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Abstract

We used a high-resolution lacustrine pollen record from Etang Fer-de-Lance (45°21'21.9'N, 72°13'35.3'W), southeastern Québec, Canada, together
with microcharcoal, to infer forest dynamics and human impacts over the past 2300years. The lake is located in the eastern sugar maple-basswood forest
domain of the Northern Temperate Forest of eastern North America. We found that the pollen percentages and influxes of Fagus grandifolia (American
beech) and Tsuga canadensis (eastern hemlock) significantly declined over the past 700years. Over the last millennium, the pollen percentages and
influxes of the Picea species (P. glauca, P. mariana, P. rubens) (white, black, and red spruce), and Pinus strobus (eastern white pine) significantly increased.
We showed that these shifts in forest composition are being driven by changes in regional climate. In addition to the pollen percentage changes, the
Medieval Climate Anomaly (AD 800-1300) appeared as increased pollen influxes and the Dark Ages Cold Period (AD 400-700) and Little Ice Age (AD
1400—-1800) appeared as decreased pollen influxes. The signal for human modification of the landscape first appeared at ~AD [550—1650 as increases in
Ambrosia (ragweed) and Poaceae (grasses) from possible Indigenous agriculture. The signal of European settler landscape modification appeared at ~AD
1770 as the beginning of a steep, “classic” Ambrosia rise. It intensified over the subsequent 250years as further increases in non-arboreal pollen taxa and
early successional Acer (maple) species. Microcharcoal analysis showed that fire was a re-occurring event in the sugar maple-basswood domain, but had
little impact on forest composition.
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Introduction Pollen-climate transfer functions applied to sedimentary pol-
len records have allowed climate reconstructions over the entire
Holocene (Kaufman et al., 2020). At a finer scale, high-resolution
pollen analysis can also be used to reconstruct recent climate, par-
ticularly when done at sensitive ecotones (Shuman et al., 2018;
St-Jacques et al., 2008a, 2008b, 2015). The synthesis paper of
Marlon et al. (2017) showed that New England and southeastern
Canada have undergone a general cooling trend over the past
2000years (i.e. a warm first millennium AD, a cooler MCA and a
yet colder LIA) using a wide variety of terrestrial and nearshore
oceanic proxies. The hydroclimatic syntheses of Ladd et al.
(2018), Marlon et al. (2017), and Shuman et al. (2018) found that

Post-glacial vegetation records spanning the late Glacial Period
and Holocene have been well documented throughout Québec
(Hausmann et al., 2011; Houle et al., 2012; Lavoie and Richard,
2017, 2000; Mott, 1977; Muller and Richard, 2001; Muller
et al., 2003; Richard, 1975, 1978, 1994). While these studies
have led us to understand the migration of trees to lands newly
exposed by the retreating Laurentide Ice Sheet and subsequent
forest coarse-scale dynamics over the Holocene, the low reso-
lution of many of these studies is insufficient to understand for-
est dynamics at shorter and more recent timescales, especially
given the high amount of noise in pollen records (Lafontaine-
Boyer and Gajewski, 2014). Given this, finer temporal- and

spatial-scaled paleoenvironmental studies are needed in order 'Department of Geography, Planning and Environment, Concordia
to better understand forest dynamics over decadal to centennial University, Québec, Canada

periods (e.g, St-_]acques et a],, 2008a, 2()()8]3) The three exist- ZDepartment of Environment and Geography, Bishop’s University,
ing high-resolution pollen research studies from southwestern Québec, Canada

and south-central Québec have proven effective in capturing
vegetation dynamics and responses to short periods of climate
variation, Su(,:h as th? Little Ice Age (LIA) (~AD 1400-1800) Environment, Concordia University, 1455 Blvd. De Maisonneuve Ouest,
and the Medieval Climate Anomaly (MCA) (~AD 800-1300) 1255-45 Henry Hall Building, Sir George Williams Campus, Montréal,
(Houle et al., 2012; Lafontaine-Boyer and Gajewski, 2014; QC H3G M8, Québec, Canada.

Paquette and Gajewski, 2013). Email: jeanninemarie.st-jacques@concordia.ca

Corresponding author:
Jeannine-Marie St-Jacques, Department of Geography, Planning and


https://uk.sagepub.com/en-gb/journals-permissions
https://journals.sagepub.com/home/hol
mailto:jeanninemarie.st-jacques@concordia.ca
http://crossmark.crossref.org/dialog/?doi=10.1177%2F0959683621994642&domain=pdf&date_stamp=2021-02-23

The Holocene 00(0)

Parc National

Sherbrooke

du Mont-Orford

Cowansville

10
[ lKilometers

Magog

Figure I. Location of Etang Fer-de-Lance (yellow triangle) in the Parc national du Mont-Orford and in southeastern Québec (1) in upper-left
inset. Also in upper-left inset are shown: (2) Lac Noir, (3) Lac Brulé, (4) Conroy Lake, (5) Basin Pond, (6) Clear Pond, (7) Wolf Lake, and (8)
Sidney Bog. Red circle on the lower-right inset map shows the coring location.

northern New England experienced a general wetting trend over
the last two millennia. There is a current debate as to how detect-
able the MCA and LIA are in pollen records from southern Qué-
bec; that is, whether they had a discernable effect on the forests of
this region (Hausmann et al., 2011; Richard, 1994; Van Bellen
and ClimHuNor Project Members, 2018, 2020), hence any new
pollen study will be informative here.

Although forest fire is commonly thought to be a feature of
western North American or boreal landscapes, fire is also a natural
part of the northeastern deciduous forest (Carcaillet and Richard,
2000; Clark and Royall, 1996). Limited research using high-reso-
lution microcharcoal from recent lake sediments to infer forest
fires has been done in southwestern Québec and northern New
England (e.g. Blarquez et al., 2018; Clark and Royall, 1996;
Clifford and Booth, 2013; Lafontaine-Boyer and Gajewski, 2014;
Paquette and Gajewski, 2013; Stager et al., 2016), but not in
densely-populated southeastern Québec. There has also been lim-
ited research determining in situ forest fire dates using macrochar-
coal from soils from two sites in the southern mixed forest of
Québec (Payette et al., 2015, 2016). Given the many forest types
of southern Québec (Ressources Naturelles Québec, 2003), there
is a need for continuous high-resolution lacustrine paleo-fire stud-
ies from each forest type to better understand the natural fire-veg-
etation relationship, which can only be studied using paleo-methods
because of modern fire suppression. A benefit of such studies
would be that in densely-populated southern Québec, fire-risk
assessments have incorporated little-to-no pre-historical data and
little is known about long-term fire-climate relationships.

Our purpose was to investigate how forest composition changed
in response to the changes in climate and human activities, and for-
est fires over the last two millennia using high-resolution pollen and

microcharcoal records from a small lake, Etang Fer-de-Lance, situ-
ated in southeastern Québec, Canada. We examined whether the for-
est composition changes were caused by regional climate changes
by comparing reconstructed climate variables from our site to those
from other nearby high-resolution climate proxy records. We
assume that if the reconstructions are similar, then the vegetation
changes are caused by regional climate change. This study produced
paleo-environmental records in this region previously unstudied at
high resolution, and helps determine how sensitive the local sugar-
maple hardwood forests have been to climate change over the last
two millennia. We also investigated the effects of historical land-use
changes in the region on forest vegetation and the relationship
between vegetation and fire from the eastern sugar maple-basswood
domain (Ressources Naturelles Québec, 2003). This is a forest type
from which no recent, high-resolution, lacustrine paleo-fire records
previously existed.

Study area and methods
Study area

Etang Fer-de-Lance (45°2121.9"N, 72°13'35.3"W) is a small 1km
long and 250 m wide lake which features a minerotrophic peatland
situated in the Parc national du Mont-Orford, 20km west of Sher-
brooke in the Eastern Townships of Québec (Figure 1). The park is
part of the Appalachian Mountain range in Québec and contains the
peaks of Mont-Orford (maximum altitude of 853 m), Pic de I’Ours
(740m) and Mont Chauve (600m) (Gauvin and Bouchard, 1983;
Societé des Etablissement de Plein Air du Québec [SEPAQ], 2019).
The Parc national du Mont-Orford covers a total area of 59.5km?.
Etang Fer-de-Lance has a maximum depth of 3.9m and the lake is at
an elevation of 288 m and is situated between two streams, Ruisseau
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des Hétres and Ruisseau des Hourdes, in a valley bordered by the
Pic de I’Ours and Mont Chauve. The small lake is only accessible by
foot. Though little is known about the occupation of the area before
European settlement, prior to the creation of the park in 1938, the
area was predominantly used for forestry and agriculture (Gauvin
and Bouchard, 1983; SEPAQ, 2019).

Currently, a stand of Pinus strobus L. (white pine) with some
Picea glauca (Moench) Voss (white spruce) is located on the
north shore of Etang Fer-de-Lance. Pinus rigida Mill. (pitch pine)
also grows on the north shore, and there is a Tsuga canadensis
(L.) Carriére (eastern hemlock) grove upslope. The south shore is
dominated by Thuja occidentalis L. (eastern white cedar) and 7.
canadensis, while more inland, Acer rubrum L. (red maple), Acer
saccharum Marsh. (sugar maple) and Betula alleghaniensis Britt.
(yellow birch) dominate. In the park as a whole, mesic forests of
low altitude are dominated by A. saccharum, while the summits
have mixed forests of Abies balsamea L. (Mill.) (balsam fir),
Betula papyrifera Marsh. (white birch), and Picea rubens Sarg.
(red spruce) (Gauvin and Bouchard, 1983). Moist habitats are
dominated by 7. canadensis or A. balsamea.

The Mont-Orford region has an average annual temperature of
5.6°C and an average annual precipitation of 1142 mm (Govern-
ment of Canada, 2019). It is situated within the eastern sugar
maple-basswood domain of the hardwood forest subzone of
Northern Temperate Forest between the colder eastern sugar
maple-yellow birch domain (~50km northeast) and the warmer
sugar maple-bitternut hickory domain (~50km southwest).
Because of this proximity to these nearby ecotones and the altitu-
dinal gradient, the park’s forests should be sensitive to centennial-
scale temperature change (Gauvin and Bouchard, 1983;
Ressources Naturelles Québec, 2003; SEPAQ, 2019).

Field methods

Three sediment core drives were extracted from the deepest point
near the center of Etang Fer-de-Lance (45°21'22.1"N,
72°13'35.1"W) in June 2018 from a floating platform. For the
coring, we used a transparent tube fitted with a piston to capture
the unconsolidated surface sediments (FDL2) and a Livingstone
piston corer for the deeper, consolidated sediments (FDL-P2 and
FDL-P3; Supplemental Figure 1). The drives collected using the
Livingstone corer were sampled approximately 50 cm from those
collected by the hollow tube to provide an overlap in the sedi-
mentary sequence. The sediments at the sediment-water interface
(SWI) were extruded vertically on-site into Ziploc bags with a
sampling resolution of 1 cm. The core drives extracted with the
Livingstone piston corer were immediately transferred into hard
plastic tubing lined with plastic wrap and aluminum foil and left
intact for analysis.

Chronology methods

Eleven 'C and 12 >'°Pb dates were obtained from plant macrofos-
sils and surface sediment samples, respectively, throughout the
core (Supplemental Figure 1). Radiocarbon analysis was per-
formed on the plant macrofossils at the A.E. Lalonde AMS Labo-
ratory (University of Ottawa), and the '*C dates were calibrated
using OxCal v4.3 and the IntCall3 calibration curve for northern
hemisphere terrestrial samples (Ramsey, 2009; Reimer et al.,
2013). The 2!°Pb dates were obtained from the first 40 cm of the
surface core FDL2 and processed at Geotop (Université du Qué-
bec a Montréal). The constant rate of supply (CRS) model was
used to interpret the 2'°Pb depth profile (Ghaleb, 2009). The '“C
and 2'°Pb dates were used to produce an age-depth model using
the R package Bacon (version 2.4.0), using Bayesian methods to
reconstruct accumulation rates of sediments and ages were calcu-
lated to a 1 cm resolution throughout the depth of the core (Blaauw
and Christen, 2011).

Loss-on-ignition analysis methods

Organic, carbonate and silicate content were estimated at 1cm
intervals along the core using loss-on-ignition (LOI) (Heiri et al.,
2001). Samples were first dried at 105°C overnight and weighed,
then heated at 550°C for 4h and weighed to measure organic
material, and then heated at 950°C for 2h and weighed again to
measure carbonate and silicate content. Porcelain lids were used
through-out, and samples were cooled in a desiccator.

Pollen analysis methods

Samples of 1.23 cm? of sediment were taken for pollen analysis at
2—4 cm intervals along the core, with the second millennium AD
sampled at the higher rate. Each sample was spiked with one
Lycopodium tablet (batch # 3862 from the University of Lund) to
permit the calculation of pollen concentration (Benninghoff,
1962; Berglund, 1986; Bonny, 1972; Moore et al., 1991). Samples
were treated with HCI, KOH, acetolysis, and HF in order to
remove as much non-pollen components of the sediment as pos-
sible (Faegri and Iversen, 1989; LacCore, 2016). Pollen samples
were stained using safranin and mounted in silicone oil on micro-
scope slides (Faegri and Iversen, 1989). Pollen accumulation
rates were calculated according to Berglund (1986) (p. 462).

High taxonomic resolution pollen counts were conducted with
a minimum sum of 500 pollen grains from each sample. Pollen
slides were counted at 400X or 800X using a Leica DM 2500
LED microscope at the Climatology, Hydrology and Paleo-Envi-
ronmental Laboratory at Concordia University. Regional pollen
guides (Bassett et al., 1978; McAndrews et al., 1973; Richard,
1970) were used as references. Pinus (pine) pollen grains were
identified as Pinus Haploxylon or Pinus Diploxylon to distin-
guish between Pinus strobus (Haploxylon) and other Diploxylon
species of Pinus possibly present, that is, Pinus rigida, Pinus resi-
nosa Ait. (red pine), and Pinus banksiana Lamb. (jack pine)
(McAndrews et al., 1973; Richard, 1970). Betula alleghaniensis,
Betula papyrifera (paper birch), and Betula populifolia (Marsh.)
(gray birch) are all present in the Mont-Orford region (Gauvin
and Bouchard, 1983), and they have pollen grains of overlapping
sizes (Richard, 1970), hence Betula pollen grains were identified
to genus level.

Constrained Clustering with Incremental Sum of Squares
(CONISS) was used to separate the pollen stratigraphy into distinct
zones (Juggins, 2019). Principal Component Analysis (PCA) ordi-
nation using the correlation matrix was used to confirm the CONISS
pollen zones and to calculate the principal components to better
understand the temporal variation of the pollen record. These anal-
yses were done on the taxa with at least one occurrence =5%.

Changes in pollen percentages and influxes of ecologically
key taxa between pollen zones were detected using Welch two-
sample two-sided #-tests assuming unequal variances after verifi-
cation that the data were normally distributed and no significant
autocorrelation was present. If significant lag-1 autocorrelation
was present but the data was normally distributed, adjusted #-tests
were used with the effective sample sizes adjusted for autocorre-
lation (Santer et al., 2000). Otherwise, lower-power Wilcoxon
rank sum tests were used. A significance level of p=0.1 was used.

Charcoal methods

Fire occurrence intervals were based on analysis of sedimentary
microcharcoal. Contiguous samples of 1cm?® were analyzed for
their charcoal content along the entire core. Samples were soaked
~12h in sodium hexametaphosphate (NaPO,), and then ~12h in
aqueous 6% sodium hypochlorite (NaClO) to deflocculate and
bleach the sediment. Charcoal particles were sieved with a 150 pm
Nitex© mesh, then counted and measured using a Leica M80 ste-
reoscope paired with an image analysis system (WinSeedle©,
Regent Instruments, Québec, Québec). We used charcoal area
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because charcoal abundance could be subject to fragmentation
during preparation, causing errors. Fire occurrence reconstruction
was done using CharAnalysis 0.9 software in Matlab© using a
400-year window width, a robust LOWESS smoother, and a
locally-defined 95% threshold based on a Gaussian mixed model
(Higuera, 2009; Higuera et al., 2009).

Climate reconstruction methods

To provide evidence that the shifts in vegetational composition
were driven by regional climate changes, we converted the high-
resolution pollen relative abundance data into temperature and
precipitation values and compared the climate signal from this
site with that from other sites in the region. We assume that if the
reconstructions are similar, then the vegetation changes are
caused by regional climate change. We reconstructed past cli-
mate, that is, summer (JJA) average temperature and annual pre-
cipitation, using the modern analog technique (MAT). For the
pollen-climate calibration set, we used version 1.72 of Whitmore
et al. (2005), together with the squared-chord distance metric
(Overpeck et al., 1985). For the calculations, we used C2 software
(Juggins, 2007). A total pollen sum of 50 arboreal and terrestrial
herbaceous pollen taxa was used. Given the taxonomic decisions
of the earlier researchers whose work forms the pollen-climate
training set, we had to merge the Picea taxa. Modern pollen data
spanning 64° and 80°W longitude and 41° and 49°N latitude were
extracted as candidates for modern analogs, resulting in 620 sites
in the calibration set. The average of the first three analogs was
used to compute the reconstructed climate variables. The fifth
percentile of the distribution of pair-wise dissimilarities from the
training-set samples was used as the definition of close analogs
(Simpson, 2012). We compared our reconstructions to other high-
resolution and well-dated sedimentary reconstructions from
within a 350 km radius to examine regional past climate patterns.
We defined high-sampling resolution analysis as at least four
proxy samples per century, and well-dated to mean varved sedi-
ments or at least eight '“C dates per 2000 years. We used MAT to
be able to compare our results to other nearby high-resolution cli-
mate reconstructions using this method (i.e. Lafontaine-Boyer
and Gajewski, 2014; Paquette and Gajewski, 2013).

Results

Sediment cores, age-depth model construction, and
LOI analysis

The three sediment core drives span 0-247cm below the SWI
(Supplemental Figure 1). The first drive, FDL2, is 76cm long.
The deeper second piston core, FDL P2, is 101 cm long and spans
50-151cm below the SWI, while the third and deepest piston
core, FDL P3, has a length of 96cm and spans 151-247 cm.
There is a 26 cm overlap between FDL2 and FDL_P2. The align-
ment of FDL2 and FDL_P2 was confirmed by pollen counts from
both cores within the overlap; however, the analysis only uses
pollen counts from FDL2 in the section of overlap. The three
aligned sediment core drives were combined to form a composite
core and will be referred to as “the core” hereafter. The sediments
in the core are uniformly dark brown in color and have an organic
gyttja consistency throughout.

Of the 14 sediment samples submitted for 2'°Pb dating, 12
yielded measurable dates (Supplemental Table 1). The >'°Pb sam-
ples dated from AD 1880 to 2018, establishing the chronology of
the first 40cm of the core. The 2!°Pb activity results reflect the
ideal case where 2!°Pb activity declines exponentially with increas-
ing depth due to radioactive decay (Ghaleb, 2009; Sorgente et al.,
1999), as it decreases from 35.404 +2.297dpm/g at 2.5cm to
1.627 = 0.138 dpm/g at 50 cm below the SWI, with the exception
of the first sample at 0.5cm (Supplemental Figure 2). The outlier

©
@

75

®
2
3
H
=5
o
5
g
s

-185
L

L S T T T L T S T S

0 2000 4000 6000 O 20 40 60 80 100 1200 02 04 06 08 10
lteration Acc. rate (yrlcm) Memory

‘ w

=]

o

»

ZSIOO

1500 ZOIOO
B S ———————
= -]

1
T
00S

Age (cal. yr BP)
(0g/av) eby

500 1000
1 1
B . o
T ——
o=
T T
00ST 000T

0S6T

0 50 100 150 200 250
Depth (cm)
Figure 2. Age-depth model for the Etang Fer-de-Lance core using
the R package Bacon. The age-depth model includes 2'°Pb (green)
and '*C (blue) dates. The central red dotted line is the best fit

model and the outer gray dotted lines denote the 95% confidence
interval.

210Ph activity of the initial sample is likely due to mixing with
water and dilution of the surface sediment sample.

The age-depth model spans ~365 BC to ~AD 2018 (Figure 2
and Supplemental Table 2). Plotted in gray are the mean 95% con-
fidence intervals which have a mean of 290 years, ranging from a
minimum of 4 years (at 1.5-2cm) to a maximum of 470 years (at
170 cm). All but one of the 11 '*C dates overlap with the Bayesian
age-depth model’s 95% confidence range, however, there is vari-
ability in the calibrated age ranges below 110cm. The source of
this variability is unclear but may represent the effects of biotur-
bation or wind-induced mixing of the sediments. In addition, sev-
eral dates were made on wood which can influence radiocarbon
chronologies through the “old wood” effect (Oswald et al., 2005).
In the case of Etang Fer-de-Lance, however, we note that two of
the wood dates (76—77cm and 126—127cm) fall directly within
the 95% confidence interval of the age model, suggesting that
these are unaffected by either vertical mixing of the sediments or
the “old wood” effect. We have thus decided to retain all '*C dates
for the age model, although note that the chronology below
110cm (i.e. older than approximately 1000 cal yr BP) is less reli-
able than the chronology before this time.

Loss-on-ignition analysis results are relatively uninformative
(Supplemental Figure 3). Organic material, carbonate and sili-
cates are by-and-large constant through-out the core at 45.8%,
7.5%, and 46.7%, respectively.

Pollen results

In total, 102 samples were counted from the core, yielding an
average sample interval of 23 years. Pollen assemblages at Etang
Fer-de-Lance show that its forest has been dominated over the last
2300years by Betula spp., T. canadensis, Fagus grandifolia Ehrh.
(American beech), Picea spp. (Picea glauca, Picea mariana
(Mill.) Britton, Sterns & Poggenburg (black spruce), and/or Picea
rubens) (summary diagram in Figure 3 and full pollen diagram in
Supplemental Figure 4). CONISS and PCA were used to divide
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the pollen percentage diagram of the taxa with at least one occur-
rence =5% into three pollen zones (Figures 3 and 4). CONISS
and PCA on the full pollen assemblage of 50 taxa gave identical
results (Supplemental Figure 4, Supplemental Text 1).

Between ~365 BC and ~AD 1300 (Pollen Zone 1, 85.5—
247.5 cm), concurrent with the first millennium AD and the MCA,
Betula spp. and T. canadensis maintained high percentages and
influxes (Figure 3 and Supplemental Figure 5). Fagus grandifolia
has significantly higher average percentage and influx in Pollen
Zone 1 (11.0% and 2.0 X 10* grains/cm?/year) than compared to
the subsequent 700years (6.9% and 4.4 X 103 grains/cm?/year)
(Table 1). Acer spp. (Acer saccharum, Acer rubrum, Acer pensyl-
vanicum L. (striped maple), Acer spicatum Lam. (mountain
maple), Acer saccharinum L. (silver maple), and Acer negundo L.
(Manitoba maple)) has an average abundance of 3% and an aver-
age influx of 5.0 X 103 grains/cm?/year throughout Pollen Zone 1.
Percent Picea spp. increased over the course of the first millen-
nium AD, beginning at ~AD 900, rising from a low of 2% to a
peak of 17%. Also beginning at ~AD 900, Pinus Haploxylon per-
centage began an increase which continued into the second mil-
lennium. However, influx shows that these two conifer taxa are
reasonably productive in pollen throughout Zone 1 except during
the Dark Ages Cold Period (AD 400-700). Alnus spp. (Alnus
crispa (Cryander ex Ait.) Turr. ex Ait. and Alnus incana subsp.
rugosa (Du Roi) R.T. Clausen), Poaceae (grasses), and Cypera-
ceae (sedges) have low and constant percentages and influxes,
while Ambrosia-type pollen is barely present throughout Pollen
Zone 1. Total pollen influx is relatively high throughout Pollen
Zone 1 (an average of 2.3 X 10° grains/cm?/year) with two major
peaks at ~AD 130 and ~AD 270 (Figure 3). There is however a
dip in total pollen influx and in the influxes of most arboreal taxa
during AD 400-700 (Supplemental Figure 5).

Both CONISS and PCA divide Pollen Zone 1 into subzones
1A and 1B at ~AD 130. The visual demarcation between these
two pollen subzones is subtle but F. grandifolia percentage is
higher in subzone 1A and declines in subzone 1B, while Picea
spp. percentage is lower in subzone 1A and higher in subzone 1B.
As well, a sharp decline in Betula percentage occurs at and prior

to ~AD 130 due to an increase in 7. canadensis percentage and
influx (Figure 3 and Supplemental Figure 5).

Between ~AD 1300 and 1600 (Pollen Zone 2; 62.5-82.5 cm),
concurrent with the early LIA, the average Betula species per-
centage (33.2%) and influx (2.7 X 10* grains/cm?/year) signifi-
cantly decrease compared to Pollen Zone 1 (37.4% and 6.1 X 10*
grains/cm?/year) (Figure 3 and Table 1). Mean percentages of T,
canadensis and F. grandifolia also significantly decline from Pol-
len Zone 1 (23.9% and 11.0%, respectively) in comparison to Pol-
len Zone 2 (21.1% and 8.2%), as do their influxes (5.0 X 10*
grains/cm?/year and 2.0 X 10* grains/cm?/year, respectively, in
Zone 1 vs 1.2X10* grains/cm?/year and 6.6 X 10° grains/cm?
year in Zone 2). The Acer species decline to an average abun-
dance of 2.7%, and their mean influx declines to 2.1 X 10° grains/
cm?/year. Percent Picea spp. (16.0%) increases significantly
between ~AD 1300 and 1600, relative to its prior mean percent-
age in Pollen Zone 1 (7.6%), as does its influx (1.3 X 10* grains/
cm?/year vs 7.9 X 10° grains/cm?/year). Percent Pinus Haploxy-
lon significantly increases gradually throughout Pollen Zone 2
with a mean of 3.3%, relative to its previous mean of 1.5% in
Zone 1, as well as its influx. Contrarily, Pinus Diploxylon per-
centage does not increase significantly between Pollen Zone 1
(1.4%) and Pollen Zone 2 (1.9%), and neither does its influx.
Alnus spp., Poaceae and Cyperaceae continue to have low per-
centages and influxes throughout Pollen Zone 2, and Ambrosia-
type percentages and influx remains negligible, but sporadically
present. The total pollen influx is significantly lower in Pollen
Zone 2 (7.9 X 10* grains/cm?/year) relative to Zone 1 (2.3 X 10°
grains/cm?/year).

Between ~AD 1600 and 2018 (Pollen Zone 3; 0-60.5cm),
beginning during the late LIA and early European settlement, there
is a striking increase in non-arboreal pollen (NAP) as Ambrosia-
type pollen, Poaceae and Cyperaceae percentages and influxes
begin to increase at the beginning of Pollen Zone 3 (Figure 3 and
Supplemental Figure 5). The Ambrosia rise is characterized by two
distinct periods of increase. An early Ambrosia rise beginning at
~AD 1650 (58.5cm) and lasting until ~AD 1760 (50.5 cm) is com-
prised of relatively stable percentages ranging from 0.5% to 0.8%
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Figure 4. (a) PCA biplot of Etang Fer-de-Lance pollen percentages with symbols denoting the pollen zones of the observations. Negative
numbers denote years BC, (b) Etang Fer-de-Lance PCA sample scores (unsmoothed) for the first three principal components (~365BC—~AD

2018). Pollen zones and subzones shown with red lines.

and similarly stable influxes. A subsequent more “classic” steep
Ambrosia rise (e.g. Brugam, 1978; Grimm, 1983, 2001) begins at
~AD 1770 (49.5cm) and increases from 1.4% to 6.3% by ~AD
1940, after which it declines slightly. Fagus grandifolia percent-
ages and influxes significantly decline from means of 8.2% and
6.6 X 10° grains/cm*/year in Pollen Zone 2 to means of 6.2% and
3.4 X 10° grains/cm?/year in Pollen Zone 3 (Table 1), but influx
increases slightly in the last century. Acer percentages and influx
increase throughout Pollen Zone 3, particularly over the last
100years. This increase is primarily due to an increase in Acer
rubrum (Supplemental Figure 4). Quercus percentages also
increase during the most recent 150 years (Supplemental Figure 4).

Tsuga canadensis percentages and influx significantly decline fur-
ther to 13.5% and 7.2 X 10° grains/cm?/year. Tsuga canadensis and
Picea spp. percentages initially decline in Pollen Zone 3, then
increase ~AD 1800 and then gradually decline, but influx shows
that they are slightly increasing over the most recent century. Pinus
Haploxylon maintains relatively high percentages from the 1600s
until ~AD 1870 when it declines until present day. A/nus percent-
age increases beginning in the early 1800s and peaks at 5.6% in the
present, similarly for its influx. Total pollen and Betula influxes
dip during the late LIA, ~AD 1600—1800 (Supplemental Figure 5).

PCA was used to uncover the main patterns of pollen variation
(Figure 4 and Supplemental Table 3). The first three PCA axes
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Table |. Comparisons of pollen percentages and influxes between pollen zones of Etang Fer-de-Lance.

Taxon Change in % t-statistic (%) p-Value (%) df (%) Change in p-Value (influx)
mean influx mean
Differences between Pollen Zone | and combined Pollen Zones 2 and 3
Fagus grandifolia { 8.14 1.5x 1072 95.0 2 2.6X107"2
Differences between Pollen Zone | and Pollen Zone 2
Betula spp. \ 1.86 0.08 21.3 { 0.002
Tsuga canadensis { 1.92 0.07 27.4 { 0.01
F. grandifolia | 3.26 0.004 19.3 \ 0.0003
Picea spp.' 0 -5.26 0.0001 13.9 0 0.03
Pinus Haploxylon 0 -3.97 0.0008 19.2 0 0.05
Pinus Diploxylon N.S. T -1.30 0.21 18.7 NS. ¥ 0.21
Total pollen influx N.A. N.A. N.A. N.A. 2 0.006
Differences between Pollen Zone 2 and Pollen Zone 3
T. canadensis' | 4.85 0.0003 13.0 \ 9.6 107
F grandifolia J 2.30 0.03 21.2 J 0.001

Regular t-tests were used if the normality assumption was met and no autocorrelation present. If autocorrelation was present but the data was normal,
a t-test adjusted for autocorrelation was used. Otherwise a Wilcoxon rank sum test was used. Wilcoxon tests were used for all influxes, because of
strong non-normality. A significance level of p=0.1 was used. Non-significance denoted by N.S. Not applicable denoted by N.A.

't-test adjusted for autocorrelation.

explain 63.9% of the total pollen variation. PCA Axis 1 explains
35.3% of the pollen variation and is defined by late-successional
T canadensis, F. grandifolia (highest positive first axis species
scores), and the disturbance indicator taxa: Poaceae, Ambrosia-
type pollen, Cyperaceae, and Alnus spp. (lowest negative first
axis species scores). PCA Axis 2 explains 17.4% of the pollen
variation and is defined by the deciduous pollen of Betula spp.
and Acer spp. (highest positive second axis species scores), and
the coniferous pollen of Picea and Pinus Haploxylon (lowest
negative second axis species scores). PCA Axis 3 explains 11.2%
of the pollen variation and is defined by Betula spp. and Pinus
Haploxylon (highest positive third axis species scores) and Pinus
Diploxylon, Acer spp., and Cyperaceae (lowest negative third
axis species scores). The eigenvalue scree plot (not shown) shows
that subsequent PCA axes are not important. The pollen zonation
(Figure 4) is based on this PCA ordination and CONISS (Figures
3 and 4), with the demarcation between Pollen Zones 2 and 3
defined by PCA Component 1, and the demarcation between Pol-
len Zones 1 and 2 defined by PCA Component 2. The sample
scores on PCA axes 1 and 2 show a clean separation of the sam-
ples from Pollen Zones 1, 2 and 3 (Figure 4(a)). A PCA using the
covariance matrix with a square root transform on the percentages
of the taxa with abundances =5% gave similar results, as did a
PCA using the correlation matrix on all 50 taxa.

Charcoal analysis results

Charcoal particles were present throughout the entire core, showing
that fire has long been present in the Mont-Orford forest landscape
(Figure 3). The charcoal accumulation rate (CHAR) record
increases during the Human-modified Period (Pollen Zone 3). The
decomposition of the CHAR record into local fires (i.e. within 1 km
of the pond (Higuera et al., 2009)) and background charcoal (from
washed in old charcoal or from non-local fires) shows that signifi-
cant local fires occurred at ~AD 645, ~AD 1090, ~AD 1660, and
~AD 1800. Assuming that significant fire peaks prior to ~AD 1760
(the beginning of regional European settlement) are naturally
ignited fires, this produces a mean natural fire return interval of
515years for this forest type in the region.

Climate reconstructions

The reconstructed summer temperature shows a warm first mil-
lennium AD, a slightly cooler MCA, and a distinct cold LIA

(Figure 5). The reconstructed warm first millennium AD spans
~365 BC to ~AD 950 with summer temperatures almost always
above the pre-1900 average of 16.8°C, the slightly cooler MCA
spans ~AD 950-1420 with summer temperatures oscillating
above and below average, and the distinct cold LIA spans ~AD
1435-1800 with summer temperatures almost consistently below
average. The reconstructed annual precipitation shows a gradu-
ally wetter climate from ~AD 700, with a mean annual precipita-
tion of 1016 mm during the first millennium AD, a mean of
1062 mm in the MCA, a mean of 1084 mm in the LIA, and a mean
of 1109 mm in the 1800s (Figure 5). Reconstructed JJA precipita-
tion shows very similar results (not shown). Post-1900, the cli-
mate reconstructions become unreliable due to well-documented
human-caused landscape modification. Analog matchings
between the down-core samples and the training set are close,
with only four samples having a minimum distance greater than
that of 5% of the training set (22.9). Of these four poor analog
samples (out of 102), two were from the most recent three decades
and two from the early first millennium AD. The training set
when run on itself using leave-one-out cross-validation had a
R?=0.79 and a root mean squared error of prediction
RMSEP=0.87°C for JJA mean temperature, and a R>=0.49 and
RMSEP=1112 mm for annual precipitation. Analysis using a cali-
bration set spanning 50° and 100°W longitude and 20° and 50°N
latitude gave similar results.

Discussion
Vegetation history

Our results highlight the dominance of the mixed hardwood forest
in the Mont-Orford region over the last 2300 years. While the pol-
len percentages of the major taxa remained relatively unchanged
over the first 1600 years of the record, the pollen zones identify
subsequent key vegetation changes tied to climatic and human
events. Our record captures a clear increase in sub-dominate
Picea spp. and Pinus Haploxylon relative abundances and
influxes beginning in the late first millennium AD and a decrease
in the relative abundances and influxes of the sub-dominates F.
grandifolia and T. canadensis over the last 700 years.

Our pollen record captures a relatively unchanging first mil-
lennium AD for the percentages of most taxa, with dominates
Betula spp., T. canadensis, and F. grandifolia (Figure 3). Regional
Betula species include B. alleghaniensis, B. papyrifera, and B.
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Figure 5. Reconstructed summer (JJA) temperature and mean annual precipitation for Etang Fer-de-Lance, Québec, using the modern analog
technique (MAT), together with minimum squared chord distance for the closest analog. The gray dashed vertical line denotes 16.8°C — the
mean pre-1900 temperature. The red lines are 5-point smoothers. Samples with a minimum squared chord distance of less than 22.9 are

considered to have close analogs (green vertical line).

populifolia (Gauvin and Bouchard, 1983) and all could possibly
have been present throughout the first millennium. While there
are some changes in the various taxa percentages in the first mil-
lennium AD, these changes are smaller than the changes of the
second millennium. The general stability of the first millennium
AD for the pollen taxa percentages in Etang Fer-de-Lance is sup-
ported by other southern Québec studies that also found relatively
unchanging first millennia AD (Houle et al., 2012; Lafontaine-
Boyer and Gajewski, 2014). From Lac Clair, southcentral
Québec, Houle et al. (2012), in their 1800-year-long record, found
that main tree taxa percentages were less variable prior to AD
1500. A 1400-year-long record from Lac Brulé, southwestern
Québec, similarly found little variation in pollen percentages until
the early second millennium (Lafontaine-Boyer and Gajewski,
2014).

While we observe little change in pollen percentages during
the first millennium AD at Etang Fer-de-Lance, prior to AD 400,
total pollen influx and deciduous taxa pollen influx were higher
(Figure 3 and Supplemental Figure 5) showing increased forest
biomass production caused by warmer temperatures in the early
first millennium (Grochocki et al., 2019). These pollen influx
rates are characteristic of hardwood-dominated mixed forest
(Davis et al., 1975). The sharp spikes in pollen influx rates at AD
130 and AD 270 also appear in the pollen concentrations (Figure
3), suggesting pollen focusing during deposition and/or problems
with the age-depth model and should be discounted. Total pollen
influx and individual pollen taxa influx declined ~AD 400-700
(Figure 3 and Supplemental Figure 5), coincident with the Dark
Ages Cold Period (Helama et al., 2017). This period frequently
appears as a cold and wet period in northern Québec (e.g. Loisel
and Garneau, 2010). The MCA shows most clearly as an increase
in pollen influx and productivity during AD 800-1300 for Acer
spp., F. grandifolia, Betula spp., T. canadensis, Picea, Pinus Hap-
loxylon, and A/nus after their declines during the Dark Ages Cold
Period.

After earlier low percentages of Picea spp. and Pinus Hap-
loxylon, we see their rise beginning around ~AD 900, which per-
sists throughout the second millennium (Figure 3). Pollen
influxes (Supplemental Figure 5) shows that the rises in Picea
and Pinus Haploxylon percentages are due to both increases in
their influxes and declines in Betula, Fagus, and Tsuga influxes.
This rise is consistent with studies in adjacent Maine which also
found a Picea relative abundance and influx resurgence over the
past 1000years (Davis et al, 1975; Gajewski, 1987; Gajewski
et al., 1987; Lindbladh et al., 2003; Nolan, 2019; Schauffler and
Jacobson, 2002). In upstate New York and Vermont, the Picea
increase occurs earlier still from early first millennium AD to AD
700 (Gajewski, 1987; Gajewski et al., 1987; Grochocki et al.,
2019; Oswald et al., 2018). In southwestern and southcentral
Québec, the rise was found to be a little later — ~AD 1300 (Houle
et al., 2012; Lafontaine-Boyer and Gajewski, 2014; Paquette and
Gajewski, 2013). Although Picea were some of the first trees to
have recolonized North American landscapes following the
retreat of the Laurentide Ice Sheet, this recent northward increase
of Picea follows an early-to-mid Holocene decline attributed to
unfavorable climate characterized by high seasonality (Lind-
bladh et al., 2003). The Picea spp. increase beginning in the first
millennium AD is in response to the general regional cooling
(see below) due to orbital forcing and decreasing of seasonality
(Marlon et al., 2017; Ruddiman, 2008). It is speculated that the
higher Appalachian and Adirondack Mountains and colder and
moister coastal areas served as refugia for Picea species in south-
ern Québec and New England during the unfavorable growing
conditions of the mid-Holocene (Lindbladh et al., 2003; Schauf-
fler and Jacobson, 2002).

Unlike the regional increase in Picea percentage and influx,
changes in Pinus are more heterogenous through time and space.
Pinus Haploxylon percentage and influx (here P. strobus) signifi-
cantly increased at Etang Fer-de-Lance ~AD 1300. The high-res-
olution Knob Hill Pond core from northern Vermont also shows
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an increase in P. strobus percentage ~AD 1200 (Oswald et al.,
2018). Lafontaine-Boyer and Gajewski (2014) and Paquette and
Gajewski (2013) also observed an increase in this species’ per-
centage and influx at Lacs Noir and Brulé, but at AD 1500. How-
ever, some nearby higher-resolution sites show no increase (i.e.
Lac Clair) or declines (i.e. Mont Shefford; Richard, 1978). Pinus
Diploxylon percentage and influx (i.e. P. resinosa, P. rigida, P.
banksiana) show no significant change at this time at Etang Fer-
de-Lance also.

The increase of Picea and P. strobus is accompanied by
declines in other dominant taxa. Both F. grandifolia and T
canadensis percentages and influxes further declined beginning
~AD 1300 and continued to decline until present. The F. grandifo-
lia and T. canadensis declines are found in other studies from
northeastern North America and are attributed to the LIA and gen-
eral regional cooling (Campbell and McAndrews, 1993; Gajewski,
1987; Grochocki et al., 2019; Lavoie et al., 2013; Muller et al.,
2003; Oswald et al., 2018; Pellerin et al., 2007). Our findings
match results from southwestern Québec that found higher F.
grandifolia and T. canadensis pollen percentages and accumula-
tion rates in the first millennium AD, which then significantly
declined in the mid-second millennium AD and have not returned
to previous peaks (Lafontaine-Boyer and Gajewski, 2014; Paquette
and Gajewski, 2013). At varved Lac Brulé, F grandifolia and T.
canadensis rapidly decline at AD 1375, while at varved Lac Noir,
the abrupt changes began AD 1550. This decrease in the sub-dom-
inant F. grandifolia and T. canadensis pollen and an increase in
more boreal Pinus, Picea, and Abies pollen, suggests that there
was a relatively rapid transition between a warmer MCA and a
cooler LIA in southern Québec, which had a definite effect on the
vegetation (Paquette and Gajewski, 2013).

Except for the above studies, much of the previous Québec
pollen work has been low-resolution whole Holocene forest com-
position reconstructions (Lavoie and Richard, 2000; Muller and
Richard, 2001; Richard, 1975, 1978, 1994). While yielding illu-
minating results for the whole Holocene, the resolutions of these
studies are unable to easily capture the response of the vegetation
to the LIA and MCA. Indeed, there is a debate as to whether it is
even possible to discern the vegetation’s response to the LIA and
MCA in southern Québec pollen records (e.g. Hausmann et al.,
2011; Richard, 1994; Van Bellen and ClimHuNor Project Mem-
bers, 2018, 2020). By filling the lack of high-resolution pollen
records in southeastern Québec, our findings help clarify the pres-
ence of a distinct early LIA and a MCA that previous low-resolu-
tion cores had difficulty detecting.

Ambrosia rises and the Human-modified Period

Ambrosia rises. The Human-modified Period begins in ~AD 1600
(Pollen Zone 3) with the beginning of increases in shade-intoler-
ant and disturbance-characteristic taxa, which has likely over-
shadowed the vegetative response to the late LIA. Etang
Fer-de-Lance exhibits an unusual Ambrosia rise occurring in two
steps and captures signs of possible Indigenous agriculture in the
broader Mont-Orford region prior to European settlement in the
late 1700’s after the American Revolution. Our pollen record cap-
tures an initial early rise in Ambrosia beginning ~AD 1650 and
then a second, more abrupt, classic Ambrosia rise (e.g. Brugam,
1978; Grimm, 1983, 2001) beginning ~AD 1770 and peaking in
~AD 1940. The Ambrosia initial rise is accompanied by an earlier
Poaceae rise beginning ~AD 1550, which suggests increasing
open spaces in the forest canopy of the pollenshed and could be
due to increased land clearance for Indigenous crops. Stager et al.
(2016) found increased erosion in Wolf Lake in Adirondack Park,
New York, in the late 1600s and early 1700s which they also
attributed to Indigenous agriculture (Figure 1). Several Montréal
lowlands sites of Muller and Richard (2001) also show similar

early Ambrosia and Poaceae rises, but given their lower resolution
and dating control this is less certain.

What could have been the cause of this early Poaceae/Ambrosia
rise in ~AD 1550-1650, a time frame that suggests Indigenous
agriculture rather than European? First of all, there could be dat-
ing issues with the Etang Fer-de-Lance core which has an esti-
mated error of = 80years here. Montréal was founded in AD
1642 on the site of St-Lawrence Iroquoian Hochelaga (Tremblay,
2006), but remained small for many years. However, given dating
error and noise in Poaceae abundance, perhaps this early rise is
just a faint pollen signal of Montréal (located 105km away) and
its slowly increasing population, land clearance and farms
(Dechéne, 1992).

Alternatively, the early Poaceae/Ambrosia rise could be due to
Indigenous agriculture. In the late prehistorical and early historical
periods, the region surrounding Mont Orford was controlled by the
Missisquoi Abenaki (Calloway, 1994; Haviland and Power, 1994;
Pendergast, 1989). The Missisquoi Abenakis, located on the east-
ern shores of Lake Champlain, obtained a portion of their diet
from maize-based agriculture (Calloway, 1994). In AD 1534,
Jacques Cartier reported that the St-Lawrence Iroquoians were in
control of the island of Montréal and growing maize for their pri-
mary sustenance (Tremblay, 2006). Well known for their extensive
crops of maize, beans and squash, the St-Lawrence Iroquois and
the Haudenosaunee cleared forest for large fields (Haudenosaunee
Confederacy, 2020; Tremblay, 2006). By AD 1609 when Samuel
Champlain visited the island of Montréal, the St-Lawrence Iro-
quois were gone. Based on conversations with his local guides,
Champlain estimated that intense warfare began ~AD 1570, lead-
ing to the vanishing of the St-Lawrence Iroquois from the St-
Lawrence Valley (Calloway, 1994). Refugee groups may have
been absorbed by the Missisquoi Abenakis (in northern Vermont/
southern Québec), Huronia (in southern Ontario) or the Haudeno-
saunee Confederacy (in central New York) (Haviland and Power,
1994). Pendergast (1989) has argued that some of the St-Lawrence
Iroquois retreated to the Missisquoi Valley in Vermont (60-80km
from our site) during AD 1550-1580. In AD 1609, Champlain
observed extensive maize fields on the eastern shore of Lake
Champlain (Calloway, 1994). During the French Colonial Regime,
there were frequent wars between the Abenakis (with their French
allies) and the Haudenosaunee (with their English allies), but the
Missisquoi Abenaki remained in northern Vermont/southern Qué-
bec just to the southwest of our site with their main village at Mis-
sisquoi at the mouth of the Missisquoi River (80km away),
continuing to farm maize (Calloway, 1994). There has been no
archeological work done in the Mont-Orford area, but there are
archeological sites in Vermont, in the Missisquoi Valley (located
40km to the south) (Haviland and Power, 1994). There was no
permanent French settlement in the Mont-Orford region at this
time. Hence, if our chronology is correct, the initial
Poaceae/Ambrosia rise could be due to Missisquoi Abenaki/St-
Lawrence Iroquois agriculture.

Nouvelle France fell in AD 1760 to the British. In the ensuing
peace, European settlement began to increase in the Eastern Town-
ships of southern Québec where our site is located. The second
Ambrosia rise, beginning ~AD 1770, is more characteristic of the
classic Ambrosia rises captured in southern Québec studies mark-
ing the onset of extensive European agriculture (Lafontaine-Boyer
and Gajewski, 2014; Lavoie et al., 2007; Muller and Richard,
2001; Paquette and Gajewski, 2013). Ambrosia is a weedy herb
that thrives with deforestation, disturbance and farming, particu-
larly European-style cereal farming. Although native to eastern
North America, Ambrosia expanded greatly with non-Indigenous
settlement and provides a reliable marker for European settlement
(e.g. Brugam, 1978; Grimm, 1983, 2001). The classic Ambrosia
rise at ~AD 1770 at Etang Fer-de-Lance is within the time-frame
of the Ambrosia rise of Muller and Richard (2001) in the
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Monteregian Hills northwest of Mont-Orford. Muller and Richard
(2001), using a 15-core study, determined that the regional Ambro-
sia rise occurred between AD 1750 and 1800 as the result of Euro-
pean-caused deforestation and agriculture. Further north,
Lafontaine-Boyer and Gajewski (2014) and Paquette and Gajew-
ski (2013) found an Ambrosia rise between AD 1810 and 1860 at
Lacs Noir and Brulé, corresponding to settlement in that region. In
the Eastern Townships of Québec, settlement by Europeans began
in the late 1700s with the Constitutional Act of 1791 of the Parlia-
ment of Great Britain, which reformed the province’s government
(St-Onge and Will, 2019). In this second Ambrosia rise, our record
possibly captures the beginning of the United Empire Loyalist (i.e.
refugees from the United States) settlement in the Mont-Orford
region at Magog in AD 1776 (Figure 1).

Further European settler impacts over the last
200years

In addition to increasing pioneering weedy taxa with high light
demands, that is, Ambrosia and Poaceae, the land disturbance of
European settlers in the region has had lasting impacts on forest
composition. Over the last 200 years, Etang Fer-de-Lance shows
a significant increase in Acer spp. pollen, particularly A. rubrum,
A. pensylvanicum and A. saccharum, following the second rise of
Ambrosia (Supplemental Figure 4). Using early European land
settlement surveys to infer early forest inventories, Danneyrolles
et al. (2019) show how agricultural clearing, logging, and anthro-
pogenic fires have influenced forest dynamics in southern Québec
by benefiting disturbance-adapted, early-successional, short-
lived, and fast-growing tree species, such as Acer spp. Gauvin and
Bouchard (1983) also identified Acer spp. as a marker of forestry
in their vegetational survey of the Parc national du Mont-Orford,
finding that sectors disturbed by forestry had been reclaimed by
successional communities of Acer, Betula, and Populus species.
These anthropogenic disturbances and increases of Acer and other
early successional species came at the expense of long-lived late-
successional taxa, such as 7. canadensis and F. grandifolia
(Bouchard et al., 1989; Boucher et al., 2009; Danneyrolles et al.,
2019; Simard and Bouchard, 1996). The Etang Fer-de-Lance pol-
len record detects the arboreal species shifts described by these
forest inventory and notary deed studies, as early- and mid-suc-
cessional Acer spp. percentages increase at the Ambrosia rise
peak with concomitant declines in late-successional 7. canadensis
and F. grandifolia percentages. To the best of our knowledge, this
study is the first in southern Québec to link sedimentary pollen
results to those from early settlement forest inventory studies,
demonstrating that high-temporal and high-taxonomic resolution
palynology can be used to reconstruct sub-centennial forest his-
tory on a longer time-scale than that possible using historical
records in this region.

Pre-Contact and European fire record

Four significant CHAR peaks denoting local fires mark our
2300-year fire record from Etang Fer-de-Lance (Figure 3). The
CHAR peaks at ~AD 670, ~AD 1090, and ~AD 1660 are pos-
sibly non-anthropogenic in origin as they precede European
settlement of the region. However, they could have been set by
Indigenous people, although no present-day nearby Indigenous
nation has recorded extensive use of fire in their oral histories.
Pollen percentages and influxes do not show any substantial
changes in forest composition due to these fires (Figure 3 and
Supplemental Figure 5). The most recent significant fire event
at ~AD 1800 corresponds to the early European settlement of
the Eastern Townships region. As the initial settlement of the
city of Sherbrooke begun in the early 1800s (Figure 1), the
CHAR peak at ~AD 1800 matches the period when European

land clearance would have been beginning (Eastern Townships
Resource Centre, 2017).

If we assume that the first three fires were non-anthropogeni-
cally ignited (excluding the ~AD 1800 European CHAR peak),
the mean fire return interval of 515years is typical of the hard-
wood forests of southeastern Canada, known for a relatively
moist climate and less fuel accumulation during the late Holocene
(Blarquez et al., 2018). The accuracy of this calculation should be
treated with caution; however, given the relatively short time-
span of the core and the small number of fires. Comparatively, in
the Gatineau region of drier southwestern Québec, Blarquez et al.
(2018), recorded a mean fire return interval of 301 = 201 years for
the last 1500 years at Folly Bog. Stager et al. (2016) found a mean
fire return interval of 210 years at Wolf Lake in the Adirondacks
(Figure 1). Lavoie et al. (2013) found four major charcoal peaks
above background in the most recent 2600 years from a peat bog
core at Covey Hill (45°00'29"N, 73°49'36"W — 130km to the
west, located in the sugar maple-bitternut hickory forest domain),
which corresponds well to Etang Fer-de-Lance. Payette et al.
(2015, 2016) dated soil microcharcoal pieces and found that fire
has been a part of 7. canadensis and Acer stands in the eastern
sugar maple-basswood forest domain throughout the last
2000years. We conclude from our pollen and charcoal records
that while fires are a re-occurring part of the Mont-Orford forest
landscape, this fire regime likely did not play a major role in veg-
etation dynamics prior to significant land clearing by European
settlers. To the best of our knowledge, this is the first lacustrine
microcharcoal study from the eastern sugar maple-basswood
domain of the hardwood forest subzone of Northern Temperate
Forest (Ressources Naturelles Québec, 2003).

Climate reconstructions

We converted the Etang Fer-de-Lance pollen data into temperature
and precipitation reconstructions and compared the climate signal
from our site with those from broader regional paleoclimate synthe-
ses (Ladd et al., 2018; Marlon et al., 2017; Shuman et al., 2018) and
other nearby high-resolution, terrestrial sediment-based climate
reconstructions within a ~350km radius (Figures 1, 6, and 7). We
assume that if our reconstructions are similar to the above, then the
forest changes in the Etang Fer-de-Lance pollen record are most
likely caused by regional climate change, and not internal drivers
(e.g. succession). We did not include tree-ring-based climate recon-
structions in our local comparison set. Although annually resolved,
they do not capture centennial-scale climate variability well here
because of the aggressive detrending methods dendro-climatolo-
gists must use to remove stand dynamics in closed-canopy north-
eastern forests (e.g. Tardif et al., 2001).

The Etang Fer-de-Lance summer temperature reconstruction
matches the coherent cooling pattern over the past 2000 years
found in the synthesis paper of Marlon et al. (2017) which covers
the northeastern United States. Focusing more locally, our sum-
mer temperature reconstruction also closely corresponds to pol-
len-based reconstructions from Lacs Noir and Brul¢ in the Ottawa
River Valley 250km to the west, with a warmer MCA than the
subsequent LIA with a transition occurring between AD 1400—
1500 at all three sites (Lafontaine-Boyer and Gajewski, 2014;
Paquette and Gajewski, 2013) (Figure 6). Similarly, Gajewski
(1988) found a shift from a warmer MCA to a colder LIA at ~AD
1450-1500 at Conroy Lake and Basin Pond in Maine also using
pollen-based reconstructions. These two latter sites, together with
his pollen-based Clear Pond in New York, also show a generally
warmer first millennium AD than the MCA like Etang Fer-
de-Lance. Hence, our temperature reconstruction follows the
coherent broad regional temperature decline, suggesting that the
shifts in forest composition at Etang Fer-de-Lance are being
driven in part by this regional cooling.
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Figure 6. Mean summer (JJA) temperature summary of high-
resolution and well-dated sedimentary sites within 350 km of Etang
Fer-de-Lance: (a) this study, (b) Lac Brulé (Lafontaine-Boyer and
Gajewski, 2014), (c) Lac Noir (Paquette and Gajewski, 2013), (d)
Conroy Lake (Gajewski, 1988), (e) Basin Pond (Gajewski, 1988), and
(f) Clear Pond (Gajewski, 1988).

Additionally, the Etang Fer-de-Lance mean annual precipita-
tion reconstruction matches the coherent wetting pattern over the
past 2000 years for northern New England described in the syn-
theses of Ladd et al. (2018), Marlon et al. (2017), and Shuman
et al. (2018) (Figure 7), that is a wet LIA relative to the MCA,
which is then wetter relative to the first millennium AD. Examin-
ing the local high-resolution reconstructions, the annual precipi-
tation reconstruction from Conroy Lake, Maine, shows this
wetting trend over the past two millennia (Gajewski, 1988), as
does the water-table depth reconstruction from testate amoebae
from Sidney Bog (Clifford and Booth, 2013) (Figures 1 and 7).
Clear Pond, New York, shows little difference in moisture
between the LIA and MCA, but the MCA is wetter relative to the
first millennium AD (Gajewski, 1988). However, this wetting
precipitation trend is less coherent in northern New England than
the cooling temperature one is. There are records that show
opposite or mixed trends because precipitation, both as rain and
snow, is more heterogenous over relatively smaller spatial scales
than temperature (Shuman et al., 2018). The annual precipitation
of Basin Pond, Maine, shows a drier LIA relative to the MCA and
no substantial difference in moisture availability between the
MCA and the first millennium AD (Gajewski, 1988). The plank-
tonic and tychoplanktonic diatom percentage record from Wolf
Lake in the central Adirondacks shows a wetter LIA relative to
the MCA, but the first millennium AD was also wet (Stager
et al., 2016). In summary, our precipitation reconstruction fol-
lows the general northern New England pattern, suggesting that
the shifts in forest composition at Etang Fer-de-Lance are also
being driven in part by regional wetting, as well as by the regional
cooling. Hence, together the late Holocene cooling and wetting
trends in the broadly defined northern New England region

Age (cal. year BP)
150 350 550 750 950 1150 1350 1550 1750 1950 2150
Rt Py o | 7

s
E 1180
£ .
= (a) ETANG FER-DE-LANCE
2 1080
b
s
A =
& B
& 310 £
J (b)LACBRULE <
o 11 280 =
c
S
£ 250 E
£ s
r 220 §
3 g
s
<
=
5
3
£ —_
z |z
H F1100 €
S £
s (d) CONROY LAKE [ =
[10s0 5

© =
g8
Precipitati

(mm/yr)

Pr
% |
p v
Water table depth (cm)

1100

§ 1050

2 1000

-
o

=
S

iyl

U
(9) CLEARPOND |80

%Planktonic

1800 1600 1400 1200 1000 800 600 400 200 1 200
Year AD Year BC

Figure 7. Precipitation summary of high-resolution and well-
dated sedimentary sites within 350km of Etang Fer-de-Lance: (a)
annual precipitation from this study, (b) Lac Brulé JJA precipitation
(Lafontaine-Boyer and Gajewski, 2014), (c) Lac Noir monthly
mean JJA precipitation (Paquette and Gajewski, 2013), (d) Conroy
Lake annual precipitation (Gajewski, 1988), (e) Basin Pond annual
precipitation (Gajewski, 1988), (f) Sidney Bog water-table depth
reconstruction residuals, with more negative residuals meaning
wetter conditions (Clifford and Booth, 2013), (g) Clear Pond
annual precipitation (Gajewski, 1988), and (h) Wolf Lake combined
percentages of planktonic and tychoplanktonic diatoms, with higher
values representing greater precipitation in the watershed (Stager
et al,, 2016). Horizontal dotted line at 62% designates mean prior
to AD 1860.

appear to be driving the forest composition changes seen at Etang
Fer-de-Lance.

In their pollen-based synthesis, Ladd et al. (2018) found an
opposing drying trend in the continental interior over the last
1600 years. Following this more continental pattern, the summer
precipitation reconstructions of Lacs Noir and Brulé in the Ottawa
River Valley show a drier LIA relative to the MCA even though
they are relatively close to our site; hence there is no discordance
here with our results (Lafontaine-Boyer and Gajewski, 2014;
Paquette and Gajewski, 2013).

A number of caveats must be mentioned with respect to the
calculations of the Etang Fer-de-Lance climate reconstructions. A
serious issue in doing climate reconstructions based upon modern
pollen-climate training sets is the fact that human-caused land-
scape disturbance is so great in many regions of the world (cer-
tainly in southern Québec) that vegetation no longer reflects
climate in the same way that it used to prior to this major distur-
bance (Kujawa et al., 2016; St-Jacques et al., 2008b, 2015). Hence,
when we use transfer functions built using modern pollen-climate
training sets to infer the past climates of more pristine landscapes,
there are inevitable errors that can be severe, including substantial
climate signal flattening and underestimation, and bias (St-Jacques
et al., 2008b, 2015). A further source of loss of sensitivity in our
reconstructions arises from having to merge all Picea taxa together,
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even though they have different climate optima (Thompson et al.,
2015) because of the low taxonomic resolution used by earlier
researchers whose compiled results comprise the pollen training
set (Whitmore et al., 2005). An additional caveat arises from the
fact that 12 out of the 14 20th-century Etang Fer-de-Lance samples
are shown to have close analogs in the training set even though the
independent historical record documents the heavy anthropogenic
regional landscape alteration (Figure 5). Hence, common defini-
tions of good analogs in training sets used to assess reconstruction
reliability can be problematic (Simpson, 2012). However, even
though there are problems with the absolute values of our recon-
structions, they are trustworthy enough to compare to the general
trends found in regional syntheses (e.g. Ladd et al., 2018; Marlon
etal., 2017; Shuman et al., 2018).

Conclusions

In this study, we show how the changing climate of the first mil-
lennium AD (including the Dark Ages Cold Period), the MCA
and the LIA affected the forest composition and pollen produc-
tivity at Etang Fer-de-Lance in the sugar maple-basswood
domain of the Northern Temperate Forest of southeastern Qué-
bec. We show how high-resolution (bidecadal) pollen analysis is
able to detect forest dynamics due to climate change in this
region, where it has been speculated based on low-resolution
pollen analysis that the forests were unresponsive to climate
variability over the past 2000 years. Further work could be done
examining the effects of the climate changes of the fairly vari-
able first millennium AD, that is, the Roman Warm Period, the
Dark Ages Cold Period and the MCA, on southeastern Québec
forest composition from a core from a lake with a better age-
depth model for this time period. Our study also demonstrates a
complex pattern of anthropogenic vegetation modification since
AD 1500 from possible Indigenous effects on the landscape to
the severe landscape changes caused by European settlement.
This recent human disturbance of the vegetation could also be
fruitfully explored further using high-resolution sediment cores
from other lakes in the region to better understand recent
regional prehistory and history.
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