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Highlights

e Lake sediment accumulation and metal concentrations increased after two wildfires.

e Mercury and lead fluxes to sediment increased dramatically in one of the lakes.

e The second fire was more impactful to a lake with a previously burned catchment.

e Lakes with minor catchment burns showed less or no impact on sediment metal fluxes.

e Severe fire burns increase catchment transport of metals to montane lakes.
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Abstract

We evaluated how two large wildfires affected the sedimentation rate and accumulation of lead (Pb),
mercury (Hg), and cadmium (Cd) in sediment of four subarctic montane lakes in the Yukon, Canada.
The wildfires occurred 60 and 20 years (1958, 1998) before sediment collection in 2018. Site-specific
fire exposure was inferred from the charcoal accumulation histories in the lake sediments and the
burned catchment area was determined from historical fire maps. The two major wildfires caused a
two to five-fold increase in sedimentation rates and a two to eight-fold increase in sediment metal
accumulation rates in Little Fox Lake. The mass accumulation rates of metals in Little Fox Lake
sediment increased by a maximum of 2.7-4.7 mg Pb m™ yr', 19-29 pug Hg m” yr' and 37-114 ng Cd
m” yr' following wildfires. Modelling using elemental ratios of lithogenic sources suggested a large
proportion of the Pb and Hg accumulating in post-fire sediment was from remobilized legacy
anthropogenic pollution. In contrast, Cd fluxes were consistent with variation in catchment
weathering. Impacts of wildfires were visible but more muted in the sediment of Little Braeburn Lake,
whereas Fox Lake and Grayling Lake sediments showed little to no wildfire impact and served as a
reference for external (long-range) metal deposition. Major changes to lake sediment geochemistry in
Little Fox Lake were caused by the lack of vegetation and soil recovery in the catchment following
the severe 1998 fire. Wildfire impacts were persistent in the lake more than 20 years after the last fire,
with no sign of a return to pre-fire Pb, Hg, and Cd accumulation rates. This study shows that wildfires
in northern montane catchments can significantly increase the rate of metal accumulation in affected

lakes, thereby impeding recovery from reductions in anthropogenic air emissions of these metals.

1. Introduction
Wildfire occurrence and severity will increase in many regions, including northwestern Canada, in

response to climate warming and the interplay between future precipitation and atmospheric
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temperatures (Coogan et al., 2019; Krawchuk et al., 2009). The fire return interval is already short in
the southern Yukon (Canada) boreal forest, dominated by lodgepole pines (Prince et al., 2018), and
models predict an imminent increase in the annual burned area in the Yukon (Kitzberger et al., 2017).
In lakes near burned forests, the loading of particles and solutes to lakes following fires can increase
by the transport of ash, organic matter, and dissolved compounds via surface and groundwater flow
or atmospheric transport (Jensen et al., 2017). The post-fire transport of particulates can be especially
important during storm events (Burton et al., 20106; Filgueira and Vega, 2006; Shakesby, 2011) and in
montane areas with steep catchment slopes (Abbate et al., 2019; Evans et al., 2017; Meng et al., 2015).
The release (remobilization) of natural and legacy anthropogenic metals from catchment soils and
biomass by wildfire has been observed in lake sediment (Odigie et al., 2015; Odigie and Flegal, 2014),
fly ash samples (Isley and Taylor, 2020; Wu et al., 2017) and soils following controlled burn (Abraham
et al., 2018). Yet, there is still limited information to help with the prediction of future impacts of
wildfires on the accumulation rates of metals in lakes, particularly in subarctic regions. This study
investigated the loading of ecotoxicologially relevant metals [mercury (Hg), lead (Pb), and cadmium
(Cd)] in four subarctic lakes to help constrain the possible impacts of a future increase in subarctic

wildfire frequency and intensity.

The impact of burned catchments on boreal lake geochemistry typically lasts two to three decades
(Dijkstra et al., 2013; Dunnette et al., 2014), and includes greater loading of terrestrial organic matter
(Dunnette et al., 2014; Leys et al., 2016; Pompeani et al., 2020), nutrients (especially phosphorus)
(Paterson et al., 2002; Philibert et al., 2003; Waters et al., 2019), and metal(loid)s (Abraham et al., 2017).
These changes can have ecological consequences for aquatic organisms, including invertebrates
(Garcia et al., 2007; Harper et al., 2019; Pretty et al., 2020) and fish (Garcia and Carignan, 2005; Kelly
et al., 2006; Spencer et al., 2003). However, the impact of wildfires on lake geochemistry should vary

by physiographic region according to vegetation, hydrology, soil, and topography (Harper et al., 2019;
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Peteira and Ubeda, 2010; Pompeani et al., 2020; Shakesby, 2011). The burn conditions, including fuel
load, fire severity, and extent, may also modulate the impact of wildfires on lake geochemical fluxes
and the reactivity of the elements released by wildfires (Cerrato et al., 2016; Webster et al., 2016). More
intense wildfires burn at higher temperatures and consume more plant biomass and organic soils,
therefore mobilizing a greater quantity and a more comprehensive range of elements (Bod{ et al., 2014;
Campos et al., 2015; Kohlenberg et al., 2018; Nzihou and Stanmore, 2013). Because many factors are
involved in the magnitude and duration of wildfire impacts to local freshwaters, studies done on a
wide range of geophysiographical regions, vegetation type, topography, burn extent and burn severity
will be necessary to obtain an accurate global estimate of future freshwater contaminant loading from
wildfires. In this study, we focused on the cordilerian region of the Yukon as it is an environment with
severe and frequent wildfires and high gradient slopes, which we hypothesised would lead to large

catchment erosion fluxes following wildfires.

Severe wildfires may surpass ecological thresholds preventing the recovery of soils and vegetation
(McLauchlan et al., 2020; Stevens-Rumann and Morgan, 2019). For example, a short fire-return
interval of severe wildfires can inhibit the regeneration of subalpine lodgepole pine (Pinus contorta
Douglas) forests (Turner et al., 2019) and subarctic black spruce (Picea mariana Miller) forests (Brown
and Johnstone, 2012). Most paleolimnological analyses of wildfires in lake sediment have looked at
the impact of fires over the Holocene, with little distinction between ancient fires and recent ones
(e.g., Dunnette et al., 2014; Pelletier et al., 2020). Since the geochemical cycling of metal(loid)s has
been disturbed by human activities, particularly during the 20th century, analyses of recent wildfire
impacts may stand out from impacts measured from ancient wildfires, particularly those preceding the

Industrial Revolution (ca. 1850). It is for this reason that we focused on wildfires occurring in the last
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~100 years. This is a period for which it is easier to obtain an accurate sediment chronology (from
*"Pb) and that is underrepresented in wildfire reconstructions from natural archives, which often
focus on long-term fire frequency and requires the observation of a large number of events to make

statistical inferences.

We measured the impacts of two large wildfires, which occurred approximately 20 and 60 years ago,
on sedimentation rates and metal loading in four lakes located 50-80 km from Whitehorse, Yukon,
Canada. A large section of one lake’s catchment (Little Fox Lake) has never recovered ecologically
from the most recent wildfire events. Thus, this study provided a rare opportunity to examine the
long-term (decadal) impacts of a severe stand-replacing wildfire on lake sediment geochemistry. This
research is needed in the current context where major fire events exceeding the threshold for
ecological recovery are predicted to become more frequent in future years. We chose the cordilerian
region of the Yukon for this study since it is an environment with severe and frequent wildfires and
high gradient slopes, which we hypothesised would lead to large catchment erosion fluxes following

wildfires.

2. Methods

21 Study area

The study lakes were Fox Lake, Little Fox Lake, Grayling Lake (unofficial name) and Little Bracburn
Lake, all located within the Yukon Boreal cordillera, along the Klondike Highway (Yukon Highway
2). The valley comprising all lakes is underlaid by a fault between a sedimentary terrane from the
Tanglefoot formation and a sedimentary/volcanic terrane from the Nordenskiold, both from the
Laberge group (Colpron, 2011). Predominant trees species near the study lakes where white spruce
(Picea Glanca (moench) voss), trembling aspen (Populus tremuloides Michx.), and lodgepole pine (Pinus

contorta Douglas). The yearly average temperature at the closest weather station (Takhini River Ranch,
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35-60 km south) is -1.4°C, with 228 mm of annual precipitation of which 72 mm is snow (ECCC,
1981-2010). Minimum temperatures occur in January (mean = -18.2°C) and maximum temperatures
occur in July (mean = 13.9°C). Snowmelt usually occurs in March-April with a maximum yearly
snowdepth of 41 cm (ECCC, 1981-2010). The lake catchments have a moderate to steep topography,
with average slope gradients of 7-12% for Little Braeburn Lake, flat for Grayling Lake, 13-19% for
Fox Lake, and 23-32% for Little Fox Lake. The approximate maximum water depth in the study lakes,
obtained from a hand-held sonar and commercial bathymetric maps, was 45 m for Fox Lake, 35 m

for Little Braeburn Lake, 25 m for Little Fox Lake, and 6 m for Grayling Lake.

2.2 Historical wildfire activity in the study area

Severe fires occurred in the study area in 1958 (1342 km”burned) and 1998 (439 km* burned) (Figure
1) (Yukon Wildland Fire Management, 2014). Vegetation has minimally recovered from the 1998 fire,
and the thick organic soil layers found in unburned areas offer a striking contrast with the bare mineral
soils in adjacent burned slopes (Figure 2). The catchments of each study lake were affected to a varying
degree by the 1958 and 1998 fires (Supplementary Table S1). All of the Little Bracburn Lake catchment
was affected by the 1958 fire but was untouched by the 1998 fire. Fire maps indicated that the Little
Braeburn catchment was burned up to the shore by the 1958 fire (Figure 1). However, the field
investigation revealed no ash layer directly around the lake, suggesting that a buffer of soil and
vegetation around the lake may have remained after the fire. Previous investigations of the 1958
wildfire have reported an uneven stand-age structure following the fire, indicating a low-intensity fire
(Marcantonio, 2007). The Little Fox Lake catchment was partially affected by the 1958 fire (42% of
the catchment area) and almost entitely affected by the 1998 fire (99% area), including a 159 km”® area
that burned twice over the 20 years. There were signs of fire directly around the lakeshore, including
ash and charcoal in the nearby soil profiles. The Fox Lake catchment was only partially affected by

the 1958 and 1998 fires (43 and 20% of the area burned, respectively), and most of the lakeshore



135  remained untouched by both fire events. Previous investigations of fire history in the area based on

136  dendrochronology and lake sediment analysis revealed severe wildfires in ca. 1760, 1775, 1835, and
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139  Figure 1: (a) Locations of lake sediment cores collected in 2018. The colored polygons are the wildfire
140  scars with the year of the fire event indicated (Wildland Fire Management, 2014). (b, c and d) Close-
141 up view of the lakes with shading showing the surrounding topography. The individual maps are

142 showing Little Braeburn Lake (b), Little Fox Lake and Grayling Lake (c), and Fox Lake (d). The dashed



143 lines indicate the orientation of the cross-sections presented to the right . (e) Topographic cross-

144 section of the valley at the sampling locations for each lake sediment core.

145

146  Figure 2: (a) View of the east and west sides of the Little Fox Lake catchment: the east side (bottom
147  of the picture) burned twice and had little vegetation cover 20 years after the second fire event; the
148  west side (top of the picture) burned in 1958 and vegetation recovery was evident; (b) thick (>15 cm)

149  organic soil layer with a moss cover at the bottom of a slope that burned once in 1958; (c and d) thin
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organic soil layer (~5 cm) at the bottom of a slope burned twice in 1958 and 1998 near Little Fox

Lake.

2.3 Sampling procedures

Sediment cores were collected from a canoe in July 2018 using a UWITEC gravity corer. Cores were
collected from the deepest sections of each lake based on a handheld depth finder. Six of these cores
from four different lakes were selected for analysis. We selected the cores from each lake that were
longest and most undisturbed based on the appearance of the sediment-water interface at the time of
collection. Analyzed core lengths varied between 20.5 and 33 cm. Sediments were extruded from the
core tubes on the same day they were recovered from the lake and sliced into 0.5 cm increments except
for the uppermost slice at the sediment-water interface, which was a 1 cm interval. Sediment samples
were placed in Whitl-pak bags and weighed to obtain wet weights. Sediment samples were frozen in
the field and shipped back to Carleton University, Ottawa, Canada, where they were kept at 4 °C until
further processing. At Carleton University, a 1 cm’ sub-sample of homogenized sediment from each
interval of the cores was set aside for charcoal analysis. The remaining sample material was freeze-
dried and weighed again to obtain dry weights. Sediment density was calculated from the dry weight
of the sediment divided by the volume of the sample, taking into consideration the 1 cm’ previously

removed for charcoal analysis.

2.4 Charcoal analysis

The 1 cm’ fresh sub-samples set aside for charcoal analysis were treated in 11% sodium hypochlorite
at room temperature for 24h to make charcoal particles more distinguishable from mineral and
uncharred organic matter. The solution was then filtered with a 150 pm mesh to remove smaller
particles and retain macroscopic charcoal. The sediments coarser than 150 um were carefully

distributed on the mesh to avoid overlapping of particles and photographed with a Leica Si9 dissection
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microscope using the LAS EZ (Leica®) softwate at a magnification of six times. Photos were then
analyzed using Iwage | software (Rasband, 1997-2018) to determine the count and surface area of
charcoal in each sample. Within Iage |, the image brightness was manually adjusted to ensure that the
charcoal was recognized by the software and distinguished from any remaining uncharred organic
matter. The charcoal of each sub-sample was quantified based on three characteristics: abundance
(#/cm’), cumulative area (mm®/cm’), and mean size of charcoal (mm®/ unit). The mean charcoal size
was determined by dividing the cumulative area by charcoal abundance of the subsample. Before any
image analysis, Image | was calibrated to the scope resolution (mm/pixel) using a 0.5 mm diameter

machined pencil lead.

2.5 Core chronologies

Chronologies for the sediment cores were developed using radiogenic lead (*'"'Pb) and the Constant
Rate of Supply (CRS) model (Appleby and Oldfield, 1978). The *'“Pb activity was measured by alpha
spectrometry in 12-15 sediment slices per core. The *’Pb activity in sediment layers was interpolated
following a log-linear relationship with cumulative dry sediment weight (g cm™). We used the mean of
two to four measurements of *Ra activity by alpha spectrometry per core to estimate the supported
*Pb activity in the sediment core. Measurements were conducted at Flett Research Ltd (Winnipeg
MB, Canada). Activity profiles of *"Pb and **Ra for each sediment core are provided in the

supplementary information (Figure S1).

2.6 Geochemical analysis

Freeze-dried sediments were digested by aqua regia and analyzed for concentrations of 37 elements
by ICP-MS following the Bureau Veritas Minerals (BVM) method AQ250. The dry sediment samples
were also analyzed for Hg concentration in four cores using a Direct Mercury Analyzer (DMA). DMA

measurements were conducted on a DMA-80 Evo Direct Mercury Analyzer (Milestone Inc., CT,
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USA) on freeze-dried samples without prior digestion. The Hg concentrations in cores LFL-14 and
LFL-6 were obtained with ICP-MS measurements only at BVM. We compared ICP-MS and DMA
measurements for Hg in the four cores where both measures were obtained to ensure comparability
between results (see spreadsheet in the supplementary material). The sediment Hg concentrations
measured by both analyses (n=103) had 6+4% RSD (mean * standard) between methods, and the
differences in concentrations between methods were not significantly different (paired t-test, p=0.78).
A complete QA/QC analysis comprising the measurement of analytical blanks (n=0), sediment
samples duplicates (n=5), standard reference material (n=8), and in-house standards (n=12) is

presented for each analyzed element in spreadsheets included in the supplementary material.

2.7 Modelling of lithogenic and anthropogenic Pb, Hg, and Cd in the sediment

To model changes in metal sources, we assumed that in preindustrial sediments, Pb and Cd loadings
were entirely derived from catchment erosion and that Hg was derived from a combination of
catchment erosion and organic matter accumulation. A Spearman rank order correlation analysis of
Hg concentration and organic matter content was carried out for each core to determine if changes in
Hg accumulation were likely to be primarily caused by changes in organic matter accumulation. The
significance level for this analysis was p<(0.05. In agreement with previous observations in other lakes
(Feyte etal., 2010, 2012; Sanei et al., 2010; Sanei and Goodarzi, 2006), organic matter influences were
included because of strong correlations between sediment percent organic matter and Hg
concentrations. We modeled the contributions of Pb and Cd from lithogenic sources in modern (post-
1850) sediments using the ratio between the element of interest and a conservative lithogenic element
[Aluminum (Al)] in preindustrial (pre-1850) sediments specific to each core. For Hg, we modeled the
lithogenic and organic matter influences using linear regressions between Hg, Al, and sediment organic

matter in preindustrial sediment. The anthropogenic contribution to the concentration of Pb, Cd, or
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Hg in sediment samples was estimated by re-arranging and solving Eq. 1 to obtain excess

concentration.
Eq. 1 [Pb,Cd,Hg] = [lithogenic Pb,Cd,Hg] + [excess Pb,Cd, Hg]

Where [Pb,Cd,Hg] is the concentration of Pb, Cd or Hg in a sediment sample,
[lithogenic Pb,Cd, Hg] is the predicted concentration of Pb, Cd or Hg from lithogenic metal
contribution and organic matter accumulation (for Hg) that is estimated from Eq. 2 for Pb and Cd

and from Eq. 3 for Hg.

_[Pb,cd]

Eq.2 [lithogenic Pb,Cd] Tl

X [Al]

(pre—1850)

Wherte, [lithogenic Pb, Cd] is the modeled lithogenic contribution to the concentration of Pb or

[Pb,Cd]
[Al]

Cd in a sediment sample, is the ratio of Pb or Cd to Al in preindustrial sediment

(pre—1850)
and [Al] is the concentration of Al in the sediment sample. Ratios of Pb or Cd to Al in preindustrial

sediment are available in the supplementary material (Supplementary Table S2).
Eq. 3 [modelled Hg| = a + by [Al] + boy[OM]

Where « is the intercept of a multiple linear regression with the concentration of Al and organic
matter as explanatory variables and Hg as a dependent variable in the preindustrial sediment. The
variables by; and by ate the regression coefficients for the explanatory variables. Regressions were
computed for each individual core, and therefore, the values for @, by; and bgy, varies by core. The
values of the intercept, vatiable coefficients, coefficient of determination (R?), and p-value for the

multiple linear regression used for Eq. 3 are presented in the supplementary material in Table S3.
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2.8 Geochemical fluxes calculation
The fluxes of each analyzed element, and including organic matter and carbonates (excluding

charcoals), were calculated following equation 6.4:

SRx[m]
Eq. 4 fm = e

Whete fy, is the flux of a metal 7z (ug m? yr''), [m] is the metal 7 concentration (ug g"), SR is the

modeled sedimentation rate (or mass accumulation rate) for the layer (g m™ yr') obtained from the
CRS model, and FF is the sediment focusing factor (Blais and Kalff, 1995; Lehman, 1975), estimated

*'"Pb fallout to the observed unsupported *’Pb flux at the

as the ratio of regional atmospheric
sediment-water interface (Blais and Kalff, 1995; Muir et al., 2009; Wiklund et al., 2017). The local
atmospheric *'’Pb deposition rate was estimated using the formula developed by Muir et al. (2009). In
Eq. 4, [#] was substituted for the specific concentration predicted by lithogenic concentration,

representative of catchment erosion (from Eq. 2 and 3) or anthropogenic excess (from solving Eq. 1)

to obtain the corresponding component flux.

3. Results

3.1 Variation in sedimentation rates

Sedimentation rates were similar between sediment cores from the earliest modeled period (~1850)
until the early 20" century (60 + 35 g m™ yr™), after which sedimentation rates doubled in Little Fox
Lake and Fox Lake but remained relatively constant in Little Bracburn Lake and Grayling Lake (Figure

3).
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Figure 3: Modelled sedimentation rates (CRS model) and uncertainties against time in each core. The
vertical dashed lines represent the occurrence of known wildfires events in the study area. The vertical

error bars represent the flux uncertainty estimated by propagating the errors of the dating model.

The 1957-1958 wildfires triggered a slight increase in sedimentation rate at Little Bracburn Lake
(Figure 3) that was primarily associated with a greater organic matter accumulation (Supplementary
material, Figure S2). The same fire initiated an important increase in Little Fox Lake sedimentation
rate (Figure 3), and the subsequent fire (in 1998) severely affected the Little Fox Lake catchment and
caused further increase in this lake’s sedimentation rate that persisted for the remainder of the
sediment record (Figure 3). In contrast, the sedimentation rate in Little Braeburn Lake (unaffected by
the 1998 wildfire) showed only a marginal change during the same period, and Fox Lake sedimentation

rate slightly decreased over the same period (Figure 3). Compared to pre-1900 sediment layers, the
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recent sedimentation rate is about two and three fold greater in Little Braeburn Lake and Fox Lake,

respectively (120-175 g m” yr'') and five to eight fold greater (300-500 g m” yr™') in Little Fox Lake.
3.2 Fire exposure in each lake

The recorded charcoal accumulation rates (CHAR) in each lake sediment core generally agreed with
the historical fire mapping of the area for all lakes but Little Braeburn ILake (Figure 4). However, the
temporal resolution of the cores was limited by the slow sediment accumulation rate. Indeed, in
sediment accumulated after 1950, a 1 cm interval corresponds to 5-25 years of sediment accumulation,
depending on the core. This led to slight offset between know fire events and observed charcoal peaks

in the sediment cores.

The CHAR magnitude was not directly proportional to the burned area in each lake catchment
(supplementary material, Table S1). The magnitude of CHAR was 10-50 times greater in Little Fox
Lake than in Fox Lake or Little Bracburn Lake. The small CHAR observed in Fox Lake (Figure 4a)
was in agreement with the limited burned area in this lake's catchment indicated in the historical fire
maps (Figure 1). In contrast, the small CHAR observed in the Little Bracburn Lake sediment record
was surprising since historical fire maps suggested that all of the Little Bracburn Lake catchment
burned between 1957 and 1958. The Little Braeburn Lake catchment was not burned during the 1998
fire, and yet, this fire event was recorded in the Little Braecburn Lake sediment as a peak in CHAR of
similar magnitude to the 1957-1958 wildfire (Figure 4c). Therefore, Fox Lake and Little Braeburn Lake
likely received primary charcoals from wildfire fallout during both the 1957-1958 and 1998 wildfires,

but little to no charcoals from catchment surface erosion.

Little Fox Lake contrasts with Fox Lake and Little Braeburn LLake because the magnitude and aspect
of peaks in CHAR indicated that charcoal particles were mostly transported by catchment erosion to

Little Fox Lake in the years following the fire (Figure 4). Therefore, when using macroscopic charcoals
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as a proxy for fire exposure, Little Fox Lake showed the greatest exposure to wildfires by far, followed
by Little Braeburn Lake, where CHAR was low, but a large catchment surface was affected. Fox Lake
serves as a control site with negligible fire impact. Grayling Lake showed slight increases in CHAR
following the 1958 and 1998 wildfires that were of similar magnitude to Little Braeburn Lake (Figure
4b) and therefore suggest some primary charcoal transport in this lake as well, but CHAR magnitude
in this lake is the smallest recorded. However, Grayling Lake sediment chronology has a very poor

temporal resolution because of slow sediment accumulation rate and low *'’Pb activity in this core.

It should be noted that wildfire occurrence in Fox Lake, Little Fox Lake and Little Braeburn Lake was
also evident from the charcoal concentration profiles and the charcoal area profiles, not just charcoal
accumulation rates (Figure 5). One exception was observed in a core from Little Fox Lake (LFL-4),
in which charcoal concentration increased with depth throughout the core and only one fire (1998)
was evident from the variations in charcoal accumulaton rate (Figure 4¢). With the exception of LFL-
4, most cores are showing that variation in charcoal loading in lakes sediment was due to fire activity,

not just caused by variation in sedimentation rates.

Interestingly, the charcoal accumulation history differed between the three cores from Little Fox Lake,
which is likely related to the complex bathymetry of this lake (Supplementary information, Figure S4).
While sediment from two sub-basins of the lake showed clear peaks from the 1998 fire (LFL-4 and
LFL-14), the LFL-6 core showed a significant peak for the 1958 fire with a moderate peak for the
1998 fire (Figure 4). Differences in charcoal accumulation between different sections of the lake are
likely representive of the proximity to burned slope and the gradient of these slopes, but historical fire

mapping, especially for 1958 is not sufficiently accurate to explore this hypothesis in this study.
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Figure 4: Focusing-factor-corrected charcoal accumulation rates in lake sediment cores of Fox Lake
(FL1, a), Grayling Lake (GL, b), Little Bracburn Lake (LBL1, c), Little Fox Lake (LFL-14, d; LFL-4,
e; LFL-06, f). The vertical dashed lines represent the years of major fires in the study area (1920, 1957-

58, and 1998). Note the large difference in y-axis scales between lakes.

3.3 Concentrations of Hg, Pb, Cd, and indicator elements in lake sediment

Sediment metal concentrations varied both in the dated portion and undated bottom layers of each
core (Figure 5). The concentration of Hg in the sediment of three study lakes increased by 40-100 ng
g, representing a 40-80% increase compared to baseline concentrations (Figure 5). The increasing Hg
concentration in the top 10 cm of Little Braeburn Lake sediment was concurrent with increasing
organic matter concentration (Figure 5). The correlation between organic matter and Hg
concentration in the sediment of Little Bracburn Lake was strong and significant (r=0.96, p<0.001)
whereas it was not significant in Fox Lake (r=-0.16, p=0.35) and weak in Grayling Lake (r=0.43,

p=0.002). In the Little Fox Lake sediment the correlation between organic matter concentration and
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Hg concentration was significant, yet weak, in two cores (LFL-6 and LFL-14, r=0.49-0.62, p<0.001)
and insignificant in one core (LFL-4, r= -0.06, p=0.62). The important correlation between organic
matter and Hg in Little Bracburn Lake suggest that greater organic matter accumulation and

concentration may have driven changes in sediment Hg accumulation in this lake.

There was a clear sub-surface peak in Pb concentration in Fox Lake and Little Fox Lake (not Little
Braeburn Lake), with Pb concentrations remaining 7-10 pg g' above background values (75-120%
increase) until the end of the record in 2018. The concentration of Cd increased by 0.2 g g compared
to background concentrations (20% increase) in Little Braeburn Lake and one core from Little Fox
Lake (LFL-14) but remained stable or slightly decreased in Fox Lake and two other cores from Little

Fox Lake (Figure 5).

The concentrations of Sr and Ca increased in the surface sediment of all lakes compared to older
sediment, whereas the Ti concentration was following the opposite trend (Figure 5). Sediment
phosphorus concentration increased in the larger lakes affected by wildfires (Little Fox Lake, Little

Braeburn Lake) but not in Fox Lake and Grayling Lake.
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Figure 3: Element concentration profiles with depth in each Yukon lake sediment core with charcoal
concentration normalised (z-scored) by core. Blue lines are generalised additive models with a 95%

confidence interval (grey areas).

3.4 Impact of wildfires on Hg, Pb, and Cd total and excess fluxes

The fluxes of Hg, Pb, and Cd increased over time in the study lakes, especially over the last 60 years
(Figures 6, 7, and 8), both in response to higher sedimentation rate (Figure 3) and greater
concentrations of these elements in the sediment (Figure 5). The preindustrial (pre-1850) fluxes of Pb,
Hg, and Cd were small and comparable between all sites (Figures 6, 7, and 8). The 1958 wildfire was
concurrent with excess metal fluxes to the lakes of 11 + 10 ng Hg m™yr' (maximum 29 pg Hg m”yr
N, 1.8 £ 1.1 mg Pb m?yr" (maximum 2.9 mg Pb m?yr"), and 57 + 66 pg Cd m?yr" (maximum 187
ug Cd m?yr™). The 1998 fire had a larger impact on metal fluxes, being concurrent with excess fluxes
of 25 + 18 pg Hg m?yr" (maximum 58 ug Hg m?yr"), 3.2 + 1.7 mg Pb m”yr"' (maximum 4.7 mg Pb

m?yr'), and 107 + 102 pg Cd m?yr' (maximum 306 pg Cd m?yr™).
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The greatest increases in Hg, Pb, and Cd accumulation rates occurred in Little Fox Lake (Figures 6, 7,
and 8). Those increases co-occurred with changes in charcoal accumulation rates, suggesting a link
with the occurrence of wildfires. Unexpectedly, Little Fox Lake sedimentation rate and metal
accumulation rates continued to increase over the twenty years that followed the 1998 fire instead of
gradually returning towards the pre-fire accumulation rate. In contrast, Fox Lake (control site) had no

visible increase in metal accumulation coinciding with wildfires (Figures 6, 7, and 8).

The accumulation rate of Pb in the most recent section of the records (2008-2018) was three to five
times greater in Little Fox Lake (5-8 mg Pb m” yr'') than in Fox Lake (2-3 mg Pb m™ yr") and Little
Braeburn Lake (1-2 mg Pb m™ yr'). Similarly, the current Hg accumulation rate in Little Fox Lake
(~40 ug Hg m™ yr'') was twice the accumulation rate in Fox Lake and Little Braeburn Lake (~20 pg
Hg m” yr'"). The same was true for most metal elements, i.e., accumulation rates were 2-5 times greater

in Little Fox Lake than Fox Lake and Little Braeburn Lake.

Figure 4: Deconstructed fluxes of Hg in each lake sediment following equations 6.1 and 6.3. The full
black line represents the charcoal accumulation rate in each core and follows the secondary y-axis scale

(right side).
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Figure 5: Deconstructed fluxes of Pb in each lake sediment following equations 6.1 and 6.2. The full
black line represents the charcoal accumulation rate in each core and follows the secondary y-axis scale

(right side).

Figure 6: Deconstructed fluxes of Cd in each lake sediment following equations 6.1 and 6.2. The full
black line represents the charcoal accumulation rate in each core and follows the secondary y-axis scale

(right side).
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Model estimates suggested that most variation in Hg, Pb, and Cd metal fluxes associated with wildfire
events were caused by erosional (lithogenic) fluxes (Figures 6 to 8). Excess fluxes, i.e., those not
predicted by changes in erosional fluxes or organic matter inputs (for Hg), contributed to a substantial
proportion of the increase in the accumulation rate of Hg (Figure 6) and Pb (Figure 7) but were very
small for Cd (Figure 8). Excess Hg fluxes increased in Fox Lake and Little Fox Lake but not in Little
Braeburn Lake, where most of the increase in Hg accumulation was predictable from changes in
organic matter accumulation (Figure 6). The excess Hg and Pb flux were similar in Fox Lake and Little
Fox Lake until the 1958 wildfire, after which Hg fluxes increased faster in Little Fox lake than in Fox
Lake (Figure 6), and Pb flux increased in Little Fox Lake, whereas it decreased in Fox Lake (Figure 7).
Some excess fluxes of Cd are present after 1950 at all sites, but the fluxes were exceedingly small
compared to natural inputs predicted from catchment erosion (Figure 8). Excess Cd was more

important in Little Braeburn Lake than other lakes (Figure 8).

The cumulative impact of the two wildfires culminated in a four-to-six-fold increase in the
accumulation rates of Ca, Ba, Sr, Ag, Hg, Se, and P in the Little Fox Lake sediment (Supplementary
information, Figure S3) and the concentrations of these elements in the sediment were greater post-
wildfires (Supplementary information, Figure S5). Furthermore, the accumulation rates of every other
analyzed element were also two to four times greater during the two decades that followed the 1998

wildfire.

4. Discussion

4.1 Importance of wildfires for the terrestrial transport of metals to subarctic mountane
lakes

The large increase in sedimentation rate (2-5 fold) and Hg, Pb, and Cd loading (4-6 fold) in the

sediment of Little Fox Lake occurring after the two wildfires in 1958 and 1998 showed that wildfires
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can strongly impact the loading of these elements in subarctic lakes. When comparing the sediment
accumulation history of all four study lakes, we found the largest increase in Hg, Pb and Cd
accumulation by far in the lake that was most impacted by wildfires in recent decades (Little Fox Lake).
This wildfire influence was evident from historical fire maps and charcoal accumulation history in the
lake, where sediment charcoal accumulation rates and concentrations were 10-100 times greater in
Little Fox Lake than any other lake (Figures 5 and 6). The Hg and Pb accumulation rates in Little Fox
Lake in recent decades surpassed the accumulation rate recorded for the periods with the largest
anthropogenic emissions of theses contaminants, whereas these periods are easily identifiable in
sediment from lakes unaffected by those fires, such as Fox Lake in this study (Figures 6, 7 and 8). This
shows that in the future, wildfires may modulate the response of northern lakes to varying atmospheric

deposition of Pb and Hg.

More stable sedimentation and metal accumulation rates in Fox Lake and Little Braeburn Lake, largely
unexposed to the 1998 wildfire, indicated that the critical changes observed in Little Fox Lake
sediments were not due to regional pollution, road construction, or any other factor than the fires.
This study showed that in burned catchments, the effect of erosional processes on lake metal loading
can be orders of magnitude higher than metal loading caused solely by atmospheric deposition of ash

during the fire (Pelletier et al., 2020).

In the years that followed the 1998 fire, Hg fluxes recorded in Little Fox Lake sediment were 2.5 to 5
times greater than values reported in two nearby lakes of the same ecoregion where wildfires were
absent. The total excess flux of Hg derived from Little Fox Lake’s burned catchment (~12-50 ug m™
yr') represents a comparable or larger excess Hg flux than in the industtialized Athabasca Oil Sand
Region (11.4 £ 7.8 pg m—2 yr—1, Roberts et al., 2021) and 5-10% of the excess Hg flux observed in

lakes around the Flin-Flon metal smelter in Manitoba (436 + 614 pg m—2 yr—1, Roberts et al., 2021).
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The excess Hg flux in Little Fox Lake represents 4 to 16 times the direct annual atmospheric Hg flux
to Kusawa Lake (Zdanowicz et al., 2018), which is located about 180 km away from Little Fox Lake.
The concentration of Hg in Little Fox Lake sediment was also 1.6 to 2 times greater than sediment of
equivalent age at Kluane Lake, which is located 200 km away and did not experience important
wildfires over that period (Zabel et al., 2021). The average atmospheric Pb flux in southwestern
Yukon, estimated with ice cores (Gross et al., 2012), was < 1 mg m™ yr, which is far less than the 2.7
-4.7 mg Pb m” yr increase in Pb flux associated with wildfires in Little Fox Lake. These comparisons

highlight the importance of wildlfire-driven Hg and Pb fluxes to lakes in the region.

Milder impacts were observed from the 1958 fire in Little Braeburn Lake (which remained untouched
by the 1998 fire) than in the 1958 or 1998 fires around Little Fox Lake. Despite the smaller changes
in sedimentation rate in Little Bracburn Lake compared to Little Fox Lake, the concentration of
organic matter, S, and Ca in the Little Braeburn Lake sediment increased continuously after the fire,
indicating greater rates of catchment weatheringand larger input of catchment-derived material to the
lake (Dasch, 1969; Probst et al., 2000; Xu et al., 2010). The impact of catchment erosion caused by
the wildfire around Little Braeburn ILake had a moderate impact on Hg and Cd accumulation in the
sediment (Figures 6 and 8), but no impact on Pb accumulation (Figure 7). Increased sediment organic
matter in Little Braeburn Lake sediment may have been related to increased lake production from
nutrients released by the fire and transported in surface and groundwater flow through time
(Pompeani et al., 2020; Rhoades et al., 2019). Other long sediment records have shown that increases
in lake nutrient input have been shown to persist for 20-30 years following fires in the lake catchment
(Dunnette et al., 2014; Pompeani et al., 2020). Alternatively, since an important layer of soil organic
matter was preserved in Little Bracburn Lake (Figure 2), loading of organic matter to Little Bracburn

Lake post-1958 may have been primarily from catchment erosion.
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4.2 Influences of slopes and lake bathymetry on wildfire effects

The important impact of wildfires on erosion rate and lake metal loading observed in this study were
likely modulated by the slope gradient near the study lakes. Little Fox Lake is surrounded by steeper
slopes (23-32% gradient) that end closer to the lake shore compared to Little Bracburn Lake (7-12%
gradient) and Grayling Lake (surrounded by flat wetland) (Figure 1). The evidence that slopes are
playing an important role in transporting Hg, Pb, and Cd to lakes include the low impact on
sedimentation rate and metal concentrations observed in Grayling Lake despite this lake being
included within the 1998 fire scar. Similarly, Little Braeburn LLake was included within the 1957-1958
wildfire zone but showed relatively low changes in sedimentation rates following this fire compared
with Little Fox Lake (Figures 3, 4, 5 and 6). Burned catchments with steeper slopes erode faster
because unsaturated flow is accelerated (Ebel, 2013) and surface flows peak more heavily during storm
events (Ice et al., 2004; Shakesby, 2011). In contrast, lower slope gradients may limit wildfire-driven
erosion by allowing more organic soil to build up in low-relief areas capable of retaining water,
sediments, and leachates (Johnston, 1991). Future efforts to predict the fate of legacy anthropogenic
metals such as Pb and Hg accumulated on the subarctic landscape will therefore need to carefully

consider the slope transport processes around lakes as an essential predictor of impact on lakes.

Little Fox Lake has a complex bathymetry composed of multiple sub-basins (Supplementary material,
Figure S4), hence the need to use multiple cores to assess fire impacts. Interestingly, we observed a
different pattern of charcoal accumulation in the different sub-basins of this lake and the differences
were likely due different sediment transport processed linked to the proximity of the sub-basin to the
burned catchment during each fire event. Cores from the West or East basin of the lake recorded the

fires occurring in the corresponding catchment section (Figure 4). The changes in metal(loid)



472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

accumulation caused by the wildfire also varied throughout the lake and led to different metal(loid)
accumulation rates, especially for Hg and Cd (Figures 6 and 8). The basin where the LFL-4 core was
collected had lower inputs of charcoal and lower metal accumulation compared to the other two sub-
basins. The complex bathymetry of Little Fox Lake and the different charcoal accumulation history
in the three cores suggest that each sub-basin of the lakes receives sediment from a slightly different
section of the catchment, which may not have been equally affected by the wildfires and may have

different soil composition.

4.3 Transport of anthropogenic metals by wildfires

A substantial portion of the Hg and Pb accumulated in the sediment of Little Fox Lake exceeded
amounts predicted by elemental ratios with Al in preindustrial sediment (Figures 6 and 7). This excess
is commonly attributed to anthropogenic pollution in paleolimnological studies using similar
approaches (e.g., Furl and Meredith, 2011; Perry et al., 2005; Pelletier et al., 2021). In lakes that were
least exposed to the wildfires, the accumulation rate of excess Hg and Pb is consistent with other
studies reporting a slow increase in Hg and Pb deposition in northwestern Canada starting around the
Industrial Revolution (~1850), accelerating in the mid-20™ century (~1945) and decreasing after 1970
for Pb (Bindler, 2011; Marx et al., 2016) or for Hg, reaching a plateau around the same time (Cooke
et al., 2020; Drevnick et al., 2012; Korosi et al., 2018). However, wildfires promoted greater fluxes and
concentrations of Pb and Hg (of possible anthropogenic origin) in Little Fox Lake. The timing of
these fluxes were inconsistent with known historical emissions of these contaminants to the
atmosphere. Greater rates of excess (anthropogenic) Pb and Hg accumulation in Little Fox Lake than
in other study lakes and the discrepancy between the expected peak periods of accumulation of these
elements and those observed peak periods in the sediment records indicate that wildfires may have

played a role in transporting legacy anthropogenic Pb and Hg to the lake. The last 60 years of sediment
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accumulation in Little Fox Lake demonstrates that wildfires can impede the recovery from
anthropogenic Pb and Hg pollution in mountainous subarctic watersheds, even when the atmospheric
deposition rate of these elements declines or remains stable (Pelletier et al., 2021; Shotyk et al., 2010).
It is important to note that our estimation of lithogenic Hg, Pb and Cd fluxes are based on pre-
industrial ratios of these elements to Al and therefore, concurrent Al inputs from a source other than
burned soils would lead to underestimation of anthropogenic (excess) fluxes. Stable isotopes of Pb
and Hg would provide more definitive tracers to distinguish local lithogenic sources from long-range
anthropogenic sources of those metals as well changes in source contributions to the lake sediments

over time (Odigie and Flegal, 2011; Tsui et al., 2020).

4.4 Recovery (or lack of recovery) from wildfires

In long-term lake sediment reconstructions, the typical geochemical impact of wildfires in Colorado
alpine lakes typically lasted for 20-30 years following fire events during the Holocene (Dunnette et al.,
2014; Leys et al., 2016; Pompeani et al., 2020). In contrast, the impact of the 1998 fire in Little Fox
Lake was ongoing and gaining in magnitude 20 years after the fire event. The surprising extent of the
impact is likely related to the poor vegetation recovery and the near absence of soil organic matter in
the lake’s catchment (Figure 2). Severe or frequent wildfires can impede normal vegetation recovery
past a certain threshold (McLauchlan et al., 2020; Stevens-Rumann and Morgan, 2019) and such
thresholds are frequently surpassed in similar subalpine and subarctic ecosystems such as Wyoming
subalpine lodgepole pine forests (Turner et al., 2019) and Yukon subarctic black spruce forests (Brown
and Johnstone, 2012). In Little Fox Lake, the rapid return interval between wildfires (40 years) and
the minor vegetation recovery observed 20 years after the wildfire suggests a fire severity threshold
may have been exceeded, leading to slow ecosystem recovery. Because climate change is increasing

the frequency and the severity of subarctic and boreal wildfires (Chen et al., 2021; Kelly et al., 2013;
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Sae-Lim et al., 2019), situations like Little Fox Lake may become more common in the near future,
and wildfires may play a greater role in the accumulation and concentrations of Hg, Pb, and Cd in lake

sediment.

5. Conclusion

This study showed impacts of wildfires on the accumulation of Hg, Pb and Cd in sediment of subarctic
montane lakes. We observed mild impacts of wildfires on sedimentation rate, organic matter, and
loading of Hg, Pb, and Cd where fire exposure was minor (Fox Lake, Little Bracburn Lake, and
Grayling Lake), but severe impacts where catchment fire exposure was more important and vegetation
recovery was limited (Little Fox Lake). Large changes in catchment erosion followed the two severe
wildfires in Little Fox Lake. Erosion accelerated the transport of Hg, Pb, and Cd from the catchment

to the lake, in contrast with effects to other lakes of the same valley less exposed to wildfires.

Since subarctic wildfire frequency and intensity are predicted to increase in the following decades,
greater release from wildfires of Hg, Pb, Cd in mountane lakes and streams could have implications
for surface water quality and for future exposure of biota to these elements. In areas where
atmospheric deposition of these elements has declined in response to recent regulations of
anthropogenic emissions, more intense or more frequent wildfires could delay the recovery of aquatic

ecosystems toward preindustrial levels of contaminants.

Future monitoring and paleoenvironmental studies should evaluate the impact of wildfires on the
release of legacy contaminants in different geophysical regions and in areas where multiple climatic
pressures may intersect. For example, areas affected by precipitation changes, permafrost thaw, and
wildfires simultaneously may experience the most rapid release of legacy contaminants to aquatic
ecosystems. The factors influencing future loadings of Pb, Hg, and Cd to subarctic lakes include the

total inventory of anthropogenic contaminants in subarctic soils, their distribution in soil profiles,
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future catchment erosion rates, and future wildfire activity. Recent mapping of anthropogenic Hg in
soils has been conducted in Alaska, and a similar investigation in the Canadian subarctic and for
different contaminants (e.g., Hg, Pb, Cd) would be beneficial to evaluate the vulnerability of legacy

metals to be remobilized to surface watetrs.
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