the watersheds. Local 

conditions have been shown to be important controls of fire activity in the region, but can 

be overridden by other broad-scale factors such as climate. Aspect was shown to be an 

important spatial control of fire frequencies at mid elevation Engelmann spruce-subalpine 

fir forests. At subalpine elevations, fuel abundance within the catchment was important in 

explaining millennial to centennial scale fire frequencies. When investigating past 

biomass burning, the analysis of macroscopic charcoal morphologies permits a more 

nuanced analysis of the temporal variability in fuel sources and taphonomic processes in 

a watershed. This study contributes to our knowledge of the varying spatial controls at 

the landscape scale of Holocene forest fires in mountainous southeastern British 

Columbia, to understand the influence of local and broad-scales controls of biomass 

burning and to the analysis of sediment-charcoal morphologies.  
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1. Introduction 

 

1.1 Research context and background 

 

Lake sediment stratigraphies are an important terrestrial archive of environmental 

variability that can be used to understand how ecosystems have responded to natural and 

anthropogenic influences at multiple spatial and temporal scales. The accumulated 

sediments in lake basins preserve physical, chemical and biological information that can 

be quantified and analyzed through the conceptual framework of uniformitarianism and 

superposition of sedimentary beds. Sedimentological and paleoecological indicators 

preserved in lake sediments provide high-resolution records of past environmental 

ontogeny from the intra-catchment scale to the global scale. In many cases, mid-latitude 

lakes in Canada provide post-glacial Holocene records that are useful for examining 

environmental changes at annual to millennial resolutions. 

Examining the natural variability and complex interactions occurring at various 

spatiotemporal scales is crucial in order to understand how future global climate change 

will affect fire regimes across the landscape (Whitlock et al., 2010; Hessl, 2011). 

Empirical studies of natural historic fire regimes form our understanding of how the 

current landscape evolved, how the major influences and drivers of environmental 

changes interacted, and how ecosystems responded to gradual changes and punctuated 

perturbations over millennial time periods. These quantitative studies constrain models of 

how forests and fire regimes will be affected by continued climatic changes and 

anthropogenic influences and are critical to informing human-environment policy and 

sustainable management strategies (Gavin et al., 2007; Smol, 2008).  
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Conditions for the occurrence of fire on Earth were achieved during the Paleozoic 

Era 540–250 million years ago (Ma). Since the first records of fire appeared in the 

geologic record, fire has continued to be an important component of many ecosystems 

leading to similar adaptations amongst different species and across different biomes 

(Moritz et al., 2005).  An individual fire event relies upon four variables: an ignition, 

fuel, oxygen, and a chain reaction to propagate the burn (Pyne et al, 1996; Agee, 1997; 

Scott, 2000). At a global scale, the frequency of ignitions, fuel abundance, distribution, 

and conditions, and the concentration of atmospheric oxygen have all varied through 

geologic time and have affected fire regimes (Scott and Glasspool, 2006). Terrestrial 

plants were first evident in the fossil record during the Silurian Period (450-400 Ma), 

while the first evidence of terrestrial plants burning was found in a limited number of 

sedimentary deposits from the Late Silurian (420-400 Ma) and again during the Late 

Devonian Period (400-350 Ma), and was not widespread until the Early Carboniferous 

Period (350-300 Ma; Scott, 2000; 2009; 2010; Scott and Glasspool, 2006). The burning 

of terrestrial biomass has since driven many important processes such as evolution, 

adaptation, influences on community structure, nutrient cycling, slope stability, soil 

formation, atmospheric composition, and human history. Since the Middle Pleistocene, 

fire was increasingly domesticated by hominids leading to anthropogenic alteration of 

wildfire regimes (James, 1989; Rolland, 2004; Bowman et al., 2011). The relative 

importance of various controls on fire regimes are not static through time (Gedalof, 2011) 

making it necessary to develop numerous long term paleoecological records to fully 

characterise and understand the variability of climate-fire-vegetation interactions. 
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The complex interactions between the controls of fire operate at multiple temporal 

and spatial scales resulting in a patchy occurrence over the landscape (Whitlock et al., 

2010). Broadly, these controls can be characterized as top-down (climatic) and bottom-up 

(local) controls. Top-down controls include climate and meteorological conditions that 

can homogenize fire regimes over large regions by overriding the importance of local 

factors. Climate variability over short (annual) to long (millennial) time scales drives fire 

regimes directly by controlling moisture and energy budgets and indirectly through 

climatic-mediation of vegetation assemblages, vegetation abundance and density, and 

fuel accumulation. At shorter time scales, fire weather strongly influences lightning-

induced ignitions and the probability and spread of fire. Alternatively, bottom-up controls 

are those that exist locally and are inherent to or develop on the land surface. Bottom-up 

influences of the fire regime include vegetation types and density, fuel connectivity, 

interaction between other abiotic and biotic disturbances, aspect, topographic relief, soil 

moisture and other local site factors. The relative importance of each control of fire varies 

over small and large spatial scales and through time in response to climatic and natural 

and anthropogenic ecosystem changes (Heyerdahl et al., 2001; Gavin et al., 2003; 

Gedalof, 2011). 

 

 Quantitative records of decadal- to millennial-scale fire regimes can be 

established through the analysis of lake sediment records (Whitlock and Larsen, 2001). 

Multiple records are needed to assess the natural variability of fire regimes and to 

understand the spatial controls of fire regimes (Heyerdahl et al., 2001; 2007; Hallett and 

Anderson, 2010; Courtney Mustaphi and Pisaric, 2013). Lake sediment records provide 
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high-resolution records of fire occurrence within the local watershed through the analysis 

of macroscopic charcoal (Conedera et al., 2009). Vegetation histories are developed 

using micropaleontological techniques and the analysis of plant macroremains (Bennett 

and Willis, 2001; Birks, 2001; MacDonald, 2001). Examining fire and vegetation 

histories with independent records of paleoclimate and biomass burning trends is useful 

for determining the long-term controls of fire by assessing the coherence of the fire 

records.  

 

1.1.1 Research objectives 

Wildfires are one of the most important disturbances in boreal and mixed-conifer forests 

that influence landscape-scale dynamics of the ecosystem (Lindgren and Lewis, 1997). 

To examine the relative importance of the controls of fire throughout out the Holocene, 

this study aims to: 

 

1) Develop multiple robust Holocene-aged proxy-based records of vegetation and 

wildfire geohistories using paleoecological indicators preserved in lake sediment 

stratigraphies. 

 

2) Analyse multiple sites across environmental gradients to examine the relative 

importance and spatiotemporal variability of the environmental influences of wildfire 

occurrence by making use of new and published paleoclimatic and paleoecological 

records. 
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3) Advance the methods commonly used in the reconstruction of sediment-based forest 

fire geohistories through macroscopic charcoal analyses by developing and assessing the 

utility of detailed charcoal morphological analysis. Develop a morphological 

classification by observing the preserved sedimentary charcoal at the study sites and 

perform experimental biomass burning to begin to characterize charcoal fuel sources. 

 

1.2 Methodological approach 

 

1.2.1 Lake sediment archives 

The accumulation of undisturbed sediment sequences in depositional environments 

provides an opportunity to qualitatively and quantitatively study the ontogeny and 

variability of past geological and biological processes. Examining lacustrine sediments 

on Quaternary landscapes provides detailed information about past environmental 

conditions at an annual to millennial resolution. Lake sediment core sequences can be 

collected from a platform deployed on the lake and extracting the sediment through a 

series of drives using a coring device. By analysing the remains of flora preserved within 

the lake sediments, such as pollen, stomata, and charcoal, a detailed understanding of the 

vegetation-fire interactions can be assessed for a given watershed. Geochronologies can 

be established through many relative and absolute methods; for the studies here, 

tephrochonology and the radiometric methods of 
210

Pb and 
14

C dating are used to 

establish chronologies. 
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1.2.2 Age-depth modeling 

Precise chronological control is important to all paleoenvironmental research and for this 

dissertation a number of techniques were used to establish robust chronologies. 

Radiometric techniques were used to date some of the upper sediments and Holocene-

aged sediments. The recent sediments were dated using 
210

Pb (Appleby, 2001) at the 

Paleoecological Environmental Assessment and Research Laboratory (PEARL), Queen’s 

University, Kingston, Canada. Accelerator mass spectroscopy (AMS) radiocarbon dating 

was performed on small quantities of organic detritus found in the lake sediments at Beta 

Analytic Inc., Miami, Florida, USA. Multiple volcanoes in the Cascadian Volcanic Arc 

experienced highly explosive eruptions during the Holocene and provided a well-

established regional tephrochronology (Foit et al., 2004). Identification of the 

conspicuous felsic ashfall deposits in the lake sediment stratigraphies provides 

chronological constraints with a high degree of certainty. Advances in age modeling 

using Bayesian statistics develops realistic models because this approach makes full use 

of the uncertainty associated with calibrating radiocarbon ages (Reimer et al., 2009; 

Blaauw and Christen, 2011). The combination of these dating techniques allows robust 

age-depth models to be developed for high-resolution interpretations of the 

paleoenvironmental histories. 

 

1.2.3 Methods for reconstructing past vegetation 

Past vegetation assemblages can be inferred through the analysis of subfossil plant 

remains preserved in lake sediments, such as pollen (Fægri and Iversen, 1989; Bennett 

and Willis, 2001), stomata analysis (MacDonald, 2001), and macroremains such as 
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needles, seeds, and cones (Birks, 2001). The analysis of each proxy has particular 

strengths and weaknesses. Pollen is preserved in vast quantities in many depositional 

environments and is highly resistant to degradation, yet the fossil record is heavily biased 

toward anemophilous taxa and the complexity of wind transportation in mountainous 

environments can lead to pollen records that reflect regional vegetation assemblages 

rather than local watershed compositions (Solomon and Silkworth, 1986). Stomata and 

macroremains are deposited near the source plants and reflect vegetation composition of 

the immediate watershed and can be used to constrain palynostratigraphy and record 

initial and sustained local presence of taxa. The abundance of stomata varies and can be 

quite low compared to pollen abundances. Vegetation assemblages vary due to climatic, 

geomorphic, edaphic, and biotic influences, and knowledge of this variability is important 

to understand climate-fire-vegetation interactions at local and larger spatial scales. 

 

1.2.4 Methods for reconstructing past forest fire activity 

The role of fire in the evolution of an ecosystem on annual to millennial timescales can 

be investigated using fire proxies preserved in sedimentary stratigraphies (Whitlock and 

Larsen, 2001; Gavin et al, 2007; Conedera et al, 2009). Lake sediments provide high 

resolution millennial scale archives that are longer than observational and 

dendrochronological studies (Gavin et al., 2007; Whitlock et al., 2010). One indicator of 

historical fire events is the occurrence of charcoal in sediments, produced from the 

incomplete burning of biomass, which can be quantified and analysed to produce fire 

history records (Fig. 1.1). Macroscopic charcoal, generally >100 µm in diameter, is 

predominantly derived from local fires proximal to the lake (Clark, 1988; Gavin et al., 
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2003; Lynch et al, 2004; Peters and Higuera, 2007; Higuera et al., 2007); although, long-

distance transport of macroscopic charcoal has been observed during fires with intense 

convection (Pisaric, 2002; Tinner et al., 2006). Once macroscopic charcoal has been 

tallied, a decomposition of each quantitative charcoal record separates a varying 

background component and a peak component. Background charcoal reflects changes to 

the abundance of terrestrial biomass (Marlon et al., 2006), burning rates, and erosion, 

within the catchment (Higuera et al., 2007), and the peak component represents past fire 

episodes. The most common approach to decomposing millennial-scale fire records are 

facilitated by CharAnaysis software and related methods (Higuera, 2009; Higuera et al., 

2009; 2010; Kelly et al., 2011). This software establishes varying background charcoal 

accumulation rates and identifies peaks which represent fire episodes. The fire dates 

inferred from the lake sediment records can be calibrated to known fire dates from 

observational and dendrochronological studies to increase the certainty and robustness of 

the reconstruction (Higuera et al., 2005; 2011). By analysing multiple records, 

information about the variability of fire frequency and inferences about the relative 

importance of the spatial controls acting upon the fire regime can be better understood 

(Heyerdahl et al., 2001; 2007; Gavin et al., 2006; Hallett and Anderson, 2010; Courtney 

Mustaphi and Pisaric, 2013).  
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Figure 1.1: Sources of charcoal from region and watershed into a lake (Whitlock and 

Larsen, 2001). 

 

1.3 Thesis organisation 

 

The format of this thesis is as follows:  Chapter 1 has described the overall approach and 

methodological context for the use lake sediment stratigraphies to examine and interpret 

paleoecological changes during the late Quaternary. Chapter 2 investigates the spatial 

controls on fire regimes in the West Kootenays over the past 5000 years. Chapters 3 and 

4 further analyze the stratigraphy, vegetation, and fire regimes, at two sites over the full 

Holocene. Chapter 5 assembles some observational classifications of charcoal 

morphologies found in the lake sediments. Experimental burning of various biomass fuels 

adds to the interpretation of fuel sources for the charcoal morphologies. Chapter 6 

describes some ongoing studies related to this thesis work and Chapter 7 presents the 

conclusions.  
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2. Varying influence of climate and aspect as controls 

of montane forest fire regimes during the late 

Holocene, south-eastern British Columbia, Canada 
 

2.1 Abstract 

Top-down (climatic) controls of fire occurrence are expected to homogenize fire regimes 

in a given area over long (millennial) temporal scales. Previous investigations in south-

eastern British Columbia have shown that bottom-up (local site) factors can override 

long-term climate as a dominant control. Here, we examine the interactions between fire 

regime controls using five 5000-year-long lake sediment records. All lakes are located in 

separate watersheds within a 550-km
2
 region of Engelmann spruce–subalpine fir forest in 

the Columbia Mountains, British Columbia, Canada. Sedimentary macroscopic 

(> 150 µm) charcoal analysis was used to produce local fire history records. Fire events 

were identified by decomposing the charcoal concentration series using the program 

CHARANALYSIS. We analysed the temporal coherence of the reconstructed fire events and 

the distributions of the fire return intervals at all sites and pooled sites by their north-

facing or south-facing aspect. Since 5000 cal. yr BP, fire frequency was highest between 

4250 and 2750 cal. yr BP and lowest from 750 cal. yr BP to the present. Median fire return 

intervals were shorter on the warmer and drier south-facing slopes (135–190 years) and 

longer on the cooler and moister north-facing slopes (226–241 years). Significant 

synchrony existed between sites with similar aspect, but no synchrony was found at sites 

with opposing aspect, providing evidence for the importance of bottom-up controls. 

Smoothed fire frequencies suggested that the influence of aspect varied throughout the 

period and that the importance of aspect could be overridden by other controls. The 

asynchrony between sites with opposite aspects suggests that local conditions for fire are 

important spatial controls on the fire regime. Aspect is an important bottom-up control of 

fire regimes in mid-elevation forests and its influence varies through time. The variability 

of climate–fire–vegetation interactions in the region needs to be investigated to 

understand the importance of top-down and bottom-up controls. 

 

Key words: Aspect, British Columbia, charcoal, disturbance, fire regime, Kootenays, 

lake sediments, Holocene, synchrony, wildfire 
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2.2 Introduction 

Future fire projections suggest that a warming climate will increase the frequency and 

severity of fires in boreal Canada, and the area burned (Flannigan et al., 2009). Forest 

fires are an important ecological disturbance within the subalpine forests of southern 

British Columbia (Johnson, 1992). Fire regimes influence stand composition and age, and 

affect soil and slope processes at multiple spatial and temporal scales. Socio-

economically, wildfires threaten life and infrastructure, interrupt resource-based 

economic activities, and negatively affect air and water quality. Quantitative records of 

centennial-scale and millennial-scale fire regimes can be established through the analysis 

of lake sediment records (Whitlock & Larsen, 2001), and are crucial to our understanding 

of climate–fire–vegetation interactions and ecosystem responses to future climate 

variability and anthropogenic influences. There have been a number of studies analysing 

long-term fire regimes in south-eastern British Columbia (Gavin et al., 2006; 2007; 

Hallett & Hills, 2006), but, due to the complex topography, ecology and climate of this 

region, the conclusions of these studies suggest that more sites are required to understand 

regional variability across this region (Bowman et al., 2011; Daniau et al., 2012; Power 

et al., 2012). 

Climatic variability is a top-down control of wildfire occurrence through its 

influence on moisture and energy budgets at multiple temporal and spatial scales. Large 

fires in British Columbia are associated with persistent blocking ridges that reduce fuel 

moisture and occur more frequently during positive modal phases of the Pacific–North 

America circulation pattern (Johnson & Wowchuk, 1993). Although fires can occur 

during any given year, widespread fires are more probable after warm springs followed 
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by warm and dry summers, consistent with positive El Niño–Southern Oscillation and 

Pacific Decadal Oscillation phases (Heyerdahl et al., 2008; Trouet et al., 2010), and 

modulated at multidecadal scales by teleconnections over the Atlantic Ocean (Kitzberger 

et al., 2007). Bottom-up controls – including fuel type and topography – interact with 

meteorological conditions affecting fuel drying and the ignition, spread and extinction of 

fire (Lertzman & Fall, 1998; Macias Fauria et al., 2011). The relative importance of top-

down and bottom-up controls varies over multiple temporal and spatial scales (Heyerdahl 

et al., 2001; Gavin et al., 2003; Gedalof, 2011). There is, therefore, a need to develop 

long-term fire history records to fully capture the effects of past climate and vegetation 

variability and to accurately define the fire regime of an area (Whitlock et al., 2010). 

This study describes 5000-year fire histories reconstructed from macroscopic 

charcoal preserved in sediments from five lakes: three previously unpublished sites and 

two published (Gavin et al., 2006) from the Columbia Mountains (Fig. 2.1). We present a 

regional-scale (550 km
2
) data set of reconstructed fires that covers a large environmental 

gradient to evaluate the relative importance of fire-regime controls (Heyerdahl et al., 

2001). By analysing a number of sites within similar vegetation assemblages and across a 

gradient of elevation and aspect, the relative importance of interacting top-down and 

bottom-up controls of fire activity and their impacts on the landscapes can be examined. 

 

2.3 Materials and methods 

2.3.1 Study sites 

To provide the best historical charcoal records, small lakes with simple bathymetries, 

narrow littoral zones, and little to no inflow or outflow, were targeted for sampling (Fig. 
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2.1, Table 2.1; Whitlock and Millspaugh, 1996). NEL01 (all lake names are unofficial) is 

a small (0.86 ha) and relatively deep lake (Zmax = 9.0 m) located in a south-facing 

watershed in the Selkirk Mountains. NEL01 is situated in the Engelmann spruce–

subalpine fir (ESSF) biogeoclimatic zone (BCVRI, British Columbia Vegetation 

Resources Inventory) and has a small ephemeral stream flowing out of it. The 

surrounding forests are dominated by Engelmann spruce (Picea engelmannii Parry ex 

Engelm.), subalpine fir [Abies lasiocarpa (Hook.) Nutt.], and lesser amounts of western 

hemlock [Tsuga heterophylla (Raf.) Sarg.], western red-cedar (Thuja plicata Donn ex 

D. Don), lodgepole pine (Pinus contorta var. latifolia Engelm. ex S. Watson), and 

western larch (Larix occidentalis Nutt.). Sasquatch Lake (NEL02) is small (2 ha) and 

moderately deep (Zmax = 4.6 m), and is located in a narrow valley surrounded by interior 

cedar–hemlock (ICH) forests composed of western red-cedar and western hemlock. The 

slopes above the lake are dominated by ESSF forests. The lake is situated in a T-shaped 

valley junction, with surrounding mountain slopes facing many directions. NEL03 is a 

small (0.35 ha), shallow (Zmax = 2.4 m), subalpine lake, with a small inflow and outflow, 

located at the head of a north-north-east trending valley. The lake is within ESSF forest, 

dominated by subalpine fir, subalpine larch (Larix lyallii Parl.), Engelmann spruce, and 

occasional whitebark pine (Pinus albicaulis Engelm.). Rockslide and Cooley Lakes are 

south-facing and north-facing, respectively, and are surrounded by ESSF forests 

dominated by subalpine fir and Engelmann spruce, with some western hemlock, western 

red-cedar, western white pine (Pinus monticola Douglas ex D. Don), Douglas-fir 

[Pseudotsuga menziesii (Mirb.) Franco], and western larch near Cooley Lake (Fig. 2.1; 

Gavin et al., 2006). 



26 
 

Recent disturbance patterns suggest a stand-replacing disturbance interval of 150–

350 years for ESSF and ICH forests (Pollack et al., 1997; Wong et al., 2004; Gavin et al., 

2006). Modern forests had become established in the Columbia Mountains by 4500–4000 

cal. yr BP (Hebda, 1995) and regional expansion of T. plicata and T. heterophylla indicate 

that mid-elevation sites may have become more mesic during this period (Gavin et al., 

2006). The relative stability of the dominant vegetation assemblages in the region allows 

us to investigate top-down versus bottom-up controls of fire occurrence. 

 

2.3.2 Methods 

During the summers of 2009 and 2010, lake sediment cores were collected from the 

central basins of NEL01, NEL02 and NEL03. In order to collect intact sediment–water 

interfaces, the uppermost sediments were collected using a large-diameter Glew gravity 

corer deployed from a boat. Sediment cores were extruded using a vertical extruder 

(Glew et al., 2001) at contiguous 0.25-cm intervals from 0 to 15 cm depth, and at 0.5-cm 

intervals to the base. Deeper sediments were collected in 1-m drives using a 5-cm 

diameter Livingstone piston corer (Wright et al., 1984). Piston cores were extruded, 

wrapped in plastic and aluminium foil, and then shipped and stored at c. 4 °C. Coring 

ceased at NEL01 at 323.5 cm below the water-sediment interface, at NEL02 at 531.5 cm, 

and at 351.5 cm at NEL03. 

Sediment ages were established using radiometric methods and an established 

regional tephrochronology (Foit et al., 2004). The upper sediments of NEL01 were 
210

Pb-

dated at the Paleoecological Environmental Assessment and Research Laboratory, 

Queen’s University, Kingston, ON, Canada, and accelerator mass spectrometry (AMS) 
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radiocarbon dating was performed at Beta Analytic, Miami, FL, USA. Two felsic ashfall 

deposits were conspicuous in NEL01 and NEL03, the younger being the Mount Saint 

Helens Wn tephra (Mullineaux, 1996), dated to 468–469 cal. yr BP (Yamaguchi, 1983, 

1985), which was identified at a similar sediment depth at Cooley and Rockslide Lakes 

(Foit et al., 2004). The deeper and thicker tephra was interpreted as the Mazama O tephra 

(Bacon, 1983) dated to 7627 ± 150 cal. yr BP (Zdanowicz et al., 1999). NEL03 contained 

a redeposited layer of Mazama O tephra, which had also been observed in the Rockslide 

Lake record (Gavin et al., 2006). The thick tephra deposits were treated as near-

instantaneous events, and the layers were removed from the age–depth series to create an 

adjusted age–depth series. Radiocarbon dates were calibrated using IntCal09 (Reimer et 

al., 2009). Age–depth models were produced using the weighted averages of the age 

probability densities (Telford et al., 2004) and modelled with cubic spline functions, 

weighted by the inverse of the average 2σ radiocarbon error range. In the case of NEL02, 

a more flexible spline was needed to preserve a monotonic age–depth relationship caused 

by a rapid sedimentation event within the uppermost sediments, probably initiated by a 

proximal landslide near the lake. 

Contiguous 1-cm
3
 subsamples of homogeneous sediment were removed and 

soaked in a metaphosphate solution (Bamber, 1982) for at least 24 h and then wet-sieved 

through a 150-µm mesh. The remaining material was transferred to a Petri dish and the 

number of macroscopic charcoal pieces was tallied (Whitlock & Larsen, 2001) under a 

Nikon SMZ800 stereoscope (6–40× magnification). Sediment macroscopic charcoal 

concentrations (pieces cm
−3

) were converted to charcoal accumulation rates (CHAR; 

pieces cm
−2

 yr
−1

) and analysed using the program CHARANALYSIS (Higuera et al., 2009). 
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To balance variable sedimentation rates among all sites, raw charcoal concentrations 

were resampled at 12-year intervals to create an interpolated CHAR series for peak 

analysis, as this interval was very near the median sampling interval at each site. The 

varying background CHAR was estimated using a LOWESS smoother (Cleveland, 1979) 

that is robust to outliers, over a 500-year window that adequately captured centennial-

scale variability and would not be strongly biased by high-magnitude peaks (Gavin et al., 

2006). CHAR peaks, locally defined within 500-year windows, were obtained by 

subtracting the background CHAR component from the interpolated CHAR series and 

identified through a noise cut-off probability at the 99th percentile, established by a 

Gaussian mixture model (Higuera et al., 2010). Minimum  charcoal concentrations within 

a 75-year period prior to a peak with a probability < 5% of coming from the same 

Poisson distribution as the associated peak were retained as significant peaks (Higuera, 

2009; Higuera et al., 2010). The identified CHAR peaks represented fire episodes of one 

or more large fires that occurred in the lake catchment within a 12-year period. The tally 

of fire events within the window sizes of 1000, 500 and 200 years were smoothed by a 

tricube weighting over the given window size, to create smoothed fire frequencies using 

the program K1D (Long et al., 1998; Gavin et al., 2006; Higuera, 2009; Hallett & 

Anderson, 2010). 

Synchrony in the timing of fire episodes between each lake site was calculated 

using a bivariate Ripley’s K function in K1D (Ripley, 1977; Gavin et al., 2006). 

Reconstructed fire-episode years for each lake were compared to one another by 

calculating an L-function, LAB(t), where the K-function gives the number of events in 

record B occurring within a time window (t) of each event in record A, and was then 
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converted to an L-function for visualisation by stabilising the mean and variance over t. 

The 95% confidence interval envelopes were estimated by 1000 iterations of circularly 

randomizing one record (Gavin et al., 2006). Fire return interval distributions from each 

of the five sites were fitted with Weibull models using maximum-likelihood techniques. 

All Weibull-estimated distributions passed a one-sample Kolmogorov–Smirnov (KS) 

goodness-of-fit test at P > 0.10 (NEL01, NEL02, NEL03 and Cooley Lake) or P > 0.05 

(Rockslide Lake). Weibull median fire return intervals were derived (mFRI; Grissino-

Mayer, 1999) with 95% confidence intervals, estimated from 1000 bootstrapped samples. 

Fire return intervals (FRIs) were also pooled into a group with sites with south-facing 

(NEL01, NEL02 and Rockslide Lake) or north-facing aspect (NEL03 and Cooley Lake). 

Both two-sample Kolmogorov–Smirnov (KS) tests and likelihood-ratio tests (LRT; 

Higuera et al., 2009) were used to examine whether the null hypotheses were true, that 

each site pairing of FRIs, sites versus the pooled series, and between the north and south 

pooled series, came from the same underlying distributions. 

 

2.4 Results 

2.4.1 Chronologies 

Dating results and age–depth models are presented in Table 2.2 & Fig. 2.2 and Appendix 

S1 in Supporting Information. One AMS radiocarbon date from NEL01 was rejected 

because it appeared to be redeposited, degraded wood fragments (Fig. 2.2, Table 2.2). 

Visual inspection of the cores from NEL02 revealed no conspicuous signs of 

disturbances, but the age–depth model and location of the site at the bottom of a narrow 

valley suggested a more variable sedimentation rate than the other sites (Figs 2.1 & 2.2). 
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The dating appeared to be robust, even without tephra marker beds, as the pollen profile 

indicated that Tsuga heterophylla arrived by c. 4500 cal. yr BP, consistent with regional 

interpretations (Rosenberg et al., 2003; Gavin et al., 2006). 

 

2.4.2 Sedimentary charcoal 

Charcoal concentration was greatest at NEL02 (median, 34.0; range, 0–252 pieces cm
−3

), 

slightly lower at NEL03 (median, 32.5; range, 1–369 pieces cm
−3

), and lowest at NEL01 

(median, 23.0; range, 0–220 pieces cm
−3

; Table 2.3). NEL02 also had the highest 

charcoal accumulation rate (CHAR; median, 1.7; range, 0–23 pieces cm
−2

 yr
−1

), followed 

by NEL03 (median, 1.1; range, 0–11 pieces cm
−2

 yr
−1

), and NEL01 (median, 1.0; range, 

0–8 pieces cm
−2

 yr
−1

). When all five sites were considered, Cooley Lake had the highest 

CHAR values (median, 4.0 pieces cm
−2

 yr
−1

) and Rockslide Lake had the lowest (median, 

0.6 pieces cm
−2

 yr
−1

). 

 

2.4.3 Fire histories 

The reconstructed fire histories represented an area fire return interval, as the fire signal 

was that of all or part of each catchment. Each CHAR record showed distinct peaks 

above a variable background rate (Fig. 2.3, Table 2.3) and high signal-to-noise index 

values (SNI; Kelly et al., 2011). All global SNI values were above three (Table 2.3), 

although NEL02 had several short periods of low local SNI values that should be 

interpreted cautiously (SNI < 3; Fig. 2.3). 

Rockslide Lake recorded the most fire events (n = 35; Table 2.3) and Cooley Lake 

recorded the fewest (n = 21). These values differed slightly from those reported by Gavin 
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et al. (2006), because those authors resampled at 10-year intervals and used a global 

threshold value to identify peaks. Specifically, 33 and 23 fires were originally detected at 

Rockslide and Cooley Lakes, respectively. Known fire dates, established through fire-

scar studies in stands near or at lower elevations than the lake catchments, were presented 

with the most recent reconstructed fire episodes of NEL01 and NEL03, being well 

represented within ± 4 years of dendrochronological fire scar dates (Fig. 2.3; Nesbitt, 

2010). Additional known large fire dates, established through gridded fire scar sampling 

near NEL03, showed good agreement ± 6 years of a reconstructed fire date (Greene, 

2011). Canopy trees near NEL02 established discontinuously within the past c. 120–370 

years to form an uneven-aged canopy with a single undated fire-scarred snag, and the 

stand was interpreted as experiencing low-to-moderate severity fires. The best calibration 

between known fires and inferred fires from the sedimentary record was from a site 

c. 5 km down-valley that burned 10 years prior to the most recent inferred fire date at 

NEL02 (Nesbitt, 2010). These known fire dates provided evidence of mixed-severity and 

high-severity fires occurring near the lake sites and agree with inferred fire dates from the 

lake sediments. 

A weak negative correlation between site elevation and number of fires was not 

significant (r = −0.34, P = 0.58), but sites with a south-facing aspect (NEL01, NEL02 

and Rockslide Lake) burned more often (27–35 fires) than north-facing sites (21 and 22 

fires at Cooley Lake and NEL03, respectively). Consequently, the median fire return 

intervals (mFRI) were significantly shorter at south-facing sites (135–190 years) than at 

north-facing sites (226–241 years; Fig. 2.3, Table 2.3). Fire return interval distributions at 

all sites passed a one-sample KS goodness-of-fit test (P > 0.10; Higuera, 2009), so 
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Weibull models were applied. KS and LR tests on all pairwise comparisons of sites 

suggested that sites with shared aspect tended to have similar fire return interval 

distributions over the past 5000 years, and that sites with differing aspects had different 

distributions. For example, the south-facing sites NEL01 and NEL02 shared a similar fire 

return interval distribution, that can be seen quantitatively by the Weibull distribution 

estimate (Fig. 2.3) and by KS test results (P = 0.99). Rockslide Lake was also south-

facing and NEL01 and Rockslide Lake had similar distributions (P = 0.57), as did NEL02 

and Rockslide Lake (P = 0.58). NEL03 and Cooley Lake were on north-facing aspects 

and had similar fire return interval distributions (P = 0.99). Pairwise combinations of 

sites with different aspects had significantly different distributions (P = 0.003 to 0.17), 

although NEL03 showed no difference from NEL01 or NEL02 (P = 0.40 and 0.47). 

Likelihood-ratio test (LRT) results were similar, but generally weaker. For example, the 

results suggested that the only significantly different (α = 0.05) distribution was between 

Rockslide Lake and NEL03 and Cooley Lake (P < 0.009; 10,000 iterations). 

Overall, there was a tendency for sites with a common aspect to have exhibited 

synchronous fire activity, and sites with opposed aspect to be asynchronous. The results 

of the bivariate Ripley’s K function analyses (Fig. 2.4) indicated that south-facing sites 

showed significant synchrony at multi-centennial to millennial time-scales. Records from 

different aspects suggested independence and some asynchrony over similar time 

windows (e.g. NEL01 versus NEL03, compared to NEL02 versus NEL03; Fig. 2.4). 

Owing to the resampling of the original fire records of Rockslide and Cooley Lakes at 

12-year intervals, the results of independence between these sites (Gavin et al., 2006) 

were not reproduced here, and instead significant asynchronous patterns were identified. 



33 
 

This is likely to be due to the resampling, but maintained the assumption that each fire 

episode contained one or more fires and allowed comparisons between all sites. 

FRIs were pooled (Higuera et al., 2009) into two populations: one group with 

south-facing sites (NEL01, NEL02 and Rockslide Lake), and another with north-facing 

sites (NEL03 and Cooley Lake). Based on LRT results (Higuera et al., 2009), we rejected 

the null hypothesis that the Weibull-modelled distributions of the pooled north-facing and 

south-facing composite sites came from the same distribution (P < 0.01; KS test results 

were similar). Comparison of the Weibull-modelled FRIs from the north-facing sites – 

NEL03 and Cooley Lake – with the south-facing composite suggested that each came 

from a different distribution (P < 0.10 and P < 0.05, respectively). Comparison of the 

north-facing composite with each south-facing site – NEL01, NEL02 and Rockslide Lake 

– suggested that each came from a different distribution (P < 0.10 for the comparisons of 

NEL01 and NEL02 with the composite, and P < 0.001 for Rockslide Lake). These results 

were robust whether NEL02 was included or excluded from the pooled south-facing 

composite. A comparison of these composite series using a bivariate Ripley’s K function 

suggested that the fire activity between north and south slopes exhibited independence, 

with significant asynchrony centred at 900-year scales (t = 450; Fig. 2.5 inset). If NEL02 

was excluded from the south aspect group, which limited the comparison to mid-to-high 

elevation ESSF sites in watersheds with opposing aspect, there were 15 significant 

asynchronous windows (580–1580 years; Fig. 2.5). 

Smoothed fire frequencies showed strong qualitative agreement at each site within 

the south-facing and north-facing groups (Fig. 2.6) and the south-facing sites tended to 

have a higher number of fires overall per 1000 years. NEL02 deviated slightly from other 
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south-facing sites at 2250 and 3150 cal. yr BP. Overall, the highest fire frequencies 

occurred between 2750 and 4250 cal. yr BP, and the lowest occurred during the past c. 

750 years. Throughout the entire record, fire frequency at sites with southern aspects 

decreased while its frequency at sites with northern aspects slightly increased. The degree 

of coherence between the smoothed fire frequencies at centennial-scale windows between 

each pooled group varied throughout the late Holocene (Fig. 2.6d). From 5000 to 4250 

cal. yr BP, and again from 1500 to 700 cal. yr BP, fire frequencies on north-facing and 

south-facing aspects had an inverse relationship, but during the periods of 4250–1500 cal. 

yr BP and 700 cal yr. BP – present, both pooled groups covaried. Removal of NEL02 from 

the south-facing composite did very little to affect the variability over all window lengths. 

These results were unaffected, even if fire dates during the 20th century (AD 1900 to 

present) were omitted from the analysis, as these fires may have reflected intensification 

of anthropogenic activity in the region (Agee, 1993; Pearkes, 2002; Bowman et al., 

2011). 

 

2.5 Discussion 

2.5.1 Influence of aspect on the fire regime 

Since 5000 cal. yr BP, the lake sediment records from montane ESSF and ICH forests in 

the Columbia Mountains of British Columbia suggest that fires were most frequent at 

south-facing sites (Table 2.3, Fig. 2.3). This indicates the importance of aspect in 

mountainous regions as a bottom-up control of fire by influencing the radiation and 

thermal and moisture conditions of the fuels. Climate and weather conditions interacted 

with aspect and affected the thermal and moisture budget, directly influenced vegetation 
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and fuel conditions, and synchronized fire occurrence across some watersheds 

(Heyerdahl et al., 2001; Gavin et al., 2003). Centennial-scale and millennial-scale fire 

occurrence was synchronous among sites with similar aspect. Much of the independence 

of fire activity at most time windows may be explained by the relative importance of 

local site factors, such as vegetation type, fuel connectivity and topography. 

Fire occurrence between the composite series of north-facing sites and of south-

facing sites was asynchronous at time-scales of 580–1480 years (Fig. 2.5), which 

suggests that aspect was an important influence of fire activity. The tendency towards 

asynchronous fires was probably due to aspect-driven variation in fuel moisture 

conditions – where conditions for fire have been much more frequent on south-aspect 

watersheds – and the major fire barrier (the Kootenay River system) impeding the spread 

of fire to the adjacent slopes. Conditions for large fires on north-facing watersheds were 

met in extreme dry years when fires may preferentially burn through dense forests and 

not past the major fire barrier, but tend to burn up-slope, away from the south-facing 

slopes in the region. 

Based on dendrochronological records of fire scars and stand ages, at low to mid-

elevations within the same study area, mixed- and high-severity fire regime sites had 

similar times since last fire, regardless of aspect. North-facing sites (n = 6) had not 

burned in 104–159 years and south-facing sites (n = 3) had experienced 116–146 years 

since the last fire (Nesbitt, 2010). The dendrochronological analysis of fire history at 

nearby sites suggested lower FRIs than those reconstructed from the sedimentary 

charcoal records. This discrepancy is probably because low- to mid-elevation forests in 

this region are dominated by low-to-moderate severity fire regimes (Nesbitt, 2010). It is 
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more difficult to analyse low-to-moderate severity fire regimes using sedimentary 

charcoal records, because these records are more effective at capturing signals from high-

severity fires, which produce greater amounts of charcoal. Additionally, the different 

time-scales analysed by the tree-ring study (c. 300 years) versus the lake sediment 

charcoal analysis (5000 years) may also contribute to the different reconstructed FRIs 

(Whitlock et al., 2010), and the spatial resolution also differs. Thus, the charcoal records 

were reconstructing a maximum FRI, and small-area fire events within the catchment or 

low-intensity fires may not be captured in the sediment record. Also, the more mesic 

conditions that normally typify higher subalpine environments, especially around a lake 

(Jungen, 1980), may inhibit low-severity and high-frequency fires but be overridden by 

high-severity, low-frequency fires during extreme dry years, contributing to longer fire 

return intervals at higher elevation sites. 

Despite the lack of importance of aspect at lower elevations in our study area 

(Nesbitt, 2010), the spatial variation of fire frequency with aspect is a common feature in 

western North America (Taylor & Skinner, 1998, 2003). In the drier montane spruce 

forests of the East Kootenays, aspect was shown to be an important control on fire 

frequency, where south-facing sites burned more frequently, although there was a strong 

vegetation difference among sites with xerophilic ponderosa pine and Engelmann spruce 

dominance on south-facing and north-facing slopes, respectively (Da Silva, 2009). In the 

Stein Valley of the interior of southern British Columbia, aspect was an important control 

of fire frequency at low-elevation forests with overstoreys dominated by ponderosa pine 

or Douglas-fir (Heyerdahl et al., 2007). Vegetation type also varied with aspect in the 

Stein Valley, with fuels on southern aspects being more conducive to the spread of fire. 
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In the Blue Mountains of Washington and Oregon, dendroecological evidence over the 

past c. 400 years shows that fire frequency varied with aspect at mid-elevation sites that 

are codominated by Abies and Pseudotsuga, where a significant barrier to fire spread 

existed between each topographic facet. Aspect was not significantly correlated with fire 

frequencies on gentle landscapes or where topographic facets interdigitated and allowed 

fires to spread (Heyerdahl et al., 2001). 

 

2.5.2 Millennial-scale variability of fire frequency 

Through the late Holocene, decreasing insolation could have influenced fire frequencies 

at millennial time-scales. At south-facing sites, fire frequency has tended to decrease 

since 4500 cal. yr BP (Fig. 2.6b), attributed to decreased summer insolation during the 

late Holocene (Berger & Loutre, 1991). Decreased solar radiation directly affected fuel 

conditions, affected the moisture budget following snow-melt, shortened the fire season, 

and reduced the probability of extremely dry conditions (Hayes, 1942) relative to the 

early Holocene. Slope, aspect, latitude and orbital geometry interacted to determine the 

amount of radiation a given watershed received and influenced the moisture balance. The 

influence of these bottom-up factors seemed to be more important during the period 

earlier period (2500–5000 cal. yr BP) because the synchrony was higher than during the 

latter period (Fig. 2.5c, 2.6b). 

Changing vegetation may also affect fire frequencies at millennial time-scales. 

Engelmann spruce and subalpine fir dominated the watersheds, but some variation 

existed as there was some young lodgepole pine and older red-cedar and hemlock at 

NEL01, a large portion of uneven-aged subalpine larch at NEL03 with understorey 
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shrubs, and minor amounts of other conifers near Cooley Lake (Gavin et al., 2006). 

NEL02 was proximally dominated by red-cedar and western hemlock, but the immediate 

up-slope forest was dominated by dense Engelmann spruce and subalpine fir. Regardless 

of these slight variations in vegetation assemblages, the influence of aspect persisted. 

A transition at 2500 cal. yr BP, evident at centennial to millennial scales, showed 

decreased fire frequency at south-facing sites and a slight increase at north-facing sites. 

The cause of this divergent pattern is unclear, but it may have been influenced by local 

site factors and minor changes to regional climate (Fig. 2.6b–d). For example, the 

expansion of Tsuga heterophylla, attributed to increased precipitation during the late 

Holocene (Rosenberg et al., 2003), may have affected the vegetation and/or fuel 

conditions of north-facing and south-facing aspects differently, leading to increased large 

fires on south-facing sites and little change to north-facing sites. This unexpected result 

deserves further research. 

 

2.5.3 Centennial-scale variability of fire frequency 

The relative importance of decadal- to centennial-scale climate variability on fire activity 

may have increased during the latter half of the record (Gavin et al., 2006) and increased 

the asynchrony between the records from different aspects (Fig. 2.5c). Chironomid-

inferred temperature reconstructions from south-eastern British Columbia broadly 

indicated climate cooling and reduced millennial-scale variability during the late 

Holocene (Rosenberg et al., 2004; Chase et al., 2008). Glacial advances also indicated 

climate cooling in the Rocky Mountain region since c. 3300 cal. yr BP (Osborn & 

Karlstrom, 1988; Luckman et al., 1993) and more recently during the Little Ice Age 
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(LIA; c. 750 cal. yr BP to c. 1850 CE; Luckman, 2000). During the Medieval Climate 

Anomaly (MCA; 1000–750 cal. yr BP), summer temperatures were warmer and winter 

precipitation was higher in the Pacific Northwest (Steinman et al., 2012), and fire 

frequencies were moderately high at most sites (Fig. 2.6b,d), although they continued to 

decrease at long-term scales at south-facing sites (Fig. 2.6b,c). Generally, warmer 

conditions would have led to rapid melting of snowpacks and more severe drying 

throughout the summer, promoting conditions for fire, especially on south-facing slopes 

(Fig. 2.5d). During the LIA, summer temperatures and levels of winter precipitation were 

lower, and the composite fire frequency at all sites was very low, with only Cooley Lake 

having frequent fires at this time (Fig. 2.6a,d). 

 

2.6 Conclusions 

Over the past 5000 years, fire regimes in the Columbia Mountain forests of south-eastern 

British Columbia have been influenced by bottom-up controls such as aspect. Multiple 

fire histories at sites situated in different watersheds with similar aspect had a tendency to 

be more coherent across centennial and millennial time-scales. This analysis has 

identified higher fire frequencies on south-facing sites during the late Holocene and a 

tendency towards synchronous fires between sites that shared similar aspect. Comparison 

of pooled sites based on aspect showed an asynchronous relationship. Complex 

interactions between top-down climate and bottom-up controls have caused the relative 

importance of these controls to vary, and additional fire records from nearby watersheds 

may be needed to fully analyse their relative importance in this area. Future work should 

investigate the relative importance of top-down and bottom-up controls through time 
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using longer records, covering major climate and vegetation variations, with an emphasis 

on explaining the processes and mechanisms by which these controls interact at various 

temporal and spatial scales. To improve our understanding of the spatial variation of long 

term historical fire regimes and the controls that drive them, additional long-term fire 

records from across the landscape are needed (Heyerdahl et al., 2001). This information 

would be widely important to defining baseline ecological conditions and discerning 

natural and anthropogenic changes to these forested landscapes. As urban centres in the 

interior of British Columbia continue to expand into the wildland–urban interface, the 

need to understand long-term variability of fire regimes and how fire responds to 

vegetation, land use and climate change at various temporal and spatial scales will 

become increasingly important. 
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Table 2.1: Characteristics of the 5 study lakes in south-eastern British Columbia. 

 

  NEL01 Rockslide Lake NEL02 NEL03 Cooley Lake 

Coordinates 49° 32.5′ N, 
117° 28.0′ W 

49° 33.0′ N, 
117° 31.3′ W 

49° 41.5′ N, 
117° 18.4′ W 

49° 29.8′ N, 
116° 54.2′ W 

49° 29.5′ N, 
117° 38.7′ W 

Elevation (m a.s.l.) 1520 1539 1054 2074 1515 
Aspect S 

200° 
S 

180° 
NW–SE valley * 

330–150° 
NNE 
30° 

N 
25° 

Surface area (ha) 0.86 3.2 2 0.35 4.5 
Max. depth (m) 9.0 14.1 4.6 2.4 11.0 
Inflows ephemeral ephemeral 0 ephemeral ephemeral 
Outflows 1 1 0 1 1 
Catchment (ha) 62 107 120 36 86 
Forest type** ESSF ESSF ICH ESSF ESSF 

 

* Nearby slopes are oriented in multiple directions. 

** ESSF, Engelmann spruce–subalpine fir; ICH, interior cedar–hemlock. 
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Table 2.2: Uncalibrated radiocarbon ages, 2σ calibrated ages (IntCal09), and tephrochronology used to develop age–depth 

relationships for 3 lake sediment stratigraphies collected in south-eastern British Columbia. Note that adjusted depths have been 

created by removing the tephra layer from the model. 

 

Study site 
Stratigraphic 
depth (cm) Adjusted depth (cm) 

Uncalibrated age 
(
14

C yr BP) 

13
C:

12
C ratio 

(‰) 
Calibrated age 

(cal. yr BP) Material 
Reference or 
lab number 

NEL01 24.5–25.5 24.75   468–469 Tephra MSH Wn
a
 

74.5–75* 74.75 2910 ± 40 −24.1 2946–3209 Wood Beta-275054* 

136.5–137 136.75 2990 ± 30 −26.9 3075–3320 Plant material Beta-314480 

278.5–284.5 278.5   7627 ± 150 Tephra Mazama O
b
 

NEL02 99.5–100 99.75 190 ± 30 −23.3 0–302 Wood Beta-301978 

174.5–175 174.75 2020 ± 30 −26.3 1892–2055 Wood Beta-301979 

290.9–292.5 291.70 4420 ± 30 −24.8 4870–5266 Wood Beta-314481 

529–531.5 530.25 6690 ± 40 −26.4 7479–7621 Wood Beta-314482 

NEL03 27.5–28.5 27.5   468–469 Tephra MSH Wn
a
 

90.5–94.5 90.5 2230 ± 30 −26.0 2153–2335 Wood Beta-301980 

217.5–218 217.5 5690 ± 40 −23.7 6399–6630 Wood Beta-301981 

245–251.5     Ash redeposit  

266.5–293.5 260.5   7477–7777 Tephra Mazama O
b
 

317–317.5 284.5 7920 ± 40 −24.9 8606–8977 Plant material Beta-301982 

349.5–350 317 8600 ± 50 −24.4 9495–9678 Wood Beta-301983 
 

a
Yamaguchi (1983, 1985); 

b
Zdanowicz et al. (1999); *date removed from age–depth model. 
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Table 2.3: Summary of sampling, charcoal concentration, charcoal accumulation rate (CHAR), signal-to-noise indices (SNI; Kelly et 

al., 2011), CHAR peaks, and raw and Weibull median fire return intervals (FRIs) for each site in south-eastern British Columbia. Note 

the slight variations in the temporal range of each record. 

 

Site  NEL01 Rockslide Lake NEL02 NEL03 Cooley Lake 

Data sampling Record range (cal. yr BP) −59 – 5002 −57 – 4977 −59 – 5005 −59 – 5005 −50 – 5009 

Median interval (years) 14 12 6 15 12 

n 431 395 625 370 436 

Charcoal concentration 
(pieces cm

−3
) 

Mean 32.13 22.62 38.89 43.13 103.63 

Median 23.0 12.0 34.0 32.5 59.1 

Standard deviation 30.9 30.7 32.5 42.2 173.2 

Range 0–220 0–226.5 0–252 1–369 5.4–1836 
CHAR (pieces cm

−2
 yr

−1
) Mean 1.29 0.89 2.39 1.47 6.56 

Median 0.95 0.59 1.69 1.13 3.99 

Standard deviation 1.23 0.98 2.36 1.28 9.91 

Range 0–7.8 0–6.7 0–23.2 0–11.5 0–89.3 

SNI Range 1.6–24.2 2.0–7.8 1.2–6.5 2.0–9.8 4.3–9.1 

Global SNI 6.0 7.8 3.4 6.1 9.1 

CHAR peaks (no.) −59 – 5000 yr BP 27 35 27 22 21 

−59 – 2500 yr BP 10 12 14 12 12 

2500–5000 yr BP 17 23 13 10 9 

mFRIs (years) −59 – 5000 yr BP 150 114 150 204 216 

−59 – 2500 yr BP 192 156 156 144 192 

2500–5000 yr BP 144 96 144 228 228 

Weibull mFRIs (years) −59 – 5000 yr BP 190 135 180 226 241 

−59 – 2500 yr BP 275 169 184 217 215 

2500–5000 yr BP 152 110 185 231 282 
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Figure 2.1: (a) Location of the study region in south-eastern British Columbia, Canada; (b) 

regional topography (1:50,000 digital elevation model) with study site locations (circles) and 

previously published lake sites (squares; Gavin et al., 2006); and (c) morphometry, bathymetry 

(2-m isobaths) and coring location (black circles) of each lake site, drawn to scale. Lake 

bathymetries were estimated by conducting 4–49 line depth soundings. 
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Figure 2.2: Age–depth models of 3 lake sediment stratigraphies collected in south-eastern British Columbia, 

Canada, using 
210

Pb constant rate of supply (CRS) modelled dates, accelerator mass spectrometry (AMS) 

radiocarbon (black circles) and tephrochronological dates (labelled open circles).(a) NEL01, modelled using a cubic 

smoothing spline function, λ = 1 (inset shows 
210

Pb dating), one AMS date was rejected (grey circle); (b) NEL02, 

spline function with λ = 55; and (c) NEL03, spline function with λ = 1. Horizontal error bars show Mazama O 

(Zdanowicz et al., 1999) and 2σ radiocarbon age ranges. Note that NEL01 and NEL03 are presented by depth 

adjusted for the thick instantaneously deposited tephra layers. 
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Figure 2.3: Charcoal accumulation rates (CHAR; black line) established using CHARANALYSIS 

from the sediments collected at south-facing sites (a–c, black labels) and north-facing sites (d–e, 

grey labels) in the Columbia Mountains, south-eastern British Columbia, Canada. Background 

CHAR (grey line) shows the varying background component of the decomposed CHAR data 
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used to establish peaks in the CHAR record (‘+’ symbols), which represent fire events of one or 

more fires occurring within the lake catchment during a 12-year period. Light grey ‘+’ symbols 

(Nesbitt, 2010) and dark grey ‘+’ symbols (Greene, 2011) are known fire dates within 1–13 km 

of the lake sites, established by dendroecological methods. The known fire date for Cooley Lake 

was established by Gavin et al. (2006). Grey boxes below the ‘+’ symbols indicate portions of 

the time series that fall below a signal-to-noise index threshold value of 3 (Kelly et al., 2011). 

Note that sites NEL02 and Cooley Lake (c,e) are truncated for presentation. (f) Fire return 

interval (FRI) distributions (grey bars) for each study site with fitted Weibull median fire return 

intervals (mFRI) and 95% confidence intervals (in parentheses). Weibull b and c parameters are 

shown with 95% confidence intervals. n is the number of FRIs in each record from 5000 cal. yr 

BP to present and n + 1 is the number of inferred fire episodes. The counts of the FRIs are shown 

by the y-axes on the right-hand side. 
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Figure 2.4: Matrix of bivariate L-function analyses between fire histories at each lake site, −59 

to 5000 cal. yr BP. South-facing sites are labelled in black and north-facing sites are labelled in 

grey. The L-function (LAB(t)) has been plotted at 10-year time intervals. Where the K-function 

gives the number of events in record B occurring within a time window (t) of each event in 

record A, and was then converted to an L-function for visualisation by stabilising the mean and 

variance over t. The 95% confidence interval envelopes were estimated by 1000 iterations of 

circularly randomizing one record (Gavin et al., 2006). 
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Figure 2.5: (a) L-function results, at 10-year time intervals, of a comparison of the north-facing and 

south-facing aspect composite series, with NEL02 excluded from the south-facing aspect group, with the 

six most significant time window lengths labelled. The inset shows significant asynchrony at the lower 

LAB(t) 95% confidence interval (grey lines) at window lengths of ± 450 years if NEL02 is included. 

Where the K-function gives the number of events in record B occurring within a time window (t) of each 

event in record A, and was then converted to an L-function for visualisation by stabilising the mean and 

variance over t. The 95% confidence interval envelopes were estimated by 1000 iterations of circularly 

randomizing one record (Gavin et al., 2006). The composites including NEL02 were also split into (b) 

−59 – 2500 cal. yr BP and (c) 2500–5000 cal. yr BP. 
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Figure 2.6: (a) Inferred fire dates and composite series of south-facing (NEL01, NEL02, and 

Rockslide Lake), north-facing (NEL03 and Cooley Lake) and all fire episodes. (b) The y-axis on 

the right shows fire episode frequency per 1000 years at each lake site – NEL01 (black line), 

NEL02 (grey line), NEL03 (cyan line), Cooley Lake (magenta line), and Rockslide Lake (green 

line) – calculated as the number of events with a 1000-year moving window and smoothed with a 

LOWESS filter. The y-axis on the left shows fire frequencies for the composite series of all sites 

(black line), south-facing sites (red line), and north-facing sites (blue line), rescaled between 0 to 

1 by dividing each site record by its maximum value and averaging the sites to ensure that each 

site contributed equally to the variability (Gavin et al., 2006; Hallett & Anderson, 2010). We 

also present similar data using (c) a 500-year window, and (d) a 200-year window, to compare 

millennial- and centennial-scale variability. Fire years with fire events recorded at each site in 

the south-facing composite are 1873 and 3673 cal. yr BP, and within the all-sites composite are 

121, 1165, 1873, 3217, 3673 and 4597 cal. yr BP. 
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2.9 Supporting Information: 
210

Pb dating of the uppermost sediments of NEL01 

 
 

Figure 2.7: Corrected activities of 
210

Pb (black), 
137

Cs (dark grey), and 
214

Bi (light grey). 

Table 2.4: Results of 
210

Pb constant rate of supply (CRS) modeled dates of the surface sediments 

from NEL01 

Depth 
(cm) 

CRS age 
(cal. yr 

BP) 
Error  

(± years) 

0 -59.00 0.00 

0.25 -58.52 0.33 

1 -55.41 0.35 

2 -47.95 0.39 

3 -36.67 0.49 

4 -24.80 0.64 

5 -16.76 0.77 

6 -6.96 0.98 

7 5.86 1.37 

8 16.94 1.81 

9 30.42 2.59 

10 52.08 4.67 

11 70.22 7.48 
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3. Holocene climate-fire-vegetation interactions at a 

subalpine watershed in southeastern British Columbia, 

Canada 
 

3.1 Abstract 

Vegetation assemblages and associated disturbance regimes are spatially heterogeneous in 

mountain ecosystems throughout the world due to the complex terrain and strong environmental 

gradients. Given this complexity, numerous sites describing postglacial vegetation and fire 

histories are needed to adequately understand forest development and ecosystem responses to 

varying climate and disturbance regimes. To gain insight into long-term historical climate-fire-

vegetation interactions in southeastern British Columbia, Canada, sedimentological and 

paleoecological analyses were performed on a sediment core recovered from a small subalpine 

lake. The pollen assemblages, stomata, and macroremains indicate that from 9500-7500 cal yr 

BP, Pinus-dominated forests occurred within the catchment and Alnus was also present. Climate 

was an important control of fire and fire frequency was highest at this time, peaking at 8 fires 

1000 yr
-1

, yet charcoal accumulation rates were low, indicative of low terrestrial biomass 

abundance. From 7500-4600 cal yr BP, Pinus decreased as Picea, Abies and Larix increased and 

fire frequencies decreased to 3-6 fires 1000 yrs
-1

. Since 7500 cal yr BP the fire regime varied at a 

millennial scale, driven by forest biomass abundance and fuel accumulation changes. Local scale 

(bottom-up) controls of fire increased in relative importance since at least 6000 cal yr BP. 

 

Key words: British Columbia; disturbance; charcoal; fire regime; Holocene; lake sediments; 

pollen; subalpine, wildfire 
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3.2 Introduction 

Fire is one of the most important abiotic disturbances to forested ecosystems, influencing stand 

age and composition, biodiversity, soil stability, carbon flux and biogeochemical cycling. It is 

critical to examine historical rates of change and the mechanisms interacting at various spatial 

and temporal scales to understand how future climate and vegetation changes could affect fire 

regimes (Whitlock et al., 2010; Hessl, 2011). Fire occurrence in mountainous regions is a patchy 

phenomenon due to complex interactions between top-down (climatic) and bottom-up (local) 

controls over multiple temporal and spatial scales. The relative importance of various controls on 

fire regimes are not static through time (Gedalof, 2011), highlighting the need to develop 

numerous long-term paleoecological records to fully understand past climate-fire-vegetation 

interactions. Climate variability, a top-down control, varies on short and long time scales and 

interacts with vegetation, fuel abundance and conditions, topography and other bottom-up 

control factors that affect the energy and moisture regimes across the landscape. Over long time 

scales, in mesic ecosystems with substantial biomass growth and accumulation, temperature is 

the most important control of postglacial fire activity (Daniau et al., 2012). In western North 

America, fire activity has increased in recent decades due to climate warming (Westerling et al., 

2006) in combination with the ecological impacts caused by effective fire suppression (Marlon et 

al., 2012). However, how these influences affect fire regimes at high-elevation forests is less 

certain. Bottom-up controls, such as vegetation type and density, topography, and aspect, have 

also been shown to be important influences in explaining the spatial variability of fire activity in 

western North America (Heyerdahl et al., 2001; 2007; Gavin et al., 2006; Courtney Mustaphi and 

Pisaric, 2013). Lake sediment records provide a long-term perspective permitting the 
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examination of Holocene fire regime variability and the relative importance of abiotic and biotic 

controls on past biomass burning (Whitlock and Larsen, 2001). 

 Records of vegetation and fire regime variability are necessary to inform land 

management policy and decision making (Gavin et al., 2007). Long-term fire histories need to be 

examined to resolve the relative importance of the interactions between top-down and bottom-up 

influences of fire across the heterogeneous landscape of mountainous southern British Columbia, 

Canada. Multiple studies have examined the long term disturbance histories of Engelmann 

spruce-subalpine fir (ESSF; Picea engelmannii, Abies lasiocarpa) forests in southern British 

Columbia, Canada (Wong et al., 2004; Gavin et al., 2006; Courtney Mustaphi and Pisaric, 2013). 

Previous dendroecological studies in this region have shown that pre-settlement disturbance 

regime intervals in wet cool ESSF forest stands range from 90-807 years and 105-508 years and 

that fires are the most important disturbance causing mortality over large areas (Dorner, 2001; 

Wong et al., 2004). Lower elevation sites within 10-40 km of the study site experience mixed 

severity fire regimes (Nesbitt, 2010), with stand-replacing disturbance intervals of 150-350 years 

for ESSF forests (Pollack et al., 1997; Wong et al., 2004). Additional Holocene records are 

necessary to examine the linked or cascading interrelationships between different types of 

disturbance, to capture the full variability of fire activity (Courtney Mustaphi and Pisaric, 2013), 

and to spatially-resolve the controls of fire regimes (Heyerdahl et al., 2001). 

Regional synchrony of fire activity is caused by the top-down influences of climate 

across the Pacific Northwest (Gedalof et al., 2005). Large fires in the interior of British 

Columbia are associated with blocking circulation patterns resulting in prolonged high pressure 

systems causing fuel drying and intermittent convective thunderstorms (Johnson et al., 1990; 

Johnson and Wowchuk, 1993). Forests of the Kootenay region of southeastern British Columbia 
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tend to burn during warm and dry years with no significant relationship with previous growing 

season conditions (Heyerdahl et al., 2002; Da Silva, 2009). Fires can occur in any given year, but 

are more likely to occur in the Pacific Northwest during regional summer drought (Trouet et al., 

2010) associated, at decadal and sub-decadal time scales, with El Niño conditions (Heyerdahl et 

al., 2002). Climatic influences of winter snow accumulation and the rate of spring melting both 

have implications for the timing of the fire season. At multi-decadal scales, ocean-atmosphere 

interactions over the Pacific and Atlantic Oceans modulate fire activity in the Pacific Northwest 

(Kitzberger et al., 2007). It has also been shown, however, that local-site factors can override 

regional climate as the dominant influence on fire regimes at many montane study sites in the 

Pacific Northwest (Gavin et al., 2006; Heyerdahl et al., 2002; 2007) and that the relative 

influence of various top-down and bottom-up controls vary through time (Heyerdahl et al., 2001; 

Courtney Mustaphi and Pisaric, 2013). For example, Engelmann spruce-subalpine fir forests on 

north-facing slopes burn less frequently than those on south-facing slopes during the late 

Holocene (Steventon, 1997; Gavin et al., 2006; Courtney Mustaphi and Pisaric, 2013), with 

Weibull median fire return intervals of 226-241 years across north-facing watersheds and 135-

190 years at south-facing sites (Courtney Mustaphi and Pisaric, 2013). These results suggest that 

bottom-up controls of fire are important regulators of fire regimes in this region; however, these 

controls may vary in relative importance through time and be mediated by top-down controls. 

We present a postglacial fire and vegetation history study from a north-facing, subalpine 

watershed covered by a wet and cool ESSF forest. This study aims to investigate how fire 

regimes at a high-elevation ESSF-forested site have been influenced by Holocene climatic 

variability, changes to the vegetation assemblages, and the quantity of biomass within the 

catchment. To provide information on the local and regional vegetation cover variability, we 
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present a pollen and stomata record established from a sediment core collected from the center of 

Lake NEL03 (unofficial name). We then integrate vegetation data with a high-resolution 

charcoal record representing historical forest fire activity to investigate Holocene climate-fire-

vegetation interactions. Inferences on biomass are based on qualitative interpretations of 

dominant pollen types and total macroscopic charcoal accumulation rates. Sedimentological and 

other paleoecological information are also discussed to understand other lake-system changes 

and their relationships to terrestrial vegetation changes. 

 

3.2.1 Study site 

A large portion of the Nelson Range of the Selkirk Mountains is managed forested land that is 

crucial to conservation efforts and the continued sustainability of environmental services 

provided by natural spaces in southeastern British Columbia, Canada. This region contains a 

large managed area of ESSF forest that has been minimally disturbed by anthropogenic activities 

and development, such as deforestation, fragmentation and grazing. It is therefore a useful region 

to examine the natural variability of past ecosystem dynamics; although, since CE 1945, these 

forests have been influenced by effective modern fire suppression (Nesbitt, 2010; Greene, 2011). 

A large portion of the population and infrastructure in the region is at the wildland-urban 

interface and it is one of the most ecologically diverse regions of British Columbia with notable 

managed lands, including the Harrop-Procter Community Forest, Midge Creek Wildlife 

Management Area, West Arm Provincial Park, and Kokanee Glacier Provincial Park.  

 NEL03 (unofficial name; 49°29’46”N, 116°54’17”W; Fig. 3.1 and 3.2) has a catchment 

area of 36 ha and is located near the head of a north-northeast trending, glacially- and fluvially-

incised valley. It is a small (0.35 ha) subalpine, cirque lake (2074 m a.s.l.), with a subcircular 
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morphometry and maximum measured depth of ~2.4 m.  Drainage into the lake is ephemeral and 

outflow, during periods of high water levels, drains north and northeast through Heather Creek to 

Kootenay Lake. NEL03 is situated within siltstone, argillite, quartzite, and dolomite rock of the 

Dutch Creek Formation (Mesoproterozoic) overlain with glacial debris from the bedrock and 

micaceous schists from the nearby Eagle Bay assemblage (Cambrian-Devonian; Journeay et al., 

2000). Coarse-textured orthic humo-ferric podzols of the Bonner Association, 50-150 cm deep, 

cover most of the watershed (Jungen, 1980) and colluvium and exposed bedrock facies occur to 

the southwest of the lake. Late-lying snowpacks can persist into July, significantly decreasing the 

length of the fire season at this ridge-shaded site with a generally north-facing aspect. 

The Columbia Mountains are located at the eastern reach of the Interior Wet Belt of 

southeastern British Columbia, where the rugged landscape causes westerly air to converge 

(Kendrew and Kerr, 1955; Oke, 1987), leading to high total annual precipitation (1400 mm), 

much of it (~60%) in the form of snow. Winters are cold (-8.6 ºC) and summers are cool (10.9 

ºC; 1981-2009 baseline; Wang et al., 2012) and punctuated by westerly, episodic, convective 

thunderstorms (Jungen, 1980). Fires can occur as early as April and as late as October (Canadian 

Wildland Fire Information System, 1959-1999). 

The lake is within the Engelmann spruce-subalpine fir wet cold forest zone, dominated by 

subalpine fir (Abies lasiocarpa), subalpine larch (Larix lyallii), Engelmann spruce (Picea 

engelmannii); and some whitebark pine (Pinus albicaulis). Arboreal coverage is moderately 

dense and there is a significant understory of herbs, forbs, sedges, grasses and shrubs. Above the 

lake, patchy ESSF forest extends ~200 m to the ridge. The stand age is estimated to be 190 years 

old (BC Vegetation Resources Inventory) and is classed as experiencing rare stand-initiating 

events (NDT1). Recent disturbance patterns suggest a mean stand-replacing disturbance interval 
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of 150-350 years for ESSF forests (Pollack et al., 1997; Wong et al., 2004) and sedimentary 

charcoal-based fire reconstructions at this site suggest a Weibull median fire return interval 

(mFRI) of 226 years (range 20-440 years) over the past 5000 years (Courtney Mustaphi and 

Pisaric, 2013). Recent observations showed no evidence of mountain pine beetle (MPB; 

Dendroctonus ponderosae Hopkins, 1902) outbreaks and estimates of windthrow are unknown 

(Wong et al., 2004); however, multiple large standing-dead larches proximal to the lake 

suggested low-incidence of windthrow over, at least, the recent past. Tree cores collected from 

the southeast section of the lake suggested a mixed-age stand of ESSF forest. Some larger 

subalpine fir had pith dates around the CE mid-1800s and a single sample dated to 1750, while 

larger subalpine larches dated to the mid-1600s with one dated to 1602. These dates suggest that 

the two most recent reconstructed fires (Courtney Mustaphi and Pisaric, 2013) did not kill all the 

trees surrounding the lake. 

 

3.3 Methods 

3.3.1 Field methods 

During the summers of 2009 and 2010, surface and long cores were collected from the central 

deep basin of NEL03. Deployed from a boat, a large diameter Glew gravity corer (Glew et al., 

2001) was used to collect the uppermost sediments with an intact sediment-water interface. The 

core was extruded into Whirl-Pak® bags using a vertical extruder (Glew, 1988) at contiguous 

0.25-cm intervals, from 0-15 cm depth, and at 0.5-cm intervals to the base. Deeper sediments 

were collected in 1-m drives using a 5-cm diameter Livingstone piston corer (Wright et al., 

1984) deployed from an anchored floating platform. Coring ceased at 351.5 cm below the water-

sediment interface. Piston cores were extruded in the field, wrapped in plastic and aluminum foil, 
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and shipped to the Carleton University Paleoecological Laboratory (CUPL) where they were 

refrigerated at ~4 ºC until being sectioned and bagged at contiguous 0.5-cm intervals. The lake 

bathymetry was estimated through 18 line depth soundings across the basin. 

 

3.3.2 Chronostratigraphy 

The surface core and Livingstone cores were overlapped using the presence of tephra shards as 

well as magnetic susceptibility, loss-on-ignition, and charcoal concentration data, to create a 

composite stratigraphy from the sediment-water interface to where coring ceased. Sediment ages 

were established using radiometric methods and an established regional tephrochronology (Foit 

et al., 2004; Gavin et al., 2006). The AMS radiocarbon dating results were previously published 

(Courtney Mustaphi and Pisaric, 2013). Felsic ashfall deposits from Cascadian eruptions were 

identified as the Mt St Helens Wn tephra (Mullineaux, 1996) dated to CE 1481-82 (468-469 cal 

yr BP; Yamaguchi 1983, 1985) and the Mazama O tephra layer (Bacon, 1983) dated to 

7627±150 cal yr BP (Zdanowicz et al., 1999). A redeposited layer of Mazama O tephra occurred 

in the stratigraphy and all ash deposits were assumed to be near-instantaneous deposition events 

for age-depth modeling (Lowe, 2008). Radiocarbon dates were calibrated using IntCal09 

(Reimer et al., 2009). The age-depth model was produced using the R script Bacon (Blaauw and 

Christen, 2011) using ~8 million t-walk MCMC algorithm iterations through the probability 

densities of the calibrated dates to establish a probable age-depth model within a 95% confidence 

envelope. 
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3.3.3 Sedimentological and paleoecological methods 

A number of sedimentological methods were used to characterize the sediments. Magnetic 

susceptibility was measured at contiguous 0.25-0.5 cm intervals using Bartington Systems MS2B 

and MS2E sensors to gain insights about the history of erosion in the watershed and deposition in 

the lake (Dearing, 1999; Gedye et al., 2000). Loss-on-ignition analysis (Dean, 1974; Heiri et al., 

2001) used 1 cm
3
 subsamples taken at contiguous 0.25-0.5 cm intervals down core that were 

dried at 105 ºC for 24 hours and then burned at 550 ºC for 4 hours to estimate sediment organic 

content. The sample was then reheated to 950 ºC for 2 hours to estimate carbonate content and 

the residual was assumed to represent the siliciclastic content. Particle size distributions were 

measured at ~10 cm resolution from 1 cm
3
 subsamples that were pretreated with 30% hydrogen 

peroxide (H2O2) in a water bath (~75 ºC) to digest organic material while clastic material 

remained.  Following this, 5 mL of 50 g L
-1

 sodium hexametaphosphate (Na6P6O18) was added to 

disperse the sample before triplicate measurement runs of 60 s, at an obscuration of 10±2%, 

using a Beckman Coulter LS 13 320 laser diffraction particle size analyzer (Syvitski, 1991). 

Pollen preparation was done using 1 cm
3
 subsamples taken at 4-10 cm resolution using 

standard digestion techniques (Fægri and Iversen, 1989) with Lycopodium tablet inoculation 

(Stockmarr, 1971). The samples were neither fine nor coarse sieved to preserve microscopic 

charcoal and stomata in the residues. Pollen was identified under 400-1000x magnification to a 

minimum terrestrial pollen count of 500 grains. Pollen identification was facilitated by the use of 

a reference collection at the CUPL and dichotomous keys (McAndrews et al., 1973; Bassett et 

al., 1978; Moore and Webb, 1978). Stomata were identified using keys by Hansen (1995) and 

Sweeney (2004) and represented local presence within the catchment of each taxon observed 

(MacDonald, 2001). Microscopic charcoal was also tallied during pollen counts. Pollen zones 
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were established through constrained incremental sums of squares cluster analysis (CONISS) of 

the relative abundance of pollen taxa. 

For macroscopic charcoal analysis, contiguous 1 cm
3
 subsamples of homogeneous 

sediment were removed and soaked in a metaphosphate solution (Bamber, 1982) for at least 24 

hours and then wet sieved through a 150 µm mesh. The remaining material was transferred to a 

Petri dish and examined under a Nikon SMZ800 stereoscope at 6-40x magnification. Charcoal 

morphologies were classified into six morphotypes following Enache and Cumming (2006) and 

the total number of macroscopic charcoal pieces was tallied (Whitlock and Larsen, 2001). Other 

plant macro remains, such as conifer needles and seeds were counted as presence data during 

charcoal counts. 

 

3.3.4 Fire episode reconstruction 

Sediment macroscopic charcoal concentrations (pieces cm
-3

) were converted to charcoal 

accumulation rates (CHAR; pieces cm
-2

 yr
-1

) and analyzed using CharAnalysis software 

(Higuera et al., 2009) and the data were processed similarly to Moos and Cumming (2012) and 

Courtney Mustaphi and Pisaric (2013). The data were resampled to the global median sampling 

interval of 14 years to create an interpolated CHAR series for peak analysis. The varying 

background charcoal accumulation rate (bCHAR) was estimated using a LOWESS smoother 

robust to outliers over a 500-year window that was adequate for capturing centennial-scale 

variability and will not be strongly biased by high-frequency peaks in CHAR (Gavin et al., 

2006). Locally defined CHAR peaks within a 500-year window, were obtained by subtracting 

the bCHAR component from the interpolated CHAR series (Higuera et al., 2010a) and identified 

through a 99% noise cut-off probability established by a 0- or 1-mean Gaussian mixture model 



69 
 

(Gavin et al., 2006; Higuera et al., 2010a). The minimum charcoal concentration, within a 75-

year period prior to a peak, needed a probability <5% of coming from the same Poisson 

distribution as the associated peak to be retained as a significant peak (Higuera, 2009; Higuera et 

al., 2010a). Identified CHAR peaks were interpreted as fire episodes of ≥1 large fire(s) that 

occurred within the lake catchment area during a 14-year window of the peak. Identified 

insignificant peaks could potentially be related to fire activity outside of the lake catchment 

(Higuera et al., 2010b). Fire return interval (FRI) distributions were calculated from the 

identified fire episode years and were then fitted with maximum likelihood estimate Weibull 

models. The FRI distribution passed a one-sample Kolmogorov-Smirnov goodness-of-fit test (P 

> 0.05) and Weibull median fire return interval with 95% confidence intervals were calculated 

(mFRI; Grissino-Mayer, 1999). Fire frequencies were smoothed using a LOWESS smoother 

with a window span of 1000 years using the tally of number of fires during each 1000-year 

period using K1D software (Long et al., 1998; Gavin et al., 2006; Higuera, 2009; Hallett and 

Anderson, 2010). Significant changes to biomass abundance within the catchment, interpreted 

from bCHAR, were identified by a regime shift index (RSI; P=0.0001, cut-off length = 100 yr, 

Huber’s weight function = 5; Rodionov, 2004; Morris et al., 2013). 

 

3.4 Results 

3.4.1 Geochronology 

The results from AMS radiocarbon dating of organic material preserved in the long core were 

presented by Courtney Mustaphi and Pisaric (2013) and are summarized in Table 3.1. In this 

study, an updated age-depth model was used that made full use of the probability densities of the 

calibrated radiocarbon ages (Fig. 3.3). This is a more realistic model that avoids the subjective 
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nature of controlling the flexibility of a spline curve through an average of the radiocarbon 

dating errors, which is center-weighted and therefore limits the information within the 

probability densities of calibrated radiocarbon dates. 

 

3.4.2 Lithology 

Organic matter content of the sediment was highest (45-60%) during the early Holocene until the 

deposition of the Mazama O tephra (7627±150 cal yr BP) and remained at 35-45% throughout 

the Holocene until steadily increasing to 55% after CE ~1915 (Fig. 3.4). Carbonate content 

remained low throughout the core (<10%) and few calcareous shell remains were found. The 

high (40-60%) siliciclastic input through small, steep, ephemeral streams resulted from the influx 

of a poorly sorted and coarse silty gyttja, containing subangular clasts with occasional sandier 

silt layers (Fig. 3.4). Conspicuous peaks in magnetic susceptibility were related to the thick 

tephra and sandy layers and the uppermost tephra layer was much less pronounced than earlier 

tephras. Clay content remained low, usually <6%, throughout the core, with the exception of the 

redeposited ash layer where it increased to ~10%, likely due to degradation of the thick Mazama 

ash in the soil (Jungen, 1980) prior to transport into the lake. 

 

3.4.3 Vegetation record 

The pollen record of NEL03 was divided into four zones using CONISS, 9600-7500, 7500-4600, 

4600-1300, and 1300 cal yr BP-present (Fig. 3.5). Zone 1 (9600-7500 cal yr BP) was 

characterised by Pinus-dominated (50-60%) forests with abundant Alnus (15-30%), Picea 

(<20%) and Abies (<12%). A macroremain of a five-needle Pinus species indicated the local 

presence of a Strobus subgenus, likely P. albicaulis. The earliest, but not persistent detection of 
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Pseudotsuga/Larix occurred at ~8200 cal yr BP. Deciduous shrub taxa, such as Salix, Artemisia, 

and Betula, were generally most abundant during this period (<8%). Herbaceous pollen 

abundances were also high (<2%) and Chenopodiaceae and pteridophytes were intermittently 

found (<1.5%). Aquatic pollen was most abundant during Zone 1 and Pediastrum was present 

with counts of <75 colonies. 

Zone 2 (7500-4600 cal yr BP) remained Pinus-dominated; however, the abundance of 

Pinus pollen decreased from 55 to 35%, concomitant with increased Picea pollen (10-40%). A 

minor abundance of Tsuga (<1%) was found between 6000-5000 cal yr BP and 

Pseudotsuga/Larix (<1%) was found continuously from this zone to present. Abies remained 

moderately abundant (up to 15%) and deciduous trees and shrubs (Populus, Betula, Alnus, 

Artemisia and Salix) were present on the landscape. Asteraceae, and Caryophyllaceae remained 

<2%, Chenopodiaceae was absent, and Ericaceae, Poaceae and pteridophytes were intermittently 

present (<2%). Pediastrum colonies were consistently found with counts <10. 

Pinus and Picea pollen were generally stable (30-35%) in Zone 3 (4600-1300 cal yr BP). 

Abies was variable (2-15%) and Pseudotsuga/Larix and Cupressaceae were present at low 

abundances (<2%). Tsuga increased to 2% and appeared continuously from 4000 cal yr BP. The 

shrub taxa were stable during Zone 3, generally 10-15%. Asteraceae, Poaceae and pteridophytes 

were present (<1.6%) and Caryophyllaceae, Ericaceae and Chenopodiaceae were rare. 

Pediastrum was found with counts <5 colonies and was occasionally absent. 

Pinus decreased (~20%) and varied considerably in Zone 4 (1300 cal yr BP-present). 

Picea abundance peaked (40-70%) and Abies generally remained abundant (5-15%). 

Pseudotsuga/Larix increased to 2% and Larix lyallii made up a large portion of the current forest 

immediately adjacent to the lake. Cupressaceae pollen, likely Thuja plicata, was consistently 
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<1%. Tsuga increased to 2.5% and Alnus and Artemisia remained low (<10% and <5%, 

respectively). Artemisia decreased to <1.5%, Betula, Salix, and Populus remained <1%, and 

understory taxa decreased to <1% or was rare, as were Pediastrum remains. 

 

3.4.4 Macroscopic charcoal record and fire-episode reconstruction 

Microscopic charcoal accumulation rates, an indicator of regional biomass burning (Whitlock 

and Larsen, 2001; Conedera et al., 2009), averaged 1860 pieces cm
-2

 yr
-1

 and ranged from 265-

7700 pieces cm
-2

 yr
-1

 (Fig. 3.5). Microscopic charcoal also varied between each pollen zone, 

averaging 2033 pieces cm
-2

 yr
-1

 in Zone 1, 1690 pieces cm
-2

 yr
-1 

in Zone 2, 1958 pieces cm
-2

 yr
-1

 

in Zone 3 and 1786 pieces cm
-2

 yr
-1

 in Zone 4. The total macroscopic charcoal record had a 

global signal-to-noise index (SNI) value of 5.55 and local SNI values were all >3 (3.54-11.91), 

suggesting the charcoal record from NEL03 is robust for the reconstruction of the local fire 

history (Kelly et al., 2011). The median charcoal accumulation rate (CHAR) was 0.81 (range 0-

12.2) pieces cm
-2

 yr
-1

. Since 9650 cal yr BP, there had been 44 fire episodes in the watershed of 

NEL03 (Fig. 3.6). The Weibull median fire return interval (mFRI) was 216 years (95% 

confidence interval 186-256 years) within a range of fire return intervals of 42-630 years. This 

fire history reconstruction represented an area fire return interval because the macroscopic 

charcoal influx represented the fire activity within the lake catchment (Clark, 1988; Higuera et 

al., 2007; 2010b). 

All morphotype CHARs were strongly correlated with total CHAR (r = 0.69-0.95, p < 

0.001; Table 2). Morphotypes P, S, C, and F, shared the strongest similarity with total CHAR, 

having had much higher CHAR values and more CHAR peak dates that agreed with total CHAR 

peak fire events (Table 3.2; Fig. 3.6). Morphotype CHARs were also significantly correlated; the 
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relationship was weakest between types M and D (r = 0.46, p < 0.001) and strongest between 

types C and P (r = 0.84, p < 0.001). Some insignificant peaks in morphotype CHARs occurred 

coeval with significant peaks in total CHAR. This occurred more often with charcoal 

morphotypes M, D, and F. Those morphotypes tended to have lower correlations with total 

CHAR and generally lower CHARs. Of the four insignificant peaks in total CHAR, 2-3 (50-

75%) insignificant peaks of each morphotype CHARs agreed. Insignificant peaks identified in 

individual morphotype CHAR profiles were much more abundant than in total CHAR, notably 

with M and D morphotypes. 

 

3.4.5 Variability of the fire regime 

The fire frequency was highest during zone 1 (9600-7500 cal yr BP) with 4-8 fires 1000 years
-1

 

and a Weibull mFRI of 150 years (12 fire events; Fig. 3.7). The microscopic charcoal input was 

also the highest of the record (Fig. 3.5). Fires occurred less frequently during zone 2, Weibull 

mFRI= 236 years (10 fire events) and the period between 6500-5500 cal yr BP conspicuously 

showed very low bCHARs, decreased fire frequency (3-4 fires 1000 years
-1

; Fig. 3.7), and low 

microcharcoal inputs (Fig. 3.5). In zone 3, fire frequency increased slightly with a Weibull mFRI 

of 200 years (17 fire events). There were five fire episodes during Zone 4 (1300 cal yr BP-

present) with a raw median return interval of 287 years. A Weibull mFRI was not calculated due 

to the low number of fires within the period. The occurrence of microcharcoal cenospheres in the 

uppermost sediments of Zone 4 is likely the result of recent transport and deposition of fossil fuel 

burning products to this remote subalpine location since CE ~1920 (Thevenon and Anselmetti, 

2007; Fig. 3.7). 
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3.5 Discussion 

3.5.1 Vegetation and disturbance regime interpretation 

Zone 1: 9500-7500 cal yr BP 

The low pollen influx (<8000 grains cm
-2

 yr
-1

) and low bCHAR suggested the Pinus and Alnus 

forest of the early Holocene was not as dense as the mid- and late-Holocene forests (Fig. 3.5 and 

7). Background CHAR, an indicator of biomass on the terrestrial landscape (Marlon et al., 2006; 

Carter et al., 2013), was lowest during this early period (Fig. 3.7) and Poaceae pollen was high 

and suggested that the forest canopy was open and possibly patchy. Patchy open parkland forests 

are common to modern high elevation sites in the region (Coupé et al., 1991). The RSI analysis 

of the bCHAR indicated a sustained period of low values during this zone. The lack of a tundra-

type vegetation assemblage suggested that the immediate postglacial accumulation of sediments 

was not collected. The presence of conifer stomata and macroremains early in the record 

suggested the vegetation was subalpine (Fig. 3.5). Indeed, the climatically-controlled timberline 

was present at higher elevations across much of British Columbia during the early Holocene 

(Clague and Mathewes, 1989). 

Ground fires would be necessary to spread fire between stands and the low accumulation 

rate of type S charcoal (Fig. 3.6), likely sourced from woody biomass, also suggested that tree 

density was low. The charcoal record of NEL03 during the early Holocene was consistent with a 

composite record of biomass burning from boreal regions of northwestern North America and 

global fire activity (Marlon et al., 2013; Fig. 3.7).  This suggests broad-scale climatic controls 

influenced the fire regime of this region during the early Holocene. Summer temperatures at this 

time were 1-5 °C warmer than present in southeastern British Columbia (Rosenberg et al., 2004; 
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Chase et al., 2008) and promoted a high diversity of vegetation types in Pinus forests that 

experienced a higher fire frequency at NEL03 (Fig. 3.5 and 3.6). Fire activity was highest during 

this period with a Weibull mFRI of 150 years, due to increased summer insolation (Berger and 

Loutre, 1991) and warmer summer temperatures (Chase et al., 2008). The warmer than present 

conditions lengthened the fire season promoting fire ignition and spread and a longer fire season. 

Broad scale climatic controls leading to warmer summer conditions were probably the dominant 

influence of the higher fire frequency during this period of low biomass Pinus forests. 

 

Zone 2: 7500-4600 cal yr BP 

ESSF forests began to establish closer to the lake between 7500 and 4600 cal yr BP (Fig. 3.5 and 

3.7). The thick Mazama O ashfall of 7627±150 cal yr BP may have been a significant 

disturbance at a time when climate-mediated vegetation changes were occurring in the 

catchment. A significant vegetation transition at the time of the Mazama O tephra was also found 

in the pollen record of Dog Lake, British Columbia (160 km to the northeast; Hallett and Hills, 

2006). Pseudotsuga/Larix appeared continuously after 7000 cal yr BP and Larix lyallii continued 

to be a significant proportion of the modern forest surrounding the lake. Larix lyallii is 

commonly associated with ESSF forests, especially on slightly drier sites (Coupé et al., 1991). 

The first arrival of Tsuga heterophylla pollen in the record around 5200 cal yr BP was likely due 

to long range transport as its abundance increased within lower elevation forests (Fig. 3.5; 

Rosenberg et al., 2004; Gavin et al., 2006). Short diameter Tsuga pollen grains are known to be 

transported long distances (Gavin et al., 2005; Day et al., 2013). Deciduous taxa, including 

Betula, Alnus, Artemisia, and Salix, which are uncommon in ESSF forests (Coupé et al., 1991), 

decreased throughout the period and indicated the further establishment of ESSF forests (Fig. 
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3.5). During the early to mid Holocene (NEL03 zone 2), summer temperatures cooled as orbital 

geometry changes led to decreased summer insolation (Fig. 3.7; Berger and Loutre, 1991; 

Rosenberg et al., 2004; Chase et al., 2008). 

The bCHAR and the arboreal pollen influx increased during this period; yet, varied 

considerably (Fig. 3.7). The bCHAR increased between 7600-6500 cal yr BP and fire frequency 

was largely unchanged with 3-4 fires 1000 years
-1

. A noticeable drop in bCHAR and the lowest 

arboreal pollen influx occurred between 6500-5500 cal yr BP and suggested the forest was much 

less productive than any other period before increasing again at 5500 cal yr BP (Fig. 3.6 and 

3.7). Northwestern (boreal) North America regional biomass burning trends also exhibited an 

abrupt decrease at 6000 cal yr BP (Marlon et al., 2013), consistent with cold chironomid-inferred 

July temperatures in southeast British Columbia (Rosenberg et al., 2004; Chase et al., 2008). 

During this time there was a short period of increased siliciclastic content and particle sizes in 

the catchment that may have related to increased transport in the catchment (Fig. 3.4) due to the 

reduced forest cover and may have contributed to a reduced pollen influx (Fig. 3.7). The reduced 

pollen and charcoal accumulation rates were depressed over a 1000-year period and suggested 

decreased biomass abundance caused by cooler summer temperatures ~6000 cal yr BP (Fig. 3.7). 

Following this period of cooler summer temperatures that caused low forest production, 

the relative abundance of Picea and Abies pollen continued to increase, indicating further 

encroachment of ESSF forest into the upper mid-elevation Pinus forests. After 5500 cal yr BP, 

arboreal pollen influx and bCHAR increased and some of the largest peak CHARs of the record 

occurred (Fig. 3.6 and 3.7). The RSI of the bCHAR series indicated a significant 1000-year 

period of increased biomass abundance within the watershed (Fig. 3.7). Conditions seemed to 

have promoted increased abundance of ESSF trees that supported much larger fires. Fire 
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frequency also doubled to 6 fires 1000 years
-1

 (Fig. 3.7), which suggested that the accumulation 

of biomass became an important bottom-up control of fire frequency. A long-term build-up of 

fuels, interacting with top-down fire controls, was required for fire occurrence in subalpine 

Larix-Pinus-Betula forests of the western Alps in Europe over the past 8000 years (Blarquez and 

Carcaillet, 2010). During this period of cooling summer temperatures, long-term climatic 

controls became less important relative to the abundance of biomass fuels in the catchment. 

 

Zone 3: 4600-1300 cal yr BP 

Similar to the modern assemblage, the mid-to-late Holocene (NEL03 zone 3) forest of the 

catchment appeared to be dominated by ESSF species. The forests also contained 

Larix/Pseudotsuga (likely Larix lyallii), Pinus, at least partially consisting of Pinus albicaulis, 

and a variety of shrubs (Fig. 3.5). This is consistent with earlier studies in the Columbia 

Mountains that found evidence of the establishment of modern forests by 4500-4000 cal yr BP 

(Fig. 3.5; Hebda, 1995; Gavin et al., 2006). Tsuga heterophylla pollen was not consistently found 

until 4000 cal yr BP and its earliest presence was slightly earlier at NEL03 than at Eagle Lake 

which is located further north and at similar elevation (Rosenberg et al., 2003). The increase in 

Tsuga pollen has been attributed to decreased continentality and increased winter moisture in the 

Interior Wet Belt region (Gavin et al., 2011). Cupressaceae, including Thuja plicata, pollen 

increased during this period due to the continued establishment of interior cedar-hemlock (ICH) 

forests found at elevations below ESSF forests (Coupé et al., 1991). The forest composition was 

generally stable and the increased abundance of Salix and pteridophyte pollen (Fig. 3.5) 

suggested increased moisture at the site. 
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Fire frequency varied concomitant with changes to biomass (Fig. 3.7), which suggested 

that increased biomass production and fuel loads influenced fire activity. Arboreal pollen influx 

was relatively stable throughout the period, but increased at the beginning and ending of Zone 2 

as did bCHAR values (Fig. 3.7). The RSI analysis also showed that these variations in bCHAR 

were significant. Fire frequency peaked during periods of limited glacier advances in southern 

British Columbia (Fig. 3.7), which suggested climate-mediated impacts on vegetation were an 

important control of the fire regime. Fire frequency seemed to peak during periods of reduced 

glacial activity as indicated by glacial dynamics on the coastal mountain systems, while there 

seemed to be a less clear pattern between fire frequency and reduced glacial advances in central 

British Columbia and the Rockies (Fig. 3.7). Climate-mediated influence of millennial-scale fire 

regimes was also shown in the Picea engelmannii-Abies lasiocarpa forests of the Markaganut 

plateau in Utah (Morris et al., 2013). During periods of increased biomass abundance, fire 

frequencies increased, doubling in frequency for a period around 2000 cal yr BP (Fig. 3.7). 

 

Zone 4: 1300 cal yr BP-present 

Dominance of Picea in these forests was reached during the most recent pollen zone. Pinus 

reached lowest influx and relative abundance, yet the forest remained similar to the previous 

zone (Fig. 3.5 and 3.7). The presence of Pinus stomata and current populations of few whitebark 

pine (P. albicaulis) suggested continued presence within the watershed throughout the Holocene. 

The increased Cupressaceae and Tsuga abundance was associated with the expansion of interior 

cedar-hemlock (ICH) forests found at low-to-mid elevations (Hebda, 1995; Gavin et al., 2006). 

The increased fire frequency at the start of this zone corresponded to periods of increased 

bCHAR that were related to the amount of biomass on the landscape (Fig. 3.7; Marlon et al., 
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2006). This increase occurred later than the climatically influenced regional and global increase 

in biomass burning identified between 3000-2000 cal yr BP (Marlon et al., 2013). This lag could 

be due to the elevation of this site, having a delayed climate-mediated vegetation change. This 

discrepancy with broad-scale patterns of biomass burning indicated the increased importance of 

local bottom-up controls of the fire regime. Fire activity between five different catchments 

within a 550 km
2
 area of this region were largely independent, and since 2500 cal yr BP, fire 

activity became increasingly asynchronous between sites with a north-facing aspect versus sites 

with south-facing aspects (Courtney Mustaphi and Pisaric, 2013). Fire frequency decreased 

throughout Zone 4, possibly due to climate-mediated influences on the vegetation during the past 

millennium. Recent sediments since CE 1920 also contained cenospheres related to the burning 

of fossil fuels in the region; although, the input remained very small with only 4-10% of total 

microcharcoal being classified as spherules. 

 

3.5.2 Comparison with other Holocene Engelmann spruce forest records 

Earlier work compared the fire records from five sites from nearby watersheds, which included 

NEL03, and found that aspect was an important control of fire frequency and fire episode 

synchroneity over the past 5000 years (Courtney Mustaphi and Pisaric, 2013). Both fire 

frequency and fire synchroneity were similar between NEL03 and Cooley Lake, located 50 km 

to the west and also situated in a north-facing ESSF forest. Forest composition records were 

similar over the past 7000 years; the Cooley Lake record also showed a general decrease in Pinus 

and increasing Picea, with a significant, yet varied proportion of Abies (Gavin et al., 2006). The 

Cooley Lake charcoal record showed a short period of decreased charcoal concentration around 

5600 cal yr BP, which was ~500 years later than the conspicuous decrease at NEL03. This could 
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possibly be due to the lower elevation of the Cooley Lake site relative to NEL03 (~500 m) or 

other spatial variability in the biomass abundance in ESSF forests. 

The vegetation history of this catchment showed an initial forest that was Pinus 

dominated with Alnus near the lake and relatively low terrestrial biomass within the catchment 

(Fig. 3.5 and 3.7). Pinus pollen decreased throughout the Holocene as Picea, Abies, and 

Pseudotsuga/Larix, increased as ESSF forest began to dominate at this elevation and became 

much more dense by 5500 cal yr BP. A similar Holocene vegetation sequence has been described 

at Morris Pond, a subalpine (3129 m asl) site in southwest Utah, having decreased Pinus pollen 

and concomitant increased Picea and Abies pollen. At this site, millennial-scale fire regimes 

were influenced by forest structure, biomass, and fuel connectivity (Morris et al., 2013). The 

millennial-scale fire history at Morris Pond was similar, with increased fire frequency during the 

early Holocene, variable mid Holocene fire frequency, and decreased fire frequency during the 

past millennium. However, the mid Holocene millennial scale fire frequency was out of phase 

between the two sites by 1000 years, having occurred earlier at the more northern NEL03 site. A 

conspicuous mid-Holocene decrease in bCHAR occurred at Morris Pond between 6200-4200 cal 

yr BP, and overlapped with the bCHAR minima at NEL03 (6500-5500 cal yr BP; Fig. 3.7). The 

differences in the fire records suggests that climatic variability experienced at each site varied or 

that other local site factors may have become important controls of the fire regime. The similarly 

timed decrease in bCHAR was interpreted as a short-duration period where the interactions 

between broad-scale climatic control and local controls resulted in similar changes to biomass 

abundance in these ESSF forests. 
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3.5.3 Charcoal morphology record 

The charcoal morphotype concentrations and accumulation rates were highly correlated 

throughout the Holocene, which differed from other studies that employed the same 

classification (Enache and Cumming, 2009). The high degree of correlation was likely due to the 

combination of the stationarity of the fuel types through the persistent dominance of a mixed-

conifer forest and the very small catchment area of NEL03 that limited differential transport and 

sorting of macroscopic charcoal fragments. Enache and Cumming (2007) showed that 

precipitation within the watershed correlated with the robust morphotypes that were less 

susceptible to breakage, which suggested a link between transport and taphonomic processes and 

morphotype assemblages. Differential transport and sorting of charred plant parts has been 

observed in the field following wildfires (Scott et al., 2000) and could influence the morphotype 

assemblages deposited in lake sediments. 

 

3.5.4 Varying controls of the fire regime 

The early Holocene had warmer summer temperatures, higher insolation, and maintained a 

Pinus-dominated forest with significant Alnus and produced more frequent fire events (n = 11, 

25% of the total record); although, with much lower CHARs than the latter half of the record. By 

5500 cal yr BP, the biomass of the conifer forest became dense enough to support high-severity 

fires (Fig. 3.7) and produced consistently higher peaks in CHAR, with more charcoal of all 

morphotype classes (Fig. 3.6). The interaction between a cooling climate and the change from 

Pinus-dominated to ESSF-dominated forest at the site, which remained dominant through the 

mid Holocene to present, led to a relatively homogeneous fire regime across the pollen zones 

with a mFRI of ~216 years since 7600 cal yr BP. This suggested that vegetation composition was 
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not a significant control of fire since the establishment of ESSF forests. There remained much 

variability in fire frequency that occurred across the pollen zones. At centennial-to-millennial 

scales, the accumulation of forest biomass controlled the fire regime. It is difficult to assess if 

these variations in biomass and forest production were mediated by slight variations in climate. 

Comparisons with regional isotope records of temperature and precipitation/evaporation do not 

show any clear patterns (not shown; Nelson et al., 2011; Ersek et al., 2012; Steinman et al., 

2012), but peaks in fire frequency had occurred during periods of reduced glacial extents (Fig. 

3.7; Luckman et al., 1993; Reyes and Clague, 2004; Menounos et al., 2009). 

Although some influence of climate on fire regime variability was suggested by the 

relationship between fire frequency and glacial advances, further investigation of climate-fire 

interactions could be facilitated by development of high-resolution Holocene hydroclimatic 

records for the region (Wilson et al., 1994; Gedalof et al., 2004; Booth, 2008; Steinman et al., 

2012). If hydroclimatic records could not be directly established using the NEL03 sediment 

archive, a high-resolution pollen record could be created to interpret centennial scale climate 

variability and would provide insight into post-disturbance forest successional changes. 

Establishing climate records from the same archive would reduce errors associated with 

examining other records with different chronologies and permit a detailed analysis of decadal-to-

centennial scale climate influences on the fire regime. 

 Local site conditions seem to be important controls of the fire regime since the early 

Holocene climate cooled and ESSF forests began to dominate during the mid Holocene. Since 

the establishment of ESSF forests in the watershed, climate variability and vegetation 

composition changes do not fully explain the Holocene fire regime variability at NEL03 (Fig. 

3.6); therefore, local site factors such as fuel conditions, lightning frequency, topography, and 
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especially fuel abundance must have been important (Gavin et al., 2006; 2007; Hu et al., 2006; 

Higuera et al., 2009; Courtney Mustaphi and Pisaric, 2013). 

 

3.6 Conclusion 

In this study, we have presented a Holocene vegetation record and a high-resolution fire history 

record from sedimentary macroscopic charcoal preserved in a lake sediment core from southeast 

British Columbia, Canada. We have shown that the early Holocene warm and dry, low biomass 

abundance, Pinus-dominated forests burned frequently. As summer climate cooled during the 

mid Holocene, an ESSF forest established and was characterized by millennial-scale variability 

in forest biomass and related fire activity. It remains unclear to what degree slight variations in 

climate over the past 6000 years influenced forest productivity, but this does support the idea that 

bottom-up local site factors have been important controls of the fire regime during this period. 

High-resolution analyses of vegetation variability may reveal more information regarding 

climate-vegetation-fire interactions. Additional sites in the region with Holocene-length records 

are needed to understand the varying importance of top-down and bottom-up controls of fire 

activity throughout the entire Holocene. Further high-resolution analyses aimed at building a 

mechanistic understanding of decadal to centennial scale climate-fire-vegetation interactions 

would be beneficial to land management and conservation planning in the region. 
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Table 3.1: Uncalibrated radiocarbon ages, 2σ calibrated ages (IntCal09 calibration curve; Reimer et al., 2009), and tephrochronology, 

used to develop the age-depth model. 

 

Depth 
top 
(cm) 

Depth 
bottom 

(cm) 

Raw  
(14C 

year BP) 

Raw 14C 
error 

(years) 

13C:12C 
ratio 

Calibrated age 
 (cal year BP) Material Reference 

0     -59  Top of core 

27.5 28    468-469 MSH Wn Yamaguchi, 1985 

90.5 95 2230 30 -26 2153-2335 Wood Beta-301980 

217.5 218.5 5690 40 -23.7 6399-6630 Wood Beta-301981 

244.5 253     Ash redeposit 

266.5 292.5    7477-7777 Mazama O Zdanowicz et al, 1999 

317 317.5 7920 40 -24.9 8606-8977 Plant material Beta-301982 

349.5 350 8600 50 -24.4 9495-9678 Wood Beta-301983 

  351.5           Base of core 
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Table 3.2: Summary of total and morphotype charcoal accumulation rates (CHAR) results. 

 

 Total M P S C D F 

Mean CHAR (pieces cm
-2

 yr
-1

) 0.81 0.03 0.28 0.16 0.15 0.014 0.16 
Median peak return interval 
(years) 216 337 211 225 226 407 239 

Correlation with total (p<0.001) 1 0.69 0.95 0.84 0.92 0.69 0.77 
Mean relative abundance of total 
CHAR (%)   5.3 36.4 19.7 19 2.3 17.3 
Standard deviation of relative 
abundance of total CHAR (%)   5.8 16.2 11.9 10.3 3.6 11.3 

Significant peaks 44 25 45 42 42 11 37 

Insignificant peaks 4 37 5 6 12 57 18 

Agreeing peaks (N and %) 
 

  
  

17 
68% 

41 
91% 

37 
88% 

36 
86% 

8 
83% 

26 
70% 

Agreeing insignificant 
morphotype CHAR peaks 
With significant total CHAR 
peaks   17 2 0 3 27 10 
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Figure 3.1: a) Location of study region, black box shows b) the lake site (100 m topographic 

contours), and c) shows the lake bathymetry (2 m isobath) and coring locations. 
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Figure 3.2: Photograph of NEL03 facing south-southwest (Photo: Ze’ev Gedalof). 
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Figure 3.3: Age-depth model (black line) of the highest probability density of 8 million random 

walk iterations within the 95% confidence enveloped (gray lines) using calibrated radiocarbon 

dates (black circles; IntCal09, Reimer et al., 2009) and known tephra deposit dates (open circles) 

developed in the program Bacon. The 2σ error range of radiocarbon dates and the error estimate 

for the Mazama O eruption event are shown by dark grey error bars. Tephra thicknesses within 

the stratigraphy are illustrated by gray bands. 
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Figure 3.4: Physical sedimentology and general lithology of the composite stratigraphy collected 

from NEL03. Loss-on-ignition analysis was used to estimate the relative proportion of organic, 

carbonate and siliciclastic content and particle size distributions were used to calculate the sand-, 

silt-, and clay-sized fractions of the siliciclastic sediments using GRADISTAT (Blott and Pye, 

2001). 
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Figure 3.5: Pollen percentage data of selected taxa from NEL03, Pediastrum and aquatic pollen presented as counts and some rarer 

taxa are not shown. The presence of coniferous taxa stomata on pollen slides are shown by gray dots and macrofossil presence 

observed during macroscopic charcoal analysis are shown by gray squares. Microcharcoal accumulation rates are shown and note the 

presence of cenospheres near the top (gray ‘x’ symbol). Pollen zones were established using CONISS. 



101 
 

 
Figure 3.6: Fire episode reconstruction at NEL03 over the past 9650 cal yr BP using total macroscopic charcoal accumulation rates (black line) showing 44 

significant peak events (‘+’ symbol) above the variable background rate (grey line). Grey circles represent insignificant peaks in CHAR defined by a cut-off 

probability of a minimum charcoal concentration value within 75 years before a peak having ≥ 5% chance of coming from the same Poisson distribution as the 

maximum charcoal count associated with the peak (Higuera, 2009). CHAR values for each macroscopic charcoal morphotype counted, using the morphotype 

classification of Enache and Cumming (2006), are also shown (black lines) with the associated variable background rates (grey lines). Significant peaks in 

morphotype CHAR that agree (≤ ±24 years) with total charcoal peak events are shown by black ‘+’ symbols, grey ‘+’ symbols signify significant peaks that do 

not agree, black circles represent insignificant peaks in morphotype CHAR that agree with significant peaks in total CHAR, grey circles represent insignificant 

peaks in morphotype CHAR, and insignificant morphotype peaks that agree with total CHAR insignificant peaks are show by black squares.  
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Figure 3.7: Holocene vegetation and disturbance history summary at the NEL03 catchment. Pollen zones represent significant changes to the terrestrial plant community. Arboreal pollen (AP) influx, 

smoothed with a LOWESS with a span of 0.2 (gray line), and the ratio of AP to non-arboreal pollen (NAP) are presented to show the changes to the density of trees in the area. Background charcoal 
accumulation rate (bCHAR) shows changes to abundance of biomass within the catchment and the solid black line shows the fire regime zones derived from a regime shift algorithm (RSI; P = 0.0001, 

cut-off length = 100 yr, Huber's WF = 5; Rodionov, 2004). Smoothed fire frequency shows the long-term changes to fire activity, ‘+’ symbols represent reconstructed fire episodes. A chironomid-

inferred mean July temperature reconstruction shows the general Holocene pattern in the southern interior of British Columbia (Chase et al., 2008). A) Black bars represent the maximum extents of 

glacier advances along the Coastal Ranges (Reyes and Clague, 2004), B) the gray bars show advances at the central Rocky Mountains (Luckman et al., 1993), and C) the white bars represent the general 

pattern of glacier advances across central and southern British Columbia, summarized by Menounos et al. (2009). The relative influence of regional climate, catchment landscape (topography, elevation, 

aspect), and fuel condition (biomass, fuel connectivity) controls of the decadal-to-centennial scale fire regime are emphasized by skewing of the fire regime triangles based on the relative importance of 
each set of factors (Whitlock et al., 2010).  
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4. A 7500-year record of climate-fire-vegetation 

interactions at a mountain valley site, southeast British 

Columbia, Canada 
 

 

4.1 Abstract 

Fire is the most important abiotic disturbance in the interior cedar-hemlock (ICH) and 

Engelmann spruce–subalpine fir (ESSF) forest zone of southeastern British Columbia, Canada. 

The varying influences of the spatial controls on fire have produced forest stands that are 

heterogeneous in age, structure, and species composition. High-severity fires in these forests are 

drivers of the landscape-scale dynamics of the ecosystem. Here we present a retrospective study 

of the occurrence of high-severity fires and vegetation assemblage changes to understand which 

controls have been important in the past and how the relative importance of the controls have 

changed throughout the Holocene. Past fire activity and vegetation has been inferred from high-

resolution macroscopic charcoal and pollen analysis of lake sediments collected from a low 

elevation valley site in the Columbia Mountains. Early Holocene forests were Pinus dominated, 

and Engelmann-spruce subalpine fir forests developed by 6400 cal a BP. Tsuga heterophylla 

arrived by 4400 cal a BP and the modern interior cedar-hemlock forests expanded throughout the 

lower elevations to present. Fire episodes occurred with a Weibull median fire return interval of 

186 years over the past 7500 years. Climate was a major influence on early Holocene fire 

frequency and local controls of fire activity have been important since ~6000 cal a BP. Forest 

biomass and major climate-mediated forest compositional changes were not major influences on 

fire frequency at this site, suggesting that other local controls have been important controls on 

fire in the catchment. 

 

Key words: charcoal; disturbance; Holocene; lake sediments; mixed-conifer forests; wildfire 
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4.2 Introduction 

Climate warming is projected to increase fire frequency, severity, and area burned across boreal 

regions of western North America and increase carbonaceous emissions (Spracklen et al. 2009) 

due to lengthening of the fire season, and changes to the variability of fire weather (Whitlock et 

al. 2003; Westerling et al. 2006; Tymstra et al. 2007; Flannigan et al. 2009). Forests and the 

disturbance regimes acting upon them contribute to the carbon flux between the terrestrial 

environment and the atmosphere, influencing atmospheric composition and climate (Kasischke 

et al. 2013). Wildfires threaten human life and infrastructure and have varying socioeconomic 

impacts, which depend on the land-management strategies and various stakeholder perspectives 

interacting at the wildland-urban interface. The threat of wildfires is also superimposed upon the 

crucial ecological role it plays. Fires are an important disturbance in montane mixed-conifer 

forests that influence stand composition and age distributions, biogeochemical cycles, soil 

stability, and can have complex dynamics in association with other types of abiotic and biotic 

disturbances. Quantitative records of fire are necessary to understand how forests will respond to 

future climate warming and human land-use changes. 

High-severity fires are the most important disturbances in Engelmann spruce–subalpine 

fir (ESSF) forests and are a driver of the landscape-scale dynamics of the ecosystem (Lindgren 

and Lewis 1997). These forests dominate much of mid-elevations in the Columbia Mountains of 

southeast British Columbia, Canada. The rugged topography forces westerly air to converge and 

produces high total annual precipitation that promotes the development of dense and diverse 

forests that are ecologically and socioeconomically important. Many studies have investigated 

forest fire histories of the Engelmann spruce-subalpine fir forests of the region (Pollack et al. 

1997; Steventon 1997; Wong et al. 2004; Gavin et al. 2006; Nesbitt 2010; Courtney Mustaphi 
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and Pisaric 2013; In press). Earlier investigations of multiple sites have examined the varying 

influence of top-down (climatic) controls and bottom-up (local scale) controls of fire activity in 

the region during the Holocene (Gavin et al. 2006; Courtney Mustaphi and Pisaric 2013; In 

press). At a high elevation site in the region, the influence of fire controls varied in relative 

importance throughout the Holocene, where climate, insolation, and climate-mediated vegetation 

composition, were important during the early Holocene (Courtney Mustaphi and Pisaric, In 

press) and these controls were overridden by the importance of local site factors during the mid 

and late Holocene (Gavin et al. 2006; Courtney Mustaphi and Pisaric 2013; In press). Aspect has 

been shown to be an important local spatial control of late Holocene fire regimes in Engelmann 

spruce-subalpine fir forests (Courtney Mustaphi and Pisaric 2013) and centennial to millennial 

scale increases in biomass abundance within the watershed was an important local control at 

subalpine elevations (Courtney Mustaphi and Pisaric In press). Fires during the late Holocene 

have been synchronous at decadal to centennial scales at sites sharing a similar aspect and 

additional paleoecological investigations of full Holocene records are needed to examine the 

causes of independence and asynchrony of fire activity in the region (Courtney Mustaphi and 

Pisaric 2013). Longer term records of vegetation and fire can be used to discern the relative 

importance of local site factors (aspect, topography, fire breaks), fuels (abundance, vegetation 

type), and climatic variability on fire regimes. 

Here, we present a 7500-year record of vegetation and forest activity derived from the 

lake sediments from a mountain valley lake. We examine the local area fire history of the 

catchment through high resolution macroscopic charcoal analysis and interpret the relative 

importance of the spatial controls of fire occurrence. We then explore how the controls of the fire 

regime have varied through time by examining other fire, vegetation, and paleoclimatic records. 
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4.3 Methods 

 

4.3.1 Study site 

The Columbia Mountains of interior British Columbia, Canada, have a rugged landscape and are 

part of the Interior Wet Belt where annual precipitation is generally higher than surrounding 

regions. Sasquatch Lake is a small (2 ha), nearly oval lake that is moderately deep (Zmax = 4.6 m) 

and has a catchment area of 120 ha (Fig. 4.1). There are few ephemeral stream inputs from the 

adjacent slopes that transport snowmelt and storm water to the lake and a minor outlet draining 

northwest through Lemon Creek to the Slocan River. The lake is situated at 1054 m asl in a 

narrow T-shaped junction of the 6 Mile Creek and Lemon Creek valleys. The valley walls are 

steep and reach 700-1200 m above the lake. Local bedrock is Middle Jurassic porphyritic granite, 

granodiorite, and granitic gneiss, of the Nelson Batholith (Little 1960; Wheeler and McFeely 

1991). Soils are shallow, usually 50-150 cm deep, rapidly draining, lithic humo-ferric podzols of 

the Buhl Creek Association (Jungen 1980) with significant colluvium and rock outcrops. 

Currently, the western slope is continuously forested and the eastern slopes are densely forested 

up to ~1500 m asl where the timberline is geomorphically controlled by colluvium patches and 

alpine colluvium and exposed bedrock dominate above 1750-1900 m around the Mt Cornfield 

horn. 

 The study site experiences strong seasonality and receives 1214 mm of precipitation 

annually, 44% of which falls as snow. Summers are warm (mean 14 °C) with episodic 

convective thunderstorms (255 mm of the total rainfall). Winters are moderately cold and snowy 

(mean December to February temperature = -6.8 °C; 382 mm of precipitation; 1981-2009; Wang 
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et al. 2012). The fire season begins as early as April and lasts as late as October (Canadian Forest 

Service, 2010).  

 Similar to most regions of the Interior Wet Belt of the Columbia Mountains, low to mid 

elevation (500-1200 m) vegetation cover is interior cedar-hemlock (ICH) forests (Ketcheson et 

al. 1991), dominated by uneven-aged stands of fire intolerant western redcedar (Thuja plicata 

Donn ex D. Don) and western hemlock [Tsuga heterophylla (Raf.) Sarg.]. A fire scar and stand 

age study of three ICH stands (807-1161 m asl) suggested that these stands experience low-to-

moderate severity fires with 112-137 years since last fire (Nesbitt 2010). Canopy tree density 

ranged from 167-221 living trees ha
-1

, the subcanopy consisted of 533-666 trees ha
-1

, and the 

regeneration layer had 3508-8037 individuals ha
-1

. Fire years at low to mid elevations within the 

6 Mile Creek valley were established for CE 1834, 1863, 1872, and 1897 (Nesbitt 2010). There 

was evidence of selective winter timber harvesting of larger diameter trees off of the road 

approaching the site. Sasquatch Lake is situated within moist-warm ICH forests that experience 

infrequent stand initiating events with a mean disturbance interval of 200 years. Mid elevations 

are composed of wet-cool Engelmann spruce-subalpine fir forests [ESSF; Picea engelmannii 

Parry ex Engelm.; Abies lasiocarpa (Hook.) Nutt.] with minor abundances of Douglas-fir 

[Pseudotsuga menziesii (Mirb.) Franco], western larch (Larix occidentalis Nutt.), and lodgepole 

pine (Pinus contorta var. latifolia Engelm. ex S. Watson), which experience rare stand-initiating 

events with a mean disturbance return interval of 250-350 years (Pollack et al. 1997; Wong et al. 

2004). Moderate to large severity outbreaks of mountain pine beetle (Dendroctonus ponderosae 

Hopkins) caused tree mortality upslope from Sasquatch Lake between CE 2005 and 2007 (BC 

Ministry of Forestry and Range 2012). 
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4.3.2 Field methods 

During summer 2009, lake sediment cores were collected from the eastern portion of the central 

deep basin of Sasquatch Lake. The sediment-water interface and uppermost sediments were 

collected using a large diameter Glew gravity corer deployed from a boat, then extruded into 

Whirl-Pak® bags using a vertical extruder at contiguous 0.25-cm intervals, from 0-15 cm depth, 

and at 0.5-cm intervals to the base (Glew et al. 2001; Courtney Mustaphi and Pisaric 2013). 

Deeper sediments were collected using a 5-cm diameter Livingstone piston corer in 1-m drives 

(Wright et al. 1984) and coring ceased at 531.5 cm below the water-sediment interface. Piston 

cores were extruded in the field, wrapped in plastic and aluminum foil, shipped to the Carleton 

University Paleoecological Laboratory (CUPL), and subsectioned and bagged at contiguous 0.5-

cm intervals. 

 

4.3.3 Laboratory methods 

A composite stratigraphy was established through overlapped magnetic susceptibility, loss on 

ignition, and charcoal concentration data profiles of the surface and deeper sediment cores. An 

age-depth model was developed using a cubic spline through four dates obtained from 

accelerator mass spectrometry radiocarbon dating of organic material that was presented by 

Courtney Mustaphi and Pisaric (2013). Radiocarbon dates were calibrated using IntCal09 

(Reimer et al. 2009). The magnetic properties of sediments reflect the minerals present and 

magnetic susceptibility was used to interpret changes to the erosion and deposition regime of the 

watershed (Dearing 1999). The magnetic susceptibility of the surface sediments was measured 

from 1 cm
3
 subsamples using a Bartington Systems MS2B sensor. Prior to being subsectioned, 

magnetic susceptibility of the piston cores was measured from an open core face using a 
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Bartington Systems MS2E1 sensor. Sediment organic content was estimated through loss-on-

ignition analysis (Dean 1974; Heiri et al. 2001), which used 1 cm
3
 subsamples taken at 0.25-2.5 

cm intervals and dried at 105 ºC for 24 hours. The dried samples were burned at 550 ºC for 4 

hours, then reburned at 950 ºC for 2 hours for estimated carbonate content, and the residual 

material represented the siliciclastic content. Using a Beckman Coulter LS 13 320 laser 

diffraction particle size analyzer, particle size distributions (PSDs) were derived from 1 cm
3
 

subsamples taken at ~10 cm intervals. Organic material was digested through pretreatment with 

30% hydrogen peroxide (H2O2) in a hot water bath (~75 ºC) for 8 hours, and then the residues 

were dispersed with 5 mL of sodium hexametaphosphate prior to triplicated measurements. 

Replicated measurements were averaged and the distributions were processed in GRADISTAT 

v8 that calculated percent sand, silt and clay fractions (Blott and Pye 2001). 

For sediment macroscopic charcoal analysis, contiguous 1 cm
3
 subsamples were removed 

at 0.25-0.5 cm intervals, soaked in a metaphosphate solution (Bamber 1982) for at least 24 hours, 

and then wet sieved through a 150 µm mesh. The larger fraction was transferred to a Petri dish 

and the number of macroscopic charcoal pieces was tallied under a Nikon SMZ800 stereoscope 

at 6-40 X magnification (Whitlock and Larsen 2001). Sediment macroscopic charcoal 

concentrations (pieces cm
-3

) were converted to charcoal accumulation rates (CHAR; pieces cm
-2

 

yr
-1

) and analyzed using CharAnalysis software (Higuera 2009; Higuera et al. 2009). Raw 

charcoal concentrations were resampled to 12-year intervals to create an interpolated CHAR 

series for peak analysis. Background charcoal accumulation rates (bCHARs) were estimated 

locally over a 500-year window using a LOWESS smoother robust to outliers. CHAR peaks 

were defined by subtracting the estimated background CHAR component from the interpolated 

CHAR series (Higuera et al. 2010) and identified through a noise cut-off probability at the 99
th
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percentile established by a Gaussian mixture model (Higuera et al. 2010). Minimum charcoal 

concentrations within a 75-year period prior to a peak with a probability < 5% of coming from 

the same Poisson distribution as the associated peak were retained as significant peaks (Higuera 

2009; Higuera et al. 2010). CHAR peaks represented fire episodes of ≥1 large fire(s) that 

occurred in the lake catchment area within a 12-year period. Fire frequencies were smoothed 

using a LOWESS smoother with a window span of 1000 years through the tally of number of 

fires during each 1000-year period (Long et al. 1998; Gavin et al. 2006; Higuera 2009; Hallett 

and Anderson 2010). 

Pollen was processed from 1 cm
3
 subsamples, removed at a median interval of 15 cm, 

through standard digestion techniques (Fægri and Iversen 1989) with Lycopodium tablet 

inoculation (Stockmarr 1971), and were neither fine nor coarse sieved to preserve microscopic 

charcoal and stomata in the residues. Pollen was enumerated under 400-1000x microscopy to a 

minimum terrestrial pollen count of 500 grains and identification was aided using keys 

(McAndrews et al. 1973; Bassett et al. 1978; Moore and Webb 1978) and a reference collection 

at the CUPL. Stomata were identified during pollen counts using keys by Hansen (1995) and 

Sweeney (2004) and represented local presence of each taxon observed. Microscopic charcoal 

was also tallied during pollen counts and plant macroremains were identified during macroscopic 

charcoal counts and were presented as local presence of taxa. 

 

4.3.4 Data analyses 

Vegetation zones were established through constrained incremental sum of squares cluster 

analysis (CONISS) of the terrestrial pollen assemblages. To identify significant changes to the 

fire regimes between each pollen zone, two-sample Kolmogorov-Smirnov (KS) tests were used 
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to examine whether the null hypotheses were true; that the fire return intervals (FRIs) 

distributions from each adjacent identified pollen zone came from the same underlying 

distributions. 

 

4.4 Results 

4.4.1 General sedimentology 

The magnetic susceptibility was generally low, -1 to 3 x10
-5

 SI, with higher variability from 

~7568-4000 cal a BP and since 750 cal a BP to present (Fig. 4.2). Multiple peaks were associated 

with increased siliciclastic content determined through loss-on-ignition analysis. Siliciclastic 

content accounted for 60-90% of the sediment dry weight and had decreased throughout the 

Holocene as organic content increased (10-45%), most notably during the past 60 years. 

Sediment carbonate content was consistently low, <9%, throughout the entire record. Particle 

size distribution data showed that the sediments were predominantly poorly sorted, very fine 

sandy coarse and medium silts with a low clay content (<10%). The lack of conspicuous tephra 

deposits from Holocene Cascadian eruptions frequently found in this region (Jungen 1980; Foit 

et al. 2004; Gavin et al. 2006; Courtney Mustaphi and Pisaric 2013) could be due to the sheltered 

location of the basin. 

 

4.4.2 Vegetation record 

Pollen zone 1: 7561-6400 cal a BP - Pinus-Picea-Abies-Pseudotsuga/Larix 

The pollen record from Sasquatch Lake suggested early-to-mid-Holocene forests in the valley 

were dominated by Pinus (40-55%) and Alnus (15-25%), and Picea (1-15%) increased 

throughout pollen zone 1, while Pseudotsuga/Larix (5-15%) and Abies (≤3%) tended to decrease 
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(Fig. 4.3). Deciduous tree taxa (Betula and Populus) and shrub taxa (Salix and Artemisia) were 

highest during this period. Artemisia decreased throughout the period from 8 to 2%. Grass 

(Poaceae) and other small plants were less abundant and pollen from aquatic taxa was rarely 

observed. The relatively mesic valley bottom conditions also supported Lycopodiaceae and 

pteridophyta (fern) species. Pediastrum counts were generally high, up to 50-200 colonies per 

500 pollen grains. 

 

Pollen zone 2: 6400-4400 cal a BP - Pinus-Picea-Abies-Pseudotsuga/Larix 

The vegetation assemblage remained consistent until 4400 cal a BP (Fig. 4.3). Picea remained an 

important constituent of the assemblage (15-20%), higher than during the previous pollen zone. 

Pinus decreased slightly (50-40%) as did Pseudotsuga/Larix, Alnus, and Artemisia. Pediastrum 

also remained high. 

 

Pollen zone 3: 4400-1500 cal a BP - Pinus-Picea-Tsuga-Cupressaceae 

Forests with abundant Pinus, Picea, and Pseudotsuga/Larix continued during this period and 

Alnus ranged from 7-15%. Tsuga pollen, likely representing Tsuga heterophylla, was first 

present (1%) by 4700 cal a BP, and was abundant (8-30%) by 4400 cal a BP (Fig. 4.3). A Tsuga 

stoma was found at 2000 cal a BP, but local presence had probably occurred earlier. The 

appearance of Tsuga in the watershed appeared to be abrupt and within a few hundred years 

rapidly changed the forest of the lower elevations. Cupressaceae also increased during this period 

and likely represents Thuja plicata. Picea, Abies, Pseudotsuga/Larix pollen and deciduous and 

shrub taxa pollen decreased during the period, as did Pediastrum counts. The modern ICH 

forests established by 4400 cal a BP in the valley, similar to previous vegetation studies in 
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southeast British Columbia (Hebda 1995; Rosenberg et al. 2003; Gavin et al. 2006; 2011; Hallett 

and Hills 2006; Courtney Mustaphi and Pisaric In press). 

 

Pollen Zone 4: 1500 cal a BP-present - Pinus-Picea-Tsuga-Cupressaceae 

Since 1500 cal a BP, Pinus pollen remained very high (50-60%), Tsuga remained at 15%, and 

Picea decreased to 10% (Fig. 4.3). Alnus abundance was similar to Zone 3 ranging from 4-16%. 

The forest that surrounded the lake had remained interior cedar-hemlock (ICH) with Engelmann 

spruce-subalpine fir (ESSF) forests dominating the slopes above the lake. 

 

4.4.3 Fire episode reconstruction and calibration 

The recent fire history was established using observational records from the Canadian National 

Fire Database (CNFDB; CE 1917-2011) and dendrochronological methods at sites in the 6 Mile 

Creek valley (Fig. 4.4a). Fires during the past century were lightning-caused and predominantly 

at mid to high elevations in the ESSF forests. One human-caused fire to the northeast of the lake 

in CE 1944 did not result in a large influx of charcoal to the lake; however, charcoal slowly 

increased during the following decade, and indicated that most of the charcoal produced during 

that fire was transported away from the basin due to the topography. Stand ages and fire scar 

dates were established at four sites in the 6 Mile Creek valley (Nesbitt 2010) and suggested low-

to-moderate severity fires were common at the valley bottom during the CE 1800s. Fire return 

intervals were not established due to low sample depths; however, times since last fire ranged 

between 112-144 years (Nesbitt 2010). 

The fire episode reconstruction had a global signal-to-noise index (SNI) of 3.76 (range 

1.17-18.25) and was below a threshold of 3.0 (Kelly et al. 2011) at six separate periods 
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accounting for 23.3% of the record (1752 years). Most troughs in the SNI were just below 3.0 

and troughs below 2.5 occurred during three periods and accounted for only 8.6% of the record 

(648 years), which suggested that some short portions of the fire episode reconstruction need to 

be interpreted with caution. These short periods may have been caused by variable sedimentation 

rates influenced by the steep catchment. The decomposition of the CHAR data into a peak 

component and a varying background rate (bCHAR) identified 41 significant peaks that 

represented fire episodes and one insignificant peak at 61 cal a BP (CE 1889; Fig 4.4b and Fig. 

4.5). The most recent fire episode identified was 97 cal a BP (CE 1853) and the oldest fire 

episode in the record was 7525 cal a BP. One reconstructed fire episode date differed from the 

original fire reconstruction of Courtney Mustaphi and Pisaric (2013) because of the longer 

charcoal data time series used here. The reconstructed fire episode of 4789 cal a BP was no 

longer found to be a significant peak in the record presented here. Raw fire return intervals (FRI) 

ranged from 36-744 years with a mean FRI of 186 years (n=40, median = 156 years). The FRI 

distribution was fitted with a Weibull model, using maximum likelihood techniques. The 

distribution passed a one-sample Kolmogorov-Smirnov (KS) goodness-of-fit test at P > 0.05, 

demonstrating that the raw FRI distribution and modelled distribution come from the same 

underlying distribution (Higuera 2009). The Weibull median fire return interval was 186 years 

(n=40) with 95% confidence envelope of 139-235 years, estimated from 1000 bootstrapped 

samples. 

 

4.4.4 Fire regimes 

The fire frequency varied throughout the record from a maximum of 10 fires per 1000 years prior 

to 7000 cal a BP to 4 fires per 1000 years by 5500 cal a BP and remained between 4-8 fires per 
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1000 years during the remainder of the record (Fig. 4.3). Weibull median fire return intervals 

(mFRI) were estimated for each vegetation zone defined by CONISS analysis of the pollen 

assemblages (Fig. 4.6). Pollen zone 1 had a mFRI of 120 years (9 fires) and the mFRI of zone 2 

was 221 years (10 fires). During pollen zone 3, 15 fires occurred with a mFRI of 160 years. 

There were seven fire episodes during pollen zone 4, which had a mFRI of 230 years (Fig. 4.6). 

The results from the KS tests of the FRI distributions from each pollen zone suggested no 

difference between pollen zone 1 and 2 (P = 0.86), significant similarity between pollen zones 2 

and 3 (P = 0.92), and no difference between zones 3 and 4 (P = 0.50). 

 

4.5 Discussion 

4.5.1 Fire history 

Sasquatch Lake provided a 7500-year record of sedimentation, vegetation change and fire 

activity (Figs. 4.2, 4.3, and 4.4). The organic sandy silt sediments accumulated from the 

deposition of autochthonous and allochthonous organic matter and the clastic input from the 

erosion and intermittent rapid mass movement of bedrock, colluvium, and soils, from the steep 

slopes in the catchment area (Fig 4.1, 4.2, and 4.5). Dendroecological studies in the valley 

indicated low-to-moderate severity fires were common during the 1800s (Nesbitt 2010) and 

recent fires have occurred mainly at mid elevations (Fig. 4.4a). During the recent period, two 

proximal fires occurred near the lake in 1920 and 1944, but were not prominent in the sediment-

charcoal record (Fig. 4.4b). Most ephemeral streams within the 1920 burn area channeled into 

the 6 Mile Lakes and to the north into Lemon Creek; and, similarly, the topography of the burned 

area of the 1944 fire channeled runoff toward Lemon Creek and its smaller tributaries. The 

complex terrain and small catchment size of Sasquatch Lake may account for the absence of a 



116 
 

CHAR peak in the sediments for these two documented fire events. During the decade that 

followed the 1944 fire there was a small increase in CHAR which may be due to lagged erosion 

and deposition effects (Fig. 4.4b). Post fire accumulation of charcoal to the center of other lakes 

had been shown to have continued for up to 7 years (Whitlock and Millspaugh 1996). The 

nearest site sampled for dendrochronological analysis was 1 km south of the Sasquatch Lake (Fig 

4.4a). One fire scar was observed at this site, but could not be dated. Canopy trees initiated from 

CE 1639-1889 and were dominated (90%) by fire-intolerant species. This suggested that a low-

to-moderate severity fire had spread across this portion of the valley in CE 1889 and resulted in 

an insignificant CHAR peak in the Sasquatch Lake record that had cleared the regeneration layer 

of the stand (Fig. 4.4b). Alternatively, the CE 1889 insignificant CHAR peak may have 

represented extra-locally transported charcoal from fires down valley during the 1890s, as 

evidenced by fire scars from low-to-moderate burns at the three more distant dendrochronology 

sites in the 6 Mile Creek valley (Nesbitt 2010). The CE 1853 reconstructed fire may be related to 

fire scars from the 1830s and 1860s, as those dates were within the dating error of the sediment 

age-depth model. 

 The forests within the catchment burned 41 times throughout the record with a Weibull 

mFRI of 186 years (Fig. 4.5). The pine and Engelmann spruce-subalpine fir forests of the early 

to mid Holocene burned frequently (5-9 fires per 1000 a) from 7500-6000 cal a BP (Fig. 4.3 and 

4.7) and fire frequency decreased as regional temperatures decreased (Fig. 4.7). The warmer 

summer temperatures during the early Holocene caused a higher fire frequency through a 

lengthened fire season and increased probability of warm and dry conditions that were conducive 

to fire (Fig. 4.7; Berger and Loutre 1991; Chase et al. 2008). Higher fire frequencies were also 

found at Lake NEL03, a high elevation site in the region (36 km southeast; Courtney Mustaphi 
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and Pisaric In press). During the mid and late Holocene, 4-6 fires per 1000 years occurred with a 

slight increase to 8 fires per 1000 years at 2000 cal a BP (Fig. 4.7). When compared to composite 

biomass burning indices of western North America and boreal latitudes, the Sasquatch Lake fire 

record differed with the exception of decreased fire frequency and bCHAR at 3000 cal a BP, 

followed by increased values at 2000 cal a BP (Fig. 4.7; Marlon et al. 2013). This suggested that 

the Sasquatch Lake fire record was responding to regional-scale influences on the fire regime 

during the very early portion of the record, when summer temperatures were warmer, and from 

3000-2000 cal a BP. The decreased fire frequency at ~3000 cal a BP coincides with the initiation 

of glacial advances in the Rocky Mountains (Luckman et al. 1993), suggesting the decrease in 

fire frequency may be related to regionally colder winters, increased winter precipitation and 

cooler summers or longer snowmelt seasons. The changes to climate would have led to increased 

snow packs that would maintain more mesic conditions into the spring, leading to an overall 

reduction in the probability of fire. The Sasquatch Lake fire record suggests that local site factors 

such as fuel conditions, fuel connectivity, lightning frequency, topography, and other factors are 

important controls of the fire regime (Gavin et al. 2006; 2007; Hu et al. 2006; Higuera et al. 

2009; Courtney Mustaphi and Pisaric 2013), but that local controls can be overridden by climatic 

influences. Unlike the Holocene fire record at the north facing NEL03 site, the fire frequency of 

Sasquatch Lake does not increase during periods of increased biomass in the catchment 

estimated by bCHAR and pollen influx (Fig. 4.7; Courtney Mustaphi and Pisaric In press). 

 Fire frequency varied throughout the Holocene, but distinct changes to the fire regime 

was not concomitant with major changes within the vegetation assemblages. One of the most 

significant ecosystem changes during the record was the arrival of Tsuga heterophylla to the 

interior of British Columbia around 4400 cal a BP, a period of decreased continentality and 



118 
 

increased winter moisture in the Interior Wet Belt region (Gavin et al. 2011) that resulted in the 

establishment of the modern forests in the Columbia Mountains (Hebda 1995, Rosenberg et al. 

2003; Gavin et al. 2006). Interior cedar-hemlock forests began to dominate the lower elevations 

in the region; however, there was no change to the FRI distributions prior to and after the 

assemblage change (pollen zones 2 and 3). This may be due to this site capturing the fire activity 

of lower and mid elevation forests due to the catchment morphometry. A similar range of fire 

frequencies were found at Lake NEL01 (Fig. 4.7), a mid-elevation site surrounded by Engelmann 

spruce-subalpine fir forests, during the late Holocene (20 km southwest; Courtney Mustaphi and 

Pisaric 2013). This suggested that assemblage changes from Engelmann-spruce subalpine fir 

forests to interior cedar-hemlock forests at lower-to-mid elevation sites may not be an important 

influence on forest fire frequency in the Columbia Mountains as these forest types may 

experience high-severity fires at similar frequencies. 

 

4.5.2 Controls of the fire regime 

The Pinus, Picea, Pseudotsuga/Larix forests of the early Holocene experienced higher fire 

frequencies that were influenced by warmer summer temperatures (Chase et al. 2008). As 

Holocene summer temperatures cooled, local controls became more important and may explain 

why the fire activity at Sasquatch Lake was different from the regional biomass burning trend of 

western North America (Marlon et al. 2013) and nearby Lake NEL03 (Courtney Mustaphi and 

Pisaric In press). Important local controls include aspect (Courtney Mustaphi and Pisaric 2013), 

topography, disturbance interactions (Veblen et al. 1994), and soil moisture among others. Fire 

activity during the past 5000 years occurred at similar frequencies and was synchronous with 

other sites in the region that had south-facing aspects (Courtney Mustaphi and Pisaric 2013). The 
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expansion of interior cedar-hemlock forests, a major climatically-mediated change in vegetation 

composition around 4400 cal a BP did not significantly alter the fire frequency. The influence of 

local controls are expressed through the difference between the Sasquatch Lake fire record and 

the regional biomass burning trends (Fig. 4.7), which suggested that small-scale spatial controls 

remained important for most of the record since ~6000 cal a BP. Between 2500-2000 cal a BP, 

the fire frequency at Sasquatch Lake increased, as did fire activity at NEL03 and regional 

biomass. This suggested that broad-scale controls became more important than local controls as 

the dominant influence of the fire regime for a short period. 

 

4.6 Conclusions 

 

The lake sediment record of Sasquatch Lake provided a 7500-year long record of sedimentation, 

vegetation, and fire activity of this small watershed. Forests during the early portion of the record 

were dominated by Pinus and changed to Engelmann-spruce subalpine fir forests by the mid 

Holocene. Interior cedar-hemlock forests established throughout the lower elevations by 4400 cal 

a BP and have remained to present. Fire regimes were strongly influenced by climate during the 

early to mid Holocene and as Holocene temperatures continued to cool local controls dominated 

the fire activity. Some agreement of the Sasquatch Lake fire history record with regional records 

suggested that broad-scale controls, likely climatically-driven, can override local factors as the 

dominate controls of the fire regime under certain conditions. Further details about the fire 

regime controls can be established by further analyzing additional Holocene-length fire, 

vegetation, and paleoclimatic records. 
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Figure 4.1: Map a) showing the location of the study region and b) showing the locations of 

Sasquatch Lake and surrounding watersheds. c) Sasquatch Lake bathymetry (2 m shaded 

contours) and coring location (black circle). 
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Figure 4.2: General sedimentology of the composite core from Sasquatch Lake, including 

magnetic susceptibility, loss on ignition, and particle size data. 
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Figure 4.3: Holocene pollen spectra of the Sasquatch Lake sediment stratigraphy. Pinus to pteridophyta presented as percent relative 

abundance of the terrestrial pollen sum. Pediastrum and aquatic pollen are presented as counts. Stomata presence data are shown by 

grey triangles for the corresponding taxa. Inferred fire episodes are shown as + symbols and the smoothed fire frequency presents the 

long term variability of the fire regime (episodes 1000a
-1

; see Fig. 4.5 for more details). Pollen assemblage zones were established 

through CONISS analysis of the terrestrial pollen counts.  
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Figure 4.4: Summary of known fire information near Sasquatch Lake. (a) Locations and forest 

fire perimeters from the Canadian national fire database (1917-2010; Canadian Forest Service 

2013) of all lightning caused fires, with the exception of one human caused fire (CE 1944; dates 

shown in Common Era (CE). Fire scar and dendroecological sites from Nesbitt (2010; black 

squares), three sites were further south in the valley. (b) CHAR and bCHAR from CE 1800-2009 

and significant and insignificant peaks identified by the decomposition in CharAnalysis with 

known fire dates from Canadian wildfire database and dendroecological study (Nesbitt 2010). 

The 6 Mile Creek forest service road (FSR) was established in 1917, Lemon Creek FSR was 

established in 1924, and Sasquatch Lake campsite (REC#2124) was established in 1998 (BC 

Ministry of Transportation and Infrastructure; BC Ministry of Forests, Lands and natural 

Resource Operations). 
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Figure 4.5: (a) Decomposition of the CHAR record (black line) and the background CHAR 

(bCHAR; grey line) with reconstructed fire episodes (black ‘+’ symbols), insignificant peaks 

(grey dot), and known fire dates established from fire scars in the valley (Nesbitt 2010; grey ‘+’ 

symbols). Dark grey bars indicate portions of the time series that fall below a signal-to-noise 

index threshold value of 3.0 (Kelly et al. 2011). (b) Histogram of the fire return intervals (FRIs) 

and Weibull modeled distribution. Median FRI was calculated from the Weibull modeled 

distribution and 95% confidence intervals (in parentheses) and Weibull b and c parameters are 

shown with 95% confidence intervals. 
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Figure 4.6: Histograms of the fire return intervals (FRIs) and Weibull modeled distributions for 

each pollen zone identified by CONISS. Median FRI was calculated from the Weibull modeled 

distribution and 95% confidence intervals (in parentheses) and Weibull b and c parameters are 

shown with 95% confidence intervals. 
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Figure 4.7: Summary of the fire record at Sasquatch Lake, including the charcoal accumulation rates (CHAR), fire episode reconstruction (+ symbols), fire frequency, and 

background charcoal. The arboreal pollen (AP) influx and AP to non-arboreal pollen (NAP) are shown as an additional indicator of biomass in the catchment. Horizontal grey lines 

delineate pollen zones identified through CONISS. Regional records of fire activity, biomass and climate are shown for comparison. The smoothed fire frequency of Lake NEL01 

(Courtney Mustaphi and Pisaric 2013) and NEL03 (Courtney Mustaphi and Pisaric In press) is presented as a local fire record comparison. The z-scores of standardized charcoal 

index show the biomass burning trend in western North America established from 66 sites in the region (Marlon et al. 2013). A chironomid-inferred mean July temperature 

reconstruction shows the general Holocene temperature pattern of the southern interior of British Columbia (Chase et al. 2008). To illustrate the changes to the fire regime controls 

throughout the Holocene, the relative influence of regional climate, local controls (catchment landscape, topography, elevation, aspect), and fuel condition (biomass, fuel 

connectivity) controls of the centennial-to-millennial scale fire regime are represented and emphasized by skewing of the fire regime triangles (Moritz et al. 2005; Whitlock et al. 

2010) based on the relative importance of each set of factors (Courtney Mustaphi and Pisaric In press). 
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5. A classification for macroscopic charcoal morphologies 

found in Holocene lacustrine sediments 
 

5.1 Abstract 

Macroscopic charcoal analysis of lake sediment records is widely used to reconstruct forest fire 

histories. Development of fire histories often relies on a tally of total charcoal per sediment 

volume analysed; however, recent studies have shown that additional paleoecological 

information can be collected by classifying the macroscopic charcoal morphology. The shape 

and diagnostic features of deposited charcoal yields information about fuel sources, fire 

variables, and aids in identifying secondary charcoal deposits and calibrating sediment records 

with known historical fires. This reduces noise in the proxy-fire signals and enhances 

paleoecological inferences. Furthermore, quantified charcoal morphology distribution studies at 

multiple sites across a landscape could provide detailed information about specific historical fire 

events that would not be available if charcoal concentration was the only data available.  

 Here we present a classification of 27 macroscopic charcoal morphologies observed in 

the Holocene-aged sediments of seven lake sites located in mixed-conifer boreal forests of 

southeastern British Columbia, Canada. The morphology classification presented here was 

developed following the observation of >100,000 macroscopic (>150 µm) charcoal fragments; 

although, this paper focuses on the presentation of the morphological classes established, their 

identification, and potential fuel sources if they are known. The results from the quantification of 

charcoal in the sediment records are not presented here. This classification system builds on 

other morphological classifications that have been previously identified, but is more inclusive of 

the morphological variability observed and is flexible to modification for use when applied to 

other study settings. Morphological data can be collected quickly during charcoal counts and 

requires no additional material or apparatus. Future work should focus on quantifying charcoal 

morphologies at multiple sites with known fires to assess the usefulness of obtaining large 

morphological and anthracological datasets, and to broaden the system to other biomes, such as 

mixed and hardwood forests, grasslands, peat, heathlands, and tundra. 

 

Key words: anthracology; charcoal; fire history; lake sediments; morphology; morphotypes; 

paleobotany; paleoecology; Quaternary; wildfire 
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5.2 Introduction 

Sedimentary charcoal analysis is an established paleoenvironmental research method that 

investigates natural wildfire and human-induced fire events across many temporal scales 

(Conedera et al., 2009; Scott, 2010; Scott and Damblon, 2010). These studies are critical to 

understand past climate-fire-vegetation interactions, landscape-scale ecosystem evolution, 

human-environment interactions, and for modeling future fire risk to inform land management 

policy and decision making (Gavin et al., 2007; Hessl, 2011). Proxies for fire occurrence, such as 

charcoal remains or polycyclic aromatic hydrocarbons, are preserved in sedimentary 

environments (Conedera et al., 2009) and can be used to reconstruct fire histories for a defined 

spatial scale. Charcoal is produced during wildfires through the incomplete burning of biomass 

fuels that is then transported and accumulates in depositional environments (Whitlock and 

Larsen, 2001). Deposited macroscopic charcoal (>125 µm) in lake sediments tends to have a 

source area of <500 m (Lynch et al., 2002); however, during some intense fires with very strong 

convection, this charcoal may travel greater distances before deposition (Pisaric, 2002; Tinner et 

al., 2006). This makes macroscopic charcoal analysis a powerful tool for reconstructing fire 

histories within lake watersheds. 

Macroscopic charcoal analysis has multiple benefits as a method for reconstructing fire 

histories: charcoal is identified using simple and well established diagnostic properties (e.g. 

lustre, colour, cleavage, streak, nonmagnetic), identification is normally not time intensive, and 

the per sample cost is low. Methodological overviews are available in the literature that discuss 

the entire fire history reconstruction process, from site selection and data acquisition (Clark, 

1988; Whitlock and Millspaugh, 1996; Whitlock and Larsen, 2001; Conedera et al., 2009; 

Mooney and Tinner, 2011), to data processing, and statistical detection and calibration of 
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historical wildfire events (Gavin et al., 2006; Higuera, 2009; Higuera et al., 2009; 2010; 2011; 

Kelly et al., 2011). 

Many studies focus on tallying charcoal pieces per sediment volume (charcoal 

concentration) or measuring charcoal area by sediment volume, and then converting 

concentration values into charcoal accumulation rates (CHAR; charcoal pieces cm
-2

 yr
-1

). CHAR 

data are then decomposed into the variable background charcoal accumulation rate and the peak 

component that represents a paleofire event (e.g. Gavin et al., 2006; Hallett and Hills, 2006; 

Higuera et al., 2009). Other studies have pursued morphological measurements, such as 

quantifying charcoal length and width to begin to discern potential fuel sources such as grasses, 

wood, or leaves (Umbanhowar and McGrath, 1998), and have shown that morphological data 

adds more detail to paleoecological interpretations (Jensen et al., 2007). Macroscopic charcoal 

analysis has been furthered by studies of charcoal morphology that has provided additional 

information about fuel sources involved during past fire events and how vegetation-fire 

interactions have varied through time (Enache and Cumming, 2006; 2007; 2009; Moos and 

Cumming, 2012; Walsh et al., 2008; 2010a; 2010b). Morphological data, collected from multiple 

sites in adjacent watersheds, has the potential to be useful in the reconstruction of fire severity, 

location, or extent, adding more information than total charcoal data alone (Higuera et al., 2011). 

Sedimentary charcoal morphology data would also present more information for calibrating 

known fire dates with those observed in the sediment record. Because of the differential fragility 

of certain charcoal morphotypes, morphology data may also be indicative of false positive local 

proxy-fire signals caused by secondary charcoal deposition in a sediment record (Enache and 

Cumming, 2007; Conedera et al., 2009; Moos and Cumming, 2012). Classification of charcoal 

morphology based on published keys (Enache and Cumming, 2006) can be done quickly during 
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charcoal counting and does not require time consuming linear measurements. Morphology is an 

underused proxy tool for investigating vegetation disturbance dynamics and history (Conedera et 

al., 2009). 

Previously published morphological classification schemes are available for montane 

boreal forests (Enache and Cumming, 2006; 2007; 2009), mixed forests, and grassland sites 

(Jensen et al., 2007; Walsh et al., 2008; 2010a; 2010b). Source materials have been deduced 

from observation and experimentation by burning plant parts in the laboratory (Jensen et al., 

2007).  Walsh et al. (2010a; 2010b) also demonstrated that classifying charcoal as woody, 

herbaceous, or lattice-shaped, benefits interpretations of past vegetation and fire regime 

variability during the Holocene by yielding quantitative data for interpreting successional 

changes to the local vegetation.  

This paper focuses on the use of macroscopic charcoal analysis on lacustrine sediments 

for reconstructing local (watershed-scale) Holocene fire histories, specifically those of subalpine 

and valley mixed-conifer forests, and describes a charcoal morphology classification that can be 

applied to macroscopic charcoal remains found in any sedimentary environment. Here we 

present a morphological classification for sedimentary charcoal in the size range of 150 µm to 

approximately 2 cm.  

The classification system presented here is designed to: 1) be inclusive of the 

morphological variability of macroscopic charcoal pieces preserved in lake sediments from sites 

within mixed-conifer forests and to provide more paleoecological information for interpretation; 

2) be used for multivariate data analyses through morphology abundance distributions to yield 

paleoecological information that cannot be extracted from total charcoal concentration data, 

especially if multiple extralocal-to-local sites are systematically analyzed and additional fire 
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record calibration steps are undertaken; 3) be adaptable and flexible when applied to new study 

sites through the addition of new classes and/or subclasses with minimal disruption to the 

quantitative utility of inter-site comparison. 4) Will have some translation into previous 

classification systems, such as Enache and Cumming (2006; 2007) or Walsh et al. (2010a) 

because these morphologies are included or expanded upon here. 

 

5.3 Study region 

The morphologies described here have been observed during macroscopic charcoal analysis of 

seven lake sites in southeastern British Columbia, Canada (Figure 5.1a and 5.1b). These sites are 

surrounded by dense Engelmann spruce-subalpine fir (Figure 1c and 1e), interior cedar-hemlock 

(Figure 5.1d), ponderosa pine (Figure 5.1f), and interior Douglas-fir (Figure 5.1g) forests, 

representing four major biogeoclimatic zones of British Columbia (Pojar et al., 1987; Meidinger 

and Pojar, 1991). Subcanopies are vegetated by herbaceous plants and shade-tolerant trees and 

shrubs (Parish et al., 1996) and ponderosa pine forests have significant grass cover between 

standing trees. Table 5.1 shows general vegetation information for each study site. 

The lake sites are located in the Columbia Mountains and the leeward side of the Purcell 

Mountains and Rocky Mountain Trench (Figure 5.1). Mean annual temperature is slightly 

warmer in the west (8.4 ºC; City of Castlegar) than the east (5.7 ºC; City of Cranbrook; Climate 

Normals 1971-2000; Environment Canada). The difference is largely due to the higher elevations 

of the Purcell Mountains in the east. Total annual precipitation in the West Kootenays (755 mm) 

is nearly double that of the East Kootenay region (383 mm). Summer is punctuated by westerly, 

episodic, convective thunderstorms (Jungen, 1980) and the fire season is concentrated during 

June through September (Schroeder and Buck, 1970); although fires can occur in southeastern 
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British Columbia as early as April and as late as October (Canadian Wildland Fire Information 

System [CWFIS], 1959-1999). The differing climes of each region support characteristically 

differing biogeoclimatic zones (Pojar et al., 1987). Low- to mid-elevation sites in the west have 

fire return intervals of 0-200 years and are classified as having mixed-severity forest fire 

regimes, while higher elevation sites experience stand-replacing high-severity fires (Blackwell et 

al., 2003; Nesbitt, 2010). Low-elevation sites in the east experience low-to-moderate severity fire 

regimes with fire return intervals of 0-35 years (Blackwell et al., 2003).  

The lakes sampled for this study are small (<1-8 ha) with little or no inflows and 

outflows and are shallow (Zmax = 0.85-9.0 m) with simple basin morphometries. A list of sites is 

presented in Table 5.1 and each is shown in Figure 5.1. Presently, the sites have continuous 

forests surrounding the lakes. NEL01 has a small emergent macrophyte bed at the southeast 

edge, and CRN4 has a broad and continuous bed of sedges (Carex) encircling the lake. 

 

5.4 Methods 

During the summers of 2008-2010, Holocene-aged lake sediments from seven lakes were 

collected by coring the deep, central basins of each lake. The coring, geochronology, and 

charcoal analysis methods are described in detail in Courtney Mustaphi and Pisaric (2013). A 

continuous sediment record with an intact sediment-water interface was obtained through a 

combination of gravity coring and piston coring (Wright et al., 1984; Glew et al., 2001). Core 

sections were correlated with one another using tephra layers where available, organic content 

and magnetic susceptibility values, and geochronological methods. A homogeneous 1 cm
3
 

subsample was removed at each 0.25 or 0.5 cm interval down each core stratigraphy, soaked in a 

metaphosphate solution (Bamber, 1982) for at least 24 hours, and then wet sieved through a 150 
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µm mesh. The remaining material was transferred to a Petri dish and examined under a Nikon 

SMZ800 stereoscope at 6-40x magnification. A survey of the observed charcoal morphologies 

was catalogued while macroscopic charcoal was tallied.  

 

5.5 Morphology classifications 

Morphology and morphological features were observed from >100,000 Holocene-aged 

sedimentary charcoal fragments and were classified into seven broad categories, which included 

a total of 27 subclasses of charcoal morphologies. These classifications were based on charcoal 

fragment shape, structure, and texture; some classes were previously identified in other charcoal 

morphology studies (Enache and Cumming, 2006; Jensen et al., 2007). A full key and 

description of each charcoal morphotype can be found in Appendix 1. The classification system 

allows for expansion or contraction depending on the goal of future studies and the charred 

remains observed. Seven charcoal morphological classes (A to G; Figures 5.2 to 5.5) with 

detailed diagnostic properties and probable or known fuel sources of the morphotype material are 

presented in Appendix 1 (note: not all sources are known). 

 

5.5.1 Type A: polygonal charcoal 

Charcoal with an overall 2-dimensional polygon shape have been commonly observed in many 

studies (Enache and Cumming 2006; 2007; 2009; Moos and Cumming, 2011) and are likely the 

product of foliage burning and from wood that was then rounded during transport. Subclasses 

were derived based on the presence of structures or void spaces within the polygon. 
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5.5.2 Type B: ortho-angular polygons and polyhedra (blocky shaped) 

Blocky-shaped charcoal is very common at forested sites and seems to be primarily a product of 

wood burning.  

 

5.5.3 Type C: long and complex 

Charcoal elongated in one direction but contains conspicuous features likely had specific plant 

source material such as leaf veins, twigs, and thin stem parts. Some of the Type C charcoal could 

be matched with source material collected in the field during sampling and burned in the 

laboratory. 

 

5.5.4 Type D: long and simple 

Short thin filaments are often found associated with wood-sourced charcoal due to the tendency 

of blocky charcoal to fragment into fibres. Burned needles can also produce longer filamentous 

charcoal. Thin filaments are almost hair-like in thickness and very fragile (D1), while slightly 

thicker charcoal (D2) can be manipulated with little breakage. 

 

5.5.5 Type E: spheroidal 

Charcoal that is 3-dimensional and rounded likely formed from the direct burning or subsequent 

condensation of burn products from liquid or resinous sources such as fossil fuels, accelerants, 

sap and pitch. These are macroscopic forms of the charcoal and tar particles that have black and 

glossy tar spherules, fusiforms, and agglomerated types, with mulberry or raspberry shapes 

(Franzén and Malmgren, 2012). 
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5.5.6 Type F: irregular 

Charcoal with complicated shapes, including tubes and more massive nodes are classed as 

irregular and have not been identified in other studies. This source material is likely herbaceous 

plant roots and woody root material. 

 

5.5.7 Type G: glassy 

Glassy charcoal is similar in appearance to amorphous obsidian and can be harder than other 

charcoal. The source materials are siliceous plant structures that may melt during hot fires then 

solidify into amorphous glass. 

 

5.5.8 Additional types 

Other burned and charcoalized plant parts can often maintain their morphology after burning, 

transport, and entombment within the sedimentary environment, and can be used for 

paleoecological interpretations. We encourage analysts to add new classes and subclasses as the 

studies demand. 

 

5.5.9 Defining diagnostic features 

Once charcoal morphology has been assessed by an analyst, the major features of the charcoal 

are then discerned. The morphology subcategories pertain to major structural and textural 

features observed on or within the charcoal fragment. The simplest feature is that the charcoal is 

solid black, with varying degrees of luster, and without any other conspicuous features. Upon 

magnified examination, the charcoal may have some microtexturing, such as waviness, 

crenulations, uniform stippling, or variability in luster across the surface. When broken by an 
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analyst, the fragments remain solid black and opaque. Charcoal that is solid black and has 

obvious foliations and a fibrous texture exhibits luster that reflects these lineations from the 

surface. This charcoal often cleaves into fibrous bundles or individual elongated fragments. 

Elongated charcoal often appears solid black or has a charred woody texture. Another potential 

major feature is if the charcoal particle contains conspicuous void spaces. These can appear as a 

mesh or lattice in two or three dimensions that have square or rectangular void spaces, and may 

have secondary features, such as thick veins running through the lattice or may be extremely thin 

and delicate. Round void spaces can make up the majority of the surface area of the charcoal or 

simply be a discernable feature within the charcoal. Spheroidal and glassy charcoal may have an 

oily texture on the surface and can contain vesicles. The presence of clearly visible cellular 

structures on the surface of charcoal can also be used to distinguish morphology subtypes. 

Branching patterns and spurs can also be used to distinguish some morphologies. Figure 5.6 

moves an analyst through identification of charcoal, to classifying the charcoal shape and then 

major features. 

 

5.6 Morphology classification process 

During active macroscopic charcoal analysis of prepared sediment samples, the material needs to 

be observed and manipulated under stereomicroscopy. A decision process for dealing with 

potential charcoal fragments is presented in Table 5.2 and the flowchart key presented in Figure 

5.6 aids in categorising charcoal morphology based on the shape and features observed as an 

analyst manipulates the material. This key features all of the defined morphology classes and 

could be expanded to include additional charcoal morphologies that may be found at other study 
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sites, such as charred flowers, bud scales, and cones, that could be insightful to paleoecological 

or anthropogenic interpretations of the charcoal records. 

 

5.7 Summary 

The morphotypes presented cover the full morphological variability observed within seven 

postglacial lake sediment archives collected from four major biogeoclimatic zones of British 

Columbia, Canada. These forests contain various fuel types, conditions and densities, and 

experience a wide range of fire regimes at decadal to multicentennial frequencies (Gavin et al., 

2006; Da Silva, 2009; Nesbitt, 2010), and the charcoal produced has a wide range of discernible 

morphological variability (Figure 5.7); although some morphologies found in sediment records 

are difficult to define a single possible source (Figure 5.8).  

Charcoal morphology reflects the fuel source of the deposited charcoal. Using a 

morphology classification that encapsulates the whole variability of charcoal morphotypes 

observed in a depositional environment it reduces the reliance on individual indicator-type 

morphologies. Interpretations based on a single or few morphotypes are limited because they do 

not make use of the full variability of charcoal morphotypes in a sample. By classifying and 

quantifying all morphotypes the entire morphology assemblage can be analysed alongside other 

paleoenvironmental measurements and proxies. Source materials have been deduced through 

detailed observation and from laboratory experimental burning (Jensen et al., 2007) and 

calibration studies (Enache and Cumming, 2006). Charcoal morphology analyses have been 

important to the study of pre-Quaternary records (Scott, 1974; 2010) and the morphology 

classification scheme presented here can be applied to older sedimentary records. Analyses from 

multiple sites in nearby watersheds may be useful for teasing apart information on fire extent, 
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location, and charcoal transportation and deposition mechanics. Such information will rely upon 

further detailed empirical studies of recent fires combined with observational data and calibration 

of that information with charcoal morphology data from sedimentary records.  

 

5.8 Conclusion and future direction 

Macroscopic charcoal analysis of Holocene lake sediment records is an important source of fire 

history and paleoecological information across local, regional, and global spatial scales, and at 

annual to millennial time scales (Whitlock and Larsen, 2001; Conedera et al., 2009). Studies 

have shown that charcoal morphology reflects the source fuels that were burned during a wildfire 

(Umbanhower and McGrath, 1998; Jensen et al., 2007) and are useful for paleoecological 

interpretations (Enache and Cumming, 2006; Walsh et al., 2010a; 2010b; Franzén and 

Malmgren, 2012; Moos and Cumming, 2012). The charcoal morphology key presented here can 

easily be applied to macroscopic charcoal studies and the classes can be expanded upon to meet 

the needs of a given study based on the material observed. Reconstructions could focus on a 

specific morphology that is calibrated to the fossil record through correlation with a defined fire 

variable (Enache and Cumming, 2007). Additional paleoecological information will be discerned 

through quantitative analysis of sedimentary charcoal morphology abundance data collected 

across multiple sites that are then calibrated with observational fire information and/or 

experimental fuel burning data. This mixed approach to reconstructing fire histories offers strong 

potential to advance paleoenvironmental inferences, especially when used with other 

paleoecological indicators of environmental change. 

Charcoal morphology analysis will benefit from its application to multiple lake sediment 

sites and calibration with well established fire histories to examine the relationship between 
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biomass burning and the deposition of macroscopic charcoal morphotypes. Notably, some effort 

should be given to studying multiple sites, impacted by multiple well-documented fires; 

quantitatively focusing on the charcoal morphologies produced, including details about where 

and how the charcoal is deposited across the landscape and calibration between observation data 

and proximal sediment archives. Experimental burning of fuels under variable moisture and 

density conditions to better understand the distribution of charcoal morphologies produced is 

also necessary. Combining this information will enrich paleofire calibrations and benefit 

quantitative interpretation of past events. A deeper understanding of past fire behaviour on the 

landscape can be achieved by integrating quantitative macroscopic charcoal with information 

about past known fires to discern any morphotype assemblage relationships with fire extent, 

severity, weather and fuel types and conditions. This is imperative to understanding future 

vegetation-fire responses under a variable climate and changing human land use. An improved 

understanding of past fire-vegetation interactions is important toward predicting future fire 

regime scenarios at an extra-local scale. 
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Table 5.1: Vegetation cover at each lake site where sediment cores were recovered for 

macroscopic charcoal analysis and morphotypes established. 

 

 

Site Dominant Common Uncommon 

NEL01 Engelmann spruce 

(Picea engelmannii) 

subalpine fir (Abies 

lasiocarpa) 

lodgepole pine (Pinus 

contorta) 

western Larch (Larix 

occidentalis) 

western hemlock (Tsuga 

occidentalis) 

western redcedar (Thuja 

plicata) 

mountain ash (Sorbus) 

NEL02 western hemlock (Tsuga 

occidentalis) 

western redcedar (Thuja 

plicata) 

Engelmann spruce 

(Picea engelmannii) 

subalpine fir (Abies 

lasiocarpa) upslope 

grass (Poaceae) 

NEL03 Engelmann spruce 

(Picea engelmannii) 

subalpine larch (Larix 

lyallii) 

subalpine fir (Abies 

lasiocarpa) 

 whitebark pine (Pinus 

albicaulis) 

various shrubs 

sedges (Cyperaceae) 

CRN1 ponderosa pine (Pinus 

ponderosa), Douglas-fir 

(Pseudotsuga menziesii) 

  

CRN2 ponderosa pine (Pinus 

ponderosa) 

grass (Poaceae) various shrubs 

CRN3 ponderosa pine (Pinus 

ponderosa), Douglas-fir 

(Pseudotsuga menziesii) 

  

CRN4 Douglas-fir 

(Pseudotsuga menziesii) 

grass (Poaceae) 

sedges (Cyperaceae) 

black cottonwood 

(Populus trichocarpa) 

various shrubs 
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Table 5.2: Decision process using diagnostic properties easily observed under stereomicroscopy 

of deflocculated and sieved lake sediments for macroscopic charcoal analysis. This decision 

process allows a user do identify charcoal and determine a morphotype. Note that some 

properties of charcoal are shared by sample contaminants and other naturally-occurring organic 

and inorganic materials. Listed are some common features encountered. Fragments of freshly 

fractured charcoal are almost always jet black and morphology classification should be based on 

the original object. 

 

 

Property Charcoal Organic, mineral, or clastic 

Chemical stability Inert, stable May react with acids, oxidizers, 

bleach 

Colour Black Various colours 

Lustre Bright, shiny, dull Various colours 

Fracture Splintery, powdery, dry woody 

feel 

Various; tearing, flexible, 

supple, energetic 

Colour of 

Fragments 

Black, opaque Any; brown, green, orange, 

yellow; translucent 

Conclusion Count and classify morphology Not charcoal 
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Figure 5.1: Location of study sites, (a) and (b), where Holocene-aged sedimentary charcoal fragments were examined to establish the 

morphological classification presented here. Photographs of forest vegetation near the study sites: (c) Engelmann spruce-subalpine fir 

at NEL01, (d) interior cedar-hemlock near NEL02, (e) Engelmann spruce-subalpine fir with abundant subalpine larch at NEL03 

(photo credit: Ze’ev Gedalof), (f) ponderosa pine and bushes near CRN2, and (g) interior Douglas-fir, shrubs and Carex at CRN4 

(photo credit f and g: Joelle T. Perreault). 



154 
 

 

Figure 5.2: Type A morphotypes: irregular polygons. 
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Figure 5.3: Type B morphotypes: blocky polygons and polyhedra.  
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Figure 5.4: Type C morphotypes: long with complex features.  
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Figure 5.5: Type D, E, F and G morphotypes: long and simple, spheroidal, irregular, and glassy.  
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Figure 5.6: Classification key for sedimentary macroscopic charcoal morphology analysis. Note that the blocky (B1) pathway follows 

the grey lines and the D3 morphotype follows from the elongated-simple to the matrix supported curved features pathway. 
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Figure 5.7: Stereomicroscope photographs of charcoal produced from open flame burning of 

known fuels. 

 

Figure 5.8 (following page): Stereomicroscope photographs of charcoal found preserved in the 

Holocene sediments of lakes sampled near Nelson and Cranbrook, British Columbia. Black scale 

bars (a,g) represent 250 µm and white scale bars (all others) show 500 µm.  
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6. Future Work 

 

Future work in the region should focus on three main areas: 1) the development of additional 

long-term paleoecological records, 2) multi-site comparative analyses and the incorporation of 

data into broad-scale syntheses, and 3) the advancement of paleoecological techniques related to 

disturbance regimes. This multi-pronged approach would lead to new insights into the fire 

control mechanisms in operation at various temporal and spatial scales and would be useful for 

establishing sustainable management strategies for the region as climate change and human 

influences continue to alter ecosystems. 

The development of additional records would contribute to a more complete 

understanding of the variability of climate-vegetation-fire interactions, multiple disturbance 

interactions, and terrestrial-aquatic dynamics. Knowledge of the interrelated mechanisms 

operating at multiple temporal and spatial scales is crucial to public policy planning and 

sustainable practices in the region. The development of additional and longer records that can be 

used to analyse these interactions through major climate and human-environment changes during 

the Holocene has been identified as an important research direction in southeastern British 

Columbia (Gavin et al., 2006; Courtney Mustaphi and Pisaric, 2013). New records should be 

developed to provide a greater coverage across the large elevational, topographic, and vegetation 

gradients present in the region. Blending remote sensing, historical, dendrochronological, and 

sedimentological records of vegetation and disturbance histories would produce robust records 

for understanding the evolution of forests and fire regimes and improve our understanding of 

complex human-environment interactions. Lake sediment records can also provide details about 

stand- and catchment-scale interactions between the terrestrial and aquatic environments. Forest 
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development and disturbance regimes have physical, chemical, and biological effects on aquatic 

systems and these can be investigated using sedimentological and paleoecological techniques. 

Physical sedimentology, isotope geochemistry, carbon-nitrogen ratios and planktonic 

assemblages can provide insight into terrestrial-aquatic interactions as well as how these systems 

have responded to environmental changes. Additional data collected during the preceding studies 

suggested a relationship between macroscopic charcoal accumulation rates and Daphnia 

populations in NEL01 and NEL03, which suggests a possible feedback between biomass 

accumulation, fire activity and a trophic cascade within the lake system. Additionally, ecological 

responses to abrupt events such as the large Cascadian volcanic ash deposits can provide 

information about ecosystem responses to major perturbations. Once records are established, 

analytical work should concentrate on interregional comparisons (ex. East versus West 

Kootenays) and should be incorporated in synthesis studies at regional, continental and global 

scales (ex. Global Charcoal Database; International Multiproxy Paleofire Database; PAGES 

Global Paleofire Working Group). Synthesis studies identify broad-scale trends in biomass 

burning and are useful for examining controls of fire at large spatial scales (Marlon et al., 2006; 

2012; 2013; Power et al., 2008; 2012; 2013). 

 A number of methods can be used to reconstruct past fire activity, and generally, these 

methods are centered on the quantification of burn products, such as ash, charcoal, polycyclic 

aromatic hydrocarbons, and levoglucosan (Conedera et al., 2009). Additional details of past fire 

severity and fuel sources can be discerned through quantitative analyses of the morphology of 

the charcoal pieces preserved in sediments (Scott, 1974; Umbanhowar and McGrath, 1998; 

Enache and Cumming, 2006; 2007; 2009; Jensen et al., 2007; Walsh et al., 2008; 2010a; 2010b; 

Franzén and Malmgren, 2012; Moos and Cumming, 2012). Throughout data collection for this 
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dissertation, a new classification system for subfossil macroscopic (150 µm – 1 cm diameter) 

charcoal was developed based on all of the morphologies observed. Future work should use this 

classification on deposits from known fires with known parameters (fire weather, fuel types, 

severity, distance to site of deposition) to examine the relationships between fire variables and 

the quantitative charcoal morphology assemblages. Experimental work on fuel burning and 

charcoal deposition could help understand linkages between fuels and fire type with deposited 

charcoal morphologies.  

Research across all of the areas described above would generate useful data and 

knowledge about the variability of disturbance regimes in the Holocene forests of the region, the 

controls of disturbances and interactions between multiple types of disturbance. The knowledge 

gained through this work would improve our understanding of the mechanisms involved in the 

development of heterogeneous forests and would elucidate how these systems may respond to 

future climate and anthropogenic influences.  

7. Conclusions 

 

The development of multiple Holocene records of forest fire has allowed for the analysis of the 

relative importance of various spatial controls of fire as well as how those controls have varied 

through time. The results from this study highlight the usefulness of establishing multiple 

dendrochronological and sediment-based fire histories in a distinct region to examine the spatial 

controls of fire over long time periods. By quantifying how fire regimes have responded to past 

environmental change, this information can be used to better constrain models of the response of 

forests and fire regimes to global climate change and intensifying anthropogenic influences. The 

results of this research will be increasingly useful for advising environmental policy and 

achieving sustainable management goals as human activities in remote areas increases at the 

wildland-urban interface, and as conservation efforts become more concerted and the value of 

natural environmental services acknowledged. 
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Appendix 2: NEL03 spline and BACON age-depth models 

Age modelled depths developed for NEL03 using a cubic spline (Chapter 2) and iterative random 

walks using BACON (Chapter 3). 

 

This figure shows the cubic spline interpolated dates (black line; see section 2.3.2) and the mean 

probable density of iterative random walks (grey line; see section 3.3.2) through the radiocarbon 

and tephra dates (Table 2.2) of NEL03. The 95% confidence envelope is also shown by light 

grey lines. The deviation of the random walk chronology with the spline chronology is shown at 

right with the BACON derived 95% confidence envelope deviation from the mean BACON ages 

(Blaauw and Christen, 2011). Tephra dates are shown in grey and radiocarbon dates locations in 

the stratigraphy are shown by open circles.  

 

Reference: 

 

Blaauw, M., Christen, J.A., 2011. Flexible paleoclimate age-depth models using an 

autoregressive gamma process. Bayesian Analysis 6, 457-474. 
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