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Abstract Wildfires release terrestrial elements to the atmosphere as aerosols, and these events are
becoming more frequent and intense in the Arctic boreal forest as the climate is warming. We quantified
the impact of atmospheric deposition of aerosols from local wildfires on metal(loid) fluxes using
macroscopic charcoal accumulation rates, historical fire mapping, and element concentrations in
210Pb‐dated lake sediment from five subarctic lakes with small catchments. Lake sediments showed small
but significant increases in fluxes (median = 5–10%) for 22 trace metals, metalloids, or major ions
following fire events. The impact of wildfire aerosols on element fluxes was mostly due to short‐term
(≤2 years) increasing sedimentation rate (6 ± 41% increase), whereas sediment element concentrations
were not strongly impacted. Wildfire‐associated deposition to lake sediments was mainly composed of Ca,
Al, Fe, Mg, K, Mn, and Na, which are major constituents of ash from burned biomass, but changes in
sediment flux were greatest for Sb, As, Ni, Ba, Mn, Mo, and Sr compared to pre‐disturbance conditions.
Compared to anthropogenic sources of pollution, wildfire‐associated atmospheric fluxes of metal
contaminants to the lakes (e.g., Hg, Pb, As, Sb, and Cd) were low. This study provides quantitative estimates
of wildfire impacts on atmospheric geochemical fluxes to subarctic lakes, which can be used for
modeling larger‐scale impacts under changing fire regimes.

Plain Language Summary The subarctic boreal forest is facing major changes in fire regimes in
response to climate change, and it is predicted that wildfires will become increasingly frequent and
severe in the near future. Wildfires release terrestrial elements to the atmosphere as aerosols, and the impact
of ash fallout from local fires on metal(loid) deposition is not well characterized. Wildfire fallouts contain
certain elements that can be essential to living organisms (e.g., Ca, Mg, Mn, and Fe) and others that can
be toxic (e.g., Pb, Hg, Cd, and As). In this research, we used lake sediment to estimate the amount of material
deposited by wildfires in lakes of the subarctic boreal forest over the last 150 years. We found that the
input of major ions (e.g., Na, Mg, Ca, and K), metals (e.g., Pb, Hg, Al, and Fe), andmetalloids (As and Sb) was
elevated during wildfire periods but only by a small amount. The impact of atmospheric deposition was
observable in sediment records, indicating that element accumulation in lake sediment can be influenced by
wildfires occurring outside the catchment. This study suggests that large areas, including many lakes,
will receive additional metal, metalloid, and major ion inputs from more frequent wildfire fallout.

1. Introduction

The subarctic boreal forest is facing major changes in fire regimes in response to climate change, land‐use
change, insect outbreaks, and historical fire management (Balshi et al., 2008; Coogan et al., 2019; Hu
et al., 2015; Veraverbeke et al., 2017; Wotton et al., 2010). As a result of these environmental changes, it is
predicted that wildfires will become increasingly frequent and severe in the near future, including in the
Arctic (Hu et al., 2015; Teufel & Sushama, 2019; Wang et al., 2015; Wotton et al., 2017). These new fire
regimes may alter freshwater ecosystems by rapidly liberating metal(loid) contaminants slowly accumulated
in soils and biomass over centuries or millennia (Abraham et al., 2017; Giesler et al., 2017). Burned catch-
ments result in elevated loading of sediment, organic matter, nutrients, major ions, and metal(loid)s to
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connected streams and lakes for decades following wildfires because catchment erosion is facilitated by fire
(Dunnette et al., 2014; Ice et al., 2004; Jensen et al., 2017; Nelson et al., 2007; Rothenberg et al., 2010; Stein
et al., 2012). While the impact of wildfires on catchment geochemistry and export to aquatic environments
has been examined, less is known about the material transported through the atmosphere in wildfire
plumes. Yet, the atmospheric transport of wildfire ash could add an additional pressure to the water
quality of lakes in wildfire areas. Since wildfire plumes are not constrained to drainage patterns, the
atmospheric load of each fire event affects larger areas and more lakes than catchment processes,
potentially representing a frequent disturbance to lake metal(loid) inventories. Elevated concentrations
of labile toxic and nontoxic metal(loid)s have been observed in ash samples (Bodí et al., 2014;
Kristensen et al., 2014; Odigie & Flegal, 2011, 2014; Young & Jan, 1977), satellite imagery of wildfire
plumes (Finley et al., 2009; Friedli et al., 2001), and precipitation following wildfires (Witt et al., 2009).
Wildfire emissions of particulate and gaseous mercury are three to seven times greater than anthropo-
genic emissions in Canada (Fraser et al., 2018). However, the impact of ash fallout from local fires on lake
chemistry and metal(loid) loading has been rarely addressed (e.g., Abraham et al., 2017; Odigie et al., 2016)
and is therefore not well quantified.

We used a paleolimnological approach to assess the importance of wildfire fallout on loading of metal(loid)s
andmajor ions in subarctic boreal lakes bymeasuring changes in element fluxes in lake sediment archives in
a study region with recent (and documented) wildfires. Short cores from five small lakes with a limited
catchment contribution were dated and analyzed for metal(loid)s, major ions, and macroscopic charcoal
particle concentration. We hypothesized that atmospheric fallout fromwildfires is a significant source of ele-
ments to these lakes, even for fires occurring outside of the lake catchment. We identified fire events in the
sediment from peak charcoal accumulation rates and analyzed the changes in element fluxes in relation to
these fires. We also validated the sediment records of fire events using historical fire maps. This research
provides rarely addressed quantitative estimates of changes in trace element flux and concentration in lake
sediment due to wildfire fallout. Contrary to punctual measurement or short‐term monitoring, paleolimno-
logical records provide a temporally integrated view of these impacts. These estimates will be useful for
predicting the impact of future changes in the wildfire regime to lake water quality in subarctic regions
and for the interpretation of paleolimnological records affected by input of wildfire ash.

2. Methods
2.1. Study Sites

We examined sediment cores from five lakes located along the two highways leading out of Yellowknife, NT,
Canada, a region at the transition between the boreal forest and the Taïga Plains ecoregion (Northwest
Territories, Canada). Three lakes separated by 12–14 km intervals were sampled along the Ingraham Trail
highway (IGT, HL1, and PL2) running east of Yellowknife through the Taïga Shield ecoregion (Figure 1).
Two lakes separated by 22 km were sampled along Highway 3 (HW3‐1 and CL2) west of Yellowknife in
the Taiga Plains ecoregion. Yellowknife is the capital of Canada's Northwest Territories and a historical gold
mining town with a legacy of metal(loid) pollution (mainly arsenic and antimony) accumulated in regional
soils and lake sediment. Four out of five selected lakes were more than 27 km away from the gold mines,
which is the approximate zone where roaster‐derived deposition has been detected (Galloway et al., 2018;
Houben et al., 2016; Palmer et al., 2015; Pelletier et al., 2020). Only the IGT site was located near the limit
of the estimated pollution footprint of the roaster (~20 km from Giant Mine). Yellowknife has a dry conti-
nental subarctic climate with an average annual precipitation of 289 mm, 55% of which is deposited as snow
(ECCC, 2010). Average annual temperature is −4.3°C, and the frost‐free period is short (~115 days) but
warm (mean July temperature of 17°C) (ECCC, 2010).

Study lakes were small (surface area = 0.14–1.7 km2), shallow (1.5–9 m maximum depth), and had a small
catchment (0.7–7.1 km2). Catchment area to lake area ratios were small, varying between 1.5 and 6.3 (sup-
porting information Table S1). We selected lakes with relatively small catchments to minimize the influence
of catchment inputs and provide a stronger atmospheric signal of fires and metal(loid) deposition. Based on
existing fire maps, the catchments of the study lakes were unaffected by any wildfire since at least 1965, with
the exception of a massive (~7,500 km2) fire within the catchment of Lakes HW3‐1 and CL2 in 2014
(Government of the Northwest Territories, 2018).
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2.2. Core Collection and Subsampling

Sediment cores were collected from a canoe in July 2016 using an 8.6 cm diameter UWITEC gravity corer
and extruded on the same day using the UWITEC extruding system. The core length varied between 28
and 50 cm, with an average of 38 cm (Table S2). The top 1 cm of each core was collected as a single layer
due to high water content, and the rest of the layers from each core were sectioned in 0.5 cm increments.
A one cm3 subsample of wet sediment was taken from each slice for charcoal analysis. The remaining sedi-
ment from each layer was freeze‐dried to obtain dry sediment density and to perform geochemical and radio-
chronology analyses.

2.3. Chronology

Sediment cores were dated by radiogenic lead (210Pb) measurement at Flett Research Ltd (Manitoba,
Canada). In each core, 10–15 measurements of the daughter isotope 210Po activity were counted using alpha
spectrometry (Flynn, 1968). The supported radiogenic lead activity was estimated with two or three 226Ra
activity measurements per core (Appleby & Oldfield, 1978), also counted by alpha spectrometry.
Radiogenic lead dates and uncertainties were calculated using the constant rate of supply (CRS) model
(Appleby & Oldfield, 1978). The complete 210Pb and 226Ra profiles are provided in the SI (Figure S1).

2.4. Fire Reconstruction by Macroscopic Charcoal Analysis

A one cm3 subsample of wet sediment from each slice was submerged in a 1:1 mixture of 5% sodium hexam-
etaphosphate (CALGON®) and 11% sodium hypochlorite (household bleach) for 24 hours to deflocculate the
sediment and discolor uncharred organic matter (Carcaillet et al., 2001). The bleached sediment was then
gently sieved through a 100 μm sieve, and the retained material was washed into a Petri dish. Charcoal par-
ticles >100 μm were manually counted under a dissection microscope at 40× magnification.

The charcoal concentration data were statistically analyzed to identify fire events using a method based on
the Charanalysis protocol (Higuera et al., 2009). The charcoal particle fluxes derived from particle concen-
tration and sediment accumulation rate time series were resampled and interpolated at equal time incre-
ments corresponding to the median temporal resolution of all cores (2 years in our case). We used the
pretreatment function in the paleofire package (Blarquez et al., 2014), implemented in R (R Core
Team, 2019) for this pretreatment. The resampled and interpolated data (Cinterpolated) were smoothed

Figure 1. Map showing the locations of study lakes and documented fire scars from 1965–2016 (Government of the
Northwest Territories, 2018).
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using a loess function spanning 50% of the datable core accumulation period (Cbackground), and the residuals
from the long‐term trend represented peak components (Cpeak). The positive Cpeak population was
decomposed into noise and signal using a two‐source Gaussian mixture model in which we included a
high‐frequency, low‐magnitude peak population corresponding to noise (Cnoise) and a low‐frequency,
high magnitude peak population corresponding to local wildfires. We used the 99th percentile of the
Cnoise distribution as a threshold to identify the Cpeaks corresponding to fire events (Higuera et al., 2010).
When adjacent sediment layers exhibited charcoal fluxes over the threshold value, we only included the
bottom layer (i.e., oldest layer) of these series of peaks as a fire event. To determine if a wildfire burned
any of the lake's watershed we compared the historical fire maps covering the 1965‐present period
(Government of the Northwest Territories, 2018) with watershed delineation for each lake from LIDAR
data (Porter et al., 2018). Fire events are defined in this context as sediment layer affected by charcoal
deposition from (1) a single fire, (2) multiple fires in the same year, or (3) multiple fires in two to six
consecutive years.

Based on available fire mapping from 1965 to the present, two out of the 23 fire events identified in the sedi-
ment records occurred within the catchments of the study lakes, and nine identified fire events occurred
before the period covered by fire mapping. We excluded from the atmospheric deposition analysis the most
recent events in HW3‐1 and CL2 (2014–2016) because they were catchment fires (i.e., fires affecting the study
lake's catchment) and a fire in 1966 (1964–1968) in CL2 because the high Cpeak suggested that the fire could
have occurred in the catchment (Table 1). Other fires that occurred before fire mapping had relatively low
Cpeak values consistent with more recent fire events outside the catchment, and we therefore assumed they
occurred outside of the lake catchment.

Lake sediments, charcoal traps, and modeling studies have revealed that macroscopic (>150 μm) charcoal
deposition is biased toward local influences, but signals are often identifiable from fires up to tens of

Table 1
Identified Fire Events in Each Core With Corresponding Year According to the Sediment Dating

Core Year (CE) [±2 σ]
Cpeak max

(pieces cm−2 year−1)
Length of fire period

(years)
Location

(inside or outside watershed)

IGT 2016 2.2 1–2 Out
1986 [1985–1987] 2 5–6 Out
1962 [1960–1964] 5.3 7–8 Out*
1950 [1947–1953] 3.6 7–8 Out*
1898 [1889–1908] 9.9 5–6 Out*

CL2 2016 52 1+ In
2010 [2009–2011] 55 1–2 Out
1966 [1964–1967] 108 9–10 In*
1950 [1948–1952] 28 3–4 Out*
1944 [1942–1946] 22 3–4 Out*
1924 [1908–1940] 64 3–4 Out*

HW3–1 2014 43 2+ In
1982 [1981–1983] 4 1–2 Out

HL1 2014 1.9 3–4 Out
2006 [2005–2007] 2.6 5–6 Out
1996 [1995–1997] 1.9 7–8 Out
1992 [1991–1993] 2.9 3–4 Out
1904 [1876–1912] 0.8 7–8 Out*
1882 [1871–1893] 1.5 15–16 Out*

PL2 2012 [2011–2013] 62 5–6 Out
1992 [1991–1993] 9 1–2 Out
1972 [1970–1974] 13 3–4 Out
1964 [1962–1966] 9 1–2 Out*

Note. Age range in brackets is the minimum andmaximum of two‐sigma uncertainties from the CRS model. Cpeak max
is the maximum recorded charcoal flux (background corrected) corresponding to the fire event or the fire period.
Indication whether the fire occurred inside or outside of a lake watershed is based on fire maps (Government of the
Northwest Territories, 2018) and drainage basin delineation with LIDAR (Porter et al., 2018). An asterisk (*) indicates
fire events occurring before the fire mapping period (<1965) for which wildfire location is assumed, based on Cpeak
magnitude.
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kilometers away from the source (Oris et al., 2014; Peters & Higuera, 2007; Pisaric, 2002; Tinner et al., 2006).
In this study, some fires identified in the sediment record did not have a corresponding fire scar that was clo-
ser than ~30 km of the lake. However, not all historical fires within a ~30 km radius of the lakes were iden-
tifiable in the charcoal record. Despite possible uncertainties in the presented sediment chronology, using
the same chronology for fire identification and element flux reconstruction ensures correspondence between
fire events and metal(loid) response.

2.5. Metal(loid) and Organic Matter Concentration and Flux

For each 0.5 cm interval, a 1–3 cm−3 subsample of fresh sediment was dried overnight at 105°C and then
analyzed for organicmatter content by loss on ignition at 550°C for four hours (Dean, 1974; Heiri et al., 2001).
Sediment was initially analyzed every cm for total element concentrations. Additional measurements were
performed on sediments from all layers within 1.5 cm above or below of fire events identified by charcoal
analysis. Sediments were analyzed for 30 elements by inductively coupled plasma mass spectrometry
(ICP‐MS) at RPC Laboratories in Fredericton (New Brunswick, Canada; 123 samples) or Bureau Veritas
in Vancouver (British Columbia, Canada; 38 samples) in accordance with method EPA 3050B, and the
digests were analyzed following EPA 200.8 and EPA 200.7. The concentrations of 20 different elements were
determined with a Finnigan ELEMENT2 high‐resolution inductively coupled plasma mass spectrometer
(HR ICP‐MS). Duplicates for 22 samples, 20 procedural blanks, 18 replicates of National Institute of
Standards and Technology (NIST) Standard Reference Material (SRM) NIST2709a (San Joaquin soils), and
six replicates each of National Research Council of Canada (NRC) SRM MESS‐3 and PACS‐2 were also
digested and analyzed following the same methods as the sediment samples.

Each 0.5 cm interval was analyzed for total mercury (THg) concentration using a Direct Mercury Analyzer
(Milestone DMA‐80). Samples were combusted at 750°C, and gaseous Hg was trapped on a gold collector for
analysis by cold vapor atomic absorption spectrometry. Each run of analyses (20–80 readings) was initiated
with five analytical blanks and a measurement of the sediment SRMMESS‐3 and PACS‐2. Every 10 samples,
a sample duplicate, the SRMMESS‐3, and an analytical blank were measured. The complete QA/QC data for
the ICP‐MS and DMA analyses, including detection limits, digestion recovery (duplicates and SRM), blanks,
and analytical precision for each element, are available in the SI. Inter‐lab comparisons for ICP‐MS
metal(loid) concentrations were assessed from measurements of the SRMs MESS‐3 and PACS‐2 analyzed
at both labs.

Elemental fluxes to the sediment were calculated following Equation 1:

MF ¼ M½ � × sð Þ=FF; (1)

where MF is the metal(loid) (M) flux for a layer (mg m−2 year−1), [M] is the metal(loid) M concentration
(mg g−1 or μg g−1), s is the sedimentation rate (g m−2 year−1) from the CRS age‐depth model, and FF is a
focusing factor (unitless) correcting for sediment migration on the lake bed (Perry et al., 2005) and possibly
the funneling effect of the catchment. The focusing factor for each core was estimated using the method
presented by Wiklund et al. (2017) by comparing the surface 210Pb flux at the sediment‐water interface
of each core to the predicted regional 210Pb flux for the lake latitude according to an equation from
Muir et al. (2009).

2.6. Significance, Duration, and Quantification of Impact FromWildfire Atmospheric Deposition

The impact of wildfires on metal(loid) fluxes and concentration was evaluated using superposed epoch ana-
lyses (SEA). Statistical treatment for the SEAs was conducted following procedures based on Adams
et al. (2003) and Dunnette et al. (2014). The difference between our analysis and the Dunnette et al. (2014)
procedure is the inclusion of five time series (sediment core profiles) in the same SEA to obtain a larger sam-
ple size of events (fires) despite the short length of the cores. The 95% and 99% confidence intervals around
composite metal(loid) fluxes were assessed using a block bootstrap procedure with an independently calcu-
lated block length (Adams et al., 2003).

The impacts from wildfire fallouts on element fluxes were quantified from the residuals of the modeled time
series used for SEA calculations. The impacts were estimated as the difference between the average flux in
the two years following fire events and the six years preceding that period. We report descriptive statistics
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on the responses obtained from this analysis in terms of absolute change (+/−mg m−2 year−1) and relative
change (% increase in flux). We followed the same protocol for the interpolated element concentration data.
Details on the SEA and a graphical demonstration of the data analysis are included in the SI.

3. Results and Discussion
3.1. Fire History

Two to six fires were identified within the 210Pb dated portion of each core, which represented accumulation
from the late 1800s to present (Table 1). A total of 23 recorded fire events were identified in the cores, 20 of
which were used in the SEA and the quantification of fire impact due to exclusion of three catchment fires.
Because of low catchment contribution to the charcoal input in the studied lakes, the background influx of
charcoal was low (Figure 2). Therefore, the charcoal accumulation rates in our analysis were sensitive to
fires that are smaller, less intense, and further away from the catchment. For this reason, the fire return
intervals were relatively short (35–80 years) and should not be considered as equivalent to the fire cycle (time
to burn an area equivalent to the study area). The observed long‐term average fire cycle is ~100 years in the
boreal forest (Johnson, 1992).

Charcoal accumulation rates were an order of magnitude lower in the three smallest lakes (HL1, IGT, and
HW3‐1) compared to the two biggest lakes (PL2 and CL2), leading to substantial differences in threshold
values to identify fires among cores (Table 1, Figure 2). Factors influencing charcoal accumulation rate

Figure 2. [left panels] Modeled charcoal accumulation rate (CHAR) at a two‐year resolution against year for each site.
The black line represents the loess smoothing applied to the time series (Cbackground). [right panels] Cpeaks
(CHAR—Cbackground) against time for each site. The vertical red dotted line identifies Cpeak values that exceeded
the threshold for a fire event (99th percentile of Cnoise distribution). Dark bars represent real values, and gray
bars represent 10× exaggeration.
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between sites other than proximity/severity of the fires may be related to differences in lake morphometry
and catchment characteristics (Whitlock & Millspaugh, 1996), including those influencing sediment
focusing (Blais & Kalff, 1995; Mustaphi et al., 2015), that is, the transport of sediment from shallower to
deeper sections of the lake. The sites CL2 and PL2 had higher focusing factors (3.3 and 16.1, respectively)
than the smaller lakes (1.4–1.6 in IGT, HW3‐1, and HL1). Varying baseline charcoal influx suggests that
there are differences in wildfire signal sensitivity, with lakes having a higher background or noise
component being less sensitive to small charcoal influxes from distant fires. Therefore, we could not use
Cpeak as a proxy for fire distance or fire impacts related to fire intensity and severity.

3.2. Impact of Wildfires on Metal(loid) Fluxes and Concentrations in Lake Sediment

The atmospheric transport of material from wildfires resulted in small increases in the fluxes of trace
metal(loid)s and major ions of the five study lakes (Table 2). The SEA indicated that the fluxes of all major
ions (Ca, K, Mg, Na, and Sr), most metals (Ba, Cr, Cu, Fe, Mn, Mo, Ni, Pb, U, V, and Zn), and metalloids
(As and Sb) were significantly elevated up to two years after a fire event (Figure 3). Of all the analyzed
variables, only Cd, Pb, and organic matter flux did not reach the significance level in the SEA at
lag = 0 (p = .06–.11), but there was still a clear positive response around fires for these elements, and Pb flux
was significantly higher at a lag of two years.

Sedimentation rates increased 3–5 fold over the last 100 years in the five lakes (Figure S2). Most of this
long‐term trend was corrected in the statistical pretreatment, but sedimentation rates were still significantly
greater at lag = 0, indicating a temporary increase in sedimentation rate coeval with wildfire fallouts. From
analyzing the distribution of responses to wildfire disturbance in fluxes, we estimate that major ions and

Table 2
Descriptive Statistics on the Absolute and Relative Change in Fluxes of Trace Metal(loid)s and Major Ions Following Identified Fire Events (n = 20) Outside Lake
Catchments in Five Lake Sediment Cores

Absolute change
(mass m−2 year−1) Relative change (%)

Unit Average Median SD Min Max Average Median SD Min Max

Charcoal # 2.83 0.87 18.15 4.81 0.26 118 96 90 21 325
Total dry sedimentation g 3 2.86 14.22 −31.04 38.29 6 5 14 −13 41
Organic matter g 0.29 0.04 3.1 −7.65 8.91 3 5 23 −81 30
Ca mg 393.14 30.64 1058.14 −628.91 3328.86 10 5 20 −20 51
Fe mg 85 29.2 240.18 −415.56 738.88 9 5 19 −19 52
Al mg 80.31 27.48 253.4 −352.69 880.49 10 5 22 −34 56
Mg mg 49.42 22.03 122.2 −189.88 393.37 10 5 19 −19 51
K mg 17.1 5.93 57.33 −93.58 185.96 10 3 22 −22 55
Mn mg 4.39 1.3 8.46 −2.62 33.59 14 6 20 −13 50
Na mg 2.41 1.47 12.77 −35.53 31.82 9 5 19 −25 53
Ba mg 1.34 0.41 2.27 −0.63 8.22 14 5 21 −7 65
Sr mg 1.18 0.18 2.65 −1.42 8.58 13 5 20 −13 53
Zn μg 414.47 267.24 1062.54 −2207.44 3060.17 11 7 18 −20 51
Ni μg 302.85 89.52 735.52 −1321.58 2224.3 14 6 25 −18 91
V μg 200.59 69.01 537.55 −748.34 1862.25 12 6 21 −21 56
Cr μg 125.05 63.1 421.68 −1007.24 1129.21 9 5 17 −20 51
Cu μg 115.06 75.77 736.85 −1550.74 2176.2 9 6 19 −31 49
As μg 78.16 21.83 237.36 −433.18 726.38 15 6 32 −25 111
Mo μg 44.5 12.63 128.94 −86.34 562.74 13 10 20 −30 53
Co μg 37.23 16.85 148.54 −318.27 425.14 9 5 19 −25 52
Pb μg 32.48 17.97 107.48 −207.78 307.37 9 6 18 −21 53
U μg 24.42 24.69 98.34 −270.64 237.24 11 8 22 −35 51
Sb μg 4.46 1.18 10.44 −7.27 35.46 16 6 29 −21 77
Cd μg 0.91 0.86 5.52 −12.63 12.06 8 5 23 −38 54
Hg ng 91.66 124.4 994.49 −2933.14 2632.78 5 5 12 −19 35

Note. Changes were calculated as the difference between average flux during the 6 years preceding fire events and average flux 2 years following fire events.
Negative flux indicates a decrease. Fluxes were previously smoothed to account for background long‐term trend. Elements are presented in order of decreasing
mean flux associated with fire events.
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metal(loid) fluxes increased by an average of 5–16% (depending on the element, median = 3–10%) compared
to the six‐year average preceding fire events, whereas sedimentation rate increased by 6 ± 14% (average and
standard deviation) over the same reference period (Table 2).

Changes in concentration in the two years following fire events varied by element between a decrease of
6 ± 16% in Cd and an increase of 8 ± 29% in Mn (average ± SD). However, there was no statistically signifi-
cant difference in pre‐ and post‐fire concentrations for any element based on a SEA (Figure S3). The most
recent fire affecting Lake IGT (2016) was associated with large excess concentrations of metal(loid)s in the
surface sediment that was particularly important for Ni (+47 mg kg−1, +222%), Mn (+801 mg kg−1,
+163%), Cr (+20 mg kg−1, +123%), Ba (+119 mg kg−1, +128%), Zn (+116 mg kg−1, +114%), and Bo (+
28mg kg−1, +111%). Thus, although there was no overall wildfire effect on element concentrations averaged
over all fire events, some concentration increases were observed for individual fires at all sites except HW3‐1.

In absolute terms, the most important changes in metal(loid) flux attributed to fires were for, in order, Ca,
Fe, Al, Mg, K, Mn, and Na (Table 2). These results are mostly in line with the main constituents of wildfire
ash produced at high temperature (>450°C), which are carbonates and oxides formed mainly of Ca, Mg, Na,
K, and Si with a lower proportion of Al, Fe, Mn, and Zn (Bodí et al., 2014; Pereira et al., 2012). Compared to
pre‐fire conditions, the most important relative changes in flux occurred for Sb, As, Ba, Ni, andMn (Table 2).
The distribution of changes in sedimentation rate and element flux in fire periods corresponded to a
skew‐normal or gamma distribution centered around a small increase (+0–25% increase) with a slightly
elongated tail in the large positive values (Figure S4). The largest increases in flux observed in our data set

Figure 3. Composite response of sedimentation rates, organic matter input, and element fluxes around fire events in
five lakes. Only fire events confirmed outside of the lake catchment (n = 20) were analyzed in this SEA. Values for lags on
the x‐axis represent the number of years before fire events (negative values) or after fire events (positive values).
Vertical lines represent fire events (lag = 0). Orange bars represent the composite response of all fire events as z‐scores for
two‐year intervals. Dashed lines represent the significance level (p < .05).
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were rare events that caused a 33–111% increase in lakes metal(loid) fluxes, depending on the element
(Table 2).

The significant SEA results for flux and sedimentation rate but not for sediment metal(loid) concentrations
around fire events indicate that most of the impact of wildfire fallout on element fluxes was caused by
changes in the sedimentation rate. Therefore, more sediment accumulated in lakes when fire fallout was
present, but it did not change the sediment metal(loid) composition significantly. It is worth noting that fire
identification was driven by variation in both sedimentation rate and charcoal concentration in the sedi-
ment. Charcoal concentrations, not just charcoal accumulation rates, were significantly greater in layers cor-
responding to fire events (Wilcoxon signed‐rank test, p < .0001, Figure S3). Increased sedimentation driving
higher metal(loid) fluxes likely represents the direct ash deposition to the lakes. Other factors that may con-
tribute to greater sedimentation during and after wildfires include organic matter deposition (e.g., charcoal),
in‐lake organic matter production from nutrient priming (Goldman et al., 1990) or eolian transport of ash
from fire scars (Odigie & Flegal, 2014) caused by the loss of surface roughness after wildfires (Sankey
et al., 2010). Based on the modest variations in sediment organic matter around fire events and the lack of
significant SEA response, changes in organic matter deposition or production were not likely major contri-
butors to the observed variation in metal(loid) fluxes. This result contrasts with the impact of wildfires that
occur within a lake's watershed, where erosional fluxes following the fire can increase nutrient loading to
lakes and stimulate primary production (Millspaugh & Whitlock, 1995; Pompeani et al., 2020).

3.3. Comparison With Other Assessments of Wildfire Impact on Metal(loid) Cycling

Burned catchments can have high erosion rates leading to greater organic matter andmetal accumulation in
lakes for 20–50 years following fires (Dunnette et al., 2014; Leys et al., 2016), whereas the impact of atmo-
spheric deposition in this study was last less than two years. Element fluxes associated with wildfire fallouts
in this study were two to three orders of magnitude below some estimates of fluxes from burned Californian
catchment to lakes and streams (Rothenberg et al., 2010; Stein et al., 2012). Greater metal(loid) fluxes in
these burned watersheds are expected due to the different geographical context (latitude, proximity to
pollutant sources), but the difference in transport pathways (atmospheric vs. erosional and atmospheric
combined) is also important. For example, in a California watershed where both transport pathways were
evaluated for the same fire events, burned catchment streams had a 112–736 fold increases in trace
metal(loid) concentrations, whereas ash fallout in unburned catchments only caused a three‐fold increase
of the same elements in stream water (Stein et al., 2012). However, the impact of watershed erosion in a
burned catchment is dependent on the terrain slope, the burn severity (Dunnette et al., 2014; Rhoades
et al., 2019), and the rainfall intensity for multiple years following the fire (Vieira et al., 2018). This might
explain why some studies report a decrease in metal concentration in lake sediment following catchment
wildfires (Pompeani et al., 2020) while others report the opposite (Leys et al., 2016). Therefore, catchment
erosion may have a greater influence than atmospheric deposition for the accumulation of metal(loid)s in
streams and lakes, but terrain slope, burn severity, and rainfall intensity can affect catchment erosion.

In this study, the median change in Cd, Cu, Mn, and Zn flux attributed to wildfires was comparable to dry
deposition rates measured by passive sampling during a California wildfire in the late 1970s (Young &
Jan, 1977). However, our estimation of deposition rate for Fe, Cr, and Ni were seven to 14‐fold higher,
and our estimation of Pb deposition was sevenfold smaller than values reported for the same fire (Young
& Jan, 1977).

The greatest enrichment factors in element deposition observed in this study are 1–2 orders of magnitude
lower than enrichment factors of atmospheric deposition during wildfires using direct measurements
(Sabin et al., 2005; Stein et al., 2012; Witt et al., 2009; Young & Jan, 1977). Direct measurement of element
deposition caused by wildfire fallout is conducted by measuring deposition in passive samplers during the
period of highest ash deposition and comparing them to nonfire periods. The coarse temporal resolution
of lake sediments, which integrate multiple months/years of sedimentation in the same sample, makes
direct comparison with monitoring data challenging and inevitably results in lower enrichment factors.

In Patagonia lake sediments, intense periods of wildfire activity were associated with increased atmospheric
loading of As, Mn, Pb, Zn, Co, Cu, and Ni, with the largest effects on As, Mn, Pb, and Zn (Odigie et al., 2016).
In comparison, we also measured the greatest relative increases in fluxes for As, Mn, and Ni whereas relative

10.1029/2020JG005720Journal of Geophysical Research: Biogeosciences

PELLETIER ET AL. 9 of 14



changes in Pb and Zn flux were smaller. However, differences in fluxes related to wildfire ash deposition
were small between elements (Table 2, Figure S5). The reported impact of wildfire Mn fluxes are among
the highest in this study, and this is consistent with previous research on wildfire fallout (Abraham
et al., 2017; Odigie et al., 2016; Sabin et al., 2005). We found a lower change in Pb flux than most other trace
elements whereas other studies reported that wildfire caused an increase in Pb that was equal to or greater
than changes in other trace metal(loid)s (Odigie et al., 2016; Sabin et al., 2005; Stein et al., 2012; Young &
Jan, 1977). This could result from a greater enrichment of this element from long‐range pollution in other
study areas, leading to a greater background flux and a smaller proportion of flux increase explained by wild-
fire deposition. The low Pb content in wildfire plumes in the Yellowknife area may reflect low atmospheric
Pb fluxes compared to other regions (Pelletier et al., 2020; Shotyk et al., 2017), perhaps due to a dry continen-
tal climate and low precipitation (ECCC, 2010).

Differences in ash chemical composition depend on vegetation, soil type, soil organic matter, pre‐fire
element concentrations in the soil, and fire characteristics (Abraham et al., 2017; Bodí et al., 2014). In an
analysis of trace metal(loid)s released by a wildfire in California, As, Mn, and Ni originated from both ash
and burned soil, Fe originated from burned soil, and Cu, Pb, and Zn primarily originated from ash
(Burton et al., 2016). Based on this assessment, the changes in elements flux recorded in the sediment and
attributed to wildfires in this study (As > Mn > Ni > Zn > Pb = Fe = Cu) suggests a possible contribution
from both ash and burned soil to metal(loid) fluxes. Soil, in this context, would have been transported by
wind, although further research is needed to examine the influence of wind on the transport of ash and soil
from burned areas.

The use of macroscopic charcoal as a proxy for fire events instead of finer particles may limit the signal to
elements deposited closer to the fires. Therefore, it is unclear if the fluxes of metal(loid)s reported in this
study are representative of the deposition rate over the whole plume area. Future studies aiming at quantify-
ing the impact of wildfire atmospheric fallout on element fluxes in lakes could also include proxies of fires
from various source areas, such as microscopic charcoals, fire biomarkers, or polycyclic aromatic hydrocar-
bons (Dietze et al., 2019).

It is well established that in polluted sites, the ash from vegetation can concentrate pollutants that were
already present in the biomass and necromass (Wu et al., 2017). The high impact of wildfires on Sb and
As compared to other metal(loid)s in the Yellowknife areamay be due to the remobilization of industrial pol-
lution from local mining industry, which released large amounts of these element in the environment via ore
roaster emissions, mainly from the 1950s to the mid‐1970s (Chételat et al., 2018). More research on wildfire
fallouts utilizing stable metal isotopes and similar tracers is warranted to accurately quantify remobilization
processes of legacy contaminants caused by wildfires (e.g., Wu et al., 2017).

3.4. Wildfire Impact on Mercury Deposition

There has likely been more research done on Hg loading from wildfires than any other trace element
(Carcaillet et al., 2001; Finley et al., 2009; Fraser et al., 2018; Friedli et al., 2001; Jensen et al., 2017;
Nelson et al., 2007; Obrist et al., 2008; Rothenberg et al., 2010; Witt et al., 2009). In this study, the greatest
increase in sediment THg flux observed following a fire corresponded to a 35% increase compared to predis-
turbance condition. The average increase in THg flux around fire events in this study was 0.092 ± 0.994 μg
Hg m−2 year−1 (max 2.633 μg Hg m−2 year−1), representing a 5% ± 12% increase in flux. Our estimate of
wildfire close‐range (~30 km) impact is comparable to those from a recent modeling study by Fraser
et al. (2018), which estimated that the average annual deposition from wildfires in our study area
(Yellowknife) associated with the intense 2014 wildfire season was ~2.5 μg Hg m−2 year−1. Overall, Hg
had the smallest median increase in flux (5%) following wildfires compared to other metal(loid)s.
However, from the SEA there was a significant increase in Hg flux co‐occurring with fire events (Figure 3).

The low impact of local wildfires on atmospheric deposition on Hg to lakes reflects the large proportion
(50–95%) of terrestrial Hg that is converted to gaseous elemental mercury (GEM) during wildfires (Finley
et al., 2009; Friedli et al., 2001; Obrist et al., 2008). The ratio of GEM to particulate Hg production in wildfires
depends on the burning conditions, with higher temperatures causing more complete combustion and
greater GEM release (Obrist et al., 2008). GEM is a gaseous species that can be transported over very long
distances as opposed to particulate Hg, which has a more limited source area. We provide evidence that
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local mercury deposition can increase during wildfires, likely as a result of increased inorganic and particu-
late mercury deposition. Supporting this point, the THg concentration in precipitation increased 2.5 times
following a boreal wildfire in northern Minnesota (Witt et al., 2009). While wildfires are recognized as an
important source of atmospheric Hg at the global or continental scale (Fraser et al., 2018; Kumar et al., 2018),
their influence at smaller spatial scales (~30 km in this study) was detectable, yet limited, in this subarctic
study. In comparison, multiple fires over a ~100 year period in a California watershed released an estimated
570 ± 1,200 μg Hgm−2 year−1 to a lake, representing a long‐term enrichment factor of 2.2–3.3 resulting from
catchment transport (Rothenberg et al., 2010). Wildfires can deplete the reservoir of Hg stored in soil, espe-
cially if the fire severity is high (Biswas et al., 2007). Logically, this would reduce the catchment contribution
of mercury to a lake in the years following a fire. However, a decrease in catchment release of mercury fol-
lowing wildfires has seldom been reported. The reason may be that 20–73% of the soil Hg is retained after
wildfires (Biswas et al., 2007; Campos et al., 2015), and this Hg is more mobile (susceptible to catchment
transport) than in an unburned catchment, especially in period of intense rain (Burton et al., 2016;
Campos et al., 2015). The mobility of Hg released by wildfires decreases rapidly, reaching pre‐fire conditions
after ~4 years (Moreno et al., 2016), but the uptake of mercury in the catchment can be accelerated in the
years following a fire if an organic layer persists in the soil (Burke et al., 2010). Depending on the geographi-
cal context, the history of pollution in the catchment and the fire characteristics, fluxes of Hg from soil ero-
sion, leaching of DOC‐bound metal(loid)s from soils and the transport of ash in surface runoff can be orders
of magnitudes greater than direct atmospheric deposition fluxes measured in this study (Rothenberg
et al., 2010).

3.5. Wildfire Deposition Compared to Anthropogenic Sources

In response to global anthropogenic pollution during the twentieth century, trace metal loading in Canadian
subarctic lakes has increased by a factor of ~2.7 for Hg, 1.2–6.6 for Pb, and 1.0–1.5 for Cd (Hermanson, 1993;
Muir et al., 2009; Skierszkan et al., 2013). Assessment of point‐source impacts in early industrialization,
when emission controls were limited, showed that trace metal fluxes of Pb, Hg, Cd, Bi, Co, Cu, and Zn some-
times increased by a factor of 4 to 8 by local mining activity (Skierszkan et al., 2013) and by orders of mag-
nitude near metal smelters (Shotyk et al., 2016; Wiklund et al., 2017), with cumulative effects over decades.
In comparison, the enrichment factors from wildfire events for all trace metal fluxes in our study lakes were
always below 2 and represented short‐term enrichment lasting ≤2 years.

4. Conclusion

This study provides the first quantitative assessment of wildfire‐derived atmospheric fluxes of elements to
subarctic lakes. The findings indicate that future changes in the wildfire regimes of northern boreal forests
could affect the biogeochemical cycling of major ions, many metals, and metalloids through increased accu-
mulation in lakes. The atmospheric deposition from wildfires was detectable in lake sediments. However,
the enrichment from individual fire events was small relative to reported long‐term enrichment from global
anthropogenic pollution or point sources evaluated in other subarctic lake reconstructions. Future studies
should aim to evaluate how fire severity (e.g., expressed by soil burn depth, fire type or tree mortality) affects
the atmospheric transport of metal(loid)s as well as the long‐term implications of exposure to fallout from
frequent fire events.

Wildfires contribute to the remobilization of natural and anthropogenic pollutants at the local scale and on a
broad scale (Odigie et al., 2016; Odigie & Flegal, 2011, 2014; Wu et al., 2017). In areas affected by
point‐source metal(loid) pollution, wildfires will redistribute contaminants accumulated over decades in
soils and vegetation, which could concentrate certain site‐specific contaminants in ash fallout (Kristensen
et al., 2017; Odigie & Flegal, 2011; Wu et al., 2017). Wildfires could be viewed as a climate‐change process
that may dampen environmental recovery expected from reducing anthropogenic emissions of trace
elements (Klaminder et al., 2010). Nevertheless, the amount of metal(loid) deposited by wildfires in this
study was modest in comparison to many anthropogenic sources. The quantitative estimates measured here
can be used formodeling larger‐scale impacts of wildfires on element cycles in the subarctic boreal forest and
predict the influence of changing fire regimes on surface water and soil geochemistry.
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Data Availability Statement

Data from this research were made publicly accessible on the Dryad Data Repository (https://doi.org/
10.5061/dryad.vq83bk3pz).
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