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Fire is the largest natural disturbance factor in the boreal forest and plays a critical
role in the composition, structure, and succession of stands and landscapes. The
island of Newfoundland, located in eastern Canada, is subjected to a greater
maritime influence, which may result in longer fire return intervals. The limited
data on the fire regime does not account for interactions between fire,
vegetation, and climate throughout the Holocene. We used sediment cores
from Arnold’'s Pond, Terra Nova National Park, which covered the last ~11,800
cal. yr BP, to investigate these interactions. We recognize 4 pollen zones and
macroscopic charcoal analysis detected 45 local fire events. The 250-year mean
fire return interval associated with the current vegetation is longer than a
previous estimate for the park, but significantly shorter than other estimates for
the island. Our mean fire return interval is within the range of fire estimates from
Québec with similar vegetation. Our results suggest that the fire regime was
primarily influenced by vegetation and climate. The transition to an open forest
from a shrub tundra resulted in increased fire activity and fire frequency, which
were likely driven by additional fuel on the landscape, but could have also been
influenced by unknown climatic factors. We identified several examples of
changes in the fire frequencies and/or charcoal accumulation that coincided
with regional climate shifts, but we also identified a non-synchronous change.
The non-synchronous shift to drier conditions resulted in a ~500-year time lag
between peak Pinus strobus abundance and maximum fire frequency.
Synchronous shifts in fire activity and/or fire frequency coincided with the
8200 event, Medieval Climate Anomaly and Little Ice Age. We also noted a
decrease in fire frequency between 2600-1500 cal. yr BP that coincided with
similar changes in the fire frequency from ~3000-1000 cal. yr BP in Québec. Our
study highlights the complex interactions influencing the fire regime in our study
area during the Holocene.
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Introduction

The circumpolar boreal zone covers vast areas of North
America and Eurasia (Brandt, 2009). The forests of this zone play
an important role in both carbon sequestration and the release of
carbon through combustion, which has implications for greenhouse
gas production (Amiro et al, 2009). Within the boreal forest,
natural disturbance factors, such as fire, insects and pathogens,
affect the composition, structure, and succession of stands and
landscapes (Sirois and Payette, 1991; Johnstone and Chapin, 2006;
Kautz et al,, 2017; Hart et al., 2019; Foster et al., 2022). Depending
on the intensity and frequency of fire events, there can be drastic
impacts on the heterogeneity of a stand, cycling of nutrients in the
soil and on the aerial or soil seed banks of fire-adapted species
(Greene et al.,, 1999; Arseneault, 2001; Bergeron and Fenton, 2012;
Hart et al., 2019). Frequent and severe fire events can shift the
landscape to favor shade-intolerant broadleaf species and create
conditions that are no longer competitive for fire-facilitated taxa,
such as Pinus spp. and Picea mariana (Mill.) Britton, Sterns &
Poggenb (Greene et al, 1999; Arseneault, 2001; Johnstone and
Chapin, 2006; Fourrier et al.,, 2013; Remy et al., 2017b; Whitman
et al., 2019; Augustin et al,, 2022).

Paleoecological approaches are often used to reconstruct
vegetation dynamics, disturbance events and climate change
during the Holocene (MacPherson, 1995; Ali et al., 2009;
Finkenbinder et al., 2022). In the boreal forest of eastern Canada,
the time between fires is typically longer than in western and central
Canada (Erni et al., 2020; Arsenault, 2015; Zhang and Chen, 2007).
Depending on latitude, climate, vegetation, anthropogenic
influences and ignition factors, the time between fire events can
vary greatly in eastern Canada. In northern Québec near James Bay,
the northern Forest-Tundra fire rotation period is estimated to be
1460 yr, but in central Quebec the fire cycle is 273 yr (Payette et al,
1989; Bergeron et al., 2001). In the Cote-Nord region of eastern
Quebec, the mean fire return interval (mFRI) is 181 to >500 yr
depending on the timeframe and techniques used to calculate the
values (Bouchard et al., 2008; Cyr et al., 2012; Couillard et al., 2021;
Tcheumeleu et al., 2023). mFRI (mean number of years between
successive fire events) was calculated in the above studies using
forest inventory plots, fire maps, fire scars, tree rings and soil
charcoal. In southern Labrador the estimated fire rotation period
is >500 yr (Foster, 1983).

Holocene fire histories from Queébec are a good point of
comparison as regions of Newfoundland have similar vegetation
and climate. Studies from the black spruce-moss and black spruce-
lichen subdomains of Québec indicate that the current range of
regional mFRIs is 180-410 yr. (Carcaillet et al., 2010; Hely et al,
20105 Ali et al., 2012; Oris et al., 2014b; El-Guellab et al., 2015; Remy
et al.,, 2017b; Hennebelle et al., 2018; Couillard et al., 2021;
Tcheumeleu et al, 2023) Studies in this paragraph calculated
mFRI using charcoal from lake sediment with the exception of
Couillard et al., 2021, which used soil charcoal.

Fire return intervals for Newfoundland have not been
extensively studied. One estimate suggests the fire cycle for the
island is ~770 yr, based on contemporary data that do not account
for how the fire frequency varies over space and time (Arsenault,
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2015; Arsenault et al, 2016). A mean stand age estimate for Terra
Nova National Park of ~100 yr implied a fire return interval of that
same duration (Power, 1996). With a greater maritime influence on
the island of Newfoundland, a longer fire return interval may be
expected on the island than on the mainland of eastern
boreal Canada.

With limited data on how the fire regime has varied over time
in the eastern-most boreal forest of Newfoundland, we identified
three objectives: (1) Is the fire frequency in Terra Nova National
Park significantly longer than other parts of the Boreal Forest in
eastern Canada? (2) To what extent has vegetation change driven
changes in the fire regime? (3) To what extent has climate driven
changes in the fire regime? Results from this study will not only
provide a high-resolution, long-term record of local fire events,
but also provide data that can be used to aid park ecosystem
managers in developing a more detailed fire management plan
that better coincides with the natural fire regime. If we have a
better understanding of the fire intervals, park ecosystem mangers
in Terra Nova National Park can devise a fire regime in the study
area that uses prescribed burns combined with letting natural/
accidentally set fires burn. This data will aid them in fulfilling their
mandate to maintain the park in a “natural” state, which includes
an appropriate fire regime [Canada National Parks Act (S.C. 2000,
c. 32)] (Parks Canada Agency, 2000).

Site description

Arnold’s Pond (Figure 1) is a small headwater pond
(N48.63063, W-53.97486, 74 m a.s.l,, 4 ha, max water depth 5 m)
on the northern tip of Terra Nova National Park, Newfoundland
and Labrador and is in the Central Newfoundland, Forest ecoregion
(Damman, 1983; Meades and Moore, 1994). The bedrock
surrounding the pond is Neoproterozoic volcanic with minor
siliciclastic sedimentary rocks (Sparks and Dunning, 2014). The
soils are orthic humo-ferric podzols formed on medium-textured
glacial till (Heringa and Woodrow, 1991). Vegetation around the
pond is primarily Picea mariana-moss forest with a crown density
greater than 75% and open Kalmia-Picea mariana with crown
density between 25-75% (Simpson, 2007). To a lesser extent,
patches of Kalmia angustifolia L. barrens and open scrub Picea
are present around the site (Simpson, 2007). Picea mariana is the
dominant tree with other tree species such as Abies balsamea L.
Mill., Betula papyrifera Marshall, Populus tremuloides Michx., Larix
laricina (Du Roi.) K. Koch, Pinus strobus L., and Acer rubrum L.,
also present in the park (Power, 1996; Simpson, 2007; Parks
Canada, 2019). Kalmia angustifolia can be found in most cover
types and is the dominant ericaceous shrub (Power, 1996).

Terra Nova National Park is subject to prevailing westerly
winds and the influence of the Labrador Current, which result in
a continental climate with significant maritime influences (Power,
1995; Parks Canada, 2019). The park has brief summers along with
moderate winters. June-August average (total average was 4.8)
temperature between 1981 and 2010 was 14.9°C with total annual
average precipitation of 1218 mm (Environment Canada and
Climate Change, 2023).
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(A) Québec-Newfoundland and Labrador regional context with level two vegetation types (Baldwin et al., 2019). The colored triangle indicates our
study area of Arnold's Pond in Terra Nova National Park, Newfoundland and Labrador (B) Newfoundland ecoregions mentioned in text after
Damman (1983) and Meades and Moore (1994).The colored triangle indicates our study area. Colored circles are other Newfoundland study sites:
Bass Pond (Rosenburg et al.,, 2005), Cheeseman Lake (Finkenbinder et al.,, 2016), Norman's Pond (Finkenbinder et al., 2022) and Nordan’s Pond Bog
(Daley et al., 2009). Data sources: Department of Environment and Climate Change (2024), Statistics Canada (2021) and Baldwin et al,, (2019).

Field and laboratory methods

Sediment collection and chronology

A 5.2 m long sediment core was collected from Arnold’s Pond
in 2017 using a modified Livingstone piston corer (Wright, 1967)
operated from a raft anchored by ropes to the shore. The uppermost
65 cm was collected using an acrylic tube fitted with a piston and
attached to rods with the top 27 cm consisting of flocculent
sediment and the rest was gyttja (Wright, 1991).
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We picked 13 terrestrial plant macrofossil samples for accelerator
mass spectrometry "*C dating by the Radiochronology Laboratory at
the University of Laval in Québec, Canada (Table 1). We calibrated
the radiocarbon dates to calendar years before present (cal. yr BP)
using the IntCal20 calibration curve in OxCal v4.4, with the mud/
water interface set to —67 cal. yr BP to reflect the age of the uppermost
sediment at the time of sampling (Bronk Ramsey, 2009; Reimer et al.,
2020). To reconstruct sedimentation rates, we created an age-depth
model (Figure 2) in v2.5 of the R package “BACON” using Bayesian
statistics (Blaauw and Christen, 2011).
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TABLE 1 Radiocarbon dates from Arnold’s Pond, Terra Nova National Park, Newfoundland and Labrador, Canada.

Lab number Depth (cm) Sample description  *C age Calibrated 95% calibrated
median age age range
ULA-8959 55.25 Terrestrial macrofossils 725 + 20 670 650-685
ULA-8987 90.75 Twig with bark 1455 + 15 1330 1305-1365
ULA-8988 140.25 Terrestrial macrofossils 2465 + 15 2600 2430-2705
ULA-8989 175.25 Terrestrial cone scale 3320 + 15 3525 3485-3570
ULA-8990 255.25 Terrestrial macrofossils 5325 + 20 6080 6000-6195
ULA-8991 279.25 Terrestrial macrofossils 6490 + 20 7370 7325-7430
ULA-8992 316.25 Terrestrial macrofossils 7795 + 25 8570 8480-8635
ULA-9000 353.25 Terrestrial macrofossils 8240 + 25 9210 9035-9400
ULA-9001 379 Terrestrial macrofossils 8775 + 25 9775 9605-9905
ULA-9002 393.75 Terrestrial macrofossils 8970 + 25 10170 9925-10230
ULA-9004 43525 Terrestrial leaf fragments 9540 + 25 10940 10710-11075
ULA-9003 478.25 Terrestrial macrofossils 9955 + 30 11355 11255-11605
ULA-9005 492.25 Terrestrial macrofossils 10130 + 25 11760 11510-11875

The 13 dates were calibrated in OxCal 4.4 using the IntCal20 calibration curve (Bronk Ramsey, 2009; Reimer et al., 2020).

Sediment subsampling

We contiguously subsampled 2.0-6.0 cm® of sediment at 0.5 cm
increments for charcoal and sand analysis. We prepared the
samples for charcoal counting using the methods described by
Long et al. (1998), Enache and Cumming (2007), and Walsh et al.
(2010). We placed samples into 100 ml beakers, added 40 ml of 10%
KOH and let them stand overnight. The next morning, we added
40 ml of commercial bleach to each sample at 7-minute intervals
and lightly stirred with a wooden stir stick. Each sample sat for an
hour before we gently sieved it through a 250 pum sieve stacked on a

150 um sieve. We transferred the residues to a gridded Petri dish for
counting. An effort was made to count a minimum of 10 charcoal
pieces per sample as recommended by Higuera et al. (2010). We
counted charcoal pieces between 150 and 250 wm to reconstruct
local fire events. Previous studies have shown that macrocharcoal
pieces (>150 pum) are well suited for reconstructing local fires within
0-3 km of the site, although regional fires >32 km away also
contribute some macrocharcoal (Clark et al., 1998; Pisaric, 2002;
Lynch et al.,, 2004; Higuera et al., 2007; Walsh et al., 2010; Oris et al.,
2014a; Hennebelle et al., 2020). We counted sand grains in the >250
um fraction as an indicator of landscape stability. We enumerated
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FIGURE 2

Bayesian age—depth model for Arnold’s Pond. We radiocarbon dated 13 samples, most of which consisted of multiple terrestrial plant macrofossils.
We created the model in v2.5 the R package “BACON" using IntCal20 (Bronk Ramsey, 2009; Reimer et al.,, 2020). The blue bands represent the
highest probable density of each date, and the grey outline represents the 95% confidence intervals of the calibration range. The red line shows
optimal model based on the mean age for each depth.
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sand grains and charcoal using a stereomicroscope set to
17x magnification.

We indexed sediment organic content by loss-on-ignition
analysis (LOI) following Dean (1974) and Heiri et al. (2001). We
contiguously subsampled 1.0 cm® of sediment at 1 cm increments.

We conducted the pollen analysis using 0.5-1.0 cm of sediment
taken at 8 cm intervals and processed using standard methods
(Faegri et al., 1989). We added Lycopodium clavatum (L.) spores as
a spike to calculate pollen concentration and pollen accumulation
rates (Davis and Deevey, 1964). We identified a minimum of 300
terrestrial pollen grains and spores using a compound microscope
at 400x magnification. We identified pollen grains using a reference
collection at the University of New Brunswick and the key of
McAndrews et al. (1973). Picea mariana, P. glauca (Moench)
Voss and P. rubens Sarg. grains were identified following
Lindbladh et al. (2002). Alnus viridis (Chaix) DC and Alnus
incana (L.) Moench separation was aided with reference to
Richard (1970). Separation of the aboreal fraction of Betula spp.
follows Ives (1977); grains measuring 20 um or less are presumed to
be from dwarf birches. Pollen abundance was expressed as a
percentage of all terrestrial herb, shrub, and arboreal pollen. Picea
and Pinus species abundances were determined by ratio, at 16 cm
intervals. This approach was utilized as we wanted to use species
level abundance for zonation, but the undifferentiated portion
would have been the dominant component in every sample of
Picea and Pinus. To account for this, we assigned grains that we
could not identify due to their orientation as undifferentiated and
added these counts to identified grains to form a new component
Picea or Pinus total. After primary counting was complete, we went
back and identified at least 25 grains of Picea with the exception of
one sample and at least 25 grains of Pinus where overall abundance
was great enough. We then determined the ratio of each taxon per
sample and multiplied the resulting number by the total number of
Picea and Pinus grains present in the sample. This resulted in a new
grain count for each taxon and these new values were used
in zonation.

Statistical treatment of data

We determined the number of pollen zones using a
stratigraphically constrained cluster analysis (CONISS) in
version 1.0-5 of the R package “rioja” (Juggins, 2022).
Terrestrial taxa with an abundance of at least 5% in one sample
were included for zonation. Picea totals were added post zonation
for additional clarity to show the overall trends in Picea at a
higher resolution.

Prior to subjecting the charcoal data to peak detection in
CharAnalysis (Higuera et al, 2009), an ensemble member
approach was applied to the charcoal data in order to reduce user
bias when selecting the optimal pretreatment parameters for
smoothing window size and filter type (Blarquez et al., 2013). We
then subjected charcoal data to peak detection in CharAnalysis,
where charcoal concentration (pieces cm™>) and sediment
accumulation (cm yr') were resampled to equal intervals based
on median sampling from the raw charcoal record to produce an
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interpolated series (CHAR;,;). A window of 750 yr utilizing a
moving median smoothing filter was applied to the (CHAR;,,)
series to define and model the low frequency trends (CHARpaq).
High frequency trends (CHAR,,) were defined via residuals
(CHARpeak = CHAR;, — CHARp,) and assumed to be
controlled by two additive components of CHAR; e and
CHARg,, where CHAR,,oise represents the variability caused by
sediment mixing and within pond redistribution of charcoal.
CHARg;,, consists of values that exceed CHAR,o;s and represent
local fires. The mean and variation around the distribution of
CHAR,oic Was determined by using a Gaussian mixture model
and the 95 percentile of a locally defined threshold was used for
CHARg,.. Peaks in the charcoal data that exceed the threshold were
screened using a Poisson distribution test to ensure that the detected
peaks varied significantly from the minimum charcoal count within
the proceeding 75 yr. Samples with less than a 5% chance of
originating from the same distribution represent peaks in the
charcoal record that originated from a local fire. Fire frequency
and fire return intervals were smoothing using a 1000 yr window. A
signal-to-noise index was used to ensure that the charcoal record is
suitable for peak detection. This index describes the separation
between CHARg,. and CHAR,o;e. It has been suggested that a
record with a signal-to-noise index > 3 is suitable (Kelly et al., 2011).

Results
Chronology

The chronology for Arnold’s Pond uses 13 calibrated
radiocarbon dates from terrestrial plant macrofossils (Table 1).
All 13 samples were in chronological order. On average, each
1 cm of sediment represented 27 yrs from 0-300 cm and 19 yrs
from 301-495 cm. Using the model, we extrapolated from 492.25
cm to the end of the organic section of the core at 495 cm and
obtained a basal age estimate of ~11,800 cal. yr BP (Figure 2). Using
the model, we interpolated the ages between 55.25 cm and the mud/
water interface.

Sediment stratigraphy

The basal unit of the core (520-495 cm) consisted of grey clay
with gravel (Figure 3A) and was characterized by very low LOI
(~1%, Figure 3B) with a high sand content. Two small bands of
brownish silt at 495-492 cm marked a rise in the LOI profile (~8%)
and sharp decline in sand grain concentration (Figure 3C). From
487-475 cm there was a grey silt layer where the LOI dropped
slightly, coincident with a large increase in sand grain counts.
Following this grey silty layer, organic content rose from
475-425 cm (~15%) as the sediment transitioned from a light
brown to dark brown organic silt with periodic black layers, as sand
grain counts decreased. From 425-27 cm the core was a uniform
dark brown/black gyttja with an average LOI of ~34% with
abundant charcoal (Figures 3D, E). From 27-0 cm the core was
brown and flocculent with an average LOI of ~32% (Lake, 2022).
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Arnold's Pond: (A) Sediment stratigraphy, (B) Loss-on-ignition (LOI%), (C) Logs transformed sand concentration (#/cm®), (D) Charcoal particle

concentration (#/cm?), (E) Charcoal particle count (#)

Pollen zones

We initially identified five pollen zones, however, because the
first zone comprises only a single sample at the very start of the
record, we rejected this zone and recognize only four zones. Each
zone was named after the dominant terrestrial taxa or taxon
(Figure 4). Zone 4 was subdivided further into subzones 4a and 4b.

Zone 1 shrub-herb (478-394 cm, ~11,500-10,100
cal. yr BP)

Zone 1 was dominated by shrub and herbaceous taxa. Shrub-
Betula was the most abundant shrub, as Salix, Myrica and Cyperaceae
reached their maximum relative abundances and total pollen
accumulations (Figures 4, 5, 6A). Lycopodiaceae and Dryopteris-type
abundances increased towards the end of the zone, as Picea arrived on
the landscape. The arrival of Picea coincides with a brief spike in the
percentage of Betula grains originating from trees (Figure 6A).

Zone 2 Betula-Picea-Abies (394-333 cm,
~10,100-8850 cal. yr BP)

Betula continued to be the dominant taxon throughout this
zone. Abies arrived ~9700 cal. yr BP and reached its maximum
values (~17%) ~9600 cal. yr BP and then declined to modern values.
Picea abundance increased at ~9200 cal. yr BP and continued to rise
as Betula abundance declined into the zone transition.

Zone 3 Picea-Betula-Alnus (333—255 cm, ~8850—
6100 cal. yr BP)

Picea abundance initially increased and then remained constant
until ~7700 cal. yr BP. P. rubens reached its maximum abundance
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during this time of ~5% ~8300 cal. yr BP. Betula abundance
remained constant until ~8000 cal. yr BP. During this time, the
percentage of tree-Betula pollen increased and reached a maximum
of ~43% of total Betula by ~7700 cal. yr BP and remained elevated
until ~7300 cal. yr BP. The average percentage of tree-Betula grains
was ~36%, which was the greatest of the record. A.viridis increased
during this zone and peaked ~8250 cal. yr BP, then leveled out to
modern values. A. incana abundance also increased, however, A.
viridis remained the dominant alder type in this zone and the rest of
the record. A brief peak in P. strobus ~8750 cal. yr BP marks the
arrival of this species and coincides with a spike in both pollen
concentration and accumulation rate (Figures 6B, C). Betula
returned to being the dominant taxon on the landscape for much
of zone following a sharp decline in Picea ~7450 cal. yr BP.

Zone 4a Pinus strobus (255-215 cm, ~6100-4850
cal. yr BP)

The distinct peak of P. strobus characterizes this zone. Other
tree taxa (Picea, Betula, Abies) remain somewhat constant
throughout this zone as total P. strobus abundance peaked ~5500
cal. yr BP at ~35% and then slowly declined.

Zone 4b Picea-Pinus strobus-Betula (215-0 cm,
~4850-14 cal. yr BP)

With the decline of P. strobus, Picea became the most dominant
tree taxon (~37%). Both P. mariana and P. glauca reached their
maximum abundances during this zone of ~42% at ~2900 cal. yr BP
and 10% at ~1700 cal. yr BP respectively. Lycopodiaceae and
Dryopteris-type abundances continued to increase throughout the
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zone along with both types of Alnus. The final sample of the zone
showed A. incana reaching its maximum abundance, with Myrica
attaining ~5%, which was not seen since zone 2.

Charcoal and local fire events

We omitted pollen zone 1 from CharAnalysis due to low charcoal
counts. Of the 169 samples that comprise zone 1, only 3 met or
exceeded counts of 10 charcoal pieces per sample, despite increasing
the sediment volume to 4 cc. The average charcoal concentration for
zone 1 was 0.7 pieces cm ™. With such sparse data, a fire frequency
reconstruction for this zone would not be reliable (Magne et al., 2020).

Interpolated charcoal concentration across the entire record
ranges from 0.0-121.4 pieces cm > with an average of 20.6 pieces
cm >, Charcoal accumulation ranges from 0.0-8.2 pieces cm > yr~ "
2

with an average of 0.8 pieces cm > yr ', CharAnalysis identified
45 fire events across pollen zones 2-4b with an average mFRI of
~215 yr. The global signal-to-noise index is 4.7, which is well above
the generally accepted minimum value of 3. We interpret large
peak-magnitude fire events to reflect the proximity and/or severity

of a fire event (Walsh et al., 2010).
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Zone 2 Betula-Picea-Abies (394-333 cm,
~10,100-8850 cal. yr BP)

CHAR was low between ~10,100-9600 cal. yr BP (Figure 7A).
There was a rapid uptick in CHAR beginning ~9600 cal. yr BP, and
it remained elevated into the zone transition. Six fire events
(Figure 7A) were detected, with a mean fire frequency of 4.5 fires
1000 yr~' (Figure 7B). One large peak-magnitude event occurred at
~9350 cal. yr BP (Figure 7C). The signal-to-noise index was < 3 for
the first ~100 yr of the zone, but no fire events were detected during
this period (Figure 7D).

Zone 3 Picea-Betula-Alnus (333-255 cm, ~8850-
6100 cal. yr BP)

Initially, CHAR was high, with one large peak-magnitude event
within the first 150 yr of the zone. This elevated level of CHAR was
followed by a steady decline until ~7200 cal. yr BP, when values
bottomed out and remained low until the end of the zone. From
~8300-7900 cal. yr BP the signal-to-noise index was < 3 despite
high charcoal concentrations. Within this low signal-to-noise
window, 1 of the 13 fire events was detected. The mean fire

frequency for the zone was 5.0 fires 1000 yr™".
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Zone 4a Pinus strobus (255-215 cm, ~6100—
4850 cal. yr BP)

CHAR was lower than previous zones, but relatively constant.
One large peak-magnitude fire event was detected at ~6000 cal. yr
BP. Seven fire events were detected with a mean fire frequency of
5.2 fires 1000 yr~'. This zone has the lowest mFRI of the record at
196 yr (Figure 8).

Zone 4b Picea-Pinus strobus-Betula (215-0 cm,
~4850-14 cal. yr BP)

CHAR at the start of this zone was low, but gradually increased
with the second-largest peak-magnitude fire event of the record at
~2050 cal. yr BP. CHAR quickly increased following a fire event at
~1300 cal. yr BP and leveled out at ~600 cal. yr BP and remained
elevated for the rest of the record. The final ~1300 yr of the record
featured 6 large peak-magnitude fire events with the largest peak-
magnitude event of the record at ~200 cal. yr BP. Nineteen fire
events were detected in this zone with a mean fire frequency of 3.9
fires 1000 yr~'. Background levels of CHAR gradually increased
thorough the zone.

Trends in sand

Sand grain concentration from ~498-473 cm was high
(Figure 3C), but variable with an average concentration of ~156
grains/cc and a maximum of ~941 grains/cc. Sand concentration
declined from ~472-409 cm with an average of ~7 grains/cc. One
spike of ~71 grains/cc occurred at ~439 cm. Sand grain
concentration for the remainder of the record was low, with an
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average of ~0.4 grains/cc. Three further spikes in sand
concentration occur at 153.75, 143.75 and 14.75 cm, when sand
concentrations reached 8, 7 and 6 grains/cc respectively.

Discussion

Fire regime of the current Boreal Forest at
Arnold’'s Pond

The current mix of Picea-Pinus strobus-Betula found at
Arnold’s Pond has been on the landscape since ~4850 cal. yr BP,
as represented by pollen zone 4b. The mFRI for this zone is 250 yr
(Figure 8), with confidence estimates of 176-333 yr. Our results
indicate that the average fire return interval associated with the
current vegetation type is significantly longer than the park’s mean
stand age of ~100 yr (Power, 1996), which has been used as a
baseline for ecosystem management by Parks Canada (Simpson,
2007). This suggests that the park is recovering from a series of
disturbance events other than just fire, such as windthrow, insect
defoliators, disease agents and anthropogenic influences, i.e.,
logging. The potential impact of indigenous fire usage on the
landscape is poorly understood, but could have affected the fire
regime. The island of Newfoundland has been occupied by various
cultural complexes of indigenous peoples since ~5100 BP (Holly
etal, 2022). As of 2019, Terra Nova National Park has documented
32 archeological sites covering over 5000 years of cultural
complexes (Higdon and Homosits, 2020).

The 250 yr mFRI found at Arnold’s Pond fits within the range of
sedimentary charcoal-based fire history reconstructions within the
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western Quebec black spruce-moss and western black spruce-lichen
bioclimatic subdomains. Hennebelle et al. (2018) used
paleoecological data from 16 sites to reconstruct trends in
vegetation and fire during the Holocene across the subdomains of
western Québec. They found that the regional mFRI during the
Holocene was 240.1 yr. Previous studies of the same sites indicate
that the current mFRI is between 180-333 yr (Carcaillet et al., 2010;
Hely et al., 2010; Ali et al., 2012; Oris et al., 2014b; El-Guellab et al.,
2015; Remy et al., 2017a, b). Current vegetation in these
subdomains is similar to that of Arnold’s Pond, with P. mariana
being the most dominant species with a mix of A. balsamea and
other species depending on the area (Remy et al., 2017a, b;

10.3389/fevo.2024.1419121

Hennebelle et al.,, 2018). These western Québec subdomains have
an east-west precipitation gradient from 1005-721 mm and a
north-south June-July average temperature gradient from 11.7-
14.6°C (Natural Resources and Forests, 2023).

The eastern black spruce-moss and eastern paper birch-fir
bioclimatic subdomains in the Cote-Nord region of Québec also
show similar fire estimates to ours. Cyr et al. (2012) and Couillard
etal. (2021) reported mean fire intervals ranging between 226-410.
Tcheumeleu et al. (2023) and Bouchard et al. (2008) indicated MFIs
of 181 and 270 to >500 yr. Precipitation in the subdomain ranges
from 1006-1108 mm and temperature from 12.9-14.6°C (Natural
Resources and Forests, 2023). The dominant species in these studies
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FIGURE 8

Fire return intervals for each pollen zone. The proportion or scaled density (y-axis) of fire return intervals within each zone displayed in a histogram
with 20-yr bins. Zones that fit the Weibull model and pass the goodness-of-fit test are described by the variables WBL ¢ and b (unitless) with 95%
confidence estimates. Also listed are mean fire return interval (mFRI) along with the 95% confidence estimates. The number of fire return intervals for

each zone is listed as N,
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are similar to the previous subdomain, with current stands
dominated by P. mariana and/or A. balsamea, with other species
playing a minor role (Bouchard et al, 2008; Cyr et al, 2012;
Tcheumeleu et al., 2023).

Our mFRI estimate is significantly shorter than the estimation
of ~770 yr for the entire island of Newfoundland as suggested by
Arsenault (2015) and Arsenault et al. (2016). However, the authors
did indicate an increased prevalence of historical wildfire in this
ecoregion of Central Newfoundland due to the more continental
climate. This, coupled with a fire estimate similar to that of the
eastern, mainland boreal forest, indicates that these forests are likely
influenced by similar climatic forcings.

Influence of vegetation on the fire regime

The mFRI was not calculated between ~11,500-10,100 cal. yr
BP because only 3 of the 169 samples met the required minimum
charcoal count of 10 pieces (Higuera et al., 2010), despite generally
using larger samples of 4 cc of sediment (Figure 3E). The average
concentration across those samples was 0.6 pieces cm >, indicating
that fire was not a major influence on the landscape during zone 1
The amount of fire activity can be inferred by comparing the
charcoal concentration in this zone to a study from Alaska. The
dominance of shrub-Betula, Salix, Myrica, and herbs from ~11,500-
10,100 cal. yr BP, suggests that the landscape was a shrub tundra.
The mean CHAR values for three sites in Alaska classified as
tussock-sedge, dwarf-shrub and low dwarf-shrub tundra ranged
from 0.002-0.008 pieces cm > yr ' (Chipman et al, 2015). The
average charcoal concentration ranged from 0.14-0.59 pieces cm >,
with a mFRI ranging from 4730-6045 yr (Chipman et al., 2015).
The average charcoal concentration in zone 1 ranged from 0.0-8.25
pieces cm ™~ with ~80% of samples having a concentration less than
1.0 pieces cm . The average of 0.6 pieces cm ™ is similar to the
Alaskan sites. From ~11,500-10,100 cal. yr BP, LOI (Figure 3B) was
initially low while sand grain concentration was high (Figure 3C).
This large influx of sand suggests that the landscape surrounding
the pond was highly unstable and prone to erosion. This lack of
stability helps to explain in part why charcoal (Figures 3D, E) was
low during this ~1200 yr period, as shrub and herbaceous taxa are
often patchily distributed on unstable landscapes, which lowers the
probability that a fire can be sustained and spread (Higuera et al,
2009, 2011).

A significant transition from a shrub tundra to an open forest
occurred between ~10,100-8850 cal. yr BP (zone 2), which further
increased fuel availability (Figures 4, 7). During the initial Betula-
dominated phase of this interval, only three fire events occurred.
However, when Picea increased in the latter third of zone 2, the fire
frequency increased.

The fire-facilitated Picea was also likely in low density stands for
much of zone 2, as the average pollen influx of ~1,750 grains/cmz/
year was lower than the average Picea influx of pollen zone 4b where
a closed canopy was likely present (~3,100 grains/cm’/year)
(Figure 6B). The rise of Picea abundance and accumulation from
~9200 cal. yr BP marked a sharp rise in CHAR (Figures 4, 7A, 9A),
as LOI (Figures 3B, 9B) declined and the fire frequency continued to
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increase, reaching the highest value of the record at ~9000 cal. yr
BP, with 6.1 fires 1000 yr_1 (Figures 7B, 9C). The rise of Picea likely
influenced the increase in CHAR due to the addition of fuel for fire
events. This interpretation is supported by studies from Alaska and
the Yukon, which found that the transition from a shrub to Picea-
dominated landscape coincided with a substantial increase in fire
activity (Hu et al., 2006; Higuera et al., 2009; Kelly et al., 2013;
Prince et al., 2018).

It is not clear if vegetation was the sole factor influencing fire
activity during zone 2. The lack of independent paleoclimate
reconstructions on the island of Newfoundland prior to ~10,100
cal. yr BP leaves us without a climatic baseline and introduces
uncertainty around the influence of climate on fire activity. One
reconstruction ~620 km northeast of our study area finds a positive
summer warming trend from ~10,750 cal. yr BP until ~9500 cal. yr
BP, which was followed by cooler and more variable temperatures
for the remainder of the zone (de Vernal and Hillaire-Marcel, 2006).
For most of the Holocene, however, other factors, such as changing
climate, predominantly influenced the time between fire events.

Influence of climate on the fire regime

Newfoundland has several paleoclimate proxy studies available
that provide a framework for insights into past Holocene climatic
conditions. Cheeseman Lake (Finkenbinder et al., 2016) located in
the Western Newfoundland Forest ecoregion, Nordan’s Pond Bog
(Hughes et al., 2006) located in Eastern Hyper-Oceanic Barrens and
Norman’s Pond (Finkenbinder et al., 2022) located in the Western
Newfoundland Forest ecoregion §'®0 records provide
reconstructions of changes in temperature and precipitation over
time (Figures 1, 9D-F) (Damman, 1983; Meades and Moore, 1994).
The Cheeseman Lake §'®0 record is primarily controlled by
summer water temperature with seasonality of precipitation and
surface boundary conditions playing secondary roles (Finkenbinder
et al,, 2016). The Norman’s Pond record is primarily influenced by
annual changes in temperature and precipitation with seasonal
changes in precipitation also playing a primary role
(Finkenbinder et al., 2022). The Nordan’s Pond Bog 8'%0 record
is strongly influenced by changes in precipitation, thus it primarily
reflects changes in potential energy or water balance (Finkenbinder
etal., 2016). Bass Pond (Rosenburg et al., 2005) located in the Strait
Of Belle Isle ecoregion provides a fossil midge-inferred maximum
summer surface-water-temperature record (Figures 1, 9G)
(Damman, 1983; Meades and Moore, 1994). These proxies form
the basis for the comparisons drawn below. Unfortunately, none of
these sites has a complete Holocene record as they are all at most
10,100 yr old or younger.

At approximately 8850 cal. yr BP, fire frequency decreased with
notable dips in CHAR coinciding with regional climate variability
and the 8200 event (Figures 7A, B, 9A, C). It is likely that Picea
sustained the high levels of CHAR at the zone transition, but a shift
towards a more variable climate ~8500 cal. yr BP impacted fire
activity. Two dips in CHAR occurred ~8500 and 8350 cal. yr BP and
these coincided with a reduction in LOI values between 8450-8400
cal. yr BP (Figures 3B, 7A, 9A, B). The Cheeseman Lake and
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Nordan’s Pond Bog 8'°O records both shifted towards more
negative values beginning ~8500 and 8400 cal. yr BP respectively
(Figures 9D, E) (Daley et al.,, 2009; Finkenbinder et al., 2016). A
testate-amoeba water-table depth reconstruction for Nordan’s Pond
Bog also showed a shift towards wetter conditions ~8300 cal. yr BP
(Hughes et al., 2006; Amesbury et al., 2013). Finkenbinder et al.
(2016), Daley et al. (2009) and Hughes et al. (2006) suggested that
the abrupt change in climate is associated with the 8200 cal. yr BP
cold event (Barber et al., 1999). Fire frequency continued to decline
during this cooler/wetter climate and bottomed out ~8200 cal. yr
BP, before increasing as the climate began to warm/dry (Figures 7B,
9C). It is likely that the shift towards cooler and wetter conditions
resulted in the observed decrease in fire frequency and CHAR
between ~8800 and 8200 cal. yr BP.

The warmest temperature of the Holocene, as indicated by the Bass
Pond record (Rosenburg et al., 2005) coincided with peak P. strobus
values ~5500 cal. yr BP at Arnold’s Pond (Figures 9G, H). Peak Pinus
pollen abundances in the mid-Holocene have generally been regarded
in Newfoundland as an indicator of the Holocene Thermal Maximum
(MacPherson, 1995). LOI reached its maximum value ~600 yr before
peak P. strobus (Figures 3B, 9B, H), which suggests that the Holocene
Thermal Maximum may have occurred earlier than suggested by the
rise in P. strobus and fits within the 4000-7000 cal. yr BP range of the
Holocene Thermal Maximum from a chironomid-inferred mean
August temperature reconstruction from eastern Quebec
2023). The period of elevated P. strobus
abundance coincides with the maximum temperatures and dryness
suggested by the Norman’s Pond §'®0 record, but is offset relative to

(Tcheumeleu et al.,
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the Cheeseman Lake record ~300 km to the west (Figures 9D, H). Fire
frequency increased with P. strobus abundance, but there was a time lag
of ~500 yr between peak P. strobus and the peak fire frequency of 6.0
fires 1000 yr ' (Figures 7B, 9C, H). This delayed response in the fire
frequency occurred during a shift towards generally drier conditions
with some reversions to wet conditions ~5500-4500 cal. yr BP as
indicated by the Nordan’s Pond Bog water-table depth reconstruction
(Hughes et al,, 2006; Amesbury et al., 2013). Our trend of increased fire
frequency between ~5800-4600 cal. yr BP (Figure 7B, 9C) corresponds
well with sites in northern Québec and Canada. El-Guellab et al. (2015)
noted that the average regional fire frequency across 4 lakes in northern
Québec was particularly high between 5500-3500 cal. yr BP. A study
along an ~2000 km west-to-east transect covering 42 lakes in the boreal
forest of eastern Canada noted a pronounced subcontinental biomass
burning peak at 4800 cal. yr BP, which occurred ~200 yr after the peak
fire frequency of our subzone 4a (Girardin et al,, 2019). Our data, in
combination with climate reconstructions, suggest that the warmer and
drier conditions coinciding with P. strobus zone 4a were likely
responsible for the observed increase in fire frequency between
~5800-4600 cal. yr BP and the shortest mFRI of the record of
196 yr (Figure 8).

Following the warmer and drier conditions associated with peak
P. strobus, independent regional data from Newfoundland indicate
a shift toward cooler and/or wetter conditions (Figures 9E-G),
including the Nordan’s Pond Bog water-table depth reconstruction
(Hughes et al., 2006; Amesbury et al., 2013). Finkenbinder et al.
(2022) hypothesized that the trend of decreasing 880 values from
mid-Holocene onwards, resulted from a combination of cooling
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and a shift in the distribution of precipitation from the warm to the
cold season. Cheeseman Lake is the exception to this trend, as that
record displays more variable conditions (Figure 9D). Our data
showed that fire frequency declined from 3.8-1.9 fires 1000 yr '
from ~2600-1500 cal. yr BP (Figures 7B, 9C) and this coincides
with regional trends of declining fire frequencies from ~3000-1000
cal. yr BP. This trend has been observed in several studies from
Québec and has been partly attributed to a shift towards wetter and
cooler conditions during the Neoglacial (Ali et al., 2009, 2012; Oris
et al.,, 2014b; El-Guellab et al., 2015; Remy et al.,, 2017a, b). An
abrupt decrease in solar activity during this time could have also
played a role (Van Geel et al., 2000).

From ~1400 cal. yr BP to present, climate was more variable
with several abrupt shifts in the §'®0 records that impacted the
fire activity (Figures 9E, F). Our data indicates that beginning
~1400 cal. yr BP, CHAR and fire frequency increased through to
~500 cal. yr BP when the fire frequency and CHAR leveled out but
remained elevated to the end of the record (Figures 7A, B, 9A, C).
This period of climate variability coincided with many large peak-
magnitude fire events. We noted six large peak-magnitude fire
events within the last 1400 years of the record, with the timing of
the initial two fire events corresponding well with a period of sub-
continental biomass burning between 1250-1050 cal. yr BP
(Figure 7C) (Girardin et al., 2019). The variable climate
resulting from the Medieval Climate Anomaly and Little Ice Age
from 1000-100 cal. yr BP likely contributed to the observed trends
in the fire data (Masson-Delmotte et al., 2013). Anthropogenic
influences could have been responsible for the increased CHAR
production during this time, as there is evidence of indigenous
sites in Terra Nova National Park dating to this time period
(Curtis, 2015). The combination of a variable climate, along with
possible indigenous influences likely resulted in the observed
trends in the fire data.

Conclusion

We determined that the mFRI associated with the current
vegetation type at Arnold’s Pond is 250 yr. This is longer than
that of much of the western and central boreal forest regions of
Canada, but is within the 180-330 yr regional mFRI estimates for
the black spruce-moss, black spruce lichen and paper birch-fir
subdomains of Quebec (Carcaillet et al.,, 2010; Hely et al., 20105
Ali et al, 2012; El-Guellab et al., 2015; Remy et al., 2017a;
Hennebelle et al., 2018). Our mFRI is also close to the fire
estimates from the Cote-Nord region of Québec where previous
studies found the mean fire interval between 226-410 yr and a
mFRI between 181 to >500 yr (Bouchard et al.,, 2008; Cyr et al,
2012; Couillard et al., 2021; Tcheumeleu et al., 2023). However, our
estimate is much shorter than the ~770 yr suggested by Arsenault
(2015) and Arsenault et al. (2016) for the entire island of
Newfoundland, which reflects the higher occurrence of fire in the
Central Newfoundland ecoregion characterized by a more
continental climate (Arsenault et al., 2016). With our estimate
being very similar to that of the eastern, mainland boreal forest as
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described above, this indicates that these forests are likely
influenced by similar climatic forcings.

We found one example where it appears likely that the fire
frequency or fire activity shifted as the vegetation changed, but we
could not definitively prove if vegetation was the sole factor due
to a lack of regional climate data. This occurred during the
transition from a shrub tundra landscape to an open forest,
which provided additional fuel as Picea became more abundant
on the landscape.

We identified an example of a non-synchronous change in the
fire frequency and/or CHAR coinciding with a change in climate.
This was observed when P. strobus abundance rose but did not
initially alter the fire frequency. Instead, there was a ~500-yr time
lag between peak P. strobus and the maximum fire frequency, which
was likely due to conditions becoming drier and warmer.

We identified several examples where changes in the fire
frequency and/or CHAR coincided with known regional climate
events. CHAR and fire frequency declined between ~8800-8200 cal.
yr BP and coincided with a shift towards cooler and wetter
conditions associated with the 8200 cal. yr BP cold event (Hughes
et al.,, 2006; Daley et al., 2009; Finkenbinder et al., 2016). From
~2600-1500 cal. yr BP a decrease in fire frequency coincided with
regional trends of declining fire frequencies from ~3000-1000 cal.
yr BP. This can be attributed to a shift towards wetter, cooler
conditions during the Neoglacial and possibly an abrupt decrease in
solar activity (Van Geel et al., 2000; Ali et al., 2009, 2012; Oris et al.,
2014b; El-Guellab et al., 2015; Remy et al., 2017a, b). From ~1400
cal. yr BP to present, fire frequency increased, despite the absence of
a major shift in vegetation. This was likely caused by increased
climate variability or possibly a change in indigenous people’s use of
the land.
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