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Postglacial Reconstruction of Fire History Using Sedimentary Charcoal and Pollen From a Small Lake in Southwest Yukon Territory, Canada
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Previous research suggests climate warming during the current century is likely to lead to an increase in the frequency and severity of wildfire. Recent wildfire seasons in northern Canada generally support these studies, with some of the worst fire seasons on record occurring during the past decade. While we can readily track the spatial and temporal distribution of these events during recent decades using satellite-derived data, these records of past fire activity are relatively short. Proxy records of past fire activity are needed to fully understand how fire regimes may be shifting in response to changing climatic conditions. A high-resolution fire record for the full Holocene was developed using a 539.5-cm sediment core collected from a small lake in southwest Yukon Territory, Canada. Macroscopic charcoal was counted throughout the core at contiguous 0.5-cm intervals. The core was also analyzed for loss-on-ignition and magnetic susceptibility. Fossil pollen preserved in the lake sediment was analyzed to determine vegetation change throughout the Holocene. Macroscopic charcoal analysis indicates an active fire history throughout the record, with 91 fires recorded during the Holocene. Results suggest the fire regime in this region responds to both top-down (climate) and bottom-up (vegetation) factors. Fire return intervals changed in response to shifts in precipitation and temperature as well as the expansion of lodgepole pine into the region. The shifts in precipitation and temperature were attributed to the oscillation of the Aleutian Low pressure system and fluctuations in climate associated with the Medieval Climate Anomaly and the Little Ice Age.
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INTRODUCTION

The circumpolar boreal forest is the largest forest ecosystem on the globe, comprising 17% of the earth's terrestrial surface (Stocks, 2004). These forests are valuable both economically and as part of the global carbon cycle, storing as much as 30% of global terrestrial carbon.

Fire is one of the most important disturbance factors in the boreal forest (Johnson, 1992; Payette, 1992), shaping the forest in terms of age, composition, and diversity (Weber and Stocks, 1998). Recent studies by Johnstone and Chapin (2006) and Johnstone et al. (2010) indicate that contemporary fire activity in Yukon is altering vegetation assemblages and changing the composition of some forest ecosystems from conifer-dominated systems to forests dominated by deciduous species. Such changes will lead to feedbacks in these systems as fuel loads and flammability of those fuels change.

Fire models suggest that the frequency and severity of forest fires across the boreal biome will likely increase during the current century as global temperatures continue to rise (Flannigan et al., 2005, 2009; Spracklen et al., 2009). In the Yukon specifically, temperatures have increased 2°C over the last 50 years, with an additional increase of 2°C projected over the next 50 years (Streicker, 2016). In addition to the rising temperatures, other changes in climate are also being observed. Lightning ignitions represent the majority of the area burned across the boreal forest and lightning ignitions have been increasing since 1975 (Veraverbeke et al., 2017). Veraverbeke et al. (2017) found that a record number of lightning ignitions coincided with increased fire activity in the Northwest Territories in 2014 and Alaska in 2015. Similarly, the large fire year of 2004 in Yukon was attributed to unusual lightning activity (Yukon Wildland Fire Management., 2005). Additional information about the long-term occurrence of wildfire across the boreal biome is needed to refine predictions and improve planning and management of these forests during a period of rapid climatic and environmental change.

Wildfire has an important role in shaping the boreal ecosystem throughout northwest Canada, however records of past fire occurrence and severity are geographically sparse and temporally short. Records of past wildfire occurrence in Yukon extend back to AD 1946 (Weber and Stocks, 1998). Therefore, it is difficult to assess natural fire regimes and develop management policies based on these temporally-short wildfire records when fire return intervals in the boreal forest typically range from 50 to >400 years (Bourgeau-Chavez et al., 2000; MacDonald, 2003; Stocks, 2004). Although archived fire data is lacking in Yukon, fire reconstruction studies using macroscopic charcoal found in lake sediments can extend the temporal coverage of past wildfire activity. Lakes are ideal reservoirs of ecological information as they often persist on the landscape for millennia and accumulate material from both the terrestrial and aquatic environments (Smol, 2009). However, there have been few paleolimnological studies focused on past wildfire activity in Yukon that have been undertaken at high temporal-resolution in combination with well-dated sequences (Gajewski et al., 2014). Detailed analyses are needed to elucidate whether the frequency of wildfire and the range of natural variability are changing as the global climate system continues to warm.

Here, we reconstruct fire history from a small kettle lake in southwest Yukon. More specifically, we aim to identify the natural range of variability of fire frequency in this region as well as associated drivers. Results of this study will (1) establish the long-term fire history for the area in terms of total number of fires during the Holocene; (2) determine the mean fire return interval (mFRI) for the Holocene; (3) determine if vegetation change, such as the arrival of lodgepole pine (Pinus contorta), altered fire frequency in the past; and (4) examine the major climatic drivers of fire in the area and their impact on fire regimes. Results of this research will provide forest managers with a detailed, long-term record of past wildfire activity for southwest Yukon, which will be useful to help assess risk more accurately as well as for fire modeling and prediction.

STUDY SITE

Physical Environment

Spindly Pine Lake (unofficial name) is a kettle lake with a maximum depth of at least 8 m and a surface area of 1.12 ha (Figures 1A–C). The lake is located ~60 km south of Whitehorse, Yukon (60°18′6.03″N, 134°59′40.33″W; 787 m a.s.l.) and lies in the glaciated area of the southwest Yukon (Scudder, 1997). The lake was formed as a result of retreating glaciers from the Cordilleran ice sheet. Spindly Pine Lake is a closed basin, lacking both inflowing and outflowing streams (Figure 1).
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FIGURE 1. (A) Location of Spindly Pine Lake, Yukon. (B) Low-oblique photograph of Spindly Pine Lake showing the closed basin and lack of inflowing/outflowing streams; (C) Photograph mosaic of the Spindly Pine lake catchment, acquired using an unmanned aerial vehicle.



Climate

Spindly Pine is located within the southern lakes ecoregion of the Boreal Cordillera ecozone. The arid climate of this ecoregion is controlled by the rain shadow of the St. Elias coastal mountains (Smith et al., 2004), which create a dry and cool climate. Precipitation typically ranges from 200 to 325 mm per year, with ~30–50 percent occurring in the summer. Snow can fall at anytime during the year, but snow cover generally persists from late October until mid-April. The average annual temperature is −2°C. Winters are cold with average January temperatures of −21°C and summers are short and cool (average July temperature of 12–14°C) (Smith et al., 2004). However, the past few years (2012–2016) have been warmer with an average annual temperature of 1.1°C (Government of Canada., 2017).

Atmospheric pressure systems typically move across Yukon from west to east. The Aleutian Low pressure system (AL) impacts climate in Yukon as it oscillates between an eastern and western position (Trenberth and Hurrell, 1994; Spooner et al., 2003; Anderson et al., 2005). When the AL intensifies, it shifts to the east bringing warm, moist air over the coastal regions of western North America in a meridional pattern (Mock et al., 1998). The strong southerly winds associated with the AL pressure system move up the coast bringing intense precipitation for these coastal areas. However, due to the rain shadow effect of the St. Elias Mountains, the interior of Yukon experiences dry conditions with limited precipitation. When the AL weakens, the area of low-pressure shifts to the west over the north Pacific Ocean and a zonal flow pattern develops. This zonal flow pattern brings moist air across the mountain barriers and into the interior of Yukon (Anderson et al., 2005). Therefore, a strong AL positioned over the northeast Pacific Ocean is often associated with low precipitation and dry conditions in southern Yukon, while a weak AL positioned over the northwest Pacific Ocean is associated with a zonal flow pattern and increased precipitation in the interior of Yukon.

Glacial History and Geologic Setting

The Yukon Southern Lakes ecoregion is overlain with glacial till, glaciofluvial gravels and glaciolacustrine clay and silt deposits from the McConnell glaciation (Smith et al., 2004). The McConnell glaciation covered this region between 26,000 and 10,000 years ago (Jackson et al., 1991). The bedrock in the area is mainly coarse-grained metamorphoric and granitic rock. Dominant soils are alkaline eutric brunisols, and are typically sandy and well-drained. In exposed cutbanks throughout southern Yukon, a 2–5 cm thick layer of tephra is often visible (Smith et al., 2004). This tephra is the White River Ash (WRA) from Mount Churchill and was deposited ~1,170 year BP (Davies et al., 2016).

Vegetation

The main conifers growing in this region include white spruce (Picea glauca), black spruce (Picea mariana), lodgepole pine (Pinus contorta) and subalpine fir (Abies lasiocarpa) at higher elevations (Smith et al., 2004). Lodgepole pine is the dominant tree species as it regenerates quickly after fire. Common hardwoods include Alaska birch (Betula spp.) and trembling aspen (Populus tremuloides) with understory shrubs of alder (Alnus crispa), willow (Salix spp.), and shrub birch (Betula glandulosa). Spindly Pine Lake is primarily surrounded by lodgepole pine, with white spruce also being abundant around the lake. Black spruce is absent. A stand of aspen is also present on a steeper south-facing slope of the lake close to the water's edge (Figure 1C).

METHODOLOGY

A continuous sediment record from the sediment-water interface down to 5.4 m below the sediment water interface was collected from Spindly Pine Lake. Sediment cores were collected from the lake center (Courtney Courtney Mustaphi et al., 2015). The watery surface sediments were collected undisturbed using a Glew gravity coring system with internal diameter of 7.6 cm (Glew et al., 2001). Deeper sediments were collected using a modified Livingstone piston core with an internal diameter of 5 cm (Wright et al., 1984). The piston core overlapped the gravity core to ensure a continuous record. The surface core was collected in August 2016 and the piston core in April 2006. Piston cores were extruded horizontally in the field, wrapped in cellophane and aluminum foil and stored at ~4°C until they were analyzed. The surficial sediment core measured 48 cm in length and was subsampled in the field at 0.5 cm intervals.

The timing of the last fire around “Spindly Pine Lake” was estimated based on the age of trees within the catchment. Tree cores were collected in August 2016 from 1 white spruce and 21 lodgepole pine trees surrounding the lake. Cores were collected with a Haglof increment borer with an internal diameter of 4.3 mm. The samples were collected just above the root collar to ensure an accurate date of establishment for each tree. A total of 22 trees were sampled and aged using standard dendrochronological techniques (Speer, 2010). Cores were mounted on wood holders, sanded with progressively finer grit sandpapers and visually cross-dated. Dated samples were grouped into 5-year bins to determine the timing of the most recent stand establishing fire.

Laboratory Methods

Piston cores were split lengthwise and sub-sampled at contiguous 0.5 cm intervals. Suitable samples for radiocarbon dating (macrofossils and bulk sediment) were removed and sent to the A.E. Lalonde AMS Laboratory at the University of Ottawa, Ottawa, Canada for 14C dating using accelerator mass spectrometry (AMS). Ten 14C dates, calibrated using IntCal13 (Reimer et al., 2013) and the White River ash deposit, were utilized to develop the age-depth model using the R Studio package Bacon V 2.2 (Blaauw and Christen, 2013). For depths throughout the core that were lacking macrofossils suitable for dating, bulk sediment samples were used instead. However, bulk sediment can often provide incorrect age estimates due to the freshwater reservoir effect (Patterson et al., 2017). To account for old carbon offsets associated with these samples, a bulk sediment sample was dated directly after the WRA to determine the offset between the bulk sediment age and the known age of the WRA deposit. The calculated offset was then applied to subsequent bulk samples to provide more realistic age estimates for the bulk sediment dates (Patterson et al., 2017). However, it is acknowledged that the offset may change throughout the core.

Given the time between collection of the Livingstone cores and their analysis, care was taken to ensure that any changes in core length were accounted for. Extruded cores were measured in the field at the time of collection and marked on the cellophane and aluminum foil at that time. At the time of subsampling in 2016, these measurements were checked again and verified to ensure the Livingstone core segments had not decreased in length due to dewatering. In all instances, except for the very top Livingstone core segment, there was no change in core length and appearance. In the topmost segment, core length did not change according to our measurements, but rather the core top decreased in volume and became somewhat tapered. This was confirmed with the examination of macroscopic charcoal, which indicated three peaks that were identifiable in both the piston and surface sediment cores (Figure S1). The three peaks in the surface core occurred at ~37, 41, and 43 cm, respectively. These same three peaks are noted in the Livingstone piston core at 10, 14, and 16 cm, respectively. The spacing between these peaks (~6 cm in both cores) was identical, indicating the Livingstone piston core had not decreased in length. The remaining Livingstone cores at greater depth showed no similar changes in volume that were noted in the uppermost section and their lengths at the time of subsampling matched those that were recorded in the field at the time of core collection.

A multi-proxy approach was used for this study to determine the timing of past fire events. Macroscopic charcoal, loss-on-ignition (LOI), magnetic susceptibility (MS), and tree cores were used to build a record of fire activity, while pollen analysis was used to determine past changes in vegetation. LOI and MS analyses were conducted on both cores at 0.5 cm resolution. LOI was conducted on 1 cm3 subsamples using the methods of Heiri et al. (2001). Magnetic susceptibility was measured using a Bartington MS3 magnetic susceptibility system and a MS2B sensor. The overlap between the Glew gravity core and the Livingston piston cores was determined using LOI, MS and the macroscopic charcoal profiles.

Analysis of subfossil pollen was conducted every 25 cm throughout the combined sediment record following the methods of Faegri et al. (1989). Two Lycopodium spore tablets of known quantity (Batch No. 483216; χ = 18,582 spores per tablet ± 3,820) were added to every 1 cm3 sediment sample before the chemical processing to enable calculation of pollen and stomata concentrations (Stockmarr, 1971). The sediment matrix was digested using standard acid digestion for palynological studies, including 10% hydrochloric acid, 10% potassium hydroxide, 50% hydrofluoric acid and acetolysis. Sediments were also fine sieved to remove clay and silt particles using a 7 μm Nitex® cloth (Cwynar et al., 1979). Coarse sieving was not performed on any of the samples to ensure subfossil stomata were not removed (Pisaric et al., 2003). A minimum of 300 pollen grains was counted for each sample at 400 × magnification using a Nikon Eclipse 80i microscope. Pollen identifications were made based on a modern reference collection at the Brock University Water and Environment Laboratory and several published keys (McAndrews et al., 1973; Bassett et al., 1978; Faegri et al., 1989; Moore et al., 1991). For this study, shrub birch and tree birch and white spruce and black spruce were combined in the pollen counts. Stomata were counted for each sample and identified using the key developed by Hansen (1995). Stomata were enumerated on the same slides used for pollen identification. Stomata data are presented as presence/absence data. TILIA v2.0.41 was used to generate the pollen diagrams and CONISS was used to conduct a constrained cluster analysis to determine the pollen zones (Grimm, 1987).

Macroscopic charcoal analysis was conducted at contiguous 0.5 cm intervals using 1 cm3 subsamples. The charcoal preparation and analysis followed the wet sieving method and included deflocculating and bleaching the samples for at least 24 h before being washed through a 150 μm mesh sieve (Whitlock and Larsen, 2001; Schlachter and Horn, 2010). The remaining material was collected in a petri dish and enumerated. Charcoal morphology was also recorded based on categories derived in (Courtney Mustaphi and Pisaric, 2014).

The peak detection of macroscopic charcoal was analyzed using the software package CHARAnalysis verison 1.1 (Higuera, 2009). CHAR data were resampled to a median sampling interval of 10 years based on sedimentation rates from the Bacon output. CHARAnalysis identified and separated the slowly varying background CHAR (bCHAR) from local peaks (CPeaks) that represent fire events (Higuera et al., 2010). The bCHAR was found using a robust LOWESS smoothing filter, with a 500-years window. The CPeaks were defined locally using the non-transformed, residual model (NR), where the bCHAR was subtracted from the resampled CHAR. The threshold applied was a Gaussian mixture model with a 99th-percentile noise cut off (Higuera et al., 2010). The minimum count analysis was set to 0.05 indicating that the charcoal 75 years before a peak needed < 5% probability of coming from the same Poisson distribution to be considered a statistically significant peak (Higuera, 2009). A smoothed window of 1,000 years was then used to determine fire frequency based on the CPeak within the 1000-year periods. A signal-to-noise index (SNI) was used to determine the suitability of the record for peak detection analysis. The SNI is a way to quantify the separation between the large peaks and the slowly varying background noise. Kelly et al. (2011) suggest that a charcoal record with a SNI > 3 is suitable for peak detection analysis.

RESULTS

The piston and gravity cores were matched by comparing several different proxies between the separate cores to determine the depth of overlap in order create a continuous record (Figure S1). The macroscopic charcoal records from the short gravity core and the first drive of the piston core show a clear overlap. The top of the piston core aligns with a depth of 27.5 cm in the gravity core based on the charcoal data (see Supplementary Material). The overlap between the gravity core and the piston cores resulted in a total adjusted core length of 539.5 cm.

Chronology

Results from AMS radiocarbon dating on 10 samples are summarized in Table 1. These dates and the accepted age of the WRA were used to build the age-depth model (Figures 2A–D). The base of the Spindly Pine Lake sediment core was deposited at ~12,450 year BP. The core top, representing the sediment-water interface, was intact and preserved during core collection. Therefore, the Spindly Pine Lake sediment core provides a continuous record of the full Holocene epoch in southern Yukon.


Table 1. Radiocarbon results on bulk sediment and macrofossil samples analyzed at the A.E. Lalonde AMS Laboratory in Ottawa, Canada.
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FIGURE 2. (A) Markov chain Monte Carlo iterations of the BACON output; (B) Distribution of accumulation rates; (C) Memory/autocorrelation, demonstrating how the accumulation rate at depth in the core is dependent on nearby depths. Low memory indicates changing sedimentation rates throughout the core, while high memory indicates a more smooth, and consistent depositional history; (D) Age depth model created with BACON V 2.2 in R Studio. The horizontal green lines represent known dates, blue lines represent the 14C dates and the red line is the model of best fit.



The chronology indicates changing sedimentation rates throughout the record. In the early Holocene, sedimentation rates were slow at 0.16 mm/year. Sedimentation rates increased throughout the record to 0.45 mm/year in the middle Holocene and reach their most rapid rates in the late Holocene sediments at 1.35 mm/year. Therefore, each 0.5 cm sampling interval used for macroscopic charcoal, LOI and MS represents ~6–7 years of deposition during the late Holocene, ~10 years throughout the middle Holocene and ~20 years in the early Holocene when sedimentation rates were slower. A second model was run in CHARAnalysis to address any concern of bias in the record due to changing sedimentation rates. However, the results of this model suggest that the change in sedimentation rates did not impact the CHARAnalysis results. A detailed explanation of this procedure is included in the Supplementary Material.

Sedimentology

The magnetic susceptibility values were low throughout the majority of the record, typically < 10 × 10−6 SI (Figure 3). Small, occasional peaks could have resulted from erosion events in the catchment. The large peak of 238 × 10−6 SI at 158 cm represents the WRA deposit. Smaller peaks between 158 and ~170 cm represent samples where the denser WRA material has migrated downcore into the less dense gyttja below, similar to processes described by Beierle and Bond (2002). MS reached a maximum value of 368 × 10−6 SI at the bottom of the core (539.5-cm). Sediment at this depth abruptly transitions from gyttja to silty clay, which was likely deposited at the termination of the last glaciation and during the formation of Spindly Pine Lake.
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FIGURE 3. Sedimentology of the sediment record for Spindly Pine Lake, including (A) lithology, (B) magnetic susceptibility, (C) water content, (D) loss-on-ignition. The gray horizontal line represents the tephra deposit. Loss-on-ignition shows the dry weight (%) of organic, carbonate and siliciclastic material.



Water content is high throughout the sediment core, typically ranging from 80 to 84% and reaching 92–99% at the sediment water interface. Water content is comparably lower at 158 cm (~32%) in association with the WRA deposit and in the basal sediments of the core (~14%) where silty clays are dominant. The sudden drop in water content at 48 cm is attributed to water loss during storage of the piston core, which was collected ~10 years before analysis, rather than a change in sedimentological factors. LOI is relatively high (50–60%) throughout the record, confirming the lake sediment is dominated by gyttja. Steep declines in organic content, to ~3%, occur in association with the WRA deposit at 158 cm and the silty glacial clay at the base of the sediment core. The organic content increases to its maximum values (60–80%) in the uppermost part of the sediment profile (13 cm to the surface). Carbonate content is low throughout the record (< 5%), with a maximum value of ~10% at 116.5 cm depth in the core.

Fire History

Analysis of the full record from Spindly Pine Lake indicates macroscopic charcoal concentrations ranged from 0 to 441 pieces cm−3 and averaged 25.5 pieces cm−3. CHAR ranged from 0 to 15 pieces cm−2 year−1 with a mean of 1 piece cm−2 year−1 (Figure 4A). Periods with no charcoal present occurred in the early Holocene (~12,450–11,100 year BP), when the sediment record was dominated by silty clay. The highest macroscopic charcoal concentrations in the entire record occurred at ~6,000 year BP (398 cm) and contained 441 pieces of charcoal per cm3. Based on the macroscopic charcoal record, a total of 91 fire events were identified between ~12,449 year BP and AD 2016 (Figure 4B). The Weibull fitted FRI distributions passed a one-sample Kolmogorov–Smirnov goodness of fit test with ρ >0.05, indicating that the FRIs are normally distributed. The mFRI is 120 years with a 95% confidence interval of 100–142 years (Figure 4C). Fire frequency ranged from 0 to 14 fires per 1,000 years (Figure 5C) with periods of decreased fire frequency occurring between 7,000 and 6,000 year BP and 2,500–1,250 year BP. A significant increase in fire frequency occurred at ~1,000 year BP. The global SNI value for the record is 6.83, and the local SNI is only < 3 in the early Holocene when there was no fire activity. After 10,500 year BP the local SNI is >3 with a maximum value of 15.3 (Figure 5D), suggesting the record is suitable for peak detection analysis.
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FIGURE 4. (A) Charcoal accumulation (CHAR) in pieces cm−2 year−1; gray line represents background charcoal levels; (B) Peak identification with plus (+) symbols representing peaks/fire events and gray dots representing peaks that failed to pass the peak-magnitude test; (C) Distribution of fire return intervals (20-year bins) and Weibull model estimates (b and c parameters with 95% CI) The four zones plotted in (A) are based on constrained cluster analyses in CONISS using pollen percentage data.
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FIGURE 5. Mean fire return interval and confidence intervals for the four different pollen zones. Distribution of fire return intervals (20-year bins) and Weibull model estimates (b and c parameters with 95% CI).



The mFRI (120 years) for the entire Holocene is similar to other long-term estimates (Higuera et al., 2009; Edwards et al., 2015) ranging between ~100–300 years. However, the FRI distribution (Figure 4C) indicates the area around Spindly Pine Lake has also burned more frequently in the past, with numerous occurrences of two or more fires within a century. The FRIs varied throughout the record with longer FRIs in the early Holocene and shorter FRIs in the late Holocene (Figure 5B). The FRIs were also calculated for the four different pollen zones (Figure 6). Zone 1 had the least amount of fire activity with only 3 fires occurring within the ~2,500 years period between 12,450 year BP and 10,000 year BP. The time between fires for this zone was 170 and 790 years, however, due to the small number of fires in Zone 1 CHARAnalysis could not calculate full fire statistics for pollen Zone 1. Zone 2 (10,000 year BP to 3,850 year BP) had the longest mFRI (124 years) of the three zones for which fire statistics were determined. This zone had slightly longer FRIs, but was the most similar to the long-term Holocene average. Fire activity increased during Zone 3 (3,850 year BP to 2,000 year BP) with a mFRI of 85 years. This was significantly different from Zone 2 and the shortest mFRI for the four pollen zones identified in the sediment record. Fire activity declined only slightly during pollen zone 4 (2,000 year BP to AD 2016), with a mFRI of 88 years.
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FIGURE 6. (A) Identified charcoal peaks represented by the red plus symbol and the peak magnitude in dark blue; (B) Fire return interval with 95% confidence intervals; (C) Smoothed fire frequency (fires per 1,000 years); (D) Local signal-to-noise index throughout the record with the global signal-to-noise index below.



Analysis of charcoal morphotypes (Figure 7) indicates the type of charcoal that was produced by fires throughout the Holocene was generally consistent throughout the record. The most prominent types found are the wood categories A3 and B2, described in Courtney Mustaphi and Pisaric (2014). Charcoal morphotype A3 represented ~40–50% of the charcoal pieces examined on average. Charcoal morphotype B2 represented ~20–30%. During the mid-Holocene period from ~5,000 year BP to 2,000 year BP, charcoal morphology shifts slightly and becomes less A3 and B2 dominant, with an increase in A2, B1, B5, B6, C1, C5, and C7. The largest change in relative percent occurred in A3, dropping ~25%. From ~5,000 year BP to 2,000 year BP there is a larger variety of material being burned compared to the rest of the record. Further, between ~5,000 and ~2,000 year BP, there are many high magnitude peaks, including some of the largest peaks in the record, suggesting more severe fires and more material burned.
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FIGURE 7. Charcoal morphology for Spindly Pine Lake based on categories derived by Courtney Mustaphi and Pisaric (2014).



Dendrochronology

Dendrochronological samples of fire scars (Figure 8) collected from trees surrounding Annie Lake, a larger lake < 1 km east of Spindly Pine Lake, show evidence of 3 recent fire events (Robillard, 2012). These fires occurred in AD 1725, 1833, and 1892, indicating the last fire in the catchment occurred ~125 years ago. Dates of establishment (5-year bins) based on tree cores collected from mature lodgepole pine and white spruce trees around Spindly Pine Lake suggests the current canopy established at ~ AD 1915. This suggests the current forest around Spindly Pine Lake could represent post fire establishment after the AD 1892 fire. Interestingly, a single lodgepole pine tree from this site was dated to 179 years old, suggesting this tree survived the 1892 fire and perhaps represents regrowth following the 1833 fire.
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FIGURE 8. Relative abundance pollen diagram for Spindly Pine Lake. CONISS was used to determine significant changes in vegetation, identifying 4 main pollen zones. Stomata are shown as presence or absence. A total of 300 pollen grains were counted for all depths.



Vegetation

Analysis of pollen samples identified four main vegetation zones during the Holocene based on the Spindly Pine Lake sediment record (Figure 9). These are summarized as follows.
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FIGURE 9. Histogram showing Spindly Pine Lake stand establishment (5-year bins). Recent fires occurred in AD 1725, 1833, and 1892 and are represented by a red arrow. The recent fires in the catchment were determined by dating fire scars on lodgepole pine trees collected from three sites in the area surrounding Annie Lake, located within 1 km of Spindly Pine Lake (Robillard, 2012). At each site, fire scar dates represent the year of fire based on multiple trees at each site.



Zone 1: ~12,450 year BP to 10,000 year BP (539.5–500 cm) Zone 1 represents the onset of the Holocene at Spindly Pine Lake. Pollen from Zone 1 is dominated by shrubs, in particular Betula which accounts for ~70% of the pollen rain. Alnus pollen contributes ~10% of the pollen rain in Zone 1. Salix, Artemisia and Poaceae are also relatively abundant, with each of these pollen types accounting for ~5% of the pollen rain in Zone 1. Picea pollen is relatively low in Zone 1, but increases rapidly at the transition between pollen zones 1 and 2. Picea stomata are absent in Zone 1.

Zone 2: ~10,000 year BP to 3,850 year BP (500–300 cm) Picea pollen reaches maximum values of ~60% in Zone 2. Picea pollen increases from the bottom of Zone 2 at ~10,000 year BP before decreasing to ~25% at the top of Zone 2 (~4,000 year BP). Picea stomata occur throughout the zone, indicating that spruce trees were growing in the vicinity of Spindly Pine Lake since 10,000 year BP. During the transition between Zone 1 and 2, Betula decreases to ~35% and remains between ~20–30% throughout Zone 2. Alnus remains relatively abundant in Zone 2, increasing slightly to ~15%. Pinus contorta pollen is absent throughout the majority of Zone 2. Lodgepole pine appears at the top of Zone 2 in relatively low abundance, accounting for < 5% of the pollen rain.

Zone 3: ~3,850 year BP to 2,000 year BP (300–200 cm) Zone 3 is marked by the sustained occurrence of lodgepole pine pollen in the sediment record. Lodgepole pine pollen increases throughout Zone 3 from ~5% (~3,850 year BP) to a maximum of 55% of the pollen rain, at the top of Zone 3 (~2,000 year BP). Pinus stomata are present near the end of Zone 3 at ~2,500 year BP, when Pinus pollen reaches ~40% of the pollen rain, marking the arrival of lodgepole pine in the area around Spindly Pine Lake. Picea pollen continues to decrease in Zone 3 from ~25% at the start of the zone (~3,850 year BP) to ~10% at the top of the zone (~2,000 year BP). Betula remains abundant throughout Zone 3, accounting for ~20% of the pollen rain with a slight decrease to ~15% at the top of Zone 3. Alnus pollen was consistent at ~15% throughout Zone 3.

Zone 4: ~2,000 year BP to AD 2016 (200 cm to core top) Zone 4 is characterized by the continued expansion of lodgepole pine in the area. Pine dominates this period, increasing to ~80% of the pollen rain throughout Zone 4 (~2,000 year BP to 2016 AD). Pinus stomata are also present throughout the uppermost pollen zone, suggesting lodgepole pine was an important component of the vegetation cover surrounding Spindly Pine Lake during this period. Picea pollen continued to decrease at the start of Zone 4 to ~5%, where it remains at present. Picea stomata were present throughout Zone 4, indicating the local presence of spruce at Spindly Pine Lake. This is supported by current observations of spruce on the landscape around Spindly Pine Lake. Betula and Alnus decrease in Zone 4, accounting for ~5% of the pollen rain, respectively.

DISCUSSION

A 539.5 cm sediment core was collected from a small lake in southwest Yukon and analyzed for pollen, stomata, macroscopic charcoal, and sedimentological parameters. Based on the occurrence of glacial silt at the base of the sediment core, 10 radiocarbon dates and one tephra deposit, the record provides an uninterrupted record of environmental and climate change in this region from the end of the last glaciation (McConnell) to the present. The ice sheet began to retreat prior to ~13,000 year BP and deglaciation was complete prior to ~10,000 year BP (Jackson et al., 1991). The study region was likely one of the last areas to become ice-free during the Cowley stage, one of the later stages in the McConnell deglaciation (Bond, 2004).

The pollen record for this study provides a reference for species abundance with the main objective of identifying the arrival of lodgepole pine in this region and the effects pine has on fire frequency. Several pollen records have been developed for other lakes across southern Yukon (MacDonald and Cwynar, 1985; Cwynar and Spear, 1995; Edwards et al., 2015). These records were developed with higher resolution and corroborate the major vegetation changes that are noted in the Spindly Pine Lake record during the Holocene, including the timing of arrival of lodgepole pine. Therefore, the interpretation of the Spindly Pine Lake pollen record is supported, as well as informed, by these records.

Early Holocene: ~12,450 Year BP to ~8,000 Year BP

After deglaciation, Betula shrubs dominated the area. Conifer species were absent during this period (~12,450 year BP to 10,000 year BP) as Picea had not yet migrated into the region. Results from this study indicate fire activity was low and intermittent following deglaciation with low fire frequency (< 3 fires per 1,000 years). Fire activity increased after 9,500 year BP (~8 fires per 1,000 years). The increase in fire activity was synchronous with the expansion of Picea into the area at ~10,000 year BP, replacing Betula as the dominant species. The arrival of Picea across the region led to an increase in biomass and fuel accumulation. The higher biomass on the landscape was driven by large scale warming across the Northern Hemisphere driven by orbital variations and changing receipts of solar radiation. These top-down controls on vegetation abundance probably drove this early-Holocene increase in fire activity. The arrival of spruce in the area is supported by the occurrence of spruce stomata at the start of Zone 2. Although white spruce (Picea glauca) and black spruce (Picea mariana) were not differentiated for this study, Cwynar and Spear (1995) show that white spruce was responsible for the majority of the spruce pollen in southwest Yukon at this time.

Middle Holocene: ~8,000 Year BP to ~3,000 Year BP

Spruce pollen was most abundant in the record during the middle Holocene between ~8,000 year BP and 4,500 year BP; following this the abundance of spruce pollen began to decline (Figure 9). Initially, during this decline there was an increase in the abundance of Betula, although this was short-lived until ~3,300 year BP when lodgepole pine began to advance into the region. As lodgepole pine migrated north, lodgepole pine pollen increased in abundance and stomata of lodgepole pine were noted in the sediment record in Zone 3.

A decrease in fire frequency during the middle Holocene occurred between 7,000 and 6,000 year BP when fire frequency decreased to ~5–6 fires per 1,000 years with longer FRIs of ~170 years. An increase in black spruce and green alder in southern Yukon between 6,500 year BP and 6,000 year BP is noted from several studies (Keenan and Cwynar, 1992; Cwynar and Spear, 1995) and probably represented a transition to a cooler and wetter climate. These cool and wet conditions may have suppressed fire activity in the region, leading to lower fire frequencies in the mid-Holocene. After ~6,000 year BP, fire frequency increased again to ~10 fires per 1,000 years.

The middle Holocene can be characterized as a high-severity fire regime as it may have contained many of the largest fires throughout the entire record based on the number of particles entering the lake. Fire activity increased throughout the middle Holocene, increasing to as many as 10 fires per 1,000 years with a FRI of ~95 years at ~5,500 year BP. The fire with the largest peak magnitude in the record occurred at ~6,000 year BP with an influx of 441 charcoal pieces per cm3. This large influx of charcoal, indicating high-severity, followed an extended period of low fire activity in the charcoal record, which could have led to a build up of fuel as a result of the lower fire frequency. Climate may be an important driver of this change, with the shift to a cooler and wetter climate. This high-severity fire regime also occurred during a period when spruce forests dominated.

Late Holocene: ~3,000 Year BP to Present

During the late Holocene the expansion of lodgepole pine into southern Yukon was well-underway. Lodgepole pine populations expanded rapidly via local population growth, which can be triggered by fire (Edwards et al., 2015). At Spindly Pine Lake, the expansion of lodgepole pine was likely a response to lodgepole pine extending its range following the end of the last glaciation and high fire activity at ~3,000 year BP, which could have opened up the regional spruce dominated forests and assisted in lodgepole pine becoming established following its arrival in the region. The timing of the regional pine expansion occurred at ~3,000 year BP, however pine established locally around Spindly Pine Lake at ~2,500 year BP as indicated by the occurrence of pine stomata in the sediment record. This is consistent with other studies, including MacDonald and Cwynar (1985), which suggest that pine arrival at nearby Kettlehole Pond occurred at 2,490 year BP.

Fires became more frequent after the expansion of lodgepole pine (~3,000 year BP), highlighting an important transition from predominantly top-down fire controls to the bottom-up changes associated with the arrival of lodgepole pine in this region. The mFRI throughout Zone 4 was 88 years (Figures 5B and 6). However, a period of decreased fire activity occurred between 2,500 and 1,000 year BP. During this time FRIs lengthened to a mFRI of ~150 years, and several fires during this period had time between fires that exceeded 200 years. This decline was attributed to Neoglacial cooling as well as wetter conditions, which is supported by isotopic data derived from a lake sediment record from nearby Jellybean Lake (Anderson et al., 2005; Figure 10). The Neoglacial cooling occurred near the end of this period (~1,400 year BP to ~1,100 year BP), resulting in cooler temperatures and regional glacial advances (Anderson et al., 2005; Davis et al., 2016). During the period from 2,500 to 1,000 year BP the Aleutian Low pressure system is also believed to have been in a prolonged westerly and weak position (Figure 10). This allowed for more precipitation to be carried into central Yukon via this zonal pattern. By comparing the AL with precipitation:evaporation ratios derived from δ18O, Anderson et al. (2007) found the westerly and weak position of the AL correlates with wetter conditions in southwest Yukon. Conversely, the more easterly and stronger AL is associated with drier conditions across southern Yukon. The isotopic data and inferences about the position and strength of the AL derived from them, suggests the period from 2,500 to 1,000 year BP was dominated by a westerly positioned and relatively weak AL, leading to wetter conditions and lower fire activity in the region.


[image: image]

FIGURE 10. Reconstruction of Aleutian Low strength/position using δ18O from Jellybean Lake (Anderson et al., 2005) with fire frequency from Spindly Pine Lake.



Following the period from 2,500 to 1,000 year BP, an increase in fire frequency occurred at ~1,000 year BP. This represented the most active period in terms of fire events throughout the entire Holocene. Fire frequency increased to ~13 fires per 1,000 years at ~1,000 year BP with short FRIs of ~70–80 years. From ~1,000 year BP to 650 year BP, there were numerous instances when multiple fires occurred within a century resulting in the shortest FRIs (~20–30 years) of the entire record. During this time the AL switched from westerly and weak to easterly and strong (Figure 10), leading to a more meridional pattern and limiting the amount of precipitation moving into central Yukon. In addition to the shift in the position of the AL, this period also coincides with the Medieval Climate Anomaly (MCA; Mann et al., 2009), a period of warmth in the late Holocene that is comparable to current conditions. Therefore, the increased fire activity may be a result of the combined effects of warm and dry conditions from the MCA and contemporaneous changes associated with the AL.

Fire activity decreased again between 600 year BP to the present. This decrease in fire activity coincides with a shift in the AL to a westerly and weak position (Figure 10) and the onset of the Little Ice Age (LIA; Luckman, 2000; Mann et al., 2009). The LIA led to cooling across many parts of the northern hemisphere, including western Canada, and led to regional glacial advances. The cooler conditions of the LIA likely suppressed fire activity through a number of different mechanisms including decreased biomass accumulation and higher fuel moisture levels due to lower evaporation in response to cooler conditions.

The changes in fire frequency that occurred in association with a shifting AL, the MCA and LIA suggest that top-down controls (i.e., climate) are important drivers of fire in this region. Similarly, the significant shift in mFRI when lodgepole pine expanded into southwest Yukon highlights the importance that bottom-up controls (i.e., vegetation) also have on fire occurrence in southwest Yukon.

Current Conditions

Tree establishment dates and fire scar data from directly around Spindly Pine Lake and nearby Annie Lake indicate it has been a minimum of 125 years since the last fire in the Spindly Pine Lake catchment. The limited fire activity in the modern record, relative to Zone 4, is likely a result of current fire management and prevention practices that contribute to fire suppression. Comparison of the time since the last fire in the catchment (125 years) with the mFRI for the entire record (120 years), suggests the area around Spindly Pine Lake is overdue for a large fire. However, the current forest composition is an important consideration as the FRIs did change throughout the record. The current vegetation around the lake is representative of that which occurred throughout Zone 4, with lodgepole pine as the dominant species. Therefore, the mFRI for Zone 4 (88 years) is probably a more accurate comparison than the average mFRI for the entire Holocene and further highlights that this part of the southern Lakes region of Yukon is overdue for a large stand-replacing fire event. The risk is heightened due to the fact that fine fuels have now had more than a century to accumulate on this landscape in the absence of fire, exceeding not only the Holocene mFRI, but also the normal fire activity of the past several thousand years when boundary and vegetation conditions have been similar to those at the present time. Further complicating these fire conditions is the ongoing warming that has occurred in this region throughout the twentieth and into the twenty-first century. Over the past 50 years temperatures have increased by 2°C in Yukon and they are projected to increase another 2°C over the next 50 years (Streicker, 2016). In addition, in the North Pacific Ocean, the AL has been in a prolonged easterly position (Figure 10). Several studies (McCoy and Burn, 2005; Flannigan et al., 2009, 2013) have predicted a change in the fire regime in response to changing climatic conditions, with increased temperatures leading to higher fire frequency and severity. The fire record from Spindly Pine Lake, especially at ~1,000 year BP, is a useful comparison to portend future fire scenarios for this region. At ~1,000 year BP vegetation and boundary conditions, including the position of the AL (Figure 10), were similar to present conditions. The Spindly Pine fire record indicates these conditions led to some of the highest fire activity recorded in the Spindly Pine Lake charcoal record during the Holocene. Similarly, the largest fire event(s) based on influx of charcoal particles at ~6,000 year BP, occurred after a period of prolonged absence of fire on the landscape and an easterly positioned AL. Similar conditions are present at the current time across southern Yukon. In addition, continued and predicted warming due to climate change will further exacerbate the potential for large fires in southern Yukon in the coming decades.

CONCLUSIONS

This study presents a full Holocene record of fire history conducted at sub-decadal to decadal resolution in concert with a robust age-depth model. Results suggest that climate has been an important top-down influence on fire regimes in this area, with the Aleutian Low pressure system in particular being an important climatic driver of fire across this region. Periods of increased fire frequency coincide with a strong and easterly positioned AL, while periods of decreased fire frequency coincide with a weak and more westerly positioned AL. In addition, large shifts in the fire regime also occurred in association with known changes in climate, most notably the MCA and the LIA.

Edwards et al. (2015) concluded that fire might have triggered a rapid expansion of lodgepole pine in southwest Yukon. The results of the current study support this suggestion. The Spindly Pine Lake pollen record includes an extended pine pollen tail, followed by a zone of pine expansion occurring synchronously with a shift to lower mFRIs. Prior to lodgepole pine becoming established in this region, the mFRI was ~124 years. Following the expansion of lodgepole pine the mFRI declined to ~85 years and has remained in this range since lodgepole pine became fully established and dominant across southern Yukon. It is important to recognize however, the important role that climate plays in controlling fire regimes in southwest Yukon, because even during the initial expansion of lodgepole pine, a prolonged period of weak and westerly positioned AL led to decreased fire activity.

Edwards et al. (2015) suggest that only one of their four study sites showed a statistically significant increase in mFRI after lodgepole pine expanded across the region. The charcoal record from Spindly Pine Lake seems to support the idea that bottom-up controls can be important, but the lack of response at their other study sites highlights the importance of site-to-site variation. Due to the natural variability of wildfire and the possible overprint of climate on fire regimes in this region, bottom-up controls may vary between individual sites. Future studies should increase the number of study sites across the region to better assess the synchrony of changing fire regimes in response to both bottom-up and top-down controls.

The highest magnitude fire in the Spindly Pine Lake charcoal record followed a period of decreased fire activity. This supports the notion that bottom-up controls of the fire regime, via the accumulation of fine fuels, can also be an important factor controlling fire regimes. The distributions of FRIs in this study are in agreement with previous estimates of FRIs for the boreal forest, albeit at the lower end of previous estimates. When factoring in different vegetation types, the estimates of mFRI decrease further depending on which conifer tree species are dominant. In particular, when species, such as lodgepole pine increase in importance and dominance on the landscape, fire return intervals shorten dramatically. This information is important for forest managers and planners involved in the assessment and management of fire in these fire-prone landscapes in southern Yukon. The results from this study suggest the landscape around Spindly Pine Lake is overdue for a fire event. Given the warming that has occurred across Yukon during the past 50 years, the susceptibility of the landscape to the occurrence of a major fire is further increased. Unfortunately, it is unlikely that the conditions around Spindly Pine Lake are anomalous across southern Yukon and certainly many other regions are probably also overdue and highly susceptible to future fire events as lodgepole pine forests continue to expand beyond the Spindly Pine region. The results from this study provide insights about past fire activity in southern Yukon during periods of warmer conditions and similar vegetation scenarios to those occurring today. These results suggest future fire scenarios in Yukon will be severe.
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Lab number Depth Material 14C year BP Cal. year BP Adjusted* Cal.

(cm) year BP
Coretop 0 —66
WRA 1575 Tephra ~1,170
UoC-3173 158 Bulk sediment 1,702 436 1,626 4 54 1,147
Uoc-3167 2435 Macrofossil 2,639 + 40 2,770+ 21 2,770
UoC-3168 2605 Macrofossil 2,802 +30 2,926 +37 2,926
U0C-3590 327 Bulk sediment 4,382 + 41 4,959 + 65 4,481
UOC-3169 3885 Macrofossil 5,004 +82 5794+ 71 5,791
U0C-3170 439 Bulk sediment 7,082 + 40 7,881+ 44 7,403
UoC-3171 486.5 Bulk sediment 8,446 + 55 9,472 + 40 8,994
UOC-3748% 4925 Charcoal 8,520 + 82 9510+ 49 9510
UOC-35912 5035 Bulk sediment 8,856+38 9,990 £ 121 9512
U0C-3172 5205 Bulk sediment 10,662 & 85 12,608 & 119 12,130

Calibration was performed using OxCal v4.2.4 (Ramsey, 2009) and the IntCal13 calibration curve (Reimer et al., 2013)."Only bulk sediment samples were adjusted by a value of 478
years. This was calculated from the bulk sediment sample (UOC-3171) that was obtained directly above the WRRA layer at 158 cm depth in the core. The WRA date was obtained from
Davies et al. (2016),

AUOC-3748 has larger errors (+82) associated with it due to small sample size.

bUYOC-3591 was omitted from the model due to old age offset.
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