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Boreal forest cover was reduced in the
mid-Holocene with warming and recurring

wildfires

M| Check for updates

Martin P. Girardin ® '*?

, Dorian M. Gaboriau®, Adam A. Ali*#, Konrad Gajewski°, Michelle D. Briere®,

Yves Bergeron®?, Jordan Paillard®, Justin Waito” & Jacques C. Tardif*’

The hemi-boreal zone, marking North America’s southern boreal forest boundary, has evolved post-
glaciation, hosting diverse ecosystems including mixed forests with savannas, grasslands, and
wetlands. While human, climate, and fire interactions shape vegetation dynamics therein, specific
influences remain unclear. Here we unveil 12,000 years of hemi-boreal zone dynamics, exploring
wildfire, vegetation, climate, and human population size interactions at such long time scales.
Postglacial biomass burning exhibited episodes of persistent elevated activity, and a pivotal shift
around 7000 years ago saw the boreal forest transition to an oak-pine barren ecosystem for about
2000 years before reverting. This mid-Holocene shift occurred during a period of more frequent
burning and a sudden uptick in mean annual temperatures. Population size of Indigenous peoples
mirrored wildfire fluctuations, decreasing with more frequent burning. Anticipated increases of fire
activity with climate change are expected to echo transformations observed 7000 years ago, reducing

boreal forest extent, and impacting land use.

The circumpolar boreal forest is one of the largest and most extensive
biomes on Earth'. Within this vast expanse, the hemi-boreal zone occupies a
critical ecological area in North America. This transitional zone marks the
southern limit of closed boreal forest and is home to mixed forests with a
high diversity of tree species and communities including savannas, grass-
lands, and wetlands'~. Towards the interior of the North American con-
tinent, at the prairie-forest ecotone, woody and herbaceous vegetation
intermingle at many different scales’. The hemi-boreal zone acts as a bio-
diversity hotspot, with many species adapted to the transitional nature of the
ecosystem™. This transitional zone also plays a key role in maintaining
ecological processes such as nutrient cycling, carbon storage and seques-
tration, and regulation of the hydrological cycle®”.

The hemi-boreal zone, and more particularly the areas surrounding the
prairie-forest ecotone, faces considerable environmental pressures affecting
the functioning of the ecosystems'*"". Among different drivers, wildfire is a
notable cause of ecosystem changes'>". The prairie-forest ecotone’s tran-
sitional nature, mix of vegetation types, and susceptibility to human-caused

fires, along with the increased frequency and severity of wildfires driven by
climate change and human ignition, make it particularly vulnerable. The
interspersal of forests and wetlands with grasslands, which are naturally
more fire-prone'*"’, facilities the rapid spread of fires. Land degradation due
to logging, oil and gas exploration, and other human activities is another
pressure on the prairie-forest ecotone'®’. Agriculture development along
the southern fringe of the boreal zone is a large contributor to deforestation,
although land-use allocations such as forest management agreements and
zoning for forest and agricultural land use limit the expansion of agriculture
into forests'®. Invasive species also pose a risk to plant community structure,
as they can outcompete native species and alter ecosystem processes”.
Habitat loss and forest fragmentation can diminish biodiversity, thereby
impacting ecosystem functioning and the provision of ecological services™.

The boreal/hemi-boreal climate-vegetation-fire nexus described above
has been under continuous change since the end of the last glaciation
approximately 10,000 years ago’'. Climate shaped the development of the
prairie-forest ecotone by altering species distribution, stand structure, and
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forest regeneration”’. While temperature limitations are largely responsible
for the northern limit of the boreal forest®, the southern boundary between
the boreal forest and prairies is typically maintained by low precipitation
and associated high fire frequency that limits the establishment of tree
species”’. Owing to the high degree of temporal and spatial variations typical
of wildfire regimes in such regions, many landscapes have shifted between
mosaics of open- and closed-canopy forests over the past millennia™***.
For example, the prairie-forest ecotone in south-central Minnesota saw
shifts from boreal forest 12,500-10,000 cal. yrs. BP, to oak savanna forest
10,000-9000 cal. yrs. BP, changing to prairie-like communities and decid-
uous forest taxa 8000-4250 cal. yrs. BP, and finally shifting to a Quercus-
dominated woodland/savanna between 4250 and 3000 cal. yrs. BP*.

Frequent intentional burning is employed in savannas and seminatural
grasslands to deter the expansion of woody vegetation, to promote the
growth of fresh herbaceous vegetation, and to safeguard the landscape
against potential destructive fires by utilizing patch burning at the onset of
the burning season”. Although there is today a notable impact of human
activities on these ecosystems, the impacts of burning practices by Indi-
genous peoples on the landscape during the Holocene are less known™'. An
extensive literature has argued that Indigenous burning has profoundly
influenced the structure and location of the prairie-forest ecotone in North
America™”. However, other literature and a recent analysis of paleoenvir-
onmental and paleodemographic data across the Northern American
prairie-forest ecotone challenged the notion that Indigenous societies sub-
stantially altered past ecosystems of the region”'. Integrating archeological,
paleoecological, and paleoclimate data to infer human, fire, and vegetation
interactions in this region faces challenges due to incomplete records,
temporal misalignments among data sources, scale mismatches with Indi-
genous settlements, and reliance on proxies with limitations, introducing
uncertainties in interpreting past ecosystems™ .

M14 Little Lake

s ot
M15 Lost Lake

Meekin Lake

Maps Data: Google, ©2023, Airbus,
Maxar Technologies, CNES / Airbus

Fig. 1 | Overview of the study area. The six studied lakes (i) and terrestrial ecor-
egions (ii) forming the prairie-forest ecotone”. The sampled lakes are situated to
the north of Lake of the Woods, within an area known in Canada as the Lake of the
Woods Ecoregion. The extents of the boreal and hemiboreal zones are illustrated in

In this study, we document centennial- to millennial-scale variability in
wildfire, vegetation, climate, and human population size dynamics at the
prairie-forest ecotone of the hemi-boreal zone in North America, in order to
shed light on the complex interactions and feedback among these factors at
such long time scales. Specifically, using macro-charcoal found in sediment
samples from six lakes, we investigated changes in the frequency, size, and
severity of fire occurrences over the last 12,000 years. Additionally, from
pollen analysis we reconstructed the postglacial vegetation response to fire
disturbances, including changes in species composition. Next, we examined
the influence of past climate change on fire regimes and vegetation
dynamics using paleoclimatic model simulation outputs. Finally, by inte-
grating archeological records with historical climate, vegetation, and fire
data, we analyzed relationships among post-glacial human population size,
climate drivers, and ecosystem dynamics. Our study demonstrates that
around 7000 cal. yrs. BP, the hemi-boreal zone shifted from closed-type
boreal forests to an oak-pine barren ecosystem. This shift was synchronized
with a reshaping of fire dynamics and human population fluctuations.
Findings from this research will contribute to the broader scientific
understanding of the interactions among fire, climate, vegetation, and land-
use, while providing insights into the resilience and sustainability of boreal
ecosystems in the face of modern warming and fire disturbances.

Results

Sedimentation onsets and rates

The study area, located in the Lake of the Woods Ecoregion along the
border between the provinces of Manitoba and Ontario in Canada (Fig. 1),
was examined by sampling sediments from six lakes. The cores were
collected in water columns reaching 1.2m to 8.3 m depths (Table 1).
Sediment core lengths of the six sampled lakes averaged 614 cm, ranging
from 247 cm for Lake M14 to 818 cm for Lake O16 (as indicated by the

Ecoregions e 500
A- Northern Shortgrass prairie ! Abg C density
B- Northern Tallgrass prairie ey (MgC / ha)
C- Upper Midwest US forest-savanna transition
D- Canadian Aspen forests and parklands ® Sampled lake
E- Mid-Canada Boreal Plains forests
F- Western Great Lakes forests - Boreal
G- Midwest Canadian Shield forests - Hemiboreal

the inset map at the upper right (iii)'. The color scheme on the larger map (ii) shows
aboveground carbon density as of 2010'*'. Refer to Table 1 for lake coordinates and
sizes. Map created using ArcGIS v10.5.1 for Windows.
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Livingstone-type sediment cores, Table 1). Ages at the bottom of the cores
reached more than 10,000 calibrated years before the present (cal. yrs. BP,
i.e., CE 1950) for lakes M15, 06, O14, and O16. Most lakes had relatively
stable sedimentation rates during the last 12,000 years as determined from
age-depth models (Supplementary Fig. 1). Sedimentation rates varied
between 0.03 (M14) to 0.06 cm/yr (O16) (Table 1). Median time intervals

between pollen subsamples ranged from 164 years (M15) to 280 years
(Meekin) (Table 1).

Historical wildfire activity
Mean regional biomass burning (RegBB), as inferred from pooled “C- and
*1pb-dated lacustrine charcoal records, displayed episodes of persistent

Table 1 | Characteristics of the six sampled lakes in Ontario and Manitoba

Lake Latitude (N) Longitude (W) Elev.? (m) Max. Lake LS (KB) core Relief General Sed. Rate’  Age® (cal. Pollen'
depth® (m) area (ha) length® (cm) moisture (cm/yr) yrs. BP) (yrs)
M14  50°04'32” 95°24'08” 330 1.2 8.6 247 (51) Low  Hydric 0.03 9068 -
M15  49°47'09” 95°11'25” 337 5.7 5.3 769 (41) Med  Xeric 0.05 13,564 172
06 49°49'17” 94°47'01” 361 3.3 6.3 662 (43) Med  Xeric 0.05 12,630 280
014 50°01'42” 94°49'28” 332 8.3 7.0 519 (35) Med  Xeric 0.04 11,980 -
015 50°00'29” 94°58'57” 339 3.9 6.2 670 (22) High  Xeric-mesic 0.05 12,581 164
016 50°01'07” 94°51'03” 337 3.2 23.0 818 (21) High  Xeric 0.06 13,088 -

The location, physical features of the lakes, and the general condition of the surrounding landscape are included. The “Relief” column provides an overview of the topography, ranging from low-lying areas
surrounded by low-elevation rock outcrops (Low) to lakes bordered by steep outcrops and extensive undulating terrain (High).

@ Elevation.

® Maximum water depth.

¢ Livingstone-type (LS) and Kajak-Brinkhurst (KB) core lengths.

¢ Mean sedimentation rate (mean sample deposition is obtained from its inverse).
© Age of the bottom of the core in calibrated years BP.

fMedian time interval between pollen subsamples.

Fig. 2 | Regional fire history. Mean regional
abiomass burned (RegBB) and b fire return interval
(RegFRI) for the last 12,000 years, interpolated from
charcoal accumulation rates for the six lakes, with
90% CI. Panel c represents the mean regional fire
size and severity index (RegFS). Sub-epochs of the
Holocene epoch (Younger Dryas (YD), early-, mid-,
and late-Holocene) are delineated'*.
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Fig. 3 | Regional vegetation changes. Mean regional relative pollen abundances (%)
for the main taxa or families computed from lakes M15, O15 and O6 (Meekin Lake):
conifers (green), deciduous trees (orange), shrubs and herbaceous plants (red) and
aquatic plants (blue) (see Supplementary Figs. 4 and 5 for data of individual lakes).
Pale areas represent five times exaggeration. Sub-epochs of the Holocene epoch
(early-, mid- and late-Holocene) are delineated'*. Gray horizontal lines are equally
spaced 100-yrs. intervals for visualization.

elevated activity over the course of the past 12,000 years (Fig. 2a). The
lengths of these episodes varied but were on the order of 1000-2000 years.
Notably high levels of regional biomass burning occurred around 7200 cal.
yrs. BP, 5750 cal. yrs. BP, 4000 cal. yrs. BP, and 2500-1500 cal. yrs. BP. In
contrast, regional biomass burning was relatively low before 10,000 cal. yrs.
BP, at 3000 cal. yrs. BP, and during the last 1000 years. Charcoal influx
during the last 1000 years was significantly lower compared to the preceding
8000 years. Examination of individual site records indicated fluctuations in
the level of biomass burning at many sites, although not necessarily in phase
(Supplementary Figs. 2 and 3). It was particularly pronounced at Lakes M15
and O15, whereas fire activity elsewhere tended to be more irregular or
clustered within specific time periods (Supplementary Fig. 2). The low
charcoal influxes observed in recent centuries in Lakes M14, O16, and O6
likely contributed to the simultaneous decline in regional biomass burning.

The trajectory of mean regional fire return intervals (RegFRI), as
deduced from charcoal peaks, can be described in three distinct phases.
During the early-Holocene, mean fire return intervals shortened gradually,

from 400 years to 11,000 cal. yrs. BP to below 200 years at 7000 cal. yrs. BP
(Fig. 2b). Throughout the mid-Holocene, mean return intervals between
fires among the six lakes were consistently below 180 years (Fig. 2b). In the
late-Holocene, the number of recorded fire events decreased, with mean fire
return intervals reaching above 250 years. Lakes M14, O15, 06, O14, and
016 all experienced a reduction in recorded fire events during the late-
Holocene (Supplementary Fig. 3).

The regional mean fire size and severity metric (RegFF) remained
relatively stable throughout the entire period, except possibly during the
early-Holocene and toward the present period. During the early period, the
metric consistently registered significantly higher values compared to the
mid-Holocene (Fig. 2¢), indicating a pattern of less frequent but larger and
more severe fires during this period. The fire size and severity metric displays
an upward trajectory over the last 2000 years, with present levels markedly
surpassing the minima observed at 2000 cal. yrs. BP.

Vegetation history

During the early-Holocene, the regional mean pollen record was dominated
by pollen from Pinus (predominantly P. banksiana), Picea (undiffer-
entiated), and Betula, indicating the presence of a closed-type mixed boreal
forest (Fig. 3 and Supplementary Fig. 4). From 8000 to 7000 cal. yrs. BP,
there was a transition characterized by a decrease in the relative abundances
of boreal taxa and an increase in Ambrosia, other non-arboreal pollen
(NAP), and Quercus. This Quercus-NAP phase persisted for approximately
a thousand years, followed by the emergence of an oak-pine barren type of
ecosystem (Pinus, Quercus, Poaceae, Artemisia), which lasted for around
2000 years before reverting to the boreal type around 4000 years cal. yrs. BP.
These phases of vegetation development were observed in all three lakes
(M15, O15, and Meekin) analyzed for pollen (Fig. 3).

Changes in simulated climate

Climate variability is documented by paleoclimate model simulations
spanning the past 12,000 years. Mean annual temperature gradually
increased between 12,000- and 10,000-years cal. yrs. BP, following the last
glacial period (Fig. 4). The warming trend, which intensified around
7500 cal. yrs. BP with a relatively steeper slope (+ 0.11°C per century),
persisted until approximately 7000 cal. yrs. BP. Following this period,
temperatures stabilized at warmer levels compared to the preceding era.
Summer precipitation during the early-Holocene was estimated to be lower
than the 5000-3000 cal. yrs. BP mean (Fig. 4). From approximately 7500 to
4000 cal. yrs. BP, the mean annual temperature remained relatively stable,
with minor fluctuations. Summer temperatures were estimated to be war-
mer than the average between 5000 and 3000 cal. yrs. BP, while winter
temperatures remained cooler (Fig. 4). Starting from approximately
3000 cal. yrs. BP to the present, there was a gradual cooling trend in mean
summer temperatures and a warming trend in mean winter temperatures,
interspersed with smaller-scale fluctuations. No meaningful changes in
seasonal precipitation were observed in the simulated data over that time
horizon. The past few centuries marked the warming as witnessed in
observational records.

Human population history

Analysis of archeological radiocarbon dates suggests that human presence
in the study area extends to 12,000 — 11,000 cal. yrs. BP (Fig. 4d). During
the period from 10,000 to 4000 cal. yrs. BP, population size was low and
underwent no substantial long-term change. There may have been an
initial population rise between 11,000 and approximately 8000 cal. yrs. BP,
followed by a period of population stability until 4200 cal. yrs. BP (Sup-
plementary Fig. 6). However, few dates are available for this period, and
overall, the population remained low with minimal long-term growth.
Subsequently, there was a population increase between 4000 and
approximately 2600 cal. yrs. BP, which was then followed by a slight
decrease until around 2200 cal. yrs. BP. Starting from 2200 cal. yrs. BP
until 650 cal. yrs. BP, there was a major population increase, followed by a
subsequent decrease.
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Relationships among fire, climate, vegetation, and human
population levels

We investigated the relationships among fire metrics, human population
size, relative abundances of pollen genera, and annual mean temperature
data over the past 10,000 years (Fig. 5). Relative pollen abundance revealed a
clear correlation with centennial to millennial-scale temperature variations.
Notably, we observed negative correlations between temperature fluctua-
tions and the abundance of Picea (Spearman rho (r;) = -0.85, N bins
(Np) =200, p<0.001) and Larix (r;=-0.73, N, =200, p <0.001) pollen,
while positive correlations were evident for Quercus (r;=0.73, N}, =200,
p<0.001), Poaceae (r;=0.73, N, =200, p<0.001), Alnus (r;=0.33,
N, =200, p<0.001), Ambrosia (r;=0.51, N, =200, p <0.001), Artemisia
(rs=0.37, N, =200, p <0.001), Asteraceae (r;=0.49, N, =200, p <0.001),
and Cupressaceae (Juniperus and Thuja; r,=0.53, N, =200, p <0.001)
(where p accounted for temporal autocorrelation). Fire metrics (RegBB,
RegFRI, and RegFS) showed significant correlations with species abundance
and temperature data. Specifically, RegBB exhibited negative correlations
with Larix (r,=-0.52, N, = 103, p <0.001) and Picea (r;=-0.57, N, = 103,
p<0.001) but positive correlations with annual temperature (r;=0.62,
N, =1000, p <0.001) and Poaceae (r;=0.69, N, =103, p < 0.001), Quercus
(rs=045, N,=103, p<0.001) and Cupressaceae (r;=0.39, N,=103,
P <0.001). Notably, RegBB closely tracked both short- and long-term
fluctuations in Picea and Poaceae pollen abundances (Fig. 6). Pairwise
correlation tests indicated significant positive relationships between RegFRI
and Larix (r;=025 N,=103, p=0.012), Picea (r,=038, N,=103,
P <0.001), and Pinus (r; = 0.40, N}, = 103, p < 0.001), and negative ones with
Quercus (r;=-0.46, N;, = 103, p <0.001) and Poaceae (r,=-0.58, N;, = 103,
P <0.001). There are also significant correlations between human popula-
tion size and fire metrics RegBB (r,=-0.32, N;, =201, p < 0.001), RegFRI
(r,=0.24, N, = 201, p < 0.001) and RegF$S (r,=-0.33, Nj, = 201, p < 0.001)
(Fig. 5 and Supplementary Figs. 7 and 8). Population sizes tended to increase
during periods with longer fire return intervals and decrease during periods
of active fire activity.

Discussion

We provided a comprehensive analysis of millennial-scale historical wild-
fire, vegetation, climate, and human population size dynamics at the prairie-
forest ecotone within the hemi-boreal zone in North America. Our study
sheds light on the long-term historical dynamics of this nexus, providing
valuable insights into the interplay of human presence, climate variability,
and natural processes shaping the prairie-forest ecotone.

Climate, vegetation and fire dynamics in the prairie-forest
ecotone

Through retrospective analysis of historical ecosystem transformations, we
gain valuable insights into potential trajectories for ecosystems amongst
prevailing environmental changes. Increasing temperature and aridity are
anticipated to affect the distribution and growth of many species, leading to
potential changes in the forest structure and composition in this transitional
zone’”. Notably, temperature is identified as a key factor driving trends in
fire weather within ecosystems surrounding the prairie-forest ecotone, with
changes in relative humidity, wind speed, or precipitation playing relatively
minor roles”. Comparing historical data, the highest rate of temperature
change observed in the paleoclimate context was +0.11°C per century
around 7500 years before present. However, current projections suggest a
much higher expected rate of change, ranging from +0.31 to +0.47 °C per
decade from 1976-2005 to 2051-2080"". In response to climate change, there
is an expectation that the prairie-forest ecotone may shift northeastward,
accompanied by an increase in disturbances such as wildfires, potentially
leading to a reduction in the extent of the boreal forest™"™*. Our results
provide compelling evidence of such a warming driven shift in vegetation
approximately 7000 years before present, characterized by a conversion
from a boreal to an oak-pine barrens ecosystem. This unique ecosystem is
characterized by its dependence on fire and comprises a savanna commu-
nity dominated by oak and pine trees, with a canopy cover ranging from a
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Fig. 4 | Holocene climatic changes and human occupation. (a-c) Reconstructed
mean regional annual (purple), winter (blue) and summer (dark red) temperatures
and precipitation rates during the past 12,000 years. Anomalies are shown relative to
the mean of 3000-5000 cal. yrs. BP. Shaded area represents 90% confidence interval
for the distribution of individual grid cells (# = 12). Annual mean temperature (a)
was derived from ensemble climate model assimilation of oceanic and terrestrial data
from the Temperature 12k proxy database'"’. Seasonal temperature (b) and pre-
cipitation rate (c) changes were obtained from outputs of TraCE-21ka-1I'"". (d)
Summed probability distribution for relative human population size inferred from
archeological data. For this study, we obtained archeological radiocarbon dates for
the domain 100W-90W and 45N-55N from CARD 2.0'"* (database downloaded in
July 2022), and P3K14C'"* (downloaded in June 2022). Our analysis is truncated
during the European Period due to challenges in estimating post-European popu-
lation trends using this method.

sparse, scattered canopy (5 to 30% cover) to a more closed one (30 to 80%)"".
The ground layer, predominantly composed of graminoid vegetation,
harbors plant species associated with both prairie and forest environments.
In contemporary times, this distinctive ecosystem is predominantly located
about 300 km south of the study area (identified by the ecoregion labeled as
Cin Fig. 1). This ecosystem transition persisted for about 2000 years before
reverting to a boreal-type ecosystem. The presence of the oak-pine barrens
ecosystem coincides with a significant increase of biomass burning (RegBB)
and shorter fire return intervals (RegFRI), indicating a clear interplay among
ecosystem types and wildfire dynamics in this region'**.
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Fig. 5 | Relationships among fire, climate, vegetation, and human population
levels. (a) Pairwise correlation heatmap for the relationships among regional human
population size, temperature (AnnTemp), relative pollen abundances, and biomass
burning, fire return intervals and fire size. Significant correlation coefficients are
identified by their rho values. (b) Entity relationship diagram representing sig-
nificant pairwise correlations (p < 0.05) among time series variables. For simplicity,

the diagram was limited to Larix, Picea, Pinus, Poaceae, and Quercus genera. Rec-
tangular boxes depict variables, and lines connect them based on the correlation
coefficients. Solid lines indicate positive correlations, while dashed lines indicate
negative correlations. Line thickness reflects the magnitude of correlation coeffi-
cients. The period of analysis was set to 10,000 cal. yrs. BP to present.
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Fig. 6 | Regional biomass burning amidst of Picea and Poaceae. Regional means of
biomass burning (RegBB) and relative pollen abundances (%) for Poaceae and
Picea taxon.

The wildfire trajectories observed in our study region exhibit distinct
patterns when compared with surrounding regions. In the context of the
broader geographical area, our findings highlight significant variations in
fire dynamics over time. During the early-Holocene, the study area exhib-
ited twice as much burning, shifting from a mean fire return interval of
approximately 400 years at 11,000 cal. yrs. BP to less than 200 years by
7000 cal. yrs. BP. Progressing to the mid-Holocene fire return intervals were
consistently below 180 years. This transition coincides with simulated
maximum annual temperatures, although model simulations suggest
summers had been warmer for at least 3000 years before this transition. The
interpretation of a dry mid-Holocene interpreted from the eastward
movement of the prairie-forest border is quite robust™. In the late-
Holocene, the study area witnessed a decline in recorded fire frequency,
along with cooling, leading to fire return intervals of around 250 years. This
transition stands in contrast to earlier periods and mirrors a fire activity shift
akin to the one reconstructed for northeastern boreal coniferous forests’">.
This shift from the Holocene climatic optimum to the Neoglacial period was
driven by changing orbital forcing and incoming seasonal solar radiation™,
with no apparent alterations observed in vegetation composition*’. How-
ever, the mid- to late-Holocene fire trajectory distinctly diverges when
compared to eastern boreal mixed forests. In these forests, fire return
intervals generally remained relatively stable over the past 8,000 years™*.
The Neoglacial period led to a densification of fire-prone coniferous species
therein (at the expense of hardwood cover), contributing to increased fuel
availability and offsetting the reduction in fire-conducive weather™**>”".
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Because coniferous stands are characterized by lower leaf moisture and
higher flammability and rate of fire ignition than hardwood stands, their
densification may have contributed to an increase of the intensity (i.e.,
energy output) and rate of spread of fires through the late-Holocene. In the
Lake of the Woods Ecoregion, alterations in vegetation observed at the
ecotone likely have not played a key role in fluctuations of fire return
intervals. However, they may have facilitated larger and more severe fires
over the past 3000 years by alleviating the constraints related to fuel scarcity,
which would have characterized the Holocene climatic optimum period in
this region.

Beside the long-term trajectories, our investigation has unveiled a
notable and recurrent pattern of regional biomass burning, distinguished by
episodes of persistent elevated activity across a substantial portion of the
studied timeframe. These episodes mirror the fluctuations in relative pollen
abundance of Picea (decreasing with RegBB) and Poaceae (increasing with
RegBB) (Fig. 6)*". This pattern could indicate either a fire regime limited by
fuel availability’**’, where increases and decreases in biomass burning would
parallel the fluctuations in fuels, or an oscillatory behavior in synoptic-scale
fire-conducive climate conditions. As many of these episodes were asyn-
chronous among sites (Supplementary Fig. 3), the climate hypothesis is less
likely as such would imply simultaneous burning across multiple water-
sheds. Still, the interaction between biomass burning and pollen abun-
dances, particularly during warmer periods with shorter fire return intervals,
suggests a nuanced interplay. In the context of climate change during the
Holocene sub-epochs, the highs and lows in biomass burning, coupled with
taxon-specific pollen abundances, hint at the potential influence of fuel
limitation on overall fire severity. This implies that, alongside climatic
conditions, fuel availability will play a crucial role in shaping the fire regime
dynamics within the study area.

Human population dynamics and landscape interactions

While our results indicate no regional-scale association between human
population size and vegetation, population generally increased when
regional biomass burning decreased and human population size decreased
with increases in Quercus pollen. One possible explanation for the corre-
lation between higher population and reduced fire activity is that the low-
level burning utilized by the Indigenous peoples in this region for a variety of
land management purposes mitigated the risks of larger fires”**. Some
authors have suggested that these low-intensity surface fires may not be
documented in lake sediments™. This recognized limitation® could
potentially account for the observed absence of significant differences in
RegFRI during the transitions from boreal to oak-pine barrens ecosystems
during the mid-Holocene. Nevertheless, it is essential to acknowledge
another potential limitation related to our understanding of historical fire
regimes. The overall sample size of archeological radiocarbon dates was low,
although adhering to the sufficiency criteria outlined by Williams*, and
therefore caution is warranted in any interpretation, particularly in the
early- and mid-Holocene periods. Records dating between 12,000 and
4000 cal. yrs. BP, constituting two-thirds of the record, are limited to only
112 data points. To gain broader insights, our findings can be juxtaposed
with regional analyses both to the north and south of our study area®". In
the southern Midwest, the population remained relatively stable until
approximately 4000 years ago, initiating a prolonged increase afterward,
with acceleration around 2000 cal. yrs. BP synchronous with decreasing
RegFF and RegBB*'. The adoption of maize agriculture may have con-
tributed to the population increase in the Midwest in the past 1000 years,
although the increase in population predates the evidence of maize use in the
northern Great Plains. The major area of maize cultivation is to the south of
the present-day US-Canadian border®, but there is evidence of its use, along
with that of wild rice into the boreal forest during the past millennium and
perhaps earlier”. Although there is evidence of cultivation of maize and
other crops in Manitoba in the last millennium™”, any horticulture was
local only and much of the maize may have been obtained by trade’. In this
region, therefore, there is little evidence to suggest an association between
population size and fire regime.

Interestingly, even the slight decrease in the prairie-forest ecotone
population size observed between 2600- and 2200-cal. yrs. BP aligns with
trends in the southern region”'. Turning northwards, the Southwest Sub-
arctic region encompasses the boreal forest spanning Ontario to Alberta,
making direct comparisons challenging. However, an analogous increase in
occupation around 2000 cal. yrs. BP is evident”. This population dynamic is
intriguingly characterized by a final decrease predating European arrival,
echoing trends observed in other regions during the transition from the
Medieval Warm Period to the Little Ice Age’'. However, pinpointing the
exact commencement of this decline is difficult due to the smoothing factor
and radiocarbon anomalies around that era. Our analysis is truncated
during the European Period due to challenges in estimating post-European
population trends using this method. Radiocarbon dating is less frequently
employed during this period, particularly for deposits left by Indigenous
peoples immediately underlying European layers, where historical objects
and relative dating methods are more common.

Paleoenvironmental data provide valuable insights for comprehending
historical wildfire regimes, including the frequency and severity of past
wildfires, and concurrent vegetation and human population dynamics.
These reconstructions play a pivotal role in elucidating factors that control
vegetation types, range shifts, biogeochemical cycling, and measuring and
quantifying ecological resilience under rapid climate change”. Moreover,
integrating these findings into adaptation and mitigation strategies to the
impacts of climate changes holds significance in ensuring sustainable well-
being, and more crucially, adaptation*”. Paleoenvironmental data also
contribute insights into risks, taking for example, the knowledge gained
from paleo-hydrological reconstructions informing flood vulnerability
assessments”® or from paleoseismology for the recurrence intervals of
earthquakes”. The fire community and society could derive valuable
insights from paleoenvironmental sources, aiding in the development of
informed decisions regarding fire management, ecological conservation,
and community resilience in the face of changing climate or environmental
conditions””®. Our findings indicate that open-landscape mosaics, char-
acterized by short-interval fire regimes, represent the natural state for the
Lake of the Woods Ecoregion in a warmer climate context than present.
Episodes of biomass burning during the mid-Holocene sub-epoch, syn-
chronous with fire-prone boreal coniferous pollen fluctuations, suggest an
intensification of fire activity during warm climate settings, particularly
when coupled with a substantial biomass and fuel presence. This assumes
even greater importance given the area’s current low wildfire activity
resulting primarily from cooling during the mid- to late-Holocene, allowing
for the development of dense forests™”". In the long-term, increasing aridity
and a rise in wildfire disturbances anticipated with climate change will
reduce the southern extent of the boreal forest”®”, similar to changes
experienced approximately 7000 years before present. At that time, the
climate was warmer than present and open grasslands expanded within the
hemi-boreal zone. This environmental shift posed substantial challenges for
the Indigenous societies inhabiting the prairie-forest ecotone®. Conse-
quently, the implementation of preventive measures is imperative to miti-
gate adverse outcomes. Such measures may encompass regulating human
activities like logging and land-use modifications. Concurrently, the
development of more efficient firefighting strategies, including controlled
burns and fuel reduction practices, remains indispensable in anticipation of
the impacts of climate changes in this region®*”.

Methods

Study area

The Lake of the Woods Ecoregion occupies the southernmost portion of the
central Boreal Shield Ecozone® (Fig. 1). During the last glaciation, the
entirety of the ecoregion was extensively covered by glaciers until around
12,000 years ago***. The area was subsequently submerged under proglacial
Lake Agassiz, which drained approximately 8200 cal. yrs. BP (uncertainties
persist regarding the chronology of drainage and the specific locations of
outlets)***. The geology of the ecoregion is primarily composed of massive
crystalline Archean rocks and limestone®**"”. The bedrock is covered by
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thick to thin glacial till, fluvioglacial, and glacial Lake Agassiz deposits***"".
The topography is characterized by undulating terrain that alternates
between upland bedrock outcrops and lowlands around 300 to 400 m.a.s.l.
(above sea level)®'.

The climate of the Lake of the Woods Ecoregion is characterized by
cold, long winters and short, warm summers***"". The highest mean July
temperature for Indian Bay (Manitoba: 49.63° N, 95.12° W) and Kenora
(Ontario: 49.78° N, 94.45° W) ranged from 19.1 °C to 19.7 °C, respectively,
and the lowest mean January temperature ranged from -17 °C to -16 °C
between 1981 to 2010%. For the same period, mean total annual pre-
cipitation was recorded to be between 630 millimeters (mm) at Indian Bay
and 715 mm at Kenora, of which around 536 mm falls as rain®.

The dominant tree species in the Lake of the Woods Ecoregion include
black spruce (Picea mariana (Mill.) BSP), jack pine (Pinus banksiana
Lamb.), white spruce (Picea glauca (Moench) Voss), northern white-cedar
(Thuja occidentalis L.), balsam fir (Abies balsamea (L.) Mill), trembling
aspen (Populus tremuloides Michx.), paper birch (Betula papyrifera March),
and other hardwoods®*"**"”. This area also marks the northwestern boundary
of the continuous distribution of red pine (Pinus resinosa Ait.) and eastern
white pine (Pinus strobus L.)*.

Lake selection and sampling

Selection of lakes followed a previous study in which the fire history of the
past two millennia was reconstructed for eight watersheds of the Lake of the
Woods Ecoregion using a multi-proxy approach combining modern fire
statistics, stand initiation maps, tree fire scars, and lake-sedimentary char-
coal records’. Of these eight lakes, five were selected for further sampling
and to reconstruct Holocene fire and vegetation histories: M14, M15, O4,
014, and O15; a sixth lake, O16, was also added (Fig. 1 and Table 1).
Sampled lakes had no inflowing streams, a minimum water depth of 1.2 m,
no evidence of aquatic plant growth at the center, and minimal evidence of
beaver activity. Sediment cores were extracted from the deepest point in
each lake from the frozen lake surface in winter 2012. Overlapping 1-m
sediment cores were collected using a Livingston-type piston corer”. The
sediment was wrapped in polyurethane and aluminum foil and transported
to the laboratory, where it was stored at 4 °C for conservation. The sediment
cores were then sliced into disks at contiguous 1-cm intervals. A Kajak-
Brinkhurst (KB) gravity sediment corer’’ was used to collect the most
recently deposited material at the water-sediment interface, and it was
extruded on site in 1.0-cm segments.

Age-depth models
To establish an age-depth model for surface sediments, the uppermost 1-
20 cm of the sediment cores underwent *°Pb measurements. The *'’Pb
values (listed in Supplementary Table S1) were estimated by measuring the
activity of the daughter product, *'°Pb, through alpha spectrometry,
assuming an equivalent concentration between the two isotopes. The *'’Pb
concentrations were evaluated using the constant rate of supply (CRS)
model of *'°Pb accumulation™. As the difference between the concentration
of unsupported *'°Pb and the background (supported *°Pb) concentration
decreases with sample depth, the uncertainty of age estimation increases.
For deeper sediments, we built age-depth models based on radiocarbon
dating (Table S1) of terrestrial plant macro-remains (needles, leaves, roots,
seeds, wood, and bark) and/or bulk gyttja samples by "“C accelerator mass
spectrometry (AMS) and using Bayesian age-modeling with the rbacon’
v.3.1.1. R package” with the *"’Pb and "C dates. We used the IntCal20
calibration curve for terrestrial northern hemisphere material”* and gener-
ated confidence intervals (CI) around the fit based on the probability dis-
tribution of each date. We interpolated ages at contiguous 1-cm depth
intervals and all dates were expressed in calibrated years before present
where, by convention, the base is CE1950 (cal. yrs. BP)”>*.

Wildfire history
To conduct charcoal analysis, a 1-cm® sub-sample was extracted from each
1-cm sediment slice and soaked in a 3% (NaPO3) solution, then wet-sieved

through a 160 um mesh. Charcoal fragments larger than 160 um typically
result from fire events within 1-30 km of the sampled lake shore, which
allows for fire events to be reconstructed at the local scale”””. Images of
every charcoal particle on the sieve for each 1-cm’ of sediment processed
were taken at 20X magnification using a Moticam 1080 microscope camera
linked to a dissecting microscope connected to a computer equipped with
the imaging software Moticam Image Plus 3.0'”. Charcoal measurements
were taken, including count and area, and then combined to obtain the
charcoal record per centimeter for each lake. An exploratory analysis of the
charcoal data was performed using both charcoal count and area'”. Since
both parameters were highly correlated™'”, only charcoal area is presented
and analyzed.

The charcoal series retrieved from the KB and Livingstone-type sedi-
ment cores were integrated into one uninterrupted record for each lake. To
achieve this, the pattern of charcoal area and number in the KB and
Livingstone-type sediment cores were assessed, and the optimal overlapping
position was determined'”. After determining the necessary shift in the
data, the entire length of the KB record was retained since it had more
accurate dating through *°Pb measurements, and the Livingstone-type
sediment core was adjusted accordingly, with overlapping Livingstone-type
data removed, resulting in a merged dataset”.

To obtain a record of past biomass burning at each study site, raw
charcoal data (mm” cm™) were converted to charcoal accumulation rate
(CHAR; mm’ cm™ year") and then interpolated (Cisterpolated) Using the
median sample resolution obtained from sediment chronologies. Using the
CHAR series, past biomass burning (BB) was inferred, and fire event dates
(peaks) were extracted using established methodology**'”. These proce-
dures were conducted using CharAnalysis v.1.1 software'”* (available at
https://github.com/phiguera/CharAnalysis). A median age derived from the
most recent period generally optimizes the detection of recent fire events.
The frequency of fire events (FF; fire.year') was compiled at each site using a
kernel density estimation procedure based on a 500-year smoothing
bandwidth®".

The six individual BB series were pooled into a regional biomass
burning history spanning 12,000 cal. yrs. BP to present’ (hereafter RegBB;
unitless). Similarly, the frequencies of fire events at each site were averaged
into a regional fire frequency record (RegFF). We used the ratio between BB
and FF to assess fluctuations in fire size and severity through time for
individual and regional records (hereafter RegFS index)*. Significance of
changes in RegFF, RegBB, and RegFS was evaluated using a bootstrap
procedure applied to sites with 999 iterations (BCI; 90%). Changes in these
fire metrics are considered significant if the 90% BCI do not overlap between
two periods. While RegBB values are correlated with long-term changes in
area burned, fire size and severity index are related to the temporal trajectory
of mean biomass burned per fire, reflecting part of the loss of organic matter
modulated by the number of fires through time. High values of RegFS are
indicative of a high mean area burned or severity per fire, whereas low RegFS
values may indicate a low mean area burned or severity per fire’". Finally,
RegFF were converted into mean regional fire return intervals (RegFRI)
using the inverse transformation (1/RegFF).

Vegetation history
Using palynological analysis of subsamples of sediment (1 cm’) taken at
10 cm intervals along the core of lakes M15 (hemiboreal) and O15 (boreal),
we reconstructed the Holocene vegetation dynamics. Standard techniques
were employed to process, count and identify pollen and spores in sediment
subsamples'”. In each subsample, we counted a minimum of 300 pollen
grains of terrestrial taxa using a microscope with a magnification factor of
either 200 or 400. Pollen grains were identified based on pollen keys'*'”,
with tree pollen identified to the genus level. Pollen and spores of aquatic
plants were also identified. To estimate pollen concentration (grains cm ™)
and accumulation rate (grains cm™ yr '), we added exotic marker pollen
(Eucalyptus) to each subsample.

A previously published vegetation history from Meekin Lake'™ was
also used in our analyses; Meekin Lake (hemiboreal) is located 250 meters
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west of our sampled lake O6 (Fig. 1). Coring of Meekin Lake, which had a
15m water column, was made using a Livingston-type sediment corer
during summer 2011, for a cumulative core length of ~9m'®. For pollen
analysis, the 1 cm® subsamples were taken at regularly intervals of 16 cm'”.

The relative pollen abundance percentages of the dominant trees,
shrubs and herbs taxa (> 1.0% for M15 and O15, and > 5.0% for Meekin'*®
were computed for each sample for each lake. Relative pollen abundances of
aquatic taxa were summed into a single entry. These values were then
averaged to create an index of regional vegetation dynamics. In cases where a
taxon was absent from a specific sample, it was assigned a value of 0% in the
regional computation. The resulting data were plotted using the ‘rioja’
package in R'””.

Climate dynamics

We used spatially complete outputs of annual mean temperatures covering
the past 12,000 years derived from assimilation of oceanic and terrestrial
data from the Temperature 12k data with information from transient cli-
mate models PMIP4 HadCM3 and TraCE-21ka'" (https://zenodo.org/
record/6426332). We extracted the complete outputs (the average of all
simulations) of annual mean temperature, at 10-year time resolution, for the
domain of 100°W-90°W and 45°N-55°N, and time span of 12,000 to 0 cal.
yrs. BP. We took note of the highest rates of change (°C per century) in this
paleoclimate reconstruction. We also analyzed the seasonality of tempera-
ture and precipitation rate changes in the study region during the period
from 11,700 to 5000 cal. yrs. BP by utilizing the results obtained from the
updated version of TraCE-21ka (-II). These simulations include climatic
forcing from Earth’s orbital variations and greenhouse gases, as well as
improvements in the modeling of Atlantic Ocean circulation and its rela-
tionship to freshwater from melting polar ice'" (https:/trace-21k.nelson.
wisc.edu/Data.html). A 100-year running-average was applied to TraCE-
21ka-II reconstructions. All data were expressed as anomalies relative to
5000—3000 cal. yrs. BP (as per Erb et al."'”).

Human demographic history

Databases of archeological radiocarbon dates have proven to be a valuable
tool for estimating past human population sizes®*'"”. This approach uses
radiocarbon dates from archeological sites as a proxy for population
density’". For this study, we obtained archeological radiocarbon dates for the
domain 100W-90W and 45N-55N from CARD 2.0'° (database down-
loaded in July 2022), and P3K14C"* (downloaded in June 2022). Where
dates were overlapping among databases, the CARD record was retained as
it contains more detailed information per record. To ensure data quality,
records associated with human activity and dated to less than 50 ka
(50,000 cal. yrs. BP) and more than zero were retained, while duplicates,
records flagged as anomalous, not associated with an archeological site/
human activity (e.g., geochronology and paleobiology dates), containing an
error larger than age, from the historic European/post-colonial period, and
from human remains were excluded. The final dataset consisted of 762 dates
(CARD: 588 and P3K14C: 174). Data were processed as described by the
original work?. Once radiocarbon dates were calibrated, the summed
probability distribution (SPD) curve was generated. Sampling bias was
accounted for by binning dates from the same site in 200-year bins; all dates
within a bin were combined and treated as a single date in the SPD. Noise
induced by the calibration process was remediated by smoothing the SPD
using a local regression equivalent to a 500-year running mean®. The SPD

was then adjusted for loss through time due to taphonomic factors'".

Numerical analyses

Relationships among mean regional fire metrics (RegBB, RegFRI, RegFS),
mean annual temperatures'’, relative pollen abundances, and relative
human population size’" were examined using binned correlation''. The
approach enables correlation assessments among time-series datasets with
dissimilar temporal characteristics, making it particularly useful for ana-
lyzing paleoenvironmental data with varying sampling frequencies and
temporal resolutions' "', We employed the Spearman rho coefficient, with

95% confidence interval, for quantification of the magnitude of relation-
ships; the bin-widths were estimated for each pairwise comparison con-
sidering the persistence (memory) estimated for each unevenly spaced time
series. Results were visually depicted using an entity relationship diagram,
which is a structural plot containing symbols and connectors that visualize
the major entities within ecosystem dynamics, and the inter-relationships
among these entities. The investigation period ranged from 10,000 to 0 cal.
yrs. BP, with limitations imposed by pollen data extending towards the past
and population size data towards the present. Of note is that some corre-
lations may appear counterintuitive, potentially stemming from the use of
relative metrics, such as pollen percentages, or arising as a product of two
metrics (as is the case with RegFRI). The reader is encouraged to consider
the potential influence of such methodological artifacts on the observed
associations. Analysis was conducted using the R package BINCOR'"’; the
entity relationship diagram was generated using the igraph and ggplot2
packages'*"*’.

Data availability

The climate data used to support the findings of this study were obtained
from https://zenodo.org/records/6426332 and https://trace—21k.nelson.
wisc.edu/Data.html. Charcoal, pollen, and human demographic history
data are available on figshare (https://doi.org/10.6084/m9.figshare.
25155593.v1).

Code availability
All relevant software and R-functions that support the methods of this study
are referred to in the “Methods” section (see package vignettes for details).
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