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Abstract

We evaluated the skills of different palaeofire reconstruction techniques to reconstruct the fire history of a boreal landscape (Russian Karelia) affected
by surface fires. The analysis of dated lacustrine sediments from two nearby lakes was compared with independent dendrochronological dating of fire
scars, methods which have rarely been used in context of surface fires. We used two sediment sub-sampling volumes (I and 3.5 cm?, wet volumes) and
three methods of calculating the Charcoal Accumulation Rate to reconstruct fire histories: CHAR number, charcoal surface area and estimated charcoal
volume. The results show that palaeofire reconstructions obtained with fossil charcoal data from lake sediments and dendrochronology are similar and
complementary. Dendrochronological reconstruction of fire scars established 12 fire dates over the past 500 years, and paleo-data from lake sediments
identified between 7 and |3 fire events. Several ‘false fire events’ were also recorded in the charcoal chronologies, likely because of errors associated with
the estimation of the sediment accumulation rate in the unconsolidated part of the sediment. The number of replicates, that is, number of sub-samples
and lakes analyzed, had an effect on the number of identified fire events, whereas no effect was seen in the variation in the analyzed sediment volume
or the choice of the charcoal-based metric. Whenever possible, we suggest the use of the dendrochronological data as an independent control for the
calibration of charcoal peak series, which helps provide more realistic millennia-long reconstruction of past fire activity. We also argue for the use of
| em? sample volume, a sampling protocol involving sampling of more than one lake, and sufficient number of intra-sample replicates to achieve skilful
reconstructions of past fire activity.
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deposited in a sediment layer is a function of several taphonomic
processes controlling the production of charcoal particles, their
transportation and sequestration into sediments. These include
aerial and ground transport, fragmentation, and re-deposition fol-
lowing particle re-mobilization from soil layers (e.g. Higuera
et al., 2010; Lynch et al., 2004; Oris et al., 2014). For the late

Introduction

Circumboreal forest accounts for almost 30% of the forest area of
our planet, and its dynamics are mostly driven by wildfires (Bow-
man et al., 2009; Payette, 1992; Van Wagner, 1983). Boreal wild-
fires burn between 5 and 20 million hectares annually (De Groot
et al., 2013), have an impact on the global carbon cycling (this
biome contains nearly 32% of terrestrial global carbon; Pan et al.,
2011), and pose tangible short- and long-term risks for local soci-

eties and socio-economic activities. As drought severity controls Institut des Sciences de I'Evolution de Montpellier (ISEM), Université de

wildfire activity, climate change will likely affect the future fire
frequency (De Groot et al., 2013). Understanding the interactions
between climate and fire activity across different temporal and
spatial scales is of paramount importance to mitigate socio-eco-
nomic impacts of climate changes (Schreier et al., 2015; Wotton
et al., 2010), so it is important to look at the fire dynamics that
have affected boreal forest in the past. To reconstruct these fire
histories, there are different paleoecological methods that we
evaluate in this study.

Lacustrine charcoal records have been commonly used to
reconstruct the past variability of fire activity (Flannigan et al.,
2008; Gavin et al., 2007; Remy et al., 2018) and to examine cli-
mate-fire feedbacks on a decadal resolution over the past millen-
nia. However, reconstruction of past fire activity from sediment
charcoal is not a straightforward exercise. The amount of charcoal
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Figure I. (a) Ground vegetation around Gingko and Laure lakes. (b) Pinus sylvestris on the shore of Lake Laure. (c) Fire scar on a Pinus sylvestris.
(d) Cross-section of tree sample G13, with fire scars indicated by arrows (a—c: S. Alleaume; d: G. Magne).

Holocene, the period covering the last 500 years, charcoal records
may be compared with dendrochronological and observational
records of fires, if these are available in the study areas (Brossier
et al., 2014; Waito et al., 2018). Validation of lacustrine charcoal
peaks with tree-ring records has been carried out previously in
boreal regions affected by crown fires (e.g. Brossier et al., 2014;
Lynch et al., 2004), but to a much lesser degree in landscapes
affected by surface fires (Leys et al., 2017).

We propose that because of the small amounts of fuel burned
during typical fire events in a landscape affected predominantly
by surface fires, lacustrine sediments will be subject to a low
charcoal deposition. Such low charcoal influx into the sediments
may be difficult to detect accurately to decipher the history of
surface fires, calling for a dedicated calibration effort. In this con-
text, the dendrochronology method using fire scars appears as the
most efficient technique to accurately reconstruct fire history in
such landscapes (Drobyshev et al., 2008; Niklasson and Grans-
trom, 2000).

The objective of this study was to calibrate recent charcoal
peaks from lacustrine deposits in a European boreal landscape
against independent dendrochronologically reconstructed fire
events. The natural disturbance regime of this landscape has been
dominated by fires of different severity, most of the events likely
being surface fires (Van Wagner, 1983). To evaluate how alterna-
tive proxies of past fire activity differ in respect to their capacity
to detect surface fires, we explored the number, surface area, and
estimated volume of charcoal particles obtained from lake sedi-
ments (Ali et al., 2009). Since we expected low charcoal accumu-
lation rates, we used two different sediment volumes (1 and 3.5
cm?) to evaluate whether increasing effort affected our ability to
correctly estimate charcoal concentration in the sediments (Car-
caillet et al., 2001). This study was conducted on two nearby lakes
with similar characteristics (topography, surface, water depth).
Our initial assumption was that the two lakes would receive an
influx of charcoal particles generated by the same fires and that
aggregation of data from two lakes would improve the recon-
struction accuracy for the landscape in which these lakes were
located.

Material and methods
Study area

The study area lies in the European middle boreal zone, within the
territory of the Kalevala National Park (hereafter KNP), in Repub-
lic of Karelia, Northwest Russia. The park, which is 744 km? in
size, was created in 2007 to protect the largest primeval pine for-
ests in Europe (Gromtsev, 2002).

The climate of the area is subarctic (Peel et al., 2007), with long
cold winters and short mild summers. The KNP territory is part of
the Baltic Shield, a region formed from the Pleistocene glaciation
and characterized by numerous (more than 400) lakes. The vegeta-
tion is Vaccinium type pine forest (Pinus sylvestris L., Figure 1a—c)
with frequent Betula pubescens Ehrh.. The ground vegetation is
composed mainly of small shrubs (Vaccinium vitis-idaea
L., Vaccinium myrtillus L., Empetrum nigrum L., etc.) and green
mosses (Pleurozium schreberi (Brid.) Mitt., Hylocomium splendens
(Hedw.) Schimp.). Cladonia lichens dominate the ground cover on
open spaces and dry slopes. The gently sloping banks of lakes are
covered by small shrubs (4dndromeda polifolia L., Ledum palustre
L., Empetrum nigrum L., etc.), herbs (Rubus chamaemorus L., Eri-
ophorum vaginatum L., Carex spp.), and Sphagna (Figure 1a—c).

We sampled lacustrine sediments from two lakes: Gingko and
Laure (unofficial names, Figure 2). These lakes were chosen because
of their proximity to each other (about 170 m between the nearest
shorelines) and similar environmental characteristics (Table 1).

Sampling for dendrochronological reconstruction

The field sampling was carried out in August 2015. We used a
chainsaw to extract partial or full cross-sections (Figure 1d) of
fire-scarred live or dead Scots pines (Pinus sylvestris), with a
potential lifespan extending over several centuries, which makes
this species a useful tree for dendrochronology (e.g. Drobyshev
et al., 2014; Helama et al., 2002). Sampled trees were located
within 200 m from the lakeshores to ensure the sampled trees cap-
tured the local fires (Figure 2). The cuts were done at the root
collar to obtain the longest possible tree-ring chronologies and
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Figure 2. Location of lakes and trees sampled in Kalevala National Park (Republic of Karelia, Russia). Watershed data (in red) were calculated
using ArcGis 10.5 software and the Spatial Analyst extension.Three altitude data were used: field surveys (made in 2015 with a GPS Trimble
Juno SB, 10 m vertical resolution), and two Global Digital Surface Model with the same horizontal resolution (30 m):ALOS (height accuracy: 5
m, product of JAXA) and ASTER (height accuracy: 7-14 m, product of METI and NASA).

Table 1. Location and characteristics of sampled lakes.

Location properties Gingko Laure

65°01243.92 N
30°22m130.62 E

65°01247.18 N
30°22001.7@ E

Latitude of the sampling point
Longitude of the sampling

point

Elevation (m a.s.l.) 111.8 111.9
Average altitude of the 122.0 125.9
watershed (m a.s.l.)

Average slope of the 5.9 72
watershed (degrees)

Maximum slope of the 14 17
watershed (degrees)

Lake surface (ha) 1.90 2.12
Maximum water depth (m) 6.5 85
Sampled sequence length (cm) 28.5 37

maximize their overlap with the lacustrine records. We took 46
cross-sections around Lake Gingko and 24 around Lake Laure,
and recorded coordinates and scar orientation on sampled trees.
Our interest in scar orientation was due to the fact that the direc-
tion of the flame movement commonly follows the scar direction
(Arno et al., 1977; Dickinson and Johnson, 2001).

Cross-sections were dried and sanded using sandpaper of suc-
cessively finer grades (P80-P600) until annual growth rings and
scars were clearly visible. We dated samples using a binocular
microscope according to standard dendrochronological methods
(Stokes and Smiley, 1968). Pointer years (Schweingruber et al.,
1990), that is, consistently narrow, wide, or rings with otherwise
peculiar appearance were identified and used for crossdating.
Tree-ring widths were measured using a LINTAB 5 pum (Rinn,
2004) with 0.001 mm precision. Fire scars were identified by their
morphological characteristics (Falk et al., 2011) and dated with
annual resolution. Crossdating of the tree-ring series was done
with TSAPWin 4.64 software (Rinn, 2003) and validated by com-
parison with chronology RUSS121 of the Schweingruber tree-
ring collection (Schweingruber, 2007), developed for a location
about 64 km southeast of our study site.

Sediment sampling and age-depth model

To focus on the recent fire history, we only collected the upper-
most 30 cm of sediments, using a Kajak—Brinkhurst (KB) gravity

corer (Glew, 1989). In the field, the sequences were sliced into
continuous 0.5-cm-thick sub-samples. Sediment accumulation
chronologies were based on bulk gyttja samples. For each lake,
we used both 219Pb (gamma) and '“C (AMS) dating to build the
age-depth models (Table 2). The dates were obtained by the
Radiochronology Laboratory of the Centre for Nordic Studies
(Laval University, Canada). The dates were calibrated using the
CLAM 2.2 program based on the IntCal13.14C (Hua et al., 2013).
The CRS model (Appleby and Oldfield, 1978) was used with
210Pb dates to determine the age of the sediments for the first 25
cm. This model assumes a constant rate of supply of unsupported
210Pp to the sediment surface despite variable sediment accumula-
tion rates. The final lake-specific age-depth models were based on
both 21Pb and '“C dating and were obtained using a smoothing
spline method (Blaauw, 2010) with CLAM 2.2.

Charcoal particle analysis from lacustrine sediments

For each 0.5-cm-thick slice, we took two separate sub-samples of
1 and 3.5 cm? and shook them for 24 h in an aqueous solution of
5% NagO,4 Pg, 5% KOH and 10% NaCl to facilitate defloccula-
tion and to differentiate between black charcoal and bleached
organic matter (Bamber, 1982; Schlachter and Horn, 2010). The
solution was then passed through a sieve to collect charcoal par-
ticles larger than 160 um (Ali et al., 2009), assumed to originate
during local fire events, that is, up to 1 km away from the lake-
shores (Higuera et al., 2007). We considered the long-distance
transport (from more than 1 km away) of macroscopic charcoal as
an unlikely pathway to reach the sediments, as most of such char-
coal is deposited at a short distance (<50 m) from the fire (Pisaric,
2002; Tinner et al., 2006). Charcoal particles were measured and
counted using an image-analysis software (WinSEEDLE, Regent
Instruments Inc.) and transformed into charcoal accumulation
rates (hereafter CHAR) using the sediment accumulation rates
derived from the age-depth models. We were aware of the possi-
bility of taphonomic biases aftecting the charcoal production and
sequestration, decreasing their number, for example, with particle
transport or fragmentation because of charcoal fragility in the
sediment (Mustaphi et al., 2015; Oris et al., 2014; Whitlock and
Millspaugh, 1996). To remove these biases and minimize varia-
tions in sedimentation rates, we interpolated individual CHAR
series to the median sample resolution for the last 500 years. We
identified local fire events in CHAR series by using CharAnalysis
1.1 software (Higuera et al., 2009).



Table 2. '“C and 2'%Pb dates of Gingko and Laure lakes (Republic of Karelia, Russia).

Gingko

219Ph sample Depth interval (cm) 210Pp activity (Bq/g) Age (yr BP) Use for age-depth model
KA_I 0-2 0.884032 -29.2087 Yes

KA_2 3-5 0.290355 9.9685 Yes

KA_3 6-7.5 0.058055 30.7934 Yes

KA_4 9-10.5 0.028749 50.1344 Yes

KA_5 12-13.5 0.009548 60.4375 Yes

KA_6 15-16.5 0.012331 81.9713 Yes

KA_7 18-19.5 0.012905 n/a No

KA_8 21-225 0.000000 n/a No

14C sample (ID code) Depth interval (cm) Sample mass (g) Age (yr BP) Use for age-depth model
ULA-7268 26-27 0.619 1560 = I5 Yes

Laure

219Ph sample Depth interval (cm) 210Pp activity (Bq/g) Age (yr BP) Use for age-depth model
KB_I 0-2 0.580542 -27.3255 Yes

KB_2 4-55 0.102804 -10.0171 Yes

KB_3 7.5-9 0.073767 13.0594 Yes

KB_4 11-13 0.039244 39.3856 Yes

KB_5 15.5-17 0.018472 68.6368 Yes

KB_6 20-21.5 0.024922 85.5173 Yes

KB_7 24-25.5 0.001507 92.8942 Yes

KB_8 28-29.5 0.005836 n/a No

14C sample (ID code) Depth interval (cm) Sample mass (g) Age (yr BP) Use for age-depth model
ULA-7267 34.5-35.5 0.524 2725 + 20 Yes

n/a: non-applicable data.

We used three metrics to evaluate the potential of surface fire
to be detected in CHAR series: number (N,,), surface area (S,,),
and estimated volume (V,,,) of charcoals particles. V. was cal-
culated with Weng’s (2005) equation:

Vchar = Z IAiy2

where A, is the surface area (mm?) of each charcoal particle i in a
sub-sample. This method was used by Ali et al. (2009) to compare
reconstructions of fire histories in coniferous boreal forest of
Quebec (Canada), but not in forests dominated by surface fires
with potentially low charcoal concentration in sediments. A Kol-
mogorov—Smirnov test was used to evaluate the significance of
differences among fire return intervals (FRIs) obtained using dif-
ferent metrics. Fire events determined by charcoal analysis were
associated with the closest fire date (with limits of the sediment
accumulation rates), as recorded by dendrochronological dating
of fire scars on pine trees, in order to validate these events with
certified fire dates.

char

Results
Age-depth models

The sequences from Gingko and Laure lakes were characterized
by profiles consisting entirely of bulk gytjia (Table 2). The dates
of samples KA 7, KA 8,KB 7,and KB 8 were not used because
of their low 2!%Pb activity (Bg/g): this isotope has a half-life of
22.23 years and is not accurate beyond 120 years (Swarzenski,
2014). CRS model and '*C dating helped develop age-depth mod-
els (Figure 3), reaching median resolution of 10 and 11.03 years
per 0.5 cm for Gingko and Laure, respectively. The mean resolu-
tion of the sediment accumulation rate was 32.61 years per 0.5 cm
for Gingko, and 26.74 years for Laure. For Gingko, the minimum

resolution is 1.64 years per 0.5 cm and the maximum is 115.66
years. For Laure, the minimum resolution is 13.17 years per 0.5
cm and the maximum is 135.46 years. Sediment accumulation
rates were very high at the tops of the cores due to the unconsoli-
dated nature of the sediment. This close proximity of dates
between samples within the upper part induced a ‘hockey stick’ in
the age-depth models, and it was particularly visible for Lake
Laure.

Fire history reconstructed through fire scar dating

Wildfires frequently affected the study area over the last 500
years (Figure 4). We dated 148 fire scars and identified 12 single
fire years. We considered a year as a fire year if a minimum of
three trees had scars dated to the year in question. During the
period AD 1570-1836, the mean FRI was 27 years and it declined
to 117 years for the period 1836-2015. Fires in 1652, 1678, and
1750 might have been more severe than in other years since they
were followed by the establishment of new cohorts of trees.

To better compare fire dates obtained with dendrochronology
and charcoal analysis, we identified ‘major fires’ years, that is,
years when the 50% of all trees recording the year in question was
scarred (Figure 4) and fires initiated establishment of a new tree
cohort. We identified seven such years: AD 1570, 1632, 1652,
1678, 1730, 1750, and 1836. Of the five remaining fire dates, less
than 25% of trees burned. The spatial pattern of some scarred
trees was extremely localized, for example, for 1953, when a fire
burned just three trees a few meters from each other (possibly by
a human campfire). Fire direction was not informative (Figure 4),
probably because of microtopography and because trees have
several scars (the first scar influences the following ones because
it causes a weakness in the trunk). In addition, the studied lakes
are isolated to the west and south by a larger lake (Ozero Zadn-
eye) and located not far from the Ozero Verkhneye Kuyto which
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Figure 3. Age-depth models for Gingko and Laure lakes, realized with a CRS model (in blue) and one 14C AMS date at the base of each

sampled sequence (in green).
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Figure 4. Dendrochronological reconstruction of fire activity around the sampled lakes in KNP. Each horizontal line is an individual tree with
its ID indicated on the right-hand side of the graph. Bars around these records to the left or right indicate that the date of birth and death of
tree are known, their absence meaning that tree was damaged and a number of tree-rings close to the pith were missing. Black crosses are fire
scars and fire dates are classified into three groups according to the percentage of trees burned (<25% in gray, 25-50% in yellow, and 50-75%
in red). Direction of fire front movement is presented in polar plots, each circular graduation corresponding to 20% of the samples.

could constitute a barrier for wildfires, blurring the orientation of
the fire scars.

Charcoal particle concentration and inferred fire
histories from lake sediments

For Gingko, we took 57 sub-samples of 1 cm? and 57 sub-samples
of 3.5 cm? for charcoal analyses (Figure 5). A total of 25 samples
(44%) contained charcoal particles in the 1 cm? sub-sample, and
50 samples (88%) in 3.5 cm?, and the highest charcoal particle
concentrations were 7 and 6 particles, respectively. For Laure,
we took 74 sub-samples of 1 cm? and 74 sub-samples of 3.5 cm?.
46 samples (62%) contained charcoals particles in the 1 cm?

sub-sample, and 65 samples (88%) in 3.5 cm?, and the highest
charcoal particle concentrations were 7 and 14 particles, respec-
tively. There was no significant difference between the 1 and 3.5
cm’ samples for Lake Gingko (Pearson correlation coefficient,
r = 0.008, p value = 0.955); however, it was significant for
Lake Laure (r = 0.548, p value < 0.001).

Charcoal records detected 7-9 fires for Gingko and 913 fires
for Laure (Figure 6). The median FRI of 68-20.5 years (Table 3)
corresponds to the expected FRI in the European boreal forest
(Drobyshev et al., 2014; Rolstad et al., 2017). A Kolmogorov—
Smirnov test found no significant difference between the median
FRI values obtained with the different metrics (p value = 0.883)
nor with the mean FRI values (p value = 0.833). Lacustrine



records suggested that the fire frequency before AD 1900 aver-
aged at one event every 580 years, while this frequency was very
high after 1900: on average, one event every 34 years for Gingko,
and one event every 20 years for Laure. In other words, relying
exclusively on the lacustrine records one could conclude that fre-
quency of fires has increased 17 and 29 times, for Gingko and
Laure respectively, after 1900.

The impact of water concentrations in the sediment was tested,
since a high concentration of water in surface sediments can mini-
mize the number of charcoal particles (Mustaphi et al., 2015).
However, this correction did not significantly change the results
(data not presented).

Comparison between charcoal records and
dendrochronological data

Fire events obtained by lacustrine charcoal records were matched
with 10 and 6 dates of fire scars, for lakes Gingko and Laure,

Gingko

Number of charcoals

- 1em?
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Number of charcoals Laure
16
14
12
10
—_— 1 m"
8
—_—35cm?
° \
N \
2 /\A_/\ ViviAval
0
01 5 10 15 20 25 30 35

Depth (cm)

Figure 5. Comparison of the number of charcoal fragments in
samples of different volume, for Gingko and Laure lakes.

respectively (Figure 7), which corresponded to 83% and 50% of
all fires reconstructed by dendrochronological method for these
lakes. Considering only ‘major fires’, the corresponding values
were 86% and 71%. Only one fire date (AD 1652) was not
detected by any of the metrics used. On average, 37% of all events
reconstructed from lake sediments events did not correspond to
any fire dates identified by the dendrochronological analysis for
Lake Gingko, and 48.5% for Lake Laure. These ‘false fire events’
were only observed in the recent period, since around AD 1950.

The fire records from the studied two lakes differed. For
example, the 1750 fire date is only observed with charcoal records
of Laure, and 1836 only with charcoal records of Gingko. The
composite charcoal record (based on data from both lakes) identi-
fied six out of seven ‘major fires’ reconstructed with the dendro-
chronological method. For Lake Gingko, we observed the highest
correspondence between paleo and dendrochronological records
with samples of 1 ¢m?, and for Lake Laure — with 3.5 ¢cm? sam-
ples. For Lake Gingko, analysis of 3.5 cm? samples detected two
more valid fire dates than the 1 cm3 samples (i.e. 1953 and 1678),
but not AD 1836 and 1570. Similarly, for Lake Laure, the analysis
of 3.5 cm? samples detected only one more fire date (i.e. 1632),
but not AD 1730 detected using only 1 cm? samples.

In both cases, the choice of metric (N, Separs and Vi) had
no real impact on CHAR computation. It is possible that the use
of other parameters could change and refine the reconstruction.
For example, the fire date AD 1652 was identified in Lake Gingko
when we used the 95 percentile of C,;., distribution as threshold
(gray points on Figure 6, panel with the results from 3.5 cm? sam-
ples), but not 99.99 percentile. However, we used the 99.99 per-
centile, as this is more robust and commonly used in earlier
studies (Ali et al., 2009; Higuera et al., 2010).

char

Discussion
Variability in concentration of charcoal particles

Our results suggest that even small concentrations and a very low
number of charcoal particles may be indicative of local fires. In
this study, the charcoal concentration was 0—7 particles in 1 cm?
(Figure 5), while the number of charcoal particles found in sedi-
ments receiving influx from crown fires usually ranges between
20 and 100 per cm? (Ali et al., 2009; Brossier et al., 2014; Higuera
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Table 3. Fire return interval (FRI) with lacustrine charcoal analysis, for Gingko and Laure Lakes.

FRI Gingko Laure
| ecm? 3.5cm3 I em? 3.5 cm?
Nchar S::hzr Vchar Nchar Schzr vchar Nchzr Schzr Vchar Nchzr Schar Vchar
Minimum (year) 32 8 8 8 8 12 3 3 4 3 3 3
Maximum (year) 132 132 132 116 104 128 114 121 121 147 147 106
Median (year) 58 48 50 64 34 68 21 27 38 49 25 20.5
Mean (year) 68.7 52.5 525 58 43.5 69.6 34.7 46.2 52 50.1 40.9 34.1
Fire scars (Dendrochronclogy) 1570 1632 1852 1678 1730 1750 1781 1784 1801 1820 1836 1953 2015
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Figure 7. Summary of fire dates obtained with dendrochronology and different methods of charcoals particles analysis (different volumes

of sediment used, and use of number Nchar, surface area Schar or estimated volume Vchar of charcoal particles) over the period covered

by dendrochronology (last 500 years). Fire events determined by charcoal analysis were associated with the closest fire date (recorded by
dendrochronology) if they were included in the temporal error of sample dating. Fire dates are classified according to the percentage of trees

burned (<25% in gray, 25-50% in yellow and 50-75% in red).

etal., 2010; Remy et al., 2018). The observed pattern is consistent
with the idea that boreal surface fires are characterized by a low
accumulation of charcoal in the lake sediments. Two factors could
explain such low charcoal concentration: (a) a low charcoal pro-
duction during the fire due to a low amount of biomass burned
(Rowe and Scotter, 1973), and (b) poor conservation of herba-
ceous charcoal produced by surface fires, which is more fragile
than charcoal produced by burning wood (Leys et al., 2013, 2017;
Mustaphi and Pisaric, 2014).

Although we expected that a low background influx of char-
coal would facilitate detection of past fires, a small number of
charcoal particles make detection of fire events difficult (Higuera
et al., 2010). In part, such difficulty was because of high variabil-
ity in charcoal concentrations within the sediments sampled at the
same depth. At some depths, we found more charcoal particles in
1 cm? than in 3.5 cm? sub-samples (Figure 5). This pattern was
present in the data from Lake Gingko, where the correlation
between number of particles in 1 and 3.5 cm? was not significant.
In Lake Laure, charcoal particles were homogeneously incorpo-
rated into the sediment, as a larger volume of sediment often con-
tained more charcoal particles than a smaller volumes, indicating
a better fire reconstruction. Variability of charcoal concentration
in the sediments calls for exercising caution in the interpretation
of palaeofire reconstructions, especially those based on data from
a single lake.

Fire history reconstruction

The results show that palaeofire reconstructions obtained with
fossil charcoal data from lake sediments and dendrochronology
are similar. Charcoal analysis detected 11 out of the 12 fire dates
reconstructed by fire scar dating (Figure 7), and 6 out of 7 if we

focus on major fires. Nevertheless, unlike dendrochronology with
its annual precision, palaeofire reconstructions with charcoal
analysis is limited by the inaccuracy of the age-model. Even if the
accuracy is less (median resolution of 10 and 11.03 years per 0.5
cm for Gingko and Laure, respectively), lacustrine charcoal anal-
ysis can however reconstruct the major trends and fire dynamics
of past times.

The use of different sediment volumes yielded fairly similar
results when fire dates deduced from charcoal analysis of dated
lake sediments were compared with the dates of fire scars. While
using 1 cm? samples, we correctly dated five or six major fires,
which corresponded to 71% and 86% of all major fire dates
already known from dendrochronological reconstruction. Using
3.5 cm? samples, we detected five such fires (71% of major fire
dates). This result indicated that using 1 cm? of sediment is suffi-
cient for fire reconstruction, making analysis of samples of a
larger volume redundant, when the sediment is homogeneous.

No lacustrine charcoal metric seems to stand out from the oth-
ers, all allowing us to detect overall the same major fire events.
Similarly, the use of different metrics did not significantly influ-
ence the reconstructed FRI (Table 3). However, the use of repli-
cates (intra-sample and inter-lake) seems to be of importance to
fully establish a representative fire history from lacustrine char-
coal particles. This protocol is obviously time-consuming but it
must be followed if the goal is to maximize the skill of detection-
ing surface fires.

The comparison of two lakes revealed a large variability in
the reconstructed fire record, despite the fact that these were only
170 m apart. Environmental conditions (e.g. wind direction, size
of fire, runoff direction, precipitation) could alter the recording
of a fire event in lacustrine sediments (Oris et al., 2014; Remy
et al.,, 2018). The use of a single lacustrine sequence is not



sufficient for reconstruction of the local fire history, and it is
important to study several lakes to arrive at a more regional
record of fire history.

Problem of ‘false fire events’in the recent period
(1836-2015)

Fire reconstruction from the upper section of the sediments of
Lake Laure indicated fire events, which were not present in the
dendrochronological records. These ‘false events’ could be
explained by re-mobilization of charcoal particles sequestered in
the soils following earlier fire events might contribute to charcoal
influx during the years with no fires. This could be related to the
latency of charcoal sequestration in sediments, as has been dem-
onstrated in other regions (Duffin et al., 2008; Hallett et al., 2003).
The long-distance transport of charcoal by wind from distant fires
can be dismissed, since we explained previously that the studied
charcoals came mainly from local fires.

Conclusion

Fossil charcoal data from lake sediments can be used to accu-
rately detect fire events in the boreal forests with frequent sur-
face fires. Charcoal records possess therefore a strong potential
to complement more precise but shorter dendrochronological
records in ecosystems where low severity fires are the dominant
element of the natural disturbance regime. The choice of a par-
ticular charcoal-based proxy, such as number, surface area, or
estimated total volume of charcoal particles, does not have a con-
siderable impact on the reconstruction results, as suggested by
our results and those published earlier (Ali et al., 2009). While a
volume of 1 cm? seems sufficient, it is the number of replicates
for a depth horizon and the number of lakes sampled that is criti-
cal to ensure the reconstruction quality as even two extremely
close lakes may exhibit rather contrasting charcoal accumulation
records.
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