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ABSTRACT

The eastern, maritime portion of the black spruce — moss bioclimatic domain in Québec (Canada) is
characterized by large wildfires with low occurrence. However, it is still poorly understood how
climate-fire interactions influenced long-term vegetation dynamics in the boreal forest of eastern
Québec. The long-term historical climate-fire—vegetation interactions in this region were investi-
gated using a multiproxy (chironomids, charcoal, and pollen) paleoecological analysis of an 8500-year
sediment core. Chironomid-inferred August air temperatures suggest that the warm Holocene
Thermal Maximum (HTM; between ca. 7000-4000 cal yr BP) shifted to the cooler Neoglacial period
(4000 cal yr BP to present), consistent with other temperature reconstructions across Québec. The
shift to spruce-moss forest dominance around 4800 cal yr BP occurred nearly a thousand years before
the climatic shift to the Neoglacial period and rather coincided with a shift from frequent low-severity
small fires to infrequent but large and severe fire events. Our results suggest that long-term changes
in the summer temperature are probably not the main factor controlling fire and vegetation
dynamics in eastern Québec. It seems that, throughout the postglacial period, summer temperatures
never fell below a threshold that could have induced a significant vegetation response.
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RESUME

La partie orientale et maritime du domaine bioclimatique de la pessiere a mousse au Québec
(Canada), est caractérisée par des grands incendies a trés faible occurrence. Cependant, I'effet des
interactions climat-feu sur la dynamique a long terme de la végétation dans la forét boréale de I'est
du Québec est peu connu. A l'aide d'une analyse paléoécologique multiproxies (chironomes,
charbon de bois, pollen) d’'une carotte sédimentaire de 8500 ans, nous avons documenté les
interactions a long terme entre le climat, le feu et la végétation a I'est du Québec. Les températures
de l'air du mois d'aolt reconstituées par les chironomes suggérent que la période chaude de
I'Optimum climatique Holocéne (7000-4000 ans avant aujourd’hui (AA)) a cédé place a la période
froide du Néoglaciaire (4000 ans AA a l'actuel) en cohérence avec les reconstitutions climatiques
réalisées ailleurs au Québec. L'établissement de la pessiére a mousses il y a environ 4800 ans s'est
produit pres d'un millier d'années avant la transition vers le Néoglaciaire et a plut6t coincidé avec
le changement de petits incendies peu sévéres fréquents, a de grands incendies séveres peu
fréquents. D'apres nos résultats, les changements de températures estivales ne semblent pas jouer
un role prépondérant dans la dynamique de la végétation et des feux dans I'est du Québec. Il
semble que, tout au long de la période postglaciaire, les températures estivales n’aient jamais
diminué sous un seuil qui aurait induit une réponse significative de la végétation.

Introduction

bioclimatic domain (Saucier et al. 2009) is a unique ecosys-
tem at the circumboreal scale (Saucier et al. 2015). This
ecosystem is characterized by low fire occurrence and

In eastern Canada, modern boreal vegetation composition
is driven mostly by climatic conditions (Saucier et al. 2009;
D’'Orangeville et al. 2018; Couillard et al. 2019a) and fire
regimes (Gauthier et al. 2001; Baltzer et al. 2021; Couillard
et al. 2022). The eastern portion of the black spruce — moss

a fire cycle of more than 300 years (Bouchard et al. 2008;
Portier et al. 2016; Couillard et al. 2022). As a result, the
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region’s forests consist mainly of old-growth stands (De
Grandpré et al. 2009).

A recent synthesis of the postglacial vegetation and
climate history of eastern Québec and Labrador
(Fréchette et al. 2021) suggests that the initial forests
were slow to close due to the persistence of a cold climate
until ca. 7500 cal yr BP (calibrated years before present).
The current regional vegetation was established about
4000 years ago (Fréchette et al. 2021). However, little is
known about the postglacial vegetation history of some
parts of eastern Quebec as data are missing across the
territory. For example, it is still unclear whether the vege-
tation composition remained unchanged throughout the
postglacial period and across the territory.

Long-term paleoecological and paleoclimate records are
important for investigating long-term fire-vegetation inter-
actions since direct measurements of climate and environ-
mental changes are missing for the pre-instrumental
period. However, previous studies (Bouchard et al. 2008;
Gauthier et al. 2010; Cyr et al. 2012; Portier et al. 2018)
looking at the structural and compositional characteristics
of old-growth forests over time covered only the last three
centuries. In addition, Couillard et al. (2021) used mineral
soil charcoal to study past vegetation and fire dynamics, but
no link was made to Holocene climate change. Much
remains to be learned regarding the drivers of vegetation
dynamics during the preindustrial period in the eastern
portion of the black spruce — moss bioclimatic domain.

Available paleoecological studies in the eastern por-
tion of the black spruce - moss bioclimatic domain, pro-
vide fragmentary knowledge of vegetation, climate, and
fire in the Baie-Comeau region (Magnan and Garneau
2014; Remy et al. 2017), Sept-iles region (Mott 1976;
King 1986), Havre-Saint-Pierre region (Payette et al. 2013;
Magnan and Garneau 2014; Sauvé 2016), and Blanc-
Sablon region (Lamb 1980; Engstrom and Hansen 1985).
Portier et al (2016, 2018) and Couillard et al. (2022) docu-
mented regional fire regimes, while Fréchette et al. (2021)
presented the postglacial vegetation and climate history
in eastern Québec and southern Labrador. However, to
date, no paleoecological study, using a multiproxy
approach, has been done to understand the postglacial
history of climate, fire, and vegetation in the eastern
portion of the black spruce — moss bioclimatic domain.

The aim of this study was to examine the relationship
between vegetation dynamics and temporal changes in
climate and fire activity in eastern Québec, where the
current fire regime is currently characterized by a low
occurrence of large severe fires (Portier et al. 2018). The
climate-fire-vegetation interactions were investigated
using a multiproxy (chironomids, charcoal, pollen) paleoe-
cological analysis of an 8500 years core.

Material and methods
Study site

Lake Mista (51.10279 N —-63.44291 W, ~500 m.a.s.l;
Figure 1) is a small (ca. 0.27 ha surface area) and shallow
lake (5 m maximum depth) with no major inlet. Most of
the water drains to the lake from a small forested
watershed (ca. 8ha). It is located in the eastern
Canadian boreal forest, within the eastern portion of
the black spruce — moss bioclimatic domain (Saucier
et al. 2009). According to Dalton et al. (2020), the degla-
ciation of the study area occurred at approximately
10,300 cal yr BP. The landscape is hilly, dominated by
undifferentiated till between numerous rock outcrops.
The climate is relatively cold and rainy, with a mean
annual temperature of —1°C, a mean August tempera-
ture of 13.5°C and mean total annual precipitation of
976 mm (reference period: 1981-2010; Régniére et al.
2017). The current vegetation surrounding lake Mista is
dominated by black spruce (Picea mariana (Mill.) B.S.P.)
with balsam fir (Abies balsamea (L.) Mill.), white spruce
(Picea glauca (Moench) Voss), tamarack (Larix laricina (Du
Roi) K. Koch) and white birch (Betula papyrifera Marsh.) as
companion tree species. Groundcover vegetation is
mostly composed of feather mosses (Pleurozium schre-
beri) with occasional patches of Sphagnum spp. Fire is
a major natural disturbance (Gauthier et al. 2001), but
windthrow (Pham et al. 2004), spruce budworm
(Choristoneura fumiferana Clemens) and hemlock looper
(Lambdina fiscellaria Guenée) outbreaks (De Grandpré
et al. 2009; Morin et al. 2009) are also important
disturbances.

Coring and chronology

In May 2017, a sediment core (373 cm total length) was
retrieved from the deepest part of lake Mista using
a Kajak-Brinkhurst gravity corer for the top 20 cm, and
a 5cm diameter modified Livingstone-type square-rod
corer for the subsequent 353 cm. Sampling of the top 20
c¢m at 0.5 cm resolution was performed in the field using
an extruder device. The 353 cm long core was retrieved
in 4 successive and partly overlapping sections of 1
meter each.

The chronology of Lake Mista is based on accelerated
mass spectrometry (AMS) radiocarbon ('*C) dating of
five samples (Table 1). The five radiocarbon dates were
calibrated to calendar ages (cal yr BP) using the IntCal20
software (Reimer et al. 2020). In addition, to obtain an
age-depth model for the top sediment core, short-lived
radionuclides (*'°Pb, 22°Ra, '*’Cs, and **' Am) were mea-
sured in the top 20 cm surface sediment using a gamma
spectrometer. Measurements were made in a very low
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Figure 1. (a) location of the study area (grey square) in Québec-Labrador; (b) location of the study site (lake Mista) and deglaciation
isochrones of the Laurentide ice sheet with ages in ka BP according to Dalton et al. (2020); and (c) location of the study site showing
topography (https://vgo.portailcartographique.gouv.qc.ca/).

Table 1. 2'°Pb and '"C ages used for age-depth model of lake Mista sediment stratigraphy.

Radiocarbon age

Laboratory code Dated material Depth (cm) ("¢ years BP, 10 error) Age cal BP (20 error)
Pb-01 Sediment 0-1.5 —67

Pb-02 Sediment 1.5-2.5 —54+1
Pb-03 Sediment 2.5-3.5 —-48+1
Pb-04 Sediment 3.5-4.5 -27+4
Pb-05 Sediment 4.5-5.5 -12+7
Pb-06 Sediment 5.5-6.5 811
Pb-07 Sediment 6.5-7.5 11+9
Pb-08 Sediment 7.5-8.5 168
Pb-09 Sediment 8.5-9.5 33+11
Pb-010 Sediment 9.5-10.5 71+£18
D-AMS 025608 Herbaceous stems 69-74 2103 £ 21 2064 (1997-2123)
D-AMS 025609 Herbaceous stems 151-156 3694 + 27 4036 (3928-4145)
D-AMS 025610 Herbaceous stems 229-234 5109 + 27 5812 (5751-5923)
D-AMS 025611 Picea glauca cone 342-343 7472 +33 8283 (8193-8367)
D-AMS 025612 Picea glauca cone 359-360 7741 £ 32 8511 (8430-8590)
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background environment in the underground labora-
tory of Modane (LSM/Chrono-Environment
Radionuclide Unit). Supported 2'°Pb was determined
from raw ?*°Ra. The activity of excess 2'°Pb in each
sediment layer was determined from subtraction of
total ?'"°Pb and supported 2'°Pb (Supplemental
Material SO). The equilibrium depth was reached at 10
cm based on the Constant Rate Supply (CRS; Appleby
and Oldfield 1978) model. A composite age-depth
model was built from the combination of 2'°Pb and
'C dates using the clam 2.2 (Blaauw 2010) and R 3.3.2
(R Core Team 2016) softwares.

Pollen analysis

Seventy-nine subsamples of 1 cm® each were taken at 4—
5cm intervals (i.e.100-120 years temporal resolution
depending on sedimentation rate). Before extraction,
a Lycopodium tablet was added to each subsample in
order to calculate pollen concentration (grains cm™)
and pollen accumulation rate (PAR; grains cm™ year™").
Pollen extraction followed standard methods described
in Faegri and Iversen (1989).

Three hundred pollen grains were counted in each of
the 79 subsamples. Counting was performed under
a light microscope at 400x magnification. Pollen grains
were identified for family, genus, and species levels
following Richard (1970), McAndrews et al. (1973) and
the reference collection of the University of Montréal
paleoecology lab. Differentiation of Picea mariana and
Picea glauca pollen grains was based on their morpho-
logical characteristics (i.e., saccus shape, position of
attachment of saccus to corpus, density and arrange-
ment of internal reticulate structure of saccus, corpus
area differences; Richard 1970; Hansen and Engstrom
1985). The Betula pollen grains were identified at genus
level as we did not differentiate birch tree species (e.g.,
Betula alleghaniensis Britton, Betula papyrifera Marshall)
and shrubby birch species (e.g., Betula glandulosa
Michaux) by measuring their pollen diameter size
(Richard 1970).

Charcoal analysis and fire regime reconstruction

Macroscopic charcoal extraction and counting

Contiguous subsamples of 1cm? taken at 1 cm intervals
were soaked in aqueous 8% sodium hypochlorite
(NaClO) during 24 h in order to bleach non-charcoal
organic matter. The subsamples were wet, sieved
through a 150 um mesh, then transferred to a Petri
dish for counting (charcoal abundance) and measuring
(charcoal area) macroscopic charcoal particles under
a stereomicroscope coupled with the WINSEEDLE 2016

software (Regent Instruments Canada Inc.). The macro-
scopic charcoal particles (=150 um) were expected to
come from a mix of local and regional fire events having
occurred less than 10 km from the lakeshore (Oris et al.
2014; Hennebelle et al. 2020).

Reconstruction of paleofire history

Statistical analyses of charcoal data were performed
using the CharAnalysis 1.1 program (Higuera et al.
2009). The sedimentation rate (cmz.year_1) obtained
from the age-depth model, was used to calculate
charcoal accumulation rates (CHAR; mm? cm™2
year‘1), from the measured area (mm?) of charcoal
pieces (Whitlock and Anderson 2003). The CHAR series
were interpolated to a median sample resolution of 23
years in order to remove bias induced by variable
sedimentation rates (Higuera et al. 2010), then sepa-
rated into local fires (CHAR peak) and nonlocal or
redeposited charcoal (CHAR background). CHAR back-
ground was estimated using a 500-year moving win-
dow with LOWESS smoother robust to outliers
(Higuera et al. 2008). This window width captured
centennial-scale variation in CHAR series. It was least
affected by the high-frequency CHAR peaks (Gavin
et al. 2006) and provided the best signal-to-noise
index (SNI >3; Kelly et al. 2011; Brossier et al. 2014).
The locally defined CHAR peak was calculated by sub-
tracting the CHAR background from the interpolated
CHAR series. The CHAR peak component was split into
two subcomponents (CHAR peak noise (non-fire event)
and CHAR peak signal (fire event) using a Gaussian
mixture model (Higuera et al. 2007). A ggth percentile
cutoff of the noise distribution was considered as the
threshold value for fire event identification. Fire occur-
rence (number of fire events per 1000 years) was
estimated by smoothing the CHAR peak signal, with
a 1000-yr moving window. The cutoff probability for
the minimum count analysis value was set to 1. The
fire return intervals (FRIs) were calculated from the
CHAR series. CHAR peak magnitude was used as an
indicator of fire size and/or severity (Higuera et al.
2005; Ali et al. 2012).

Chironomid analysis and temperature
reconstruction

Paleotemperatures were reconstructed from chirono-
mids, a climate proxy independent of pollen.
Chironomids are a useful paleoecological proxy
because of their abundance and taxonomic diversity,
their possible identification to subfamily, tribe, genus,
or even species group levels, the good preservation of
their head capsules in lake sediments, their sensitivity,



and their rapid response to environmental changes
(Walker 1987). Direct and indirect relationships
between air temperature, water temperature, and dis-
tribution of chironomid communities enable the devel-
opment of chironomid-based transfer functions and
quantitative temperature reconstructions (Eggermont
and Heiri 2012).

Chironomid extraction, identification, and counting
Seventy-nine subsamples of wet sediments were taken
at 4-5cm intervals, at the same depths as for pollen
analysis. The size of each analyzed subsample was
adjusted to have a minimum count of 50 head capsules.
Chironomid head capsule extraction and mounting fol-
lowed standard preparation technique described in
Brooks et al. (2007). Specimen identification was per-
formed under a light microscope at 400x magnification.
The identification of chironomid specimens to genus
and species-group relied on several keys (e.g., Larocque
and Rolland 2006; Brooks et al. 2007; Andersen et al.
2013; Larocque-Tobler 2014).

Temperature reconstruction

For Canada, several transfer functions are now available
to infer summer air temperatures from subfossil assem-
blages of Chironomidae (i.e., Larocque 2008; Fortin et al.
2015; Medeiros et al. 2022). These inference models are
built on the study of the modern distribution of subfossil
Chironomidae assemblages in lake surface sediments
distributed along latitudinal climate gradients. They dif-
fer in the number of modern sites, their geographical
distribution, the climatic gradient covered, and the taxo-
nomic resolution of chironomid taxa identification
(Supplemental Material S1a, b). For this study, we
chose to use the transfer function of Larocque (2008).
Indeed, based on their performance statistics
(Supplemental Material S1a), the transfer function (TF)
of Larocque (2008) was more likely to yield accurate
reconstructions. The temperature reconstruction pat-
terns obtained with other TFs were similar
(Supplemental Material S1c), but the ones obtained
using the Larocque (2008) TF yielded values closer to
the monitored values for the current period (13.5°C;
Régniere et al. 2017).

The eastern Canadian modern calibration dataset of
Larocque (2008) comprises 75 lakes and 79 taxa. This
calibration dataset covered August air temperature ran-
ging from 3°Cto 21°Ci.e, an 18°C gradient. Two compo-
nents Weighted Averaging Partial Least-Squares
regression (WAPLS) served as inference model and boot-
strapping was used to estimate the sample-specific
errors for the fossil samples. Taxa absent from the mod-
ern calibration dataset were removed from the fossil
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dataset (Birks et al. 1990). The robustness of the inferred
August air temperature was assessed by calculating (1)
the chi-square distance to the closest modern assem-
blage; (2) the goodness-of-fit with temperature (Birks
et al. 1990); (3) the percentage of chironomid taxa con-
sidered to be rare in the modern calibration dataset (i.e.,
with a Hill's N2 (Hill 1973) less than 5; Heiri et al. (2003);
(4) the statistical significance of the reconstructions
(Telford and Birks 2011). Based on their chi-square dis-
tance to the closest modern assemblage, fossil chirono-
mid assemblages were identified to be ‘good analogs’ (if
the chi-square distance was within the 1°-5" percen-
tiles), ‘poor analogs’ (>10"™" percentile and < 20™" percen-
tile) or ‘'no analog’ (>20th percentile). Goodness-of-fit to
temperature was assessed by passively fitting fossil sam-
ples to the canonical correspondence analysis (CCA) of
the modern calibration dataset with August temperature
as the only constraining parameter. Fossil samples with
a squared residual length to CCA axis 1 above the 90"
and 95" percentiles of the residual distances of all mod-
ern samples were considered as having a ‘poor fit’ and
‘very poor fit’ with temperature respectively (Birks et al.
1990). The percentage of chironomid taxa considered to
be rare in the modern calibration dataset was estimated
with the ‘compare’ function in analogue R package
(Simpson 2007). The chironomid effective diversity
(Hill's N2 index) was measured using the utility function
in rioja R package (Juggins 2014).

Numerical and statistical analysis

Both the pollen percentage diagram as well as the chir-
onomid abundance diagram were plotted using the
strat.plot function in the rioja R package (Juggins
2014). Zonation of the pollen and chironomid percen-
tage diagrams were defined using stratigraphically con-
strained cluster analysis (CONISS; Grimm 1987). For both
proxies, the number of statistically significant assem-
blage zones was determined by applying the broken-
stick model (Bennett 1996).

A detrended correspondence analysis (DCA) was per-
formed separately on the chironomid and pollen percen-
tage matrix using the decorana command in the vegan
R package (Oksanen et al. 2018). Only chironomid taxa
and pollen taxa present in at least two samples and with
a relative abundance higher than 2% in at least one
sample were included in the analysis. The length of
each first axis of the DCA determined whether the dis-
tribution pattern of each proxy along the DCA axis 1 was
linear or unimodal (Borcard et al. 2011). Following the
gradient length of the DCA axis 1 (chironomid: 1.44
standard deviation (SD) units; pollen: 1.15 SD),
a principal component analysis (PCA) was performed
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on the pollen and chironomids square-root-transformed
percentage matrix in order to highlight main changes in
assemblage composition during the postglacial period.

Results
Chronology

Radiocarbon ('*C) and 2'°Pb dating were used to
generate the age-depth model showing a mean sedi-
mentation rate of ~0.045 cm per year. The extrapola-
tion of the age-depth model to the bottom of the
core (373 cm) suggests that the accumulation of
organic sediment began at ca. 8500 cal yr BP
(Figure 2). The top 10cm represents ca 150 years
(from 1880 to 2017 AD).

Pollen record

The stratigraphically constrained cluster analysis of the
Lake Mista pollen record indicated eight significant pol-
len assemblage zones (PAZ-1 to PAZ-8; Figure 3).

PAZ-1 (ca. 8500-8100 cal yr BP)

PAZ-1 corresponds to progressive afforestation of the
vicinity of the lake, with high values of Picea mariana
(37-73%), Betula spp. (9-22%) and Alnus crispa (Aiton)
Raus (6-15%). Cones of Picea glauca found at 359.5 and
342.5cm (Table 1) confirm that more than 8500 years
ago, the vegetation surrounding Lake Mista already
hosted Picea glauca populations mature enough to
reproduce.

Depth (cm)
0 50 100
L 1 1
0=

1:50 2?0 2|50 390 3|50

10004

2000 -

Age (Cal yr BP)

30001

40004

5000
6000 -
7000

8000+

9000 -

Figure 2. Age-depth model of lake Mista based on '*C and ?'°Pb
dates. The black line represents the inferred chronology mod-
eled using a smoothing spline function (spar=0.3). The 95%
confidence intervals for the model are shown in grey.

PAZ-2 (ca. 8100-7800 cal yr BP)

Abies balsamea (25-46%) settled in the vicinity of the
lake during PAZ-2. They dominated with Betula spp. (22—
32%), perhaps with Alnus crispa (5-12%). Picea glauca (5-
9%) was probably still present and Picea mariana (8-
13%) decreased in abundance (Figure 3; Supplemental
Material S2).

PAZ-3 (ca. 7800-6700 cal yr BP)
Abies balsamea (7-19%) remained present, although less
abundant during PAZ-3. Despite the rising percentage of
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Figure 3. Simplified pollen percentage diagram, with trees (green), shrubs (yellow), and herbs (blue). The CONISS cluster dendrogram
is also shown. Pollen PC axis 1 and axis 2 sample scores (A indicates the proportion of variance explained by the PC axis of the fossil
data), and pollen assemblage zones (PAZ; horizontal solid red lines) are also displayed.



Betula spp. (30-63%), the influxes (Supplemental
Material S2) show that their populations have not
increased around the lake. Carpinus/Ostrya grains likely
represent increased pollen inputs from the south, per-
haps due to an opening of the regional forest, also
indicated by low values of total pollen influx
(Supplemental Material S2). The boundary between
PAZ-3 and PAZ-4 marks the end of afforestation.

PAZ-4 (ca. 6700-4800 cal yr BP)

PAZ-4 is a transitional zone marked by a regional
increase in Picea mariana tree populations as supported
by the pollen percentages (12-33%; Figure 3) and influ-
xes (Supplemental Material S2). Betula spp. (34-68%)
reached its maximum postglacial abundance according
to pollen percentages and influxes (Figure 3;
Supplemental Material S2). Picea glauca (1-12%) was
probably still present according to the influxes. From
PAZ-4 to PAZ-8, the pollen influx trends of major taxa
(Supplemental Material S2) show the same pattern as
their pollen percentages (Figure 3).

PAZ-5 (ca. 4800-3600 cal yr BP)

Picea mariana tree populations continued to increase in
PAZ-5. Subsequently, Picea mariana (25-54%) became
the dominant taxon with Betula spp. (27-45%) and Abies
balsamea (1-11%) as companion tree species.

PAZ-6 (ca. 3600-1800 cal yr BP)

Picea mariana (49-72%) dominated the forest canopy in
PAZ-6. Abies balsamea (2-10%) was still a companion
species, whereas Betula spp. (15-33%) slightly
decreased. Picea glauca (1-9%) was scarcer than before
and thereafter. Alnus crispa (1-5%) experienced
a modest revival, without abounding.

PAZ-7 (ca. 1800-300 cal yr BP)

Picea mariana (19-57%) regressed in PAZ-7 and was
likely replaced by Picea glauca (5-20%) (see percentage
and influx; Figure 3 and Supplemental Material S2).
Carya ovata (Miller) K. Koch. (1-6%) showed surprisingly
high percentages and its influxes increased (Figure 3;
Supplemental Material S2).

PAZ-8 (ca. 300 cal yr BP to present)

PAZ-8 marks the closure of the forest cover. Picea mari-
ana (63-81%) increased (see influx; Supplemental
Material S2). Betula spp. (7-18%) regressed but Abies
balsamea (3-7%) remained a companion tree in the
spruce moss forest.
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Charcoal record

During the past 8500 years, there were 49 fire events with
a mean FRI of 181 years (95% confidence interval 149-
215 years) and a range of 111 to 331 years (Figure 4). The
signal-to-noise index at 163 cal yr BP (SNI = 2.85) and from
ca. 140 cal BP to present (SNI = 0) were unreliable due to
difficulties in separating CHAR peak noise (non-fire event)
and CHAR peak signal (fire event). Excluding these peri-
ods, the SNI values were above 3, with a median value of
8.49 for the entire sequence, supporting therefore their
reliability for the reconstruction of local fire activity
(Courtney-Mustaphi et al. 2015).

Four periods with distinct fire occurrence can be dis-
tinguished in the record (Figure 4). From 8500 to 5000
cal yr BP, fire occurrence dropped from its highest level
of 9, to 4 fires kyr™'. Between 5000 and 3600 cal yr BP, fire
occurrence reached its lowest values and varied
between 2 and 4 fires kyr™'. Peak magnitudes were
larger than before 5000 cal yr BP. From 3600 to 1300
cal yr BP, fire occurrence increased slightly from 4 to 6
fires kyr™'. The largest peak magnitude was recorded
during this period. After 1300 cal yr BP, fire occurrence
dropped to present day 3 fires kyr~'. A notable peak
magnitude was recorded around 1000 cal yr BP. The
lowest and highest FRI values were reached at ca. 8500
cal yr BP (111 yr/fire) and ca. 4000 cal yr BP (331 yr/fire),
respectively.

Chironomid stratigraphy and inferred August
temperature

The chironomid record was split into two significant
chironomid assemblage zones (CAZ-1 and CAZ-2;
Figure 5) due mainly to changes in Micropsectra insigni-
lobus-type relative abundance. This biozonation sug-
gested by the stratigraphically constrained cluster
analysis is further supported by the sharp increase in
chironomid PC axis 1 sample scores (Supplemental
Material S3a).

CAZ-1 (ca. 8500-1200 cal yr BP)

Micropsectra insignilobus-type abundance was less than
15% throughout CAZ-1, which was further divided into
three sub-biozones (CAZ-1a to CAZ-1¢) according to
minor changes in some chironomid taxa.

CAZ-1a (ca. 8500-8100 cal yr BP) was characterized by
the dominance of cold stenotherm taxa such as
Heterotrissocladius marcidus-type, Chironomus anthraci-
nus-type, Corynocera oliveri-type, Tanytarsus lugens-type,
and Sergentia coracina-type (Brooks et al. 2007). A notable
and characteristic presence (at less than 2%) of chirono-
mids with colder optima (e.g., Heterotrissocladius
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subpilosus-type,  Paracladopelma,  Pseudodiamesa,
Protanypus, Diplocladius; Supplemental Material S3b;
Brooks et al. 2007) suggests that a particularly cold
phase occurred over a short period centered on 8200 cal
yr BP.

CAZ-1b (ca. 8100-3600 cal yr BP) was characterized by
the high abundance of Ablabesmyia, Heterotrissocladius
marcidus-type, Micropsectra insignilobus-type,
Corynoneura, and Tanytarsus chinyensis-type. There was
a notable development of taxa associated to aquatic
macrophytes like Limnophyes, Polypedilum nubeculosum-
type, Chironomus plumosus-type, Psectrocladius sordidel-
lus-type, and Microtendipes pedelius-type (Brooks et al.
2007; Millet et al. 2007, 2012). The abundance of
Polypedilum nubeculosum-type between ca. 7500-4000
cal yr BP, a taxon with warm optima in European and
Canadian modern data sets (e.g., Larocque 2008; Heiri
et al. 2011), suggests warm conditions.

CAZ-1c (ca. 3600-1200 cal yr BP) was characterized by
an increase in Sergentia coracina-type. From ca. 3600 cal
yr BP, there was a decrease in Polypedilum nubeculosum-
type, a taxon characteristic of warm eutrophic lakes, in
favor of taxa indicative of cold and well-oxygenated
oligotrophic lakes such as Sergentia coracina-type,
Chironomus anthracinus-type, Tanytarsus lugens-type,
Heterotrissocladius marcidus-type, and Corynocera oliveri-
type (Brooks et al. 2007).

CAZ-2 (ca. 1200 cal yr BP to present)

CAZ-2 was characterized by the dominance of
Micropsectra insignilobus-type, a cold stenotherm chiro-
nomid characteristic of well-oxygenated oligotrophic
lake environments (Brooks et al. 2007). The presence of
Corynocera oliveri-type and Sergentia coracina-type likely
supports the assumption of cold conditions (Brooks et al.
2007). On the other hand, around ca. 1200 cal yr BP the
drop in the relative abundance of cold indicating taxa
(e.g., Sergentia coracina-type) before rising again at ca.
500 cal yr BP probably marked a warmer phase between
1200 and 500 cal yr BP. The reappearance of
Heterotrissocladius subpilosus-type, Protanypus, and
Diplocladius at ca. 300 cal yr BP (Supplemental Material
S3b) implies a very cold and ultraoligotrophic lake envir-
onment at the time (Brooks et al. 2007).

Out of the 79 fossil samples, 51 samples had ‘poor’
analogs, while 12 others had 'no’ analog with the cali-
bration dataset. The bottom sample had a very poor fit
to temperature, while eight other samples within the
sequence had a poor fit with temperature
(Supplemental Material S3c). All fossil samples contained
less than 20% (range 4.3-17.48%) of rare taxa in the
training set (Supplemental Material S3c) as needed to
obtain reliable estimation of temperature from a fossil
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sample (Brooks and Birks 2001; Larocque-Tobler 2010).
The sample-specific estimated standard error of predic-
tion (eSEP) for inferred temperature varied between 1.67
and 1.92°C. Inferred temperatures were statistically sig-
nificant (p=0.041) when compared to 999 random
reconstructions as recommended by Telford and Birks
(2011).

Chironomid inferred August temperature (Figure 5)
suggests a warming climate from ca. 8500 to 4000 cal yr
BP (average temperature 13.5°C; range 10.2-15.7°C) fol-
lowed by a cooling trend from ca. 4000 cal yr BP to
present (average temperature 13°C; range 12.2-13.7°C).

Discussion
Temperature reconstruction

Reliability of the chironomid-inferred mean August
air temperature

The chironomid stratigraphy suggests that other envir-
onmental and limnological factors than summer tem-
perature may have played a role on assemblage
changes. These factors may ultimately be related to the
climate, but because of the indirect nature of the rela-
tionship between chironomid assemblages and climate,
it is necessary in this case to go further in assessing the
reliability of the chironomid inferred August tempera-
ture by looking at the diagnostic elements (i.e., rare taxa,
fit to temperature, modern analogs).

Rare taxa. All fossil samples had at least 82% of their
taxa represented in the modern training set (i.e., beyond
the 80% objective criterion; Larocque-Tobler 2010).
Inferred temperatures are likely to be less well estimated
for 38 fossil samples containing more than 10% of taxa
that are considered to be rare taxa in the training set
(Brooks and Birks 2001). This concerned particularly the
period before 4000 cal yr BP (Supplemental Material S3c)
in which all fossil samples had poor or no analog.
However, the WAPLS regression performs well even
under non-analog situations once the above-
mentioned rare taxa objective criterion is met (Birks
and Birks 1998).

Fit to temperature. After 6000 cal yr BP, all fossil assem-
blages were well fitted by temperature. The eight fossil
assemblages which are poorly or very poorly fitted by
temperature before 6000 cal yr BP suggest that other
controlling factors than climate may have punctually
influenced chironomid changes between ca. 8500 and
6000 cal yr BP (Velle et al. 2005, 2010). Therefore, the
inferred temperatures for this period should be inter-
preted with caution. Indeed, in-lake variables can
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influence chironomid assemblages over shorter time-
scales (Brodersen and Quinlan 2006). Multiple factors
likely controlled chironomid distributions. Nevertheless,
the period before 6000 cal yr BP was documented by
a total of 24 samples, with two-thirds (i.e.16) having their
assemblages well fitted by temperature.

Modern analog. Although the present-day tempera-
ture was within the error margin of our reconstruc-
tions, the accuracy of the chironomid inferences,
especially for the period before 4000 cal yr BP that
had the highest number of rare taxa and also poor or
no analog, could be improved by sampling and adding
more lakes with temperatures between 16 and 19°C to
the calibration set as earlier suggested by Bajolle et al.
(2018). The majority of fossil samples having a high
number of rare taxa and also poor or no analog were
found during the warmest period suggesting that the
lake environment was probably different from the cur-
rent situation. Therefore, the best analogs for early and
mid-Holocene assemblages are likely to be found in
present-day southern lakes. The reconstructed modern
temperature differed from present day mean August
temperature of 13.5°C likely because surface sample
had poor analogs in the training set or because the
top surface sample was missing.

Thus, interpretations of August-temperatures recon-
structed from Chironomidae assemblages will be
restricted to major changes that have occurred at mil-
lennial to multi-millennial time scales.

Chironomid-inferred major climatic periods
Holocene thermal maximum (HTM): ca. 7000-4000
cal yr BP. The chironomid inferred reconstructions
(Figures 5, 6) suggest that warm temperatures were
recorded in the Lake Mista region between ca. 7000
and 4000 cal yr BP. This corresponds to the HTM, which
mostly occurred between 7000 and 5000 in northeastern
North America (Renssen et al. 2012). For instance, in
eastern Québec and Labrador (Eastern Canada), pollen-
based reconstructions indicated maximum tempera-
tures between ca. 7500 and 3500 cal yr BP (Fréchette
et al. 2021). The timing and duration of the HTM
depends on various forcings including orbitally forced
insolation, the deglaciation of the Laurentide Ice Sheet
(LIS) and the atmospheric greenhouse gases (Renssen
et al. 2012). For Québec, the presence of the LIS and its
decay may partly explain the differences observed
between the sites depending on their proximity to LIS
remnants (Fréchette et al. 2021).

In western Québec, chironomid inferred August tem-
peratures were warmer with high magnitude values
during the HTM (Bajolle et al. 2018). The low magnitude

values at lake Mista may partly be due to the increasing
east-to-west temperature gradient of continentality in
the black spruce-moss bioclimatic domain (Saucier
et al. 2009; Couillard et al. 2019a).

Neoglacial period: ca. 4000 cal yr BP to present. The
chironomid-based temperature reconstructions from
Mista suggest that after 4000 cal yr BP, temperature
decreased and were about 1°C cooler than those
recorded before this turning point (Figure 6). This cooler
period corresponds to the so-called Neoglacial period.
Indeed, at mid and high latitudes of the Northern
Hemisphere, climate gradually shifted from a warm
HTM to a cool Neoglacial with steadily decreasing sum-
mer insolation (Ali et al. 2012). Compared to other
inferred temperature records across Canada (Gajewski
2015; Bajolle et al. 2018; Fréchette et al. 2018, 2021),
the onset of the Neoglacial period was delayed in
some areas of Quebec and Labrador until after 3200 cal
yr BP (Gajewski 2015). Close to our study site, in Havre
Saint Pierre, the peat-based paleohydrological records
indicated that the Neoglacial cooling characterized by
major changes in peat accumulation rate and bog sur-
face moisture began around 3000 cal yr BP (Magnan and
Garneau 2014).

The Neoglacial period was probably characterized by
a series of higher frequency climate variability that
should be interpreted cautiously because the variations
remain within the error margin of the inferred tempera-
tures (Supplemental Material S3c).

Climate-fire-vegetation interactions

The vegetation history was marked by two major phases
(Figure 6), afforestation (8500-6700 cal yr BP) and forest
phases (6700 cal yr BP to present).

Afforestation phase 8500-6700 cal yr BP

Spruce-moss forest 8500-8100 cal yr BP. Pollen
assemblages from the bottom of the core suggest that
vegetation - a Picea mariana-dominated woodland or
forest — gradually colonized the ice-free areas following
the slow decay of the Laurentide Ice Sheet (Blarquez and
Aleman 2015; Richard et al. 2020; Fréchette et al. 2021).

Balsam fir-birch forest 8100-6700 cal yr BP. Starting
from 8100 cal yr BP, the prevailing warm temperatures
were suitable (Sims et al. 1990; Bergeron et al. 2014)
to the establishment of Abies balsamea-Betula spp.
mixed-woods. Smaller and less severe fires likely due
to wet conditions between 7350 and 6560 cal yr BP
(Magnan and Garneau 2014) probably exempted
some areas from burning, allowing Abies balsamea
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Figure 6. Climate-fire-vegetation interactions. From left to right: chironomid inferred August temperature anomaly, mean tempera-
ture of the warmest month (MTWA; eastern Quebec and Labrador) presented by box-plot every 1000 years and expressed as an
anomaly relative to the current period ((A) (Fréchette et al. 2021),; synthesis of the reconstructed water table depths from four peat
records since 4200 cal yr BP (mean water table depth (WTD) with standard errors calculated for each 200-year period (Magnan and
Garneau 2014).; Summary of water table depth changes from the records of Plaine peatland (Havre St-Pierre) for the last 7000 cal yr BP
(Magnan and Garneau 2014), fire occurrence (smPeak frequency), peak magnitude of fire events, pollen abundance of main taxa (Picea
mariana, Betula spp., Picea glauca, Abies balsamea, Alnus crispa), pollen assemblage zone (PAZ; in horizontal solid grey lines) and

vegetation types (in horizontal dashed grey lines) from lake Mista.

and Betula spp (mostly Betula papyrifera; Fréchette
et al. 2021). from remnant stands to reinvade burned
areas (Asselin et al. 2001; Bergeron et al. 2004). The
very low abundance of Picea mariana pollen could
question the actual presence of the species in the
local vegetation at that time (Payette 1993).
However, based on macro-remains, Couillard et al.
(2018) confirmed the local presence of Picea mariana
and Abies balsamea not later than 8300 cal yr BP
south of Lake Mista. Furthermore, Couillard et al.
(2019b) dated a spruce charcoal aged 8725 cal yr BP.
Therefore, the observed decline of Picea mariana at
the expense of Abies balsamea could be the result of
a primary succession where Picea mariana is being
overtaken by the late successional species (Abies bal-
samea) under longer fire cycle (Couillard et al. 2021).
Then it was not until ca. 4800 cal yr BP that Picea
mariana returned, perhaps favored by severe or larger
fires (Figure 6).

Abies balsamea dominated boreal forests were also
observed in the Sept-lles region between 8000-6500 cal
yr BP (Mott 1976; King 1986) and in southeastern
Labrador (Lamb 1980; Engstrom and Hansen 1985).
Maximum abundance of Abies balsamea from ca. 8100
to 6700 cal yr BP (Figure 6) is also consistent with
Fréchette et al. (2021).

Forest phase 6700 cal yr BP to present

Spruce-moss balsam fir-birch forest 6700-4800 cal yr
BP. Warmer climatic conditions coupled with smaller
and less severe fires (Figure 6) due partly to wet climatic

conditions between 6560 and 4800 cal yr BP (Magnan
and Garneau 2014), created a propitious environment
for the recruitment and proliferation of Betula papyrifera,
Picea glauca and Abies balsamea. The wet climatic con-
ditions may also have supported the decreasing trend in
fire occurrence. Such species assemblage (Picea mariana,
Betula papyrifera, Picea glauca and Abies balsamea) is
observed in modern boreal mixed-wood (Sims et al.
1990; Galipeau et al. 1997). According to Fréchette
et al. (2021), the pollen percentage values of Betula
spp., Picea mariana and Abies balsamea (Figure 6) sug-
gest the presence of two postfire successional pathways
as described by Couillard et al. (2021) at the stand scale.
The first pathway, from Betula spp. to Abies balsamea
with presence of Picea glauca (Abies balsamea-Picea
glauca-Betula spp.), and the second pathway from Picea
mariana to Abies balsamea.

Spruce-moss forest 4800-1800 cal yr BP. 4800 cal yr
BP marks a notable vegetation shift with the expansion
and densification of Picea mariana (higher percentage
and influx; Figure 3; Supplemental Material S2). It is likely
that severe and larger fires promoted the fire-prone
Picea mariana, as vegetation and soil burning creates
suitable conditions for the establishment and regenera-
tion of Picea mariana seedlings (Black and Bliss 1980;
Viereck 1983). Fire occurrences were particularly low
between ca. 4800 and 3600 cal yr BP, but the abundance
of the highly flammable Picea mariana coincided with
particularly dry climatic conditions between 4800 and
4200 cal yr BP (Magnan and Garneau 2014), possibly due
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to larger fires during this period (Figure 6). Wet climatic
conditions between 4200 and 2600 cal yr BP (Magnan
and Garneau 2014) possibly favored Picea mariana, thus
increasing fuel accumulation, landscape flammability,
and biomass burning. Biomass burning was particularly
high between ca. 3600 cal yr BP and ca. 2700 cal yr BP.
This is in line with the results of other studies in the
North American boreal forest indicating that biomass
burning peaked between 6000 and 1000 cal yr BP (Al
et al. 2012; Kelly et al. 2013; Remy et al. 2017, 2017),
perhaps because of warmer and drier spring and sum-
mer conditions (Ali et al. 2012; Remy et al. 2017), and also
the increase of landscape flammability following the
densification and expansion of Picea mariana (Hély
et al. 2001; Terrier et al. 2013; Blarquez et al. 2015). In
addition, fire occurrences displayed centennial to millen-
nial scale patterns. These changes in wildfire regime
could be the result of centennial to millennial scale
climatic control on fire activity (Gavin et al. 2006), and
to some extent, that of vegetation succession (Blarquez
et al. 2015) including other bottom-up controls (e.g.,
topography, waterbodies; Cyr et al. 2007; Courtney-
Mustaphi et al. 2013; Portier et al. 2019).

Open spruce-moss balsam fir-birch forest 1800-300
cal yr BP. A slight increase in fire occurrence between
2000 and 1500 cal yr BP (Figure 6) coupled with very dry
climatic conditions between 2600 and 950 cal yr BP
(Magnan and Garneau 2014) probably limited tree
cover, leading to gradual opening of the vegetation
cover as suggested by the total influx decrease until ca.
1000 cal yr BP when it started rising again (Supplemental
Material S2) with wetter conditions between 950 and 0
cal yr BP (Magnan and Garneau 2014). By contributing to
the opening of the forest landscape (Supplemental
Material S2; sharp drop in total pollen accumulation
rate), the increase in fire occurrence thus facilitated the
deposition of Carya ovata (Miller) K. Koch. Pollen,
a species that is absent from most nearby regional pol-
len spectra (e.g., Fréchette et al. 2021) or sparse and
considered exotic (Remy et al. 2017). It suggests that
the opening of the forest was not limited to the lake
Mista catchment area. The late-Holocene decline in total
pollen influx was also observed to the southwest (e.g.,
lake Matamek; Fréchette et al. 2021) and northeast (e.g.,
lake Eagle; Lamb (1980); lake Moraine and lake Hope
Simpson (Engstrom and Hansen 1985)) of our study
site. Suitable climatic conditions and smaller or less
severe fires enabled Abies balsamea and Picea glauca to
recolonize opened sites by seed rain from survivors in
unburned areas (Galipeau et al. 1997; Asselin et al. 2001;
Bergeron et al. 2004; Cyr et al. 2012).

Spruce-moss forest 300 cal yr BP to present. Starting
ca. 300 cal yr BP, vegetation composition was similar to
that of the modern black spruce-moss boreal forest. The
relative pollen frequencies of the major taxa are similar
to modern pollen spectra percentages obtained from
surface sediments of nearby lakes (Lamb 1984;
Engstrom and Hansen 1985). Picea mariana is the domi-
nant tree in modern pollen assemblages throughout
eastern Quebec and Labrador (Fréchette et al. 2021).
The pollen influx data from lake Mista (Supplemental
Material S2) suggest that the spruce-moss forest opened
around 2000 cal yr BP, but without shifting into a spruce-
lichen woodland, as it subsequently became denser dur-
ing the last 300 years.

Fire occurrence and biomass burning were low dur-
ing the last 300 years, consistent with the decreasing
trend in fire frequency (Drobyshev et al. 2017) and
burn rates (Chavardés et al. 2022) across eastern
Québec from the Little Ice Age to the present. The colder
and wetter climatic conditions in the study area
(Magnan and Garneau 2014) seem to have helped main-
tain fire occurrence and biomass burning low despite
the high abundance of flammable Picea mariana
(Figure 6).

Drivers of fire and vegetation trajectories

Compared to the HTM period, the cooler climatic condi-
tions that prevailed during the Neoglacial were less
conducive to fire events (Figure 6). Notwithstanding
the rising and fluctuating trend of fire occurrence, fires
remained less frequent than before 4800 cal yr BP, prob-
ably because of the Neoglacial cooler climate conditions
linked to decreased solar irradiance (Ali et al. 2012).
However, despite less suitable climatic conditions to
fire activity, the densification and expansion of Picea
mariana forests overrode the effects of cooler climate
conditions, then led to greater biomass burning and/or
larger fires (Figure 4).

The transition from the warm HTM to the cooler
Neoglacial period around 4000 cal yr BP does not coin-
cide with the long-term changes in fire regime and
vegetation dynamics (Figure 6). A marked decrease in
fire frequency occurred around 5000 cal yr BP when the
climate was still warm, suggesting that fire occurrence
was probably not controlled directly by summer tem-
perature. Other climatic variables (e.g.,, warm springs,
intra-seasonal variability in precipitation, fire season
length and drought code; Remy et al. 2017; Portier
et al. 2019) could have had a direct control on fire
occurrence in eastern Québec at the time.

The shift to spruce-moss forests around 4800 cal yr BP
occurred nearly a thousand years before the climatic



shift to the Neoglacial period. This is rather fire that came
into play, in particular a decrease in fire occurrence and
an increase in fire size or severity (higher magnitude fire
peaks starting from ca.4800 cal yr BP; Figure 6). Long-
term vegetation changes coincided with shifts from fre-
quent small low-severity fires to infrequent, large, high-
severity fires. On the other hand, the shift to higher
biomass burning coincides with the shift from spruce-
moss balsam fir-birch forest to spruce-moss forest. On
a millennial timescale, decreasing summer insolation
influenced climate, fire occurrence and vegetation
changes. The high abundance of Betula (likely Betula
papyrifera; Fréchette et al. 2021), which is less flammable
(Sims et al. 1990), and wet climatic conditions mediated
the impacts of HTM warming on biomass burning.
Subsequently, the high abundance of flammable Picea
mariana promoted biomass burning during the
Neoglacial.

Vegetation changes at lake Mista may also reflect the
influence of other ecological factors operating at various
spatial and temporal scales such as climate (annual and
seasonal temperature and precipitation), types of sur-
face deposits and soils, and disturbances (fires, insect
outbreaks, windthrow) (Sims et al. 1990; Saucier et al.
2009; Couillard et al. 2019a).

Conclusion

The changes in chironomids, pollen, and macroscopic
charcoal from the sediment core of Lake Mista disclosed
8500 years of postglacial climate-fire-vegetation interac-
tions. The climate was warmer during the HTM (7000-
4000 cal yr BP), then shifted to cooler conditions during
the Neoglacial period (4000 cal yr BP to present).
However, the long-term changes in summer tempera-
ture records are probably not the main factor controlling
fire and vegetation dynamics in the Lake Mista area.
Throughout the postglacial period, summer tempera-
tures never fell below a threshold that could have induce
a significant vegetation response. Other climatic and
biophysical variables are probably more important and
would need to be studied further.
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