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Wildland fire is the most important disturbance in the boreal forests of eastern North

America, shaping the floral composition, structure and spatial arrangement. Although

the long-term evolution of the frequency and quantity of burned biomass in these forests

can be estimated from paleo-ecological studies, we know little about the evolution of fire

sizes. We have therefore developed a methodological approach that provides insights

into the processes and changes involved over time in the historical fire-vegetation-

climate environment of the coniferous forests (CF) and mixedwood forests (MF) of

eastern boreal North America, paying particular attention to the metric of fire size.

Lacustrine charcoal particles sequestered in sediments from MF and CF regions were

analyzed to reconstruct changes in estimated burned biomass, fire frequency, and their

ratio interpreted as fire size (FS-index), over the last 7,000 years. A fire propagation

model was used to simulate past fire sizes using both a reference landscape, where

MF and CF compositions over time were prescribed using pollen reconstructions,

and climate inputs provided by the HadCM3BL-M1 snapshot simulations. Lacustrine

charcoals showed that Holocene FS-indices did not differ significantly between MF and

CF because of the high variability in fire frequencies. However, the estimated burned

biomass from MF was always lower than that from CF, significantly so since 5,000 BP.

Beyond the variability, the FS-index was lower in MF than CF throughout the Holocene,

with slight changes in both forests from 7,000 to 1,000 BP, and simultaneous increases

over the last millennium. The fire model showed that MF fires were consistently smaller

than CF fires throughout the Holocene, with larger differences in the past than today. The

fire model also highlighted the fact that spring fires in both forest types have always been

larger than summer fires over the last 7,000 years, which concurs with present-day fire

statistics. This study illustrates how fire models, built and used today for forecasting and

firefighting, can also be used to enhance our understanding of past conditions within

the fire-vegetation-climate nexus.

Keywords: fire frequency, biomass burning, fire-season length, Drought Code, charcoals, lake sediments,

Probabilistic Fire Analysis System, mixedwood-coniferous forest transition
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INTRODUCTION

Wildland fire is the most important disturbance in boreal forests,
shaping the composition, structure and spatial arrangement of
the flora. Its occurrence is the result of complex interactions
between climate, weather, topography, and vegetation (Whelan,
1995). Under global warming scenarios, it is anticipated that the
frequency, intensity and size of fires will increase as a result of
increasing dryness (Flannigan et al., 2009). However, it is also
recognized that, to some extent, vegetation composition and
structure, as well as fragmented environments, could dampen
such a trajectory (Pechony and Shindell, 2010; Chaste et al.,
2019). To sustain the future usage and services of the boreal
forest, since 1995 Canada has been implementing an ecosystem-
based management system (Burton et al., 2003; Gauthier et al.,
2009, 2015) in which the logging regime is inspired by natural
disturbance. For example, the distribution of harvested area
across the landscape over time, and the type of logging (total
or selective clear-cutting within stands), is based on fire and
insect outbreak history maps built using dendrochronological
studies; coarse woody debris and a few snags are left in situ
for the benefit of biodiversity; and practices mimicking the
impact of disturbances on humus and soil conditions are
used to enhance regeneration. For the management regimes to
mimic disturbances and their impacts, the natural variability in
disturbance that forests have sustained over time (i.e., fire history)
is quantified using paleo-ecological reconstructions (Hennebelle
et al., 2018). These reconstructions, combined with modeling
experiments, allow us to understand the processes involved in
the interplay between climate, vegetation, and disturbance. Such
an approach also allows the future to be viewed from a long-
term perspective, and helps guide sound management of forested
landscapes (Waito et al., 2015).

In eastern North America, the closed-crown boreal forest
encompasses two ecological regions roughly divided at 49◦N,
with coniferous forest (CF) to the north, and mixedwood forest
(MF) to the south (Rowe, 1972). The historical fire regimes of
these areas are among the most documented within the boreal
biome (Gauthier et al., 2009). To date, the data held covers all
aspects relating to temporal and spatial trajectories in terms of
(i) estimated burned biomass, which has been shown to correlate
with area burned and fire severity in several North American
boreal forest regions (e.g., Higuera et al., 2011; Ali et al., 2012;
Kelly et al., 2013; Hennebelle et al., 2020); (ii) fire frequency;
and (iii) the spatial distribution of fires within both MF and CF
(Girardin et al., 2013a,b, 2019; Blarquez et al., 2015a). Inferences
have been made from a suite of fire data proxies, including fire-
scars recovered from trees (e.g., Girardin et al., 2006; Le Goff
et al., 2008), stand-replacing fire-histories (e.g., Bergeron et al.,
2001; Lauzon et al., 2007), and charcoal records collected from
soils (Payette, 1992), peat (e.g., van Bellen et al., 2011) and lake
sediments (e.g., Carcaillet et al., 2001; Ali et al., 2012; Remy et al.,
2017). These research efforts have revealed that, in coniferous-
dominated forests, the estimated burned biomass (i.e., amount
of charcoal produced) and fire frequency (i.e., number of fires
per unit of time) have decreased over the past 4,500 years BP,
in parallel with a reduction in solar radiation at high latitudes

and the estimated fire-prone season length for these forests
(Hély et al., 2010b). However, since the decrease in burned
biomass is less pronounced than the decrease in fire frequency,
their ratio, interpreted as a fire size index, has increased (Ali
et al., 2012). These fire trajectories differ from those reported
for locations further south, in MF, where the estimated burned
biomass has increased since ca. 4,500 BP (Blarquez et al., 2015a),
with no apparent change in fire frequency (Girardin et al., 2013a).
According to pollen records (Carcaillet et al., 2001), the cooler
and moister conditions in MF are not favorable for broadleaf
species, and subsequently have contributed to an increase in
fire-prone coniferous species (i.e., increased pollen influx of
conifer taxa) and their relative proportion (Blarquez and Aleman,
2016), which has stimulated fire activity over the last 1,500 years
(Carcaillet et al., 2001; Girardin et al., 2013a).

Although the long-term evolution of the frequency and
estimated quantity of burned biomass in these two forest types
is relatively well known, our knowledge of the evolution of
fire sizes is limited. However, such information could be of
value for forest management practices that take inspiration from
natural disturbances (e.g., Hirsch et al., 2001), notably for setting
targets related to the size of harvestable area (e.g., Delong and
Tanner, 1996; Bergeron et al., 2002; Belleau et al., 2007). It is
recognized that contemporaneous CF and MF, under the same
climatic conditions, differ in terms of fire size and fire severity
(Bergeron et al., 2004). Notably, smaller and less severe fires tend
to be prevalent in MF. The lower flammability of broadleaf fuels
in MF supports such an interpretation (Forestry Canada Fire
Danger Group, 1992; Wotton et al., 2009), although conditions
for spreading fires are often high before leaf-out, when direct
sunlight reaches and dries the dead fine fuels on the surface.
Therefore, while present-day lightning activity tends to peak later
in summer (July–August), effective lightning ignitions in boreal
MF tend to be more active in the spring.

Based on existing historical information (i.e., charcoal
and pollen), and assuming that burned biomass reflects the
compounded effects of fire frequency, size and severity, our aim
was to test whetherMF fires, as well as CF fires, were smaller prior
to 4,500 BP (when the estimated levels of burned biomass and fire
frequency were lower) than after 4,500 BP (when the estimated
levels of burned biomass were higher but fire frequency remained
almost unchanged). Given that, within a paleo-historical context,
there is no direct indicator of fire size, and fire size and
fire severity may be confounded in terms of charcoal biomass
sequestered in recent sediments or even deposited on surficial
lacustrine traps (Kelly et al., 2013; Hennebelle et al., 2020), we
used a fire propagation model to test our fire size hypothesis.

Several modeling tools describing mechanistic functions, with
varying degrees of complexity representing the fire-vegetation-
climate environment, currently exist for studying fire responses
to vegetation and climatic changes (e.g., Krawchuk et al., 2012;
Michetti and Zampieri, 2014; Fisher et al., 2018). These models
are often used for projecting future fire behavior in response to
climatic and anthropogenic changes (Pechony and Shindell, 2010;
Boulanger et al., 2017; Chaste et al., 2019). We have developed a
complementary methodological approach that provides insights
into the processes and changes involved over time in the
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historical fire-vegetation-climate environment of the CF and
MF of eastern boreal North America. By populating a spatially
explicit probabilistic fire propagation model (Anderson, 2010)
with pollen information and paleo-climate simulations, we have
simulated fire size during the Holocene. By comparing simulated
fire sizes over time and between forests with those observed and
archived by provincial agencies for both forest types, we can
provide a more applied perspective for the current situation in
both forests. Boreal MF and CF are thought to be delimited by
both fire size and fire severity (Bergeron et al., 2004), and the
proposed approach will facilitate greater insight into the fire size
component. Our working hypotheses were as follows.

(i) The size of simulated fires has been significantly smaller
in MF, compared with CF, since deglaciation 8,000 years
ago, i.e., the onset of vegetation differentiation between
southern MF and northern CF.

(ii) Because of the desiccation of fuels before leaf-out, spring
fires should account for almost all of the total annual
burned area in MF.

(iii) The contemporaneous increase in proportion of needleleaf
species in MF with early fire-season start over the last
1,500 years may have offset the generally less fire-prone
conditions that had developed since the onset of the
Neoglacial climate 4,500 years ago, leading to larger fires
than before.

MATERIALS AND METHODS

Study Area
The study area is located in the eastern Canadian boreal CF
and MF, from approximately 46–51◦N to approximately 73–
88◦W (Figure 1). MF and CF are located south and north of
49◦N (Rowe, 1972), respectively, with the transition shifting
slightly further northward toward the west (Figure 1). The
climate of the study area is continental, with cold winters and
warm summers, while soil patterns are homogeneous at the
macroscopic regional scale: the topography in CF is generally
flat, and the most important surficial deposits is organic soil,
followed by clay deposit, while MF has a more rolling topography
and clay deposits are dominant, followed by organic deposits
(Bergeron et al., 2004). Conversely, the forest composition
mosaic is heterogeneous between the forest types. CF is naturally
dominated by two needleleaf species (black spruce and jack
pine), while MF is dominated by a mixture of broadleaf and
needleleaf species (Supplementary Material S1), the relative
proportions depending mainly on post-fire stand succession
ages (Dansereau and Bergeron, 1993). Pollen reconstructions
have shown that the proportions of needleleaf species in MF
have increased significantly over the last 1,500 years (Richard,
1980; Liu, 1990; Carcaillet et al., 2001), although all tree species
have been present since the drainage of the proglacial Lake
Ojibway at ca. 7,900 BP (Richard, 1980). In contrast, the
vegetation composition of CF has remained the same over
the last 7,000 years, i.e., mostly dominated by black spruce
(Carcaillet et al., 2001).

Observed Fire History
Holocene Fire History Reconstructions From

Lacustrine Charcoals

Charcoal samples from fourteen previously published lacustrine
cores (Figure 1 and Supplementary Table S1) were used to
reconstruct three fire metrics in each forest type: (i) the regional
burned biomass [RegBB; Power et al. (2008); Blarquez et al.
(2015a)]; (ii) the regional fire frequency [RegFF; Remy et al.
(2017)]; and (iii) the fire size index [FS-index; defined as the
RegFF/RegBB ratio (Ali et al., 2012)]. The computation of
these fire metrics benefited from recent advances in time-series
analyses and statistical charcoal treatments (see Supplementary

Material S2 and Supplementary Figures S1,S2, for details
about standard charcoal treatments and recent advances). RegBB
provides a continuous record of the time-dependent evolution
of the rate of charcoal accumulation in lacustrine cores for
a given forest type. It provides an indication of the average
amount of charcoal production (i.e., estimated burned biomass)
within landscapes. Studies using charcoals extracted from boreal
forest lakes have established that burned biomass, represented by
charcoal accumulation rates, correlates well with the area burned
and fire severity estimated from remote sensing images (Kelly
et al., 2013; Hennebelle et al., 2020), stand-replacing fire maps
(Ali et al., 2012) and fire-scar records (Higuera et al., 2011). In
our study region, the functional form between burn rate estimates
(equivalent to area burned) and RegBB since 1770 CE is close
to linear (Ali et al., 2012), and the Spearman rank correlation
between the two series is 0.73, with a 95% bootstrap confidence
interval (BCI; 0.30, 0.89). RegFF is computed from the number of
significant charcoal peaks per unit of time recorded in lacustrine
cores, and is thus an indicator of the typical fire frequency within
a landscape. Finally, as in Ali et al. (2012), we used the ratio
between RegBB and RegFF (the FS-index) to characterize the
temporal changes in estimated fire size at a regional scale. FS-
index values <1 would be indicative of a lower mean burned
biomass per fire as a result of smaller fire sizes, and vice versa
(Ali et al., 2012). While Hennebelle et al. (2020) showed that
in northern CF, encompassing closed- and open-canopy black
spruce forests, charcoal accumulation in traps was related to both
fire size and fire severity, to our knowledge no such relationship
information exists for boreal MF. Moreover, the fire model used
in the present study did not include information about fire
severity. Therefore, changes in FS-index values were interpreted
as fire size changes and compared with simulated fire size outputs
from the fire propagation model (see below).

Characteristics of Recent Fires From the Quebec Fire

Agency Database

The lightning-ignited fire database from the Société de Protection
des forêts contre le feu (SOPFEU, F. Lefebvre, pers. comm.;
period 1994–2008) was used to set reference conditions for the
simulation work. Based on the Quebec stand-fuel map (Pelletier
et al., 2009) and the SOPFEU database, fires in the boreal CF
include those ignited in fuel stand types C1 (lichen black spruce
stands), C2 (feather moss black spruce stands) and C3 (jack
pine stands), while fires in the MF include those ignited in
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FIGURE 1 | Location of the eastern Canadian study region and its characteristics in terms of sampled lakes (triangles and circles), percentage of broadleaf tree cover

[background map from Natural Resource Canada (2008)], and the climate framework (blue rectangle) used to extract Holocene climate snapshot datasets simulated

by the HadCM3 climate model (Valdes et al., 2017) over the last seven millennia BP. Five lakes (green triangles) are located in the mixedwood boreal forest, south of

the modern transition zone, while nine (red circles) are in the coniferous boreal forest, north of the transition zone (see Supplementary Table S1 and

Supplementary Material S1 for lake and regional characteristics, respectively). We used the 48.5◦N parallel (i.e., the boundary pixel nearest to 49◦N from the

HadCM3 climate model) in association with three meridians (77◦W, 81.5◦W, and 84.5◦W) to split the study area (46–51◦N, 73–88◦W) into eight subregion replicates

(blue rectangles). In each subregion, for each Holocene millennium and each forest type present in the region at that time (see Figure 2), we simulated a set of 120

fires, with 20 fires per month from April to October. Each fire simulated by PFAS had a random starting date in the given month, a random projection time-length [i.e.,

computed from the potential length remaining from ignition date to fire-season end (October 31)], and a double random ignition point location: one within the

subregion (yellow 0.5◦-pixel providing climatic inputs) and one for the ignition location (yellow star) within the 11,000-ha landscape mosaic.

fuel stand types D (deciduous stands) and M1–M4 [healthy
mixed stands with spring (M1) and summer (M2) phenology,
and spruce budworm outbreak-impacted stands with spring
(M3) and summer (M4) phenology]. The number of fires, mean
fire size and seasonal fire proportions were computed for each
forest type and three fire classes (Table 1). The first fire class
included all recorded ignitions, with fires potentially stopped
before spreading. The second class only included fires larger
than 1 ha, which were assumed to have resulted from efficient
propagation. The third class included the same fires as those in
the second class, but the largest fires were constrained to 11,000-
ha, which was the size of the landscape mosaic used within

our methodological approach (see section “Forested Landscape
Settings Over the Last 7,000 Years”). The 95% BCI for the mean
fire sizes was computed separately for each fire class and each
forest type using the R Boot library (Canty and Ripley, 2016), with
a resampling procedure and 10,000 iterations.

The Probabilistic Fire Analysis System
and Its Settings for the Holocene
Holocene fire sizes in each forest were simulated using the
Probabilistic Fire Analysis System (hereafter PFAS; Anderson,
2010), which is based on the Canadian Forest Fire Behavior
Prediction System (Wotton et al., 2009) and has been applied
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TABLE 1 | Observed vs. simulated annual and seasonal characteristics of fires in the boreal coniferous and mixedwood forests.

Source Data type Coniferous boreal forest Mixedwood boreal forest

Annual Spring Summer Annual Spring Summer

SOPFEU archive Number of fires

Fires ≥0 ha 2366 1486 (63%) 880 (37%) 1575 602 (38%) 973 (62%)

Fires ≥1 ha 1007 731 (73%) 276 (27%) 227 135 (59%) 92 (41%)

Mean fire size (ha)

For fires ≥0 ha 427(290–555)* 503(379–627) 298(28–569)* 105(0–209) 272(0–546) 1(0.5–1.6)

For fires ≥1 1002(700–1300) 1023(777–1270) 949(102–1800)* 724(0–1460) 1211(0–2428) 10(5–16)

1≤ for fires ≤11000 700(562–836)* 824(651–996)‡ 372(201–541)*§ 335(119–551) 557(191–920)‡ 10(5–16)§

PFAS simulation Mean fire size (ha) 1594(1290–1917)* 1939(1782–2098)*‡ 666(556–775)*§ 714(573–866) 1055(970–1142)‡ 224(185–263)§

Observed fires were extracted from the Quebec fire agency database (SOPFEU, 1994–2008). Mean fire sizes are reported with the Bootstrap Confidence Interval (BCI) at
95% in parentheses. The Bootstrap statistics were performed using the R Boot library (Canty and Ripley, 2016) with 10,000 iterations and a replacement procedure. Fire
characteristics are provided for all fires (fire >0 ha including lightning tree candles); fires larger than 1 ha in size, presumed to be efficient enough to produce the charcoals
extracted from lacustrine sediments; and fires larger than 1 ha but constrained to 11,000 ha in size. For this last class, the total number of fires is the same (not reported)
as for fires ≥1 ha, but the mean fire size varies. Mean fire sizes of simulated fires (with BCI at 95%) were calculated from PFAS runs with a 11,000-ha reference landscape
mosaic. Significant differences based on BCI at 95% were as follows: * between mixedwood and coniferous fires for the annual or a given seasonal (or annual) estimate;
‡ between spring (April–June) and summer (July–September) for a given forest type; § between annual and seasonal fires for a given forest type.

previously to different Canadian regions (Anderson, 2010;
Hély et al., 2010a; Ouarmim et al., 2016). PFAS computes the
probable fire extent over a spatially explicit landscape from the
probabilities of fire spread and fire extinction, which are based on
elliptical fire growth in eight compass directions, a 30-year time-
series of fire weather normal, and Duff Moisture Code (DMC)
computations. The default DMC value of 20 units in PFAS was
retained and used as the humidity threshold value beyond which
the fire could no longer spread (Anderson, 2010).

Forested Landscape Settings Over the Last

7,000 Years

The 11,000-ha natural landscape of Lake Duparquet (Harvey,
1999) in the Clay Belt region (Figure 1) was selected as
a temporally static landscape reference map in terms of
topography (aspect, elevation) and water body locations. Based
on pollen information (Carcaillet et al., 2001), past aboveground
tree biomass estimated from a network of pollen records
(Blarquez et al., 2015a), and previously published maps of forest
composition mosaics (Hély et al., 2010a), Holocene landscape
mosaic scenarios were built for CF (i.e., with a 100% black spruce
mosaic throughout the last 7,000 years) and MF (i.e., a 70%
broadleaf dominance for 8,000–2,000 BP declining to only 30%
for 1,000–0 BP, Figure 2). Note that present-day broadleaf stands
cover 37% of the Duparquet Lake natural mosaic (Hély et al.,
2010a), which is very close to the scenario used here for the
most recent period (1,000–0 BP). Using the Canadian forest fire
behavior prediction system (van Wagner, 1987; Wotton et al.,
2009), each selected mosaic scenario was transformed into a fuel
stand mosaic and then rasterized at a scale of 625 m2 per grid cell
(25 m × 25 m).

Climate Datasets

Monthly mean temperature and precipitation at eachmillennium
changeover for the last 7,000 years (i.e., at 7K, 6K, . . ., 1K BP,
respectively) were obtained from the HadCM3BL-M1 climate

model (Valdes et al., 2017). Anomalies relative to the pre-
industrial period (0 BP equates to AD 1750) were calculated,
then downscaled to a 0.5◦-spatial resolution (Supplementary

Material S3) and applied to the Climate Research Unit
climatology dataset TS 2.1 (Mitchell and Jones, 2005). Thirty-
year long monthly time-series were then computed based on
statistical distributions [Normal and Gamma distributions (New
et al., 2002) for temperature and precipitation, respectively]
and transformed into daily times-series, using the Richardson
(1981) weather generator (Supplementary Material S3) as PFAS
inputs. Each millennium changeover time-series was also used
independently to compute daily values for the Drought Code
(DC) (i.e., moisture content of the deepest humus layer, van
Wagner, 1987), and then to assess fire-season length based on the
80-unit DC threshold (Hély et al., 2010b) and its deviation (i.e.,
spring and summer days to be added or removed) compared with
the present-day reference fire-season length (Supplementary

Material S4 and Supplementary Figure S3). The difference in
spring (summer) fire-season length for each millennium was
used to calculate proportionally the number of spring (summer)
fires to be randomly selected within that millennium’s simulated
fire dataset, fires from both seasons building a representative
annual data set per millennium (see section “Statistical Analyses
of Fire Sizes”).

PFAS Simulation Settings and Outputs

The study area was subdivided into eight subregions (Figure 1),
considered as replicates in terms of climatic conditions (Bergeron
et al., 2004). A set of 120 fires (20 fires per month from April to
September) was simulated by PFAS in each subregion for each
millennium and each forest type, with its prescribed vegetation
composition (Figure 2). Each fire simulation was based on a
random starting date, a random projected time-length, and a
double random ignition point location (Figure 1). The final fire
size for each simulated fire was the 80–100% probable extent class
from PFAS, as suggested for CF in a previous study of the region
and assumed to be valid for MF (Hély et al., 2010a). This fire
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FIGURE 2 | Forest composition scenarios used to run the PFAS fire model (top) and schematic vegetation changes over time (bottom). The boreal coniferous

forest (CF) landscape is representative of the northern black spruce forest, with a stable composition since the end of the last deglaciation. The boreal mixedwood

forest landscape, dominated by broadleaf deciduous species (MdF), either as pure deciduous stands or as mixed stands in which deciduous species dominate (i.e.,

a total deciduous percentage of 70%), is representative of the southern part of the study region during most of the Holocene (i.e., 8,000–2,000 years BP). The boreal

mixed forest landscape, dominated by coniferous species (McF), either as pure coniferous stands or as mixed stands in which the coniferous species dominated

(70%), is representative of the late Holocene (1,500–0 years BP), when it replaced MdF. Such a compositional shift (from MdF to McF) arose from the Neoglacial

period that started around 3,000 years BP, reflecting the vegetation response to cooler and moister conditions than those prevailing earlier in the Holocene. Local

and regional pollen analyses (Carcaillet et al., 2001; Blarquez et al., 2015a) show that this was a two-step response, with a decrease in deciduous species

abundance that in turn provided space for coniferous abundance to increase. Both MdF and McF represent the boreal mixed forest (MF) for comparison with CF.

extent class was used for MF and CF to validate our approach
by comparing the 0 BP-simulated fire sizes with present-day
observed fires, and to reconstruct changes in simulated fire sizes
over the last 7,000 years.

Statistical Analyses of Fire Sizes
To assess Holocene changes in annual and seasonal fire sizes
between forest types and millennia, we compared the forest
types for each millennium, and the fire size for each forest
type over time. The total number of simulated fires for each
millennium was adjusted based on its departure from the 0
BP referenced fire-season length (Supplementary Figure S3).
Using the R Boot library (Canty and Ripley, 2016) with 10,000
iterations and a replacement procedure, we randomly selected a
subset of 100 fires among the 960 simulated fires available for
the 0 BP period for each forest type, respecting the present-day
proportions of spring- (i.e., April, May, and June) and summer-
(i.e., July, August, and September) observed ignitions from the
SOPFEU database (fires >1 ha, Table 1). We then used the
fire-season length departures in spring and summer for each
millennium over the 7,000–1,000 BP period (Supplementary

Figure S3) to adjust the seasonal number of fires to be added
or subtracted to the theoretical number of 100 fires to be
representative for each millennium. This procedure was applied
10,000 times for each millennium fire dataset, and the mean
and 95% BCI for spring, summer and annual (i.e., combining
spring and summer) fire size distributions for each Holocene
millennium calculated. As fire sizes are not normally distributed,

we also performed a series of ANOVAs on ranked fire sizes
(Conover and Iman, 1981) to analyze the variance partitioning
between mosaic composition and climate as well as the likely
interaction between these two factors. Finally, in order to allow
a comparison of fire size estimates between forest types and
between methods, we transformed the FS-index and simulated
fire size values into z-scores. For each method, we calculated the
mean and standard deviation from the Holocene dataset for the
two forest types.

RESULTS

Holocene Fire Activity Reconstructions
From Fossil Charcoals
The RegBB reconstructions showed significantly higher charcoal
production from fires in CF than in MF over the last 5,500 years
(on average 2.4 times more, Figure 3A). The CF RegBB increased
over the 7,000–4,000 BP period before reaching a stable state
between 4,000 and 2,000 BP, and then declined during the next
2,000 years to values similar to those of 6,000 BP. The RegBB
was marked by very high variability during the first 2,000 years,
probably as a result of the post-deglaciation afforestation that
took place differentially in CF around the studied lakes. The MF
RegBB increased over the 7,000–2,000 BP period before reaching
a plateau with slight oscillations during the last 2,000 years.

The RegFF reconstructions showed no significant difference
between CF and MF because of the high variability among lakes
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FIGURE 3 | Reconstructed Holocene fire activity changes in coniferous (CF in red) and mixedwood (MF in green) boreal forests based on lacustrine charcoals.

Regional biomass burning (RegBB, A) is unitless and refers to the average total charcoal biomass accumulated in sediments, while regional fire frequency (RegFF, B)

refers to the number of fires estimated per year using the CharAnalysis pre-treatment peak signal (Higuera et al., 2007). The Fire Size index (FS, C) is the

RegBB/RegFF ratio, which is also unitless and captures differences in the charcoal signal for periods when fires were frequent but rather small (FS < 1) versus rare

but rather large (FS > 1, Ali et al., 2012). In each panel, the overall regional signal including all lacustrine cores from both forest types is indicated by a dashed line,

and for each forest type the envelop represents the 95% Bootstrap Confidence Intervals (BCI) computed using the 2.5% and 97.5% percentiles.

within each forest type (Figure 3B). The CF RegFF increased over
the 7,000–4,000 BP period, followed by a decrease until present-
day, reaching an unprecedented Holocene low mean value. The
MF RegFF showed the same general trend, but with a decrease

that started later during the Holocene, around 1,000 BP. The CF
RegFF variability was smaller from 7,000 to 3,000 BP compared
with the last 2,000 years, whereas the MF RegFF variability was
higher from 7,000 to 2,000 BP compared with the last 1,000 years.
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The regional fire size (FS-index) reconstructions showed
similar and superimposed trends overall between the forest types
throughout the Holocene as a result of very high variability
(Figure 3C): a relatively stable mean FS-index for the 7,000–
2,000 BP period, followed by a slight decrease for a few centuries
before increasing again up to 0 BP, the increase being steeper
for MF than for CF. Taking just the means into account,
there was more contrast over time between the two forest
types (Supplementary Figure S4): the FS-index increased in
CF over the 6,000–2,000 BP period, followed by a continuous
and steeper slope over the 4,000–2,000 BP period, but it was
more variable for MF, with a lower increasing slope over the
4,000–2,000 BP period, and an earlier start to the decrease. The
FS-index values were always lower on average, and displayed less
variability, for MF than CF (Figure 3C). The FS-index for the
last millennium and few centuries, for CF and MF, respectively,
reached unprecedented Holocene high mean values (Figure 3C
and Supplementary Figure S4). Differences between the forest
types and over time were also evident when the FS-index values
were transformed into z-scores (See Supplementary Figure S5,
top left panel).

Holocene Fire Sizes Simulated by the
PFAS Model
Mean annual fire sizes (i.e., combining spring and summer fires)
simulated in the CF landscape mosaic were two to seven times
(five times in average) larger than those simulated in MF during
the Holocene (Figure 4). For both forest types, simulated spring
fires resulted in larger fire sizes than simulated summer fires, and
spring fire sizes were more representative of the average annual
fire size and Holocene trends than the summer fire sizes. Annual

and spring fires simulated in CF were relatively stable (Figure 4),
with the largest sizes occurring during the 7,000–6,000 BP period
and at 1,000 BP, and the smallest sizes occurring at 5,000 BP.
The trend for CF summer fire sizes was slightly different, with
the largest sizes occurring at 6,000 BP and the present-day, and
the smallest sizes occurring at both 7,000 and 4,000 BP. CF
composition did not change throughout the Holocene (Figure 2)
and therefore changes in fire sizes were a direct result of the
prescribed climate changes. CF spring, summer and annual fire
size averages, computed over the 7,000 years, were representative
of all the CF fires (i.e., same order of magnitude), in contrast to
those computed for the MF fires (Figure 4).

Simulated fire sizes in the MF showed the same general
trends as CF from 7,000 to 2,000 years BP (Figure 4). However,
the last two millennium changeovers (at 1,000 and 0 years cal.

BP) highlighted a combined effect, resulting from both climate
change (as for CF) and vegetation composition change (i.e., an
increase in the proportion of conifers, Figure 2), that significantly
enhanced fire propagation and created larger fires (three to four
times larger) than earlier changeovers in the Holocene. Using the
one-way ANOVA results for the Holocene (See Supplementary

Material S5 and Supplementary Figures S6,S7) and the two-way
ANOVA for the restricted 2,000 and 1,000 years BP (Figure 5),
we characterized and quantified the additive effect of mosaic
change over climate change. The results of the bootstrap ANOVA
procedure (see Supplementary Material S5 Series3) showed that
the Mosaic factor was significant in all ANOVAs (100%), while
the Climate factor was significant in 55% of the ANOVAs and
their interaction in only 2% of the ANOVAs. For ANOVAs
of Series3, in which both Climate and Mosaic were significant
(Figure 5, top and middle panels), the Climate factor explained

FIGURE 4 | Seasonal and annual fire sizes simulated over the last 7000 years for the coniferous and mixedwood boreal forests (CF and MF, respectively) of eastern

Canada using the PFAS fire model. Colors refer to fire seasons: spring (April–June) in blue, summer (July–September) in orange, and annual (April–September) in

gray. Symbols associated with error bars [2.5% and 97.5% Bootstrap Confidence Intervals (BCI)] refer to snapshot simulation times (centered on each millennium

changeover), while the largest symbols near the y-axis represent mean simulated seasonal or annual Holocene fire sizes, respectively, computed over all millennia.
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FIGURE 5 | Results of the significant two-way ANOVA encompassing the 2K–1K BP millennium changeovers. (A,B) refer to the 55% of ANOVAs for which both

Climate and Mosaic had significant (additive) effects, with the variance partition between factors (A) and the differences in fire sizes between levels of a given factor

(TukeyHSD test, B). For the few ANOVAs in which the Climate:Mosaic interaction was significant (C), McF is coded 1 and MdF is coded 2. Among the six pairs of

differences in fire sizes analyzed using the TukeyHSD test, the most significant and important difference was found for the change from the 2K BP MdF mosaic to the

1K BP McF mosaic (blue boxplot), which represented palynological changes. The two green boxplots are representative of differences found in the first two series

(see Supplementary Figures S6,S7), but only for 2K–1K BP differences.

between 5 and 50% of the fire size variance, while the Mosaic
factor explained between 45 and 94%. As a consequence, while
within factor differences were significant, the difference in fire
size betweenMosaic levels was significantly more important than

that resulting fromClimate levels (Figure 5, middle panel).When
the interaction was significant, it explained between 7 and 17% of
the fire size variance, with theClimate factor explaining between 1
and 33%, and theMosaic factor between 56 and 88%. Both factors
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revealed the same trend without the interaction. The TukeyHSD
results for factor interaction (Figure 5, bottom panel) indicated
that, among the six pairs available, the strongest difference in
fire size between the two changeovers involved the change from
2,000 years BP in the MdF mosaic to 1,000 years BP in the
McF mosaic, refering to the temporal change recorded by pollen
assemblages. Throughout the Holocene, the composition of the
MF only changed once (from 2,000 to 1,000 years BP); apart from
that transition period, most of the changes in simulated fire sizes
seen in Figure 4 and tested for both forest types were a result
of climate change (see Supplementary Material S5 Series4 and
Supplementary Figure S8 for CF).

Based on these statistical analyses, mean fire sizes simulated
in MF over the last two millennium changeovers (1,000 and
0 BP) were significantly higher than the previous millennium
changeovers, and higher than the average size computed for the
Holocene. This result was replicated when fire size datasets were
transformed into z-scores (Supplementary Figure S5, bottom
left panel), suggesting an important change in the fire-vegetation-
climate interaction.

Comparison Between Present-Day
Archived and Simulated Fires
Except for summer fires in MF, present-day fire sizes simulated
by PFAS were systematically about twice as large as the observed
fires in each forest type (Table 1). Despite this, we felt the
reconstructed Holocene trends could be analyzed and compared
between the forest types because the overestimation factor was
constant whatever the forest type or the fire season, and because
significant differences between seasons or between seasonal and
annual observed fire sizes were preserved in the simulated
datasets for both CF and MF.

Over the 1994–2008 period, the SOPFEU agency has observed
50% more fires (all sizes included) in CF than in MF (Table 1),
and CF has mainly been subject to spring fires whereas MF
has been subject to summer fires. By restricting the analysis to
efficient fires (i.e., size >1 ha), both forest types showed the
same seasonal pattern (i.e., more numerous fires in spring than
in summer) but diverged more in terms of overall number of
fires. CF had almost 350% more fires than MF. In terms of fire
size, CF was subject to larger fires than MF at both annual and
summer scales for most fire size datasets (Table 1). When the
SOPFEU’s largest fire sizes were constrained to 11,000 ha for
comparison with the simulations, spring fires were significantly
larger, twice and fifty times, respectively, than summer fires in CF
and MF. Therefore, consistent with the PFAS simulation results,
spring fire sizes were more representative of annual fire sizes than
summer fire sizes.

DISCUSSION

MF Versus CF Fire Size Hypothesis
Confirmed
The charcoal records indicated that MF had significantly lower
burned biomass (RegBB) than CF throughout the Holocene.

This, combined with similar regFF values for both forest types,
systematically resulted in a lower FS-index for MF than for CF.
In parallel, and independently from fire reconstructions based on
charcoal, the PFAS simulations indicated that fires in MF were
always smaller in size than those in CF throughout the Holocene,
confirming that, until the present-day, regardless of climate
change, MF has been less prone than CF to fires propagated
over large areas, even at the last two millennium changeovers,
when its needleleaf evergreen species proportion significantly
increased (Carcaillet et al., 2001, 2010). Both reconstructed and
simulated fire sizes also showed that the differences observed
today between MF and CF are a legacy dating back to earlier in
the Holocene, when conditions were more contrasted between
the two forest types. We used z-scores for the primary purpose
of comparing Holocene fires in the two forest types using both
lake charcoal and fire simulations (Supplementary Figure S5,
left panels). The similar general trend found for MF (except
for 1,000 years BP), although amplified for charcoal, shows
potential for paleo-ecological research dedicated to fire size.
However, the greater disparity between z-score trends for CF
raises more questions. This disparity could have several origins,
among which the moving 500-year time window size and the
methodological choice for treating end-effects in paleo-fire time-
series are the most likely. Nonetheless, differences in terms of
estimated biomass burning or fire size have gradually subsided
between the forest types throughout the Holocene, particularly
over the last 2,000 years (Figures 3,4). The present study
data therefore confirms all the tested hypotheses and that of
Bergeron et al. (2004) related to fire size differences between
the forest types.

Beyond the Uncertainties, the
Importance of Spring Fires
By using a spatially explicit fire model originally designed for
applied research in fire management (Anderson, 2010), this
study has shown that spring fires have always been larger
in size than summer fires for both forest types. This was
confirmed by the analysis of all fires larger than 1 ha in
the lightning-fire database. Many studies deliberately focus on
fires larger than 200 ha (e.g., Amiro et al., 2001; Girardin
et al., 2013a), as these fires represent 3% of fire occurrences
but are responsible for 97% of the total annual area burned
(Stocks et al., 2003). We recognize the importance of these
larger fires and have previously attempted to decipher larger
from smaller fires based on charcoal records (Hély et al.,
2010b). However, there is a priori no possibility of knowing
whether peaks in charcoal records from lacustrine sediments
are related to fires larger or smaller than 200 ha, nor of
assessing real fire sizes through FS-index computation. At best,
it has been shown that the quantity and size of charcoal
particles are representative of the proximity of fires to the
studied lakes (Brossier et al., 2014; Oris et al., 2014). However,
uncertainties remain, as experiments conducted over recent
years point to significant relationships between the quantity
of charcoal trapped annually on lake surfaces and the fire
severity or areas with fires located up to 30-kms from the lakes
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(Oris et al., 2014; Hennebelle et al., 2020). Except in rare cases
of annually laminated lake sediments, the time resolution of
sediment samples is usually longer than 10–15 years. Thus,
the annually resolved relationships identified by Hennebelle
et al. (2020) are not directly applicable to long sediment cores
and would need to be adapted in a sedimentary context to
estimate the same metrics (fire severity and distance to fire)
accurately. Based on all these uncertainties, we chose to compute
the number and mean size of fires from areas larger than
1 ha, as we conservatively assumed that such fires would be
large enough to produce charcoals that would be transported
to the vicinity of the lakes. The importance of spring in
relation to the total annual burned area, as highlighted by
our simulations, is consistent with statistics from the last few
decades, showing that the years with the largest burned areas
recorded very large spring fires (Ali et al., 2012). Using the 10-
ha fire size threshold to compute the lightning-fire database
statistics would have resulted in the same seasonal distribution
of fire ignitions and mean fire size (not shown) as the 1-ha
minimum threshold.

Climate-Vegetation-Fire Interplay
The trends in simulated fire sizes for both forest types were
similar to those of change in fire-season length reconstructed
from climate model simulations, and particularly to those
of spring onset departure rather than summer termination
departure. This confirms that, regionally, annual fire size is
positively related to earlier fire-season onset induced by high
spring radiative insolation, which has been driving warmer
spring conditions in the region since before ca. 4,000 BP (Hély
et al., 2010b). Present-day fire-season onsets that are earlier
and warmer than normal are usually responsible for large
fire years as a result of dry fuel conditions and greater fuel
availability coinciding with earlier seasonal ice thaw (Westerling
et al., 2006; Ali et al., 2012). Cooler and wetter overall annual
climatic conditions compared with those before 3,000 BP are
therefore less favorable to fire ignition and fire propagation,
partly explaining the straightforward decreasing trends in both
RegFF and RegBB records for CF. Conversely, these climatic
conditions, which are more unfavorable for broadleaf species,
first led to a decrease in broadleaf tree biomass in MF and
then to an increase in needleleaf species and their proportion
over the last two millennium changeovers (Carcaillet et al.,
2001; Blarquez et al., 2015a). This compositional change in
MF compensated for climatic conditions that were less prone
to fires. The MF humus, because of the absence of leaves
on the deciduous trees in the spring, was drying out more
quickly than in CF. Moreover, with the increase in conifer
abundance (Blarquez et al., 2015a), fuel within MF became
more flammable than previously and fire probably spread easily
through the better quality fuel available (Hély et al., 2000,
2001). This interplay between spring climate and vegetation
composition explains why MF recorded both rather stable
RegBB and slightly higher RegFF than CF over the last
3,000 years, advancing our knowledge compared with previous
reconstructions for MF (Carcaillet et al., 2001; Girardin et al.,
2013a; Blarquez et al., 2015a).

PFAS: A Valuable Fire Model for Insights
Into the Paleo-Ecological
Climate-Vegetation-Fire Interplay
The good agreement between Holocene trends in reconstructed
and simulated fire sizes confirms the accuracy and effectiveness
of PFAS for providing insights into past fire patterns and the
climate-vegetation-fire interplay. More importantly, by using
PFAS we have revealed and confirmed three key processes
operating within the boreal forest: (i) the importance of spring
fires in shaping the mean annual fire size in CF and MF over
the last 7,000 years BP, which previously had only been suggested
for CF, based on fire archives and June temperature records for
the last few decades (Ali et al., 2012); (ii) the positive feedback
between the increase in fire-prone species abundance in MF over
the 1,000–0 BP period and the increase in both spring and annual
fire size trends, which had been suggested previously only in
terms of larger fire size occurrences (Girardin et al., 2013a; Terrier
et al., 2013); and (iii) the effect of fire-season length shortening
(Supplementary Figure S3), induced by less fire-prone climatic
conditions, which has been offset by vegetation change toward
a more fire-prone composition for MF. Termination earlier in
the summer does not affect spring conditions known to be
more favorable to fires in MF (Wotton et al., 2009). While
Girardin et al. (2013a) suggested a positive feedback between MF
vegetation composition and fire frequency, we have confirmed it
for all three fire regime variables studied, namely RegBB, RegFF,
and fire size (FS-index).

As most paleo-ecological reconstructions from lacustrine
sediments have a multi-year resolution, it is impossible to know
the fire number for any given sediment sample or significant
charcoal peak. In contrast, PFAS can simulate individual fires
up to a daily resolution. The assumption of a linear relationship
between past fire-season length and proportion of seasonal fires is
strong, but there is currently no means available to justify a more
realistic pattern. By using a large number of simulations over
several fire seasons representative of a given period (equivalent
to “fire normals”), a distinction between spring and summer fires
is statistically possible within an assessment of annual fire size
distribution and change over time. Such a seasonal resolution
can be obtained from tree-ring-based fire-scar studies, where
it is possible to record the position of each scar within its
annual ring. However, this approach is constrained by both tree
longevities and decay rates, because fire scars are commonly
collected from trees that are already dead, and therefore the time
frame represented is usually only a few centuries (Pitkänen et al.,
1999; Girardin et al., 2006; Le Goff et al., 2008).

The Last 1,000 Years: Likely a Mix of
Signal Treatment Limits, Global Change,
and Human Activity
The increase in FS-index over the last millennium in both
forest types could indicate an overall regional influence, such
as climate change. However, several interactions create sufficient
uncertainties that prevent a straightforward conclusion. The first
issue arises from potential changes in boreal forest equilibrium
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induced by anthropogenic activities over the last few centuries
(Bergeron et al., 2004). The use of a multi-century moving
window in charcoal metrics and statistical analyses (Higuera
et al., 2010; Kelly et al., 2013; Blarquez et al., 2015b) spreads
the footprint of European colonization over at least the
last millennium for our charcoal analyses (indicated by both
continuous trends and z-score box plots over time), and probably
introduces some discrepancies. Intensive European colonization
associated with large clearance burnings for the transcontinental
railroad first occurred in MF in 1910–1920, and was followed by
forestry and agricultural activities (Bergeron et al., 2004). While
these activities created a lot of charcoal that was sequestered in
the lacustrine sediments over a very short period of time, they
may also have induced a regional landscape fragmentation that
was less favorable for efficient fires (Niklasson and Granström,
2000; Bowman et al., 2011; Blarquez et al., 2018). However, such
fragmentation was not included in the reference mosaic used
with PFAS, as that mosaic refers to a protected landscape with
natural dynamics (Harvey, 1999). Therefore, lakes within MF
may have recorded several fires that spread across natural and
unfragmented landscapes, producing high biomass burning and
inducing a higher FS-index than expected from the managed
surroundings. PFAS simulations performed for the same period
also resulted in larger fire sizes inMF than earlier in theHolocene,
as a result of warmer springs with earlier fire-season onset and
higher coniferous abundance than in previous millennia, but
still with well-connected forest stands because of the protected
natural mosaic of Lake Duparquet. Moreover, a fire suppression
strategy has always been more active in populated areas, which
correlates with the MF in the south, compared with the northern
CF, which is considered to have been virgin forest until the late
1970s (Bergeron et al., 2004). The fire suppression effect could
also partly explain the smaller number of fires (all sizes and fires
>1 ha) recorded in the lightning-fire database for MF than for
CF. These trends, extracted from the 1994 to 2008 period, are the
opposite of those reconstructed from older archives (i.e., 1945–
1998 period, Bergeron et al., 2004), which may also indicate that
current global change (climate warming and human activities)
has already started to change fire regime trends.

The MF represents a sensitive ecosystem in the context of
global change as its distribution could shrink as a result of several
factors, such as the northward migration of southern temperate
forest species with enhanced growing seasons, and probably
the counter-intuitive southward migration of coniferous species,
although available values of migration rate are quite low and
only represent a short instrumental period (Boisvert-Marsh et al.,
2014). MF could also come under threat from the many insect
pests that attack broadleaf and coniferous tree species over large
areas (Gray, 2013), producing heavy dead fuel loads in a warming
environment, which in turn could exacerbate several components
of the fire regime.

CONCLUSION

This study has illustrated how a spatially explicit fire model,
developed for present-day applications, can help paleo-ecological

studies by providing independent process-based datasets for
comparisons with reconstructions. This is the first regional
reconstruction of paleo-fires illustrating Holocene changes for
three fire regime metrics (fire frequency, biomass burning, and
fire size) simultaneously for both coniferous and mixedwood
boreal forests. Compared with the variability in fire metrics
recorded for CF, the MF data has highlighted different periods
with relatively high variability. The combined paleo-ecological
analyses of fire (charcoal reconstructions and PFAS simulations)
suggest that fires in the boreal MF have been significantly smaller
than those in the boreal CF over the last 7,000 years. Warmer
spring conditions combined with overall annually cooler and
wetter conditions since 3,000 BP have favored less frequent but
larger fires in both forest types, especially in the MF because of an
increase in coniferous species abundance. Over the last century,
climate warming and human activities may have significantly
modified the distribution of fire size in MF, probably toward
larger spring fires, therefore reducing the difference between
the two forest types. Today the boreal MF is being reshaped
by temperate forest species migrating northward, northern
coniferous species migrating southward, and insect outbreaks
attacking broadleaf and coniferous tree species over large areas,
producing heavy dead fuels and modifying the fire hazards. The
quantification of natural variability is important for current forest
management because it provides the range, and probably the
limits, of the natural variability each forest type can withstand.
It should also allow projections of future fire regimes in IPCC
scenarios to be placed within an historical context and used as
comparanda. Further research could enable an assessment of the
sustainability of forest resilience in the context of change in future
fire regimes and forest management practices to be added to the
methodological approach presented here.
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FIGURE S1 | CharAnalysis output checks for all charcoal extracted from lakes

located in the coniferous boreal forest. For each lake, (A) presents the charcoal

influx, with associated charcoal background (mean noise in gray) and its

confidence intervals (in red) from which significant charcoal peaks (crosses) were

retrieved over time. Similarly, (B) reports the Signal-to-Noise Index (SNI) with its

changes over time, to check when SNI values fall below the threshold value of 3

(dashed line), as suggested by Kelly et al. (2011), which would indicate that a fire

frequency reconstruction had been overestimated as a result of false fire events.

Over the last 1,000 years, SNI values lower than 3 only occurred temporarily for

three of the nine lake records (Pessière, Twin, and Profond Lakes, respectively).

FIGURE S2 | CharAnalysis output checks for all charcoal extracted from lakes

located in the mixedwood boreal forest. The same legend as in Supplementary

Figure S1 applies here. Among these lakes, only one (Jack Pine Lake) showed

SNI values lower than 3 over the last few centuries.

FIGURE S3 | Holocene changes in average fire-season length over the study

region (46–51◦N and 73–88◦W from HadCM3BL-M1 pixels), encompassing the

transition between the mixedwood and coniferous boreal forests in eastern

Canada. Fire-season length as well as spring and summer anomalies (departures

for onset and termination dates, respectively) compared with present-day (0 BP)

values were computed following Hély et al. (2010b) for each Holocene millennium.

Fire-season length and onset and termination dates were based on a 30-year

time-series of the Drought Code index (DC) (van Wagner, 1987) reconstructed

from HadCM3BL-M1 monthly climate simulation anomalies in temperature and

precipitation applied to the 0.5◦CRU climate normal dataset and combined with

the Richardson (1981) weather generator (see Supplementary Material S3).

FIGURE S4 | Changes in average Fire Size index (FS-index) computed from

lacustrine charcoal over the last 7,000 years in the mixedwood (green) and

coniferous (red) boreal forests of western Quebec. The dashed black line

represents the Holocene average FS-index for the entire study area encompassing

both the mixedwood and coniferous boreal forests.

FIGURE S5 | Changes in fire size z-scores throughout the Holocene, computed

using charcoal (top panel) or simulated fire sizes from the PFAS fire model

(bottom panel) for the mixedwood (green) and coniferous (red) boreal forests of

western Quebec. The dashed black line is provided to facilitate the comparison of

the two types of forest for a given dataset, or between the two datasets (FS-index

and PFAS simulations) for a given forest. For each dataset (i.e., charcoal FS-index

or PFAS fire size), the z-score computations were based on the overall mean and

standard deviation computed using both forest types simultaneously for the

7,000 years. For the FS-index, each millennium boxplot was calculated for a

500-year window. Except for 0 and 7,000 years BP, for which the window was set

to other limits (0–500 for 0 BP, and 6,500–7,000 for 7,000 years BP), all windows

encompassed 250 years before and 250 years after the millennium changeovers

(e.g., for 3,000 years BP, z-scores for 2,750–3,250 years BP were used). In the

case of PFAS fire sizes, as for the ANOVAs (see Supplementary Material S5),

we computed the z-scores based on annual sets of fire size for each forest type,

randomly selecting the fire sizes simulated for a given millennium but respecting

the spring and summer numbers of fires to be added to create an annual set

representative of that millennium based on its fire-season length (see main text

section “Statistical Analyses of Fire Sizes” and Supplementary Figure S3). As

the 500-year window for each millennium changeover in the charcoal dataset

encompassed 50 values per forest type, the bootstrap procedure for the

PFAS fire size dataset was also performed using 50 iterations for each

forest type.

FIGURE S6 | Results of one-way ANOVAs (representing 30% of the

1,000-bootstrap repetitions) showing the significant effect of Climate on ranked

fire sizes in the MdF mosaic (top left panel) and the related percentage variance

explained by Climate (top right panel). Among the 28 pairs of millennia

differences tested by TukeyHSD [on significant ANOVAs only (bottom panel)],

blue box plots represent differences found to be significant (p-value < 0.05) most

of the time, the null difference value, shown by the dotted blue line, being outside

the whiskers of that given distribution.

FIGURE S7 | Results of one-way ANOVAs (representing 20% of the

1,000-bootstrap repetitions), showing the significant effect of Climate on ranked

fire sizes in the McF mosaic (top left panel) and the related percentage variance

explained by Climate (top right panel). Among the 28 pairs of millennia

differences tested by TukeyHSD [on significant ANOVAs only (bottom panel)],

green box plots represent differences found to be significant (p-value < 0.05) most

of the time, the null difference value, shown by the dotted green line, being outside

or near the extremity of the whiskers of that given distribution.

FIGURE S8 | Results of one-way ANOVAs (representing 17% of the

1,000-bootstrap repetitions), showing the significant effect of Climate on ranked

fire sizes in the CF mosaic (top left panel) and the related percentage variance

explained by Climate (top right panel). Among the 28 pairs of millennia

differences tested by TukeyHSD [on significant ANOVAs only (bottom panel)],

violet box plots represent differences found to be significant (p-value < 0.05) most

of the time, the null difference value, shown by the dotted violet line, being outside

or near the extremity of the whiskers of that given distribution.

TABLE S1 | Main characteristics of the lakes and surrounding environments

studied within the two boreal forest types of eastern Canada. The dominant

species were Abies balsamea (Ab), Alnus viridis (Av), Betula papyrifera (Bp), Larix
laricina (Ll), Pinus banksiana (Pb), Picea glauca (Pg), Picea mariana (Pm), and

Populus tremuloïdes (Pt); CA stands for Cultivated Areas.
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